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Immune tolerance to host own tissues and cells is the fundamental attribute of properly 

working immune system. The repertoire of effector T-cells, which possess randomly 

generated antigen-specific receptors, is during their development shaped by central 

immune tolerance to retain only those specificities which do not recognize self-antigens. 

In addition, various mechanisms of peripheral tolerance keep in check potentially 

self-reactive cells which escaped from the protective mechanism of central tolerance. 

Thus, a tight regulation of tolerance, operating at several anatomical places in the host 

body, collectively imposes immune homeostasis and well-being of the organism. 

The breach of central tolerance can have far reaching consequences, as demonstrated 

by mutations in Autoimmune regulator gene. These mutations lead to the development 

of severe autoimmune disease, comprising several clinical components, 

gastrointestinal-associated symptoms including. We have shown, that in the absence of 

Autoimmune regulator, the occurrence of gastrointestinal symptoms is associated with 

the loss of thymic-mediated central tolerance to enteric Ŭ-defensins, essential 

antimicrobial peptides produced by intestinal Paneth cells. The loss of tolerance leads 

to the escape of defensin-specific T-cells to immune periphery and consequently, 

to their attack on Paneth cells, resulting in their diminishment. This, in turn, impacts 

the composition of intestinal microbiota, affecting the polarization of T-cells in the gut 

towards Th17 phenotype which further provides a milieu supporting inflammatory 

autoimmunity and perturbations in intestinal homeostasis. Moreover, we showed 

the importance of several members of Wnt signaling cascade in the regulation of 

intestinal homeostasis and their impact on immune-mediated dysfunction of intestinal 

epithelia.  



 

 
 

 

Jednou ze z§kladn²ch vlastnost² spr§vnŊ funguj²c²ho imunitn²ho syst®mu je udrģov§n² 

tolerance ke tk§n²m tŊlu vlastn²m. Centr§ln² tolerance zabezpeļuje odstranŊn² 

T-bunŊļnĨch klonŢ nesouc²ch antigennŊ specifick® receptory schopn® rozeznat 

antigeny produkované tŊlu vlastn²mi tk§nŊmi. Rozliļn® mechanismy perif®rn² tolerance 

n§slednŊ zabezpeļuj² kontrolu nad potenci§lnŊ autoreaktivn²mi buŔkami, kter® nebyly 

v brzl²ku odstranŊny bŊhem ustanoven² centr§ln² tolerance. Správné nastavení 

a regulace tolerogenn²ch procesŢ je tedy dŢleģitĨm homeostatickĨm mechanismem 

organismu. Naruġen² centr§ln² tolerance m§ dalekos§hl® dŢsledky, coģ mŢģe bĨt 

dokumentováno mutacemi v genu kódujícím Autoimunitní regulátor. Tyto mutace 

vedou k rozvoji v²cesloģkov®ho autoimunitn²ho onemocnŊn², kter® postihuje 

i gastrointestinální trakt. Tato práce popisuje spojitost mezi absencí Autoimunitního 

regulátoru a ztrátou centrální tolerance k antimikrobi§ln²m produktŢm PanethovĨch 

bunŊk ï enterickĨm Ŭ-defensinŢm.  Ztr§ta tolerance vede k úniku defensin-reaktivních 

T-bunŊk mimo brzl²k a n§slednŊ k jejich ¼toku na Panethovy buŔky. Tento proces m§ 

za následek sn²ģen² poļtu PanethovĨch bunŊk, coģ vede ke zmŊn§m ve sloģen² stŚevn² 

mikroflóry a polarizaci T-bunŊļn® odpovŊdi ve stŚevŊ ve smŊru k Th17 proz§nŊtlivĨm 

buŔk§m, kter® mohou d§le negativnŊ ovlivŔovat stŚevn² homeost§zu. PŚedkl§dan§ pr§ce 

navíc poukazuje na dŢleģitost nŊkolika komponent Wnt sign§ln² kask§dy v udrģov§n² 

stŚevn² homeost§zy a jejich vliv na nŊkter® imunitn² mechanismy zprostŚedkovan® t²mto 

epitelem.  



 

 
 

 



 

 
 

ˁ



 

 
 

Aire  Autoimmune regulator, the most powerful gene in the immune system 

Axin  Axis inhibitory protein 

Apc  Adenomatous polyposis coli 

APC  Antigen presenting cell 

APECED Autoimmune polyendocrinopathy-candidiasis-ectodermal dystrophy 

AMP  Antimicrobial peptide 

CBC  Crypt base columnar cell 

Ck1  Casein kinase 1  

cTEC  Cortical thymic epithelial cell 

DC  Dendritic cell 

Dll   Delta-like ligand 

DN  Double negative 

DP  Double positive 

Dvl  Dishevelled 

EEC  Enteroendocrine cell 

Egf  Epidermal growth factor 

FRC  Fibroblastic reticular cell 

GALT  Gut-associated lymphoid tissue 

GC  Goblet cell 

Gsk3  Glycogen synthetase kinase 3 

HEL  Hen egg lysozyme 

Hic1  Hypermethylated in cancer 1 

iAPC  Intestinal antigen presenting cell 



 

 
 

IBD  Inflammatory bowel disease 

ILC  Innate lymphoid cells 

iSCs  Intestinal stem cells 

Lgr5  Leucine-rich repeat containing G-protein 5 

LNSC  Lymph node stromal cell 

Lrp  Lipoprotein receptor-related protein 

M-cell  Microfold cell 

mLN  Mesenteric lymph node 

Mmp7  Matrix metalloproteinase 7 

mTEC  Medullary thymic epithelial cell 

Nkd1  Naked cuticle homolog 1 

OVA  Ovalbumin 

PC  Paneth cell 

pMHC  peptide-major histocompatibility complex 

SFB  Segmented filamentous bacteria 

SP  Single positive 

sIg  Secretory immunoglobulin 

TC  Tuft cell 

Tcf   T-cell factor protein 

TCR  T-cell receptor 

TRA  Tissue restricted antigen 

Treg  T-regulatory cell 

 

 



 

 
 

The gastrointestinal tract is an internal organ of our body specialized in digestion of 

food, uptake of nutrients and re-absorption of water. It forms a physical barrier between 

its luminal content and the hostôs own body. The tract itself represents probably 

the largest surface area capable of a direct contact with foreign particles and pathogens 

(Mowat and Agace, 2014) as the surface of human small intestine alone is estimated to 

be larger than 300 m2 (Moog, 1981). Intestine is continuously exposed to a large amount 

of foreign antigenic material, processing more than one hundred gram of dietary 

proteins per day (Brandtzaeg, 1998). Intestine also accommodates a large amount of 

microbes whose load increases along the gut, reaching 1012 bacteria per gram of gut 

content in the colon (Macfarlane and Macfarlane, 1997). Their overall absolute number 

of one hundred trillions dramatically outnumbers the host own cells (Pabst and Mowat, 

2012) and hence, for the host, they represent inflammatory and infectious threats with 

deadly potential. If the intestinal content of the gut leaks into circulation, experimental 

mice survive no more than several hours (Buras et al., 2005). Thus, taking into account 

that mucosal barrier is relatively thin and intestinal epithelium is formed by a single 

layer of epithelial cells, affording intestine with powerful immune mechanisms capable 

of maintaining intestinal homeostasis is the essential requirement for the host 

well-being.  

Evolutionary, in single cell organisms with immune system, such as Amoeba, both 

immune function and nutritive function rely on phagocytosis. These functions are 

indistinguishable in the initial phase and differ only by the outcome (Chen et al., 2007). 

That suggests tight coevolution of digestive and immune system. During the evolution 

of multicellular organisms, the initial extracellular digestion was replaced by 

an invagination forming one-way digestive system, which prevented losses of digested 

nutrients.  Later, this evolutionary innovation developed into digestive tube with two 

openings. Such organ created a niche which was colonized by microbes that led to 

several possible scenarios of the host and colonizer interactions. Notably, microbes can 

be used as the source of nutrients, or host can create a beneficial association with them, 

or employ the innate immune system to regulate their number or to identify potentially 

dangerous ones. The appearance of adaptive immune system brings another layer of 

complexity to regulate and monitor the interactions between intestinal microbiota and 

the local immune system (Broderick, 2015).  

Immune system in the gut must discriminate between harmful and pathogenic intruders 

on one side and antigens derived from ingested food and commensal microbiota, 

on the other. Virtually any antigenic specificity is generated by a genetic recombination 

of B- and T-cell antigen sensing receptors. However, because these specificities are 



 
 

generated without regard to their target, i.e. foreign (non-self) versus endogenous (self) 

antigens, efficient tolerogenic processes occurring in the thymus and immune periphery 

play irreplaceable role in shaping the receptor repertoire of lymphocytes that are prone 

to elicit immune responses in the periphery. Indispensability of these processes can be 

documented by the autoimmune diseases originating from active immune responses 

against food antigens, microbiota, or critical cellular and molecular structures of gut 

epithelium (Pabst and Mowat, 2012). 

In the presented thesis, first, mechanisms of immune tolerance which are controlling 

T-cell repertoire are reviewed, commencing with T-cells development in the thymus. 

Specifically, essential cellular and molecular players in positive and negative thymic 

selection are highlighted, followed by the description of mechanisms of peripheral 

tolerance with emphasis on acquired tolerance to orally administrated antigens or 

to microbiota. The immune function of the intestinal epithelium focusing on 

antimicrobial peptide (AMP)-secreting Paneth cells (PCs) and the specific role of 

components of hematopoietic intestinal immune system is described. The last part of 

the literature overview is devoted to the development of intestinal epithelium and 

irreplaceable role of Wnt signaling cascade in this process.



 

 
 

 

Immune tolerance is defined as the state of unresponsiveness to the antigen which itself 

display the capacity to elicit the immune response. Immune tolerance is divided 

according to the place where it is established to: i) central tolerance (thymus for T-cells, 

bone-marrow for B-cells) and ii) peripheral tolerance (immune periphery). 

 

Bone-marrow derived T-cell precursors migrate into the thymus to undergo their 

developmental program, which is accomplished by the generation of functional T-cell 

receptors (TCRs). The generation of TCR diversity is directed by the process of VDJ 

recombination whereby the random rearrangement of defined gene segments leads to 

the production of a large pool of TCRs with distinct antigenic specificities (Stritesky et 

al., 2012). Ultimately, thymic developmental program establishes the pool of ñuseful 

and not harmfulò TCR antigenic specificities directed towards non-self epitopes, 

including those encoded by pathogens. However, VDJ recombination also leads to 

the generation of ñuseless or potentially dangerousò T-cell clones bearing TCRs which 

are unable to recognize peptide-major histocompatibility complexes (pMHCs) or TCRs 

which are able to recognize host-encoded self-antigens and thus having the potential to 

be self-reactive. Thymocytes with this useless or dangerous TCR specificities are 

efficiently removed during T-cell thymic development by the process of central 

tolerance (Klein et al., 2009; von Boehmer et al., 1989). 

The fate of developing T-cells in the thymus is determined by the interaction of their 

newly generated TCRs with pMHC complexes on the surface of thymic antigen 

presenting cells (APCs). Clearly, the peptide presented by MHC and its source are 

the key parameters. First, developing T-cells in double-positive (DP) stage (DP T-cells 

co-express CD8 and CD4 molecules) undergo positive selection in the thymic cortex, 

where they interact with cortical thymic epithelial cells (cTECs) expressing both MHC 

class I and II molecules. Depending on the TCRôs ability to interact with MHC class I 

or II molecule, developing thymocytes become CD8 or CD4 positive (Klein et al., 

2014). Only T-cells which are able to sense peptides presented by MHC molecules 

proceed to the medullary part of the thymus, where are they subjected to the process of 

negative selection. Negative selection is a critical event for the removal of T-cells with 

the ability to recognize self-antigens. The pathway describing the developing thymocyte 

journey through the thymus is schematically visualized in Fig. 1. 

 

 

 



 
 

 

 

Figure 1. The scheme of T-cell development in the thymus and its interactions with several 

types of APCs. Double negative (DN) T-cell, which is not expressing CD4 nor CD8 co-receptor 

molecules, is undergoing TCR rearrangement (from DN1 to DN4 stage). T-cell clones with 

successfully rearranged TCR start to express both CD8 and CD4 molecules (DP stage) and test 

their ability to interact with host encoded MHC molecules by a direct contact with cTECs, 

resulting in the single positive (SP) stage. These T-cells translocate to the medulla, where they 

interact with several APCs in order to eliminate potentially self-reactive T-cells (Klein et al., 

2014). It is estimated that a developing thymocyte remains in the medulla for 4-5 days during 

which it performs several hundred interactions with various APCs (Klein, 2009).   
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Approximately ninety percent of developing T-cells die during the process of positive 

selection by neglect as they fail to receive any rescuing positive signals via their TCR 

from the interaction with pMHC complexes and proceed to apoptosis (Klein et al., 

2009). The nature and identity of peptides mediating positive selection remains still 

elusive. Two possible scenarios elucidating their generation were postulated: i) cTECs 

present generic epitopes derived from ubiquitously expressed peptides, ii) cTECs 

present unique epitopes from ubiquitously expressed peptides. The latter proposition 

was termed the ñprivateò or ñalteredò peptide hypothesis and it is supported by the usage 

of unconventional protein-processing pathway in cTECs to generate pMHC complexes.  

Concerning MHC class I presentation, instead of proteasome subunit ɓ5 which is 

the integral part of conventional proteasome or ɓ5i subunit (immunoproteasome), 

cTECs use a unique ɓ5t subunit. ɓ5t enforces so-called thymoproteasome cleavage 

activity with different substrate specificities in comparison to proteasome and 

immunoproteasome (Florea et al., 2010). Moreover, ɓ5t subunit deficiency leads to 

changes in the selection parameters of CD8+ T-cells (Murata et al., 2007). 

MHC class II peptide presentation pathway is altered in cTECs by the expression of 

unique Cathepsin L (Nakagawa et al., 1998) and thymus-specific serine protease 

(Gommeaux et al., 2009). The deficiency in these proteases leads to inappropriate 

selection of CD4+ T-cells (Gommeaux et al., 2009; Nakagawa et al., 1998). 

Interestingly, CD4+ T-cells which escape from positive selection are largely deleted 

during negative selection in Cathepsin L deficient animals (Nakagawa et al., 1998), 

suggesting that epitopes generated by conventional MHC-loading pathways are not 

generated and presented by cTECs MHC molecules in normal, genetically unchanged 

conditions. 

Cortical TECs also use an alternative form of peptide acquisition as they employed 

autophagy to process and present internally produced peptides on MHC class II 

molecules. Autophagy blockage leads into the alteration of the selection output 

in several transgenic murine strains (Nedjic et al., 2008). 

In aggregate, accumulated data suggest that cTECs present a set of unique epitopes 

derived from ubiquitously expressed proteins in order to determine solely the ability of 

newly generated TCR to interact with MHC molecules encoded by the host. 

Nevertheless, it is of note that the nature and structural characteristics of ñpeptidomeò 

presented by cTECs on their MHC molecules was not precisely determined so far.  

 

 



 
 

The hallmark of the negative selection process is the removal of potentially self-reactive 

T-cells, i.e. those T-cells which, in the medulla region of thymus recognize self-antigens 

presented in the context of MHC molecules. Several types of cells residing or passing 

through the medulla affect this process: medullar thymic epithelial cells (mTECs), 

dendritic cells (DCs), B-cells, macrophages and granulocytes. While the role of 

macrophages and granulocytes in negative selection is poorly defined, the involvement 

of mTECs, DCs and B-cells in this process was convincingly demonstrated. A unique 

subpopulation with surprising capacity to produce and present virtually any protein 

epitope expressed in the immune periphery (so called tissue restricted antigens; TRAs) 

by the process of promiscuous gene expression is represented by mTECs (Derbinski et 

al., 2001; Kyewski et al., 2002). Promiscuous gene expression violates several rules 

strictly employed to regulate gene expression: i) tissue-specific genes whose expression 

is tightly controlled by complex and distinct biochemical pathways are expressed 

in rather stochastic combination in single mTEC (e.g. insulin 2, normally produced 

in the immune periphery by pancreatic islet ɓ-cells and intestinal fatty acid binding 

protein produced by enterocytes); ii) developmentally regulated genes are expressed by 

mTECs without any causal connection to the developmental status of the organism 

(e.g. alpha-fetoprotein ï physiologically produced only by the embryonic yolk sac and 

fetal liver produced in the mTECs of adult animals) (Derbinski et al., 2001) or 

iii)  sex-specific genes are produced irrespectively of the organism̀ s gender 

(e.g. lactating breast`s caseins (Derbinski et al., 2008) or prostate antigens produced by 

mTECs in both males and females (Malchow et al., 2013). A single mTEC seems to 

produce from 100 up to 300 TRAs, while a single TRA is in general produced only by 

1-3% of mTECs (Klein et al., 2009).  

Autoimmune regulator (Aire) is the only regulator identified so far with the ability 

to induce the expression of substantial proportion of TRAs. Thus, at least two patterns 

of TRAs expression can be observed: (i) Aire-dependent TRA expression (including 

diabetes associated self-antigens insulin 2 or glutamic decarboxylase 2), and 

(ii)  Aire-independent TRA expression (glutamic decarboxylase 1, C-reactive protein) 

(Anderson et al., 2002; Derbinski et al., 2005). Aire is promoting the expression of 

TRAs by binding and subsequent activation of silenced chromatin (Koh et al., 2008) 

coupled with unleashing the stalled RNA polymerase (Giraud et al., 2012). Aire is 

serving as a docking or scaffold protein for a large complex of interacting proteins 

including those responsible for chromatin binding, transcriptional activation and RNA 

splicing (Abramson et al., 2010).  

Mutations in the Aire gene lead to severe autoimmune disease caused by the absence of 

Aire-regulated TRAs expression in the thymus. This results in an ineffective removal 

of self-reactive (TRA-specific) T-cells in the thymus and their escape to immune 

periphery (Anderson et al., 2002; Hubert et al., 2009; Ramsey et al., 2002). This, in turn, 

can lead to the destruction of host cells producing the self-antigens for which these 



 

 
 

T-cells are self-specific (DeVoss et al., 2006; Gavanescu et al., 2007), induction of 

the devastating local inflammation (Anderson et al., 2002) or to providing help to 

self-reactive B-cells which produce autoantibodies with blocking function (Kisand et 

al., 2010). Human patients with AIRE-deficiency develop the autoimmune disease 

called autoimmune polyendocrinopathy-candidiasis-ectodermal dystrophy (APECED), 

which is reviewed in more details in next chapter. 

The recognition of TRA-derived epitope by self-reactive TCR in the thymus leads to 

the deletion of self-reactive T-cell. In the study of Liston et al. using transgenic 

expression of ñneo-self-antigenò (hen egg lysozyme epitope, HEL) under the insulin 

promotor, deletion of HEL-specific T-cells in the thymus clearly occurred. HEL 

neo-self-antigen is specifically expressed by Aire-positive mTECs, because these cells, 

due to the ability of Aire to activate insulin promoter, are also the exclusive source of 

insulin in the thymus. Crossing of HEL transgenic mice with Aire-deficient mice leads 

to the decrease of HEL expression in mTECs and to inability to delete HEL-specific 

T-cells which then proceed to the immune periphery (Liston et al., 2003).  

In the case of CD4+ T-cells, a high affinity-based recognition of TRA-epitope by 

self-reactive T-cell might lead to the conversion (or lineage deviation) of this cell into 

Foxp3+ T-regulatory cell (Treg). This process of lineage conversion was revealed by 

the use of mice with transgenic expression of hemagglutinin or ovalbumin (OVA) 

under Aire promotor and the use of hemagglutinin or OVA specific T-cells 

(Aschenbrenner et al., 2007). Malchow et al. showed that prostate antigen specific 

MJ23 Foxp3+ Tregs, which are enriched in the prostate cancer tissue, are converted to 

Treg lineage intrathymically in Aire-dependent manner (Malchow et al., 2013). 

Despite their robust capacity to express TRAs, mTECs are not the only cells, which 

mediate negative selection in the thymus. DCs are the second subset integrated to this 

process. At least three subtypes of DCs can be distinguished in the thymus ï classical 

(conventional) subset further divided to resident (CD8Ŭ+, SirpŬ-) and migratory (CD8Ŭ-, 

SirpŬ+) cells and plasmacytoid DCs (Li et al., 2009).  

Thymic resident DCs are highly efficient in the cross-presentation of antigens (Proietto 

et al., 2008) and due to XCL-1 chemokine gradient co-localize in the medulla 

with mTECs. XCL-1 is produced exclusively by mTECs in Aire-dependent manner and 

XCL-1 deficient animals have lower numbers of DCs localized in medulla (Lei et al., 

2011). Cross-presentation by DCs of mTEC-expressed transgenic neo-self antigens, 

mimicking the TRAs expression, contribute to CD8+ T-cell tolerance. Moreover, 

the ablation of MHC class II expression on hematopoietic cells was shown to impair 

the negative selection of CD4+ T-cell restricted epitope derived from interphotoreceptor 

retinoid-binding protein (expressed as TRA in mTECs in Aire-dependent manner) 

(Taniguchi et al., 2012).  In general, it suggests that resident DCs are positioned 

in a close proximity to mTECs and thus gain an access to mTECs-derived TRAs which 

they can indirectly present and thereby increase the statistical frequency that 

self-reactive T-cells encounter particular cognate self-antigen. 



 
 

Migratory DCs can home to the thymus loaded by antigens acquired in peripheral tissues 

or with blood-borne antigens (Atibalentja et al., 2009; Baba et al., 2012). Such migration 

is guided in CCR2-dependend manner (Baba et al., 2009) and it is prevented when 

migratory DCs acquire activated phenotype via Toll-like receptor ligation (Bonasio et 

al., 2006). 

The last DC subset in the thymus are plasmacytoid DCs. These cells are well known for 

their antiviral, interferon type I-based responses (Reizis et al., 2011) and their poor 

antigen presenting capacities (Villadangos and Young, 2008), suggesting that they are 

not involved in negative selection. Surprisingly, and in contrast to previous notion, 

plasmacytoid DCs loaded with OVA translocate into the thymus in CCR9 dependent 

fashion, where they mediate negative selection of OVA-specific OTII CD4+ T-cell 

(Hadeiba et al., 2012). As the CCR9 is also important for the migration into the intestine, 

one can speculate, if plasmacytoid DCs are able to obtain food antigens or antigens from 

commensal microbiota and transfer them to the thymus for induction of central 

tolerance. 

Thymic B-cells, which are in comparison to steady-state peripheral B-cell highly 

positive for MHC class II molecule and costimulatory molecules CD80 and CD86 

(Ferrero et al., 1999), are also able to mediate negative selection (Frommer and 

Waisman, 2010). Interestingly, a small proportion of thymic B-cells (approx. 3%) 

expresses Aire on protein level. Microarray comparison of Aire-deficient and wild-type 

B-cells revealed, that B-cells are also expressing several hundred TRAs. As many of 

them are exclusive for B-cells in comparison to mTECs, it suggests that Aire promotes 

TRAs expression in cell dependent manner (Yamano et al., 2015). 

Interactions with several thymic APCs populations determine the fate of developing 

thymocytes. Although, a sophisticated thymic cellular machinery is employed to delete 

self-reactive T-cells, ultimately, some of them escape to immune periphery (Kim et al., 

2007), where their numbers, mode of persistence and activation status are controlled by 

additional mechanisms of peripheral tolerance, which are reviewed in the chapter 2.2. 

 

APECED (OMIM: 240300) is the autoimmune disease caused by mutations in AIRE 

gene (Consortium, 1997; Nagamine et al., 1997). This monogenic disease is inherited 

in autosomal recessive (loss-of-function mutations in both alleles) (Kisand and 

Peterson, 2015) or dominant manner (defective AIRE oligomerizes with intact one and 

oligomer losses its function) (Oftedal et al., 2015). Both types of mutations differ in their 

frequency across populations and in the severity of disease clinical components (see 

below). While the frequency of ñautosomal recessiveò APECED is quite low, it persists 

with a higher prevalence in historically isolated populations: Iranian Jews 1:9000 

(Zlotogora and Shapiro, 1992), Sardinians 1:14000 (Rosatelli et al., 1998) and Finns 



 

 
 

1:25000 (Perheentupa, 2006). The ñdominantò form of APECED has a dramatically 

higher prevalence (1:1000) as determined by sequencing of AIRE gene in mixed 

populations (Oftedal et al., 2015). Distinct components of APECED disease are 

mucocutaneous candidiasis, hypoparathyroidism and Addisonôs disease, presented 

in vast majority of patients. Other components, such as type 1 diabetes, vitiligo and 

alopecia or gastrointestinal components are presented in lower frequency (approx. 25% 

of patients). Patients accumulate up to ten disease components during their life 

(Perheentupa, 2006). Disease components in patients bearing dominant AIRE mutation 

might be the same, but their overall number accumulated in a single patient over time 

seems to be lower, leading to a typically milder form of the disease (Oftedal et al., 2015). 

Gastrointestinal components of APECED affects 25-30% of patients. Pernicious anemia 

and chronic atopic gastritis are associated with autoantibodies directed against intrinsic 

factor and parietal cells (Perheentupa, 2006). Diarrhea, constipation and malabsorption 

have several potential causes ï chronic gastrointestinal candidiasis, hypocalcemia or 

overall nutritional deficiencies (Kluger et al., 2013; Perheentupa, 2006). Interestingly, 

although a low number of APECED intestinal biopsies are available, patients suffering 

from gastrointestinal symptoms of APECED have lymphocyte infiltrates with a major 

CD8+ T-cell population observable in their gut (Scarpa et al., 2013), suggesting that 

some gastrointestinal disease components have autoimmune undertone. Indeed, 

enteroendocrine cells (EECs) which produce tryptophan hydroxylase (Ekwall et al., 

1998; Soderbergh et al., 2004) and histidine decarboxylase enzymes, were shown to be 

cellular targets for intestinal autoimmune attacks (Skoldberg et al., 2003). Intestinal 

EECs were completely absent in some APECED intestinal biopsies (Posovszky et al., 

2012) and their absence was associated with constipation. Such outcome is not 

surprising as EECs produce essential mediators affecting peristaltic movement of 

the gut and the fluidity of its content (Kluger et al., 2015). Importantly, the cross 

reactivity of sera obtained from APECED patients to PCs secretory granules and goblet 

cells (GCs) was also reported, suggesting that PCs and GCs might be also the target of 

autoimmune attack in the intestine (Ekwall et al., 1998; Kluger et al., 2015). 



 
 

Peripheral tolerance is mediated by several processes and mechanisms responsible for 

keeping self-reactive T-cells which escaped from the thymus negative selection 

in check. Immune mechanisms and their functional relevance to the induction of gut 

tolerance, tolerance to microbiota or tolerance to ingested food antigens are described 

below. 

Antigen sequestration describes the state when (i) the levels of self-antigen is too low 

to elicit immune response, or (ii) self-antigen is not seen by the immune system due to 

anatomical constrains, or (iii) the antigen is localized to immunologically privileged 

sites. While the first two possibilities are rather conceptual, the notion of immune 

privilege site is applicable in the case of brain, cornea, anterior chamber of the eye, 

testes and pregnant uterus. Immune responses and immune surveillance in these places 

are not completely abrogated, but the proinflammatory response, which can target or 

even damage these vitally important organs, is largely blocked. The entry of T-cells into 

privilege site is obstructed by the expression of several apoptosis-inducing molecules, 

such as Trail or Fas-ligand, and the effector function of T-cells is, in addition, suspended 

by the secretion of tolerogenic IL-10 and TGF-ɓ cytokines (Forrester et al., 2008; 

Niederkorn, 2006). Importantly, the protection by immune privilege mechanism is 

breach-able as can be documented by autoimmune responses against brain-derived 

myelin which leads to the development of experimental multiple sclerosis (Greter et al., 

2005). Although gastrointestinal tract itself is not generally considered as immune 

privilege site, the gut tissue is, in comparison to other tissues, highly tolerogenic, 

especially due to high levels of IL -10 and TGF-ɓ produced by both hematopoietic and 

epithelial cells (Forrester et al., 2008). 

The second peripheral tolerance mechanism is based on anergy, the state of long term 

hyporesponsiveness or unresponsiveness to antigen after its recognition in MHC context 

without proper co-stimulation (Hawiger et al., 2001; Liu et al., 2002). DCs are highly 

specialized in the antigen uptake and they commonly phagocyte death cells and present 

their antigens (Liu et al., 2002). In steady-state conditions, without the stimulation 

through pattern recognition receptors, DCs express only basal levels of co-stimulatory 

molecules CD80 and CD86 and retain tolerogenic potential (Steinman et al., 2003). 

Tolerogenic DCs can also mediate the conversion of CD4+ T-cells into peripheral 

Foxp3+ Tregs (Kretschmer et al., 2005). 

Third, the immune suppression mediated by Foxp3+ Tregs of thymic or peripheral origin 

is probably the most powerful mechanism employed by peripheral tolerance. Mutations 

in Foxp3+ result in the absence of Treg lineage, leading to fatal autoimmune diseases 

in both human patients and experimental animal models. This suggests that certain 

amount of self-reactive T-cells, able to mount an autoimmune response is constantly 

present in the immune periphery (Kim et al., 2007; Wing and Sakaguchi, 2010). Tregs 

use several mechanism to control or block T-cell activation or proliferation process. 

For example, the constitutive upregulation of CD25 (subunit of IL-2 receptor) equips 



 

 
 

Tregs with competitive advantage in the race with effector T-cells for IL-2, 

consequently, effective IL-2 deprivation then ceases the proliferation of effector T-cells 

(Fontenot et al., 2005). In addition, Tregs not only secrete tolerogenic cytokines 

(Josefowicz et al., 2012), but also express CD39 and CD73, ectoenzymes with 

the ability to metabolically produce cyclic adenosine monophosphate, which inhibits 

the proliferation of effector T-cells and also negatively impacts the activation of DCs 

(Deaglio et al., 2007). Other tolerogenic mechanisms imposed by Tregs include 

CTLA4-mediated suppression (Takahashi et al., 2000), expression of LAG3 molecule 

(CD4 analog, binds to MHC class II molecule and thus blocks presentation to other 

T-cells) (Huang et al., 2004), or TIGIT molecule with the ability to induce 

the  production of tolerogenic cytokines in DCs (Yu et al., 2009). In aggregate, 

the battery of mechanisms endows Tregs with highly effective molecular machinery to 

suppress the proliferation of effector T-cells. 

Arguably, the deletion of self-reactive T-cells occurs also in the immune periphery. 

Apart from forming the architecture of the lymph nodes, lymph node stromal cells 

(LNSCs) are also able to express at least a small fraction of TRAs (microarray analysis 

was not performed so far) and present them in the contest of MHC class I molecules 

(Fletcher et al., 2011). Several subpopulations of LNSCs were identified based on their 

reactivity to cellular surface makers CD31 and podoplanin. Fibroblastic reticular cells 

(FRCs, CD31-, podoplanin+) are forming the architecture of T- and B-cell zones of 

the lymph node. When OVA targeted to be expressed under the intestinal fatty acid 

binding protein promotor (specifically expressed in mature enterocytes), FRCs express 

and present OVA neo-self-antigen by MHC class I molecules and are able to delete 

OVA-specific OTI T-cells. Transcripts encoding several other TRAs were detected 

in these cells, suggesting that FRCs are able to produce at least a small fraction of TRAs 

(Fletcher et al., 2010; Lee et al., 2007; Magnusson et al., 2008). Recently, the transfer 

of peptide-loaded MHC class II molecules from DCs to LNSCs was shown to occur 

after direct contact of these cells in LNs, suggesting that CD4+ T-cell tolerance might 

be also affected by LNSCs (Dubrot et al., 2014). 

Unexpectedly, Aire presence was detected in the rare population of CD11c+ EpCAM+ 

MHCII+ hematopoietic cells (Gardner et al., 2013) which were named extrathymic 

Aire-expressing cells, residing in the border between T- and B-cell zones of the lymph 

node. Aire-regulated expression of two hundreds of TRAs was observed by the 

microarray analysis in these cells with only slight overlap of seven genes which are also 

Aire-regulated in mTECs (Gardner et al., 2008). Targeting of neo-self antigen 

expression under the Aire promotor revealed the ability of these cells to mediate both 

CD4+ and CD8+ T-cell tolerance via the induction of anergy (Gardner et al., 2013) and 

cell deletion (Gardner et al., 2008), respectively. 

Apart from the peripheral tolerance mechanism used generally in the lymphatic tissue, 

several gut-specific modifications in these mechanisms are used. First of them is the oral 

tolerance, presumably responsible for acquired tolerance to food antigens. Although 

it was anticipated, that outcomes of the process of oral tolerance depends on the load of 



 
 

the ingested antigen (high antigenic loaded leads to antigen-specific T-cell anergy, 

while lower antigenic load prefers the conversion to Tregs) (Weiner et al., 2011), the 

evidence supporting anergy induction by oral tolerance is quite scarce (Pabst and 

Mowat, 2012). The key population responsible for the induction of oral tolerance is 

integrin CD103+ migratory DCs (Weiner et al., 2011). They form the majority of DCs 

present in the intestinal lamina propria (the network of capillaries and lymph vessels 

underlying the epithelium) and home exclusively to mesenteric lymph nodes where they 

can imprint T-cells for gut-homing (Jaensson et al., 2008) or convert them into Foxp3+ 

Tregs (Sun et al., 2007). Both of these effects are retinoic acid-dependent, and retinoic 

acid is acquired by DCs from their own metabolism of vitamin A. DC-metabolized 

retinoic acid induces gut-homing receptors CCR9 and Ŭ4ɓ7 on activated T-cells (Iwata 

et al., 2004) and, in synergic effect with TGF-ɓ, it also supports T-cells conversion into 

Tregs (Sun et al., 2007). Experiments conducted before the establishment of the role of 

Foxp3 in Tregs biology identified the presence of suppressive Th3 and Tr1 polarized 

CD4+ T-cell subsets as the result of oral tolerance induction. Later, it was shown, 

that Th3 subset is expressing Foxp3, so Th3 cells should be viewed as peripheral Tregs 

converted to Treg lineage in the gut and in an associated lymphoid tissue. Tr1 cells are 

IL -10 producing CD4+ T-cells, which are not expressing Foxp3. The mechanism of 

IL -10 production used by these cells is not entirely clear (Maynard et al., 2007; Pabst 

and Mowat, 2012). 

Interestingly, these properties of gut DCs are not shared by CD103+ DCs derived from 

mucosal tissues other than gut, suggesting that these unique properties are imprinted to 

DCs by the gut environment (Scott et al., 2011). Physiological importance of this 

process in the maintenance of tolerance to food antigens is reaching its potential clinical 

application: this mechanism was used for the delivery of self-antigens and amelioration 

of autoimmune diseases such as type 1 diabetes (von Herrath et al., 1996) and 

experimental encephalomyelitis (Higgins and Weiner, 1988). 

The second important issue in the gut homeostasis is the maintenance of tolerance to 

commensal microbiota. Antigens derived from them are continuously taken to draining 

lymph nodes by DCs sampling the gut content (Maloy and Powrie, 2011). Tregs can 

partly limit CD4+ T-cell responses against commensal microbiota, however conflicting 

results determining the place of origin (i.e. thymus or periphery) of these Tregs exist 

(Cebula et al., 2013; Lathrop et al., 2011). Interestingly, recent data show that innate 

lymphoid cells (ILCs) of type 3, which are the major population of ILCs in lamina 

propria and mesenteric lymph node, are able to mediate deletion of activated 

microbiota-targeting CD4+ T-cells. This subtype of ILCs is expressing MHCII 

molecules and presents antigens derived from microbiota (Hepworth et al., 2015). 

Genetic ablation of MHCII expression on ILCs leads to CD4+ T-cell-dependent 

intestinal inflammation (Hepworth et al., 2013) and human pediatric patients suffering 

from inflammatory bowel disease (IBD) display decreased levels of MHCII levels on 

these cells. This suggests that intestine ILC3 population regulates immune responses 

against microbiota (Hepworth et al., 2015). 



 

 
 

Several mechanisms are employed in order to direct and shape immune responses 

in the gastrointestinal tract. Central immune tolerance is setting the stage to avoid 

a possible autoimmune attack against the gut tissue and its principal cellular and 

molecular components by the deletion of self-reactive T-cells and/or by their conversion 

to Tregs. However, the central tolerance is owning only limited time frame to employ 

its tolerogenic potential during thymocytes development. Peripheral tolerance is further 

enforcing tolerogenic process via deletion, anergy induction or conversion of 

thymus-escaped self-reactive T-cell into Tregs. Moreover, peripheral tolerance is also 

responsible for the induction of tolerance to T-cells directed to food antigens or 

commensal microbiota. In the next chapter, the composition and function of intestinal 

epithelium is discussed concisely, with the focus on the immune role of AMP 

secreting-PCs.



 
 

The gut can be anatomically subdivided to the small intestine and the colon (large 

intestine). Three well-defined segments form the small intestine: duodenum ï closest to 

the stomach, jejunum and the terminal part ï ileum. Similarly, the colon is divided to 

the caecum, followed by the proximal, transverse and distal colon and terminates 

with the rectum and anus. Both parts of the gut differ functionally, the small intestine is 

largely responsible for the absorption of nutrients and minerals from digested food, 

the colon is taking care of water re-absorption. Both parts also vary in their cellular 

composition and architecture (Mowat and Agace, 2014). Differences in the gut 

epithelium organization in the small intestine and the colon are depicted in the Fig. 2. 

 

Figure 2. Differences in the anatomical organization of the small (A.) and large intestine (B.).  

The small intestinal epithelium is organized into crypt-villus repeating units. Villi are 

finger-like protrusions oriented into the lumen of the gut, which maximize small 

intestinal absorptive surface area. They are covered by a single layer of differentiated 

epithelial cells with underlying network of capillaries and lymph vessels called 

the lamina propria. Several invagination forming crypts are attached to each villus and 

provide a niche for proliferating intestinal stem cells (iSCs) responsible for 

the self-renewal of the intestinal tissue.  

At least seven terminally differentiated cell types are present in the small intestine 

tissue: i) Enterocytes, the largest cell population in the villi, is responsible for 

the  acquisition of nutrients; ii) GCs, which secrete protective mucus; (iii) Microfold 

cells (M-cells), which form the connection between the intestinal lumen and immune 

cells by sampling intestinal content; iv) EECs, which produce and secrete hormones 

affecting peristaltic movements of the intestine and fluidity of its content; v) Tuft cells 

(TCs), possibly responsible for sensing of chemical substances of the intestinal content; 
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vi) PCs, which secrete AMPs and thus modulate the composition of intestinal 

microbiota; and vii) poorly defined cup cells (van der Flier and Clevers, 2009). 

In contrast, the colon lacks villi and therefore its surface form a flat area. Moreover, 

while crypts are smaller and PCs are absent in the colon, the mucine-secreting GCs 

population is enlarged in this part of the gut (Mowat and Agace, 2014).  

 

From the immunological point of view, the general function of the intestinal epithelium 

is the separation of its luminal content, full of the potentially harmful microorganism, 

from the host own body. In addition to this barrier function, intestinal epithelium uses 

several innate immune mechanisms to maintain the gut homeostasis. The main epithelial 

cell populations involved in this processes are mucus- and AMP-secreting GCs and PCs, 

respectively, which are described in more detail bellow. 

 

GCs are short-lived cells (lifespan 3-5 days) the proportion of which increases from 

the duodenum (4%) to the colon (16% of all epithelial cells) (Karam, 1999). 

GCs express and secrete several proteins that form the mucus. The mucus is responsible 

for: i) the protection against the injury mediated by chemical agents, mechanical stress 

and microorganisms by virtue of minimizing their contact with the epithelial cell wall 

or, alternatively, ii)  by forming a structural matrix serving antibodies and AMP for their 

adhesion and action (Johansson et al., 2011). The main constituents of mucus are 

mucins, trefoil peptides and resistin-like molecules ɓ (Dharmani et al., 2009).  

Members of the mucin family are the most abundant in the mucus. Mucins are highly 

glycosylated proteins rich in amino acids serine and threonine. More than two thirds of 

the molecule constitutes O-linked oligosaccharide side chains. Two types of mucins 

have been identified: i) secretory, gel-forming mucins (Muc2, Muc5, Muc6) and 

ii)  membrane-bound mucins (Muc1, Muc3, Muc4) which are present on the apical side 

of GCs and also enterocytes (Kim and Ho, 2010). Muc2 is the most expressed member 

of this family. This relatively large protein forms homotrimers via disulfide bonds, 

which endow them with a partial resistance to cleavage by stomach produced trypsin 

(Godl et al., 2002). The enhancement of mucin production occurs in Myd88-dependent 

manner whereby, as suggested by germ-free mice or antibiotic treated animals with 

reduced levels of mucins, signals are provided by intestinal microbiota (Ermund et al., 

2013). An essential physiological role of mucins can be documented by Muc2 deficient 

mice where the mucus layer is missing or it is severely reduced. In this case, 

the epithelial surface of the intestine is more permeable for microorganisms and a direct 

bacterial adherence to the epithelium is readily observable. This, in turn, leads to 



 
 

the development of colitis (Van der Sluis et al., 2006), which in longitudinal studies 

has the tendency to develop into adenomas and further progress into adenocarcinomas 

(Velcich et al., 2002).  

Additional, immunologically relevant function of GCs residing in the small intestine 

was recently recognized. During the secretion period, GCs form GC-associated antigen 

passages that are able to convey soluble luminal antigens to CD103+ DCs. 

These passages represent an additional route of luminal antigen delivery to 

the intestinal-associated immune system (McDole et al., 2012).   

 

PCs, due to their striking morphology crowned by the presence of large secretory 

granules, were described almost 150 years ago by the German anatomist Gustav 

Schwalbe and later on by the Austrian physiologist Joseph Paneth after whom they took 

the name, reviewed in (Clevers and Bevins, 2013). In contrast to other epithelial cells 

populations, which are rather short-lived (3-5 days), PCôs live span is much longer, 

approximately 4-5 weeks (van Es et al., 2005). Secretory granules of PCs are heavily 

packed with antimicrobial agents such as lysozyme (Deckx et al., 1967) and enteric 

Ŭ-defensins, which are the most abundant AMPs present in the intestine (Ouellette et 

al., 1992).  

Defensins are, in general, 30-40 amino acids long peptides, containing 6 cysteine 

residues joined by three intramolecular disulphide bonds. The joining pattern defines 

three major subfamilies of defensins named Ŭ, ɓ and ɗ. Apart from striking structural 

variations they also differ by their cellular source and the site of expression: Ŭ-defensins 

are further classified as myeloid (expressed primarily by neutrophils and to lesser extend 

by other granulocytes) (Selsted et al., 1985) or enteric (produced by PCs in the intestine) 

(Ouellette et al., 1989). ɓ-defensins are produced by many epithelial cells, including 

enterocytes in the colon, airway epithelial cells and kidney and urinary tract epithelia 

(Scheetz et al., 2002). The last group, ɗ-defensins represents cyclic peptides which can 

be found only in neutrophil granules of ñOld-worldò primate species; in humans they 

persist only as pseudogenes (Tang et al., 1999). 

In contrast to other antimicrobial agents produced by PCs (Hooper et al., 2003), enteric 

Ŭ-defensins are synthetized by PCs in a constitutive manner and their production does 

not require direct stimulation via pathogen-sensing receptors. This is evident from their 

prenatal expression by human PCs (Mallow et al., 1996) and from expression levels of 

enteric Ŭ-defensin by PCs of germ-free mice (Ouellette and Lualdi, 1990; Putsep et al., 

2000). Enteric Ŭ-defensins expression is partly driven by PCs differentiation program ï 

Wnt and ɓ-catenin drive the activation of T-cell factor protein 4 (Tcf4), which in turn 

activates expression from defensin locus (van Es et al., 2005), reviewed in details in 

the last chapter. 



 

 
 

Humans PCs are expressing two enteric Ŭ-defensin genes: DEFA5 (Jones and Bevins, 

1992) and DEFA6 (Jones and Bevins, 1993) which slightly differ in their structure and 

function. Both enteric Ŭ-defensins are primarily synthetized as pro-peptides. This form 

of synthesis allows the storage of highly cationic defensins coupled with anionic 

pro-region inside the PC granules. Defensin pro-peptide (~10 kDa) is cleaved after 

the secretion, when its mature form (~3-4 kDa) is generated. DEFA5 is processed to 

active form by a trypsin, which is also synthetized by PCs (Ghosh et al., 2002). 

Sequencing and assembly of the mouse genome revealed more than twenty murine 

enteric Ŭ-defensin genes (Shanahan et al., 2011), which are also called cryptdins 

(abbreviation for crypt defensins). Nevertheless, only 5 ï 7 of them are abundantly 

expressed by a single mouse strain (Ouellette et al., 1992) and the expression profile 

strikingly differs between various strains (Shanahan et al., 2011). Murine enteric 

Ŭ-defensins are synthetized in a similar fashion as their human counterparts, 

i.e. as pro-peptides, but they are chopped and activated by different enzyme ï matrix 

metalloproteinase 7 (Mmp7) (Wilson et al., 1999). Also in contrast to humans, defensin 

activation takes place prior to its secretion (Ayabe et al., 2002a). Mmp7 deficiency leads 

to the defective processing of enteric Ŭ-defensin pro-proteins and this, in turn, results 

in defensin deficiency and overall insufficiency in the protection against microbial 

infection (Wilson et al., 1999). 

Secretion of granules containing defensins is govern by exocytosis into the intestinal 

lumen in a low rate under steady-state conditions and increases in dose dependent 

manner with variety of stimuli, including Toll-like receptors ligands (Ayabe et al., 

2000), neurotransmitters (Satoh et al., 1995; Satoh et al., 1992), or immune mediators 

including IFN-ɔ. Notably, the presence of IFN-ɔ in the intestine leads to PC 

degranulation, followed by a cell extrusion. If IFN-ɔ presence is sustained for 

a longer time, it leads to the diminishment of PC numbers (Farin et al., 2014). In general, 

stimulation of the secretion-enhancing receptor leads to the intracellular increase 

in cytosolic Ca2+ which activates potassium channel KCa3.1. The use of 

pharmacological blockers of KCa3.1 channels inhibits defensin secretion (Ayabe et al., 

2002b).  

The local concentration of enteric Ŭ-defensins in the base of the crypt reaches 

approximately 100 mg.ml-1 (Ayabe et al., 2000; Ghosh et al., 2002), what is ten-times 

more than the concentration of myeloid Ŭ-defensin in the phagolysosome of 

the granulocyte (Ganz et al., 1985). This enormous amount of released AMPs opens 

the question concerning the precise role of enteric Ŭ-defensin in the intestinal 

antimicrobial immunity. Generally speaking, defensins are potent agents against 

Gram-positive and negative bacteria, fungi, protozoa and certain enveloped viruses 

(Selsted and Ouellette, 2005). Their mode of action is versatile, including a direct pore 

formation into cellular wall due to their cationic charge (White et al., 1995), binding to 

newly synthetized constituent of pathogenôs cell wall (Sass et al., 2010), opsonisation 

and blocking of pathogen entry into the host cells (Selsted and Ouellette, 2005) or by 



 
 

pathogen toxin binding, promoting toxins unfolding and higher susceptibility to 

proteolysis (Kudryashova et al., 2014). 

The research conducted so far, unfortunately, lacks the demonstration of immune 

phenotype under the condition of genetic enteric Ŭ-defensins ablation or their complete 

functional deficiency. Nevertheless, indirect evidence obtained from the expression of 

transgenic human DEFA5 in murine PCs, or from mice carrying several mutations 

particularly affecting PC function, do exist. 

The presence of human DEFA5 transgene in murine PCs reaches similar levels of 

expression as endogenous enteric Ŭ-defensins, what suggests common features 

in the requirement for activation of defensin loci in mouse and human. After oral 

infection with Salmonella enterica typhimurium, DEFA5 transgenic mice, in contrast to 

wild-type controls, are immune to infection, suggesting that the addition of a single 

defensin gene to murine intestinal system is sufficient to confer immunity against this 

pathogen bacteria and that higher defensin peptide diversity likely provides 

some evolutionary advantage (Salzman et al., 2003b). The same effect of ñacquiredò 

protection against various pathogens was described also in the case of DEFA6 

transgenic animals (Chu et al., 2012). Moreover, tangible changes in the composition of 

intestinal microbiota were observed in DEFA5 transgenic animals. Notably, the authors 

observed the increase of Bacterioides phylum and decrease in Firmincutes phylum 

in the gut. In line with previous results, Mmp7 deficiency and consequent inability of 

PCs to degranulate processed defensin peptides (Wilson et al., 1999), leads to inverse 

situation: the increase of Firmincutes phylum and decrease of Bacterioides phylum. 

Among Firmincutes phylum the microbe called segmented filamentous bacteria (SFB) 

is specifically increased in its numbers (Salzman et al., 2010). This is important since 

SFBs were previously shown to induce Th17 inflammatory response in the gut, 

via the increase of IL-17 producing lamina propria T-cells (Ivanov et al., 2009). 

Consistent with this scenario, DEFA5 transgenic animals have no detectable SFBs and 

lower number of IL-17 producing T-cells (Salzman et al., 2010). These experimental 

models thus established the positive role of enteric Ŭ-defensins in anti-inflammatory 

modulation of intestinal microbiota and immunoprotection against pathogenic intruders 

under steady-state conditions.  

PC compartment undergoes dramatic changes under perturbed situations which are 

mediated by pathogenic invasions or when genes affecting PC-dependent defensin 

production are mutated. These events lead to a wide spectrum of pathologies including 

IBD and cancer. IBD, precisely ileal form of Crohnôs disease, is associated with an 

abnormal composition of intestinal microbiota and its higher adherence to gut mucosa 

(Sartor, 2008, 2010). The first gene described to be associated with Crohnôs disease was 

NOD2. Some patients with Crohnôs disease bear mutations in NOD2 gene or carry its 

dysfunctional allelic variants (Hugot et al., 2001; Ogura et al., 2001). NOD2 is the 

pattern recognition receptor with the ability to sense bacteria derived muramyl dipeptide 

and activate NF-əB dependent cascade (Kobayashi et al., 2005). Later research 

determined high expression levels of NOD2 in PCs (Lala et al., 2003). Decrease in 



 

 
 

DEFA5 and DEFA6 production was observed in patients suffering from Crohnôs disease 

and bearing mutation in NOD2 gene. Nevertheless, PCs themselves remain intact and 

their numbers remain unchanged (Wehkamp et al., 2004; Wehkamp et al., 2005). Nod2 

deficient mice copy the phenotype that is observed in NOD2 deficient human patients 

as the genetic ablation of mouse gene leads to diminished enteric Ŭ-defensin expression 

(Kobayashi et al., 2005) and to changes in the composition of intestinal microbiota 

(Petnicki-Ocwieja et al., 2009).  

Mutations in essential member of Wnt signaling pathway TCF4 were found in some 

patients encoding a fully functional NOD2 gene but still suffering from the ileal form 

of Crohnôs disease. Such mutations in a single allele of TCF4 are sufficient to cause 

the decrease in enteric Ŭ-defensin levels what diminishes their overall killing capacity 

in both human patients with Crohnôs disease (Wehkamp et al., 2007) and the mouse 

model of this disease (Koslowski et al., 2009). Recently, several other Crohnôs disease 

susceptibility genes, which are essential for PC function, were identified (Clevers and 

Bevins, 2013). Available data thus implicate the role of PCs and their microbicidal 

products in pathogenesis of Crohnôs disease. 

Mutations in Wnt cascade of intestine epithelial cells are also responsible for the colonic 

carcinoneogenesis. The constitutive activation of Wnt pathway, via Adenomatous 

polyposis coli (Apc) mutation for example, leads to higher proliferation and 

differentiation rate of intestinal crypts. The newly formed tumors consist of terminally 

differentiated PCs, among other cells (Andreu et al., 2005). Higher overall number of 

PCs leads to the higher expression of enteric Ŭ-defensins, which are in the case of 

adenoma and adenocarcinoma secreted also to the blood stream (Joo et al., 2009; 

Radeva et al., 2010). Thus enteric Ŭ-defensins might serve, in the future, as promising 

biomarkers for early diagnosis of colon cancer from the human sera. 

Pathogens can also directly affect PC population. For example Salmonella enterica 

tymphimurium induces the expansion of PC population (Martinez Rodriguez et al., 

2012), but counterintuitively, its presence leads to the downregulation of enteric 

Ŭ-defensins expression by these cells (Salzman et al., 2003a). Loss of PC population 

was observed during the infection by intracellular parasite, protozoan Toxoplasma 

gondii. As the consequence of such infection, mice generate a large amount of IFN-ɔ 

(Raetz et al., 2013), which was shown to promote PC degranulation and their extrusion 

(Farin et al., 2014). PC loss leads to changes in the composition of microbiota, 

characterized by the uncontrolled outgrowth of gram-negative Enterobacteriaceae 

(Raetz et al., 2013). 

In aggregate, the homeostasis of PCs is kept in check with various mechanisms. This is 

essential, as PCs have a unique ability to modulate the composition of intestinal 

microbiota, with far reaching consequences impacting the function of the gut immune 

system. These instances are described in the next chapter together with the scheme of 

intestine-associated cellular components of immune system. In addition, PCs play 



 
 

a critical role in the protection of the iSC niche in the bottom of crypts and support their 

homeostasis by niche signals (reviewed in the last chapter of this thesis). 

 

Priming of adaptive immune system in the gut takes place in the gut-associated 

lymphoid tissues (GALT) and gut-draining lymph nodes, while the effector cells are 

located diffusely across the epithelium or in the lamina propria. GALT includes 

macroscopically visible Peyer´s patches and smaller structures ï isolated lymphoid 

follicles and cryptopatches. Each of these structures contains M-cells and DCs 

responsible for antigen uptake. In Payer´s patches, large B-cell and much smaller T-cell 

zones can be distinguished, while in smaller GALT structures, B-cells are predominant 

(Mowat and Agace, 2014). The lymph is drained from the gut to several anatomical 

locations: duodenum and transverse colon are primarily drained by duodenopancreatic 

lymph nodes (buried in pancreatic tissue); ileum, jeunum and parts of the colon (ceacum 

and proximal colon) by the mesenteric lymph node (mLN) and distal colon with rectum 

by caudal lymph node (Carter and Collins, 1974). 

Intestinal lamina propria contains several immune effector cell populations including 

B-cells, T-cells, DCs, macrophages, granulocytes and mast cells, while intestinal 

epithelium is mostly occupied by T-cells. 

 

B-cells and plasma cells residing in the gut lamina propria and GALT are responsible 

for the secretion of IgM and IgA antibodies directed against specific luminal-derived 

antigens.This process requires sampling of luminal antigens by M-cells, which are then 

passed on and processed by DCs, which in turn, can activate T- and B-cells. Plasma 

cells can also undergo a class switch in order to produce IgA antibodies. Secretory IgA 

(sIgA; dimer of IgA joined by J-chain) or IgM (sIgM; pentamer joined by J-chain) are 

then transcytosed with the use of polymeric immunoglobulin receptor from 

the basolateral side of the enterocyte back into the lumen (Mantis et al., 2011). 

Microbial-epithelial cell interactions are modulated by sIgs in several ways: i) sIgs bind 

pathogens-derived toxins and thus prevent their activity on epithelial cells (Apter et al., 

1993; Stubbe et al., 2000); ii) sIgs bind pathogenôs receptors blocking their attachment 

to epithelial cell (Helander et al., 2004; Helander et al., 2003); iii) immune exclusion ï 

peristaltic clearance of pathogens or toxins heavily coated by sIgs which crosslink 

several pathogens together and entrap them in the mucus (Stokes et al., 1975); 

iv) sIgAs bind to pathogens and forms immunocomplexes which can be internalized by 

M-cells in Dectin-1-dependent manner, these complexes are latter presented by DCs 

(Rochereau et al., 2013). 



 

 
 

T-cells are localized in the gut at two places: i) intraepithelial lymphocytes are T-cells 

embedded in close proximity to intestinal epithelial tissue and ii) the remaining T-cells 

are localized to the lamina propria. Intraepithelial lymphocytes, at least in mice, can be 

further subdivided by the TCR type on ŬɓTCR+ cells with CD4 or CD8Ŭɓ coreceptors, 

ŬɓTCR+ cells with CD8ŬŬ homodimer and ɔŭTCR+. In the lamina propria CD4+ and 

CD8+ T-cells are observed in the ratio 2:1. Among CD4+ T-cells Foxp3-producing Tregs 

cells are quite dominant. T-cells residing in the gut are responsible for the protection 

against potential intruders and also ensure tolerance to commensals and food antigens. 

TCR invariant T-cell populations are responsible mainly for non-protein pathogens 

derived antigens recognition (Mowat and Agace, 2014). 

 

From the myeloid cell lineage, macrophages and DCs are the most abundant cells 

in a healthy lamina propria (Mowat and Agace, 2014). Macrophages are responsible for 

phagocytosis and the clearance of death cells and pathogens. They are also expressing 

high levels of tolerogenic IL-10, thus being an additional source of this cytokine 

in the intestine (Ueda et al., 2010). Gut-resident DCs are critical for the maintenance of 

oral tolerance, their role in this process was reviewed in ñPeripheral toleranceò chapter. 

 

Intestinal microbiota can modulate the polarization of T-cell responses and regulate the 

balance between the frequency and distribution of distinct immunologically relevant 

cellular lineages. For example, the colonization of germ-free mice with Clostridia 

species and Bacterioides fragilis leads to the development and enrichment of 

tolerogenic IL-10-producing peripheral Foxp3+ Tregs (Atarashi et al., 2013; Atarashi et 

al., 2011; Round and Mazmanian, 2010). Lactobacillus was shown to cause changes 

in intestinal microbiota and elevated production of tolerogenic cytokines IL-10 and 

IL -13 (Maassen and Claassen, 2008). In contrast, SFBs or non-filamentous 

ATP-producing microbiota (Atarashi et al., 2008) were shown to polarize CD4+ T-cells 

to Th17 response (Ivanov et al., 2008) by the induction of Th17-polarizing DCs (Goto 

et al., 2014; Ivanov et al., 2009) or by the presentation of SFB antigens by MHCII+ 

ILC3s (Lecuyer et al., 2014). It is also of note, that gut-induced Th17 cells were 

associated with pathogenesis of autoimmune arthritis (Wu et al., 2010). 

 



 
 

PCs are associated with the maintenance of iSCs niche not only via the secretion of 

AMPs which preserve the iSCs crypt department astonishingly clean, but they also 

secrete essential factors which provide support for keeping the homeostasis of iSC 

niche. The pluripotent activity of the iSCs was mapped into the crypt several decades 

ago, reviewed in (van der Flier and Clevers, 2009). Nevertheless, their precise cellular 

position within the crypt has remained elusive. Basically, two models are currently 

considered: i) +4 cell model and ii) crypt base columnar cells (CBCs) model. The former 

model originally proposed that cell positions from one to three (counted from the base 

of the crypt) are occupied by PCs while iSCs reside in the position +4.  The cellular 

organization and numbering of crypt cells are schematically depicted in Fig. 3A. It was 

reported that these cells retain DNA-label, presumably due to asymmetric divisions 

(Potten et al., 1974) and are unusually radio-sensitive (Potten, 1977). The CBCs model 

suggested that putative iSCs are CBCs ï small, symmetrically dividing, quickly cycling 

cells intermingled with PCs in the base of the crypt (Cheng and Leblond, 1974). 

The identification of exclusive marker of CBCs ï leucine-rich repeat containing 

G-protein coupled receptor 5 (Lgr5) ï enables the lineage tracing of differentiated cells 

originating from CBCs. CBCs have the potential to give rise to all intestinal epithelial 

lineages (Barker et al., 2007), including cells residing on +4 position, which retains Lgr5 

expression (Roth et al., 2012; Wang et al., 2013). Recent studies using different lineage 

tracing approaches integrated these two models together, revealing that +4 cells are 

PC/EEC precursors with the stem cell potential. When a damage of original CBCs 

occurs, cells residing on +4 position replace them, forming a ñreserveò pool of stem cell 

(Buczacki et al., 2013). The current interpretation of developmental relationships of 

various intestinal cells is presented in Fig. 3B. 

Figure 3. A. Position of cells in the crypt. Cells in position +4 and +5 are differentiating into 

absorptive or secretory lineage and cells localized in the upper position are still transiently 

amplifying. B. CBCs give rise to both absorptive and secretory lineages. Cells in the position +4 

give rise to EECs and PCs. Under perturbed physiological conditions which damage CBCs and 

their stem cell potential, +4 cells might serve as reservoir of iSCs. 
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Lgr5, identified as a marker of iSCs (Barker et al., 2007), is an integral regulator of Wnt 

signaling cascade (de Lau et al., 2011), which is essential for the development of 

intestinal tissue and maintenance of iSC self-renewal capacity (Korinek et al., 1998). 

Intracellularly, the most important player in Wnt cascade is ɓ-catenin. Despite its 

involvement in catherin-based adherent junctions (Ozawa et al., 1989), it also modulates 

the ability of other proteins to bind DNA and thus regulate the process of gene 

transcription (Siegfried et al., 1994). In the absence of Wnt pathway mediated signals, 

the cytosolic ɓ-catenin is destined for degradation by proteasome and this process 

integrates inputs from a large complex involving scaffolding proteins Axis inhibitory 

protein (Axin) (Ikeda et al., 1998), Apc (Rubinfeld et al., 1993) together with kinases 

casein kinase 1 (Ck1) and glycogen synthetase kinase 3 (Gsk3) (Siegfried et al., 1994). 

The cascade is shown on Fig. 4.  

It should be noted, that the Wnt signaling pathway delineated in Fig. 4 is recognized 

as ñcanonicalò, and at least three other diversions from this main signaling pathway 

have been already described. The ñnon-canonicalò Wnt pathway is largely involved 

in the cytoskeletal reorganization, cell polarity maintenance or calcium signaling 

(Nusse, 2012). Lgr5 serves as the receptor for Wnt-pathway agonists called R-spondins 

(de Lau et al., 2011), the recognition of which leads to the inhibition of continuous 

process of marking Frizzled receptors for degradation. This leads to the stabilization of 

Wnt-signaling (Hao et al., 2012) and consequently, to enhanced proliferation of iSCs 

(Kim et al., 2005).   

Disruption of Wnt signaling pathway results in the disappearance of intestinal crypts, 

followed by the disruption of whole intestinal architecture as demonstrated by the Tcf 

(Korinek et al., 1998) or ɓ-catenin (Ireland et al., 2004) genes knock-outs. Thus, 

Wnt signaling pathway serves as the critical molecular mechanism regulating 

the maintenance and homeostasis of the intestine. The importance of canonical Wnt 

cascade is further underlined by the occurrence of mutations in genes encoding 

regulatory and signaling elements of this pathway and their tight association with 

the process of carcinogenesis (Krausova and Korinek, 2014). 



 
 

 

Figure 4. Wnt-signaling cascade. A. Cascade in turned-off state. B. Cascade in turned-on state. 

Wnt-signaling pathway is initiated by the binding of Wnt to its receptor complex formed by 

seven-transmembrane spanning domains containing protein from Frizzled family ς Frizzled7 

(Flanagan et al., 2015), and low-density lipoprotein receptor-related protein (Lrp) serving 

as co-receptor (Janda et al., 2012). The binding of Wnt ligand leads to the conformational 

change of its receptor Frizzled and phosphorylation of adaptor protein associated with Frizzled, 

named Dishevelled (Dvl) by Ck1 (Bernatik et al., 2011). Dvl and Ck1 also co-operates 

in the phosphorylation of Lrp cytoplasmic tail, which leads to the binding of Lrp to Axin and 

failure to catalyze the marking of -̡catenin for degradation by Axin-Apc-Dvl-Ck1 kinase 

complex (Kim et al., 2013)Φ ¢ƘǳǎΣ ʲ-catenin freely accumulates in the cytoplasm and 

the nucleus, where it replaces Groucho proteins in tight association with lymphoid enhancer-

binding ς TcfΦ ʲ-catenin and Tcf family members act together as transcriptional activators of 

specific target genes (He et al., 1998). 

 

The iSC niche is established by cells which are in a direct contact with the base of 

the crypts ï subepithelial myofibroblasts in basal lamina and by PCs interspersed 

between iSCs. Both of these populations secrete factors essential for intestinal 
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homeostasis and cell proliferation. Notably, myofibroblasts secrete Wnt2b and 

epidermal growth factor (Egf) (Farin et al., 2012) while PCs are expressing Notch 

ligands Delta-like 1 and 4 (Dll1 and Dll4), Egf, Wnt3 and Wnt11 (Sato et al., 2011). 

In the large intestine, where PCs are missing, is their role in the provision of iSC niche 

signals replaced by GCs (Rothenberg et al., 2012). 

The dependence of iSCs on PCs and their production of niche factors have been 

documented in several murine models with transiently reduced numbers of PC 

compartment. For example, in mice lacking transcriptional repressor Gfi1, which is 

important for PC development (Shroyer et al., 2005) and in mice, where diphteria toxin 

A is expressed under the enteric Ŭ-defensin promotor (Garabedian et al., 1997), is the 

number of PCs reduced. This reduction leads to a lower number of iSCs, but overall, 

the intestinal architecture is still preserved, suggesting that even limited numbers of 

remaining iSCs and PCs are sufficient to maintain the intestinal homeostasis 

(Garabedian et al., 1997; Shroyer et al., 2005). PC-derived niche signals are responsible 

for the fate decision of symmetrically dividing iSCs. Newly generated iSCs compete for 

a cell-cell contact with PCs which provide stemness maintaining signals. If, due to 

spatial restriction, the loss of contact with PCs occurs, iSCs are pushed upwards from 

the bottom of the crypt to the line of transiently amplifying cells and starts to 

differentiate (Snippert et al., 2010). 

Transiently amplifying cells can give rise to all differentiated intestinal lineages. 

The balance between Wnt and Notch signals keeps cells in undifferentiated state. 

When Notch signals are blocked pharmacologically (Wong et al., 2004) or genetically, 

only secretory GCs are being developed (Riccio et al., 2008). Conversely, 

the overexpression of Notch receptors on intestinal epithelium leads to 

the differentiation of cells exclusively towards the absorptive lineage and depletion of 

secretory cells (Fre et al., 2005). This strongly suggests that Notch signaling is 

controlling the cell-fate decision between secretory and absorptive cell lineage. Notch 

signaling activates genes from Hes family, which acts as repressors on Math1. Deletion 

of Hes1 leads to a decreased number of enterocytes and increased number of secretory 

cells (Suzuki et al., 2005), while the Math1 deletion leads to the presence of only one 

cell lineage in the gut ï enterocytes (Yang et al., 2001). Math1 further activates 

the expression of Gft1, which is required for PC and GC, but not for EEC development, 

and thus the presence of the latter is increased in Gft1-deficient animals (Shroyer et al., 

2005). 

Essential signals for PC development are provided by continuous Wnt signaling via 

Frizzled 5 receptor. This signaling induces the expression of PC signature genes like 

enteric Ŭ-defensins in ɓ-catenin and Tcf4-dependent manner (van Es et al., 2005). 



 
 

Overarching aim of the thesis is to describe the mechanisms underpinning 

the immunological tolerance in the intestine as well as those mechanisms which 

contribute to the maintenance of intestinal homeostasis. Several specific questions were 

postulated: 

I) Why are enteric Ŭ-defensins, AMPs secreted exclusively by intestinal PCs, 

expressed also in the thymus and how critical is the production of thymic 

enteric Ŭ-defensins for the maintenance of tolerance in intestinal tissue. 

 
II)  What is the role of the transcriptional regulator Hic1 in PC development 

and the homeostasis of intestinal tissue?  

 

III)  Is Nkd1, the regulator of Wnt cascade, expressed also by intestinal cells 

with active Wnt cascade?  
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Enteric Ŭ-defensins are short AMPs synthetized and secreted by crypt-based intestinal 

PCs (Ouellette et al., 1989; Ouellette and Lualdi, 1990). They are probably the most 

effective AMPs with the congruent capacity to modulate the composition of intestinal 

microbiota (Salzman et al., 2010) and kill pathogens (Salzman et al., 2003b). PCs, along 

with the synthesis of enteric Ŭ-defensins, also provide Wnt signals which are essential 

for the maintenance of iSCs, as both PCs and iSCs cohabitate the base of intestinal 

crypts (Sato et al., 2011). The loss or diminished production of enteric Ŭ-defensins by 

PCs are responsible for at least some aspects of the initiation and preservation of IBD 

(Ogura et al., 2003). PCs also produce many other important molecules supporting  

proper functions of intestinal immunity, such as other types of antimicrobials, cytokines 

and receptors involved in innate and adaptive immunity (Clevers and Bevins, 2013). All 

the above-described properties defines PCs as the essential cell type required for the 

maintenance of intestinal homeostasis. 

Previous results showed reactivity of APECED patientôs sera with secretory granules of 

PCs, suggesting a possible link between PC-synthetized self-antigen and APECED 

autoimmunity (Ekwall et al., 1998). In APECED patients, AIRE gene is inactivated by 

various mutations (Consortium, 1997; Nagamine et al., 1997) that can lead to the loss 

of AIRE-regulated TRA production (Anderson et al., 2002) and impaired negative 

selection of developing thymocytes (Liston et al., 2003). Gastrointestinal symptoms 

associated with APECED are relatively frequent and heterogenic and are often 

manifested as constipation, malabsorption and diarrhea, or their combinations 

(Perheentupa, 2006). So far, these types of gastrointestinal autoimmunity in APECED 

were linked to inoperative immune tolerance to self-antigens produced by EECs (Ekwall 

et al., 1998; Soderbergh et al., 2004). EECs are secretory intestinal cells responsible for 

the gut peristaltic movement and it was suspected that their loss causes autoimmune 

conditions with variable clinical outcome as described above (Posovszky et al., 2012). 

In our presented study, we have shown that human and mouse thymic mTECs produce 

enteric Ŭ-defensins. Approximately 30% of APECED patients were seropositive for 

enteric Ŭ-defensins autoantibodies, and some of them still harbor enteric 

Ŭ-defensin-reactive T-cells in their peripheral blood. The presence of defensing-specific 

autoantibodies correlated with the diarrhea disease component. In addition, in some of 

these patients, the complete loss or diminishment of PCs were readily observable. 

In order to mechanistically test the possible role of enteric Ŭ-defensins as intestinal 

self-antigens, we established a new murine model of APECED disease. The model is 

based on the premise that due to a faulty negative selection of Aire-deficient mice, 

defensin-specific T-cells occur in the periphery and that their self-aggressiveness 

against PCs can be detected by their transfer to immunocompromised mice. 

Specifically, since Aire is the master regulator of enteric Ŭ-defensin expression in 



 

 
 

murine mTECs, Aire-deficient and wild-type control mice were immunized with enteric 

Ŭ-defensins to amplify and visualize the presence of defensing-specific self-reactive 

T-cells in the immune periphery. The adoptive transfer of these T-cells derived from 

Aire-deficient mice to Nude mice recipients resulted in the decrease of PCs, dysbiosis 

of intestinal microbiota and, consequently, in the increase of pathogenic 

proinflammatory IL-17 and IL-23R expressing T-cells in the gut. Our data thus provide 

a causal link between the impaired negative selection in the thymus and intestinal 

autoimmunity in Aire-deficient environment (Dobeġ et al., 2015). The study was 

recently highlighted by two commentary articles (Traverso, 2015; Yusung and Martin, 

2015). 
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Hypermethylated in cancer 1 (Hic1) is a transcriptional repressor which controls 

the expression of several genes implicated in the control of cell cycle and stress 

responses in sequence-specific manner (Rood and Leprince, 2013), or via the interaction 

with other transcription factors, as it was shown for its binding to Tcf4, leading to 

the inhibition of Tcf4-dependent genes expression (Valenta et al., 2006). Tcf4 is 

the essential factor for Wnt signaling pathway which also controls the intestinal tissue 

development and function (Korinek et al., 1998; Wehkamp et al., 2007). Hic1 was also 

shown to repress the expression of Math1 and Sox9 genes (Briggs et al., 2008) which 

are responsible for the development of intestinal secretory cells including PCs (Durand 

et al., 2012), suggesting potential role of Hic1 in intestine development and homeostasis 

maintenance.  

HIC1 gene is frequently inactivated by DNA methylation in solid tumors of human 

patients (Wales et al., 1995) and mice deficient in a single Hic1 allele develop 

spontaneously malignant  tumors due to the inactivating methylation of the remaining 

Hic1 healthy allele (Chen et al., 2003). 

The tissue-specific ablation of Hic1 in the intestinal epithelium leads to increased 

frequency of PCs. Their transcriptional analysis revealed higher expression levels of 

Math1 and Sox9. This suggests that the absence of Hic1 leads to the loss of the negative 

regulatory loop shifting the overall intestinal development towards the secretory 

lineages. The transcriptional profiling of wild-type and Hic1-deficient mouse 

embryonal fibroblasts revealed Toll-like receptor 2 (Tlr2) as the candidate gene heavily 

repressed by Hic1 presence. Chromatin immunoprecipitation with Hic1 specific 

antibodies showed direct association of Hic1 with Tlr2 regulatory elements. Moreover, 

Hic1 deficiency leads to the overall increase in Tlr2 expression in a large fraction of 

intestinal epithelial cells and higher susceptibility of experimental animals to 

colitis-associated tumorigenesis (Janeckova et al., 2015). 

 

 

 

 

 

 

Applicantôs contribution: FACS analysis of intestinal populations and PCs, FACS 

analysis of Tlr2 expression by intestinal cells, isolation of PCs by FACS-sort. 



 

 
 

 


