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Roviditések jegyzéke

AHR: aryl hydrocarbon receptor

ATG16L1: autofagia-fiiggd fehérje 16-1

CCL11: kemokin ligand 11

CCL19: kemokin ligand 19

CCL21: kemokin ligand 21

CCL7: kemokin ligand 7

CD: Crohn betegség

CEACAMBG: karcinoembrionalis antigén fiigg6 sejt adhéziés molekula 6
cILC3: 3-as tipusu velesziiletett (innate) limfoid sejt a colonban
ColP: colon plakk

CP: kriptoplakk

CXCL1: kemokin (C-X-C motif) ligand 1

CXCL13: kemokin (C-X-C motif) ligand 13

DC: dendritikus sejt

DSS: dextran natrium szulfat

E. coli: Escherichia coli

EC: epitélsejt

FDC: follikularis dendritikus sejt

FoxP3: forkhead box P3 transzkripcios faktor

GALT: bél-asszocialt nyirokszovetek

GlyCAM-1: glikozilacio-dependens sejt adhézios molekula-1
GWAS: teljes genomasszociacios vizsgalat

HEV: magas endotelii venula

HLA-DRB1: human leukocita antigén II-es osztaly, DRB1 béta lanc
IBD: gyulladéasos bélbetegség

ICAM-1: intercelluléris adhéziés molekula-1

1d2: DNS-kot6 fehérje inhibitor 2

IFNy: interferon gamma

Ig: immunglobulin

IL: interleukin

ILC: velesziiletett (innate) limfoid sejt

ILC3: 3-as tipusu velesziiletett (innate) limfoid sejt
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ILF: izolalt nyiroktiiszd

ImMILF: éretlen izolalt nyiroktiisz6

IRGM: immunitas-fiiggé GTPaz csalad M fehérje

ISC: intesztinalis Ossejt

JAK2: janus kindz 2

LP: lamina propria

LTi: limfoid szévet indukalo sejt

LTin: limfoid sz6vet iniciator sejt

LTo: limfoid sz&vet organizalod sejt

LTaf2: limfotoxin alfa béta 2

LYVEL1: nyirokér endotél hialuronan receptor 1

mADb: monoklonalis antitest

MAdCAM-1: mukozalis adresszin sejt adhézios molekula 1
mat ILF: érett izolalt nyiroktiisz6

MLN: mezenterilis nyirokcsomo

MRC: marginalis retikularis sejt

MUC19: mucin 19

MyD88: mieloid differencialodasi 88. faktor adapterfehérje
NF-kB: nuklearis faktor kappa-B

NOD2: nukleotid-kot6 oligomerizacios domén-tartalmu fehérje 2 kodold gén
PLN: periférias nyirokcsomo

PNA: peanut (f6ldimogyord) agglutinin

PNAd periférias nyirokcsomo adresszin

PP: Peyer plakk

Prox1: prospero homeobox fehérje 1

PTGERA4: prosztaglandin E receptor 4

PTPN2: nem receptor tirozin foszfataz fehérje 2

RA: retinolsav

RAG: rekombindaci6 aktivald gén

RET: receptor tirozin kindz

RORyt: retinoic acid related orphan receptor gamma-t
SCID: sulyos kombinalt immundefektus

silLC3: 3-as tipusu velesziiletett (innate) limfoid sejt a vékonybélben

SILT: szoliter intesztinalis nyirokszovetek



SNP: egypontos nukleotid polimorfizmus

STATS3: signal transducer and activator of transcription 3
Th1: 1-es tipusu T-helper sejt

Th17: 17-es tipusu T-helper sejt

Th2: 2-es tipusu T-helper sejt

TLR: Toll-like receptor

TNFa: tumor nekrozis faktor alfa

TRANCE: TNF-related activation-induced cytokine
UC: colitis ulcerosa

VAP-1: ér-asszocialt fehérje 1

VCAM-1: vaszkularis sejt adhézids molekula-1
VEGF: vaszkularis endotelialis novekedési faktor

XBP1: x-box koto fehérje-1



1. Bevezetés

1.1 A gyulladasos bélbetegségek

A gyulladasos bélbetegséget (IBD) az egyik leggyakrabban el6fordulo
gyulladasos korfolyamatként tartjdk szamon. Szamos személyt érint vilagszerte,
leggyakrabban fiatal felndttekben alakul ki, 15-30 éves kor kozott. (1) Két f6 tipusat
kiilonboztethetjiik meg, ezek a Crohn betegség (CD) és a colitis ulcerosa (UC) vagy
fekélyes vastagbélgyulladas.

Crohn betegségben a colon és az ileum is érintett lehet. A gyulladas
transzmuralis jellegli, mélyebb rétegeket érint, megjelenése egymastdl elkiiloniild
szakaszokon, foltokban jelentkezhet. A colitis ulcerosa esetében a rectum, a colon egyes
szakaszai, vagy a teljes colon is érintett lehet. A gyulladds csak a nyalkahartya felsd
rétegét érinti egy Osszefliggd teriileten. A CD kialakulasaban jelentésebb szerepet
kapnak a genetikai 9sszetevok, mint UC esetében, de mindkét betegség kialakulasahoz

hozzajarulhatnak bizonyos genetikai és kornyezeti faktorok. (2, 3)

1.1.1 Genetikai és kornyezeti tényezok szerepe IBD kialakuldsaban

Gyakran el6fordul, hogy egy csaladon beliil az IBD mindkét tipusa megjelenik.
Ebbdl arra kovetkeztethetiink, hogy egyes gének mindkét betegség kialakuldsaban
szerepet jatszhatnak. (4) Az elmult években GWAS analizisek segitségével tobb, mint
200, IBD-vel oOsszefiiggésbe hozhat6é 16kuszt azonositottak, melyek koriilbeliill 300
génasszociaciot jelentenek (5, 6), ezen feliil napjainkban a legijabb meta-analizis és
fine-mapping modszerek segitségével tovabbi IBD asszocialt 10kuszokat azonositottak.
(7) A tobb szaz azonositott genetikai eltérés - tobbnyire egypontos nukleotid
polimorfizmus (SNP) - ellenére, csak kevésrdl sikeriilt bizonyitani, hogy valos bioldgiai
szereplik van az IBD kialakulasaban. A kdvetkezOkben néhany konkrét igazolt genetikai
rizikofaktor keriil bemutatasra, melyek jol szemléltetik azon folyamatok sokrétiiségét,
melyek az IBD kialakulasahoz vezethetnek.

CD esetében a nukleotid-kot6 oligomerizaciés domén 2 gén (NOD2 (CARD15))
volt az egyik legkorabban azonositott kockazati faktor. Az 4ltala kodolt NOD2
citoplazmatikus fehérje a bakterialis peptidogliikanok altalanos szenzoranak tekinthetd,
amely az NF-xB jelatviteli utvonalon keresztiil IL-1, TNFa és antimikrobialis peptidek
termelését aktivalja. Proinflammatorikus tulajdonsaga mellett a bél immunrendszerének

aktivacigjat is szabalyozza, igy a tolerancia fenntartdsdban is fontos szerepe van. A
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NOD2 gént érinté SNP (1007fs mutacio) az NF-«kB overaktivacioja, valamint az
antimikrobidlis rezisztencia csdkkenése révén a velesziiletett immunvalasz zavarat
okozza. (8)

Szamos genetikai asszociaciot fedeztek fel az IBD ¢€s az IL23R kozott is (9), tovabba
CD-ben ¢és UC-ben is leirtak tobb, IL-23 medialta Th17 aktivacids utvonalat érinté gén
jelentdségét, melyeknek a gyulladasos folyamatok szabalyozasaban van fontos szerepe.
(10)

Az autofagia-fliggo fehérje 16-1 és az immunitas-fliggé GTPaz csalad M fehérje kodolod
génjei (ATG16L1, IRGM) az autofagia indukalasaban jatszott szerepiik miatt a
baktériumok eltavolitasaban, valamint az epitél barrier funkcié fenntartasaban is
fontosak lehetnek. Az ATG16L1 és IRGM géneket érintdé SNP-k az epitél barrier
funkcio sériilése révén hozzajarulhatnak a CD kialakulasahoz. (11)

A prosztaglandin E2 receptor 4 (EP4) szintén fontos szerepet jatszik a mukozalis barrier
funkcié fenntartasaban. Az EP4 proinflammatorikus szerepét az a kisérlet igazolja,
melynek soran EP4 antagonista kezelt egerekben nagyobb valoszinliséggel alakult ki
colitis, DSS kezelés hatdsara. Emberben az EP4-et kodolo PTGER4 gén kozelében leirt
polimorfizmust UC kialakulasaval hoztak kapcsolatba. (12, 13)

A nyalka termelésért felel6s fehérjecsalad egy tagjat kodold mucin 19 (MUC19) gén
egyes variansai szintén a CD-ben jatszhatnak szerepet, az epitél sejtek (kehelysejtek)
mucin termeld képességének és a barrier funkcid csokkenésének kovetkeztében.

A JAK2 (janus kinaz 2), STAT3 (Signal transducer and activator of transcription 3)
gének variansait is kapcsolatba hoztak IBD kialakulasaval. A JAK2 és STAT3 fontos
elemei az IL-23R jelatvitelnek, emellett a STAT3 a Th17 differenciacioban is kiemelt
szerepet jatszik. Az IL-23/Th17 utvonal résztvevdiként tehat a gyulladas indukalasaért
felel6sek. (14)

Az X-box koté fehérje-1 az endoplazmatikus retikulum stressz valasz kulcseleme.
Koédold génjének (XBP-1) egér bél endotélbdl torténd delécidja gyulladast indukal a
vékonybélben. (15)

Colitis ulcerosaban az egyik legfontosabb teljes genomasszociacios analizissel (GWAS)
azonositott kockazati faktor a HLA-DRB gének kozott a HLA-DRB1, melynek bizonyos
alléljei a CD-el is Osszefiiggésbe hozhatok. (16)

A GWAS analizisben nyert adatok fine mapping vizsgalataval bizonyos integrin kodolo
gének szerepét is kimutattak IBD-ben. Ezek az allélok az integrin expresszio fokozasa

révén novelték a betegség kialakulasanak kockazatat. (17)
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crer

SNP-jét CD és UC elofordulasaval is tarsitottak, (18, 19) tovabba kimutattak a PTPN2
(Nem receptor tirozin foszfatiz fehérje 2) CD kockazati gén expressziojara (20),
valamint a bél mikrovaszkulasris sejtjeiben torténéd VEGF (vaszkuléaris endotél
novekedési faktor) jelatvitel és endotelin-1 termelésre gyakorolt szabalyozo hatasat is.
(21)

Napjainkban a gyulladasos bélbetegségek leggyakrabban a fejlett nyugati
orszagokban fordulnak el6. Habar a GWAS analizisek soran szdmos olyan genetikai
Osszetevot fedeztek fel, melyeknek szerepe lehet az IBD kialakuldséban, ezek az IBD
orokletes elofordulasanak csak egy részére adnak magyarazatot. Mindezekbdl arra
kovetkeztethetlink, hogy az IBD kialakuldsaban jelentds szerepe van a kornyezeti
faktoroknak is. Ezek kozé sorolhatok a megvaltozott étkezési szokdsok, ezen beliil a
feldolgozott élelmiszerek nagymértékli fogyasztasa, adalékok jelenléte, valamint az
antibiotikum hasznalat és a dohanyzas is. Ezen tényezék Osszessége a mikrobiom
Osszetételének valtozasat, az epitél barrier funkcidjanak csokkenését okozhatja, az

immunrendszer koros aktivacidjanak koszonhetéen pedig gyulladast indukalhat. (1)

1.1.2 A mikrobiom és a barrier szerepe

A bél mikrobiomja sziiletéstol fogva folyamatos atalakulason megy keresztiil a
fejlodési folyamatok és kornyezeti tényezok hatasara, melynek eredményeként egyénre
jellemz6 Osszetételiivé valik. (22) Ez a mikrobiom fontos szerepet jatszik a szervezet
megfeleld tapanyagfelvételének biztositdsaban, valamint az emésztOcsatorna
immunrendszerének kialakitasaban és szabalyozasaban. (23) A gazdaszervezet és a
mikrobiomot alkot6 baktériumok ko6zotti kapcsolat mindkét fél szamara elonyokkel
jarhat, azonban ahhoz, hogy a koztik 1évd kényes egyensuly fennmaradjon, az
immunrendszer finom szabalyozasa sziikséges. Ha ez az egyensuly felborul, az stlyos
gyulladasos folyamatok kialakulasahoz vezethet. A mikrobiom bélgyulladasban jatszott
szerepét bizonyitja, hogy a legtdbb colitis egérmodell 1étrehozasahoz sziikség van a
mikrobiomot alkot6 baktériumok bélben vald megtelepedésére. (24)

A mikrobiom mellett a bélben természetesen nem el6forduld patogén
baktériumok, mint egyes Eschericia coli (E. coli) fajok is hozzajarulhatnak a koros
gyulladasos folyamatok eldidézéséhez a béltraktusban. Az adherens-invaziv E. coli
példaul képes a karcinoembrionalis antigén-fiiggd sejt adhéziés molekula 6-0n
(CEACAMG) keresztiil -melyet a CD-ben szenved6k epitél sejtjei korosan
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expresszalnak- megtapadni az ileumban. (25) Ezek az epitél sejtek alkotjak azt a barrier
feliiletet, amely a béllument az alsébb szoveti rétegekben talalhatd limfoid szovetektdl
elhatarolja, valamint biztositjak, hogy az emésztécsatornaban talalhatd bakterialis és
mas antigének csak korlatozott szamban legyenek hozzaférhetok a mukozalis
immunrendszer szamara. IBD-ben ez a barrier funkcié a bélfal permeabilizaciéjanak
novekedése kovetkeztében sériil, ennek kovetkezményeképpen pedig gyulladas
alakulhat ki. (26) A gyulladasos folyamat soran a Paneth és kehelysejtek is sériilhetnek,
nyalka és defenzin termelé funkcidjuk lecsokkenhet. Ezaltal a mikrobak konnyebb
hozzéaférést nyernek az epitél réteghez, amely tovabb sulyosbithatja a gyulladasos

korképet.(27)

1.1.3 Immunvdlasz eltolodas

A Dbél homeosztatikus egyenstlyanak fenntartasahoz elengedhetetlen az
immunvalasz proinflammatorikus jelatviteli utvonalain keresztiili szabalyozasa. A
mikrobidta elleni immunvalasz szuppresszidja, valamint a patogének elleni tamado
jellegli immunvalasz kozotti egyensuly felborulasa IBD kialakulasahoz vezethet. (2) Az
immunvalaszok helyszineként miikodé lamina propria (LP) Peyer-plakkok (PP),
mezenterialis nyirokcsomok (MLN) és izolalt nyiroktiiszok (ILF) egyiittese alkotja a bél
asszocialt nyirokszoveteket (GALT), melyek szamos immunsejtnek adnak otthont. Ezek
a sejtek normal korilmények kozott hozzajarulnak az immunologiai homeosztazis
fenntartdsahoz, IBD-ben viszont a megnovekedett permeabilitdsu epitél barrieren
keresztiil nagy szamban bedramld bakteridlis €s mas antigének hatdsara gyulladasos
folyamatokat indukalhatnak. A mukozaban valo felszaporodasuk és tilzott aktivaciojuk
az IFNy, TNFa, IL-1pB, és az IL-23 indukalt IL-17 gyullad4sos faktorok nagymértékii
termelését vonja maga utan. Ebben a folyamatban fontos szerepe van a kiilonbozé CD4”
T-helper alcsoportoknak (Thl, Th2, Th17), valamint a FoxP3" regulatorikus T-sejtek
IL-10 és TGFpB termelésén keresztiili gyulladasgatldo hatasanak is. (28) Ezen sejtek
fejlédésében és funkcidjuk szabalyozasaban torténd eltérések tehat szintén gyulladas
kialakulasahoz vezethetnek. (29, 30)
A mukoézalis védelemben a T-sejtek mellett IgA termelésiik révén a B-sejtek is részt
vesznek. Korabbi kutatasok alapjan a bél-asszocialt nyirokszovetekben talalhaté B-
sejtek proinflammatorikus és gyulladasgatldé hatast is kifejthetnek. Colitis
egérmodellben megfigyelték az mLN-bdl szarmazé CD1" regulatorikus B sejtek 1L-10
altali gyulladasgatl6 hatasat IL-1 és STAT3 medialta gyulladas soran. (31)
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A mikrobiom iranti tolerancia fenntartasaban tovabbi fontos szerepet jatszik az M-
sejteken keresztiili, illetve dendritikus sejtek altali folyamatos mikrobiota eredetli
antigén folyamatos kozvetitése, valamint az antigén bemutatasa révén kialakulod
immunoldgiai memoria. (32)

Az immunsejtek szabalyozott bélbe vandorlasa az ér-endotél halozaton keresztiil
valosul meg. Ennek soran a retinolsav (RA) medialta a4B7 integrin expresszio révén a
fehérvérsejtek a mukozalis adresszin sejt adhézidos molekula-1-et (MAJCAM-1)
expresszalo endotél sejtekhez vandorolnak. Az ér endotél sejtek adhéziés molekula
expresszidjat szdmos faktor befolyasolja. Kronikus gyulladds soran a megnovekedett
IL-1 és TNFa szint emelkedett adhéziés molekula expressziot eredményezhet, melynek
kovetkeztében a limfoid sejtek nagy szamban fognak a bélbe vandorolni, emellett a
limfocitak magas aranyu bél homingjat a gyulladasos kemokinek emelkedett szintje is
eléidézheti. (33)

Az Nkx2-3 transzkripcioés faktor szabalyozza a MAJdCAM-1 mukodzalis adresszin
kifejezddését, amely a leukocitdk felszinén kifejez6dd a4p7 bél homing receptoron
keresztiil lehet6vé teszi a limfoid sejtek bélbe torténd vandorlasat. (34) Ezen endotél
faktorok hianyaban a bélbe torténd limfocita homingban zavar keletkezik, amely
hatéssal van a helyi immunvalasz és a gyulladasos folyamatok lefolyasara. (35) Tehat az
Nkx2-3 a bél-nyalkahartya erecinek adresszin-mintazatanak befolyasolasan keresztiil

kapcsolatba hozhato az IBD kialakulasaval.

1.1.4 Allatmodellek
Az IBD-vel kapcsolatos vizsgalatokhoz olyan allatmodellekre van sziikségiink,

melyek megbizhatéan reprezentaljdk az IBD kovetkeztében kialakulo  koros
elvaltozasokat és az ezzel egyiitt jar6 immunoldgiai reakcidkat.
Az IBDs allatmodelleket a létrehozasuk modja alapjan az aldbbi négy csoportba
sorolhatjuk:

e kémiai modellek

e genetikailag modositott modellek

e sejt transzfer modellek

e kongenikus modellek.
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A kémiai modellek létrehozasahoz olyan irritans agenseket alkalmaznak, melyek akut
sériiléseket generalnak a bélben. Erre a célra leggyakrabban dextran szodium szulfatot
(DSS) hasznalnak, amely a bélfal irritacidjan keresztiil képes gyulladast indukalni.
Genetikailag modositott modelleket kiilonb6z6, az IBD patogenezissel Osszefliggésbe
létre. Ezek a modellek, melyeket gyakran kémiai agensekkel kombinalva alkalmaznak,
idealisak lehetnek a kiilonb6z6 genetikai tényezOk egymastol fiiggetlen vizsgalatara.

A sejttranszfer  modellekben  kiilonb6z6  foki  immunhidanyban  szenvedd
gazdaszervezeteket oltanak be T-sejtekkel. Ilyenek példaul a SCID vagy RAG recipiens
egértorzsek, a tipikus eljaras pedig a CD45RB™ T-sejtek atvitele.

A kongenikus torzsekben az allatok specidlis genetikai hatterének és tenyésztésnek
koszonhetéen spontan kialakulhat IBD. A négy emlitett modell ko6ziil a kongenikus
modellek reprezentaljak leginkabb a human IBD-ben megfigyelheto allapotot, viszont
ezek eldallitasa és fenntartasa a legbonyolultabb.

Habér a legtobb IBD egérmodell csak colitis indukalasara alkalmas, van néhany ileitis
modell is. (36, 37) Ezek kozé tartoznak a génmodositott Tnf*RF*
SAMP1/YitFc kongenikus egérmodellek. (38,39)

, valamint a

1.2 A bél-asszocialt nyirokszovetek fejlédésbiolégiai jellemzoi

A bél asszocialt nyirokszovetek (GALT) fontos szerepet jatszanak a bél helyi
immunolégiai homeosztazisanak fenntartasaban, gyulladasos, valamint szisztémas
immunologiai folyamatok szabalyozasaban. Fejlodésiik és strukturajuk kialakitasa és
fenntartdsa szamos Osszetevd egyiittes szabdlyozasan keresztiil valosul meg. Ezek a
masodlagos nyirokszervek taldlkozopontként szolgalnak az immunrendszer sejtjei és az
antigének szamara, igy nélkiilozhetetlenek a megfelel6 immunvalasz indukalasahoz.

A GALT-ot diffiz és organizalt OsszetevOkre oszthatjuk fel. Az organizalt
GALT-hoz a mezenterialis nyirokcsomok, Peyer plakkok (PP) colon plakkok (ColP) és
SILT-ek (szoliter intesztinalis nyirokszovetek) tartoznak, a diffiz GALT-ot pedig a
lamina propria limfocitak (LPL), az intraepitelidlis limfocitdk (IEL) és mas itt
elhelyezked6 immunkompetens sejtek 0sszessége alkotja.

A mezenteridlis nyirokcsomok PP-ok ¢s ColP-ok programozott kialakuldsa mar
embrionalis korban megkezddédik, ezzel szemben a SILT-képz6dés csak posztnatalisan,

indukalt moédon megy végbe. Kialakuldsukhoz nélkiilozhetetlen a mezenchimalis

12



stromasejtek és a hematopoetikus limfoid szovet indukalo (LTi) sejtek kozti
kolcsonhatas emberben és egérben is. A GALT fejlodésének részleteirdl emberben csak
keveset tudunk, mivel vizsgalata etikai és technikai nehézségekbe iitkozik, ezért
jelenlegi tudasunk nagyrészt az allatkisérletes -foként egereken végzett- kutatasok soran

megfigyeltekre szoritkozik.

1.2.1 Mezenterialis nyirokcsomo
A nyirokcsomé el6telep -hasonldéan mas masodlagos nyirokszervekhez- a

hematopoetikus eredetii limfoid szovet indukalé (LTi) sejtek valamint a VCAM-1*
ICAM-1" MAJCAM-1" limfoid szdvet szervezé (LTo) mezenchimalis stroma sejtek
interakcidja soran jon létre. (40) A CD3 CD4’IL-7Ra adf7" fenotipust LTi sejtek az
innate limfoid sejtek harmas alcsoportjaba (ILC3) tartoznak. Ezen sejtek kialakulasahoz
elengedhetetlenek az DNS-kot6 fehérje inhibitor 2 (1d2) és RORyt transzkripcids
faktorok, melyek hianyaban nem csak a nyirokcsomok, de a PP-ok fejlodése is gatolt.
(41,42) Az 1d2 és RORyt mellett a limfatikus endotél altal expresszalt prospero
homeobox fehérje 1 (Prox1) transzkripcios faktor is kiemelked6 fontossagu a formalddo
nyirokcsomok fejlédésében a LYVEL" (nyirokér endotél hialuronan receptor 1)
nyirokér halozat kialakitasaban jatszott szerepe miatt.(43)

Az LTi sejtek LTop2-t expresszalnak, amely az LTo sejtek LTPR ligandjaként
funkcional. A LTap-kifejezédéséhez nagyban hozzajarul az IL-7, amely az IL-7Ra” LTi
sejtek kialakulasahoz és fenntartasahoz is nélkiilozhetetlen. Frdekes modon a
mezenterialis nyirokcsomokat kialakitd LTo sejtekben magasabb RANKL, IL-6,
CXCL1, CCL7 és CCL11 expresszios szintet irtak le, ezzel szemben a PP-okat kialakito
LTo sejtekben a CCL21 CCL19 és CXCL13, kemokinek expresszids szintje magasabb.
(44) Ezek a génexpresszios kiilonbségek is jol mutatjak, hogy a masodlagos
nyirokszervek kialakulasaban a kiilonb6z0 faktorok eltérd szereppel birnak.
Természetesen nem csak a szolubilis faktorok, hanem az altaluk kivaltott szignalizacios
események is meghatarozoak ezekben a fejlddési folyamatokban. A LT jelatvitel az NF-
kB utvonal aktivalasaval az egyik legfontosabb pontja a nyirokcsomok és PP-ok
fejlédésének. Ezt az is bizonyitja, hogy Ltbr’ egerekben a méasodlagos nyirokszervek
kialakulasa sulyos defektust szenved, nem alakulnak ki Peyer-plakkok és
nyirokcsomdk, mig a 1ép fehér pulpa szerkezete nem tartalmaz marginalis zonat,
valamint follikularis dendritikus sejteket. (45) Az NF-kB utvonal aktivalasa indukalja az
LTo sejtek altal expresszalt adhézidos molekuldk kifejezddését (VCAM-1, ICAM-1,
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MAdCAM-1), valamint szamos citokin és homeosztatikus kemokin expresszidjat is
elésegiti (IL-7, CCL19, CXCL13, CCL21). Ezek a faktorok kezdetben az LTi sejtek,
majd késobb az érett T és B limfocitdk odavonzéasaban, ezzel parhuzamosan pedig az
adott nyirokszerv follikularis szerkezetének (T/B-sejt zoOnak) kialakitasaban és
fenntartasaban elengedhetetlenck. (46)

A nyirokcsomok follikularis szerkezete egérben csak a sziiletés utani idészakban kezd
kialakulni. Ez a folyamat a magas endotelti venulak (HEV) adresszin mintazatanak
fokozatos atalakuldsa révén mehet végbe, melynek soran a MAdCAM-1 expresszidja
lecsokken, a PNAd expresszi6 pedig CD34 és GlyCAM-1 altal szabalyozott folyamat
révén emelkedik. (47)

1.2.2 Peyer plakk

A nyirokcsomokkal ellentétben, a bél antimezenterialis oldalan elhelyezkedd PP-
okat nem boritja kiils6 tok, afferens limfatikus ereik sincsenek, viszont rendelkeznek a
nyirokcsomokra is jellemz6 HEV-ekkel, melyek a PP-ok esetében MAJdCAM-1-et
expresszalnak, amely az LTi sejtek a4B7 integrinjéhez képes kotédni. Mezenterialis
nyirokcsomokban a MAdCAM-1 és PNAd luminalisan expresszalodik, PP-ok esetében
viszont a PNAd csak a HEV endotél sejtek bazolateralis felszinén jelenik meg, ezért
nem vesz részt a limfocita homingban.

A PP-ok fejlédése a mLN-hoz hasonléan programozottan megy végbe egérben
¢s emberben is. Fejlodésiik egérben részletesen ismert, viszont emberben vald
kialakulasuk pontos folyamatardl csak keveset tudunk. Egérben az embriondlis maj
eredetii hematopoetikus sejtek el6szor a 12,5 napon kezdenek el megjelenni a bélben.
Ezek a sejtek kezdetben diffizan helyezkednek el, majd a 15,5 napra csoportokba
rendezGdnek ott, ahol késdbb a PP-ok fejlodése megy majd végbe. Ezekben a
klaszterekben a LTof és adf7, adPl expresszald LTi és a VCAM-1, ICAM-1 és
MAdCAM-1 expresszald LTo sejtek egyiittese alkotja majd a PP el6telepet. (48, 49) A
PP-ok kialakulasahoz az LTi és LTo sejtek mellett a CD3'CD4 ¢c-kit'IL-7Ra’CD11c”
limfoid szovet iniciator (LTin) sejtek is sziikségesek. Veiga és munkatarsai szerint a
CD45'CD4 CD3TL7Ra c-Kit"CD11c" hematopoetikus sejtpopulacié egy alcsoportja a
limfotoxin mellett tirozin receptor kindzt (RET) is expresszal, amely az enteralis
idegrendszer kialakuldsédhoz is elengedhetetlen. A RET jelatvitel tehat a bél neuralis és

limfoid halozatanak kialakitasaban is kulcsszerepet jatszik. (49)
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PP-ok esetében a CXCL13 kemokin fogja elésegiteni a CXCR5-6t hordozd LTi sejtek
PP cldtelepbe vandorlasat, valamint o4pl-VCAM-1, illetve o4p7-MAJCAM-1

crer

......

« ey

kovetkeztében tovabbi LTi, majd T-, B-sejtek telepednek meg a PP elételepben, amely a

PP-ok végleges follikularis szerkezetének kialakulasahoz nélkiilézhetetlen. (51)

1.2.3 Colon plakk

A colon plakkok (ColP) a vékonybél PP-jaival megegyezd, a colon, rectum ¢és a
caecum submucosdjaban elhelyezkedé masodlagos nyirokszervek, melyek egérben és
emberben is megtaldlhatdak. Szerkezetiik és kialakulasuk a PP-éval szinte teljesen
azonos. Fejlodésiik programozottan megy végbe LTB-R, IL7-R fiiggd folyamatok soran.
A ColP-ok kialakulasahoz sziikség van a CXCL13-ra, viszont a PP-okkal ellentétben
fejlédésik CCR6, CCL20 és CXCL10 fiiggetlen, ugyanakkor esetiikben a DC-ek
kolonizacioja CCR7 fiiggd folyamat. A ColP-ok a CD35" FDC-ek mellett
follikulusokba rendezddott B-sejteket, T-sejtes zonat, MAdJCAM-1" HEV-eket és
gp38"VCAM-1" stromasejteket tartalmaznak. (52)

1.2.4 Indukalt GALT fejlédés: Szoliter intesztindlis nyirokszovetek (SILT)

Az  eldz6kben  ismertetett  bél-asszocialt,  programozott  fejlédési
nyirokszervekkel ellentétben a SILT-ek kialakuldsa posztnatdlisan, a bél mikrobidlis
kolonizacidja altal indukalt modon megy végbe. A vékony és vastagbél lamina
propriaban elhelyezkedé SILT-ek kozvetlen kapcsolatban allnak a bél epitél rétegével.
A SILT-ek csoportjat a kezdetleges szervezédésii, féleg lin” LTi sejteket tartalmazo
kriptoplakkok (CP), valamint az ezekbdl kialakuld, B-sejt follikulussal rendelkez6
izolalt nyiroktiisz6k (ILF) alkotjak, melyek nem tartalmaznak HEV-eket és elkiiloniilt
T-sejt zonat. A SILT struktirdk megoszlasarol emberben csak kevés adat all
rendelkezésre. Korabban ugy vélték emberben csak ILF-ek alakulhatnak ki, késdbb
Liigering és munkatarsai CP-szert strukturak meglétét is kimutattak a bélben. (53)

A CP-okban taldlhatd6 RORyt" LTi-szer(i sejtek mikrobialis stimulust kdvetden
képesek indukalni a CP-ILF atalakulast. Az ILC3 tipust LTi sejtek kialakuldsdhoz a
mar emlitett Id2 és RORyt mellett az aryl hydrocarbon (AHR) transzkripcios faktor is
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elengedhetetlen, ezzel szemben az Ikaros az AHR gatlasan keresztiil megakadalyozza az
LTi sejtek kialakulasat. (54, 55) Az IL-22 expresszald ILC3 sejtek a CP/ILF fejlodést a
limfotoxin utvonalon keresztiil képesek indukalni. AHR hianyaban tehat csak elszortan
alakulnak ki SILT-ek. (56) A vékonybélben talalhato SILT-ek kialakulasa CXCL13-
CXCRS5 fiiggd, ezzel ellentétben a colonban talalhato CP-ok CXCL13, CCR6 filiggetlen
modon is kialakulhatnak. (52, 57)

Az ILF tovabbi érésében szintén fontos szerepet kap a bél mikrofloraja. A B-sejtes
kolonizaciohoz elengedhetetlen a CCL20 -az LTi sejteken is megtalalhato CCR6
ligandja- melynek expresszidjat a Gram-negativ kommenzalista baktériumok NOD-1-en
keresztiili felismerése indukélja. Ezt kovetden, a follikularis szerkezet kialakulasa
TLR2/4, MyD88 fligg6 folyamat soran megy végbe. (58, 59) Egérben a masodik
posztnatalis hétre a SILT-ek minden formaja megtalalhat6 lesz a bélben, a kezdetleges
szerkezeti CP-okt6l az éretlen ILF-eken 4t az érett ILF-ekig, melyek egyetlen CD35"
DC-ekkel rendelkez6 B-sejtes follikulust, valamint azt szegélyezd, de elkiiloniilé T-sejt

z6naba nem rendez6d6 T és LTi sejteket tartalmaznak.

1.3 Az ILC sejtek jelentésége és alcsoportjaik jellemz6i

Az innate limfoid sejtek (ILC) hematopoetikus Gssejtbdl torténd kialakulasahoz
szamos transzkripciés faktor kozremiikodése sziikséges, ezek kozill az egyik
legfontosabb az 1d2. Az Id2 szamos mas faktorral egyiitt elengedhetetlen ahhoz, hogy a
kozos limfoid progenitorbodl a kiilonb6zo ILC alcsoportok 1étrejojjenek. (60) Az ILC
sejtek kozos tulajdonsadga, hogy bar morfologidjuk a limfoid sejtekével azonos és
szelektiv kifejez6désli transzkripcids faktorok hatasara T-helper tipusu citokinek
termelésére IS képesek, nem rendelkeznek génatrendez6dés soran létrejovo antigén
specifikus receptorokkal. Bar ezen sejtcsoport vizsgalata egérben és emberben is
jelentds fejlddésen ment keresztiil az utobbi idészakban, az egyes alcsoportok elkiilontilt
fejlodése, szovet-specifikus funkcidik, valamint homeosztazisuk szamos részlete még
megoldatlan. (61)
Az ILC-k szamos funkciét latnak el kiilonb6zé immunolédgiai folyamatokban, a
nyirokszovetek fejlodésétél a mukodzalis felszinek homeosztazisdnak fenntartdsan at, a
korokozok elleni védelem, és a gyulladasos folyamatok szabalyozasaig. (61)
Transzkripcios faktor profiljuk és citokin termeld képességiik alapjan harom f£0,

funkci6jukban is eltérd csoportba sorolhatjuk dket. Fontos megjegyezni, hogy az egyes
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alcsoportok fenotipusa és funkcidja igen hasonldé emberben és egérben, viszont gyakran
eltéré markerekkel jellemezhetdek, valamint igen plasztikusak is, hiszen az 6ket alkotod
sejtek megvaltozott mikrokdrnyezetben, példaul eltérd citokinek hatdsara, tipust
valthatnak.

Az ILC1 csoportba tartoznak a természetes 6l6sejtek (NK) valamint mas ILC1
sejtek, melyek szamos szovetben megtalalhatoéak. Kialakulasahoz elengedhetetlen a T-
bet transzkripcios faktor. Ezek a sejtek IL-15, IL-18 és IL-12 fiiggé modon IFNy-t
termelésre képesek, és a virusfert6zott és tumoros sejtek eltdvolitdsdban jatszanak
szerepet. (62)

Az ILC2 csoport sejtjei heterogén populaciot alkotnak, melyek jellemzden a
légutak és a bél mukozalis szoveteiben fordulnak eld. Jellegzetes transzkripcids
faktoruk a GATA-koté fehérje-3 (GATA-3). Ezek a sejtek IL-25 és IL-33 altal
szabalyozott moédon Th2-tipusu citokineket termelnek (IL-5, IL-13), szerepiik a Th-2
tipusu immunvalaszban és a parazitak elleni védelemben jelentds. (63)

Az ILC3 csoport szintén valtozatos sejttipusokat foglal magéban, melyek kozds

jellemzdje a RORyt transzkripcios faktor, valamint az AHR expresszio, melyek az ILC3
sejttipus  kialakulasahoz ¢és fenntartasahoz elengedhetetlenek. Az ILC3 sejtek
legnagyobb szamban a bél lamina propria rétegében vannak jelen. Ezen sejtek
kiilonbozé alcsoportjai részt vesznek a limfoid organogenezisben, gyulladasos
folyamatok szabalyozasdban, valamint bakteridlis fertézések elleni immunvélaszban,
emellett regenerativ feladatot is betoltenek (1. abra).
A legkorabban felfedezett ILC3 alcsoportot a limfoid organogenezisben résztvevé LTi
sejtek alkotjak. Az LTi és LTo sejtek kozti LT-fiiggé interakcio elengedhetetlen a
masodlagos nyirokszervek kialakuldsdhoz, embriondlis (pLN, mLN, PP) és posztnatélis
(ILF) korban is. Ezek a folyamatok részletesen bemutatasra keriiltek az 1.2 fejezetben.
(64)

A CCR6'NKp46™ LTi sejtek mellett CCR6'NKp46®, valamint CCR6'NKp46™
ILC3 alcsoportokat kiilonboztetiink meg. Az ILC3 sejtek 1L-23 indukcio hatasara 1L-22
¢és IL-17 termelésére képesek. (65)

A CCR6'NKp46® ILC3 sejtek a bakteridlis patogénekkel szembeni védelemben
jatszanak szerepet. Legnagyobb szamban a bélben fordulnak el6, ahol IL-22 termeld
képességiik révén szabalyozzak az olyan korokozd baktériumok, mint a Citrobacter
rodentium elleni immunvalaszt. (66) A patogénekkel szembeni immunvalasz melett az

epitél és immunsejtekkel valamint a bél mikroflorajaval vald folyamatos kdlesonhatasuk
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révén képesek a bélham homeosztazisanak szabalyozasara is. Az IL-22 termelé ILC3
sejtek képesek indukalni az epitél sejtek RegllIf és Regllly antimikrobialis peptidek
kifejez6dését, valamint defenzin termelését. (67)

A kettés negativ CCR6'NKp46™ ILC3 sejtek foleg gyulladds soran szaporodnak fel a
bélben. Ezek az IL-17 és IFNy termeld sejtek a CP-okbol mobilizalédva képesek
gyulladast indukalni. (68)

Az ILC3 sejtek kettds szerepet toltenek be a gyulladasos folyamatokban, mivel 1L-22 €s
IL-17 termel6 képességiik révén anti-inflammatorikus és pro-inflammatorikus
tulajdonsaggal egyarant rendelkeznek. (63) Az ILC3 sejtek aktivacidjanak és citokin
termelésének egyensulyi szabdlyozasa igen Osszetett folyamat, melynek zavara

hozzéjéarulhat az IBD kialakulésihoz.

18



CCL19 CCL21

CXCL13
[ o
.... o0 © ...
e® ® o0 o ®

CXCL13

MRC

1. abra. ILC-stroma kolcsonhatasok osszetevoi és szerepiik a limfoid organogenezisben és az
immunologiai védelemben.

A, magzati nyirokcsomo el6telep; B, felnéttkori nyirokcsomo; C, felnéttkori lamina propria. Roviditések:
LTo, limfoid szovet szervezé sejt; LTi, limfoid szévet indukalo sejt; MRC, marginalis retikularis sejt; ILC3,

3-as tipusu innate limfoid sejt; ISC, intesztinalis 6ssejt; EC, epitélsejt; DC, dendritikus sejt. (63)

1.4 Az Nkx2-3 transzkripcids faktor

Az Osszetett szervezetek kialakuldsdhoz a génexpresszio nagyfokl koordinéacioja
sziikkséges. Ezt a szerepet toltik be a helix-turn-helix DNS koté motivumokkal
rendelkez6 homeobox gének, melyeket el6szor Drosophila egyedekben irtak le. Ezek a
homeobox gének kiemelt szabalyozo szerepet jatszanak szamos fejlédési folyamatban,
tobbek kozott a mezoderma kialakulasaban.

A homeobox gének legnagyobb csaladjat a HOX osztalyba tartozo
transzkripcids faktorok alkotjak, melyek valosziniisithetden filogenetikai rokonsdgban
allnak a homeobox kodold gének masodik legnagyobb csoportjaval, az NK osztalya
homeobox génekkel. Drosophilakban az NK gének két f6 csoportjat kiilonboztethetjiik
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meg, az NK-1 osztalyt, amely az NK-1 csaladot, és az NK-2-t, amely a szoros
rokonsagban all6 NK-2, NK-3 és NK-4 csaladokat foglalja magaban. Az NK-2
osztalyba tartoznak a tinman és bagpipe gének, melyek a mezodermalis differnciacioért,
a dorzalis szivcs6, valamint a bél izomzatanak kialakulasaért felelések. (69) Ezen gének
megfeleldit a konzervalt tirozin oldallancok alapjan gerincesekben is azonositottak. (70,
71)

Az NK-2 osztilyba tartozdé gének mindegyike egy adott szerv vagy szovet
kialakulasaért felelds. Ezen gének olyan jelatviteli Gtvonalak aktivalasara képesek,
melyek hozzajarulnak a szervezet kialakulasahoz, fenntartasahoz, normal mikodéséhez
a sejtdifferenciacio, migracié valamint érési mechanizmusok szabalyozasan keresztiil.
(72) Az NK-2 gének kodoljak az Nkx transzkripcios faktorokat, melyek expresszios
mintazatdban igen gyakoriak az 4tfedések. Ezek a transzkripcios faktorok egy igen
Osszetett és jol kiegyenstlyozott szabalyozd rendszert alkotnak, amelyben a legkisebb
valtozas is stulyos kovetkezményeket vonhat maga utan. Az Nkx faktorok részt vesznek
az ideg és érrendszer, a légutak és szdmos mads szerv €s szovet kialakuldsdnak és
mitkodésének szabalyozasaban. (73)

Ezen faktorok egyike az Nkx2-3, amely mas Nkx faktorokkal egyiittesen szamos
limfoid szovet és szerv kialakulasdhoz valamint normal miikodésiik fenntartasahoz
nagyban hozzajarul. Mas Nkx faktorokkal ellentétben (mint példaul az Nkx3-2 (Bapx1)
vagy az Nkx2-5), melyek hianya aszpléniat okoz, (74) Nkx2-3 hianyaban a 1ép
kialakulasa nem gatolt, szerkezete viszont szamos eltérést mutat.(75) Az Nkx2-3 faktor
-az elobb emlitett faktorokkal ellentétben- nem csupan a 1€p, hanem mas nyirokszervek
fejlodésében is részt vesz. Az Nkx2-3 a [ép mellett kifejezddik a bél egyes
szakaszaiban, valamint a garati endodermaban is. (76) Ez a faktor szamos sejttipus
kialakulaséaért felelds, mint példaul az erek és a béltraktus simaizom sejtjei, a leukocitak
stromasejtjei. (77) Az Nkx2-3 elengedhetetlen az endotél sejteken valo MAdCAM-1
kifejezoédéséhez is. Ez az adresszin nélkiilozhetetlen a mukozalis szovetekbe torténd
limfocita hominghoz, mely az o4f7 valamint L-selectin leukocita receptorok
megkotésén keresztiil valosul meg. (47)

Az Nkx2-3 faktor hianya atrofias rendezetlen szerkezetli 1épet, kisebb, kevesebb és
eltérd ér-endotél adresszin mintazattal rendelkez6 Peyer plakkokat, megnagyobbodott és
eltérd szerkezetii colon kriptakat, abnormalis villus fejlédést, és megvaltozott limfocita

homingot eredményez. (75)
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Nkx2-3 hianyaban a 1ép voros pulpajaban jelentds szerkezeti eltérések figyelhetok meg.
A voros pulpan beliil valésziniileg a sinus endotél sejtek érintettek leginkabb, mivel
egérben ezen (az IBL-9/2 patkany antitesttel kimutathat6) sejtek Nkx2-3 hiany esetén
teljesen hianyoznak. (78) A vords pulpa sinus endotél sejtek mellett a marginalis zona
makrofagok, valamint a MAdCAM-1 pozitiv marginalis sinust szegélyezé endotél
sejtek Osszetételében is eltérés mutatkozik Nkx2-3 hidnydban. Ezek az eltérések
hasonléak a limfotoxin béta receptor (LTBR) deficiencidban tapasztaltakhoz, viszont a
voros pulpa vaszkularis felépitésének zavara csak Nkx2-3 hianyaban figyelheté meg.
(79)

Mindezek mellett Nkx2-3 hiany esetén a 1ép erei koros atalakuldson mennek keresztiil.
Ennek a LTPR fiiggd folyamatnak az eredményeként PNAd pozitiv nyirokcsomo-szerti
HEV-ek alakulnak ki, melyek normal esetben a 1épbdl teljesen hianyoznak. (80)
Erdekes médon a LTPR jelatvitel konstitutiv aktivacidjat kovetéen is PNAd és
MAdCAM-1 pozitiv HEV-ek alakulnak ki a lépben (81), ezzel szemben Nkx2-3
hianyaban az ektopias HEV-ek endothel sejtjei csak PNAd-t expresszalnak felndtt
egerekben. (80)

Az Nkx2-3 transzkripcios faktor valosziniileg mar igen korai stadiumban hatassal van a
1ép vaszkularis elkotelez6désére, mivel hianyaban, a limfatikus endotélre jellemz6
LYVE-1 pozitiv endotél sejtekkel koriilvett zsdkszerli képzOddmények alakulnak ki a
lépben. (82) Mindezek alapjan elmondhato, hogy Nkx2-3 hianyaban leginkabb a voros
pulpa szerkezete karosodik, de a fehér pulpdban €és a marginalis zonaban is jelentds
eltérések mutatkoznak.

A 1ép mellett a PP-ok fejlddése is részlegesen gatolt Nkx2-3 hianyaban, mivel
Nkx2-3-hianyos egérben kevesebb és kisebb méretli PP-ok talalhatoak vad tipust
tarsaikhoz viszonyitva. (35) A PP-ok nem csak megoszlasukban és méretiikben, de
szerkezetiikben is eltérést mutatnak Nkx2-3"7 egerekben, mivel a mukozalis HEV-ekben
az Nkx2-3 fiiggd MAdACAM-1-et a PNAd adresszin helyettesiti. Ezzel szemben a
lamina propriaban Nkx2-3 hianyaban sem MAdCAM-1 sem PNAd nem expresszalodik
a masodik posztnatalis héttdl. (83) Az Nkx2-3 transzkripcios faktor expresszioja az
emésztérendszer egyes szakaszaira, valamint a bél asszocialt nyirokszovetekre
korlatozodik, ezért a PP-ok magas endotél és kapillaris endotél sejtjeiben is kifejezodik,
a periférias nyirokcsomokban viszont nincs kimutathaté Nkx2-3 expresszio. (84)

Egérben a pLN HEV-eken expresszalodo MAdACAM-1 a sziiletés utdni elsd

honap soran fokozatosan eltiinik, helyét PNAd veszi at. (47) Ez az expresszios
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mintazatbeli eltérés lehet az oka annak, hogy Nkx2-3 faktor hianyaban (a 1éppel és PP-
al ellentétben) a pLN-ek szerkezete nem mutat eltérést. (35) Az Nkx2-3 faktor tehat
szovetspecifikus modon jarul hozza a GALT érhalozatanak és limfocita homingjanak
kialakitasahoz a MAdCAM-1 expresszio szabalyozasan keresztiil.

Emberben szintén megfigyelhetjilk az Nkx2-3 faktor korlatozott szoveti
expresszidjat. Egy nemrégiben kifejlesztett anti-human Nkx2-3 monoklonalis antitesttel
végzett immunhisztokémiai jel6léssel munkacsoportunk eredményei alapjan az emberi
lépben a vords pulpa vénas szinuszait bélelé CD31°'CD34 VWF' endotél sejtek
jatszott szerepét. (85) Megvaltozott expresszidja kovetkeztében felborulhat a
mikrovaszkularis endotél sejtek altal szabalyozott leukocita migracio és a gyulladasos
immunvalasz folyamata is. (73) Bélben az Nkx2-3 faktor valdsziniileg szamos
mezenchimalis sejtben expresszalodik a colon szubepitelialis kot6szoveti rétegében. (2.
abra) Ezzel Osszefliggésben az Nkx2-3 faktor megvaltozott expresszidjat kapcsolatba
hoztak az IBD mindkét formajanak kialakulasaval. (18-21) A human Nkx2-3 faktor

szerepét Kimutattak a colorektalis miofibroblasztok identitisanak fenntartasaban is,

crer

lehet. (86)

A fenti megfigyelések mellett az Nkx2-3 faktor pontos expressziojat még nem sikeriilt
teljes mértékben meghatarozni sem egérben sem pedig emberben, igy az Nkx2-3-at

expresszalod sejtek pontos azonositasahoz tovabbi kisérletekre van sziikség.
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2. abra. Az Nkx2-3 fehérje expressziés mintazata human colonban.

Az immunhisztokémiai jelolés formaldehid fixalt paraffinba agyazott biopsziabdl készilt metszeteken
tortént. A referencia jeldlés (piros) az endotél faktor VIII (balra fent), CD34 (jobbra fent), és miofibroblaszt-
simaizom markerek (izom-specifikus aktin (MSA) (balra lent) és alfa-simaizom aktin aSMA (jobbra lent))
expresszidjat mutatja. A kettds jeldlésnek kdszénhetéen medfigyelhetjiik a referencia markerek részleges

atfedéseét az Nkx2-3 pozitiv (barna magfestédés) sejtekkel; (scale bar 100um).(73)
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2. Célkituzés

Kutatécsoportunk korabbi munkai soran vizsgalta az Nkx2-3 transzkripcios
faktor szerepét a 1€p és Peyer plakkok szerkezetének kialakitasaban, kiemelt hangstlyt
fektetve az érhalozatra, valamint ezzel parhuzamosan a limfocita recirkulacié és homing
folyamatokra.

Eredményeink szerint az Nkx2-3 fontos szerepet jatszik a MAdCAM-1 mukoézalis
adresszin expressziojanak szabalyozasaban. Nkx2-3 hianyaban az endotél MAdCAM-1
expresszio embrionalis korban megtartott, viszont a sziiletést kdvetd elsé honapban
fokozatosan eltiinik, ellentétben a MAACAM-1 hianyos ecgerekkel, melyeknél a
MAdCAM-1 teljes hianya figyelheté meg.

Célunk az Nkx2-3 transzkripcios faktor szerepének vizsgalata volt a lamina propria
ILC3 sejtjeinek megoszlasaban, a SILT képzddésben, valamint a gyulladasos

bélbetegségek lefolyasanak szabalyozasaban.

PhD munkam soran Nkx2-3 és MAdCAM-1 hianyos egereken végzett kisérletekkel

az alabbi kérdéseket kivantuk megvalaszolni:

e Hogyan viltozik a lamina propria ILC3 sejtek megoszlisa a bélben Nkx2-3
illetve MAACAM-1 hidnydban posztnatdlis és felndtt korban?

o Milyen hatdssal van az Nkx2-3 és MAdCAM-1 hidanya a SILT fejlédésre és

megoszldasra posztnatdlis és felnott korban?

o Milyen eltérések figyelhetok meg felnétt Nkx2-3 és MAdCAM-1 hidnyos
egerekben DSS indukalta colitis lefolydsdban, a lamina propria ILC3 sejtek és

SILT struktiurdk megoszlasaban?

e Mi befolydsol(hat)ja a DDS indukdlt colitis eltéré lefolyasat Nkx2-3

hianyaban?
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3. Anyagok és médszerek

3.1 Kisérleti allatok

Az Nkx2-3", 129SvxB6 kevert hatterli egerecket BALB/cJ egerekkel
kereszteztiik vissza 14 generacion keresztiil. Az egerek genotipizalasat konvencionalis
duplex PCR modszerrel végeztik, az Nkx2-3 ¢és neomicin rezisztens gén
amplifikalasaval. (75) A C57BL/6 hatteri MAACAM-17" (Madcam1"™2\"29)
egértorzset Angela Schippers €és munkatarsai allitottak el6. (87) A BALB/c] és
C57BL/6J egerek a Jackson Laboratory-bol (Bar Harbor, USA) szereztiik be.
Kisérleteink soran a korabban leirt mCD19CherryLuciferaz (CD19CL) transzgenikus
egereket (88) és LacZ-Nkx2-3"" riporter egerekbdl szarmazé mintdkat (35) is
felhasznaltunk. A sziiletéstdl azonos kornyezeti feltételek biztositasa végett az Nkx2-3
hianyos egerek esetében kontrollként Nkx2-3 heterozigétakat hasznaltunk. Az egereket
a kisérletet megel6zden legaldbb egy hétig standard koriilmények kozott tartottuk. Az
¢l6 allatokkal kapcsolatos valamennyi eljarast a Pécsi Tudomanyegyetem
Allatkisérletek Etikai Bizottsaga altal a BA02/2000-16/2015 szami engedélyben
megfogalmazott iranymutatasoknak megfeleléen, a géntechnologiaval modositott
szervezetek hasznalatanak a Vidékfejlesztési Minisztérium altal kiadott SF/27-1/2014

szdmu engedélye alapjan végeztiik.

3.2 DSS kezelés

Colitis indukalasahoz 8-10 hetes egereket 2,5% DSS (AppliChem GmbH)
tartalml vizzel itattuk hét napig. Az egereket akut colitis vizsgalatahoz a hetedik napon,
szubakut colitis vizsgalatahoz pedig a 14. napon aldoztuk fel. Kontrollként alomtérsakat

hasznaltunk, vagy az aljzatot cseréltiik rendszeresen a ketrecek kozott.

3.3 Antitestek és reagensek

Aramlasi citometrids kisérleteinkhez a kovetkez kereskedelemben kaphato
antitesteket és reagenseket hasznaltuk fel: anti-CD3-allophycocyanin-Cy7 (145-2C11
klon; BD Biosciences), biotinalt anti-CD11c (N418 klon; BioLegend), anti-Thy-1.2
(CD90.2)-PerCP/Cy5.5 (53-2.1 klon, BioLegend), Streptavidin PE-Cy7 (BioLegend),
anti-RORyt-AlexaFluor647 (Q31-378 klon, BD Biosciences); (az intracellularis festést a

gyartoi protokoll szerint végeztik el a BD Biosciences membran permeabilizald
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pufferével). Az anti-CD3-FITC (KT3 klon), anti-CD19-FITC (1D3 kloén), biotinalt anti-
CD45 (IBL-3/16 klon), anti-CD4-Cy3 (YTS191.1 klon), anti-CD4-AF647 (YTS191.1
klon) anti-CD45-CF647 (IBL-3/16 klon) antitestek eldallitasa és/vagy fluorokromokkal
konjugalasa laboratoriumunkban (PTE-KK-IBI) tortént.

Szoveti immunfluoreszcencidhoz a kovetkezd patkany 1gG monoklonalis
antitesteket szintén laborunkban allitottuk eld -hibridoma feliiliszok Protein G
kromatografias tisztitasaval- és/vagy konjugaltuk: FITC-el konjugalt anti-CD45 (IBL-
3/16 klon), CF647-el jelolt anti-B220 (RA3-6B2 klon), TAMRA konjugalt anti-Thy-1
(IBL-1 klon), anti-MAdCAM-1 (MECA-367 klon), CD21/35-FITC (7G6 klon). A
kereskedelemben kaphaté anti-PNAd (MECA-79 klon; BD Biosciences), antitestet
FITC konjugalt anti-patkany IgG-vel (Vector Laboratories), a kecske anti-egér
CXCL13-at (R&D Systems) szamar anti-kecske FITC-el (Southern Biotech), a biotinalt
CD1lc-t (N418 klon, BiolLegend) pedig Streptavidin PE-el (BD Biosciences)
vizualizaltuk.

Magfestéshez Hoechst 33342-t hasznaltunk (Thermo Fisher Scientific, Budapest). A
DyLight594-konjugalt anti-PNAd (MECA-79 klon) Eugene C. Butcher (Stanford
University) szivélyes felajanlasa volt.

A periférids nyirokcsomok szerkezetének meghatdrozdsdhoz a kovetkezd antitest
koktélt alkalmaztuk: anti-CD21/35-FITC (7G6 klon, PTE-KK-IBI), anti-Thy-1-
TAMRA és anti-B220-CF647.

ELISA-hoz torma peroxidaz konjugalt anti-egér poliklonalis antitetstet (Dako)

hasznaltunk.

3.4 Lamina propria limfocita izolalas

A lamina propria limfocitakat egy korabban leirt protokoll alapjan izolaltuk. (89)
A kisérleti egerek felaldozasat kovetéen a vékonybélrdl eltavolitottuk a Peyer
plakkokat, majd a colonnal egyiitt hosszdban felvagtuk. A vékonybél és colon
szakaszokat kiilon dolgoztuk fel, az egy ¢€s két hetes egerek esetében legalabb 3
bélmintat pooloztunk. A mintakat hideg (4°C) PBS-ben alaposan atmostuk, majd
mérettdl és életkortol fiiggéen 10-20 percig razattuk 110 rpm fordulatszammal, 37°C-
on, 10mM EDTA (Sigma Aldrich) tartalmi DMEM médiumban az intraepitél réteg
eltavolitasa céljabol. A két bélszakaszt ezutan tObbszori hideg (4°C) PBS-ben

vortexeléssel atmostuk, majd 3-5 mm-es darabokra vagtuk. A béldarabkakat 37°C-on
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100 rpm-en razatva emésztettik 0,6mg/ml kollagenaz D (Sigma Aldrich) és
5U/mIDNaz | (Sigma Aldrich) tartalmi DMEM médiumban. A feliilusz6t 70um
sejtsziir6n (Greiner Bio-One) atsziirve gytijtottiik 6ssze minden 20. perc utan, majd friss
médiumot adtunk a mintakhoz. A 20 perces inkubacidkat addig ismételtiik, amig a
béldarabok teljesen meg nem emésztddtek. A mononukledris sejteket stirliség gradiens

centrifugalassal szeparaltuk, 40% 80% (w/v) Percollal (Sigma Aldrich).

3.5 Aramlasi citometria

A Percoll gradiens centrifugalas soran szeparalt sejteket PBS-ben mostuk, majd
a kovetkezd antitestekkel sejtfelszini jelolést végeztink: anti-Thy-1.2 (CD90.2)-
PerCP/Cy5.5 (53-2.1 klon, BioLegend), anti-CD3-FITC (KT3 klén, PTE-KK-IBI), anti-
CD19-FITC (1D3 klén, PTE-KK-IBI), és biotinalt anti-CD45 (IBL-3/16 klon, PTE-KK-
IBI). A biotinalt anti-CD45 antitestet Streptavidin PE-Cy7-el detektaltuk (BiolLegend).
Permeabilizaciot kovetden az anti-RORyt-AF647-el (klon Q31-378, BD Biosciences)
intracellularis jelolést hajtottunk végre a gyartdi protokoll szerint.
Az emlitetteken kiviil az alabbi antitesteket hasznaltuk fel aramléasi citometrids
vizsgalataink soran ILC3/LTi sejtek azonositasara: anti-CD3-allophycocyanin-Cy7
(145-2C11 klon; BD Biosciences), anti-CD4-Cy3 (YTS191.1 klon, PTE-KK-IBI), anti-
CDA4-AF647 (YTS191.1 klon, PTE-KK-IBI), anti-CD45-CF647 (IBL-3/16 klon, PTE-
KK-IBI).
A dendritikus sejtek azonositdsahoz hasznalt biotinalt anti-CD11lc (N418 klon,
BioLegend) antitestet Streptavidin PE-Cy7 konjugatummal (BioLegend) detektaltuk.

Me¢éréseinket BD FACSCanto Il vagy BD FACSCalibur aramlasi citométerrel
végeztiik. A limfoid kapun beliil mintanként legalabb Stezer CD45"CD3'CD19™ sejtet
gyijtottiink Ossze, majd elemeztink ki az FCS Express és FlowJo szoftverek
segitségével. Az ILC3 sejteket a kovetkezéképpen hataroztuk meg: CD45°CD3'CD19
CD90/Thy1'RORyt". Az eredményeket az ILC3 sejtek abszolut szamaként mutatjuk be.

3.6 Szovettan

A SILT struktardk dsszetételének meghatarozasdhoz posztnatalis korban egy, két
és négy hetes egerek colon és vékonybél szakaszaibol késziilt Swiss-rollokat
készitettiink. A blokkokbdl 4-6, egymastol 100-200 um tavolsagra 1évo sikokban 8um

vastagsagu kriosztat metszeteket készitettiink, melyeket fluoreszcenesen jelltiink. A
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vizsgélat sordna kovetkezd SILT struktardkat kiilonboztettik meg méretiik,
morfologiajuk valamint sejtdsszetételiik alapjan: Thy-17"/B220° kriptoplakkok (CP),
Thy-17"/B220" éretlen izolalt nyiroktiisz6k (imILF) és Thy-17/B220"" érett ILF
(matILF). Az immunofluoreszcens jeloléshez a kriosztat metszeteket 10 percig
acetonban fixaltuk, majd 20 percig 5% BSA tartalmu PBS-el telitettiik. A tobbszoros
immunofluoreszcens jelolés sordn a metszeteket a kovetkez6 monoklondlis antitest
koktéllal inkubaltuk 45 percig PBS-ben: FITC konjugalt anti-CD45, TAMRA konjugalt
anti-Thy-1 és CF647 konjugalt anti-B220. A jel6lést 3x5 perc PBS-ben torténé mosas,
majd 1:1 aranya PBS-glicerinnel valo fedés kovette.

Fiatal feln6tt (8-10 hetes) egerekben szintén vizsgaltuk a SILT-ek megoszlasat
normdl koriilmények kozott, valmint DSS indukalta colitisben. A posztnatalis SILT
megoszlds elemzése sordn haszndlt markerek mellett az ILF érettségi fokanak
pontosabb megkiilonboztetése érdekében komplement receptor 2 (CR2) expresszidjukat
(anti-CD21/35-FITC, 7G6 klon) és peanut agglutinin lektin (biotinalt PNA)
jeldlddésiiket is vizsgaltuk immunfluoreszcens jeldléssel. Az éretlen ILF-eket CR2* az
érett ILF-eket pedig CR2/PNA™" csoportként hataroztuk meg, a biotinalt PNA lektin
kotodését streptavidin-Alexa 350 konjugatummal mutattuk ki. ILF-eknél vizsgaltuk
tovabba a DC-ek jelenlétét is kecske anti-egér CXCL13-al (R&D Systems), melyet
szamar anti-kecske FITC-el (Southern Biotech), valamint biotinalt CD11c-vel (N418
klon, BioLegend), melyet Streptavidin PE konjugatummal (BD Biosciences)
detektaltunk.

Az intesztinalis adresszin expresszid kimutatasara a kriosztat metszeteket PBS-ben
higitott 5ug/ml anti-MAJCAM-1 1gG-vel inkubaltuk, majd a mosas utan FITC
konjugalt anti-patkdny IgG-vel (BD Biosciences) detektaltuk. A metszeteket ezutan
50x-esére higitott normal patkany szérummal telitettiik, majd DyLight594-konjugalt
MECA-79 anti-egér PNAJ antitesttel és CF647-konjugalt anti-egér CD45-¢l inkubaltuk.

A periférias nyirokcsomok analizis€éhez agyéki nyirokcsomokbol készitettiink
median siki metszeteket. A follikularis dendritikus sejteket FITC konjugalt anti-
CD21/35-¢l, a T-sejteket TAMRA konjugalt anti-Thy-1-el, valamint a B-sejteket CF647
konjugalt anti-B220 monoklonalis antitesttel detektaltuk. Az eredményeket a metszetek
1:1 aranyt PBS-glicerines fedését kdvetden Olympus BX61 fluoreszcens mikroszkop
segitségével vizsgaltuk. A reprezentativ képeket az Olympus Fluo-View FV-1000 1ézer

scanning konfokalis képalkot6 rendszerrel készitettiik.
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A MAdJCAM-1 és PNAd egyszeres jeloléséhez 1-2 és 4 hetes egerekbol
szarmazd aceton fixalt vékonybél ¢és colon kriosztat metszeteket 1lpg/ml anti-
MAdCAM-1 vagy anti PNAd monoklonalis antitestekkel inkubaltuk. A jeloléseket
FITC-konjugalt anti-patkany IgG-vel (vector Laboratories) tettiik lathatova, végil a
fedéssel egyiitt Hoechst 33342 magfestést végeztink. A jel6lés intenzitasanak
szamszerUsitéséhez az Imagel] szoftvert hasznaltuk. Az eredményeket relativ pixel
intenzitasként (mean grey value) tiintettiik fel.

A DSS-kezelt egerek szovettani értékeléséhez colon Swiss-roll kriosztat
metszeteket hasznaltunk. A hematoxilin-eozin festést a PTE Patologia Intézetében
végezték standard eljards szerint. A mintak hisztopatologiai kiértékelését egy gyakorlott
patologus végezte egy korabban leirt protokoll alapjan (90) a szubmukozalis 6déma (0-
3), polimorfonuklearis sejt infiltracio (0-4), kehely sejtek szamanak (0-3) és epitél

integritas (0-3) vizsgalataval.

3.7 B-sejt-kolénia analizis teljes vastagbél biolumineszcenciaval

A B-sejtek globalis bél-megoszlasanak vizsgalatara Nkx2-3" egérrel
keresztezett mCD19CherryLuciferaz (CD19CL) transzgenikus egereket hasznaltunk fel.
Az egereket 50mg/kg natrium pentobarbitallal torténd intraperitoneélis oltassal altattuk
el, majd steril PBS-ben feloldott (15 mg/ml), 150mg/kg D-luciferinnel (Gold
Biotechnology) intravénasan oltottuk. Az egereket 10 perccel az oltast kdvetden
aldoztuk fel, colonjukat eltavolitottuk, hosszaban felvagtuk, majd egy petri csészére
helyezve azonnal az IVIS Lumina II (perkinElmer) képalkotd rendszerbe helyeztiik,
37°C hémérsékletre. A képalkotas az oltast kdvetd 15 perces iddtartamon beliil tortént
180 masodperces felvételi idovel. Az adatok elemzése a Living Image szoftverrel
tortént (PerkinElmer). A relevans tartomdnyok (ROI) automatikus meghatirozasa
egyedi lumineszcencia kiiszobértékiik alapjan tortént. Minden mintdban meghataroztuk
a ROI-k szamat, a ROI-k teljes radiancia, lumineszcencia (teljes foton flux/masodperc)

és teriilet (négyzetmilliméter) értékeit.

3.8 Immunizalas és ELISA
Az anti-ovalbumin vélasz indukalasédhoz a MAACAM-17 és vad tipusa
C57BL/6J egereket 50ul 50mg/ml OVA-val Freund’s adjuvans hozzaadasaval

immunizaltuk. Az oltasok a nulladik és hetedik napon a bal talpparndba, szubkutdn
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torténtek. Az egereket a 21. napon szérum gyiijtés céljabol aldoztuk fel. Az anti-OVA
IgG vélasz meghatarozasara ELISA lemezeket (Nunc Maxisorp, Thero Scientific)
érzékenyitettiik, majd egy o6ran at 0,1% zselatin PBS- 0,1% Tween-20-al (Sigma-
Aldrich, Budapest) telitettiik 37°C-on. A telitést PBS-Tween-el torténd mosas kovette.
Ezt kovetden a lemezeket az egerek higitott szérumaival, majd moséas utan torma-
peroxidaz konjugalt nyul anti-egér Ig poliklonalis antitesttel inkubaltuk. A peroxidaz
aktivitast citrat-foszfat pufferben (pH:5.0) ortho-feniléndiaminnal és H,O,-al (Sigma-
Aldrich, Budapest) detektaltuk. A reakciét 4M-0s H,SOg-el ledllitottuk, a mintakat

duplikdtumokban, 492 nm-en mértiik le.

3.9 RNS izolalas, cDNS iras, RT-PCR

A teljes RNS izolalasa a NucleoSpin RNA (Macherey-Nagel GmbH) RNS
izolald kit-el tortént az egerek agyéki €és mezenteridlis nyirokcsomdjabol, Peyer
plakkjabol és disztalis colonjabdl késziilt homogenizatumbol. Az igy nyert RNS mintak
kovetden a High Capacity cDNA RT Kit (Life Technologies) segitségével cDNS-t
szintetizaltunk. A valés ideji PCR-t ABI-PRISM 7500 géppel duplikdtumokban
futtatuk le a mar korabban leirt SYBR green primerekkel (80), vagy TagMan probakkal
(MGAPDH, mIL-22, mReglIIB, mRegllly, mMuc2). Az eredményeket a B-actin, vagy
az mGAPDH housekeeping gének szazalékaként tiintettiik fel.

3.10 Szérum IL-22 mérés
A szérum IL-22 mérése Mouse/Rat IL-22 Quantikine ELISA kit-el (R&D

ey

alapjan hataroztuk meg.

3.11 Anti-I1L-22 kezelés

Nkx2-3"egereket 2,5% DSS tartalmu vizzel itattunk 7 napig. A 2., 3., 4., 5., és
6. napon az egereket 150ug anti-IL22 monoklonalis antitesttel (8E11 klon, Genentech),
vagy izotipus kontrollal (GP120:9709; Genentech) intraperitonealisan oltottuk. Az
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egereket a hetedik napon aldoztuk fel, colonjaikat szdvettani és dramlasi citometris

analizisre hasznaltuk fel.

3.12 Csontvel6 kimérak eléallitasa

A négy hetes eGFP-tgBALB/c egereket a PTE Onkoterapias Intézetében 2 x 5,5
Gy letalis dozissal sugaraztuk be Co®*forrasbol, 6 oras intervallumokban. Az egerek ezt
kévetden 5 x 10° contveld sejtet kaptak BALB/c vagy Nkx2-3" egerekbdl 3 oraval a
masodik besugarzast kovetden. A sejteket 200ul DMEM médiumban a farok vénaba
oltottuk be. Az egerek 2 hétig ciprofloxacin tartalmu ivéovizet kaptak. A kimérizmus
mértékét heparinnal alvadasgatolt vér Ficoll-izolalasa utan nyert PBMC eGFP/CD45

expresszidja alapjan hataroztuk meg.

3.13 Kombinalt LacZ/p-galaktoziddz enzim és immunhisztokémia

A LacZ-Nkx2-3 riporter (91) és BALB/c egerek vastagbelébdl késziilt Swiss-roll
kriosztat metszeteket aceton-fixalasat kovetden az endogén peroxidaz aktivitast 1mg/ml
fenil-hidrazin-hidrokloriddal gatoltuk, majd PBS-ben torténé mosas utan 5% BSA
tartalmu PBS oldattal telitettiik. A metszeteket ér-asszocialt fehérje-1 (VAP-1) antigén
(7-88/1, Dr. S. Jalkanen szivélyes felajanlasabol), EpCAM (G8.8 klén), IBL-20 endotél
marker (PTE-KK-IBI) elleni és kontroll patkany IgG monoklonalis antitestekkel
inkubaltuk Spg/ml koncentracioban. Az antitesteket ImmPRESS-HRP kecske anti-
patkany IgG kit-el detektaltuk DAB/H,0,-vel a gyart6éi protokoll alapjan. Mosast
kovetden a mintakat SmM K-hexacianoferrat, 5 mM K-ferrocianid és 2 mM Mg-klorid
(Sigma Aldrich) tartalmt PBS-ben feloldott 1mg/ml X-gal-ban (Boehringer-Mannheim)
egy ¢jszakan at inkubaltuk 37°C-on.

3.14 Statisztikai analizis

Adatainak az IBM®™ SPSS" statisztikai szoftverrel (22-es verzi6) elemeztiik ki. A
nem normal eloszlasu csoportokat Mann-Whitney teszttel elemeztiik ki. Az adatokat
atlag + SEM-ként tiintettiik fel. Statisztikailag szignifikdnsnak a p <0.05 értékeket
tekintettiik.
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4. Eredmények

4.1 Posztnatalis lamina propria ILC3 megoszlas Nkx2-3 hianyaban

Az Nkx2-3 transzkripcidés faktor hianya gatolja a MAJCAM-1 adresszin
endotelidlis kifejez8dését, viszont a MAACAM-17" egerekkel ellentétben, ahol a
MAJCAM-1 teljes hidnya figyelheté meg, Nkx2-3" egerekben az endotél MAJCAM-1
expresszio a sziiletés utani elsé hetekben fokozatosan szlinik meg. Munkank sordn a két
eltéro jellegi MAdCAM-1 hiany a béltraktus posztnatalis ILC3 sejtmegoszlasra Kifejtett
hatasat szerettiik volna meghatarozni. Az 1, 2 és 4 hetes egerekbdl izolalt lamina propria
sejtekbdl aramlasi citometridval azonositottuk a CD45'CD3'CD19°CD90"RORyt" ILC3
sejteket. (3. abra)
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3. abra. ILC3 sejtek azonositasa aramlasi citometriaval.

ILC3 populacioként a limfoid kapun beliil (fent balra (FSC-SSC ellipszis)), a CD45", nem-T/B sejtek kozil
(fent kdzépen (négyzet)) a CD90/RORVyt kettds pozitiv (fent jobbra (négyzet)) sejteket azonositottuk; (4
hetes C57BL/6 egér vékonybél). ILC3 sejtpopulacié azonositasa reprezentativ vékonybél és colon
mintakban Nkx2-3"", Nkx2-3"", MAACAM-1"" és C57BL/6 egerekben; (lent).
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Az ILC3 sejtek abszolut szdma a vékonybélben (silLC3) minden vizsgalt
egértdrzsben magasabb volt, mint a colonban mindharom vizsgalt iddpontban.
A vékonybélben az elsé posztnatalis héten volt a legmagasabb az ILC3 sejtek szama.
Nkx2-3 hianyos egerekben nem tapasztaltunk szignifikans eltérést heterozigota
tarsaikhoz viszonyitva. Habar a MAdCAM-1"" csoportban sokkal alacsonyabb volt az
silLC3 sejtek szama a vad tipusa C57BL/6 kontrollhoz képest, ez a csékkenés sem volt
szignifikans.
A masodik hétre mindegyik vizsgalt egértorzsben jelentdsen csokkent az silLC3 szam.
Erdekes modon ebben az idépontban az Nkx2-3" egerekben volt a legtobb és a
MAJCAM-1" térzsben a legkevesebb silLC3 sejt.
A negyedik hétre a C57BL/6 egerek kivételével, ahol az silLC3 szam kis mértékben
emelkedett, minden torzsben tovabbi csokkenést figyelhettink meg a masodik
posztnatalis héten tapasztaltakhoz képest. Ebben az idépontban Nkx2-3" egerekben
szignifikansan alacsonyabb silLC3 szamot figyeltiink meg, Nkx2-3"" tarsaikhoz
viszonyitva.
Erdekes médon a MAdCAM-1 hianyos egerekben volt az ILC3 sejtek szama a
legalacsonyabb minden vizsgalt idOpontban, rdadasul ez az alacsony sejtszdm
folyamatos csokkenést is mutatott, nem csak a vékonybélben, hanem a colonban is.

Az els6 héten a colonban az NkX2-3+/', C57BL/6 és Nkx2-3" torzsek is hasonlo
ILC3 (cILC3) megoszlast mutattak, a MAdJCAM-1"" egerekben viszont ennek csak a
harmada volt a cILC3 abszolut sejtszam.
A masodik posztatalis héten Nkx2-3"" és Nkx2-3" egerekben a cILC3 sejtek szama
nagyjabol négyszeresére emelkedett, ezzel ellentétben a cILC3 abszolut szdm a
C57BL/6 és MAACAM-1" egerekben csokkent.
A negyedik hétre az Nkx2-3 deficiens és heterozigéta egerekben is jelentésen csokkent
a cILC3 szam, ennek ellenére abszolut szamuk még mindig magasabb volt, mint az elsé
héten. A vékonybeéllel ellentétben ahol az silLC3 szam szignifikdnsan alacsonyabb volt
Nkx2-3 hianyaban, a colonban magasabb ILC3 szintet detektaltunk. Ezzel ellentétben
MAJCAM-1" egerekben a cILC3 szam a negyedik hétre minimadlisra csokkent, a
C57BL/6 egerekben viszont az elsé héten mérthez hasonld szamu cILC3 volt jelen. (4.

abra)
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4. abra. Lamina propria ILC3 sejtek posztnatalis megoszlasa a bélben.

ILC3 sejtek abszolut szama a vékonybélben és a colonban (si: vékonybél, balra, colon: jobbra) Nkx2-3""
és Nkx2-3™ (fent), valamint MAdCAM-1""¢s C57BL/6 (lent) egerekben, kiilonb6zé posztnatalis korokban;
(n=3-7, atlag+SEM, *p <0,05).

Ezen eredmények arra engednek kovetkeztetni, hogy a MAdCAM-1 hidny eltéré formai
kiilonb6z6 modon befolyasoljak az ILC3 sejtek megoszlasat a béltraktus kiillonbozo
szakaszaiban; a kontrollhoz képest a legsulyosabb eltérést pedig az altalanos
MAdCAM-1 hiany kovetkeztében a MAJdCAM-1" egerekben figyelhettiik meg.

4.2 A posztnatalis SILT-érés kinetikaja Nkx2-3 hidnyaban

Kutatocsoportunk korabbi munkaja soran megallapitotta, hogy Nkx2-3
hianydban a limfocitdk megoszlasanak zavara a PP-ok megvéltozott vaszkularis
mintazataval tarsul, amely fiatal felnétt egerekben a MAJCAM-1 adresszin fokozatos

PNAd-re valtasaval magyarazhatd. (83) Jelenlegi munkankban ezért azt szerettiik volna
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vizsgélni, hogy ez a megvaltozott adresszin mintazat hogyan befolydsolja a SILT
képzodést. Ehhez a SILT-ek kiilonbozo fejlodési fazisait hasonlitottuk ossze Nkx2-3
illetve MAdCAM-1 hianyos, valamint kontroll egerek colonjaban. Az azonos
kornyezeti feltételek biztositasara Nkx2-37 egerek esetében kontrollként Nkx2-3
heterozigdtakat hasznaltunk. A kiilonb6z6 SILT struktardkat immunfluoreszcenciaval
azonositottuk az anyagok és modszerek fejezetben leirtak szerint, emellett az éretlen és
érett ILF-ek (imILF, matILF) megkiilonboztetéséhez morfoldgiai szempontokat is
figyelembe vettink. A nagyobb, kompaktabb szerkezeti, gyakran B220"
csiracentrummal rendelkez8ket matILF-ként, a kisebb, kevesebb B220" sejtet
tartalmazokat pedig imILF-ként azonositottuk. (5. abra)

CD45 Thy-1 B220 Merge

imILF

matiLF

5. abra. SILT variansok posztnatalis korban.

Reprezentativ kriptoplakk (CP), éretlen (imILF) és érett (matlLF) izolalt nyiroktiisz6 mintak azonositasa 4
hetes Nkx2-3"" egér colonbdl, CD45/Thy-1/B220 t6bszoérés immunfluoreszcens jeldléssel; (scale bar= 100
pum).

Az elsé posztnatalis héten minden vizsgalt egértorzsben csak CP-ok és imILF-ek voltak
megfigyelheték, melyek aranya Nkx2-3" és MAJCAM-1"" egerekben is a kontroll

csoportjaikban megfigyeltekhez hasonld megoszlast mutatott. Erdekes modon a

35



C57BL/6 és MAACAM-1"" egerekben a CP arany magasabb, az imILF arany viszont
minden tdrzsben szinte azonos volt.

A masodik héten a MAdCAM-1"" egerek kivételével minden torzsben megjelentek a
matlLF-ek, viszont aranyuk Nkx2-3 hianyaban joval alacsonyabbnak bizonyult. A CP
és imILF aranyokban nem volt szignifikans eltérés az Nkx2-3" és Nkx2-3*", valamint
MAdCAM-1" és C57BL/6 egerek kozott, viszont az elsé héten megfigyeltekhez
hasonléan C57BL/6 és MAACAM-1"" egerekben magasabb volt a CP-ok aranya, az
imILF arany pedig minden térzsben hasonl6 volt ebben az idépontban is.

A sziiletés utani negyedik hétre MAdJCAM-1"" egerekben is megjelentek a matlLF-ek,
viszont aranyuk szignifikansan alacsonyabb volt a kontroll C57BL/6 csoporthoz
viszonyitva. Nkx2-3 deficiens egerekben is alacsonyabb matILF aranyt figyeltiink meg
az Nkx2-3 heterozigotakhoz képest, viszont ez az eltérés nem bizonyult
szignifikansnak. MAdCAM-1"" egerekben magasabb imILF és alacsonyabb CP arényt
figyeltink meg, mint a C57BL/6 vad tipusi torzsben, Nkx2-3" egerekben pedig
heterozigdta alomtarsaikéval azonos imILF, valamint magasabb CP aranyt
tapasztaltunk. (6. abra)

Eredményeink alapjan arra kovetkeztethetiink, hogy a MAdCAM-1 hidny eltérd
formai (Nkx2-3" esetén transzkripciondlis, MAACAM-17 esetén genomiélis)
kiilonb6z6 mddon befolyasoljak a SILT fejlédést a colonban. Nkx2-3 hidnyaban a SILT
érés csak kis mértékben mutatott eltérést a kontroll csoporthoz képest, viszont a
MAdCAM-1 globalis hianyaban sokkal jelent6sebb valtozasok torténtek. MAdCAM-1"
egerekben ugyan megjelent az LTi sejteket tartalmazdo CP formacid, ugyanakkor a
tovabbi SILT érés jelentds késést mutatott. Ennek ellenére a MAdCAM-1 mukoézélis
adresszin altalanos hianya sem tudta teljesen megakadalyozni a SILT-ek kialakulasat és
fejlodését a colonban. A legszembetlinébb eltérést a masodik héten figyeltiik meg,
amikor Nkx2-3" egerekben, (a kontroll csoporthoz képest kisebb aranyban ugyan), mar
megjelentek matILF-ek, ezzel szemben MAJCAM-1"" egereknél csak késdbb, a

negyedik héten lattunk matILF-eket, akkor is csak igen alacsony szamban.
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6. abra. Posztnatalis SILT megoszlas a colonban.
SILT struktarak szazalékos aranya Nkx2-3" (sététsziirke) és Nkx2-3" (vilagossziike), (fent), valamint
C57BL/6 (fekete) és MAACAM-1"" (vilagossziirke) (lent) egerekben 1, 2 és 4 hetes korban; n=4; atlag +

SEM, *p < 0,05).

4.3 Posztnatalis ILC3 megoszlas és vaszkularis adresszin expresszié kapcsolata a

bélben
A kovetkezOkben az ILC3 megoszlas eltéréseinek a MAJCAM-1 és PNAd

adresszinek eltéré expresszidjaval valo korrelaciojat vizsgaltuk. Ehhez Nkx2-3" egerek
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MAdCAM-1 expresszidjat és MAdCAM-1" egerek PNAd expressziojat kvantitativ
immunfluoreszcenciaval és Image] analizissel elemeztiik.

A vékonybélben Nkx2-3" egerekben a MAJCAM-1 magasabb expresszios
szintjét figyeltik meg egyhetes egerekben, amely (ugyan kis mértékben) a masodik
posztnatalis héten 1is magasabbnak bizonyult az Nkx2-3 heterozigotakban
megfigyeltekhez képest, viszont a negyedik hétre a MAACAM-1 expresszid
szingifikansan alacsonyabb szintre csokkent az Nkx2-3"" csoporthoz viszonyitva. Ezzel
ellentétben a colonban Nkx2-3 hianyaban a MAdCAM-1 expresszidé minden vizsgalt
idopontban alacsonyabb volt a heterozigotadkban mért értékeknél. Ebbdl arra
kovetkeztethetlink, hogy a két bélszakaszban eltérd kinetikdt mutat a MAdCAM-1
expresszio fokozatos eltlinése, tovabba a MAJCAM-1 expresszi6o valtozasa nem

mutatott kapcsolatot az ILC3 sejtek helyi megoszlasaban megfigyelt eltérésekkel. (7.

abra)
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7. abra. Posztnatalis endotél adresszin expresszié kvantifikalasa.
MAdCAM-1 jel6lés relativ pixel intenzitasa (“mean grey value”, y-tengely) a vékonybélben (si; balra) és a
colonban (jobbra), Nkx2-3"" (sotétsziirke) és Nkx2-3" (vilagossziirke) egerekben az 1., 2. és 4.

posztnatalis héten. (n=5, atlag+ SEM, duplikatumokban mérve; *p <0,05).

A MAdJCAM-1" egerek vékonybelében a PNAd expresszio kismértékii
emelkedését figyeltilk meg a masodik posztnatalis hétre, de szintje igy is a kontroll
C57BL/6 csoporté alatt maradt. Ezzel szemben a negyedik hétre a PNAd expresszid
szignifikansan emelkedett MAdCAM-1 hidnyaban, és meghaladta a kontroll csoportban
mért értéket. Az ILC3 sejtek szama a C57BL/6 egerek vékonybelében viszonylag
stabilnak bizonyult, viszont a PNAd szint fokozatosan emelkedett. A MAdCAM-17"
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egerekben ezzel ellentétben az silLC3 sejtek szama szignifikdnsan csokkent az idd
elérehaladtaval, a PNAd expresszio (C57BL/6-t01 eltérd kinetikaju) emelkedése mellett.

A colon PNAd expresszidja MAdJCAM-1"" egérben mar a masodik hétre
szignifikans névekedést mutatott a kontroll csoporthoz képest, mely tovabb emelkedett
a negyedik hétig. (8. abra) Ezzel ellentétben a cILC3 szam MAJdCAM-1 hianyos és vad
tipusu egerekben is fokozatosan csokkent, rdadasul MAdCAM-1 hidnyaban az ILC3

sejtek csak alig észlelhetd szamban voltak jelen.

150+ * 150+

75+ 75+

PNAd expresszio si
*
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8. abra. Posztnatalis endotél adresszin expresszié kvantifikalasa.

PNAd jel6lés relativ pixel intenzitdsa (“mean grey value”, y-tengely) a vékonybélben (si; balra) és a
colonban (jobbra), C57BL/6 (fekete) és MAJCAM-1" (vilagossziirke) egerekben az 1., 2. és 4. posztnatalis
héten; (n=5, atlag + SEM, duplikatumokban mérve; *p <0,05)

4.4 PNAd core protein és médosito enzim mRNS expresszio eltérései Nkx2-3 és
MAdCAM-1 hianyaban

A MAdCAM-1 adresszin biztositja a limfocitadk PP-okba és bélbe torténd
homingjat. Nkx2-3 hidnyaban a PP-okban szamos PNAd core fehérje és modosito
enzim mRNS szintje megemelkedik, melyek endotél sejtjei nem expresszalnak
MAdCAM-1-et. (83) Az Nkx2-3 deficiens egerekben megallapitottakat kovetden arra
voltunk kivéncsiak, hogy MAdCAM-1"" egerekben is hasonlé eltéréseket talalunk-e.
Ehhez 8-10 hetes MAJCAM-1 deficiens ¢és vad tipusi C57BL/6 egerek PP-jaibol
szarmazé ¢cDNS mintakat qPCR-al vizsgaltuk. MAdCAM-1 hiany esetén az endomucin
és podocalyxin-szerti PNAd core mRNS szignifikans novekedését tapasztaltuk a vad

tipusu kontrollhoz viszonyitva. Az el6z6k mellett a CD34 mRNS szintén emelkedett,
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bar nem szignifikans mértékben, a Glycaml és nepmucin expresszids szintje viszont
nem valtozott a kontrollhoz képest.

A MECA-79 antitest altal felismert PNAd glikoepitop 1étrehozasaban fontos modositd
enzimek koziil a bétaGal béta-1,3-N-acetyl gliilkozaminil transzferaz 3 szulfotranszferaz
(B3gnt3) és alfa-(1,3)-fukozil transzferaz (Fut7) mRNS-ek nem mutattak szignifikans
eltérést, viszont az N-acetilglilkozamin 6-O szulfotranszferaz (Chst4) mRNS szinten
szignifikansan emelkedett MAdCAM-1 hianyos egerck PP-jaiban, amely a MECA-79
PNAd epitop kiemelkedd expresszidjat eredményezte.(9. abra) Ezek az cltérések
kiilonboznek a kordbban Nkx2-3 hianyos egerekben megfigyeltektél, ahol a
legszembetlinébb eltérés a Glycaml mRNS expresszioban volt megfigyelhet, de a

Chst4 is szignifikans novekedést mutatott. (83)
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9. abra. PNAd core fehérjék és glikozilaciés enzimek mRNS expresszidja.
A Peyer-plakkokban a core proteineken (GlyCAM, endomucin, podocalyxin-like protein, CD34 és
nepmucin) és glikozilaciés enzimeken végzett gPCR analizise, (-actinhoz viszonyitott mMRNA szintben

kifejezve; (n=6; atlag+ SEM, duplikatumokban mérve; *p <0,05).

40



4.5 Megtartott periférias nyirokcsomo szerkezet és normal T-dependens antitest
valasz Nkx2-3 és MAdCAM-1 hianyaban

A periférias nyirokcsomok (pLN) HEV-jei az embrionalis fejlodés és korai
posztnatalis érés soran MAACAM-1 adresszint expresszalnak, amely a limfoid sejteken
talalhato a4P7 integrint ismeri fel. (47, 92) Ennek kapcsan az Nkx2-3 és MAdCAM-1
kiilonbozé fokt hianyanak (a SILT-eknél tapasztaltakhoz hasonléan) a pLN
kialakulasara és szerkezeti érésére gyakorolt hatasat vizsgaltuk. A T-, B- és dendritikus
sejtek immunfluoreszcens jelolésével vizsgaltuk fiatal felnétt (6 hetes) egerek pLN-it. A
vizsgélat soran sem a limfoid kompartmentalizicioban sem pedig a follikularis

stromalis szervezddésben nem talaltunk eltéréseket. (10. abra)

BALB/c C57BL/6

MAdCAM-1-/-

10. abra. Megtartott nyirokcsomé szerkezet MAdCAM-1 hianyaban.
6 hetes BALB/c, Nkx2-3", C57BL/6, és MAdCAM-1" egerek reprezentativ agyéki nyirokcsomoé kriosztat
metszetei B- (B220/turkiz), T- (Thy-1/vords), és follikularis dendritikus sejtekre (CD21/35/z61d) jelolve. A

jelolést kétszer végeztik el;(scale bar: 100 pm).

Ezt kovetden a helyi T-dependens immunvalasz eltéréseit vizsgaltuk Nkx2-3 és
MAdCAM-1 hianyos egerekben. Az egereket két alkalommal oltottuk ovalbuminnal az
anyagok ¢és moddszerek részben ismertetett eljaras szerint. Az egerek szérumat a 21.

napon gyujtottiik 0ssze, majd az anti-OVA IgG valasz vizsgalatara indirekt ELISA
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tesztet végeztiink. Eredményeink alapjan a MAdCAM-1 hidny sem a MAJCAM-1"
sem pedig az Nkx2-3" egerekben nem okozott szignifikinsan alacsonyabb antitest
szinteket a relevans kontroll csoportokhoz viszonyitva.

Ezek az eredmények arra utalnak, hogy a pLN normal szerkezete mellett, a T-dependens
antitest valasz is megtartott MAdCAM-1 hidnyéaban.

4.6 Nkx2-3 hianyaban a SILT érés részlegesen gatolt felnétt korban

A SILT osszetételt fiatal feln6tt egerekben is vizsgaltuk Nkx2-3 hianyaban,
colon metszetek immunfluoreszcens jeldlésével. Nkx2-3" egérben a PP-okhoz
hasonloan a ColP-ok erein is megfigyelheté volt a MAJCAM-1 expresszi6 hianya és a
PNAd lumindlis megjelenése. BALB/c egerekben a PNAd ezzel szemben csak a HEV-

ek abluminalis oldalan volt jelen. (11. abra)

CD45 MAdCAM-1
BALB/C

CD45 PNAd
BALB/c

Colon plakk

11. abra. Megvaltozott adresszin mintazat Nkx2-3" colonban.

A BALB/c és Nkx2-3" colon metszeteken a MAdCAM-1 (voros, fent) és CD45 (zold), vagy PNAd (voros,
lent) és CD45 (zold) markereket jel6ltik; legalabb 5 egéren végzett immunofluoreszcens jeldlés
reprezentativ képei; (scale bar 250um).

Ezt kovetden Nkx2-3" és CD19CL transzgenikus egereket -melyek B-sejtjei
luciferaz aktivitassal birnak- kereszteztiink, hogy a B-sejtes klaszterek megoszlasat a
teljes colonban vizsgalni tudjuk Nkx2-3 faktor-deficiens allatokban. Az ex-vivo kisérlet

soran Nkx2-3" x mCD19Luc" egerekben szignifikansan alacsonyabb szamu B-sejtes
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klaszter volt megfigyelhetd, mint heterozigota (Nkx2-3"" x mCD19Luc") tarsaikban. A
vizsgalt régiok atlagos flux értékében (foton/masodperc) nem taldltunk eltérést,
valamint Nkx2-37 egerek esetében a B-sejtes klaszterek teriilete szignifikansan

nagyobbnak bizonyult a heterozigdta kontroll csoportban mértekhez képest. (12. abra)
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B CD19CL x Nkx2.3"* [l CD19CL x Nkx2.3"

12. abra. B-sejt csoportosulas meghatarozasa luciferaz-aktivitas alapjan.

Reprezentativ képek CD19CLxNkx2-3""és CD19CLxNkx2-3" egerek colonjardl (fent). A B-sejtes régiok
atlagos szama (lent balra), fényer6ssége (flux) (lent kdzépen) és atlagos terlilete (jobbra lent)
CD19CLxNkx2-3"" és CD19CLxNkx2-3" colonokban; (n=3-5 egér/csoport, atlag+ SEM, *p <0,05, ns= nem

szignifikans).

A colonban talalhato SILT struktirak felnéttkori megoszlasanak vizsgalatara Swiss-roll
metszeteken immunfluoreszcens jelolést végeztiink. A SILT struktirakon beliil az
alabbi érési stddiumokat kiilonboztettiik meg:

- kriptoplakkok (CP; Thy1*/B220),

- éretlen ILF (imILF; Thy-1*"/B220"),

- imILF FDC-vel (B220"/CR2" (CD11c"*, CXCL13%)),
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- érett ILF (matILF csiracentrummal; B220"/CR2"/PNA™) (13. abra).

matlLF

&
i
*

13. abra. SILT analizis feln6tt egerekben.

Colon mintabdl készult Swiss-rollokbdl négy, egyenld tavolsagban elhelyezkedd kriosztat metszetet
festettink meg Thy-1 (ciankék), B220 (vorés), CR1/2 (z6ld), és PNA (kék) elleni
antitestekkel;(reprezentativ képek, n=3-10 festés/genotipus/csoport; (scale bar 250um).

Nkx2-3 hianyaban normal strukturaji SILT-eket talaltunk a colonban, viszont az
éretlen formak nagyobb aranyban voltak jelen, mint a kontroll csoportban. A CP-ok
aranya Nkx2-3" egerekben joval magasabb volt (48,6%), mint BALB/c egerekben
(14,4%). A CD11c" DC nélkiili imILF-ek aranya Nkx2-3 hidnyaban 27,8%, BALB/c-
ben 48,2%, az FDC-t tartalmaz6 imILF-ek aranya pedig 18,3% volt ka2-3'/', és 28,0%
BALB/c egerekben. A matlLF-ek aranya 5,3% volt ka2-3"', és 9,4% volt BALB/c
egerekben. Ezekbdl az értékekbdl megallapithattuk, hogy Nkx2-3 hidnyaban a CP-ok
kialakulasa normal modon végbemegy, viszont tovabbi érésiik részlegesen gatolt.
Annak megallapitasara, hogy Nkx2-3" hidnyadban az endot¢él MAJCAM-1
hianya onmagaban o0kozza-e a SILT érés zavarat, a SILT megoszlast MAdCAM-1
hidnyos egerekben is vizsgaltuk. MAdJCAM-1" hidnyaban szintén megfigyeltiik a
PNAd luminalis megjelenését a ColP HEV-eken. (14. abra) MAdJCAM-1"" egerekben a
SILT-ek struktaralis elvaltozast nem mutattak, viszont a CP-ok imILF és matILF

fazisokba torténé érésének sokkal nagyobb mértékii gatlasat figyeltiik meg. (15. abra)
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CD45 MAJCAM-1

14. abra. Megvaltozott adresszin
mintazat MAdCAM-1" colonban.

A C57BL/6 és MAJCAM-1" colon
metszeteken a MAdCAM-1 (voros,
fent) és CD45 (zdld), vagy PNAd
(voros, lent) és CD45 (zold)
MAdJCAM-1-" markereket jeldltik; legalabb 5 egéren

CD45 PNAd végzett immunfluoreszcens jeldlés

reprezentativ.  képei; (scale bar
250um).

MAJCAM-1--

Colon plakk

SILT 6sszetevbk aranya a colonban
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15. abra. SILT struktiurak megoszlasa feln6tt korban.
BALB/c, Nkx2-3”, C57BL/6 és MAACAM-1" colon Swiss-rollokbol 4 sikban késziilt metszeteket
immunfluoreszcensen jeloltik Thy-1, B220, CR1/2, és PNA elleni antitestekkel. (n=5-7 egér/genotipus,
atlag+SEM, *p <0,05; **p <0,005 ns: nem szignifikans).

A CP-ILF atalakulas soran a felnétt LTi szerti ILC sejtek és a CXCL13 termelé DC-ek
B-sejtekre cserélédnek. (93) A colon lamina propria sejtek &ramldsi citometrids

vizsgalata soran az LTi sejtek (Lin Thyl"CD4'RORyt") és CD11c" dendritikus sejtek
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szama szignifikansan magasabb, a CD19" B-sejtek szdma viszont alacsonyabb volt
Nkx2-3" ¢s MAdCAM-1" egerekben a vad tipusu kontrollokhoz viszonyitva. (16.
abra) A B-sejtek szama MAdJCAM-17 egerekben volt a legalacsonyabb, ami
megvaltozott limfocita megoszlast ¢és az Nkx2-3"  torzsben megfigyelteknél

kifejezettebb ILF-érés gatlast eredményezett.

LTi sejtek abszolut Dendritikus sejtek B-sejtek abszolut
szama / colon abszolut szama/ szama / colon
colon
40000 ** 2000000 .
200000 > —
20000 100000 = 1000000 —
ns
0 0 0

B BALB/c B Nkx2-37- B C57BL/6 O MAJCAM-1+

16. abra. Megvaltozott limfocita megoszlas Nkx2-3 és MAdCAM-1 hianyaban.
LTi-, dendritikus- és B-sejtek abszolut szama a colonban, BALBI/c, ka2—3”', C57BL/6 és MAJCAM-17"
egerekben. (n=3-16; atlag+SEM, *p <0,05; **p <0,005 ns: nem szignifikans).

4.7 Felnéttkori colon ILC3 megoszlas Nkx2-3 és MAACAM-1 hianyaban normal és
gyulladasos koriilmények kozott.

Nkx2-3 hidnyaban a RORyt" ILC3 sejtek szama minden vizsgalt idépontban (a
DSS kezelést megelézden, akut és szubakut colitisben) magasabb volt a colonban mint
vad tipust BALB/c egerekben. Az ILC3 sejteken beliil a CCR6"RORyt'CD3" sejtek
szignifikinsan magasabb szamban, a CCR6'RORyt'CD3" sejtek viszont alacsonyabb
aranyban voltak jelen Nkx2-3 hianyaban. Az ILC3 sejtek megoszlasat MAdCAM-1"
egerekben is vizsgaltuk annak megallapitasara, hogy a MAdCAM-1 endotél hianya
felelds-e megvaltozott aranyukért. A vizsgalat soran azt tapasztaltuk, hogy DSS kezelés
hatasara a MAJCAM-1"" egerekben emelkedett az ILC3 sejtek ardnya, a 14. napra
pedig szignifikdnsan magasabb lett a szamuk a vad tipusu C57BL/6 kontrollokban
mértekhez képest. (17. abra)
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17. abra. Eltéré lamina propria ILC3 megoszlas a colonbanNkx2-3" és MAACAM-1" egerekben.
Abszolut ILC3 szam a colonban, BALB/c és ka2-3"', valamint C57BL/6 és MAdCAM-1" egerekben; (n=3-
9 egér/genotipus/csoport; atlag+SEM, *p <0,05; **p <0,005; UTC=kezeletlen kontroll, D7=DSS kezelés 7.
napja, D14=DSS kezelés 14. napja).

4.8 Nkx2-3 hianyos egerek védettek a DSS indukalta colitisszel szemben

Korabbi megfigyelések alapjan a colitis kialakulasa el6idézheti a CP-ok matILF-
¢ érését, (94, 95) ezért DSS-indukalta colitis egérmodellben is vizsgaltuk a SILT
megoszlast a colonban. Az egereket 7 napig itattuk 2,5% DSS tartalmu vizzel, majd a 7.
(akut colitis) és a 14. (szubakut colitis) napon vizsgaltuk a bélmintakat. Erdekes médon
az Nkx2-3 hianyos egerek bizonyos foku védettséget élveztek DSS indukalta colitisszel
szemben szamos fiziologiai paraméter alapjan. A kontroll csoporthoz képest Nkx2-3"
egereknél a DSS kezelés alatt igy csak minimalis stlycsokkenést figyeltiink meg,
rektalis vérzést is csak néhany egyednél tapasztaltunk, emellett a colon rovidiilése
minimalis, a talélési arany pedig 100%-0s volt. (18. abra) A hematoxilin-eozin festett
colon metszetek szovettani kiértékelése soran Nkx2-3 hianyaban alacsonyabb patologiai
érték volt megallapithatd 7 és 14 nappal a kezelés kezdetét kdvetden, mint vad tipusa
(BALB/c) tarsaik esetében. (19. abra)

Annak vizsgélatara, hogy Nkx2-3" egerekben az endot¢él MAdCAM-1 hianya
okozza-e a DSS indukalta colitisszel szembeni védelmet, kisérleteinek MAdCAM-1""
egereken is elvégeztiik. Meglepé modon a MAACAM-1 deficiens egértdrzsben viszont
még a vad tipusnal is sulyosabb gyulladas alakult ki DSS kezelés hatasara. (18-19.

abra)
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18. Abra. Nkx2-3 hianyos egerek védettek a DSS indukalta colitisszel szemben.

Reprezentativ colon képek (fent), relativ suly (k6zépen balra), tulélés (k6zépen jobra), colon hossz (lent
balra), és makroszkopos rektalis vérzés (lent jobbra) DSS-kezelt BALBI/c, ka2-3"', C57BL/6, és
MAJCAM-1" egerekben. (n>50 egér/genotipus, egy reprezentativ kép/genotipus); 1= szignifikans
kilonbség BALB/c és Nkx2-3"; = szignifikans kiilonbség C57BL/6 és MAdCAM-1" kézott; DO=DSS

kezelés 0. napja, D7=DSS kezelés 7. napja, D14=DSS kezelés 14. napja).
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19. abra. H&E festés és patologiai értékelés BALB/c, Nkx2-3", C57BL/6 és MAdCAM-1" egerek
colonjan.

H&E festés reprezentativ képe; (n=5-9 egér/genotipus/csoport; scale bar = 250um; atlag+SEM; 1=
szignifikans kilonbség BALB/c és Nkx2-3" k6z6tt; ns=nem szignifikans; UTC=kezeletlen kontroll, 1w=DSS

kezelés 7. napja, 2w=DSS kezelés 14. napja).

Vad tipust kontroll egerekben DSS kezelés hatisara emelkedett a CR2" FDC-ket,
valamint PNA" csiracentrumokat tartalmazé SILT strukturak szdma, ezzel ellentétben
Nkx2-3 hianyaban késleltetett SILT érés volt megfigyelhet6. A DSS kezelést kovetd
elsd hétre az Nkx2-3" egerekben alacsonyabb volt az érett SILT-ek ardnya vad tipusu
tarsaikhoz képest, viszont a masodik héten mar nem mutatkozott jelentds eltérés a két

genotipus kozott. MAdCAM-1"" egereknél a SILT érés még kifejezettebb gatlasat
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figyeltik meg, mivel a B- sejteket tartalmazo SILT-ek aranya csak a 14. napra
emelkedett ebben a csoportban. (20. abra)

A B-sejtek szamanak eltér6 kinetikaju novekedését aramlasi citometriaval is igazoltuk.
Az Nkx2-3 és MAdCAM-1 deficiens egerek colonjaban a kezelés teljes idétartama alatt
alacsonyabb volt a B-sejtek szama, mint a kontrollokban. Nkx2-3" egerek colonjaban a
kezelés 7. napjara, MAJCAM-1"" egerekben viszont csak a 14. napra emelkedett a B-
sejtek szama. (20. abra)

Nkx2-3" és MAdCAM-1"" egerekben a MAdCAM-1 kiilénboz4 tipust hidnya és az
ennek kovetkeztében kialakult eltéré vaszkularis adresszin expresszido a colon ereken
magyarazatot adhat a késleltetett SILT érésre; DSS kezelés hatasara viszont csak az
Nkx2-3" egerekben nem alakult ki gyulladas, igy a colitis elleni védettség kialakulasa
nem magyarazhat6 az endotél MAdCAM-1 hianyaval.

B-sejtek abszolut szama

SILT arény a DSS kezelés 7. 8000000 -
napjan -
80% * *%
*%
X * 2
': 40% * 4000000 .
(-7) *%
i — *k
0% | - *k 3
CP  B220+ B220+ B220+ =
CR+  CR+ 0
PNA+ uTC D7 D14
20. abra. SILT és B-sejt megoszlas valtozasa
SILT arany a D_S'S kezelés 14. DSS kezelés hatisara.
napjan
80% P SILT struktardk megoszlasa a colonban DSS
kezelés 7. (felnt balra) és 14. (lent balra) napjan.
§ 40% A colon Swiss-rollokat 4 sikban metszettik, majd
0
% immunfluoreszcensen jeldltik Thy-1, B220,
CR1/2, és PNA elleni antitestekkel; Abszolut B-
sejt szamok a colonban (fent jobbra); (n=3-16

0%
CP B220+ B220+ B220+ egér/genotipus/csoport;, atlag+SEM, *p <0,05;

CR+ CR+ **p <0,005).
PNA+

HBALB/c H Nkx2-37- B C57BL/6 O MAdCAM-1+
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4.9 Nkx2-3 hianyaban a bélgyulladassal szembeni védettség I1L-22 fiiggetlen
Korabbi kutatasok soran kimutattak, hogy az (ILC3 sejtek altal is termelt) 1L-22
képes indukalni a mukozalis regeneracioban fontos szerepet betoltdé Reg fehérjék és
mucinok termelését, ami igy fontos szerepet jatszhat a colitisszel szembeni védelemben.
(96, 97) Kutatocsoportunk az IL-22, Reglllp és Regllly mRNS emelkedett szintjét
figyelte meg akut colitis soran Nkx2-3" egerek colonjaban. MAACAM-17" egerek
esetében viszont nem taldltunk szignifikans eltérést az IL-22 mRNS expresszidoban
DSS-indukalt colitis akut szakaszaban. A colitis 14. napjara az 1L-22 szint Nkx2-3"", és
MAJdCAM-1" egerek colonjaban is szignifikansan alacsonyabb volt a relevans vad

tipust kontrollokhoz képest. (21. abra)

0,1
x
*%
X 0,001 S
T
I a
a T 0,001
a <
< o *
(O] -
0,00001 0,00001
UTC D7 D14 Control D7 D14
Regllip Regllly Muc2
o = 100
7 *
° ! E x -
S S 1 £ -
I T T
g 00 & S 50
,01 < *%
o g * <
0,0001 0,01 0
UTC D7 D14 UTC D7 D14 UTC D7 D14

B BALB/c B Nkx2-37- B C57BL/6 O MAdCAM-1+

21. abra. IL-22 és az altala indukalt protektiv faktorok mRNS szintje.

IL-22 cDNS gPCR eredményei BALB/c és Nkx2-3", valamint C57BL/6 és MAdCAM-1" egerek disztalis
colonjaibdl. (fent) ReglliB Regllly és Muc2 cDNS gPCR eredményei BALB/c és Nkx2-3" disztalis
colonjaibdl. (lent) (n=5-10 egér/genotipus/csoport). atlag+SEM, *p <0.05, **p <0.005. UTC=kezeletlen
kontroll, D7=DSS kezelés 7. napja, D14=DSS kezelés 14. napja.
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A tovabbiakban azt vizsgaltuk, hogy Nkx2-3 hidnyos egerekben az emelkedett
IL-22 szint okozhatja-e a colitisszel szembeni védettséget. Kezeletlen Nkx2-3 hianyos
¢s vad tipusu egerek IL-22 szérum szintjében nem taldltunk eltérést, viszont a DSS
kezelés soran az IL-22 szérum szintje szignifikansan alacsonyabb volt Nkx2-3
hianyaban (22. abra). Ezek alapjan az Nkx2-3-deficiens egér az IL-22 szint novekedés
elmaradasa ellenére is védett volt a colitisszel szemben, ugyanakkor a BALB/c

egerekben az IL-22 szint novekedése ellenére is stlyos colitis alakult ki.

Szérum IL-22
120 *
£
S 60
Z
0
uTC D7

B BALB/c B Nkx2-3-

22. abra. Nkx2-3 és BALB/c egerek szérum IL-22 szintjeinek eltérése ELISA mérés alapjan.
Nkx2-3 hianyaban a szérum |IL-22 szint szignifikansan csokken akut colitisben. (n=5-10
egér/genotipus/csoport; atlag+SEM, *p<0.05, **p<0.005. UTC=kezeletlen kontroll, D7=DSS kezelés 7.

napja)

Az IL-22 szerepének tovabbi vizsgalatdhoz Nkx2-3" egereket antagonista anti-
IL-22 antitesttel vagy izotipus-kontroll antitesttel kezeltiink a DSS kezelés soran.
Erdekes médon a kezelés hatasara nem tortént véltozas, az Nkx2-3 hianyos egerekben
tovabbra sem figyeltiink meg sulyosabb colitisre utald jeleket sem makroszkoposan,
sem pedig a szovettani értékelés soran, valamint a SILT Osszetételben és az ILC3
megoszlaban sem tortént szignifikans valtozas.
Mindezek ellenére a ReglIIp és Regllly mRNS szintjei jelentdsen csokkentek anti-1L-22
kezelt egerekben, amely a kezelés biologiai hatdsossagat mutatta. (23. abra)
Eredményeik alapjan megallapitottuk, hogy az IL-22 gatldsa nem vezet colitis
indukcidhoz Nkx2-3 hianyaban, viszont a mukézalis regeneracioban fontos Reg
fehérjék szintjének csokkenését okozza, ugyanakkor ezen utdbbiak csokkenése sem

okoz colitist.
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23. abra. Nkx2-3-hianyos egerek IL-22, RegllIf és Regllly mRNS szintek valtozasa anti-IL-22 kezelés
utan.

IL-22, RegllIB és Regllly cDNS qPCR eredményei DSS kezelt Nkx2-3" egerek disztalis colonjaibdl, anti-
IL-22 vagy izotipus kontroll monoklonalis antitest beadasat kdvetéen; (n=12 egér/csoport; atlag+SEM,
*p<0,05; **p<0,005; ns: nem szignifikans).

4.10 Nkx2-3 hianyaban nem-hematopoetikus sejtek révén alakul ki a colitis elleni
védettség

Kovetkezd kisérletiinkben arra voltunk kivancsiak, hogy Nkx2-3 hidnyaban a
vérképzé vagy a nem-hematopoetikus stroma sejteknek koszonhetéen alakul-e ki
védettség a gyulladassal szemben. Ehhez csontvel6 kimérakat hoztunk 1étre az anyagok
¢s modszerekben leirtak szerint. 5 héttel a sejttranszplantacid utan a legaldbb 90%-0s
kimérizmust mutatd egereket 7 napig 2,5% DSS tartalmua ivovizzel itattuk, majd az
egereket a 7. napon feldolgoztuk. A két csoport kozdtt (Nkx2-3" csontvelvel vagy
BALB/c csontvelovel transzplantalt eGFP-Tg-BALB/c recipiens egerek) sem

stlyvesztésben, sem a colitis sulyossdgaban nem tapasztaltunk kiilonbséget, mindkét
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csoport érzékeny volt a colitis kivaltasara. Ebbdl arra kdvetkezettiink, hogy az Nkx2-3
faktor hianyaban nem a hematopoietikus, hanem a stromasejtek gatoljak a colitis
kialakulasat.

Az Nkx2-3 fehérjét kifejez6 nem-hematopoetikus sejtek azonositasara LacZ-
Nkx2-3*"  riporter egereket hasznaltunk. Immunhisztokémia és X-gal festés
kombinaciojaval megallapitottuk, hogy sem az epitél sem pedig az endotél sejtek nem
expresszalnak Nkx2-3-at, viszont a miofibroblaszt-szer(i VAP-1 pozitiv sejtek a bélfal
tunica-muscularis-mukéza rétegében igen (24. abra). Ez a megfigyelés

Osszeegyeztethetd a nemrég publikalt human eredményekkel is. (86)

24. abra. Nkx2-3 kifejezodése egér colonban.

Reprezentativ immunhisztokémiai képek LacZ-Nkx2-3" riporter egér colonjardl. anti-EpCAM (fent balra),
IBL-20 (fent jobbra), anti-VAP-1 (lent balra) vagy izotipus kontroll (lent jobbra) antitestekkel jeldlve (n=5
egér). A nyilak a LacZ" sejtmagokat mutatjak Nkx2-3 expresszalé sejtekben; (scale bar = 50um).
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5. Megbeszélés

Az IBD napjaink egyik leggyakrabban eléfordulo gyulladasos korképe, melynek
kialakulasahoz a mikrobiota elleni rendellenes immunoldgiai valaszkészség ¢és
bakterialis diszbidzis mellett szamos kornyezeti és genetikai faktor is hozzajarulhat.
Ezek egyike az Nkx2-3 homeodomén transzkripcids faktor, amely Crohn betegségben
és colitis ulcerosa-ban egyarant hajlamosito szerepet jatszhat.

Az ILC3 sejtek szamos immunologiai folyamatot szabalyoznak, részt vesznek a
mukozalis limfoid szovetek kialakitasaban, valamint az epitél regeneracioban IBD-ben.
A gyulladéasos bélbetegségek egyik jellemzdje az ektopids nyirokszoveti neogenezis,
melyben az ILC3 sejtek szintén fontos szerepet toltenek be. (98, 99, 100). Ezekben a
folyamatokban az ILC3 sejtek citokin-termelésiik és mas sejtekkel vald interakcidjuk
révén vesznek részt.

Ahhoz, hogy az ILC3 sejtek helyileg érvényesithessék hatasaikat, a bélbe kell
migralniuk. Ehhez a mukoézalis HEV-eken és a lamina propria ereken talalhato
MAdCAM-1 adresszinhez kell kapcsolodniuk a4f7 integrinjikon keresztiil. Az Nkx2-3
faktor a MAdCAM-1 expresszio szabalyozasan keresztiil tehat befolyasolhatja az ILC3
sejtek megoszlasat valamint a bél-asszocialt nyirokszovetek fejlédésében és az IBD
patomechanizmusaban jatszott helyi szerepiik érvényesiilését.

Munkank soran Nkx2-3 hidnyos egereket vizsgaltunk, melyekben az elsd
posztnatalis honap sordn az endotél MAdCAM-1 expresszido fokozatosan megsziinik,
helyette PNAd jelenik meg, a nem-endotél MAdCAM-1 expresszio (pl. FDC felszinen)
viszont megtartott. Ezek alapjan tehat az Nkx2-3 faktor hatasa korlatozottnak bizonyul.
(47, 101) Az Nkx2-3 deficiens egerekkel szemben a MAdCAM-1" egereket 4ltalanos
MAdCAM-1 hiany (87), valamint emelkedett PNAd expresszio jellemzi, igy a két
egérmodell vizsgalata kiegészit6 modon segitheti a MAJCAM-1 adresszin és az
intesztinalis limfoid megtelepedés IBD-ben jatszott szerepének jobb megértését.

Az ILC3 sejtek posztnatalis megoszlasat kiillonb6z6 bélszakaszokban vizsgaltuk.
Eredményeink szerint a vékonybél sokkal nagyobb szamban tartalmazott ILC3 sejteket,
mint a colon. Egyhetes korban nem talaltunk kiilonbséget Nkx2-37 és Nkx2-3"" egerek
ILC3 megoszlasaban, ami arra utal, hogy az ILC3 sejtek mukozalis megtelepedése a
vékonybélben hatékonyan végbemegy. Ebben a korban Nkx2-3" és vad tipusti egerek
PLN-jében is a MAdCAM-1 az uralkodoé adresszin.(83)
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A BALB/c alapt Nkx2-3" és heterozigdta, valamint a C57BL/6 alapt MAdCAM-1" és
vad tipusu torzsek kozott jelentds eltéréseket figyeltiink meg az ILC3 sejtek
megoszlasaban. Ez a kiilonbség valoszinlileg a C57BL/6 tipust egereknél korabban mar
leirt vékonybél ILF-ek késleltetett érésének koszonhetd. (93) Az elsé héttel ellentétben,
a posztnatalis idészak késSbbi id8pontjaiban az Nkx2-3" egerekben alacsonyabb
abszolut ILC3 értékeket mértiink a vékonybélben, és az érett ILF-ek szdma is jelentésen
alacsonyabbnak bizonyult, melyek a MAJCAM-1 adresszin fokozatos eltiinésével
hozhatok 6sszefiigésbe.

A colon ILC3 megoszlasa a vékonybélben megfigyeltekhez képest jelentds

eltérést mutatott. Az elsd posztnatalis héten a colonban sokkal alacsonyabb abszolut
ILC3 szamokat figyeltiink meg minden vizsgalt egértorzsben. A masodik hétre az ILC3
szam jelentdsen emelkedett Nkx2-3" ¢s heterozigdta, viszont tovabb csokkent C57BL/6
és MAdCAM-17 ‘egerekben. A negyedik hétre a MAJCAM-1" térzsben szinte nullara
csokkent az ILC3 sejtek szama a colonban, ellentétben a vékonybéllel, ahol nem
tapasztaltunk ilyen szignifikdns csokkenést az abszolut ILC3 szamban. Ennek az lehet
az oka, hogy a vékonybélben eltérd faktorok biztositjak az ILF-ek kialakulasat, valamint
egy alternativ adresszin részlegesen is kompenzalhatja a MAdCAM-1 hianyat. (102)
A colonban talalhato ILF-ek megoszlasaiban megfigyelt eltéréseket tobb tényezd
okozhatja. Az egyik a korabban leirt késleltetett ILF érés a C57BL/6 tipusu egerekben,
melyet az altalunk megfigyelt, a BALB/c hatterii egerekhez viszonyitott CP/ILF arany
eltolodas is alatamaszt. A negyedik héten a C57BL/6 egerek colonjaban alacsonyabb
matILF aranyt tapasztaltunk, valamint a stabil CP aranyhoz képest alacsonyabb imILF
aranyt figyeltiink meg. Ebbdl arra kovetkeztettiink, hogy a CP kialakulashoz képest az
imILF-é majd matILF-¢ érés folyamata a vékonybélben korabban leirtakhoz hasonldan
a colonban is késleltetett. (103) Erdekes moédon MAdCAM-1"" egerekben a C57BL/6
torzsben megfigyeltekhez hasonldan alakultak a CP/ILF aranyok, amely szintén a CP-
ILF atalakulas MAdCAM-1 fiiggetlenségét bizonyithatja. (104) Ezzel szemben
MAdCAM-1 hianyaban az ILF tovabbi érése nagymértékben gatolt. Ezek alapjan
megallapithatjuk, hogy MAdCAM-1 hianyaban a PNAd adresszin emelkedett
expresszioja sem képes a MAACAM-1 szerepét potolni, az Nkx2-3"" egerekben pedig a
részlegesen megtartott MAdCAM-1 expresszid miatt kevésbé sulyos az ILF érés
gatlasa.

Munkénk sordn vizsgéltuk a kiilonb6z6 MAdCAM-1 hidnyok immunvélaszra

gyakorolt hatasat is, mivel az a4f7 integrin — MAdJCAM-1 kolcsonhatas nem csak a PP-
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ok, hanem a periférias nyirokcsomok kialakulasaban is szerepet jatszik embrionalis
korban. (47) Megfigyelésiink alapjan a MAACAM-1"" egerekben ugyan a PP-ok
kialakulasa és az ILF-ek érése is részlegesen gatolt, a pLN-ek viszont sem szerkezeti
felépitésilkben, sem pedig funkcidjukban nem mutattak eltérést. Ebbdl arra
kovetkeztettiink, hogy a pLN-ekben mas endotél ligandok altal juthatnak el az ILC3/LTi
sejtek a nyirokcsomo eldtelepbe. Az ILC3 sejtek megtelepedésének részleges
megtartasa a mukozalis felszineken (az intesztinalis limfoid neogenezis fenntartasara),
illetve az LTi sejtek nyirokcsomo elételepbe vandorlasa embrionalis korban a
MAdCAM-1 teljes hianyaban is az endotél adresszin profil plaszticitasat mutatja. Ez a
plaszticitas megkérddjelezi az anti-adhézids terapias beavatkozasok hatékonysagat IBD-
ben. Az tovabbra is kérdéses, hogy Nkx2-3 illetve MAdCAM-1 hianyaban a
megvaltozott vaszkulasris adresszin mintazat mellett hogyan jutnak el az ILC sejtek és
mas leukocitak a fejlodé nyirokcsomodkba, valamint az olyan mukozalis teriiletekre,
mint a béltraktus. Felvetddik mas eddig ismeretlen adresszinek szerepe ebben a
folyamatban, amelyek akar lehetséges célpontok is Ilehetnek a gyulladasos
bélbetegségek kezelésében.

A posztnatalis idészak els6 négy hetében a C57BL/6 alapu egértorzsekben
késleltetett SILT érést tapasztaltunk a BALB/c tipusu egerekhez képest, viszont ez a
kiilonbség fiatal felnétt egerek esetében mar nem volt megfigyelhetd. Ebben a korban az
Nkx2-3" egerek endotél MAdCAM-1 expresszidja mér eltiinik. DSS kezelés hataséra
Nkx2-3 hianyos egerekben az érett SILT struktarak aranya megemelkedett, colitis
azonban nem alakult ki. Ezzel ellentétben MAdCAM-1" egerekben a DSS kezelés igen
stlyos colitist eredményezett, a CP-ok viszont csak igen alacsony aranyban alakultak at
ILF-é. A két torzs kozott megfigyelt kiilonbségekbdl arra kovetkeztettiink, hogy Nkx2-3
deficiens egerekben nem o6nmagaban a MAJCAM-1 endotél hianya miatt tér el a
feln6ttkori SILT fejlodés és alakul ki védettség colitisszel szemben. A gyulladas-
gatlasért felelés sejtek azonositasara és vizsgalatdra gyulladas-indukcion 4atment
BALB/c egerek és Nkx2-3 egerek kozotti reciprok mukozalis leukocita-transzfer
kisérletek nytjthatnak jovébeni vizsgalati lehetséget.

A mukozalis endotél-sejtek plaszticitasat jelz6en megjelent PNAd core proteinek
¢s glikozilacios enzimek mRNS szintli expresszidjanak vizsgalata soran is jelentds
killonbségeket figyeltink meg a két génkiiitott egértdrzs kozott. Nkx2-3" egerekben a
Glycaml szintje szignifikinsan magasabb volt (83), ezzel szemben MAJCAM-1"

egérben a Glycaml expresszid valtozatlan, a podocalyxin-like protein, endomucin és
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CD34 expresszids szintje viszont magasabb volt a vad tipusban mértekhez képest. A
szulfotranszferaz enzim (Chst4) szint mindkét torzsben magasabb volt a relevans
kontrollokhoz hasonlitva. Ezek az eredmények tehat azt mutatjak, hogy a két kiilonb6z6
foki MAdCAM-1 hianyban szenvedd egértorzsben a PNAd expresszios szintjének
novekedése altali kompenzécio, kiillonbdzd mRNS expresszids mintdzat révén valdsul
meg. Ez a megvaltozott PNAd core protein és glikozilacidés enzim mRNS expresszid
mindkét torzsben lehetévé teszi a MECA-79 szulfatalt szénhidrat-fliggd epitop
megjelenését. Az észlelt valtozasok ellenére korabbi kutatasok eredményével (101)
megegyezOen azt figyeltiik meg, hogy a CP-ok és imILF-ek megjelenése fiiggetlen a
MAJCAM-1/04p7 kélesonhatastol. Kérdéses azonban, hogy az Nkx2-3" PP-okban a
kutatocsoportunk altal korabban megfigyeltekhez hasonloan a MAACAM-1/a4p7 fiiggd
homing mechanizmus L-selectin/PNAd véltésa valosul-e meg MAJCAM-1" egerekben
IS. (83) Ennek eldontésére MEL-14 antitesttel végzett kompetitiv limfocita-transzfer-
kisérlet adhat valaszt.

Nkx2-3 hianyaban a colitis ellen fellépé védettség mellett megfigyeltik a
RORyt" ILC3 sejtek felszaporodasat a colonban, melyek kordbbi kutatasok alapjn
képesek protektiv IL-22 termelésére DSS indukalta colitisben. (103) Ennek ellenére
Nkx2-3" egérben az antagonista anti-1L-22 antitest kezelés hatasara sem alakult ki
gyulladas, illetve a BALB/c egerekben az emelkedett 1L-22 szint sem jelentett
védelmet, tehat a DSS-kezeléssel kivaltott colitisszel szembeni védelem nem IL-22
medialt folyamat. Ezen kiviil az Nkx2-3 faktor a neuralis-rendszer szabalyozasban is
szerepet jatszik ezért azt is feltételezhetjiik, hogy hianyaban az enteralis ideghalozat
eltérése is hozzajarulhat a colitisszel szembeni védettséghez. (104)

A DSS kezelés hatasat csontveld kimérakon is vizsgaltuk. A kisérlet soran azt
tapasztaltuk, hogy az irradialt, majd Nkx2-3" vagy BALB/c csontveldvel oltott vad
tipusu egerek kozott nem volt kiilonbség a DSS indukalta colitis stlyossagdban, tehat a
vad tipusu recipiensekben a normal hematopoetikus sejtek Nkx2-3 hianyos sejtekkel
valé helyettesitése nem akadalyozta meg a colitis kialakulasat. Az inverz kisérlet
(irradialt Nkx2-3 egerek vad tipusii csontveldvel torténd rekonstrukcidja) ismételt
probalkozasaink ellenére is sikertelennek bizonyult, feltehetéen az Nkx2-3 egerek
defektiv 1ép vords pulpa szerkezete miatt, ami a poszt-irradidcidos hematopoetikus
regeneracioban fontos kiegészitd szerepet jatszhat.

Az Nkx2-3 kifejez6dést mutatd stromasejtek azonositasara iranyuld kutatasaink

igazoltdk az Nkx2-3 faktor expressziojat VAP-1" miofibroblasztokban. Mindezen
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eredmények arra engednek kovetkeztetni, hogy az ILC3 sejtek megoszlasat, valamint az
Nkx2-3 hianyaban fellépé colitisszel szembeni védettséget nem-hematopoetikus
OsszetvOk hatarozzak meg, tehat az Nkx2-3 faktor bélgyulladasban betoltott Szerepe a
stromasejtek révén érvényesiil. Eredményeink alapjan azt is feltételezziik, hogy felnétt
Nkx2-3" és MAACAM-1" egerekben az éretlen SILT strukturdk magasabb aranyat az
endotél MAdCAM-1 hianya okozza, viszont a DSS kezelés soran csak Nkx2-3
egerekben nem alakult ki gyulladas, igy a colitisszel szembeni védettség MAdCAM-1
fuggetlen. gy elképzelhetd, hogy Nkx2-3 hidnydban, az epitél sériilést kovetden az
Nkx2-3 hianyos stromasejtek biztositanak egy protektiv mikrokornyezetet, amely 1L-22
fiiggetlen modon indukalja a mukdza regeneralodasat. Még kérdéses azonban, hogy
Ezek a sejtek és az Nkx2-3 faktort altal szabalyozott jelatviteli Gtvonalaik potencialis
terapias célpontok lehetnek a jovoben. Az Nkx2-3 faktor emberben és egérben is a
lamina propria alatti izomrétegben expresszalodik, (91) tehat az Nkx2-3 hianyaban
tapasztalt fokozott epitél regeneracio feltételezhetéen a miofibroblasztokban kifejtett
hatasnak koszonhetd, amely az intesztinélis dssejtek homeosztazisat a Wnt jelatvitelen
keresztiil befolyasolhatja. (105, 106) A kérdés tisztazasara az Nkx2-3 sejtvonal-
genotipusu egér egyeldre nem all rendelkezésre.

Alternativ eljarasként a jovében az izolalasukat kovetOen intesztinalis stromasejtek
alcsoportjainak részletes vizsgalataval szeretnénk azonositani azokat az Osszetevoket,
melyek Nkx2-3 hianyaban hozzajarulnak a colitis elleni védettség kialakulasahoz.
Vizsgaljuk tovdbba azokat a limfoid és epitél Osszetevket, melyek Nkx2-3°
stromasejtek szabalyozo hatdsa alatt allhatnak. Ezen sejtek és mechanizmusok
felderitése soran 10j terapids célpontokat talalhatunk nem csak IBD, de mas gyullad4sos

korképek kezelésére is.
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6. Uj eredmények osszefoglalasa

Kutatomunkank célja az Nkx2-3 transzkripcios faktor szerepének vizsgalata volt

a lamina propria ILC3 sejtjeinek megoszlasaban, SILT képzddésben, valamint a

gyulladasos bélbetegségek lefolyasanak szabalyozasaban.
PhD dolgozatomban Nkx2-3" (endotél MAJCAM-1 hidny) és MAJCAM-17"
(altalanos MAdCAM-1 hiany) egereken végzett kisérletekkel az aldbbi kérdéseket

valaszoltuk meg:

e Hogyan viltozik a lamina propria ILC3 sejtek megoszlasa a bélben Nkx2-3

illetve MAdCAM-1 hidanyaban posztnatdlis és felnott korban?

Az ILC3 sejtek megtelepedése Nkx2-3" és MAACAM-1"7" egerek mindkeét
vizsgalt bélszakaszaban végbemegy.

Az ILC3 abszolit szam minden vizsgalt egértorzsben magasabb volt a
vékonybélben, mint a colonban.

Nkx2-3 hidnyaban az elsd posztnatalis hét utan csokken az silLC3 sejtek
szdma, a MAdCAM-1 adresszin endotél expressziojanak fokozatos
megsziinése miatt, mig MAdCAM-1" egerekben az altalanos MAdCAM-1
hiany kovetkeztében az ILC3 sejtek abszolit szama minden vizsgalt
idépontban a legalacsonyabb volt, rdaddsul ez az alacsony sejtszam
fokozatos csokkenést is mutatott. Ez a csokkenés a vékonybélben nem volt
olyan kifejezett, mint a colonban.

Felnétt korban Nkx2-3" egerekben magasabb volt a RORyt" ILC3 sejtek

szama a colonban, mint a vad tipusu csoportban.

e Milyen hatdssal van az Nkx2-3 és MAdACAM-1 hianya a SILT fejlodésre és

megoszlasra posztnatdlis és felnott korban?

C57BL/6 alapt MAdCAM-17 ¢és vad tipusu egerekben a CP kialakulashoz
képest az imILF-¢é majd matILF-¢ érés folyamata késleltetett a colonban.
A megvaltozott PNAd mRNS expresszio mindkét torzsben lehetdvé teszi a

MECA-79 szulfatalt szénhidrat-fiiggd epitop megjelenését.
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A két kiilonb6z6 foki MAACAM-1 hianyban szenvedd egértorzsben a PNAd
expresszids szintjének novekedése altali kompenzécio, kiilonb6zé mRNS
expresszios mintazat révén valosul meg.

MAdCAM-1 hidnyaban a PNAd adresszin expresszidos szintjének
novekedése ellenére is az ILF érés nagymértékben gatolt.

Nkx2-3" egerekben a részlegesen megtartott MAJCAM-1 expresszid miatt
kevésbé stlyos az ILF érés gatlasa.

Nkx2-3" és MAACAM-1" egerekben az éretlen SILT struktirdk magasabb
aranyat az endot¢l MAdCAM-1 hidnya okozza.

MAJCAM-1" egerekben a pLN-ek szerkezete és funkcioja megtartott, ami
alapjan az ILC3/LTi sejtek mas endotél ligandok altal is eljutnak a

nyirokcsomo eldtelepbe.

Milyen eltérések figyelhetok meg felnott Nkx2-3 és MAdCAM-1 hianyos

egerekben DSS indukadlta colitis lefolyasaban, a lamina propria ILC3 sejtek és

SILT struktiurdak megoszlasaban?

Nkx2-3" egerekben DSS kezelés hatdsdra megemelkedett az érett ILF
struktirak szama, viszont nem alakult ki colitis.

MAdCAM-1" egereckben DSS kezelés hatasara a CP-ILF atalakulés
alacsony szamban ment végbe, a kialakult colitis viszont igen sulyos
mértékt volt, tehat Nkx2-3 deficiens egerekben nem Onmagaban a
MAJdCAM-1 endotél hianya kovetkeztében tér el a felnéttkori SILT fejlodés
és alakul ki védettség colitisszel szemben.

A colitis ellen fellép6 védettség mellett Nkx2-3 hianyaban felszaporodtak a
RORyt" ILC3 sejtek a colonban.

Mi befolydsol(hat)ja a DDS indukadlt colitis eltéré lefolydsdat Nkx2-3

hianydaban??

DSS kezelés soran csak Nkx2-3 egerekben nem alakult ki gyulladas, igy a
colitisszel szembeni védettség a MAJCAM-1 adresszintdl fiiggetlen.

Nkx2-3" egérben az antagonista anti-IL-22 antitest kezelés hatasara sem
alakult ki gyulladas, tehat a colitisszel szembeni védelem nem IL-22

medialta folyamat.
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Vad tipusti egerekben a normal hematopoetikus sejtek Nkx2-3 hianyos
sejtekkel helyettesitése nem akadalyozta meg a colitis kialakuldsat, tehat az
Nkx2-3 faktor szerepe a nem-hematopoetikus stromasejtekkel hozhato
Osszefiiggésbe.

LacZ-Nkx2-3"" riporter egereken végzett immunhisztokémiai és X-gal festés
kombinéciojaval kimutattuk az Nkx2-3 faktor expressziojat a bélfal tunica-

muscularis-mukoza rétegében talalhatdo VAP-1" miofibroblasztokban.
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Seeding of leukocytes to developing lymphoid tissues in embryonic and early postnatal
age and to the mucosa throughout adulthood depends on the interaction between
endothelial MAACAM-1 addressin and its cognate ligand a4f7 integrin. Nkx2-3 as a
transcriptional regulator of MAACAM-1 controls vascular patterning in visceral lymphoid
tissues in mice, and has been identified as a susceptibility factor for inflammatory bowel
diseases in humans, associated with lymphoid neogenesis in the inflamed intestines.
The role of Nkx2-3 in the organogenesis of the solitary intestinal lymphoid tissues (SILTs)
involving type 3 innate lymphoid cells (ILC3) is still unknown. Here we investigated the
effect of Nkx2-3 on the postnatal distribution of intestinal ILC3s and the development of
SILTs, comparing these to mice lacking MAdCAM-1, but preserving Nkx2-3. At 1 week
of age small intestines (SI) contained significantly higher number of ILC3s relative to
the colon, with a substantial reduction in MAdCAM-1~/~ mice compared to C57BL/6
controls. One week later SI ILC3 number decreased in all genotypes, the number
of colonic ILC3 of both Nkx2-3-deficient and Nkx2-3-heterozygous mice significantly
increased. On the fourth postnatal week a further reduction of SI ILC3s was observed in
both Nkx2-3-deficient and Nkx2-3-heterozygous mice, while in the colon the number of
ILC3s showed a significant reduction in all genotypes. At 1 week of age only sporadic
SILT components were present in all genotypes. By the second week mice deficient for
either Nkx2-3 or MAJCAM-1 showed absence of SILT maturation compared to their
relevant controls, lacking mature isolated lymphoid follicles (ILF). By the fourth week
both Nkx2-3-deficient and Nkx2-3-heterozygous mice showed a similar distribution of
ILFs relative to cryptopatches (CP), whereas in MAJCAM-1~/~ mice CPs and immature
ILFs were present, mature ILFs were scarce. Our data demonstrate that the complete
absence of MAACAM-1 partially impairs intestinal seeding of ILC3s and causes partial
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blockade of SILT maturation, without affecting peripheral lymph node development. In
contrast, the inactivation of Nkx2-3 permits postnatal seeding, and its blocking effect on
SILT maturation prevails at later stage, thus other adhesion molecules may compensate
for the intestinal homing of ILC3s in the absence of MAJCAM-1.

Keywords: NKX2-3, MAdCAM-1, ILC3, isolated lymphoid follicle, cryptopatch

INTRODUCTION

The intestinal lymphoid tissues comprise a large and
complex network with diverse developmental and structural
features of its components. The development of programmed
lymphoid tissues of the gut, such as the ileal Peyer’s patches (PP)
and colonic patches, is initiated during the embryonic period,
forming separate T- and B-cell compartments, thus representing
secondary lymphoid tissues. In contrast, cryptopatches (CP)
and isolated lymphoid follicles (ILF) form postnatally and lack
defined T-cell territories, representing an “instructed” form of
secondary lymphoid tissues, influenced by environmental and
dietary factors. Upon inflammatory conditions ILFs may further
evolve into tertiary lymphoid tissues (1).

Despite their developmental and structural differences, PPs
and CP/ILFs have common developmental requirements and
cellular interactions. Critically, lymphoid tissue inducer (LTi)
cells identified by c-kit, IL-7Ra, CD45, and a4p7 integrin and
lack of mature T- and B-cell associated markers participate
in the initiation of PP formation prenatally and colonic
CP/ILF development in the postnatal period, similarly to their
involvement in initiating embryonic lymph node formation
(2). These cells are related to type 3 innate lymphoid cells
(ILC3) expressing retinoic acid receptor-related orphan receptor
(RORyt) (3, 4). Subsequent tissue-specific colonization of
PP anlagen by circulating mature lymphocytes requires the
recognition of MAdCAM-1 addressin displayed by mucosal high
endothelial venules (HEVs) via a4f7 integrin (5, 6). Similarly,
ILF formation is initiated from pre-existing cryptopatches, where
adult LTi-equivalent ILC3 cells are hypothesized to support the
eventual transformation into follicles (7).

An important tissue-specific factor involved in the regulation
of MAACAM-1 addressin is Nkx2-3 homeodomain transcription
factor (8). Nkx2-3, a member of Nkx family, is expressed in
the spleen, midgut, hindgut, and pharyngeal endoderm (9) and
is necessary for the development of visceral mesoderm and
later for the formation of several stromal cells of secondary
lymphoid organs, including endothelial cells as well as intestinal
and vascular smooth muscle cells (10). In mice the absence of
Nkx2-3 causes a lymph node-like switch of vascular patterning
in spleen (11), characterized by the appearance of ectopic high
endothelial venules (HEVs) expressing peripheral lymph node
addressin (PNAd), and replacement of MAdCAM-1 with PNAd
in PP HEVs in the early postnatal period (12). Consequently in
mice lacking Nkx2-3 PPs are smaller and less numerous (13).
Interestingly, in the absence of Nkx2-3 MAdCAM-lexpression
is retained during embryogenesis, and disappears gradually from
endothelial cells, but it still persists on follicular stromal cells
(14). In humans Nkx2-3 may contribute to the regulation of

colorectal stem cell niche through the maintenance of local
myofibroblast identity (15). In genome-wide association studies
(GWAS) single nucleotide polymorphisms of Nkx2-3 have been
linked to inflammatory bowel diseases, often associated with
ectopic intestinal lymphoid tissue formation (16, 17).

Although Nkx2-3 is crucial for the normal development of
spleen and PP, its role in CP/ILF organogenesis is still unknown,
including its effect on the intestinal distribution of ILC3s. As
the postnatal SILT formation may recapitulate several events of
secondary lymphoid organogenesis, we hypothesized that the
lack of Nkx2-3 as transcriptional regulator of MAdCAM-1, or the
genomic absence of MAdCAM-1 itself as two different models
for MAACAM-1 deficiency, may influence the distribution of
ILC3s and the postnatal formation of SILT. Our findings reveal
considerably different kinetics for both CP/ILF formation and
ILC3 distribution between small intestine and colon, indicating
that different forms of MAdACAM-1 deficiency variably influence
the development of distinct mucosal lymphoid tissues.

MATERIALS AND METHODS

Mice

MAdCAM-1"/=  (Madcam1'™!2NWag)  mice on C57BL/6]
background(18) and Nkx2.37/~ mice backcrossed onto BALB/cJ
background (13) were maintained at the Department of
Immunology and Biotechnology, University of Pécs. BALB/c]J
and C57BL/6] mice were obtained from The Jacksons Laboratory,
Bar Harbor, USA. In order to ensure comparable environmental
conditions from birth, for Nkx2-3 deficiency cage-matched
Nkx2-3 heterozygotes were used as control. Mice were kept
in standard housing conditions prior to the experiments for
at least 1 week. All procedures involving live animals were
conducted in accordance with the guidelines set out by the Ethics
Committee on Animal Experimentation of the University of
Pécs, Hungary, under license number BA02/2000-16/2015, with
approval for the use of genetically modified organisms under
license number SF/27-1/2014 issued by the Ministry of Rural
Development, Hungary.

Antibodies and Reagents

For flow cytometry anti-Thy-1.2 (CD90.2)-PerCPCy5.5 (clone
53-2.1) was purchased from BioLegend, anti-CD3-FITC (clone
KT3), anti-CD19-FITC (clone 1D3), and biotinylated anti-CD45
(clone IBL-3/16) were produced and labeled in our lab, the latter
visualized with Streptavidin PE-Cy7 (Biolegend). Anti-PNAd
mAb (clone MECA-79) was purchased from BD Biosciences,
FITC-conjugated goat anti-rat IgG was purchased from Vector
Laboratories. Anti-RORyt mAb (clone Q31-378) conjugated
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with AlexaFluor647 and membrane permeabilization buffer were
purchased from BD Biosciences. For tissue immunofluorescence
the following rat mAbs were produced in our lab: anti-CD45 mAb
(clone IBL-3/16) conjugated with FITC, anti-B220 mAb (clone
RA3-6B2) labeled with CF647, anti-Thy-1 mAb (clone IBL-
1) conjugated with TAMRA, anti-MAdCAM-1 (clone MECA-
367) IgG purified from hybridoma supernatant using Protein
G chromatography. The architecture of peripheral lymph nodes
was determined using a cocktail of anti-CD21/35-FITC (clone
7G6, produced in our lab), anti-Thy-1-TAMRA, and anti-B220-
CF647. For ELISA horseradish peroxidase conjugated rabbit anti-
mouse polyclonal antibody (Dako) was used.

Flow Cytometry

Lamina propria lymphocytes were isolated by a modification
of a previously described protocol (19). Briefly, intestinal parts
were cut open longitudinally and the PPs were cut out from
the small intestine. In case of 1 and 2 week old mice at
least 3 intestines were pooled. Colons and small intestines
were washed in PBS and then shaken for 10-20min in
DMEM containing 10mM EDTA (Sigma Aldrich) to remove
the epithelial layer. Intestinal parts were washed thoroughly
in ice cold PBS, cut into 3-5mm pieces, and digested at
37°C in DMEM containing 0.6 mg/ml Collagenase D (Sigma
Aldrich) and 5 U/ml DNAse I (Sigma Aldrich). After 20 min
the supernatant was collected by passing through 70 um cell
strainer (Greiner Bio-One), to the remaining tissue fragments
freshly digesting medium was added and further incubated until
completely dissociated. Mononuclear cells were separated with
density gradient centrifugation using discontinuous 40%/80%
(w/v) Percoll (Sigma Aldrich). The separated cells were washed
in PBS, and labeled for flow cytometry first with a cocktail
of mAbs against surface markers, followed by permeabilization
and staining for RORyt. Measurements were carried out on a
BD FACS Canto II flow cytometer. Within the lymphoid gate,
at least five thousand CD45+CD3-CD19- cells were collected
and analyzed using the FCS Express Software. ILC3 cells were
determined as CD454-CD3-CD19-CD90/Thy14+RORyt+ cells.

Histology

For analyzing SILT composition 8pum cryostat sections were
cut at 4-6 different planes 100-150 wm apart from Swiss rolls
prepared from small intestines and colons of 1, 2, and 4
week old mice. SILT structures were defined according to size,
morphology, and cellular composition as follows: CP were Thy-
14+/B220-, immature ILFs were Thy-14++/B220+, and mature
ILF were defined as Thy-14/B220++. For immunofluorescence
labeling frozen sections were fixed in cold acetone for 10 min
and then blocked in 5% BSA in PBS for 20 min. Multiple
fluorescence labeling was performed by incubating the sections
with a cocktail of fluorochrome-labeled mAbs against CD45,
Thy-1, and B220 in PBS for 45 min followed by washing. For
intestinal addressin expression frozen sections were incubated
first with 5ug/ml anti-MAdCAM-1 IgG in PBS, followed by
washing and detection using FITC-conjugated anti-rat IgG (BD
Biosciences). After saturation with 50x diluted normal rat serum
sections were incubated with DyLight594-conjugated MECA-
79 anti-mouse PNAd antibody (kindly provided by Eugene

C. Butcher, Stanford University) and anti-mouse CD45-CF647
conjugate. For peripheral lymph node analysis sections prepared
at median plane inguinal lymph nodes were incubated with a
cocktail of FITC anti-CD21/35 to detect follicular dendritic cells,
TAMRA anti-Thy-1 against T cells and CF-647-conjugated anti-
B220 mAD against B cells. After mounting with 1:1 PBS:glycerol,
sections were viewed with an Olympus BX61 fluorescence
microscope, and representative images were created with an
Olympus Fluo-View FV-1000 laser scanning confocal imaging
system. For single color labeling of MAdCAM-1 or PNAd
acetone-fixed cryostat sections of small intestine or colon were
incubated with anti-MAdCAM-1 or anti-PNAd mAbD at 1 g/ml
antibody followed by FITC-conjugated anti-rat IgG (Vector
Laboratories), using Hoechst 33,342 nuclear counterstaining in
the mounting. The labeling intensities were quantified using
Image ] software.

Immunization and ELISA

To induce an anti-ovalbumin immune response, mice were
immunized with 50 pl of 50 mg/ml OVA with complete Freund’s
adjuvant in the left footpads on day 0 and day 7. Mice were
sacrificed on day 21 and serum was collected. To determine
the anti-OVA IgG response, ELISA plates (Nunc Maxisorp,
Thermo Scientific) were coated with 5 jLg/ml ovalbumin (Sigma-
Aldrich, Budapest) overnight in PBS, followed by saturation with
0.1% gelatine in PBA-0.1% Tween-20 (Sigma-Aldrich, Budapest,
Hungary) for 1h at 37°C. After saturation and washing in PBS-
Tween diluted sera of mice were added to blocked plates, followed
by washing. Next, horseradish peroxidase conjugated rabbit anti-
mouse polyclonal antibody was added, and after incubation
peroxidase activity was detected using ortho-phenylenediamine
and H,O, (Sigma-Aldrich, Budapest, Hungary) in citrate-
phosphate buffer, pH: 5.0. The reaction was stopped with 4 M
H,SOy4. Samples were measured at 492 nm in duplicates.

Quantitative RT-PCR

Total RNA from inguinal lymph node, mesenteric lymph node
and Peyer’s patch homogenates was isolated using NucleoSpin
RNA (Macherey-Nagel GmbH). Purity and concentration of
RNA was analyzed by NanoDrop. cDNA was synthetized using
High Capacity cDNA RT Kit (Life Technologies). RT-PCR
was run on an ABI-PRISM 7,500 machine in duplicates using
previously described SYBR green primers (11). Results are shown
as percentage of B-actin housekeeping gene.

Statistical Analysis

Data was analyzed using IBM® SPSS® Statistics software
(Version 22). A Mann-Whitney test was applied to compare
groups with non-normally distributed data. Data are represented
as mean £ SEM. Statistical significance was p < 0.05.

RESULTS

Postnatal Distribution of Intestinal ILC3 Is
Perturbed in the Absence of Nkx2-3

and MAdCAM-1

Although the absence of Nkx2-3 causes transcriptional blockade
of MAACAM-1 expression (8, 14), our previous studies indicated

Frontiers in Immunology | www.frontiersin.org

March 2019 | Volume 10 | Article 366


https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Vojkovics et al.

Altered ILC3 Distribution in Absence of MAJCAM-1

that the distribution of colonic lamina propria ILC3s in young
adult mice are differentially affected in the lack of Nkx2-3
compared to the absence of MAdCAM-1 itself, so in Nkx2-
37/~ mice the colonic ILC3 number was higher, whereas in
MAdCAM-1"/~ mice ILC3 numbers were significantly less (20).
In this work first we sought to determine how these two different
forms of MAdACAM-1 deficiency affect the postnatal population
kinetics of ILC3s along the entire intestinal tract. ILC3s isolated
from the lamina propria at various postnatal ages were identified
using flow cytometry as CD45+CD3-CD19-CD90+RORyt+
cells (Figure 1A).

Using this strategy a systemic analysis of postnatal
colonization of ILC3 cells in the small intestine and colon
was performed. The number of ILC3s in the small intestine
(silLC3) was higher than colonic ILC3s (cILC3s) in all mouse
strains at each time points. On the first postnatal week siILC3s
were present at the highest number, and in the absence of
Nkx2-3 there were no significant alterations compared to control
Nkx2-3 heterozygous mice. In MAACAM-1"/~ small intestines
a considerably lower number of silLC3s was found compared
to C57BL/6 controls; however, this decrease did not reach
statistical significance.

On the second postnatal week silLC3 numbers substantially
decreased in all mouse strains. We found that silLC3 numbers
were the highest in mice lacking Nkx2-3, while lowest in
MAdCAM-17/~ mice.

By the fourth postnatal week silLC3s decreased significantly in
each mouse strain except C57BL/6 mice, where a slight increase
in ILC3 number was observed compared to the second week.
In Nkx2-37/~ mice the silLC3 number was significantly lower
than in heterozygous controls. In MAdCAM-1~/~ mice silLC3
numbers were the lowest at each investigated time points, and
both cILC3 and siILC3s decreased continuously until the fourth
postnatal week.

At the first postnatal week both Nkx2-3*/~ and C57BL/6
wild-type mouse strains and Nkx2-3 mutants showed a similar
range of absolute numbers of cILC3s, while in MAACAM-1~/~
mice the cILC3 numbers showed an approximately three-fold
reduction at this time point.

On the second postnatal week, cILC3 numbers showed an
around four-fold increase in both Nkx2-3%/~ and Nkx2-37/~
mice. In contrast, cILC3 numbers in the absence of MAdCAM-1
further decreased, similarly to that in C57BL/6 control group.

By the fourth postnatal week in both Nkx2-3*/~ and Nkx2-
37/~ mice the number of cILC3 dropped considerably, although
the absolute cILC3 numbers were still higher than on the first
postnatal week. In contrast to the small intestine, where siILC3
number was significantly lower in the absence of Nkx2-3, in the
colon of Nkx2-3-deficient mice the ILC3 cell number was higher.
In contrast, in MAACAM-1"/~ mice cILC3 absolute numbers
decreased to an almost undetectable level, while in the control
C57BL/6 group cILC3 numbers were similar to that on the first
week (Figure 1C).

These data indicate that the different forms of MAdCAM-
1-deficiency variably affect the postnatal distribution pattern
of ILC3s along the intestinal tract, with a generalized absence
of MAdCAM-1 in MAdCAM-1"/~ mice causing the most
severe alterations.

Altered SILT Maturation in the Absence of
Nkx2-3 and MAdCAM-1

Our earlier studies showed that in the absence of Nkx2-3 the
perturbed lymphocyte distribution is coupled with an altered
vascular pattern in PPs of young adult mice, including the gradual
replacement of MAdACAM-1 by PNAd (12). To test how this
altered addressin pattern affects the development of SILT, next we
compared the various differentiation stages of the SILT spectrum
between mice lacking either Nkx2-3 or MAACAM-1 and wild-
type controls during the first 4 weeks of postnatal period. As
controls for Nkx2-37/~ mice we used heterozygous littermates
in order to maintain identical environmental conditions. SILT
structures were identified with multiple immunofluorescence
staining of colonic sections as described in the Materials and
Methods. Immature and mature ILFs were distinguished also
according to their morphology, as mature ILFs (matILF) are
larger and often contain B220+ germinal centers while immature
ILFs (imILFs) are smaller with less B220+ cells, and also
with a less compacted organization (Figure 2A). The statistical
analyses of the SILT maturation in different genotypes at
various ages and in different gut segments are summarized
on Figures 2B,C.

On the first postnatal week only CPs and imILFs were
present in the colon of each mouse strain and no matILFs
were found. The distribution of these immature SILT structures
in Nkx2-37/~ and MAdCAM-1"/~ mice were similar to their
relevant Nkx2-3*/~ and C57BL/6 control groups. Interestingly
the ratio of CP was higher in C57BL/6 and MAdCAM-1~/~
mice and these strains had less imILFs than either Nkx2-3%/~
or Nkx2-37/~ mice.

On the second postnatal week matILFs also started to appear
in Nkx2-3 heterozygous mice, while in the Nkx2-37/~ group
matILFs were present only at a very low ratio. In MAdACAM-1 —/=
mice we observed no matILFs at all. There were no significant
differences in CP and imILF ratios between the Nkx2-3-deficient
and heterozygous mice, and MAdCAM-1-deficient and wild-
type C57BL/6 mice, respectively. Similarly to the first week,
CPs were present at a lower ratio in Nkx2-3*/~ and Nkx2-
37/~ than in C57BL/6 and MAACAM-1"/" mice. Furthermore,
imILF ratios were almost the same in each genotype at this
time point.

On the fourth week matILFs were present in the colonic
lamina propria of each mouse strain, but in MAACAM-1=/~
colons their ratio was significantly lower compared to the wild-
type C57BL/6 control group. In the absence of Nkx2-3, the
matILF ratio was also lower than in Nkx2-37/~ littermate
controls. ImILFs were observed at a higher ratio in MAdCAM-
1 knock-out (KO) mice than in the control C57BL/6 group, while
CP ratio was lower in MAdCAM-1"/~ compared to C57BL/6
mice. Nkx2-37/~ mice had a similar imILF percentage as in
Nkx2-3%/~ mice but a higher ratio of CPs.

Our data demonstrate that the different forms of MAdCAM-
1-deficiency variably affect colonic SILT development, as in the
absence of Nkx2-3 ILF maturation is only slightly altered in
comparison to the relevant wild-type group, while MAdCAM-
17/~ mice had a more profound delay in colonic SILT
maturation. These findings also demonstrate that although the
absence of MAdACAM-1 delays colonic SILT maturation in the
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FIGURE 1 | Different distribution of ILC3 in the postnatal gut in Nkx2-3—/~ and MAJCAM-1—/= mice. (A) Gating strategy for the identification of ILC3s defined on the
basis the lymphoid gate (left: FSC/SSC ellipse) and CD45+/non-T/B lineage (middle: rectangle) combined with CD90/RORyt (right, rectangle; representative example
from a small intestine of a 4 weeks old C57BL/6 mouse). (B) Kinetics of the absolute number of ILC3s in Nkx2-3~/~ and Nkx2-31/~ mice (top) and MAJCAM-1—/=
and wild-type C57BL/6 (bottom) intestine (small intestine: left, colon: right) at various ages as indicated (n = 3-7, mean £+ SEM, *p < 0.05). (C) Representative
example of the appearance of ILC3s in the small intestine and colon of Nkx2-3~/~, Nkx2-31/~, MAJCAM-1~/~, and wild-type C57BL/6 mice at 4 weeks of age.

early postnatal period, it does not prevent it. This delay is most
pronounced on the second postnatal week, when Nkx2-37/~
mice developed a few matILFs, while in MAACAM-1"/~ mice
matILFs appeared only on the fourth postnatal week at a greatly
decreased ratio.

Altered mRNA for PNAd Core Proteins and
Modifying Enzymes in MAACAM-1-/—
Peyer’s Patches

MAdCAM-1 is the main addressin recruiting lymphocytes to
Peyer’s patches (PP) and the intestine. As the lack of Nkx2-3
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FIGURE 2 | Composition of postnatal colonic SILT spectrum. (A) Representative samples for cryptopatches (CP), immature (imlILF), and mature (matlLF) isolated
lymphoid follicles of a 4 weeks old Nkx2-31/~ mouse using CD45/Thy-1/B220 combined immunofluorescence staining with the markers as indicated (scale bar =
100 wm). (B) Composition of colonic SILT spectrum in Nkx2-31/~ (black filled) and Nkx2-3~/— (gray filled) mice at 1, 2, and 4 weeks of age as indicated; n = 4; mean
+ SEM, *p < 0.05). (C) Composition of SILT spectrum in the colon of wild-type C57BL/6 (black filled) and MAACAM-1—/~ (gray filled) mice at 1, 2, and 4 weeks of
age as indicated (n = 4; mean + SEM *p < 0.05).

causes increased mRNA levels for various PNAd backbone  significant increase of two PNAd backbone proteins Endomucin
proteins and modifying enzymes in PPs lacking endothelial — and Podocalyxin-like protein in MAACAM-1"/~ PPs compared
MAdCAM-1 (12), next we studied whether similar alterations  to wild-type controls, while the increase in CD34 did not
occur in MAACAM-1~/~ mice. Using qPCR analysis of cDNA  reach statistical significance. The mRNA for Glycaml and
from PPs of 8-10 weeks old MAACAM-1"/" mice we observeda ~ Nepmucin did not show any difference compared to control
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PPs (Figure 3A). Among the modifying enzymes important in
creating the PNAd epitope, mRNA for the betaGal beta-1,3-N-
acetylglucosaminyltransferase 3 sulfotransferase (B3gnt3) and
alpha-(1, 3)-fucosyltransferase (Fut7) did not show statistically
significant differences, whereas N-acetylglucosamine 6-O
sulfotransferase (Chst4) was significantly elevated in MAdCAM-
17/~ PPs, resulting in a prominent expression of MECA-79
PNAJ epitope (Figure 3B). These alterations are different from
those reported earlier in Nkx2-37/~ mice, where the most
robust alteration of mRNA expression for PNAd core proteins
involved Glycaml, but the significant increase of Chst4 was also
observed (12).

Correlation of ILC3 Distribution and
Regional Expression of Vascular Addressin

in the Mucosa

To investigate whether the ILC3 distribution is correlated with
the altered expression of MAACAM-1 in Nkx2-37/~ mice
or PNAd in MAdCAM-1"/~ mice, next we compared the
expression level using quantitative immunofluorescence and
Image J analysis.

In Nkx2-37/~ mice we found a higher level of MAACAM-
1 expression at week 1 and even a minor increase by the
second postnatal week, while by the 4th postnatal week the
MAdCAM-1 labeling intensity was statistically below that of
the Nkx2-3 heterozygotes in the small intestine. In contrast,
the colonic MAdACAM-1 expression in Nkx2-37/~ samples
was continuously below that of heterozygotes, suggesting in
different gut segments the loss of MAdCAM-1 expression follows
different kinetics (Figure 4A). Furthermore, the MAdCAM-1
expression does not correlate with the local ILC3 numbers
detailed above (Figure 1B).

In the small intestine of MAACAM-1"/~ mice we observed a
slight increase of PNAd expression by the second week below that
of C57BL/6 mice, which continued to increase significantly by
the fourth week, exceeding that of wild-type controls. Correlating
the number of ILC3s with the alterations of small intestinal
PNAd in C57BL/6 mice the ILC3 number remained relatively
stable, while the PNAd expression steadily increased, whereas
in MAdCAM-1"/~ mice was accompanied by significantly
decreased ILC3 numbers.

The colonic PNAd expression in MAdCAM-1"/~ mice
showed a significant increase already by the second week
compared to the controls, followed by a further increase by the
fourth week (Figure 4B). However, ILC3 cell numbers decreased
in both MAACAM~/~ and wild-type mice, where at fourth
week of age the colonic ILC3 cells were barely detectable in
MAdCAM-1"/~ mice (Figure 1B).

Preserved Lymph Node Architecture and
Normal T Cell-Dependent Antibody
Response in the Absence of MAdACAM-1

During the embryonic development and early postnatal
maturation of peripheral lymph nodes (pLN) HEVs display
MAdCAM-1 recognized by oa4f7 integrin (2, 4). Therefore,
we next investigated whether the formation and structure of

pLNGs is affected by the absence of MAACAM-1 similarly to the
SILT. Using multicolor immunofluorescence for T and B cells
and follicular dendritic cells we found no noticeable differences
in the lymphoid compartmentalization and follicular stromal
organization in young adult (8 week old) mice (Figure 5).

To examine how the absence of MAACAM-1 affects the
induction of a local T-dependent immune response, mice
received two subcutaneous injections of ovalbumin (OVA)
in their footpads 7 days apart. Twenty-one days after the
first injection mice were sacrificed and serum was collected.
We determined the anti-OVA IgG response using a custom-
made indirect ELISA. Interestingly, we found that lack of
MAdCAM-1 did not inhibit the production of IgG against
ovalbumin as neither MAACAM-1"/~ nor Nkx2-37/~ mice had
significantly lower antibody levels compared to their appropriate
controls (data not shown).

These results indicate that, in addition to allowing the
establishment of normal architecture, in the absence of
MAdCAM-1 the development of a T-dependent antibody
response in peripheral lymph nodes is preserved.

DISCUSSION

Type 3 innate lymphoid cells (ILC3s) have recently been
demonstrated to play a role in several immunological processes
associated with normal mucosal lymphoid tissue formation and
also inflammation and epithelial regeneration in inflammatory
bowel diseases (IBD). IBD manifests as a consequence of
genetic susceptibility, aberrant immunological responsiveness
against commensal bacteria, and bacterial dysbiosis of the
intestine (21, 22). Amongst other genetic factors, Nkx2-3 has
been identified as a susceptibility factor for both ulcerative
colitis and Crohn’s disease in humans, characterized by ectopic
lymphoid neogenesis (23). In these events ILC3 subsets in a close
relationship with their intestinal stromal microenvironment
produce a range of cytokines, and as putative antigen-presenting
cells, they can also influence T-cell responses against commensal
bacteria (24, 25). To exert local activities, various lymphoid
cells need to recognize MAdACAM-1 addressin displayed by
mucosal high endothelial venules and lamina propria vessels,
which also offers a potential target mechanism for IBD
amelioration, using either anti-a4p7/a4p1 integrin antibodies
or anti-MAdCAM-1 therapy, respectively (26). Although the
efficiency of ILC3s critically depends on their intestinal
colonization, it is not yet known how the regulatory or genomic
absence of MAdACAM-1 affects the intestinal distribution of
ILC3s and the maturation of colonic lymphoid follicles as
immunological effector sites.

As a critical postnatal regulator promoting MAdCAM-
1 expression (8, 27), we studied mice deficient for Nkx2-3
transcription factor. Although in Nkx2-3 KO mice endothelial
MAdCAM-1 gradually disappears and is replaced by PNAd
during the first month (4), the lack of Nkx2-3 does not abrogate
the expression of non-endothelial MAACAM-1. Therefore its
effect appears to be lineage-restricted (14), in contrast to
the MAdACAM-1"/~ mice (18). We also noted increased
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duplicate measurement; *p < 0.05). (B) Immunofluorescence detection of MECA-79 epitope (green) in wild-type (left) and MAACAM-1~/~ Peyer’s patches with
Hoechst nuclear counterstaining (blue) (representative example of a cohort of 3 mice; scale bar = 100 um).

expression of PNAd epitope MECA-79; however, comparison
of PNAd core protein and glycosylation enzyme mRNA
expression alterations to those in Nkx2-3-deficient mice reported
earlier (12) show notable differences. In Nkx2-37/~ mice
the most dramatic alteration of mRNA expression was the
robust increase of Glycaml mRNA; in contrast, in MAdCAM-
17/~ mice the mRNA for Glycaml was unaltered, while
mRNA for podocalyxin-like protein (Pdxn), endomucin and,

to a lesser degree, CD34 increased. Moreover, in both cases
sulfotransferase enzyme Chst4 increased. These findings indicate
that in the two different models of MAdACAM-1 deficiency the
compensatory upregulation of PNAd epitopes follows different
mRNA expression patterns.

Irrespectively of their genotype and background, small
intestines host more ILC3 cells than the colon, with the peak
occurring on the first postnatal week. At this period the
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FIGURE 5 | Preserved structure of pLN in the absence of MAACAM-1.
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(CD21/35/green) as indicated (scale bar: 100 wm. Representative image, the
staining was repeated twice).

dominant addressin in the peripheral lymph nodes of wild-
type and Nkx2-3-deficient mice is MAdCAM-1 (4, 12), and
we noted no significant difference between Nkx2-3 deficient
and heterozygous samples, indicating efficient seeding of ILC3s
to the small intestine mucosa. However, the number of cells
showed substantial differences between Nkx2-3-deficient and

heterozygous mice on a BALB/c background, and C57BL/6-
background MAdCAM-1~/~ and wild-type mice, which may be
related to the delayed maturation of siILF in C57BL/6 mice, as
reported earlier (28). On the other hand, at later periods Nkx2-
3-deficient mice showed a reduced number of small intestinal
ILC3s, coupled with a markedly lower frequency of mature ILFs,
presumably reflecting the effect of the progressive reduction of
endothelial MAdACAM-1 expression.

Interestingly, the pattern of PNAd core protein and
glycosylation enzyme expression in PPs of MAdCAM-1=/~
mice is different compared to both Nkx2-37/~ and wild-
type C57BL/6 mice, and it also allows the appearance of
MECA-79 epitope. It remains to be investigated, whether in
a fashion similar to Nkx2-37/~ PPs, the MAACAM-1/04p7-
dependent mucosal mechanism is also replaced—at least
partially—by an L-selectin/PNAd-dependent homing (12).
Nevertheless, the appearance of cryptopatches and their initial
maturation into imILFs is in agreement with previous data on
the formation of cryptopatches being independent from a4f7
integrin-MAdCAM-1 interaction (27).

In contrast, colonic ILC3 dispersion showed strikingly
different kinetics. Compared to the small intestines, on the first
week we found relatively fewer ILC3 cells in all genotypes.
However, by the second week the colonic ILC3 number increased
in Nkx2-3-deficient and heterozygous mice, whereas it was
further reduced in both MAACAM-1=/~ and C57BL/6 mice,
similar to the difference between the small intestines of BALB/c
and C57BL/6 mice (28, 29). This reduction continued in
MAdCAM-1"/~ mice to a virtually undetectable level, whereas
it remained unchanged in C57BL/6 samples. Furthermore, the
lack of MAACAM-1 caused a more dramatic reduction in the
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colonic ILC3 number compared to that in the small intestine,
indicating that in the small intestine potential alternative
endothelial addressins may partially compensate for the absence
of MAACAM-1, in addition to other differences of developmental
requirements for small intestinal and colonic ILF formation
(30). With regard to the effect of the absence of Nkx2-3 in
young adult mice on other innate lymphoid subsets, we found
an increased level of Th17 and Treg cells in the colon (20);
however, it remains to be investigated how other ILC subsets
are affected either in Nkx2-37/~ or MAdCAM-deficient mice.
Our recent findings also indicate the expression of Nkx2-3 in
VAP-1-positive myofibroblasts cells, thus the modulatory effect
on ILC3 distribution is likely to be mediated through stromal
components (20).

Differences in the maturation of colonic ILFs can be
attributed to several factors. Importantly, mice on a C57BL/6
background showed a delayed maturation, evidenced through
the cryptopatch:ILF ratio, but by the fourth postnatal week
C57BL/6 mice had a similar ratio of mature ILFs as in Nkx2-
3-deficient mice. Interestingly, the relatively stable number of
CPs in C57BL/6 mice at this age was associated with fewer
immature ILFs, suggesting that in these mice the course of CP-
imILF maturation may be delayed compared to CP appearance
and/or imILF-matILF transformation, in a fashion similar to
the difference between C57BL/6 and BALB/c mice observed
in the small intestine (28, 29). Furthermore, in MAdCAM-
17/~ mice the appearance of CPs and their initial maturation
into immature ILFs largely correspond to those of wild-type
C57BL/6, suggesting MAdCAM-1 independence (27), but its
further maturation into mature ILFs is drastically blocked
(although not completely abolished) in MAACAM-1"/~ mice.
In this process the increased expression of PNAd addressin
appears to be unable to compensate for the loss of MAACAM-1
in sustaining immature-to-mature ILF transition, also reflected
to a lesser degree in Nkx2-37/~ mice with partially preserved
MAdCAM-1 expression.

Lastly, we also investigated the systemic effect of MAdACAM-
1 deficiency on the formation and immune responsiveness,
as a4p7 integrin-MAdCAM-1 also participates in peripheral
lymph nodes formation during the embryonic period, similarly
to the development of PPs (4). We found that, although
both PP development and ILF maturation are blocked in
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IL-22-Independent Protection from Colitis in the Absence of
Nkx2.3 Transcription Factor in Mice

Zoltan Kellermayer,*' Déra Vojkovics,*" Tareq Abu Dakah,* Kornélia Bodé,*

Balint Botz,"® Zsuzsanna Helyes,”' Gergely Berta,' Béla Kajtar,” Angela Schippers,**
Norbert Wagner,** Luigi Scotto,”" Owen A. O’Connor,™ Hans-Henning Arnold,§§ and
Péter Balogh*'

The transcription factor Nkx2.3 regulates the vascular specification of Peyer patches in mice through determining endothelial
addressin preference and may function as a susceptibility factor in inflammatory bowel diseases in humans. We wished to analyze
the role of Nkx2.3 in colonic solitary intestinal lymphoid tissue composition and in colitis pathogenesis. We studied the colonic
solitary intestinal lymphoid tissue of Nkx2.3-deficient mice with immunofluorescence and flow cytometry. Colitis was induced in
mice using 2.5% dextran sodium sulfate, and severity was assessed with histology, flow cytometry, and quantitative PCR. We
found that the lack of Nkx2.3 impairs maturation of isolated lymphoid follicles and attenuates dextran sodium sulfate—induced
colitis independent of endothelial absence of mucosal addressin cell-adhesion molecule-1 (MAdCAM-1), which was also coupled
with enhanced colonic epithelial regeneration. Although we observed increased numbers of group 3 innate lymphoid cells and
Th17 cells and enhanced transcription of IL-22, Ab-mediated neutralization of IL-22 did not abolish the protection from colitis
in Nkx2.3-deficient mice. Nkx2.3™'~ hematopoietic cells could not rescue wild-type mice from colitis. Using LacZ-Nkx2.3
reporter mice, we found that Nkx2.3 expression was restricted to VAP-1" myofibroblast-like pericryptal cells. These results
hint at a previously unknown stromal role of Nkx2.3 as driver of colitis and indicate that Nkx2.3" stromal cells play a role in

epithelial cell homeostasis. The Journal of Immunology, 2019, 202: 000-000.

he immune system of the intestine must cope with a

massive load of alimentary and microbial Ags and dis-

tinguish between those to tolerate and those to eliminate.
These functions are carried out by two different types of intestinal
lymphoid tissues (1). Peyer patches (PPs) in the small intestine
and colonic patches in the large intestine form during embryonic
development, whereas solitary intestinal lymphoid tissue (SILT)
components develop postnatally. The SILT spectrum consists of
cryptopatches (CP) containing mainly hematopoietic lineage
cells at the bottom of intestinal crypts (2). Upon environmental
stimulation, these leukocyte congregates transform into isolated
lymphoid follicles (ILFs) (3, 4). During this process, lymphocytes

are recruited to form follicles via MAdCAM-1 expressed on high
endothelial venules (HEVs) and lamina propria vessels (5, 6).

In mice, the vascular specification of PPs is critically determined
by the Nkx2.3 homeodomain transcription factor in a tissue-
specific manner. In the absence of Nkx2.3 in mice, PPs and the
spleen lack most of MAdCAM-1 (7, 8) and exhibit a vasculature
reminiscent of peripheral lymph nodes with peripheral node
addressin (PNAd)" HEVs (9, 10). In addition to its role in vas-
cular specification of intestinal lymphoid tissues, Nkx2.3 also
affects the maturation of villi, as its lack causes aberrant villus
formation during the embryonic and early postnatal period of gut
development. Meanwhile, in adulthood, small intestines of mice
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lacking Nkx2.3 present with significantly enlarged villi (11). In
humans, single nucleotide polymorphisms in the coding region of
Nkx2.3 were found to be associated with both Crohn disease (CD)
and ulcerative colitis, the two main types of inflammatory bowel
disease (IBD) (12, 13). Nkx2.3 has been shown to regulate the
expression of PTPN2, a risk gene for CD (14), and VEGF signaling
and endothelin 1 production in intestinal microvascular cells (15).

Although these results point to the involvement of Nkx2.3 in
IBD, the details of Nkx2.3-mediated mechanisms underlying in-
testinal inflammatory processes are still unresolved. In this article,
we show that Nkx2.3-deficient mice (Nkx2.3™/7) harbor a SILT
spectrum with impaired maturation of ILFs and are protected from
dextran sodium sulfate (DSS)—induced colitis. Alleviated colitis
is independent of MAdCAM-1, as MAdCAM-1-deficient mice
(MAdCAM-1""") develop severe colitis compared with Nkx2.3 ™/~
mice, whereas it is coupled with enhanced colonic epithelial re-
generation. Diminished colitis in Nkx2.3-deficient mice is associ-
ated with increased numbers of colonic RORyt" group 3 innate
lymphoid cells (ILC3s), Th17 cells, and Foxp3* regulatory T cells
(Tregs). Increased IL-22 levels in DSS-treated Nkx2.37/~ mice did
not contribute to protection as IL-22 blockade had no effect on dis-
ease pathogenesis. Nkx2.3~'~ hematopoietic cells failed to provide
protection, highlighting the importance of Nkx2.3-expressing intes-
tinal stromal cells in the functionality of the colonic epithelium and
various lymphoid cells.

Materials and Methods
Mice

BALB/cJ and C57BL/6J mice were obtained from The Jackson Laboratory
(Bar Harbor, ME). Nkx2.37/~ mice (11) were backcrossed through at
least 20 generations onto BALB/c background (9). MAdCAM-1""~
(Madcam1™'2N"28) mice (16), mCD19CherryLuciferase (CD19CL)
transgenic mice (17), and LacZ-Nkx2.3*'~ reporter mice (8) were de-
scribed previously. eGFP-TgBALB/c mice (18) were maintained in our
laboratory. Prior to experiments, mice were accustomed to standard
housing conditions for at least 1 wk. Mice were provided ad libitum
with a VRF1 (P) diet (Special Diets Services) and fresh water and were
kept on aspen bedding (Abedd). Eight- to ten-week-old mice were used
throughout experiments. To induce colitis, mice received 2.5% DSS
(AppliChem) in drinking water for 7 d. Mice were sacrificed on day 7
for acute or day 14 for subacute colitis. For controls, either littermates
were used, or bedding was regularly exchanged between cages. All
procedures involving live animals were carried out in accordance with the
guidelines set out by the Ethics Committee on Animal Experimentation
(University of Pécs, Pécs, Hungary) under license number BA02/2000-16/
2015, with approval for the use of genetically modified organisms under
license number SF/27-1/2014 issued by the Ministry of Rural Develop-
ment, Budapest, Hungary. Throughout the experiments, the authors
adhered to Animal Research: Reporting of In Vivo Experiments
(ARRIVE) guidelines.

Histology

Colons were embedded in OCT medium (Bio-Optica, Milan, Italy), snap-
frozen, and sectioned at 8 wm. H&E stainings of Swiss roll colons were
performed at the Department of Pathology, University of Pécs, according
to standard protocols. Histopathological scoring of H&E samples was
performed by an experienced pathologist in a blinded fashion based on a
modified version of standard protocols (19), with evaluation of submucosal
edema (0-3), polymorphonuclear cell infiltration (0—4), number of goblet
cells (0-3), and epithelial integrity (0-3). For SILT ratio analysis, sections
were made from colonic Swiss rolls at four different planes distributed
evenly apart. SILT structures were identified as follows: CP, Thy-1*/
B220"; immature ILF, Thy-1~"*/B220*/ complement receptor type 2
(CR2)™"*; and mature ILF, B220*/CR2*/peanut agglutinin (PNA)*. Im-
munofluorescence was performed as previously described (10) using
the following commercially available Abs: goat anti-mouse CXCL13
(R&D Systems) developed with donkey anti-goat FITC (SouthernBiotech),
biotinylated CD11c (clone N418; BioLegend) developed with Streptavidin
PE (BD Biosciences), and biotinylated PNA (Sigma-Aldrich) developed
with AMCA Streptavidin (Vector Laboratories). The following Ab clones

Nkx2.3~'~ MICE ARE PROTECTED FROM COLITIS

were obtained from the American Type Culture Collection or produced in
our laboratory, and then the Abs were purified and labeled in our laboratory:
CD45-FITC (clone IBL-3/16), rat anti-mouse MAdCAM-1-AF555 (clone
MECA-367), rat anti-mouse PNAd-Dylight594 (clone MECA-79, kindly
provided by Dr. E. Butcher), B220-CF647 (clone 6B2), Thy-1-AF594 (clone
IBL-1), and CD21/35-FITC (clone 7G6). Sections were viewed using an
Olympus FLUOVIEW FV1000 laser scanning confocal imaging system or
an Olympus BX61 fluorescent microscope.

Combined LacZ/B-galactosidase enzyme histochemistry
and immunohistochemistry

Swiss rolls containing colonic samples prepared from LacZ-Nkx2.3 reporter
mice (8) and BALB/c mice were cryosectioned at 8-pm thickness and fixed
in cold acetone. After drying, the endogenous peroxidase activity was
quenched by 1 mg/ml phenyl-hydrazine-hydrochloride in PBS for 30 min,
followed by washing. Following saturation with 5% BSA/PBS, sections
were incubated with rat mAbs against vascular associated protein-1 (VAP-1)
Ag (clone 7-88/1, kindly provided by Dr. S. Jalkanen), EpCAM (clone
G8.8), endothelial marker IBL-20 (produced at the Department of Immunology
and Biotechnology, University of Pécs), or control rat IgG (each at 5 p.g/ml) in
PBS for 45 min, followed by washing. Bound Abs were detected using the
ImmPRESS-HRP goat anti-rat IgG kit (Vector Laboratories) with DAB/H,0,
according to the vendor’s recommendations. After washing, slides were
incubated with X-gal (1 mg/ml; Boehringer-Mannheim) dissolved in 5 mM
K-hexacyanoferrate, 5 mM K-ferrocyanide, and 2 mM Mg-chloride (all
from Sigma-Aldrich) in PBS overnight at 37°C, followed by extensive
washing in PBS.

5-ethynyl-2-deoxyuridine staining

Epithelial cell proliferation was detected with the Click-iT Plus EdU Alexa
Fluor 488 Imaging Kit (Life Technologies) according to the manufacturer’s
protocol. Following 5-ethynyl-2-deoxyuridine (EdU) detection, epithelial
cells were identified using rat anti-mouse EpCAM (clone G8.8) developed
with PE-labeled anti-rat (BD Biosciences).

Apoptosis assay

Epithelial cell apoptosis was measured using the Click-iT Plus TUNEL
Assay for In Situ Apoptosis Detection, Alexa Fluor 488 (Life Technol-
ogies), according to the manufacturer’s protocol. Following the TUNEL
assay, epithelial cells were identified using rat anti-mouse EpCAM
(clone G8.8) developed with PE-labeled anti-rat (BD Biosciences).

Serum IL-22 measurement

Serum IL-22 was detected with the Mouse/Rat IL-22 Quantikine ELISA
Kit (R&D Systems) according to the manufacturer’s protocol in duplicates.
A standard curve was generated using a four-parameter logistic curve-fit,
and concentrations were calculated for each sample.

Flow cytometry

Lamina propria lymphocytes were isolated using a modified version of the
protocol described previously (20). Briefly, colons were cut open longi-
tudinally, washed with PBS, then shaken at 37°C in DMEM containing
15 mM EDTA (Sigma-Aldrich) for 25 min. Intestines were then washed
thoroughly with cold PBS, cut into 5-mm pieces, and incubated in DMEM
containing 0.6 mg/ml collagenase D and 5 U/ml DNase I (both from
Sigma-Aldrich) at 37°C for 20 min. Supernatant was collected and filtered
through a 70-pwm cell strainer (Greiner Bio-One) and new digestion so-
lution was added. Cycles were repeated until complete digestion of tissues.
Mononuclear cells were collected with a 40/80% (w/v) Percoll (Sigma-
Aldrich) density gradient centrifugation, washed with PBS, and labeled for
flow cytometry using the following commercially available Abs: CD3-
allophycocyanin-Cy7 (clone 145-2C11; BD Biosciences), RORy#-AF647
(clone Q31-378; BD Biosciences; intracellular staining was performed
according to the manufacturer’s protocol), biotinylated CD1lc (clone
N418; BioLegend) developed with Streptavidin PE-Cy7 (BioLegend),
Thy-1.2 (CD90.2)-PerCPCy5.5 (clone 53-2.1; BioLegend), Foxp3-PE
(clone 3G3; Miltenyi Biotec; intracellular staining was performed
according to the manufacturer’s protocol), and CD25-PerCpCy5.5 (clone
PC61; BD Pharmingen). The following hybridoma clones were obtained
from the American Type Culture Collection or developed in our labo-
ratory, and then the Abs were purified and labeled in our laboratory:
CD3-FITC (clone KT3), CD4-Cy3 (clone YTS191.1), CD4-AF647
(clone YTS191.1), CD19-FITC (clone 1D3), and CD45-CF647 (clone
IBL-3/16). Measurements were performed on a BD FACSCanto II or a
FACSCalibur cytometer.
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B cell colony assessment using whole colon bioluminescence

CDI19CL transgenic mice (17) crossed with Nkx2.3™~ mice were anesthe-
tized using 50 mg/kg sodium pentobarbital i.p. and were then i.v. injected
with 150 mg/kg p-luciferin (Gold Biotechnology) dissolved in sterile PBS
(15 mg/ml). Mice were sacrificed 10 min postinjection, and colons were
excised and placed on a petri dish and were then immediately transferred into
an IVIS Lumina II (PerkinElmer) imaging system with an imaging chamber
set to 37°C. Samples were imaged within 15 min postinjection using the
following settings: 180 s acquisition, F/stop = 1, and Binning = 4. Data were
analyzed using the Living Image software (PerkinElmer). Regions of interest
(ROIs) were drawn automatically using identical luminescence signal
thresholds. Total radiance, a calibrated unit of the luminescence (total photon
flux per second), was calculated in each ROI, and the total number of ROIs
(excluding large ROIs with flux >10%/s) per sample was also counted. The
ROI area was automatically quantified and expressed as square millimeters.

Bone marrow chimera production

Four-week-old eGFP-TgBALB/c mice (18) were lethally irradiated at the
Department of Oncotherapy, University of Pécs, with 2 X 5.5 Gy ad-
ministered 6 h apart. Mice received 5 X 10° bone marrow cells in 200 pl
of DMEM via tail veins from either BALB/c or Nkx2.3 /™ mice 3 h after
the second irradiation. Following reconstitution, mice were provided with
ciprofloxacin in drinking water for 2 wk. Chimerism was determined by
eGFP/CD45 expression of PBMCs.

Anti—IL-22 treatment

Nkx2.37'~ mice received 2.5% DSS in drinking water for 7 d. Mice were
treated with 150 pg of anti-IL-22 mAb (clone 8E11; Genentech) or iso-
type control (clone GP120:9709; Genentech) i.p. on days 2, 3, 4, 5, and 6.
Weights were measured daily. Mice were sacrificed on day 7, and colons
were isolated for histology, flow cytometry, and mRNA. Six mice were
used per group, and treatments were performed twice.

Real-time PCR

Total RNA from distal colon homogenates was isolated using NucleoSpin
RNA (Macherey-Nagel). Purity and concentration of RNA were analyzed by
NanoDrop. cDNA was synthetized using the High Capacity cDNA RT Kit
(Life Technologies). RT-PCR was run on an ABI-PRISM 7500 machine in
duplicates. TagMan probes (mGAPDH, mlIL-17a, mIL-22, mIFN-vy,
mReglIIB, mRegllly, mMuc2, mTGF-, mIL-10) were purchased from
Life Technologies. Results are shown as percentage of housekeeping
gene (nGAPDH).

Statistical analysis

Data analysis was performed using IBM SPSS Statistics software (Version 22).
Normality of data distribution was assessed by Shapiro-Wilks test. A ¢ test or
Mann—Whitney U test was employed to compare two groups with normally
distributed and non-normally distributed data, respectively. Data are repre-
sented as mean = SEM. Statistical significance was set at p << 0.05.

Results

Nkx2.37'" mice exhibit impaired colonic ILF maturation

Previous studies in our laboratory and elsewhere indicated a
substantial alteration of the vascular architecture and lymphocyte
composition of PPs in mice lacking Nkx2.3 (7-10). As there are no
data on SILT characteristics, we first examined Nkx2.3-deficient
mice for the composition of SILT by immunofluorescence analysis
of colonic sections. We found that, similarly to PPs, HEVs in
colonic patches of Nkx2.37/~ mice lack MAdCAM-1 (Fig. 1a)
and display luminal PNAd, in contrast to abluminal PNAd ex-
pression in MAACAM-1" HEVs of BALB/c mice (Fig. 1b).

To determine the effect of the Nkx2.3 deficiency on the global
distribution of colonic B cell clusters, we crossed Nkx2.3 ™'~ mice
with CD19CL transgenic reporter mice (17) with B cell-restricted
bioluminescence. Ex vivo measurement of B cell-restricted
luciferase activity in whole colon samples revealed a signifi-
cantly decreased average number of B cell clusters in colons of
Nkx2.3-null mutants (Nkx2.37/~ X mCD19Luc") compared
with heterozygous control littermates (Nkx2.3*'~ X mCD19Luc")
(Fig. 1c, 1d). However, the average flux (photons per second) of

these regions did not differ between strains, and the average area of
regions was significantly higher in Nkx2.3™'~ mice compared with
heterozygous controls.

To delineate the presence of various SILT components and their
maturation stages, multicolor immunofluorescence labeling was
employed for Thy-1/CD90, B220, and CR2/CD21 Ags in com-
bination with PNA binding. Using this approach, we identified
SILT components at different maturation stages grouped into 1)
Thy-1*/B220~ CPs, 2) Thy-1*'"/B220* immature ILFs, 3) B220%/
CR2* immature ILFs containing follicular dendritic cells (FDCs),
and 4) B220*/CR2*/PNA™ mature ILFs harboring germinal cen-
ters, respectively (Fig. le, Supplemental Fig. 1A), in both wild-
type and Nkx2.3-deficient mice. Staining for the dendritic cell
(DC) marker CD11c and the homeostatic chemokine CXCL13 also
revealed normal SILT morphology (Supplemental Fig. 1B, 1C).
However, the frequency of mature versus immature components
showed a shift toward an immature composition (Fig. le) in
Nkx2.3~/~ mice. Thus, the percentage of CPs was 14.4 + 2.2%
(mean = SEM) in BALB/c controls compared with 48.6 * 4.2%
in Nkx2.37/~ colons. Immature ILFs without FDCs represented
482 + 4.8% in BALB/c compared with 27.8 = 1.2% in Nkx2.3 '~
mice. Immature ILFs containing FDCs comprised 28.0 = 3.6%
compared with 18.3 = 3.3% in Nkx2.3~'~ colons. Mature, PNA*
ILFs constituted 9.4 = 2.2% of SILT components in wild-type but
only 5.3 * 2.2% in the absence of Nkx2.3. These results indicate
that CPs readily form in the absence of Nkx2.3, but their subsequent
differentiation into more mature SILT structures is impaired.

To investigate whether this altered SILT ratio is due to the
absence of endothelial MAdCAM-1 in Nkx2.3-deficient mice, we
also examined SILT components in MAdCAM-1-null mutant
mice on C57BL/6 background (16). In MAdJCAM-1""" colonic
patches, we found consistently detectable luminal PNAd ex-
pression, similar to that observed in Nkx2.3 ™'~ colons (Fig. 1f, 1g).
SILT elements with structural similarity to wild-type mice could be
identified in MAdCAM-1""" mice (Supplemental Fig. 1B, 1C).
Interestingly, MAdCAM-1""" mice showed an even greater inhi-
bition of the formation of both immature and mature ILFs (Fig. le).

The transition of colonic CPs into mature ILFs is associated with
a characteristic exchange of leukocyte subsets, in which adult
lymphoid tissue inducer-type (LTi) innate lymphoid cells and
CXCL13-producing DCs are replaced by B cells (21). In agreement
with our previous findings, flow cytometric analysis of colonic
cells confirmed significantly higher numbers of Lin™ /Thy-17/
CD4*/RORyt" LTi cells (Fig. 1h, 1i) in Nkx2.3~'~ mice and in-
creased CD11c¢* DCs (Fig. 1j) and lower absolute numbers of
CDI19" B cells (Fig. 1k) in both Nkx2.3™/~ and MAACAM-1""~
mice compared with the respective wild-type controls. The re-
duction of B cells was more severe in MAdCAM-1""" than in
Nkx2.3™/" mice, indicating again the more profound block in the
recruitment of B cells to MAACAM-1""" colons. In contrast, both
relative and absolute numbers of Th cells were significantly higher
in Nkx2.3-deficient mice, whereas in MAdCAM-1""" mice we
noticed a significant increase in the relative Th cell frequencies only
(Supplemental Fig. 1D-F). These findings demonstrate that, in the
absence of MAdCAM-1, either indirectly (as a consequence of Nkx2.
3 absence) or directly (in MAdCAM-1""" mice), the colonic SILT
maturation toward ILF is blocked, and the lymphocyte distribution
is altered.

Nkx2.3™"" mice are protected from DSS-induced colitis

Colitis induces the transition of CPs to mature ILFs (22, 23).
Therefore, we next used the DSS-induced colitis model to ex-
amine SILT development under inflammatory conditions. Nkx2.3-
deficient mice were given 2.5% DSS in drinking water for 7 d.
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FIGURE 1. Immature SILT phenotype in the absence of Nkx2.3 transcription factor. Sections from BALB/c and Nkx2.3 ™"~ colons were stained for MAACAM-1 (red)
and CD45 (green) (a), or PNAA (red) and CD45 (green) (b). Immunofluorescence images are representative images of at least five animals. Representative images of whole
colons from CD19CL X Nkx2.3"~ and CD19CL X Nkx2.3 ™~ mice (c). Average number, flux, and area of luciferase’ B cell regions from CDI9CL X Nkx2.3"~ and
CDI19CL X Nkx2.3 ™"~ colons (n = 3-5 animals per group) (d). SILT structures of BALB/c, Nkx2.3 =, C57BLS6, and MAACAM-1""" colonic Swiss rolls were counted
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BALB/c, ka2.37/7, C57BL/6, and MAdCAM-1"" colons (n = 3-16). Error bars represent SEM. Scale bars, 250 pm. *p < 0.05, **p < 0.005. ns, not significant.
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Samples were collected on day 7 (acute colitis) and day 14
(subacute colitis). Surprisingly, we found that Nkx2.3 ™/~ mice
were protected from DSS-induced colitis based on their physical
symptoms compared with controls. Mutant mice lost only min-
imal weight, macroscopic rectal bleeding was less frequent, the
shortening of the colon was minimal, and survival was 100%
(Fig. 2a-e). Histological scoring of H&E-stained Swiss roll
sections of colons also revealed a significantly lower pathological
score both at day 7 and day 14 in Nkx2.3-deficient mutants com-
pared with BALB/c mice (Fig. 2f).

To examine whether the lack of colitis in adult Nkx2.3-deficient
mice was related to the absence of endothelial MAdCAM-1, we
investigated MAACAM-1""" mice. Interestingly, in contrast to
Nkx2.37/" mice, the generalized absence of MAACAM-1 did
not inhibit the development of intestinal inflammation, as MAd-
CAM-1"'" mice exhibited severe colitis comparable to wild-type
counterparts (Fig. 2a—f).

In wild-type controls, DSS treatment increased the ratio of
mature SILT components containing CR2* FDCs with or without
PNA* germinal centers (Fig. 2g, 2h). However, in Nkx2.3 ™/~ mice
we observed a delayed increase of mature components by day 7,
although the difference between mutant and wild-type mice was
less prominent by day 14 (Fig. 2g). Interestingly, MAdCAM-1-
deficient mice exhibited a more profound blockade in SILT mat-
uration, as the ratio of CPs decreased and B cell-containing
structures increased only by day 14 after the start of treatment
(Fig. 2h). These results on different kinetics of colonic B cell
expansion were also supported by flow cytometry. The absolute
number of B cells showed a low but significant increase by day 7
of colitis in Nkx2.3~'~ mice, whereas DSS-induced colitis in
MAJCAM-1""" mice led to a significant increase in absolute
B cell numbers only by day 14 (Fig. 2i). The absolute B cell
numbers were lower in both mutant strains throughout treat-
ments in comparison with the wild-type controls. Furthermore, the
absolute number of Th cells was significantly higher in both
mutant genotypes than in wild-type mice at day 7. At day 14,
Nkx2.3~/~ mice displayed similar absolute numbers of Th cells as
BALB/c mice, whereas Th cells were still significantly higher in
MAdCAM-1-deficient mice (Supplemental Fig. 2B).

Because both Nkx2.37/~ and MAACAM-1"'" mice exhibit a
similar luminal PNAd expression on colonic vessels but react
oppositely to DSS treatment, these results indicate that, although
the absence of endothelial MAdCAM-1 may be responsible for the
immature status of SILT in both mutants, it does not explain the
lack of colitis in Nkx2.3 ™/~ mice.

Lack of Nkx2.3 leads to a skewed accumulation of colonic
RORyt* lymphoid cell and T,., distribution and signature
cytokine production

The imbalance between RORyt" cells (including CD45*/CD3*/CD4"/
ROR~yt* Th17 cells and CD45*/CD3™/RORyt* ILC3s) and CD3"/
CD4"/Foxp3*/CD25" T, has been extensively studied in both hu-
man IBD and murine models of colitis (24-26). We thus extended our
analysis to RORyt" lymphoid cells and T,egs. With flow cytometry,
we observed a significantly higher frequency and absolute number
of RORyt* Th17 and ILC3 populations (Fig. 3a, 3b, Supplemental
Fig. 2C) in the colons of Nkx2.3 ™~ mice compared with BALB/c
controls at all examined time points. Detailed analysis of colonic ILC3
subsets showed significantly higher relative and absolute numbers of
CCR6*/RORyt*/CD3 ™ cells in Nkx2.3-deficient mutants, whereas we
found a reduced frequency of Nkp46"/RORvyt"/CD3~ ILC3s com-
pared with wild-type (Fig. 3c). Meanwhile, the frequency and absolute
number of CD3*/CD4"/Foxp3*/CD25" T, was significantly higher
compared with BALB/c mice at day 7 of colitis (Fig. 3d).

We next performed quantitative PCR (qPCR) from colon sam-
ples to measure mRNA levels for signature cytokines produced by
ILC3s, Th17 cells, and Teys. We found that both IFN-y and IL-17a
[characteristic of ILC3 and Th17 (27, 28)] were significantly
higher in untreated Nkx2.3~’~ mice compared with BALB/c
controls (Fig. 3e, 3f). However, treatment of Nkx2.37/~ mice
with DSS did not further increase mRNA levels of these cytokines,
in contrast to wild-type mice, and at day 14 IFN-y and IL-17a
were significantly higher in BALB/c controls compared with
Nkx2.3~/~ mutant mice. In contrast, in acute colitis (day 7) we
observed significantly elevated IL-22 [characteristic of ILC3 and
Th17 and shown to have protective effects in colitis (29, 30)]
transcript levels in the absence of Nkx2.3 (Fig. 3g). However,
during the course of colitis, IL-22 levels were reversed and were
higher in wild-type mice than in Nkx2.3-deficient animals at day
14. Meanwhile, mRNA levels for IL-10 (characteristic of Tieg)
were significantly higher in Nkx2.3~’~ colons versus BALB/c
in untreated controls and at day 7 of DSS treatment, whereas
TGF-B2 was lower in untreated mutant mice and was similar to
controls throughout DSS treatment (Fig. 3h, 3i).

To examine whether this altered lymphoid cell composition
is due to the endothelial absence of MAdCAM-1, we analyzed
MAdJCAM-1""" mice. DSS treatment increased the relative fre-
quency of RORyt" Th17 cells and ILC3s at day 7 without af-
fecting the absolute cell number, whereas at day 14 we observed a
significantly higher absolute number of these cells compared with
wild-type (Supplemental Fig. 2D, 2E). In untreated MAdCAM-1"""
colons, T, frequency and absolute number was significantly lower
compared with controls, whereas at day 7 we observed a sig-
nificantly increased frequency but not absolute number of Teg
(Supplemental Fig. 2F). In contrast to Nkx2.3~/~ mice, IL-22 was
not higher in MAdCAM-1-deficient animals compared with con-
trols. IFN-y was not affected by DSS treatment, and IL-17a in-
creased, although to a smaller extent than in control mice
(Supplemental Fig. 2G-I). Untreated MAdCAM-1-deficient co-
lons had significantly higher levels of IL-10, but this difference
was absent upon DSS treatment. We observed no difference
between MAdCAM-1"'" mice and C57BL/6 controls in the
expression levels of TGF-B2 (Supplemental Fig. 2J, 2K).

Taken together, these data indicate a shift in the composition of
lamina propria lymphocytes, coupled with an altered cytokine
production profile in mice lacking Nkx2.3, independent of the
absence of endothelial MAdCAM-1.

Protection from DSS-induced colitis is independent of
increased IL-22 production in Nkx2.3™'~ mice

IL-22 has been shown to have protective effects in colitis by in-
ducing the production of various Reg (regenerating islet-derived
protein) family members and mucins important in mucosal heal-
ing (29, 30). Accordingly, we found that mRNA levels of ReglIlIf3
and Reglll'y were higher in Nkx2.3 '~ mice than in wild-type mice.
This difference was most prominent in acute colitis (Fig. 4a, 4b).
The expression of Muc2, a crucial mucin in the colon (31), was
markedly higher in untreated Nkx2.3~'~ mice than in wild-type
mice but did not differ during acute colitis (Fig. 4c).

IL-22R is also expressed on intestinal stem cells and induces mucosal
repair and epithelial cell proliferation upon ligand binding (32, 33).
Using EdU staining, we found a significantly higher proliferation rate
of colonic epithelial cells in untreated Nkx2.3 ™'~ mice. Treatment
with DSS reduced cell proliferation at day 7 in both Nkx2.3 mutant
and wild-type genotypes; however, the rate of cell proliferation was
still significantly higher in Nkx2.3 "~ colons (Fig. 4d). Furthermore,
whereas in BALB/c mice most EAU™ cells localized near the bottom
of crypts, in Nkx2.3-deficient large intestines, proliferating cells
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FIGURE 2. Nkx23 ™~ mice do not develop colitis following DSS treatment. Representative colon images (a), weight (b), survival (c), colon length (d), and macroscopic
rectal bleeding (e) of DSS-treated BALB/c, Nkx2.3 ", C57BL/6, and MAACAM-1""" mice (n > 50 mice per genotype, with one representative image per genotype; a
dagger () indicates a significant difference between BALB/c and Nkx2.37"; a double dagger (&) indicates a significant difference between C57BL/6 and MAdCAM-1"").
H&E stainings and H&E pathology score of BALB/c, Nkx2.3 ™, C57BL/6, and MAACAM-1""" colons (stainings are representatives of 7 = 3-8 animals per genotype per
group); objective magnification X10 (f). SILT structures of BALB/c and Nkx2.37/~ (g) and C57BL/6 and MAdCAM-17"~ (h) colonic Swiss rolls were counted
from four evenly distributed planes with immunofiuorescence using Abs against Thy-1, B220, CR1/2, and PNA (n = 3-6 animals per genotype per group). (i)
Relative (percentage of CD45" lymphoid cells) and absolute number (cells per colon) of colonic B cells from BALB/c, Nkx2.3~~, C57BL/6, and MAdCAM-1"~
mice (n = 3—-16 animals/genotype/group). Error bars represent SEM. *p < 0.05, **p < 0.005. D7, day 7; D14, day 14; ns, not significant; UTC, untreated controls.
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FIGURE 3. Altered colonic lamina propria lymphocyte composition and signature cytokine production in the absence of Nkx2.3. Relative (percentage of CD45*
lymphoid cells) and absolute numbers (cells per colon) of Th17 cells (a) and ILC3s (b) from BALB/c and Nkx2.3 "~ colons (1 = 3-9 animals per genotype per group).
Relative (percentage of ILC3) and absolute numbers (cells per colon) of CCR6* and Nkp46* ILC3s in BALB/c and Nkx2.3 ™/~ colons (1 = 3-9 animals per genotype)
(©). Relative (percentage of CD45" lymphoid cells) and absolute numbers (cells per colon) of Ty, from BALB/c and Nkx2.3 '~ colons (n = 5-7 animals per genotype
per group) (d). Real-time qPCR results from cDNA for IFN-y (e), IL-17a (f), IL-22 (g), IL-10 (h), and TGF-B2 (i) from BALB/c and Nkx2.3 ™'~ distal colons (n =
5-10 animals per genotype per group). Error bars represent SEM. *p < 0.05, **p < 0.005. D7, day 7; D14, day 14; ns, not significant; UTC, untreated controls.

were visible along the whole length of crypts (Fig. 4e). As in-
testinal epithelial cell turnover is also influenced by cell death,
we next analyzed cell apoptosis. In accordance with previously
published data (11), we observed no difference in the number of
TUNEL"* colonic epithelial cells per crypt between Nkx2.3 ™/~
and BALB/c mice (Supplemental Fig. 3A). However, DSS
treatment led to a significantly lower number of apoptotic cells
in Nkx2.3~/~ colons compared with BALB/c controls.

To investigate whether the increased IL-22 mRNA is responsible
for protection from colitis in Nkx2.3 ™/~ mice, we first measured

IL-22 serum protein levels. Although we found no differences in
untreated mice, serum IL-22 was significantly lower in DSS-
treated mice compared with wild-type controls (Supplemental
Fig. 3B). To further rule out the possibility that IL-22 elevated
locally has a role in preventing colonic inflammation in the
absence of Nkx2.3, Nkx2.3~/~ mice received antagonistic anti—
IL-22 Ab or isotype control during the course of a 7-d DSS
treatment. Surprisingly, we observed no differences in colitis
symptoms (Fig. 4f, Supplemental Fig. 3C-E) during treatment.
Histological scoring of inflammation severity and SILT spectrum
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evaluation in Swiss roll sections of colons also revealed no dif-
ference (Fig. 4g, 4h). Both absolute and relative Th17 and ILC3
did not differ statistically between groups (Supplemental Fig. 3F,
3G). Furthermore, mRNA for IL-17a (Fig. 4i) was significantly
higher in anti-IL-22 treated mice, whereas IFN-y (Supplemental
Fig. 3H) and IL-22 (Fig. 4j) were not. mRNA for RegIII and
Regllly was significantly lower in anti-IL-22 treated mice (Fig.
4k, 41), indicating an efficient blockade by the anti—IL-22 Ab.
We also observed a significantly lower proliferation rate of co-
lonic epithelial cells in Nkx2.3™/~ mice receiving anti—IL-22
mAb (Fig. 4m).

These results indicate that blocking IL-22 protein does
not induce colitis in Nkx2.3~/~ mice, although it results in
reduced expression of Reg family members involved in mu-
cosal healing.

Protection against colitis in mice lacking Nkx2.3 is mediated
by nonhematopoietic cells

To better determine whether the altered cytokine profile in
Nkx2.37/~ mice was a lymphoid cell-intrinsic effect or was
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caused by Nkx2.3-deficient stromal cells interacting with
lymphocytes, we created bone marrow chimeras. Four-week-
old eGFP-Tg-BALB/c mice were lethally irradiated and recon-
stituted with either Nkx2.37/~ or BALB/c bone marrow. Five
weeks after transplantation, chimeric mice (with over 90% chi-
merism based on the absence of eGFP in CD45" peripheral blood
leukocytes) received 2.5% DSS in drinking water for 7 d and
were then sacrificed. Weight loss was not different between the
two groups (Fig. 5a), and also other parameters of colitis were
similar (Fig. 5b—d, Supplemental Fig. 4A-L). These results in-
dicate that the lack of Nkx2.3 in hematopoietic cells fails to
influence the course of colitis, suggesting that the protection in
Nkx2.3~/~ mice is due to the absence of this transcription factor
in colonic stromal cells.

To identify Nkx2.3-expressing nonhematopoietic cells within
the colon, we next used LacZ-Nkx2.3%/~ reporter mice (8).
Using immunohistochemistry combined with X-gal staining,
we found that Nkx2.3 is not expressed in epithelial cells or
endothelial cells (Fig. Se, 5f). However, nuclear LacZ signal
was observed in cells with a myofibroblast-like morphology

IL-17a IL-22
0.008 NS 0.04 ns
g 5
3 0.004 S 0.02
k] k]
= 2

0 0
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FIGURE 5. Nkx2.3 deficiency in nonhematopoietic colonic cells attenuates colitis. Weights of BALB/c — ¢GFP and Nkx2.3 ™/~ — ¢GFP bone marrow
chimeras that had received 2.5% DSS for 7 d (n = 5 animals per genotype) (a). Real-time qPCR results from cDNA for IFN-vy (b), IL-17a (c), and IL-22 (d)
from distal colons from BALB/c — eGFP and Nkx2.3~'~ — eGFP bone marrow chimeras (n = 5 animals per genotype). Representative images of im-
munohistochemical staining of colons from LacZ-Nkx2.3"~ reporter mice with anti-EpCAM (e), IBL-20 (f), anti—-VAP-1 (g), or isotype control Abs (h)
(n = 5 mice). Error bars represent SEM. Arrows point to LacZ* nuclei expressing Nkx2.3. Objective magnification X20. ns, not significant.
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and VAP-1 expression mainly in the tunica muscularis mucosae
of gut wall (Fig. 5g), in line with recently published human
data (34).

Discussion

IBDs are often associated with lymphoid neogenesis resulting in
the formation of intestinal tertiary lymphoid tissues, a process
that significantly recapitulates secondary lymphoid organ de-
velopment (1). Hematopoietic cells important in lymphoid
tissue development and the pathogenesis of colitis include the
heterogeneous group of RORyt" ILC3s playing diverse roles in
response to epithelial damage and the subsequent modulation
of SILT organization (35). Intestinal ILC3 migration is medi-
ated by a4p7 integrin, the counter receptor for endothelial
MAdCAM-1 (36).

The homeodomain transcription factor Nkx2.3 has been im-
plicated in both IBD pathogenesis and the formation of intestinal
lymphoid tissues. It was first described as a tissue-specific
morphogenic factor promoting murine spleen and PP develop-
ment (7). Nkx2.3 was found to be expressed throughout the in-
testine starting from embryonic day 9 (8). Expression was most
prominent in the ileum and localized mainly to smooth muscle
and endothelial cells of the intestine and the pancreas, but it was
also present in the colonic lamina propria in adult mice.
Nkx2.3~'" mice showed delayed intestinal development coupled
with malabsorption (11). Importantly, the development of PPs
was also impaired, including the absence of MAdCAM-1 ex-
pression on HEVs (7, 8), replaced by PNAd in adult mice (10). In
humans, Nkx2.3 was linked to both CD and ulcerative colitis.
Because of single nucleotide polymorphisms in its coding re-
gion, it may act as a shared susceptibility factor for both types of
IBD (12, 13). Recent findings in human samples indicate that
Nkx2.3 possibly serves to maintain myofibroblast identity in
pericryptal stem cell niches of colorectal mucosa in a complex
interaction also involving VAP-1 and TGF-3 (34). Interestingly,
no data have been available on the effect of Nkx2.3 on the de-
velopment of intestinal tertiary lymphoid structures and the in-
ducibility of colitis, prompting our investigation of a chemically
induced colitis model in mice lacking Nkx2.3.

Our observations in Nkx2.3~'~ mice revealed the impaired
capacity of colonic LP to promote the maturation of ILFs,
resulting in the accumulation of immature stages of SILT. These
results are in line with previous work emphasizing the role of
endothelial MAJCAM-1-a437 interactions in the transition
of CPs to ILFs (5) and were comparable to the phenotype
of MAdCAM-1-deficient mice. The lack of detectable Nkx2.3 in
mature normal B cells also points to stromal factors responsible
for impaired follicle maturation in these mutants (37).

Upon treatment with DSS, SILT components in Nkx2.3 '~ mice
show a gradual shift toward the mature state observed in wild-
type. However, these mice did not develop colitis. Importantly,
these observations are in striking contrast with our findings in
MAJCAM-1""" mice presenting with severe colitis but only
marginal maturation of CPs, despite the similar SILT appearance
without treatment. The profound difference in the two mutant
strains, both deficient for endothelial MAdCAM-1, suggests that
the lack of colitis in Nkx2.3-deficient mice is not mediated by
the absence of MAdCAM-1. Although the SILT maturation
in C57BL/6 mice is delayed compared with BALB/c during
the postnatal period (38), the age of mice used had passed this
period. As, by this stage in Nkx2.3-knockout mice, endothelial
MAdCAM-1 expression is already extinguished, yet upon DSS
treatment Nkx2.3-deficient mice react in a drastically different
way than Madcaml '~ mice, we conclude that the differences in

Nkx2.3~~ MICE ARE PROTECTED FROM COLITIS

SILT development and response to DSS treatment are not linked
to the absence of endothelial MAdACAM-1, per se.

Importantly, we found no difference upon DSS treatment
of irradiated wild-type mice reconstituted with either wild-type
or Nkx2.3~/~ bone marrow, emphasizing Nkx2.3’s stroma-
associated function. Despite our repeated attempts using a large
cohort of mice, we did not succeed in creating chimeras using
Nkx2.3-deficient mice, as all Nkx2.3 '~ recipients exposed to the
same dose of radiation needed for myeloablation in BALB/c re-
cipients died shortly after transplantation of bone marrow from
syngeneic BALB/c donors. We attribute this failure to the atrophic
red pulp (8, 9) with insufficient support capacity during the early
period of the hematopoietic reconstitution. Therefore, Nkx2.3-
knockout mice are clearly radiosensitive, and the replacement of
wild-type hematopoietic cells with Nkx2.3-deficient leukocytes in
wild-type recipients did not reduce the inducibility of colitis. This
does not rule out the survival of radioresistant host-derived
hematopoietic cells, including innate lymphoid cells; however,
testing for GFP expression in lamina propria ILC3 cells in
reconstituted GFP* BALB/c recipients, we found high-level
(at least 80-90%) GFP  donor representation (shown on
Supplemental Fig. 4H-J). Furthermore, previous studies showed
no detectable expression of Nkx2.3 mRNA in hematopoietic
cells (8, 11), thus, even if there are radioresistant hematopoietic
cells, they are not directly influenced by Nkx2.3 but rather by
their microenvironment.

Protection in Nkx2.3-mutant mice was coupled with significantly
higher absolute numbers of RORyt" cells and increased mRNA
expression levels of IL-22, leading to previously reported pro-
tective consequences (29-31). These findings are similar to those
observed in DSS-treated Ret™™™?® mice with more ILC3s pro-
ducing IL-22 but not IL-17a (39). However, the lack of inflam-
mation upon administration of the antagonistic anti—IL-22 mAb
in Nkx2.3~/~ mice indicates that the protection from colitis is
independent of IL-22. Considering the significance of neural
regulation of ILC3s (39), possible alterations of the enteric
nervous system in Nkx2.3 deficiency may also contribute to the
protection from colitis, perhaps involving other Nkx family
members such as Nkx2.1 (also known as Thyroid Transcription
Factor-1, TITF1), linked to RET mutations and Hirschsprung
disease (40).

These observations lead us to hypothesize that under homeo-
static conditions the absence of endothelial MAdCAM-1 explains
the immature SILT phenotype observed in both Nkx2.3™/~ and
MAdCAM-1""" mice. However, the significant differences be-
tween the two mutant strains during DSS treatment indicate that
the absence of MAdCAM-1 on its own is an unlikely cause for
these alterations. Instead, we suggest that upon epithelial damage,
stromal cells lacking Nkx2.3 create an IL-22-independent pro-
tective microenvironment, leading to enhanced mucosal healing.
The exact identity, phenotype, and function of these Nkx2.3-
dependent cells and their interactions with lymphoid cells
remain to be elucidated; however, their precise identification and
regulatory pathways influenced by Nkx2.3 may offer potential
therapeutic targets. As, in both humans and wild-type mice,
Nkx2.3 expression is detectable primarily within the muscle layer
underneath the lamina propria (8, 34) (Fig. 5g), the augmented
epithelial regeneration in Nkx2.3 mutants may be linked to effects
exerted in myofibroblasts influencing intestinal stem cell homeo-
stasis via Wnt signaling (41, 42).

Our work also highlights the ambiguous role of MAdCAM-1-a
4037 interactions in the induction of colitis. Although (37 integrin
contributes to colitis, as demonstrated in a T cell-dependent
CD45RB T cell transfer model (43) and in the T cell-independent
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DSS model (44), our findings reveal that the absence of
MAdCAM-1 does not necessarily protect from DSS-induced co-
litis. Considering the differences in the onset of DSS-induced
colitis, a detailed investigation of intestinal stroma and the
exploration of Nkx2.3 functions within stromal cells clearly
warrant further studies. Finding the mechanisms of how either
lymphoid and/or epithelial cells are influenced by Nkx2.3* stromal
cells may have therapeutic implications in IBD and other chronic
inflammatory conditions.
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Introduction: Roles of Nkx Family Members in
Cellular Differentiation and Organogenesis—A
General Overview
The development of complex organisms such as the mamma-
lian body requires a highly regulated coordination of gene
expression. Homeobox genes containing helix-turn-helix
DNA-binding motif first described in Drosophila are master
regulators of developmental processes such as mesodermal pat-
terning. The largest group of homeobox genes comprises the
HOX (including the extended HOX) class of transcription
factors, which may be phylogenetically related to the NK class
of homeobox genes that constitutes the second largest group of
homeobox-encoding genes. In Drosophila, there are 2 classes of
NK genes, the NK-1 class containing the NK-1 family and the
NK-2 class with the highly related NK-2, NK-3, and NK-4
families. Two NK-2 class genes, namely, zinman and bagpipe,
are responsible for dorsal heart tube formation, mesoder-
mal differentiation, and development of gut musculature,
respectively.! Vertebrate homologues of ancient NK-class
homeobox containing genes were identified on their conserved
tyrosine residues.?3

All NK-2 members are responsible for the development of
a certain organ or tissue, and most of them share an overlap-
ping expression pattern. They are able to activate signaling
pathways responsible for cell differentiation, migration, and
maturation, thus their activity is essential to the formation

and maintenance of a normally structured and functioning
organism.*

Regulation through Nkx transcription factors encoded by
NK-2 genes is a well-balanced system, where every small
change can lead to severe alterations. This complexity is well
illustrated by the multiple roles of the NK-2 class members.
Nkx2.1 and Nkx2.8 are responsible for lung epithelial devel-
opment and surfactant production, whereas Nkx2.1 is also
crucial in the development of thyroid and pituitary glands.’
Alterations in the Nkx2.1 gene can cause neurological
defects, congenital hypothyroidism, and lung malformations
in humans.® In addition, Nkx2.1 also acts as a proto-onco-
gene in lung tumors,” and it is overexpressed in lung adeno-
carcinoma and small cell lung cancer.® Due to its tissue
specificity, it can be used for the identification of metastatic
cells of lung epithelial origin.” Furthermore, Nkx2.1 and
Nkx2.8 also have a prognostic value, as their upregulation in
human lung squamous carcinoma cells resulted in resistance
to cisplatin, a chemotherapeutic agent.1%1!

Nkx2.2 and Nkx2.9 share an overlapping expression pattern
in neural progenitors. They are necessary for the development
of spinal cord V3 interneurons and hindbrain visceral motor
neurons, as the spinal cords of mice lacking these factors have
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reduced number of V3 neurons and expanded motor
neurons.?

Another important factor is Nkx2.5, an early myogenic
marker detected in mouse embryos from embryonic day 7.5
(E7.5), which is responsible for the development of the atrio-
ventricular node and the myocardium. Nkx2.5 is responsible
for cardiac looping and the expression of several other tran-
scription factors essential for heart development, angiogenesis,
and hematopoiesis, thus its mutation causes an arrest in heart
development and embryonic lethality in mice.!3!4 In humans,
mutations of Vx2.5, such as a single-nucleotide deletion that
was correlated with congenital heart disease, can cause atrial
septal defect and sudden cardiac death.’ Furthermore, Nkx2.6
has a similar role in heart development; however, its role is less
important because Nkx2.6 null mice are viable due to the com-
pensatory effect of Nkx2.5. This compensation is probably
related to the ectopic expression of Nkx2.5 in the lateral phar-
ynx where normally only Nkx2.6 is expressed.

Besides the nervous system, the vascular system and airways,
combinatorial expression of Nkx factors can also be observed in
abdominal visceral organs, especially in the stomach (Nkx2.5
and Nkx2.6) and spleen (Nkx2.5 and Nkx2.3).

Although the various NK-2 homologues have different
sequences reflecting different functions, they display overlap-
ping homeodomain structure and DNA-sequence specificities
as defined by its first helical region and carboxy-terminal region
and often overlapping expression patterns. In contrast to most
of the NK class members which bind DNA with TAAT core
sequences,'”!® homeoproteins of the NK-2 class bind DNA
with CAAG core sequences.'®? The specific overlapping or
distinct expression and DNA-binding specificities of these
Nkx factors create a special transcriptional setting, which is
essential in development, differentiation, and adult tissue pat-
terning in an organ-specific manner, collectively referred to as
“Nkx code.”

Roles of Nkx Family Members in the Formation of
Lymphoid Tissues and Intestinal Inflammation
Nkx family members also play crucial roles in lymphoid organ
development. The spleen, the largest peripheral lymphoid
organ, develops following signals originating from the splanch-
nic mesodermal plate (SMP) during embryonic development,?!
a transient structure expressing Nkx3-2 (also known as Bapx1).
The Nkx3-2—-producing SMP has an essential role in the for-
mation of left-right asymmetry?! and the development of spleen
from E10-10.5. The absence of this factor causes asplenia and
disturbed pyloric sphincter formation due to impairments of
the visceral mesoderm. As SMP formation is permitted in the
absence of Nkx3-2, it is likely that this factor is not necessary for
the appearance of SMP but is required for its maturation to
provide further factors promoting spleen development.
Another Nkx member, Nkx2-5, is also expressed in the
developing spleen and its absence also leads to asplenia.?? Both
Nkx3-2 and Nkx2-5 can serve as early markers of splenic

development. Nkx2-5 is expressed in specified splenic mesen-
chymal cells which will form the splenic anlage.?> Among these
mesenchymal cells, we can find lymphoid tissue organizer cells
that serve as stromal precursors of secondary lymphoid
organs.?* According to Castagnaro et al, all splenic stromal cells
(fibroblastic reticular cells, marginal reticular cells, follicular
dendritic cells [FDCs], and mural cells) derived from Nkx2-
5+Islet1*IL-7* mesenchymal precursors. Interestingly, this der-
ivation is spleen specific, as Nkx2-5 is not involved in the
stromal development of mesenteric lymph nodes and Peyer’s
patches.”

In contrast to Nkx2-5 and Nkx3-2 which take part only in
spleen development among peripheral lymphoid organs,
Nkx2-3 is involved in the formation of other lymphoid tissues
as well. Nkx2-3 is expressed in the spleen, midgut, hindgut, and
pharyngeal endoderm.2® Nkx2-3 is crucial for the formation of
visceral mesoderm which gives rise to several cell types, such as
vascular and intestinal smooth muscle cells, endothelial cells
involved in leukocyte traffic, and stromal cells of secondary
lymphoid organs.?® The main effect of Nkx2-3 is the expres-
sion of the mucosal addressin cell adhesion molecule-1
(MAdCAM-1) in endothelial cells. MAdCAM-1 has a crucial
role in lymphocyte homing to mucosal tissues by binding inte-
grin 04P7 and L-selectin leukocyte homing receptors.’

Nkx2-3 deficiency in mice results in atrophic disorganized
spleen, fewer and smaller Peyer’s patches with altered endothe-
lial addressin expression, enlarged and disorganized colonic
crypts, abnormal villus formation, and altered lymphocyte
homing.?® In the spleen, the possible target cells affected by
Nkx2-3 deficiency are the red pulp (RP) sinus endothelial cells,
as in mice lacking Nkx2-3, the venous sinus network identifi-
able by IBL-9/2 rat mAb? is completely missing. The absence
of Nkx2-3 also disrupts the architecture of marginal sinus,
including the organization of marginal zone (MZ) macrophage
subpopulations and MAdCAM-1-positive marginal sinus-
lining endothelial cells, similar to the deficiency of lympho-
toxin [ receptor (LTBR); however, the RP vasculature is
unperturbed in the absence of LI'BR.3® In human spleen, the
presence of RP venous sinuses lined by CD31+/CD34-/vWF*
endothelial cells that express Nkx2-3 supports the involvement
of Nkx2-3 in the regional specification of endothelium.’!
Furthermore, the absence of Nkx2-3 in mice causes ectopic
differentiation of splenic vessels into lymph node like high
endothelial venules (HEVs) displaying PNAd homing addres-
sin in an LT'BR-dependent process.3? Similarly, the constitutive
activation of the noncanonical nuclear factor kB pathway
mediating LTBR signaling in p700-/p52knock-in mice also
resulted in ectopic PNAd-positive splenic HEVSs; however,
these endothelial cells coexpressed both MAdCAM-1 and
PNAJ,* whereas the HEVs in adult Nkx2-3—deficient mice
only produced PNAd addressin.?? Interestingly, Nkx2-3 may
also affect the vascular commitment of spleen at a very early
stage, as its absence also induced the expression of sac-like
structures within the spleen lined by endothelial cells



Vojkovics et al

displaying LYVE-1 hyaluronan receptor, characteristic for
lymphatic endothelia.* In summary, although some features of
the absence of Nkx2-3 are reminiscent of the consequences of
LTBR inactivation, the “gradient” of splenic tissue alterations
manifests in an opposite directionality—in Nx2-3~~ mice, the
most severe splenic defect affects the RP, with somewhat lesser
defects of white pulp and follicles (including preserved FDCs),
whereas in Lzbr~~ mice, the RP appears intact, but the white
pulp and follicles (lacking FDCs) are severely perturbed. The
MZ is affected in both conditions. Furthermore, the formation
of Peyer’s patches in Nkx2-3—deficient mice is partially
blocked,? and in the mucosal HEV's, the MAdCAM-1 addres-
sin is also replaced by PNAd.3¢

Microvascular endothelial cells are important mediators of
intestinal homeostasis and inflammation. Activation of this
endothelial layer by bacterial and other agents results in the
upregulation of adhesion molecules and chemokines necessary
for the vascular attachment and migration of leukocytes.
Altered expression of endothelial markers such as Nkx2-3 and
its potential target MAdCAM-1 can cause a perturbation in
leukocyte traffic and inflammatory response. Consequently, the
development of inflammatory bowel diseases (IBD) such as
Crohn disease (CD) and ulcerative colitis (UC) can be linked
to these endothelial factors.3”-3 In the past few years, several
genome-wide association studies have demonstrated an asso-
ciation between altered expression of Nkx2-3 and IBDs.
According to Xiao et al, single-nucleotide polymorphisms of
Nkx2-3 (namely, rs10883365 and rs1190140) are associated
with CD and UC. Polymorphism rs10883365 may contribute
significantly to the emergence of both CD and UC, whereas
occurrence of the T allele of rs1190140 can increase the risk of
CD.*»

Increased expression of Nkx2-3 at both RNA and protein
level was also demonstrated in intestinal samples of patients
with CD.38 Connor et al*0 reported that elevated Nkx2-3 level
may lead to the upregulation of MAdCAM-1 at inflammatory
sites. Tumor necrosis factor o can further augment adhesion
molecule expression in the intestines and it may crossregulate
the genes affected by Nkx2-3.38

In other studies, 125 Nkx2-3-regulated genes were identi-
fied in an Nkx2-3 knockdown B-cell line using genome-wide
gene expression microarray analysis. This cell line was origi-
nated from a patient with CD and showed downregulation of
33 and upregulation of 92 genes following Nkx2-3 knock-
down.*! In this study, a comprehensive list of inflammation-
associated genes and their subpathways that are regulated by
Nkx2-3 was also provided. According to these findings, Nkx2-3
knockdown caused downregulation of CXCR7 and upregula-
tion of CXCL1, CCL22, and CXCL10 chemokines, hence
affecting the chemotactic activities in immune responses.*!
Decreased Nkx2-3 levels also influenced the MEF2/KLEF2
pathway, which has an important role in the maintenance of
microvascular endothelial balance and induction of inflammation.*?

However, KLE?2 also regulates the vasoactive peptide endothe-
lin-1 (END-1), which may have role in the development of
IBD. END-1 expression negatively correlates with Nkx2-3 as
it was downregulated in the intestinal tissue of patients with
UC and CD.38

Recently, a positive feedback loop in the expression of
AOCS3 (amine oxidase, copper containing 3, a marker expressed
on cell surface, thus enabling sorting of viable cells) and Nkx2-3
was observed both in human myofibroblast cell lines and pri-
mary cultures as colorectal epithelial stem cell niche compo-
nents. Intriguingly, Nkx2-3 expression not only distinguished
intestinal myofibroblasts from skin fibroblasts but it also turned
out to be a determinant in the preservation of myofibroblast
identity, presumably involved in regulating colonic stem cell
niche.® This was further proven using small interfering RNA—
mediated knockdown of Nkx2-3 in myofibroblast lines, induc-
ing cells to acquire a fibroblast-like genetic profile. The exact
connection between the Nkx2.3* myofibroblasts and the
recently discovered CD34* gp38* nonmyofibroblastic mesen-
chymal cells that create a niche for intestinal epithelial stem
cells* remains to be elucidated.

The lineage-specific expression of Nkx2-3 has not been for-
mally defined yet either in humans or in mice. Using a recently
developed and validated immunohistochemistry-grade anti-
human Nkx2-3 mAb3# may in the future enable a conclusive
assessment to be achieved, even though its expression is prob-
ably shared by several mesenchymal cells in a regionally
restricted manner of the colonic subepithelial connective tissue

(Figure 1).

Involvement of Nkx2-3 in Hematopoietic
Malignancies

In addition to exerting important functions in the vascular
specification of spleen and Peyer’s patches, recently, Nkx2-3
has also been implicated in lymphocyte differentiation.
Although lack of Nkx2-3 blocks the development of splenic
MZ B cells probably through an altered microenvironment,*
a recent study showed that the B—cell-restricted overexpres-
sion of Nkx2-3 due to the translocation of NKX2-3 gene to
the Ig heavy chain (IgH) causes splenic MZ lymphoma. This
juxtaposition of 14g32.33 (IgH) and 10q24.2 (INKX2-3) was
identified by break point cloning analysis of B-cell lymphoma
samples.”® In a transgenic (T'g) mouse model using a similar
translocation, an oligoclonal expansion occurs first as a result
of increased B-cell receptor signaling and enhanced adhesive-
ness through several adhesion molecules, including LFA-1
integrin, ICAM-1, and MAdCAM-1 adhesion molecules.
This condition later evolves into a nongerminal center-type
diffuse large B-cell lymphoma (non-GC DLBCL) similar to
human mucosa-associated lymphoid tissue and MZ lympho-
mas. Interestingly, despite the presence of the translocation,
the lymphoma usually occurred at a slow pace, beyond 1year
of age in Tg mice. In a large cohort of B-cell malignancies,
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Figure 1. Immunohistochemical localization of Nkx2-3 protein expression in human colon in formaldehyde-fixed paraffin-embedded (FFPE) biopsy. Using
reference labeling (in red color) for endothelial markers (factor VIII [upper left] or CD34 [upper right]) or myofibroblast-smooth muscle markers (muscle-
specific actin, MSA [lower left] or alpha-smooth muscle actin, aSMA [lower right]) in dual immunohistochemistry reveals both shared expression and
partial overlap with Nkx2-3—positive cells (brown nuclear staining). Scale bar, 100 pm.

increased Nkx2-3 expression was detected in 3% of the sam-
ples, with higher frequency (6%-7%) in splenic MZ lympho-
mas and MALT lymphomas, corresponding to the regional
expression of Nkx2-3; however, in other forms of B-cell lym-
phomas without such regional confinement (DLBCL, follicu-
lar lymphoma, mantle cell lymphoma, chronic lymphocytic
leukemia, or multiple myeloma), upregulated Nkx2-3 was
found in less than 1% of the cases.* It remains to be seen
whether the expression of Nkx2-3 may reflect differences
either in the clinical course (including regional involvement)
or in therapeutic responses within homogeneous groups of
various B-cell malignancies.

Regarding various precursor B-cell alterations induced by
Nkx2-3 deviations, the absence of Nkx2-3 in mice caused no
marked alteration in the bone marrow B-cell lineage composition.*
However, in a type of B-cell acute lymphoblastic leukemia
(B-ALL) characterized by ETV6/RUNX1 positivity, Nkx2-3
may also be involved. This fusion is created through a t(12;21)
(p13;q22) translocation of ETS variant 6 and Run-related
transcription factor-1 (RUNX1). A recent study investigated
ETV6/RUNX1-positive B-cell precursor-ALL (BCP-ALL)-
associated long-coding (Inc) messenger RNA (mRNA) expres-
sion patterns, and they identified 16 Inc mRNAs associated
with ETV6/RUNX1 in BCP-ALL samples. They also
described binding of a histone modification H3K27ac—a

regulatory enhancer element—with the ETV6/RUNX1-specific
Inc mRNAs such as Inc-NKX2-3-1 in REH cells. Short hair-
pin RNA silencing of the fusion protein has also confirmed
that Inc-NKX2-3-1 and other 3 Inc mRNAs are regulated by
ETV6/RUNX1. Although most of these Inc mRNAs have an
effect on the translational level, Inc-NKX2-3 and Inc-
RTN4R-1 rather act transcriptionally and cause significant
alterations of gene expression. 048

In addition to BCP malignancies, Nkx2-3 among other
members of NK-like (NKL) homeobox proteins has recently
also been involved in T-cell ALL (T-ALL). In cases with
blocked T-cell receptor a-chain rearrangement, the maturation
arrest in a subset of T-ALL was associated with ectopic expres-
sion of Nkx2-3 or other members of NKL factors, causing
rearrangement inhibition through the repression of 7tRa
enhancer (Ea).%

The potential involvement of other Nkx members in
T-ALL was previously established, which also demonstrated a
connection between TAL1, miR-17-92, and leukemic trans-
formation. Nkx3-1 may, in a tissue-specific manner, act as
tumor suppressor in prostate epithelium®® but its promoter is a
target for TAL1-mediated activation and consequent transfor-
mation in T-cell precursors. As downstream target, miR-17-92
is also involved in cell cycle regulation through E2F1 and
Notchl-induced T-ALL, although the exact relationship



Vojkovics et al

Table 1. Effects of Nkx mutations on lymphoid organ formation and hematopoietic malignancies.

NKX FAMILY SPLEEN

MEMBER

PEYER'S PATCHES

ASSOCIATION WITH HEMATOPOIETIC
MALIGNANCIES

Nkx2.1 (TFF-1) — _

Rearrangement in T-cell acute
lymphoblastic leukemia®

Nkx2.2 — — Rearrangement in T-cell acute
lymphoblastic leukemia®
Nkx2.3 Smaller, atrophic red pulp, Fewer, smaller, with Ectopic expression maturation arrest in
disorganized stroma, lymph node altered vascular T-ALL4®
like vasculature, defect in B-cell MAdCAM-1/PNAd Involvement in ETV6/RUNX1-positive
maturation28 switch, abnormal B-ALL%6
lymphocyte homing?8 IgH-related translocation in MZBL45
Nkx2.5 Asplenia®® No contribution?> Translocation to BCL11B in T-ALL52

Nkx3.1 (BAPX2) — —

Nkx3.2 (BAPX1)
Perturbation of LR asymmetry?!

Asplenia/hyposplenia?? —

Induces proliferation in TAL1-positive
human T-ALLS0
Ectopic expression in T-ALL cell lines53

Ectopic expression in T-ALL cell lines53

Abbreviations: B-ALL, B-cell acute lymphoblastic leukemia; IgH, 1g heavy chain; LR, left-right; MZBL, marginal zone B-cell ymphoma; T-ALL, T-cell acute lymphoblastic

leukemia.

between these participants is not fully determined.’! In addi-
tion, human pediatric T-ALL has also been associated with
Nkx2-5 translocated to either BCL11B or TtR§,°%>% indicating
that although in normal T-cell maturation these NK genes play
no demonstrable role, they possess transformation potential on
ectopic expression.

Conclusions and Perspectives

According to available data, Nkx2-3 and its paralogues exert
essential functions in normal developmental patterning and
differentiation of several peripheral lymphoid organs and may
play role(s) in hematopoietic/lymphoid malignancies. Although
the normal physiological tissue maturation proceeds in a spa-
tially and temporally defined order under the influence of Nkx
family members, the involvement of ectopic Nkx2-3 expression
in malignant transformation appears to be a random event,
coupled with diverse cellular signaling alterations. The most
widely established consequence of the deregulated expression
of Nkx2-3 is closely linked to IBD, and as this condition rep-
resents a possible precursor for colonic cancer, monitoring the
tissue expression of Nkx2-3 protein may entail further diag-
nostic importance (Table 1).
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ARTICLE INFO ABSTRACT

Keywords: In addition to the interaction between antigen presenting cells, T and B lymphocytes, recent studies have
Innate lymphoid cells revealed important roles for a diverse set of auxiliary cells that profoundly influence the induction and
Stroma regulation of immune responses against pathogens. Of these the stromal cells composed of various non-
DEVEIEPT‘:Y“ hematopoietic constituents are crucial for the creation and maintenance of specialized semi-static three-
EYTE 191 tissue dimensional lymphoid tissue microenvironment, whereas the more recently described innate lymphoid cells are
pithelium

generated by the diversification of committed lymphoid precursor cells independently from clonally rearranged
antigen receptor genes. Recent findings have revealed important contributions by innate lymphoid cells in
inflammation and protection against pathogens in a tissue-specific manner. Importantly, lymphoid stromal cells
also influence the onset of immune responses in tissue-specific fashion, raising the possibility of tissue-specific
stromal — innate lymphoid cell collaboration. In this review we summarize the main features and interactions
between these two cells types, with particular emphasis on ILC type 3 cells and their microenvironmental

partners.

1. Introduction

The capacity to establish effective immune responses requires the
presence of organized peripheral lymphoid organs. These sites are
populated overwhelmingly with hematopoietic cells arranged into
distinct anatomical territories following extravasation. The T and B
cells together with various dendritic cells, macrophages and other
myeloid cells are recruited to discrete territories created by sessile non-
hematopoietic cells that form the three-dimensional tissue architecture
as a stable physical platform, in addition to providing continuous
instructions for the positioning, survival and expansion of hematopoie-
tic cells [1]. Collectively these non-migratory constituents are referred
to as stromal cells, and include several cell types with diverse
developmental, structural and functional features that set them apart
from the typically mobile hematopoietic cells. Compared to the
hematopoietic cells, the precise analysis of these cells has been
hampered by the lack of well-defined and specific markers, leading to
cumbersome and difficult identification and isolation procedures. It is
not surprising, therefore, that in a striking contrast with hematopoietic
cells (that can be obtained from a variety of tissue sources in both
rodents and humans with relative ease), the studies aimed at the
stromal cells are lagging behind. Thus, despite their relatively early
discovery, a clear discrepancy has remained between the available
methodologies to study these cells and unraveling their apparent

functional importance.

One crucial role of the lymphoid stromal cells prevails during the
embryonic formation of lymphoid organs, when the undifferentiated
precursors of these cells at predetermined locations are organized into
highly specialized tissues for the immunological protection of the
individual after birth. Studying these events has led to a seminal
discovery of one peculiar lymphoid cell type, termed lymphoid tissue
inducer (LTi) cells, that has opened the way to identifying a previously
unknown set of leukocytes [2,3]. These innate lymphoid cells (ILCs)
form a diverse family of developmentally related hematopoietic cells,
and are present at low abundance. However, they exert profound
influences on the host organism’s immunity [4,5]. In this review we
briefly overview the main characteristics of these cells, and present a
comprehensive summary of their relationship with their stromal
microenvironment, thus connecting two minor cell subsets which, in
turn, may influence a broad spectrum of mobile lymphocytes engaging
in adaptive immune responses (Fig. 1).

2. Main features of ILCs with focus on ILC3s

Innate lymphoid cells are generated from common lymphoid
progenitors under the influence of several transcription factors promot-
ing the differentiation along non-T/B lineage. These include the
transcriptional repressor inhibitor of DNA binding 2 (Id2) [6,7], GAT-
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Fig. 1. ILC - stromal interactions. A, fetal lymph node anlagen; B, adult lymph node; C, adult lamina propria. Details are described in text.Abbreviations: LTo, lymphoid tissue organizer;
LTi, lymphoid tissue inducer; MRC, marginal reticular cell; ILC3, innate lymphoid cell type 3; ISC, intestinal stem cell; EC, epithelial cell; DC, dendritic cell.

A-binding protein 3 (GATA3), promyelocytic leukemia zinc finger
protein (PLZF), nuclear factor interleukin-3 (Nfil3), T cell factor-1
(TCF1) and thymocyte selection associated high-mobility group box
(TOX). Their intercellular communication requires the signaling
through IL-7Ry chain and the binding of FIt3 ligand [8]. Although ILCs
reside in lymphoid organs, they are most abundant at mucosal and
barrier surfaces, where they form a complex defense system against
extracellular bacteria, viruses and helminthes. Based primarily on their
ability to produce Thl, Th2 and Th17/22 cell-associated cytokines
respectively, ILCs can be divided into three groups—group 1 ILCs,
group 2 ILCs and group 3 ILCs (ILC1-3) [9].

Discovered first, natural killer (NK) cells represent the prototypical
cell of group 1 ILCs, which were reviewed in detail recently [10].
Briefly, type 1 ILCs in both humans and mice are a heterogeneous group
of cells characterized by the expression of T-bet and the production of
IFNy. However, there exist subsets of ILC1 cells specific for various
tissues, including the liver, intestine, thymus, and salivary glands [11].
NK cells were originally described to have important roles in the
immune response against tumors, intracellular pathogens, and non-self

structures, acting mainly in a direct cytotoxic manner [12-14]. Due to
the limited availability of specific markers for various ILC1 subsets, the
exact function of these cells is hard to distinguish from that of the NK
cells, although both cytotoxic and non-cytotoxic ILCls have been
described [15,16].

The second group of ILCs was first identified as Th2 cytokine-
producing innate cells in mesenteric fat-associated lymphoid clusters
and mucosa-containing tissues, including the gut and the airways. The
development of these cells is regulated by a complex network of
transcription factors such as GATA-3 and RORa [6,17]. Upon stimula-
tion by IL-25 and IL-33 ILC2s can induce allergy and asthma through
the production of Th2 cytokines, and they also play an important role in
intestinal parasitic worm clearance [18].

Group 3 ILCs comprise a phenotypically heterogeneous group of
cells characterized by the expression of the RORyt transcription factor
and the requirement of the aryl hydrocarbon receptor (AhR) [19-22].
ILC3s are involved in developmental and regenerative processes during
embryogenesis and also in postnatal life. These RORyt-dependent cells
are most abundant in the intestinal lamina propria during inflammatory
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processes, bacterial infections and lymphoid organogenesis. Based on
the expression of chemokine receptor CCR6 and the natural cytotoxicity
receptor (NCR) NKp46, ILC3s can be divided into 3 subtypes: the
CCR6™" NKp46~ lymphoid tissue inducer (LTi) cells, CCR6~ NKp46 ™"
ILC3s, and CCR6~ NKp46~ (double negative [DN]) ILC3s [23,24]. All
three subgroups have been shown to be able to produce IL-17, IL-22,
and IFNy; however, delicate differences can be observed in the function
of these cells. LTis are most important in the in utero (Peyer’s patches
and lymph nodes) and postnatal (isolated lymphoid follicles) organo-
genesis of lymphoid tissues by interacting with stromal lymphoid tissue
organizer (LTo) cells [3,25,26]. CCR6~ NKp46* ILC3s are most
abundant in the small intestine and participate in the defense against
infectious agents such as Citrobacter rodentium by secreting IL-22 [19].
CCR6~ NKp46~ DN ILC3s are particularly active in the inflamed colon
of both humans and mice and produce mainly IFNy and IL-17 [27]. IL-
23R* CCR6~ NKp46~ ILC3s were also shown to produce GM-CSF and
mobilize from cryptopatches during the course of colitis [28].

Although the main fate-determining factors for various ILC subsets
have been identified, their precise developmental programming is still
not completely resolved, and may involve interlineage switches, as for
example RORyt™ ILC1 (IFNy-producing) subset can be generated from
ILC3-primed progenitors expressing RORyt under the influence of IL-12
and IL-15 in murine colitis models or in human Crohn’s disease
[27,29,30]. Taken together, due to their variable occurrence during
ontogeny (fetal or adult) and tissue accumulation preferences (periph-
eral lymphoid organs or intestinal or airway mucosa), various ILC
subsets with distinct developmental and functional features are exposed
to broadly divergent microenviromental influences.

3. Stromal cells

Secondary lymphoid organs serve as meeting points for adaptive
lymphocytes and their cognate antigens followed by activation, differ-
entiation, and proliferation. The role of non-hematopoietic stromal cells
in this process has been appreciated now for over two decades, and now
these cells are recognized as active participants in the development and
maintenance of structured lymphoid tissues, and also in mounting
proper immune responses. Stromal cells are of mesenchymal origin and
include follicular dendritic cells (FDC), fibroblastic reticular cells (FRC),
marginal reticular cells (MRC), and blood- and lymphatic endothelial
cells (BEC and LEC, respectively). Similarly to the lymphocytes, their
tissue distribution is also characterized by compartmentalization and,
consequently, preferential lymphocyte-stromal pairs, thus FDCs are
mostly surrounded by B cells, whereas FRCs and endothelial cells (both
BECs and LECs) are enriched in T-cell zones.

3.1. Fibroblastic reticular cells

FRCs are located in the T-cell rich interfollicular area in the lymph
nodes and the T-cell rich periarteriolar lymphoid sheath (PALS) of the
spleen [31,32]. These cells in mice express gp38/podoplanin and are
ER-TR7™, and are believed to develop at secondary lymphoid organ
anlagen from preadipocyte precursors which, upon signaling through
LTPR, first differentiate into lymphoid tissue organizer cells (LTo) and
then to myofibroblast precursors. Eventually these myofibroblasts then
develop into FRCs in the postnatal lymph node [33,34]. FRCs have been
shown to build a complex extracellular matrix network termed the
conduit system. The conduit is a tubular system consisting mainly of
type I and type III collagen fibers, surrounded by a basement membrane
and then by FRCs themselves. This system is responsible for the
transport of molecules with a weight below 70 kDa, including small
soluble antigens [35,36]. Through the conduit the FRCs are connected
with each other and also the high endothelial venules (HEVs) present in
the paracortex of peripheral lymph nodes [37] and the marginal zone of
the spleen [38]. Maintenance of HEVs is mediated by CLEC-2 signaling,
the endogenous ligand for podoplanin. During inflammatory conditions
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the podoplanin — CLEC-2 interaction influences the contractility of FRC-
conduit system and thus controls the lymph node stromal microarch-
itecture [39].

In the lymph node T-cell zone, FRCs surround HEVs and play an
important role in maintaining HEV integrity [37]. Following the
extravasation of naive T cells, FRCs provide IL-7 for their survival
and homeostasis [40]. FRCs produce and secrete the homeostatic
chemokines CCL19 and CCL21 (recognized by CCR7) and CXCL12
(recognized by CXCR4), creating a chemokine gradient via the conduit
[41]. This gradient mediates the migration of not only T cells but also
DCs during antigen presentation for T cells [42].

FRCs have also been found to play an important role in the
activation and differentiation of T cells. Lee et al. demonstrated that
FRCs participate in the development of CD8" T cell tolerance against
self-antigens [43]. FRCs were shown to acquire MHC class II from DCs
in a contact-dependent manner, preventing the proliferation and
survival of antigen-specific CD4™ T cells and tolerizing these cells
[44]. Also, FRCs can limit the proliferation of both CD4* and CD8* T
cells, independently of antigen presentation [45]. A recent study
performed by transplanting mesenteric lymph nodes into the popliteal
fossa elegantly showed that FRCs (and/or other stromal cells) within
mesenteric lymph nodes are, in cooperation with DCs, “imprinted” to
induce the differentiation of regulatory T cells [46]. Intriguingly, FRCs
also participate in the maintenance of follicular structure and B cell
responses (via secretion of BAFF) as seen in mice where a targeted
specific depletion of FRCs led to altered follicular microarchitecture and
an impaired humoral response [47].

3.2. Follicular dendritic cells

Follicular dendritic cells (FDCs) are stromal cells located in the B-
cell rich follicles of secondary lymphoid organs [48]. These cells
originate from vascular mural cells and require LT and TNF for
development but only LT for maintenance [49,50]. These signals are
provided primarily by B cells, and as FDCs are responsible for the
maintenance of the lymphoid follicle microarchitecture, it highlights
the interdependence of the two cells on each other.

Signaling through the LTPR leads to the production of CXCL13,
which increases B cell recruitment to the follicles and also induces LT
production leading to a positive feedback loop [51]. Activation of the
non-canonical NFkB pathway during the germinal center response leads
to the expression of ICAM-1, VCAM-1, and MAdACAM-1 [52], which, in
turn, modulates the interaction of FDCs with B cells. With the help of Fc
receptors and complement receptors 1 and 2 FDCs are capable of
binding and retaining antigens in the form of immunocomplexes over
longer periods of time and present them to follicular B cells [53,54].
During this interaction, FDCs provide survival signals both for naive
and germinal center (GC) B cells, including BAFF and IL-6 [55].

3.3. Marginal reticular cells

Marginal reticular cells (MRCs) have been only recently described as
a separate stromal cell entity when a CXCL13*/MAdCAM-1" /RANKL*
but CCL21 ™ (indicative of FRCs) and CR1~ (present on FDCs) stromal
population was discovered in the outer regions of the lymphoid tissues
[31]. These cells are present in all secondary lymphoid organs and line
the subcapsular sinus in lymph nodes, the marginal sinus of the spleen,
and are located in the subepithelial dome of Peyer’s patches [56,57].
The localization and the phenotype of adult MRCs strongly suggested
that they are direct descendants of fetal LTo cells, and this was
elegantly proven with lineage tracing IL-7* stromal cells using an I17-
Cre™ Rosa26eYFP" mouse strain [58]. A common feature of the
localization of MRCs in the various lymphoid organs is the vicinity to
the antigen entry routes, indicating a role in antigen sampling and
transport and also lymphocyte entry [36,59,60].

The exact relationship between different stromal constituents is still
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largely unknown in various lymphoid tissues. As the spleen as an organ
seems to follow an LTi-independent developmental programming, its
stromal components may be patterned along a different pathway
compared to that of lymph nodes and Peyer’s patches. Furthermore,
in addition to separate lineage specifications, the entire stromal
architecture may be influenced in an organ-specific manner, thus the
absence of Nkx2-3 homeodomain transcription factor causes a lymph
node-like vascular patterning, lymphocyte composition and homing
mechanism switch in spleen [61] without affecting the lymph node
architecture. This organ-selective effect also points to the possibility of
organ-specificity of lineage relatedness between various stromal sub-
sets, as lineage-tracing experiments have shown that splenic FDCs,
FRCs, and MRGCs, but not endothelial cells, have a common Nkx2-5*
Isletl ™ ancestor [62]; however, in lymph nodes a similar develop-
mental derivation for stromal components has not been established yet.
Importantly, in addition to different developmental pathways, organ-
specific stromal cells may also crucially affect the lymphocyte home-
ostasis and tissue tropism, as mesenteric lymph node-derived stromal
cells and spleen-derived dendritic cells could instruct T cells to gain in
vivo gut tropism in a retinoic acid-dependent fashion, whereas periph-
eral lymph node stroma lacks such capacity [63].

In addition to the above well characterized stromal components
present in various compartments of the resting lymphoid tissues,
stimulation may lead to the appearance of (or transformation into)
further stromal subsets, as recent studies have indicated. These include
T-zone stromal cells that can be converted by centroblasts during GC
reactions to produce large quantities of CXCL13, thus re-setting the T-B
boundary (versatile stromal cells — VSCs; [64]) and within the dark
zone, a special subset termed CXCL12-producing reticular cells (CRC)
distinct from FDCs and FRCs [65], indicating that while spatially
sessile, stromal cells can respond and adapt to their changing lympho-
cyte environment during immune responses.

3.4. Stromal cells of the intestine

The intestine harbors structured lymphoid tissues but also a massive
population of lymphocytes with diffuse distribution. Peyer’s patches of
the small intestine and colonic patches in the colon develop in utero,
and encompass a stromal network similar to that seen in lymph nodes
with FDCs, FRCs, MRCs and MAdCAM-1* HEVs. In contrast, solitary
intestinal lymphoid tissues (SILT) are a group of inducible lymphoid
tissues with cryptopatches (CP, containing mainly Lin~ cells) trans-
forming into isolated lymphoid follicles (ILF, seeded with B cells and
capable of mounting a GC response) upon various environmental
triggers [21,66,67]. Within CPs and ILFs stromal cells expressing
RANKL, FDC-M1, VCAM-1 and CD157 have been found that play an
important role in the CP — ILF transition in a tissue-specific (small
versus large intestine) manner [68,69].

Besides structured lymphoid tissues, the gut also contains several
types of stromal cells within the intestinal wall. These include
fibroblasts, myofibroblasts, pericytes, endothelial cells, smooth muscle
cells and also blood endothelial and lymphatic endothelial cells
[70,71]. Of these, the pericryptal myofibroblasts have been best
characterized, and they are regarded as the most important stromal
players in organizing the intestinal immune response. Recently, human
intestinal myofibroblasts were shown to be VAP-1* (vascular adhesion
protein-1), while RNA for the Nkx2-3 transcription factor was specifi-
cally and significantly increased compared to activated skin fibroblast
cell lines [72]. Importantly, Nkx2-3 in mice has also been demonstrated
to be crucial for the endothelial specification of HEVs in Peyer’s
patches, as its lack induced the replacement of MAACAM-1 with PNAd
and caused L-selectin dependent homing of lymphocytes [73].

In general, stromal cells of the intestine engage in a bidirectional
communication with the overlying epithelial cells. Stromal cells support
the maintenance of epithelial cells [74], while factors produced by the
epithelium are important for the differentiation and proliferation of
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stromal cells [75]. Stromal cells can be activated by TNFa and induce
intestinal inflammation in mice [76,77]. Several results suggest that
stromal cells can acquire an inflammatory phenotype and influence the
intestinal pathology in humans [71]. Furthermore, increased produc-
tion of TNFa by myeloid cells can be sufficient to launch a non-LTi-
driven formation of secondary lymphoid tissues, which may be similar
to the inflammation-driven development of intestinal tertiary lymphoid
tissues, with preserved dependence for LTBR engagement and matura-
tion of stromal elements co-expressing ICAM-1 and VCAM-1 [78].

4. Stromal cell—ILC interactions

The dynamic crosstalk of FRCs with T cells and FDCs with B cells,
respectively, has been extensively studied and characterized. In con-
trast, relatively little is known about the interactions of the various
stromal constituents with ILC subgroups.

The most studied and best-known communication between ILCs and
their stromal microenvironment is the LTi (ILC3) - LTo interaction
taking place at anlagen of secondary lymphoid organs in utero, which is
crucial for lymphoid organogenesis [reviewed in 26]. LTo cells produce
IL-7, which binds to IL-7R on LTi cells and enhances the expression of
LTaf, on these cells [79]. This, in turn, binds to LTPR on LTo cells and
activates the non-canonical NFxB pathway, leading to the upregulated
expression of adhesion molecules (ICAM-1, VCAM-1, MAdCAM-1) and
homeostatic chemokines (CCL19, CCL21, CXCL13) needed for the
recruitment of further LTi cells and, later, mature T and B lymphocytes
[80-82]. In general, these interactions are required for the formation of
peripheral and mesenteric lymph nodes, Peyer’s patches and the
solitary intestinal lymphoid tissues (SILT, encompassing cryptopatches
and isolated lymphoid follicles) with organ-specific features [83].

The morphogenic function of LTBR and its ligand binding manifests
in both the context of the activity of other members of the TNF
superfamily and tissue-specific fashion, as for lymph node development
RANK-TRANCE binding is necessary, whereas Peyer’s patches and
spleen form independently of this latter interaction. Furthermore, while
the spleen as a solid organ is formed in the absence of LTBR activity,
Peyer’s patches are absent [84-86]. Moreover, once the LTaf-elicited
signaling by LTi cells has launched the lymphoid organ formation at
predestined anatomical sites, further members of TNF/LT family (such
as TNF or CD30) involving mature T and B cells probably fine-tune the
lymphoid compartments to gain functional competence [87,88].

Recently, LTo cells were identified in human fetal lymph node
anlagen with a phenotype and chemokine production similar to that
observed in mice [58]. MRCs of adult lymph nodes developed from a
subset of these putative LTo cells in both humans and mice. Fetal and
also adult RORyt™ CD3 ™ ILC3 cells were shown to colocalize with these
cells in humans and mice, indicating that the LTo — MRC lineage
provides a lifelong niche for these cells. The exact role of ILC3 cells in
adult lymph nodes and the significance of the MRC - ILC3 interaction,
however, are still unknown.

A similar niche was described for NK1.1* NKp46* group 1 ILCs
and/or NK cells with FRCs as the stromal partner [89]. In a mouse
model with an FRC-restricted deletion of MyD88, infection with the
mouse hepatitis virus (MHV) led to significantly higher number of
NK1.1* NKp46 ™ cells, which colocalized with CCL19 " FRCs in PPs and
mLNs. FRCs were shown to maintain group 1 ILC homeostasis via IL-15
production as FRC-specific ablation of IL-15 led to an almost complete
absence of group 1 ILCs.

As intestinal ILCs in adult localize mainly not in structured
lymphoid tissues but are rather dispersed throughout the subepithelial
tissues and the lamina propria, they are most probably influenced by
intestinal stromal cells. However, limited research data can be found on
interactions between intraepithelial and lamina propria ILCs and
“conventional” stromal cells of mesenchymal origin. On the other
hand, the bidirectional communication of ILCs with epithelial cells
significantly contributes to the maintenance of mucosal integrity and is
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better characterized. Besides IL-23, ILC3 activation and maintenance is
regulated by IL-7 and TSLP and these cytokines are most probably
provided to group 3 innate lymphoid cells by stromal cells such as
fibroblasts and epithelial cells [90]. Since it has been shown that IL-7
production by epithelial cells can be regulated by intestinal bacteria
[27,91], this indicates that the microbiota influences ILC3 functionality
[19].

During DSS-induced epithelial injury epithelial cells were shown to
secrete IL-23 in an LTPR-dependent manner [92]. IL-23 activates IL-
23R ™ ILC3 cells, which, in turn, produce large quantities of IL-22. IL-22
then activates Paneth cells to secrete various anti-microbial peptides
(ReglIIP, Regllly, and other mucins) leading to mucosal healing and
epithelial cell regeneration [93,94]. Engagement of LTPR on intestinal
epithelial cells (IEC) leads to IL-23 production via the IKKa-mediated
non-canonical NFkB pathway, revealed by IEC-specific deletions of
IKKo (IKKa*™®C€ mice) or IKKB (IKKBA™C mice) [95]. IKKa*™®C mice
infected with the attaching-effacing pathogen Citrobacter rodentium
showed greater weight loss and an impaired IL-22 response by ILC3 s
compared to wild type littermates. Interestingly, mRNA for II-23a was
not decreased in IKKa*™ mice; however, Tslp mRNA and TSLP protein
were significantly increased. Administration of TSLP to C57BL/6 mice
led to a reduced IL-22 production by ILCs while treating IKKor“'E¢ mice
with a neutralizing anti-TSLP antibody partially protected mice from
symptoms of C. rodentium infection and restored IL-22 production.

In another mouse model where administration of methotrexate
(MTX) causes small intestinal damage, ILC3s were shown to influence
epithelial regeneration by directly interacting with intestinal stem cells
(ISCs) [96]. ILC3s were activated in response to epithelial damage,
while RORyt ™/~ mice lacking ILC3s presented with a more severe small
intestinal injury and a higher rate of Lgr5* crypt ISC loss upon MTX
treatment. Adding a neutralizing antibody against IL-22 during MTX
treatment of wild-type mice impaired recovery, indicating that ILC3s
have role in ISC maintenance via IL-22 secretion.

Another source for the IL-23 needed to activate ILC3s are CD11c¢™
dendritic cells [97]. During infection with C. rodentium LTBR ™" dendritic
cells and LTaB,™ RORyt™ IL-22-producing ILC3 cells colocalized in
isolated lymphoid follicles. Dendritic cell-specific lack of LTBR led to
decreased II-23 mRNA, while in the absence of either LTaf}; from ILC3
cells or LTPR from dendritic cells, respectively, IL-22 production by
ILC3 cells was diminished.

Interestingly, several data have emerged recently on ILC - stromal
interactions in the decidua [98]. The decidua creates a tolerogenic
environment towards fetal antigens. During this process decidual
stromal cells (DSC) recruit NK cells [99] to the decidua and induce
them to gain a “decidual NK” (dNK) phenotype by modifying the
expression of activating and inhibitory receptors on NK surface [100].
ILC3s have also been shown to be present in the decidua and they are
capable of upregulating ICAM-1 and VCAM-1 on DSC [101]. It is
hypothesized that this interaction might be important in the placenta-
tion process.

Further to immune responses against infectious agents, defense
against tumors also represent an important area for research on ILC —
stroma interactions, beyond the involvement of ILC-mediated effects on
adaptive effector lymphocytes or NK cells. Several findings already
have reported the importance on the inflammatory or suppressive
microenvironment and its relationship with various ILC subsets in the
promotion or eradication of solid tissue tumors [102,103], but clearly,
further studies are needed.

5. Conclusions

The important roles stromal cells play in regulating the immune
response have been recognized for over a decade now. Meanwhile,
innate lymphoid cells are now one of the most extensively studied cell
type. However, interactions between stromal cells and ILCs, either
within structured lymphoid tissues or dispersed throughout the gut
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lamina propria, have been so far poorly characterized. As stromal cells
influence the activation, differentiation and regulation of adaptive T
and B cells, one can hypothesize the same scenario regarding innate
lymphoid cells, both under physiological immune responses against
external pathogens and in anti-tumor defense, as well as chronic
inflammatory or autoimmune conditions, as reviewed recently [104].
The significance of understanding the molecular communications
taking place in both directions can not be overestimated. Proper
knowledge from in vivo studies or in vitro bioengineered 3D lymphoid
organoid models [105] will lead to therapeutic consequences in a
variety of inflammatory conditions where ILCs are important players.
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