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Roviditések

ACD accidental cell death, véletlen, akaratlan sejthalal

AHR aryl hydrocarbon receptor, aromas szénhidrogén receptor
AIF apoptosis inducing factor, apoptozist indukalo factor
ALL akut lymphoblastos leukemia

AP-1 activator protein-1

Apaf-1 apoptosis protease-activating factor-1

APC allophycocyanin

Bcl6 B-cell lymphoma 6 protein

BH Bcl-2 homology

BH3 Bcl-2 homology 3

BSA bovine serum albumin

cAMP cyclic adenosine monophosphate, ciklikus adenozin monofoszfat
CD cluster of differentiation

CMX-Ros chloromethyl-X-rosamine

CTL cytotoxic T lymphocyte

CTLA-4 cytotoxic T-lymphocyte—associated antigen 4

CTEC cortical thymic epithelial cell, kortikalis thymus epithelialis sejt
Cy3 cyanine3

DC dendritic cell, dendritikus sejt

DIC differential interference contrast

DISC death-inducing signaling complex

DMSO dimethyl sulfoxide

DN double negative, kettds negativ

DP double positive, kettds pozitiv

DR death receptor, halalreceptor

DX dexamethasone

EndoG endonukleaz G

FasR Fas receptor

FITC fluoreszcein-izotiocianat

Foxp3 forkhead box protein 3

GALT gut associated lymphoid tissue, bélrendszerhez asszocialt lymphoid szévet



GATA3 GATA binding protein 3

GC glukokortikoid hormon

GILZ GC-induced leucine zipper

GR glukokortikoid receptor

GRE glucocorticoid response element

Hsp heat shock protein, hésokkfehérje

IFN interferon

IL interleukin

IPEX Immune dysregulation, Polyendocrinopathy, enteropathy, X-linked
syndrome

IRF4 interferon response factor 4

iTreg indukalt regulatorikus T sejt

KO knock out

LAG3 lymphocyte activation gene 3

Lck leukocyte specific protein kinase

MHC major histocompatibility complex

MTEC medullary thymic epithelial cell, medullaris thymus epithelialis sejt
NF-kB nuclear factor- kB

NFAT nuclear factor of activated T-cells

NK natural killer

PBS phosphate buffered saline

PCD programmed cell death, programozott sejthalal

PE phycoerythrin

PECYy5 phycoerythrin-cyanineb

PO peroxidaz

pTreg periférias regulatorikus T sejt,

RA retinoic acid, retinsav

RCD regulated cell death, szabalyozott sejthalal

RORyt retineic-acid-receptor-related orphan nuclear receptor gamma t
RPMI RPMI-1640

SDS sodium dodecyl sulfate

SDS-PAGE sodium dodecyl sulfate polyacrylamide gel electrophoresis

SP single positive, egyszeresen pozitiv



tBid truncated Bid, hasitott Bid

TcR T cell receptor, T sejt receptor

TEC thymic epithelial cell, thymus epitelialis sejt
Tth follikularis T helper sejt

TGF transforming growth factor B, transzformald novekedési faktor 3
Th helper T sejt

TNF tumor nekrozis faktor

TNFR tumor nekrézis faktor receptor

TRAIL TNF-related apotosis-inducing ligand
tTreg thymus eredetii regulatorikus T sejt

XIAP X-linked inhibitor of apoptosis protein
ZAP-70 zéta-lanc asszocialt protein-70



1. Bevezetés

1.1 A glukokortikoid hormonok hatasai

A glukokortikoid hormonokat (GC) a mellékvese-kéreg zona fasciculata sejtjei
termelik. Emberben a legfontosabb GC a kortizol, ragcsalokban pedig a kortikoszteron (1.
abra). A hormonok elvalasztasait a hypothalamus-hypophysis-mellékvese tengely
szabalyozza és mind pszichés, mind fizikai stressz kivalthatja. A GC-ok szekrécidja
pulzatilis (ultradian) modon, 1-2 oras intervallumonként zajlik. Ezt kovetéen a vérben
kortikoszteroid-kot6 fehérjék szallitjak a GC-okat. A szabad kortizol a bioldgiailag aktiv
forma, amit a sejtekben talalhatd 11-B-hidroxiszteroid-dehidrogenaz kortizonna alakit
(1,2). A GC-ok szamos élettani hatassal rendelkeznek; szerepet jatszanak a szénhidratok,
zsirok, fehérjék anyagcseréjében, hatassal vannak fejlédési folyamatokra, a viz- és
elektrolit haztartasra, erek tonusara, illetve mindezek mellett befolyasoljak az
immunrendszer mikodését; a gyulladdasos folyamatokat, az immunsejtek fejlodését,
apoptozisat és aktivaciojat (3). Biologiailag aktiv GC-ok extra-adrenalis szdvetekben is
termelédnek (4), példaul a thymusban (5,6), belekben (7), borben, agyban (8,9) és a
zsirszovetben (10).

A GC-ok jelent6s hatassal vannak az immunrendszer miikddésére. A thymushan
befolyasoljak a fejlodé thymocytak apoptdzisat, szabalyozzak a T sejt receptoron (TcR)
keresztiil érkez6 szignalokat (11,12). Ujabb eredmények arra utalnak, hogy a GC-ok az
érett T sejtek funkcidjaban is fontosak; sziikségesek a megfelelé T sejt valasz
fenntartasahoz, hianyukban a sejtek kevésbé képesek a patogénekkel szemben megvédeni a
szervezetet (13).

Az immunrendszerre gyakorolt hatasaik miatt a szintetikus GC-analogokat (pl.
dexamethasone (DX), 1. abra) elterjedten alkalmazzak a klinikai gyakorlatban autoimmun
betegségek, hematologiai malignitasok és allergidk kezelésében (14-16). A GC-okrol
kimutattak, hogy elésegitik a leukémias sejtek (3,14), illetve fejlodé thymocytak és
bizonyos érett, aktivalt T sejtek apoptozisat (17).



kortizol

dexamethasone

1. abra Kortizol, kortikoszteron és dexamethasone szerkezeti képlete

(forras: ChemSpider (18), ChemSpider ID5551, ID5550, ID5541)

1.2 A glukokortikoid receptor

A GC-ok intracellularis GC receptoron (GR) keresztiil fejtik ki hatdsaikat. A GR a
nuklearis receptor szupercsalad tagja, ligand-dependens transzkripcios faktor. A fehérje
harom fontos domént tartalmaz; egy ligandk6td domént, egy transzkripcionalis aktivald
domént és egy cinkujj DNS-kot6é domént (19). A GR jelent6s mértéken konzervalt fehérje;
a human, egér és patkany GR aminosavsorrendje kozel 90%-ban megegyezik (19). A
huméan GR-nak tobb izoformé4jat irtak le (pl. GRa, GRB, GRy, GR-A, GR-P), melyek koziil
a legfontosabbak és leginkabb ismertek a GRa és GRP. Ezek az izoformdak alternativ
splicing révén keletkeznek; az GRa izoforma a citoplazmaban talalhatd, ez a dominans
forma, a béta allandoan a sejtmagban helyezkedik el. A GRp izoforma funkcioja kevésbé
ismert (3). Feltehetéen szerepet jatszik a GRo funkcidjanak negativ szabalyozasaban,
betegségek és GC rezisztencia kialakulasaban (20). Egérben is sikeriilt bizonyitani a GRa
és GRP jelenlétét. Itt is a GRa a fontosabb izoforma, a GRP szerepe hasonld, mint
emberben (20). A GR a legtobb sejtben, szovetben expresszalodik, nagy mennyiségben van

jelen a majban, vazizomban, csontban, thymusban, tiidében (21).



1.3 A glukokortikoid receptor jelatviteli atvonalak

A GC-ok hatasaikat f6leg kétféle titvonalon keresztiil fejtik ki. Ezen két utvonal a
lassabban kialakulé genomikus hatasokat és a gyorsabban végbemend nem-genomikus

hatasokat foglalja magaban. A GC-ok hatésait a 2. abra foglalja 6ssze.

1.3.1 Genomikus hatasok

A GC-ok genomikus hatasait irtdk le elészor. A GR a citoplazmdban, inaktiv
formaban, fehérjekomplexhez (pl. hésokkfehérje- (Hsp-) 90, Hsp-70, p23) kapcsolodva
helyezkedik el (3). A GR ligand-kot6dés hatasara levalik a komplexrdl és dimerizalodva a
sejtmagba transzlokalodik, ahol a DNS meghatarozott szakaszaihoz, GRE-ekhez
(glucocorticoid responsive elements) kotodik és ezaltal a génexpressziot befolyasolja (3).
A géntranszkripcids valtozasok megvalosulasahoz hosszabb idére, tobb orara, esetleg
napra van sziikség (3,22). Az aktivalt GR képes transzkripcios faktorként direkt, illetve
mas transzkripcids faktorokhoz kapcsoldédva (pl. AP-1, NF-kB, NFAT) indirekt médon
befolyasolni szamos gén expresszidjat (3,22). Bizonyos gének atirasat serkenti (pl.
annexin-1, interleukin- (IL-) 10), masokét gatolja (pl. IL-2, IL-1B) (3). A GC-ok DNS-rél
val6 levalasa is szigoruan szabalyozott, azonban a szintetikus analogok esetében, mint pl. a
dexamethasone, ez nem teljesen a fiziologias modon valosul meg. A DX-nak erésebb
affinitdsa a receptorhoz, ezaltal megvaltoztatja a természetes receptorkomplex-DNS

kolcsonhatast és modositja a transzkripcios programot (23).

1.3.2 Nem-genomikus hatdsok

A GC-ok néhany hatésa, foleg azok, amelyeket nagy koncentraciéban torténd, vagy
intraartikularis alkalmazaskor figyeltek meg, joval gyorsabbak voltak, mint hogy azok a
genomikus hatdsokkal magyarazhatoak lehettek volna. Ezek az un. nem-genomikus
hatasok, amelyek akar perceken beliil is kialakulhatnak (22,24). A nem-genomikus
hatasokat nem kozvetitik transzkripciondlis valtozdsok, hanem egyéb alternativ
utvonalakon keresztiil valosulnak meg. A kovetkezd nem-genomikus hatisokat irtak le
eddig:

1. A GC-ok bizonyos sejttipusokon képesek direkt membranhatasuk révén
membrantranszport-folyamatok befolyasolasara (24,25). Nagy dozist szteroid kezelés

megvaltoztatjia a membran lipidek mobilitasat emldédaganat sejtvonal esetében (26).
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Konkanavalin-A  stimulalt patkany thymocytakban a metilprednizolon kezelés
megakadalyozta a Na* és Ca”" membran transzportjat és novelte a H' felvételt a
mitokondriumba (27). Ezeket az eredményeket a tanulmanyok altaldban a GC-ok
lipidoldékonysagaval magyardzzak, aminek koszonhetéen képesek, kiilonosen nagy
dozisban alkalmazva, befolyasolni a plazmamembran fiziko-kémiai tulajdonsagait.

2. A membran GR-t (MGR) ragcsald és human lymphoid sejtvonalakon és kétéltiiek
agyaban is leirtak (28-31). GC-indukalt apoptdzisra nem érzékeny sejteken, monocytakon
és B sejteken is megfigyelték a mGR-t (32). Rheumatoid arthritisben és spondylitis
ankylopoeticdban szenveddk B sejtjein €s monocytdin megemelkedik az expresszioja, ezért
elképzelhetd, hogy ezen betegségekben patologias szerepet tolt be (33). A mGR-on
keresztiil megvalosuld jelatvitel megismerése azonban még tovabbi vizsgalatokat igényel.

3. A GR képes mas citoplazmatikus fehérjékhez hozzakapcsolodva jelatviteli
Gitvonalakat befolyasolni. Lowenberg és munkatarsai leirtdk, hogy human CD4" T
sejtekben TcR stimulaciot kovetden a GR asszocidlodott TcR jelatviteli molekulakkal, az
Lck-val és Fyn-nel. Rovid idejii DX kezelés gatolta a TcR aktivacio altal indukalt Lck/Fyn
foszforilaciot, ami a GR-TCR-Lck-Fyn multimulekularis komplex szétesése miatt
kovetkezett be (34,35). Kutatocsoportunk megfigyelte, hogy Jurkat, human T sejtvonalban
2-5 perc nagy dozisu DX kezelés TcR aktivacido nélkiill atmeneti ZAP-70 tirozin
foszforilaciot okoz, melyet GR antagonista, RU486-tal gatolni lehetett (36). Szintén Jurkat
sejtekben figyeltiik meg, hogy a GR a ZAP-70 kinazzal asszocialddott, illetve, a GR a
ZAP-70 kinazzal és a Hsp-90-nel egy multimolekularis komplexet hozott l1étre [35]. A
GC-ok hatékonyan gatoljak a T sejtek funkcidit, amelynek molekularis hatterében a fent
emlitett folyamatok is fontos szerepet jatszanak.

4. Ligand kotédést kovetéen az aktivalt GR képes transzlokalodni a
mitokondriumba lymphoid (38,39) és nem-lymphoid sejtekben (40,41) egyarant, ahol
hozzajarulhat az apoptotikus kaszkad elinditisahoz. Osszefiiggést figyeltek meg szdmos
sejtben a GR mitokondrialis transzlokacidja és a sejtek apoptozis érzékenysége kozott
(38,39). Ennek pontos mechanizmusa még nem ismert, azonban leirtak a mitokondrialis
membranpotencial zavarat, és a citokrom c felszabadulasat is (42,43). Kutatdécsoportunk
korabbi munkaja soran kettds pozitiv (DP) thymocytakban figyelte meg, hogy 30 perc GC-
analog kezelés hatasara a GR inkabb a mitokondriumba vandorolt (transzlokalodott), mint
a sejtmagba, és a bekovetkezé mitokondrialis membranpotencial csokkenés jelezte, hogy
az apoptozis folyamata is aktivalodott ezekben a sejtekben (44). Ez a transzlokacié jol

korrelalt a DP sejtek jelentds GC-indukalt apoptozis érzékenységével (45-47). A
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mitokondriumon keresztiil az aktivalt GR szamos moddon jarulhat hozza az apoptozis
elinduldséhoz. Ezen folyamatok lehetnek; mitokondridlis membranpotencial csokkenése
(25,42,43), a GR Kkapcsolatba Iéphet a mitokondrialis membranban talalhaté hdésokk
fehérjékkel (pl. Hsp-60) (48), illetve a Bcl-2 fehérjecsalad tagjaival (41). A mitokondrialis
DNS-ben is talalhatbak GRE-ek, melyek révén a GR direkt modon befolyasolhatja a
mitokondrialis génexpressziot (40,49-51), illetve indirekt mdédon mas transzkripciods
faktorok mitkodését is modosithatja (40,51). Ezen lehetséges mechanizmusok ellenére sem
tudjuk, pontosan milyen médon jarul hozza a GR mitokondrialis transzlokacioja az erre

érzékeny sejtek apoptozisahoz.

Gc \_/

HIL

citoplazmatikus
jelatviteli fehérjék

|_, génexpresszio e

2. abra Osszefoglal6é abra a GC-ok nem-genomikus hatasairol

1: direkt membran hatés, 2: membranhoz kapcsolt GR, 3: citoplazmatikus fehérjékkel valo
interakcio, 4: mitokondrialis transzlokacio, 5: genomikus hatas (atvéve (52))

(roviditések: TcR: T sejt receptor, GR: glukokortikoid receptor, GC: glukokortikoid hormon, mGR:
membran GR, GRE: glucocorticoid response element)

1.4 T sejtek fejlodése és differencialodasa

1.4.1 A T sejtek fejlédése a thymusban

A T sejtek a csontveldben képzddnek (csontveldi Ossejtbdl szarmaznak), azonban

még korai fejlédési stadiumukban, progenitor T sejtként a thymusba vandorolnak, ahol a
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fejlodésiiket befejezik. A thymus allomanyaba a kortiko-medullaris junkcid teriiletén
lépnek be (53). A thymus biztositja az éretlen T sejtek fejlédéséhez elengedhetetlen
mikrokornyezetet. Két {6 egységének, a kortexnek ¢és medulldnak jol meghatarozott
szerepe van a thymocytak fejlodésében. Fo sejtes elemeik a lymphoid és stroma sejtek. A
stroma sejtek koziil a legfontosabbak a thymus epithelilis sejtek (TEC) és dendritikus
sejtek (DC). A TEC-ek anti- és pro-apoptotikus szignalok, sejt-sejt kapcsolatok és

crcr

crcr

visszafejlodik, ez a folyamat az un. thymus involicio, melynek végén a thymus helyén
csak zsiros szovet marad vissza (56,57).

A thymocytdk fejlédési stadiumai jol jellemezhetéek a CD4, CD8 sejtfelszini
molekuldk megjelenésével, vagy eltlinésével. A legéretlenebb sejtek a sem CD4-et, sem
CDB8-at nem expresszald kettés negativ (DN) sejtek. Ezek a sejtek a thymus kortikalis
allomanyaban, féleg az IL-7 hatasara, jelentds mértékben osztodnak (58,59). A szelekciok
(3. abra) eldtt a thymocytak CD4-et és CD8-at egyszerre kifejezé DP sejtekké alakulnak,
melyek ugyanakkor a véletlenszerli génatrendez6dés révén keletkezett T sejt receptort is
hordozzak a felsziniikon (60). Elséként a pozitiv szelekciora kertiil sor, ahol azok a sejtek
maradnak ¢letben, amelyek funkcionalis TcR-t expresszalnak, és képesek hozzakotddni a
TEC felszinén 1évé6 MHC + sajat peptid komplexhez, mely kotédés révén a megkapjak
tulélésiikhoz sziikséges jelet (szignalt) (61). Azok a sejtek, amik nem képesek a
komplexhez kapcsolodni nem kapjak meg a t0lélésiikhoz sziikséges szignalt és
apoptozissal elpusztulnak (,,death by neglect”). A talélé sejtek ezt kovetden tovabb
vandorolnak a medulla felé, és azok a thymocytak, amelyek a sajat MHC + peptid komplex
irant nagy-affinitdsi TcR-t hordoznak aktivacidé indukalt apoptdzis révén elpusztulnak
(negativ szelekcio). Ezen folyamatnak kdszonhetden biztositott a T sejtek sajat
antigénekkel szembeni tolerancidja (62). A DP sejtek egyik fontos tulajdonsaga, hogy
apoptotikus stimulusra legérzékenyebb thymocyta alcsoportot képezik (63), beleértve a
GC-indukalt apoptozist is, annak ellenére, hogy az alcsoportok koziil ezekben a sejtekben a
legalacsonyabb a GR expresszidja (45,64). A sejtek, amelyek talélték a szelekciot, mint
CD4 vagy CD8 egyszeresen pozitiv (SP) T sejtek, kijuthatnak a perifériara, lymphoid és
nem-lymphoid szervekbe, és készen allnak arra, hogy antigén hatasara effektor sejtekké
differencialodjanak (65). A szelekcios folyamatok elengedhetetlenek a funkcionalis T sejt
készlet biztositdsdhoz, barmilyen hiba a folyamatban elégtelen immuntolerancidhoz

és/vagy autoimmunitashoz vezethet (66).
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cTEC fejlédd T sejt
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. S )- | . — Negativ szelekci6 —— Apoptozis
- tul erésen kotédik

MHC + sajat antigén
komplexhez

3. abra T sejt szelekci6o a thymusban

Pozitiv szelekcio sordn azok a kettds pozitiv (DP) sejtek maradnak ¢életben, amelyek
képesek felismerni a thymus epithelidlis sejteken 1év6 sajat MHC molekulat, azok a sejtek,
amelyek erre képtelenek apoptozissal elpusztulnak. A negativ szelekciot pedig azok a
sejtek nem élik tul, amelyek TcR-a tul erésen kotddik az MHC + sajat antigén komplexhez
(61,62)

(roviditések: CTEC: kortikalis thymus epithelialis sejt, MTEC: medullaris thymus epithelidlis
sejt, TcR: T sejt receptor, MHC: major histocompatibility complex)

1.4.2 A T sejtek differencialodésa

Az érett, naiv CD4" és CDS8" T sejtek a periférian képesek MHCI-gyel vagy
MHCII-vel bemutatott antigénekhez k&tddni, és aktivalodni. A CD8" T sejtek citotoxikus
T sejtekké (CTL) differencialodnak, melyek a fertézott sejteket pusztitjak el, a CD4™ T
sejtek pedig kiilonb6z6 helper T sejt (Th) alcsoportok iranyaba differencialodnak, melyek a
szabalyozzdk a T és B sejtek, NK sejtek, antigén prezentald sejtek, fagocitdk és nem-
lymphoid sejtek miikodését (67). A Th sejt alcsoportok kialakulasat szamos tényezo
befolyéasolja; az immunvalasz részeként termelddo citokinek, a patogén jellege, dozisa, az
antigén prezentalo sejt tipusa, az anatomiai lokalizacid6 (67). A naiv T sejtek
strukturalis és epigenetikai valtozdsok a genomban, gén transzkripciés modosulasok,
melyet kiilonbozd transzkripcids faktorok iranyitanak. Ezeket kozott a faktorok kozott

vannak nukleéris proteinek, in. mester regulatorok, amelyek kulcsfontossagtiak a T helper
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alcsoportok transzkripcidos programjanak szabalyozésadban, és ezéltal a sejtek

A T helper alcsoportokat klasszikusan a citokintermeld képességeik alapjan
csoportositjak (68), illetve sok alcsoport esetében mar azonositottak a ,,mester regulator”
molekulat is. A legfontosabb alcsoportokat a 4. abra foglalja 6ssze. Thl sejtek interferon y
(IFNy)-t termelnek és az intracellularis patogének, virusok és daganatos sejtek elleni

immunitasban fontosak, Kialakulasukban a T-bet-nek (70) van kiemelked6 szerepe. A Th2

¢és 1L-13 termelés révén foleg az extracellularis patogének ellen kiizdenek és részt vesznek
az allergia patomechanizmusaban is. A Thl7 sejtek IL-17-et és 1L-22-t termelnek, amik
antifungalis immunvalaszban valamint gyulladasos és autoimmun folyamatokban (67).
Kialakulasukat a RORyt (retineic-acid-receptor-related orphan nuclear receptor gamma t)
(72) szabalyozza. A Th22 sejtek IL-6, TNFo hatasara alakulnak ki, legfontosabb
transzkripcids szabdlyoz6 molekulajuk az aryl hydrocabon receptor (AHR; aromas
szénhidrogén receptor). F6 funkcidjuk a bér homeosztazisanak fenntartasa ¢€s a gyulladdsos
folyamatokban vald részvétel (73). A follikularis T helper sejtek (Tth) regulatora a Bcl6
(B-cell lymphoma 6 protein) (74), 1L-4 és IL-21 citokinekkel szabalyozzak a B sejtes
immunvalaszt (75). A Th9 sejtek IL-9-et termelnek ¢és feltehetéen a férgek elleni
immunvalaszban toltenek be fontos szabalyozo szerepet (76). Kialakulasukat valosziniileg
a PU.1 (77) és IRF4 (interferon response factor 4) transzkripcios faktorok segitik el (78).
A Th alcsoportok kozeé soroljak a periférias regulatorikus T sejteket is (pTreg), amelyek az
szabalyoz6 molekulaja a Foxp3 (forkhead box protein 3) (80). Az egyes alcsoportok
jellegzetes citokintermelésiikk ¢és regulator molekulajuk mellett specialis migracios
mintazattal is rendelkeznek, melynek kdszonhetéen az immunvalasz soran a szervezetben a

megfeleld helyre képesek vandorolni (67).
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4. abra Helper T sejt alcsoportok attekintése

A kialakulasukat elésegiti citokinek (piros), a ,,mester regulator” molekulak (kék), az
altaluk termelt legfontosabb citokinek (z6ld) és az immunvalaszban betolttt funkciodjuk
(fekete) (67)

(roviditések: IFNy: interferon vy, IL-: interleukin, TNFa: tumor nekrézis faktor o, TGFp:
transzformalo novekedési faktor B, GATA3: GATA binding protein 3, RORyt: retineid-acid-
receptor-related orphan nuclear receptor gamma t, AHR: aromas szénhidrogén receptor, IRF4:
interferon response factor4, Bcl6: B-cell lymphoma 6 protein, Foxp3: forkhead box protein 3)

1.4.3 A regulatorikus T sejtek fejlodése

A két {6 sejtcsoport, a CD4 és CDS pozitiv T sejtek mellett a thymusban képzédnek
regulatorikus T sejtek is (Treg), ezek az un. természetes Treg-ek (tTreg), melyek fontos
szerepet toltenek be az immunvalasz szabalyozdsaban, az autoimmunitas megeldzésében,
foto-maternalis- ¢és allograft toleranciaban (81). A thymus medulldjaban keletkeznek
azokbol a thymocytakbol, amelyek TCR-a relativ erés affinitassal rendelkezik az MHC-vel
bemutatott sajat peptidek irant. Ez a TcR szignal azonban nem elég erds ahhoz, hogy a
sejtek apoptozisat elinditsa, viszont erdsebb, mint a naiv CD4" sejtek TcR-anak affinitasa a
sajat peptidek irant (82). A tTreg képzédéshez sziikséges a TcR szignal megfeleld
erossége, IL-2 és TGFP (transforming growth factor ) molekuldk jelenléte. Ezek a
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crer

tTreg iranyu elkotelezodéshez (83).

Regulatorikus T sejtek keletkeznek a periférian is (pTreg) naiv CD4" sejtekbdl
(83,84). F6 képz6dési helyiik valdszinlileg a bélrendszer, ahol a kommenzalis
mikroorganizmusok altal termelt rovid-lanca zsirsavak (pl. vajsav, propionsav) (85), a
bélrendszerhez asszocialt lymphoid szévetben (GALT) talalhaté dendritikus sejtek altal
termelt TGFB és retinsav (86), és valosziniileg maga a mikrobiom is elbsegitik a
kialakulasukat (85).

Ujabban az irodalom egy harmadik Treg csoportként emliti, az in vitro
differencialtatott Treg-eket (iTreg), melyeket naiv CD4" sejtekbdl differencialtatnak TcR
stimulacio, IL-2 és TGFp segitségével laboratoriumi koriilmények kozott (84). A pTreg-ek
¢és 1Treg-ek ugyanazon prekurzorbol szarmaznak. Az iTreg-eknek kiilon csoportként valo
elkiilonitése foleg annak a torekvésnek a kovetkezménye, hogy a Treg-cket terapids céllal
lehessen felhasznalni kiilonb6zo, elsésorban autoimmun betegségekben. (Legfontosabb

Treg alcsoportok az 5. dbran vannak sszefoglalva.)

+ thymus eredet
+ képzddésikhdz szilkseges:
« mTEC, DC
+ |IL-2, TGFpB
* Foxp3 gén nem kdodolo régidja demetilalt
+ centralis tolerancia

tTreg

+ naiv CD4 T sejtekbdl képzddnek
*  képzbddésikhdz sziikséges:
« antigén stimulacié (DC, CD28)
« IL-2, TGFB, RA
+  Foxp3 gén nem kddold régidja metilalt
+ periférias tolerancia

pTreg

* in vitro naiv CD4 T sejtekbdl differencialtatott
+  képzddésikhoz sziikséges:
. « TcR stimulacié
iTreg . IL-2, TGFR
+  Foxp3 gén nem kbédolo régidja metilalt
+ terdpias céllal térténd felhasznalas

5. abra A legfontosabb Treg tipusok, fébb jellemzoikkel (87)
(roviditések: tTreg: thymus eredetli regulatorikus T sejt, pTreg: periférias regulatorikus T sejt,
iTreg: indukalt regulatorikus T sejt, mTEC: medullaris thymus epithelialis sejt, DC: dendritikus

sejt, IL-: interleukin, TGFp: transzformalo névekedési faktor B, RA: retinsav, Foxp3: forkhead box
protein 3, TcR: T sejt receptor)
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A Foxp3 transzkripcids faktor a Treg-ek kialakulasaért felelés regulator molekula.
Fontossagat jol mutatja, hogy mutacidja esetén egérben sulyos lympho-proliferativ
betegségek és megrovidiilt élettartam figyelhetd meg (,,scurfy” egér), emberben pedig az
IPEX-szindroma alakul ki (Immune dysregulation, Polyendocrinopathy, Enteropathy, X-
linked syndrome) (88-90). A Foxp3 a forkhead transzkripcios faktor csalad tagja, és
fontos szerepe van nem csak a Treg iranyt elkotelez6désében, de a sejtek szuppresszios
funkcidjanak kialakitasaban is (91-93). A Foxp3 expresszidjahoz feltétleniil sziikséges az
IL-2 és TGEP jelenléte, azonban a jelatviteli folyamatok, amelyek eldsegitik a Foxp3
expresszidjat még intenziv kutatas targyat képezik (94).

A két f6 Treg alcsoportot egymastdl teljes bizonyossaggal elkiilonité markert még
nem irtak le. Az irodalomban sokaig tartotta magat a nézet, hogy a Helios (95) és a
Neuropilin-1 (96,97) erre alkalmas molekuldk lehetnek, azonban egyik sem bizonyult
teljesen megbizhatonak (98). Az egyetlen biztos mddszer a két alcsoport elkiilonitésére a
demetilalt, a pTreg-ekben, iTreg-ekben és konvencionalis T sejtekben pedig metilalt (99).
Néhany tanulmany arra is ramutat, hogy a Treg-ek képesek elvesziteni regulatorikus T sejt
identitasukat, és patogén-jellegti effektor CD4" T sejtté tudnak alakulni lymphopenias és
pro-inflammatérikus kériilmények kozott (100-102). Eppen ezért a pTreg és iTreg-eket a
tTreg-ekhez képest instabil Treg fenotipusként szoktak emliteni, mert hianyzik benniik az
epigenetikai valtozas, amely a tTreg-ekben megvan és biztositand az erds Treg iranya
elkotelezédésiiket (103).

A tTreg-eknek feltehetéen féleg a sajat antigénekkel szembeni tolerancia, az 0n.
centralis tolerancia a f6 feladatuk. Ugyanakkor a pTreg-ek inkabb a nem-sajat
antigénekkel, mint a kommenzalis mikrobiom, taplalék antigénekkel és a varandosag soran
az anyai szervezetbe keriil6 apai alloantigénekkel szembeni immunvalaszt kontrollaljak, ez
az un. periférias tolerancia (104). A regulatorikus T sejtek legfontosabb

immunszuppressziv funkcioit a 6. abra foglalja dssze.
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« Citokin termelés:
+  TGFB: effektor T sejt differenciacio szuppresszidja,
T és B sejt proliferacio gatlasa,
makrofagok, DC-ek és NK sejtek gatlasa,
Treg differenciacié eldsegitése
» IL-10: gyulladasos citokin termelés gatlasa
» IL-35: T helper sejtek szuppresszidja,

T sejtek és B sejtek regulatérikus

+  CD25high: kompeticio az effektor sejtekkel az IL-2-ért
+ CD39, CD73: ektoenzimek, adenozint képeznek ATP-bél,
ami A2 receptoron keresztill gatolja
az effektor sejteket
* CTLA-4: kompeticio effetor sejtekkel CD80/86-ért
« granzyme B, perforin: effektor sejt apoptézis
« cAMP: proliferacio, differenciacié gatlasa

Treg képzddeést eldsegiti

6. abra A Treg-ek immunszuppressziv funkciéinak dsszefoglalasa

A regulatérikus T sejtek sokféle modon képesek gatolni az immunvalasz megvalosulasat.
Képesek immunszuppressziv citokineket termelni, sejtfelszini molekuldkkal gétolni
effektor sejteket, illetve apoptozist indukalni a célsejtekben (105)

(roviditések: TGFp: transzformaldo novekedési faktor B, IL-: interleukin, CTLA-4:cytotoxic T-
lymphocyte-associated antigen 4, cAMP: ciklikus adenozin monofoszfat, LAG3: lymphocyte
activation gene 3)

1.4 Apoptozis

Az apopt6zis, vagy programozott sejthalal, szamos fizioldgias folyamatban szerepet
jatszik, beleértve az immunsejtek fejlodését és az immunvalaszt is (106,107). A
sejthalalnak sokféle formaja ismert, amelyek mindegyike sok, komplex molekularis
folyamatot foglal magaban. A sejthalalt meghatarozott morfologiai és molekularis
valtozasok jellemzik. A morfoldgiai valtozdsok kozé tartozik a pszeudopodiumok
visszahuzddasa, a sejt ¢és sejtmag térfogatanak csdkkenése (pyknosis), sejtmag
feldarabolodasa (karyorrhexis), a sejtorganellumok strukturalis valtozasai, valamint

apoptotikus testek formalodasa és levalasa a sejtrol (108,109).
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Galluzzi és munkatarsai a Nomenclature Committee on Cell Death-nek készitett
legujabb, 2018-as ajanlasukban 2 {6 formajat kiilonitették el a sejthalalnak; a véletlen, vagy
akaratlan sejthalalt (ACD; accidental cell death) és szabalyozott sejthalalt (RCD; regulated
cell death) (110). ACD bekdvetkezhet ha a sejtet extrém fizikai (pl. nagy nyomas, magas
hémérséklet, ozmotikus valtozas), kémiai (pl. pH valtozas) és mechanikai (pl. nyiroerd)
hatasok érik (111,112). A RCD egy szigoran szabalyozott, 6sszetett folyamat. lde tartozik
az apoptézis is (112). A RCD kiilonb6z6 formainak molekularis folyamatai jelentdsen
atfednek, azonban alapvetden két okbol kovetkezhet be; egyrészt az RCD egy beépitett
program, amely a szdveti homeosztdzis fenntartasahoz sziikséges (éltalanossdgban ezt
szokték programozott sejthalalnak nevezni (PCD; programmed cell death)), mésrészt intra-
vagy extracellularis mikrokornyezet zavarai is elindithatjak (112).

Harom f6 apoptotikus tutvonalat (extrinsic, intrinsic és caspase-independens)
kiilonboztetnek meg, amelyek alapvetdéen harom fazisra oszthatéak; az iniciaciora vagy

aktivaciora, a végrehajtasra (execution) és a sejtpusztulasra (110).

1.4.1 Caspase-ok altalanos jellemzése

Az intrinsic és extrinsic apoptotikus utvonalaknak szamos k6zos eleme van, melyek
kozil kiemelendéek a caspase-ok. Ez egy aszpartat specifikus proteaz csalad, melynek
tagjai cisztein jelenlétében képesek katalitikus hatasukat kifejteni. Innen ered az
elnevezésiik is; caspase: Cystein-dependent ASPartate-specific peptidASE (113). A
caspase-okat funkciojuk alapjan csoportosithatjuk iniciator caspase-ok (caspase-2,-8,-9,-
10), effektor caspase-ok (caspase-3,-6,-7) és gyulladdsos caspase-0k (caspase-1,-4,-5)
csoportjaba. Vannak caspase-ok, amelyeknek specialis funkcidi vannak, pl. caspase 11
szeptikus sokkban szabalyozza a citokinek elvalasztasat, caspase-12 az endoplazmatikus
retikulumot érd stressz altal aktivalt apoptozist medialja és a capase-14, amit eddig csupan
embrionalis szovetben mutattak ki, foleg keratinocytakban (114-117). A caspase-ok
zymogének formajaban talalhatdak a sejtekben, melyeknek vagy nincs vagy csak nagyon
minimalis ezimatikus aktivitasa van. Ezeket a zymogén formakat procaspase-ként is
szoktak nevezni. Aktivaciojuk kétféleképpen torténhet; autoaktivacioval, vagy egy masik

caspase, esetleg masik molekula altal (117).
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7. abra Az extrinsic és intrinsic apoptotikus Gtvonalak attekintése

Az extrinsic utvonalat kiilonb6z6 ligandok halalreceptorokhoz (DR) vald kotddése inditja
el, amely a DISC-en (death-inducing signaling complex) keresztiil a caspase-8
aktivacigjahoz vezet. Az intrinsic Utvonalat intracellularis stressz aktivalja, és a Bcl-2
fehérjecsalad tagjai szabélyozzaik Ha aktivél(')dik a mitokondrium belsé membrémjéb(')l

s

aktivalt caspase-8 ¢és -9 a caspase-3-at aktivaljak majd (110)
(roviditések: cytC: citokrom c, Apaf-1: apoptosis protease-activating factor-1, AIF: apoptozist
indukalo faktor, EndoG: endonukleaz G)

1.4.2 Extrinsic apoptozis

Az extrinsic utvonalat extracellularis stressz szignalok inditjak el, amelyeket a sejt
felszinén talalhato receptorok érzékelnek (7. abra) (118-120). Ezeket a receptorokat
gyakran nevezik halalreceptoroknak (DR, death receptor) is. A leginkabb tanulmanyozott
receptorok: tumor nekrdzis faktor (TNF) receptor (TNFR), Fas receptor (FasR), TNF-
related apoptosis-inducing ligand (TRAIL) (121,122). A halalreceptorok intracellularis
doménje, a halaldomén (death domain), a receptorok aktivacidjat kovetden kotohelyet
biztosit az intracellularis fehérjéknek. A keletkez6 szupramolekularis komplexet a death-

inducing signaling complex (DISC) ismeri fel, mely ezt kdvetéen aktivalja a procaspase-8-
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at (123). Majd kétféle utvonal aktivalodasa figyelhetd meg a kiilonbozo sejtekben,
valésziniileg annak fiiggvényében, hogy a sejtekben mennyi aktiv caspase-8 képzddik
(124,125). Az Un. I-es tipusu sejtekben (pl. érett lymphocytak) a nagy mennyiségii aktiv
caspase-8 aktivalja a caspase-3 és -7-et és ez elegend6 a sejt elpusztulasahoz (125-127) Az
un. Il-es tipust sejtekben (pl. hepatocytak, pancreas [ sejtek, daganatos sejtek tobbsége)
kevés aktiv caspase-8 képzddik (125), illetve a csapase-3 és -7 aktivalodasat XIAP (X-
linked inhibitor of apoptosis protein) (128) gatolja. A sejt pusztulasahoz a caspase-8-nak
hasitania kell a Bid-et. A hasitott Bid (tBid) a mitokondriumhoz véandorol, és ott a ,,BH3-

only” fehérjékkel elinditja az intrinsic apoptotikus Gtvonalat (129,130).

1.4.3 Intrinsic apopto6zis

Az intrinsic tvonalat elindithatja irreverzibilis DNS karosodas, magas
citoplazmatikus Ca*" koncentracié, oxidativ stressz, novekedési faktor megvonas,
endoplazmatikus retikulumot eré stressz (131) (7. abra). A szabalyozasért a Bcl-2
fehérjecsalad felelds. Ezeknek a fehérjéknek kozos jellemzdje, hogy legalabb 1, maximum
4 konzervalt Bcl-2 homology (BH) domént tartalmaznak. A fehérjecsalad tagjait
proapoptotikus (Bax, Bak, Bad, Bcl-xs, Bid, Bik, Bim, Hrk) és anti-apoptotikus fehérjékre
(Bcl-2, Bcl-x,, Bel-W, Bfl-1, Mcl-1) lehet osztani az alapjan, hogy az apoptdzis folyamatat
eldsegitik vagy gatoljak. A proapoptotikus fehérjéken beliil két tovabbi alcsoportot lehet
elkiiloniteni az alapjan, hogy hany BH domént tartalmaznak; a Bax, vagy multidomén
proapoptotikus, fehérjéknek (Bax, Bak, Bok, Mtd) BH1-BH3 vagy BH1-BH4 doménjiik
van, a ,,BH3-only” alcsoportnak (Bim, Bid, Bad, PUMA, Noxa) csak egy BH3 doménjiik
van. Az anti-apoptotikus fehérjék 4 BH domént tartalmaznak (BHI1-BH4) (110). A
fehérjék szerkezetét a 8. abra szemlélteti. A BH3-only fehérjék hatdsukat feltehetden
kétféle modon fejtik ki. Egyrészt direkt aktivalhatjdk a multidomén pro-apoptotikus
fehérjéket, hogy azok porust képezzenek a mitokondrium kiilsé membranjan. Masrészt
indirekt modon gatoljak az anti-apoptotikus fehérjék apoptozist gatlo hatasat.

Az aktivalt Bax ¢és Bak molekularis komplexet hoznak létre, amellyel porust
formalnak a mitokondrium kiilsé membranjan (MOMP; mitochondrial outer-membrane
permeabilization), és ezzel lehetévé teszik a citokrom c felszabadulasat a mitokondrium
belsé membranjabol. Az anti-apoptotikus fehérjék, mint a Bel-2, Bcl-x. ezen folyamat
ellen dolgoznak, neutralizalva a pro-apoptotikus fehérjéket, megakadalyozzak a citokrém c

citoplazmaba vald kijutasat (132,133). A mitokondrium kiils6 membranjan a porus
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kialakuldsa az apoptozis meghatarozo 1épése (,,point of no return”), mert ez tobb maddon is
a sejt pusztulasahoz vezet. A mitokondridlis membranpotencial csokkenése révén neheziti
az ATP szintézist, toxikus fehérjék szabadulnak ki a citoplazmaba, mint pl. citokrom c,
apoptozis indukalo faktor (AIF), endonukledz G (EndoG), Smac (més néven Diablo),
HtrA2 (mas néven Omi), végiil pedig a 1égzési lanc gatlasdhoz ¢€s reaktiv oxigén
szabadgyokok felszaporodasahoz vezet (134,135). Ezek a valtozdsok mar nagy
valoszinliséggel eldontik a sejt sorsat. A Smac €s HirA2 gatoljak a citoplazmaban jelenlévo
endogén caspase gatld XIAP-ot, ezzel segitik a caspase-ok mikodését (136). A
citoplazmaba keriilt citokrom c asszocialodik az Apaf-1-el (apoptosis protease-activating
factor-1) és a procaspase-9-el, ami igy aktivalodik. Ezt a multimolekularis komplexet
apoptoszomanak nevezik. A caspase-9 pedig aktivalja a caspase-3 és caspase-7-et, amelyek
a sejt halalahoz vezetnek (109).

—BH4 —|{BH3 —JBEll— BH2 — ™M ——  Bcl-2, Belx. BclW, Mcl-1

—— BH3 —JBHl— BH2 — TM ——  Bax, Bak, Bok

BH4 ——— BH3 — TM — Bel-xg
— BH3 Bad, Bid, PUMA
— BH3 ™ — Bim, Noxa, Hrk

8. abra Bcl-2 fehérjék szerkezetének attekintése

Az anti-apoptotikus fehérjék 4 BH domént tartalmaznak (BH1-BH4), a pro-apoptotikus
multidomén fehérjék 3 vagy 4 doménnel rendelkeznek, a ,,BH3-only” csoport fehérjéinek
csak BH3 doménjiik van (110)

(roviditések: BH: Bcl-2 homology domain, TM: transmembrane-targeting region)

Az intrinsic utvonal masik formdja az endoplazmatikus retikulumot ér6 stressz altal
elinditott apoptdzis. Ez akkor indul el, ha az endoplazmatikus retikulumban a nem
megfelelden képzodott (misfolded) fehérjék elérnek egy kritikus koncentraciot (137) (7.

abra).
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1.4.4 Caspase-independens ttvonal

A harmadik apoptotikus utvonal, a caspase-independens ttvonal, a mitokondrium
karosodasakor felszabadulé molekulak (AIF, EndoG, HtrA2) pro-apoptotikus hatasa révén
megy végbe. Ezek képesek caspase-ok nélkiil is elinditani az apoptédzist. Az AIF és az
EndoG enzimatikusan bontjak a DNS-t, a HtrA2 pedig proteolitikus képessége révén
tonkreteszi a citoszkeletont (138).

1.5 Glukokortikoidok hatasa thymocytak és T sejtek apoptozisara

A GC-ok immunrendszerre kifejtett hatasai mar régota ismertek. Nagy dozisit GC

crer

------

valamint a medullaris TEC esetében a tolerancia indukalé képességiiket (139,141). Erdekes
modon mind a thymocytak, mind a TEC képesek GC szintézisre. GC szintézist azonban
nem talaltak a SP thymocytdkban, és a periférids T sejtekben, sem nyugvo, sem aktivalt
formaban (142,143). Ugy tiinik a GC szintézis a fejlédd thymocytak sajatos tulajdonsaga.

A GC-ok nem csak a thymocytak apoptozisat okozhatjak, de bizonyos koriilmények
kozott a TcR-on keresztiil elinditott apoptdzissal szemben meg is védhetik a sejteket.
Alacsonyabb koncentracioban a GC-ok képesek gatolni a TcR-on keresztiil elinduld
jelatvitelt a thymocytdkban, amikor azok mindkét receptoron keresztiil érkezd szignalt
egyszerre kapjak. Ez képes azokat a thymocytékat a TcR-on keresztiil indukalt apoptozistol
megmenteni, amelyek egyébként a negativ szelekcié soran elpusztulnanak (54). Ezt
nevezik kolcsonds antagonizmus modellnek. A pontos mechanizmus még nem ismert, de
intézetiinkben végzett kordbbi kutatasok soran megfigyelték, hogy ezekben a kétféle
szignalt egyidejlileg kapo thymocytakban a Bcl-2 fehérje up-regulalodik (43). Mas
kutatocsoport a kolesonds antagonizmus modellt alapul véve bizonyitotta, hogy a GC-0k a
pozitiv szelekcidban is szerepet jatszanak (11,144). Mindezek jol jelzik, hogy a GC-oknak
fontos szerepe van nem csak a thymocytdk apoptozisdban, hanem fejlédésiikben,
szelekcidjukban, ezaltal a megfeleld T sejt repertoar biztositasaban is.

Mas kutatocsoportok érett, naiv T sejtekben irtdk le a GR és a TcR jelatviteli
molekulak kozotti cross-talk-ot; a GC-ok gatoltdk az Lck, Fyn molekulakat (34,145)

Azonban még nem tisztdzott, hogy ez a gatlé hatds a thymocytakban is megvaldsul-e. A
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GR-on keresztiil végbemend jelatvitelnek szerepet tulajdonitanak a naiv T sejtek
miikddésében is; sziikségesnek tartjak a megfeleld T sejt valasz fenntartasahoz, hianyaban
a T sejtek kevésbé képesek megkiizdeni a patogénekkel (13). Feltételezheté, hogy a
mellékvese altal termelt GC-0k elsésorban szisztémas immunvalaszokat befolyasolnak,
ugyanakkor a thymusban lokalisan képz6d6 hormonok inkabb helyileg befolyasoljak a T
sejtek érését (146).

A thymocytak koziil a DP sejtek a legérzékenyebbek a GC-indukalt apoptdzisra
(63), annak ellenére, hogy ebben a thymocyta alcsoportban a legalacsonyabb a GR
expresszidja (45,46). Ezen érdekes egyiittallas helyezte figyelmiink kozéppontjaba a DP
thymocytdk GC-indukélt apoptozis érzékenységének alaposabb vizsgalatat. Korabbi
munkank soran megfigyeltiik DP thymocytdkban DX hatdsara a GR mitokondriumba vald
transzgenikus egérmodellen pedig kimutattuk, hogy azok a thymocytak, amelyek tulélik a
T sejt szelekciot, up-regulaljak (,,feliilszabalyozzak™) az anti-apoptotikus Bcl-2 fehérjét.
Ezek az eredmények arra engednek kovetkeztetni, hogy a mitokondrium koézvetleniil

szerepet jatszik a GC-indukalt thymocyta apoptdzis szabalyozasaban (43).

membrdn- /
potencidl ¢ b
DNS ‘/./ \ ~

transzkripciés
faktorok

fehérjék

APOPTOIIS

9. abra Osszefoglalé abra a GC lehetséges mitokondrialis hatasairol

A GR okozhatja a mitokondridlis membranpotencial csokkenését, befolyasolhatja a
mitokondrialis génexpressziot, transzkripcios faktorokon keresztiil indirekt modon is képes
a génexpressziot megvaltoztatni, befolydsolja a Bcl-2 fehérjék miikodését. Mindezek a
hatasok hozzajarulhatnak ahhoz, hogy az aktivalt GR a mitokondriumon keresztiil sejtek
apoptozisat okozza (atvéve (52))

(roéviditések: GC: glukokortikoid hormon, GR: glukokortikoid receptor, Hsp: hsokk fehérje)

24



Ezt a feltevésiinket alatamasztjdk mas kutatocsoportok eredményei is.
Megfigyelték, hogy a Bax és a Bak fontos szerepet jatszik a DX-indukalt apoptézisban.
(147,148) Thymocytak, amelyek kettds knock out (KO) Bax™ Bak” egerekbd! szarmaztak,
rezisztensnek bizonyultak a GC-indukalt apoptozissal szemben (149). A csak egyszeresen
knock out Bim™ egérben a Bim hidnya a GC-indukalt apoptdzis zavarat okozta (150,151).
A GC-okrol kimutattak, hogy szabalyozzak a Bcl-2 fehérjék expresszids szintjét is,
genomikus hatasaik révén megvaltoztatjadk a Bim ¢és a Bcl-X| expresszidjat (17,152,153).
Ezek az eredmények a sajatjainkkal egyiitt megerdsitették annak a lehetéségét, hogy a DP
thymocytdk GC-indukalt apoptdzisdban az intrinsic apoptotikus utvonal szerepet jatszhat.

A GC-oknak nem csak a DP thymocytakra gyakorolt hatasat vizsgaltuk. Egy masik
munkank soran in vivo DX beadasat kovetden figyeltilk meg a kiilonb6z6 nyirokszervek
sejtes Osszetételében bekovetkezd valtozasokat. Figyelmiinket kiilonos tekintettel az
immunrendszer szabalyozasaban fontos szerepet jatszé regulatorikus T sejtekre
Osszpontositottuk. Azt tapasztaltuk, hogy a thymusban 1év6 regulatorikus T sejtek (tTreg)
bizonyos fokll rezisztencidt mutattak a DX-indukalt apoptdzissal szemben, ezzel
ellentétben a Iépben talalhato Treg-ek (pTreg) viszont érzékenyek voltak a DX-indukalt
apoptozisra (154). Ennek molekularis hatterét azonban még nem ismerjik.

Osszefoglalva elmondhatjuk, hogy a GR mitokondridlis transzlokacioja, ezéltal
nem-genomikus hatasa, valosziniileg fontos szerepet jatszik a thymocytdk apoptdzisaban,
habar ennek pontos folyamata még nem teljesen tisztazott. Ugyanakkor mas sejtek eltérd
reakcidja az in vivo DX kezelésre felveti annak a lehetéségét, hogy benniik a GR talan mas

apoptotikus folyamatokat aktival, esetleg mas nem-genomikus folyamatok révén.
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2. Célkituzések

A GC-ok fontos szerepet jatszanak az immunsejtek fejlodésében és apoptozisaban,
azonban a kiilonboz0 sejtek eltérd mértékli érzékenységgel reagalnak a szteroid kezelésre.
A thymocyta alcsoportok koziil a DP thymocytak bizonyultak a legérzékenyebbnek a DX-
indukalt apoptozisra (64). Amelyért a GC-ok nem-genomikus hatasai koziil feltehetéen az
aktivalt GR mitokondriumba val6 transzlokacidja és az ennek kovetkeztében bekovetkezd
mitokondrialis membranpotencial csokkenés a felelés (44). A folyamat molekularis

mechanizmusai azonban még nem ismertek.

Munkank soran a GC-ok DP thymocytak apoptotikus folyamatokra gyakorolt hatésait
akartuk vizsgalni, kiilonos tekintettel a GR-nak a Bcl-2 fehérjékkel vald interakcidjara,
illetve a caspase-ok aktivaciojara.
1. GR interakciojanak vizsgalata Bcl-2 fehérjékkel DP thymocytakban
2. Bcl-2 fehérjék szubcellularis eloszlasbeli valtozasainak megfigyelése rovid ideji
DX kezelés hatasara
3. Citokrom c citoplazmatikus megjelenésének detektalasa

4. Caspase aktivacio kinetikdjanak jellemzése

Korabban végezett in vivo DX kezelés soran megfigyeltiik, hogy a kiilonb6zé T sejt
alcsoportok eltér6 GC-indukalt apoptdzis érzékenységet mutatnak, a tTreg-ek kiilonosen
ellenallonak tiintek a tobbi sejthez képest (154).

Az ennek hatterében meghtiz6do folyamatok azonban még nem ismertek, ezért szerettiik
volna Oket alaposabban feltarni.
5. Korai apoptotikus jelek vizsgalata Annexin V segitségével CD4" thymocytakban,
tTreg-ekben, CD4" 1épsejtekben és pTreg-ekben
6. Caspase aktivacié kinetikdjanak nyomon kovetése CD4* thymocytdkban és
1épsejtekben, valamint Treg-ekben
7. GR és Foxp3 kozotti kolokalizacid vizsgalata pTreg-ekben és tTreg-ekben

26



3. Anyagok és modszerek

3.1 Egerek

A kisérletekhez 4-6 hetes BALB/c egercket hasznaltunk. Az allatokat
konvencionalis koriillmények kozott tartottuk, kereskedelmi forgalomban kaphaté egértapot
¢és vizet ad libitum kaptak. Minden kisérletet a Pécsi Tudomanyegyetem Munkahelyi
Allatjoléti Bizottsag eldirasainak megfelelden hajtottuk végre (#BA 02/2000-16/2015). Az
egereket a The Jackson Laboratory-t6l (Bar Harbor, ME, USA) szereztiik be.

3.2 Izolalt thymocytak és lépsejtek in vitro GC-analog kezelése

Az egerek felaldozasat kovetden eltavolitottuk thymusukat és 1épiiket. Ezt kvetden
a szerveket mechanikusan homogenizaltuk RPMI-1640 (RPMI) médiumban (Sigma-
Aldrich, Budapest, Magyarorszag), majd a sejteket atszirtiik, hogy a szoveti tormeléktol
megszabaduljunk. A sejtszamolashoz és a sejtek életképességének meghatarozasahoz
tripankék festékkizarasos technikat alkalmaztunk. 5x107 thymocytat és 1épsejtet kezeltiink
(nagy dozist) 10°M DX-nal (10°M torzsoldat dimetil-szulfoxidban feloldva (DMSO,
Sigma-Aldrich)) szérum-mentes RPMI-ben 30 percig konfokalis mikroszkopiahoz és ko-
immunprecipitacidhoz, 1 és 3 6rdig Western blothoz, és 0,5, 1, 2, 3, 4 és 6 6rdig dramlasi
citometriahoz 37°C-on. A kontroll mintakat azonos koriilmények kozott tartottuk, azonos
ideig inkubaltuk az oldoszer jelenlétében. A GC-analdg kezelést jéghideg PBS-azid
(phosphate buffered saline (Molar Chemicals, Budapest, Magyarorszag), 0,1% Na-azid

tartalommal (Sigma-Aldrich)) hozzaadasaval allitottuk le.

3.3 Antitestek

Aramlasi citometridhoz a kovetkezd  antitesteket hasznaltuk:  anti-CD4-
phycoerythrin-Cyanine5 (PE-Cy5) (RM-4-5 klon), anti-CD4-phycoerythrin (PE) (H129.19
klon), anti-CD8-PE (53-6.7 klon), anti-CD8-PE-Cy5 (53-6.7 klon), anti-CD25-
allophycocyanin (APC) (PC61 klon). Mindegyik antitest a BD Pharmingen-t6l (San Jose,
CA, USA) kertilt beszerzésre. Az aktivalt, hasitott caspase-ok vizsgalatahoz a kdvetkezé
antitesteket hasznaltuk elsddleges antitestként: nyul anti-caspase-3 (SA1E klon), nyul anti-
caspase-8 (D2B2 klon) és nyul anti-caspase-9 (mind a Cell Signaling Technology-tol
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(Danvers, MA, USA)), masodlagos antitestként a kecske anti-nyul IgG-Alexa Fluor 488-t
(Abcam, Cambridge, MA, USA) hasznaltuk.

Konfokalis mikroszképiahoz anti-CD4-Pacific Blue (RM4-5 klén, BD
Pharmingen), anti-CD8-Pacific Orange (5SH10 klon, Life Technologies, Waltham, MA,
USA), anti-GR-fluoreszcein-izotiocianat (FITC) (5E4-B1 klon, intézetiinkben kifejlesztett
(155)), anti-Foxp3-Alexa Fluor 647 (150D klon, BiolLegend, San Diego, CA, USA)
valamint nyul anti-Bak, -Bax, -Bcl-x._ (mind a Santa Cruz Biotechnology-tél (Dallas, TX,
USA)) és nyul anti-Bim (C34C5 klén, Cell Signaling Technology) elsédleges és kecske
anti-nyul IgG-Cyanine3 (Cy3) (Abcam) valamint kecske anti-nyal IgG-FITC (Sigma-
Aldrich) masodlagos antitesteket hasznaltuk.

Az aktivalt caspase-0k Western blot vizsgalatahoz elsddleges antitestként nyul anti-
caspase-3, -8, -9-et (Cell Signaling Technology) 1:1000 higitasban hasznaltuk, masodlagos
antitestként anti-nytl IgG-peroxidazt (PO) (intézetiinkben eldallitott) 1:1000 higitasban. A
citokrom ¢ kimutatasahoz egér anti-citokrom c-t (7H8. 2C12 klén, BD Pharmingen) 1:2000
higitasban és anti-egér-PO-t (intézetlinkben elballitott) 1:1000 higitasban hasznaltuk. A
nyul anti-Bax (Santa Cruz Biotechnology) antitestet 1:500 higitdsban anti-nyul-PO-zal
1:1000 higitasban alkalmaztuk. Toltési kontroll vizsgalathoz egér anti-B-aktin-t (AC-74
klon, Sigma-Aldrich, 1:5000) és anti-citokrom c-t hasznaltuk anti-egér-PO masodlagos
antitesttel.

Immunprecipitacidhoz anti-GR-t (8E9 klon, intézetiinkben eldallitott (155))
hasznaltuk. Az immunprecipitalt mintak Western blot analizisé¢hez a kovetkezd antitesteket
hasznaltuk: egér anti-Bcl-x, (BD Pharmingen) 1:1000 higitasban anti-egér-PO masodlagos
antitesttel, nyal anti-Bak, anti-Bax (Santa Cruz Biotechnology) és nyul anti-Bim (Cell
Signaling Technology) 1:1000 higitasban anti-nyal-PO masodlagos antitesttel. Toltési
kontroll vizsgalathoz anti-GR-t (5E4 klon, intézetiinkben elballitott (155)) 1:2000

higitasban és anti-egér-PO masodlagos antitestet hasznaltuk.

3.4 Annexin V jelolés

Thymocytakban és 1épsejtekben az apopt6zis korai kimutatdsdra Annexin V jelolést
végeztiink a sejteken. 10° kontroll és DX kezelt sejt sejtfelszini anti-CD4-PE, anti-CD8-
PE-Cy5 és anti-CD25-APC jelolését jelolopufferben ((PBS, 0,1% bovine serum albumin
(BSA) (Sigma-Aldrich), 0,1% Na-azid (Sigma-Aldrich)) végeztiik, majd ezt kdvetéen a
sejteket Annexin V jelolopufferben (10 mM HEPES/NaOH, pH 7,4, 140 mM NacCl és 2,5
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mM CaCl, (Sigma-Aldrich)), mostuk meg. Aztan a sejteket 100 pl Annexin V
jelolépufferben vettiik fel és mintanként 5 ul Annexin V-FITC-et (BD Pharmingen) adtunk
hozzajuk. A sejteket 15 percig, s6tétben, szobahdmérsékleten inkubaltuk, majd 400 pl

jelolopufferrel egészitettiik ki, végiil a mintakat dramlasi citométerrel analizaltuk.

3.5 Mitotracker chloromethyl-X-rosamine (CMX-Ros) jelolés konfokalis

mikroszkopiara

A Mitotracker chloromethyl-X-rosamine (CMX-Ros, Invitrogen, Waltham, MA,
USA) egy fluorescens festék, ami a mitokondriumok jelolésére alkalmas. Lipofilitadsanak
koszonhetden atdiffundal a membranokon és akkumulalodik az aktiv mitokondriumokban
(156). 10° thymocytat inkubaltunk 1 ml szérum-mentes RPMI-ben, amihez 10 pl CMX-
Ros torzsoldatot (1pug/ml DMSO-ban) adtunk, 30 percig 37°C-on. A CMX-Ros jelolést a
DX kezelés utols6 30 percében kezdtiik el, igy a kezelés és a jelolés ideje egyszerre jart le.
Az inkubaci6 utan a sejteket tovabb jeloltiik konfokalis mikroszkopos vizsgalatra.
Konfokalis mikroszkopiahoz sejtfelszini anti-CD4-Pacific Blue, anti-CD8-Pacific Orange
¢és intracelluldris nytl anti-Bax és anti-nyul IgG-FITC jelolést végeztiink. A jelolés menete
ugyanaz volt, ahogy az a 3.6-0s részben leirva olvashato. A jelolést koveten a sejteket
cytospin segitségével targylemezre centrifugaltuk, majd lefedtiik PromoFluor Antifade

Reagent-el (PromoCell, Heidelberg, Németorszag).

3.6 Jelolés konfokalis mikroszképiara

30 perc DX kezelést kovetden sejtfelszini jelolést végeztiink anti-CD4-Pacific Blue
¢és anti-CDB8-Pacific Orange antitestekkel jelolopufferben, ezt kovetden a sejteket fixaltuk
4% paraformaldehid oldatban 20 percig, majd megmostuk 6ket permeabilizald pufferben
(PBS, 0,1% BSA, 0,1% Na-azid és 0,1% szaponin (Sigma-Aldrich)). Az intracellularis
jelolést a permeabilizald pufferben végeztiik, nyul anti-Bak, -Bax, -Bcl-x., és -Bim
els6dleges antitestekkel, majd anti-nyul IgG-Cy3 masodlagos antitesttel, végiil 1pg/ml
anti-GR-FITC antitesttel. A sejteket minden alkalommal 1 6rat inkubaltuk az antitestekkel,
amit aztan mosas kovetett a permeabilizalo pufferben. A jelolés végén a mintakat kétszer
megmostuk a szaponin pufferrel, majd egyszer PBS-ben. Végiil a sejteket cytospin
segitségével targylemezre centrifugaltuk és lefedtiik PromoFluor Antifade Reagent-el.
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3.7 GR-Foxp3 interakcio6 vizsgalata konfokalis mikroszkdépiaval

Az eléz8leg negativan szeparalt CD4 pozitiv (EasySep Mouse CD4" T Cell
Isolation Kit, StemCell Technologies, Vancouver, British Columbia, Canada)
thymocytakat és 1épsejteket tovabb szeparaltuk pozitivan CD25-re (EasySep Mouse CD25
Regulatory T Cell Positive Selection Kit, StemCell Technologies). A sejteket 30 perc DX
kezelést kovetden hasznaltuk fel konfokalis mikroszkopiara a GR-Foxp3 interakcio
vizsgalata érdekében. A sejteket 30 percig jeloltiik jeloldpufferben anti-CD4-Pacific Blue
antitesttel. Majd az intracellularis jel6lést anti-GR-FITC és anti-Foxp3-Alexa Fluor 674-tel
Foxp3 Transcription Factor Staining Buffer Set (eBioscience/Thermo Fisher Scientific,
Waltham, MA, USA) segitségével végeztiik a gyartd utasitasai szerint. Roviden, a sejteket
elészor 30 percig jégen inkubaltuk a fixald és permeabilizal6d pufferben, majd megmostuk
a mosopufferrel. Mosas utdn az antitesteket 100 pl mosdpufferben higitva adtuk a
sejtekhez, 30 percig jégen inkubaltuk a mintakat, majd Gjabb mosas kovetkezett a
mosopufferrel, végil a sejteket FACS-Fixben (Sigma-Aldrich) vettiik fel, és cytospin
segitségével targylemezre centrifugaltuk 6ket. A mintakat PromoFluor Antifade Reagent-el
fedtiik le.

3.8 Konfokalis mikroszképia

A mintdk vizualizdldsa ¢és analizise Olympus Fluoview 300 konfokalis
mikroszkoppal (Olympus, Shinjuku, Tokid, Japan) tortént, a Olympus Fluoview FVV1000S-
IX81 Image Acquisition Software System (Olympus) segitségével. Az adatokat a
kovetkezd csatornakban gytjtottiik; differencial interferencia kontraszt (DIC), UV kozeli
csatornaban a CD4-et (Pacific Blue) virtualis vorésben a CD8-at (Pacific Orange), FITC
csatornaban a GR-t (FITC), vorés csatornaban a Bak, Bax, Bcl-x. és Bim (Cy3) fehérjéket,
illetve masik kisérleti elrendezésben a voros csatornaban a mitokondriumokat (CMX-Ro0s)
¢s a FITC csatornaban a Bax-ot (FITC). A GR-Foxp3 interakci6 vizsgalatakor: differencial
interferencia kontraszt (DIC), UV kozeli csatornaban a CD4-et (Pacific Blue), FITC
csatornaban a GR-t (FITC), és tavoli vords csatornaban Foxp3 (Alexa Fluor 647). A képek
készitése soran Szekvencialis pasztazdsi modot hasznéltunk. A jeleket 3-3 latdtérben
gyljtottik és a Bak, Bax, Bcl-x., Bim fehérjék és a GR, valamint a Bax-CMX-Ros

(mitokondrium) kozotti, tovabba a GR-Foxp3 kozotti kapcsolatot, kolokalizaciot,
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analizaltuk Imagel szoftver co-localisation plug-in-ja segitségével
(http://rsb.info.nih.gov/ij). A kolokalizaciot az eredeti, nem modositott képeken vizsgaltuk.
A pixel fluoreszcencia intenzitas 0 és 255 kozott valtozhat ezért, hogy a specifikus jelet a
hattért6l elkiilonitsiik 50-es kiiszobértéktol értékeltiik az adatokat (157,158). 100 kontroll
¢s 100 DX kezelt sejtben elemeztiik a kolokalizalt pixeleket a Cy3-GR, a CMX-Ros-Bax
és a GR-Foxp3 kozott. A reprezentativ képek vilagossagat és kontrasztjat Adobe

Photoshop CS6 (Adobe Systems Inc, San Jose, California) programmal modositottuk.

3.9 Aktivalt caspase-ok jelolése aramlasi citometriara

10° thymocytat és 1épsejtet kezeltiink DX-nal 0,5, 1, 2, 3 és 6 oOraig. A sejtfelszini
jelolést anti-CD4-PE-Cy5, anti-CD8-PE és anti-CD25-APC segitségével végeztik. A
sejteket 30 percig inkubaltuk jelolpufferben, majd az intracellularis jeldlést a 3.6-0S
részben leirtak szerint végeztiik. Elsddleges antitestként nyul anti-caspase-3, -8, -9-et
hasznaltunk, masodlagosként pedig anti-nytl IgG-Alexa Fluor 488-at. A jelolést kovetden

a mintakat aramlasi citométerrel analizaltuk.

3.10 Aramlasi citometria

A mintakat FACSCalibur (Becton Dickinson, San Jose, CA, USA) aramlasi
citométerrel és a CellQuest Pro (Becton Dickinson) programmal mértiik le és analizaltuk.
Thymocyta €s 1épsejt szubpopuldciokat kiilon analizaltuk a sejtfelszini CD4, CDS§ és CD4
¢és CD25 egyiittes expressziojuk alapjan. A populaciokban az Annexin V-FITC-et és Alexa
Fluor 488-at az FL1 csatornaban detektaltuk. Fluoreszcencia hisztogramok segitségével
hataroztuk meg a kiilonb6z6 mintdkban az aktiv caspase-3, -8, -9-et expresszalo sejtek

(Alexa Fluor 488 pozitiv sejtek), illetve az Annexin V pozitiv sejtek aranyat.

3.11 Szubcellularis frakcionalas

Thymocytakbol mitokondridlis, citoplazmatikus és nuklearis frakciok izolalasahoz
Mitochondrial Isolation Kit-et (Thermo Fisher Scientific) hasznaltunk, kovetve a gyari
eléirasokat, kisebb modositasokkal (159). Roviden; az izolalt thymocytakat DX kezelést
kovetéen megmostuk hideg PBS-aziddal, majd lizaltuk 6ket. El6szor 10 percig 800g-vel

centrifugaltuk a mintdkat, hogy a nuklearis pelletet elvalasszuk. A poszt-nuklearis
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szupernatanst 15 percig 3000g-vel centrifugaltuk, és az igy kapott feliiluszot hasznaltuk
citoplazmatikus frakcioként. A pelletet megmostuk, majd 5 percig 12 000g-vel
centrifugaltuk. Az igy kapott pelletet hasznaltuk mitokondrialis frakcidként. A
citoplazmatikus ¢és mitokondrialis frakciokat vagy kozvetleniil Western blotra hasznaltuk,
vagy immunprecipitaciora. Western blotra a mintakat SDS (sodium dodecyl sulfate)
mintapuffer ((125 mM Tris, 4% SDS, 10% 2-merkaptoetanol, 0,006% bromfenolkék
(Sigma-Aldrich) és 10% glicerin (Molar Chemicals)) hozzaadasa utan 10 percig forraltuk.
Immunprecipitaciohoz a mitokondridlis pelletet tovabb lizadltuk TEGM lizis pufferben (10
mM Tris base, 4 mM EDTA (Sigma-Aldrich), 50 mM NaCl, 20 mM natrium-molibdat
(Molar Chemicals), 10% glicerin, pH 7,6, frissen kiegészitve proteaz inhibitorral és Na-
ortovanadattal (Sigma-Aldrich)). A mintakat 5 alkalommal fagyasztottuk le, majd
olvasztottuk fel, cseppfolyds nitrogénben, ezt kdvetéen 30 percig jégen inkubaltuk, majd
10 percig 13000 rpm-el centrifugaltuk, ¢és a feliilusz6t hasznaltuk fel

immunprecipitacidhoz.

3.12 Immunprecipitacié

A citoplazmatikus és mitokondrialis frakciokat a precipitalo antitesttel, anti-GR
(8E9 klon), egy éjszakan at inkubaltuk 4°C-on, folyamatos forgatds mellett blokkold
pufferben ((10 mM Tris, 100 mM NaCl, pH 7,4, 10% BSA (Sigma-Aldrich)). Masnap
Portein-G-t (Santa Cruz Biotechnology) adtunk a mintakhoz és tovabbi 2 oran at forgattuk
Oket. Ezt kovetéen a mintakat O6tszor megmostuk PBS-ben, majd a Protein-G-rdl az
immunkomplexeket 3 percig SDS mintapufferben vald forraldssal tavolitottuk el,

centrifugalast kovetden a feliiluszot hasznaltuk fel a Western blotra.

3.13 Western blot

A mitokondrialis és citoplazmatikus frakciokkal, SDS mintapufferben valo forralas
utan, SDS poliakrilamid gélelektroforézist (SDS-PAGE) végeztiink 10 vagy 15%-0s géllel.
A géleket nitrocelluloz membranra (Bio-Rad, Hercules, CA, USA) blottoltuk 2 o6ran
keresztiill Mini Trans-Blot Cell blotting segitségével (Bio-Rad). A nitrocelluloz
membranokat ezt kovetden blokkold pufferrel inkubaltuk (2% BSA vagy 1% tejpor (Bio-
Rad), 10 mM Tris, 100 mM NaCl és 0,1% Tween 20 (Molar Chemicals), pH 7,4), majd az

elsédleges antitesteket adtuk hozza; anti-caspase-3, -8, -9 és anti-Bax, az immunprecipitalt
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mintak esetében: anti-Bak, -Bax, -Bcl-x,, -Bim és anti-GR. A blotok t6ltési kontroll
vizsgalatat anti-B-aktin és anti-citokrom c antitestek segitségével végeztiik, hogy a mintak
tisztasagat és egyenld mennyiségét ellendrizziik. A blotokat ezt kdvetéen a megfeleld
masodlagos antitesttel inkubaltuk; anti-egér-PO vagy anti-nyal-PO. A mintakat Western
blot mosopufferben mostuk (10 mM Tris, 100 mM NaCl és 0,1% Tween 20 (pH 7.,4) az
antitestekkel valo inkubaciok kozott és a masodlagos antitest utan. A blotok
vizualizélasahoz kemilumineszcens modszert hasznaltunk (SuperSignal West Femto
Chemiluminescent substrate, Thermo Fischer Scientific) a gyarté utasitasai szerint. A jelet
Fujifilm LAS 4000 Blot Documentary System (Fujifilm Corporation, Tokid, Japan)
segitségével detektaltuk.

3.14 Blotok analizise

A blotok denzitometrias analizisét az Image J software (http://rsb.info.nih.gov/ij)
segitségével végeztiikk. A caspase-ok és a citoplazmatikus Bax relativ denzitasat a B-aktin
denzitasahoz, a mitokondrialis Bax relativ denzitasat a citokrom c¢ denzitasahoz
viszonyitottuk. Az immunprecipitdcié utdn végzett Western blotok esetében Bim, Bak,
Bcl-x,. denzitisa a GR denzitasdhoz volt normalizalva. Az adatokat az eredeti, nem
modositott képek felhaszndldsaval kaptuk. A reprezentativ képek vildgossagat ¢s

kontrasztjat modositottuk Adobe Photoshop CS6 program segitségével.

3.15 Statisztikai analizis

GraphPad Prism (version 6.01, GraphPad Software, La Jolla, CA) programot
hasznaltuk az 4brdk készitéséhez ¢és a statisztikai analizis, Student-féle t proba,
elvégzéséhez. A p < 0,05 értékeket tekintettiik statisztikailag szignifikdnsnak. Az adatokat
mint atlag + SEM abrazoltuk.

33



4. Eredmények

4.1 DX indukalta valtozasok a GR és a Bel-2 fehérjecsalad tagjainak
kolokalizaciojaban

Korabbi tanulmanyok, beleértve masok ¢és a mi munkacsoportunk munkajat,
kimutattak a Bcl-2 fehérjék, els6sorban a Bax, Bak és Bim fontossagat a DX-indukalt
apoptozisban (147-151). Munkank soran, egy TcR transzgenikus modellben, mi is
megfigyeltiik, hogy azokban DP thymocytakban, amelyek tulélték a T sejt szelekciot, up-
regulalodott a Bcl-2 fehérje szintje (43). Tovabba azt is bizonyitottuk, hogy DP
thymocytakban 30 perces in vitro GC expozici6 hatasara az aktivalodott GR a
mitokondriumba  transzlokalddott, és ezt a transzlokacidt a  mitokondrium
membranpotencialjanak csokkenése kisérte (44), mely arra utalt, hogy a nem-genomikus
hatasok és a mitokondridlis apoptotikus utvonal egyiittesen fontos szerepet jatszanak a
thymocytak GC-indukalt apoptdzisdban.

Ezért ezen elézetes eredményekbdl kiindulva, jelen munkank soran azt a célt tliztiik
Ki magunk elé, hogy az aktivalt GR-nak potencialis molekularis partnereket kerestiink,
amelyek szerepet jatszhatnak a mitokondrialis, intrinsic, apoptotikus ttvonalban a GC-
indukalt apoptozis soran. Ehhez megvizsgaltuk a lehetséges fehérje interakciokat a GR és a
Bcl-2 fehérjecsalad egyes tagjai kozott. Ezek a fehérjék felelések a mitokondrium
membranpotencialjanak  szabalyozasaért  (160). A  hipotézisink  teszteléséhez
megvizsgaltuk a GR és a Bak, Bax, Bcl-x,_ és a Bim kolokalizaciojat kontroll és 30 percig
nagy dozist DX-nal kezelt DP thymocytakban konfokalis mikroszkop segitségével (10.
abra). Megfigyeltiik, hogy a GR bizonyos mértékig kolokalizal6dott mind a négy vizsgalt
Bcl-2 fehérjével (10. abra A1-D1). Viszont az asszociacié mértéke és annak valtozasa DX
kezelés hatasara eltérd volt a kiilonboz6 Bcl-2 fehérjék esetében. A DX kezelés hatasara a
GR-Bak asszociacio minimalis valtozasat mutatott (10. abra Al), a GR-Bax, GR-Bcl-x_
asszociacio csokkent (10. abra B1-C1), egyediil a GR-Bim asszociacié mutatott emelkedést

(10. abra D1).
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10. abra GR és a Bcl-2 fehérjék; Bak, Bax, Bel-Xx,, Bim kolokalizacioja DP

thymocytakban

A reprezentativ konfokalis mikroszkopos képeken a GR-Bak (Al), GR-Bax (B1), GR-Bcl-
XL (C1) és a GR-Bim (D1) kolokalizacio lathato kontroll (Ctrl) és 30 percig DX-nal kezelt
sejtekben. A kovetkezd csatornakbol szarmazé képek lathatdéak; DIC, CD4 (kék csatorna)
¢s CD8 (virtualis vOros csatorna) egymasra vetitve, intracelluldrisan GR (z6ld csatorna) és
Bak, Bax, Bcl-x., Bim (vords csatorna). A GR és a Bak, Bax, Bcl-x., Bim fehérjék
kolokalizacidjat az egymasra vetitett képeken a sarga teriiletek jelzik.Az oszlopdiagramok
(A2-D2) a GR ¢s a Bcl-2 fehérjék kolokalizaciojanak kvantifikalasaval késziiltek, az
oszlopok a kolokalizalt pixelek szamat jelenitik meg. Az atlagokat + SEM legalabb harom
fiiggetlen kisérletbdl, kezelésenként 100 DP sejt eredményeibdl szamitottuk. Csillaggal
jeloltiik a szignifikans valtozast (p < 0,05)

(roviditések: DIC: differencial interferencia kontraszt, GR: glukokortikoid receptor)
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A kolokalizacié mértékének kvantifikdlasdhoz meghataroztuk és dsszehasonlitottuk
a kolokalizalt pixelek szdmat a kontroll és a 30 percig DX-nal kezelt DP thymocytakban.
DX kezelést kovetden a kolokalizalt pixelek szama minimalisan valtozott a GR és Bak
kozott (1463 = 76 versus 1342 + 65 a kontrollban) (10. abra A2), enyhén csokkent a GR ¢és
a Bax esetében (937 + 77 versus 1156 + 44 a kontrollban) (10. d&bra B2). A GR és a Bcl-Xx_
kolokalizacigja szignifikansan csokkent DX kezelés hatasara (234 + 19 versus 314 + 1 a
kontrollban) (10. abra C2). Tovabba jelentds emelkedést figyeltiink meg a GR és a Bim
kolokalizacidjaban 30 perc DX kezelést kovetden (719 £ 159 versus 501 + 60 a

kontrollban) (10. dbra D2), amely azonban nem volt statisztikailag szignifikans.

4.2 A GR interakcidéja a Bcl-2 fehérjecsalad tagjaival a thymocytak citoplazmajaban

és mitokondriumaban

A konfokalis mikroszkoppal kapott eredményeinket megerdsitendd megvizsgaltuk
a GR és a Bcl-2 fehérjecsalad tagjai; a Bak, Bax, Bcl-x,_ és a Bim fehérjék interakciojat ko-
immunprecipitacios kisérletekben. Ezekben a kisérletekben a precipitaciohoz anti-GR
antitestet hasznaltunk. Azt is vizsgalni akartuk, hogy a DX kezelés okoz-e valamilyen
valtozast a GR-Bcl-2 fehérje komplexek szubcellularis eloszlasaban. Hogy ezt kideritsiik
szubcellularis frakcionalast végeztiink és izolaltuk szeparalatlan, kontroll és 30 percig DX-
nal kezelt thymocytak citoplazmajat és mitokondriumat. (A immunprecipitacios és
Western blot-os kisérleteinkben hasznalt thymocytak nem voltak szeparalva sejtfelszini
CD4/CDS8 expresszidjuk alapjan, azonban a 3-4 hetes BALB/c egerek thymocytainak 70-
80%-a DP thymocyta (161), ezért az eredményeink jol reprezentaljak a DP sejtekben zajlo
folyamatokat.)

A szubcellularis  frakcionaldst kovetden anti-GR  antitest — segitségével
immunprecipitaciot végeztiink. A mintakat ezt kovetden tovabb vizsgaltuk Western blottal,
hogy megdllapitsuk az anti-GR-ral koprecipitalédott Bcl-2 fehérjecsalad elemeit. Az
eredmények szamszerlisitéséhez denzitometrias kvantifikaciot végeztiink; a Bcl-2 csalad
fehérjéinek mennyiségét Osszehasonlitottuk a kezeletlen és DX kezelt mintakban. A
reprezentativ kisérleti eredményeink a 11. abran lathatéak. A Ko-immunprecipitacios
kisérletek megerdsitették a konfokalis mikroszkoppal kapott eredményeinket; a GR

.....

mind a mitokondrialis frakcioban megfigyelhetd volt a kezelt és kezeletlen thymocytdkban

36



egyarant (11. abra A, B, C). Egyediil a Bax nem mutatott direkt asszociaciot a GR-ral sem

a citoplazmatikus, sem a mitokondrialis frakciéban (eredményt nem tiintettiik fel).
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Anti-Bak (A), -Bcl-x. (B) és -Bim (C) Western blotok thymocytak citoplazmatikus és
mitokondrialis frakcidjabol anti-GR antitesttel torténd precipitaciod utan, DX kezelés elott
¢s azt kovetden. Toltési kontroll vizsgalatot anti-GR antitesttel végeztiink.

Az abran reprezentativ blotok l4thatoak, a denzitometrias adatok legaldbb harom fiiggetlen
kisérletb6l kalkulaltuk. Az oszlopdiagramok a Bak, Bcl-x. és a Bim relativ denzitasat
mutatjak a citoplazmaban ¢s a mitokondriumban, mindkét esetben GR denzitdsara

normalizalva. Az oszlopok az atlag relativ denzitasokat + SEM mutatjak
(roviditések: IgL: immunglobulin kénnyl lanc, IP: immunprecipitacio, a-GR: anti-glukokortikoid
receptor antitest, WB: Western blot)

A Bak koprecipitalédott a GR-ral és DX kezelést kovetéen a Bak-GR
koprecipitacio mértéke megemelkedett a citoplazmatikus €s kis mértékben a mitokondrialis
frakcioban is (11. abra A). Megfigyeltik a Bim és a Bcl-x,, valamint a GR
koprecipitaciojat is (11. abra B, C).

A GR-Bcl-x_ koprecipitacio mértéke emelkedett a citoplazmatikus és csokkent a

mitokondrialis frakcidban a kontrollhoz képest.
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A GR-Bim asszociacié csak minimalisan valtozott a citoplazmatikus frakcioban,
viszont jelentdsen emelkedett a mitokondridlisban. A Bim jelentds mitokondriélis
felhalmozodasa jelezheti potencidlis szerepét a GC-indukalt thymocyta apoptozis

mitokondrialis (intrinsic) apoptotikus titvonalaban.

4.3 A DX kezelés a Bax akkumulaciojat okozza a mitokondriumban

A Bax a mitokondrialis apoptotikus utvonal egy kulcsfontossagu pro-apoptotikus
fehérjéje. Korabbi kutatasok kimutattdk, hogy a Bax 4allandé korforgast mutat a
mitokondrium és citoplazma kozott (162), illetve hogy fontos szerepet jatszik a Bak-kal
egyiitt a GC-indukalt apoptdzisban (147-149). A Bax esetében nem tudtuk megerdsiteni a
konfokalis mikroszkoppal kapott kolokalizacios eredményeket ko-immunprecipitacioval.

Ezért ko-immunprecipitacio nélkiil vizsgaltuk meg, hogy a nagy dozist DX kezelés
okoz-¢ valtozast a Bax citoplazmatikus és mitokondrialis eloszlasaban. Megfigyeltiik, hogy
a Bax DX kezelésre akkumuldlodott a thymocytak mitokondrialis frakcidjaban 30 perc DX
kezelést kovetden (12. abra). Ezt az eredményt sikeriilt konfokalis mikroszkoppal is
megerdsiteniink (12. abra B1), a Bax-CMX-Ros kolokalizalodott pixelek szama
megemelkedett a DX kezelést kovetden (910 + 68 versus 626 + 33 a kontrollban) (12. abra
B2).
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A: Western bloton lathaté a Bax DX-indukalt mitokondridlis redisztribucioja. A blotok
toltési kontroll vizsgalatat anti-pB-aktin és anti-citokrom c segitségével végeztik. Egy
reprezentativ blotot mutatunk be az abrdn, a denzitometrids adatokat legalabb harom
fiiggetlen kisérletbdl szamitottuk. Az oszlopdiagramok a Bax relativ denzitasat mutatjak a
citoplazmaban (B-aktin-ra normalizalva) ¢és a mitokondriumban (citokrom c-re
normalizalva). Az oszlopok az atlag relativ denzitasokat + SEM mutatjak.

B: A Bax mitokondridlis transzlokéaci6ja DP thymocytdkban. Bl: Reprezentativ
konfokalis mikroszkopos képek, melyek a CMX-Ros-Bax kolokalizaciot mutatjak kontroll
¢és 30 percig DX-nal kezelt sejtekben. A kovetkezd csatornakbol szarmazo képek lathatoak;
DIC, CD4 (kék csatorna) ¢és CDS8 (virtualis vOrds csatorna) egymasra vetitve,
intracellularisan mitokondrium (CMX-Ros, vords csatorna) és Bax (zold csatorna). A
mitokondrium ¢és a Bax kolokalizaciojat a sarga teriiletek jelzik. Az oszlopdiagram (B2) a
mitokondrium ¢és a Bax fehérjék kolokalizaciojanak kvantifikalasaval késziiltek, az
oszlopok a kolokalizalt pixelek szamat jelenitik meg. Az atlagokat + SEM legalabb harom
fliggetlen kisérletbdl, kezelésenként 100 DP sejt eredményeibdl szamitottuk
(roviditések: WB: Western blot, CMX-Ros: chloromethyl-X-rosamine)

4.4 A caspase-ok aktivaciéjanak Kkinetikaja DP thymocytakban

Korabban knock-out (KO) modelleken végzett vizsgalatok bizonyitottak az intrinsic
apoptotikus utvonal fontossagat a GC-indukalt thymocyta apoptézisban (163,164). Mas
eredmények inkabb a caspase-8 és az extrinsic apoptotikus utvonal fontossagat

hangsulyoztak (165,166). A munkacsoportunk korabbi munkaja soran megfigyelte a GR
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mitokondriumba vald transzlokaciojat, melyet a mitokondridlis membranpotencial
csokkenése kisért (44), ez az eredmény inkabb a mitokondrialis, intrinsic, apoptotikus
utvonal fontossagat sugallja a rovid idejii, nagy doézisi GC-kezelés altal indukalt
thymocyta apoptozisban.

Ezért, hogy a tobbi thymocyta alcsoporttol fiiggetleniil, csak a DP thymocytdkban
méréseket végeztiink. Megfigyeltiik a caspase-3, -8, -9 aktivaciojat 30 perc, 1, 2, és 3 ora
DX kezelést kovetéen a DP thymocytakban (13. abra). Az aktivalt, hasitott caspase-9-et
tartalmaz6 sejtek aranya szignifikdnsan megemelkedett 2 és 3 6ra DX kezelést kdvetden
(13. abra C). Az aktivalt caspase-3-at tartalmaz6 DP sejtek aranya mar 1 o6ra kezelést
kovetden emelkedett, és 2, 3 ora DX kezelést kovetden €z az arany mar szignifikansan
emelkedett a kontrollhoz képest (13. abra D). A caspase-9 és caspase-3 aktivacioja DX
kezelést kovetéen az intrinsic apoptotikus utvonal aktivaciojat jelzi. Az aktiv caspase-8-at
tartalmazo DP sejtek aranya 30 perc és 1 6ra DX kezelést kovetéen enyhén emelkedett, és
ez emelkedés szignifikdnssa valt 2 és 3 ora kezelést kdvetden, hasonld tendenciat mutatva
a caspase-9 aktivaciojahoz (13. 4bra E). A caspase-9 aktivacioban megfigyelhetd
valtozasok kifejezettebbnek tlinnek, mint a caspase-8 esetében 2 és 3 ora DX kezelést

kdvetden, ami a caspase-9 fontosabb szerepét jelzi a DX-indukalt thymocyta apoptdzisban.
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13. abra Caspase-ok aktivacidjanak aramlasi citometrias vizsgalata DP
thymocytakban

A: A thymocyta szubpopulaciokat a CD4/CD8 expresszidjuk alapjan kiilonitettiik el. B:
Hisztogram mutatja az aktiv caspase-9-et tartalmazd DP thymocytak szazalékos aranyat 3
ora DX kezelés el6tt és utan. Oszlopdiagramok legalabb harom fliggetlen kisérlet atlagat +
SEM mutatjak.

Az oszlopok az aktiv caspase-9 (C), -3 (D), -8 (E)-at tartalmazd DP sejtek szazalékos
aranyat mutatjak kontroll és 30 perct6l 3 oraig DX-nal kezelt mintakban. Csillaggal
jeloltiik a szignifikans valtozast (p < 0,05)
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4.5 DX-indukalt caspase aktivacio és citokrom c felszabadulas thymocytak

citoplazmajaban

Az aramlasi citometrias eredmények megerdsitése érdekében az aktivalt caspase-
okat megvizsgaltuk Western blottal szeparalatlan thymocytak citoplazméjaban 3 6ra DX
kezelést kovetéen, amely idopontnal a legmagasabb mértékii aktivaciot figyeltik meg
aramlasi citometridval (13. abra). In vitro DX kezelt és kezeletlen thymocytak
sejtlizatumaban Osszehasonlitottuk az aktiv caspase-3, -8, -9 és citokrom c szinteket (14.
abra). A citokréom c citoplazmaba vald felszabaduldsat 1 ora DX kezelést kdvetden
vizsgaltuk.

Egy ora, nagy dozisi DX kezelés szignifikdns emelkedést okozott a citokrém c
citoplazmatikus szintjében (14. abra A). Megfigyeltik az aktiv caspase-9, -3 szintek
szignifikans emelkedését (14. abra B, C) a kontrollhoz képest 3 6ra DX kezelést kdvetden.
Ezeknek a caspase-oknak az aktivacidja jelzi a mitokondrialis (intrinsic) apoptotikus
Gtvonal aktivaciojat. Erdekes médon az extrinsic Gtvonal iniciator molekul4ja, a caspase-8
aktivacioja is szignifikdnsan emelkedett a DX kezelés hatdsara (14. dbra D), ami egyrészt
jelezeti a két f6 apoptotikus utvonal kozotti cross-talk lehetdségét, masrészt felvetheti mas

apoptotikus utvonal részvételét is a GC-indukalt thymocyta apoptodzisban.
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14, abra Thymocytiakban citokrém c felszabadulas a mitokondriumbdl és caspase-ok
aktivacidoja DX kezelés hatasara

A citokrom c¢ citoplazmatikus jelenlétét és az aktivalt caspase-okat Western blot
segitségével mutattuk ki thymocytdk lizdtumabol. A blotok toltési kontroll vizsgalatat 3-
aktin-nal végeztilk. Az abran reprezentativ blotok lathatéak. Az oszlopdiagramok a
citokroém ¢ és a caspase-ok B-aktin-ra normalizalt denzitasat mutatjak be kontroll és DX
kezelt mintdkban, a denzitadsokat legalabb harom fiiggetlen kisérletbdl szamitottuk. Az
oszlopok az atlagokat + SEM mutatjak. Csillaggal jeldltiik a szignifikans valtozast (p <
0,05)

4.6 Annexin V vizsgalata CD4" T sejtekben és regulatorikus T sejtekben

Korabbi munkank soran, ahol DX-nal in vivo kezelt egerek nyirokszerveinek sejtes
Osszetételében bekovetkezd valtozasokat vizsgaltuk, azt talaltuk, hogy amig thymusban a
tTreg-ek bizonyos mértékig rezisztensnek bizonyultak a DX-indukalt apoptozissal
szemben, addig a Iépben a pTreg-ek aranya a tobbi 1épsejthez hasonldan csékkent (154).
Mindezek azt a gondolatot vetik fel, hogy egyrészt a CD4" T sejtek és a Treg-ek a DP
thymocytdkhoz képest masképp reagalnak a GC-indukalt apoptodzisra, valamint, hogy a
tTreg-ek és a pTreg-ek talélésében megfigyelhetd kiilonbségek a sejtek eltéré GC-indukalt
apoptozis érzékenységére utalhatnak. Ezért megvizsgaltuk a korai apoptotikus
folyamatokat mind thymus, mind pedig 1ép eredetti CD4" T sejtekben és Treg-ekben.

Sejtfelszini CD4, CDS8, CD25 jelolés utan Annexin V jelolést végeztiink
thymocytakon és 1épsejteken kezelés elétt és 0, 2 és 4 6ra DX kezelés utan (15. abra). igy

43



kiilén tudtuk vizsgalni a thymus eredetii CD4" T sejteket, Treg-eket, illetve a 1ép eredetii
CD4" T sejteket és Treg-eket. A thymus eredetii CD4" T sejtekben 4 ora DX kezelést
kovetden szignifikansan megemelkedett az Annexin V pozitiv sejtek aranya. A tTreg-ek
estében még 4 ora elteltével sem figyeltiik meg a DX apoptdzis indukald hatasat (15. abra
Al-A2). A 1ép eredetii CD4" T sejteknél mar kettd 6ranal emelkedett az Annexin V
pozitiv sejtek aranya, 4 orandl az emelkedés tovabbra is fenndllt, habér kisebb mértéki
volt. A pTreg-ek esetében szintén kettd oranal lattunk emelkedést, 4 6ranal a kezelt és a
kezeletlen mintdban nem volt kimutathaté kiilonbség (15. abra B1-B2). Erdekes, hogy a
kontrol CD4" thymocytdkban és a tTreg-ekben is emelkedik 4 6ra utan az Annexin V
pozitiv sejtek aranya. Ez a jelenség azonban nem figyelhetd meg a kezeletlen CD4"

1épsejtek és a pTreg-ek esetében (15. abra).
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15. abra Annexin V pozitiv sejtek aramlasi citometrias vizsgalata thymocytikban és
1épsejtekben

A thymocytakat és 1épsejteket a CD4, CD8 illetve CD4 és CD25 egyiittes expressziojuk
alapjan kiilonitettiik el CD4" T sejteket és Treg-eket. Hisztogram segitségével hataroztuk
meg az Annexin V pozitiv sejtek aranyat a sejtpopulacidkon beliil DX kezelés elodtt €s utan.
Az oszlopdiagramok legalabb harom fliggetlen kisérlet atlagat + SEM mutatjak.

Al1-A2 illetve B1-B2 diagramok az Annexin V pozitiv sejtek szazalékos aranyat mutatjak
thymus és 1ép eredetli CD4" sejtekben és Treg-ekben kontroll és 2 és 4h DX kezelt
mintadkban. Csillaggal jeloltiik a szignifikans valtozast (p < 0,05)
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4.7 Caspase-ok aktivaciojanak vizsgalata CD4" T sejtekben és regulatérikus T

sejtekben

Thymocytakon és 1épsejteken is elvégeztiik az aktiv caspase-ok jelolését (16. és 17.
abra). Ez alkalommal is CD4, CDS8, CD25 sejtfelszini jelolést alkalmaztunk a vizsgélni
kivant populaciok elkiilonitésére. Mind a thymus, mind a 1ép eredeti sejtek esetében
elmondhato, hogy az aktivalt caspase-okat tartalmazd sejtek ardnya minden esetben joval
alacsonyabb volt a DP thymocytakban megfigyelteknél.

DX kezelés hatasara a thymus eredetii CD4" T sejtekben 2 és 3 6ra DX kezelés utan
szignifikdns volt az aktivalt caspase-okat tartalmazoé sejtek aranya, 6 ora utan pedig
jelentds emelkedés figyelhetd meg az aktivalt caspase-okat tartalmazé sejtek aranyaban (6
oOra utan a caspase-3 pozitiv sejtek aranya 3-rol 17%-ra, a caspase-8 pozitiv sejtek aranya
2,9-r61 20%-ra, a caspase-9 pozitiv sejtek aranya pedig 2,76-r6l 16,53%-ra emelkedett). A
tTreg-ek esetében csak minimalis emelkedést figyeltiink meg DX kezelés hatasara, amely
még 6 6ra utan is jelentésen elmaradt a CD4" T sejteknél tapasztalt emelkedéstdl. Csak a
caspase-3 pozitiv sejtek aranya volt szignifikans 6 oOra kezelés utan (caspase-3 pozitiv
sejtek aranya 1,09-r61 2,61%-ra emelkedett) (16. abra).

45



A1

caspase-3 CD4+ thymocytakban

B1

caspase-3 tTreg-ekben

251 3 cl 67 3 Crl
8 DX . B DX
20-
4-
15 *
e ES
104 * %
2
54
- 0-

A2

Oh 0,5h 1h 2h 3h 6h
id6

caspase-8 CD4+ thymocytakban

B2

Oh 0,5h 1h 2h 3h 6h

caspase-8 tTreg-ekben

257 3 cl * 61 3 Cirl
@B DX @m DX
20-
44
15- - -
2 =2
10-
24
5-
0- 0-
Oh 05h 1h 2n  3h  6h Oh 05n 1h 2h  3h  6h
idé idé
caspase-9 CD4+ thymocytakban caspase-9 tTreg-ekben
259 3 Ctrl 64 3 Ctrl
@B DX BB DX
20- *
4
15-
2 * * B
10-
24
54
0 04

Olh 0,5h 1h 2h 3h 6h
idé

Oh 05h 1h 2h 3h 6h
idé

16. abra Aktivalt caspase-ok aramlasi citometrias vizsgalata thymocytakban

A thymocytakon beliil a CD4, CDS illetve CD4 és CD25 egyiittes expressziojuk alapjan
kiilonitettiik el CD4" T sejteket és Treg-eket. Hisztogram segitségével hataroztuk meg az
aktiv caspase pozitiv sejtek aranyat a sejtpopulaciokon beliil DX kezelés el6tt és utan. Az
oszlopdiagramok legalabb harom fiiggetlen kisérlet atlagat + SEM mutatjak. A1-A3 illetve
B1-B3 diagramok az aktivalt caspase-3, -8, -9 pozitiv sejtek szazalékos aranyat mutatjak
thymus eredetii CD4" T sejtekben és Treg-ekben DX kezelés elétt és utdn. Csillaggal
jeloltiik a szignifikans valtozast (p < 0,05) (tTreg: thymus eredetti regulatorikus T sejt)
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A 1ép eredetii CD4" T sejtek a thymus eredetii T sejtekhez hasonléan 2 és 3 6ra DX
kezelés utdn mar szignifikdnsan magasabb ardnyban tartalmaztak aktivalt caspase-okat, és
ez a tendencia 6 6ra kezelés utan is hasonlé maradt (6 o6ra utdn a caspase-3 pozitiv sejtek
aranya 1,59-161 5,54%-re, a caspase-8 pozitiv sejtek ardnya 1,67-rdl 5,48%-ra, a caspase-9
pozitiv sejtek aranya pedig 1,81-r6l 4,72%-re emelkedett), de az emelkedés mértéke nem
volt olyan mértékii, mint a thymus eredetli CD4" sejtek esetében. Osszességében az
aktivalt caspase-okat tartalmazo 1ép eredeti CD4" T sejtek aranya minden vizsgalt
idopontban kevesebb volt, mint a thymus eredeti CD4" sejtek esetében. A pTreg-ek
esetében csak 3 o6ra DX kezelés utan figyeltik meg az aktivalt caspase-3 és -8-at
tartalmaz6 sejtek aranyanak szignifikans emelkedését, ami tovabbi emelkedést mutatott 6
ora kezelés utan, de ez az emelkedés kisebb volt, mint amit a 1ép eredetii CD4" sejtek
esetében lattunk ((6 ora utdn a caspase-3 pozitiv sejtek ardnya 1,48-rol 2,88%-ra, a
caspase-8 pozitiv sejtek aranya 0,97-r61 1,68%-ra emelkedett) (17. abra).

A pTreg-ek esetében hamarabb, mar 3 6ra DX kezelés utan szignifikdnsan
magasabb volt a caspase-3 és -8-at tartalmazé sejtek aranya, ezzel szemben a tTreg-ek
esetében csak 6 Ora kezelés utan volt a caspase-3 pozitiv sejtek aranya szignifikansan
magasabb. Az eredmények arra utalnak, hogy a pTreg-ek érzékenyebbek a DX kezelésre,
mint a tTreg-ek. Ugyanakkor a thymus eredetii CD4" T sejtek viszont a 1ép eredetii CD4"
sejteknél bizonyultak joval érzékenyebbnek. Ezek a megfigyelések tdmogatjak a kordbbi
eredményeinket, ahol az in vivo DX hatast vizsgaltuk a nyirokszervekben. Itt azt
tapasztaltuk, hogy a tTreg-ek bizonyos foku rezisztenciat mutattak a DX kezeléssel
szemben a tobbi thymocytahoz, illetve a pTreg-ekhez képest. Ugy tiinik, hogy ennek a

jelenségnek a hatterében allo apoptotikus folyamatokat sikertilt részben feltarnunk.
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17. abra Aktivalt caspase-ok aramlasi citometrias vizsgalata lépsejtekben

A 1épsejteken beliill a CD4, CDS illetve CD4 és CD25 egyiittes expressziojuk alapjan
kiilonitettiik el CD4" T sejteket és Treg-eket. Hisztogram segitségével hataroztuk meg az
aktiv caspase pozitiv sejtek aranyat a sejtpopulaciokon beliil DX kezelés elott és utan. Az
oszlopdiagramok legalabb harom fiiggetlen kisérlet atlagat + SEM mutatjak. A1-A3 illetve
B1-B3 diagramok az aktivalt caspase-3, -8, -9 pozitiv sejtek szazalékos aranyat mutatjak
1ép eredetii CD4" T sejtekben és Treg-ekben DX kezelés elétt és utan. Csillaggal jeldltiik a
szignifikans valtozast (p < 0,05) (pTreg: periférias regulatorikus T sejt)
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4.8 GR és Foxp3 kozotti interakcio vizsgalata konfokalis mikroszkopiaval

Egy sejt GC hormon érzékenységét nagyban meghatarozzak a GR aktivaciojat
kovetden végbemend nem-genomikus folyamatok (167). Korabban megfigyeltiik, hogy a
DP thymocytdkban a legalacsonyabb a GR expresszio, mégis ezek a sejtek a
legérzékenyebbek a GC-indukalt apoptozisra (64). A regulatorikus T sejtek esetében a DP
thymocytdkhoz képest jelentdsen eltérd érzékenységet tapasztaltunk a GC-indukalt
apoptozis tekintetében. A tTreg-ekben alacsonyabb GR szintet talaltunk, mint a pTreg-
ekben (154). A GC-ok nem-genomikus hatasairdl ismert, hogy szerepet jatszhatnak sejtek
apoptozisaban (39,44). Ezért megvizsgaltuk, hogy van-e valamilyen kapcsolat a GR és a
Treg-ek esetében kdzponti fontossagi Foxp3 transzkripcios faktor (168—170) kozott, és ez
valtozik-e DX kezelésre.

Ehhez tTreg-ekben és pTreg-ekben 30 perc DX kezelés el6tt és utan vizsgaltunk
konfokalis mikroszképpal a GR-Foxp3 kolokalizaciot. DX kezelés nélkiil a GR és a Foxp3
jelentds kolokalizaciot mutatott mind a thymus, mind a lép eredetli regulatorikus T
sejtekben (18. abra), a DX kezelés hatasara ez a kolokalizaci6 tovabb emelkedett a pTreg-
ekben (18. B abra), de a tTreg-ekben nem mutatkozott valtozas (18. A abra).
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18. abra GR-Foxp3 kolokalizacié vizsgalata thymus és 1ép eredetii Treg-ekben

A reprezentativ konfokalis mikroszkopos képeken a GR-Foxp3 (Al) tTreg-ekben és GR-
Foxp3 (A2) pTreg-ekben kolokalizacio lathatd kontroll (Ctrl) és 30 percig DX-nal kezelt
sejtekben. A kovetkezO csatornakbol szarmazo képek lathatéak; DIC, CD4 (UV csatorna),
intracellularisan GR (z61d csatorna) és Foxp3 (tdvoli vords csatorna). A GR és a Foxp3
fehérjék kolokalizacidjat az egymasra vetitett képeken a sarga teriiletek jelzik.

Az oszlopdiagramok (A2-B2) a GR és a Foxp3 kolokalizacidjanak kvantifikalasaval
késziiltek, az oszlopok a kolokalizalt pixelek szamat jelenitik meg. Az atlagokat + SEM
legalabb harom fliggetlen kisérletbdl, kezelésenként 100 DP sejt eredményeibdl
szamitottuk. Csillaggal jeloltiik a szignifikans valtozast (p < 0,05)

(roviditések: DIC: differenciadl interferencia kontraszt, GR: glukokortikoid receptor,
Foxp3:forkhead boksz protein 3)
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5. Osszefoglalas, megbeszélés

A GR fontos szerepet jatszik az immunsejtek szelekcidjaban és apoptozisaban
(22,38,44). A nuklearis transzlokacidja mellett a ligand kotott GR mitokondrialis
transzlokacidja szoros Osszefliggést mutat a sejtek apoptozis érzékenységével (44,152)
(171-176). Korabbi munkainkban megfigyeltiik, hogy a GC-indukalt apoptdzisra a
thymocyta alcsoportok koziil leginkabb érzékeny DP thymocytakban (45,47,64), rovid
idejti in vitro GC kezelés hatasara a GR inkabb a mitokondriumba transzlokalddott és nem
a nukleuszba (44). Ehhez kapcsoloddan sikeriilt azt is megfigyelniink ugyanezen
sejtcsoportban, hogy a DX kezelés hatdsara a sejtek mitokondrialis membranpotencialja
szignifikansan csokkent (44), ami az apoptozis egyik korai és meghatarozo eseménye. A
GR DX hatéséara bekovetkezd mitokondrialis transzlokacidja csak GC-indukalt apoptdzis
érzékeny sejtekben figyelheté meg, mint amilyenek a DP thymocytak is (38). A GC-ok
mitokondrialis funkciét befolyasold képességét mas munkacsoport is megfigyelték (38). A
DX-indukalt apoptozist thymocytakban meg lehetett akadalyozni spermine-nel, ami gatolta
a DX-indukalt mitokondrialis membranpotencial csokkenést (177). llletve DX-nal kezelt
thymocytakban leirtak emelkedett H,O; szintet, mely a mitokondriumbdl szarmazott. A
H.,O, altal okozott oxidativ karosodas szintén proapoptotikus hatassal bir (178).
Mindezekbdl arra koveteztettiink, hogy a GR mitokondridlis felhalmozodésa, a
mitokondrialis membranpotencidl csokkenése szoros Osszefiiggésben all ezen sejtek GC-
indukalt apoptozis érzékenységével és, hogy a mitokondrialis, intrinsic, apoptotikus
utvonal kiemelten fontos a GC-indukalt apoptozisban. Mivel a folyamat pontos
molekularis hattere még nem ismert, ezért célul tiztik ki, hogy megvizsgaljuk milyen
modon szabalyozhatja a GR a mitokondriélis apoptotikus ttvonalat.

Megfigyeltiik, hogy a thymocytakban a Bak asszocialodott a GR-ral (10., 11. abra).
Ez az asszociacid nem valtozott a mitokondridlis frakcidban, de megemelkedett a
citoplazmaban rovid idejii, nagy dozisu DX kezelés hatasara. Apoptotikus stimulusra a Bax
transzlokalodik a mitokondriumba, ahol a Bak-kal komplexet alkotva egyiitt formalnak
pérust a mitokondrium kiils6 membranjan (179). Az eredményeink arra utalnak, hogy a
Bax-nak van elsédleges szerepe a thymocytak DX indukalt apoptdzisaban, annak ellenére,
hogy nem asszocialodik direkt médon a GR-ral. A Bak GC-indukalt apoptozisban betdltott
esetleges szerepét nem tudjuk kizarni az eredményeink alapjan, de elképzelhetd, hogy az
apoptozis egy késobbi fazisaban aktivalodik, mint amit mi vizsgéltunk. Ezt a feltevésiinket

masok korabbi eredményei is alatdmasztjak, Bax/Bak kettés KO egerek teljesen
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rezisztensnek bizonyultak a GC-indukalt apoptdzissal szemben, ugyanakkor a Bax vagy
Bak egyszeresen KO egerek thymocytai megérizték GC érzékenységiiket (149). Bak/Bim
kettds KO egerek esetében fejlodési rendellenességet nem taldltak szemben a Bax/Bim
kettds KO egérrel, ahol az ujjak kozotti szovet nem szivodott fel, és az allatok élettartama
rovidebb volt, mint a vad tipustiaké. Mindkét egérbdl izolalt thymocytak rezisztensek
voltak az intracelluldris stressz indukélta apoptozissal szemben. Mig a thymocytdk
szelekcioja Bax/Bim KO egér esetében felgyorsult, zavart szenvedett, addig a Bak/Bim
KO egér esetében inkabb a vad tipust egérére hasonlitott. Ez arra utal, hogy a Bax ¢és a
Bak is rész vesznek a thymocytdk apoptdzisaban, de a Bak dnmagaban nem elegendd a
folyamat véghezviteléhez (180). Ehhez hasonld kovetkeztetést vonhatunk le a GC-
indukalt apoptdzis estében is; a Bak is fontos szerepet jatszik benne, de inkabb a Bax
szerepe az els6dleges, esetenként viszont a Bax és a Bak egymas hianyat kompenzalhatjak
(149).

Munkank soran sikeriilt kimutatnunk a Bim, egy ,,BH3-only” fehérje, és a GR
frakcioban (10., 11. abra). Feltehet6en a Bim ezt kdvet6en aktivalja a pro-apoptotikus Bcl-
2 fehérjéket, vagy gatolja az anti-apoptotikusokat, és ezzel elinditja az intrinsic apoptotikus
utvonalat. Korabban Bim knock out egérben a GC-indukalt apoptozis zavarat irtak le, ami
a Bim fontos, de nem kizardlagos szerepére utal a folyamatban (150,151,181). Két vagy 3
ora DX kezelést kovetden a GC-ok képesek a Bim expresszidjat fokozni ragesalok
thymocytaiban, ezt a megnovekedett expressziot Osszefiiggésbe hoztdk a GC-indukalt
apoptozis érzékenységgel (152,153). A Bim fontos szerepet jatszik a thymocytak negativ
szelekcigjaban is, hidnyaban rezisztenssé valnak a sejtek a TCR-on keresztiil indukalt
apoptozissal szemben. A negativ szelekcié soran intracellularis Ca®* szint emelkedés
kovetkezik be, ami az intrinsic apoptotikus utvonalat inditand el, azonban ez a Bim
hianyaban nem tud megvalosulni (182). A Bim hianyos egerekben lymphadenopatiat és
autoimmun folyamatokat irtak le, mert a Bim nélkiil az autoreaktiv thymocytak delécidja
elégtelen (182,183). A Bim-nek a B sejtek esetében is hasonld szerepe van; a nem tolerans
sejtek eliminacidjanak elésegitése (184,185). Ezek az eredmények jol jelzik, hogy a Bim-
nek a thymocytak apoptozisaban kiemelkedé szerepe van. Erdekes modon Bim hianyos
NOD (non-obese diabetic) egerekben a Bim hianya megvédte az allatokat a diabetes
kialakulasatol. A Bim nélkiil magasabb Treg szamot figyeltek meg, ezek a Treg-ek nagy
szamban voltak pro-inzulinra specifikusak. Feltehetden azért, mert a negativ szelekcid

elmaradasa miatt tobb T sejt, melyek erds TcR szignalt kaptak, fejlodott Treg iranyba

52



(186). Elképzelhetd, hogy a Bim-nek a regulatorikus T sejtekben kevésbé jelentGs szerepe
van, ami részben magyardzhatja ezen sejtek eltéré GC érzékenységét.

A GC-okat lymphocyta elpusztité képességiik miatt gyakran alkalmazzak lymphoid
malignitasok kemoterapias protokolljaban, kiilonosen gyermekkori akut lymphoblastos
leukémiaban (ALL). A betegség kedvezobb kimenetelét Osszefiiggésbe hoztak a betegek
egy részében azzal, hogy a GC kezelés képes-e a Bim transzkripcidjat eldsegiteni (187), a
Bim megnovekedett expresszidja ugyanis korrelalt a GC-indukalt apoptozis szenzitivitassal
(188,189). Kisérleti koriilmények kozott csak GC érzékeny ALL sejtvonalakban tudta a
DX a Bim expresszigjat fokozni, GC rezisztensekben nem (190). Ezt az eredményt késobb
Kinyert sejteken torténd vizsgalatokkal is alatimasztani (191). A GC rezisztenciat a korabbi
sz¢éles korben elfogadott nézettel szemben, inkdbb az apoptotikus folyamatok zavarara
vezetik vissza, mint a GR valamilyen hibdjara (192). Ezért vannak, akik a Bim-et
gyermekkori ALL-ben a GC kezelésre adott valasz prognosztikus markerének javasoljak
(193). A Bim génjének hibas szabalyozasa el6fordul hematologiai malignitasoknal (194)
Csokkent expresszidja (195), illetve bizonyos single nucleotid polimorfizmusai rosszabb
anti-tumor terapias valasszal hozhatoak Osszefiiggésbe (196-198). Mas tumorokban a Bim
génjében eléforduld deléciés polimorfizmusok esetében a betegek tirozin kindz
inhibitorokra rosszabb terapias valaszt mutattak (199). A mi eredményliink is azt a tényt
er6siti, hogy a Bim-nek fontos szerepe van szteroid érzékeny, DP thymocytak GC-indukalt
apoptozisanak inicialasaban; a Bim megndvekedett asszociacigja a GR-ral a
mitokondriumban elésegitheti a Bax aktivacidojat és oligomerizacidjat a mitokondrium
kiilsé membranjaban, ezéltal a mitokondrialis apoptotikus ttvonal elinditasat.

A Bim jelenléte lényeges az immunvalasz ledllitdsdban is az antigén aktivalt T
sejtek apoptozisanak medialasa révén (200,201). A Bim hianya az aktivalt T sejtek
hosszabb ¢élettartama miatt, autoimmun folyamatok kialakulasahoz jarul hozza, pl.
fokozodik az autoantitestek termelédése, ami autoimmun glomerulonephritishez vezethet
(150). Azonban a Bim hidnya nem csak autoimmun betegségek melegagya lehet; hianyat
kimutattak kopenysejtes lymphomaban, Burkitt lymphomaban, melanomaban, vastagbél
daganatban és vilagos sejtes veserakban is (202,203). A Bim szuppresszidja elésegiti a
daganatok metasztazis képzését, valamint kemoterapias szerekkel szembeni rezisztenciajuk
kialakulasat, mivel a gyodgyszerek egy része a Bim aktivalasan keresztiil fejtené ki

tumorol6 hatasat (197).
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Erdekes modon a GR interakcidba lépett az anti-apoptotikus Bcl-x, fehérjével is. A
Bel-x -r61  kimutattdk, hogy képes visszahelyezni (retrotranszlokalni) a Bax-ot a
mitokondriumb6l a citoplazmaba azaltal, hogy hozzakapcsolodik ¢és gatolja pro-
apoptotikus hatasat (204). Feltételezziik, hogy a GR és a Bcl-x. kozotti kapcsolat gatld
hatassal van a Bcl-x_ ezen funkcidjara. 30 perc DX kezelés utan a GR-Bcl-x. komplex
aranya megemelkedett a citoplazmaban és csokkent a mitokondriumban (11. &bra), ami
arra utal, hogy miutdn a Bcl-x athelyez6dott a citoplazmaba a mitokondriumbol,
hozzako6tédott GR-hoz és ez gatolta a Bel-x apoptotikus folyamatra kifejtett gatld hatasat.
Ezen feltevésiinket timogatja mas kutatocsoport eredménye is, ahol megfigyelték, hogy a
Bcl-x, expresszidja csokkent 2 vagy 3 ora DX kezelést kovetden (153). Tehat a DX Bcl-
XL-t gatlo hatasa nem csak fehérje, hanem génexpresszio szinten is megfigyelhetd. Bcl-x -t
overexpresszald humdan follikularis lymphoma sejtekben a DX nem volt képes apoptozist
kivaltani, ami jol jelzi, hogy a GC-indukalt apopt6zis mitokondrium-dependens, és benne a
GR-nak a Bcl-x_-re kifejtett negitv hatasanak is szerepe van (205).

Jollehet a Bel-x,. és a GR kolokalizacioja szignifikansan csokkent a DX kezelést
kovetden (10. abra), ez azonban szarmazhat abbol, hogy a kolokalizacios eredmények csak
DP sejtekbdl szarmaztak és egy 6ssz-kolokalizaciot mutatnak mind a citoplazméban, mind
a mitokondriumban, ugyanakkor a ko-immunprecipitaciohoz szeparalatlan thymocytakat
hasznaltunk és a citoplazmat és a mitokondriumot kiilon vizsgaltuk.

A Bax citoplazma ¢és mitokondrium kozotti ingazasa fontos szabalyozdja az
intrinsic  (mitokondrialis) apoptotikus utvonalnak (179,206,207). Kisérleteinkben
megfigyeltiik, hogy a GR és Bax kozotti kolokalizacio alig valtozott DX kezelés hatasara
(10. abra), ¢és nem tudtuk a kolokalizacidos eredményeket megerdsiteni Ko-
immunprecipitacioval. Ennek oka lehet, hogy a kolokalizacio csak molekulak kozelségét
mutatja meg, de nem feltétleniil utal kdzvetlen molekuléris interakcidra, asszociaciora két
molekula kozott. A Bax és a GR esetében, ahol nem sikerilt a kolokalizaciot
megerdsiteniink, ez arra utal, hogy a két molekula nagyon kozel volt egymashoz, de nem
volt kozottiink kozvetlen kapcesolat. A GR egy 94 kDa molekulatomegili fehérje, ami mas
Bcl-2 fehérjékkel asszocialodik, melyek a Bax kozelében vannak. Masok munkajabol
ismert, hogy a Bcl-2 fehérjék egymassal interakcioba 1épnek (204,208-210). Ezek alapjan
a kozvetlen kapcsolat nélkiili kolokalizacid konnyen elképzelhetd a Bax és a GR kozott,

Mindezek mellett, ko-immunprecipitaci6 nélkiil, megfigyeltik a Bax

felhalmozodasat a mitokondriumban (12. abra), amely eredmény jol korrelalt masokéval
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(147,148), és arra utal, hogy a Bax fontos szerepet jatszik a thymocytdk DX-indukalt
apoptdzisaban. A Bax mitokondrialis kiils6 membranban vald oligomerizacidja révén egy
pérust formal, ami a mitokondrialis membranpotencial csokkenését okozza (179), ahogy
azt a korabbi munkank soran mar megfigyeltiik (44).

A Bcl-2 fehérjék apoptozisban betdltott fontos szereplik miatt a gyogyszerfejlesztés
célpontjaiva is valtak. Daganatos sejtekben a leggyakrabban az intrinsic apoptotikus
utvonal zavarat figyelték meg, tovabba azt, hogy a kemoterapias szerek egy jelentds része
a daganatos sejteket Ugy pusztitja el, hogy aktivaljak azok apoptotikus folyamatait,
leggyakrabban az intrinsic utvonalat. Ezen Gtvonal gyakori zavara a kemoterapiara adott
kedvezétlen valasz egyik fontos oka, ezért az Uj terapids szerek specifikusan a
mitokondrialis apoptdzist célozzak meg, és onmagukban, vagy mas kemoterdpias szerekkel
egylitt alkalmazva probaljak dket bevetni olyan esetekben, amikor a hagyomanyos kezelés
elégtelennek bizonyult (136). Ez vezetett a BH3-mimetikumok kifejlesztéséhez, amilyen
pl. az ABT-737, ABT-263, melyek a Bcl-2, Bcl-xL és az MCL-1 fehérjéket gatoltak
(211,212), de mellékhatasként thrombocytopéniat okoztak (213,214). A csak Bcl-2-t gatld
ABT-199, vagy venetoclax, igéretes eredményeket hozott kronikus lymphocytas
leukémiaban szenvedé betegeknél (215). Kezdetben sok betegnél okozott tumor lizis
szindromat a massziv apoptozis-indukald hatdsa miatt, késobb ezt a dozis beallitasaval
kikiiszobolték (216). A gyogyszerfejlesztés masik iranyvonala a Bax aktivatorok
fejlesztése, melyeknél a kutatok legnagyobb félelme az egészséges szovetekben jelentkezd
esetleges toxicitasa (217).

A caspase-ok mind az extrinsic, mind az intrinsic apoptotikus utvonalak fontos
szabalyozoi (115,218). A kisérleteink soran megvizsgaltuk a caspase-ok aktivaciojat 30
perc, 1, 2, és 3 6ra DX kezelést kovetden. Megfigyeltiik, hogy szignifikansan emelkedett
az aktiv caspase-3, -8, -9-et tartalmaz6 DP thymocytdk ardnya 2 és 3 ora DX kezelést
kovetden. 1 ora utan a caspase-3 aktivacidja lehetett a caspase-9 aktivacio kovetkezménye,
ami a mitokondrialis membranpotencial 30 perc DX kezelést kovetd csokkenése (44) utan
kovetkezett be. Ugyanakkor részben okozhatta mas apoptotikus Gtvonal aktivalodasa is,
mint példdul a ceramid és szfingozin képzddése, amik szintén képesek a caspase-3-at
aktivalni (165,219). A caspase-9 prominens aktivacidjat (2 6ra DX kezelést kdvetden)
jelentOs caspase-3 aktivacid kovette (3 6ra DX kezelés utan). Az aktivalt caspase-9-et
tartalmazo DP sejtek aranya majdnem kétszeresére emelkedett 2 ora kezelést kovetden. Az
aktiv caspase-8-at tartalmaz6 DP thymocytak szamanak emelkedése is szignifikans volt, de

nem annyira jelentds, mint a csaspase-9 esetében, ami arra utalhat, hogy a caspase-9
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aktivacidja elsddleges a caspase-8-éval szemben. Ez tovabb erdsiti azt az elgondolasunkat,
hogy a mitokondridlis apoptotikus utvonal kiemelt szerepet jatszik a DP thymocytdk DX-
indukalt apoptozisaban.

Ezen eredményeinket mas kutatocsoportok munkéja is alatdmasztja. Néhany
eredmény a caspase-9 elsddleges szerepét hangsulyozza a GC-indukalt apoptdzisban
(163,164), masok épp az ellenkez6jét allitjak (165,220). Caspase-9 KO thymocytak
rezisztensek voltak DX-indukalt apoptozisra, de tovabbra is érzékenyek maradtak TNF-a,
a-CD95 4ltal indukalt sejthalalra (163). Apaf’™ KO thymocytak csak részleges rezisztenciat
mutattak a DX-indukalt apoptozissal szemben, de érzékenyek maradtak a Fas ligacio révén
indukalt apoptozisra (164). Ezzel szemben a caspase-8 delécidja nem okozott a thymocytak
GC-indukalt apoptézisaban valtozast (221). Erdekes modon a caspase-3 hianyos egérben
sem irtak le zavart a GC-indukalt apoptézisban (222). Ezzel szoges ellentétben all a
caspase-3 gatlokkal kapott eredmény, mely a caspase-3 fontossagat emeli ki a folyamatban
(165). Elképzelhet6, hogy a caspase fehérjecsalad egyes elemei képesek kompenzalni
egymast ilyen koriilmények kozott. Ugyanakkor a peptid inhibitorok alkalmazasakor
végzett tanulmanyok,, a caspase-3 ¢és -8 fontossdgat hangstlyozzdk a GC-indukalt
thymocyta apoptozisban (165,166), habar ezen inhibitorok specificitasa olykor
megkérddjelezhetd (223-225). A GC-indukalt apoptdzis semmilyen zavarat nem észlelték
Bid deficiens egérben, ami utalhat az extrinsic apoptotikus uUtvonal kevésbé fontos
szerepére a GC-indukalt sejthalalban (226). A caspase-8 aktivacidja lehet a caspase-9
aktivacigjanak a kovetkezménye is, a cathepsin B (227) vagy a caspase-3 aktivacioja
révén, ami aztan a caspase-6-0t majd a caspase-8-at aktivalja (228). De az aktivaciojat
okozhatja mas apoptotikus Utvonalak aktivacidja is; pl. ceramid szfingozin produkcio,
cyclin-dependens kinaz 2 aktivacio, cathepsin B lizoszomakbol vald felszabadulasa
(165,220,227,229). Esetleg a GILZ (GC-induced leucine zipper) is szerepet jatszhat benne.
A GC-ok fokozzak a GILZ expressziojat, ami elOsegiti a caspase-8 aktivaciojat, az aktivalt
caspase-8 pedig megvédi a GILZ-t a lebomlastol (230). A caspase-ok GC-indukalt
aktivacidja nem a génexpressziojuk fokozodasanak a kovetkezménye, mert akkor is
megfigyelték, amikor mRNS- és fehérjeszintézis gatlokkal egyiitt tortént a GC kezelés
(231).

Kisérleteinkben, ahol az in vivo beadott DX hatasat vizsgaltuk a nyirokszervek
sejtes Osszetételére nézve, azt tapasztaltuk, hogy a thymusban a regulatérikus T sejtek
aranya jelentdsen megnétt a DX kezelés hatdsara, azonban ez csak aranybeli novekedés

volt, amely a tobbi sejt, elsésorban a GC érzékeny DP thymocytak, masrészt a CD4, CDS8
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egyszeresen pozitiv thymocytak pusztulasa miatt kovetkezett be (154). Ez arra utalt, hogy a
tTreg-ek bizonyos foku rezisztencidt mutatnak a GC-indukalt apoptdzissal szemben. A 1ép
esetében nem tudtuk megfigyelni a regulatorikus T sejtek ardnyanak novekedését. A 1ép
Ossz-sejtszama jelentdsen csokkent DX kezelés hatasara, és a pTreg-ek egy része a CD4™ T
sejtekhez hasonloan elpusztultak (154). Ebbdl azt a kdvetkeztetést vontuk le, hogy a 1épben
talalhato pTreg-ek GC érzékenysége eltér a thymusban talalhato tTreg-ekétol.

Ezért szerettiik volna megvizsgalni és Osszehasonlitani a 1ép és thymus eredetii
CD4" T sejtek és Treg-ek korai apoptotikus eseményeit egymadssal és a DP
thymocytadkéval. Ehhez a sejteken Annexin V és aktivalt caspase-ok jelolését végeztiik el
kiilonbozo ideji DX kezelés elétt és utan. Az in vitro DX kezelésnél tapasztalt
eredményeink alatamasztani latszanak az in vivo DX kezelés soran megfigyelt
sejtpusztulast és sejtarany valtozast.

A thymusban 1évé CD4" sejtek mar 2 6ra DX kezelés utan szignifikdnsan nagyobb
aranyban tartalmaztak aktivalt caspase-3, -8, -9 —et, és 4 ora elteltével az Annexin V
pozitiv sejtek ardnya is szignifikdnsan megemelkedett. Ezzel szemben a tTreg-ek esetében
ugyanezen idOpontokndl csak minimalis caspase aktivaciot figyeltiink meg, Annexin V
jelolésnél pedig nem tapasztaltunk valtozast (15., 16. abra). Ezek alapjan ugy tlinik, hogy a
tTreg-ek kevésbé érzékenyek a DX-indukalt apoptozisra, mint a CD4" thymocytak vagy a
DP sejtek. A 1ép esetében szintén 2 és 3 ora DX kezelés utan mar szignifikansan
megemelkedett az aktivalt caspase-okat tartalmazé CD4" T sejtek aranya, és 3 ora
elteltével a pTreg-ekben is szignifikdnsan nagyobb aranyban fordultak elé az aktivalt
caspase-3, ¢és -8-at tartalmazd sejtek, valamint mindkét sejtpopulacio Annexin V
pozitivitasa emelkedett 2 6éra DX kezelés utan (15., 17. dbra). Ezek alapjan a 1épben 1évo
Treg-ek apoptozis érzékenysége kifejezettebb volt, mint a tTreg-eké, és inkabb a lépben
1év6 CD4" sejtekéhez volt hasonlo.

Az apoptotikus folyamatokat vizsgald kisérletekbdl szdrmazd megfigyeléseink
alatamasztjak a korabbi eredményeinket, melyek az in vivo DX hatast vizsgaltak a
nyirokszervekben. Azaz, hogy a thymusban 1évé Treg-ek ellenallobbak a DX kezelésnek a
thymus tobbi sejtes eleméhez illetve a pTreg-ekhez képest, tovabba, hogy a 1épben 1évo T
sejtek kevésbé pusztultak el a DX hatdsara, mint a thymus sejtjei. A thymus CD4" sejtjei
mutattdk a legnagyobb mértékli caspase aktivaciot a vizsgalt populacidkban, joval
nagyobbat, mint a 1ép CD4" T sejtjei. Ugyanakkor a tTreg-ekben a caspase aktivacio

mértéke elmaradt a pTreg-ekhez képest. Ezek alapjan a tTregek rezisztensebbnek tlinnek a
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DX-indukalt apoptozissal szemben, mint a pTreg-ek, illetve a Treg-ek minden esetben
ellenallobank bizonyultak, mint a CD4" T sejtek.

A GC-ok regulatorikus T sejtek apoptozisara gyakorolt hatasaval, kiilondsen az
aktivalodo apoptotikus tUtvonalak vizsgalataval, kevés tanulmany foglalkozik. A legtobb
raadasul valamilyen betegségmodellben vizsgalja a GC-ok Treg-ek szamara gyakorolt
hatasat, azonban ezek az eredmények néha ellentmondodak. Ragcsalokban megfigyelték,
hogy a DX hatasara megemelkedett a Treg-ek aranya periférids vérben €s a masodlagos
nyirokszervekben (232,233). Ugyanakkor asthma (234) és sclerosis multiplex (235)
egérmodellekben a GC-ok a Treg-ek szamanak csokkenését okoztak. A human
eredmények is ellentmondasosak: asthmds betegek szteroiddal torténd kezelése soran
elészor a keringd Treg-ek szamanak novekedését irtak le (236), és hasonld jelenséget
figyeltek meg autoimmun betegeknél is; szisztémas lupus erythematosusban szenvedd
betegek vérében, akik GC kezelést kaptak, magasabb CD25" T sejt szamot figyeltek meg,
mint a GC kezelésben nem részesiilo betegek esetében, vagy az egészséges kontrollokban
(237-240). Mas kutatocsoportok viszont a GC-ok ellenkezé hatasat tapasztaltak hasonld
betegekben (241,242). Human periférias vérbdl izolalt Treg-ek vizsgalatanal egy
kutatocsoport azt talalta, hogy a Treg-ek érzékenyebbek a DX-indukalt apoptdzisra, mint
az effektor T sejtek. Azonban ezt az érzékenységiiket minimalis d6zisu IL-2 ellenstlyozni
tudta, valdsziniileg a rajtuk expresszalodd nagy szamu IL-2 receptornak (CD25)
koszonhetéen (243). Az eredmények Osszehasonlithatosagat neheziti, hogy kiilonboz6
modellekben, eltéré szteroid dozissal végezték a GC kezeléseket, illetve a Treg-ek
azonositasara hasznalt markerek is eltéréek voltak.

A GR expresszioja a kiilonbdzé CD4" T sejt alcsoportokban nagyjabol megegyezik.
fgy valosziniileg nem ebben rejlik a valasz arra, hogy miért hatnak a GC-ok masképp a T
sejt alcsoportokra (243). Ezért is tartjuk fontosnak, hogy a GC-ok Treg-ek apoptdzisara
gyakorolt hatdsanak molekularis mechanizmuséat alaposabban feltarjuk. Ennek részét
képezi az a kisérlet, amelyben a GR és Foxp3 interakcidjat vizsgaltuk. Mar a kezeletlen
tTreg-ekben és pTreg-ekben megfigyeltiik a két molekula kolokalizaciojat, amit a DX
kezelés csak a pTreg-ek esetében novelt meg, a tTreg-ek esetében a kolokalizacid mértéke
nem valtozott (18. abra). Ezen molekularis kolcsonhatds ténye, €s annak DX kezelésre
bekovetkezett valtozasa tovabbi kérdéseket vet fel a GC regulatorikus T sejtekre gyakorolt
hatasaval kapcsolatban.

Osszefoglalva az eredményeink jol mutatjak a GC-indukalt korai apoptotikus

folyamatok komplexitdsat DP thymocytakban (19. &bra). Ligand kotodés nélkil is
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megfigyelhetd némi asszociacié a GR és a Bcel-2 fehérjék kozott (Bak, Bim, Bel-x.). Nagy
dozist DX kezelés hatasara azonban az aktivalodott GR megvaltoztatja a Bel-2 fehérjék
egyensulyat olyan moédon, hogy az eldsegitse az apoptdzist. A GR transzlokalodik a
mitokondriumba, ahol az interakcidja jelentésen megnovekszik a Bim-mel. A Bim
mitokondrium  kiils6 membranjaban poérust formdl, mely a mitokondridlis
membranpotencial csokkenéséhez vezet, valamint a citokrom c felszabaduldsahoz (11.
abra) és a caspase-9 aktivacidjahoz. A Bcl-x. Bax porusformalasara kifejtett negativ
asszociacio szerepének megértése még tovabb vizsgalatokat igényel. A caspase-8 aktivacio
lehet a GR-nak mas apoptotikus ttvonalakkal valo interakcidjanak a kovetkezménye
(165,220,227,229). Osszességében elmondhatjuk, hogy az eredményeink megerésitik a
mitokondrialis apoptotikus utvonal és a nem-genomikus hatasok fontossagat a thymocytak
GC-indukalt apoptozisaban. A CD4" sejtek és a regulatorikus T sejtek esetében tapasztalt,
a DP sejtekénél kisebb, apoptdzis érzékenység lehet més, nem-genomikus utvonalak,
aktivalodasanak kovetkezménye, és sziikség van az ezt feltard, tovabbi, alaposabb

vizsgalatok elvégzésére.
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19. abra Thymocytak GC-indukalt apoptozisanak feltételezett modellje

Nagy dozisu GC kezelés hatasara a GR transzlokalodik a mitokondriumba (szaggatott
vonal) ahol interakcidja megnovekszik a Bel-2 fehérjékkel, kiilonosen a Bim-mel. Majd
feltehetben a Bim aktivdlja a Bax-ot, ami porust formdl a mitokondrium kiilsé
membranjan, hozzajarulva a citokrém c citoplazmaba val6 felszabadulasahoz. A citokrém
c ezt kovetden elinditja a caspase-kaszkad aktivaciojat. A Bax mitokondrialis
felhalmozodasat eldsegiti, hogy a GR a citoplazmaban hozzakapcsolodik a Bcel-xi-hez,
ezaltal gatolja a Bax-ra kifejtett gatldo hatasat. A GR-Bak asszociacidé szerepe tovabbi
vizsgalatokat igényel. A caspase-8 aktivacid lehet a GR-nak mas apoptotikus utvonalakkal
valo interakciojanak kdvetkezménye (pontozott vonal)

(roviditések: GR: glukokortikoid receptor, GC: glukokortikoid hormon, Cytc: citokrom c, Hsp-:
hoésokk fehérje)
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6. Uj eredmények osszefoglalasa
1. Megfigyeltiik, hogy DP thymocytdkban az aktivalt GR kolokalizdlodott a Bcl-2
fehérjecsalad tagjaival; a Bax, Bak, Bel-x| és Bim fehérjékkel, illetve jellemeztiik, hogy a

kolokalizacié mértéke hogyan valtozott 30 perc DX kezelés hatasara.

2. Immunprecipitacidval sikeriil alatdmasztanunk a kolokalizacios eredményeinket. A Bak,
Bcl-xL és a Bim precipitalodott a GR-ral, a Bax azonban nem. Jellemeztiik tovabba, hogy
DX kezelés hatasara hogyan valtozott a fehérjék megoszlasa a DP sejtek citoplazmaja és

mitokondriuma kozott.

3. Immunprecipitacio nélkiil tanulmanyoztuk, hogy hogyan valtozik a Bax szubcellularis

eloszlasa DX kezelés hatasara. A Bax felhalmozodott a mitokondriumban.

4. Kimutattuk, hogy 1 ora DX kezelés utan a citokrom c szintje szignifikansan
megemelkedett DP sejtek citoplazmajaban, annak kovetkezményeként, hogy a

mitokondrium kiils6 membranjaban a pro-apoptotikus fehérjék poérust formaltak.

5. Jellemeztiik a caspase-3, -8 és-9 aktivacidjat kiilonbozé iddtartamu DX kezelést
kovetden. 2 6ra DX kezelést kovetden mar szignifikans valtozast tudtunk kimutatni. A

caspase-9 aktivacioja kifejezettebb volt, mint a caspase-8-¢.

6. Az aramlasi citometridval végzett caspase aktivacids kisérleteinket sikeriilt Western
blottal is megerdsiteniink. 3 6ra DX kezelést kovetden a DP sejtek citoplazmajaban

szignifikdnsan magasabb volt az aktivalt caspase-ok mennyisége.

7. CD4" thymocytdkban szignifikinsan magasabb Annexin V szintet figyeltiink meg 4 ora
DX kezelést kdvetéen, mint a kontrollban. A 1ép eredetii CD4" sejtekben, a tTreg-ekben és

a pTreg-ekben az Annexin V pozitivitas joval alacsonyabb volt.

8. Jellemeztiik a capase-3,-8 és -9 aktivaciojanak kinetikajat thymus és 1ép eredetii CD4"
sejtekben és tTreg-ekben valamint pTreg-ekben. A tTreg-ek jelentds rezisztenciat mutattak

a DX-indukalt apoptozissal szemben.

9. Kimutattuk a GR és a Foxp3 kolokalizaci6jat konfokélis mikroszkdppal tTreg-ekben és
pTreg-ekben.
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Abstract Glucocorticoids (GC) are important in the reg-
ulation of selection and apoptosis of CD4"CD8* double-
positive (DP) thymocytes. The pronounced GC-sensitivity
of DP thymocytes, observed earlier, might be due to the
combination of classical (genomic) and alternative (non-
genomic) glucocorticoid receptor (GR) signaling events
modifying activation or apoptotic pathways. In particular,
the previously demonstrated mitochondrial translocation
of activated GR in DP thymocytes offered a fascinating
explanation for their pronounced GC-induced apoptosis
sensitivity. However, the fine molecular details how the
mitochondrial translocation of GR might regulate apopto-
sis remained unclear. Therefore, in the present study, we
intended to examine which apoptotic pathways could be
involved in GC-induced thymocyte apoptosis. Furthermore
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we investigated the potential relationship between the GR
and Bcl-2 proteins. Using an in vitro test system, thymo-
cytes from 4-week-old BALB/c mice, were treated with
the GC-analogue dexamethasone (DX). Bax accumulated
in mitochondria upon DX treatment. Mitochondrial GR
showed association with members of the Bcl-2 family: Bak,
Bim, Bcl-x; . Elevated Cytochrome C, and active caspase-3,
-8, and -9 levels were detected in thymocytes after DX
treatment. These results support the hypothesis that in early
phases of GC-induced thymocyte apoptosis, the mitochon-
drial pathway plays a crucial role, confirmed by the release
of Cytochrome C and the activation of caspase-9. The
activation of caspase-8 was presumably due to cross-talk
between apoptotic signaling pathways. We propose that the
GC-induced mitochondrial accumulation of Bax and the
interaction between the GR and Bim, Bcl-x; and Bak could
play a role in the regulation of thymocyte apoptosis.

Keywords Glucocorticoid receptor - Glucocorticoid
hormone - Non-genomic pathway - Mitochondria -
Thymocyte apoptosis - Bcl-2 proteins

Introduction

Despite their multiple side effects and broad organ-specific-
ity, high-dose synthetic glucocorticoid hormone (GC) ana-
logues are frequently used in the therapy of autoimmune
diseases, hematological malignancies and allergies [1, 2].
GC analogues have been shown to promote apoptosis of
leukemic cells and to trigger complex anti-inflammatory
actions by targeting both the molecular and cellular com-
ponents of the immune system [3, 4]. GCs induce apoptotic
death of immature, developing thymocytes and also some
groups of mature, activated T-cells [5]. In mouse models,
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GCs cause robust thymocyte depletion, primarily by the
induction of CD47CD8* double positive (DP) thymocyte
apoptosis [6-9].

Most of the GCs therapeutic actions are the results
of their genomic effects mediated by the ligand-induced
nuclear translocation of the cytoplasmic glucocorticoid
receptors (GR) leading to the transactivation or -repression
of numerous genes [10-13]. However, some effects, espe-
cially those at high GC concentrations, for example, used
for intravenous pulse therapy or intraarticular injections,
are too rapid to be mediated by changes at the genomic
level which take hours or even days to develop. These
“non-genomic”/alternative GC actions include the physico-
chemical interactions of the GC hormone with biological
membranes [14] and the effects mediated by the glucocorti-
coid—glucocorticoid receptor (GC-GR) complex. These lat-
ter involves non-nuclear actions like rapid eNOS (endothe-
lial nitrogen oxide synthase) activation or alterations in
signaling events and effector mechanisms of the cells [15],
for example the interaction of the activated GR with cyto-
plasmic proteins like NF-kB (nuclear factor-kappaB) [16],
or with molecules of the TCR (T-cell receptor) signaling
pathway like Lck (lymphocyte-specific protein tyrosine
kinase), Fyn [17] and ZAP-70 (zeta-chain-associated pro-
tein kinase 70 kDa) [18]. The third non-genomic GC action
is the translocation of GR to the mitochondria, which cor-
relates to the sensitivity of a given cell type to GC-induced
apoptosis [19, 20]. The GC-induced mitochondrial apop-
totic pathway leads to the disruption of the mitochondrial
membrane-potential and the release of key apoptosis induc-
ing factors like Cytochrome C [21, 22]. This study focuses
on this third type of accidental apoptotic cell death and its
regulation.

The mitochondrial, or intrinsic, apoptotic pathway is
regulated by pro-and anti-apoptotic members of the Bcl-2
protein family at the level of the mitochondria [23]. Within
the pro-apoptotic members of the Bcl-2 family there are the
Bcl-2 homology 3 (BH3)-only group proteins such as Bim,
Bid, Bad, PUMA, Noxa, which transmit the apoptotic stim-
uli by activating Bax and Bak. The anti-apoptotic members
such as Bcl-2 and Bcl-x; counteract this process by binding
and neutralizing the pro-apoptotic proteins. After Bax and
Bak formed pores on the mitochondrial outer membrane,
Cytochrome C is released and it participates in the forma-
tion of the apoptosome with Apafl and caspase-9 and acti-
vates caspase-3 [23, 24]. Caspase-3 can also be activated
by caspase-8 after the initiation of the extrinsic apoptotic
pathway [25, 26].

In a preliminary work, in a TCR transgenic mouse
model, we have shown that thymocytes surviving during T
cell selection up-regulated their mitochondrial anti-apop-
totic Bcl-2 protein, suggesting that the mitochondria were
directly involved in the regulation of thymocyte apoptosis
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[22]. Other studies with murine models have demonstrated
the importance of Bax, Bak, Bim and Bcl-x; in mediating
dexamethasone (DX)-induced apoptosis [27, 28]. Previ-
ously we have shown, that upon short-term in vitro expo-
sure of DP thymocytes to GCs the GR translocated to the
mitochondria within 30 min, having a direct effect on the
mitochondrial function and decreasing the mitochondrial
membrane potential [6]. Taking these preliminary data
together, we hypothesize that the mitochondrial GR trans-
location could play an important role in the GC-induced
apoptosis of thymocytes. On the other hand the relation of
Bcl-2 family proteins like Bak, Bax, Bim or Bcl-x; with
the GR has not been investigated so far in the GC-induced
mitochondrial apoptotic pathway of thymocytes.

Therefore, in this study, we analyzed the short term
in vitro DX treatment-induced interactions between the GR
and Bcl-2 family member proteins in mouse thymocytes,
paying special attention to their distribution between the
cytoplasm and mitochondria. Parallel with this we char-
acterized the activation of different caspases as markers of
apoptosis. Here, we provide evidence for the activation of
the mitochondrial apoptotic pathway as well as direct asso-
ciation between the GR and Bak, Bim, and Bcl-x; after
short term GC analogue treatment in thymocytes.

Materials and methods
Mice

3-4 weeks old BALB/c mice (obtained from The Jackson
Laboratory, Bar Harbor, ME, USA) were kept under con-
ventional conditions and provided with pelleted rodent
chow and water ad libitum. All animal experiments were
carried out in accordance with the regulations of Com-
mittee on Animal Experimentations of University of Pécs
(#BA 02/2000-16/2015).

Short-term in vitro GC-analogue treatment of isolated
thymocytes

After sacrifice, thymi were removed and homogenized
mechanically in RPMI-1640 medium (Sigma-Aldrich,
Budapest, Hungary) followed by filtration through nylon
mesh. Cell viability was determined by trypan-blue dye
exclusion test using a hemocytometer. 5x 10’ thymocytes
were treated with 10~° M DX (synthetic steroid compound,
which has primarily GC-like effects), 107> M stock dis-
solved in dimethyl sulfoxide [(DMSO), both from Sigma-
Aldrich] in serum-free RPMI for 1 and 3 h for western blot-
ting, 0.5 h for confocal microscopy and for 0.5, 1, 2 and
3 h for flow cytometry at 37 °C. Control samples were kept
under the same conditions for the same time in the presence
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of the solvent alone. The treatment was stopped by adding
ice-cold phosphate buffered saline (PBS), containing 0.1 %
NaN3 (Sigma-Aldrich).

Antibodies

The following antibodies (Abs) were used for flow cytom-
etry: anti-CD4-Phycoerythrin-Cyanine5 (PE-Cy5) (clone#
RM4-5) and anti-CD8-Phycoerythrin (PE) (clone# 53-6.7)
(all from BD Pharmingen, San Jose, CA, USA), for analy-
sis of activated (cleaved) caspases rabbit anti-caspase-3
(clone# 5AI1E), rabbit anti-caspase-8 (clone# D5B2) and
rabbit anti-caspase-9 (all from Cell Signaling Technology,
Danvers, MA, USA) were used with anti-rabbit IgG-Fluo-
rescein (FITC) (Sigma-Aldrich) as secondary Ab.

For confocal microscopy the following Abs were used:
anti-CD4-Pacific Blue (clone# RM4-5, BD Pharmingen),
anti-CD8-Pacific Orange (clone# 5H10, Life Technolo-
gies, Waltham, MA, USA), anti-GR-FITC (clone# 5E4-
B1, produced in our laboratory) [29] and rabbit anti-Bak,
-Bax, -Bcl-x; (all from Santa Cruz Biotechnology, Dallas,
TX, USA) and -Bim (clone# C34C5, Cell Signaling Tech-
nology) with goat anti-rabbit IgG-Cyanine3 (Cy3) sec-
ondary Ab and goat anti-rabbit IgG-FITC secondary Ab
(Sigma-Aldrich).

For western blot analysis of the activated (cleaved) cas-
pases in the subcellular fractions the following Abs were
used: rabbit anti-caspase-3, -8, and -9 (all from Cell Sign-
aling Technology) in 1:1000 dilutions. The pro-apoptotic
proteins were detected with mouse anti-Cytochrome C
(clone# 7H8.2C12, BD Pharmingen) in 1:2000 dilution,
rabbit anti-Bax (Santa Cruz Biotechnology) in 1:500 dilu-
tion. For reprobing mouse anti-f-actin (clone# AC-74,
Sigma-Aldrich) in 1:5000 dilution and anti-Cytochrome C
Abs were used.

For immunoprecipitation, anti-GR (clone# 8E9, pro-
duced in our laboratory) [29] was used. For western-blot
analysis of immunoprecipitated samples the following pri-
mary Abs were used: anti-Bak, anti-Bax (both from Santa
Cruz Biotechnology), mouse anti-Bcl-x; (BD Pharmingen)
in 1:1000 dilution, rabbit anti-Bim (Cell Signaling Tech-
nology) in 1:1000 dilution and mouse anti-GR (clone#
SEA4, produced in our laboratory) in 1:2000 dilution [29].

For visualization of the western blots peroxidase conju-
gated anti-mouse- or anti-rabbit IgG (produced in our labo-
ratory) were used as secondary Abs in 1:1000 dilutions.

Subcellular fractionation

Mitochondria Isolation Kit (Pierce, Rockford, IL, USA)
was used to separate cytoplasmic, mitochondrial and
nuclear fraction from thymocytes, according to manufac-
turer’s instructions, with minor modifications according to

Stasik et al. [30]. Briefly, isolated solvent control and DX-
treated thymocytes were washed in cold PBS-azide (PBS
containing 0.1 % NaN,) and lysed. After centrifugation at
800xg for 10 min, the nuclear pellet was separated. The
post-nuclear supernatant was centrifuged first at 3000xg
for 15 min and then at 12,000xg for 5 min. The pellet con-
taining mitochondria was either dissolved in sodium dode-
cyl sulfate (SDS) sample buffer (125 mM Tris, 4% SDS,
10% mercaptoethanol, 0.006% bromo-phenol-blue (all
from Sigma-Aldrich) and 10% glycerol (Molar Chemi-
cals, Budapest, Hungary)) or used for immunoprecipitation
and the clear supernatant was used as a cytosolic fraction.
The supernatant was either used for immunoprecipitation
or boiled immediately in SDS sample buffer for 10 min.
To use mitochondria for immunoprecipitation the pellet
was lysed in TEGM lysis buffer (10 mM Tris base, 4 mM
EDTA (all from Sigma-Aldrich), 50 mM sodium chloride,
20 mM sodium molibdate (Molar Chemicals), 10% glyc-
erol, pH 7.6) complemented freshly with protease inhibi-
tor and Na-orthovanadate (both from Sigma-Aldrich). The
samples were frozen and thawed five times in liquid nitro-
gen and then incubated for 30 min on ice and centrifuged
for 10 min at 13,000 rpm and the supernatant was used for
immunoprecipitation.

Immunoprecipitation

For immunoprecipitation, the cytosolic and mitochondrial
fractions were incubated overnight under continuous rota-
tion with the appropriate amount of precipitating antibod-
ies (see in “Antibodies” section) in blocking buffer (10 mM
Tris, 100 mM sodium chloride, pH 7.4 containing 10%
bovine serum albumin (BSA, Sigma-Aldrich)); then Pro-
tein-G (Santa Cruz Biotechnology) was added to the sam-
ples and they were incubated for additional 2 h under con-
tinuous rotation. Finally, samples were washed five times
in PBS and immune complexes were removed from the
Protein-G with boiling for 3 min in SDS sample buffer.

Western blotting

Cell fractions were subjected to sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) on a 10
or 15% gel. The gels were blotted for 2 h to nitrocellulose
membranes using Mini Trans-Blot Cell blotting equipment
(both from Bio-Rad, Hercules, CA, USA). After transfer,
nitrocellulose membranes were soaked in blocking buffer
(2% BSA or 1% non-fat dry milk (Bio-Rad), 10 mM Tris,
100 mM sodium chloride and 0.1% Tween 20 (Molar
Chemicals), pH 7.4) and then incubated with the appropri-
ate primary antibodies. Anti-f-actin and anti-Cytochrome
C antibodies were used to control the equal loading and
purity of the fractions. Blots were then probed with the
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appropriate secondary Abs. Blots were washed in a buffer
containing 10 mM Tris, 100 mM sodium chloride and
0.1% Tween 20 (pH 7.4). Western blot visualization was
performed by enhanced chemiluminescence as described in
the manufacturer’s instructions (SuperSignal West Femto
Chemiluminescent substrate, Pierce). Luminescent light
signals were detected with Fujifilm LAS 4000 blot docu-
mentary system.

Analysis of blots

Densitometry of blots was done with the Image J software
(http://rsb.info.nih.gov/ij). Densitometric data was calcu-
lated using the original, unmodified images. Relative den-
sities of caspases and cytoplasmic Bax blots were normal-
ized to the relative densities of P-actin, the mitochondrial
fraction of Bax to Cytochrome C to determine the relative
expression in the subcellular fractions. Relative densities
of Bim, Bak, and Bcl-x; immunoprecipitation blots were
normalized to the relative densities of GR. Brightness and
contrast of representative images have been adjusted.

Labeling cells for confocal laser scanning microscopy

After 30 min DX treatment CD4-Pacific Blue and CDS-
Pacific Orange labeling of thymocytes was performed
in binding buffer (PBS containing 0.1% BSA and 0.1%
NaN,) then cells were fixed in 4% paraformaldehyde
(Sigma-Aldrich) and washed in permeabilization buffer
(PBS containing 0.1% BSA, 0.1% NaN; and 0.1% sapo-
nin (Sigma-Aldrich)). The intracellular labeling of the cells
was performed in saponin buffer with rabbit anti-Bak, Bax,
Bcel-x; and Bim as primary Abs and anti-rabbit IgG-Cy3
as secondary Ab then with 1 pg/ml anti-GR-FITC anti-
body [29]. The cells were incubated for 1 h with the Abs
and washed twice in saponin buffer. After the labelling the
cells were washed again twice in saponin buffer and once
with PBS then cytospined onto slides. The excess fluid
was carefully aspirated and the slides were covered using
Promofluor Antifade Reagent (PromoKine, Heidelberg,
Germany).

Mitotracker chloromethyl-X-rosamine (CMX-Ros)
staining of mitochondria for confocal laser scanning
microscopy

CMX-Ros (Invitrogen, Waltham, MA, USA) is a cell-per-
meant lipophilic reagent, which diffuses through the plasma
membrane and accumulates in active mitochondria due to
normal mitochondrial membrane potential [31]. Briefly,
10° thymocytes were incubated in 1 ml serum-free RPMI
containing 10 ul CMX-Ros stock solution (1 ug/ml in
DMSO) for 30 min at 37 °C, following the manufacturer’s

@ Springer

instructions, parallel with 1 uM DX treatment. Cell surface
labelling with anti-CD4-Pacific Blue and anti-CD8-Pacific
Orange and intracellular labeling with rabbit anti-Bax as
primary Ab, and anti-rabbit IgG-FITC as secondary Ab
was performed as indicated in “Labeling cells for confocal
laser scanning microscopy” section.

Confocal microscopic image acquisition and analysis

Visualization and analysis of the samples were carried out
using an Olympus Fluoview 300 confocal microscope with
an Olympus Fluoview FV1000S-IX81 image acquisition
software system. Data were collected in four separate chan-
nels, including differential interference contrast (DIC), UV
for CD4, virtual red for CD8, FITC for GR, red for Bak,
Bax, Bcl-xL’ and Bim or red for mitochondria and FITC for
Bax. Sequential scanning was used for image acquisition.
Signals were collected from cells in 3-3 frames and Bak,
Bax, Bcl-x; Bim-GR and CMX-Ros-Bax morphological
association was analyzed with the ImageJ software (http://
rsb.info.nih.gov/ij) using co-localization plug-in. Co-local-
ization data was calculated using the original, unmodified
images. Based on the analysis of pixel fluorescence inten-
sities, ranging from O to 255, specific staining was distin-
guished from background by using a threshold value of 50
as described elsewhere [32, 33]. Then, co-localized pixels
between Cy3-GR and CMX-Ros-Bax were counted. One
hundred DP cells per sample were analyzed altogether
using this approach. Brightness and contrast of representa-
tive images have been adjusted.

Labeling cells for flow cytometry

10° cells were treated with DX for 0.5, 1, 2 and 3 h. Cell
surface labelling with CD4-PECy5 and CDS-PE and intra-
cellular labelling with rabbit anti-caspase-3, -8, -9 as pri-
mary antibodies and with anti-rabbit IgG-FITC as second-
ary antibody was performed as indicated in “Labeling cells
for confocal laser scanning microscopy” section followed
by flow cytometric analysis.

Flow cytometric data acquisition and analysis

Samples were measured and analyzed in a FACSCalibur
flow cytometer (Becton Dickinson, San Jose, CA, USA),
using the CellQuest Pro software. Thymocyte subpopula-
tions were analyzed separately based on their cell surface
CD4/CD8 expression for FITC intensity detected in the
FL1 channel. Fluorescent histogram plots were used to
compare the ratio of active caspase-3, -8, -9 expressing
cells (FITC positive) of different samples.
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Statistical analysis

Data are presented as mean+ SEM. GraphPad Prism (ver-
sion 6.01, GraphPad Software, La Jolla, CA) program was
used to create the artwork and perform the statistical analy-
sis using Student’s ¢ test. p<0.05 was considered statisti-
cally significant.

Results

DX-induced changes in the co-localization between GR
and members of Bcl-2 protein family

Previous studies have shown the importance of Bax, Bak
and Bim in mediating DX-induced apoptosis [27, 28,
34-36] and in our preliminary work, in a TCR transgenic
model, we have observed that thymocytes, surviving T cell
selection, up-regulated their Bcl-2 protein level [22]. We
have also shown, that upon in vitro exposure of DP thymo-
cytes to GC the activated GR translocated to the mitochon-
dria within 30 min which was followed by the decrease of
the mitochondrial membrane potential [6], indicating the
importance of non-genomic effects and the mitochondrial
apoptotic pathway in the GC-induced apoptosis of thymo-
cytes. Therefore, now we set out to find potential molecular
partners for the activated GR in the mitochondrial apoptotic
pathway. To this end we investigated possible protein inter-
actions between the GR and Bcl-2 family proteins, which
are responsible for the control of the mitochondrial mem-
brane potential [37]. To test our hypothesis the co-locali-
zation of GR and Bak, Bax, Bcl-x; or Bim was analyzed
in DP thymocytes before and after 30 min of high dose DX
treatment (Fig. 1). We found that the GR co-localized to
some extent with all four investigated Bcl-2 family proteins
(Fig. 1al—d1). Upon DX treatment the GR-Bak association
showed minimal change (Fig. 1al), the GR-Bax, -Bcl-x;.
association decreased (Fig. 1bl, cl), while the GR-Bim
association increased (Fig. 1d1).

To quantify the rate of co-localization, we calculated
and compared the number of co-localized pixels in indi-
vidual DP cells after 30 min of DX treatment to their con-
trols. After DX treatment the co-localized pixel number
minimally changed between Bak and GR (1463 +76 versus
1342 +65 in the control) (Fig. 1a2) but decreased slightly
between Bax and GR (937477 versus 1156+44 in the
control) (Fig. 1b2). The co-localization between GR and
Bcl-x; decreased significantly after DX treatment (234 + 19
versus 314+ 1 in the control) (Fig. 1c2). We observed a
remarkable, but statistically not significant, increase in the
co-localization of Bim and GR upon 30 min DX treatment
(7194159 versus 501 +60 in the control) (Fig. 1d2).

The GR interacts with members of the Bcl-2 protein
family in the cytoplasm and the mitochondria
of thymocytes

To confirm our confocal microscopic results, we investi-
gated the interaction of the GR with Bcl-2 family mem-
ber proteins: Bak, Bax, Bcl-x; and Bim proteins in thy-
mocytes using co-immunoprecipitation with anti-GR
antibody. We also wanted to elucidate whether the high
dose DX treatment changed the active GR-Bcl-2 family
protein complexes’ subcellular distribution. Therefore,
we performed subcellular fractionation and isolated cyto-
plasmic and mitochondrial fractions from 30 min DX or
vehicle-treated, unseparated thymocytes. After subcel-
lular fractionation immunoprecipitation was performed
with anti-GR antibody and then the samples were further
analyzed by western blot to visualize the co-precipitated
Bcl-2 family proteins. Densitometric quantification of
western blots was carried out. The Bcl-2 family protein
levels were compared in both untreated and DX-treated
samples. Note: although thymocytes were not separated,
based on their cell surface phenotype, in these experi-
ments, 70-80% of the cells are DP in 3-to-4-week-old
BALB/c mice [38]; therefore the results from our immu-
noprecipitation and western blot experiments give a good
impression about the DP cells. Results of representative
experiments are shown in Fig. 2. Confirming our confo-
cal microscopic data (see “DX-induced changes in the co-
localization between GR and members of Bcl-2 protein
family” section), association of the GR with Bak, Bim,
Bcl-x;, proteins could be observed both in the cytoplas-
mic and mitochondrial fractions of both untreated and
DX-treated thymocytes (Fig. 2a—c, respectively), how-
ever, Bax protein did not show any direct association
with the GR (data not shown).

Bak co-precipitated with the GR, and upon DX treat-
ment the Bak-GR co-precipitation increased in the cyto-
plasmic and slightly changed in the mitochondrial frac-
tion (Fig. 2a). We also observed the co-precipitation of
Bim with the GR (Fig. 2b). Bcl-x;, also co-precipitated
with GR (Fig. 2b). The rate of their co-precipitation
increased in the cytoplasmic and decreased in the mito-
chondrial fraction upon DX treatment in comparison to
the control (Fig. 2b). Finally, the GR-Bim association
changed only minimally in the cytoplasmic fraction, but
remarkably increased in the mitochondrial compartment
(Fig. 2c). This pronounced mitochondrial accumulation
of Bim suggests its potential role in the mitochondrial
(intrinsic) apoptotic pathway in the GC-induced thymo-
cyte apoptosis.
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Fig.1 Co-localization of

the GR with members of the
Bcl-2 protein family: Bak,

Bax, Bcl-x; and Bim in DP
thymocytes. Representative
confocal microscopic images
from at least three independent
experiments showing GR-Bak
(Al), GR-Bax (B1), GR-Bcl-x;.
(C1) and GR-Bim (D1) co-
localization in control (Ctrl) and
30 min DX-treated cells. DIC,
CD4 (blue channel) and CD8
(virtual red channel) overlaid,
intracellular GR (green channel)
and Bak, Bax, Bcl-x;, Bim (red
channel) images are shown.
The co-localization of the GR
with Bak, Bax, Bcl-x; and Bim
(GR-Bak, Bax, Bcl-x;, Bim
merged images) is indicated

by the yellow areas. Scale bars
8 um each. Bar diagrams show
the quantification of the changes
in the GR-Bak (A2), GR-Bax
(B2), GR-Bcl-x;, (C2) and
GR-Bim (D2) co-localization

in DP thymocytes after in vitro
DX treatment. Bars represent
the number of co-localized
pixels per cell as calculated

by the co-localization plugin

of the ImagelJ software. The
mean + SEM was calculated
from the data of 100 DP cells
per treatment, respectively.
Significant changes (p <0.05) in
DX-treated cells versus controls
are indicated by asterisk. (Color
figure online)

DX treatment-induced mitochondrial accumulation
of Bax

Bax is a key pro-apoptotic protein in the mitochondrial
apoptotic pathway. It has been shown earlier, that Bax has
a constant turnover between the mitochondrial membrane
and the cytoplasm [39] and it has also been demonstrated
to be important in GC-induced apoptosis together with Bak
[27, 28, 34]. In the case of Bax we could not confirm the
co-localization, observed by confocal microscopy, with
co-immunoprecipitation (data not shown). Therefore, we
investigated whether the high dose DX treatment caused
any redistribution of Bax between the cytoplasmic and
mitochondrial fractions of thymocytes, and we have found
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that Bax accumulated in the mitochondrial fraction after
30 min of DX treatment, compared to the control (Fig. 3a).
This result was confirmed by confocal microscopy
(Fig. 3b1); the number of Bax-CMX-Ros co-localized pixel
number increased upon 30 min of DX treatment (910 + 68
versus 626 + 33 in the control) (Fig. 3b2).

Kinetics of caspases’ activation in DP thymocytes

Preceding studies with knock-out (KO) models have
shown the importance of the intrinsic apoptotic pathway
in GC-induced apoptosis of thymocytes [40, 41]. How-
ever, others have emphasized the role of caspase-8 and
the extrinsic pathway in this process [42, 43]. In our
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Fig. 2 Association of the GR with members of the Bcl-2 family in
thymocytes. Anti-Bak (a), Bcl-x; (b) and Bim (c) western blots are
shown from cytoplasmic and mitochondrial fractions of thymocyte
lysates after anti-GR precipitation with or without DX treatement.
Blots were reprobed with anti-GR antibody to confirm equal loading
of the samples. The figure shows representative blots and densitom-
etry data of at least three independent experiments. Diagrams below
each blot show the relative Bak, Bcl-x; and Bim levels in the cyto-
plasm (normalized to GR) and the mitochondria (normalized to GR).
Bars represent the mean+SEM of relative densities compared with
the controls. Igl: immunoglobulin light chain

previous research, with DP thymocytes, we have shown
that the translocation of GR to the mitochondria was fol-
lowed by the decrease of the mitochondrial membrane

potential [6], which supported the significance of the
mitochondrial apoptotic pathway in DP thymocyte apop-
tosis induced by GCs.

Hence, now to investigate the activation of caspases
in DP thymocytes, separately from other thymocyte
subpopulations, we examined the activation of cas-
pase-3,-8, and -9 after 0.5, 1, 2 and 3 h of DX treat-
ment in DP thymocytes (Fig. 4). The ratio of DP cells
containing cleaved caspase-9 increased significantly
after 2 and 3 h of DX treatment (Fig. 4c). The percent-
age of DP cells in which active caspase-3 was detected
showed increase already after 1 h of DX treatment, and
after 2 and 3 h of DX treatment the rate of DP cells hav-
ing active caspase-3 increased significantly (Fig. 4d).
The activation of caspase-9 together with the cleav-
age of caspase-3 implied the activation of the intrinsic,
mitochondrial apoptotic pathway upon DX treatment.
The ratio of active caspase-8 containing DP cells was
slightly elevated upon 0.5 and 1 h of DX treatment, and
this increase continued and became significant after
2 and 3 h DX treatment showing a similar tendency
to the active caspase-9 (Fig. 4e). The changes in cas-
pase-9 activation seemed to be more pronounced than
in the case of caspase-8 after 2 and 3 h of DX treatment,
which may suggest a pivotal role of caspase-9 in DX-
induced thymocyte apoptosis.

DX-induced caspase activation and Cytochrome C
release to the cytoplasm in thymocytes

To confirm our flow cytometric results we performed
western blot analysis of activated caspases in unsepa-
rated thymocytes (70-80% of the cells are DP [38])
upon 3 h of DX treatment (which was the peak activation
seen with flow cytometry, see Fig. 4) together with the
analysis of Cytochrome C release to the cytoplasm after
1 h DX treatment. Cell lysates of untreated, control, and
in vitro DX-treated thymocytes were compared for active
caspase-3, -8, -9 and Cytochrome C levels (Fig. 5). 1 h,
high dose DX treatment caused the significant increase
of Cytochrome C level in the cytoplasm (Fig. 5a). We
observed the significant elevation of active caspase-9, -3
levels (Fig. 5b, c, respectively) compared to the control
after 3 h of high dose DX treatment which are charac-
teristic signs of the activation of the intrinsic (mitochon-
drial) apoptotic pathway. Interestingly, the initiator cas-
pase-8 of the extrinsic pathway was also significantly
elevated upon DX treatment (Fig. 5d), which might
reflect a cross-talk between the intrinsic- and extrinsic
pathways or may indicate the activation of another paral-
lel apoptotic pathway.
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Fig. 3 Subcellular distribution of Bax in thymocytes upon DX treat-
ment. a Western blot shows the DX treatment-induced redistribution
of Bax between the cytoplasmic and mitochondrial fractions of thy-
mocytes. Blots were reprobed with anti-B-actin or anti-Cytochrome
C (Cyt C) antibodies to confirm the purity of the cytoplasmic and
mitochondrial fractions, respectively. The figure shows a representa-
tive blot and the densitometry data of at least three independent
experiments. The diagram shows the relative Bax expression in the
cytoplasm (normalized to p-actin) and the mitochondria (normalized
to Cytochrome C). Bars represent the mean +SEM of relative densi-
ties compared to the controls. b Mitochondrial translocation of Bax
in DP thymocytes. bl Representative confocal microscopic images

Discussion

Glucocorticoid receptor (GR) signaling plays an impor-
tant regulatory role in the selection and apoptosis of
thymocytes [6—8]. Besides the nuclear-, mitochondrial
translocation of the ligand-bound GR might dictate GC-
induced apoptosis sensitivity of the cells [6, 44—49]. In
a previous study, we followed the ligand-induced GR
trafficking in GC-sensitive CD4"CD8* DP thymocytes
[50-52] upon short term in vitro GC treatment and dem-
onstrated the GR translocation into the mitochondria,
which correlated well with their pronounced GC-induced
apoptosis sensitivity [6, 51]. However, the molecular
events following the short-term GC treatment-induced
mitochondrial translocation remained to be elucidated. In
our present work we clarified that the GR regulates the
mitochondrial apoptotic pathway of thymocytes in close
collaboration with the Bcl-2 family proteins.
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of at least three independent experiment showing CMX-Ros-Bax co-
localization in control (Ctrl) and 30 min DX-treated cells. DIC, CD4
(blue channel) and CD8 (virtual red channel) overlaid, mitochon-
dria (CMX-Ros, red channel) and Bax (green channel) images are
shown. The co-localization of mitochondria with Bax (CMX-Ros-
Bax merged images) is indicated by yellow areas. Scale bars are 8 pm
each. b2 Quantification of the changes in the CMX-Ros-Bax co-local-
ization in DP thymocytes after in vitro DX treatment was performed
using the co-localization plugin of the ImageJ software. Bars repre-
sent the number of co-localized pixels. The mean+ SEM was calcu-
lated from the data of 100 DP cells per treatment, respectively. (Color
figure online)

We observed both co-localization and direct molecular
association of Bak with GR (Figs. 1, 2). After DX treat-
ment this association was unchanged in the mitochondrial
fraction but increased in the cytoplasm of thymocytes upon
high-dose short-term DX treatment. Upon apoptotic stim-
uli, Bax translocates to the mitochondria where it forms a
complex with Bak leading to mitochondrial pore formation
[24]. Our findings suggest that Bax has a primary role in
the early phase of DX-induced apoptosis of thymocytes,
although not associating directly with the GR. We cannot
rule out the possibility that Bak also plays a role in GC-
induced apoptosis, but probably joins at a later stage than
we examined in our work. This is supported by earlier
observations in thymocytes form Bax/Bak double KO mice
which were completely resistant to GC-induced apoptosis,
whereas Bax or Bak single KO mice thymocytes were still
sensitive to GCs [34]. These studies, with knock-out mice,
have strengthened the importance of Bak in GC-induced
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Fig. 4 Flow cytometric analysis of the kinetics of caspase activation
in DP thymocytes upon 30 min to 3 h of DX treatment. a Thymo-
cyte subpopulations were gated based on their CD4/CD8 expression.
b The representative fluorescent histogram plot shows the active cas-
pase-9 positive percentage of DP thymocyte subpopulation before
and after 3 h of DX treatment. Bar diagrams show the mean+ SEM

apoptosis, but also have suggested that Bax and Bak may
compensate for each other [34].

Our results showed the association of Bim, a BH3-only
protein, with GR and their interaction increased especially
in the mitochondrial fraction upon DX treatment (Figs. 1,
2). Bim™~ knock-out mice showed impaired GC-induced

*
10+
0=
Oh 0.5h 1h 2h 3h

time

of cleaved, active caspase-9 (c), -3 (d) and -8 (e) positive percentage
of cells (calculated from the data of three animals) in the DP thymo-
cyte population and its changes upon 30 min to 3 h of DX treatment.
Significant (p <0.05) differences compared to the untreated controls
are indicated by asterisk

apoptosis [35, 36] showing its important but not exclusive
participation in this death process. This is also supported
by the results of other research groups [53]. GCs have been
found to induce the expression of Bim in murine thymo-
cytes after 2 or 3 h of DX treatment [47, 54]. Increased
expression of Bim has correlated with increased sensitivity
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to GC-induced apoptosis [55, 56], dysregulation of its
gene expression has been found in solid and hematopoi-
etic malignances [57], where reduced expression corre-
lated with increased disease risk [58], and single nucleo-
tide polymorphisms have been associated with impaired
responsiveness to anticancer therapies [59-61]. Our results
also support that Bim plays a crucial role in the initiation
of GC-induced apoptosis of DP thymocytes; the increased
association of Bim with the GR in the mitochondria may
promote the activation and oligomerization of Bax in the
mitochondrial outer membrane.

Interestingly, we also observed interaction between Bcl-
X;, an anti-apoptotic member of the Bcl-2 family, and the
GR during the DX-induced apoptotic processes. Bcl-x; has
been shown to retrotranslocate Bax from the mitochon-
dria to the cytoplasm by binding to it and thus inhibiting
its pro-apoptotic activity [62]. We hypothesize that the
interaction between the GR and Bcl-x; would cause the
inhibition of this particular Bcl-x; function. After 30 min
DX treatment the GR bound ratio of Bcl-x; increased in
the cytoplasmic but decreased in the mitochondrial frac-
tion (Fig. 2) which suggests that Bcl-x; , after translocating
to the cytoplasm from the mitochondria, binds to the GR,
and this sequestration could abolish its antagonistic effect
on the apoptotic process. This hypothesis about the inhibi-
tory effect of the GR on Bcl-x; is supported by the result
of another research group where it has been observed that
the expression of Bcl-x; decreased significantly after 2 or
3 h of DX treatment [54]. However, the co-localization
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between Bcl-x; and the GR decreased significantly after
DX treatment (Fig. 1), which might be due to the fact that
the co-localization results are only from DP cells and it
gives the overall ratio of co-localization, both in the cyto-
plasm and the mitochondria, while unseparated thymocytes
were used for the co-immunoprecipitation experiment and
the cytoplasmic and mitochondrial fractions were analyzed
separately.

The rate of co-localization between Bax and the GR
slightly changed upon DX treatment (Fig. 1), but we could
not confirm the co-localization, observed by confocal
microscopy, with co-immunoprecipitation experiments.
Co-localization expresses molecular proximity, but does
not reflect necessarily direct molecular interaction between
two molecules. In the case of Bax, where the co-localiza-
tion with the GR was not confirmed by co-immunopre-
cipitation, the results suggest that the two molecules were
very close to each other, but there were no direct interac-
tion between them. According to our results GR, a 94 kDa
molecule, associates with other members of the Bcl-2 pro-
tein family, which are in the vicinity of Bax. It is known
from the work of others [62-65] that these Bcl-2 proteins
interact with each other, which may explain the proximity
of the GR to Bax without direct association. Besides we
detected a clear redistribution of Bax from the cytoplasm to
the mitochondria (Fig. 3) which correlated with the results
of others [27, 28] suggesting the central role of Bax in DX-
induced apoptosis of thymocytes. Bax trafficking between
the mitochondrial outer membrane and the cytoplasm is a
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Fig. 6 Hypothetical model of the GC-induced apoptosis of thymo-
cytes via the regulation of the mitochondrial apoptotic pathway by
members of Bcl-2 protein family. Upon high dose GC treatment the
GR translocates to the mitochondria (dashed arrow) where its inter-
action increases with Bcl-2 family proteins, especially with Bim.
Then Bax is presumably activated by Bim, leading to permeability
pore formation in the mitochondrial outer membrane, and the leakage
of Cytochrome C into the cytoplasm, which triggers the caspase-cas-

key regulator of the intrinsic (mitochondrial) pathway of
apoptosis [24, 39, 66]. Bax oligomerization in the mito-
chondrial membrane leads to the formation of a permeabil-
ity pore, which causes the decrease of the mitochondrial
membrane potential [24], as it has been detected in our pre-
vious experiments [6].

Caspases are important effectors of both, intrinsic and
extrinsic, apoptotic pathways [23, 26]. In our experiments
we analyzed the kinetics of caspases’ activation from 0.5 to
3 h of DX treatment. We observed significantly increased
number of DP thymocytes containing active, cleaved cas-
pase-3, -8, -9 after 2 and 3 h of DX treatment. After 1 h
of DX treatment, the caspase-3 activation was probably the
result of caspase-9 activation following the decrease of the
mitochondrial membrane potential observed after 30 min
DX treatment in our previous work [6]. But the activation
of caspase-3 after 1 h of DX treatment may be partially

Caspase-3

|

APOPTOSIS

cade. The accumulation of Bax in the mitochondrial outer membrane
is most likely further enhanced by the increased cytoplasmic associa-
tion of the liganded GR and the Bcl-x; which suspends the latter’s
inhibitory effect on the mitochondrial pore formation by Bax. The
role of the GR-Bak association remains to be elucidated. Caspase-8
activation (extrinsic pathway) may be the result of the interaction
between the GR and other apoptotic pathways (dotted arrow)

the result of the activation of parallel apoptotic pathways.
These include ceramide and sphingosine generation which
were reported to be able to induce caspase-3 activation in a
mitochondria independent manner [42, 67]. The prominent
caspase-9 activation after 2 h DX treatment was followed
by remarkable caspase-3 activation after 3 h DX treatment.
The number of DP cells containing activated caspase-9 was
almost doubled after 2 h and the number of cleaved cas-
pase-8 containing DP cells increased significantly but to
a lesser extent than caspase-9. This observation suggests
that the activation of caspase-9 may be prior to caspase-8
activation and strengthen the importance of the mitochon-
drial apoptotic pathway in DX-induced apoptosis of DP
thymocytes.

Our results are supported by the work of other research
groups. Several knock-out models have been generated
already, where one or more members of the Bcl-2 family
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or caspases were inactivated and thus, the deficiency of
these proteins can be studied effectively. These mod-
els have provided an important insight into the different
apoptotic pathways. For example, caspase-9~'~ KO thy-
mocytes have been found to be resistant to DX-induced
apoptosis, but remained sensitive to apoptosis induced
by TNF-a, a-CD95 [40]. Apaf”~ KO thymocytes have
shown only partial resistance to DX-induced apoptosis
and impaired procaspase-8 processing, but were sensitive
to apoptosis induced by Fas ligation [41]. GC-induced
thymocyte apoptosis has been unaffected in Bid-deficient
mice suggesting the dispensable role of the extrinsic
apoptotic pathway in GC mediated cell death [68]. On
the other hand, using small peptide inhibitors of caspases
have shown the importance of caspase-3 and -8 in GC-
induced thymocyte apoptosis [42, 43], but the specificity
of these inhibitory molecules might be unclear [69-71].
Some results have suggested the primary role of caspase-9
in GC-induced apoptosis [40, 41]. However, others have
not supported these findings [42, 72]. The activation of
caspase-8 could also be the result of the activation of
caspase-9 either through the release of cathepsin B from
lysosomes leading to caspase-8 activation [73] or through
the activation of caspase-3 and -6, which then cleaves
caspase-8 [74]. But the activation of caspase-8 can be
the result of the induction of other apoptotic pathways
activated by GCs including; ceramide and sphingosine
production, Cyclin-dependent kinase 2 activation, or as
already mentioned above, the lysosomal release of cathep-
sin B [42, 72, 73, 75].

In conclusion, our results demonstate the complexity
of early steps of the DX-induced mitochondrial apoptotic
pathway in GC sensitive, DP thymocytes (Fig. 6). In the
absence of its ligand some association could be observed
between the GR and members of the Bcl-2 family (Bak,
Bim, Bcl-x;) proteins. There is a constant turnover of the
pro-apoptotic Bax between the mitochondrial outer mem-
brane and the cytoplasm. When no apoptotic stimuli are
present Bcl-x; retrotranslocates Bax from the mitochon-
drial outer membrane, thus the majority of Bax is located
in the cytoplasm in an inactive conformation [62]. Upon
high dose GC treatment the liganded GR changes the equi-
librium between the Bcl-2 family proteins, in such a way,
which promotes apoptosis. GR translocates to the mito-
chondria where its interaction increases especially with
Bim. Bim presumably activates Bax leading to the accu-
mulation and permeability pore formation of Bax in the
mitochondrial outer membrane, causing the decrease of
the mitochondrial membrane potential [6], the release of
Cytochrome C and the activation of caspase-9 (Fig. 6).
The pore formation of Bax in the mitochondrial outer
membrane might be supported by the increased cytoplas-
mic association of the activated GR with Bcl-x; ,which

@ Springer

interferes with the latter’s inhibitory effect on the mito-
chondrial pore formation by Bax. The role of the GR-Bak
association needs further investigations. Caspase-8 activa-
tion (extrinsic pathway) may be the result of the interaction
of GR and other apoptotic pathways [42, 72, 73, 75]. Taken
together, our results emphasize the importance of the mito-
chondrial apoptotic pathway and the non-genomic effects
in GC-induced thymocyte apoptosis.
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ARTICLE INFO ABSTRACT

Objective: Despite the fact that glucocorticoids (GC) are important therapeutic tools, their effects on regulatory T
cells (Treg) are not well defined. The aim of our work was to investigate how GCs influence in vivo the thymic
Treg (tTreg) and peripheral Treg (pTreg) differentiation, survival and cytokine production.

Keywords:
Dexamethasone

F‘;XPS coid Methods: Tregs were detected with flow cytometry in lymphatic organs of 4-6 weeks old BALB/c mice after
gii;)corthOl receptor repeated (2-4 days), high-dose in vivo GC treatment using CD4/CD25 cell surface and Foxp3/IL-10/TGFf/
TGFp glucocorticoid receptor (GR) intracellular staining. Cytokine, Foxp3, and GR mRNA levels of sorted

CD4*+CD25"" T cells were analyzed using RT-PCR. Foxp3 and GR localization in Treg cells was investigated
with confocal microscopy.

Results: GC treatment of mice resulted in increased relative tTreg frequency in the thymus, which was due to
decreased total thymocyte numbers with unchanged absolute tTreg cell count. In contrast the relative pTreg cell
ratio in secondary lymphatic organs decreased or showed no changes after GC treatment, while the absolute
number of pTregs decreased. Elevated intracellular IL-10* and TGFB " tTreg and pTreg ratios were measured in
GC-treated animals, accompanied with elevated Foxp3 mRNA expression. In addition, GC treatment caused
increased TGFp and IL-35 mRNA expression in CD4*CD25"2"* splenic and elevated IL-10 mRNA level in
thymic tTregs. GR expression of thymic tTreg cells was lower than in pTregs. GC treatment caused an opposite
change in GR levels, elevating GR in tTregs but decreasing it in pTregs. We observed a nuclear localization of GR
in both tTregs and pTregs, which showed high colocalization (~60%) with Foxp3 transcription factor. These
data suggest an interaction of these two transcription factors with further increase due to GC treatment in splenic
pTregs.

Conclusion: Our data show selective survival of tTregs and elevated production of immunosuppressive cytokines
by Treg cells after GC treatment, which may contribute to the immunosuppressive effects of GCs.

1. Introduction

Regulatory T cells (Treg) are a specialized subpopulation of T cells
(Sakaguchi et al., 2010; Shevach and Thornton, 2014) that play a key
role in maintaining tolerance to self-antigens (Sakaguchi et al., 2009;
Vignali et al., 2008) and in suppression of excessive immune responses
after antigenic stimulation (Sakaguchi et al., 2008; Vila et al., 2009),
thereby helping in maintaining an immune homeostasis and lowering
the risk for developing autoimmune diseases and allergies. Some of the
clinically important issues are their participation in prevention of organ
rejection after transplantation and tolerance to a fetus by the mother
(Kisielewicz et al., 2010). The best described subsets of Treg cells are:

(A) the thymus-derived natural Treg cells (tTreg), which are generated
during thymic negative selection and preferentially recognize self-an-
tigens, and (B) the induced Treg (iTreg) cells converted from conven-
tional CD4™ T cells in the periphery (Apostolou and von Boehmer,
2004; Kretschmer et al., 2005), recently also named peripheral Treg
cells (pTreg). Both tTregs and pTregs are positive for cell surface
markers CD4 and CD25 and express the characteristic transcription
factor Foxp3 (Forkhead box protein 3) (Hori and Sakaguchi, 2004;
Kretschmer et al., 2005; Sakaguchi et al., 1995) for the acquisition of
their immunosuppressive phenotype and function (Kim, 2009;
Schmetterer et al., 2012). Foxp3 represents a rare example of a lineage
specification factor (Rudra et al., 2012) with a specialized role in
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supporting differentiation and function of a single cell type, and
therefore it is considered a “master regulator” of Tregs (Sakaguchi
et al., 2010; Veiga-Parga et al., 2013). As a transcription factor, Foxp3
interacts with multiple other transcription factors known to be involved
in activation, differentiation, and response of CD4™ T cells (Kanamori
et al., 2016; Katoh et al., 2013; Sadlon et al., 2010). Foxp3 may also act
as a transcriptional co-repressor since it inhibits the activity of NFxB,
CREB, and RORa and also can transcriptionally repress IL-2 and
maintain suppressor functions of Tregs by interacting with NFAT
transcription factor (Schmetterer et al., 2012; Selvaraj, 2013). Treg cells
mediate their immunosuppressive and regulatory function by direct
cell-cell interaction or via secretion of immunosuppressive cytokines
such as TGFP (member of transforming growth factor beta superfamily)
(Kretschmer et al., 2005), IL-10, or IL-35, the recently described Treg
cytokine (Saraiva and O'Garra, 2010; Wang et al., 2016).

Glucocorticoid hormone (GC) is a primary stress hormone necessary
for life, and it regulates numerous physiologic processes to maintain
homeostasis (Kadmiel and Cidlowski, 2013; Oakley and Cidlowski,
2013). Despite their multiple side effects and broad organ-specificity,
high-dose synthetic GC analogues are frequently used in the therapy of
autoimmune diseases, hematological malignancies and allergies. GC
analogues have been shown to influence immune functions by pro-
moting the apoptosis of immature double positive (DP) thymocytes
(Berki et al., 2002a; Prenek et al., 2017; Talabér et al., 2009) and to
trigger complex anti-inflammatory actions by influencing both the
molecular and cellular components of the immune system (Buttgereit
and Scheffold, 2002). They mediate their biological effects by binding
to intracellular glucocorticoid receptors (GRs) that can act through
genomic and non-genomic mechanisms. Ligand-occupied GRs can act
through genomic pathways as transcription factors and induce or re-
press the transcription of numerous genes by directly binding to DNA
response elements and/or by physically associating with other tran-
scription factors (Oakley and Cidlowski, 2013). A number of genes that
are up-regulated via the transactivation mechanism exhibit anti-in-
flammatory actions, but GR can also act via transrepression and lead to
down-regulation of inflammatory cytokines, such as TNFa, IL-12 and
IFNy (De Bosscher and Haegeman, 2009). Transrepression can be
mediated by direct interaction of GR with other transcription factor(s),
including NFxB, AP-1, CREB, NFAT, STAT6, IRF3, STAT3, GATA-3, and
T-bet (Ratman et al., 2013).

Our group previously published that high dose GC treatment in-
duces the apoptotic death of immature, developing CD4*CD8* double
positive (DP) thymocytes, via a non-genomic GC hormone action by
mitochondrial translocation of ligand-bound GR (Prenek et al., 2017;
Talabér et al., 2009). Since naturally arising Tregs develop in the
thymus from DP thymocytes, our question was how tTregs respond to
high dose GC treatment. The current literature is controversial re-
garding the effect of glucocorticoid (GC) treatment on the activity or
frequency of Tregs, but there is evidence that utilizing GCs may help to
induce Tregs (Calmette et al., 2014; Mathian et al., 2015; Stary et al.,
2011). Since both Treg cells and GC hormones exert their im-
munosuppressive effects by influencing cytokine production and cell
activation, it was an interesting question to investigate their synergistic
effects. Studies about the sensitivity of Treg cells to GCs in mice re-
ported both increased and decreased proportions of Treg cells after
dexamethasone (DX) treatment. In BALB/c mice increased proportions
of CD4*CD25" Treg cells in thymus and spleen and higher levels of
Bcl-2 and GR in CD4*CD25™" cells compared to CD4*CD25 ™ cells were
observed (Chen et al., 2004), however, the authors did not use Foxp3
for Treg identification. Administration of IL-2 and DX in another study
also resulted in higher proportion of Foxp3*CD4* CD25" Treg cells in
secondary lymphoid organs (Chen et al., 2006) without examining the
thymus. On the other hand, studies investigating Treg cells in a murine
model for asthma suggested that treatment with corticosteroids limits
the development of Treg cells; however, in this study Foxp3 was not
used to identify Treg cells (Stock et al., 2005). DX administration in a
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multiple sclerosis mouse model resulted in the decrease of the relative
frequency of CD4*Foxp3™ Treg cells in the spleen, as well as in the
spinal cord lesions of GRI*GRICre mice (Wiist et al., 2008).

In view of the controversial reports published recently on the GC
sensitivity of Treg cells and their effects on Treg functions we wanted to
gain a more complete picture regarding Treg cells as identified by CD4/
CD25/Foxp3 markers. We first investigated the Treg ratio and absolute
cell numbers and their inhibitory cytokine production in thymus, blood
and different peripheral lymphatic organs of control and high dose GC-
treated BALB/c mice. We also studied the GR and Foxp3 expression
level and localization and the GR and Foxp3 colocalization in tTreg and
pTreg cells after GC treatment. Thymic tTreg cells showed GC re-
sistance, while peripheral Treg cells were sensitive to GC treatment. We
found a strong GC-induced upregulation of cytokine synthesis in Tregs
and a significant colocalization of the two transcription factors (GR and
Foxp3), which can explain the synergistic immunosuppressive effects of
the GCs and Tregs.

2. Material and methods
2.1. Animals

Four to six-weeks-old BALB/c mice were kept under conventional
conditions and provided with pelleted rodent chow and acidified water
ad libitum. All animal experiments were carried out in accordance with
the regulations set out by the University’s committee on animal ex-
perimentations (#BA 02/2000-16/2015).

2.2. In vivo GC treatment

Mice were treated each day with intraperitoneal injection of 20 mg/
kg bodyweight of dexamethasone (Oradexon, N. V. Organon) for
1-4 days. Untreated mice served as controls. The mice were euthanized
24 h after the last injection. Thymus, spleen, peripheral lymph nodes
and Peyer’s patches were removed and homogenized mechanically in
PBS containing 0.1% BSA and 0.1% NaNj, followed by filtration
through a nylon mesh. Anticoagulated blood samples were obtained 1,
2, 4, 8, 24 and 48 h post a single dose DX injection. Cell viability was
determined using a hemocytometer and trypan blue dye exclusion test.

2.3. Antibodies and fluorochromes

The following antibodies were used for flow cytometry: anti-CD4-
FITC (IBI clone YTS 191; Department of Immunology and
Biotechnology (DIB) Pécs, Hungary), or anti-CD4-PE-Cyanine5 (PE-
Cy5) (clone RM4-5) and anti-CD25-PECy7 (clone PC61) and anti-CD8-
PE (clone: 53-6.7) (all from BD Pharmingen, San Jose, CA, USA) and
anti-LAP (TGFf) —PerCP (BioLegend, clone TW7-16B4) for cell surface
antigens. Intracellular anti-Foxp3-PE (clone 3G3, Exbio, Czech
Republic), anti-IL-10-APC (clone JES5-16E3, BioLegend, San Diego, CA,
USA), and anti-GR-FITC (Clone 5E4-B1, produced in our laboratory,
Pécs, Hungary) (Berki and Németh, 1998). Monoclonal antibodies were
used according to the staining procedure of the eBioscience Foxp3
staining kit (eBioscience, San Diego, CA, USA).

For confocal microscopy the following antibodies were used: anti-
CD4-Pacific Blue (BD Pharmingen, clone RM4-5), anti-Foxp3-Alexa
Fluor 647 (BioLegend, clone 150D), anti-GR-FITC (Clone 5E4-Bl,
Hungary). PromoFluor Antifade Reagent (PromoKine, Heidelberg,
Germany) was used to prevent bleaching.

For FACS separation of Treg cells anti-CD4-PE (clone YTS 191.1.2,
ImmunoTools, Friesoythe; Germany), and anti-CD25-PE-Cy5 (clone
PC61.5, eBioscience) antibodies were used.

2.4. Flow cytometry

1 x 10° cells were stained with anti-CD4-FITC and anti-CD25-
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PerCP antibodies followed by two washing steps. Then the cells were
incubated in e-Bioscience fixation/permeabilization buffer and stained
with anti-Foxp3-PE and anti-GR-FITC intracellular antibodies. After 2
washing steps, cells were fixed in 300 pul FACS-Fix [9ul 35% for-
maldehyde (Sigma-Aldrich) + 291 pl phosphate-buffered saline] and
measured with a FACSCantoll flow cytometer (Becton Dickinson, San
Jose, CA, USA) and analyzed using the FCS Express 4 Flow Research
Edition software. Thymocyte subpopulations were gated based on their
cell surface CD4/CD8 staining. Treg cells were determined in the CD4
gate based on their CD25/Foxp3 positivity. GR expression of T cell
subpopulations and Treg cells was determined on histogram overlays by
analyzing the FL-1 mean fluorescence intensities (MFI) separately.

2.5. Stimulation and staining of cells for cytokine detection

For cytokine detection thymocytes or splenocytes of DX treated and
control animals were stimulated with 25 ng/ml PMA (Sigma-Aldrich),
1 pg/ml Ionomycin (Sigma-Aldrich) and 10 pug/ml Brefeldin A (Sigma-
Aldrich) in RPMI-1640 medium (Sigma-Aldrich) containing 10% FCS
(Gibco) at 37 °C in a CO, incubator for 24 h. Cytokine detection was
performed on 10° cells/samples in binding buffer [PBS containing 0.1%
bovine serum albumin (BSA) and 0.1% NaNj3 (both from Sigma-
Aldrich)] after anti-CD4-FITC, anti-CD25-PECy7, and anti-LAP (TGFf3)-
PerCP cell surface staining and intracellular anti-Foxp3-PE and anti-IL-
10-APC antibody labeling according to the staining procedure of the
eBioscience Foxp3 staining kit. Samples were measured with a FACS
Canto II cytometer and analyzed using the FCS Express 4 Flow Research
Edition program. In the lymphocyte gate CD4"/CD25" T cells were
gated and the Foxp3"TGFR™ and Foxp3*IL-10" cell ratios were de-
termined.

2.6. CD4™ T cell isolation and purification

CD4™ T cells were isolated by negative selection using EasySep
Mouse CD4™* T Cell Enrichment Kit (Stemcell Technologies, Vancouver,
Canada) following the manufacturer’s instructions. Briefly, after isola-
tion of thymocytes or splenocytes 1-1.5 x 10° cells/ml were suspended
in recommended medium (PBS, containing 2% FBS, 1 mM EDTA) in a
5ml (12 X 75 mm) polystyrene tube, and the EasySep™ Mouse CD4* T
Cell Pre-Enrichment Cocktail was added at 50 pl/ml cell suspension and
incubated at room temperature (15-25°C) for 15 min. Then the
EasySep™ Biotin Selection Cocktail was added at 150 ul/ml cell sus-
pension, mixed and further incubated for 15 min at room temperature
(15-25 °C). Then EasySep™ D Magnetic Particles were added at 150 pl/
ml of cells, mixed and incubated at room temperature (15-25 °C) for
10 min. The tubes were placed into the magnet with a total volume of
2.5 ml for 5 min and the supernatant was used for further experiments.
The purity of the cells (assessed by CD4-FITC and CD8-PE labeling of
thymocytes and splenocytes) used in further experiments was > 96%.

2.7. Labeling of cells for confocal laser scanning microscopy

After negative selection, CD4" thymocytes and splenocytes were
stained with anti-CD4-Pacific Blue for 30 min. Then the cells were
washed in PBS and fixed and permeabilized using the eBioscience
Foxp3 staining kit, and labeled with anti-Foxp3-Alexa647 and anti-GR-
FITC intracellular antibodies. After labeling and washing, the cells were
cytospinned onto slides. The excess fluid was carefully aspirated and
the slides were covered using PromoFluor Antifade Reagent.

Olympus Fluoview FV-1000 laser scanning confocal imaging system
was used for acquiring visual data in three separate channels (FITC or
green for GR, far-red for Foxp3, UV for CD4) with an Olympus Fluoview
FV-1000S-IX81 image acquisition software system. Colocalization
analysis was performed using the open source software BioimageXD on
far-red and green channels of images acquired by confocal laser mi-
croscopy. To quantify the degree of colocalization, we calculated and
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compared the number of colocalized pixels in individual Treg cells. The
thresholds of images were auto-set and compared by Manders method
of colocalization (Manders et al., 1993). The quantification of fluores-
cence was achieved by conversion of the standardized pictures taken
from the confocal microscope into 8-bit gray-scale images using the
open source software ImageJ. The standardized pictures from the
confocal microscope were all handled in the same manner with the
same values for image processing to allow comparison of fluorescence
intensity. Therefore first thresholds were set to reduce image noise and
particles touching the edge of the image were excluded. Remaining
artifacts and other interfering effects were excluded manually from
pixel analysis.

2.8. Isolation of Treg cells for RT-PCR

Thymocytes and splenocytes were collected and stained with anti-
CD4-PE and anti-CD25-PE-Cy5. Stained cells were then analyzed using
BD FACSAriall Cell Sorting System with BD FACSDiva Software (BD
Biosciences). Cells in the lymphocyte gate were sorted based on CD4
expression and high expression levels of CD25.

2.9. RNA preparation and quantitative RT-PCR

RNA was isolated from 10° CD4 " CD25"€"* cells using NucleoSpin
RNA XS kit, and ¢cDNA was prepared using random oligo(dT) primers
(Applied Biosystems). Gene expression was quantified with the SYBR
Green method using the Applied Biosystems 7500 RT-PCR system. The
relative expression levels were determined by normalization to actin
housekeeping gene, and results were presented as fold induction com-
pared to unstimulated Treg mRNA levels (RQ). Primer sequences were
as follows: B-ACTIN (Forward) 5’- GGG AGG GTG AGG GACTTCC — 3’
B-ACTIN (Reverse) 5- TGG GCG CTT TTG ACT CAG GA -3 IL-10
(Forward) 5- GTG AAG ACT TTC TTT CAA ACA AAG -3 IL-10
(Reverse) 5- CTG CTC CAC TGC CTT GCT CTT ATT -3’; Foxp3
(Forward) 5’- TAC TTC AGA AAC CAC CCC GC — 3’; Foxp3 (Reverse) 5’-
GTC CAC ACT GCT CCC TTC TC —3’; TGFB1 (Forward) 5- GAC TCT
CCA CCT GCA AGA CC 3’; TGFP1 (Reverse) 5- GGA CTG GCG AGC CTT
AGT TT-3’; IL-35 [Ebi3 (Forward) 5- AGC AGC AGC CTC CTA GCC T
—3’% Ebi3 (Reverse) 5- ACG CCT TCC GGA GGG TC -3’ IL12a
(Forward) 5’- TGG CTA CTA GAG AGA CTT CTT CCA CCA -3’ IL12a
(Reverse) 5- GCA CAG GGT CAT CAA AGA C —3’]; mouse GR
(Forward) 5- TGG TGT GCT CCG ATG A-3’; mouse GR (Reverse) 5-
AGG GTA GGG GTA AGC -3

2.10. Statistical analysis

Statistical evaluation was performed using SPSS v. 22.0 statistics
package (IBM, Armonk, NY, USA). Variables were expressed as
mean * SEM. Student’s t-test was used to compare data between the
investigated groups. P values < 0.05 were considered significant.

3. Results
3.1. Effect of DX treatment on thymic and peripheral Treg cells

In our previous studies we have shown that in vivo DX treatment
resulted in a concentration-dependent depletion of DP thymocytes
(Berki et al., 2002a; Talabér et al., 2009) by inducing the mitochondrial
apoptotic pathway (Prenek 2016). Based on these data we were inter-
ested in determining the effect of high dose therapeutic GC hormone
treatment on thymic tTreg and also pTreg cells that play a key role in
physiological immunosuppression. After repeated (2x) 20 mg/kg DX
treatment, in the thymus the immature double-positive (DP) thymo-
cytes largely disappeared, their proportion dropped from 77.9% to 7%
(Fig. 1A). The proportion of the most immature double-negative (DN)
and single-positive (SP) thymocytes increased (DN: 3.7-fold, CD4 SP: 4-
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A A Control DX Fig. 1. (A) Effect of repeated (2x) high-dose (20 mg/kg) DX treat-
ments on the lymphoid cell composition of the thymus and spleen. In
o the thymus we observed increased proportions of double-negative and
7,00% single-positive cells as a result of almost complete depletion of double-
w positive cells after repeated DX treatment. In the spleen no significant
o Thymus changes were observed in the ratios of CD4™ T helper, CD8" T cy-
, totoxic and non-T cells. Representative flow cytometry dot-plots are
o .
1 : shown of anti-CD4 and anti-CD8 antibody-labeled cells isolated from
o 11.39% 14,95% , 59,63% .
107 Ty " T PAR ’ the thymus and spleen of control and DX-treated mice. (B) Effect of
10 10 10° 10 © 10 10 10’ 10 10
repeated high-dose DX treatment on thymic tTreg ratio and total
cD8 thymocyte count. Mice were treated for 1, 2 and 4 days with DX and
10* o the thymic tTreg ratio was measured together with the total thymo-
12,20% 0,13% [12,14% 0,10% . + - - .
cyte count. The bar graph depicts the CD4 ™ CD25 " Foxp3™ Treg% in
the CD4™" cell population (including CD4* SP and CD4*CD8* DP
Spleen cells). Significant increase in tTreg ratios was observed after repeated
DX treatments. The line graph depicts total thymocyte numbers that
showed a drastic decrease after repeated DX treatments. Data are
shown as mean * SEM. Note: in this series of experiments CD8 la-
beling was not performed, thus the results of CD4 gating are skewed
> because of double-positive cells, which are the most steroid-sensitive
thymocytes.
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fold, CD8 SP: 4.9-fold) (Fig. 1A, upper panels). In the spleen, the CD4/ change was detected in the lymph nodes and Peyer’s patches (Fig. 2B).

CD8 ratio did not change significantly, but we detected a decrease in
the proportion of non-T cells (B and NK) and a relative increase of
CD4™" T helper cell frequencies from 22.7% to 27.5%, and the CD8*
cytotoxic T cell ratios from 12.2% to 14.1% (Fig. 1A, lower panels).

When we followed the proportion of tTreg cells in the thymus after
repeated (1-4x) DX treatment, we detected significantly increased tTreg
ratios in the CD4™ T cell gate in correlation with the number of
treatments. After the last treatment a robust (16-fold) increase in
thymic tTreg cell ratios could be measured, while the absolute thy-
mocyte number dropped to one sixth of the original value (from
8 x 107 to 1.3 x 107cells/thymus) (Fig. 1B).

We also investigated the time-kinetics of a single high-dose GC
treatment on Treg cells in the peripheral blood. As shown in Fig. 2A, 4 h
and 8 h after DX treatment we detected a significant increase in the
Treg cell ratios, which by 24 h returned to the starting control levels
and remained at this level at 48 h post-treatment.

Next we compared the normal distribution and GC treatment in-
duced changes of CD4*CD25%Foxp3™ Treg cells in the primary
(thymus) and secondary lymphoid organs (spleen, lymph nodes and
Peyer’s patches). In the thymus the proportion of tTregs in the CD4* T
cell gate was approximately 3.5%, whereas in the peripheral lymphoid
organs this ratio was higher, between 7 and 15% (spleen ~ 15%, lymph
nodes ~10%, and Peyer’s patches ~7%) (Fig. 2B). In the spleen we
detected a small but significant decrease in the Treg ratio, while no

We also measured the total numbers of Treg cells in the thymus and
peripheral lymphoid organs of mice after repeated (4x) DX treatment
and compared the results to untreated controls. Of note, the total
number of thymic tTreg cells did not change, whereas the total number
of pTreg cells in the peripheral lymphoid organs decreased significantly
(Table 1). These data suggest that thymic tTreg cells are resistant to GC
induced apoptosis, while pTregs in the peripheral lymphoid organs are
sensitive to GC treatment.

3.2. Effect of DX treatment on cytokine production and Foxp3 expression of
Treg cells

Next we investigated whether GC treatment, in addition to the ef-
fects on Treg cell ratios, has an effect on Treg cell function, therefore we
tested the IL-10 and TGFP production and Foxp3 expression by tTreg
and pTreg cells.

In the thymus, the ratio of IL-10- and TGFp-positive tTreg cells was
similar (11.0 = 2.3% and 13.5 = 3.1%), but DX treatment resulted in
significant increase in both cytokine secreting tTreg ratios
(17.6 = 1.4% and 21.0 = 4.9%) (Fig. 3A, left panel). In the splenic
pTreg cells of control animals, we detected significantly higher TGFf
positivity (13.7 * 2.0%), compared to IL-10 positivity (3.6 * 0.5%).
As a result of DX treatment the percentage of both IL-10 and TGF(
positive Tregs increased significantly, but the fold-increase for IL-10
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Fig. 2. (A) Time kinetics Tregs in the peripheral blood after single
injection of high-dose DX. Single DX treatment induced a significant
elevation of the ratio of CD4*CD25* Foxp3™ Treg cells at 4-8 h in the
peripheral blood, and returned to starting levels only after 24 h. Data
are shown as mean *= SEM. (B) Treg cell ratios in the thymus and
peripheral lymphoid organs change after high-dose DX treatment. In
the thymus we observed a significant increase in the proportion of
CD4"CD25*Foxp3™ Treg cells, whereas in the spleen there was a
decrease in the Treg ratio (* p < 0.05). In the lymph nodes and
Peyer’s patches no significant change in Treg ratios was observed.
Diagram shows the percent of Treg cells within the CD4 ™ lymphocyte
population in lymphoid organs of control and DX-treated mice. Data
are shown as mean = SEM.
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was higher than for TGFp (Fig. 3A, right panel).

We also compared the DX treatment-induced relative IL-10 and
TGF mRNA expression in purified (sorted) CD4*CD25"#"* Tregs. In
the thymic tTreg cells the cytokine mRNA expression showed an in-
creasing tendency, especially the relative elevation of IL-10 mRNA level
as a result of repeated (2x) high-dose GC treatment. In the splenic pTreg
cells DX treatment induced an increased relative expression of TGFf
mRNA, whereas the relative IL-10 mRNA expression remained un-
changed (Fig. 3B, upper panels). We also measured the effect of DX
treatment on another Treg suppressor cytokine, IL-35, which was un-
changed in thymus and showed an elevation in splenic pTreg at mRNA
level (data not shown).

Next we studied the relative quantitative changes of Foxp3 tran-
scription factor expression, which plays a role in determining the
functions of Treg cells (Sakaguchi et al., 2010). Foxp3 mRNA levels

Table 1
Treg cell numbers in the lymphoid organs of control and DX-treated mice.

were very similar in purified CD4*CD25"8"* thymic and splenic Treg
cells (data not shown), but showed an increasing tendency after DX
treatment in both splenic and thymic Tregs (Fig. 3B, lower panel). The
DX-induced increased Foxp3 mRNA expression is consistent with a
higher Treg cell commitment and production of immunosuppressive
cytokines.

3.3. Effect of DX treatment on GR expression and GR/Foxp3 colocalization

The GC sensitivity of a given cell type is largely determined by the
level of its GR expression (Ramamoorthy and Cidlowski, 2013).
Therefore, we looked for a possible relationship between the observed
GC resistance of tTregs and their GR expression. For this purpose we
measured intracellular GR protein levels by flow cytometry in
CD4*CD25%Foxp3™ Tregs using anti-GR antibody that recognize both

Treg cell number x10° (mean + SEM) Thymus Spleen Lymph node Peyer’s patches
Control 4.24 + 0.92 83.92 + 16.72 4.42 + 0.11 0.48 + 0.07
DX 4 days 5.05 + 1.35 26.93 = 513" 2.24 + 039" 0.23 + 0.06"

There was a significant decrease in the numbers of Treg cells in the peripheral lymphoid organs after 4 days of high-dose (20 mg/kg) DX treatment (* p < 0.05, ** p < 0.01, *

p < 0.001). In the thymus a slight, but not significant increase in tTreg numbers was observed.
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Fig. 3. (A) Effect of high-dose DX treatment on the ratio of IL-10 and TGFp producing Treg cells detected by flow cytometry. The cytokines were detected on gated CD4 *CD25* Foxp3 ™
Tregs. The proportions of IL-10 and TGF positive thymic tTreg cells were similar in the control mice, while DX treatment resulted in significant increase in the ratio of both IL-10 and
TGFp cytokine positive Tregs. In the spleen of control mice the ratio of TGFf-producing Treg cells was higher than the IL-10 producing Tregs, and DX treatment resulted in elevation of
both IL-10 and TGFp positive Treg cell ratios. Asterisks indicate statistically significant differences (* p < 0.05). Data are shown as mean * SEM. (B) High-dose DX induced relative
mRNA expression of IL-10, TGFf and Foxp3 in tTreg and pTreg cells. Purified CD4 " CD25"" thymic and splenic Tregs cells of control and DX treated animals were used to detect the
relative mRNA expression of IL-10 and TGFp (upper panels). DX induced elevated relative mRNA expression of IL-10 and TGFp in tTreg cells and TGFp of splenic pTregs while the IL-10
by splenic Tregs was unchanged. As a result of DX treatment the relative mRNA expression of Foxp3 increased slightly in thymic Tregs, while significant elevation (* p < 0.05) of Foxp3

+

mRNA expression was detected in splenic Treg cell (lower diagram). Data are shown as mean *= SEM.

GRa and P isoforms and GR mRNA levels by qRT-PCR in purified
thymic and splenic CD4 " CD25"8"* Treg cells.

In thymic tTreg cells of untreated animals we detected significantly
lower GR protein levels than in splenic pTreg cells (Fig. 4A white bars).
After repeated high-dose DX treatment we measured a significantly
increased GR protein level in tTregs surviving in the thymus (cells re-
sistant to GC), when compared to controls. Opposite to this, the control
splenic pTregs that expressed higher levels of GR showed a decrease in
their GR expression after DX treatment (Fig. 4A). This GC-induced
upregulation of GR expression was characteristic in DP thymocytes
while downregulation of GR expression was characteristic of SP thy-
mocytes and mature T cells, an effect that we had observed in earlier
studies both in mouse and human cells (Berki et al., 2002b; Boldizsar
et al., 2006). 24 h after the last DX treatment (2x), we did not observe
detectable changes in GR mRNA expression in thymic and splenic Treg

cells (data not shown).

In one of our previous studies we have shown that in GC-sensitive
DP thymocytes that express low levels of GR, DX treatment caused
mitochondrial translocation of the GR instead of nuclear translocation,
which suggest that the GR level and its subcellular localization are
critical in determining the sensitivity to apoptosis induction of a given
cell type (Sionov et al., 2006; Talabér et al., 2009). Therefore, we in-
vestigated the GR and Foxp3 localization in thymic and splenic Treg
cells with and without previous in vivo DX treatment using confocal
microscopy. We observed a characteristic nuclear localization of both
GR and Foxp3 in CD4*CD25*Foxp3™ tTreg and pTreg cells. In un-
treated samples Foxp3 highly colocalized with GR both in thymic and
splenic Treg cells (Fig. 4B). Upon DX treatment colocalization further
increased in the splenic pTreg cells, while in thymic tTregs this asso-
ciation showed no change (Fig. 4B).
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Fig. 4. (A) Effect of DX treatment on the
glucocorticoid receptor (GR) expression of
Treg cells. Intracellular anti-GR-FITC anti-
body staining was performed for flow cyto-
metric detection of GR expression (MFI: FL-
1 mean fluorescence intensity) in
CD4*CD25*Foxp3* Treg cells. MFI values
of GR histograms were compared. In control
animals the GR level of thymic Tregs was
significantly lower than in the spleen (*
p < 0.05). Treatment with DX resulted in
GR upregulation in tTregs (* p < 0.05),
whereas in splenic Tregs a dowregulation of
GR was observed (* p < 0.05). Data are
shown as mean + SEM. (B) Confocal mi-
croscopic images of GR and Foxp3 staining
in Treg cells. CD4™ T cells were negatively
selected from the thymus and spleen of DX-
treated and control BALB/c mice and
stained with anti-GR-FITC and anti-Foxp3-
Alexa647 antibodies. Representative images
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show GR (green) and Foxp3 (red) staining of
Treg cells and their strong nuclear colocali-
zation in the merged images as indicated by
yellow areas (upper panels). In the thymus
the colocalizaton of GR and Foxp3 did not
change after DX treatment, whereas in the
spleen we observed a significant increase in
GR and Foxp3 colocalization (* p < 0.05)
(lower diagrams). DIC, differential inter-
ference contrast.
mean * SEM.
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4. Discussion In previous studies we investigated the GC sensitivity and apoptosis

By inhibiting the immune response against allo- and autoantigens,
Treg cells are important members of the immune regulation and the
maintenance of tolerance, and are also therapeutic targets. GC analo-
gues are still among the most important drugs in the treatment of in-
flammatory and autoimmune diseases and patients with organ trans-
plants, however, the effect of GC on Treg cells is controversial. The
significance of our current work is that we included in our study both
the primary and secondary lymphoid organs and the peripheral blood
and have determined the effect of repeated high dose DX treatment on
Tregs in these immunological compartments. This 20 mg/kg GC con-
centration corresponds to the clinically applied high-dose in humans.
The main focus of our study was to gain information about the effects of
DX treatment on cytokine production and GR and Foxp3 expression and
subcellular localization, factors that are important in determining Treg
commitment and functionality. We used both immunological and mo-
lecular biologic methods to detect the expression of these molecules
both at protein and mRNA levels.
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mechanism of different thymocyte subpopulations, and found that DP
thymocytes are the most sensitive to GC-induced apoptosis although
they express the lowest level of GR. Therefore, first we wanted to de-
termine the GC sensitivity of thymic tTreg cells since they are derived
from the DP thymocytes during negative selection. The ratio of tTregs
increased significantly after DX treatment, and it continued to increase
in parallel with the duration (1-4 days) of the treatment, whereas the
overall number of thymocytes decreased dramatically, which can be
explained by apoptosis of GC-sensitive DP thymocytes. The absolute
number of Treg cells did not change significantly or increased slightly,
thus the observed increase in their ratio was the result of their survival.
This suggests that the tTregs are resistant to GC-induced apoptosis.
Then we measured the Treg cell ratios in the peripheral blood and in
lymphoid organs and found a much higher ratio of
CD4"CD25*Foxp3™ cells than in the thymus. Of note, the relative
numbers of Treg cells in the peripheral blood showed time-dependent
kinetics after 1-48 h of a single high-dose DX treatment. A transitory
increase in percentage of Treg cells was observed, which peaked at



E. Ugor et al.

~4-8 h after DX treatment, and then returned to pre-treatment levels
after 24 h. This may be a result of Treg mobilization from various
lymphatic organs to the blood which suggests that DX treatment may
lead to a possible redistribution of Treg cells. Since Tregs may play a
role during various microbial infections (Belkaid and Rouse, 2005), an
increase of Treg cell relative numbers may affect the susceptibility of
the host to infectious diseases. In peripheral lymphoid organs upon
repeated high-dose DX treatment, the ratio of pTregs slightly decreased
in the spleen, and the absolute number of pTreg cells also decreased.
Based on these results we hypothesized that tTregs and pTregs differ in
their sensitivity to GC.

As mentioned earlier, Foxp3(+) Tregs are primarily generated in
the thymus (tTreg), but also may be generated extrathymically at per-
ipheral sites (pTreg) (Shevach and Thornton, 2014) Additionally, Treg
cell trafficking occurs between various organs, including migration of
tTreg cells from the thymus to the periphery (Mailloux and Young,
2010). As a result, peripheral organs and blood may contain Tregs of
different phenotypes, and therefore it may be desirable to distinguish
between different Tregs in the periphery. CD127 (IL-7R alpha) has been
suggested as a marker to identify mouse Tregs, because CD127 ex-
pression levels are lower in Tregs than in CD4*CD25 cells, and the
depletion of Tregs through anti-CD25 antibodies leads to a 90% re-
duction of CD4 " CD25M8"CD127'°" cells (Rodriguez-Perea et al., 2016).
However, the use of this marker may be controversial since there is a
subpopulation of activated CD4 " FoxP3 " Tregs with high expression of
CD127; in particular, Tregs that express CD103 (integrin aE) and the
inducible co-stimulatory molecule (ICOS) (Simonetta et al., 2010). Our
experiments in the current study also support the notion that CD127
low expression or negativity is not suitable for distinguishing between
tTregs and pTregs since both in the thymus and spleen of mice we found
that 93-95% of CD4*CD25*Foxp3™ Treg cells were CD127 negative
(data not shown). Other markers, such as Helios (a transcription factor
of the Ikaros family) and neuropilin-1 (a surface molecule) also have
been suggested as Treg marker, but their use is still controversial
(Szurek et al., 2015). We also found that Helios staining was not sui-
table for distinguishing between tTregs ans pTregs (data not shown).
Thymic tTregs could be distinguished from pTregs by identification of
epigenetic changes in a non-coding sequence within the FOXP3 locus
named TSDR (Treg-specific demethylated region), which is demethy-
lated in tTregs, contrary to pTregs in which TSDR is methylated.
However, this strategy requires cell lysis and DNA extraction, thus it is
not suitable for use in flow cytometry measurements.

IL-10, TGFf and the recently described IL-35 (Collison et al., 2007)
are major mediators of inhibitory activity exerted by Treg cells on ef-
fector T cells and other cell types of the immune system. All of these 3
cytokines possess immunosuppressive activity (Ng et al., 2013; Saraiva
and O'Garra, 2010), and TGF[} has been called a ‘purveyor of immune
privilege’ (Wahl et al., 2006). Importantly we found increased ratios of
IL-10 and TGFp-producing Treg cells after DX treatment both in thymus
and spleen. Of note in untreated animals, we found lower percentages
of IL-10 producing Treg cells in the spleen than in the thymus, but DX
caused a robust increase of IL-10 producing splenic pTreg percentages.
These data support that the IL-10 producing splenic pTregs may se-
lectively survive after DX treatment. The DX induced relative expres-
sion of these cytokines at the mRNA level in purified CD4*CD25"&h
Tregs also showed an increase, except in the case of IL-10 mRNA in the
spleen. The lack of correlation between IL-10 protein and mRNA ex-
pression in the spleen can be due to the fact that among sorted
CD4 " CD25"8" cells of the control animals activated IL-10-producing T
helper cells may also be present which do not belong to the Treg lineage
(Ng et al., 2013; Saraiva and O'Garra, 2010). Such activated IL-10
producing CD4*CD25™ cells may not be present after DX treatment,
therefore the DX induced changes of IL-10 are not visible at mRNA
level. In contrast by flow cytometry we detected cytokines in the
CD4"CD25*Foxp3™ gated Treg cells only. These data suggest that the
immunological milieu dictated in part by Treg cells in the thymus and
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the spleen may be shifted towards an immunosuppressive direction due
to GC treatment (Kadmiel and Cidlowski, 2013; Ramamoorthy and
Cidlowski, 2013) by promoting selective survival of tTreg cells and
elevation of Treg immunosuppressive function (cytokine production
and Foxp3 expression).

The GC sensitivity of a given cell type is dependent on its level of GR
expression and its cross-talk with different signaling pathways (Herold
et al, 2006; Kadmiel and Cidlowski, 2013; Ramamoorthy and
Cidlowski, 2013). TCR signaling inhibits GC-induced apoptosis in
murine thymocytes depending on the stage of development, namely
TCR signaling increasingly reverses GC-induced apoptosis as thymocyte
development progresses (Erlacher et al., 2005). Previous research by
our group showed that the immature DP thymocytes express the lowest
level of GR in the thymus, and despite this, they are the most sensitive
cell population to GC-induced apoptosis (Berki et al., 2002a; Talabér
et al., 2009). The mature peripheral lymphocytes are more resistant to
treatment with GC analogues and a significant downregulation of the
originally higher expression of GR can be observed in such cells (Du
et al., 2009). Our current data shows that the GR expression of tTregs in
the thymus is lower than in the splenic pTregs of control animals, which
may be a consequence of local microenvironmental influences in the
thymus (e.g. local GC production) (Talabér et al., 2013). Upon GC
treatment the GR expression increased in thymic tTreg cells, while it
was downregulated in the spleen, which may underlie the mechanism
of different GC sensitivity of tTregs in the thymus and pTrges in the
peripheral lymphoid organs. However, the signaling pathways acti-
vated by GC in Treg cells need further investigation. A recent report by
Almanzar et al. showed expression of 11beta-hydroxysteroid-dehy-
drogenase type 2 (11B3-HSD2) enzyme in human thymus (Almanzar
et al., 2016), whereas earlier studies showed expression of type 2 and
the type 1 enzyme (113-HSD1) in the mouse immune system, including
the thymus (Chapman et al., 2006; Moore et al., 2000; Zhang et al.,
2005). Both enzymes are high affinity dehydrogenases which rapidly
inactivate physiologically-active glucocorticoids to protect key cell
populations and tissues. Thus, it can be hypothesized that in addition to
differential GR expression described above, the levels of 113-HSD1 and
11B-HSD2 enzymes may also play a role in determining GC-sensitivity
of Treg cell subpopulations.

Since we detected different GR levels and GC sensitivity in tTregs
and pTregs, we studied the localization of GR in the thymic and splenic
Treg cells by confocal microscopy. We found largely nuclear localiza-
tion of GR in Tregs of both control and DX treated animals. Then we
investigated the colocalization of GR and Foxp3 in Treg cells and found
a high colocalization already in control cells, which further increased
upon DX treatment in splenic pTreg cells. These data suggest that GR
and the Foxp3 transcription factors may be recruited to certain regions
of chromatin, where these molecules may regulate gene transcription,
either individually or in collaboration. Further studies are required to
find evidence for the crosstalk between GR and Foxp3 signaling path-
ways. Relevant to this, genome-wide ChIPseq and microarray analysis
was used to identify GR-binding sites in DX-treated mouse cells. Among
many genes, the FOXP3 gene was identified as a gene that contained a
GR-binding region (Kuo et al., 2012). This suggests that GR may affect
the activity of the FOXP3 gene in mammalian cells, and Foxp3 may in
turn regulate the activity of multiple target genes (Marson et al., 2007;
Sadlon et al., 2010). Our data showing colocalization of GR and Foxp3
proteins in Treg cells may support the hypothesis that glucocorticoids
may directly modify FOXP3 gene activity in Tregs, and thus may in-
fluence a major regulatory arm of the immune system.

Another interesting question, based on the present data, is whether
there could be an additive or synergistic effect between the increased
expression of Foxp3, IL-10 and TGFp in Treg cells. We hypothesize that
such effects may exist based on the known crosstalk between these
factors at the genome (epigenome) level and protein signaling path-
ways. First, expression of Foxp3 at low levels induces a limited Treg cell
phenotype with little or no suppressive function, and the full
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suppressive effect is only gained when Foxp3 is highly expressed
(Sakaguchi et al., 2010). Second, Foxp3 gene induction in Treg cells is
promoted by TGFf} signaling (via Smad2/3 binding to the CNS1 region
of the Foxp3 gene) and TGFp is part of a positive feedback loop in the
generation of Foxp3™ Treg cells (Kanamori et al., 2016; Sabat et al.,
2010). Third, IL-10 acts in a paracrine manner on Treg cells to maintain
their Foxp3 expression (Murai et al., 2009). Data obtained in human
subjects suggests that glucocorticoid therapy increases Treg cell ratio
and/or function in various disease conditions. For example, gluco-
corticoids increase CD4*CD25"8" cell percentage and Foxp3 expres-
sion in patients with multiple sclerosis, and it has been suggested that
this may be a mechanism whereby steroids expedite recovery from
relapses in such patients (Braitch et al., 2009). In patients with Graves’
disease, dexamethasone therapy improved the function of Treg cells
(Hu et al., 2012), whereas in patients with nickel allergy, oral gluco-
corticosteroid therapy resulted in enhanced Treg response in the skin
(Stary et al., 2011).

Taken together, our data suggest that thymic tTreg cells are resistant
to repeated high dose GC treatment. Further, both thymic and splenic
Tregs cells produce enhanced levels of immunosuppressive cytokines
IL-10 and TGFf after DX treatment accompanied by elevated Foxp3
mRNA expression of the cells that may reflect on a stronger Treg lineage
commitment. These findings support that GCs influence the regulatory
arm of the immune system, and may have relevance to clinical condi-
tions where enhancement of Treg cell activity is expected to be bene-
ficial.
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Summary

The tyrosine kinase zeta chain-associated protein of 70 kDa (ZAP-70) plays
a key role in T cell development and signalling. In the absence of ZAP-70, T
cell development is arrested in the CD4"CD8" double-positive stage, thus
ZAP-70 homozygous knockout (ZAP-707") mice have no mature T cells
in their peripheral lymphoid organs and blood, causing severe
immunodeficiency. We investigated the early kinetics and long-term effects
of wild-type thymocyte transfer on T cell repopulation in ZAP-70""~ mice.
We used a single intraperitoneal (i.p.) injection to deliver donor thymocytes
to the recipients. Here, we show that after i.p. injection donor thymocytes
leave the peritoneum through milky spots in the omentum and home to the
thymus, where donor-originated CD4 CD8 double-negative thymocytes
most probably restore T cell development and the disrupted thymic
architecture. Subsequently, newly developed, donor-originated, single-
positive a3 T cells appear in peripheral lymphoid organs, where they form
organized T cell zones. The established chimerism was found to be stable, as
donor-originated cells were present in transferred ZAP-70~~ mice as late as
8 months after i.p. injection. We demonstrate that a simple i.p. injection of
ZAP-70""" thymocytes is a feasible method for the long-term reconstitution
of T cell development in ZAP-70-deficient mice.
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Introduction were present in their spleen, while the number of B220" B
cells was elevated [5]. These knock-out mice are immuno-
deficient, but under specific pathogen-free (SPF) condi-
tions they live up to 10 months [5].

Later, a second strain of ZAP-70-deficient mice was
established with the deletion of a segment of the ZAP-70
coding gene [6]. The phenotype of these latter mice was
consistent with the earlier study [5]; additionally, it was
reported that the lymph nodes of ZAP-70 knock-out mice
contained some CD3" T cells, which expressed mainly

ZAP-70, a T cell receptor zeta chain-associated protein of
70 kDa was identified by Chan and colleagues [1] in T cell
receptor (TCR)-stimulated Jurkat cells. This tyrosine kinase
plays a central role in signal transduction through the anti-
gen receptor during T cell activation [2]. ZAP-70 is also
indispensable in T cell differentiation: in its absence, the
maturation of T cells in the thymus is blocked at the
double-positive (DP: CD4"CD8") stage, and as a conse-

quence, no mature T cells can be found in the peripheral
lymphoid organs, leading to severe combined immunodefi-
ciency (SCID) in both humans and mice [3,4].

In the first ZAP-70 knock-out mice the whole protein
kinase-coding gene was deleted [5]. Unlike human SCID
patients, ZAP-70 knock-out mice have no mature CD4" or
CD8™ single-positive (SP) thymocytes; only DP cells can
be found in their thymus [5]. Using flow cytometry, it was
also shown that no functional TCR-af3-expressing cells

TCR-S [6].

Several attempts have been made to restore the impaired
T cell development in ZAP-70 knock-out mice; Adjali and
colleagues [7] injected a T cell-specific lentiviral vector
encoding human ZAP-70 directly into the thymi of ZAP-
70-deficient mice, after which CD4" and CD8™ SP thymo-
cytes appeared in 7-13 weeks and mature, functional T
cells could be detected in the peripheral blood, spleen and
lymph nodes.
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To overcome the safety issues of the lentiviral gene deliv-
ery system, direct electroporation of the thymus was also
tested in ZAP-70-deficient animals using a ZAP-70 coding
expression vector [8]. They observed restored T cell differ-
entiation in the thymus and detected mature T cells in the
peripheral lymphoid organs 3 weeks following the transfer
[8]. Both CD4" and CD8" T cells exhibited normal func-
tional properties in vivo [8].

Previous adoptive transfer studies in ZAP-70-deficient
mice used bone marrow (BM)-originated precursors as
donor cells. Comparing intravenous (i.v.) and intrathymic
routes of delivery of lineage-negative, haematopoietic stem
cells (HSC), intrathymic transfer was found to be more
efficient in terms of both kinetics and required cell num-
bers [9]. Upon intrathymic injection, SP thymocytes
appeared in the thymus 4 weeks after the transfer with sig-
nificantly higher numbers of mature T cells in the spleen
and lymph nodes compared to the i.v. injection [9]. In con-
trast to the iv. transfer, where no SP thymocytes were
detected 13 weeks after the transfer, intrathymic transplan-
tation of HSCs resulted in maintained T cell differentiation
even 13-14 weeks post-transplantation [9].

Vicente and colleagues [10] investigated the long-term
reconstitution, i.e. 20-25 weeks after i.v. or intrathymic
transplantation of lineage-negative HSCs. Intrathymic
transfer resulted in significantly higher numbers of periph-
eral T cells [10]. Furthermore, it was proved that intrathy-
mic HSC transfer provides long-term donor thymopoiesis
with donor-derived progenitors contributing to all stages
of T cell differentiation, but not to the differentiation of
non-T-lineage haematopoietic lineages [10]. Additionally,
the architecture of the thymi of intrathymically reconsti-
tuted mice was restored [10].

In preliminary experiments, we have also tried various
methods to reconstitute T cells in ZAP-707~ mice, includ-
ing intrahepatic injection of wild-type (WT) BM in new-
born mice or i.v. and intraperitoneal (i.p.) injection of WT
thymocytes at 3—4 weeks of age. We managed to detect the
presence of T cells after both intrahepatic BM transfer and
i.p. thymocyte transfer, but i.v. injection of thymocytes was
less effective: no mice survived more than 1 month after
the transfer and we could not detect T cells in their blood
in this period (our unpublished observations). Moreover,
as ZAP-707"" mice are severely immunocompromised, and
thus their lifespan under conventional housing is only 7-10
weeks (our own observation), the transfer has to be applied
in a relatively narrow time-frame, i.e. between 3 and 5
weeks of age for best results. Based on technical considera-
tions (accessibility of donor tissue, required cell numbers,
route of administration) and the scarcity of studies investi-
gating adoptive transfer of thymocytes [11-13], we decided
that the i.p. thymocyte transfer was the simplest and most
promising method to be tested further.

Herein, we show that a single i.p. injection of ZAP-70"/
* thymocytes into ZAP-707'~ recipients corrected the T cell
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deficiency permanently: T cells appeared in the peripheral
lymphoid organs, the thymic T cell development showed
normalization and, most importantly, the average lifespan
of mice increased significantly.

Materials and methods

Mice

Mice deficient for the ZAP-70 kinase (B6.129X1-
Zap70tm1Weis/]) were purchased from Jackson Laborato-
ries (Bar Harbor, ME, USA) and bred in the transgenic
mouse facility of the Department of Immunology and
Biotechnology under conventional conditions. Mice were
genotyped routinely from tail DNA with primers recom-
mended by Jackson Laboratories, which could differentiate
reliably between all three potential genotypes using three
primers (ZAP-70 WT: 5- AATTAGTCCATCCGCCTT
CA-3/, ZAP-70 mut: 5-GCTATCAGGACATAGCGTTGG
-3/, ZAP-70 common: 5 CATATGCACTGTCCCTGGTC
T-3'). Breeding was conducted on a heterozygous basis.

In some experiments, we used green fluorescent protein
(GFP)-transgenic mice as thymocyte donors, where the
GFP is expressed ubiquitously by most somatic cells,
including thymocytes, under the control of the human
elongation factor la (EFla) promoter [14].

All experimental animals were kept and bred in the
transgenic mouse facility of the Department of Immunol-
ogy and Biotechnology under conventional, non-SPF con-
ditions at 24 * 2°C with a controlled 12 h/12 h light/dark
cycle. Animals used for the experiments were housed in
cages in groups of five and they received food and drinking
water ad libitum.

All animal experiments were performed in accordance
with the regulations set out by the Animal Welfare
Committee of the University of Pecs (BA02/2000-3/2012
to EB.).

Thymocyte transfer

For adoptive transfer experiments, homozygous ZAP-707~
recipient mice were collected. As donors for thymocytes,
we used either WT (ZAP-707'") littermates or GFP-
transgenic mice. Briefly, thymi were isolated from donor
mice and cells were released by mechanical dissociation
then washed once in phosphate-buffered saline (PBS).
Recipients received 5-10x10° thymocytes with a single ip.
injection at the age of 3—4 weeks. We took blood from the
transferred animals regularly to check the appearance of
CD3™ T cells, which was the ultimate sign of the successful
adoptive transfer. At the end of the experiments mice were
killed and we isolated the thymus, spleen, lymph nodes and
Peyer’s patches for histological and flow cytometric
analysis.
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In some experiments, before the i.p. injection, we
labelled the donor thymocytes with carboxyfluorescein suc-
cinimidyl ester (CFSE) (Invitrogen, Budapest, Hungary) in
vitro, according to the manufacturer’s instructions. Briefly,
CFSE (50-mM stock in dimethylsulphoxide; Sigma-
Aldrich, Budapest, Hungary) was diluted to a final concen-
tration of 0-5 pM and the cells were incubated for 30 min
at 37°C while shaking. Then cells were washed with warm
0-1% bovine serum albumin (BSA) (Sigma-Aldrich) in PBS
and incubated in this buffer for another 30 min at 37°C.
Cells were resuspended in sterile PBS for the intraperito-
neal injection.

Antibodies

For immunofluorescent detection of B and T cells, anti-
B220-Alexa Fluor 647 (clone: 6.B2; University of Pécs,
Department of Immunology and Biotechnology) and anti-
CD3-fluorescein isothiocyanate (FITC) (clone: KT3; Uni-
versity of Pécs, Department of Immunology and Biotech-
nology) rat anti-mouse monoclonal antibodies (mAbs)
were used, respectively.

In thymic sections anti-CD4-phycoerythrin (PE) (clone:
H129.19; BD Biosciences, Budapest, Hungary) and anti-
CD8-FITC (clone: IBL-3/25; University of Pécs, Depart-
ment of Immunology and Biotechnology) rat anti-mouse
mAbs were applied to visualize the thymocyte
composition.

For the discrimination of the cortex and medulla in the
thymus, anti-Ly51-PE (clone: 6C3; eBioscience, Vienna,
Austria) and anti-epithelial cell adhesion molecule 1
(EpCAM1)-FITC (clone G8.8; University of Pécs, Depart-
ment of Immunology and Biotechnology) rat anti-mouse
antibodies were used.

For quantitative immunohistochemistry, anti-EpCAM1
(clone G8.8; University of Pécs, Department of Immunol-
ogy and Biotechnology) was used with anti-rat immuno-
globulin (Ig)-peroxidase secondary antibody (Histols-Rat,
cat. no. 30011.Rat50; Histopathology Ltd, Pécs, Hungary).
Positive staining was visualized using 3,3’-diaminobenzi-
dine (DAB) (Dako—Agilent Technologies, Santa Clara, CA,
USA) colour reaction.

Omentum preparations for confocal microscopy were
stained with rabbit anti-fibronectin (ab23750; Abcam,
Cambridge, UK) and goat anti-rabbit IgG-cyanin 3 (Cy3)
(ab6939; Abcam) antibodies.

Cells were labelled for flow cytometry with anti-CD3-
allophycocyanin (APC)-Cy7, anti-B220-PE-Cy7, anti-CD4-
PE and anti-CD8-PE-Cy5.5 (all from BD Biosciences)
mAbs.

The distribution of a8 and yd T cells in various tissues
of transferred mice was detected using anti-CD3-FITC
(clone: KT3; University of Pécs, Department of Immunol-
ogy and Biotechnology), anti-TCR-af3-Alexa Fluor 700

and anti-TCR-yd -Brilliant Violet 421 mAbs (both from
BD Biosciences).

For Western blotting, purified mouse anti-phosphotyrosine
(clone: PY20, BD Biosciences) and anti--actin (clone no. AC-
74, Sigma-Aldrich) primary antibodies were used, which were
visualized with peroxidase-conjugated anti-mouse I1gG second-
ary antibody (University of Pécs, Department of Immunology
and Biotechnology).

Flow cytometry

Cell surface markers of peripheral blood, lymph nodes,
spleen and Peyer’s patches were analysed by multi-colour
flow cytometry, as described [15]. Briefly, anti-coagulated
blood was haemolyzed while the solid lymphoid organs
were homogenized in PBS containing 0-1% sodium azide
(Sigma-Aldrich) first, and then filtered. After washing with
PBS containing 0-1% sodium azide and 0-1% BSA (Sigma-
Aldrich) 10° cells were labelled with fluorochrome-
conjugated antibodies for 30 min in the dark; cells were
then resuspended in PBS containing 1% paraformaldehyde
(Sigma-Aldrich). Data acquisition and analysis were per-
formed on a FACS Canto II flow cytometer using FACS
Diva Software (both from BD Biosciences).

Cell populations were defined as follows: CD3": T cells;
B220™: B cells; CD3™ TCR-af ™: o T cells; CD3* TCR-
8 1 y8 T cells; CD4"CD8™: DN thymocytes; CD4"CD8™:
DP thymocytes; CD4"CD8—: CD4 SP thymocytes; and
CD8"CD4: CD8 SP thymocytes. Percentages of the differ-
ent cell populations were quantified using two-dimensional
density plots; GFP expression was analysed on histograms.

Immunohistochemistry and fluorescent microscopy

Multiple immunofluorescent staining of frozen, acetone-
fixed sections from thymi, spleens and peripheral lymph
nodes was performed as described earlier [16]. Acetone-
fixed, frozen sections were blocked for 20 min with PBS
containing 5% BSA (Sigma-Aldrich), followed by a 45-min
incubation with the appropriate antibody cocktails. After
washing with PBS, samples were mounted and analysed.

For immunohistochemistry, frozen thymus sections
were blocked with 5% BSA (Sigma-Aldrich) in PBS. Then,
samples were treated with 1 mg/ml phenylhydrazine
(Sigma-Aldrich) in PBS for 10 min. After 45-min incuba-
tion with unlabelled anti-EpCAM1, rat anti-mouse mAb
samples were washed with PBS and anti-rat Ig peroxidase
was used as secondary antibody for 1 h at room tempera-
ture. The sections were developed by DAB (Dako) colour
reaction.

Immunofluorescent and immunohistochemical samples
were analysed using an Olympus BX61 fluorescent micro-
scope (Olympus Optical Co., Tokyo, Japan). The acquisi-
tion of digital images was performed with a CCD camera
using analySIS software. Photos were overlaid using Adobe
Photoshop CS2 software (Adobe Systems Inc., San Jose,
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CA, USA), with adjustments for brightness, contrast and
black level applied equally to all images.

Omenta were processed for whole-mount immunohisto-
chemistry as described [17]. Briefly, harvested omenta were
fixed in 4% paraformaldehyde (Sigma-Aldrich) and, after
washing with 0-1% saponin (Sigma-Aldrich) in PBS, were
blocked with PBS containing 5% BSA (Sigma-Aldrich) and
0-1% saponin for 2 h. After washing three times for 20
min, samples were incubated with rabbit anti-fibronectin
(Abcam) at 4°C overnight, then washed three times for 20
min. Anti-rabbit-Cy3 (Abcam) was used as secondary anti-
body (3 h at 4°C). Samples were viewed using an Olympus
Fluo-View FV-1000 laser scanning confocal imaging system
(Olympus).

cDNA synthesis and polymerase chain reaction (PCR)

After isolating total RNA from BM and thymi using the
RNeasy Plus mini kit (Qiagen, Hilden, Germany), cDNA
was prepared with the RevertAid first-strand cDNA synthe-
sis kit (Thermo Scientific, Waltham, MA, USA). Subse-
quent PCR was performed using primer pairs for GFP: 5'-
GACGTAAACGGCCACAAGTT-3' and 5-CCTCCTTGAA
GTCGATGCCC-3'.

T cell isolation and in-vitro activation

T cells were isolated from the spleens of wild-type (WT) or
transferred mice using the EasySep™ mouse T cell isola-
tion kit (Stemcell Technologies Inc., Vancouver, BC, Can-
ada), according to the manufacturer’s instructions. Purified
T cells were then stimulated in vitro using MACSiBead™
particles (Miltenyi Biotec GmbH, Bergisch Gladbach, Ger-
many) loaded with CD3 and CD28 antibodies for 48 h
(bead/cell ratio 2 : 1). Proliferation capacity of the stimu-
lated T cells (20 000 cells/well in a 96-well plate) was
assessed using Promega CellTiter 96” non-radioactive cell
proliferation assay (Promega, Madison, WI, USA), accord-
ing to the manufacturer’s instructions.

Western blot

Some activated T cells were processed for Western blotting.
Briefly, cells were lysed in Triton X lysis buffer [50 mM
HEPES, 10 mM Na-pyrophosphate, 10 mM ethylenedia-
mine tetraacetic acid (EDTA), 100 mM Na-fluoride, 10%
glycerol, 1% Triton X] complemented freshly with protease
inhibitor and Na-orthovanadate (all from Sigma-Aldrich).
After centrifugation at 16 000 g for 10 min, the supernatant
was boiled immediately in sodium dodecyl sulphate (SDS)
sample buffer for 10 min. Samples were separated with
SDS-polyacrylamide gel electrophoresis (SDS-PAGE) in a
10% gel. The gels were blotted for 2 h to nitrocellulose
membranes using the Mini Trans-Blot cell blotting equip-
ment (both from Bio-Rad, Hercules, CA, USA). After
transfer, nitrocellulose membranes were soaked in blocking
buffer [2% BSA (Sigma-Aldrich), 10 mM Tris, 100 mM

Thymocte transfer repopulates ZAP-70 KO mice

sodium chloride and 0-1% Tween 20 (Molar Chemicals,
Halasztelek, Hungary), pH 7-4] and then incubated with
purified mouse anti-phosphotyrosine primary antibody
(clone: PY20; BD Biosciences). Anti-B-actin (clone no. AC-
74; Sigma-Aldrich) was used as loading control. Blots were
then probed with peroxidase-conjugated anti-mouse-IgG
(University of Pécs, Department of Immunology and Bio-
technology). Blots were washed in a buffer containing
10 mM Tris, 100 mM sodium chloride and 0-1% Tween 20
(pH 7-4). Western blots were visualized using enhanced
chemiluminescent reagent (SuperSignal West Femto Chem-
iluminescent substrate; Thermo Scientific), as described in
the manufacturer’s instructions. Luminescent light signals
were detected with Fujifilm LAS 4000 blot imaging system
(Fuji, Tokyo, Japan).

Statistical analysis

Data are presented as means * standard error of the mean
(s.e.m.). Statistical significance was determined using the
unpaired, two-sample Student’s t test. P < 0-01 was consid-
ered statistically significant.

Results

T cell reconstitution in ZAP-70”~ mice after
i.p. thymocyte transfer

Instead of performing a conventional BM transplantation
to correct the T cell deficiency in ZAP-707~ mice (for
detailed reasons see Introduction above), we tested whether
a simple i.p. transfer of WT thymocytes was a feasible
method for the reconstitution of T cells in ZAP-70"~ mice.
To that end, we injected 5-10 X 10° thymocytes into the
peritoneal cavity of 3—4-week-old recipient mice and subse-
quently analysed blood and peripheral lymphoid organs
for T cells. As ZAP-70”~ mice have virtually no mature T
cells in the peripheral lymphoid organs [5,6] (Supporting
information, Figs S1 and S2), the appearance of T lympho-
cytes is a reliable sign of the successful adoptive transfer.
First, for follow-up, we monitored the ratio of T cells in the
peripheral blood: 10 days after the i.p. injection of thymo-
cytes T cells had already appeared in the blood (~4%), and
their ratio remained steady at between 4 and 6% during
the 120 days of the monitoring (Fig. 1a). Four months after
the i.p. thymocyte transfer, we killed recipient mice and
performed a histological analysis of the peripheral lymph
nodes (Fig. 1b) and spleen (Fig. 1b) which showed that,
indeed, T cells appeared in the periphery, as the organs of
mice receiving i.p. thymocyte transfer showed restored T
cell areas (Fig. 1b A,C) in contrast to ZAP-707" mice,
where no peri-arteriolar lymphatic sheath (PALS) was seen
in the spleen and lymph nodes also lacked defined T cell
zones (Fig. 1b B,D and Supporting information, Fig. S1b).
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Normally, the majority of mature T cells leaving the thy-
mus carry TCR-af3 [18]; however, in ZAP-707" animals,
where the T cell development is impaired [5], those few T
cells that are present in the periphery (mainly the lymph
nodes) express TCR-yd [6]. Here, we found that the TCR
expression was normalized in recipients receiving thymo-
cyte transfer: more than 80% of T cells expressed TCR-af3
in the blood, lymph nodes and spleen (Fig. 1c,d).

Although we show here the results obtained 4 months
after the i.p. thymocyte transfer (Fig. 1), in several cases we

Fig. 1. Intraperitoneal (i.p.) thymocyte transfer from wild-type (WT)
mice reconstituted T cells on the long run in the peripheral
lymphatic organs of zeta chain-associated protein of 70 kDa (ZAP-
70)~~ mice. ZAP-707" mice were injected with 10 WT thymocytes
i.p. at 3 weeks of age and observed up to several months. (a) Kinetics
of T cell reconstitution. T cell percentage was assessed regularly by
flow cytometric CD3 staining from peripheral blood samples until 4
months from the time of the transfer. Data points represent

mean * standard error of mean (s.e.m.) values calculated from the
data of seven mice. (b) Representative immunohistochemistry panels
show lymph node (LN) (A) or spleen (C) isolated from mice, which
underwent thymocyte transfer 4 months before killing. CD3™ T cells
(green) and B220" B cells (red) are shown at X10 magnification.
ZAP-707" LN (B) and spleen (D) sections are shown as negative
controls. (c) T cell receptor (TCR) type was determined using
antibodies against the af or yd forms of the TCR by flow cytometric
analysis. Bar diagram shows the percentages of a3 and yd T cells in
the blood, lymph nodes and spleen of ZAP-70"" mice, which
received i.p. thymocyte transfer. Mean * s.e.m. values were calculated
from the results of four mice. (d) Representative flow cytometric
contour plots show the typical distribution of a3 and yd T cells in
the blood, LN and spleen of ZAP-707"~ mice, which received i.p.
thymocyte transfer 4 months before killing. (e) Composition of
thymocytes was determined using anti-CD4/CD8 staining by flow
cytometry [also see (f)]. Bar diagram shows the percentages of the
four major thymocyte subpopulations (DN = CD4 CD8™ double-
negative; DP = CD4"CD8™ double-positive; CD4 SP = CD4 ™"
single-positive; CD8 SP = CD8" single-positive) in control ZAP-
70"~ mice (black bars) and in those ZAP-70”" mice which received
i.p. thymocyte transfer 4-8 months before killing (grey bars).

Mean * s.e.m. values were calculated from the results of four control
and seven transferred mice. Statistically significant (P < 0-01)
differences between groups of mice using unpaired Student’s t-test are
indicated (*). (f) Representative flow cytometric contour plots show
the distribution of thymocytes based on their CD4 and CD8 staining.
The left panel shows the typical thymocyte composition of a ZAP-
707" mouse, the right panel shows the thymus of a ZAP-70"" mouse,
which received i.p. thymocyte transfer 8 months before killing.
[Colour figure can be viewed at wileyonlinelibrary.com]

monitored mice up to 12 months after the transfer and
found that the T cell reconstitution remained stable even
for these extended periods of time (data summarized in
Supporting information, Fig. S3), which suggested the suc-
cessful reconstitution of T cell development. The normal-
ized lifespan of ZAP-707" mice, which are otherwise
seriously immunocompromised and susceptible to early
death due most probably to infections, was further impor-
tant evidence for the success of T cell repopulation.
According to our experience, ZAP-707" mice have a life
expectancy of 7-10 weeks on average under conventional,
non-SPF conditions (our observation).

To verify that the i.p. thymocyte transfer had indeed the
potential to restore thymic T cell development in ZAP-
707" mice, thymocyte subpopulations were assessed 4-8
months after the transfer (Fig. le,f). We observed that,
compared to the ZAP-707" mice, where virtually all
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thymocytes are DP [5,6] (Supporting information, Figs S1
and S2), after transfer the thymocyte composition shifted:
the ratio of DP thymocytes decreased from 99 * 0-7 to 90-
5 + 3.7, accompanied by a significant increase in CD4™"
and CD8" SP thymocytes (from ~0 to 1-2 = 0-6 and
1.7 = 0-8, respectively) (Fig. 1e,f). These findings implied
that in the thymi of transferred mice some thymocytes
were able to make the transition from DP to SP stage
successfully.

Early kinetics of the T cell reconstitution in
peripheral lymphoid organs after i.p. thymocyte
transfer

First we observed that, in the blood, T cells already
appeared 10 days after the i.p. thymocyte transfer. Thus,
in the next set of experiments, we investigated the early
kinetics of T cell reconstitution: the ratio of T cells was

Lt

assessed at days 4, 10, 24 and 31 after i.p. thymocyte
transfer in the peripheral lymphoid organs of ZAP-707~
recipient mice (Fig. 2a). In the peripheral blood, the ratio
of T cells reached 5-5% at day 24 and decreased slightly
to 3% by day 31 (Fig. 2a). In the spleen, we observed a
sudden increase between days 10 and 24 (from 1-1 to
8:9%), with the T cell ratio increasing further to 9-5% by
day 31 (Fig. 2a). We think that this increase could be the
combined result of both the increased immigration of T
cells from the thymus (see next part of Results and Fig.
3) and local expansion of T cells in the spleen, which
could be verified using carboxyfluorescein succinimidyl
ester (CFSE) labelling or CD25 as proliferation/activation
marker (data not shown). We detected only a slight
increase in the T cell ratio (from 4-6% at day 4 to 5-8%
at day 31) in the lymph nodes during the period assessed
(Fig. 2a); however, the initial ratio of T cells was highest
in the lymph nodes (due most probably to the presence
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of ¥& T cells [6] (Supporting Information, Figs S1 and
S2) (Fig. 2b,c).

Next, we investigated the kinetic changes in the distribu-
tion of a3 and y8 T cells in the blood and peripheral lymph-
oid organs (Fig. 2b,c). At day 4, the majority of the T cells
were y8 T cells in the blood, spleen and lymph nodes
(674 * 1-3%, 48-5 * 11.4% and 75-9 = 1%, respectively)
(Fig. 2b,c). The ratio of yd T cells decreased constantly until
day 24 (7-7 = 2-6%) in the blood, while in the spleen and
lymph nodes this change started only after day 10 (Fig. 2b,c).
By day 24, the ratio dropped to 3-8 = 0-9% in the spleen,
but in the lymph nodes the percentage of y8 T cells did not
fall below 22-8 = 6-6% (Fig. 2b,c). In parallel, the ratio of af3
T cells increased steadily from 12 * 2:-8% (day 4) to
782 * 1-3% (day 24) in the blood, and from 11-1 = 6-2%
(day 4) to 83-4 £ 1-6% (day 24) in the spleen (Fig. 2b,c). In
the lymph nodes, the ratio of a3 T cells did not change until
day 10 (15-8 * 1-1% at day 4 versus 14-7 * 3-8% at day 10),
when an increase began (68-:6 = 6-7% at day 24) (Fig. 2b,c).

Fig. 3. Early time kinetics (1 month) of the cellular changes in the
thymus of zeta chain-associated protein of 70 kDa (ZAP-70)™"7)
recipient mice following an intraperitoneal (i.p.) thymocyte transfer
from wild-type (WT) donor mice. (a) Changes in the thymocyte
subpopulations were assessed at days 0, 4, 10, 17, 24 and 31 after
anti-CD4 and anti-CD8 labelling using flow cytometry. The diagram
shows the changes in the percentages of the four major thymocyte
subpopulations (DN = CD4 CD8" double-negative;

DP = CD4"CD8" double-positive; CD4 SP = CD4 ™ single-positive;
CD8 SP = CD8" single-positive) in ZAP-707"~ mice, which received
i.p. thymocyte transfer. The diagram shows the mean * standard
error of the mean (s.e.m.) values calculated from the data of three
mice killed at each time-point. (b) Histological compartments of the
thymi were analysed with immunohistochemistry using anti-epithelial
cell adhesion molecule 1 (EpCAM1) (green) and anti-Ly51 (red)
antibodies specific for the medulla and the cortex, respectively.
Representative thymus sections from wild-type (WT) (A), ZAP-707~
(B) and ZAP-70""" mice after i.p. thymocyte transfer (C) are shown at
X10 magnification. Medullary regions are highlighted by white
borderline. (c) The area of the thymic medulla was analysed by
immunohistochemistry using anti-EpCAM1 with peroxidase-labelled
secondary antibody at days 0, 4, 10, 17, 24 and 31 after the i.p.
thymocyte transfer. Four serial sections from thymi of WT, ZAP-707~
and ZAP-70""" mice were stained on the same slide and 20 images
were taken from each sample and the EpCAM1-positive areas were
analysed using the ImageJ image analysis software. Diagram shows the
mean * s.e.m. values calculated from the data of three mice killed at
each time-point. Representative EpCAM1 immunohistochemistry
images from WT (A), ZAP-707" (B) and ZAP-707" mice after i.p.
thymocyte transfer (C) are shown at X 10 magnification. [Colour
figure can be viewed at wileyonlinelibrary.com]

After day 24, we measured a slight drop in the ratio of a3 T
cells in all organs until day 31 (Fig. 2b,c).

Investigation of the early changes in the thymus
following i.p. thymocyte transfer

To assess the changes taking place in the thymus during the
first 4 weeks following i.p. thymocyte transfer, thymocyte
subpopulations were assessed at 0, 4, 10, 17, 24 and 31 days
after the transfer. As already mentioned above, in ZAP-
70~ mice the thymus is composed of almost only DP cells
[5,6] (Fig. le,f, Supporting information, Figs SI and S2.)
Upon i.p. thymocyte transfer, we observed changes already
in the thymocyte composition as early as 10-17 days (Fig.
3a). The ratio of CD4 CD8" double-negative (DN) thymo-
cytes elevated from 0-8 £ 0-1 to 4-3 £ 1-1 by day 17 while,
simultaneously, the ratio of CD4"CD8" DP cells dropped
from 99 * 0-7 to 94-7 = 1-1 (Fig. 3a). In parallel, the ratio
of mature SP cells started to increase after day 4, and
reached a peak at day 17 in both the CD4™ (0-6 = 0-1%)
and CD8" (0-5 * 0-1%) SP subpopulations, indicating the
restoration of thymic T cell development (Fig. 3a). Interest-
ingly, the ratios reverted to the starting point in all thymo-
cyte subpopulations by day 24 (Fig. 3a).
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These results have raised the question of whether the
observed changes were also mirrored by changes in the
morphology of the thymus. The thymi of ZAP-707~ mice
are characterized by the lack of distinct medullary regions
[5] (Supporting information, Fig. S1, Fig. 3b B). Seventeen
days after the i.p. thymocyte transfer, patches of reorgan-
ized medullary regions appeared (Fig. 3b C). Quantitative
measurements (Fig. 3c) revealed that the area of the medul-
lary regions changed parallel to that detected in the thymo-
cyte subpopulations: ie. an initial expansion of the
medullary area until day 17 (from 1.3 = 0-17 to
2-05 = 0-27) was followed by a reduction in the size of the
medulla (1-17 = 0-12).

Detection of donor-derived T cells using GFP-
transgenic thymocyte transfer

To confirm that the above-described T cell repopulation
after i.p. thymocyte transfer in ZAP-70”~ mice was indeed
due to the development of stable chimerism, in the next
experiments we used thymocytes derived from GFP-
transgenic mice [14] as donors (Fig. 4). In this way we
could trace the donor-originated cells in the lymphoid
organs of recipients during the reconstitution of T cells.
The ratio of T cells in peripheral blood was 31-6 = 6-4%
and 27-1 = 4-4% at weeks 7 and 12 weeks after the transfer,
respectively, 83-6 = 3-9% and 78-5 = 6% of which were
GFP”, respectively (Fig. 4a). We investigated the cellular
composition of the peripheral lymphoid organs of reconsti-
tuted mice and found that the percentage of T cells ranged
between 16 and 24% in peripheral lymph nodes, mesen-
teric lymph nodes, spleen and Peyer’s patches (Fig. 4b).
Approximately 70% of the T cells were present in lymph
nodes, while 87 and 90% of the T cells in the Peyer’s
patches and spleen were GFP' donor cells, respectively
(Fig. 4b). Fluorescent microscopic images supported the
flow cytometric findings, as GFP™ cells could be visualized
only in the T cell-rich PALS areas of the spleen, but not in
the B cell follicles (Fig. 4c,d). We confirmed strong GFP
expression in thymocytes isolated from the i.p. transferred-
recipients using reverse transcription—polymerase chain
reaction (RT-PCR), but only very low expression in the
bone marrow of the same mice (Fig. 4e).

T cell reconstitution led to the development of
functional T cells

Although, as already mentioned, the significantly elongated
lifespan of the transferred mice clearly showed the recapitu-
lation of the immune system by the newly developed T
cells, we wanted to elaborate T cell functions directly.
Therefore, we performed in-vitro T cell activation tests on
isolated T cells from transferred mice (Fig. 5). We assessed
cell proliferation and activation of donor T cells upon anti-
CD3/CD28 stimulation (Fig. 5). We could detect similar
tyrosine phosphorylation patterns and proliferative

Thymocte transfer repopulates ZAP-70 KO mice

capacity in the T cells from transferred mice as in T cells
deriving from WT mice (Fig. 5a,b). These data showed
clearly that the activation and proliferation of the donor-
derived T cells was normal.

Donor thymocytes leave the peritoneal cavity through
the milky spots of the omentum

The next interesting question regarded which pathways the
injected thymocytes use to exit from the peritoneum. To
address this, we injected CFSE-labelled thymocytes intra-
peritoneally (Fig. 6). After analysing various organs in the
peritoneal cavity and the draining lymph nodes (mediasti-
nal, inguinal, axillary) 12, 24, 48 and 72 h after the transfer
(data not shown), we identified the omentum as the main
collection site for thymocytes, as 45% of the lymphocytes
isolated from the omentum were of donor origin (CFSE™)
(Fig. 6a). Interestingly, the majority of these CFSE™ lym-
phocytes were of the CD4°CD8™ DN (86%) phenotype;
only 12% were CD8" SP (Fig. 6a). Whole mount images
have shown that the CESE™ donor cells were not scattered
randomly in the omentum, but they formed aggregates at
specific sites (Fig. 6b). To identify these specific entry
zones, we performed immunofluorescent staining with a
fibronectin-specific antibody, which revealed that the
CFSE™ cell aggregates were localized in the lymphoid com-
partments of the omentum (known as ‘milky spots’) (Fig.

6¢,d).

Discussion

ZAP-70 is an essential molecule in T cell development, as
illustrated by ZAP-707" mice [5,6], and those rare SCID
patients who have mutations in this molecule [4] leading
to the absence of mature T cells in the periphery, resulting
in severe immunodeficiency. In our present work we dem-
onstrated that, with the i.p. adoptive transfer of ZAP-70"/"
(WT) thymocytes, T cells can be reconstituted stably, thus
correcting the immunodeficiency in ZAP-70™~ mice.

Most T cell reconstitution studies so far have concen-
trated on analysing the reconstitution of T cells after the
transfer of BM HSC into irradiated hosts [19-22]; further-
more, adoptive transfer of cells isolated from fetal liver or
neonatal spleen [23], committed T cell progenitors [24],
double-positive thymocytes [11], isolated thymocytes
[12,13] and in-vitro-generated T cell precursors (reviewed
in [20]) have also been studied. Here, we have shown that
with a single, simple i.p. injection of 5-10 million thymo-
cytes from WT (ZAP-70"""), donor mice corrected the T
cell deficiency effectively in the long term. The correction
of the immunodeficiency was shown clearly by the signifi-
cantly longer survival of transferred ZAP-707" animals:
ZAP-707" mice usually have a short lifespan (see above);
however, some of the transferred animals were alive even
8-10 months after the i.p. injection. The efficacy of long-
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Fig. 4. Characterization of the T cell reconstitution using green fluorescent protein (GFP)-expressing donor thymocytes. (a) Zeta chain-associated
protein of 70 kDa (ZAP-70)”~ mice were injected intraperitoneally (i.p.) with thymocytes from GEP-transgenic donor mice. Blood lymphocytes
were evaluated 7 and 12 weeks after the injection for CD3 and B220 staining as well as GFP expression. Bar diagram shows the mean * standard
error of the mean (s.e.m.) values of the T cell percentage (open bar) and the corresponding GFP™ fraction (black bar) of T cells calculated from
the data of six mice killed at each time-point. Representative flow cytometric plots show the distribution of B (B220™; green population) and T
(CD3™; blue population) cells (contour plot) and their GFP expression (histogram) in the blood. (b) Representative flow cytometric plots show
the GFP expression of B (B220"; green population) and T (CD3™; blue population) cells in the peripheral (pLN) or mesenteric lymph nodes
(mLN), the spleen and the Peyer’s patches (PP) from ZAP-70"'~ mice, which were transferred with thymocytes from GFP-transgenic donor mice.
(c,d) Representative images (at X10 and X20 magnification, respectively) from the spleen of a ZAP-707"~ mouse, which was transferred with
thymocytes from GFP-transgenic donor mice, show immunohistochemistry using anti-CD5-phycoerythrin (PE) (red) and anti-B220-
AlexaFluor670 (blue) antibodies. GFP-positive cells (green) appear mainly in the T cell-rich areas (red) of the periarteriolar lymphatic sheath
(PALS). (e) Reverse transcription—polymerase chain reaction (RT-PCR) image shows the GFP expression of bone marrow cells and thymocytes
isolated from two GFP-thymocyte-transferred ZAP-70"" (lanes 1 and 2), one BALB/c (lane 3) and one GFP-transgenic (Tg) mice (lane 4).
[Colour figure can be viewed at wileyonlinelibrary.com]
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Fig. 5. In-vitro functional testing of donor T cells. (a) Western blot
shows the anti-CD3/CD28-induced tyrosine phosphorylation. Cell
lysates from non-stimulated and stimulated T cells derived from
wild-type (WT) or transferred mice (T1, T2, T3) were separated on
10% sodium dodecyl sulphide-polyacrylamide gel electrophoresis
(SDS-PAGE) and visualized with anti-phosphotyrosine (aPY)
antibody (upper panel). Equal sample loading was verified by
reprobing the same blot with anti-B-actin antibody (lower panel).
(b) In-vitro proliferation test of activated T cells was assessed with
Promega CellTiter 96” non-radioactive cell proliferation assay. The
diagram shows the optical density values (OD) of non-stimulated
(white) and anti-CD3/CD28-stimulated (grey) samples. Results are
presented as mean * standard error of the mean (s.e.m.) values
calculated from triplicates of each sample.

term T cell reconstitution was confirmed by the presence of
mature a3 T cells up to several months after the transfer in
blood and peripheral lymphoid organs, with the majority
expressing TCR-a3. Histological analysis revealed that the
lymph node and spleen microstructure in transferred ani-
mals was similar to WT, suggesting that transfer-originated
T cells were able to restore the disrupted morphology
of ZAP-707 peripheral lymphoid organs to normal.
Furthermore, using GFP-transgenic thymocytes we could
demonstrate clearly that the T cell repopulation was donor-
derived.

Thymocte transfer repopulates ZAP-70 KO mice

The long-term stability of our chimeras suggested a con-
tinuous T cell production; thus, the possibility of thymic
repopulation was also investigated. We have already
observed SP thymocytes appearing in the thymus of ZAP-
707 recipient mice 17 days after the i.p. injection of WT
thymocytes accompanied by an increase in the area of the
medullary region, indicating that the thymic T cell devel-
opment was reset by the treatment. Cross-talk between thy-
mic epithelial cells and thymocytes during T cell

(@) ¥
F 'y ¥ 120/0 : 1%

Cell count
CD8-PE-Cy5

Fig. 6. Donor thymocytes exit from the peritoneal cavity via milky

spots found in the omentum. Carboxy fluorescein succinimidyl ester
(CFSE)-labelled thymocytes were injected intraperitoneally (i.p.) into
zeta chain-associated protein of 70 kDa (ZAP-70)"" mice, then the
omentum was isolated after 24/48 h. (a) Flow cytometric analysis
showed that the CFSE™ thymocytes entered the omentum (left
histogram). Cell surface staining of the CFSE™ population for CD4
and CD8 (right dot-plot). (b) Light microscopy whole mount
preparation shows the CESE™ cells entering into the omentum at
specific sites as small cell aggregates (indicated by arrows). (c,d)
Confocal microscopy image of CFSE™ donor thymocytes from the
omentum of ZAP-70”" mice. Fibronectin was labelled with red.
Representative images show two-dimensional slice (c) and three-
dimensional reconstruction (d). [Colour figure can be viewed at
wileyonlinelibrary.com]
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development have been studied extensively [25]. Here, the
re-organization of the medullary region took place after
i.p. thymocyte transfer, which was in line with a previous
study [10]. In another study, SP cells appeared in the thy-
mus with similar kinetics, i.e. 3 weeks after intrathymic
electroporation of ZAP-70 coding plasmids [8]. As ZAP-
70-deficient host thymocytes suffer a developmental block
at the DP stage, the appearance of SP cells suggests that
they originated from the donor ZAP-70"'* thymocyte
population. The continuous increase in the ratio of T cells
in peripheral blood, following the appearance of SP cells in
the thymus with a lag (peak at day 21), suggested that these
SP cells populated the peripheral lymphoid organs success-
fully. By day 21, a/yd T cell ratios in peripheral lymphoid
organs resembled WT, providing further proof of donor
thymocytes being able to repopulate host lymphoid organs
in the form of mature a3 T cells.

Interestingly, the changes observed in the thymus
(appearance of SP cells and medullary islets) became more
pronounced 4-8 months after i.p. transfer than in the first
month, although the composition of thymocytes was still
far from WT (data not shown). However, similar percen-
tages of SP thymocytes were reported by others [9].

Overall, the emergence of SP thymocytes and medullary
epithelial cells suggested that during the first month follow-
ing the i.p. thymocyte transfer a wave of T cell development
took place, which was followed by long-term thymic recov-
ery which generated T cells for several months.

As these findings implied that the injected thymocytes were
capable of entering the thymus, we also analysed which route
the thymocytes could have used to leave the peritoneum.
Although it was described earlier that the mediastinal and ipsi-
lateral inguinal lymph nodes drain the peritoneal cavity after
i.p. transfer of cells [26], in our experiments we have observed
no CFSE-labelled donor cells in these localizations (data not
shown). Contrary to this, significant CFSE™ cell aggregates
were present in the omental milky spots, which were already
described as gateways for trafficking of B2-B cells [27], dendri-
tic cells [28] and preferential sites for tumour cell adhesion
(reviewed in [29]). The morphology of milky spots resembles
that of secondary lymphoid organs; however, they are covered
by a discontinuous layer of mesothelial cells [30]. These intra-
cellular gaps might also serve as entry sites for i.p. injected cells
homing via lymphatic vessels and blood capillaries [31]. We
have observed that the majority of CFSE™ cells in the omen-
tum were the most immature CD4 CD8 DN thymocytes,
which might suggest that this population was the main source
of donor thymocytes that entered the host thymus and sup-
ported the development of mature SP thymocytes.

Based on these results, we propose the following mecha-
nism of the T cell recovery in ZAP-70"~ mice after WT thy-
mocyte transfer. When we injected thymocytes into the
peritoneal cavity of recipient mice, we transferred a mixed
cell population containing approximately 3-5% DN, 75—
80% DP, 10-15% CD4 SP and 5-10% CD8 SP cells [32].

This means that both immature (DN and DP) and mature
SP cells entered the recipient. We hypothesize that this
mixed cell population repopulated the recipient’s lymphoid
organs in a complex manner. First, mature SP cells most
probably have the capacity to enter peripheral lymphoid
organs/tissues, where they could augment the immune
response relatively quickly. This peripheral homeostatic
expansion could be beneficial, especially in the early stages
of the transfer to recapitulate the immune response (at least
partially) and promote survival. Conversely, immature cells
could have the potential to repopulate primary lymphoid
organs and provide a long-term, stable T cell production for
several months after the transfer. As DP cells are extremely
sensitive to apoptosis [33], in our view they might not play
a key role in restoring the T cell development. Instead it is
more likely, and also supported by the aggregation in the
omentum, that the DN most immature T cells reached the
thymus and/or the bone marrow and they colonized these
organs. As the recipient’s own T cell progenitors do not have
the capacity to mature into SP cells [5,6] there is a selective
survival advantage of the ZAP-70"" donor cells. The need
for relatively high donor cell numbers could also be a conse-
quence of the following: DN cells represent < 5% of thymo-
cytes, i.e. in the case of 107 donor cells this means ~5 X 10’
cells. Initially, we also tried to transfer 1-2 million donor
thymocytes, but the success rate was considerably lower
(~10-20%, data not shown), which might be due to the
inadequate number of DN cells to repopulate the thymus.

In summary, we have demonstrated that ip. injected
ZAP-70""* thymocytes were able to enter the thymus of
ZAP-707"" mice, reorganize its morphology and restore T
cell development. Mature, donor-originated a3 T cells were
present in the peripheral blood and lymphoid organs, where
they were organized into structured T cell zones. The estab-
lished chimerism was stable in the long term as the immu-
nodeficiency of ZAP-70”~ mice was resolved, as shown by
the long-term survival of mice after thymocyte transfer.

Finally, we believe that our work could have some
important practical implications. First, this new and simple
transfer technique could provide benefits for those
researchers who work with ZAP-707"~ mice. As the trans-
ferred mice become immunocompetent and their breeding
is possible, they could be extremely useful for researchers
who need larger quantities of ZAP-70~ mice for different
in-vitro or in-vivo experiments (e.g. haemopoetic stem cell
or embryonic liver cell isolation for ex-vivo genetic manip-
ulation or genetic engineering of ZAP-707"~ embryos). The
simplicity and low risk of our transfer approach could be
beneficial in such laboratories where the technically more
challenging bone marrow transfer is not available. Sec-
ondly, although we are still far from the successful restora-
tion of T cell deficiency caused by ZAP-70 deficiency in
humans, we hope that our results could also contribute to
the development of new therapeutic approaches in future.
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Supporting information

Additional Supporting Information may be found in the
online version of this article at the publisher’s website:
Fig. S1. Comparative immunohistochemistry analysis from
the lymphatic organs of zeta chain-associated protein of 70
kDa (ZAP-70)""* and ZAP-70"" mice. ZAP-70"'" (a) and
ZAP-707" (e) thymi were stained with anti-CD4-
phycoerythrin (PE) (red) and anti-CD8-fluorescein isothio-
cyanate (FITC) (green) or anti-epithelial cell adhesion mol-
ecule 1 (EpCAMI)-FITC (green) and anti-Ly51-PE (red)
(b,f). Note that on panels (a) and (e), yellow areas show
the CD4"CD8" double-positive thymocyte-rich cortical
areas of the thymi. ZAP-70"/* and ZAP-707"~ lymph nodes
(c,g) and spleen (d,h) were stained to distinguish T and B
cells  with anti-CD3-FITC (green) and anti-B220-
AlexaFluor647 (red), respectively.

Fig. S2. Comparative flow cytometric analysis from the
lymphatic organs of zeta chain-associated protein of 70
kDa (ZAP-70)*"" and ZAP-707" mice. ZAP-70"'" and

ZAP-70"" blood, lymph nodes and spleen were stained
with anti-CD3 and anti-B220 antibodies to distinguish T
and B cells. Thymi were stained with anti-CD4 and anti-
CD8 to distinguish the four major thymocyte subpopula-
tions. (a) Bars show the mean * standard error of the
mean (s.e.m.) values of the T and B cell percentage in the
different peripheral lymphatic organs and the thymocyte
subpopulations calculated from the data of four mice. (b)
Representative flow cytometric contour plots show the
typical T and B cell distribution in the blood, spleen,
lymph nodes and thymus of ZAP-70"'" and ZAP-707~
mice.

Fig. S3. Long-term effect of the intraperitoneal (i.p.) thy-
mocyte transfer. Zeta chain-associated protein of 70 kDa
(ZAP-70)""" mice was evaluated 12 months after a single
i.p. transfer with 107 thymocytes isolated from ZAP-70"'
* mice. (a) Bars show the mean = standard error of the
mean (s.e.m.) values of the T (black bars) and B cell
(open bars) percentage in the peripheral lymphatic organs
calculated from the data of four transferred mice. (b)
Representative flow cytometric density plots show the
typical T and B cell distribution in the lymph nodes and
spleen of transferred ZAP-707"" mice. (c) T cell receptor
(TCR) type was determined using antibodies against the
af or yd forms of the TCR by flow cytometric analysis.
Bar diagram shows the percentages of a3 and vy8 T cells
in the lymph nodes and spleen of ZAP-707" mice, which
received i.p. thymocyte transfer. Mean * s.e.m. values
were calculated from the results of four mice. (d) Repre-
sentative flow cytometric dot plots show the typical dis-
tribution of af and yd T cells in the lymph nodes and
spleen of ZAP-707~ mice, which received ip. thymocyte
transfer 12 months before killing. (e) Composition of thy-
mocytes was determined using anti-CD4/CD8 staining by
flow cytometry [also see (f)]. Bar diagram shows the per-
centages of the four major thymocyte subpopulations
(DN = CD4 CD8  double-negative; DP = CcDh4"CD8™
double-positive; CD4 SP = CD4" single-positive; CD8
SP = CD8" single-positive) in those ZAP-707"" mice,
which received i.p. thymocyte transfer 12 months before
killing. Mean =* s.e.m. values were calculated from the
results of four mice. (f) Representative flow cytometric
density plot shows the distribution of thymocytes isolated
from ZAP-707~ mouse, which received i.p. thymocyte
transfer 12 months before killing based on their CD4 and
CDS8 staining.
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A glukokortikoid hormon nem genomikus hatdsai
a T-sejtek jeldtvitelére és apoptozisara

PRENEK LiLLA, UGOR EMESE, PAPP RAMONA, BOLDIZSAR FERENC, BERKI TiMEA

Pécsi Tudomdanyegyetem, Klinikai K6zpont, Immunoldgiai és Biotechnoldgiai Intézet

A klinikai gyakorlatban a glukokortikoid hormon analégok (GC) autoimmun betegségek, malignus hematoldgiai kérképek,
allergias folyamatok kezelésében széles korben alkalmazott szerek. Klasszikus, genomikus hatdsaik mellett, melyek a
ligandkétott glukokortikoid-receptor (GR), mint transzkripcids faktor dltal elinditott génaktivacié és -gatlas kovetkeztében
kialakulé folyamatok, az utébbi évtizedben felismerésre keriltek a gyors GC-hatdsokat eredményez6 un. nem genomikus
jelatviteli atvonalak. Ezek egyrészt direkt membranhatdsok, masrészt bizonyos sejteken membran-GR jelenlétével, vagy
mas receptorok jeldtviteli Gtvonaldval torténd interakciokkal, ill. a GR mitokondridlis transzlokdciéjaval magyardzhatok.
Jelen kozleményben intézetinkben az elmdlt években a nem genomikus GC jeldtviteli folyamatok teriletén végzett ki-
sérleteink eredményeit foglaljuk 6ssze, killonos tekintettel a T-sejt receptor (TcR) és glukokortikoid-receptor (GR) jelatvitel
kozotti kapcsolatra, illetve a GC-nek a thymocytdk apoptdzisaban betoltott szerepére, a mitokondridlis GR transzlokacié
jelentéségét kiemelve.

Kulcsszavak: glukokortikoid-receptor, glukokortikoid hormon, T lymphocyta, thymus, nem genomikus GC-hatdsok, mito-
kondrium, apoptdzis

NON-GENOMIC EFFECTS OF GLUCOCORTICOID HORMONES ON SIGNAL TRANSDUCTION AND APOPTOSIS OF T LYMPHOCYTES

Glucocorticoids (GC) are widely used drugs in the treatment of autoimmune diseases, haematological malignancies and
allergic reactions. Besides their classic genomic effects new GC signalling pathways were also observed in the last decade,
referred to as non-genomic signalling pathways, which, importantly, appear more rapidly than the genomic effects. In our
present work we summarise our results in the field of non-genomic GC signalling mechanisms. We discuss the interplay
between T cell receptor (TcR) and glucocorticoid receptor (GR) signalling pathways, and the role of GC in the apoptosis of
thymocytes, paying special attention to the importance of mitochondrial translocation of the GR.

Keywords: glucocorticoid receptor, glucocorticoid hormone, T lymphocyte, thymus, non-genomic mechanism, mitochon-
dria, apoptosis

Bevezetés

A glukokortikoid hormon (GC) hatdsara elindulé jelatviteli Gt-
vonalak legrégebb 6ta ismert formadja a ligandkotott gluko-
kortikoid-receptor (GR) sejtmagba val6 transzlokéci6ja, ahol
a DNS glukokortikoid vdlaszelemeihez (GRE) kotédve transz-
kripcios faktorként génexpresszids valtozasokat eredményez
[1, 2]. A GR a szteroidreceptor szupercsaldd tagja. Harom f6
doménja van: (1) a hormonkétd, (2) a DNS-koté és (3) az N-
terminalis domén [3]. Nyugalmi allapotban a GR a citoplaz-
maban hdsokkfehérjékhez kétédve talalhatd [4]. A ligand-
kotédést kovetéen a GR felveszi aktiv konformdciéjat, és
dimerizalodik. Ez a homodimer transzlokalédik a sejtmagba
[1], ahol sejttipustol figgéen 10-100 gén miikodését sza-

balyozza [5]. Genomikus hatdsaikbol kdvetkezik a glukokor-
tikoid-analdgok széles kor( alkalmazadsa a mindennapi orvosi
gyakorlatban, amely féleg gyulladdscsokkenté és immun-
szuppressziv folyamatokban nyilvdnul meg [6].

A nem genomikus hatasok (1. dbra) féleg nagy dézisu GC-
kezelés sordn létrejové gyors, génexpressziotol fiiggetlen
mechanizmusok [7]. Négy ilyen, alternativ GC jelatviteli dtvo-
nalat irtak le eddig: (1) membranhoz kapcsolt GR dltal kozve-
titett Utvonal, (2) GC direkt membranra kifejtett hatdsa, (3)
interakcio mas citoplazmatikus jeldtviteli fehérjékkel [8] és
(4) a GR mitokondriumba valé transzlokaciéja [9-13].

A membrankotott GR-t tobbek kozott human lymphoid
sejtvonalakban figyelték meg [14-16], melynek fokozott
expresszidjat rheumatoid arthritisben, SLE-ben és spondylitis
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1. dbra

A glukokortikoid hormon (GC) lehetséges hatasmechanizmusai
T-lymphocytakon [7]. A lipofil GC bejut a citoplazmdba, és kap-
csolédik a glukokortikoid-receptorhoz (GR), amely konforma-
ciévéltozast kovetden levalik a citoplazmatikus Hsp komplexrél,
dimerizalédik, és bevandorol a sejtmagba, ahol az un. geno-
mikus hatdsmechanizmus révén génexpresszié-véltozdsokat
okoz. Nagy dozisi GC-kezelés hatdsara létrejové gyors, nem
genomikus hatdsok: a membranhoz kapcsolt GR (mGR) altal
kozvetitett dtvonal (1), a GC direkt membranstabilizalo hatasa
(2), a GR kapcsoldddsamas citoplazmatikus jelatviteli fehérjékkel
(3) és a GRmitokondriumba vald transzlokdciéja, amely az in-
trinszik apoptotikus Utvonal aktivaciojat valtja ki (4)

ankylopoeticaban is megtalaltdk, ami felveti szerepét a be-
tegségek kialakulasaban [17-19]. Mdsrészt, a GC direkt (nem
receptorfiiggé) membrdnhatdsat mutatja, hogy nagy dézisu
GC-kezelést kovet6en emlds tumorsejtekben megvaltozik a
membranlipid-mobilitds [20].

A harmadik nem genomikus hatds a ligandkotott GR-nek
mas jeldtviteli molekuldkkal valé kapcsolédasa, melyet
példdul a GR és T-sejt receptor (TcR) jelatviteli fehérjéi kozott
figyeltek meg [21]. Az eddigi kutatdsi eredmények szerint a
ligandkétott GR asszocidlddik az Lck-, Fyn-molekuldkkal a
TcR-aktivaciot kovetéen, és gatolja a TcR-aktivacio altal
indukalt Lck/Fyn foszforildciét [22, 23]. Végul, Sionov és
munkatarsai in vitro tenyészetett folyamatos sejtvonalakon
és thymocytakban irtdk le a GC-GR komplex mitokondriumba
valo transzlokaciéjat, ami osszefiiggésbe hozhaté az adott
sejttipus GC-indukalt apoptdziskészségével [9-13].

A GC-k nem genomikus hatdsainak
tdmaddspontjai

A T-lymphocyta-aktivacio gatlasa

A GC-k T-sejt jeldtvitelre gyakorolt hatasat human T-sejt-leu-
kémia sejtvonalon (Jurkat) vizsgaltuk 2-5 perces, nagy doézisu
dexamethason- (DX-) kezelést kovetéen. Megfigyeltik, hogy
a GC-kezelés 6nmagaban is, a TcR jelatviteli ut eqyik kulcs-
molekuldjan, a ZAP-70-en tirozinfoszforilaciot okoz (1. tabla-
zat) [24]. Ez a vdltozds a GR-antagonista RU486-tal gatolhato
volt [24]. Ezt kdvet6en megvizsgdltuk a kapcsolatot a ZAP-70,
GR és Hsp-90 kozott DX-kezelt Jurkat-sejtek citoplazmdjaban.
A nagy dozisui DX-kezelés hatdsdra a GR koprecipitdlédott, ill.
kolokalizalédott a ZAP-70-molekulaval [25], mely magyardz-
hatja a kordbban tapasztalt gyors GC-indukdlt ZAP-70-fosz-
forilaciot (1. tablazat). Ugyanakkor a ZAP-70 Hsp-90-nel val6
kapcsolodasa is megfigyelhet6 volt, figgetlenil a GR-ago-
nista jelenlététél, de a kapcsoléddst meg lehetett gatolni
Hsp-antagonista geldanamycinnel (GA) (1. tabldzat) [25].
Eredményeinkkel az els6k kozott vildgitottunk rd a DX-nek a
ZAP-70-molekuldra kifejtett direkt hatdsara az aktivalt GR-en
keresztil [25]. A GC-indukdlt ZAP-70 tirozinfoszforilacié alap-
jan feltételezhetd, hogy a GC-k ezen a ponton lehetséges
gdtléi a T-sejt-funkcioknak. A ZAP-70-nek négy aktivalé
(Y315, Y319, YA74, Y493) és négy gatlo (Y292, 492, 597,
598) foszforilacids helyét irtak le kordbban [26]. Intézetink-
ben ZAP-70 pontmutdns Jurkat-sejtvonalakkal végzett kisér-
leteink soran azt talaltuk, hogy rovid ideji DX-kezelés hatd-
sara csokkent a ZAP-70 foszforilacidja az F315- és F492-ZAP-
70-molekuldt expresszalé sejtekben [27]. Ezt kdvet6en
ugyanezen mutans ZAP-70-molekuldk szubsztratjait vizsgal-
tuk, és megfigyeltiik, hogy DX hatdsdra a mutans sejtekben
nem foszforildlédott az SLP-76 és a Cbl, de egyik mutacié

1. tablazat. Rovid ideji, nagy dézist glukokortikoid hormon
hatasara létrejové valtozdsok a T-sejt jelatviteli tvonal
fehérjéiben ([23] és [26] alapjdn)

Célmolekula:  GC hatas
ZAP-70 Y-foszforilacié T, GR- és Hsp-90-asszociacié
LAT Y-foszforilacio T
Cbl Y-foszforilacio 1+
SLP-76 Y-foszforilacio 1+
TcR-aktivacio + GC hatas
LAT Y-foszforilacio T
Cbl Y-foszforilacio -
SLP-76 Y-foszforilacio T
Ca"-jel !

* ZAP-70 Y315- és Y492-fiigg6 valtozds
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sem befolydsolta a LAT foszforilaciéjat (1. tablazat) [27]. Ez
arra enged kovetkeztetni, hogy a ZAP-70-kindzon keresztul
végbemend nem genomialis GC-hatdst inkabb az SLP-76 és a
Cbl kozvetiti, és nem a LAT (1. tdblazat) [26]. Megvizsgéltuk
azt is, hogyan befolydsolja a DX a T-sejt-aktivaciot, és fejti ki
immunszuppressziv hatdsat. A LAT és SLP-76 megndveke-
dett, mig a Cbl csokkent foszforilacigjat sikerilt detektdltunk,
tovabba a DX csokkentette az anti-CD3 altal indukalt Ca*'-
jelet is (1. tdblazat) [27]. Ez az eredmény korreldl azzal a ko-
rabbi megfigyelésinkkel, mely szerint a Jurkat-sejtekben a
(a’"-jelet az SLP-76 szabélyozza [28].

Kettds pozitiv thymocytdk GC-indukalt
mitokondridlis apoptdzis utvonala

A GC-k nemcsak az érett, de a differencidlodd, éretlen T-sej-
tekre is hatnak. Régota ismert, hogy a thymus elsorvad ma-
gas GC hormon szintek esetén, mig ezen hormonok hidnya a
thymus megnagyobboddsét okozza [29]. Intézetiinkben vég-
zett kordbbi vizsgalatok szerint a kettds pozitiv (DP) thymo-
cytdk a legérzékenyebbnek a GC-indukalt apoptézisra [30-
32], ugyanakkor ezekben a sejtekben a legalacsonyabb a GR-
expresszid mind fehérje, mind RNS szinten [30-33]. Ez a
I3tsz6lagos ellentmondds felvetette a GC-k-nek a thymocytak
differencidlédasaban betoltott, nem hagyomanyos jeldtviteli
Utvonalon keresztil megvaldsuldé szerepére. Ezt a feltevést
er@sitette, hogy in vivo sem a DP sejt depletal6 hatdsat, sem
pedig a nagy dozisu szteroid korai proapoptotikus hatast nem
tudtuk gdtolni GC-antagonista RU486-tal [31, 33]. Az RU486
hatdsa ugyanis abban nyilvanul meg, hogy megakadalyozza
a GR ligandkotodést kovetd transzlokacidjat a sejtmagba
[34]. Ezek alapjan a GC-k proapoptotikus hatdsa a DP sejtek-
ben fiiggetlennek tiinik az aktivalt GR nukleuszba valé transz-
lokacidjatol, amely felveti a lehet6ségét a nem genomikus
jelatviteli folyamatoknak ezekben a sejtekben.

Ebbél kiindulva siker(lt igazolnunk, hogy a DP thymocy-

takban rovid ideji GC-kezelést kovetéen a GR inkdbb a mito-
kondriumba vandorol, mint a sejtmagba [13]. A mitokondrid-
lis transzlokacié ezen sejtekben ardnyban volt a sejtek GC
altal indukalt apoptozisérzékenységével [13]. A pontos folya-
mat, amely révén a transzlokalédott, aktivalt GR apoptotikus
kaszkddot indit el, még nem teljesen ismert. Ezért vizsgaltuk
a GC-k hatasat egér thymocyta apoptézis Utvonalainak ak-
tivdlodasara és a GR Bcl-2 fehérjecsaldd tagjaival vald in-
terakciojat (2. tabldzat; eddig nem publikalt eredmény). Azt
talaltuk, hogy révid ideji DX-kezelés hatdsara a thymocytak-
ban aktivalédott az intrinszik apoptotikus dtvonal, amit a
citokrom C, az aktivalt kaszpdz-3, -9 koncentraciéjanak emel-
kedése jelzett (2. tablazat). Megfigyeltik tovabbd, hogy a GR
asszociadlédott a Bim- és a Bcl-xL-fehérjékkel, valamint ezen
fehérjék mennyisége megnovekedett a mitokondriumban a
DX-kezelést kovetéen. A GR Bax-fehérjével nem kapcsold-
dott, azonban ez a fehérje is felhalmozddott a mitokondri-
umban DX hatdsara (2. tablazat). igy valészindleqg az aktivalt
GR a Bcl-2-fehérjékkel val6 asszocidcidja révén befolyasol-
hatja a thymocytak apoptozisat oly mddon, hogy Ggy valtoz-
tatja meg ezen fehérjék koézott az egyensulyt, hogy az pro-
apoptotikus iranyaba tolddjon el.

Megbeszélés

A nem genomidlis GC jeldtviteli Gtvonalak felismerése dj,
érdekes és izgalmas irdnyt nyitott a kutatasban. A lymphoid
sejtek nagy dozisi GC hormon kezelésre adott gyors valasz-
reakcioi nem magyardzhaték a viszonylag lassan bekovet-
kezé géntranszkripciés mechanizmusokkal. A T-lymphocyta-
aktivacio gatlasa a TcR jelatviteli utvonal fehérjéivel valé koz-
vetlen GR asszocidcié Gtjdn, mig a DP thymocytdk GC-indukalt
gyors apoptozisa a GR mitokondrialis pro- és antiapoptotikus
fehérjékkel valé kapcsolédassal, azok egyensulydnak maédo-
sitdsa révén zajlik. A thymusban talalhaté sejtek kozel 80%-
a DP thymocyta, melyek lokdlis GC-termel6 sejtek kornye-

2. tabldzat. Rovid idejd glukokortikoid-kezelés hatdséra bekovetkezd
thymocytaapoptoézis utvonal fehérjéinek aktivacidja és lokalizaciéjanak valtozasa

Célmolekula Citoplazma
Citokrém C T
aktivalt kaszpdz-3 T
aktivalt kaszpaz-8 T
aktivalt kaszpaz-9 T
aktivalt kaszpdz-12 nem valtozott
Bak nincs adat
Bax 1
Bim 1
Bcl-xL 1

Mitokondrium GR-rel valé
asszociacio
nincs adat nincs adat
nincs adat nincs adat
nincs adat nincs adat
nincs adat nincs adat
nincs adat nincs adat
nincs adat +
T -
T +
T +
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zetében differencidlodnak. Feltételezhetd, hogy ez az oka,
hogy a tobbi thymocyta sejtcsoporthoz képest benniik a leg-
alacsonyabb a GR-expresszié, méqis ebben a differencialo-
dasi stadiumban érzékenyebbek a GC-indukalt apoptézisra
[31]. Ezt erésiti azon megfigyelésink is, hogy ebben a sejt-
csoportban magas a Dig2 (DX-indukalt gén) és alacsony a
Bcl-2 expresszidja [33], valamint in vivo alkalmazott szinte-
tikus GC hatdsdra is a DP sejtek szamanak jelentds csokke-
nését és a mitokondridlis membranpotencial redukaléddasat
figyeltik meg, a Bcl-2-expresszié parhuzamos mérséklédé-
sével [32]. Irodalmi adatokkal 6sszhangban, a GC-k fokozni
tudtak a thymocytdk pozitiv szelekcigjat, amikor egyidejileg
TcR-aktivacié is tortént [31, 35], amit a (D69-expresszid
megndvekedése jelez a DP és D4+ egyszeresen pozitiv sej-
teken (SP), amit nagyobb mértékd érett CD4+ sejt kibocsatas
kisért [31, 35].

Az ezen a teriileten végezett vizsgalatok eredményei to-
vabb bévitik ismereteinket a GC-k hatdsairol, hozzajarulnak Uj
terdpids lehet6ségek kifejlesztéséhez.
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