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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 α-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.  
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ABSTRACT (CZ) 

 

Rozpoznávání tělu vlastních a cizích struktur imunitním systémem je jedním ze 

základních dějů udržujích zdraví organismus. Jelikož T-buněčné receptory (TCRs) jsou 

vytvářeny náhodným necíleným procesem somatické rekombinace, nově vznikající klony 

T-buněk mohou rozpoznávat jak tělu-vlastní tak cizí antigeny. Mechanismy centrální 

tolerance mají schopnost omezovat autoreaktivní T-buněčný repertoár pomocí 

odstraňování klonů nesoucí autoreaktivní TCR nebo pomocí konverze těchto klonů na 

regulační T-buňky. Tyto procesy probíhají převážně ve dřeni brzlíku, kde dochází 

k testování autoreaktivity T-buněčných klonů pomocí různých typů buněk prezentujích 

antigen, jako jsou medulární epiteliální buňky brzlíku (mTECs), dendritické buňky  

a B-buňky. Ukazuje se také, že vzájemná spolupráce těchto buněčných typů je 

nepostradatelná pro správné fungování imunitní tolerance. Klíčovou úlohu v řízení 

produkce tělu vlastních antigenů zastává protein autoimunitní regulátor (AIRE), který je 

produkovaný převážně mTEC buňkami a jehož mutace vedou k rozvoji těžkých 

autoimunitních reakcí. V tomto kontextu předkládaná disertační práce popisuje nové 

regulační dráhy asociované s AIRE proteinem, které jsou důležité pro vývoj funkčního a 

bezpečného repertoáru T-buněk a ustanovení tolerance. Zaprvé jsme ukázali, že 

signalizace přes receptory rodiny Toll (TLR) na mTEC buňkách vede ke zvýšené migraci 

dendritických buněk derivovaných z monocytu do dřeně brzlíku, kde následně dochází 

k nárůstu počtu regulačních T-buněk. Shodně, také vypnutí TLR signalizace na mTEC 

buňkách vede ke snížení počtu a funkce regulačních T-buněk a to následně způsobuje 

výrazné zhoršení experimetálního zánětu tlustého střeva. Zadruhé jsme popsali, že 

symptomy asociované s trávícím traktem u pacientů s nefukčním proteinem AIRE, mohou 

být vysvětleny ztrátou centrální tolerance k enterickým α-defensinům. Zatřetí, a v 

návaznosti na funkci periferní tolerance, práce popisuje nový typ AIRE protein 

produkujících buněk v lymfatických uzlinách, které byly charakterizované jako přirozené 

lymfoidní buňky třetího typu (ILC3), a které jsou schopné efektivně prezentovat tělu 

vlastní antigeny CD4+ T-buňkám. V neposlední řadě, se nám podařilo vyvinou nový myší 

model umožňující buněčně specifické vypnutí genu AIRE, což dovoluje studování jeho 

funkce v mnohem širším 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 Zúñiga-

Pflücker, 2007). During the BM-derived differentiation, the TSPs start to express the 

CCR9 and CCR7, 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, CD8–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 106) 

(Kyewski and Klein, 2006). The first selection checkpoint, called β-selection, is dependent 

on pre-TCR signaling and ensures that only those DN (DN2-DN4) thymocytes that 

undergo successful TCRβ 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 TCRα locus which accomplishes the process of VDJ 

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–CD8–), 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 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) cTECs 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 



18 

 

overexpression of Th-POK determines the development of CD4 SP thymocytes (Luckey 

et al., 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 naïve 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).  
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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); (ii) TRA genes 

are often expressed from a single-allele using alternative transcriptional start sites 

(Villaseñor 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 β-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., α-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 mTECs, 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 

TRAs (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; Pitkänen 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; Pitkänen 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 AIRE 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 

(Sköldberg et al., 2003), tryptophan hydroxylase (Ekwall et al., 1998; Söderbergh 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 



23 

 

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 mOVA 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 OVA-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 TCRα 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.  

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-2Rα) 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-β (TGFβ) was also demonstrated as an important factor for 

proper development of T-cells, since mice lacking TGFβ receptor on thymocytes from DP 

stage, develop severe multi-organ autoimmunity (Li et al., 2006; Marie et al., 2006). In 

terms of thymic Tregs development, it was suggested that TGFβ 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). 

  



27 

 

2.1.4 Antigen-presenting cells in the thymus 

As described in detail in the previous section, the mechanisms of thymic central tolerance, 

i.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 (FOXN1), 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 (DLL4, the ligand of 
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Notch) (Calderón and Boehm, 2012; Žuklys 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 LY51) 

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 β-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 β5t. This type of proteasome is called “thymoproteasome” and it was shown 

that its substrate preference is distinct from the conventional type of proteasome (using β5 

subunit) or “immunoproteasome” (using β5i subunit) (Florea et al., 2010). Moreover, the 

mice deficient for β5t 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 mTECslow (MHCIIlowCD80low) and mature mTECshigh 

(MHCIIhighCD80high) (Derbinski et al., 2005). Recently the mTECslow 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 (mTEPCs) that possess the differentiation capacity and give rise to 

mature mTECshigh (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 mTECshigh 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 mTECslow 

(Onder et al., 2015). These mature mTECslow 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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(Ccl21a and Ccl21c), integrin β4 (Itgb4) and mTEC-specific cytokeratins (Krt5 and 

Krt14) (Bornstein et al., 2018). Due to the high levels of CCL21, the major function of 

this mTECs is to recruit positively selected CCR7 expressing thymocytes to the medullary 

region of the thymus (Kwan and Killeen, 2004; Lkhagvasuren et al., 2013).  

Mature mTECshigh 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 mTEChigh to produce and 

present TRA antigens to developing thymocytes and drive their clonal deletion or Tregs 

conversion. The development of these AIRE+ mTECshigh 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 β receptor (LTβR), 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-κB signaling pathway the disruption of its downstream components, 

such as IKKα, Relb, TRAF6 or NIK resulted in an altered mTECshigh 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-κB 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+ 

mTECshigh requires NF-κB.  

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+ mTECshigh 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+ 

mTECshigh 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 

mTECshigh 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+ 

mTECshigh (Kadouri et al., 2020). Even the exact function of the post-AIRE mTECs is 

poorly understood, the previously described data suggests that corneocyte-like mTECshigh 

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 FOXP3low 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+mTEClow whose development is dependent 

on lymphotoxin β signaling (LTβ). Both CCL21+mTEClow 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) mTECshigh. The differentiation is mainly driven by receptor activator of nuclear factor-

kappa B (RANK) signaling. AIRE+ mTECshigh 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+ 

mTECshigh can give rise to Doublecortin-like kinase I+ (DCLK1) 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 cDCs, 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 OVA-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 (cDC1) 

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 TH1 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 CD8α (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 

cDC1 commitment were observed already in pre-DC population in BM. This suggests that 

precursors of cDC1 (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 cDC1 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 cDC1 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 

cDC1 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 XCR1-producing cDC1 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) 

cDC2 are defined by the surface expression of CD11b and CD172α (SIRPα) 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 (RORγ) (Brown et al., 2019). Compared to cDC1, the 

specific transcription factors driving the cDC2 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 SIRPα expression) and analogous function, the monocytes-

derived DCs (moDCs) are often incorporated among the cDC2 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 cDC1, thymic cDC2s (defined as XCR1–CD8α–Sirpα+) 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, CCL8, and CCL12) 

that are expressed by mTECs. 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 cDC1 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 

cDC1 and cDC2 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 (iNKT) 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 (CD11cCreROSA26DTA 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-II+ 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 TCRα 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 lineage 

(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 (CD11cCreMHCIIfl/fl 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); (ii) 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+cDC1 to AIRE+ mTECs, was suggested to be an important regulator of CAT (Lei 

et al., 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 cDC2 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 

cDC1 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 cDC1 and cDC2 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 (Aire-GFP mouse model) was restricted mostly to 

cDC1 (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+ mTECshigh population (Gardner et al., 2008), whereas the production of OVA (RIP-

OVA mice) is attributed mostly to mTECslow 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 

mTECshigh 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, 

2006). 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) naïve 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, TGFβ) 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 (K14-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 TGFβ, 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 TGFβ (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 TGFβ 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 (iFABP) (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 

CD8+ 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 (CD11c+MHCII+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 (eTACs) 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.  



45 

 

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-α4β7 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-β7 

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 
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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; Mariño et al., 2017). In addition, the specific subtype of FOXP3+ pTregs that 

co-express master regulator of Th17 response RORγ 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-1β-stimulated ILC3 upregulate the expression of granulocyte-

macrophage colony-stimulating factor (GM-CSF), which drives intestinal macrophages 

and DCs to produce IL-10, TGFβ, 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.  

Figure 4. Multilayered mechanism of T-cell tolerance. The schema displays the consecutive 

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: 

(i) TLR1, TLR2, TLR4, TLR5, 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 TLR5 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 (HMGB1) (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 HMGB1 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 TLR9 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-κB and (ii) MAPK 

pathway (Chen, 2012). Activated IKK phosphorylates IκBα, an inhibitor of NF-κB, which 
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undergo degradation allowing NF-κB 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-κB 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, 

TNFα, 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 (Balounová et al., 2014) and erythro-myeloid 

progenitors (Balounová 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.  

  



52 

 

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 α-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 Airefl/fl mouse strain allow to study a cell-specific 

function of AIRE in different tissues? 
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A. Aidarova, J. Kubovčiak, O. Tsyklauri, O. Štěpánek, V. Beneš, R. Sedláček, L. Klein, 

M. Kolář, and D. Filipp. Toll-like receptor signaling in thymic epithelium controls 

monocyte-derived dendritic cell recruitment and Treg generation. Nature 

Communications, 2020; 11:2361. (IF2018 = 11.878) 

Dobeš, J., A. Neuwirth, M. Dobešová, M. Vobořil, J. Balounová, O. Ballek, J. Lebl, A. 

Meloni, K. Krohn, N. Kluger, A. Ranki, and D. Filipp. Gastrointestinal Autoimmunity 

Associated With Loss of Central Tolerance to Enteric α-Defensins. Gastroenterology, 

2015; 149:139-150. (IF2018 = 19.809) 

Yamano, T., J. Dobeš, M. Vobořil, M. Steinert, T. Brabec, N. Ziętara, M. Dobešová, C. 

Ohnmacht, M. Laan, P. Peterson, V. Benes, R. Sedláček, R. Hanayama, M. Kolář, L. 

Klein, and D. Filipp. 2019. Aire-expressing ILC3-like cells in the lymph node display 

potent APC features. Journal of Experimental Medicine, 2019; 216:1027-1037.  

(IF2018 = 10.892) 

Dobeš, J., F. Edenhofer, M. Vobořil, T. Brabec, M. Dobešová, A. Čepková, L. Klein, K. 

Rajewsky, and D. Filipp. A novel conditional Aire allele enables cell-specific ablation of 

the immune tolerance regulator Aire. European Journal of Immunology, 2018; 48:546-

548. (IF2018 = 4.695) 

 

Filipp, D., T. Brabec, M. Vobořil, and J. Dobeš. 2019. Enteric α-defensins on the verge 

of intestinal immune tolerance and inflammation. Seminars in Cell & Developmental 

Biology, 2019; 88:138-146. (IF2018 = 5.460) (Review article) 

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-κB signaling, 

as mice lacking either AIRE or several of the components of the NF-κB 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-κB 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 LTβR was shown to be essential for the thymic medulla formation and 

differentiation of mTECs (Boehm et al., 2003). Besides, the LTβR seems to be also 

important in mTECs and DCs crosstalk and the generation of Tregs (Cosway et al., 2017). 

The exact function of NF-κB pathway in the expression of AIRE was further corroborated 

by the finding that the depletion of Aire CNS1 element that contains two NF-κB binding 

sites leads to the abrogated AIRE expression and development of autoimmunity 

(Haljasorg et al., 2015; LaFlam et al., 2015). Interestingly, the canonical NF-κB 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-

κB 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 (MyD88fl/flFoxn1Cre) 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 

MyD88fl/flFoxn1Cre 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 TLR9 ligand led to the enhanced differentiation of post-AIRE mTECs, 

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 TLR9 signaling. Consistently, the cellularity of moDCs was shown to be 

decreased in MyD88fl/flFoxn1Cre 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 MyD88fl/flFoxn1Cre 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 (Vobořil et al., 2020).  
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2. GASTROINTESTINAL AUTOIMMUNITY ASSOCIATED WITH LOSS OF 

CENTRAL TOLERANCE TO ENTERIC α-DEFENSINS 

Human loss-of-function mutations in the AIRE 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 symptoms. 

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; Sköldberg et al., 2003; Söderbergh 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 α-defensins as a potential autoantigen in APS-1 (Ekwall et al., 1998).  

The presented study demonstrates that enteric α-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 DEFA5 (human α-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 α-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 (Dobeš et al., 2015).  

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

antigens. 
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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 Aire 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 (Aire-GFP reporter mice) or Aire mRNA. However, the 

presence of AIRE protein was exclusively found only in CD11c–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 RORγ-

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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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 Airefl/fl model was verified by 

crossing with Foxn1Cre and Vav1Cre 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 (Dobeš et al., 2018). 

The Airefl/fl 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 Aire mRNA in several tissues.  
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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 mTECshigh 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 mTECs 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 α-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-κB 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 Airefl/fl 

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 mTECshigh 

(Vobořil 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 HMGB1 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 RAG2-/-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 LTβR 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 (Vobořil 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 KRT1, 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 mTECs 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 (Vobořil 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 SIRPα+ cDC2 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 (Vobořil 

et al., 2020). This suggests that only a partial depletion of SIRPα+ 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 (Vobořil 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 

(CD11cCreMHCIIfl/fl 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 

TLR9 intrathymic stimulation, were of the MHCIIlo/int phenotype (Vobořil 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 Aire-/- defensin-specific mouse model 

(Dobeš et al., 2015). This hypothesis could be supported by the fact, that high levels of 

IFNγ, the cytokine produced mainly by CD8+ T-cells or Th1 cells, promote the 

degranulation and partial depletion of PCs (Farin et al., 2014; Raetz et al., 2013). Also, 

the Th1 differentiation and subsequent production of IFNγ 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 Th1 generation and IFNγ 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 (Dobeš et al., 

2015) can induce IFNγ 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 α-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 (Dobeš et al., 2015). The generation of tetramers specific to particular 

enteric α-defensins or development of transgenic mouse strain with enteric α-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 Airefl/fl 
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mouse (Dobeš et al., 2018) with the specific drivers of Cre recombinase-containing 

models (RorcCre  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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