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1. ROVIDITESEK JEGYZEKE
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2. BEVEZETES

2.1. A GLUKOKORTIKOID HORMON HATASMECHANIZMUSA

A ,glukokortikoid” sz6 abbdl a korai megfigyelésbdl szarmazik, hogy ezen hormonok a glu-
kéz metabolizmusban jatszanak fontos szerepet (Barf T. 2004.). Kémiai szerkezetik tekinte-
tében a glukokortikoid hormonok (GC) a szteroid hormoncsaldd tagjai a mellékvesekéreg

zona fasciculatdjdban koleszterinbdl szintetizal6dnak.

2.1.1. A GLUKOKORTIKOID HORMONOK SZINTEZISE

A glukokortikoid hormonok szintézisében részt vevs enzimek koziil a 3-B-hidroxiszteroid
dehidrogendz az aldoszteron és a GC szintézis k6z0s enzimje. A 17-a-hidroxilaz és a 11-B-
hidroxilaz csak a kortizol és a kortikoszteron szintézisében vesznek részt (Boron WF. 2008.)
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v Vs - of enzymes
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ik :[ > v
[ | Smooth endoplasmic
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1. dbra: A szteroid hormonok szintézise.

Boron WF, Boulpaep EL. Medical Physiology: A Cellular And Molecular Approach, (2008) page 1300,

Elsevier/Saunders.

A GC-ok szintézisét a hipotalamo-hipofizedlis-mellékvesekéreg tengely szabalyozza. A
kortikotrép releasing hormon (CRH) felszabaduldsa a hipotalamuszbél ultradian ritmust mu-
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tat, ébredés utan és délutan éri el a legmagasabb szintet. A stressz és a vér kortizol szintje
szintén befolydsoljdk a CRH felszabadulasat. A CRH a portalis ereken keresztil jut a hipofi-
zis eliils6 lebenyébe, ahol a kortikotrop sejtek adrenokortikotrép hormon (ACTH) felszaba-
dulasat indukélja. Az ACTH a vérdram uGtjan jut a mellékvesekéreghez, hatasara a koleszte-
rinb6l GC hormonok szintetizal6édnak (Melmed S., 2016). A GC-k szekrécidja pulzatilis (ult-
radian) médon, éranként torténik, majd a vérben a kortikoszteroid-kotd fehérjékhez (CBG)
kotddnek, amelyek a célsejtekhez szallitjak (Heyns W. 1988). A szabad kortizol a biolégiai-
lag aktiv forma, amit a 11-B-hidroxiszteroid-dehidrogendz alakit kortizonna.

A GC-bioszintézishez sziikséges enzimek a mellékvesekérgen kiviil, ektopidsan, mas széve-
tekben is jelen vannak, példaul a timuszban (Jondal M., 2004) és a bélben (Cima I., 2004) is
szintetizalodnak és szekretdl6dnak bioldgiailag aktiv GC-k.

2.1.2. A GLUKOKORTIKOID HORMONOK ELETTANI HATASAI

A mellékvese 4ltal termelt GC-ok szertedgazé élettani hatdsai révén szabdlyozzak tobbek
kozott a protein, lipid és glukdz anyagcserét; kiilonboz6 fejlédés- és neurobioldgiai folyama-
tokat regulalnak; valamint apoptézist okoznak (Smoak KA. 2004) és negativ ,feedback” ré-
vén gatoljdk a CRH és az ACTH kibocsatasat (Newton R., 2000).

A GC-ok nemcsak metabolikus folyamatokat szabdlyoznak, hanem befolyasoljdk az immun-
rendszer mikodését is. Csokkentik a bazofil és neutrofil granulocitak, valamint a hizésejtek
szamat, apoptézist indukalnak a Th1-, Th2- és B-sejtekben, a neutrofil és az eozinofil
granulocitakban. Gyulladascsokkents hatasuk kiterjed a monocytak/makrofagok, granulo-
cytdk, T- és endothel sejtek citokin termelésére egyarant (Rhen T., 2005). A T-sejt jelatvitel
gatldsa révén csokkentik a citokinek, kiilonosen az IL-2 szintézisét (Stahn C., 2007). Novelik
viszont a regulatérikus T-sejtek (Treg) és a Th17-sejtek szamat (Zen M., 2011) (2. abra). Ré-
gota ismert, hogy hosszantarté nagyobb stresszhelyzetben a megnéveked6 GC szint hatasara
a timusz nagymértéki involdcioval reagal és az immunfunkciék romlasa figyelhet6 meg
(Olefsky JM., 2001).

Mindezen megfigyelések alapjan a szintetikus GC-analégokat (pl. Dexamethasone,
Methylprednisolone, Triamcinolone) kiterjedten hasznaljdk a klinikumban immunszup-
pressziv gyogyszerként kronikus gyulladasok, allergia, asztma (Krishnan JA., 2009) és auto-
immun betegségek (Flammer JR., 2011), bizonyos haematolégiai malignitasok kezelésére,
valamint graft rejekcié megel6zésére is (Hricik DE., 1994.). A szintetikus GC-ok erGs
gyulladdsgatl6 és limfocita apoptdzist kivalté hatasuk miatt vilagszerte a leggyakrabban ren-
delt gydgyszerek kozé tartoznak. Egy dogma alakult ki, amely kiemeli a GC-ok
immunszupressziv szerepét, ugyanakkor figyelmen kivil hagyja azt a tényt, hogy fiziologias
koncentrdci6 tartomanyban nem csak szupresszald, de stimulalé szerepe is van az immun-
funkcidkban (Fauci AS., 1976).
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2. dbra: A GC hatdsai az immunrendszer sejtjeire.
Zen M, Canova M, Campana C, Bettio S, Nalotto L, Rampudda M, Ramonda R, laccarino L, Doria A. The
kaleidoscope of glucorticoid effects on immune system. Autoimmun Rev. 2011; 10(6):305-10.

2.2. A GLUKOKORTIKOID RECEPTOR

A GC-k intracellularis receptoron, a glukokortikoid hormon receptoron (GR) keresztiil fejtik
ki hatasaikat. A GR a nuklearis receptor szupercsalad tagja, ligand-dependens transzkripciés
faktor. A receptorcsalad tagjai a szteroid hormonok (6sztrogén, progeszteron, tesztoszteron,
aldoszteron) receptorain tdl a tiroxin, a retinsav és a D-vitamin receptora is (Olefsky JM.,
2001). Jellemz6 rdjuk a moduldris szerkezet, a fehérje tartalmaz egy variablis az adott recep-
torra specifikus transzaktivaciés domént (NTD, AF1, AF2) az N-terminalis région belil (1-
421 aminosav), egy konzervalt cinkujj DNS-koté domént (DBD) (422-483 aminosavak), il-
letve egy nyaki régiot kovetGen (H: 484-526 aa) a ligandkoté domént (LBD 527-777 aa.)
(Nicolaides NC., 2010). A kilonb6z6 sejtmagi receptorok N-termindlis doménje (NTD) vari-
abilis, a receptorra jellemz6. A legtobb receptor tartalmaz egy szintén véltozé hosszisagu C-
terminalis domént (Lodish, H., 2000) (3. abra).
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3. abra: A nuklearis receptorok alapszerkezete
Lodish, H., Berk, A., Zipurski, L. S., Matsudaira, P., Baltimore, D. and Darnell, J. E., in W.H. Freeman, 2000.

A human GR az 5-6s kromoszéma hosszi karjan kédolédik (locus 5g31p) (Encio 1)., 1991)
és 9 exont tartalmaz. A DNS-r6l 2 mRNS ir6dik at és 2 GR izoforma, aGRa és a GRB szinte-
tizaloédik. A GRa 777, a GRB 742 aminosavbdl all. A 2 izoforma aminosav sorrendje a 727.
aminosavig megegyezik, ezt kovetSen egyedi C-termindlis aminosav szekvenciakbdl épiil-
nek fel (Duma D.,2006). A 2 izoforma tehat a ligand kété doménjében tér el egymastdl
(Nicolaides NC., 2010) (4. abra). A GRa ubiquiter médon expresszalédik. Ligand hidnyaban
a molekula inaktiv formdban a citoplazmdban talalhaté hésokk fehérjékhez (Hsp90, Hsp70
és p23) és az FK506 csaladhoz tartoz6 immunofillinekhez asszocidlodik (Grad 1., 2007). Ez a
receptor felelGs a GC kozvetitette hatasok kialakitasdért (Kino T., 2009.1). A GRp alland6an
a sejtmagban talalhat6 és nem képes GC anal6gok megkotésére. Szerepe nem tisztazott, bar
Gjabb kisérleti eredmények szerint rendelkezik intrinsic, a GRa-tél fliggetlen transzkripcids
aktivitassal (Kino T., 2009.2). A GRB mint domindns negativ inhibitor gatolja a GRa aktivi-
tast szamos target génen a GRE-hez kot6déssel, a transzkripcionalis coregulatorokkal kap-
csolédva és inaktiv GRa/GRB heterodimert képezve (Lewis-Tuffin LJ., 2006). A GRaa leg-
tobb sejttipusban nagyobb mennyiségben talalhat6, mint a GRB, de gyulladasos citokinek és
egyéb immun activatorok emelhetik a GRB expressziot és ezzel csokkent GC szenzitivitast
okoznak (Tliba O., 2008). Emelkedett GRB asszociaciét irtak le GC rezisztencia kialakulasa-
ban szamos gyulladasos kérképben, beleértve az asthma, rheumatoid arthritis, colitis
ulcerosa, és a chronikus lymphoid leukémia (Webster JC., 2001, Lewis-Tuffin LJ., 2006).
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4. dbra: A human glukokortikoid receptor gén és glukokortikoid receptor izoformak.
Nicolaides NC, Galata Z, Kino T, Chrousos GP, Charmandari E. The humanglucocorticoid receptor:
molecular basis of biologic function. Steroids. 2010;75(1):1-12.

A GR nagyfokban konzervalt fehérje, az egér és a patkany, valamint a human GR aminosav
sorrendje kb. 90%-ban megegyezik (Stolte EH., 2006) (5. abra). A GR molekulan ismert en-
zimek altal létrehozott foszforilaciés helyek talalhatéak, melynek szerepe van a ligand indu-
kalt receptor altal létrehozott sejtspecifikus hatasok létrejottében (Galliher-Beckley AJ.,
2009). A GR ligand kotés hatdsara N-termindlis szerin maradékokon foszforilalédhat. A
foszforilaciéban a kovetkezd enzimek jatszhatnak szerepet: ciklin-dependens-kindz (CDK),
DNS-dependens protein kindz (DNA-PK), extracellularis szignal altal reguldlt kindz (ERK),
Jun-N-terminalis kindz (JNK), glikogén-szintdz-kindz-3 (GSK-3). A foszforilacié szerepet jat-
szik a GR sejten beliili mozgdsaban, prométer specificitdsaban, ko-faktorokkal valé 6ssze-
kapcsolédasdban, a receptor dltal kivaltott jelek er6sségének és idGtartamdanak szabdlyoza-
saban, a receptor stabilitdsdban vagy a nem-genomikus glukokortikoid hatasok kialakitasa-
ban (Chen W., 2008).

A GCR a legtdbb szdvetben expresszalédik, kiilondsen nagy mennyiségben a majban, agyban,
vazizomban, tlid6ben, csontban és a timuszban (Kalinyak JE., 1987).
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5. abra: A human GR doménes szerkezete és a poszttranszlaciés médositasok helyei
A GR doménes szerkezetén a transzaktivacioban (AF1 and AF2), a dimerizdcioban, nuklearis lokalizaciéban, és

Hsp-90 koétésben szerepet jatszé szakaszai latszanak. Az dbran latszanak a foszforilacié (P), szumoildcio (S),
ubiquitinacio (U), és acetilacio (A) ald esé amindsavak.(Oakley RH., 2013)

2.3. A GLUKOKORTIKOID RECEPTOR JELATVITELI UTVONALAK
ATTEKINTESE

A GC-ok lipofil molekuldk, igy atdiffundalnak a sejtmembranon és citoplazmatikus recepto-
rukhoz koétédnek. A GR ligandkotés utdn kiilonbozé jelatviteli dtvonalakat indithat el, me-
lyek magyardzzak egyrészt a lassan kifejl6d6 klasszikus, genomikus hatasokat, masrészt a

rovidebb id6 alatt létrejové alternativ, nem-genomikus hatasokat (Boldizsér F., 2009, Oakley
RH., 2013)

A klasszikus, genomikus hatdasmechanizmus sordn, ligandké&tést kdvetSen a GR konforméacio
valtozason megy keresztiil, disszocial a h&sokk fehérjékr6l és dimerizdlédva a sejtmagba
transzlokalodik és transzkripcioés faktorként viselkedik (Freedman LP.,1993). A GC-ok nem
minden hatdsa magyarazhato a klasszikus genomikus folyamatokkal. Ezért az utébbi idében
intenziv kutatdsok targyat képezik a GC-ok nem-genomikus hatdsmechanizmusai (Buttgereit
F., 2004). A jelenleg elfogadott f6bb GR-jelatviteli Gtvonalakat a 6.A és B abra foglalja 6ssze.
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6. abra: A GR jelatviteli atvonalak attekintése
Boldizsar F, Talaber G, Szabo M, Bartis D, Palinkas L, Nemeth P, Berki T.: Emerging pathways of non-genomic
glucocorticoid (GC) signalling in T cells. Inmunobiology 2010; 215:521-6.

2.3.1. GENOMIKUS HATASOK

A GR a citoplazmaban egy fehérjekomplexhez kapcsolédik, melynek tagjai a p23, a Hsp40,
a Hsp56, a Hsp70, a Hsp-90 és kiilonbozd immunofillin fehérjék (FKBP51 és FKBP52) majd
ligandkotés hatdsara err6l a komplexrdl levdlva dimerizalédik (Grad 1., 2007). A homodimer
GR sejtmagba torténé transzlokacidjat a citoszkeletdlis hdl6zat biztositja, pl. a GR
tubulinhoz kapcsoldddsa révén. A GR ezutdn a DNS meghatarozott konzervativ, palindrom
szakaszaihoz (GGRACAnnnTGTTCT), a glucocorticoid response element-hez (GRE) kotédik
és a géntranszkripciét szabdlyozza (Smoak KA., 2004). A negativ GRE-hez val6 kot6dés ga-
tolja a transzkripciot (transzrepresszid), igy a gyulladast szabalyozé gének (pl. IL-1B, IL-2)
atirédasanak gatlasa révén immunszuppresszidhoz vezet (Oakley RH., 2013). Transzaktiva-
ci6t eredményez a ligand kotétt GR pozitiv GRE-hez valé kotédése, igy az
immunszuppresszidban fontos szerepet jatszé gének, pl. IkB, annexin-1, IL-10, MAPK
foszfataz-1, lipokortin-1 atirédasa fokozédik (Meijsing SH., 2009, Chinenov Y., 2012).
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TRENDS in Molecular Medicine

6. B. abra: Genomikus és nem genomikus GC hatasok soran a GR interakciéja mas
fehérjékkel

Lowenberg M, et al. Glucocorticoid signaling: a nongenomic mechanism for T-cell immunosuppression TRENDS
in Molecular Medicine 2007 .

A GC-k ultradian, azaz egy naposndl révidebb periédusideji ciklusokban szekretal6dnak,
ezért a GR DNS-hez val6 kot6dése és levalasa is szigort periodicitast mutat. Ez csak a ter-
mészetes GC-kra vonatkozik, a szintetikus GC-k, mint pl. a Dexamethasone sokkal erésebb
affinitassal kot6dnek a hormonreceptorhoz, ezért jelentGsen médosulhat a transzkripcionalis
program a természetes ligandokhoz képest, mivel a receptorkomplex-DNS kolcsénhatds az
el6bb emlitett ciklicitast nem tudja a megfelel6 mértékben utdnozni (Stavreva DA., 2009)

Jellemz6 a genomikus jelatviteli mechanizmusra, hogy a hatast fel lehet fliggeszteni transzk-
ripciét gatlé antibiotikumokkal (pl. Aktinomycin-D) vagy fehérje szintézist gatlé gyégysze-
rekkel (pl. Cycloheximide) (Hudson WH., 2013).

2.3.2. NEM-GENOMIKUS HATASOK

Az utébbi évek kutatdsai feltartdk, hogy a GC-knak a klasszikustél eltér6 nem-genomikus
hatdsai is vannak, amelyek a genomikus hatasokkal ellentétben, akar perceken beliil is létre-
johetnek (Buttgereit F., 2002). Mivel ezek a hatasok sokkal gyorsabbak anndl, minthogy gé-
nek aktivaciéjan vagy elnyomdsan alapulhatndnak nem-genomikus hatdsoknak hivjuk &ket
(Lowenberg, M., 2007).

Bizonyitottdk, hogy a nagydézisi GC kezelés percek alatt gatolja a fagocitézist és a szuper-
oxid-anion termelést ragcsalé peritonedlis makrofagjaiban (Long F., 2005). Szintén gyors
hatast irtak le a kiilonb6z6 jelatviteli utak aktivitasara: in vitro GC kezelések hatasara gyors
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intracellularis Ca** szint valtozast, masodlagos messengerek és jelatviteli fehérjék foszforila-
ci6 valtozasat (pl.: MAPK, annexin-1, phospholypase A2) érintették (Solito E., 2003, Ayroldi
E., 2012). Preklinikai és klinikai megfigyelések szerint a GC homron kardioprotektiv hatasat
gyors, nem-genomikus mechanizmussal valtja ki (Lee SR., 2012), mivel gyorsan alakul ki és
nem lehet transzkripcié gatléoval megakadalyozni a kifejlédését (Hafezi-Moghadam A.,
2002). Hasonlé, nem-genomikus hatdsmédu neuroprotektiv hatasrél szamoltak be nagy do-
zist GC kezelés utan cerebrdlis ischaemids modellben (Samarasinghe RA., 2011)

A GC-ok nem-genomikus hatdsai nagy dézist (30 mg—1g/nap) GC kezelés hatdsara alakul-
nak ki (Buttgereit F., 2002). Ezt a d6zist alkalmazzdk asztmds roham és anafilaxias reakciok
kezelése soran, transzplantaciokor |6késterdpidban, valamint autoimmun betegségek felldn-
golasa esetén is (Falkenstein E., 2000)

A nem-genomikus GC hatasok a kovetkezdk lehetnek:

2.3.2.1 Direkt membranhatas - nemspecifikus GC hatas

A GC analégok plazma membrdnra gyakorolt hatasai mar régéta ismertek vorosvértestekben
(Rand PW., 1977). Nagy dézisu szteroid kezelés befolyasolja a membran lipid mobilitasat
emlGs tumor sejtvonalakban (Van Bommel T., 1987). Ugyancsak képesek a membrantransz-
port-folyamatok és a membran permeabilitas befolydsolasara (Fukuda S., 2004). A GC keze-
lés patkany leukocitdkon zavart plazma membran pszeudop6dium retrakciéhoz vezet, mig
horcsog vese sejtvonalban direkt hatdsa van a szoros sejtk6zotti kapcsolédasok (az un. tight
junkciok) képzddésére (Samarasinghe RA., 2011). Mitogén aktivalt eml&s timocitakban
nagydozisi GC-ok gatoljak a Na*-K*-ATPaz, a Ca**-ATP4z és a Na*/H* -kicserél6 csatornak
aktivaciojat, ezzel gatoljdk a Na'-felvételt a sejtmembranban és elGsegitik a H*-felvételt a
mitokondriumba (Chang CP., 2010). Ezen nem-specifikus membranhatasok extrém magas
GC koncetracioknal figyelhet6ek meg. In vitro kisérleti rendszerekben az alkalmazott GC
koncentracié 1-10 mM volt (Buttgereit F., 2002)

2.3.2.2 Membran GR -mGR

A membran GR-t (mGR) kimutattdk mar kétéltliek agydban, valamint eml&s és human tumor
sejtvonalakon, pl. S-49 egér T limféma sejteken és CCRF-CEM human T-sejtes limfoblaszt
szer(i sejtvonalakon, valamint humdn monocitdkon és limfocitdkon (Grote H., 1993.
Gametchu B., 1999). Korrelaciét taldltak a mGR expresszié és a sejtciklus fligg6é apoptozis
érzékenység kozott humdan leukémia sejtvonalakban (Sackey FN., 1997). Ujabb kutatdsok
szerint mind a mGR, mind a citoplazmatikus GR (cGR) ugyanarrél a génrél irédik at és a
mGR a p38 MAPK foszforildciéjat indukalja (Bartholome B., 2004,). Egyes GC-indukdlta
apoptoézisra rezisztens sejtekben, példaul monocytdkon és B-sejteken mGR-t is azonositot-
tak, azonban ezen receptorforma altal kivaltott jelatviteli hatdsok tovabbra is ismeretlenek
(Bartholome B., 2004). A mGR-t fluoreszcens liposzémadval konjugdlt ellenanyagokkal mu-
tattak ki dramlasi cytometrias médszerrel, mivel ezek a molekuldk nagyon alacsony mennyi-
ségben vannak jelen a sejtmembranban (Strehl C., 2011). Rheumatoid arthritisben és
spondilitisz ankilopoetika-ban a mGR molekuldk gyakorisdga B-sejteken és monocytakon
megemelkedik és Osszefliggést mutat a betegség sulyossagaval, amely arra utal, hogy ezek-
ben a betegségekben ennek a GR izoformdnak patogenetikai szerepe van (Tryc A., 2006). Az
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azonban nem ismert, hogy az éretlen T-sejteken (timocitakon) expresszalédik-e valamelyik
fejlédési stadiumban a mGR, illetve mas immunkompetens sejten megtaldlhato6-e.

2.3.2.3 A GR interakcidja mas citoplazmatikus fehérjékkel

A GR képes mas citoplazmatikus fehérjékhez kapcsoldodni és igy kiilonbozé jelatviteli Gtvo-
nalakat befolyasolni. A ligand kotését kovetSen a GR a T-sejt aktivacio jelatviteli molekulai-
val is kolcsonhatasba keriil, amely folyamat a GC-ok immunszuppressziv hatasainak megér-
tése szempontjabol kilonosen fontos. Aktivalt human CD4+ T-sejtekben a rovid idejd, nagy
doézisi GC kezelés a TcR/CD3 dtvonal szamos fehérjéjének foszforildcidjat gatolja. Ezek
kozott megtaldlhatéak a T-sejt aktivacié kezdeti |épéseiben nélkilozhetetlen Lck és Fyn
kindzok, valamint downstream molekuldk, pl. a PKB, a PKC és a MAPK kaszkad elemei
(Solito E., 2003). Mark Léwenberg és munkatarsai aktivalt primer human CD4* T-sejtekben
az Lck és a Fyn fehérjéket talalték a GR célpontjanak (Léwenberg M., 2005). Eredményeik
szerint a GR aktivalt T-sejteken az TcR-Lck-Fyn multimolekuldris komplexhez kotédik, majd
ligandkotés hatdsara ez a komplex disszocial. A folyamatban Hsp fehérjék is részt vesznek
(A, B). Az inaktiv GR a Hsp-90-hez kot6dik. GC ligand kotédés hatdsdra az aktivacié indu-
kalta TcR-Lck-Fyn-hsp komplex disszocial és a T-sejt aktivacio gatlédik (C, D, E) (Léwenberg
M., 2006) (7. abra).

Nem-genomikus GR ttvonal Klasszikus GR utvonal

ac § g
A B C D E
b A b b, 4l
:[h:';]: Fca. . TCR| F\Q ?:cl:,‘ Plaziia
RN : oy b NN membran
NV H J\z._l__l \4 N/
Nem . ’:I —~
aktivalt I—_I—I T]E 5 j O {j
TeR d: D : A GR-ligand
: 0 kt'i‘lés hal.'igséraa . Ijrl
[7] TeReligand kidtés =D fehérjekomplex L @)
[ j hatanara azILck és disszocial [ O f\
a Fyn a plazma ) \
membran
kizelében talilhato T] OE’ o ﬂ [ \
(HSP-90 fiiggd O ’j_] \ '
folyamat) O O }
‘ O |
Lck/Fyn kézvetitette TcR Nem megfelelo /
jelatvitel TeR jelatvitel X
Lek/Fyn
2 e 7
P9 HSP-9%0 A
Y,
[~ or %, //
/Z// G //%’/
7. abra: GC hatasok aktivalt human CD4+ T-sejtekben.

Lowenberg M, et al.:
containing LCK and FYN. EMBO Rep. 2006, 7:1023-9.

22

Glucocorticoids cause rapid dissociation of a T-cell-receptor-associated protein complex



dc_1343 16

2.3.2.4 A GR mitokondridlis transzlokacidja

A legtjabb eredmények szerint a GR a GC-indukdlta apopt6zisra érzékeny sejtekben nem-
csak a sejtmagba, hanem a mitokondriumba is transzlokalodik, és ezaltal képes egyelGre
még ismeretlen mechanizmussal az apoptotikus kaszkadot aktivalni (Sionov RV., 2006). A
GR ligandkoté doménjében azonositottak egy olyan szekvenciat (az 558-580 aminosav ko-
zo6tt), amely nagyfokd hasonlésagot mutat a citokrém oxidaz fehérjében talalhat6
mitokondrialis lokalizaciés szigndlszekvenciaval (MLS) (8. dbra). Ennek ellenére a GR
mitokondridlis importfolyamata egyelGre ismeretlen, viszont feltehet6leg Hsp-dependens
lehet, mivel a GR-ben azonositott MLS-szer(i szekvencia (az el6bb emlitett 558-580 amino-
sav kozott) atfedést mutat egy Hsp-90 kotShely szekvencidval is (Sionov RV., 2006).

MLS
MLS

558RIMITLNMLG--G--RQV-IAAVKWAKA>80
VLTPLLLRGLTGSARRLPVPRAKIHSL

sek . % 3 * ® *33 3 =

GR
COX

8. dbra: A GR lehetséges mitokondridlis lokalizacids szekvenciaja (MLS)

Osszehasonlitva a citokrém oxidaz (COX) mitokondridlis fehérje MLS-ével. Vérés betivel a pozitiv toltésd arginin
és lizin, narancssargaval a hidrofil treonin, mig kékkel a hidroféb leucin, izoleucin, valin és triptofan. Azegyezé
aminasavak csillaggal jel6lve.(Sionov RV. 2006).

A GR mitokondriadlis transzlokacidja utan lehetséges hatasmechanizmusként felvet&dik 1.) a
mitokondrialis membranpotencial szabalyozasa 2.) a GR pro-, illetve antiapoptotikus fehér-
jékhez val6 kot6dése, 3.) a mitokondridlis DNS-hez valé kot6dés és a mitokondridlis génat-
irds szabdlyozasa, mivel a mitokondridlis DNS-ben azonositani véltek GRE-hez hasonlé
szekvencidkat (Demonacos CV., 1996, Sionov RV., 2006). A nukledris receptorokon kiviil
egyéb transzkripcids faktorokat is azonositottak a mitokondriumban, mint pl. NF-kB, AP-1,
p53, NFAT, CREB (Psarra AM., 2009), szerepiik azonban nem teljesen ismert. Néhany kozi-
lik fehérjékkel kapcsolédik 6ssze a mitokondriumban, a tobbiek pedig a sejtmagban ismert
mechanizmusokhoz hasonléan a mitokondridlis génatirast szabdlyozzdk (Psarra, AM.,
2008). Mint ahogy a genomikus hatasoknal részletezésre keriilt, a GR tobb transzkripcios
faktorral is kolcsonhatasba [éphet a sejtmagban, de Gjabb adatok szerint hasonlé mechaniz-
mussal ugyanezt a mitokondriumban is képes megtenni (Psarra AM., 2009) (9. abra).
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9. abra: A mitokondrialis GR lehetséges hatasmechanizmusai.

Membran /

potencidl
DNS /

TranszKripcidés
Bel-2

APOPTOZIS

(Boldizsér F., 2009.)

A nukledris receptor szupercsalad tagjai kozil nemcsak a GR, hanem mas receptorok is ké-
pesek a mitokondriumba transzlokdlédni, tobbek kozott a Nur77, androgén- és 6sztrogén
receptorokat is azonositottak mar kiilonb6z6 sejtek mitokondriumaban (Psarra, AM., 2008)

(1. tablazat.)

1. tablazat. A nukledris receptorcsalad tagjai kiilonb6z6 sejttipusok mitokondriumaban.

Receptor Sejt- és szovettipus Referencia

CR ﬁ;’iﬂfg{ar)mj-, Hela-, HepG2-sejtvonalak, T-sejtek Sionov. RV. 2006
ER-beta HepG2, nydl ovdrium, uterus Monje P. 2001
Androgen spermatocyta, LNCaP-sejtvonal Solakidi S. 2005
Thyroid patkdnymadj, Cardiomyocytdk Morrish F., 2006
RXR patkanymadj Casas F. 2003

RAR patkanymaj Berdanier CD., 2001
Nur77 T-sejtek, SNU-1 gyomordaganat-sejtvonal Thomson J. 2008

PPARgamma2 patkdnymaj

Casas F. 2000

Psarra, AM., Sekeris CE., Steroid and thyroid hormone receptors in mitochondria. [UBMB Life 2008. 60: 210-223.
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2.4. A T-LIMFOCITAK JELLEMZESE ES DIFFERENCIALODASA

A T-sejtek az adaptiv (specifikus) immunrendszer egyik f6 sejtes alkotéelemei, egészséges
ember periférids vérében a limfocitak korilbelll 75-80%-at teszik ki. Alapvetd szerepet tol-
tenek be a szervezet szamara idegen antigének (pl. baktériumok, virusok, tumor sejtek, ide-
gen sejtek stb) felismerésében, ezen antigének ellen iranyulé védekez6 mechanizmusok
kialakitdsaban, valamint az immunvélasz szabalyozdsaban. Részt vesznek tovabba a sajat
struktdrdk védelmét szolgdl6 tolerancia mechanizmusok kialakitdsdban is (Chaplin DD.,
2010).

Antigén-felismer6 receptoruk a T-sejt receptor (TcR), amely jol karakterizalt egységekbdl
épil fel. A heterodimer molekula lancosszetétele alapjan ap-és yd- TcR-t kiilonboztetlink
meg. A két fehérjelanc 'N-terminalis vége kozosen alkotja az antigén felismeréséért felelGs
részt. Nélkilozhetetlen jarulékos egysége még a T-sejtek antigénreceptoranak a CD3
molekulakomplex, amely szintén tobb, kilonb6z6 alegységbdl all és funkcidja, hogy az
antigénfelismerés utan elinditsa a jeldtviteli folyamatokat. A T-sejtek kizar6lag fehérjékbdl
szarmaz6, MHC molekulakkal egyiitt bemutatott peptid antigént ismernek fel egy antigén
bemutato sejt (APC) felszinén. Az érett aff T-sejtek két alcsoportra oszthatok attél fliggen,
hogy melyik MHC specifikus koreceptor molekulat expresszaljak kizarélagosan: az MHC II-
vel egylitt bemutatott antigéneket felismer§, CD4-et hordoz6 T helper, mig az MHC I-el be-
mutatott antigéneket felismerd, CD8-at hordoz6 citotoxikus T-limfocitdkra. A nekik megfele-
|6 peptid-MHC komplex felismerése utan a T-sejtek klonalis aktivacion és osztédason esnek
at, mely soran az egyes altipusoknak megfelel6 effektor és memériasejtekké differencialéd-
nak.

Az evolucidés szempontbol Gsibb y8 TcR pozitiv T-limfocitak emberben és egérben a 1ép és a
nyirokcsomék T-sejt dllomanydnak csak nagyon kis (1-5%) hanyadat alkotjdk. Nagyobb
aranyban taldlhatéak meg a vékonybél, a m4j és a reproduktiv szervek hamja alatt. Mds an-
tigéneket ismernek fel, mint az aff T-sejtek, és még ma is az egyik kevésbé ismert sejtcso-
portjat alkotjdk az immunrendszernek (Chien Y., 2006).

2.4.1. AZ ELSODLEGES T-SEJT DIFFERENCIALODAS

A T-sejtek tobblépcsds, bonyolult érési folyamata a csontvel6ben kezdddik, majd a
timuszban folytatodik, melynek végeredménye az a naiv, antigénnel még nem talalkozott T-
sejt készlet (,repertoire”), amely a periférias nyirokszervekbe vandorol, hogy effektorsejtekké
differencialédjon és elldssa feladatat.

A voros csontvel6ben a haemopoetikus Gssejtekbdl limfoid irdnyd elkotelez6dést kovetGen
differencidlédnak a T-sejt elGalakok (Res P., 1999). A T-sejt irdnyu elkotelez6désben a
Notch1 jelatviteli Gtvonal jatszik fontos szerepet (Radtke F., 2004, Laky K., 2008). Az elkote-
lez6dott T-sejt elGalakok a csontvel6bdl a timuszba vandorolnak. A timusz endotheliuma
altal expresszalt P-selectinhez kot6dnek a limfoid progenitor sejtek (Wu. L. 2006) a PSGL-1
(P-selectin glicoprotein ligand-1) molekuldjukkal, mely jelenség nagyon fontos az el6alakok
timuszba torténé vandorlasanak folyamatdban. A timusz limfoid progenitorokat befogad6
fészkeinek (niche) telitettsége alapvetGen meghatarozza a sejtek a P-szelektin expresszidjat
és ennek kovetkeztében a timuszba vandorldsuk kinetikdjat is (Rossi FM., 2005). A folyama-
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tot a timusz altal termelt CCL21, CCL25, CXCL19 kemokinek, valamint a T-sejt elGalakokon
expresszalédé CCR7 és CCRI receptorok iranyitjak (Jenkinson WE., 2007, Hu. Z. 2015).

2.4.2. A TiMUSZ FEJLODESE ES SEJTES OSSZETEVOI

A timusz az eliilsé6 mediastinumban a sziv folott elhelyezkedd szerv, de egyes szerzék be-
szamolnak (csak egérben) nyaki elhelyezkedésr6l, ami egy miikods, masodik timuszt jelent-
het (Terszowski, G., 2006). Régota ismert, hogy a timusz az életkor el6rehaladtaval, mér az
els6 életévtsl kezdédben visszafejlédik (Steinmann GG., 1985). Ez a folyamat az dn. timusz
invollci6, aminek eredményeképp a szerv helyén végil csak zsiros szovet marad vissza
(Hale LP., 2004).

A timusz a 3. és 4. garattasakbdl kezd el fejlédni, az embryondlis fejlédés 10-11. napjan
(Anderson G., 2006), amiben a ,forkhead box” transzkripciés faktor csaladba tartozé Foxn1
molekula kulcsszerepet jatszik (Rodewald HR., 2008). A Foxn1 hidnyaban (,nude egér”) a
timusz epithelium kezdeti fejl6dése zavartalan (ennek oka ismeretlen), azonban késébb a
timuszt nem kolonizaljak a timocitdk, és emiatt a fejl6d6 timuszbol csak egy lires, cisztézus
képlet marad vissza (Anderson G., 2006). A Foxn1 transzkripcios faktor expresszidjat a Wnt-
4 glikoprotein molekula indukalja egyel6re még ismeretlen jeldtviteli 1épéseken keresztiil
(Balciunaite G., 2002). Részleteiben még nem tisztazott, hogy a timusz késébbi fejl6désében
milyen szerepet jatszhat a Foxn1, Gjabb adatok alapjan viszont Ggy tlinik, hogy a timusz
posztnatalis fenntartasa szempontjabdl is elengedhetetlen (Chen L., 2009).

A csecsemOmirigynek elsédleges szerepe van a T-sejt repertodr kialakitasaban, melyben na-
gyon fontosak a specializalt funkci6ju stormaelemek és a timusz jellegzetes szerkezete (An-
derson G., 2001). A timusz stroma eleme kozé tartozik a hematopoetikus eredetl sejtek ki-
vételével minden timusz felépitésében résztvevd sejt, tekintet nélkiil ezen sejtek pontos ere-
detére. Ezek a sejtek legegyszer(ibben a CD45 pan leukocita marker és a keratin segitségével
csoportosithatéak (2. tablazat).A timuszt alkot6 sejtek tranziens, folyamatos kolonizaciot
folytatd haematopoetikus eredetli, CD45+ sejtekre és rezidens stroma sejtekre (CD45-) oszt-
hatéak. A CD45- sejtek tovabbi két csoportja a timusz epithel sejtek (TEC, Keratin+) és
mesenchimalis eredet( sejtek (Keratin-), mely utébbi csoportba kiilonb6z6 alapstruktdrdkat
(pl.: tok, erek) felépitd sejtek tartoznak. A CD45+ : CD45- sejtek ardnya kb. 50:1.
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2. tablazat. A timuszt alkoté fobb sejttipusok és azok eredete.

Makrofagok

B-sejtek

Fenotipus Sejttipus Eredet
' Kéreg TEC (CEC) Harmadik garattasak;
Keratin+
Vel TEC (MEC) Foxn1 dependens
Tok
CD45- Szeptum
] Lokalis mesenchima;
Keratin- Endotel
Foxn1 independens
Fibroblaszt
Egyéb
Timocitak
Dendritikus sejtek Haematotipikus ssejt
CD45+ eredet;

Folyamatos kolonizacio

Rodewald HR., Thymus organogenesis. Annu Rev Immunol 2008. 26: 355-388.

2.4.3. A T-SEJTEK ERESE ES SZELEKCIOJA A TIMUSZBAN

A T-sejtek a timuszban egy tobblépcsds, bonyolult fejlédési folyamatban vesznek részt,
melynek végeredménye funkcioképes, sajat antigénekkel szemben tolerdns periféridra kike-
ril6 naiv T-sejt készlet.

A T-sejtek fejlodését

1. timocitdk és a stromasejtek kozotti direkt sejt-sejt kapcsolatok (Notch a timocitakon és
ligand parja a Jagged (Notch-ligand DLL) a timusz epithelsejteken) (Laky K., 2008)

2. stromasejtek altal szekretalt szolubilis molekulak —

= citokinek (IL-7), (Yarilin AA.,2004)

= kemokinek (CCL19, CCL25), (TakahamaY., 2007)
»  Whnt-glikoprotein-csalad tagjai (kiilondsen aWnt-4) (Staal FJ., 2008)
» kilonféle hormonok (pl. GC-k) (Talabér G., 2013)- befolyésoljak.

A fejl6dési szakaszok feloszthat6ak korai (az éretlen sejtek proliferacioja) és késai (szelekci-
0s |épések és az érett sejtek kikerllése a periféridra) szakaszra (Bommbhardt U.,2004).
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2.4.3.1 A T-sejt fejl6dés korai szakasza

A csontvel&bdl érkezd korai T-sejt elGalakok (ETP) c-Kit receptort (CD117) expresszdlnak,
valamint jellemz6 még rajuk az FLT-3 kindz és a stem cell antigén (SCA-1) molekuldk
expresszidja. A timuszba vandorlas és megtelepedés soran nagy szerepe van a CCR9 mole-
kuldnak (melynek ligandja a CCL25 kemokin) az éretlen sejtek felszinén (Bhandoola A.,
2007).

Az érési folyamat elsd szakasza soran a timocitak ,kettGs negativ” (DN) fenotipustak, azaz
sem CD4-et, sem CD8-at nem expresszalnak a felsziniikon. A DN stadium négy szakaszra
oszthat6 fel a sejtfelszini CD25 (IL-2R alfa lanc) és CD44 (adhéziés molekula) expresszié
alapjan: DNT1 (vagy ETP: korai T-sejt progenitor), DN2, DN3, DN4 (Rothenberg EV.,2008)
(3. tablazat). A sejtek a DN2 stadiumban intenziv osztédason mennek keresztiil, ami a DN3
stadiumban leall. A DN2-stddiumban a progenitor sejtek differenciaciés programja még ,ru-
galmas”: ezek még dendritikus-sejt, monocyta, NK-sejt és hizésejt iranyba is differencial6d-
hatnak (10. abra), (Taghon T., 2006). Mivel ezeken a sejteken még nem expresszalodik TcR
és a CD3 molekula sem (ez alapjan ,triple negative”: TN-sejteknek is nevezik Sket), azon-
ban a DN3 staddiumban megkezd6dik a TcR-gének atrendezGdése és ezzel a plaszticitds is
megsz(inik, befejez&dik a T-sejt irdnyba torténé elkotelez6dés (,lineage commintment”)
(Rothenberg, EV., 2008). A DN3b-sejteket az kiilonbozteti meg a DN3a-sejtekt6l, hogy mar
sikeresen atrendezték a TcR B-lanc génjét (sikeres béta-szelekcion mentek keresztiil), a DN4-
sejtek pedig mdr intracellularis TcRB-at expresszalnak, ami a CDS8, illetve valamivel kés6bb
a CD4-gének bekapcsolasahoz és igy fenotipusosan a kettGs pozitiv (double positive DP)
(CD4*CD8") stadiumhoz vezet. A DN3-sejteknél valhatnak le a yd-T-sejtek, (10. abra) me-
lyek egy kiilon T-sejt vonalat képeznek és nem fehérje természet(i antigéneket ismernek fel.
Ezek a sejtek érésiik utan szelekcios [épések nélkiil azonnal elhagyjak a timuszt és f6leg a
mukdzaban, illetve a b6rben halmozddnak fel (Nanno M., 2007).

A timusz epithelium a T-sejt fejl6dés minden egyes 1épéséhez biztositja a megfeleld kornye-
zetet, ezekben a korai fazisokban az IL-7 és a strémasejtek felszinén expresszal6dé Notch-
ligandok (f6leg a DLL1 és a DLL4) kritikusak (Shah DK., 2014).
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3. tablazat. Az éretlen T-sejt alcsoportok fenotipus-jellemzai

ETP DN2a DN2b DN3a DN3b DN4
c-KIT Magas Magas  Kozepes Alacsony Alacsony Alacsony
CD44 Magas Magas Magas  Alacsony Alacsony Alacsony

. Kozepes-
CD25 Negativ Magas Magas Magas Magas Alacsony
Negativ-

CD24 Kézepes Magas Magas Magas Magas Magas
CD27 Magas Magas  Kozepes Alacsony  Magas Magas
Thy-1 Alacsony  Magas Magas Magas Magas Magas
Proliferacio + + + - + +
TcRB atrendezédés GL>D) GL>DJ GL>D] DJVDJ] VvDJ* VvDJ*

A tablazat kilonb6zé markerek expresszios szintjét és a sejtproliferacio, valamint a TcR génatrendezédés
mértékét mutatja az éretlen T-sejt alcsoportokon. (Rothenberg EV.,2008)

Commitment T TCR gene
complete -7 rearmangement S
1 J capsular
@ -?=/ zone
Nk cell |k, 7 : 3
Alternative g l =
pathway © DMNZb : g
¥ T cell O oP 4
\ =
:@ w /  cel ot
\ - 1_ DM2a DFP death
Dendritic cell| 4=-==""" 2 —
* CCRY" Blood
S LMPP  vessel
Mast cell
ETF
Cortico—
Monacyte medullary
junction
MK cell Medulla
Alternative
pattwway

10. abra: A T-sejt fejlodés korai stadiumai a timuszban.
A T-sejt el6alakok a csontvel6bél a véréramon keresztiil kemotaktikus ingerek hatdsdra vandorolnak a timusz

osztédnak, és a TcR gének atrendezése utan kettés pozitiv (DP) stadiumban jol szabalyozott szelekcios
lépéseken esnek at. Ezen szelekciéban van szerepe a GC hormonnak. (Rothenberg EV., 2008)
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2.4.3.2 A szelekcids folyamatok: a T-sejt fejlodés késoi szakasza

A DN stadiumot kovetSen a timocitdk kett6s pozitiv (DP) sejtekké érnek, amelyek mar
expresszalnak funkcionalis TcR-t, valamint CD4 és CD8 molekulat is. A TcR-ok a és B vagy
y és 8 lancokbol épiilnek fel. A B és & lancok esetében variabilitas (V), diverzitas (D) vala-
mint joining (J); az a és y lancok esetében V és | génszakaszok rekombindcidja révén alakul
ki a receptorok variabilis doménje. Az egyes génszakaszok szama, valamint ezek rekombi-
nacios lehet6ségei révén jon létre az a TcR repertoar, ami tobb milliard antigén felismerését
teszi lehet6vé (Alt FW., 1992). A DP-timocitak ezt kovetSen a pozitiv és a negativ szelekcids
[épéseken mennek keresztiil (Starr TK., 2003).

A pozitiv szelekci6

A DP-sejtek a timusz kéregdllomanyban kozvetlen kapcsolatba keriilnek a cortikalis timusz
epithel sejetekkel (cTEC), amelyek MHC-n keresztil kilonb6z6 peptideket prezentalnak
nekik. A cTEC kiilonleges proteoszomaval (B5t-timoproteoszoma) rendelkezik, amely ezeket
a peptideket generdlja (Murata S., 2008). Lehetséges, hogy a timoproteoszéma olyan kevés-
bé stabil peptideket generdl, melyek alacsony affinitassal kotédnek az MHC-komplexhez
(Bommbhardt U., 2004). Ha a DP-sejtek nem tudnak az epithelialis sejtek MHC-jéhez kétGdni
és ezeket a peptideket felismerni, apoptézissal elpusztulnak, mivel nem kapnak talélési
szignalt (,death by neglect”) (Klein L., 2009) (11. abra a). Az apoptézissal elpusztul sejtek
aranya ebben a folyamatban kb. 90% (Egerton M., 1990). A tilélG, pozitivan szelektalt sejtek
viszont folytatjak az érési folyamatot, és a medullaba vandorolnak kemokinszigndlok hatdsa-
ra (11. dbra b). Ebben fontos szerepe van a DP timocitdk felszinén expresszal6dé CCR7-nek
(Kurobe H., 2006), amelynek ligandja a medulldris timusz epithélsejt (mTEC) altal szekretalt
CCL19 és CCL21 (Nitta T., 2009).

A negativ szelekcio

A tUléls sejtek ezutdn negativ szelekcion esnek &t, amelyben a sajat antigénekhez tal erésen
kot6ds, potencialisan autoreaktiv sejtek pusztulnak el apoptdzissal, az aktivacié indukélta
sejthalal (AICD) mechanizmusdaval (Green DR.,2003). A negativ szelekcidban nagy jelent6-
sége van a mTEC-nek és a dendritikus sejteknek is (Klein L.,2009). Az igy tGlél6 a timuszol
kikertlo érett sejtek, CD4* vagy CD8"* egyszeresen pozitiv (SP) fenotipustak.

Annak érdekében, hogy autoreaktiv T-sejtek ne kertilhessenek ki a periférias nyirokszervekbe
az mTEC egyéb szbvetek antigénjeit is expresszalja bizonyos kombinacidkban, hogy az érett
T-sejtek a timuszon kivill meg tudjak kilonboztetni a sajatot a nem sajattol (Kyewski B.,
2009). A timuszon kivili szovetek antigénjeit a legkiilonb6z6bb mértékben expresszélja az
mTEC, példaként a pancreas fehérjéi koziil az inzulin és a glutamat-dekarboxildz, a kozponti
idegrendszer antigénjei kozil a myelin bazikus protein emlithetSk (Gotter J., 2004). Ezt az
AIRE (autoimmune regulatory element) transzkripciés faktor szabalyozza, amely egyuttal a 6
mTEC marker is (Mathis D., 2009). Annak a ténynek, hogy mTEC széles korben expresszal
szoveti antigéneket (TRA- tissue related antigens, a jelenséget az irodalomban ,promiscuous
gene expression”-nak nevezik) a negativ szelekcié sordn nagy jelentGsége van az un. centra-
lis tolerancia kialakitasa szempontjabdl (Pitkdnen J., 2003). A centrdlis tolerancia kialakula-
sanak eredményeképp autoreaktiv T-sejtek nem keriilhetnek ki a perifériara (Anderson
G.,2007). Az AIRE-hidnyos egerekben tobb szervet is érinté autoimmun betegség alakul ki,
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gyulladasos infiltraciokkal és emelkedett szérum autoantitest koncentraciokkal (Anderson
MS.,2002). Tovabba az AIRE-nek human mutacidja is ismert, ez all a monogénesen 6rokl6-
dé APECED-szindréma (autoimmun poliendokrinopatia-candidiasis-ektodermdlis disztréfia)
patogenezisének hatterében (Vogel A., 2002)

A fent emlitett klasszikus mechanizmus mellett Gjonnan felfedezett antigénprezentdcios
mechanizmusoknak is jelentésége van a centrdlis tolerancia kialakitdsa szempontjabol: az
egyik a makroautofagia, a masik pedig az mTEC és a DC-k kozétt torténd intercellularis
antigéntranszfer (12. dbra). Makroautofdgia soran intracellularisan sejtorganellumok és mas
sejtrészletek bontédnak le nem-lizoszémadlis Gton, kétrétegli membranok segitségével (Yu
L.,2008). A timuszban konstitutivan nagy aktivitasi biologiai folyamatrél van szé, ami nem-
csak a cortexben, hanem a medullaban is fontos az antigénprezentacié szabdlyozdsa szem-
pontjabdl (Nedjic J., 2008). Ekkor nem exogén, hanem endogén antigének prezentalédnak
az MHC lI-n keresztiil a szelektal6dé timocitaknak. Az intercellularis antigéntranszfer soran
pedig az mTEC-ek MHC-peptid fragmentumokat tudnak atadni a helyi és a kiviilrél bevan-
dorlé DC-eknek a medulldban (Koble C., 2009).
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11. abra: A szelekcios folyamatok és a T-sejt export dsszefoglalé abrdja.

(@) A sajat MHC molekulakatfelismerni nem tudé DP-sejtek tdlélési szignal hidnyaban apoptozissal elpusztulnak
(,death by neglect”), a sajat MHC-hoz kotédni képes TcR-t expresszalé sejtek viszont tulélnek, azaz megtorténik
a pozitiv szelekcio. A tlél6 sejtek kozil a negativ szelekcio soran a til nagy affinitast TcR-ral rendelkezé sejtek
pusztulnak el. (b) A pozitivan szelektalt sejtek a CCR7-t célzé kemokinszigndlok (CCL19, CCL21) hatdsdra a
medullaba vandorolnak. (c)A negativ szelekcié sordn reguldtoros T-sejtek is képzédnek, benniik megjelenik a
Foxp3 transzkripcios faktor. Az érés befejeztével a sejtek elhagyjak a timuszt és a periférids nyirokszervekbe
vandorolnak, ebben fontos szerepe van a szfingozin-1-foszfatnak és a receptordnak. Takahama Y., Journey
through the thymus: stromal guides for T-cell development and selection. Nat Rev Immunol 2006. 6: 127-135.
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12. abra: Az intercelluldris antigéntranszfer f6 mechanizmusai a negativ szelekci6 soran.

Az mTEC MHC l-en és MHC lI-n keresztiil prezental antigéneket, a TRA-expresszidjat el6segiti a makroautofagia.
Az mTEC apoptozisa soran, illetve szekréciés mechanizmussal a timikus DC-k felvehetik ezeket az antigéneket.
Ahhoz, hogy a timuszban periférids sajat antigének expresszalodjanak, nagyban hozzajarulnak a kiviilrél érkez6
DC-k is. Klein L., Hinterberger M., Wirnsberger G. and Kyewski B., Antigen presentation in the thymus for
positive selection and central tolerance induction. Nat Rev Immunol 2009. 9: 833-844.

A szelekci6 és az érési folyamatok befejezése utdn az SP-sejtek 4-5 napot tOltenek a
medullaban, majd az érésiik befejezése utan a periférias nyirokszervekbe vandorolnak.

2.4.3.3 A timocita szelekcié affinitaismodellje

A timocitak szelekciéja nagyban fiigghet attdl, hogy antigénreceptoraikkal milyen erGs kap-
csolatot |étesitenek a stromalis sejtekkel, a pozitiv szelekci6 soran a cTEC-kel, a negativ sze-
lekci6 soran pedig az mTEC-kel (Klein L., 2009). Az affinitdas modell szerint a kot6dés er6s-
tilélnek, azaz a TcR ligandhoz valé affinitdsa donti el a szelektdl6dé sejt késébbi sorsat. Egy
bizonyos kiiszobértéknél gyengébben kotédé sejtek mindenképpen elpusztulnak (,death by
neglect”). Ha az affinitds tdl nagy, akkor a kot6do sejt nagy valdszinliséggel autoreaktiv és
apoptozissal elpusztul a negativ szelekciéban. A negativ szelekciés folyamat soran FoxP3-at
expresszal6, CD4+CD25"s" természetes regulatdrikus T-sejtek (tTreg) is képz&dnek, ame-
lyeknek nagy szerepe van a periférian az antigénspecifikus immunszuppresszié (tolerancia)
fenntartasaban (Piccirillo CA., 2004). Az azonban nem teljesen ismert, hogy a TcR kot6dés
mértéke hogyan befolydsolja a regulatérikus T-sejtek fejl6dését a timuszban (Feuerer
M.,2009). Végiil, ha a kot6dés kdzepes affinitast, akkor bekovetkezhet a pozitiv szelekcié és
naiv, érett T-sejtek képz&dnek, amelyek késébb effektorsejtekké differencialédhatnak a peri-
férian (13. dbra). A SP sejtek szfingozin-1-foszfat receptort expresszdlnak (S1P-R), amely a
keringésben magas koncentraciéban taldlhaté szfingozin-1-foszfatot koti meg, igy a sejtek
kijutnak a keringésbe, ahonnan a periférias nyirokszervekbe vandorolnak (Matloubian
M.,2004).
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2.4.4. A PERIFERIAS T-SEJT DIFFERENCIALODAS

Az érett, naiv (idegen antigénnel még nem talalkozott) T-sejtek a periférias nyirokszervek T-
sejt zondiba jutnak, ahol a szamukra bemutatott antigéneket MHC-hez kotve (MHC-
restrikcié) ismerik fel (részletesen lasd 2.1.3 fejezetben). A sejtek ezt kovetSen aktivalédnak
és effektor sejtekké differencialédnak. A CD8+ Tc-sejtek citotoxikus hatdsaik révén vesznek
részt az antigének elpusztitdsdban. A naiv CD4* helper T-sejtek periférias differencialédasat
f6leg az hatarozza meg, hogy a sejtek milyen citokin miliében aktival6dnak (Zhou L.,2009).
Az effektor Th-sejteket citokin termelésiik alapjan tovabb csoportosithatjuk. Kordbban két {6
alpopuléciét: a Th1 és Th2 csoportot kiilonitettek el, az el6bbiek f6leg a celluldris-, az utéb-
biak pedig a humoralis immunvalaszt szabdlyozzak (Chaplin DD., 2010). Az utébbi idében
az el6bbi két csoport mellett elkiilonitik még a Th3/Tr1, (indukalt regulatérikus T-sejt -
iTreg), a Th9, Th17 és a follikuldris T-sejteket (Tth) is (Zhou L., 2009, Laing K], 2011) (13.
abra). A Th sejtek plaszticitasat jelzi, hogy a mikrokornyezetbdl szarmazé citokinek hatdsara
az egyes tipusok egymdsba alakulhatnak. Antigén hatasdra az effektor T-sejtek mellett me-
moria T-sejtek is kialakulnak (Bommbhardt U., 2004).

A

Th1
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CD4+ T sejt

IL-21 Th17
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13. abra: A CD4+ Th-sejtek differencialodasa és konverzidja.

Az egyes fejlédési irdnyokat a kiilbnb6z6 citokinek és transzkripcios faktorok (délt betivel) hatdrozzak meg.
(Zhou L., 2009, Immunity). RA = retinsav, iTreg=indukalt regulator T-sejt, Tth = follikularis T helper sejt. A Th9
fejlédési iranynal még nem ismert a meghatdrozé transzkripciés faktor.
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2.5. A REGULATORIKUS T-SEJTEK

A 70-es években dltalanosan elfogadott volt a nézet, miszerint az immunrendszer részét
képezik a Tc-k és a Th-k mellett a szuppresszor fenotipust T-sejtek (Ts) is. A késGbbiekben a
Ts sejtek létezését az immunolégia évtizedekre elvetette, és az immunvalasz szabdlyozasat
elsGsorban a Th1/Th2 sejtek egyensilyaval magyaraztdk. Csak a kozelmdltban igazoldédott
egyértelmlen egy kiilon szabdlyozé, az immunvalaszt gatlé funkcidjd sejtcsoport létezése,
melyet regulatérikus T-sejteknek (Treg) neveztek el (Maggi E., 2005). Az anergiaval,
ignoranciaval és deléciéval szemben a szuppresszi6 egy aktiv tolerancia-mechanizmus. A
Treg sejtek egy specializalt T-sejt alcsoport, amelyek kozponti szerepl&i a sajat antigénekkel
szembeni vélaszképtelenség fenntartasanak (periférias tolerancia) (Sakaguchi S., 2008) és az
antigén stimulacié utdn az immunvdlasz leallitasanak (Bluestone JA., 2003), amivel hozzdja-
rulnak az immunhomeosztazis fenntartasahoz és csokkentik az autoimmun betegségek és
allergiak kialakulasanak kockéazatat (Lourenco EV., 2011). Klinikai jelent6ségiiket bizonyitja
szereplk a transzplantaciét kovets szerv kilok6dés megakadalyozasaban és a foetuszal

szembeni anyai tolerancia kialakulasdban (Kwiatek M., 2015).

A Treg-nek két tipusa ismert (Josefowicz SZ., 2009). A természetes Treg sejtek (tTreg vagy
nTreg) a negativ szelekcié soran CD4 egyszeresen pozitiv timocitdkbdl alakulnak ki, ame-
lyek IL-2 receptor a-lancot (CD25) hordoznak (Curotto de Lafaille MA., 2009) (14. dbra). A
tTreg sejtek azonosak az autoreaktiv TcR-t hordozé klonalisan nem deletdlt, de a negativ
szelekciot tGléls timocita csoporttal (Yadav M.,2013). A leginkdbb ismert és jellemzett Treg-
ek CD4*CD25"s""FoxP3* sejtek (Ballke C., 2016). Felfedezésiikre az a megfigyelés szolgalt
alapul, hogy a timektémidn dtesett Gjsziilott egerekben kialakulé silyos autoimmunitds
CD4*CD25" T-sejtek transzferével megel6zhet6 volt (Sakaguchi, S., 1995). Jellemz6 rdjuk az
X kromoszoman kodolt, ,Forkhead box” csaldadba tartozé FoxP3 transzkripcios faktor
konstitutiv expresszidja (Brunkow ME. 2001), amely felelGs a Treg sejtek szuppresszor
funkciéjanak fenntartasaért. Mikodoképes FoxP3 hidnya X-kromoszémahoz kotott
immundeficiencia endokrinopétia (IPEX) szindromahoz vezet (Le Bras S., 2006, Zheng Y.,
2007). A timuszbdl a perifériara keriilve az effektor sejteket (dendritikus sejt, T és B
limfocita) direkt sejt-sejt kapcsolddds és citokin termelés (IL-4, IL-10, TGFB) révén gatoljak
(Sawant DV., 2014). A Treg-ek exogén IL-2 és megfelel6 TcR stimuldcié hatasara
proliferalnak.

Az indukalt Treg sejtek (iTreg) a periférian alakulnak ki naiv CD4* sejtekbdl. Citokin termelé-
stik apjan human Treg sejtek tovabb csoportosithatéak az IL-10 termel6, CD4*CD25*FoxP3-
Tr1; a TGFB termel6, CD4*CD25*FoxP3" Th3 (ordlis tolerancia) és a FoxP3*iTreg sejtekre
(Wing JB.,2012). Az effektor sejteket citokin termelésiik révén gatoljdk (Gratz IK., 2014).

A tTreg-ek és az iTreg-ek elkllonitésére az lkaros csalddba tartozoé transzkripcios faktor, a
Helios hasznalhat6 (Getnet D., 2010), melynek expresszidja a T-limfocita sejtvonalra korla-
tozédik. Funkciondlis szerepe ismeretlen, bar kimutattak, hogy a FOXP3 gén prométerhez
kapcsolédva fokozza a FoxP3 expressziét. A Helios expresszi6 a Treg-ekben korreldl a
szuppresszor funkciéval (Serre K., 2011). Ujabb irodalmi adatok szerint a Helios nem alkal-
mas a timusz eredetli Treg-ek elkiilonitésére, mert T-sejt aktivacié és proliferacié soran is
megjelenik, nyugvo sejtekben pedig csokken az expressziéjuk (Akimova T.,2011).
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14. abra: A regulatérikus T-sejtek kialakulasa.
Curotto de Lafaille, M. A. & Lafaille, J. J. Natural and adaptive Foxp3+ regulatory T cells: more of the same or a
division of labor? Immunity 2009;30, 626-35 alapjan.

2.5.1. A REGULATORIKUS T-SEJTEK KIALAKULASA

A természetes Treg sejtek (tTreg) kialakulasara tobb elmélet is létezik. Az egyik szerint a
timusz kéreg és a vel6allomany hataran lezajl6 pozitiv szelekcié soran tuléls sejtek koziil
aktivacié indukalta apoptézissal elpusztulnak azok a CD4+ T-limfocitak, amelyek tdl nagy
affinitassal képesek felismerni a sajat MHC és sajat fehérjékbdl allé peptidkombinacidkat a
mTEC és dendritikus sejtek felszinén. Azokbdl a T-limfocitdk, amelyeknek nagy az affinitasa,
de a negativ szelekci6 értelmében még nem pusztulnak el apoptoézissal, természetes
regulatorikus T-sejtek képz&dnek (tTreg) (15. dbra) két [épésben (Lio C.J. 2008). Egyrészt a
TcR aktivacié CD25 upregulaciot eredményez, amely noveli a sejtek IL-2 érzékenységét,
amely a jelenlegi elgondoldsok szerint FoxP3 transzkripciét indukal (Bluestone JA., 2003)
STATS5 jelatviteli dtvonallal, amely megakadalyozza a FoxP3 proapoptotikus hatdsét (Curotto
de Lafaille MA., 2009).

Periférias eredetl iTreg sejtek naiv CD4*T-sejt el6alakokbdl alakulnak ki a periférids nyirok-
szervekben. Létrejottiik fligg az antigén koncentrdcidjatdl, a ko-stimuldciés mechanizmusok-
t6l és a kiilonb6z6 citokinek koncentracidjatél. Létejottiiknek kedvez a magas TGFB és IL-2
koncentrdcid, a szuboptimdlis denedritikus sejt aktivacio, a ko-stimuldcié hidnya, ill. ala-
csony dozisu antitest-peptid fizios fehérje jelenléte (Yadav M.,2013). Habdr a TcR aktivacio
elengedhetetlen a kialakuldasukhoz, egy er6sebb TcR/MHC interakcié és ko-stimuldcié ese-
tén magasabb koncentracidjd tolerancidt indukalé citokin jelenlétére (Burchill MA.,2008),
vagyis TGFB and IL-2 stimulaci6 sziikséges a regulatérikus fenotipus létrejottéhez, ellenkezd
esetben Th17 fenotipus keletkezik (Zheng SG., 2008). A jelenség oka, hogy a TGF magas
koncetraciéban downregulalé hatdsi az IL-6 receptorra (Wan S., 2007). A gyulladasos mik-
rokornyezet, igy az IL-6 6nmagaban is gitolja a Treg funkciét és expanzidt és gétolja a TGFB
activitast Smad7 indukcié révén (Dominitzki SM., 2007).
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15. abra: A tTreg sejtek kialakulasa a negativ szelekcié soran
Médositva Schiitt és Broker (2011) utdn

2.5.2. TREG SEJTEK MUKODESE

Szamos szuppressziés mechanizmus ismert, ahogy a Treg sejtek gatoljak a T effektor sejtek
mikodését. Ezek a kontakt-fliggs, a fliggetlen és az IL-2 konzumpciés mechanizmusok
(Vignali DA. 2008, Corthay A. 2009).

2.5.2.1 Kontakt-dependens mechanizmusok

A Treg sejtek kozvetlen kapcsolat kialakitdsaval gatoljak a T effektor -és dendritikus sejtek
mikodését. Egyrészt szolublis inhibitorokat termelnek, mint a granzyme A, granzyme B és
perforin és ezzel okoznak apoptézist az effektor T-sejtben, vagy sejtfelszini galectin-1
expresszié révén fejtik ki immunszuppressziv hatdsukat. Ezen felll a direkt kapcsolédas a
membrdan-kotott TGFB révén is gatolja az effektor T-sejt kialakulast. A T effektor sejtekre
gyakorolt direkt hatdson kiviil a Treg a dendritikus sejtek gatlasaval is képes a T effektor sej-
tek kialakulasat indirekt moédon gatolni a cytotoxic T-lymphocyte antigen 4 (CTLA-4) és a
lymphocyte-activation gene 3 (LAG-3) expresszidjukkal. A Treg CTLA-4 nemcsak gatolja a
CD80/86 (B7) kapcsolddast az effektor sejtekhez, de transzendocit6zissal azok expresszidjat
is meggatolja. A LAG-3 kapcsolédasa az MHC-II molekuldhoz azok downregulaciéjat és igy
az antigén prezentaciét gatoljdk a DC-en. A kontakt-dependens mechanizmusok féleg a
timusz eredetl tTreg sejtekre jellemz&ek (Dario A. 2008) (16. dbra).
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16. abra: Treg sejt szuppressziés mechanizmusok

a. Kontakt independens mechanizmus, citokin szekrécidval, b. kontakt-dependens T effektor sejtpusztitas és d.
dendritikus sejt gatlds valamint a sejtek metabolikus géatlasaval IL-2 deprivacio vagy adenozin révén gatoljdk az
immunvalaszt. (Dario A. 2008)

2.5.2.2 Kontakt-independens (citokin-medialt) szuppressziés mechanizmusok

A masik lehet6ség, hogy a Treg sejtek ciktokinek termelése révén fejtik ki hatdsukat, mint a
TGFB+, IL-10 vagy IL-35, melyek gatoljdk a limfocitak és makrofagok aktivaciojat. Ez az un.
kontakt-independens mechanizmus, ami jellemz6bb a periférias, indukalt Treg-ek mikodé-
sére, mint a timusz eredetliekre (Sawant DV., 2014).

A TGFB csalad 3 tagja a TGFBs, -B2, és-Bs, pleiotrop élettani hatdstak kiilonb6zé sejttipuso-
kon. Az immunrendszerben a TGFB; a domindns izoforma és f6képp regulatoros szerepe van.
A TGFBi szdmos mechanizmussal hat a T-sejteken a kérés immunvdélasz gatlasara, tobbek
kozott stimulalja a FoxP3 transzkripcios faktor expresszidt, és gatolja az effektor T-sejt funk-
ciét (Stary G. 2011). Ezen feltl a TGFB: serkenti a CD25, CD39, CD73, CTLA4, CD103,
neuropilin, perforin és IL-10, valamint attételesen a CD39 és CD73-en keresztil az adenozin,
egy hatékony anti-inflammatorikus molekula termel&dését (Wing JB, 2012).

A masik gétlé Treg citokin az IL-10, amely az antigen bemutaté sejt és a T-sejt kapcsolat
gatldsa révén a T-sejt anergia és valaszképtelenség kialakuldsat eredményezi.

Az IL-35 egy legutdbb felfedezett gyulladasgatlo citokin, amely IL-12a [anchdl és az Epstein-
Barr virus induced 3 (EBI3) lancbdl all6 heterodimer. Egér Treg sejtekben leirtdk gatlé hatasat
in vivo és in vitro is, de human vonatkozasban hatasa kétséges (Olson BM, 2013).

A Treg sejtek sajat miikodéstikhoz is elengedhetetlen citokin az IL-2, de képesek a kornyeze-
tlikbol is az IL-2 konzumpcidra és ezdltal gatoljdk az effektor T-sejt aktivacidjat. A Treg-ek
ugyan minimdlis IL-2-t termelnek, de a konstitutiv. CD25 expresszidjuk vagyis a nagy-
affinitdsd IL-2 receptoruk révén az IL-2-t hatékonyan kotik, igy elvonjak az IL-2-t a valaszol6
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sejtek el6l, vagyis kompeticiot folytatnak az IL-2-ért. Kétségtelen, hogy ezen Treg
szuppresszor funkcidk egymds mellett és egymassal kombinalédva hatnak (Liston A. 2014.)

2.5.3. TREG SEJTEK SZEREPE PATHOLOGIAS FOLYAMATOKBAN

A funkciondlis Treg sejtek jelentGségét tdmasztja ala az, hogy a megfelel6 ardnyuk és a
citokin termelésiik nélkilozhetetlen az immun homeosztazis egyensilyanak fenntartdséhoz
az egészséges szervezetben. Ellenkez6 esetben hidnyuk, vagy funkciondlis zavaruk szdmos
pathologids folyamatot eredményez. Sakaguchi S. mar 1995-ben leirta, hogy amikor
timuszhidanyos egeret CD25 depletélt limfocitakkal transzplantaltak, autoimmun betegségek
sora alakult ki az allatokban, tobbek kozott thyroiditis, gastritis, insulitis, sialoadenitis,
adrenalitis, oophoritis, glomerulonephritis és  polyarthritis.  Immun  dysreguldcio,
polyendocrinopatia, enteropdtia, X-kormoszomahoz kotott recessziv szindréoma (IPEX) az
els6 autoimmun betegség, amelyet az X-kromoszéman kédolt FOXP+ gén mutaciéjaval hoz-
tak Osszefliggésbe (Bennet CL., 2001). Férfiakban autoimmun enteropdtia, psoriasis-szer(
vagy ekcematézus dermatitis, korom disztrofia, alopecia, bullosus pemphigoid és autoim-
mun endocrinopatia (leggyakrabban az inzulin-dependens diabetes mellitus) egyiittesen a
kezeletlen betegek tulélési esélyét 2 év alattira csokkentik (Otsubo K., 2011).

Szklerézis multiplex (SM) esetén a Treg sejtek csokkent szamat és funkcionalis deficitjét irtak
le (Viglietta V., 2004). Az SM egér modelljében a Treg sejtek ,kivédik” a betegséget azaltal,
hogy az autoreaktiv Th1-sejtek proliferaciéjat és pro-inflammatérikus citokin termelését el-
nyomjak (Kohm AP., 2002). 1-es tipusi diabeteses betegek Treg sejtjeinél is funkciondlis
deficitet taldltak (Lindley S., 2005). Gyulladdsos bélbetegségben szenved6knél a csokkent
periférids Treg szam korreldl a betegség aktivitasdval (remissziéban emelkedik, aktiv sza-
kaszban csokken) (Maul J., 2005). Az SLE egy szisztémds autoimmun betegség, ami tobb
szervet érint, Ggymint bor, izliletek, vesék és kozponti idegrendszer. Kimutattak, hogy a be-
tegség fellangoldsakor a Treg sejtek mennyisége csokken (Mellor-Pita S., 2006). A kollagén-
indukalt arthritis modellben a Treg-ek deplécidja felgyorsitja/rontja a szisztémas iziileti gyul-
ladast, mig a Treg-ek bevitele ,kivédi” a betegséget (Chavele KM., 2011). Daganatos betegek
periférids vérében és a tumorban a FoxP3+ Treg-ek felhalmozddnak, és az anti-tumor im-
munvalasz elnyomdsa révén a tumor novekedését elGsegitik, igy rossz prognozist jeleznek.
Colorectalis carcindmaban a FoxP3+ Treg-ek mennyisége a tumort drenal6 nyirokcsoméban
sokkal nagyobb, mint a periférids vérben, vagy a tumorban, és pozitiv korrelaciét mutat a
betegség stadiumaval (Deng L., 2010). A Treg sejteket célz6 immunterapia tumoros betegek-
ben igéretes lehet6ség bar a megjelend autoimmunitassal szamolni kell (Nishikawa H.,
2014). Az utébbi id6ben attorést jelentett a tumorterdpiaban az anti-CTLA-4 és anti-PD1
terdpids ellenanyag protokollok alkalmazdsa melanomas és kissejtes tiidérdk esetén (Weber
J., 2010).

2.6. A T-SEJT AKTIVACIO JELATVITELI FOLYAMATAI

A megfelel6 antigénnel torténé taldlkozast kovetéen a T-sejtekben szamos jelétviteli folya-
mat megy végbe, ami a T-sejtek aktivacidjahoz és masodlagos differencidlédasahoz vezet. A
TcR csak MHC molekulak altal bemutatott peptideket - az antigén proteolitikusan hasitott
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darabjait - képes felismerni. A folyamat szigordan szabdlyozott: az intracellularis peptideket
a sejtmaggal rendelkezé sejtek és a trombocitdk mutatjak be MHCl-en keresztil a CD8+ Tc-
sejteknek, mig az extracelluldris antigéneket a professzionadlis antigén prezentdl6 sejtek - B-
sejtek, makrofagok, dendritikus sejtek — MHC-II segitségével mutatjdk be a CD4+ Th-
sejteknek. Ezt a jelenséget MHC restrikcionak nevezziik (Doherty PC., 1975). A TcR MHC-
peptid komplexhez val6 két6dése még nem elegendd a T-sejt aktivacio elinditdsdhoz. Sziik-
séges még, hogy a CD4/8 az MHC molekuldk konstans részéhez kapcsolédjon (Miceli MC.,
1991), valamint, hogy a CD28 és CD80/86, a CD40-CD40L és tovabbi adhéziés molekula-
parok kozott ko-stimulacio jojjon létre (Huppa JB., 2003).

A TcR lancainak intracellularis doménjei 6nmagukban nem képesek arra, hogy aktivacios
jelet kozvetitsenek a sejt belsejébe (Marrack P., 1983), a sejten belili jel elinditdsdban a
TcR-hoz asszocialédé CD3 komplex jatszik nélkilozhetetlen szerepet. A CD3 komplex y, &
és € lancokbdl all, amikhez egy ¢ homodimer vagy ¢n heterodimer taldlhatok, melyek
tirozinjai a T-sejt aktivaci6 kezdeti 1épései soran foszforildlédnak és fontos szerepet toltenek
be a jeltovabbitasban (Kuhns MS., 2006).

A T-sejt aktivacio kezdeti |épései foszforilaciés események sorozatabol allnak. Els6ként, a
valamennyi leukocitdn expresszalédé CD45 molekula — egy foszfotirozin- foszfatdz —
defoszforildlja az Lck 505-6s pozicidban taldlhaté géatlé tirozinjat (Barber EK., 1989)
(17. abra). Az Lck az Src nem-receptor tirozin kindz csalad tagja, ami a CD4/8 molekuldkkal
is asszocialédik. Az Src molekulacsalad masik tagja, a Fyn, szintén szerepet jatszik a korai T-
sejt aktivacios folyamatokban. Az Lck gatlé foszfat csoportjanak lehasitasat kovetSen, a TcR
komplex aktivaciéjanak hatdsara a 394-es tirozinon foszforilalédik és ezdltal aktivalodik
(Palacios EH., 2004). Az aktivalt Lck ezt kovetéen a CD3 komplex ITAM-jainak tirozinjait
foszforilalja (Fodor S., 2006). A foszforilalt CD3¢ lanc dokkolé helyiil szolgal a Syk csalddba
tartoz6 ZAP-70 kindz szdmara. A ZAP-70 kinazt az Lck foszforildlja, a foszforildlt ZAP-70
pedig a T-sejt aktivacié egyik kdzponti molekuldja (Chan AC.,1992). A kinaz két {6 célmole-
kuldja a LAT és az SLP-76 adapter fehérjék (Sommers CL., 2004, Koretzky GA., 2006). A
ZAP-70 kapcsoldédik (asszocidl) a negativ regulator Cbl-lel is, ami a kinaz foszforilaciéjat
szabdlyozza (Rao N., 2002).

Az adapter molekuldk foszforilacidja egy multimolekuldris komplex kialakuldsdhoz vezet,
melyben a GRB2, Itk, GADS, Nck és Vav molekuldk vesznek részt és egyiittesen aktivaljak a
PLCy1-et (Braiman A., 2006). A PLCy1 a PIP,-t hasitja, a hasitds sordn két masodlagos hirvi-
v6 molekula, az IP; és a DAG képzadik. A DAG két f6 jelatviteli Gt, a Ras és a PKCB uGtvona-
lak aktivaciojdhoz vezet. A Ras a MAP-kinaz kaszkad kozvetitette jelatviteli folyamatokat
inditja el, ami végil az AP-1 transzkripciés faktor aktivaciéjahoz vezet. A PKCO az NFkB
Gtvonalat aktivalja, ami szintén transzkripciés folyamatokat szabdlyoz (Smith-Garvin
JE.,2009). Az IP; az endoplazmatikus retikulumban (ER) raktarozédé (intracellularis Ca*
raktar) Ca** felszabadulasat indukalja, amit a plazma membran Ca**-csatorndinak megnyila-
sa kovet (kapacitativ influx). A megnovekedett intracelluldris Ca** szint a kalcineurint, a
kalmodulint, végiil az NFAT transzkripcios faktort aktivalja (Oh-hora M., 2008). A T-sejt
aktivacio jelatviteli atjai végiil szamos transzkripcids faktort pl. AP-1, NFAT, NFkB aktival-
nak, ami komplex génexpressziés valtozasokhoz vezet a T-sejtekben. Az immunvalasz bein-
ditasaban kiemelked6 fontossagu két géntermék: az IL-2 citokin, valamint az IL-2 receptor a
lanca (CD25). Az IL-2 az aktivalt T-sejteken megjelen6 a, B és y lancokbdl felépiilé nagy
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affinitdst receptorahoz kotédik, autokrinmechanizmusok révén szabalyozza a T-sejt aktiva-
cidt, illetve indukalja a kornyezs T-sejtek novekedését is (Savignac M., 2007).
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17. abra: A T-sejt aktivacio jelatviteli Gtvonalai.
Részleteket lasd a szévegben. Atvéve: http://www.cellsignal.com/pathways/lymphocyte.jsp- Cell Signaling

2.6.1. A ZAP-70 KINAZ

A ZAP-70 kindz a Syk nem-receptor tirozin kindz csalad tagja, T-sejtekben, NK-sejtekben és
bazofil granulocitakban expresszalédik. A molekula két N-termindlis SH2 doménbdl és egy
C-termindlis kindz doménbdl épiil fel, melyeket az interdomén A és B vélasztanak el egy-
mastol (18. dbra). A kinazt az Lck foszforildlja, de a molekuldban autofoszforilacié is vég-
bemegy. A ZAP-70 31 tirozin (Y) maradéka kozil tdmegspektrometrids mérések eredményei
alapjan 11-nek tulajdonitanak szerepet a T-sejt aktivaciéban (Au-Yeung BB., 2009). Ezek
kozott taldlhaték olyanok, melyek ismert aktivacids, vagy gatlé helyek, illetve olyanok is,
amelyek funkciéja még ismeretlen. Keveset tudunk az SH2 doménben és az interdomén A-
ban taldlhaté Y069, Y126, Y178 és Y238-rdl, bar a Y126 feltehetGen szerepet jatszik a kindz
autofoszforilaciéjaban (Watts JD. 1994). Az interdomén B-ben 3 tirozin taldlhat6 a 292, 315
és 319-es pozicidban. A Y292 gatl6 szerepet tolt be a T-sejt aktivacioban és dokkolé hely-
ként szolgal a Cbl szamdra (Lupher ML., 1997). A Y315-h6z a Vav és a Crkll kotodik, ez a
tirozin maradék pozitiv és negativ szabdlyozo szerepet is betolt a T-sejt aktivaciéban (Wu J.,
1997). A Y319 egy pozitiv szabalyozé tirozin és fontos szerepet jatszik a PLC-y1 és a Ras
kozvetitette jelatviteli utakban, valamint asszocidlédik az Lck-val. Az interdomén B-ben ta-
lalhat6 tirozinok a timuszban zajl6é pozitiv és negativ szelekciot is befolyasoljdk (Kong G.,
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1996). A kinaz doménben 3 tirozin maradéknak tulajdonitanak szerepet a T-sejt aktivacio-
ban. A Y474-hez az Shc kotédik. A Y492 gatlo, mig a Y493 aktivaciés szerepet tolt be a T-
sejt jelatviteli folyamatokban. A Y597 és a Y598 negativ szabdlyozé helyek (Szabo M.,
2012).

SH2 IntA SH2 IntB Kinaz
1 > 2 » 3
N C
069 126 178 238 292315 319 474 492/493 597/598

18. dbra: A ZAP-70 kinaz szerkezete és a T-sejt aktivacioban részt vevo tirozin maradékai.
Pirossal a gatlé, zolddel az aktivacics, kékkel a még ismeretlen funkcicji tirozinokat jeloltik. In: Szabo M,
Czompoly T, Kvell K, Talaber G, Bartis D, Nemeth P, Berki T, Boldizsar F. Fine-tuning of proximal T cell receptor
(TcR) signaling by ZAP-70 tyrosine-residues in Jurkat cells. Int. Immunol. 2012 Feb;24(2):79-87 ..

A ZAP-70 kindz fontos szerepét bizonyitja, hogy a molekula hianydban, emberben sdlyos
kombindlt immundeficiencia, SCID alakul ki. A betegek Tc-sejtjei csaknem teljesen hia-
nyoznak, mig a Th-sejtek szama normadlis, vagy emelkedett, de a jelatvitel benniik is zavart
szenved (Elder ME., 1995). A ZAP-70 deficiens P116 sejtekben aktivacié hatasara nem ala-
kul ki az intracellularis Ca**-jel és szamos foszforilaciés folyamat gatlédik. A ZAP-70 KO
egerekben a T-sejt érés és a T-sejt aktivacio is zavart szenved (Au-Yeung BB., 2009).

A ZAP-70-et kédol6 gén missense mutacioja figyelhet6 meg az SKG egérben. A mutacio egy
W163C csere a C-termindlis SH2 doménben. Ezekben az egerekben spontan alakul ki auto-
immun arthritisz. A mutacié kovetkeztében a ZAP-70 kindz nem tud a TcR( lancahoz ko-
todni, csokken az intracelluldris Ca**-jel, a LAT és a PLCy foszforilaciéja. Ez az egérmodell
felhivja a figyelmet arra, hogy a ZAP-70 kindz mutaciéja autoimmun betegségek kialakula-
saban is szerepet jatszhat (Sakaguchi N., 2003).

A ZAP-70 megjelenik B-sejtes leukémidban is (normal B-sejtek a Syk molekulat expresszal-
jak). A B-CLL-t a CD19+, CD5+, CD23+ B-sejtek klonalis felszaporodasa jellemzi. A beteg-
ség lefolydsa heterogén, ezért szamos kisérletsorozatot végeznek olyan faktorok felkutatdsa-
ra, amik a betegség lefolyasat el6re jelezhetik. A CD38 expresszié és az Ig nehéz lanc varia-
bilis régidjanak mutaciés allapota mellett a sejtek ZAP-70 pozitivitdsa is a betegség rossz
progndzisara utalhat (Mougalian SS., 2011).

2.7. A GC-K HATASA T-SEJTEKEN ES A TIMUSZBAN

A GC-k egyik régoéta ismert hatdsa, hogy a timusz involdciéjat és a periférids T-sejtek, illetve
a timocitdk apoptézisat okozzak (Blomgren H., 1970). Ujabb adatok szerint, a terapidsan
széles korben alkalmazott immunszuppresziv szerek (cyclophosphamide, cyclosporine A),
valamint a GC-analég Dexamethasone (DX) blokkoljdk a timusz epitélsejtek funkcidjat is
(Fletcher AL., 2009). igy tehat a GC therdpia altal kivaltott timusz involGciéban valészin(ileg
mind a timocitak pusztulasa, mind pedig az epitélsejtek funkciéjanak megvaltozasa szerepet
jatszhat.
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A GR jelatviteli utak tanulmdnyozasa tobb egérmodellben is lehetséges. GR knockout kimé-
ra kisérletek eredményei, illetve az Ick promoter alatt Cre-lox rendszerben csak a T-
sejtekben GR deficiens egérben kapott eredmények nem utaltak arra, hogy a timusz muko-
déséhez és a T-sejtek fejl6déséhez a GR jelenléte nélkilozhetetlen lenne (Herold MJ., 2006).
A GR teljes hianya klasszikus KO egérben letdlis fenotipust eredményez, a surfactans terme-
lés elégtelensége miatt kialakul6 tlidSproblémak miatt, ezért ilyen egerek sejtjeivel csak ki-
méra kisérletek végezhetSk (Jondal M.,2004).

Erdekes ugyanakkor, hogy GC hormont lokélisan a timuszban a strémadllomanyt alkot6
epithelialis sejtek is szekretdljak, s6t a legljabb kutatasok szerint maguk a timocitdk is tudjak
termelni (Qiao S.,2009). Az utébbi évek sajat eredményei és mas laboratériumoké egyarant
azt mutattdk, hogy a GC-k nemcsak a timocitak apoptézisat okozhatjak, hanem bizonyos
kortlmények kozott a talélésiikhoz is hozzajarulhatnak (,kdlcsonds antagonizmus modell”)
(Vacchio MS., 2000), amely azt jelzi, hogy a GC hormon komplex a szelekciés szabalyozasi
mechanizmusok szereplGje lehet a timuszban. A ,kélcsonds antagonizmus” elmélet szerint,
ha a T-sejt egyszerre kap szignalt a GR-en és a TcR-en keresztiil, akkor tdlél, szemben azzal,
amikor kiilon a GR, illetve a TcR aktivalodik, mert annak eredménye apoptézis lesz. A, kol-
csonos antagonizmus” modellt munkacsoportunk in vivo adatokkal tamasztotta ala (Péalinkas
L., 2008). T-sejt receptor transzgenikus egérmodellben, magas d6zisi GC és antigén egyide-
ji expozicidja a DP-sejtek szignifikinsan fokozott mértékl talélését eredményezte a
timuszban. Tovabba, alacsony dézisi GC-ok 6nmagukban is in vivo a pozitiv szelekcid ira-
nyaba toltdk el a T-sejt érést TcR transzgenikus egérmodellben, fokozva a DP-sejteken a
CD69-expressziét (Boldizsar F., 2003).

Erdekes, hogy a timocita alcsoportok kéziil a DP-sejtek a legérzékenyebbek a GC-indukalta
apoptozisra, annak ellenére, hogy ezek a sejtek expresszaljdk a GR-t a legalacsonyabb mér-
tékben, mind fehérje (dramlasi citometrids adatok), mind mRNS-szinten (Berki et al. 2002),
és a GC okozta GR downregulacié is defektiv ezekben a sejtekben (Wang D.,2006). Tovabb-
ra sem ismert, hogy mi allhat ennek a fokozott GC-érzékenységnek a hatterében. Korabbi
munkdnk alapjan, T-sejt receptor transzgenikus egérben a DP timocitak GC-indukalta
apoptézisa mar 4 6ran beliil mérhetd a mitokondrialis membranpotencial csokkenésével, az
Annexin V pozitivitas fokozédasaval. A tilél6 DP-sejtekben pedig az antiapoptotikus Bcl-2
fehérje jelentGsen emelkedett expresszidjat taldltuk (Palinkas L., 2008). Azonban a GR
intracellularis eloszldsa és modosulasai a timocitdkban ezen folyamatok soran még ismeret-
len volt (Herold MJ., 2006).

A GC-indukalt apopto6zis soran kiilonb6z6 sejtekben (igy timocitdkban is) tobb biokémiai
valtozast azonositottak: ezek a Ca?*-mobilizacié, az Src- és a Cdk2-kindzok aktivacidja,
majd ceramidképzb6dés a foszfatidilinozitol-specifikus foszfolipdz C és a savanyd
szfingomielindaz aktivacidjakor. Tovabbd, a jelatviteli kaszkdd kés6bbi medidtorai (pl.
kaszpazok) szerepérdl is sok adat gydlt 6ssze a GC-indukalta apoptézisra vonatkozdan
(Cifone MG.,1999).

Az el6bb emlitett, mas munkacsoportoktdl szarmaz6 szamos irodalmi adat, valamint a mi
kordbbi munkaink eredményei alapjan felmeriilt, hogy alternativ GR-jelatviteli Gtvonalak
(fehérje-fehérje kapcsolédasok, illetve mds nemgenomikus hatdsok, pl. a mitokondridlis
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membranpotencidl szabalyozasa) és a Bcl-2 fehérje érintettsége miatt a mitokondralis Gtvo-
nal is aktivan részt vehetnek a DP-timocitak GC-indukalta apoptézisaban.

2.8. TIMOCITAK APOPTOZISA

A timuszban a T-sejt fejl6dés soran a nem funkciondlis T-sejt receptorral rendelkezg, illetve
a potencialisan autoreaktiv timocitdk nem kerilhetnek ki a perifériara, ezért még a csecse-
moémirigyben elimindlédnak. A periférian az érett, naiv T-sejtek a megfelel6 antigén felisme-
rése utan klonalis aktivacion és expanzion mennek keresztiil. Amint a felismert antigént sike-
ril kitriteni a szervezetbdl, a felesleges limfocitak az dn. aktivacié indukalta sejthalal (AICD)
folyamat soran tavolitédnak el. Tehat mind a T-sejt fejl6désben, mind a T-sejt medidlta im-
munfolyamatokban nagyon fontos szerepe van a programozott sejthalalnak, vagy mas néven
apoptézisnak (Opferman JT., 2008).

Az apopt6zis egy olyan szigorian szabalyozott folyamat, amely proteolitikus folyamatok
sorozatabdl all, a sejtek jellegzetes morfolégiai elvaltozasai kisérik, és végsé soron a sejt
halaldhoz vezet. A limfocitakban a programozott sejthaldl tébb Gtvonalon keresztiil vezethet
a sejtek halalahoz (19. abra). Az Un. intrinsic Gtvonalndl a sejtet ér6 stressz vagy hormonalis
hatasok a kivalté ok. A folyamatban a Bcl-2 csaldd pro- és anti-apoptotikus fehérjéi vesznek
részt, melyek végsé soron a mitokondriumok kiils6 membranjanak &tjarhatdsagat és
Cytochrom C kiaramldst okoznak.
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19. abra: A limfocitak apoptézisanak fobb atvonalai
Herold MJ et al. Cell. Mol. Life. Sci. 2006. alapjan
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A stimulal6 jeleket a pro-apoptotikus BH3-only fehérjék, mint pl. a Bim, Bid, Bad, Puma és
Noxa kozvetitik a multidoménes csaladba tartoz6 Bax és Bak fehérjéken keresztil a
mitokondriumhoz. A fenti folyamatot gatolja az anti-apoptotikus Bcl-2 és Bcl-xL fehérje
azaltal, hogy a megfelel& pro-apoptotikus pdrjdhoz kotédik és neutralizdlja. A mitokondrium
kils6 membranjaban a Bax és Bak fehérjék pérusokat alkotnak, melyen keresztiil Cytochrom
C kidramlast valtanak ki, amely apoptotikus testek kialakuldasdhoz vezet. Ez egy multimer
komplex, amely aktivalt Caspase-9-et és Apaf 1-et is tartalmaz. Az apoptotikus testek
Caspase-3 aktivacion keresztil vezetnek a sejt halaldhoz (Green DR., 2004).

Az apoptdzis extrinsic Gtvonalat haldl receptorok (mint pl. a Fas) ligacidja, oligomerizacidja
és aktivacidja inditja el (Bernhart BC., 2003)). Ennek kovetkeztében Caspase-8 aktivacio
figyelhet6 meg, amely sejttipustdl fliggéen direkt, vagy a pro-apoptotikus Bid aktivaciéjat és
mitokondrium funkcidkarositast magaba foglal6 erbsités utan vezet Caspase-3 aktivaciéhoz
és sejthalalhoz (Pozzesi N., 2014).

A fenti két utvonallal lehet magyardzni a kilonb6z6 sejttipusokban megfigyelhetd
apoptotikus folyamatok zomét, azonban alternativ Gtvonalak |étezését is egyre tobb infor-
macié tamasztja ald. Az egyik ilyen alternativ apoptotikus dtvonal példdul a lizoszémak
membrdn destabilizaciéjan keresztiil Cathepsin B és D citoplazmdba t6rténd kiaramlasat
jelenti. Ez nem csak generalizalt proteolizist okoz a citoplazmaban, de mitokondriumok
kils6 membrénjat is karosithatja és Caspase-3 aktivaciéhoz is vezethet (Boya P., 2008). Egy
masik ilyen nem konvenciondlis Gtvonalat jelenti a mitokondriumokbdl felszabadulé halal-
indulalé faktorok (mint pl. AIF, és endonukledz G), amelyek kaszpaz independens médon
tudnak sejthalalt okozni (Kroemer G., 2005).

2.8.1. T-SEJT RECEPTOR MEDIALTA APOPTOZIS

A TcR komplexen keresztiili aktivacié naiv T-sejteknél a sejt aktivaciéjahoz vezet, ugyanak-
kor ez a stimulacié timocitakban és aktivalt érett T-sejteknél apoptézist okoz. Irodalmi ada-
tok alapjan a pozitiv és a negativ szelekcio eltér6 jelatviteli dtvonalakkal jellemezhets
(Alberola-1la J., 1996). A TcR-k pozitiv szelekciét eredményezd alacsony affinitasd ligand
kotése részleges LAT foszforilaciét valt ki, amely a PLCy1-Gads/SIp76/ltk komplexen at a
PLCy1 aktivaci6jahoz és kovetkezményes DAG képzddéshez, illetve Ca** felszabaduldashoz
vezet. Ezzel ellentétben a TcR-ok negativ szelekciét kivalté magas-affinitast ligandkotés
hatasara a LAT teljes mértékben foszforilalédik, ami azutan a Grb2/SOS1 kapcsolédason ét a
MAP kindz kaszkadon halad tovédbb (Kane LP., 1996)). Ras/MEK-1 kett6s mutans egértor-
zsekkel végzett kisérletek szerint a MAP kindz kaszkad funkciondldsa létfontossagli a
timocitak talélésében, de nem sziikséges az apoptdzisukhoz (Vasquez NJ., 1994).

A TcR aktivaciot kovet6 azonnali-korai transzkripcios faktor aktivaciét a tumor necrosis
factor (TNF) receptor csalddba tartozé szdmos membranfehérje expresszidja koveti. Tobb,
ebbe a csalddba tartozé fehérjérsl (Fas, TNF receptor | tipus, CD30) gondoljak, hogy részt
vesz a timocitak apoptézisaban (Winoto A. 1997).
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2.8.2. GLUKOKORTIKOID HORMON INDUKALTA APOPTOZIS

A XIX. szdzad vége ota ismert, hogy mellékvesekéreg-elégtelenségben szenvedd vagy
adrenalectomian atesett allatok timusza hypertrophias, illetve a stressz vagy gyogyszer el6-
idézte timusz invollciét meg lehet el6zni adrenalectomidval. Késébb rajottek, hogy ACTH
adassal egérnél jelentGs timusz- és nyirokcsométomeg csokkenést lehet elérni. Az er6teljes
kutatasok ellenére a GC hormon apoptézist kivalté mechanizmusai még ma is jorészt isme-
retlenek. A jelenlegi modell szerint a glukokortikoidok apoptézist kivalté hatasahoz sziiksé-
ges a funkcional6 GR és annak genomikus transzaktival6 hatasa (Ashwell JD., 2000) néhany
jelenség azonban nem-genomikus GR hatast is feltételez.

A DP timocitdk érzékenyek a GC-medidlta apoptdzisra, amelyet jelez, hogy hosszantart6
stresszhelyzetben az emelkedett GC szint elég a programozott sejthalal kivaltasara (Savino
V., 2016). A nyugvé periférids T-sejtek azonban dsszehasonlithatéan rezisztensebbek a GC
indukalta sejthalalra. Az eltér6 viselkedés okanak a Bcl-2 expresszidban valé kilonb6zEség
tlinik: az egyszeresen pozitiv timocitdkban és a periférias T-sejtekben megtalalhat6, mig az
el6alakokban alacsonyabb a Bcl-2 expresszio.

A glukokoritokoidok és mds szteroid hormonok, illetve a tiroid hormon receptorat szamos
sejttipusban ki tudtdk mutatni a mitokondriumokban is (Psarra AM., 2008). Eredményeik
szerint a mitokondriumba transzlokdl6d6 GR-nek szerepe lehet a GC altal indukalt
apoptézis kialakuldsdban. A mitokondriumokat alkot6 fehérjék egy része eltér6 az egyes
sejttipusokban, és ezen a kiilonbségen mdlik, hogy a mitokondriumokat ér6 szamos endo-
gén és exogén szignal apoptozist vagy a sejt tdlélését fogja jelenteni (King LB., 1994). A GCk
az epithelidlis eredetl sejteket példaul az eml6 mirigysejtjeit, a mdjsejteket megvédi az
apoptoézistél, mig a haematopoetikus sejteknél dltaldban apopt6zist okoznak (Johnson DT.,
2007). Kiilonbdz6 T-sejt vonalakkal végzett kisérletekben Sionov és munkatarsai arra a ko-
vetkeztetésre jutottak, hogy a szteroid rezisztens sejtvonalakban a GR nem transzlokalédott
a mitokondriumokba, mig az érzékenyekben igen, s6t a GR mitokondridlis lokalizacios
szekvencidval torténd 0sszekapcsoldsa apoptédzishoz vezetett (Sionov RV., 2006).

Az utébbi irodalmi adatok alapjan megfelel6 szintli GR expresszi6 sziikséges a sejtben ah-
hoz, hogy a GC hatds apoptézishoz vezessen. Ha GC kezelés hatdsdra a sejt GR
expresszidja valtozatlan, vagy inkabb emelkedik, akkor az eredmény apoptoézis. Ez a jelen-
ség jellemz6 timocitdkban és bizonyos T-sejtes limfomdkban. Ezzel szemben, ha a GC ha-
tasra a sejt a GR downreguldcidjaval valaszol, akkor megmenekiil az apoptotikus hatds alél
(Schlossmacher G. 2011)

2.8.3. A GC ES TCR JELATVITELI UTVONALAK KOMMUNIKACIOJA:
,,RECEPTOR CROSS-TALK”

A timuszban zajl6é timocita szelekci6 az egyik legintenzivebben vizsgalt GC indukalta
apoptézis folyamat (Talabér G., 2015). Napjainkban a legelfogadottabb modellje ennek az
un. kolcsonds antagonizmus tedria, amely szerint a GC indukalta jelatviteli Gtvonal médosit-
ja a TcR jelatviteli Gtvonalat és ezzel a két jel 6sszekapcsolédasa megakadalyozza a sejtben
|étrejovs apoptozist (Stephen GL, 2003). Azok a DP timocitdk, amelyek nem kapnak vagy
kiiszobérték alatti TcR szigndlt kapnak, deléciét szenvednek, (“death by neglect”) (Szondy
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Zs, 2012.), feltételezés szerint cTEC altal termelt GC indukalta apoptozissal (Vacchio MS,
1999). A nagyon erGs affinitasi TcR kotédés az MHC sajat peptid komplexhez potencidlis
autoreaktiv T-sejtet eredményezne. Ezt a tdl er6s TcR szigndlt a GC-ok nem tudjdk
anatgonizalni, igy ezek a klénok elpusztulnak a negativ szelekcioban a TcR indukalta
apoptozissal. (Zacharchuk CM 1990). A GR szerepe a timocita szelekciéban a mai napig
ellentmondasos, mert GR deficiens egerekben a timocita érés zavartalan (Purton JF, 2000).
Ezt tdmasztja ald az a tény is, hogy a timuszban a CD4+CD8+ DP sejtek a legérzékenyebbek
a GC indukalta apoptozisra, bar a legelacsonyabb a GR expresszié ezekben a sejtekben
(Boldizsar F., 2003). GR antagonista adagolasa nem befolydsolja a GC hatasat a szelekcids
[épésekre, ami azt tdmasztja ald, hogy ez a klasszikus GR hatastdl eltérd folyamat, ami felve-
ti nem-genomikus jeldtviteli Gtvonalak szerepét a timocita szelekciéban.

Erett periférids T-sejtek antigen felismerés utdn a kornyezeti egyéb hatdsok 4ltal médositva
aktivaciéval vagy anergiaval/apoptodzissal vdlaszolnak (Germain RN., 1999). Szamos kisérleti
eredmény is aldtamasztja, hogy a TcR nem egy egyszer( be/ki kapcsolé. A TcR-hez kiilon-
b6z6 affinitassal kot6dé MHC-peptid ligandok eltérs foszforildciés programmot inditanak el
a T-sejtekben (Sloan-Lancaster J, 1996). Nagy affinitdsi TcR ligand hatasara a CD3 {-lanc
foszforilacidja teljes lesz (pp23 isoforma dominal), és az ahhoz dokkol6dé foszforilalt ZAP-
70-é is, valamint telitett lesz a foszforilacidja a LAT adapter fehérjének is. Ha a TcR-t ala-
csony affinitdsu ligand aktivalja, akkor a pp21 C-isoforma domindl és ZAP-70 foszforilacié
nem jon létre. Mds munkacsoportok (Van Leathem F., 2001) szerint erés agonista liganddal
torténs TcR stimulacié GC jelenlétében hasonlé foszforilaciés mintazatot eredményez a T-
sejtben, mint egy gyenge ligand. Beszamolnak arrél, hogy Dexamethasone (DX) kezelés
meggatolta a TcR stimuldcié utan bekovetkez foszforilacios jelet. Miutan a DX kezelés nem
befolydsolta a src-kindzok expresszidjat és aktivitasat, azt feltételezik, hogy a DX megvaltoz-
tatta a f6 jelatviteli molekulak membran kompartmentalizaciéjat. A hatas okat abban latjak,
hogy a GC kezelés gatolta a jeleatvivé molekulak palmitoylaciéjat és ezzel gatolta azok raft-

......

jelatviteli Gtvonalak 6sszekapcsolédast az un. ,receptor cross-talk” meglétét tamasztjdk ala.

46



dc_1343 16

3. CELKITUZESEK

I. TIMOCITA ALCSOPORTOK GC HORMON ERZEKENYSEGENEK
VIZSGALATA ES ANNAK HATASA A SEJTEK GR EXPRESSZIOJARA

. Az in vivo GC kezelés hatasat és id6beli lefutdsast egér modelleken vizsgaltuk: BALB/c

egérben GC és anti-CD3, AND TcR transzgenikus egértdrzsben GC és antigén kombi-
nalt kezelések hatasara.

. GC antagonista el6kezelés és GC hormon szintézis gatlé szerek hatasanak tesztelése.

. Az in vivo GC kezelés és a TcR aktivacié egyiittes hatdsanak tisztdzasa a timocitak

apoptoézisara (caspase 3 aktivacio, Bcl-2 expressié) és a mitokondrium-funkciora.

. Az egyes timocita alcsoportok GR expresszidja és annak véltozdsa T-sejt aktivacio, GC

hatas, illetve GC antagonista kezelések utan.

1. A DP TIMOCITAK APOPTOZIS MECHANIZMUSANAK VIZSGALATA

. Az in vitro nagyddzisi GC kezelés mitokondrialis funkciéra gyakorolt hatdsanak vizs-

galata.

. A GR cellularis eloszlasa/morfolégidja timocita alcsoportokon.

. A ligand indukalt GR mitokondridlis transzlokaciéjanak vizsgdlata DP timocitdkban

azok szubcellularis frakciéiban.

. A mitokondrialis apopt6zis Gtvonala timocitdkban in vitro GC kezelés hatasara létrejo-

vG caspase aktivacio, citokréom C felszabadulds nyomon kévetése és a GR Bcl-2 csalad

......
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I1l. NAGYDOZISU GC KEZELES GYORS, NEM GENOMIKUS
HATASANAK VIZSGALATA A TCR JELATVITELI UTVONALRA IN VITRO
T-SEJT MODELLEN

1. A nagyddézisi GC kezelés hogy befolyasolja a T-sejtek tirozin foszforilaciés mintazatat
és a ZAP-70 kindz foszforilaciéjat?

2. A GR szerepének vizsgédlata a ZAP-70 foszforilacidban. Kozvetlen fizikai kapcsolatuk
vizsgdlata konfokalis mikroszkdpidval és immunprecipitacidval.

3. A ZAP-70 tirozin foszforildcios helyek szerepének vizsgdlata a T-sejt aktivaciéban és a
gyors GC hatasokban ZAP-70 tirozin pontmutdns T-sejt vonalakon.

4. Tanulmanyoztam, hogy ZAP-70 azon tirozin maradékai, amelyek a nem-genomikus
GC hatasokat kozvetitik, befolyasoljdk-e a ZAP-70 szubsztratjainak - (SLP-76, LAT,
Cbl) foszforilaciojat.

IV. A GC HORMON HATASANAK VIZSGALATA TERMESZETES ES
INDUKALT REGULATORIKUS T-SEJTEKRE ES AZOK CITOKIN
TERMELESERE VALAMINT AZOK IN VITRO EXPANZIOJA

1. Egér modelleben vizsgaltuk a Treg sejtek el6fordulasi gyakorisagat a vérben és nyirok-
szervekben és azok GC érzékenységét.

2. Vizsgalni kivantuk a kiilonb6z6 Treg alcsoportok IL-10 és TGFB citokin expresszidjat
fehérje és mRNS szinten és az in vivo GC kezelés hatdsat

3. Timusz és |ép eredetli CD4+ T-sejtekbdl in vitro kiilonboz6 stimuldlé koriilmények
kozott expandalni Treg sejteket és azok funkcidjat kovetni id6ben.

4. Meghatarozni a GR és FoxP3 transzkripcios faktor szinergizmus molekularis alapjait.
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4. ANYAGOK ES MODSZEREK

4.1. KiSERLETI ALLATOK

Munkénk sordn 3-4 hetes BALB/c egereket és 4 hetes B10.Cg-TgN (Tcr AND 53Hed) galamb
cytochrome C (PCC peptid KAERADLIAYLKQATAK) specifikus I-E* (MHC-II) restrikciéval
rendelkez6 VB3/Vall T-sejt receptor transzgenikus egereket (TcR AND) (Dr. Szondi Zsu-
zsanna, DE ajandéka) hasznaltunk (Kaye et al., 1992). Mindkét egértdrzsnél az egerek atla-
gos testtomege 8-10g koril volt. Kisérleti dllatainkat a kereskedelmi forgalomban kaphato
egértappal etettiik és megfelel6 mennyiségli vizzel lattuk el. A kisérletes munkdk megfelel-
nek a Pécsi Tudomdnyegyetem Allatetikai Bizottsdga dltal megallapitott szabalyoknak
(BA 02/2000-2/2006)

4.2. SEJTVONALAK

Sp-2 egér myeloma és RBL2H3 patkany bazofil leukémia sejtvonalakat hasznaltuk munkank
soran. A sejteket hagyomanyos 10% FCS tartalmid DMEM médiumban tenyésztettiik, penicil-
lin (10 U/ml) és streptomycin (10 U/ml) antibiotikum kombindci6 jelenlétében.

A GR-TcR jelatviteli dtvonalak vizsgalatahoz Jurkat (human akut T-sejt leukémia ATCC) sej-
teket és annak p56-Ick és ZAP-70 deficiens szubkldnjait JCaM1.6 és P116) hasznéltuk (Prof.
Monostori Eva (MTA SZBK) bocséatotta rendelkezésiinkre). A P116 sejtek lentivirdlis vektorral
transzfektdlt varidnsai vad tipusi (WT) ZAP-70-et vagy kilonb6z6 aminosav poziciékban Y-
F pontmutdciokat tartalmazo (4. tablazat) ZAP-70-et expresszalo (intézetiinkben elGallitott)
sejtvonalakat (Szabé M, 2012) a szokasos korlilmények kozott (37°C, megfelel§ pdratarta-
lom, 5% CO,) tenyésztettiik. A tenyésztéshez 10% FCS (Gibco) tartalmd médiumot hasznal-
tunk, amit natrium-piruvattal (1mM), gliikézzal (4,5g/l), penicillinnel és streptomycinnel
egészitettiink ki.

4. tablazat: A kisérletekben hasznalt primerek osszefoglalasa.

Név  Szekvencia (5’ > 3’) Funkcié/rendeltetés

P1 cgggatcccggeccATGecagaccccgeggegeacc ZAP-70 klénozas, Forw, Start
P2 agcacacagaaggctgaggctgectgtgccTGAgegtcgacgtc  ZAP-70 klénozds, Rev, Stop
PO69  cggcaatggcaaaggtgccg FO69 mutacio

P126  ctggcgcacaaagtcacgca F126 mutacié

P178  gtctgcgccccagaaaaaagtttge F178 mutdcio

P238  cagcttcagaaactccaccag F238 mutacio
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Név Szekvencia (5’ > 3’) Funkcio/rendeltetés

P292  ctcaggggtaaatccatctgag F292 mutécié

P315  cga gcgtgtttga gagcccctac F315 mutéacié

P492  gac gacagctttt acactgcccg F492 mutacio

P493  gac gacagctactttactgcccg F493 mutacio

S1 ccggcagagctctgegagtt szekvendlas 1 (421-439)
S2 ctgcctgaaggaggectgec szekvendlas 2 (927-946)
S3 cgtgacctggcggeccgeaac szekvendlds 3 (1561-1581)

A ZAP-70 klonozdsara hasznalt P1 és P2 primerek BamH 1 és Sall restrikcios helyeket tartalmaznak (alahizva), a
start és a stop kodonok nagy betivel vannak jelélve. A szamok azt az aminosav poziciét jelslik, ahol a
pontmutacié tortént. Zardjelben megadtuk a szekvendld primerek pontos cDNS kétéhelyét. In: Szabo M,
Czompoly T, Kvell K, Talaber G, Bartis D, Nemeth P, Berki T, Boldizsar F. Fine-tuning of proximal T cell receptor
(TcR) signaling by ZAP-70 tyrosine-residues in Jurkat cells. Int. Immunol. 2012 Feb;24(2):79-87. [60].

4.3. VEGYSZEREK

A kisérletekhez a vegyszereket a Sigma Aldrich Kft-t6l rendeltiik. A mdshonnan rendelt ter-
mékeket jelezziik. Az allatok oltasahoz a kovetkez6 vegyszereket haszndltuk: glukokortikoid
agonistaként Dexamethasone-t (Oradexon, Organon Oss Holland, 4mg/ml torzsoldat),
RU486 (Mifepristone) és RU43044 glukokortikoid antagonistakat (Prof. Szekeres Barthé Jdlia
PTE KK Orvosi Mikrobiolégiai és Immunitastani Intézet ajandéka), a glukokortikoid szintézis
gatlasara Methyrapone-t hasznéltunk. Antigénként galamb citokrém C-t (PCC) alkalmaztunk.
Az allatok oltdsakor a vegyszerek higitasahoz, az eltavolitott timocitdk mosasahoz phosphate
buffered saline-t (PBS) illetve az RU486 és RU43044 higitasdhoz szezamolajat hasznaltunk.
Az apoptdzis korai detektaldsat FITC konjugalt Annexin V-tel (BD Pharmingen, CA) és
propidium jodiddal (PI) végeztiik. Mitokondriumok jel6lésére CMX-Ros (chloromethyl-X-
rosamine)(Invitrogen) mitokondrialis indikdtort hasznaltunk.

4.4. ELLENANYAGOK

Kisérleteinkben aktivalé hatasi horcsog anti-egér CD3 (NIH 145.2C11) antitesttel in vivo
oltottuk egereinket (i.v. 50pg/allat 100pl PBS-ben).

A timocitak in vitro jel6lésére aramlasi citometridhoz a kovetkez6 monoklondlis antitesteket
haszndltuk: patkdny anti-egér CD4-PE (L3T4, BD Pharmingen, CA) vagy anti-CD4-FITC
(YTS191.1), anti-egér CD8-CyC (Ly-2, BD Pharmingen, CA), horcsog anti-egér CD69-FITC
(HI.2F3, Serotec), egér anti-GR-FITC (5E4B1, PTE, IBI) (Berki T. 1998) horcsog anti-egér Bcl-
2-FITC (3F11 BD Pharmingen, CA) nydl anti-(thumdén, egér) aktiv Caspase-3-FITC (C92-605
BD Pharmingen, CA).
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Apoptozis detektaldsdra a DP sejtekben anti-CD4-PECy5 (RM4-5) és anti-CD8-PE (53-6.7BD
Pharmingen) és aktivalt (cleaved form) kaszpazok elleni nydl antitesteket hasznaltunk: anti-
caspase-3 (5A1E), anti-caspase-8 (D5B2) és anti-caspase-9 (valamennyi a Cell Signaling
Technology-t6l) valamint anti-nydl 1IgG-FITC (Sigma-Aldrich) masodlagos antitestet.

A Treg sejtek azonositasara anti-CD4-Pacific Blue (BD Biosciences, Cat. #558107; Clone:
RM4-5) vagyanti-CD4-FITC vagy anti-CD4-AlexaFluoro647 (PTE IBI) anti-CD25 PE-Cy7 (BD
Biosciences, Cat. #552880; Clone: PC61), anti-CD8-FITC (PTE IBI; Clone: IBL-3/25) és anti-
LAP-PerCP-Cy5.5 (TGFB1) (BioLegend, Cat. #141410; Clone: TW7-16B4)) sejtfelszini anti-
testeket, illetve anti-FoxP3-PE (Exbio, Klén: 3G3) anti-Helios-APC (BioLegend) és anti-GR-
FITC (KI6én: 5E4/B1, PTE IBI) intracelluléris antitesteket hasznaltunk.

A DP-sejtek mdgneses szeparalasa soran a-CD4-FITC (YTS 191.1 kl6n), és a-CD8-PE (53-6.7
klén, eBioscience) antitesteket hasznaltunk.

A timocitdk konfokalis mikroszképos jelolésére a-CD4-Pacific blue-t (RM4-5 klén, BD
Biosciences) és a-CD8-Alexa647 (53-6.7 klon, BD Biosciences) ill. anti-CD8-Pacific Orange
(5H10, Life Technologies) antitesteket alkalmaztunk. Intracelluldris jelolésre egér a-GR-FITC
(5E4-B1 PTE IBI), anti- ZAP-70-PE (eBioscience, clone 1E7.2), nydl anti-Bak, anti-Bax, anti-
Bcl-x.(Santa Cruz Biotechnology) és anti-Bim (C34C5, Cell Signaling Technology) antiteste-
ket és kecske anti-nyul-1gG-Cy3 vagy kecske anti-nydl IgG-FITC masodlagos antitestet hasz-
naltunk (Sigma-Aldrich). Izotipus kontrollként IgG1-FITC és PE jelolt antitesteket
(DakoCytomation) hasznaltunk.

Western-blothoz a timocita szubcellularis frakcidiban az aktivalt (hasitott kaszpazok elleni
antitesteket hasznaltuk): nydl anti-caspase-3, -8, -9 és -12 (Cell Signaling Technology). A
pro-apoptotikus fehérjék detektalasara egér anti-Cytochrome-C (7H8.2C12, BD Biosciences),
nydl anti-Bax, anti-Bak (Santa Cruz Biotechnology) az immunoprecipitaciéhoz anti-GR (8E9
PTE IBI) monoklondlis antitestet hasznaltunk. A precipitalt mintdkbdl a Western-blot analizist
nyul anti-Bak és anti-Bax (Santa Cruz Biotechnology) és nydl anti-Bcl-x. (BD Pharmingen) és
anti-Bim (Cell Signaling Technology) valamint anti-GR (5E4 PTE IBI) hasznaltuk. Peroxidaz
enzimmel (HRPO) jelolt anti-egér -vagy anti-nydl-lgG-t (Dako) hasznaltunk masodlagos
antritestként.

A TcR-GR jelatviteli Gt vizsgalatdhoza Jurkat és P116 sejt variansokat egér monoklonalis
anti-human CD3 antitesttel (OKT-3, 2,5 mg/ml térzsoldatbdl) aktivéltuk. A jelatviteli Gtvona-
lak vizsgalatdhoz egér monoklondlis a-GR (5E4 PTE IBI), anti-foszfotirozin (PY20, BD
Pharmingen); anti-ZAP-70 (29/ZAP-70 kindz, BD Pharmingen), anti-B-aktin (AC-74, Sigma);
nyul poliklonalis anti-SLP76, anti-LAT, anti-Cbl és anti-histone H1 (Santa Cruz
Biotechnology) és egér monoklondlis anti-citokrém-C (BD Biosciences) antitesteket alkal-
maztunk. Masodlagos antitestként HRPO konjugalt kecske anti-egér 1gG (1:1000, Hunnavix)
vagy anti-nydl 1gG (1:1000, Pierce) antitesteket hasznaltunk.

Az immunprecipitaciokat egér monoklondlis anti-SLP76 (klén F-7, 2 pg / minta, Santa Cruz
Biotechnology); anti-LAT (kl6n 11B.12, 2 pg / minta, Santa Cruz Biotechnology); anti-Cbl
(klén A-9, 2 pg / minta, Santa Cruz Biotechnology) és nyul poliklonalis anti-ZAP-70 (Prof.
Monostori Fva, MTA SZBK) és egér monoklonalis anti-GR (8E9, PTE IBI) antitestekkel végez-
tik. Az alkalmazott anti-ZAP-70 antitestek a kindz 2 kiilénb6z6 epitopjat ismerik fel. Az egér
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anti-ZAP-70-FITC (kl6n 2F3.2, Upstate Biotechnology) az 1-254 AA kozotti epitophoz, mig
az egér anti-ZAP-70-PE (klén T1E7.2, eBioscience) a 282-307AA kozotti epitophoz kotodik.A
Foszfo-Flow maddszerrel végzett mérésekhez foszfospecifikus PE-konjugdlt egér anti-SLP-76
pY128 (klén J141-668.36.58, BD Biosciences) és egér anti-LAT pY171 (klén 158-1169, BD
Biosciences) antitesteket hasznaltunk

4.5. ALLATOK IN VIVO KEZELESE, SEJTPREPARALAS

In vivo, a kisérleti egereknek 20 mg/kg (nagydozis) 2 mg/kg (kdzepes) és 0,2 mg/kg (alacsony
doézisu) glukokortikoid-analég Dexamethasone-t (DX) (Organon, Oradexon) adtunk (PBS-ben
oldva) intraperitonealisan (i.p.) 1-4 napon keresztiil, a kontroll allatoknak pedig PBS-t.

A GR antagonista RU486 vagy RU43044 vegyiileteket 1 mg/kg dézisban szezamolajban
higitva alkalmaztuk i.p. Az AND egereket 2 napig oltottuk naponta i.p.10 mg/kg PBS-ben
higitott PCC-vel. A Balb/c egerek i.v kaptak 5 vagy 50 ng/allat (magas dézisd) aktivalé hatasu
anti-CD3 monoklondlis antitestet 6ndlléan vagy kombinaciéban DX-al. Az éllatokat 24 6ra-
val a kezelések utan dldoztuk fel gyors dekapitdlassal, majd a timuszokat, |épet, vagy nyi-
rokcsomokat eltavolitottuk és hideg steril PBS vagy RPMI oldatba helyeztiik. A szerveket
tiveg-liveg homogenizatorral homogenizdltuk és a szuszpenziét nylon vattan atszdrtiik. A
sejteket megmostuk PBS-ben vagy RPMI-ben és az él6 sejtszamot Biirker kamraban megha-
taroztuk Trypan kék festékkizarasos teszt segitségével.

4.6. A SEJTEK KEZELESE

A DP-sejteket magnesesen Easysep anti-PE (StemCell Technologies) szelekcids koktéllal,
pozitiv szelekciéval izolaltuk, a-CD4-FITC és a-CD8-PE antitest koktéllal torténd kettSs jelo-
[és utan.

Western blot vizsgalatokhoz 5x107 timocitat szérummentes RPMI-ben kezeltiink 37°C-on
CO2 termosztatban tartva 10°M DX-al (Sigma;10? M stock dissolved in DMSO) 30 ill. 60
percig, 30 percig konfokdlis mikroszképiahoz és 30, 60, 120 és 180 percig aramlasi
citometridhoz. A kontrol sejteket ugyanilyen koriilmények kozott tartottuk a tapfolyadakban,
ill. az oldoszerekben. A kezeléseket jéghideg steril PBS/0.1% NaN3 pufferrel allitottuk le.

Kezelés elGtt a Jurkat és P116 ZAP-70 variansait expresszalé sejteket RPMI médiumban vet-
tik fel. A TcR/CD3 dGtvonal vizsgélatara a sejteket anti-human-CD3 (klén OKT-3; ATCC CRL-
8001, 1T mg/ml torzsoldat) antitesttel inkubaltuk 5upl/ 10°sejt koncentraciéban 2 percig. A
nem-genomikus glukokortikoid hatdsok kivaltasara a sejteket 10°M DX-al inkubdltuk 2-5
percig. Ez a koncentracié megfelel a klinikumban alkalmazott nagy dé6zisu szteroid kezelés-
nek. Kombinalt kezelés esetén 2 perces DX elGkezelést tovabbi 2 perces anti-CD3 aktivacio
kovetett. A kezeléseket 37°C-on, alland6 keverés mellett Thermo Mixer (Eppendorf) késziilé-
ken végeztiik. A Western blothoz a reakciét folyékony nitrogénben, a Foszfo-Flow mérések-
hez 4% PFA-ban allitottuk le. Az intracellularis Ca**-jel vizsgalatakor a kombinalt kezelés
esetén a sejteket 10 percig 10° M DX-al kezeltiik el6.
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Geldanamycin el6kezeléshez 10%/ml Jurkat sejtet komplett RPMI-ben 1,78uM Geldanamy-
cinnel vagy olddszerével (DMSO) inkubaltuk. Glukokortikoid antagonista kezelést in-
komplett RPMI-ben végeztiikk RU486 (Mifeprsitone) jelenlétében 4h inkubdldssal. Ezutdn a
sejteket mostuk inkomplett RPMI-ben és 10°M DX-al kezeltiik 5 percig, majd a reakciét a
mintak folyékony nitrogénbe helyezésével dllitottuk le a Westen blot vizsgalatok el6tt.

A Treg sejtek citokin termelésének meghatdrozasdra a [épbdl és timuszbdl eltavolitott
limfocitdkat stimulaltuk 24 6ran keresztil in vitro RPMI + 10% FCS, 1% Pen+Strep médium-
ban. Mintanként 10°sejtet inkubaltunk 37°C-on 5% CO,tartalommal termosztatban 25ng/ml
PMA (SIGMA Cat. #P8139-1MG), Tpg/ml lonomycin (SIGMA Cat. #10634-1MG) és/vagy
10pg/ml Brefeldin-A (SIGMA Cat. #B7651-5MG)jelenlétében. A sejteket masnap 2x 2mlL
PBS-el mostuk, majd dramlasi citometrids jelolést végeztiink.

4.7. ARAMLASI CITOMETRIA

A sejtfelszini jelolésekhez 1 millié é16 timocitabdl indultunk ki, melyeket 100ul jel6l6 puf-
ferben (PBS 0,1% BSA/NaN3) 30 percig inkubaltuk jégen 1ug/ml koncentraciéjd ani-CD4-PE
és anti-CD8-CyChr, anti-CD69-FITC fluoreszcens monoklonalis antitestekkel. Az inkubacio
utdn 2-szer mostuk a PBS pufferben, majd 500ul fixalé pufferben (0,1% PFA in PBS) vettiik
fel a sejteket (Current protocols in Immunology chapter 5.4).

Az intracellularis jelolésekhez a sejtfelszini jelolések utin fixdl6 oldatban (4%
paraformaledehid (PFA) tartalmd PBS) 20 percig fixaltuk a sejteket. Ezutdn kétszer megmos-
tuk a timocitdkat PBS-ben majd 100ul PBS/0,1%NaN3/0,1% Saponin tartalmd permeabiliza-
|6 pufferben felvettiik a sejteket és fényt6l elzdrva, jégen 30 percig végeztiik az anti-Bcl-2-
FITC, anti-aktivalt Caspase-3-FITC, anti-GR-FITC, vagy anti-ZAP-70 fluoreszcens festékekkel
konjugdlt monoklondlis antitestekkel a jel6léseket. Az inkubacié végén kétszer mostuk a
sejteket permeabilizal6 pufferben, majd egyszer kot pufferben. A jellés végén 500l fixalo
pufferben vettiik fel a sejteket és a mérés kivitelezéséig abban taroltuk azokat (Current
Protocols in Immunology chapter 5.6).

Az apoptozis korai jeleinek meghatdrozasahoz 10° timocitat 100 ul Annexin-koté pufferben
Tug/ml végkoncentraciéja FITC-el konjugélt Annexin V-tel és 0,5 pg Propidium Jodidddal
(P1) 15 percig inkubdltunk szobah6mérsékleten, majd 400 ul Annexin-kotd puffert adtunk a
sejtekhez. A sejteket a jelolés utan maximum 1 6raval aramlasi citométer segitségével vizs-

galtuk.

A Treg sejtek és citokinjei jel6lésére 10° sejt/minta sejtfelszini jel6lése utdn a mintakat mos-
tuk 2mL jelol6 pufferben. Az intracellularis jel6léshez a FoxP3/ Transcription Factor Staining
Buffer Set (eBioscience Cat. #00-5523-00) jel6l6 kitet haszndltuk. A sejteket 30 percig fixal-
tuk és permeabilizatuk sotétben, jégen 1ml fixalé/permeabilizalé pufferrel (Fixation/Perme-
abilization Concentrate 4x; Cat. #00-5123; Fixation/Permeabilization Diluent (Cat. #00-
5223)). A fixalast kovetSen 2 x 2mL el6z6leg meghigitott permeabilizal6 pufferrel mostuk a
sejteket (Permeabilization Buffer (10X) Cat. #00-8333). Az intracellularis jel6léshez anti-
Foxp3-PE a citokinekhez anti-IL-10-APC , anti-IL-4-FITC, anti-IL-17A-PerCP-Cyanine5.5 és
anti-IFNy—=APC monoklondlis antitesteket hasznaltunk. Az inkubacié végén kétszer mostuk a
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sejteket permeabilizal6 pufferben. A jel6lés végén 500pl FACSFix (0,5% PFA PBS-ben) puf-
ferben vettlik fel a sejteket és a mérés kivitelezéséig abban taroltuk azokat. A jel6lést a
kitben meghatarozott leirds alapjan végeztiik.

A mérést FACSCalibur vagy FACSCanto (BectonDickinson, San Jose CA) dramlasi
citométeren, az analizist pedig az FCS Express 4 Flow Research Edition programmal végez-
tik. Mintanként 10000 eseményt mértiink a limfocita kapubdl, majd a CD4* limfocitakon
belll mértiik a Treg alcsoportokat és azok anti-GR-FITC atlag fluoreszcencia intenzitdsat.

4.8. MITOKONDRIALIS CMX-ROS FELTOLTES, SEJTFELSZINI ES
INTRACELLULARIS JELOLESEK

A mitokondriumok jel6lésére és a mitokondridlis funkci6 mérésére a CMX-Ros
(chloromethyl-X-rosamine)(Invitrogen) mitokondridlis indikatort hasznaltuk 1 pg/ml-es kon-
centraciéban (Pendergrass W. 2004). A festéket az intakt mitokondriumok felhalmozzak,
ahol fluoreszcens festékké alakul at. A vords csatorndban detektalhaté (dramlasi
cytometridval FL2-ben, ex. 579 nm, em: 599 nm). A feltoltést 37°C-on végeztiik, 30 percig,
szérummentes RPMI médiumban, a DX-kezeléssel parhuzamosan. A sejtfelszini a-CD4-
Pacific blue és a-CD8-Alexa647 jelolést (ill. anti-CD4-PE, valamint anti-CD8-CyCfluorokro-
mokkal aramlasi cytometridra) jégen, jelolGpufferben 30 percig végeztiik. Ezutan
jelolépufferrel mostuk a sejteket, majd 20 percig 4%-os PFA fixdlas kovetkezett, mely utan
az Intézetlinkben kifejlesztett monoklonalis a-GR antitesttel (5E4-B1 PTE IBI) vagyanti-Bak és
Bax elsédleges antitestekkel és anti-nydl IgG-FITC antitesttel jeloltik a sejteket
intracellularisan 0,1% szaponin tartalmu jelol6pufferben. A sejteket végiil cytocentrifugdval
targylemezre centrifugdltuk, vagy FACSFix (0,5% PFA PBS-ben) oldatban tartottuk a flow
cytometrids mérésig. PromoFluorAntifade Reagens-t haszndltunk a konfokalis mikorszképos
vizsgdlathoz a sejtek lefedésére, a fluorofér bleaching megakadalyozasara.

Az dramldsi cytometrids analizist a CellQuest programmal végeztiik, 10.000 eseményt rogzi-
tettlink, a tormeléket és az elpusztult sejteket morfolégidjuk alapjan kizartuk az analizisbdl,
a timocita alcsoportokat pedig a sejtfelszini CD4 és CD8 expresszi6 alapjan kilonitettik el.
A timocita alcsoportok CMX-Ros atlagos fluoreszcencia intenzitasat (MFI) hisztogramokon
abrazoltuk.

4.9. KONFOKALIS MIKROSZKOPIA

Az Olympus Fluoview 300 konfokalis mikroszképot és az Olympus Fluoview FV1000S-1X81
fotérendszert hasznaltuk munkdnkhoz. A jeleket négy kiilonb6z6 csatorndban detektaltuk:
DIC (differencial interferencia kontraszt), a CD4-et UV kozeli csatornaban, a GR-t a FITC
(z6ld) csatorndban, a CMX-Rost a voros csatorndban, a CD8-at pedig a tavoli vorosben. Egy
masik kisérletben ugyancsak a tavoli vorosben detektaltuk az anti-FoxP3-Alexa647 jelolést.
Szekvencidlis pasztazasi modot, valamint Kalman zajsz{rést haszndltunk, hogy a spektralis
atfedést a csatornak kozott elkerdljik. A jeleket 3-3 [atétérben gydjtottiink és a CMX-Ros és
a GR valamint a Foxp3 és GR kozotti morfoldgiai kapcsolatot (kolokalizacid) elemeztiik.
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A GR és Bcl-2 csalad fehérjéinek kozelségét hasonloképpen vizsgaltuk, CD4 és CD8 jelet
UV-ban, a GR jelét a FITC, a Bak, Bax, Bcl-x.és Bim vagy a mitokondrium festést a piros
csatorndban detektaltuk, amikor a Bak és Bax jelét a FITC-nél. A jeleket 3-3- lat6térben de-
tektaltuk és a Bak, Bax, Bcl-x,, Bim—GR és CMX-Ros-Bak, -Bax morfolégiai asszociaciét ana-
lizaltuk. A képeket egymadsra helyeztik és az Image] software (http://rsb.info.nih.gov/ij)
swgitségével analizaltuk a kolokalizaciét 100-DP sejtet analizalva mintanként.

4.10. DIGITALIS KEPELEMZES, KVANTITATIV MIKROSZKOPIA

100 kontroll és 100 DX-kezelt DP sejtben elemeztiik a GR - CMX-Ros és GR-FoxP3 kolokali-
zaci6 mértékét. Az Image) szoftvert (http:/rsb.info.nih.gov/ij) haszndltuk a kolokalizacios
kiegészité modullal (pluginnal). A szoftver a GR — CMX-Ros ill. a GR-FoxP3 kolokalizalt
pontokat egy kiilon képen fehér pontokként jelenitette meg, amely pixeleket megszamoltuk
majd abrazoltuk.

4.11. A TIMOCITAK SZUBCELLULARIS FRAKCIONALASA

A mitokondrium frakciok izolaldsdhoz Mitokondrium Izoldl6 kitet (Pierce) haszndltunk a
gyari elGirasokat kovetve, kisebb modositasokkal (Stasik 1., 2009). Az oldészerrel- és DX-
kezelt timocitdkat megmostuk jéghideg PBS-ben, majd a sejteket lizaltuk. 800g-vel valé
centrifugdlds utdn a magfrakciékat haromszor 0,5% NP-40 detergenst tartalmazé6 TBS puffer-
rel mostuk, majd a pelletet 10%-0s merkaptoetanolt is tartalmazé SDS-mintapufferben (125
mM Tris, 4% SDS, 10% glycerol, 0,006% Brémfenolkék) vettiik fel és megf6ztiik. A poszt-
nukledris szupernatanst egyszer 3000g-vel 15 percig, majd 12000g-vel 5 percig centrifugal-
tuk. A mitokondriumot is tartalmazé pelletet 10% merkaptoetanolt tartalmazé SDS-
mintapufferben felvettilk, majd megf6ztiik vagy immunprecipitaciéra haszndltuk. Citoplaz-
ma frakcioként a 3000g utani centrifugdldsi 1épés szupernatdnsat hasznéltuk fel.

Immunoprecipitdciéhoz a mitokondriumot tartalmazo pelleted lizaltuk TEGM lizis pufferben
(TOmM Tris base, 4mM EDTA, 50mM sodium chloride, 20mM sodium molibdate, 10%
glycerol, frissen kiegészitve protedz inhibitor koktéllal és Na-ortho vanadattal (pH 7.6). A
mitdkat 5x fagysztottuk és olvasztottuk folyékony nitrogénben, majd inkubaltuk jégen 30
percig és centrifugaltuk 13,000 rpm-el 10 percig majd a supernatanst hasznaltuk.

4.12. A MITOKONDRIALIS GR - BCL-2 FEHERJE CSALAD ASSZOCIACIO
VIZSGALATA WESTERN BLOT ES DENZITOMETRIA

Immunoprecipitdciohoz a mag, a citoszolikus és mitokondridlis frakcidkat 1 éjszakan keresz-
tl rotdlva inkubaltuk a megfelel6 precipital6 antitesttel blokkol6 pufferben (10 mM Tris, 100
mM NaCl pH 7.4, 10% BSA-val) majd Protein-G-t (Santa Cruz Biotechnology) adtunk a min-
takhoz tovabbi 2 érara. Végil a mintdkat mostuk 5x PBS-ben és az immunkomplexeket SDS
mintapufferben torténd f6zéssel tavolitottuk el a Protein-G-rél.
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A sejtfrakciokat megf6ztiik és 7, 10 vagy 15%-os poliakrilamid gélen futtattuk meg. A géle-
ket egy éjszakan at blottoltuk nitrocellul6z membranra a Bio-Rad Trans-Blot rendszer segit-
ségével. A blottolds utan a membranokat 2%-os BSA — vagy 1% tejpor tartalmu pufferrel (2%
BSA, 10 mM Tris, 100 mM NacCl és 0.1% Tween 20, pH 7.4) telitettiik. A blotokat anti-GR,
anti-B-aktin, anti-citokrém c egér monoklondlis antitestekkel, anti-hiszton-H1 nydl
poliklondlis antitesttel inkubaltuk, majd a megfelel6 anti-egér-HRPO és anti-nyul-HRPO
masodlagos ellenanyagokkal hivtunk el és enhanced chemiluminescens médszerrel vizua-
lizaltuk a gyari leirds szerint (SuperSignal West Femto Chemiluminescent substrate, Pierce,
Rockford, IL, USA). A kemilumineszcens szignalt Fujifilm LAS 4000 blot documentary
system-el detektdltuk. A blotokat denzitometridval analizaltuk, a GR relativ denzitasokat a
megfeleld frakcidkban az aktin, citokrom c, hiszton H1 csikok denzitasahoz normalizaltuk.
A denzitometrias méréseket a BioRad Quantityone szoftvercsomaggal végeztiik el.

4.13. AZ INTRACELLULARIS KALCIUM SZINT MERESE ARAMLASI
CITOMETRIAVAL

A szabad intracellularis kalcium szint méréséhez a Jurkat és P116 ZAP-70 variansait
expresszal6 sejteket Fluo-3AM (Invitrogen) kalcium szelektiv indikator festékkel toltottiik ol
Minta és munkatarsainak protokollja szerint (Minta A. 1989). Az dramlasi citometrids méré-
seket és az eredmények analizisét a FACSCalibur aramlasi citométeren a CellQuest software
segitségével végeztik. Kezeletlen vagy DX el6kezelt sejteken 50 masodpercig mértiik az
alap kalcium szintet, majd hozzdadtuk az anti-CD3-antitestet és igy vizsgaltuk tovabb az
intracellularis kalcium szint valtozasat. Az FL1 intenzitdsban észlelt valtozasok aranyosak az
intracellularis kalcium szintjével.

4.14. Az ANTI-CD3 INDUKALTA FOSZFORILACIO VALTOZASOK
MERESE FOSZFO-FLOW TECHNIKAVAL

A nyugvo vagy anti-CD3 kezelt Jurkat és P116 sejteket 4% PFA-ban fixaltuk 37°C-on 10 per-
cig, majd Phosflow Perm Buffer lll-ban (BD Biosciences) 30 percig, jégen permeabilizaltuk.
A mintdkat PBS/0,1% BSA/0,1% NaNs-ban mostuk, majd anti-SLP-76 pY128 vagy anti-LAT
pY171 antitestekkel 45 percig szobah6mérsékleten inkubaltuk. Ezt kovetGen ismét mostuk,
majd PBS-ben vettiik fela sejteket. Az dramldsi citometrias mérést és analizist a FACSCalibur
(Becton Dickinson) daramldsi citométeren a CellQuest software segitségével végeztiik

4.15. TCR-GR JELATVITELI UT IN VITRO VIZSGALATA
IMMUNPRECIPITACIOVAL

A TcR/CD3 utvonal és a GC kezelés azonnali hatasanak vizsgalatara a Jurkat vagy P116 mu-
tans kontroll vagy kezelt mintakat 2 perc utdn Triton X lizis pufferben (50mM HEPES, 10mM
natrium-pirofoszfat, 10mM EDTA, 100mM natrium-fluorid, 10% glicerol és 1% Triton X-
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100, pH 7,3 frissen kiegészitve protedz gatléval és Na-ortovanadattal) lizaltuk 30 percig jé-
gen, majd 10 percig centrifugdltuk 13000 rpm-mel. A feliildszét SDS mintapufferben
(125mM Tris, 4% SDS, 10 % glicerol, 0,006% Bromo-fenol-kék és 10% merkaptoetanol)
foztiik 10 percig, vagy immunprecipitaci6hoz haszndltuk tovabb.

Immunprecipitdcé sordn a sejtek lizdtumat, a blokkol6 puffert (TBS, 10% BSA és 0,1%
NaN;s) és a megfelel6 mennyiségli antitestet (Id. 4.5 fejezet) éjszakan at, majd Protein-G-vel
(GE Healthcare) tovabbi 2 éran keresztiil inkubaltuk. A mintdkat 5-szor mostuk WB-moséval
(10mM  Tris, 100mM natrium-klorid és 0,1%Tween-20, pH 7.4), majd az immun-
komplexeket SDS mintapufferben 10 perces forralds soran vélasztottuk le a Protein-G-rél.

A lizatumokat és a precipitdtumokat 7,5% vagy 10%-os SDS-poliakrilamid gélben valasztot-
tuk el a MiniProtean rendszerben (Bio-Rad), majd éjszakan at nitrocellul6z membranra
blottoltuk a Trans-Blot (Bio-Rad) késziilékben. Blottolast kdvetéen a membranokat blokkolé
pufferben (2% BSA vagy 5% NFDM (Bio-Rad), 10mM Tris, 100mM nétrium-klorid, 0,1%
Tween-20, pH 7,4) telitettiik egy 6ran keresztil szobah&mérsékleten. Ezt kovetéen a megfe-
lelGen higitott els6dleges antitestekkel (Id. 4.5 fejezet) inkubaltuk a blotokat 2 6ran &t szintén
szobah6mérsékleten. A membranokat WB-moséval mostuk, majd mosast kdvetéen HRPO
konjugalt masodlagos antitesttel inkubaltuk. Ujabb mosdst kévetSen a blotokat Super Signal
West Femto kemilumineszcens szubsztrattal (Pierce) hivtuk el6. A jeleket a Fuji LAS4000
késziilékkel detektdltuk. Az els6dleges és mdsodlagos antitesteket Restore Western Blot
Stripping pufferrel (Pierce) tavolitottuk el a membranrél és blokkolast kdvetGen tovabbi anti-
testekkel hivtuk el6 Sket. A kapott jeleket denzitometrias méréssel kvantifikaltuk, amit Scion
Image software (Scion Corporation) segitségével végeztiink.

4.16. TREG SEJTEK IN VITRO EXPANZIOJA

A CD4+ T-sejteket a frissen izoldlt 1ép és timusz sejtekbdl negativ szelekciéval nyertiik az
EasySep Mouse CD4* T Cell Enrichment Kit-et (Stemcell Technologies, Cat. #19752,
#19772) haszndlva. A szelekciét a gyari leirds szerint végeztik az EasySep Magnest
(Stemcell Technologies, Cat. #18000) hasznalva. A szelekci6 végén a CD4+ T-sejtpopulacio
tisztasagat anti-CD4-Pacific Blue (BD Biosciences, Cat. #558107; Clone: RM4-5) jeldléssel
ellendriztlik és 98% folotti tisztasagd mintabdl indultunk ki a Treg expanzidhoz.

A CD4+ T-sejteket in vitro RPMI/10% FCS (+Pen/Strep) high glukézt artalmd médiumban
tenyésztettiik in vitro 2-14 napig Dynabeads CD3/CD28 T-sejt aktivalé6 mikrogyongyok (2:1,
gyongy:sejtaranyban) (Gibco, Cat. #11452D) segitségével, 30 U/mL rekombindns IL-2
(eBioscience, Cat.#34-8021-82) + 40 pg/mL rekombindns TGF beta 1 (eBioscience, Cat.#34-
8342-82) + 10°mol/l DX (SIGMA, Cat. #D4902) jelenlétében 24-lyuki lemezen
(1000pL/lyuk) 37°C-on 5% CO; tartalommal. Amennyiben szlkséges volt, a sejteket friss
trapfolyadékban tenyésztettiik tovabb. A tenyésztést kovetGen a sejteket Gsszegydjtottik, a
stimulalé mikrogyongyoket eltdvolitottuk az EasySep Mdgnes (Stemcell Technologies, Cat.
#18000) segitségével, majd PBS-ben torténd mosds utan az él§ sejtszamot Birker kamraban
meghataroztuk Trypdn kék festékkizardsos teszt segitségével.A sejtekbSl RNS-t izolaltunk
NucleoSpin RNA XS (MACHEREY-NAGEL, Cat. #740902.50) kit segitéségével, ill. flouresz-
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cens jelolést kovetGen dramlasi citometrias méréseket végeztiink a CD4+CD25+FoxP3+ sejt
arany meghatdrozasara.

4.17. TREG SEJT SZEPARALASA FACS MODSZERREL ES STIMULALASUK
CITOKIN TERMELESHEZ

Kontrol és 2 napig in vivo 20 mg/kg DX-al kezelt dllatok timuszdbdl és 1épébdl sterilen
10%ml sejtet jeloltiink RPMI/10% FCS-ben anti-CD4-FITC anti CD25-PE-Cy7 antitestekkel,
majd a CD4+/CD25"e" sejteket kijeloltiik és szepardltuk FACSAria (Becton Dickinson) sejt
szeparal6 késziilékkel. A kapott sejtek 95%-nal nagyobb tisztasagliak voltak. Ezutan a sejte-
ket 4 6ran keresztil aktivaltuk PMA/ionomycinnel.

4.18. REAL-TIME PCR

A stimulalast kdvetéen RNeasy mini kit (Qiagen) segitségével RNS-t izolaltunk, majd DNase
(Sigma) emésztés utan ,High Capacity RNA to cDNA Kit” (Applied Biosystems) segitségével
cDNS-t szintetizaltunk. A gRT-PCR reakciét az ,Sybrgreen master mix“ vagy ,Tagman
master mix“ (mindkett6 Applied Biosystems) segitségével végeztiik. A felhasznalt primerek
szekvencidi a kovetkez6ek voltak:

B-ACTINForward 5’- GGG AGG GTG AGG GACTTC C -3/,
B-ACTINReverse 5'- TGG GCG CTT TTG ACT CAG GA -3/,

Ebi3 Forward 5’- AGC AGCAGC CTC CTA GCCT -3/,

Ebi3 Reverse 5'- ACG CCT TCC GGA GGG TC -3/,

IL-12a Forward 5’- TGG CTA CTA GAG AGA CTT CTT CCA CCA -3/,
IL-12a Reverse 5- GCA CAG GGT CAT CAA AGA C -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 CCCTTC TC -3’

4.19. STATISZTIKAI ANALIZIS

Munkank soran a mért adatok atlagat és az atlagok standard hibdjat (+SEM) abrazoltuk. Az
eredmények statisztikai analizise SPSS 11.0 szoftver segitségével tortént. Az adatok kiértéke-
|[éséhez a Student-féle t-tesztet hasznaltuk, és a P <0,05 (*), P < 0,01 (**) és P < 0,001 (***)
értéknél fogadtuk el statisztikailag szignifikdnsnak.
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5. EREDMENYEK

I. TIMOCITAK GC HORMON ERZEKENYSEGE ES
GR EXPRESSZIOJUK

5.1. BALB/C Es AND EGER TIMUSZANAK SEJTES OSSZETETELE

A timuszt alkoté limfoid sejtek kiilonboz6 fejl6dési stadiumban 1évé timocitak, melyeket a
CD4 és CD8 antigének sejtfelszini expresszidjaval négy csoportba tudunk sorolni. A DN
sejtek a legéretlenebbek, melyek osztédas utdn a CD4 és CD8 antigének egyidejl
expresszidja, illetve a TcR gének atrendezddésével és a molekula-komplex sejtfelszini kife-
jezésével a DP stadiumba jutnak. Pozitiv és negativ szelekci6 soran a DP sejtek koriilbeliil
99%-a apoptoézissal elpusztul, a talél6 érett SP sejtek pedig elhagyjdk a timuszt.

>
=

30%

CD8-CyChr
CD8-CyChr

CD4-PE

20. abra: BALB/c (A) és AND (B) egér timuszanak sejtes osszetétele CD4-PE (x-tengely) és
CD8-CyChr (y-tengely) fluoreszcens jel6lés utan aramlasi citometrias analizissel.

A hdromhetes BALB/c egerek timuszat jellemz6en 1-3% DN, 70-80% DP, 10-15% CD4 SP
és 5-8% CD8 SP tiomcita alkotja. (20. dbra A) Az AND TcR transzgenikus egerek
timuszdban a TcR transzgén domindlé hatdsa miatt mas ardnyban fordulnak el6 az egyes
timocita alcsoportok (20. abra B): a DP populaci6 kevesebb és dominalnak az érett CD4 SP
sejtek antigén jelenléte nélkiil is. A kezeletlen AND TcR transzgenikus egér timusza 8 + 2,2
% DN, 28,3 + 6,7% DP, 61 + 3,2 % CD4 SP és 2,6 + 2,3 % CD8 SP sejtet tartalmaz. A sej-
tes Osszetétel eltérése a genetikai moédositdsnak koszonhets: a timocitdk tobb mint 99%-a a

VB3 lancot tartalmazé transzgenikus TcR-t hordoz, amely az MHC-II + PCC antigénre speci-
fikus.
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5.2. BALB/C EGER TIMUSZANAK SEJTES OSSZETETELE DX KEZELES
HATASARA

Régdta ismert, hogy a glukokortikoid hormon analég kezelés jelentGsen csokkenti a timusz
méretét a T-sejt elGalakok deplécidja miatt.

5.2.1. Az IN vivOo ISMETELT GC KEZELES DOZIS FUGGESE

A fiziol6gids és farmakoldgias dozist glukokortikoid hormon hatas vizsgdlatéhoz 3-4 hetes
BALB/c egereket 4 napon keresztil 24 6éranként 20,0, 2,0, illetve 0,2 mg/kg DX-al kezeltiik
in vivo. 24 6raval az utolsé kezelés utan eltavolitottuk az allatok timuszat és elGszor megha-
taroztuk a teljes timocita szamot. Az ismételt DX kezelések koncentracié dependens csok-
kenést okoztak a teljes timocita szamban. A kezeletlen kontrollhoz viszonyitva (120 millié
sejt/timusz) az ismételt 20,0 mg/kg DX kezelés tobb mint 100-szoros redukciét okozott a
timocita szamban (1 millié sejt/timusz), (22. abra A).

Kontrol DX kis DX nagy

1 15% 79% 18% 43% 3%
w| ; :
& s
<
8 DP
(&)
[}
= T
é e ”. 2 24%

anti-CD8-CyC

21. abra: Timusz sejtes dsszetételének valtozasa kiilonb6z6 dézisa (20,0, 2,0 mg/ttkg)

ismételt DX kezelések utan.

A dot-plotok sejtfelszini anti-CD4-PE és anti-CD8 CyChr jelolést kbvetd dramlasi citometrids analizis eredményei.
A diagramok hdrom fiiggetlen kisérlet egy jellemz6 eredményét mutatjdk. Berki T., Palinkds L., Boldizsar F.,
Németh P. Int. Immunol., 2002.

A timusz sejtes Osszetétele szintén megvaltozott az in vivo DX kezelések hatdsdra (21. dbra).
[rodalmi adat, hogy a DP timocitdk a legérzékenyebbek a glukokortikoid kezelésre (Wiegers
GJ., 2001). A rezisztensebb érett CD4 SP és CD8 SP, illetve éretlen DN populdcié mellett
egy kisszdmud DX rezisztens DP sejtcsoport azonban mindvégig megmaradt a timuszban,
még a magas (20,0 mg/kg) d6zisti DX kezelés soran is. Az érett SP sejtek kozott a CD8 pozi-
tivak ellendllébbak voltak a glukokortikoid kezeléssel szemben, mivel a CD4/CD8 arany
csOkkent az emelkedd dozisd DX kezeléseknél (22. abra B).
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22. abra: Timusz abszolut sejtszam (A) és sejtes dsszetétel (B) in vivo DX kezelt BALB/c

egerekben.

Az egereket 4 napon at ismételten kezeltiik kiilonb6zé koncentracicju DX-al, majd meghatdroztuk a timuszok
sejtszamat és sejtfelszini anti-CD4-PE / anti-CD8-CyChr jelblést végeztiink. Az oszlopok az egyes timocita
alcsoportba tartozo sejtek abszoldt szamat (A) és relativ aranyat (B) mutatjak.

Berki T., Pélinkas L., Boldizsar F., Németh P. Int. Imnmunol., 2002.

5.2.2. EGYSZERI, NAGY DOZISU IN vIvO DX KEZELES HATASANAK
IDOFUGGESE

Ugyan a glukokortikoidok altal indukalt apoptézisra a DP sejtek a legérzékenyebbek, a sejt-
szam csokkenés és timusz Osszetétel valtozasanak id6beli lefolydsardl azonban még kevés
az informdcid. Ezért megvizsgaltuk az egyszeri nagy do6zisu (10,0 mg/kg) DX kezelés hatasa-
nak id6beli lefutasat. Ehhez BALB/c egér oltasa utan 0,5, 1, 2, 4, 8, 12 és 24 éraval meghata-
roztuk a timocitak abszolit szamat (5. tablazat) és sejtfelszini kettGs fluoreszcens jelolést
(anti-CD4-PE és anti-CD8-CyChr) kovetGen az egyes timocita alcsoportok aranyat (23. abra).

Egyszeri 10,0 mg/kg do6zist DX kezelés hatdsara 24 6ra alatt a DP timocitdk aranya jelent6-
sen csokken (83,2%-r6l 44,9%-ra), mialatt az érett CD4 SP és CD8 SP populacié relativ do-
minancidja alakul ki (CD4 SP: 10%-r6l 36,1%; CD8 SP: 3,1%-r6l 9,8%-ra).
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23. abra: Egyszeri 10,0 mg/kg do6zisi DX kezelés timusz sejtes osszetételére gyakorolt

hatasanak idobeli lefutasa.
Az oszlopok harom fiiggetlen kisérletben meghatarozott atlagos timocita populdcicaranyt jelélnek.

5. Tablazat. Egyszeri magas dézisi (10,0 mg/kg) DX kezelés total timocita sejtszamara
gyakorolt hatasanak idébeli lefutasa.

Id6 Ctrl  0,5h  1h 2h 4h 8h 12h  16h  20h  24h

DX 10,0 mg/kg

(108 sejt/timusz)

142,8 144 148 102,8 113,4 59,2 37,8 31,6 294 26,8

Az értékek 10° sejtet jelentenek és harom fiiggetlen kisérletben meghatarozott atlagos abszolit timocita
sejtszamot jel6inek.

Az abszollt timusz sejtszamot is meghatdroztuk minden id6pontban. 24 éraval a nagy dézi-
st DX kezelést kovetGen az atlagos sejtszam 142,8 milliorél 26,8 milliéra csokkent (5. tab-
lazat). Megallapithatjuk, hogy az egyszeri nagy dozisi DX kezelés sejtszam csokkentS hata-
sa mdr 2 o6raval a beadds utan megfigyelhetd, és 24 6ra elteltével még mindig nem emelke-
dik a timusz 6ssz sejtszama.

Az egyszeri nagy dozisi DX hatas vizsgalatdra ezért egy masik kisérletet is végeztiink,
amelyben 15 napig kovettiik az egyes timocita populacidk nagysaganak alakulasat az in vivo
10 mg/kg DX kezelést kdvetGen (24. abra).
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24. abra: Egyszeri 10mg/kg DX kezelés hatdsa az egyes timocita alcsoportok

abszolut szamara.
Vizszintes tengelyen a napok, a fiiggblegesen a sejtszam x10° keriilt dbrdzoldsra, Az abran 3 parhuzamos
mérésnek egy reprezentativ kisérleti eredményit abrazoltuk.

Az el6z6 kisérlet eredményeivel egyez6en minden timocita popouldciéban nagymértéki
sejtszdm csokkenés kovetkezett be. A legnagyobb sejtszam depléciét a 4. napon tapasztal-
tuk. Ezt kovetSen kezd6dott a timusz repopulacidja, mely a 15. napra szinte teljesen végbe-
ment és a kiindulasi allapothoz képest mar nem tapasztaltunk szignifikans eltérést egyik sejt-
csoportban sem.

5.3. A GC HATAS GATLASA TIMOCITAKON

5.3.1. IN vivo GR ANTAGONISTA KEZELES HATASA A TIMUSZ SEJTES
OSSZETETELERE

A GC-k és GC analdgok altal indukalt timusz involici6 a sejtek apoptézisa miatt kovetkezik
be. Ennek pontos molekularis mechanizmusa nem tisztazott. A GC-k hatdsa konvenciondli-
san a citoszolban taldlhaté GR-on keresztll érvényesiil. Ezek a receptorok blokkolhat6k
antagonistakkal. A receptor kozvetitette GC hatést kisérleteinkben a nem specifikus RU486
és a GC specifikus RU43044 antagonistakkal blokkoltuk. A RU486 hatasa ugyanis abban
nyilvanul meg, hogy megakadalyozza a GR ligand kotodést kovetd transzlokdcidjét a sejt-
magba (Distelhorst CW., 1990).

A genomikus konvenciondlis GC jelatviteli it megakadalyozasara BALB/c egereket 2 napon
at 12 oranként oltottunk 1 mg/kg RU43044 glukokortikoid receptor antagonistdval 6nmaga-
ban, illetve kombindciéban 20 mg/kg DX-al. A kezelések utdn 24 éraval sejtfelszini fluo-
reszcens jeloléssel és dramldsi citometrids analizissel meghataroztuk a timuszok sejtszamat
és az egyes timocita alcsoportok aranyét. Az el6z6ekben mar részletezett hatdsa volt a DX
kezelésnek mind a sejtszamra (Kontroll: 110 milli6, DX 20mg: 10 millié timocita), mind a
sejtes Osszetételre, melyet nem befolyasolt az egyidejlleg adott glukokortikoid antagonista
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kezelés (DX 20mg + RU43044: 7 millié timocita). Az RU43044 kezelésnek nem volt hatdsa
sem az abszol(t sejtszamra (RU43044: 106 milli6 timocita), sem az egyes timocita popula-
ciok ardnyéra (25. dbra). Onmagdban az in vivo RU486 kezelésnek sem volt hatdsa sem a
timuszok abszollt sejtszamara, sem a sejtes Osszetételre (nem abrazolt eredmény). Ezek
alapjan a GC-ok pro-apoptotikus hatasa, a DP sejtekben, filiggetlennek tlinik az aktivalt GR
sejtmagba torténd transzlokaciojatol, mely felveti a lehetGségét a nem-genomikus jelatviteli
folyamatoknak ezekben a sejtekben.
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25. abra: Az egyes timocita alcsoportok aranyanak valtozasa RU43044, 20mg/ttkg DX,

illetve kombinalt kezelés hatasara.
Az oszlopok a timocita populacick dtlagos szdzalékos aranyat mutatjak, az értékek harom flggetlen kisérlet atlag
eredményei.

5.3.2. GR ANTAGONISTA HATASANAK ES A GC SZINTEZIS GATLASANAK IN
VITRO VIZSGALATA

A tovabbiakban kivancsiak voltunk, hogy milyen szerepe van a cTEC altal lokalisan termelt
GC-nak a DP timocitdk talélésében. A lokalis GC szintézis gatlasat 1-2 napos BALB/c egerek
timusz lebeny szovetkultdrdjan viszgaltuk in vitro, melyeket 24 6ran at kezeltiink 107 mol/I
DX-al, RU43044 GR antagonistaval, a ketté kombindacidjaval vagy a cortisol szintézis gatld
Methyraponnal.

Eredményeink szerint a DP sejtek esetében mind a DX kezelés, mind a lokdlis GC szintézis
hidnya (Methyrapon) szignifikans abszolut sejtszam csokkenést okozott a kontroll 4llapothoz
viszonyitva (Ctrl: 27,3 + 5,2 x 10° DP sejt, Methyrapon: 5,1 + 2,3 x 10° DP sejt, DX: 6,0 +
2,7 x 10° DP sejt). Az RU43044 GR antagonistanak 6nmagaban nem volt szignifikdns hatasa
a DP sejtszamra (24,6 + 6,1 x 10° DP sejt), és kombinalt kezelésnél nem gétolta a DX hatast
(5,8 £ 2,4 x 10° DP sejt) (26. abra).
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26. abra: 24 6ran at in vitro inkubalt timusz szovet kultiraban a talélé DP sejtek szamanak
alakulasa DX, GC szintézis gatl6 (Methyrapon) és GR antagonista (RU43044) kezelések

hatasara.
(* p < 0,05 a kontrollhoz viszonyitva).

Ezzel in vitro szbvetkultdran is bizonyitottuk, hogy a GC-ok timocitdkra gyakorolt pro-
apototikus hatdsa nem fliggeszthetd fel a receptor sejtmagba torténé tranzlokacié gatlasaval,
vagyis a GC jelatvitel nem a klasszikus genomikus Gtvonalon zajlik, valamint azt is, hogy
ugyanakkor az endogén GC hormon jelenléte sziikséges a DP timocitak pozitiv szelekciéja
soran a sejtek taléléséhez.

5.3.3. A KOLCSONOS ANTAGONIZMUS VIZSGALATA: GC ES TCR AKTIVACIO
EGYUTTES HATASA A TIMOCITAKON

A tovabbiakban azt szerettiik volna vizsgalni, hogy a TcR aktivacié hogyan befolyasolja az
in vivo GC kezelés timocita sejtpusztité hatasat. A kett6s antagonizmus modell szerint a
timusz kéregdllomanydban a cTEC sejtek 4ltal termelt GC sziikséges a DP timocitdk TcR
indukalta apoptotikus hatdsdnak megakadélyozésira. Onmagaban mindkét jeldtviteli Gtvo-
nal aktivacidja a sejtek apoptézisat okozza, de a két jelatviteli Gtvonal 6sszekapcsolodasa a
sejtek talélését eredményezi.

Az apoptdzis meginduldsanak egy korai jele a sejtmembran aszimmetridjanak megvaltozasa,
és a foszfatidil szerin (PS) molekuldk athelyez6dése a sejtmembran bels6é oldalarél a sejt
kiils6 felszinére. Ezt Annexin-V, egy foszfolipid koté fehérje segitségével jelolhetjiik, amely
szelektiven a kotédik a korai apoptotikus sejtek felszinén megjelené PS-hez. Az apoptotikus
folyamat el6rehaladdsa soran a sejtek membran integritdsa is sériil, ateresztévé valik. Az
ilyen kés6i apoptotikus sejtek detektdldsra a propidium jodid (Pl) molekulat hasznaltuk,
amely szabadon &tdiffundalva a sejtmembranon intracellularis nukleinsavakhoz kotédve
narancsvoros szinben (FL-2) fluoreszkdl. llymédon 4 sejtcsoportot tudunk elkiiloniteni: él6
(Annexin-V- / Pl-), korai apoptotikus (Annexin-V+ / Pl-), késGi apoptotikus (Annexin-V+ /
Pl+) és nekrotikus sejteket (Annexin-V-/ Pl+) (27. abra).
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27. abra: Korai és késoi apoptotikus sejtek vizsgilata Annexin V-FITC / Pl jeloléssel kontrol

(A) és DX kezelt timocita mintakon (B).

(A) Kezeletlen allat timuszaban is talalhatéak Annexin V pozitiv (korai apoptotikus) sejtek (2,3%), és késéi
apoptotikus (Annexin V és Pl kettés pozitiv) sejtek (4,5%). (B) 10 mg/kg DX kezelést kévetéen 24 draval végzett
Annexin V / Pl jel6lés eredménye: 3,5 % korai és 42,6 % kés6i apoptotikus sejt detektalhato. Az dbra egy
reprezentativ kisérlet eredményét mutatja.

5.3.4. DX £S ANTI-CD3 KEZELES HATASA BALB/C EGER TIMOCITAINAK
APOPTOZISARA

A GC és TcR jelatviteli Gtvonal aktivaciéjat in vivo alacsony dozisi (0,2 mg/kg) DX és anti-
CD3 (5 pg/egér) kezeléssel modeleztiik, majd vizsgaltuk az apoptotikus markerek megjele-
nését BALB/c egerek timuszaban, csak anti-CD3, csak DX és kombinalt anti-CD3 + DX ke-
zelés utan 24 6raval. Mindharom kezelés hatasdra mind a korai, mind a késGi apoptotikus
sejtek ardnya megnétt a kontrol mintdkhoz képest (28. dbra).

80% | . - B Késdi apoptotikus

| S
e [] Korai apoptotikus
40% | -
| [ EIb sejt
20% ‘
o% —L — l

Ctrl DX aCD3 DX+
a-CD3

28. abra: Egyszeri 0,2 mg/kg dézist DX, anti-CD3 és kombinalt in vivo kezelés hatasa
BALB/c egerek timocitainak apoptozisara.

A csak DX (28% korai, 22% késdi) illetve csak anti-CD3 kezelés hatdsdra megfigyelhets
apoptotikus sejtaranyokhoz (21% korai, 18% késGi) viszonyitva a kombinalt kezelés hatasara
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kisebb mértékil apoptdzist talaltunk (7% korai, 17% késGi apoptotikus sejt). Tehat a kombi-
nalt kezelés egyiitt kivédte a DX, illetve az anti-CD3 antitest apoptézist indukdl6 hatasat. Ez

a két jelatviteli Gt osszekapcsolédasat jelzi, mely megfelel a kolcséonds antagonizmus mo-
dellnek.

5.3.5. ANTIGEN ES DX EGYUTTES HATASA TCR TRANSZGENIKUS EGER
TIMOCITAINAK KORAI APOPTOTIKUS FOLYAMATAIRA

A GC és TcR aktivacié apoptézist kivalté hatasat vizsgaltuk az AND TcR transzgenikus
egérmodelliinkdn is. In vivo nagy dézisG (10,0 mg/kg) DX kezelés mellett 6nalléan és kom-
bindcidban anti-CD3 és PCC kezelést alkalmaztunk az egereknél a fentebb mar emlitett pro-
tokollnak megfelelGen. Eredményeink értékelésénél csak az Annexin V pozitivitast vizsgaltuk

az AND transzgenikus egér két legnagyobb timocita csoportjdban, a DP és CD4 SP popula-
ciéban.
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29. abra: TcR aktivacio és DX kezelés egyiittes hatasa a DP és CD4 SP timocitak
apoptozisara.

Az oszlopdiagramok az atlagos Annexin V pozitiv sejtek aranyat + S.D. mutatjak in vivo PCC, anti-CD3, DX,
illetve kombindlt kezelések utdan a DP (A) és a CD4 SP (B) populacioban. Az eredmények harom fiiggetlen
kisérletbdl szamitott értékek. * p < 0,05 a kontrollhoz viszonyitva, # p < 0,05 a magas (10,0 mg/kg) dézisd DX
kezeléshez viszonyitva.Boldizsar F. et al. Immunology Letters, 2003.

A kezeletlen AND TcR-TG egerek timuszdban a DP timocitdk 4.45 + 0.64%-a korai
apoptotikus (Annexin-V pozitiv), amely ardny szignifikinsan megnétt mind a PCC antigén
(29.18 + 13.37%), mind az anti-CD3 (27.63 + 10.28%) és a 10,0 mg/kg DX kezelés utan
(30.76 + 2.38%). A kombinaciés kezelések bizonyos mértékig kivédték a GC és TcR aktiva-
ci6 okozta apoptdzist, amely ugyan kontrollhoz képest szintén szignifikainsan magasabb
volt, de az 6ndll6 kezelésekhez viszonyitva csokkent: DX + PCC (18.86 + 2.05%) illetve a
DX + anti-CD3 antitest egyiittes adagoldsara (21.59 + 1.66%) volt (29. dbra A).

Az érett CD4 SP sejtek 2.38 + 0.26%-a volt Annexin V pozitiv a kontroll, kezeletlen TcR
transzgenikus AND egértorzsben. Szignifikdnsan magasabb aranyd Annexin V pozitiv CD4
SP sejtet taldltunk DX (7.56 + 2.25%) és kombinalt PCC és DX (7.47 + 1.42%) kezelés utan.
Kevésbé emelkedett a korai apoptotikus CD4 SP sejtek ardnya anti-CD3 (4.85 + 0.43%) és
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PCC antigén (5.00 + 2.77%) kezelések hatasara, illetve anti-CD3 és DX kombinalt kezelés
utan (4.49 + 2.13%) (29. abra B).

Tehat a TcR transzgenikus AND egértdrzsben a TcR aktivacio és GC hatas egylittesen kivéd-
te egymads apoptotikus hatasat a DP timocitakban, ami alatdmasztja a DP tdlélésének kettGs
antagonizmus modelljét.

5.3.6. ANTIGEN ES DX EGYUTTES HATASA A TIMOCITAK KESOI APOPTOTIKUS
FOLYAMATAIRA

A mitokondriumok funkciéjaban bekovetkez6 véltozasok az intrinsic apoptdzis Gtvonal fo-
lyamataban egy olyan pontot jelentenek, ahonnan mar irreverzibilissé valik a folyamat. A
mitokondriumok funkciondlis aktivitdsanak vizsgdlatara jél alkalmazhaté a CMX-Ros festék,
melyet az intakt mitokondriumok fluoreszkdl6 molekuldvd alakitjak (Poot M., 1996). Az
AND TcR transzgenikus egértrzsben az el6z6 pontban emlitett kezelések utan vizsgaltuk a
DP és CD4 SP timocitak mitokondridlis funkcidjat.

A kezelések utan CMX-Ros festékkel inkubalva az allatok timocitait, azt talaltuk, hogy a
kontroll ~allatokban 21.18 + 5.2 % DP timocita volt CMX-Ros pozitiv (intakt
mitokondriummal rendelkez8). Ehhez viszonyitva minden kezelés szignifikansan (p < 0,05)
csokkentette az intakt mitokondrialis membran potenciallal rendelkezé sejtek aranyat. A
legkevesebb funkciondl6 mitokondriummal rendelkez6 DP sejtet az anti-CD3 (1.11 + 0.21
%) és a 10,0 mg/kg dozisi DX kezelés (0.55 = 0.11 %) utan taldltunk. Kombinalt kezelések
hatdsara (PCC+DX: 5.3 = 0.2; a-CD3+DX: 5.0 = 1.1 % DP sejt) novekedett az intakt
mitokondriummal rendelkez6 DP sejtek aranya (30. abra A, C).
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30. abra: Mitokondrialis funkci6 vizsgilata AND egér timocitaiban antigén, DX vagy

kombinalt kezelések hatasara.

Az dramlasi citometrids hisztogramok a DP (A) és a CD4 SP (B) timocitak CMX-Ros fluoreszcencia intenzitdsat
mutatjidk. Minden diagramon felt(intettiik az intakt mitokondriummal biré timocitdk ardanyat. Az oszlopok a
magas CMX-Ros fluoreszcencia intenzitdsd (intakt mitokondriummal rendelkezé) timocitdk &atlagos aranyat
mutatjak a DP (C) és a CD4 SP (D) populacickban. Az eredmények harom fliggetlen kisérletb6l szamitott
értékek. A két populdciéban kiilbnb6zé skalaja az y tengely! * p < 0,5 a kontrollhoz viszonyitva, # p < 0,05 a
magas dozisu DX kezeléshez viszonyitva.

A CD4 SP sejtpopuldciéban minden kezelés szignifikansan (p < 0,05) csokkentette az intakt
mitokondrialis membran potencidllal rendelkezé sejtek aranyat a kezeletlen kontrollhoz (54
3% CD4 SP sejt) viszonyitva. PCC kezelés utan 21,2 + 2,7 %, anti-CD3 kezelés utan 13.5
+ 5.6%, 10,0 mgkg doézisi DX kezelés utdn pedig 12.1 + 3.2% volt az intakt
mitokondriummal biré, érett sejtek aranya. A PCC + DX kombindlt kezelés szignifikans mér-
tékben tudta kivédeni a DX kezelés mitokondrium karosité hatdsat (27.7 + 7.4%), mig az
anti-CD3 addasanak nem volt ilyen mértékl a véd6 hatasa a DX kezeléssel kombindlva a
CD4 SP sejteknél (15.6 + 2.3%) (30. abra B, D).

H

+

Az apoptozis effektor fazisat jelzi az aktivalt Caspase-3 megjelenése, melyet FITC-el konju-
galt, csak a hasitas utdn kialakul6 formara specifikus monoklondlis antitesttel vizsgaltuk
aramlasi citometriaval. Az AND TcR transzgenikus egérmodellen in vivo antigén (PCC) és
DX valamint kombinalt kezelések utan 24 éraval. CD4/CD8 sejtfelszini jelolésekkel csak a
DP populdcidban taldlhaté aktivélt Caspase-3 szintet hatdroztuk meg.
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31. abra: Caspase-3 aktivaci6 AND TcR transzgenikus egér DP sejtjeiben PCC, 10,0 mg/kg

dézisti DX és kombinalt kezelés utan.

Az oszlopok harom fiiggetlen kisérletbél szamolt atlagos Caspase-3 pozitiv DP sejtek ardnyét és S.D. értékeit
mutatjgk. * p < 0,05 a kontrollhoz viszonyitva, # p < 0,05 a 10,0 mg/kg dézisi DX kezeléshez viszonyitva
Pélinkas L. et al. Immunbiology 2008..

Kontroll DP timocitak 1,31 + 0,55 %-ban talaltunk aktivalt Caspase-3 fehérjét. PCC kezelés
hatdsdra 2,59 + 0,25, % volt a pozitiv sejtek aranya, amely nem volt szignifikdns ndvekedés.
10,0 mg/kg DX kezelés hatdsdra az aktiv Caspase-3 pozitiv sejtek ardnya szignifikdnsan nét
(81,46 = 4,12%), mig a kombindlt PCC és DX kezelés esetében mind a kontroll 4llapothoz
képest ugyan szignifikdnsan nétt, de a DX kezeléshez képest szignifikdnsan alacsonyabb
aranyu aktivalt Caspase-3 pozitiv DP sejtaranyt kaptunk (21,08 + 0,54%). Tehat a kombinalt
PCC és DX kezelés megakadalyozta a DX kezelés Caspase-3 aktival6, azaz apoptdzist indu-
kalo hatasat. (31. abra).

Nem mutatjuk dbran, de vizsgalatainkkal bizonyitottuk, hogy a kombindlt kezelés, vagyis a
sejtek GC és TcR jelatviteli Gtvonalon torténd aktivacioja noveli a sejtek CD69 expresszidjat
(Berki et al. 2002) és a Bcl-2 pozitiv DP és CD4 SP sejtek aranyat és abszolut szamat is (Pa-
linkas et al. 2008), vagyis a kett6s szignal hatdsara aktivalédnak a sejtek és novekszik a tul-
él6 sejtek aranya és azok Bcl-2 upreguldcio révén keriilik ki az apoptoézist.

5.4. A GR SZEREPENEK VIZSGALATA A TIMOCITA APOPTOZISBAN

Az egyes timocita alcsoportok eltér6 GC érzékenységének hatterét kutatva els6ként kivan-
csiak voltunk az egyes timocita alcsoportokban talalhaté GR fehérje expresszié mértékére,
mivel az 6sszefliggésbe hozhatd a sejtek GC hormon érzékenységével.

5.4.1. AZ INTEZETBEN ELOALLITOTT ANTI-GR MONOKLONALIS ANTITESTEK
JELLEMZESE

Intracellularis GR jel6lésekhez a PTE Immunoldgiai és Biotechnoldgiai Intézetben kifejlesz-
tett anti-GR monoklondlis antitesteket haszndltunk (Berki et al., 1998), melyek a receptor
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regulatoros doménjében elhelyezkez6 a GR-re jellemz6 és mas szteroid receptorben nem
szerepl6 26 aminosav hosszisagl szekvenciaban elhelyezked6 epitopokat ismerik fel
(APTEK 26). A haszndlt IgG1 izotipusi klénok (8E9 és 5E4) mind a ligand kotott, mind a
szabad receptort képesek felismerni a citoplazmaban és sejtmagban egyarant (6. tablazat,
32. abra).

27 2

6. tablazat: Az Immunoldgiai és Biotechnolégiai Intézetben el6allitott monoklonalis
ellenanyagok jellemzése

anti-GR ELISA ELISA ELISA Wetern- Immun Aramldsi

mAbklon ~ APTEK26 = NP1-BSA = NP2-BSA | blot | citokémia | citometria = '20UPUS
8E9 +++ - ++ + + + gG1
5E4 +++ - - + ++ +++ gG1
3C8 ++ + + + ++ ++ [gM

Berki et al. JIM 1998.

32. dbra: Az anti-GR-FITC 8E9 ellenanyag reakcidja a citoplazmatikus és sejtmagi GR-al.
Az elsé kép a kezeletlen, a masodik 30 percig DX-al kezelt (piros nyil) HEPG-2 sejtek GR jel6l6dését mutatjak
(Berki et al. JIM 1998.)

5.4.2. GR EXPRESSZIO A KULONBOZO TIMOCITA ALCSOPORTOKBAN

Sejtfelszini és intracelluldris jeloléssel el6zetes szepardlas nélkil tudtuk a négy kiilonb6zé
érettségli timocita alcsoport (DN, DP, CD4 és CD8 SP) GR expresszi6jat vizsgalni aramlasi
citométerrel. Ehhez sejtfelszini anti-CD4-PE és anti-CD8-CyChr, valamint intracellularis anti-
GR-FITC jelolést végeztiink. A sejteket aramlasi citométer segitségével analizaltuk: a sejtfel-
szini jelolésekkel azonositott egyes timocita alcsoportokban az FL-1 fluoreszcencia intenzi-
tasbol hataroztuk meg az atlagos GR expressziot.

A GR expresszié RT-PCR vizsgalatat FACSVantage késziilékkel szeparalt a CD4/CD8 jelolés-
sel elkilonitett DN, DP és CD4 ill. CD8 SP 98%-ndl nagyobb tisztasagu timocita alcsoport-
okban végeztiik.

Eredményeink szerint fiatal (3-4 hetes) BALB/c egerek timocita alcsoportjaiban eltér§ mér-
tékben expresszalédik a GR (33. dbra). Az érett CD4 SP sejtek mérsékelten kevesebb GR-t
talaltunk, mint a CD8 SP sejtekben, melyet alatimasztanak human periférids vérmintan el-
végzett vizsgalataink eredményei is (nem dbrazolt eredmény).
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33. abra: GR expresszié BALB/c egér timocita alcsoportjaiban. (A, B)

Aramlasi citometrids anti-GR-FITC jeléléssel a 4 timocita alcsoportban vizsgaltuk a GR atlagos fluoreszcencia
intenzitast, amely ardnyos a GR fehérje mennyiségével, (C) mRNS szinten az egyes timocita alcsoportok FACS
szeparaldsat kévetéen hatdroztuk meg a GR expressziot. A GR MFI értékek harom figgetlen kisérlet atlagat
jelentik. * p < 0,05, mig az RT-PCR egy reprezentativ kisérlet eredményét mutatja.

A CD4+CD8+ (DP) timocitak a tobbi populaciéhoz képest szignifikdnsan alacsonyabb mér-
tékben expresszaljdk a GR-t (33. A és B abra). Azonos eredményeket kaptunk RT-PCR méré-
sekkel is a GR mRNS szint(i expresszidjat vizsgalva (33.C. abra).

5.4.3. AND TRANSZGENIKUS EGER TIMOCITA ALCSOPORTJAINAK GR
EXPRESSZIOJA

AND TcR transzgenikus egérmodellen is vizsgdltuk a GR expressziét a kiilonb6z6 timocita
alcsoportokban intracelluldris jel6lést kdvetd daramlasi citometrids analizis segitségével.

A BALB/c egérmodellen kapott eredményeinkhez hasonl6an a DN sejtekben volt a legmaga-
sabb (160,5 + 17,7 MFI), mig a DP sejtekben a legalacsonyabb (55.9 + 2.8 MFI) a GR
expresszid. A BALB/c egerekhez képest azonban a transzgenikus AND egerek érett timocitai
az éretlen DN sejtekhez képest szignifikdnsan kevesebb GR-t expresszaltak (CD4 SP sejtek:
94,6 = 15,1 MFI, CD8 SP sejtek: 91,8 + 17,2 MFI) (34. abra).
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34. dbra: GR expressziéo AND transzgenikus egér timocita alcsoportjaiban.

(A) A négy f6 timocita alcsoport megoszldsa kezeletlen AND egér timuszaban. (B) Az dramlasi citometrids
hisztogramok az egyes alcsoportokban megfigyelheté anti-GR-FITC atlagos fluoreszcencia intenzitdst (MFI)
mutatjdk. Az egyes hisztogramokon feltlintettik a hdrom fiiggetleniil elvégzett kisérlet egy reprezentativ
eredményét. (C) Az oszlopok harom fiiggetlen kisérlet eredményeib6l szamolt atlagos GCR expressziot (MFI) +
S.D. mutatjak az egyes timocita alcsoportokban (* p < 0,05 a DN populdcichoz viszonyitva; # p < 0,05 a CD4
SP és CD8 SP populacickhoz viszonyitva

5.4.4. ISMETELT IN VIVO DX KEZELES HATASA A TIMOCITA ALCSOPORTOK GR
EXPRESSZIOJARA

A timusz sejtes Osszetétele mellett az egyes timocita alcsoportok atlagos GR expresszidja is
valtozott a kiilonb6z6 dézist in vivo DX kezelések hatasara BALB/c egérben. A kisérleti alla-
tokat 4 napon keresztil oltottuk 20,0, 2,0, illetve 0,2 mg/kg DX-al, majd a fent emlitett jelo-
lési kombinaci6 és dramlasi citometrids analizis segitségével az egyes timocita alcsoportok-
ban meghatdroztuk az atlagos GR expressziét.

Mint azt mar bemutattuk el6z6 kisérleteink alapjan, a DX kezelés hatdsara nagymértékben
csokkent a timusz Gssz sejtszama és az egyes populacidk aranya is megvaltozott. A taGlél6
CD4 SP, CD8 SP és DN sejtek eredetileg magasabb GR expresszidja 4 napos kezelés végére
dézis-fliggd mértékben jelentdsen lecsokkent. Ugyanakkor a DP sejtekben, ahol a kiindulas-
nal is alacsonyabb GR expressziéo mérhetd az ismételt DX kezelés a tilélé DP sejtekben nem
okozott szignifikdns GR expresszié valtozast.(35. dbra).

73



dc_1343 16

90 -
80 { -
70 1 [ B T
60
50 e P<0.05
40 *

30 i
20
10

a-GR-FITC MFI

DN

DP
CD4 SpP

CD8 SP

Ctrl 0.2 20 200
mg/kg DX

35. abra: A GR expresszi6 valtozasa timocita alcsoportokban kiilonb6z6 dézisi DX kezelés
utan 24 é6raval.

Sejtfelszini és intracelluléris jelléssel meghatdrozott GR atlag fluoreszcencia intenzitisok (MFI) az egyes timocita
alcsoportban. Az értékek harom fliggetlen kisérlet atlag eredményei. * p < 0,05.

I
(1l WO

5.4.5. EGYSZERI NAGY DOZISU DX KEZELES HATASA A GR EXPRESSZIORA

Ugyancsak vizsgaltuk egyszeri nagydé6zisu (20 mg/kg) in vivo GC kezelés utdn 24 éraval a
timocita alcsoportokban a ligand indukdlta GR expresszié valtozast mind fehérje, mind
mRNS szinten. Az el6bbihez a sejteket CD4/CD8 sejtfelszini jelolést kovetGen
intracellularisan jel6ltik anti-GR-FITC ellenanyaggal és a GR atlag fluoreszcencia intenzita-
sokat hasonlitottuk 0ssze az egyes timocita alcsoportokban. Az RT-PCR vizsgalathoz a 4
timocita sejtcsoportot CD4/CD8 jel6lés alapjan szeparaltuk FACSVantage sejt sorterrel és az
igy kapott sejtekbdl vizsgaltuk a GR mRNS mennyiséget. Mind fehérje, mind RNS szinten
vizsgdlva jol megfigyelhet6 a DN és CD4/CD8 SP sejtekben a GR ligand indukdlta homolog
downregulaciéja, mig a DP sejtekben ez hidanyzik (36. dbra).
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36. abra: A GR expresszi6 valtozasa timocita alcsoportokban nagydézisi DX kezelés utan
24 oraval. (A)
Szeparalt timocita alcsoportok GR mRNS expresszidja. (B) Sejtfelszini és intracellularis jelbléssel meghatdrozott

GR atlag fluoreszcencia intenzitisok (MFI) az egyes timocita alcsoportban. Az értékek harom fiiggetlen kisérlet
egy reprezentativ eredményét abrazoljak.
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Ennek egyik lehetséges magyardzata, hogy a timuszban taldlhaté DP timocitak a lokalis GC
termel6 cTEC sejtek kornyezetében differencidlédnak. Feltételezhetd, hogy ez az oka, hogy
a tobbi timocita sejtcsoporthoz képest benniik a legalacsonyabb a GR expresszid, mégis
ebben differencidlédési stadiumban érzékenyebbek a GC indukdlt apoptédzisra (Berki T.,
2002). Ezt erGsiti azon megfigyelésiink is, hogy ebben a sejtcsoportban magas a Dig2 (DX-
indukalt gén) és alacsony a Bcl-2 expresszidja (Boldizsar F.. 2006) (Eredményeket nem mu-

tatjuk).

I1. A DP TIMOCITAK GR JELATVITELI UTVONALA ES
APOPTOZIS MECHANIZMUSA

5.5. A GR LIGAND INDUKALT LOKALIZACIOJANAK VIZSGALATA
DP SEJTEKBEN

Kordbbi munkank sordn flow cytometrias mérésekkel és kvantitativ PCR-al is igazoltuk, hogy
a DP-sejtek expresszdljak a GR-t a legalacsonyabb szinten, ami latszélag ellentmonddsban
van nagy GC érzékenységiikkel. A GC indukalt GR downregulacié hianya ebben a sejtcso-
portban, valamint a GR anatgonista hatdsdanak az elmaradasa a DP timocita apoptdzisaban
ugyancsak felveti a GC nem-genomikus hatasmechanizmusat ezeken a sejteken. Ezért els6-
ként vizsgdlni kivantuk a GR szubcellularis megoszldsat a DP sejtekben.

5.5.1. A GR SEJTEN BELULI ELOSZLASANAK/MORFOLOGIAJANAK JELLEMZESE A
TIMOCITA ALCSOPORTOKON KONFOKALIS MIKROSZKOPIAVAL

A GR intracellularis eloszlasanak viszgalatdhoz a CD4/CD8 sejtfelszini jelléssel elkiilonitett
négy timocita alcsoportban els6ként a GR-FITC és CMX-ROS mitokondrialis fest6dését vizs-
galtuk (37. adbra). Aramlasi cytometridval, valamint RT-PCR-ral kapott eredményeinkhez
hasonléan, a konfokalis mikroszképos vizsgélattal is meger&sithetjik, hogy a DP-sejtekben
(magenta) expresszalodik a legkevesebb GR az éretlen DN és az érett CD4 (kék), valamint a
CD8" SP (voros) sejtekhez viszonyitva. Emellett eltérs festédési mintdzatot is talaltunk. Osz-
szehasonlitottuk a két legnagyobb timocita alcsoport, a DP-sejtek (70-80%) (magenta) és a
CD4* SP-sejtek (10-15%) (kék) GR expressziéjanak morfolégidjat is (38. dbra). Az abra E és F
részén lathatd, hogy a DP sejtek sokkal kevesebb GR-t tartalmaznak, mint a CD4* SP-sejtek,
valamint a DP-sejtekben a GR eloszlasa granularisabb, a CD4* SP-sejtekében pedig homo-
génebb. A DP-sejtek granularisabb jellegl fest6dési mintdzata utalhat arra, hogy a GR ezek-
ben a sejtekben mitokondridlis elhelyezkedés(l lehet. A CMX-Ros mitokondrialis festék és a
GR kozotti atfedést mind a 4 timocita alcsoportban megvizsgaltuk és minden sejtcsoportban
talaltunk bizonyos szint(i kolokalizaciét (37. abra).
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GR
CcDh4 -+

CDs8 GR CMX-Ros CMX-Ros

e

37. abra: A négy timocita alcsoport- DIC (differencial interferencia kontraszt), CD4 és CD8
sejtfelszini festédés alapjan DN, DP (magenta), CD4 SP (kék), CD8 SP (piros) GR

expresszidja (zold) és CMX-Ros festddése (narancs),
illetve az Osszegzett képeken (5. oszlop paneljei) a CMX-Ros — GR kolokalizacié lathats, amely sarga szinnel
dbrazolodik (fehér nyilakkal jeloltiik). Talabér et al. Int Immunol. 2009.

DIC CD4, CD8 GR

38. abra. DP és CD4 SP sejtek GR-expresszidjanak morfoldgiai jellemzése konfokalis

mikroszkdpiaval.

Egy latotér atnézeti képe (A-C), melybdl reprezentativ sejteket abrazoltunk (D-F). A magenta szind DP (E)
sejtekben Osszehasonlithatoan kevesebb a GR expresszio (F), mint a kékkel abrdazolédé CD4 SP sejtekben,
valamint benniik homogénebb mintazat figyelheté meg.
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5.5.2. DP SEJTEKBEN ROVID IDEJU DX KEZELES HATASARA A GR A
MITOKONDRIUMBA TRANSZLOKALODIK

CD4 CMX-
CcD8 Ros

38. abra: DP-sejtek GR és CMX-Ros kolokalizacidja kezelés nélkiil (A) és in vitro DX

kezelés utan (B).

5 kontroll és 5 DX-kezelt reprezentativ DP sejtet abrdzoltunk. A GR DX-kezelés hatdsara a mitokondriumba
transzlokalédik, azonban a magban nem jelenik meg DP sejtekben. A GR-mitokondrium kolokalizdcié sarga
szinnel abrazolédik (fehér nyilakkal jeloltik). Talabér et al. Int. Immunol. 2009.
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A DP sejtekben tovabb analizaltuk a CMX-Ros és a GR kozotti morfoldgiai kapcsolatot és
érdekes moédon azt talaltuk, hogy in vitro 30 perces DX kezelés hatasara a GR féleg a
mitokondriumba, nem pedig a sejtmagba transzlokal6dott (38. abra). Az abran 5 kontroll (A)
és 5 DX-kezelt (B) DP-sejtr6l készitett felvétel lathatd. A CMX-Ros és GR kolokalizalt teriile-
teket sdrga szin jelzi.

Ha)les-¢HZ 19y

@oyles ¢-ds

sejtekben.

Az RBL2H3-sejtekben mar 10 perc utan megfigyelheté volt a GR magi transzlokacicja néhany sejtben (nem
abrazoltuk), amely 30 perc utan a sejtek kézel 100 %-daban lathaté volt. Az Sp2-sejtekben a GR 30 perc utan
sem transzlokédlodott a sejtmagba. A sejteket morfolégiai kontrollként hasznaltuk.

Mivel a GR a DP-sejtekben nem transzlokalédott a sejtmagba, ezért morfolégiai (és mod-
szertani) kontrollként ugyanazon protokoll szerint elvégeztiik a jeloléseket két sejtvonalon is:
Sp-2 egér myeloma- és RBL2H3-patkany leukémia sejtvonalakon (39. dbra). Az Sp-2 sejtvo-
nalban a GR nem transzlokdl6dott a magba 30 perces DX-kezelés hatdsara. Az RBL2H3-
sejtvonalban a GR mar 10 perces DX expozicié utan a sejtmagba transzlokalédott, ez 30
perces expozicié utdn mar teljes volt, tehat médszeriink alkalmas a GR transzlokacié
szubcellularis morfolégiai vizsgélatara.

5.5.3. A GR MITOKONDRIALIS TRANSZLOKACIOJANAK KVANTIFIKALASA DP
SEJTEKBEN

Ahhoz, hogy a GR mitokondridlis transzlokaciéjanak valtozasat kvantitativ médon kovetni
tudjuk, tobb latétérben véletlenszerlien kivédlasztott 100 kontroll és 100 DX-kezelt DP-
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sejtben a CMX-Ros és a GR csatorndban is detektalhat6, kolokalizalt pixeleket meghataroz-
tuk az ImageJ szoftvercsomag kolokalizaciés pluginje segitségével (40. abra).

Frdekes, hogy a kontroll sejtekben is megfigyelhet volt bizonyos mitokondridlis GR
kolokalizaci6, amely valészinlileg azzal magyardzhat6, hogy a timocitak a timuszban egy
GC-gazdag mikrokérnyezetben taldlhatéak, ami mar in vivo mitokondridlis GR lokalizaciét
eredményezhet. Egy masik lehetséges magyarazat az lehet, hogy egy GR frakcié eredend6en
a mitokondriumban is megtaldlhaté, mint ahogy azt egyes sejtvonalakban is leirtak (Scheller
K., 2000) .

500 ]

400 -

300 - actrl
mDX

Mitokondrium-GR kolokalizalt
pixelek szama

DP sejtek

40. abra: Az oszlopdiagramok a DP sejtekben konfokdlis mikroszképpal észlelt
mitokondrium (CMX-Ros) —GR kolokalizalt pixelek abszolit szamanak atlagat + SD
mutatjak.

Az olddszerrel kezelt sejtekben is talaltunk alapszintl kolokalizaciét, amely in vitro DX kezelés hatasara
szignifikansan nétt (*, p<0,05) Talabér G., et al. 2008.

5.5.4. A TIMOCITA ALCSOPORTOK MITOKONDRIALIS FUNKCIOJANAK
VIZSGALATA CMX-ROS FESTESSEL

A CMX-Ros dramldsi cytometrids mérésre is hasznalhato, hiszen a fluoreszcencia intenzitas
(MFI) a mitokondrialis membranpotencialtdl fiigg. Sejtfelszini jel6lésekkel kombinalva meg-
hataroztuk az egyes timocita alcsoportokban a CMX-Ros atlag fluoreszcencia intenzitdst,
amely a DP sejtekben bizonyult a legalacsonyabbnak Osszehasonlitva a DN, valamint a
CD4* és a CD8* SP sejtekkel (41. abra A és B).

Mivel a DP sejtek a legérzékenyebbek a GC kivaltott apoptosisra, ezért vizsgaltuk a CMX-
Ros MFI valtozasokat a DP-sejtekben DX hatasara (42. abra A és B). Harminc perc DX-
kezelés hatasara szignifikins CMX-Ros MFI csokkenést tapasztaltunk a DP-sejtekben, ami
valészindleg a mitokondridlis funkcié romlasanak egyik korai indikatora.
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41. abra: Timocita alcsoportok CMX-Ros jelolodése.

A timocita alcsoportok kéziil a DP sejtekben a legalacsonyabb a CMX-Ros atlag fluoreszcencia intenzitds (MFI)
az éretlen DN és az érett CD4* SP és CD8* SP sejtekéhez viszonyitva. Az oszlopdiagramok az A panelen 3
fiiggetlen kisérlet atlagat + szordsat mutatjdk, a szignifikans kiilbnbségeket *-gal jeloltiik (p<0,05). A B panelen
egy-egy kisérlet reprezentativ hisztogramjai a timocita alcsoportok CMX-Ros jel6l6dését mutatjak.

100 - O Ctrl
=80 - M DX J
= Ctrl DX

DP

Sejtszam

e B 8 B ®

DP sejtek CMX-Ros MFI (FL2-H)

42. abra: A DP sejtekben 30 perces in vitro DX kezelés hatasara csokken a CMX-Ros atlag

fluoreszcencia intenzitas (MFI).
Az A panelen az oszlopdiagramok 3 kisérlet atlagat + szordsat mutatigk, a B panelen pedig egy kisérlet
reprezentativ hisztogramjai lathatoak. A szignifikans kilonbséget csillaggal jeloltik (p<0,05).

5.5.5. A GR MITOKONDRIALIS TRANSZLOKACIOJANAK MEGEROSITESE
SZUBCELLULARIS FRAKCIONALASSAL ES WESTERN BLOTTAL

Ahhoz, hogy a morfolégiai eredményeket Western-blottal is aldtamasszuk, a timocitakbol
citoplazma, mitokondrium és sejtmag frakciot izolaltunk. A szubcellularis frakcionaldst elvé-
geztiik mind teljes timocita szuszpenzién (minden alcsoport benne van), illetve késébb tisz-
titott DP-sejteken is. 3-4 hetes BALB/c egérben a timocitdk kb. 80%-a DP-sejt. A szeparalat-
lan sejtekben DX-kezelés hatdsara a GR szintje a citoplazmaban szignifikansan lecsokkent,
mig egy hatdrozott frakcié valt detektalhatévd a mitokondriumban és a sejtmagban (43. ab-
ra). Az er6s GR-reaktivitds a sejtmagban valészinlileg azzal magyardzhat6, hogy a tobbi
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timocita alcsoportban (DN, SP) jéval magasabb a GR-expresszi6, amely szignifikansan hoz-
zajarulhat a kapott magi reaktivitashoz.

A szubcelluldris frakcionalast megismételtik magneses sejtszeparalassal tisztitott DP-
sejteken is a sejtek tisztasdgat dramlasi cytometrids méréssel ellendriztiik (44. A. abra). Sike-
rilt igazolnunk, hogy a DP sejtekben a GR valéban csak a mitokondriumba transzlokélodik,

a sejtmagba nem (44. B . abra).

Citoplazma Mitokondrium Sejtmag

GR (94 kD) —»ﬁ

-aKtiN ———— |

43 kD) _

Cyt C (156 KD) — — —— |
Hiszton H1 —| - — — |
(34 kD)

- + - + - +
Cltoplazma Nlltokondrlum Sejtmag
v :9 * 3 A *
o1 2 -
29 25 4
z % rﬁ 101
&350 o L1 o L4
Ctﬂ Ctrl DX Ctrl DX

43. abra: A GR intracellularis eloszlasat szubcellularis frakciondlas utan Western-blottal is
megvizsgaltuk teljes timocita frakciéban.

A frakciok tisztasaganak ellenérzésére, illetve toltéskontrollként a citoplazma marker B-aktint, a mitokondrium
marker citokrom c-t, illetve a sejtmagi marker hiszton Hi-et alkalmaztuk. A képek egy reprezentativ Western-
blotot, az oszlopdiagramok pedig a denzitometrids adatok 3 kisérlet atlag = szoérasat mutatjak. A szignifikans
csOkkenést t-al, a ndvekedést pedig *-al jeloltiik.

A B Citoplazma Mitokondrium Sejtmag
Szeparalas Szeparalas GR - r—
elétt utan (94 kD) .

' _832] "l 93.0 cytc

' ] R 4 (15 kD)
o R . p-actin
L) 43 kD)
Qv ' .
o T 118 04| ° 40 Hiszton H1

m:n: 1;1= 1w 10" 10 ‘-u:n__ 10’ |.o.’ 10 10 (34 kD)

CD4-FITC ” DX - + - + . +

44. abra: A szubcelluldris frakcionalast megismételtiik pozitivan szelektalt DP-sejteken.
A tisztitott sejtek 93%-a volt DP-sejt (A), sejtfrakciondlas utani Western-blot eredménye a B panelen lathaté. DP
sejtekben DX kezelés hatdsara a GR csak a mitokondriumba transzlokalédott, a sejtmagba nem.
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5.6. A TIMOCITAK GC INDUKALT MITOKONDRIALIS APOPTOZIS
UTVONALANAK VIZSGALATA

Miutan tébb médszerrel is bizonyitottuk, hogy DP timocitdkban a ligand k&tés utdn rovid
id6vel a GR a mitokondriumban akkumulalédik, kivancsiak voltunk, hogy a citoplazmatikus
fehérjekomplexbdl felszabadulé GR kacsolddik-e a mitokondridlis apoptotézis Gtvonal elin-
ditasaért vagy gatlasaért felel6s Bcl-2 fehérjék valamelyikével, ill. vizsgdlni kivantuk, hogy az
apoptotikus kaszkad mely dtvonalai aktivalédnak rovid id6vel a DX kezelés utan
timocitakban?

5.6.1. A GR ASZOCIACIOJA A BCL-2 FEHERJECSALAD TAGJAIVAL

Mivel feltételeztiik, hogy a GR a mitokondriumban az apopt6zis kaszkadot proapoptotikus
fehérjéken keresztll aktivalhatja, valamint ligandkotés utan citoplazmatikus partnerérél, a
Hsp-90 fehérjérdl levélva, esetleg masik fehérjékkel kapcsolédik, ezért a tovabbi munkank-
ban a GR mitokondridlis transzlokaciéja soran lehetséges mitokondridlis fehérje célpontként
a Bcl-2 fehérjecsalad tagjai koziil a Bak és a Bax proapoptotikus fehérjéket, az anti-
apoptotikus Bcl-x, és a BH3-only fehérjék kozil a Bim viszonyat vizsgaltuk a GR-hez.

Els6ként megvizsgaltuk konfokalis mikroszképpal CD4/CD8 sejtfelszini jelolt DP sejtekben a
GR-FITC (zold) és a Bak, Bax, Bim, ill. a Bcl-x, (voros) kolokalizacié mértékét kezeletlen és
30 percig in vitro DX kezelt mintdkban. Mintanként 100-100 sejtben a voros-zold szinek
kolokalizalt pixeljeit szamoltuk és abrazoltuk oszlopdiagramon a konfokalis mikroszképos
képek mellett (45. abra). A DX kezelés nem okozott koloklaizaci6 valtozast a DP sejtekben
GR-Bax és GR-Bak esetében. Ugyanakkor fokozédott a GR-Bim és csokkent a GR-Bcl-x.
kolokalizacié mértéke a DX kezelt mintakban.

A kolokalizaciéval két molekula kozelségét tudjuk csak vizsgalni, de nem ad informdciét
azok valédi molekularis interakcidjarél. Ezért a tovabbiakban a GR kozvetlen kapcsolédasat
a Bcl-2 csalad egyes fehérjéivel immunprecipitacios kisérletekben ellendriztiik, mégpedig a
timocitakbdl izoldlt citoplazma és mitokondridlis sejtfrakciokban egyarant a kontrol és 30
percig DX-al kezelt mintdkban egyarant (47. dbra). Az anti-GR ellenanyaggal precipitalt
mintdkban kozvetlen molekularis asszociaciot talaltunk a GR és Bak, Bim és Bcl-x, moleku-
lakkal mind a citoplazma, mind a mitokondrialis frakciéban. A 30 percig DX kezelt mintak-
ban a GR-Bak és GR-Bcl-xL interakcié a citoplazma frakcidban novekedett, a
mitokondriumban csokkent, mig a GR-Bim molekuldris interakcié a mitokondrialis frakcio-
ban emelkedett. Kozvetlen GR-Bax molekuldris interakci6 nem volt megfigyelheté a
timocitak szubcellularis frakciéiban. Ugyanakkor a 30 perces DX kezelés hatasdra a Bax
mitokondridlis akkumulaciéjat figyeltik meg a szubcelluldris frakciok western blot
analizisével és konfokalis mikroszképpal egyrant, a Bax-CMX-Ros kolokalizacié emelkedé-
sével (46. abra).
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45. abra: GR és Bcl-2 csalad fehérjéinek, Bak, Bax, Bcl-x,, Bim kolokalizaciéja DP

timocitakban.

Reprezentativ konfokalis mikroszképos felvételek 3 fiiggetlen kisérletb6l, amelyek a GR - Bak (A1), GR - Bax
(B1), GR - Bcl-x. (C1) és GR - Bim (D1) ko-lokalizaciot mutatjak control (ctrl) és 30 perces DX kezelt sejteken.
DIC, CD4/CD8 egymasra helyezett (kék) intracellularis GR (z6ld) és Bak, Bax, Bcl-xi, Bim (v6rés) szinekben. A
GR (z6ld) és a Bak, Bax, Bcl-xiés Bim (piros) ko-lokalizaciot sarga szin jelzi.

A kolokalizacié mértékét pixelekben a képek melletti diagramokon tiintettiik 6! a GR - Bak (A2), GR - Bax (B2),
GR - Bcl-xi (C2) and GR - Bim (D2) a control és DX kezelt mintakban 100 DP sejtben mért pixelek atlag + SEM
értékeit (* P < 0.05).Prenek L. et al. Apoptosis 2016. kbzlés alatt
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46. abra: GC kezelés hatasara a Bax jelentds mitokondrialis akkumuldciéja figyelheto meg
DP timocitakban.

(A), A Bax megjelenése a citoplazma és mitokondrilis frakcioban DX kezeléssel és anélkiil. A relativ denzitasokat
aktin és citokrom C —hez normalizaltuk. (B1, B2) A DX kezelés hatdsdra fokozdédik a Bax - CMX-Ros
(mitokondridlsi) kolokalizacio. Prenek L. et al. Apoptosis 2016. kozlés alatt
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47. abra: A GR és a Bcl-2 fehérje csalad tagjainak asszociacidja timocitak citoplazma és
mitokondrialis frakcidiban kontrol és DX kezelt mintakban.

Anti-Bak (A), anti-Bcl-xi. (B) és anti-Bim (C) jel6lés anti-GR immunprecipitalt citoplazma és mitokondrialis
frakcioban DX kezeléssel és anélkiil (ctrl). A blotokat anti-GR ellenanyaggal is djrahivtuk. Az abra 3 kisérlebdl 1
reprezentativ eredményeit mutatjia. A diagramok a blotok alatt a Bak, Bcl-xiés Bim relativ denzitisat mutatjdk a
GR-re normalizalva (atlag + SEM) Prenek L. et al. Apoptosis 2016. kézlés alatt
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5.6.2. A GC INDUKALTA KASZPAZ AKTIVACIO UTVONALANAK VIZSGALATA

Ezutan megvizsgdltuk, hogy timocitdkban nagydézisd in vitro DX kezelés utan 1 6raval mely
kaszpazok aktivélédnak, ill. a mitokondridlis Gtvonal aktivaciéjat jelz6 Citokrom C felszaba-
dulas kimutathaté-e a sejtek citoplazma frakciéjaban. Ehhez a kezelés utan a sejteket
lizaltuk és aktivalt (hasitott) kaszpaz-8, 9, 12 specifikus ellenanyagokkal és az aktivalt
effektor kaszpdz-3, valamint Citokrém C elleni ellenanyaggal vizsgaltuk a mintdkat (48. ab-
ra).

Meglepetésiinkre azt taldltuk, hogy a nem-fakcionalt teljes timocita lizatumban a GC kezelés
utan 1 oraval a kontrolhoz képest a hasitott kaszpaz 9, és enyhébb mértékben, de a kaszpaz
8 hasitott formdja is emelkedést mutatott. Ez azt jelenti, hogy nem csak az intrinsic,
mitokondrialis Gtvonal aktivalodik GC kezelés hatdsara. Az endoplazmatikus Gtvonal aktiva-
cidjat jelz6 kaszpaz 12 hasitds nem valtozott DX kezelés hatdsara a kontrolhoz képest. Az
apoptozis egy kés6bbi Iépésének aktivaciojat jelzi a mitokondriumbdl kiszabadulé Citokrém
C mennyiségének emelkedése és az effektor kaszpaz 3 hasitdsa is. Mindkett6 emelkedett 1
oraval a GC kezelés utan.

A kaszpaz aktivaciot aramlasi citometrias modszerrel is ellendriztiik, ahol CD4/CD8 sejtfel-
szini jeloléssel a DP sejtcsoportban tudtuk vizsgalni a hasitott kaszpazok id6beni megjelené-
sét. Hasonl6an a Western blotnal kapott eredményekhez a kaszpdz 9 és 8 aktivaci6 egyrant
kimutathaté volt a DX kezelés utan 1-3 6raban vizsgdlva (nem mutatjuk az abrat). Az
effektor kaszpaz 3 aktiv formdja szintén jelentGsen emelkedett a DP timocitakban. Ezen
eredmények azt jelzik, hogy 1 6ra in vitro DX kezelés hatasara aktivalédik az intrinsic
apoptdzis dtvonal, de kismértékben kimutathat6 az extrinszik inicidtor kaszpaz 8 aktivacidja
is. Mindez jelentGs citokrom C felszabadulast és az effektor kaszpdz aktivaciojat okozza.
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48. abra: Aktivalt kaszpaz-3,-8,-9,-12 képzddés és Citokrom C felszabadulas rovid ideji in
vitro DX kezelés hatasara timocitak citoplazmajaban.

Aktiv (hasitott)-kaszpaz-9 (A),-3 (B),-8 (C),-12 (D) és Citokrém C (E) megjelenését hasonlitottuk &dssze a
kezeletlen és DX kezelt mintidkban Western-blot médszerrel. A blotokat anti-B-aktin antitesttel, mint toltés
kotrollal normalizaltuk. Az dbran 3 fiiggetlen kisérlet egy reprezentativ adatait abrazoltuk. A blot-ok alatti
diagramok a kaszpdz-3,-8,-9,-12 és Citokrom C relativ expresszidjat mutatjdk (B-aktin-ra normalizélva). Az
oszlopok a control és DX kezelt mintak atlag + SEM of relativ denzitasiat mutatjiak (* P < 0.05).Prenek L. et al.
Apoptosis 2016. kdzlés alatt
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I1l. A GC GYORS NEM-GENOMIKUS HATASAINAK
VIZSGALATA A TCR JELATVITELI UTVONALRA

5.7. A GC ES A TCR JELATVITELI UTVONAL AKTIVACIOJANAK KORAI
ESEMENYEI

Kordbbi vizsgalataink alapjan a GC hormon és a TcR stimulacié kovetkeztében elindulé T-
sejt aktivacio egyiitt a DP timocitak talélését eredményezi, ami a két jelatviteli Utvonal 6sz-
szekapcsolédasat jelzi.

5.7.1. TIMOCIAK CA** JELE ES TIROZIN-FOSZFORILACIOJA IN VITRO TCR
AKTIVACIO HATASARA DX JELENLETEBEN

A GC és TcR jelatviteli Gt kapcsolatanak tovabbi bizonyitasara vizsgaltuk a timocita alcso-
portok (DN, DP, CD4 és CD8 SP) TcR-en keresztiil torténd aktivacidjat rovid ideig tartd in
vitro DX elGkezeléssel és anélkiil. Az intracellularis szabad Ca** jel kovetésére aramlasi
citometrias idékinetika vizsgdlatot végeztiink az anti-CD3 kezelést kdvet6 360 masodpercen
(6 perc) keresztil. A 4 sejtcsoportot CD4/CD8 sejtfelszini jel6lés alapjan kiilonitettik el, és
vizsgaltuk mindegyik sejtcsoportban a Ca** szigndl valtozast Fluo-3-AM Ca** szenzitiv fluo-
reszcens festék segitégével (49. A. B. abra). Azt tapasztaltuk, hogy a DX elGkezelt mintakban
csokken a Ca* jel az érett sejtekben, mig a DN és DP éretlen sejtek szabad intracellularis
Ca** jele fokozodik.

Megvizsgaltuk DX kezelt és kontrol timocita mintdkon az anti-CD3 kezelés hatasat a sejtek
tirozin-foszforilaciéjara is anti-foszfotirozin antitesttel torténd jelolést kovetGen dramlasi
citometridval a sejtek anti-PTY fluorszcencia intenzitasianak detektalasaval (49.C. abra). Azt
tapasztaltuk, hogy DX el6kezelt timocitak tirozin foszforilaciéja 10 perccel az anti-CD3 ke-
zelés utdn magasabb volt a kontrol mintakhoz képest, vagyis a CD3 stimulaci6 és DX keze-

[és additiv hatdsu a sejtek tirozin foszforilaciojara.

A folyamat molekuldris mechanizmusanak tisztazasara a primer timocitdk kevéssé alkalma-
sak, ezért helyettiik egy stabil T-sejtvonalat (Jurkat) valasztottunk, amelyen reprodukalhaté
moédon vizsgalhat6é a TcR aktivacié molekularis folyamata, valamint rendelkezésre dllnak a
TcR jelatviteli molekuldiban, mint a p56-Ick és ZAP-70 deficiens szubklénjai (JCaM1.6 és
P116). Vizsgalatainkkal arra kerestlik a valaszt, hogy a GC hormon hogy befolydsolja a TcR
jelatviteli Gtvonal korai eseményeit, és van-e a két jelatviteli Gtvonal molekulai kozott direkt
kapcsolat? A gyors GC hatdsok vizsgalatdhoz nagydozisu rovid ideig tart6 in vitro GC keze-
[éseket alkalmaztunk a TcR aktivaciét pedig anti-CD3 kezelésekkel modeleztiik.
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49. abra: Timocitak TcR aktivaciora bekovetkez6é Ca** szignal (A, B) és tirozin-foszforilacio

(C) valtozasa DX jelenlétében és nélkiil.

A szabad intracellularis Ca vizsgalatahoz Fluo-3-AM festékkel toltottiik fol a sejteket, majd a timocita alcsoportok
elkilonitéséhez anti-CD4/CD8 jelolést végeztiink. majd aramlasi citométerben felvettiik az alap Ca++ jelet és
anti-CD3 antitest hozzdaddaséaval stimuldltuk a sejteket DX jelenlétében (B) és nélkiil (A). A tirozin foszforilacié
vizsgdlatat a timocitak anti-PTY jelblésével és a mintak MFI értékeinek bsszehasonlitasaval végeztiik (C). Berki T
et al. Cytometry 2002. Suppl. 11. p.91

5.7.2. AZONNALI FOSZFORILACIOS VALTOZASOK VIZSGALATA GC ES ANTI-
CD3 KEZELES HATASARA

A nagydoézisi GC azonnali hatdsdt a T-sejt aktivaciéra okozhatja a szteroid hormon
nemspecifikus direkt membran hatasa, amely befolydsolja a signalosoma létrej6ttét, de létre-
johet kozvetlen molekuldris interakci6 is a ligand kotott GR és a TcR jelatviteli Gtvonal fehér-
jéi kozott. Ezen utébbi mechanizmusra példa Lowenberg altal leirt GC indukalt GR-Lck inte-
rakcio.

Vizsgalatainkhoz in vitro tenyésztett model sejtvonalakat hasznaltunk, melyek alkalmasak a
GC indukalta korai jelatviteli események pl. foszforilaciés véltozasok nyomon kovetésére.
Els6ként kivancsiak voltunk arra, hogy a GC 6nmagdban okoz-e tirozin foszforilaciés valto-
zasokat a T-sejteken, ill. a TcR jelatviteli Gt aktivaciéja mennyire befolydsolja azt? Azt lattuk,
hogy az 5 perc DX kezelés 6nmagdban is szdmos fehérje tirozin foszforilaciés valtozdsat
okozta, de a 34 és 70 KD fehérjék kdzosek voltak. 2 perc DX el6kezelés meggatolta az anti-
CD3 okozta tirozin foszforilaciéjat a 34, 38, 40, 52, 59, é 90 kDa-os fehérjéknek. Ezek alap-
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jan felmerdilt, hogy a TcR és GC okozta tirozin foszforilacié a 70 kDa-os fehérje esetén vajon
nem a ZAP-70 molekule-e, a TcR szignal kozponti szereplGje?
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50. abra: 2 perc Dexamethasone és/vagy anti-CD3 kezelés hatasa a Jurkat sejtek tirozin
foszforilaciéjara.

A teljes Jurkat sejt lizatumot anti-foszfotirozin monoklonélis ellananyaggal hivtuk el6, majd a téltéskontrol anti-
beta aktin ellenanyaghoz hasonlitottuk. A molekulasdly standardok az dabra bal oldalan vannak feltiintetve.

Az abran 3 megismételt kisérlet egy reprezetativ eredményét mutatja.

5.7.3. A ZAP-70 KINAZ GR DEPENDENS FOSZFORILACIOJANAK VIZSGALATA

A ZAP-70 kozponti szerepet jatszik a TcR jelatviteli Gtvonalban, szdmos szubsztratot
foszforildlva és 6Gnmaga is szamos tirozin molekuldn foszforilalodik. Ezért vizsgaltuk a ZAP-
70 tirozin-foszforildcidjat DX és/vagy anti-CD3 kezelés utan. 5 perc 10 uyM DX kezelés atla-
gosan 4-szeres (3.32 + 1.72) foszforilacio emelkedést okozott a ZAP-70 kinazon az anti-
ZAP-70 precipitalt mintdn (51. A, B dbra). Anti-CD3 kezelés 6nmagaban szintén 4-szeres
(3.59 + 1.69) tirozin foszforilacié emelkedést okozott a precipitalt ZAP-70-en. Kombinalt DX
+ anti-CD3 kezelés hatasara tovabb emelkedett a ZAP-70 tirozin foszforilacidja 5-szorosére.
(4.98 + 2.83). Mindhdrom esetben szignifikans foszforilacié emelkedés volt megfigyelhet6 a
csak olddszerrel kezelt mintdhoz képest (Student’s t-test, P < 0.05).

Megvizsgaltuk a DX kezelés hatdsdra bekovetkez6 ZAP-70 tirozin foszforilacié id6-
kinetikajat és azt lattuk (51. D. dbra), hogy a tirozin foszforilacié maximumat a 2. percben
éri el, majd 5 perc utdn mar csokkenés (defoszforildcio) figyelhet6 meg.
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51. abra: DX és anti-CD3 kezelés hatasa a T-sejtek ZAP-70 tirozin foszforilacidjara.

A Western-blot-ot anti-ZAP-70 ellenanyaggal immunprecipitalt mintak anti-foszfotirozin (a-PY) antitesttel torténé
el6hivdsaval végeztiik (A). A blotokat anti-ZAP-70 ellenanyaggal, mint t6ltés kontrollal ellenériztiik (B).

Az oszlopdiagramon (C) a ZAP-70 relativ tirozin foszforilaciot (atlag + SD) abrazoltuk. * P> 0,0,5

D. A ZAP-70 tirozin foszforildcié id6-kinetikdja 0,5-30 perces DX kezelés hatasara.

Ismert, hogy a ZAP-70 autofoszforilacié mellett a molekula szubsztratja a p56-lck-nak is, egy
T-sejt specifikus src-kindz-nak. Ezért arra voltunk kivancsiak, hogy a DX indukalt gyors ZAP-
70 tirozin foszforilacié p56-Ick dependens-e? Ehhez JCaM1.6 sejteket, egy p56-Ick deficiens
Jurkat szubklént kezeltlink nagydézisi DX-al és azt lattuk, hogy a sejtekben nem jon létre a
ZAP-70-en tirozin foszforilacié emelkedés, vagyis a folyamat p56-Ick-dependens. Ugyanak-
kor anti-CD3 aktivacié hatasara nagymértékben fokozodott a JCaM1.6 sejtek ZAP-70 tirozin
foszforilacidja. Kombinalt DX + anti-CD3 kezelés nem befolyasolta ezt a folyamatot (abra
Bartis et al. 2006).

Annak tisztazasara, hogy a GC ezen gyors T-sejt tirozin-foszforilaci6 valtozast el6idéz6 nem-
genomikus hatdsa GR fligg6 folyamat-e, megvizsgaltuk a jelenséget glukokortikoid receptor
antagonista RU486 (Mifepristone) elGkezelt Jurkat T-sejteken is. DX ©nmagaban jelentGs
tirozin foszforilaciét okozott a ZAP-70 molekulan, mig 4 6ras RU486 elGkezelés hatdséra
gatlédott a nagyddzisi DX hatdsra létrejové gyors ZAP-70 foszforilacié. RU486 kezelés on-
magaban nem okozott tirozin-foszforilacié valtozast (abra Bartis et al. 2006).
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Ezek alapjan elmondhatjuk, hogy a DX indukalta ZAP-70 tirozin foszforilacié p56-Ick és GR
dependens folyamat. Ennek ismeretében felvet&dik, hogy van-e kozvetlen molekuléris kap-
csolat a GR és a ZAP-70 kozott?

5.7.4. A GR - ZAP-70 KINAZ ASSZOCIACIO VIZSGALATA

Annak bizonyitasara, hogy van-e fizikai kapcsolat a citoplazmatikus GR és ZAP-70 molekula
kozott, immunprecipitaciét végeztink a DX-al vagy oldészerével kezelt Jurkat sejt
lizatumain mind anti-ZAP-70 mind anti-GR antitestekkel. Az anti-GR antitesttel precipitalt
mintakban a ZAP-70 jel6lés erGsodése figyelhet6 meg a DX kezelés hatdsara. A GR jel val-
tozatlan volt, a kontrolhoz hasonlitva. Forditva, ha az immunprecipitaciét az anti-ZAP-70
antitesttel végeztiik, a GR jel erGsodése volt megfigyelhet6 a DX kezelt mintdkban, mig a
ZAP-70 valtozatlan volt. Ezek alapjan megallpithatjuk, hogy a DX kezelt Jurkat sejtekben a
GR co-precipitalédott a ZAP-70 molekulaval és vica versa. A két molekula kapcsolédédsa a
DX kezelt mintdkban fokozddott. (52.A. abra).

A

Jurkat sejtek
IP: a-GR a-ZAP-70

es 48  + B Blot: aGR
. - PPN o070

DX - + - +

52. A. abra: A ligand-kotott GR és a ZAP-70 ko-precipitacidja Jurkat sejtekben.

Anti-GR ellenanyaggal végzett immunprecipitacional (IP: a-GR), azonos mennyiségli GR precipitalédott (Blot: a-
GR), de ZAP-70 koprecipitdcio csak DX jelenlétében latszik.(Blot: a-ZAP-70)

Hasonléan, ha anti-ZAP-70 volt a precipitalé ellenanyag, (IP: a-ZAP-70) azonos mennyiségli ZAP-70 mutathato ki
a kontrol és DX kezelt mintaban egyarant, de a GR csak a DX kezelt mintiban ko-precipitalédott.

Bartis D et al. 2007.

A ZAP-70 és GR molekuldk elhelyezkedésének és viszonydnak tovabbi tisztazasara fluoresz-
cens festékkel jelolt ellenanyagokkal kett6s jelolt mintakon konfokalis mikroszképos vizsga-
latokat végeztiink. A kontrol, nyugvé Jurkat sejteken a GR és ZAP-70 diffliz, citoplazmatikus
jelolodést mutatott, kevés kolokalizaciéval. Nagydézisi DX kezelés utan 5 perccel a két
molekula membran-kozeli elhelyezkedést vett f6l megnovekedett kolokalizaciéval, ami ala-
tamasztja az immunprecipitaciéval kapott eredményeinket (52. B dbra).
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52.B. abra: A GR és ZAP-70 kolokalizaci6 vizsgalata Jurkat sejtek konfokalis mikroszképos
analizisével.

A sejteket fixdlds utdn a-GR-FITC (zéld csatorna) és a-ZAP-70-PE (vor6s csatorna) ellenanyaggal jeloltiik, majd
targylemezre ilepitve vizsgaltuk konfokalis mikroszkdppal. A DX kezelt mintdban a GR és ZAP-70 is membran
kozeli szoros kolokalizacic figyelheté meg, amely hidnyzik a kezeletlen kontrolokban.

A GR és ZAP-70 molekula viszonyanak tisztdzdsdra elvégeztik az immunprecipitaciot
Geldanamycin (GA) el6kezelést kovetSen is. Azt tapasztaltuk, hogy a Hsp-90 inhibitor GA
jelenlétében gétlédik a GR - ZAP-70 kacsolédds, mig a DX-al kezelt mintdkban a GA keze-
lés nem befolydsolta a GR - ZAP interakci6jat. Erdekes volt az a megfigyelésiink is, hogy a
ZAP-70-el nemcsak a GR precipitalédott, hanem a Hsp-90 is a DX kezelt és kezeletlen min-
takban egyarant. Ezt az asszociaciot mindkét esetben gatolta a GA jelenléte. (Bartis D. et al.
2007).

5.7.5. NAGYDOZISU DX KEZELES GATOLJA A ZAP-70 ASSZOCIACIOJAT A
CD3 KOMPLEXHEZ ES A CA** JELET JURKAT SEJTEKBEN

A ZAP-70 kozponti szerepet jatszik a TcR-CD3 komplexbdl kiindulé jelatviteli folyamatok-
ban. A TcR kapcsolédasa a peptid-MHC komplexhez vagy anti-CD3 antitest keresztkotés
tirozin foszforilaciés eseményeket indit el. Miutan a ZAP-70 molekula foszforilalédik
(autofoszforilacio és src-kindz hatasara) tandem SH2 doménjével az ITAM-tirozinjaihoz asz-
szocialodik. Ez a 1épés dontd a tovdbbi aktivacids 1épésekhez. Eredményeink azt bizonyit-
jak, hogy nagydozisi DX jelenlétében a ZAP-70 asszocidcidja a CD3 komplexhez gatlodik,
miutan a DX kezelt mintakban nem jott létre a két molekula koprecipitacidja (53. A. abra).
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53. A. dbra: Nagydoézisi DX kezelés gatolja a ZAP-70 CD3 komplex kapcsolat kialakulasat
Jurkat sejtekben.

A CD3 komplex és azzal asszocidlt molekuldkat anti-CD3-al aktivalt (OKT-3) Jurkat sejtek lizatumabaol
precipitaltuk (IP: OKT-3) A blotokat (IB) mind anti-ZAP-70 mind anti-CD3-§ antitestekkel hivtuk elé. A kontrol
mintakban t6bb ZAP-70 asszocidlédott a CD3-komplexhez mint a DX kezelt mintakban (DX.)
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53. B. dbra. Az anti-CD3 indukdlta Ca?*- jel kialakulasat a DX részlegesen gdtolja Jurkat

sejtekben.

A 10 percig DX-al el6kezelt, majd anti-CD3 altal aktivalt mintdkban kialakulo Ca?*-jelet (ires pont) a csak anti-
CD3-mal kezelt mintakhoz viszonyitottuk (fekete pontok). 50 mdsodpercig mértiik az alap Ca** szintet, majd
hozzdadtuk az anti-CD3-at a mintakhoz, és tovabbi 5 percig folytattuk a mérést. A diagram 5 fliggetlen mérés
eredményének dtlagat és a +SEM értékeket mutatja. A szignifikans (P<0,05) kiilbnbségeket jeloltiik (*).

Az intracellularis Ca**-jel kialakuldsa a T-sejt aktivacié tovabbi fontos eseménye. Kisérleteink
soran megvizsgaltuk azt is, hogy rovid idejd (10 perces) DX el6kezelés hogyan befolydsolja
az anti-CD3 kivaltotta Ca’*-jelet. Az intracellularis Ca**-jelben bekovetkezd véltozasok vizs-
galatdhoz a sejteket Fluo-3AM indikatorral toltottik fol, majd dramlasi citometrids méréseket
végeztliink. Az FL-1 intenzitasban bekovetkez6 valtozast (aranyos az intracellularis Ca**-
jellel, y-tengely) az id6 fliggvényében vizsgaltuk. 10°M DX el6kezelés az intracelluldris Ca?*
szint szignifikdns csokkenéséhez vezetett a csak anti-CD3-mal kezelt mintdhoz viszonyitva
(53.B. abra).
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5.8. A ZAP-70 TIROZIN FOSZFORILACIOS HELYEK SZEREPE A NEM-
GENOMIKUS GC HATASOKBAN

Klinikai szempontbdl a TcR/CD3 és a nem-genomikus GC hatasok altal kivaltott jelatviteli
utak kapcsolédési pontjai kiilondsen fontosak, mivel feltételezhetGen ezen mechanizmusok
allnak a gyors immunszuppressziv hatdsok kialakitasanak hatterében. Ennek modellezésére
kombinalt kezelést (DX+anti-CD3) alkalmaztunk. A kisérleteink soran hasznalt DX koncent-
racié megfelel a klinikumban alkalmazott nagy dézisu szteroid kezelésnek. A ZAP-70 kinaz
mind anti-CD3, mind DX kezelés hatasara foszforilalodik. Mivel a ZAP-70 aktivacios és gat-
|6 tirozin maradékokat is tartalmaz, igy felmeriil, hogy a kiilonb6z6 kezelések soran mas-
mas funkcidju tirozinok foszforildlédnak és kdzvetitenek eltérd jeleket a downsteam moleku-
laknak.

A ZAP-70 kinaz egyes tirozinjainak vizsgdlatara olyan transzgénikus Jurkat sejteket hoztunk
|étre, amelyek stabilan expresszalnak tirozin-fenilalanin (Y-F) pontmutdns ZAP-70-et. Ehhez
P116 sejteket transzfektaltunk lentiviralis vektorral, ami WT vagy Y-F pontmutans ZAP-70-et
koédol. A pontmutans sejtekben a 069, 126, 178, 238, 292, 315, 492 és 493 poziciéban Iévé
Y maradékokat cseréltiik F-ra. Az egyes pontmutans sejtvonalak ZAP-70 expressziéjat Wes-
tern bloton és intracellularis jel6lést kovetSen dramlasi citometrids mérésekkel ellendriztiik.
(Szabd M., 2012)

5.8.1. A ZAP-70 KINAZ TIROZINJAINAK PONTMUTACIOJA MEGVALTOZTATJA
A DX INDUKALTA JELATVITELI FOLYAMATOKAT

Kordbbi eredményeink szerint rovid idejl, nagy dézisi DX kezelés hatdsdra szamos jelatvi-
teli molekula mutat emelkedett foszforilaciot Jurkat sejtekben (50. dbra). Jelen kisérleteink-
ben Western bloton vizsgaltuk, hogy a ZAP-70 kindzban létrehozott Y-F (tirozin-fenilalanin)
aminosavcsere hogyan valtoztatja meg 2 perces DX kezelést kdvetéen az egyes sejtvonalak
foszforilaciés mintazatat. Az FO69-, F126-, F178- és F238-ZAP-70-et expresszalé sejtek csak
mérsékelt foszforilacié emelkedést mutattak DX kezelés hatasara és a foszforilacié mintdzat
molekulasdly szerinti eloszlasa is eltér6 volt az egyes sejtvonalakban. A 315 és 492 pozici-
6kban létrehozott aminosavcsere altalanos hiperfoszforildciét eredményezett a WT-ZAP-70-
et expresszal6é DX kezelt sejtekhez viszonyitva (Szab6é M. et al. 2012). Ezért tovabb vizsgal-
tuk a ZAP-70 kindz tirozin maradékainak a szerepét a DX kezelés hatasara elindul6 jelatvite-
li folyamatokban.

5.8.2. A ZAP-70 KINAZ Y315 ES Y492 MARADEKAI VESZNEK RESZT A NEM-
GENOMIKUS GC HATASOK KIALAKITASABAN

Kordbbi eredményeink szerint 2 perces, nagy doézisi DX kezelés a ZAP-70 kindz
tel végzett immunprecipitdciot kovetGen azt vizsgaltuk, hogy a kinaz egyes tirozinjainak
pontmutdcidja befolydsolja-e a GC-analdg kivaltotta foszforilaciét és a ZAP-70-GR asszocia-
ciot. A WT DX kezelt mintdhoz viszonyitva, szignifikans foszforilacié csokkenést kaptunk
azokban a sejtvonalakban, amelyekben az aminosavcsere a 315 és 492 pozicidkban tortént
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(54. A, B dbra), igy feltételezziik, hogy a nem-genomikus GC hatasok kozvetitésében a ZAP-

70 ezen két tirozin maradéka vesz részt.

Ezt kovetGen azt vizsgaltuk, hogy a fent leirt foszforilacié valtozasok megvaltoztatjdk-e a
ZAP-70-GR ko-precipitaciét. Rovid idejl, nagy dézisi DX kezelés a WT és valamennyi
pontmutans sejtvonalban novekedett ZAP-70-GR asszocidciot eredményezett. Az F315 és
F492-ZAP-70-et expresszalo sejtekben a 2 perces DX kezeléskor kapott csokkent tirozin
foszforilacié ellenére nem véltozott meg a ZAP-70-GR asszociacié (54. C. abra), ami arra
utal, hogy a Y maradékok nem vesznek részt direkt médon a 2 molekula fizikai kapcsolata-

nak szabdlyozasdban

54. abra: Rovid idejii, nagy dézisi DX kezelés indukalta ZAP-70 foszforilacié és GR
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asszociacio a pontmutans sejtekben. A.

Anti-ZAP-70-el végzett immunprecipiticiét kbvetéen a Western blotot anti-foszfotirozin (felsé panel), majd anti-
ZAP-70 (alsé panel) antitestekkel hivtuk el6. B. A diagram a ZAP-70 kindz relativ foszforilacié valtozasait mutatja.
Az atlag + SEM értékeket 3 fliggetlen blot denzitometrids eredményébél szamitottuk, a szignifikans (P<0,05)
valtozast jeloltiik (*). C. A Western blotok a ZAP-70-GR ko-precipiticié eredményeit mutatjdk pontmutans
sejtekben. ZAP-70 precipitaciot kbvetéen a blotot anti-GR (fels6 panel), majd anti-ZAP-70 (alsé panel) antitesttel

hivtuk elé.
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5.8.3. AZAP-70 Y-F PONTMUTACIOJA A 315 ES 492 POZICIOKBAN
MEGGATOLJA A ROVID IDEJU, NAGY DOZISU DX KEZELES INDUKALTA SLP-76
ES CBL FOSZFORILACIOT

A Jurkat sejtek lizatumabdl készitett Western blotokon lathat6, hogy a ZAP-70 kindz mellett
tovabbi molekuldk foszforilacidja is megvéltozik révid idejd, nagy dézisi DX kezelés hatdsa-
ra. A T-sejt aktivacié soran a ZAP-70 szubsztrdtjai az SLP-76, a LAT és a Cbl molekuldk.
Kivancsiak voltunk, hogy ezen molekulak foszforildcidja megvaltozik-e 2 perces DX kezelés
hatasdra és azt tapasztaltuk, hogy novekedett mind az SLP-76, a LAT és a Cbl foszforilaciéja
is. Kombinalt DX + anti-CD3 kezelésnél a DX részben gétolta az SLP-76 és Cbl anti-CD3
indukalta foszforilacié novekedését. A LAT esetében a kombindlt kezelés nagyobb mértéki
tirozin foszforilaciot eredményezett, mint akdr a DX vagy az anti-CD3 kezelések 6nmaga-
ban.

Annak megerGsitésére, hogy a ZAP-70 315 és 492 tirozinjai valéban részt vesznek a nem-
genomikus GC hatdsok tovdbbitdsaban, F315- és F492-ZAP-70-et expresszal6é sejtekben
vizsgaltuk az SLP-76, LAT és Cbl foszforilaciéjat 2 perces DX kezelést kovetéen. Az Y-F
aminosavcsere a ZAP-70 315 és 492 pozici6jaban gatolta az SLP-76 és a Cbl DX indukalta
foszforilacidjat. A LAT esetében egyik pontmuticié sem befolydsolta a DX indukalta
foszforilacié novekedést (55. dbra). Ez arra utal, hogy a ZAP-70 medidlta nem-genomikus
GC hatasokat az SLP-76 és a Cbl molekulak kozvetitik. A LAT-ot a ZAP-70-en kiviil az Itk és
az Lck is foszforildlja, igy feltehet6en a LAT-on megfigyelt nem-genomikus GC hatasokat
ezek a molekuldk idézik el6.
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55. abra: A ZAP-70 Y315 és Y492 pontmutaciéi befolyasoljak az SLP-76 és Cbl DX
indukdlta foszforilacié novekedést.

Kezeletlen WT-, valamint DX kezelt WT-, F315- és F492-ZAP-70-et expresszalé sejtek lizatumabol
immunprecipitaciot végeztiink anti-SLP-76 (A), anti-LAT (B) és anti-Cbl (C) antitestekkel. A blotokat anti-
foszfotirozin (felsé panelek), majd strippinget kévetéen anti-SLP-76, anti-LAT vagy anti-Cbl (alsé panelek)
antitestekkel hivtuk elé. A diagramok a megfelel6 molekulék relativ foszforildcié valtozasait mutatjgk hdrom

fiiggetlen kisérlet denzitometrias eredményei alapjan. Az oszlopokon az atlag + SEM értékeket abrazoltuk, a
szignifikans (P<0,05) valtozasokat jeloltiik (*).

IV. GC HORMON HATASA A REGULATORIKUS T SEJTEK IN
VIVO ES IN VITRO DIFFERENCIALODASARA ES
FUNKCIOIRA

5.9. A TERMESZETES ES INDUKALT REGULATORIKUS T-SEJTEK
ELOSZLASA ES GC ERZEKENYSEGE

A regulatérikus T-sejtek (Treg) kulcsfontossagu tényez6i az immunvalasz szabdlyozasdnak és
a periférids tolerancia fenntartasanak. Ezért alapvet6 kérdés, hogy az immunszuppressziv
hatasaért széleskorben alkalmazott GC hormon anal6gok hogyan hatnak a szintén
szuppresszor hatast Treg sejtek el6forduldsdra és funkcioira. Ismert, hogy a természetes Treg
sejtek a timuszban differencialédnak. Ezért kiilonosen érdekes volt szamunkra, hogy a ko-
rabban tapasztalt GC indukalt timusz involtcié és a DP sejtek fokozott GC érzékenysége
mellett a Treg sejtek GC jelenlétében, hogy érnek ki a timuszban, ill. hogy viselkednek a
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periférias nyirokszervekben? Ezért munkank célja elséként a periférids és centrdlis nyirok-
szervekben a természetes és indukalt Treg-ek aranyanak és GC érzékenységének valamint
glukokortikoid receptor (GR) expresszidjuk valtozasanak nyomon kovetése volt.

5.9.1. TREG SEJTEK ELOFORDULASA A LIMFOID SZERVEKBEN

Megvizsgaltuk el6szor 4 hetes Balb/c egérben, hogy a kezeletlen allatok primer és szekunder
nyirokszerveiben milyen a természetes (tTreg) és indukalt Treg-ek (iTreg) megoszlasa. Ehhez
a limfoid szervekbdl izolalt sejteket CD4/CD25 sejtfelszini és intracelluldris FoxP3 transzk-
ripcios faktorra specifikus monoklonalis ellenanyagokkal jel6ltiik. Bizonyos irodalmi adatok
alapjan a tTreg sejtekre egy mdsik transzkripciés faktor, a Helios is jellemz6, mig az iTreg
sejtek erre negativak, igy a molekula jel6lése alkalmas a két sejtcsoport elkiilonitésére.

A CD4+ sejteken beliil vizsgalva a CD4+/CD25+/FoxP3+ Treg ardnyt a timuszban ez 3%
kordli, mig a periférids nyirokszervekben ez az ardny Iényegesen magasabb: a lépben és a
nyirokcsomékban 10% koriili, a Peyer-plakkokban a legkevesebb 6-7% a FoxP3*Treg sejtek
aranya (7. tablazat).

Megvizsgaltuk a Helios pozitivitas alapjan a tTreg:iTreg aranyt a kiilénb6z6 nyirokszervek-
ben és meglepetésiinkre a kezeletlen dllatok timuszaban aTreg-ek 87%-a volt csak Helios
pozitiv. Ez vagy azt jelenti, hogy a tTreg differencidlédds helyszinén, a timuszban vannak
iTreg sejtek is 13%-ban, vagy a Helios nem alkalmas a két sejtcsoport elkiilonitésére. A peri-
férids nyirokszervek kozil a 1épben 65%, a nyirokcsoméban 53%, a Peyer-plakkokban pe-
dig 48% a Helios+ tTreg arany (7. tabldzat).

7. tablazat. Természetes (tTreg) és indukalt (iTreg) regulatdrikus T-sejtek aranya a limfoid
szervekben

Treg % (atlag + SEM) Timusz Lép Nyirokcsomé Peyer plakk
Osszes Treg 2,861 +0,46 | 9,65 +0,82 10,10 + 0,61 6,78 + 0,51
tTreg 2,44 +0,06 | 6,27 +0,28 5,38 +0,29 3,30+ 0,24
tTreg : iTreg arany 87:13 65 :35 53:47 48 : 52

5.9.2. IN vivo DX KEZELES HATASA A TREG SEJTEKRE

Megvizsgéltuk a nagy dézist (20 mg/kg) in vivo DX kezelések hatasat a kilonb6z6 nyirok-
szervekben el6fordul6 Treg-ek ardnydra és abszoldt sejtszamra is. 4 napos ismételt DX keze-
|és utdn 24 6raval a timuszban a Treg-ek aranya szignifikansan emelkedett (56. dbra). Ez a
valtozas a DP, GC érzékeny, éretlen timocitak jelent6s pusztulasanak a kovetkeztében kiala-
kul6 relativ sejtarany emelkedésnek koszonhet6. Ha meghatdrozzuk az abszoldt Treg sejt-
szamot a 2 napig DX kezelt allatokban 24 éraval az utolsé oltds utan, akkor enyhe, de nem
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szignifikans Treg sejtszdm novekedést latunk (8. tablazat), ami azt bizonyitja, hogy a

timuszban a Treg-ek rezisztensek a DX indukalta apoptézisra.

A periférias nyirokszervek kozil a lépben tapasztaltunk enyhe, de szignifikans Treg arany
csokkenést a GC kezelt allatokban, ugyanakkor sem a nyirokcsoméban sem a PP-ben a Treg
arany nem véltozott. Ugyanakkor a periférids nyirokszervekben GC kezelés hatasara az 6ssz-
limfocita szam és ezzel egyiitt a Treg sejtszam is szignifikdnsan lecsokkent (8. tablazat), ami
a szervek méretének latvanyos kisebbedésével is jart. Ezek alapjan ugy tiinik, hogy a perifé-

rids nyirokszervekben az érett T-sejtek és a Treg-ek hasonl6 GC érzékenységet mutatnak.

Timusz dszsejtszam (*106)
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56. abra: A timuszban a Treg sejt arany emelkedése GC kezelés hatasara az 6ssz timocita

szam csokkenésének kovetkezménye.
Ugor et al. Inmunolégiai Szemle 2014.

8. tablazat. Treg sejtszamok a limfoid szervekben 2 napos nagydézisi DX kezelés utdn

Treg sejtszam x 10° : , . B
(atlag + SEM) Timusz Lép Nyirokcsomé Peyer plakk
Kezeletlen 4,2440,92 83,92+16,72 4,4240,11 0,48+0,07
Dexamethasone 5,0541,35 | 26,93+5,13%* | 2,24+0,39*** | 0,23+0,06*
20mg/kg

2 napos nagy dozisu (20 mg/kg) Dexamethasone kezelés hatdsara a periférids nyirokszervekben szignifikdnsan

csokkent a Treg sejtszam (*p<0,05, **p<0,01, ***p<0,001) mig a timuszban inkdbb enyhe, de nem szignifikans
Treg sejtszam emelkedés volt megfigyelheté
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5.9.3. IN vivo DX KEZELES HATASA A TREG SEJTEK CITOKIN TERMELESERE

Megvizsgdltuk a Treg sejtek jellemz& szupresszor hatdsi citokinjeinek az IL-10 és
TGFp valamint az utébbi idében leirt IL-35 citokin termelésének véltozasat 2 napos in vivo
DX kezelést kovetGen. Miutan el6z6 kisérleteink alapjan a periférids nyirokszervekben taldl-
hat6 Treg sejtek hasonld Osszetételt és valtozasokat mutattak DX kezelés hatdsdra, a tovab-
biakban csak a 1ép és timusz eltavolitott limfoid sejtjeit vizsgaltuk. A kezelt és kezeletlen
allatok timocitait és |épsejtjeit in vitro PMA/ionomycin stimulaciénak vetettiik ala 1 éjszakan
at, amely a mar elkotelezett sejtekben a citokinek tereml6dését fokozza és Brefeldin jelen-
|étében a Golgi apparatusban torténé akkumulaciéjat okozza.

Aramldsi citometrids vizsgalathoz a Treg sejteket a szokasos jeldlések mellett intracellularis
anti-IL-10 és anti-TGFp ellenanyagokkal jeloltiik (egér IL-35 specifikus fluoreszvcens antitest
nem allt rendelkezésre). Ezzel a citkon termelés vizsgalhatéva vélik fehérje szinten. Ossze-
hasonlitottuk a kontrol és DX el6kezelt timusz (57.A. dbra) és |1ép (57.B. dbra) mintdkban a
citokin termel6 CD4/CD25/FoxP3+ Treg sejt aranyat. Azt tapasztaltuk, hogy a DX kezelt
egerekben szignifikansan emelkedett mindkét citokin termel6 Treg sejtek aranya. Mindkét
szervben az IL-10 termel6 Treg sejtek aranya emelkedett nagyobb mértékben.

30 1 R 25 -
A 25 * RN b
1 - { 20 -
20 - I I
F 45 - M Control = M Control
B k-]
* 10 - In vivo DX x 10 1 Invivo DX
. ;i
0 = T 1 0 n T 1
IL-10 TGFp IL-10 TGFB

57. abra: 2 napos DX kezelés utan a citokin termel6 Treg sejtek aranya emelkedik a

timuszban (A) és lépben (B) egyarant.

Az izolalt sejteket in vitro kezeltik PMA/ionomycin/Brefeldinnel 1 éjszakdn at, majd dramlasi citométerrel
vizsgaltuk a Treg sejteken beliil az IL-10 és TGFB pozitiv Treg sejtek ardnyat.

Az eredmények 10 mérés dtlagat mutatjak (atlag + SEM)

(*p<0,05, **p<0,01, ***p<0,001)

Megvizsgaltuk a Treg sejtek citokin termelését mRNS szinten is. Ehhez a DX kezelt és kont-
rol dllatok timuszabdl és [épébsl CD4+CD25Ms" Treg sejteket szeparaltunk FACSAria készu-
|ékkel, majd 4 6ran keresztiil in vitro PMA/ionomycinnel stimulaltuk (STIM) és ezutan min-
degyik mintdbdl mRNS-t izolaltunk, cDNS-t irtunk és qRT-PCR-al vizsgéltuk az IL-10, TGFB
és az IL-35 2 lancanak (Ebi3 és IL-12a) relativ expresszié véltozasat (RQ) (58. abra).

101



dc_1343 16

Timusz
30
*
25
20 O Control
* @ STIM control
o
b 15 O48h DX
WSTIM 48h DX
10
*®
5 * %
*
*
[1]
IL-10 TGFb Ebi3 IL-12a
Lép
*
16
*
14
12
O Control
10
@ STIM control
o O 48h DX
o= 8
ESTIM 48h DX
6
4 *
- *
2
0
IL-10 TGFb Ebi3 IL-12a

58. abra: DX kezelt allatok timuszabdél és 1épébdl izolalt Treg sejtek citokin mRNS

expresszio relativ vdltozasa.

Az allatokat 2 napig kezeltiik DX-al (48h DX) majd in vitro PMA/ionomycinnel stimuldltuk (STIM) a citokin
MRNS expresszio vizsgalatidhoz. Az adbran a relativ. mRNS expresszié valtozast abrazoltuk (RQ) 3 fliggetlen
kisérlet eredményeinek atlagabol. Emelkedett az experszzié ha RQ>2.

A timuszban az IL-10 és a TGFP expresszi6 is emelkedett (RQ>2) a DX kezelt in vitro stimu-
[alt (STIM) mintdkban, de az IL-10 mRNS mennyisége a kezeletlen mintakban is magasabb
volt és a DX hatasra bekovetkezé emelkedés is sokkal latvanyosabb volt, mint a TGFB-é. Az
[L-35 Ebi3 lanca nem mutatott valtozast, mig az IL-12a lanc expresszié inkdbb csokkent a
DX kezelt mintdkban. A Iépben taldlhaté Treg sejtekben ellenkez6leg a TGFB mRNS szint
volt magasabb és annak DX indukalt emelkedése volt jelentSs, mig az IL-10 és IL-35 lancai
inkabb kissé csokkent expressziot mutattak a DX kezelés hatdséra.
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5.10. TREG SEJTEK GR ES FOXP3 EXPRESSZIOJANAK VIZSGALATA

5.10.1. A GR £S FOXP3 EXPRESSZIO TREG SEJTEKBEN 2 NAPOS DX KEZELES
UTAN

Egy sejt GC érzékenységét jelentGsen meghatarozza, hogy milyen mértékben expresszaljak a
GR-t. Ezért a tovdbbiakban a Treg-re jellemz& viszonylagos szteroid-rezisztencia, valamint a
GR expresszié kozotti sszefliggést kerestiik. Ehhez az intézetiinkben mar korabban is al-
kalmazott intracellularis aramlési citometrias GR jel6lést haszndltuk, amely korreldl a sejtek
GR tartalmaval mind fehérje, mind RNS szinten (Berki T., 2002).

Eredményeink szerint a kezeletlen allatok timuszaban alacsonyabb a GR fehérje szinje
(MFI), mint a periférids nyirokszervekben (Iép) talalhaté Teg-ek GR szintje (MFI: atlag fluo-
reszcencia intenzitas) (59. abra). Kétszeri, nagy dozisy, in vivo DX kezelés utan a timuszban
thléls (GC rezisztens) Treg-ek GR expressziéja a kontrolhoz képest ndvekedett. Ezzel szem-
ben a periférias nyirokszervekben a kordbbi human vizsgalatainkban is tapasztalt GR MFI
csokkenés volt megfigyelhet6 a DX kezelést kovetSen. Ez a véltozas csak a Iépben volt szig-
nifikans. Ezek alapjan Ggy tlinik, hogy DX kezelés hatdsara a timuszban a tdlél6 GC rezisz-
tens Treg-ekben az eredetileg alacsony GR szint emelkedik, a lépben pedig az érett T-
sejtekre jellemz6 GR downreguldcié figyelhet6 meg.

Megvizsgaltuk ugyanezen aramldsi citometrias jel6léssel a timusz és [ép Treg sejtekben a
FoxP3 expresszi6t is a FoxP3 fluoreszcencia intenzitds (MFI) értékeket 0sszehasonlitva, de
fehérje szinten nem tudtunk szignifikdns expresszié valtozast kimutatni DX kezelés hatdséra.
Ugyanakkor a szeparalt timusz és 1ép Treg sejtekbdl (CD4/CD25"s" expresszié alapjan) izo-
lalt relativ mRNS génexpresszié qRT-PCR-al torténé meghatdrozasakor a lIépben a DX kezelt
mintdkban emelkedett a FoxP3 relativ expresszidja (RQ>2). A PMA/ionomycinnel kezelt
mintakban a kontrolhoz képest emelkedett FoxP3 RQ értékeket mértiink (60. abra), de ezek
nem mutattak eltétést a DX kezelt mintdkban. Ezek alapjan Ggy tlinik, hogy a timuszban
stabil a tTreg sejtek FoxP3 expresszidja, mig a |épben DX kezelés hatasara indukalhaté a
CD4+CD25"s" sejtekben a FoxP3 expresszid, ami a periférias Treg sejtek nagyobb plasztici-
tasat jelzi.
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59. abra: DX kezelés hatasa a timusz és 1ép Treg sejtjeinek GR expressziojdra.

Az allatokat 2 napig (48h) kezeltiik DX-al, majd 24 6ra mulva a CD4/CD25/Foxp3+ Treg sejtekben intracelluldris
GR-FITC antitest jelblést végeztiink és 6sszehasonlitottuk a GR MFI értékeket.

Az abran 3 kisérlet (n=9) atlag (atlag + SEM) eredményeit abrazoltuk

(*p<0,05, **p<0,01, ***p<0,001)
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60. abra: Relativ Foxp3 génexpresszio értékek (RQ) a timusz és [ép CD4+CD25"s

sejtjeiben in vivo DX kezelés és in vitro PMA/ionomycin stimulalas (STIM) hatasara.
A sejteket a citokin mérésnél leirtak szertint kezeltiik. Az abran a relativ mRNS expresszio valtozast tiintettiik {6l
(RQ) 3 figgetlen kisérlet eredményeinek atlagabdl. Emelkedett az experszzié ha RQ>2.

5.10.2. A GR £S FOXP3 FEHERJEK LOKALIZACIOJANAK VIZSGALATA TREG
SEJTEKBEN

Kisérleteink alapjan dgy tlinik, hogy a tTreg sejtek rezisztensek a GC kezelésre, vagyis nem
indul el benniik a mitokondridlis apoptézis Gtvonal, ugyanakkor fokozddik a sejtek
szuppresszor hatdsa, amelyet a citokin termelésiik fokozdéddsa és a [épben a FoxP3
expresszié novekedése is jelez. Ez alapjan feltételezziik, hogy a Treg sejtekben a GC els6-
sorban a genomikus jelatviteli Gtvonalon fejti ki hatasat.

Ennek bizonyitasara megvizsgaltuk a Treg sejtekben a GR és FoxP3 cellularis lokalizaciojat
konfokalis mikroszképpal. Ehhez a timuszbdl és [épbsl CD4+ sejteket izolaltunk EasySep
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magneses negativ szelekcidval és jeloltik CD4/CD25/FoxP3/GR specifikus fluoreszcens je-
16t ellenanyagokkal.

GR-FITC FoxP3-Alexa647 Atfedés

Kontrol [
Timusz

61. dbra: A GR és FoxP3 fehérje sejtmagi eoszlasa és szoros kolokalizacioja figyelheté meg
a kezeletlen Treg sejtekben, ami kismértékben valtozik 30 perces in vitro DX kezelés

hatdsara.
A kezeletlen allatok 1épébédl és timuszabol CD4+ sejteket izolaltunk, majd jeloltitk CD4 CD25 (kék) GR (zold) és
FoxP3 (v6ros) fluorszcens ellenanyagokkal. A GR-FoxP3 kolokalizaciot a sarga szin jelzi.

A CD4/CD25/FoxP3+ sejtekben vizsgaltuk a GR és FoxP3 jel6l6dés mintazatat és a két mo-
lekula kozelségét, amit a két fluoreszcens jel atfed6 pixeljeinek (sarga) a mérésével kovet-
tink. Azt lattuk, hogy a kezeletlen mintakban a timusz és Iép Treg sejtekben is a GR és
Foxp3 nagyon hasonlé foltos, sejtmagi lokalizacioju jelol6dést mutat (61. dbra). Az in vitro
GC kezelés (+DX) hatasara mindkét molekula magbeli csomés elhelyezkedése megvaltozott
és koszorl alakot oltott. Ezutan megvizsgaltuk a két molekula kozelségét a kolokalizaciot
jelz6 pixelek kvantitativ analizisével mintanként 100-100 sejtben (62. dbra). Mar a kezelet-
len Treg sejtekben is magas aranyd, 50% koriili GR - FoxP3 kolokalizaciét figyeltiink meg a
|ép és timusz mintdkban egyarant. In vivo GC kezelés nem okozott valtozast a GR és FoxP3
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kolokalizacioban, de 30 perces in vitro DX kezelés fokozta a GR-FoxP3 kolokalizaciét a
timuszban és Iépben egyarant. Ez alapjan gy tlinik, hogy a FoxP3+ sejtekben a GR ligand
nélkdl is nagyrészt a sejtmagban lokalizal6dik (GRB?), amely hasonlé eloszlast mutat, mint a
FoxP3 fehérjéé. Ez megerGsiti azt a feltételezést, hogy a ligand-kotott GR és a Foxp3 két
transzkripcios faktorként egymas kozelségében helyezkednek el a sejtmagban és feltételez-
het6en szinergista hatastak. Ennek bizonyitasara tovabbi kisérleteket terveziink.
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62. dbra: A GR-FoxP3 kolokalizacié kvantitativ mérése Treg sejtekben.

A kezeletlen allatok 1épébdl és timuszabol CD4+ sejteket izolaltunk, majd jeloltiik CD4 CD25 (kék) GR (zéld) és
FoxP3 (vor6s) fluorszcens ellenanyagokkal. A GR-FoxP3 kolokalizaciot (sarga) 100-100 sejtben mértiik a timusz
és a lép in vivo és in vitro DX kezelt mintdin a GR-FoxP3 kolokalizalt pixelek %-os értékétabrazoltuk.

5.11. IN VITRO TREG EXPANZIO LEP ES TiMUSZ CD4+ SEJTEKBOL

Szamos teriileten folynak prébdlkozdsok a Treg sejtek terapids alkalmazasara immunszup-
pressziv hatdsaik miatt, mint pl. transzplantacié vagy autoimmun kérképek gydgyitasa. Az in
vivo alkalmazashoz a szervezetben el6fordulé kisszamu Treg sejt in vitro expanzidjara van
sziikség. A Treg sejtek egyrészt citokinjeik révén, masrészt kdzvetlen sejt-sejt inteakcidval
fejtik ki gatlé hatasukat a limfocitdkra és az antigén bemutato6 sejtekre egyarant. Jelen mun-
kank tavoli célkitlizése, hogy egy proteoglyan indukalt egér arthritis modellben
megviszgaljuk a timuszbdl és a 1épbdl differencialtatott Treg sejtek hatékonysagat a betegség
kialakulasara és lefolyasara. Ehhez kezdtiink elSkisérleteket végezni Treg sejtek kiilonb6z6

in vitro torténd legoptimalisabb differencidltatasi koriilményeinek kidolgozasara, ill. a sejtek
funkciondlis aktivitasanak ellenérzésére.
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5.11.1. AZ IN VITRO TREG EXPANZIO MIKROKORNYEZETENEK
OPTIMALIZALASA

ElGszor [épbdl és timuszbdl izolalat CD4+ T-sejtek in vitro aktivaciés koriilményeit optimali-
zaltuk. A kezeletlen vagy 4 napig DX-al el6kezelt allatok [épébdl és timuszabol CD4+ T-
sejtet izolaltunk negativ szelekcidval EasySep magneses kit segitségével. A sejtek tisztasagat
CD4 jeloléssel ellendriztiik és 97%-ndl magasabb tisztasagi mintabdl indultunk ki. Mintan-
ként 5x10° sejtet stimuldltunk in vitro Tml RPMI-FCS médiumban 2-4 napig anti-CD3/CD28
mikrogyongyok (bead) (2:1, gyongy:sejt aranyban) segitségével, rekombinans IL-2 + TGFB +
10°mol/l DX jelenlétében. Kiilonb6z6 id6pontokban vizsgdltuk a sejtek életképességét és a
CD4/CD25/FoxP3+ Treg sejtek %-0s megoszlasat.

Az in vitro stimuldciés korilményeket 0sszehasonlitva a CD3/CD28 bead és IL-2 jelenlét-
ében 3 napos tenyésztés utdn a timusz CD4+ sejtjeinek 8%-a tTreg, a 1épbdl 24% iTreg dif-
ferencialédott. Mindkét szervbdl nagyobb aranyban differencidlodtak Treg sejtek, ha TGFp is
jelen volt (20% tTreg 45% iTreg). Ugyanakkor az in vitro DX jelenléte a tapfolyadékban csak
a lépbdl differencialédé iTreg ardnyt novelte (55% iTreg), a timusz CD4+ sejtekbdl a tTreg
differencialéddsra hatdstalan volt (63. dbra). Megvizsgaltuk azt is, hogy az in vivo DX el6ke-
zelt 1épbdl és timuszbdl milyen hatékonysaggal lehet in vitro Treg sejtet differencidltatni. A
tTreg differencidlédas az in vivo DX-al el6kezelt timuszbdl hatékonyabb volt (38% tTreg),
mint az kezeletlen timuszokbdl, de itt is a TGFp jelenléte sziikséges volt (63. abra). Ennek
egyik magyardzata, hogy a 4 napos DX kezelés eleve emelte a CD4+ sejteken belili Treg
sejt aranyt a timuszban (3%-rél 8%-ra), igy a kiinduldsi Treg ardny magasabb volt. Ezzel
szemben a 4 napos DX el6kezelés a 1épben a CD4+ T-sejtek és Treg sejtek szamat is csok-
kenti, ezért volt hatékonyabb a kezeletlen 1épbdl az in vitro Treg differencialédas.

Ezek alapjan a Treg expanzi6 a periférias nyirokszervbdl izolalt CD4+ sejtekb6l hatéko-
nyabbnak bizonyult, ami az iTreg expanzi6 nagyobb plaszticitasat bizonyitja. A 4 napos DX
kezelés olyan nagymérvi timusz involGciét okoz, hogy nehézségeket okozott tobb allat
timuszabdl kinyerni a sziikséges mennyiségli CD4+ T-sejtet. Ezért a tovabbiakban 4 napos in
vivo DX el6kezelés utan csak a lépet vizsgaltuk.
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63. abra: In vitro Treg expanzié timuszbdl és 1épbdl izoldlt CD4+ sejtekbol.

Kontrol és 4 napig DX-al elékezelt allatok timuszabdl és lépéb6l CD4+ T-sejteket izolaltunk, majd anti-
CD3/antiCD28 bead segitségével stimulaltuk a sejteket in vitro rekombinans IL-2, TGFB és DX hozzaadasaval.
Az abran 3 kisérletbdl szarmazé mintak (n=9) eredményeinek atlagat abrazoltuk (atlag+ SEM)
(*p<0,05, **p<0,01, ***p<0,001)

5.11.2. IN VITRO DIFFERENCIALTATOTT TREG SEJTEK CITOKIN TERMELESE

Az in vitro Treg expanzi6 hatékonysagat nemcsak a sejtszam novekedése, de a sejtek funk-
ciondlis aktivitasa is jelzi. A Treg sejtek szupresszor funkcidjat az altaluk termelt IL-10 és
TGFB citokinek biztositjak. Ezért megvizsgdltuk a tenyésztett sejtek citokin termelését a 3.
napon. Mind a timusz, mind a |ép eredetli Treg sejtek legnagyobb aranyban a CD3/C28
microbead, 1L-2 és TGFp jelenlétében termeltek szuppresszor hatdsu citokint. A timusz ere-

detli TGFp termel6 Treg-ek megoszlasa tovabb emelkedett in vitro DX hozzaadasa esetén
(64. dbra).
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64. abra: In vitro differencialédé timusz (A) és lép (B) eredetii Treg sejtek citokin termelése

DX jelenlétében és nélkiil.

A timusz és lép eredetd CD4+ T-sejteket 3 napig expandéltuk CD3/CD28 bead (control), IL-2 + TGFB citokinek
jelenlétében + DX hozzdaddsdval. Mindkét szervbdl differencidltatott Treg sejtek TGFB termelése emelkedett DX
jelenlétében. Az é&bran 3 kisérletb6l szdarmazé mintak (n=9) eredményeinek atlagat dbrazoltuk (atlag+
SEM)(*p<0,05, **p<0,01, ***p<0,001)

Megvizsgaltuk a 1ép eredetl periférias CD4+ T-sejtekbdl differencidltatott iTreg-sejtek citokin
mintazatat is, az IL-10, TGFP mellett az IL-4, IFNy és IL-17 termel§ sejtek megoszlasat detek-
talva (65. A abra). Azt tapasztaltuk, hogy 4 nap Treg expenzi6 (stimulacié) hatasara tovabb
fokozddik az IL-10 (18%) és TGFp (36%) termel6 Treg sejtek ardnya, a tobbi citokin 0-1%-
ban mutathaté ki a sejtekben.

109



dc_1343 16

A
40 1 OControl
35 1 @Bead +IL-2
30 - ea
% 55 W Bead +IL-2 + TGFB
E MBead + IL-2 + TGFB + DX
o
xX
IL-10 TGFB IFNy IL-4 IL-17
% of Treg IL-10 TGFB IFNy IL-4 IL-17
Control 4,265 4,145 0,51 1,275 1,34
Bead + II-2 11,115 13,96 0,055 1,145 0,13
Bead + 1I-2 + TGF3 15,915 22,775 0 0,2 0,02
Bead + 1I-2 + TGF( + DX 18,605 35,77 0 0,945 0,055

65. A. abra: In vitro differencialodoé 1ép eredetii Treg sejtek citokin mintazata.

CD4+ T-sejteket aktivdltunk, majd a 4. napon vizsgaltuk a citokinek mintdzatat intarcellularis aramlasi citometrids
jeloléssel. Az abran 3 kisérlet egy reprezentativ eredményét tiintettiik fol.

A tablazat a citokin termel6 Treg sejtek %-os aranyat mutatja-

Erdekes megfigyelésiink, hogy a 4 napos DX el6kezelt 1épbdl differencidltatott Treg sejtek
27%-a IL-10-et, 41%-a TGFB-t termel, de a sejtek 2,7%-ban kimutathaté IFNy és 8%-ban IL-
4 is (65. B. abra). Kisérleteink alapjan dgy tlinik, hogy a l1ép CD4+ T-sejtjeib6l nagyobb
mennyiségben differencidltathaté szupresszor funkciéji CD4+/CD25+/FoxP3+ Treg sejt. In
vivo 4 napig DX elGkezelt 1épbdl differencialtatott Treg sejtekben az in vitro DX hatds nem-
csak a szupresszor hatasu citokinek szekrécidjat emelte, de megfigyelhet6vé valt IL-4 és
IFNy citokin termelés is, ami tovabbi vizsgalatokat igényel. Ezek alapjan a kezeletlen 1épbdl
kiindulva az altalunk optimalizalt in vitro mikrokornyezetben egyértelmiien szupresszor ha-
tasu citokineket termel6 iTreg sejtek differncialtathatok.
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Control 6,55 10,44 0,15 1,04 0,59
Bead + 11-2 6,11 25 0 0 0
Bead + II-2 + TGF(3 13,75 27,61 0,17 0 0,5
Bead + II-2 + TGFB + DX 27,27 40,91 2,7 8,11 0

65. B. abra. In vitro differencial6d6 4 napos DX el6kezelt Iép CD4+ sejtjeib6l szarmazé

Treg sejtek citokin mintdzata.

Az egereket 4 napig kezeltiik DX-al, majd a lépbdl CD4+ T-sejteket izoldltunk és aktivaltunk 4 napig. Ezutan
vizsgaltuk a citokinek mintdzatat a Treg sejtekben intarcelluldris dramlasi citometrids jeloléssel. Az abran és a
tablazatban 3 kisérlet egy reprezentativ eredményét tiintettiik fol.
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6. OSSZEFOGLALAS Es MEGBESZELES

Munkank célja a GC hormon terapids alkalmazasakor tapasztalt immunszuppressziv hatasok
sejtszintl és molekularis szintl vizsgalata volt. Ugyan a fiziol6gids GC hormon termelés és a
stresszhelyzetben megemelkedett GC homonszint valamint a terapias GC adagolas is sza-
mos szerv és sejttipus mikodését befolyasolja célunk a specifikus immunvalaszt szabalyozé
T limfociték jelatviteli Gtvonalaiban bekovetkezett valtozasok vizsgalata volt.

Ehhez eszkdzként szolgalt az intézetiinkben a vilagon els6ként el&allitott glukokortikoid
receptor specifikus monoklonalis ellenanyag csalad (anti-GR), amelyek a molekula konzer-
valt regulatérikus doménjében elhelyezkedd APTEK26 szekvencia epitdpjait ismerik fel. (Az
ellenanyag el@allitasat Falus Andrds Professzor szorgalmazta és a specifikus szekvencia kiva-
lasztasat is O végezte el.) Az ellenanyagok jellemzése utan kidolgoztunk egy dramlasi
citometrids eljarast a GR expresszi6 fehérje szintl vizsgdlatara, amely lehetGséget ad a
klinikumban oly sokszor el6fordulé GC rezisztencia mogott allé6 GR downregulacié nyomon
kovetésére (Berki T., 1998). Vizsgaltuk nephrosis szindromas gyerekeknek és vese transzp-
lantalt betegeknek adott nagydézisi GC lokésterapia hatdsdra bekovetkez6 GR expresszid
valtozasokat (Visy M, 2002., Berki T., 2002.). Ugyancsak kollaboraciéban vizsgaltuk a hosz-
szantartd poszt-traumas stressz hatasait (szerb-horvat haboriban harcol6 katondk mintain) a
limfocitdk GR expressziéjara (Gotovac. K. et al. 2003). Szintén kollabordciés munkaban
vizsgaltuk egy ultra-szenzitiv liposzéma-anti-GR mAb konstrukciéval végzett dramlasi
citometrids eljarassal a membrdn-GR megjelenését és szerepét reumatoid arthritises (RA)
betegek mononuklearis sejtjein, elsésorban a monocitakon és B limfocitdkon (Bartholome
B.et al. 2004). Ezen klinikai vizsgalatokkal parhuzamosan, ahol a hosszantarté GC kezelés
genomikus hatdsaira kaptunk informdciot a periférias vérben taldlhaté limfocita alcsoportok-
ban, tovabbra is kérdésként meriilt fel a GC kezelés T-sejt jelatvitelre gyakorolt hatdsa. Ki-
vancsiak voltunk, hogy a timuszban zajl6 els6dleges T-sejt differencialédds kezdeti [épései-
t6l a periférids effektor sejtté érésig tarté folyamatban hogy véltozik a sejtek GC érzékenysé-
ge, milyen jelatviteli dtvonalak indulnak el a GC hatasra 6nmagaban és a TcR stimuldcidval
egyid6ben. Ezen folyamatok vizsgalata humdn primer sejteken nagyon nehéz, ezért modell
allatokat és in vitro tenyésztett folyamatos T limfocita eredet( sejtvonalakat hasznaltunk.

I. TIMOCITAK GC HORMON ERZEKENYSEGE ES GR
EXPRESSZIOJUK

Els6ként a GC hormon primer T-sejt differencialédasaban jatszott szerepét vizsgdltuk a
timuszban a 4 timocita alcsoport 6sszetételének és abszollt sejtszamanak mérésével. Ismert,
hogy hosszantarté stressz, vagy GC adagolas a timusz atréfidjat eredményezi. Eredményeink
szerint a hosszantart6 GC kezelés a kettGs pozitiv (DP) timocitdk dozis-fliggé deplécidjat
okozza (Berki et al. 2002) mind Balb/c mind az AND TcR transzgenikus egértorzsben vizs-
galva (Palinkds et al. 2008). A tobbi timocita altcsoport GC érzékenységében a kovetkezd
sorrendet allithatjuk fol: DP >DN > CD4 SP > CD8 SP. Vagyis tobb napos GC kezelés utdn a
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DP timocitdk pusztulasa miatt a SP sejtek dominancidja all el6 és timuszra jellemz& SP sejt
arany CD4 : CD8=3:1 megfordul és a CD8+ sejtek keriilnek tobbséghe (CD4: 43% : CD8:
48% = 1:1), ami az jelzi, hogy a CD8+ citotoxikus T-sejtek a legrezisztensebbek a GC indu-
kalt apoptozisra. Human vizsgalati adataink szerint is a periférias vérben taldlhaté CD8+ T-
sejtek és B limfocitakban jelentkezik a leger6teljesebb GC indukdlta homolég GR
downregulacié, ami a sejtek GC rezisztencidjaval mutat Osszefliggést (Berki et al. 2002).
Nyomon kovettiik a GC kezelés felfliggesztése utan a timocita alcsoportok regeneralédasat is
és azt tapasztaltuk, hogy a kezelés utan még 4 napig alacsony a timocita sejtszdm, majd a 6.
napon Uj DP sejtek jelennek meg és a 15. napra visszaall a timusz eredeti sejtes Osszetétele.
Ebbd! arra kovetkeztethetlink, hogy fiatal egerekben még teljes a timusz regeneracios képes-
sége.

Ismert tény, hogy a cTEC sejtek lokalisan is termelnek GC-t a timuszban, amely a kolcsonos
antagonizmus modell szerint szerepet jatszik a DP sejtek pozitiv szelekcidjdban. Kisérlete-
inkkel bizonyitani tudtuk, hogy a TcR stimuldcié (anti-CD3 kezelésssel vagy PCC antigén
adagolassal) és egyidejli GC kezelés mind in vivo, mint in vitro szovetkultdrdban a DP sejtek
talélését eredményezi, vagyis a két jelatviteli Gtvonal 6sszekapcsolédik a DP sejtekben. Ezt
jelzi a talélé DP és CD4 SP sejtek fokozott CD69 expresszidja valamint a DP sejtek emelke-
dett Bcl-2 expresszidja és megtartott mitokondridlis funkcidja is (Boldizsar et al. 2006). Ha in
vitro szovetkultiraban gatoltuk az endogén cTEC-ek GC szintézisét (Methyrapon el6kezelés-
sel), akkor a sejtek fokozott apoptdzisat figyeltiik meg, vagyis az intakt szovetkultdrdban a
cTEC - timocita interakcié a TcR jelatviteli Gtvonal dominancidjat és a sejtek pusztuldsat
okozza. Ez azt tdmasztja ald, hogy a DP sejtek pozitiv szelekcidja sordn sziikség van a TcR
jel mellett a lokalis GC hormon jelenlétére, vagyis a DP timocita akkor tud a timuszban to-
vabb differencialédni, ha mind a TcR mind a GC indukalta jelatviteli Gtvonal aktivalodik.

Miutan eddigi eredményeink azt mutattak, hogy a DP sejtek a legérzékenyebben a GC hor-
mon apoptotikus hatdsara, valamint ez a TcR egyidejl aktivaciéjaval felfiggeszthets, meg-
vizsgaltuk a kiilonb6z6 timocita alcsoportokban a GR expressziét. Meglepetésiinkre azt 1at-
tuk, hogy a GC-ra legérzékenyebb DP sejtekben a legalacsonyabb a GR expresszié mind
fehérje, mind mRNS szinten (Berki T., 2002,). Aramldsi cytometriaval, valamint real-time
PCR-ral kapott eredményeinkhez hasonléan konfokalis mikroszképos médszerrel vizsgdlva a
DP-sejtekben expresszalédik a legkevesebb GR az éretlen DN és az érett CD4*, valamint a
CD8* SP sejtekhez viszonyitva. Emellett eltérg fest6dési mintazatot is taldltunk. A DP-
sejtekben a GR eloszldsa granularis, mig a CD4* SP sejtekben homogén. A DP-sejtek domi-
nans granuldris fest6dési mintdzata utalt arra, hogy a GR ezekben a sejtekben mitokondridlis
elhelyezkedési lehet. A GR eltér6 miikodését jelzi a DP timocitakban az a megfigyelésiink
is, hogy GC kezelés ezekben a sejtekben nem okoz GR downregulaciét szemben az 6sszes
tobbi, GC-ra kevéshé érzékeny DN és SP sejtcsoporttal, ahol a GR downregulacidja figyel-
het6 (Boldizsar et la. 2006). Ugyanakkor a GC ligand indukalt GR funkciét, vagyis az
apoptézist nem tudtuk felfliggeszteni a GR magi transzlokaciéjat blokkolé kezelésekkel
(RU48044, RU 486). Ez azt jelenti, hogy a timocita apoptdzis nem a klasszikus genomikus
GR jelatviteli Gtvonalon, hanem valamelyik nem-genomikus mechanizmussal torténik. A DP
timocitakban a mitokondridlis funkcié romlasa és a Bcl-2 upregulacié szamunkra azt jelezte,
hogy a sejtekben a mitokondridlis apopt6zis Utvonal aktivalédott GC kezelés hatasara (Pa-
linkas L., 2008). Irodalmi adatok szerint a GC-indukalt apoptézisra érzékeny limfoid eredet(i
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tumorsejt-vonalakban a GR a mitokondriumba is transzlokdlédik ligandkotés hatasédra
(Sionov RV., 2006). Ezért a tovabbiakban vizsgaltuk a GR szubcelluldris lokalizaciéjat a
timocitakban.

1. A DP TIMOCITAK MITOKONDRIALIS GR JELATVITELI
UTVONALA ES APOPTOZIS MECHANIZMUSA

Ligand nélkil a GR a citoplazmdban a Hsp-90 fehérjét is tartalmazé multimolekularis komp-
lexhez kotédik, majd ligandkotés hatasara arrdl levdlva tovabbi jelatviteli eseményeket indit
el (lasd Bevezetés 2.3. A glukokortikoid receptor jelatviteli Gtvonalak attekintése), ezek egyi-
ke a mitokondridlis transzlokdci6. Eredményeink szerint a DP-timocitdkban rovididejd,
nagydoézisa in vitro GC kezelés hatasara a GR f6leg a mitokondriumba transzlokalédik (Ta-
labér G. 2009). Tovabbra sem ismert azonban annak a mechanizmusa, hogy milyen médon
transzportal6dik a GR a mitokondriumba. A GR ligandkoté doménjében (az 558-580 amino-
savak kozott) leirtak olyan motivumokat, melyek hasonléak a citokrém C oxidaz szekvencia-
jaban taldlhaté mitokondridlis lokalizciés szigndl szekvencidhoz (2.3.2.4 A GR
mitokondrialis transzlokacicja, 8. abra). Tovabba, GR-t nem expresszalo sejtvonalakba ilyen
mitokondrialis lokalizaciés szignalt is tartalmazé GR-t kédol6 plazmidokat transzfektéltak,
amelyekben az expresszadl6dé GR csak a mitokondriumba képes transzlokalédni, a sejtmag-
ba viszont nem (Sionov RV., 2006.2). Ezek a GR-varidnsok ligandkotés hatasdra kivétel nél-
kil apoptozist okoztak. A GR pontosabb elhelyezkedését vizsgalva, GC-érzékeny sejtvona-
lakban a GR a mitokondrialis bels6 membranbdl kimutathaté volt (Sionov RV., 2006.1).
Meglep6 mdédon, kezeletlen DP-sejtekben is megfigyelhet6 volt konfokalis mikroszképidval
alacsony szintli GR-mitokondrium kolokalizacié, melyet mar a DP-sejtek granularis GR-
fest6dési mintdzata is felvetett. Ezek alapjan a GR akar ligand-independens médon is jelen
lehet a mitokondriumban (Scheller K., 2000), vagy mivel a DP sejtek a timuszban GC-
gazdag mikrokornyezetben helyezkednek el (Wang D., 2006, Talabér G., 2013), ez szintén
hozzajarulhat a GR downreguldcidjahoz és a mitokondridlis lokalizaciohoz.

A mitokondriumok fontos szerepet toltenek be az apoptotikus jelatviteli események soran a
jelek fogaddsaban és a sejthalal végso fazisanak a lebonyolitasaban (Goldenthal MJ., 2004).
A GC-indukalta apoptozis soran eddigi irodalmi adatok alapjan a mitokondriumnak is fontos
szerepe lehet (Herold MJ., 2006) (Id. Bevezetés 2.6. fejezete: A GC-k hatdsa T-sejteken és a
timuszban). Ezt aldtdmasztja az az eredménylink is, hogy magas dézisi DX a talélé DP-
sejtekben megndvelte az antiapoptikus Bcl-2 szintjét (Palinkas L., 2008). Kisérleteink szerint
a GR ligandkotést kovetéen 30 perc alatt transzlokalédott a mitokondriumba DP-sejtekben
és ennek kovetkezményeként nem-genomikus Gton lecsokkentette a mitokondrialis memb-
ranpotencialt. Rovid idejl, nagy dozisi methylprednisolone szintén csokkentette a
mitokondrialis funkciét concanavalin A-val stimuldlt patkany timocitakon (Buttgereit F.,
1994), igy lehetséges, hogy a GC-k ugyanazon a nemgenomikus médon hatnak a legtobb
GC-érzékeny sejtvonalra. Neuronokban (az idegszovetet érzékenyen érinti a
stresszreguldcio, igy a GC-k is) a kozelmultban irtdk le, hogy a GR a citoplazmaban asszoci-
alédik a Bcl-2-vel, majd ez a komplex ligandkotés hatdsdra a mitokondriumba
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transzlokalodik (Du J., 2009). A Nur77 magreceptor, amelynek jelatvitele fontos szerepet
jatszik a timocitak negativ szelekcidja sordn (Sohn SJ., 2007), mitokondridlis transzlokaciéja
szintén képes apoptozist kivaltani Ggy, hogy a Bcl-2 fehérjét proapoptotikus fehérjévé kon-
vertdlja (Thompson J., 2008). Feltételeztiik, hogy hasonlé mechanizmussal, a Bcl-2 fehérje-
csaldd tagjaival valé kapcsolodason keresztiil okoz apoptozist timocitdkban a mitokondrialis
GR is. Azt taldltuk, hogy a GR kozvetlen fizikai kapcsolatban van a timocitdk
mitokondriumaban és citoplazmajaban egyarant a Bak, Bim és Bcl-xL fehérjékkel. GC keze-
|és hatasara a mitokondridlis GR - Bcl-xL asszociacio csokkent, a GR - Bim interakcio foko-
z6dott, amelyet a Bax mitokondridlis akkumulacioja kisért. A GR és Bax kozott nem tudtunk
direkt fizikai kapcsolodast kimutatni (Prenek L., 2016.)

Tovabbi lehetséges fehérje partner a GR mitokondrialis transzlokdciéja soran valamelyik
hosokkfehérje lehet, hiszen a GR a citoplazmaban a Hsp-90 és egyéb mas
hosokkfehérjékhez  kotédik,  ligandkotés  hatdsara  azokrél  disszocialédik. A
mitokondriumban is torténhet ilyen asszociacio valamely masik h&sokkfehérjével (Hsp-60,
Hsp-70). El6zetes eredményeink arra utalnak, hogy a GR a mitokondriumban a Hsp-60
hosokkfehérjével kapcsolédik 6ssze, de ez még tovdbbi megerGsitést igényel. Mindezek
alapjan ugy gondoljuk, hogy a mitokondrialis GR altal elinditott jelatviteli folyamatokban
tehat feltehet6leg mind a Bcl-2 fehérjecsalad tagjainak, mind a h&sokkfehérjéknek fontos
szerepe lehet. A mitokondriumban talalhaté h&sokkfehérjék koziil a Hsp-60 a mitokondrium
bels6 membranjaban taldlhaté és a mitokondriumba torténé fehérjeimportban segédkezik
(Deocaris CC 2006). A Hsp-60 a legljabb adatok szerint egy Janus-arci h&sokkfehérje, mi-
vel viselkedhet pro- és antiapoptotikus medidtorként is az apoptotikus stimulustol és sejtti-
pustdl fliggben (Chandra D., 2007). A cardiomyocytakat példaul Ggy védi a programozott
sejthalaltél, hogy komplexet képez a proapoptotikus Bax fehérjével és meggatolja annak
athelyez6dését a mitokondrium kiils6 membranjaba (Kirchhoff SR., 2002). Tovéabbi kisérle-
tek elvégzését tervezzik annak kideritésére, hogy a Hsp-60 milyen hatast fejt ki a GC-
indukalta apoptézis soran DP-timocitakban.

A fenti fehérje interakciok mellett a GR a klasszikus sejtmagi hatdsmechanizmusdhoz hason-
[6an a mitokondriumba transzlokdlédva kotédhet a DNS-hez ligand aktivalt transzkripcids
faktorként, illetve mas transzkripcids faktorokhoz (pl.NF-kB) is. A mitokondrialis genomban
leirtak a GRE-hez hasonlé szekvencidkat (Demonacos CV., 1996), illetve a magi transzkrip-
ci6s faktorok koziil néhanyat (NFAT, NF-kB) kiilonb6z6 sejtvonalak mitokondriuméban is
azonositottak (Bevezetés a 2.3.2.4. a GR mitokondridlis transzlokdcidja fejezete) (Psarra
AM., 2008). Nemrég leirtak, hogy HEK-293 sejtvonalban a mitokondridlis GR 6sszekapcso-
lodik a thioredoxin-2 fehérjével (Psarra AM., 2009). A kapcsolédas kovetkezményeképp
fokozodik a mitokondridlis oxidativ foszforildciét irdnyité enzimek génjeinek atirdsa és a
légzési lanc funkcidja. Ebben a kisérletsorozatban a GR az NF-kB transzkripciés faktorhoz is
kotédéstt a mitokondriumban, mert az NF-kB eredetileg gatolja a mitokondridlis oxidativ
foszforilaciot. Mivel a DP-timocitdkban kb. 30 perc alatt mar jelentGs mértékd
mitokondridlis GR-transzlokdcio latszik, illetve a membranpotencial is lecsokken, igy kevés-
bé valészind, hogy a GR a mitokondridlis DNS-hez kotédve fejtené ki proapoptotikus hata-
sat.

A GR-nek, ahogy a bevezetésben részletesebben bemutatasra kertilt, t6bb tirozin és szerin
foszforilaciés helye is van. A GR megfelel6 szerinmaradékokon torténé foszforilaciéja szin-
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tén szerepet jatszhat abban, hogy bizonyos sejttipusokban, igy a DP timocitakban a GR csak
a mitokondriumba és nem a sejtmagba transzlokdl6dik. Hasonlé jelenséget figyeltek meg az
el6bb is emlitett Nur77 esetében, melyet a timocita, illetve T-sejt apoptdzis sordn a megfele-
|6 szerinmaradékon torténd foszforilacié iranyit a mitokondriumba (Wang A., 2009). El6z6-
leg patkanyagyszovetben (prefrontdlis agykéreg és hippocampus) pontosan jellemezték a
GR-foszfoizoformak eloszldsat az intracellularis kompartmentekben kiilonb6z6 stressz inge-
rek hatdsara. Krénikus izoldcié hatdsara a GR a 232-es szerinen foszforilalédott (ezen a
szerinmaradékon a GR-t a ciklin-dependens kindzok foszforildljak, viszont az egér, a pat-
kany és a human foszforilaciés helyek kiilonbdznek) és a mitokondriumba transzlokalodott,
valamint ott a citokrém oxidaz gének expressziéjat modulalta (Adzic M., 2009). Jelenleg
timocitdkban nem ismert a GR szerin-foszfoizoformak eloszlasa.

Ujabb, a mitokondriumok és a T-sejt jelatvitel 6sszefonédasara utalé érdekes eredmény,
hogy a T-sejt aktivacié soran a mitokondriumok T-sejtekben az immunolégiai szinapszis
koré csoportosulnak (Schwindling C., 2010). Ez a transzlokdcié kalcium-bedramlds
dependens maédon torténik, de nem fligg a kalcium-bearamlas pontos helyétél a membran-
ban (Quintana A., 2007). Az apoptotikus stimulusok soran az endoplazmatikus retikulumbdl
kidraml6 kalciumot nagyrészt a mitokondrium veszi fel, ez mitokondridlis duzzadast, vala-
mint az atmenetileg permeabilitast biztosité porus (permeability transition pore-PTP) meg-
nyitasat eredményezi (Giacomello M., 2007), amely végil beinditja az apoptotikus kaszka-
dot. Nem ismert, hogy a rovidideji, nagy doézisG DX-kezelés befolydsolja-e a
mitokondriumok polarizacidjat a T-sejt receptor koril, illetve arrdl sincs adat, hogy a DX
hogyan hat timocitdkban a mitokondridlis kalcium-homeosztazisra rovid és hosszd tavon.
Azt azonban sikeriilt kimutatnunk, hogy DP timocitakban a ligand-kottt GR a
mitokondridlis membran-potencial csokkenését majd citokrom C felszabadulast és kaszpaz 9
aktivaciot, majd kaszpdz 3 aktivaciét okoz. Arra nézve kevés informaciénk van, hogy mi
lehet az oka, hogy a DX kezelt mintakban emelkedik a kaszpaz 8 aktiv forma is, ami az
intrinsic és extrinsic apoptozis Gtvonal aktivacié kozti atkapcsolast jelezheti. De felmeriil az
is, hogy a nagydo6zisi GC hatasra bekovetkezé gyors véltozasok mogott a GC direkt memb-
ranhatasa all aminek a kovetkezménye a mar szelektal6d6 DP timocitdk extrinsic apoptdzis
dtvonaldnak az aktivacidja. Tekintettel arra, hogy a timocitak DX-indukalta apopt6zis mole-
kularis mediatorairél sok, részben ellentmondasos adat gydilt 6ssze, melyek szinte kivétel
nélkdl a teljes timocita populdcidkon (kb. 75-80%-a DP-sejt, 10-15%-a CD4* SP-sejt vad-
tipust egérben) végzett vizsgdlatokbdl szarmaznak, ezért kilonosen fontosnak tarjuk, hogy
jelen munkdban az egyes timocita alcsoportokat elkiilonitve vizsgaltuk. Ugyancsak Gjdon-
sag, hogy szubcelluldris frakciékban elkilonitve vizsgaltuk a GR lokalizaciét és a GR -Bcl-2
csalad fehérjéivel torténd aszocidciot.

Munkénk els6 részének eredményeit Osszefoglalva, adataink Gj informdciét nydjtanak az
éretlen DP-timocitak fokozott GC-érzékenységérél, melynek hatterében az egyik tényezé a
GR mitokondridlis transzlokaciéja, amely egy Uj alternativ GR-jelatviteli Gtként kilonosen
fontos a GC-indukalta apoptdzis mechanizmusanak részletesebb megismerése és igy a DP
timocitak szelekcios folyamatainak megértése terén.
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I1l. A GC GYORS NEM-GENOMIKUS HATASAINAK
VIZSGALATA A TCR JELATVITELI UTVONALRA

Munkénk tovabbi szakaszdban arra voltunk kivancsiak, hogy a timocitak talélését jelentd
TcR és GR jelatviteli utvonalak milyen pontokon taldlkoznak. A timuszban elhelyezkedd
sejtek kiilonbozd érési stadiumban vannak, igy azokon nehéz a jelatviteli Gtvonalak moleku-
laris szintl vizsgalata. Ezért a tovabbiakban Jurkat T-sejteket hasznaltunk, amely elfogadott
in vitro modellje a T-sejt aktivacié vizsgalatanak. Tovdbbi segitséget jelentett, hogy a TcR
legfontosabb jeldtviteli molekuldit mar azonositottak, és egyre tobb olyan Jurkat sejt mutans
T-sejt vonal is rendelkezésre all, amelyekben valamelyik molekula hidanyzik, példdul az Lck
deficiens JCaM1A vagy a ZAP-70 deficiens P116. Mds munkacsoportok (Van Leathem et al.,
2001) is foglalkoztak a GC-ok immunszuppressziv hatdsai mogott allé tirozin foszforilacios
valtozasokkal, de azok a vizsgalatok hosszabb idejl (6-16 6rds) 1 uM DX GC kezelés utan
torténtek. A szerz6k csokkent TcR CD3 -lanc, ZAP-70 és LAT foszforilaciét talaltak és azzal
magyardzzdk, hogy a DX megvaltoztatja fontos lipid-raft asszocidlt molekula elhelyezkedé-
sét és acylacigjat (Van Laetehm F., 2003). Az altalunk vizsgdlt GC hatasok 10 pM DX keze-
lés perceken beliili eseményeit rogzitik, melyek kétséget kizaréan nem-genomikus mecha-
nizmust jelentenek. Azt talaltuk, hogy DX kezelés 6nmagaban perceken beliil foszforilacios
eseményeket indit el Jurkat sejtekben, mig a DX elGkezelés felfliggesztette szamos fehérje
anti-CD3 kezelés hatasara bekovetkezd foszforilacigjat.

A ZAP-70 kindz kozponti szerepet jatszik a TcR-CD3 komplexbdl elindulé jelatviteli folya-
matban (Smith-Garvin JE/, 2009), ahol az aktivacié els6 |épéseinél a src-kindzok altal
foszforilalt CD3 zeta lancok ITAM motivumaihoz kapcsolédik (dokklédas) (Mustelin T.,
2003). Ez egyrészt a ZAP-70 molekula autofoszforildciojat masrészt a src-kindzok dltali
foszforilaciéjat eredményezi, majd a molekula tovabbi adapter fehérjéket foszforilal pl. a
LAT, SLP-76, Cbl. Megvizsgdltuk, hogy a DX kezelés hogyan befolydsolja a ZAP-70
foszforilacidjat és azt talaltuk, hogy 6nmagdaban is noveli a foszfotirozin tartalmat hasonlé-
képpen, mint az anti-CD3 kezelés 6nmagdban. Ugyanakkor a kombindlt DX + anti-CD3
antitest hatasara tovabb emelkedik a ZAP-70 tirozin foszforilacié, ami arra utal, hogy a kétfé-
le kezelésre mas tirozin maradékok foszforilalédnak. A tirozin foszforilacié a jelatviteli Gtvo-
nalak egy fontos aktivaciés szabalyozé mechanizmusa. A humdn ZAP-70 619 aminosavbdl
all és 31 tirozint tartalmaz, amelybdl eddig 11-et azonositottak, mint foszforildcids helyet.
Ezek kozil bizonyos tirozinok foszforilacidja aktivalé, mig masok gatl6 hatassal vannak a
molekula kindz aktivitdisdra (Wange RL., 1995). Mdas ZAP-70 tirozin maradékok
foszforilacidja szabalyozé fehérjék kapcsolddasi helyéil szolgal, amely Gjabb funkcionalis
kovetkezményekkel jar (Di Bartolo V., 2002). Néhany tirozin foszforilaciés hely funkciéja
még nem ismert.

A ZAP-70 tirozinjainak szerepét a tovabbiakban Boldizsar és mtsai altal intézetlinkben el64l-
litott Y-F pontmutdans ZAP-70 variansokat stabilan expresszalé sejtvonalakon vizsgaltuk. A
sejtvonalak jellemzése utan vizsgdltuk az egyes tirozinmaradékok szerepét a nagy doézisu
GC-ok direkt ZAP-70 foszforilaciot el6idéz6 hatasaban és a T-sejt jelatviteli Gtvonalat médo-
sitd hatasaban (Szabé M., 2012). Elemeztik, hogy a ZAP-70 kindz mely tirozin maradékai
vesznek részt a nem-genomikus GC hatdsok kialakitasaban, valamint azt, hogy a kialakult
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jelet mely downstream célmolekulak kozvetithetik. Rovid idejli, nagy doézisi DX kezelés
csokkent ZAP-70 foszforilacibhoz vezetett az F315- és F492-ZAP-70-et expresszal6 sejtek-
ben, ami azt mutatja, hogy a ZAP-70 ezen 2 tirozin maradéka vehet részt a nem-genomikus
GC jelatvitelben. Frdemes megjegyezni, hogy ezen két tirozin ellentétes szerepet tolt be a T-
sejt aktivaciéban, az Y315 aktivacids, mig a Y492 gatlé funkcidju tirozin. Az eredmények
tehdt arra utalnak, hogy finom kiilonbségek figyelhet6k meg a ZAP-70 foszforilaciés minta-
zataban a nem-genomikus GC és a TcR/CD3 jelatvitel soran. Korabbi kisérleteink soran GC
indukalta ZAP-70-GR asszocidciot figyeltiink meg, igy a fenti foszforildcié csokkenés magya-
razataul szolgalt volna, ha a Y-F aminosavcsere hatdsdra a ZAP-70-GR asszocidci6 is meg-
valtozik (Bartis D., 2007). Nem taldltunk azonban kiilonbséget a pontmutans sejtek ZAP-70-
sanak lehetséges csokkenésére, vagy a T-sejt jelatviteli kaszkad soran a ZAP-70-tdl
proximalisan elhelyezked6 molekuldk (pl.: Lck) szerepére hivja fel a figyelmet.

Vizsgaltuk tovabba a ZAP-70 kindz kozvetlen szubsztratjainak szerepét a nem-genomikus
GC jelatvitelben. A LAT és az SLP-76 adaptereken kiviil kiilonos figyelmet forditottunk a Chl
molekuldra, mivel negativ reguldtorként fontos szerepet jatszhat az immunszuppressziv fo-
lyamatok szabdlyozasaban (Rao N., 2002, Paolino M., 2010). Mindhdarom molekula
foszforilaciéja emelkedett rovid idejl, nagy dézisi DX kezelés hatasara, tehat valamennyien
szerepet jatszhatnak a nem-genomikus GC hatdsok kozvetitésében. Megvizsgaltuk azt is,
hogy a F315 és F492-ZAP-70-et expresszalo sejtekben a mutacié hogyan befolyasolja a LAT,
SLP-76 és Cbl foszforilacié novekedését. A Cbl és SLP-76 esetében a mutdcidk meggatoltdk
a DX indukalta foszforilacié névekedést, mig a LAT foszforilaciéjat nem befolyasoltak.

Ez arra utal, hogy a ZAP-70 medialta nem-genomikus GC hatdsokat az SLP-76 és a Cbl mo-
lekulak kozvetitik. A LAT-ot a ZAP-70-en kivil az Itk és az Lck is foszforilalja, igy feltehetd-
en a LAT-on megfigyelt nem-genomikus GC hatasokat ezek a molekuldk idézik el (Perez-
Villar JJ., 2002).

Megvizsgdltuk a ZAP-70 foszforilacié id6-kinetikajat is annak tisztdzdsara, hogy mdas mun-
kacsoportok altal leirt néhany 6rdas DX kezelés utani csokkent ZAP-70 foszforilaciéval valé
ellentmondast tisztdzzuk. Azt talaltuk, hogy az altalunk alkalmazott d6zisi DX gyors, tranzi-
ens ZAP-70 foszforilacié emelkedést okozott, ami 5 perc utan mar csokken. Az azonnali
foszforilacioés jelenségek membran-kozeli molekuldk részvételére utalnak. A ZAP-70 a p56-
Ick egyik f6 szubsztratja, ami a membran lipid-raftok komponense. Az a megfigyelésiink,
hogy a DX indukalt ZAP-70 foszforilacié hianyzik a p56-Ick deficiens JCaM1.6 sejtekben
egyértelmiien aldtamasztja a p56-Ick szerepét a folyamatban. Ezzel ellentétben a ZAP-70
foszforilacié zavartalan a CD3 keresztkotés utan JCaM1.6 sejtekben. Ez az anti-CD3 aktiva-
ciokor belép6 mas src-kindzok, igy a p59-lck kompenzatérikus hatasanak tudhaté be és
megerGsiti azt a feltételezéslinket, hogy az anti-CD3 és DX kezelés hatasara a ZAP-70-en
mas tirozin molekulak foszforilaciéja torténik.
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66. abra: Nem-genomikus GC hatasok feltételezett mechanizmusai a TcR jelatvitel altalunk

vizsgalt molekulaira.

A GC-ok a plazma membranon térténé diffizict kbvetéen kétédnek citoplazmatikus receptorukhoz (1. nyil). A
ligand aktivalt GR asszocial a ZAP-70 kindzzal, mik6zben annak Y315 és Y492 maradékai foszforilalodnak. Az
SLP-76 és a Cbl tirozinjait a ZAP-70 foszforildlja (2. nyil), mig a LAT a ZAP-70-tél fiiggetleniil (eddig ismeretlen
modon, feltehetéen upstream szabalyozé molekulak révén) foszforilalodik (3. nyil).(Szabo M., 2012)

Ez arra utal, hogy a ZAP-70 medialta nem-genomikus GC hatasokat az SLP-76 és a Cbl mo-
lekuldk kozvetitik. A LAT-ot a ZAP-70-en kivill az Itk és az Lck is foszforilalja, igy feltehets-
en a LAT-on megfigyelt nem-genomikus GC hatdsokat ezek a molekulak idézik el6 (Perez-
Villar JJ., 2002).

A direkt membran hatdsok kizarasara és citoplazmatikus GR szerepének tisztdzdsdra a fo-
lyamatban megvizsgaltuk a RU486 (Mifepristone,) egy GR antagonista hatasat és azt taldltuk,
hogy a RU486 el6kezelés megakadalyozta a DX indukalta ZAP-70 foszforilaciét. Ez meger6-
siti a citoplazmatikus GR szerepét a folyamatban, amely a Hsp-90-el asszocialédik inaktiv
repét a p56-Ick aktiv konfomacidjanak kialakitasaban. Igy adodott a felvetés, hogy a GR,
p56-Ick mellett a ZAP-70 is tagja a Hsp-90 koré szervez6dé makromolekuldris komplexnek.
Ezt megerGsitette az az eredményiink, hogy a GR koprecipitdlodott a ZAP-70-el és vica versa
Jurkat sejtekben és egy ZAP-70-el transzfektalt transzgenikus Hela sejtvonalban is. Ez a két
molekula direkt fizikai kapcsolatat tdmasztja ala, ami fliggetlen a p56-Ick jelenlététsl és GR
ligand hatdsara fokozdédik az asszocidcié. Ez azt sugallja, hogy a DX kezelés hatasara elin-
dulé jelatvitel a két molekula direkt fizikai kapcsolata révén valésul meg amely konfokalis
mikroszképos vizsgalatok alapjan membran-kozeli eseménynek latszik Jurkat sejtek citop-
lazmdjdban. Feltételezhetd, hogy Jurkat sejtekben a ZAP-70 membran orientdlt elhelyezke-
désli a TcR-asszocialt jeldtviteli folyamatban. Elfogadott, hogy ligandkotés utdan a GR
disszocidl a Hsp-90 komplexr6l. Eredményeink szerint ligankotés utan a GR asszocidlodik a
ZAP-70-el, ami nem gatolhat6 geldanamycinnel, ami azt tamasztja ald, hogy ez mar Hsp-90
flggetlen esemény.
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Miutdn részletesen megvizsgaltuk a GC-ok T-sejtekre kifejtett 6nall6 hatdsat, arra kerestiik a
valaszt, hogy a DX kezelés hogyan befolyasolja a T-sejt aktivaciot és ezaltal hogyan jarulhat
hozza az immunszuppressziv hatdsokhoz. Az a tény, hogy a DX kezelés gétolta a ZAP-70
hogy az dltalunk leirt nem-genomikus GC jeldtviteli mechanizmusok édllnak a GC-ok jdl is-
mert T-sejt aktivaciot és funkciét gatlé hatasai mogott. Ezért GC analdggal elGkezelt sejtek-
ben vizsgaltuk az SLP-76, a LAT és a Cbl foszforilacijat, valamint az intracelluldris Ca**-
jelet anti-CD3 aktivaciot kovetéen. A ZAP-70 kindzban megfigyelt véltozasokhoz hasonléan
kombindlt kezeléskor a LAT és a Cbl tirozin foszforilacidja tovabb nétt a csak anti-CD3 ke-
zelt mintakhoz képest, mig az SLP-76 aktivaci6 indukalta foszforilaci6jat a DX kezelés rész-
ben gétolta (Bartis D., 2007). Ez arra utal, hogy a nem-genomikus GC hatds megvaltoztatja
aTcR/CD3 jelatviteli utak foszforildcidjat, azaz a két -a TcR/CD3- illetve a nem-genomikus
GR- jelpalya kozott komplex ,cross-talk” (,parbeszéd”) zajlik.

A foszforilacié véltozasok mellett az intracellularis Ca’*-jel is a T-sejt aktivacié kulcsesemé-
nyei kozé tartozik. Az anti-CD3 indukdlta Ca®*-jel részben gatolhat6 rovid idejdi, nagy dézi-
st DX el6kezeléssel, hasonléan az SLP-76 foszforildcijdhoz. Ez az adat 6sszhangban lehet
azzal a megfigyelésiinkkel, miszerint a Ca**-jel kialakulasat Jurkat sejtekben inkdbb az SLP-
76 szabalyozza. A DX kezelés mas médon is befolydsolhatja a Ca**-jelet, példaul a memb-
ranok ioncsatorndira kifejtett hatdson keresztiil. Az intracelluldris Ca**-jel csokkenésének a
kalcineurin-NFAT tengely gatlasa lehet a kovetkezménye.

Természetesen a kordbban bemutatott GC analég indukalt ZAP-70-GR asszociacié felveti
annak a lehet6séget is, hogy a nem-genomikus GC hatas fizikailag ,kivonja” a ZAP-70-et a
TcR/CD3 jelatviteli Gt proximalis komplexébdl, igy gatolva/csokkentve a TcR/CD3 aktivacio
hatékonysagat.

Osszefoglaldsként tehat megallapithatjuk, hogy a TcR/CD3 jelatvitelt a T-sejt aktivdcié mo-
lekuldainak finom 6sszehangolt miikddése szabdlyozza. Az aktivacié kezdeti folyamatainak
szabdlyozasdban a ZAP-70 tirozin maradékai kiemelked szerepet jatszanak, valamint a
kindz szubsztratjai kulcsfontossagiak a nem-genomikus GC hatasok kialakitasaban is. A GC
vagy kombindlt (anti-CD3+DX) hatasok a proximdlis jelatviteli molekulak finom kélcsénha-
tasanak, komplex szabdlyozasanak koszonhetGen, részben eltér6 médon tovabbitédnak.

IV. GC HORMON HATASA A REGULATORIKUS T SEJTEK IN
VIVO ES IN VITRO DIFFERENCIALODASARA ES
FUNKCIOIRA

Az allo- és autoantigénekkel szembeni immunvalasz gatlasaval a Treg sejtek fontos tényezsi
és terapids célpontjai az immunvalasz szabdlyozasanak és a periférids tolerancia fenntarta-
sanak. Gyulladasos betegségek, autoimmun és transzplantalt betegek kezelésének egyik leg-
fontosabb eszkozei a GC analdgok, mégis keveset tudunk a Treg sejtekre kifejtett hatasairdl.
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Munkénk soran a GC kezelés centrdlis és periférias nyirokszervekben el6fordulé tTreg
(CD4*CD25*FoxP3*Helios*) és iTreg (CD4*CD25'FoxP3*Helios) sejtekre kifejtett hatdsat
vizsgaltuk. Nagy dozisi DX kezelés hatdsdra a timusz és a |ép szerkezete is megvéltozott, a
[épben a T-sejt zona diffizza valt, ugyanigy, mint a timuszban a Treg sejtek eloszlasa is
(Ugor E., 2014). A timuszban a tTreg sejtek aranya szignifikansan emelkedett, a kezelés
hosszaval parhuzamosan pedig tovabb nétt, mikzben a timocitak szdma dramaian csokkent
— ami a DP, GC érzékeny timocitak pusztuldsaval magyarazhaté. Ekdzben a Treg abszolut
Ez arra enged kovetkeztetni, hogy a timuszban tébbségben jelenlevd tTreg sejtek reziszten-
sek a GC indukalta apoptotikus hatasra.

A periférias nyirokszervekben sokkal magasabb a Treg-ek ardnya, de 45-60%-uk iTreg. [smé-
telt DX kezelés hatdsara a Iépben és a mLN-ben kismérvii Treg sejtarany csokkenés volt
megfigyelhet mikozben az 6ssz-sejtszamok is csokkentek. Ezek alapjan feltételezhetd, hogy
a periférian el6fordulé iTreg-ek és tTreg-ek masképp reagalnak GC expoziciéra. Mivel a
tTreg-ek a timuszban jonnek létre, joggal feltételezhetd, hogy el6fordulasuk ott a leggyako-
ribb. A timuszban a vartnak megfelelGen igen magas a Helios pozitivitds a Treg-sejteken
beliil. Meglepé azonban, hogy a timuszban is taldltunk Helios negativ Treg sejteket, ill. a
periférias nyirokszervekben a Treg-ek fele Helios pozitiv. Ez az eredmény kétséget ébreszt,
hogy a Helios j6 markerként hasznalhat6-e a tTreg és iTreg alcsoportok elkiilonitésére. Ha a
periféridn valéban ilyen magas a tTreg el6fordulasa, akkor az 6ssz-sejtszam csokkenése mel-
lett a Treg ardnynak — azok szteroid rezisztencidja miatt — ndvekednie kellett volna, de ez
egyik periférias nyirokszervben sem tortént meg, s6t, a Iépben és az mLN-ben még szignifi-
kans csokkenésiiket is tapasztaltuk. Eredményeink inkabb azt a megallapitast tamasztjak ala,
hogy a periférian a Helios transzkripcios faktos megjelenése T-sejt aktivaciés marker, és bar
kétségtelen, hogy a timuszban magasabb a Helios pozitivitas a Treg-eken beliil, expresszidja
mégsem kizarolag a tTreg-re jellemzé.

Egy adott sejt GC érzékenysége fligg annak GR expresszids szintje mellett a sejtet éré egyéb
jelatviteli Gtvonalak parbeszédétdl is. A timuszban a DP timocitdk reagalnak legérzékenyeb-
ben a GC indukalta apoptézisra, benniik talaltuk a legalacsonyabb GR expressziét, amely
GC kezelés hatasara nem véltozik. Az érett SP T-sejtekben és a periférids limfocitakban ma-
gasabb a GR fehérje szint, de rezisztensebbek GC anal6g adasara és benniik a GR szignifi-
kans down-regulaciojat figyelhetjik meg (Boldizsar F., 2007). Kisérleteinkben a kezeletlen
allatok timuszdban talalhaté Treg sejtek GR expressziéja alacsonyabb, mint a |épben, ami a
lokalis mikrokornyezeti hatdsok (lokdlis GC termelés) kovetkezménye lehet. GC kezelés ha-
tasara a GR expresszi6 a timuszban taldlhaté tTreg sejtekben névekszik, mig a [épben down-
regulacio figyelheté meg. Ez Osszefligghet a timuszban és periférids szervekben taldlhat6
Treg sejtek eltéré GC érzékenységével.

A Treg sejtek stabilitasat a FoxP3 transzkripciés faktor jelenléte jelzi, amely epigenetikai
szabdlyozas alatt all, amit és tTreg sejtekben a FOXP3 gén enhancer régidjanak metilaciéja
jelez (Morkawa H., 2014). Kisérleteink szerint egér centralis (timusz) és periférids (Iép) Treg
sejtjeiben 2 napos nagydozisu in vivo DX kezelés hatdsara a FoxP3 mRNS expresszi6 a tTreg
sejtekben nem véltozik, mig a |épben talahat6 Treg sejtekben emelkedik. Ez azt sugallja,
hogy a tTreg sejtekben a FoxP3 expresszi6 stabil, mig a periférids nyirokszervekben a
CD4+CD25"e" sejtekben GC hatdsra indukdlhat6. Tovabbi FoxP3 mRNS génexpresszio
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emelkedést okoz 4 6ras in vitro PMA/ionomycin stimulacié is mind a timusz, mind a |ép
eredetl Treg sejtekben, de ezt nem befolyasolja az el6zetes in vivo GC hatas. Vagyis a Treg
sejtekben in vitro aktivacié hatasara emelkedik a Foxp3 mRNS expresszi6. Megvizsgdltuk a
FoxP3 lokalizaciojat a Treg sejtekben és annak viszonyét a ligand-aktivalt GR-hez, ami szin-
tén transzkripcids faktorként viselkedik a klasszikus genomikus hatds soran. Mindkét mole-
kula klasszikus nukledris mintdzatot ad konfokalis mikroszképos felvételeken. Erdekes meg-
figyeléstink, hogy ligand nélkiil is a GR a Treg sejtekben nagyrészt a sejtmagban lokalizalé-
dik igen szoros asszociaciét mutatva a FoxP3-al. Ez felveti a magi lokaliz4cidjd, inaktiv GRB
szerepét és asszociacidjat a FoxP3-al GC menets kdzegben a Treg sejtekben. A GR-FoxP3
asszociacié még tovabb fokozdédik rovid idejl in vitro GC hormon kezelést kovetGen, ami a
ligand-kotott GR magi transzlokacidjat tdmasztja ald. A konfokdlis mikorszképban latott szo-
ros ko-lokalizacié nem ad informaciét a két molekula fizikai kapcsolatara, ezért ennek tisz-
tazasa tovabbi vizsgalatokat igényel.

Miutan a Treg sejtek és a GC hormon immunszuppressziv hatdsit egyardnt a citokin
teremelés és a sejtaktivacié befolyasolasan keresztiil fejti ki, felmerilt a kett6
szinergizmusanak vizsgalata. A Treg sejtek egyrészt szekretalt citokinjei révén, masrészt di-
rekt sejt-sejt kapcsolédas Gtjan fejtik ki az immunvalaszt gatlé hatasaikat. Vizsgdlataink ala-
tamasztjak, hogy 2-4 napos GC kezelés mind a timuszban, mind a |épben noveli az IL-10 és
TGFp szekretdl6 Treg sejtek aranyat. Ezt fehérje szinten mindkét citokin esetében egyértel-
mien ki tudtuk mutatni, mig szepardlt CD4+CD25high+ sejtekben qRT-PCR-al a timuszban
erGteljes IL-10, enyhe fokd TGFB, mig a |épben csak TGFP emelkedés jellemz6. A [épben az
IL-10 mRNS inkabb csokkenést mutatott a GC kezelt mintakban, ami felveti az IL-10 szere-
pét egér FoxP3+ periférids Treg sejtekben. Az utébbi id6ben leirtak az IL-35 citokint is, mint
a Treg sejtek immunszuppressziv hatast termékét. Vizsgalataink alapjan a két polipeptid
lancbdl felépiils citokin inkdbb csokkent termel6dést mutatott a GC kezelés hatasara. Miu-
tan a molekula egyik lanca az IL-12a, egy gyulladasos citokin komponense is, igy nem meg-
lepd, hogy GC anti-inflamatérikus hatasara ezen molekula inkabb csékkent expressziét mu-
tat.

A periférias nyirokszervekben a naiv CD4+ T-sejtek elkotelez6dése iTreg iranyba fligg az
antigén koncentrdciojatol, a citokin kornyezett6l, kiilonésen a magas IL-2 és TGFB koncent-
racio és szuboptimalis dendritikus sejt aktivacié és a kostimulacié hidanya kedvez kialakula-
suknak (Zheng SG., 2008). Habar a TcR aktivacié elengedhetetlen a Treg differencidl6das-
hoz, de er6sebb TcR - MHC/peptid interakcié (Selveraj RK., 2007) és kostimuldcié esetén
nagyobb mennyiségli tolerancia-indukdlé citokin, vagyis TGFB és IL-2 sziikséges a Treg
fenotipus kialakulasdhoz, mert ellenkez& esetben a Th17 fenotipus keletkezhet. Ez a magas
TGFB koncentracié IL-6 receptort downreguldlé hatdsanak tudhaté be. Az IL-6 énmagaban
gatolja a Treg funkci6t (Pasare C., 2003) a Treg expanziét (Wan S., 2007) és akadalyozza a
TGFB activitast Smad7 indukciéval (Dominitzki SM., 2007). Ez alapjan a gyulladasos mikro-
kornyezet tovdbb rontja a Treg funkcidt, ami az autoimmun betegségekben amugyis jellem-
z6.

A sajattal szembeni immunoldgiai tolerancia és az immunvalasz egyenstlyanak helyreallita-
sa az autoimmun betegségek kezelésnek a stratégidja. Ennek egyik lehetGsége a Treg transz-
fer, amely citokinjei révén alkalmas lehet az immunolégiai egyensuily helyredllitasara. Ehhez
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Osszehasonlitottuk timusz és |ép eredetl CD4+ T-sejtek in vitro expanzidjaval nyert Treg-ek
funkcionalis aktivitasat. Azt tapasztaltuk, hogy mindkét szervbdl magneses negativ szelekci-
6val szepardlt CD4+ T-sejtek anti-CD3/CD28 stimulacié valamint IL-2 és TGFp jelenlétében
szaporodtak a leginkabb. A DX jelenléte a tapfolyadékban csak a 1épbdl differencidl6dé Treg
sejtek aranyat emelte, valamint azok TGFB szekréciéjat. 4 napos in vivo DX el6kezelés a
timusz eredet( tTreg sejtek in vitro expanzidjat és differencialédasat segitette, de ez azzal is
magyarazhatd, hogy a 4 napos DX kezelés hatdsdra a timusz CD4+ sejtjeinek sokkal na-
gyobb hanyada Treg sejt, mint a kezeletlen timuszban. Ez a sejtek in vivo GC rezisztencidja-
val magyarazhat6, ugyanakkor Gjabb bizonyiték a GC jelenlétének fontossagara a Treg elko-
telez6désben. A sejtek citokin termelését megvizsgdlva is azt lattuk, hogy az in vitro DX je-
lenléte a l1épben fokozza mind az IL-10+ mind a TGFB+ Treg sejtek aranyat. Ebben a mikro-
kornyezetben a sejtek sem Th1 sem Th2 sem Th17 iranyu elkotelez6dést nem mutatnak. Az
in vivo GC el6kezelt CD4+ |épsejtekbdl differencidltatott Treg sejtekben a legmagasabb a
szupresszor hatdsu IL-10 és TGFp termald sejtek ardnya, de megjelentek alacsony %-ban
Th1 és Th2 citokin termel6 FoxP3+ sejtek. Ez feltételezésiink szerint az in vivo mar elkotele-
zett CD4+ T-sejtekbdl kialakulé az in vitro aktivdlé mikrokornyezetben megval6sulé Treg
iranyu elkotelez6dés eredménye. Miutan ez a jelenség a kezeletlen 1épb6l nem volt kimu-
tathato, in vivo Treg transzfert ezekkel a Treg sejtekkel terveziink agy proteoglycan indukalt
reumatoid arthritises egér modellen.
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10.

11.

UJ EREDMENYEK

. Leirtuk, BALB/C és AND-TcR transzgenikus egértdrzs timocita alcsoportjainak 0sszeté-

telét és azok eltér6 GC érzékenységét.

Azt taldltuk, hogy a timocita alcsoportokban a GR expresszi6 nem egyforma: a
glukokortikoid hormonra legérzékenyebb DP populdciéban a legalacsonyabb a GR
expresszio.

GR antagonistak segitségével leirtuk, hogy a DP timocita apoptézis korai fazisanak ki-
valtdsdhoz nem sziikséges a GR nukledris transzlokdcidja, mig késébbi apoptozis sté-
diumban mdr igen.

Morfolégiailag jellemeztiik a GR eloszlasat a timocita populdciékban és kimutattuk,
hogy a DP timocitdkban a GR ligandkotés hatdsdra a mitokondriumba nem pedig a
sejtmagba transzlokalodik.

......

mint a Bim, Bcl-XL és Bax és ennek szerepét a GC indukalt mitokondridlis apoptézis
atvonal aktivaciojaban DP timocitdk.

Eredményeink szerint a GR és TcR stimulacié egyiitt magasabb aranyd DP timocita
talélést okoz, ami a korai apoptotikus folyamatok gatlasanak koszonhets és a két jelat-
viteli Gt Osszekapcsolodasat és a kolcsonds antagonizmus modellt tdmsztja alda a
timocita szelekci6 soran.

Leirtuk a GR-ZAP-70 asszicidciot T-sejtekben rovid idejli nagydo6zisi GC kezelés hata-
sara, valamint bizonyitottuk, hogy ek6zben gatlédik a ZAP-70 CD3 kacsolddas.

Bizonyitottuk, hogy a ZAP-70 Y315 és Y492 vesznek részt a nem-genomikus GC hata-
sok kozvetitésében, amelyet az SLP-76 és a Cbl molekuldk kozvetitik, nem a LAT.

Bizonyitottuk a tTreg sejtek GC rezisztenciajat és GC hatasra fokozodo IL-10 és TGFB
citokin termelését.

Leirtuk, hogy a periférids Treg sejtek érzékenyek a GC indukalta apoptézisra, de a tul-
él6 sejtekben indukdalhaté a FoxP3 expresszi6 és citokin termelés, ami a sejtek na-
gyobb plaszticitasat jelzi.

Megfigyeltiik a GR és FoxP3 nagyfokd kolokalizaciéjat a timusz és 1ép Treg sejtek
magjaban, ami a ligandkotés utdn tovabb fokozddik. Ez a két transzkripciés faktor
funkciondlis hasonlésagara hivja fel a figyelmet Treg sejtekben.
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Abstract

Detection and monitoring the expression and level of intracellular glucocorticoid receptor (GCR) is necessary in many
clinical and experimental situations. Binding of radioactive steroids (*H dexamethasone) to the cytosolic fractions of cells
has been recently used. However, it is an expensive, time-consuming technique difficult to use in routine diagnostics. In this
article we describe a novel, simple method for GCR detection, using a FITC-conjugated anti-GCR monoclonal antibody
(mAb) for flow cytometric measurements in permeabilized cells. The monoclonal antibody was raised against a conserved
sequence (150-176 amino acids) of the regulatory part of the receptor. Synthetic peptide (called APTEK-26) fragment of the
receptor conjugated to different carriers (TG, BSA) was used for immunization and screening of the hybridomas. The a-GCR
8E9, 3C8 and SE4 clones (IgG1) were further characterized by immunoserological methods for their reactivity against
overlapping synthetic peptide fragments of the receptor and by Western blot technique on cytosolic fraction of HEP G2 cells
(containing the GCR). Furthermore the mAbs could be used for the FACS based detection of GCR, despite its low number
of antigen structure within the cells. Solving the problem of nonspecific binding of the secondary antibodies we used our
high affinity IgG1 a-GCR mAbs directly labeled with the fluorescent dye FITC. The fluorescent labeling of the GCRs in
HEP G2 cell line and human peripheral blood mononuclear cells (PBMC) were demonstrated by flow cytometric analysis
after fixation with 4% paraformaldehyde and permeabilization with saponin. Competition with molar excess of unlabelled
antibodies and with the GCR peptide fragment confirmed the specific binding of the 8E9 and 5E4 mAbs to the GCRs.
Monitoring the GCR level by flow cytometry would be useful in clinical diagnostics, e.g., in steroid-treated patients and in
steroid-resistant states. © 1998 Elsevier Science B.V. All rights reserved.

Keywords: Glucocorticoid receptor (GCR); Monoclonal antibody (mAb); Intracellular flow cytometry; Permeabilization

Abbreviations: GCR, glucocorticoid receptor; mAb, monoclonal antibody; PFA, paraformaldehyde; PBMC, peripheral blood mononu-
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1. Introduction

Glucocorticoid (GC) hormones play an important
role in homeostasis, growth and development by
interacting with specific high-affinity receptors
(GCR). These receptors are located in the cytoplasm
of cells, in association with different heat shock
proteins (hsp90, hsp70, hsp56) (Kaufmann et al.,
1992; Akner et al., 1995). GC hormone uptake causes
the dissociation of the GCR from heat shock proteins
and translocation of the hormone-receptor complex
into the nucleus (Guiochon-Mantel and Milgrom,
1993). Detecting the presence and level of intra-
cellular GCR would be very important and necessary
in many clinical states and experimental situations
(Homo-Delarchie et al., 1991). Radioligand binding
assay is the generally used method for the detection
of cytosolic GCRs. In this procedure a large number
of cells is required for cytosol preparation, followed
by time-consuming radioactive ligand binding and
detection steps. Immunological detection of cellular
antigens with labeled antibodies may prove a more
convenient method. Human peripheral blood lym-
phocytes and monocytes are the first targets of GC
therapy (Gametchu et al., 1993; Rékasz et al., 1993).
Detection of intracellular GCR content in these cell
types may provide substantial new insight into GC
resistant states at the single-cell level. In order to
establish an immunological procedure of GCR mea-
surement, we developed murine monoclonal antibod-
ies against the human GCR. Conventional policlonal
antibodies were already developed against purified
cytosolic GCRs or against recombinant polypeptide
fragments of the receptor (mostly against the DNA
or steroid binding domain) and used for the immuno-
histological detection of receptor (McGimsey et al.,
1991: Okret et al., 1981). However the specificity,
and sensitivity of this method is low, cross reactivity
with other steroid hormone receptors occurs, and
does not provide quantitative results. Flow cytomet-
ric detection of intracellular (cytoplasmic or nuclear)
antigens, e.g., basic proteins, cytokines, viral pro-
teins (Prussin and Metcalfe, 1995; Watson et al.,
1991; Riggs et al., 1995) with specific monoclonal
antibodies has been described recently. In this study
we report the development and flow cytometric use
of anti-GCR mAbs that may provide an alternative to
the existing procedures. This way we can improve

the sensitivity and multiparameter capability of flow
cytometry for intracellular GCR antigen detection.

2. Materials and methods

2.1. Preparation of mouse monoclonal antibodies
against human GCR

A 26 amino acid length synthetic peptide frag-
ment (APTEK26, the 150-176 amino acid (aa.) se-
quence of the GCR) in the regulatory part of the
human glucocorticoid receptor (Giguere et al., 1986)
was coupled to thyreoglobulin (TG) carrier molecule
by glutaraldehyde method (Ausubel et al., 1989) and
used for immunizing female Balb/c mice (Charles
River). The animals were injected intraperitoneally
(i.p.) with 30 ug APTEK26-TG conjugate in CFA
into each hind footpad followed with two i.p. boosts
in IFA 21 and 14 days later. The splenocytes of the
best responder animal were fused to Sp-2/0 Agl4
mouse myeloma cells (originally obtained from Flow
Laboratories UK and maintained in our cell deposi-
tory) according to the method described by Kohler
and Milstein (1975). Supernatants from wells were
assayed for the presence of anti-APTEK26 antibod-
ies by an indirect simple binding ELISA. The posi-
tive wells were cloned and further characterized.

2.2. Antibody capture indirect ELISA

APTEK26 and overlapping synthetic peptide frag-
ments (NP1, the 159-170 and NP2, the 167-176, aa.
sequences conjugated to BSA) of the GC receptor
were used to determine the binding site of the mono-
clonal antibodies. ELISA plates (CML, France) were
coated with 50 ul of 1 pg/ml peptide (APTEK26
or NP1-BSA or NP2-BSA conjugate) or control pro-
teins (e.g., BSA, gelatin) in coating buffer (50 mM
sodium bicarbonate buffer, pH 8.6) and incubated
overnight at 4°C. The nonspecific binding was
blocked with 0.5% gelatin in PBS for 30 min. After
three washing steps the hybridoma supernatants or
different dilutions of the purified mAbs were added,
and the plates were incubated for 1 h at 37°C,
followed by adding HRPO labeled rabbit anti-mouse
IgG (Dako). After incubation for 1 h at 37°C the
plates were washed and developed with OPD
(Sigma). The reaction was stopped with sulfuric
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acid, and the absorbance at 490 nm was determined
using a Dynatech MR 7000 microplate reader.

2.3. Preparation of cytosolic GC receptor fraction

All procedures were performed on ice according
to the method described by Csaba and Inczefi-Gonda
(1992). The liver and thymus isolated from Balb- /c
mice (Charles River) were cut into small pieces in
ice-cold TS buffer (0.01 M Tris—HCI 1.5 mM EDTA,
pH 7.4, freshly supplemented with 2 mM dithio-
threitol and 20 mM molybdate and 1 mM PMSF).
Hep G2 cells (ATCC HB 8065, a human hepato-
cellular carcinoma cell line) were collected by scrap-
ing, washed three times in ice-cold PBS and both
were homogenized in TS buffer (5 X 107 cells /ml)
using 3 X 8 strokes of a tight-fitting glass-Teflon
Potter homogenizer. Homogenates were centrifuged
at 100,000 X g for 60 min, and the supernatants
(cytosol) were used for Western blot analysis. Pro-
tein content of the cytosol was estimated by the
Bradford assay (Bradford, 1976).

2.4. Western blot

The cytosolic fractions of different cell types were
boiled for 5 min in SDS sample buffer under reduc-
ing conditions immediately after isolation and then
separated on an 8-25% gradient SDS-PAGE minigel
using Pharmacia Phast System apparatus. The pro-
teins were electrophoretically transferred to nitro-
cellulose membrane under semidry conditions. The
background was blocked with 3%
gelatin /TBS /azide for 2 h at room temperature. The
membrane was washed three times in wash buffer,
and 2 ug/ml biotin labeled 8E9 mAb or 5E4 and
3C8 supernatants or irrelevant mAb were added for 2
h. The samples were washed three times, and then
incubated with streptavidin~HRPO conjugate
(Amersham, UK) or peroxidase conjugated goat
anti-mouse Ig (Dako) for 1 h at room temperature.
After several washing steps the color reaction was
developed with AEC.

2.5. Immunocytochemistry

To confirm and visualize the intracellular staining
of GCR in Hep G2 cells, indirect immunoperoxidase

or immunofluorescence method was employed. Hep
G2 cell were grown onto glass slides, washed 2 X in
PBS and fixed with 4% paraformaldehyde (PFA).
After three washing steps in PBS 0.3% Triton X-100
buffer for 20 min was used to permeabilize the cells.
The endogenous peroxidase activity of the sample
was blocked with 3% H,O, in PBS for 5 min.
Incubation with the primary anti-GCR mAb dilutions
followed with the FITC or peroxidase labeled anti-
mouse antibody (Dako) was performed for 30 min in
the permeabilization buffer described. After three
washing steps the color reaction was developed with
AEC.

2.6. Flow cytometry

Intracellular staining of the GCRs in Hep G2
hepatoma cells and human peripheral blood mononu-
clear cells isolated on FicollPaque (Pharmacia) gra-
dient was performed on ice using a-GCR mAbs
directly conjugated to flourescein isothyocyanate
(Sigma). The FITC conjugation procedure was per-
formed according to the method of Johnstone and
Thorpe (1982). After two washing steps in
PBS /0.1% NaN, the cells were fixed in 4% buffered
paraformaldehyde, washed 3 X in PBS and perme-
abilized with 0.1% saponin or 0.1% Triton X-100
containing PBS /0.1% NaN, /0.1% BSA buffer (per-
meabilization buffer). The nonspecific binding sites
were blocked with 10% normal mouse serum con-
taining permeabilization buffer for 10 min. The cells
were incubated with different dilutions of the FITC
labeled anti-GCR mAbs (with or without excess
amount of unlabelled mAb or APTEK26 peptide for
specificity control experiments), or isotype control
for 30 min in permeabilization buffer, washed 2 X in
permeabilization buffer, 1 X in PBS and fixed in
1.0% buffered formaldehyde. The samples were
measured and analyzed in a Becton Dickinson FAC-
SCalibure equipment. Dead cells were excluded by
forward and side scatter gating. Separate gates were
set on lymphocytes and monocytes. Typically 10,000
gated events were acquired. List mode files were
then analyzed using the CELLQUEST software. The
a-GCR-FITC staining was always compared (by
overlaying the histogram plots) to the autofluores-
cent and isotype-FITC control samples.
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3. Results

3.1. Identification of the binding sites of a-GCR
mAbs

Our goal was to produce anti-GCR mAbs that
could be used for the detection of both isolated and
intracellular glucocorticoid receptors. We used syn-
thetic peptide fragment (APTEK 26) of the regula-
tory part of the receptor, which is a conserved part of
the GCR, but differs from other steroid receptors
(Hollenberg et al., 1985; Giguere et al., 1986). We
identified more than 30 anti-APTEK26 mAbs by
antibody capture ELISA, which clones were further
characterized by their ability to capture overlapping
peptide fragments (NP-1, NP-2 conjugated to BSA)
of the GC receptor. The mAb 8E9 (IgG1) showed
strong reaction both with the APTEK26 and the NP2
peptides in ELISA, which suggests that the binding
site is between the 167—176 aa. sequences. The 5E4
(IgG1) clone showed strong immunoserological
(ELISA) reaction only with the APTEK26 peptide,
suggesting that its binding site is at the beginning of
the peptide APTEK26 (150-158 aa. sequence of the
GCR). The IgM isotype mAb 3C8 showed weak
reaction with both peptides, so its binding site might
be the 167-170 aa. sequence (Fig. 1). These clones
have been used for further experiments.

3.2. Western blot analysis of the GCR binding ability
of mAbs

Cytosolic GC receptor fractions of a human hep-
atoma cell line (Hep G2) and of mouse thymocytes

Synthetic peptide fragments of the GCR used for the characterization
of the mAbs:

APTEK26 - 150-176 amino acid sequence of the GCR :

NP-1 - 159-170 amino acid sequence
NP-2- 167-176 amino acid sequence
APTEKEFPKTHSDVSSEQQHLKGQTG (APTEK)
KTHSDVSSEQQ (NP1)
QQHLKGQTG (NP2)

A A A

SE4 3C8  BE9mAb

Fig. 1. Binding sites of the a-GCR mAbs (clone No. SE4, 3C8 and
8E9) were determined by capture ELISA on overlapping synthetic
peptide sequences of the GCR.
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and hepatocytes prepared as described were sepa-
rated on 8-25% SDS/PAGE gradient gel under
reducing conditions. Western blot analysis demon-
strated, that mAbs 8E9, SE4 and 3C8 all recognized
a protein of approximately 97 kD of all cell lysates
(Fig. 2). In the absence of the protease inhibitor
PMSF a 42 kD band appeared in parallel with the 97
kD band, that was most abundant in the mouse
hepatocyte cell lysate. This might be a proteolytic
degradation product of the receptor. The mAbs all
recognized the BSA-APTEK26 conjugate as positive
control, but did not react with the single BSA. This
result is consistent with our aim, to prepare mAbs
against a well-conserved part of the GCR, which is
similar in different species.

3.3. Demonstration of intracellular staining in
HepG2 cells by immunocytochemical method

On the basis of our previous results we wanted to
verify the reactivity of our mAbs with the native
form of intracellular GC receptors. Hep G2 cells
after fixation and permeabilization with Triton X-100,
were incubated with the anti-GCR mAbs in saponin
buffer. The SE4 (IgG1) and the 3C8 (IgM) clones
showed rather inhomogeneous cytoplasmic reaction
in virtually all cells, while 25-30% of the cells
showed reaction both in the cytoplasm and in the
nucleus. Interestingly the 8E9 clone gave only a
weak intracytoplasmic reaction (Table 1).

3.4. Optimization of intracellular GCR staining pro-
tocol for flow cytometry

For the detection of intracellular antigens by flow
cytometry the specificity of the components of the
staining reaction has to be first established. The
reactivity of a-GCR mAbs was compared to the
nonspecific background staining defined using FITC
labeled isotype control antibody added at the same
concentrations as the a-GCR-FITC mAbs (direct
staining reaction). In the case of indirect reactions
isotype control first antibody was compared to the
a-GCR samples, followed with FITC labeled anti-
mouse-Ig antibody. The nonspecific binding of FITC
labeled antibodies was blocked by preincubation with
10% normal serum from the same species, and with
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LMW-B6. 5. 4. 3. 2. L. LMW

LMW 1. 2. 3, 4, 5 6.

Fig. 2. Detection of cytosolic GCR in different cell lysates (lane 1, APTEK-26-BSA control; lane 2, Balb/c hepatocytes; lane 3, thymocyte
cell lysate of Balb/c mouse (100 pg/ml); lane 4, thymocyte cell lysate of Balb/c mouse (250 ug/ml cc.); lane 5, Human Hep G2 cells;
lane 6, Immunoprecipitate of Hep G2 cell lysate) using biotinylated a-GCR mAb (clone No. 8E9) and streptavidine—peroxidase for
immunoblotting. Biotin-labeled molecular weight standards (LMW-B) were used. (A) Western blotting. (B) SDS-PAGE gradient minigel of

Pharmacia Phast-System.

the addition of blocking proteins (BSA or milk) into
the permeabilization buffer. ’

Different permeabilization techniques (saponin,
TX-100, methanol) were compared with or without
previous fixation with 4% paraformaldehyde of Hep
G2 cells and human peripheral blood mononuclear
cells (PBMC). The 3C8 and 8E9 clones showed the
best specific signal without fixation, after permeabi-
lization with 0.1% saponin (Fig. 3). The 5E4 clone
showed similar strong reaction both with /or without
fixation followed with saponin permeabilization.
Without fixation, longer incubation time (more than
30 min) in the saponin-containing buffer caused the
destruction of the cells. Triton X-100 permeabiliza-
tion resulted in changes of the morphology of cells,
detected in the alterations of light scatter properties
of the PBMC cell populations. PFA /saponin was

Table 1

used in the subsequent experiments, as it was found
suitable for both HepG2 and PBM cells.

3.5. Demonstration of the specificity of the intra-
cellular GCR staining

We employed two different approaches to distin-
guish more precisely between the specific staining
and background. First we added molar excess of
synthetic peptide fragment (APTEK26) of the recep-
tor to the anti-GCR-FITC mAb prior to staining, to
abrogate specific staining. No alteration in the mean
fluorescence of the negative (isotype) control peak
was observed. Binding of all of the a-GCR mAbs
could be prevented by the addition of a peptide
fragment, typically at the concentration range be-
tween 0.1-10 wg/ml (Fig. 4a). An indifferent pep-

Characterization of a-GCR mAb clones with different immunological methods

a-GCR antibody ELISA ELISA ELISA

Westernblot
APTEK26 NPI-BSA NP2-BSA (GCR, APTEK)

Immunocytochemistry Immunofluorescence  Isotype

+IC flow cytometry

SE9 mAb + 4+ + - + +
5E4 mAb + 4+ - - +
3C8 mAb + + + + +
mouse serum + + + + + ND

+ + IgGl1
+ -+ cytoplasm + nucleus  + + + IgG1
+ -+ cytoplasm + + IgM

+ <+ cytoplasm + nucleus  + Polyclonal
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Fig. 3. Flow cytometric histograms represent the reactivity of two different monoclonal a-GCR antibodies (8E9, bold; 3C8 filled; a-mouse
control, dotted line) on Hep G2 cells, after different permeabilization protocols with/or without previous fixation with 4% paraformal-
dehyde. (A) saponin permeabilization without previous fixation, (B) 4% PFA fixation followed with saponin permeabilization, (C) 4% PFA
fixation followed with Triton X-100 permeabilization. Indirect labeling was performed using a-GCR mAb supernatants and a-mouse-FITC

antibody.

tide (e.g., insulin) did not alter the reactivity of the
antibodies. Second we used directly labeled anti-GCR
antibodies, which allowed the evaluation of any non-
specific binding. During this approach the negative
control was coincubated with an excess (10 X, 100
X ) of unlabeled anti-GCR antibody (or the isotype
control) and the directly FITC conjugated anti-GCR

2

10 10
FL1-Height
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10’

__ a-GCR-FITC 3 ug/ml
e + 2% mol exc. APTEK26

1.

2.

3 + 202 mol exc. APTEK2E
4,
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Counts

@ =~ o

mAb. Concentration dependent decrease of fluores-
cence intensity was detected when the samples were
coincubated with the unlabeled a-GCR mAbs (Fig.
4b). Preincubation with molar excess of unlabeled
a-GCR mAb inhibited the binding of the FITC la-
beled form of the same clone (5E4 or 8E9). However
preincubation with molar excess of an unlabeled

o
b
s Les
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=]
-
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g
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(=3
=
(=]
1 102
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___ a-GCR-FITC 3ug/ml
___ 4+ 30 ug/ml unlabeled mAb
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Fig. 4. Demonstration of the specificity of GCR recognition. Hep G2 cells were fixed with 4% PFA, permeabilized with 0.1% saponin, and
stained with a-GCR-FITC (5E4) mAb at 3 g/ml with /or without preincubation with excess of antigen (APTEK26) (a). (b) Represents the
competition of a-GCR-FITC (5E4) with different concentrations of unlabeled a-GCR 5E4 mAb.
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g i 8 G The ability to effectively block specific staining with
E -1 either synthetic peptide fragment of the receptor or
g:: ’g’i " unlabeled anti-GCR antibody strongly suggests that
o I o= the antigen recognized intracellularly is the GC re-
CE R e g ceptor.
05 e R1 R
05010150 200 2% i o g 1 3.6. Measurement of the GCR expression in PBMCs
- 5 . In order to examine the sensitivity of the flow
i %1 = cytometric assay, we measured intracellular GCR
gs' b 287 expression in human peripheral blood mononuclear
883 :':': LEE cells. The FITC labeled 8E9 and 5E4 IgG1 mAbs in
&] /. EE the different cell populations showed different stain-
olid ing pattern. The 8E9 clone showed weak reaction
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Fig. 5. Direct labeled a-GCR mAb clones (8E9-FITC: shaded
histograms; SE4-FITC: open histograms; dotted histograms: iso-
type ctrl-FITC, both at 3 pg/ml cc) show different staining
patterns on different PBM cell populations. Gl =RI1: lympho-
cytes; G2 = R2: monocytes; G4 = R4: granulocytes.

a-GCR mAb (5E4 or 8E9) did not prevent the bind-
ing of the FITC labeled form of the other mAb clone
(data not shown). Isotype matched control did not

with the cells in the lymphocyte (G1) and monocyte
(G2) gate. At the same time it gave strong reaction
with the granulocyte cell population (G4). In contrast
the SE4 clone showed strong reaction in both cell
populations, but weaker fluorescence could be mea-
sured in the granulocytes then that of the 8E9 clone
(Fig. 5). Peripheral blood mononuclear cells (isolated
by FicollPaque gradient centrifugation) from healthy
individuals were in vitro treated with different con-
centrations of dexamethasone for 24 h. Direct FITC

Changes of GCR level in human peripherial blood mononuclear cells after
24 h in vitro treatment with 10-7 M Dexamethasone

ver.97.05.07..001
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Fig. 6. Dexamethasone treatment increased the GCR level in peripheral blood lymphocytes. PBMC were ia vitio treated with 1077 M
dexamethasone, fixed with 4% PFA and permeabilized with saponin. Treated (4) and untreatedl (3) samples were identically stained with

a-GCR-8E9-FITC.
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labeled a-GCR clone 8E9 was used for intracellular
staining. Treatment with 10~7 M dexamethasone
caused increased intracellular GCR labeling com-
pared to the untreated controls (Fig. 6). Other dexa-
methasone concentrations did not alter the GCR
staining.

4. Discussion

In this report we describe a new simple immuno-
logical method for the detection of intracellular glu-
cocorticoid receptors in different cell types. Mono-
clonal antibodies were developed against the con-
served regulatory part of the receptor using synthetic
peptide sequences of the GCR. The reactivity of the
mAb clones with the whole receptor molecule was
tested using cytosolic GCR fractions from different
cell types by Western blot analysis. Three different
clones, each reacting with the denatured (SDS) form
of the receptor, were compared by immunocyto-
chemical staining of the human Hep G2 hepatoma
cell line. The mAb clones showed different intra-
cellular staining patterns. This can be explained with
the different binding sites of the mAb clones on the
receptor, measured by ELISA of overlapping peptide
fragments of the GCR. These sequential binding sites
(epitops) can be more or less accessible on the native
intracellular form of the receptor, which can explain
the different reactivity of the mAbs isolated. The
accessibility of the same epitop can also differ in the
cytoplasmic and nuclear form of the receptor (Brink
et al., 1992; Htun et al., 1996). The a-GCR 8E9 mAb
can only recognize the cytoplasmic form of the
receptor, while the SE4 clone binds both the cyto-
plasmic and nuclear forms of the GCR according to
our immunocytochemical measurements.

Using these antibodies in FITC conjugated form
we developed a flow cytometric method for intra-
cellular GCR detection. Different fixation and per-
meabilization procedures were compared (Lan et al.,
1996). The fixation with 4% PFA followed by
saponin permeabilization did not alter the morpho-
logical appearance of the various cell types of
PBMCs, and the specific staining reaction of the
mAbs was also preserved. The use of BSA in the
staining buffer, and the preincubation with normal
mouse serum as a blocking step, and the use of

directly conjugated mAbs (Prussin and Metcalfe,
1995) decreased the nonspecific binding to an ac-
ceptable level. As such, the level of fluorescence due
to the nonspecific binding of the isotype matched
antibody was only slightly greater than that of the
cellular autofluorescence. The specificity of the GCR
staining was demonstrated with different blocking
techniques. Blocking with either unlabelled mAb or
synthetic peptide fragment of the receptor provided
evidence that the fluorescence observed was due to
the binding of mAbs to intracellular GCR. No stain-
ing was noted when saponin was omitted from the
staining and blocking buffers.

Comparing the GCR flow cytometry to the im-
munocytochemical staining we can conclude, that the
staining pattern and intensity with the different mAbs
is identical in both techniques. However in flow
cytometric analysis we can compare the fluorescence
intensity of different cell types with statistical mark-
ers. We detected different staining patterns of the
two IgG1 mAbs in the PBMC populations (granulo-
cytes vs. lymphocytes), which can be explained ei-
ther with the different accessibility of the same
epitop in the different PBMC cell populations or
with the differences in the nuclear/cytoplasmic re-
ceptor ratio in the cells.

Intracellular flow cytometry is an easy, repro-
ducible and sensitive method for measuring the GCR
level and its changes in PBMCs. This can be an
important diagnostic tool for measuring the GCR in
patients treated with glucocorticoid hormones. It
would be important to determine the GCR level
before the steroid treatment and to monitor the GCR
level during steroid treatment, especially in steroid-
resistant states. We believe that GCR flow cytometry
could become a routine diagnostic method for immu-
nologists and clinicians.
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Abstract

Positive and negative selection steps in the thymus prevent non-functional or harmful T cells from
reaching the periphery. To examine the role of glucocorticoid (GC) hormone and its intracellular
receptor (GCR) in thymocyte development we measured the GCR expression in different thymocyte
subpopulations of BALB/c mice with or without previous dexamethasone (DX), anti-CD3 mAb, RU-
486 and RU-43044 treatment. Four-color labeling of thymocytes allowed detection of surface CD4/
CDB/CD69 expression in parallel with intracellular GCR molecules by flow cytometry. Double-
positive (DP) CD4+*CD8* thymocytes showed the lowest GCR expression compared to double-
negative (DN) CD4-CD8- thymocytes and mature single-positive (SP) cells. DX treatment caused a
concentration-dependent depletion of the DP cell population and increased appearance of mature
SP cells with reduced GCR levels. GCR antagonists (RU-486 or RU-43044) did not influence the
effect of DX on thymocyte composition; however, RU-43044 inhibited the high-dose GC-induced
GCR down-regulation in SP and DN cells. GCR antagonists alone did not influence the maturation
of thymocytes and receptor numbers. Combined low-dose anti-CD3 mAb and DX treatment caused
an enhanced maturation (positive selection) of thymocytes followed by the elevation of CD69* DP
cells. The sensitivity of DP thymocytes with a GCR'*w phenotype to GC action and the
ineffectiveness of the GCR antagonist treatment may reflect a non-genomic GC action in the

thymic selection steps.

Introduction

During T cell development in the thymus rigorous selection
steps prevent further maturation of thymocytes bearing TCR
unable to recognize self MHC molecules (positive selection)
and also cells expressing TCR with high avidity for self
peplides presented by self MHC molecules (negalive selec-
tion) (1,2). Thymocyles bearing TCR with low-to-moderate
avidity for self peptide-MHC escape from apoptosis (3). How
ligand-induced signaling through the TCR can lead to both
rescue from death in the case of positive selection and death
in the case of negative selection is unclear. In addition to the
avidity model of thymocyte selection, another theory suggests
that more receptor-mediated stimuli prevent cell death during
positive selection (4,5). The observation that glucocorticoids
(GC)are produced by the cortical epithelial cells (6,7) and that
they can antagonize TCR-mediated apoptosis in activated T
cells (8) and thymocytes (9) has provided experimental

evidence for this theory, which is called the mutual antagonism
model of thymocyle development. At the same time another
research group investigated the thymocyle development in
GC receptor (GCR) knockout mice, and described normal T
cell maturation and selection in such animals (10,11). Normal
CD4/CD8-defined thymocyte subsets were described in GCR
dimerization mutant mice (12) as well, which also exclude the
genomic GCR-mediated GC action in the thymus. These
findings seem to be contradictory with the mulual antagonism
model, but do not exclude that a non-receptor-mediated (non-
genomic) GC action (13) would affect thymocyte development
and its selection steps. Several papers underline the existence
of non-genomic GC action, mostly describing rapid GC effects
al higher hormone concentrations (14). These GC effects are
mediated by membrane-bound receptors (15,16) or are
initiated by physicochemical interactions with cellular mem-
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Fig. 1. Intracellular GCR expression in thymocyte subpopulations.
Thymocytes of untreated BALBfc mice were stained with anti-CD4-
PE and anti-CO8-CyChrome followed by anti-GCR-FITC after
fixation and permeabilization. GCR fluorescence was measured on
the electronically gated CD4-CD8&- (DN), CD4+CD8+ (DP), CD4+* and
CD8* (SP) cells. Bars represent the GCR mean fluorescence * SEM
of three thymi calculated as the difference between the GCR mean
and isotype control mean fluorescence intensities from each gate.

branes (17). The aim of the present study was to detect the
GCR expression of the thymocyte subpopulations to explore
its role in the selection of double-positive (DP) thymocytes and
explain the molecular basis of the different GC sensitivity of
them. A monoclonal anti-GCR antibody (18) in triple- and four-
color labeling was used to delermine the receptor expression
in different thymocyte subpopulations. The effect of GCR
inhibition with the receptor antagonists RU-486 and RU-43044
{19,20) on thymocyte development and selection was also
measured. We compared the effect of high- and low-dose
dexamethasone (DX) treatment, and its combination with anti-
CD3 treatment, on thymocyte compaosition and GCR expres-
sion.

Methods

Reagents

DX (Oradexon, OR) was purchased from NV Organon Oss
Holland as ampoules containing 5 mg/ml. RU-486 and RU-
43044 were generous gifts of J. Szekeres Barthd (Department
of Microbiology, University of Pécs). FITC-conjugated Annexin
V (PharMingen, San Diego, CA; cat no. 65874X) and
propidium iodide (Pl; Sigma, St Louis, MO; P 4170) were
used for apoplosis detection. The following mAb were used for
triple labeling experiments: phycoerythrin (PE)-conjugated rat
anti-mouse CD4 (L3T4; PharMingen; cat no. 09005A) and
CyChrome-conjugated  rat  anti-mouse CD8  (Ly-2;
PharMingen; cat. no. 553034) mAb. Mouse anti-GCR mAb
was produced in our laboratory (18) conjugated with FITC (21)
and used for intracellular staining. FITC-conjugated anti-
mouse CDB9 (Serotec, Kidlington, UK) was used in four-
color labeling experiments with the anti-CD4/CD8 mAb for cell
surface staining and biotin-conjugated anti-GCR mAb fol-
lowed by allophycocyanin (APC)-conjugated streplavidin
{Becton Dickinson) for intracellular staining of the receptor
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Fig. 2. Cellular composition and total thymocyte number in DX-
treated mice. Thymocytes of BALB/c mice treated repeatedly with
different concentrations of DX were stained with anti-C04-PE and
anti-CDB-CyChrome following the determination of total cell counts/
thymus. Bars represent the total cell number of thymocyte
subpopulations {large figure) and the composition of the thymocytes
(insert) as a characteristic result of three separate experiments.

molecules. Hamster 1gG monoclonal anti-mouse CD3 anti-
body (NIH 145.2C11) was used for in vivo treatments.

Treatment of animals and thymocyte preparation

Thymocytes were prepared as described by Compton and
Cidlowski (22). In brief, 2- to 3-week-old (8-10 g body wt)
BALB/c mice (Charles River) were injected i.p. with DX (20.0,
2.0 or 0.2 mg/kg body wl) suspended in 100 pl PBS. RU-486
and RU-43044 stock solution (10 mg/ml) was dissolved in
sesame oil and given i.p. (1 mg/kg body wit) in 100 pl sesame
oil. Anti-CD3 (145.2C11) mAb (5 or 50 pg/animal) was injected
i.v. in 100 pl PBS. Control mice received PBS alone. Animals
were killed by rapid decapitation, and the thymus glands were
removed and placed on ice-cold PBS. Thymus tissue was
homogenized in a glass/glass homogenizer; the suspension
was filtered through a nylon mesh filter. The thymocytes were
washed in PBS, and the cell number and viability determined
by counting on a hemocytometer using the Trypan blue dye-
exclusion test.

Apoptosis defection

Double staining for FITC-Annexin V (PharMingen) binding and
for cellular DNA using propidium iodide (Pl) was performed
according to the method of Vermes et af (23). Briefly, 5 % 10°
thymocyles were resuspended in 100 pl binding buffer (10 mM
HEPES/NaOH, pH 7.4, 140 mM NaCl and 2.5 mM CaCl2).
Then 5 pl FITC-Annexin V (1 pg/ml final volume) and 0.5 pg Pl
were added to the cells, and the mixture was incubated at
room lemperature in dark for 15 min. Binding buffer (400 pl)
was added before flow cytometric analysis.

Detection of GCR expression in thymocytes

Thymocytes (1 % 108) in 100 pl binding buffer (PBS/0.1%
MNaM4/0.19% BSA) were labeled for the expression of CD4, CD8
and CDB9 molecules for 30 min on ice. After two washing
steps in PBS the cells were fixed with 4% paraformaldehyde
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Fig. 3. GCR expression in thymocyte subpopulations (B) and their
apoptosis (C) after repeated (4 days) low-, medium- and high-dose
steroid treatment. Dot-plots in the first column (A) show the changes
in the cellular composition of the thymus detected with CD4/CD8
staining. GCR expression was determined with the same triple-
labeling method described in Fig. 1. Histogram plots (B) were
created from the electronically gated thymocyte subpopulations and
overlaid. The size of histograms indicates the cell number in the
gate, while its position on the x-axis shows the fluorescence intensity
{proportional with the GCR expression) of the cell population. The
apoptosis of the thymocytes (C) was measured by the Annexin V/PI
staining method. Percentages in the upper right quadrant indicate
the late apoptotic cells and in the lower right guadrant indicate the
early apoptotic cells.

(PFA)YPBS for 20 min, washed twice in PBS and stained in
saponin buffer (0.1% saponin, 0.1% NaNs; and 0.1% BSA) for
intracellular GCR expression (18,24). After 30 min incubation
on ice the cells were washed twice in saponin buffer, once in
binding buffer and stored in 500 pl 0.1%PFA/PBS buffer until
flow cytometric analysis.

Flow cytometric acquisition and analysis

The samples were analyzed in a FACSCalibur flow cytometer
(Becton Dickinson, San Jose CA) using CellQuest software.
Thymoecytes were gated on FSC/SSC plols according Lo their
size and granularity. The gate determined by the untreated
thymocyte sample was used for every further measurement.
To determine the expression of GCR and CDE9+ cells in
double-negative (DN), DP and CD4 or CD8 single-positive
(SP) populations, two-parameter dot-plots showing cell sur-
face CD4/CD8 staining were first created from the previous
gate. Thymocytes were gated according to their CD4 and/or
CD8 fluorescence, and these populations were separately
analyzed for GCR-FITC (or -APC) log fluorescence (FL1 or
FL4 channel). The fluorescence intensity of GCR staining was
compared in different thymocyte subpopulations by overlay-
ing the FL1 histograms. The same thymocyte gates were used
in four-color labeling experiments to create dot-plots, and
determine simultaneously the CDE9 and GCR expression in
different cell populations.

Two-parameter dot-plots showing Annexin V/PI staining
were created to determine the ratio of apoptotic cells in the
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Fig. 4. Steroid-induced alterations in GCR expression of thymocyte
subpopulations determined with the triple-labeling method. GCR
mean fluorescence intensities (GCR mean minus isotype control
mean) analyzed on histograms of Fig. 3 were compared and
plotted. Bars represent the mean = SEM measured in three animals.
*Significantly different from control mice as determined by Fischer's
least significance test at P < 0.05.

thymus glands. DP cells are late apoptotic, while AnnexinV SP
cells are early apoptotic cells (23).

Results

GCR expression in thymocyte subpopulations

The mutual antagonism model of thymocyte selection postu-
lates the necessity of GC action during the positive selection
step of CD4+CD8* (DP) cells. On the other hand, the
observation that thymocyte development and selection is
normal in GCR knockout mice in the absence of funclional
GCR seems to be contradictory. To gain more information on
this question, we examined the GCR expression in mouse
thymocyte subpopulations at different maturation stages. Our
flow cytometric Iriple-labeling detection method (CD4/CD8/
GCR) allowed us to determine the GCR levels separately in
thymocyte subgroups without previous separation methods.
We found that in young (1- to 4-week-old) BALBfc mice
thymocyles at different maturation stages exhibit different
GCR levels. DP (CD4+CD8+) cells showed the lowest GCR
expression (fluorescence intensity) compared to the DN (CD4-
CD8-) and mature SP (CD4+ or CD8*) cells (Fig. 1). Mature
CD4+ cells expressed lower GCR levels than the CD8+ cells,
which was consistent with our previous observation measured
in human peripheral blood samples. DP cells with the GCRlev
phenotype form the majority of thymocytes (78-81%) and
these are the cells which undergo the selection steps during
their maturation.

Effect of GC treatment

To examine the effect of physiological (low) and pharmaco-
logical (high) GC doses on the composition and GCR
expression of thymocytes, BALB/c mice were injected every
24 h with high, medium and low doses of (20.0, 2.0 and 0.2
ma/body wt) DX for 4 days. After 24 h the thymic glands were
removed and first total cell counts were determined. The
repeated DX treatment caused a concentration-dependent
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decrease in total thymocyte cell number. Compared to the
untreated controls, where the total cell count was ~120 x 108
cells/thymus, 20.0 mg/kg DX caused =100-fold reduction in
thymocyte cell number (Fig. 2). The composition and GCR
expression of these cells also changed due to DX treatment
determined by triple labeling with anti-CD4/CD8/GCR mAb.
DP cells with the GCR®" phenotype were the most sensitive to
DX treatment. A small DP and GC-resistant cell group
remained in the thymus even after high-dose DX treatment in
addition to the relatively resistant SP and DN cells (Fig. 3A).
Among the mature SP cells, the CD8* ones were the most
resistant to GC treatment: the CD4:CD8 ratio decreased due
to the increasing dose of DX trealments (Fig. 2, insert). The
GCR level (GCR mean fluorescence) of the remaining CD4+
and CD8* SP and DN GC-resistant cell groups decreased
during the hormone treatment except that of the originally
already GCR™ DP cells (Figs 3B and 4). More than 80% of
these high-dose GC-resistant DP cells showed CD&9 cell
surface positivity, a marker of thymocyte positive selection. In
control samples only 10-14% of the DP cells were CD89* (Fig.
5), although the total DP cell number was 100-fold higher. This
observation underlines that cells undergoing positive selection
during engagement with TCR are resistant to the apoptotic
effect of high-dose DX.

We also measured the early and late apoptotic cells in DX-
treated thymi by Annexin V/PI staining. Repeated, low-dose
(0.2 mg/kg) steroid treatment did not cause the total depletion
of thymocytes, but the remaining cells (with unchanged FSC/
SSC) showed an enhanced apoptosis (an early stage of
apoptosis, before formation of apoptolic bodies). In contrast,
repeated high-dose (20.0 mg/kg) DX treatment after 4 days
depleted the sensitive cells (they already fall into apoptotic
bodies and were removed) and the remaining GC-resistant
cell population did not show a much higher apoplotic
tendency than the untreated control (Fig. 3C). It is important
to note that this small, resistant cell population consists mostly
of SP mature cells (Fig. 3A).

Effect of GCR antagonists

The conventional GC action is mediated through intracellular
(cytosolic) GCR, which can be blocked with receptor antag-

DN
[ bP

[——1cos

% of

uBaEBIBBE

=3
I

o
I

crl  RU4I0M DX200 RHDX200
Total cell count; 110 106 10 7 xio*

worn: I —

oo -

B
o«
o ® 2 I & H & 7w

GCR mean fluorescence in SP cells

Fig. 6. Effect of GCR antagonist RU-43044 and combined RU-43044
and DX treatment on thymocyte composition and total cell counts
(A). RU-43044 in itself did not affect the GCR expression of mature
SF cells, but inhibited the GCR down-regulation induced by high-
dose DX treatment (B) (DX20.0, 20.0 mg/kg DX; RU, RU-43044).

onists. This so-called genomic GC effect was inhibited in our
experiments using a non-specific steroid receptor blocking
agent RU-486 and also a specific GCR antagonist RU-43044
(25). To inhibit the receptor-mediated endogenous GC action
in thymocyte development the animals were injected with 10
maglkg RU-486 or RU-43044 every 12 h for 2 days with or
without parallel DX (0.2, 2.0 or 20.0 mg/kg) treatment every 24
h. The composition and GCR expression of the thymocytes
was examined in parallel with the apoptosis measurements 24
h later. The total cell number and the composition of the
different thymocyte subpopulations remained unchanged
after treatments with the receptor antagonists (Fig. 6A). RU-
43044 pretreatment did not influence the apoptotic effect of
DX the alteration of total cell number, the CDE9 expression of
DP cells (Fig. 5) and the composition of the thymocytes
induced by the GC treatment (Fig. 6A) was the same as
without receptor antagonist pretreatment. The receplor antag-
onists by themselves did not change the receptor number in
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Fig. 7. Effect of single low-dose (2.0 pgfanimal) DX or anti-CD3 (5
pa/animal) mAb (a-CD3) treatment and their combination (a-CD3 +
DX) on the maturefimmature thymocyte ratio (A), the apoptosis of
the cells (B) and the CDE3 expression of thymocyte subpopulations
(C). Bars in (A) represent the mean + SEM measured in three
separate thymus glands. Values that are significantly different from
untreated contral in (A) are indicated by asterisks as determined by
Fischer's least significance test. Panel (B) shows one of the
characteristic apoptotic cell compositions measured in three
animals. Alteration of CDB3 expression in different thymocyte
subpopulations was determined by the four-color labeling method.
Bars represent the differences between total CDE9* cell count in
different subpopulations (DN, DP and SP) of the control and the
treated (anti-CD3, anti-CD3 + DX and DX alone) samples. The
results are the mean = SEM of three independent experiments.

the thymocyte subpopulations. The only effect of the RU-
43044 treatment was that it inhibited the DX-induced down-
regulation of the GCR level in mature, SP thymocyle
subpopulations (Fig. 68).

Effect of anti-CD3 treatment

In vivo administration of high-dose anti-CD3 antibody induces
thymocyte apoptosis. We examined the effect of low-dose
in vivo anti-CD3 treatment alone and in combination with DX
treatment on the composition and GCR expression of
thymocyte subpopulations. Intravenous injection of low-dose
anti-CD3 mADb (5 pg) alone resulled in an increased appear-
ance of mature cells, while a single low-dose DX (2.0 ng)
treatment had no effect on the thymocyte cell composition
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measured 24 h following the trealment. However, the combin-
ation of the two previous trealments caused a synergistic
effect with the enhanced appearance of mature SP cells (Fig.
7A). This tendency of the combined treatment was always
characteristic in each experiment; however, the difference
between this and the single anti-CD3 treatment was not
significant. This can be explained by the continuous presence
and effect of the endogenous GC produced by the thymic
epithelial cells. At 24 h after the treatments, apoptosis
measurements showed a higher apoptosis rate among the
thymocytes of low-dose DX and anti-CD3 mAb-treated ani-
mals. At the same time the thymocytes of the combined anti-
CD3 mAb and low-dose DX-treated animals showed a lower
apoptotic rate (Fig. 7B). The higher level of malure cells with a
low apoptosis ratio may reflect an enhanced maturation of the
cells due to the combined effect of the anti-CD3 mAb and the
external steroid dose. One of the hallmarks of this maluration
process is the expression of CDE9, which first appears on
thymocytes as they begin positive selection. We measured
increased CDE%* DP thymocyte and SP cell number in the
thymus glands of anti-CD3 and anti-CD3 and DX-treated
animals, while low-dose DX alone caused decreased CD68*
thymocyte cell numbers compared to the untreated controls
(Fig.7C). This observation may also underline the effect of
combined treatment on positive selection of cells. High-dose
(50 png) anti-CD3 mAb treatment caused the depletion of both
the DP and SP cell groups (data not shown). These treatments
did not cause significant changes in the GCR number in the
remaining cell populations (data not shown).

Discussion

The molecular events leading to positive and negative selec-
tion steps during thymocyte development are still unclear.
Investigation of the role and signaling pathways of known
thymic cytokines did not solve this problem. Recently it has
been suggested that thymic GC synthesis by epithelial cells
and local GC action might influence the selection steps by
inhibiting TCR-mediated apoptotic signals (26-29). We have
shown in a murine model that different thymocyte subpopula-
tions express different amounts of GCR. DP cells undergeing
the positive and negative selection steps through TCR-
mediated signaling pathways express the lowest GCR num-
ber. This observation is inconsistent with the mutual antag-
onism model of thymocyte development described by
Zacharchuk et al (4), who suggest that a quantitative balance
between TCR and GCR signaling would determine the survival
and further development of DP cells. The presence of GC
during TCR signaling is important in positive selection and
development into SP mature cells (29,30). In our experimental
conditions the synergistic effect of low-dose anti-CD3 treat-
ment and low-dose GC treatment directing the thymocytes into
the mature SP slage with a simultaneous decreased apoplosis
(compared to anti-CD3- or DX-treated animals) underline the
necessity of these two signaling pathways in positive selection
(31,32). The hallmark of this maturation process, the CDG9
expression of thymocytes (33,34), increased due to CD3
stimulation and the combined treatment with DX. The same
dose of DX alone caused a decreased CDB9* cell number. In
vivo anti-CD3 administration induces and mimics TCR signal-
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ing without specific MHC-TCR interactions, resulting in an
enhanced development of mature cells in the presence of GC
action. The oulcome of continuous interaction between the DP
thymocytes and epithelial cells may result either in the
induction of apoptosis due to local GC action (6,7) without
appropriate TCR-MHC binding (negative selection) or rescue
from cell death when the TCR-MHC association competes
with the apoptotic signal of GC (9). Our observation that GC-
resistant DP cells are mostly CDE3* (an early marker of
positive selection) also underlines this hypothesis. These
survivor DP cells move into the corlicomedullary region of the
thymus to interact with the MHC-self peptide of bone marrow-
derived dendritic cells and macrophages without the influence
of the locally produced GC. Here the high-affinity TCR-MHC
interaction in the lack of GC resulls in apoptosis again. This
hypothesis suggests the role of GCR signaling in the GC
action in thymocyte selection steps.

On the other hand, other papers describe normal thymocyte
development in GCR knockout mice (10) and in GCR
dimerization-deficient animals (12). The GC-induced signaling
pathways (phosphatidylinositol-specific phospholipase C,
acidic sphingomyelinase activation and G-protein activation)
in thymocytes precede the transcription steps required for
thymocyle apoptosis (35,36). These observations exclude the
role of GCR in thymocyte selection sleps. However, the
production of GC by thymic epithelial cells is afact. What is the
role of the hormone, what is the mechanism of its action? Our
results with the selective detection method of GCR expression
in different thymocyte subpopulations suggest that the most
steroid-sensitive DP cells with the GCRY phenotype are
influenced by GC through another pathway. The other cbser-
vation that in vivo GCR antagonist treatment by itself did not
influence the thymocyte number, composition and selection
also underlines this hypothesis. Therefore we think that the GC
sensitivity of developing DP cells is not a receptor-mediated
genomic effecl. The non-genomic action of different steroid
hormones was described in many experimental (12,15,35)
and clinical conditions (13,14,16). It is based on clinical
observations where high pharmacological GC doses are used
to induce an immediate membrane-stabilizing effect, e.g. in
allergic reactions (14). The fast GC effects in these situations
exclude the long-lasting genomic action of the hormone. The
direct contact of DP thymocytes with the GC-secreting
epithelial cells may result in a high local hormone concentra-
tion and therefore a paracrine GC effect. This high GC
concentration at the interacting surfaces of the two cells can
result in a non-genomic GC action mediated through mem-
brane-bound GCR or a direct membrane effect of the resulting
hormone signaling pathways (35-37) other than the conven-
tional GCR-mediated pathway (38). Other reports also under-
line this effect by describing the transcription-independent
GC-induced thymocyte apoptosis (17,35). In this way our
observation may solve the contradiction that appeared
recently around the role of GC and its receptor in thymocyte
selection and development.
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APC allophycocyanin

DN double negative

boP double positive

DX dexamethasone

GC glucocorticoid hormone
GCR glucocorticoid hormone receptor
PE phycoerythrin

Pl propidium iodine

SP single positive
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Abstract

Thymocyte maturation in the thymus is controlled by stromal and humoral components. Among the humoral regulators locally produced
glucocorticoids (GCs) seem to have a key role in the positive selection of thymocytes. Our previous studies have shown that the administration
of GCs or the stimulation through the CD3 complex can induce apoptosis of double positive (DP) cells, but the combined presence of
these stimuli induces positive selection. In this work our aim was to investigate the effects of antigen exposure and synthetic GC hormone
(dexamethasone, DX) administration on the selection processes of DP cells in TcR transgenic mice. In our model, AND—pigeon cytochrome
¢ (PCC)-specific I-EX (MHC-II) restricted VB3, Va1l TcR expressing transgenic mice were treated with PCC, with high or low dose DX, or
with PCC and DX together, followed by the analysis of total thymocyte numbers, thymocyte composition, with regard to their CD69, VB3 and
Annexin V expression. The administration of PCC and/or DX for 2 days resulted in a decreased DP cell number and a significantly increased
CD4 SP cell ratio. However, in both cases the total thymocyte numbers decreased. CD69 expression increased on both DP and CD4 SP
cells after PCC and/or DX treatments. We found that after DX or combined treatment, the percentage of Annexin V positive cells increased.
The ratio of VB3 TcR bearing DP thymocytes showed no change after DX or PCC administrations alone, but it decreased significantly after
combined treatment. MHC-II bound PCC peptides in the presence of GCs enhanced the maturation of V@34 DP cells into CD4 SP stage,
therefore, the VB3 — cells remained mostly in the DP immature stage. These data indicate that both antigen and low dose GC alone are capable
of inducing positive selection of DP cells, but together they gave a stronger effect in promoting positive selection. From these we conclude
that GCs influence the maturation and selection processes of thymocytes.
© 2003 Elsevier B.V. All rights reserved.

Keywords: Glucocorticoids; TcR transgenic mice; Positive selection

1. Introduction low affinity TcR survive (positive selection) [2,3]. These
cells have been found to display CD69, a reliable cell sur-
face marker associated with positive selection [4,5]. Finally,
self-MHC-restricted, non-autoreactive CD4 or CDS single

positive (SP) cells are permitted to leave the thymus and

T-cell development in the thymus proceeds through well
defined stages [1]. The T-cell receptor (TcR) gene rear-
rangement processes are initiated in immature cells with

double negative (DN: CD4—, CD8—, TcR—, CD3—) phe-
notype coupled with their intense proliferation. After suc-
cessful TcR gene rearrangement, the developing cells reach
the double positive (DP: CD4+, CD8+, aTcR+, CD3+)
stage of maturation, and are selected on the basis of the
signal transducing function and antigen specificity of their
TcR. DP thymocytes expressing non-functional TcR are
deleted by “neglect”, thymocytes bearing high affinity TcR
for antigens presented in the thymus are prone to die dur-
ing negative selection, while the cells with functional, but

* Corresponding author. Tel.: 4+36-72-536-288; fax: +36-72-536-289.
E-mail address: tboldizsar@hotmail.com (F. Boldizsar).
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home to peripheral lymphoid organs.

Thymocyte maturation, selection, proliferation and migra-
tion processes are regulated by micro-environmental factors,
provided by the complex meshwork of thymic epithelial
cells, dendritic cells and macrophages [6,7]. High density
of MHC-I- and MHC-II-presented antigen fragments on the
surface of thymic stromal cells are crucial for both positive
and negative selection processes, in addition to a range of
adhesion molecules. Transgenic mice expressing TcR for
a specific antigen are useful models in the investigation of
T-cell activation/apoptosis pathways initiated by TcR sig-
naling [8] and also for studying thymic selection processes
[9,10].
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Stromal cells do not only provide direct cell-cell in-
teractions for thymocytes, but also produce a number of
humoral regulatory molecules [11]. Among these, glucocor-
ticosteroids (GCs) produced locally by the thymic epithel
cells [12,13] have a key role in the process of apoptosis
[14,15] and selection events [16] of thymocytes. However,
in glucocorticoid receptor (GCR)-deficient mice, normal
thymocyte development was observed [17], suggesting
that GCR is not essential for thymocyte maturation [18].
Apart from the classical genomic pathway of GC action
[19], recently three possible non-genomic pathways were
suggested [20]. These include the cytoplasmic interac-
tion of GCR with other signaling pathway components
(e.g. Src) [20], non-specific membrane changes [21] in-
cluding ion transport across the plasma membrane [20],
and membrane-receptor-mediated [20] pathways. DP cells
are the most sensitive to GC-induced apoptosis, although
they express the lowest cytoplasmic GCR levels [22,23],
which also suggests the involvement of non-classical GC
pathways.

GCs can modify TcR signals, thus prevent DP cells from
apoptosis and induce positive selection, according to the
“mutual antagonism” theory of thymocyte development
[24,25]. To seek support for this proposed mechanism,
previously we have shown in a Balb/c mouse model that
anti-CD3 monoclonal antibody administration together with
synthetic GC treatment can enhance positive selection of
DP thymocytes [22].

The present work was aimed at elucidating how GCs
can modify the selection processes of DP thymocytes
in the presence or absence of antigen in a TcR trans-
genic mouse model, by following the alterations of the
cellular composition, selection processes and apopto-
sis of thymocytes. The advantage of this approach is
that it allows the clonotypic analysis and the follow up
of cells exposed to selection-linked influences in their
physiological tissue environment. Here we show fur-
ther evidence for the active role of GCs during positive
selection.

2. Materials and methods
2.1. Mice

Three- to 4-week-old (10 g body weight) B10.Cg-TgN-
(TcrAND)53Hed (AND) pigeon cytochrome c-specific I-EX
(MHC-II) restricted VB3, Vall TcR transgenic mice pro-
duced by Kaye et al. [26] were used (a generous gift from
Zsuzsanna Szondi from the University of Debrecen, Hun-
gary). Mice were kept under conventional conditions, pro-
vided with pelleted rodent chow and acidified water. After
different treatments animals were killed by rapid decapita-
tion. The animal experiments were carried out in accordance
with the regulations set out by the University’s Committee
on Animal Experimentations.

2.2. Chemicals and buffers

Pigeon cytochrome ¢ (PCC) (10 mg/ml stock solution)
was obtained from Sigma. Dexamethasone (DX) (Oradexon,
Organon) (4 mg/ml stock solution) was purchased from N. V.
Organon Oss Holland. Phosphate buffered saline (PBS) was
used for washing and keeping cells until use. Cell surface
labeling with monoclonal antibodies was carried out in bind-
ing buffer (0.1% NaN3, 0.1% BSA containing PBS), An-
nexin V labeling was performed in Annexin binding buffer
(10 mM HEPES/NaOH, pH 7.4, 140 mM NacCl and 2.5 mM
CaClp).

2.3. Monoclonal antibodies

We used the following monoclonal antibodies: phyco-
erythrin (PE) conjugated rat anti-mouse CD4 (clone #
L3T4, BD Pharmingen, CA), CyChrome (CyC) conjugated
rat anti-mouse CDS (clone # Ly-2, BD Pharmingen, CA),
FITC conjugated rat anti-mouse CDS8 « (clone # IBL-3/25)
[27], FITC conjugated hamster anti-mouse CD69 (clone
# HIL2F3, Serotec), PE conjugated hamster anti-mouse
VB3 T-cell receptor (clone # KJ25, BD Pharmingen, CA).
For early apoptosis detection, we used FITC conjugated
Annexin V (BD Pharmingen, CA).

2.4. Treatment of animals and thymocyte preparation

AND mice were injected i.p. with 40 wg PCC dissolved
in 100 w1 PBS once per day for 2 days. Another group of
mice received 10 mg/kg body weight (high dose) or 1 mg/kg
body weight (low dose) DX i.p. dissolved in 100 w1 PBS
once per day for 2 days. The third group of mice was treated
with PCC and low dose DX for 2 days. Control mice re-
ceived only PBS. Isolated thymi were homogenized in PBS
with a glass/glass homogeniser. The suspension was fil-
tered through nylon mesh, thymocytes were washed once
in PBS and then the cell number of samples was set to
10 except for Annexin V staining, where 2 x 103 cells
were used.

2.5. Thymocyte fluorescent cell surface labeling

We used triple labeling technique for the simultaneous de-
tection of cell surface CD4, CD8, CD69 or CD4, CD8, VB3
or CD4, CD§, Annexin V molecules on thymocytes. Briefly,
thymocyte samples (10°) were incubated with monoclonal
antibody cocktails for 30 min in 100 pl binding buffer on ice,
then washed twice in PBS, and finally resuspended in 500 .l
0.1% buffered PFA in PBS. For the detection of early apop-
totic thymocytes Annexin V-FITC labeling was performed
after cell surface CD4/CDS staining. Briefly, samples were
incubated with Annexin V-FITC for 15 min in 100 pl An-
nexin binding buffer at room temperature, then diluted with
400 w1 Annexin binding buffer, which was immediately fol-
lowed by flow cytometric measurement.
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2.6. Flow cytometric acquisition and analysis

Samples were measured and analyzed in a FACS Calibur
flow cytometer (Becton Dickinson, San Jose, CA), using the
Cell Quest software. The thymocytes were gated according
to their size and granularity on forward and side scatter dot
plots. The gate set on untreated control thymocytes was used
for the analysis of all samples. Thymocyte subpopulations
resolved according to their CD4/CDS8 fluorescence parame-
ters were separately analyzed for CD69-FITC, VB3-PE or
Annexin V-FITC fluorescence in FL1 channel (for FITC) or
FL2 channel (for PE). We used fluorescent histogram plots
both for comparing the mean fluorescence intensities of dif-
ferent samples and calculating the ratio of positively stained
cells.

2.7. Statistical analysis

The effect of various treatments between groups was
tested for statistical significance using Student’s #-test.
P < 0.05 denoted statistical significance.

3. Results
3.1. Changes of thymocyte number

DX is known to deplete a substantial fraction of T-cell
precursors [28], therefore, we first determined the alteration
of thymus size induced by the antigen and DX, by the total
cell counts of thymi. The total cell numbers of control AND
thymi was 69.4 4+ 27.5 million (Table 1). Two days of PCC
treatment reduced total cell numbers to 56.4 4+ 22.6, while
4 days PCC treatment to 38.4 &= 13.7 million. Both high and

Table 1
Average of total thymocyte number (x10%) + S.D. after different treat-
ments

Thymocyte count + S.D. (x10°)

Control 69.4 + 27.6
PCC 56.4 £ 22.6
DX high 56 + 5.1*
DX low 12.9 4+ 4.2*
PCC + DX low 43 £ 3.5%

Each test groups consisted of three animals of a representative experiment.
* P < 0.05.

low dose DX alone or in combination with PCC caused a
more extensive thymocyte depletion (5.7 £ 5.1, 12.9 £ 4.2
and 4.3 &+ 3.5 million cells, respectively; Table 1).

3.2. Alterations of thymus composition

The thymocyte subpopulations of AND TcR transgenic
mice showed a striking difference compared to those of age
matched Balb/c mice [26]. The overwhelming dominance
of DP cells, present in Balb/c thymus (70-80% DP versus
10-15% CD4 SP) was replaced by high frequency of ma-
ture CD4 SP cells (20-30% DP versus 60-70% CD4 SP) in
AND thymus, even without the administration of the anti-
gen recognizable by the transgen-encoded TcR [26]. Un-
treated control thymi of AND mice contained 8 £2.2% DN,
28.3 £ 6.7% DP, 61 +3.2% CD4 SP and 2.6 & 2.3% CD8
SP cells. Two days of PCC treatment resulted in a signifi-
cant decrease of DP cell ratio to 14 £ 2.2% (Table 2). High
or low dose DX or combined PCC 4 DX administration
caused severe DP cell depletion (0.94+0.3%, 2.7£0.8% and
2.2 £ 2%, respectively; Table 2). At the same time, a signif-
icant CD4 SP cell ratio increase could be noticed after high
dose DX (78.5 £ 13.6%), low dose DX (87.6 £ 1.9%) and
combined PCC + DX (74.2 + 10.8%) treatments compared
to untreated control (61 3.2%; Table 2). On the other hand
we could not detect any significant changes of the DN or
CD8 SP thymocyte ratio after any form of treatments (data
not shown).

Mature (CD4 SP)/immature (DP) thymocyte ratios were
calculated from the CD4 SP and DP ratio (% of thymocyte)
of each animals. In control AND thymi CD4 SP/DP ratio
was 2.3£0.7 (Fig. 1). PCC treatment caused only a twofold
elevation in CD4 SP/DP ratio (4.7+£0.4; Fig. 1). High or low
dose DX or combined PCC and DX administration increased
the mature/immature thymocyte ratio significantly (91.4 £
34.6, 34.5 & 11.2 and 50.4 £ 24.3, respectively; Fig. 1).

3.3. Effect of antigen and/or DX exposure on the VB3 TcR
expression during thymocyte maturation

In normal (untreated) AND mice the ratio of lymphoid
cells expressing transgenic VB3 TcR increases through-
out the thymocyte differentiation (DN: 76.8 & 3.4%, DP:
88.3 £ 2%, CD4: 99.5 £ 0.3%). PCC administration led
to a decreased ratio of V3 expressing DN cells down to
51.8 &+ 13.5%, but their ratio in the DP stage remained

Table 2
Changes of DP and CD4 SP ratios after PCC, DX or combined treatment

Control PCC DX high DX low PCC + DX low
DP% =+ S.D. 28.3 £ 6.7 14 + 2.2* 0.9 £+ 0.3* 2.7 £ 0.8** 22 4+ 1.9*
CD4 SP% =+ S.D. 61 £ 3.2 65.7 £ 5.6 78.5 £ 13.6* 87.6 £ 1.9* 742 £ 1.1*

Values represent the average ratio (percent of thymocytes) = S.D. of DP and CD4 SP cells, calculated from the data of a group of three mice. Treatment

modalities are indicated in the header.
* P <0.05.
** P < 0.005.
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Fig. 2. VB3 TcR expression of DN, DP and CD4 SP thymocytes. Each
data point represents the average ratio of VB3 positive thymocytes (%
+ S.D.) calculated from the data of three animals of each test groups.
PCC, high or low dose of DX treatment caused significant depletion of
the VB3 TcR expressing DN cells, while combined PCC + DX treatment
significantly depleted the VB3 TcR expressing DP cells.

constant (83.8 & 4.4%; Fig. 2). High dose DX caused a
significant drop in the ratio of VB3 positive DN thymo-
cytes to 34.5 £ 8.6% and a slight, but statistically signifi-
cant increase in the VB3 positive DP ratio (98.2 £ 3.1%;
Fig. 2). Low dose of DX reduced both the VB3+ DN
and DP thymocyte ratio significantly (62.3 & 9.1% and
80.2 £ 1%, respectively; Fig. 2). Combined PCC and DX
treatment caused significant loss of the V33 bearing DP
thymocytes (58.7 = 9.1%; Fig. 2). Neither treatment caused
alteration in the relative size of VB3 + CD4 SP population

(Fig. 2).
3.4. CD6Y expression by DP and CD4 SP cells

The appearance of CD69 on DP and CD4 SP cells is char-
acteristic for the process of positive selection [4,5]. In con-
trol mice approximately 1% of DP cells expressed CD69.
All treatments caused a significant increase of CD69 ex-
pressing DP cell percentage (PCC: 5.1 £ 2%, high dose
DX: 9.8 4+ 0.6%, low dose DX: 13.1 £+ 1.6%, PCC + DX:
19.4+£9.7%, respectively; Fig. 3A). We found a significantly
increased CD69 display after administration of PCC, low
dose DX or combined PCC + DX by CD4 SP thymocytes

(29.7£10.9%, 28.2 +3.4% and 49.3 £28.2%, respectively)
compared to the untreated control values (11.5 & 4.7%;
Fig. 3B). On the other hand, treatment with high dose DX
(9.2+£0.3%) did not alter significantly the CD69 expression
of CD4 SP cells (Fig. 3B).

3.5. Occurrence of early apoptototic cells among various
thymocyte subpopulations

Apoptosis is a major element in shaping the size of
various lymphocyte populations during their develop-
ment and function [29]. Appearance of Annexin V is an
early apoptotic marker [30], indicating the translocation
of phosphatidyl-serine molecules from the inner to the
outer layer of the cell membrane [31]. In control AND
mice 8.1 £ 1.9% of DP cells showed Annexin V posi-
tivity (Fig. 4A). PCC treatment did not cause significant
change in the ratio of early apoptotic DP cells (9.5 £ 3.6%)).
Low dose DX or combined PCC + DX administration in-
duced a significant increase in the percentage of Annexin
V positive DP cells (36.5 £ 9.7% and 48.9 &+ 16.7%, re-
spectively). The highest frequency of Annexin V positive
DP cells was observed upon high dose treatment with
DX (70 £ 12.45%). In the CD4 SP population, the ratio
of Annexin V positive cells increased significantly after
low dose DX and PCC + DX treatments (6.8 £ 3.2% and
20.6 £ 16.6%, respectively) compared to control (3.1 £ 1%;
Fig. 4B).



dc_1343 16

F. Boldizsar et al. /Immunology Letters 90 (2003) 97—-102 101

A
< 80 *) T
2 *k
5 60, | l
g— *k
7 40 L1
= |
f=
% 20
c
£ oM
£ 40, ® "
2
8 30
o
(7]
2 20
(8]
: |
E 10 I el
x
[}
g ol | | . I
ctrl PCC DX DX PCC
high low +DX
low

Fig. 4. The ratio of early apoptotic (Annexin V positive) DP and CD4
SP thymocytes. Bars show the average percent of Annexin V positive
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DX treatment caused the most marked elevation in the ratio of early
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increased significantly the ratio of Annexin V positive DP cells. (B) CD4
SP cells were less sensitive to high dose DX, but significant elevation
of early apoptotic cell ratio was found after low dose DX and combined
PCC + DX treatments (*P < 0.005, **P < 0.05).

4. Discussion

In the present study we investigated whether the thymo-
cyte development in PCC-specific TcR transgenic mice can
be diverted by treatments with their cognate antigen (PCC),
synthetic GC(DX) and combined administration of those.
The underlying rationale for choosing these manipulations
was that the exact role of GCs in thymocyte maturation, de-
scribed as the “mutual antagonism” theory, is still controver-
sial and few in vivo evidence is available. The presence of
antigen caused a significant drop of DP cell frequency, while
the GC and combined treatments caused almost the total de-
pletion of DP cells. These alterations were accompanied by
a CD4 SP ratio increase indicating that part of the DP cells
might have been induced to differentiate in this direction.

The effect of simultaneous TcR engagement and syn-
thetic GC exposure was evaluated by following the PCC
antigen-specific VB3 transgenic TcR expressing thymocyte
ratio after the different treatments. Interestingly, while the
transgenic TcR-bearing DN thymocytes were sensitive to
both DX and antigen administrations to some degree, DP
cells with transgenic TcR were most sensitive to the com-
bined treatment. The CD4 SP V33 TcR frequency remained
unaltered after either form of treatments. T cells are typi-
cally able to recognize only processed antigens, presented
as 8-20 amino-acid long peptide fragments associated

with MHC Class-I or -II molecules on the surface of anti-
gen presenting cells [32]. After antigen administration in
AND mice PCC fragments are presented with I-EX on
thymic macrophages and dendritic cells, leading to the
negative selection of VB3+ DP cells binding the presented
antigen—-MHC-II complexes at high affinity, thus reducing
total thymocyte numbers. The thymocyte depleting char-
acteristic of DX alone was also demonstrable, similarly
to what we have found previously in Balb/c model [22].
However, this effect was not specific for VR3+ DP cells,
as Balb/c mice bear a random TcR repertoire.

Positive selection is characterized by the appearance of
CD69 antigen on DP and SP cells [5], which feature was
applied to monitor the positively selected DP and CD4 SP
thymocytes. Both the antigen and DX by itself induced a
substantial increase of CD69 expression by DP cells, and
the combined PCC + DX treatment triggered the highest
elevation. However, the CD69 expression of CD4 SP cells
increased only after antigen exposure or low dose DX and
combined treatments, but not in case of high dose DX ad-
ministrations. It is very likely that high dose GC exposure
caused only a transient CD69 expression increase of DP
cells followed by subsequent apoptosis. This notion is also
supported by observations on the up-regulation of CD69
and CD25 molecules on DP cells undergoing spontaneous
or steroid-induced apoptosis in tissue culture [33]. On the
contrary, antigen and low dose GC or their combination in-
duced positive selection allowing a higher ratio of CD69
positive survivor CD4 SP cells. In Balb/c mice a similar
CD69 expression induction was found after low dose of DX
and anti-CD3 antibody treatments [22]. Both findings sup-
port the theory that GCs at low dose can enhance the positive
selection of DP cells [24]. Since low dose GC and combined
antigen and GC exposure caused the highest increase in ma-
ture/immature ratio, together with a significant elevation of
CD69 expression, we infer that antigen and low dose GC
together can induce positive selection of DP thymocytes.

The pro-apoptotic effects of DX are well documented
[12,13]. Negatively selected DP cells also undergo apopto-
sis [34], so we determined the ratio of early apoptotic cells
after exposure to antigen, DX and their combination. Sim-
ilarly to previous observations in Balb/c thymocytes [20],
DP cells were most sensitive to apoptosis induced by high
dose of GC, although low dose GC and combined treatment
also increased the Annexin V positive DP cell ratio. Taking
into account the reduction of total cell numbers, we con-
clude that this thymocyte depletion event is probably me-
diated by apoptosis. We also found significantly increased
ratio of Annexin V positive CD4 SP cells after low dose DX
or combined antigen and GC treatment, which could be the
result of the pro-apoptoptic activity of GCs on activated T
cells as described previously [35].

These data provide further evidence that GCs potently
alter the thymocyte selection steps both in the presence and
absence of antigen in AND transgenic model. This pertur-
bation is manifested in a significant increase of the ratio
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of positively selected cells (VB3 TcR/CD4 SP), probably
including those recognizing I-EX bound PCC fragments
with low affinity, paired with a considerably higher nega-
tive selection rate effecting the high affinity TcR bearing
thymocytes. In this shift, the TcR signaling pathways al-
tered by GCs may offer one possible explanation. Better
understanding of the cross-talk between TcR and GC sig-
naling pathways could explain the regulatory role of GCs
on thymocyte maturation.
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Abstract

Several studies have shown that of the four major thymocyte subsets, the CD4/CD8 double positive (DP)
thymocytes are the most sensitive to in vivo glucocorticoid hormone (GC)-induced apoptosis. Our aim was to analyse
fine molecular differences among thymocyte subgroups that could underlie this phenomenon. Therefore, we
characterised the glucocorticoid hormone receptor (GR) expression of thymocyte subgroups both at the mRNA and
protein levels by real-time PCR and flow cytometry, and correlated these features to their apoptotic sensitivity. We also
investigated the time-dependent effects of the GC agonist dexamethasone (DX) with or without GC antagonist
(RU486) treatments on GR mRNA /protein expression. We also analysed the expression of two apoptosis-related gene
products: dexamethasone-induced gene 2 (Dig2) mRNA and Bcl-2 protein. We found that DN thymocytes had the
highest GR expression, followed by CDS single positive (SP), CD4 SP and DP thymocytes in 4-week-old BALB/c mice,
both at the mRNA and protein levels, respectively. In DP cells, the Dig2 expression was significanty higher, while the
Bcl-2 expression was significantly lower than in DN, CD4 SP and CD8 SP thymocytes. Single high dose DX treatment
caused time-dependent depletion of DP thymocytes due to their higher apoptosis rate, which could not be abolished
with RU486 pretreatment. After a single high dose DX treatment, there was a transient, significant increase of the GR
mRNA and protein level of unsorted thymocytes after 8 and 16h, followed by a significant decrease at 24 h,
respectively. The time-dependent GR expression changes after DX administration could not be inhibited by the GC
antagonist RU486. Twenty-four hours after exposure to high dose DX the DN, CD4 SP and CD8 SP cells showed a
significant decrease of GR mRNA and protein expression, whereas the DP thymocytes, showed no significant
alteration of GR mRNA or protein expression. The kinetical analysis of GR expression and apoptotic marker changes
upon single high dose GC analogue administration revealed a two-phase process in thymocytes: early events, within
4-8h, include GR upregulation and early apoptosis induction, while the late events appear most prominently at
16-20h, when the GR is already downregulated and apoptotic cell ratio reaches its peak, with marked DP cell
depletion. The low GR, high Dig2 and low Bcl-2 expression, coupled with the absence of homologous downregulation
of GR after exogenous GC analogue treatment, could contribute to the high GC sensitivity of DP thymocytes. The
downregulated GR and Bcl-2 together with the upregulated Dig2 level in DP cells indicates the significance of
intrathymic GC effects at this differentiation stage. Since GR expression changes and apoptotic events could not be
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completely inhibited by GC antagonist, we propose the involvement of non-genomic GR mechanisms in these

processes.
© 2006 Elsevier GmbH. All rights reserved.
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Introduction

Glucocorticoid hormones (GCs) are regulators of
differentiation, activation, survival and apoptosis of T
lymphocytes (Reichardt, 2004). GCs exert their action
either through genomic, or through other, non-genomic
mechanisms described recently (Buttgereit and Schef-
fold, 2002). The glucocorticoid receptor (GR) is a
member of the steroid receptor superfamily (Evans,
1988), consisting of 3 domains: a hormone-binding
domain, a highly conserved DNA-binding domain and
the least conserved N-terminal domain (Hollenberg
et al., 1985). The inactive form of GR is associated
with Hsp-90 in the cytoplasm (Smith and Toft, 1993).
Upon hormone binding, GR dissociates from Hsp-90
and translocates to the nucleus, where it forms dimers
and functions as a transcription factor, binding to
specific conserved palindromic DNA sequences
(GGTACAnnnTGTTCT), called glucocorticoid re-
sponse elements (GRE) (Berg, 1989). GREs were found
in the promoter region of a broad array of genes from
different species, for example the rat phenyletanolamine
N-methyltransferase gene (Tai et al., 2002) and beta2-
adrenergic receptor gene (Cornett et al., 1998), the
murine tyrosine hydroxylase gene (Hagerty et al., 2001),
the human sgkl gene (Itani et al., 2002), parathyroid
hormone (He et al., 2002) and PHEX gene (Hines et al.,
2002), explaining the complex effects of GCs. Wang and
colleagues (2003) performed oligonucleotide microarray
analysis of ~10,000 genes from dexamethasone (DX)
treated S49.A2, WEHI 7.2 cells and murine thymocytes,
and identified dexamethasone-induced gene 2 (Dig2,
GeneBank accession No.: AY260552), as a candidate
anti-apoptotic gene. The overexpression of Dig2 in
WEHI 7.2 mouse thymoma cell line resulted in GC
resistance (Wang et al., 2003), suggesting that it
possesses anti-apoptotic activity.

The mouse GR gene spans approximately 110 kilo-
bases and its transcripts consist of 9 exons (Stréhle et al.,
1992). The N-terminal segment is encoded by exon 2, the
DNA-binding zinc-fingers are encoded by exons 3 and 4,
while the C-terminal hormone-binding site is encoded by
the remaining 5 exons, respectively (Stréhle et al., 1992).
In humans there are two isoforms of the GR: alpha (777
AA residues) and beta (742 AA residues) differing at
their carboxyl termini (Hollenberg et al., 1985); in mice,
however, the beta isoform could not be identified (Otto
et al., 1997).

The expression of GR is autoregulated by GCs in a
cell- or tissue-dependent manner. Its repression was
described in NIH 3T3 mouse fibroblasts (Hoeck et al.,
1989), in human IM-9 lymphocytes and rat pancreatic
acinar AR42J cells (Rosewicz et al., 1988), and in rat
hepatoma cells (Okret et al., 1986), while upregulation
was found in a human leukaemic T-cell line CEM-C7
(Eisen et al., 1988; Antakly et al., 1989; Ashraf et al.,
1991). It was observed that homologous downregulation
is an important factor in GC resistance (Schaaf and
Cidlowski, 2003). Even though GREs were described in
the promoter region of the GR gene, the mechanism of
homologous downregulation has not been completely
explored yet (Okret et al., 1986).

Thymus cortical epithelial cells are capable of local
GC production (Pazirandeh et al., 1999), thus exerting
paracrine action on thymocytes and possibly participat-
ing in the regulation of positive selection processes
(Vacchio et al., 1994). Our previous results showed that
CD4, CD8 double positive (DP) thymocytes are the
most sensitive thymic subset in 4-week-old BALB/c mice
to DX-induced apoptosis in vivo (Berki et al., 2002). On
the other hand, others claimed that GCs are dispensable
in thymocyte maturation (Godfrey et al., 2000), based
on studies performed on GR -/- mice (Cole et al., 1995),
where unaltered thymocyte differentiation was found
(Purton et al., 2000). Nevertheless, the exact role of GC
and its receptor in thymocyte development still remains
controversial up to date (Jondal et al., 2004), compli-
cated by other regulators of apoptosis, e.g. proteins of
the Bcl-2 family (Reed, 1998), which, besides GCs, could
also contribute to the different apoptotic sensitivity of
thymocyte subpopulations.

To elucidate the background of different GC sensitiv-
ities of thymocytes, in the present study, we analysed the
GR expression in thymocyte subpopulations at different
maturation stages (DN, DP and CD4 or CDS8 SP cells) at
the mRNA and protein levels. In addition, we investi-
gated the time-dependent effect of GC agonist (DX) and
antagonist (RU486) treatment on GR expression using
real-time PCR and flow cytometry and correlated them to
the thymus composition and apoptotic marker changes.
We also characterised two apoptosis-related gene pro-
ducts Dig2 and Bcl-2 levels in thymocyte subpopulations,
respectively. Our data indicate that the effect of GCs in
thymocytes is determined by a balance between the GR
expression and Dig2 and Bcl-2 transcription in a
differentiation-stage-dependent manner.
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Materials and methods
Materials

DX (5mg/ml stock solution) (Oradexon, OR)
was purchased from NV Organon Holland. RU486
(Mifepristone, Sigma) (10mg/ml stock solution in
ethanol) was used as GC inhibitor. The following
monoclonal antibodies were used for cell surface
labelling: phycoerythrin-conjugated rat anti-mouse
CD4 (Clone L3T4, Pharmingen) and CyChrome-
conjugated rat anti-mouse CD8 (Clone Ly 2, Pharmin-
gen). Cytoplasmic GR labelling was performed with
monoclonal anti-GR-FITC antibody (Clone 5.E4)
(Berki et al., 1998). The Bcl-2 protein was detected
with monoclonal anti-Bcl-2-FITC antibody (Clone
3F11) from BD Pharmingen. Annexin V (BD, Pharmin-
gen, CA) labelling was performed in Annexin-binding
buffer (10mM HEPES/NaOH, pH 7.4, 140mM
NaCl and 2.5mM CaCl,). Propidium iodide (PI)
was purchased from Sigma. Thymi were homogenised
in PBS (phosphate buffered saline). The cells were
washed and labelled in PBS containing 0.1% BSA
and 0.1% NaNj3 staining buffer. For intracellular
labelling, the cells were fixed in 4% paraformaldehyde,
and permeabilised in PBS containing 0.1% saponin,
0.1% BSA and 0.1% NaNj. Total RNA isolation was
performed with TriReagent (Sigma). DNA was digested
with Deoxyribonuclease I (Sigma). For reverse tran-
scription M-MLV RT, RNase H (-) point mutant
enzyme (Promega), oligothymidylic acid (Sigma) and
RNaseOut recombinant Ribonuclease Inhibitor
(Invitrogen) were used. Real-time PCR was done
with Light-Cycler—Fast Start DNA Master SYBR
Green 1 kit (Roche). All other fine chemicals were
purchased from Sigma.

Treatment of mice and thymocyte preparation

One group of 3- to 4-week-old (10g body
weight) BALB/c mice (Charles River) were injected 1i.p.
with high (10 mg/kg) dose DX dissolved in 100 pul PBS.
Another group of animals received RU486 in 100 pl
sesame oil i.p./animal for 2 days before the high dose
DX administration. The third group of mice was
injected with only 1mg/kg body wt RU486 in 100 ul
sesame oil ip./animal. Control mice received
only PBS. Mice from each group were killed by rapid
decapitation after 0.5, 1, 2, 4, 8, 12, 16, 20 or 24 h, their
thymi were isolated and homogenised in PBS with a
glass/glass homogeniser. The suspension was filtered
through nylon mesh, the thymocytes were washed once
in PBS and then the cell concentration of samples was
set to 107/ml.

Fluorescence labelling, flow cytometric acquisition
and analysis

We used triple labelling technique for the simulta-
neous detection of cell surface CD4, CD8 and
intracellular GR or Bcl-2 molecules on unsorted thymo-
cytes. Briefly, thymocytes (1 x 10%) in 100pl staining
buffer (PBS, 0.1% NaN3, 0.1% BSA) were labelled for
the expression of CD4 and CD8 molecules for 30 min on
ice. After two washing steps in PBS, the cells were fixed
with 4% paraformaldehyde (PFA) in PBS for 20 min,
washed twice in PBS and stained in permeabilising
saponin buffer (0.1% saponin, 0.1% NaN; and 0.1%
BSA) for intracellular GR and Bcl-2 molecules (Berki
et al., 1998). After 30 min incubation on ice, the cells
were washed twice in saponin buffer, once in binding
buffer and stored in 500 ul 0.1% PFA/PBS buffer until
flow cytometric analysis.

The samples were analysed in a FACSCalibur flow
cytometer (Becton Dickinson, San Jose CA) using the
CellQuest software. Thymocytes were gated on FSC/
SSC plots according to their size and granularity. The
gate determined by the untreated thymocyte sample was
used for every further measurement. To determine the
expression of GR and Bcl-2 cells in DN, DP, CD4 SP or
CD8 SP populations, two-parameter dot-plots showing
cell surface CD4/CDS8 staining (FL2/FL3 channels)
were first created from the previous gate. Thymocytes
were gated according to their CD4 and/or CDS8
fluorescence, and these populations were separately
analysed for anti-GR-FITC or anti-B¢cl-2-FITC log
fluorescence (FL1 channel). The fluorescence intensity
of GR or Bcl-2 staining was compared in different
thymocyte subpopulations by overlaying the FLI
histograms.

Apoptosis detection

For apoptosis detection, double staining with
Annexin V-FITC (PharMingen) and PI was performed
according to the method of Vermes et al. (1995).
Briefly, 5 x 10° thymocytes were resuspended in 100 pl
binding buffer (10 mM HEPES/NaOH, pH 7.4, 140 mM
NaCl and 2.5mM CaCl2). Then 5pul Annexin V FITC
(1 pg/ml final volume) and 0.5 pg PI were added to the
cells, and the mixture was incubated at room tempera-
ture in the dark for 15min. Binding buffer (400 ul)
was added before flow cytometric analysis. Two-para-
meter dot-plots showing Annexin V/PI staining (FL1/
FL3 channels) were created to determine the ratio of
apoptotic cells in the thymus glands. Annexin V/PI
double positive cells are late apoptotic, while Annexin V
single positive cells are early apoptotic cells (Vermes
et al., 1995).
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Cell sorting

107 thymocytes were labelled with anti-CD4-PE and
anti-CD8-CyC mAbs for 30 min, in labelling buffer at
room temperature, followed by washing and flow
cytometric analysis performed on a BectonDickinson
FACS-Vantage SE instrument with Cell Quest Pro
sofware. Sorting of thymocyte subpopulations was
carried out according to their fluorescence in FL2
(PE-578 nm) and FL3 (CyChrome—670 nm) channels.

RNA isolation and reverse transcription

Total RNA was isolated from 107 unsorted or 2 x 10°
sorted thymocytes with Tri Reagent according to the
manufacturer’s instructions. The final RNA precipitate
was dissolved in DEPC water and the RNA content and
purity was checked by UV spectrophotometry at 260
and 280 nm. To eliminate DNA contamination of RNA,
the samples were digested with DNase before reverse
transcription. Reverse transcription was performed
from 1pg RNA/sample in the presence of 0.5pug
oligo(dT);s, M-MLV RT 1 x reaction buffer, 1 mM of
each dNTP, 40 units of RNase Inhibitor and 1 unit of
M-MLYV reverse transcriptase according to the manu-
facturer’s instructions, parallel with negative controls
without the reverse transcriptase enzyme.

Real-time PCR

Real-time PCR reactions were performed on the
cDNA samples with rat-mouse f-actin (forward: 5'-
ATC ATG TTT GAG ACC TTC AAC AC-3; reverse:
5-TCT GCG CAA GTT AGG TTT TGT C-3’; product
size 825bp; Tm: 57 °C), mouse GR (forward: 5-TGG
TGT GCT CCG ATG A-3; reverse: 5-AGG GTA
GGG GTA AGC-3; product size: 328 bp; Tm: 60 °C)
and mouse Dig2 (forward: 5-GACGTGTGTGTG-
GAGCAAGGC-3'; reverse: 5-CCGGTACTTAGCGT-
CAG-3'; product size: 197; Tm: 60°C) primers on a
Roche Light Cycler using LightCycler—Fast Start DNA
Master SYBR Green I Kit. Reaction mix (20 pl/capillary
tube) contained 4mM MgCl,, 0.5uM primers, 1 pul
cDNA and 2pl LightCycler—Fast Start DNA Master
SYBR Green I in PCR grade sterile water. SYBR green
fluorescence was detected during the 35 cycles long
reactions at 87 °C in case of actin primers and at 82 °C in
case of GR primers. The specificity of the reactions was
verified by melting curve analysis (melting peak of rat-
mouse actin at 89 °C; mouse GR at 84 °C) and agarose
gel electrophoresis. Relative quantification was done
using both primers in each sample. First reaction
efficiencies were calculated, based on a dilution series
of the strongest cDNA sample, then from the crossing
point differences, the relative cDNA levels were

obtained. At the end, the relative GR mRNA values
were corrected with relative actin mRNA values of the
same sample.

Statistical analysis

The effect of various treatments between groups was
tested for statistical significance using Student’s -test.
P <0.05 denoted statistical significance.

Results

Different GR mRNA expression of thymocyte
subpopulations

Thymocyte subpopulations were sorted after anti-
CD4-PE and anti-CD8-CyC labelling based on their
FL2-FL3 fluorescence signals (Fig. 1A). The original
thymocyte sample contained 3% DN, 76% DP, 15%
CD4 SP and 6% CD8 SP cells (Fig. 1A). The cell sorting
yielded 96%, 98%, 95% and 93% purity of DN
(Fig. 1D), DP (Fig. 1C), CD4 SP (Fig. 1B) and CD8
SP (Fig. 1E) cells, respectively.

Real-time PCR analysis of cDNA from these sorted
thymocytes revealed that there are significant differences
in the GR mRNA expression among thymocyte
subpopulations (Fig. 1F). DP cells had the lowest GR
mRNA expression (0.7 £ 0.25 relative mRNA level),
CD4 SP cells expressed 1.9 times (1.31 +0.66 relative
mRNA level), CD8 SP cells expressed 2.7 times (1.90 +
2.04) and DN thymocytes expressed 4 times higher
(2.85 +2.53 relative mRNA level) GR mRNA levels
than DP thymocytes, respectively (P<0.05) (Fig. 1F).

GR and Bcl-2 protein expression of thymocyte
subpopulations

Parallel to GR mRNA, GR protein level in thymocyte
subpopulations was also determined after surface labelling
of cells with anti-CD4-PE and anti-CD8-CyC antibodies,
followed by intracellular labelling with anti-GR-FITC
(Berki et al., 1998). Thymocyte subpopulations were gated
based on their fluorescence signals in FL2 and FL3
channels and GR levels were analysed from each
thymocyte gate (Berki et al., 1998). Flow cytometric
detection of the GR also showed that DP thymocytes had
significantly lower GR protein levels compared to DN,
CD4 SP and CDS SP cells (P<0.05) (Fig. 2A). We found
no significant difference in GR protein levels of DN, CD4
SP or CDS8 SP populations (Fig. 2A). Interestingly, in CD4
SP thymocytes, there was a considerable discrepancy
between GR protein and mRNA levels.

Bcl-2 is an anti-apoptotic protein inhibiting the
function of caspases (Cory, 1995). Since DP cells show
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Fig. 1. GR mRNA expression in thymocyte subpopulations.
(A)~(E) Thymocytes were sorted after cell surface anti-CD4-
PE and anti-CD8-CyC labelling according to their FL2/FL3
fluorescence. (A) The two dimensional fluorescence dot plot
shows the tipical distribution of 3—4-week-old BALB/c
thymocytes. (B) CD4 SP thymocytes after cell sorting. (C)
DP thymocytes after cell sorting. (D) DN thymocytes after cell
sorting. (E) CD8 SP thymocytes after cell sorting. Numbers on
dot plots B-E indicate the purity of cell populations after cell
sorting. (F) GR mRNA expression relative to f-actin of the
different thymocyte subpopulations analysed by real-time
PCR. Bars represent the mean &+ SD of relative GR mRNA
levels in DN, DP, CD4 SP and CDS8 SP thymocytes from 3
separate experiments. (*P<0.05).

a considerably higher sensitivity to DX-induced apop-
tosis than DN, CD4 SP and CDS8 SP cells, we compared
the Bcl-2 level of thymocyte subpopulations by intra-
cellular flow cytometry in the four major thymocyte
subsets (Fig. 2B). We found that DP thymocytes

100 7 (A)
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Fig. 2. GR and Bcl-2 expression in thymocyte subpopulations.
(A) Cytoplasmic GR protein levels of thymocyte populations
in untreated mice measured by triple colour flow cytometry.
Bars represent GR mean fluorescence intensities &= SD mea-
sured in FL1 channel from 3 separate experiments (* P<0.05).
(B) Bcl-2 expression of thymocyte subgroups in untreated mice
measured by flow cytometry. Bars represent mean FLI1
fluorescence intensities = SD from 3 separate experiments.
Bcl-2 level of DP cells was significantly lower than that of
other thymocyte subgroups (Student z-test, *P<0.01).

expressed significantly lower levels of Bcl-2 (FL1 mean
fluorescence: 4.1 &+ 0.14), compared to DN, CD4 SP and
CD8 SP thymocytes (FL1 mean fluorescence: 12.3 £ 1.2,
12.1 £ 1.56 and 14.5+ 1.7, respectively) (Fig. 2B), in
similar distribution to that of the GR.

Time-dependent changes in thymocyte numbers,
subsets and apoptotic markers after a single high
dose DX administration with or without RU486
pretreatment

Since it has been previously established by our group
(Berki et al., 2002) and also others (Wiegers et al., 2001),
that DP cells are the most sensitive to GC-induced
depletion, we assessed the time-dependent thymocyte
subpopulation changes after a single high dose DX and/
or RU486 injection, using cell surface anti-CD4-PE and
anti-CD8-CyC labelling of cells by flow cytometry.
Flow cytometric statistics showed that in untreated
control thymi, distribution of the four major subsets
were 3.6% DN, 83.2% DP, 10% CD4 SP and 3.1%
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CD8 SP, respectively (Fig. 3). After a single high
dose DX treatment, DP cells reached gradually a
marked depletion at 24h (44.9%), with a relative
dominance of the mature CD4 SP (36.1%) and CD8
SP (9.8%) cells (Fig. 3A). RU486 pretreatment could
not revert the DX-induced thymus composition
changes, at 24 h the DP cell ratio dropped to 35.4%,
while the CD4 SP and CD8 SP cell ratio increased to 44
and 15.2%, respectively (Fig. 3B). RU486 treatment
alone caused no significant changes in apoptotic
markers (data not shown).

We also analysed the total cell count from each group of
mice (Table 1). Twenty-four hours after a single high dose
treatment, the thymus cell number decreased to 26.8
million from 142.8 million in control mice. There was a
major drop in total cell numbers 8h after the DX
treatment (59.2 million), before this time point cell
numbers were 142.8, 144, 148, 102.8 and 113.4 million,
respectively. The cell-depleting effect of the DX could not
be inhibited with RU486 pretreatment (19.5 million cells
24h after treatment vs. 105.4 million in control mice),
although it was a bit prolonged: the major decrease in cell
numbers appeared 12h after the DX treatment (105.4,
109.3, 108.4, 129, 104.4 and 120.8 million before 12h vs.
38.4,35.9, 25 and 19.5 million cells after 12 h, respectively).
RU486 treatment alone caused no significant changes in
thymic cell numbers (data not shown).

GC- and GC-analogue-induced DP cell depletion is
mediated by apoptosis, so next we analysed the time-
dependent changes in apoptosis with combined Annexin
V/PI staining by flow cytometry. Annexin V single
positive cells indicate the early apoptotic cells, while
Annexin V/PI double positive cells represent the late
apoptotic cells, respectively (Vermes et al., 1995). After a
single high dose DX injection, thymocytes showed an
initial 4-fold increase in Annexin V staining at 4 h, with a
slight decrease at 8 h followed by a more marked 8-fold
increase at 16-20 h (Fig. 4A). The late apoptotic cell ratio
increase significantly 12h after the DX treatment, and
reached a maximum at 24 h when more than 40% of cells
were already late apoptotic (Fig. 4A). When mice were
pretreated with GC antagonist prior to the DX admin-
istration, the initial increase (at 4 h) in the percentage of
Annexin V single positive cells was present, but the later
(after 8h) changes in Annexin V and Annexin V/PI
positive cell percentage were abolished (Fig. 4B). RU486
treatment alone caused no significant changes in apopto-
tic markers (data not shown).

Time-dependent changes of thymocyte GR mRNA
and protein level after a single high dose DX
administration with or without RU486 pretreatment

As GCs themselves have been established to partici-
pate in the regulation of GR expression (Rosewicz et al.,

Ccos MoP
[(Jcoa [bN
(A) DX
100% - =
75% -
50% -
25%
0% T
0 05 1 2 4 8 12 16 20 24
Time (h)
(B) RU+DX
100% - =
75% |
50%
25% |
0% . . . . . . . . . .
005 1 2 4 8 12 16 20 24
Time (h)

Fig. 3. Time-dependent changes in thymocyte composition
after single high dose DX administration with (B) or without
RU486 pretreatment (A). Thymocyte composition was ana-
lysed by flow cytometry after cell surface labelling with anti-
CD4-PE and anti-CD8-CyC antibodies. Time elapsed after
different treatments is indicated on the x-axis. White, black,
light grey and dark grey segments of the bars represent DN,
DP, CD4 SP and CDS8 SP cell ratio, respectively. Diagrams
show the data of a representative measurement from 3 separate
experiments.

1988), we next characterised the time-course of GR
mRNA levels 0.5, 1, 2, 4, 8, 12, 16, 20 and 24 h after
exposure to DX with or without RU486 treatment from
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Table 1. Time-dependent changes in total thymocyte numbers

Time Ctrl 0.5h 1h 2h 4h 8h 12h 16h 20h 24h
DX 142.8 144 148 102.8 113.4 59.2 37.8 31.6 29.4 26.8
RU+DX 105.4 109.3 108.4 129 104.4 120.8 38.4 359 25 19.5

Time elapsed after different treatments is indicated in the first row in hours (time). The second and third rows show thymocyte numbers (million cells)
after DX or RU+ DX treatments, respectively. Table shows the data of a representative measurement from 3 separate experiments.
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Fig. 4. Time-dependent changes in apoptosis markers after
single high dose DX administration with (B) or without
RU486 pretreatment (A). Annexin V/PI stainig of cells was
followed by flow cytometric detection. Annexin V single
positive cells are early apoptotic (white bars), Annexin V/PI
double positive cells are late apoptotic (black bars). Time
elapsed after different treatments is indicated on the x-axis.
Diagrams show the data of a representative measurement from
3 separate experiments.

unsorted thymocytes. After a single high dose DX
injection, GR mRNA expression increased considerably
at first, reaching a 4.5-fold peak at 4-8 h, followed by a
gradual decrease until 24h, when it dropped to only
50% of the control (Fig. 5A). Pretreatment with the GC
antagonist RU486 could not inhibit the initial effect of
DX (Fig. 5B), though there was a faster decline in GR
mRNA levels after 4 h. The RU486 treatment alone did
not cause any significant alteration in GR mRNA levels
(Fig. 50).

The GR protein levels were also determined by flow
cytometry after intracellular GR staining at each time
point. There was also a transient increase in the protein
levels after DX treatment (3.5-fold, compared to
control) (P<0.05), reaching the peak at 16 h, followed
by a decrease until 24 h (Fig. SD). RU486 pretreatment
slightly inhibited the DX-induced cytoplasmic GR
protein level changes (Fig. SE), and had no effect alone
(Fig. 5F). The alterations of protein level followed the
mRNA expression changes with an approximately 8h
delay (Fig. 5).

Effect of DX treatment on the GR mRNA and
protein expression of thymocyte subpopulations

To delineate more specifically the likely candidate
subpopulation for DX-mediated GR expression
changes, next we analysed how the GR expression of
different thymocyte subpopulations were affected by
DX treatment. Twenty-four hours after a high dose DX
treatment, we measured the GR mRNA levels of sorted
thymocytes by real-time PCR. GR mRNA levels
variously decreased by 81% in DN (Fig. 6A), 74% in
CD4 SP (Fig. 6A) and 93% in CD8 SP (Fig. 6A)
thymocytes, respectively. DP thymocytes showed unal-
tered GR mRNA expression after a single high dose DX
treatment (Fig. 6A).

Parallel to determining the GR mRNA expression
changes induced by DX, we also analysed the GR
protein expression alterations. We found that GR
protein levels decreased after a single high dose DX
injection in DN, CD4 SP and CD8 SP thymocytes by
56%, 64% and 66%, respectively (Fig. 6B). In contrast,
the GR protein level in DP cells remained unaltered
after a single high dose DX treatment (Fig. 6B),
similarly to its mRNA expression (Fig. 6A).

Dig2 expression of thymocyte subpopulations

Dig?2 is a recently identified gene product induced by
DX treatment in vitro (Wang et al., 2003). First we
assessed whether Dig?2 is also induced by DX treatment
in vivo. Two hours after a single high dose DX
administration, we found a 5-fold increase of Dig2
mRNA expression (relative Dig2 mRNA level: 2.05)
compared to the untreated control (relative Dig2
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Fig. 5. Time course of GR mRNA and protein expression in thymocytes after a single high dose DX injection, either with (B, E) or
without (A, D) previous RU486 pretreatment, or RU486 administration alone (C, F). Data points on diagrams A, B and C represent
the relative GR mRNA Ievel of thymocytes, while data points on diagrams D, E and F represent the ratio of FL1 mean fluorescence
intensities compared to the untreated control measured by flow cytometry, respectively. Diagrams show the data of a representative

measurement from 3 separate experiments.

mRNA level: 0.34) (Fig. 7A). This increased expression
could not be inhibited by RU486 pretreatment (relative
Dig2 mRNA level: 2.22) (Fig. 7A). RU486 treatment
alone also increased Dig2 mRNA levels (relative Dig2
mRNA level: 0.8) in thymocytes (Fig. 7A).

Next, we analysed the Dig2 expression by various
thymocyte subgroups from untreated mice. DP cells had
significantly higher Dig2 mRNA level (relative Dig2
mRNA level: 0.3) than that in DN (relative Dig2 mRNA
level: 0.12) or CD4 SP (relative Dig2 mRNA level: 0.05)
and CD8 SP cells (relative Dig2 mRNA level: 0.15),
respectively (Fig. 7B).

Discussion

The ability of GCs to induce apoptosis of both mature
and immature T lymphocytes is well established
(Ashwell et al., 2000). In a previous work, we reported
different GC sensitivities of thymocyte subpopulations
(Berki et al., 2002), which was in line with previous
findings (Cohen, 1992) as well. However, the reason for
different GC sensitivity of distinct thymocyte subsets is
still unclear. Here, we analysed four possible underlying
factors: GR level, GR expression regulation by GCs,
Dig2 expression and Bcl-2 expression, together with
functional data on apoptosis.

Differential GR expression by target cells could be an
obvious explanation for their different GC sensitivity
(Pazirandeh et al.,, 2002). In the present study, we
establish that the GR mRNA and protein expression
showed considerable differences between thymocyte
subpopulations: the DP cells had the lowest GR

expression, followed by CD4 SP, CD8 SP and DN
cells, at both the mRNA expression and the protein
level. DP cells react most intensely to GC-induced
apoptosis, despite their relatively low GR expression,
suggesting that the GR level alone is unlikely to be the
determining factor of GC sensitivity. Other signalling
mechanisms could contribute to the GC sensitivity of
cells (Ashwell et al., 2000), as well. Another possible
explanation might be that apoptosis of DP thymocytes
is mediated by non-genomic GC effects (Buttgereit and
Scheffold, 2002), including the interaction of the
cytoplasmic GR with other signalling molecules. This
mechanism is also supported by our present results, that
RU486 could not inhibit the GC-induced DP cell
depletion and also could not revert the initial apoptotic
events 4 h after the DX administration.

In an autoregulatory fashion, GCs participate in GR
expression regulation (Rosewicz et al., 1988). A major
goal of our present study was, to follow the time course
of GC-induced in vivo GR expression changes in mouse
thymocytes, together with the apoptotic markers An-
nexin V/PI and the changes in thymocyte subsets,
respectively. We found an interesting bi-phasic pattern
of expression change in GR mRNA and protein levels
after a single high dose DX administration, with an
initial increase until 4-8 (mRNA) and 16 (protein)h,
followed by a gradual decrease until 24 h. Similar bi-
phasic GR expression changes were described in rat
hepatoma cells by Okret and colleagues (1986). The
repression of GR expression 24h after DX treatment
was also in line with previous findings (Okret et al.,
1986; Rosewicz et al., 1988; Hoeck et al., 1989).
Similarly to the GR expression pattern change, the rise
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Fig. 6. GR mRNA (A) and protein level (B) changes in DN DP CcD4 CD8

different thymocyte subpopulations 24h after a single high
dose DX treatment. (A) Bars represent the relative GR mRNA
levels of sorted DN, DP, CD4 SP and CD8 SP thymocytes
analysed by real-time PCR, respectively, from control (black)
or high dose DX treated (white) mice. (B) GR protein level
changes of thymocyte subpopulations measured by flow
cytometry. Bars show the mean FL1 fluorescence of control,
untreated (black) and high dose DX treated (white) thymocyte
subpopulations. Diagrams show the data of a representative
measurement from 3 separate experiments.

in early apoptotic cell ratio showed two peaks: an early
increase at 4h and a later, more marked increase at
1620 h, followed by the increase in the late apoptotic
cell ratio as well. Very similar in vivo apoptosis kinetics
were found in C57BL/6 mice by Tosa and colleagues
(2003). The GR expression changes and the apoptotic
marker changes were coupled with the gradual depletion
of DP cells. Based on the parallel GR expression
changes and phosphatidyl-serin translocation to the
outer lipid layer of the plasma membrane 4 h after GC
analogue treatment, we propose that the GR could
participate in the regulation of the early steps of
apoptosis. Since these early (within 4h) events were
not antagonised by the GC antagonist pretreatment, the
possibility of non-genomic GC action arises. Here, we
found that apoptosis induced 12-24 h after a single high
dose GC analogue exposure was inhibited by GC
antagonist pretreatment, that is in line with previous
findings by others (Erlacher et al., 2005).

Fig. 7. Dig2 mRNA expression of thymocytes assessed by real
time PCR. (A) Bars represent the relative Dig2 mRNA levels
in control, DX, DX+ RU486 and RU486 treated mice. (B)
Bars show the relative Dig2 mRNA expression of thymocyte
subpopulations in untreated mice. Diagrams show the data of
a representative measurement from 3 separate experiments.

The GC-GR complex translocates to the nucleus
within 30 min (Berki et al., 2000), where it acts as a
transcription factor of different genes containing GREs
(Berg, 1989). The GR gene itself also contains GRE
(Okret et al., 1986), possibly contributing to the self-
regulatory role of GCs on GR. The initial increase of
GR mRNA (8 h) and protein (16 h) expression could be
caused by direct binding of the GR—GC complex to the
GR gene itself, thus inducing transcription. RU486 was
shown to inhibit the translocation of GR to the nucleus
in rat thymocytes (Lefebvre et al., 1988) and also to
stabilise the the association of GR to Hsp-90 in mouse
lymphoma cells (Distelhorst and Howard, 1990). On the
other hand, the translocation of GR to the nucleus was
described upon RU486 treatment (Pariante et al., 2001;
Schaaf and Cidlowski, 2003), and the partial GR
agonistic effect of RU486 was also shown (Kraml
et al., 2003; Nordeen et al., 1993), suggesting that the
GR antagonist effect of RU486 is dependent on the
experimental system and cell/tissue type, respectively.
According to our data, RU486 could not block the early
(within 8h) transcriptional autoregulatory activity of
the GR in mouse thymocytes, in vivo, but the exact
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mechanism of this needs further elucidation. The
GC-GR complex may interact with a number of other
transcription factors, including NF-«B (Ray and Pre-
fontaine, 1994), AP-1 (Periyasami and Sanchez, 2002;
Yang-Yen et al., 1990), CREB (Imai et al., 1993),
STAT-3 (Zhang et al., 1997) and STAT-5 (Stocklin
et al., 1996), which could account for the effects of DX
manifested later (24 h).

Twenty-four hours after a single high dose DX
injection, DN, CD4 SP and CD8 SP cells showed a
considerable decrease in GR mRNA expression, while
DP cells did not change their GR mRNA expression,
which was also reflected in the immunologically
detectable amount of the receptor. It seems that in DP
cells the homologous downregulation which plays a
pivotal role in glucocorticoid resistance (Schaaf and
Cidlowski, 2002) is impaired. GR downregulation seems
to be a common mechanism in all thymocytes except DP
cells. This lessened sensitivity to downregulate GR in
DP cells could contribute to their higher sensitivity to
GCs. Unaltered GR level could lead to increased
hormone efficiency through persistant GC action. In
addition, NF-«xB transrepression could also lead to GC
resistance (Almawi and Melemdjian, 2002). Since the
GR beta isoform is missing in mice, the inhibitory role
of GR beta (Oakley et al., 1999) can be excluded in our
experimental system.

A recent study identified Dig2 as a valuable reporter
for GC exposure of thymocytes in vitro (Wang et al.,
2003). We found that its expression could be increased
by in vivo GC analogue treatment in BALB/c thymo-
cytes, confirming the in vitro results of Wang and
colleagues (2003). However, we could not inhibit GC
action with RU486 pretreatment, although a succesful in
vitro inhibition on S49.A2 mouse thymoma cells was
reported (Wang et al., 2003). Currently, the inefficiency
of RU486 in in vivo systems cannot be excluded.
According to Wang and colleagues (2003), overexpres-
sion of Dig2 in vitro had a protective effect against DX-
induced apoptosis in WEHI 7.2 cells. Interestingly, we
found a relatively high Dig2 expression in BALB/c DP
thymocytes, despite their high DX sensitivity.

Amongst the various participants of the cellular
responses leading to apoptosis, Bcl-2 protein family
members are important regulators of apoptosis (Reed,
1998). Here we describe that not only GR, but the anti-
apoptotic protein Bcl-2 is also expressed differentially in
mouse thymocyte subsets. Not surprisingly, DP thymo-
cytes, with the highest sensitivity for apoptosis, express
the lowest levels of Bcl-2, which might contribute to
their higher DX sensitivity. Similar expression pattern
was described by Ma and colleagues (1995). In addition
to regulating their own receptor and Dig2, GCs also
participate in the regulation of the expression of Bcl-2
family members (Almawi et al., 2004). The pro-
apoptotic protein Bad is upregulated in thymocytes

after 5h DX treatment (Mok et al., 1999), while the anti-
apoptotic Bcl-2 and Bcl-xL is repressed by DX in
leukaemic cells (Broome et al., 2002) and human
osteosarcoma cells (Rogatsky et al., 1999).

Based on these results, we propose that the DX-
induced effects on thymocytes in vivo appear in two
waves: an early group of events (at 4-8 h) include GR
upregulation and the appearance of a smaller propor-
tion of early apoptotic cells coupled with the Dig2 gene
induction, while the second group of events is induced
later (at 1624 h) when the GR is already downregulated
and the number of early and late apoptotic cells increase
dramatically, respectively. The low GR, the high Dig2
and low Bcl-2 expression, and the inefficient homo-
logous downregulation upon GC analogue exposure in
DP cells imply that DP cells are under endogenous GC
influence, originating from GC-rich compartments of
the thymus, within the cortical reticular epithelial
domain (Vacchio et al., 1994). Therefore, prior to their
exposure to DX, these cells had already downregulated
their GR and Bcl-2 proteins, and increased their Dig2
expression, still within the thymic microenvironment,
thereby exogenous GC administration could not induce
further expression changes in these molecules at this
differentiation stage. This humoral balancing mechan-
ism unique for the DP cells might further shape the
available T-cell repertoire during their thymic differ-
entiation. It remains to be seen whether this steroid-
driven mechanism can interact with the other signalling
events operating at this crucial stage of T-cell develop-
ment.
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Abstract

Steroid hormones are known to mediate rapid non-genomic effects occurring within minutes, besides the classical genomic actions mediated
by the nuclear translocation of the cytoplasmic glucocorticoid receptor (GR). The glucocorticoid hormone (GC) has significant role in the
regulation of T-cell activation; however, the cross-talk between the GC and T-cell receptor (TcR) signal transducing pathways are still to
be elucidated. We examined the rapid effects of GC exposure on in vitro cultured human T-cells. Our results showed that Dexamethasone
(DX), a GC analogue, when applied at high dose (10 uM), induced rapid (within 5 min) tyrosine-phosphorylation events in Jurkat cells. Short
DX pre-treatment strongly inhibited the tyrosine-phosphorylation stimulated by CD3 cross-linking. Furthermore, we also investigated the
phosphorylation status of ZAP-70, an important member of tyrosine kinase mediated signalling pathway of TcR-elicited T-cell activation. Here,
we demonstrate that high dose DX induced a rapid ZAP-70 tyrosine-phosphorylation in Jurkat T-cells. DX-induced ZAP-70 phosphorylation
could be inhibited by RU486 (GR antagonist), suggesting that this process was GR mediated. DX-induced ZAP-70 phosphorylation did not
occur in the absence of active p56-Ick as examined in the p56-Ick kinase-deficient Jurkat cell line JCaM1.6. Our results show that DX, at a
high dose, can rapidly influence the initial tyrosine-phosphorylation events of the CD3 signalling pathway in Jurkat cells, thereby modifying

TcR-derived signals. Lck and ZAP-70 represent an important molecular link between the TcR and GC signalling pathways.

© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Glucocorticoid hormones (GCs) participate in the regula-
tion of differentiation, activation, survival and apoptosis of
T lymphocytes [1]. GCs modulate the immune response by
inhibiting the cellular (Th1) branch of the immune response
while promoting humoral (Th2) response [2]. For these rea-
sons GCs have been used as immunosuppressive therapeutic
agents for 50 years in autoimmune and other inflammatory
diseases, organ transplantations and haematological malig-
nancies [2,3].

The major physiological source of GCs is the adrenal
glands [4], but extraadrenal GC production was also found
in the thymus [5], the chicken bursa [6] and the intestinal
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epithelial cells [7]. Depending on other simultaneous sig-
nalling processes, extraadrenally produced GCs can posses
local immunomodulatory effects, eliciting both stimulatory
and inhibitory responses [7,8].

In addition to a number of other GC-sensitive tissues like
lung, spleen, brain, liver, kidney, heart, adrenal, testis [11],
muscle, different cell lines and tumors [ 12], mature peripheral
T-cells [9] and thymocytes [10] also express glucocorticoid
receptor (GR). The inactive form of GR is associated with
Hsp-90 in the cytoplasm [13]. Upon ligand binding, GR dis-
sociates from Hsp-90 and translocates to the nucleus, where
it forms dimers and functions as transcription factor, binding
to specific conserved palindromic DNA sequences (GGTA-
CAnnnTGTTCT), called glucocorticoid response elements
(GRE) [14]. The receptor translocation to the nucleus occurs
within 30 min in HepG2 cell line [15], and subsequent gene
transcription effects develop within hours.
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Accumulating evidence show that besides the classi-
cal genomic GC action, other, non-genomic mechanisms
also exist. The recent opinion is that rapid GC effects
might be mediated through three different mechanisms: (1)
specific cytoplasmic protein—protein interactions involving
the cytoplasmic GR (cGR), (2) specific signalling mecha-
nisms through the membrane-bound GR and (3) non-specific
physico-chemical GC interactions with the cell membrane
[16]. Croxtall et al. observed that epidermal growth fac-
tor (EGF)-stimulated cPLA2 (cytosolic PLA2) activation
with subsequent arachidonic acid release could be inhibited
by Dexamethasone [17]. This effect was considered to be
a glucocorticoid receptor-dependent (RU486-sensitive), but
transcription-independent (actinomycin-insensitive) mecha-
nism [17]. Hitherto all steroid hormone classes (glucocor-
ticoids, progesterone, estrogens, androgens, neurosteroids,
mineralocorticoids, Vitamins D3, T3 and T4) have been
shown to mediate rapid, non-genomic effects [18]; however,
the exact signalling mechanisms are still to be identified.

It has been shown that GCs inhibit the early steps of
TcR signalling events such as the calcium flux, inosi-
tol phosphate production and phospholipase-Cy1 tyrosine-
phosphorylation following TcR ligation in murine T-cell
hybrids [19]. GCs also inhibit the phosphorylation of some
early T-cell signalling molecules such as the T-cell receptor
(TcR) zeta chain and the ZAP-70 kinase in T-cell hybridomas
and murine thymocytes [20]. The authors proposed a non-
genomic GC signalling mechanism through the cytoplasmic
GR which affected the membrane compartmentalisation of
src-family kinases [20]. They also found that GC hormone
treatment altered the lipid composition of lipid rafts of a
murine T-cell hybridoma, thereby altering the raft association
and palmitoylation of key signalling molecules [21]. How-
ever, the GC effects described in the above works [19-21]
needed hours to manifest. Only few data are available about
the signalling mechanisms induced by rapid steroid effects
which occur within minutes. Particularly, the modulatory
effects of steroid hormones on the phosphorylation status of
key signalling elements are sparse, therefore we set out to
investigate this process in more depth.

It has been shown that the Vitamin D receptor mediates
rapid src tyrosine-phosphorylation and consequent MAP-
kinase activation in muscle cells following ligand binding
[22,23]. Boonyaratanakornkit et al. found that the proges-
terone receptor interacts with the src-family tyrosine kinases
via their SH3 domains and stimulates the activation of the
Ras/Raf-1/MAP-kinase pathway [24].

In this paper, we report that Dexamethasone (DX), a gluco-
corticoid hormone analogue, rapidly diminishes the tyrosine-
phosphorylation events caused by CD3 cross-linking. We
assayed the phosphorylation status of ZAP-70, a key T-
cell signalling protein and found that high dose DX rapidly
induced its phosphorylation on tyrosine residues. The DX-
induced phosphorylation process proved to be sensitive to the
GR antagonist RU486 and was absent in p56-Ick-deficient
Jurkat cells.

2. Materials and methods
2.1. Cell lines

We used Jurkat cells (human acute T-cell leukemia) and
its pS6-Ick-deficient subclone (JCaM1.6), both a generous
gift from E. Monostori (Biological Research Centre, Szeged,
Hungary). Cells were cultured in humidified atmosphere,
containing 5% CO; at 37 °C, in RPMI medium supplemented
with 5 and 10% fetal calf serum (Gibco, Gaithersburg, MD,
USA), respectively.

2.2. Chemicals and buffers

All fine chemicals were purchased from Sigma—Aldrich
(St. Louis, MO, USA) otherwise indicated. Dexamethasone
was used as glucocorticoid hormone agonist and RU486
(Mifepristone) was used as glucocorticoid antagonist, both
dissolved in DMSO at a concentration of 10 mM. For the
Western blot experiments Jurkat cells were lysed in ice-
cold lysis buffer (50 mM HEPES, 10 mM sodium pyrophos-
phate 10 mM EDTA, 100 mM sodium fluoride, 10% glycerol
and 1% Triton X-100). Aprotinin, leupeptin (Fluka, Buchs,
Switzerland) (10 pg/ml), PMSF (2 mM) and sodium ortho-
vanadate (2mM) were freshly added to the lysis buffer.
The cell lysates were separated by SDS-PAGE after adding
equal amount of 2x sample buffer (125 mM Tris, 4% SDS,
10% glycerol, 0.006% Bromo-phenol-blue and 10% mer-
captoethanol) or subjected to immunoprecipitation. The gels
were blotted overnight to nitrocellulose membranes using
a Trans-Blot cell blotting equipment (both from Bio-Rad,
Hercules, CA, USA). To saturate non-specific binding sites,
the blots were soaked in blocking buffer (1% bovine serum
albumin, 10 mM Tris, 100 mM sodium chloride and 0.1%
Tween 20, pH 7.4) For washing the blots washing buffer
was used (10 mM Tris, 100 mM sodium chloride and 0.1%
Tween-20,pH 7 .4). Western blot visualisation was performed
by enhanced chemiluminescence as described in the manu-
facturer’s instructions (SuperSignal West Pico Chemilumi-
nescent substrate (Pierce, Rockford, IL, USA) or, in case
of anti-ZAP-70 immunoblots with bromo-chloro-indolyl-
phosphate/nitro-blue tetrazolium (BCIP/NBT), in a 100 mM
sodium chloride, 50 mM Tris, 5 mM MgCl,, pH 9.5, buffer.
For stripping the blots we used Restore Stripping Buffer
(Pierce).

2.3. Antibodies

We used mouse monoclonal anti-human CD3 antibody
(clone: UCHT-1, 1 mg/ml stock solution in PBS) for cell
activation. Immunoprecipitation was performed with puri-
fied rabbit polyclonal anti-ZAP-70 antibody (kindly provided
by E. Monostori, Biological Research Centre, Szeged, Hun-
gary). The tyrosine-phosphorylation pattern was examined
by using biotinylated monoclonal anti-phosphotyrosine anti-
body (clone: PY20, Transduction Laboratories, Lexington,
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KY, USA) and HRPO-conjugated streptavidin (Amersham,
Little Chalfont, UK) as a secondary reagent. To prove the
equal protein loading we used monoclonal mouse anti-3-
actin antibody (Sigma). ZAP-70 immunoblots were probed
with monoclonal anti-ZAP-70 antibody (clone: 29, Trans-
duction Laboratories) and alkaline-phosphatase labelled rab-
bit polyclonal anti-mouse (DakoCytomation, Glostrup, Den-
mark) secondary antibody. Biotinylated monoclonal anti-
insulin antibody (clone: 2D11) was used as negative control.

2.4. Glucocorticoid analogue and glucocorticoid
antagonist treatment

Jurkat cells were cultured for 4 h in RPMI supplemented
with 105 M RU486 or solvent. After the exposure, cells were
harvested, and 5 x 10° to 107 cells per sample were resus-
pended in 500 wl RPMI. 10~ M Dexamethasone was added
and cells were incubated at 37 °C for various periods as indi-
cated.

2.5. Cell activation and lysis

Fifty micrograms UCHT-1 anti-CD3 monoclonal anti-
body was added to the DX-treated or untreated samples.
Following 1 or 2min of incubation at 37 °C the activation
was stopped by quickly freezing the cells in liquid nitrogen.
Then, the samples were lysed for 30 min in 500 pl ice-cold
lysis buffer. Following lysis the samples were centrifuged
at 13,000 rpm for 15 min at 4 °C. Postnuclear supernatants
were aspirated and boiled for 5 min with equal amounts of
2x sample buffer or subjected to immunoprecipitation.

2.6. Immunoprecipitation and Western blot

Equal amounts of cell lysates were incubated on a rotator
platform at 4 °C for 2 h with 10 pl of the precipitating anti-
serum. Then, 30 pl slurry of Protein G coupled Sepharose
beads were added for additional 2 h. The beads were pelleted
and five washes were performed with ice-cold washing buffer.
After washing the beads were resuspended in 100 .l of SDS
sample buffer and the immunoprecipitates were boiled for
5 min. After a quick spin the supernatants were collected and
loaded on 7.5 or 10% SDS-polyacrylamide gels. SDS-PAGE
was performed using a BioRad MiniProtean elecrophoresis
equipment. The gels were blotted overnight to nitrocellulose
membranes by wet transfer procedure. After blocking non-
specific binding sites for 1h, the blots were incubated for
2h with 0.2 g biotinylated monoclonal anti-PY antibody.
Western blot negative controls were incubated with biotiny-
lated monoclonal anti-insulin antibody for the same time
period at the same concentration. Following extensive wash-
ing, the HRPO-conjugated streptavidin (1:5000 dilution)
was added for another hour. Western blots were visualised
with SuperSignal West Pico Chemiluminescent substrate.
Then stripping of the membranes was performed and blots
were reprobed with 0.5 pg of monoclonal anti-ZAP-70 anti-

body. Following extensive washing the alkaline-phosphatase
labelled rabbit anti-mouse antibody (1:2000 dilution) was
added for another 1h. Reprobed Western blots were visu-
alised with BCIP/NBT substrate.

2.7. Analysis of blots

Densitometry of the blots was carried out with the
Scionlmage software (Scion Corporation, Frederick, MD,
USA). Relative densities of phosphotyrosine blots were cor-
rected with relative densities of ZAP-70 blots of the same
sample, to obtain the relative phosphorylation levels of ZAP-
70 in each sample.

2.8. Statistical analysis

Each experiment was repeated three times and represen-
tative blots are shown in the figures. The effect of treatments
was tested for statistical significance using Student’s ¢-test.
P <0.05 denoted statistical significance.

3. Results

3.1. Dexamethasone alters the tyrosine-phosphorylation
pattern of Jurkat cells

First we examined how DX treatment influences the
tyrosine-phosphorylation pattern of resting and anti-CD3
activated Jurkat cells. Two minutes of 10 uM DX treatment
alone caused increased protein tyrosine-phosphorylation at
the 34, 52, 59, 70 and 90 kDa molecular weight bands in
whole Jurkat cell lysates, compared to the solvent-treated
control (Fig. 1). Activation with monoclonal anti-CD3 anti-
body markedly increased the tyrosine-phosphorylation of
several proteins in whole cell lysates at 25, 34, 38, 40,52, 59,
70 and 90 kDa molecular weight ranges, respectively (Fig. 1).
A 2 min DX pre-treatment at 10 M concentration inhibited
the anti-CD3-induced tyrosine-phosphorylation the proteins
of 34,38,40,52,59 and 90 kDa (Fig. 1). We got no significant
signal on negative control blots, incubated with biotinylated
monoclonal anti-insulin antibody (data not shown).

3.2. High dose Dexamethasone rapidly induces ZAP-70
phosphorylation

ZAP-70 plays a central role in the TcR signal transduction
pathway, by phosphorylating a broad range of substrates, and
itself is also phosphorylated on several tyrosine residues [25].
For this reason, we investigated the tyrosine-phosphorylation
of ZAP-70 after DX and/or anti-CD3 treatments. Five-minute
exposure to 10 uM DX caused an average of four-fold
(3.32£1.72) increase in tyrosine-phosphorylation of the
ZAP-70 kinase in the anti-ZAP-70 precipitated samples
(Fig. 2). The anti-CD3 treatment also resulted in a four-fold
increase (3.59 4 1.69) in the tyrosine-phosphorylation of
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Fig. 1. Dexamethasone and/or anti-CD3 treatment influenced the tyrosine-
phosphorylation pattern in Jurkat cell lysates. Western blotting was per-
formed with monoclonal anti-phosphotyrosine antibody (Panel A). Then,
the blot was stripped and reprobed with monoclonal anti-beta actin anti-
body to check equal protein loading (Panel B). Molecular weight markers
are indicated on the left, treatment modalities on the bottom side of the
blot. The experiment was repeated three times with similar results. Here, a
representative Western blot is depicted.

ZAP-70 kinase (Fig. 2). The tyrosine-phosphorylation after
combined DX + anti-CD3 treatment was higher (4.98 £=2.83)
than in case of anti-CD3 or DX treatment alone (five-fold
versus four-fold increase, respectively). Phosphorylation
increase after single DX or anti-CD3 or combined treatments
proved significant compared to the solvent-treated control
sample (Student’s t-test, P<0.05). We observed higher
phosphorylation after combined DX + anti-CD3 treatment
than single DX or anti-CD3 treatment in all of our indepen-
dent experiments, but this further rise was statistically not
significant by Student’s z-test (Fig. 2).

3.3. Temporal kinetics of ZAP-70
tyrosine-phosphorylation following single high dose
Dexamethasone treatment

Since the kinetics of tyrosine-phosphorylation is a key fea-
ture to understand cellular signalling events [26], we further
investigated the time course of DX-induced ZAP-70 tyrosine-
phosphorylation. The tyrosine-phosphorylation of ZAP-70
occurs rapidly after the addition of high dose DX. We mea-
sured arise in tyrosine-phosphorylation after 1 and 2 min after
DX administration, respectively (Fig. 3). Dephosphorylation
occurred within 5 min (Fig. 3).
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Fig. 2. Effect of Dexamethasone and/or anti-CD3 treatment on ZAP-70
tyrosine-phosphorylation. Western blotting was performed on anti-ZAP-
70 immunoprecipitated (IP: a-ZAP-70) samples with anti-phosphotyrosine
antibody (IB: a-PY) (Panel A). The blots were stripped and reprobed
with monoclonal anti-ZAP-70 antibody (IB: a-ZAP-70) (Panel B). The
relative phosphotyrosine content of ZAP-70 is shown as relative density
averages == S.D. from the densitometry data of three separate experiments
("P <0.05) (Panel C). Treatment modalities are indicated below the diagram
(Panel C).

3.4. ZAP-70 phosphorylation induced by
Dexamethasone is p56-Ick dependent

In addition to acting as a tyrosine kinase, ZAP-70 is a sub-
strate of p56-Ick, a T-cell specific src-family tyrosine kinase
[27]. We therefore tested whether the DX-induced rapid
tyrosine-phosphorylation of ZAP-70 was p56-Ick dependent.
When JCaM 1.6, the p56-Ick-deficient subclone of Jurkat cells
was subjected to high dose DX treatment, we observed no
rise in the degree of tyrosine-phosphorylation of ZAP-70
kinase (Fig. 4). The anti-CD3 activation induced notable
increase in tyrosine-phosphorylation of ZAP-70 in JCaM 1.6
cells (Fig. 4). Additional DX stimulation did not alter the
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Fig.3. Time-dependent tyrosine-phosphorylation of ZAP-70 after high dose
Dexamethasone treatment. Western blotting was performed on anti-ZAP-
70 immunoprecipitated (IP: a-ZAP-70) samples with anti-phosphotyrosine
antibody (IB: a-PY) (Panel A). The blots were stripped and reprobed with
monoclonal anti-ZAP-70 antibody (IB: ZAP-70) (Panel B). Duration of the
Dexamethasone treatment is indicated below the figure. The experiment was
repeated three times with similar results.
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Fig. 4. ZAP-70 tyrosine-phosphorylation after Dexamethasone and/or anti-
CD3 treatment in p56-1ck kinase-deficient Jurkat subclone JCaM1.6. West-
ern blotting was performed on anti-ZAP-70 immunoprecipitated (IP: a-ZAP-
70) samples with anti-phosphotyrosine antibody (IB: a-PY) (Panel A). The
blots were stripped and reprobed with monoclonal anti-ZAP-70 antibody
(IB: ZAP-70) (Panel B). Treatment modalities are indicated below the blots.
A representative Western blot is shown from three independent experiments
with similar results.
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Fig. 5. Effect of RU486 (Mifepristone, glucocorticoid receptor antagonist)
pre-treatment on the Dexamethasone-induced tyrosine-phosphorylation of
ZAP-70. Western blotting was performed on anti-ZAP-70 immunoprecipi-
tated (IP: a-ZAP-70) samples with anti-phosphotyrosine antibody (IB: a-PY)
(Panel A). The blots were stripped and reprobed with monoclonal anti-ZAP-
70 antibody (IB: ZAP-70) (Panel B). Treatment modalities are indicated
below the blots. A representative Western blot is shown from three indepen-
dent experiments with similar results.

phosphotyrosine increase caused by anti-CD3 activation in
the p56-Ick-deficient cell line (Fig. 4).

3.5. ZAP-70 phosphorylation can be elicited by the
glucocorticoid receptor

Previous studies indicated the existence of various non-
genomic GC effects, either GR mediated or receptor
independent. Therefore, we investigated whether tyrosine-
phosphorylation alterations in Jurkat T-cells induced by DX
were GR-dependent using RU 486 (Mifepristone), a gluco-
corticoid receptor antagonist [28]. DX alone caused markedly
growth in the tyrosine-phosphorylation of ZAP-70 (Fig. 5).
Pre-treatment of Jurkat cells for 4 h with equimolar RU486
prevented this rapid phosphorylation of ZAP-70 induced by
subsequent high dose DX exposure (Fig. 5). RU 486 treat-
ment alone caused no remarkable tyrosine-phosphorylation
change in ZAP-70 (Fig. 5).

4. Discussion

Our work was aimed at clarifying the GC-TcR signal
cross-talk in Jurkat cells in vitro. It has been known for a long

GC effects we demonstrate here occurred within 5 min, which
strongly suggest that these responses were non-genomic in
nature. The phosphotyrosine content of DX-treated Jurkat
cells increased, while the addition of DX reduced the degree
of tyrosine-phosphorylation in anti-CD3 activated Jurkat
cells. This demonstrated the rapid suppressive effects of GCs
on T-cell activation, which is supported by previous findings
[20], however on a considerably different time scale.

The ZAP-70 kinase has a central role in TcR signalling
[25]. After the MHC—peptide complex engaged the TcR,
the ITAMs on the CD3 complex are rapidly phosphory-
lated [25]. These phosphorylation events are mediated by
the src-family kinases [27]. Following CD3 phosphorylation,
ZAP-70 kinase is recruited to the phosphotyrosines by its
tandem SH2 domains and additional phosphorylation events
occur [26]. The ZAP-70 kinase phosphorylates LAT and other
adaptor proteins, which leads to the augmentation of the cell
activation signal [30]. We investigated whether the GC hor-
mone was able to influence ZAP-70 phosphorylation. Our
experiments showed that DX caused a marked rise in ZAP-
70 tyrosine-phosphorylation within 5 min. ZAP-70 kinase
activity is regulated by site-specific tyrosine-phosphorylation
[31,32]. Increase in the phosphotyrosine content of ZAP-
70 might lead to either the increase or inhibition of kinase
activity [32]. ZAP-70 is a member of the Syk-family tyro-
sine kinases, which contains 30 tyrosine residues. Several of
these are potential phosphorylation sites. The known activa-
tion sites are Y315, Y319 [33], Y493 [34], some of them
have inhibitory function Y292 [35], Y492 [34], others have
unknown function (Y69, Y126 and Y178), respectively [31].

Some authors previously showed that the application of
DX abrogated the early events of TcR-CD3 signalling. Van
Laethem et al. demonstrated that 1 uM DX treatment for
6-16h inhibited the phosphorylation of the TcR-zeta chain,
ZAP-70, and the transmembrane adaptor LAT [20]. The
authors suggested that these effects were due to altered acy-
lation and lipid raft compartmentalisation of key signalling
molecules [21]. In our experiments, we used high dose DX
(10 pM) for 0.5-30 min, which was considerably shorter than
reported in other experimental systems. The increased ZAP-
70 tyrosine-phosphorylation after DX treatment seemed in
contrast to what Van Laethem et al. have found on DX atten-
uated ZAP-70 tyrosine-phosphorylation [20]. To elucidate
this controversy, we analysed the kinetics of ZAP-70 phos-
phorylation response induced by DX. We found that 10 uM
DX induced rapid, transient ZAP-70 phosphorylation, within
1 min and dephosphorylation occurred already after 5 min.
Such rapid GC actions suggested the involvement of near-
membrane structures. Structural data indicate that ZAP-70 is
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localised adjacent to the cytoplasmic membrane both in its
active and inactive form [36,37]. ZAP-70 is a key substrate
of src-family kinases, which also localise in lipid rafts of the
lymphocyte membranes [38], which supports this interpreta-
tion.

Next, we determined whether the DX-induced tyrosine-
phosphorylation of ZAP-70 occurred in the absence of active
p56-Ick, a key kinase in T-cell activation with ZAP-70 as one
of its important substrates. Our results revealed that DX was
unable to induce ZAP-70 phosphorylation in the absence of
p56-Ick, suggesting that phosphorylation events initiated by
DX in T-cells involve the p56-Ick kinase. Interestingly, the
anti-CD3-induced phosphorylation of ZAP-70 in JCaM1.6
cells was not defective. This might be due to the compen-
satory effect of other src-family kinases for example p59-fyn
which might remain active in JCaM 1.6 cells and participate
in ZAP-70 phosphorylation [39-41]. DX treatment could
not increase anti-CD3-induced tyrosine-phosphorylation of
ZAP-70 in the pS6-Ick-deficient cell line, in contrast to wild-
type Jurkat cells. This suggests that anti-CD3 activation and
DX treatment may have caused the phosphorylation of dif-
ferent tyrosine residues of ZAP-70.

Steroid hormones mediate their rapid non-genomic effects
either through the classical cytoplasmic receptor by spe-
cific protein—protein interactions or through their putative
membrane receptor. Moreover, direct physico-chemical inter-
actions may also participate in hormone action [16]. Some
studies showed the rapid suppressive effect of GCs on mito-
gen activated human peripheral blood mononuclear cells
(PBMC) [42] and rat thymocytes [43]. They showed that the
oxygen consumption of the ConA-activated PBMC [42] or
rat thymocytes [43] rapidly decreased in response to high
dose methylprednisolone. The administration of high dose
GC diminished the sodium and calcium ion transport across
the plasma membrane and also inhibited the calcium signal
following the ConA-activation in rat thymocytes [43]. These
effects were thought to be due to direct physicochemical inter-
actions with the plasma membrane and occurred at very high
GC concentrations (1-10 mM) [43].

Our results showed that GC action was inhibited by the
application of equimolar Mifepristone, a GR antagonist, sug-
gesting that the rapid phosphorylation events induced by DX
was mediated by the GR. The participation of GR in the rapid
steroid signalling process of Jurkat cells raises the question
whether the receptor is membrane-bound (mGR) or localises
in the cytoplasm (cGR). Hsp-90 provides a binding site for
the inactive form of cGR, which complex is dissociated by the
ligand binding to GR [13]. The src-family member p56-lck
also binds Hsp-90, which might have an important func-
tion in arranging the active conformation of the src-family
kinases [44]. Moreover, the disruption of functional Hsp-90
with geldanamycin inhibits T-cell activation and decreases
the phosphorylation of Ick and Raf-1 kinases [44]. These
data imply that the cGR and the p56-Ick might localise in the
same multimolecular compartment organised by the Hsp-90,
thereby influencing each other’s function.

Gametchu demonstrated the presence of GR-like antigens
in the plasma membrane of a mouse T-lymphoma cell line
[45] and in human leukaemia cells [46], suggesting that the
GR may reside in the plasma membrane, too. The presence
of membrane GR has been shown in the membrane of normal
mononuclear blood cells [47]. Others have partially purified
and characterised anovel membrane resident GC binding pro-
tein from amphibian brain [48]. This novel mGR protein is
different from the classical cGR, since it resembles the prop-
erties of receptors containing seven transmembrane domains
[48]. Similarly, Wong et al. recently identified and cloned a
novel protein termed Modulator of Nongenomic Activity of
ER (MNAR), a previously uncharacterised scaffold protein
that modulates ER interaction with src-family protein tyro-
sine kinases [49]. They showed that this interaction leads to
src activation and the stimulation of MAPK pathway. These
data, together with our findings, raise the possibility of the
mGR participating in the mediation of rapid glucocorticoid
actions.

In conclusion, we established that the hierarchy of p56-
Ick and ZAP-70 represents an important link between the GC
and TcR signalling pathways in Jurkat cells. Our data may
provide a better insight to the molecular events underlying
the rapid effects of high dose GC treatment.

Acknowledgements

To Eva Monostori (Biological Research Centre, Szeged,
Hungary) for the cell lines and the polyclonal anti-ZAP-
70 antibody. To Péter Balogh for critically reading of the
manuscript and useful advices. To Ms. Méria Papa and Ms.
Judit Melczer for technical assistance. This work was partly
supported by the “Foundation for the Advance of Medi-
cal Education”, University of Pécs, Faculty of Medicine,
Hungary (Ferenc Boldizsér), and by the National Plan for
Research and Development of Hungary (NKFP1/48/2001
and 01/26/2001), and by the National Health Foundation
(ETT 593/2003).

References

[1] HM. Reichardt, Immunomodulatory activities of glucocorticoids:
insights from transgenesis and gene targeting, Curr. Pharm. Des.
10 (23) (2004) 2797-2805.

[2] D. Franchimont, Overview of the actions of glucocorticoids on the
immune response: a good model to characterize new pathways of
immunosuppression for new treatment strategies, Ann. N. Y. Acad.
Sci. 1024 (2004) 124-137.

[3] O. Frankfurt, S.T. Rosen, Mechanisms of glucocorticoid-induced
apoptosis in hematologic malignancies: updates, Curr. Opin. Oncol.
16 (6) (2004) 553-563.

[4] S.S. Nussey, S.A. Whitehead, Endocrinology: An Integrated
Approach, BIOS Scientific Publishers Ltd., Oxford, UK, 2001.

[5] M.S. Vacchio, V. Papadopoulos, J.D. Ashwell, Steroid production in
the thymus: implication for thymocyte selection, J. Exp. Med. 179
(1994) 1835-1846.



dc_1343 16

D. Bartis et al. / Journal of Steroid Biochemistry & Molecular Biology 98 (2006) 147-154 153

[6] O. Lechner, H. Dietrich, G.J. Wiegers, M. Vacchio, G. Wick, Gluco-
corticoid production in the chicken bursa and thymus, Int. Immunol.
13 (6) (2001) 769-776.

[7] I. Cima, N. Corazza, B. Dick, A. Fuhrer, S. Herren, S. Jakob, E.
Ayuni, C. Mueller, T. Brunner, Intestinal epithelial cells synthesize
glucocorticoids and regulate T cell activation, J. Exp. Med. 200 (12)
(2004) 1635-1646.

[8] J.D. Ashwell, EW. Lu, M.S. Vacchio, Glucocorticoids in T cell
development and function, Annu. Rev. Immunol. 18 (2000) 309-345.

[9] J.F. Purton, J.A. Monk, D R. Liddicoat, K. Kyparissoudis, S. Sakkal,
S.J. Richardson, D.I. Godfrey, T.J. Cole, Expression of the glucocor-
ticoid receptor from the 1A promoter correlates with T lymphocyte
sensitivity to glucocorticoid-induced cell death, J. Immunol. 173 (6)
(2004) 3816-3824.

[10] T. Berki, L. Palinkas, F. Boldizsar, P. Nemeth, Glucocorticoid (GC)
sensitivity and GC receptor expression differ in thymocyte subpop-
ulations, Int. Immunol. 14 (5) (2002) 463-469.

[11] J.E. Kalinyak, R.I. Dorin, A.R. Hoffman, A.J. Perlman, Tissue-
specific regulation of glucocorticoid receptor mRNA by Dexametha-
sone, J. Biol. Chem. 262 (22) (1987) 10441-10444.

[12] P. Norgaard, H.S. Poulsen, Glucocorticoid receptors in human malig-
nancies: a review, Ann. Oncol. 2 (8) (1991) 541-557.

[13] D.F. Smith, D.O. Toft, Steroid receptors and their associated proteins,
Mol. Endocrinol. 7 (1993) 4-11.

[14] J.M. Berg, DNA binding specificity of steroid receptors, Cell 57
(1989) 1065-1068.

[15] T. Berki, L. Grama, P. Németh, Detection of steroid induced glu-
cocorticoid receptor (GR) translocation and expression with a FITC
labeled monoclonal antibody, Cytometry Suppl. 10 (2000) 99.

[16] F. Buttgereit, A. Scheffold, Rapid glucocorticoid effects on immune
cells, Steroids 67 (2002) 529-534.

[17] J.D. Croxtall, Q. Choudhury, R.J. Flower, Glucocorticoids act within
minutes to inhibit recruitment of signalling factors to activated EGF
receptors through a receptor-dependent, transcription-independent
mechanism, Br. J. Pharmacol. 130 (2000) 289-298.

[18] R.M. Lbsel, E. Falkenstein, M. Feuring, A. Schultz, H.C. Tillmann,
K. Rossol-Haseroth, M. Wehling, Nongenomic steroid action: contro-
versies, questions, and answers, Physiol. Rev. 83 (2003) 965-1016.

[19] E. Baus, F. Andris, PM. Dubois, J. Urbain, O. Leo, Dexamethasone
inhibits the early steps of antigen receptor signaling in activated T
lymphocytes, J. Immunol. 156 (1996) 4555-4561.

[20] F. Van Laethem, E. Baus, L.A. Smyth, F. Andris, F. Bex, J. Urbain,
D. Kioussis, O. Leo, Glucocorticoids attenuate T cell receptor sig-
naling, J. Exp. Med. 193 (7) (2001) 803-814.

[21] F. Van Laethem, X. Liang, F. Andris, J. Urbain, M. Vandenbranden,
J.M. Ruysschaert, M.D. Resh, T.M. Stulnig, O. Leo, Glucocorticoids
alter the lipid and protein composition of membrane rafts of a murine
T cell hybridoma, J. Immunol. 170 (2003) 2932-2939.

[22] C. Buitrago, R. Boland, A.R. de Boland, The tyrosine kinase c-src
is required for 1,25(OH)2-Vitamin D3 signalling to the nucleus in
muscle cells, BBA-Mol. Cell. Res. 1541 (3) (2001) 179-187.

[23] C.G. Buitrago, V.G. Pardo, A.R. de Boland, R. Boland, Activa-
tion of RAF-1 through Ras and protein kinase Calpha mediates
lalpha,25(OH)2-Vitamin D3 regulation of the mitogen-activated pro-
tein kinase pathway in muscle cells, J. Biol. Chem. 278 (4) (2003)
2199-2205.

[24] V. Boonyaratanakornkit, M.P. Scott, V. Ribon, L. Sherman, S.M.
Anderson, J.L. Maller, W.T. Miller, D.P. Edwards, Progesterone
receptor contains a proline-rich motif that directly interacts with
SH3 domains and activates c-src-family tyrosine kinases, Mol. Cell.
8 (2) (2001) 1269-1280.

[25] J.E. van Leeuwen, L.E. Samelson, T cell antigen-receptor signal
transduction, Curr. Opin. Immunol. 11 (3) (1999) 242-248.

[26] A.C. Chan, B.A. Irving, J.D. Fraser, A. Weiss, The zeta chain is
associated with a tyrosine kinase and upon T-cell antigen receptor
stimulation associates with ZAP-70, a 70-kDa tyrosine phosphopro-
tein, Proc. Natl. Acad. Sci. U.S.A. 88 (20) (1991) 9166-9170.

[27] T. Mustelin, K. Tasken, Positive and negative regulation of T-cell
activation through kinases and phosphatases, Biochem. J. 371 (2003)
15-27.

[28] 1. Jung-Testas, E.E. Baulieu, Inhibition of glucocorticosteroid action
in cultured L-929 mouse fibroblasts by RU 486, a new anti-
glucocorticosteroid of high affinity for the glucocorticosteroid recep-
tor, Exp. Cell. Res. 147 (1) (1983) 177-182.

[29] A. Weiss, D.R. Littman, Signal transduction by lymphocyte antigen
receptors, Cell 76 (2) (1994) 263-274.

[30] W. Zhang, J. Sloan-Lancaster, J. Kitchen, R.P. Trible, L.E. Samelson,
LAT: the ZAP-70 tyrosine kinase substrate that links T cell receptor
to cellular activation, Cell 92 (1) (1998) 83-92.

[31] J.D. Watts, M. Affolter, D.L. Krebs, R.L. Wange, L.E. Samelson, R.
Aebersold, Identification by electrospray ionization mass spectrom-
etry of the sites of tyrosine-phosphorylation induced in activated
Jurkat T cells on the protein tyrosine kinase ZAP-70, J. Biol. Chem.
269 (47) (1994) 29520-29529.

[32] G. Kong, M. Dalton, J.B. Wardenburg, D. Straus, T. Kurosaki, A.C.
Chan, Distinct tyrosine-phosphorylation sites in ZAP-70 mediate
activation and negative regulation of antigen receptor function, Mol.
Cell. Biol. 16 (9) (1996) 5026-5035.

[33] V. Di Bartolo, D. Mege, V. Germain, M. Pelosi, E. Dufour, F. Michel,
G. Magistrelli, A. Isacchi, O. Acuto, Tyrosine 319, a newly identi-
fied phosphorylation site of ZAP-70, plays a critical role in T cell
antigen receptor signalling, J. Biol. Chem. 274 (10) (1999) 6285—
6294.

[34] D. Mege, V. Di Bartolo, V. Germain, L. Tuosto, F. Michel, O. Acuto,
Mutation of tyrosines 492/493 in the kinase domain of ZAP-70
affects multiple T-cell receptor signaling pathways, J. Biol. Chem.
271 (51) (1996) 32644-32652.

[35] A. Magnan, V. Di Bartolo, AM. Mura, C. Boyer, M. Richelme,
Y.L. Lin, A. Roure, A. Gillet, C. Arrieumerlou, O. Acuto, B. Malis-
sen, M. Malissen, T cell development and T cell responses in mice
with mutations affecting tyrosines 292 or 315 of the ZAP-70 protein
tyrosine kinase, J. Exp. Med. 194 (4) (2001) 491-505.

[36] J. Sloan-Lancaster, W. Zhang, J. Presley, B.L. Williams, R.T. Abra-
ham, J. Lippincott-Schwartz, L.E. Samelson, Regulation of ZAP-70
intracellular localization: visualization with the green fluorescent pro-
tein, J. Exp. Med. 186 (10) (1997) 1713-1724.

[37] R.D. Huby, M. Iwashima, A. Weiss, S.C. Ley, ZAP-70 protein
tyrosine kinase is constitutively targeted to the T cell cortex indepen-
dently of its SH2 domains, J. Cell. Biol. 137 (7) (1997) 1639-1649.

[38] T. Magee, N. Pirinen, J. Adler, S.N. Pagakis, I. Parmryd, Lipid rafts:
cell surface platforms for T cell signalling, Biol. Res. 35 (2) (2002)
127-131.

[39] N. Fusaki, K. Semba, T. Katagiri, G. Suzuki, S. Matsuda, T.
Yamamoto, Characterization of p59fyn-mediated signal transduction
on T cell activation, Int. Immunol. 6 (8) (1994) 1245-1255.

[40] N. Fusaki, S. Matsuda, H. Nishizumi, H. Umemori, T. Yamamoto,
Physical and functional interactions of protein tyrosine kinases,
p59fyn and ZAP-70 in T cell signalling, J. Immunol. 156 (4) (1996)
1369-1377.

[41] D. Filipp, M. Julius, Lipid rafts: resolution of the “fyn problem”?
Mol. Immunol. 41 (6-7) (2004) 645-656.

[42] D. Schmid, G.R. Burmester, R. Tripmacher, G. Fici, P. von Voigt-
lander, F. Buttgereit, Short-term effects of the 21-aminosteroid
lazaroid tirilazad mesylate (PNU-74006F) and the pyrrolopyrimidine
lazaroid PNU-101033E on energy metabolism of human periph-
eral blood mononuclear cells, Biosci. Rep. 21 (1) (2001) 101-
110.

[43] F. Buttgereit, S. Krauss, M.D. Brand, Methylprednisolone inhibits
uptake of Ca?* and Na* ions into concanavalin A-stimulated thymo-
cytes, Biochem. J. 326 (1997) 329-332.

[44] T. Schnaider, J. Somogyi, P. Csermely, M. Szamel, The Hsp90-
specific inhibitor geldanamycin selectively disrupts kinase-mediated
signaling events of T-lymphocyte activation, Cell Stress Chaperones
5 (1) (2000) 52-61.



dc_1343 16

154 D. Bartis et al. / Journal of Steroid Biochemistry & Molecular Biology 98 (2006) 147-154

[45] B. Gametchu, Glucocorticoid receptor-like antigen in lymphoma cell
membranes: correlation to cell lysis, Science 236 (4800) (1987)
456-461.

[46] B. Gametchu, C.S. Watson, S. Wu, Use of receptor antibodies to
demonstrate membrane glucocorticoid receptor in cells from human
leukemic patients, FASEB J. 7 (13) (1993) 1283-1292.

[47] B. Bartholome, C.M. Spies, T. Gaber, S. Schuchmann, T. Berki, D.
Kunkel, M. Bienert, A. Radbruch, G.R. Burmester, R. Lauster, A.
Scheffold, F. Buttgereit, Membrane glucocorticoid receptors (mGR)
are expressed in normal human peripheral blood mononuclear cells

and up-regulated after in vitro stimulation and in patients with
rheumatoid arthritis, FASEB J. 18 (1) (2004) 70-80.

[48] SJ. Evans, T.F. Murray, FL. Moore, Partial purification and bio-
chemical characterization of a membrane glucocorticoid receptor
from an amphibian brain, J. Steroid Biochem. Mol. Biol. 72 (5)
(2000) 209-221.

[49] C.W. Wong, C. McNally, E. Nickbarg, B.S. Komm, B.J. Cheskis,
Estrogen receptor-interacting protein that modulates its nongenomic
activity-crosstalk with src/Erk phosphorylation cascade, Proc. Natl.
Acad. Sci. U.S.A. 99 (23) (2002) 14783-14788.



dc_1343 16

Available online at www.sciencedirect.com

ScienceDirect

BBRC

www.elsevier.com/locate/ybbrc

ELSEVIER

Biochemical and Biophysical Research Communications xxx (2007) XXX—XXX

Intermolecular relations between the glucocorticoid receptor,
Z.AP-70 kinase, and Hsp-90

Domokos Bartis *, Ferenc Boldizsar *, Krisztian Kvell ?, Mariann Szabd 2,
Laszl6 Palinkds 2, Péter Németh ?, Eva Monostori °, Timea Berki ?

* Department of Immunology and Biotechnology, Faculty of Medicine, University of Pécs, Hungary
® Lymphocyte Signal Transduction Laboratory, Institute of Genetics, Biological Research Center of Hungarian Academy of Sciences, Szeged, Hungary

Received 5 December 2006

Abstract

The glucocorticoid receptor (GR) participates in both genomic and non-genomic glucocorticoid hormone (GC) actions by interacting
with other cytoplasmic signalling proteins. Previously, we have shown that high dose Dexamethasone (DX) treatment of Jurkat cells
causes tyrosine phosphorylation of ZAP-70 within 5 min in a GR-dependent manner. By using co-immunoprecipitation and confocal
microscopy, here we demonstrate that the liganded GR physically associates with ZAP-70, in addition to its phosphorylation changes.
The association of the ligand-bound GR and ZAP-70 was also observed in HeLa cells transfected with ZAP-70, suggesting that this co-
clustering is independent of lymphocyte specific factors. Furthermore, the ZAP-70 was found to also co-precipitate with Hsp-90 chap-
erone both in Jurkat and transgenic HeLa cells, independent of the presence of DX. These findings raise the possibility that ZAP-70 may

serve as an important link between GC and TcR-induced signaling, thereby transmitting non-genomic GC action in T-cells.

© 2007 Elsevier Inc. All rights reserved.
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Glucocorticoid hormones (GCs) are lipophilic steroid
molecules that can freely diffuse through biological mem-
branes [1]. The ligand-free glucocorticoid receptor (GR)
is a component of a multimeric protein complex in the
cytoplasm. This multi-protein complex consists of heat-
shock proteins, several immunophillins, and the inactive
GR [2]. Upon ligand binding, the GR dissociates from this
multi-protein complex, dimerises and translocates into the
nucleus, where it serves as transcription factor [3]. In the
nucleus the GR binds to specific DNA sequences called
glucocorticoid response elements (GRE) [4]. This signalling
mechanism of the GCs is called the classical, genomic path-
way. The activated GR also interacts with a number of
other transcription factors e.g., STATs, AP-1, NF«kB,
and octamer transcription factors [5].

* Corresponding author. Fax: +36 72 536 289.
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GC effects exerted through the genomic pathway result
in changes in the gene expression pattern and they need
de novo protein synthesis to occur [5]. Nevertheless, there
are GC effects that cannot be explained on the basis of
the above, genomic pathway. In the clinical practice, GCs
are used in the treatment of neurotraumatic cases, such
as acute spinal cord injury [6] and acute allergic diseases
e.g., anaphylactic reactions [7,8], where rapid actions are
required. Due to the lack of time for gene expression
changes, these prompt GC effects are considered to be
non-genomic effects.

It has been shown that the early steps of TcR-signalling
events are inhibited by GC exposure [9]. GCs also inhibit
the phosphorylation of proximal T-cell signalling mole-
cules in T-cell hybridomas and murine thymocytes [10].
GC hormone treatment altered the lipid composition of
membrane lipid rafts of a murine T-cell hybridoma, there-
by altering the raft association and palmitoylation of key
signalling molecules [11]. However, the GC effects needed
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hours to develop in the above works and only few data
were available until recently about the signalling mecha-
nisms induced by rapid steroid effects which occur within
minutes.

Protein—protein interactions are a possible way to exert
non-genomic GC functions as proposed in the model by
Buttgereit and colleagues [12]. Some protein—protein inter-
actions are already known concerning the GR. The unli-
ganded GR is complexed with Hsp-90 chaperone in the
cytoplasm [2]. The translocation of the liganded GR dimers
into the nucleus is supported by cytoskeletal elements [13].
The Hsp-90 also participates maintaining the signalling
function of the p56-Ick kinase [14]. Since ZAP-70 is one
of the main substrates of p56-Ick [15], and the ligand-free
GR is complexed by Hsp-90, we assume that these mole-
cules are in the same macromolecular compartment in
the cytoplasm. A recent study described that the glucocor-
ticoid hormone modulates the activity of Ick and fyn
kinases in peripheral blood Th cells [16].

In a previous work, we have shown that Dexamethasone
(DX), a GR agonist causes rapid p56-Ick dependent tyro-
sine phosphorylation of ZAP-70 in Jurkat cells, which
could be inhibited by GR antagonist pre-treatment [17].
Here, we report that in the presence of its agonist, the
GR co-precipitates with ZAP-70 in Jurkat cells and in
HeLa cells transfected with ZAP-70. We confirmed this
GC-induced molecular association with confocal microsco-
py. The co-localization of the GR, ZAP-70, and Hsp-90
may explain our previous findings [17] suggesting possible
functional cross-link between the signaling pathways of
TcR-CD3 complex and glucocorticoid hormone, which
may participate in the fine tuning of T-cell response, thymic
selection, and apoptosis processes.

Materials and methods

Cell lines. Jurkat cells, P116 (ZAP-70 deficient Jurkat subclone), and
HeLa cells were cultured at 37 °C in humidified atmosphere, containing
5% CO,, in RPMI medium supplemented with 5% (Jurkat cells) and 10%
(HeLa and P116 cells) fetal calf serum (Gibco).

Lentivirus production and transduction. Human full-length wild-type
ZAP-70 cDNA has been inserted in the pWPTS lentiviral transfer plasmid
under the control of an EF1 promoter as published elsewhere [18]. Len-
tivirus production and transduction of P116 and HeLa cell lines were
performed as described elsewhere [19,20].

Chemicals and buffers. All fine chemicals were purchased from Sigma—
Aldrich, otherwise indicated. Dexamethasone (DX) and Geldanamycin
(GA) were dissolved in DMSO at a concentration of 4 and 1 mg/ml,
respectively. For intracellular free calcium measurement Fluo-3 AM
(Molecular Probes), 1 mg/ml stock solution was dissolved in Pluronic-F-
127 + DMSO. For the Western blot experiments, cells were lysed in an ice-
cold TEM buffer containing 50 mM NaCl, 10 mM Tris-HCI, pH 7.6,
4mM EDTA, 20 mM sodium molybdate, and 10% glycerol). Aprotinin,
leupeptin (10 pg/ml), and PMSF (2 mM) were freshly added to the buffer.
For washing Western blots washing buffer (10 mM Tris, pH 7.4, 100 mM
NacCl, and 0.1% Tween-20) was used. The intracellular labelling for con-
focal microscopy was performed in saponine buffer (0.1% saponine, 0.1%
BSA, and 0.1% azide in PBS).

Antibodies. Immunoprecipitation was performed either with polyclonal
anti-ZAP-70 antibody generated by immunizing rabbits with a peptide
corresponding to the amino acids 485-499 of ZAP-70 sequence, or mouse

monoclonal anti-GR antibody (clone 8E9) produced in our laboratory
[21]. For Western blotting, mouse monoclonal anti-ZAP-70 (clone: 29,
Transduction Laboratories) mouse monoclonal anti-GR antibody (clone
SE4, [21]), and rabbit polyclonal anti-HSP-90 (Santa Cruz Biotechnology)
were used. HRPO-conjugated goat anti-mouse IgG (Hunnavix) and anti-
rabbit IgG (Pierce) were applied as secondary antibodies. For confocal
microscopy, anti-GR-FITC (5E4), and phycoerythrin-conjugated mouse
monoclonal anti-ZAP-70 antibodies (eBioscience, 1E7.2) were used. FITC
and PE-conjugated mouse 1gGl isotype control antibodies (DakoCyto-
mation) were applied as negative controls.

Geldanamycin and Dexamethasone treatment of cells. Cells were incu-
bated overnight in complete RPMI medium in the presence of 1.78 pM
Geldanamycin or solvent (DMSO). After the incubation, cells were
washed in serum-free RPMI and subjected to DX treatment as described
previously [17]. Briefly, cells were resuspended in RPMI at a concentration
of 10%/ml and incubated at 37 °C with 10 uM DX or solvent for 5 min.
After incubation, the reaction was stopped by placing the tubes in liquid
nitrogen (for Western blots) or with ice-cold PBS-azide (for microscopy).

Lysis, immunoprecipitation and Western blot. Ten million cells were
lysed in 500 ul TEM buffer by sonication on ice. Postnuclear supernatants
were aspirated and subjected to immunoprecipitation. Equal amounts of
cell lysates were incubated on a rotator platform at 4 °C with 30 pl slurry
of protein G coupled Sepharose beads (Amersham) for 30 min. After the
removal of the pre-clearing beads, 10 pl antibody was added for 2 h. Then
protein G—Sepharose beads were added for additional 2 h. Beads were
washed five times with ice-cold washing buffer. The electrophoresis and
Western blotting of the samples were performed as described previously
[17].

Confocal microscopy. Cells were fixed in 4% paraformaldehyde and
washed in saponine buffer. The labelling of the cells was performed in
saponine buffer with an antibody concentration of 1 ug/ml. After 1h
incubation on ice, the cells were washed twice in saponine buffer and
layered onto slides. The excess fluid was carefully aspirated and the slides
were covered using 50% glycerol-PBS. In case of HeLa—trZAP-70 cells,
the above process was performed on cell monolayers. The examination of
the samples was carried out using an Olympus Fluoview 300 confocal
microscope or later a Olympus Fluoview FV1000S-IX81 system.

Ca-signal measurement. Intracellular free calcium was measured
according to the protocol previously described by Boldizsar et al. [22].

Results

The GR and Hsp-90 co-precipitates with ZAP-70 in the
lysates of DX treated Jurkat cells

As our previous results [17] indicated, GC induced rapid
phosphorylation of ZAP-70, therefore we investigated the
possible association of ZAP-70 and GR in Jurkat cells.
Immunoprecipitation was performed on lysates of DX or
vehicle-treated Jurkat cells, reciprocally with anti-ZAP-70
and anti-GR antibodies. Upon DX treatment, the co-pre-
cipitation of the two molecules increased, indicating that
agonist promoted the GR association with ZAP-70.
(Fig. 1A) To further characterise the subcellular localisa-
tion and relation of ZAP-70 and GR in the cytoplasm,
we visualised the two molecules simultaneously by confocal
microscopy. In vehicle-treated, resting Jurkat cells both
ZAP-70 and GR showed even, mostly cytoplasmic distri-
bution, (Fig. 1C) with almost no co-localisation. Upon
5 min high dose DX treatment, we observed co-localisation
of the two molecules clustered underneath the cell mem-
brane. (Fig. 1D) Investigating Hsp-90 relation to ZAP-70
by immunoprecipitation we found, that Hsp-90 co-precip-
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Fig. 1. Association of ligand-bound GR with ZAP-70 in Jurkat cells. (A) Anti-GR and anti-ZAP-70 Western blots are shown from anti-GR or anti-ZAP-
70 precipitated Jurkat cell lysates with or without DX treatment. Equal amount of GR and ZAP-70 precipitated when anti-GR and anti-ZAP-70
antibodies were used for precipitation, respectively, while GR and ZAP-70 co-precipitation markedly increased in the DX-treated samples. (B) Anti-Hsp-
90 and anti-ZAP-70 Western blots are shown from anti-ZAP-70 precipitated Jurkat cell lysates with or without DX pretreatment. Anti-ZAP-70 was used
as precipitating antibody in all samples. Equal amount of Hsp-90 co-precipitated both in the control and DX treated samples. The amount of precipitated
ZAP-70 was found to be equal in all samples. The Western blots shown on the figure are representatives from three separate experiments. (C,D) Jurkat cell
samples were prepared after fixation and intracellular a-GR-FITC (green channel) and a-ZAP-70-PE (red channel) labelling, followed by sedimentation
onto slides and examination with a confocal microscope. In the DX-treated samples, the GR and the ZAP-70 showed near-membrane co-localisation (DX,
D), while this phenomenon was absent in the untreated controls (Ctrl, C). The figure shows representative images from three separate experiments. (For

interpretation of the references in colour in this figure legend, the reader is referred to the web version of this article.)

itated with ZAP-70 in Jurkat cells, but DX treatment did
not alter the association of the two molecules (Fig. 1B).

The GR associates with ZAP-70 expressed in transgenic
HelLa cells

ZAP-70is a T-and NK-cell specific molecule and it is also
in close relation with other lymphocyte specific molecules
e.g. p56-Ick. We aimed to investigate whether the co-precip-
itation of the GR and ZAP-70 molecules were dependent on
these lymphocyte specific factors. We used a lentiviral vector
construct for transfecting ZAP-70 deficient Jurkat cells (P-
116) and HeLa human epithelial carcinoma cells to stably
express the full-length ZAP-70. The ZAP-70 expression level
in transfected P116 cells was higher (MFI:98) than in Jurkat
cells (MFI:28) as tested by flow cytometry. (Fig. 2A) More-
over, the ZAP-70 construct was fully functional in P-116 cells
as shown by anti-CD3 activation and calcium signal mea-
surement. (Fig. 2B) Despite the higher ZAP-70 expression
in ZAP-70 transfected P116 cells, the calcium signal was sim-
ilar to that of wild-type Jurkat cells (Fig. 2B).

The ZAP-70 expression level in transfected HeLa cells was
higher (MFI:108) than that of Jurkat cells (MFI:28) as tested
by flow cytometry. (Fig. 3A) Reciprocal immunoprecipita-

tions and immunoblotting with anti-ZAP-70 and anti-GR
antibodies were performed from HeLa—trZAP-70 cell lysates
(Fig. 3B). ZAP-70 co-precipitated with GR in HeLa-trZAP-
70 cells. The clustering required the presence of GR ligand
(Fig. 3B), similarly to what we have found in Jurkat cells
(Fig. 1A). Co-localisation of the two molecules was also ver-
ified with confocal microscopy. We observed intensive cyto-
plasmic staining of both the GR and ZAP-70 molecules in
both DX untreated and treated HeLa-trZAP-70 cells
(Fig. 3D and E, respectively). We found a perinuclear co-lo-
calisation of ZAP-70 with GR in Hela—trZAP-70 cells upon
5 min high dose DX treatment, (Fig. 3E) while in the untreat-
ed samples both molecules showed even distribution
throughout the cytoplasm (Fig. 3D). Examining Hsp-90
relation to ZAP-70 by immunoprecipitation, we found that
Hsp-90 co-precipitated with ZAP-70 in HeLa-trZAP-70
cells, similarly to Jurkat cells. DX treatment did not alter
the association of the two molecules (Fig. 3B).

ZAP-70 and Hsp-90 co-pecipitation in Jurkat lysates are
inhibited by GA

To better clarify the role of Hsp-90 in this signalling
process, we aimed to investigate whether GA, a specific
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Fig. 2. Lentiviral transfection of P116 (ZAP-70 deficient) cells with ZAP-70. (A) ZAP-70 expression of ZAP-70 transfected P116 cells was compared to
untransfected P116 and Jurkat cells by flow cytometry after intercellular phycoerythrin (PE)-conjugated anti-ZAP-70 antibody labelling. Flow cytometric
histogram shows PE conjugated anti-ZAP-70 fluorescence (FL2) of a representative measurement from three separate experiments. (B) Calcium signal of
ZAP-70 transfected P116 cells (A) was compared to untransfected P116 (@) and Jurkat cells (H). Diagrams show the result of a representative
measurement from three separate experiments.
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Fig. 3. Liganded GR clustering with ZAP-70 in HeLa—trZAP-70 cells. (A) Representative flow cytometric histograms show the ZAP-70 expression of
control and HeLa-trZAP-70 cells after labelling with phycoerythrin (PE)-conjugated anti-ZAP-70 antibody. (B) Anti-GR and anti-ZAP-70 blots are
shown from anti-GR or anti-ZAP-70 precipitated HeLa—trZAP-70 cell lysates with or without DX treatment. Equal amount of GR and ZAP-70
precipitated when anti-GR and anti-ZAP-70 antibodies were used for precipitation, respectively, while GR and ZAP-70 co-precipitated only in the DX-
treated samples. (C) Anti-Hsp-90 and anti-ZAP-70 blots are shown from anti-ZAP-70 precipitated HeLa—-trZAP-70 cell lysates with or without DX
pretreatment. Anti-ZAP-70 was used as precipitating antibody in all samples. Equal amount of Hsp-90 co-precipitated both in the control and DX treated
samples. The amount of precipitated ZAP-70 was found to be equal in all samples. The Western blots shown in the figure are representatives from three
separate experiments. (D,E) Representative confocal microscopic pictures show HeLa—trZAP-70 cells grown in a monolayer after fixation and intracellular
labelling with phycoerythrin conjugated anti-ZAP-70 antibody (red channel) and FITC-conjugated anti-GR antibody (green channel). Control cells are
depicted left (D) and Dexamethasone-treated cells are depicted right. (E) In the DX-treated samples the GR and the ZAP-70 showed perinuclear
co-localisation (E), while this phenomenon was absent in the untreated controls (D). The figure shows representative images from three separate
experiments. (For interpretation of the references in colour in this figure legend, the reader is referred to the web version of this article.)

Hsp-90  inhibitor, interferes  with GR-ZAP-70  co-precipitation of ZAP-70 with Hsp-90, it did not
association. We performed immunoprecipitation with  impair the DX-induced GR-ZAP-70 association
anti-ZAP-70 antibody. Although GA inhibited the  (Fig. 4).
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Fig. 4. Geldanamycin treatment does not inhibit the Dexamethasone-
induced ZAP-70-GR co-precipitation. Anti-GR, anti-Hsp-90, or anti-
ZAP-70 blots are shown from anti-ZAP-70 precipitated control or DX-
treated Jurkat cell lysates with or without Geldanamycin pretreatment.
Geldanamycin treatment did not influence the increased association of
ZAP-70 with GR upon DX treatment. Equal amount of Hsp-90 co-
precipitated with ZAP-70 both in the control and DX treated samples,
which was completely abrogated by Geldanamycin pre-treatment. The
amount of precipitated ZAP-70 was found to be equal in control and DX
treated samples with or without Geldanamycin pretreatment. The blots
shown are representatives from three separate experiments.

Discussion

Steroid hormones can exert rapid, non-genomic and
genomic hormone effects [1]. Our recent finding was that
5 min, high dose GR agonist (Dexamethasone) treatment
causes rapid p56-lck-dependent tyrosine phosphorylation
of ZAP-70 in Jurkat cells [17]. In this study, we set out
to investigate the possible molecular link between the GR
and ZAP-70. We demonstrate here, that after short term,
high dose DX treatment GR co-precipitates with ZAP-
70. We also confirmed the close relation of these two mol-
ecules upon DX treatment in the submembrane compart-
ment of the cytoplasm by confocal microscopy in Jurkat
cells. Minimal association was found between ZAP-70
and the GR in DX untreated cells. This association offers
a plausible explanation for the rapid GC-induced ZAP-70
tyrosine-phosphorylation as described earlier [17]. GR
associating with ZAP-70 upon ligand binding, may modify
latter’s conformation or molecular environment, which in
turn may lead to the tyrosine-phosporylation of ZAP-70.

ZAP-70 and p56-Ick are lymphocyte specific molecules,
while the Hsp-90 and GR are ubiquitous. To clarify
whether the association of the GR and ZAP-70 was depen-
dent upon lymphocyte specific factors, we performed the
same investigations on HeLa-trZAP-70 cells. The ligand-
bound GR showed similar co-clustering with ZAP-70 in
the HeLa—trZAP-70 cells than in Jurkat cells. Interestingly,
we found different co-localisation patterns in Jurkat and
HeLa-trZAP-70 cells. While the co-clustering of the two
molecules in Jurkat cells occurred in the submembrane
compartment, in HeLa-trZAP-70 cells perinuclear co-lo-
calisation was observed. Presumably in Jurkat cells, where

the TcR-signalling machinery is complete, ZAP-70 is
directed towards the membrane during the signal transduc-
tion processes. In HelLa cells, where the transgenic
expressed ZAP-70 is somewhat incompatible, the partner
molecules sorting for membrane orientation are absent.
Based on this we conclude that the molecular association
between the liganded GR and the ZAP-70 is independent
of lymphocyte specific factors, but takes place in distinct
cellular compartments.

Hsp-90 is a molecular chaperone which associates with
several other proteins [2]. We found, that ZAP-70 is asso-
ciated with Hsp-90 in both Jurkat and transgenic HeLa
cells. Similarly to this, others have recently shown that
ZAP-70 is physically associated with Hsp-90 in B-CLL cells
[23]. Although ZAP-70 is a T- and NK-cell specific mole-
cule, it is pathologically expressed by malignant B-CLL
cells, where it is associated to the activated form of Hsp-
90 [23]. Castro and colleagues proposed that B-CLL cells,
similarly to many other tumor cells, express the “activated”
form of Hsp-90, with high ATPase activity [23], existing in
multi-chaperone complexes [24], whereas normal cells
express Hsp-90 in its non-activated form, which does not
associate with ZAP-70 [23]. Our results here show that
the association of ZAP-70 with the Hsp-90 was indepen-
dent from the presence or absence of the GR agonist, but
it could be abrogated with the Hsp-90 antagonist GA. As
Jurkat cells are of malignant origin, the ZAP-70-Hsp-90
association might represent a new aspect of the leukemic
phenotype. It is accepted that the GR dissociates from
the Hsp-90 after ligand binding [3]. Here we describe the
ligand-dependent association of GR to ZAP-70, which can-
not be blocked by GA. Based on these data, we conclude
that Hsp-90 complexes a lot of client proteins in the cyto-
plasm, both ligand-free GR and ZAP-70 among others.
When GR ligand is present, the ZAP-70-GR association
increases and becomes Hsp-90 independent. We hypothes-
ise that ZAP-70 might exist in two forms in the cytoplasm
of Jurkat cells, depending on its association with Hsp-90. It
appears that there is a relatively constant amount of ZAP-
70 bound to Hsp-90, which is not affected by GR agonist
treatment and therefore possibly is not involved in the
rapid GR-induced phosphorylation events. The non-Hsp-
90 bound ZAP-70 fraction, on the other hand, would asso-
ciate with the ligand-bound GR and, consequently, may be
involved in the cross talk between the TcR and GR signal-
ling pathways. If we take into consideration the findings of
Castro and colleagues [23], we can also speculate that the
fraction of ZAP-70 that associates to the ‘‘activated”
Hsp-90 molecules present in the cytoplasm may represent
an inactive molecular fraction.

In conclusion, the results of our past [17] and present
work suggest the existence of a hitherto unknown function
of ZAP-70: it is posed at the junction between the GR and
TcR signal transduction pathways which may also be
affected by the chaperone Hsp-90. However, the exact roles
of ZAP-70, p56-Ick, GR, and Hsp-90 in the balance
between these events need further elucidation.
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Abstract

Glucocorticoid hormone (GC) production by thymic epithelial cells influences TcR signalling in DP thymocytes and
modifies their survival. In the present work, we focused on exploring details of GC effects on DP thymocyte apoptosis
with or without parallel TcR activation in AND transgenic mice, carrying TcR specific for pigeon cytochrome C, in
vivo. Here we show that the glucocorticoid receptor (GR) protein level was the lowest in DP thymocytes, and it was
slightly down-regulated by GC analogue, anti-CD3, PCC and combined treatments as well. Exogenous GC analogue
treatment or TcR stimulation alone lead to marked DP cell depletion, coupled with a significant increase of early
apoptotic cell ratio (AnnexinV staining), marked abrogation of the mitochondrial function in DP cells (CMXRos
staining), and significant decrease in the Bcl-2"€" DP thymocyte numbers, respectively. On the other hand, the
simultaneous exposure to these two proapototic signals effectively reversed all the above-described changes. The
parallel analysis of CD4 SP cell numbers, AnnexinV, CMXRos, Bcl-2 and GR stainings revealed, that the GR and
TcR signals were not antagonistic on the mature thymocytes. These data provide experimental evidence in TcR
transgenic mice, in vivo, that when TcR activation and GR signals are present simultaneously, they rescue double
positive thymocytes from programmed cell death. The two separate signalling pathways merge in DP thymocytes at
such important apoptosis regulating points as the Bcl-2 and GR, showing that their balanced interplay is essential in
DP cell survival.
© 2007 Elsevier GmbH. All rights reserved.

Keywords: Glucocorticoid hormone (GC); Glucocorticoid receptor (GR); Double positive (DP) thymocytes; Apoptosis; Mutual
antagonism; Bcl-2

Introduction thymus has a central role in this process (Ladi et al.,
2006). The complex meshwork of thymic stromal cells is

The production of immunocompetent (self MHC composed of thymic epithelial cells, macrophages,
restricted, tolerant) T lymphocytes is a key element for dendritic cells and fibroblasts, providing a vast surface
the balanced function of the immune system (Klein and for direct cell—cell interactions and producing soluble
Hofejsi, 1997). The special microenvironment of the factors regulating thymocyte development, intrathymic
migration and selection processes (Anderson and

*Corresponding author. Tel.: +3672 536 288; fax: + 3672 536 289. Jenkinson, 2001). Key molecular players in cell-—cell
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tors (Savino et al., 2004), Wnt (Pongracz et al., 2003)
and MHC (Klein and Kyewski, 2000) molecules.

Thymocyte maturation proceeds through well-defined
stages in the thymus, characterised by the sequential
expression of T-cell specific surface molecules, including
T-cell receptor (TcR), CD3, CD4 and CDS8 (Res and
Spits, 1999). Bone marrow progenitors are committed to
the T-cell direction as a result of Notch-1 receptor
signalling (Radtke et al., 2004), and become double
negative (DN) thymocytes with no cell surface TcR,
CD3, CD4 and CDS, respectively. After successful
rearrangement in the o and f TcR gene loci, the
developing cells reach the double positive (DP):
CD4+, CD8+, TCR+, CD3+ stage, and are selected
on the basis of the signal transducing capability and
antigen specificity of their TcR (Sebzda et al., 1999). DP
thymocytes expressing a TcR with subthreshold avidity
die by neglect (Starr et al., 2003). Thymocytes that
express a TcR with high avidity for self peptides
presented on self MHC molecules are eliminated by
activation induced apoptosis (negative selection) (Starr
et al., 2003). Cells recognising self MHC bound peptides
with medium to low avidity survive (positive selection)
(Starr et al.,, 2003). As a result of these selection
processes, a self MHC-restricted and self-tolerant naive
T cell repertoire is formed, to be distributed in the
peripheral lymphoid organ compartments (Starr et al.,
2003).

Several soluble factors are produced locally by the
thymic stromal cells, including glucocorticoid hormone
(GC) (Lechner et al., 2000). Lymphoid cells, especially
the DP thymocytes, are highly sensitive to GC induced
apoptosis (Cohen, 1992; Blomgren and Andersson,
1970), but the molecular mechanism(s) in the back-
ground are still to be elucidated. Paradoxically, low-to-
moderate concentrations of GCs antagonise TcR-
mediated apoptosis via the glucocorticoid receptor
(GR) (“mutual antagonism theory”) (Vacchio et al.,
1999). On the other hand, the role of the GR in thymic
diffentiation processes was questioned by works on GR-
knockout and GR dimerisation mutant mice where
there was no abnormality in T cell development and
selection (Godfrey et al., 2000).

Apoptosis is a central element in eliminating the non-
functional or potentially self-reactive T-cell clones
during thymic maturation. Programmed cell death is a
universal chain of events, leading to the cleavage of
genomic DNA and the fragmentation of the cells
(Hengartner, 2000). Early steps of apoptosis include
the loss of membrane phosphatidylserine asymmetry
(Vermes et al., 1995) and the activation of upstream
caspases (caspase-8 and -10) (Ho and Hawkins, 2005).
The central or mitochondrial phase integrates various
apoptotic stimuli, and initiates the effector caspases
(caspase-9, -3, -6, and -7), mainly through the release of
cytochrome C to the cytoplasm (Hengartner, 2000).

Although GC induced apoptosis in thymocytes has
been known for a long time, we still do not have an
integrated picture of the underlying molecular events.
However, several details have been elucidated in the last
decade (Frankfurt and Rosen, 2004). Most of the works
agree that for apoptosis induction the liganded GR has
to translocate to the nucleus, where it acts as a
transcription factor, binding to GRE sequences in GC
responsive genes. However, recent work by Sionov et al.
(2006) showed that mitochondrial translocation, rather
than nuclear translocation, of the GR plays a key role in
determining GC sensitivity of cells. GC exposure leads
to Ca®* -mobilisation, Src and Cdk?2 activation, together
with phosphatidylinositol-specific phospholipase C
phosphorylation, and activation of acidic sphingomye-
linase (Smase) with subsequent ceramide generation
(Marchetti et al., 2003; Granes et al., 2004). The
mitochondrial pro-apoptotic members of the Bcl-2
protein family Bax, tBid, Bim, and Bak are involved in
the downstream effector mechanisms (Almawi et al.,
2004). The mitochondrial membrane potential de-
creases, and cytochrome C and Smac/Diablo are
released to the cytoplasm leading to the activation of
caspase-9 and -3 and endonucleases (Zhang et al., 2000).

The Bcl-2 protein, a member of the anti-apoptotic
BH1-4 subfamily, was demonstrated to play a critical
role in thymocyte survival, especially at the stage of
death by neglect (Zhang et al., 2000). Bcl-2 over-
expressing T-cell hybridoma is resistant to GC induced
apoptosis (Memon et al., 1995).

Our previous in vivo observations have provided in
vivo evidence in both normal, Balb/c and AND TcR
transgenic mice that the four major thymocyte sub-
populations (DN, DP, CD4 SP and CDS8 SP cells) have
different GC sensitivities (Berki et al., 2002; Boldizsar et
al., 2003). We demonstrated that the DP cells are the
most sensitive to GCs, although they have the lowest
GR expression, suggesting the possible participation of
non-genomic GC actions in thymocyte development
(Berki et al., 2002). We also found that TcR stimulation-
induced apoptosis could successfully be inhibited with
synthethic GC analogue treatments, in both Balb/c
(Berki et al., 2002) and AND TcR transgenic mice
(Boldizsar et al., 2003), resulting in a higher ratio of
positively selected CD4+ SP cells, providing further in
vivo evidence for the role of GCs in the positive selection
processes (Boldizsar et al., 2003).

In our present work, we further investigate the role of
GCs in the apoptosis of thymocytes during the selection
processes in the transgenic PCC specific TcR bearing
AND mouse model. We characterised the apoptotic
processes of thymocytes upon simultaneous or separate
activation through TcR and GR by analysing phospha-
tidylserine translocation to the outer cell membrane
layer and mitochondrial membrane potential changes as
two early parameters of apoptosis and correlated these
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features with the expression of Bcl-2 and GR in the DP
and CD4 SP subsets, respectively.

Materials and methods
Mice

We used 3-4-week-old (10g body weight) B10.Cg-
TgN (TcR AND) 53Hed (AND) pigeon cytochrome C
specific I-EX (MHC-II) restricted Vf3, Vall TcR
transgenic mice (a generous gift from Zsuzsanna Szondi
from the University of Debrecen, Hungary). Mice were
kept under conventional conditions and were provided
with pelleted rodent chow and acidified water ad
libitum. The animal experiments were carried out in
accordance with the regulations set out by the Uni-
versity’s Committee on Animal Experimentations (#BA
02/2000-2/2006).

Treatment of animals and thymocyte preparation

The first group of AND mice were injected i.p. with
40 ug Pigeon Cytochrome C (PCC, Sigma) dissolved in
100 pul PBS once per day for 2 days. Another group of
mice received monoclonal anti-CD3 antibody (50 ug/
animal) once 24 h before sacrifice. The third group of
mice was treated 10 mg/kg body weight Dexamethasone
(DX) i.p. dissolved in 100l PBS 4h before sacrifice.
The fourth group of mice was injected with PCC for 2
days and DX 4 h before sacrifice. The fifth group of mice
received anti-CD3 24h before and DX 4h before the
sacrifice. Control mice received only PBS. Isolated
thymi were homogenised in PBS with a glass/glass
homogeniser. The suspension was filtered through nylon
mesh, thymocytes were washed once in PBS and then
the cell number of samples was set to 10° except for
AnnexinV staining, where 5 x 10° cells were used.

Chemicals and buffers

DX (Oradexon, Organon) (4mg/ml stock solution)
was purchased from N.V. Organon Oss Holland.
Phosphate buffered saline (PBS) was used for washing
and keeping cells until use. Cell surface labelling with
monoclonal antibodies was carried out in binding buffer
(PBS containing 0.1% NaN; and 0.1% BSA), cell
fixation in 4% paraformaldehyde (PFA) solution and
permeabilisation buffer (PBS containing 0.1% NaNj,
0.1% BSA and 0.1% saponin) was used for intracellular
labelling. Annexin V labelling was performed in
Annexin binding buffer (10mM HEPES/NaOH, pH
7.4, 140mM NaCl and 2.5mM CaCl,). Propidium
iodide (PI) was purchased from Sigma. CMX-ROS
was obtained from Molecular Probes.

Monoclonal antibodies

We used the following monoclonal antibodies for cell
surface labelling: phycoerythrin (PE) conjugated rat
anti-mouse CD4 (clone# 1L.3T4, BD Pharmingen, CA),
CyChrome (CyC) conjugated rat anti-mouse CDS8
(clone# Ly-2, BD Pharmingen, CA) and FITC con-
jugated anti-mouse CD4 (clone# YTS 191.1). Intracel-
lular GR labelling was performed with FITC conjugated
mouse anti-GR antibody (clone # SE4-B1) developed in
our laboratory (Berki et al., 1998). For apoptosis
analysis, we used FITC conjugated AnnexinV (BD
Pharmingen, CA) and anti-Bcl-2 antibody (BD Phar-
mingen, CA). For in vivo CD3 stimulation mice were
injected i.v. with 50 pg hamster anti-mouse CD3 anti-
body (clone #145.2C11) per recipient.

Thymocyte fluorescent cell surface labelling

For the simultaneous detection of cell surface CD4
and CDS8 double labelling technique was used. Briefly,
thymocyte samples (10°) were incubated with mono-
clonal antibody cocktails for 30 min in 100 ul binding
buffer on ice, then washed twice in PBS, and finally
resuspended in 500 ul 0.1% buffered PFA in PBS. For
the detection of early apoptotic thymocytes Annexin V —
FITC staining was performed. Briefly, samples were
incubated with Annexin V — FITC for 20 min in 100 ul
Annexin binding buffer at room temperature, then
diluted with 400 pl Annexin binding buffer, immediately
followed by flow cytometric measurement.

Intracellular cell labelling

We used triple labelling technique for the simulta-
neous detection of cell surface CD4, CDS8, and
intracellular GR or Bcl-2 protein. Briefly, after cell
surface CD4, CDS8 labelling thymocyte samples (10°)
were fixed in 4% PFA buffer for 20min at room
temperature then cells were further washed and intra-
cellularly labelled in the permeabilisation buffer. Thy-
mocytes were incubated with FITC-conjugated anti-GR
and FITC-conjugated anti-Bcl-2 monoclonal antibodies
for 30 min at room temperature. Afterwards cells were
washed twice in permeabilisation buffer then once in
PBS and finally resuspended in 500 pl 0.1% PFA in PBS.

CMXRos

CMXRos is a lipophilic cationic fluorescent dye that
is sequestered in active mitochondria because of their
negative mitochondrial membrane potential (Pendergrass
et al., 2004), therefore living cells show high CMXRos
fluorescence at (CMXRos™2"). Since apoptotic cells lose
their mitochondrial membrane potential (Ly et al.,



dc_1343 16

42 L. Palinkas et al. / Immunobiology 213 (2008) 39-50

2003), CMXRos staining of mitochondria decreases
(CMXRos'°"). The lower CMXRos™ " cell ratio in-
dicates the loss of mitochondrial membrane potential,
i.e. the presence of mitochondrial type of apoptosis
(Pendergrass et al.,, 2004). 10ul CMX-ROS stock
solution (1 pg/ml in DMSO) was added to 10° cells in
I ml of RPMI medium then cells were incubated for
30-45min in 37°C and after cell surface labelling
(a-CD4-FITC, a-CD8-CyC) analysed with flow cytometry.

Flow cytometric acquisition and analysis

Samples were measured and analysed in a FACSCa-
libur flow cytometer (Becton Dickinson, San Jose, CA),
using the CellQuest software. The thymocytes were
gated according to their size and granularity on forward
and side scatter dot plots. The gate set on untreated
control living thymocytes was used for the analysis of all
samples, thus excluding cells with abnormal morphol-
ogy that are mostly apoptotic (Curnow et al., 1994).
Thymocyte subpopulations resolved according to their
CD4-PE/CDS8-CyChr fluorescence parameters were se-
parately analysed for AnnexinV-FITC, anti-GR-FITC
and anti-Bcl-2-FITC fluorescence in FL1 channel. We
used fluorescent histogram plots for both comparing the
MFTIs of different samples and for calculating the ratio
of positively stained cells.

Statistical analysis

The effect of various treatments between groups was
tested for statistical significance using Student’s z-test.
P <0.05 denoted statistical significance.

Results

GR expression in AND DP and CD4 SP thymocytes
and its regulation by in vivo DX, anti-CD3, PCC and
combined treatments

In our previous works we have shown that the GR
expression differs in the four main thymocyte subpopu-
lations of Balb/c mice (Berki et al., 2002; Boldizsar et al.,
2006). In the present work, we wished to determine the
GR expression levels of the 4 thymocyte subpopulations
(DN, DP, CD4 SP, CD8 SP) in young (3—4-week old)
AND mice (Fig. 1) by intracellular flow cytometric
labelling with anti-GR-FITC antibody. Thymocyte
subpopulations were distinguished based on their cell
surface CD4 (FL2 channel) and CDS8 (FL3 channel)
expression (Fig. 1A). The mean fluorescence intensity
(MFT) was 160.5+17.7 in the DN cells (Fig. 1A, upper
left histogram; Fig. 1B), 55.9+2.8 in DP cells (Fig. 1A,
upper right histogram; Fig. 1B), 94.6+15.1 in the CD4

SP cells (Fig. 1A, lower left histogram; Fig. 1B) and
91.8+17.2 in the CD8 SP cells (Fig. 1A, lower right
histogram; Fig. 1B). The GR MFI values of CD4- or
CD8 SP cells were significantly higher (P <0.05) than in
the DP cells, and significantly lower (P<0.05) than in
the DN cells (Fig. 1B).

In recent works we have also shown that GCs
participate in the autoregulation of the GR expression
in Balb/c thymocytes (Boldizsar et al., 2006). As TcR
signalling was demonstrated to interact with the GR
signalling (Iwata et al., 1991), we examined the GR
expression changes in the DP and CD4+ SP thymocyte
populations of AND TcR transgenic mice after ex-
posure to the cognate antigen (PCC), anti-CD3, DX and
combined treatments (Fig. 2). In the DP cells we found a
significant decrease of GR expression (P <0.05) after the
administration of PCC (MFI: 33.3+4.7), anti-CD3
(MFI: 38.3+7.5), DX (MFI: 38.1+7.4), PCC+DX
(MFI: 42.246.2) and anti-CD3+ DX combination
(MFI: 33.340.3) compared to the control animal
(MFT: 55.9+2.8) (Fig. 2A and C).

In CD4 SP cells we detected significantly (P <0.05)
lower GR levels in PCC, DX and anti-CD3+ DX
treated animals (MFI: 5547.7, 51.14+12.2 and
61.8+11.1, respectively) compared to the control mice
(MFI: 94.6+15.1) (Fig. 2B and D). There was no
significant change in the GR level of CD4 SP cells after
anti-CD3 and PCC+ DX treatments (MFI: 72.4+15.7
and 72.1+14.7, respectively) compared to the control
(MFI: 94.6 +15.1) (Fig. 2B and D).

Cell number changes in thymus after DX, anti-CD3,
PCC and combined treatments

As has been established previously, DX treatment or
TcR engagement either with antigen or anti-CD3
antibody results in thymic cell depletion both in Balb/c
(Berki et al., 2002) and AND TcR transgenic mice
(Boldizsar et al., 2003). In the present experiments we
found that total thymus cell numbers significantly
decreased (P <0.05) after anti-CD3 (50.3 8.7 million),
DX (41£3.6 million) and combined PCC+ DX
(58.34+16.1 million) or anti-CD3 + DX (50.7 +4 million)
treatments, and markedly but not significantly after
PCC (81.7+ 7.6 million) treatment alone, compared to
control (108.3418.9 million), respectively (Table 1).

Previously we, as well as others, have shown that the
DP population is the most sensitive thymocyte subgroup
for DX induced cell depletion (Berki et al., 2002;
Boldizsar et al., 2006). We have also reported that the
DX-induced DP cell elimination can be antagonised by
simultaneous TcR engagement in vivo either with anti-
CD3 treatment in Balb/c mice (Berki et al., 2002) or with
antigen treatment in TcR transgenic mice (Boldizsar
et al., 2003). In the current work we also found that in
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compared to CD4 SP and CDS8 SP).

TcR transgenic mice all treatment modalities led to a
significant (P<0.05) DP cell number decrease, except
for the PCC treatment alone (Fig. 3A). DP cell number
was 25.345.9 million in control animals, 23.2+8.7
million in PCC treated mice, 3.44+0.7 million in anti-
CD3 treated mice, 1.540.1 million in DX treated mice,
10.6 + 2 million in PCC + DX treated mice and 10.5+2.7
million in anti-CD3+ DX treated mice (Fig. 3A).
However, the simultaneous PCC or anti-CD3 treatment
with DX led to significantly (P <0.05) increased survival
of DP thymocytes compared to DX treatment alone
(10.6 +2 million or 10.5+2.7 million DP cells versus
1.54+0.1 million DP cells, respectively) (Fig. 3A).

In AND TcR transgenic mice there is an inherent bias
towards the CD4 SP direction in thymic T-cell develop-
ment (Kaye et al., 1989), resulting in high CD4 SP ratio
compared to Balb/c mice. We found that the number of
CD4 SP cells decreased significantly (P < 0.05) after each
treatment modality (control: 72.1+12.6 million, PCC:
54+5.1 million, anti-CD3: 39.946.9 million, DX:
34.4+3 million, PCC+DX: 44.64+12.3 million and
anti-CD3 + DX: 34.4+2.8 million CD4 SP cells, respec-
tively) (Fig. 3B).

Annexin V staining of DP and CD4 SP thymocytes

Annexin V is a phospholipid binding protein that
selectively binds phosphatidyl-serine molecules (PS)
(Vermes et al., 1995). Under physiological conditions
PS can only be found in the inner membrane layer of
intact cells. As one of the first step on the road leading to
apoptosis, this membrane-asymmetry changes, and PS
appears in the outer membrane phospholipid layer, too
(Vermes et al., 1995). We found that from 4.5+0.6% in
control AND TcR transgenic mice (Fig. 4A and C) the
ratio of Annexin VM DP thymocytes increased
significantly (P<0.05) to 29.2+15.4%, 27.6+10.3%
or 30.84+2.4% after PCC, anti-CD3 or DX treatments,
respectively (Fig. 4A and C). Although the combined
treatments also caused a significant increase (P <0.05) in
the Annexin V"&" DP cell ratio compared to the control
(4.540.6%), co-treatment with PCC (18.94+2.1%) or
anti-CD3 (21.6 +1.7%) significantly (P <0.05) inhibited
the proapoptotic effect of DX treatment alone
(30.8+2.4%) (Fig. 4A and C).

In contrast in CD4 SP population we could not detect
significant changes in the ratio of Annexin VM&" cells
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Table 1. Average of total thymocyte number ( x 10%)+SD after different treatments

Ctrl PCC a-CD3 DX PCC+ DX a-CD3+ DX
Cell number (million) 108.3 81.7 50.3* 41%* 58.3% 50.7%
SD 18.9 7.6 8.7 3.6 16.1 4

Each test group consisted of three animals of a representative experiment. *P <0.05.

after PCC (5+2.8%) or anti-CD3 and DX combined this mitochondrial membrane potential sensitive dye to

treatments (4.5+2.1%) compared to control (2.4+ study the effects of the various treatments in the
0.3%) (Fig. 4B and D). However, we found significantly different thymocyte populations. The CMXRos"" DP
(P <0.05) higher ratio of early apoptotic cells after anti- cell ratio significantly decreased (P<0.05) after PCC
CD3 (4.94+0.4%), DX (7.6 +£2.3%) and combined PCC (8.8+2.1%), anti-CD3 (1.1+£0.2%), DX (0.6+0.1%),
and DX (7.5+1.4%) treatments (Fig. 4B and D). PCC+DX (5.34+0.2%) and anti-CD3+ DX (5+1.1%)

treatments compared to control (21.2+5.2%) (Fig. 5SA

and C). However, after combined PCC+ DX or anti-

Changes in the mitochondrial function of DP and CD3+ DX treatments significantly (P<0.05) higher
CD4 SP cells percentage of DP cells survived with intact mitochon-
drial function than in the DX or anti-CD3 treated

Mitochondria play a pivotal role in the integration of animals (5.34+0.2% and 5+1.1% versus 0.6+0.1% and

various apoptotic signals and also in the central effector 1.14+0.2%, respectively) (Fig. 5C).
phase of apoptosis (Wang, 2001). As CMXRos is a In the CD4 SP cell population PCC, anti-CD3, DX,
useful means for monitoring the mitochondrial status PCC+ DX and anti-CD3+ DX treatments caused sig-

(Pendergrass et al., 2004), we stained thymocytes with nificant (P<0.05) mitochondrial membrane potential
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compared to DX treated sample).

decrease compared to the untreated control
(21.2+2.7%, 13.54+5.6%, 12.14+3.2%, 27.7+7.4%,
15.6+2.3% versus 54+3% CMXRos"£" CD4 SP cells)
(Fig. 5B and D). Interestingly, while PCC could
effectively antagonise the DX induced mitochondrial
membrane potential decrease (27.7+7.3% CMXRos"e"
CD4 SP cells in PCC+ DX treated mice versus 12.1+
3.2% CMXRos"" CD4 SP cells in DX treated mice;
P <0.05), anti-CD3 treatment did not have such protec-
tive effect (15.6+2.3% CMXRos"&" CD4 SP cells in
anti-CD3+DX treated mice versus 12.14+3.2%
CMXRos"e" CD4 SP cells in DX treated mice) (Fig. 5D).

Anti-apoptotic Bcl-2 expression

Bcl-2 protein is an anti-apoptotic member of the Bcl-2
family of proteins, key regulators of apoptosis (Chao
and Korsmeyer, 1998). Since the Bcl-2 expression was
shown to be critical in resistance to DX induced
thymocyte apoptosis (Veis et al., 1993), we analysed
the changes in Bcl-2"#" DP and CD4 SP thymocyte

numbers after the different treatments. In the analysis of
Bcl-2 fluorescent histogram plots (Fig. 6A and B), the
ratio of those cells were calculated that had higher
fluorescence intensity than the control and thus con-
sidered Bcl-2"€" (Fig. 6A and B). We calculated the
absolute number of Bcl-2"&" cells from the ratio of Bcl-
2hieh cells (Fig. 6A and B) and the absolute cell numbers
in each treatment groups (Table 1). In control AND
mice 0.440.1 million DP cells were Bcl-2"¢". PCC + DX
and anti-CD3+ DX combined treatments caused sig-
nificant (P<0.05) rise in the number of Bcl-2"€" DP
thymocytes (2.1+0.4 and 1.5+0.4 million DP cells,
respectively) (Fig. 6A and C), while anti-CD3 and DX
treatments significantly (P<0.05) decreased the numbers
of Bcl-2"&" DP thymocytes (0.1+0.02 and 0.240.02
million DP cells, respectively) (Fig. 6A and C). PCC
treatment alone did not change significantly the Bcl-2"i"
DP cell number compared to the control (0.7+0.3 vs.
0.4+40.1 million). The DX treatment caused Bcl-2Meh DP
thymocyte number decrease could be reversed by parallel
PCC or anti-CD3 treatments (0.24+0.02 versus 2.1+0.4
and 1.540.4 million DP cells) (Fig. 6C).
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P<0.05 — compared to DX treated sample).

Among CD4 SP cells 3.1+0.6 million were Bcl-2Migh
in control mice. We found that all treatment modalities
led to the significant (P <0.05) increase of Bcl-2"&" CD4
SP numbers, although at different scales. Bcl-2"€" CD4
SP numbers were 4.8 4+0.4 million after PCC, 10.241.8
million after anti-CD3, 12.6+1.1 million after DX,
8.240.7 million after PCC+DX and 22.4+46.2 million
after anti-CD3+ DX treatments, respectively (Fig. 6B
and D). Interestingly the DX induced increase in Bcl-
2high CD4 SP numbers (12.6+1.1 million) was signifi-
cantly decreased by parallel PCC treatment (8.2+0.7
million), while it was further elevated by parallel
anti-CD3 treatment (22.4+6.2 million), respectively
(Fig. 6D).

Discussion

The role of GCs and their receptor (GR) in thymocyte
development has remained controversial to date

(Stephens et al., 2003). Although the apoptosis inducing
effect of GCs is established (Cohen, 1992), their role in
positive selection of DP thymocytes is still controversial
(Vacchio et al., 1999).

We have described previously, that among the four
major cell populations in Balb/c mice thymi, the DP
cells are the most sensitive to GC induced apoptosis,
despite their low GR expression (Berki et al.,
2002; Boldizsar et al., 2006). When the exogenous
GC treatment is coupled with TcR stimulation,
either with anti-CD3 antibody or with the cognate
antigen (PCC), it leads to the increased positive selection
of DP thymocytes in Balb/c (Berki et al., 2002) or in
AND TcR transgenic mice (Boldizsar et al., 2003),
respectively.

In our present work we investigated the connection of
GC hormone and its receptor in relation to apoptosis
signalling, especially the early events of programmed cell
death during thymic maturation and selection processes
in AND TcR transgenic mice.
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In this work thymic cellularity decreased significantly
both upon TcR stimulation either with anti-CD3
antibody or the cognate antigen or exogenous GR
agonist treatments. The DX induced cell depletion could
be reversed when TcR stimulation was also present.
Since in AND TcR transgenic mice DP and CD4 SP
cells together represent more than 90% of total
thymocyte pool, we investigated the changes in the
number of these two major subpopulations. The GR
agonist or the TcR engagement caused a major drop in
DP cell numbers, while this cell depleting effect was less
efficient on the CD4 SP mature cell population.
Significantly more DP, but not CD4 SP cells survived
when the GC and TcR stimulating agent was present
simultaneously. On one hand these results confirm our
previous work in Balb/c mice (Berki et al., 2002;
Boldizsar et al., 2006), they also provide further in vivo
evidence for the ““mutual antagonism theory” (Vacchio
et al., 1999; Zacharchuk et al., 1990).

In addition to determining the cell number and
composition changes upon the activation of the GR
and the TcR, we also followed the outer membrane lipid
layer phosphatidylserine content and mitochondrial
activity changes, both sensitive early signs of apoptosis
(Hengartner, 2000). In DP cells the GR signalling and
the TcR signalling either alone or in combination lead to
increased phosphatidylserine externalisation, together
with a decreased mitochondrial activity. However, we
found relatively less early apoptotic DP cells from mice
where the two signals were present simultancously,
compared to the single treated animals, similar to
previous in vitro findings (Zacharchuk et al., 1990).
These results clearly show, that in the case of
simultaneous GR and TcR stimulation the increased
survival of the DP thymocytes is due to the inhibition of
early apoptotic events.

Apoptosis of thymocytes is regulated by several
factors including GR and Bcl-2 expression studied in
this work. In AND TcR transgenic mice we found that
GR expression of DP cells was significantly lower than
that of DN or mature CD4 or CD8 SP cells, similar to
age matched Balb/c mice (Berki et al., 2002; Boldizsar et
al., 2006). A possible explanation of the low GR
expression in DP cells could be the homologous down-
regulation process of the GR upon endogenous GC
exposure in the local GC rich microenvironment of the
thymus (Boldizsar et al., 2006). In AND mice we found
that activation of either the GR or the TcR leads to
further GR down-regulation. GCs have been shown to
participate in the regulation of GR expression in
thymocytes (Boldizsar et al., 2006) and various other
cell types (Schaaf and Cidlowski, 2002). However the
exact mechanism of how TcR activation induced GR
down-regulation in thymocytes occurs needs to be
further elucidated, while causing AP-1, NFAT, NF«xB
and Elk activation (Lin and Weiss, 2001).

There is a clear discrepancy between the sensitivity of
DP cells for GC, and their low level of expression of
GR, indicating the possible involvement of non-genomic
GC signalling mechanisms (Buttgereit and Scheffold,
2002). One possibility for how non-genomic GR action
may take place is through cytoplasmic interactions of
the GR with other signalling proteins (Buttgereit and
Scheffold, 2002), pointing to Hsp-90, which was found
to play a role in TcR signalling, by binding Lck, Raf and
ERK (Schnaider et al., 2000), also involved positive
selection of thymocytes (Alberolanti-Ila and Hernandez-
Hoyos, 2003). Since the inactive GR is also an Hsp-90
client protein (Smith and Toft, 1993), this offers a
tempting explanation of the link between GR and TcR
signalling, providing a molecular basis for the “mutual
antagonism theory”. Recently ZAP-70 was also found
to serve as linker between TcR and GR signalling in
Jurkat cells (Bartis et al., 2006, 2007).

Bcl-2 is an anti-apoptotic member of the Bcl-2 family
of proteins comprising of both pro- and anti-apoptotic
molecules. We and others have shown differential Bcl-2
expression by thymocyte subsets previously (Boldizsar et
al., 2006; Ma et al., 1995). In vitro study using T-cell
hybridoma described that Bcl-2 and Bcl-xL selectively
antagonised the GC induced apoptosis (Memon et al.,
1995). In this study we show that the TcR stimulus when
applied together with the GR agonist increase the
number of Bcl-2"#" DP cells significantly, implying
their selection advantage. It was also shown earlier that
positive selection is coupled with anti-apoptotic Bcl-2
up-regulation (Linette et al., 1994; Williams et al., 2001),
which could contribute to DP cell survival (Chao and
Korsmeyer, 1998). One possible mechanism for Bcl-2 to
enhance cell survival is that it helps preserve the
mitochondrial membrane integrity by interacting with
outer membrane elements (Gross et al., 1999). This
activity is also in line with our present data on the
protective effect of the combined treatments on the
mitochondrial function.

Taken together here we provide data showing that at
the DP stage of differentiation otherwise apoptotic
stimuli together lead to survival of cells, in strong
contrast to mature CD4 SP cells. We propose that one
of the key elements in the anti-apoptotic outcome might
be the Bcl-2 molecule, that is up-regulated in positively
selected cells as a consequence of the simultaneous
presence of TcR and GR signals, respectively.
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Abstract

Glucocorticoid receptor (GR) signaling plays an important role in the selection and apoptosis of
thymocytes. Besides nuclear translocation, mitochondrial translocation of the ligand-bound GR in
lymphoid cells was also shown, which might determine glucocorticoid (GC)-induced apoptosis
sensitivity. In the present work, we followed the ligand-induced GR trafficking in CD4+CD8+ double-
positive (DP) thymocytes. Using confocal microscopy, we found that upon short-term in vitro GC
analog [dexamethasone (DX)] treatment, the GR translocates into the mitochondria but not into the
nucleus in DP cells. We also analyzed the GR redistribution in cytosolic, nuclear and mitochondrial
fractions of unseparated thymocytes by western blot and confirmed that in DX-treated cells

a significant fraction of the GR translocates into the mitochondria. DX reduced the mitochondrial
membrane potential of DP cells within 30 min, measured by flow cytometry, which refers to a direct
modulatory activity of mitochondrial GR translocation. The abundant mitochondrial GR found in DP
cells well correlates with their high GC-induced apoptosis sensitivity.

Introduction

Glucocorticoids (GCs) are key regulators of T lymphocyte
apoptosis (1) and are commonly used as immunosuppres-
sive drugs in the treatment of many diseases, like hemato-
logical malignancies (2) and autoimmune diseases (3).
Classically, they act via nuclear receptors: upon ligand bind-
ing, the receptor translocates to the nucleus and interacts
with respective DNA sequences, called glucocorticoid-re-
sponsive elements (GRE), regulating the synthesis of several
proteins, including apoptosis-related proteins and cytokines
(4). Recently, a number of reports underlined that GCs can
act through rapid non-genomic mechanisms, too, for exam-
ple, by the modulation of ion-exchange processes and the
alteration of the physical properties of the plasma membrane
(5, 6). Moreover, the GC—glucocorticoid receptor (GR) com-
plex interacts with several cytoplasmic proteins modulating
their phosphorylation status independent of the nuclear GR
(7-9).

Besides the ‘classical’ cytoplasmic and nuclear expres-
sion, lately, GR has been described in other cell compart-

ments, too. Sionov et al. (10, 11) demonstrated the presence
of the GR in the mitochondria of several lymphoid cell types
and reported that the cell lineage-specific GC-induced apo-
ptosis sensitivity is determined rather by the mitochondrial
and not by the nuclear translocation of the GC-GR complex.
Moreover, membrane GR is suspected to predict the GC re-
sistance in lympho-haemopoietic cells (11, 12).

In the thymic cortex, GCs act as regulators of the differen-
tiation and selection of T cell precursors (1). GCs are among
the important soluble factors eliciting key signals in maturing
thymocytes together with cytokines (13), chemokines (14)
and other soluble factors, for example Wnt molecules (15).
Thymocyte—-thymic epithelial cell and other stromal cell inter-
actions are also critical during thymocyte development (16).
Thymic stromal cells are known to produce GCs locally (17),
and more recently, it has also been demonstrated that
thymocytes can secrete GCs, too, in an age-dependent
manner (18); therefore, thymocytes are located in a GC-rich
microenvironment (19).
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2 Mitochondrial GR in DP thymocytes

As thymocytes differentiate in a complex stromal network
of the thymus, they proceed through well-defined develop-
mental stages, characterized by their cell surface marker
CD4 and CD8 expression: CD4-CD8-DN cells express
a pre-TcR; then in the next stage of maturation, CD4+CD8+
DP cells undergo positive and negative selection steps, test-
ing their ability to bind to self MHC molecules and to recog-
nize self-structures; and finally, CD4 or CD8 single-positive
(SP) cells with the features of the naive mature T cells emi-
grate from the thymus (20).

GCs have been shown to control selection steps of double-
positive (DP) cells (21) by modifying their TCR signal (22, 23).
Paradoxically, DP cells, the most GC-sensitive thymocyte sub-
population, express the lowest level of GR both at protein and
mRNA level when compared with thymocytes at other devel-
opmental stages (19, 24, 25). These findings have suggested
that alternative (non-nuclear) GR-signaling pathways might
exist in thymocytes (24). In a preliminary work, in a TCR trans-
genic mouse model, we have shown that thymocytes surviving
during T cell selection up-regulate their mitochondrial anti-
apoptotic Bcl-2 protein, suggesting that mitochondria were di-
rectly involved in regulating thymocyte apoptosis (23).

In our present work, we show that upon in vitro exposure to
GC the GR translocates to the mitochondria in DP thymocytes
within 30 min, having a direct effect on the mitochondrial func-
tion as shown by changes in the mitochondrial membrane
potential. Quantitative confocal microscopic analysis con-
firmed the ligand-induced mitochondrial GR translocation. Ad-
ditionally, we performed subcellular fractionation and western
blotting of thymocytes in order to examine the subcellular
distribution of the GR after rapid GC exposure. We found that
some GR is already present in the mitochondria of untreated
DP cells. In the presence of GC agonist, a dominant mito-
chondrial GR translocation occurred but the nuclear GR traf-
ficking was absent in DP thymocytes. We conclude that the
sensitivity of DP thymocytes to GC-induced apoptosis corre-
lates with rapid mitochondrial GR translocation upon ligand
binding, which could initiate apoptotic pathways.

Methods

Mice

Three- to four-week-old BALB/c mice were kept under con-
ventional 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 experimentations (#BA 02/
2000-2/20086).

Cell lines

Sp2/0-Ag14 (mouse myeloma) and RBL2H3 (rat basophilic
leukemia) cells were cultured in humidified atmosphere, con-
taining 5% CO, at 37°C, in DMEM (Sigma) supplemented
with 5 and 10% FCS (Gibco, Gaithersburg, MD, USA),
respectively.

mAbs

The following mAbs from BD Pharmingen (San Jose, CA,
USA) were used for flow cytometry: anti-CD4-FITC (clone#

YTS-191.1) and anti-CD8-cychrome (CyC) (clone# Ly-2),
and for confocal microscopy: anti-CD4-Pacific Blue (clone#
RM4-5), anti-CD8-Alexa fluor 647 (clone# 53-6.7) and anti-
GR-FITC (5E4-B1) (26).

Antibodies for western blot were the following: mouse
monoclonal anti-Cytochrome C (BD Pharmingen), mouse
monoclonal anti-GR (5E4-B1), mouse monoclonal anti-B-
actin (Sigma) and rabbit polyclonal anti-Histone H1 (Santa
Cruz Biotechnology, Santa Cruz, CA, USA). Peroxidase con-
jugated anti-mouse or anti-rabbit 1IgG antibody were used
as secondary antibodies.

Short-term in vitro GC treatment of isolated thymocytes and
cell lines

After sacrifice, thymi were removed and homogenized
mechanically in RPMI (Sigma) followed by filtration through
nylon mesh. Cell viability was determined by trypan-blue ex-
clusion using a hemocytometer.

One million thymocytes, RBL2H3 or Sp2 cells were treated
in vitro with 1 uM dexamethasone (DX, Sigma; dissolved in
DMSO until use in 10 mM stock) in serum-free media for 5,
10 or 30 min. Control samples were kept under the same
conditions for the same time in the presence of the solvent
alone. The treatment was stopped by adding ice-cold PBS
containing 0.1% NaNs.

Flow cytometric analysis of mitochondrial function with
mitotracker chloromethyl-X-rosamine

Chloromethyl-X-rosamine (CMX-Ros; Invitrogen) is a lipophilic
reagent that diffuses across the cell membrane and accu-
mulates in intact mitochondria due to normal mitochondrial
membrane potential (27). Briefly, 10 ul CMX-Ros stock solu-
tion (1 ug ml~"' in DMSO) was added to 10° cells in 1 ml of
serum-free RPMI, following the manufacturer’s instructions
and then cells were incubated for 30 min at 37°C parallel
with 1 uM DX treatment. Cell surface labeling with anti-CD4-
FITC and anti-CD8-CyC was performed on ice in binding
buffer (PBS containing 0.1% BSA and 0.1% NaN3) followed
immediately 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), us-
ing the CellQuest software. First, thymocytes were gated
according to their size and granularity on forward and side
scatter dot plots. Thymocyte subpopulations according to
their cell surface CD4/CD8 expression were analyzed sepa-
rately for CMX-Ros intensity that was detected in the FL2
channel (ex.: 579 nm, em.: 599 nm). Fluorescent histogram
plots were used to compare the mean fluorescent intensity
(MFI) values of the different samples.

Labeling of cells for confocal laser scanning microscopy

CMX-Ros loaded = DX-treated CD4-Pacific Blue and CD8-
Alexa Fluor 647-labeled thymocytes, RBL2H3 or Sp2 cells
were fixed in 4% PFA and washed in permeabilization buffer
(PBS containing 0.1% BSA, 0.1% NaN3 and 0.1% saponin).
The intracellular labeling of the cells was performed in
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saponin buffer with 1 pg mI~" anti-GR-FITC antibody (26).
Briefly, cells were incubated on ice for 30 min and then
washed twice in saponin buffer and finally once with PBS
and cytospined onto slides. For nuclear staining, RBL2H3-
cells and Sp2-cells were labeled with DAPI (Invitrogen) for
5 min. The excess fluid was carefully aspirated and the
slides were covered using 50% glycerol-PBS.

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 soft-
ware system. Data were collected in four separate channels,
including differential interference contrast (DIC), UV for CD4,
FITC for GR, red for mitochondria and far red for CD8. Se-
quential scanning and Kalman setting were used for image
acquisition to avoid cross-talk between the channels and to
eliminate noise, respectively. Signals were collected from
cells in 3-3 frames and CMX-Ros—-GR morphological associ-
ation was analyzed.

Images were overlaid in the following alignment: CD4-Pa-
cific Blue with CD8-Alexa fluor 647 or CMX-Ros with GR-
FITC. Cell contours were controlled using DIC images.
CMX-Ros-GR images were analyzed further with the ImageJ
software (http://rsb.info.nih.gov/ij) using the co-localization
plug-in. Based on the analysis of pixel fluorescence intensi-
ties, ranging from 0 to 255, specific staining was distin-
guished from background by using a threshold value of 50
as described elsewhere (28, 29). Then, co-localized pixels
between CMX-Ros and GR were counted. One hundred DP
cells per sample were analyzed altogether using this
approach.

Subcellular fractionation

Mitochondria Isolation Kit (Pierce) was used to obtain cyto-
plasmic, mitochondrial and nuclear fraction from thymo-
cytes, according to manufacturer’s instructions, with minor
modifications according to Stasik et al. (30). Briefly, isolated
solvent control and DX-treated thymocytes were washed in
cold PBS and lysed. After centrifugation at 800 X g for 10
min, the nuclear pellet was washed 3X in 0.5% NP-40 in
Tris-buffered saline, centrifuged at 1000 X g for 5 min, sus-
pended in SDS sample buffer (125 mM Tris, 4% SDS, 10%
glycerol, 0.006% Bromo-phenol-blue and 10% mercaptoe-
thanol) and boiled. The post-nuclear supernatant was centri-
fuged first at 3000 X g for 15 min and then at 12 000 X g
for 5 min. The pellet containing mitochondria was dissolved
in SDS sample buffer and the clear supernatant was used
as a cytosolic fraction.

Western blotting

Cell fractions were boiled and subjected to SDS-PAGE on
a 10 or 15% gel. The gels were blotted overnight to nitrocel-
lulose membranes using a Trans-Blot cell blotting equipment
(both from Bio-Rad, Hercules, CA, USA). After transfer, nitro-
cellulose membranes (Bio-Rad) were soaked in blocking
buffer (2% BSA, 10 mM Tris, 100 mM sodium chloride and
0.1% Tween 20, pH 7.4) and then incubated with mouse
monoclonal anti-GR antibody (5E4-B1) (26). Mouse mono-
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clonal anti-B-actin (Sigma), mouse monoclonal anti-Cyto-
chrome C (BD) and rabbit polyclonal anti-Histone H1 (Santa
Cruz Biotechnology) antibodies were used as controls for
the protein content and purity of the fractions. Blots were
then probed with secondary anti-mouse IgG or anti-rabbit
IgG HRP-labeled antibodies in 1:1000 dilutions. For wash-
ing, the blots washing buffer was used (10 mM Tris,
100 mM sodium chloride and 0.1% Tween 20, pH 7.4). West-
ern blot visualization was performed by enhanced chemilu-
minescence as described in the manufacturer’s instructions
(SuperSignal West Femto Chemiluminescent substrate,
Pierce, Rockford, IL, USA). Luminescent light signals were
detected with Kodak Image Station 2000R blot documentary
system.

Analysis of blots

Densitometry of blots was done with the Quantityone soft-
ware (Bio-Rad). Relative densities of GR blots were normal-
ized to the relative densities of B-actin, cytochrome C and
Histone H1 blots from the same samples to determine the
relative expression of GR in the subcellular fractions.

Statistical analysis

Data are presented as mean = SD. The effect of various
treatments between groups was tested for statistical signifi-
cance using Students ttest. P < 0.05 denoted statistical
significance.

Results

Different GR staining pattern of DP and CD4 SP cells

In previous works, we (19, 24) and others (25) have shown
that DP thymocytes have the lowest GR expression among
the thymocyte subpopulations both in BALB/c and also in
a TCR transgenic mouse model (23). Low GR expression of
DP cells was verified both on protein level, with flow cytome-
try (24, 25), and on the mRNA level, with quantitative PCR
(19). However, the subcellular localization of the GR in thy-
mocytes remained to be elucidated. Therefore, we per-
formed a morphological comparison of the GR expression in
the four main thymocyte subpopulations.

Figure 1 shows confocal microscopic images of CD4
(blue), CD8 (red) and GR (green)-labeled subpopulations of
thymocytes. Note: the dominance of the DP and CD4 SP thy-
mocytes is typical in 3- to 4-week-old BALB/c mice (31). On
Fig. 1, the DIC (Fig. 1A and D), merged images of the CD4
and CD8 double-cell surface staining (blue and far red, re-
spectively) (Fig. 1B and E) and intracellular GR (FITC green)
(Fig. 1C and F) labeling is shown. The weak GR staining in
DP cells and strong GR staining in CD4 SP cells (Fig. 1E
and F) is in line with previous flow cytometric quantifications
(24). There was also a marked difference in the GR stain-
ing pattern of the DP and the CD4 SP subpopulations: in
DP cells, weak and granular GR staining was localized
mostly to the outer rim of the cells (Fig. 1E and F); on the
other hand, CD4 SP cells exhibited a more homogenous
cytoplasmic and also some nuclear GR staining (Fig. 1E
and F).
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Fig. 1. DP and CD4 SP thymocytes show different GR staining
pattern. Representative confocal microscopic images of the major
BALB/c thymocyte subpopulations, DIC (A and D), CD4 (blue
channel) and CD8 (far red channel) overlaid (B and E) and
intracellular GR (green channel) (C and F) images are shown. DP
thymocytes (magenta) (B and E) show weak and dominantly granular
GR staining (C and F), CD4 SP cells (blue) (B and E), on the other
hand, show a more intensive and rather homogenous cytoplasmic
and some nuclear GR staining (C and F). The panels in this figure
show representative images of at least three separate experiments.

After ligand induction, mitochondrial localization of the GR
increased in DP cells

Among the major thymocyte subpopulations, DP cells are
the most sensitive to GC-induced apoptosis (24). Since
Sionov et al. (10, 11) have proposed that GC-induced apo-
ptosis sensitivity correlates with the ligand-induced mito-
chondrial rather than nuclear translocation of the GR, we
studied whether the mitochondrial GR translocation was
present in DP cells. Moreover, the granular staining pattern
specific for DP cells (Fig. 1E and F) also raised the possibil-
ity of the mitochondrial localization of the GR. To test this
hypothesis, the mitochondrial dye CMX-Ros and GR co-
localization was analyzed in double negative (DN), DP, CD4
SP and CD8 SP cells (Fig. 2), and a comparative analysis
was done on DP cells before and after short-time GC
treatments (Figs 3 and 4).

CMX-Ros-GR overlaid images of the four major thymocyte
subpopulations are shown on Fig. 2. Some mitochondrial GR
staining (CMX-Ros-GR co-localization) was observed in all
studied cell types (Fig. 2). Upon 30 min DX treatment, the
association between the GR and the mitochondria increased
in DP cells, but no nuclear translocation was observed (Fig.
3A and B). To quantify the ligand-induced mitochondrial GR
translocation, we compared the number of co-localized pix-
els (both GR and CMX-Ros signals present) in individual DP
cells before and after the DX treatment (Fig. 4). There was
a nearly 4-fold increase in the number of mitochondrial GR
pixels after 30 min DX treatment (350 = 109 versus 87 *+ 36
in the control) (Fig. 4).

As morphological controls for the ligand-induced nuclear
or mitochondrial GR translocations (based on our previous
unpublished observation), in an additional experiment, we
studied two cell lines of lympho-haemopoietic origin, Sp2/0-

GR
+

Fig. 2. GR and mitochondrial staining of thymocytes. Confocal
microscope images of GR-CMX-Ros co-localization in the four major
thymocyte subpopulations according to their CD4 (blue) and CD8 (far
red) cell surface expression. Representative images show DN, DP,
CD4 SP and CD8 SP thymocytes from at least three separate
experiments. Co-localization of the GR with the mitochondria (GR-
CMX-Ros merge) is indicated by yellow areas.

Ag mouse myeloma and RBL2H3 rat mast cells, respectively
(supplementary Figure 1, available at International Immunol-
ogy Online). In RBL2H3-cells, some nuclear translocation of
the GR appeared already after 10 min of DX exposure (data
not shown) that completed after 30 min (supplementary Fig-
ure 1, available at International Immunology Online). In con-
trast, in Sp2-cells, mainly mitochondrial localization of GR
was observed and no nuclear GR translocation appeared af-
ter 30 min DX treatment (supplementary Figure 1, available
at International Immunology Online).

DP cells possessed the lowest level of mitochondrial
membrane potential among thymocytes that was further
decreased by short-time in vitro DX exposure

Mitochondria are important signal integrating and cellular
target organelles for apoptosis (32). Since we have found li-
gand-induced mitochondrial translocation of the GR in DP
cells (Figs 3 and 4), we analyzed the functional consequen-
ces of DX exposure on mitochondria by flow cytometry. Be-
sides labeling intact mitochondria, CMX-Ros can also be
used for monitoring the mitochondrial membrane potential
(Um) (27). In our previous work, we studied the mitochondrial
function of thymocytes after in vivo DX exposure (23).

In the present study, in vitro CMX-Ros-loaded cells were
DX treated and cell surface labeled with CD4 and CD8 for
flow cytometric analysis. CMX-Ros MF|I was detected in
FL2-H and analyzed in all thymocyte subpopulations after
different treatment times. In control (solvent-treated) sam-
ples, the DP cells had significantly lower (P < 0.05)
CMX-Ros MFI when compared with the other thymocyte sub-
populations [80 = 19 in DP cells versus 136 * 33 in DN
cells, 112 = 8 in CD4 SP and 196 * 32 in CD8 SP cells, re-
spectively (Fig. 5A and B)].
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Fig. 3. Ligand-induced mitochondrial translocation of the GR in DP
thymocytes after 30 min in vitro DX treatment. Representative
confocal microscopic DIC, CD4 (blue channel) and CD8 (far red
channel) double labeled, mitochondria (CMX-Ros, red channel),
intracellular GR (green channel) and finally GR-CMX-Ros merged
images show 5-5 control (A) and in vitro DX-treated (B) DP cells. Co-
localization of the GR with the mitochondria (GR-CMX-Ros merge) is
indicated by yellow areas. The panels in this figure show represen-
tative images of at least three separate experiments.
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Fig. 4. Quantification of the changes in the GR-CMX-Ros co-
localization in DP thymocytes after in vitro DX treatment. Bars
represent the number of co-localized pixels (GR with CMX-Ros)
showing the mitochondrial translocation. The mean = SD was
calculated from the data of 100 DP cells per treatment, respectively.
Significantly higher (P < 0.05) values in DX-treated cells versus
controls are indicated by asterisk.

The CMX-Ros MFI decreased significantly (P < 0.05) in
DP cells after 30 min of DX exposure from 80 = 19 to
45 + 15 when compared with solvent-treated control (Fig.
5C and 5D) but remained unchanged upon shorter (5 or
10 min) DX exposure (79 = 16 and 79 * 15, respectively).

Subcellular fractionation of thymocytes confirmed the ligand-
induced mitochondrial translocation of the GR

Finally, in order to confirm the short-term DX-induced GR
trafficking to the mitochondria observed with confocal mi-
croscopy, we performed subcellular fractionation and iso-
lated cytoplasmic, nuclear and mitochondrial fractions from
unseparated thymocytes. Note: although here thymocytes
were not separated based on their cell surface phenotype,
70-80% of the cells are in the DP stage in 3- to 4-weeks-old
BALB/c mice (31); therefore, results from our western blot
experiments most likely give an impression about the DP
cells. In solvent-treated samples, GR was found in all frac-
tions, including the cytoplasm, the nucleus and in trace
amounts in the mitochondria (Fig. 6A). Upon DX treatment,
the level of the GR decreased in the cytoplasm and rapidly
translocated into the nucleus and the mitochondria (Fig.
6A). Densitometric quantification of the western blots con-
firmed that DX treatment resulted in a significant (P < 0.05)
decrease of GR expression (relative GR expression:
0.42 * 0.25) in the cytoplasm, but the mitochondrial and nu-
clear GR levels increased significantly (P < 0.05) at the
same time (relative GR expression: 2.58 = 1.35 and
2.32 £ 0.21, respectively) (Fig. 6B). The presence of the
GR in the nuclear fractions in the western blots is most likely
the result of the presence of SP and DN (non-DP) cells in
the unseparated thymocyte samples. The strong nuclear sig-
nals might be due to the 2-3 times higher GR expression of
the non-DP cells (19, 24, 25).

Discussion

The molecular mechanisms and importance of GC-exerted
signaling pathways during thymocyte apoptosis and differ-
entiation are still not fully understood (33). The seemingly
contradictory phenomenon that in DP thymocytes, the high
GC-induced apoptosis sensitivity is coupled with low GR
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Fig. 5. Mitochondrial membrane potential in thymocyte subpopulations (A and B), and its changes in DP cells upon 30 min of DX treatment (C
and D). (A) Bars indicate mean = SD of CMX-Ros MFI (calculated from the data of three animals) in the different thymocyte subpopulations.
Significant (P < 0.05) differences are indicated by asterisk. (B) The overlaid fluorescent histogram plot shows the CMX-Ros MFI of DN, DP, CD4
SP and CD8 SP thymocyte subpopulations. (C) CMX-Ros MFI changes upon in vitro DX treatment in DP thymocytes. Bars represent mean = SD
of CMX-Ros MFI. Significant (P < 0.05) differences are indicated by asterisk. (D) Corresponding fluorescent histogram plots show CMX-Ros MFI

of control and DX-treated DP cells.

A Cytoplasm Mitochondria  Nucleus

GR (94 kD) —

~ACHIN —p | —— —

43 kD)
Cyt C (15 kD) |

Histone H1 —» w—— —‘
(34 kD)
-+ = + g +
B o Cytoplasm Mltochondrla Nucleus
o S 3 *
Q 'G 1.0 2
>0
seosll i, 0
Y 1 o +—11
Ctrl Ctrl DX Ctrl DX

Fig. 6. Redistribution of the GR in the cytoplasmic, mitochondrial and
nuclear fractions of unseparated thymocytes. (A) GR was detected in
thymocyte subcellular fractions probed with anti-GR mAb (5E4-B1) by
western blotting. Blots were also probed with anti-B-actin, anti-
Cytochrome C (Cyt C) and anti-Histone H1 antibodies to confirm the
purity of the cytoplasmic, mitochondrial and nuclear fractions,
respectively. Upon DX treatment, mitochondrial and nuclear GR
increase was coupled by cytoplasmic GR decrease. (B) Diagrams
show the relative GR expression in the cytoplasm (normalized to
B-actin), the mitochondria (normalized to Cytochrome C) and the
nucleus (normalized to Histone H1). Bars represent the mean of
relative densities compared with the controls = SD. Significantly
(P < 0.05) higher (asterisk) and lower (dagger) values compared with
the controls are indicated. The figure shows representative blots (A)
and densitometry data of at least three independent experiments (B).
Blots were detected using the Kodak Image Station blot documen-
tation system.

expression (24, 25) have directed the attention toward alter-
native GC actions. Sionov et al. demonstrated, for the first
time, in different haemopoietic cell lines that, after ligand
binding parallel to nuclear translocation, GR can also trans-
locate to the mitochondria (10, 11). In our present work, we
show that in BALB/c DP thymocytes, there is a significant
association between the GR and the mitochondria. More-
over, a ligand-dependent rapid mitochondrial GR transloca-
tion could be verified, after short-time in vitro GC-analog
treatment. Therefore, we hypothesize that there is a connec-
tion between mitochondrial GR translocation and GC sensi-
tivity of DP cells.

Mitochondria-directed mechanisms (including hydrogen
peroxide production) and mitochondrial proteins are possi-
ble key players in GC-induced thymocyte apoptosis (1, 34).
In a TcR-transgenic mouse model, we have already demon-
strated that the anti-apoptotic mitochondrial protein, Bcl-2,
was up-regulated in thymocytes undergoing positive selec-
tion and coupled with significant changes in the mitochon-
drial membrane potential (23). These results already
suggested that in vivo GC-induced apoptotic signals could
target the mitochondria in DP cells (23). The morphological
association between mitochondria and GR, described in the
present work, verified the possibility of alternative GR signal-
ing at this developmental stage.

Mitochondria are target organelles of apoptosis since the
apoptotic enzyme cascade ends in the disintegration of the
mitochondria and cytoplasmic release of Cytochome C (35).
Therefore, the presence of the GR in the mitochondria of DP
thymocytes is of special importance in the regulation of
apoptosis by GCs. Here, we found that the GR was
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present to some extent in the mitochondria of all major mu-
rine thymocyte populations. The ligand-induced mitochon-
drial GR translocation was dominant in DP cells that are
known to be the most sensitive to GC-induced apoptosis in
vivo (22-24). Interestingly, no nuclear translocation of the
GR was observed after short-term DX treatment in DP cells.
Sionov et al. (10, 11) showed that the translocation of the
GR into the mitochondrion, but not nucleus could be the
main regulator of GC-induced apoptosis sensitivity in
lympho-haemopoietic cell lines. Therefore, the ligand-
induced mitochondrial GR translocation found in DP cells
could dictate their high sensitivity to GC-induced apoptosis.

Interestingly, the mitochondrial GR was also found in li-
gand (GC)-free experimental condition. This could be
caused either by in vivo GC exposure, prior to extraction, in
thymocytes that are located in the GC-secreting microenvi-
ronment of the thymus (19) or mitochondrial GR transloca-
tion could occur in a ligand-independent manner, too (10).

In our present work, it was also found that DP cells pos-
sess the lowest mitochondrial membrane potential among
thymocyte subpopulations, which could also confer to an in-
creased sensitivity to GC-induced apoptosis (21). Short-time
GC treatment induced significant but not complete loss of
mitochondrial membrane potential in DP cells, most likely
due to the rapid non-genomic modulatory effect of glucocor-
ticoids on the mitochondrial function, similar to what was
shown by others previously in high-dose GC-treated and
conA-stimulated rat thymocytes (36, 37). These results raise
the possibility that the mechanism of non-genomic action of
GCs is universal in GC-sensitive cells.

It was already reported that the mitochondrial genome con-
tains similar sequences to GRE (38, 39); therefore, it is possi-
ble that GR binds to mitochondrial DNA and influences
mitochondrial gene transcription similar to what was demon-
strated in other experimental systems (40). However, the
present results seem to exclude the gene transcription-
dependent mechanisms due to their rapid (within 30 min) na-
ture. Besides, steroid hormone receptors, like the GR,
transcription factors (41), for example RelB and NFAT (30), or
nuclear orphan receptors, like Nur77 (42, 43), which is an im-
portant regulator during thymocyte negative selection (44),
can also translocate to the mitochondria in thymocytes (42,
43). Recently, it has been also found that incomplete TCR
chains can also target the mitochondria and trigger apoptosis
(45). It is tempting to speculate that the GR interacts with the
above mentioned transcription factors, as in the nucleus (4),
or other apoptosis-related proteins in the mitochondria, similar
to the cross-talk between Nur77 with Bcl-2 (43).

Other rapid effects of GCs, already elucidated, also in-
volve interactions with important signaling proteins, including
TCR signaling associated molecules, like the ZAP-70 in
Jurkat T cells (9, 46) and Lck and Fyn in primary T cells (47,
48). Based on these findings, together with our results, pre-
sented here, mitochondria may serve as important signal-in-
tegrator organelles during the selection processes of the
thymocytes regulated by GR signaling.

In conclusion, here, we provide new data about the GR in-
tracellular distribution in BALB/c thymocyte subpopulations
and evidence of an alternative GR-mediated signal targeting
the mitochondria and regulating mitochondrial function in im-

Mitochondrial GR in DP thymocytes 7

mature DP thymocytes. However, the fine details of the mo-
lecular mechanisms how mitochondrial GR exert their
effects during thymocyte apoptosis need further intensive
studies.

Supplementary data

Supplementary Figure 1 is available at International

Immunology Online.
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CMX-Ros  chloromethyl-X-Rosamine

CyC cychrome

DIC differential interference contrast
DN double negative

DP double positive

DX dexamethasone

GC glucocorticoid

GR glucocorticoid receptor

GRE glucocorticoid-responsive element
MFI mean fluorescent intensity

SP single positive
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In the last decade new glucocorticoid (GC)-signalling mechanisms have emerged. The evolving field
of non-genomic GC actions was precipitated from two major directions: (i) some rapid/acute clinical
GC applications could not be explained based on the relatively slowly appearing genomic GC action
and (ii) accumulating evidence came to light about the discrepancy in the apoptosis sensitivity and
GR expression of thymocytes and other lymphoid cell types. Herein, we attempt to sample the latest
information in the field of non-genomic GC signalling in T cells, and correlate it with results from our

KeJ’words:. ) laboratory. We discuss some aspects of the regulation of thymocyte apoptosis by GCs, paying special
Glucocorticoid hormone interest to the potential role(s) of mitochondrial GR signalling. The interplay between the T cell receptor
MltOChondr%on (TcR) and glucocorticoid receptor (GR) signalling pathways is described in more detail, focusing on ZAP-
Non-genomic effects L2 : .

T cell 70, which is a novel target of rapid GC action.
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Genomic- and non-genomic GC effects

Classically, GC hormones exert their effects through the
nuclear translocation of the ligand-bound GR from the cytoplasm,
which then acts as a transcription factor, and binds to glucocorti-
coid responsive elements (GRE) in the promoter region of several
target genes (Drouin et al. 1992; Berg 1989)(Fig. 1). The GR is
a member of the steroid receptor superfamily, comprised of
three functional domains: hormone-, DNA-binding- and a less
conserved N-terminal domain (Evans 1988). The unliganded
(inactive) GR forms a multi-molecular complex with heat shock
proteins and immunophilins in the cytoplasm (Smith and Toft
1993). Upon ligand binding the GR dissociates from its chaperones
reaching the active conformation by forming homodimers (Drouin

Abbreviations: chronic lymphocytic leukaemia, CLL; glucocorticoid hormone, GC;
glucocorticoid hormone receptor, GR; T cell receptor, TcR; double positive, DP;
dexamethasone, DX; green fluorescent protein, GFP
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et al. 1992). The number of genes regulated directly by the GR is
estimated between 10 and 100 per cell (Hayashi et al. 2004).
Thus, GCs exert a great range of effects on various tissues and cell
types (Munck et al. 1984). Moreover, glucocorticoid hormone (GC)
derivatives are widely used in anti-inflammatory and immuno-
suppressive therapy due to their robust anti-inflammatory effects
(Buttgereit et al. 2005).

Non-genomic GC effects, on the other hand, are not mediated
by such transcriptional activity, but through alternative pathways
(Fig. 1). Buttgereit and colleagues have proposed 3 alternative GC
mechanisms: (i) signalling through a (putative) membrane GR
(mGR), (ii) direct membrane effect of the GCs and (iii) interaction
of the GR with other signalling proteins in the cytoplasm
(Buttgereit and Scheffold 2002) (Fig. 1). A fourth alternative GC
signalling pathway has been established lately based on the
mitochondrial GR translocation described in a number of cell
types (Sionov et al. 2006a; Sionov et al. 2006b; Psarra et al. 2005;
Du et al. 2009; Talaber et al. 2009) (Fig. 1).

Membrane-bound GR (Fig. 1) was found in rodent and human
lymphoid cell lines as well as in amphibian brain (Gametchu
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Fig. 1. Summary of the genomic- (solid arrow) and non-genomic (dashed arrows)
GC signalling pathways in T cells. Various signalling pathways are indicated
with numbers: 1 - classical, genomic pathway; 2 - direct membrane effects;
3 - membrane GR; 4 - interaction of the GR with cytoplasmic signalling proteins;
5 - mitochondrial pathway.

1987; Gametchu et al. 1999; Evans et al. 2000; Evans et al. 1998;
Orchinik et al. 1991). Furthermore, correlation was found between
the mGR expression and the cell cycle-dependent GC-induced
apoptosis sensitivity of a human leukaemia cell line (Sackey et al.
1997). Interestingly, Sionov and colleagues proposed that the
presence of the mGR correlates with GC-resistance of a cell type
(Sionov et al. 2006a; Sionov et al. 2006b). However, the expression
of the mGR could only be verified with a high sensitivity
monoclonal antibody conjugated liposomal fluorescent method
on human blood monocytes and B cells, due to the low frequency
of these molecules (Bartholome et al. 2004). Moreover, the mGR+
monocyte frequency increased in rheumatoid arthritis, SLE and
ankylosing spondylitis patients suggesting a potential pathogene-
tical role of the mGR in these diseases (Bartholome et al. 2004;
Spies et al. 2006; Tryc et al. 2006). However, no data has been
published so far, whether thymocytes expressed mGR at any
differentiation stage. Also, it remains to be elucidated which
intracellular signalling molecules or second messengers are
utilized by the mGR.

Direct membrane effects of glucocorticoid analogues (Fig. 1)
have been described for a long time, for example on human red
blood cells (Rand et al. 1977). High-dose steroid treatment
influenced the membrane lipid mobility in mammary cancer
cell line (Van Bommel et al. 1987). Triamcinolone-acetonide,
a synthetic glucocorticoid analogue, increased membrane lipid
mobility in LPS treated B lymphocytes (Keating et al. 1985;
Keating et al. 1988). Methylpresnisolon treatment of ConA-
stimulated rat thymocytes inhibited membrane transport of Na*
and Ca?*, and increased the H* uptake into the mitochondria
(Buttgereit et al. 1997). Leukocyte fluid shear response was
modified by DX: GC-treatment of rat leukocytes lead to disturbed
plasma membrane pseudopod retraction (Fukuda et al. 2004). In
canine kidney epithel cell system a direct effect of DX on tight
junction formation was found (Peixoto and Collares-Buzato 2006).
Twenty minutes of cortisol treatment caused changes in the
excitability of principal basolateral amygdala neurons (Duvarci
and Pare 2007). All such studies imply that GCs, especially at high

doses, could change plasma membrane physico-chemical proper-
ties due to their lipid soluble nature.

The third type of non-genomic GC action, as suggested by
Buttgereit and colleagues (Buttgereit and Scheffold 2002), is
the interaction of the GR with other signalling proteins in the
cytoplasm (Fig. 1), which will be discussed in the next section in
more detail focusing on T cells.

Cross-talk between the GR and TcR signalling proteins

Since T cells are the main targets of the GC-mediated
immunosuppression the modification of TcR signalling by GCs is
of particular interest. Lowenberg and colleagues described a novel
link between the TcR and GR (Lowenberg et al. 2007). According to
their work, in human CD4+ T cells, the GR associates with the
early signalling-complex of the TcR, Lck and Fyn molecules after
TcR stimulation (Léwenberg et al. 2005; Lowenberg et al. 2006).
Short term (10 min) DX treatment inhibited the TcR activation-
induced Lck/Fyn phosphorylation, which was due to the disrup-
tion of the GR-TcR-Lck-Fyn multimolecular complex (Léwenberg
et al. 2005; Lowenberg et al. 2006).

Parallel, in Jurkat human T cell line we have shown that
2-5 min high dose DX treatment, without TcR activation, leads to
the transient tyrosine-phosphorylation of ZAP-70, a key molecule
in the early stage of T cell activation (Bartis et al. 2006). This effect
was Lck-dependent and could be inhibited by the GR antagonist
RU486 (Bartis et al. 2006). In a following work we demonstrated
the direct association of the ZAP-70, the GR and Hsp-90 in the
cytoplasm of DX-treated Jurkat cells, which provided a structural
basis for the functional cooperation of these molecules (Bartis
et al. 2007). Association of the ZAP-70 and the GR was not an
exclusive phenomenon in Jurkat cells, as confirmed by experi-
ments on ZAP-70 transfected HeLa cells (Bartis et al. 2007). In
Fig. 2 we propose a model explaining the rapid GC-analogue-
induced ZAP-70 phosphorylation.

Importantly, our data highlighted, for the first time, that DX
treatment has a direct effect on ZAP-70 through the GR. The GC-
induced ZAP-70 tyrosine phosphorylation is a fascinating new
finding, because GCs are potent inhibitors of T cell functions.
Therefore, a fine analysis of phosphorylated tyrosine residues in
ZAP-70 seems inevitable to clarify the biological importance of
this DX-induced effect. ZAP-70 has 4 activator (Y315, Y319, Y474
and Y493) and 4 inhibitor (Y292, 492, 597 and 598) phosphoryla-

A B
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Fig. 2. Putative model of the interactions between ZAP-70, GR, p56-Lck and Hsp-
90 in Jurkat cells. A. The GR, Lck and ZAP-70 molecules form a multi-molecular
complex with Hsp-90 in the membrane-proximal compartment of resting (control)
Jurkat cells. B. Few minutes after high dose GC-analogue treatment the activated
GR dissociates from the Hsp-90 and associates with ZAP-70 leading to its
phosphorylation by p56-Lck.
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tion sites (Au-Yeung et al. 2009). The analysis of several ZAP-70
targeted point mutant Jurkat cell lines are in progress in our
laboratory (unpublished data), which could provide a detailed
picture about the phosphorylation balance of activator and
inhibitor Tyr residues involved in rapid GC action. The importance
of high-dose GC analogue-induced rapid ZAP-70 phosphorylation
is underlined by novel haematological markers of chronic
lymphocytic leukaemia (CLL), too. ZAP-70 expression in B-CLL
cells has been reported to associate with poor disease prognosis,
most likely through enhancing BcR signalling (Chen et al. 2002;
Rassenti et al. 2004; Chen et al. 2005). Recently, down-regulation
of ZAP-70 and Syk was described in vitro in high-dose Methyl-
prednisolone-treated B-CLL cells, but this was insufficient for
apoptosis induction (Boelens et al. 2009). Hopefully, the haema-
tological studies complemented with in vitro phosphorylation
studies will lead to understanding the role of ZAP-70 in CLL.

When we compare the above-described fundamental works by
Lowenberg and colleagues and our group we can find some major
differences in the experimental systems used. Lowenberg and
colleagues showed the association of the GR to the TcR signalling
molecules (Lck, Fyn and TcR) in TcR-activated human peripheral
CD4+ T cells. We, on the other hand, showed the association
between ZAP-70 and GR in GC analogue-treated Jurkat T cells.
These differences could be explained by two major reasons: (i)
primary T cells versus leukaemia cell line, and (ii) TcR signal
combined with DX treatment versus only DX treatment.

Despite the aforementioned discrepancies, the highly versatile
role of the GR in protein-protein interactions emerges from the
molecular cross-talk between the TcR and GR signalling pathways.
A potential regulator of these processes could well be Hsp-90,
which is not only closely bound to the cytoskeleton network but
also suggested to be involved in molecular trafficking in the
cytoplasm (Csermely et al. 1998). Moreover, association between
TcR signalling proteins like Lck, Raf and ZAP-70 and Hsp-90 have
been described (Schnaider et al. 1998; Schnaider et al. 2000; Bartis
et al. 2007). Changes in the cytoskeletal network upon different
activation signals have been reported in T cells (Gomez and
Billadeau 2008; Billadeau et al. 2007; Burkhardt et al. 2008).
Therefore, it is very likely that the GR’s association with different
protein partners in the TcR signalling pathway is guided by Hsp-
90 and other chaperone proteins.

GC regulation of T cell development

It has been known for a long while, that high systemic adrenal
GC hormone levels lead to thymus involution, while the low
concentration or lack of GC results in persisting oversized thymus
(Selye 1936; Star 1895; Jaffe 1924a,b). Later apoptosis was
identified as the major mechanism responsible for the GC-induced
thymocyte-depleting effect (Wyllie 1980). However, only the
pioneer work of Ashwell and colleagues highlighted the more
complex regulatory nature of the locally produced GCs in the
thymocyte differentiation process (Ashwell et al. 2000). Thymic
epithelial cells (TEC) are capable of GC production, thus DP
thymocytes undergo positive selection in a GC rich microenviron-
ment (Vacchio et al. 1994; Pazirandeh et al. 1999; Lechner et al.
2000, 2001; Boldizsar et al. 2006). It has been recently shown,
that besides the thymus epithelium, thymocytes are also capable
to produce GCs (Qiao et al. 2008, 2009). According to the works of
Qiao and colleagues, TEC derived GCs have negative, whereas
thymocyte derived GCs have positive effects for the thymus
homeostasis (Qiao et al. 2008, 2009). With aging, GC production
in TECs declines but increases in thymocytes. GCs have been
shown to modify the TcR signal threshold during positive
selection; hence, otherwise apoptotic stimuli, when acting

simultaneously, might drive CD4+ CD8+ double positive (DP)
thymocytes towards survival (Ashwell et al. 1996, 2000).

DP cells are most sensitive to GC-induced apoptosis among
the major thymocyte subpopulations (Wiegers et al. 2001; Berki
et al. 2002; Palinkas et al. 2008). Works from our laboratory and
others’ established that there are significant differences in the
GR expression of the 4 major thymocyte subpopulations both
at the protein and mRNA level (Wiegers et al. 2001; Berki et al.
2002; Boldizsar et al. 2006; Palinkas et al. 2008). Unexpectedly,
DP thymocytes had the lowest GR expression, thus no correlation
could be established between the GC-induced apoptosis sensitiv-
ity and the intracellular GR expression (Wiegers et al. 2001; Berki
et al. 2002). The low GR expression of DP thymocytes could be the
result of their local GC exposure in the GC rich microenvironment
of the thymus, which was also supported by their high Dig2 and
low Bcl-2 expression (Boldizsar et al. 2006). In vivo, synthetic GC
treatment leads to the dramatic fall of DP cell numbers through
the abrogation of the mitochondrial membrane potential and
decrease in Bcl-2 expression (Palinkas et al. 2008). Alongside the
apoptosis-inducing capacity GCs could also enhance the positive
selection of DP thymocytes in vivo, when TcR signal was induced
simultaneously (Berki et al. 2002; Boldizsar et al. 2003). This
effect was indicated by the increased CD69 expression on DP and
CD4 single positive cells, together with higher output of mature
CD4+ cells (Berki et al. 2002; Boldizsar et al. 2003). Therefore, the
“Janus-face” nature of GC effects on DP thymocytes was demon-
strated in vivo, confirming the concept of “mutually antagonistic”
signals. Our original results about the in vivo GC analogue effects
are summarized in Table 1.

The discrepancy between the GR expression and the GC-
induced apoptosis sensitivity in DP cells has already raised the
possibility of non-conventional GR signalling pathways in con-
trolling thymocyte differentiation processes. This notion was
confirmed by another line of evidence deriving from experiments
done with RU486, a synthetic GC antagonist. Neither the selective
DP cell depleting effect, nor the early appearing pro-apoptotic
effects of a single high-dose DX treatment could be inhibited
by RU486 in vivo (Berki et al. 2002; Boldizsar et al. 2006).
Furthermore, the auto-regulatory role of DX on the GR expression
could not be antagonised by RU486 pre-treatment (Boldizsar et al.
2006). The predominant effect of RU486 is the inhibition of the GR
translocation to the nucleus after ligand binding (Lefebvre et al.
1988; Distelhorst and Howard 1990). Thus, the pro-apoptotic
activity of GCs in DP cells is most likely independent from the
nuclear translocation of the active GR, turning the attention to the
possibility of non-genomic GC action.

Mitochondrial GR

Recently it has been demonstrated that upon ligand binding
the glucocorticoid receptor can directly translocate to the
mitochondria in both lymphoid (Sionov et al. 2006a; Sionov
et al. 2006b) and non-lymphoid cells (Psarra et al. 2005; Du et al.
2009), where it can initiate the apoptotic cascade. Indeed, the
ligand-induced mitochondrial GR translocation showed a close
correlation with the GC-induced apoptosis sensitivity of several
cell types. Thus, this novel mechanism became an attractive
candidate alternative GR-signalling pathway (Figs. 1 and 3), which
could mediate the rapid apoptotic response in thymocytes.
In favour of this hypothesis, lately, we have demonstrated that
in DP cells the GR translocates to the mitochondria rather than to
the nucleus upon short-term in vitro GC treatment (Talaber et al.
2009). The mitochondrial GR translocation correlated with the
high GC-induced apoptosis sensitivity of this cell type (Talaber
et al. 2009). However, the exact steps how the translocated GC-GR
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Table 1
Exogenous GC analogue-induced effects on thymocytes in vivo.

DX effect RU486 TcR Reference(s)

DP cell depletion — + (Berki et al. 2002; Boldizsar et al. 2003; Boldizsar et al. 2006; Palinkas et al. 2008)
AnnexinV induction NE + (Berki et al. 2002; Palinkas et al. 2008)

Early (4 h) apoptosis induction - NE (Boldizsar et al. 2006)

Late (8 h <) apoptosis induction + NE (Boldizsar et al. 2006)

Mitochondrial membrane potential decrease NE + (Palinkas et al. 2008)

Bcl-2 down-regulation in DP cells NE + (Boldizsar et al. 2006; Palinkas et al. 2008)

DP CD69 up regulation® - + (Berki et al. 2002; Boldizsar et al. 2003)

Increased SP/DP ratio?® NE + (Berki et al. 2002; Boldizsar et al. 2003)

DX-induced GR down-regulation® +€ — (Berki et al. 2002; Boldizsar et al. 2006; Palinkas et al. 2008)
Transient GR up-regulation® - NE (Boldizsar et al. 2006)

Table summarizes the most important effects of in vivo DX treatment on thymocytes based on our original results listed in the References coloumn. Interactions when
combined with the GC antagonist RU486 or TcR stimulation are indicated (+: inhibition; +/—: partial inhibition; —: no inhibition, NE: not evaluated). Apoptosis related

results are highlighted with bold face.

¢ Indicators of positive selection.
b GR autoregulation by GC.
¢ In single positive cells.
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Fig. 3. Mitochondrial trafficking of the ligand-bound GR and its potential
biological effects in thymocytes. After ligand binding the GR rapidly translocates
to the mitochondria. The activated GR might interact with a number of
mitochondrial proteins regulating apoptosis, or act as a transcription factor
influencing mitochondrial gene transcription directly or indirectly through
interacting with other transcription factors. One of the earliest indicators of
mitochondrial loss of function and initiation of the apoptotic cascade is decrease in
mitochondrial membrane potential.

complex initiates the apoptotic cascade in the mitochondrion is
still to be elucidated.

In Fig. 3 we summarized the possible interactions of the
ligand-activated GR in the mitochondrion, which can possibly lead
to apoptosis. High-dose GC-analogue treatment reduced the
mitochondrial membrane potential (Buttgereit et al. 1994;
Buttgereit et al. 2000; Palinkas et al. 2008), which might be an
early indicator of GC-induced apoptosis mediated by non-genomic
effects. The GR might interact with the heat-shock protein
elements (e.g. Hsp-60) of the mitochondrial membrane, as it
interacts with Hsp 90 in the cytoplasm (Pratt and Toft 1997), or it
could interact with other mitochondrial proteins similar to its
cytoplasmic interactions (Bartis et al. 2006; Bartis et al. 2007;
Lowenberg et al. 2005). GR could exert its apoptosis-regulating
effect by interacting with members of the Bcl-2 family, similarly
to another nuclear receptor, Nur77, which was shown to
translocate to the mitochondria in thymocytes and convert Bcl-2
to a killer protein (Thompson and Winoto 2008). Furthermore, the
mitochondrial GR can promote the assembly of the Bax/Bak

oligomers, which participate in apoptosis initiation (Brunelle
and Letai 2009) and mitochondrial permeability transition. The
association of GR with Bcl-2 was not only reported in lympho-
haemopoetic cells, but also in neurons (Du et al. 2009), suggesting
that this phenomenon is not T cell specific. GR can also regulate
the level of the proapoptotic Bcl-2 family members, through
genomic effect (Herold et al. 2006; Herr et al. 2007). Interestingly,
in the mitochondrial DNA, GRE-like sequences were found, which
suggests that the mitochondrial GR could influence the mitochon-
drial gene transcription directly (Demonacos et al. 1996; Berda-
nier 2006; Psarra et al. 2009; Psarra and Sekeris 2009). This latter
mechanism is supported by previous reports about the role of
mitochondrial steroid receptors in regulating genes of oxidative
phosphorylation in the mitochondria (Scheller and Sekeris 2003;
Psarra et al. 2009). Also, the GR might regulate mitochondrial
gene expression indirectly through influencing other transcription
factors. For example, interaction of the GR with thioredoxin and
NF-kB was described in the mitochondria of HEK293 cells (Psarra
et al. 2009). Besides NF-kB, AP-1, CREB and p53 have been also
found in the mitochondria in a variety of cell and tissue types
which could also represent potential candidate partners for the
mitochondrial GR (Psarra et al. 2009; Psarra and Sekeris 2009).

Overall, there is accumulating evidence, that mitochondrial GR
plays a significant role in regulating the GC-sensitivity and
apoptosis of lymphoid cells. The possible effects mediated by
the mitochondrial GR could be both mitochondrial gene expres-
sion dependent and independent, but the fine molecular events
need further exploration.

Concluding remarks

A strong driving force of studies aiming at the non-genomic GC
effects in T cells derives from the clinical point of view, motivated
by the need for new, more selective GC analogues with fewer
side effects than their “classical” counterparts. However, recent
advances in this field have enriched our immunological and cell
biological knowledge profoundly. Novel interactions between the
GR and other signalling proteins highlighted a complex network
in immune cells regulating their activation and differentiation.
Consequently, now the GR can be viewed as a universal player in
the fine-tuning of T cell functions from the earliest phosphoryla-
tion steps in the cytoplasm to the regulation of gene expression in
the nucleus. Better understanding of these novel GR signalling
pathways and their place in the signalling network of immune
cells could significantly enhance the development of new drugs
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targeting not only the GR, but also its partner molecules.
Modulating GC effects “indirectly” through “complementary”
signalling pathways offers a promising new approach in the field
of immunomodulation.
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Abstract

Zeta-chain-associated protein kinase of 70kDa (ZAP-70) kinase is a key regulator in the early steps of
TCR signaling but some aspects of its fine regulation are still unclear. From its 31 tyrosine (Y)
residues, 11 phosphorylation sites have been identified, some with activator (Y315 and Y493) or
inhibitory (Y292 and Y492) and others with unknown function (Y069, Y126 and Y178). In our present
work, we aimed to elucidate the role of different Y residues of ZAP-70, especially those with unknown
function, in calcium signaling and the autoregulation of the kinase. ZAP-70-deficient Jurkat cells
(P116) were stably reconstituted with point-mutated ZAP-70 constructs where tyrosine residues 069,
126, 178, 238, 292, 315, 492 or 493 were replaced with phenylalanine (F). The anti-CD3-elicited calcium
signal increased in F069-, F292- and F492-ZAP-70-expressing cell lines but decreased in the F126-,
F315- and F493-ZAP-70-expressing cell lines. ZAP-70 point mutations led to phosphorylation changes
predominantly in SH2 domain containing leukocyte protein of 76kDa (SLP-76) but not linker of
activated T cells (LAT) during CD3-activation; moreover, we detected basal hyperphosphorylation of
SLP-76 Y128 in the F126-, F178- and F492-ZAP-70-expressing cell lines. In summary, Y069, Y178, Y292

and Y492 have inhibitory, while Y126, Y315 and Y493 activator role in anti-CD3-induced T-cell
activation. Phosphorylation changes in LAT and SLP-76 suggest that fine regulation of ZAP-70 on
calcium signaling is rather transmitted through SLP-76 not LAT. Additionally, negative or positive
autoregulatory function of Y292 and Y493 or Y315, respectively, was revealed in ZAP-70. These data
indicate that previously not characterized Y069, Y126 and Y178 in ZAP-70 participate in the fine

regulation of TCR signaling.

Keywords: lentiviral transfection, site-directed mutagenesis, TCR signaling, ZAP-70

Introduction

T cells are key players of adaptive immunity: they recognize
peptide antigens with their TCR in an MHC-restricted man-
ner (1, 2), which leads to their activation/differentiation and
the engagement of effector mechanisms. Co-receptors, like
CD4 or CD8, CD28 and the protein tyrosine phosphatase
CD45 are also involved in TCR-mediated signaling (3-5).
A complex network of signaling events is prerequisite for T-
cell activation. Upon close TCR-peptide-MHC binding, early
phosphorylation steps are initiated. First, the sarcoma (Src)
non-receptor tyrosine kinase family member, lymphocyte-
specific protein tyrosine kinase (Lck) (CD4/8 associated) is
primed by the phosphatase CD45 through the removal of an
inhibitory phosphate group from tyrosine (Y)505 (6). Next,
Lck is activated by the phosphorylation of Y394 by the acti-
vated TCR complex (6). The activated Lck, in turn, phos-
phorylates immunoreceptor tyrosine-based activation motifs
found in the TCR-associated CD3 complex (7). The phosphor-

ylated CD3 { chain provides a docking site for the spleen
tyrosine kinase (Syk) family member zeta-chain-associated
protein kinase of 70kDa (ZAP-70) kinase (8).

ZAP-70 is phosphorylated by Lck and activated to be-
come a key organizer of downstream TCR signaling steps.
Two important target molecules of the ZAP-70 are the adapter
proteins linker of activated T cells (LAT) and SH2 domain
containing leukocyte protein of 76kDa (SLP-76) (9-11). Phos-
phorylation of these molecules leads to the formation of a mul-
timolecular complex involving growth factor receptor-bound
protein 2 (GRB2), IL2-inducible T-cell kinase, GRB2-related
adaptor downstream of Src homology 2 domain containing
transforming protein (Shc) and Vav that results in activation
of phospholipase C-y1 (PLCy1) (12, 13). PLCy1, in turn,
cleaves phosphatidylinositol 4,5-bisphosphate producing two
second messengers: inositol 1,4,5-trisphosphate (IP3) and
diacylglycerol (DAG) (14). DAG initiates two major pathways
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the rat sarcoma (Ras) and proteine kinase C theta (PKCO)
signaling (15). Ras triggers the MAP kinase cascade that
results in the activation of transcription factors [e.g. activator
protein 1 (AP-1)] (16), while activation of PKC6 activates the
nuclear factor kB (NFxB) pathway leading also to transcrip-
tional regulation (17).

IP; releases Ca®* from the endoplasmic reticulum (intra-
cellular Ca?* store) that is followed by the opening of plasma
membrane Ca®* channels as well (capacitative influx) (18).
Elevated intracellular Ca®* level then activates calcineurin,
calmodulin and finally the transcription factor nuclear factor
of activated T cells (NFAT) (19). As a consequence of all
above-mentioned signaling cascades, a number of tran-
scription factors are activated (AP-1, NFAT and NF«xB)
which lead to complex gene expression changes in acti-
vated T cells (20).

The ZAP-70 kinase is member of the Syk non-receptor
tyrosine kinase family and is expressed in T cells, NK cells
and basophile granulocytes (8, 21). ZAP-70 consists of two
N-terminal Src homology 2 (SH2) domains and a C-terminal
kinase domain separated by interdomains A and B, respec-
tively (22). ZAP-70 contains 31 Y residues in total, 11 of
which have been identified as phosphorylation sites by
mass spectroscopy; however, the physiological function of
some is still unknown (23). For example, little is known
about Y069, Y126, Y178 and Y238, located in the two SH2
domains and interdomain A, although Y126 is considered
to be involved in the autophosphorylation of the kinase
(23). Interdomain B contains three regulatory Y residues at
292, 315 and 319. Y292 plays an inhibitory role in TCR-
mediated signaling and serves as docking site for casitas
B-lineage lymphoma (24-26). Y315 binds Vav and sarcoma
virus CT10 oncogene homolog Il and bears both posi-
tive and negative regulatory functions in T-cell activation
(27, 28). Y319 plays a positive regulatory function and is
important in PLC-y1 and Ras-mediated signaling (29, 30).
Y residues found in interdomain B also influence T-cell devel-
opment (31-33). Five tyrosines of the kinase domain are
considered to take part in T-cell activation. Y474 is the dock-
ing site for Shc (34); Y492 has inhibitory, while Y493 has an
activatory role in T-cell activation (35, 36). Y597 and Y598
are negative regulatory sites (37). Most of the functions of
specific Y residues mentioned so far were examined in
either B cell-based systems or Jurkat cells.

In our present work, we aimed to elucidate the function yet
unknown Y residues of the ZAP-70 kinase. To that end, we
reconstituted P116 cells (a ZAP-70-deficient Jurkat subclone)
with point-mutated ZAP-70 molecules, where Y residues at
positions 069, 126, 178, 238, 292, 315, 492 or 493 were
replaced with phenylalanine (F) using a lentiviral transfection
system. After establishing the mutant ZAP-70-expressing cell
lines, we analyzed how these mutations affected the TCR sig-
naling pathway by characterizing the Ca®* signaling and
phosphorylation events. Two important substrates of the ZAP-
70 kinase, LAT and SLP-76 molecules, were studied in more
detail. Here, we provide new data about the regulatory func-
tions of Y069, Y126, Y178 residues of the ZAP-70 kinase.
Moreover, we show that ZAP-70 point mutations exert their
regulatory effect on Ca®" signaling through SLP-76. Impor-
tantly, we established an array of new Jurkat cell lines carry-

ing targeted mutations, which provide a useful tool for future
signaling studies as well.

Methods

Chemicals and buffers

All fine chemicals were obtained from Sigma unless other-
wise stated.

Cell lines

Jurkat (ATCC TIB-152), P116 (ZAP-70-deficient Jurkat sub-
clone; ATCC CRL-2676) or transgenic P116 cells transfected
with the wild-type (WT) or point-mutated ZAP-70 were cul-
tured under conventional conditions (37°C, humidified atmo-
sphere, containing 5% CO,) in RPMI supplemented with
10% FCS (Gibco), sodium pyruvate (1 mM) and glucose
(4.5 g I"), penicillin and streptomycin.

Cloning and site-directed mutagenesis of the human ZAP-70

The full-length human ZAP-70 coding sequence (henceforth
WT-ZAP-70) was amplified using the primers P1 (forward)
and P2 (reverse) (annealing temperature: 57°C; product
length: 1881 bp) containing BamH1 and Sal1 restriciton sites,
respectively (Supplementary Table 1 is available at Interna-
tional Immunology Online). We used a cDNA library tran-
scribed from human peripheral T cell total RNA as template
for the cloning PCR. Next, the PCR product was purified and
cloned into a TA vector using the InsTAclone PCR cloning kit
(Fermentas) according to the manufacturer’s instructions;
thereafter, the plasmid with the insert was sequenced.

Site-directed mutagenesis of the human ZAP-70 was done
in two steps using the TA-cloned WT sequence as a template.
First, PCRs were done using primers containing the Y-F muta-
tions at different amino acid (AA) positions (Supplementary
Table 1 and Figure 1 are available at International Immunol-
ogy Online); the following forward and reverse primer combi-
nations were used: P1-P069, P1-P126, P1-P178, P1-P238,
P1-292, P315-P2, P492-P2 and P493-P2 (Supplementary
Table 1 and Figure 1 are available at International Immunol-
ogy Online). The PCR products were purified and used as
megaprimers in the second step PCRs in pair with P1 or P2
to amplify the full-length ZAP-70 constructs containing the
Y-F mutations. The final products were TA cloned and
sequenced which verified the targeted mutations.

All PCRs were done with a high fidelity Proof Start
DNA Polymerase (Qiagen) according to the manufacturer’s
instructions.

Stable transfection of the ZAP-70 constructs into ZAP-70-
deficient P116 cell line using lentiviral vectors

P116 cells were transfected with the lentiviral vectors contain-
ing the mutated or the full-length WT-ZAP-70 cDNA. Briefly,
point-mutated or WT-ZAP-70 cDNA has been inserted into
the pWPTS lentiviral transfer plasmid under control of elonga-
tion factor-1 (EF1) promoter. This late second-generation lenti-
viral construct contains central polypurine tract and WPREs
that increase transgene integration and expression (38, 39).
For lentivirus production, an envelope construct (pMD.G),
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a packaging plasmid (R8.91), and the transfer plasmid
(PWPTS with EF1-ZAP-70) were transiently co-transfected by
calcium—-phosphate method into 293T cells pre-treated with
chloroquine (1 mM final concentration). Following an overnight
incubation and medium change, the supernatant of the
virus producer cells was harvested after 24 h, centrifuged
(2000 r.p.m., 10 min, 4°C) and filtered (0.45-um pore size pol-
yvinylidene fluoride-coated filters) to eliminate rough cellular
debris (40). P116 cells were transfected by spinoculation (41)
at MOI = 10 (MOI: multiplicity of infection or virus/cell ratio).

Antibodies

The following antibodies were used for western bloting:
mouse monoclonal anti-phosphotyrosine (clone PY20, 1:5000)
and anti-ZAP-70 (clone 29/ZAP-70 Kinase, 1:5000) antibodies
were from BD Pharmingen (San Jose, CA, USA); mouse
monoclonal anti-p-actin (clone AC-74, 1:50000) was from
Sigma and rabbit polyclonal anti-SLP-76 (1:1000) antibody
was from Santa Cruz Biotechnology (Santa Cruz, CA, USA).
As secondary antibodies, HRP-conjugated goat anti-mouse
IgG (1:1000; Hunnavix, Hungary) or anti-rabbit 1gG HRP
(1:1000; Pierce) were used.

For immunoprecipitation (IP), we used mouse monoclonal
anti-SLP-76 (clone F-7; 2 ng per sample) antibody from
Santa Cruz Biotechnology and rabbit polyclonal ZAP-70
(a kind gift from E. Monostori, University of Szeged, Hungary).

For flow cytometry, we used mouse monoclonal FITC-
conjugated anti-ZAP-70 antibody (clone 2F3.2; Upstate Bio-
technology) recognizing AAs 1-254 of the ZAP-70 kinase and
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mouse monoclonal PE-conjugated ZAP-70 antibody (clone
1E7.2; eBioscience) recognizing AAs 282-307 (Fig. 1 A).
Phospho-specific PE-conjugated mouse anti-SLP-76 pY128
(clone J141-668.36.58) antibody was purchased from BD
Biosciences.

Intracellular staining and flow cytometry for the detection of
intracellular ZAP-70 expression

Cells (10°) per sample were fixed in PBS containing 4% PFA
for 20 min and then permeabilized in saponine buffer (PBS
containing 0.1% NaNs, 0.1% BSA and 0.1% saponine). Cells
were labeled with two different antibodies recognizing two
different epitopes of ZAP-70 (see above and Fig. 1A) in per-
meabilization buffer for 45 min on ice. Next, samples were
washed twice with saponine buffer and once with PBS con-
taining 0.1% BSA and 0.1% NaNs.

Flow cytometric acquisition and analysis were done with
a FACS Calibur flow cytometer (Becton Dickinson, San Jose,
CA, USA) using the CellQuest software. Cells were gated
based on their forward scatter/side scatter parameters,
10 000 events were acquired in each sample. Mean fluo-
rescence intensity values (MFI) were calculated based on
histograms. As negative staining controls, unlabeled auto-
fluorescent samples and isotype-matched control antibodies
for each color were used.

Activation of cells

Anti-human-CD3 monoclonal antibody (OKT-3; ATCC CRL-
8001; 5 pg per sample) was used for the activation of 10°

A B
10SH21Oi:rzmt)f31\628H2254intB338 Kinase .
WB: ZAP-70
C = ~— il 0kDa
WB: b-actin
069 126 178 238 2%2’315 492/3 i —#42kDa
anti-ZAP-70-FITC anti-ZAP-70-PE | © DO OO NWN O
(#2F3.2, Upstate) (#1E7.2, eBioscience) X = E LAroeR =29
% o | I Wy Wy 'y By Wy Wy 1
Cc
JWT o F069  F126 F178 F238 F292 F315 F492 F493
g8 8 & 8 8 8 8 g8 8
g
3
3 " o 0 10* c'm" 10 Qm“ 104 c‘m“ 10* Qm” 10t o|c|‘3' 10* Qloc' 10t P 10!
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Fig. 1. Targeted point mutation analysis of selected ZAP-70 tyrosines (Y). (A) Structure of human ZAP-70. Domains of the molecule are indicated
in the ribbon diagram (SH2: dark gray; interdomain: light gray and kinase: black). Numbers show the positions of selected amino acid residues.
Specific Y residues that were mutated to F in the study are indicated with vertical arrows and their AA position numbers. A putative
immunoreceptor tyrosine-based inhibitory motif sequence (236VEYLKL241) containing Y238 is indicated as a white area in the second SH2
domain. Epitopes of the two different monoclonal anti-ZAP-70 antibodies are indicated with horizontal double arrows. (B): ZAP-70 expression of
the different cell lines was first detected with WB (upper panel). To check equal loading of the samples, we reprobed the blot with anti-B-actin
antibody (lower panel). (C): ZAP-70 expression of the transfected cell lines was also analyzed with flow cytometry using two different monoclonal
anti-ZAP-70 antibodies. Representative fluorescent histogram plots show the FL1 [anti-ZAP-70-FITC (#2F3.2, Upstate)] or FL2 [anti-ZAP-70-PE
(#1E7.2, eBioscience)] fluorescence intensities. Gray filled histograms show the fluorescent staining of the ZAP-70-deficient P116 cells (served
as negative control), whereas bold black histograms represent the fluorescent signals of the ZAP-70-transfected cells.
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T cells in 100 pl RPMI, at 37°C under continuous shaking
(Thermo Mixer, Eppendorf, Germany) for 2 min. For western
blots (WBs), the reaction was stopped in liquid nitrogen, for
Phospho-flow experiments with 4% PFA.

WB and IP

Resting or activated cells were lysed in Triton X lysis
buffer (50 mM HEPES, 10 mM Na-pyrophosphate, 10 mM
EDTA, 100 mM NaF, 10% glycerol and 1% Triton X-100,
pH 7.3, freshly completed with protease inhibitor and Na-
orthovanadate) for 30 min on ice and then centrifuged for
10 min at 13 000 r.p.m. The supernatant was either boiled
in SDS sample buffer (125 mM Tris, 4% SDS, 10% glycerol,
0.006% bromophenol blue and 10% mercaptoethanol) for
10 min or further used for IP.

For IP, cell lysates were incubated in blocking buffer (Tris-
buffered saline containing 10% BSA and 0.1% NaNgz) with
the appropriate amount of antibody (see in Antibodies) for
2 h and then incubated with Protein-G (GE Healthcare, UK)
for 2 h. After washing three times, immunocomplexes were
removed from the Protein-G by 10 min boiling in SDS sam-
ple buffer.

Samples were separated on 7.5 or 10% SDS—polyacrylamide
gel using a MiniProtean system (Bio-Rad, Hercules, CA,
USA) and blotted onto nitrocellulose membranes with Trans-
Blot equipment (Bio-Rad) overnight. Membranes were
soaked in blocking buffer [2% BSA or 5% non-fatty dry milk
(Bio-Rad), 10 mM Tris, 100 mM NaCl, 0.1% Tween-20, pH
7.4] for 1 h at room temperature (RT) and then incubated
with the appropriate dilution of primary antibodies (see in
Antibodies) in 10-times diluted blocking buffer for an addi-
tional 2 h at RT. Washing of the membranes was performed
in wash buffer (10 mM Tris, 100 mM NaCl and 0.1% Tween-
20, pH 7.4). After washing, blots were developed with HRP-
conjugated secondary antibodies. Following additional
washing, blots were visualized using Super Signal West
Femto Chemiluminescent Substrate (Pierce, Rockford, IL,
USA). Signals were detected with the Fuji LAS4000 imaging
system (Fuji, Japan). Antibodies were removed using Restore
Western Blot Stripping Buffer (Pierce) and after blocking (see
above), blots were re-probed with the second primary anti-
body. Densitometry of the blots was performed with the Scion-
Image software (Scion Corporation, Frederick, MD, USA).

Flow cytometric detection of anti-CD3 treatment-elicited
intracellular Ca®* signal

To detect the changes in the free intracellular Ca®* level, cells
were loaded with the Ca®" selective indicator dye Fluo-
3-acetoxymethyl ester (Invitrogen, Carlsbad, CA, USA) ac-
cording to the protocol described by Minta et al. (42). Flow
cytometric measurements were performed and analyzed with
a FACS Calibur flow cytometer using the CellQuest software.
Baseline Ca?* level was measured for 50 s and then OKT-3
was added to the samples and the measurements lasted for
a total of 5 min. To analyze the dynamics of the Ca®*signal,
the changes of FL1 intensity, being proportional to the intra-
cellular Ca?* level (42), were plotted against time (43). Briefly,
gates were created along the time axis of the activation dot
plots at definite time points and the mean FL1 fluorescence

intensities were calculated from every gate. These values
were divided with the basal fluorescence intensities measured
in the same sample before the addition of the activating agent
and represented as ‘FL-1 change’ (y-axis) (43).

Phosphorylation changes after T-cell activation detected with
Phospho-flow technique

Resting or OKT-3-activated cells were fixed with 4% PFA at
37°C for 10 min under continuous shaking and then permea-
bilized in Phosflow Perm Buffer Ill (BD Pharmingen) for 30
min on ice. Samples were then washed in PBS containing
0.1% BSA and 0.1% NaNs and incubated with anti-SLP-76
pY128 antibody for 45 min at RT. Samples were washed
in PBS containing 0.1% BSA and 0.1% NaNjz and finally re-
suspended in PBS. Flow cytometric acquisition and analysis
were performed with a FACS Calibur flow cytometer using
the CellQuest software (BD Biosciences). The anti-CD3-
induced phosphorylation increase was calculated by dividing
the SLP-76 pY128 MFI values measured in activated cells
with the MFI value of the resting cells.

Statistical analysis

Descriptive statistics was used to determine group means
and the standard errors of the means (mean = SEM). Differ-
ences between two groups were tested for statistical sig-
nificance using Students ttest. A value of P < 0.05 was
considered statistically significant.

Results

Establishment of Jurkat cell lines transfected with ZAP-70
containing targeted point mutations at different tyrosine
residues

To elucidate the role of different Y residues in TCR signaling,
we have generated Jurkat cell lines stably expressing Y-F
‘loss of function’ point mutants of the ZAP-70 protein. To this
end, we applied site-directed mutagenesis on the WT-
ZAP-70 coding sequence to change Y residues 069, 126,
178, 238, 292, 315, 492 and 493 to F (Fig. 1A) leading to po-
tential changes in signaling cascades based on the mass
spectrographic data by Watts et al. (23). To date, no in vivo
functional data were available about the first four (069, 126,
178 and 238) Y residues. The latter four residues are better
known: Y292 and Y492 have been shown to possess inhibi-
tory, whereas Y315 and Y493 possess activator role. This ex-
perimental setup was beneficial in two ways: (i) the known
inhibitory and activator Y residues provided us internal con-
trols to compare the effect of Y-F mutations of yet unknown
residues on TCR signaling and (ii) we could validate/com-
pare our data with those in previous works by other research
groups. Importantly, this is the first systematic study in which
eight targeted mutations in human ZAP-70 have been ana-
lyzed parallel using a knock-in cell line model.

The Y-F point mutant ZAP-70 constructs were introduced
into P116 cells (ZAP-70-deficient Jurkat cells) using lentiviral
transfection. The expression of the ZAP-70 molecule was
confirmed with WB and flow cytometry (Fig. 1B and C). All
transgenic cell lines expressed comparable levels of the
ZAP-70 except the F238-ZAP-70 cell line (Fig. 1B and C).
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The antibodies used for flow cytometry recognized two dif-
ferent parts of ZAP-70 (Fig. 1A). Importantly, the cell line
expressing F292-ZAP-70 could not be stained with anti-
ZAP-70-PE clone 1E7.2 because the epitope of this antibody
lies between AAs 284 and 307. Therefore, targeted Y-F mu-
tation at position 292 abrupted the epitope necessary for an-
tigen recognition, which, in turn, verified the presence of this
mutation (besides sequencing). The expression level of the
ZAP-70 proved to be stable over time as checked regularly
by intracellular ZAP-70 staining and flow cytometry (data
not shown).

Interestingly, despite three repeated transfections, we could
not establish the F238-ZAP-70-expressing cell line (Fig. 1B
and C) although the construct was complete as assessed by
repeated sequence and restriction analysis. As a conse-
quence of this unsuccessful transfection, we omitted the anal-
ysis of Y238 from further parts of this study, despite the fact
that Y238 is found in a putative immunoreceptor tyrosine-
based inhibitory motif sequence (***VEYLKL?*') based on
an own preliminary sequence analysis (Fig. 1A) so it would
have represented an interesting signaling target Y residue.
Although we have no direct evidence why the expression of
the F238-ZAP-70 was not successful, we might speculate that
this mutation would affect post-translational modifications of
the molecule leading to defective protein folding and subse-
quent breakdown.

Targeted Y-F point mutations in ZAP-70 alter the anti-CD3
treatment-induced Ca®* signaling in Jurkat cells

Next, we checked if the transgenic ZAP-70 molecule was
functionally active and restored the TCR/CD3 signaling path-
way in P116 cells. In the absence of ZAP-70, the TCR signal-
ing is blocked at an early stage leading to impaired T-cell
activation in vitro and abnormal T-cell differentiation in vivo
(44, 45). A plausible and simple way to check TCR/CD3 sig-
naling is the analysis of anti-CD3-evoked Ca®* signal. Here,
confirming a previous study, introduction of the WT-ZAP-70
into P116 cells led to the restoration of the impaired anti-
CD3-induced Ca?* signal (Fig. 2) (46). Thus, the lentiviral
trasfection led to the stable expression of a functional ZAP-
70 molecule.

Targeted Y-F mutations had diverse effects on the anti-CD3-
elicited Ca®* signal (Fig. 2). As expected, mutation of the
known inhibitory Y residues 292 and 492 led to an increased
Ca®* signal when compared with the WT-ZAP-70-expressing
cells, while the mutation of the activator Y493 in the kinase do-
main completely abolished the anti-CD3-induced Ca®* signal
showing that the phosphorylation of this Y is essential for
downstream TCR/CD3 signaling events (Fig. 2). Importantly,
the opposing regulatory function of the neighboring Y492 and
Y493 was mirrored in the Ca®* signaling results (Fig. 2) and
provided further proof that our site-directed mutagenesis ap-
proach was indeed precise. Mutation of the regulatory/activa-
tor Y315 led to a slightly decreased Ca®* signal (Fig. 2).

The amplitude of the Ca®* signal was significantly higher
in the FO69-ZAP-70-expressing cell line than in the WT-ZAP-
70-expressing cell line, similar to what was found in the
F292 and F492 mutant cell lines, indicating that Y069 could
have an inhibitory role in TCR/CD3 signaling. Mutation at
Y126 led to a significantly decreased Ca®* signal, very simi-
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Fig. 2. Effect of Y-F mutations on the anti-CD3-elicited Ca2+ signaling
in Jurkat cells. The Ca2+ signal was detected by flow cytometry after
loading the cells with the Fluo-3AM indicator. Mean FL-1 fluorescence
intensities (proportional with intracellular free Ca2+ level; y-axis) were
plotted against time (x-axis). The effects of different point mutations
were compared with the Ca2+ signal of the WT-ZAP-70-expressing
cell lines (control); significantly (P<0.05) higher (*) or lower (1) values
are indicated. Data points in the diagrams represent mean = SEM
values calculated from three independent measurements. Ca2+
signals of the Y-F point mutants or the control are shown with empty
or black dots, respectively. Anti-CD3 was added to the samples
at 50 s (labeled with vertical black arrows) and the measurement
continued for another 4 min.

lar to the effect of Y315 mutation. Based on this analogy,
we propose that Y126 in interdomain A could have an
activator/regulatory function-like Y315 has in interdomain B.
Y-F mutation at the 178 AA position did not affect the
anti-CD3-induced Ca®* signaling.

To exclude the possibility that the transfections have
changed the CD3 expression of the mutant cell lines and
this would have led to the above differences in Ca®* signal-
ing, we checked the cell surface CD3 on all cell lines regu-
larly but found no significant difference (data not shown).

Point mutations of specific Y residues in ZAP-70 alter tyrosine
phosphorylation pattern and ZAP-70 autophosphorylation
during TCR/CD3 signaling

First, we analyzed the anti-CD3 treatment-induced tyrosine
phosphorylation patterns of the cell lines (Fig. 3A). Various
Y-F mutations in the ZAP-70 molecule affected significantly
the tyrosine phosphorylation of the cells. Phospho-protein
bands of ~35, 55, 70 (most likely ZAP-70) and 115 kDa
showed differences in the mutants compared with the
WT-ZAP-70-expressing cells (Fig. 3A). A general hyperphos-
phorylation could be observed in the F292-ZAP-70-expressing
cells (Fig. 3A). As expected, P116 ZAP-70-deficient cells did
not activate upon anti-CD3 treatment (Fig. 3A). Densitometry
of the 70-kDa band revealed that mutations at Y292 and
Y493 led to a marked hyperphosphorylation (actin-corrected
relative densities: 1.2 and 1.4, respectively) (Fig. 3A).

To confirm that the 70-kDa band observed on the whole
cell lysate phospho-blot (Fig. 3A) was indeed ZAP-70, we
performed IP with anti-ZAP-70 antibody (Fig. 3B, upper pan-
els). We found increased phosphorylation of the ZAP-70 in
the F292- and F493-ZAP-70 mutant cells (Fig. 3B, upper
panels), which was in line with the results of the cell lysates
(Fig. 3A). Y-F mutation at residue 315 led to slightly
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decreased ZAP-70 phosphorylation (interestingly not seen in
the cell lysates, Fig. 3A), while other mutations did not alter
the anti-CD3-induced ZAP-70 phosphorylation (Fig. 3B, up-
per panels). Importantly, these results indicated that Y-F
mutations at specific residues in ZAP-70 had an impact on
the autophosphorylation (autoregulation) of the kinase.

SLP-76 phosphorylation is regulated by specific Y residues in
ZAP-70

SLP-76 and LAT are two important substrates of ZAP-70 and
their phosphorylation is critical for the activation of PLCy
and thus the initiation of Ca®*-signaling (9, 11, 12). There-
fore, next, we analyzed the phosphorylation of these two
proteins using IP and WB. We found slight SLP-76 hyper-
phosphorylation in the FO69-, F178-, F292-, F315- and F492-
ZAP-70-expressing cell lines compared with the control
WT-ZAP-70-expressing cells (Fig. 3B, lower panels). SLP-76
phosphorylation was impaired in the F493-ZAP-70 cells simi-
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Fig. 3. Anti-CD3-induced phosphorylation in the Y-F mutant ZAP-70-
expressing cell lines. (A): Whole cell lysates were separated on 10%
SDS-PAGE and after blotting visualized with anti-phosphotyrosine
antibody (upper panel). Arrow indicates the ZAP-70 band. Equal
sample loading was verified by reprobing the blot with anti--actin
antibody (lower panel). (B): The effect of ZAP-70 Y-F mutations on the
Y-phosphorylation of ZAP-70 (upper panels) and SLP-76 (lower panels)
was analyzed after IP. Blots were first probed with anti-phosphotyrosine
antibody and then re-probed with anti-ZAP-70 or anti-SLP-76. Numbers
above blot panels indicate the relative phosphorylation of the samples
compared with the anti-CD3-activated control.

lar to P116 cells (Fig. 3B, lower panels), indicating that this
activating residue is not only critical in the Ca®* signal but
also in phosphorylating SLP-76. Opposite to this, in case of
LAT, Y-F point mutations in ZAP-70 did not alter the anti-
CD3-induced phosphorylation significantly (data not shown).
As expected, in P116 cells, phosphorylation of both SLP-76
and LAT was diminished due to the absence of ZAP-70.
With the Phospho-flow technique, phosphorylation events
can be analyzed in a Y-specific manner. So next, we tested
the above described phosphorylation changes in SLP-76
with the commercially available phospho-specific antibody
recognizing the phosphorylation of Y128 (Fig. 4). We found
a significantly decreased phosphorylation of SLP-76 Y128 in
the anti-CD3-stimulated F493-ZAP-70-expressing cell line
when compared with the WT-ZAP-70-transfected P116 cells
(Fig. 4A and B) which was in line with the above IP experi-
ment, indicating that Y128 in SLP-76 is phosphorylated by
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Fig. 4. Analysis of Y-specific SLP-76 phosphorylation changes with
Phospho-flow technique in the WT or Y-F point mutant ZAP-70-
expressing P116 cells. (A): Phosphorylation of SLP-76 Y128 in resting
(white bars) or activated (black bars) cells is presented as pSLP-76
MFI. Bars show mean = SEM calculated from the MFI data of three
independent experiments. Significantly (P<0.05) higher values
compared with the ‘WT’ are indicated (*). The anti-CD3-induced
SLP-76 Y128 phosphorylation was completely missing in P116 and
F493-ZAP-70 cells (1) and markedly reduced in the F126-, F315- and
F492-ZAP-70-expressing cell lines (§). (B): Corresponding represen-
tative flow cytometric histogram plots show the basal (gray filled
histogram) and anti-CD3-activated (black histograms) pSLP-76
staining of the different cell lines. For easier comparison, MFI values
of the basal and activated WT-ZAP-70-expressing (control) cell line
are indicated with vertical dotted and dashed lines on all panels,
respectively.
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ZAP-70 in a Y493-dependent fashion. There was also a
marked decrease of anti-CD3-induced Y128 phosphorylation
in the F126-, F315- and F492-ZAP-70 cell lines (MFI change:
2.1+ 0.1,25 + 0.6 and 2.0 = 0.5, respectively) compared
with the WT-ZAP-70-expressing cells (MFI change: 4.5 =
1.31) (Fig. 4A and B). Interestingly, Y-F mutation at residues
126, 178 and 492 led to the hyperphosphorylation of Y128
of SLP-76 in unstimulated cells (Fig. 4A and B), indicating
that these Y residues in ZAP-70 might possess autoinhibitory
function.

Discussion

The TCR/CDS signaling pathway has been extensively char-
acterized in the last 20 years. During this time, there has
been a significant shift from the initial theoretical, basic im-
munological and cell-signaling question toward the unravel-
ing of its potential role in some immunological diseases and
more, it became a promising therapeutic target. After the
identification of the most important molecules of the TCR/
CD3 signaling cascade, the use of mutant T-cell line (Jurkat)
derivatives, defective in any of these signaling components,
became a very valuable experimental validation process;
for example, cell lines defective in the expression of Lck
(JCaM1), ZAP-70 (P116), LAT (JCaM2.5) or SLP-76 (J14)
have been widely utilized.

ZAP-70 is required for a complete TCR/CD3 signaling as
shown by serious functional defects in ZAP-70-deficient cell
line (P116) or mice (44, 45); moreover, in humans, defective
ZAP-70 function leads to SCID phenotype (47). The function
of kinases is regulated through phosphorylation events,
therefore, studying the role of their potential phosphorylation
sites is of particular interest and these studies can provide
fine details of already known signaling pathways. In case of
ZAP-70, point mutation studies are of special importance
since some of these fine genetic changes lead to pathologic
conditions, for example rheumatoid arthritis like disease in
the SKG mice (48).

The role of Y292, Y315, Y492 and Y493 in ZAP-70 has been
already characterized in previous studies (22); therefore, we
included these Y residues into the present study as controls.
Y292 and Y492 possess inhibitory role in TCR/CD3 signaling,
while Y315 and Y493 are activator residues (24, 32, 49, 50).
First, our Ca®* signaling measurements were clearly in line
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with these data: mutations of either Y292 or Y492 to F led to
increased Ca®* signal amplitude, whereas mutations at Y315
or Y493 inhibited the anti-CD3-elicited Ca®* signal partially or
completely, respectively. Importantly, these four mutants
exhibited various levels of positive or negative alterations in
TCR/CDS signaling, so, they provided us a basis for a correct
comparison of the yet unknown Y residues.

Interestingly, relatively little is known about the function of
Y residues found in the SH2 domains or interdomain A of
ZAP-70 to date. Despite the fact that in the pioneer mass
spectroscopy study of Watts et al. in 1994, three Y residues
were identified in this region of ZAP-70; too, no further stud-
ies were performed either in cell lines or in mice to elucidate
the potential regulatory role of these sites. Therefore, the
point mutation analysis of Y069, Y126, Y178 and Y238 was
of particular interest and importance since this might be the
first systematic study where their potential regulatory role in
the TCR/CD3 signaling pathway was investigated in detail.
Although in the study of Watts et al. Y069, Y126 and Y178
were not phosphorylated upon anti-CD3 treatment, they
showed that these residues might be phosphorylated by
Lck in vitro; moreover, Y126 in interdomain A was found to
be an autophosphorylation site as well (23).

Here, we found Y-F mutations at positions 069 and 126 had
opposing effects on the Ca®* signal: the former increased
while the latter decreased the amplitude (Fig. 2, Table 1).
Thus, these two Y residues seem to play a role in regulating
TCR/CDS signaling by ZAP-70. Y-F mutation at residue 178,
on the other hand, did not alter the Ca®* signal (Fig. 2,
Table 1). Interestingly, Y-F mutation at residue 069 also altered
the kinetics of the Ca®* signal. Since Y069 is found within the
N-terminal SH2 domain of ZAP-70, therefore, its effect on
TCR/CDS signaling might be mediated either through altered
binding capacity of the activated ZAP-70 to the CD3 { chains
(structural explanation) or, alternatively, this residue might
impact the kinase activity of the molecule (autoregulatory/
functional explanation). However, this question should be
addressed in future studies.

Based on our results, Y126 in interdomain A might be a
promising candidate in the regulation of ZAP-70 function and
tuning of TCR/CDS3 signaling. Loss of function mutation of
Y126 led to a decreased Ca?* signal, which was very similar
to what was observed in case of Y-F mutation at residue
Y315 (Fig. 2, Table 1). Based on this analogy, we propose that

Table 1. Summary of the changes in the studied signaling events caused by targeted mutagenesis of selected ZAP-70 tyrosines

Y-F position Ca** ZAP-70% SLP-76° SLP-76"128 Function

a-CD3 + + + - + TCR/CD3 Autoregulation
069 i — i — — Inhibitory None

126 l — — T l Activator None

178 — — T 1 — Part. inhibitory None

238 NE NE NE NE NE ? ?

292 il T i — — Inhibitory Negative

315 l 1 T — l Activator Positive

492 1 — 1 1 ! Inhibitory None

493 l 1 l — l Activator Negative

All changes in signaling events were compared with the WT-ZAP-70-transfected (control) cell line. Y residues with previously undefined functions
are indicated with italics. 1, increase; |, decrease; —, no change; NE, not evaluated; part., partial.

4P,
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Y126 in interdomain A could have a similar positive regulatory
role in ZAP-70-mediated signaling to Y315 in interdomain B
(Table 1). Interestingly, mutation of Y126 in the ZAP-70 led to
basal hyperphosphorylation of Y128 in SLP-76 (Table 1). Al-
tered phosphorylation of this adapter molecule could contrib-
ute to the decreased anti-CD3-elicited Ca®* signal.

An important implication of our present work was that the
effect of specific Y-F point mutations in ZAP-70 on the anti-
CD3-induced Ca?" signal seemed to be mediated differen-
tially by SLP-76 or LAT. Phosphorylation and activation of
PLCy are indispensable in T-cell Ca®* signaling; the adaptor
proteins SLP-76 and LAT are key activators of PLCy, and
they link ZAP-70 with PLCy (9, 11, 12). Earlier data showed
that regulation of PLCy activation depends both on LAT and
SLP-76 activation (51). In the present study, we could dis-
sect these parallel pathways in more detail. Most Y-F muta-
tions in ZAP-70 led to increased SLP-76 phosphorylation
except at the important activator residue 493, which, not sur-
prisingly, caused a decrease, and Y126, which had no effect
(Fig. 3B, Table 1). Moreover, we identified that Y126, Y178
and Y492 in ZAP-70 regulate the basal phosphorylation of
Y128 in SLP-76 (Fig. 4, Table 1). Phosphorylation of Y128 in
SLP-76 recruits non-catalytic region of tyrosine kinase adaptor
protein 1, P21/Cdc42/Rac1-activated kinase 1 and Wiskott-
Aldrich syndrome protein to the activation complex caused
by TCR/CD3 stimulation leading to cytoskeleton rearrange-
ment (52). This way ZAP-70 might, through SLP-76, indirectly
be involved in cytoskeleton regulation processes, too. Since
LAT phosphorylation was not influenced markedly by ZAP-70
point mutations (data not shown), we propose that the fine
regulation of ZAP-70 on the Ca®* signal is preferentially medi-
ated through SLP-76 not LAT, as indicated by the fine phos-
phorylation changes correlating more closely with the Y-F
mutations in ZAP-70.

Finally, mutation of Y493 to F led to a serious block in all
early signaling steps characterized in the present study to a
similar extent to what was observed in the ZAP-70-deficient
P116 cells. Therefore, phosphorylation of Y493 is critical in
downstream steps of T-cell activation; its loss leads to
a ‘functional knock-down’ state of the TCR/CDS3 signaling
pathway (Table 1), confirming earlier studies (24, 50). On
the other hand, hyperphosphorylation of ZAP-70 could be
observed in F493-ZAP-70-expressing cells, most likely due
to the hyperphosphorylation of other Y residue(s). This indi-
cates that Y493 phosphorylation has important negative
autoregulatory function, too (Table 1); however, this question
should be addressed in future experiments.

Our results indicated that Y493 is not the only residue,
which might be involved in the autoregulation of ZAP-70. In
our opinion, autophosphorylation of the ZAP-70 upon anti-
CD3 treatment provides us information about the potential
autoregulatory function of Y residues in the kinase: increased
phosphorylation of the ZAP-70 in the point-mutated cell lines
suggests a negative, while decreased phosphorylation a posi-
tive autoregulatory function of the respective tyrosine residue.
Accordingly, we found that Y292 had negative autoregulatory
role, besides Y493 discussed above: in their absence ZAP-
70 was hyperphosphorylated. On the other hand, decreased
ZAP-70 phosphorylation was detected in cells expressing
F at residue 315, indicating its positive autoregulatory function

(Fig. 3B, Table 1). These data complement previous results of
Watts et al. about the in vitro autophosphorylation of Y126
and Y292 (23) and others suggesting that Y315 and 319
could posses positive autoregulatory function or participate
in an ‘autoinhibitory switch’ regulating thereby the catalytic
activity of ZAP-70 (22, 53). However, we are still far from
the complete understanding of the fine mechanism and im-
portance of the autoregulation/autophosphorylation of the
ZAP-70 kinase.

In conclusion, TCR/CDS signal transduction is influenced
by a fine interplay of signaling molecules and ZAP-70 kinase
with its Y residues conducts these early signaling events as
summarized in Table 1. Our work confirmed the (auto)regula-
tory role of Y069, Y126 and Y178 residues of ZAP-70 in TCR/
CD3 signaling completing our knowledge about specific
phosphorylation sites found in this kinase molecule. Under-
standing fine details of ZAP-70 tyrosines in T-cell activation
could bring us closer to unraveling its pathologic role in
leukemia or autoimmune diseases, as well as future drug
targeting.

Supplementary data

Supplementary data are available at International Immunol-
ogy Online
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ZAP-70 kinase is a key regulator of early T-cell signaling; moreover, it also participates in non-genomic
glucocorticoid (GC) signaling. Short-term high-dose GC-analogue treatment induces the phosphorylation
of the kinase, and its association with the GC receptor (GR).

In the present work, first, we identified those tyrosine (Y) residues of the ZAP-70 kinase which were
involved in non-genomic GC signaling using an array of P116 cells (ZAP-70-deficient Jurkat subclone)

ﬁiy;""gﬁim,c C action lentivirally-transfected with wild type or point-mutated ZAP-70 constructs where Y-residues were
ZAP-7gO ! ! replaced with phenylalanine (F) at positions 069, 126, 178, 238, 292, 315, 492 or 493. Then, we char-
TcR signaling acterized the GC-analogue-induced Y-phosphorylation of 3 key substrates of the ZAP-70 kinase: SLP-76,
SLP-76 LAT and Cbl. Finally, we studied the cross talk between the non-genomic GC- and TcR/CD3 signaling

Chbl pathways.

Y-F mutations at positions 315 or 492 abolished the short high-dose Dexamethasone (DX) treatment-
induced ZAP-70 phosphorylation suggesting that these Y-residues were involved in ZAP-70-mediated
non-genomic GC actions. DX treatment alone induced Y-phosphorylation of LAT, SLP-76 and Cbl; more-
over, in F315-and F492-ZAP-70 mutated cells decreased DX-induced Y-phosphorylation of SLP-76 and Cbl
was observed indicating that these molecules might transmit downstream non-genomic GC signals in a
ZAP-70 dependent manner. Short, high dose DX treatment influenced significantly the anti-CD3-induced
signaling events: we observed alterations in LAT, SLP-76 and Cbl Y-phosphorylation and a decreased
Ca2*-signal.

These results confirm that ZAP-70 represents an important link between the non-genomic GC and
TcR/CD3 signaling pathways. Importantly, the DX-induced effects on resting and activated T-cells are
differentially mediated. These fine molecular details help to better understand the complex mechanism
of non-genomic GC effects in T-cells.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction therapeutic agents (Singer, 1972; Swartz and Dluhy, 1978) in
the treatment of autoimmune diseases, allergy and asthma, and
in the prevention of graft rejection in transplantation (Flammer
and Rogatsky, 2011; Krishnan et al.,, 2009; Hricik et al.,, 1994)
based on their immunosuppressive and anti-inflammatory effects.
GC-analogue treatment results in the apoptosis of many cell

types in the immune system, especially mature (Th1 or Th2) and

Physiologically, glucocorticoid (GC) hormones are produced
in the adrenal cortex, and their analogues are widely used as

Abbreviations: ATPase, adenosine-triphosphatase; Cbl, Casitas B-lineage Lym-
phoma; CD, cluster of differentiation; DX, dexamethasone; DMSO, dimethyl
sulfoxide; F, phenylalanine; DP, double positive; Fluo-3AM, Fluo-3-acetoxymethyl
ester; GC, glucocorticoid; GR, GC receptor; Hsp-90, heat shock protein-90; IP, immu-
noprecipitation; ITIM, immunoreceptor Y-based inhibitory motif; Itk, [L2-inducible
T cell kinase; IL2, interleukin 2; LAT, linker of activated T cells; Lck, lymphocyte-
specific protein Y kinase; MAPK, mitogen activated protein kinase; PKB, protein
kinase B; PKC, protein kinase C; PLCy, phospholipase Cy; PVDF, RPMI, Roswell Park
Memorial Institute tissue culture medium; RT, room temperature; SH2, Src homol-
ogy 2; SLP-76, SH2 domain containing leukocyte protein of 76 kDa; Syk, spleen Y
kinase; TcR, T cell receptor; Th1, T-helper1; Th2, T-helper2; WB, Western blot; WT,
wild type; Y, Y; ZAP-70, zeta-chain-associated protein kinase of 70 kDa.
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immature (CD4*CD8* double positive thymocytes) T cells, and,
as a consequence, the number of circulating T cells decreases.
Moreover, GCs inhibit T cell signaling and cytokine - especially
IL-2 - production (Stahn et al., 2007; Zen et al., 2011).

GCs exert most of their effects via the GC receptor (GR) through
distinct intracellular signaling pathways (Buttgereit and Scheffold,
2002; Boldizsar et al., 2010). In the classical genomic pathway,
ligand molecules induce the dissociation of the GR from chaper-
one molecules in the cytoplasm and this receptor-ligand complex
translocates to the nucleus where it associates to GC responsive
elements (GRE) in the promoter region of several genes, leading to
changes in the transcription of cells (Nicolaides et al., 2010).
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However, not all effects of the GCs can be explained by this
genomic mechanism. Recently, accumulating evidence is available
about non-genomic GC effects usually precipitated by high-dose GC
treatment within a short period of time (Falkenstein et al., 2000).
Non-genomic GC effects include: (i) direct effects in the plasma
membrane; (ii) interactions between the activated GR and other
cytoplasmic signaling molecules; (iii) signals mediated through
the membrane GR; or (iv) mitochondrial effects (Buttgereit and
Scheffold, 2002; Boldizsar et al., 2010). T lymphocytes are key reg-
ulators of the immune response; thus, inhibiting their activation
is in the focus of immunosuppressive therapies. Importantly, some
of the non-genomic GC effects were originally described in T-cells,
which raised the possibility that the T cell suppressive effects of
GCs might, at least partially, be mediated by non-genomic effects
(Reichardt et al., 2006; Schweingruber et al., 2012).

For example, in activated murine thymocytes GCs inhibited
the activation of Na*-K*-ATPase and Ca2*-ATPase (Buttgereit and
Scheffold, 2002), and the Na*/H* exchange could also be inhibited
with GCs (Chang et al., 2010). Membrane GR expression has been
observed first in the S-49 mouse T lymphoma cells and the CCRF-
CEM human T cell lymphoblast like cell line, and later on human
peripheral lymphocytes and monocytes; however, its exact struc-
ture and signaling mechanisms are still unclear (Gametchu et al.,
1993). According to recent results, the membrane and the cyto-
plasmic forms of the human GR are both encoded in the same
gene, moreover, the mGR induces p38 MAPK phosphorylation upon
ligand binding (Strehl et al., 2011).

Mitochondrial translocation of the GR was observed in GC sen-
sitive cells including DP thymocytes upon short time GC treatment
(Sionov et al., 2006b,a; Talaber et al., 2009). In activated human
CD4* T-cells short high dose GC treatment inhibited the phospho-
rylation of several signaling molecules of the TcR/CD3 pathway,
including early participants like Lck and Fyn as well as downstream
targets including PKB, PKC and members of the MAPK cascade
(Lowenberg et al., 2005). Moreover, GCs disrupted the activation
induced TcR-Lck-Fyn complex containing the Hsp-90 and the GR
(Lowenberg et al., 2006).

Our earlier observations in Jurkat cells (human T-cell leukemia)
showed that short-term high-dose Dexamethasone (henceforth
DX) - a widely used synthetic GC-analogue - treatment led to
Y-phosphorylation of the ZAP-70 kinase, a key molecule of T-cell
activation, and enhanced the association between the ZAP-70 and
GR most likely as a consequence of non-genomic GC effect. More-
over DX further increased the anti-CD3 induced Y-phosphorylation
of the kinase (Bartis et al., 2006, 2007). This was arather unexpected
result, since Y-phosphorylation of the ZAP-70 is usually associated
with T cell activation, whereas GC analogues are used as inhibitors
of T cell activation. These observations led us to hypothesize that
the non-genomic GC effects or the TcR/CD3 pathways could lead
to the phosphorylation of different (possibly inhibitory) Y-residues
in the ZAP-70 kinase. These fine Y-phosphorylation pattern differ-
ences could, in turn, regulate T cell activation.

In our present work, we aimed to elucidate which Y residues
of the ZAP-70 kinase were involved in non-genomic GC actions.
For this purpose, we used transgenic P116 cell lines expressing
point-mutated ZAP-70, where Y at residues 069,126, 178, 238, 292,
315, 492 and 493 were replaced with phenylalanine (F). Here, we
show that Y315 and Y492 of ZAP-70 kinase are two candidate
residues participating in non-genomic GC signaling. Short high dose
DX treatment led to the Y-phosphorylation of important down-
stream ZAP-70 target molecules LAT, SLP-76 and Cbl, which was
disrupted by Y-F point mutations at residues 315 and 492. Finally,
GC-analogue treatment influenced the CD3 activation-induced
phosphorylation of SLP-76, LAT and Cbl and the intracellular Ca2*
signal. These results contribute to the better understanding of the
fine molecular details of non-genomic GC action in T cells.

2. Materials and methods
2.1. Chemicals and buffers

All fine chemicals were obtained from Sigma unless otherwise
stated.

2.2. Cell lines

We used Jurkat (ATCC TIB-152) or transgenic P116 (ZAP-70 defi-
cient Jurkat subclone, ATCC CRL-2676) cells lentivirally transfected
with the WT or point mutated ZAP-70. In the point-mutant cells
Ys were replaced with F at residues 069, 126, 178, 238, 292, 315,
492 and 493 as described (Szabo et al., 2012). Cells were cultured
in RPMI supplemented with 10% fetal calf serum (Gibco), sodium-
pyruvate (1 mM) and glucose (4.5 g/1), penicillin and streptomycin
under conventional conditions (37 °C, humidified atmosphere, con-
taining 5% CO,).

2.3. Antibodies

For immunoprecipitation the following antibodies were
used: rabbit polyclonal anti-ZAP-70 (a kind gift from Prof. E.
Monostori, Szeged, Hungary), mouse monoclonal anti-SLP-76
(clone F-7; 2pug/sample), mouse monoclonal anti-LAT (clone
11B.12; 2 pg/sample) and mouse monoclonal anti-Cbl (clone A-9,
2 pg/sample) antibodies from Santa Cruz Biotechnology.

The following antibodies were used for Western blotting: mouse
monoclonal anti-phospho-Y (clone PY20, 1:5000) and anti-ZAP-70
(clone 29/ZAP-70 kinase, 1:5000) antibodies from BD Pharmingen
(San Jose, CA, USA); mouse monoclonal anti-f-actin (clone AC-74,
1:50,000) was from Sigma; rabbit polyclonal anti-SLP-76 (1:1000),
anti-LAT (1:500) and anti-Cbl (1:500) antibodies were from Santa
Cruz Biotechnology (Santa Cruz CA, USA). Mouse monoclonal anti-
GR (clone 5E4, 1:2000) was produced in our laboratory (Berki et al.,
1998). HRPO conjugated goat anti-mouse IgG (Hunnavix, Hungary,
1:1000) or anti-rabbit IgG (Pierce 1:1000) were used as secondary
antibodies.

2.4. DX and anti-CD3 treatment of the cells

Before activation, cells were resuspended in serum free RPML.
DX was added to 107 cells in 100wl RPMI at a final concentra-
tion of 103> M (corresponding to high-dose treatment in human
therapy (Buttgereit et al., 2004; Buttgereit and Scheffold, 2002) for
2 min. For the activation of the TcR/CD3 pathway, anti-human-CD3
(clone OKT-3; ATCC CRL-8001) 5 jg/108 cells was used for 2 min.
For combined treatment cells were pre-incubated with DX for 2 min
followed by anti-CD3 activation for additional 2 min. Treatments
were performed at 37 °C under continuous shaking (Thermo Mixer,
Eppendorf, Germany). The reactions were stopped in liquid nitro-
gen. For the intracellular Ca2* measurement, cells were pre-treated
with 10=> M DX for 10 min followed by activation with anti-CD3.

2.5. Western blot, immunoprecipitation

Resting (untreated control), DX-, and/or anti-CD3-treated cells
were lysed in Triton-X lysis buffer (50 mM HEPES, 10 mM sodium
pyrophosphate, 10 mM EDTA, 100 mM sodium fluoride, 10% glyc-
erol and 1% Triton-X 100, pH 7.3) complemented freshly with
protease inhibitor and Na-orthovanadate. Lysis was performed for
30min on ice then samples centrifuged for 10 min at 13,000 rpm.
The supernatant was either used forimmunoprecipitation or boiled
immediately in SDS sample buffer (125 mM Tris, 4% SDS, 10% glyc-
erol, 0.006% Bromo-phenol-blue and 10% mercaptoethanol) for
10 min.
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For immunoprecipitation, cell lysates were incubated overnight
with the appropriate amount (see in Section 2.3) of precipitating
antibodies in blocking buffer (TBS containing 10% BSA and 0.1%
NaN3); then Protein-G (GE Healthcare, UK) was added to the sam-
ples and incubated for additional 2 hours. Finally, samples were
washed five times in wash buffer (10 mM Tris, 100 mM sodium
chloride and 0.1%Tween-20, pH 7.4), and immune complexes were
removed from the Protein-G by 10 min boiling in SDS sample buffer.
Non-specific protein G binding was checked using the appropriate
isotype control antibodies in preliminary experiments. None of the
used precipitating antibodies showed any unspecific binding (data
not shown).

Samples were separated on 10 or 7.5% SDS-polyacrylamide
gels using a MiniProtean system (Bio-Rad, Hercules, CA, USA) and
transferred to nitrocellulose membranes with Trans-Blot equip-
ment (Bio-Rad) overnight. Non-specific binding sites were blocked
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with 2% BSA or 5% non-fatty dry milk (Bio-Rad) (dissolved in
10mM Tris, 100 mM sodium chloride, 0.1% Tween-20, pH 7.4) for
1h at RT. Next, membranes were incubated with the appropri-
ate dilution of primary antibodies (see in Antibodies section) in
10-times diluted blocking buffer for 2h at RT. Membranes were
washed three times, then, incubated with HRPO-conjugated sec-
ondary antibodies for 1 h at RT. Following additional washing, blots
were developed using Super Signal West Femto Chemilumines-
cent Substrate (Pierce, Rockford, IL, USA). Signals were detected
with the Fuji LAS4000 imaging system (Fuji, Japan). Antibodies
were removed using Restore Western Blot Stripping Buffer (Pierce),
and after blocking (see above) blots were re-probed with another
primary antibody. For quantification, densitometry of the blots
was performed using the Scion Image software (Scion Corpora-
tion, Frederick, Maryland, USA). Optical densities measured with
the first antibodies were corrected with the density values of the
loading control antibodies in corresponding samples.

2.6. Flow cytometric detection of changes in the intracellular
Ca®*-level

To detect the effect of DX on the anti-CD3 induced Ca%*-signal,
Jurkat cells were loaded with the Ca2*-selective indicator Fluo-3AM
(Invitrogen, Carlsbad, CA, USA). Flow cytometric measurements
were performed and analyzed with a FACS Calibur flow cytometer
using the CellQuest software. Cells were incubated for 10 min with
DX, or left untreated. A baseline Ca2* level was measured for 50,
then OKT-3 was added to the samples, and CaZ*-level was measured
for a further 5 min. The changes of FL1 intensity - proportional with
the intracellular Ca%* level - were plotted against time (Minta et al.,
1989; Boldizsar et al., 2002).

2.7. Statistics

Descriptive statistics was used to determine group means
and the standard errors of the means (mean + SEM). Differences
between two groups were tested for statistical significance using
Student’s t-test. A value of p < 0.05 was considered statistically sig-
nificant.

3. Results

3.1. Short-term high-dose DX treatment-induced
phosphorylation changes in WT or Y-F point mutant ZAP-70
expressing P116 cells

To explore the fine-details of the DX-induced phosphorylation
pattern (non-genomic effects) on ZAP-70, previously, we have gen-
erated an array of transgenic P116 cells where Y residues at 069,
126, 178, 238, 292, 315, 492 and 493 positions of the ZAP-70 were

126+
178+
238+
292+
315+ |

+ +
o

F492+
F493+ |

Fig.1. Short-term high-dose DX treatment-induced changes in the phosphorylation
pattern of WT- or Y-F point mutant ZAP-70 expressing cells. Cells were treated with
10-3 M DX for 2 min. Whole cell lysates were separated on 10% SDS-PAGE and after
blotting visualized with anti-PY antibody (upper panel). Arrows indicate bands that
showed differences among the cell lines. Equal sample loading was checked after
stripping and re-probing with anti-3-actin (lower panel). This blot is a representa-
tive of four repeated experiments.

replaced with F using a lentviral transfection system (Szabo et al.,
2012). In the control samples P116 was transfected with the WT-
ZAP-70 (Szabo et al., 2012).

First, to see if these single Y-F mutations affected short high-
dose DX treatment-induced Y-phosphorylation, all cell lines were
incubated with 10~> M DX for 2 min. Western blot analysis of whole
cell lysates showed altered phosphorylation pattern of the differ-
ent point mutated cell lines suggesting that Y-F point mutations in
ZAP-70, indeed, influenced rapid non-genomic GC signaling (Fig. 1).
More specifically, marked differences could be observed in protein
bands at approximately 120, 70, 56, 40 and 30 (Fig. 1). These bands
could correspond to important T-cell signalling molecules like Cbl
(120kDa), ZAP-70 (70 kDa), Lck (56 kDa) or LAT (36 kDa). To check
equal sample loading of the blots, membranes were re-probed
with anti-B-actin antibody, too (Fig. 1). To rule out the possibil-
ity that these differences in the DX-induced Y-phosphorylation
could be caused by alterations in the basal Y-phosphorylation due
to the mutations, we checked the basal Y-phosphorylation of all
cell lines, too. We found no significant differences in the basal Y-
phosphorylation pattern of the cell lines (data not shown).

3.2. Tyrosines 315 and 492 of the ZAP-70 kinase are involved in
non-genomic GC signaling

We demonstrated in a previous study, that rapid, high-dose GC
treatment alone caused increased phosphorylation of the ZAP-70
kinase (Bartis et al., 2006). To clear which Y residues of the kinase
take part in this process, immunoprecipitation of the ZAP-70 was
performed on point-mutated cells after 2 min, high dose DX treat-
ment. Confirming our preliminary work (Bartis et al., 2006), the
GC analogue exposition induced significant Y-phosphorylation of
the ZAP-70 (Fig. 2A and B). Importantly, we observed significantly
decreased phosphorylation in the cell lines expressing F315- or
F492-ZAP-70 compared to the WT DX-treated sample indicating
that these two Y residues might be involved in non-genomic GC
actions (Fig. 2A and B). Despite repeated efforts, we could not
achieve adequate expression of the F238-ZAP-70 (Szabo et al.,
2012), therefore the role of this Y residue in non-genomic GC sig-
naling remains yet unknown. To check equal sample loading of the
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Fig. 2. Short-term high-dose DX-induced phosphorylation and GR association of the
ZAP-70 kinase in the different cell lines. (A) After immunoprecipitation with anti-
ZAP-70, the blot was developed with anti-PY antibody (upper panel) and re-probed
with anti-ZAP-70 (lower panel). (B) Diagram shows the relative phosphorylation
changes of ZAP-70 compared to the WT-ZAP-70 expressing cells. Densitometry was
performed on three independent Western blots. Bars show the mean + SEM val-
ues; significant (p <0.05) differences are indicated (*). (C) Western blots show the
ZAP-70-GR co-precipitation in the different ZAP-70 variant expressing cells. After
ZAP-70 precipitation, the blot was developed with anti-GR (upper panel) and, after
stripping, re-probed with anti-ZAP-70 (lower panel). (D) Diagram shows the level
of association between ZAP-70 and GR compared to the WT untreated cells. Relative
densities were calculated by dividing the GR density levels with the ZAP-70 den-
sities of the corresponding samples. Bars show the mean + SEM values calculated
from three measurements.

blots, membranes were re-probed with anti-ZAP-70 antibody, too
(Fig.2A). To rule out the possibility that these differences in the DX-
induced ZAP-70 Y-phosphorylation could be caused by alterations
in the basal Y-phosphorylation due to the mutations, we checked
the basal ZAP-70 Y-phosphorylation of all cell lines, too. We found
no significant differences in the basal tyrosine-phosphorylation of
the ZAP-70 kinase of the cell lines (data not shown).

Since the DX-induced ZAP-70 phosphorylation was coupled
with an association to the GR (Bartis et al., 2007); next, we checked,
if the Y-F point mutations, studied here, impacted this physi-
cal interaction. ZAP-70 and GR co-precipitation was examined on
Western blot. 2 min DX treatment caused increased association of
the GR to the WT ZAP-70 kinase (Fig. 2C and D). Despite of the
phosphorylation changes observed in the F315- and F492-ZAP-70
expressing cells, we found no difference in the ZAP-70-GR associa-
tion among the point-mutant ZAP-70 expressing cell lines (Fig. 2C
and D) showing that Y residues are not directly involved in regu-
lating the physical contact between these molecules.

3.3. Effects of short-term high-dose DX treatment on different
points of the TcR/CD3 signaling pathway

As a-PY Western blots from the DX-treated whole cell lysates
have shown (Fig. 1) the ZAP-70 kinase might not be the only tar-
get protein of non-genomic GC actions. Downstream ligands of
the ZAP-70 kinase in the T-cell activation cascade include SLP-76,
LAT and Cbl. Therefore, next, we examined if 2 min high-dose DX
treatment affected the phosphorylation of these 3 molecules in
the Jurkat cells. As shown on Fig. 3A-C, DX alone increased the
phosphorylation of SLP-76, LAT and Cbl.

From the clinical point of view, cross talk between the TcR/CD3-
and non-genomic GC signaling pathways is of special importance,
because it is suspected to be in the background of some immuno-
suppressive effects. We modeled the cross talk between the two
pathways by treating the cells with the combination of DX and anti-
CD3. In a previous work, when DX treatment was given together
with anti-CD3, ZAP-70 was hyperphosphorylated in Jurkat cells
when compared to either treatment alone. Here, DX pretreatment
did not influence significantly the anti-CD3 induced phosphoryla-
tion in SLP-76 or LAT (Fig. 3A and B). Cbl was phosphorylated upon
anti-CD3 or combined DX +anti-CD3 treatments, but these did not
reach the phosphorylation level after DX treatment alone (Fig. 3C).

Since the Ca2*-signal is a key event in T-cell activation, next, we
tested if short-term DX pre-treatment had an effect on the anti-CD3
induced Ca2*-signal (Fig. 3D). 10~> M DX treatment of WT-ZAP-
70 expressing cells led to a significant decrease of the Ca2*-signal
compared to the anti-CD3 activated sample (Fig. 3D). In conclu-
sion, non-genomic GC effects target different points of the TcR/CD3
pathway, indicating that there are several possible points of cross
talk.

3.4. Short-term high-dose DX treatment-induced SLP-76 and Cbl
phosphorylation is hampered by Y-F point mutations at residues
315 and 492 in the ZAP-70

As shown above, Y315 and Y492 of the ZAP-70 kinase were
involved in non-genomic GC effects. Moreover, we have also seen
that SLP-76, LAT and Cbl might be the downstream targets of ZAP-
70 in non-genomic GC signaling. To see if the phosphorylation of
Y315 and Y492 in ZAP-70 is indeed required for the transmission
of non-genomic GC signal to the downstream ligand molecules,
in our next experiment, we tested the short-term high-dose DX
treatment-induced SLP-76, LAT and Cbl phosphorylation in the
F315- and F492-ZAP-70 expressing cell lines (Fig. 4). Inmunopre-
cipitations were performed from lysates deriving from WT control,
and DX-treated WT-, F315- and F492-ZAP-70 expressing cells. The
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Fig. 3. Effect of short-term high-dose DX treatment on the TcR signaling pathway. Phosphorylation changes of SLP-76 (A), LAT (B) and Cbl (C) were evaluated upon DX,
anti-CD3 and combined (DX +anti-CD3) treatment in Jurkat cells. Cells were left untreated, or were treated with DX and/or anti-CD3, then, immunoprecipitation of the
samples were performed with anti-SLP-76 (A), anti-LAT (B) or anti-Cbl (C) antibodies. Blots were developed with anti-PY (upper panels) and, after stripping, re-probed with
anti-SLP, anti-LAT and anti-Cbl antibodies (lower panels), respectively. Diagrams show the relative phosphorylation changes, based on the densitometry of three independent
experiments. Bars represent the mean + SEM values. (D) The anti-CD3 induced Ca?*-signal was partly inhibited by DX in Jurkat cells. The changes in the Ca?*-signal were
detected by flow cytometry after loading the cells with the Fluo-3AM indicator. Mean FL-1 fluorescent intensities (proportional with intracellular free Ca%* level; y-axis) were
plotted against time (x-axis). Ca2*-signal of the DX pre-treated, anti-CD3 activated sample (DX - white dots) was compared to the anti-CD3 treated sample (control - black
dots). Baseline Ca?*-level was measured for 50 s than anti-CD3 was added to the samples and the measurement continued for another 5 min. Diagram values are mean + SEM
calculated from the results of five independent experiments. Significantly (p < 0.05) different values compared to the anti-CD3-activated sample are indicated (*).

DX-induced Y-phosphorylation of the SLP-76 and Cbl molecules
was abolished in F315 and F492-ZAP-70 expressing cell lines when
compared to the DX-treated WT cells (Fig. 4A and C). Interest-
ingly, in case of LAT, neither of these point mutations influenced
the DX induced phosphorylation changes (Fig. 4B). These exper-
iments have been repeated three times with similar results, but,
unfortunately, statistical significance could not be confirmed.

4. Discussion

Non-genomic GC effects have been intensively examined in the
last decades (Buttgereit and Scheffold, 2002; Boldizsar et al., 2010;
Falkenstein et al., 2000), especially in T-lymphocytes, because such
mechanisms might be responsible for some of the immunosuppres-
sive effects of GC-analogues (Lowenberg et al., 2007). The molecular
background of non-genomic GC effects on some components of the
T-cell receptor signaling pathway have already been described: for
example, DX treatment inhibited the activation induced increased
phosphorylation of some important early and downstream T-cell
signaling molecules (Lowenberg et al., 2005; Bartis et al., 2006).

ZAP-70 kinase, a member of the Syk family, is not only a central
molecule in early T-cell activation but also participates in medi-
ating non-genomic GC effects (Au-Yeung et al., 2009; Boldizsar
et al.,, 2010) (Fig. 5); it consists of two SH2- and a kinase domain,
linked by interdomains-A and -B. Among 31 Y (Y) residues of the
ZAP-70 11 are involved in T-cell receptor signaling pathway with
activator (126, 315, 493) or inhibitory (Y69, 178, 292, 492) func-
tion (Szabo et al., 2012; Au-Yeung et al., 2009; Watts et al., 1994).
Briefly, upon engagement of the TcR, ZAP-70 associates with other

signaling molecules including two adapter molecules LAT and SLP-
76, which play important roles in the transmission of the activation
cascade to PLCy (Smith-Garvin et al., 2009). ZAP-70 also associates
with the negative regulator Cbl which regulates the activation of the
kinase through Y292 (Meng et al., 1999; Rao et al., 2000); moreover,
interaction between Cbl-b and PLCy was also observed (Paolino and
Penninger, 2010). Following phosphorylation events, a key event
of the T-cell activation is the increase of the free intracellular Ca2*-
level. ZAP-70 plays an important role in the development of this
Ca?*-signal via adapter and regulator molecules, as shown by the
fact that in its absence the Ca2*-signal is impaired (Williams et al.,
1998).

In our present work, first, we clarified which Y residues of the
ZAP-70 kinase might participate in non-genomic GC actions, and
how this signal is transmitted to downstream target molecules. The
use of transgenic cells with single Y-F point mutations provided
us an excellent tool to examine the role of Y residues individually
(Szabo et al., 2012). Short-term high dose DX treatment led to
decreased ZAP-70 phosphorylation in the F315- and F492-ZAP-70
expressing cells, implicating that these two Y residues of the
ZAP-70 kinase take part in non-genomic GC signaling (Fig. 5).
Interestingly, these two Y residues have opposing roles in T-cell
receptor signaling: Y315 has activator, while Y492 possesses an
inhibitory function (Au-Yeung et al., 2009). These data indicate
that there are fine differences in the Y-phosphorylation pattern
of the ZAP-70 kinase induced by the non-genomic GC- or the
T-cell receptor signaling pathways. The GC-induced association
of the ZAP-70 and the GR has been described earlier (Bartis et al.,
2007); thus, it could have been a tempting explanation for the
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Fig. 4. Point mutations at Y315 and Y492 of the ZAP-70 influence the DX-induced
phosphorylation increase of SLP and Cbl but not LAT. Immunoprecipitation of SLP-
76 (A), LAT (B) or Cbl (C) was performed on WT untreated and WT, F315- and
F492-ZAP-70 expressing DX-treated samples. Blots were developed with anti-PY
(upper panels) and re-probed with anti-SLP-76, LAT or Cbl antibodies (lower pan-
els). Diagrams show the relative phosphorylation changes. Values are mean + SEM
calculated from the densitometry results of three independent experiments.

above described fine phosphorylation changes if alterations in
this molecular interaction occurred as a consequence of the Y-F
point mutations at positions 315 and 492. However, no difference
could be observed in the ZAP-70-GR association, which turns the
attention towards alternative mechanisms, for example altered
kinase activity of the ZAP-70 or the involvement of other proximal
T cell receptor signaling molecules (e.g. p56-Lck).

Here, we also characterized the phosphorylation of three sub-
strates of the ZAP-70, the adapter molecules LAT and SLP-76 and
the inhibitory regulator Cbl upon DX treatment. All three molecules
showed increased phosphorylation upon short-term high-dose
DX treatment, suggesting, that these three molecules might be
involved in transmitting non-genomic GC effects from the ZAP-70

Fig.5. Putative scheme of rapid non-genomic GC effects on proximal elements of the
TcR signaling pathway. GCs reach the cytoplasmic GR via diffusion (solid arrow). The
ligand activated GR associates with ZAP-70 leading to the phosphorylation of Y315
and Y492. SLP-76 and Cbl are then Y phosphorylated in a ZAP-70-dependent (dashed
arrows), while LAT in a ZAP-70-independent (dotted arrow) manner (upstream reg-
ulator of LAT in non-genomic GC pathway is not yet clarified). Note: no TcR signal is
present.

to downstream targets (Fig. 5). To confirm that the phosphorylation
of Y315 and Y492 of the ZAP-70 were indeed involved in non-
genomic GC signaling, next, we checked if point mutations at these
residues influenced downstream phosphorylation events of LAT,
SLP-76 or Cbl. In case of SLP-76 and Cbl, both mutations abolished
the DX induced phosphorylation, but none of these point muta-
tions influenced the phosphorylation of LAT. These data indicate
that non-genomic GC effects mediated through the ZAP-70 kinase
are further transmitted by SLP-76 and Cbl, but not LAT (Fig. 5). LAT
can not only be phosphorylated by the ZAP-70 kinase, but also by
Itk and Lck and it might be possible that non-genomic GC effects on
LAT are induced through these molecules (Perez-Villar et al., 2002)
(Fig. 5).

After elucidating the fine molecular details of the non-genomic
GC signaling, we went on to investigate how the effects of DX
modified T cell activation, eventually, leading immunosuppression.
Therefore, we performed combined (DX + anti-CD3) treatments and
examined the three substrates of the kinase: SLP-76, LAT and Cbl
and also followed the effect of DX on the anti-CD3 induced Ca?*-
signal. Similarly to ZAP-70 (Bartis et al., 2006), Y-phosphorylation
of LAT and Cbl increased further upon the combined treatment,
whereas DX partly inhibited the anti-CD3-induced phosphoryla-
tion of SLP-76. This suggests thatin the presence of non-genomic GC
signal the molecules of the TcR-signaling pathway show modified
Y-phosphorylation. According to Lowenberg et al, phosphorylation
of Y171 in LAT decreased in DX pre-treated, anti-CD3 and -CD28
activated primary T lymphocytes (Lowenberg et al., 2005). This
interesting difference between their and our results might be due to
the use of different cells (primary cells versus cell line) and/or to the
different cell activation protocol (using anti-CD3 and -CD28 versus
anti-CD3 only). Moreover, Y171 is not the only Y of LAT that takes
part in T-cell activation, residues in the C-terminal of the molecules
are also involved in the process (Aguado et al., 2006; Paz et al.,
2001).

Besides the phosphorylation changes, increase in the intra-
cellular Ca%*-level is a key event in T-cell activation which is
mediated by PLCy and IP; and regulated by adapter molecules. The
anti-CD3 induced Ca%*-signal could be reduced with short-term
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high-dose DX pre-treatment similar to the phosphorylation of
SLP-76. These data might be in line with our earlier observation,
that CaZ*-signal in Jurkat T cells is regulated through SLP-76 (Szabo
et al., 2012). Alternatively, DX treatment could impact Ca2*-signal
through membrane effect, for example by influencing membrane
ion-channels. In either case, suppression of the Ca2*-signal could
lead to subsequent inhibition of the calcineurin-NFAT axis.

In conclusion, specific Y residues of the ZAP-70 and substrates
of the kinase are involved in mediating non-genomic GC effects
in T cells (Fig. 5). TcR- or GC-induced signaling events are trans-
mitted in a slightly different manner through the fine interplay of
proximal T cell signaling molecules; moreover, the GC signal mod-
ifies the signaling of activated T-cells in a complex manner. These
novel findings about the fine details of molecular interactions con-
tribute to the better understanding of the complex mechanism of
non-genomic GC effects. However, we are still far from understand-
ing the complete mechanism and molecular details of GC-mediated
immunosuppressive effects in T-lymphocytes.
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A glukokortikoid hormon nem genomikus hatdsai
a T-sejtek jelatvitelére és apoptozisara

PRENEK LitLA, UGOR EMESE, PAPP RAMONA, BoLDIZSAR FERENC, BERKI TiMEA

Pécsi Tudomdanyegyetem, Klinikai Kdzpont, Immunoldgiai és Biotechnoldgiai Intézet

A klinikai gyakorlatban a glukokortikoid hormon analégok (GC) autoimmun betegségek, malignus hematoldgiai korképek,
allergias folyamatok kezelésében széles korben alkalmazott szerek. Klasszikus, genomikus hatdsaik mellett, melyek a
ligandkotott glukokortikoid-receptor (GR), mint transzkripcids faktor dltal elinditott génaktivacio és -gatlas kévetkeztében
kialakuld folyamatok, az utébbi évtizedben felismerésre keriiltek a gyors GC-hatdsokat eredményezé Gin. nem genomikus
jelatviteli utvonalak. Ezek egyrészt direkt membranhatdsok, masrészt bizonyos sejteken membran-GR jelenlétével, vagy
mas receptorok jeldtviteli Gtvonaldval torténd interakciokkal, ill. a GR mitokondridlis transzlokdciéjaval magyardzhatok.
Jelen kdzleményben intézetinkben az elmult években a nem genomikus GC jeldtviteli folyamatok teriletén végzett ki-
sérleteink eredményeit foglaljuk dssze, kilonos tekintettel a T-sejt receptor (TcR) és glukokortikoid-receptor (GR) jelatvitel
kozotti kapcsolatra, illetve a GC-nek a thymocytdk apoptézisdban betdltott szerepére, a mitokondridlis GR transzlokacié
jelent6ségét kiemelve.

Immunoldgiai Szemle/Immunology Quarterly ¢ 2014. VI. évfolyam, 3. szdm

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

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 formdja a ligandkétott gluko-
kortikoid-receptor (GR) sejtmagba vald transzlokaciéja, ahol
a DNS glukokortikoid valaszelemeihez (GRE) kotédve transz-
kripcios faktorként génexpresszids valtozasokat eredményez
[1, 2]. A GR a szteroidreceptor szupercsaldd tagja. Harom 6
doménja van: (1) a hormonkétd, (2) a DNS-két6 és (3) az N-
termindlis domén [3]. Nyugalmi allapotban a GR a citoplaz-
maban hdsokkfehérjékhez kotédve taldlhaté [4]. A ligand-
kotédést kovetéen a GR felveszi aktiv konformaciéjat, és
dimerizalodik. Ez a homodimer transzlokalodik a sejtmagba
[1], ahol sejttipustdl fiiggéen 10-100 gén mikodését sza-

4

balyozza [5]. Genomikus hatdsaikbdl kovetkezik a glukokor-
tikoid-analdgok széles kér( alkalmazasa a mindennapi orvosi
gyakorlatban, amely féleg gyulladdscsokkenté és immun-
szuppressziv folyamatokban nyilvanul meg [6].

A nem genomikus hatasok (1. dbra) f6leg nagy dézisu GC-
kezelés sordn létrejové gyors, génexpressziétol figgetlen
mechanizmusok [7]. Négy ilyen, alternativ GC jeldtviteli Gtvo-
nalat irtak le eddig: (1) membranhoz kapcsolt GR éltal kozve-
titett Gtvonal, (2) GC direkt membranra kifejtett hatdsa, (3)
interakcié mas citoplazmatikus jelatviteli fehérjékkel [8] és
(4) a GR mitokondriumba valé transzlokaciéja [9-13].

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

A glukokortikoid hormon (GC) lehetséges hatdsmechanizmusai
T-lymphocytakon [7]. A lipofil GC bejut a citoplazmaba, és kap-
csolédik a glukokortikoid-receptorhoz (GR), amely konformd-
ciévéltozast kovetden levalik a citoplazmatikus Hsp komplexrél,
dimerizalédik, és bevandorol a sejtmagba, ahol az Gn. geno-
mikus hatdsmechanizmus révén génexpresszié-valtozasokat
okoz. Nagy dozisi GC-kezelés hatdsdra létrejové gyors, nem
genomikus hatdsok: a membranhoz kapcsolt GR (mGR) altal
kozvetitett dtvonal (1), a GC direkt membranstabilizalé hatdsa
(2), a GR kapcsoléddsamas citoplazmatikus jelatviteli fehérjékkel
(3) és a GRmitokondriumba vald transzlokdciéja, amely az in-
trinszik apoptotikus dtvonal aktivaciojat valtja ki (4)

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

A harmadik nem genomikus hatds a ligandko6tott GR-nek
mas jeldtviteli molekuldkkal valé kapcsoléddsa, melyet
példaul a GR és T-sejt receptor (TcR) jeldtviteli fehérjéi kozott
figyeltek meg [21]. Az eddigi kutatasi eredmények szerint a
ligandkétott GR asszocidlédik az Lck-, Fyn-molekuldkkal a
TcR-aktivaciot kovetéen, és gatolja a TcR-aktivécié altal
indukalt Lck/Fyn foszforildciot [22, 23]. Véqil, Sionov és
munkatarsai in vitro tenyészetett folyamatos sejtvonalakon
és thymocytakban irtdk le a GC-GR komplex mitokondriumba
valo transzlokacidjat, ami osszefiiggésbe hozhato az adott
sejttipus GC-indukalt apoptoziskészségével [9-13].

A GC-k nem genomikus hatdsainak
tdmadaspontjai

A T-lymphocyta-aktivacio gatlasa

A GC-k T-sejt jelatvitelre gyakorolt hatdsat human T-sejt-leu-
kémia sejtvonalon (Jurkat) vizsgaltuk 2-5 perces, nagy dozisu
dexamethason- (DX-) kezelést kovet6en. Megfigyeltik, hogy
a GC-kezelés 6nmagaban is, a TcR jelatviteli Ut egyik kulcs-
molekuldjan, a ZAP-70-en tirozinfoszforilaciot okoz (1. tabla-
zat) [24]. Ez a valtozds a GR-antagonista RU486-tal gatolhatd
volt [24]. Ezt kdvetéen megvizsgdltuk a kapcsolatot a ZAP-70,
GR és Hsp-90 kozott DX-kezelt Jurkat-sejtek citoplazmajaban.
A nagy dézisu DX-kezelés hatdsara a GR koprecipitalodott, ill.
kolokalizalédott a ZAP-70-molekulaval [25], mely magyardz-
hatja a kordbban tapasztalt gyors GC-indukdlt ZAP-70-fosz-
forildciot (1. tablazat). Ugyanakkor a ZAP-70 Hsp-90-nel valé
kapcsolodasa is megfigyelheté volt, fiiggetlenil a GR-ago-
nista jelenlététdl, de a kapcsoloddst meg lehetett gétolni
Hsp-antagonista geldanamycinnel (GA) (1. tablazat) [25].
Eredményeinkkel az elsék kozott vildgitottunk rd a DX-nek a
IAP-70-molekulara kifejtett direkt hatdsara az aktivalt GR-en
keresztil [25]. A GC-indukalt ZAP-70 tirozinfoszforildcié alap-
jan feltételezhetdé, hogy a GC-k ezen a ponton lehetséges
gatléi a T-sejt-funkcioknak. A ZAP-70-nek négy aktivalo
(Y315, Y319, YA74, Y493) és négy gatlo (Y292, 492, 597,
598) foszforilacios helyét irtdk le kordbban [26]. Intézetink-
ben ZAP-70 pontmutdns Jurkat-sejtvonalakkal végzett kisér-
leteink sordn azt talaltuk, hogy rovid idejli DX-kezelés hata-
sara csokkent a ZAP-70 foszforilacidja az F315- és F492-ZAP-
70-molekuldt expresszald sejtekben [27]. Ezt kovet6en
ugyanezen mutans ZAP-70-molekuldk szubsztratjait vizsqal-
tuk, és megfigyeltik, hogy DX hatdsdra a mutans sejtekben
nem foszforildlédott az SLP-76 és a (bl, de egyik mutdcio

1. tablazat. Rovid ideji, nagy dézist glukokortikoid hormon
hatdsdra létrejové valtozasok a T-sejt jeldtviteli Gtvonal
fehérjéiben ([23] és [26] alapjan)

Célmolekula:  GC hatés
ZAP-70 Y-foszforilacié T, GR- és Hsp-90-asszocidcid
LAT Y-foszforilacio T
bl Y-foszforilacio 1+
SLP-76 Y-foszforilacio 1+
TcR-aktivacio + GC hatds
LAT Y-foszforilacio T
cbl Y-foszforilacio -
SLP-76 Y-foszforilacié T
(a**-jel il

* IAP-70 Y315- és Y492-fiigg6 valtozds
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sem befolydsolta a LAT foszforilaciéjat (1. tablazat) [27]. Ez
arra enged kévetkeztetni, hogy a ZAP-70-kindzon keresztil
végbemend nem genomidlis GC-hatast inkabb az SLP-76 és a
(bl kozvetiti, és nem a LAT (1. tablazat) [26]. Megvizsgéltuk
azt is, hogyan befolydsolja a DX a T-sejt-aktivaciot, és fejti ki
immunszuppressziv hatdsat. A LAT és SLP-76 megnoveke-
dett, mig a Cbl csokkent foszforilaciojat sikertlt detektdltunk,
tovabba a DX csokkentette az anti-CD3 altal indukalt Ca®*-
jelet is (1. tablazat) [27]. Ez az eredmény korreldl azzal a ko-
rabbi megfigyelésinkkel, mely szerint a Jurkat-sejtekben a
Ca’*-jelet az SLP-76 szabélyozza [28].

Kettds pozitiv thymocytak GC-indukalt
mitokondridlis apoptdzis utvonala

A GC-k nemcsak az érett, de a differencidlodd, éretlen T-sej-
tekre is hatnak. Régdta ismert, hogy a thymus elsorvad ma-
gas GC hormon szintek esetén, mig ezen hormonok hidnya a
thymus megnagyobboddsat okozza [29]. Intézetinkben vég-
zett kordbbi vizsgalatok szerint a kettds pozitiv (DP) thymo-
cytdk a legérzékenyebbnek a GC-indukalt apoptozisra [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 betdltott, nem hagyomanyos jelatviteli
Utvonalon keresztil megvalésuld szerepére. Ezt a feltevést
er@sitette, hogy in vivo sem a DP sejt depletalé hatdsat, sem
pedig a nagy doézisu szteroid korai proapoptotikus hatast nem
tudtuk gatolni GC-antagonista RU486-tal [31, 33]. Az RU486
hatdsa ugyanis abban nyilvanul meg, hogy megakadalyozza
a GR ligandkotodést kovetd transzlokdciojat a sejtmagba
[34]. Ezek alapjan a GC-k proapoptotikus hatdsa a DP sejtek-
ben fiiggetlennek t(inik az aktivalt GR nukleuszba valé transz-
lokaciojatol, amely felveti a lehet6ségét a nem genomikus
jelatviteli folyamatoknak ezekben a sejtekben.

Ebbél kiindulva sikerlt igazolnunk, hogy a DP thymocy-

tdkban rovid ideji GC-kezelést kovetden a GR inkdbb a mito-
kondriumba véndorol, mint a sejtmagba [13]. A mitokondria-
lis transzlokacié ezen sejtekben ardnyban volt a sejtek GC
dltal indukdlt apoptozisérzékenységével [13]. A pontos folya-
mat, amely révén a transzlokalédott, aktivalt GR apoptotikus
kaszkadot indit el, még nem teljesen ismert. Ezért vizsgaltuk
a GC-k hatdsat egér thymocyta apoptézis Utvonalainak ak-
tivdlodaséra és a GR Bcl-2 fehérjecsaldd tagjaival valé in-
terakciojat (2. t3bldzat; eddig nem publikalt eredmény). Azt
talaltuk, hogy révid ideji DX-kezelés hatdsara a thymocytak-
ban aktivalédott az intrinszik apoptotikus dtvonal, amit a
citokrém C, az aktivalt kaszpdz-3, -9 koncentraciéjanak emel-
kedése jelzett (2. tablazat). Megfigyeltik tovabbd, hogy a GR
asszocidlodott 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 hatéséra (2. tablazat). igy valészindleg az aktivalt
GR a Bcl-2-fehérjékkel valé asszocidciéja révén befolydsol-
hatja a thymocytak apoptézisét oly médon, hogy gy vaéltoz-
tatja meg ezen fehérjék kézott az egyensulyt, hogy az pro-
apoptotikus irdnyaba tolddjon el.

Megbeszélés

A nem genomidlis GC jeldtviteli Gtvonalak felismerése uj,
érdekes és izgalmas irdnyt nyitott a kutatasban. A lymphoid
sejtek nagy dézisi GC hormon kezelésre adott gyors valasz-
reakcioi nem magyardzhaték a viszonylag lassan bekovet-
kez6 géntranszkripcios mechanizmusokkal. A T-lymphocyta-
aktivacié gatlasa a TcR jelatviteli dtvonal fehérjéivel valé koz-
vetlen GR asszocidcio Gtjan, mig a DP thymocytdk GC-indukalt
gyors apoptozisa a GR mitokondridlis pro- és antiapoptotikus
fehérjékkel valé kapcsolddassal, azok egyensulydnak maédo-
sitdsa révén zajlik. A thymusban taldlhato sejtek kozel 80%-
a DP thymocyta, melyek lokalis GC-termeld sejtek kornye-

2. tablazat. Rovid idejl glukokortikoid-kezelés hatasara bekovetkez
thymocytaapoptozis utvonal fehérjéinek aktivacioja és lokalizaciéjanak valtozasa

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

Mitokondrium GR-rel valé
asszocidcio
nincs adat nincs adat
nincs adat nincs adat
nincs adat nincs adat
nincs adat nincs adat
nincs adat nincs adat
nincs adat +
1 -
1
1
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zetében differencidlédnak. Feltételezhetd, hogy ez az oka,
hogy a tobbi thymocyta sejtcsoporthoz képest benniik a leg-
alacsonyabb a GR-expresszio, mégis ebben a differencialo-
dasi stddiumban érzékenyebbek a GC-indukalt apoptdézisra
[31]. Ezt er6siti 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 hatdsara is a DP sejtek szdmanak jelent6s csokke-
nését és a mitokondridlis membranpotencidl redukdalodasat
figyeltik meg, a Bcl-2-expresszid parhuzamos mérséklédé-
sével [32]. Irodalmi adatokkal 6sszhangban, a GC-k fokozni
tudtak a thymocytdk pozitiv szelekciojat, amikor egyidejileg
TcR-aktivacié is tortént [31, 35], amit a CD69-expresszié
megndvekedése jelez a DP és (D4+ egyszeresen pozitiv sej-
teken (SP), amit nagyobb mérték(i érett CD4+ sejt kibocsatas
kisért [31, 35].

Az ezen a teriileten végezett vizsgalatok eredményei to-
vabb bévitik ismereteinket a GC-k hatdsairdl, hozzajarulnak Uj
terdpids lehet6ségek kifejlesztéséhez.
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Regulatdrikus T-sejtek
glukokortikoidhormon-érzékenységének vizsgalata

UGor EMESE’, SimoN DIANA", PAp RaMONA, KrALIK NikoLa?, NEMETH PETER!, BoLoizsAR FERENC', BERKI TIMEA

T pécsi Tudomanyegyetem, Klinikai Kézpont, Immunoldgiai és Biotechnoldgiai Intézet, Pécs
2 Institute of Public Health for the Osijek-Baranja County, Croatia

CELKITUZES: A regulatorikus T-sejtek (Treg) kulcsfontossagu tényez6i az immunvalasz szabalyozdsanak és a periférids to-
lerancia fenntartdsdnak. A klinikumban széleskorden alkalmaznak glukokortikoidhormon- (GC-) analégokat gyulladas-
csokkentd és immunszuppressziv aktivitdsuk, lymphocytaapoptézist indukdlé képességik miatt, méqis keveset tudunk a
Treg-ekre gyakorolt hatdsaikrél. Munkank célja a periférids és centrdlis nyirokszervekben a természetes és indukalt Treg-
ek aranydnak és G(-érzékenységének, valamint glukokortikoidreceptor- (GR-) expresszidjuk véltozdsdnak nyomon kéve-
tése volt. MODSZEREK: Kisérleteinkben 4-6 hetes BALB/c egereket kezeltink 1-4 napon &t nagy dézisi dexamethsonnal.
Ezt kovetden az dllatok thymusabol, mesenterialis nyirokcsomaoibdl, 1épébdl és a Peyer-plakkokbdl sejteket izoladltunk, és
jeloltiink sejtfelszini (anti-CD4; anti-CD25) és intracellularis (anti-Foxp3; anti-Helios; anti-GR) antitestekkel, majd dramlasi
citometridval mértik a természetes (CD4"CD25'Foxp3*Helios®) és indukalt (CD4*C(D25 Foxp3*Helios) Treg-ek ardnyat,
abszolut szamat és GR-expressziéjukat. EREDMENYEK: A kezeletlen allatok thymusaban alacsonyabb a Treg-sejtek ardnya
(<1,0%), mint a periférids nyirokszervekben (7-15%). A thymusban a Treg-sejtek tobb, mint 90%-3, a lépben a sejtek 2/3-
a, mig a tobbi periférids nyirokszervben kb. a fele természetes Treg-sejt. Tobbszori, nagy dézisi DX-kezelés hatédséra a
thymusban a Treg-sejt-ardny tobb mint tizszeresére emelkedik (p <0,001) az abszollt Treg-szdm valtozésa nélkil, mi-
kezelésre legérzékenyebb kett§s pozitiv sejtek pusztuldsa kiséri. A periférids nyirokszervekben ezzel ellentétesen a Treg-
ek szdma jelentdsen csokkent, de ardnyuk csak kissé valtozott meg GC-kezelés hatdsdra, ami GR downregulacioval jart.
KOVETKEZTETESEK: Kisérleteink alapjan elmondhatd, hogy a Treg-ek viszonylag rezisztensek a GC-kezelés &ltal indukalt
apoptozisra, ami hozzdjarulhat a GC-k immunszuppressziv hatasdhoz. Periférids nyirokszervekben a természetes Treg-ek
mellett indukdlt Treg-ek is el6fordulnak, amelyek feltételezhetéen masképp reagdlnak szteroidexpoziciora.

Kulcsszavak: regulatorikus T-sejt, glukokortikoidhormon, glukokortikoidreceptor, thymus, tolerancia

INVESTIGATION OF GLUCOCORTICOID HORMONE SENSITIVITY OF REGULATORY T CELLS

INTRODUCTION: Regulatory T cells (Treg) are key players of the regulation of immune response and peripheral tolerance.
Glucocorticoid (GC)-analogues are widely used to treat different diseases because of their anti-inflammatory and
immunosuppressive activity, and their ability to induce lymphocyte apoptosis. Despite the long-established medical use
of GC-analogues, the mechanism of GC action on Tregs, is still incompletely understood. The goal of our work was to
determine the changes in the ratio of natural and induced Treg cells in peripheral and central lymphoid organs, to
investigate the effect of GC treatment on Treg cell composition and to follow the alterations in their glucocorticoid receptor
(GR) expression. METHODS: In our experiments we treated 4-6-week old BALB/c mice for 1-4 days with high dose
Dexamethasone. Cells were isolated from the thymus, mesenteric lymph nodes, spleen and Peyer’s patches and were
stained with cell surface (anti-CD4; anti-CD25) and intracellular (anti-Foxp3; anti-Helios; anti-GR) antibodies. We
determined the ratio, absolute cell number and GR expression of natural (CD4°CD25'Foxp*) and induced
(CD4*CD25 Foxp3*Helios’) Treg cells using flow cytometry. RESULTS: In the thymus of untreated mice the ratio of Tregs was
lower (<1,0%) than in the peripheral lymphoid organs (7-15%). More than 90% of the Treg cells found in the thymus,
2/3 of them in the spleen, and approximately half of them in the other peripheral lymphoid organs examined were
natural Treg cells. After multiple, high dose DX treatment we observed a more than tenfold increase (p <0,001) in the ratio
of Tregs in thymus, without changes of the absolute cell number and with upregulation of the GR. These changes were
associated with the apoptosis of double positive cells, which have the lowest GR expression and are the most sensitive
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cell population to GC treatment. In contrast, in the peripheral lymphoid organs the total Treg cell number decreased, but
the ratio changed only slightly after GC treatment, accompanied by GR downregulation. CONCLUSION: Based on our
experiments, we suggest that nTreg cells are relatively resistant to GC treatment induced apoptosis, which can serve as a
base for the immunosuppressant actions of GC. In peripheral lymphoid organs beside nTreg cells iTreg cells are also
present, which respond to steroid exposition presumably otherwise.

Keywords: regulatory T cells, glucocorticoud hormone, glucocorticoid receptor, thymus, tolerance

Az immunoldgiai tolerancia az immunrendszer antigénspecifi-
kus valaszképtelensége, mely a sajat antigénekre vonatkozd-
an a centrdlis nyirokszervekben az autoreaktiv B- és T-lympho-
cyta el6alakok klondlis delécidjdval, mig a periférian a regula-
torikus T-sejtek (Treq) altali szuppresszioval valdsul meg. A
Treg-ek mellett mind az endogén, mind a terdpidsan alkalma-
zott glukokortikoidhormonok (GC) fontos szabalyozo6i az im-
munvalasznak és a periférids tolerancia fenntartdsanak, ugyan-
akkor keveset tudunk a Treg-sejtekre gyakorolt hatasukrél.

A leginkdbb ismert Treg-ek (D4'CD25" sejtfelszini és
Foxp3™ intracelluldris markerekkel jellemezheték [1]. Az
anergidval, ignorancidval és delécidval szemben az altaluk
el6idézett szuppresszi6 aktiv toleranciamechanizmus. A Treg-
sejtek kialakuldsarol tobb elmélet is létezik. Az ,affinitds-
modell” szerint a thymusban lezajlé negativ szelekcié soran
aktivacidindukalt apoptozissal elpusztulnak azok a T-sejtek,
amelyek tdl nagy affinitassal kotédnek a sajat MHC-peptid
komplexhez. Ugyanakkor azok a T-sejtek, amelyeknek nagy
az affinitdsa, de a negativ szelekcio értelmében még nem
szandlédnak, természetes requlatérikus T-sejtek lesznek

aktivacids inger CD25- naiv aktivacio mdukalta
hidny aban elpusziulo T-sejrek apoptozis
sejtek
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1. abra

Az elsédleges T-sejt-érés szelekcids szakaszai.

A thymus kéreg/velGéllomany hataran a kettés pozitiv
thymocyta fejl6dési szakaszban torténnek a pozitiv és negativ
szelekcids lépések. A pozitiv szelekcid jelentésége, hogy
megakadalyozza a nem funkcionalis T-sejtek felhalmozddasat.
A negativ szelekci6 sordn az autoreaktiv T-lymphocytak
aktivacioindukalt apoptézisa zajlik. Azok a C(D4" T-lymphocytak,
amelyeknek viszonylag nagy az affinitdsa a sajat MHC-11/sajat
peptid irdnt, de a negativ szelekcié sordn még nem pusztulnak
el, (D4°/(D25" természetes requlatérikus T-sejtek lesznek
Médositva Schitt és Broker (2011) utan

(nTreq) (1. dbra) [2]. A masik elmélet, az un. ,kolcsénos an-
tagonizmus” modell szerint nemcsak a TCR jelatviteli Gtvo-
nal vesz részt a pozitiv szelekcioban, hanem a folyamat a
TCR- és GC-indukalt apopotdzist elinditd jelatviteli Gtvonal an-
tagonizmusanak eredménye. Azokndl a T-sejteknél, ame-
lyeknek kdzepes az affinitdsa, a TCR- és glukokortikoidrecep-
tor- (GR-) szignal neutralizaljdk egymadst, igy nem pusztulnak
el, hanem Treg-gé alakulnak [2-6].

Az nTreg-sejtek (D4-pozitivitdsuk mellett nagy denzitds-
ban IL-2-receptor a-lancot (CD25) is expresszalnak [7, 8].
Jellemz6 rdjuk az X-kromoszéma altal kédolt ,Forkhead box”
csalddba tartoz6 Foxp3 transzkripcios faktor jelenléte [7-10],
melynek funkcidja még ismeretlen, de hidnya IPEX-szindré-
mahoz vezet [11, 12]. A thymusbél a periféridra kerilve az
nTreg-sejtek az effektorsejteket direkt sejt-sejt kapcsolédds
és citokintermelés (IL-10, TGFB) révén gatoljdk [13]. Az
nTreg-sejtek exogén IL-2 és megfelel§ TCR-stimuldcié hatd-
sara proliferdlnak. A Treg-sejtek keletkezési mechanizmus
szerinti masik ismert tipusa az indukalt Treg-sejtek (iTreg) [9,
14], melyek a periféridan alakulnak ki, tn. ,tolerogén mikro-
kornyezetben” antigénfelismerés hatdsara (pl. kostimulacié
hidnya) naiv, (D4" sejtekbdl [13]. Citokintermelésiik alapjan
tovdbb csoportosithatdk Tg1, T,3 (ordlis tolerancia) [15, 16]
és Foxp3" iTreg-sejtekre (2. 4bra). Az effektorsejteket cito-
kintermelésiik révén gatoljdk [17, 18]. Az nTreg és iTreq el-
kalénitésére irodalmi adatok szerint az lkaros csalddba tar-
toz6 Helios transzkripcios faktor hasznalhato [8, 19], melynek
expresszidja a T-lymphocyta sejtvonalra korldtozédik [20,
21]. Funkciondlis szerepe ismeretlen, bar kimutattak, hogy a
Foxp3 promdterhez kapcsolédva fokozza a Foxp3-expressziot
[8, 22], valamint a Helios-expresszié a Treg-ekben korreldl a
szuppresszor funkciéval [22]. Mds irodalmi adatok szerint a
Helios nemcsak a thymuseredet(i nTreg-sejtekre jellemzé,
mert T-sejt-aktivacié és -proliferdcié sordn is megjelenik,
nyugvo sejtekben pedig csokken az expresszidja [23, 24].

A Treg-ek szerepét egyre tobb betegségben bizonyitjak,
de pontos hatdsmechanizmusuk még nem ismert. Az effek-
tor- és szuppresszorfunkcié egyensulydnak megboml3asa ese-
tén, ha a Treg-ek kerilnek talsulyba, nagyobb az esélye a da-
ganatok kialakuldsdnak, gyakoribbak a fert6zések (pl. HIV-
fert6zés). Daganatos betegek periférids vérében és a tumor-
ban a Treg-ek felhalmozdédnak, és az immunvalasz elnyoma-
sa révén eldsegitik a tumor novekedését, igy rossz progndzist
jeleznek [25]. Treg hidnyaban pedig autoimmun betegségek,
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2. abra

A regulatérikus T-sejtek kialakuldsa a csontvel6bdl a thymusba 1ép6 T-sejt-el6alakokbdl torténik.

A természetes Treg-sejtek a negativ szelekcié sordn tulélé CD4’-sejtek egy alcsoportja, amely a (D25
upreqguldcidja és Foxp3 transzkripcids faktor hatdsara alakul ki, és keril a periféridra; mig az indukalt
Treg-sejtek antigén hatdsara aktivalddd, naiv CD4"-sejtekbdl alakulnak ki a periférian

allergia, graftkilokédés, gyulladdsos bélbetegség (1BD), IPEX-
szindréma johet létre. Sclerosis multiplex (SM) esetén a Treg-
ek csokkent szdmat és funkcidzavarat irtdk le [26]. Az SM
egérmodelljében a Treg-ek ,kivédik” a betegséget azdltal,
hogy az autoreaktiv TH,-sejtek proliferdciéjat és proinflam-
matoricus citokintermelését elnyomjak [27]. 1-es tipust dia-
beteses betegek Treg-sejtjeinél is hibds miikodést taldltak
[28]. Gyulladdsos bélbetegségben szenveddknél a csokkent
periférids Treg-szadm korreldl a betegség aktivitasaval [29].
Ugyancsak 6sszefiiggés mutathato ki SLE-s betegekben a be-
tegség aktivitasa és a Treg-sejt-szam kozott [9, 30]. A be-
tegség fellangoldsakor a Treg-ek mennyisége csokken [31].

A GC-k fontos tényez6i az immunvalasz szabalyozasdnak
és a periférids tolerancia fenntartasanak. A klinikumban igen
széles korten alkalmaznak kilénbozé betegségek kezelésé-
ben GC-analégokat [pl. dexamethsont (DX) allergias allapo-
tok, autoimmun betegségek, transzplantacion atesett bete-
gek, hematoldgiai rosszindulati betegségek kezelésére),
amelyek vildgszerte az egyik leggyakrabban felirt gyégysze-
rek gyulladdscsokkentd és immunszuppressziv aktivitasuk,
lymphocytaapoptézist indukalé képességik miatt, mégis ke-
veset tudunk a Treg-ekre gyakorolt hatasaikrol. Irodalmi ada-
tok is aldtamasztjék, hogy a klinikumban szisztémdsan adott
GC-k seqitik a Treg-ek m(kodését, ezdltal Uj megvilagitdsba
helyezve a GC-medidlt immunszuppressziot [32]. Munkdnk
célja a periférids és centralis nyirokszervekben a Treg-sejtek
aranydnak meghatarozasa volt, majd a GC-kezelés hatdsanak
vizsgdlata a thymus és a |ép szoveti alapszerkezetére és a
Treg-ek osszetételére, illetve azok GR-expresszié véltozasa-
nak vizsgdlata.

6

Anyagok és mddszerek

Kisérleti dllatok és kezelésik

4-6 hetes BALB/c egereket kezeltink 20 mg/kg/nap (nagy
dézisi) dexamethasonnal (Oradexon®, Organon) vagy PBS-
sel 1-4 napon at ip., majd 24 6érdval az utolsé kezelés utan az
dllatokat feldldoztuk, és vizsgaltuk a lymphoid szerveket. Eb-
ben az életkorban még nem kezdédik el a thymus involucié-
ja, igy sejtes osszetétele jol vizsgdlhaté. A thymus, |ép, me-
senterialis nyirokcsomoék (mLN) és Peyer-plakkok (PP) eltd-
volitdsa utdn azokat mechanikusan homogenizaltuk RPMI
médiumban, majd nejlonsz(irén atszdrtik, és tripankékfes-
ték-kizarasos teszttel megszamoltuk a sejteket. Az egerek
tar-tasa és kezelése a Pécsi Tudomanyegyetem Allatetikai Bi-
zottsdga dltal jovédhagyott engedély alapjan tortént (#BA
02,/2000-2,/2006).

Immunhisztolégiai jeldlés

Fagyasztott (7-10 um vastag), jéghideg acetonban fixalt, 5%
BSA-val blokkolt metszeteken a lépben a B-sejtek azonosi-
tdsara anti-B220-Alexa647 (PTE KK Immunoldgiai és Bio-
technolégiai Intézet, IBI), a T-sejtekre anti-Thy1-FITC (PTE KK
IBI) antitestet hasznaltunk. A thymusban a sejtmagokat DAPI
(Sigma), a Treg-sejteket anti-Foxp3-PE (eBioscience) anti-
testtel jeloltik. A mintak kiértékelése Olympus BX61 CCD ka-
meravel és AnalySIS szoftverrel ellatott fluoreszcens mikrosz-
képpal, 200-szoros nagyitassal tortént.
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Araml3si citometria

A thymus, 1ép, mLN és PP sejtjeinek dramldsi citometrids mé-
résnél a Treg-sejtek azonositdsara anti-CD4-FITC vagy anti-
(D4-AlexaFluoro647 (PTE KK IBI) és anti-CD25-PE-Cy5
(BioLegend) sejtfelszini antitesteket, illetve anti-Foxp3-PE
(Exbio, KI6én: 3G3) anti-Helios-APC (BioLegend) és anti-GR-
FITC (klon: 5E4/B1, PTE KK 1BI33) intracelluldris antitesteket
hasznaltunk. A 10° sejt/minta sejtfelszini jelélés utdn a min-
takat PBS-ben mostuk, majd a Foxp3 jeldlé kit (e-Bioescien-
ce) instrukcidi szerint végeztik az intracellularis jeléléseket.
A mérést FACSCanto (Becton Dickinson, San Jose CA) dramldsi
citométeren, az analizist pedig az FCS Express 4 Flow Rese-
arch Edition programmal végeztik. Mintanként 10 000 ese-
ményt mértink a lymphocyta kapubdl, majd a (D4* lym-
phocytdkon belil mértik a Treg-alcsoportokat és azok &tla-
gos anti-GR-FITC fluoreszcenciaintenzitasat.

Statisztika

Munkdnk sordn a mért adatok atlagat és az dtlagok standard
hibajat (x SEM) abrazoltuk. Az eredmények statisztikai ana-
lizise SPSS 11.0 szoftver segitségével tortént. Az adatok érté-
keléséhez a Student-féle t-tesztet hasznaltuk, és a p <0,05
(), p <0,01 (%) és p <0,001 (") értéknél fogadtuk el sta-
tisztikailag szignifikdnsnak.

Eredmények

Treg-sejtek eléforduldsa a lymphoid szervekben

Elséként arra voltunk kivancsiak, hogy a kezeletlen 3llatok
primer és szekunder nyirokszerveiben milyen a
(D4"CD25"FoxP3" Treg-ek megoszlasa. A thymusban a Treg-
ek aranya 0,5% korili, mig a periférids nyirokszervekben ez
az ardny lényegesen magasabb: a Iépben a legtdbb (15%), az
mLN-ben ennél kevesebb (10%), és a PP-ben a legkevesebb
(6-7%) a Foxp3* Treg-ek ardnya (1. tablazat).

A természetes és indukalt Treg-sejtek
megoszldsa

A Foxp3/Helios kettds pozitivitds jellemz6 a thymuseredet(
nTreg-ekre, mig az iTreg-ek Helios-negativak. A kezeletlen
dllatok thymusaban a Treg-ek 87%-a Helios-pozitiv, vagyis
tarthat6 nTreg-nek. A periférids nyirokszervek kozil a Iépben
65%, az mLN-ben 53%, a PP-ben pedig 48%, vagyis a sejtek
kozel fele nTreg (1. tablazat).

A thymus és a lép szerkezetének és sejtes
osszetételének vdltozdsa DX-kezelés hatdsdra

A GC-k egyik régéta ismert hatdsa, hogy a thymus involdcié-
jat okozzak. In vivo egyszeri, nagy dézisu (20 mg/kg) GC-
kezelés utan 24 é6rdval a thymusban a kéreg-vel6allomany
szoveti organizdcié felbomldsa figyelheté meg, az addig ho-
mogén csoportban elhelyezkedd Foxp3* Treg-ek elhelyezke-
dése diffuzzd valik (3. dbra A). A 1ép fehér pulpajaban DX-ke-
zelés hatdsara ugyancsak megvaltozik a normalis lymphoid
szerkezet, amely f6leg a T-sejt-zéndat (PALS) érinti, szerkeze-
te diffuzza valik (3. dbra B). Ismételt (4 napos) DX-kezelés
utdn a lépben a (D4/(D8 arany megtartott, ugyanakkor
csokkent a nem T-sejtek ardnya, és a T-helper-sejtek ardnya
19%-r6l 30%-ra, mig a citotoxikus T-sejteké 9,5%-rél 16%-ra
emelkedett (3. abra C). Ezek alapjan gy tdnik, hogy a lépben
az érett T-sejtek kevésbé érzékenyek a DX-hatdsra, mint a
nem T-sejtek. Ez az atrendezédés a Iép teljes lymphocyta-
szamanak csokkenésével is jart. Ezzel szemben a thymusban
szinte eltlinnek az éretlen kettds pozitiv (DP) thymocytdk,
ardnyuk 80%-rol 1% ala csokken, mig a kett6s negativ leg-
éretlenebb és az érett (D4, ill. (D8 egyszeresen pozitiv sejtek
aranya lényegesen megemelkedik (3. dbra C). Mindez a DX-
érzékeny, DP thymocytdk pusztuldsdnak kovetkezménye,
ami a thymus teljes sejtszamanak drasztikus (tized részére)
csokkenésével is jar (5. abra).

1. tdblazat. Természetes (nTreg) és indukalt (iTreg) requlatérikus T-sejtek ardnya a lymphoid szervekben

Treg % (atlag + SEM) Thymus
Osszes Treg 0,53 + 0,06
Természetes: nTreg 0,46 £ 0,05
nTreq : iTreg ardny 87:13

Lép Nyirokcsomé Peyer-plakk
15,09 £ 0,43 10,10 £ 0,61 6,78 £ 0,51
9,83 +0,28 5,38 £ 0,29 3,30 £ 0,24

65:35 53:47 48 : 52

Kezeletlen &llatok centrélis és periférids nyirokszerveiben jelentésen eltér a (D4°CD25'FoxP3™ Treg- és CD4'CD25'FoxP3 Helios’ nTreg-sejtek
el6forduldsi ardnya. A thymusban jellemz6 az nTreg-sejtek dominancidja, mig a periférids nyirokszervekben eltéré nTreg/iTreg ardny figyelheté
meg
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3. dbra

Dexamethasonkezelés hatdsa a thymus és a lép szoveti szerkezetére és sejtes dsszetételére.
(A) A thymusban jellemzéen a kéreg-vel6 hataron talalhatd Treg-sejtek (Foxp3-PE - piros) elhelyezkedése (K: kontroll) mar

egyszeri DX-kezelés hatédsara diffizza valik (kék: DAPI).

(B) A lépben is megfigyelhetd a kezeletlen mintdhoz képest a T-sejt-zéna difflizza valdsa DX-kezelés hatasdra

(piros: B220-Alexa647 - B-sejt-zéna; zold: Thy1-FITC ~ T-sejt-zéna) (PALS).

(C) Ismételt (4 napos) DX-kezelés hatasara a [ép és a thymus lymphoid sejtes 6sszetevéi megvaltoznak. Anti-CD4-FITC és anti-CD8-
APC antitesttel torténd jeléléssel a Iépben emelkedik a T,- és T.-sejt-ardny, vagyis a nem T-sejtek nagyobb aranyt fogydsa
figyelheté meg a kezelés hatdsdra. A thymusban a kettds pozitiv sejtek csaknem teljes eltiinése (depléci6ja) miatt emelkedett

a kettés negativ és egyszeresen pozitiv, érett sejtek ardnya

A DX-kezelés hatdsa a Treg-sejtekre

Megvizsgaltuk a nagy ddzisi DX-kezelés hatasat a kilonboz6
nyirokszervekben el6fordulé Treg-ek ardnydra és az abszolut
sejtszdmra is. 48 o6rds (kétszeri) DX-kezelés utdn a thymus-
ban a Treg-ek aranya szignifikansan, kozel tizszeresére emel-
kedett (4. 4bra). Ez a valtozds a DP, GC-érzékeny, éretlen thy-
mocytdk jelentés pusztuldsanak kovetkeztében kialakuld re-

lativ sejtardny emelkedés, az abszolut Treg-sejt-szam enyhe,
de nem szignifikdns névekedésével (2. tbldzat), ami azt bi-
zonyitja, hogy a thymusban a Treg-ek rezisztensek a DX altal
indukalt apoptozisra. A periférids nyirokszervek kozil a Iép-
ben tapasztaltunk enyhe, de szignifikdns Treg-ardny-csokke-
nést, ugyanakkor sem az mLN-ben, sem a PP-ben a Treg-
ardny nem valtozott (4. abra). Ugyanakkor a periférids nyi-
rokszervekben GC-kezelés hatdsdra az 6sszlymphocytaszém,
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1. tdblazat. A regulatérikus T-sejtek abszoluit szdmanak valtozasa 4 napos glukokortikoidhormon-kezelés hatdsara

Treg-sejt-szam x 105 Thymus Lép Nyirokcsomé Peyer-plakk
(atlag + SEM)

Kezeletlen 4,24 + 0,92 83,92 * 16,72 4,42 £ 0,11 0,48 + 0,07

Dexamethason (4 nap) 5,05+ 1,35 26,93 + 5,13** 2,24 £ 0,397 0,23 + 0,06"

4 napos nagy dozist (20 mg/kg) dexamethasonkezelés hatdsdra a periférids nyirokszervekben szignifikdnsan csokkent a Treg-sejt-szém

Foxp3* Treg
B Kontrol BDX 48h

%

|l

Timusz Lép

e W e & @»

Mezenterialis
nvirokecsoms

Pever plakk

4. dbra

Treg-sejt-ardnyok valtozdsa 48 6rds nagy dozisi DX-kezelés
hatdsara a centrdlis (thymus) és a periférids nyirokszervekben.
A thymusban a Treg-sejt-ardny szignifikdns (p <0,001)
emelkedését figyeltik meg, mig a Iépben enyhe
sejtardnycsokkenés tortént (p <0,05). Az mLN-ben és PP-ben
nem tortént szignifikdns Treg-arany-valtozas.

és ezzel egyitt a Treg-sejt-szam is szignifikansan csokkent (2.
tablazat), ami a szervek méretének |atvanyos kisebbedésével
is jart. Ezek alapjan dgy tanik, hogy a periférids nyirokszer-
vekben az érett T-sejtek és a Treg-ek GC-érzékenysége ha-
sonlo.

Megvizsgaltuk kilon a Helios-pozitiv nTreg- és Helios-ne-
gativ iTreg-ek GC-érzékenységét is. A thymusban az nTreg-ek
aranya szignifikdnsan emelkedett, 0,4%-rél 4%-ra (p<0,001)
(10-szeres emelkedés), mig a periférids nyirokszervek kozil
a lépben 9,8%-rél 9,0%-ra (p <0,05), az mLN-ben pedig
5,4%-rol 4,3%-ra (p <0,01) csokkent ez az arany. A PP-ben
szignifikans valtozds nem tortént. A Helios-negativ iTreg-ek a
kezeletlen dllatok thymusaban minddssze 0,09%-ban vannak
jelen, ami 0,6%-ra nétt (7-szeres emelkedés), mig a perifé-
rids nyirokszervekben 5% korali ardnyban fordultak eld, ami
a kezelést kovetéen nem valtozott (abran nem mutatjuk).

10
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5. dbra

Ismételt DX-kezelés hatdsa a thymus abszolut thymocyta
sejtszamara és a Treg-ardnyra CD4/CD25/FoxP3 jeldlés utan.
Az oszlopdiagramon a Treg-aranyok szignifikans novekedése
[athato (p <0,001), mig a vonaldiagram a teljes thymocyta
sejtszam drasztikus csokkenését mutatja (p <0,001) az id6
figgvényében

DX-kezelés hatasanak id6kinetikaja
a thymusban

Vizsgaltuk a GC-kezelés id6fliggését is a thymusban, ismételt
(1-4 napos) DX-kezelést kovetéen. A kezeletlen allatok thy-
musdban a Treg-ek aranya 0,5%, amely 24 6rds nagy dozisu
DX-kezelés hatdsara 2%-ra n6, majd a kezelés hosszaval par-
huzamosan tovabb névekszik kozel 8%-ra. Ha az 6sszsejt-
szamot vizsgaljuk, a kezeletlen thymusban az jellemzéen 9,5
x 107, ami kétszeri DX-kezelést kovetben 3,6 x 107-re csok-
ken, 4 napi kezelés utan pedig 1,1 x 107 sejtszam figyelhet6
meg (5. 3bra), vagyis a thymus sejtes dllomanya kézel a
tizedére csokken, mikdzben a Treg-sejt-szdm nem valtozik,
csak az ardnyuk 16-szorosdra emelkedik.

A GR-expresszio valtozdsa

Egy sejt GC-érzékenységét jelent6sen meghatdrozza, hogy
milyen mértékben expresszdlja a GR-t. Ezért a tovébbiakban
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a Treg-re jellemz6 viszonylagos szteroidrezisztencia, vala-
mint a GR-expresszié kdzotti 6sszefiggést kerestik. Ehhez az
intézetinkben mar korabban is alkalmazott intracellularis
aramldsi citometrids GR-jel6lést hasznaltuk, amely korreldl a
sejtek GR-tartalmdval mind fehérje-, mind RNS-szinten [33].

Eredményeink szerint a thymusban és a periférids nyirok-
szervekben taldlhaté CD4" T-sejtek és a Treg-ek GR-szintje
(MFI: &tlagos fluoreszcenciaintenzitds) nem mutat szignifi-
kéns kilonbséget (nincs dbrdzolva). Ugyanakkor a szerveket
osszehasonlitva, a thymusban és a PP-ben szignifikansan ala-
csonyabb a Treg-ek GR-szintje, mint a Iépben vagy az mLN-
ben (6. 3bra A).

Kétszeri (48 6ras) nagy dozisy, in vivo DX-kezelés utdn a
thymusban tulélé (GC-rezisztens) Treg-ek GR-expresszidja a
kontrollhoz képest névekedett. Ezzel szemben a periférids
nyirokszervekben a kordbbi human vizsgalatainkban is ta-
pasztalt GR-expresszié-csokkenés volt megfigyelheté a DX-
kezelést kovetéen. Ez a vdltozds csak a lépben volt szigni-
fikdns. Ezek alapjdn dgy tlnik, hogy DX-kezelés hatdséra a
thymusban a tulél§ Treg-ekben az eredetileg alacsony GR-
szint emelkedik, a [épben pedig az érett T-sejtekre jellemz6
GR downregulacié figyelheté meq (6. dbra B).

Megbeszélés

Az allo- és autoantigénekkel szembeni immunvalasz gatlasa-
val a Treg-sejtek fontos tényezGi és terdpids célpontjai az im-
munvalasz szabdlyozdsdnak és a periférids tolerancia fenn-
tartdsdnak. Gyulladdsos, autoimmun betegségek és transz-
plantacion atesett betegek kezelésének egyik legfontosabb
eszkozei a GC-analdgok, mégis keveset tudunk a Treg-sejtek-
re kifejtett hatasaikrol.

Munkdnk sordn a GC-kezelés centrdlis és periférids nyi-
rokszervekben el6fordulé nTreg- (CD4'CD25'FoxP3"Helios")
és iTreg (CD47CD25'FoxP3"Helios") sejtekre kifejtett hatasat
vizsgaltuk. Nagy dézisi DX-kezelés hatdsdra a thymus és a
lép szerkezete is megvaltozott, a lépben a T-sejt-zona dif-
fuzzd valt, ugyantgy, mint a thymusban az Treg-sejtek el-
oszldsa is. A thymusban a nTreg-sejtek ardnya szignifikdnsan
emelkedett, a kezelés hosszaval parhuzamosan pedig tovébb
nétt, mikozben a thymocytdk szama dradmaian csokkent, ami
a DP, GC-érzékeny thymocytdk pusztulasaval magyardzhato.
Ekdzben az abszoldt Treg-sejt-szdm nem vdltozott, igy az
arany tapasztalt névekedése kizarolag azok talélésébél ado-
dik. Ez arra enged kovetkeztetni, hogy a thymusban tobb-
ségben jelen levé nTreg-sejtek rezisztensek a GC-indukalt
apoptotikus hatdsra.

A periférids nyirokszervekben sokkal magasabb a Treg-ek
ardnya, de 45-60%-uk iTreg. Ismételt DX-kezelés hatdsdra a
lépben és az mLN-ben kismérv( Treg-sejt-ardny-csokkenés
volt megfigyelhetd, mikozben az 6sszsejtszamok is csok-
kentek. Ezek alapjan feltételezhets, hogy a periféridn el6-
fordulé iTreg-ek és nTreg-ek mdsképp reagalnak GC-expozi-
ciora.

Mivel az nTreg-ek a thymusban jonnek létre, joggal felté-
telezhetd, hogy eléforduldsuk ott a leggyakoribb. A thymus-
ban a vartnak megfeleléen igen magas a Helios-pozitivitas a
Treg-sejteken beltl. Meglep6 azonban, hogy a periférids nyi-
rokszervekben is a Treg-ek fele Helios-pozitiv. Ez az ered-
mény kétséget ébreszt, hogy a Helios j6 markerként hasz-
nalhaté-e az nTreq és iTreq alcsoportok elkilonitésére [22]. Ha
a periférian valéban ilyen magas az nTreg-sejtek eléfordu-
lasa, akkor az 6sszsejtszdm csokkenése mellett a Treg-ek ara-
nydnak - azok szteroidrezisztencidja miatt - novekednie kel-
lett volna, de ez egyik periférids nyirokszervben sem tortént

B Treg ctrl BTreg DX 48h OTreg ctrl B Treg DX 24h
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6. abra

A regulatérikus T-sejtek glukokortikoidreceptor- (GR-) expresszidja (A) és annak valtozdsa 48 6ras nagy dézist DX-kezelés hatdsara
(B). A kiulonbozé nyirokszervekbdl izoldlt sejteket CD4/(D25 sejtfelszini és Foxp3/GR intracelluldris jelolést kovetGen analizdltuk,
és a GR atlagos fluoreszcenciaintenzitdsokat (MFI) hasonlitottuk ssze. A kezeletlen thymusban és PP-ben alacsonyabb a Treg-sejtek
GR-szintje, mint a Iépben (p <0,05). GC-kezelés hatdsara a thymusban a GR upregulciéja (p <0,01), mig a lépben downrequlacid

(p <0,01) volt megfigyelhetd

10
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meg, s6t, a lépben és az mLN-ben még szignifikdns csokke-
nésiiket is tapasztaltuk. Eredményeink inkabb azt a megdlla-
pitast tdmasztjdk ala, hogy a periféridn a Helios T-sejt-aktiva-
ciés marker, és bar kétségtelen, hogy centralisan magasabb
a Helios-pozitivitds a Treg-eken belil, expressziéja mégsem
kizarolag nTreg-re jellemzé.

Egy adott sejt GC-érzékenysége fiigg annak GR-expresz-
sziés szintje mellett a sejtet ér6 eqyéb jelatviteli Gtvonalak
parbeszédétél is. Az intézetiinkben végzett kordbbi kisérletek
szerint a thymusban a DP thymocytak mutatjak a legalacso-
nyabb GR-expressziot [33], és ennek ellenére a legérzéke-
nyebben reagélnak a GC-indukalt apoptozisra. Eredményeink
alapjan ez azzal magyardzhatd, hogy a DP thymocytdkban a
ligandkétés hatdsdra a GR elsésorban nem a sejtmagba,
hanem a mitokondriumba transzlokalédik, és ott proapopto-
vonal elinditasat kozvetiti [34]. Az érett, periférids lympho-
cytdk rezisztensebbek a GC-analdg addséra, és bennik a GR
szignifikdns downrequldciéjat figyelhetjik meg [35]. Kisérle-
teinkben a kezeletlen dllatok thymusdban és a Peyer-plak-
kokban taldlhatd Treg-sejtek GR-expresszidja alacsonyabb,
mint a lépben, ami a lokalis mikrokdrnyezeti hatasok (lokalis
GC-termelés) kovetkezménye lehet. GC-kezelés hatdsara a
GR-expresszié a thymusban taldlhaté nTreg-sejtekben no-
vekszik, mig a lépben downreguldcio figyelheté meg. Ez 6sz-
szefiigghet a thymusban és periférids szervekben talalhaté
Treg-sejtek eltéré GC-érzékenységével. Treg-sejtekben a GC
altal elinditott jeldtviteli Utvonalak tisztdzdsa tovabbi vizs-
galatokat igényel.

Tamogatds: A munka az OTKA K105962 és a CABCOS II.
HUHR/1001/2.1.3 /0007 palydzat tdmogatdsdval készilt
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Abstract

Glucocorticoids (GC) are important in the regulation 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 apoptosis remained unclear. Therefore, in the present study, we intended to examine which
apoptotic pathways could be involved in GC-induced thymocyte apoptosis. Furthermore we investigated the
potential relationship between the GR and Bcl-2 proteins.

Using an in vitro test system, thymocytes from four-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, Bel-x1. 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 mitochondrial
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.

Key Words: Glucocorticoid receptor - Non-genomic pathway + Mitochondria + Thymocyte apoptosis * Bcl-2

proteins
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1. Introduction

Despite their multiple side effects and broad organ-specificity, high-dose synthetic glucocorticoid hormone (GC)
analogues 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 components 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, GCs cause robust thymocyte depletion, primarily by the induction of CD4*CD8" 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, especially 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 physicochemical interactions of the GC hormone with biological membranes [14] and the effects
mediated by the glucocorticoid-glucocorticoid receptor (GC-GR) complex. These latter involves non-nuclear
actions like rapid eNOS (endothelial 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 cytoplasmic proteins
like NF-«xB (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 protein kinase
70 kDa) [18]. The third non-genomic GC action is the translocation of GR to the mitochondria, which correlates
to the sensitivity of a given cell type to GC-induced apoptosis [19,20]. The GC-induced mitochondrial apoptotic
pathway leads to the disruption of the mitochondrial membrane-potential and the release of key apoptosis
inducing 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 Bcel-2 protein family at the level of the mitochondria [23]. Within the pro-apoptotic members of the Bel-2
family there are the Bcl-2 homology 3 (BH3)-only group proteins such as Bim, Bid, Bad, PUMA, Noxa, which
transmit the apoptotic stimuli by activating Bax and Bak. The anti-apoptotic members such as Bcl-2 and Bel-x¢
counteract this process by binding and neutralizing the pro-apoptotic proteins. After Bax and Bak formed pores

on the mitochondrial outer membrane, Cytochorme C is released and it participates in the formation of the
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apoptosome with Apafl and caspase-9 and activates caspase-3 [24,23]. Caspase-3can 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-apoptotic Bcl-2 protein, suggesting that the
mitochondria were directly involved in the regulation of thymocyte apoptosis [22]. Other studies with murine
models have demonstrated the importance of Bax, Bak, Bim and Bcl-xi. in mediating dexamethasone (DX)-
induced apoptosis [27,28]. Previously we have shown, that upon short-term in vitro exposure of DP thymocytes
to GCs the GR translocated to the mitochondria within 30 minutes, 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 translocation 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 Bel-xp 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 characterized 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 association between the GR and Bak, Bim, and Bcl-xt after short term GC

analogue treatment in thymocytes.

2. Materials and Methods

2.1. Mice

Three to four weeks old BALB/c mice (obtained from The Jackson Laboratory, Bar Harbor, ME, USA) were kept
under conventional conditions and provided with pelleted rodent chow and water ad libitum. All animal

experiments were carried out in accordance with the regulations of Committee on Animal Experimentations of

University of Pécs (#BA 02/2000-16/2015).

2.2. 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. 5x107 thymocytes were treated with 10°M DX (synthetic steroid
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compound, which has primarily GC-like effects, 102 M stock dissolved in dimethyl sulfoxide (DMSO), both
from Sigma-Aldrich) in serum-free RPMI for 1 and 3 hours for western blotting, 0.5 hour for confocal
microscopy and for 0.5, 1, 2 and 3 hours for flow cytometry at 37°C. Control samples were kept under the same
conditions for the same time in the presence of the solvent alone. The treatment was stopped by adding ice-cold

phosphate buffered saline (PBS), containing 0.1% NaN3 (Sigma-Aldrich).

2.3. Antibodies

The following antibodies (Abs) were used for flow cytometry: 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 analysis of activated (cleaved) caspases rabbit anti-caspase-3 (clone# SA1E), 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-Fluorescein (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# SH10, Life Technologies, 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 Technology) with goat anti-rabbit
IgG-Cyanine3 (Cy3) secondary Ab and goat anti-rabbit IgG-FITC secondary Ab (Sigma-Aldrich).

For western blot analysis of the activated (cleaved) caspases in the subcellular fractions the following
Abs were used: rabbit anti-caspase-3, -8, and -9 (all from Cell Signaling 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 dilution. For reprobing mouse anti-beta-
actin (clone# AC-74, Sigma-Aldrich) in 1:5000 dilution and anti-Cytochrome C Abs were used.

For immunoprecipitation, anti-GR (clone# 8E9, produced in our laboratory) [29] was used. For
western-blot analysis of immunoprecipitated samples the following primary Abs were used: anti-Bak, anti-Bax
(both from Santa Cruz Biotechnology), mouse anti-Bc¢l-xp (BD Pharmingen) in 1:1000 dilution, rabbit anti-Bim
(Cell Signaling Technology) in 1:1000 dilution and mouse anti-GR (clone# 5E4, produced in our laboratory) in
1:2000 dilution [29].

For visualization of the western blots peroxidase conjugated anti-mouse- or anti-rabbit IgG (produced

in our laboratory) were used as secondary Abs in 1:1000 dilutions.
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2.4. Subcellular fractionation

Mitochondria Isolation Kit (Pierce, Rockford, IL, USA) was used to separate cytoplasmic, mitochondrial and
nuclear fraction from thymocytes, according to manufacturer’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% NaN3) and lysed. After centrifugation at 800 x g for 10 min, the nuclear pellet was
separated. The post-nuclear supernatant was centrifuged first at 3000 x g for 15 min and then at 12 000 x g for 5
min. The pellet containing mitochondria was either dissolved in sodium dodecyl sulfate (SDS) sample buffer
(125 mM Tris, 4% SDS, 10% mercaptoethanol, 0.006% bromo-phenol-blue (all from Sigma-Aldrich) and 10%
glycerol (Molar Chemicals, 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 minutes. 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% glycerol, pH 7.6) complemented freshly with protease inhibitor and Na-
orthovanadate (both from Sigma-Aldrich). The samples were frozen and thawed five times in liquid nitrogen and
then incubated for 30 minutes on ice and centrifuged for 10 min at 13,000 rpm and the supernatant was used for

immunoprecipitation.

2.5. Immunoprecipitation

For immunoprecipitation, the cytosolic and mitochondrial fractions were incubated overnight under continuous
rotation with the appropriate amount of precipitating antibodies (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
Protein-G (Santa Cruz Biotechnology) was added to the samples and they were incubated for additional 2 hours
under continuous 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.

2.6. 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 two hours 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
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and 0.1% Tween 20 (Molar Chemicals), pH 7.4) and then incubated with the appropriate primary antibodies.
Anti-beta-actin and anti-Cytochrome C antibodies were used to control the equal loading and purity of the
fractions. Blots were then probed with the 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

documentary system.

2.7. Analysis of blots

Densitometry of blots was done with the Image J software (http://rsb.info.nih.gov/ij). Densitometric data was
calculated using the original, unmodified images. Relative densities of caspases and cytoplasmic Bax blots were
normalized to the relative densities of beta-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.

2.8. Labeling cells for confocal laser scanning microscopy

After 30 min DX treatment CD4-Pacific Blue and CD8-Pacific Orange labeling of thymocytes was performed in
binding buffer (PBS containing 0.1% BSA and 0.1% NaN3) then cells were fixed in 4% paraformaldehyde
(Sigma-Aldrich) and washed in permeabilization buffer (PBS containing 0.1% BSA, 0.1% NaN3 and 0.1%
saponin (Sigma-Aldrich)). The intracellular labeling of the cells was performed in saponin buffer with rabbit
anti-Bak, Bax, Bcl-x, and Bim as primary Abs and anti-rabbit IgG-Cy3 as secondary Ab then with 1 pg/ml anti-
GR-FITC antibody [29]. The cells were incubated for 1 hour 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).

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

microscopy



dc_1343 16

CMX-Ros (Invitrogen, Waltham, MA, USA) is a cell-permeant 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 1ml serum-free RPMI containing 10 pl CMX-Ros stock solution
(1pg/ml in DMSO) for 30 min at 37 °C, following the manufacturer’s 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 2.8.

2.10. 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 channels, including differential interference contrast (DIC), UV for CD4, virtual red for CD8, FITC for
GR, red for Bak, Bax, Bcl-xr, 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 ImagelJ software (http://rsb.info.nih.gov/ij)
using co-localization plug-in. Co-localization data was calculated using the original, unmodified images. Based
on the analysis of pixel fluorescence intensities, ranging from 0 to 255, specific staining was distinguished 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 representative images have been adjusted.

2.11. Labeling cells for flow cytometry
106 cells were treated with DX for 0.5, 1, 2 and 3 hours. Cell surface labelling with CD4-PECy5 and CD8-PE
and intracellular labelling with rabbit anti-caspase-3, -8, -9 as primary antibodies and with anti-rabbit IgG-FITC

as secondary antibody was performed as indicated in 2.8. followed by flow cytometric analysis.

2.12. 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 subpopulations were analyzed separately based on their cell
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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.

2.13. Statistical analysis
Data are presented as mean + SEM. GraphPad Prism (version 6.01, GraphPad Software, La Jolla, CA) program
was used to create the artwork and perform the statistical analysis using Student’s ¢-test. p < 0.05 was considered

statistically significant.

3. Results

3.1. 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 thymocytes to GC the activated GR translocated to the mitochondria within 30 minutes 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 thymocytes. 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 interactions between the GR and Bcl-2 family proteins, which are
responsible for the control of the mitochondrial membrane potential [37]. To test our hypothesis the co-
localization of GR and Bak, Bax, Bcl-x. or Bim was analyzed in DP thymocytes before and after 30 minutes of
high dose DX treatment (Figure 1). We found that the GR co-localized to some extent with all four investigated
Bcl-2 family proteins (Fig. 1A1-D1). Upon DX treatment the GR—Bak association showed minimal change (Fig.
1Al), the GR-Bax, —Bcl-xL association decreased (Fig. 1B1, C1), 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 individual DP cells after 30 minutes of DX treatment to their controls. 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 (937 £ 77 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
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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 (719 + 159 versus 501 £ 60 in the control) (Fig. 1D2).

3.2. 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 investigated the interaction of the GR with Bcl-2 family
member proteins: Bak, Bax, Bcl-x;, and Bim proteins in thymocytes 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
cytoplasmic and mitochondrial fractions from 30 minutes DX or vehicle-treated, unseparated thymocytes. After
subcellular 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 experiments, 70-80% of the cells are DP in 3-to-4-week-old BALB/c mice [38]; therefore the results
from our immunoprecipitation and western blot experiments give a good impression about the DP cells. Results
of representative experiments are shown in Figure 2. Confirming our confocal microscopic data (see 3.1.),
association of the GR with Bak, Bim, Bcl-x;., proteins could be observed both in the cytoplasmic and
mitochondrial fractions of both untreated and DX-treated thymocytes (Fig. 2A, B, C, respectively), however,
Bax protein did not show any direct association with the GR (data not shown).

Bak co-precipitated with the GR, and upon DX treatment the Bak—GR co-precipitation increased in
the cytoplasmic and slightly changed in the mitochondrial fraction (Fig. 2A). We also observed the co-
precipitation of Bim with the GR (Fig. 2B). Bel-x.. also co-precipitated with GR (Fig. 2B). The rate of their co-
precipitation increased in the cytoplasmic and decreased in the mitochondrial 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 thymocyte apoptosis.

3.3. DX treatment-induced mitochondrial accumulation of Bax

10
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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 that Bax accumulated in
the mitochondrial fraction after 30 min of DX treatment, compared to the control (Figure 3A). This result was
confirmed by confocal microscopy (Figure 3 B1); the number of Bax—CMX-Ros co-localized pixel number

increased upon 30 minutes of DX treatment (910 + 68 versus 626 + 33 in the control) (Figure 3 B2).

3.4. 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]. However, others have emphasized the role of caspase-8 and the
extrinsic pathway in this process [42,43]. In our previous research, with DP thymocytes, we have shown that the
translocation of GR to the mitochondria was followed by the decrease of the mitochondrial membrane potential
[6], which supported the significance of the mitochondrial apoptotic pathway in DP thymocyte apoptosis
induced by GCs.

Hence, now to investigate the activation of caspases in DP thymocytes, separately from other
thymocyte subpopulations, we examined the activation of caspase-3,-8, and -9 after 0.5, 1, 2 and 3 hours of DX
treatment in DP thymocytes (Fig. 4). The ratio of DP cells containing cleaved caspase-9 increased significantly
after 2 and 3 hours of DX treatment (Fig. 4C). The percentage of DP cells in which active caspase-3 was
detected showed increase already after 1 hour of DX treatment, and after 2 and 3 hours of DX treatment the rate
of DP cells having active caspase-3 increased significantly (Fig. 4D). The activation of caspase-9 together with
the cleavage 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 hour of DX
treatment, and this increase continued and became significant after 2 and 3 hours DX treatment showing a
similar tendency to the active caspase-9 (Fig. 4E). The changes in caspase-9 activation seemed to be more
pronounced than in the case of caspase-8 after 2 and 3 hours of DX treatment, which may suggest a pivotal role

of caspase-9 in DX-induced thymocyte apoptosis.
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3.5. DX-induced caspase activation in thymocytes and the release of Cytochrome C to the cytoplasm

To confirm our flow cytometric results we performed western blot analysis of activated caspases in unseparated
thymocytes (70-80% of the cells are DP [38]) upon 3 hours 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). One hour, high dose DX treatment caused the significant
increase of Cytochrome C level in the cytoplasm (Fig. SA). We observed the significant elevation of active
caspase-9,-3 levels (Fig. 5B and C, respectively) compared to the control after 3 hours of high dose DX
treatment which are characteristic signs of the activation of the intrinsic (mitochondrial) apoptotic pathway.
Interestingly, the initiator caspase-8 of the extrinsic pathway was also significantly elevated upon DX treatment
(Fig. SD), which might reflect a cross-talk between the intrinsic- and extrinsic pathways or may indicate the

activation of another parallel apoptotic pathway.

Discussion

Glucocorticoid receptor (GR) signaling plays an important regulatory role in the selection and
apoptosis of thymocytes [6,8,7]. Besides the nuclear-, mitochondrial translocation of the ligand-bound GR might
dictate GC-induced apoptosis sensitivity of the cells [44-49,6]. 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 demonstrated 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 Bel-2
family proteins.

We observed both co-localization and direct molecular association of Bak with GR (Figures 1 and 2).
After DX treatment this association was unchanged in the mitochondrial fraction but increased in the cytoplasm
of thymocytes upon high-dose short-term DX treatment. Upon apoptotic stimuli, 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
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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 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 and 2). Bim” knock-out mice
showed impaired GC-induced 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 thymocytes after 2 or 3 hours of DX treatment [47,54]. Increased expression of
Bim has correlated with increased sensitivity to GC-induced apoptosis [55,56], dysregulation of its gene
expression has been found in solid and hematopoietic malignances [57], where reduced expression correlated
with increased disease risk [58], and single nucleotide 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-x1, an anti-apoptotic member of the Bel-2
family, and the GR during the DX-induced apoptotic processes. Bcl-xi has been shown to retrotranslocate Bax
from the mitochondria 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-xp
function. After 30 minutes DX treatment the GR bound ratio of Bcl-xi. increased in the cytoplasmic but
decreased in the mitochondrial fraction (Fig. 2) which suggests that Bel-xi, 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 inhibitory effect of the GR on Bcl-xy is supported by the result of
another research group where it has been observed that the expression of Bel-xi. decreased significantly after 2 or
3 hours of DX treatment [54]. However, the co-localization between Bcl-xi. 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 cytoplasm 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
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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-localization with the GR was not confirmed
by co-immunoprecipitation, the results suggest that the two molecules were very close to each other, but there
were no direct interaction between them. According to our results GR, a 94 kDa molecule, associates with other
members of the Bcl-2 protein family, which are in the vicinity of Bax. It is known from the work of others [63-
65,62] 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 key regulator of the intrinsic (mitochondrial) pathway of apoptosis [39,66,24]. Bax
oligomerization in the mitochondrial membrane leads to the formation of a permeability pore, which causes the
decrease of the mitochondrial membrane potential [24], as it has been detected in our previous experiments [6].
Caspases are important effectors of both, intrinsic and extrinsic, apoptotic pathways [26,23]. In our
experiments we analyzed the kinetics of caspases’ activation from 0.5 to 3 hours of DX treatment. We observed
significantly increased number of DP thymocytes containing active, cleaved caspase-3, -8, -9 after 2 and 3 hours
of DX treatment. After 1 hour 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 minutes DX
treatment in our previous work [6]. But the activation of caspase-3 after 1 hour of DX treatment may be partially
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 hours DX treatment was followed by remarkable caspase-3 activation
after 3 hours DX treatment. The number of DP cells containing activated caspase-9 was almost doubled after 2
hours and the number of cleaved caspase-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 mitochondrial 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 or caspases were inactivated and thus, the
deficiency of these proteins can be studied effectively. These models have provided an important insight into the

different apoptotic pathways. For example, caspase-97- KO thymocytes have been found to be resistant to DX-
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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 [72,42]. 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 cathepsin 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, Bel-x1) proteins. There is a constant
turnover of the pro-apoptotic Bax between the mitochondrial outer membrane and the cytoplasm. When no
apoptotic stimuli are present Bel-xy. retrotranslocates Bax from the mitochondrial 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 equilibrium between the Bcl-2 family proteins, in such a way, which promotes
apoptosis. GR translocates to the mitochondria where its interaction increases especially with Bim. Bim
presumably activates Bax leading to the accumulation 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 cytoplasmic association of the activated GR with Bcl-xi,which
interferes with the latter’s inhibitory effect on the mitochondrial pore formation by Bax. The role of the GR—Bak
association needs further investigations. Caspase-8 activation (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 mitochondrial apoptotic pathway and the non-genomic effects in GC-induced thymocyte

apoptosis.
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Fig. 1

Co-localization of the GR with members of the Bcl-2 family proteins: Bak, Bax, Bel-xi and Bim co-localization
in DP thymocytes.

Representative confocal microscopic images from at least three independent experiments showing GR—Bak
(A1), GR-Bax (B1), GR-Bcl-xi, (C1) and GR-Bim (D1) co-localization in control (Ctrl) and 30 minutes DX-
treated cells. DIC, CD4 (blue channel) and CDS8 (virtual red channel) overlaid, intracellular GR (green channel)
and Bak, Bax, Bcl-xi, 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 are 8 pm 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 ImageJ software. The mean + SEM was
calculated from the data of 100 DP cells per treatment, respectively. Significant changes (p < 0.05) values in
DX-treated cells versus controls are indicated by asterisk
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Fig. 2

Association of the GR with members of the Bcl-2 family in thymocytes.

Anti-Bak (A), Bel-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 densitometry data of
at least three independent experiments. Diagrams below each blot show the relative Bak, Bcl-x; and Bim levels
in the cytoplasm (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
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Subcellular distribution of Bax in thymocytes upon DX treatment.

A: Western blot shows the DX treatment-induced redistribution of Bax between the cytoplasmic and
mitochondrial fractions of thymocytes. Blots were reprobed with anti--actin or anti-Cytochrome C (Cyt C)
antibodies to confirm the purity of the cytoplasmic and mitochondrial fractions, respectively. The figure shows a
representative blot and the densitometry data of at least three independent experiments. The diagram shows the
relative Bax expression in the cytoplasm (normalized to B-actin) and the mitochondria (normalized to
Cytochrome C). Bars represent the mean = SEM of relative densities compared to the controls.

B: Mitochondrial translocation of Bax in DP thymocytes. B1: Representative confocal microscopic images of at
least three independent experiment showing CMX-Ros—Bax co-localization in control (Ctrl) and 30 minutes DX-
treated cells. DIC, CD4 (blue channel) and CD8 (virtual red channel) overlaid, mitochondria (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-localization in DP thymocytes after in vifro DX treatment was performed using the co-
localization plugin of the ImageJ software. Bars represent the number of co-localized pixels. The mean + SEM

was calculated from the data of 100 DP cells per treatment, respectively
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Flow cytometric analysis of the kinetics of caspase activation in DP thymocytes upon 30 minutes to 3 hours of
DX treatment.

A: Thymocyte subpopulations were gated based on their CD4/CD8 expression. B: The representative fluorescent
histogram plot shows the active caspase-9 positive percentage of DP thymocyte subpopulation before and after 3
hours of DX treatment. Bar diagrams show the mean + SEM 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 thymocyte population and its
changes upon 30 minutes to 3 hours of DX treatment. Significant (p < 0.05) differences compared to the

untreated controls are indicated by asterisk
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Fig. 5. Western blot analysis of DX treatment induced caspase-3,-8,-9 activation and Cytochrome C release in
the cytoplasm of thymocytes.

The cytoplasmic presence of Cytochrome C (A), active (cleaved)-caspase-9 (B),-3 (C) and-8 (D) were detected
in thymocyte lysates by western blot. Blots were reprobed with anti-B-actin antibody to confirm equal loading of
the samples. The figure shows representative blots and the densitometry data of at least three independent
experiments. Diagrams below each blot show the relative Cytochrome C and caspase-9,-3,-8 levels (normalized
to B-actin). Bars represent the mean + SEM of relative densities compared to the untreated controls. Significant

(p <0.05) differences are indicated by asterisk
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Fig. 6. Hypothetical model of the GC-induced apoptosis in thymocytes through the regulation of the
mitochondrial apoptotic pathway by members of Bel-2 protein family.

Upon high dose GC treatment the GR translocates to the mitochondria (dashed arrow) where its interaction
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-cascade. The accumulation of Bax in the mitochondrial outer membrane is
most likely further enhanced by the increased cytoplasmic association of the liganded GR and the Bcl-xi 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)
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