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ABSTRACT

Immune tolerance to host own tissues and cells is the fundamental attribute of properly
working immune system. The repertoire of effectecells, which possess randomly
generated antigespecific receptors, is during their development shdpedaentral
immune tolerance to retain only those specificities which do not recogniznsigins.

In addition, various mechanisms of peripheral tolerakeep in check potentially
selfreactive cells which escaped from the protective mechanism of Icei¢rance.

Thus, a tight regulation of tolerance, operating at several anatomical places in the host
body, collectively imposes immune homeostasis wmdl-being of the organism.

The breach of central tolerance can have far reaching consequences, astoeau

by mutations inrAutoimmune regulatogene. These mutations lead to the development

of severe autoimmune disease, comprising several alinicomponents,
gastrointestinahssociated symptoms including. We have shown, that in the absence of
Autoimmune regulator, the occurrence of gastrointestinal symptoms is associated with
the loss of thymime di at ed central -tletehsimg, ®ssentnl t o
antimicrobial peptides produced by intestinal Paneth cells. The loss of tolerance leads
to the escae of defensirspecific T-cells to immuneperiphery and consequently,

to their attack on Paneth cells, resulting in their diminishinThis, in turn, impacts

the composition of intestinal microbiota, affecting the polarization-gTs in the gut
towards Thl7 phenotype whicfurther provides a milieu supporting inflammatory
autoimmunity and perturbations in intestinal hostasis. Moreover, we showed

the importance of several members of Waiinaling cascade in the regulation of
intestinal homeostasis and their impact on imrnegliated dysfunction of intestinal
epithelia.
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ABSTRAKT

Jednou ze z8kladn2ch vliastnost?2 spr8vnhD func

<

tolerance ket k 8 n2 mv | tal3lt vn 2 m. Centr 8l nz t ol erance z
Tbunhl nTch kl onT nesouc2ch antigennhD speci
antigeny produkovang Dl u vl astn2mi tk8nDmi. Rozlil n® me

ng§slednhN zabezpel ujmN kaounttorroel auk tniavdn 2pmoi t ebnucR k&§a m
vbrzl2ku odstraniDny b Iolemme. Spavng mastaeemni 2 centr
aregul ace tolerogenn2ch procesT je tedy dTI

organi smu. Narugen? centr Sldnkey , t ocloegr amTE@e migl
dokumentovano mutacemi genu kodujicimAutoimunitni regulator Tyto mutace
vedou krozvoji vz2cesl ogkov®ho aut oi munitn2ho

i gastrointestinalni trakt. Tato prace popisuje spojitost mezi absenci Autoimunitniho
regulatoru a ztratou centrdlni tolerancalnt i mi kr obi 8l n2m produkt Tm

buniteknt er i-dcekflem sUi n T m. Z t @nkku dafensirebkévniehn c e vede
TbunhNDk mimo briljkch mEokeadmBd KPanet hovy buRK
zanasldek sn2gen2 poltu Panethovich bunhRk, cog
mikrofléry a polarizaciToun Rl n® odpovNRdi Tha7spBev®Bnel s mD
buRk&m, kter® mohou d8le negativnhD ovlivRova
navicpoukazg na dTlegitost nNhNkolika komponent Wnt
st Sevn2 homeost§8zy a jejich vliiv na nhRkter®
epitelem.
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INTRODUCTION

LITERATURE OVERVIEW

1. INTRODUCTION

The gastrointestinal tract & internalorgan of ourbody specializedn digestionof
food, uptake of nutrientand reabsorption of wateit formsa physicabarrierbetween

its luminal content andhe h o s ow@ body. The tract itself epreserg probably
thelargest surfacarea capable ofdirect contact with foreign particles and pathogens
(Mowat and Agace, 2014 thesurface ohumansmall intestie aloneis estimated to

be larger than 300 hMoog, 1981) Intestine is continuously exposedittarge amount

of foreign antigenic raterial, processingmore than one hundred gram dietary
proteinsper day(Brandtzaeg, 1998)ntestinealsoaccommodatea large amount of
microbeswhoseload increasgalong the gutreaching 1& bacteria per gram of gut
contentin the colonMacfarlane and Macfarlane, 1997Ther overallabsolute number

of one hundredkillions dramatically outumbes thehost own cells(Pabst and Mowat,
2012)and hencgfor the host, theyepresent inflammatory and infectious threats with
deadly potential. If the intestinal content of the gut leaks into circulation, experimental
mice survive ho mie than severdiours(Buras et al., 2005Y hus, akinginto account
that mucosal barrier irelatively thinand intestinal epithelium is formda a single
layerof epithelial cellsaffording intestine with powerful immune mechanisms capable
of maintaining intestinal homeostasis ithe essentialrequirementfor the host
well-being.

Evolutionary, in singlecell 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 outc@hen et al., 2007)

That suggests tight coevolution of digestive and immune system. During the evolution
of multicellular organisms, the initial extracelnl digestion was replaced by
aninvagination forming onevay digestive system, which preated losses of digested
nutrients. Later, this evolutionary innovation developed into digestive tube with two
openings. Such organ created a niche which wéenized by microbes #i 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 numberideritfy 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 syste(Broderick, 2015)

Immune system in the gut must discriminate between harmful and pathogenic intruders
on one side and antigens derived from ingested fowH commensal microbiota,
ontheother. Virtually any antigenic spécity is generated by a genetic recombination

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

generated without regard to their target, i.e. foreign-geif) versus endogenous (self)
antigens, efficient tolerogenprocesses occurring in the thymus anchune 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 autoimune 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 presemtd thesis, firstmechanisms of immune lewance which are controlling
T-cell repertoireare reviewedcommencing with Jcells development in the thymus.
Specifically, essential cellular and molecular players in positive and negative thymic
selectionare hghlighted 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 cell$PCs) and the specific role of
components of hematopoietic intestinal immausystenis describedThe last part of

the literature overview is devoted to the development of intestinal epithelium and
irreplaceable role of Wnt signalingscade in this process.
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IMMUNE TOLERANCE

2. IMMUNE TOLERANCE

Immune tolerance is defined as the state of unresponsiveness to the antigatsalhich
display the capacity to elicit the immune response. Immune tolerance is divided
accading to the placevhere it isestablshed to: i) central tolerance (thymus focdlls,
bonemarrow for Bcells) and ii) peripheral tolerance (immune phary).

2.1. Central Tolerance

Bonemarrow derived T-cell precursors migrate into the thymus uondergotheir
developmental programvhich is accomplished by the generatadrfunctional T-cell

receptors (TCRs). The generation of TCR diversity is direlotethe process of VDJ
recombinationwhereby thaandom rearrangemenf defined gene segments leads to

the production of &arge p@l of TCRs with distinct antigenic spediiiies (Stritesky et

al.,, 2012) Ul ti matel vy, thymic devel opment al progr a
and not har mf ul 0 ifie€ Riretcadhtbwargle mosetf epitopes,c i f i ¢
including those encoded by pathogens. However, VDJ recombinatiorieal$oto
thegenerationofius el ess or p o T-eelhdonesbkaring TGRawhicke r o u s 0
are unable to recognize peptidajor histocompatibility complexes (pMHG®) TCRs

which are able toecognize hosencodedself-antigens and thus havitige potential to

be selfreactive Thymocytes with this useless or dangerous T@RBcHicities are

efficiently removed during Eell thymic development by the process of central
tolerancgKlein et al., 2009; von Boehmer et al., 1989)

The fate of developing-€ells in the thymus is determined by the interaction of their
newly generated TCRs withMHC complexeson the surface of thymiantigen
presenting cellsAPC9. Clearly, the peptide presedtby MHC and its source are
thekey parameters. First, developingc@&lsin doublepositive (DP) stage DP T-cells
co-express CD8 and CD4 molecules) undergo positive selection in the thgrtéz,c
where they interact withortical thymic epithelial cells (cTECgxpressing both MHC
class | and Il molecules. Depending on Th€ R ability to interactvith MHC class |
or Il molecule developingthymocytesbecome CD8 or CD4 positiviKlein et al.,
2014) Only T-cells which areable to sense peptides pneal by MHC molecules
proceed to the medullary part of the thymus, wiaeectheysubjected to the process of
negative selection. Negative selectisra critical event for the removal ofcells with
the abiity to recognize seléntigers. The pathway desbing the developing thymocyte
journey through the thymus is schematically visualized in Fig. 1.
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Cortex

cTEC

Precursor from
bone marrow

Medulla

T-cell
migration to
periphery

Figure 1.The scheme of -€ell development in the thymus and its interact®with several
types of APCs. Double negative (DNgéll, which is not exjgssing CD4 nor CD8-teceptor
molecules, is undergoing TCR rearrangement (from DN1 to DN4 stagel). clones with
successfully rearranged TCR start to express both CD8 and CD4 molecsiiagéDBnd test

their ability to interact with host encoded MIC molecules by a direct contact with cTECs,
resulting in the single positive (SP) stage. Thesell$ translocate to the medulla, where they

interact with several APCs in order to eliminate potentially-sedictive Fcells (Klein et al.,
2014) It is estimated that a developing thymocyte remains in the medulla f&#ddys during
which it performs several hundred interactions with various AfKG=n, 2009)
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IMMUNE TOLERANCE

2.1.1. Positive selection

Approximately ninety pecent of developing Tells die during the process of positiv
selectionby neglect as thefail to receive any rescuing positive sigagia their TCR

from the interaction with MHC complexesand proceed toapoptosis(Klein et al.,

2009) The nature and identity opeptidesmediating positive selection remains still
elusive. Tvo possible scenarios elucidatitigir generation were postulated: i) cTECs
preent generic epitopes derived from ubiquitously expressed peptides, ii) cTECs
present unique epitopes from ubiquitously expressed peptides. The latter proposition
was termedhefiprivated or flaltered peptide hypothesis and it is supportgdteusage

of unconventional proteiprocessing pathwan cTECsto generatpMHC complexes

Concerning MHCclass | presentatiorinstead of proteasome subufit5which is

thei nt egr al part of convent i onoprbteagpmeot easome o
CTECs use a uniqui5t subunit b5t enforces so-called thymopioteasomecleavage

activity with different substrate spedifties in comparison to proteasome and
immunopoteasome(Florea et al., 2010)Moreover,b 5 t subunit tdeficiency
changes in the selection parameters of CD8&ells (Murata et al., 2007)

MHC class Il peptide presentation pathway ter@d in cTECs by the expression of
unique Cathepsin L(Nakagawa et al., 1998nd thymusspecific serine protease
(Gommeaux et al.,, 2009Yhe deficiency inthese proteases leads itmppiopriate
selection of CD# T-cells (Gommeaux et al.,, 2009; Nakagawa et al., 1998)
Interestingly, CD4" T-cells which escape from positive selection are largelgteld
during negative selection i@athepsinL deficient animalgdNakagawa et al., 1998)
suggesting that epitopegenerated by conventional MH@ading pathways are not
generated and presented by cTECs MHC molednlasmal, genetically unchanged
conditions.

Cortical TECs also usan alternative form of peptide acquisitias hey employed
autophagyto process andresent internally produced peptides on MHC class Il
molecules. Autophagy blockagdeads into the altation of the sedction output

in several transgenic murine straiihdedjic et al., 2008)

In aggregateaccumulateddata suggest that cTE@sesenta set ofunique epitopes

derived from ubiquitously expressed proteins in order to determine solepitity of

newly generated TCR to interact with MHC molecules encoded by the host.
Nevertheless, it is of note that thature and structural ehr a c t e r getidom& s of A
presented bgTECs on their MHC molecules wast precisely determined so far.

18
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2.1.2. Negative selection

The hallmark of the negative selection process is the removal of potentialigastif/e
T-cells, i.e. those Eellswhich,in the medulla region of thymuscognize selantigens
presented in the context of MHC molecules. Several types of cells residing or passing
through the medulla affect this processedullar thymic epithelial cells (mTECS),
dendritic cells DCs), B-cells, macrophages and granulocytes. While the role of
macrophages and granulocyiesegative selectiois poorly definedtheinvolvement

of MTECs, DCs and Bellsin this process was convincingly demonstratedinique
subpopulation with surprisingapacityto produceand present virtually angrotein
epitopeexpressedh the immune peripher§so calledissue restricted antigens; TRAS)
by the procesef promiscuous gene expressismepresented by mTECEerbinski et

al., 2001; Kyewski et al., 2002Promiscuous gene expression violates several rules
strictly employed to ragate gene expressiontidsuespecific genes whose expression

is tightly controlled by complex and distinct biochrécal pathways are expressed
in rather stochasticombination in single mTEQe.g. insulin 2, normally produced

in the immune periphery by pancreatitet b-cells and intestinal fatty acid binding
protein produced by enterocytes); ii) developmentally regulated genes are expressed by
MTECs withoutany cauisal connection to thelevelopmeral status of the organism
(e.g.alphafetoproteini physiologically produced only by the embryonic yolk sac and
fetal liver produced in thenTECs of adult animad) (Derbinski et al., 2001)r

iii) sexspecific genes are pduced irrespectively ofthe orgaisms gender
(e.g.lactating breast’s casei(3erbirski et al., 2008pr prostate antigens produdey
MTECsin both males and femaléMalchow et al., 2013)A single mTEC seems to
prodwe from 100 up to 300 TRAwhile asingle TRA is in general produced only by
1-3% of mTEC4YKIein et al., 2009)

Autoimmune regulator (Aire) is the onhegulator identified so far with the ability
to inducethe expression afubstantil proportion of TRAsThus, & least two patterns
of TRAs expressioran beobserved: (i)Aire-dependent TRA exession(including
diabetes associated salftigens insulin 2 or glutamic decarboxylase 2), and
(i) Aire-independenTRA expressior(glutamic decarboxylase 1,-t@active proteih
(Anderson et al., 200Derbinski et al., 2005)Aire is promotingthe expression of
TRASs by binding andsubsequenactivation of silenced chromatitiKoh et al., 2008)
coupled with urdashing the stalled RNA polymeraé8iraud et al., 202). Aire is
serving asa docking or scaffold protein for a large complex ofenatcting proteins
including thoseesponsible for chromatin binding, transcripibactivation and RNA
splicing(Abramson et al., 2010)

Mutatiornsin the Aire gene leado severe autoimmune dise@seised byheabsence of
Aire-regulated TRAs expression in the thymus. This resulgineffectiveremoval

of selfreactive (TRA-specific) T-cells in the thymus and their escape to immune
periphery(Anderson et al., 2002; Hubert et al., 2009; Ramsey et al., ZDAIg) in turn,
can lead to thelestruction of host cells producing teelfantigens for which these
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IMMUNE TOLERANCE

T-cells are selspecific (DeVoss et al., 2006; Gavanescu et al., 200Wuction of

the devastating local inflammatiofAnderson et al., 2002)r to providing help to
selfreactive Bcells which produce autoantibodies with blocking functiiisand et

al., 2010) Human patients wittAIRE-deficiency develop the autoimume disease
called autoimmungolyendocrinopathgandidiasisectodermal dystrophy (APECED),
which is reviewed in more details in next chapter.

The recognition of TRAlerived epitope by sefkactive TCRin the thymudeads to

the deletion of selreactive T-cell. In the studyof Liston et al. using transgenic
expressi-eetfarotfi gdennedo ( hen egg | ysozyme epitope,
promotor, deletion of HEIspecific T-cells in the thymus clearly occurredHEL

neoself-antigenis specifically expresed by Airepositive mTECsbecause these cells,

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

insulin in the thymusCrossing of HELtransgenic mice with Aireleficient mice leads

to the decrease of HEL expremsiin mTECs and to ifmlity to delete HELspecific

T-cells whichthenproceed to the immune periphdbyston et al., 2003)

In the case of CD4T-cells a high affinitybasedrecognition of TRAepitope by
self-reactive TFcell mightlead to the conversion (or lineage deviation) of dail into
Foxp3 T-regulabry cell (Treg).This process of lineageonversion was revealed by
the use of mice with transgenic expression of hemagh or ovalbumin (OVA)
under Aire promotor and the use of hemagglutinin @VA specific Tcells
(Aschenbrenner et al., 200Malchow et al. showed hat prostate antigespecific
MJ23 Foxp3 Tregs, which are enriched in the prostate catissue, are converted to
Treglineage intrathymically in Airelependent mannéiMalchow et al., 2013)

Despite theirobust capacity to expre§s&RAs, mTECs arenot the only cells, which

mediate negative selection in ttigymus. DCs are the second substgratedo this

process. At least thremibtypes of DCs can be distinguished in the thyimclassical
(conventionalsubsefurtherdividedtor e si de mt S CmHSE mi gr,at ory ( CDS8
Si r)pdls and plasmacytoid DCki et al., 2009)

Thymic resident DCs are highly efficienttime crosspresentatioof antigengProietto
et al.,, 2008)and due to XCEL chemokine gradient co-localize in the medulla
with mTECs XCL-1 is produed exclusively by mTECs in Airdependent manner and
XCL-1 deficient animals have lower numbers of DCs localized in meldizet al.,
2011) Crosspresentatiorby DCs of mTEGexpressed transgenic neself antiges,
mimicking the TRAs expression, contribute to CDB-cell tolerance. Moreover,
the ablation of MHC class Il expression on hematopoietlls wa shown to impair
thenegative selection of CD4 -cell restricted epitope derived from interphotoreceptor
retinoid-binding protein (expressed as TRA in mTECs in Alependent manner)
(Taniguchi et al., 2012) In general,it suggeststhat resident DCsre positioned
in aclose proximity to mTECand thus gaimnaccess tanTECsderived TRAswhich
they can indirectly presenand thereby increase the statistichlequency that
self-reactive Fcells encounteparticular cognatself-antigen.
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Migratory DCs camometo the thymus loaded by antigens acquired in peripheral tissues
or with bloodborne antigenéAtibalentja et al., 2009; Baba et al., 20120ych nigration

is guided in CCRalependend manndBaba et al., 2009and it is prevented when
migratory DCs acquire activated phenotype via -Tikél receptor ligationBonasio et

al., 2006)

The last DGsubset in the thymus are plasmacytoid DCs. These cells are well known for
their antiviral, interferon type-based responsdReizis et al., 2011and theirpoor
artigen presenting capaciti€gilladangos and Young, 200&uggesting that they are

not involved in ngative selection. Surprisingland in contrast to previous notion,
plasmacytoid DCs loaded with OVA translocate into the thymus in CCR9 dependent
fashion where theymediate negative Bxtion of OVAspecific OTII CD4 T-cell
(Hadeiba et al., 20127s the CCR9 is also important for the migration into the intestine,
onecan speculate, if plasmacytdixCs are able to obtain food antigens or antigens from
commensal microbiota and transfdrem to the thymus foinduction of central
tolerance

Thymic B-cells, which are in comparison to steadgite peripheral 8ell highly
positive for MHC class Il molade and costimulatory molecules CD80 and CD86
(Ferrero et al.,, 1999)are also able to mediate negative selectierommer and
Waisman, 2010)Interestingly,a small proportion of thymic Rells (approx. 3%)
expresssAire on protein levelMicroarray comparison of Airdeficient and wildtype
B-cells revealed, that-Bells arealsoexpressing several hundred TRAs many of
them are exclus& for B-cells in compédson to mTECS, it suggedtsat Aire promotes
TRAs expression in cell dependenanner(Yamano et al., 2015)

Interactions with several thymic APCs populations deterrtfieefate of developing
thymocytes. Although, a sophisticated thymic cellular machinery is employed to delete
selfreactive Fcells, ultimately, some of them escape to immune periplikeny 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.

2.1.3. APECED

APECED (OMIM: 240300)is the autoimmune disease caused by mutatioAdRit

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

in autosomal recessive (Ies&function mutatios in both alleles)(Kisand and

Petersn, 2015)r dominant manner (defective AIRE oligomeszeith intact one and

oligomer losses itlnction)(Oftedal et al., 2015Both types of mutatiordiffer in their
frequencyacrosspopulatiors andin the severity of diseaselinical componentgsee

belowkh. Whil e t he f r eqgue n ABECEDis guitelow.tit pessistma | reces:
with a higher prevalence in historically isolated populations: Iranlaws 1:9000

(Zlotogora and Shapiro, 1992%ardinians 1:1400(Rosatelli et al., 1998and Finns
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1:25000(Perheentupa, 2006Yh e fi d o mi noa APEOED fiasardramatically

higher prevalencg1:1000) as determined by sequencing ARE gene in mixed

populatiors (Oftedal et al., 2015)Distinct components of RECED disease are

mucocutaneous candidiasis, hypoparathyroidism Ardildi sonés di sease, pr e
in vast majority of patients. Other components,hsas type 1 diabetes, vitiligand

alopecisor gastrointestinal componerdase presented in lower frequen@pprox 25%

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

(Perheentupa, 2008)isease components jratients bearingominantAIRE mutation

might bethe same, but their ovéraumber accmulated in a single patient over time

seems to be lower, leading to a typically milder form of the dig€xftedal et al., 2015)

Gastrointestinal components of APECED affects82% of patients. Paicious anemia

and chronic atpic gastritis are associated with@antibodies directed againstrimisic
factor and parietal cell@erheentupa, 2006piarrheaconstipatiorand malabsorption
have several potenti@lused chronic gastrontestinal candidiasid)ypocalcemia or
overall nutritional deficiencie&luger et al., 2013; Perheentupa08) Interestingly,
althoughalow number of APECED intestinal biopsies are available, patients suffering
from gagrointestinal symptoms of APEED have lymphocyténfiltrates witha major
CD8" T-cell population observable in their g(carpa et al., 2013¥uggesting that
some gastrointestinal disease components have autoimmune undertone. Indeed,
enteroendocrine cellEECY which producetryptophan hydroxylas¢éEkwall et al.,
1998; Soderbergh et al., 20G)d histidine decarboxylas@zymes, were shown to be
cellular targetsfor intestinal autoimmune aittks (Skoldberg et al., 2003)ntestinal
EECs werecompletelyabsent in some APECED intestinal biopgiessovszky et al.,
2012) and their absence ag associated with constipation. Sualtcome is not
surprising as EECs produce essenti@diatorsaffecting peristaltic movementof

the gut and the fluidity of its contenfKluger et al., 2015)Importantly, the cross
reactivity of sera obtained from APECHIatientso PCs secretory granules agublet

cells GC9 was alsaeported swggesting that PCs and GCs midet also the target of
autoimmune attack in the intesti(tekwall et al., 1998; Kluger et al., 2015)
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2.2. Peripheral tolerance

Peripheral tolerance is mediated several processes and mechanisms responsible for
keeping seklreactive TFcells 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 talece to ingested food antigens are described
below.

Antigen sequestratiodescribes the state when (i) the levels of-amtfigen is too low

to elicit immune response, or (ii) selhtigen is not seen by the immune system due to
anatomical constrains, diii) 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 pregnantentis. Immune responses and immauneseillance in these places
arenot completely abrogated, but the proinflammat@sponse, which can target or
even damage these vitally important organs, is largely blocked. The entoet$ Thto
privilege site is obstructed by the expression of several apojphosising molecules,

such as Traibr Fasligand,and the effectoninction of Tcells is, inaddition, suspended

by the secretion of tolerogenic-l0 and TGFb ¢ y t (Fhriesiee st al., 2008;
Niederkorn, 2006) Importantly, the protection by immune privilege mechanism is
breaxh-able as can be documented by autoimmune responses againsiebirsd
myelin which leads to the development of experimental multiple scldf®saser et al.,

2006). 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 tif-10 and TGFb pr oduced by bot h hemat c
epithelial cell{Forrester et al., 2008)

The second peripheral tolerance mechanism is based on anergy, the state of long term
hyporesponsiveness unresponsiveness to antigen after its recognition in MHC context
without proper cestimulation(Hawiger et al., 2001; Liu et al., 2002)Cs are highly
specialized in the antigen uptake and they commonly phagocyte death cells and present
their antigenqLiu et al., 2002) In steadystate conditions, without the stimulation
through pattern recognition receptors, DCs express only basal levelstiiatatory
molecules CD80 and CD86 and retain tolerogenic pote(8t@inman et al., 2003)
Tolerogenic DCs can also medigtee conversion of CD4 T-cells into peripheral

Foxp3 Tregs(Kretschmer et al., 2005)

Third, the immune suppression mediated by FoXp&gs of thymic or peripheral origin

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

in Foxp3 result in the absence of Treg lineage, leadnéptal autoimmune diseases

in both human patients and experimental animal models. This suggests that certain
amount of selfeactive Fcells, ableto mount an autoimmune response is constantly
present in the immune periphdigim et al., 2007; Wing and Sakaguchi, 2010)egs

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

For example, the constitutive upregulation of CD25 (subunit e? Heceptor) equips
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Tregs with competitive advantage in the race with effectecells for IL-2,
consequently, effective 2 deprivation thegeases the proliferation of effectocElls
(Fontenot et al., 2005)in addition, Tregs not only secrete tolerogenic cytokines
(Josefowicz et al., 2012)but also expres€D39 and CD73,ectoenzymes with

the ability to metabolicallyproducecyclic adenosine monophosphatéhich inhibits

the proliferation ofeffector T-cells and also negatively impacthe activation oDCs
(Deaglio et al., 2007)Other tolerogenic mechanisms imposed by Tregs include
CTLA4-mediated suppressidifakahashi et al., 2000¢xpression of LAG3 molecule
(CD4 analog, binds to MHC class Il 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 DE¥u et al., 2009) In aggregate,
thebattery of mechanisms endows Tregs with highly effective molecular machinery to
suppress the proliferation of effectotcélls.

Arguably, the deletion of sefkactive Fcells 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 | molecules
(Fletcheret al., 2011) Several subpopulations of LNSCs were identified based on their
reactivity to cellular surface makers CD31 and podopldfiliroblastic reticular cells
(FRCs, CD31 podoplanit) are forming the architecture of Bnd Bcell zones of

the lymph node. When OVA targeted to be exgs®d under the intestinal fatty acid
binding protein promotor (specifically expressed in mature enterocytes), FRCs express
and present OVA neself-antigen by MHC class | molecules and are able to delete
OVA-specifc OTI T-cells. Transcripts encoding sesit 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., 2R@8gntly, the transfer

of peptideloaded MHC class Il molecules from DCs to LNSCs whswn to occur

after direct contact of these cells in LNs, suggesting that"CE£Il tolerance might

be also affected by LNSGBubrot et al., 2014)

Unexpectedly, Aie presence was detected in the rare population of CIEHICAM*
MHCII* hematopoietic cell§Gardner et al., 2013)hich were named extratiyic
Aire-expressing cellgesiding in the border betweendnd Bcell zones of théymph

node. Aireregulated expression of two hundreds of TRAs was observed by the
microarray analysis in these cells with only slight overlap of seven gériel are also
Aire-regulated in mTECqGardner et al.,, 2008)Targeting of ne@elf 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 aner@yardner et al., 2013nd

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

Apart from the peripheral tolerance mechanism used generally in the lymphatic tissue,
several guspecific modifications in these mechanisms are used. First of tibeoisl
tolerance, pragnably responsible for acquiredlerane@ to food antigens. Although

it was anticipated, that outcomes of the process of oral tolerance depends on the load of
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the ingested antigen (high antigenic loaded leads to ardjgeeific Tcell anergy,

while lower antigenic load prefers the conversto Tregs)Weiner et al., 2011}the
evidence supporting anergy induction by oral tolerance is quite s@@atest and
Mowat, 2012) The key population responsible for the induction of oral tolerance is
integrin CD103 migratoryDCs (Weiner et al., 2011)They form the majority oDCs
present inthe intestinal lamina propria (the network of capillaries and lymph vessels
underlying the epithelium) and home exclusively to mesenteric lymph nodes where they
canimprint T-cells for guthoming(Jaensson et al., 2008) convert them into Foxp3
Tregs(Sun et al., 2007)Both of these effds are retinoic acidependent, and retinoic

acid is acquired by DCs from their own metabolism of vitamin A-rD&abolized
retinoic acid inducesgdt o mi ng r e c e p tbpan sctivat€dR&Ils @watd U

et al., 2004pnd, in synergic effectwith TG, i t a | <alscenvepsproima s T
Tregs(Sun et al., 2007Experiments conducted before the establishment of the role of
Foxp3 in Tregs biology identified the presenaf suppressive Th3 and Trl polarized
CD4* T-cell subsets as the result of oral tolerance induction. Laterast shown,
thatTh3 subset is expressing Foxp3, so Th3 cells should be viewed as peripheral Tregs
converted to Treg lineage in the guitd in arassociated lymphoid tissu€rl cells are

IL-10 producing CD% T-cells, whichare not expresng Foxp3. The mechanism of
IL-10 production used by these cells is not entirely deynard et al., 2007; Pabst

and Mowat, 2012)

Interestingly, these properties of gut DCs are not shared by CIDID8derived from
mucosal tissues other than gut, suggesting that these unique properties are imprinted to
DCs by the gut environmerfBcott et al., 2011)Physiological importance of this
process in the maintenance of tolerance to food antigens sngdts potential clinical
application: this mechanism was used for the delivery ofesglfiens and amelioration

of autoimmune diseases such as type 1 diab@@s Herrath et al., 1996and
experimental encephalomyeli(diggins 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 cont@waloy ard 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., 201hferestingly, recent data shdhet innate
lymphoid cells (ILCs)of type 3, which are the major population IbCs in lamina
propria and mesenteric lymph node, are able to mediate deleticactivhted
microbiotatargeing CD4* T-cells. This subtype ofiLCs is expressing MHCII
molecules ad preserg antigens derived from microbiotddepworth et al., 2015)
Genetic ablationof MHCII expression onlLCs leads to CD#4 T-cell-dependent
intestinal inflammatior{Hepworth et al., 2013nd human pediatric patients suffering
from inflammatory bowel diseagéBD) displaydecreased levels of MHCII levels on
these cellsThis suggess thatintestine ILC3 populatiomegulats immune response
againstmicrobiota(Hepworth et al., 2015)
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Several mechanisms are employed in order to direct and shape impBapEse
in the gastrointestinal tract. Central immune tolerancadtting the stagéo avoid
a possible autoimmune attack against the gut tissue and its prirgalar and
molecularcomponents by the deletion of sedfactive Fcells andor by theirconversion
to Tregs.However,the central tolerance is owning only limited time frame to employ
its tolerogenigotentialduring thymocytes developmenteripheral tolerance is further
enforcing tolerogenic process via deletion, anergy inductionconvesion of
thymusescaped selfeactive Fcell into Tregs. Mreover peripheral tolerancis also
responsible for the induction of tolerance tecdlls directed to food digens or
commensal microbiota. In the next chapter, the composition and functiorestiriat
epithelium is discussed concisely, with the focus on the immune roleM#
secretingPCs
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3. INTESTINAL EPITHELIUM

The gut can be anatomically kslivided to the small intestinend the colon(large
intestine) Three welldefined segments forthe small intestineduodenuni closest to
the stomach, jejunum arte terminal part’ ileum. Similarly,the colonis divided to
the caecum, followed by the proximal, transverse and distal colontemagnates
with the rectum and anuBoth parts of the gutiffer functiorally, the small intestine is
largely responsible for the absorption of nutrients amderals from digested food,
the colon is t&ing careof water reabsorption Both parts alswary in their cellular
compositionand architecturg(Mowat and Agace, 2014)Differences in the gut
epithelium organization in the small intestine and thertalre depi&d in the Fig.2.

A. Small intestine B. Large intestine
\‘/“""\, Lumen
[ |
. Villus ‘
. - —— Bacteria - Lumen
] | / ~N ||
= Enterocyte= o = '— Bacteria
[ | m ¢ = 7 - -
[ | g N ‘
| '
— Goblet cell - e . “" l" ~ \\
% . % =
ol * o °* [ | AMPs m Goblet cell [ |
Enteroendocrine cel—Sllle  ® o ‘mm — [ | —
M. . ° | Enteroendocrine 7- |
—..o..z:..0= = cel = [}
LRl [ ] Enterocyte— 90 "M Mgy
' ° Paneth cell '
Stemcell ——= Stem cell

Figure 2 Differences in the anatomical organization of the smalj &nd large intestineR).

The small intestial epithelium is organized intcryptvillus repeatingunits. Villi are
finger-like protrusionsoriented into the lumen of thgut, which maximizesmall
intestinalabsorptive surface area. They are covered &ingle layer of differentiated
epithelial cels with underlying network of capillaries and lymph vesselslled
thelamina propriaSeveral invaginatioforming crypts are attached taeh villusand
provide a niche for proliferating intestinal stem cells (iS¢ responsible for
theself-renewal of the intestinal tissue.

At least severterminally differentiated cell types are present in $heall intestine
tissue: i) Enterocytes, the largestell population inthe Vvilli, is responsiblefor

the acquisitionof nutrients ii) GCs, which secete protective mucus(iii) Microfold

cells (M-cells),which formthe connection between the intestinal lumen iamdune
cells by sampling intestinal contentv) EECs which produceand secretdhormones
affectingperistalticmovement®f the intestineand fluidity of its contentv) Tuft cells
(TCs), possibly responsible foegsing of chemical substancegluf intestinal content
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vi) PCs which secreteAMPs and thus modulate the composition of intestinal
microbiotg and vil) poorly defined cup cellgvan der Flier andClevers, 2009)

In contrast,the colon lacks villi ancthereforeits surfaceform aflat area Moreover,
while crypts are smaller anelCsare @sent in the colon, theucinesecretingGCs
population isenlarged in this part ohe gut (Mowat and Agace, 2014)

3.1. Imnmunological function of intestinal epithelium

From the immunological point of view, the gendtaiction of the intestinal epithelium
is the separation ofs luminal contentfull of the potentially harmful microorganism
from the host own bodyn adlition to this barrier functionntestinal epithelium uses
several innge immunemechanisms to maintain the gut homeostasis. The mairekgith
cell populations involved in this processesrateus and AMRsecreting GCs and PCs
respectively, which ardescribedn moredetail bellow.

3.1.1. Gobletcells

GCs are shotlived cels (lifespan 35 days)the proportionof which increase from

the duodenum 4%) to the colon 16% of all epithelial cells) (Karam, 1999)
GCsexpress andecreteseveral proteinthat form the mucushe mucus isesponsible

for: i) the protection againgheinjury mediated by chemical agents, mechanical stress
and microorganismby virtue ofminimizing their contact with the epithelial cell wall

or, alternativelyji) by forminga structural matrix servingntibodies anédMP for their
adhesion and actio@dohansson et al., 2011Jhe mainconstituents of mucuare
mucins,trefoil peptidesandresistinlike moleculesh (Dharmani et al., 2009)

Members of the mucin family are the most abundatihe mucus. Mucins are highly
glycosylated proteins rich iaminoacids serine and threonineoké than two thirds of
the molecule constitute®-linked oligosaccharidside chainsTwo types of mucins
have been identified: i) secretory, detming mucins(Muc2, Muc5, Much and

i) membranebound mucinsNlucl, Muc3, Mucywhich are present aheapical side
of GCs and also enterocyt@&ém and Ho, 2010 Muc2is the most expressed member
of this family. This relatively large proteinforms homotimers via disulfide bonds,
which endow them with partial resistance toleavage by stomach producegpsin
(Godl et al., 2002)The enhan@ment of mucin productionccurs inMyd88-dependent
mannerwhereby, asuggested bgermfree mice orantibiotic treated animals with
reduced levels of mucinsignalsare provided by intestinal microbiogrmund et al.,
2013) An essentiaphysiologicalrole of mucins can be documented by Muc?2 deficient
mice where the mucus layer is missing oit is severely reducedn this case,
theepithelial surface of the intestine is more permeable for microorganisnascimedt
bacterial adherence to the epithalius readily observableThis, in turn, leadsto
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the development otolitis (Van der Sluis et al., 2006yvhich in longitudinal studies
hasthe tendency to developtmmadenomasnd furthemprogress into adenocarcinomas
(Velcich et al., 2002)

Additional, immunologically relevant function of GE€assidingin the small intestine
wasrecentlyrecognizedDuring thesecretiorperiod, GCs fornGC-associated antigen
passages thatre able toconvey soluble luminal antigens to CD103DCs
These passagesrepresent anadditional route ofluminal antigen delivery to
theintestinalassociatedmmune systeniMcDole et al., 2012)

3.1.2. Paneth cells

PCs due to their striking morphologgrowned by thepresence ofarge secretory
granules were described almost 150 years ago twe German anatomist Gustav
Schwalbe anthteron bythe Austrian physiologist Joseph Paneth aftiomthey took
the namereviewed in(Clevers and Bevins, 2013 contrast to other epithelial cells
populdions, which are rather shdited (3-5 days), PG live span is much longer,
approximately 4 weeks(van Es et al., 20055ecretory granules of PCs are heavily
packedwith antimicrobial agentsuch adysozyme(Deckx et al., 1967and enteric
Udefensinswhich are the most abundafWIPs presentn the intestingOuellette et
al., 1992)

Defensins arein general,30-40 amino acidslong peptidescontaning 6 cysteine
residues joined by three intramolecular tpbide bonds. The joining pattermefihes
three major subfamil i edsApatifrondstrikirg staigtunas n a me d
variatiorsthey also differ byheir cellular source arttie site of expression-défensins
are further classified amyeloid (expressed primarily meutrophils and to lesser extend
by othergranulocytesfSelsted et al., 1988} enteric (produced by P@sthe intesting
(Ouellette et al., 1989p-defensins ar@roducedby many epithelial cés, including
enterocytesn the colon, airway epithelial cells ankidney and urinary tract epithelia
(Scheetz et al., 200Zfhe last groupd-defensingepresentsyclic peptidesvhich can
be found only imeutrophilgranuleso f  Av@Ird d O specigsimhumans they
persist only as pseudoger{@ang et al., 1999)

In contrast to other antimicrobial agept®duced by PCéHooper et al., 2003nteric
Udefensis are synthetized by PCsarconstitutive manner and their production does
not requiredirectstimulation via pathogesensingeceptors. This is evident from the
prenatal expression by human R@llow et al., 1996 and fromexpressiorevels of
entericU-defensirby PCs of gerniree mice(Ouellette and Lualdi, 1990; Putsep et al.,
2000) EntericU-defensiis expression is partly driven by PCs differentiation program
Wn t  acatehindrive theactivation ofT-cell factor protein 4Tcf4), which in turn
acivates expression from defensin loquan Es et al., 2005yeviewed in details in
thelast chapter.
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Humans PCs ar e e x-peafeasingeneddEFAS@WanesamdiBeving, ¢
1992)andDEFAG6 (Jones and Bevins, 1998hich slightly differ in thé structure and
functi on. -dfetsinsapnmadysynihetidéd s propeptides. This form
of synthesis allowghe storage of highly cationic defensins coupled withoaic
pro-region inside the P@ranules. Defensin prpeptide (~10 kDa) is cleaveafter
the secretion when its mature form (~8 kDa) is generatedEFAS is processed to
active form byatrypsin, which isalsosynthetized by PC&hosh et al., 2002)

Sequencing and assembly of the mouse genome revealeditraargventy murine
e nt e-ddfensin genegShanahan et al., 2011yvhich are also called cryptdins
(abbreviation forcrypt defensins)Neverthelessonly 51 7 of them are abundantly
expressedy a single mouse straifOuellette et al., 19923ndthe expression profile
strikingly differs between varioustrains (Shanahan et al., 2011Murine enteric
Udefensinsare synthetized ina similar fashion as their humawgounterpas,
i.e. aspro-peptides, but they arhopped andictivated by different enzynie matrix
metalloproteinase 7 (Mn) (Wilson et al., 1999)Also in contrast to humandefensin
activation takes place pritw itssecre¢ion (Ayabe et al., 2002aMmp7 deficiency leads
to the defect i v e-dglensm prepsoteinsandthispif ture nesuls r i ¢
in defensin deficiency andoverall insufficiency in the protection against microbial
infection(Wilson et &, 1999)

Secretion of granules containing defensins is govern by exocytosis into the intestinal
lumenin a low rate under steaestate conditionsand increases in dose dependent
manner with variety ostimuli, including TolHike receptorsligands (Ayabe et al.,
2000) neurotransmitteréSatoh et al., 1995; Satoh et al., 199#)immune mediators
including IFN-2. Notably, the presence of IFN in the intestine leadsot PC
degranulatn, followed by acell extrusion.If IFN-2 p r eis sustaired for
alongertime, itleads to the diinishment of PQuumbergFarin et al., 2014)n general,
stimulation of the secretiofenhancing receptoleads ¢ the intracellular increase
in cytosolic C&" which activates potassium channel KCa3The use of
pharmacological blockexsf KCa3.1channels inhibitslefensin secretiofAyabe et al.,
2002b)

The local concentration ofe n t e -ddfeasis th the base ofthe crypt reaches
approximatelyl00 mg.mt (Ayabe et al., 2000; Ghosh et al., 200&hatis tentimes
more than the concentration of myeloid-defensin in the phagolysosome of
the granulocyte(Ganz et al., 1985)This enormous amount oéleasedAMPS opens
the question concerningthe precise role ofe n t e +défemsinib the intestinal
antimicrobial immunity. Generally speaking defensinsare potent agentsagainst
Grampositive and negative bacteria, fungi, protozoa and certain enveloped viruses
(Selsted and Ouellette, 200Fneir mode of action is versatile, includiaglirect pore
formation into cellular wall due to their cationic chai¢hite et al., 1995)binding to
newly synthetized constituent of pathogecell wall (Sass et al., 2010ppsongation
and blocking of pathgen entryinto the hostells (Sdsted and Ouellette, 2005y by
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pathogen toxin binding, promoting toxins ultimg and higher susceptibilityo
proteolysig(Kudryashova et al., 2014)

The research conducted so,fanfortunately lacks the demonstration of immune
phenotype under the condition of genetio t e-defertsiis &blation or their complete
functionaldeficiency. Neverthelesgdirect evidenc@btainedfrom the expression of
transgenichumanDEFAS in murine PCsor from mice carryingseveral mutatios
particularlyaffecting PCfunction do exist.

The presence of human DEFA5 transgémenurine PCsreaches similatevels of
expression ase n d 0 g e n 0 u sdefemsins what saggesiscommon features
in the requirement for activation of defensin loci inoose and human. After oral
infection withSalmonella enterica typhimuriy@@EFAS transgenic migén contrast to
wild-type controlsareimmune to infectionsuggesting thathe addition ofa single
defensin gene to murine intestinal system is sufficient to confer immunity agamst
pathogen bacteria and that higher defensin peptide diverdikgly provides
someevolutionaryadvantaggSalzman et al., 2003bf he same ef f ect
protection against various pathogens was described also in the case of DEFA6
transgenic animalChu et al., 2012Moreover tangiblechanges ithe composition of
intestinal microbiotavere observeth DEFAS transgenic animalilotably, the authar
observedthe increase oBacterioidesphylum and decrease Rirmincutesphylum

in the gut In line with previous results, Mmp7 degmcy and consequeitability of
PCs to degranulate processed defensin pepfildson et al., 1999)leads to inverse
situation: the increase ofFirmincutesphylum and decrease @&acterioidesphylum.
Among Firmincutesphylumthe microbecalledsegmentd filamentous bacteria (S

is specifically increased in itsumbes (Salzman et al., 20107 his is important since
SFBs were previously shown to induce Thibflammataoy responsein the gut
via the increase of IE17 producing lamina propria-dells (lvanov et al., 2009)
Consistent with this scenariDEFAS transgenic animalgave no detectable SFBs and
lower number of IE17 producing Tcells (Salzman et al., 2010T heseexperimental
mocels thus establishethe positiverole of e n t e-defersinsln aniinflammatory
modulation of inestinal microbiota and immunoprotectiagainst pathogenic intruders
under seadystate conditions.

PC compartment undergs dramatic changes undeerturbed situatianwhich are
mediated bypathogenic invasianor whengenes affecting?CGdependent defensin
productionare mutatedThese events lead #govide spectrum of pathologies including
IBD andcancer.IBD, precisely ileal form of Crols diseaseis associated witlan
abnormal composition of intestinal microbiota arschigher adherence gut mucosa
(Sartor, 2008, 2010T he frst genadescribed to bassociated with Crolis diseasavas
NOD2 Somepatientswi t h <£diseasdedrmutatiorsin NOD2 geneor carry its
dydunctional allelic variants(Hugot et al., 2001; Ogura et al., 200NOD2 is the
pattern recognition receptor withe ability to sense bactedarived muramyl dipeptide
and activate Nl B d e p e n d e (Kdbayasha stcah, ®2@05)Later research
determined high expression levels of NOD2 in RlCHa et al., 2003)Decreas in
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DEFAS and DEFAG productionwas observeth patients suffering from Crol@adisease
and bearing mutation iNOD2 gene Neverheless, PCthemselvegemainintactand
their numbesremain unchange@ehkamp et al., 2004; Wehkamp et al., 200&)d2
deficient mice copy the@henotypehat isobserved irNOD2 deficienthuman patients

as thegenetic ablation of mouggenel eads t o di mdefensia éxgrabsioant er i ¢

(Kobayashi et al., 2005 to changes irthe composition ofintestinal microbiota
(PetnickiOcwieja et al., 2009)

Mutatiors in essential maber of Wnt signaling pathway)CH werefound in some
patients encoding fully functionalNOD2 gene but still suffering frontheileal form

of Crohris diseaseSuch nutatiors in a single alele of TCH are sufficientto cause
thedecreasén e n t e-defemsinldyelswhat diminishes their overdilling capacity
in both human patientwi t h diseakdWwahkamp et al., 2009nd themouse
modelof this diseaséKoslowski et al., 2009Recent | vy, s e \sdiseask
susceptibility geneswvhich are essential for Pfnction were identified(Clevers and
Bevins, 2013) Available datathus implicate the role of PCs and theiricrobicidal

poducts in pat Bdigpgaseesi s of Crohno

Mutations in Wnt cascad# intestineepithelial cellsarealsoresponsible for theolonic

carcinoneogenesisThe mnstitutive activation of Wnt pathway, vidadenomatous
polyposis coli (Apc) mutation for example, leads to higher proliferationand

differentiation rate ointestinal cryps. The newly formed tumas consist oferminally

differentiated PCsamong other celléAndreu et al., 2005)Higher overall number of
PCs leads to the higher expressioneof t e-deffeasis,vhich arein the case of
adenoma and adenocarcinosecreéd also to the blood strea(@oo et al., 2009;
Radeva et al., 2010Thuse n t e-defersis biight servein the future aspromising

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

Pathoges can alsodirectly affect PCpopulation.For exampleSalmonella enterica
tymphimuriuminduces the expansion of P(opulation(Martinez Rodriguez et al.,
2012) but counterintuitively, its presence leads tthe downregulation ofenteric
U-defensis expressiomy these cell{Salzman et al., 2003a)oss of PC population
was observed durinthe infection byintracellular parasite, protozoaroxoplasma
gondii. As the consequence sfichinfection mice generata large amounbf IFN-2
(Raetz et al., 2013yhich was shown to pmote PCdegranulation and their extrusion
(Farin et al., 2014)PC loss leadsto changes inthe composition of microbiota,
characterized bythe uncontrolled outgrowth of gramnegative Enterobacteriaceae
(Raetz et al., 2013)

ot her

In aggr@ate, the homeostasis of PCs is kept in check with various mechanisms. This is
essentiglas PCs have a unique ability to modulate the composition of intestinal
microbiota, with far reaching consequences impacting the function of the gut immune
system. Thee instances are described in the next chapter together with the scheme of
intestineassociated cellular components of immune system. In addition, PCs play
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acritical role in the proteatn of the iSCnhiche in the bottom of crypts and support their
homeostsis by niche signals (reviewed in the last chapter oftibiis)

3.2. Intestinal immune system

Priming of adaptive immune system in the gut takes plactheéngut-associated
lymphoid tissues (GALT) and gulraining lymph nodes, while the effecteells are
located diffuselyacrossthe epithelium orin the lamina propria GALT includes
macroscopically visible Peyer’'s patches and smaller structuieslated lymphoid
follicles and cryptopatches. Each of these structures contaiegll and DCs
resmnsible for antigen uptake. In Payer’s patclaege Bcell and much smaller-cell
zones can be distinguished, while in smaller GALT structuiesells argpredominant
(Mowat and Agace, 2014Yhe lymph is drained from the gut to seveaalatomical
locations duodenum and transverse colon are primarily draiysdliodenopancreatic
lymph nods (buried in pancreatic tissuégum, jeunum and parts of the colon (ceacum
and proximal colon) by the mesenteric lymph node (mLN) and distal colon with rectum
by caudallymph nodeg(Carter and Collins, 1974)

Intestinal lamina propria conta several immune effector ceibpulationsincluding
B-cells, T-cells, DCs, macrophages, granulocytes and mast cells, while intestinal
epitheliumis mostlyoccupied by Tcells.

3.2.1.B-cells

B-cells and plasma cells residing in the gut lamina pram GALT are responsible
for the secretion of IgM and IgA antibodies directed against specific lnnéraled
antigensThis process requires samplinduwfinal antigers by M-cells which arethen
passed on angrocessedy DCs which in turn, can actate T- and Bcells. Plasma
cells can also undergiclass switch in order to produce IgA antibodies. Secretory IgA
(slgA; dimer of IgA joined by-thain) or IgM (slgM; pentamer joined bychain) are
then transcytosed with the use of polymeric immunogiabukceptor from

the basdateral side of the enterocyteack into the lumen(Mants et al., 2011)
Microbialepithelial cellinteractionsare modulated bylgsin several ways) slgs bind
pathogenglerived toxins and thus prevent their activity on epithelial ¢Aliger et al.,
1993; Stubbe et al., 20Q0i) slgs bind pathogds receptorblocking theirattachment

to epithelial cel(Helander et al., 2004; Helander et al., 20@8)immune exclusiori
peristaltic clearance of pathogens or toxins heavily coated by slgs which crosslink
several pathogens togethand entrapthem in the mucus (Stokes et al., 1975)

iv) slgAsbind to pathogesmand forms immunocomplexes which can berimiéized by
M-cells in Dectinl-dependent mannethese complexes are latter presented by DCs
(Rochereau et al., 2013)
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3.2.2.T-cells

T-cells are loalized in the gut at two place$:intraepithelial lymphocytes arecells
embedded in close proximity totestinal epithelial tissue amgl the remaining Tcells

are localizd to thelamina propra. Intraepithelial lymphocytes, at least in mican be
furthersud i vi ded by t he *GeBRithCP@de oo nc@&Pt®IH R
UbTCRel | s wihtohmoQD 8rél *amtde lamniihal poRri€D4" and

CD8" T-cells are observed the ratio 2:1. Among CD4T-cells Foxp3producing Tregs

cells are quitelominant. Fcells residing in the gut are responsible for the protection
against potential intruders and also ensure tolerance to commensals and food antigens.
TCR invariant Fcell populations are responsikeainly for nonprotein pathogens
derived antigns recognitiofiMowat and Agace, 2014)

3.2.3 Myeloid cells

From the myeloid cell lineage, macrophages and DCs are the most aboelk&ant

in ahealthy lamina propriétMowat and Agace, 2014Macrophages aresponsible for
phagocytos andthe clearance of death cells and pathogens. They are also expressing
high levels of tolerogenic H10, thus being an additional source of this cytokine

in theintestine(Ueda et al., 2010Gutresident DCs areritical for the maintenance of

oral tolerance, their role ithis process wagviewed infi P e r i tplérancéahapter.

3.2.4. Microhiota and intestinal immune system

Intestinal microbiota can modulate the polarization-@ell responseand regulate the
balance between the frequency and distribution of distinct immunologieddlyant
cellular lineages. For examplahe colonization of gerrfree mice withClostridia
species andBacterioides fragilisleads to the development arghrichment of
tolerogenic 1-10-producing peripheral FoxpJregs(Atarashi et al., 2013; Atarashi et
al., 2011; Round and Mazmanian, 2Q1ctobacilluswas shown to cause changes
in intestinal microbiota and elevated production oetogenic cytokines H10 and
IL-13 (Maassen and Claassen, 2008h contrast, SFB8 or nonfilamentous
ATP-producing microbiotgAtarashi et al., 2008)ere shown to polarize CDZ -cells
to Th17 responsf@vanov et al., 2008by the induction of Thl-polarizing DCqGoto
et al., 2014; Ivanov et al., 2008} by the presentation of SFB antigensNd{CIl*
ILC3s (Lecuyer et al., 2014)It is also of note, thagutinduced Th17 cells were
associated with pathogenesis of autoimmune artivitiset al., 201Q)
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3.3. Development of the small intestinal epithelium

PCs are associated with the maintenancis@k niche not only via the secretion of
AMPs which preserve thiSCs crypt department astonishingly clean, but they also
secrete essential factors which provide support for keeping the homeoste3 of
niche.The guripotent activity of the iISCsasmappednto the crypt several decades
agq reviewed in(van der Flier and Clevers, 2009everthelesgheir precis cellular
position within the crypt hagemained elusive. Basically, two modelge currently
consideredi) +4 cell model and ii) crypt base columnar cells (GBmodel Theformer
model originally proposed thatll positionsfrom one to three (counted from the base
of the crypt) are occupied by P@4ile iSCsreside inthe position +4. The cellular
organization and numbering of crypt cells areesnaticallydepicted in Fig. 3A. It was
reported that these cells retain DNbbel, presumably due to asymmetric division
(Potten et al., 1974nd are unusually radi&ensitive(Potten, 1977)TheCBCsmodel
suggested thagutativeiSCs areCBCsi small, symmetrically dividingguickly cycling
cells intermingled withPCs in the base of the cryp€heng and Leblond, 1974)
The identification of exclusive marker ofCBCs 1 leucinerich repeat containing
G-protein coupled receptér(Lgr5)i enableghelineage tramg of differentiated cells
originatingfrom CBCs. CBCs have theotential to give rise to all intestinal epithelial
lineagegBarker et al., 2007)ncluding cells residingro+4 position, which retains Lgr5
expressiorfRoth et al., 2012; Wang et al., 201Becent studies using different lineage
tracing approaches integratdiese twomodels together, revéaty that +4 cells are
PC/EECpreaursors withthe stem cell potential. \Wen adamage of original CBCs
occurs cellsresiding on +4 positioreplace thenformingafir e ser ve o pool of st
(Buczacki et al., 2013)The airrent interpretation oflevelopmentatelationshis of
various intestinal cells presergd n Fig. 3B.

A. Cells position on the crypt base B. Developmental relationship of intestinal cells
Differentiated Enterocytes GC TC M-cell PC EEC
m W [ EE AR
- - Transiently T
[ | B | ampiying
|| || cells Absorptive . Secreretory
[ | - progenitor progenitor
+5 Differentiation
+4 zone +4 cell
Paneth cell —pgmm -— slids
+3 -7
' ~ Crypt base =7
cBC—— ‘ ‘ w2 CBC
1

Figure 3 A. Position of cellsin the crypt. Cells in position +4 and +5 are differentiating into
absorptive or secretory lineage and cells localizethsupper position are still transiently
amplifying.B. CBCs give rise to both absorptive and secretory lineages. Cibléspgosition +4
give rise to EECs and PCs. Underusked physiological conditions which damage CBCs and
their stem cell potential, +4 celtmight rve as reservoir of iISC
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3.3.1 Wnt signaling pathway

Lgr5, identifiedas amarker ofiSCs(Barker et al., 2007)s anintegral regulator of Wnt
signaling cascadéde Lau et al., 2011)which is essentiafor the development of
intestinal tissueand maintenance 68C self-renewal capacityKorinek et al., 1998)
Intracellularly, the most importarpi | ay er i n Whncatenino Bespitaaitte i s
involvement in catheribased adhent junctiongOzawa et al., 1989it alsomodulate

the ability of other proteins to bind DNA arttius regulatethe process of gene
transcription(Siegfried et al., 1994)n the absence of Wnt pathway mediated signals,
thec y t o s-eafeninds ddstinedfor degradationby proteasomeand thisprocess
integrates inputs frora large complex involvingcaffolding proteins Axis inhibitory
protein (Axin) (lkeda et al., 1998 pc (Rubinfeld et al., 1993jogether with kinases
casein kinase 1 (Ck1) and glycogen synthetase kinase 3 ((&s&@jried et al., 1994)
The cascade is shovam Fig. 4

It should be noted, thalhe Wnt signaling pathwayelineated in Fig. 4 is recognized
as ficanonicab, and atleast three other diversions from tmin signaling pathway
have been alreadgescribed. Thdnoncanonicab Wnt pathwayis largely involved
in the cytoskeletal reorganization, cell polaritpaintenance or calcium signaling
(Nusse, 2012) gr5 serves athe receptor for Wrpathway agonistsalledR-spondins
(de Lau et al., 2011xherecognitionof which leads to the inhibition afontinuous
process omarking Frizzlel receptors for degradation. Thimds to the stabilization of
Whnt-signaling(Hao et al., 2012andconsequentlyto enhanced proliferatioof iISCs
(Kim et al., 2005)

Disruption of Wnt signaling pathwaesuls in the disappearancef intestinal crypts
followed by the disruption of whole intestinal architecturel@sonstratethy the Tcf
(Korinek et al., 1998) r -cafenin(Ireland et al., 2004penes knoclouts. Thus,
Wnt signaling pathway serves as thlgitical molecular mechanism regulating
the maintenance and homeostasis of the intesfihe. inportance of canonical Wnt
cascade is furtheunderlinedby the occurrence of mutations igenes encoding
regulatory and signaling element$ this pathway and theitight association with
the process otarcinogenesifKrausova and Korinek, 2014)
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A.Turned OFF B.Turned ON
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Figure 4 Wntsignaling cascadé\. Cascade in turnedff state.B. Cascade in turnedn state.
Whnt-signaling pathway is initiated by the binding of Watits receptor complex formed by
seventransmembrane spanning domains containing protein from Frizzled faqrifiyizzled7
(Flanagan et al., 2015and lowdensity lipoprotein receptorelated protein (Lrp) serving
as co-receptor (Janda et al., 2012)Thebinding of Wnt ligand leads to he conformational
change of itseceptorFrizzledand phosphorylation of adaptor protein associated with Frizzled
named Dishevelled (Dvl) by CKBernatik et al., 2011)Dvl and Cklalso ceoperates

in the phosphoryation of Lrp cytoplasmitail, which leadgo the binding of Lrp to Axin and
failure to catalyzethe marking of i -catenin for degradation by AxiApcDviCk1l kinase
complex (Kim et al.,, 2013) ¢ K-dadehin fieely accumulas in the cytoplasm and
the nucleus, where it replaces Groucho proteins in tight association with lymphoid enhancer
binding¢ Tcib -catenin and Tcf family melners act together asranscriptional activators of
specific target gene@e et al., 1998)

3.3.2 The stem cell niche and signals leading to lineages development
The iSC niche is establishetly cells which are in adirect contact with the base of

the crypts i subepithelial myofibroblastanibasal lamina and by PCs interspers
betweeniSCs Both of these populations secrete fastessential for intestinal
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homeostasis a@h cell proliferation. Notably, nyofibroblasts secrete Wnt2b and
epidermal growth fetor (Egf) (Farin et al., 2012Wwhile PCs are expressing Notch
ligands Deltdike 1 and 4(DIl1 and DIl4), Egf, Wnt3 and W11 (Sato et al., 2011)
In the large intestine, where PCs are missintf)eg role inthe provision ofiSC niche
signals replaced by GGRothenberg et al., 2012)

The dependence a8Cson PCs and their production of niche facttisve been
documented inseveral murine models with amsiently reduced numbers of PC
compartment For examfe, in mice lacking transcriptional repressor Gfithich is
important for PQGlevelopmen{Shroyer et al., 200%ndin mice, wheraliphteria toxin

A is expressed undeéhee n t e-defemsinptbmotor(Garabedian et al., 19973 the
numberof PCsreduced. This reduction leattsa lower number ofSCs, butoverall,

the intestinal architecturés still preserved, suggesting theten limited numberof
remaining iSCsand PCs are sufficient to maintain the intestinal homeostasis
(Garabedian et al., 1997; Shroyer et al., 20P&)derivednichesignals areéesponsible

for the fate decision of symetrically dividingiSCs. Newly generatedSCs compete for

a cellcell contact with PCswvhich providestemness maintaining signals, tfue to
spatial restrictionthe loss of contact with F®ccurs,iSCs arepushed 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 intestinaaljes.
The balance btweenWnt and Notch signals keeps cells in undifferentiadéate.
WhenNotch signals arblocked pharmacologicallf¢®Vong et al., 20049r geneticdy,
only secretory GCs arebeing developed(Riccio et al., 2008) Conversely,
the overexpression of Notch receptors onintestinal epithelium dads to
the differentiation ofcells exclusively twards theabsorptive lineage and depletion of
secretory cells(Fre et al., 2005) This strongly suggestthat Notch signaling is
controlling the celffate decision between secretory and absorptive cell lineage. Notch
signaling activates genes from Hes family, which acts as repressdatioh. Deletion

of Hes1 kads to alecrease number of enterocyteand increased number of secretory
cells (Suzuki et al., 2005while the Math1 deletion leads tioe presence of only one
cell lineage in the gut enterocytes(Yang et al., 200). Mathl futher activates
theexpression of Gftl, which iequired for PC and GC, but not for EEEvelopment,
and thus th@resencef the latter is increased in Gfteficient animalgShroyer et al.,
2005)

Essential signals for P@evelopment are provided by continuous Wnt signaling via
Frizzled 5 receptorThis signalinginduces the expression dPC signature genes like
ent ed é fc e Us-catersin andrT ciependent mannévan Es et al., 208).
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THESIS AIMS

Overarching aim of the thesis is to describe the mechanignterpinning
the immunological tolerance in the intestine as well as those meamnigich

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

1) Why ar e -defensirsAMPs seddeted exclusively hytestinalPCs,
expressed also in the thymus and how critical is the productithyiic
e n t e-defersinslor the maintenance of tolerance in intestinal tissue.

1)) What is the role of the transcriptional regulator Hicl in PC development
and the homeostasis iotestinal tisae?

[1) Is Nkd1, the regulator ofVnt cascadeexpressed also hyptestinal cells
with active Wnt casca@®e
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1. GASTROINTESTINAL AUTOIMMUNITY ASSOCIATED WITH LOSS OF
CENTRAL TOLERANCE TO ENTERIC ALFA-DEFENSINS

E nt e-defensindare shoAMPs synthetized and secreted dyypt-basedntestinal
PCs(Ouellette et al., 1989; Ouellette and Lualdi, 1990)ey areprobably the most
effective AMPs with the congruent capacitp modulatehe composition ointestinal
microbiota(Salzman et al., 201@nd kill pahogengSalzmaret al., 2003h)PCs along
with thesynthesi f e n-tleemsinsalsoprovideWnt signalswhich areessential
for the maintenance ofSCs as both PCs ani&Cs cohabitatethe base of intestinal
crypts(Sato et al., 2011)he lossor diminished production f e n-tleéensindy U
PCs araesponsible for at least soraepectf the initiation and preservation t8D
(Ogura et al., 2003PCs also produce many other importamtleculessupporting
proper functios of intestinal immunity, such as other types of antimicrobials, cytokines
and receptors involvad innate and adaptive immunit¢levers and Bevins, 2013l

the abovedescribed properties defin®Cs aghe essential cell typeequiredfor the
maintenance ahtestinal homeostasis

Previous results showed reactivity of APECED
PCs, suggesting possible link between P€ynthetized selantigenand APECED
autoimmunity(Ekwall et al., 1998)In APECED patientsAIRE gene is inactivated by
variousmutatiors (Consortium, 1997; Nagamine et al., 19873t can leado the loss

of AIRE-regulated TRA productiotfAnderson et al., 2002and impaired negative
selection of developinghymocytes(Liston et al., 2003)Gastrointestinakymptoms
associated withAPECED arerelatively frequent and heterogeniand are often
manifested as constiption, malabsorption and diarrhea, or their combinations
(Perheentupa, 2006%0 far thesetypes ofgastrointestinal autoimmuniip APECED
werelinked to inoperative immune tolerancestdf-antigens produced lBBECs(Ekwall

et al., 1998; Soderbergh et al., 20 Cs are secmaty intestinal cellsesponsible for
the gut peristalticmovementand itwas suspeted that their loss causastoimmune
conditionswith variableclinical outcome as described abq¥®osovszky et al., 2012)

In our presentedtudy, we have showthat humarand mous¢hymic mTECs produce

e nt e-defensinsApproximately 30% of APECED patients were seropositive for
e nt e rdefensinsthutoantibodies, and some of theniill sharbor enter
Udefensinreactive Fcells in theiperipherablood The presence of defensispecific
autoantibodies correlated with the diarrhea disease compémeldition in some of
these patientsthe completdoss or diminishment foPCs werereadily observable

In order to mechanistically test the possible role of entgidefensins as intestinal
selfantigens we established newmurine model of APECED diseasEhe model is
based on the premighat due to a faulty negative selectioh/ore-deficient mice,
defensinspecific T-cells occur in the periphery arttiat their selaggressiveness
against PCs can beletected by their transfer to immunocompromised mice.
Specifically, since Aire is the raterr e gu | at or -defehsinexpréssion inc U
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murine mTECs, Airaleficient and wiletype control mice were immunized with enteric
Udefensins taamplify and visualize the presence of defensipgcific selfreactive

T-cells in the immungeriphery.The adoptive transfeof theseT-cells derived from
Aire-deficient miceto Nude miceecipientsresuledin thedecreas®f PCs,dysbiosis

of intestinal microbiota and consequety, in the increase of pathogenic
proinflammatory 1-:17 and IL-23R expressing-cells in the gutOur data thus provide

a causal link betweethe impaired negative selection in the nius and intestinal
autoimmunity in Aire-deficient environment( Do b e § e t. Tha lstudy wa 0 1 5)
recentlyhighlightedby two commentary article@raverso, 2015; Yusung and Martin,

2015)
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BACKGROUND & AIMS: Autoimmune polyendecrinepathy
candidiasis ectodermal dystrophy (APECED) is an autoimmune
disorder characterized by chronic mucocutaneous candidiasis,
hypoparathyroidism, and adrenal insufficiency, but patients
also develop intestinal disorders. APECED is an autosomal
recessive disorder caused by mutations in the autoimmune
regulator (AIRE, which regulates immune tolerance) that allow
self-reactive T cells to enter the periphery. Enteric a-defensins
are antimicrobial peptides secreted by Paneth cells. Patients
with APECED frequently have gastrointestinal symptoms and
seroreactivity against secretory granules of Paneth cells. We
investigated whether enteric a-defensins are auteantigens in
humans and mice with AIRE deficiency. METHODS: We
analyzed clinical data, along with serum and stool samples and
available duodenal biopsies from 50 patients with APECED
collected from multiple centers in Europe. Samples were
assessed for expression of defensins and other molecules by
quantitative reverse transcription polymerase chain reaction
and flow cytometry; levels of antibodies and other proteins
were measured by immunohistechemical and immuneblot an-
alyses. Histelogic analyses were performed on biopsy samples.
We used Aire / mice as a model of APECED, and studied the
effects of transferring immune cells from these mice to athymic
mice. RESULTS: Enteric defensins were detected in extra-
intestinal tissues of patients with APECED, especially in med-
ullary thymic epithelial cells. Some patients with APECED
lacked Paneth cells and were seropositive for defensin-specific
autoantibodies; the presence of autoantibodies correlated with
frequent diarrhea. Aire /" mice developed defensin-specific T
cells. Adoptive transfer of these T cells to athymic mice resulted
in T-cell infiltration of the gut, loss of Paneth cells, micrebial
dysbiosis, and the induction of T-helper 17 cell-mediated
auteimmune responses resembling those cbserved in patients
with APECED. CONCLUSIONS: In patients with APECED, loss of
AIRE appears to cause an autoimmune response against enteric
defensins and loss of Paneth cells. Aire ¥ mice developed
defensin-specific T cells that cause intestinal defects similar
to those observed in patients with APECED. These findings
provide a mechanism by which loss of AIRE-mediated
immune tolerance leads to intestinal disorders in patients
with APECED.

Keywords: Mouse Medel; Intestinal Crypt; DEFA; Microbicta.

he thymus is the site of T-cell lineage commitment

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

Loss-of-function mutations in the AIRE gene cause a
rare autosomal recessive syndrome called autoimmune
polyendocrinopathy candidiasis ectodermal dystrophy
(APECED; OMIM: 240300),°7 which is relatively frequent
in Finland, Sardinia, and Iran.' Due to the loss of central
tolerance and subsequent occurrence of self-reactive T
cells and autoantibodies in the immune periphery,® these
patients display up to a dozen clinical autoimmune com-
ponents occurring in various combinations.” The main
components of APECED are chronic mucocutaneous can-
didiasis, hypoparathyroidism, and adrenal insufficiency,'®
but gastrointestinal symptoms, which occur intermit-
tently and are still difficult to explain, are also fairly
common.”!!

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

© 2015 by the AGA Insfitute
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Paneth cells (PCs), which reside at the bottom of small
intestinal crypts, are long-lived cells that constitutively
produce and secrete antimicrobial proteins and inflammatory
mediators.' Among their bactericidal products, enteric a-
defensins are the most abundant,”® and exhibit a broad range
of activities against bacteria, viruses, and fungl'.14 So far, 27
enteric a-defensins (also called cryptdins) have been identi-
fied in the mouse genome,” some of which are strain spe-
cific.'® In contrast, only 2 enteric ¢-defensin genes, DEFAS'7
and DEFA6,"® were recognized in humans. Enteric e-defen-
sins protect the crypt’s residential stem cells from microbial
attack'®® and shape the composition of commensal
microbiota.”’

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

Materials and Methods

This provided
Materials.

informaticn is in the Supplementary

Results

Enteric a-Defensins are Present in the

Human Thymus

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

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

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

We next assessed the occurrence of autoantibodies with
DEFAS specificity in the sera of APECED patients by West-
ern blot. In the first round, 7 of 30 APECED samples (27
from Finland, 3 from Czech Republic) (approximately 23%)
were positive (Figure ZA and Supplementary Figure 24);
this group of patients is separated by dashed line in Table 1.
It is of note that all 4 duodenal biopsies from DEFA5S-
seropositive patients (APS1-01, -20, -24, and -31) exhibi-
ted a decreased number of, or a lack of, PCs. The analysis of
an additional 20 patient samples from Sardinia revealed 14
of a total of 50 APECED patients as seropositive (approxi-
mately 28%). None of the APECED patients was seropositive
for DEFA6 autoantibodies (data not shown).

Next, using healthy duodenal sections, we compared the
immunoreactivity of sera collected from healthy controls with
those derived from APECED patients. Although the former
showed no apparent staining of both PCs and intestinal sec-
tions, serafrom APECED patients displayed a complex pattern
of reactivity. Specifically, the highest serum reactivity toward
PCs was observed in sera from patients with undetectable
PCs, followed by those seropositive for DEFA5S; the lowest was
observed in DEFA5-seronegative patients (Figure 2B). Itis of
note that enteric «-defensin autoantibodies were of [gG, but
not IgA, isotype (Supplementary Figure 2B). Remarkably, this
pattern of staining intensity correlated with a number as well
as the seroreactivity of additional yet unidentified intestinal
autoantigens (Supplementary Figure 34). These autoantigens
are not ubiquitously expressed (Supplementary Figure 3B)
and do not originate from contaminating traces of bacteria
(Supplementary Figure 3C). [n support of the notion of multi-
targeted autoimmunity, when 10 intestine biopsies were
probed for a specific marker of EECs, chromogranin A
(Supplementary Figure 4), the reduced number of these cells
was observed predominantly in DEFA5-seropositive samples
(Table 1). The 2 patients who lacked PCs APS1-16 and -24,
also lacked and showed a decreased number of EECs,
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respectively. These results suggest that intestine autoimmu-
nity in patients with APECED progresses through several
stages that correlate with DEFAS seronegativity, followed by
seropositivity, and culminate in the loss of PCs, the stage
associated with the highest titer of multi-targeting
autoantibodies.

APECED patients exhibit gastrointestinal symptoms and
dysfunction.””? We observed that idiopathic diarrhea
was present in 9 of 14 (64.3%) DEFAS5-seropositive pa-
tients (APS1-2p, -4p, -18p, -1, -3, -5, -24, -26, and -31), as
well as in both patients who lacked PCs (APS1-16 and 24).

50T
Lt 40
) ine, ’ 304
: 20
I+ T 10
The expression levels of 0-

AIRE _PSMB8PSMB11_INS DEFA5 DEFA6

DEFAS

defensins

APECED-Paneth cell” APECED-Paneth cell

Only 12 of 36 (33.3%; P
positive DEFAS5-seronegative patients suffered from this
intestinal symptom. Overall, DEFAS5-seropositive patients
are approximately 2 times more likely to experience idio-
pathic diarrhea than their DEFAS-seronegative counter-

= .06; Fisher’s exact test) PC-

parts. Interestingly, when grouping Finnish and Czech
patients together, the difference in the incidence of diar-
rhea among DEFAS-seropositive (6 of 7) compared with
DEFAS-seronegative patients (6 of 23} is significant (P =
.0086). No such association was found among Sardinian
patients.
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Table 1.Characteristics and Clinical Parameters of APECED Patients

Anti-HD5
Age at the time  CrA detection on HDS5 detection on autantibedies in
Patient Nationality Sex Age, y Diarrhea” of intestinal biopsy intestinal biopsy intestinal biopsy the blood

APS1-1p | M 9 No — - - Negative
APS1-5p | F 20 No — — — Negative
APS1-6p | F 41 No — - - Negative
APS1-7p | F 35 Yes — — — Negative
APS1-9p | F 41 Yes — - - Negative
APS1-11p | F 37 No — — — Negative
AP31-12p | M 48 Yes — — — Negative
APS51-13p | M 17 Yes — — — Negative
AP31-14p | F 38 No — — — Negative
APS1-15p | F 7 No — — — Negative
AP31-17p | M 38 Yes — — — Negative
APS1-19p | F 24 Yes — — — Negative
APS1-20p | M 37 Yes — — — Negative
APS1-02 Finn F 42 Yes — — — Negative
APS1-04 Finn M 65 Yes — — — Negative
APS1-06 Finn M 32 No 24 Norrmal Norrmal Negative
APS1-07 Finn F 32 No — — — Negative
APS1-08 Finn F 56 Yes 51 Decreased Decreased Negative
APS1-09 Finn F 32 No — — — Negative
AP31-10 Finn F 25 No — — — Negative
APS1-11 Finn F 48 No — — — Negative
AP31-12 Finn F 50 No — — — Negative
APS1-13 Finn M 45 No 42 Normal NA Negative
AP31-14 Finn M 43 No — — — Negative
APS1-15 Finn F 17 No — — — Negative
APS1-17 Finn F 52 No 39 NA Normal Negative
APS1-18 Finn M 18 No — — — Negative
APS1-19 Finn F 53 Yes — — — Negative
APS1-21 Finn F 51 No — - - Negative
APS1-22 Finn F 8 Yes — — — Negative
APS1-23 Finn F 35 No 35 Norrmal Norrmal Negative
APS1-25 cz F 19 No — — — Negative
APS1-27 CZ M 16 No — - - Negative
APS1-28 Finn M 44 No 36 Normal Normal Negative
AP31-28 Finn F 20 No — — — Negative
APS1-2p | F 24 Yes — — — Positive
APS31-3p | M 31 No — — — Positive
APS1-4p | F 18 Yes — — — Positive
APS31-8p | M 37 No — — — Positive
APS1-10p | F 8 No — — — Positive
APS1-16p | M 4 No — — — Positive
APS1-18p | F 39 Yes — — — Positive
APS1-01 Finn F 45 Yes 37 Normal Decreased Positive
APS1-03 Finn F 28 Yes — — — Positive
APS1-05 Finn F 48 Yes — — — Positive
APS1-20 Finn F 58 No 56 Decreased Decreased Positive
APS1-26 cz M 9 Yes — — — Positive
APS1-31 Finn F 5 Yes 5 Absent Decreased Positive
APS1-24 Finn M 31 Yes 31 Decreased Absent Positive
AP31-16 Finn M 17 Yes 11 Absent Absent Negative

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

In general, the occurrence of autoantibodies is predi- Aufoimmune Regulator—Dependent Expression
cated by the presence of self-reactive T cells. We could of Enferic a-Defensins (Cryptdins) in Mouse

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

lacking APECED patients (Supplementary Figure 5). driven gut autoimmunity, we explored Aire-deficient mice
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Figure 2. DEFA5-specific autoantibodies are present in the blood of APECED patients. (A) Western blot analysis revealed the
reactivity of human sera to DEFAS5 antigen. The seropositivity in 7 APECED samples is shown (left panels). For comparison,
DEFA5-seronegative samples of APECED and healthy subjects are presented in the middle and right panels, respectively. (B).
Immunohistochemistry of HD5 antibody on duodenal sections from a healthy donor, used as a positive control, revealed PCs
staining on the bottom of intestinal crypts (left panels). Sera isolated from healthy controls show no staining (healthy control
serum). Immunostaining of PCs and surrounding structures was most prominent in the serum sample derived from APECED
patients lacking PCs (PCs ™~ serum), which was slightly decreased in DEFA5-seropositive APECED patients (DEFA5Ab ™ serum).
Sera from the remaining APECED patients also showed elevated reactivity toward PCs and surrounding structure. Repre-

sentative images from 2 patients from each group are shown.

(Aire /") as an experimental model of APECED. We first
determined whether expression of cryptdins in the WT mouse
thymus recapitulates that of enteric «-defensins in human
mTECs. We found that members of the cryptdin family that
are predominantly expressed in the intestine of C57BL/6 mice
(Defcr3, Defers, Defcr20, Defcr21, and Defer24)'° are also
expressed in the mouse thymus (Figure 34).

To identify the cellular source of intrathymic cryptdin
production, mTECs and cortical thymic epithelial cells
(cTECs) were FACS sorted according to the scheme pre-
sented in Figure 3B. Quantitative reverse transcription po-
lymerase chain reaction analysis of messenger RNAs
derived from mTECs, cTECs, and MACS-enriched CD45"
cells confirmed the expression of cell restricted markers for
each of these populations: CD45"—Cathepsin S (Ctss), 85i
proteasome subunit (Psmb8); cTECs—f5t proteasome sub-
unit (Psmb11); mTECs—Cathepsin S, 85i proteasome sub-
unit, Aire, and TRAs, such as insulin (/ns2), mucin 6 (Muc6),
and glutamic acid decarboxylase 67 kDa (Gad67). Impor-
tantly, the exclusive expression of cryptdin messenger RNAs
in mTECs (Figure 3C) was on the protein level restricted to
Aire-expressing mTEC cells only (Figure 3D). Notably, of
100 Aire-positive mTECs, 36% (+9%, n = 3) co-stained for
cryptdins.

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

20 was completely abrogated and negligible levels of
Defcr21 and 24 (<1% of the WT) were detected in Aire /™
animals. Ins2 and Gad67, well-characterized genes with
Aire-dependent and independent expression, respectively,
were used as controls. These data demonstrated that Aire
controls the expression of cryptdins in mTECs.

Cryptdin-Specific T Cells in Autoimmune
Regulator—Deficient Mice

The lack of cryptdin expression in Aire™/~ mTECs might
result in impaired removal of cryptdin-specific T cells during
negative selection in the thymus. To test this hypothesis,
Aire™/~ and WT littermate control mice were immunized with
a mixture of cryptdin peptides and immune responses were
analyzed 8 days later. As illustrated in Figure 44, a sizeable
fraction of CD4" and CD8" T cells derived from peripheral
lymph nodes (pLNs) and mesenteric lymph nodes (mLNs) of
cryptdin-immunized Aire™/~, but not immunized WT mice or
nonimmunized Aire /", proliferated in response to antigen
re-stimulation in vitro. In addition, the co-incubation of
duodenum-derived CD8", but not CD4 ™, T cells from cryptdin-
immunized Aire /™ mice with FACS-sorted PCs increased the
rate of cell death of the latter (Supplementary Figure 7). These
results point to the presence of self-reactive cryptdin-specific
T cells in the LNs of Aire™/~ mice and their capacity to target
and destroy PCs in vitro.
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Figure 3. Thymic cryptdins are produced exclusively by murine mTECs. (A) Comparative quantitative reverse transcription
polymerase chain reaction (QRT-PCR) analysis of cryptdin expression levels in the small intestine, thymus, and spleen. Data
represent mean gene expression level (+ SD) in organs isolated from 3 animals, each sample was assessed in triplicate. (B)
Sorting strategy of thymic epithelial cells: CD45~ EpCAM™" thymic fraction (left panel) were separated into mTECs (UEA-1°
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CD45" cells, mTECs, and cTECs) assessed by gRT-PCR analysis. Data shows the mean gene expression level (+ SD) in
denominated cells isolated and pooled from 4 animals and represents 3 independent experiments, each assessed in triplicate.
ND, not detected. (D) Confocal immunofluorescence of mouse mTECs co-stained with antibodies specific for Aire and newly
generated antibody against cryptdins marked as ED5 (Supplementary Figure 6). Nuclei are stained by 4’,6-diamidino-2-
phenylindole (blue). Scale bar = 5 um. One representative image is shown. (E) The expression of the 5 most abundant
cryptdins in mTECs derived from WT and Aire””" animals. Data represent the mean gene expression level (+ SD) in mTECs
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Cryptdin-Specific T Cells Mediate Intestinal signs of gut-related autoimmunity. As illustrated in Figure 4B,
Pathology in Nude Recipient Mice mLNs of Aire /- —Nude, but not Aire’/"—Nude, were

Next, we assessed the pathogenic relevance of cryptdin- dramatically enlarged and their cellularity was increased.
specific T cells in vivo. T cells isolated from pLNs and mLNs ~ Concomitantly, we observed amild increase in the frequency of
of cryptdin-immunized WT or Aire /" mice were re- CD8™ T cells in both pLNs and mLNs, while the frequency of
stimulated in vitro with cryptdin-pulsed syngenic BMDCs. CD4' T cells remained C(_)mparahleigljjgure 4€). In addition,
Subsequently, these T cells were adoptively transferred into bf)tl'f ‘mLNs f-“'ld pLNs from Aire .—’NUdE contame.d‘ a
athymic mice (Nude) that were examined 8 weeks later for ~significantly increased number of activated, CD69-positive

48



July 2015 Enteric Defensins as Autoantigens 145

A B .
2 Ak ] T
E L1 E *
f‘ 20 A: f‘ 20 “A
& 10 A = 19 ad
[=] o
o ) “_ 8
2 2 ©
® 4 ik ® 4 A
s 2. A £ 2. at mLN
S 148 ad T 1w v
5 g 5 oLl 2 pLN  mLN pLN mLN
5 B
s Dowa oo - >t At
Aire** Aire™ Aire*™* Aire™ m
3 NI

o

Aire"* - Nude Aire” - Nude
TCR-B" TCR-"

z e
-
a 50 100
5 40 3 80
2 £
£ 30 £ 60
- a
2 20 g 40
T 10 S 20
B Ed
o o
Z E CD4 CD8 CD4 CD8 CD4 CD8 CD4 CD8
EL
@ Aire*’* - Nude Aire” - Nude Aire*’" - Nude Aire” — Nude
Q

L CD4 (F\Tcﬁ

D TCR-B'cD4” TCR-F"cD8”
T1.0
24.0
2 4 —ta
3 80 s 40
fud s
z 60 8 30
(&} (&}
c 40 £ 20
by by
8 2 10
5.0 03] g ¥ 8
60.4 29| § 4 3 o
. 8 pLN mLN pLN mLN g pLN mLN pLN  mLN
3
[S Aire** — Nude Aire” —» Nude Aire*" - Nude Aire” - Nude
Isotype
Aire*" s Nude
il
—> CD69 (PE-Cy7) Aire™ — Nude

Figure 4. Establishment of nude mouse model of T-cell-mediated cryptdin-specific autoimmunity. (4) Visualization of cryptdin-
specific T cells. T cells from LNs of Aire deficient (Aire™~) or WT (Aire™’*) mice immunized with a mixture of Complete Freund’s
adjuvant with cryptdins (CFA-+ ED) or CFA with phosphate-buffered saline were labeled with proliferation dye and co-cultured with
cryptdin-pulsed bone marrow-derived dendritic cells. The proliferation of T cells was measured by FACS. Graphs show the
quantification of cryptdin-specific CD4™ and CD8™ T-cell responses. Statistical analysis was performed using 2-tailed Mann-
Whitney test, *P < .05; P < .01; P < .001. (B) The expansion of cryptdin-specific T cells in lymph nodes of nude mice. T
cells from immunized Aire "~ or Aire™* mice were transferred into nude mice recipients (Aire © — Nude or Aire*’* — Nude,
respectively). Images illustrate the size of pLNs and mLNs. The graph shows the total cell count for pLN and mLN from each
group of animals. Data are presented as mean + SD, n = 5. Statistical analysis was performed using 2-tailed Mann-Whitney test,
*P < .05; NS, not significant. (C) An increased frequency of CD8" T cells in both pLNs and mLNs of Aire /~ — Nude mice
enumerated by FACS. Representative dot-plots are shown. The bar graphs show the statistical analysis of this experiment as mean
+ 8D, n = 5, performed using 2-tailed Student’s ¢ test, *P < .05, ns, not significant. (D) LNs contained the increased number of
activated CD4" and CD8" T cells. Histogram overlays represent the level of expression of the activation marker CD69 on CD4 " and
CD8" T cells derived from the pLN (upper panel) and mLN (bottom panel) of Aire "~ — Nude (red line) and control Aire™" —Nude
mice (black line), on the background of isotype control staining (gray line). Representative histograms are shown. The bar graphs
show the statistical analysis of this experiment as mean + SD, n = 5, performed using 2-tailed Student t test, *P < .01.

CD4™ and CD8™ T cells in comparison with Aire*/* —Nude (Figure 54 and B). Consistent with the presence of self-
(Figure 4D). reactive T cells capable of targeting cryptdin-expressing

Microscopic data and FACS quantification performed on  cells {Supplementary Figure 7), the number of PCs in these
the duodenum of Aire /~ — Nude mice showed an approx- mice was markedly reduced (Figure 5C and D). Immunoflu-
imately 4-fold increase in T cells infiltrating the gut orescent examinations indicated that the destruction of PCs
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Figure 5. Cryptdin-specific T cells mediate intestinal aut0|mmun|ty (A) Comparative anti-Lck immunostaining of small in-
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The comparative analysm of frequency of gut-infiltrating T cells. T-cell receptor 8 T cells from Aire’~ —Nude and control
Aire™’* — Nude mice (n = 5) were quantified by FACS analysis. Data are shown as mean + SD, **P < .001, 1-tailed Student t
test. (C) The loss of PCs visualized by lysozyme sta|n|ng (green) on small intestinal sections from Aire™ by Nude (left panel)
and Aire ’~ — Nude mice (right panel). Representative i |mages are shown. (D) FACS analysis revealed the reduced number of
CD24" PCs in Aire”’~— Nude in comparison to control Aire”* — Nude mice (2 left dot plot panels). The graph depicts the
relative fold-decrease of PCs in Aire’~—Nude mice. Data are presented as mean + SD. (E) Changes in the microbiome
composition in the gut of Aire™’~ —Nude mice in comparison to Aire™*—Nude controls determined by 16S quantitative
reverse transcription polymerase chain reaction analysis. The relative enrichment of SFB bacteria and the Lactobacillus group
are shown. Data are presented as mean + SD, *P < .05; ™P < .001, 2-tailed Student ¢ test. (F) The enrichment of SFB bacteria
was also observed in stool samples from DEFA5-seronegative (Defa5Ab ™, n = 6) as well as seropositive (Defa5Ab*, n = 5)
APECED patients in comparison with the healthy control group (n = 7). Data are presented as mean + SD, *P < .01; ™P <
.001, ns, not significant, 2-tailed Student t test. The open circles and triangle represent samples below the sensitivity threshold

of quantitative polymerase chain reaction assay for SFB (see Materials and Methods).

was cell-specific, as their diminution had no apparent impact
on the overall intestinal architecture (Figure 54 and C).
The involvement in this destruction process of cryptdin-
specific antibodies could be largely excluded as the serum
from both Aire™/*—Nude and Aire /~—Nude failed to
show any apparent crossreactivity with PCs (Supplementary
Figure 8). The very same sera showed no reactivity to-
ward EECs (Supplementary Figure 9A4), whose distri-
bution, morphology, and numbers in both Aire™/ " — Nude
and Aire /" —Nude mice remained largely comparable
(Supplementary Figure 9B).

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

30

(Figure SE). It is important to stress that Aire ™/~ mice,
which served as a source of cryptdin-specific T cells for
adoptive transfers (Figure 4A4), also exhibited significant,
albeit less dramatic enrichment in SFB 8 weeks after im-
munization with cryptdins (Supplementary Figure 10). The
shared genetic basis of gut autoimmunity observed in
Aire ™/~ mice and APECED patients led us to examine the
human gut microflora as well. A comparative analysis of the
intestinal microbiome of APECED patients and healthy con-
trols also showed significant enrichment of SFB in enteric
a-defensin—seropositive and seronegative patients, with a
more dramatic increase in the latter group (Figure 5F).
Because SFB are potent inducers of intestinal Th17
cells,”” we next examined the polarization of CD4" T cells
toward inflammation-inducing Th17 phenotype. The results
demonstrated an 8- to 10-fold increase in the frequency of
interleukin (IL)17A producing CD4" T cells in pLN and mLN
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Figure 6. Cryptdin-specific T cells mediate inflammation-inducing Th17 phenotype. (A) The frequency of IL17A* CD4™ T cells
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Aire "~ —Nude (n = 5) and control Aire”*—Nude mice (n = 5). The bar graph represents mean + SD, *P < .01, 2-tailed
Student t test. (B) Representative images visualize the presence of pathogenic T cells co-expressing IL23 receptor (green)

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

from Aire”’~ —Nude mice in comparison with controls
(Figure 6A)}. Recently, it was reported that induction of
autoimmune pathology by Th17 T cells in mice also requires
the elevated co-expression of the 1L23 receptor.’’ As illus-
trated in Figure 6B, immunofluorescence analysis of IL17A
and IL23 receptor co-stained intestine sections showed a
detectable presence of these cells in Aire™/~ — Nude but not
in Aire"/" —Nude mice. Collectively, these rodent data
support the notion that self-reactive cryptdin-specific T cells
are capable of infiltrating the small intestine and initiating
PC-related pathologic changes in comparison with those
observed in the gut of APECED patients.

Discussion

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

We provide evidence that cryptdins are expressed by
mTECs under the control of Aire. These data are consistent
with previous reports that show that the Defer5 and Defcr2-
rs gene expression were down-regulated in mTECs derived
from mice bearing the G228W dominant-negative variant of
Aire” and Aire /"% respectively. Our results also demon-
strate that several cryptdin transcripts belong to a rare class
of genes whose expression in mTECs is fully dependent on
Aire."*"

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

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

Whether the presence of DEFAS5 autoantibodies in
APECED is linked to any pathologic function is currently
unknown. However, we could not find any evidence for their
involvement in the destruction of PCs in Aire™/~—Nude
mice (Supplementary Figure 8). Similarly, no direct evi-
dence for the adverse role of autoantibodies in Aire™ ™ mice
has been found so far.®” The association between the
occurrence of DEFAS antibodies and the incidence of diar-
rhea found among Finnish/Czech patients can be simply
related to the presence of enteric w«-defensin—reactive T
cells in the periphery (Supplementary Figure 5). It is unclear
why Sardinian patients failed to show a similar association.
The combination of 2 distinct and prevailing AIRE muta-
tions, R257X and R139%, in Finnish/Czech and Sardinian
populations, respectively, with other genetic and environ-
mental factors (such as HLA, diet, and climate) likely ac-
counts for this discrepancy. The precedence for the nearly
similarly different manifestation of APECED symptoms be-
tween Finnish and Sardinian patients, notably the absence
of autoimmune hypothyroidism in the latter, has been
recognized previously.*” A multicenter longitudinal study of
a large group of patients is needed to address this issue.

Because of the failure of central tolerance in APECED pa-
tients, the periphery contains self-reactive T-cell clones that
can simultaneously target numerous intestinal components.
This notion is supported by the following lines of evidence:
sera from APECED patients lacking EECs cross-reacted with
Paneth and Goblet cells?® and DEFA5-seropositive patients or
those lacking PCs display a deteriorated number of EECs
(Table 1); DEFA5-seropositive and PC-lacking patients
showed high cross-reactivity with many other, yet unidenti-
fied intestinal autoantigens (Figure 2B and Supplementary
Figure 3A4); intestine-related disease progresses through
stages with an increasing number of self-reactivities, culmi-
nating in the probably concurrent loss or severe diminish-
ment of PCs and EECs (Supplementary Figure 4, Table 1).
Given this gradually developing nature of multi-targeted in-
testine autoimmunity concomitantly affecting distinct type of
cells, it is seemingly difficult to establish the cellular basis for
its variable manifestations, such as diarrhea, constipation,
malabsorption, and abdominal pain.' However, our data
provide an initial clue linking at least 2 of the symptoms
mentioned to specific autoimmune cellular targets. First, we
found a significant association between DEFAS seropositivity
and the manifestation of diarrhea among Finnish/Czech pa-
tients. Importantly, all 4 biopsies from DEFA5-seropositive
patients revealed decreased or no PCs, one of them with a
normal number of EECs. Second, we have recently shown that
the tryptophan hydroxylase and decarboxylase seroposi-
tivity, 2 enzymes responsible for the production of the main
product of EECs, serotonin, as well as the lack of serotonin-
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expressing EECs, significantly correlated with constipation
in APECED patients.*”

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

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

Supplementary Material

Note: To access the supplementary material accompanying
this article, visit the online version of Gastroenterclogy at
www.gastrojournal.org, and at http://dx.doi.org/10.1053/
j.gastro.2015.05.009.
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2. HIC1 TUMOR SUPPRESOR LOSS POTENTIATES TLR2/NF- B SIGNALLING
AND PROMOTES TISSUE DAMAGE-ASSOCIATED TUMORIGENESIS

Hypermethylated in cancer HiCl) is a transcriptional repressor which cordrol
the expression of severajenesimplicated inthe control of cell cycle andtress
responsginsequencepecific mannefRood and Leprince, 2013)r via the interaction
with other transcripbn factors asit was shown for itdinding to Tcf4, leading to
the inhibition of Tcf4dependent genesxpression(Valenta et al., 2006)Tcf4 is
the essential factor for W signaling pathway which also contrdlee intestinal tissue
developmenand functionKorinek et al., 1998; Wehkamp et al., 2D(Hicl was also
shown to represthe expression oMathl and Sox9genegBriggs et al., 2008yvhich
are responsible for the development of intestinal secretory cells includin@B@sd
et al., 2012)suggesting potential rotdf Hiclin 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 ina single Hicl allele develop
spontaneously malignartimors due to the inactivating methylation of teenaining
Hicl healthyallele (Chen et al., 2003)

The tissuespecific ablation of Hiclin the irtestinal epithelium leads tmcreasd
frequency of PCs. eir transcriptional analysis revealed higher expression levels of
Math1andSox9 This suggestthatthe absence of Hidkads to the loss ofi¢ negative
regulatory loopshifting the w@erall intestinal development towards the secretory
lineages The transcriptionalprofiling of wild-type and Hicideficient mouse
embryonal fibroblasteevealedroll-like receptor 2 (TIr2ps the candidate gene heavily
repressed by Hicl presence. Chromatin immunoprecipitation with Hicl specific
antibodiesshoweddirect association of Hicl withilr2 regulatory elementdoreover,

Hicl deficiency leads tthe overall increase in TIr2 expressionanarge fractionof
intestinal epithelial cells and higher susceptibility experimental animals to
colitis-associated tumorigenegizaneckova et al., 2015)

Applican® gontribution: FACS analysis of intestinal populations and F2€CS
analysis of TIr2 expression by intestinal celiglation of PCs by FAGSort.
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