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ABSTRACT

The process of self-nonself discrimination by the immune system is a fundamental
attribute of healthy organisms. Since T-cell receptors (TCRs) are generated by the random
process of somatic recombination without regard to its targets, the newly developed
T-cell clones could recognize either self or nonself antigens. The mechanisms of central
tolerance robustly limit the self-reactive repertoire within the T-cell population via
deletion of clones that express self-reactive TCRs or their deviation into the regulatory
T-cells (Tregs). These processes occur mainly in the thymic medulla where the TCR
reactivity to self-antigens is tested by various types of antigen-presenting cells, mainly
medullary thymic epithelial cells (mTECs), dendritic cells (DCs), and B-cells. The
cooperation between these cell-types has been shown to be essential for the establishment
of thymic tolerance. A key molecule regulating the production of self-antigens is the
autoimmune regulator (AIRE), which is thought to be expressed primarily by mTECs and
its mutations are associated with the development of severe autoimmune disorders. In this
context, the presented thesis describes the novel regulatory pathways important for the
development of a functional and “harmless” repertoire of T-cells and for enforcement of
tolerance. First, we have shown that signaling through Toll-like receptors (TLRs) on
mTECs leads to the influx of monocyte-derived DCs to the thymic medulla and
subsequent regulation of Tregs development. Consistently, the abrogation of TLR
signaling in TECs resulted in decreased frequency and functionality of Tregs, leading to
aggravated mouse experimental colitis. Second, we demonstrated that gastrointestinal
symptoms associated with AIRE loss-of-function are associated with the defective central
tolerance to enteric a-defensins. Third, and consistent with the notion that the processes
of central tolerance are complemented by the various mechanisms of peripheral tolerance,
we have identified a novel population of peripheral lymph node resident AIRE-expressing
cells, which share several characteristics with innate lymphoid cells type 3 (ILC3) and can
efficiently present endogenously expressed antigen to peripheral CD4" T-cells. Lastly, we
have developed a new mouse model that enables cell-specific depletion of AIRE and thus

allows to study the function of AIRE in a much broader physiological context.



ABSTRACT (CZ)

Rozpoznavéani télu vlastnich a cizich struktur imunitnim systémem je jednim ze
zakladnich dé&ji udrzujich zdravi organismus. Jelikoz T-bunécné receptory (TCRs) jsou
vytvatreny nahodnym necilenym procesem somatické rekombinace, nové vznikajici klony
T-bun¢k mohou rozpoznavat jak télu-vlastni tak cizi antigeny. Mechanismy centralni
tolerance maji schopnost omezovat autoreaktivni T-bunéfny repertoar pomoci
odstraniovani klond nesouci autoreaktivni TCR nebo pomoci konverze téchto klonti na
regulacni T-buiiky. Tyto procesy probihaji pfevazné ve dieni brzliku, kde dochazi
k testovani autoreaktivity T-bunécnych klonti pomoci riznych typt bunck prezentujich
antigen, jako jsou meduldrni epitelidlni bunky brzliku (mTECs), dendritické bunky
a B-bunky. Ukazuje se také, Ze vzdjemna spoluprace téchto bunéénych typlu je
nepostradatelnd pro spravné fungovani imunitni tolerance. Klicovou ulohu v fizeni
produkce télu vlastnich antigenil zastava protein autoimunitni regulator (AIRE), ktery je
produkovany pievazn¢ mTEC bunkami a jehoz mutace vedou krozvoji tézkych
autoimunitnich reakci. V tomto kontextu ptredkladand diserta¢ni prace popisuje nové
regulacni drahy asociované s AIRE proteinem, které jsou diilezité pro vyvoj funkéniho a
bezpecného repertoaru T-bunék a ustanoveni tolerance. Zaprvé jsme ukazali, Ze
signalizace ptes receptory rodiny Toll (TLR) na mTEC buinikach vede ke zvySené migraci
dendritickych bunék derivovanych z monocytu do diené brzliku, kde néasledné dochézi
k nartistu poctu regulac¢nich T-bun¢k. Shodné, také vypnuti TLR signalizace na mTEC
bunkach vede ke sniZeni poctu a funkce regula¢nich T-bunék a to nasledné zplisobuje
vyrazné zhorSeni experimetdlniho zanétu tlustého stfeva. Zadruhé jsme popsali, Ze
symptomy asociované s travicim traktem u pacientii s nefukénim proteinem AIRE, mohou
byt vysvétleny ztradtou centralni tolerance k enterickym a-defensinim. Zatteti, a v
navaznosti na funkci periferni tolerance, prace popisuje novy typ AIRE protein
produkujicich bun¢k v lymfatickych uzlinach, které byly charakterizované jako pfirozené
lymfoidni buiiky tfetiho typu (ILC3), a které jsou schopné efektivné prezentovat télu
vlastni antigeny CD4" T-buiikdm. V neposledni fadé, se nam podafilo vyvinou novy mysi
model umozitujici bunééné specifické vypnuti genu AIRE, coz dovoluje studovani jeho

funkce v mnohem Sir§im fyziologickém kontextu.
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LITERATURE OVERVIEW

1. INTRODUCTION

The coevolution of complex multicellular organisms, such as vertebrates, with microbes
puts selective pressure on the development of functional barrier responsible for protection
against potential microbial threats (Eberl, 2010). The evolutionary old defense strategy
based on the mechanism of the innate immune system is mediated by the production of
generic receptors that recognize conserved microbial structures and triggers the
inflammatory response that limits pathogens invasion (Janeway and Medzhitov, 2002).
Since these general microbial structures are common for both potential pathogens and
commensals, the additional protective layer that enables the specific determinations of
microbes have been developed. Thus the jawed vertebrates have developed an adaptive
immune system that can initiate protective responses against any pathogens that can be

immunologically recognized (Beutler, 2004).

This capacity of adaptive immunity is based on the random somatic recombination of
genes which enables to generate immense diversity of surface receptors to recognize
antigens. This was specifically attributed to a population of T and B lymphocytes bearing
the T-cells (TCR) and B-cell receptors (BCR), respectively. The somatic gene
rearrangement is mediated by the recombination of VDJ segments during the generation
of antigen-specific receptors. Since this process is completely stochastic, the TCRs or
BCRs that can recognize antigens derived from body own tissues, commensal microbiota,
or food are generated (Hodgkin, 2018). Since the recognition of these antigens resulted in
the development of devastating autoimmune disorders (now affecting 5-10% of Western
population) (Cooper et al., 2009), the existence of a mechanism that recognizes and
eliminates lymphocytes with “self” specific receptors is critical for the homeostatic
function of the immune system (von Boehmer et al., 1989). Although the majority of
autoimmune diseases were shown to be polygenic, recent studies have identified several
monogenic causes that seem to be more common than previously thought (Marson et al.,

2015). Surprisingly, several of these monogenic autoimmune diseases are linked to the
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defects in central and peripheral tolerance and particularly to mutations in the autoimmune

regulator (AIRE) gene (Abramson and Husebye, 2016).

The following section of the literature overview describes the complex mechanisms of
immune tolerance and focuses on the role of AIRE-expressing cells in these processes.
First, the intrathymic mechanisms controlling the development of functional and safe TCR
repertoires are reviewed. Specifically, the exact function of diverse populations of thymic
antigen-presenting cells (APCs) in positive and negative selection of developing T-cells
are highlighted. This chapter is followed by the description of peripheral tolerance
mechanisms with the emphasis on self-antigen presentation and the function of specific
subtypes of APCs. The last part characterizes the Toll-like receptors (TLRs) and describes

their function in immune processes.
2. IMMUNE TOLERANCE

Immune tolerance was postulated as a state of unresponsiveness of the immune system to
the antigen that has the capacity to trigger an immune response in a given organism. The
process of tolerance is operational at two levels: (i) central tolerance, which operates in
the thymus for T-cell tolerance and in the bone marrow (BM) for B-cell tolerance; and (ii)
peripheral tolerance that targets autoreactive T-cells and B-cells in secondary lymphoid

and non-lymphoid tissues in the immune periphery.
2.1 Central tolerance
2.1.1 Early T-cell development

T-cell development in the adult (postnatal) thymus occurs in several distinct phases
consisting of BM-derived lymphopoiesis, TCR mediated selection, differentiation, and
functional maturation. In the adult organism, the blood-borne precursors of T-cells, the
thymic seeding progenitors (TSPs), migrate to the thymic tissue and enter the organ
through blood vessels at the cortico-medullary junction (CMJ) (Bhandoola et al., 2007;
Lind et al., 2001). The process of TSPs differentiation and migration is driven by several
mediators, specifically by chemotactic factors and ligands of Notch (Petrie and Zufiga-
Pfliicker, 2007). During the BM-derived differentiation, the TSPs start to express the
CCR9 and CCR?7, the receptors for CCL25 and CCL19/CCL21, respectively, that are
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essential for the recruitment of TSPs into the thymus (Zlotoff et al., 2010). Once entering
the thymic tissue, TSPs overexpress CXCR4, the ligand of which drives their migration
into the thymic cortex (Plotkin et al., 2003; Trampont et al., 2010). Here, under the
influence of Notch ligands (Chen et al., 2019), the process of T-cell commitment is
initiated. TSPs differentiate into double-negative thymocytes (DN1-DN4, CD§8 CD4")
that undergo approximately 20 divisions. This massive expansion results in the generation
of a huge amount of precursor cells (~5 x 107) that are during the whole thymic selection
process reduced to about 5%, which represents a daily thymic output (~2-3 x 10°)
(Kyewski and Klein, 2006). The first selection checkpoint, called B-selection, is dependent
on pre-TCR signaling and ensures that only those DN (DN2-DN4) thymocytes that
undergo successful TCRP locus rearrangement can progress to the CD8"CD4" double-
positive (DP) stage. After differentiation into the DP lineage, thymocytes are subjected
also to the rearrangement of TCRa locus which accomplishes the process of VDI
recombination, and leads to the generation of TCR repertoire with enormous diversity
(Hogquist et al., 2005; Roth, 2014). This event is subsequently followed by a massive
proliferation and clonal cell expansion leading to the generation of a large pool of TCRs
with diverse antigen specificities. The subsequent developmental decisions of thymocytes
are determined by the TCR interaction with peptide/major histocompatibility complex
(pMHC) complexes produced by thymic (APCs) (Klein et al., 2009). The cell interactions

and journey of developing thymocytes through the thymic tissue is visualized in Figure 1.
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Figure 1. Cell interactions in the thymus during T-cell development. Thymic seeding

progenitors (TSPs) enter the thymus at the cortico-medullary junction, become double-negative
(DN, CD4 CDS8"), and migrate towards the subcapsular zone. During this migration through the
cortical region, thymocytes undergoing TCR rearrangement (DN2-DN4) and become double-
positive (DP, CD4'CD8"). DP thymocytes scan the surface of cortical thymic epithelial cells
(cTECs) for positive selection and after accomplishing this process, thymocytes leave the cortex
and migrate to the medullary region as single positive (SP, CD4" or CD8"). After entering the
medulla SP thymocytes assume random walk during which they scan the surface of medullary
thymic epithelial cells (mTECs), classical dendritic cells type 1, and 2 (¢cDC1 and c¢cDC2),
plasmacytoid dendritic cells (pDC), and B-cells and test their TCR for self-reactivity. It was
measured that SP thymocytes perform several hundred contacts with antigen-presenting cells until
they leave the medulla and migrate to the periphery (4-5 days). Inspired by Klein et al. (Klein et
al., 2014).

2.1.2 Positive selection

The process of positive selection is mostly determined by the certain window of

affinity/avidity of the interaction between TCR and their pMHC ligands in the thymic
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cortex (Werlen et al., 2003). Specifically, more than 90% of DP thymocytes due to the
useless TCR specificities fail to interact with pMHC complexes within any affinity. The
lack of MHC restriction results in the so-called “death by neglect” of the DP thymocytes
(von Boehmer et al., 1989). This suggests that most apoptotic cell death in the thymus is
associated with the failure of positive selection. On the other hand, strong or avid
interaction also resulted in thymocyte cell death by apoptosis. This process, called clonal
deletion, is mostly attributed to the mechanism of negative selection occurring in thymic
medulla (Klein et al., 2009; von Boehmer et al., 1989). Nevertheless, the clonal deletion
was also described in the thymic cortex (McCaughtry et al., 2008). Even though the notion
of cortical clonal deletion still remains controversial, the CD28-mediated co-stimulation
seems to be essential for this process in both anatomical locations of the thymus, cortex,

and medulla (Breed et al., 2019).

Together with the co-stimulatory molecules expressed mainly by cortical thymic epithelial
cells (cTECs) and F4/80" macrophages (Breed et al., 2019), the peptides presented to DP
thymocytes in the context of MHC molecules are also crucial for the proper mechanism
of positive selection in the cortex (Hogquist et al., 1994; Jameson et al., 1994). However,
the nature and identity of those peptides are still elusive. Two possible scenarios were
suggested: (i) c¢TECs and potentially also cells of hematopoietic origin (F4/80"
macrophages) present ubiquitously expressed peptides, (ii) specifically cTECs present the
unique epitopes also derived from ubiquitously expressed peptides. The latter hypothesis
is supported by the fact, that cTECs were shown to use unique antigen-processing
machinery to generate pMHC class I and also pMHC class II complexes (Klein et al.,
2014).

In terms of the affinity/avidity model, those DP thymocytes that encounter pMHC ligands
with low or intermediate affinity are positively selected and become single-positive (SP)
CD8" or CD4" thymocytes (Klein et al., 2014). The CD8/CD4 determination is based on
the MHC class I (MHCI) or MHC class II (MHCII) restriction and on the gradient of
transcription factors. Specifically, the recognition of pMHC I and the presence of runt-
related transcription factor 3 (RUNX3) drive the DP thymocytes to differentiate into CD8
SP lineage (Setoguchi et al., 2008). Reciprocally, the pMHC class II restriction and
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overexpression of Th-POK determines the development of CD4 SP thymocytes (Luckey
etal., 2014). After completing the process of positive selection, SP thymocytes upregulate
CD69 and migrate into the medulla (Ross et al., 2014). Chemokine receptors CCR7 and
CCR4 were shown to play an essential role in this relocation process (Hu et al., 2015;
Kwan and Killeen, 2004; Ueno et al., 2004). CCR4 is produced shortly after positive
selection and its ligands CCL17 and CCL22 are predominantly expressed by thymic
dendritic cells (DCs) located in the medullary region. The CCR7 expression is among
thymocytes restricted to SP lineage and ligands are produced mostly by medullary thymic
epithelial cells (mTECs) (Misslitz et al., 2004). Thus the gradient of both chemokines

emanates from the medullary region of the thymus (Lancaster et al., 2018).
2.1.3 Negative selection

The main function of the negative selection process lies in the removal of potentially
dangerous T-cell clones bearing the self-reactive TCRs (Kappler et al., 1987). This
process of clonal deletion is operating mostly in the thymic medullary region and it is
called “recessive tolerance” (Klein and Jovanovic, 2011). On the other hand, since the
transplantation of thymic epithelium (Modigliani et al., 1995) or injection of a specific
type of lymphocytes to naive animals (Sakaguchi et al., 1995) was shown to be able to
confer tolerance to donor tissue, there are other mechanisms than recessive tolerance
operating in the thymus. This mechanism has been referred to as “dominant tolerance”
and is characterized by the deviation of self-reactive T-cells to regulatory T-cells (Tregs)
(Klein and Jovanovic, 2011; Klein et al., 2019). This cell lineage can suppress immune
responses by interfering with the induction and proliferation of effector T-cells
(Josefowicz et al., 2012). In general, the processes of negative selection including those
involved in decision-making between recessive and dominant tolerance, are based on the
several thymocyte-intrinsic and thymocyte-extrinsic determinants among which the
affinity and/or avidity of the self pMHC-TCR interaction is the most crucial (Lee et al.,
2012).

18



2.1.3.1 Topology of self-antigen expression

Both mechanisms of central tolerance are based on the premise that SP thymocytes
interact by its TCRs with the pMHC complex presenting self-peptides. These self-antigens
could be divided into two main groups: (i) antigens with the ubiquitous expression pattern
and (ii) antigens whose expression is limited to only one or very few (maximum to 5)
anatomical places (Anderson et al., 2002; Derbinski et al., 2001). These self-antigens are
known as tissue-restricted antigens (TRAs) and their expression was specifically
attributed to a rare population of mTECs. The process of ectopic gene expression by
mTECs was called “promiscuous gene expression” (PGE) (Derbinski et al., 2001). The
specifics and regulations of PGE are very different from those of standard gene regulation
in the peripheral tissues and employ several characteristics: (i) TRAs, whose production
is tightly regulated are expressed by a single mTEC in a stochastic manner (only 1-3% of
all mTECs express given TRA at given time point) (Derbinski et al., 2008); (i) TRA genes
are often expressed from a single-allele using alternative transcriptional start sites
(Villasetior et al., 2008); (iii) sex-related genes, that are also attributed to as TRAs, are
expressed by mTECs irrespectively of the gender (prostate antigens or -casein expressed
by mTECs in both males and females) (Derbinski et al., 2008; Malchow et al., 2013); (iv)
TRAs contain several development-related genes that are expressed by mTECs with no
connections to the developmental status of the organism (i.e., a-Fetoprotein expressed by

the yolk sac and fetal liver) (Derbinski et al., 2001).

Using RNA sequencing analyses it was postulated that mTECs express more than 18,000
genes, which represent approximately 85% of the protein-coding genome (Danan-
Gotthold et al., 2016; Sansom et al., 2014). Compared to this number in mTEC:s, all other
cell types from different tissues typically express from 12,000 to 14,000 genes (i.e., 60-
65% of coding genome) (Abramson and Anderson, 2017). Remarkably around
3,000-4,000 genes in mTECs are regulated by AIRE protein (Sansom et al., 2014). Thus,
a set of mTEC-dependent TRAs can be expressed in an AIRE-dependent or AIRE-
independent manner, where the AIRE-independent genes represent a larger fraction of
TRA transcripts. Even the regulation of AIRE-independent PGE is still not completely
understood, the transcription factor FEZ Family Zinc Finger 2 (FEZF2) was suggested to
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play an important role in mediating immune tolerance to AIRE-independent TRAs
(Takaba et al., 2015). In addition, and despite the fact, that the protein-coding genes and
TRA transcripts corresponding to most peripheral tissues are highly represented in
mTECs, the tissues of immunologically privileged sites, such as brain and testis, are
dramatically underrepresented (Danan-Gotthold et al., 2016). This suggests that the
strictness of central tolerance might be lower to organs that are not under constant
immunological pressure. Also as touched above, a given TRA in a given time is expressed
only by 1-3% of mTECs and one mTEC is able to co-express approximately 100-300
TRAs (Brennecke et al., 2015; Meredith et al., 2015). This is set by the fact that the
neighboring TRA genes seem to cluster into co-expression groups. Correspondingly, it
was postulated that 200-500 mTECs are sufficient to cover the entire TRA repertoire
(Abramson and Anderson, 2017). Together this suggests that PGE is controlled by the
rules of “ordered stochasticity”, where the initial co-expression pattern of TRAs is
stochastic but is then highly regulated by a coordinated set of events (Meredith et al.,
2015).

2.1.3.2 Characteristics of AIRE and APS-1

As described above, AIRE has been determined as the major transcriptional regulator,
which in the population of mTECs, promotes the expression of a substantial amount of
TRASs (Anderson et al., 2002). AIRE is structurally composed of several domains often
associated with transcriptional factors and nuclear proteins. It comprises a Caspase-
recruitment domain (CARD) (Ferguson et al., 2008), a nuclear localization signal (NLS),
a conserved SAND domain (Sp100, AIRE, NucP41/75, Deaf1) (Gibson et al., 1998), two
plant-homeodomain (PHD 1 and PHD 2) zinc-fingers and LXXLL motifs (Perniola and
Musco, 2014; Plevin et al., 2005). Importantly the CARD domain was shown to be
essential for forming of AIRE homo-dimers and homo-tetramers, which is crucial for its
physiological function (Huoh et al., 2020; Pitkédnen et al., 2000; Waterfield et al., 2014).
As described previously, AIRE promotes the expression of approximately 4000 genes,
whose production is usually restricted to only a very few tissues and whose expression in
mTECs is silenced (Sansom et al., 2014). In this scenario, AIRE binds to the

transcriptional start site (TSS) of genes and its transcription-transactivation capacity is
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regulated by deacetylase Sirtuin 1 (Chuprin et al., 2015). Using PHD1 finger domain,
AIRE directly binds to unmethylated Histon H3 lysine 4 (H3K4me0), the epigenetic
marker of repressive chromatin (Koh et al., 2008; Org et al., 2008). This binding allows
the formation of the AIRE-mediated complex of proteins (TOP2, DNA-PK, CBP...)
(Abramson et al., 2010; Org et al., 2008; Pitkénen et al., 2000) that promotes the breaks
at the TSS of responsive genes and leads to the relaxation of chromatin (Abramson and
Husebye, 2016; Guha et al., 2017). This is accompanied by the recruitment of several
mediators of gene expression (pTEFb/BRD4 complex) (Oven et al., 2007; Yoshida et al.,
2015) and by the release of stalled RNA polymerase that enables the transcription of
AIRE-dependent genes (Giraud et al., 2012). In general, AIRE can potentially interact
with more than fifty partners associated with nuclear transport, chromatin

binding/structure, pre-mRNA processing, and transcription (Abramson et al., 2010).

The study of AIRE function in central tolerance was facilitated by the generation of
Aire”” mouse strains (Anderson et al., 2002; Hubert et al., 2009; Ramsey et al., 2002).
It was shown that mutations in the Aire gene lead to the diminished expression of AIRE-
dependent TRA in mTECs, escape of self-reactive (TRA-specific) T-cells to the immune
periphery, and subsequent development of the severe autoimmune disease (Anderson et
al., 2002). Human AI/RE loss-of-function mutations lead to the development of an
autoimmune disease called autoimmune polyendocrine syndrome type-1 (APS-1) or
alternatively  autoimmune polyendocrinophaty-candidiasis-ectodermal  dystrophy
(APECED, OMIM: 240300) (Consortium, 1997; Nagamine et al., 1997). APS-1 is a
monogenic disease that could be inherited either by autosomal recessive or by the
dominant way. The dominant inheritance is associated with the fact, that AIRE forms
homo-oligomers where in the case of one defective AIRE allele, the entire oligomer loses
its function (Oftedal et al., 2015). The prevalence of this disease differs between both
types of mutations. The prevalence of an autosomal recessive form of APS-1 in general
population is very low, with exception of some geographical pockets, where the
prevalence is much higher, such as in Iranian Jews 1:9000, Sardinians 1:14400, Finns
1:25000 (Perheentupa, 2006) and Norwegians 1:80000). On the other hand, the frequency
of dominant form across the population is much higher (1:1000) (Husebye et al., 2009).

Also, the symptoms in the dominant form are usually much milder than in the case of
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classical autosomal recessive APS-1 (Oftedal et al., 2015). The most common symptoms
are chronic mucocutaneous candidiasis (CMC), hypoparathyroidism, and primary adrenal
insufficiency (Addison’s disease). The majority of the patients develop at least two of the
three major components, which are frequently accompanied by additional symptoms such
as type 1 diabetes, ovarian failure, vitiligo, enamel dysplasia, or gastrointestinal symptoms
(Husebye et al., 2018). The APS-1 components affecting gastrointestinal tissues are
present in approximately 25-30% of patients and are associated with the loss of tolerance
to intestinal TRAs (Perheentupa, 2006). Specifically, the histidine decarboxylase
(Skoldberg et al., 2003), tryptophan hydroxylase (Ekwall et al., 1998; Soderbergh et al.,
2004) and tyrosine hydroxylase (Hedstrand et al., 2000), the molecules expressed by
enteroendocrine cells (EECs), were shown to be targeted in APS-1 patients leading to the
decrease or complete absence of EECs from patient’s intestinal biopsies (Posovszky et al.,
2012). Also, it was described that sera from APS-1 patients can cross-react with the
secretory granules of Paneth cells (PCs) suggesting that antimicrobial peptides could be
also targets of APS-1 associated autoimmune attack (Ekwall et al., 1998). The sera of
APS-1 was also shown to contain high titers of neutralizing autoantibodies against many
cytokines such as interferons type 1 and IL-17/IL-22 (Meyer et al., 2016). The presence
of this blocking autoantibodies is often associated with the development of CMC in APS-
1 patients (Kisand et al., 2010).

As described above, several Aire” mouse strains were generated. Although all of these
strains to a certain extent recapitulate the phenotype of APS-1, the severity of the disease
profoundly differs with the genetic background of mice. While the phenotype of BALB/c
or non-obese diabetic (NOD) mice develop a very severe phenotype accompanied by
immune cells infiltrates within the majority of the organs (Jiang et al., 2005b), the
C57BL/6 mice show only very mild phenotype with the auto-inflammation in the retina,
salivary glands, and pancreas (Anderson et al., 2002; Jiang et al., 2005b; Ramsey et al.,
2002).

This data suggest that AIRE’s major function is to regulate the expression of specifically
silent genes in mTECs (Org et al., 2008). As described above, this is accomplished by the

interference with the common transcriptional control that allows AIRE to regulate not
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only the expression of TRA-associated genes but also several other molecules (Meredith
et al., 2015; Sansom et al., 2014). It was described that AIRE regulates genes associated
with differentiation of mTECs (Nishikawa et al., 2010; Yano et al., 2008), production of
cytokines and chemokines (Fujikado et al., 2016; Hubert et al., 2011; Laan et al., 2009;
Lei et al., 2011) and genes important for antigen handling and presentation (Anderson et
al., 2005). By controlling the expression of these sets of genes, AIRE also regulates the
intrathymic migration of cells, differentiation, and activation status of thymic APCs and
thus comprehensively affects both, the negative selection of self-reactive T-cells

(recessive tolerance) and positive selection of Tregs (dominant tolerance).
2.1.3.3 Mechanisms of central tolerance: T-cell deletion versus Tregs selection

The previously mentioned premise, that the recognition of epitopes derived from AIRE-
dependent or AIRE-independent TRAs by self-reactive T-cells leads to their deletion, has
been described using the neo-self-antigen technology. First, using the mTEC-restricted
expression of human C-reactive protein (hCRP), it was confirmed that high-affinity hCRP
specific transgenic T-cells are clonally deleted (Klein et al., 1998). The fact that mTECs
also induce clonal deletion of AIRE-dependent TRA-specific TCR clones was described
by the use of mice models in which the expression of hen egg lysozyme (HEL) (Liston et
al., 2003) or membrane-bound chicken ovalbumin (mOVA) (Anderson et al., 2005) was
driven by the rat insulin promoter (RIP). Since the activation of RIP is in the thymus
completely dependent on AIRE, the expression of HEL or mOV A mimics the production
of AIRE-dependent TRAs. By crossing these models with TCR-HEL or OT-II mice,
where all T-cells were specific to HEL or mOVA, respectively, most of these neo-self
specific T-cells were subjected to clonal deletion. Also, the crossing of the above
transgenic mice to Aire”” animals lead to the decreased expression of AIRE-dependent
antigens in mTECs and the diminished clonal deletion of HEL of OV A-specific T-cells
(Anderson et al., 2005; Liston et al., 2003).

Using TCR transgenic systems it was shown that similar to clonal deletion, Tregs
differentiation can be induced by TCR agonist (Apostolou et al., 2002; Jordan et al., 2001).
This was further corroborated by the study of Aschenbrenner et al. using AIRE-HA (Aire-

driven influenza hemagglutinin) mice crossed with TCR-HA transgenic animals. In this
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experimental system, almost one-fourth of HA-specific T-cells has deviated into Treg
lineage. This suggests that AIRE-expressing mTECs play a crucial role in Tregs
generation (Aschenbrenner et al., 2007). This was confirmed by the fact, that also organ-
specific Tregs require AIRE-dependent expression of TRAs (Lin et al., 2016; Malchow et
al., 2013). The importance of AIRE itself in shaping the Tregs repertoire was described
by deep sequencing of the complete TCRa genes in Tregs and conventional T-cells
(Tconv) isolated from AIRE-sufficient or —deficient mice. This experiment showed that
in the absence of AIRE, the T-cell receptor sequences which were usually found among
Treg lineage could be detected in the repertoire of Tconv cells (Malchow et al., 2016).
However, several studies suggested that AIRE is essential for the mechanism of central
tolerance mostly during the neonatal period (Guerau-de-Arellano et al., 2009).
Specifically, it was described that the AIRE-dependent Treg repertoire is distinct during
ontogeny (Stadinski et al., 2019) and that Tregs generated in the neonatal period are much
more protective from the onset of autoimmunity than Tregs generated in adults (Yang et

al., 2015).

As stated above, the decision between clonal deletion and Tregs generation is affected by
several thymocyte-intrinsic and thymocyte-extrinsic determinants. The simplest models
are based on the affinity and/or avidity of the pMHC-TCR interactions. Specifically, the
high-affinity interaction leads to clonal deletion, whereas weaker interactions resulted in
Tregs generation. This is in agreement with the fact that most of the T-cell transgenic
systems specific to neo-self-antigens (Anderson et al., 2005; Liston et al., 2003) which
exhibit a very high affinity are predestined to massive clonal deletion rather than Tregs
deviation. On the other hand, using MHC-tetramer technology operating with natural TCR
affinities provides evidence that the clonal deletion of TRA-specific thymocytes is far
from being complete and is rather biased towards Treg selection (Hassler et al., 2019;
Legoux et al., 2015; Malhotra et al., 2016; Taniguchi et al., 2012). Specifically, this
phenomenon was described using the MHCII tetramers specific to neo-self-antigens,
whose expression is restricted to either all (ubiquitous antigens) or various tissues (TRA-
like expression pattern). It was shown that ubiquitous antigen recognition led to the
massive deletion of antigen-specific T-cells, whereas the recognition of TRA-like antigens

mostly promotes diversion to Treg lineage (Legoux et al., 2015; Malhotra et al., 2016).
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This idea was recently corroborated by studying the tolerance to physiologically relevant
TRA (proteolipid protein, PLP) at polyclonal level, which showed that PLP-specific
T-cells are rather converted to Tregs than subjected to clonal deletion (Hassler et al.,
2019). Since the expression of ubiquitous antigens in the thymus is much more abundant
compared to mTEC-restricted TRAs expression, these studies also suggest that high-
avidity interactions cause clonal deletion whereas low-avidity interaction results in Tregs
generation. Additionally, it was hypothesized that T-cell clonal deletion can result from a
“single hit” of antigen that promotes the longer dwelling time of thymocytes on the surface
of APC, leading to amplified intensity of TCR signaling. By contrast, Tregs development
seems to be associated with multiple antigen encounters (Klein et al., 2019). This could
be explained by the fact, that mostly the APCs expressing low levels of pMHCII
complexes are responsible for Tregs generation (Hu et al., 2017). The thymic models of

T-cells fate are visualized in Figure 2.
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Figure 2. Models of T-cell deletion versus Tregs selection. A. An affinity-based model of T-
cell development relies on the fact that T-cells bearing high-affinity T-cell receptors (TCRs) are
removed from the repertoire by the process of clonal deletion, whereas T-cells bearing
intermediate affinity TCRs are converted to regulatory T-cell (Treg) lineage. T-cell with low-
affinity TCRs escape into the periphery and become conventional T-cells (Tconv). B. According
to the avidity-based model, the density of the presented antigens determines the fate of developing
T-cells. Decreasing the density of antigen presented on antigen-presenting cells is associated with
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thymocytes escape to the periphery or with the selection of Tregs, whereas the increasing density
of antigen leads to the clonal deletion. Inspired by Klein et al. (Klein et al., 2019).

Along with the properties of pMHC-TCR interactions and TCR signaling, the thymocytes-
extrinsic factors such as CD28 co-stimulation (Tai et al., 2005) or cytokine signaling also
represent determinants of deletion versus Tregs diversion. Together with the TCR
stimulus, IL-2 plays an indispensable role in promoting Tregs differentiation. Specifically,
the strong TCR signal promotes the upregulation of CD25 (IL-2Ra) which, in turn,
enables the high affinity-binding of IL-2 leading to Forkhead box P3 (FOXP3)
upregulation (Lio and Hsieh, 2008). Thus, the intrathymic levels of IL-2 seem to be a
limiting factor for Tregs differentiation. Several studies demonstrated that IL-2, which is
provided by both developing T-cells and thymic DCs, is important for the proper
development of Tregs (Owen et al., 2018; Weist et al., 2015). Recently, it was shown that
the major producers of IL-2 in the thymus are CD25" self-reactive T-cells (Hemmers et
al., 2019). Alternatively, the IL-2 produced by these cells could be also captured and
trans-presented by thymic DCs (Wuest et al., 2011). Interestingly the amount of IL-2 in
the thymus could be also controlled by the recirculation of mature Tregs back to the
thymus. It was hypothesized that this mechanism works as a negative feedback loop in
which the mature Tregs capture intrathymic IL-2 and restrain the de novo generation of
Tregs (Thiault et al., 2015). Recently, it was shown that the expression of CD73, a marker
of mature T-cells, could distinguish between newly generated and recirculating Tregs
(Owen et al., 2019). Interestingly, migration of these cells to the thymus was described as
AIRE-dependent, since it is driven by CCL20 chemokine, whose expression in the thymus

is restricted to the AIRE" mTECs (Cowan et al., 2018).

Transforming growth factor-f (TGFp) was also demonstrated as an important factor for
proper development of T-cells, since mice lacking TGFp receptor on thymocytes from DP
stage, develop severe multi-organ autoimmunity (L1 et al., 2006; Marie et al., 2006). In
terms of thymic Tregs development, it was suggested that TGFB works as a pro-survival
factor preventing the apoptosis of self-reactive T-cells and thus driving them to the Treg-

lineage (Ouyang et al., 2010).
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2.1.4 Antigen-presenting cells in the thymus

As described in detail in the previous section, the mechanisms of thymic central tolerance,
1.e positive selection occurring in the thymic cortex and clonal deletion and/or Tregs
generation in the medullary region, is orchestrated by pMHC complexes presented by
various thymic APCs. Thus, thymic APCs play a crucial role in determining the fate of
developing T-cells. The thymus accommodates various types of non-hematopoietic and
hematopoietic APCs, specifically thymic epithelial cells (TECs; cTECs and mTECs),
thymic DCs, macrophages, and B-cells (Klein et al., 2009). In terms of APCs of
hematopoietic origin, the population of thymic DCs is by far the most studied. The
majority of DC are localized in the thymic medulla region (Sanos et al., 2011) and are
comprised of two major categories: plasmacytoid DCs (pDCs) and classical DCs (cDCs),
from which the latter can be subdivided into ¢cDCs type 1 (¢cDC1) and type 2 (cDC2) (Li
et al., 2009). Importantly, it became clear that developing T-cells encounter antigens
presented by all these cell subtypes (Hinterberger et al., 2010; Ohnmacht et al., 2009;
Yamano et al., 2015).

2.1.4.1 Thymic epithelial cells

Originally, TECs were subdivided according to the intrathymic position to cTECs,
localized in the cortical region, and mTECs which are positioned in the medullary region
of the thymus. TECs originate from the third pharyngeal pouch region which is formed by
both ectoderm and endoderm. This suggests that cTECs and mTECs shared the dual germ
layer origin and are differentiated from a common TEC bipotent progenitor (Rodewald,
2008; Rossi et al., 2006). The earliest steps of TEC differentiation are regulated by a group
of transcription factors that drives thymic epithelial anlage from the third pharyngeal
pouch and maintain the TEC program (Manley and Condie, 2010). Among these, the most
crucial is the Forkhead box protein N1 (FOXNT1), whose loss-of-function mutation is
characterized by the presence of only small cystic thymus, almost complete absence of
T-cells and a hair-loss (“nude mice” phenotype) (Blackburn et al., 1996; Nehls et al.,
1996). FOXN1 expression is not only crucial for the development and maintenance of
TEC compartment but also regulates the expression of functional molecules important for

the proper selection of T-cell, such as CCL25 or delta-like ligand 4 (DLLA4, the ligand of

27



Notch) (Calderén and Boehm, 2012; Zuklys et al., 2016). Although ¢cTECs and mTECs

arise from the same progenitors, they are functionally distinct.
2.1.4.2 Cortical thymic epithelial cells (cTECs)

cTECs are specific epithelial cell type (defined by the expression of EpCAM and LYS51)
arranged in the three-dimensional scaffold in the thymic cortex that enables very close
interactions with DN and DP thymocytes and facilitates their differentiation and
development (Takahama et al., 2017). Specifically, cTECs produce high levels of
previously mentioned cytokines, CCL25 (ligand of CCR9) and CXCL12 (ligand of
CXCR4) that are crucial for homing of blood-born TSPs (Gossens et al., 2009; Jenkinson
et al., 2007; Plotkin et al., 2003) into the thymus and also DLL4 (Hozumi et al., 2008;
Koch et al., 2008), IL-7 (Ribeiro et al., 2013) and stem cell factor (Buono et al., 2016),
which promote proliferation and differentiation of the TSPs into T-cell lineage (Kadouri
et al., 2020). Besides, cTECs can form multicellular clusters, referred to as thymic nurse
cells that encompass several thymocytes and facilitate the B-selection and positive

selection of thymocytes (Nakagawa et al., 2012).

As described above, cTECs used unconventional antigen-processing pathways that enable
them to generate a unique ligandome library of pMHC class I and also pMHC class II
complexes, which are essential for positive selection of thymocytes (Klein et al., 2009).
In the case of MHCI peptide loading, cTECs express a unique subunit of the proteasome
referred to as B5t. This type of proteasome is called “thymoproteasome” and it was shown
that its substrate preference is distinct from the conventional type of proteasome (using 5
subunit) or “immunoproteasome” (using B51 subunit) (Florea et al., 2010). Moreover, the
mice deficient for 35t show marked reduction of positively selected CD8" T-cells (Murata
et al., 2007). Additionally, cTECs display high levels of macroautophagy that enables the
unconventional loading of endogenous peptides to MHCII molecules (Nedjic et al., 2008).

Concerning the MHCII antigen presentation, cTECs express unique lysosomal proteases,
the thymic-specific serine protease (TSSP) and cathepsin L. Deficiency in these proteases
result in a defective selection of CD4" T-cells (Gommeaux et al., 2009; Nakagawa et al.,
1998). Specifically, the deletion of Cathepsin L led to the dramatic diminishment of
polyclonal CD4" T-cell (Nakagawa et al., 1998), whereas the abrogation of TSSP
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expression affected only certain TCR clones in CD4" T-cell repertoire (Gommeaux et al.,
2009). In aggregate, cTECs represent the TEC population which due to their unique

properties enables the differentiation and selection of functional repertoire of T-cells.
2.1.4.3 Medullary thymic epithelial cells (mTECs)

As described above, mTECs play a critical role in mediating recessive and dominant
tolerance to self-antigens through a unique capacity to express thousands of TRAs and
present them to developing T-cell in the context of MHC molecules. However, recent
studies described that mTECs are highly heterogeneous and comprise several
subpopulations with very distinct functional properties (Bornstein et al., 2018; Dhalla et
al., 2020; Metzger et al., 2013; Miller et al., 2018; Nishikawa et al., 2010). Specifically,
using single-cell RNA sequencing it was shown that mTEC compartment consist of

minimal four different subsets, referred to as mTEC I-IV (Bornstein et al., 2018).

Traditionally, the mTEC population was divided according to the expression levels of
MHCII and CD80 to immature mTECsY (MHCII®YCD80"°%) and mature mTECs"&h
(MHCII"ehCD80Me") (Derbinski et al., 2005). Recently the mTECs'®" population (referred
to as mTEC I) was shown to be composed of at least two functionally distinct subsets
(Bornstein et al., 2018; Kadouri et al., 2020). A small fraction of this population consists
of mTECs progenitors (mMTEPCs) that possess the differentiation capacity and give rise to
mature mTECs"€" (Gray et al., 2007a; Rossi et al., 2007a). Functionally, these postnatal
mTEPCs are very similar to those observed in the embryonic thymus and defined by the
expression of tight junction components claudin 3 and 4 (CLDN3, CLDN4) (Hamazaki et
al., 2007; Sekai et al., 2014). Interestingly, the postnatal thymus also consists of
CLDN3"CLDN4" mTECs, which contrary to embryonic ones do not have the progenitor
capacity and are mostly restricted to mature mTECs™&" population (Hamazaki et al.,
2007). Recently, these mTECs progenitors in the postnatal thymus were characterized by
the high expression of podoplanin (PDPN) and attributed to previously described jTECs
(TECs localized at the cortico-medullary junction) (Miragaia et al., 2018). It was
suggested that these cells are also potential precursors of a mature fraction of mTECs'*"

(Onder et al., 2015). These mature mTECs'°™ were described as a large fraction of mTEC

I subset and were characterized by the high expression of genes encoding CCR7 ligands
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(Ccl2la and Ccl2ic), integrin B4 (ltgh4) and mTEC-specific cytokeratins (Krt5 and
Krt14) (Bornstein et al., 2018). Due to the high levels of CCL21, the major function of
this mTEC:s is to recruit positively selected CCR7 expressing thymocytes to the medullary
region of the thymus (Kwan and Killeen, 2004; Lkhagvasuren et al., 2013).

Mature mTECs"2" population (mTEC II) is phenotypically defined by the upregulation of
several molecules that are associated with their specific function. During the maturation
these cells overexpress MHCII, co-stimulatory molecules CD80 and CD86, and AIRE
(Bornstein et al., 2018; Derbinski et al., 2005). This enables mTEC!¢" to produce and
present TRA antigens to developing thymocytes and drive their clonal deletion or Tregs
conversion. The development of these AIRE™ mTECs"¢" was shown to be largely
dependent on a cross-talk with thymocytes. Specifically, the signaling through the tumor
necrosis factor (TNF) receptor family, such as CD40, receptor activator of nuclear factor-
kappa B (RANK) or lymphotoxin B receptor (LTBR), the ligands of which are produced
mostly by thymocytes, is particularly important for mTECs differentiation (Akiyama et
al., 2008; Boehm et al., 2003; Rossi et al., 2007b). Since these receptors activate mostly
the non-canonical NF-«kB signaling pathway the disruption of its downstream components,
such as IKKo, Relb, TRAF6 or NIK resulted in an altered mTECs"#" development and
onset of autoimmunity (Akiyama et al., 2005; Kajiura et al., 2004; Kinoshita et al., 2006;
Riemann et al., 2017). Moreover, it was reported that a conserved non-coding sequence 1
(CNS1) positioned upstream of the Aire coding region contains two NF-kB binding sites.
The specific depletion of CNS1 element prevents the expression of AIRE and leads to the
development of autoimmunity (Haljasorg et al., 2015; LaFlam et al., 2015). This together
suggests that the expression of AIRE and subsequent maturation of mTEC to AIRE"
mTECs"e" requires NF-«B.

As described above, the AIRE-driven expression of TRAs is mediated by the formation
of molecular complexes that generate multiple double-strand breaks in TSS of responsive
genes (Guha et al., 2017). Due to this mechanism, the AIRE* mTECs"€" were regarded as
a terminally differentiated cell type with a relatively short lifespan (approximately 3 days)
(Gray et al., 2007a). Nevertheless, over the past several years it was described that AIRE"

mTECs"e" can further differentiate into their terminal stage (Bornstein et al., 2018; Miller
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et al., 2018; White et al., 2010; Yano et al., 2008). Specifically, it was shown that mature
mTECs"e" differentiate into "post-AIRE" mTECs (mTEC III) that are characterized by
the downregulation of AIRE and MHCII expression and upregulation of several molecules
that are associated with cornified epithelial pathways such as cytokeratins (KRT1 and
KRT10), involucrin (IVL) or desmogleins (Metzger et al., 2013; Wang et al., 2012).
Interestingly, same as the terminally differentiated keratinocytes (corneocytes), the
KRT10"post-AIRE mTECs lose their nuclei and form specific thymic structures called
Hassall's corpuscles (Farr et al., 2002; Wang et al., 2012). This suggests that the process
of cornification represents an alternative programmed cell death pathway of AIRE®
mTECs"" (Kadouri et al., 2020). Even the exact function of the post-AIRE mTECs is
poorly understood, the previously described data suggests that corneocyte-like mTECs"&
may serve as a reservoir of TRAs that can be potentially presented by other thymic APCs
(Watanabe et al., 2005). This hypothesis is supported by the fact that Hassall's corpuscles

show the enhanced expression of chemokines that are associated with the chemoattraction

of DCs and other myeloid cells (Wang et al., 2019b).

The other subset of terminally differentiated mTECs was described as thymic tuft-cells
(Bornstein et al., 2018; Miller et al., 2018). This unique population of mTECs was
characterized by its dependence on the transcriptional factor POUF3, expression of
doublecortin-like kinase I (DCLK1) and genes involved in the taste reception signaling
pathway (Plcb2, Trpm5, Gnb3). This expression profile together with a flask-shaped
morphology highly resembles the mucosal tuft-cells (Bornstein et al., 2018; Gerbe et al.,
2012; Miller et al., 2018). Although the function of these thymic tuft-cells is unclear, it
was suggested that they may interact with the innate type of lymphocytes such as innate
lymphoid cells type 2 (ILC2s) or natural killer T-cells (NKT) through the expression of
IL-25 (Bornstein et al., 2018; Miller et al., 2018; Schneider et al., 2019). It was also
described, that due to the considerable expression of MHCII and the regulation of IL-4
expression, these cells could regulate the development of FOXP3!°" precursors of Tregs
(Owen et al., 2019). The heterogeneity and differentiation pathway of mTECs is described
in Figure 3.
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Figure 3. Differentiation of medullary thymic epithelial cells. The podoplanin® (PDPN)

junctional thymic epithelial cells JTECs) are the earliest subset of medullary TECs (mTECs).
They have the capacity to give rice the mature CCL21 " mTEC" whose development is dependent
on lymphotoxin B signaling (LTP). Both CCL21"mTEC"" and PDPN* jTECs share expression of
several molecules, including integrin subunit beta 4 (ITGB4), including integrin subunit alpha 6
(ITGA6) and SRY-Box Transcription Factor 4 (SOX4) and Achaete-Scute Family BHLH
Transcription Factor 1 (ASCL1). PDPN" jTECs can also give rise to autoimmune regulator®
(AIRE) mTECs"¢", The differentiation is mainly driven by receptor activator of nuclear factor-
kappa B (RANK) signaling. AIRE* mTECs"€" was shown to further differentiate into keratin 10"
(KRT10) post-AIRE mTECs that share several markers with cornified epithelium, such as keratins
or involucrin (IVL). During the differentiation, these cells lose their nuclei and form Hassall's
corpuscles that overexpress chemokines from CXCL family. It was also suggested that AIRE"
mTECs"e" can give rise to Doublecortin-like kinase I (DCLK 1) thymic tuft cells (Tuft mTECs)
that are characterized by the dependence on POU Class 2 Homeobox 3 (POU2F3) transcription
factor and production of IL-25. Inspired by Kadouri et al. (Kadouri et al., 2020).

2.1.4.4 Plasmacytoid dendritic cells (pDCs)

pDCs were described as a unique DC-lineage that is in the immune periphery dedicated
to the production of type I interferons in response to viral stimulation (Cella et al., 1999).
These cells are considered as part of the DC population because of the dependence on
FMS-like tyrosine kinase 3 ligand (FLT3L) (D'Amico and Wu, 2003). Although they
share several features with conventional c¢DCs, the exact origin of pDCs is still
controversial. It was suggested that pDCs could originate either from common
DC-progenitors (CDP) or common lymphoid progenitors (CLP) (Dress et al., 2019;
Rodrigues et al., 2018). Nevertheless, the development of pDCs was shown to be

completely dependent on transcription factor E2-2 that regulates the expression of other
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molecules important for pDC lineage specification such as IFN-regulatory factor 7 (IRF7)
and IRF8 as well as SPIB (Cisse et al., 2008; Ghosh et al., 2010). In general, pDCs can be
also characterized by the surface expression of SiglecH, BM Stromal cell antigen 2

(BST2), or B220 (Swiecki and Colonna, 2015).

The exact function of pDCs in the thymus is still not completely clear. It was suggested
that since the pDCs develop in the immune periphery, they can migrate to the thymus and
present the peripheral antigens to the developing thymocytes (Bonasio et al., 2006; Li et
al., 2009). This was further corroborated by the fact that OVA-pulsed pDCs can migrate
to the thymic medulla and negatively select the OV A-specific T-cells (Bonasio et al.,
2006; Hadeiba et al., 2012). Moreover, it was described that this migration is driven by
the CCR9/CCL25 axis since the CCR9 abrogation results in an almost complete absence
of pDCs in the thymus (Hadeiba et al., 2012). In this context it is interesting that CCR9 is
indispensable for the migration of cells into the intestinal tissue (Kunkel et al., 2000). This
may suggest that pDCs are able to transfer the food antigens or antigens derived from
commensal bacteria to the thymus and subsequently induce central tolerance to harmless
non-self-antigens (Hadeiba et al., 2012). In addition, it has been described that pDCs can
directly interact with Hassall’s corpuscles and participate in the generation of Tregs

(Wang et al., 2019b; Watanabe et al., 2005).
2.1.4.5 Classical DCs type 1 (¢cDCI)

As suggested above, the development of all DCs subsets (pDCs, cDC1, and ¢cDC2) from
CDP is mostly dependent on the FLT3L (Waskow et al., 2008). The subsequent
commitment to cDC1 lineage was shown to be dependent on basic leucine zipper
transcriptional factor ATF-like 3 (BATF3) (Hildner et al., 2008), IRF8 (Schiavoni et al.,
2002), and DNA-binding protein inhibitor ID2 (Hacker et al., 2003). This was formally
proofed by the fact that mice lacking any of these factors exhibited a severe defect in cDC1
development (Hacker et al., 2003; Hildner et al., 2008; Schiavoni et al., 2002).
Functionally, the cDC1 was shown to be very efficacious in the cross-presentation of
exogenous antigens to MHCI molecules and subsequent activation of CD8" T-cells (den
Haan et al., 2000). Also, due to the high expression of MHCII and cytokine IL-12, these
cells also participate in the differentiation of CD4" T-cells to THI cells (Durai and
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Murphy, 2016; Mashayekhi et al., 2011). Phenotypically the cDC1 can be easily defined
by the expression of chemokine receptor XCR1 and CD8a (Guilliams et al., 2016).

Unlike the pDCs, the cDC1 develop within the thymic tissue from migrant precursor cells.
Recently by using single-cell RNA sequencing, it was described that genes associated with
c¢DC1 commitment were observed already in pre-DC population in BM. This suggests that
precursors of ¢DCI1 (SiglecH Ly6C") migrate to the thymus where they undergo
intrathymic licensing leading to the upregulation of MHCII and CD80/86 expression (Liu
et al., 2009; Schlitzer et al., 2015). It was described that CCR7/CCL21 chemokine axis is
essential for the recruitment of ¢cDCI1 from BM (Cosway et al., 2018). Therefore the
Ccr7”" mice show a marked reduction of cDC1 in the thymus (Hu et al., 2017). Although
the mechanisms controlling the recruitment of cDCI into the thymus are known, the
chemokines that control the intrathymic positioning are poorly defined. However, it was
described that XCR1 expressing cDC1 are attracted towards the XCL1 ligand which is in
the thymus exclusively expressed by AIRE™ mTECs. Interestingly, the expression of
XCL1 was shown to be dependent on AIRE (Lei et al., 2011). This suggests that cDC1
localize in the medullary region of the thymus in close contact with mTECs which enables
them to cross-present mTEC-derived self-antigens to developing thymocytes (Lei et al.,
2011; Perry et al., 2014). Since the peripheral cDC1 effectively cross-present exogenous
antigens on MHCI molecules, it was suggested that thymic ¢cDC1 are indispensable for
clonal deletion of self-reactive CD8" T-cells. However, the deep TCR sequencing of CD8"
T-cells isolated from Batf3”" mice, which completely lack the cDC1 cells, show no
changes in the TCR repertoire (MacNabb et al., 2019). This, together with other studies,
proposes that cDC1 would rather be important for the deletion of CD4" T-cell or their
conversion to Treg lineage (Lei et al., 2011; Perry et al., 2014). Specifically, it has been
shown that the TCR repertoire of Tregs was altered in Batf3”" mice suggesting a role of
cDCl in Tregs generation (Perry et al., 2014). On the other hand, several studies observed
no Tregs phenotype in Batf3”~ animals (Herbin et al., 2016; Leventhal et al., 2016). Also,
the specific depletion of MHCII in XCR 1-producing cDCI1 cells demonstrates no apparent
effect on Tregs generation (Wohn et al., 2020). This discrepancy suggests that the exact

role of cDC1 in Tregs generation awaits its resolution.
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2.1.4.6 Classical DCs type 2 (cDC2)

c¢DC2 are defined by the surface expression of CD11b and CD172a (SIRPa) and comprise
a heterogeneous population of cells defined by the production of MGL2 (CD301b),
endothelial cell adhesion molecule (ESAM), and CLEC12A (Durai and Murphy, 2016;
Kumamoto et al., 2013; Lewis et al., 2011) or by the transcription factors T-bet and RAR-
related orphan receptor gamma (RORYy) (Brown et al., 2019). Compared to ¢cDCI, the
specific transcription factors driving the c¢DC2 commitment are poorly defined.
Nevertheless, the IRF4, RELB, and recombining binding protein suppressor of hairless
(RBPJ) were described to be important for cDC2 development (Caton et al., 2007; Lewis
et al., 2011; Suzuki et al., 2004; Wu et al., 1998). Functionally, the cDC2 were shown to
be effective in MHCII antigen loading and presentation and thus specifically attributed to
the activation of CD4" T-cells (Dudziak et al., 2007). Due to the phenotypic similarity
(CD11c, MHCII, CD11b and SIRPa expression) and analogous function, the monocytes-
derived DCs (moDCs) are often incorporated among the ¢DC2 subsets. However,
compared to cDCs and pDCs, the differentiation of moDCs fully depends on macrophage
colony-stimulating factor (M-CSF) and not on FLT3 ligand (Hettinger et al., 2013). Also
since the internal heterogeneity of those cells does not allow the specific gating, moDCs
can be distinguished from the cDC2 by the expression of molecules often associated with
macrophages or monocytes, such as tyrosine-protein kinase MER (MERTK), CD64 or
chemokine receptor CX3CR1 (Guilliams et al., 2014).

Compared to ¢DC1, thymic ¢DC2s (defined as XCR1 CDS8a« Sirpa’) are of extrathymic
origin and entering the tissue via vascular plexus connected to the thymic medulla (Li et
al., 2009). Factors that drive the cDC2 migration into the thymus and also affecting the
intrathymic positioning are largely unknown. The only described factors driving the
migration of cDC2 to the thymic medulla are ligands of CCR2 (CCL2, CCLS, and CCL12)
that are expressed by mTEC:s. It has been described that the number of cDC2 are reduced
in Ccr2”” mice (Baba et al., 2009). Also, it was suggested that cDC1 and ¢cDC2 show
different intrathymic localization. Whereas the cDC1 are distributed thorough the thymus

parenchyma, the cDC2 remain close to the vascular region of the thymic medulla (Hu et
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al., 2015; Perry and Hsieh, 2016). Several studies also reported that cDC2 can be localized
in the thymic cortex (Baba et al., 2009; Stritesky et al., 2013).

Functionally, ¢cDC2s were shown to efficiently present blood-borne antigens for the
selection of developing T-cell (Atibalentja et al., 2009; Atibalentja et al., 2011; Baba et
al., 2009; Proietto et al., 2008). This capacity is in concordance with the intrathymic
position of cDC2 with preference to thymic vascular regions (Hu et al., 2015). Since these
cells are of extrathymic origin they are capable of acquiring antigens in the periphery,
transport them to the thymic medulla and subsequently present those antigens to
developing T-cells (Bonasio et al., 2006; Li et al., 2009). Specifically, it was shown, that
OT-II T-cells underwent clonal deletion mediated by immigrating cDC2 in a model where
mOVA is exclusively produced by cardiomyocytes (Bonasio et al., 2006). As suggested
above, cDC2s are the major source of CCR4 ligands (CCL17 and CCL22) that drive the
migration of positively selected thymocytes from the cortex to the medulla. Interestingly
the Ccr4”" mice demonstrated that disruption of thymocyte-cDC2 interactions leads to the
aberrant clonal deletion and development of autoimmunity (Hu et al., 2015). In addition
to clonal deletion, cDC2s were shown to be efficient in the generation of Tregs (Proietto
et al., 2008). Specifically, it has been demonstrated that cDC2s are important not only for
the generation of polyclonal populations of Tregs but also for the differentiation of AIRE-
dependent MJ23 TCR-specific T-cells to Treg lineage (Leventhal et al., 2016). This was
further corroborated by the fact that an increased ratio of cDC2 to ¢DCI1 cells in the
thymus of Ccr7”" mice led to the expansion of the thymic Tregs pool (Hu et al., 2017).
This together suggests that cDC2, in contrast to cDC1 and pDCs, are important for Tregs
generation. On the other hand, since there are conflicting reports about the function of
c¢DC1 and c¢DC2 in Tregs selection, the contribution of these two subtypes to the

mechanisms of dominant tolerance needs to be further investigated (Perry et al., 2014).

As suggested above, the moDCs or “classical” macrophages are phenotypically and
functionally very similar to cDC2 (Guilliams et al., 2014). Thus, the exact function of this
subset of cells is very poorly described and very often incorrectly assigned to conventional
cDC2. Nevertheless, it was suggested that F4/80" macrophages preferentially localized in
the thymic cortex and are essential for deletion (Breed et al., 2019) of cortical thymocytes
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and scavenging of apoptotic T-cell (Esashi et al., 2003). Also, the monocyte/macrophage
population was described to be important for the regulation of invariant natural killer

T-cells (iINKT) in the thymus (Wang et al., 2019a).

Together it is clear that different populations of myeloid cells (pDCs, cDC1, cDC2, or
moDCs) contribute to the mechanisms of central tolerance. Unfortunately, the clear
functional determination of each DC-subset is still poorly defined and needs to be further
explored. Especially, to describe the exact function of cDC2s, the mouse model enabling
the specific targeting of these cells is needed to assess their contribution to both clonal
deletion and Tregs selection. On the other hand, since the medullary localization of those
cells is regulated by chemokines expressed predominantly by mTECs, the cooperation of

those cell subsets seems to be essential for the proper functioning of central tolerance.
2.1.4.7 Thymic B-cells

Together with TECs, thymic populations of DCs, and macrophages, thymus also
accommodates a specific population of thymic B-cells, which are localized mainly in the
medulla and CMJ of the thymus and comprise a similar proportion of total thymic cells as
DCs and mTECs (Lu et al., 2015; Perera et al., 2013). Although the proportion of these
cells in the thymus is relatively high, not much is known about their function. Compared
to peripheral B-cells, thymic B-cells are highly primed for antigen presentation and this is
accompanied by an enhanced production of MHCII and co-stimulatory molecules CD80
and CD86 (Perera et al., 2013). This suggests that B-cells undergo a certain level of
intrathymic licensing leading to the upregulation of previously mentioned molecules but
also the expression of AIRE (Yamano et al., 2015). It was suggested that this licensing is
mediated by interaction with thymocytes mostly through the CD40 signaling axis.
Comparing the transcriptome of thymic B-cell isolated from Aire” and Aire™* mice, it was
revealed that B-cells are able to produce several AIRE-dependent TRAs (Yamano et al.,
2015). This enables the thymic B-cells to regulate both, the clonal deletion and Tregs
differentiation. In addition, thymic B-cells play an important role in driving tolerance to
B-cell specific antigens that are presented in the context of MHC molecules to developing

T-cells (Detanico et al., 2011).
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2.1.5 Indirect presentation of self-antigens

As described above the total population of mTECs produces thousands of TRAs.
However, each individual mTEC produces and presents a distinct set of TRAs, which
constitutes only 1-3% of the total TRA pool (Brennecke et al., 2015; Derbinski et al.,
2008; Meredith et al., 2015). This, together with the limited number of mTECs in the
thymic medulla, represents a certain limitation for the antigen encounter by developing T-
cells. To overcome this limitation, there are two possible mechanisms in the thymus: (i)
the motile thymocytes during the medullary development scan the surface of several
hundreds of mTECs to encounter most of the displayed TRAs (Klein, 2009); and (ii) the
TRAs are presented to developing T-cells not only directly by mTECs itself, but also
indirectly by thymic DCs (Gallegos and Bevan, 2004). The indirect presentation of TRAs
not only increases the number of presented TRA-peptides in the thymic medulla but also
enables the presentation of the very same peptide by different cellular microenvironments.
This, in general, more closely mimics the antigen presentation in the periphery and extend

the scope and stringency of negative selection (Klein et al., 2014; Perry and Hsieh, 2016).

The essential role of DCs in the negative selection of self-reactive T-cells was firstly
postulated by their genetic ablation using diphtheria toxin-mediated depletion of CD11c¢
expressing cells (CD11c¢°ROSA26P™ mice). In this experimental system, the general
depletion of DCs led to impaired negative selection followed by the development of fatal
autoimmunity (Ohnmacht et al., 2009). Also, several years ago it was postulated that
negative selection of CD4" T-cells specific to mTEC-derived antigen requires its indirect
presentation by DCs. Specifically, the deletion of OT-IT" T-cells in the RIP-mOVA mouse
model was shown to be dependent on indirect OVA presentation by BM-derived APCs
(Gallegos and Bevan, 2004). Recently, using two-photon microscopy of thick thymic
slices, it was proposed that the negative selection of CD8" (OT-I") T-cells in the RIP-
mOVA system was mediated by antigen presentation by DCs (Lancaster et al., 2019). On
the other hand, mTEC-specific MHCII knock-down mice model suggested that mTECs
itself are sufficient for negative selection of OT-II" T-cells, regardless of DC depletion
(Hinterberger et al., 2010). To distinguish the exact role of indirect TRA presentation to

the T-cell selection, Perry et al. sequenced TCRa repertoire of CD4" T-cells from mice
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either with down-regulated MHCII expression on mTECs or depleted MHCII presentation
on BM APCs. This experimental system proofed that some of the TCR clones specific to
mTEC-derived TRAs are selected only by BM APCs. Moreover, the TCR clones sensitive
to indirect antigen presentation were shown to be mostly deviated into the Treg linecage
(Perry et al., 2014). It was also described that some of the AIRE-dependent TRAs,
produced by mTECs, require the indirect presentation by thymic DCs (Leventhal et al.,
2016; Taniguchi et al., 2012). This, together with the fact that the genetic ablation of
MHCII specifically on DCs (CDI11cMHCIF''" mice) impaired the Tregs selection
(Leventhal et al., 2016), suggests that indirect presentation of self-antigens by thymic DCs

plays an important role in the mechanisms of central tolerance.
2.1.5.1 Cooperative antigen transfer

The indirect presentation of mTEC-derived antigens by BM APCs is enabled by the
antigen handover between these cell types. This process is called cooperative antigen
transfer (CAT) and operates only in one direction: from mTECs to thymic DCs (Koble
and Kyewski, 2009). Moreover, CAT from mTECs was specifically attributed only to the
thymic population of DCs, since the DCs isolated from splenic tissues possess very limited
capacity ty acquire mTEC-derived antigens (Kroger et al., 2017). This suggests that CAT
is a tightly regulated process that requires specific signals and molecules produced by both

mTECs and thymic DCs.

In general, the process of CAT was shown to be mediated by several mechanisms: (i)
endocytosis or phagocytosis of mTEC’s apoptotic vesicles (Koble and Kyewski, 2009;
Perry et al., 2018); (i1) acquisition of MHCII molecules or parts of the plasma membranes
by the process of trogocytosis (Kroger et al., 2017; Millet et al., 2008); and (iii)
endocytosis of mTEC-derives exosomes (Skogberg et al., 2015). In the case of mice
studies, it was suggested that CAT is mostly operational through cell-cell contact-
dependent mechanisms such as trogocytosis and/or endocytosis of apoptotic bodies
(Millet et al., 2008; Perry et al., 2018). Recently, the phagocytosis of apoptotic cells was
described to be important for thymocyte negative selection (Kurd et al., 2019). This
suggests that scavenger receptors expressed by thymic BM APCs should be the potent
regulators of CAT. To this point, the CD36, a scavenger receptor predominantly expressed
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by thymic cDC1, was shown to regulate the transfer of surface antigens from mTECs.
Furthermore, the CD36-dependent antigen transfer was described to be important for both
clonal deletion and Treg selection (Perry et al., 2018). Another level of CAT regulation is
through the attraction of a particular DC population to the vicinity of mTECs (Hubert et
al., 2011). As mentioned previously, the AIRE, together with TRAs, regulates also the
production of several chemokines, which have the capacity to recruit DCs to the thymic
medulla (Cosway et al., 2018; Hubert et al., 2011). Specifically, the XCL1, which attracts
XCR1°cDCI to AIRE"mTECs, was suggested to be an important regulator of CAT (Lei
etal., 2011).

It has been documented by several publications that the complexity of CAT is partially
due to the heterogeneity of BM APCs in the thymus (Koble and Kyewski, 2009; Kroger
et al., 2017; Perry et al., 2018). As suggested above, the thymic DCs seem to be a major
population of cells with the ability to acquire the mTEC-derived antigens through the
process of CAT (Lancaster et al., 2019; Leventhal et al., 2016; Perry et al., 2014). On the
other hand, several studies reported that specific subtypes of thymic DCs vary in their
capacity to acquire those antigens (Kroger et al., 2017; Perry et al., 2018). Using in vitro
co-cultivation experiments it was suggested that transfer of MHC molecules from TECs
to cDC1 and ¢DC2 occurred at the same efficiency, while the antigen transfer to pDCs is
limited (Kroger et al., 2017). The marginal role of pDCs in the presentation of
mTEC-derived antigens was confirmed by using pDC-depleted mouse models, where the
selection of AIRE-dependent TCR clones of Tconv or Tregs was found unchanged
(Leventhal et al., 2016; Perry et al., 2014). On the other hand and as suggested above, the
cDCl1 and cDC2 were shown to be indispensable for the selection of AIRE-dependent
TCR clones of Tregs. Specifically, by using the Batf3”" mice (cDC1 depletion) it was
demonstrated that around 12% of Treg TCR specificities was controlled by cDC1 (Perry
et al., 2014), whereas the others by cDC2 (Leventhal et al., 2016) or mTECs itself
(Hinterberger et al., 2010). Importantly, even such a minor depletion of Treg clones in
Batf3”" mice was sufficient to provoke the onset of autoimmune disease (Perry et al.,
2018). It was also described that amount of CAT to ¢cDCI1 and c¢DC2 cells differs in
relation to nature of the antigen. While the transfer of surface antigens from mTECs to

cDC1 or cDC2 occurred at the same efficiency, the transfer of intracellular green
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fluorescent protein (GFP) antigen (4ire-GFP mouse model) was restricted mostly to
cDCl1 (Kroger et al., 2017; Perry et al., 2018). On the other hand, using the RIP-OVA mice
model, the transfer of intracellular OVA was increased to cDC2 (Lancaster et al., 2019).
Since the expression of GFP in Aire-GFP mouse model is in the thymus restricted only to
AIRE"mTECs"# population (Gardner et al., 2008), whereas the production of OVA (RIP-
OVA mice) is attributed mostly to mTECs'" or post-AIRE mTECs (Lancaster et al., 2019;
Mouri et al., 2017), the ¢cDC1 and cDC2 probably interact with different developmental
stages of mTECs. This suggests that ¢cDC1 presumably acquire the antigens from
mTECs"&" while cDC2 from post-AIRE mTECs (Lancaster et al., 2019; Lei et al., 2011;
Perry et al., 2014).

Taken together, it is clear that cooperation and antigen handover from mTECs to various
APC populations determine the cell-fate of developing T-cell. The failure of a single
component of this very complex system can lead to autoimmune reactions and potential
development of autoimmune diseases. Although the process of thymic tolerance is
designed to delete all self-reactive T-cells, some of them escape to the periphery, where
they autoreactive potential is under surveillance of another layer of immune tolerance,

peripheral tolerance (Kim et al., 2007b).
2.2 Peripheral tolerance

As alluded above, central tolerance is an extremely efficient process that allows only 5%
of T-cells to exit to the immune periphery (von Boehmer et al., 2003). Despite this, some
of the self-reactive T-cell clones which exhibit the low affinity/avidity TCRs or clones
whose antigen is not expressed in the thymus, escape the mechanisms of central tolerance
and are released to the periphery (Liu et al., 1995; Nichols et al., 2007; Zehn and Bevan,
20006). For this reason, the central tolerance is complemented by a set of mechanisms that
have the potential to induce tolerance not only to self-antigens but also to harmless non-
self-antigens in the immune periphery, such as food or commensal microbiota (Mueller,

2010).
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2.2.1 Peripheral tolerance to self-antigens

The first and the simplest barrier to self pMHC recognition is the process of antigen
sequestration or self-antigen ignorance. This represents a state where self-antigens cannot
be seen by the immune system due to the several reasons: (i) naive T-cells are specifically
excluded from non-lymphoid tissue in which the probability of contact with TRA is much
higher than in lymphoid organs, (ii) self-antigen is primarily localized in the immune-
privileged site where the high expression of pro-apoptotic molecules (TRAIL, FAS-
Ligand) and secretion of anti-inflammatory cytokines (IL-10, TGFp) block the immune
cell activation (Forrester et al., 2008), and (iii) the amount of particular antigen is too low
to trigger the immune response (Mueller, 2010). The function of antigen sequestration was
nicely described by using transgenic mice expressing mOVA under the keratin-14
promotor (K/4-mOVA), where the expression of mOVA is restricted to the skin,
esophagus, tongue, and thymus. Interestingly, the adoptive transfer of OT-I and OT-II
T-cells did not trigger autoimmunity. However, disruption of the skin in the very same
model caused infiltration of the skin by OVA-specific T-cells and development of the
autoimmune reaction (Bianchi et al., 2009). This suggests, that without tissue
inflammation the presentation of OVA does not cause autoimmunity. Furthermore, the
immune-privileged sites are also not resistant to the development of autoimmune reactions
once inflammation within the organs occurs (Greter et al., 2005). Another mechanism of
peripheral tolerance is based on the anergy, which was described as a state of T-cell
unresponsiveness after the encounter of pMHC without proper co-stimulatory signal
(Hawiger et al., 2001; Liu et al., 2002). The T-cell anergy state is often caused by the
interaction with tolerogenic DCs that in steady-state conditions express only very low
levels of CD80/CD86 molecules. Similar to the mechanisms described above, the
tolerogenic potential of DCs could be disrupted by the local inflammatory reaction leading
to DCs activation followed by upregulation of co-stimulatory molecules through the
pattern recognition receptors (PRRs) stimulation (Steinman et al., 2003). Also, the lack of
CD80/CD86 and the increased production of cytokines TGFp, IL-10, or IL-2 give
tolerogenic DCs the capacity to induce the differentiation of CD4" T-cells to peripheral
Tregs (pTregs) (Kalekar et al., 2016; Kretschmer et al., 2005).
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One of the most crucial mechanisms of peripheral immune suppression is mediated by
Tregs. The population of Tregs consists of thymic Tregs (tTregs) and pTregs and the
depletion of both leads to the development of fatal autoimmunity (Kim et al., 2007b; Wing
and Sakaguchi, 2010). Also, the direct mutations in the Foxp3 gene, which results in the
absence of mature Treg-lineage, causes the development of multi-organ autoimmune
disease in both mice and humans (Bennett et al., 2001; Fontenot et al., 2003). Specifically,
the IPEX syndrome (immunodysregulation polyendocrinopathy enteropathy X-linked)
that is manifested by severe enteropathy, dermatitis, endocrinopathy, nail dystrophy, and
several other symptoms, is linked to the dysfunction of FOXP3, which was described as s
master regulator of Treg function (Bennett et al., 2001; Fontenot et al., 2003). Functionally
both types of Tregs express the specific cell-surface molecules and cytokines that were
proposed to play an essential role in Treg-mediated cell suppression (Josefowicz et al.,
2012). Tregs overexpress CD25, a subunit of the IL-2 receptor, which is essential for their
development and homeostasis and also fulfills the major role in T-cell suppression since
it enables the Tregs to deprive effector T-cells of IL-2 and thus block their proliferation
(Fontenot et al., 2005; Pandiyan et al., 2007). Similarly, Tregs also produce high levels of
cytotoxic T-lymphocyte antigen 4 (CTLA-4), T-cell immunoreceptor with Ig and ITIM
domains (TIGIT) and lymphocyte activation gene 3 (LAG-3), that block the activation of
DCs and induce the production of tolerogenic cytokines IL-10 or TGFP (Huang et al.,
2004; Takahashi et al., 2000; Yu et al., 2009). The expression of two ectoenzymes CD39
and CD73 were also shown to be specifically enriched in Tregs. It was described that both
these enzymes facilitate the secretion of cyclic adenosine monophosphate (cAMP) that
inhibits the activation of DCs and blocks the proliferation of T-cells (Deaglio et al., 2007).
In addition to surface molecules, several secreted proteins, such as cytokines IL-10,
IL-35, and TGFP or granzyme B, were shown to be important for Treg-mediated
suppression (Josefowicz et al., 2012). Specifically, the genetic depletion of IL-10 in
FOXP3" Tregs leads to the break of intestinal tolerance and the development of
spontaneous colitis (Chaudhry et al., 2011; Rubtsov et al., 2008). Also, the depletion of
IL-12p35 or EBI3, two major components of IL-35 complex, caused the development of

inflammatory bowel disease (Collison et al., 2007).
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Along with the previously mentioned mechanisms, the clonal deletion of self-reactive
T-cells was suggested to be operational also in the immune periphery. This function was
specifically attributed to a population of lymph node stromal cells (LNSCs) that apart of
its skeletal function, i.e. they form the 3-D structure and architecture of lymphoid tissues,
they also express a small number of TRAs (Lee et al., 2007; Malhotra et al., 2013). It was
shown that LNSC can effectively deplete adoptively transferred OT-I T-cells in the mouse
model were OVA is produced under the promotor of an intestinal fatty-acid binding
protein (iIFABP) (Lee et al., 2007). The ability to produce TRAs was associated with two
types of LNSCs: fibroblastic reticular cells (FRCs) that were responsible for iFABP
presentation (Fletcher et al., 2010) and lymphatic endothelial cells (LECs) that are able to
produce and present melanocyte tyrosinase and effectively deplete tyrosinase-specific
CDS8" T-cells (Cohen et al., 2010; Nichols et al., 2007). Moreover, it was described that
LNSCs can acquire pMHCII molecules from DCs and thus can potentially affect the
peripheral selection of CD4" T-cells (Dubrot et al., 2014). This prediction was confirmed
by the fact that the specific depletion of MHCII from LNSCs exhibited enhanced T-cell
infiltration and increased production of autoantibodies to several tissues (Dubrot et al.,
2018). Recently, the self-antigen presentation by LNSCs was shown to be able to induce
the generation of antigen-specific pTregs (Nadafi et al., 2020).

Apart from LNSCs, the expression of TRAs was also found in the rare population of DC-
like cells (CD11¢"MHCIT'EpCAM") residing in the border of T-cell and B-cell zone in
the lymph nodes (Gardner et al., 2013). Interestingly it was described that this population
expresses a reasonable amount of AIRE and is able to produce around two hundred TRAs
that are almost non-overlapping with those expressed by mTECs (Gardner et al., 2008).
Using neo-self antigen technology it was suggested that these extrathymic AIRE-
expressing cells (€TACs) can clonally delete both the CD8" and CD4" T-cells (Gardner et
al., 2008; Gardner et al., 2013). Furthermore, single-cell RNA sequencing and
multiparametric flow cytometry experiments identified the presence of AIRE-expressing
DC-like cells also in human tonsils. Nevertheless, compared to mouse eTACs, the
expression of AIRE in DC-like human cells was not associated with the production of
TRAs (Fergusson et al., 2018). Thus the exact function of AIRE in these cells is still

unclear and remains to be determined.
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The above described data from published reports collectively suggest that immune
periphery encompasses several mechanisms that can inactivate or delete self-reactive
T-cells and hence prevent the organism from the development of autoimmune diseases.
Apart from tolerance to self-antigens, the immune periphery, such as the gastrointestinal
tract, also possesses several specific mechanisms to tolerize immune system to harmless

non-self-antigens.
2.2.2 Peripheral tolerance to non-self-antigens

As suggested above, the presentation of antigens that are not encoded in the host genome,
such as antigens derived from the intestinal microbiota or food, is very limited in the
thymus. However, because these antigens are by nature associated with microbial
presence and interact with the immune system on mucosal and epithelial surfaces, they
can under certain circumstances erroneously activate it. For this reason, central tolerance
is complemented by several other mechanisms with the capacity to tolerate these antigens
(Nutsch and Hsieh, 2012). One such mechanism is described as oral tolerance. It is defined
as a state of unresponsiveness to antigens acquired orally and is effective mostly to food
antigens (Rezende and Weiner, 2017). In general, the presentation of food antigens largely
depends on classical DCs in gut-draining mesenteric lymph-nodes (mLN) (Worbs et al.,
2006). Specifically, these CD103" DCs are able to take up intestinal antigens in lamina
propria and migrate along the gradient of CCR7 ligands to mLN (Jang et al., 2006; Schulz
et al.,, 2009). Once entering the mLN, these CD103" DCs start the expression of
metabolites of retinoic acid (RA) (vitamin A) that induces the production of gut-homing
receptor CCR9 and integrin-a4f7 on antigen-experienced T-cells (Iwata et al., 2004).
Moreover, the induction of gut-homing receptors and the presence of RA drives the
expression of FOXP3 in antigen-specific T-cells and mediate their differentiation into
pTregs (Benson et al., 2007; Sun et al., 2007). Interestingly, the abrogation of integrin-7
or CX3CR1 signaling resulted in decreased selection of pTregs in the gut-associated
tissues suggesting that migration of CX3CR1"CD103* DCs and the gut-homing program

is essential for the generation of pTregs specific to food antigens (Hadis et al., 2011).

Another step of peripheral immune tolerance to harmless non-self-antigens is the

suppression of T-cells specific to commensal bacteria. It was suggested that Tregs can

45



inhibit responses to commensal microbiota caused by the CD4" T-cells (Atarashi et al.,
2011; Lathrop et al., 2011). However, the origin of these Tregs is still controversial.
Several studies have reported that these microbiota specific Tregs are generated directly
in the thymus (Cebula et al., 2013; Hadeiba et al., 2012). Specifically, deep sequencing of
TCRs from tTregs revealed the changes in their repertoire in germ-free animals (Cebula
et al., 2013). It was also hypothesized that CCR9" pDCs and/or ¢cDC2 cells that migrate
to the thymus from periphery may present the microbiota-derived antigens to developing
thymocytes and subsequently generate Tregs (Bonasio et al., 2006; Hadeiba et al., 2012).
On the other hand, the presence of Clostridia species in the gut was shown to promote the
generation of colonic pTregs (Atarashi et al., 2011). This effect has been specifically
attributed to the production of microbial metabolites, the short-chain fatty acids (SCFA)
that have the capacity to induce FOXP3 expression in intestinal CD4" T-cells (Arpaia et
al., 2013; Marifio et al., 2017). In addition, the specific subtype of FOXP3" pTregs that
co-express master regulator of Th17 response RORy were shown to be highly dependent
on the microbiota or microbial metabolites (Ohnmacht et al., 2015; Sefik et al., 2015; Song
et al., 2020). Thus the induction of intestinal pTregs is mediated by specific subtypes of
gut-associated APCs that are able to acquire and present microbial antigens to T-cells.
Interestingly, the innate lymphoid cells type 3 (ILC3s) were described as the major
population of intestinal APCs that have the capacity to tolerize microbiota-specific T-cells
(Hepworth et al., 2015; Hepworth et al., 2013). These gut-related ILC3s express high
levels of MHCII and efficiently present microbiota-derived antigens to intestinal T-cells
(Hepworth et al., 2015). In this context, the depletion of MHCII specifically in ILC3s led
to the development of T-cell dependent intestinal inflammation (Hepworth et al., 2013).
This suggests that gut-related ILC3s can delete or inactivate microbiota-specific T-cells.
Consistent with this, it was described that these MHCII" ILC3s secrete high levels of IL-
2 and Aryl hydrocarbon receptor (AHR) which were shown important for driving CD4*
T-cells to Treg-lineage (Hepworth et al., 2015; Qiu et al., 2013). Complementary to this,
it has been shown that IL-1B-stimulated ILC3 upregulate the expression of granulocyte-
macrophage colony-stimulating factor (GM-CSF), which drives intestinal macrophages
and DCs to produce IL-10, TGFB, and RA and thus support the selection of microbiota-
specific pTregs (Coombes et al., 2007; Mortha et al., 2014).
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Together, it is clear that the mechanism of T-cell tolerance is a multilayered process that
operates in very distinct anatomical places. The tolerance to body own self-antigens is
mostly achieved by dominant or recessive tolerance in the thymus, supplemented by
several mechanisms of peripheral tolerance in lymph nodes or spleen. On the other hand,
the tolerance to microbiota or food-derived antigens is mostly enforced in gut-related
tissues. Breakdown of any of these layers of tolerance can lead to the development of
severe autoimmune symptoms such as APS-1, IPEX, or inflammatory bowel diseases
(IBDs) (Filipp et al., 2018). The schematics of multilayered process of T-cell tolerance is
depicted in Figure 4.
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Figure 4. Multilayered mechanism of T-cell tolerance. The schema displays the consecutive
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steps of T-cell selection in the thymic tissue, lymph nodes, and the gut. Mixed T-cell populations
are shown as clones that are left after each particular step of selection. Specificities of T-cell clones
are color-coded: red - reactivity to self-antigens, green - reactivity to microbial or food antigens,
blue — reactivity to remaining antigens. A. The thymus serves as a first T-cell selection checkpoint
where cognate T-cells are either clonally deleted or converted to regulatory T-cells (Tregs). The
selection occurred mostly to self-antigens that are presented directly by medullary thymic
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epithelial cells (mTECs) or indirectly by classical dendritic cells type 1 (¢cDC1). Alternatively, the
plasmacytoid dendritic cells (pDC) or classical dendritic cells type 2 (cDC2) can acquire self-
antigens in the periphery and transferred them to the thymus. B. The next step of T-cell selection
occurs in peripheral lymph nodes, where mostly the self-antigens are presented by cDC2 or lymph
node stromal cells (LNSC). Cognate T-cells could be either deleted or anergized. C. T-cell reactive
to microbial and food antigens are selected mostly in the gut tissue. Specifically, the innate
lymphoid cell type 3 (ILC3) could directly delete the T-cells specific to microbial antigens,
whereas the cDC2 mostly contribute to the generation of peripheral Tregs. The result of this
complex process of tolerance is the presence of a functional and safe peripheral repertoire of T-
cell clones. Adopted from Filipp et al. (Filipp et al., 2018).

3. TOLL-LIKE RECEPTORS

The development of the immune system is dependent on the co-evolution of microbes and
the host. Thus the recognition of microbial structures is an essential mechanism for the
initiation of immune responses and is mediated by germ-line encoded PRRs. These
receptors recognize conserved molecular structures, referred to as pathogen-associated
molecular patterns (PAMPs) that are shared among the microbes (Janeway and
Medzhitov, 2002). The first identified and far the most studied PRRs are TLRs (Kawai
and Akira, 2010). Structurally, TLRs are transmembrane proteins with surface domains
containing leucine-rich repeats (LRRs) that recognize PAMPs, transmembrane domains,
and intracellular TIR (TLR-interleukin 1 receptor) domains required for signal
transduction (Botos et al., 2011; Medzhitov et al., 1997). Currently, 10 humans and 12
murine functional TLRs have been identified. TLR1-TLR10 was shown to be conserved
in both species whereas the TLR11, 12, and 13 are present only in the mouse genome
(Kawasaki and Kawai, 2014; Rock et al., 1998). Functionally, each TLR was shown to
have a different function in terms of PAMP recognition and subsequent immune
responses. On the other hand, the downstream signaling through all TLRs often leads to
the increased secretion of pro-inflammatory cytokines, chemokines, type I interferons

(IFNs), or antimicrobial peptides (Kawasaki and Kawai, 2014).
3.1 Ligands of Toll-like receptors

Based on the intracellular localization, the TLRs could be divided into two major groups:

(1) TLR1, TLR2, TLR4, TLRS, TLR6 and TLR11 that are present on cell surfaces and
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binds mainly components of microbial membranes such as carbohydrates, lipids or
lipoproteins; the (ii) TLR3, TLR7, TLR8 and TLR9 which are expressed on membranes
of intracellular compartments as endosomes or lysosomes and recognize microbial-
derived nucleic acids (Kawai and Akira, 2010). TLR2 was shown to form heterodimers
with TLR1 or TLR6 and is involved in the recognition of a broad range of PAMPs
including lipopeptides from bacteria, zymosan from fungi or hemagglutinin protein from
a virus (Barbalat et al., 2009; Jin et al., 2007; Kang et al., 2009). A founding member of
the TLR family is TLR4, which forms a protein complex with MD2 and recognizes the
bacterial lipopolysaccharide (LPS) (Park et al., 2009). The efficient binding of LPS to the
TLR4-MD2 complex also requires the presence of LPS-binding protein (LBP) and CD14
(Akashi-Takamura and Miyake, 2008; Kim et al., 2007a). The TLRS and TLR11 were
shown to interact mainly with bacterial flagellin or molecules derived from Toxoplasma
gondii, respectively (Uematsu et al., 2008; Yarovinsky et al., 2005). Intracellular TLRs
were identified as molecules recognizing a viral or synthetic double-strand RNA (TLR3)
(Choe et al., 2005; Tabeta et al., 2004), single-stranded RNA derived from RNA viruses
or Poly(U) RNA (TLR7 and TLR8) (Hornung et al., 2005; Mancuso et al., 2009) and
unmethylated 2’-deoxyribo-cytidine-phosphate-guanosine (CpG) DNA motifs derived
from bacterial or viral DNA (TLR9) (Haas et al., 2008).

Several reports suggested, that TLRs can also sense endogenous ligands: host-derived
molecules with the capacity to trigger immune responses (Beg, 2002). Most of these
ligands are associated with the products of cell death, injury, or tumor growth including
the components of extracellular matrix (ECM), heat-shock proteins, and high-mobility
group box 1 (HMGBI1) (Kawai and Akira, 2010; Tsan and Gao, 2009; Yang and Tracey,
2010). Moreover, the ribonucleoprotein complexes and host DNA released by necrotic or
apoptotic cells can stimulate intracellular TLR7 and TLR9 and trigger the response
(Vollmer et al., 2005). Specifically, the secreted components of ECM such as biglycan
(Schaefer et al., 2005), hyaluronic acid (Jiang et al., 2005a), or versican (Kim et al., 2009)
can activate TLR2 or TLR4 and induce the expression of pro-inflammatory cytokines and
chemokines (Beg, 2002). The TLR recognition of self-derived RNA or DNA molecules
should be blocked by the proper degradation of these molecules by serum nucleases in the

endolysosomes (Barton et al., 2006). For example, TLR9 undergoes proteolytic cleavage
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that prevents the binding of self-DNA before its degradation (Kim et al., 2008). It is also
important to emphasize that viral and bacterial nucleic acids carry diverse modifications
and employ different chemical marks then host nucleic acids (Chen et al., 2016). This
suggests that in steady-state conditions, the self-derived nuclei acids should not activate
the innate immune response. On the other hand, the inflammatory and autoimmune
processes can destroy these safeguards and lead to the activation of innate immunity
(Means et al., 2005; Means and Luster, 2005; Viglianti et al., 2003). As suggested above
the HMGBI release from dying cells could stimulate TLRs (Yang and Tracey, 2010).
Specifically, it can bind to both pathogen and self-DNA and form the HMGB1-DNA
complexes that are recognized by the RAGE receptor and delivered to early endosomes
for TLRY recognition (Tian et al., 2007). The very same mechanism was also
demonstrated by the engagement of complexes of cathelicidin LL37 and self-DNA, which
have the capacity to activate TLR7 and TLR9 signaling (Lande et al., 2007). This together
suggests that activation of innate immune reactions through TLRs could be triggered by

not only exogenous (pathogen-derived) but also endogenous (self-derived) ligands.
3.2 Toll-like receptor signaling

In general, TLR signaling can be classified as MyD88-dependent, which mostly drives the
induction of pro-inflammatory cytokines or TRIF-dependent that is associated with the
overexpression of type I interferons. MyD88-dependent signaling pathway is universally
used by all TLRs with the exception of TLR3 and thus, MyD88 deficient mice are broadly
used in experiments in which the effect of TLR signaling on a given physiological process
is tested. For the purposes of cell-specific ablation of MyD88 protein, a mouse strain with

a conditional MyD88 allele is also available (Hou et al., 2008).

TLR4 was shown to uses both the MyD88 and TRIF-dependent signaling pathways
(Kawasaki and Kawai, 2014). After TLR engagement, by their cognate ligands, MyD88
recruits IL-1 receptor-associated kinase (IRAK) family members that are
autophosphorylated (Kollewe et al., 2004; Lin et al., 2010), released from MyD88 and
activate ubiquitin-ligase TRAF6 (Jiang et al., 2002). TRAF6 induces polyubiquitination
of TAK1 that activates two different pathways: (i) IKK complex of NF-«xB and (ii)) MAPK
pathway (Chen, 2012). Activated IKK phosphorylates [kBa, an inhibitor of NF-kB, which
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undergo degradation allowing NF-kB translocation into the nucleus (Bhoj and Chen,
2009). TAK1 activation of MAPK family members resulted in the stabilization of the AP-
1 transcription factor and induces pro-inflammatory responses (Kawagoe et al., 2008).
The TRIF-dependent signaling pathway can activate both the NF-kB and IRF3 pathways.
After ligand TLR3 ligand encounter, TRIF activates TRAF3 that induces IKK-mediates
phosphorylation of IRF3 that induces the expression of type I IFNs (Oganesyan et al.,
2006). In terms of TLR7 and TLR9 signaling the TRAF6 can also activate IRF7, which
after the nuclear translocation also regulates the production of type I IFNs (Kawai and

Akira, 2010).

Expression of TLRs is largely restricted to cells on the interphase between host and
external environments, such as mucosal epithelial cells, keratinocytes, endothelial cells,
and migratory cells of hematopoietic origin such as DCs, macrophages and monocytes
(Andonegui et al., 2009; Baker et al., 2003; Janeway and Medzhitov, 2002; Price et al.,
2018). Expression of TLRs on APCs of hematopoietic origin was shown to be particularly
important for the host immunity. In general, the TLR engagement by microbial ligands
initiates the maturation of APCs which results in the upregulation of MHC I and/or II,
costimulatory molecules, and increased production of pro-inflammatory cytokines (IL-6,
TNFa, etc.) (Banchereau and Steinman, 1998). In terms of epithelial or endothelial cells,
the stimulation of TLRs is often associated with upregulation of chemokines attracting
DCs, macrophages and/or neutrophils to the site of infection or lead to the overexpression
of antimicrobial peptides that have the ability to opsonize or destabilize the membrane of
potential pathogens (Abreu, 2010; Ayabe et al., 2000; Vaishnava et al., 2008). For this
reason, the mutations in TLRs are being associated with several diseases such as IBDs or
increased incidence of colorectal cancer (Cario and Podolsky, 2000; Fukata et al., 2007).
TLRs were shown to be expressed also by hematopoietic stem cell (Burberry et al., 2014),
embryonic cell types such as macrophages (Balounova et al., 2014) and erythro-myeloid
progenitors (Balounova et al., 2019), or TECs (Bernasconi et al., 2005; Cavalcante et al.,
2016; Huang et al., 2014). But the exact function of TLR-signaling in these cell-types

remains mostly undetermined.
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THESIS AIMS

The general aim of the thesis is to characterize the role of AIRE-expressing cells in the
mechanisms underpinning the central and peripheral immune tolerance to self-antigens.
The main goal of the work is to describe the novel regulatory pathways and cell subsets
that are essential for self-antigen presentation to T-cells and enforcement of tolerance.

This includes several specific questions:

1. What is the specific role of TLR-signalling in the mTEC-driven mechanisms of

central tolerance?

2. What is the role of enteric a-defensins expression by mTECs for the mechanism

of central tolerance to intestinal antigens in mice and humans?

3. What is the identity and potential function(s) of AIRE-expressing cells in lymph

nodes?

4. May the generation of a novel Aire”’ mouse strain allow to study a cell-specific

function of AIRE in different tissues?

52



RESULTS

The list of this author’s publications, which collectively forms the essence of the presented

thesis:
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A. Aidarova, J. Kubov¢iak, O. Tsyklauri, O. gtépének, V. Benes, R. Sedlacek, L. Klein,
M. Koléf, and D. Filipp. Toll-like receptor signaling in thymic epithelium controls
monocyte-derived dendritic cell recruitment and Treg generation. Nature
Communications, 2020, 11:2361. (IF201s=11.878)

Dobes, J., A. Neuwirth, M. DobeSova, M. Voboril, J. Balounova, O. Ballek, J. Lebl, A.
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(IF2018=10.892)
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Here, the author contributed to the review article describing the mechanisms of tolerance
to intestinal antigens occurring on multiple layers of T-cell development and priming.
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1. TOLL-LIKE RECEPTOR SIGNALING IN THYMIC EPITHELIUM
CONTROLS MONOCYTE-DERIVED DENDRITIC CELL RECRUITMENT
AND TREG GENERATION

Several studies suggested the link between AIRE and the noncanonical NF-«B signaling,
as mice lacking either AIRE or several of the components of the NF-kB pathway show
impaired induction of central tolerance and abnormal thymic structure (Haljasorg et al.,
2015; LaFlam et al., 2015; van Delft et al., 2015). Specifically, signaling through TNF
receptor family members was shown to be particularly important (Akiyama et al., 2008;
Boehm et al., 2003). The RANK-RANKL interaction, provided mostly by lymphoid tissue
inducer cells or positively selected T-cell, was described to be important for the
development of AIRE"mTECs (Akiyama et al., 2008; Hikosaka et al., 2008; Rossi et al.,
2007b). Also, the pharmacological blockade of RANKL results in a loss of AIRE
expression and decrease numbers of Tregs (Khan et al., 2014). Since the CD40-CD40L
interaction also activates the noncanonical NF-kB signaling, the depletion of CD40
affected the numbers of AIRE" mTECs. However, the thymic phenotype was shown to be
milder than in the case of Rankl”" mice (Akiyama et al., 2008). Furthermore, the signaling
through LTPR was shown to be essential for the thymic medulla formation and
differentiation of mTECs (Boehm et al., 2003). Besides, the LTBR seems to be also
important in mTECs and DCs crosstalk and the generation of Tregs (Cosway et al., 2017).
The exact function of NF-xB pathway in the expression of AIRE was further corroborated
by the finding that the depletion of Aire CNS1 element that contains two NF-kB binding
sites leads to the abrogated AIRE expression and development of autoimmunity
(Haljasorg et al., 2015; LaFlam et al., 2015). Interestingly, the canonical NF-«B signaling
was also proposed to play an important role in mTECs biology since the TEC-specific
depletion of TRAF6 adaptor led to the development of autoimmune response against the
liver (Bonito et al., 2013). This suggests that also receptors triggering the canonical NF-
kB pathway may play a role in the process of central tolerance. Among them, the TLRs
seem to be the most prominent since their expression was previously found on human
TECs and specifically enriched in patients with myasthenia gravis (Bernasconi et al.,

2005; Cavalcante et al., 2018).
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In the presented study we have demonstrated that mTECs express a battery of TLRs,
including TLR9, whose expression was shown to be comparable to conventional DCs.
Interestingly the genetic ablation of MyD88 specifically in TECs (MyD88""Foxn1¢¢) had
no apparent impact on the frequency of general TECs subpopulations, however, it affects
the development of post-AIRE mTECs. In association with this, the mTECs isolated from
MyD88""Foxn1¢® mice showed reduced expression of chemokines attracting the cDC2
to the thymic medulla. In addition, the in vivo stimulation of mTECs through intrathymic
injection of TLRY ligand led to the enhanced differentiation of post-AIRE mTEC:sS,
increased production of chemokines, and subsequent enhancement of cDC2 in the thymic
medulla. Using single-cell RNA sequencing, we have identified the population of thymic
moDCs that were enriched in the thymus and effectively acquire mTEC-derived antigens
in response to TLRY signaling. Consistently, the cellularity of moDCs was shown to be
decreased in MyD88""Foxnl" mice. Since the cellularity of DCs was shown to be
important for the generation of Tregs in the thymus we tested the frequency and
functionality of Treg-population in MyD88""Foxnl1“* mice. We found that these mice
suffer from a decrease amount and reduced functionality of thymic Tregs, which renders
the peripheral T-cell repertoire prone to induction of experimental colitis. Altogether, our
model proposes that TLR/MyD88 signaling works as an important regulatory pathway of
mTECs biology affecting the basic processes of central tolerance (Vobotil et al., 2020).
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acquire mTEC-derived antigens in response to the above chemokines. Consistently, the
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a healthy immune system. Since T cell antigen receptors

(TCRs) are generated by random somatic recombination,
i.e. could be self or nonself-specific, T cells that express a self-
reactive TCR must be removed from the conventional T cell
repertoire. The critical part of this process occurs in the thymic
medulla where the strength of TCR recognition of self-antigens is
probed by various types of antigen presenting cells (APCs),
mainly dendritic cells (DCs), B-cells, and highly specialized
medullary thymic epithelial cells (mTECs)!. mTECs mediate the
promiscuous expression of thousands of otherwise strict tissue-
restricted self-antigens (TRAs), a large number of which are
under the control of the transcriptional regulator Aire’. The
presentation of TRAs by mTECs can result in either the deletion
of self-reactive T cells® or their conversion into Tregs*>

Tt has been recently demonstrated that the process of cooperative
antigen transfer (CAT) from mTECs to DCs is essential for the
establishment of thymic tolerance®-!!. The complexity of CAT is
foremost due to the heterogeneity of DCs in the thymus. These
CD11c* cells are comprised of two major categories: B220" plas-
macytoid DCs (pDC) and dassical DCs (¢DCs), the latter which
can be subdivided into XerltCD8atSirpa classical type 1 DCs
(cDC1) and Xerl CD8a Sirpat classical type 2 DCs (¢DC2)!213,
While ¢DC1 arise primarily in the thymus, cDC2 and pDCs ori-
ginate extrathymically and then migrate to the thymic medullary
region#15, mTEC-derived antigens are transferred both to thymic
resident ¢cDCI%!Y and ¢DC2'617. Although it has been shown that
the migration of ¢DC1 and ¢DC2 to the vicinity of mTECs is
affected by a gradient of Xcl1'® and Cer2/Cer7 ligands,
respectively! %20, the potential involvement of other chemokines in
the regulation of CAT still awaits resolution.

Toll-like receptors (TLRs) sense various immunologically rele-
vant microbial ligands such as lipoproteins, carbohydrates, and
nucleic acids. All TLRs, with the exception of TLR3, signal through
the adaptor protein, MyD88, which via the activation of the NF-kB
pathway induces the expression of pro-inflammatory cytokines,
chemokines, and other infllmmation-related molecules?!. While
the exact role of non-canonical NF-«B signaling in the development
and function of mTECs has been previously demonstrated?>—24, the
impact of TLR signaling via the canonical NF-kB pathway in the
physiology of mTECs remains undetermined.

Here, we show that, among TLRs, mTECs abundantly express
TLRY, and the stimulation of which leads to the influx of Xcrl™
Sirpat <DC2 into the thymic medulla. RNA sequencing of sti-
mulated mTECs reveals that the mechanism underpinning this
phenomenon is related to the upregulation of a set of chemokines,
whose receptors are predominantly expressed by a CD14 1 subset
of thymic DCs, which have been identified as monocyte-derived
DCs (CD14  moDC). Furthermore, mice with MyD88-deficient
TECs, which exhibit a deficiency in the recruitment of CD147
moDC, also suffer from a decreased thymic Treg output and
functionality, which renders the peripheral T cell repertoire prone
to colitis induction.

T he establishment of tolerance is a fundamental attribute of

Results

mTECs express a set of TLRs and signaling adaptors. The
function of TLR signaling in the physiology of mTECs has not yet
been studied in detail™® 7. We first determined that both
mTECs% and mTECs"8" subsets (Fig. 1a and Supplementary
Fig. la) expressed TLRZ, 3, 4, and 9 (Fig. 1b). Remarkably, TLR9,
which recognizes bacterial, viral or altered DNA?! and ligands
associated with cellular stress?®, is highly expressed by mTECshigh
at levels comparable to thymic ¢DCs (Fig. la, b and Supple-
mentary Fig. 1b). Transcripts of TLR adaptors MyD88 and Trif*!
were also readily detectable (Fig. 1¢). Although the levels of TLR4

and TLRY were higher in mTECs™E0, the major producers of
Aire, our analysis of Aire™* and Aire~'~ mice revealed that TLRs
are expressed in an Aire-independent manner (Fig. 1d).

To assess the significance of TLR/MyD8&8 signaling in TECs
development, we crossed a thymic epithelial cell-specific Foxn1©r¢
driverg with a MyDSSWﬂ transgenic mice® (hereafter called
MyD88ATEC) In comparison to the control, MyD88ATECs mice
showed no significant differences in the frequency of all tested
TEC subpopulations (Fig. Ie, f), suggesting that canonical NF-kB
signaling through TLRs/MyD88 does not affect mTEChiEh
maturation. Similarly, in all m TEChigh subsets, the expression
of CD80, CD86, PD-L1, CD40, and ICOSL on was not altered
(Supplementary Fig. 1c).

Together, this data demonstrates that TLRs are broadly
expressed by mTECs and MyD88-dependent signaling has no
apparent impact on TEC subpopulation frequency.

MyD88-dependent chemokine expression in mTECshigh, Given
the high expression of selected TLRs in mTECshigh cells, we
assessed the impact of the absence of TLR signaling in unper-
turbed conditions. RNA-sequencing of mTECs"E® (sorted as
shown in Supplementary Fig, 1a) from wild type (MyD88/%) and
MyD88ATES mice revealed MyD88-dependent transcriptional
variance (Fig. 2a) defined by 303 differentially expressed tran-
scripts (Fig. 2b and Supplementary Data 1 and 2). While 206 of
these transcripts were induced and 97 repressed by MyD88, they
were not enriched for Aire-dependent or Aire-independent TRA
genes®! (Supplementary Fig. 2a, left panel). Consistent with the
role of TLR/MyD88 signaling in epithelial cells?!, we found several
differentially expressed genes (DEGs) which fell into one of two
categories: (i) JIIf6 and Csf2 cytokines, (ii) Cel25, Ccld, and Cel24
chemokines. These mediators act through receptors that are pri-
marily expressed by myeloid cells and DCs*%, Specifically, IL36R,
the receptor for IL1F6, is expressed by DCs and T cells** while
Csf2r, the receptor for Csf2, is expressed mostly by monocytes,
macrophages, and granulocytes®’. The Cer9, the receptor for
Cel25, is expressed by both thymocytes and pDCs driving their
migration into the thymus!#*>, Both Cer5 (receptor for Cel4) and
Cer3 (receptor for Ccl24) are expressed predominantly on gran-
ulocytes and DCs modulating their migration into inflamed
tissues?>*6. qRT-PCR analysis confirmed MyD88-regulated
expression of selected genes in mTECshigh (Fig. 2c). Since the
TLRs were postulated to sense both microbial and endogenous
molecules?!, we examined which of them could potentially act asa
trigger. The analysis of mRNA expression of MyD8&8-dependent
cytokines and chemokines (Fig. 2b, ¢) in the mTECHE" population
isolated from either Germ-free (GF) or specific-pathogen-free
(SPF) mice was comparable (Supplementary Fig. 2b), indicating
that these signals are likely of endogenous origin.

Next, we assessed the response of mTECs to TLR/
MyD88 stimulation. Given the high expression of TLR9 (Fig. 1b),
we stimulated mTECs™EE from MyD88-deficient (MyD88/~) and
WT (MyD88+/*) mice in vitro with CpG oligodeoxynuclectides
(CpG ODN) or PBS. RNA-sequencing revealed significant
changes in the transcriptional profile only in MyD88%/* cells.
Notably, 347 DEGs were associated with TLRY stimulation
(Fig. 2d, e and Supplementary Data 3 and 4}, and of these, 198
were upregulated while 149 were downregulated. However, the
pattern of expression of TRA genes remained largely unchanged
after in vitro CpG ODN stimulation (Supplementary Fig, 2a, right
panel). Importantly, among the most upregulated DEGs were two
sets of chemokines: (i) Cxell, 2, 3, and 5, which signal via the
Cxcr2 receptor, expressed predominantly on neutrophils*” and
(ii) Cel3, 5 and 20 which signal via various chemokine receptors,
including Cerl, 3, 5, 6 which are expressed mostly on myeloid
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cells*2. Cytokines (Tnfa, -6, Il12a, HIf6 and Csf2) and other
genes (Cd40) were also found to be upregulated (Fig. 2e). The
upregulation of CxclI and Cel5 chemokines after in vitro (Fig. 20
as well as in vivo intrathymic TLRY stimulation (Fig, 2g) was
confirmed by gRT-PCR analysis. As shown in Supplementary
Fig. 2c, repeated intraperitoneal (ip.) injection of CpG ODN was
insufficient for the upregulation of chemokines in mTECs™&2, Tt
is of note that in vitro stimulation of TLR4 on m'TECsPi#h by LPS
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also resulted in the upregulation of the previously noted
chemokines, albeit at a lower level (Supplementary Fig, 2d).

In addition to TLRs, MyD#88 also conveys signals generated by
IL-1 family cytokines, such as IL-1f, IL-18 or IL-33%, Even
though the receptors for these cytokines are expressed by
mTECs™8" (Supplementary Fig, 3a), only in vitro stimulation
with IL-1p lead to the upregulation of cytokines and chemokines
induced by TLR9 stimulation (Supplementary Fig. 3b).
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Besides chemokines and cytokines, TLR/MyDS88 signaling in  Fig. 3c). Moreover, previously published data has shown the
mTECsMet (Fig. 2b) also regulated the expression of molecules  enhanced expression of HIf6, Cxcl3 and Cxcl5 in post-Aire mTECs*2
associated with cornified epithelial pathway™ (Supplementary ~ Thus, we enumerated the total numbers of Involucrin™EpCAM™T
Data 1-4). This specifically relates to genes that are associated with  cells in the medullary region of the CpG ODN intrathymically
post-Aire mTECs1041, such as Krtl0, Krt77 and Flg2 (Supplementary  stimulated thymus. We did not observe any changes in the frequency
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of general mMTECs subsets (Supplementary Fig. 3d) although the total
numbers of Involucrin™ post-Aire mTECs were significantly
increased (Supplementary Fig, 3e, f).

Together, these results show that TLR/MyD88 signaling in
mTECs under physiological or stimulatory conditions regulates
the differentiation of mTECME" cells into Involucrin® post-Aire
stage. This stage is associated with the expression of a set of
chemokines that signal via an overlapping set of chemokine
receptors that are primarily expressed by DCs*2,

TLR9/MyDS88 signaling in mTECs targets Sirpa™ cDC2.
Migration of different DC subsets into the thymus is orchestrated by
distinct chemokines!®!#1%, Thus, we next assessed which of these
subsets would be the target for TLR9/MyD88-induced chemokines
in TECs. We sorted three main subsets of CD11cTMHCITT thymic
DCs: B220+ pDC, Sirpa-Xerlt ¢DCI, and SirpatXerl~ <DC2
(Supplementary Fig. 4a), along with Gr-17* granulocytes, CD4 and
CD8 single positive thymocytes and performed qRT-PCR analysis of
the chemokine receptors indicated above. Remarkably, apart from
granulocytes, the chemokine receptors Cxer2, Cerl, 3, 5, and 6 were
mostly expressed by DCs, specifically by ¢<DC2 and pDC (Fig. 3a).
This prompted us to quantify the relative frequencies of all thymic
DC subsets in MyD88ATECS in comparison to WT (MyDgslltl)
mice. In unstimulated conditions, TEC-intrinsic MyD88 signaling
did not change the total frequency of CDI1ctMHCIIT DCs
(Fig. 3b, left plot). However, we observed alterations in the fre-
quencies of DC subsets. While cDC1 were increased, the frequencies
of pDC and c¢DC2 were diminished in the MyD88ATECS thymus
(Fig. 3b). In contrast, FACS analysis of TLR9-stimulated thymi
revealed a significant increase in ¢cDC2 accompanied by decreased
<DCI in the thymus of WT (MyDESﬂ" ) (Fig. 3¢ and Supplementary
Fig, 4b, ¢) but not MyD88ATECS animals (Fig, 3¢). The frequencies of
pDC remained comparable under these two conditions. This
demonstrates that the recruitment of ¢cDC2 to the thymus is attri-
butable specifically to TLRY signaling in TECs (Fig. 3¢ and Sup-
plementary Fig. 4b). In agreement with medullary localization of
<¢DC2 (Supplementary Fig 4d), microscopically examined thymi
from WT mice stimulated with CpG ODN showed an enrichment
of CD11ctSirpat ¢DC2 exclusively in the keratinl4-rich medullary
region (Figs. 3d, e).

Together, this data suggests that MyD88-driven chemokines
expressed by mTECshig?, target receptors on thymic Sirpa™ cDC2
and mediate their recruitment to the thymic medulla in steady
state and TLRY stimulatory conditions.

TLR9/MyDS88 signaling in mTECs recruits CD14TmoDCs.
Chemokine-dependent migration of DCs to the proximity of
mTECs, which underpins the mechanisms of CAT!3, has been
shown to be essential for the presentation of mTEC-derived
antigens by DCs®10, One prediction from the TEC-dependent
TLR/MyD88-induced influx of SirpatecDC2 to the thymic
medulla is that the frequency of CAT to this subset would be
enhanced.

To verify this g)redjctinn, we crossed Foxnl®® mice with
ROSA26TdTOMAT! leading to TEC-specific, cytoplasmic expres-
sion of TATOMATO (TdTOM) protein in the thymus. In
agreement with a previous study” and as shown in Supplementary
Fig. 5a, we found two major populations of TATOM™ cells: (i) a
TdTOMPEN  EpCAM™  population which was CD45- and
represented TECs expressing TdTOM endogenously (Supple-
mentary Fig. 5b); and (ii) a CD45T TdTOMT population
comprised of mainly CDIlct DCs (Supplementary Fig. 5a)
which acquired TdTOM via CAT (Fig. 4a). Interestingly, these
DCs were enriched for the EpCAM™T marker (Fig. 4b) which was
likely co-transferred with TATOM?. Bone marrow (BM) chimeras

of lethally irradiated Foxn1CreROSA26 TETOMATO mice reconsti-
tuted with WT BM cells showed that around 6% of donor-derived
DCs acquired TdTOM (Supplementary Fig. 5c-e). This formally
demonstrates that TATOM is transferred from TECs to DCs.

It has been previously documented that distinct subtypes of
thymic DCs vary in their capacity to acquire antigens from
TECs®101L16 Whereas CAT of TdTOM from TECs to ¢DC1 and
cDC2 is very potent in the Foxnl CROSA26TdTOMATO system, it
is limited in the case of pDC (Fig. 4e, f). This result was also
corroborated with the use of BM chimeras which were described
above (Supplementary Fig. 5f). Flow cytometry imaging showed
that transferred TdTOM in MHCIITCD1l¢™ DCs is localized
intracellularly (Fig. 4g).

To determine the heterogeneity of all thymic DC subsets that
participate in CAT, we performed single-cell RNA-sequencing
(ddSEQ)*® of Gr-1"CD11ctTdTOMT cells isolated from thymi of
FoxnlC*ROSA26TATOMATO mice. Two-dimensional tSNE projec-
tion clustering analysis revealed five different clusters of TATOM™*
DCs (Fig 5a). Based on their expression profiles and previously
described signature genes of cells from mononudear phagocyte
system (MPS)H, we designated the dusters in accordance with
MPS nomenclature!®: two cDCI clusters (Ba#f3): a cDCla (Cel5
and Cer?) and <DCIb (Cd8a, Itgae, Xerl and Pptl)*®; cDC2 cluster
(Sirpar, Mgl2 and Ced209a)'2, moDC cluster (Sirpa, Cd14, Itgam,
Cx3erl and Cer2)%; and one pDC cluster (Bst2, Cer9, Siglech, and
Ly6d)' (Fig. 5b and Supplementary Data 5). This data allowed the
clustering of DCs which participate in CAT according to their
specific surface markers (Supplementary Fig 6a). As shown in
Fig, 5b, the previously defined thymic moDC subpopulation shared
several markers with both ¢DCs (Ttgax, Itgam, Sirpa, and Irf4) and
classical tissue resident macrophages (Lyz2, Mertk, and Mafb). Due
to the high mRNA expression of molecules associated with antigen
processing and presentation by moDC subpopulation (Supplemen-
tary Fig. 6b), we tested their capacity to present mTEC-derived
antigens and activate antigen specific T cells. Specifically, thymic
CDI4tmoDCs  isolated from the Aire-HCO mouse model
expressing influenza hemagglutinin (HA) under the control of
Aire regulatory sequences®’, were co-cultivated with HA-specific
CD4T T cell hybridoma cells (A5) carrying a GFP-NFAT reporter?.
‘While the result demonstrated that thymic CDI4TmoDCs can
efficiently present mTEC-derived antigens to T cells (Supplemen-
tary Fig, 6¢), it seems that their previous detection was obstructed
by using the previously established gating strategy (Supplementary
Fig. 4a), by which they are indistinguishable from a conventional
Sirpat cDC2 subset.

Next, we determined which of the five defined thymic DC
dusters expressed the receptors for TLRY/MyD88-induced
chemokines/cytokines from mTECs (Figs. 2b, d, e). The heat
map analysis of chemokine receptors identified by ddSEQ
analysis revealed that most of these receptors were expressed by
the Sirpa™CD14TmoDC cluster (Fig. 5¢, left panel). Interestingly,
each of the TATOM™T DC dusters expressed a specific set of
chemokine receptors (Fig. 5¢c).

Having characterized the CAT system with participating subsets
of DCs in Foxnl1C*ROSA26 TATOMATO mice we used it as a read-
out to determine the targeting specificity of TEC-dependent TLRY/
MyDg8 stimulation on these DC subsets. First, in general, TLR9
intrathymic ~ stimulation of Foxnl“*ROSA26TATOMATO  mjce
boosted the frequency of total TATOM' CD11et DCs (Fig. 5d left
graph and Supplementary Fig, 6d) as well as the mean fluorescent
intensity (MFI) of TdTOM in these cells, demonstrating their
enhanced rate of CAT under stimulatory conditions (Supplementary
Fig. 6e). Second, as predicted, the observed increase in CAT was
fully attributable to TdTOMSirpa™ DCs and not to other DCs
populations (Fig. 5d right graph and Supplementary Fig. 6f). Third,
and most importantly, the unsupervised flow cytometry tSNE
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Fig. 3 TLR/MyD88 signaling in mTECshigh affects the migration of DCs into the thymic medulla. a gRT-PCR analysis of the relative mRNA expression
(normalized to Casc3) of indicated chemokine receptors on FACS sorted populations of thymic DCs; pDC plasmacytoid DCs, ¢DC1 classical type 1 DC,
¢DC2 classical type 2 DC, Gr-1"8" = neutrophils, CD4 T=CD4 ', and CD8 T = CD&' thymic T cells. Sorting protocol of thymic DC subsets Is provided in
Supplementary Fig. 4a. T cells were sorted as TCRP~ and either CD4 or CD8 single positive (n =2 independent experiments). b Comparative flow
cytometry analysis of total DCs (Gr-1"CD1c MHCII ) and differant thymic DC subpopulations between MyD88% and MyD88A IECS mice enumerated
according to gating strategy shown in Supplementary Fig. 4a (mean + SEM, n=17 for MyD88"!l and n =18 for MyD88ATECS mice). ¢ Flow cytometry
analysis of different thymic DC populations (gated as in Supplementary Fig. 4a) isolated from CpG ODN or PBS intrathymically stimulated MyD88™ or
MyD88AEES mice (mean & SEM, pDC graph: = 7 for ODN-MyD88A LS and n = 8 for other three displayed items; cDC1 graph: n= 7 for MyD88VM and
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0.001**", p< 0.0007="""* ns not significant. d Microscopic examinations of thymic sections isolated from CpG ODN or PBS intrathymically stimulated
WT mice. Cryosections were stained with keratin 14 {white), Sirpu (red), and CD11c {green). Scale bar represents 50 pm. The white dashed line demarks
keratin 14-rich medulla. @ Quantification of CD11c—Sirpact cells in the medullar or cortical region of the cryosections shown in d {mean £ SEM, n=12
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derived from three independent experiments). Statistical analysis was performed by unpaired, two-tailed Student’s t-test, p < 0.01 — ™%, ns not significant.
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analysis of the main DC subsets defined by markers revealed by
ddSEQ analysis showed that the increase of TATOM™ DCs was
mostly due to the specific enrichment of CD14+moDCs (Figs. 5e, f),
which also co-express chemokine receptors for ligands induced by
TLR9/MyDS88 signaling in mTECs (Figs. 2b, e and 5c). Con-
comitantly, we observed a decrease in Mgl2t <DC2, Xerlt <DClb,
and B220+ pDC (Fig. 5e, fand Supplementary Fig. 6g). Importantly,
and further confirming the need of MyDB88 signaling for its
recruitment, the decreased frequency of total Sirpat DCs in the
thymus of non-manipulated MyD88ATECS mice (Fig. 3b) was shown
to be accounted specifically by the diminishment of the CDI4
+moDC subset (Fig 5g).

To find which of the chemokines described (in Fig, 2b, €) were
responsible for CD14tmoDC migration to the thymus, we
crossed Cxer2f! mice with the pan-hematopoietic driver Vav1€re
to abrogate the signaling of its cognate ligands Cxdll, 2, 3, and 5
that were among the most upregulated genes in mTECs after
TLRY stimulation. We observed no changes in the recruitment of
CD14+tmoDC after TLRY stimulation between Cxcr2/lyay Cre
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and WT mice (Supplementary Fig. 6h). This suggests, that
together with ligands of Ccr2, (ie. Ccl2, 7, 8, and 12)!%, the
ligands of Cerl, Cer3 or Cer5, or their combinations®®, regulate
the entry of CD14TmoDC into the thymic medulla.

Together, TLR9/MyD88-dependent chemokine signaling in
mTECs specifically targets the recruitment and subsequent CAT
from the mTECs to SirpatCD14TmoDC subpopulation which
exhibits a tangible capacity for antigen presentation.

TLR9/MyD88 signaling in mTECs affects Treg development.
Previous studies have suggested that the development of thymic
Tregs is dependent on antigen presentation by both mTECs and
DCs®1747, Specifically, antigen presentation by SirpatDCs!”
and/or alternatively by CD8acDCI®!? was implied in the
development of organ-specific Tregs. It has been also suggested
that the increased ratio of SirpatDCs to CD8atcDCI1 leads to
an enhanced production of thymic CD25"Foxp3™ Tregs!”,
Since a decreased frequency of SirpaTDCs (Fig, 3b), specifically
CD14tmoDCs (Fig. 5g) was observed in the thymus of

7
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MyD885TECs mice, we tested whether these effects would impact
the development of the major thymocyte populations and Tregs.
While the DN (CD8-CD4-), DP (CD8TCD4 ), and CD8 " T cells
frequencies were comparable between MyD882TEC and WT mice,
CD4T T cells, and more specifically CD257Foxp3™ Tregs were
significantly reduced in 4-week-old MyD88ATECS mice (Fig. 6a-c
and Supplementary Fig. 7a). Since it has been reported that in 4

8

week-old-mice nearly one half of CD25 Toxp3t thymic cells
consist of mature recirculating Tregs?®1%, we used CD73 protein
staining to determine if Tregs reduced in MyD88ATECS mice were
newly generated (CD737) or recirculating (CD737)0, As shown in
Fig. 6d, e, the abrogation of MyD88 signaling in mTEGCs affected
mainly the generation of CD25Foxp31 thymic Tregs and not their
recirculation. On the other hand, the CD25 Foxp3t thymic Tregs
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Fig. 5 TLR/MyD88 signaling increases cooperative antigen transfer between TECs and the CD14 moDC subpopulation. a Two-dimensional tSNE plot
from ddSEQ single-cell RNA-sequencing from FACS sorted Gr-1"CD11cTdTOM™ DCs from the thymus of Foxn1€™=ROSA26TdTOMATO mice The color
code represents different cell clusters based on the mRNA expression profile of each cell. b Heat-map analysis of the expression of signature genes
determining each subset defined in a. ¢ Heat-map analysis of the expression of chemokine receptors by DC subsets defined in a d Quantification of
TETOMTCDMet DC subsets (defined as in Supplementary Fig. 42) in CpG ODN or PBS intrathymically stimulated Foxm€®ROSA26TdTOMATO pice
(representative flow cytometry plots are shown in Supplementary Fig. 6d, f) (mean + SEM, n= 9 mice). Statistical analysis was performed using unpaired,
two-tailed Student's t-test, p <0.01="", p <0.001"™*, p < 0.0001"*"" e Representative flow cylometry tSNE analysis of TaTOMTCD11ceell population in
PBS or CpG ODN intrathymically stimulated Foxn1“r*ROSA26 TATOMATO mice ISNE analysis was performed using FlowJO software, based on the FSC-A,
SSC-A, CDNe, MHCI, Sirpa, Xerl, B220, Mgl2 and CD14 markers (n= 2 independent experiments). f Quantification of frequencies of TdTOM+CD14+
moeDC or TATOM*Mgl2+eDC2 from CpG ODN or PBS intrathymically stimulated Foxn1C™ROSA26TATEMATO e (representative flow cytometry plots
are shown in Supplementary Fig 6g) (mean + SEM, n=4 mice). g Flow cytometry analysis comparing the frequency of ¢DC2 (SirpatMgl2*) and moDC
(SirpatCD14%) between MyD881M and MyDS8ATECS mice (mean+ SEM, n= & mice). Total Sirpa™ DC population was gated as shown in Supplementary
Fig 4a. Statistical analysis in f and g was performed by unpaired, two-tailed Student's t-test, p< 0.01="", p< 0.0001""", ns nol significant.

were not reduced in newborn MyD8S8ATECs (Supplementary
Fig. 7b) or GF mice (Supplementary Fig. 7c) when compared to
their WT SPF littermates. This, in association with unchanged
chemokine expression in mTECs from GF mice, (Supplementary
Fig. 2b) further strengthens the notion that the ligands that regulate
the mTEC-mediated MyD88-dependent cellularity of Tregs is not
likely of exogenous origin.

To further explore the MyD88-dependent regulation of Tregs
generation, we tested our prediction that TLR9/MyD8&8 stimulation
of mTECs would lead to the opposite effect, i.e. boosted number of
Tregs. Indeed, seven days after intrathymic injection of CpG ODN,
we observed a significant increase in the frequency and total
number of CD25%Foxp3* thymic Tregs (Fig. 6f and Supplemen-
tary Fig 7d-f). Importantly, this increase was completely dependent
on TEC-intrinsic MyD88 signaling (Fig. 6f). Compared to the
decreased numbers in CD73™ Tregs in MyDBEATE , intrathymic
injection of CpG ODN led to increased numbers of not only CD73~
newly generated Tregs but also recirculating CD73" Tregs (Fig. 6g
and Supplementary Fig. 7g). This suggests that there are other
mTEC-dependent mechanisms which after CpG ODN stimulation
can affect the recirculation of Tregs into the thymus. One
outstanding question related to the results from the above
experiments (Figs. 3¢ and 5d-f and Supplementary Fig 6c) is
whether the increased generation of thymic CD25Foxp3+CD73~
thymic Tregs is dependent on the antigen presenting capacity of
DCs. To resolve this query, we intrathymically injected CpG ODN
into I-IlfAblﬂ’fﬂltgaxcrE (H2-Ab12DCS) mice, where antigen pre-
sentation by DCs has been abrogated. As demonstrated in Fig. 6h, i
and Supplementary Fig, 7h, the presentation of antigen by DCs is
essential for the increase in numbers of newly generated CD73~
CD25 Foxp3™T thymic Tregs after TLRY stimulation.

Next, we tested the physiological consequences of the decrease
in production of Tregs in MyD88ATECS mice. We took advantage
of a T cell induced colitis model, where the adoptive transfer of
naive, Treg depleted CD41 T cells into Ragl-deficient mice
induces severe colitis”!. In this experimental setup, and as
illustrated in Fig. 7a, the ip. injection of the CD4t T cell
population isolated from 1Ipc-n'ipheml lymph nodes of either
MyD8BATEC or MyD88LL mice was compared to colitis-
inducing transfer of CD4+CD45RBMECD25- cells isolated from
WT mice.

Strikingly, mice that received CD4™" T cells from MyDBBATECS
began to lose weight ~4 weeks after adoptive transfer, behaving
identically to the positive control. In contrast, mice that received
CD4+ T cells from WT mice continuously gained weight over time
(Fig. 7b). The dlinical signs of colitis in mice receiving CD4T T cells
from MyD882TEC and in the positive controls were manifested by
the presence of inflammatory infiltrates in the colon lamina
propria, increased bowel wall thickness, presence of abscesses in
colon tissue (Fig. 7c), increased spleen weight (Supplementary

Fig, 8a, b), and a higher colon weight/length ratio (Fig. 7d and
Supplementary Fig. 8a). To confirm the persistence of the
transferred T cell population, we also analyzed Tregs frequencies
in all conditions. We found that both positive controls and mice
that received CD4t T cells from MyD88ATECS had severely
diminished Tregs compared to WT controls (Fig. 7e). The very
similar phenotype of mice that received CD4* T cells from
MyD88ATESs and those which received CD4+CD45RBMEACD25-
suggested, that Tregs in MyD88ATECS were not only reduced in
numbers but also functionally altered. Along with the decreased
expression of CD25 (Fig. 7f), Tregs from M)(DBEM‘ECS mice
showed a significantly reduced capacity to suppress the prolifera-
tion of OVA-specific OT-II T cells in vitro (Fig, 7g, h) and prevent
the early onset of diabetes caused by activated KLGRIT OT-I
T cells in a RIP-OVA dependent autoimmune mouse model®?
(Supplementary Fig. 8c-e).

Taken together, these results demonstrate that TLR/
MyD88 signaling in TECs affects the development of thymic
CD25%Foxp3™ Tregs. Specifically, in mice with MyD88-deficient
TECs, the frequency and functionality of thymic CD25 Foxp3 T
Tregs was decreased and unable to prevent T cell induced colitis.

Discussion

Present study lends a support for the role of TLR signaling in
the mechanism of central tolerance. First, we found that
mTECshigh express TLRs, including TLR9, whose signaling is
functionally wired to the expression of chemokines and genes
associated with their post-Aire development. Second, the
receptors for these chemokines are predominantly expressed by
the Sirpa® thymic population of CD14tmoDCs whose
enrichment in the thymus and subsequent CAT is positively
regulated by mTEC-intrinsic TLR/MyD88 signaling. Third,
TLR/MyD88 signaling in mTECs is important for the proper
development of thymic CD73-CD25%Foxp3™ Tregs since its
abrogation resulted in a decreased number and the function-
ality of Tregs, associated with pathological effects in the mouse
model of colitis.

The importance of TLR/MyD88 signaling in Aire-dependent
autoimmunity was suggested in experiments conducted with
MyD88~-Aire~’~ double-knockout mice. These mice develop
more severe symptoms of autoimmunity than Aire~/~ single KO
animals indicating the positive regulatory role of MyD88 signals
in tolerance induction. Strikingly, neither the enhancement of
MyD88 signals by an ip. injection of TLR ligands, nor their
diminishment in mice from GF conditions altered the severity of
Aire-dependent autoimmunity®®. Our data advocates for a sce-
nario in which the worsening of autoimmunity in MyD8g~/~
Aire~'~ mice could be caused by the lack of MyD88 signaling in
mTECshigh, downregulation of their chemokines needed to
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Fig. 6 Development of thymic Tregs is impaired in MyD882TECS mice, a Representative flow cytometry plots (left plot) and their quantification
(right plol) comparing the frequencies of main thymic T cell populations between MyD88M/T and MyDBBATECS mice (mean * SEM, n=14 mice).

b Representative flow cytometry plots comparing the frequencies of CD4TCD25%Foxp3* thymic Tregs between MyD881/ and MyDSATECS mice

¢ Quantification of frequencies from b (mean * SEM, n =14 mice). d Representative flow cytometry histograms showing the expression of CD73 by CD4+
CD25Foxp3t thymic Tregs (gated as in b). e Quantification of the total numbers of CD73" and CD73F thymic Tregs from d (mean £ SEM, 1 =7 mice).
f Quantification of the frequencies of thymie Tregs from CpG ODN or PBES intrathymically stimulated (7 days) MyD88WI or MyD8BATESS mice (mean +
SEM, n= 4 for MyD88ATECS and n = for MyD88"! mice). g Quantification of the total numbers of CD73" and CD73* thymic Tregs from CpG ODN or
PBS intrathymically stimulated (7 days) WT (C57BI/6)) mice (mean * SEM, n=6 for ODN* and 1= 7 for ODN- mice). h Quantification of frequencies
of thymic Tregs from CpG ODN or PBS intrathymically stimulated (7 days) H2-Ab1/ or H2-AB1"/MitgaxCre (H2-AB120CS) mice (mean + SEM, n=6 for

H2-Ab1Vf and ODN* H2-AB1ABCS and n =7 for ODN- H2-AB1AECS mice)

i Quantification of the total numbers of CD73- and CD73F thymic Tregs frem

CpG ODN or PBS intrathymically stimulated (7 days) H2-AB1ACCs mijce (mean + SEM, n =56 for ODNT and n =7 for ODMN- mice). Statistical analysis
in a, ¢, e-i was performed by unpaired, two-tailed Student’s t-test, p<0.05 =", p<0.01="* p < 0.001*** p<0.0001****, ns not significant.

recruit CD14*moDCs and, consequently, suboptimal production
of thymic Tregs. Consistent with the previous report>?, we con-
firmed that the extrathymically enhanced (i.p. CpG ODN) or the
lack of bacterially-derived MyD88 signals (GF mice) had no effect
on the expression level of these chemokines and cytokines in WT
mice. This was further corroborated by the fact that GF mice
displayed normal numbers of Tregs®’ (Supplementary Fig. 7¢).

10

This data demonstrates that the ligand triggering TLRY/
MyD88 signaling in mTECs™e" is likely of endogenous thymic-
derived origin.

Since MyD88 also conveys signals from the receptors of IL-1
family cytokines (IL-1B, IL-18, IL-33)*%, we tested in vitro whe-
ther their signaling in mTECs™E® could trigger chemokine
responses similar to those observed upon TLRY stimulation. Of
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Fig. 7 Tregs from MyD8BATECS mice have reduced suppressive capacity and failed to prevent the T cell induced colitis. a Experimental design of
induced colitis. b Relative quantification of mice weight normalized to its value on day © (100% of original weight) after T cell transfer over the time-course
of the colitis experiment {(mean £ SEM, n="5-6 mice) Statistical analysis was performed by unpaired, two-tailed Student's t-test comparing the relative
weight of WT CD4* with MyD88ATECS CDAT transferred mice (blue) or with WT CD4TCD4SRBMERCD25- transferred mice (red), p< 0.05=", ns
not significant. € Representative H&E-stained slides of colon seclions performed 8 weeks after T cell transfer. Scale bar represents 500 um (n="5 for
CDAT WT and n= 6 for CDATMyD88 ATECS and CDA+ No Tregs WT mice). d Relative quantification (nermalized to average of control mice from
each experiment) of colon weight/length ratic of T cell induced colitis experimental mice (mean * SEM, n=5-6 mice). e Relative quantification of the
frequencies (normalized to average of control mice from each experiment) of CDA+CD25%Foxp3™ Tregs isolated from the spleens of experimental
mice 8 weeks after T cell transfer (mean + SEM, n= 5-6 mice). f Quantification of the Means fluorescent intensity (MFI) of CD25 protein expression in
CD25 Foxp3t Tregs (gated as in Fig. 6b) in MyD88V and MyDBSATECS mice (mean + SEM, n=12 mice) Statistical analysis in b, d-f was performed by
unpaired, lwo-tailed Student's i-test, p< 0.05=", p<0.0001"™**, ns nol significant. g Representalive flow cytomelry plots showing the frequency of
proliferating OT-Il T cells, co-cultivated with OVA pulsed BMDC and CD4A+CD25% Tregs cells (alternatively with CD4FCD25™ Teonv cells, black) isolated
from LNs of MyD88H (WT control, red) or MyD88ATECS (blue) for 72 h. h Quantification of frequencies of proliferating OT-1 Teells form h (mean + SEM,

n=4 wells from two independent experiments).

this trio of cytokines, only IL-1p exhibited this capacity. This
indicates that IL-1B could act as a co-regulator of chemokines and
cytokine expression in mTECshigh, However, two observations
suggest that TLR9/MyD88 signaling axis can act independently of
IL-1p: (i) a direct, in vitro, stimulatory capacity of CpG ODN
induces chemokine expression in sorted mTECs28; and (ii) both
in vivo intrathymic stimulation of TLR9/MyD88 signaling axis as
well as its downregulation in MyD88ATECS cells impacts the
recruitment of the very same subsets of CDI14 " moDCs.

It has been postulated that Aire™ mTECs further differentiate
into post-Aire cells, which downregulate the expression of MHCII
and Aire, upregulate a set of genes, such as keratins (Krtl, 10, 77)
or involucrin and form Hassall's corpuscules?®#154, However, the
regulatory mechanism(s) guiding this differentiation process
remains poorly understood®. Our transcriptomic results are
consistent with the idea that TLR/MyD88 signaling establishes an

expression profile that is associated with the differentiation of
mTECs8h into post-Aire mTECs. Notably, TLRY stimulation not
only increased the number of Involucrin® post-Aire mTECs
(Supplementary Fig. 3e, ), but also lead to the upregulation of
cytokines and chemokines (IlIf6, Len2, Cxel3, and Cxel5) asso-
ciated with Hassall’s corpuscles?? which attract CD14tmoDCs.
Together with the fact that they serve as a reservoir of a large
amount of Aire-dependent TRAs, post-Aire mTECs could hold
central position in the mechanism of transfer of mTEC-derived
antigens to thymic DCs.

As described above, TLR/MyD88 signaling in mTECs2#1 drive
the expression of chemokines which act on an overlapping set of
receptors®? predominantly expressed by CD14TmoDCs (Cxer2,
Cerl, Cer3, Cer5) and pDCs (Cer5, Cer6, and Cer9). A correlative
nature between the frequency of CDI14tmoDC in the thymus of
MyD8SATECs and of WT stimulated with CpG, underpins the
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importance of these chemokines in controlling the migration of
these cells into the thymic medulla. However, the deletion of
Cxer2 on hematopoietic cells, the common receptor for Cxell,
Cxel2, Cxc3 and Cxcl5, did not yield any changes in the
enrichment of CD14TmoDC in the thymus (Supplementary
Fig. 6h). This observation, in conjunction with previous
reports!®7, allows one to predict that while the ligands of Cer3
and/or Cer5 (Cel3, Celd, Cel5 or Cel24) likely regulate the entry
of CD14TmoDC into the thymus!?, Cxcl-chemokines may reg-
ulate the positioning of these cells in close proximity of post-Aire
mTECs. Interestingly, with the decreased frequency of CDI14+
moDCs in the thymus of MyD88ATEC, pDCs were similarly
diminished. However, in contrast to CD14tmoDCs, the number
of pDCs did not increase after TLR9 intrathymic stimulation.
This is consistent with the fact that the migration of pDCs to the
thymus is driven by Ccl25 (ligand of Cer9 receptor)!d, the
expression of which was diminished in MyD88ATEC but was not
upregulated in WT mTECs after TLRY stimulation.

It has been previously documented that specific subtypes of
thymic DCs vary in their capacity to acquire antigens from TECs.
Notably, while the transfer of MHC molecules from TECs to CD8c«™
<DC1 and Sirpa™DCs occurred at the same efE:iencylﬁ, the transfer
of intracellular GFP was restricted mainly to CD8ateDCIY, In
comparison, our data shows that cytoplasmic TdTOM from
Foxnl CROSA26T4TOMATO could to certain extent, be transferred
to all major subtypes of thymic DCs. This may be explained by the
robustness of the Foxn1C-dependent system where, compared to
Aire-GFP model, the production of TdTOM is not restricted only to
Aire-expressing mTECs but to the entire thymic TEC population.
Importantly, since the CAT of TATOM after CpG ODN intrathymic
injection is increasingly targeted to CDI4TmoDC subpopulation,
the efficiency of CAT correlates not only with the broadness of
antigen expression but also with the frequency of a given DC sub-
type in the medulla. On the other hand, since TECs constitute a
relatively rare cell population of thymic cells”, the amount of
antigen, which can be potentially transferred to DCs, is fairly limited.
This could explain the fact that even when the entire population of
thymic pDCs is not affected by intrathymic TLRY stimulation, the
frequency of TATOM™ pDCs is significantly decreased, due to the
increased competition for TATOM uptake by CD14  moDCs.

Tt has become clear that developing thymocytes encounter self-
antigens presented by various types of thymic APC, including
mTECsY, B-cells®®, pDCs', and <DCs!°%. Although the gen-
eration of thymic Tregs was shown to be dependent on antigen
presentation by both mTECs and DCsH47, thymic ¢DCs seem to
be particularly important for this process®17:%0, Along with self-
antigen presentation, thymic ¢DCs express high levels of co-
stimulatory molecules CD80/86 as well as CD70 which play a
crucial role in promoting thymic Treg development®:62, Among
<DCs, Sirpa*DCs are the most efficient in supporting Treg
generation!72063, In this context, our data demonstrates that the
development of thymic CD25TFoxp3™ Tregs is boosted by TLR/
MyD88 signaling in TECs, which produce a chemokine gradient
driving the migration of CD14*moDCs into the thymus. We
also found that mTEC-intrinsic TLR9/MyD88 signaling increased
the cell ratio of SirpatDCs to XcrleDCI, which correlated with
an increased production of thymic Tregs. These findings accu-
rately recapitulate the thymic phenotype of Cer7/~ mice
where the increased ratio of Sirpa™DCs to ¢DC1 correlated with
the increased generation of thymic Tregsm. This data, together
with the fact that abrogation of MHCII-antigen presentation
specifically in DCs, resulted in a reduced number of thymic Tregs
in unstimulated!” as well as in CpG stimulated thymus (Fig. 6h),
suggest that TLR/MyD88-dependent generation of thymic Tregs
is mediated by antigen-presentation by DCs.

12

Our results also show that TLR/MyD88 signalling in mTECs
drives the recirculation of mature CD73TCD25 Foxp3 T Tregs
into the thymus. Compared to newly generated CD73~ Tregs,
their increased number in the TLRY stimulated thymus was not
dependent on MHCII presentation by DCs. Together, with the
fact that recirculation of CD73" Tregs was not abrogated in
MyD88ATECs mice, suggests that Cd20, the ligand for Cer6,
which is highly expressed by recirculating Tregs®* regulates the
increased recirculation of CD737CD25%Foxp3t Tregs into the
thymus after TLRY intrathymic stimulation (Figs. 2d and e).

Altogether, our model proposes that TLR/MyD88 signaling in
mTECs regulates the generation of Tregs. The mechanism
involves TLR-induced chemokine production and subsequent
chemotactic recruitment of CD147moDC to the thymic medulla,
which predicates the developmental output of Tregs. Although
this study explores only TLR9 signaling in mTECs, questions
surrounding the nature of potential thymic-derived endogenous
ligands for TLR/MyD88 signals in mTECs remains enigmatic and
warrant further study.

Methods

Mice. A majority of the mice used in this study were of C57BL/6] genetic back-
ground and housed in the animal facility at the Institute of Molecular Genetics of
the ASCR v.v.i. under SPF conditions. Mice were fed with irradiated standard
rodent high energy breeding diet (Altromin 1314 IRR) and given reverse osmosis
filtered and chlorinated water ad libitum. Light were adjusted to a 12h/12h light/
dark cycle; temperature and relative humidity were maintained at 22 + 1°C and 55 +
5%, respectively. Experimental protocols were approved by the ethical committee of
the Institute of Molecular Genetics and by the ethical committee of the Czech
Academy of Science. Aire~'~ (B6.12982-Airet™11Dok), stocle 004743)%, Foxnlere
{B6{Cg)-Foxnltm3(ereNmy ) siocks 018448)2, MyDsstl (B6.12992(S)L)-
MydsgtmI Do), stock# 008888), MyD8s~/~ (B6.129P2(S]L)-Mydggm 1Defryy
stock# 009088)°Y, Ragl~/~ (B6.12957-RagltmIMemy) giockh 002216)5%, Ly5.1 (B6.
S]L—Prprc“?epc"fﬁo& stocl# 002014)6, Cxer2# (C57BL/6-Cxer2tmIRmnyy, stock#
024638)%7, H2-Ab111 (B6.129:1-H2-Ab1IKenl T grocks 013181)%, and Ttgax©
{B6.Cg-Te(ltgax-cre}1-1Reiz/], stock# 008068)%° mice were purchased from Jackson
Laboratories. Rosa26T TOMATO (5612956 GH{ROSA ) 2601 1 HCAG-Tomato) Heey)
stock# 007908)7" and Vav1Cre (86.Cg-Commd10Te(Vavl-icrelA2Kioj), stocks 008610)
7! were kindly provided by V. Kofinek {Institute of Molecular Genetics of the ASCR,
Prague, Czech Republic). Aire-HHCO (Balb/c)* were provided by L. Klein. Cd3e =72,
RIP-OVA”3, OT-I+Rag2~/"-™ (all C57BL/6]) were provided by O. Stépinek. OT-II
(B6.Cg-Te(TeraTerb)}425Chn/], stock# 004194)75 mice were kindly provided by T.
Brdicka {Institute of Molecular Genetics of the ASCR, Prague, Czech Republic).
C57BL/6] GF and control C57BL/6) SPP mice were kindly provided by M.
Schwarzer (Institute of Micrabiology of the ASCR, Novy Hrddek, Czech Republic.
Both GF and control SPF mice were subject to the SSNIFF V1124-300 diet. Thymic
cell populations were isolated from 3-6-week-old mice with the exception of
newbomn mice (4 days old) used in Supplementary Fig. 7b. For the purpose of BM
chimera experiments, 5-6-week-old mice were irradiated and analysed between 11
and 13 weeks of age. Comparative analysis used age-matched cohorts regardless of
sex and caging. Where possible, littermates were used as the controls. For the
purpose of tissue isolation, mice were euthanized by cervical dislocation.

Tissue preparation and cell isolation. Thymic antigen presenting cells, TECs and
DCs, were isolated as follows. Thymus was minced into small pieces and treated
with Dispase II (Gibco), disselved in RPMI at concentration 0.1 mgml L. Tissue
was homogenized by pipetting and after 10 min of incubation (37°C), the super-
natant was collected and the reaction was stopped by adding 3% PSC and 2 nM
EDTA. The process was repeated until all thymic fragments were digested. For
detail description see”®. For thymic epithelial cells isolation, the whole thymic cell
suspension was depleted of CD45% cells by CD45 microbeads staining (Miltenyi
biotec). Thymic dendritic cells were isolated using MACS enrichment for CD11ct
cells through staining with biotinylated CD11c antibody, followed by Ultrapure
Anti-Biotin microbeads staining (Miltenyi biotec). For isolation of T cell, thymus,
peripheral lymph nodes (pLN), mesenteric lymph nodes (mLN) or spleen were
mechanically mashed through 40 pm Cell strainer (Biologix) and cell suspensions
were passed through 50 pm filters {Sysmex). The resulting cell suspension was spun
down {4 °C, 400 g, 10 min} and erythrocytes were removed using ACK lysis buffer.

Flow cytometry analysis and cell sorting. Flow cytometry {FACS) analysis and
cell sorting were performed using BD LSR Il and BD Influx {BD Biescience)
cytometers, respectively. Por surface staining, cells were incubated for 20-30 min at
4°C with the indicated fluorochrome- or biotin-conjugated antibodies. Where
necessary, cells were further incubated with streptavidin conjugates for 15 min.
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Dead cells were excluded using Hoechst 33258 (Sigma) or viability dye eFlour 450
or 506 {eBioscience). For the intracellular staining of Aire and Foxp3, the cells were
first stained for the targeted surface molecules, fixed, and permeabilized for 30 min
at reom temperature {RT) using the Foxp3/Transcription Factor Staining Buffer
Set (eBioscience), then stained for 30 min at RT with fluorochrome-conjugated
antibodies. Flow]O V10 software (Treestar) and BD PACSDiva™ Software v6.0 for
BD™ LSR IT {with HTS Option) was used for FACS data analysis including tSNE
analysis shown in Fig. 5e. A complete inventory of staining reagents is listed in
Supplementary Data 6.

Imaging flow cytometry. Imaging flow cytometry was performed at the Center for
Advanced Preclinical Imaging {CAPI} with the nse of AMNIS ImageStream X MkIl
(AMNIS). DCs isolated from Poxnl“*ROSA26TITOMATO mice were stained for
the surface markers MHCII and CD11c. Dead cells were excluded by Hoechst
33258 staining and bright field analysis. Cells were recorded using 40x magnifi-
cation. Data was analyzed with Ideas 6.1 software {AMNIS). A complete list of
staining reagents can be found in Supplementary Data 6.

In vitro TLRs and cytokines stimulation assays. mTECsPER were gated as
EpCAM*CD11c-Ly51-MHCINEhCD8ohEh and sorted into RPMI media (Sigma)
containing 10% FSC and 1% Penicillin/Streptomycin {Gibco). Cells were then
cultured in a 96-flat-well plate in 200 puL of 10% FSC RPMI with Penicillin
Streptomycin in the presence of Endotoxin-free TLR ligands (InvivoGen) or
recombinant mouse cytokines: TLR9 ligand-CpG ODN (ODN 1826) {5 pM), TLR4
ligand-LPS {1 pg/ml), 1-1p {10 ng/ml), 1-33 {10 ng/ml) {both ImmunoTeols} and
11-18 {10 ng/ml} (Biclegend). After 24 h, the supernatant was removed and the cells
were resuspended in RNA-lysis buffer. Subsequently, RNA isolation was
performed.

In vivo TLR stimulation. For intrathymic injections, mice were anesthetized by i.p.
injection of Zoletil (Tiletamine {50 mg/ml) and Zolazepam (50 mg/ml), Virbac)
dissolved in PBS at a dose of 50 mg/kg and 10-20 yl of 500 pM CpG QDN {ODN
1826, InvivoGen) or PBS was injected using an insulin syringe (29G) directly into
the first intercostal space from the manubrium -2 mm left of the sternum and 4
mm in depth. The angle of injection was from 25 to 30° relative to the sternum?.
For systemic TLR stimulation, mice were injected by CpG ODN (ODN 1826,
InviveGen) {300 pM) or PBS at day 0 and day 1 into the peritoneum. Mice were
then maintained under SPF conditions and euthanized at the indicated time point
of an experiment.

lysis of thymic cryosections. The thymus was fixed
overnight in 4% paraformeldehyde (Sigma) at 4 °C, washed three times in PBS,
incubated overnight in 30% sucrose at 4 °C, and finally embedded in OCT compound
(VWR). Cryoblocks were cut at 3 jun and blocked with PBS contining 5% BSA (wiv)
and 0.1% Triton X-100 for 1hour at room temperature. Samples were incubated
overnight at 4 °C with the following primary antibodies: anti-keratin 14, Sirpa, and
CD1le-biotin (Fig. 3d) or anti-Involucrin and anti-EpCAM-APC (Supplementary
Fig. 3b). The samples were stained with secondary reagents, Goat anti-rat AF-568,
goat anti-rabbit AF-647 and streptavidin FITC or goat anti-rabbit AF-488 for one
hour at RT. Sections stained only with secondary reagents were used as negative
controls. 4',6-diamino-2-phenylindole (DAPI) was used to visualize cell nuclei.
Stained sections were mounted in Vectashield medium {Vector Laboratories) and
imaged using a Dragonfly 503 { Andor}—spinning disk confocal microscope with the
immersion objective HC PL APO 20:/0.75. A complete list of staining reagents can
be found in Supplementary Data 6. Z-stacks were composed using [mage] and
deconvolution was done by Huygens Professional. CD11c*Sirpa* double positive
cells were counted in multiple 300pmx300um areas in keratin-14 rich {medulla) and
keratin-14 negative (cortex) region. Counting was done as a blind experiment by
three different investigators. Involucrin* EpCAM™ double positive cells were counted
as number of cells per thymic medullary region (determined by DAPI staining).

Gene expression analysis by qRT-PCR. Total RNA from FACS-sorted cells was
extracted using an RNeasy Plus Micro Kit {Qiagen) and reverse transcribed using
RevertAid (ThermoPFisher) transcriptase and random hexamers (ThermoFisher).
Quantitative RT PCR {qRT PCR) was performed using the LightCycler 480 SYBR
Green | Master mix {Roche) on a LightCycler 480 II {Roche). Each sample was
tested in duplicate. Threshold cycles were calculated using LightCycler 480

1.5 software. Gene expression was calculated by the relative quantification model™®
using the mRNA levels of the housekeeping gene, Casc3, as a control. Primers were
designed using Primer-BLAST (NCBI, NIH). Primers sequences are listed in
Supplementary Data 6.

Bone marrow chimera generation. Bone marrow cells were isolated from the
femur and iibia of Ly5.1 mice {CD45.17) and subsequently deF‘ljeled of erythrocytes
using ACK lysis buffer. Recipient mice {Foxn] C*ROSA26TITOMATO, (45 27)
were irradiated with 6 Gy and reconstituted with 2 x 10° donor BM cells. These
mice were maintained on water supplemented with gentamycin {1 mg/ml} for

10 days. Three weeks after irradiation, the frequency of blood cell reconstitution

was measured by FACS using anti-CD45.1 and CD45.2 antibodies. If the recon-
stitution was higher than 80%, mice were euthanized 6 weeks after transfer and
subjected to further analysis.

RNA-sequencing and analysis. mTECs were sorted according to the protocol
described above and RNA was extracted using a RNeasy Plus Micre Kit {Qiagen).
cDNA synthesis, ligation of sequencing adaptors and indexes, ribosomal cDNA
depletion, final PCR amplification and product purification were prepared with a
SMARTer? Stranded Total RNA-Seq - Pico Input Mammalian library preparation
kit v2 (Takara). Library size distribution was evaluated on a Agilent 2100 Bioa-
nalyzer using the High Sensitivity DNA Kit {Agilent). Libraries were sequenced on
a Illumina NextSeq® 500 instrument using a 76 bp single-end high-output con-
figuration resulting in ~30 million reads per sample. Read quality was assessed by
FastQC (0.11.9). Subsequent read processing including removing sequencing
adaptors {Trim Galore!, version 0.4.5), mapping to the reference genome
(GRCm38 (Ensembl assembly version 91)) with HISAT2 (2.1.0), and quantifying
expression at the genetic level {featureCounts) wes done via the SciLifeLab/NGI-
RNAseq pipeline [https:/github.com/SciLifeLab/NGI-RNAseq]. Final per gene
read counts served as an input for differential expression analysis using a DESeq2 &
Bioconductor (3.10). Prior to this analysis, genes that were not expressed in at least
two samples were discarded. Genes exhibiting a minimal absolute log2-fold change
value of 1 and a statistical significance {adjusted p-value < 0.05) between conditions
were considered as differentially expressed for subsequent interpretation and
visualization. All figures (volcano plots, etc.} were generated using basic R graphical
functions. The raw sequencing data were deposited at the ArrayExpress database
under accession numbers E-MTAB-8024 {for Fig. 2a, b) and E-MTAB-8025 (for
Fig. 2d, e).

Single-cell RNA sequencing. DCs were sorted from Foxnl CeROSA26TETOMATO
as Gr-1"CD11c+TdTOM™ (described in detail in Supplementary Pig. 3a and

Fig. 4c). Two independent samples {Sample 1 and 2) were used for further analysis.
A single-cell library was prepared by Illumina/Bio-Rad single-cell RNA-seq system
with a SureCell WTA 3’ Library Prep Kit according to the manufacturer’s
instructions. Total cell concentration and viability was ascertained using a TC20
Automated Cell Counter {Bio-Rad). A ddSEQ Single-Cell Isolator {Bio-Rad) was
used to co-encapsulate single cells with barcodes and enzyme solutions for cDNA
synthesis. Nextera SureCell transposome solution was used for cDNA fragmenta-
tion and ligation of sequencing indexes, followed by PCR amplification and short
fragment removal. Finally, library fragment length distribution and concentration
were analyzed on a Agilent Bioanalyzer 2100 using a High Sensitivity DNA Kit
(Agilent). The resulting libraries were sequenced using a 68/75 paired-end con-
figuration on a [llumina NextSeq® 500 instrument resulting in ~73 million reads
per sample.

Single-cell RNA sequencing analysis. The quality of reads was assessed by
FastQC. Cell identification was accomplished with cell barcodes and low-
expression cells filtering using UMI-tools™. The analysis identified 202 cells in
Sample 1 and 218 cells in Sample 2. Reads assigned to the selected cells were
mapped 1o the GRCm38 genome assembly (Ensembl version 91} with HISAT2
{2.1.0}. Gene expression was quantified vsing, featureCounts {2.0.0} after dedu-
plication of per-gene assigned read counts by UMIs with UMI-tools. De-duplicated
per-gene read counts were imported into R for exploration and statistical analysis
using a Seurat® package {version 3.0). Counts were normalized according to total
expression, multiplied by a scale factor (10,000), and log-transformed. For cell
cluster identification and visualization, gene expression values were also scaled
according to highly variable genes after controlling for unwanted variation gen-
erated by sample identity. Cell clusters were identified based on 1-SNE of the first
six principal components of PCA using Seurat’s method, FindClusters, with a
original Louvain algorithm and resolution parameter valve of 0.3. To find cluster
marker genes, Seurat's method, PindAllMarkers, along with a likelihood ratio test
assuming an underlying negative binomial distribution suitable for UMI datasets
was used. Only genes exhibiting a significant (adjusted p-value <0.05) minimal
average absolute log2-fold change of 1 between each of the clusters and the rest of
the dataset were considered as differentially expressed. For t-SNE expression plots,
normalized count data were used. Heatmaps of gene expression per cluster were
generated based on gene z-score scaled raw counts. The raw sequencing data was
deposited at the ArrayExpress database under accession number E-MTAB-8028.

In vitro antigen presenting assay. For the purpose of antigen presentation assay
CD14+moDCs were gated as CD11ctMHCII+B220-Xerl-Cx3erl *CD14+ and
PACS sorted from Aire-HCO mice into DMEM high-glucose medium (Sigma)
supplemented with 10% FCS and 1% Penicillin-Streptomycin {Gibco) and culti-
vated in a 96 well plate together with the A5 hybridoma cell line {HA-specific CD4
T cell hybridoma cells carrying a GFP-NFAT reporter} at a 1:5 ratio (10 000 of
CD14TmoDC: 50 000 of A5 cells). As a positive control, CD14TmoDCs were
pulsed with HA peptice (107-119; customized by Thermofisher) at a concentration
of 1 pg/ml. After 20 h, the level of GFP expression by A5 hybridomas was analyzed
by flow cytometry.
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Induction of T cell transfer colitis and histological analysis. FACS-sorted 5x10°
TCRPHCDATCD4SRBNACDIS or complete TCRBHCD4T were transterred by i.
- injection into Ragl~/~ recipient mice {5-7 weeks old). The weight of mice was

recorded weekly to monitor the progress of colitis. Mice were euthanized 8 weeks
after transfer®!. Spleens and colons of the animals were weighed and the length of
the colon was measured. For histological analysis PBS washed colons were fixed in
4% paraformaldehyde {Sigma) and embedded into paraffin. Tissue sections were

cut into 5pm thin slices, deparaffinized, and stained with hematoxylin and eosin

(H&E).

In vitro Tregs suppression assay. BM-derived DCs {BMDCs) were prepared as
follows. BM cells were flushed from femur and tibia of WT C57B1/6] mice and
cultured in RPMI media {Sigma) containing 10% FSC and 1% Penicillin/Strepto-

Liston, A, Lesage, S, Wilson, ., Peltonen, L. & Goodnow, C. C. Aire
regulates negative selection of organ-specific T cells. Nat. Immunol. 4,
350-354 (2003).

Aschenbrenner, K. et al. Selection of Foxp3+ regulatory T cells specific for self
antigen expressed and presented by Aire+ medullary thymic epithelial cells.
Nat. Immunol. 8, 351-358 (2007).

Malchow, S. et al. Aire-dependent thymic development of tumor-associated
regulatory T cells. Science 339, 1219-1224 {2013).

Perry, |. S. et al. Distinct contributions of Aire and antigen-presenting-cell
subsets to the generation of self-tolerance in the thymus. Immunity 41,
414-426 (2014).

Leventhal, D. 5. et al. Dendritic cells coordinate the development and
homeostasis of organ-specific regulatory T cells. Tmmunity 44, 847-859

mycin (Gibco} supplemented with GM-CSF (5 ng/ml). Fresh media containing GM-
CSE was added at day 3 and 5 of cultivation. After 7 days, BMDCs was pulsed with
OV A cognate peptide 323-339 {irrelevant OVA 257-264 peptide was used as control)
(InvivoGen) at a concentration of 1 pg/ml and co-cultivated with OVA-specific OT-IT
T cells and Tregs {10 000 BMDCs: 50 000 OT-11 T cells: 50 000 Tregs). OT-11 T cells
were isolated from OT-1[*Ragl / mice as MACS-enriched CD4* T cells (CD4+ T
Cell Tsolation Kit, Miltenyi biotec). CD4™ conventional T cells {(Tconv) were used as a
negative control. Tregs were isolated from LNs {pLN and mLN) of WT (MyDgs/)
and MyD88%TE= mice using subsequent Auto-MACS (Miltenyi biotec) procedure.
CD4-enriched T cells {CD4™ T Cell Isolation Kit, Miltenyi biotec) were stained by
anti-CD25 biotin conjugated antibody and CD4+CD25% Tregs were isolated using
Anti-Biotin MicroBeads (Miltenyi biotec). Tconv cells were prepared using Auto-
MACS as CD47CD25" cells. After 3 days of co-cultivation, cells were stained with
anti-VP5 and anti-Va2 antibodies to distinguish OT-II* T cells. Proliferation was
measured by FACS using CPD670 staining.

In vivo model of autoimmune diabetes. Cd3e~/-RIP-OV A mice (6-8 weeks old)
were intravenously injected by MACS enriched CD8* T cells (5 10° cells per
mouse) isolated from lymph nodes and spleen of Rip-OVA Ly5.1 (CD45.1%) mice
at day 8. After 7 days (day 1) Cd3e~/-RIP-OVA mice were intravenously injected,
FACS sorted CD4+CD25" Tregs were isolated from LNs {mLN and pLN) of WT
(MyDss), MyD88ATECS mice {3x10° cells per mouse), OT-1 (OT-[*Rag2 -, 100
cells per mouse), and OT-II cells (OT-1I*Ragl~'~, 1 x 10* cells per mouse). BMDCs
(generated as described previously, 10 days of culture, media refreshment at day 4
and 7} were pulsed with OVA peptides {OVA 257-264, 2 mM and OVA 323-339,
100 pM, InvivoGen) in the presence of LPS (100 pg/ml, InvivoGen) for 3 h. In all,
1 10 of antigen-stimulated DCs were used for injection (at day 0). Glucose levels
were monitored on a daily basis {between day 5 and 14) using test strips {Diabur-
Test 5000, Roche or GLUKOPHAN, Erba Lachema, Czech Republic). The animal
was considered to have developed autoimmunity when the concentration of glu-
cose in the urine reached 210 mmol/l. At day 14, mice were euthanized and the
frequency of splenic KLGR1* OT-1 T cells was measured by flow cytometry.

Statistical analysis. The statistical tests used to analyze the data are indicated in
figure legends. Graph construction and statistical analysis were performed using
Prism 5.04 software {GraphPad). Statistical analysis of RNAseq and scRNAseq data.
is indicated in the corresponding method section.

Reporting summary. Further information on research design is available in
the Nature Research Reporting Summary linked to this article.

Data availability
The authors declare that all data supporting the findings of this study are available within
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2. GASTROINTESTINAL AUTOIMMUNITY ASSOCIATED WITH LOSS OF
CENTRAL TOLERANCE TO ENTERIC a-DEFENSINS

Human loss-of-function mutations in the A/IRE gene lead to the development of rare APS-
1 syndrome, which is relatively frequent in Finland, Sardinia, and Iran (Consortium, 1997,
Nagamine et al., 1997; Perheentupa, 2006). Due to the defects in central tolerance and
subsequent activation of self-reactive T-cells and autoantibodies in the immune periphery
(Anderson et al., 2002), the APS-1 patient suffers by a dozen of autoimmune symptomes.
The main components of APS-1 are CMC, hypoparathyroidism, and Addison’s disease
that are present in the majority of patients. These components are often accompanied by
gastrointestinal symptoms that are manifested as constipation, diarrhea, and
malabsorption (Husebye et al., 2018; Perheentupa, 2006). The development of these gut-
related components of APS-1 was associated with the loss of central tolerance to intestinal
self-antigens (histidine decarboxylase, tyrosine hydroxylase, and tryptophan hydroxylase)
that are produced by EECs (Ekwall et al., 1998; Skoldberg et al., 2003; S6derbergh et al.,
2004). It was also described that PCs could be also targeted by an autoimmune reaction in
APS-1 patients since the sera from those patients cross-react with PCs secretory granules,

suggesting enteric a-defensins as a potential autoantigen in APS-1 (Ekwall et al., 1998).

The presented study demonstrates that enteric a-defensins are expressed as AIRE-
dependent TRAs by mTECs in mice and humans. Studying the APS-1 patients from
Finland, Italy (Sardinia), and the Czech Republic we found that around 30% of patients
were seropositive for DEFAS (human a-defensins 5) antibody. Also, the presence of those
autoantibodies correlates with the destruction of PCs and the presence of chronic diarrhea.
To describe the mechanism of PC’s destruction, the Aire”” mice were used. Specifically,
we showed that the transfer of a-defensin-specific T-cell isolated from Aire”” mice to
athymic nude mice resulted in the destruction of PCs, microbiota dysbiosis, and the
upregulation of proinflammatory Th17 response in the small intestine. Together, this study
provides a mechanism by which the loss of AIRE-dependent tolerance to intestinal

self-antigen leads to gut inflammation in models of APS-1 (Dobes et al., 2015).

Author’s contribution: Western blot analysis of APS-1 seropositivity to intestinal

antigens.
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Gastrointestinal Autoimmunity Associated With Loss of Central
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BACKGROUND & AIMS: Autoimmune polyendocrinopathy
candidiasis ectodermal dystrophy (APECED] is an autoimmune
disorder characterized by chronic mucocutaneous candidiasis,
hypoparathyreidism, and adrenal insufficiency, but patients
also develop intestinal disorders. APECED is an autosomal
recessive disorder caused by mutations in the autoimmune
regulator (AIRE, which regulates immune tolerance) that allow
self-reactive T cells to enter the periphery. Enteric a-defensins
are antimicrobial peptides secreted by Paneth cells. Patients
with APECED frequently have gastrointestinal symptoms and
seroreactivity against secretory granules of Paneth cells, We
investigated whether enteric a-defensins are autoantigens in
humans and mice with AIRE deficiency. METHODS: We
analyzed clinical data, along with serum and stool samples and
available duodenal biopsies frem 50 patients with APECED
collected from multiple centers in Europe. Samples were
assessed for expression of defensins and other molecules by
quantitative reverse transcription polymerase chain reaction
and flow cytometry; levels of antibodies and other proteins
were measured by immunohistochemical and immunoblot an-
alyses. Histologic analyses were performed on biopsy samples.
We used Aire / mice as a model of APECED, and studied the
effects of transferring immune cells frem these mice to athymic
mice. RESULTS: Enteric defensins were detected in extra-
intestinal tissues of patients with APECED, especially in med-
ullary thymic epithelial cells. Some patients with APECED
lacked Paneth cells and were seropositive for defensin-specific
autoantibodies; the presence of autoantibodies correlated with
frequent diarrhea. Aire /" mice developed defensin-specific T
cells. Adoptive transfer of these T cells to athymic mice resulted
in T-cell infiltration of the gut, loss of Paneth cells, microbial
dysbiosis, and the induction of T-helper 17 cell-mediated
autoimmune responses resembling those cbserved in patients
with APECED. CONCLUSIONS: In patients with APECED, loss of
AIRE appears to cause an auteimmune response against enteric
defensins and loss of Paneth cells. Aire / mice developed
defensin-specific T cells that cause intestinal defects similar
to those observed in patients with APECED. These findings
provide a mechanism by which loss of AIRE-mediated
immune tolerance leads to intestinal disorders in patients
with APECED.

Keywords: Mouse Model; Intestinal Crypt; DEFA; Microbiota.

he thymus is the site of T-cell lineage commitment

and the place where T cells with a high affinity for
self-antigens are removed from the developing T-cell pool
through the process of negative selection. Critical cellular
components of this process are medullary thymic epithelial
cells (mTECs), which synthesize and present in the context
of their major histocompatibility complex tissue restricted
antigens (TRAs), the expression of which is otherwise
restricted to peripheral organs."* The autoimmune regu-
lator (AIRE) mediates the expression of a fraction of TRAs
on the transcriptional level” Presentation of TRAs by
mTECs leads to the deletion of CD4™ or CD8™ T cells bearing
a T-cell receptor that is reactive to the TRA-major histo-
compatibility complex” or conversion of such CD4™ T cells
into T-regulatory cells.”

Loss-of-function mutations in the AIRE gene cause a
rare autosomal recessive syndrome called autoimmune
polvendocrinopathy candidiasis ectodermal dystrophy
(APECED; OMIM: 240300),"” which is relatively frequent
in Finland, Sardinia, and Iran." Due to the loss of central
tolerance and subsequent occurrence of self-reactive T
cells and autoantibodies in the immune periphery,” these
patients display up to a dozen clinical autoimmune com-
ponents occurring in various combinations.” The main
components of APECED are chronic mucocutaneous can-
didiasis, hypoparathyroidism, and adrenal insufficiency,'’
but gastrointestinal symptoms, which occur intermit-
tently and are still difficult to explain, are also fairly
common.”"*

Abbreviations used in this paper: AIRE, autoimmune regulator; APECED,
autoimmune polyendocrinopathy candidiasis ectodermal dystrophy;
cTECs, cortical thymic epithelial cells; EECs, enteroendocrine cells; FACS,
fluorescence-activated cell sorting; IL, interleukin; mLN, mesenteric
lymph node; mTECs, medullary thymic epithelial cells; pLN/mLN, periph-
eral/mesenteric lymph node; PCs, Paneth cells; SFB, segmented fila-
mentous bacteria; TRAs, tissue restricted antigens; WT, wild-type.

© 2015 by the AGA Institute
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Paneth cells (PCs), which reside at the bottom of small
intestinal crypts, are long-lived cells that constitutively
produce and secrete antimicrobial proteins and inflammatory
mediators."” Among their bactericidal products, enteric o-
defensins are the most abundant,"* and exhibit a broad range
of activities against bacteria, viruses, and fun.-;-;i.H So far, 27
enteric w-defensins (also called cryptdins) have been identi-
fied in the mouse genome,'” some of which are strain spe-
cific.'® In contrast, only 2 enteric ¢-defensin genes, DEFA5'’
and DEFA6,'" were recognized in humans. Enteric a-defen-
sins protect the crypt's residential stem cells from microbial
attack' Y shape the composition of commensal
microbiota,”!

and

The gut-related autoimmune symptoms of APECED have
been associated with the lack of tolerance to 2 self-antigens:
tryptophan hydroxylase”®”® and histidine decarboxylase,*!
both produced by enteroendocrine cells (EECs) of the gut
epithelium. Interestingly, sera from APECED patients were
shown to also cross-react with secretory granules of PCs.””
In addition, the comparative microarray analysis between
wild-type (WT) and Aire-deficient mTECs revealed that at
least some members of the enteric w-defensin family are
down-regulated in the latter.”* Nevertheless, the potential
role of PC's enteric a-defensins as self-antigens in gut-
related autoimmunity of APECED patients has not been
addressed so far, Here, we report that deficiencies in Aire-
mediated expression of enteric «-defensins in mTECs are
linked to cellular and molecular alterations in PCs-
supported intestinal homeostasis and, in turn, to intestine-
related autoimmunity.

Materials and Methods

This information is provided
Materials.

in the Supplementary

Results

Enteric «-Defensins are Present in the
Human Thymus

In the first series of experiments, we quantified the
expression of the 2 enteric a-defensins DEFAS5 and DEFA6
by quantitative reverse transcription polymerase chain
reaction in the human small intestine, thymus, and spleen.
As illustrated in Figure 14, DEFA5 and DEFA6 expression
in the thymus is readily detectable, although at much
lower levels compared with that of the small intestine,
Their expression in the spleen, used as a negative control,
was barely detectable. When human thymic stromal
CD45 cells were fluorescence-activated cell sorted
(FACS) according to the scheme presented in Figure 1B,
the expression of DEFA5 and DEFA6 was confined to the
TEC population, and CD45" cells were negative
(Figure 1C). Expression of DEFAS protein exclusively in
mTECs coexpressing AIRE was confirmed by immunoflu-
orescence on FACS-sorted TECs (Figure 1D). Notably, of
150 AIRE-expressing cells, 12% (+3%, n = 3) stained
positive for DEFAS. No positivity for DEFAS was detected
in AIRE-negative cells. These results demonstrated that

Gastroenterology Vol. 149, No. 1

mTECs are the exclusive cellular source of enteric «-
defensins in the human thymus.

Autoimmune Polyendocrinopathy Candidiasis
Ectodermal Dystrophy Patients Produce Enteric
a-Defensin-Specific Antibodies

We hypothesized that expression of enteric a-defensins
in human mTECs is AIRE-dependent, so the presence of
enteric a-defensin—specific T cells in APECED patients
might impact the integrity of defensin-expressing PCs. To
address this question, paraffin-embedded duodenal biopsies
from APECED patients and healthy controls were stained
with anti-DEFAS antibody (Figure 1E). Although the crypt
structure and the composition of the entire epithelium
remained seemingly unaffected, DEFA5-expressing PCs
were decreased in 4 samples (Table 1) and undetected in
2 of 10 APECED samples (Figure 1E and Table 1). This lack
of DEFAS correlated with the absence of signal revealed
by histologic Masson’s trichrome staining of PCs’®
(Supplementary Figure 1). This suggested a link between
AIRE-deficiency and pathologic changes in the PC
compartment.

We next assessed the occurrence of autoantibodies with
DEFAS specificity in the sera of APECED patients by West-
ern blot, In the first round, 7 of 30 APECED samples (27
from Finland, 3 from Czech Republic) (approximately 23%)
were positive (Figure 24 and Supplementary Figure 24);
this group of patients is separated by dashed line in Table 1.
It is of note that all 4 duodenal biopsies from DEFA5-
seropositive patients (AP51-01, -20, -24, and -31) exhibi-
ted a decreased number of, or a lack of, PCs. The analysis of
an additional 20 patient samples from Sardinia revealed 14
of a total of 50 APECED patients as seropositive (approxi-
mately 28%). None of the APECED patients was seropositive
for DEFA6 autoantibodies (data not shown).

Next, using healthy duodenal sections, we compared the
immunoreactivity of sera collected from healthy controls with
those derived from APECED patients. Although the former
showed no apparent staining of both PCs and intestinal sec-
tions, sera from APECED patients displayed a complex pattern
of reactivity. Specifically, the highest serum reactivity toward
PCs was observed in sera from patients with undetectable
PCs, followed by those seropositive for DEFAS5; the lowest was
observed in DEFAS-seronegative patients (Figure 2B). [tis of
note that enteric a-defensin autoantibodies were of [gG, but
not [gA, isotype (Supplementary Figure 2 B). Remarkably, this
pattern of staining intensity correlated with a number as well
as the seroreactivity of additional yet unidentified intestinal
autoantigens (Supplementary Figure 34). These autoantigens
are not ubiquitously expressed (Supplementary Figure 3B)
and do not originate from contaminating traces of bacteria
(Supplementary Figure 3C). In support of the notion of multi-
targeted autoimmunity, when 10 intestine biopsies were
probed for a specific marker of EECs, chromogranin A
(Supplementary Figure 4}, the reduced number of these cells
was observed predominantly in DEFA5-seropositive samples
(Table 1). The 2 patients who lacked PCs AP51-16 and -24,
also lacked and showed a decreased number of EECs,
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respectively. These results suggest that intestine autoimmu-
nity in patients with APECED progresses through several
stages that correlate with DEFAS seronegativity, followed by
seropositivity, and culminate in the loss of PCs, the stage
associated with the highest titer of multi-targeting
autoantibodies.

APECED patients exhibit gastrointestinal symptoms and
dysfunction.”*® We observed that idiopathic diarrhea
was present in 9 of 14 {64.3%)} DEFA5-seropositive pa-
tients {APS1-2p, -4p, -18p, -1, -3, -5, -24, -26, and -31), as
well as in both patients who lacked PCs (APS1-16 and 24).

APECED-Paneth cell”

Only 12 of 36 (33.3%; P — .06; Fisher’s exact test) PC-
positive DEFAS-seronegative patients suffered from this
intestinal symptom. Overall, DEFAS-seropositive patients
ate approximately 2 times more likely to experience idio-
pathic diarrhea than their DEFA5-seronegative counter-
parts. Interestingly, when grouping Finnish and Czech
patients together, the difference in the incidence of diar-
rhea among DEFAS5-seropositive (6 of 7) compared with
DEFAS-seronegative patients (6 of 23} is significant (P =
.0086). No such association was found among Sardinian
patients.
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Table 1.Characteristics and Clinical Parameters of APECED Patients

Anti-HD5
Age at thetime  CrA detection on HD5 detection on autantibodies in
Patient  Nationality Sex Age,y Diarrhea® of intestinal biopsy intestinal biopsy intestinal biopsy the blood

APS1-1p I M 9 No — — — Negative
APS1-5p I F 20 No - — - Negative
APS1-6p | F 41 No - - - Negative
APS1-7p | F 35 Yes — — — Negative
APS1-9p I F 4 Yes — — — Negative
APS1-11p I F 37 No - —_ - Negative
APS1-12p I M 48 Yes — — — Negative
APS1-13p I M 17 Yes —_ —_ —_ Negative
APS1-14p I F 38 No - — - Negative
APS1-15p | F 7 No —_ —_ - Negative
APS1-17p I M 38 Yes — —_ — Negative
APS1-19p I F 24 Yes — —_ — Negative
APS1-20p I M 37 Yes - — - Negative
APS1-02 Finn F a2 Yes — — — Negative
APS1-04 Finn M 65 Yes - — - Negative
APS1-06 Finn M 32 No 24 Normal Normal Negative
APS1-07 Finn F 32 No —_ —_ —_ Negative
APS1-08 Finn F 56 Yes 51 Decreased Decreased Negative
APS1-09 Finn F 32 No - — - Negative
APS1-10 Finn F 25 No - —_ —_ Negative
APS1-11 Finn F 46 No — —_ — Negative
APS1-12 Finn F 50 No — — — Negative
APS1-13 Finn M a5 No 42 Normal NA Negative
APS1-14 Finn M 43 No — — — Negative
APS1-15 Finn F 17 No —_ — —_ Negative
APS1-17 Finn F 52 No 39 NA Normal Negative
APS1-18 Finn M 18 No — — — Negative
APS1-19 Finn F 53 Yes — — — Negative
APS1-21 Finn F 51 No —_ —_ —_ Negative
APS1-22 Finn F 8 Yes — — — Negative
APS1-23 Finn F 35 No 35 Normal Normal Negative
APS1-25 (074 F 19 No — — — Negative
APS1-27 CZ M 16 No — —_ — Negative
APS1-28 Finn M a4 No 36 Normal Normal Negative
APS1-29 Finn F 20 No — — — Negative
APS1-2p I F 24 Yes — — — Positive
APS1-3p I M 3 No — — — Positive
APS1-4p | F 18 Yes — — — Positive
APS1-8p I M 37 No — — — Positive
APS1-10p I F 8 No — —_ — Positive
APS1-16p I M 4 No — — — Positive
APS1-18p I F 39 Yes - — - Positive
APS1-01 Finn F 45 Yes 37 Normal Decreased Positive
APS1-03 Finn F 28 Yes — — — Positive
APS1-05 Finn F 46 Yes — — — Positive
APS1-20 Finn F 58 No 56 Decreased Decreased Positive
APS1-26 CZ M ] Yes - -_ - Positive
APS1-31 Finn F 5 Yes 5 Absent Decreased Positive
APS1-24 Finn M 31 Yes 3 Decreased Absent Positive
APS1-16 Finn M 17 Yes 11 Absent Absent Negative

CZ, from Czech Republic; F, female; Finn, from Finland; |, from Italy (Sardinia); M, male; NA, not analyzed for technical reason.
“Diarrhea is defined as defecation -3 times a day or by unusual consistency of stools.

In general, the occurrence of autoantibedies is predi- Autoimmune Regulator—Dependent Expression
cated by the presence of self-reactive T cells. We could of Enteric a-Defensins {Cryptdins) in Mouse

detect defensin-specific T cells in the peripheral blood of a Medufiary Thymic Epithelial Celis
limited number of available DEFA5-seropositive and PC- To obtain mechanistic insight into enteric a-defensin—

lacking APECED patients (Supplementary Figure 5). driven gut autoimmunity, we explored Aire-deficient mice
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Figure 2. DEFA5-specific autoantibodies are present in the blood of APECED patients.

APECED serum

APECED-DEFAS5’ serum  APECED-Paneth cell serum
e -

{A) Western blot analysis revealed the

reactivity of human sera to DEFAS antigen. The seropositivity in 7 APECED samples is shown (left panels). For comparison,
DEFA5-seronegative samples of APECED and healthy subjects are presented in the middle and right panels, respectively. (B).
Immunchistochemistry of HD5 antibody en duodenal sections from a healthy donor, used as a pesitive control, revealed PCs

staining on the bottem of intestinal crypts (left panels). Sera iso

lated from healthy controls show no staining (healthy control

serum). Immunoestaining of PCs and surrounding structures was most prominent in the serum sample derived from APECED
patients lacking PCs (PCs serum), which was slightly decreased in DEFA5-seropositive APECED patients (DEFA5Ab ' serum).
Sera from the remaining APECED patients also showed elevated reactivity toward PCs and surrounding structure. Repre-

sentative images from 2 patients from each group are shown.

{Aire™") as an experimental model of APECED. We first
determined whether expression of cryptdins in the WT mouse
thymus recapitulates that of enteric «-defensins in human
mTECs. We found that members of the cryptdin family that
are predominantly expressed in the intestine of C57BL/6 mice
(Defcr3, Defcr5, Defer20, Defer21, and Defcr24)' are also
expressed in the mouse thymus (Figure 34).

To identify the cellular source of intrathymic cryptdin
production, mTECs and cortical thymic epithelial cells
{cTECs) were FACS sorted according to the scheme pre-
sented in Figure 38. Quantitative reverse transcription po-
lymerase chain reaction analysis of messenger RNAs
derived from mTECs, cTECs, and MACS-enriched CD45
cells confirmed the expression of cell restricted markers for
each of these populations: CD45™ —Cathepsin S (Ctss), 551
proteasome subunit {Psmb8); ¢TECs—g5t proteasome sub-
unit (Psmb11}; mTECs—Cathepsin §, $5i proteasome sub-
unit, Aire, and TRAs, such as insulin (/ns2}, mucin 6 (Muc6),
and glutamic acid decarboxylase 67 kDa (Gad67). Impor-
tantly, the exclusive expression of cryptdin messenger RNAs
in mTECs (Figure 3C) was on the protein level restricted to
Aire-expressing mTEC cells only (Figure 3D). Notably, of
100 Aire-positive mTECs, 36% (+9%, n = 3) co-stained for
cryptdins.

The presence of cryptdins in mTECs posed questions
concerning the dependency of cryptdin expression on Aire.
As presented in Figure 3L, the expression of Defcr3, 5, and

20 was completely abrogated and negligible levels of
Defcr21 and 24 (<1% of the WT) were detected in Aire /
animals. fns2 and Gad67, well-characterized genes with
Aire-dependent and independent expression, respectively,
were used as controls. These data demonstrated that Aire
controls the expression of cryptdins in mTECs.

Cryptdin-Specific T Cells in Autoimmune
Regulator—Deficient Mice

The lack of cryptdin expression in Aire™/~ mTECs might
result in impaired removal of cryptdin-specific T cells duting
negative selection in the thymus. To test this hypothesis,
Alre~/~ and WT littermate control mice were immunized with
a mixture of cryptdin peptides and immune responses were
analyzed 8 days later. As illustrated in Figure 44, a sizeable
fraction of CD4™ and CD8™ T cells derived from peripheral
lymph nodes (pLNs} and mesenteric lymph nodes {mLNs} of
cryptdin-immunized Aire /", but not immunized WT mice or
nonimmunized Aire”/~, proliferated in response to antigen
re-stimulation in vitro. In addition, the co-incubation of
duodenum-derived CD87, but not CD4 ™, T cells from cryptdin-
immunized Aire /  mice with FACS-sorted PCs increased the
rate of cell death of the latter {(Supplementary Figure 7). These
results point to the presence of self-reactive cryptdin-specific
T cells in the LNs of Aire™/~ mice and their capacity to target
and destroy PCs in vitro.

71

a2
=
=
=
@
&

-
g
2
3
2
2
=




1V TYNOLLYTSNYYL

Ny Jisve

144 Dobes et al Gastroenterology Vol. 149, No. 1

=== Small intesting

>
m

Ly51 (APC)

mRNA/Hprt relative level
338823 3
ND
r Hoechst 33258

EpCAM (PE) UEA (FITC)

Defer3 Defer5 Defer20 Defer21 Defcr2d

=== MACS: CD45"
m=m mTECs
mmm cTECs

mRMNA/Hprt relative level
=

Aire Psmb&8 Psmbi1  Ctss Ins2 Muc6é  Gad67 Defer3 Defer5 Defor20 Defer21  Defor24
markers control TRA defensins
10°
]
H
3}
2102
5
2
T
Cryptdin %10‘
Z
2
o
5
o o =} a
109 = = = =

Defcr3 Defers Defer20Defer21Defer24  Ins2  Gad67

Figure 3. Thymic cryptdins are produced exclusively by murine mTECs. (A) Comparative quantitative reverse transcription
polymerase chain reaction (QRT-PCR} analysis of cryptdin expression levels in the small intestine, thymus, and spleen. Data
represent mean gene expression level (x SD) in organs isclated from 3 animals, each sample was assessed in triplicate. (B)
Sorting; strategy of thymic epithelial cells: CD45~ EpCAM™ thymic fraction (left panef) were separated into mTECs (UEA-1
Ly51*") and ¢TECs (UEA—W*" Ly51%) tright panel). (C) The expression level of lineage-restricted markers (Aire, Psmb8,
Psmb11, and Ciss), selected TRA genes (Ins2, Muc6, Gad67), and 5 cryptdins (Defer3, 5, 20, 27, and 24) in MACS-enriched
CD45" cells, mTECs, and cTECs) assessed by gqRT-PCR analysis. Data shows the mean gene expression level (+ SD) in
denominated cells isolated and pocled from 4 animals and represents 3 independent experiments, each assessed in triplicate.
ND, not detected. (D) Confocal immunofluorescence of mouse mTECs co-stained with antibodies specific for Aire and newly
generated antibody against cryptdins marked as ED5 (Supplementary Figure 6). Nuclei are stained by 4'6-diamidino-2-
phenylindole (blue). Scale bar = 5 um. One representative image is shown. (E} The expression of the 5 most abundant
cryptdins in mTECs derived from WT and Aire /" animals. Data represent the mean gene expression level (+ SD) in mTECs
isolated and pooled from 4 animals. Data are from 3 independent experiments, each was assessed in triplicate.

Cryptdin-Specific T Cells Mediate Intestinal
Pathology in Nude Recipient Mice

Next, we assessed the pathogenic relevance of cryptdin-
specific T cells in vive. T cells isolated from pLNs and mLNs
of cryptdin-immunized WT or Aire /" mice were re-
stimulated in vitro with cryptdin-pulsed syngenic BMDCs.
Subsequently, these T cells were adoptively transferred into
athymic mice {Nude) that were examined 8 weeks later for

signs of gut-related autoimmunity. As illustrated in Figure 4B,
mLNs of Aire /~ —Nude, but not Aire /" —Nude, were
dramatically enlarged and their cellularity was increased.
Concomitantly, we observed a mild increase in the frequency of
CD8" T cells in both pLNs and mLNs, while the frequency of
CD4' T cells remained comparable {Figure 4€). In addition,
both mLNs and pLNs from Aire”/~ —Nude contained a
significantly increased number of activated, CD69-positive
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Figure 4. Establishment of nude mouse model of T-cell-mediated cryptdin-specific autoimmunity. (4) Visualization of cryptdin-
specific T cells. T cells from LNs of Aire deficient (Aire™~) or WT (Aire*'*) mice immunized with a mixture of Complete Freund’s
adjuvant with cryptdins (CFA—ED) or CFA with phosphate-buffered saline were labeled with proliferation dye and co-cultured with
cryptdin-pulsed bone marrew-derived dendritic cells. The proliferation of T cells was measured by FACS. Graphs show the
quantification of cryptdin-specific CD4" and CD8' T-cell responses. Statistical analysis was performed using 2-tailed Mann-
Whitney test, *P < .05; *P < .01; *™P < .001. (B8) The expansion of cryptdin-specific T cells in Iymph nodes of nude mice. T
cells from immunized Aire ™~ or Aire™~ mice were transferred into nude mice recipients (Aire””” —Nude or Aire™t — Nude,
respectively). Images illustrate the size of pLNs and mLNs. The graph shows the total cell count for pLN and mLN from each
group of animals. Data are presented as mean =+ SD, n = 5. Statistical analysis was performed using 2-tailed Mann-Whitney test,
*P < .05; NS, not significant. (C) An increased frequency of CD8* T cells in both pLNs and mLNs of Aire™~— Nude mice
enumerated by FACS. Representative dot-plots are shown. The bar graphs show the statistical analysis of this experiment as mean
+ SD, n = 5, performed using 2-tailed Student’s ¢ test, *P < .05, ns, not significant. (D) LNs contained the increased number of
activated CD4 and CD8 ' T cells. Histogram overlays represent the level of expression of the activation marker CD69 on CD4' and
CD8' T cells derived from the pLN (upper panef) and mLN (bottorn panef) of Aire / — Nude (red fine) and control Aire /' —Nude
mice (black line), on the background of isotype control staining (gray /ine). Representative histograms are shown. The bar graphs
show the statistical analysis of this experiment as mean + SD, n — 5, performed using 2-tailed Student t test, *P < .01.

CD4' and CD8' T cells in comparison with Aire' /! — Nude (Figure 54 and B). Consistent with the presence of self-
{Figure 4D}. reactive T cells capable of targeting cryptdin-expressing

Microscopic data and FACS quantification performed on  cells {Supplementary Figure 7}, the number of PCs in these
the duodenum of Aire™*~ — Nude mice showed an approx-  mice was markedly reduced (Figure 5€ and D). Immunoflu-
imately 4-fold increase in T cells infiltrating the gut orescent examinations indicated that the destruction of PCs

79

BASIC AND
TRANSLATIONAL AT



1V TYNOLLYTSNYYL

Ny Jisve

146 Dobes et al Gastroenterology Vol. 149, No. 1

A Aire*'* —» Nude

Aire™ — Nude Airg™* > Nude Aire™ - Nude 25 ki

@ 2 20
8 8 "
o = 15,
B n =
2 o«
g 52 e 1o []
£ 5

i g s 5

0 T T
TCR-B (APC) Are*t Aire™

—Nude - Nude

C D

Aireg™* — Nude Aire™ > Nude

- - 8
Aire*™* > Nude Aire* > Nude _CD45" EpCAM” _CD45 EpCAM® LR
2 . .‘ LJ
89 18, iL'
£%
2 .. .
P
2 B
7] £2
; %
i e
ool
3

Lactobacillus group

o AEE 5 r —_— I o

é g 30 m B g0 Bg s

3 235 5 2-15 -y P

23 5% 20 ] 5536 Aafar

g3 -0 £33 23

e 2 45 %?-2'5 [] 82 -8 s _55_

c@o 5@ 30 d - @ A

ED'5J T T 30-4.0 T T o _g,o T T T
+ 8 . g +§ + 8 Healthy ~ APECED  APECED
»7 Bz 2z Bz control  DefasAb’  DefabAb
<t =t <% <t

Figure 5. Cryptdin-specific T cells mediate intestinal autoimmunity. (A) Comparative anti-Lck immunostaining of small in-
testinal sections from Aire*~ — Nude (left panel) and Aire '~ — Nude mice (right panel). Representative images are shown. (B)
The comparative analysis of frequency of gut-infilirating T cells. T-cell receptor 3 T cells from Aire / —Nude and control
Aire /" — Nude mice (n = 5} were quantified by FACS analysis. Data are shown as mean + SD, **P < .001, 1-tailed Student t
test. (C) The loss of PCs visualized by lysozyme staining (green) on small intestinal sections from Aire " — Nude (Jeft panel)
and Aire / — Nude mice (right panel). Representative images are shown. {D) FACS analysis revealed the reduced number of
CD24~ PCs in Aire™~—Nude in comparison to control Aire™~— Nude mice (2 left dot plot panels). The graph depicts the
relative fold-decrease of PCs in Aire /~ —Nude mice. Data are presented as mean + SD. (F) Changes in the microbiome
composition in the gut of Aire™~ — Nude mice in comparison to Aire ™+ — Nude controls determined by 16S guantitative
reverse transcription pelymerase chain reaction analysis. The relative enrichment of SFB bacteria and the Lactobacillus group
are shown, Data are presented as mean + SD, *P < .05; **P < ,001, 2-tailed Student t test, (F) The enrichment of SFB bacteria
was also observed in stool samples from DEFA5-seronegative (DefaSAb~, n = 6) as well as seropositive (DefaSAb ", n = 5)
APECED patients in comparison with the healthy control group (n = 7). Data are presented as mean + SD, P < .01; ™P <
.001, ns, not significant, 2-tailed Student t test. The open circles and triangle represent samples below the sensitivity threshold
of quantitative polymerase chain reaction assay for SFB (see Materials and Methods).

was cell-specific, as their diminution had no apparent impact
on the overall intestinal architecture (Figure 54 and C).
The invelvement in this destruction process of cryptdin-
specific antibodies could be largely excluded as the serum
from both Aire™/*—Nude and Aire /~—Nude failed to
show any apparent crossreactivity with PCs (Supplementary
Figure 8}, The very same sera showed no reactivity to-
ward EECs (Supplementary Figure 94), whose distri-
bution, morphology, and numbers in both Aire™/*— Nude
and Aire/~—Nude mice remained largely comparable
{Supplementary Figure 9B).

As PCs are the exclusive source of cryptdins, which are
involved in the regulation of gut microflora, we examined
the composition of microbiota in Aire /" —Nude and
Aire'”" — Nude mice. Of 7 prevalent bacterial groups tested,
segmented filamentous bacteria {SFB) and the lactobacillus
group showed significant changes in their abundance

(Figure S5E). It is important to stress that Aire ™/~ mice,
which served as a source of cryptdin-specific T cells for
adoptive transfers (Figure 4A4), also exhibited significant,
albeit less dramatic enrichment in SFB 8 weeks after im-
munization with cryptdins (Supplementary Figure 10). The
shared genetic basis of gut autoimmunity observed in
Aire™~ mice and APECED patients led us to examine the
human gut microflora as well. A comparative analysis of the
intestinal microbiome of APECED patients and healthy con-
trols also showed significant enrichment of SFB in enteric
a-defensin—seropositive and seronegative patients, with a
more dramatic increase in the latter group (Figure 5F).
Because SFB are potent inducers of intestinal Th17
cells,”” we next examined the polarization of CD4" T cells
toward inflammation-inducing Th17 phenotype. The results
demonstrated an 8- to 10-fold increase in the frequency of
interleukin {IL)17A producing CD4™ T cells in pLN and mLN
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Figure 6. Cryptdin-specific T cells mediate inflammation-inducing Th17 phenotype. (4) The frequency of IL17A" CD4' T cells
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Aire "~ —Nude (n = 5) and control Aire™~— Nude mice (n = 5). The bar graph represents mean = SD, P < .01, 2-tailed
Student t test. (B) Representative images visualize the presence of pathogenic T cells co-expressing IL23 receptor (green)

and IL17A (red) in the gut of Aire~'~ —Nude mice.

from Aire / —Nude mice in comparison with controls
{Figure 64). Recently, it was reported that induction of
autoimmune pathology by Th17 T cells in mice also requires
the elevated co-expression of the IL23 receptor.”’ As illus-
trated in Figure 68, immunofluorescence analysis of IL17A
and IL23 receptor co-stained intestine sections showed a
detectable presence of these cells in Aire / —Nude but not
in Aire™" —Nude mice. Collectively, these rodent data
support the notion that self-reactive cryptdin-specific T cells
are capable of infiltrating the small intestine and initiating
PC-related pathologic changes in comparison with those
observed in the gut of APECED patients.

Discussion

Despite the clinical manifestation of intestinal symptoms
in a relatively large proportion of APECED patients,”” "%
there are only a few reports related to their underlying
molecular causes. So far, the absence of EECs®  accompa-
nied by the detection of antibodies against tryptophan hy-
droxylase and histidine decarhoxylase produced by these
cells, has been the only abnormality found in the intestines
of some APECED patients.”*** This study identifies enteric
c-defensins and their cellular source, PCs, as additional
autoimmune targets in AIRE-deficient humans and mice.

We provide evidence that cryptdins are expressed by
mTECs under the control of Aire. These data are consistent
with previous reports that show that the Defcrs and Defer2-
rs gene expression were down-regulated in mTECs derived
from mice bearing the G228W dominant-negative variant of
Aire®® and Aire ™/ ? respectively. Our results also demon-
strate that several cryptdin transcripts belong to a rare class
of genes whose expression in mTECs is fully dependent on
Aire."*

Considering enteric a-defensins as gut-derived self-anti-
gens, the critical step would be their presentation to, and
activation of, cognate self-reactive T cells. Due to ohserved

commonalities between Aire / mice and patients with
APECED in their failure to tolerize enteric «-defensin—
specific T cells, in Supplementary Figure 11, we propose a
maodel depicting the possible steps leading to such a scenario.
Specifically, bacteria-bound enteric a-defensins are picked up
and presented by intestinal M cells and/or dendritic cells. After
their activation, enteric a-defensin—specific CD8' T cells
attack PCs and diminish their overall number. Such an outcome
was observed in the entire cohort of nude mice transferred
with enteric a- defensin—specific T cells and also in 6 of 10
available archival intestinal biopsies from APECED patients.
Another novel finding was the change in the composition
of intestinal microbiota, especially the enrichment of SFB.
These gram-positive commensal bacteria exhibit a striking
ability to directly adhere to epithelial cells and induce Th17
responses.”’ Notably, while the transgenic preduction of
human DEFAS5 by mouse PCs?’ led to decreased levels of
SFB,”! diminished production of cryptdins increased both
the level of SFB and the intestinal Th17 T-cell subset.”!
Similarly, de novo colonization of several mice models
with SFB resulted in the robust development of the Th17
subset®”** and intestine autoimmunity.’®?® These data
have demonstrated a causal link among the production of
cryptdins, SFB levels, and Th17-driven pro-inflammatory
responses in a mouse model. Qur data are also consistent
with the conclusion of a previous study that the presence of
SFB positively affects the abundance of Lactobacillus.””
Importantly, although the presence of SFB in infants and
in a fraction of adult stool samples has been reported
recently, their role in the regulation of human intestinal
Th17 immune homeostasis is currently unknown.*” To the
best of our knowledge, this is the first report documenting
the enrichment of SFB under intestinal autoimmune condi-
tions in humans. In this context, the SFB status could be
used as a clinical marker of intestinal cellular autoimmunity
in APECED. However, the caveat of bluntly applying the
described link among the cryptdin production, SFB levels,
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and Th17 responses to humans, is that, due to the presence
of neutralizing anti-IL17F antibodies, the APECED patients
suffer from a significant loss of Th17 cells.*® Although this
could explain a striking difference in high and low levels of
cellular infiltrates in mouse model and APECED patients,
respectively, the number and contribution of intestine-
residing Th17 cells to gut autoimmunity at an early stage
of disease, has not yet been analyzed.

Whether the presence of DEFAS autoantibodies in
APECED is linked to any pathologic function is currently
unknown. However, we could not find any evidence for their
involvement in the destruction of PCs in Aire™’~ —Nude
mice (Supplementary Figure 8). Similarly, no direct evi-
dence for the adverse role of autoantibodies in Aire /™ mice
has been found so far.”" The association between the
occurrence of DEFAS antibodies and the incidence of diar-
rhea found among Finnish/Czech patients can be simply
related to the presence of enteric w-defensin—reactive T
cells in the periphery (Supplementary Figure 5). [tis unclear
why Sardinian patients failed to show a similar association.
The combination of 2 distinct and prevailing AIRE muta-
tions, R257X and R139X, in Finnish/Czech and Sardinian
populations, respectively, with other genetic and environ-
mental factors (such as HLA, diet, and climate) likely ac-
counts for this discrepancy. The precedence for the nearly
similarly different manifestation of APECED symptoms be-
tween Finnish and Sardinian patients, notably the absence
of autoimmune hypothyroidism in the latter, has been
recognized previously.*? A multicenter longitudinal study of
a large group of patients is needed to address this issue.

Because of the failure of central tolerance in APECED pa-
tients, the periphery contains self-reactive T-cell clones that
can simultaneously target numerous intestinal components.
This notion is supported by the following lines of evidence:
sera from APECED patients lacking EECs cross-reacted with
Paneth and Goblet cells™ and DEFA5-seropasitive patients or
those lacking PCs display a deteriorated number of EECs
(Table 1); DEFA5-seropositive and PC-lacking patients
showed high cross-reactivity with many other, yet unidenti-
fied intestinal autoantigens (Figure 2B and Supplementary
Figure 34); intestine-related disease progresses through
stages with an increasing number of self-reactivities, culmi-
nating in the probably concurrent loss or severe diminish-
ment of PCs and EECs (Supplementary Figure 4, Table 1).
Given this gradually developing nature of multi-targeted in-
testine autoimmunity concomitantly affecting distinct type of
cells, it is seemingly difficult to establish the cellular basis for
its variable manifestations, such as diarrhea, constipation,
malabsorption, and abdominal pain.'’ However, our data
provide an initial clue linking at least 2 of the symptoms
mentioned to specific autoimmune cellular targets. First, we
found a significant association between DEFAS seropositivity
and the manifestation of diarrhea among Finnish/Czech pa-
tients. Importantly, all 4 biopsies from DEFAS-seropositive
patients revealed decreased or no PCs, one of them with a
normal number of EECs. Second, we have recently shown that
the tryptophan hydroxylase and decarboxylase seroposi-
tivity, 2 enzymes responsible for the production of the main
product of EECs, serotonin, as well as the lack of serotonin-
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expressing EECs, significantly correlated with constipation
in APECED patients."”

The complexities of gastrointestinal symptoms in
APECED patients represents a combinatorial effect of multi-
targeted autoimmune attack that includes minimal PCs and
EECs, without obvious suspect of the initial autoimmune
target. Although our data provide full support for such a
scenario, the key point of this report is the destruction of
PCs by immunologic mechanism, whereby self-reactive
enteric a-defensin—recognizing T cells drive the process of
initiation of PC destruction, leading to intestinal microbiome
dysregulation and presumably to enhanced Th17 responses,
which further amplify inflammatory autoimmunity in the
intestine. Although it is impossible to evaluate this scenario
in humans, our mouse data suggest that, in experimentally
controlled conditions, autoimmunity toward PCs can be
uncoupled from autoimmunity, which targets EECs.

Together these findings provide evidence that enteric
a-defensins are clinically important self-antigens in gut-
related autoimmunity in APECED patients. They also
establish a mechanistic link between the disruption of
central tolerance to enteric w-defensins and the onset of
intestinal autoimmunity. In addition, the novel mouse model
of gut-related symptoms provides a future experimental
framework for clarifying the cellular and molecular basis of
intestinal autoimmune processes in APECED patients,
Importantly, these findings also warrant further prospective
studies testing the concept that prevention strategies tar-
geting the composition of intestinal microbiota can atten-
uate inflammation-propelled gastrointestinal dysbiosis and
symptoms in APECED patients.

Supplementary Material

Note: To access the supplementary material accompanying
this article, visit the online version of Gastroenterelogy at
www.gastrojournal.org, and at http://dx.doi.org/10.1053/
j.gastro.2015.05.009.
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3. AIRE-EXPRESSING ILC3-LIKE CELLS IN THE LYMPH NODE DISPLAY
POTENT APC FEATURES

While the function and regulation of AIRE in the mechanisms of thymic central tolerance
are well understood, its expression, function, and cellular source in the immune periphery
are still poorly defined and controversial. The initial experiments based on the fate-
mapping and A4ire mRNA detection revealed its presence in embryonic tissues and
secondary lymphoid as well as non-lymphoid organs (Adamson et al., 2004; Halonen et
al., 2001; Heino et al., 1999; Nishikawa et al., 2010; Poliani et al., 2010; Schaller et al.,
2008). On the other hand, using AIRE specific monoclonal antibody it was suggested that
the presence of Aire transcripts does not correlate with actual protein expression and that
AIRE protein-positive cells could be found only in the thymic tissue (Hubert et al., 2008).
The presence of AIRE-expressing cells in the secondary lymphoid organs (lymph nodes
and spleen) was confirmed by the generation of Aire reporter transgenic mice that led to
the identification of eTACs (Gardner et al., 2008). These cells were described as CD11c¢”*
EpCAM" DC-like population residing in the border of T-cell and B-cell zone in the lymph
nodes that can anergize or clonally deleted self-reactive CD8" or CD4" peripheral T-cells
(Gardner et al., 2008; Gardner et al., 2013). Recently, the presence of CCR7'CD127*
DC-like population of eTACs was also described in human tonsils (Fergusson et al.,
2018). Nevertheless, the origin of eTACs remains still controversial since several
publications also described these cells as CD45™ LNSCs (Fletcher et al., 2010; Gardner et
al., 2008).

In the presented study, compared to others, we have identified three phenotypically very
distinct populations of hematopoietic cells that express transgenic GFP driven by
activation of Aire promotor (4ire-GFP reporter mice) or Aire mRNA. However, the
presence of AIRE protein was exclusively found only in CD11¢"EpCAM™ population.
Using multicolor flow cytometry, RNA sequencing, and microscopy, we identified these
cells as ILC3-like population. AIRE" ILC3-like cells are characterized as RORy-
dependent, recombination activating gene 2 (RAG2) independent population expressing
high levels of MHCII and co-stimulatory molecules. Functionally, these cells were shown

to be very potent in presenting endogenous antigens to neo-self specific T-cells and their
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subsequent deletion. Interestingly the comparison of AIRE" ILC3-like cells transcriptome
between Aire”” and Aire™" mice revealed only very mild changes in TRAs expression,
suggesting that AIRE controls the distinct transcriptional program in these cells compared

to mTECs (Yamano et al., 2019).

Author’s contribution: Protein expression profile analysis of AIRE" ILC3-like cells by
flow cytometry, enumeration of AIRE" cells in newborn mice, verification of genes from
RNA sequencing by quantitative PCR, flow cytometry analysis of expression of co-

stimulatory molecules on AIRE" ILC3-like cells.
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Aire-expressing ILC3-like cells in the lymph node
display potent APC features

Tomoyoshi Yamano**, Jan Dobed®** @, Matous Voboll*@®, Madlen Steinert!, Toma$ Brabec?, Natalia Zigtara', Martina Dobesova® Caspar Ohnmacht?,
Martti Laan®, Part Peterson® Vladimir Benes®®, Radislav Sedlatek’, Rikinari Hanayama®, Michal Kol?®, Ludger Klein®*@®, and Dominik Filipp?*

The autoimmune regulator (Aire) serves an essential function for T cell tolerance by promoting the “promiscuous” expression
of tissue antigens in thymic epithelial cells. Aire is also detected in rare cells in peripheral lymphoid organs, but the identity of
these cells is poorly understood. Here, we report that Aire protein-expressing cells in lymph nodes exhibit typical group 3
innate lymphoid cell {ILC3) characteristics such as lymphoid morphology, absence of “classical” hematopoietic lineage
markers, and dependence on RORyt. Aire* cells are more frequent among lineage-negative RORyt" cells of peripheral lymph
nodes as compared with mucosa-draining lymph nodes, display a unique Aire-dependent transcriptional signature, express
high surface levels of MHCII and costimulatory molecules, and efficiently present an endogenously expressed model antigen
to CD4* T cells. These findings define a novel type of ILC3-like cells with potent APC features, suggesting that these cells serve

a function in the control of T cell responses.

Introduction

The autoimmune regulator (Aire)’s crucial function in the pro-
motion of promiscuous gene expression in medullary thymic
epithelial cells (mTECs) is well established. mTECs express
thousands of tissue-restricted antigens (TRAs) and present these
on MHCI and II (Kyewski and Klein, 2006; Mathis and Benoist,
2007; Peterson et al., 2008; Klein et al., 2014}. Aire deficiency
strongly diminishes TRA expression in mTECs, offering an ex-
planation how Aire mutations cause the human autoimmune
polyendocrine syndrome type 1 (Husebye et al,, 2018} and sim-
ilar autoimmune manifestations in mice (Anderson et al., 2002;
Ramsey et al., 2002).

Defective tolerance in Aire/~ mice also includes antigens
whose expression in mTECs is Aire independent (Anderson
et al,, 2005; Kureda et al,, 2005; Hubert et al., 2011). This sug-
gests that Aire coordinates mTEC functions beyond promiscuous
gene expression such as mTEC differentiation (Vano et al., 2008;
Nishikawa et al, 2010), cytokine and chemokine production
(Yano et al., 2008; Laan et al,, 2009; Lei et al., 2011; Fujikado
et al, 2016), or antigen handling and presentation (Anderson

et al., 2005; Hubert et al,, 2011). Furthermore, it remains open
how two key disease manifestations in autoimmune polyendo-
crine syndrome type 1 patients, candidiasis and ectodermal
dystrophy, can be reconciled with Aire serving its functions
exclusively in mTECs.

Fate-mapping revealed Aire expression outside mTECs dur-
ing embryonic development (Nishikawa et al,, 2010). In adult
mice, Aire mRNA can be detected in secondary lymphoid organs
and also in nonimmune cell types, but there is some controversy
as to how well Aire transcripts correlate with actual protein
expression (Heino et al., 2000; Halonen et al., 2001; Adamson
et al,, 2004; Hubert et al., 2008; Schaller et al., 2008; Gardner
et al., 2009; Fletcher et al., 2010; Poliani et al., 2010). Aire re-
porter mice have been instrumental in the identification of a
unique cell subset referred to as extrathymic Aire-expressing
cells (eTACs), hematopoietic APCs that morphologically resem-
ble dendritic cells (DCs; Gardner et al, 2008, 2013). Aire-
expressing DCs have recently also been described in human
tonsils (Fergusson et al., 2019).
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Here, we aimed to clarify the identity of Aire-expressing cells
in lymph nodes. We identified three phenotypically distinct
subsets of hematopoietic cells that expressed endogenous Aire
mRNA, including the previously described EpCAM*CDllc”
eTACs. However, Aire protein was exclusively found in an
EpCAM-CDlle~ innate lymphoid cell (ILC} 3-like cell type with
potent APG features,

Results and discussion

We confirmed in two independent mouse strains that Aire-
reporter expression in LNs was confined to MHCII* cells
(Gardner et al., 2013). Surprisingly, Aire-reporter* cells not only
contained cells with the reported EpCAM*CD11c* “eTAC” phe-
notype, but also similar proportions of EpCAM-CDllc* and
EpCAM CDllc cells (Figs. 1 A and S1A). Endogenous Aire mRNA
was highest in EpCAM-CDllc™ cells (Figs. 1 B and S1 B). Aire-
protein was detectable by intracellular staining (ICS} in 10-20%
of Aire-reporter’EpCAM-CDI11c cells, but not in the other two
subsets (Figs. 1 C and 51 C}. Aire was localized in nuclear dots,
akin to its subcellular distribution in mTECs (Fig. 1 D).

Independent of reporter systems, Aire” LN cells were detect-
able by ICS, and these cells were uniformly CD45'EpCAM CDllc
(Fig. 1 E). Aire-1CS* cells were found at similar frequencies in
various peripheral (p)LNs, yet were less frequent in mesenteric
LNs (Fig. S1D}. Their abundance was very low in newborns and
reached a transient maximum in 2-wk-old mice (Fig. 1 F). Bone
marrow (BM} chimeras confirmed their hematopoietic origin
(Fig. 1 G).

Aire* LN cells did not express common lineage-specific sur-
face molecules (Fig. 2 A) and contained negligible mRNA levels
of signature genes specific for T or B cells, DCs, macrophages, or
granulocytes (Fig. 2 B). However, they expressed genes char-
acteristic for ILCs such as Id2, Kit, I7r, Itgad, and Itgb? (Fig. 2 C;
Robinette et al., 2015; Seehus et al., 2015). Of the transcription
factors (TFs) that regulate the development and function of
distinct ILC subsets (Spits et al., 2013), Aire'EpCAM CDllc” LN
cells expressed the group 3 ILC signature TF RORyt, but not or
only weakly T-bet, Eomesodermin, GATA3, and RORa (Fig. 2, C
and D}.

Aire*EpCAM-CDllc™ LN cells alse displayed other ILC hall-
marks. First, they had a typical lymphoid morphoelogy, albeit
being slightly larger than “bulk” LinReryt' TLC3s from LNs,
whereas Aire-reporter*EpCAM*CDIlc* “eTACs,” as previously
described, resembled DCs (Fig. 2 E). Second, they were inde-
pendent of Rag genes (Figs. 2 F and $2 A). Third, and most sig-
nificantly, Rore/~ precursors failed to give rise to Aire* LN cells
in mixed [Rorc/": Rorc*/*] - WT BM-chimeras, indicating that
these cells, like ILC3s (Eber] et al., 2004; Luci et al., 2009; Satoh-
Takayama et al.,, 2009), intrinsically depended on RORyt for
their development (Fig. 2 G). Given these commonalities be-
tween Aire* LN cells and ILC3s, we asked whether a “classical”
cytometric ILC3 gating strategy including “larger” cells would
comprise Aire* cells. Indeed, around 15% of Lin-CD45'RORyt*
PLN cells were Aire-ICS* (Figs. 2 H and S2 B).

Group 3 ILCs can be subclassified based on anatomical dis-
tribution, ontogeny, and surface phenotype (Spits et al., 2013;
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Montaldo et al., 2015). CCR6*NKp4é~ lymphoid tissue-inducer
(LTi} cells arise embryonically and predominantly reside in
secondary lymphoid tissues. Postnatally emerging ILG3s can be
subdivided into GCR6'NKp46~ LTi-like cells and CCR6™ ILG3s.
LTi-like cells are the predominant population in LNs, whereas
CCR6 ILC3s are most abundant in mucosal tissues. To assess
how Lin RORyt'Aire* cells fit into these categories, we com-
pared their phenotype and ontogeny to Lin"RORyt*Aire™ ca-
nonical ILC3s from pLNs. RORyt levels were similar in both cell
types (Fig. 52 C). Aire* cells were also strikingly similar to ca-
nonical pLN ILC3s with regard to expression of the TF Id2,
surface expression of c-Kit and CGR6, and absence of NKp4é
(Fig. 2]). However, despite sharing the CCR6*NKp46~ phenotype
of canonical LN-ILC3s, Aire* cells were homogeneously negative
for IL7Ra, CD90, and CD4, whereas expression of these mole-
cules was heterogeneous on CCR6*NKp46 Aire” ILC3s (Fig. 2]).
Aire* LN cells were very rare at birth, peaked at the time of
weaning, and slightly declined thereafter, whereas canonical
ILC3s were abundant in neonates and decreased with age {Jones
etal., 2018; Figs. 1F and 2 K). Thus, Aire* LN cells resembled LTi-
like ILC3s, yet displayed distinctive features, and from here on
will be referred to as Aire* ILC3-like cells.

Aire, besides its role in TRA expression, has been suggested
to control the development and/or survival of mTECs (Gray
et al., 2007; Hikosaka et al., 2008; Wang et al., 2012). To ad-
dress whether a lack of Aire in cells that otherwise express it
would perturb their differentiation, we generated mixed [Aire™/~
Aire-reporter: Aire'”* Aire-reporter] - WT BM-chimeras. Aire-
reporter* cells that had emerged from either Aire/~ or Aire*/*
precursors were present at equal frequencies. Thus, Aire is
unlikely to be a developmental or homeostatic regulator of Aire”
ILC3-like cells (Fig. 3 A).

Aire expression in mTECs is orchestrated by NF-«B signals
that emanate from receptors of the TNF superfamily (Akiyama
et al, 2012} and converge on an essential enhancer-element
(CNSI1} in the Aire gene (Haljasorg et al., 2015; LaFlam et al,
2015). Aire” LN cells were absent in Aire-CNSI/~ mice, indicat-
ing that the gene-proximal requirements for Aire expression in
Aire* ILC3-like cells resemble those in mTECs (Fig. 3 B). MHCII-
dependent cognate interactions of mTECs and thymic B cells
with developing CD4 T cells provide a crucial platform for Aire-
inducing Rank or CD40 signals (Rossi et al., 2007; Akiyama et al.,
2008; Hikosaka et al., 2008; Irla et al., 2008; Roberts et al., 2012;
Yamano et al., 2015). We asked whether a similar scenario ap-
plies to Aire* LN cells. In mixed [MHCII /- MHCII*/*] - WT BM-
chimeras, MHCII-deficient precursor cells efficiently gave rise to
Aire* LN cells (Fig. 3 C). Moreover, Aire* LN cells were similarly
abundant in Rag2 /" mice and WT controls (Fig. 3 D). Thus, in
contrast to what has been established for mTECs and thymic
B cells, Aire* LN cells are independent of cross-talk with T cells,
indicating that an “innate program” governs their cellular
identity.

Given the critical role of Aire’s NF-kB response element in
Aire* LN cells, it was likely that extrinsic TNF receptor family
signals of “nonadaptive” origin were crucial for their differen-
tiation. Aire* LN cells emerged with equal efficacy from either
CD40"/~ or CD40*'* precursors (Fig. 3 E). By contrast, Rank
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Figure 1. Phenotype of Aire-expressing cells in LNs. {A) Expression of GFP and MHCIlin LN cells from Adig Aire-reporter mice and WT controls and staining
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units. {€) ICS for Aire prolein in subsels of Aire-GFP* LN cells. The average lrequency + SEM ol Aire-ICS* cells is indicated (n = 4). (D} Nuclear localization of
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1:1 mixed [Rorc'é*: Rorc /| — WT BM-chimeras {n - 7). (H) Gating strategy lor Lin (Linl: CD3, €D189, B220, Gr-1; Lin 2: €D11c and €D11b) RORyL' LN
ILC3s and expression of Aire by ICS. () Intracellular staining for 1d2 protein and surface expression of c-kit, CCR&, NKp46, IL7Ra, CD90, and CD4 in Aire* (filled
blue histogram) and Aire~ (open orange histogram) Lin"RORyt* cells (representative of n = 3). FMO, fluorescence minus one. {K) Mumber of "canonical” LN ILC3s
(orange) and Aire* LN cells {blue) In 4-d- and &-wk-old animals (n = 4). Data are mean + SEM.
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anti-C040 antibady or with ST2-RankL cells (representative of n = 3 each). Data are mean + SEM. Student’s ¢ test was used to calculate P values.

deficiency resulted in a severe cell-intrinsic defect of hemato-
poietic precursors to contribute to Aire' LN cells in mixed
chimeras (Fig. 3 F). Intriguingly, concomitant to being virtually
absent from Aire' 1LC3-like cells, Rank-deficient cells were
strongly over-represented among canonical IL7Ra* ILC3s. A
possible explanation for this was that LN ILC3s under steady-
state conditions differentiate into Aire* ILC3-like cells upon
Rank stimulation, yet accurnulate when their capacity to signal
via Rank is genetically ablated. In support of such a precursor/
progeny relationship, in vitro culture of canonical LN ILC3s

Yamano et al.
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with Rank-ligand-expressing stromal cells induced Aire ex-
pression in a fraction of cells {Fig. 3 G).

RNA sequencing (RNA-seq) of Aire-reporter* LN cells from
WT and Aire-deficient mice revealed 707 differentially ex-
pressed transcripts (Fig. 4 A). Of these, 334 were Aire-induced,
and 373 were repressed (Tables S1 and S2). Quantitative PCR
analysis of selected Aire-induced or Aire-repressed genes con-
firmed their Aire-regulated expression (Fig. 4 B). Among Aire-
induced transcripts, only 60 were classified as TRAs {Sansom
et al., 2014; Fig, 4 A). Thus, in contrast to what is known for
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Figure 4, Aire orchestrates a distinct genetic
program in Aire* ILC3-like cells. {A) RNA-seq data
from Lin-MHCIINCDBO calls from Aire*/* and Aire~*~
mice. Genes encading for TRAs are colored in red.
Fold-change cutoff: 1.5; P value: ¢.05 (indicated by 2
dashed line). (B) Quantitative PCR analysis of mRNA
expression of selected diflerentially expressed
genes. Data are mean £ 5D of three independent
experiments. ns, not significant. {€) Comparison of
Aire-dependenl gene expression in Aire' LN cells
and mTECs. Genes Lhal are up-regulaled (depicled
in red; 1,732 genes) or down-regulated (depicted in
blue; 423 genes) by Aire in mTECs by at least 1.5-fold
were projected onto the volcano plot shown in A.
Student’s t test was used Lo calculate P values.
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mTECs (Anderson et al,, 2002; Kyewslki and Klein, 2006}, the
Aire-induced transcriptome of Aire* LN cells is not biased to-
ward TRAs. Interestingly, Aire-regulated genes in Aire* LN cells
and mTECs were largely nonoverlapping, that is, only 90 of
707 Aire-regulated transcripts in Aire* LN cells were also af-
fected by Aire deficiency in mTECs. Moreover, many of these
genes displayed opposing effects in mTECs or Aire® LN cells
(Fig. 4 C). Thus, Aire controls a distinct transcriptional program
in Aire* ILG3-like cells.

Aire* LN cells had high surface levels of MHCII and strongly
expressed mRNAs encoding for costimulatory or coinhibitory
molecules (Fig. 5 A). To relate this to canonical LN ILC3s, we
directly compared the surface phenotype of Aire'IL7Ra or
Aire IL7Ra* Lin"CD45'RORyt’ LN cells (Figs. 5 B and S3 A). Aire*
TLC3-like pLN cells had homogeneously high surface levels of
MHCIL, CD80, CD86, CD40, and Icos-L and detectable amounts of
PD-L1. By contrast, with the exception of CD86, these molecules
were substantially lower or absent on Aire’ IL7Ra* ILC3s (Fig. 5
C). We confirmed and extended these data through gating on
MHCIIMIL7Re or MHCI®™IL7Ro* cells among Lin~CD45
“RORyt* cells, which clearly separated Aire* ILC3-like cells and
Aire” canonical ILC3s (Fig. S3, A and B}. Consistent with our
previous observations, MHCIIMIL7Ra" Aire’ ILC3-like cells were
far more abundant in pLNs as compared with mesenteric LNs
(Fig. §3, A-C), were slightly lower for CD45 (Fig. $3 D), and had
much higher surface levels of APC-associated molecules as
compared with MHCII™/™L7Ra* cells (Fig. $3 E). Moreover,
MHCIM[L7Ra Aire” ILC3-like cells were negative for CD4, CD90,
and CD25, whereas canonical ILC3s were heterogeneous for CD4
and D0 and homogeneously positive for CD25 (Fig. S3 F}.

Given the potent APC features of Aire” ILC3-like cells, we
asked whether a model antigen expressed by these cells was
visible to CD4 T cells. Influenza hemagglutinin (HA)-specific
CD4 T cells and polyclonal “reference” T cells were adoptively
transferred into Aire-HCO mice, which express HA from a bac-
terial artificial chromosome-transgenic Aire gene (Hinterberger
et al,, 2010). 14 d after transfer, HA-specific CD4 T cells were
strongly diminished in Aire-HCO recipients but not in WT con-
trols (Fig. 5 D), indicating that peripheral antigen encounter
resulted in the deletion of these cells. Similar results were ob-
tained when Aire-HCO - WT BM-chimeras were used as recip-
ients, indicating that deletion of TCR-HA cells resulted from HA
expression in the hematopoietic compartment (Fig. 5 E). To di-
rectly assess presentation of endogenously expressed HA, Aire*
ILC3-like cells from Aire-HCO mice were cultured with
HA-specific CD4 T cell hybridoma cells carrying a GFP IL-2 re-
porter (Aschenbrenner et al, 2007). For comparison, we per-
formed these assays also with mTECs and EpCAM”CDl1c* eTACs.
Aire* ILC3-like cells presented HA with similar efficacy as
mTECs. By contrast, no direct presentation of HA was measur-
able with eTACs, despite similar expression of the Aire-reporter
(Figs. 5 F and S1 A). When loaded with exogenous HA-peptide,
all three cell types elicited similar responses, excluding that
differential expression of MHCII accounted for these differences
(Fig. 5 F).

In sum, our data suggest that Aire protein-expressing cells in
mouse pLNs may represent a hitherto unknown ILC3 subset. In
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distinction from the majority of Lin"RORyt* LN ILC3s, they do
not express the [L7Ra, which, besides the absence of Aire* ILC3s
from the intestine and their low frequency in mesenteric LNs,
may explain why Aire expression has not been noticed in
transcriptomic analyses of TLC subsets (Robinette et al.,, 2015;
Gury-BenAri et al,, 2016). It will be interesting to clarify the
potential precursor progeny relationship between canonical
ILG3s and Aire* LN cells and how the Rank pathway is involved.
It was recently shown that Rank signaling negatively regulates
the abundance and effector functions of intestinal ILC3s (Bando
et al,, 2018). Together with our findings, this suggests that both
in pLNs as well as in the intestine, ILC3s receive tonic Rank
stimulation, yet may differ with regards to the ensuing biolog-
ical response.

Aire* ILC3-like cells display potent APG features, consistent
with aceruing evidence that ILC3s can orchestrate CD4 T cell
responses. Selective ablation of MHCII molecules on RORyt”
cells resulted in impaired tolerance to commensals and intestinal
inflammation (Hepworth et al., 2013, 2015}. Other reports linked
MHCII deficiency in RORyt* cells to impaired T and B cell re-
sponses to “foreign” antigens (von Burg et al., 2014). How this
relates to Aire” ILC3-like cells and under which circumstances
antigen recognition on these cells may result in tolerance versus
immunity remains to be seen. Along these lines, it will be in-
teresting to see whether Aire expression in Aire* ILC3-like cells
is of true physiological significance, as these cells do not reca-
pitulate bona fide “promiscuous” TRA expression as it is seen in
mTECs. It remains possible that Aire influences features of Aire”
LN cells that are unrelated to TRA expression.

Materials and methods

Mice

Adig (Gardner et al, 2008), Aire-HCO (Hinterberger et al,
2010), Aire”’~ (Ramsey et al, 2002}, Aire-CNSI/~ (Haljasorg
et al., 2015), TCR-HA (Kirberg et al., 1994), Cd407/~ (Kawabe
et al,, 1994}, Rag2~/~ (Hao and Rajewsky, 2001), Rorc "~ (Eberl
et al., 2004} Rorc-EGFP (Lochrer et al., 2008}, and Tnfrslla /-
(Li et al., 2000} mice have been described previously. Aire~/~
and Adig mice were backerossed onto a BALB/c background for
210 generations. Animal studies were approved by local au-
thorities (Regierung von Oberbayern Az. 02-17-193 and Ethical
Committee of the Czech Academy of Sciences).

Preparation of LN single-cell suspension

Unless stated otherwise, experiments were performed with
pooled pLNs (axillary, brachial, inguinal, and cervical). LNs were
pierced with a needle and enzymatically digested with 0.1 mg/ml
Dispase (Gibeo} in RPMIL. After incubation at 37°C for 10 min, the
supernatant was replenished, and cell suspensions were homog-
enized by gently pipetting up and down. To stop the digestion, the
supernatant was adjusted to 3% FCS and 2 mM EDTA and gently
spun down (4°C, 300 g, 5 min). The procedure was repeated until
all clumping was removed. In the experiment shown in Fig. S3,
LNs were digested in the presence of 0.5 U/ml Liberase (Roche}.
The cell suspensions were then resuspended in PBS containing 3%
FCS and 2 mM EDTA and used for further analysis.
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Flow cytometry

Single-cell suspensions of digested LNs were surface stained
according to standard procedures. For intracellular Aire or
RORyt staining, cells were fixed and permeabilized using re-
agents from the Foxp3 staining kit {eBioscience) and stained

Yamano et al.
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with anti-Aire mAb 5H12 (eBicscience) conjugated to Alexa
Fluor 660, Alexa Fluor 488, or FITC- or PE-conjugated RORyt
mAb B2D (eBioscience). Cells were analyzed or sorted using a BD
FACSCANTOII or LSRII flow eytometer or BD FACSAriaFusion or
BD Influx cell sorters.
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Imaging flow cytometry

LN cells were prepared by enzymatic digestion. Thymic stroma
cells were prepared by enzymatic digestion and density frac-
tionation. Cells were stained for surface markers, fixed and
permeabilized, and stained with Alexa Fluor 488-conjugated
anti-Aire mAb 5H12 (eBioscience). DAPI was added immediately
before analysis. Images were acquired using the ImageStream
imaging flow cytometer (Amnis), and data were analyzed with
the Ideas 6.0 software.

In vitro stimulation of ILC3s

LN cells from Aire-HCO mice were prepared by enzymatic
digestion. B cells and T cells were depleted with biotin-
conjugated anti-B220, anti-TCRp, and anti-biotin MicroBeads
(Miltenyi Biotech). Lineage-negative (CD3, CDllc, and CD19),
hCD2-negative, IL7Rat* MHCII* -positive cells were sorted. Sor-
ted cells (4 x 10%) were cultured for 3 d together with 2 x 10*
irradiated (3,000 rad) ST2 or ST2-RankL (Nutt et al., 1999)
mouse BM stroma cells in flat-bottom 96-well plates. Where
indicated, agonistic anti-CD40 mAb (10 pg/m]; FGK45; Bio X Cell)
was added.

RNA-seq

Total mRNA was extracted from Lin-CD45*MHCIIME:CD80~
cells using the RNeasy Plus Microkit (Qiagen). The quality of
the isolated RNA was controlled by Bicanalyzer 2100 elec-
trophoresis (Agilent}. RNA-seq libraries were prepared by the
European Molecular Biology Laboratory Genomics core facil-
ity in Heidelberg, Germany using a NEXTflex rapid illumina
RNA-Seq library prep kit (Bioo Scientific) after polyA en-
richment with NEXTflex Poly(A)} Beads (Bioo Scientific},
starting with ~1-5 pg of total RNA. Sequencing was performed
on an llumina NextSeq 500 sequencer (Ilumina). Low quality
reads and adaptor sequences were trimmed out using cuta-
dapt. Reads mapping to ribosomal RNA were filtered out using
SortMeRNA. Preprocessed mRNA reads were mapped to the
mouse genome (BALB/c]) from Ensembl version 86 (Mus_-
musculus_balbcj .BALB7::Lvl.dnaﬁsm.tcplevel.fa) using GSNAP
version 2017-02-25. Gene annotations were downloaded from
Ensembl (Mus musculus_balbcj.BALB. c] v1.86.gff3). DESeq2
version 1.14.1 was used for feature counting, data normaliza-
tion, and comparison of the different groups. Differentially
expressed genes were selected based on Storey’s q-value < 0.05
and at least 1.5-fold change in transcription activity. For the
construction of heat maps, fragments per kilobase of transcript
per million mapped reads-normalized counts were used. The
raw sequencing data were deposited at the ArrayExpress da-
tabase under accession no. E-MTAB-7088.

Quantitative PCR

Total mRNA was extracted from cells using the RNeasy Plus
Microkit (Qiagen). Reverse transcription was performed using
random primers (Thermo Fisher Scientific) and RevertAid re-
verse transcription (Thermo Fisher Scientific). Gene expression
was determined by quantitative PCR reaction using Sybr green
and LC480-11 cycler (Roche) and quantified using the relative
quantification method (Pfaffl, 2001).,
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Antigen-presentation assay

10 HA-TCR hybridoma cells (A5 cells} were co-cultured with 2 x
10% APCs in 200 pl IMDM supplemented with 1% FCS. After 17 h,
cells were harvested, and GFP expression of A5 cells was mea-
sured by flow cytometry.

BM and fetal liver chimeras

BM was depleted of B and T cells using biotinylated mAbs to
B220 and TCRP and streptavidin magnetic activated cell sorting
beads (Miltenyi Biotech). Recipient mice were irradiated with
2 % 450 rad and reconstituted with 1 = 107 BM cells. For the
generation of mixed chimeras, congenically marked BM or fetal
liver cells from Rag2~/~ (CD45.1*/*), MHCII /-, RORc /-, D40~ /-,
or Tnfrsflla~/~ mice (CD45.2*/*), and BM or fetal liver cells from
WT mice of matching congenic genotype, were mixed at a ratio
of 1:1 (5 x 10¢ each) and intravenously injected into lethally ir-
radiated recipient mice (CD45.1*/-CD45.2*/).

Adoptive T cell transfer

Single cell suspensions of LN cells from HA-TCR-RAG2™/-
(CD45.1) and WT mice (CD45.2) were prepared. LN T cells from
WT mice were enriched with biotin-conjugated anti-CD4 and
streptavidin MicroBeads (Miltenyi Biotech)} according to stan-
dard procedures. LN T cells were mixed (5 x 10°} at a ratio of
1:1 and iv. injected into recipient mice (CD45.1*/~ CD45.2%/-}.
After 14 d, the LNs were collected and single cell suspensions
were analyzed by flow cytometry.

Statistical analysis
Unless indicated otherwise, statistical significance was assessed
using the two-tailed Student’s t test.

Online supplemental material

Fig. S1 shows the phenotype of Aire-expressing LN cells. Fig. S2
shows gating strategies. Fig. S3 shows that MHCIMS®L7Ror
ILC3-like cells express Aire™ and costimulatory molecules. Table
S1 shows Aire-induced genes in Aire” ILC3-like cells. Table S2
shows Aire-repressed genes in Aire* ILC3-like cells.
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4. A NOVEL CONDITIONAL AIRE ALLELE ENABLES CELL-SPECIFIC
ABLATION OF THE IMMUNE TOLERANCE REGULATOR AIRE

Apart from the critical role of AIRE in mechanisms of central tolerance, AIRE was also
shown to be expressed in various ontogenically very distinct cell lineages. Specifically,
by the population of thymic B-cell, which after interaction with thymocytes undergo
intrathymic licensing leading to the upregulation of AIRE, MHCII, and CD80 and which
seem to be important for promoting the tolerance to B-cell related antigens (Yamano et
al., 2015). Also, the rare population of hematopoietic cells expressing AIRE was described
in lymph nodes, spleen, and tonsils (Gardner et al., 2008; Gardner et al., 2009; Gardner et
al., 2013). Although this population was originally attributed to DC-lineage, they rather
represent a specific population of ILC3-like cells that are capable to clonally delete
self-reactive T-cell in the immune periphery (Yamano et al., 2019). The AIRE was also
found to be expressed at the pregastrulation stage of mouse development and by the
oocytes and cells associated with spermatogenesis (Gu et al., 2017; Nishikawa et al., 2010;
Schaller et al., 2008). In general, the function of AIRE in all of those cell-types seems to
be important for the regulation of different cell-specific transcriptional programs than
described in mTECs. To study the exact function of AIRE in those cell-types, the genetic

system that enables its cell or tissue-specific genetic ablation is needed.

Here, we generated the transgenic mouse in which the exons 6 and 7 of the Aire gene are

flanked by LoxP sites. The function of this newly generated 4ire”" model was verified by

ICre ]Cre

crossing with Foxnl~"¢and VavI*~"® mouse models, that enables the specific depletion of
AIRE in TECs and all hematopoietic cells (containing thymic B-cells), respectively.
Interestingly the fertility of those AIRE depleted mice models was not affected. This
suggests that infertility of Aire”” mice is not caused by the AIRE depletion in TECs or
hematopoietic cells, such as thymic B-cell or AIRE" ILC3-like cells (Dobes et al., 2018).

The Aire™ mice are now available at the Jackson Laboratories (Stock # 031409).

Author’s contribution: Verification of exon 6 and 7 excisions by PCR, FACS analysis of
AIRE expression in B-cells, and mTECs in Aire” and Aire"* mice, quantitative PCR

detection of 4ire mRNA in several tissues.
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A novel conditional
Aire allele enables
cell-specific ablation
of the immune
tolerance regulator
Aire

Central immune tolerance is achieved by
the presentation of self-antigens to devel-
oping thymocytes. Several types of antigen
presenting cells are involved in this pro-
cess [1], but only medullary thymic epithe-
lial cells (mTECs) exhibit the unique capac-
ity to autonomously express and present
around 75% of host proteins. Of this pool,
the ectopic expression of ~3000 genes,
including many tissue restricted antigens
(TRAs), are driven by the autoimmune
regulator (Aire) [2]. Aire deficiency was
shown to decrease the expression of Aire-
dependent TRAs in mTECs, leading to
the escape of self-reactve T cells, poten-
dally promoting multi-organ autoimmu-
nity in both mice [3] and humans (autoim-
mune polyglandular syndrome type 1 —
APS1) [4]. Apart from its critical role
in the establishment of immune toler-
ance, Aire is also expressed in ontoge-
netically distinct cell lineages, where it
serves other functions. Notably, a recent
study demonstrated that immature B cells
can be intrathymically licensed by interac-
tion with cognate CD4*" thymocytes and
acquire the expression of Aire, MHCII
and CD80 which enables them to pro-
mote self-tolerance [5]. A rare population

DOI: 10.1002/eji.201747267

of extrathymic Aire-expressing cells was
described in lymph nodes and spleen. This
subset expresses a set of Aireregulated
TRAs and is capable of anergizing self-
reactive T cells in the immune periphery
[6]. Aire expression was also detected at
the pregastrulation stage, but Aire’s role
in embryonic development remains elu-
sive [7]. Finally, oocytes and spermato-
genic cells also express Aire, butits biolog-
ical function in reproductive organs awaits
further clarification [7, 8].

To enable cell type-specific ablation of
the Aire gene, we generated transgenic
mice with a LoxP-flanked exon 6 and exon
7 of the Aire locus (Supporting Information
Fig. 1A). These exons encode Aire’s SAND
domain which through the interaction with
ATF7ip-MBD1 complex mediates Aire tar-
geting to loci encoding TRAs [9]. More-
over, a number of AIRE mutations were
annotated in this domain, including those
which are prevalent in Finnish and Sar-
dinian APS1 patients [4].

The position of LoxP sites in Aire
mice was confirmed by PCR followed
by restrictase digestion (Supporting Infor-
mation Fig. 1B). Ultimately, we verified
the susceptibility of the Aire™" allele to
Cre-mediated deletion in vivo by cross-
ing Aire™ mice with the Vavl-Cre strain
in which Cre expression is restricted to
hematopoietic lineages. The activity of Cre-
recombinase led to the excision of Aire
exons 6 and 7, demonstrating full function-
ality of LoxP sites (Supporting Information
Fig. 1C).

To determine the impact of Aire abla-
tion specifically in mTECs, Aire™" animals
were crossed with a Foxnl-Cre strain in
which Cre expression is restricted to the
thymic epithelium. There are two major
mTEC populations: (i) MHCI™#" mTECs
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(mTECs"5") which express Aire protein
together with high levels of TRAs, essen-
tal features required for negative selec-
tion; and (ii) MHCII®™ mTECs (mTECs"™)
which contain precursors of mTECs™#" [3].
Intracellular staining of mTECs"Z" from
Foxnl-CretAire™" animals with antibod-
ies specific for the C-terminal part of Aire
revealed its complete absence (Fig. 1A).
This suggests that the Cre-mediated abla-
ton of Aire’s SAND domain leads to protein
truncation and/or Aire transcript instabil-
ity and ultimately to undetectable levels of
Afre protein.

Previous reports have described an
increased frequency of mTECs™8" at the
expense of mTECS™ in Aire’~ mice
[3]. In accordance with this notion, we
observed ~35% increase in mTEC™2" pop-
ulations in both Aire~/~ as well as Foxn1-
CretAire™? animals (Fig. 1A and B).
Comparative expression analysis of Aire-
dependent (Ins2 — insulin 2 and Defa24
- enteric alpha-defensin24) and Aire-
independent TRAs (Crp — C-reactive pro-
tein and Gad67 — Glutamate decarboxylase
1) [3] revealed the complete absence of the
former, but not the latter, in Aire "~ and
Foxn1-Cretaire™” compared to their pat-
tern of expression in relevant control mice
(Fig. 1C).

Last, the ability of the Aire™® allele
to undergo cell-specific ablaton in dis-
tinct Aire-expressing subsets residing in
the same organ was determined. Specifi-
cally, the thymus accommodates both Aire-
expressing mTECs [3] and Aire-expressing
B cells [5], hence Foxnl-Cre and Vavl-
Cre drivers were used to independently
ablate Aire expression in these two cell lin-
eages, respectvely. mTEC™, but not thymic
B-cells, from Foxnl-CreAire™? animals
lacked Aire protein (Fig. 2A and B).
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Figure 1. Comparative analysis of the mTEC compartment and its TRA expressicn between Aire™
tative FACS analysis of mTECs; one thymus of the indicated genotype per experiment, six independent experiments (per each genotype). TECs
were pre-gated as CD45 EpCAM! cells (see Supporting Information Figure 2A for details). (B) Statistical analysis of data shown in (A). Scatterplots
show the total number of detected cells of indicated phenotype per thymus (n = 6). (C) Expression of indicated TRAs by FACS-sorted mTECshE!

determined by gqRT PCR. Two thymi were pooled and sorted together per experiment, three independent experiments. Data in (B} and () is

presented as mean = SD; 2-tailed Student’s t-test, ~

Reciprocally, thymic B cells, but not
mTEC", from Vavl-Cre'Aire™ animals
were negative for Aire (Fig. 2A and B). This
data demonstrates that the Aire™" allele
can be ablated in Cre-driver-dependent
cell-specific manner,

Interestingly, in contrast to Aire~"~ ani-
mals which are infertile and thus must
be bred as heterozygotes [3], the fertility
of Foxnl-Cre* Aire™™ homozygote animals
(Fig. 2C) and Vav1-Cre* Aire" males or
females looks normal (Supporting Infor-
mation Fig. 4A). Consistently, while Aire
expression in testes in Aire™~ mice is abro-
gated (Supporting Information Fig.4B), in
Foxnl-Cre" Aire™" and Vavl-Cre' Aire™"
animals it remains unperturbed (Support-
ing Informarion Fig.4C). This suggests
that Afre expression outside of the thymic
stroma and hematopoietic system under-
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pins the infertility of Aire”” mice. Together,
our dara illustrate that the Aire™" mouse
strain is a suitable model to scrutinize cell-
specific function of Aire in distinct biolog-
ical processes. The AireL strain will be
available to the research community from
the Jackson Laboratories under the Stock
#031409.
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Figure 2. Lineage-specific Aire ablation.
() Representative FACS analysis of Aire
expression in mTECs and thymic B-cells
from  Foxnl-Crefaire™® and  Vavi-
CretAire™?  animals; one thymus of
indicated genolype per experiment, six
independent experiments (per each geno-
type). For gating strategy see Supporting
Information Fig. 7. For comparison with
analogous FACS data from Afre ' animals,
see Supperting Information Fig. 3. (B)
Statistical analysis of FACS data shown in
(A). Scatterplots show the total number of
detected cells of indicated phenotype per
thymus (n = 6). (C) Foxn1-Cre~ Aire™ mice
are ferlile. The graph shows the average
number of pups at each of four successive
litters from four independent experiments
(n = 4). Data in (B) and (C) is presented
as mean + 8D two-tailed Student’s t-test,
*p<0.001, "p-=0.01. No significant differ-
ences in fertility were observed between
indicated genolypes.
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DISCUSSION AND CONCLUSIONS

The novelty of the presented thesis pertains to several discoveries that describe the
function, origin, and regulation of AIRE-expressing cells in immune tolerance. We found
that mTECs"e" express a battery of TLRs whose signaling is wired to the production of
chemokines and genes associated with post-AIRE mTECs development. We subsequently
discovered that receptors for these chemokines are predominantly expressed by the newly
described population of thymic moDCs whose recruitment to the thymic medulla and
subsequent CAT is regulated by mTEC-intrinsic TLR9 signaling. In association with this,
we showed that TLR signaling in mTEC:s is essential for the development of Tregs since
its abrogation led to the worsening of colon inflammation in the mouse model of
experimental colitis. We also found that enteric a-defensins, expressed in the crypts of the
small intestine by PCs, are also expressed by mTECs in AIRE-dependent manner. We
described that loss of its thymic expression in some of the APS-1 patients led to the
destruction of PCs and the presence of defensin-specific autoantibodies in sera of these
patients which was associated with severe pathologies in gut tissue. Using Aire”” mouse
model we found the presence of defensin-specific T-cells in lymphoid organs and
demonstrated that the adoptive transfer of these T-cells into the athymic mice resulted in
a loss of PCs, microbial dysbiosis and induction of pathologic Th17 response in the gut
tissue. Apart from the discoveries in the regulation of AIRE® mTECs in the thymus we
also characterized a novel population of AIRE" ILC3-like cells that resides in the lymph
nodes and are able to efficiently present the model endogenous antigens to CD4" T-cells.
We described that the differentiation of those AIRE protein-expressing cells from
“conventional” ILC3s is fully dependent on RANKL/NF-kB signaling and that the
function of AIRE in these cells in not specifically wired to the promiscuous TRAs
expression. Lastly, our previous discoveries lead us to the development of a novel Aire™"
mouse model that enables the cell-specific depletion of AIRE and thus to study its role in

different anatomical locations and tissues.

All of these findings, not only describe the mechanisms of a novel regulatory pathway for
AIRE-expressing cells in thymus and lymph nodes but also open a plethora of new

questions, the solution of which would significantly advance our knowledge in the
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understanding of interrelated mechanisms establishing, maintaining and enforcing

immune tolerance. I present and discuss some of these questions below.

First, what type of natural thymic-localized ligand could serve as a trigger of TLR9
signaling in mTECs? Since the TLRs were postulated to sense both microbial-derived and
endogenous molecules, the determination of the origin of the ligand would be essential
for answering this question (Kawai and Akira, 2010). Previously it was demonstrated that
MyD88"-Aire”" double knockout mice developed more severe sights of autoimmunity than
Aire™", suggesting the role of TLR-signaling in tolerance induction. On the other hand,
neither the enhancement of TLR/MyD88 signaling by intraperitoneal injection of TLRs
ligands nor the diminishment of microbial-associated ligands in mice from germ-free (GF)
conditions changed the severity of AIRE-dependent autoimmune disease (Gray et al.,
2007b). Recently, it was also described that the development of tTregs was not altered in
mice from either GF or “dirty” conditions (Owen et al., 2019). This was corroborated by
our study showing that the lack of microbial-derived TLR ligands in GF mice did not
affect the expression of MyD88-associated chemokines and cytokines in mTECs"e"
(Voboril et al., 2020). Together these results indicate that the signals which trigger TLR
responses in mTECs are likely of intrathymic endogenous origin and not derived from a
microbiota. In association with this, we can only speculate what is the nature of the
thymic-derived endogenous ligand. Since the TLR9 was shown to sense DNA released
from necrotic or apoptotic cells or HMGBI that specifically binds DNA (Tian et al., 2007)
and the thymus during the process of negative selection generates millions of apoptotic T-
cells (von Boehmer et al., 1989), we have hypothesized that ligands released from clonally
deleted thymocytes could be the trigger of TLR/MyD88 responses in mTECs. This would
suggest that negatively selected self-reactive T-cells have the ability to stimulate
TLR/MyD88 signaling pathway on mTECs and thus drive their differentiation into post-
AIRE cells that subsequently increase the attraction of moDCs into the thymic medulla.
This hypothesis was partially proofed by the fact, that differentiation of AIRE" mTECs
and migration of moDCs into the thymus is abrogated in RAG27"OT-II mice (our
unpublished observation), where almost no clonal deletion occurs (Breed et al., 2019).
This hypothesis would then suggests that TLR signaling in mTECs form a positive

feedback loop, that regulates the processes of T-cell selection by the clonal deletion of
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self-reactive T-cells. Nevertheless, further experiments are needed to prove this

hypothesis.

Second, are the post-AIRE mTECs the major subtype responsible for the transfer of
antigen to the thymic population of moDCs? It has been postulated that AIRE" mTECs
further differentiate into the population of post-AIRE cells (Metzger et al., 2013; Yano et
al., 2008). Although it was shown that differentiation of those cells comes after the
development of AIRE" mTECs and is mainly regulated by the LTBR pathway, the exact
regulatory mechanisms are still poorly defined (White et al., 2010). As described above,
we have suggested that TLR/MyD88 signaling which senses the thymic endogenous
ligands could also regulate the development of post-AIRE cells. Moreover, we have
shown that this correlates with the enhanced production of chemokines that attract
increased numbers of moDCs in the thymic medulla (Voboril et al., 2020). To this point,
we can only speculate whether such processes are regulated directly by post-AIRE cells.
Interestingly, the terminal differentiation of AIRE"™ mTECs is very similar to the
development of skin keratinocytes and is accompanied by upregulation of several
corneocytes-associated molecules such as KRTI1, KRT10, IVL, desmogleins, and
clusterins (Bornstein et al., 2018; Metzger et al., 2013; Miller et al., 2018; Wang et al.,
2012). Similar to corneocytes, the post-AIRE mTEC:s also lose the nuclei and differentiate
into Hassall’s corpuscles (see Figure 3) (Wang et al., 2012). This suggests that the process
of cornification is used by AIRE" mTECs as an alternative route to cell death (Michel et
al., 2017). Moreover, the differentiation into post-AIRE cells is also accompanied by the
downregulation of MHCII and AIRE and significant upregulation of chemokines
attracting neutrophils, moDCs, or macrophages to the proximity of Hassall’s corpuscles
(Metzger et al., 2013; Wang et al., 2019b). This, together with the fact that these cells still
express a reasonable amount of TRAs, predispose them for the transfer of those antigens
to thymic populations of DCs (Kadouri et al., 2020). In support of this hypothesis, it was
recently described that the CAT form mTECs to thymic DCs occurs mostly by the
scavenging of apoptotic bodies by myeloid cells (Perry et al., 2018), suggesting that
terminally differentiated pre-apoptotic post-AIRE cells could be the major source of these
bodies. Since the expression of scavenger receptors is enriched in thymic moDCs

compared to other DC-like subsets (Vobofil et al., 2020), the antigen transfer most likely
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occurs between post-AIRE cells and moDCs. On the other hand, the development of a
model system that enables the specific targeting of post-AIRE cells would be essential for

the final elucidation of such a hypothesis.

Third, what is the function of the newly discovered population of thymic moDC in the
context of T-cell clonal deletion and/or Tregs generation? This seems to be a quite
complicated question since there is no suitable mouse model that would enable the very
specific targeting of monocyte-derived cells in general, and in the thymic tissue, in
particular. Since due to the phenotypic similarity the moDCs are often co-clustered with
the SIRPa" ¢DC2 subset, the specific function of this cell subset is also attributed to cDC2
(Guilliams et al., 2014). Both moDCs and cDC2 were showed to originate extrathymically
and then migrate to the thymic medullary region (Li et al., 2009). So far, the only described
factors driving the migration of ¢cDC2 into the thymus are the ligands of CCR2 (Baba et
al., 2009). Interestingly, the CCR2 was shown to be expressed mostly by circulating
monocytes (Croxford et al., 2015) and in the thymus by the population of moDCs (Vobofil
et al., 2020). This suggests that only a partial depletion of SIRPa" ¢cDC2 cells from the
thymus of Ccr2”" mice is caused rather by the reduction of moDCs than conventional
cDC2. Since the Ccr2”" mice show impaired negative selection against blood-borne
antigens, the function of moDCs is likely attributed to the T-cells selection of those
antigens (Baba et al., 2009; Bonasio et al., 2006). Also, the phenotypically very similar
population of CX3CR1" moDCs resides in mucosal tissues where they, by sampling of
intestinal antigens, mediate tolerance to food or microbiota-derived antigens (Hadis et al.,
2011; Kim et al., 2018; Niess et al., 2005). Thus, one can speculate that together with
pDCs, thymic moDCs could transfer intestinal antigens to the thymus and subsequently
induce central tolerance to them (Hadeiba et al., 2012). As suggested above, due to the
increased phagocytic and endocytic activity, the thymic moDCs are also very potent in
CAT from mTECs. We also demonstrated that the influx of these cells into the thymic
medulla correlates with the enhanced generation of tTregs (Voboril et al., 2020). This is
in agreement with the fact that neither the depletion of cDC1 nor pDCs affected the
number of AIRE-dependent MJ23 TCR-specific T-cells. In contrast, the generation of
these T-cells was diminished in mice lacking MHCII molecules on all thymic DCs
(CD11c*MHCIP"' mice), suggesting the role of moDCs and/or ¢cDC2 in this process
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(Leventhal et al., 2016). We also found that moDCs, recruited in increased numbers after
TLRO intrathymic stimulation, were of the MHCII®'™ phenotype (Vobofil et al., 2020),
which was recently associated with the enhanced potential to generate Tregs (Hu et al.,
2017; Klein et al., 2019). To describe the involvement of moDCs in the selection of CD4"
T-cells, the models enabling the depletion of MHCII expression specifically in this cell

subset is needed.

The others attached publications that deal more specifically with the function of AIRE in
the thymus and periphery, also raised several questions. First, what are the potential
mechanisms of PCs destruction in Aire”” models? In our experimental system, both CD4"
and CD8" T-cell infiltrates were detected in increased numbers in the mLN of athymic
mice injected by T-cells isolated from Aire”” model. In addition, CD8" T-cells isolated
from Aire”” mice had the capacity to increase the rate of apoptosis of PC in in vitro
co-cultivation experiment. This suggests that activated CD8" T-cells are responsible for
PC destruction in seropositive APS-1 patients and in 4ire”” defensin-specific mouse model
(Dobes et al., 2015). This hypothesis could be supported by the fact, that high levels of
IFNy, the cytokine produced mainly by CD8" T-cells or Thl cells, promote the
degranulation and partial depletion of PCs (Farin et al., 2014; Raetz et al., 2013). Also,
the Thl differentiation and subsequent production of IFNy was shown to be regulated by
microbiota composition (Al Nabhani et al., 2019). Thus, we can speculate that defensin-
specific CD8" T-cells mediate the first round of attack leading to a partial depletion of
PCs with overall decreased production of their antimicrobial peptides and the onset of
microbial dysbiosis, which induces the Thl generation and IFNy overproduction which
ultimately results in PCs diminishment. This hypothesis is strengthened by the fact that
segmented filamentous bacteria (SFB) that are enriched in Aire”” models (Dobes et al.,
2015) can induce IFNy expression (Gaboriau-Routhiau et al., 2009). Together, this
suggests that both CD8" and CD4" (Th1) T-cells contributed to the observed devastating
AIRE-dependent phenotype of PCs.

Second, what is the function of defensin-specific Tregs in AIRE-dependent intestinal
autoimmunity? As described in introductory chapters the presentation of AIRE-dependent

TRAs by mTECs is mostly attributed to the generation of Tregs (Hassler et al., 2019;
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Malhotra et al., 2016). Also, it was described that in the absence of AIRE the T-cell clones
usually restricted to Treg lineage can be found in a repertoire of Tconv cells (Malchow et
al., 2016). Thus we can hypothesize that Tregs specific to enteric a-defensins are in the
case of Aire”” mice “converted” to self-reactive effector T-cells. This would then suggest
that the inflammatory phenotype caused by the adoptive transfer of defensin-specific
T-cells isolated from Aire””, compared to Aire™”* mice, could be further amplified by the
absence of Tregs (Dobes et al., 2015). The generation of tetramers specific to particular
enteric a-defensins or development of transgenic mouse strain with enteric a-defensin-

specific TCR would enable us to elucidate this question.

Lastly, what is the role of AIRE in AIRE" ILC3-like cells and other peripheral AIRE-
expressing cells? With the discovery of eTACs it has been shown that AIRE regulates the
production of the same set of TRAs as in mTECs. However, the gene expression overlap
between these cell-types was negligible, suggesting that eTACs specifically promote
tolerance to different self-antigens then those presented in the thymus (Gardner et al.,
2008). On the other hand, using the bulk RNA sequencing of AIRE™ ILC3-like cells
isolated either from Aire™* or Aire”, it was described that their AIRE-induced
transcriptome is not biased towards TRAs (Yamano et al., 2019). This was also
corroborated by the recent publication which showed no TRAs enrichment in AIRE” DC-
like cells isolated from human tonsils (Fergusson et al., 2018). As described in the
literature overview chapter, AIRE also coordinates other functions of mTECs beyond
TRAs production such as expression of cytokines, chemokines, or regulation of antigen
handling and presentation (Anderson et al., 2005; Fujikado et al., 2016; Hubert et al.,
2011). Since the AIRE" ILC3-like cells express higher surface levels of MHCII and co-
stimulatory molecules compared to conventional ILC3s, we can speculate that AIRE is
specifically associated with the production of these molecules (Yamano et al., 2019). Also,
the expression of several effector cytokines by mTECs and ILC3-like cells (our
unpublished observation) were shown to be regulated by AIRE (Fujikado et al., 2016).
This suggests that similar to the mucosal tissue-associated ILC3s (Hepworth et al., 2015;
Hepworth et al., 2013), AIRE" ILC3-like cells could be essential for the tolerogenic
modulation of T-cells response in the site of inflammation and that the expression of its

effector molecules is regulated by AIRE. The crossing of our newly generated Aire!!
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mouse (Dobes et al., 2018) with the specific drivers of Cre recombinase-containing

re

models (Rorc" mice for AIRE depletion in ILC3-like cells) would significantly help in

elucidation of the role of AIRE in different cell-types and anatomical locations.

Taken together, the presented thesis describes several observations that significantly
extend the knowledge of the processes of central and peripheral immune tolerance and
suggests the generation of new murine models that could help the scientist to elucidate

numerous unanswered questions.
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