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Abstract

The immune system is responsible for defense against pathogens and cancer. T cells are at
the heart of the mechanisms that protect us by discriminating self from foreign peptides on major
histocompatibility molecules (MHC) expressed by antigen presenting cells, enacting downstream
effector functions, and forming immunological memory. Altered T cell homeostasis due to aging,
chronic disease or environmental factors such as vitamin D deficiency are associated with
increased prevalence of infections, cancers, and autoimmune diseases. Many of these are partially
attributed to defects in T cell development in the thymus. Thymocytes generate their antigen
receptor (T cell receptor, TCR) through expression and recombination of TCR genes. Random
nucleotide additions into TCR gene junctions by terminal deoxynucleotidyl transferase (TdT)
account for ~95% of TCR diversity. However, a functional consequence due to the loss of TdT
activity has not been established. TCRs have variable reactivities for pMHC with some incapable
of binding at all and others being overly self-reactive. This is addressed by selection events through
interactions with self-pMHC expressing thymic epithelial cells (TECs). Highly self-reactive
thymocytes undergo apoptosis in a process called negative selection after strong TCR signaling in
interactions with medullary TECs (MTECs) expressing tissue restricted antigens (TRAS)
representative of most organs in the body. TRA expression in mTECSs is driven by the transcription
factor autoimmune regulator (AIRE) and AIRE deficiency in humans results multi-organ
autoimmunity. As a result, regulation of thymic development and the links with autoimmunity
have undergone rigorous investigation. However, several questions remain regarding thymic
development and the establishment of an effective T cell repertoire. Vitamin D deficiency is
associated with increased incidence of autoimmune conditions, yet its role in the thymus has been

mostly overlooked. TCR reactivity for pMHC heavily influences T cell effector function but its



relationship with TCR sequence is poorly characterized. Both gaps in our knowledge were
addressed in this thesis. Active vitamin D signaling in the thymus, including in mTECs, was
verified in mice. Importantly, treatment with the biologically active form of vitamin D, 1,25-
dihydroxyvitamin D (1,25D), induced Aire and TRA expression. We also found that Aire interacts
with the vitamin D receptor (\Vdr) and acts as a Vdr coactivator. We addressed the effect of the
absence of 1,25D signaling on thymic function using Cyp27b1 knockout (KO) mice, which lack
the enzyme necessary to generate 1,25D. KO mice had a 50% reduction in thymic cellularity and
reduced splenic T cell numbers. In the thymus of KO mice, there were reduced Aire* cells, reduced
TRA expression, and impaired negative selection of thymocytes. Single cell RNA sequencing of
sorted TECs revealed altered TEC differentiation in the absence of 1,25D and a phenotype
consistent with premature thymic aging, which is associated with impaired naive T cell production
and autoimmunity. Together, these data provide evidence for the importance of vitamin D in the
establishment of a self-tolerant repertoire. Lastly, previous data suggested that TCRs generated in
the absence of TdT may be highly self-reactive. Using TdT KO mice, we found that CD4" T cell
differentiation was altered and biased towards follicular helper T cells, which were previously
shown to be induced from T cells bearing highly reactive TCRs. This suggests two functions for
TdT, to improve pathogen detection and to generate TCRs with lower pMHC reactivity
predisposed towards non-Tfh responses. Overall, these findings enhance our understanding of how
critical events occurring in the thymus generate an effective, self-tolerant T cell repertoire able to
respond to diverse threats by revealing a previously unknown role for vitamin D in T cell

development and linking TCR sequences to functional outcomes.



Résumé

Le systeme immunitaire est responsable de la défense contre les agents pathogeénes et le
cancer. Les lymphocytes T (LT) nous protégent, en discriminant le soi des peptides étrangers
présentés par les molécules du complexe majeur d'histocompatibilité (CMH) exprimées a la
surface des cellules présentatrices d’antigeéne. L’altération de ’homéostasie des LT due au
vieillissement, aux maladies chroniques ou a des facteurs environnementaux telle que la carence
en vitamine D est associée a une prévalence accrue d'infections, de cancers et de maladies auto-
immunes. Les thymocytes générent leur récepteur antigénique (récepteur des LT, TCR) par
I'expression et la recombinaison des genes TCR. Les additions aléatoires de nucléotides au
niveau des zones de jonctions des génes TCR par la terminal déoxynucléotidyl transferase (TdT)
participent a ~95% de la diversité des TCR. Les TCR ont des réactivités variables pour les
complexes pCMH, certains sont incapables de se lier alors que d'autres sont trop auto-réactifs.
Ceci est résolu par une sélection d'interactions avec des cellules épithéliales thymiques (TEC)
exprimant le peptide du soi-pCMH. Les thymocytes hautement auto-réactifs subissent une
apoptose, apres une forte signalisation TCR lors d'interactions avec des TEC médullaires
(mTEC) exprimant des antigenes spécifiques de tissus périphériques (TRA). L'expression des
TRA dans les mTEC est régulée par le facteur de transcription AIRE (autoimmune regulator) et
un déficit en AIRE entraine un syndrome polyendocrinien auto-immun. En conséquence, la
régulation du développement thymique et les liens avec I'auto-immunité ont fait l'objet
d’investigations rigoureuse. La carence en vitamine D est associée a une incidence accrue de
maladies auto-immunes, mais son rdle dans le thymus a été largement négligé. La réactivité du
TCR pour le pMCH influence fortement la fonction effectrice des LT, mais sa relation avec la

séquence du TCR est mal caractérisée. Ces deux lacunes ont été abordées dans cette these.



La signalisation active de la vitamine D dans le thymus et dans les mTEC, a été vérifiee chez la
souris. Le traitement avec la forme biologiquement active de la vitamine D, la 1,25-
dihydroxyvitamine D (1,25D), induit I'expression de Aire et des TRA. Nous avons constaté que
Aire interagit avec le récepteur de la vitamine D et agit comme un co-activateur de celui-ci. En
utilisant des souris Cyp27b1 knockout (KO), qui sont dépourvues de I'enzyme nécessaire pour
génerer la 1,25D nous avons observé une réduction du nombre de cellules dans le thymus de
50% et aussi de LT spléniques, ainsi que des cellules exprimant Aire. De plus, I’expression des
TRA diminue et la sélection négative des thymocytes est altérée. Le sequencage d'ARN de
cellule unique de TEC a révélé une altération de la différenciation en TEC en I'absence de 1,25D
et un phénotype compatible avec un vieillissement thymique prématuré, qui est associé a une
altération de la production de cellules T naives et a une auto-immunité. Ces données mettent en
évidence l'importance de la vitamine D dans I'établissement d'un répertoire auto-tolérant. Enfin,
des données antérieures suggéraient que les TCR générés en I'absence de TdT pouvaient étre
hautement auto-réactifs. Avec les souris TdT KO, la différenciation des LT CD4+ était altérée et
biaisée en faveur des LT auxiliaires folliculaires, qui ont précédemment ét¢ démontré d’étre
induits a partir de LT porteurs de TCR hautement réactifs. Cela suggere deux fonctions pour la
TdT: améliorer la détection des agents pathogénes et générer des TCR avec une réactivité pPCMH
plus faible prédisposés aux réponses non-Tfh. Pour conclure, ces découvertes améliorent notre
compréhension des évenements critiques dans le thymus qui génerent un répertoire de LT
efficaces et auto-tolérants, capable de répondre a diverses menaces, en révélant un nouveau réle
de la vitamine D dans le développement des LT et en reliant les séquences des TCR a des

résultats fonctionnels.
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Contribution to Original Knowledge

Vitamin D deficiency is a risk factor for several human autoimmune diseases. However, the benefit
of therapeutic vitamin D supplementation is unclear, suggesting that it may be more important
prior to the onset of disease. Autoimmunity arises from a lack of T cell tolerance to self, which is
first generated in the thymus, an organ that is most active in the early stages of life. We
hypothesized that vitamin D signaling contributed to the establishment of central tolerance. Our

data contribute to this gap in the field by demonstrating that:

1. Thymic epithelial cells, thymic B cells, and thymic dendritic cells express the vitamin D
receptor (\Vdr).

2. Cyp27bl expression is widespread in the thymus, suggesting that the availability of
biologically active vitamin D (1,25D) is locally regulated.

3. Vitamin D signaling is active in the thymus, notably in Aire” medullary thymic epithelial
cells (mTECs).

4. 1,25D-treatment stimulates the expression of Aire mRNA and protein, and Aire-
dependent tissue restricted antigen gene expression.

5. The Vdr and Aire are cofactors, and Aire is a coactivator of VVdr-dependent transcription.

6. MTEC differentiation is skewed towards CCL21* mTEC" cells, and Aire* mTEC
frequencies are vastly reduced in Cyp27b1 knockout mice.

7. Cyp27b1 knockout mice have systemic lymphopenia.

8. Thymic involution is accelerated in the absence of 1,25D.

Significance: These data for the first time demonstrate that vitamin D signaling is active in multiple
thymic cell types and regulates the differentiation and function of Aire® mTECs, which are
essential to tolerize T cells to self. Maintaining vitamin D sufficiency during childhood may be

more important than previously thought for reducing autoimmune risk.

Reduced T cell receptor (TCR) repertoire diversity is associated with increased risk of infection,
autoimmunity, and certain cancers. TCR diversification occurs in the thymus through two main
mechanisms. The first is the somatic recombination of TCR genes. The second is the addition of

non-templated nucleotides into the complementarity determining region 3 (CDR3) of the TCR



by terminal deoxynucleotidyl transferase (TdT). Importantly, the CDR3 domain contacts the
peptide and confers ligand-specificity. However, general defects in pathogen detection in TdT KO
mice, which have ~90% reduced repertoire diversity, have not been observed, suggesting another
role for TdT. Data from a previous study suggested that the TdT deficient repertoire was enriched
for T cells with higher pMHC reactivity, and TCR reactivity for peptide-MHC influences cell fate
decisions during CD4" T cell differentiation. However, how TCR sequences correlate with ligand
specificity and reactivity, and T cell function, is unclear. We addressed this gap in the literature by
investigating whether CDR3 sequence diversification by TdT was a mechanism to diversity

effector T cell responses. We found that:

1. Germinal center follicular helper (GC-Tth) T cell differentiation was increased in TdT
KO mice in response to genetically diverse pathogens in a TCR-intrinsic manner,
indicating it is a general property of the repertoire.

2. T helper 2 (Th2) and Th17 differentiation were altered in TdT KO mice in response to the
fungus, Cryptococcus neoformans, but not the parasite Heligmosomoides polygyrus,
indicating biases in some antigen-specific populations of T cells with germline-encoded
TCRs.

3. The increased GC-Tfh cell differentiation in TdT KO mice has both T cell and B cell
intrinsic components.

4. Control of viral replication during persistent lymphocytic choriomeningitis virus
infection in T cell specific TdT KO chimeras was impaired relative to wildtype and full

KO chimeras.

Significance: T cells with TCRs containing short CDR3 sequences are biased towards GC-Tth

differentiation, correlating a structural component of the TCR with T cell effector function.
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Chapter 1: Literature Review

Introduction to the immune system

The immune system consists of a complex network of hematopoietic cells that survey the body
and eliminate dead and malignant cells, and foreign threats such as viruses, bacteria, and parasites.
As evidence for the critical role of the immune system, genetic or acquired immune deficiencies
are often fatal if untreated due to recurrent severe infections, cancer, or autoimmunity [1, 2]. The
origin of immune cells can be traced back to the bone marrow and hematopoietic stem cell (HSC)
precursors. However, prior to formation of the bone marrow during gestation, waves of immune
cells are first derived from the yolk sac and fetal liver [3]. The first hematopoietic cells can be
detected as early as 3—4 weeks of gestation and are derived from the mesoderm of the yolk sac.
Migration of these cells through the circulation to the liver at 5-6 weeks of gestation represents
the transition to the next wave of hematopoietic cell output and an increase in the output of
nucleated cells. Major immune organs including the bone marrow, thymus, spleen, and lymph
nodes are generated from these cells starting at 6-8 weeks of gestation and are done developing

by 11-12 weeks of gestation [3].

The process of blood cell development in the bone marrow, or hematopoiesis, involves the
progressive differentiation of HSCs (Figure 1)[4]. HSCs are long-lived cells with self-renewal and
differentiation potential. In vitro differentiation experiments and adoptive transfer of HSCs into
recipients with a depleted bone marrow niche decisively support their role as the progenitor
population of the immune system [5]. HSCs give rise to a sequence of multipotent progenitor
(MPP) cells with varying self-renewal capacities that ultimately give rise to cells committed to

erythroid/megakaryocytic (MEP), myeloid (CMP), or lymphoid lineages (CLP) [4]. MPP
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commitment to downstream lineages occurs through the sequential loss of lineage differentiation
potential starting with the loss of erythroid/megakaryocytic potential, then myeloid potential,
finally becoming CLPs [4]. Ultimately, MEPs give rise to erythrocytes and platelets and CMPs
give rise to neutrophils, eosinophils, basophils, monocytes, macrophages, and dendritic cells.
CLPs develop into natural killer (NK) and B cells in the bone marrow or migrate to the thymus to
further differentiate into one of various T cell lineages including innate-like natural Killer T (NKT)
cells, y0 T cells, and conventional aff T cells. Together, mature hematopoietic cells coordinate to
form the innate and adaptive arms of the immune system, which provide multiple layers of

protection to be discussed below.

Hematopo'es's = Figure 1. Overview of hematopoiesis.
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Innate immunity

In conjunction with physical barriers like the skin and mucosal surfaces, the cellular
components of the innate immune system act as the first line of defense against invading pathogens

[6]. Innate immune cells include monocytes, dendritic cells (DCs), macrophages, neutrophils,
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eosinophils, basophils, mast cells, NK cells, and innate lymphoid cells (ILCs). Furthermore, some
non-hematopoietic cells such as epithelial cells also have innate immune functions and contribute
significantly to host protection [7]. Phagocytes, as the name implies, are cells that engulf microbes
and kill them intracellularly. This includes macrophages, neutrophils, and DCs. Macrophages are
a long-lived sentinel population established during initial waves of hematopoiesis during
embryogenesis and are supported by de novo differentiation of circulating monocytes in adults [8].
Neutrophils are a population of short-lived circulating first-responders, which also contain
cytolytic granules used to kill extracellular microbes. Eosinophils and mast cells are involved in
anti-parasite immune responses and together with basophils initiate allergic responses. ILCs are
functionally diverse tissue-resident cells that contribute to immunity via the secretion of cytokines
tailored to the threat encountered [9]. Finally, NK cells are important for anti-viral and anti-tumor
activity because of direct killing via cytolytic granules and through the production of interferon y
(IFNy). IFNy can activate and recruit other immune cells such as macrophages, ILCs, and T and

B cells, which are components of the adaptive immune system [10].

DCs are professional antigen presenting cells (APCs) that are critical for stimulating antigen-
specific T cell responses. While other immune cells and epithelial cells have APC functionality,
DCs are optimized to generate peptides derived from proteins of phagocytosed microbes and
present them on the cell surface. Antigens are presented by DCs on major histocompatibility class
Il (MHC-II) or MHC-1 molecules (human leukocyte antigen-1 or Il in humans, HLA-I/1I), and
provide other important signals including costimulatory signals and cytokines [6]. Antigen-
specific recognition of these peptides by T cells in conjunction with co-stimulation and cytokine

signaling stimulates a wave of epitope-specific immunity by T cells. This helps eradicate the threat,
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and later forms immunological memory, enabling more efficient pathogen clearance upon future

encounters [11].

Pathogen recognition and initiation of inflammatory responses by innate immune cells mainly
depends on the detection by pattern recognition receptors (PRRs) of microbial peptides with
common motifs known as pathogen associated molecular patterns (PAMPS) [12]. Detection of
damage associated molecular patterns (DAMPS) released from dying cells is another mechanism
by which innate immune cells sense danger and trigger an inflammatory response. Signaling of
membrane-bound or intracellular PRRs triggers a variety of downstream signaling pathways via
the recruitment of one or many adapter molecules, resulting in transcriptional changes and the
production of pro-inflammatory cytokines. This stimulates effector responses to combat infection,

as well as antimicrobial peptide (AMP) production [12].

AMPs are a group of small, secreted proteins that kill or inhibit the growth of viruses, fungi,
parasites, and bacteria. AMPs are grouped into membrane acting or non-membrane acting
peptides. Non-membrane acting AMPs inhibit microbial growth by acting on protein and nucleic
acid synthesis, enzyme activity, or cell wall synthesis [13]. AMPs can also prevent viral entry into
host cells by preventing viral attachment and membrane fusion, in addition to destruction of the
viral envelope directly and inhibition of viral replication [14, 15]. Many AMPs are positively
charged, allowing them to bind and disrupt negatively charged bacterial cell membranes, leading
to bacterial lysis [13]. In addition to their direct effects microbial growth, certain AMPs have

immunoregulatory functions such as induction of chemokine expression by macrophages [16].

The most extensively studied group of PRRs, called toll-like receptors (TLRs), are a group of
membrane-bound proteins that recognize lipids and nucleic acids in addition to PAMPs and

DAMPs [12]. Downstream responses to TLR signaling are mediated by mitogen-activated protein
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kinases (MAPKSs)[17], and transcription factors nuclear factor kappa B (NF-xB) [18], and
interferon regulator factors (IRFs) [17]. TLR signaling through NF-xB induces the expression of
pro-inflammatory cytokines including interleukin 1 (IL-1), IL-6, and tumor necrosis factor alpha
(TNFa). IL-1 has pleiotropic effects, including inducing fever, stimulating lymphocyte and
neutrophil proliferation, boosting antigen-specific antibody production, and stimulating the
production of IL-6 and TNFa (as well as itself)[19]. Like IL-1, IL-6 and TNFa have numerous
functions critical for the host response to acute infection, notably including tissue repair and
remodeling after the resolution of infection, and cell signaling leading to apoptosis, respectively
[20]. Engagement of TLRs also induces upregulation of chemokines, cytokines that control the
migration and recruitment of cells, as well as cytokine receptors, and MHC molecules. TLR
signaling collectively results in enhanced phagocytosis of microbes, antigen presentation, and

activation and recruitment of lymphocytes to the site of infection [12].

Adaptive immunity

The adaptive immune system is made up of populations of T cells and B cells. After activation,
they generate antigen-specific immunity via direct cytotoxic killing, cytokine secretion, or
secretion of antibodies. The profile of cytokines produced by a subset of activated T cells is tailored
to the type of pathogen encountered, promoting the activation and recruitment of other immune
cells beneficial for pathogen elimination [11]. As mentioned above briefly, immunological
memory is formed after pathogen clearance. During the contraction of the immune response,
specialized memory cells remain and retain the capability to rapidly secrete cytokines or
neutralizing antibodies in response to pathogen renewed pathogen threat. Importantly, this is the
principle upon which vaccination is based, and therefore represents an essential targetable

mechanism for preserving human health [21].
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Antigen recognition is exquisitely sensitive and is mediated by binding of unique cell surface
T cell receptors (TCR) to 8-12 amino-acid-long peptides bound to MHC-I or MHC-II molecules
(pMHC) on the surface of APCs. B cells use their B cell receptors (BCR) to recognize antigen
directly, without the need for MHC-1 or MHC-II, and produce antibodies in response to activation,
which either neutralize pathogens or tag them for destruction by phagocytes or the complement

system [22].

T cells can be segregated into two major subsets, distinguished by their expression of the cell
surface proteins CD4 and CD8. Naive T cells are antigen-inexperienced cells lacking the effector
functions associated with an active immune response. These cells continuously recirculate through
the blood and lymph, and surveil pMHC expressing cells in secondary lymphoid organs (SLOs)
for signs of infection [23]. SLOs consist of the spleen and lymph nodes, and naive T cell survival
is crucially dependent on access to these organs. In SLOs, naive T cells receive survival cues in
the form of IL-7, secreted primarily by fibroblastic reticular cells, and through tonic sub-threshold
TCR signaling via interactions with self-pMHC expressing DCs [23]. T cells and B cells are
segregated into distinct zones within SLOs. Groups of T cells bearing TCRs with the same
specificity are called T cell clones. Notably, reductions in naive T cell numbers (lymphopenia)
result in the rapid clonal expansion in SLOs of naive T cells in a process called lymphopenia
induced proliferation (LIP), which is in part due to the decreased competition for access to IL-7
and clonal competition for specific self-pMHC [23]. Interestingly, naive T cells undergoing LIP
adopt a phenotype similar to antigen-experienced cells, and in some cases can acquire effector

functions including increased cytokine production and cytotoxicity [24].

Activated CD4™ T cells are also known as helper T (Th) cells and cooperate with innate and

adaptive immune cells via the secretion of pro- or anti-inflammatory cytokines, resulting in
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mobilization, activation, and modulation of effector functions [25]. CD8" T cells are a cytotoxic
subset that kill tumor cells or cells infected by intracellular pathogens. As mentioned, the flavor of
the CD4" T cell response is tailored to the type of threat the host is facing. This is possible due to
the differentiation of CD4™ T cells into distinct Th subsets with unique functions after activation
[25]. The signals that regulate Th cell activation and differentiation are finely regulated and include
TCR signaling during antigen specific interactions with APCs in combination with costimulation
and cytokine signaling. A number of different Th programs have been described, including Thi,
Th2, Th17, follicular helper T (Tfh), or induced regulatory T cells (iTreg)[25, 26]. Differentiation
of these subsets, maintenance of subset identity, and suppression of alternative programs are
regulated by master transcriptional regulators including T-box transcription factor 21 (T-bet, Thl),
GATA binding protein 3 (GATA-3, Th2), retinoic acid receptor-related orphan receptor gamma t

(RoRyt, Th17), B cell lymphoma 6 (Bcl-6, Tth), and Forkhead box P3 (FoxP3, Treg).

Th1 cells secrete IFNy and provide support for anti-intracellular pathogen and anti-tumor
immunity [26]. Th2 cells secrete I1L-4, IL-5, and IL-13 and mediate anti-helminth immunity,
promote tissue repair, and play an important role during allergies [26]. Initial models of Th
differentiation described a paradigm of Thl vs. Th2 cells where IL-4 and IL-2 polarizing signals
favored Th2 differentiation whereas sequestration of IL-4 and the addition of IL-12 promoted Thl
differentiation [26]. This was expanded upon by revealing that TCR signal strength also played a
role in cell fate decisions. TCR signal strength is a product of TCR avidity for its pMHC ligand in
addition to TCR and pMHC cell surface density. Fundamentally, TCR avidity is a term to describe
the multimeric reactivity for pMHC, where monomeric pMHC affinity is directly dictated by TCR
sequence. Studies analyzing the effects of TCR signal strength found that strong TCR signals

favored Th1l differentiation and weak signals favored Th2 differentiation [27].
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IL-17 producing Th17 cells were later described as a distinct Th subset with roles in clearing
of extracellular pathogens and mucosal immunity. Th17 polarization is mediated by TGFf
signaling in combination with IL-6. The effect of TCR signaling strength in Th17 differentiation
remains controversial, however. iTregs are a suppressive population and have a similar
differentiation program to Th17 cells, as they also require TGFp and IL-6. However, their
differentiation was shown decisively to be favored by weak TCR signals. Tfh cells are the most
recently described subset and are important regulators of B cell maturation during immune
responses and antibody production. Tfh cells upregulate CXCR5 during their differentiation,
which allows them to migrate to the border of the T-B zone in SLOs. Unlike other Th subsets, Tth
differentiation is more fluid, with less well-defined lineage determining signals [28]. It has been
demonstrated that strong TCR signals favor the formation of germinal center (GC) Tth cells (GC-
Tfh), whereas weak persistent TCR signaling generates Tfh cells residing at the T-B border [29].
Furthermore, the dominant cytokine milieu promotes the formation of Tfh cells taking on

functional characteristics of other Th subsets.

Distinct effector subsets play essential roles in the immune response to diverse threats,
including in the pathogenesis or suppression of autoimmune diseases [30, 31]. Viral clearance and
host survival of mice infected with lymphocytic choriomeningitis virus (LCMV) is dependent
upon LCMV-triggered reprogramming of virus-specific Th2 cells to a Thl-like phenotype [30].
Mice infected with the intestinal parasite Schistosoma mansoni had severe morbidity and mortality
in the absence of a significant Th2 response in CD154 KO mice, despite unaltered Thl cell
frequencies [31]. Therefore, the precise orchestration of T cell differentiation is essential for
clearance of pathogens, as well as cancer cells [32]. Strategies to modify effector subsets in humans

may be beneficial as therapeutic options. For example, promoting anti-tumor or anti-viral Th1 and
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Th17 responses during chronic infections, and suppressing the presence of immunosuppressive
Tregs. In contrast, promoting Treg formation or maintenance and inhibiting Thl and Thl7

responses may be beneficial in conditions of autoimmunity.

Stromal crosstalk with the immune system

Stromal cells refers to a heterogenous group non-hematopoietic structural cells present
throughout the body. This includes epithelial cells, endothelial cells, fibroblasts, etc. Among their
various organ-specific functions, stromal cells contribute to immune responses in multiple
capacities. They directly participate to the secretion of cytokines and in the maintenance of
immune cell homeostasis [7]. In addition to IL-7 production, stromal cells in SLOs called follicular
dendritic cells (FDCs) present antigen to B cells [33]. The coordinated expansion of the stromal
network during the immune response is also important, as it creates space for rapidly proliferating
B and T cells [34]. In the thymus, stromal cells play an important role in the production of naive
T cells. First, thymic epithelial cells (TECs) are major producers of IL-7, which is needed for
thymocyte survival and proliferation. Second, interactions with TECs are responsible for MHC-
restriction of thymocytes, such that immature T cells bearing TCRs incapable to bind to pMHC
undergo death by neglect. Finally, as will be discussed below, interactions with a subset of TECs
are essential for the deletion of many autoreactive T cell clones. Overall, in addition to their innate
immune functions, stromal cells are important players in adaptive immune cell maturation,

homeostasis, and effector functions.
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Vitamin D

Introduction to vitamin D and the immune system

Vitamin D is best known for its role in the prevention and treatment of nutritional rickets
in children, which is due to defects in bone growth [35]. The effects of vitamin D on bone growth
are indirect with this regard, as it regulates calcium and phosphorus absorption in the gut and
therefore the homeostasis of these metabolites. Numerous studies have identified extra-skeletal
effects of vitamin D which include in reproduction, skin differentiation, muscle function, and
immune system function [35]. The association between vitamin D and the immune system dates
to the 1800’s, when sunlight was recognized to be beneficial for tuberculosis (TB) patients. The
association between vitamin D and TB susceptibility was made decades later, in the 1980’s. Since
then, vitamin D insufficiency and deficiency has been linked with susceptibility to infections and
autoimmune disease by various randomized controlled trials (RCTs) [36-42]. The following
subsections will go over vitamin D synthesis and signaling and the known roles of vitamin D

signaling in the immune system.

Vitamin D production

Vitamin D can be obtained both from food and from adequate sunlight exposure and exists
in two forms, vitamin D> and vitamin Ds. While both can cure rickets and are nearly identical in
their absorption and mechanisms of action, vitamin D3z increases the level of the major circulating
metabolite of vitamin D, 25-hydroxyvitamin D (25D), more than vitamin D, and maintains its
levels for a longer time [43]. 25D is used as a read out of vitamin D status, but there is disagreement
between groups as to what serum concentration of 25D qualifies as vitamin D deficiency. The

Institute of Medicine committee struck by the NIH to review dietary reference intakes for vitamin
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D and calcium proposed that blood 25D concentration > 50 nmol/L (20 ng/mL) was considered
healthy, 30-50 nmol/L (12-20 ng/mL) as vitamin D insufficiency, and < 30 nmol/L (12 ng/mL)
as vitamin D deficient [44]. However, the Institute of Medicine proposals were controversial and
the US Endocrine Society subsequently defined vitamin D deficiency as 25D < 30nmol/L
(12ng/mL) [45]. The daily recommended intake of vitamin D is 20 pg/day (800 international units,
IU) for those 4 years and older, according to the United States Food and Drug Administration

(FDA).

Vitamin Dz can be produced in the skin from 7-dehydrocholesterol when UV-B light (280—
320nm) is able to break the B ring, forming pre-vitamin D3, which isomerizes to vitamin Dz in a
heat-sensitive reaction [43]. Vitamin Ds is naturally found in animal products, notably fatty fish
(14.2-34 pg/serving), whereas vitamin D> is present in fungi such as mushrooms (variable, up to
9.2 pg/serving) [43]. Vitamin D> is derived from the fungal steroid ergosterol, which is produced
by a similar biosynthetic pathway as cholesterol. Vitamin D> differs from vitamin D3 by an extra
methyl group and a double bond in the secosteroid side chain. Many countries fortify foods with
vitamin D in order to combat vitamin D insufficiency and rickets. For example, in Canada, this
includes milk (up to 1pg/100 mL) and margarine (13.25 pg/100g), among other foods [46].

Circulating vitamin D and its metabolites are mainly bound to vitamin D binding protein (DBP).

To become biologically active vitamin Dz or D> must undergo sequential hydroxylation
events [43]. 25-hydroxylation of vitamin D to 25D occurs in the liver and is catalyzed primarily by
CYP2R1, although other cytochrome P450 enzymes like CYP27AL1 also possess 25-hydroxylation
activity. 1o hydroxylation of 25D to form 1a, 25-dihydroxyvitamin D3 (1,25D) is catalyzed by the
enzyme encoded by CYP27BL1. Historically, 1o hydroxylation of 25D was thought to solely occur

in the kidney, under the control of calcium regulatory signals such as parathyroid hormone.
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However, emerging evidence over the last 40 years has shown that CYP27B1 is expressed in
tissues and cells with functions unrelated to calcium homeostasis [47]. The largest group of cells
shown to express CYP27B1 are epithelial cells [47]. Interestingly, epidermal keratinocytes express
more CYP27B1 than kidney cells and could in theory account for all circulating 1,25D [47].
However, most, or all of 1,25D produced in the epidermis signals and is metabolized locally
suggesting that CYP27B1 expression in the epidermis is necessary for local demand of 1,25D [48].
Other extra-renal sites of CYP27B1 expression include bone, placenta, endocrine glands, brain,
liver, endothelia, and various cells of the immune system including macrophages, monocytes, DCs,
T cells and B cells [47]. Importantly, CYP27B1 expression in immune cells is independent of
calcium homeostatic inputs [49]. Notably, CYP27B1 is induced downstream of signaling through

PRRs and by cytokines produced by T cells.
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Vitamin Dj is first 25-hydroxylated largely in the liver by 25-hydroxylase enzymes (CYP2R1 or CYP27A1) to generate 25-hydroxyvitamin Dg
(25D), the major circulating metabolite of vitamin D. 25D is 1a hydroxylated in a controlled manner in the kidney or other tissues by the unique
la-hydroxylase enzyme (CYP27B1) to generate the biologically active form of vitamin D, 1a-25-dihydroxyvitamin D3 (1,25D). Catabolism of 25D
and 1,25D is initiated by 24-hydroxylation catalyzed by CYP24A1, whose gene expression is induced by 1,25D signaling in a negative feedback
loop. B. Intracrine or blood-derived 1,25D binds to the vitamin D receptor (VDR), triggering association with retinoid X receptors (RXRs) and
nuclear translocation, followed by binding to vitamin D response elements (VDRE) to regulate gene transcription. Figure made in BioRender.

Activated macrophages are a major source of circulating 1,25D in the context of
sarcoidosis, which in extreme cases can lead to hypercalcemia [50]. Sarcoidosis a highly
inflammatory disease, in which CYP27B1 activity is regulated by inflammatory and pathogen
derived signals including lipopolysaccharide (LPS), IFNy, and TNFa, but not calcium-related
signals [51]. DCs and T cells upregulate CYP27B1 when activated, and 1,25D signaling in these
cell types induces a more tolerogenic T cell phenotype [52]. Therefore, the tight regulation of local
1,25D production in immune cells appears to be an important mechanism to modify the immune
response. The function of locally produced 1,25D is likely non-redundant with circulating kidney-
derived 1,25D. One study examined IgE responses to OVA challenge in global Cyp27b1 KO mice,
and in strains lacking Cyp27b1 in either T or B cells. The authors found that OVA-specific IgE
was elevated in global and T cell-specific Cyp27b1 KO mice relative to controls, but not in B cell-
specific KO mice [53]. Therefore, local 1,25D production by T cells appears to be important to

suppress hyper IgE responses in this system.

Vitamin D signaling

Many of the physiological effects of vitamin D signaling can be understood through its
capacity to regulate gene transcription. The genomic actions of vitamin D signaling are mediated
through binding of 1,25D to the vitamin D receptor (VDR) [43]. The VDR is a ligand-regulated
transcription factor and a member of the nuclear receptor superfamily. It is most highly expressed
in metabolic tissues but can be found in lower amounts in nearly all human tissues [54], consistent
with the pleiotropic functions of vitamin D signaling. The VDR contains a DNA binding domain

(DBD) that allows it to contact specific sequences of DNA and a ligand binding domain (LBD)

26



that is critical for 1,25D-regulated gene transcription [55]. Despite being a transcription factor, the
VDR is found in the cytoplasm in addition to the nucleus. Photobleaching experiments using VDR-
GFP fusion proteins demonstrated that both liganded and unliganded VDR proteins constantly
shuttle between the nucleus and cytoplasm, and that introduction of 1,25D vastly increased the
nuclear transport of the VDR while slowing export [56]. Once in the nucleus, the DBD of the VDR
recognizes specific direct repeats of hexameric sequences called vitamin D response elements
(VDREsS). Its affinity as a monomer for these motifs is insufficient for the formation of a stable
protein-DNA complex [55]. This is resolved by dimerization of the VDR with related retinoid x
receptors (RXR’s). Together, VDR/RXR complexes bind stably to VDRE’s. Gene expression is
then regulated by 1,25D-dependent recruitment of co-activator complexes that are essential for
hormone-dependent transactivation of adjacent target genes. The hormone dependence of this
recruitment occurs because 1,25D binding induces a conformational change in the largely o-
helical receptor LBD, leading to the formation of a hydrophobic cleft on the LBD surface [57].
This cleft is recognized by specific hydrophobic LXXLL motifs (where L is leucine) on
coactivators. One of the most strongly induced VDR target gene is CYP24A1, which encodes the
enzyme (24-hydroxylase, CYP24A1) responsible for negative regulation of vitamin D signaling
[43]. CYP24ALl catalyzes the hydroxylation of 1,25D (and 25D) at the 24 position of the
cholesterol side chain that strongly reduces affinity for the VDR and initiates the catabolic
degradation of the sidechain. CYP24A1 expression is exquisitely sensitive to the presence of

1,25D, making it an excellent readout of active vitamin D signaling.

While 1,25D primarily signals through the VDR, some VDR-independent activity of 1,25D
has been reported, such as inhibition of nitric oxide production in cultured VVdr KO osteoblasts

[58]. Additionally, the VVdr can regulate gene expression in the absence of 1,25D [59]. Complete
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inactivation of the Vdr leads to rickets and alopecia [60]. Notably, whereas mutations in CYP27B1
cause rickets, alopecia is absent in patients lacking lo-hydroxylase activity [60]. Intriguingly,
people with certain mutations in the VDR develop alopecia without any rachitic symptoms [61,
62]. These mutations do not affect ligand binding, but do disrupt the 1,25D-independent
association of the VDR with the so-called hairless transcriptional repressor, whose regulation is
required for normal hair cycling [63]. In this regard, both Vdr and Cyp27b1 mouse KO strains are
models of rickets arising from loss of vitamin D signaling. However, like humans, only the Vdr
KO strain presents with alopecia [64]. In addition, chromatin immunoprecipitation followed by
high-throughput sequencing (ChiP-seq) studies investigating the genome-wide binding of the
receptor found considerable Vdr bound to DNA in the absence of 1,25D, depending on the cell
type studied, again supporting a role for 1,25D-independent activity [65]. As expected though,
introduction of 1,25D greatly increased the number of distinct VVdr binding sites by 2—-10-fold,
again depending on the cell type [65]. The precise mechanisms of such 1,25D-independent

function of the VDR are still under investigation.

Vitamin D deficiency

A meta-analysis of global vitamin D status from 2000 to 2022 of 7.9 million pooled
participants found that 15.7% of people had serum concentrations of 25D lower than 30 nmol/L
and would be considered as severely vitamin D deficient [66]. Furthermore, among various other
factors associated with prevalence of vitamin D deficiency, people living in higher latitudes were
notably more at risk of becoming vitamin D deficient. UV-B intensity affects the rate of vitamin
D3 formation in the skin, therefore, insufficient sunlight during the winter months of many
countries (a period known as vitamin D winter) leads to insufficient cutaneous vitamin D synthesis

[67]. Regions, such as northern Finland, are in vitamin D winter year-round, whereas regions near
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the equator have sufficient surface UV-B penetration year-round. However, conservative dress,
sun avoidance and darker skin tones often found in such regions can also prevent the acquisition
of significant vitamin D from sun exposure. The consequences of vitamin D deficiency are
widespread and the skeletal effects, including rickets in children and osteomalacia (soft bone) in

adults, are well documented [35].

The extra-skeletal consequences of vitamin D deficiency are implicated in psoriasis, skin
cancer, muscle strength, inflammatory bowel disease, and all major autoimmune diseases [35].
Intriguingly, the incidence of autoimmune diseases such as type 1 diabetes (T1D) and multiple
sclerosis (MS) are associated with latitude [68]. A study of white army recruits in the United States
(US) found that low vitamin D status (25D < 50 nmol/L) at the time of recruitment resulted in an
almost twofold increased risk of later onset of MS [69]. Maternal vitamin D deficiency (25D < 30
nmol/L) in Finnish women was associated with a 1.9-fold increased risk of developing MS in the
offspring [70]. Furthermore, genetic variants predisposing to lower circulating 25D levels were
also correlated with increased MS risk in multiple studies [71]. Mutations in the coding region of
CYP2R1 were associated with decreased circulating 25D levels and a 1.4-fold increased risk of
developing MS [72]. A meta-analysis of US and Swedish cohort studies analyzing the effect of
single nucleotide polymorphisms (SNPs) associated with decreased 25D levels on MS risk also

concluded that decreased 25D was a risk factor for MS [42].

Similar studies have been performed analyzing T1D risk in various populations. In a study
identifying 310 T1D cases (613 controls), non-Hispanic US military personnel, but not Hispanic
or non-Hispanic black personnel, with 25D levels > 100nmol/L had a 44% lower risk of T1D
whereas those in the bottom 20% of 25D status had the highest risk of developing T1D [73]. A

series of retrospective studies found that vitamin D supplementation in the first year of life reduced
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the risk of developing T1D later in life. A large study tracking a cohort of 10,366 children born in
northern Finland over the course of 30 years found that vitamin D supplementation was associated
with decreased incidence of T1D [74]. Specifically, the risk for regular versus no supplementation
was 0.12, and children who took the recommended dose (2,000 1U per day) had a relative risk of
0.22 compared to those that received less than the recommended amount. Children suspected of
having rickets had a 3.0 relative risk of developing T1D. Importantly, many studies can be difficult
to interpret due to sun exposure in control cohorts. However, this was not a confounding factor in

this study due to year-round vitamin D winter in northern Finland.

Despite the availability of data suggesting that vitamin D sufficiency should prevent
autoimmune diseases, the therapeutic benefit of vitamin D supplementation remains inconclusive
due to intervention trials being limited in power or placebo wings being poorly controlled due to
variable sunlight exposure. However, clinical studies, such as the Finnish cohort study above,
analyzing the benefit of supplementation early in life tend to support the notion that vitamin D
status during this critical period is an important determinant of the risk of future onset of

autoimmunity.

Vitamin D signaling in immune cells

The effects of vitamin D signaling in the immune system have been studied extensively.
These range from stimulation of antibacterial and antiviral immunity to suppression of
autoimmune adaptive immune responses [35]. Observations that airway surface liquid (ASL)
antimicrobial activity varied depending on the season (higher in the summer versus winter months)
was consistent with a role for vitamin D in antimicrobial responses [75]. Strikingly, vitamin D
supplementation masked the seasonal variability in the antimicrobial activity of ASL. Furthermore,

results from a RCT demonstrated that vitamin D supplementation for 90 days increased the
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antimicrobial activity of ASL [75]. This activity was ascribed to the production of the antimicrobial
peptide CAMP (cathelicidin antimicrobial peptide), as antibody blockade of CAMP abrogated the
antimicrobial efficacy of ASL [76]. AMPs can be broadly classified into cathelicidins and
defensins. Importantly, VDRE’s adjacent to the transcription start site of CAMP and
DEFB2/DEFB4/HBD2 (B-defensin 2) have been described [77, 78]. In neutrophils, CAMP was
strongly inducible by 1,25D, whereas 1,25D stimulated IL-1B-induced DEFB2 expression [78].
Furthermore, a small RCT of vitamin D supplementation in 27 Crohn’s Disease (CD) patients
found that circulating levels of CAMP were significantly increased in the treatment group versus
placebo [79]. Stromal cells contribute to antimicrobial responses, and 1,25D stimulated
antimicrobial activity in cultured human, but not mouse, epithelial cells against Escherichia coli

(E. coli), and the lung pathogen Pseudomonas aeruginosa (P. aeruginosa)[80].

Regulation of antimicrobial responses by 1,25D is multi-layered and includes stimulation
of PRR expression and autophagy, in addition to induced antimicrobial peptide production.
Stimulation of monocytic cells and keratinocytes with 1,25D strongly induced CD14 gene
expression, the co-receptor of TLR4 [81]. It also induced the expression of the gene encoding the
PRR NOD2/CARD15, supporting a role for 1,25D in barrier immunity [82]. Autophagy is a key
process of immunity that bridges the innate and adaptive immune system. Its roles include helping
to clear intracellular pathogens by enhancing antigen presentation and regulation of cytokine
production [83]. Vitamin D can activate autophagy in numerous cell types including keratinocytes,
hepatocytes, and endothelial cells in response to cellular damage and oxidative stress [84]. In the
immune system, 1,25D induces autophagy in macrophages by inhibiting branched chain amino
acid-dependent activation of the regulatory kinase mammalian target of rapamycin (mTOR)[85],

which is a key inhibitor of autophagy. Vitamin D also plays an important function in the immune
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system by modulating cytokine production in both innate and adaptive immune cells. In
macrophages, 1,25D stimulates the production of IL-1p and chemokines including CCL3, CCL4,
CCLS8, IL-8/CXCLS8 [86]. Co-culture experiments of Mycobacterium tuberculosis (M.tb)-infected
macrophages with primary human airway epithelial cells demonstrated that 1,25D-dependent
induction of IL-1B enhanced the survival of infected macrophages [49]. These data collectively
suggest that vitamin D signaling positively regulates anti-microbial responses of first responders

to infection, which includes macrophages, neutrophils, and stromal cells.

However, with the exception of the pro-inflammatory anti-microbial responses discussed
here, vitamin D generally functions to dampen the immune response. In M.tb.-infected human
peripheral blood mononuclear cells (PBMCs), 1,25D suppressed the production of pro-
inflammatory cytokines IL-6, TNFa, and IFNy in a dose-dependent manner [87]. LPS-induced IL-
6 and TNFa production in human and murine monocytes/macrophages was also suppressed by
1,25D [88]. In NK cells, 1,25D in combination with dexamethasone enhanced the expression IL-
10 and induced a regulatory phenotype [89]. Intracrine production of 1,25D by DCs induces a
tolerogenic phenotype, characterized by IL-10 production, decreased IL-12 and IL-23 production,
and decreased expression of MHC-II and co-stimulatory molecules including CD40, CD83, and
CD86 [90]. This, in turn, has significant effects on lymphocyte phenotypes including reduction of
B cell proliferation and antibody production and altered Th differentiation away from Thl and
Th1l7 phenotypes and towards Th2 and Treg subtypes. Aside from the regulation of Th
differentiation imposed by DCs, 1,25D signaling in T cells also intrinsically affects their

phenotypes.

TCR triggering with co-stimulation results in upregulation of the VDR [91]. In humans,

1,25D signaling through the VDR results in enhanced expression of the VDRE containing gene
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PLCG1, which encodes PLC-yl, a central component of the TCR signaling cascade [92].
Therefore, 1,25D signaling in human cells contributes to T cell priming in addition to its other
effects. IL-2 is fundamental to the differentiation and proliferation of both CD4" and CD8" T cells.
Importantly, 1,25D signaling through the VDR attenuates IL2 transcription and may function as a
part of a negative feedback loop in cases of excessive T cell activation [93, 94]. The role of vitamin
D signaling in Th differentiation is well documented. Th2 cells contribute to allergic
hypersensitivity and vitamin D deficiency is a risk factor of asthma, allergic rhinitis, and wheezing
[95]. In a mouse model of allergic airway hypersensitivity to chicken egg ovalbumin (OVA), mice
fed a vitamin D deficient diet had increased T cell dependent antibody titers associated with
enhanced Th2 responses [96]. CD4* T cells cultured in the presence of Th17 inducing cytokines
(TGF-B1 and IL-6) and TCR stimulation resulted in double the amount of Th17 cells in Vdr KO
versus wild-type cultures [97]. Conversely, treatment with 100nM 1,25D reduced the frequency
of Th17 cells by half. These data are supported by results from an in vivo model of inflammatory
bowel disease (IBD) where donor T cells adoptively transferred into recombination-activating
gene (RAG) KO recipient mice, which lack B and T cells, initiate inflammation in the gut due to
pathogenic T cell responses. Transfer of naive Vdr KO or wildtype T cells to RAG KO mice
resulted in enhanced frequencies of Th17 cells in the recipients of Vdr KO cells and worsened IBD
severity [97]. The signals that drive Th17 and iTreg differentiation overlap in part, thereby often
leading to concomitant analysis of this differentiation axis. While the frequency of naturally
occurring Tregs in the circulation or in SLOs is unaltered in Vdr KO versus wild-type mice,
polarization of Vdr KO iTregs using TGF-B1 and TCR stimulation is significantly impaired
relative to controls. Therefore, reduced Treg generation in the context of vitamin D deficiency is

likely to negatively impact the pathogenesis of the disease. 1,25D treatment has been demonstrated
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to slow the progression of experimental autoimmune encephalomyelitis (EAE), a mouse model of
MS that results in ascending paralysis [98]. Notably, the pathogenesis of EAE is driven by
inappropriate Th17 and Th1 cells responses to injected myelin basic protein, which is expressed
by neuronal cells and is the target of the ensuing autoimmune attack. Selective deletion of the Vdr
in T cells abrogated the benefit of 1,25D in EAE pathogenesis [99]. The benefit of 1,25D during
EAE may be due to its effects on both Thl and Th17 differentiation and function, since 1,25D was

shown to inhibit Th1 differentiation and IFNy production [100, 101].

Investigation of the relationships between vitamin D signaling and autoimmunity are not
limited to models of MS. Dietary intake of 1,25D in mice prevented or abrogated symptoms
associated with two models of murine arthritis [102]. Mutation of the Fas gene, which regulates
apoptosis in many cells including T cells, in the mouse strain MRL results in uncontrolled
lymphoproliferation and autoimmunity, mimicking human systemic lupus erythematosus
(SLE)[103]. Dietary intake of 1,25D in combination with intraperitoneal injection of 1,25D every
other day inhibited the formation of dermatologic lesions, necrosis of the ear, and scab formation
in MRL mice [104]. Non obese diabetic (NOD) mice are the most used model of human type 1
diabetes (T1D) due to their genetic predisposition to spontaneously develop T1D [105]. Results of
studies examining the role of vitamin D in autoimmune diabetes development in NOD mice are
conflicting. An early study in 1994 found that the incidence of disease in 1,25D-treated female
NOD mice was 8% compared to 56% in the control group [106]. Another study investigating the
effect of vitamin D deficiency in NOD mice found that 35% of male and 66% of female mice that
were fed a no vitamin D diet for the first 100 days of life were diabetic after 250 days, compared
to 15% and 45% of control mice, respectively [107]. Surprisingly, Vdr-deficient NOD mice

developed diabetes at the same rate as control NOD mice [108]. More investigation of this complex
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phenotype is thus merited, potentially into the 1,25D-extrinsic role of the Vdr in the onset and
pathogenesis of autoimmune diabetes. It is important to note that vitamin D signaling in pancreatic
beta cells, the target of autoreactive cells in T1D, is important for beta cell proliferation and
survival [109]. This may further add to the complexity of the phenotypes observed in studies of
vitamin D in models of diabetes. Collectively, impaired 1,25D signaling is implicated in the
pathogenesis of several autoinflammatory models of disease, mirroring clinical observations made
in humans. However, the therapeutic benefit and optimal window of 1,25D supplementation in the

treatment and prevention of human autoimmune diseases is still a topic of investigation.

Introduction to thymic development

The thymus is a bi-lobed organ with outer cortical regions and inner medullary regions
resting below the sternum. It is the site of naive conventional T cell, invariant natural killer T cell
(INKT), and yd T cell production. Its functions are essential for protective immunity as shown by
defects in thymic organogenesis, such as through mutations the master regulator of thymic
epithelial cell generation, FOxN1, which result in severe combined immunodeficiency in humans
and murine KO models [110]. Furthermore, more subtle defects in thymic processes range in
consequences from overt autoimmunity including T1D and MS, to increased risk of cancers and
infections. T cell effector functions depend on the specificity of their TCR to recognize peptides

bound on MHC molecules.

Importantly, conventional T cells generate their (af) TCRs and undergo MHC restriction
in the thymus. This is coupled with selection events through interactions with multiple levels of
thymic APCs that filter out thymocytes bearing undesirable TCRs. Thymocyte development is
supported by a network of phenotypically diverse stromal and hematopoietic cells that provide

essential instructions through chemotactic cues and direct interactions regulating thymocyte
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selection and survival. These include epithelial cells, fibroblasts, DCs, macrophages, and tissue

resident B cells.
Conventional T cell development

Circulating CLPs generated in the bone marrow enter the thymus through blood vessels
near the cortico-medullary junction (CMJ) and migrate to the cortex where they undergo T cell
lineage commitment through the progressive loss of potential towards other lineages including yo
T cell, INKT cells, macrophages, DCs, and even granulocytes. B cell potential has been shown to
be lost even prior to entering the thymus [111]. While CLPs initially retain the potential to develop
into multiple cell types, the microenvironment of the thymus strongly favors the production of
conventional T cells, largely due to notch signaling following engagement of delta-like ligand 4
expressed by cTECs [112, 113]. Thymocyte development can be broadly segregated into four
stages, defined by the expression of CD4 and CD8 molecules (CD4  CD8" double negative (DN),
CD4* CD8" double positive (DP), CD4" CD8" single positive (4SP), and CD4" CD8" single
positive (8SP)). DN thymocytes are further segregated into DN1-4 categories and lose non-T cell
lineage commitment potential by the DN3 stage, where TCR gene expression and other important

transcription factors necessary for T cell development are turned on [114].

The remainder of thymocyte development is guided by events that foster the production of
T cells bearing a functional TCR. The TCR on conventional T cells is a heterodimer made up of
TCR B and TCR a chains (off TCR). Individual TCR chains are encoded by an arrangement of
constant (C) regions and variable (V), diversity (D), and joining (J) TCR genes that undergo
somatic recombination in a process known as V(D)J recombination [115]. Notably, TCRa chains
are encoded only by V-J gene segments (70 and 61 gene segments for humans) whereas TCRf3

chains are encoded by V-D-J genes (52, 2, and 13 gene segments for humans) [116]. Therefore,
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V(D)J recombination is an important source of germline encoded receptor diversity. V(D)J
recombination is initiated at V-J junctions by nicks in chromosomal DNA, catalyzed by RAG
recombinase (RAG), at specific recombination signal sequences (RSS) that flank each V, D, and
J gene segment [117]. Hairpins are formed at these double stranded breaks, which are opened by
the Artemis/DNA-PKcs to generate palindromic sequences. At this stage, the DNA polymerase
terminal deoxynucleotidyl transferase (TdT) adds up to 5 non-templated nucleotides (N-region
nucleotides) to each 3’-OH end [118]. Unpaired nucleotides are then trimmed, and template
dependent polymerases fill in missing nucleotides before DNA repair by non-homologous end
joining (NHEJ)[119]. Then, V-DJ recombination proceeds after the formation of DJ segments.
Amazingly, the estimated potential diversity yielded by V(D)J recombination exceeds 10 unique
receptors where TdT is estimated to generate 90-95% of this diversity [120]. After TCRp chain
recombination, DN thymocytes express an invariant a chain to form the pre-TCR complex. They
then undergo an important developmental checkpoint after cell surface expression of the pre-TCR
in a process called B selection [121]. Successful signaling through the pre-TCR complex ensures
af T cell lineage commitment, restricts further Tcrb gene rearrangement, and initiates a

proliferative burst [121].

At this point, DN4 thymocytes upregulate CD4 and CD8 to become DP thymocytes and
the pre-TCR is replaced by mature o TCR molecules after TCRa V-J recombination. DP
thymocytes then face a series of critical checkpoints based on reactivity towards self-pMHC
complexes expressed on thymic APCs. Unlike B cells, which recognize native antigen, T cells
only recognize antigen when bound to MHC-I or MHC-II molecules. The process of MHC-
restriction occurs during a stage of thymic development known as positive selection [113]. During

positive selection, DP thymocytes interact with cortical thymic epithelial cells (cTECSs) presenting
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self-peptides on MHC-I and MHC-II molecules. Interestingly, cTECs are uniquely poised to
support positive selection due to their ability to generate ‘private’ positively selecting ligands
through unconventional proteasomal processing machinery termed the thymoproteasome [122].
The majority of thymocytes bear TCRs with insufficient reactivity to recognize pMHC expressed
on cTECs, resulting in thymocyte apoptosis, also called death by neglect. Another important
maturational step is the commitment to either the CD4" or CD8" lineage. Multiple models have
been proposed to explain the signaling events that distinguish CD4* and CD8* T cell lineage
commitment. The current most accepted model posits that DP thymocytes downregulate CD8 to
‘audition’ for the CD4 lineage and only switch to CD8" CD4" expression if CD4-dependent TCR
signaling is lost [123]. Positively selected thymocytes upregulate CCR7 to follow CCL21 and
CCL19 chemotactic cues secreted in the thymic medulla, where they undergo further selection
events. In the medulla, thymocytes are culled based on their reactivity for self-pMHC expressed
by medullary thymic epithelial cells (MTECs), DCs, and resident thymic B cells [114]. Cells with
high self-pMHC reactivity undergo apoptosis in a process called negative selection and those with
intermediate reactivity are diverted into the regulatory T cell (Treg) lineage. Therefore, thymocytes
with low to intermediate TCR reactivity ultimately survive to become mature 4SP or 8SP
thymocytes and after undergoing final maturation steps leave the thymus to circulate in the

periphery.
Negative selection and autoimmune regulator (AIRE)

The result of dysregulation of negative selection is a combination of autoimmunity and
autoinflammatory disorders [124, 125]. Effective negative selection of autoreactive thymocytes is
critically dependent on the presentation of essentially an entire body worth of self-antigens so as

to not allow specific clones to escape to the periphery. Therefore, the cells of the thymus must take
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on the incredible task of curating and presenting these tissue restricted antigen (TRA). Part of this
is resolved by the shuttling of peripheral antigen to the thymus by plasmacytoid DCs (pDCs)[126].
However, the majority of TRA are expressed ectopically in the thymus largely due to the action of
the transcription factor autoimmune regulator (AIRE)[127]. AIRE is highly expressed by mTECs,
but more recent studies have revealed expression in thymic B cells [128]. In support of its essential
role, certain mutations in AIRE in humans results in autoimmune polyendocrinopathy candidiasis
ectodermal dystrophy (APECED), which is characterized by multi organ autoimmunity and
recurrent fungal infections [129]. In addition, numerous mouse models have demonstrated the
essential role AIRE and AIRE-dependent TRA expression plays in the prevention of
autoimmunity. Aire KO mice, first generated in 2002, were found to have multi organ autoimmune
infiltrates [130]. TEC specific deletion of AIRE-dependent TRAS such as Ins2 would rapidly result
in pancreas specific autoimmunity [127]. The revelation of the important role of AIRE prompted
countless studies analyzing its mechanism of action, how it is regulated, and which cells are

precursors of AIRE* mTECs.

AIRE contains a caspase-activation and recruitment domain (CARD), a nuclear
localization signal (NLS), a SAND domain (named after a range of proteins Sp100, Aire-1,
NucP41/75, and Deaf-1) for binding DNA phosphate groups, and two plant-homeodomain (PHD)
fingers (Figure 3)[127]. Notably, the SAND domain of AIRE lacks important DNA-binding
residues (KDWK motif), suggesting that it is recruited to DNA by its interaction partners [131].
Furthermore, the PHD1 finger of AIRE binds to unmethylated H3K4, which generally marks
transcriptionally repressed loci, suggesting that AIRE may be recruited to regions with inactive
chromatin to exert its effects [132]. Furthermore, TRA expression is not completely abolished in

Aire KO mice but is variably reduced for Aire-dependent genes. This suggests that AIRE may
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serve to amplify gene expression rather than to induce it. Several additional lines of evidence
suggest that AIRE does not appear to be a classical transcription factor with a site-specific binding
domain. AIRE influences the expression of thousands of genes with distinct modes of regulation
and controls the expression of large numbers of genes when transfected into numerous different

cell types [133].

TRA expression in mTECs at the population level is stochastic and individual TRAs are
only detected in 1-3% of mTECs at a given time, demonstrating a sort of ‘randomness’ to TRA
expression [134]. In addition, TRA transcription in TECs depends on distinct cofactors and
initiation from transcriptional start sites that are distinct from those used in peripheral
expression[135]. AIRE appears to exist in multimolecular complexes with proteins involved in
initiation and post-initiation transcriptional events in regions dense with AIRE target genes [127].
This explains why AIRE staining appears punctate by immunofluorescent microscopy [136].
Based on all this evidence, it has been postulated that other factors may serve to recruit AIRE to
TRA genes [133]. Both human and murine AIRE contains four LXXLL motifs, where L stands
for leucine and X for any amino acid [127, 137]. This motif is part of an amphipathic a-helix,
which binds to hydrophobic clefts formed in agonist-bound nuclear receptors. Therefore, a
potential mechanism of AIRE recruitment may be through interactions with nuclear receptors that

recruit it to target genes, a hypothesis investigated below.
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Transcriptional regulation occurs at the level of chromatin through several post-
translational modifications, including acetylation/deacetylation and methylation/demethylation of
histone lysine residues [138]. This results in positive or negative regulation of chromatin
accessibility. Regulation also occurs through access to DNA regulatory elements and of direct
regulation of the transcriptional machinery [138]. Transcription factors may regulate initiation of
transcription, elongation, or both. Transcriptional regulation occurs by binding of transcription
factors to specific DNA motifs located in distal enhancer or proximal promoter regions. This leads
to recruitment of co-regulatory proteins which prepare the chromatin landscape for transcriptional
initiation. Transcription factors also recruit the mediator complex, which acts as a functional bridge
between a transcription factor and the pre-initiation complex and RNA polymerase Il. Often
transcription is initiated for ~10-60 bp before RNA polymerase is stalled by pause factors [139].
Recruitment of elongation factors such as the positive transcription elongation factor (p-TEFb) is

necessary to release the stalled polymerase.

Investigation of the mechanism by which Aire regulates transcription has found that it
functions to release paused transcription via recruitment of p-TEFb [140, 141]. Aire is tethered to
p-TEFb by bromodomain-containing protein (Brd4) via its CARD domain [142]. Despite current
advancements, it remains unclear how the seemingly stochastic expression of relatively few TRAs
per mTEC is sufficient to tolerize the T cell repertoire to self-antigen. Due to AIRE’s central role
in adaptive immunity, further investigations are merited to carefully define the pathways mediating

the recruitment of AIRE to its targets and the regulation of its activity.

Thymic organogenesis and epithelial cell development

The thymus and parathyroid glands are derived from the third pharyngeal pouch during

embryogenesis, which can be detected by E9.5 in mice [143]. Patterning into the thymus and
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parathyroids occurs at E11.5, followed by migration of the primordia and detachment into distinct
tissues [143]. The initial expression of transcription factors and subsequent signaling pathways
that regulate thymic morphogenesis also occurs at E11.5, however, it is still to be determined how
these factors cooperate to coordinate organogenesis. Further development and organization into
the typical 3D structure of the adult thymus is dependent on the colonization of the thymus by
lymphoid progenitor cells at E11-12 and the interplay between thymocytes and TECs [144].
Thymic cellularity notably increases in the post-natal period, beginning at 6-8 days, peaking at 4
weeks [145]. This expansion is temporally associated with the proliferation of CD45" thymic
stromal cells, including TECs [145]. The exact order of TEC differentiation is disputed, but it is
generally accepted that cTECs and mTECs are derived from a common precursor[146]. For
example, mTECs were shown to have previously expressed cTEC specific genes, including beta5t
[147]. Cytokeratin 5 (CK5) staining by immunofluorescent microscopy is used as a marker of
MTECs, and co-staining with cytokeratin 8 (CK8), which labels both cTECs and mTECs, allows
for visualization of cortical and medullary compartments [148]. mTECs have been more
intensively investigated than cTECs, leading to the identification of a number of phenotypically
and functionally distinct subtypes. Analysis of mTECs by flow cytometry using a combination of
MHC-11 and the costimulatory molecule, CD80, identify two mTEC subsets termed mTEC' and
mTEC". mTECM cells, which are CD80* and MHC-II" also highly express Aire. mTEC'" cells
(CD80" MHC-I11""°) appear to represent a more diverse group of mTECs including terminally
differentiated ‘Post-Aire’ cells that have downregulated CD80 and MHC-II, MHC-1I"" CD80-
mTECM precursors, and CCL21 expressing mTEC'" [149]. The signals that drive Aire expression
and mTEC" maturation have also been studied in detail. In the embryonic thymus, lymphotoxin

beta (LTP) provided by lymphoid tissue inducer (LTi) cells and NF-kB signals driven through
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receptor activator of NF-kB (RANK) and CD40 on mTECs are essential for organogenesis and
TEC proliferation [150]. In adult thymi, LTp signaling remains important for CCL21" mTECs but
is dispensable for AIRE*" mTEC maturation [150]. However, RANKL signals provided by

positively selected thymocytes are essential for mTEC maturation in adult thymi.

Our knowledge of TEC subpopulations was enormously expanded by single cell RNA
sequencing (scRNAseq) studies. For example, transit amplifying cells (TAC-TECS), which are
proliferating cells enriched for S and G2M phase genes, were identified to be precursors of AIRE*
and CCL21* TECs [151]. Minor populations of cells that had been observed histologically but
were difficult to study were also identified, including keratinocyte like Hassall’s corpuscles and
lung like ciliated cells [152]. Furthermore, thymic tuft cells, microfold mTECSs, thyroid mTEC,
and others have been discovered [153, 154]. These cells, coined ‘mimetic’ cells, express the
lineage driving transcription factors of their peripheral counterparts while retaining a strong mTEC
gene signature [154]. Thus, these cells present TRAs mirroring their peripheral self. Their origin
and precise roles in central tolerance are currently being investigated but it has been speculated

that they may serve to preserve tolerance to a series of important peripheral cell types.

Age-related thymic involution

Aging affects T cell repertoire diversity and effectiveness through both thymic and peripheral
mechanisms. In the periphery, repeated exposure to antigen over time results in the accumulation
of memory T cells while decreasing the diversity of naive T cells [155]. The thymus is the most
rapidly aging organ in the body and is characterized by persistent involution of the organ starting
during childhood with concomitant reductions in the production of naive T cells throughout life
[156]. Thymic involution is thought to have both hematopoietic and stromal components.

Decreased bone marrow output over time contributes to reductions in T cell precursors entering
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the thymus. While likely contributing to the thymic phenotype, changes in the thymic stroma are
likely the primary mechanism by which involution occurs [157]. Several lines of evidence have
demonstrated this experimentally. Irradiation of young and aged mice to ablate hematopoietic, but
not stromal cells, and reconstitution with early T-lineage precursors (ETPs) from young mice
resulted in impaired thymopoiesis in the aged, but not young, recipients [158]. Fetal thymic
transplants into the kidney capsules of young or aged mice resulted in similar thymopoiesis,
strongly suggesting that thymic extrinsic factors such as reduced ETPs or other signaling pathways
in aged mice are not responsible for thymopoiesis [159]. Furthermore, alterations in the thymic
expression of transcription factors such as forkhead box N1 (FoxN1), growth and longevity factors
like fibroblast growth factor 21 (Fgf21), and various other signaling pathways involved in stromal
cell proliferation and development have been identified to have a causative function in thymic
involution [156]. For example, administration of exogenous FoxN1 greatly boosts thymic
regeneration, rescues age-dependent involution, and naive T cell output [160]. However, it is
unclear what physiological changes during aging orchestrate the concerted downregulation of pro-

thymic factors and upregulation of pro-involution ones.

What makes an effective T cell repertoire?

The role of T cells in immunity is fundamentally based on the capacity of their TCR to detect
foreign, or transformed self, peptides in the context of MHC. Therefore, an effective T cell
repertoire is one with sufficient diversity to detect all potential threats and lacking overly self-
reactive clones. The importance of repertoire diversity is illustrated by several experimental
findings from mice, and from genetic disorders in humans. A case of reversion of the X-linked
immunodeficiency (Xid) mutation in a single T cell progenitor resulted in the generation of 2.5 x

10* distinct TCRs [161]. Stimulation of their T cells with mitogens or two antigens demonstrated

44



impaired proliferation relative to control T cells [161]. Nevertheless, this individual was protected
from major infections in early life, indicating the presence of some redundancy in this limited
repertoire [162]. Insertion of a TCRp transgene prevents the expression of endogenous TCRf
genes, resulting in repertoire diversity of approximately 4 x 10° attributable to TCRa. subunits.
OT-1 TCRp transgenic mice, which recognize OVA-8p antigen, were unable to reject bone
marrow from F1 mice, indicating holes in their T cell repertoire [163]. A 50% reduction in
repertoire diversity occurs in mice lacking TCR V5, 8,9, 11, 12, and 13. These mice were unable

to respond to sperm whale myoglobin or myelin basic protein presented on MHC-I11 [164].

Additional in vivo data in the form of polyclonal CD8" T cell responses to the
immunodominant herpes simplex virus (HSV) gB-8p epitope have been informative. In a
polyclonal repertoire, the CD8" T cell response is dominated by T cells specific for HSV gB-8p,
and genetic deletion of this epitope from the virus resulted in a 70% decrease in the CD8+ T cell
response [165]. 60-65% of CD8" T cells responding to HSV gB-8p express TCR VB10 chains
[166]. HSV infection of mice lacking TCR VB10 chains results in a 60% reduced T cell response
to the virus [166]. These results indicate two things: CD8" T cell responses to the immunodominant
epitope of HSV are poorly compensated for by other clones, and there are important structural
components of the TCR that can strongly affect the magnitude of the T cell response to a pathogen.
Bm8 mice have increased TCR diversity for HSV gB-8p relative to co-isogenic mice, due to
alterations in MHC-I alleles, resulting in increased resistance to HSV infection [165]. TdT
deficient mice, which have 90-95% reduced repertoire diversity, surprisingly do not display
obvious signs of defects in pathogen detection and generating protective immune responses [120].
Neither in vitro or in vivo challenge with keyhole limpet hemocyanin (KLH) or sperm whale

myoglobin (SWM) peptides altered T cell proliferation in TdT deficient mice [167]. In vitro
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measurement of cytotoxic T cell responses via chromium release assay from TdT deficient and
control mice infected with the LCMV WE strain were indistinguishable [167]. Helper T cell-
dependent antibody titers in control versus TdT deficient mice infected with vesicular stomatitis
virus (VSV) were also unchanged, indicating the presence of functional antigen specific Th cells
[167]. Another study found that CD8* T cell responses to influenza A and vaccinia virus were
reduced by 30% in TdT deficient mice, but an effect on pathogen control was not investigated in
this study [168]. Despite generating 90% of repertoire diversity, it does not appear that N-region
nucleotide additions catalyzed by TdT markedly affect pathogen detection or responsiveness. An
interesting observation, however, is that the TdT deficient T cell repertoire appears to be enriched
for TCRs more efficiently able to bind self-pMHC [169], raising the possibility that N-nucleotide

additions may function to broaden the diversity of TCR reactivities for antigen.

The immune response can be categorized into acute and chronic phases, depending on whether
the pathogen is cleared or persists after infection [170]. Acute phase T cell responses are dominated
by T cells with high TCR reactivities [171, 172]. During chronic infections, T cells undergo
antigen-mediated exhaustion due to chronic stimulation through the TCR [173]. This may
primarily affect T cells with more highly reactive TCRs. Notably, pathogen resistance in TdT
deficient mice was only investigated in infectious models causing acute infection. Furthermore,
Th differentiation is heavily influenced by TCR reactivity for pMHC, but Th functionality was
only indirectly assessed in TdT deficient mice. Therefore, N-nucleotide additions into the TCR
catalyzed by TdT could affect the immune response to infection in two ways. First, by generating
TCRs with decreased pMHC reactivity potentially needed during chronic infections when T cells
bearing more highly reactive TCRs are functionally exhausted. Secondly, by creating a broader

range of TCR reactivities in the repertoire to diversify Th effector responses. However,

46



experimental data to support that the TdT-deficient T cell repertoire is of higher pMHC reactivity
is lacking. In addition, it is not understood how TdT-encoded TCRs may benefit the host during
chronic infections. Although these examples of reductions in repertoire diversity occurred through
rare genetic disorders or specific genetic manipulations in mice, reductions of T cell repertoire
diversity occur in humans during infection with human immunodeficiency virus (HIV), treatment
with highly active antiretroviral therapy, bone marrow transplantation, T cell leukemia, and aging

[162].

The previous section mostly discussed T cell responses in specific cases of reduced repertoire
diversity and factors affecting the size of the repertoire. Another critical facet of an effective T cell
repertoire is the prevention of autoimmunity via both thymic and peripheral mechanisms. This is
central to generating an effective T cell repertoire. Prevention of autoimmunity is regulated by
central tolerance generated in the thymus and peripheral tolerance through multiple mechanisms.
The peripheral mechanisms include suppression of inappropriate autoinflammatory responses by
Treg cells, the de novo differentiation of peripheral Tregs during an immune response, and
enforcement of T cell anergy in the presence of suprathreshold TCR triggering in the absence of
co-stimulation and cytokines [174]. Much is known about the role of vitamin D signaling in the
context of T cell activation and effector functions. However, our knowledge of 1,25D signaling in
the thymus is limited, especially with regards to conventional T cell development, and its potential
functions in the process of central tolerance are completely unknown. Exploration of the effect
vitamin D may have on the induction central tolerance is of particular interest, given that the
thymus is most active in early life. Additionally, vitamin D deficiency is clearly associated with

increased risk of autoimmunity, but the therapeutic benefit of 1,25D in humans with ongoing
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disease is unclear. It may be that vitamin D signaling, in the context of autoimmunity, is more

relevant prior to the onset disease, which is typically in younger individuals.
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Introduction (Hypothesis and Aims)

An effective T cell repertoire is self-tolerant but able to respond vigorously to pathogens and
cancer cells. The magnitude and breadth of T cell responses are related to the size and diversity of
the T cell repertoire, which is generated in the thymus and maintained in the periphery. Thymic
development and the selection of the T cell repertoire are dependent on both genetic and
environmental factors, including stress, nutrition, infections, and certain mutations. Vitamin D
deficiency in infants and children, the period when thymic activity is highest, is a risk factor for
autoimmune diseases, including type 1 diabetes and multiple sclerosis. However, the potential
role(s) of vitamin D signaling in thymic central tolerance have not been reported. Reduced T cell
repertoire diversity due to chemotherapy, bone marrow transplantation, or genetic mutations
results in increased susceptibility to cancers, autoimmunity, and infection. TCR sequence diversity
is generated in the thymus and T cell effector functions are in part regulated by the strength of
TCR signaling, which depends on its sequence. We hypothesized that (1) vitamin D signaling in
the thymus would regulate the process of central tolerance, and that (2) TCR diversification in the
thymus may be a mechanism to broaden TCR reactivities and thus CD4" effector response

diversity.
These hypotheses were investigated in this thesis with the following aims:

Aim 1: Investigate whether vitamin D signaling is active in the thymus and assess its potential
functional relationship with Aire.

Aim 2: Investigate how the absence of 1,25D impacts thymic development, Aire expression and
function.

Aim 3: Investigate whether T cell repertoire diversity impacts CD4" T cell differentiation.
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Chapter 2: Aire is a coactivator of the vitamin D receptor
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Abstract

Vitamin D deficiency is associated with the development of autoimmunity, which arises from
defects in T cell tolerance to self-antigens. Interactions of developing T cells with medullary
thymic epithelial cells (mTECSs), which express tissue restricted antigens (TRAS), are essential for
the establishment of central tolerance. However, vitamin D signaling in the thymus is poorly
characterized. We find that stromal and hematopoietic cells in the mouse thymus express the
vitamin D receptor (Vdr) and Cyp27bl, the enzyme that produces hormonal 1,25-
dihydroxyvitamin D (1,25D). Treatment of cultured thymic slices with 1,25D enhances expression
of the critical mTEC transcription factor Aire, its colocalization with the Vdr, and enhances TRA
gene expression. Moreover, the Vdr interacts with Aire in a 1,25D-dependent manner and recruits
Aire to DNA at vitamin D response elements, where it acts as a VVdr coactivator. These data link

vitamin D signaling directly to critical transcriptional events necessary for central tolerance.
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Key points

e The vitamin D receptor is expressed in Aire™ medullary thymic epithelial cells.

e Thymic vitamin D signaling stimulates Aire expression and Aire-dependent gene
transcription.

e Aire interacts with the Vdr and is a coactivator of VVdr-dependent transcription.
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Introduction

Vitamin D signaling is widespread, including in cells of the innate and adaptive immune
system [1]. While vitamin D can be obtained from diet, supplements, or cutaneous exposure to
adequate UV-B irradiation [1], vitamin D-poor diets, sun avoidance, and conservative dress lead
to widespread vitamin D deficiency [2]. Profound deficiency in children causes rickets, a diagnosis
associated with increased risk of diseases unrelated to poor calcium status [3], including
autoimmune disorders [1, 4]. Vitamin D is activated by primarily hepatic 25-hydroxylation
followed by peripheral la-hydroxylation catalyzed by Cyp27bl to generate 1,25-
dihydroxyvitamin D (1,25D). 1,25D binds to the vitamin D receptor (\Vdr), a nuclear receptor and
ligand-regulated transcription factor [1], which binds to cognate vitamin D response elements
(VDRES). In the periphery, 1,25D attenuates T cell activation and proliferation and suppresses T
cell-driven inflammation while enhancing suppressive Treg cells [5]. However, the links between
vitamin D deficiency in infancy and childhood and subsequent risk of autoimmunity suggest that
vitamin D signaling also contributes to thymic central tolerance.

Central tolerance is established by elimination of developing thymocytes with overly self-
reactive antigen receptors via negative selection or diversion towards immunoregulatory lineages
[6]. Transcription of tissue-restricted antigen (TRA) genes in medullary thymic epithelial cells
(mTECs) is critical for central tolerance. The transcription factor autoimmune regulator (Aire) is
necessary for expression of most TRAs [7] and its loss in humans causes APECED (autoimmune
polyendocrinopathy-candidiasis-ectodermal  dystrophy), characterized by  multi-organ
autoimmunity [7]. Very little is known about the role of 1,25D in thymic development, cellularity,
and function. One study provided evidence that invariant NKT (iNKT) cells fail to mature in the

thymus of Vdr-null mice [8]. However, the molecular mechanisms of thymic Vdr action have not
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been addressed. We show that Vdr signaling is active in thymic hematopoietic and stromal cells,
including mTECs, and that 1,25D induces Aire and TRA expression. Moreover, Aire is recruited
to \Vdr target genes and acts as a coactivator. This implicates 1,25D signaling in transcriptional

events necessary for central tolerance.

Materials and Methods

Mice

6—-10-week-old male or female C57BL/6J mice (Jackson Laboratory) were maintained in a specific
pathogen-free environment at the Maisonneuve-Rosemont Hospital Research Center. All animal
protocols were approved by the local Animal Care Committee in accordance with the Canadian

Council on Animal Care guidelines.

Thymic slice preparation and culture

Thymic slices were prepared as described [9]. Harvested thymi were placed into a 4% low-melt
agarose solution < 40 °C. After solidification, 500 um thick sections were prepared. Slices (3—
10/condition) were cultured in 6-well plates and treated with RPMI containing 100nM of 1,25D

or 1 pL of vehicle (100% EtOH), for up to 24 hours at 37 °C (5% CO>).

Preparation of single cell suspensions

Tissue was cut into 1 mm pieces and digested in RPMI 1640 (Wisent) containing 10% FBS
(Millipore Sigma) (R10) and Collagenase D (250 pug/mL;Sigma), Papain (250 pg/mL;Worthington
Bioc.), and DNase | (200 pg/mL;Sigma) for 30 min at 37 °C with shaking. Cells were further

released by pipetting up and down. Digestion buffer was freshly prepared for each experiment.
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Flow Cytometry

2-5x108 cells were incubated with fixable viability dye diluted in PBS at 4 °C for 20 min. Cells
were washed and resuspended with PBS containing 1% FBS, 2 mM EDTA (FACS buffer),
fluorophore conjugated antibodies (Abs), and FC block (Supplemental Table 1), and incubated for
30 min at 4 °C. For intracellular proteins, cells were fixed and permeabilized using the FoxP3
Fix/Perm Kit (Thermo Fisher) for 30 min at room temperature (RT). Cells were then resuspended
in 1X Perm/Wash buffer containing fluorophore-conjugated Abs and incubated for 30 min at 4 °C.
Cells and UltraComp ebeads (Thermo Fisher) were used for compensation controls. Samples were
acquired on a LSR Fortessa (BD Biosciences) and analyzed by FlowJo (BD Biosciences). Gating
is as follows (See Supplemental Fig 3): mTEC" (EpCAM*, UEA-1*", Ly51", MHC-II", CD80%),
mTEC" (EpCAM*, UEA-1*", Ly51", MHC-II*", CD80"), cTECs (EpCAM®*, Ly51%), B cells
(CD45*, CD19*, MHC-II*, CD11c), DCs (CD45*, CD11c*, MHC-II*, CD19), and thymocytes

(CD45*, TCRB*", MHC-II", CD19, CD11c).

Cell sorting

TECs were enriched by positively selecting for EpCAM? cells by MACS (Miltenyi Biotec). Flow
cytometric staining was performed as described above. Total TECs (EpCAM?*, CD457) or mTECs
(EpCAMT, CD45", UEA-1", Ly51") were sorted with a BD FACSAria Fusion into cold FACS

buffer.
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Immunofluorescence (IF) microscopy

Samples were fixed with 4% PFA and incubated with sucrose (Bioshop) solutions (10-30%) for
~8 hr each and embedded using base molds (Fisherscientific) containing O.C.T. compound
(Fisherscientific), frozen on dry ice, and stored at -80 °C. 5-20 um sections were obtained with a
Leica CM3050 S Cryostat and Superfrost Plus slides (Fisherscientific). A hydrophobic barrier was
applied (Millipore Sigma) and slides were blocked with PBS containing 2% BSA (w/v), 0.3%
Triton X-100, 1% FBS, and 10% goat serum (Blocking buffer) for 1 hr at RT. Slides were
incubated in a humidified chamber with primary Abs diluted in blocking buffer (Supplemental
Table 1) overnight at 4 °C, secondary Abs conjugated to fluorophores diluted in blocking buffer
for 1 hr at RT, fluorophore conjugated primary Abs for 1 hr at RT, and DAPI diluted in PBS for 5
min at RT. Slides were washed 3x with 100 uM Tris buffer between each step, mounted with
Fluoromount 4G (Thermo Fisher) and cover slips (No. 1.5;Fisher scientific), and imaged with a
Zeiss LSM710 confocal microscope with 20-100X objectives. Images were analyzed with FlJI
(ImageJ). For colocalization analysis, images were acquired with the same settings and JaCoP was

used on split channels without prior contrast changes and automatic thresholds to quantify overlap.

Gene expression

5x10° cells were lysed and RNA extracted using FavorPrep Total RNA Mini Kit (Favorgen) and
quantified with a NanoDrop 2000c (Thermo Fisher). 500ng of RNA was converted to cDNA using
AdvanTech 5X master mix. Oligo sequences (available upon request) were designed with Primer3
and primer specificity was verified by BLAST. 10 ng of cDNA was used per qPCR reaction and

BlasTag 2X gPCR MasterMix (abm). gPCR reactions and melting curves were done with a
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LightCycler 96 (Roche). Gene expression was normalized to 18S. Fold changes for thymic slices
were calculated by comparing gene expression between treatment conditions from individual mice.
Plasmids

VDR expression vector pcDNA 3.1-VDR was generated by inserting the human VDR cDNA as a
BamH1-Xhol fragment. AIRE cDNA expression vector (pGMV3-Aire-myc) was from Sino
Biological Inc. (HG17322-UT). The 1,25D-responsive luciferase reporter plasmid pVDRE2-
pGL4.24 was constructed by insertion of tandem 31 bp oligos containing consensus VDRES
upstream of the minimal promoter of pGL4.24 (Promega). Cells were transfected using CalFectin

transfection reagent (SL100478; Signagen).

Immunoprecipitation (IP) and Western analysis

Cells were lysed with 20 mmol/L Tris, pH 7.5, 100 mmol/L NaCl, 0.5% Nonidet P-40, 0.5 mmol/L
EDTA, 0.5 mmol/L phenylmethylsulfonyl fluoride (PMSF). For co-IP assays, 4 ng of AIRE Ab
(Supplemental Table 1) was pre-bound for 2 hrs to Dynabeads protein A, washed with lysis buffer,
added to the lysate, and IP-ed overnight. Beads were washed 5x with washing buffer (20 mmol/L
Tris, pH 7.5, 200 mmol/L NaCl, 1% Nonidet P-40, 0.5 mmol/L EDTA, 0.5 mmol/L PMSF) and

processed for Western blotting.

Chromatin immunoprecipitation (ChIP)

Sorted mTECs cells were prepared as described above. ChlP assays were performed as described
[10]. After fixation, cells were recovered in 1% IGEPAL, 20 mM Tris-pH 8, 0.5 mM EDTA, 100
mM NaCl + RNase, pelleted at 6,000 rpm, resuspended in 1% SDS, NaCl 50 mM, 20 mM Tris-

pH 8 + RNase, sonicated to obtain fragments < 500 bp, vortexed, and centrifuged at 10,000 rpm
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for 10 minutes at 4 °C. 1% of each sample was stored at -20 °C for input controls. The rest was
divided into IgG control and IP tests. A protease inhibitor cocktail and 1 pL of Dynabeads-Protein-
G (#10003D) per 2 pug of Ab was added and samples were incubated overnight at 4 °C. The
supernatant was removed while samples were on a magnet and Proteinase-K and 1% IGEPAL
buffer was added to each sample, including inputs, and shaken at 1,000 rpm for 2 hr at 45 °C.
Crosslinking was reversed at 65 °C for 4 hrs. The supernatant was removed while samples were
on a magnet and the FavorPrep GEL/PCR purification mini kit (Favorgen) was used to collect

DNA.

Luciferase reporter assay

HEK293 cells were cultured in DMEM with heat-inactivated FBS and Normacin and transfected
when 60% confluent [luciferase expression vector only (+/- 1,25D 100 nM), luciferase + VDR
expression vector + increasing amounts of AIRE (+/- 1,25D 100 nM; 0-100 ng AIRE)]. Plates
were incubated for 4-5 hr prior to incubation overnight with 1,25D (100 nM). 200uL of Glo
Lysis Buffer (Promega, Wisconsin) was added and plates were left for 5 min on the shaker.
100uL of each lysate and Luciferase substrate were transferred to a round-bottom tube and

luminescence was immediately read with a luminometer.

Human scRNAseq data analysis

Raw data (GSM4466784/5) was analyzed with Seurat and filtered by unique feature counts and
mitochondrial genes. Samples were integrated, scaled, and normalized. Dimensionality reduction
was conducted using the first 20 principal components. UMAPS were constructed and clusters

were identified using the shared nearest neighbor algorithm (res. = 0.5).
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Statistical analyses
Statistics were calculated using GraphPad Prism version 8 with parametric unpaired t tests, and
non-parametric tests or parametric paired t tests for thymic slice data. Statistical significance is

indicated by p-values *p < 0.05, **p < 0.01, ***p < 0.001.

Results and Discussion

While the Vdr is expressed in thymocytes and thymic INKT cells [8, 11], receptor function
in other important cell types, notably TECs, has not been examined. The Vdr and Cyp27b1 mRNAs
are expressed in mature mouse mTECs at higher levels than in thymocytes and iNKT cells
(Supplemental Figures 1A,B), and RNAseq studies, along with expression of CYP24AL1, indicative
of active vitamin D signaling (Supplemental Figures 2B,C)[13, 14]. We detected Vdr and Cyp27b1l
MRNA in whole mouse thymi and in sorted total TECs (Supplemental Figure 1C). IF of thymic
sections revealed abundant Vdr protein in the thymic cortex and medulla (Supplemental Figure
1D). Vdr expression was also confirmed in multiple cell types, including Aire™ TECs, using cell

specific markers (Figure 1A, see also Supplemental Figure 1E for images of Vdr channels only).

Vdr expression was also validated in hematopoietic and stromal cells by flow cytometry
(Figures 1B,C, gating strategy in Supplemental Figure 3). Its expression in both cortical TECs
(cTECs) and mTECs suggests We analyzed the 1,25D-dependent induction of the Vdr target gene
Cyp24al in sorted TECs and in cultured thymic slices, which maintain tissue integrity and
important cell-cell interactions [9]. 1,25D induced Cyp24al 5- to 8-fold in thymic slices (Figure
1G). Given that TECs represent only ~1% of thymic cellularity, we treated sorted TECs and found
that Cyp24al was induced 50- to 100-fold by 1,25D (Figure 1G). This observation is also
consistent with the levels of mTEC Cyp24al mRNA observed by expression profiling
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(Supplemental Figure 1F). Finally, the Vdr was mostly cytoplasmic in thymic slices cultured in
vehicle, whereas it was more nuclear in the presence of 1,25D (Figure 1H). This suggests that the

largely nuclear Vdr staining seen in multiple cell types in freshly isolated thymus (Supplemental

Figure 1D) is consistent with active 1,25D signaling.
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Figure 1. Active 1,25D signaling in the thymus. A. /F microscopy of thymic sections showing Vdr staining in Aire'
m1ECs, cTECs, thymocytes, and dendritic cells. B,C. I'low cytometric analysis of Vdr expression in multiple thymic cell
types (fluorescence minus one, 1'MO, were gated on respective populations) (RI'l, relative fluorescence intensity). D.
Cytoplasmic Cyp27b1 staining in Aire™- mTECs, cTECs, thymocytes, and dendritic cells. E,F. I'low cytometric analysis of
Cyp27b1 expression in multiple thymic cell types. G. Induction of Cyp24al mRNA (log scale) by 1,25D in mouse thymic
slices and in sorted TECs (CD45- EpCAM"). H. Vdr staining in Aire- and Aire' mTECs in vehicle or 1,25D-treated thymic
slices. Data are individual mice (N > 3, > 2 independent experiments).

Due to the enrichment of 1,25D signaling in TECs and the coexpression of the Vdr and
Aire, we investigated the potential functional relationship of the two proteins. Expression of Aire

and Aire-dependent TRA mRNASs was induced in thymic slices treated with 1,25D (Figures 2A,B).

59



Moreover, 1,25D treatment of thymic slices increased the number of Aire* cells (Figures 2C,D).
1,25D also enhanced the colocalization of the VVdr with Aire in mTECs (Figures 2E,F). While the
Vdr regulates transcription by pleiotropic mechanisms [15], its partial overlap with Aire suggests
the two proteins may interact functionally. This notion is supported by the presence of 4 LXXLL
motifs in mouse and human AIRE (Figure 3A)[16], which are found in nuclear receptor
coactivators [17]. We observed a 1,25D-dependent co-1P of the human VDR with human AIRE
expressed in HEK293 cells (Figure 3B). In addition, AIRE expressed in HEK293 cells was
recruited in a 1,25D-dependent manner to a VDRE in the human CYP24A1 gene in chromatin
immunoprecipitation (ChIP) assays (Figure 3C). Re-ChIP experiments at the same VDRE

confirmed the formation of a VDR-AIRE complex (Figure 3D).
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Figure 2. 1,25D signaling regulates Aire and Aire-dependent gene expression. A. /nduction of Aire mRNA by 1,25D
in mouse thymic slices (24h). B. Aire-dependent gene expression in 6h vehicle versus 1,25D-treated thymic slices. C-D.
Representative images (C) of Aire' mTECs in vehicle versus 1,25D treated thymic slices and quantification (D). E.
Representative images of Vdr localization with Aire in whole thymus and vehicle- or 1,25D-treated thymic slices. F.
Quantification of Vdr colocalization with Aire (Manders M1 coefficient). Data are individual mice (N > 2, > 2
experiments).
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Next, we examined the 1,25D-dependent recruitment of Aire to VDRES in mouse mTECSs.
We observed 1,25D-dependent binding of endogenous Vdr and Aire to a Cyp24al VDRE in sorted
mMTECs (Figure 3E). A screen of mouse Vdr ChIP-seq datasets identified a peak of 1,25D-
dependent Vdr binding adjacent to the Rnasel gene in an intestinal epithelial dataset
(Supplemental Figure 1G)[18]. As shown above, Rnasel expression was induced in thymic slices
by 1,25D (Figure 2B). We detected 1,25D-dependent recruitment of the VVdr and Aire to the same
site in the Rnasel gene in sorted mTECs (Figure 3F). The potential function of AIRE as a VDR
cofactor was further addressed using a minimal promoter composed of tandem VDREs inserted
adjacent to a binding site for RNA polymerase 1l (TATA box). This arrangement was used to

minimize the potential intervention of other classes of transcription factors on more complex
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Figure 3. The Vdr and Aire interact in a 1,25D-dependent manner. A. Domain structures of mouse and human Aire
with LXXLL motifs indicated. B. 1,25D enhanced co-IP of the human VDR with AIRE in HEK293 transfected cells. C.
1,25D dependent ChIP of the human VDR (lefi) or AIRE (right) on CYP24A1 VDRE's in transfected HEK293 cells. D.
Re-ChIP of VDR ChiP on CYP2441 VDRE’s with IgGG or a-AIRE showing that the VDR and AIRE are present on
CYP24A41 VDRE'’s together. E. ChiP of the mouse Vdr (left) or mouse Aire (right) on Cyp24al VDRE’s from sorted
primary mouse mI'ECs. F. ChIP of the mouse Vdr (left) or mouse Aire (vight) on Rnasel VDRE'’s from sorted primary
mouse mTECs. G. Coactivation of 1,25D-dependent luminescence by AIRE in transfected HEK293 cells. Schematic
showing minimal promoter construct (fop) and summary data from two experiments (bottom). Data are meant SD (N >
3, 2 experiments).
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promoters. Co-expression of increasing amounts of AIRE enhanced 1,25D-dependent induction of
a luciferase reporter gene (Figure 3G) in HEK293 cells. Collectively, these data reveal the 1,25D-

dependent recruitment of AIRE to VDREs, and that AIRE functions as a VDR coactivator.

In conclusion, we find that 1,25D signaling, which has been implicated in autoimmunity
[19], is active in thymic hematopoietic and stromal compartments, and induces the expression of
Aire mRNA and protein in mTECs as well as the expression of a number of TRA genes. Moreover,
AIRE is an interaction partner of the VDR and acts as a VDR coactivator. As Aire does not appear
to be a site-specific binding protein [7], our data suggest a novel mechanism by which Aire can be
recruited to chromatin. Induction of TRA gene expression by 1,25D could occur by direct binding
of the Vdr to some genes or indirectly via induced Aire expression. This provides evidence that
1,25D signaling increases the amount or diversity of rare self-peptides presented to thymocytes

during induction of central tolerance.

Mouse and human Aire contain 4 LXXLL motifs found in nuclear receptor coregulators
[17]. The presence of 4 such motifs suggest they may act at least partially redundantly in VDR-
AIRE interactions. It also raises the possibility that Aire can be recruited to chromatin by other
nuclear receptors expressed in mTECs. Available sequence data reveal expression of several
nuclear receptors in sorted MHC-11" mTECs (Supplemental Figure 2A). Notably, these include
the gene encoding the androgen receptor (Ar). Androgens enhance Aire transcription in mTECs
by inducing Ar binding to Aire promoter regions [20, 21], raising the possibility that Aire may also
be a cofactor of the Ar. Collectively, these findings suggest that Aire may be recruited to chromatin

by multiple agonist-bound nuclear receptors.
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Chapter 2 Supplemental Figures
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Supplemental Fig 1 : Active 1,25D signaling in the thymus. A. RNA sequencing data showing Vdr mRNA expression in different mouse
thymic and splenic cell types [13]. B. RNA sequencing data showing Cyp27b1 mRNA expression in different mouse thymic and splenic cell
types [13]. C. Detection of Vdr and Cyp27b1 mRNA in mouse thymi (top) or sorted TECs cultured for 6h (bottom), gene expression
normalized to 18S and shown as ACt values. D. Immunohistochemical staining of mouse thymus showing cortical (c) and medullary (m) Vdr
staining in thymocytes (CD3+) and mTECs (CK5+). E. IF microscopy showing Vdr staining in Aire* mTECs, cTECs, thymocytes, and dendritic
cells. F. RNA sequencing data showing Cyp24a1 mRNA expression in different mouse thymic and splenic cell types [13]. G. UCSC browser
image showing mouse intestine VDR ChiIP-seq tracks (GEO accession: GSE69179) at the Rnase1 locus. The areas surrounding the VDR
binding sites up- and downstream (regions highlighted in blue) of the genes are shown. The binding site chosen for ChIP analysis is indicated
with the asterisk. RNA sequencing data shown in Figs A,B and F was derived from data assembled by the InmGen consortium [13]. Data are
individual mice (N z 3, 2 1 experiment).
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Supplemental Figure 2

Nuclear receptor mRNA expression in sorted mTEChi cells.

A. RNA sequencing data showing mRNA expression of various nuclear receptors in sorted mouse MHC-II" mTECs (This data was
derived from data assembied by the ImmGen consortium) [13]. B. RNA sequencing data of human thymic cells indicating VDR mRNA
expression (arrow) in human TECs. TEC markers KRTS, 8 and 18 are used a positive controls for TECs (double arrow) (Human Protein
Atlas proteinatlas.org, image credit: Human Protein Atlas, hitps:/www.proteinatias.org/ENSG00000111424-
VDR/single+celi+type/thymus, Tabula Sapiens, C., R.C. Jones, et al. 2022. The Tabula Sapiens: A muitiple-organ, single-cell
transcriptomic atlas of humans. Science. 376(6594): p. eabl4896). C. scRNAseq analysis of TEC samples from duplicate 10-month-old
human post-natal thymi (GSM4466784/5) [14].
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(A); stromal cells (B) including mTEChi cells (UEA-1+-, Ly51-, MHC-II", CD80*), mTECIo cells (UEA-1*-, Ly51-, MHC-II*/,

CD80r), cTECs (Ly51*, UEA-1-); hematopoietic cells (C) including B cells (CD19*, MHC-II*, CD11c), DCs (CD11c*, MHC-
II*, CD19-), and thymocytes (TCRb*-, MHC-II, CD19-, CD11c’).

Target Conjugate Host Clone Company | Application | Reference
CD11¢c Unconjugated Armenian Hamster N418 ThermoFisher IF 14-0114-81
Cyp27b1 Unconjugated Rabbit Polyclonal ThermoFisher IF/IFC PA5-79128
Cytokeratin 5 Unconjugated Rabbit Poly19055 Biolegend IF 905503
TROMA-1 (Cytokeratin 8) Unconjugated Rat N/A DSHB IF DSHB
Mouse/Human Vdr Unconjugated mouse D-6 Santa Cruz WB/ChIP sc-13133
Mouse/Human Aire Unconjugated Rat 5H12 ThermoFisher ChlIP/ColP 14-5934-82
CD16/32 (Fc block) Unconjugated Rat S17011E Biolegend FC 156603
EpCAM PeCy7 G8.8 ThermoFisher FC 25-5791-80
CD45 eFluor 450 30-F11 ThermoFisher FC 48-0451-82
Primary antibodies Aire eFluor6s0 S5H12 ThermoFisher IF/IFC 50-5934-80
MHC Class Il APC-eFluor780 M5/114.15.2 ThermoFisher FC 47-5321-80
CcD19 AF700 103 ThermoFisher FC 56-0193-82
CcD3 eFluorés0 17A2 ThermoFisher IF/IFC 50-0032-80
Ly51 eFluor 710 6C3 ThermoFisher FC 46-5891-80
NK1.1 PE PK136 Biolegend FC 108707
CD80 BV650 16-10A1 Biolegend FC 104732
CD11¢ BV785 N418 Biolegend FC 117335
TCRg BV711 H57-597 Biclegend FC 109243
UEA-1 Dylight 594 N/A Vector laboratories FC DL-1067
horse anti mouse IgG HRP N/A Cell Signaling WB #7076
. goat anti armenian IgG AF594 N/A Biclegend IF 405512
Secondary ar " . >
goat anti rabbit IgG AF488 N/A ThermoFisher IF/IFC A11034
goat anti rat IgG AF546 N/A ThermoFisher IF A11081
Other reagents DAPI N/A N/A ThermeFisher IF D1306

Supplemental Table 1 — List of antibodies and reagents used.
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Linking Chapter 2 to Chapter 3

Vitamin D deficiency is a risk factor for autoimmune diseases, and early work provided
evidence that the vitamin D receptor was expressed in the thymus. In Chapter 2, we investigated
the potential for vitamin D signaling in the thymus and its possible effects on central tolerance.
We demonstrated that the VVdr and Cyp27b1 are widely expressed in the thymus, in both stromal
and hematopoietic cell types, and that vitamin D signaling was active. Surprisingly, incubation of
thymic slices with 1,25D for 6 hours induced Aire mRNA and protein, in addition to Aire-
dependent TRA gene expression, highlighting a potential function for vitamin D signaling in
central tolerance. The observation that human and mouse Aire contain 4 LXXLL motifs, found in
cofactors that bind to agonist-bound nuclear receptors such as the Vdr, raised the possibility that
they may interact in vivo. We demonstrated that the \Vdr and Aire are interaction partners and are
recruited to VDRE’s in a 1,25D-dependent manner. Furthermore, we found that the Aire
functioned as a coactivator of vitamin D-dependent transcription. These data suggest that
interactions of Aire with nuclear receptors such as the VVdr may be a targeting mechanism by which
Aire is recruited to its target genes. In chapter 3, we expanded on our initial study by investigating
how the absence of 1,25D in Cyp27b1 KO mice, which lacks the enzyme needed to generate 1,25D

from 25D, affects thymic development, and in particular, TEC maturation.
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Chapter 3: Altered epithelial cell differentiation and premature
aging in the thymus in the absence of vitamin D signaling
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Abstract

Interactions between thymocytes and medullary thymic epithelial cells (mTECS), which are critical
for establishment of central tolerance, depend on the mTEC transcription factor autoimmune
regulator (Aire) and Aire-driven expression of tissue restricted antigen (TRA) genes. Importantly,
vitamin D signaling regulates Aire and TRA expression in mTECs, providing a basis for links
between vitamin D deficiency and increased autoimmunity. Here, we show that mice lacking
Cyp27bl, the enzyme catalyzing synthesis of hormonally active vitamin D, display a profound
reduction in thymic cellularity. Moreover, Aire* mTECs are reduced 50%, TRA mRNA expression
is attenuated, and medullary-cortical boundaries are largely absent in Cyp27bl KO mice.
Correspondingly, T cell negative selection is impaired in null thymi. Single cell RNAseq revealed
that Cyp27b1 loss skews mTEC differentiation toward CCL21" cells at the expense of Aire*
mTECs. Moreover, Cyp27b1 KO TEC gene expression profiles displayed hallmarks of premature
aging, with reduced expression of longevity factors Igfl and Fgf21, as well as genes implicated in
maintenance of thymic cellularity. Thus, thymic vitamin D signaling regulates mTEC

differentiation and function, and retards thymic aging.
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Introduction

The thymus is a critical primary lymphoid organ whose microenvironment supports the
multi-step process of T-lymphopoiesis. This gives rise to T cell populations that can recognize and
eliminate foreign antigens but are tolerant of self - the body’s own components [1]. Two-way
communication of thymocytes with the thymic stroma, particularly thymic epithelial cells (TECs),
is critical for normal lymphopoiesis. This interplay controls developing T cell migration,
proliferation, differentiation and survival. TECs are organized spatially and functionally into
cortical (cTEC) and medullary (mTEC) compartments [2]. Early T cell developmental checkpoints
such as lineage commitment and positive selection are orchestrated by cTECs, whereas subsequent
steps, including negative selection of self-reactive cells or differentiation into FoxP3*CD25*
regulatory (Treg) cells, are largely controlled by mTECs. It is important to note that these processes
occur optimally early in life, as the thymus is the most rapidly aging organ in the body. The aging
thymus undergoes a process of regression, which is accompanied by a loss of cellularity and
morphological disorganization [3]. In mice, this process starts within 4 weeks of life, with the

degeneration of the TEC compartment playing a major role [4].

TEC populations are not uniform, and mTECs undergo a differentiation process to produce
multiple specialized compartments [2]. mTEC subsets differ in major histocompatibility complex
(MHC) and co-stimulatory molecule expression [5-9], which is required for negative selection and
Treg development [10, 11]. mTEC" (CD80/CD86' MHC class 11'°) cells include “immature”
progenitors, functionally mature cells and terminally differentiated TECs [5, 6, 12]. Immature
mTEC'" differentiate into an mTEC" population that expresses higher levels of co-stimulatory
molecules and MHC class 11 (CD80/CD86" MHC class 11M) [13, 14]. Promiscuous gene expression

by mTEC populations is critical for tolerance to tissue restricted antigens (TRA) [15-17]. The
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frequency of thymic MHC class I1" cells expressing a given TRA correlates with the mechanism
of T cell tolerance [18]. A subset of mTEC™" cells express autoimmune regulator (Aire), which
drives the transcription of numerous TRA genes and is critical for establishment of T cell tolerance
[19]. Loss of human AIRE causes APECED (autoimmune polyendocrinopathy-candidiasis-
ectodermal dystrophy), a rare, complex disease leading to tissue-specific autoimmune issues that

differ widely between individuals.

We have been interested in how vitamin D signaling contributes to critical thymic events
controlling establishment of T cell tolerance. Hormonally active 1,25-dihydroxyvitamin D (1,25D)
is produced by consecutive hydroxylations; largely hepatic 25-hydroxylation, followed by la-
hydroxylation catalyzed by the enzyme Cyp27bl [20]. 1,25D activates the vitamin D receptor
(\vdr), amember of the nuclear receptor family and ligand-regulated transcription factor. We found
that the Vdr and Cyp27b1 are expressed in both hematopoietic and stromal compartments of the
thymus, including mTECs, and that, moreover, Aire functions as a transcriptional cofactor of the
Vdr [21]. These findings link vitamin D signaling to transcriptional events required for central
tolerance. They also provide a molecular basis for clinical studies linking vitamin D deficiency to

increased risk of development of autoimmune disorders [22-29].

Here, we investigated the effects of loss of vitamin D signaling on thymic morphogenesis,
and differentiation and function of TECs using a Cyp27b1 knockout (KO) mouse model. Thymi
of null animals displayed a combination of markedly reduced cellularity, which accelerated with
age, and impaired mTEC differentiation, favoring CCL21*/Aire” over Aire* cells. This coincided
with reduced Aire expression, impaired TRA gene transcription in Cyp27b1 KO thymi, and a
reduction in T cell negative selection. Moreover, single cell gene expression profiling of TEC

populations revealed gene expression patterns in null animals consistent with premature thymic
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aging, characterized by impaired expression of key thymic longevity factors. Based on these
findings, we conclude that vitamin D signaling is necessary for normal thymic development and
longevity, and for mTEC differentiation and function necessary for establishment of central

tolerance.
Materials and Methods

Mice

Cyp27b1 KO mice were previously generated as described [30] on a mixed C56BL/6 and Balb/c
background and housed in the McGill University Health Center Research Institute. KO mice were
backcrossed with C57BL/6 mice for 2-5 generations. Wildtype C57BL/6J mice were used for
controls. No difference in any measurements were observed when comparing the original KO to
wildtype verses backcrossed littermates. KO or heterozygous breeders and experimental KO mice

were kept on a rescue diet [30] to normalize Ca?* levels.

Flow Cytometry

Up to 5x10° cells were incubated with fixable viability dye (Thermo Fisher 65-0866-18) diluted
in PBS at 4 °C for 20 min in 96-well U or V bottom plates. Cells were washed and resuspended
with FACS buffer (PBS * 1% FBS, 2 mM EDTA) containing fluorophore conjugated antibodies
(Abs) and FC block (Supplemental Table 1), and incubated for 30 min at 4 °C. For intracellular
proteins, cells were fixed and permeabilized using the FoxP3 Fix/Perm Kit (Thermo Fisher) for 30
min at room temperature (RT), protected from light. Afterwards, cells were resuspended in 1X
Perm/Wash buffer containing fluorophore-conjugated Abs and incubated for 30 min at 4 °C. Cells
and UltraComp ebeads (Thermo Fisher) were used for compensation controls. Samples were

acquired on a LSR Fortessa (BD Biosciences) and analyzed with FlowJo (BD Biosciences).
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Cell sorting
TECs were enriched prior to sorting by positively selecting for EpCAM™ cells by MACS (Miltenyi
Biotec 130-105-958). Flow cytometric staining was performed as described above. Total TECs

(Live, EpCAM*, CD45") were sorted with a BD FACSAria Fusion into cold FACS buffer.

Immunofluorescence microscopy

Samples were fixed with 4% PFA and incubated with sucrose (Bioshop) solutions (10-30%) for
~8 hr each. Samples were embedded using base molds (Fisherscientific) containing O.C.T.
compound (Fisherscientific), frozen on dry ice, and stored at -80 °C. 5-20 um sections were
obtained with a Leica CM3050 S Cryostat and Superfrost Plus slides (Fisherscientific). A
hydrophobic barrier was applied (Millipore Sigma) and slides were blocked with PBS containing
2% BSA (w/v), 0.3% Triton X-100, 1% FBS, and 10% goat serum (Blocking buffer) for 1 hr at
RT. Slides were incubated in a humidified chamber with primary Abs diluted in blocking buffer
(Supplemental Table 1) overnight at 4 °C, secondary Abs conjugated to fluorophores diluted in
blocking buffer for 1 hour at RT, fluorophore conjugated primary Abs for 1 hour at RT, and DAPI
diluted in PBS for 5 minutes at RT. Slides were washed 3 times with 100 uM Tris buffer between
each step, mounted with Fluoromount 4G (Thermo Fisher) and cover slips (No. 1.5;Fisher
scientific), and imaged with a Zeiss LSM710 confocal microscope with 20-100X objectives.

Images were analyzed with FIJI (ImageJ).

Gene expression
5x10° cells were lysed and RNA was extracted using FavorPrep Total RNA Mini Kit (Favorgen)

and quantified with a NanoDrop 2000c (Thermo Fisher). 500ng of RNA was converted to cDNA
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using AdvanTech 5X master mix. Oligo sequences (available upon request) were designed with
Primer3 and primer specificity was verified by BLAST. 10 ng of cDNA was used per qPCR
reaction and BlasTaq 2X gPCR MasterMix (abm). gPCR reactions and melting curves were done
with a LightCycler 96 (Roche). Gene expression was normalized to 18S values. Fold changes for
thymic slices were calculated by comparing gene expression between treatment conditions from

individual mice.

Preparation of single cell suspensions

Thymi were cut into 1 mm pieces and digested in RPMI 1640 (Wisent) containing 10% FBS
(Millipore Sigma) (R10) and Collagenase D (250 pug/mL), Papain (250 pg/mL), and DNase | (200
pg/mL) for 30 min at 37 °C with shaking. Cells were further released by pipetting up and down.
Digestion buffer was freshly prepared the day of each experiment. Spleens were crushed through
70um filters with the back of a syringe and washed with 10mL of RPMI + 1% FCS. After
centrifugation, red blood cells were lysed with ACK lysing buffer (Gibco) for 3 min at RT, washed,
and counted. Bone marrow was flushed from isolated bones with 10 mL of RPMI using a 22G

needle, centrifuged and resuspending in ACK lysing buffer for 3 min at RT, washed, and counted.

Single cell RNA sequencing

Two 8-week-old male wildtype and KO littermates were euthanized and TECs were enriched for
and sorted as described above. A 10X Genomics Single-Cell 3’ transcriptome library was
prepared (Génome Québec). Libraries were generated using the Chromium Next GEM Single
Cell 3° GEM, Library & Gel Bead Kit v3.1, Chromium Next GEM Chip G Single Cell Kit and

Single Index Kit T Set A (10X Genomics) as per the manufacturer’s recommendations. The
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targeted cell recovery was set to 3000. Libraries were quantified using the KAPA Library
Quantification Kits - Complete kit (Universal) (Kapa Biosystems). Average fragment size was
determined using a LabChip GXII (PerkinElmer) instrument. The libraries were normalized and
pooled and then denatured in 0.02N NaOH and neutralized using HT1 buffer. The pool was
loaded at 375pM on an Illumina NovaSeq SP lane using Xp protocol as per the manufacturer’s
recommendations. The run was performed for PE 28x91. A phiX library was used as a control
and mixed with libraries at 1% level. Base calling was performed with RTA v3. bcl2fastg2 v2.20
was then used to demultiplex samples and generate Fastq reads. Cells were analyzed using the
Seurat package. First, cells were QC’d by filtering for number of genes, number of unique UMIs,
and mitochondrial content. Second, all four samples were integrated. The new integrated object
was scaled and normalized, and dimensionality reduction was conducted with PCA using the
first 20 principal components. Lastly, UMAPSs were constructed, and clusters were identified
using the shared nearest neighbor algorithm based on the first 20 principal components. For
RNA velocity analysis, loom files were generated for individual samples. RNA velocity was
performed with jupyter notebook using scvelo and scanpy libraries. Velocity plots were
generated using the dynamical model. A list of 300 differentially expressed genes prepared from

KO1 and WT1 samples were used for ingenuity pathway analysis.

Statistical analyses
Statistics were calculated using GraphPad Prism version 8 with parametric unpaired t tests, and
non-parametric tests or parametric paired t tests for thymic slice data. Statistical significance is

indicated by p-values * p < 0.05, **p < 0.01, ***p < 0.001.
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Results

Reduced cellularity and impaired negative selection in Cyp27b1 KO thymi.

While thymi from 4-week-old wild-type and KO animals were similar in size, those of 6—
10-week-old Cyp27b1 KO mice were significantly smaller than their control counterparts (Figure
1A, Supplemental Figures 1A-B), corresponding to an approximately 50% reduction in total
cellularity (Figure 1B). The reduced thymic size was accompanied by decreased splenic total CD4*
and CD8* T cell numbers in KO animals (Figure 1C), consistent with systemic lymphopenia at 6-
10 weeks. We then asked whether loss of Cyp27bl led to defects in specific hematopoietic
components of the thymus. Thymocyte development in KO thymi was characterized by increased
frequencies of CD4" single positive (4SP) thymocytes, and similar frequencies of double negative
(DN), double positive (DP) and CD8" single positive (8SP) thymocytes (Figures 1D-E). The
frequency of FoxP3* CD25" Trgs within total 4SP thymocytes was unaltered (Supplemental
Figures 1C-D). The increase in 4SP thymocytes could not be explained by improved positive
selection, as determined by CD5, CD69, or TCR expression (Supplemental Figure 1E). We
further investigated the expression of the transcription factor Helios, which is upregulated in
negatively selected thymocytes and serves as a marker of autoreactive FoxP3" thymocytes [31, 32].
There was a 40% reduction in the frequency of Helios* FoxP3~ 4SP thymocytes (Figures 1F-G) in
KO thymi, suggestive of impaired negative selection. Moreover, the number of cleaved caspase-
3" thymocytes was reduced in the thymic medulla of KO mice (Figures 1H-1, Supplemental Figure

1G), further supporting this hypothesis.

vo T cells also undergo lineage commitment and development in the thymus, but were
largely unaffected by the loss of vitamin D signaling (Supplemental Figures 1H-1). Thymocyte
development is supported by numerous antigen presenting cells (APCs) including resident DCs
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Figure 1. Reduced thymic cellularity and altered thymocyte selection in Cyp27b1 KO mice
A. Representative pictures of 2 wildtype and 2 KO thymic lobes. B. Total thymic cell number in
6—10-week-old mice.C. Total CD4" and CDS8" splenic T cell numbers in 6-10-week old
mice.D,E. Representative flow cytometry plots of thymocyte development (pre-gated on live,
single cells) (D) and quantification of single positive (SP) populations (). F,G. Representative
flow cytometry plots showing the frequency of highly autoreactive Helios+ FoxP3- 4SP
thymocytes in WT vs KO thymi (F) and summary data (G).H,I. Immunofluorescence microscopy
images of cleaved-caspase 3 staining in the thymic medulla in non-epithelial cells (H) and
quantification of positive cell density (I). All experiments were repeated at least twice with at
least n=3 mice per group.

and B cells. Notably, thymic B cells express Aire and play a non-redundant role in the negative
selection of autoreactive thymocytes [33]. In KO mice, DC frequencies were unaltered
(Supplemental Figures 1J-K), but B cell frequencies were halved (Supplemental Figures 2A-B).

However, Aire expression was unaffected in KO B cells (Supplemental Figures 2C-D). Moreover,
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there was no evidence of a failure to commit to tissue residency as measured by frequencies of
committed thymic IgM™* IgD" and IgM" IgD" subpopulations (Supplemental Figures 2E-F), which
would be indicative of a potentially systemic defect. Indeed, B cell numbers were also halved in
KO spleens (Supplemental Figure 2G), and analysis of bone marrow showed an accumulation of
pro B cell precursors and reduction in pre-B cell progeny (Supplemental Figures 2H-I).
Collectively, these data demonstrate that lymphocyte homeostasis is perturbed in the absence of

1,25D with profound defects in thymic size and impaired negative selection of thymocytes.
Altered mTEC differentiation in Cyp27b1 KO thymi.

mMTECs are critically important for the negative selection of overly self-reactive
thymocytes. We previously found that 1,25D signaling induced Aire expression in mouse thymic
slices [21]. Consistent with these findings, there was a 40% reduction in Aire mRNA (Figure 2A),

and 50% reduction in Aire* cells as judged by immunofluorescence microscopy in null thymi
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Figure 2. Impaired mTEC differentiation and Aire expression in Cyp27b1 KO mice A. ¢PCR detection Aire
mRNA expression in WT vs. KO mice. B,C. Immunofluorescent microscopy images showing Aire ™ cells in WT
versus KO thymi (B) and quantification (C). White line denotes regions containing Aire™ cells. D. Reduced TRA
gene expression in KO mice. All experiments were repeated at least twice with at least n—3 mice per group. E.
Representative flow cytometry plots of mTECY cells (MHC-II" CD80%) in WT versus KO thymi. E
Quantification of cTEC and mTEC frequencies in WT versus KO samples. G. Representative flow cytometry plot
of Aire expression in WT versus KO mTEC" cells. H. Quantification of Aire expression in mTEC" and mTEC"
cells, relative to WT mTEC" cells.
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(Figures 2 B,C). Furthermore, the expression of multiple Aire-dependent TRA mRNAs was
reduced in the absence of Cyp27bl (Figure 2D). These observations were corroborated by flow
cytometry (Figures 2E-F), which showed a depletion of mature Aire* mTECs (MTEC") at the
expense of less mature mTECs (mTEC'), whereas cTEC frequencies were unaffected. Notably,
Aire mean fluorescence intensity (MFI) was reduced by 30% in KO versus control mTEC™" cells
(Figures 2G-H). Taken together, this indicates that Aire expression is diminished by two factors:
impaired mTEC" differentiation and reduced gene expression within differentiated cells. Closer
analysis by IF revealed that the thymic medulla, which is defined by cytokeratin 5 expression
(CK5) and Aire expression, was disorganized in KO mice (Figures 3A-B). Co-staining with CK5
and cytokeratin 8 (CK8), a pan-TEC marker, revealed a greatly increased number of CK5/8

double-positive cells in the KO cortex, extending well beyond the domains containing Aire* cells

A

(@)

CKS5/ CK8/ B CK5/ CK8/

Relative CK5 surface area

Qrtt s Medulla Cortex
Medulla

500 ym | Cortex

Figure 3. Disorganized thymic architecture in Cyp27b1 KO mice A. Representative image of
a wildtype thymus showing Aire staining restricted to areas of concentrated CKS5 staining
(medulla). B. Representative image of a Cyp27bl KO thymus showing disseminated CKS
staining throughout the tissue without corresponding Aire+ cells. C. Quantification of CK5
staining in the medulla (defined as Aire™ regions) and cortex (defined as Aire- regions). All
experiments were repeated at least twice with at least n—3 mice per group.

80



(Figures 3A-B). Thus, mTEC differentiation and normal thymic morphology are disrupted in

knockout animals.

Single-cell RNA sequencing of TEC populations reveals disrupted mTEC differentiation in

Cyp27b1 KO mice

To investigate further the defects in TEC development in KO animals further, we sorted
total TECs (CD45- EpCAM™) from two control and two KO mice and performed single cell RNA
sequencing (Figure 4A). After pre-processing and integration of our samples using Seurat, we
annotated 18 clusters (Figure 4B) based on differentially expressed genes (DEGS; see
supplemental Table 1 for top 25 DEGs in each cluster, and Supplemental Figure 3A for heatmap).
mTECIlo, mTEChi and post-Aire cells predominated, along with smaller populations of cTECs and
Tuft cells [34-36]. In addition, a cluster enriched for markers of S phase and G2M was consistent
with previously described transient amplifying cells (TAC-TECS) [35]. A number of minor clusters
were also identified, including those with markers for ciliated cells [37], Hassall’s corpuscles, as
well as populations with markers expressed in mTEC neuro and mTEC myo cells previously

identified in human thymic samples (Figure 4B; Supplemental Table 1) [36].

As expected, the number of mTEC" cells were reduced in KO samples, whereas KO
populations were enriched for Ccl21a® cells (Figures 4B-C, Supplemental Figures 3B-D).
Overexpression of Ccl2la transcripts in KO thymic samples was validated by RT/qQPCR
(Supplemental Figure 3E) and flow cytometry (Figures 4D-E). Consistent with previous studies
[34, 37], these cells were also enriched for expression of Krt5, 117, Lifr, and podoplanin (Pdpn;

Supplemental Figures 4A-F). CCL21* mTECs have been identified as precursors of mature Aire*
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mMTECs [39], suggesting that loss of 1,25D signaling partially blocks mTEC differentiation at this

stage. However, a recent study using RNA velocity analysis proposed that Ccl21a* mTECs

represent a distinct differentiation path from Aire" mTECs, with TAC-TECs as the initiation point
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Figure 4 Divergent mTEC differentiation in Cyp27b1 KO mice A. Schematic of single cell
RNA sequencing sample preparation. B. Cluster annotation of integrated Seurat object
containing all four samples, based on differential gene expression. C. Comparison of W1 and
KO clusters densities, mTEChi and Ccl2la+ mTEClo are highlighted. D,E. Validation of
increased Ccl2l+ mTECs in KO thymi by flow cytometry (pre-gated on live, single, CD45-,
EpCAM+, UEA-1+, Ly51- cells)(D) and summary data (E). F. Representative RNA velocity plot
of a WT sample, arrows point towards direction of predicted differentiation based on RNA
splicing dynamics. G. RNA velocity plot of a KO sample. Flow cytometry experiments were done
twice with n=3 mice per group.
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for both subsets. RNA velocity incorporates information about spliced versus unspliced RNAS in
single cells to predict transitions in cell state and estimate differentiation trajectories [40]. We
utilized scVelo, a toolkit developed for RNA velocity analysis [41], to estimate RNA velocity in
individual sequenced samples. After pre-processing raw data with scanpy, clusters for the new
UMAPs were annotated based on DEGs, and minor clusters and those unrelated to TECs (e.g.,
thymocytes) were removed prior to analysis. Velocity analysis of wild-type (Figure 4F,
Supplemental Figure 5A) samples yielded a result consistent with the bifurcation model, where
Ccl21a” mTECs do not appear to differentiate into mTEChi cells. The trajectory of RNA velocity
analysis of KO samples was similar to wild-type, but with an increased density of arrows leading
from TAC-TECs towards Ccl21a* mTECs (Figure 4E, Supplemental Figure 5B). The presence of
a bifurcation was additionally corroborated by pseudotime analysis using monocle3 (Supplemental
Figures 5C-D). These results would suggest that instead of impaired mTEClo-mTEChi
differentiation in the absence of 1,25D, differentiation is skewed towards CCL21* Aire™ cells at

the expense of Aire™ cells.

Cyp27bl KO TEC populations display hallmarks of premature aging.

TEC differentiation is regulated by multiple layers of inputs including intracellular
signaling and crosstalk with thymocytes and other stromal cells [42]. To better understand the
dysregulated signals in KO TECs we utilized Ingenuity Pathway Analysis (IPA). Notably,
VDR/RXR activation was among the top 5 altered canonical pathways in KO vs control TECs
(Supplemental Figure 6A). One of the advantages of IPA is the functionality to directly compare
similar datasets. After filtering for thymic datasets and ranking by activation Z-score, the most

similar datasets to ours included LCMYV infected versus control thymi (Z-score = 32.67%); LCMV
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Figure S Accelerated thymic involution in Cyp27b1l KO mice A. UMAPs indicating decreased
expression of pro-longevity factors in KO TECs. B. Validation of thymic involution related gene
expression. C. Cell cycle phase scoring for representative WT and KO TECs. D,E. Flow cytometric
analysis of Ki67+ in mTEC" cells. F. Total thymic cell counts from young to old mice showing
accelerated involution in KO samples. All experiments were repeated at least twice with at least
n=3 mice per group.

infection is characterized by severe thymic atrophy and impaired negative selection [43]. The
second-most similar dataset was a comparison between middle-aged mice and young mice (Z-
score = 24.28%) (Supplemental Figures 6B-C). Aging is associated with decreased thymic
cellularity and impaired production of naive T cells, primarily due to defects in the thymic stroma
of aged individuals [3]. We looked in more depth at the aging dataset and found that upstream
regulators induced during thymic involution were predicted to be activated in KO TECs. Further

analysis revealed decreased expression in knockout thymi of several loci encoding proteins with
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protective roles in thymic atrophy (Figure 5A), namely fibroblast growth factor 21 (Fgf21),
fibroblast growth factor 7 (Fgf7), and insulin like growth factor 1 (Igfl). gPCR validation of these
genes corroborated the reduction in gene expression by RNA sequencing (Figure 5B).
Furthermore, expression of Crip3, whose ablation is associated with decreased thymic cellularity

[44], was reduced in KO sequencing samples (Supplemental Figure 6D).

One of the hallmarks of thymic involution is impaired TEC proliferation. Mki67-expressing
cells were reduced KO samples (Supplemental Figure 6E), and investigation of G1/S and G2M
phase-specific genes (Figure 5C) was consistent with decreased cell cycling in KO TECs.
Validation by flow cytometry revealed decreased Ki67* mTEC" cells in KO samples. (Figures
5D-E). Thus, the gene expression profile in Cyp27b1l KO mice is consistent with that of aging
thymi. As thymic atrophy in wildtype mice begins at 3—4 weeks and continues for the first year of
life, we compared control and KO animals (male and female) at different timepoints and found
that cellularity of KO thymi steeply declined by 26 weeks of age, compared to an 18% decline in
age- and sex-matched wild-type animals (Figure 5F). Collectively, these data show that in the
absence of vitamin D signaling, TEC differentiation is defective, resulting in impaired negative
selection of thymocytes. Furthermore, the data show that loss of Cyp27bl accelerates age

associated thymic involution.

Discussion

Previous studies have identified a role for vitamin D signaling in the suppression of
peripheral pro-inflammatory T cell responses [45], which is consistent with links between vitamin
D deficiency and autoimmune conditions such as type 1 diabetes and multiple sclerosis [22, 28].
The potential prophylactic and therapeutic benefit of vitamin D supplementation in adults for

prevention of autoimmune diseases remains unclear due to conflicting findings [46]. In contrast,
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studies with children revealed clear associations between vitamin D status and type 1 diabetes risk.
For example, a cohort study of 10,366 children born in northern Finland and followed for 30 years
found that the frequency of type 1 diabetes was 0.12 (95% CI 0.03-0.51) for regular versus no
supplementation and 0.22 (0.05-0.89) for those who received the recommended amount (2,000 U
daily) versus those who didn’t [47]. This study is notable because there is no cutaneous synthesis
of vitamin D year-round in northern Finland. A subsequent meta-analysis of two cohort studies
and six case-control studies from diverse geographical locations revealed a pooled odds ratio of
0.71 (95% ClI, 0.51-0.98) for vitamin D supplementation versus no supplementation in early life
[47]. Since the naive T cell pool is sustained by thymic output in the first 20 years of life [48],
these studies suggest that vitamin D status may be especially relevant in early life during the period

where thymic output is at its highest.

Here, we showed that vitamin D signaling is essential for normal Aire” TEC maturation,
TRA gene expression, and thymic tissue development. Our findings link clinical observations to
an in vivo thymic phenotype and provide a molecular basis for the potential role of vitamin D
signaling in thymic homeostasis during childhood and infancy. In addition to TECs, the frequency
of numerous hematopoietic populations was altered in KO thymi including B cells and 4SP
thymocytes. We further found that B cell numbers were systemically reduced in KO mice. Thymic
B cells participate in the negative selection of thymocytes and have non-overlapping roles with
MTECSs [49]. Therefore, reduction of thymic B cell numbers in Cyp27b1 KO mice suggests their
role in negative selection is impaired. Interestingly, 4SP but not 8SP thymocytes were elevated in
Cyp27b1 KO mice. A similar phenotype has also been observed in mouse models with defective

thymic antigen presentation due to diminished mTEC, B cell or DC numbers [48-50].
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Negative selection occurs in two waves, first in the cortex through interactions of
developing thymocytes with DCs, followed by a second wave in the medulla [32, 52]. Thymocytes
at these stages can be tracked by flow cytometry by gating on CD4* CD8'" (cortical, CCR77'°")
and 4SP (medullary, CCR7") cells. The transcription factor Helios serves as a readout of highly
autoreactive T cells in the thymus [32]. It is upregulated on negatively selected cells and
downregulated on positively selected cells [32]. In addition to impaired Aire" mTEC development,
we observed decreased levels Helios® FoxP3~ 4SP thymocytes (Figure 1 G). Interestingly,
medullary, but not cortical, Helios* FoxP3™ thymocytes were reduced in Aire KO mice, similar to
our phenotype [31]. The same authors also examined T cell-specific transforming growth factor
beta receptor KO mice, which displayed impaired medullary formation, and reduced Aire* cells
and TRA expression. They found that medulla-associated Helios* FoxP3- 4SP thymocytes were
reduced, but cortex associated CD4* CD8 low Helios* FoxP3- thymocytes were markedly
increased [31]. Collectively, this suggests that impaired medullary negative selection, as in Aire
KO and Cyp27b1 KO models, does not impact cortical negative selection. Furthermore, as the
phenotype in Cyp27b1 KO mice parallels that of Aire KO mice, cortical negative selection is not
likely to be regulated by 1,25D signaling. This is supported by our observations that the number
of cleaved caspase 3* thymocytes was reduced in the medulla, but not cortex (Supplemental Figure
1F), of Cyp27b1 KO mice. In addition, since the proportion of FoxP3* cells of 4SP was unaltered
in Cyp27b1l KO thymi, the reduction of apoptotic thymocytes was not due to disproportionate
production of nTregs. While complete abrogation of AIRE results in a dramatic autoimmune
phenotype, the effects of vitamin D deficiency in humans on autoimmune phenotypes are more
subtle. This may be because Aire function is attenuated but not eliminated in Cyp27b1 KO animals,

as well as there being some level of compensation by cortical negative selection.
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In addition to the impairment of negative selection in KO thymi, we observed striking
changes in tissue organization characterized by an outgrowth of CK5 and CK8 expressing TECs.
Previous reports indicate that these double positive cells are TEC progenitors [53]. Our single cell
RNA sequencing results corroborated the increased presence of a CK5 (Krt5) expressing
population (Supplemental Figure 4H), that also expressed Ccl21a and markers of junctional TECs
(JTECs) such as Pdpn [38]. However, due to differences in tissue localization of CCL21", Pdpn®,
and CK5" CK8" populations it is likely that this Ccl21a™ cluster represents multiple populations
with similar gene expression. This is consistent with findings that Ccl21a* Krt5" intertypical TECs
have characteristics of heterogenous TEC populations, including jJTECs, TPA', and Sca-1* TECs,
and have mature mTEC precursor potential [54]. However, whether CCL21" TECs are precursors
of mature Aire" mTECs, representing a block in development at this stage in Cyp27b1 KO mice,

or represent a distinct terminally differentiated population, is disputed [35, 37, 38].

Prior RNA velocity experiments produced discordant results where one study found that
CCL21" Pdpn™ cells were precursors to TAC-TECs and another found that Ccl21a® TECs were
products of TAC-TECs and not Aire"™ TEC precursors [35, 37]. A portion of TAC-TECs are
positive for Aire and/or Ccl21a, raising the possibility that these cells are derived from a common
progenitor that co-express these markers, or that this represents a transition in cell state (e.g.,
Ccl21a™ Aire” to Aire™ Ccl21a’). Experiments using a constitutively expressed Aire reporter
revealed significant reporter expression in Ccl21a* cells but little in TAC-TECs, making it unlikely
that Ccl21a* upregulate proliferative markers, becoming TAC-TECs, prior to becoming mature
Aire" CCL21 TECs. Our findings in Cyp27bl KO mice are consistent with the branching
differentiation model, suggesting that 1,25D promotes Aire* TEC differentiation, whereas in its

absence Ccl21a™ TEC differentiation is favored. This is consistent with findings that ablation of
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Aire" TEC differentiation with a-RANKL antibodies resulted in a significant increase in the
proportion of CCL21* TECs [35]. While not statistically significant, there was a strong trend for
increased CCL21" TEC counts. Increased CCL21" TEC numbers in the absence of Aire have also
been noted in other studies [55]. Together, these results suggest that the signals that drive CCL21"
TEC differentiation are at least partially distinct from those that drive Aire™ TEC differentiation
and CCL21" TEC development may be increased in the absence of Aire* TECS, possibly as
compensatory mechanism to attract more RANKL bearing thymocytes to induce more Aire™ TEC

differentiation.

Finally, we found premature thymic involution and a gene expression profile consistent
with accelerated thymic aging in Cyp27bl KO mice. Thymic involution is characterized by
progressive atrophy, structural changes, and reduced output of naive T cells [56]. This contributes
to a peripheral phenotype of immunosenescence where the host loses the ability to fight new
infections and clear tumors, due to reductions in T cell repertoire diversity [56]. Thymic involution
arises largely from defects in the thymic stromal niche causing changes in the thymic
microenvironment [56]. In Cyp27b1 KO mice, thymic cellularity was dramatically diminished by

26 weeks, whereas reductions in control thymi were modest (~18%).

We also found that KO thymi displayed other hallmarks of aging such as reduced TEC
proliferation and distorted cortical-medullary boundaries [57]. Furthermore, the expression of
Fgf21, Fgf7, and Igfl were downregulated in Cyp27b1 KO TECs. These genes encode proteins
that protect from thymic involution and are downregulated in aging thymi [3]. Fgf21 and Fgf7 are
part of the fibroblast growth factor family, which regulates a variety of developmental processes
systemically including epithelial cell differentiation and proliferation [58]. In the thymus, Fgf21 is

expressed in TECs, and its overexpression promotes thymocyte production in aged mice, whereas
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loss of Fgf21 in middle-aged mice accelerates thymic involution and delays T cell reconstitution
following irradiation and hematopoietic stem cell transplant [59]. Notably, we observed that Fgf21
appears to be predominantly expressed by mTEC™ cells (Figure 3B) and mTEC'® on the trajectory
towards mTEC™ cells. Since Aire mMRNA expression was unperturbed in Fgf21 KO mice [59], this
suggests that the reduction of Aire" mTECs in Cyp27b1 KO mice precedes the reduction in Fgf21
gene expression and other potential downstream effects on thymic size. This is consistent with
another study using Fgf21 KO mice that did not reveal defects in TEC proliferation or
differentiation [60]. Fgf7 has been shown to be important for thymic size [61] and naive T cell
output [62]. Loss of Fgf7 signaling through receptor (FgfR2-11lb) knockout mice results in
impaired TEC proliferation and a failure of immature CK5" cells to progress to mature CK5 cells
in embryonic thymi [63]. Fgf7 mRNA was induced by 1,25D treatment in human breast cancer
MCF-7 cells [64], raising the possibility that Fgf7 expression may be directly regulated by vitamin

D signaling in the thymus.

Igfl belongs to a family of neuroendocrine factors that regulate cell proliferation,
differentiation, apoptosis during organ growth, and recovery from injury [65]. In the thymus, Igfl
signaling induces proliferation of human TECs in vitro, and exogenous Igfl treatment in mouse
models enhanced cTEC and mTEC numbers, overall thymic cellularity, and thymic output [66].
Various clinical studies have been conducted examining the potential association between 1,25D
supplementation and circulating 1gfl levels, some finding that supplementation enhances Igfl
expression [67], whereas others finding no effect of 1,25D [68]. In Vdr KO mice, the receptor for
Igfl (Igfrl) but not Igfl itself was found to be downregulated in the liver, indicating a role for
vitamin D in regulating Igfl signaling. Our data establishes a link between vitamin D and Igfl

signaling in the thymus. We found that 1gfl is expressed by post-Aire TECs and Hassall’s
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corpuscles. Validation studies revealed that Igf1 mRNA expression is sharply downregulated in

the absence of 1,25D. Collectively, the phenotype in Cyp27b1 KO mice is associated accelerated

thymic aging, characterized by decreased proliferating TECs and expression of genes encoding of

multiple pro-thymic cytokines that control TEC proliferation and homeostasis. We additionally

found that Aire™ TEC differentiation was impaired in Cyp27b1 KO mice, whereas that of CCL21*

TECs was enhanced and was associated with a phenotype consistent with defective negative

selection.
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Supplemental Figure 1. Characterization of thymic hematopoietic cell frequencies in Cyp27b1 KO
mice A. Duplicate thymic lobes from WT (top) and KO (bottom) 4-week-old mice. B. Total thymic cell
number in 4-week-old WT versus KO mice. C. Representative flow cytometry plots of regulatory T cells
(pre-gated on live, CD4*, TCRp*, CD§ cells) in WI' vs KO thymi. D. Summary data showing the
frequency of regulatory T-cells of 4SP (i) or total thymic (ii) compartments. E. Relative fluorescence
intensity of markers in post selection (CD69-, TCRB") DP thymocytes, relative to average of W1
expression. F. Frequency of Heliost CD4* CD8* DP thymocytes. G. Representative IF images of cleaved
caspase 3 staining in WT and KO thymic cortex. All experiments were repeated at least twice with at least
n=3 mice per group. H,I. Representative flow cytometry plots of vd 1-cells (pre-gated on live cells) in WT
vs KO mice (H) and summary data (I).J,K. Representative flow cytometry plots of dendritic cells (DCs)
(pre-gated on live, CD45", EpCAM:, CD19 cells) in W1 vs KO mice (J) and summary data (K).
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Supplemental Figure 2. Systemic B cell lymphopenia in Cyp27bl KO mice A.
Representative flow cytometry plots of B cells in WT and KO thymi (pre-gated on CD45",
EpCAM, CDllc, live, single cells). B. Summary of thymic B cell frequencies. C,D.
Representative flow cytometry plot of Aire expression in B cells (C) and quantification (D) of the
relative fluorescence intensity (relative to average of W1 expression). E. Representative flow
cytometry plots of thymic B cell subsets (IgD" IgM'; “recirculating”, IgM" IgD/Igh IgD);
“resident ). F. Quantification of committed and “circulating” B cell subtypes in W1 versus KO
thymi. G. Splenic B cell frequencies in 6-10-week old mice. H-J. Representative flow cytometry
plots of pre- (CD25™ c-Kir) and pro-B cells (CD25 c-Kit™)(H) in WT and KO bone marrow and
quantification of their frequencies (I-J). All experiments were repeated at least twice with at
least n=3 mice per group.
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Supplemental Figure 3. Divergent mTEC differentiation in Cyp27bl KO mice A. ¢gPCR data
from sequenced samples. B. UMAPs of TAC-TEC enriched genes.. C. UMAPs showing Aire
expression in W1 and KO samples. D. UMAPs showing Ccl2la expression in representative W1
versus KO samples. D. qPCR validation of Ccl2la expression E. Heatmap of 4 top 20 DEGs per
cluster.
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Supplemental Figure 4. Increased jTEC marker expression in Cyp27bl KO mice A.
Marrixplot of jTEC genes in all sequenced samples. B-D UMAPs showing decreased expression
of jTEC markers, 117, Lifr, Pdpn, in the Ccl2la+ positive cluster. E,F. UMAP showing increased
Krt5 transcripts in KO Cel2la" TECs (E), and gPCR validation (F).
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Name p-value Overlap
Glucocorticoid Receptor Signaling 8.49E-08 45%
gl Adhesion and Diapedesi: 9.40E-07 6.7 %
VDR/RXR Activation 9.49E-07 11.5%
Hepatic Fibrosis / Hepatic Stellate Cell Activation 2.18E-06 6.7%
Pathogen Induced Cytokine Storm Signaling Pathway 2.78E-06 49%
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Supplemental Figure 6. Enrichment of aging pathways in Cyp27bl KO A. Top canonical
pathways in Cyp27bl KO vs W1 TECs. B. Comparison of downstream effects (Z-score 45.83%)
between our dataset and a middle-aged mice versus young mice dataset. C. Comparison of
upstream regulators (Z-score 51.30%) between our dataset and a middle-aged mice versus
young mice dataset. C. Predicted BMP4 pathway activation in Cyp27b1 KO TECs by IPA. D.
Representative UMAPs of Crip3 expression in wildtype and KO TECs. E. Representative
UMAPs of Mki67 expression in wildtype and KO TECs.
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Supplemental Table 1 — List of Differentially expressed genes

CCL21+, mTEClo
Gene Name

mTEChi

Gene Name

Mt4
S100a8
Crhbp
Fabp6
Lypd8
Pcp4
Obp2a
Sncg
Pyy
Defb19
S100a9
Cripl
Thcld4
S100a6
AW112010
Ccl27a
Calca
Fgf21
Pomc
Nts
Crabpl
Csn2
Lgals2
Calca
Gal
Post-Aire

Gene Name

Calm4
Krtdap
Krt10
Reg3g
Sbsn
Wfdc2
Dapll
Lgals7
Krtl6
Crctl
Dmkn
Calml3
Spink5
Defh6

2.248
2.080
1.997
1.969
1.942
1.835
1.661
1.648
1.635
1.631
1.559
1.557
1.557
1.556
1.552
1.547
1.542
1.528
1.437
1.434
1.404
1.397
1.389
1.369
1.369

avg_log2FC

4.487
4.485
4.074
3.955
3.940
3.927
3.914
3.775
3.773
3.506
3.452
3.342
3.233
3.198

avg_log2FC p_val_adj

4.94E-213
8.96E-203
0
1.11E-79
2.81E-57
7.35E-61
1.11E-205
4.52E-176
1.03E-73
2.60E-101
1.49E-82
2.46E-135
0
2.73E-137
3.30E-121
3.96E-195
3.33E-97
3.07E-203
5.98E-107
6.41E-15
3.62E-28
2.41E-239
1.18E-67
7.16E-110
0.015902959

p_val_adj

1.22E-176
1.46E-201
3.36E-209

1.68E-23
1.27E-222

6.95E-70
9.90E-239
5.78E-160
2.39E-157
2.83E-200
1.79E-212
1.01E-197
5.46E-155
4.21E-140

Ccl21a
Apoe
Ifi2712a
Krts
Tagin
Ccl11
Mgp
Krtl4
Ctsl
Acta2
Igfbp5
Lifr
Socs3
I1d1
Gasl
Hpgd
Rbpl
Igfbp4
Ascll
Ly6a
1sg15
Gpx3
Atf3
Fst
Ifit3
mTECIo

Gene Name

Ccnd2
Tmem158
Ascll
Hes6
Stmnl
Tubb5
Dut
Nkx6-2
Fgf21l
Vim
H2afz
Hmgh2
Olfm4
Histlhlb

avg_log2FC

4.253
2.998
2.734
2.688
2.645
2.629
2.473
2.450
2.325
2.224
2.201
1.984
1.978
1.930
1.898
1.864
1.681
1.640
1.639
1.488
1.485
1.477
1.471
1.433
1.407

avg_log2FC

2.033
1.648
1.604
1.513
1.237
1.135
1.074
1.065
0.955
0.924
0.901
0.853
0.771
0.763

4.11E-250
6.02E-158
0
1.67E-303
0
5.01E-105
3.83E-230
0
1.09E-243
0

0
1.96E-287
9.30E-303
9.49E-235
4.29E-216
8.29E-159
1.30E-182
4.27E-136
2.38E-85
5.93E-254
1.99E-165

p_val_adj
2.16E-173
4.32E-116
2.24E-144
2.73E-142
1.71E-117
2.01E-122
1.81E-121
1.00E-99
8.44E-78
6.37E-95
6.18E-67
1.41E-29
3.90E-63
3.51E-31
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Krt79
Scgblal
Anxal
Ifitm1
Ltf
Spink1
Gstol
Ly6g6c
Cnfn
Gm94
Spink5
Unknown
Gene Name
Gm26917
Wap

Lifr

Fgl2
Snhgl1l
Mt2

Clps
Ccl8
Cbr2
Krt5
Gm8113
Tchh
Etv2
Pou3fl
Ccl25
Rgs4
Jchain
Pds5b
Defb3
Igfbp5
Ceacam10
Cd44
Fnl
F830016B08Rik
Ccl2la
Tuft cells
Gene Name
Lrmp
Gnat3
Plac8
Rgs13
Gng13

3.161
3.147
3.143
3.070
3.038
3.025
2971
2.854
2.841
2.805
2.796

avg_log2FC
2.48199085
0.69027834
0.66283792
0.50693686
0.48815608
0.48398488
0.48309626
0.4821778
0.4261964
0.42305376
0.3991534
0.36997676
0.34005012
0.33716992
0.33624516
0.33450063
0.33320809
0.32924118
0.31870468
0.31811168
0.31277888
0.29337331
0.29183855
0.2889918
0.27555925

avg_log2FC
3.668
3.039
2.942
2.937
2.891

3.64E-173
6.02E-19
1.66E-64
2.27E-44
3.71E-59
4.64E-10
1.45E-36
8.40E-157
5.24E-182
2.29E-105
7.91E-54

p_val_adj
9.91E-16
0.154828355
1.24E-57
1
0.282748307
1
1
1.89E-13
1.44E-08
3.32E-08
0.032790927
4.50E-16
5.85E-22
1.45E-30
0.003640127
3.64E-10
2.58E-34
0.111361917
0.001815959
1.29E-05
3.63E-09
1.33E-17
8.00E-21
1
2.22E-16

p_val_adj
4.93E-123
1.57E-56
9.21E-71
6.22E-27
5.78E-66

Pclaf 0.739
Ttn 0.716
Hells 0.677
Hsp90aal 0.665
Ltb 0.652
Ckslb 0.651
Wfdc18 0.635
Tubalb 0.587
Rgs5 0.564
Tyms 0.528
Uhrfl 0.510
TAC-TECs (proliferative)
Gene Name avg_log2FC
Hmgb2 2.995
Stmnl 2.586
Histlhlb 2.296
Pclaf 2.252
Tubb5 2.160
MKi67 2.074
Ube2c 2.031
H2afz 1.981
Cdk1 1.966
Top2a 1.958
Cks2 1.897
Dut 1.837
Birc5 1.758
Tubalb 1.744
Ckslb 1.728
Histlh2ae 1.632
Cenpf 1.579
Histlh2ap 1.523
Tpx2 1.512
Cdca8 1.490
H2afx 1.474
Tyms 1.447
Hmmr 1417
Cdc20 1.412
Nusapl 1.339
IFN inducible signature

Gene Name avg_log2FC
Cxcl9 2.7022339
Ifit2 2.5461959
Ifit3 2.5234329
1sg15 1.9867238
Cxcl10 1.9717959

1.94E-72
1.02E-58
2.25E-30
1.93E-67
2.48E-76
5.34E-99
5.70E-60
1.86E-43
5.33E-56
1.01E-50
1.28E-51

p_val_adj
3.97E-200
3.65E-186
4.37E-134
5.95E-189
7.12E-173
5.48E-189
1.54E-148
1.57E-180
1.47E-192
2.21E-152
7.40E-171
1.07E-162
4.36E-199
1.22E-140
1.54E-185
3.60E-133
1.39E-138

7.11E-75
5.12E-148
2.18E-186
4.71E-153
1.33E-159
4.66E-109
3.63E-115
1.07E-164

p_val_adj
2.34E-24
2.16E-33
3.13E-31
1.00E-26
9.33E-28
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Avil 2.735

PIk2 2.538
Rgs2 2.522
Mctpl 2.498
Alox5ap 2.488
Gnb3 2.435
Fyb 2.333
Atpla2 2.318
Trpm5 2.248
Atp2a3 2.239
Aldh2 2.189
Ptpn18 2.184
Bmx 2.126
Dclkl 2.123
Ahnak2 2.119
Ltc4s 2.097
Plch2 2.041
Ly6g6f 1.981
Cd24a 1.924
Cited2 1.919
Hassall's corpuscles

Gene Name avg_log2FC
Serpinb6a 5.02710385
Ccl20 4.75331796
Pglyrpl 459964719
Lyz1l 4.33156685
Ccl9 4.24989338
Ccl6 4.17627796
Wfdcl7 3.97477788
Serpinbla 3.87994416
Wfdc18 3.79542267
Hamp 3.64774375
Gp2 3.26931929
2200002D01Rik  3.19154547
lapp 3.10051284
AW112010 3.01438871
Cyp2ab 2.93438255
Tnfaip2 2.90016146
Clu 2.87634331
Bcl2alb 2.84108229
Prg2 2.83153195
H2-M2 2.79383311
Mmp7 2.78557914
Fxyd2 2.65743364
Bcl2ala 2.62382223

1.54E-78
8.37E-70
1.46E-62
2.20E-65
4.27E-43
2.21E-21
2.13E-37
1.58E-70
2.90E-44
2.04E-56
9.67E-41
6.79E-40
4.98E-20
9.47E-10
5.12E-53
6.54E-64
3.06E-39
6.86E-97
2.12E-41
3.33E-39

p_val_adj
1.28E-111
1.03E-81
2.99E-71
6.32E-54
2.18E-122
9.17E-89
1.04E-70
2.26E-110
7.01E-54
1.69E-53
4.05E-55
2.55E-106
3.57E-40
3.94E-84
4.58E-66
4.60E-44
4.81E-56
7.48E-94
1.13E-11
1.02E-57
1.65E-64
2.48E-45
1.26E-76

Krt71

lapp
Ifitl

Igtp

Ppy
Rsad2
Pyy
Serpinb12
Ripply2
Irgm1
Gbp4
Psca
Krt9
Ifit3b
ligpl
F830016B08Rik
Gbp2
Oasl1
Idol
Ccl5
Thymocytes
Gene Name
Trbc2
Cd3g
Trbcl
Satbl
Cdad
Itm2a
Ptprc
Lefl
Rgs10
Ptpn18
Dusp5
Ccr7
Ms4adb
Nr4dal
Histlhle
Ltb
Dusp2
Nkg7
Fyb
KIk8
lzumolr
Rgs2
Rgsl

1.8886249

1.817474
1.8090876
1.7250543
1.6086228
1.5906117
1.5585921
1.4651385
1.4371285
1.4093312
1.3780901
1.3673161
1.3315156
1.3019715
1.2816209
1.2693476
1.2256418
1.1594754
1.1179737
1.1070957

avg_log2FC
5.2899371
4.0905162
4.0809531
3.9399273
3.8210763
3.6176453
3.5632122
3.1747985
2.3996263
2.27641
2.0120754
1.9226482
1.8710749
1.796812
1.6823975
1.6376677
1.6359427
1.5801269
1.4836332
1.4497244
1.4464987
1.3166726
1.2218845

0.000161
7.41E-38
9.12E-35
3.41E-51
5.23E-48
2.39E-36
8.62E-46
2.43E-15
0.000581
1.69E-36
9.68E-42
2.66E-10
0.536792
6.70E-39
2.15E-31
1.19E-45
0.395441
1.88E-48
2.64E-38
8.38E-34

p_val_adj
2.94E-111
1.28E-114
6.02E-69
4.63E-92
1.01E-111
5.05E-73
1.20E-112
4.47E-66
2.03E-51
7.53E-88
3.16E-69
3.69E-71
6.02E-64
6.81E-86
9.53E-29
9.72E-27
1.41E-35
3.67E-74
2.39E-49
1.06E-46
7.89E-39
6.16E-17
2.11E-72
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Tnfrsfllb
Reg3g
cTECs
Gene Name
Prss16
Ctsl
Ccl25
Cxcl12
Thata
Fxyd2
Psmb11
Ly75
Synm
1sg20
Snhg11l
Lifr

Pltp
Hpgd
Cbr2
Cd83
S$100a10
Igfbp5
Slc22a7
Inmt
Mgll

Oat
Omal
Crip3
Nefm
Ciliated cells
Gene Name
Dynlrb2
Tppp3
Fam183b
Hsp90aal
Meigl
MIf1

4933434E20Rik

Nudc
Tubb4b
Lrrc23
Ccno
Rsphl
Tmem107
Tektl

2.57230655
2.47290395

avg_log2FC
5.05874876
4.71435568
4.20071415
4.12089046
3.81182192
3.5384194
3.46046659
3.21797359
2.9709793
2.63024087
2.61226207
2.59673364
2.5236999
2.24650519
2.18529442
2.03148715
1.90918136
1.83542964
1.73323748
1.5679059
1.53022495
152311151
1.44516687
1.42945167
1.32408446

avg_log2FC
3.15353779
3.10329861
3.0941365
3.03465939
2.94289299
2.79229263
2.78243348
2.67064686
2.63993345
2.62171421
2.60909578
2.57107922
2.54486346
2.49657038

2.43E-61
9.93E-11

p_val_adj
1.00E-82
1.10E-76
1.02E-74
6.84E-82
4.05E-76
7.38E-64
5.64E-57
9.16E-68
5.12E-60
4.86E-47
1.86E-28
5.68E-47
3.42E-58
1.92E-42
4.64E-40
1.53E-42
3.91E-34
5.30E-25
4.48E-39
0.036765818
2.02E-37
6.61E-31
1.60E-13
8.49E-24
2.12E-42

p_val_adj
1.32E-44
3.07E-23
9.04E-38
6.89E-37
2.93E-35
1.02E-41
1.08E-32
8.05E-40
8.94E-35
1.94E-37
8.12E-37
1.71E-31
7.47E-31
1.39E-40

112rb 1.1355703
Vim 1.0895285
mTEC myo/neuro

Gene Name avg_log2FC
Pth 8.9833934
Chga 7.1028115
Spink8 3.3673119
Cacna2dl 3.1584495
Rbp4 3.0737758
Cryba2 2.9404446
Aqp5 2.906813
Mt3 2.8832569
Igfbp5 2.6015512
Clca3b 2.6012439
Cd177 2.5801445
Chga 2.4883212
Ascll 2.4717094
Mafb 2.3257126
Cited2 2.2312789
Scg2 2.0994604
Car8 1.9488165
Bex1 1.9403222
Fbxo2 1.9062631
Tspanl 1.8523053
Fam183b 1.8391988
Ceacam10 1.8361628
Cd34 1.8288353
Timp2 1.783631
Btg2 1.7478245
Hi S100A8/A9 Post-Aire

Gene Name avg_log2FC
I11b 4797871
S100a9 4.5832992
Tyrobp 4.1854179
Retnlg 3.4918726
S100a8 3.2198531
Cxcl2 3.0155677
Fcerlg 3.0080299
Ccl17 2.8950466
Cst3 2.7196469
Ccl22 2.7045249
Rgsl 2.5171338
GO0s2 2.5065689
Lgals3 2.4588622
Lstl 2.4525352

1.79E-75
6.73E-29

p_val_adj
6.40E-41
1.52E-40
5.52E-40
9.37E-52
8.74E-27
1
1.81E-38
1
4.51E-31
5.15E-10
7.25E-19
1.01E-43
3.93E-33
8.09E-10
1.15E-28
5.17E-29
1.07E-13
7.18E-38
1.17E-34
1.10E-37
2.04E-21
1.69E-16
0.238101
3.30E-20
1.69E-33

p_val_adj
1.92E-37
7.82E-05
5.12E-38
8.02E-26
0.009796
2.32E-18
1.28E-27
4.25E-20
1.61E-17
3.46E-17
1.22E-26
1.33E-21
1.10E-29
1.03E-31
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Cks2

Deupl

Vpreb3

Foxjl
1110004E09Rik
Ly6cl
1700016K19Rik
4833427G06Rik
Ccdc34

Nme5
1110017D15Rik

2.42303807
2.37102742
2.33293491
2.32458798
2.31551112
2.31405148
2.24601138
2.24286994
2.23376758
2.20256918
2.05640716

1.45E-35
2.46E-31
2.49E-23
5.30E-38
5.42E-40
2.66E-11
1.66E-33
2.03E-16
3.49E-30
3.86E-32
9.52E-23

Samsnl
Ptprc
Gngt2
Spil
Ccr7
Retnla
Ccrl2
Cdi14
Bcl2alb
Cd44
Nrdal

2.4463797
2.4269203
2.2184625
2.1708897
2.1454686
2.1158327
2.1120625
2.0414517

2.006279
1.9085836
1.8759796

5.97E-13
7.40E-39
1.36E-28
6.77E-24
4.85E-14
2.56E-09
7.70E-28
1.80E-14
4.98E-13
1.31E-22
3.92E-24
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Linking Chapter 3 to Chapter 4

In Chapter 3, we investigated how the absence of 1,25D signaling in Cyp27b1 KO mice
regulates thymic development, TEC maturation, and indirectly, the process of negative selection.
| found that Aire* mTEC maturation, Aire protein expression in mTEC" cells, and TRA gene
expression, were diminished in KO mice, consistent with our findings in Chapter 2 that 1,25D
upregulated Aire expression in thymic slices. Analysis of thymocyte phenotypes provided
evidence that negative selection may be impaired in the absence of 1,25D, consistent with the
defects observed in Aire* mTECs but requiring further investigation in order to draw any
conclusions. Surprisingly, we observed that thymic size and cellularity were decreased in KO
mice, in addition to peripheral T cell lymphopenia in the spleen. Investigation of thymic
architecture by immunofluorescent microscopy revealed alterations in the composition and
organization of the thymic medulla and cortex. SSRNAseq and validation experiments revealed
that a population of CCL21" mTECs was expanded in KO thymi, indicating divergent
differentiation of mTEC precursors populations in the absence of 1,25D. Ingenuity pathway
analysis indicated that Cyp27b1 KO TECs had a gene signature associated with thymic aging,
which is characterized by thymic atrophy, decreased TEC proliferation, blurred cortico-medullary
boundaries, decreased naive T cell output, etc. Further analysis of Cyp27b1 KO mice revealed
decreased gene expression of factors controlling thymic size, including Crip3, Fgf21, Fgf7, and
Igf1. Furthermore, TEC proliferation was decreased, and thymic involution was accelerated in KO
thymi. These data show that 1,25D slows age-dependent thymic involution, in addition to its role

in Aire” TEC maturation.

Chapters 2 and 3 collectively demonstrate that 1,25D controls thymic processes that
regulate the generation of a self-tolerant T cell repertoire. In Chapter 4, | investigated another
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thymic mechanism that regulates the formation of an effective T cell repertoire. Specifically, how
TdT, a non-templated DNA polymerase that generates ~90% of TCR diversity in developing

thymocytes, regulates the diversity of CD4* T cell effector differentiation during infection.
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Chapter 4. Increased germinal center follicular helper T cell
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Abstract

The antigen recognition receptors of T cells (TCRs) of an individual determine the breadth of their
T cell arsenal with which to fight any pathogen they may encounter yet not much is known about
how TCR sequence relates to effector T cell function. Terminal deoxynucleotidyl transferase
(TdT) accounts for 90-95% of T cell repertoire diversity, but an effect of the absence of TdT on
immune responses has not been well described. Previous work suggested that the TdT-independent
repertoire may be enriched for TCRs that bind peptide-MHC binding more efficiently and it is
well-established that CD4 T cell avidity for antigen influences cell fate decisions during
differentiation. Thus, we hypothesized that CD4* T cell effector differentiation will be altered in
TdT-deficient mice. We investigated CD4 T cell responses to pathogens where CD4 T cells are
critical to host protection. Here, we show that TdT KO mice had significantly increased follicular
helper T (Tfh) cell differentiation upon infection with Cryptococcus neoformans,
Heligmosomoides polygyrus, or lymphocytic choriomeningitis virus. We observed alterations in
TCR VP usage in responding Tfh cells and evidence of increased TCR signaling in TdT KO mice.
Surprisingly, increased Tfh differentiation was observed when TdT-deficiency was restricted to
both B cells and T cells only. Overall, we found that the germline repertoire is enriched for TCRs
that are biased towards Tfh differentiation providing a link between TCRs lacking N-region

nucleotides and effector function.
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Introduction

CD4" T cells are fundamental in coordinating protective adaptive immune responses. They
carry out their critical functions of activating innate immune cells, B cells, and cytotoxic T cells
after recognition of discrete pathogen derived peptides embedded in class 1l major
histocompatibility molecules (pMHC-I11) using their unique T cell receptor (TCR). The TCR
repertoire of an individual is extremely diverse and has been experimentally estimated to be
upwards of 1.3x10° unique af-receptors in human blood [1-3]. TCR diversity is generated in
thymocytes by both somatic recombination of af3-TCR genes and by non-templated nucleotide
additions into V(D)J TCR gene junctions, catalyzed by terminal deoxynucleotidyl transferase
(TdT). It has been estimated by sequencing of T cells from TdT-deficient mice that 90-95% of

TCR diversity is generated by TdT [4].

T cell repertoire diversity is a critical regulator of T cell responses to infection, cancer, and
autoimmune disease [5-8]. Despite such associations, it is incompletely understood how the
presence of specific TCR sequences in a repertoire collectively correlate with disease onset or
protection. TdT knockout (KO) mice were not more susceptible to acute infection with distinct
viral pathogens, despite having massively reduced T cell repertoire diversity [9]. TdT expression
is highly conserved among vertebrates and its tissue-specific expression is tightly regulated [10],
suggesting an evolutionary rationale for its activity. Thus, it has been posited that N-region

diversity generated by TdT may have other, as of yet undefined functions [9].

It is well documented that TCR signal strength influences cell fate decisions during CD4*
T cell differentiation, and strong TCR signals favor the differentiation of T helper (Th) 1, germinal
center follicular helper T (GC-Tfh), and Th17 cells [11-16]. Due to the vast sequence diversity,

the T cell repertoire is made up of TCR sequences with diverse TCR affinities which can vary up
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to 1,000-fold even within individual antigen specific populations [17]. Furthermore, single naive
CD4"* T cells were shown to preferentially differentiate into certain effector cells during infection
in part due to their unique TCR [18]. TdT catalyzes nucleotide additions into the complementarity
determining region 3 (CDR3) region of the TCR, which is the primary TCR motif responsible for
contacting peptide, presented by MHC, thus conferring peptide specificity [19, 20]. Previous work
suggested that the TdT independent repertoire may be enriched for TCRs that bind pMHC more

efficiently [21]. This suggests that TdT may encode TCRs with lower pMHC reactivity.

Therefore, we hypothesized that TdT KO mice would have altered CD4" T cell effector
differentiation during infection. Previous studies only investigated the phenotype in TdT KO mice
in the context of acute infection, where highly reactive T cells dominate the response. Thus, we
utilized pathogens that result in persistent infection in mice. We found that GC-Tfh cell
differentiation was increased in TdT KO mice during chronic infection with diverse pathogens.
The increased GC-Tfh differentiation in TdT KO mice was TCR-intrinsic and there was evidence
for higher avidity TCRs in TdT KO mice. Finally, the increased GC-Tfh differentiation in TdT
KO mice had both T cell and B cell intrinsic components. Together, these data show that TCRs

generated without N-nucleotides favor GC-Tfh differentiation.
Methods and Materials
Mice

TdT KO mice were generated by Diane Mathis and kindly shared by A. Feeney, Scripps [22]. Wild
type C57BL/6 and CD45.1 B6.SJL mice were purchased from Jackson Laboratories and bred in-
house. SMARTA Tg Rag KO mice were obtained from Ethan Shevach, NIH [23]. TCRBX® mice

were shared by Irah King (McGill) [24]. Jh1 KO mice were shared by Jorg Fritz (McGill) [25]. All
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mice in this study were on a C57BL/6J background and used for experiments at 8-12 weeks of
age. Animal housing, care and research were in accordance with the Guide for the Care and Use
of Laboratory animals and all procedures performed were approved by the McGill University

Facility Animal Care Committee.

Infection models

C. neoformans H99 was obtained from Kyung Kwon-Chung, NIH. Frozen stocks (‘80°C) were
prepared from fresh cultures on YPD agar plates into 15% glycerol. Three days before infection,
C. neoformans was streaked onto a YPD agar plate and incubated for 2 days at 30°C. One day
before infection, a single colony was inoculated in YPD broth and incubated for 16 hours at 30°C
with shaking. C. neoformans infections were done as described [26]. Tissue was harvested 20 days
post infection. Stage Il Heligmosomoides polygyrus larvae were obtained from Irah King
(McGill). Mice were infected by oral gavage of 200 larvae in 200uL. Tissue was harvested 14 days
post infection. LCMV clone 13 stocks were initially obtained by Martin Richer (McGill). Frozen
stocks (-80°C) were generated by expanding the virus on a BHK-21 cell monolayer and quantified
by viral plague forming assay using Vero cell monolayers [27]. LCMV cl13 infections were done
as described [28]. Serum for viral kinetics was collected weekly by nicking the ventral tail artery
and spinning down blood at 12,000rpm for 10 minutes. Mice were euthanized up to 50 days post

infection by anesthetizing with isoflurane and terminal blood collection by retro-orbital bleed.

Tissue processing

Lymph nodes (inguinal or mediastinal), thymus, and spleen were harvested into ice cold RPMI
containing 1% fetal calf serum, 1% penicillin/streptomycin, and 1% L-glutamine (1% RPMI).

Tissue was crushed through a 70 um filter with the back of a syringe and washed with 1% RPMI.
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Spleens were further treated with RBC lysis buffer for 3 minutes and re-filtered. C. neoformans
Infected lungs were harvested into ice cold PBS and dissociated with scissors before being
incubated in 10mL digestion buffer containing Img/mL collagenase D, 50U/mL DNase I, Img/mL
hyaluronidase, 1% L-glutamine, and 1% pen/strep in RPMI at 37°C with agitation for 30 min.
Tissue was crushed through a 100uM filter with 1% FCS in PBS. Aliquot were taken, serially
diluted, and grown on YPD agar plates to calculate lung fungal burdens. Remaining cells were re-
suspended in 10mL of 37% Percoll in RPMI and centrifuged at 2000rpm at 22°C for 20 minutes.
Cell pellets were treated with RBC lysis buffer for 3 minutes and re-filtered. Counts were

determined using a hemocytometer.
T cell re-stimulation and flow cytometry

Cytokine production by T cells was measured by stimulation of 1x10° lung single cell suspension
with a-CD3 and a-CD28 (Invitrogen; 2pg/mL) in 96-well round bottom plates with brefeldin A
and monensin (Invitrogen; diluted 500x) for 5 hours at 37°C. For flow cytometric staining, all
samples were incubated with Fixable Viability Dye (eBioscience), diluted 1:1,000 in PBS, for 20
minutes at 4°C. Extracellular antibodies were diluted in FACS buffer (2% fetal calf serum and
5mM EDTA in PBS) with Fc-receptor block (eBioscience) and incubated for 30 minutes at 4°C.
For Tfh staining, cells were incubated with biotinylated CXCR5 (SPRCLS5) simultaneously with
other extracellular antibodies and were subsequently incubated fluorophore conjugated
streptavidin (Biolegend) in FACS buffer for 30 minutes 4°C. Samples were either fixed with 1%
paraformaldehyde or samples requiring intracellular staining were fixed and permeabilized using
the FoxP3 Transcription Factor Fixation/Permeabilization kit (Life Technologies) for 30 minutes
at 4°C. Intracellular antibodies were diluted in permeabilization wash buffer and incubated for 30-

60 minutes at 4°C. All samples were acquired within 2 days of staining. MHC tetramer stains were
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performed by incubating cells with diluted tetramers in FACS buffer containing sodium azide for
30 minutes at 37°C. Directly conjugated antibodies used were as follows: Bcl6 (K1112-91), TCRp
(H57-597), CD5 (53-7.3), TCR Vp screening panel (557004) from BD Biosciences; RoRyt (B2D),
IL-4 (11B11), IL-13 (eBio13A), CD44 (IM7), CD62L (MEL-14), CD25 (PC61), CD69 (H1.2F3),
TdT (19-3), IL-2 (JES6-5H4), CD45.1 (A20), CD45.2 (104) from eBioscience; B220 (RA3-B62),
CD4 (RM4.5), CD8 (53-6.7), FoxP3 (FIK-16s), GATA3 (16E10A23), T-bet (4B10), PD-1
(29F.1A12), IL-5 (TRFK5), IL-17 (TC11-18H10.1), IFNy (XMG1.2), TNFa (MP6-XT22) from
Biolegend. GPes-77:1-AP MHC tetramers for initial experiments were a gift from Heather Melichar
(UdeM). I-A° DIYKGVYQFKSV (GP66-77) biotinylated monomers were obtained from the NIH
Tetramer Core Facility and were tetramerized by adding APC (S868) or PE (866) conjugated
streptavidin at 4°C with agitation (Invitrogen). Monomers were incubated overnight, and unbound
monomers were filtered out (Amicon-Millipore #UFC510024). Data were acquired on an

LSRFortessa or FACS Canto (BD Bioscience) and analyzed using FlowJo (Tree Star).
Bone marrow chimeras

The femur and tibias of donor mice were collected. Bone marrow was obtained by flushing the
bones with 1% RPMI. Cells were passed through a 70uM filter and treated with RBC lysis buffer
for 3 minutes. Recipient mice were irradiated twice (550 rads) 3-4 hours apart and injected with
5-10x10° bone marrow cells 1.V. within 4 hours of the last irradiation. Recipient mice were given
bottles of neomycin water (2g/L) which were replaced every 3 days for 2 weeks. Chimeric mice

were utilized for experiments 8-12 weeks post reconstitution.
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SMARTA T cell transfers

T cells were collected from CD45.2" SMARTA Tg Rag KO wildtype or TdT KO lymph nodes as
described above and 10° were injected 1.V. into recipient CD45.1 wildtype mice in 200uL of PBS.
One day later, recipient mice were infected by intravenous injection of 2x10° PFU of LCMV clone

13 in 200uL of PBS.
Statistics

Data was analyzed by unpaired t-tests with Welch’s correction or with non-parametric tests with
Mann-Whitney correction (GraphPad Prism). The cutoff for significance was P < 0.05 for all

analyses.

Results

The adult TdT-independent repertoire is biased towards GC-Tfh differentiation

TdT KO mice were infected with pathogens that result in chronic infection in mice, where
CD4" T cells are critical for protection. To simultaneously evaluate the differentiation of multiple
CD4" T cell lineages, we infected TdT KO mice with the fungal opportunistic pathogen
Cryptococcus neoformans (C. neoformans). We found that 20 days post infection, there were no
significant differences in the proportion or number of activated CD4" or CD8" T cells in the lung
or lung draining lymph node in TdT KO mice, indicating robust activation and recruitment of T
cells despite the reduction in repertoire diversity (Supplemental Figures 1A-C). A significantly
different cytokine response was elicited in the lungs of TdT KO mice, characterized by a two-fold
increase of IL-17A producing (Th17) cells and a two-fold decrease in IL-4, IL-5, and IL-13
producing (Th2) cells (Supplemental Figures 1D-G). No difference was observed in the proportion

of IFNy-producing (Th1) cells. In agreement with these data, we observed significantly increased
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RoRyt (Th17) expression, decreased GATA-3 (Th2) expression, and unchanged T-bet (Thl)
expression in activated CD4* T cells of TdT KO mice (Supplemental Figures 1H,1). IL-5 is a
critical cytokine for the recruitment of eosinophils to the lung during C. neoformans infection [29].
While the decrease in Th2 cells was subtle, we observed a two-fold reduction in the number of
eosinophils recruited to the lung indicating that this subtle difference had important functional
consequences (Supplemental Figures 1J,K). In the lung draining lymph node, Bcl-6-expressing
CXCR5* PD-1" (GC-Tfh) cells were significantly increased in TdT KO mice (Supplemental
Figure I, Figures 1A,B). Lung fungal burden was not significantly different in TdT KO mice 20
days post infection, indicating that the altered T helper cell differentiation was not driven by

differences in the amount of antigen (Figure 1C).

We next investigated whether the altered T helper cell responses in TdT KO mice were
specific to a subset of T cells responding to C. neoformans antigens or whether this phenotype
could be observed in another infection model. We infected TdT KO mice with Heligmosomoides
polygyrus (H. polygyrus), a natural mouse pathogen that establishes persistent infection in the
small intestine of mice [30]. Thl and Th17 responses were not robustly induced by H. polygyrus
infection 14 days post infection, and no differences were observed in the proportion of IFNy or IL-
17A producing cells in the mesenteric lymph nodes (Supplemental Figures A,B). Unlike during C.
neoformans infection, there was no significant difference in Th2 differentiation in TdT KO
animals, perhaps indicating that the decreased Th2 differentiation in TdT KO mice during C.
neoformans infection was due to biases in particular C.neoformans-specific clones or counter-
regulation by the increased Th17 differentiation (Supplemental Figures 2C,D). In agreement with
our previous results, we observed significantly increased GC-Tfh differentiation in TdT KO mice

during H. polygyrus infection (Figures 1D,E).
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Figure 1. TdT deficiency leads to increased GC-Tfh differentiation. AB. GC-Tth
differentiation was assessed in WT versus KO mice at 20 days post infection with C.neoformans.
Representative flow cytometry plots (gated on CD4* FoxP3 CD44") of CXCR5* PD-1" Tth cells
(A), and data summarized from 4 experiments (B). C. C. neoformans pathogen burden in the lungs
of WT versus KO mice 20 days post infection. D,E. GC-Ttfh differentiation was assessed in WT or
KO mice at 14 days post infection with H. polygyrus. Representative flow cytometry plots (gated
on CD4* FoxP3" CD44") of CXCR5* PD-1" Tth cells (D), and data summarized from 1 experiment
(e).Tth differentiation was assessed in wild type (WT) or TdT-deficient (KO) mice at 8- and 30-
days post infection with LCMV cl13 (cl13). E,F,G. Representative flow cytometry plots (gated on
CD4* FoxP3" CD44") of CXCR5* PD-1" GC-Tfh cells (E), and data summarized from 3
experiments (G). H. Serum viral load in WT or KO mice up to 48 days post infection with LCMV
cl13.
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The signals driving Tfh differentiation have been well studied in the context of lymphocytic
choriomeningitis virus (LCMV) infection. To better characterize the increased GC-Tfh
differentiation in TdT KO mice, we infected them with LCMV clone 13 (cl13), which results in
persistent infection in mice [31]. We observed significantly increased GC-Tfh differentiation in
TdT KO mice at 30 days post infection (Figures 1F,G). Surprisingly, no difference in serum viral
load was observed in TdT KO mice up to 50 days post infection (Figure 1H). Taken together, these
data indicate that increased GC-Tfh differentiation is a general property of the adult TdT-
independent repertoire. Furthermore, despite the vast reduction in repertoire diversity, TdT KO

mice are equally capable of responding to and limiting viral replication and lung fungal burden.

Increased T follicular helper cell responses are associated with an altered repertoire of

responding T cells in TdT KO mice

The established function of TdT is to catalyze the addition of non-templated nucleotides
into TCR junctions to generate N-region diversity during VV(D)J recombination in thymocytes and
immature B cells. However, TdT has been reported to be able to catalyze templated nucleotide
additions, raising the possibility that TdT may have an unknown function in lymphocytes [32-34].
To address this, we crossed SMARTA TCR transgenic mice to TdT KO mice and investigated
whether the increased GC-Tfh differentiation observed in TdT KO mice was due to its role in
generating N-region diversity. The SMARTA TCR is specific for the immunodominant LCMV
GPé1-80 epitope. 100,000 CD45.2* SMARTA* x TdT** or TdT KO CD4" T cells were transferred
into CD45.1" wildtype mice, and recipient mice were infected 1 day later with LCMV cl13

(Supplemental Figure 3A). On day 30 post infection, no difference in Tfh differentiation was
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Figure 2. Altered TCRV repertoire diversity in responding GC-Tth cells of TdT KO mice.
A-F. TCRVp expression in different subsets of activated CD4* T cells were analyzed on Day 30 of
LCMV cl13 infection. A, B. Representative flow cytometry plots (gated on CD4* FoxP3- CD44")
of TCR Vf6 expression in PD-1" CXCR5* (GC-Tfh) cells (A), and data summarized from 1
experiment (B). C,D. Representative flow cytometry plots (gated on CD4* FoxP3" CD44") of TCR
V6 expression in PD-1" CXCR5 cells (C), and data summarized from 1 experiment (D). E,F.
Representative flow cytometry plots (gated on CD4* FoxP3" CD44") of TCR Vf6 expression in
PD-1"CXCR5' cells (E), and data summarized from 1 experiment (F).G,H. Representative flow
cytometry plots (gated on CD4* FoxP3™ CD44") of GP66:1-Ab-specific cells on Day 30 LCMV
cl13 infection (G), and data summarized from 2 experiments (H). 1,J. Representative flow
cytometry plot of TCR VA8.1 expression in GP66:1-Ab specific activated CD4" T cells (1), and
data summarized from 1 experiment (J).
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observed in transferred SMARTA wildtype versus SMARTA TdT KO T cells (Supplemental

Figure 3B,C).

Since the altered GC-Tfh differentiation in TdT KO mice was intrinsic to the TCR, we
hypothesized that specific TCRs biased towards the GC-Tfh fate would be enriched in TdT KO
mice. We compared TCR Vp chain usage in TdT KO versus wildtype mice during LCMV cl13
infection. 15 TCR Vp chains were tested in preliminary experiments (data not shown), and TCR
V6, VB7, VBS.1, and VP14 were further analyzed due to their high prevalence. On day 30 post
LCMV cl13 infection, up to 50% of the GC-Tfh response was captured by the TCR Vf chains
analyzed (Supplemental Figure 3D). Two times more GC-Tth cells in TdT KO mice expressed the
TCR V6 chain compared to wildtype cells. No significant differences in TCR V7, V8.1, or
V14 usage were observed (Figures 2A,B). TCR V6 usage was not different in naive CD4 T cells
in TdT KO mice, indicating the increased TCR V6 usage in TdT KO GC-Tfth cells was not due
to a pre-existing bias in naive cells (Supplemental Figure 2E,F). Furthermore, we observed
significantly increased TCR V6 usage in PD-1 expressing CXCR5 CD4 T cells in TdT KO mice
but not in PD-1" cells, indicating that increased TCR V36 usage in TdT KO mice was not uniformly

increased in all antigen experienced CD4 T cells.

Earlier studies found that the immunodominance hierarchies for hen egg-white lysozyme
(HEL) or Mycobacterium tuberculosis 65kDa heat shock protein (Hsp65) were unchanged in TdT
KO mice [9]. Another study found that CD8" T cell immunodominance hierarchies in response to
influenza A virus PR8 infection was shifted in TdT KO mice [35]. The altered TCR usage in TdT
KO mice during LCMV cl13 infection led us to hypothesize that immunodominance may be
shifted during LCMV infection. However, the overall proportion of GP66:1-AP specific CD4* T

cells was unchanged in TdT KO mice (Figure 2G,H). A significantly higher proportion of GP66:1-
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Ab™ specific cells expressed VB8.1 TCRs (Figure 21,J). Therefore, while there was no significant
change in TCR V8.1 usage at the population level we could see differences in TCR Vp usage in
virus-specific cells. Taken together, these data support that the increased GC-Tfh differentiation

in TdT KO mice is due to differences in the diversity of responding T cells.
Evidence of increased TCR signaling in TdT KO T cells

How the strength of TCR signaling instructs Tfh cell differentiation has been well
documented. While Tth cells can be generated at low, intermediate, or high affinity signaling [36],
several studies reported that strong TCR signals biased T helper differentiation into the GC-Tth
lineage [16, 18, 37]. Therefore, we investigated if TCR avidity distribution was skewed upwards
in TdT KO mice. CD5 is a cell surface glycoprotein expressed on T cells and a subset of B cells
[38]. CD5 is a negative regulator of TCR signaling and its expression is set in the thymus in
proportion to the TCR signal received [39]. CD5 expression is maintained on peripheral naive T
cells through homeostatic interactions with dendritic cells and correlates with self-pMHC and
foreign-pMHC binding strength [40]. We found that CD5 expression was significantly increased
in TdT KO CD4 and CD8 double negative (DN) thymocytes and pre-selection double positive
(DP) thymocytes, indicating stronger TCR signals perceived during B-selection. (Figures 3A,B).
CDS5 expression was unchanged in CD4 single positive (4SP) thymocytes and in peripheral naive
CD4" T cells, potentially indicating increased negative selection of TdT KO thymocytes (Figures
3C,D). However, frequencies of 4SP and 8SP thymocytes were significantly increased TdT KO
mice (Supplemental Figures 4A,B), suggesting that a significant proportion of cells were making

the transition to mature thymocyte populations in TdT KO thymi.
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Figure 3. Evidence of stronger TCR signaling in TdT KO mice. A,B. Representative flow
cytometry plots of CD5 expression in CD4 and CD8 double negative (DN), CD4 and CD8 double
positive CD69" pre-selection (DP) thymocytes, FoxP3~ CD4* single positive thymocytes (4SP), and
lymph node naive CD4* T cells from uninfected mice (A), data summarized from 4 experiments
(B). C,D. Representative flow cytometry plot of GP66:1-Ab expression on GP66-specific CD4™ T
cells from Day 30 LCMV cl13 infected mice (C), data summarized from 2 experiments (D). E,F.
Representative flow cytometry plot of PD-1 expression on CXCR5™ (Non-Tfh) CD4™ T cells from
Day 30 LCMV cl13 infected mice (E), data summarized from 3 experiments (F).
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We next investigated whether there was evidence for higher avidity clones in TdT KO mice
during LCMV cl13 infection. We found that on average, GP66:1-AP specific T cells in TdT KO
mice had 25% increased tetramer binding strength (Figures 3C,D). Furthermore, PD-1 expression
was significantly increased in CXCR5 CD4 T cells in LCMV cl13 infected TdT KO mice,
indicating the presence of increased TCR signaling (Figures 3E,F). Taken together, TdT KO T

cells have a phenotype that is associated with increased TCR signaling.

The increased GC-Tfh response in TdT KO mice has both T cell and B cell intrinsic

components

TdT is expressed in immature B cells and also regulates B cell repertoire diversity [22].
Furthermore, B cells regulate the functional maturation of Tth cells [41]. This raised the possibility
that TdT-deficient B cells may be contributing to the GC-Tfh phenotype observed. To test this, we
generated bone marrow chimeras where TdT deficiency was restricted to T cells only (KO T only),
B cells only (KO B only), or both. (Figure 4A) GC-Tfh responses were significantly increased in
KO T only and KO B only chimeras relative to WT T/B chimeras 30 days post LCMV cl13
infection. Interestingly, neither individually fully recapitulated the increased GC-Tfh response
observed in KO T/B chimeras (Figures 4B,C). These data show that increased GC-Tfh
differentiation in TdT KO mice has both T cell and B cell intrinsic components. In KO T only, but
not KO T/B chimeras, there was significantly increased serum viral loads at day 30 post infection
(Figure 4D). This data demonstrates that reduced T cell repertoire diversity in T cell specific TdT

KO mice results in decreased pathogen control.
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Figure 4. Increased Tfh differentiation in TdT KO mice has T cell and B cell intrinsic
components. A. Schematic indicating combinations of bone marrow to generate mice where TdT
is deficient in T cells or in B cells only. B,C. Representative flow cytometry plots (gated on CD4*
FoxP3" CD44") of CXCR5* PD-1" GC-Tth cells 30 days post LCMV cl13 infection (B), and data
summarized from 3 experiments (C). D. Serum viral load on Day 30 post LCMV cl13 infection.
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Discussion

TdT expression is highly conserved in vertebrates which indicates that it must have some
benefit to the organism. However, an effect of the lack of TdT expression on CD4* T cell responses
has not been reported. We found that GC-Tfh differentiation was increased in TdT KO mice in
response to genetically diverse pathogens, indicating that increased GC-Tfh differentiation was a
general property of the adult TdT-independent repertoire. This was associated with altered TCR
VB diversity of responding CD4* T cells in TdT KO mice during LCMV cl13 infection. TdT KO
SMARTA T cells did not have increased GC-Tfh differentiation compared to TdT-sufficient
SMARTAT cells during LCMV cl13 infection, supporting that TdT expression in T cells regulates
GC-Tfh differentiation in a mechanism intrinsic to the TCR. GC-Tfh differentiation has been
shown to be favored by intermediate to strong TCR signals during an immune response. We found
evidence that TdT KO T cells bear more highly reactive TCRs, notably having higher GP66:1-AP
tetramer binding strength and increased PD-1 expression during chronic LCMV cl13 infection.
Future studies may aim to expand on this by tetramer pull down assay or surface plasmon
resonance assays [42, 43]. However, it is unclear how many TCR:pMHC-II combinations must be

tested to convincingly make generalizations about the entire repertoire.

TdT catalyzes between 2 and 5 non-templated nucleotides into TCR junctions on average
[4]. TCR sequencing of TdT KO mice showed that average CDR3a/ lengths were reduced by 1-
2 amino acids [35]. Therefore, while in wildtype mice CDR3 lengths are normally distributed with
an average of 9-10 amino acids, this is shifted to 7-9 normally distributed amino acids in TdT KO
mice [4]. Associations between CDR3 length and T-helper cell lineages have been described in
antigen specific CD4" T cell populations. Two previous studies found that PLPse.70 specific Th2

cells had significantly longer CDR3a sequences (13-14 amino acids) than Th1l cells (~12 amino
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acids) [44, 45]. Th17 cells had even shorter CDR3a sequences (~11 amino acids) [45]. In in vivo
polarized PCC-specific Tth cells, CDR3a and CDR3p lengths were 8 and 9 amino acids long,
respectively [16]. Together, these studies showed that in certain antigen specific populations, Tth
and Th17 cells have the shortest average CDR3 lengths and Th2 cells have the longest CDR3
lengths while Th1l cells are intermediate to these populations. In TdT KO mice, where average
CDR3 lengths are between 8-9 amino acids, we observed increased GC-Tfth differentiation. This
extends the finding that PCC-specific Tth cells were biased for T cells bearing shorter CDR3
regions to a polyclonal T cell repertoire. Furthermore, TdT may be necessary to generate lower

avidity TCRs biased towards increased Th2 differentiation.

GC-Tfh cells are protective during chronic LCMV infection [46] [47]. In global TdT KO
mice, the increased GC-Tfh response was not associated with improved control of LCMV cl13 or
C. neoformans infections. In bone marrow chimera experiments, we observed higher viral loads at
day 30 post LCMV cl13 infection when TdT deficiency was restricted to T cells only, despite
elevated GC-Tth cells compared to wildtype chimeras. However, it is not surprising that reduced
T cell repertoire diversity would result in impaired control of a rapidly mutating virus, despite the
subtle increase in GC-Tfh cells. Despite these expectations, experimental evidence supporting that
pathogen control is impaired in TdT deficient mice has not been provided until now. Interestingly,
these data also show that that increased B cell repertoire diversity, relative to KO B only chimeras,

is not protective during persistent LCMV infection.

There are multiple potential explanations for the role B cell repertoire diversity may have
in this model. Firstly, autoimmune regulator (Aire) expressing thymic resident B cells have
recently been shown to positively regulate the negative selection of thymocytes [48]. Thymic B

cells express tissue restricted antigen due to the action of Aire and through the presentation of
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antigens derived from extracellular proteins captured with the BCR [48, 49]. The additional ability
to capture antigen and present it to T cells for negative selection has been demonstrated to not have
a redundant role with Aire-generated antigen [50]. This implies that the B cell repertoire to some
degree regulates the antigens expressed during negative selection. B cell intrinsic TdT expression
may play a role in the antigens presented since human thymic B cells were found to have highly
diverse BCR repertoires with N-nucleotide containing CDR3 sequences. [51]. In agreement with
the hypothesis that B cell repertoire diversity may regulate T cell repertoire diversity generated in
the thymus, B cell knockout (uMT or J4 KO) mice had vastly reduced T cell repertoire diversity
[52]. In global TdT KO mice, reduced B cell repertoire diversity may allow certain high avidity T
cells to escape negative selection. Theoretically, these cells may be more prone to differentiating
into GC-Tfth cells due to their increased TCR avidity. Tfh differentiation is a multistep process
involving priming by DCs followed by maintenance by antigen-specific B cells via inducible T
cell stimulator (ICOS)-ICOS ligand interactions [53, 54]. Reduced B cell repertoire diversity may
result in increased B cell clone sizes, potentially increasing the probability of germinal center B
cells encountering cognate Tth cells, and thus resulting in increased maturation or survival signals

provided to Tfh cells.

Collectively, we demonstrated an association between TCR sequence and CD4" T cell
effector function. TdT KO CD4" T cells lacking N-region diversity were biased towards GC-Tfh
differentiation. By restricting the TdT-deficiency to T cells, we found that the decreased T cell

repertoire diversity in TdT KO mice lead to impaired control of LCMYV during persistent infection.
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Supplemental Figure 1. Altered CD4 T cell differentiation in TdTKO mice during C. neoformans infection.
CDA4* T cell differentiation was assessed at 20 days post infection A,B,C. Representative flow cytometry plots (gated
on CD4* FoxP3") of CD44 expression in the lung (A), summary of percent CD44" CD4 T cells (B), summary of the
number of CD44hi CD4 T cells in the lung (C). D,E. Representative flow cytometry plots (gated on CD4+ FoxP3-
CD44") of IFNy and IL-17A expression (D), summary of cytokine expression from 4 experiments (E). F,G.
Representative flow cytometry plots (gated on CD4* FoxP3- CD44") of IL-4 and IL-5 expression (F), summary of
cytokine expression from 4 experiments (G). H,l. Representative flow cytometry histograms (gated on CD4* FoxP3
CD44"Y of RoRt, T-bet, and GATA-3 transcription factors (H), summary of expression from 4 experiments (1). J,K.
Representative flow cytometry plots (gated on CD11b* CD11c" CD68*) of eosinophils (SiglecF* Ly6G") and
neutrophils (SiglecF- Ly6G+) (J), summary of eosinophil and neutrophil numbers from 4 experiments (K). L,
Representative flow cytometry plot of Bcl-6 expression on naive (CD44-) CD4+ T cells versus Tfh (CXCR5+ PD-1hi)
cells.
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Supplemental Figure 2. No difference in Th2 or Th17 differentiation in TdTKO mice during H. polygyrus
infection. CD4* T cell differentiation was assessed in WT versus KO mice at 14 days post infection with H. polygyrus.
A B. Representative flow cytometry plots (gated on CD4* FoxP3~ CD44") of IFNy and IL-17A expression (A),
summary of cytokine expression from 1 experiment (B). C,D. Representative flow cytometry plots (gated on CD4*
FoxP3- CD44M) of IL-4 and IL-5 expression (C), summary of cytokine expression from 1 experiment (D).
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Supplemental Figure 3. Increased Tfh differentiation in TdTKO mice is TCR intrinsic. A. Experimental setup
for SMARTA T cell adoptive transfer and LCMV cl13 infection. B,C. Gating strategy for GC-Tfh cells (CXCR5") with
endogenous wildtype cells (CD45.1* CD4* FoxP3- CD44") on the left, and transferred (CD45.2* CD4* FoxP3
CD44") cells on the right (B), summary of GC-Tfh cells from 1 experiment (C). D. Sum of the percentage of GC-Tfh
cells expressing TCR V6, Vf7, V8.1, and V14 from Day 30 of LCMV cl13 infection in wildtype versus TdT KO
mice. e, Summary of TCR VJ expression in naive CD4* T cells from Day 30 LCMV cl13 infected mice.
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Supplemental Figure 4. Increased CD4 SP and CD8 SP thymocytes in TdTKO mice. A. Representative flow
cytometry plots (gated on live, singlets, lymphocytes) of 4SP and 8SP gating. 4SP cells were further gated on CD25
cells (not shown). B. Summary of the frequency of 4SP and 8SP populations from 2 experiments.
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Supplemental Figure 5. Unaltered cytokine production in TdTKO mice during LCMV cl13 infection. A,B.
Representative flow cytometry plots (gated on CD4* FoxP3~ CD44") of IFNy, TNFe, and IL-2 expression 30 Days
post LCMV cl13 infection (A), summary of cytokine expression from 3 experiments (B). C. Summary of cells expressing
all three cytokines (Boolean gating). D,E. Representative flow cytometry histogram of T-bet expression (D), summary
from 2 experiments (E).
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Chapter 5: Discussion

The work in this thesis investigated different mechanisms controlling the selection of an
effective T cell repertoire. The primary focus was on how the environmental factor vitamin D
controls mTEC function and differentiation, and thymic organogenesis. This work was undertaken
based on clinical data that linked vitamin D deficiency early in life to increased risk of developing
autoimmunity, suggesting that vitamin D may play a role in the negative selection of T cells in the
thymus. | also investigated how the action of a highly conserved thymic DNA polymerase, TdT,

regulates the diversity of CD4" effector T cell differentiation during infection.

The presence of the VDR in the thymus was recognized as early as 1984, as calf thymus
extracts were used as a source of VDR for competitive binding assays for 1,25D [175]. VDR
expression in the thymus was also confirmed later by other groups [176]. In 1987, a study found
that rats fed a vitamin D-deficient diet and later injected with radio-labeled 1,25D (3H) had retained
radioactivity in the nucleus of reticular cells, but not lymphocytes, of the thymic cortex and
medulla [177]. This was abrogated when rats were first injected with excess unlabeled 1,25D
[177], thus providing strong evidence for the presence of the VDR and active vitamin D signaling
in rat thymi. However, the thymic cell types expressing the VDR and the potential role for 1,25D
signaling in the thymus were not investigated until much later. A study published in 2022 using a
tdTomato-reporter, labeling cells with past or current VVdr expression, found that the Vdr was
expressed in all major subsets of conventional thymocytes, notably being highly expressed in DP
cells [178]. Basic phenotypic analyses of lymphocyte populations in the thymus of VVdr-deficient
mice did not reveal substantial alterations in the frequency of conventional thymocyte populations
[179]. However, the thymic development iNKT cell and CD8awa™ intraepithelial cells were shown

to be defective in Vdr KO mice [180, 181]. To our knowledge, the thymic phenotype of Cyp27bl
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KO mice had not been studied prior to our investigations. Moreover, alterations in thymic
populations in Vdr-deficient mice thus far have been restricted to the phenotype of hematopoietic

cells, despite evidence of Vdr expression in critical stromal cell types.

Consistent with previous studies, we found that the VVdr was expressed in thymocytes.
Furthermore, we demonstrated that the Vdr is expressed in both cortical and medullary TECs
(reticular cells) using specific markers, and that it is also present in hematopoietic thymic APCs
such as DCs and B cells. The presence of nuclear Vdr staining in whole thymus by IF was
suggestive of active vitamin D signaling, consistent with our findings of the presence of Cyp24al
transcripts in RNA sequencing data of mouse and human TECs. Confirmation of signaling was
obtained by Cyp24al induction in 1,25D-treated thymic slices (2—-10-fold) and sorted TECs (50—
100-fold). We further demonstrated that 1,25D regulates the induction of Aire mMRNA and protein
expression in mTECs, and the absence of 1,25D in Cyp27b1 KO mice resulted in impaired Aire*
mTEC differentiation. The relatively higher induction of Cyp24al in TECs, relative to thymic
slices, indicated that TECs are more sensitive to 1,25D than thymocytes, which make up ~98% of
thymic slices. This is supported by observations from our imaging data from whole thymi, which

showed that the VVdr was generally nuclear in mTECSs but cytoplasmic in thymocytes.

Aire expression and mTEC differentiation is crucially dependent on NF-kB signaling
following engagement of RANK with its ligand RANKL, which is provided primarily by
positively selected 4SP thymocytes in adult mice [150]. We have preliminary data not included in
this thesis that 1,25D treatment upregulates the expression of Rankl mRNA in thymic slices.
Additionally, we found that Rankl mMRNA and protein was decreased in Cyp27b1 KO thymocytes.
Therefore, in order to clarify the TEC-intrinsic role of 1,25D in Aire™ TEC maturation, it will be

necessary to generate TEC-specific conditional KO mice. We demonstrated that nearly all thymic
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cell types express Cyp27bl and could theoretically produce 1,25D. Furthermore, renal-derived
1,25D may enter the thymus through the circulation. Therefore, TEC-specific deletion of Cyp27bl
may not prevent Vdr activation in TECs due to paracrine 1,25D signaling. To address this question,
analysis of the thymic phenotypes in Vdr"™ x FoxN1¢¢ mice would be critical. This includes
investigating potential defects in Aire" mTEC maturation, TRA expression, and thymic cellularity
and involution. Important controls to include would be Vdr"™ x FoxN1°® mice and Vdr™f x Cd4°r
mice to study potential T cell intrinsic roles. For preliminary studies, it would also be important to
include full Vdr KO controls, because of known phenotypic differences with Cyp27b1 KO mice,
such as alopecia in Vdr but not Cyp27b1 KO mice [61]. In the event that the Vdr KO does not
phenocopy the Cyp27b1 KO thymic phenotype, other conditional KO models to target 1,25D
signaling in TECs without targeting the VVdr may be necessary. Furthermore, if this is the case, the
roles of 1,25D-independent actions of the Vdr on Aire expression would merit further

investigation.

RNA sequencing studies with Aire KO and control TECs demonstrated that Aire regulates
the expression of more than 3,200 genes in mTECs [182-184], representing transcriptional control
of ~21% of the 15,000 expressed genes in mTECs [184]. However, the mechanisms by which
AIRE is recruited to its target genes in humans and mice, and regulates transcriptional activity are
still under investigation. The PHD1 domain of AIRE binds hypomethylated lysine 4 residues on
histone H3 tails (H3K4me0)[132, 185], a histone mark associated with transcriptionally inactive
genes. The range of genes targeted by Aire was unaltered in mice expressing a PHD1 domain
mutant (D299A) that decreased the affinity of Aire for H3 tails by 15- to 30-fold [186]. However,
the impact of Aire on transcription was globally diminished [186]. Furthermore, these mice had

similar autoimmune disease to Aire KO mice, indicating that recognition of H3K4 marks by Aire
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are important for central tolerance. However, overexpression of a H3K4-specific demethylase in
in vitro experiments did not alter the transcriptional range or activity of Aire, collectively
suggesting that while binding of Aire to H3K4me0 marks with its PHD1 domain is essential for
central tolerance, these marks are not a targeting mechanism by which Aire is recruited to
chromatin. Another study proposed that Aire is recruited to chromatin via interactions of its SAND
domain with transcriptionally silent genes by the methyl CpG-binding protein 1-activating
transcription factor 7-interacting protein (MBD1-ATFip) complex, which binds methylated CpG
islands [187]. MBD1 KO mice had aberrant T cell infiltration into salivary and lacrimal glands.
However, comparison of TRA gene expression in MBD1 and Aire KO mice revealed that MBD1
targets differed from those of Aire. Moreover, the effect on Aire-dependent gene expression in
MBD1 KO mice was minor [187]. Therefore, association of Aire to its target genes via MBD1-
ATFip does not appear to be the principal mechanism by which Aire is recruited. Overall, evidence

for the precise mechanism by which Aire is recruited and recognizes its target genes is lacking.

The observation that mouse and human AIRE contain 4 LXXLL motifs traces back to a
the original paper describing the cloning of the mouse Aire gene in 1997 [137], a finding that was
noted in subsequent publications but never further investigated by the field. (Note that the original
paper describing the cloning of the mouse Aire gene described only 3 LXXLL motifs [137]). As
mentioned above, LXXLL motifs are critical for recruitment of cofactors to agonist-bound nuclear
receptors, such as the VDR. Through co-IP experiments in transfected HEK293 cells, we found
that the VDR and AIRE were interacting partners, and this interaction was enhanced by the
presence of 1,25D. ChIP and re-ChIP assays confirmed the simultaneous presence of the VDR and
AIRE on a CYP24A1 VVDRE in transfected 1,25D-treated HEK293 cells. We further confirmed the

presence of the Vdr and Aire on VDREs adjacent to the Cyp24al and Rnasel genes in sorted
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primary mouse mTECs. Finally, using HEK293 cells transfected with a construct containing a
minimal promoter composed of two VDRE’s and a TATA box driving the expression of a
luciferase reporter, we found that transfecting increasing concentrations of an AIRE expression
vector enhanced VDR-dependent transcription in a 1,25D dependent manner. These results suggest
that binding of AIRE to ligand-bound nuclear receptors such as the VDR may be a targeting
mechanism by which AIRE is recruited to target genes. The VDR regulates the expression of
thousands of genes. Our analysis of expression profiles showed that, in addition to the VDR, there
are several other nuclear receptors expressed in mTECs. Collectively, these results suggest that
recruitment of AIRE by the VDR and other nuclear receptors to DNA may contribute substantially

to the breadth of AIRE target genes in vivo.

In addition to differences in the epigenetic landscapes, differences in nuclear receptor
expression or function in different cell types may explain why the targets of AIRE differ when
transfected into different cell types. Our finding that AIRE is a coactivator of the VDR is consistent
with previous ideas that AIRE appears to enhance transcription [188]. Recruitment of AIRE to
VDR target genes, including some TRA genes, may be a mechanism to enhance the transcription
of rare TRA’s. Future ChIP-seq studies of mTEC™ cells to determine the 1,25D-dependent
genome-wide (co)distribution of Aire and the Vdr would address multiple aspects of these
hypotheses. In the absence of 1,25D, the range of genes with chromatin-associated Aire protein
would be expected to be decreased compared to mTEC™ cells isolated from whole thymus.
Increases in the range of TRA genes bound by Aire in the presence of 1,25D, particularly when
co-occupying sites with the \Vdr, by directed ChlP/re-ChlIP would convincingly demonstrate that
the Vdr recruits Aire to TRA genes to regulate TRA production. Investigating whether 1,25D

signaling enhances the transcription of rare TRA genes by scRNAseq may be complicated by the
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fact that only the most abundant transcripts are amplified. An alternative may be to perform a
comprehensive analysis of TRA gene expression levels in bulk RNAseq samples from highly pure
sorted wildtype and Cyp27b1 KO mTEC" cells, in addition to wildtype mTECM cells treated with

or without 1,25D.

We observed that 1,25D-treatment upregulated Aire mRNA in thymic slices, but it is
unclear whether this regulation is direct, i.e., through binding of 1,25D-Vdr to putative Aire
VDRE(s). This may be addressed by screening for VVdr binding in the vicinity of the Aire gene and
validation by directed ChlIP assays. It is also important to determine whether or not the absence of
1,25D signaling in the thymus specifically has an impact on the incidence or severity of
autoimmunity in mouse models. Autoimmune infiltration into the salivary gland of Aire KO mice
can be detected starting at 9 weeks of age, however, immune infiltration in most other organs is
more readily observable between 20-35 weeks of age [189]. Histological examination of these
target organs in Cyp27b1l KO in a similar time window would be of interest. To distinguish
potential thymic contributions to autoimmunity from peripheral 1,25D signaling, inclusion of

conditional KO (Vdr™™ x FoxN1°® or Cd4°*®) mice will be critical.

While relatively little was known about vitamin D signaling in the mouse thymus prior to
our studies, even less is known about vitamin D action in the human thymus. We analyzed
published single cell RNA sequencing data derived from the thymi of two 10-month-old children
and found VDR transcripts. We additionally found CYP27B1- and CYP24Al-positive TECs,
providing evidence for the presence of 1,25D and active vitamin D signaling in human TECs.
Mapping vitamin D signaling experimentally with human thymic samples would be necessary to
translate our findings from mice. It would be fascinating to compare sScCRNAseq data from human

thymic samples derived from healthy and vitamin D deficient or rachitic donors to assess whether
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vitamin D in humans influences TEC differentiation and thymic organ development. However, it

would be extremely unlikely to have access to such samples.

Our work has provided ample evidence that Aire” TEC differentiation and TRA gene
expression was impaired in Cyp27b1 KO mice. The impact on negative selection was assessed
indirectly by quantifying the frequency of Helios* 4SP thymocytes and the number of apoptotic
thymocytes in the thymic medulla. Helios is downregulated in positively selected thymocytes, and
upregulated in negatively selected thymocytes, and is thus a marker of autoreactive T cells in the
thymus [190]. Our finding that the frequency of Helios™ FoxP3~ 4SP thymocytes was halved in
Cyp27bl KO thymi may be explained by decreased Helios induction due to decreased negative
selection, or by enhanced positive selection. We found no significant difference in the expression
of TCRp, CD69, or CD5, which are markers associated with positively selected thymocytes. This
makes it unlikely that positive selection is more efficient in Cyp27b1 KO thymi and provides little
explanation for the decreased Helios expression observed. The decreased number of cleaved-
caspase-3* thymocytes in the Cyp27b1 KO medulla supports the hypothesis of decreased negative
selection. Furthermore, the frequency of Helios® FoxP3™ 4SP thymocytes was reduced in other
knockout mouse models with impaired negative selection [191]. Nonetheless, while suggestive of
impaired negative selection, more rigorous validation of the role of 1,25D signaling in negative
selection is merited. This can be addressed by treating thymic slices with or without 1,25D and
assessing antigen-specific T cell fates. Tetramer staining to investigate this in a polyclonal
repertoire is challenging due to the rarity of tetramer-specific cells and the low number of cells
that can be extracted from thymic slices. An alternative method would be to utilize INS2-USA Tg
mice, which have a modified OVA gene at the start codon of the Ins2 gene that contains other

epitopes including gp33, LCMV gp66, and 2W. Since Ins2 transcription is highly Aire-dependent,
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the expression of the USA is also Aire-dependent in this model. Antigen-specific tolerance can be
assessed using 1,25D or vehicle treated thymic slices generated from INS2-USA transgenic (Tg)
on wildtype or Cyp27b1 KO backgrounds, overlayed with CFSE-labeled USA-specific TCR Tg
thymocytes from OT-I Rag2 KO (OVA-specific) or SMARTA Ragl KO (LCMV gp66-specific)

TCR Tg mice.

Unexpectedly, we found that thymic involution was accelerated in Cyp27b1l KO mice. A
previous study from 1985 demonstrated that aged nephritic rats had a ~40% reduction in thymic
weight wet compared to normal rats [192]. Importantly, treatment with vitamin D or its
metabolites, such as 1,25D, moderately or completely restored thymic weight in nephritic rats to
control levels [192]. We’ve extended these findings on multiple levels. First, the presence of 1,25D
does not appear to affect thymic organogenesis in young mice, less than 4 weeks of age. Rather, it
appears to delay the age-associated decline in thymic cellularity that occurs after the thymus
reaches its peak size. Second, 1,25D signaling controls TEC proliferation and the gene expression
of various pro-thymic cytokines, including Fgf21, Igfl, and Fgf7. We also found that the number
of splenic T cells was reduced in Cyp27b1 KO mice. This may be due to decreased thymic output,
altered peripheral T cell homeostasis, or both. Recent thymic emigrants (RTE’s) can be quantified
by enumerating the amount of signal joint T cell receptor excision circles (sjTRECSs), which are
DNA sequences generated in thymocytes during thymic development that are not passed on during
cell division [193, 194]. Quantifying sjTREC numbers in wildtype and Cyp27b1 KO mice and
comparing splenic T cell numbers in 4-week-old mice, when there is no difference in thymic size
between control and KO mice, would illustrate the contribution of the thymic defect to the
peripheral lymphopenia observed in 6-10-week-old Cyp27b1 KO mice.

B cell numbers were also reduced systemically in Cyp27b1 KO mice. Because B cells are
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thymic APCs that express Aire, with non-overlapping roles in negative selection with mTECSs, it
is likely that their reduced numbers in Cyp27bl KO mice have deleterious effects for T cell
selection. However, unlike mTECs, Aire expression in B cells was unaltered in Cyp27b1 KO mice,
suggesting that Aire expression in these two cell types may be regulated differently. Our data
suggested that B cell development in the bone marrow of Cyp27bl KO mice was deficient.
Mechanistically, this may be due to defects in RANKL expression in the absence of 1,25D, which
we demonstrated to be downregulated in the thymus of Cyp27bl KO mice. Global mouse
knockouts for RANK and RANKL result in a systemic 50% decrease in B cell numbers [195, 196].
However, B cell-specific RANK deficiency does not alter their maturation [197], suggesting an
indirect role of RANKL deficiency in B cell development. We also examined the frequency of
thymic DCs, which are critical for T cell selection. Total DC (CD11c* MHC-I1I*) frequencies were
unaltered in Cyp27b1 KO thymi, however, the frequencies of pDC, and cDC SIRPa* or CD8a*
DCs were not analyzed individually. Since 1,25D signaling in peripheral DCs inhibits antigen
presentation [198], and most negative selection is thought to occur in the cortex through
interactions with DCs expressing peptides derived from Aire" mTECs [199, 200], it would be of
interest to further investigate the role of 1,25D on thymic DC function. Prior to the findings
established in this thesis, our knowledge of how vitamin D shapes the T cell repertoire was limited.
These results show that vitamin D regulates the development and function of mTECSs, which are
critical for enforcing a self-tolerant T cell repertoire and open the path for important future studies.

T cells bearing TCRs with high avidity for self-pMHC are removed from the repertoire during
negative selection. Furthermore, T cells with high avidity for self-pMHC also have high avidity
for foreign pMHC [201], and highly reactive T cells dominate the immune response during

infection [201-203]. Therefore, the trade-off for generating a self-tolerant T cell repertoire is
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sacrificing some T cells with high TCR affinity, thus limiting the host’s ability to detect and
vigorously respond to infection and cancer. This compromise has been evolutionarily determined
to be beneficial to the host. Therefore, T cell selection is optimized to generate a repertoire
containing the most beneficial TCRs. However, precisely how individual TCR sequences correlate
with antigen specificity, T cell function, and host protection remains unclear. This is challenging
to investigate due to the massive diversity of the T cell repertoire and expressed MHC alleles,
within and between individuals. However, advances have been made in identifying the
determinants of TCR specificity and avidity for pMHC.

Observations that TCRs from T cells with the same specificity often share conserved TCR
sequences lead to an analysis of 10 epitope-specific repertoires. This study demonstrated that each
epitope-specific repertoire contained TCRs with core sequence similarities, but with diverse outlier
TCR sequences [204]. They further developed a TCR classifier that could predict the TCR
specificity of the tested repertoires with 72-80% accuracy. Another study developed an algorithm
called GLIPH (grouping of lymphocyte interactions by paratope hotspots) based on TCR
structural data and sequencing data from pMHC-tetramer sorted T cells [205]. This algorithm
clusters TCRs based on their probability of sharing specificity, as a function of CDR3 sequences
and other conserved motifs. GLIPH was able to group TCRs from different blood donors,
illustrating that conserved CDR3 motifs participated to define TCR specificity. Importantly,
TCRa sequencing from 22 donors with latent M.tb infection and GLIPH analysis allowed them
to accurately identify pMHC ligands for M.th. Furthermore, they used GLIPH to predict the
specificity of new TCRs, not seen in donors, to the M.th. antigen Rv1195. Interestingly, these
TCRs had similar or improved antigen-specific activation compared to naturally occurring TCRs

derived from one of their donors. These findings have enormous implications for cancer T cell
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therapies, which rely on the identification of tumor-pMHC ligands and adoptive transfer of
autologous tumor-specific T cells [206].

A challenge in designing such T cell therapies is the selection of TCRs bearing high
reactivity for the tumor-antigens of interest. This has been addressed by genetic engineering of
TCR affinity enhanced T cells [206]. However, modifying T cell receptor affinity without altering
specificity is challenging, and while often effective at providing anti-tumor immunity, has also
resulted in off-target attack of self-tissues [207-209]. Therefore, identifying and utilizing highly
specific TCRs within the naturally occurring T cell repertoire with high pMHC avidity is prudent.
Cell surface markers such as CD5 are excellent readouts of TCR reactivity, but varies even within
the monoclonal repertoires of TCR transgenic mice [201]. Therefore, it remains important to
understand what structural elements of the TCR govern pMHC reactivity. Two TCR transgenic
mice specific for the same HSV glycoprotein B epitope had equal tetramer binding strength and
proliferation after in vitro stimulation, demonstrating that not all structural differences in the TCR
result in functional differences [210]. Like TCR specificity, this suggests that there may be certain
motifs of the TCR that are important to mediate reactivity. Whether or not these potential motifs
are conserved between TCRs or whether they vary between TCR-pMHC combinations is under
investigation. One study found that hydrophobic amino acids at positions 6 and 7 of the
CDR3p chain conferred higher reactivity for self-pMHC, regardless of MHC haplotype tested
[211]. This indicates that hydrophobicity at these residues may confer higher pMHC reactivity as
a general rule of the repertoire.

We investigated how the loss of TCRs containing N-nucleotides affects pathogen resistance
and the functional diversity of CD4" T cells, using TdT KO mice. Our data demonstrated that

CD4"* T cell differentiation was altered in TdT KO mice. GC-Tfh differentiation was increased in
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TdT KO mice in three models of chronic infection, including C. neoformans(fungus), H. polygyrus
(parasite), and LCMV cl13 (virus). This suggests that the bias in GC-Tfh differentiation is a
general property of the germline encoded repertoire. Furthermore, Th17 cell differentiation was
increased and Th2 differentiation was decreased in TdT KO mice during C. neoformans, but not
H. polygyrus, infection. This may represent a specific bias in the TCRs involved during the
response to C. neoformans. Thl and Th17 cytokine profiles were reported to be enriched in cells
with shorter CDR3a. lengths, whereas Th2 cells had longer CDR3a lengths [212]. Another study
also demonstrated that Th2 cells had longer CDR3a sequences than their Th1 counterparts [213].
Additionally, in vivo polarized antigen specific Tfh cells had short CDR3a and CDR3p sequences
[214]. The Tfh, Th17, and Th2 CDR3 length data are consistent with the TCRs generated in TdT
KO mice, which lack N-nucleotides and have short CDR3 sequences.

Th1 differentiation is favored by higher affinity TCRs [29], but was unaltered in TdT KO
mice in all infection models tested. The explanation for this is unclear. However, the increase in
Th17 and GC-Tfh cells, and decrease in Th2 cells, is consistent with a repertoire enriched for
higher affinity TCRs [29]. This is also supported by our data of increased PD-1 MFI and elevated
LCMV gp66 tetramer binding strength in TdT KO T cells during chronic LCMV infection.
Collectively, our data that T cells lacking N-region diversity may be enriched for higher avidity
TCRs and are predisposed towards GC-Tfh differentiation. These findings may have uses in the
clinical setting, specifically, for the selection and usage of T cell clones with short CDR3
sequences for anti-cancer therapy. Furthermore, vaccination strategies aimed at inducing GC-Tfh
cells may benefit from targeting V6™ T cells with short CDR3 sequences.

A recent study demonstrated that T cells with shorter CDR3 chains are enriched for during

thymic selection and antigen-driven expansion [215]. This provides evidence that T cells with
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TCRs bearing less N-nucleotides have a selective advantage and may be better adapted for and
have higher reactivity for pMHC. In such a case, the addition of non-templated “random”
nucleotides by TdT may generate TCRs less well-suited to bind pMHC. Interestingly, the CDR3p
chain is primarily encoded by D gene segments and N-nucleotides [216]. Therefore, it would be
interesting to investigate whether TdT KO TCR sequences encode less hydrophobic amino acids
in positions 6 and 7 of the CDR3 compared to germline sequences, as a potential mechanism of
lowering TCR reactivity. While TdT-mediated nucleotide additions are non-templated, germline
encoded TCRs may be evolutionarily optimized to generate TCRs with hydrophobic residues at
these positions at higher frequencies. The evidence that the expression of TdT is tightly regulated
in a temporal and spatial manner, across multiple species, implies that it has some kind of
advantage for the host. However, a defect in pathogen control was only observed in T cell specific
TdT KO mice during chronic LCMV infection. This is unlikely to be related to the increase in GC-
Tth differentiation, which is protective in LCMV. Further investigation with T cell-specific
conditional TdT KO mice in infectious or autoimmune models driven by Th2 or Th17 responses,

respectively, may reveal a rationale for the host to generate TdT-dependent TCRs.
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Summary and Conclusions

Chapter 2: My aim was to determine whether vitamin D signaling was active in the thymus and
investigate its potential roles in the process of central tolerance. | demonstrated that the Vdr and
Cyp27b1 are expressed in both stromal and hematopoietic thymic cell types, and that vitamin D
signaling is active in the thymus. | further found that 1,25D regulates the expression of the critical
transcription factor Aire, and Aire-dependent TRA gene expression. Finally, we demonstrated that
Aire interacts with the Vdr, and is a coactivator of Vdr-dependent gene transcription. These
findings provide a potential mechanism by which Aire is recruited to DNA, and for the first time

reveal a role for vitamin D signaling in thymic processes essential for central tolerance.

Chapter 3: Our aim was to investigate thymic development in the absence of 1,25D signaling. |
found that Cyp27b1 KO mice were lymphopenic, and that age-associated thymic involution was
markedly accelerated. Aire* mTEC differentiation and TRA gene expression was impaired in KO
mice, consistent with our previous findings that 1,25D augments Aire expression. We further
investigated TEC phenotypes using sScRNAseq and found that Ccl21a® mTECs were increased in
KO mice at the expense of Aire* cells. RNA velocity analysis indicated that the Ccl21a* cells were
not precursors of Aire* mTECs, suggesting that 1,25D regulates another precursor TEC
population. Ingenuity pathway analysis revealed that Cyp27bl KO TECs have a gene signature
associated with aging thymi. We found that the expression of various pro-thymic longevity factors
was reduced in sorted KO TECs. Furthermore, fewer KO TECs were actively cycling, and there
were fewer Ki67* TECs in KO thymi. Collectively, these data demonstrate that 1,25D regulates

TEC development, notably of Aire™ TECs, and slows age-related thymic involution.
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Chapter 4: Here, | investigate whether T cell repertoire diversity impacts CD4* T cell
differentiation using TdT deficient mice. | found that GC-Tfh responses were increased in TdT
KO mice in response to genetically diverse pathogens in a TCR-intrinsic manner. The
VB repertoire of responding T cells was altered in TdT KO mice, favoring T cells expressing TCRs
with V36 segments. CD5 expression in pre-selection KO thymocytes was significantly increased,
supporting previous data that TdT KO TCRs may bind pMHC more efficiently. Furthermore, PD-
1 expression was increased on non-GC-Tfh KO CD4" T cells and KO T cells had higher GP66
tetramer binding strength during persistent LCMV cl13 infection. Bone marrow chimera
experiments restricting TdT deficiency to B or T cells, or both, demonstrated that there were both
T cell- and B cell-intrinsic components to the increased GC-Tfh phenotype. Finally, viral loads
were increased in T cell specific TdT deficient chimeras relative to wildtype or full KO chimeras,
30 days post infection with LCMV cl13. These data collectively show that the germline repertoire
favors GC-Tfh differentiation, and that TCR diversification generated by TdT may serve to

diversify effector T cell responses to infection.
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