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1. BEVEZETES

A Dbiologiai folyamatokat bonyolult sejten beliili és sejten kiviili jelatviteli halézatok
szabéalyozzak. Ugy az embrionalis fejlédést, mint a felnétt szovetek napi mitkodését, szoveti
regeneraciojat és oOregedését ezek az Osszetett jeltovabbitasi halozatok iranyitjdk. Nem
meglepd tehat, ha a jelatviteli utak hibai patoldgias elvaltozasokhoz vezetnek. Ezért a
jelatvitel megértése fejlédési rendellenességek és felndttkori betegségek mechanizmusanak
feltérképezéséhez nélkiilozhetetlen. Ez a tudas szolgal alapul a terapias célok azonositasahoz,

farmakologiai hatdéanyagok bevizsgalasahoz és 1ij terapias modszerek kidolgozasahoz, illetve

akar az oregedés folyamatéanak lelassitasahoz is.

Ennek ellenére, évtizedeken keresztiill még a sejten beliili és sejten kiviili kommunikécio
alapjat képezd molekuléris kapcsolatok biokémiai és genetikai feltérképezése is nehézségekbe
itk6zott. Amikor végiil a technikai problémak megoldodni latszottak, a felhalmozott
informécio sokszor ellentmonddsosnak bizonyult és a kialakult jelatviteli dogmak nem
magyaraztak a fiziologidsan megfigyelheté folyamatokat. Ekkor valt nyilvanvalova, hogy a
jelatvitel vizsgélata, a jeldtvitel biologiai rendszerekben torténd modellezése és a kisérleti

eredmények értelmezése alapos atgondolast igényel.

Munkam f6 iranyvonala egylitt evolvalodott a jelatvitel megértéséhez nélkiilozhetetlen
kisérletes megkozelitési modokkal és értelmezési koncepciokkal. Kollégdimmal a fenti
meggondolasok figyelembevételével végeztikk jelatviteli kisérleteinket, hogy ez a nagyon
bonyolult, és meglepd modon, nagy pontossaggal miikodé biokémiai haldzat fiziologias

szinten torténd megértéséhez hozzajaruljunk.
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2. IRODALMI ATTEKINTES

Az értekezésemben elsOsorban azoknak a vizsgalatainknak az eredményeit ismertetem,
amelyek soran a protein kindz C és a Wnt jelatvitel fobb tulajdonsagait és fiziologias
jelent0ségét tanulmanyoztuk sejtvonalakon, normal timusz-széveti modelleken, Gregedés

soran és az immunrendszer patologias elvaltozasaiban.
2.1. Az immunrendszer

2.1.1. Az immunrendszer sejtjei és szerepiik

A szervezet védekezési folyamatait az immunrendszer iranyitja. Az immunrendszer kozponti
szovetei termelik az immunsejteket és iranyitjak azok fejlodését, majd érését. A kifejlett
immunsejtek altalanos és specifikus antigénfelismer6 képessége biztositja a fertézések, illetve
daganatos betegségek elleni védelmet. Az immunrendszer f6 sejtes elemeit a természetes vagy
velesziiletett, illetve a szerzett immunitasban résztvevo kategdriaba soroljuk (1. abra). Mind a
természetes, mind a szerzett immunitds sejtes elemei specidlis szoveti mikrokdrnyezetben
fejlédnek ki, ahol a kornyezetbdl szarmazo sejten kiviili jeleket a sejten beliili jelatviteli
rendszereik segitségével forditjdk le és hasznositjak fejlédésiik, differencialodasuk és

aktivacios mechanizmusaik megvalositasdhoz.


http://hu.wikipedia.org/wiki/Fert%C5%91z%C3%A9s
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1. abra: Az immunrendszer ¢és funkcidja

Az immunsejtek fejlddéséhez a nyirokszervek biztositjak a szoveti mikrokornyezetet, melyek
kozott megkiilonboztetiink elsédleges és masodlagos nyirokszerveket. Az elsddleges
nyirokszerv a csontokban talalhato vords csontveld, valamint a szegycsont alatt elhelyezkedd
csecsemOmirigy. A vords csontvel6ben jonnek 1étre az immunsejtek Gssejtjei, majd fejlodnek
ki a természetes immunitds sejtjei, mint a makrofagok, granulocitdk €s dendritikus sejtek,
tovabba a B limfocitdk, illetve a T limfocitak prekurzorai, melyek koziil a T limfocitak a
timuszban (csecsemOmirigy) érik el teljes fejlettségi szintjliket. A méasodlagos nyirokszervek:
1ép, mandulék, nyirokcsomok biztositjak az antigén-specifikus immunvalasz és az antigén-
specifikus immunsejtek aktivalédasanak helyszinét. Immunrendszeriink sejtjei naponta millio
szdmra termelddnek, differencidlodnak és szelektaldédnak, illetve 1épnek aktiv allapotba
szervezetiink integritasanak védelmében. Nem meglepd tehat, hogy az immunsejtek
kifejlodésében vagy aktivalodasaban fellépd zavarok sulyos kovetkezményekkel jarnak. Az
osztddasi zavarok proliferaciés betegségek — pl. akut vagy kronikus mieloid leukémia,
limfoblasztos leukémia stb.- kialakuldsat idézik eld. A specifikus szelekcids folyamatokban

fellépd zavarok az immunrendszer sajat struktiraival szemben kialakult tolerancidjanak

10
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megsziinés¢hez vezetnek, amely autoimmun korképek kialakuldsdt eredményezi. Az
immunrendszer fokozott ,,érzékenysége” is a specifikus immunitds zavaraira vezethetd vissza,
amely minimalis kornyezeti ingerekre fokozott valaszadas kialakulasat eredményezheti és
allergias megbetegedések Kialakulasahoz vezet. Az immunrendszer valaszadasi képességének
teljes vagy részleges megsziinése pedig a fertdzések megallithatatlan ismétlédésével vezet a

beteg korai halalahoz.

Annak érdekében, hogy hatékony terapids modszerek, specifikus gyogyszerek eldallitasara
lehetéség nyiljon, az immunszévetekben zajlé folyamatok megértése, mind széveti, mind

sejtek kozotti, mind sejten beliili jelatviteli szinten nagy fontossaggal bir.

2.1.2. Az immunrendszer oregedése

Az immunrendszer Oregedése a szervezetben zajlo fiziologids Oregedési folyamatokkal
parhuzamosan jelenik meg ¢és vezet kiillonboz6 szintli immunhianyos allapotok
kialakuldsdhoz. Az egyedi immunologiai kompetenciat a primer limfoid szervekben fejlédo
specializalt érett limfocitdk és a masodlagos nyirokszervekben vagy a fert6zés helyén
funkciojukat beteljesitd érett nyiroksejtek jelentik. Ertheté moédon, ha a szoveti
mikrokdrnyezet megvaltozik, az dontd modon befolyasoja mind a primer, mind a szekunder
immunvalaszt. Az immunszdvetek Oregedésének vizsgalata sordn mar kimutatasra kertiilt,
hogy mind a B, mind a T limfocitak szoveti kornyezete 6regszik. Az oregedési folyamatok
jellemzéje pl a limfoid memoria sejtek tuléléséhez sziikséges szoveti kapcsolatokbol
szarmazoé jelek hianya (Aydar, Balogh et al. 2004) (Aydar, Balogh et al. 2003), avagy a T
limfocitak termelésének lecsokkenése a timusz szovet atrofidjanak kovetkeztében.
Osszességében az dregedés kovetkeztében bekovetkezd véltozasok autoimmun betegségek

kialakulasahoz és fert6zésekkel szembeni valaszképtelenséghez vezethetnek.

2.2. A szoveti fejlodést és differenciaciot szabalyozo

molekulacsaladok

2.2.1. Jelatviteli molekulacsaladok

Mind az embriondlis fejlédést, mind a felndtt szovetek homeosztazisat olyan sejten beliili

jelatviteli utvonalak szabalyozzak, melyeket kozvetlen ¢és kozvetett sejt-sejt kozotti

11
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kolcsonhatasok kontrollalnak. Kezdeti kutatdsokban a jelatvitelt linearis, molekularol
molekulara torténd folyamatnak feltételezték, melynek végén jol koriilhatarolhato
valaszreakci6 all. Azonban a kisérleti eredmények arra engednek kovetkeztetni, hogy igen
Kiterjedt jelatviteli haldzatokrol van sz, melyek komplex modon gatoljak, illetve erdsitik a
sejtet ér6 behatasokat. A nem csak direkt sejt-sejt kozotti kontaktus, hanem szekretalt
faktorok és ligandok altal is kivaltott jelek mennyiségi viszonyai donté fontossaggal birnak a
sejt-valasz meghatarozasaban. Noha egy-egy sejt valaszadd képessége igen széles skalan
mozog, a fejlodést, regeneralodast és az Oregedés folyamatat csak néhany, fo jelatviteli
molekula, illetve molekulacsalad szabalyozza. Koztiikk a csont morfogén fehérje, azaz ,,bone
morphogenic protein” (BMP), a transzformald novekedési faktor, azaz a ,transforming
growth factor B (TGFp), a fibroblaszt novekedési faktor, azaz ,,fibroblast growth factor”
(FGF), a Notch és a Wnt gliko-lipoprotein csalad (2. abra) jatsza a legfontosabb szerepet.

Szomszédos sejt

B-katenin (m i
akkumulatédss( )} [ )

p-katenin
degradacio

TCF
Hey, ATF2,
c-jun, c-fos
Poliferacio
Differenciacio
Migracio SEJTMAG CITOPLAZMA

2. abra: A fejlddést és regeneraciot szabalyozo f6 jelatviteli itvonalak és receptoraik
(Molnar és Pongracz 2010)

A négy f6 jelatviteli molekulacsalad f6 receptorait és célgénjeit demonstralja az abra. A fent emlitett
molekulacsaladok folyamatos szdveti jelenlétének kombinacidi olyan intracellularis jelatviteli
utvonalakat képesek aktivalni, melyek nem csak kontrollaljak a receptorok, ligandok és jelatviteli
molekulak expresszidjat, de a jelek modulalasan keresztiil szabalyozzak a sejtek funkcioit is. Ezek a
jelatviteli halézatok egyarant fontosak embrionalis fejlédésben, normal széveti homeosztazis és
regeneracio fenntartasaban, vagy sériilést és mitétet kovetd szovetképzddésben és funkcio-specifikus
differencialodasban. Természetesen a fent emlitett molekuldk, illetve jelatviteli Gtvonalaik mutacioi
patologias elvaltozasokhoz vezethetnek. Ezért az altaluk iranyitott folyamatok megértése kiemelt
fontossaggal bir az orvosbioldgiai kutatasok szempontjabol.

12
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2.2.2. Szovet specifikus jelatviteli interakciok
2.2.2.1. FGF jelatvitel (Lanner és Rossant 2010)

Az FGF fehérje csalad 22 tagiu. Az FGF ligandok négy tirozin kinaz fiiggé receptoron (FGFR-
K) keresztiil indukalnak proliferaciot, differenciaciot, migraciot és tuléléshez vezetd
sejtfiziologiai valtozasokat. A szervek szoveteinek egészséges fejlodéséhez elengedhetetlen a
szovetek folyamatos ¢és Osszerendezett egymasra hatdsa, amelyben az FGF fehérje csalad
ligandjai és receptorai koOzponti szerepet jatszanak. A szOveti interakcid reciprokalis
mezenhimalis eredeti  FGF7 és FGF10 a csecsemOmirigy epitélidlis haldzatanak
kialakitasaban elengedhetetlen. FGF hianyaban az epitélialis sejtek osztddasa erdsen
lecsokken, ezzel gatolva a normal méretli timusz kialakulasat (Jenkinson, Jenkinson et al.
2003). Az FGF jelatvitelben részvevd intracellularis molekula rendszerek f6 elemeit a 3. abra

foglalja Ossze.

FGFR-FGF-HSPG komplex . FGF
U HSPGs

Extracellularis Plazma membran

DAG + IP3

/ 0\

| &1,

(p3s) (onk)  (Erkar)

3. abra: FGF receptorokbdl indulo jelatviteli folyamatok

A jelatvitel megindulasahoz FGFR-ral trimert kell alkosson az FGF és a heparan szulfat proteoglikan
(HSPG). A négy f6 jelatviteli titvonal a receptor aktivalast kovetden szabalyozza a génatirédashoz
vezetl jeleket. Az egyik a Janus kindz és Jak/Stat aktivator (1, barna szinnel jeldlve), foszfoinozitid-
foszfolipaz C (PLCy; 2, sziirke szinnel), foszfatidil-inozitol 3-kinaz (PI3K; 3, zold szinnel) és a
mitogén-aktivalta protein kinaz/extracellularis szignal reguldlta kindz (MAPK/Erk; 4, kék szinnel
jelolve). A ,.dual specificity phosphatase”-ok (DUSP), Spred és Sprouty proteinek (narancssarga)
negativ visszacsatolasi mechanizmussal szabalyozzak az FGF-ek altal inditott jelatviteli folyamatokat.
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2.2.2.2. Notch jelatvitel (Radtke és Raj 2003)

A Notch gén, amelyet 1980-ban sikeriilt megklonozni, olyan receptort kodol, amely egy
transzmembran doménnel rendelkezik. Noha egy prekurzor fehérjeként szintetizalodik, a
Notch molekula kettéhasitva transzportalodik és heterodimer receptorként jelenik meg a
sejtfelszinen. A receptor extracellularis részén epidermalis novekedési faktor (epidermal
growth factor) (EGF)-szeri szekvenciak talalhatok, melyeket harom, ciszteinben gazdag
Notch/Lin12 (LN) szekvencia kovet. Az ismétlodé6 EGF-szerli szakaszok a ligand kotésért
felelések, mig az LN szekvenciak a ligand hianyaban megakadalyozzak a jeltovabbitast. A
receptor citoplazmikus meghosszabbitasa juttatja a jeleket a sejtmagba. A receptornak ez a
része tartalmazza a RAM vagy hat ankirin domént, hordoz két nuklearis lokalizacios szignalt,
transzkripcids transzaktivaciés domént (TAD) és a PEST szekvenciat. Emldsokben négy
Notch receptort (Notchl-4) és 6t ligandot (Delta-like azaz DLL1, DLL3, DLL4, illetve a
szerat (Ser)-szer( ligandokat Jagged (JAG1 és JAG2) sikeriilt eddig azonositani.

A Notch jeltovabbitast a két sejt kozott 1étrejovo receptor—ligand interakcid inicializalja, mely
a Notch receptor citoplazmikus végének proteolitikus hasitdsahoz és annak felszabaditasahoz
vezet. A Notch-IC ezutan a membranbdl a sejtmagba jutva a CSL transzkripcios faktorhoz
kapcsolodik, majd ko-aktivatorokat vonz a komplexbe, mint példaul a Mastermind nevi
molekulat és a hiszton acetil-transzferazokat, amelyek a CSL-t transzkripcids represszorbol
transzkripcids aktivatorra alakitjdk. A Notch jelatvitelnek csak néhany transzkripcios

célmolekulaja ismert, egyikiik a ,,hairy/enhancer of split” avagy HES (lso, Kedes et al. 2003).
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4. abra: A Notch receptor/ligand csalad és Notch jelatvitel

A Notch jelatvitel megindulasahoz Notch receptor és ligand kapcsolodas sziikséges. A receptorok és
ligandok szerkezetét az abran a felsé panel mutatja be (A), mig a receptorbdl induld jelatvitel
folyaman lezajlo folyamatokat a (B) panel 6sszegzi.

2.2.2.3. BMP-TGF g jelatvitel (Miyazono, Maeda et al. 2005)

BMP molekuldk a TGFp szupercsaladhoz tartoznak, amely magaban foglalja a TGFB-n kiviil
az aktivinokat és inhibineket, Nodal-t, miosztatint és AMH-t, azaz az ,anti-Miillerian-
hormone”-t. A TGFf szupercsalad ligandjai szerin/treonin kinaz receptorokhoz kapcsolodnak,
amelyek Smad-fiiggd és -fiiggetlen mechanizmusokon keresztiil tovabbitjak a receptorbol
szarmazo jeleket. Eddig tobb mint 20 BMP-jellegti fehérjét sikeriilt azonositani, melyeket
tovabbi alcsoportokba sorolnak szerkezetiik és funkciojuk alapjan. BMP-2 és BMP-4 alkotjak
az els6, mig BMP-5, -6, -7, -8 a masodik, végiill BMP-1, -12, 13 a harmadik csoportot. A
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BMP csalad térben €s idében jellegzetes expresszids mintazata szabalyozza a sejtfiziologias

valtozasokat és ezeken keresztil a szoveti funkciokat.

TGFB-szerii BMP-szerii
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5. abra: Jelatvitel a TGF és BMP receptorokbol

TGF-B és BMP ligandok jol koriilhatarolhaté receptorokbol inditanak intracellularis jeleket. A
receptor el0szor foszforizalodik, majd meghatarozott SMAD molekuldkat foszforizal, melyek
heteromer komplexeket alkotnak Smad4-gyel, majd a sejtmagba transzlokalodnak. A kiilonb6zé Smad
kombinaciok mas-mas DNS-ko6té proteint (DBP) ismernek fel, mely végiil differencialt célgén
atirédashoz vezet.

2.2.2.4. Wnt jelatvitel (Pongracz JE és Stockley RA 2006)

A Wnt molekulacsalad elemei esszencidlisak az embrionalis fejlédés, a felndtt szovetek
folyamatos regeneracioja és Ossejt alloményanak fenntartasa szempontjabol. A Wnt jelatvitel
hibas szabalyozasa daganatok, fibrozis és perzisztald gyulladasos folyamatok kialakuldsahoz,
illetve felgyorsult dregedéshez vezet (Nateri, Spencer-Dene et al. 2005; Liu, Fergusson et al.
2007). Mivel kutatasaim jelentds részét a Wnt jelatvitel vizsgalataval toltottem, ezért a Wnt

jelatvitelt részleteiben mutatom be.
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2.3. Wnt jelatvitel

2.3.1. A Wnt jelatvitel altalanos jellemzoi

Maga a Wnt elnevezés a Drosophila ,,wingless” (szarnyatlan) és annak gerinces homologja az
»INt” Osszevonasabol keletkezett. A gerincesek 19 Wnt fehérjéje bizonyitottan kdzponti
szerepet jatszik a sejtdifferencialodas, sejtosztddas, sejtmigracid é€s  sejtpolaritas
szabalyozasaban. A Wnt-0k ciszteinben gazdag, szekretalt gliko-lipoproteinek, amelyek
jeltovabbitasa két f6 és ezeken beliil is tobb alcsoportot alkotd, bonyolult jeltovabbitasi
mechanismusra oszthatd. A Wnt fehérjék a Ryk (Kim, Her et al. 2008), illetve a Frizzled (Fz)
elnevezésii receptorokhoz kotddve inditjak el a jelatvitelt. A 9 gén altal kodolt 10 Fz fehérje
az LRP5/6 (low density lipoprotein related protein) ko-receptorral alkot aktiv receptor
komplexet (Pinson 2000).

A Wnt-ok két f6 jeltovabbitasi rendszer aktivalasaval szabalyozzak a génatirodast. Az egyik a
klasszikus, avagy kanonikus jelatviteli Gt, amely -katenin fiigg6. A masik, a nem-kanonikus
ut, mely tovabbi két jelatviteli ttra oszthato: a PCP (polar cell polarity) avagy a c-Jun N-
terminalis kinaz (JNK) fiiggd és a protein kinaz C (PKC) fiiggd jelatviteli utakra. Attol
fliggden, hogy kanonikus vagy nem-kanonikus jeltovabbitasi rendszereket aktivalnak, a Wnt
fehérjék két csoportra oszthatok: a kanonikus (Wntl, Wnt3, Wnt7b, Wnt10b, stb) és a nem-
kanonikus (Wnt4, Wnt5a, Wntl1l) Wnt-okra. A Wnt rendszer bonyolultsagat tovabb noveli,
hogy a Wnt molekuldk receptor specificitdisa nem abszolut, és igy tobb jeltovabbitasi
rendszert is aktivalhat egy fajta Wnt fehérje, ami a Wnt-rendszerekt6l fiiggd cellularis

folyamatok vizsgalatat igencsak megneheziti.
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6. abra: A Wnt jelatviteli utvonalak 6sszefoglald dbrazolasa

A Wnt jelatvitel harom f6 jelatviteli Otra oszthato. Kettd aktivalja a génatirodast, mig a harmadik
gatolja a TCF/LEF transzkripcios faktorok altal aktivalt génatirodast.

2.3.2. Kanonikus Wnt jeltovabbitas

A kanonikus vagy p-katenin/TCF fiiggd Wnt jeltovabbitasi ut (6. abra) a leginkabb vizsgalt,
kovetkezésképpen a legismertebb. A legujabb eredményeket gyakori Osszefoglald cikkek
igyekeznek atlathatobba tenni (Moon, Kohn et al. 2004; Reya és Clevers 2005). Roviden:
Whnt-ok hianyaban a glikogén szintaz kinaz B (GSK-3P) aktivalodik és foszforilalja a p-
katenin-t az ,,adenomatous polyposis coli” (APC) és axin alkotta fehérje komplexben, ahol a
B-katenin a foszforilalas hatdsara inaktivva valik (Ikeda 1998; Yamamoto 1999) és a
proteoszomakban degradalodik (Moon, Bowerman et al. 2002), ezzel csokkentve a

citoszolban a 3-katenin szintet (Aberle 1997).

A Wnt molekuldk jelenlétében a Fz receptorbol meginduld jelatvitel a GSK-3p3
inaktivalasahoz, majd ennek kovetkeztében a [-katenin akkumulalédasahoz vezet. A -
katenin ezutan a sejtmagba transzlokalodik, ahol a T sejt faktor azaz ,,T cell factor” (TCF)
csaladba tartozé transzkripcios faktorokkal (TCF1-4, LEF1) alkot aktiv transzkripcids
komplexet (Young 1998; van Noort és Clevers 2002) a CBP/p300 transzkripcios ko-aktivator
(Labalette, Renard et al. 2004) jelenlétében. A klasszikus Wnt jeltovabbitasi Gt szamos célgén
aktivalasat eredményezheti, koztiik matrix metalloproteindz (MMP2, MMP3, MMP7 ¢és

MMP9)(Tamamura, Otani et al. 2005), cyclin D1 (Shtutman, Zhurinsky et al. 1999), Cox-2
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(Longo, Kennell et al. 2002), c-myc (He, Sparks et al. 1998), c-jun (Mann, Gelos et al. 1999),
Fra-1 (Mann, Gelos et al. 1999), stb., amely gének nagy fontossaggal birnak minden

szovetatrendez6dési folyamatban.

2.3.3. Nem-kanonikus Wnt jeltovabbitas

A két nem kanonikus jeltovabbitasi ut egyike (6. abra) a JNK-fiiggé PCP, a masik a
kalcium/PKC-fiiggé jeltovabbitasi ut (Kuhl, Sheldahl et al. 2000; Pésur, Maurus et al. 2002).
A nem kanonikus jeltovabbitasi utak aktivalasa a kanonikushoz hasonléan G-protein fiiggd
(Malbon, Wang et al. 2001), de ezutan mas-mas jeltovabbitasi molekulak aktivalasa Gtjan
kiilonboz6 transzkripcios faktorok, és ennek kovetkeztében mas-mds gének aktivalasahoz
vezetnek. Mig a JNK-fiiggé Wnt jelatviteli rendszer NFAT/AP1 aktivalason keresztiil cyclin
D1, MMP3, c-Jun, GMCSF stb gének atirasat vonja maga utdn, addig a PKC-fliggd Wnt
jeltovabbitasi utvonal NFAT ¢és NFkB aktivalds utdn a gyulladasi folyamatok
szabalyozasaban igen fontos szerepet jatsz6 gének transzkripciojahoz vezet, tobbek kozott

IL6, IL8, IL15 (Sen 2005).

2.3.4. A Wnt jeltovabbitas szabalyozasa

Mivel a Wnt jeltovabbitasi rendszerek igen szerteagazo cellularis funkciokat szabalyoznak, a
Whnt-ok szabalyozé mechanizmusai is igen Osszetettek. Ezekben ugy sejten beliili (Yan,
Wallingford et al. 2001), mint sejten kiviili (Mao 2001), szekretalt szabalyozé molekulak,
illetve jeltovabbito rendszerek vesznek részt. A két f6 Wnt jeltovabbitasi rendszer egymas
aktivalasat is képes szabalyozni (Kuhl, Geis et al. 2001). Ezen talmenden a sejten beliili
inhibitor molekulak az ICAT (B-katenin TCF kotodését gatld molekula) (Tago, Nakamurea et
al. 2000) és a Naked (Nkd1 és Nkd2) (Yan, Wallingford et al. 2001) a kanonikus jeltovabbitas
gatlasaban vesznek részt. A Nkd-ek (Yan, Wallingford et al. 2001) a kanonikus rendszer
gatlasan talmenden a nem-kanonikus rendszer egyidejii aktivalasara képesek ugy, hogy a
bejovoé Wnt jeleket a nem-kanonikus rendszer felé irdnyitjak, a Dishevelled (Dvl) membran-

kozeli jeltovabbitasi molekula szintjén.

A Fz6 receptorbdl szintén indulnak gatldo jelek (Golan, Yaniv et al. 2004), amelyek
megakadalyozzak a TCF fliggé génatirodast ugy, hogy a Nemo-like-kinaz (NLK) és a TGFf
aktivalta kinaz (TAK1) aktivalasanak (Ishitani, Kishida et al. 2003) eredményeként a TCF
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transzkripcids faktort foszforilaljak, amelynek kovetkeztében a TCF olyan szerkezeti
valtozasokon megy at, hogy alkalmatlanna valik a B-katenin koriil kialakuld transzkripcids

komplexbe torténd kapcsolodasra (6. abra).

2.3.5. A Wnt jeltovabbitas legutobb felfedezett aktivacios mechanizmusai

Noha mar az eddigi kutatdsi eredmények is egy igen komplex jelatviteli rendszer képét
vazoltak fel, napjaink kutatdsai a Wnt jelatviteli rendszer tovabbi bonyolultsagara deritettek
fényt. Kideriilt ugyanis, hogy az intracelluldris Wnt jelatvitel aktivalasahoz sok esetben a Wnt
ligandot megkotd Fz receptor internalizacidjara is sziikség van (Blitzer és Nusse 2006), amely
folyamat sok esetben mas Wnt kot receptorok, példaul Ryk (Kim, Her et al. 2008) aktiv
kozremiikodésétol fligg. Noha az internalizacio jelatvitelben betoltott jelentésége és pontos
mechanizmusa sem ismert, annyi nyilvanvalo, hogy heparan szulfat-fliggé folyamat (Morita,
Kawabe et al. 2004).

2.4. Protein kinaz C enzimcsalad

2.4.1. A PKC csalad fehérje szerkezete és fobb jellemzoi

A protein kinaz C (PKC) szerin/treonin kinaz csalad prototipusat el6szor Nishizuka
kutatocsoportja irta le (Takai, Kishimoto et al. 1979). Elséként bizonyitottak, hogy a PKC-kat
diacilglicerol (DAG) aktivalja, amely a foszfatidilinozitol természetes bomlasterméke
(Kishimoto, Takai et al. 1980). Tovabbi kutatasok arra is fényt deritettek, hogy a tiz
izoformabol allo PKC csalad (Ono, Fujii et al. 1988) (7. abra) a tumorképzddést indukalod

forbolészterek intracellularis receptora.

Amig PKC 1 és A human/egér ortolégokat reprezentalnak, a korabban ,,PKC p”-ként ismert
PKC valgjdban nem tartozik a C protein kindzok kozé€, hanem egy jol elkiilonithetd masik, a
D protein kinaz (PKD) csalad tagja. A PKC-k szamos cellularis funkciot iranyito jelatviteli
utvonal aktiv résztvevdi, melyek a sejtmigraciot, polaritast, proliferaciot, differenciaciot és

sejthalalt iranyitjak.
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7. abra: A protein kinaz csalad szerkezeti megoszlasa

A PKC izoformak harom f& csoportba oszthatok strukturajuk és ko-faktor sziikségletiik alapjan: a
klasszikus vagy cPKC (a, BI, BIL, és v), a novel vagy nPKC (9, €, n, 0), és az atipikus vagy aPKC ({ és
VVA) csoportba. Az aktivaciohoz a PKC csalad minden tagjanak sziiksége van foszfatidilszerinre.

A PKC csalad minden tagja nagyon hasonl6 szerkezettel bir. Szabalyozé domének talalhatok
az N-terminalison, mig katalitikus domének a C termindlison. A kiilonb6z6 régiokat
konzervalt régiokként (C1-C4) és variabilis régiokként kategorizaltak (V1-V5). Az utobbiak,
azaz a variabilis régiok az izoformak kozott sokféleséget mutatnak (Ono, Fujii et al. 1988). A
PKC csaladra jellemzd, hogy mindegyik izoforma szerkezetében fellelheté a
pszeudoszubsztrat domén jelenléte a szabalyozd régioban. A pszeudoszubsztrat domén
hasonlit az enzimek szubsztrat felismer6é helyére, de f6 funkcioja az, hogy blokkolja a

szubsztrat felismerd helyet, ezzel akadalyozva a nem kivant aktivaciot.

A PKC izoformak harom f6 csoportba oszthatok struktirajuk és ko-faktor sziikségletiik
alapjan (7. abra): a klasszikus vagy cPKC (a, BI, BII, és v), a novel vagy nPKC (5, €, 1, 0), és
az atipikus vagy aPKC ({ és vA) csoportba. Az aktivaciohoz a PKC csalad minden tagjanak
sziiksége van foszfatidilszerinre. A cPKC-k ezen talmenden érzékenyek a kélcium (Ca")
szintre és sziikségiik van még DAG-ra vagy forbolészterre (pl 12-tetradecanoyl-13-phorbol
acetate, azaz TPA) az aktivaciohoz. Az nPKC-k fliggetlenek a Ca’* -t61, de DAG vagy forbol-
észter jelenléte nélkiil nem aktivalhatok. Az aPKC-knak pedig elegendd a foszfatidilszerin a
maximalis aktivalasi szint eléréséhez. Az izoformak jellemz0 domén szerkezete lehetdvé
teszi, hogy a C kinazok miikodését aktivalod és gatlo molekulak széles skalaja szabalyozhassa
(Mellor és Parker 1998).
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2.4.2. Szubsztrat specificitas

A PKC izoformak szubsztrat specificitdsa is jellemz6 egy adott izoformara. Példaul a PKC o,
B, és y erésen foszforilalja a hiszton, a ,myelin basic protein” (MBP), és a protamin
fehérjéket, mig a PKC 9, €, €s 1 ezeket a szubsztratokat nem képes foszforilalni. A szubsztrat
felismerése szempontjabol elengedhetetlen, hogy a szubsztratot felismerd régidobol
eltavolitasra keriiljon a gatld funkciot ellatd pszeudoszubsztrat (Mellor és Parker 1998). Noha
a PKC-knek szamos szubsztrajuk ismert, a legtobb PKC izoforma hasonld szekvenciat
foszforilal. Ezért nyilvanvalo, hogy szdmos mechanizmus egyiittes miitkodésére van sziikség
ahhoz, hogy a kiilonféle PKC izoformak specifikusan miikddhessenek egy-egy jelatviteli

utvonalban.

2.4.3. A tirozin foszforilacio jelentlésége

A PKC izoformak szerin/treonin kinaz aktivitassal birnak, de sajat aktivalasukhoz is
szerin/treonin foszforilaci6 sziikséges (Le Good és Brindley 2004). Ezen tGlmenden,
aktivitasuk tirozin foszforilacion keresztiil is szabalyozodik, melyet elészor a PKC 6 izoforma
gatlasanal mutattak ki. Mas tirozin foszforilacids helyek foszforilacids szintjének valtozésa
azonban pozitivan is szabalyozhatja a PKC aktivitast ugy PKC 6, mint mas PKC a, B3, €, és C
izoformak esetében akar sejthalal, akar bizonyos novekedési faktorok altal indukalt jelek

atvitele kapcsan.

2.4.4. Intracellularis eloszlas

Masik fontos jellemzdje a PKC aktivalasi folyamatnak, hogy a PKC izoformdk
foszfolipidekkel asszocialodnak és képeznek stabil membran komplexeket (Ron és Kazanietz
1999). Ez az alapja a Kklasszikus transzlokacidos vizsgalatoknak a PKC izoformak
aktivalodasanak bizonyitasara (Altman, Villalba et al. 2003). Ezen tulmenden, bizonyos PKC
izoformak jol koriilhatarolhato cellularis kompartmentekbe lokalizalédhatnak. Példaul a PKC
a citoszkeletalis, ,,tight junction”, ,,caveolae” és dezmoszoma komplexeket, a PKC y Golgi
apparatus, és a PKC n perinuklearis endoplazmatikus retikulum (RER) komplexeket képez.
Tovabba, az aktivalt PKC-k specifikus sejten beliili lokalizacidja meghatarozza a PKC
funkcionalis szerepét. Igy példaul a PKC a, B, 9, €, és { transzlokacidja a mitokondriumba, a

Golgi apparatusba, a nuklearis vagy perinuklearis régioba szabalyozza a mitdzis, apoptozis €és
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sejttalélési  jelatviteli utvonalakat. PKC aktivacid a plazmamembranban szerin
foszforilacidhoz és transzmembran proteinek és receptorok endocitézisahoz vezet. gy példaul
PKC a a plazmamembranban a fibroblaszt névekedési faktor receptor, azaz a ,,fibroblast
growth factor receptor” (FGFR), mig PKC & az inzulin receptor (IR) internalizacidjahoz
vezet. PKC & az inzulin receptor szubsztrat-1-t (IRS-1) is foszforilalja inzulin hatasara, és
ezzel, mint a negativ visszacsatolasi rendszer része, szabalyozza az IR funkciojat. Tovabba, az
extracellularis matrix (ECM) receptor, integrin és citoszkeletalis fehérjék foszforilacidjaban is
szamos PKC csaladtag vesz részt, pl. a PKC o, PKC & és PKC &. Egy masik mechanizmus is
Ebben a folyamatban a ,,receptors for activated/inactive kinases” (RACKs/RICK) szekvenciak
fontos szerepet toltenek be. Mivel ezek a szekvencidk meghatarozott PKC izoformak
specifikus szekvenciaihoz kapcsolodnak, a RACK-ok segitségével meghatarozhatova valt a
PKC-k aktivacids allapota.

2.4.5. Szoveti megoszlas

PKC izoformak altalanosan elterjedtek a kiilonféle szovetekben. Amig azonban némelyik
izoforma (PKC a, 9, és () széles szoveti megoszlast mutat, addig mas izoformak szovet-
specifikusak (Mellor és Parker 1998). PKC vy és a PKC ( rovid transzkriptjének PKM-nak
expresszidja példaul az agyra és egyéb neuralis szovetre jellemz6 (Cardell, Léssend et al.
1998; Hernésez, Blace et al. 2003). Korabbi kutatasok kimutattak, hogy PKC 1 a herékre és
inzulint szekretalo sejtekre jellemz6 (Selbie, Schmitz-Peiffer et al. 1993), mig PKC 0 a
szkeletalis izomban és T-sejtekben expresszalodik (Berry és Nishizuka 1990). Legujabb
eredmények viszont ramutattak, hogy mindkét izoforma megtalalhat6 az epidermiszben; ahol
a PKC 1 a ,tight junction”-ok formalasaban vesz részt (Helfrich, Schmitz et al. 2007). Szoveti
megoszlastol fiiggben a PKC 8-r6l mar kimutattdk, hogy kiilonféle sejtmodellekben
kontrollalhat mind proliferaciot, mind apoptozist (Pongracz, Johnson et al. 1994; Shen, Alt et
al. 2001). Tovabba, a ,,klasszikus” inzulinra reagald szovetekben vagy sejtekben, mint példaul
az izom, m4j és adipocitak, a PKC & a glukoz transzportot és metabolizmust szabalyozza
(Braiman, Alt et al. 1999; Shen, Alt et al. 2001).
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2.5. PKC-k a Wnt jelatvitelben

A Wnt molekulak két, mar korabban részletezett jelatviteli utvonalon a [-katenin filiggd
kanonikus, és a JNK ¢és PKC fiiggd nem-kanonikus jelatviteli Giton keresztiil szabalyozzak a
génatirodast ¢és ezaltal a kiilonféle sejtfunkciokat. Ezen felosztas arra az idOre vezethetd
vissza, amikor még a mainal is kevesebb ismerettel rendelkeztiink a Wnt-ok jelatvitelérol.
Azéta nyilvanvalova valt, hogy a Wnt eredetii jelatvitel komplex szabalyozasanak része a
jelatviteli utak halozatszerli Osszekapcsolodasa ¢és az, hogy bizonyos jelatviteli
molekulacsalddok nem rendelhetok kizardlagosan egyik vagy masik Wnt altal aktivalt
jelatviteli uthoz. A kalcium fiiggd és a JNK planaris cell polaritasi kaszkadok kapcsolodasi
pontjaként mar sikeriilt meghatarozni a PKC aktivalta cdc42 (Schlessinger, McManus et al.
2007) molekulat, mely a Wnt jelatviteli rendszerek szoros kapcsolatat bizonyitja. Eddig
konkrétan a PKC a (Kuhl, Geis et al. 2001), PKC ¢ (Ossipova, Bardeesy et al. 2003), és PKC
d (Kinoshita, lioka et al. 2003) izoformak specifikus szerepét sikeriilt bizonyitani. A PKC &-
rol kideriilt, hogy azon tdlmenden, hogy WntS5a stimulus hatdsidra a plazmamembranba
transzlokalodik, a Dvl foszforilacigjaban és ezért a Wnt receptorbdl valod jelatvitelben fontos

szerepet jatszik. A PKC ( viszont a GSK-3p foszforilacio-fiiggd aktivalasaban vesz részt.

crcr

........

képesek a B-katenint megkeriilve is szabalyozni a RhoA migraciot indukalo aktivitasat a PKC

a, B, és pizoenzimeken keresztiil (Qiang, Walsh et al. 2005).
2.6. A timusz fiziologiaja és a Wnt-ok

2.6.1. A timusz anatémiaja és f6 funkcioi

A timusz paros lebenyes szerv, a szegycsont alatt helyezkedik el és a harmadik garattasakbol
fejlodik ki (Manley 2000). Egér embriokban a timusz-kezdemény mar a 10. embrionalis nap
koril (E10.5) lathatova valik. Feltételezések szerint a szerv kifejlédésében mindharom
csirasejt-réteg részt vesz. A folyamat két szakaszra oszthatd: a korai stadiumban az epitélialis-
¢s mezenhimalis szovetek kdlcsonhatasa, mig a masodik szakaszban az epitélialis sejtek €s a

fejlodé T-sejtek kozotti kapcesolat a dont6. A timusz organogenezisét szamos szekretalt
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molekulacsalad szabalyozza. Mig az epitélidlis sejtek osztodasahoz elengedhetetlenek az FGF
(Jenkinson, Jenkinson et al. 2003), addig a timusz epitélialis karakter kialakitasahoz a Wnt
csalad tagjai sziikségesek (Balciunaite, Keller et al. 2002). A timusz 6 szerkezeti egységei a
lebenykék, melyeken beliil a timusz epitélialis sejtek halozata alkotja a kortexet és a medullat
(8. abra).

Timusz lebeny Timusz lebenyke

Kapszula (£ . o

\&

8. abra: A timusz szerkezete

A timusz 6 szerkezeti egységei. A lebenykéken beliil az epitélialis sejtek halozata alkotja a kortexet és
a medullat, mely halozaton beliil fejlédnek a T-sejtek.

A timusz epitélidlis sejtek altal alkotott haldzaton beliil a limfoid progenitorokbdl fejlddnek ki
a T-sejtek (9. abra), melyek a timuszt elhagyva, a periférias immunszovetekben fejezik be

fejlodésiiket €s érnek funkcionalisan aktiv immunsejtekkeé.
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9. abra: T-sejtek fejlédése a timuszban (Blackburn és Manley 2004)

Timocitak fejlédési alakjai: DN (double negative), azaz CD4°8", DP (double positive), azaz CD4"8";
SP (single positive) CD4"8", CD48".

A human timuszban — az egéréhez hasonléan - az epitélidlis sejtek igen fontos szerepet
toltenek be a timocitak fejlodésének szabalyozasaban. Kemokineket, mint pl CCL21 és
CCL25 termelnek, melyek a csontvel6bdl a timuszba vonzzak a limfoid progenitorokat (Liu,
Ueno et al. 2005). Citokineket is szekretalnak, mint pl IL7 (Chantry, Turner et al. 1989;
Zamisch, Moore-Scott et al. 2005) és IGF (Kecha, Brilot et al. 2000), melyek esszencialisak a
fejlodo T-sejtek taléléséhez és osztodasahoz (Anderson, Owen et al. 1994; Anderson és
Jenkinson 1995). A T-sejt progenitorok avagy eléalakok a timuszba lépve tobb 1épcsOs
fejlédésen esnek at, amikor még nem expresszalnak CD4 és CD8 koreceptorokat, azaz
kettésen (double) negativak (DN). A korai fejlédési allapotban 1évé timocitak CD44 és CD25
markerek expresszids valtozasai alapjan kiilonithetok el és oszthatok négy jol definilhatd
fejlodési csoportba (DN1-DN4). A proliferacios és differenciacios 1épéseket kovetden
CD4"8", azaz ,,double” pozitiv (DP) timocitidkban az atrendezddétt T sejt receptor B és o
lancok génjei antigén felismeré receptorokka alakulnak, majd a sejtek TCR-k antigén
felismerdképessége alapjan szelekcios 1épéseken esnek at. A funkcidképes TCR alapjan a

kortikalis és medullaris epitélialis sejtek, illetve a dendritikus sejtek a fejlodo T-sejtek koziil
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eliminaljak a funkcioképtelen, illetve a potencidlisan autoreaktiv sejteket (Anderson MS,
Venanzi ES et al. 2005).

2.6.2. Wnt-ok a timuszban

A Wnt jelatvitel vizsgalata kezdetben a T-sejtek fejlodésére koncentralodott. Kezdeti
kisérletek bizonyitottdk, hogy a timuszban a szolubilis Fz receptorokkal manipulalt Wnt
jelatvitel (Staal 1999; Mulroy 2002) a T-sejtek fejlédésében drasztikus valtozasokat okozott,
mind talélés, mind differencialodéas terén. Nem meglepd modon, hiszen a fejlodé timocitak
DN3-bol DN4 fejlodési allapotba vald 1épéséhez B-katenin fiiggd, kanonikus Wnt-ok altal
aktivalt, TCF/LEF transzkripcidés faktorok altal szabalyozott génatirddasra van sziikség
(Verbeek 1995; Schilham 1998). Késébbi kutatasok kideritették azonban, hogy nem csak a
timocitak igénylik a Wnt jelatvitelt, hanem a timocitak fejlédéséhez elengedhetetlen timusz
epitélidlis sejtek is, hiszen Wnt jelatvitel szabalyozza a timusz epitélium karakterét

meghataroz6 FoxN1 transzkripcios faktor expressziojat (Balciunaite, Keller et al. 2002).

2.6.3. A timusz szovet oregedés soran bekovetkezo valtozasai

A timusz mérete és szerkezete egyéb szerveinkkel ellentétben drasztikusan valtozik az

¢letkorral (10. abra).

0-1év >50 év

10. abra: Timusz szerkezete valtozik az dregedéssel

Sziiletés utan kb egy éves korig a timusz epitélidlis halozata teljes, majd megindul az atréfia,
amelynek kezdeti nyomai esetenként mar harom éves kor koriil felfedezhetok. Otven éves korra
viszont a timusz szoveti allomanya elzsirosodik, és T-sejt termelése lecs6kken. Ott azonban, ahol még
szigetekben fellelheté a timusz epitélium, a szovet valtozatlanul kortexre (K) és medullara (M)
tagolodik és képes a de-novo T-sejt szelekciora.
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Otven éves korra mar a timusz szoveti alloméanyanak 80%-a adiopoid szovet (Marinova
2005). Ezzel parhuzamosan a még meglévd epitélialis sejtekben csokken a timusz karaktert
fenntartd6 FoxN1 expresszi6. A timusz epitélidlis szoveti alloméanyanak elvesztése
kovetkeztében a korabbi de novo T-sejt-termelési és szelekcios kapacitasa lecsokken, amely
lehetévé teszi autoimmun koérképek gyakoribb kialakulasat és a fertdzo, pl. virdlis eredetii

betegségek elleni ellenalloképesség lecsokkenését (Grubeck-Loebenstein 2010).

2.6.4. Wnt-ok az éregedésben

Az Ossejtek talélésének és differencialodasanak fontos szabalyoz6i a Wnt-ok. A legtobb
vizsgalat arra mutatott rd, hogy a drasztikusan lecsokkent Wnt szintek felgyorsult 6regedéshez
hatas is bizonyitast nyert, amely szerint a Wnt jelatvitel gatlasat blokkold inhibitort, a
»KLOTHO”-t tulexpresszalo egerek szovetei ugyancsak felgyorsult 6regedési folyamaton
estek at (Kuro-o, Matsumura et al. 1997; Liu, Fergusson et al. 2007). Ennek feltehet6en az az
oka, hogy az &ssejt allomany a folyamatos osztodas miatt kimeriil és ezért a regeneracios

folyamatokhoz sziikséges sejtforras kiapad.

2.6.5. Szteroidok hatasa a timusz oregedésre

Kezdethben a fiziologias, szex szteroidok termelésének megindulasat feltételezték a timusz
atrofia kivalto okaként, hiszen korabbi kutatisok az Oregedés lathato jeleit a pubertast
kovetden azonositottadk. Ezt a feltételezést latszott alatdmasztani, hogy akar sebészeti, akar
kémiai kasztralas eredményeként a timusz atréfidja drasztikusan csokkent. A szteroid hatés
kizarolagossaganak latszik ellentmondani azonban, hogy a mostanaban végzett vizsgalatok
mar joval a pubertds megkezdése el6tt behataroltak oregedésre utald jeleket (LGuatente,
Partridge et al. 2008). A szteroidok timusz Oregedésre kifejtett hatdsa azonban mégis
valdszintsithetd, mivel terapias szteroidok alkalmazasarol is kimutathato, hogy felgyorsult
timusz atrofidhoz vezet (Blomgren és Andersson 1970; Boersma, Betel et al. 1979; Fletcher,
Lowen et al. 2009).
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2.7. Jelatviteli hal6zatok

A kutatasokbol kideriilt, hogy a Wnt jelatvitel extracellularis és intracellularis aktivalo és
gatlo molekuldk jelenlététdl és a parhuzamosan fellépd egyéb jelatviteli rendszerek
aktivalasatol fiigg, melynek komplexitdsat a 11. abra szemlélteti. A sejten beliili jelatviteli
utak, amelyekben a PKC csalad tagjai is aktivan részt vesznek, olyan Osszetett modon
szabalyozott halozatot alkotnak (Kestler és Kiihl 2008), melyek felderitése elengedhetetlen a
fiziologias folyamatok megértéséhez és az immunvalaszt befolyasolo hatékony gén-, immun-,

¢és farmakoterapiak kidolgozasahoz.
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11. abra: Wnt jelatviteli halozatok

A Wnt jelatviteli utak és a jeltovabbitasukban résztvevd intracellularis jelatviteli molekuldk és a
koztiik bizonyitott kapcsolatok halozata.
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3. CELKITUZESEK

Az értekezésemben kitlizott munka célja az immunrendszer és az immunrendszer kifejlodését
tamogatd sejtekben folyd jelatviteli rendszerek megismerése volt. A jelatviteli folyamatok
vizsgalata igen nagy jelentdséggel bir, hiszen az immunrendszer sejtes allomanyanak
kifejlédése és aktivitdsdnak manipulalasa igéretes terapids célpontok azonositasara nyujt
lehetdséget. Munkdm sordn a PKC-k mieloid sejtek proliferdciés ¢és apoptotikus
folyamataiban betoltott szerepét vizsgaltam, illetve a TCR-bdl, a Notch és Wnt receptorokbol
szarmazo jelek T-sejtek fejlddésében betdltott szerepének tisztazasara allitottam fel kiilonféle

kisérleti rendszereket. Munkdm tovabbi célja volt, hogy a timusz epitélialis

crer

kifejtett hatasat vizsgaljam az oregedés folyamataban.

3.1. A PKC izoformak aktivitasanak vizsgalata primer human

immunsejtekben és sejtvonalakon
3.1.1. PKC izoformak aktivalasanak és gatlasanak modositasi lehetéségei

3.1.2. PKC izoformak neutrofilek aktivalasaban és apoptotikus

sejthalalaban betoltott szerepének megismerése
3.2. Jelatvitel vizsgalata a fejl6do timusz sejtjeiben egér modellen
3.2.1. TCR-bdl szarmazo jelek hatasa a T-sejtek fejlédésére

3.2.2. Wnt jelatvitel hatasa a T-sejtek fejlodésére a timuszban
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3.3. A Wnt jelatvitel szerepének megismerése a timusz adipoid

involucidja soran
3.3.1. A timusz adipoid degeneracios mechanizmusainak vizsgalata

3.3.2. A PKC-k szerepének vizsgalata az timusz involuci6ja soran
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4., ANYAGOK ES MODSZEREK

Kisérleteim soran olyan szerteagaz6 modszertani és technikai repertoart alkalmaztam, melyek
részletezésére nincs mod a jelen keretek kozott. A leglényegesebbekrdl teszek emlitést, a

hivatkozasok megjelolésével.
4.1. Sejtek és szovetrendszerek

4.1.1. A kisérletekben felhasznalt szovetek forrasai
4.1.1.1. Human sejtek

Egészséges felndtt donorok vénas vére szolgalt az emberi sejtek forrdsaul. Az emberi vérbol
szarmazo neutrofilek kisérletben torténd felhasznédldsdhoz etikai engedéllyel rendelkeztiink

(University of Birmingham).
4.1.1.2. Eger torzsek és fenntartasuk

A kisérletek egyes csoportjaihoz meghatdrozott kort embriokra volt sziikség, melyeket
iddzitett terhességgel allitottunk eld, a paroztatds napjat véve az embriondlis fejléddés O.
napjanak. Az allatok tenyésztése patogénmentes kornyezetben tortént. ,,Ad libitum” tapanyag
¢és viz adagolasa mellett. A korosodasra vard egereket is a fenti koriilmények kozott tartottuk,

mikozben semmilyen kezelésben nem részesiiltek.

Egér torzsek: Balb/c; kettésen (double) MHC | &Il -/- (H-2%) MHC deficiens egér (Grusby,
Auchincloss et al. 1993), azaz DK, Bcl2 transzgén, Balb/c-GFP (Kvell, Czompdly et al.
2010). Az allatok kisérletben torténé felhasznalasa az etikai szabalyok és engedélyek

(University of Birmingham illetve a Pécsi Tudomanyegyetem) figyelembevételével tortént.
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4.1.2. Egér és human sejtvonalak és primer sejtek
4.1.2.1. Sejtvonalak
Egér sejtvonalak: Tepl, Tepl-GFP, Tepl-Wnt4-GFP

Human sejtvonalak: 293T vese epitélium, U937 mielomonocita leukémia (diffiz

hisztiocitikus limfoma), HL60 promieloid (akut mieloid leukémia)
4.1.2.2. Primer sejtek

Egér: timocitak (double negative (DN), double positive (DP), és single positive (SP) fejlédési
alakjai); T-sejt progenitorok, Bel2 transzgén egerek és MHC 1& 11 -/- (H-2%) timocitéi, timusz
epitélialis sejtek (TEC)

Humadan: Neutrofil granulocitak

4.1.3. Primer human és egér szovetek
4.1.3.1. Primer human szovet

Egészséges felnottek vérébol Percoll gradiens centrifugalassal (Jepsen és Skottun 1982)

neutrofilokat szeparaltunk kisérletes aktivalasra és apoptotikus sejthalal manipulalasara.
4.1.3.2. Primer egér szovetek

Embrionalis (E12, E14, E15), ujsziilott (NB), 1, 3, 6, 9, 12, 18 honapos Balb/c (H-2d) és

Balb/c-GFP egerek timuszat, illetve majszovetét hasznaltuk a kisérletekben.
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4.2. Sejt- és szovettenyészetek

4.2.1. Emberi és egér sejt- és szovetkulturak fenntartasahoz alkalmazott

tapfolyadék
4.2.1.1. Emberi sejtkulturdk tapfolyadék dsszetétele

A HL60, U293 sejtvonalakat és a neutrofil inkubaciokat 10% FCS-t (foetal calf serum) és
100 pg/ml penicillint, streptomicint és p-merkapto-etanolt (5x10° M) tartalmazé RPMI 1640-
ben tenyésztettiik, 37°C-on, 5% CO, atmoszféraban.

4.2.1.2. Egér sejt- és szovetkulturak tapfolyadeék osszetétele

TEP1 (Tanaka, Mamalaki et al. 1993) ¢s 293T sejtvonalakat DMEM médiumban tenyésztettiik
10% FCS (foetal calf serum) és 100 pg/ml penicillin, streptomycin és 3-merkapto-etanol (5x10°
M) jelenlétében, 37°C-on, 5% CO, atmoszféraban. A szOvettenyészeteket is a fenti médiumban

inkubaltuk a kisérletben meghatérozott ideig.

4.2.2. Komplex timusz szévetkulturak

A timusz szOveti allomanya kollagenazos emésztéssel elemeire bonthatd, majd ujra
Osszeallithato. Az epitélidlis sejtek T-sejt fejlodést és szelekciot tdmogatd képessége nem
sériil, amennyiben folyamatosan haromdimenzios szoveti kultiraban tartjuk az epitéliumot. A
szerv ¢€s reaggregatum szervkultarak legkonnyebben embriondlis timusz szovetekkel
allithatok eld, de felnétt timusz szovetek is felhasznalhatok az elkészitésiikhoz. A sejtes
elemeire szétvalasztott, majd kiilonféle kombinacioban Gjra Osszeallitott haromdimenzios
aggregatumokban megmarad a timusz epitélium T-sejtek fejlodését tamogatd képessége. Ez a
technika azért is kiilonosen alkalmas a jelatviteli folyamatok vizsgalatara, mert a sejtekben a
gén- ¢és fehérje-expresszid modositasa konnyen kivitelezheté a timusz sejtes elemeinek re-

aggregalasa el6tt vagy alatt.
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12. abra: Timusz szerv reaggregatum készitése

Id6zitett terhességbol szarmazd egér embriok timusz lebenyei eltavolitasra keriiltek. A lebenykéket

c s ey

az epitélialis sejtek konnyebben tisztithatok és szabadon felhasznalhatok kisérletekben —, vagy a
lebenyeket timocita forrasként hasznaltuk fel a reaggregatumok készitéséhez.

4.2.2.1. Timusz sejtek szeparalasa és dusitasa

Timusz lebenyeket 1mg/ml kollagenazzal 30 percen keresztiil emésztettiik, majd 10% FCS-t
tartalmazo DMEM-mel mostuk. Az epitélium tisztitasahoz a sejtszuszpenziot anti-EpCAM1-
FITC (G8.8-as klon) epitélialis marker ellen termeltetett ellenanyaggal inkubaltuk, majd vagy
magneses MACS oszlopon anti-FITC mikrogyongy (Miltenyi Biotec) felhasznalasaval, vagy
MoFlo sejtszorterrel tisztitottuk (Hare, Pongracz J et al. 2003).

Timocita alpopulacidkat anti-CD44, anti-CD25 (Anderson, Anderson et al. 1997), anti-CD8,
anti-CD4, anti-CD45, anti-CD69 (Hare, Pongracz et al. 2002) elsédleges ellenanyagokkal és a
megfeleld kombinacidban alkalmazott mésodlagos jelzéssel (FITC, PE vagy APC)
Dynalbeads (magneses elvalasztas) vagy MoFlo sejtszorter alkalmazasaval valasztottuk el.
Amikor csak timocitdkra volt sziikség, akkor a timusz lebenyekbdl mechanikai uton, a

lebenyek felszeletelésével szabaditottuk ki a limfoid sejteket.
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4.2.2.2. Limfoid sejteket nem tartalmazo timusz lebenyek eléallitisa

A El4 illetve E15 napos timusz lebenyeket szovetkulturakban inkubaltuk 2-deoxiguanozin
jelenlétében (Jenkinson, Anderson et al. 1992). Mivel a 2-deoxiguanozin gatolja a
vezet a 4-5 napos inkubdlasi periddust kovetden. Az igy eldkezelt timusz lebenyekbdl az
epitélidlis és egyéb timusz stroma sejtek tisztitdisa CD45-0s depléciot kdvetden igen nagy

hatasfok.
4.2.2.3. Timusz reaggregdatum kulturak

A tisztitott sejtkultirakbol 1:4 (timocita:epitélium) arany keveréket készitettiink, majd vagy
centrifugalassal (100xg, 5 perc, 4°C, majd 150xg, 5 perc, szobah6én) aggregaltuk (Anderson és
Jenkinson 2007), vagy 20 ul-nyi folyadékban fiiggd csepp (12. és13. ébra) kultarat
készitettiink. A 12-24 6ras inkubalasat kdvetden az aggregalt timusz kultirdk stabilizdlodtak
é¢s 5Sml-nyi médiumban szivacsra helyezett Millipore filteren 5-11 napon Kkeresztiil
inkubalhatok voltak, amikor is a timocitak differencialédasi markereit aramlasi citométerrel

ellendrizni lehetett (Pongracz JE, Parnell SM et al. 2006).
4.2.2.4. Fiiggd csepp (hanging-drop) kulturak

Mikrogravitacios vagy fliggd csepp kultarakat (13. abra) steril miianyagbol késziilt plate-eken
(Terasaki plate) allitottuk Ossze. A Terasaki plate-ek mind 60-lyuka, mind 72-lyuki
formatumban késziilnek, orvosi tisztasagu polisztirénbdl. Minden egyes lyuk térfogata kb.10
ul, ezért lyukanként 20 ul-nyi folyadékkal fejjel lefelé forditva a plate-eket kialakulnak a
fliggd-cseppek, melyeket a kapillarishatas tart a miilanyaghoz rogzitve. Egy ilyen
folyadékcsepp-ben a szuszpenzidban levé sejtek lassan leiilepednek, és aggregatumot
képeznek. Mivel a kicsi térfogatban a tidpanyag mennyisége limitdlt, amint az aggregatum
kialakult, a mikroszovetet nagyobb szovettenyésztd edénybe helyeztiikk at (Pongracz JE,
Parnell SM et al. 2006; Anderson és Jenkinson 2007).
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Kevert sejt szuszpenzié vagy timocita
g | g | g | | o mentes timusz lebeny timocitak
1g0e | ielenlétében ,,mikrotiter plate”-en

|
. . . . . Az aggregatum egy napon beliil 6sszeall,
illetve, a masik médszer szerint (amikor az
aggregatum csak epitélialis sejtket
tartalmaz) a timocitak a timusz lebenybe
\ vandorolnak

A miasodik napon a kultarakat
folyadék-gaz hatarfelszinen tenyésztjiik
tovabb 5-7-11- napon keresztiil, fiiggéen a

@ - kiindulasi timocitiak differencialtsagi
g fokatél

13. abra: Fliggd csepp kultura

A figgd csepp kultura megkonnyiti a limitalt sejtszami populaciokbol szdveti aggregatumok
készitését, mivel igen kevés sejtszam esetén is hasznalhato és manipulalhat6 eljaras.

4.3. Sejt specifikus molekulak detektalasa

4.3.1. Citospin

Kezelt vagy kezeletlen neutrofilekbdl, timocitakbol vagy sejtvonalakbol (TEP1, U937, HL60)
1x10°ml sejtszuszpenziot készitettink, majd 100 pl-nyi sejtet vittink a citocentrifuga
sejttartalyaiba (300 rpm, 3 perc, 20°C). Centrifugalast, majd szaritast kovetden a festési
eljarashoz sziikség szerint optimalizalt fixalasi (aceton, metanol, etanol, paraformaldehid) és
permeabilizalasi (Tween20, vagy szaponin) eljarasnak vetettiik ala a sejteket. Ezt kdvetden
fehérjespecifikus ellenanyaggal jeloltik a kisérlet szempontjabol fontos fehérjeket.
Immunfluoreszcens és konfokalis mikroszkopiaval végeztiik az analizist. Az apoptotikus
neutrofileket hematoxilin-eozinnal festett sejtszuszpenziobol mikroszkopikus analizissel

morfoldgia alapjan azonositottuk (Afford, Pongracz et al. 1992).
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4.3.2. Szoveti metszetek

Fagyasztott primer timuszbol vagy reaggregatum kultirabol 8-9 um vastag metszetek
késziiltek, amelyeket hideg acetonban vagy 4%-os paraformaldehidben fixaltunk (Talaber,
Kvell et al. 2011). A metszetek szaritasat kovetden 5%-0s ,,bovine serum albumin’-nal
blokkoltuk (BSA PBS-ben, 20 perc) miel6tt a megfeleld specifikus ellenanyaggal (anti-Ly51-
PE (clone 6C3), anti-EpCAM-FITC (clone G8.8), jeleztiik a fehérjéket. Amennyiben
intracellularis fehérjék (pl anti-PKC &) expresszios vagy lokalizacids analizisét végeztiik,
a metszeteket paraformaldehides fixalas utan szaponinos kezeléssel permeabilizaltuk.
A sejtmagot DAPI festéssel, mig a zsirszovetet LipidTOX Red festéssel tettiik lathatova.
A metszeteket Olympus BX61 mikroszkoppal és AnalySIS szoftverrel analizaltuk (Kvell,
Varecza et al. 2010).

4.3.3. Aramlasi citometria és szortolas

A sejtfelszini markerek vagy GFP expresszid alapjan hataroztuk meg az egyes sejtpopulaciok
jelenlétét illetve aranyait (Pongracz JE, Parnell SM et al. 2006). A sejtfelszini markerekre
specifikus primer ellenanyagok 1ézerrel gerjeszthet6 festékkel direkt konjugalt formait (anti-
Ly51-PE, anti-EpCAM-FITC) vagy masodlagos ellenanyagok konjugaltjait alkalmaztuk.
A sejteket jégen inkubaltuk az ellenanyagok jelenlétében 30 percig, majd PBS-ben tortént
mosasi 1épéseket kovetden tovabbi 30 percig inkubaltuk masodlagos ellenanyag jelenlétében.
A sejteket PBS-es mosast kovetdéen 0,5%-os paraformaldehidben fixaltuk az aramlasi
citometria megkezdése elott. Amennyiben ¢€letképes sejtpopuldciora volt sziikség a tovabbi

kisérletekhez, ugy a fixalasi lépés elmaradt.
4.4. Apoptozis detektalasa

4.4.1. Korai apoptdzis detektalasa

A korai apoptozist annexin festéssel detektaltuk, mivel az annexin V nagy affinitassal kotodik
a membran foszfolipid foszfatidil-szerinhez, amely a bels6 membranbol a kiilsé membranba
transzlokalodik még a DNS fragmentacio megindulasa el6tt. A sejteket szuszpenzidban direkt
FITC-konjugalt annexin V-tel inkubaltuk (végsé koncentracio: 1 ug/ml), majd aramlasi
citométerrel 488 nm-nél analizaltuk (Pongracz, Parnell et al. 2003).
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4.4.2. Késoi apoptozis detektalasa

Az apoptozis késébbi staddiumait, amikor a membran ateresztoképessége fokozddott,
propidium jodiddal teszteltik €s &aramlasi citométerrel mértik. A DNS fragmentacio
meghatarozasaihoz DNS-t tisztitottunk, majd a DNS I1étrat (apoptotikus fragmentumokat)
agaroz gélben szeparaltuk, majd etidium bromiddal, UV fényben tettiik lathatova. Neutrofil
sejtszuszpenzidk esetében az apoptotikus morfologiat mutatd sejtek kvantitdldsa érdekében
citospint készitettiink, majd a sejteket hematoxilin-eozin festést kdvetéen mikroszkopikus

uton analizaltuk (Pongracz, Parnell et al. 2003).
4.5. RNS izolalas, cDNS készités, RT-PCR és Q-RT-PCR

4.5.1. RNS izolalas, cDNS készités és végpont RT-PCR

A szdveti vagy sejtes mintakbol ,,NucleoSpin RNA clean-up kit” felhasznalasaval kertilt sor
RNS izolalasra. A kinyert RNS-bdl ,,SuperScript Il RNaseH-reverse transcriptase Kkit”
(Invitrogen) felhasznalasaval késziilt cDNS. Az igy kapott cDNS-b6l szekvencia specifikus
primerek (szekvenciak a kozleményekben talalhatok) és ,,ReddyMix PCR Master Mix”
felhasznalasaval végeztilk. A reakcioterméket etidium-bromid jelenlétében, 1%-1,5%-0s
agardz gélben szeparaltuk. A gél UV fény alatti elemzése Bio-Rad image analizator
segitségével tortént. Belsé kontrollként altalaban B-aktin-t hasznaltunk (Pongracz, Hare et al.
2003).

4.5.2. Q-RT-PCR

A kvantitativ PCR reakcidokhoz vagy SYBR green vagy TagMan moédszert alkalmaztunk. A
»,master mix”’-hez génspecifikus primereket adtunk, melyek szekvenciaja a csatolt
publikaciokban megtalalhatok. A kvantitativ RT-PCR adatok analizisé¢hez a delta Ct (dCt) és
a Relative Quantity (RQ) modszereket alkalmaztuk. Minden minta triplikatumokban keriilt
mérésre. A PCR reakciot a disszociacios gorbe analizisével ellendriztiik (Kvell, Varecza et al.

2010).

40



dc_267 11

4.6. Immunprecipitaciéo és Western blot

4.6.1. Inmunprecipitacio

A megfeleld kezelést kovetden a kisérleti sejttipusokbdl szuszpenzidt készitettiink, majd lizis
pufferben (lasd Western blot), jégen inkubaltuk 20 percen keresztiil. A kisérlet altal
megkovetelt ellenanyagot (pl. anti-foszfo-szerin, anti-Bcl2, anti-PKC 3) ¢és protein A
Sepharose-t adtunk a lizatumhoz, majd folyamatos rotacio mellett végzett egész éjszakas
inkubalast (O/N, 4°C-on) kovetéen a Sepharose gyongyoket gyors centrifugalassal (5", 4°C,
14,000 rpm) Osszegyljtottiik, jéghideg TBS (10 mM Tris/HCI, pH 7,8) pufferben mostuk,
majd Gjra szuszpendaltuk 50 pul TBS-ben +25 ul 2xSDS-minta pufferben, aztan 3 percig
forraltuk, miel6tt centrifugaltuk és SDS-PAGE gélben szeparaltuk. Amennyiben
enzimaktivitast kivantunk mérni, ugy a TBS puffer helyett az enzimaktivitds méréséhez
sziikkséges Osszetételi pufferben szuszpendaltuk fel a Sepharose gyongyoket (Pongracz,
Parnell et al. 2003; Varecza, Kvell et al. 2011).

4.6.2. Western blot

A megfeleld kezelést kovetden a kisérleti sejttipusokbdl szuszpenzidt készitettiink, majd lizis
pufferben (20 mM HEPES pH7.4, 1 mM MgCl,, 1 mM CacCl, 137 mM NaCl, 50 mM -
glicerofoszfat, 1% Triton X100 kiegészitve 1mM DTT, 2mM PMSF, 2ug/ml leupeptin,
1ug/ml aprotinin, 2 MM NazVO, , 0,1 M Na-pirofoszfat, 1 uM p-mikrocisztin és10 mM NaF)
jégen inkubaltuk 20 percig. Az inkubalast kovetden a mintdkat folyékony nitrogénben
lefagyasztottuk és -70°C-on taroltuk felhasznalasig. Miel6tt 10% SDS-PAGE-n szeparaltuk a
fehérjéket, a mintakat 2xSDS, minta pufferben felforraltuk. A géleket PVDF (Immobilon)-
membranra blottoltuk, majd 1%BSA-val blokkoltuk. Ezt kovetéen specifikus ellenanyagokkal
Bcl2, anti-B-katenin, anti-PKC & vagy p-aktin). Specifikus masodlagos HRP-ellenanyaggal
jeloltik a primer ellenanyagot, majd a fehérjéket kemilumineszcens ,,Supersignal kit”
segitségével (Pierce) tettiik lathatova. A mennyiségi Osszehasonlitast denzitometris
analizissel végeztiik (Alpha Imager, Flowgen). Amennyiben yP*2-ATP beépiilését vizsgaltuk,
ugy a blottokat megszaritottuk és autoradiografianak vetettilk ala (Pongracz, Webb et al.

1999; Pongracz, Parnell et al. 2003).
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4.7. Enzimaktivitas mérése

4.7.1. PKC izoenzimek, Akt/PKB, PI3K és JNK aktivitasanak mérése

A megfelel6 kezelést kdvetden neutrofilekbdl, timocitakbol vagy timusz epitélialis sejtekbol
keriilt sor enzim fehérjére specifikus ellenanyag felhasznaldsaval az enzim
immunprecipitacidjara (2 ora, 4°C-on), majd a megfelelé gatlo (pl. S33559) és aktivald
(pl. DAG, TPA) kontroll kezelések alkalmazasa mellett mértiik a y-2P-ATP beépiilését az
enzimspecifikus szubsztratba (Pongracz, Webb, et al. 1999). Mas kisérletekben viszont a
szubsztratba beépiilt radioaktivitas folyadék scintillacios mérésével hataroztuk meg az enzim

aktivitasat (Griffiths, Garrone et al. 1996; Pongracz, Parnell et al. 2003).

4.7.2. PKC-k autofoszforilacioja

A PKC izoenzimek autofoszforildcidjanak méréséhez a sejtvonalakat 4 oran keresztiil
200 mCi/ml [*?P] ortofoszfatot tartalmazé médiumban inkubaltuk, majd PKC izoenzim
specifikus ellenanyag felhasznalasdval immunprecipitaltuk. 8% SDS-PAGE-n végzett
elektroforézist kovetden a géleket megszaritottuk, majd autoradiografaltuk (Griffiths, Garrone
et al. 1996).

4.8. Génexpresszio modositasa

4.8.1. Rekombinans virusok készitése

A rekombinans virusok megkdonnyitik a gének bejuttatasat primer sejtekbe, mivel fiziologias
folyamatokat hasznalnak a génbevitelre. Mig a retrovirusok osztodo sejteket, addig az
adenovirusok nem o0szt6do, elsdsorban epitélidlis eredetii sejteket fertdznek meg. A
retrovirusok altal bejuttatott gének beépiilnek a genomba, mig az adenovirusok altal
bejuttatott gének nem. Mind a rekombindns retro-, mind a rekombindns adenovirusok
fertdzoképesek, de vad tipusu sejtekben osztdédni nem tudnak. A virusok eldallitdsdhoz ezért
specialis sejtvonalakra (293A, Phenix) van sziikség, amelyek hordozzak a virus

replikaciojahoz sziikséges géneket.
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4.8.1.1. Rekombindns retrovirusok

A rekombinans retrovirusok készitéséhez a MIG (MSCV-IRES-GFP) plazmid konstrukciot
hasznaltuk, melybe szekvenciaspecifikus primerek segitségével amplifikalt célszekvencidkat
klonoztunk. igy késziilt el a MIG-CMV-IRES-GFP, MIG-CMV-ICAT-IRES-GFP, MIG-
CMV-Wnt4 -IRES-GFP ¢és a MIG-CMV-ICNOTCH-IRES-GFP plazmid. Az elkésziilt virus
plazmidokat tisztitdis utan 293A sejtvonalba transzfektaltuk Lipofectamine 2000
sejtvonalban termelt retrovirusokat a médiumba bocsatja ki. A médiumot harom napon at
gyljtottiik, majd felhasznaltuk oszt6do, primer timocitak megfertézésére (Pongracz, Hare et
al. 2003; Pongracz JE, Parnell SM et al. 2006).

14. abra: Rekombinans retrovirusok eléallitdsdhoz génsebészeti eljarasokkal készitett
MIG plazmid térképe

A MIG plazmid Prof Warren Pear (Pennsilvania) ajandéka volt a kisérletek kivitelezéséhez. Az abran
a piros és kék jelek restrikcios helyeket jeldlnek, melyek megkonnyitik a restrikcios térkép elkészitését
a klonozas soran. A bejuttatasra vard géneket ,,multiple cloning site’-on valamelyik restrikcios hely
kivalasztasaval ugy klonoztuk, hogy a gént a restrikcidos helyekre jellemzd ,ragados” véggel
készitettiik el.
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4.8.1.2. Rekombinans adenovirusok készitése

A rekombinans adenovirusok készitéséhez a kereskedelmi forgalomban 1év6 alapvektorokat
hasznaltunk (Hare, Pongracz J et al. 2003). ElGszor a ,shuttle” vektorba klonoztuk a
modositott expressziot igényld szekvenciat, majd a ,,shuttle” és ,,acceptor” vektort homolog
rekombinacionak vetettiik ald. A homoldg rekombinaciét kovetéen a vektorokat
baktériumokban felszaporitottuk, megtisztitottuk, linearizaltuk, majd a 293A sejtvonalba
juttattuk Lipofectamine 2000 segitségével. A sejtvonalban a sikeres transzfekciot kovetden
megfeleld mennyiségli plazmidot hordoz6 sejtek virusokat kezdtek termelni. A virustermeld
sejtek elpusztultak és a kiszabaduld virusok tovabbi sejteket fertéztek meg. Igy nétt meg a
virus koncentracidja a feliiliszoban, amellyel tovabbi sejteket fertdztiink meg. A megfeleld
mennyiségii fertdzott sejt elérése utan a virusokat kereskedelmi forgalomban is elérhet6 Ad
virus tisztitd kit segitségével tisztitottuk, majd centrifugaldsos modszerrel, Millipore szlir6ket

felhasznalva koncentraltuk.

A kisérletekhez az aldbbi adenoviralis vektorokat készitettik: Ad-CMV-CD80-IRES-GFP,
Ad-CMV-IRES-GFP.

4.8.2. siRNS Kkisérleti alkalmazasa

Az siRNS avagy a ,small interfering RNA” alkalmazidsa ma mar bevett gyakorlat a
génatirodast  kovetd, transzlaciés folyamatok megakadéalyozasara. Kisérleteinkben
kereskedelmi forgalomban elérhetd siPKC o-t hasznaltunk a PKC 6 fehérje szintjének és

aktivitasanak csokkentésére (Varecza, Kvell et al. 2011).
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5. EREDMENYEK ES MEGBESZELES

5.1. PKC-k a mieloid tipusu immunsejtek jelatvitelében

A mieloid tipust sejtek az immunoldgiai védelem elsé vonalat képviselik, melynek
kovetkeztében szerepiik elengedhetetlen a természetes immunvalasz kialakitasaban. A mieloid
sejtekben kialakuld betegségek ezért megbénitjak az immunrendszer mukodését, amely

sulyos, gyakran halalos patologias folyamatok kialakulasdhoz vezet.

Kezdeti kisérleteinkben a PKC csalad fiziologias hatasainak felderitése volt a célunk, hiszen
az irodalombol ismert, de ellentmondasos kisérleti eredmények kovetkeztében a terapias
szempontbol igéretes PKC-k fiziologias szerepe felderitetlen maradt (Moore, Jenkinson et al.
1992; Rajotte, Haddad et al. 1992.). A kisérleti ellentmondasok okai visszavezethet6k arra,
hogy a legtobb kisérletben nem vették figyelembe a farmakoldgiai eredetii aktivitast modosito
vegyiiletek, mint pl. a TPA koncentracio-fiiggd sajatossagait és a kisérletben alkalmazott
bioldgiai rendszereket. Gyakran még a kisérleti rendszer izoenzim Osszetételét sem vizsgaltak
meg, mégis messzemend kovetkeztetéseket vontak le az eredményekbdl, amelyek éveken at
hatassal voltak a PKC-k fiziologiai funkciojanak megitélésére. A kisérleteinkben alkalmazott

aktivatorokat és inhibitorokat az 1. tablazat foglalja 6ssze.

1. tablazat

Révi- | Akti- | Inhi-

Teljes elnevezés dités vator bitor Célenzim
12-tetradecanoyl-13-phorbol acetate TPA + PKC csalad
12-deoxyphorbol-13-phenylacetate Dopp + PKC csalad
12-deoxyphorbol-13-phenylacetate-20-acetate Doppa + PKC csalad (PKCp)
thymeleatoxin THY + PKC csalad
Bistratene A BisA + PKCSs
Staurosporine SA + PKC
Go6976 + cPKC
Rottlerin + PKCSs
Bisindolylmaleimide | Bis + cPKC
PD98059 + MAPK-ERK1,2
LY379196 + PKCB

45



dc_267 11

Rovi- AKti- Inhi-
Teljes elnevezés dités vator bitor Célenzim
13-Hydroxyoctadecadienoic acid 13-HODE + PKC
SB202190 + p38

5.1.1. PKC izoenzimek szerepének vizsgalata mieloid sejtekben gyulladasi,

proliferacios és apoptotikus folyamatok soran

A mieloid sejtek eldalakjaibol készitett sejtvonalak alkalmasnak bizonyultak a PKC
izoenzimek fiziologias folyamatokban torténd jelatviteli szerepének meghatarozasara, hiszen
konnyli tenyészthetdségiik elegendd szdmu sejtet biztositott a kisérletek elvégzésére.
Kisérleteinkben a PKC izoenzimeket szelektiven aktivald vagy gatldo molekulakat
alkalmaztunk a vizsgalatokban. Ezekben a kisérletekben azt vizsgaltuk, hogy a mind
aktivaciojuk modjaban, mind szubsztratspecificitasukban nagyon hasonld enzimeknek mi a
fiziologias szerepe és vajon terapias célpontként alkalmazhatéak-€? Ezen tulmenden a
kisérleti rendszereink alkalmasnak bizonyultak a specifikus PKC inhibitorokként vagy
aktivatorokként ismertté valt vegyliletek specificitdsanak ¢€s hatasmechanizmusanak

vizsgalatara is.

A kutatasainkban alkalmazott egyik vegyiilet a 13-Hydroxyoctadecadienoic sav (avagy 13-
HODE). A hydroxylinoleic sav a lipoxigenaz egyik f6 metabolitjaként ismert, amelyet a
gyulladasos folyamatokban résztvevd mieloid tipust sejtek termelnek a gyulladasos sejtek
aktivitasanak modositasara. El6szor HUVEC-ben (human umbilical cord endothelial cell),
azaz nem hematopoietikus, hanem endotelialis sejtekben bizonyitottak, hogy a 13-HODE
beépiil a DAG-ba, melynek kovetkeztében szelektiven gatolni tudja a PKC-k aktivitasat.
Mivel a DAG-ra mind a klasszikus (c), mind a novel (n) PKC-nak sziikségiik van a teljes
aktivalodashoz, feltételezhetd volt, hogy e két izoenzim alcsalad egyiittes gatlasahoz vezet a
13-HODE alkalmazéasa. Ezért feltételeztiik, hogy a 13-HODE a jelatvitel altalanos
sejtfiziologiai tanulmanyozasaban is hasznosnak bizonyulhat. A természetesen is eléforduld
PKC inhibitor alkalmazasa a mieloid tipusu sejtek aktivalasanak szabalyozasara azért is nagy
jelentéséglinek tlint, mert specifikus gatlé molekulak betegségek kimenetelének modositasara
nyujthatnak lehetdséget. Feltételeztiik, hogy amennyiben a 13-HODE valoban képes gatolni a
gyulladasi folyamatokban résztvevd sejtek aktivalodasat, tigy akar egy igen hatékony

gyulladasgatlo is kifejleszthetd a kisérleteinkbdl nyert ismeretek alapjan.
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Kezdeti vizsgalataink soran €16 sejtekben vizsgaltuk az enzimaktivacio hatasara végbemend
fehérjelokalizacios valtozasokat. Kisérleteinkben figyelembe vettiik a jelatvitel valos idébeni
sebességét. Keriiltiik a hosszadalmas enzimtisztitasi 1épéseket, mint pl DES2 ¢és hidroxilapatit
alkalmazasat, amely helyett transzlokaciés ¢és immunprecipitacioval kombinalt
enzimaktivitasi vizsgalatokat végeztiink. Kisérleteinkben a promieloid, HL60-as sejtvonalat
¢s rekombinans PKC izoformakat hasznalva megallapitottuk, hogy a 13-HODE képes gétolni
a PKC o-t, BI-t és BlI-t, azaz a klasszikus PKC-kat, de nem befolyasolja a novel PKC &
aktivaciojat. A kisérleteket a HL60-as sejtvonalban a PKC izoformak indukciora végbemend
(15. abra). Eredményeinket rekombinans PKC-vel végzett kisérletek is alatamasztottak (16.

abra).

1. kezelés|Kontrolll TPA | TPA |HODE|HODE
2. kezelés HODEH| TPA

c M|C M|C M|C M|C M

PKCa W - - o - gy -
PKCpl @ e 8 =

PKCP I1 o 5 s 0 o o 5w

PKCs @ & wdegs &=
Bakin oo g ooy

15. abra: A 13-HODE hatasa PKC izoenzimek transzlokaciojara HL60-as sejtekben
(Pongracz, Lord et al. 1999)

Csak 10 nM TPA, 10 nM TPA és szimultan adott 3 ng/ml 13-HODE, csak 3 ng/ml 13-HODE, vagy 3
ng/ml 13-HODE 30 perccel a 10 nM TPA aktivalast megel6z6en — a HL60-as sejtekbdl citoszol (C) és
membran (M) frakciokat izolaltunk, majd a fehérjéket SDS-PAGE gélen szeparaltuk Western blot
analizishez. A blottokat PKC izoenzim specifikus ellenanyagok felhasznalasaval teszteltiik (o, Bl, BlI,
és 0). Anti-B-aktin ellenanyagot hasznaltunk az egyenlé mennyiségii fehérje felvitelének
bizonyitasara.
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16. abra: A 13-HODE hatasa rekombinans PKC isoenzimek aktivitasara
(Pongracz, et al. 1999)

Rekombinans human PKC izoenzimeket (o, Bl, BII, és &) TPA-val aktivaltuk (10 nM), amellyel
szemben a 3 ng/ml 13-HODE enzimaktivitasra kifejtett hatasat mértiik PKC specifikus peptid
szubsztratba valo radioaktiv ATP ([y?P]JATP)-bél szarmazé P-beépiilésével. A csillag jeloli a
szignifikans valtozasokat (p < 0.05).

Eredményeink alapjan a 13-HODE, mint természetes metabolit képes volt a klasszikus PKC
izoenzimek gétlasara, de a novel PKC 8-ra nem volt hatéssal. A kisérletek eredményeként arra
a kovetkeztetésre jutottunk, hogy a PKC 6 a gyulladasos folyamatok jelatvitelében feltehetden
nem jatszik szerepet. Mivel a PKC & fiziologias szerepének megértéséhez a 13-HODE-dal
végzett kisérletekkel nem jutottunk kozelebb, annak megallapitasara, hogy a PKC & mely
fiziologias folyamatok jeleit tovabbitja, enzimspecifikus aktivitas-modositasi lehetségeket

alkalmaztunk.

PKC § altal iranyitott jelatviteli folyamatok vizsgalatara elséként a Bistratene A (Bis A)
elnevezésii poliétert hasznaltuk, mely vegyiiletet a Heron Szigeti Korallzatony (Ausztralia)
kozelében lehalaszott zsakallatbol (Lissoclinum bistratum) (Degnan, Hawkins et al. 1989)
izolaltak. Bis A hatasat vizsgalva megallapitottuk, hogy ez a vegyiilet citosztatikus hatassal
rendelkezik, G2/M(10) fazisban allitva le a sejtosztodast (Griffiths, Garrone et al. 1996).
Amennyiben a promieloid HL60 sejtvonalat kezeltik BisA-val, a sejtek megindultak a
monocita/macrofag (Watters, Marshall et al. 1990) iranya differencialodas utjan, melyet
differenciaciés markerek, mint pl a CD11-es molekula expresszidjanak megjelenésével és az

adhézios képesség megndvekedésével bizonyitottunk. Kisérleteinkbdl arra a kovetkeztetésre
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jutottunk, hogy a klasszikus PKC-kel ellentétben a novel PKC & els6ésorban a

differencidlodast iranyito jeltovabbitasban vesz részt.

Kérdéses maradt azonban, hogy a klasszikus PKC alcsaldd minden tagja proliferaciot
indukalé jeleket tovabbit-e, vagy ezek az enzimek szerepet jatszanak sejtdifferenciacidé vagy
apoptozis szabalyozasaban is? Ennek a kérdésnek megvalaszolasahoz olyan aktivatorokra
vagy inhibitorokra volt sziikség, amelyek a klasszikus PKC izoenzimek differencialt
aktivalasara illetve gatlasara képesek. Mivel a cPKC alcsalad tagjainak differencialt és
specifikus gatlasa az akkor rendelkezésre allé inhibitorokkal nem volt lehetséges, aktivatorok
felhasznalasaval végeztiik a kisérleteket. Pozitiv kontrollként a PKC izoenzim specificitést
nem mutatd TPA-t hasznaltuk, mivel a TPA potens PKC aktivator 1évén a promieloid sejtek
differencialodasat és apoptozisat is indukalni tudja (Lotem, Cragoe et al. 1991; Clemens M.J.,
Trayner et al. 1992). Hogy a klasszikus alcsaladba tartoz6 PKC [ izoenzim altalanos
szerepkorét tanulmanyozzuk, az U937-es sejtvonal felhasznalasaval végeztiink kisérleteket a
TPA-nal nagyobb enzimspecificitast mutaté, PKC B specifikusnak feltételezett forbolészter,
Doppa (12-deoxyphorbol-13-phenylacetate-20-acetate) felhasznalasaval. A kisérletek
elvégzését az is indokolta, hogy az eredeti Doppa forbolészter kisérletek egyebek mellett
figyelmen kiviill hagytdk azt a tényt, hogy 6 ora inkubdlast meghaladd fiziologids
hatasvizsgalatok mar nem a Doppa, hanem hidrolizis terméke, a Dopp (12-deoxyphorbol-13-
phenylacetate) hatasat tesztelték. Dopp esetében azonban semmilyen PKC
izoenzimspecificitds nem mutathaté ki, ugyanazokat az izoenzimeket aktivalja, mint a TPA,
csak kisebb hatékonysaggal. Tehat az egyedi izoenzimek fiziologids folyamatokban betdltott

szerepére nem vonhatok le kovetkeztetések a 6 6ranyi inkubaciot meghaladé kisérletekbdl.

A PKC o-t, B-t, 8-t és {-t expresszalo U937-es sejtvonalon végzett kisérletekben kimutattuk,

hogy a PKC B gyors aktivacioja az apoptotikus folyamatok megindulasahoz vezet, mellyel

------

(17. abra).
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17. abra: TPA, Dopp vagy Doppa indukalta differenciaci6é (Pongracz, et al. 1996)

U937-es sejteket 72 oran at inkubaltuk TPA (1-25 nM), Dopp (5-100 nM) vagy Doppa (5-100 nM)
jelenlétében és Katepszin B aktivitasanak mérésével hataroztuk meg a monocita iranyt differenciaciot.
(Az enzimaktivitast (Units/10° sejt) standard deviacié megjelenitésével abrazoltuk).

A forbolészterek PKC izoenzimekre kifejtett hatdsat az enzimek sejten beliili lokalizacios
valtozasaival is nyomon kovettiik (18. abra), mely kisérletek alatamasztottak, hogy a PKC
enzimek egy Oras aktivacioja is messzemend valtozasokat 1déz eld az enzimek aktivacios

szintjében ¢€s lokalizacidjaban.
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18. abra: PKC izoenzimek aktivacioja TPA, Dopp és Doppa forbolészter kezelést kovetden
U937-es mielo-monocita sejtvonalban (Pongracz, et al. 1996)

A kontroll sejteket csak médiummal, mig a tovabbi sejtkulturakat 10 nM TPA-val, 25 nM Dopp vagy
25 nM Doppa-val kezeltik 2 perc és 1 ora iddtartamra mieldtt a PKC izoenzimeket izoldltuk a
citoszolbol (C) és a membran (M) frakciobol. A fehérjéket SDS-PAGE gélben szeparaltuk ¢s a PKC
izoenzimek jelenlétét Western-blottal hataroztuk meg izoenzimspecifikus ellenanyagok
felhasznalasaval.

A kisérleteink eredményeit alatimasztotta, hogy a PKC B mutans HL60-as sejtvonal
rezisztenssé valt a differencialodast és az apoptozist indukald jelekre, és ez a rezisztencia

megsziintethetd volt a PKC [ szint helyreallitasaval.

Osszességében kisérleteink segitségével sikeriilt arra ravilagitanunk, hogy a PKC izoenzimek
egyedileg és enzimcsoportokként is részt vesznek specifikus jelatviteli folyamatokban.
Tovabba megallapitottuk, hogy a bioldgiai rendszerek PKC izoenzim 0sszetétele, azok
aktivacios szintje, a bejovo jelek erdssége és az enzimek hatdsiranyanak ereddje donti el a
fiziologias valaszképességet. Ennek tiikrében azonban felmeriilt, hogy mennyiben relevansak
a mutans sejtvonalakon végzett kisérletek, ha az emberi szervezetben, természetes
formajukban jelen 1évé immunsejtek miikodését kivanjuk megismerni és terapias célzattal
befolyasolni? Hogy kozelebb keriilhessiink a PKC-k fiziologias jelatvitelben betoltott
szerepének megértéséhez, sejtvonalak helyett a tovabbiakban primer human neutrofilekben

kovettiik a jelatviteli folyamatokat.
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5.1.2. Gyulladasos folyamatok jelatviteli vizsgalata

Neutrofil granulocitak a legnagyobb szamban jelen 1év6 fehérvérsejtek a keringésben. A
neutrofilek a természetes immunitas igen fontos alkotoi, hiszen fertézések esetén mikrobakat
fagocitalnak és pusztitanak el. A neutrofilek naponta kb 1-2x10™ szamban termelédnek, de
természetes életidejiik rovid, és amennyiben nincs jelen fert6ézés, ugy 24-36 oOra alatt
apoptozissal elpusztulnak. Fertézés esetén a neutrofilek kemoattraktdnsok hatasara
(mikrobialis termékek pl fMLP, komplement komponensek pl C5a, és kemokinek, pl 1L8)
elhagyjak a véraramot és a fertézott szoveti teriiletre migralnak, ahol megkezdik a
fagocitozist. Fagocitalast kovetéen el6szor litikus enzimeket, reaktiv oxigén és nitrogén
gyokoket termelnek, melyek segitségével elpusztitjak a fertéz6 mikrobakat és a fertdzott
sejteket egyarant. Mindez id§ alatt pro-inflammatorikus citokinek kibocsatdsa is megindul,
mellyel még tobb immunsejtet vonzanak a fert6zés helyére. A fertdzés eliminalasa utan a
neutrofilek apoptozissal elpusztulnak és maradvanyaikat a makrofagok fagocitaljak. Erthetd
modon, ha a neutrofilek apoptdzisa nem, vagy csak késve indul meg, ugy a fertézésen atesett
terlilet szoveti elemeinek pusztitdsa tovabb folytatodik, amely kronikus szdvetkarosodashoz

vezet.

Mivel az aktivalt neutrofilek perzisztens jelenléte igen kiterjedt szovetkarosodast
eredményezhet, a kronikus gyulladasi folyamatok leéllitdsa terapids szempontbol is igen
fontos cél. A hatékony terapia megtervezéséhez azonban sziikséges a neutrofilek
apoptozisanak molekularis szintli megértése, és olyan molekulak megismerése, melyek
terapiaban valo alkalmazasaval szabalyozhatova valnak a neutrofilek aktivacios és

apoptotikus folyamatai.

A neutrofilek aktivacios folyamatainak vizsgalatanal figyelembe vettiik, hogy a neutrofil
aktivacio egyik 6 1épése a NADPH oxidaz aktivacidja, mely enzim NADPH felhasznalasaval
katalizalja a reaktiv oxigén gyokok termelését. A reaktiv molekulagyokok termelése fontos
1épés a neutrofilek sejtpusztitd képességének kialakulasaban. A folyamat fobb Iépései a
kovetkezOk: az inaktiv neutrofilekben a sok komponensbdl all6 NADPH oxidaz disszocialt

allapotban van. Sejten kiviili stimulalé jelek hatasara az aktivalt neutrofilekben megindul az

7phox 7phox

enzim két f6 komponensének (p4 és pb ) foszforilacidja, melynek hatasara igen
gyorsan asszocialodik az aktiv enzimkomplex. Ennek eredményeként a neutrofil képessé

valik reaktiv oxigén gyokok eldallitasara €s sejtpusztitd funkcidjanak betoltésére.
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Annak eldontésére, hogy a PKC enzimcsalad tagjai milyen szerepet jatszanak a foszforilacios
folyamat kovetkeztében meginduld oxigén szabadgyokok, azaz szuperoxid termelésében,
szamos faktort kellett figyelembe venniink. Tobbek kozott azt, hogy noha az igen hatékony
PKC aktivator, TPA, szuperoxid termeléshez vezet, nem mindegyik neutrofil aktivaciohoz
vezetd folyamat igényli a PKC részvételét a jelatvitelben. llyen pl. a C5a komplement faktor
altal indukalt szuperoxid termelés is. Ezért kisérleteinkben mar nem csak a PKC izoenzimeket
direkt kapcsolodas utjan aktivald farmakologiai hatdéanyagokat alkalmaztuk, hanem receptor
agonistaként formyl-Methionyl-Leucyl-Phenylalanine-t (fMLP) is. Az N-formilalt peptidekrél
bebizonyosodott, hogy a bakterialis fehérjék ¢és a szoveti karosodas kovetkeztében
kiszabadul6 mitokondriumok degradécios termékei. A human fMLP receptorhoz kotédod
formilalt ligandok degranulaciéhoz és oxigén radikalisok termeléséhez vezetnek fagocitozisra
képes sejtekben. Ezért az fMLP a PKC szerepét vizsgalo kisérletekben természetes aktivaciot
indukalo6 kontrollként keriilt alkalmazasra. A természetes neutrofil aktivaciora azért is sziikség
volt, mivel a forbolészterek altal indukalt aktivacid nem all le. A forbolészterek ugyanis a
DAG kotd helyekhez eltavolithatatlanul kapcsolddnak, ezért a PKC izoenzimek szamara
folyamatos aktivalasi jelet jelentenek, amelynek kovetkeztében az enzimek kimeriilnek és
végiil degradalodnak. Erthetd modon, a forbolészterek altal kivaltott jelek ezért hossza tava

kisérletekben nem hasonlithatok a kornyezeti jelek erdsségéhez és fizioldgids hatasdhoz.

Annak eldontésére, hogy a PKC-k szerepet jatszanak-e a neutrofilek szuperoxid termelésében,
forbolészterek és fMLP hatasat teszteltik rovid idétartamu, PKC izoenzimeket aktivalo
kisérletekben (19. abra).
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19. abra: PKC izoenzimek aktivacioja primer neutrofilekben (Pongracz, et al. 1998)

Vénas vérbdl tisztitott neutrofileket 10nM TPA, 25-25nM Dopp, Doppa, ThyA, SA ¢és BisA, illetve
100 nM fMLP kezelésnek vetettiik ala 2 percre, majd a kezelt és kezeletlen kontroll (Ko) sejtekbdl
citoszol (C) és membran (M) frakcidkat izolaltunk. A fehérjék szétvalasztasat kovetéen Western blot-
tal mutattuk ki a PKC izoenzimek lokalizaciojat izoenzim specifikus ellenanyagok segitségével.

A kisérletekbdl megallapithatd volt, hogy az fMLP kezelés leginkdbb PKC aés Pll
aktivaciojahoz vezet, amely leginkabb a TPA altal indukélt izoenzim transzlokacios
mintazathoz hasonlitott. Ez felvetette annak lehetéségét, hogy a szuperoxid termel6déséhez
vezetd folyamatokat klasszikus PKC-k iranyitjak, feltehetben PKC o. Ez anndl is inkabb
valoszintinek tint, mivel a PKC B specifikus Doppa és a PKC 6 specifikus BisA kezelés nem

vezetett szuperoxid termelddéshez (20. abra).
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20. abra: Szuperoxid termelés PKC aktivatorokkal és fMLP-vel kezelt human neutrofilekben
(Pongracz, et al. 1998)

Neutrofileket 100 nM fMLP, 10 nM TPA, vagy 25 nM DOPP, SA, ThyA, BISA, vagy DOPPA
jelenlétében inkubaltuk 1 6ran keresztiil 37°C-on, majd a szuperoxid termelést mértiik.

Hogy tovabbi bizonyitékot nyerjiink az izoenzimek szerepérél a neutrofilek szuperoxid
termelésében, PKC aktivaciot gatldé farmakologiai hatdéanyagokat alkalmaztunk a
kisérleteinkben. Elészor a neutrofileket PKC inhibitorokkal el6kezeltiik (Bis, Rottlerin,
G06976 és 13-HODE), miel6tt a sejteket TPA-val vagy fMLP-vel aktivaltuk. Erdekes modon,
mig kisérleteinkben a TPA hatasat teljes mértékben aldtamasztottdk az inhibitorokkal végzett
tesztek, azaz a klasszikus alcsaladba tartozo PKC izoenzimek dontd szerephez jutottak a TPA
altal indukalt szuperoxid termelésben, addig az fMLP receptorbol indulo jeleket a

farmakoldgiai inhibitorok egyike sem gatolta (21. abra).
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21. abra: PKC inhibitorok fMLP vagy TPA kezelés altal kivaltott szuperoxid termelésre
kifejtett hatdsa (Pongréacz, et al. 1998)

Neutrofileket 500 nM bisindolylmaleimide 1-gyel, 20 nM Go06976-tal, 300 nM 13-HODE-dal, vagy
5mM Rottlerinnel kezeltik 30 percig (A) 10 nM TPA vagy (B) 100 nM fMLP hozzaadasat

megelézéen, majd a szuperoxid termelést mértiik. Statisztikailag szignifikans kiilonbségeket csillaggal
jeloltik (p <0.05).

A kisérleti eredményekbdl arra a kovetkeztetésre jutottunk, hogy szdmos jelatviteli Gt vezethet
a reaktiv oxigén gyokok termeléséhez. Mivel szamos jelatviteli folyamat befolyasolja a
neutrofilek aktivaciojat, félrevezetd lehet a kisérleti rendszerek tulzott leegyszeriisitése €s a
természetes hatdanyagok eliminalasa a kisérleti rendszerekbdl. Kisérleti eredményeink
hozzajarultak annak megértéséhez is, hogy a szamos neutrofil aktivaciot el6idézo
intracellularis mechanizmus ko6z6tt redundancia lehetséges, és a neutrofil aktivacios
folyamatok klasszikus PKC izoenzimek aktivalasaval is kivalthatok. A neutrofilek fiziologias
folyamatainak megértéséhez azonban tovabbi kisérletekre volt sziikség. Kérdéses maradt
ugyanis, hogy neutrofilek apoptotikus sejthalalaban szerepet jatszanak-e PKC fiiggd
folyamatok? Ennek a kérdésnek a megvalaszolasa igen fontos lehet, hiszen a gyulladasos

folyamatokban aktivalodo és szovetkarositd neutrofilek eltavolitasa fontos terapias cél.

A neutrofilek apoptotikus folyamatainak vizsgdlatira a vérdrambol frissen eltavolitott
neutrofileket hasznaltunk, melyeket kiilonb6z6 ideig inkubaltunk. In vitro kisérletekben 24
ora elteltével a neutrofilek 70%-a apoptotikussa valik, ezért apoptotikus sejtek nagy szamban
alltak rendelkezésre a jelatviteli folyamatok vizsgalatara. Annak meghatdrozasara, hogy az

apoptotikus folyamat beindulasaval mely PKC izoenzimek aktivalodnak, Western blot
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kisérleteket végeztink PKC a, B, & és C izoenzimek sejten beliili lokalizacidjanak
vizsgalatara. Megallapitottuk, hogy az életképes sejtekkel szemben, az apoptotikus
folyamatok megindulasakor PKC 3 és PKC & izoenzimek talalhatok a neutrofilek partikularis
frakcioiban (22/A. abra), amelybdl arra kdvetkeztettiink, hogy ez a két PKC izoenzim fontos

szerepet tolt be a neutrofilek apoptotikus folyamatainak szabalyozasaban.
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22. abra: PKC izoenzimek aktivacidja neutrofil apoptozis soran (Pongracz, Webb et al. 1999)

A) PKC izoenzimek aktivaciojanak vizsgalatat a citoszolbdl (C) a partikularis (P) frakcidba torténd
transzlokaciojuk detektalasaval végeztiik frissen izolalt €s 20 6ran at inkubalt neutrofilokbol, Western
blot technikaval, anti-PKC izoenzim ellenanyag alkalmazéasaval. 10 ng rekombinans human PKC-a, -
B, -6, és -C képviselte a standardot. B) teljes sejt extraktumokat készitettiink frissen izolalt és 20 6ran
keresztiil 20mM DEVD-fmk jelenlétében vagy hianyaban inkubalt neutrofilekb6l, majd Western blot-
tal detektaltuk a teljes méretii (78 kDa) és kaszpaz altal hasitott (40 kDa) PKC & fragmentumot. C)
DEVD-fmk kaszpaz 3-ra kifejtett gatlo hatasanak bizonyitasa frissen izolalt és 20 oran at inhibitor
jelenlétében vagy hianyaban inkubalt neutrofilekben. Az enzimaktivitast fluoreszcensen jeldlt kaszpaz
3 szubsztrat alkalmazasaval végeztiik (fluoreszcens egység/1x10° sejt).

Annak meghatarozasara, hogy PKC B és o izoenzimek valdoban szabalyozzak-e az apoptotikus
folyamatok lezajlasat, tovabbi kisérleteket végeztink PKC izoenzimek gatlasat el6idézo
farmakologiai inhibitorokkal. Kisérleti rendszeriinkben Go6976, mint a klasszikus (PKC-a, -
B, és -y), LY379196 mint a PKC B specifikus (Jirousek, Gillig et al. 1996), és Rottlerin, mint
PKC & specifikus (Gschwendt, Miiller et al. 1994) inhibitorokat teszteltiik. Mivel a PKC &
izoenzim kaszpaz-3 hasitas utjan is aktivalhatd, ezért kaszpaz-3 inhibitort (DEVD-t) is
alkalmaztunk a kisérletekben. Mig a klasszikus PKC-kat altalanosan gatlo, és a PKC
B specifikus inhibitorok nem voltak hatassal az apoptotikus folyamat megindulasara, addig

mind a DEVD (22/B. és C. abra), mind a Rottlerin gatolta a programozott sejthalalt (23. abra).
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23. abra: PKC 9 ¢s kaszpaz 3 inhibitorok neutrofil apoptozisra kifejtett hatasa
(Pongracz, Webb et al. 1999)

Neutrofileket 20 6ran keresztiil inkubaltuk PKC inhibitorok Go6976 (20 nM), Rottlerin (10nM) vagy
LY379196 (10 nM) vagy kaszpaz 3 inhibitor DEVD-fmk (20 mM) jelenlétében, illetve inhibitorok
hianyaban. A, az apoptotikus morfologia jelenlétének vizsgalatit May-Griinwald Giemsa festéssel
lathatova tett neutrofileken végeztiik. A statisztikai szignifikanciat csillaggal jeloltiik p<0.05. B, a
kisérletben hasznalt inhibitorok hatasat bizonyitja az izoenzimek citoszolbdl partikularis frakcioba

crer

Azt, hogy a PKC & fontos szerepet tolt-e be a neutrofilek apoptotikus sejthalalanak
jelatvitelében, enzimdeplécios acellularis kisérletekkel is alatamasztottuk. Ezekkel a
kisérletekkel tovabb bizonyitottuk, hogy a neutrofil apoptozis PKC & fiiggé folyamat.
Tovabbi kisérleteink arra is ravilagitottak, hogy apoptdzis soran a PKC & a sejtmagban
lokalizalodik  (24. abra), ahol feltételezhetéen az apoptozist iranyitd enzimatikus

folyamatokban résztvevd enzimeket és transzkripcios faktorokat aktivalja.

24, abra: PKC o szubcellularis lokalizacidja egészséges és apoptotikus neutrofilekben
(Pongracz, Webb et al. 1999)

Az abran frissen izolalt neutrofilek (A) és 8 déran at sejtkultiraban inkubalt neutrofilek (B) lathatoak. A
PKC & izoenzimet anti-PKC & ellenanyaggal tettiik lathatova (FITC, z61d), mig a sejtmagot propidium
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jodiddal (voros) jeloltik. Ahol a vords (sejtmag) és a zold (PKC o) festés azonos helyen
koncentralodik, ott a kialakulo sarga szin a PKC 3 jelenlétét jelzi a sejtmag anyagaban.

Kisérleteink ramutattak, hogy PKC & noha fontos, nem lehet egyetlen eleme az apoptotikus
kaszkadnak. Tobbek kozott azért, mert a PKC 6-t aktivalod kaszpaz-3-nak is szamos egyéb
szubsztratja ismeretes (pl. az apoptozis-specifikus endonukleaz inhibitora, citoszkeletalis
fehérjék, stb.), tehat kizarolag a PKC o-ra koncentrald potencialis terapias eljarasok nem
lehetnek hatékonyak. Kisérleteinkkel azt is alatimasztottuk, hogy a p38 MAP kinaz szerepet
jatszik a stressz altal indukalt, de nem a spontadn uton kialakuld neutrofil apoptozisban. Ez
alatamasztotta korabbi eredményeinket, melyek szerint egyetlen sejtben parhuzamosan jelen
lehetnek olyan jelatviteli kaszkadok, melyek ugyanahhoz a fizioldgias valaszreakcidhoz

vezetnek, de mindezek nem sziikségképpen aktivalodnak egyidejtileg.

Noha kutatasaink soran sikeriilt azonositanunk a PKC csalad fontos szerepét mind az
apoptotikus sejthalal, mind a sejtek tulélése szempontjabol, a kisérletekbdl az is
nyilvanvalova valt, hogy a szoveti kornyezetbdl szarmazo extracellularis jeleket szorosabb
kapcsolatba kell allitani a sejten beliili jelatviteli folyamatokkal ahhoz, hogy terapias
szempontbol is alkalmazhatd ismereteket nyerjiink a jelatvitel mindségi €és mennyiségi
viszonyairdl. Ennek tiikrében a primer neutrofilek &ltal nyUjtott lehetdségek limitaltnak
tlintek, hiszen az érett neutrofilek ,,fiziologias programjaban” a sejthalal Kitiintetett helyet
foglal el. Mivel a PKC-k parhuzamosan tobb jelatviteli rendszerben is szerepet jatszanak,
neutrofilekben nehezen azonosithatd, hogy mely bejové jelek ereddjeként keriil sor a
fiziologias valtozasokra. Tovabbi nehézséget jelentett, hogy a teminalisan differencialodott és
rovid életidejii neutrofilek génexpresszids modositasa majdnem lehetetlen feladat, hiszen igen
érzékenyen reagalnak kiilsé behatasokra (pl. elektroporacio vagy kémia membran-
permabilitdas ndveldk, stb), amelyek a sejtek pusztulasahoz vezetnek. Ezért a PKC-k
aktivitdsanak modositasara a farmakologiai hatéanyagokra voltunk kénytelenek szoritkozni,

melyek specificitasa egyre inkabb megkérddjelezhetdové valt.
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25. abra: A neutrofilek citokin-deprivaci6 kovetkeztében apoptozissal elpusztulnak (Webb,
Wang et al. 2000)

A csontveldben torténd fejlodésiik és differencialodasuk soran a fejlodod sejtek tulélési jeleket kapnak,
pl GM-CSF formajaban. A keringésbe valo kikeriilésiik soran a talélést szabalyozd citokin szint
lecsokkenésének kovetkeztében beindul az apoptoézis gépezete. A fert6zések helyén azonban, ahol a
citokin szintek magasak, a neutrofilek élettartama megnovekszik.

Osszességében kisérleteink eredményeként nyilvanvalova vélt, hogy a szoveti kornyezet
komplex hatasa befolyasolja az egyes sejtek tulélését, aktivalédasat, illetve halalat kivaltd
jelatviteli folyamatokat (25. abra). Hogy a jelatviteli folyamatok szabalyozasat megérthessiik,
elengedhetetlenné valt olyan kisérleti rendszerek alkalmazasa, amelyekben a komplex szoveti
kornyezetben parhuzamosan érnek ingerek fiziologias vélaszreakciok széles skaldjara képes

sejteket.

5.2. Jelatvitel a timusz organogenezise €és a timocitak fejlédése soran

A csecsemémirigyben, avagy a timuszban végbemend sejtes és szdveti valtozasok, mind a
szerv kialakulasa, mind a benne fejl6d6 T-sejtek differencialodasa és szelekcidja soran idealis

kornyezetet biztositanak a jelatviteli rendszerek vizsgalatara. Kiilonos tekintettel arra, hogy a
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sejtek tulélését, illetve a halalat kivalto szelekcios faktorok folyamatos jelenléte lehet6séget
biztosit mennyiségi valtozasok mérésére €és az intra- és extracellularis jelatviteli molekulak
szerepének pontosabb meghatirozasara. A timusz kiilonlegessége az is, hogy a fejlodés,
osztodas, differencidlodas és sejthaldl ugyanabban a szovetben, parhuzamusan megy végbe
ugy, hogy a fenti folyamatokat kivaltd sejtes interakciok illetve szekretalt faktorok hatasanak
ereddje szabja meg a szovet minden sejtjiének valaszreakcidit. Az egyik olyan sejttipus a

timuszban, amelyre szamos jel hat egyidejlileg, az a fejlédé timocitak csoportja.

A timuszban fejlodé T-sejtek szamos fontos osztodasi, differenciacios és szelekcios 1épésen
esnek at. Ezek koziil a T sejt receptorhoz (TCR-hoz) kapcsolodik mind a sejtek pozitiv, mind
negativ szelekciojanak folyamata, melynek eredményeként elddl, hogy a periféridn milyen
TCR repertoarral rendelkeznek majd a T-sejtek. A TCR specificitasanak biztositasahoz
viszont elengedhetetlen, hogy csak MHC-I-hez vagy MHC-1I-h6z kotott  antigént
ismerhessenck fel az érett, periférialis T-sejtek. Ezért a T-sejtek MHC (emberben HLA),
illetve antigén-MHC-t felismerd képességének tesztelése igen fontos 1épés a timocitak
fejlodésében. Sem az MHC-t, sem az antigén-MHC-t fel nem ismeré T-sejtekre nincs
szilksége az immunrendszernek, hiszen ezek haszontalanok az immunvalasz kialakulasa
szempontjabol. Tovabba azokra a sejtekre sincs sziikség, amelyek igen nagy affinitassal és
aviditassal kotoédnek az antigén-MHC komplexhez, hiszen igy igen erds, szabalyozhatatlan
immunvalasz alakul ki, gyakran sajat antigénekkel szemben. Ennek elkeriilése érdekében
szamos szelekcios folyamat megy végbe a timuszban. Noha a TCR-bol szarmazo jelek
erdssége kozti kiilonbségnek tulajdonitjadk a CD4'CD8", azaz DP timocitdk taléléséhez
(pozitiv  szelekcid) vagy apoptozisahoz (negativ szelekcidhoz) vezet6 folyamatok
megindulasat, valojadban a ,jel erdsségének” pontos mibenlétét intracellularis jelatviteli

szinten nehéz meghatarozni.

Kisérleteinkben abbol a megfigyelésbdl indultunk ki, hogy az antigén-MHC komplexet
felismer6 T-sejtek kapcsolodasi erdsségének tesztelése elsdsorban a timusz epitélialis sejtjeire
harul6 feladat. A timusz epitélidlis sejtek ugyanis képesek mind MHCI, mind MHCII
expresszidjara. A fejlodo timocitak a kortikalis és medullaris epitéliumon tesztelik elészor a
TCR génatrendezddés eredményeként 1étrejovo receptor fehérjék antigén és MHC felismerd
képességét. Az antigén-MHC-komplexet felismeré6 TCR-bol szarmazé jeleken tulmenden
szamos ko-receptor-ligand kapcsolat szabja meg a jel erésségét, amely vagy a timocitak

tuléléséhez vagy apoptotikus sejthaldldhoz vezet.

61



dc_267 11

A TCR-bdl szarmazo jelatviteli folyamatok vizsgalatira és annak megallapitasara, hogy
mekkora erdsséggel kotddik a timocita az epitéliumhoz, eldszor azt vizsgaltuk, hogy mely
molekulakra van sziikség ahhoz, hogy a timocitak komplexet képezzenek az epitélium
membranjan talalhatéo peptid-MHC molekulakomplexszel. In vitro kisérletekben TCRao.-/-,
azaz funkcioképtelen TCR-ral rendelkez6 timocitakat, ¢s MHC-val nem rendelkez6, azaz DK
(MHCI/I1-/-) epitéliumot hasznaltunk a vad tipusu, Balb/c egerekbdl szarmazo szdvetek és

sejtek kontrolljaként (26. abra).
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26. abra: CD4"8" timocitdk TCR és MHC fiiggd konjugatumot képeznek a timusz
epitéliummal (Hare, Pongracz J et al. 2003).

A CD4'8" timocitakat PKH26, mig a timusz epitélidlis sejteket CFSE fiziologias festéssel jeleztiik. A
sejteket 1:1 aranyban kevertilk Gssze, majd vagy azonnal (A) vagy 30 percig, 37°C-on tortént
inkubaciot kovetden aramlési citometriaval (B) vagy mikroszkoppal analizaltuk (C). A konjugatumok
formalodasanak alakulasat 0 és 60 perc kdzott a PKH26 és a CFSE események gyakorisagat mérve
hataroztuk meg (D, rombusz). Kontrollként MHC-/- timusz epitéliumot kevertiink vad tipust
timocitakkal (D, négyszog), vagy TCRa-/- timocitakat vad tipust (VT) timusz epitélialis sejtekkel (D,
haromszdgek).

Kisérleteinkben megallapitottuk, hogy a timocitadknak rendelkeznitik kell funkcioképes TCR-
rel, mig az epitélidlis sejteknek MHC-val ahhoz, hogy a szelekciés folyamatok
megindulhassanak. A fenti kisérletben olyan kisérleti rendszer Osszeallitasara keriilt sor,

amelyben a timocitak valaszreakcidi kivaloan nyomonkovethetdvé valtak differenciacios
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markerek segitségével, mig a sejten beliili jelatviteli valtozasok is tesztelhetok maradtak.
Megallapitottuk, hogy a timocita-epitélium komplexben az aktiv receptor-ligand kapcsolat az
aktin citoszkeleton koncentralt polimerizacidjaval jar mind a timocitakban, mind az epitélialis
sejtekben (27. abra). Tovabba ez a kapcsolat a timocitakban tirozin foszforilaciotol fiiggé Ca

ion szint ndvekedéséhez vezetett, azaz aktiv jelatvitel megindulasat észleltiik (28. abra).
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27. abra: A timocita-epitél sejt interakcio az aktin citoszkeleton polimerizaciojat eredményezi
(Hare, Pongracz J et al. 2003)

MHC-/- egerekbdl szarmazé CD4"8" timocitakat timusz epitéliummal inkubaltuk 30 percen keresztiil,
majd a kitapadt sejteket permeabilizalva falloidint hasznaltunk az aktin citoszkeleton
polimerizaciojanak vizsgalataira (A). A konjugatumok képzédésének analiziséhez aramlasi
citomeriaval végeztiink vizsgalatokat citokalazin (cyt) D-kezelt timocitak és kezeletlen timusz
epitélidlis sejtek (négyszogek), vagy kezeletlen timocitak és citokalazin D-kezelt epitélium
(haromszogek), illetve kontrollként kezeletlen timocita és epitélium (rombuszok) (B) felhasznalasaval.
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28. abra: A timocita-epitélialis sejt interakcio noveli a timocitakban az intracellularis kalcium
szintet és foszfotirozin akkumulaciot idéz el (Hare, Pongracz J et al. 2003)

CD4'8" timocitakat timusz epitéliummal inkubaltuk 30 percen keresztiil, majd a kitapadt sejteket
permeabilizalva foszforilalt tirozint felismer6é ellenanyaggal inkubaltuk a konjugatumokat (A). Az
MHC-/- egerekbdl szarmazé CD4'8" timocitakat Indo-1-gyel kezeltiik, majd PKH26-tal jeldltiik, mig
a timusz epitélialis sejteket CFSE fiziologias festéssel jeloltiik. A sejteket 1:1 aranyu keverést
kovetden 5 percig inkubaltuk, majd a konjugatum-képzédést aramlasi citometriaval analizaltuk (B). A
citoszolban levo kalcium koncentraciot a nem konjugalodott szabad (C) és az epitéliumhoz kapcsolodo
timocitakban (D) aramlasi citometriaval analizaltuk. Annak megallapitasara, hogy a kalcium-
bearamlas a tirozin kindz aktivaciojanak kovetkezménye-e, az Indo-1/PKH26-jelzett timocitakat 50
uM tirfosztin A9-cel inkubaltuk a konjugatum képz6dést megel6z6en, majd a kalcium bearamlasat
mértiik szabad (E) és epitéliumhoz kotott timocitakban (F).

A fenti kisérleti rendszerben aktivalt DP timocitédkat ezutan timusz reaggregatum kultarakban
inkubaltuk tovabb hét napon at. A haromdimenzios (3D) timusz epitélialis szovet megfeleld
mikrokdrnyezetet biztosit a T-sejtek teljes kifejlédéséhez. Ebben a mikrokornyezetben a hét
napos inkubécids id0 lehetdséget biztosit a T-sejtek kifejlodésére és a pozitiv szelekcid
folyamatanak nyomon kovetésére. A fenti kisérleti rendszer alkalmazasa egyértelmiivé tette,
hogy az in vitro sejtszuszpenzioban epitélialis sejtekkel konjugaltatott timocitak olyan talélési
jelet kapnak, ami lehetdvé teszi a CD4" helper és a CD8" citotoxikus T-sejtekké torténd
differencialodasukat, azaz a DP timocitak pozitiv szelekcidjat. Ez a folyamat a sejtfelszini

markerek karakterisztikus valtozasaval nyomon kovethet6 volt (29. abra).
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29. abra: A timocita-epitélialis sejtek kozotti konjugatum képzodés a pozitiv szelekcid
indukalasat jelenti (Hare, Pongracz J et al. 2003)

A tisztitott, vad tipustt Balb/c timocitak és epitélialis sejtek konjugdtumait reaggregatum
szervkulturaba helyeztiik (A), majd 7 napos inkubalast kdvetden a timocitakat TCR, CD4 és CD8
expresszio szempontjabdl analizaltuk aramlasi citometria segitségével (B).

A sejtek egymdésra hatdsdnak kovetkeztében meginduld pozitiv szelekcidhoz vezetd
folyamatok soran szamos intracellularis jelatviteli molekula aktivalodasa is megfigyelhetd
volt. Hogy a molekularis aktivaciot lathatova tegyiikk, a timocita-epitélialis sejt
konjugatumban a két sejt kozotti kapcsolat helyén sejtfelszini, és sejten beliili jelatviteli
molekulakat jeloltiink meg. A sejtek kozotti interakcid helyére a CD3, CD45, CD4, CD8
sejtfelszini és, a p56Ick tirozin kinaz, LAT adapter protein és PKCO bels6 jelatviteli
molekulak koncentralodtak (30. abra).
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30. abra: A timusz epitéliummal vald érintkezés a timocitakban molekularis atrendezddéshez
vezet (Hare, Pongracz J et al. 2003)

MHC-/- egerekbél szarmazé CD4'8" timocitakat vad tipust timusz epitélialis sejtekkel inkubaltuk 30
percen keresztlil, majd targylemezhez tapadasuk utdn permeabilizaltuk a sejteket €s jelatviteli
molekulakra specifikus ellenanyagokkal megjel6ltiik: CD3 (A), CD45 (B), CD4 (C), CD8 (D), p56lck
(E), és LAT (F). Amig a polarizacié szembetind volt minden olyan timocitan, amely timusz
epitéliummal konjugatumot képezett, addig a nem konjugalt sejtek nem polarizalodtak.

Noha szamos jelatviteli molekula koncentralodott az epitélium-timocita kapcsolat pontjara, ez
a folyamat mégis fiiggetlennek bizonyult a , lipid raft”-ok avagy ,.lipid tutajok” jelenlététol
(31. abra), melyeket korabban elengedhetetlennek feltételeztek az aktiv jelatvitel
kialakulasahoz. Az a felfedezés, mely szerint ,lipid tutajok” nem alakulnak ki a timuszon
beliil fejlodé T-sejtek jelatvitelekor, kiilondsen fontosnak bizonyult, hiszen ramutatott a
timuszban zajlé TCR-fliggd szelekcios €s a periférian végbemend TCR-fiiggd aktivacios jelek

jeltovabbitasi kiillonbségeire.
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31. abra: A timocitak pozitiv szelekcidjanak megkezdddése nem jar egyiitt a GM1 lipid-
tutajok akkumulalodasaval (Hare, Pongracz J et al. 2003)

Az MHC-/- egér torzsbdl szarmazdé CD4'8" timocitdkat kolera-toxin-FITC-cel jeléltiik, majd vad
tipust timusz epitéliummal inkubaltuk 30 percen at. A sejteket ezutan targylemezre tapasztottuk ki,
hogy a GMI polarizacio vizsgalhato legyen (A). Mind CD48" timocitak, mind periférias T-sejtek
kolera-toxin-FITC-cel keriiltek megjeldlésre, majd aramlasi citometriaval analizaltuk a valtozasokat

(B).

A jelatviteli kiilonbségeket analizalva feltételeztikk, hogy a CD28-B7 (CD80 és CD86)
kolcsonhatas, mint ko-stimulacios jel lehet az egyik kiilonbség a periférias T-sejtek és a
fejlod6, DP T-sejtek TCR-fliggd jelatvitele kozott. Kiilondsen fontosnak tiint ennek a
feltételezésnek a vizsgalata, hiszen a timuszban a kortikalis epitélidlis sejtek az érett,
periférias antigén prezentald sejtekkel (APC) ellentétben nem expresszalnak CD80 vagy
CD86 ko-stimulacios ligandokat. Az elmélet ellendrzése kezdetben technikai problémakba
litkdzott, ugyanis a timusz epitélialis sejteken sziikség volt a fehérjeexpresszio modositasara.
Tovabbi nehézségként meriilt fel, hogy a sejtfelszinen expresszaltatott fehérjéknek
funkcioképesnek kellett lennilik, mikézben a timusz epitélidlis sejtek életképességét meg
kellett drizziik a fehérjeexpresszid modositasat eléidézd vektorok bejuttatasat kdvetden is. A
korabban hasznalt génexpressziot modositd mdodszerek nem vezettek volna eredményre, mivel
a fenti modszerek alkalmazasdhoz a timusz epitéliumot kétdimenzios kultarakban kellett
volna tenyészteni. Kétdimenzids szovettenyészetekben a timusz epitélialis sejtek azonban
elveszitik azon képességiiket, hogy a T-sejtek fejlodését és differencialodasat tamogassak.
Eppen ezért, végiil rekombinans adenoviralis (rAd) génbevitelre esett a valasztasunk, amely
igen hatékonynak bizonyult az epitélialis sejtek fehérjeexpresszidjanak modositdsaban akar
intakt timusz lebenyek esetében is. Kisérleteink ramutattak arra, hogy a rAd-sal CD80
expressziora kényszeritett, majd fejlddo timocitakkal reaggregaltatott timusz epitélialis sejtek

»lipid tutajok” kialakulasat indukaltdk a timocitdkban, amelynek kdvetkezményeként
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megndvekedett az apoptozis és csokkent a pozitiv szelekcio (). Megallapitottuk tehat, hogy a

ko-stimulacios molekulak jelenléte modositja a TCR-fliggd szelekcids jelek erdsségét.
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32. abra: CD80 expressziora kényszeritett timusz epitélium meginditja a lipid tutajok
kialakulasat és csokkenti a pozitiv szelekciot (Hare, Pongracz J et al. 2003)

Deoxiguanozinnal kezelt embrionalis timusz lebenyekbdl szarmazo timusz epitéliumba rAd-CD80-
GFP-t ¢és kontroll, rAd-GFP-t juttattuk be. A fert6zott sejteket aramlasi citometriaval analizaltuk GFP
és CD80 expressziora (A és B). MHC-/- egér torzsbdl szarmazé CD4'8" timocitdkat kolera toxin
FITC-cel jeldltiik, majd CD80-at expresszalo timusz epitéliummal inkubaltuk 30 percen keresztiil. A
sejtek kitapasztasa utan, a sejteket anti-CD80 ellenanyaggal, majd anti-egér rhodaminnal jeloltiik. A
GM1 polarizaciét mutatd (C) CD80-hoz kotott timocitak kvantitalasat a D abra mutatja., A DP
timocitakbol és a rAd-sal el6kezelt epitéliumbdl reaggregatumokat készitettiink, majd 6t napi
inkubalas utan a timocitak CD4 és CD8 expresszidjat analizaltuk aramlasi citometria segitségével (E)
és (F).

Noha a ko-receptorok jelenléte, illetve hidnya tampontot nyujtott a szelekcios jelek erésségét
meghataroz6 folyamatok eredetére, a koncentraltan megjelend jelatviteli molekuldk a
timocita-epitélium érintkezési felilleten nem adtak intracellularis magyarazatot a szelekcios

jelek er6ssége kozott fellépd kiilonbségekre.

Hogy a szoveti kdrnyezetbdl szarmazo talélést, illetve sejthalalt indukaléd sejten beliili jelek
kozotti kiilonbségeket azonositani tudjuk, két, a periférian ,,high avidity” jelet utdnzo és ezért
T-sejtaktivaciot el6idéz6 faktort, anti-CD3g ellenanyagot és concanavalin A (ConA)-t
alkalmaztunk. Azért esett a valasztasunk az ellenanyagra és ConA-ra, mert fejlédo timocitakra

mas hatast gyakorolnak, mint periférialis T-sejtekre. Mig az anti-CD3e ellenanyag a DP
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timocitdk apoptotikus haldlat idézi eld, addig ConA kezelésiik pozitiv szelekciot és
kovetkezésképpen tulélést indukal. A kisérleteket intakt embriondlis (E15) timusz
lebenyekben végeztiik annak bizonyitasat kovetden, hogy mind az ellenanyag, mind a ConA
bediffundalnak a lebenyekbe. Igy a két anyag hatisat az amigy érintetlen szoveti
mikrokornyezetben vizsgalhattuk. Az anti-CD3e ellenanyag és a ConA hatdsa kozotti
kiilonbség molekularis szinten mar korant sem bizonyult annyira egyértelmiinek, mint a
fejlodé T-sejtekre kifejtett szelekcios hatdsuk. Korabbi kisérletek bizonyitottdk, hogy a
timocitdk TCR altal indukalt apoptotikus folyamatai soran a nur77 (Cheng 1997; Winoto
1997) transzkripcios faktor expresszidja megnd. Meglepé modon azonban mind az anti-CD3e
ellenanyag, mind a ConA ndvelte a nur77 expresszidjat megkdzelitden azonos szinten.
Tovabba, a szelekcios folyamatok megindulasat jelz6, mind a negativ, mind a pozitiv
szelekcid soran expresszids csokkenést mutatd tcfl génre, gyakorlatilag azonos hatassal

voltak, csokkentve annak transzkripcidjat (33. abra).

Kontroll a-CD3¢ Con A
460bp
p-aktin [3]
Ciklusok22 = 37
nur77 [f]” bp
1 6ra Ciklusok22 = 42
ot 100t
4 ora Ciklusok 24 = 44

33. abra: Anti-CD3 ellenanyag és ConA hatasa nur77 és tcfl gének expressziojara
(Pongracz, Parnell et al. 2003)

Az anti-CD3¢ (5 pug/ml) és Con A (5 pg/ml) fiziologias hatdsai MHC DK timocitak génexpressziojara
szervkulturaban tortént inkubaciot kovetéen. nur77 és tcfl gének szemikvantitativ RT-PCR analizise
TCR ligaciot 1 és 4 orat kovetéen. (PCR reakcidban B-aktin-t alkalmaztunk belsé kontrollnak). A
reakciotermékek méretét az abra jobb oldalan tiintettiik fel.

crer

kindz jelenlétébol arra kovetkeztettiink, hogy esetleg a lipid ,,second-messenger”-ek

felszabadulasa lehet mas a két hatdéanyag jelenlétében, amely aktivan modosithatja a tulélési
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¢és apoptotikus jeleket. A kiils6 receptor-ligand interakciok differencialt lipid ,,second-
messenger” indukcidja modosult kinazaktivitdst eredményezhet, mely a talélési
folyamatokban donté szerepet jatsz6 Akt/PKB enzim differencialt aktivalasat idézheti eld,
megvaltoztatva ezzel a talélés, illetve a sejthalal kivaltasat indukalod jelek aranyat. A
feltételezés kisérletes bizonyitasahoz a timocitak anti-CD3g és ConA kezelését kovetden a sejt
lizatumbol immunprecipitaltuk az Akt/PKB enzimet, majd aktivitdsméréssel bizonyitottuk,
hogy a ConA kezelés kovetkeztében az enzim aktivitdsa megkozelitéen kétszeresére nd az
anti-CD3e-nal kezelt timocitakbol izolalt Akt/PKB aktivacios értékeivel Osszehasonlitva
(34. abra).

140

-
N
o

p<0,01

kontroll szint felett (%)

Akt/PKB enzim aktivitas a

a-CD3 ConA
34. abra: Akt/PKB enzim aktivitasa anti-CD3¢ és ConA kezelést kovetden
(Pongracz, Parnell et al. 2003)

MHC DK timusz lebenyeket anti-CD3g (5 pg/ml) és Con A-val (5 png/ml) kezeltiik 4 6ran keresztiil.
Egymilli6 timocitat lizaltunk a mérésekhez, melyekbdl az Akt/PKB enzimet immunprecipitaltuk, majd
a y¥P-ATP beépiilésével szubsztratba torténd beépiilésével mértiik az enzim aktivacios szintjét.

Ebbdl az eredménybdl arra kovetkeztettiink, hogy az Akt/PKB fontos szerepet tolthet be a
tulélési folyamatok meginditasaban, viszont arra nem deriilt fény, hogy milyen folyamatok
vezethetnek az Akt/PKB differencialt aktivalasahoz. Mivel szamos megfigyelés azt
bizonyitotta, hogy az Akt/PKB aktivacidjat a PI3K iranyitja (Bondeva 1999), a TCR-bdl
kiindul6 és a PI3K-t aktivalo jelek modositasara PI3K specifikus inhibitorokat alkalmaztunk.
Az inhibitorokkal tortént eldinkubalast kovetden az intakt timusz lebenyekben 1évo
timocitakat anti-CD3e és ConA hatasanak tettilk ki, majd mértiik az Akt/PKB enzim

aktivitasat és a DP timocitak szamat és életképességét (35. és 36. abra).
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35. abra: Akt/PKB foszforilacigja PI3K inhibitor, majd anti-CD3e és ConA kezelést
kovetden (Pongracz, Parnell et al. 2003)

MHC-/- egér embriokbol szarmazé timusz lebenyeket PI3K specifikus inhibitorral LY294002 (1.5
uM, 37°C), anti-CD3¢ (5 ug/ml) illetve Con A (5 u g/ml) jelenlétében inkubaltuk, majd a timocitak
lizalasat kdvetéen az immunprecipitalt Akt/PKB foszforilacids szintjét mértiik.
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36. abra: A PI3K gatlasanak fizioldgias hatasa (Pongracz, Parnell et al. 2003)

MHC-/- egér embriokbol szarmazé timusz lebenyeket PI3K specifikus inhibitorral LY294002 (1.5
uM, 37°C, 1 6ra) elinkubaltuk, azutan anti-CD3e (5 ug/ml), illetve Con A-val (5 p g/ml) kezeltiik 16
oran keresztiil, majd a timocitdk CD4" és CD8" expressziojat analizaltuk aramlési citométerrel. A
szignifikans kiillonbséget csillaggal jeloltiik.

Mivel a PI3K csokkent aktivitasa csak az anti-CD3e-ellenanyaggal keresztkotott TCR
esetében csokkentette a timocitdk talélését, felmeriilt annak a lehetdsége, hogy a talélési

folyamatok szabalyozasdban résztvevé Akt/PKB a PI3K-tol teljesen fiiggetleniil is
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aktivalhatd, amely magyarazatot szolgaltatott volna a timocitdk tulélésében mutatkozo
kiilonbségekre. Ennek tisztdzdsara, mind az Akt/PKB-bdl, mind az Akt/PKB-hoz vezetd

jelatviteli utvonalakat behatobb vizsgalatnak vetettiik ala.

Az apoptozist és életképességet szabalyozo Bcl molekulacsaladra esett a valasztasunk a
,down-stream” elemek vizsgalataban. Kiilonosen, mivel a Bcl csalad szamos tagja
szubsztratja az AKUPKB, illetve a talélést és apoptozist iranyito PKC enzimeknek.
Vizsgalataink kimutattdk, hogy mennyiségi kiilonbségek is dontd hatast gyakorolnak a
jelatvitelre. A pro-apoptotikus Bad foszforilacidjanak kovetkezménye az anti-apoptotikus
BcIXL felszabadulasa, amely géatolja a mitokondriumokbél a citokrom C felszabaduldsat és
ezzel a kaszpaz-aktivalta apoptozis megindulasat. Kisérleteink ravilagitottak arra, hogy a
ConA sokkal nagyobb mértékben indukalja a Bad molekula foszforilaciojat, mint az anti-
CD3e kezelés (37. abra), amelynek lehet a kovetkezménye az anti-apoptotikus BclXL
fokozott felszabadulasa. Ezen tilmendéen a ConA, cllentétben az anti-CD3e ellenanyag
hatasaval, idovel a bad-gén atirodasanak teljes gatlasat eredményezte, mikdzben az anti-

apoptotikus molekula, a Bcl2 foszforilacidjat és ezzel aktivitasat novelte (38. abra).

474bp

bad 4 é6ra

A. - > B. Kontroll 0-CD3¢ ConA
«—21kD
Ciklusok 22 =» 37

. Bad

[4]
Ciklusok 28 48

400 c-

@ Kontroll
M o-CD3
0 ConA

Bad foszforilacio (%)

Kontroll
a-CD3¢
ConA

37. abra: Bad foszforilacio és mRNS szintek (Pongracz, Parnell et al. 2003)

(A) MHC-/- egér embriokbodl szarmazé timusz lebenyeket anti-CD3e (5 pg/ml) illetve Con A (5 p
g/ml) jelenlétében inkubaltuk 4 oOran &t, majd timocitakbél (1x10%kezelés) a Bad molekulakat
immunprecipitaltuk. A fehérjék gélen torténd szeparalasat kovetéen (15% SDS-PAGE) blottoltuk,
majd anti-foszfo-Bad ellenanyag felhasznalasaval vizsgaltuk a fehérjék foszforilacids szintjét. (B, C)
12 6ras anti-CD3e (5 ug/ml), illetve Con A (5 p g/ml) kezelést kovetd6 Bad mRNS és protein
expresszioja.

72



dc_267 11

P-Bcl2 26 kDa

Teljes Bcl2

160

)

[
S
o

120
100 Kontroll
80 a-CD3
60 ConA
40
20
0

Bcl2 foszforilacio (%

38. abra: Bcl2 foszforilacio (Pongracz, Parnell et al. 2003)

MHC-/- egér embriokbol szarmazé timusz lebenyeket anti-CD3g (5 pg/ml), illetve Con A (5 pg/ml)
kezelés kozben 7¥P-ATP jelenlétében inkubaltuk. A timocitik feltirdsa utan a Bel2-t
immunprecipitaltuk és foszforilacids szintjét mértiik.

Mivel a Bcl2 molekula foszforildcidja gyakorlatilag azonnali (masodperceken beliili),
foszfatazok (PP2A) altal katalizalt de-foszforilacidhoz vezet, megvizsgaltuk, hogy a de-
foszforilacié miért nem kovetkezik be ConA kezelést kdvetéen? Mivel a PP2A foszfatazt
ceramidok aktivaljak, kémiai inhibitorokkal gatoltuk mind a savas sfingomielinaz (SR33557),
mind a ceramid szintaz (fumosin) aktivitasat, majd megvizsgaltuk a DP timocitak tulélését

anti-CD3¢ ellenanyag, illetve ConA kezelést kovetden (39. abra).
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39. abra: A savas sfingomielindz inhibitor (SR33557) hatasa a DP timocitak viabilitasara
(Pongracz, Parnell et al. 2003)

MHC-/- egér embriokbol szarmazé timusz lebenyeket 30 uM SR33557-ral, majd anti-CD3e (5 pg/ml)
illetve Con A-val (5 p g/ml) kezeltiik. A viabilitast propidium jodiddal (A), mig a DP timocitak
depléciojat (B) anti-CD4-PE és CDS-FITC ellenanyagok felhasznalasaval, aramlasi citometriaval
mértiik.

Varakozasainkkal ellentétben, a ceramid termelésének gatlasa nem akadalyozta meg az
ellenanyag altal kivaltott timocita depléciot. A ceramid termelés gatldsa viszont gatolta a
ConA altal kivaltott talélési jelatvitelt, ami arra utal, hogy a ConA 4ltal indukalt talélési
folyamat nagymértékben fiigg a savas sfingomielinaz aktivitasatol. Ennek kovetkeztében, és a
korabbi elméletiinkkel ellentétben nem a PP2A foszfataz, hanem a proliferaciés folyamatokat
is szabalyozo (Kolesnik 1995) PKC ( aktivalasahoz elengedhetetlen (Lozano 1994) ceramid-

termelés jatszik fontos szerepet.

Kisérleteink bizonyitottak, hogy a TCR-bol szarmazo jelek modosithatok és egyéb receptor-
ligand kapcsolatokbdl parhuzamosan inditott jelatviteli kaszkadok mennyiségi viszonyai
donté hatassal birnak a fejlodo timocitak tulélésére, szelekcidjara. A TCR-fliggd szelekcios
jeleken tulmenden azonban, a talélést és a timocitak differencialodasat egyéb, a szoveti
fejlodést szabalyozo f6 jelatviteli rendszerek is befolyasoljak. Ezek koziil kisérleteink soran
kettével, a Notch és a Wnt jelatviteli rendszerek hatasaival foglalkoztunk behatobban, mig a

BMP hatasaival érint6legesen.

A Notch jelatvitel hatdsanak vizsgalataval tovabbi betekintést nyertiink a negativ és pozitiv
szelekcio komplex jeltaviteli szabalyozasaba. Kisérletinkkel bizonyitottuk, hogy a Notch

ligandok expresszidja nem a timocitak, hanem a timusz epitélialis sejtek feladata (40. abra), és
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hogy a timusz epitéliummal valo érintkezés hidnyaban a timocitdk fejlédése elakad, melyet a

Notch jelatvitel célgénjeinek (Hesl és Deltex) megsziing transzkripcioja is jelez (41. abra).

Timocita Alcsoportok
CD48 | CD48 | CD48 | CD48 | CD48
’VCD45+-‘VCD45+TCD45+TCD45+TCD45+—‘
pakrin [N N [ —p— o,
Jagged-1 HNEEE] N N DN D /500
Jagged-2 (S I I I N 57::-0
N B DN D oo

DLL-1

Timusz

p-aktin [
Jagged-ln
Jagged-2 [
pLL-1 [

stroma sejtek

MHC II* Timusz
Timusz Dendritikus
Epitélium Sejtek

-

471bp

40. abra: A timuszban a Notch ligand expresszio az MHC class II" epithelium-ra
korlatozodik (Anderson, Pongracz et al. 2001)

Jagged-1, Jagged-2 ¢és Delta-like-1 expressziot timocitakbdl és timusz stroma sejtekbdl eléallitott,
cDNS-ben mértiink. Belsé kontrollként B-aktin-t hasznaltunk. A PCR termékek méreteit az abra jobb

oldalén tiintettiik fel (bp).

Frissen szeparalt Csak timocitakbol allé Csak timocitakboél allé Reaggregiatum kultl’lral
CD4*8*TCR- sejtkultira sejtkultira (RTOC)
Timocitak (1 napos kultuara) (5 napos kultiara) (5 napos kultira)
é 1 90| é n 97| x P
o ol ‘ o ¢ e | % ____”_ |
o i — O L S— ST
- 7 2 -l 1 =12
Log CD8 Log CD8 Log CD8
p-aktin [ p-aktin [ p-aktin |- p-aktin [
Notch-1 [ Notch-1 [Hieed Notch-1 [ Notch-1 T
Deltex [ Deltex [ N Deltex N Deltex =
Hes-1 [ Hes-1 [ Hes-1 [ Hes-1 [

41. abra: Timusz epitélidlis sejtek sziikségesek €s szabalyozzak a Notch jelatvitelt DP

(CD4"8") timocitakban (Anderson, Pongracz et al. 2001)

Bcl-2 transzgén CD4'8'TCR™ timocitakat (A) vagy epitélium jelenléte nélkiil inkubaltuk egy éjszakan
at (B), vagy még 6t napon keresztiil timusz stroma hianyaban (C) vagy jelenlétében (D) reaggregalt
kultaraban. A timocitakban CD4, CD8 illetve Notch-1, Deltex és Hes-lmRNA szinteket analizaltunk.
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Kisérleteink azt is igazoltak, hogy a Notch jelatvitel célgénjeinek expresszidjara kizarolag az
megindulasdhoz. Azt is bizonyitottuk, hogy a TCR-MHC interakciobol szarmazo jelek
nincsenek befolyassal a Notch célgénekre (42. abra), de a timusz epitélium kapcsolatbol

szarmaz6 TCR-MHC interakciok jelei sziikségesek a pozitiv szelekcido megindulasahoz.

Bcl-2tg CD4 * 8* timocitak TCRa-/- timocitak
AI BI cl DI
Bcl-2 t 5 napos Reaggregatum Reaggregiatum Reaggregatum
Timocitgk kultira (RTOC) kultira (RTOC) kultira (RTOC)
(VT Stroma) (MHC-/- Stroma) (TCRa-/-DP)
< [T 7 < < |16 90 = 4<l 99
® ' 3 3 Oun ,
(c)n - ko % %‘° sl 4 = R
ST 3 S5 2 a4 ]« _
L L3 - L J - = .‘ e '“? - L - - - -
Log CD8 Log CD8 Log CD8 Log CD8
p-aktin ] || p-aktin [ | |p-aktin T p-aktin
Notch-1 |l || Notch-1 S | [Noten1 IR Notch-1 I
Deltex [ || Deltex NS | |Deltex RS Deltex |
Hes-1 [ || Hes-1 HEEEE | [Hes1 DN Hes-1 N

42. abra: Timusz epitélialis sejtek aktivaljak a Notch jelatvitelt CD48" timocitakban a TCR-
MHC interakcid hianyaban is (Anderson, Pongracz et al. 2001)

CD4'8'TCR™ timocitak bcl-2 transzgén 1jsziilttekbol egy éjszakan at tartd inkubalast kdvetden (A),
majd reaggregaltatva vad tipusu (VT) (B) vagy MHC—/— timusz stromaval (C) 6t napon keresztiil.
Hasonloképpen, TCRa-/- timocitdkat vad tipust timusz stromaval inkubaltuk egyiitt (D), majd a
timocitakban CD4, CDS8 fehérje illetve Notch-1, Deltex és Hes-ImRNS szinteket analizaltunk.

Hogy kideritsiik, hogy a timusz epitéliumbdl szarmazd Notch jelatvitel aktivalasa védelmet
nyujt-e negativ szelekcids szignalokkal szemben, rekombindns retrovirussal permanensen
aktiv (IC-Notch) Notch-ot juttattunk a timocitakba, majd megvizsgaltuk, hogy a dendritikus
sejtek altal prezentalt staphylococcus enterotoxin szuperantigén (SEB) altal indukalt

sejthalallal szemben ellenallokka valnak-e (43. abra).
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43. abra: Konstitutivan aktiv Notchl expresszié nem védi meg a DP timocitakat a
szuperantigén medialta negativ szelekciotol (Hare, Pongracz et al. 2002)

460 bp

A Kkisérletekben Bcl-2 transzgén 1jsziilott egerekbdl szarmazo timocitakba IC-Notch-GFP-t, illetve a
kontroll csoportba GFP-t juttattunk rRetrovirus felhasznalasaval. A timocitadkat egy napos inkubalas
utan 10:1 aranyban SEB-t (10 pg/ml) prezental¢ illetve nem prezentald dendritikus sejtek jelenlétében
48 6ran tovabb inkubaltuk. A deltex expressziot mRNA szinten PCR-rel vizsgaltuk, mig GFP és T-sejt
receptor expresszios analizisét aramlasi citometriaval végeztiik.

Kisérleti eredményeink bizonyitottak, hogy a timocitdkat nem védi meg az aktiv Notch
jelatvitel a szuperantigén altal indukalt sejthaldltol. Tovabba ezzel a kisérlettel azt is sikertilt
bizonyitanunk, hogy a pozitiv szelekcidt kovetden még egy szelekcios 1épés var a fejlodo T-
sejtekre a timusz dendritikus sejtekben dus, medullaris epitélialis mikrokornyezetében, mely

tovabb finomitja a periférian megjelend T-sejtek TCR repertoarjat.

szabalyozza. A Wnt jelatvitel komplex és komplikalt jelatviteli rendszereirdl is feltételezhetd
volt, hogy befolyasoljak a T-sejtek érési és differencialodasi folyamatait. Elso
vizsgalatainkkal arra kivantunk fényt deriteni, hogy honnan szarmaznak a Wnt ligandok a
timuszban, és hogy a T-sejtek rendelkeznek-e Wnt receptorokkal? A tisztitott timocita és
timusz epitélidlis sejtpopuldciokon végzett génexpresszids vizsgalatok ravilagitottak arra,
hogy a Wnt rendszer ligandjait els6sorban a timusz epitélialis sejtek termelik (44. abra).
Ellentétben azonban a Notch jelatvitellel, ezek a ligandok szekretaltak és a T-sejteken a tiz
receptoruk koziil csak limitalt szamu Fz talalhaté. A timocitak altal kiillonb6zo fejlodési

1épésekben mas-mas Fz receptor jelenlétét azonositottuk, amibdl arra kovetkeztettiink, hogy a
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Wnt jelatvitel jol koriilhatarolhaté folyamatokat szabalyoz a timocitak fejlodése és

differencialodas soran (45. abra).
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44. abra: Wnt csalad tagjait szelektiven expresszalja a timusz epitélium
(Pongracz, Hare et al. 2003)

(A) Wnt-ok relativ expressziojat E15 timusz epitéliumban és DN timocitakban vagy (B)
funkcionalisan érett kortikalis epitéliumban és DP timocitakban vizsgaltuk RT-PCR reakcioval. Belsd
kontrollként B-aktin-t hasznaltunk. (C) Wnt-4 fehérje expresszidjanak vizsgalata CD45 depletalt
(limfocita és makrofag mentes) timusz stromaban, DN és DP timocitakban Western-blot analizissel.
Az egységes fehérje felvitelt anti-B-aktin ellenanyaggal mutattuk ki.
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45. abra: A Fz receptor csalad tagjait szelektiven expresszaljak a timocitak és a timusz
epitélium (Pongracz, Hare et al. 2003)

(A\) Frizzled receptorok és ko-receptor (LRP6) expresszidja a fejlédé DN és TCR'DP T-sejtken. (B) A
DN timocitdk négy alpopulacidjaban (DN1-DN4), TCR™ és TCR" DP timocitikban, illetve a
szelekcios folyamatok megindulasat jelzé6 CD69'DP és a pozitiv szelekcion sikeresen atjutott ,.single”
pozitiv (SP, CD4°8'69") timocitakon vizsgaltuk a Wnt jelatvitelhez sziikséges receptorok Fz5 és Fz6
expressziojat, illetve a Wnt kanonikus jelatviteli Gt f6 jelatviteli molekuldjanak, a B-kateninnek és
célgénjének a Tcf-1 transzkripcidos faktornak a jelenlétét RT-PCR reakcioval. (C) Fz5
fehérjeexpressziot Western-blottal vizsgaltuk DN és DP timocitédkban, illetve CD45 depletalt timusz
strobma allomanyban.

Kisérleti eredményeink arra engedtek kovetkeztetni, hogy a Wnt jelatvitelre a timuszban
fejlédo timocitdknak elsdsorban a DN-DP fejlodési atmenetnél van sziikségiik, hiszen mind a
receptorexpresszid, mind a jelatviteli molekuldk jelenléte ebben a fejlédési stadiumban a
legmarkansabb. Annak vizsgalatara, hogy a Wnt jeleket valoban a timusz epitéliumbol
kapjak-e a fejlddd T-sejtek, timocitakat timusz stromamentes kornyezetben inkubaltuk 6t 6ran
at, majd megvizsgaltuk a [-katenin molekula expresszios és foszforilacios szintjét. A
foszforilacidé csak a stroma nélkil inkubalt timocitdkban emelkedett, amibOl arra
kovetkeztettiink, hogy a timocitak altal termelt kis mennyiségti Wnt ligand nem elegend6 a
kanonikus Wnt jelatvitel fenntartasara a timusz epitélium hianyaban. Mivel a [B-katenin

crer

tendenciat mutatott az inkubacios periodus végére (46. abra).
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46. abra: -katenin stabilitasanak vizsgalata Western blottal (Pongracz, Hare et al. 2003)

DN (CD4 CD8") timocitakat vagy frissen nyertiik ki E15 embrionalis timuszbol, vagy 5 6ras inkubalas
utan timusz stroma hianyaban, illetve jelenlétében inkubaltuk. A timocita fehérjék szeparalasa utan
anti-B-katenin és anti-foszfo-f3-katenin ellenanyaggal mutattuk ki a fehérje szintli valtozasokat.

Annak megallapitasara, hogy csak a sejtek tuléléséhez sziikséges vagy a timocitak fejlodési
lépéseihez is elengedhetetlen-e a kanonikus Wnt jelatvitel, a B-katenin-fiiggé jeltovabbitas
modositasara volt sziikség. A sejtekben fiziologiasan is jelenlévo B-katenin inhibitor, ICAT,
génjének szamos példanyat rekombinans retrovirussal juttattuk a fejldddé timocitakba, ezzel
elérve azt, hogy a fejl6dé timocitak nagy szazalékaban igen magas szinten expresszalodjon a
B-katenin jelatvitelt gatlo molekula. Az ICAT molekula expresszids szintjét és aktivitasat a
kisérletek megkezdése el6tt hataroztuk meg. A Wnt jelatvitel célgénjeinek egyike a ,,bone
morphogenic protein” (BMP) és ,,activin membrane-bound inhibitor”, azaz BAMBI, amely a
TGFB/BMP jelatvitelt szabalyozza. A BAMBI expresszios szintjét RT-PCR-ral mértiik,
amely az ICAT-et tulexpresszald sejtekben detektalhatatlan szintre csokkent (47. abra). Ebbol
arra kovetkeztettiink, hogy az ICAT molekula aktivan gatolja a [B-katenin fiiggd Wnt
jelatvitelt. Ebben a kisérleti rendszerben mar vizsgéalhattuk a B-katenin jelatvitel fiziologias

hatésat a fejlddd timocitakban.
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47. abra: ICAT talexpresszaltatasa T-sejt prekurzorokban
(Pongracz JE, Parnell SM et al. 2006)

Retroviralis konstrukciokkal (MIG-GFP és MIG-ICAT) rekombinans retrovirusokat allitottunk eld,
melyekkel megfertdztiik a DN azaz CD4 8 timocitakat (A, B). A fertdzott, azaz GFP-t expresszalo
sejteket MoFlo sejt szorter segitségével elvalasztottuk a GFP negativ populaciotol, majd az ICAT
szintjét illetve az ICAT aktivitaisainak nyomkovetésére szolgalo BAMBI szintjét vizsgaltuk RT-PCR
reakcidval.

Miutén bizonyitottuk, hogy az ICAT aktiv, a rekombinans retrovirussal modositott tisztitott
DN timocitdkat (48. 4bra) illetve tisztitott DP timocitakat (49. 4bra) kiilon-kiilon reaggregalt
timusz kultarakban tenyésztettiik tovabb. Ezekben a kultirakban minden jel, a TCR-MHC
jelatviteltdl, a Notch szignalokon keresztiil, a Wnt ligandokon és receptorokon at
rendelkezésre allt a timocitdk fejlédéséhez és differencidlodasahoz. Az egyetlen kivételt, a
kanonikus Wnt jelatvitel jelentette a timocitakon beliil, amelyet hatékonyan blokkolt az
inhibitor jelenléte. A DN timocitakkal végzett kisérletek bizonyitottak, hogy a Wnt jelatvitel a
DN-bol a DP fejlédési allapotba vald atmenethez sziikséges. Erre mar a Fz receptorok
expressziés mintazatanak vizsgalatabol is kovetkeztetni lehetett, hiszen a timocitak Wnt
receptorokat elsdsorban a DN3, DN4 és DP fejlodési allapotban expresszalnak. Az inhibitor
jelenlétében végzett kisérletek ramutattak arra, hogy az ICAT-et expresszalo sejtek a DN,
illetve a DN'TCRB", a DP fejlédési allapotot kdzvetleniil megelézd differencidlodasi szinten

rekedtek meg a fejlodésben.
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48. abra: ICAT tulexpresszaltatasa a DP atmenet el6tt blokkolja a T sejtek fejlédését
(Pongracz JE, Parnell SM et al. 2006)

Embrionalis majbol szarmazé CD45" T-sejt prekurzor sejteket MIG-GFP vagy MIG-ICAT
retrovirussal fert6ztiink, majd limfocita-mentes timusz lebenyeket kolonizaltattunk a modositott
timocitadkkal. 11 nap inkubalast kovetden a sejteket aramlasi citométerrel analizaltuk. (A, E) GFP
expresszio MIG-GFP és MIG-ICAT kulturakban, ahol GFP", GFPalacsony ¢és GFPmagas sejt
populaciokat kiilon-kiilon tovabbi analizisnek vetettiink ala (B-D, F-H). Minden alcsoportban
megvizsgaltuk a CD4 és CD8 [(B-D) expresszidjat a MIG-GFP, (F-H) és MIG-ICAT kultarakban. A
T sejt receptor génatrendez6désének és a DP atmenetet kdzvetleniil megel6z6 TCR lanc expressziojat
is vizsgaltuk CD4 8" sejtekben mind MIG-GFP (J), mind MIG-ICAT (K) kultirdkban és felndtt
timuszbol szdrmazé CD4 8" sejtek expresszios szintjével hasonlitottuk dssze (L). A kultirak abszoltt
sejtszamat is megjelenitettiik (I) harom fliggetlen kisérlet atlagaként.
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A DP timocitakkal végzett kisérletek ramutattak arra is, hogy a tovabbi differencialodasi
szakasz nem igényli a kanonikus Wnt jelatvitelt, hiszen a timocitdk SP (CD4'8 helper és

CD48" citotoxikus) sejtekké értek a kanonikus Wnt inhibitor jelenlétében.
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49. abra: ICAT hatasa a DP CD4"8" timociték fejlédésére
(Pongracz JE, Parnell SM et al. 2006)

Frissen izolalt CD4'8"CD3 sejteket (A,B) MIG-GFP vagy MIG-ICAT retrovirussal fertéztiik, majd
reaggregalt timusz szervkultiradkban tenyésztettiik 5 napon at. Az inkubalast kdvetden a sejteket
aramlési citométerrel analizaltuk GFP expressziora MIG-GFP (C) és MIG-ICAT (D) kultarakban,
illetve CD4 és CDS8 (E-I) expresszios mintazatra. Erett CD4"8 és CD4'8" T-sejtek minden kezelést
kovetéen megtalalhatok, azt mutatva, hogy a kanonikus jelatvitel gatlasa nem akadalyozza a DP-SP
fejlodési atmenetet (E-1). A kisérletekbol visszanyert sejtszamokat a G és J grafikonokon &sszesitettiik
harom fiiggetlen kisérlet alapjan.

A f6 jelatviteli rendszerek és fiziologias hatasaik komplex és egymas hatasat szabalyozo

kapcsolata kisérleteink alapjan nyilvanvalova valt. A kutatdsaink azonban arra is fényt

deritettek, hogy az altalunk vizsgalt jelatviteli rendszerek nem csak a T-sejtek fejlodésére

hathatnak. Ravilagitottunk arra is, hogy a T-sejtek fejlédéséhez és differencidlodasahoz
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olyannyira nélkiilozhetetlen timusz epitélidlis sejtek is hordozzék azokat a receptorokat és
intracellularis jelatviteli molekulakat, amelyek képessé teszik a mikrokdrnyezet e fontos

elemeit a jelatviteli rendszerek altal k6zolt kérnyezeti informacié megvalaszolasara.

A BMP jelatviteli rendszerben a receptor-ligand jelenlétét vizsgalva hasonld expresszids
mintdzatokra bukkantunk, mint a Wnt és Notch jelatviteli rendszerek esetében. Kisérleteink
ramutattak arra, hogy a BMP4-et, amelyre a timocitaknak is sziikségiik van a fejlodésiikhoz
(Tsai, Lee et al. 2003) a timusz stroma sejtek és nem a timocitak termelik (50. abra), mig a
receptorok —kivéve a BMPR1b receptort az MHCII+ timusz epitéliumon- mind a timocitakon,
mind a timusz stroma sejteken megtalalhatok. A f6 jelatviteli rendszerek receptor és ligand
expresszidjanak mintazatabol arra a kovetkeztetésre jutottunk, hogy ugyanazok a jelatviteli

rendszerek szabalyozzak a timusz epitélium fejlodését is, mint a timocitakeét.

A sejten beliili jelatviteli molekuldk alaposabb vizsgalata is eldrevetitette a jelatvitel
megértésének tovabbi nehézségeit. Csak példaként, a kanonikus Wnt jelatvitel célgénje, a mar
korabbi kisérletekben ,,read-out” génként alkalmazott BAMBI, nem kizardlag a TGFp és a
BMP jelatvitelt szabalyozza. A BAMBI molekula kapcsolatot tud 1étesiteni a Wnt jelatvitel
szamos elemével, igy a Wnt receptor Fz5-tel, a Fz ko-receptor LRP6-tal és a Wnt jelatvitelben
fontos DvI2-vel, amely interakcio Utjan erdsiti a Fz5 receptorbol szarmazé jeleket (Lin, Gao

et al. 2008). Ezaltal a BAMBI parhuzamosan harom jelatviteli utat is befolyasol.
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50. abra: A timusz epitélials sejtek rendelkeznek receptorral a BMP-kre
(Anderson, Jenkinson et al. 2006)

Szemikvantitativ. RT-PCR reakcioval vizsgalva E14 embriokbol szarmazd DN timocitak, illetve
deoxiguanozinnal kezelt timusz lebenyekbdl izolalt kiilonféle stroma sejt populacick BMP és BMP
receptor mMRNS szintjét analizaltuk.

crer

------

epitéliumbdl szarmaznak. Ezek nélkiil, azaz Notch avagy Wnt jelek nélkiil, a timocitdk nem
érik el azt a fejlddési szintet, amely elengedhetetlen a receptorlancok génjeinek
atrendez6déséhez. Amennyiben nincsenek miikodoképes receptorok a fejlédé timocitak
felszinén, ugy a funkcioképtelen sejtek apoptotikus sejthalallal elpusztulnak. A funkcioképes
TCR kialakulasa utan azonban minden egyéb jelet feliilirnak a TCR fiiggd szelekcios

szignalok.

Az immunoldgiai valaszreakciokban igen fontos szerepet jatszo T-sejtek fejlédése igen
komplex folyamat. A T-sejtek fejlédésére, differencialodasara és szelekcidjara a timusz
stromaallomanyatol fiiggd sejtes kdlcsonhatasok és jelatviteli halozatok szovevénye, azaz a
specialis mikrokdrnyezet igen nagy befolyassal bir. Ezek a jelek azonban nem csak a T-sejtek

fejlodését szabalyozzak, hanem visszahatnak az epitélialis sejthalozat fenntartasara is.
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5.3. Jelatvitel a timusz atroéfidja soran

Annak megértése érdekében, hogy a T-sejtek fejlodését tdmogatd timusz epitélium hogyan
alakul ki, a Wnt jelatvitel alaposabb megértése tiint a legcélravezetdbb kutatdsi iranynak. A
Wht jelatvitel kiilondsen fontosnak igérkezett, mivel a Wnt4 jelatviteli molekula hianyaban a
timusz epitélium karakterét kialakitd transzkripcios faktor, a FoxN1 transzkripcioja nem indul
meg, azaz a timusz epitélium nem alakul ki. A timusz epitéliumban zajlo jelatvitel
megértéséhez azonban olyan kisérleti rendszer kialakitdsara volt sziikség, amelyben a
célgének azonositasaval a Wnt jelatvitel jol nyomon kovetheté. Ehhez olyan komplex
»~microarray” kisérleteket végeztiink, amelyekben a szelektiv Wnt célgének azonositasat
kivantuk elvégezni. A kisérletekhez a Fz receptorbdl szdrmazo jelek tovéabbitasaban fontos
szerepet betolté PKC (PKC d) molekula médosulatait alkalmaztuk, mely kutatasok végiil
teljesen Uj iranyt adtak a jelatviteli rendszerek és a timuszban zajlé folyamatok

megismerésének.

5.3.1. Fiziolodgias timusz atrofia

A timusz epitélialis sejtekben végzett Wnt jelatviteli vizsgalatok, melyekhez modositott
aktivitassal rendelkez6 PKC & molekulakat is hasznaltunk, a korabbi évtizedekben
»thymopoietin”-nek nevezett molekula génexpresszios szintjének Wnt fliggd valtozasait
azonositottak. A gén mai neve lamin asszocialt protein 2a, azaz LAP2a, mely fontos szerepet
tolt be sejtek, kiilonésen a mezenhimalis eredeti fibroblasztok adipoid iranyu
lehetdsége, hogy egy olyan jelatviteli rendszer néhany elemét sikeriilt azonositanunk, amely

fontos szerepet jatszik az 6regedés folyaman lezajlo timusz atrofia szabalyozasaban.

A fenti feltételezés alatamasztisara megkezdtiik az oregedd vad tipusi Balb/c egerek
timuszanak vizsgalatat (51. abra), mely ravilagitott arra, hogy az oregedés egy bizonyos
fazisaban az epitélialis és mezenhimalis markerek ko-lokalizalnak. Ez arra engedett
kovetkeztetni, hogy a korabbi elméletekkel ellentétben az dregedés sordn a timusz epitélialis
sejtek nem valdszinii, hogy apoptozissal elpusztulnak és az igy tdmadod szovethianyt a
kornyezetbdl bearamlo zsirsejtek toltenék meg. Sokkal inkabb gy tlinik, hogy az epitélialis

sejtek elOszor epitélialis-mezenhimalis tranzicion, azaz EMT-n esnek at, amelynek
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kovetkezményeként a mar jol ismert fibroblaszt-adipocita transzdifferencidciora is képesek

lesznek.

100pM

N

*

100.M

51. abra: Az epitélialis halozat dezintegracidja (Kvell, Varecza et al. 2010)

(A) 1 honapos Balb/c egér timuszanak metszete, (B) 1 éves Balb/c egér timusz metszete, ahol a z6ld
festés, anti-EpCAMI-FITC, a timusz epitéliumot azonositja, mig az anti-Ly51-PE (voros) festés a
kortikalis és medullaris epitélium kozott tesz kiillonbséget. A sejtmagot DAPI-val festettiik (kék). ‘M’
=medullaris epitélium (EpCAMI"", Ly51), ‘C’= kortikalis epitélium (EpCAM1™™*, Ly51*). A B 4bran
a csillag (*) degenerativ vakudlumokat jelol, mig a két csillag (**) az epitélialis festodés teljes hianyat
jelzi. (C) 2 honapos, mig (D) 9 honapos Balb/c egér timusz metszetében abrazolja az epitélialis anti-
EpCAMI1-FITC (z6ld), és a mezenhimalis marker ER-TR7-PE (piros) expresszidjat. A sejtmagot itt is
DAPI (kék) jelzi. A medullat folyamatos z5ld vonallal emeltiik ki.

A felhalmozodott lipidek jelenlétét az altalunk készitett GFP transzgén Balb/c egér (Kvell,
Czompdly et al. 2010) timuszanak vizsgalataval mutattuk ki (52. abra). Az egér minden sejtje
expresszalja a zold fluoreszcens fehérjét, melynek kovetkeztében jol latszik a timusz
epitélialis sejtekben a sejtmembranhoz szoruld zold citoplazma a vordsen festédd zsir

vakuolumokkal szemben.
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100pM

52. abra: Adipoid involucié (Kvell, Varecza et al. 2010)

Masfél éves GFP transzgén Balb/c egér timusz metszete. GFP (z6ld), LipidTox Red (vords) a
lipidekkel toltott vakudlumokat jelzi a sejteken beliil.

A timusz epitéliumban zajlo o6regedési folyamatok molekularis vizsgélatanak megkezdésekor
a Wnt4, illetve célgénje, a timusz epitélium karakterét meghatdrozd FoxNI1 transzkripcios
faktor expresszids vizsgilatdra koncentraltunk. Oregedés soran mind a Wnt4, de kiilondsen a
FoxN1 expresszidja és az epitélialis sejtek differenciacios szintjét jelz6 E-kadherin csokkenést
mutatott, mig ezzel parhuzamosan megnovekedett a LAP2a szintje, és a zsirosodast

szabalyoz6 PPARY és ADRP transzkripcidja (53. abra).
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53. abra: Molekularis valtozasok adipoid involucio soran (Kvell, Varecza et al. 2010).

Molekuléris véltozasok MACS tisztitott (Ep-CAM1") timusz epitéliumban. A timusz epitélials sejtek
MRNS-ébdl készitett cDNS-bd1 quantitativ RT-PCR-rel mértiik a génexpresszids valtozasokat. Az Y
tengely logaritmikus skalat mutat.
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A kezdeti kisérletekben azonositott molekuldk a timusz epitélium elzsirosodasi folyamataiban
betdltott szerepét transzgén sejtvonalakban végzett kisérletekkel tdmasztottuk ala. Mig a
LAP2a gén tranziens expresszidja megnovekedett PPARY és ADRP expresszidhoz vezetett,
addig a Wnt4 expresszios szintjének novekedése mind a PPARy-t, mind az ADRP-t a kontroll

szint ala csokkentette (54. abra).
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54. abra: LAP2a-t és Wnt4-et tilexpresszalo timusz epitélials (TEP1) sejtvonal molekularis
valtozasai (Kvell, Varecza et al. 2010)

LAP2a-t és Wntd-et talexpresszald timusz epitélials (TEP1) sejtvonal, melyben a génexpressziot
kvantitiv RT-PCR-rel mértiik. Amig a LAP2a expresszidja tranziens volt, ugy a Wnt4-et rekombinans
retrovirussal juttattuk be a sejtekbe, majd GFP alapjan vélasztottuk ki a Wnt4-et tulexpresszalo
sejtpopulaciot.

Ezzel bizonyitotta valt, hogy a kor elérehaladtaval lecsokkené Wnt4 szint valdsziniileg igen
nagy fontossdggal bir, hiszen lehetdvé teszi a timusz epitélium epitélialis karakterének
elvesztését és ezzel az EMT kialakulasat. Ez, parhuzamosan az adipoid transzdifferenciaciot
szabalyoz6é LAP2a szintjének novekedésével, az oregedd timusz elzsirosodasahoz vezet. A
kérdés, hogy milyen fiziologias valtozasok allhatnak az Oregedési timusz elzsirosodas
hatterében, megvalaszolatlan maradt. Korabbi feltételezések szerint a timusz oregedése a szex
hormonok termelddésének meginduldsaval kothetd Gssze. Ezt latszott alatdmasztani, hogy
akdr sebészeti, akar kémiai kasztralas a timusz atrofidjat megallitani latszott. Tovabbi
bizonyitékot a terdpids gliikokortikoidok altal indukalt dtmeneti timusz atrofia szolgaltatott
(Fletcher, Lowen et al. 2009). Felmeriilt a kérdés, hogy a gliikkokortikoidok altal indukalt
timusz involucié ugyanazokat a molekularis folyamatokat inditja-e meg, mint amelyeket a

timusz fiziologids oregedése soran sikeriilt azonositanunk?
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5.3.2. Gliikokortikoidok (GC) altal indukalt timusz atrofia

Hogy biztosak lehessiink abban, hogy a timusz epitéliumot nem masodlagos hatasaként a
timocitadk GC-ok indukalta pusztulasa készteti atr6fiara, hanem ez a folyamat a GC-ra adott
direkt valasz, elsé 1épésként bizonyitottuk, hogy a timocitak mellett a timusz epitélialis sejtek
¢s a kisérletekben alkalmazhatd timusz epitélidlis sejtvonal, a TEP1 rendelkezik GC
receptorral (55. abra). Ezzel alatamasztottuk azt a feltételezést, hogy a timusz epitélialis sejtek

érzékenyek lehetnek a szteroid szintek valtozasara.

A. B. EpCAM1, , DAPI
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55. abra: Gliikokortikoid receptor (GR) expresszidja timusz epitélialis sejtekben (TEC) €s

timusz epitélialis (TEP1) sejtvonalon (Talaber, Kvell et al. 2011)
Timusz epitéliumbol, TEP1 sejtvonalbdl tisztitott mRNS-bol késziilt cDNS-en RT-PCR-ral teszteltiik
a GR expresszidjat. Timocitabol izolalt mRNS-bdl késziilt cDNS- hasznaltunk pozitiv kontrollként. A
timusz epitélialis sejtek tisztasagat CD45 specifikus primerekkel teszteltiik. Belsé kontroll-nak 18S
rRNS-t hasznaltunk (A). GR fehérjét konfokalis mikroszkopiaval teszteltiik anti-GR-FITC-jelzett
ellenanyaggal (z6ld) kezeletlen, felnétt BALB/c timuszban. Timusz epitélialis sejteket anti-EpCAM1
ellenanyaggal azonositottuk anti-patkany-Northern Light 637 masodlagos ellenanyag segitségével
(voros). A sejtmagot DAPI-val tettiik lathatova (kék) (B).

Balb/c egerek dexametazon kezelését kovetden mértiik mind a Wnt4, mind a FoxN1 gének
expresszids szintjét. Mindkét gén transzkripcidja drasztikus csokkenést mutatott, mig az
adipoid differenciaciot szabalyozo gének emelkedett expresszidjat detektaltuk. A kezelés

molekularis szinten felgyorsitott fiziologias oregedés jeleit mutatta. Ezzel parhuzamosan a

crer
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56. abra: Dexametazon indukalta génexpresszids €és morfoldgiai valtozasok az egér
timuszban (Talaber, Kvell et al. 2011)

Foxnl és Wnt4 gének expresszios mintazata (A) kontroll és DX-kezelt, tisztitott timusz epitéliumban
24 ora elteltével. A sziirke oszlopok reprezentaljak a 168 oraval késobb mért génexpressziot. A
csillaggal jelolt értékek szignifikans kiilonbségeket jelolnek (*p<0.05). (B) Timusz metszetek PBS- és
DX-kezelt egerek timuszabol 24 oraval a stimulust kovetéen. Anti-EpCAMI-FITC (z6ld) és anti-
Ly51-PE (voros) ellenanyagok segitségével mutattuk ki a kortikalis és medullaris epitéliumot. A festés

crer

csokkent DX kezelés hatasara (B, jobb). Wnt4-Northern Lights557 (voros) és EpCAMI1-FITC (zold)

(24 h). (C) LAP2a, PPARYy és ADRP expresszidja timusz epitéliumban 168 o6raval a DX injekciot
kovetden. A gén expressziot 18S rRNS-re normalizaltuk.

A folyamat azonban megfordithatonak bizonyult, amennyiben csak egyszeri alkalommal
kezeltiik az allatokat dexametozonnal, de harom honapnak igy is el kellett telnie ahhoz, hogy

a timusz epitélium molekularis alapszintje helyrealljon (57. dbra).
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57. abra: A timusz szdvet regeneracidja harom honapot igényel egyszeri dexametazon
injekciot kovetden (Talaber, Kvell et al. 2011)

(A) Az oszlopdiagrammok a génexpresszié valtozasat mutatjak DX kezelést kovetden. A Wnt4 szint
még 3 honap elteltével is szignifikinsan alacsonyabb maradt (*p<0.05), LAP2a és PPARYy szintje nem
valtozott, mig az ADRP expresszios szintje csokkent. Kontroll és DX kezelt timusz metszetek
morfologiai analizise harom honappal a DX kezelést kdvetéen EpCAM-Ly51 (B, bal) és EpCAM-ER-
TR7 (timusz epitélium és fibroblaszt marker) (B, jobb). A (C) panel a medullaris marker, autoimmun
regulator (AIRE) expressziojat mutatja, a kontrollhoz képest szignifikans kiilonbség nem mutatkozik.

A gyulladdscsokkentd terdpiaban gyakran alkalmazott, ismételt gliikkokortikoid kezelés
viszont mas molekuléris eredménnyel jart. Sem a Wnt4, sem a FoxN1 szint nem tért vissza a
kontroll szintre, ami azt jelzi, hogy huzamos szteroid terapia felgyorsult és
visszafordithatatlan timusz epitélialis 6regedéshez vezet. Kisérleteink arra is ramutattak, hogy
az elzsirosodasi folyamatokban a LAP2a feltehetden atmeneti szerepet tolt be, és mire az
elzsirosodast szabalyoz6 ADRP szint jelent6sen megndvekszik, addigra a LAP2o-ra mar
nincs sziikség az elzsirosodasi folyamat befejezéséhez. Eredményeink ramutattak arra is, hogy
a timusz medullaris allomanya sokkal érzékenyebb az dregedési jelekre, mint a kortex. Ennek
kovetkezményeként a timocitak negativ szelekcidjanak mikrokdrnyezete karosodik, amelynek
végeredményeként a felszaporodott autoreaktiv T-sejtek ndvelik az autoimmun betegségek

kialakulasanak kockazatat.
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58. abra: Ismételt dexametazon kezelés hatdsa a timusz epitélium génexpresszidjara €s a

cyrey

(A) Wnt4, Foxnl, LAP2a, PPARY, és ADRP expresszios szintje kontroll szoveti szinthez hasonlitva.
EpCAM1-Ly51 festés timusz metszeteken kimutathaté a medulla kontroll-hoz viszonyitott csokkent
mennyisége (B). ER-TR7 festés nem mutatott szignifikdns kiillonbséget, de inkabb potty6zott
mintazatot mutatott.

Mivel kezdeti kisérleteinkben a Wnt4 talexpresszaltatdsa hatékonynak bizonyult az
elzsirosodast szabalyoz6 gének expresszids szintjének csokkentésében, megvizsgaltuk annak
lehetdségét, hogy a Wnt4 képes-e megakadalyozni a szteroid indukalta génexpresszios
valtozasokat? Kisérleteinkbdl kitlinik, hogy a Wnt4 molekula folyamatos jelenléte a kisérleti
rendszerben képes a dexametazon indukalta LAP2a, PPARYy és ADRP expressziojat azonos
szinten tartani a kisérleti kontroll sejtekével (59. abra), azaz az Oregedési elzsirosodasi

folyamatokat megakadalyozni.
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59. abra: Wnt4 talexpresszidja a TEP1 sejtvonalban képes megvédeni a sejteket a
dexametazon (DX)-indukalta adipoid transzdifferenciaciotol (Talaber, Kvell et al. 2011)

Génexpresszios valtozasok a TEP1 sejtvonalban 168 oranyi DX-kezelés utan. A Wnt4, LAP2q,
PPARy, és ADRP mRNA szintjeit teszteltiik oldészer és DX-kezelt normal (A) és Wnt4-
talexpresszalé TEP1 (B) sejtvonalakon. A fehér oszlopok az oldoészerrel kezelt, mig a fekete oszlopok
a DX kezelt sejtek eredményeit mutatjdk. A géneexpresszio szintje markansan kiilonbozik.

A Wnt4 szerepének jelentdségét latszanak alatdmasztani Aspinall és munkatarsainak kisérletei
(Henson, Pido-Lopez et al. 2004; Henson, Snelgrove et al. 2005), akik kimutattak, hogy IL7
kezelés a timocita dllomany fenntartdsdhoz vezet, melynek kovetkeztében a timusz epitélium
altal alkotott szoveti haldzat kortikalis és medulléris epitéliumra oszthat6 szoveti morfologiaja
is fenntarthat6. Mivel korabbi kisérleteinkben kimutattuk, hogy azon kevés Wnt-ok koziil,
amit a timocitdk termelnek, a Wnt4 az egyik, feltételezhetjiik, hogy a nagy mennyiségben
jelen 1évo timocitak hasonld hatast gyakorolnak a timusz epitéliumra, mint a Wnt4 molekula

talexpresszaltatasa.

Kisérleteink osszegzéseként felallitottunk egy modellt, melyben 6sszefoglaltuk a fiziologias,
¢és gliikkokortikoidok altal indukalt, felgyorsitott oregedés molekularis mechanizmusanak
kozos elemeit. Azaz a csokkent Wnt4 ¢és FoxNl szint lehetdséget biztosit az EMT
kialakulasadra, amely soran az 1igy keletkezett fibroblaszt-szeri sejtek képesek a
megnovekedett LAP2a, PPARy és ADRP hatasara az elzsirosodasi folyamatot befejezni (60.
abra). FEredményeink szignifikans eldérelépést jelentettek a timusz Oregedésének
megismerésében, mivel a szdmos morfologiai és molekularis megfigyelés leiro jellegii
interpretacidja helyett a mi kisérleteink vezettek az eddigi eredményeket is Ujraértelmezd,

altalanos timusz oregedési elmélet felallitdsahoz.
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60. abra: Fiziologias és GC indukalta 6regedési modell (Kvell, Varecza et al. 2010)

A timusz epitélium Oregedési modelljében feltételezziik, hogy az epitélialis sejtekben lezajlo
valtozasok az epitéliumot érzékennyé teszik az EMT-re, majd ezt kdvetden a kialakulo fibroblaszt-
jellegti sejtek mar atalakulhatnak adipocitakka.

Mivel a LAP2a altal szabalyozott elzsirosodasi folyamat felismerése a modositott PKC
0 aktivitds eredményeként jott létre, a jelatviteli folyamatok vizsgdlatara kiilon figyelmet
forditottunk. Irodalmi adatok alatdmasztottak, hogy a Wnt4 jelatviteléhez Fz4 és Fz6
receptorok sziikségesek (Lyons, Muller et al. 2004). Megallapitottuk, hogy ezekkel a Wnt
recoptorokkal, a timusz epitéliumnak mind a kortex, mind a medulla allomanya rendelkezik
(Pongracz, Hare et al. 2003). Azt sem hagyhattuk figyelmen kiviil, hogy a Fz receptorokbol
indulo jelek atviteléhez PKC & sziikséges, ugyanis PKC & foszforilalja a Dvl molekulakat a
jelatviteli kaszkad meginditasahoz. Kérdéses volt azonban, hogy valtozik-e ez a folyamat az
oregedés soran? llletve, ismerve a PKC § jelatviteli Utvonalakban betoltott valtozatos

szerepét, nem valtozik-e a PKC o feladatkdre az dregedési folyamatokban.
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A felmeriil6 kérdéskor vizsgalatat a Fz4, Fz6 és a PKC 6 gének expresszids szintjének
vizsgalataval kezdtiik korosod6, de még nem kifejezetten 6reg egerekben. Azért valasztottunk
fiatalabb, azaz 18 és 12 honapos egerek helyett 9 honapos egér timuszokat, mert a korabbi
kisérleteink arra engedtek kovetkeztetni, hogy a karakterisztikus molekularis jellemzok
1d6legesek és kisérleteinkben nem a végpontot, hanem az ehhez vezetd valtozasokat akartuk
behatarolni. Meglepd médon mindharom gén (Fz4, Fz6 és a PKC 9) emelkedett expressziot
mutatott mind mRNS, mind protein szinten az 6regedés elérehaladtaval (61. és 62. abra).
Azonban, amig a fiatal timuszban a Fz4 és Fz6 receptorok elsdsorban medulléris lokalizaciot
mutattak, addig a korosodo allatok timuszaban a kortexben is megndvekedett a receptorok

expresszioja (61. abra).
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61. abra: Fz4 és Fz6 receptorok expresszids szintjének modosulasa oregedés soran
(Varecza, Kvell et al. 2011)

(A) és (B) Fz-4 és Fz-6 Q-RT-PCR analizise fiatal (1 honapos) és korosodd (9 honapos) tisztitott
timusz epitéliumban. Belsé kontrollnak [-aktin-t hasznaltunk. A statisztikailag szignifikans
kiilonbségeket csillag jeloli. (C)—(F) Fz-4 és Fz-6 fehérje expresszié és mintazat bemutatasa anti-Fz-4-
NL663 és anti-Fz-6-NL663 ellenanyagok felhasznélasaval. A timusz morfologidjat anti-EpCAM1-
FITC és anti-Ly51-PE markerek festésével tettiik lathatova.
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Ellentétben a receptorfehérjék timusz epitéliumban torténd megoszlasanak valtozéasaval, a
PKC 6 fehérje a fiatal egerekben elsOsorban a kortikalis epitéliumban taldlhatd, mig a kor

elérahaladtaval az expresszos szint novekszik a medullaris régioban is (62. abra).
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62. abra: PKC & Wnt4 jelatvitelben és az 6regedés soran (Varecza, Kvell et al. 2011)

(A) Wnt4 kezelés hatasara a PKC § citoszolbdl a membran frakcioba transzlokalodik, melyet Western
blot analizissel mutattunk ki. A kisérletben kontroll, Wnt4 kezelt és Wnt4 thlexpresszald6 TEP1
sejtvonalat hasznaltunk. ,,Ponceau red” festéssel gy6zodtiink meg az felvitt fehérjék egyenld szintjérol.
(B) PKC & expresszio valtozasanak mérése oregedés soran Q-RT-PCR-val. Timusz epitélialis sejteket
fiatal (1 honapos) és korosodd (9 hénapos) egerekbdl tisztitottunk, melyekbdl RNS-t, majd cDNS-t
készitettiink. Belsé kontrollnak B-aktin-t alkalmaztunk. A statisztikailag szignifikans kiillonbségeket
csillag jeldli. (C) és (D) PKC 6 fehérje expresszios valtozasai a kor eldrahaladtaval. Timusz
metszeteket fiatal (1 honapos) és korosodo (9 honapos) egerekbél anti-PKC 6-NL663, anti-EpCAM1-
FITC és anti-Ly51-PE ellenanyagokkal festettiik.

A kisérleti eredményeink arra engedtek kovetkeztetni, hogy a PKC & fontos szerepet jatszik
az Oregedési jelek transzdukcidjaban, de arra a kezdeti elemzések nem adtak magyaréazatot,
hogy milyen szinten kapcsolodik be a PKC 6 az 6regedési folyamatok szabalyozasaba. Hogy
a Wnt4 és PKC 06 kozotti kapesolatot megérthessiik, elengedhetetlenné valt a Wnt4 specifikus

célgének azonositdsa. Kisérleteinkben szdmos gént azonositottunk a TEP1 sejtvonalban,
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amelyek transzkripcidja szignifikdnsan nétt vagy csokkent Wnt4 illetve Wnt7b kezelés
hatdsara. Noha elméletileg a FoxN1 transzkripcios faktor megfeleld lett volna specifikus
célgénként, a TEPI sejtvonal nem expresszal FOXN1-et, mig a primer timusz epitéliumban a
célgének azonositasa iitkozott nehézségbe. A célgének azonositasat ezért a TEP1 sejtvonalon
végeztiik el és az adatok Osszehasonlitdo elemzése utan végiil a ,,connective tissue growth
factor”-t (CTGF) valasztottuk, mint megbizhatd célgént. Ez a gén ugyanis Wnt4 kezelés
hatasara emelkedést mutatott mind a sejtvonalakban, mind a primer timusz epitélialis
sejtekben. Ahhoz, hogy a PKC & szerepére fényt derithessiink, a sejtekben a PKC & enzim
aktivitasat modositottuk. Az aktivitas novelése érdekében PKC d-t tulexpresszaltattuk a TEP1
sejtvonalban. A vad tipustt PKC & gént retroviralis tton juttattuk a sejtekbe. PKC o expresszio
csokkentéséhez viszont kereskedelmi forgalomban is beszerezhet6 siPKC 6-t hasznaltuk. A
megszokott, linearis jelatviteli gondolatmenetet kovetve, azt vartuk, hogy mivel Wnt4
hatasara aktivalodik a PKC 9§, ezért a PKC § tulexpresszald sejtekben a Wnt4 célgén szintje
emelkedni fog, mig az siPKC & jelenlétében csokkenni. Ezzel szemben a feltételezett
kimenettel ellentétes eredményeket kaptunk (63. abra). Azaz, a PKC & thlexpresszaltatasa
Wnt4 hatasara nem novelte a CTGF expresszigjat, mig a PKC 6 enzim szintjének csokkenése
szignifikdns CTGF expresszid novekedéshez vezetett. Az eredmények alapjan arra
kovetkeztettiink, hogy a PKC o feltehetden egy negativ visszacsatolasi rendszer része és a
kanonikus Wnt jelatvitel célgénjeinek atirdéddsdhoz vezetd jelatviteli folyamatokban csak
sokkal kisebb mértékben vagy egyaltalan nem vesz részt. Ennek azonban ellentmondani
latszott az a tény, hogy a receptorbdl torténd jelatvitel meginduldsdhoz Dvl foszforilacidra van
szlikség, amely viszont PKC d&-fliggd folyamat. Hogy ezt a latszolagos ellentmondast
feloldjuk, alaposabb vizsgalatnak vetettiik ala a Wnt4 receptorok, Fz4 és Fz6, eddig ismert
funkcioit €és megvizsgaltuk ugyanebbdl a szempontbol az altalunk valasztott Wnt4 specifikus

célgén, a CTGF eddig ismert funkcioit is.
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63. abra: CTGF expresszidé mddositott PKC 6 aktivitas jelenlétében

A) CTGF gén expressziojanak vizsgalata Q-RT-PCR analizissel kontroll és Wnt4 kezelt PKC &
talexpresszalé TEP1 sejtvonalban. (B) CTGF gén expresszidjanak vizsgalata Q-RT-PCR analizissel
kontroll és Wnt4 kezelt siPKC 0 elokezelt TEP1 sejtvonalban. Belsé kontrollnak [-aktin-t
alkalmaztunk. A statisztikailag szignifikans kiilonbségeket csillag jeloli.

A receptorok immunprecipitacidjaval kontroll és Wnt4 kezelt sejtekben megvizsgaltuk, hogy
a Wnt receptorokhoz kapcsolhato-e a jelatvitel szempontjabdl fontos két molekula, a PKC &
¢és a Dvl (64. abra). Mig mindkét receptor esetében kimutathato volt a jelatvitelhez sziikséges
molekulak jelenléte, addig arra is fény deriilt, hogy Wnt4 kezelést kovetden a Fz6
molekuldhoz emelkedett szinten kapcsolédik mind a PKC &, mind a Dvl. Ebbdl arra
kovetkeztettiink, hogy a PKC & preferencialisan a Fz6 receptorbdl szarmazo Wnt4 jelek
tovabbitasahoz sziikséges. Kisérleteink nem zartdk ki a Fz4 receptorbdl torténd jelatvitelt,
hiszen csak fehérje szinteket mértiink és a molekulak aktivacids szintjét nem analizaltuk. A
molekuldk jelenléte azonban arra enged kovetkeztetni, hogy Wnt4 jelatviteléhez minden
molekularis feltétel adott volt mindkét receptor esetében. A receptorok fizioldgias hatasairol
eddig ismert adatokat Osszehasonlitva, arra is fény deriilt azonban, hogy a Fz6 receptort
gyakran asszocialjak (Golan, Yaniv et al. 2004) negativ, kanonikus jelatvitelt gatlo jelek
transzdukcidjaval. A Fz6 receptor TAK1, NLK kindzok aktivalasaval a TCF1 transzkripcios
faktor foszforilacigjan (Ishitani, Kishida et al. 2003) és ebbdl eredd gatlasan keresztiil
akadalyozza meg a kanonikus Wnt célgének atirodasat. Amennyiben a Fz6 receptor valoban
gatlo receptorként funkcional a timusz epitélium Wnt4 jelatvitele tekintetében, akkor a célgén
atirodasa feltehetden a Fz4-b6l szarmazoé jelatviteli kaszkad aktivalasanak koszonhet6. Ezzel
is alatamasztva azt a feltételezést, hogy az immunprecipitacioval kimutatott Fz-DvI-PKC &

komplex jo indikatora a Fz4 és a Fz6 receptor aktivitasanak.
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64. abra: Fz4, Fz6, Dvl és PKC 6 ko-lokalizaciojanak analizise (Varecza, Kvell et al. 2011)

(A) és (B) Western blot analizis anti-Fz6 (A) és anti-Fz4-ellenanyaggal (B) torténd
immunoprecipitaciot kovetéen. Wnt4 kezelést kovetéen a PKC & fokozottan asszocialodik a Fz-6
receptorhoz kapcsolodé Dvl molekulaval. (C) és (D) 1 és 9 hoénapos egerek timuszabdl késziilt
metszeteken anti-PKC3-NL663, anti-Fz-6-NL557 és anti-EpCAML1-FITC ellenanyagokkal késziilt
festés lathatd. A harom festés egymasra rétegzését az utolso kép abrazolja.

9 héonap

Az irodalmi adatok alapjan arra is fény deriilt, hogy a megszokott funkcioin és ligand-receptor
kapcsolatan tilmenden, a CTGF a Fz8 receptorhoz is képes kapcsoldodni (Luo, Kang et al.
2004). A Fz8 receptorbol szarmazo jelek viszont a GSK3p enzim aktivalasahoz és ezzel a 3-
jelatviteli rendszer gatlasa. Az eddigi eredményeink tiikrében megvizsgaltuk a CTGF és Fz8

gének expresszios szintjének valtozasat is az 6regedés soran (65. abra).
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65. abra: CTGF és Fz8 receptor expresszio valtozasa dregedés soran
(Varecza, Kvell et al. 2011)

(A) és (B) CTGEF és Fz8 gén expresszidjanak vizsgalata Q-RT-PCR analizissel 1 és 9 honapos egerek
timuszabol tisztitott timusz epitéliumban. Belsé kontrollnak B-aktint alkalmaztunk. A statisztikailag
szignifikans kiilonbségeket csillag jeldli.

Az eredmények alataimasztani latszottak a kezdeti feltételezéseinket. Kezdetben az oregedés
soran a Fz4 receptor szintje nd €és ezzel parhuzamosan megndvekszik a Wnt4 célgének
atir6dasa. E mellett novekszik a negativ visszacsatolasban résztvevd jelatviteli molekuldk
jelenléte is a rendszerben, gatolva ezzel a kanonikus Wnt jelatvitelt. Ennek eredményeként
hidba erésodik a kanonikus Wnt jelek extracellularis jelenléte, az intracellularis szabalyozas
nem engedi a kanonikus Wnt jelek altal indukalt proliferacios és egyéb, a sejtek tuléléséeért

felelds gének atirodasat. Ezzel a timusz epitélidlis Ossejtek proliferacios képessége, végiil

crer

A jelatviteli rendszerek Osszegzéseképpen (66. abra) megallapithatjuk, hogy az Oregedési
folyamat félidejében, amikor még a Wnt4 expresszié csokkenése nem kifejezett, megindul a
Wnt4 receptorok expresszids szintjének novekedése. Ez a folyamat nem csak a kordbban
ezeket a receptorokat expresszald epitélidlis alcsoportokra jellemzd, hanem a timusz
epitéliumra altaldban. A megndvekedett receptorexpressziobol szarmazo jelatvitel
meginduldsa értelemszertien noveli a kanonikus célgének atirodasat. Ennek a folyamatnak
azonban a linedris logika ellentéte az eredménye, hiszen a célgének koziil a negativ
Fz8 receptorhoz is kapcsolodhat. Feltehetden egy PKC ( indukalta mechanizmuson keresztiil
aktivalja a GSK3p enzimet, amely a B-katenin molekulat foszforilalja, és igy a B-katenin
érzékennyé valik a proteoszomalis degradaciora. Ezzel csokken a B-katenin szint, amellyel a

kanonikus jelatvitel célgénjeinek atirddasa is csokken. Ezzel parhuzamosan er6sédnek a Fz6

101



dc_267 11

gatld receptorbol szarmazd jelek is. Ez a folyamat annak a kovetkezménye, hogy a
megnovekedett receptor expresszidhoz megnovekedett PKC o6 szint tarsul, amely
preferencialisan a Fz6 receptorhoz kapcsolodik, novelve ezzel a negativ jelek tovabbitasanak
aranyat. Igy a kanonikus Wnt jelatvitel két uton is gatlds ald keriil: a PB-katenin szint
csokkenésével és a TCF transzkripcios faktor foszforilaciojaval. igy, ha a B-katenin be is jut a
magba, az aktiv transzkripcios komplex Osszeallasdnak esélye rohamosan csokken, hiszen a
TCF foszforilalt allapotban nem képes a [-kateninhez kotédni. Ennek a jelatviteli
folyamatnak a kovetkezménye, hogy a kanonikus jelatviteli jelekre érzékeny FoxN1
transzkripcids faktor atirédasa drasztikusan lecsokken. A lecsokkent FoxN1 szint lehetové
teszi az epitélidlis sejtek dedifferenciaciojat, majd fibroblaszt-jellegli 4talakuldsat. Az
epitélidlis-mezenhimalis tranzicion atesett sejtekben, ahol a zsirsejt irdnyu atalakulast

szabalyoz6 molekulak (LAP2a, PPARy, ADRP) szintje novekszik, az adipoid

transzdifferenciacid mar visszafordithatatlanna valik.
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66. abra: A timusz 6regedésének molekularis modellje (Varecza, Kvell et al. 2011)

Fiatal timuszban a Wnt4 szint magas, és mindkét receptora, a Fz4 és a Fz6 receptorok is kdzel azonos
szinten expresszalodnak. Az Oregedés megindulasaval csokkenni kezd a Wnt-4 expresszid és
novekszik a receptor, kiilondsen a gatlo receptor, Fz6 expresszio, amelynek kapcsan a kanonikus Wnt
jelatvitelt negativan befolyasolo folyamatok indulnak meg. Ezek hatasarra csokken a FoxN1 szint, ami
el6szor EMT-hez, majd adipoid transzdifferenciaciohoz vezet.
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6. OSSZEFOGLALAS

A hagyomanyos kisérleti megkdzelitési modszerek a jelatviteli folyamatok fizilogias
hatasainak felderitésére egyre kevéssé alkalmazhatok. A szervezetben lezajlo jelatviteli
folyamatok nem érthet6k meg ugyanis kizarolag sejtvonalakon végzett kutatasokkal, hiszen
minden fiziologias valaszreakcido a szovetek és sejtek reciprokalis egymasra hatasanak
kovetkeztében keltett, receptor-ligand kapcsolatbol szarmazé intracellularis jelek ereddjeként
jon létre. Ezért az immunrendszer specialis sejtjeinek periférialis aktivacioja, avagy fejlédése
kozben végbemend osztdodasi vagy differencialodasi, illetve 6regedési jelatviteli folyamatairol
csak komplex szoveti rendszerek felallitisa mellett kaphatunk atfogd képet. A komplex
szoveti rendszereken tilmenden nagyon fontos a primer sejtek alkalmazasa is, hiszen a
fiziologias folyamatokrol csak primer szovetek sejtjei szolgaltatnak megbizhato adatokat. Az
altalanos jelatviteli folyamatok megismerésén tilmenden a szovetspecifikus jelatviteli
rendszerek megismerése igen nagy fontossaggal bir, hiszen terapias célzattal csak a jol ismert

folyamatok manipulalhatéak biztonsaggal.

Ezért munkam legnagyobb értékének tartom, hogy a jelatviteli folyamatokat primer sejtekbdl
allo szoveti modellekben, illetve ex vivo kulturakban végeztem. A szoveti modellezés
lehetove tette szamos egyidejii jel ereddjének fiziologiai hatasvizsgalatat, mely kiemelkedo

fontossagu Osszefiiggések felismeréséhez vezetett:

1. Kollégaimmal megallapitottuk, hogy pusztan a PKC csalad tagjainak manipulalasa nem
lehet hatékony terdpids célpont, hiszen az enzimek kozotti hasonlosag és funkcionalis
redundancia nem teszi ezt lehetévé. Arra is ravilagitottunk, hogy egyedi PKC molekulak
szamos, akar ellentétes eldjelil jelatviteli folyamatban parhuzamosan is részt vehetnek, ezért

funkcioikat csak a jelatviteli rendszerek ereddjeként értelmezhetjiik.

2. A fejlédést szabalyozo 6 jelatviteli csaladok vizsgalataval demonstraltuk, hogy a Notch és
Wnt jelatviteli halozatok és a koztiik fellépd interakcidok fontos szerepet jatszanak a timusz
mikrokornyezetének  kialakitdsdban ¢és a T-sejtek timuszon beliilli fejléddésének

szabalyozasaban.

3. Kimutattuk, hogy a fejlddé timocitak TCR és MHC-fliggd szelekcids jelei ko-receptorok és
sejten beliili jelatviteli folyamatok eredményeként modositja a kiilonféle TCR-ral rendelkezd
T-sejtek talélési folyamatait. A sejtes interakciok megértésére uj eljarast dolgoztunk ki a
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timusz epitélium sejtfelszini molekula-repertoarjanak modositasara. Ehhez rekombinans retro-
¢és adenovirusokat hasznaltunk. Ramutattunk, hogy a kornyezeti tényezok illetve receptor-
ligand interakciok megvaltozasa vezethet a TCR-bol szarmazo ,high avidity” azaz
apoptotikus jelek modositasahoz, amely végiil a periférids TCR repertoar Osszetételét

meghatarozza.

4. Uttord jellegli kutatasokkal kimutattuk, hogy a korabbi feltételezésekkel ellentétben az
Oregedd timuszban nem az epitélialis sejtek apoptotikus pusztulasa és az epitélium helyére

migrald zsirsejtek okozzdk a timusz adipoid atrofiajat, hanem azok a specialis molekularis

rrrrrr

crer

szintek csokkenése fontos szerepet tolt be és Wntd expresszid szinten tartasaval

megakadalyozhat6 a timusz involucidra jellemzd molekularis valtozdsok megindulasa.

Kisérleteink eredményei kapcsan a timusz dregedésére vonatkozo altalanos dogmdk valtak
megkérddjelezhetdvé. A kisérletekkel is alatamasztott kdvetkeztetéseink teljesen 0j alapokra
helyezik a timusz adipoid atrofidjanak molekularis hatterét. A kutatdsainkban azonositott
folyamatok olyan komplex jelatviteli szabalyozas alatt allnak, amelyet mas
kutatocsoportoknak még nem sikertiilt azonositaniuk. Ennek megfeleléen a mi munkank ttord
jellegi nem csak a timusz, de az egész immunrendszer Oregedésének megértése

szempontjabol is.
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7. AZ EREDMENYEK GYAKORLATI JELENTOSEGE

Az immunrendszer jelatviteli folyamatainak megértése nagy jelentdséggel bir, hiszen az
egészséges szervezetben lezajlod fiziologids folyamatok leirdsa képezi az alapjat minden, a
betegségekben megvaltozott jelatviteli szabalyozas megismerésének, terapias megkozelitési
moédok  kidolgozasanak, illetve  farmakologiai  célpontok  azonositdsdnak  és

gyogyszerhatoanyagok kifejlesztésének.

Az immunologiai folyamatok megértésére tett er6feszitések kiilonosen fontosak az 6regedés
szempontjabol. Nem csak Magyaroszag, de az egész fejlett vilag népessége rohamosan
oregszik, melynek az egyénre és a tarsadalomra nehezeddé anyagi terhei a megnovekedett
egészségiigyl koltségek terén is jelentkeznek. Az immunrendszer dregedésének lassitasa, az
idések hatékonyabb immunizalhatosdgat tenné lehetévé, és parhuzamosan ndvelné az
immunologiai valaszkészséget. Ezzel csokkenthetévé valna a fert6z6 betegségek terjedése,
sulyos daganatos és autoimmun korképek kialakuldsa, melynek kozvetlen kovetkezménye a

koltséges korhazi kezelést és apolast igényld betegek szdmanak csokkenése is.

Mar a jelatviteli alapfolyamatok, mint példaul az enzimaktivitds modositasi lehetdségeinek
megismerése az immunrendszerben kozvetleniil hasznosithaté eredményekhez vezetett. A
PKC B aktivitasat gatldé 13-HODE-ra, mint természetes metabolikus termékre vonatkozd
kisérleti eredményeink, pl. a vaszkularis biokompatibilitas szabalyozasara benytjtott amerikai

szabadalom igénypontjait tamasztotta ala (Van Gorp, Buchanan et al. 1999).

A T-sejtek fejlédési lépéseinek megismerése mellett a sejttipusok egymasba valo
atalakithatosaganak jelentGségét sem szabad alabecsiilni. Az oOregedés kapcsan tovabbi
jelatviteli  vizsgalatainkban az epitélialis-mezenhimalis tranzici6 forditottjanak, a
mezenhimalis-epitélidlis atalakulds szabalyozasanak molekularis hatterét kivanjuk felderiteni.
Ehhez a sajat kisérleteinkben felismert szabalyozd molekuldkra koncentralunk elsdsorban,
melyhez sikeriilt megnyerniink magyar és finn kis és kozépvallalatokat is. Elsésorban a Wnt4
molekula timusz epitéliumra kifejtett protektiv hatdsat vizsgaljuk tovabb, illetve olyan fehérje
interakciok  kidolgozasara  igyeksziink  koncetralni, amely a LAP2a  adipoid
transzdifferenciaciot indukald hatasat csokkenti. A terapias célpontok meghatarozasa nem

csak az immunrendszer fizioldgids oregedésének sebességét csokkenthetné, hanem reményt
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adhat kronikus betegségek szteroid kezelése kovetkeztében felgyorsult 6regedési folyamatok

lassitasara vagy visszaforditasara is.

A kisérletek kivitelezéséhez hasznalt komplex szoveti rendszerek kidolgozésa kapcsan a
»tissue engineering” teriiletén is hasznosithatd ujitdsokat eredményeztek munkaink.
Kisérleteink alatdmasztottak, hogy az altalunk kidolgozott kisérleti rendszerek és a szovetek
kozotti interakciot szabalyozo {6 jelatviteli csalddok szervezett egyiittmiikodése magasan
szervezett szovetek eldallitasat teszi lehetévé in vitro koriilmények kozott. Az igy eldallitott
szoveti rendszerek mind jelatviteli kisérletek kivitelezésére, mind gyogyszerek tesztelésére,
mind transzplantacio-kész szovetek elballitasara alkalmasak. Ezekkel az eredményekkel
kapcsolatosan jelenleg harom szabadalmi beadvany és négy kutatasi cikk vérja a birdlok

dontését.
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Members of the Wnt family of secreted glyco-lipo-proteins affect intrathymic T-cell development and
are abundantly secreted by thymic epithelial cells (TECs) that create the specific microenvironment for
thymocytes to develop into mature T-cells. During ageing, Wnt expression declines allowing adipoid
involution of the thymic epithelium leading to reduced naive T-cell output. The protein kinase C (PKC)
family of serine-threonine kinases is involved in numerous intracellular biochemical processes,
including Whnt signal transduction, In the present study, PKCS expression is shown to increase with age

xﬁ;’rﬁ;mn and to co-localise with Wnt receptors Frizzled (Fz)-4 and -6. It is also demonstrated that connective
PKCS . & tissue growth factor (CTGF) is a Wnt-4 target gene and is potentially involved in a negative feed-back

loop of Wnt signal regulation. Down-regulation of Wnt-4 expression and activation of multiple repressor

Thymic epithelium N N A S X A >
pathways suppressing (3-catenin dependent signalling in TECs contribute to the initiation of thymic

Thymic atrophy

senescence.

© 2011 Elsevier Ireland Ltd. All rights reserved.

1. Introduction

During ageing of the immune system the gradual loss of naive T-
cells is associated with the rate of thymic adipose involution that
correlates with significant destruction of the epithelial network. As
impaired T-cell production leads to weakened immune responses,
understanding the mechanism of thymic involution has high
physiological and medical importance.

In our recent studies of thymic involution Wnt-4 secretion was
significantly reduced in TECs while LAP2«a expression concomi-
tantly increased triggering epithelial-mesenchymal transition
(EMT) and then pre-adipocyte-differentiation (Kvell et al., 2010).

As Wnt-4 is the primary regulator of FoxN1 expression and
consequently TEC identity, understanding Wnt-4 signalling
carries particularly high importance (Balciunaite et al., 2002).
The difficulty of signalling studies, however, stems from the
general complexity of Wnt pathways (Kuhl and Pandur, 2009).
Wnt-4, for example, has been described as activator of both f3-
catenin dependent canonical (Lyons et al., 2004) and JNK/PKC
dependent non-canonical (Cai et al., 2002; Du et al., 1995)
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Immunology and Biotechnology, Faculty of Medicine, University of Pécs, 12 Szigeti,
Pécs H-7624, Hungary. Tel.: +36 72 536 288; fax: +36 72 536 289.

E-mail address: judit.e.pongracz@aok.pte.hu (J.E. Pongracz).

0047-6374/$ - see front matter © 2011 Elsevier Ireland Ltd. All rights reserved.
doi:10.1016/j.mad.2011.04.007

signalling pathways that interact at multiple levels. Apart from
specific, there are also shared signalling elements in Wnt
pathways including the main cell surface receptors Frizzleds
(Fz) (Schulte and Bryja, 2007) as well as intracellular signalling
molecules including G proteins (Malbonet al., 2001), Dishevelleds
(Dvl) (Kuhl et al., 2001; Schulte and Bryja, 2007) and PKCs « (Kuhl
etal.,2001),{ (Ossipova et al.,2003), and & (Kinoshita et al.,2003).
PKCS appears particularly important as this serine-threonin
kinase can phosphorylate and therefore activate Dvls (Kinoshita
etal., 2003) to relay ligand induced signals towards down-stream
elements of Wnt cascades.

From the ten known mammalian Fz receptors, Fz-4 (Lyons etal.,
2004) and Fz-6 (Lyons et al., 2004) have been confirmed to bind
Whnt-4. Interestingly, while Fz-4 is an activator of the (3-catenin
dependent canonical pathway, signals from Fz-6 inhibit (3-catenin
dependent target gene transcription (Golan et al., 2004) indicating
that regulation of Wnt-4 signalling might also begin at receptor
level in the thymus.

As thymic involution is a complex physiological process and
appears to be initiated by suppression of Wnt signals, understand-
ing of receptor associated regulatory mechanisms can lead to
target molecule recognition in the quest for re-juvenate the ageing
thymus. To investigate the hypothesis, TECs of young and ageing
adult Balb/c mice as well as a thymic epithelial cell line, TEP1 were
used in the studies. Our experiments demonstrate that expression
of Wnt receptors increase with age and that Frizzleds co-localize
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with signalling molecules PKCS and Dvl. Examination of Wnt-4
target gene expression provides evidence for the existence of
additional negative regulatory loops suppressing [3-catenin
dependent signalling that aids repression of thymic epithelial
maintenance and provides opportunities for EMT and consequent
adipocyte type differentiation.

2. Materials and methods
2.1. Cell culture

Tep1 (thymic epithelial) (Tanaka et al., 1993), 293 and Phoenix (PHX) human
kidney epithelial cell lines were cultured in DMEM (Sigma-Aldrich) supplemented
with 10% FCS and 100 pg of penicillin and streptomycin (Lonza Walkersville, Inc.).

2.2. Primary thymic epithelial cells

Balb/c mouse thymi (1 and 9 months) were the source of primary cell material.
(D45~ EpCAM1" TECs were isolated using magnetic cell sorting (Miltenyi Biotech)
(purity was regularly above 90% - data not shown). Purified EpCAM1" TECs were
cultured in medium alone, or in medium supplemented with Wnt4.

2.3. Antibodies

For western blot analysis rabbit polyclonal anti-PKC3 (C-17), anti-Dvl(C-19)
(Santa Cruz), anti-Fz-6 and anti-Fz-4 (R&D systems Inc.) antibodies were used as
primary and HRP-conjugated anti-rabbit and anti-goat (Santa Cruz) were used as
secondary antibodies. For fluorescent microscopy studies primary Abs were anti-
PKC3 (658-676) pAb (Calbiochem) (1:100), anti-PKCS (C-17) (Santa Cruz) (1:100),
anti-Fz-4, anti-Fz-6 (R&D systems Inc.) (1:100) and FITC labelled anti-EpCAM1
(clone G8.8) (American Type Cell Culture Collection)(1:50) and anti-Ly51-PE (BD
Pharmingen) (1:50) antibodies. Secondary antibodies were NorthernLights donkey
anti-goat 1gG-NL493 and NorthernLights donkey anti-rat 1gG-NL557 and anti-rat
and anti-rabbit 1gG-NL663 (all from R&D Systems Inc.). (Dilution factor for all
secondary antibodies was 1:200).

2.4. Histology using fluorescent antibodies

Frozen thymic sections (9 pm thick) were fixed in cold acetone for 10 min,
then dried for 15 min and rehydrated and blocked using 5% bovine serum
albumin (BSA in PBS for 20 min) before staining with the appropriate antibodies.
The primary antibody was applied at appropriate dilution in 100 .l on all
sections for 30 min followed by 3 washing steps with PBS for 5min each.
Secondary Ab was applied for 30 min followed by 3 x 5 min wash with PBS as
above. PBS-glycerol 1:1 mix was applied before covering with slide covers. The
sections were analysed by an Olympus BX-61 Fluorescent microscope or by
Olympus Fluoview 300 confocal microscope using the Olympus Fluoview
FV1000S-1X81 software.

Staining controls were the following: primary Ab with no secondary Ab, no
primary just secondary Ab and irrelevant primary Ab for isotype control in
combination with secondary Ab. All the stainings were repeated for a minimum of
three times.

2.5. Subcloning of Wnt-4 and full length PKCS

Wnt-4 was purchased and subcloned from a commercially available vector
(Origene), while the full length PKCS was a kind gift of Jae-Won Soh, Tnha
University, Korea. Both Wnt-4 and PKC3 sequences were subcloned into the MIGRI
retroviral vector (gift from W.S. Pear, Department of Pathology and Laboratory
Medicine, University of Pennsylvania, PA). Retrovirus was produced by transfecting
the plasmid DNA into the Phoenix packaging cell line (American Type Cell Culture
Collection) using Lipofectamine 2000 (Invitrogen).

Table 1
PCR primers.

2.6. Transient transfection of siRNA PKCS

siRNA specific for PKCS was supplied by Santa Cruz. Tep1 cells were grown to
80% confluency and then siRNA and control siRNA was delivered using
Lipofectamine according to manufacturer’s instruction.

2.7. Cell sorting

Tep1 cells were infected with recombinant retroviruses encoding GFP, Wnt-4-
GFP or wild type- PKC3-GFP then sorted based on GFP expression by FACSVantage
Cell Sorter (BD). GFP positive cells were cultured further under conditions described
in Section 2.1.

2.8. Reverse transcription polymerase chain reaction (RT-PCR) and quantitative RT-PCR
(Q-RT-PCR)

RT-PCR was conducted as described previously (Kvell et al., 2010). Q-RT-PCR was
performed using SYBR Green Q-RT-PCR reagents and random hexamer primers
(Applied Biosystems) as recommended by the manufacturer using an ABI Prism
7900HT sequence detection system. Threshold cycles (Cy) for three replicate
reactions were determined using Sequence Detection System software (version
2.2.2), and relative transcript abundance was calculated following normalization
with a 3-actin PCR amplicon. Quantitation of Q-RT-PCR products were based on a
standard curve generated from untreated TEP1 cell line gene expression. PCR
primer sequences are listed in Table 1.

2.9. PKCS activation assay

Tepl cells were lysed in RIPA buffer supplemented with protease and
phosphatase inhibitors (Sigma-Aldrich) and immunoprecipitated with rabbit
anti-PKCS (658-676) pAb (Calbiochem) and protein G resin (Sigma-Aldrich)
overnight at 4 °C. Kinase assay was performed using an HTScan PKC3 Kinase-assay
Kit (Cell Signaling Technology Inc.) with biotinylated substrate peptide in the
presence of diluted PKCS. Active PKCB kinase GST fusion protein was supplied to the
kit as positive control. PKCS specific activity was quantified in a colorimetric ELISA
Assay using 96-well streptavidin-coated plates (Institute of Isotopes, Budapest, and
Soft Flow Hungary Ltd., Hungary). Phosphorylation level of biotynilated substrates
from each kinase reaction mix were measured using a rabbit anti phosphoSer/Thr-
antibody (1:1000) (provided with the kit) detected by a HRP-labelled anti-rabbit
(1:1000) (Santa Cruz) in the presence of TMB substrate. Optical density
(absorbance) was read in an iEMS Reader MF V2.9 (Thermo Scientific, Waltham,
MA) spectrophotometer using a bi-chromatic measurement system at 450 nm and
620 nm as reference.

2.10. Purification of proteins from cell membrane and cytosol

Tep1 cells (1 x 10%/condition) were treated with Wnt-4 and control super-
natants for 30 min then cells were pelletted and cytosolic and membrane proteins
were isolated as described previously (McMillan et al., 2003). Proteins of cytosolic
and membrane fractions were separated in 10%SDS PAGE, blotted, blocked in 3% fat-
free milk and probed for PKC3 protein. To ensure equal loading protein levels were
visualised by Ponceau Red staining, when proteins were entering the separating gel.

2.11. Immunoprecipitation and Western blotting

Cell lysates were immunoprecipitated using anti-Fz-4 and anti-Fz-6 antibodies
(R&D systems Inc.) and protein G resin (Sigma-Aldrich) in the presence of protease
and phosphatase inhibitors (Sigma-Aldrich). Proteins were resolved in 10% SDS-
PAGE, blotted onto nitrocellulose membranes, then blocked in buffer containing 3%
fat-free dried milk and probed for the proteins of interest with primary then in the
appropriate HRP-conjugated secondary antibodies. Proteins were visualized by
enhanced chemiluminescence (Pierce) according to the manufacturer’s instructions
in a FUJI LAS4000 image station.

Gene Accession nos. Forward primer Reverse primer

B-actin NM_007393 TGG CGC TTT TGA CTC AGG A GGG AGG GTG AGG GAC TTC €
Wnt-4 cloning primers NM_030761 gaagatcttc ATGAGTCCCCGCTCGTGC ccgetegagegg TCATCGGCACGTGTGCAA
Wnt-4 PCR primers NM_030761 CTC AAA GGC CTG ATC CAG AG TCA CAG CCA CAC TTC TCC AG

CTGF NM_010217 GGCCTCTTCTGCGATTTCG CCATCTTTGGCAGTGCACACT

PKC-3 PCR primers NM_011103 AGGCCGTGTTATCCAGATTG CGGTTCATGGTTGGAAACTT

Frizzled 4 NM_008055 TCTGCTTCATCTCCACCACCTT GCGCTCAGGGTAAGAAAACCT

Frizzled 6 NM_008056 GCGGCGTTTGCTTCGTT CACAGAGGCAGAAGGACGAAGT
Frizzled 8 NM_008058 TTCCGAATCCGTTCAGTCATC GCGGATCATGAGTTTTTCTAGCTT
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Fig. 1. Fz-4 and Fz-6 expression during thymic senescence. (A and B) Q-RT-PCR analysis of Fz-4 and Fz-6 expression in young ( 1month) and ageing (9 months) mouse thymic
epithelium. Data was normalised to (3-actin. Statistically significant differences are marked by asterisks. (C-F) The expression level and staining pattern of Fz-4 and Fz-6 was
also assayed by histology using anti-Fz-4-NL663 and anti-Fz-6-NL663 antibodies, respectively. Thymic morphology was displayed via staining with anti-EpCAM1-FITC and
anti-Ly51-PE TEC markers. Size marker is shown in the corner of the figure. Characteristic stainings are shown from a minimum of five repeats.
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2.12. Microarray

Tep 1 cells were washed for one hour in FCS free medium then the cells were
treated for 1 hr with Tep1 supernatants of control and Wnt4 over-expressing Tep1
cell lines, respectively. Following incubation cells were collected, RNA was
purified, then mRNA were amplified and microarrays were performed in the
Centre for Genomics, University of Debrecen, Hungary. Gene expression changes
beyond 0.5x/2-fold cut off criteria were accepted. Genes demonstrating the largest
fold differences were validated by qPCR then tested in an additional three
independent experiments. A list of genes upregulated in the microarray
experiment and selected for further analysis can be viewed in Supplementary
Table 1s. In the present study CTGF (Connective Tissue Growth Factor) was
selected as a read-out gene, as it reproducibly changed expression levels in
additional experiments.

2.13. Statistics

Experiments were repeated at least three times and statistical significance
was determined using the Student's f-test. P<0.05 denoted statistically
significant.

A
Ctrl SN Wnt-4 SN Wnt-4 OE
M c M c M

78kDa

2

c
PKC3
[

3. Results
3.1. Fz-4 and Fz-6 levels are affected by age

Expression levels of Wnt-4 receptors, Fz-4 and Fz-6 were
analysed in thymi of 1 month and 9 month old mice. The two age
groups were selected specifically, as 1 month old mice are
considered to be young adults where thymic involution has not yet
begun. At the age of 9 months age associated morphological
changes are not substantial yet, but characteristic age associated
molecular and morphological changes can already be detected.
This is not surprising as the detection of small lipid droplet-
expressing cells in the perivascular space of FoxN1Cre mice has
recently been reported as early as 3 months of age (Youm et al.,
2009). Q-RT-PCR analysis of purified EpCAM1* TECs of 1 and 9
month old mouse thymi showed increased expression of Fz-4 and
Fz-6 mRNA (Fig. 1a and b) by 9 months of age. Immunohistochem-

*

Relative PKC8
expression

1 month 9 months

EpCAM1 (green)

C  EpCAM1 (green) Ly51(red) PKC3(red) +PKC3d(red)
1 month
EpCAM1 (green)
D EpCAM1 (green) Ly51(red) PKC3(red) +PKC3(red)

9 months

Fig. 2. (A) Intracellular translocation of PKCS following Wnt-4 treatment. Cytosolic and membrane proteins were separated from control, Wnt-4 treated and Wnt-4
overexpressing Tep1 cells. Western blot analysis demonstrated PKCS translocation. Loading controls are shown below the Western blot as Ponceau red stained total protein.
Representative blots and stainings are shown from three repeats. (B) Changes of PKC3 expression with age by Q-RT-PCR. TECs were purified from young (1 month) and ageing
(9 months) mice. Data were normalized to 3-actin housekeeping gene. Statistically significant differences are marked by asterisks. (C and D) Age associated changes in PKC3
expression by histology. Cryostate sections of 1 month and 9 months old mouse thymi were stained with anti- PKC3— NL663, anti-EpCAM1-FITC and anti-Ly51-PE. The
overlay of the staining pattern is also shown. Characteristic stainings are shown from a minimum of five repeats.
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istry using Fz-4 and Fz-6 specific antibodies confirmed elevated
levels of both receptor proteins (Fig. 1c-f) in ageing thymi.
Additionally, differential expression pattern of Fz4 and Fz6 was
also observed in the thymic medulla and cortex. While in the
young thymus the medulla (EpCAM1**/Ly51~) was preferentially
stained for Fz4 and Fz6, the cortex (EpCAM1*/Ly51*) only faintly
stained for this receptor. In the 9 month old thymus the medulla is
less pronounced and in contrast to the young tissue and the whole
section including the cortex appears increasingly positive for both
receptors.
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3.2. Active receptor signalling is indicated by PKCS translocation

Active receptor signalling is invariably associated with modi-
fied phosphorylation of receptor associated signalling molecules.
As protein phosphorylation depends on the activity of kinases,
being an acknowledged activator of Dvl, PKCS activity was
investigated in Wnt-4 signalling. To test the involvement of PKC3
in Wnt-4 signal transduction, increased Wnt-4 presence was
achieved by treatment using the supernatant of Wnt-4-transgenic
thymic epithelial (Tep1) cells (Supplementary Fig. 1). Wild type
Tep1 cells were exposed to SNs of control (Tep1-GFP) and Wnt-4
(Tep1-Wnt-4-GFP) cells for 1h, then cytosolic and membrane
fractions were isolated from cell lysates. Similarly to previous
studies with Wnt-5a (Giorgione et al., 2003), Western blot analysis
revealed that within one hour of Wnt-4 exposure PKCS translo-
cated into the membrane fraction (Fig. 2a) where the cleavage
products (Kanthasamy et al., 2006) characteristic of active PKC8
were detected. Densitometric analysis of total and cleaved PKC®
demonstrated PKCS activation (2 fold increase) upon Wnt-4
exposure. Additionally, increased membrane localisation of PKC3
was also detected (39 fold increase) in the Wnt-4-overexpressing
cell line (Fig. 2a). As for Wnt-4 specific receptor expression, both
Fz-4 and Fz-6 levels increased with age, therefore it was assumed
that active receptor signalling might require more PKC3 during
ageing. Indeed, apart from localisation of PKC3 to the membrane
fraction (Fig. 2a), up-regulation of PKC8 was also detected at both
mRNA (Fig. 2b) and protein level (Fig. 2c and d) in the ageing thymi.
Interestingly, a characteristic cortico-medullary PKC8 pattern has
also emerged. In both young and ageing thymi PKC3 was
preferentially expressed in the cortex (EpCAM1*/Ly51%) (Fig. 2c
and d).

3.3. PKCS in Wnt-4 signalling

To specify the role of PKCS in Wnt-4 signalling, it was necessary
to identify a read-out gene that would reliably respond to Wnt-4
stimulus. Microarray (Supplementary Table 1) and subsequent Q-
RT-PCR analysis of Wnt-4 exposed Tep1 cells identified connective
tissue growth factor (CTGF) as such a target gene for Wnt-4 (Fig. 1s
d). To investigate PKCS involvement in Wnt-4 signalling, PKC3
activity was modified by overexpression of wild type PKC®
(Supplementary Fig. 2a-c) or by PKCS gene specific silencing using
commercially available siRNA for PKC8 (Santa Cruz) (supplemen-
tary Fig. 2d). Tep1 cells with increased or decreased PKCS levels
were exposed to control and Wnt-4 SNs for 1 hr, then CTGF
expression was analysed. Surprisingly, although over-expression
of PKC® had no radical effect on Wnt-4 target gene transcription
(Fig. 3a), even moderate down-regulation of PKC8 was able to
significantly increase CTGF expression (Fig. 3b).

3.4. Co-immunoprecipitation of PKCS, with Dvl, Fz-4 and Fz-6
To investigate whether PKCS can associate with Fz-s, Fz-4 and

Fz-6 co-immunoprecipitation patterns were analysed. Tep1 cells
were treated with control and Wnt-4 SNs then proteins were
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Fig. 3. (A) Analysis of Wnt-4 target gene expression. Q-RT-PCR analysis of CTGF
expression in control and Wnt-4 treated PKCS over-expressing Tep1 cell line. (B) Q-
RT-PCR analysis of CTGF expression in control and Wnt-4 treated in Tep1 cell lines
pre-treated with siRNA for PKC3. Data were normalized to (3-actin. Statistically
significant differences are marked by asterisks.

immunoprecipitated using anti-Fz-4 and -Fz-6 antibodies, and
probed for PKC8 and Dvl. Inmunoprecipitation revealed increased
association of PKCS and its active cleavage products with both Fz-4
(1.2 fold, 2 fold and 1.4 fold, respectively) and Fz-6 (1.4 fold, 1.5
fold and strongly detectable over non-detectable, respectively)
upon Wnt-4 treatment (Fig. 4a). To find out whether PKC3 co-
localises with Fz-6 in primary thymic tissue, immunohistochem-
istry was performed. Experiments demonstrated age dependent
increase of both Fz-6 and PKC3 as well as co-localisation of Fz-6
and PKCS staining (Fig. 4c and d). While in the young thymus Fz-6
and PKCS co-localisation is more pronounced in the thymic cortex
(Fig. 4c), in the ageing thymus it is the medulla that exhibits
stronger staining for both proteins (Fig. 4d).

3.5. Increased expression of CIGF and Fz-8

While increased expression and activity of the Fz-6 receptor, a
suppressor of the canonical Wnt signalling pathway explains some
aspects of uneven target gene transcription following manipula-
tion of PKC® activity, parallel changes like up-regulation of Fz-4
also occur during ageing that might add to the complexity of the
signalling process. Increase in Fz-4 levels in ageing mice correlated
with increased CIGF gene expression (Fig. 5a). If Fz-6 that also
increases during senescence is truly a suppressor of 3-catenin
signalling then CTGF expression should have decreased or
remained unchanged as Fz-4 transmitted signals would have
been quenched by Fz-6 signalling. To test the above hypothesis, we
have considered the following: CTGF has recently been reported to
negatively regulate canonical Wnt signalling by blocking [3-catenin
stabilisation via GSK3f3 activation leading to phosphorylation and
consequent degradation of {3-catenin (Luo et al., 2004), indicating
that CTGF might be part of a negative feed-back loop. As CTGF is a
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Fig. 4. Analysis of Fz-4, Fz-6, Dvl and PKCS co-localisation. (A and B) Western blot analysis following immunoprecipitation using anti-Fz-6-antibody (A) or anti-Fz-4-antibody
(B) shows increased association of Fz-6 with PKCS and Dvl upon Wnt-4 treatment. Representative blots are shown from two repeats. (C and D) Histology of 1 month and 9
months old mouse thymi using anti- PKC8- NL663, anti-Fz-6-NL557 and anti-EpCAM1-FITC antibodies. The overlay of the three stainings is shown. Size markers are shown in
the corner of all histology figures. Characteristic stainings are shown from a minimum of five repeats.

secreted protein, expression of Fz-8 (Mercurio et al., 2004) a
recently reported receptor for CTGF was analysed in purified TECs
of 1 and 9 months old thymi using Q-RT-PCR reactions. As parallel
with CTGF, Fz-8 mRNA levels increased (Fig. 5b) in ageing mice,
while FoxN1 (data not shown) similarly to 12 months old mice
reported previously (Kvell et al., 2010), a direct target of 3-catenin
dependent Wnt-4 signals (Balciunaite et al., 2002) was undetect-

1.2 1 *
0.8 4
0.6 4

0.4 1

Relative CTGF
expression

0.2 4

1 month 9 months

Relative Fz 8

able indicating the existence of an additional negative feed-back
loop.

4. Discussion

Naive T cell production is highest in young individuals and
declines as thymic involution progresses with age. This impaired T-

b
*

expression

I

1 month 9 months

Fig. 5. CTGF and Fz-8 expression during thymic senescence. (A and B) Q-RT-PCR analysis of CTGF and Fz-8 expression in young (1 month) and ageing (9 months) mouse thymic
epithelium. Data was normalised to [3-actin. Statistically significant differences are marked by asterisks.
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cell production leads to weakened immune responses especially
against novel viral infections and increased incidence of autoim-
mune diseases.

In our previous work age-related down-regulation of Wnt-4 has
been identified as a trigger for EMT and pre-adipocyte differentia-
tion during thymic involution (Kvell et al., 2010). In the present
work those Wnt receptor associated molecular mechanisms were
investigated that can lead to structural and functional decline of
the thymic epithelial network.

As in the mouse down-regulation of Wnt-4 expression is known
to have occurred by the age of 12 months (Kvell et al,, 2010), an
earlier time-point was probed. At the age of 9 months Wnt-4 and
FoxN1 decline was measured to be moderate (data not shown)
along with further characteristic morphological and molecular
changes. Interestingly, both Wnt-4 receptors, Fz-4 and Fz-6 are up-
regulated at this age coinciding with increased receptor signalling.
Apart from increased activation of the inhibitory receptor Fz-6, the
expression of CTGF a recently identified potential negative
regulator of canonical Wnt signalling is also up-regulated. It has
been described that Fz-6 receptor activation can lead to increased
kinase (NLK and TAK) activity resulting in phosphorylation of TCF
(Luo et al., 2004), an important component of the (3-catenin-TCF
transcription complex. Once phosphorylated, TCF can no longer
bind to B-catenin therefore gene transcription initiated via the
canonical Wnt signalling pathway (for example via Fz-4) is
inhibited. In contrast to Fz-6 signalling, CTGF uses a different
way to interfere with [3-catenin dependent signal transduction.
CTGF can interact with Fz-8 as well as LRP6, an important co-
receptor of Wnt signalling (Mercurio et al., 2004) and can trigger
activation of GSK3[ (Crean et al., 2004) via PKC {. Activation of
GSK3B leads to increased phosphorylation and accelerated
degradation of B-catenin which results in suppression of canonical
Whnt signals.

Additional to increasing inhibitory pathways the loss of Wnt-4
levels can amalgamate age related decrease of FoxN1 and therefore
loss of TEC identity that eventually leads to EMT and adipoid

involution of the thymus. Our current hypothesis describing
multiple mechanisms that lead to suppression of Wnt signalling is
summarized in Fig. 6.

While it appears that active [3-catenin signalling is absolutely
essential for the maintenance of thymic epithelium, it is still not
clear how imbalance in Wnt signalling affects de-regulation of
thymic morphology. This is of note as recent experimental data
where prolonged canonical Wnt signalling was enforced in TECs
(Zuklys et al, 2009) describes similar changes in the thymic
structure that is observed during both physiological and steroid
induced ageing of the thymic epithelial network (Talaber et al.,
2011). Importance of the balance in Wnt signalling is particularly
well demonstrated in a Klotho deficient mouse model (Liu et al.,
2007). The secreted protein Klotho can interact with various Wnt
family members and suppresses biological activity of Wnts.
Tissues and organs from Klotho-deficient animals show evidence
of increased Wnt signalling resulting in accelerated cellular
senescence both in vitro and in vivo. Based on the above model
it has been postulated that depletion of the organ specific stem cell
pool might be responsible for the accelerated ageing process in this
setting.

Nevertheless, our studies focusing on the role of PKCs in Wnt
associated receptor signalling have highlighted additional com-
plexities at the intracellular level. In previous studies PKCa and
PKC8 have been implicated to play an active role in disassembly of
the nucleus in early apoptosis by phosphorylating nuclear lamin
proteins (Dreger et al, 1999). Lamina-associated polypeptide 2
(LAP2) has been described to require phosphorylation via PKCs to
fulfil its physiological function and LAP2« is up-regulated during
ageing within TECs. While theoretically PKC could have a role
within the nucleus during senescence, our current experiments
support PKC3 activity in the cell membrane as transducer of
negative Wnt signals. These findings support our earlier conclu-
sions, namely thymic involution is not directly associated with
PKC&-dependent mass apoptosis and replacement of TECs by
invading adipocytes, but rather a slow EMT process that results in
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Fig. 6. Molecular model of thymic epithelial senescence. In young thymi Wnt-4 levels are high and both Fz-4 and Fz-6 receptors are expressed. Wnt-4 levels decrease with age,
while receptor and receptor associated signalling molecule expressions increase triggering multiple suppression pathways of Wnt signalling.
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adipocyte type trans-differentiation of resident TECs (Kvell et al.,
2010; Youm et al., 2009).

Upon Wnt-4 signalling PKC8 seems to associate both with Fz-4
and Fz-6, latter being an inhibitory receptor of the canonical Wnt
pathway. If Wnt-4 triggers CT'GF gene transcription as a canonical
target via Fz-4, then suppression of Fz-6 signalling by down-
regulating PKC3 levels can up-regulate CTGF expression (Fig. 3a
and b). Additionally, slight down-regulation of CTGF in the
presence of PKC® up-regulation also suits this hypothesis
(Fig. 3a). Yet, there are still questions to be addressed. For example
as PKCS can also associate with Fz-4 and have other functions in
intracellular signalling therefore the mere up-regulation of PKC8
would not halt B-catenin dependent signal transduction.

Further studies, however, are required and are on their way to
identify the role of PKCS in Fz-6 signalling and their combined task
in thymic atrophy using in vitro cell line and in vivo transgenic
animal studies.
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Abstract

Glucocorticoids are widely used immunosuppressive drugs in treatment of autoimmune diseases and hema-
tological malignancies. Glucocorticoids are particularly effective immune suppressants, because they induce
rapid peripheral T cell and thymocyte apoptosis resulting in impaired T cell-dependent immune responses.
Although glucocorticoids can induce apoptotic cell death directly in developing thymocytes, how exogenous
glucocorticoids affect the thymic epithelial network that provides the microenvironment for T cell development
is still largely unknown. In the present work, we show that primary thymic epithelial cells (TECs) express
glucocorticoid receptors and that high-dosage dexamethasone induces degeneration of the thymic epithelium
within 24 h of treatment. Changes in organ morphology are accompanied by a decrease in the TEC transcription
factor FoxN1 and its regulator Wnt-4 parallel with upregulation of lamina-associated polypeptide 2« and per-
oxisome proliferator activator receptor 7, two characteristic molecular markers for adipose thymic involution.
Overexpression of Wnt-4, however, can prevent upregulation of adipose differentiation-related aging markers,

suggesting an important role of Wnt-4 in thymic senescence.

Introduction

AUTOIMMUNE DISEASES AND HEMATOLOGICAL malignan-
cies are signiﬁcant causes of morbidity and mortality
world wide.'” Although research is ongoing, treatment
options are still often limited to high-dosage synthetic glu-
cocorticoid (GC) analogs despite their nonspecificity and
multiple side effects. Indeed, GCs are still applied in therapy
for acute and chronic autoimmune diseases and hemato-
logical malignancies,* because they effectively promote
apoptosis of leukemia cells® and trigger complex antiin-
flammatory actions by influencing both molecular and cel-
lular components of the immune system.” Apart from
triggering decreased expression of cytokines and major his-
tocompatibility complex class II (MHC II), GCs also induce
apoptotic death of peripheral” and developing T cells. In
mouse models, GCs cause massive thymocyte depletion,
especially in the CD4"CD8" (double positive [DP]) thymo-
cyte population,®? blocking de novo T cell production.
Prior experiments have also demonstrated that high-dose
GCs induce a dramatic'® and apoptosis-associated'* involu-
tion of the thymus, and not only thymocytes but also thymic
epithelial cells (TECs) are seriously affected.'® Add itionally, a
recent report by Fletcher et al.'® has highlighted that TEC

depletion appears reversible, and thymic epithelial stem cells
play an important role in this process.

Because physiological steroids are implicated in the reg-
ulation of aging,'”'® we theorized that GC treatment might
affect thymic epithelial senescence. Although morphological
similarities between physiological and induced thymic in-
volution are striking, to date the process has not been studied
in detail at the molecular level. One possible mechanism
is that during physiological aging TECs undergo epithelial-
to-mesenchymal transition (EMT) and then proadipose
differentiation.'”*® Our studies have recently provided evi-
dence that this process is regulated by Wnt-4 and Fole
decline, leading to drastic reduction in TEC 1do:r\t1ty‘1 ~ and
simultaneous upregulation of lamina-associated polypeptide
(LAP) 2o as well as preadipocyte-related markers peroxi-
some proliferator activator receptor (PPAR) y and adipose
differentiation-related protein (ADRP).*

On the basis of the above studies, we theorized that GCs
do not simply deplete thymocytes and the majority of TECs,
but they also inhibit the function of the remaining epithelium
via downregulation of characteristic TEC markers, leading to
preadipocyte differentiation. In the present study, we pro-
vide evidence that both primary TECs and the primary TEC-
derived TEP1 cell line express glucocorticoid receptors (GRs)

Department of Immunology and Biotechnology, University of Pecs, Faculty of Medicine, Pecs, Hungary.
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and respond to GC treatment. Upon a single high-dose GC
injection, gene expression levels of both Wnt-4 and FoxN1%!
become significantly downregulated, resulting in upregula-
tion of preadipocyte differentiation markers (LAP22,
PPARy). Regeneration of TECs—including normal FoxN1
level—occurs within 3 months after dexamethasone (DX)
injection. However, if GC-treatment is continued with re-
peated small doses as in clinical applications, then Wnt-4 and
FoxNT1 transcription cannot recover and aging markers re-
main locked at elevated levels. Overexpression of Wnt-4 in
the FoxN1-deprived TEP1 cell line is, however, able to pro-
tect against GC-induced adipose transdifferentiation, indi-
cating Wnt-4 as the primary protector of thymic epithelium
against adipose involution.

Materials and Methods
Mice and treatment of animals

Four-week-old BALB/c mice were used for the experi-
ments. Animals received a single-dose (20 mg/kg) DX (Or-
adexon, Organon) injection intraperitoneally (i.p.) in
phosphate-buffered saline (PBS) and then were sacrificed 24
and 168 h after injection; control animals received PBS. An-
other group of mice received PBS and DX for 3 months,
respectively. There was also a group of mice receiving one
high dose of DX, then a continuously low dose of DX
(2mg/kg) on every second day for a month, to mimic the
therapeutic regimen of autoimmune diseases.™>* All animal
experiments were carried out in accordance with the regu-
lations set out by Pécs University’s committee on animal
experimentation (#BA 02/2000-2/2006).

Cell lines and in vitro DX treatment

The TEP1cell line was maintained and used for experi-
ments as described.”® The Wnt-4-overexpressing TEP1 cell
line was generated as described previously.? Cell lines were
treated with DX (Sigma, dissolved in dimethylsulfoxide
[DMSO] until use) with a final concentration of 1uM for 1
week or solvent, respectively.

Preparation of TECs

Thymic lobes were digested with 3 mg/mL collagenase II
(GIBCO) for 30 min, then washed with Dulbecco modified
Eagle medium (DMEM) 10% fetal calf serum (FCS). Cell
suspensions were then labeled with anti-EpCAMI1-FITC
(clone G8.8) and washed with magnetic cell sorting (MACS)
buffer followed by incubation with anti-fluorescein iso-
thiocyanate (FITC) microbeads (Miltenyi Biotec), the
EpCAM1 -cells were used for total RNA isolation and sub-
sequent quantitative polymerase chain reaction (PCR) anal-
ysis. The cells were purified using MACS LS separation
columns (Miltenyi Biotec).

Histology using fluorescent antibodies

Frozen thymic sections (7—10 um thick) were fixed in cold
acetone, then dried and blocked using 5% bovine serum al-
bumin (BSA) in PBS for 20 min before staining with a-Ly51-
PE (clone 6C3) and a-EpCAM]1 (clone G8.8) antibodies (either
indirectly coupled with a-rat Northern Light 637 secondary
antibody or directly labeled with FITC). GR, ER-TR7, and
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Wnt-4 protein levels were detected using an a-GR-FITC
mouse monoclonal antibody (clone 5E4B1 developed in our
laboratory2 5 and commercially available at Serotec), a rat
monoclonal a-ER-TR7, and a polyclonal goat a-Wnt4 anti-
body (Abcam). Visualization was performed using an a-rat-
Ig-PE secondary antibody and a-goat Ig Northern Lights 557
(RnD systems), respectively. Parallel with GR detection,
corresponding sections were incubated with an irrelevant
antibody. To detect GR expression in TECs, the Olympus
Fluoview 300 confocal microscope with an Olympus Fluo-
view FV1000S-IX81 system was used. All the other sections
were analysed using an Olympus BX61 microscope equip-
ped with CCD camera and AnalySIS software.

RNA isolation, preparation of cDNA

Total RNA was isolated using RNeasy plus kit (Qiagen),
following the manufacturer’s instructions. Following RNA
isolation, DNase digestion was performed using a DNase I
digestion kit (Sigma) and ¢cDNA was reverse transcribed
using a high-capacity RNA to ¢cDNA kit according to the
manufacturer’s instructions (Applied Biosystems).

Quantitative real-time and qualitative reverse
transcriptase PCR analysis of purified TECs
and cell lines

For real-time PCR analysis, we used an ABI 7500 Software
system and ABI SYBR Green PCR master mix. The expres-
sion levels of LAP2x2, PPARy, ADRP, and Wnt-4 were
analyzed and normalized to the level of 185 rRNA. The
qualitative expression of GR and CD45 in TEC was verified
by PCR using ReddyMix (ABgene) according to the manu-
facturer’s instructions, with 18S rRNA as an internal control.
The PCR products were visualized on agarose gels. The se-
quences of primers are listed in Table 1. In the case of FoxN1
and AIRE, TagMan chemistry was used for PCR reaction and
analysis, and the levels of these genes were normalized to the
TagMan HPRT1 expression. PCR reactions were run for a
maximum of 40 cycles.

Statistical analysis

Data are presented as mean = standard deviation (SD), and
the effects between various experimental groups were compared
with the Student t-test. p < 0.05 was considered as significant.

Results

GR expression in primary thymic epithelium
and the TEP1 cell line

GCs regulate cellular function via GR, which belongs to
the nuclear receptor superfamily?® and is required for
the regulation of development and homeostasis of various
epithelial-like tissues.””*® Using reverse transcriptase (RT)-
PCR analysis (Fig. 1A) and confocal laser scanning microscopy
(Fig. 1B), it was demonstrated that apart from thymocytes™’
GR is also expressed in primary TECs and the TEP1 cell line,
confirming their ability to respond directly to GC stimuli.

Effects of single-dose GC administration

To study how the thymic epithelial network is affected by
GC, sections of DX-treated and control thymi were stained
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TasBLE 1. LisT OF GENE-SPECIFIC PRIMERS

Gene Forward primer Reverse primer

CD45 5'-CCG GAA TTC CGG ATG GGT TTG TGG CT-3 5-CCG CTC GAG CGG CTA ATC ACT GGG
TG-3'

GR 5-TGG TGT GCT CCG ATG A-3' 5-AGG GTA GGG GTA AGC-3

FoxN1 Applied Biosystems TagMan probe PN4351272

(Mm00477457_m1)

LAP2o, 5-TGA ACT GCA GGC AGC TAA GA-3 5'-TCA TAG CTA GAC TCT GAG G-3

PPARy 5-CCC AAT GGT TGC TGA TTA CAA A-3 5-AAT AAT AAG GTG GAG ATG CAG GTT
CT-3

ADRP 5-CGC CAT CGG ACA CTT CCT TA-3' 5-GTG ATG GCA GGC GAC ATC T-3'

Wnt4 5-CTC AAA GGC CTG ATC CAG AG-3' 5'-TCA CAG CCA CAC TTC TCC AG-3'

18S rRNA 5-GGG TCG GGA GTG GGT AAT TT-3' 5-AGA AAC GGC TAC CAC ATC CAA-3'

HPRT1 Tagman  Applied Biosystems TagMan probe Mm0046968_m1

AIRE Applied Biosystems TagMan probe Mm00477457_m1

GR, Glucocorticoid receptor; PPARy, peroxisome proliferator activator receptory; ADRP, adipose differentiation-related protein; AIRE,

autoimmune regulator.

A TEC TEPI Thymocytes

- — —

EpCAM1, GR, DAPI

FIG. 1. Glucocorticoid receptor (GR) expression in the
thymic epithelial cell (TEC) and TEPI cell lines. cDNA gen-
erated from mRNA of highly purified adult TECs and TEPI
cells were tested in end point reverse transcriptase poly-
merase chain reaction (RT-PCR) analysis for GR expression.
c¢DNA generated from thymocyte mRNA was used as posi-
tive control for GR expression, whereas TEC purity was
tested for hematopoietic cell contamination using CD45
primers. 185 rRNA was used as an internal control (A). GR
protein was detected by confocal microscopy using a-GR-
FITC-labeled antibody (green) in frozen sections of untreated
adult BALB/c thymi. TECs were detected using a-EpCAM1
antibody visualized by a-rat-Northern Light 637 second-
ary antibody (red). Nuclei were counterstained with 4’,6-
diamidino-2-phenylindole (DAPI) (blue) (B). Corresponding
sections were probed with an irrelevant antibody as a
staining control. Data shown above are representative of
three separate experiments.

for the general epithelial cell marker, EpCAM1 and Ly51% to
differentiate between medulla and cortex. Within 24h, DX
treatment induced marked reduction in epithelial cell-surface
markers (Fig. 2B), particularly affecting the medullary
(EpCAM17Ly517) thymic compartments. The remaining
TECs were purified from GC-treated thymi based on Ep-
CAM1 expression. In the purified TEC population, gene
transcription was analyzed using quantitative real-time RT-
PCR. During embryonic development, TEC maturation is
regulated by Wnt-47"; therefore Wnt-4 levels were assayed.
Quantitative real-time RT-PCR analysis and immunohisto-
chemistry confirmed that both Wnt-4 mRNA (Fig. 2A) and
protein levels (Fig. 2B) decreased significantly after 24 h of
DX exposure. FoxN1, a transcription factor essential for
thymic organogenesis and maintenance of TEC identity di-
rectly regulated by Wnt-4 expression,*was also found to be
significantly decreased (Fig. 2A). FoxN1** and Wnt-4 mRNA
levels were also measured a week later and appeared to re-
main significantly low (Fig. 2A).

As physiological thymic involution correlates with the
upregulation of preadipocyte markers LAP2:*° and PPARy,
the expression of these markers was also tested following DX
treatment—induced involution. One day, 1 week, 1 month,
and 3 months after DX exposure, TECs were purified and
then analyzed using quantitative (q) RT-PCR. At day 1, the
expression of LAP20*° and PPARy was low (data not
shown), but it became upregulated a week later (Fig. 2C),
indicating that it takes several days of Wnt-4 and FoxN1
depletion to affect preadipocyte differentiation markers. By 1
month and even by 3 months after DX treatment, Wnt-4
mRNA expression only partially increased while FoxN1,
LAP2x, and PPARy mRNA levels returned close to normal
levels (within standard deviation) supporting the time frame
of recovery (Fig. 3A).

To analyze how thymic morphology is affected, thymic
sections were stained for EpCAM1/Ly51. Three months after
DX treatment, no significant differences were detected be-
tween DX-treated and age-matched controls (Fig. 3B), except
for the medulla, which still appeared somewhat shrunken
in DX-exposed animals (Fig. 3B). To determine thymic me-
dullar mass, qPCR was performed for the medullary marker
autoimmune regulator (AIRE) gene.* No significant difference
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FIG. 2. Dexamethasone (DX)-induced effect on Wnt-4, Foxn1,
adipocyte-related genes, and general morphology of the thy-
mus. Foxnl and Wnt-4 gene expression pattern (A) of purified
control and DX-treated thymic epithelial cell (TEC) control ((J),
for 24h (M). Gray bars (W) represent gene expression 168h
after DX treatment and asterisks (*p < 0.05) indicate significant
differences (=3 in each group). Note the scale differences
for gene expression. Thymic sections of phosphate-buffered
saline (PBS)- and DX-treated mice (24 h) were stained with a-
EpCAMI-FITC (green) and a-Ly51-PE (red) monoclonal anti-
bodies to reveal medullary and cortical compartments. The
staining revealed depletion of mTECs following 24h of DX
administration. Images are representative of three independent
experiments (B, leff). Wnt-4 expression of control and DX-
treated thymi is also shown (B, right). Wnt-4-Northern Lights
557 (red) and EpCAMI-FITC (green) in Ctrl and DX-treated
thymi are presented (24h). Images are representative of three
independent experiments. Induction of adipose tissue-related
genes in TEC following DX-treatment. (C) Expression of lamina
associated polypeptide-20 (LAP2a), peroxisome proliferator
activator receptor-y (PPARy), and adipose differentiation-
related protein (ADRP) were tested in TECs 168 h after a single
DX injection and was found to be elevated in DX-treated
samples (M) (with an exception of ADRP), compared to control
(0). Gene expression was normalized to 185 rRNA. All bars
show means -t standard deviation (SD). Results are represen-
tative of three independent experiments (12 = 3).
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FIG. 3. Recovery of the thymic epithelial cell (TEC) com-
partment after dexamethasone (DX) treatment takes 3 months.
(A) Bars show the gene expression changes of purified TEC:
Control () and dexamethasone (DX) treated (H). The level
of Wnt4 remained significantly low even after 3 months
(*r<0.05), the levels of lamina associated polypeptide-2a
(LAP20) and peroxisome proliferator activator receptor-y
(PPARy) were found to be unaltered, whereas adipose
differentiation-related protein (ADRP) expression was found
to be decreased. Note the scale differences for gene expression.
Morphological analysis of age-matched control (Ctrl) versus
DX-treated thymi after 3 months using EpCAM-Ly51 (TEC
network) (B, left) and EpCAM-ER-TR7 (TEC and fibroblast)
(B, right). In B (left), in the treated samples, the size of medulla
appears to be smaller, but the TEC network is normal. In B
(right), no remarkable differences are observed in general
morphology using the ER-TR7 fibroblast marker staining on
thymic sections of control and DX-treated mice. Images are
representative of three independent experiments. In C, auto-
immune regulator (AIRE) expression is shown in control ((J)
and DX- (M) purified TEC after 3 months, with no significant
difference, indicating full mTEC recovery. All bars show
means =+ standard deviation (SD) (11 =3).
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was detected in AIRE expression after 3 months of DX treat-
ment (Fig. 3C), indicating the full competence of the mTEC
compartment. Because EMT seems to precede preadipocyte
transdifferentiation during physiological aging,* the staining
pattern of fibroblast marker ER-TR7 was also examined fol-
lowing DX treatment. Apart from the scattered focal staining
pattern of ER-TR7 in DX-treated thymi, no sign of significant
EMT (Fig. 3B) was detected, supporting molecular data
showing that 3 months is sufficient for TEC recovery.

Effects of sustained GC administration

To mimic the pattern of clinical applications of GCs, mice
were injected with DX repeatedly for a time course of 1
month. TECs were examined and drastic downregulation of
both Wnt-4 and Foxnl mRNA levels was detected (Fig. 4A).
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FIG. 4. Effect of continuous dexamethasone (DX) treatment
on thymic epithelial cell (TEC) gene expression and archi-
tecture. (A) Bars showing the mean = standard deviation
(SD) (12 =3) of Wnt-4, Foxn1, lamina associated polypeptide-
20 (LAP23), peroxisome proliferator activator receptor-y
(PPARy), and adipose differentiation-related protein (ADRP)
expression of control ((J) and DX-treated (M) TEC. The
levels of Wnt-4, Foxn1, and LAP2a were found to be reduced
after repeated in vivo DX injections, whereas PPARy was
unaltered. Additionally, ADRP was found to be elevated in
DX-treated samples. Note the scale differences for gene ex-
pression. EpCAM1-Ly51 co-staining on thymus sections re-
vealed that in DX-treated samples, the medullar area seems
to be smaller compared to control (B, leff). ER-TR7 staining
showed no significant increase but became more punctuated
in DX-treated samples. Images are representative of three
independent experiments.
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Although expression of early preadipocyte transdifferentia-
tion markers LAP20 and PPARy showed no significant al-
terations by this advanced time point, the downstream
adipocyte differentiation factor ADRP was significantly in-
creased in purified TECs of DX-treated animals (Fig. 4A),
indicating that prolonged GC treatment pushed pre-
adipocyte type transdifferentiation significantly further than
a single-dose DX injection. In harmony with the molecular
data, a strong decrease in the medullary compartment (Fig.
4B) was detected while the pattern of the fibroblast marker
ER-TRY7 (Fig. 4B) became punctuated in DX-treated thymi.

Wnt-mediated inhibition of steroid-induced
adipose transdifferentiation

On the basis of our inn vivo experiments, Wnt-4 and FoxN1
have a primary role in GC-triggered adipose involution.
However, because thymocyte and TEC interactions are vi-
tally important for the normal homeostasis of the thymus,*!
it was important to test whether mass depletion of thymo-
cyte populations was the trigger to Wnt-4 and consequently
FoxN1 downregulation, or was direct consequence of DX
exposure. To answer this question, the TEP1 thymic epithe-
lial cell line was also exposed to DX for 1 week and then
molecular changes were analyzed. While Wnt-4 gene tran-
scription was moderately downregulated LAP2¢ PPARy and
its downstream target ADRP were significantly increased
(Fig. 5A), indicating that DX treatment directly induces
changes leading to preadipocyte type transdifferentiation. To
test the role of Wnt-4 in this process, a Wnt-4-overexpressing
TEP1 cell line was created and then treated with DX for a
week. True to our expectations, Wnt-4 was able to inhibit
preadipocyte-type fate commitment of the cell line, and no
significant changes were detected in preadipocyte-type
transdifferentiation markers (Fig. 5B). Interestingly, because
the TEP1 cell line does not express FoxN1 (unpublished ob-
servation), it has become evident that the absence of Wnt-4
alone is required and sufficient to allow preadipocyte-type
transdifferentiation, and apparently FoxN1 has no significant
role in the process.

Discussion

Our studies confirm that, beside T 1ymphocytes,8'9 den-
dritic cells,**?* and TEC lines,"® primary TECs also express
GR-rendering TECs directly sensitive to GCs. Following GC
exposure, and similar to physiological aging, DX treatment
triggered Wnt-4 and FoxN1 downregulation, leading to
increased expression of preadipocyte-type differentiation
markers LAP2z and PPARy.>**® LAP2o and PPARy levels
increased within a week following DX exposure, highlight-
ing the accelerated rate of GC-induced aging compared to
physiological senescence. This is in harmony with literature
data, because the involvement of PPARy has also been con-
firmed in the induction of thymic involution and ectopic
adipogenesis by recent studies using Rosiglitazone,35 an ac-
knowledged PPARy agonist.

The described increase of LAP2«, PPARy, and ADRP ex-
pression is not likely to occur due to the enrichment of either
mTEC or cTEC compartments. In untreated TECs, the LAP2x
expression level is similar in both epithelial subsets (data not
shown), indicating no difference in sensitivity to adipocyte
transdifferentiation inducing factors.
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FIG. 5. Wnt-4 overexpression of the TEP1cell line over-
comes dexamethasone (DX)-induced adipocyte-related gene
expression in TEP1 cells. Gene expression changes in TEP1 -
cell lines following 168 h of DX-treatment. The mRNA levels
of Wnt-4, lamina associated polypeptide-2a (LAP2v), per-
oxisome proliferator activator receptor-y (PPARy), and adi-
pose differentiation-related protein (ADRP) was tested in
solvent- and DX-treated normal (A) and Wnt-4-over-
expressing TEP1 (B). White bars indicate solvent-treated
control and black bars show the values of DX-treated sam-
ples. Results are representative of three independent exper-
iments and showing means - standard deviation (SD). Note
the different scales for gene expression.

Interestingly, as confirmed by histology, DX-treated thymi
regained close-to-normal morphology 3 months following
exposure, whereas DX-triggered effects were still detectable
at the molecular level. Repeated DX administration resulted
in drastic reduction of both Wnt-4 and FoxN1 expression and
significant increase of ADRP expression, showing no sign of
recovery at the mRNA level. Literature data are supportive,
because prolonged decrease in FoxN1 and Wnt-4 expression
have recently been demonstrated to lead to degeneration of
the thymic epithelial network.* The reported phenotype was
strikingly similar to age-associated involution of the thymus,
except for the dramatically accelerated pace similar to that

TALABER ET AL.

observed following GC administration. Others reported that
ubiquitous deletion of FoxN1 in the postnatal thymus has
also caused thymic atrophy and severe deterioration of the
TEC network.”” Because FoxN1 expression is Wnt-4 depen-
dent,”! Wnt-4 appears to be a realistic candidate molecule to
defend the thymus against adipose involution. Using the
Wnt-4-overexpressing TEP1 cell line, the working hypothesis
was confirmed, because Wnt-4 overexpression could effec-
tively block DX-induced increase of adipocyte markers and
protect thymic epithelium-derived cells against DX-induced
senescence at the molecular level.

In the present work, DX was shown to trigger accelerated
thymic aging accompanied by thymic involution.'>!**
Using markers identified in our previous studies,” we
demonstrate that the processes of physiological and GC-
induced accelerated thymic senescence share similar molec-
ular mechanisms yet operate at different time scales. Because
GCs are used relatively often in clinical therapies for sustained
periods to suppress actual flares of autoimmune diseases, our
results call attention to a currently neglected potential side
effect of sustained GC treatment, namely induced accelerated
thymic epithelial aging. Accelerated thymic epithelial aging
impairs TEC functions, including deletion of potentially au-
toimmune naive T cells, as well as allows for accumulation of
T cells proliferating in the periphery. Therefore GC-induced
accelerated thymic epithelial senescence could provide per-
missive context for the development of T cell-mediated au-
toimmune diseases. This would mean that GC treatment
could paradoxically lead to the emergence of immune pa-
thologies, including certain autoimmune diseases.>** Our
findings concerning Wnt-mediated inhibition of GC-triggered
accelerated thymic senescence are also particularly important,
becasue Wnt-4 could potentially be a candidate molecule to
inhibit adipose involution of the human thymus following GC
treatment or even physiological senescence, although further
in vivo experiments are required to clarify the potential
application process.
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Abstract

Age-associated thymic involution has considerable physiological impact by inhibiting de novo T-cell selection. This impaired
T-cell production leads to weakened immune responses. Yet the molecular mechanisms of thymic stromal adipose
involution are not clear. Age-related alterations also occur in the murine thymus providing an excellent model system. In the
present work structural and molecular changes of the murine thymic stroma were investigated during aging. We show that
thymic epithelial senescence correlates with significant destruction of epithelial network followed by adipose involution. We
also show in purified thymic epithelial cells the age-related down-regulation of Wnt4 (and subsequently FoxN1), and the
prominent increase in LAP2a expression. These senescence-related changes of gene expression are strikingly similar to
those observed during mesenchymal to pre-adipocyte differentiation of fibroblast cells suggesting similar molecular
background in epithelial cells. For molecular level proof-of-principle stable LAP2a and Wnt4-over-expressing thymic
epithelial cell lines were established. LAP2x over-expression provoked a surge of PPARy expression, a transcription factor
expressed in pre-adipocytes. In contrast, additional Wnt4 decreased the mRNA level of ADRP, a target gene of PPARY.
Murine embryonic thymic lobes have also been transfected with LAP2a- or Wnt4-encoding lentiviral vectors. As expected
LAP2a over-expression increased, while additional Wnt4 secretion suppressed PPARy expression. Based on these pioneer
experiments we propose that decreased Wnt activity and increased LAP20o. expression provide the molecular basis during
thymic senescence. We suggest that these molecular changes trigger thymic epithelial senescence accompanied by adipose
involution. This process may either occur directly where epithelium can trans-differentiate into pre-adipocytes; or indirectly
where first epithelial to mesenchymal transition (EMT) occurs followed by subsequent pre-adipocyte differentiation. The
latter version fits better with literature data and is supported by the observed histological and molecular level changes.
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Introduction Signaling pathways of thymic epithelial cell development

and maintenance

Understanding  signaling mechanisms that regulate tissue
development and maintenance of thymic epithelial cells might
reveal the process of adipose involution. Certainly, maintenance

Thymic senescence
Thymic senescence begins early, around late puberty. This
process is called adipose involution, as the thymus is invaded by

adipose tissue [1]. Due to decrease in thymic epithelial tissue mass,
the thymus can no longer support the same output of T-cell
production [2]. Therefore peripheral blood T Ilymphocyte
composition exhibits the dominance of memory T lymphocytes
resulting in impaired responses towards novel, particularly viral
infections [3,4,5]. Since the thymic epithelium has a key role in
deleting auto-reactive T-cell clones, functional impairment
increases the chances of developing auto-immune disease [6]. If
we were able to slow down or even stop the loss of thymic
epithelium the elderly would have a better chance to address late-
onset autoimmune diseases and viral infections. However, despite
studies of thymic senescence, the molecular mechanism of thymic
aging remains elusive.

':@_'. PLoS ONE | www.plosone.org

and functional integrity of the thymic stroma requires stimuli
through Notch, BMP, and Wnt signaling pathways [7,8,9,10,11].
Undoubtedly, the Wnt family of secreted glycoproteins is one of
the best analyzed among the required ligands [12]. Most members
of the nineteen known Wnt glycoproteins have been implicated in
both the development of embryonic thymus and the maintenance
of adult thymic epithelium [13]. In the thymus, Wnt ligands
originate primarily from thymic epithelial cells and activate a
highly complex signaling network via ten G-protein dependent
receptors called Frizzleds (Fz), and their co-receptors of low-
density lipoprotein receptor-related proteins 5/6 called LRP5/6
[14,15]. The actual constellation of ligands, receptors, co-receptors
and further regulatory molecules define Wnt-mediated effects.
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Recent studies have highlighted Wnt4 as responsible for the direct
up-regulation of FoxIN1, a key transcription factor responsible for
the differentiation of thymic epithelial cells and the subsequent
maintenance of thymic epithelial identity [13]. Interestingly, the
Wnt/ B-catenin pathway is known to efficiently block the adipocyte
differentiation program in mesenchymal elements like fibroblasts
[16,17,18,19].

Trans-differentiation of fibroblasts into adipocytes
Studies with fibroblast cells have also revealed that fibroblast to
pre-adipocyte transformation is strongly connected to LAP2¢, the
member of the LAP2 protein family [17]. To date there are 7
classified intranuclear LAP2 polypeptides marked by the Greek
alphabet. They are all splice variants of the same LAP2 gene
previously called thymopoietin.  While most splice variants
associate with the nuclear envelope, LAP20 is involved in several
nucleoplasmic activities including cell-cycle control and differen-
tiation [20,21]. LAP2a is synthesized in the cytoplasm and is then
transported into the nucleus by a PKC-dependent mechanism
[22]. The mere over-expression of LAP2a. in fibroblasts is known
to directly up-regulate PPARY expression, an acknowledged
marker and key transcription factor of pre-adipocyte differentia-
tion [17]. In pre-adipocytes PPARY expression is followed by an
increase of ADRP expression (adipose differentiation-related
protein) a known direct target gene of PPARYy. Although LAP2a

Thymic Epithelial Senescence

over-expression alone initiates pre-adipocyte differentiation in
fibroblasts, it is not sufficient to complete the adipocyte
differentiation program in the absence of additional stimuli [17].

Results and Discussion

Disintegration of epithelial network

Senescence exhibits characteristic histological changes in both
the human and mouse thymus [1,23]. In order to demonstrate this
process the thymic lobes of 1 month and 1 year old BALB/c¢ mice
were analyzed (see Figures 1A and 1B). In young adult mice,
histology revealed strict segregation of epithelial cell compartments
by staining for medullary (EpCAMI™, Ly517) and cortical
(EpCAMI™, Ly51™") epithelial cellular subsets (Figure 1A). This
shows high level of morphological integrity just preceding
puberty/early adulthood. However, the highly organized structure
disintegrates and becomes chaotic by the age of 1 year (Figure 1B).
By this age the previously shown strict cortico-medullary
delineation becomes disintegrated, degenerative vacuoles appear
surrounded by areas showing strong co-staining with both
epithelial markers. There are also other large cellular areas that
lack staining with either epithelial marker, a pattern completely
absent at the young adult age.

Staining of extracellular matrix components of fibroblast origin

(ER-TR77) was also performed on cryostate thymic sections of 2

*

100.M

Figure 1. Disintegration of epithelial network. Figure 1A demonstrates cryostat section of 1 month, whereas figure 1B presents cryostat section
of 1 year old BALB/c mouse thymus. Staining pattemn: anti-EpCAM1-FITC (green), anti-Ly51-PE (red), DAPI (blue). ‘M’ marks medullary (EpCAM1**,
Ly517), while ‘C’ marks cortical (EpCAM1*, Ly51*") epithelial compartments on Figure 1A. Single asterisk (¥) marks degenerative vacuoles, while
double asterisk (**) mark the loss of epithelial staining on Figure 1B. Figure 1C (lower left) shows cryostate section of 2 month, whereas figure 1D
(lower right) demonstrates cryostate section of 9 month old BALB/c mouse thymus. Staining pattern: anti-EpCAM1-FITC, ER-TR7-PE, DAPI (blue). The
EpCAM1** thymic medulla is outlined by continuous line on Figures 1C and 1D for easier visualization.

doi:10.1371/journal pone.0010701.g001
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month and 9 month old BALB/c mice to identify epithelial and
mesenchymal elements in young adult and aging thymic lobes. The
above ages were selected to check additional time points and more
precisely map the timeframe of thymic physiological senescence (see
Figures 1C and 1D). The staining patterns are strikingly different at
the two ages examined. In the 2 month old thymic tissue section a-
EpCAMI and ER-TR7-staining show little tendency for co-
localization. In stark contrast, by the age of 9 months a-EpCAMI1
and ER-TR7-staining show significant overlap within the thymic
medulla, a phenomenon completely absent at earlier ages.

Adipose involution

To demonstrate how the disorganization of thymic epithelial
network is followed by the emergence of adipocytes, thymic
sections of 1.5 year old GFP-transgenic BALB/c mice were
analyzed. This mouse strain develops and reproduces exactly like
control BALB/¢ mice, and the thymic epithelial function and
thymocyte maturation is indistinguishable from wild type controls
[24]. However, due to the ubiquitous and strong EF1l promoter-
driven transgene transcription, bright GFP expression offers a
native, green-colored, cytoplasmic staining for all the cells in these
mice. Thymic sections of senescent GFP-transgenic mice were co-
stained with LipidTox Red to identify adipocytes. Histology shows
the presence of relatively large, inflated cells in which the green-
colored (GFP-containing) cytoplasm is pushed to the periphery by
red-staining neutral lipid deposits, a pattern characteristic of
adipose cells (see Figure 2).

Molecular changes of thymic epithelium

Having presented structural changes of thymic epithelial
senescence, we set out to investigate the underlying molecular
events. In order to detect gene expression changes, thymic
epithelial cells were purified from 1 month and 1 year old
BALB/ ¢ mice based on EpCAM1 expression (MACS separation).
Following ¢cDNA synthesis, quantitative RT-PCR analysis was
performed. Several genes including Wnt4, FoxNI, PPARY,
ADRP, laminl and LAP2o were tested (Table 1 lists primer
sequences and characteristics, see Figures 3A-D for changes in
gene expression). Figure 3A shows that the expression of both
Wnt4 and FoxNI1 decreases in thymic epithelial cells. Highly
decreased level (or total absence in some cases) of FoxN1 could be

100uM

Figure 2. Adipose involution. Figure 2 shows adipose involution
over cryostat section of 1.5 year old GFP-transgenic BALB/c mouse
thymus. Staining pattern: GFP (green), LipidTox Red (red).
doi:10.1371/journal.pone.0010701.g002

?@: PLoS ONE | www.plosone.org
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the consequence of strong Wnt4 down-regulation by the age of 1
year, indicating that thymic epithelial cells can down-regulate
FoxIN1 expression while maintaining that of epithelial cell surface
markers like EpCAMI [13]. At the same time, mRNA levels of
pre-adipocyte differentiation markers PPARy and ADRP rise with
age in the same, EpCAMI-positive cell population (Figure 3C).
This finding is in harmony with histological data demonstrating
the emergence of adipocytes in the thymic lobes of senescent mice
(Figure 2). The expression of laminl, a key component of the
nuclear lamina remains unaffected during senescence in thymic
epithelial cells; whereas, the expression of LAP2o increases
significantly (see Figure 3B). This degree of dissociation between
laminl and LAP20 expression is of note and suggests functional
differences despite conventionally anticipated association of
laminl and LAP2 molecular family members. The measured
LAP2o up-regulation associated with age-related adipose involu-
tion is, however, in perfect agreement with other literature data
suggesting the pre-adipocyte differentiation-promoting effect of
LAP20 in fibroblasts [17]. This is the first report to show that such,
normally fibroblast associated molecular changes occur in purified
thymic epithelial cells. In the literature, epithelial-mesenchymal
transition is associated with differential expression of E- and N-
cadherin [25]. While E-cadherin decreases, N-cadherin normally
compensates for the loss of E-cadherin expression. To investigate
whether the first step towards pre-adipocyte differentiation is the
epithelial-mesenchymal transition of epithelial cells, gene expres-
sion changes of E-cadherin and N-cadherin were measured
(Figure 3D). While E-cadherin mRNA levels significantly de-
creased, N-cadherin gene expression showed a slight increase,
indicating that EMT might be the initial step in epithelial cell
transition to become pre-adipocytes.

Transgenic cell lines

Stable LAP20. over-expressing or Wnt4-secreting transgenic
TEP1 cell lines were established using lentiviral transgenesis. The
use of a primary-derived model cell line provides the advantage of
absolute purity, the complete lack of other cell types that could
potentially affect the gene expression profile of epithelial cells [26].
The established transgenic cell lines proliferated normally and did
not show obvious signs of phenotypic changes (data not shown). In
contrast to morphology, quantitative RT-PCR analysis revealed
that LAP20. over-expression triggers an immense surge of PPARYy
expression (Figure 4). Such an increase in mRNA level suggests
that this is not a plain quantitative, but rather a qualitative change.
ADRP a direct target gene of PPARY was also up-regulated albeit
to a lesser extent (Figure 4). On the other hand in Wnt4-secreting
TEPI cells the mRNA level of both PPARY and ADRP was
decreased (Figure 4). In the TEPI cell line the expression of FoxN1
could not be addressed as it is very low/undetectable and remains
as such with all the tested treatments {(data not shown).

Transfected embryonic thymic organ cultures

To confirm the involvement of LAP20 and Wnt4 during
adipogenesis through their direct effect on PPARY expression in
primary cells, murine thymic lobes were isolated from timed
pregnancies at E12. Thymic lobes at the age of E12 provide an
excellent experimental setting where the thymus has just been
formed and there is no sign of aging. Furthermore, thymic lobes at
this stage are also small enough to be both cultured and transfected
as a whole, nutrients and virions have free access to most of the
cells in the lobe without the need of disrupting any intercellular
connection or tissue matrix [8,27]. The isolated lobes were
therefore transfected with lentiviral vectors encoding GFP (mock),
Wnt4 or LAP2o and were cultured for 4 days i vitro. Q-PCR was

May 2010 | Volume 5 | Issue 5 | €10701

145



dc_267 11

Table 1. List of gene specific PCR primers.

Thymic Epithelial Senescence

E-cadherin

N-cadherin

5'- AAG TGA CCG ATG ATG ATG CC -3'
5' - GTG GAG GCT TCT GGT GAA AT - 3’

Gene Forward primer Reverse primer

B-actin 5'-TGG CGC TTT TGA CTC AGG A -3' 5'-GGG AGG GTG AGG GAC TTC C - 3’

Wnt4 5'-CTC AAA GGC CTG ATC CAG AG - 3' 5'-TCA CAG CCA CAC TTC TCC AG - 3'

LAP2a 5'-TGA ACT GCA GGC AGC TAA GA-3’ 5'-TCA TAG CTA GAC TCT GAG G-3’

Lamin1 5' - TGA GTA CAA CCT GCG CTC AC -3’ 5’ - TGA CTA GGT TGT CCC CGA AG -3’

PPARY 5' - CCC AAT GGT TGC TGA TTA CAA A -3’ 5’ - AAT AAT AAG GTG GAG ATG CAG GTT CT -3’
ADRP 5' - CGC CAT CGG ACA CTT CCT TA -3’ 5' - GTG ATG GCA GGC GAC ATC T -3’

5'- CTT CAT TCA CGT CTA CCA CGT -3’
5" - CTG CTG GCT CGC TGC TT - 3/

FoxN1
(Mm00477457_m1)

Applied Biosystems TagMan probe PN4351272

doi:10.1371/journal.pone.0010701.t001

performed to confirm over-expression of LAP20; and Wnt4 in the
embryonic thymic lobes as a result of lentiviral transgenesis
(Figure 5A) and their effect on PPARY expression was also
analyzed (Figure 5B). The level of over-expression was confirmed
following transfection with both LAP20- and Wnt4-encoding viral
vectors. Q-PCR analysis revealed that LAP2o over-expression
triggers an increase of PPARYy expression, whereas additional
Wnt4 secretion suppresses PPARY level (Figure 5B). The latter
Whnt4-mediated suppression of PPARY expression in cultures of
E12 thymic embryonic lobes was also confirmed by treatment with
Wnit4-containing supernatants of Wnt4 over-expressing TEP1 cell
line (data not shown). Interestingly, the expression of FoxN1 did
not decrease in LAP2o over-expressing thymic lobes (data not
shown), possibly due to high levels of Wnt4 in the embryonic

B Wnt4 B FoxN1

thymic tissue preserving FoxN1 status. Our molecular studies
using E12 thymic lobes confirmed our data obtained with the
TEPIL cell lines, that even in embryonic thymic tissue pre-
adipocyte differentiation markers can be up-regulated in the
presence of LAP2¢, indicating that the process can be dissected
and controlled at a molecular level.

Conclusion

Here we show that with senescence, thymic epithelial Wnt4
secretion decreases, possibly below a threshold level that is
required to maintain the identity of established thymic epithelial
cells. This is measured by the loss of FoxN1 expression, a key
transcription factor defining thymic epithelial cell identity.
However, these epithelial cells still express cell surface markers
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Figure 3. Molecular changes in thymic epithelium. Figures 3A-D demonstrate gene expression changes of MACS purified thymic epithelial
cells measured by Q-PCR. Please note that the Y-axis scale is logarithmic. Error bars show +1 SD.

doi:10.1371/journal.pone.0010701.g003
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Figure 4. Confirmation in transgenic thymic cell lines. Figure 4
shows gene expression changes of LAP2o. and Wnt4 over-expressing
transgenic TEP1 cells measured by Q-PCR. Please note that Y-axis scale
is logarithmic. Error bars show +1 SD.
doi:10.1371/journal.pone.0010701.g004

characteristic for thymic epithelial cells — i.e. EpCAMI1. Wnt4
deprivation opens up an opportunity for trans-differentiation
into pre-adipocytes. The simultaneous increase in LAP2o
expression provides the necessary signal that pushes de-
differentiated thymic epithelial cells to differentiate into pre-
adipocytes, as detected by increased mRNA levels of PPARYy
and ADRP.

We propose two different mechanisms for the process of adipose
involution (see Figure 6). The first allows for the direct initiation of
pre-adipocyte differentiation from de-differentiated thymic epi-
thelial cells due to the down-regulation of Wnt4 and up-regulation
of LAP20.. Although we cannot rule out this first model, we favor
the second model where the process occurs indirectly: de-
differentiation of thymic epithelial cells triggers EMT first, and
then the resulting fibroblasts undergo the conventional route of
differentiation program towards adipocyte-lineage commitment.
The latter model certainly fits better with current literature of
EMT [28] and is also supported by our histological and molecular
results. Co-localization of a-EpCAMI1 and ER-TR7-staining in the
aging thymic medulla (Figure 1D) confirms that in the 9 month old
thymus there are cells expressing the EpCAMI marker as a legacy
of their primary origin, and also secreting ER-TR7-positive
extracellular matrix components, a function conventionally
attributed to fibroblast cells. Moreover, Q-PCR data obtained
with ¢cDNA samples of MACS-purified thymic epithelial cells also

Level of over-expression

Thymic Epithelial Senescence

Wnt4 secretion decreasing with age

LAP2a expression increasing with age

adipocyte

. ; differentiation (
Y, - ‘!}\. " program o )
7, y

{

EMT

epithelial cells fibroblasts pre-adipocytes

Figure 6. Model for thymic epithelial senescence. Figure 6
demonstrates our molecular level model of thymic adipose involution.
Decreasing Wnt4 and increasing LAP2« levels promote epithelial cells to
differentiate into pre-adipocytes either directly or indirectly via EMT.
doi:10.1371/journal.pone.0010701.g006

demonstrate an age-related shift in cadherin expression levels
characteristic for EMT (Figure 3D) providing additional evidence
for the active process of EMT during thymic epithelial senescence.

Our model of thymic epithelial senescence is based on data
obtained with mice undergoing physiological senescence. This is
the first model for the molecular basis of the thymic epithelium to
undergo adipose involution. This model withstands molecular
level proof-of-principle using both a model cell line and primary
embryonic thymic organ cultures rendered transgenic by lentiviral
transgenesis.

Perspectives

Further experiments, however, are required. We plan using
inducible, LAP20-transgenic mice to allow us precise temporal-
spatial over-expression of LAP2o in adult thymic epithelium to
model and decisively verify the role of LAP2o in pre-adipocyte
trans-differentiation in vive exploiting our experience in establish-
ing transgenic animals [24,29]. If LAP20 proves to be a master
regulator of thymic adipose involution i vivo too, this knowledge
appoints LAP2a as target molecule for directed rejuvenation of the
thymic epithelial structure and function. This rejuvenation process
could theoretically reinforce naive T-cell output to reach young
adult levels that could ameliorate senescence-related immunolog-
ical disorders like impaired antiviral defense and late-onset auto-
immune diseases.

Level of PPARg expression
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Figure 5. Confirmation in transfected thymic lobes. Figures 5A-B present gene expression changes measured by Q-PCR from <cDNA of murine
thymic lobes transfected at E12 and cultured for 4 days in vitro. Please note that Y-axis scale is linear. Error bars show +1 SD.

doi:10.1371/journal.pone.0010701.g005
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Methods

Cell lines and mice

The 293T (ATCC: CRL-11268) and TEPI [26] cell lines were
cultured in DMEM supplemented with 10% FCS, penicillin,
streptomycin and P-mercapto-ethanol (Lonza Walkersville). For
the experiments we used thymic lobes from timed pregnancies at
E12, and also from adult BALB/c mice at 4 week and 1 year of
age, and from 1.5 year old GFP-transgenic BALB/c-mice. Mice
were bred in our animal facility; all animal work has been
conducted according to relevant national and international
guidelines following approval of ethics committee of the University
of Pecs. Senescent animals developed and aged normally, without
any treatment.

Transgenic cell, organ and animal models

The GFP-transgenic BALB/c¢ model was created using lentiviral
transgenesis as published by our group [24]. The Wnt4 sequence
was purchased and subcloned from an Origene (Origene) vector
containing human full-length Wnt4 ¢cDNA. The full-length murine
LAP2o ¢cDNA containing plasmid was a kind gift of Dr. Simon
Amos. The GFP (mock), LAP20 or Wnt4 over-expressing TEP1
cell lines or E12 thymic lobes were generated using lentiviral
vectors that were prepared as described previously [30]. Following
overnight lentiviral transfection the thymic lobes were transferred
over Nucleopore Track-Etch Membranes (Whatman) and were
cultured in DMEM supplemented with 20% FCS, penicillin,
streptomycin, ciprofloxacin, amphotericin-B and B-mercapto-
ethanol (Lonza Walkersville).

Histology using fluorescent antibodies, proteins and dyes

Sections (9 pm) of frozen thymic lobes of BALB/¢ mice were
fixed in cold acetone, then dried and blocked using 5% BSA in
PBS for 20 min before staining with a-Ly51-PE (clone 6C3), a-
EpCAM-FITC (clone G8.8), ER-TR7-PE antibodies and DAPI.
Thymic sections of GFP-transgenic mice were fixed in 4%
paraformaldehyde before staining with LipidTOX Red following
the manufacturer’s instructions (Invitrogen). The sections were
analyzed using an Olympus BX61 microscope equipped with a
CCD camera and AnalySIS software.
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Separation and enrichment of thymic epithelial cells

Thymic lobes were digested with type F collagenase from C.
hystolyticum (Sigma) for 30 min, then washed with DMEM 10%
FCS. Cell suspensions were then labeled with anti-EpCAMI1-
FITC (clone G8.8) and washed with MACS-buffer followed by
incubation with anti-FITC micro-beads (Miltenyi Biotec), the
EpCAM ' -cells were used for total RNA isolation and subsequent
quantitative PCR analysis. The cells were purified using MACS
LS separation columns (Miltenyi Biotec).

RNA isolation, preparation of cDNA, Q-PCR analysis

Total RNA was isolated the RNAII kit (Macherey-Nagel),
including an on column DNA digestion step. ¢cDNA was
constructed using the high capacity RNA to ¢cDNA kit (Applied
Biosystems). For Q- PCR analysis, we used an AB7500 platform
and either SYBR green or TagMan PCR master mix (Applied
Biosystems). Gene expression was normalized to B-actin. The
sequences and data of primers are listed in Table 1.

Statistical analysis

All experiments were performed on three occasions, represen-
tative experiments are shown. Measures were obtained in
triplicates; data are presented as mean £1 SD by error bars.
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for catenin-mediated canonical Wnt signalling in early

T cell development
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Eric J. Jenkinson
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Transcription factors of the T cell factor/lymphoid enhancing factor (Tcf/Lef) family are
key regulators in the development of T cell precursors to the CD4*8" stage. These
factors are known targets of the canonical Wnt signalling pathway, and regulate
transcription of Wnt target genes following interaction with the armadillo repeat-
containing protein B-catenin. However, as recent studies show normal thymocyte
maturation in the absence of either B-catenin or its homologue y-catenin, the role of Wnt
signalling in Tcf/Lef activation during T cell development is controversial. To directly
investigate the importance of catenin-mediated Wnt signalling in early thymocytes, we
have compared the expression of - and y-catenin and analysed distinct stages of T cell
precursor maturation following overexpression of inhibitor of B-catenin and Tcf (ICAT),
which inhibits Wnt signalling by preventing binding of armadillo repeat-containing
proteins to Tcf/Lef. By direct retroviral gene targeting of CD4°8 and CD4*8*
precursors, we show that ICAT overexpression inhibits the CD478 -to-CD4"87
transition, but not the CD4*8%-to-CD4*8~ or -CD478* transition. Collectively, our
data support a model in which canonical Wnt signalling influences T cell development in
the thymus by playing an essential role in the maturation of CD478" but not CD4*8*
thymocytes.
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Introduction

The generation of functionally competent T cells
requires blood-borne migrant precursors to enter the
thymus and undergo a series of developmental events
that are regulated by the surrounding stromal micro-
environment [1, 2]. Two important checkpoints during
T cell development are regulated by cell-surface-
expressed T cell receptor (TCR) complexes [3]. Thus,
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immature CD478" T cell precursors which have under-
gone successful in-frame TCR f chain rearrangement
receive signals through the pre-TCR complex to
proliferate and express both CD4 and CD8 co-receptors
[4, 5]. The fate of CD4"8" cells is then determined by
afTCR interactions with self peptide/MHC complexes
to eliminate potentially autoreactive cells and generate
self MHC-restricted CD4™ and CD8™ T cells which exit
the thymus for the periphery [6-8].

In addition to TCR-mediated signals, thymic epithe-
lial cells are also known to be key mediators of
thymocyte differentiation, and regulate several signal-
ling pathways that play a role during thymocyte
development. Thus, thymic epithelial cells express
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Notch ligands, with Notch/Notch ligand interactions
generating signals implicated in a number of develop-
mental events, including commitment to the T cell
lineage [9], and the af/yd [10] and CD4/CD8 lineage
choices [11]. In addition, thymic epithelial cells express
genes encoding members of the Wnt family of secreted
glycoproteins known to play a widespread role in
development [12]. In conjunction with the expression of
Wnt-binding frizzled (Fz) receptors by developing
thymocytes, these findings suggest that Wnt production
by thymic epithelium is another mechanism whereby the
thymic stromal microenvironment regulates T cell
precursor maturation [12]. Consistent with this,
Wnt-1- and Wnt-4-deficient mice show a reduction in
overall thymocyte numbers [ 13], while inhibition of Wnt
binding to cell surface Fz receptors by retroviral
expression of soluble Fz molecules has also been shown
to inhibit the development of fetal-liver-derived pre-
cursor in fetal thymus organ cultures [14].

A known consequence of Wnt binding to Fz receptors
is activation of the canonical Wnt signalling pathway
resulting in hypophosphorylation and consequent
stabilisation of (-catenin, which translocates to the
nucleus where it complexes with the transcription
factors of the T cell factor/lymphoid enhancing factor
(Tcf/Lef) family to induce target gene transcription [15,
16]. Importantly, Tcf-1 and Lef-1 are expressed by T cell
precursors and have been shown to play a key role
during early stages of T cell development. Most notably,
Lef-1-knockout mice that express low levels of a
truncated form of Tcf-1 [Tcf***°Lef-177] show a
profound block in thymocyte development, prior to
the appearance of CD4*8" cells [17, 18].

However, despite these findings supporting a role for
Whnt signalling and Tef/Lef activation during thymocyte
development, the role of the canonical B-catenin-
mediated Wnt signalling pathway in mediating these
responses is controversial. Thus, deletion of B-catenin in
CD478" T cell precursors has been reported to result in
either a partial blockade at the CD478" stage [19], or to
have no discernable effect on T cell development in the
thymus [20]. One possibility for this discrepancy is that
Wnt-mediated activation of Tcf/Lef in the absence of
B-catenin is instead due to the homologue y-catenin,
which s also capable of activating members of this family
of transcription factors [21]. Indeed, y-catenin-deficient
mice have recently been shown to have normal T cell
development [22], suggesting the possibility of func-
tional redundancy between (- and y-catenin. Alterna-
tively, the essential requirement for Tef/Lef activation in
thymocyte maturation may be mediated by non-
canonical, - and y-catenin-independent pathways.

In this study we have attempted to distinguish
between these possibilities and clarify the potential
importance of canonical Wnt signalling in the thymus by

© 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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comparing the availability of both B- and y-catenin in
developing thymocytes and by overexpressing inhibitor
of B-catenin and Tef (ICAT), a naturally occurring
negative regulator of the canonical Wnt signalling
pathway [23-25], at specific stages of T cell develop-
ment. ICAT inhibits Tcf/Lef activation by binding to
armadillo repeats present within both (-catenin and
y-catenin, but not other more distantly related members
of the armadillo repeat-containing family of proteins
[23-25], thereby preventing binding of these potential
mediators of the canonical pathway to Tef/Lef.

We show that both y-catenin and B-catenin are
present throughout the CD478" double-negative
(DN) 1-4 stages of T cell development and that
overexpression of ICAT in immature T cell precursors
results in a developmental block in T cell development
prior to the CD4"8" stage. In contrast, restricting
overexpression of ICAT to CD4*8" thymocytes does not
prevent their ability to generate CD4*8 and CD4 8"
single-positive thymocytes, indicating that canonical
Wnt signalling is not essential for these later events.
Collectively, our data provide direct evidence that
mediation of Wnt signalling by p-catenin or its
homologues plays an important but stage-specific role
during T cell development.

Results

Both B- and y-catenin are expressed throughout
CD4 8 stages of thymocyte maturation

Gene targeting studies have indicated that a normal
programme of T cell development can occur in the
absence of either B- or y-catenin [20, 22]|. However,
these observations do not exclude the possibility of
functional redundancy between these molecules, since
both are able to activate members of the Tcf/Lef family,
although the ability of y-catenin to activate Tcf-1 is still
unclear [21]. Although it has been suggested that
y-catenin, unlike (-catenin, is not readily detected in
T cells [20], this has not been examined in detail in
relation to developing thymocyte subsets during fetal
thymus development. To ascertain whether both
B-catenin and vy-catenin are available during the
developmental stages when Tcf/Lef activation has been
implicated in thymocyte maturation, we carried out
RT-PCR analysis to analyse expression of these genes in
purified DN thymocyte subsets. As shown in Fig. 1,
mRNA for both molecules is detectable throughout the
DN1 to DN4 CD478 stages. Thus, these findings provide
support for the possibility that Wnt-induced Tcf/Lef
activation in early thymocyte development could be
mediated by either - or y-catenin.
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Fig. 1. B-Catenin and y-catenin are expressed throughout the
CD478" stages of T cell development. Freshly purified CD478"
thymocytes were subdivided into CD44'25~ (DN1), CD44'25"
(DN2), CD44725" (DN3) and CD44725" (DN4) subsets, and
analysed by RT-PCR for expression of p-catenin (B) and
v-catenin (C), with equal loadings of cDNA being assessed by
analysing B-actin (A). Data shown are representative of three
separate experiments.

Overexpression of ICAT blocks T cell development
prior to the CD4"8" stage

The naturally occurring negative regulator of the
canonical Wnt signalling pathway, ICAT, has been
shown to interact with armadillo repeats present in
both B- and y-catenin, thereby inhibiting interaction of
these molecules with Tef/Lef [23-25]. To investigate the
effects of ICAT-mediated inhibition in primary devel-
oping thymocytes, we prepared retroviral constructs
containing either GFP alone or GFP-ICAT to enable
identification of successfully transfected cells and a
measure of the level of construct expression. Exposure of
E14 CD478 thymocyte suspensions to retroviral super-
natants followed by re-incorporation into reaggregate
thymus organ cultures resulted in the appearance of
clearly defined GFP* populations within 24 h
(Fig. 2A, B). Importantly, when these GFP* populations
were sorted and subjected to analysis by RT-PCR,
overexpression of ICAT in the Mig-ICAT-infected cells
was clearly evident as compared to the low levels of
endogenous ICAT seen in cells transfected with GFP
alone (Fig. 2C).

Moreover, to demonstrate the ability of ICAT over-
expression to directly inhibit Wnt signalling in thymo-
cytes, we analysed expression of the BMP and activin
membrane-bound inhibitor (BAMBI) gene, which is
regulated by catenin-mediated Wnt signalling [26].
RT-PCR analysis of control GFP-only and GFP-ICAT
thymocytes showed that while mRNA for BAMBI is
clearly detectable in control GFP™ cells, expression is
clearly down-regulated in GFP-ICAT* thymocytes
(Fig. 2C). These findings indicate the feasibility of
inhibiting canonical Wnt signalling through use of
retrovirus-mediated overexpression of ICAT in primary
T cell precursors.
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Fig. 2. Overexpression of ICAT in T cell precursors. Retroviral
constructs encoding only GFP (MigR1-GFP) or GFP together with
ICAT (Mig-ICAT) were used to infect CD478™ thymocytes. (A, B)
Typical levels of GFP expression after overnight culture
following infection with MigR1-GFP and Mig-ICAT, respectively.
GFP" thymocytes identified after MigR1-GFP and Mig-ICAT
infection were also sorted by MoFlo and analysed for ICAT
expression by RT-PCR (C). Note the overexpression of ICAT in
Mig-ICAT-treated cells, as compared to MigR1-GFP-treated
cells. Panel (C) also shows a comparison of expression of the
Wnt target gene, BAMBI, which is reduced in GFP-ICAT
thymocytes as compared to GFP-only thymocytes. Data shown
are representative of three separate experiments.

Utilising the approach outlined above, we next
analysed the effects of ICAT overexpression on the
ongoing maturation of T cell precursors. To ensure ICAT
expression from the earliest stages of thymocyte
maturation, freshly disaggregated fetal liver prepara-
tions were sorted to obtain CD45™ T cell precursors at a
purity >99% (not shown). Purified precursors were then
infected with either MigR1-GFP or Mig-ICAT by
resuspension in retroviral supernatants and cultured
overnight in the presence of IL-7 and Flt-3 ligand. After
overnight culture, cells were harvested and used as a
source of precursors to repopulate alymphoid 2-deoxy-
guanosine-treated thymus lobes in hanging drop
cultures as described previously [27]. Repopulated
thymus lobes were organ-cultured for a further 11 days,
and then teased apart to liberate thymocytes that were
analysed for expression of GFP, CD4 and CD8 by flow
cytometry.

Analysis of thymocytes harvested after infection with
MigR1-GFP (Fig. 3A) or Mig-ICAT (Fig. 3E) showed
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Fig. 3. ICAT overexpression blocks T cell development prior to the CD4'8" stage. CD45" fetal liver precursors were infected with
MigR1-GFP or Mig-ICAT retroviruses and then used to recolonise alymphoid thymus lobes. Cultures were harvested after 11 days
and analysed by flow cytometry. (A, E) GFP expression in MigR1-GFP and Mig-ICAT cultures respectively, with populations of GFP~,
GFP'°" and GFP"#" cells being detectable (B-D, F-H). Each subset was also analysed for expression of CD4 and CD8 [(B-D) for MigR1-
GFP, (F-H) for Mig-ICAT)]. Also shown is analysis of TCRP expression in CD48" cells from MigR1-GFP (J) and Mig-ICAT (K) cultures,
compared to CD478" cells from adult thymus (L). In the experiment shown, 2.5x10° cells were obtained from MigR1-GFP thymus
lobes, while 2.7x10° cells were recovered from Mig-ICAT thymus lobes. Note that in contrast to control cultures, overexpression of
ICAT causes a block in the appearance of CD4'8" cells. Data shown are representative of four separate experiments. Results shown

in (I) are averaged from three independent experiments, and are presented with standard deviations (error bars).

comparable levels of GFP expression, with clear subsets
of GFP™, GFP'*" and GFP"" cells being detected in both
cases. Strikingly, in contrast to the normal pattern of
Tcell development seen in control (MigR1-GFP) cultures
at all levels of GFP expression (Fig. 3B-D), over-
expression of ICAT was found to have a negative effect
on the progression of T cell precursors from the CD478~
to the CD4*8™ stage. Notably, increasing levels of ICAT
overexpression as indicated by GFP expression level,
resulted in a dose-dependent decrease in the generation
of CD4*8™ cells (Fig. 3F-1).

© 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Although overexpression of ICAT resulted in a
decrease in the absolute cell number of CD4%8"
thymocytes, and a greater percentage of CD4°8" was
also observed compared to control cultures, no increase
in absolute numbers of CD478™ cells was observed when
ICAT was overexpressed (Fig. 31). Whether this is due to
an impact of ICAT overexpression on CD478" cell
survival is not clear. In addition, the CD48% cells
overexpressing ICAT do not appear to be typical mature
CD8™ cells, as although some cells were found to be
expressing TCRP (Fig. 3K), the level of expression is

www.eji-journal.eu

154



™ 2380

dc_267 11

Judit E. Pongracz et al.

clearly lower than that observed on mature CD4 8"
thymocytes (Fig. 3 L). That TCRp expression was found
to be similar in CD478™ cells from both control and ICAT
cultures (Fig. 3J, K) is consistent with the notion that
overexpression of ICAT inhibits development after the
TCRp selection checkpoint. Our results showing that
thymocytes overexpressing ICAT fail to reach the
CD4*8" stage of thymocyte development yet are able
to rearrange TCRf are in agreement with the reported
requirement for Tcf-1/Lef activation following pre-TCR
signalling [17, 18], and provide support for a require-
ment for catenin-mediated canonical Wnt signalling in
progression beyond this stage.

ICAT-mediated inhibition of Wnt signalling does
not prevent CD4*8"* thymocyte maturation

Recent studies have reported that the partial block in the
production of CD4"8" thymocytes seen following
conditional deletion of B-catenin in immature precur-

Eur. ]. Immunol. 2006. 36: 2376-2383

sors is also accompanied by a reduction in the
production of mature CD478  and CD48" single-
positive cells [19]. In addition, expression of a stabilised
form of B-catenin in CD478~ precursors deficient in
either pre-TCR or offTCR signalling results in the
generation of both CD4*8* and CD4*87/CD478™ cells,
respectively [28]. These studies in addition to analysis of
B-catenin-transgenic mice [29] imply that as well as
playing a role in the generation of CD4"8" thymocytes,
B-catenin signalling may be involved in positive selection
to the single-positive stages. However, it is unclear from
these studies on the established 'steady-state' thymus
whether these effects on single-positive cell production
are a reflection of the reduced availability of CD4*8*
precursors for positive selection, or whether they relate
to effects on the survival of single-positive thymocytes.
Alternatively, it is possible that the Wnt/p-catenin/Tcf
pathway is directly involved in the regulation of changes
in gene expression accompanying positive selection and
differentiation to the CD4™* and CD8™" stages.
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Fig. 4. Effects of ICAT overexpression on positive selection of CD4*8" thymocytes. Freshly purified CD4'8°CD3" thymocytes [(A, B),
gating in (B) to show CD3", CD3'°" and CD3"#" subsets] were infected with MigR1-GFP or Mig-ICAT retroviruses and incorporated
into reaggregate thymus cultures. After 5 days, cultures were harvested and analysed by flow cytometry for GFP expression MigR1
(C) and Mig-ICAT (D) and CD4, CD8 (E-). In the experiment shown, from an input of 7.5x10° CD4'8" thymocytes,
2.7x10° thymocytes were recovered from MigR1 reaggregate thymus organ cultures, while 3.4x10° thymocytes were recovered
from Mig-ICAT reaggregate thymus organ cultures. Note the presence of mature CD4" and CD8" single-positive thymocytes in the
GFP~ and GFP" populations in MigR1-GFP- (E and H) and Mig-ICAT-treated cultures (F and I), indicating that ICAT overexpression
does not inhibit positive selection of CD4'8" thymocytes. Data shown are representative of three separate experiments. Results
shown in (G, J) are averaged from three independent experiments, and are presented with standard deviations (error bars).
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To explore these possibilities, and circumvent the
block in development at the CD478 stage, or any
perturbations in the production/developmental poten-
tial of CD4%8* cells resulting from inhibition of the
Wnt/B-catenin/Tcf pathway in their CD4 8 progenitors,
we devised a strategy enabling us to overexpress ICAT
directly at later stages of thymocyte development and
allow analysis of the developmental progression of a
defined cohort of CD4"8% cells. Thus, early-stage
proliferating CD4*8*TCR™ thymocytes at a pre-positive
selection stage of development were isolated to high
purity (Fig. 4A, B) as described [30, 31], retrovirally
infected with either MigR1-GFP or Mig-ICAT retro-
viruses, and used in 1:1 ratios with thymic stromal cells
to make reaggregate thymus organ cultures. After
5 days, cultures were harvested and analysed by flow
cytometry for GFP, CD4 and CD8 expression (Fig. 4).
Successful infection of CD4*87 cells, indicated by GFP
expression (Fig. 4C, D), demonstrates the overall
feasibility of using this approach to target specific
developmental subsets to study T cell maturation.

Comparison of the GFP* population in MigR1-GFP
control (Fig. 4 H) and Mig-ICAT reaggregate cultures
(Fig. 41) revealed the presence of populations of CD4*
and CD8™ cells in both cultures, although an increased
population of CD478 cells was present in the Mig-ICAT
cultures, possibly reflecting increased susceptibility of
catenin-inhibited CD4*8" cells to apoptosis [28].
Overall, however, these results provide clear evidence
that the generation of single-positive CD4" and CD8™
cells does not have the same dependence on catenin-
mediated Wnt signalling as that required for the
maturation of CD478 cells, and argue strongly against
an essential requirement for Wnt/catenin/Tcf signalling
in the maturation of CD478% thymocytes.

Discussion

Despite evidence that activation of transcription factors
of the Tcf/Lef family is crucial in early T cell develop-
ment [17, 18], the role of the B-catenin-mediated
canonical Wnt signalling pathway in regulating these
activities remains controversial [19, 20, 28, 29]. Here we
show that B-catenin and y-catenin, both of which can
activate Tcf/Lef, are expressed during early thymocyte
development, suggesting that these two mediators of
Wnt signalling may be functionally redundant. More-
over, by adopting a strategy to inhibit the interaction of
both these molecules with Tcf/Lef by overexpression of
ICAT, we provide evidence in support of this notion.
Thus, overexpression of ICAT, which inhibits binding of
both B- and vy-catenin to Tcf/Lef family members
[23-25], causes a marked arrest in the development
of CD478 precursors to the CD4*8" stage. This may
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reflect a block in further differentiation to the CD4 8%
stage or a failure of newly generated CD4*8" cells to
survive or expand their numbers in the absence of Wnt
signalling, although the virtual absence of CD4*8* cells
at the highest levels of ICAT expression (Fig. 3) favours
the first possibility.

In contrast to the block in the CD478-to-CD4*8"
transition, using a novel strategy to achieve direct
retroviral targeting of ICAT expression in pre-selection
CD4*8" thymocytes, we show that catenin-mediated
Tcf/Lef activation is not an essential requirement for
maturation to the CD4* or CD8™ single-positive stage.
These findings argue that, independently of any
involvement of catenin-mediated signalling in the
generation or survival of CD478" cells [28, 32], this
signalling pathway is not directly required during later
stages of thymocyte development leading to the
generation of CD4" and CD8™ cells.

Overall, our results showing inhibition of T cell
development are in favour of a role for catenin-mediated
Wnat signalling in early thymocyte development, and we
would suggest that the lack of effect on T cell
development noted in the absence of either y-catenin
or B-catenin is a result of functional redundancy, as both
these molecules are expressed in CD4°8™ T cell pre-
cursors (Fig. 1). Moreover, our findings fit well with
studies on Tcf-1/Lef-deficient mice showing a stage-
specific requirement for the activation of these factors in
early Tcell development [17, 18], and with thymus organ
culture experiments where blocking of Wnt binding
using soluble Fz receptors resulted in an arrest in T cell
development at the CD4°8™" ISP stage [14]. However, in
the latter case, the blockade in T cell development could
be a consequence of perturbation of epithelial cell
function, as recent studies demonstrate that Wnt
signalling is also important in the functional develop-
ment of thymic epithelium [33]. The direct targeting of
ICAT expression specifically to T cell precursors in our
studies excludes this possibility.

In conjunction with our previous observations on
differential Wnt expression by thymocytes and thymic
epithelial cells [12], our findings also suggest that Wnt
production by thymic epithelium may be part of the
essential role played by the latter in early T cell
development. We have also previously shown that
specific Fz receptors are expressed in a developmentally
regulated pattern on developing thymocytes [12]. How
individual Wnt and their binding to particular Fz
receptors influence T cell precursor maturation is an
important area for further study in understanding the
role played by these molecules in the regulation of
intrathymic T cell development.
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Materials and methods

Animals

Balb/c (H-29 mice, housed under SPF conditions at the
Biomedical Services Unit, University of Birmingham, were the
source of fetal and neonatal thymic material. In the case of
embryonic mice, the day of detection of a vaginal plug was
designated as gestational day (E) 0.

Purification of thymocyte subpopulations

CD478 T cell precursors were separated into DN1-4 subsets on
the basis of expression of CD25 and CD44, using antibody-
coated DynaBeads (Dynal, Wirral, UK) as described [34]. For
prethymic precursors, fetal livers from E14 embryos were
mechanically disaggregated and stained with allophycocyanin-
conjugated anti-CD45 antibodies, and MoFlo-sorted (Dako-
Cytomations) to a purity of greater than 99% (not shown). Pre-
selection CD4"8"TCR™ thymocytes were purified (>99%
purity) by immunomagnetic bead selection to from neonatal
thymus lobes, as described [30, 31].

Reverse transcription polymerase chain reaction

RT-PCR was conducted as described previously [35]. Samples
were matched for B-actin to ensure equal cDNA loading. Primer
sequences used in PCR reactions were: B-actin (5'): 5'-
GTTACCAACTGGGACGACA-3', (3'): 5'-TGGCCATCTCCTGC-
TCGAA-3/, product size: 460 bp; ICAT (5): 5-ATGAACCGC-
GAGGGAGCA-3/, (3"): 5'-CTACTGCCTCCGGTCTTCC-3, pro-
duct size: 246 bp; PB-catenin (5'): 5-CACAACCTTTCTCAC-
CACC-3/, (3"): 5-GCTTGCTCTCTTGATTGCC-3/, product size:
283 bp; y-catenin (5'): 5-GACCTGCAACAACAGCAAAA-3,
(3’): 5'-CTCCTCCATCCTCACACCAT-3/, product size:
420 bp; BAMBI (5):  5-AAACCGGTATCAGCATGACA-3/,
(3"): 5'-TGCACTCCAAGTCCAACTTT-3', product size: 275 bp.

Retroviral constructs and retroviral infection of T cell
precursors

ICAT sequence was amplified by PCR reaction using forward
(5") 5-ATGAACCGCGAGGAGCA-3' and reverse (3) 5'-
CTACTGCCTCCGGTCTTCC-3' primer sequences and cloned
into the bi-cistronic MigR1 (a kind gift from W. S. Pear,
Department of Pathology and Laboratory Medicine, University
of Pennsylvania, PA) retroviral vector. Retrovirus was pro-
duced by transfecting the plasmid DNA into the Phoenix (PHX)
packaging cell line (American Type Culture Collection, Rock-
ville, MD) using Lipofectamine 2000 (Invitrogen). Retroviral
supernatants were generated from retroviral vectors contain-
ing ICAT-GFP or MigR1-GFP in PHX cells.

CD45™ fetal liver precursors or CD4 78" thymocytes were
resuspended in 250 uL of retroviral supernatant and 50 pL of
DMEM containing 0.8 ug/mL polybrene at a density of
5x10" per well in 96-well plates. For fetal liver cells, medium
was supplemented with Flt3 ligand and IL-7 (obtained from
Peprotech) each at a final concentration of 5 ng/mL. Plates
were centrifuged for 60 min at 2100 rpm at room temperature.
For CD4"8" thymocytes, cells were then recovered and used

© 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

157

Eur. ]. Immunol. 2006. 36: 2376-2383

immediately for the formation of reaggregate cultures. In the
case of fetal liver cells, cells were cultured overnight in
5 ng/mL Flt3 ligand and IL-7, and used to colonise alymphoid
2-deoxyguanosine-treated thymus lobe in hanging drop
cultures as described [27]. After overnight culture, recolonised
lobes were organ-cultured for 11 days [27].

Reaggregate thymus organ cultures

Thymocytes and thymic epithelial cells were mixed together by
centrifugation at a ratio of 1:1, and the cell pellet was
transferred to the surface of a 0.8-um filter in organ culture
[30, 31]. After the specified time period, cultures were teased
apart, and recovered thymocytes were stained and analysed by
flow cytometry.

Monoclonal antibodies and flow cytometry

Thymocytes harvested from reaggregate and fetal thymus
organ cultures were immunostained with PE-conjugated anti-
CD4 (clone GK1.5) and allophycocyanin-conjugated anti-CD8
(clone 53-6.7) antibodies (both eBioscience). Immunostained
cells were analysed using an LSR flow cytometer (Becton
Dickinson), with forward scatter and side scatter gates set to
exclude non-viable cells. Both GFP~ and GFP' thymocytes
were analysed for CD4 and CD8 expression. To analyse TCRp
expression, thymocytes harvested from control GFP-only and
GFP-ICAT cultures were first depleted of CD4 * cells using anti-
CD4-coated Dynabeads (Dynal) to remove CD4"8" thymo-
cytes. Resultant suspensions were then stained sequentially
with biotinylated anti-TCRP (clone H57-597; eBioscience) and
a cocktail of strepavidin-PE (eBioscience) and allophycocya-
nin-conjugated anti-CD8. TCRp expression in retrovirally
infected CD478" thymocytes was then analysed by gating on
GFP"CD8™ cells in MigR1-GFP and Mig-ICAT cultures.
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Modeling TCR Signaling Complex Formation in Positive
Selection'

Katherine J. Hare,” Judit Pongracz, Eric J. Jenkinson, and Graham Anderson

T cell receptor signaling in the thymus can result in positive selection, and hence progressive maturation to the CD4*8~ or
CD4~8™ stage, or induction of apoptosis by negative selection. Although it is poorly understood how TCR ligation at the CD4*8*
stage can lead to such different cell fates, it is thought that the strength of signal may play a role in determining the outcome of
TCR signaling. In this study, we have characterized the formation of an active signaling complex in thymocytes undergoing
positive selection as a result of interaction with thymic epithelial cells. Although this signaling complex involves redistribution of
cell surface and intracellular molecules, reminiscent of that observed in T cell activation, accumulation of GM1-containing lipid
rafts was not observed. However, enforced expression of the costimulatory molecule CD80 on thymic epithelium induced GM1
polarization in thymocytes, and was accompanied by reduced positive selection and increased apoptosis. We suggest that the
presence or absence of CD80 costimulation influences the outcome of TCR signaling in CD4*8" thymocytes through differential

lipid raft recruitment, thus determining overall signal strength and influencing developmental cell fate.

nology, 2003, 171: 2825-2831.

n addition to its role in T cell activation, TCR signaling plays

a crucial role in regulating thymocyte selection at the

CD4"8" stage (1). Thus, high affinity/avidity TCR-MHC in-
teractions lead to negative selection via induction of apoptosis,
while low affinity/avidity interactions promote thymocyte survival
and maturation (2, 3). This maturation results in the generation of
MHC class I-restricted CD4 8" and MHC class Il-restricted
CD4 78" cells, which can be activated by foreign peptide/MHC
complexes, but are tolerant to self peptide/MHC. How TCR sig-
naling in CD4 8™ thymocytes results in such distinct cellular fates
is poorly understood. However, current models emphasize the role
of overall signal strength, reflecting the input from costimulatory
and accessory molecules as well as the TCR, in determining the
developmental outcome of TCR signaling (4, 5).

In mature T cells, TCR signaling is associated with the forma-
tion of a multimolecular complex, the immunological synapse, at
the T cell/APC interface (6, 7). Association of TCR molecules and
other signaling mediators with glycosphingolipid-enriched lipid
rafts within these complexes is thought to facilitate the activation
of signaling cascades. Thus, raft disruption has been shown to
inhibit early signaling events in T cell activation (8). However, the
relevance of signaling complex formation to TCR signaling during
development is less clear. Recent studies have begun to analyze
immunological synapse formation during thymic selection, using
either lipid bilayers containing peptide/MHC complexes (9), or in
the context of thymocyte responses in a negative selection system
(10). However, this issue has not been addressed under conditions

Department of Anatomy, Medical Research Council Centre for Inmune Regulation,
University of Birmingham, Birmingham, United Kingdom

Received for publication April 4, 2003. Accepted for publication July 15, 2003
The costs of publication of this article were defrayed in part by the payment of page
charges. This article must therefore be hereby marked advertisement in accordance
with 18 U.S.C. Section 1734 solely to indicate this fact.

! This work was supported by a Medical Research Council (UK.) program grant to
E.I1J and GA

2 Address correspondence and reprint requests to Dr. Katherine Hare, Department of
Anatomy, Medical Research Council Centre for Immune Regulation, University of
Birmingham, Edgbaston, Birmingham B15 2TT, UK. E-mail address: K.J.Hare@
bham.ac.uk

Copyright © 2003 by The American Association of Immunologists, Inc.

159

The Journal of Immu-

known to lead to positive selection, which under physiological
circumstances is driven by interactions between thymocytes and
cortical epithelium (11).

In contrast to positive selection, negative selection is normally
mediated by dendritic cells and/or a subset of medullary epithe-
lium (12—-14). These two cell types differ from positively selecting
cortical epithelium in their expression of costimulatory molecules
of the B7 family (15). These molecules contribute to immunolog-
ical synapse formation in mature T cells by generating signals
important in the recruitment of lipid rafts, as a result of interactions
with ligands such as CD28 (16, 17). Thus, differences in costimu-
latory molecule expression between positively and negatively se-
lecting stromal cells may be important in determining the compo-
sition and duration of signaling complex formation, which may in
turn play a crucial role in the developmental outcome of TCR
signaling. Such a mechanism would be consistent with the notion
that compartmentalization of costimulatory molecules within the
thymus (18) is an important factor in controlling the outcome of
TCR-driven thymocyte selection.

In this study, we have developed a model to study thymocyte
responses as a consequence of interactions with epithelial cells
using conjugates generated in vitro. We show that epithelial cell-
CD478™" thymocyte conjugate formation occurs in a TCR-MHC-
dependent manner, initiates a tyrosine kinase-dependent calcium
flux, and results in the generation of phenotypically mature
CD4 78 and CD4 8" cells, thus indicating the relevance of this
approach to the study of positive selection. By analyzing the dis-
tribution of cell surface and intracellular molecules in preselection
CD4 8" thymocytes as a consequence of TCR-mediated interac-
tions with thymic epithelium, we have defined the formation of a
multicomponent molecular signaling complex in positive selec-
tion. Interestingly, while complex formation in positive selection
induction shares some features with immunological synapse for-
mation in T cell activation such as p56’* recruitment (19), strik-
ingly, signaling complex formation in positive selection does not
involve accumulation of GM1-containing lipid rafts. In contrast,
providing additional costimulatory signals by introduction of
CD80 to thymic epithelial cells promotes the recruitment of

0022-1767/03/$02.00
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GMI-marked rafts in CD4 8" thymocytes. Functionally, this re-
cruitment correlates with a reduction in positive selection and in-
creased thymocyte apoptosis. Thus, our data define for the first
time the formation of an active signaling complex during the ini-
tiation of positive selection. Moreover, we suggest that the out-
come of TCR signaling in thymocytes is determined by the co-
stimulatory signals provided by thymic stromal cells.

Materials and Methods
Mice

BALB/¢c and MHC-deficient mice (Taconic, Germantown, NY) were bred
and maintained at the Biomedical Sciences Unit, University of Birming-
ham. TCR-a~'~ mice were a gift of M. Owen (Imperial Cancer Research
Fund, London, U.K.). Adult or neonatal BALB/c or adult MHC-deficient
(4-6 wk) and neonatal TCR-a~'~ mice were used as a source of thymo-
cytes. Thymuses from day 15 BALB/c embryos were used as a source of
thymic stromal cells by culture for 5-7 days in 2-deoxyguanosine (Sigma-
Aldrich, Poole, U.K.). Detection of the vaginal plug was designated day 0
of gestation.

Abs and fluorescence reagents

The following were used for flow cytometry: anti-CD4 PE (GK1.5), anti-
CD8 FITC (53-6.7) (both BD PharMingen, San Diego, CA), and anti-
human CD80 (MAB140; R&D Systems, Abingdon, U.K.), which was de-
tected using anti-mouse FITC (Caltag, San Francisco, CA). Cells were
analyzed using a BD Biosciences (Oxford, U.K.) LSR machine, with for-
ward and side scatter gates set to exclude nonviable cells. Primary Abs for
immunofluorescence were: anti-CD3 (KT3; Serotec, Oxford. U.K.), anti-
CD45 FITC (I3/2. Sigma-Aldrich), anti-CD4 FITC, anti-CD8 FITC, anti-
LAT? (linker for activation of T cells) (Upstate Biotechnology, Lake
Placid, NY), anti-p56'* (Santa Cruz Biotechnology, Santa Cruz, CA), bi-
otinylated anti-phosphotyrosine (4G10; Upstate Biotechnology), and anti-
CD80. The actin cytoskeleton was studied using phalloidin-rhodamine
(Molecular Probes, Eugene, OR). and GM1 was detected using FITC-con-
jugated cholera toxin B (Sigma-Aldrich).

Preparation of thymocytes and thymic epithelium

In some experiments, thymocytes from BALB/c adult or neonatal mice
were depleted of CD3™ cells using anti-rat Dynabeads (Dynal. Wirral.
U.K.) precoated with rat anti-mouse CD3 (clone KT-3: Serotec), followed
by selection of CD8™ cells using anti-CD8-coated Dynabeads. Removal of
CD8 beads was conducted using Detachabead (Dynal, Great Neck, NY).
Alternatively, as stated in figure legends, thymocytes were obtained from
MHC ™'~ mice, or from TCR-a~'~ mice. Thymic epithelial cells were
obtained by disaggregating 2-deoxyguanosine (2-dGuo)-treated 15-day
BALB/c thymus lobes, as described (12).

Formation and flow cytometric analysis of thymocyte-epithelial
cell conjugates

Thymocytes and thymic epithelial cells were mixed by centrifugation at a
ratio of 1:1, and the resultant cell pellet was incubated at 37°C. Analysis of
cell pellets immediately following centrifugation was designated time 0. In
some experiments, before conjugate formation, thymocytes were labeled
with PKH26 (Sigma-Aldrich), according to manufacturers” instructions,
and thymic epithelium was labeled with CFSE (Molecular Probes) at a
concentration of 10 nM. for 10 min at 37°C. Conjugate formation was
performed, as described above, with cell pellets being resuspended in 200
wl PBS at the indicated time points. with immediate analysis by flow
cytometry.

Cytochalasin D treatment of cells

Thymocytes and epithelial cells were labeled with PKH26 and CFSE, re-
spectively, and then treated with 10 M cytochalasin D (Sigma-Aldrich)
for 10 min at 37°C. Cells were then used to study conjugate formation, as
described above.

Measurement of changes in cytosolic Ca®™ concentration

Thymocytes were loaded with 5 uM Indo-1 AM (Sigma-Aldrich) at 37°C
for 45 min. Thymocytes and epithelial cells were then labeled with PKH26

3 Abbreviations used in this paper: LAT, linker for activation of T cells; GFP, green
fluorescence protein; 2-dGuo, 2-deoxyguanosine
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and CFSE. respectively, and mixed by centrifugation at a ratio of 1:1.
Changes in cytosolic Ca®" levels were monitored in free thymocytes and
in thymocytes bound to epithelial cells, by gating on unbound thymocytes
and thymocyte-epithelial cell conjugates and plotting the ratio of Ca®"-
bound Indo-1 to free Indo-1 against time. Where stated, thymocytes were
incubated with 50 M tyrphostin A9 (Calbiochem, San Diego, CA) for 10
min before mixing with epithelial cells.

Immunofluorescent analysis of thymocyte-epithelial cell
conjugates

Thymocyte-Epithelial conjugates were allowed to form over 30-min incu-
bation, and then allowed to adhere to poly(L-lysine)-coated slides (Sigma-
Aldrich) at room temperature. Slides were fixed in 3.7% paraformaldehyde,
permeabilized in 0.1% saponin, and blocked for 2 h at room temperature or
at 4°C overnight in 1% FCS containing 0.1% saponin. Binding of Abs to
LAT and p56"* was detected by biotinylated anti-rabbit IgG (Amersham,
Bucks, U.K.), followed by streptavidin-FITC (Amersham), while binding
of anti-CD3 was revealed using anti-rat FITC (Caltag). Labeling with bi-
otinylated anti-phosphotyrosine was revealed by streptavidin-FITC. For
detection of the lipid raft component GM-1, thymocytes were labeled with
FITC-conjugated cholera toxin B before incorporation into conjugates with
either control or CD80-infected thymic epithelial cells. CD80 expression in
conjugates was performed using sequential incubations in mouse anti-
human CD80 (R&D Systems) and anti-mouse rhodamine (Chemicon, Te-
mecula, CA). Analysis was performed using a Zeiss (Oberkochen, Ger-
many) Axioplan fluorescence microscope with Digital Scientific (Cambridge,
U.K.) camera and software with a total magnification of X1000.

Reaggregate thymus organ cultures

Thymocytes and thymic epithelial cells were mixed together by centrifu-
gation at a ratio of 1:1, and the cell pellet was transferred to the surface of
a 0.8-pm filter in organ culture (11, 12). After the specified time period,
cultures were teased apart, and recovered thymocytes were analyzed by
flow cytometry.

Adenoviral infection of thymic epithelium

Adenoviral supematant generated from adenoviral vectors containing cDNA
encoding either human CD80 or green fluorescence protein (GFP) was ob-
tained from Qbiogene (Carlsbad, CA). Freshly trypsinized 2-dGuo-treated thy-
muses were used as a source of thymic epithelium. Aliquots (3 X 10%) of cells
were resuspended in 96-well plates in a volume of 50 ul RPMI with the
addition of 0.5 yl of adenoviral supematant. and then centrifuged for 60 min
at 2100 rpm at room temperature. Cells were then recovered and used imme-
diately for the formation of reaggregate cultures. In experiments analyzing the
effects of CD80 expression on the kinetics of conjugate formation and lipid raft
formation, freshly infected stromal cells were cultured overnight before use to
allow expression of the introduced gene.

Results
Isolated thymocytes and thymic epithelial cells form conjugates
in a TCR-MHC-dependent manner

Thymic epithelium promotes positive selection of thymocytes in a
TCR-MHC-dependent manner (1). Conjugate formation has been
used previously to study membrane-associated molecular redistribu-
tion in the interaction of T cells and APC (reviewed i Ref. 7). To
explore the possibility of using this approach to study immune com-
plex formation in thymocyte selection, we examined conjugate for-
mation between preselection CD4 78" thymocytes and thymic corti-
cal epithelial cells, the cell type normally responsible for driving
positive selection under physiological conditions. To study thymocyte
selection on a molecular basis, we sought to recreate thymocyte-ep-
ithelial cell interactions in vitro. Thus, equal numbers of fluorescently
labeled CD478" thymocytes (PKH26) and thymic epithelial cells
(CFSE) were associated by centrifugation, and then conjugate forma-
tion was identified by two-color events using flow cytometry. In con-
trast to cell pellets analyzed immediately following centrifugation
(time 0, Fig. la), incubation of cell mixtures for 30 min revealed the
formation of thymocyte-epithelial cell conjugates appearing as
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FIGURE 1. CD4"8" thymocytes form conjugates with thymic epithe-
lial cells in a TCR-MHC-dependent manner. CD4 8" thymocytes from
MHC ™'~ mice were labeled with PKH26, and thymic epithelial cells with
CFSE. Cells were mixed at a ratio of 1:1 and analyzed by flow cytometry
immediately (a) or after 30-min incubation at 37°C by flow cytometry (b)
or microscopy (¢). The proportion of conjugates formed at time points
between 0 and 60 min was determined, with PKH26"CFSE ™" events rep-
resenting conjugates (d, diamonds). Alternatively, MHC '~ thymic epi-
thelial cells were mixed with wild-type thymocytes (d. squares), or TCR-
a”'~ thymocytes mixed with wild-type thymic epithelium (d, triangles).
and conjugate formation between 0 and 60 min was analyzed. Similar data
were obtained from three separate experiments.

CFSE"PKH26™" events (Fig. 1b), which consisted of a single epithe-
lial cell bound by thymocytes (Fig. 1¢). Importantly, immunofluores-
cence analysis routinely showed that greater than 99% of the thymo-
cytes bound to epithelial cells in conjugates were of a CD4*8"
phenotype (data not shown), ruling out the possibility that thymocytes
at other maturational stages were being studied. To investigate the
relevance of these thymocyte-epithelial cell interactions to thymic se-
lection events, we assessed the importance of TCR-MHC interactions
in conjugate formation, using combinations of MHC-deficient epithe-
lium and wild-type thymocytes or TCR-deficient thymocytes and
wild-type epithelial cells. In contrast to conjugate formation between
TCR-aB- and MHC-expressing cells, use of either MHC-deficient
thymic epithelium or TCR-aB-deficient (TCR-a ') thymocytes re-
sulted in abrogation of conjugate formation (Fig. 1d). Thus, conjugate
formation between thymocytes and epithelial cells (in this system) is
TCR-MHC dependent, demonstrating the potential of this system to
study molecular events in TCR-triggered thymocyte selection.

Conjugate formation leads to active signaling in thymocytes

Within lymphocytes, polymerization of the actin cytoskeleton pro-
vides the initial cellular polarization necessary for signaling molecule
recruitment, and hence intracellular response to the TCR signal (20).
Thus, as a functional measure of signaling, we analyzed accumulation
of polymerized actin in thymocytes bound to thymic epithelium. First,
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polymerization of the actin cytoskeleton at the point of epithelial cell
contact (Fig. 2a) was detected in thymocytes in response to thymic
epithelium. Moreover, disruption of the actin cytoskeleton in either
thymocytes or thymic epithelium by prior treatment with cytochalasin
D abrogated conjugate formation (Iig. 2b), suggesting that actin re-
distribution in both cell types is functionally important for stable con-
jugate formation.

In mature T cells, TCR ligation by peptide/MHC complexes
triggers a complex signaling cascade leading to the activation of
signaling mediators through tyrosine phosphorylation. To further
define the signaling response of thymocytes interacting with epi-
thelial cells, we analyzed tyrosine phosphorylation in thymocyte-
epithelial cell conjugates. In contrast to unconjugated thymocytes,
which showed diffuse staining (data not shown), accumulation of
tyrosine phosphorylation at the focus of cell-cell contact was ob-
served in thymocytes interacting with epithelial cells (Fig. 3a, Ta-
ble I). A change in intracellular calcium levels is also a key down-
stream indicator of membrane-proximal signaling events, and
therefore could be used as an early indicator of thymocyte signal-
ing as a consequence of thymocyte-epithelial cell interactions.
Thus, CD4 78" thymocytes were loaded with Indo-1 before incor-
poration into conjugates (21). Again, PKH26 (thymocytes) and
CFSE (thymic epithelium) labeling was used to detect thymocyte-
epithelial cell interactions. As calcium mobilization represents a
rapid intracellular response to signal induction, cells were moni-
tored at an early time point following mixing by centrifugation (5
min) (Fig. 3b). As shown in Fig. 3¢, gating on unbound thymo-
cytes showed that these cells maintain an unchanging basal level of
intracellular calcium in the absence of epithelial cell interactions.
In contrast, when calcium levels were measured in thymocytes
involved in conjugates, 65% demonstrated a significant and sustained
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FIGURE 2. Thymocyte-Epithelial cell interactions are dependent upon
polymerization of the actin cytoskeleton. CD4'8" thymocytes from
MHC ™" mice were incubated with thymic epithelial cells for 30 min,
adhered to slides, and permeabilized to enable analysis of actin cytoskel-
eton polymerization using phalloidin (a). Analysis of conjugate formation
using flow cytometry was used to compare interactions between cytocha-
lasin D-treated thymocytes and untreated thymic epithelial cells (squares),
or between untreated thymocytes and cytochalasin D-treated epithelium
(triangles). to conjugate formation between untreated thymocytes and un-
treated epithelial cells (diamonds) (b).
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FIGURE 3. Thymocyte-Epithelial cell interactions increase thymocyte
intracellular calcium levels, and induce phosphotyrosine accumulation.
CD4 78" thymocytes from MHC ~'~ mice were incubated with thymic ep-
ithelial cells for 30 min, adhered to slides, permeabilized, and labeled with
Abs to phosphorylated tyrosine residues (a). CD4 78" thymocytes from
MHC ™~ mice were loaded with Indo-1 and then labeled with PKH26.
Thymic epithelial cells were labeled separately with CFSE. Cells were
mixed at a ratio of 1:1 and incubated for 5 min, and conjugate formation
was analyzed by flow cytometry (b). The cytosolic calcium concentration
of free (¢) and epithelial cell-bound thymocytes (d) was then analyzed by
flow cytometry for 204 s. To see whether the calcium flux was a direct
consequence of tyrosine kinase activation, Indo-1/PKH26-loaded thymo-
cytes were incubated with 50 M tyrphostin A9 before conjugate forma-
tion, in which calcium flux was again measured in free (e) and epithelial
cell-bound (f) thymocytes.

increase in intracellular calcium concentration (Fig. 3d), an early in-
dication of signal transduction. Of note, pretreatment with the tyrosine
kinase inhibitor tyrphostin A9 (22) did not affect conjugate formation,
but effectively blocked this calcium flux in epithelial-bound thymo-
cytes (Fig. 3f). Thus, calcium elevation as a result of thymocyte-ep-
ithelial cell interactions is consistent with a tyrosine kinase-mediated
TCR-induced activation of intracellular calcium release.

Signaling induced in thymocyte-epithelial cell conjugates can
lead to positive selection

Although it is clear from the above data that interactions between
thymic epithelial cells and thymocytes in conjugates generate a
cellular response, in terms of both actin polymerization and intra-
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Table 1. Polarization of thymocyte cell surface and intracellular
signaling molecules

Molecules Studied 30 min

CD3 35 £:5%
CD4 51 2%
CD8 38 +3%
CD45 28 * 7%
pS6/k 78 = 3%
LAT 65 * 5%
Phosphotyrosine 83 + 3%
Actin 75 5%

cellular signaling, it was important to clarify the developmental
response of thymocytes to this stimulus, because TCR signaling in
CD478" cells can lead to either negative selection through the
induction of apoptosis or positive selection leading to functional
maturation. Thus, conjugates formed between MHC-expressing
thymic epithelium and TCR-aB-expressing thymocytes were pu-
rified and reassociated in reaggregate thymic organ cultures, able
to support the positive selection process (11, 12). These cultures
were harvested after 7 days and analyzed for the generation of
mature CD4 "8~ and CD4 8" cells. As shown in Fig. 4b, such cul-
tures efficiently support the appearance of single-positive thymocytes
derived from CD4 8™ cells associated with epithelial cells in conju-
gates. Thus, thymocyte-epithelial cell conjugates provide a model in
which to study signaling-associated molecular events involved in pos-
itive selection driven by thymocyte/epithelial cell interaction.

Thymocyte-Epithelial cell interactions induce polarization of key
cell surface and intracellular signaling mediators

Numerous reports now indicate that TCR-MHC-mediated activa-
tion of mature T cells is associated with the redistribution of the
TCR and accessory molecules to form an immunological synapse
at the point of T cell contact with APC (7, 23). This signaling
complex formation is now known to include accumulation of mol-
ecules such as CD45 (24), CD3 (25), and exclusion of CD43 (24).
In contrast, little is known about molecular redistribution in thy-
mocytes associated with the delivery of positive selection signals
by thymic epithelium. Having established a model to look at in-
dividual cell-cell interactions leading to positive selection, we used
immunofluorescence labeling to analyze the influence of interac-
tions with thymic epithelial cells on the distribution of cell surface
and intracellular molecules in thymocytes in comparison with that

1Y
(=2

99

Log CD4

Log CD8 Log CD8

FIGURE 4. Thymocyte-Epithelial cell conjugates represent positive se-
lection induction. Conjugates between CD4 78" thymocytes purified from
BALB/¢c mice (4) and wild-type thymic epithelium were purified and
placed in reaggregate organ culture. After 7 days, thymocytes were har-
vested and analyzed for CD4, CDS8. and TCR expression by flow cytom-
etry. Shown are the CD4/CDS8 profiles for TCR" cells (b). In the experi-
ment shown, an input of 3 X 10° thymocytes gave a recovery of 6 X 10"
thymocytes. Similar data were obtained from three separate experiments.
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seen in signaling complex formation in mature T cell activation.
For this purpose, conjugates formed between CD4 "8 thymocytes
and thymic epithelial cells after 30 min of incubation, when con-
ljugate formation is optimal (Fig. 1d), were adhered to slides and
permeabilized to allow analysis of both cell surface and intracel-
lular molecules. Using fluorescently labeled Abs, we found redis-
tribution of CD3, CD4, CD8, and CD45 to the point of contact
with epithelial cells in up to 80% of thymocytes forming conju-
gates (Fig. 5, a—d, Table I). Thymocytes not involved in interac-
tions with epithelium showed an unbroken ring of staining in the
cell membrane (data not shown).

Using this method to study intracellular signaling molecule dis-
tribution, we also observed accumulation of the tyrosine kinase
P36/ (Fig. 5¢) and the adapter protein LAT in thymocytes inter-
acting with thymic epithelial cells (Fig. 5/, Table I), which con-
trasted with diffuse labeling in unconjugated thymocytes (data not
shown). These findings correlate with the evidence of thymocyte
signaling activation described above, and further characterize the
composition of the signaling structure formed in prepositive se-
lection thymocytes upon interactions with epithelial cells.

Thymocyte-positive selection is not associated with accumulation
of GM1-marked lipid rafis

T cell activation involves the localization of cholesterol- and gly-
cosphingolipid-rich membrane microdomains to the site of TCR
ligation, forming the now well-studied lipid raft, which is thought
to enhance recruitment of key raft-associated signaling molecules
(26-28). Strikingly, using FITC-conjugated cholera toxin B to de-
tect GM1, we found that CD4"8" thymocytes bound to thymic
epithelial cells failed to show accumulation of GM1 at the point of
cell-cell contact (Fig. 6a). One possible reason for the lack of GM1
accumulation in thymocytes could be lower levels of expression of
this molecule in these cells. To investigate this, we analyzed
CD4 78" thymocytes and mature T cells for levels of expression of
GMI. As shown in Fig. 6b, GMI surface expression in thymocytes

FIGURE 5. Induction of molecular redistribution in thymocytes by thy-
mic epithelium. CD4"8" thymocytes from MHC
with thymic epithelial cells for 30 min, adhered to slides, permeabilized,
and labeled with Abs to CD3 (a), CD45 (b), CD4 (¢), CD8 (d), p56'* (e).
and LAT (f). Polarization to the point of contact with epithelial cells was
observed for all molecules examined, while unbound thymocytes did not
show evidence of molecular polarization (data not shown).

mice were incubated
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FIGURE 6. The initiation of thymocyte-positive selection does not involve
accumulation of GM1 lipid rafis. CD4 8" thymocytes from MHC ™'~ mice
were labeled with cholera toxin FITC, and then incubated with thymic epi-
thelium for 30 min. Cells were adhered to slides for analysis of GM1 polar-
ization in thymocytes (a). CD4*8" thymocytes and peripheral T cells were
labeled with cholera toxin FITC and analyzed by flow cytometry (b).

and T cells appears to be developmentally regulated, with
CD478" cells expressing lower levels than mature peripheral T
cells. Thus, the absence of lipid raft accumulation in positive se-
lection initiation could be due to insufficient levels of GMI ex-
pression in CD4 "8 thymocytes, rather than an intrinsic inability
to mediate this response. An additional possibility is that the ab-
sence of GMI polarization in thymocytes is due to the lack of
appropriate costimulatory molecule expression on thymic epithe-
lium. Costimulation has been shown to play a role in raft accu-
mulation in peripheral T cells (29-31), although a recent publica-
tion indicates that lipid raft accumulation can occur independently
of the CD28/B7 system (32). Less is known about requirements for
lipid raft accumulation in immature thymocytes, however. Inter-
estingly, Ebert et al. (29) analyzed the responses of thymocytes to
Ab-coated beads and reported a lack of GM1 polarization in thy-
mocytes even when CD28 was cross-linked along with TCR and
CD4. However, whether such interactions between thymocytes
and Ab-coated beads are representative of more physiological cell-
cell interaction is unclear. Unlike mature APC, cortical epithelial
cells capable of mediating positive selection do not normally ex-
press costimulatory ligands CD80 and CD86. Thus, to explore the
functional consequences of differences in costimulatory molecule
expression in relation to signaling complex formation and lipid raft
aggregation, we set out to induce defined modifications in the co-
stimulatory profile of positively selecting thymic epithelium.
Thymic epithelial cell suspensions from 2-dGuo-treated thymus
lobes were infected with adenoviral supernatant encoding cDNA for
either human CD80, which has previously been shown to interact with
mouse ligands (33), or GFP, which served as a control vector. In the
experiment shown, 64% of epithelial cells were found to be GFP™
(Fig. 7a), with 60% of epithelial cells demonstrating cell surface ex-
pression of CD80 (Fig. 7b). Moreover, the CD80 molecules intro-
duced into these cells are functionally competent, as adenoviral in-
fection of thymic epithelium with CD80 enables these cells to act as
effective APCs in stimulation assays with mature T cells (data not
shown). Interestingly, interactions with CD80™ thymic epithelium
caused a dramatic accumulation of GM1 in thymocytes at the point of
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FIGURE 7. Enforced expression of CD80 by thymic epithelium pro-
motes lipid raft accumulation and a reduction in thymocyte-positive selec-
tion. Thymic epithelial cells from 2-dGuo-treated fetal thymic lobes were
infected with CD80 adenoviral supernatant or GFP-only adenoviral super-
natant. Infected cells were analyzed by flow cytometry for expression of
GFP and CD80 (a and b, respectively). CD478"% thymocytes from
MHC ™~ mice were labeled with cholera toxin FITC, and then incubated
with thymic epithelium infected with CD80 adenovirus for 30 min. Cells
were adhered to slides, and labeled with anti-CD80, followed by anti-
mouse rhodamine. Quantitation of the number of thymocytes showing
GM1 polarization in thymocytes bound to CD80" (c) or CD80 ™ thymic
epithelium is shown in Fig. 7d, in which a minimum of 50 conjugates was
counted per experiment. Reaggregates were made of 1 X 10° CD478"
thymocytes and either GFP-infected epithelial cells or CD80-infected ep-
ithelial cells. Thymocytes were harvested after 5 days and analyzed for
CD4 and CD8 expression. Average numbers of CD478" (¢) and CD478~
(f) cells were calculated from three separate experiments.

cell contact (Fig. 7¢), with a 13-fold increase in the number of thy-
mocytes displaying GM1 polarization compared with thymocytes in-
teracting with control thymic epithelium (Figs. 6a and 7d). Thus, de-
spite their lower levels of GM1 expression, thymocytes are able to
accumulate GM1 when appropriate costimulation is available, as
would be the case for thymocytes interacting with bone marrow-de-
rived APC expressing CD80/CDS86.

To assess the impact of CD80 expression by thymic epithelial cells
on positive selection, we compared the generation of CD4 "8 cells in
reaggregate cultures formed from CD4"8" thymocytes and either
GFP- or CD80-infected thymic epithelium. After 5 days, cultures
were harvested and thymocytes were counted and stained for CD4
and CD8 expression. A 2- to 3-fold reduction in the generation of
CD4 78~ thymocytes was noted in cultures in which thymic epithelial
cells expressed CD80, as compared with development in control
GI'P-infected reaggregates (Fig. 7f). Moreover, this decrease in the
generation of CD4 87 cells correlated with a decrease in the number
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of CD4 ™8™ precursors in CD80-expressing reaggregate cultures (Fig.
7e). Importantly, the reduction in positive selection observed in
CD80-expressing reaggregate cultures was not due to a reduction in
the efficiency of thymocyte-epithelial cell interactions, as flow cytom-
etry showed an increase in the frequency of conjugate formation with
CD80-infected thymic epithelium when compared with control thy-
mic epithelium (data not shown). Moreover, in cultures harvested at
the earlier time point of 2 days, an increased proportion of thymocytes
binding annexin V was observed in reaggregates of CD80-expressing
thymic epithelium compared with control reaggregate thymic organ
culture (data not shown). This correlated with a decrease in overall
cell yield at this earlier 2-day time point, consistent with a role for
apoptosis in determining CD4 "8 thymocyte numbers.

Discussion

TCR signaling as a result of interactions between thymocytes and
thymic epithelial cells is essential for the induction of positive
selection and the development of mature T cells from CD4 78"
cortical thymocytes. In this study, we have recreated the initial
cellular interactions involved in thymocyte-positive selection in
vitro. The formation of thymocyte-epithelial cell conjugates in this
system is dependent upon TCR-mediated recognition, inducing
rapid reorganization of the thymocyte actin cytoskeleton, and an
increase in levels of intracellular calcium. Importantly, we also
show that such interactions lead to thymocyte-positive selection,
with CD478" cells within epithelial cell conjugates developing
into CD478™ and CD4~ 8" cells in reaggregate culture. Interest-
ingly, evidence shown in this work also supports involvement of
the epithelial cell cytoskeleton in positive selection initiation, rem-
iniscent of the requirement for dendritic cell cytoskeletal reorga-
nization in peripheral T cell activation (34). Redistribution of cell
surface and intracellular molecules has been shown to be a key
feature of mature T cell activation by APC interactions. Thus,
recent reports show the polarization of molecules such as CD45
(24), CD3, and CD4 (25) following activation, although the ex-
clusion of CD43 has also been noted (24). Similarly, intracellular
signaling mediators such as LAT and protein kinase C-6 have also
been shown to accumulate at the point of interaction (35, 36).
However, little is known about molecular redistribution in thymo-
cytes undergoing selection; thus, our observations that polarization
of CD3, CD4, CD8, and CD45, together with key signaling mol-
ecules, to the point of thymocyte-epithelial cell contact also takes
place during the initial stages of positive selection provide new
evidence for similarities between thymocyte selection and T cell
activation. This redistribution plays an integral role in the forma-
tion of a multimolecular signaling complex at the thymocyte-epi-
thelial cell interface, also involving accumulation of phosphoty-
rosine. In mature T cells, this synapse formation involves the
clustering of a number of molecules in an ordered fashion, to form
both a central and peripheral supramolecular activation cluster (6).
Whether such segregation occurs during thymocyte/epithelial cell
interactions described in this work remains to be determined. Nev-
ertheless, our findings provide direct evidence that thymocyte-ep-
ithelial cell interactions leading to positive selection result in the
redistribution of cell membrane-associated signaling molecules to
the thymocyte-epithelial cell interface in a manner analogous to
that seen in mature T cell-APC interactions.

A notable exception to this similarity is that the initiation of
positive selection in CD478™ thymocytes does not involve accu-
mulation of lipid rafts marked by GM1 labeling. Lipid raft accu-
mulation is thought to be important in enhancing the recruitment of
signaling molecules to the TCR complex and is a key feature of
TCR signaling in peripheral T cells, although recent studies in
human T cells also show that raft recruitment is not required for
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CDS8 activation (37). However, the involvement of costimulatory
signals in raft recruitment, delivered as a result of interaction be-
tween CD28 and costimulatory ligands of the B7 family expressed
on professional APC, is controversial (30-32). Although we show
GMI levels to be lower on CD4 78" thymocytes than on periph-
eral T cells, we conclude that the lack of GM1 lipid raft accumu-
lation during positive selection initiation, either by thymic epithe-
lial cells as shown in this work, or previously by Ab-coated beads
(29). is not due to an intrinsic inability of thymocytes to facilitate
raft accumulation, because targeting expression of CD80 to thymic
epithelial cells does induce lipid raft aggregation in CD4 "8 thymo-
cytes. Interestingly, GMI1 accumulation in thymocytes interacting
with CD80-expressing thymic epithelium correlates with a reduction
in positive selection and increased apoptosis in reaggregate cultures of
CD4 78" thymocytes and CD80-transfected epithelium. We speculate
that thymic epithelium engineered to express CD80 converts positive
selection of thymocytes to negative selection as a result of enhanced
signaling through costimulatory-dependent raft recruitment. In this
context, the failure of anti-CD28-coated beads to induce lipid raft
accumulation (29) raises the possibility that CD80 may interact with
a receptor other than CD28 to promote thymocyte raft aggregation.
We are currently investigating the CD80 receptor expressed by
CD478" thymocytes, which is involved in the formation of lipid rafts
as a result of interaction with CD80-expressing thymic epithelium.
Interestingly, Abs to CTLA-4, another receptor for CD80, have been
found to hibit negative selection of thymocytes (38), perhaps im-
plicating CTLA-4 in the experiments performed in this study. In con-
trast to our observations, some studies have shown that coligation of
TCR, CD4, and CD28 can induce apoptosis in the absence of raft
accumulation (29, 39). One possible explanation for this difference is
that cells bearing very high affinity TCRs may be able to be triggered
to undergo apoptosis without the need for signaling enhancement by
raft accumulation, while cells with more moderate affinity TCRs may
require raft accumulation to generate adequate signaling levels for
apoptosis induction. Overall, our observations suggest a possible
mechanism whereby the presence or absence of costimulation nor-
mally associated with professional APC and a subset of medullary
epithelium, and absent from cortical epithelium, can determine the
outcome of thymocyte selection through differential lipid raft recruit-
ment, leading to quantitative or qualitative variations in TCR signaling.
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Thymic epithelial cells provide Wnt signals to
developing thymocytes

Judit Pongracz, Katherine Hare, Benjamin Harman, Graham Anderson and Eric J.
Jenkinson

Department of Anatomy, MRC Centre for Inmune Regulation, Medical School, University of
Birmingham, Birmingham, GB

Interactions with thymic stromal cells are known to be critical for the development of T cells
from progenitors entering the thymus, yet the molecular mechanisms of stromal cell function
remain poorly understood. Accumulating evidence has highlighted the importance of B-
catenin-mediated activation of T cell factor (TCF)/lymphoid enhancer factor (LEF) transcrip-
tion during thymocyte development. As regulation of this signaling pathway is controlled by
binding of soluble Wnt proteins to cell surface Frizzled (Fz) receptors, we studied compo-
nents of Wnt/Fz-mediated signaling in the context of stromal cell regulation of thymocyte
development. We show that mRNA for a variety of Wnt family members, notably Wnt-4, Wnt-
7a and 7b, and Wnt-10a and 10b, are expressed by thymic epithelium rather then by thymo-
cytes, while thymocytes demonstrate a developmentally regulated pattern of Fz receptor
expression. Collectively these findings suggest (1) a functional role for Wnt-producing thy-
mic epithelium in determining TCF/LEF-mediated transcriptional regulation in Fz-bearing
thymocytes, and (2) a role for defined Wnt-Fz interactions at successive stages of thymocyte
maturation. In support of this we show that separation of thymocytes from Wnt-producing
epithelial cells and the thymic microenvironment, triggers B-catenin phosphorylation and
degradation in thymocytes. Thus, sustained exposure to Wnt in the context of an intact stro-
mal microenvironment is necessary for stabilization of B-catenin-mediated signaling in thy-

mocytes.

Key words: Thymic epithelium / Wnt / Frizzled / Thymocyte development

1 Introduction

T cell precursors entering the thymus undergo a program
of proliferation, differentiation and selection that is regu-
lated by interaction with the thymic microenvironment
[1-8]. Some of the molecular mediators of these micro-
environmental interactions have now been defined and
their expression mapped to thymic epithelial cells, which
are known to play a key role in supporting thymocyte
development [3-5]. These include production of the
growth factors IL-7 and SCF [6-8] and expression of
Notch ligands [9] capable of activating the Notch signal-
ing pathway recently defined as an essential requirement
for the induction of T cell development [10-12]. Recent
evidence has also highlighted the importance of the tran-
scription factors T cell factor (TCF)-1/lymphoid enhancer

[DOI 10.1002/ei.200323564]

Abbreviations: Fz: Frizzled DN: Double-negative DP:
Double-positive SP: Single-positive TCF: T cell factor
LEF: Lymphoid enhancer factor RT: Reverse transcription
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factor (LEF)-1 and their co-activator, B-catenin, at both
the pre-TCR regulated developmental checkpoint, con-
trolling the transition from the CD4CD8  (double-
negative, DN) to the CD4*CD8* (double-positive, DP)
stage of thymocyte maturation [13], and for survival at
the DP stage, allowing positive selection and progres-
sion to the CD4CD8*/CD4*CD8" (single-positive, SP)
stage [14]. However, little is known of the way in which
this pathway of transcriptional regulation is controlled as
thymocyte maturation proceeds, and whether this
involves autocrine or paracrine effects mediated by the
thymic stroma.

Activation of the TCF/B-catenin pathway is dependent
upon interaction of members of the Wnt family of
secreted glycoproteins with members of the Frizzled (Fz)
family of transmembrane receptors [15]. Signaling
through Fz receptors as a consequence of Wnt binding
results in the stabilization of B-catenin, which on associ-
ation with TCF/LEF converts it from a transcriptional
suppressor to a transcriptional activator [16]. Although
both Fz and Wnt proteins are known to be expressed in
the thymus, the pattern of expression and functional role

0014-2980/03/0707-1949%$17.50+.50/0
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of individual family members in relation to the various
lymphoid and stromal components of the thymus is not
clear. Thus defining these parameters is fundamental to
understanding the microenvironmental regulation of
transcriptional control by TCF/LEF in thymocyte matura-
tion.

Here we have carried out spatial and temporal mapping
of Wnt and Fz expression in conjunction with functional
studies, to investigate the regulation of Wnt-mediated -
catenin signaling by defined thymocyte and stromal cell
interactions. We show that Wnt genes, notably Wnt-4,
are expressed by thymic epithelial cells rather than thy-
mocytes, favoring a model in which Wnt production by
thymic epithelial cells influences B-catenin stabilization
and hence TCF/LEF-mediated transcription during
thymocyte maturation. Correspondingly, analysis of Fz
receptor expression on thymocytes has shown a strict,
developmentally regulated pattern, which may suggest a
role for particular Wnt-Fz interactions during defined
stages of T cell development.

2 Results

2.1 Differential expression of Wnt genes by
thymocytes and thymic stromal cells

Several lines of evidence point toward B-catenin-
mediated activation of TCF/LEF transcription as being
an important mechanism during differentiation of DN thy-
mocytes [17-19]. As binding of Wnt molecules to
membrane-located Fz receptors is known to play a key
role in B-catenin-mediated signaling [20-22], we first
analyzed intrathymic expression of a panel of Wnt and Fz
family members in highly purified populations of thymo-
cytes and thymic stromal cells.

Relative to thymic epithelial cells, Wnt gene expression
detected by reverse transcription (RT)-PCR was minimal
in DN stage thymocytes (Fig. 1A) and in all subsequent
(DP and SP) thymocyte populations (Fig. 1B and data
not shown). In contrast, purified thymic epithelial cells
both freshly isolated at E15 (Fig. 1A) and functionally
mature cortical epithelial cells (Fig. 1B), expressed a
range of Wnt genes. These included Wnt-4, Wnt-7a and
7b and Wnt-10a and 10b with relative expression being
highest for Wnt-4 (Fig. 1A, B). Supporting the PCR data,
Western blot analysis showed readily detectable Wnt-4
protein expression in CD45-depleted thymic stroma and
undetectable levels in DN and DP thymocyte subpopula-
tions (Fig. 1C). Collectively, these data emphasize the
importance of paracrine epithelial/thymocyte rather than
autocrine or thymocyte/thymocyte effects in Wnt medi-
ated
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[] E15 thymic epithelium

M cpss thymocytes

Relative expression of mRNA

54 Sb 6 7a 7b 8 10a 10b 11 13

23 Functionally mature
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M CD4'8'TCR’ thymocytes
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thymic stroma
CD4'8 thymocytes
CD4'8' TCR*
thymocytes

Wnt-4

B-actin

Fig. 1. Wnt family members are selectively expressed in thy-
mic epithelial cells rather than thymocytes. (A) Relative
expression of Wnt in E15 thymic epithelium and DN thymo-
cytes or (B) in functionally mature cortical epithelial cells and
DP thymocytes was determined by fixed-point RT-PCR using
specific primers. PCR reactions were terminated at 35 cycles,
the products were scanned by densitometry and expressed
relative to B-actin level as an internal control. (C) Wnt-4 pro-
tein expression in CD45-depleted thymic stroma, DN and DP
thymocytes was determined by Western blot analysis using a
specific antibody against mouse Wnt-4. Equal protein loading
was determined using anti-B-actin antibody.
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regulation of B-catenin-TCF/LEF-dependent transcrip- been defined. Studies using soluble dominant-negative
tion in thymocytes. Fz receptors [23] have suggested the importance of Fz

expression in thymocyte maturation. However, these
studies were carried out with whole fetal thymic lobes

2.2 Selected Fz receptors are expressed on and do not exclude the possibility of indirect effects
thymocytes in a developmentally regulated through perturbation of thymic epithelial function since
pattern the possible expression of Fz receptors by these cells is

not known.

Although there is some evidence for Fz receptor expres-

sion in whole thymus preparations [23], the expression To address these issues, we carried out RT-PCR analysis

and functional significance of individual Fz family mem- of Fz expression in defined thymocyte and epithelial cell

bers at different stages of thymocyte maturation has not preparations. As shown in Fig. 2A, Fz6 is the predomi-
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Fig. 2. (A) Expression of Fz receptors and the Fz accessory molecule, LRP8, in developing thymocytes. Relative expression in
highly purified DN and DP TCR* thymocyte populations was determined by fixed-point RT-PCR reactions which were terminated
at 35 cycles. Products were scanned by densitometry and expressed relative to B-actin as internal control. (B) Fz5 receptor pro-
tein is expressed in thymic stroma cells and DP but not in DN thymocytes. Fz5 receptor expression in CD45-depleted thymic
stroma, DN and DP thymocytes was determined by Western blot analysis using an Fz5 antibody. Equal protein loading was
determined by using anti-B-actin antibody. (C) Developmentally regulated expression of Fz5 and Fz6 receptor expression during
thymocyte maturation. Fixed-point RT-PCR analysis was performed from cDNA of highly purified thymocyte subpopulations. The
reactions were terminated at 35 cycles, except for -actin, which was terminated at 28 cycles. Equal sample loading is demon-
strated by comparability of g-actin level.
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nant Fz family member expressed in DN cells, whilst Fz5
is predominant in DP cells. Fz5 protein expression on DP
thymocytes is also supported by Western blot analysis
(Fig. 2B). Further analysis of Fz expression in DN subsets
defined by CD25 and CD44 expression (Fig. 2C) showed
that Fz6 expression increases during thymocyte matura-
tion from the DN1 (CD4CD8CD2544*) to the DN4
(CD4CD8CD25447) stage, but then dramatically
decreases at the early DP stage (CD4*CD8*TCR"). Con-
versely, Fz5 message (Fig. 2C), and Fz5 protein (Fig. 2B),
which is not detected in DN thymocytes, become detect-
able at the DP stage and is the dominant Fz receptor
expressed by CD4*CD8*TCR* cortical thymocytes
(Fig. 2C). Fz5 mRNA expression is subsequently dramati-
cally down-regulated at the CD4*CD8*CD69"* stage, sug-
gesting that Fz expression may be down-regulated as a
result of positive selection. Thus these results suggest
that the expression of Fz family members is develop-
mentally regulated and that different family members are
functionally important at different stages of maturation.

Consistent with a functional role for Fz signaling through
the B-catenin-TCF-1 pathway at both DN and DP stages,
other components of this pathway are expressed in both
DN and DP cells (Fig. 2C). These include B-catenin itself
and the recently defined LRP6 molecule, which is
expressed in association with Fz molecules in the cell
membrane and appears to be important in the formation
of a functionally competent Fz receptor complex [24-26].

Importantly, expression of Fz6 (Fig. 3) and other Fz family
members, including Fz2, Fz4, Fz5, Fz7, Fz8, and Fz10
(data not shown), is also readily detectable in thymic epi-
thelial cells. This suggests that functional studies involv-
ing Fz inhibition or the effects of added Wnt proteins on
thymocyte development in the intact thymus must take
into account the possibility of indirect effects due to the
modulation of epithelial cell maturation or function.

CD48
thymocytes

B-actin
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2.3 Stability of B-catenin in thymocytes is
regulated by the thymic microenvironment

The above data predict that B-catenin-mediated signal-
ing in thymocytes is influenced by Wnt production by
thymic epithelial cells. In the absence of Wnt-induced
signaling through Fz receptors, B-catenin is targeted for
degradation as a result of glycogen synthase kinase-3-
mediated phosphorylation [27, 28]. Thus, the phosphory-
lation status of B-catenin can be used as a read-out of -
catenin stability and hence Fz-mediated Wnt signaling.
To obtain functional evidence for the influence of epithe-
lial products on B-catenin stability in thymocytes, and
hence on the activation of TCF-1/LEF-1-regulated target
genes in these cells, we examined B-catenin phosphory-
lation in thymocytes in contact with thymic epithelial
cells, or following their removal from the thymic microen-
vironment.

As shown in Fig. 4, DN thymocytes freshly isolated from
15-day thymus lobes express readily detectable levels of
B-catenin protein (Fig. 4) with no detectable levels of
phosphorylation (Fig. 4) as indicated by Western blotting
with an antibody specific for the phosphorylated form of
B-catenin. Similarly, thymocytes maintained in culture for
5h in the presence of epithelial cells in intact thymus
organ cultures also showed no evidence of B-catenin
phosphorylation (Fig. 4). In marked contrast, DN thymo-
cytes removed from thymic lobes and cultured in isola-
tion showed detectable phosphorylation within a similar
5-h culture period (Fig. 4). Thus, these data provide func-
tional evidence that B-catenin stability in DN thymocytes
is dependent upon contact with the thymic microenvi-
ronment and correlates well with the production of Wnt
proteins by thymic epithelial cells.

EpCAM*
thymic
epithelium

-

Frizzled-6

cles 24 9 44

Fig. 3. Fz6 receptor genes expressed by thymocytes are also expressed by thymic epithelial cells. Semiquantitative RT-PCR
analysis of Fz6 receptor message in DN thymocytes and E15 thymic epithelium showing comparable levels of expression by

both cell types.
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B-catenin

P-f-catenin

Fig. 4. Stability of B-catenin in CD4"CD8™ thymocytes is reg-
ulated by the thymic microenvironment. Phosphorylation
status of B-catenin in CD4°CD8™ thymocytes was analyzed
by Western blotting with antibodies specific either for f-
catenin or phosphorylated p-catenin (P-#-catenin). E15 thy-
mocytes were purified and either lysed immediately, or incu-
bated for 5 h in vitro either in isolation or within intact thymus
lobes. Harvested cells were selected on CD45-coated Dyna-
Beads before analysis to exclude stromal contamination.
Note the appearance of B-catenin phosphorylation in thy-
mocytes cultured in isolation as compared to those main-
tained in intact thymus lobes.

3 Discussion

Recent findings have emphasized the importance of the
B-catenin-TCF-1/LEF-1 pathway in thymocyte develop-
ment [13, 14, 23]. In this study, we have defined the
expression of Wnt proteins and Fz receptors, known to
be important regulators of this pathway, in thymocyte
and stromal cell populations of the developing thymus.
Our findings provide evidence that developing thymo-
cytes are not self sufficient in the production of Wnt pro-
teins, and suggest that Wnt proteins produced by thymic
epithelial cells are key to the regulation of B-catenin sta-
bility and hence TCF-1/LEF-1-dependent transcription in
developing thymocytes. In terms of relative expression,
we found that Wnt-4 is the most abundantly expressed
Whnt family member in both E15 thymic epithelium and
functionally mature cortical epithelial cells at subsequent
stages of development (Fig. 1a, b). This finding corre-
lates well with recent evidence for a functional role for
Wnt-4 in thymocyte development from studies in mice
double-deficient for Wnt-1 and Wnt-4, which show
reduced thymus size and cellularity [29]. Interestingly,
Whnt-1 expression appears to be associated with medul-
lary epithelium (unpublished observations), suggesting
that there may also be specialization of Wnt protein pro-
duction by different epithelial subsets.

In addition to Wnt expression by epithelial cells, we have
shown that thymocytes express Fz receptors in a devel-
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opmentally regulated pattern. In DN thymocytes Fz6 is
the predominant Fz family member expressed, but is
replaced by Fz5 during the transition from the DN to the
DP stage. In turn, Fz5 is down-regulated in cells under-
going positive selection and transition from the DP to the
SP stage. Although the functional significance of individ-
ual Fz receptors and Wnt proteins is still to be eluci-
dated, this complex pattern of expression argues for a
role for specific Fz receptors at different stages of thy-
mocyte development. In this context, there is evidence
that B-catenin-mediated events are involved in the matu-
ration of DN to DP cells [13] and in the survival of DP
cells pending TCR-mediated selection [14]. Thus signal-
ing through Fz6 may be important for DN cell maturation
whilst Fz5 provides signals for DP cell survival. Moreover,
changes in Fz expression at two key developmental
checkpoints regulated by signaling through the TCR
complex raises the possibility that changes in Fz expres-
sion at sequential stages of thymocyte maturation are
regulated by signaling through the pre-TCR and TCR
complexes, respectively.

As well as expression by thymocytes we have also found
expression of a range of Fz receptors on thymic epithelial
cells. Thus it is possible that epithelial cell proliferation
and differentiation are also influenced by Wnt proteins.
Our current studies are aimed at investigating the role of
Whnt proteins in the development of the thymic microen-
vironment.

4 Materials and methods

4.1 Animals

BALB/c (H-29% mice, housed under SPF conditions at the
Biomedical Services Unit, University of Birmingham, were
the source of fetal, neonatal and adult thymic material. In the
case of embryonic mice, the day of detection of a vaginal
plug was designated as gestational day 0.

4.2 Purification of thymocyte subpopulations

Thymocyte subpopulations were purified using antibody-
coated DynaBeads, exactly as described [30]. DN CD4°CD8~
thymocyte subsets were further subdivided into DN1-DN4
subsets using a combination of anti-CD44- and anti-CD25-
coated DynaBeads. Briefly, CD44*CD25™ (DN1) thymocytes
were obtained by depletion of CD25* thymocytes by anti-
CD25-coated DynaBeads from 14-day BALB/c fetal thymo-
cyte suspension. DN2 and DN3 subsets were purified from
15-day BALB/c thymocyte suspensions using anti-CD25-
and anti-CD44-coated magnetic beads (Dynal, Wirral, GB).
Rosetted, CD44*25* (DN2) thymocytes were snap-frozen for
RT-PCR analysis. DN3 (CD44°CD25*) thymocytes were puri-
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fied by depleting CD44* cells, using anti-CD44-coated
DynaBeads. CD25°CD44~ (DN4) thymocytes were sorted
from 17-day BALB/c thymocyte suspensions using multiple
round of magnetic beads coated with anti-CD4, -CD8,
-CD44 and -CD25 antibodies. Purity of preparations was
routinely tested by flow cytometric analysis, with typical
purities being greater than 95% (data not shown).

4.3 Thymic epithelial cell preparations

For E15 thymic epithelial cells thymus lobes from 15-day
BALB/c embryos were digested with 0.25% trypsin in
0.02% EDTA, and then washed in RPMI + 10% FCS. Thymic
epithelial cells were then purified from the resultant cell sus-
pension using DynaBeads coated in anti-EpCAM antibody
(clone G8.8, a kind gift of Dr A. Farr, University of Washing-
ton, Seattle). Cells were then immediately snap frozen for
RT-PCR analysis. Functionally mature cortical epithelial cells

Table 1. Primer sequences used

Eur. J. Immunol. 2003. 33: 1949-1956

were prepared from disaggregated deoxyguanosine-treated
lobes by selection on anti-MHC class ll-coated beads as
described previously [31].

4.4 Western blotting

Stromal cell preparations and thymocyte subpopulations
were lysed in lysis buffer (20 MM Hepes pH 7.4, 1 mM
MgCl,, 1mM CaCl,, 137mM NaCl, 50mM B-
glycerophosphate, 1% Triton X-100 supplemented with
1 mM dithiothreitol, 2 mM PMSF, 2 pg/ml leupeptin, 1 pg/ml
aprotinin, 2 pg/ml pepstatin, 2 mM Na,VO,, 0.1 M sodium
pyrophosphate, 1 uM B-microcystin and 10 mM NaF, RNase
and DNase) on ice for 20 min, then snap frozen in liquid
nitrogen and stored at —70°C until used. Just before loading
on 10% SDS-PAGE, the samples were boiled in 2x SDS
sample buffer. Gels were blotted onto polyvinylidene difluo-
ride membrane, blocked in 1% BSA and probed with anti-
phospho-B-catenin (Upstate Biotechnology), anti-8-catenin

57 3’ Product
size
B-actin 5'-GTTACCAACTGGGACGACA 5'-TGGCCATCTCCTGCTCGAA 460
Wntl 5'-GAACATAGCCTCCTCCACGA 5'-GGAATTGCCATTTGCACTCT 187
Wnt3a 5"-ATGGCTCCTCTCGGATACCT 5'-GGGCATGATCTCCACGTAGT 201
Wnt3 5"-ACCTGGAGAAGGCTGGAAGT 5"-CTTGTCCTTGAGGAAGTCGC 280
Wnt4 5'-CTCAAAGGCCTGATCCAGAG 5'-TCACAGCCACACTTCTCCAG 293
Wnt5a 5'-GTCTACCTGTGGCTGCAGC 5'-GCACACAGTAGTCCGGACTG 451
Wnt5b 5'-AGTGCAGAGACCGGAGATGT 5'-GACAGATGTGTTGTCCACGG 217
Wnt6 5"-AAGACTGGGGGTTCGAGAAT 5'-GATTGCAAACACGAAAGCTG 133
Wnt7a 5'-GGCTTCGCCAAGGTCTTCG 5'-CATGAGGTCACAGCCACTGG 440
Wnt7b 5"-TGCCCGTGAGATCAAAAAG 5'-CTGCGTTGTACTTCTCCTTG 200
Wnt8d 5'-GGTGGAATTGTCCTGAGCAT 5'-CCCTTTCTCCAAACTGTCCA 287
Wntl0a 5'-CCTGGAGACTCGGAACAAAG 5"-AACCGCAAGCCTTCAGTTTA 157
Wnt10b 5'-GATACCCACAACCGCAACTC 5'-GGCTCACCTTCATTTACACACA 323
Wntl1 5'-GCTCCATCCGCACCTGTT 5"-CGCTCCACCACTCTGTCC 331
Wntl3 5"-CACCCGGACTGATCTTGTCT 5"-TGTTTCTGCACTCCTTGCAC 252
Fzl 5'-TGCCAGCCATCAAAACTATAAC 5'-AGAGGACACTGAAGACTCCG 270
Fz2 5"-CGGCTCTATGTTCTTCTCGC 5'-AGCCGGACAGAAAGATGATG 1709
Fz3 5"-TATTTCGTTCTCGCTCCCC S-CATGTCTTTTTGCTTCCAACC 395
Fz4 5’-GCTTCATCTCCACCACCTTC 5"-TCAGTTCATCGGCATCCAC 431
Fz5 5-ACCTGTGTGTGTCACTGGGA S"-ACTTGACACTGGGGATGAGC 295
Fz6 5'-CACTTCTCGGTTGCTATGTCTATG 5'-GGTCTGCTCGTCCCTCTTTG 520
Fz7 5"-CTTCCTGCTAGAGGACCGTG 5"-ATGGCCAAAATGGTGATTGT 295
Fz8 5'-CCAGAGCCTTGACAACCTAC 5'-AGAAAAGGCAGGCGACAAC 233
Fz9 5"-TTCACCGTGTTCACCTTCC 5'-AGAGTCAAAACCACCCACC 266
Fz10 5"-CGGCTCTATGTTCTTCTCGC 5'-CTTTCTTAGTGCCCTGCACC 297
LPR6 5'-GGTGTCAAAGAAGCCTCTGC 5'-GCTCGAGGACTGTCAAGGTC 294
B-catenin 5'-CACAACCTTTCTCACCACC 5'-GCTTGCTCTCTTGATTGCC 283
Tecfl 5"-ACCAGTCCCACAGTGTCCTC 5'-GGAGCAGCAGTGTCAATGAA 306

% Alternative spliced form for Fz10
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(Upstate Biotechnology), anti-mouse-Wnt-4 (R&D Systems),
anti-Fz5 (Upstate Biotechnology) and anti-p-actin (Sigma)
antibodies. Second-step antibodies were horseradish
peroxidase-labeled anti-rabbit or anti-sheep or anti-goat Ig.
Blots were visualized using the chemiluminescent Supersig-
nal kit (Pierce) and scanned densitometrically for quantifica-
tion (Syngene).

4.5 RT-PCR

RT-PCR was conducted with B-actin as an internal standard,
as described previously [32]. Samples were matched for §3-
actin expression, then amplified with the relevant primer pair,
scanned densitometrically and expressed as relative to B-
actin. Primer sequences used in PCR reactions are given in
Table 1. Fixed-point RT-PCR were performed at an anneal-
ing temperature of 55°C, using 1.5 mM Reddy Mix (Sigma)
for 35 cycles, except for B-actin: annealing temperature
50°C, 2 mM Reddy Mix (Sigma), 28 cycles.
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Abstract

While low avidity ligation of the T cell receptor (TCR) leads to positive selection and further maturation of developing thymocytes
providing the immune system with mature CD4 ™ and CD8™ (single positive) T cells, high avidity ligation triggers negative selection by
apoptotic cell death and therefore the TCR repertoire is purged of autoreactive T cells. On peripheral T cells, however, high avidity ligation
of the TCR triggers activation and survival not death. In the present study we used concanavalin A (Con A) and a-CD3¢ antibody to
investigate a possible survival mechanism in connection with TCR ligation. Con A and a-CD3¢ were used in the study for the following
reasons: (1) they both mimic the effects of high avidity TCR ligation by activating peripheral T cells, and (2) they trigger distinctively
different physiological changes in developing thymocytes. While Con A supports events associated with cellular survival, ®-CD3¢ induces
apoptotic cell death. In our experimental system the TCR was cross-linked by Con A and a-CD3¢ in thymocytes of major histocompatibility
complex (MHC) deficient thymus organ cultures, where signals from the TCR can be triggered on zero background signal level. We have
found that TCR cross-linking by Con A and not by a-CD3¢ decreases the gene and protein expression of the pro-apoptotic molecule,
Bad; and that Con A is capable of the activation of the survival signalling pathway including protein kinase B (Akt/PKB) independently

of phosphatidyl inositol kinase (PI3K).
© 2003 Elsevier Science Ltd. All rights reserved.

Keywords: Con A; Akt/PKB; Thymocytes

1. Introduction

The effects of concanavalin A (Con A) on activation and
proliferation of mature T cells are well known and similar
to those induced by a-CD3¢ antibody, mimicking the effects
of high avidity T cell receptor (TCR) ligation. Apart from T
cell activation in the periphery, TCR engagement also plays
an important role during T cell development in the thymus.
Whilst low avidity TCR ligation drives CD48%, double
positive (DP) thymocytes through positive selection, further
maturation and therefore survival; high avidity TCR ligation
induces negative selection and apoptotic cell death (Nossal.
1994). Despite the similar effects they trigger in mature T

Abbreviations: Akt/PKB, protein kinase B; JNKI1, c¢-Jun N terminal
kinase 1; MAPK, mitogen activated protein kinase; PI3K, phosphatidyl
inositol kinase: PIP2, phosphatidyl inositol phosphate: PKA, protein kinase
A: PKC, protein kinase C.

* This work was supported by a 5-year program grant by the Medical
Research Council, UK.

* Corresponding author. Tel.: +44-121-414-6820;
fax: +44-121-414-6815.

E-mail address: j.pongraczi@bham.ac.uk (J. Pongracz).

cells, by cross-linking the TCR with high avidity, Con A
and a-CD3¢ affect the development of immature thymocytes
with strikingly different results. Whilst cross-linking of the
TCR with a-CD3¢ antibody (Smith et al.. 1989) simulates
the effects of negative selection by down-regulating CD4
and CD8 and culminating in apoptotic cell death (reviewed
in Nossal, 1994); Con A is capable of inducing positive se-
lection (Lovatt et al.. 2000). therefore survival (Anderson
et al., 1996) and further maturation of DP thymocytes. The
above findings clearly indicate that high avidity TCR lig-
ation, which is thought to be sufficient to trigger negative
selection of DP thymocytes, can be modified by activat-
ing cellular survival mechanisms, which can override death
signals.

One possible candidate in the involvement of the above
signal modulation is the serine/threonine kinase protein ki-
nase B (Akt/PBK), which mediates cell survival in a variety
of systems, by phosphorylating and therefore inhibiting the
function of pro-apoptotic members of the Bcl family (Datta
et al., 1997), members of the Forkhead-related transcription
factors (Brunet et al., 1999) and the death protease caspase-9
(Cardone et al., 1998). Studies involving over-expression of

0161-5890/03/$ — see front matter © 2003 Elsevier Science Ltd. All rights reserved.

doi:10.1016/S0161-5890(03)00044-0

175



dc_267 11

1014 J. Pongracz et al./Molecular Immunology 39 (2003) 1013-1023

constitutively active form of Akt/PKB has also prolonged
the survival of DP thymocytes (Jones et al., 2000), mak-
ing Akt/PKB an attractive candidate for mediating the death
process.

Since Con A delivers signals which can block cell death
and support positive selection, we hypothesised that distinct
physiological effects induced by Con A and a-CD3¢ in DP
thymocyte populations could be the result of differential ac-
tivation of the Akt/PKB related survival signalling pathway.
In line with the above we show that apart from a decreased
level of bad gene and protein expression, ligation of the
TCR by Con A, as compared to a-CD3¢, results in differen-
tial phosphorylation of Bad and Bcl2, and that Con A phos-
phorylates the Bad kinase, Akt/PKB in a PI3K independent
manner.

2. Materials and methods
2.1. Animals

DK, B2M —/— and major histocompatibility complex
(MHC) I and II —/— (H-2%), MHC double deficient mice
embryos at day 15 of gestation, produced by timed matings,
were used as sources of foetal material.

2.2. Purification of thymocyte subpopulations

Thymocyte sub-populations were purified by immuno-
magnetic selection from the thymi of newly born BALB/c
(H-29) mice as described in details elsewhere (Moore et al..
1995).

2.3. Detection of DP thymocyte depletion

Thymus lobes (15 + 7 days DK mice) were treated in cul-
ture with 5 pg/ml of a-CD3¢ antibody and 5 pg/ml of Con
A for 18 h at 37 °C. DP thymocytes were immuno-labelled
as described by Anderson et al. (1994). Briefly, thymus or-
gan cultures were teased apart and the resulting cell sus-
pensions were labelled with a mixture of PE-conjugated
anti-CD4 and FITC-conjugated anti-CD8 Abs, and fixed in
1% paraformaldehyde and analysed by flow cytometry.

2.4. Detection of apoptosis

Early signs of apoptosis were detected by Annexin stain-
ing since Annexin V has high affinity for the membrane
phospholipid phosphatidyl serine, which is translocated from
the inner membrane to the outer membrane in apoptotic cells
earlier than DNA fragmentation would occur. Briefly, thy-
mus lobes (15 + 7 days DK mice) were treated in culture
with 5 pg/ml of a-CD3¢ antibody and 5 pg/ml of Con A
for 18 h at 37°C then the thymus lobes were teased apart.
The resulting cell suspensions were labelled with direct
FITC-conjugate of Annexin V (final concentration: 1 pg/ml)

(CLONTECH., Palo Alto) according to manufacturer’s in-
structions and analysed by flow cytometry at 488 nm. Cells
in later stages of apoptosis with increased membrane per-
meability were stained with propidium iodide and excluded
from the analysis.

2.5. Western blotting

Thymocytes from embryonic organ cultures were teased
out at #) and at 1, 4 and 12h of treatments and lysed in
lysis buffer (20 mM HEPES pH 7.4, 1 mM MgCl,, 1 mM
CaCl, 137mM NaCl, 50mM B-glycerophosphate, 2 mM
EGTA, 1% Triton X100 supplemented with 1 mM DTT,
2mM PMSF, 2 pg/ml leupeptin, 1 pg/ml aprotinin, 1 pg/ml
pepstatine, 2 mM Naz VOy, 0.1 M Na-pyrophosphate, 1 pM
-microcystin and 10mM NaF) on ice for 20 min, then
snap frozen in liquid nitrogen and stored at —70 “C until
used. Just before loaded on 10% SDS-PAGE. the sam-
ples were boiled in 2x SDS sample buffer. Gels were
blotted onto PVDF-membrane, blocked in 1% BSA and
probed with anti-phospho-Akt (Upstate Biotechnology)
or anti-phospho-Bad (Upstate Biotechnology) or mouse
anti-Bad (Pharmingen) or anti-Bcl2 (Upstate Biotechnol-
ogy) or B-actin (Sigma) antibodies.

Specific secondary antibodies were HRP-labelled and
blots were visualised using the chemiluminescent Supersig-
nal kit (Pierce) and densitometrically scanned for quantifi-
cation (Alpha Imager, Flowgen).

2.6. Immunoprecipitation

Following treatment, thymocytes from embryonic organ
cultures were teased out at #p and at 1 and 4 h of treatments,
washed then lysed in lysis buffer (see in Western blotting)
on ice for 20 min. The required antibody (anti-P-Serine,
anti-Bcl2) plus protein A Sepharose were added to the
lysates which were incubated O/N at 4°C with constant
rotation. Sepharose beads were collected by pulse centrifu-
gation (5min, 4°C, 14,000 rpm) and washed in ice-cold
TBS (10 mM Tris—HCI, pH 7.8). Sepharose beads were
re-suspended in 50 pl TBS + 25 pl 2x SDS-sample buffer,
then boiled for 3 min, spun down and the supernatant
loaded on SDS-PAGE. Proteins separated on SDS-PAGE
were blotted to Immobilon transfer membrane and either
blocked in 1% BSA and probed with the relevant anti-
body or stained and placed for autoradiography to detect
v32P-ATP (Amersham) incorporation.

2.7. Akt/PKB enzyme activity assay

Following 4 h treatment of foetal organ cultures with
5pg/ml of a-CD3¢ antibody and 5pg/ml of Con A in
DMEM, thymocytes were teased out and immunoprecipi-
tated (see in detail above) for 2 h at 4 °C using anti-Akt/PKB
antibody (Upstate Biotechnology). The sepharose beads
were re-suspended in Akt/PKB assay buffer and enzyme
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activity was measured by y*2P-ATP incorporation into
enzyme specific peptide substrates for 10 min at 30°C,
using a commercial Akt/PKB IP kinase assay kit (Upstate
Biotechnology. TCS).

2.8. Inhibition of PI3K

Thymus lobes (15 + 7 days DK mice) were pre-incubated
with the PI3K specific inhibitor LY294002 at the concentra-
tion of 1.5 pM for 60 min at 37 °C before adding treatment
of 5 pg/ml of a-CD3¢ antibody and 5 pg/ml of Con A in
DMEM for 4 h at 37 °C. Thymocytes were then teased out
and lysed in full lysis buffer (see in Western blotting) for
immunoprecipitation or snap frozen for RNA extraction. For
physiological studies thymocytes were incubated for 16 h at
37°C then teased out and stained with CD4 and CD8 anti-
bodies then analysed by FACS.

2.9. Inhibition of acidic sphingomyelinase
and ceramide synthase

Thymus lobes (15 + 7 days DK mice) were pre-incubated
with the acidic sphingomyelinase specific inhibitor SR33557
at the concentration of 30 uM and/or fumonisin at the con-
centration of 100 nM for 60 min at 37 °C before adding treat-
ment of 5 pg/ml of a-CD3¢ antibody and 5 pg/ml of Con
A in DMEM for 4 or 16h at 37 °C. Thymocytes were then
teased out and lysed in full lysis buffer (see in Western blot-
ting) for immunoprecipitation or snap frozen for RNA ex-
traction or following 16 h incubation, thymocytes were im-
munostained for CD4 and CD8 expression.

2.10. Reverse-transcriptase polymerase chain
reaction (RT-PCR)

Reverse RT-PCR for the detection of all the gene mRNA
investigated was conducted with (3-actin as an internal stan-
dard, as described previously (Moore et al., 1993). nur77
expression was used as positive control for gene expression
in connection with T cell receptor ligation. Primer sequences
used in PCR reactions: B-actin: (5'): 5'-GTT-ACC-AAC-
TGG-GAC-GAC-A-3"; (3'): 5'-TGG-CCA-TCT-CCT-GC-
T-CGA-A-3"; nur77: (5'). 5’-CCT-CGT-CGG-GTG-GAA-
GAG-CTG-3"; (3'): 5'-GAG-GAG-GTA-CGT-CAG-TCT-
TAG-3'; bcl2: (5'): 5'-CCT-GTG-CCA-CCA-TGT-GTC-
CAT-C-3'; (3'); 5/-GCT-GAG-AAC-AGG-GTC-TTC-AG-
A-GAC-3'; 1¢f1: (5'): 5'-AAA-GCA-CCA-AGA-ATC-CAC-
AG-3"; (3'): 5'-ATG-CAT-TTC-TTT-TTC-CTC-CTG-CAC-
3", (3); bad: (5'): 5’-GAG-TCG-CCA-CAG-TTC-GTA-C-
3’; (3): 5'-GAC-TCA-AGC-TGT-ACG-TCA-GC-3'.

3. Results

Since the thymic microenvironment has been shown to
play an essential role in thymocyte development, the present

study was performed in thymus organ cultures (Jenkinson
and Anderson, 1994) to avoid disturbing the intra-thymic mi-
lieu, which perturbs thymocyte maturation (Marrack et al.,
1988). and enhances thymocyte susceptibility to apoptosis
(Porritt et al., 1998; van Ewijk, 1991). Furthermore, all the
studies were carried out in MHC I/II deficient thymus lobes,
which lack the necessary TCR ligands to trigger either posi-
tive or negative selection, so that thymocytes cannot progress
beyond the DP developmental stage (Grusby et al., 1993).
This system therefore represents a zero background signal
level from the TCR and provides the ideal environment to
investigate the effects of TCR ligation in developing thymo-
cytes.

3.1. Physiological effects of a-CD3¢ and Con 4

To establish that both a-CD3¢ Ab and Con A can pen-
etrate intact thymus lobes and bind to DP thymocytes, we
used direct FITC conjugates of «-CD3¢ Ab and Con A to
incubate intact thymus lobes in from MHC VII deficient
(DK) mice. Within 4 h 68% of DP thymocytes were labelled
with a-CD3¢ and 63% with Con A (Fig. 1a). To show that
«-CD3¢ and Con A did not just bind to DP thymocytes but
also exerted physiological changes. a direct FITC-conjugate
of Annexin V was used to detect early signs of apoptosis.
While 18 h incubation with «-CD3¢ resulted in a massive
increase of Annexin positive thymocytes (42%) compared
to controls (8%), Con A had no such effect (7%) (Fig. 1b)
consistent with induction of death by «-CD3¢ but not Con
A driven signalling.

Having established that both a-CD3¢ and Con A can pen-
etrate the thymus lobes with the same efficiency, bind to
DP thymocytes with different physiological consequences,
it was also essential to examine the effects of a-CD3¢ and
Con A on changes in gene expression known to be related to
TCR mediated signalling. As indicators, two genes, nur77
and fcfl were selected. While nur77 is a gene known to in-
crease in response to TCR related apoptotic stimuli (Cheng
et al., 1997, Winoto, 1997), the T cell restricted gene, fcf!
(Verbeek et al., 1995), which is expressed very early in T
cell development, has been reported to down-regulate dur-
ing both TCR dependent positive (Verbeek et al., 1995) and
negative selection (Jeon et al., 1998). Following 1 and 4 h
incubation with a-CD3¢ or Con A nur77 mRNA expression
was rapidly increased, while 7¢f7 slowly decreased (Fig. 1¢)
indicating that TCR related signalling pathways were read-
ily activated following both Con A and «-CD3¢ stimulus,
while physiological effects remained remarkably different.

3.2. Differential activation of signalling molecules

3.2.1. Akt/PKB activity

Akt/PKB is a key player in the survival of many cell
types. To assess the role of Con A in activating the Akt/PKB
dependent survival mechanism, we studied the level of
Akt/PKB activation following Con A and a-CD3¢ treatment.
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Fig. 1. Physiological effects of a-CD3e (5pg/ml) and Con A (5pg/ml) on MHC DK thymocytes (15 4 7 days) in organ culture. (a) Number of
thymocytes labelled with direct FITC conjugates of a-CD3e and Con A following 4h incubation shows an equal penetration rate to intact thymus lobes
by both ligands. (b) Annexin V positive thymocytes following 18h incubation in the presence or absence of «-CD3e and Con A. The percentage of
early apoptotic cells, 8 and 7% in control and Con A treated cultures, respectively, and 42% following «-CD3¢ treatment, are indicated in the upper
right corners of the figures. (The figures are representatives of five separate experiments). (¢) Semiquantitative RT-PCR analysis of nur77 and tcf] gene
expression in MHC DK thymocytes (15 + 7 days) following 1 and 4h incubation with «-CD3e¢ (5 pug/ml) and Con A (5 pg/ml) in organ cultures. Within
1h of a-CD3¢ and Con A treatment both ligand increased the message of mur77, t¢fl mRNA began to decrease at the 4h time point. (PCR data have
B-actin as the inner standard. The size of PCR gene products in base pairs, the number of cycles and cycles were samples were taken for analysis (every
three or four) are shown on the right hand side of the figures. The PCR data are representatives of two separate experiments).

It has been known that Akt/PKB is activated upon phospho-
rylation by upstream kinases (Franke et al., 1997), therefore
the level of its phosphorylation is an indicator of the acti-
vation status of the enzyme. Following a 4 h incubation of
thymocytes in thymic organ cultures with either a-CD3¢ or
Con A, a marked increase of Akt/PKB phosphorylation was
detected by both Western blotting using anti-phospho-Akt
antibody, and y*2P-ATP incorporation into an Akt/PKB spe-
cific substrate (Fig. 2). Con A, however, increased Akt/PKB
activity significantly above the level induced by «-CD3¢.

To examine how their differences in Akt/PKB activation
might be related to differential physiological outcomes, we
investigated further clements of the Akt/PKB signalling
pathway upstream and downstream of PKB.

3.2.2. PI3K

Since activation of Akt/PKB has been shown to be
dependent on the presence of PI3K generated phospho-
lipids, we theorised that inhibiting PI3K, and therefore
the path to Akt/PKB activity, should render the effects of
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Fig. 2. Akt/PKB activity. MHC DK thymus lobes (15 + 7 days) were treated with «-CD3¢ (5 pg/ml) and Con A (5ug/ml) for 4h in DMEM

complemented with y32P-ATP. Thymocytes (10° per treatment) were lysed and Akt/PKB was immunoprecipitated. Kinase assay was performed according
to manufacturers instructions and y>?P-ATP incorporation was detected into the specific substrate.

TCR cross-linking by Con A similar to those of a-CD3¢. tion showed no reduction (Fig. 3), indicating that Akt/PKB
Firstly, we studied the effects of a-CD3¢ and Con A on phosphorylation induced by Con A can occur via a PI3K
the phosphorylation of Akt/PKB in the presence of PI3K independent pathway. The above results were supported
specific inhibitor, LY294002. Surprisingly. while a-CD3¢ by experiments where 15 + 7 days DK thymus organ cul-
induced Akt/PKB phosphorylation was strongly inhibited tures were pre-incubated with 1.5 uM of LY294002, before
by 1.5uM LY294002, Con A induced Akt phosphoryla- adding a-CD3¢ or Con A for a further 16 h incubation.

200

180

160

thymocytes)
S

a3-CD3 Con A LY+a-CD3 LY+Con A

% Changes in Akt/PKB phosphorylation leve
compared to untreated control as 100% (10°

80

Fig. 3. Differential phosphorylation of Akt/PKB. MHC DK thymus lobes (15 + 7 days) following 4h incubation with a-CD3¢ (5 pg/ml) and Con A
(5 pg/ml) in the continuos presence or absence of 1.5 WM LY294002 PI3 kinase inhibitor. Thymocytes (10° per treatment) were lysed and Akt/PKB protein
immunoprecipitated using anti-Akt/PKB antibody. Proteins were separated on 10% SDS-PAGE and blotted onto Immobilon transfer membrane. The blots
were probed with anti-phospho-Akt antibody then visualised using Chemiluminescent kit (Pierce) and densitometrically scanned for quantification (Alpha
Imager, Flowgen) (n = 5). While the presence of PI3K inhibitor dramatically decreased Akt/PKB phosphorylation following a-CD3¢ stimulus, it did not
have a same effect following Con A treatment, suggesting that there is an independent mechanism for Akt/PKB phosphorylation used by Con A.
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Fig. 4. Physiological effects of PI3K inhibition. Thymus lobes of (15 + 7 days) DK mice were pre-incubated with the PI3K specific inhibitor 1Y294002
at the concentration of 1.5 uM for 1h at 37°C before adding treatment of a-CD3e (5 pwg/ml) and Con A (5 pg/ml). Thymus lobe organ cultures were
incubated for a further 16h than stained for CD4 and CD8 and analysed by FACS. The presence of PI3K inhibitor did not affect thymocyte development
in control cultures, but made them more sensitive to «-CD3¢ induced apoptotic cell death, while had no effect on Con A treated organ cultures.

In agreement with studies using dominant negative PI3K,
inhibition of PI3K did not affect thymocyte development
(Sasaki et al., 2000). However, while decreased PI3K ac-
tivity made thymocytes more sensitive to a-CD3¢ induced
apoptotic cell death, measured by an increase in DP thy-
mocyte depletion (Fig. 4); while the effects of Con A were
unchanged. The above results indicate that apart from a role
for Akt/PKB phosphorylation in thymocyte survival, there
is a pathway leading to Akt/PKB activation independently
of PI3K, which is accessible to Con A.

3.2.3. Bad phosphorylation

In the context of cell death and survival, interactions be-
tween members of the Bcl2 family are known to play a
crucial regulatory role and their activation is closely linked
with the level of their phosphorylation. It has been shown
in various cell systems, that cellular survival requires the
phosphorylation of the pro-apoptotic protein Bad, which was
identified as the first substrate of Akt/PKB (Datta et al.,
1997 Franke et al., 1997; Gajewski and Thompson, 1996).
When phosphorylated on serine residues, Bad dissociates
from BclXL (Franke et al., 1997; Gajewski and Thompson,
1996), thus BclXL can block the release of cytochrome ¢
from the mitochondria preventing subsequent caspase me-
diated apoptosis (Franke et al., 1997). We show that follow-
ing treatment with Con A or a-CD3¢, Bad protein is rapidly
phosphorylated (Fig. 5a), but while Con A treatment trig-
gers a four-fold increase, a-CD3¢ stimulation only increases
Bad phosphorylation two-fold compared to untreated con-

trols. At the 4 h time point using RT-PCR analysis a signif-
icant decrease was detected in had mRNA expression fol-
lowing Con A but not a-CD3¢ treatment (Fig. 5b). Com-
pared with untreated controls, the resulting decrease at Bad
protein levels was detectable in Con A treated thymocytes
following a further 8 h incubation in the presence of Con
A (Fig. 5¢), while a-CD3¢ Ab increased Bad protein levels
(Fig. 5¢).

3.2.4. Bel2 phosphorylation

Another prominent member of the Bcl family is Bcl2,
which has been shown to play an essential role in thymocyte
survival (Siegel et al., 1992; Strasser et al., 1994). It is also
known that Bcl2 to exert its anti-apoptotic effects depends on
dimerisation with pro-apoptotic members of the Bcl2 family,
such as Bax and Bid (Miller et al.. 1997; Oltvai et al.. 1993;
Sato et al., 1994), and that its anti-apoptotic role is dependent
on its level of phosphorylation (Ito et al., 1997; Srivastava
et al.. 1999). To examine whether differential activation of
the anti-apoptotic Bcl2 is a factor in the differential effects
of a-CD3¢ and Con A to promote thymocyte death and sur-
vival, we studied the level of Bcl2 phosphorylation in thy-
mocytes in the presence and absence of Con A or a-CD3¢.
We have found that whilst Con A triggered a marked in-
crease (Fig. 6). a-CD3¢ decreased Bcl2 phosphorylation by
approximately 30% (Fig. 6) as compared to untreated con-
trols. Neither treatment seemed to have affected the level of
Bcl2 protein expression at the time point studied, indicating
that its activation status rather than the presence or absence
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Fig. 5. Bad phosphorylation and mRNA levels. (a) MHC DK thymus lobes (15 + 7 days) were treated with a-CD3¢ (5 pg/ml) and Con A (5 pg/ml) for
4h in DMEM. Thymocytes (10° per treatment) were lysed and Bad was immunoprecipitated. Proteins were separated on 15% SDS-PAGE and blotted
onto Immobilon transfer membrane. The blots were first probed with anti-phospho-Bad antibody and visualised using Chemiluminescent kit (Pierce).
(b) To check equal protein loading, total Bad protein was revealed by probing the same blot with anti-Bad antibody. (¢) MHC DK thymus lobes (15
+ 7 days) were treated with «-CD3¢ (5 pg/ml) and Con A (5 pg/ml) for 12h in DMEM. Thymocytes (10° per treatment) were lysed and proteins were
separated on 15% SDS-PAGE and blotted onto Immobilon transfer membrane. The blots were first probed with anti-Bad then anti-B-actin antibody. (The

Western blots are representatives of four separate experiments).

of Bcl2 which is important to influence DP thymocyte
survival.

3.2.5. Inhibition of phosphatases

Increased activity of two kinases, Akt/PKB and protein
kinase C a (PKCa) and differential phosphorylation of their
downstream substrates, Bad and Bcl2, raised the possibility
of the involvement of phosphatases. Since it has been shown
that PP2A regulates PKCa (Lee et al., 1996) activation
and also that Bcl2 co-localises with a PP2A phosphatase
(Deng et al., 1998) which dephosphorylates Bcl2 almost
immediately following phosphorylation, okadaic acid., a
potent PP2A inhibitor was introduced to inhibit the effects
of «-CD3¢. Incubation of DP thymocytes in thymic organ
cultures in the presence of okadaic acid had proved to be
lethal for thymocytes, even at picomolar concentration (data
not shown), therefore an alternative route was selected to
try to inhibit phosphatase activity. PP2A phosphatases have

been shown to be activated by ceramides (Chalfant et al.,
1999: Ruvolo et al.. 1999). Both acidic sphingomyelinase
and ceramide synthase can catalyse biochemical processes
leading to ceramide production. While acidic sphingomyeli-
nase catalyses sphingomyelin break down into ceramide,
ceramide synthase catalyses ceramide production from
sphingosine. In order to inhibit ceramide production and
therefore phosphatase activation in thymocytes, thymus or-
gan cultures were pre-incubated for an hour with 30 pM of
acidic sphingomyelinase inhibitor SR33557, or 100 nM of
ceramide synthase inhibitor, fumonisin, before Con A and
a-CD3¢ stimulus. The cultures were incubated for a further
16 h and thymocyte depletion was determined by CD4 and
CD8 down-regulation measured by FACS analysis. Nei-
ther fumonisin or the acidic sphingomyelinase inhibitor,
SR33557, was able to inhibit a-CD3¢ induced thymocyte
depletion (data not shown and Fig. 7. respectively). Sur-
prisingly. however, despite its ability to reduce the TCR
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2000), made the Akt/PKB dependent signalling pathway an
attractive candidate for two reasons. Firstly, that Akt/PKB
is a key player in a signalling pathway which mediates cell
survival in a variety of systems (Brunet et al.. 1999; Cardone
et al.,, 1998; Datta et al., 1997) and secondly, that LFA-1 has
recently been reported to trigger a potent Akt/PKB activa-
tion (Perez et al., 2002).

Based on the above data we also hypothesised that the
reason why high avidity TCR ligation does not always lead
to apoptotic cell death in developing thymocytes, is that TCR
induced apoptotic signals can be inhibited by the activation
of the Akt/PKB survival signalling pathway.

We have shown that despite the strikingly different phys-
iological outcome of Con A and «-CD3¢ treatment, both
Con A and a-CD3¢ trigger an increase in nur77 and a de-
crease in f¢f1 mRNA levels. Although 7¢/7 down-regulation
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Fig. 6. Bel2 phosphorylation. MHC DK thymus lobes (15 + 7 days)
were treated with o-CD3¢ (5 pg/ml) and Con A (5 pg/ml) for 4h in
DMEM complemented with y>?P-ATP. Thymocytes (10° per treatment)
were lysed and Bel2 was immunoprecipitated. Proteins were separated
on 15% SDS-PAGE and blotted onto Immobilon transfer membrane. To
show that Bcl2 protein expression did not change at the time of the
experiment, Bel2 protein was revealed using differential protein staining
(Pierce) “total Bel2” while increased phosphorylation following Con A
treatment was revealed by autoradiography (same membrane for 7 days
at —70°C) “p-Bel2”. (The blots are representatives of three separate
experiments).

cross-linking mediated increase of nur77 gene expression
(data not shown), SR33557 was able to increase DP thy-
mocyte depletion when co-cultured with Con A (Fig. 7)
indicating, that Con A induced thymocyte survival might
be a ceramide dependent process.

4. Discussion

Previously we have shown that whilst ligation of the
TCR on immature thymocytes by either Con A or a-CD3¢
can lead to phosphatidyl inositol phosphate (PIP2) hydrol-
ysis and therefore the activation of downstream signalling
pathways, only «-CD3¢ and not Con A induced TCR
cross-linking results in the induction of apoptosis (Anderson
et al., 1996). In the present study we supported the above
finding and investigated the molecular basis of this differ-
ence. We have theorised that since Con A has the ability
to engage glycosylated surface molecules in addition to
those of the TCR complex, activation of a well established
survival mechanism might modulate the outcome of TCR
cross-linking (Lu and Chen, 1994; Watanabe et al., 1996;
Heinly et al., 2001).

The fact that Con A ligates LFA-1 (Watanabe et al.. 1996)
in addition to cross-linking the TCR and supports develop-
mental events associated with cellular survival (Lovatt et al..

occurs during both TCR ligation dependent negative (death)
(Jeon et al., 1998) and positive (survival) selection (Verbeck
et al., 1995), increase in nur77 gene expression is thought
only to occur during TCR related, and therefore high avid-
ity TCR ligation induced, apoptosis (Cheng et al., 1997;
Winoto, 1997). Investigating possible gene expression
changes associated with survival we discovered that while
Con A triggered a marked decrease in had mRNA and at
a later time point Bad protein levels, a-CD3¢ did not have
the same effect. The pro-apoptotic Bad is part of the Bcl2
family of proteins, that are known to play an important
role in regulating cell death and cell survival (Miller et al.,
1997; Oltvai et al.. 1993 Sato et al.. 1994). It has also
been discovered that for its de-activation and therefore the
release of anti-apoptotic BclXL, Bad needs to be phos-
phorylated by Akt/PKB (Franke et al., 1997; Franke and
Cantley, 1997. Gajewski and Thompson, 1996). Addi-
tionally, the anti-apoptotic role of Bcl2 (Ito et al., 1997;
Srivastava et al., 1999), which molecule is one of the
key regulators of thymocyte survival (Siegel et al., 1992
Strasser et al., 1994), is also dependent on its level of
phosphorylation. Therefore, our finding that Con A, but not
«a-CD3¢, induces a marked increase in both Bad and Bcl2
phosphorylation as well as substantial down-regulation in
bad expression, seem to prove the existence of a signalling
mechanism, which once activated, can sufficiently protect
thymocytes against apoptotic cell death induced by high
avidity TCR ligation. Investigating the possible involve-
ment of signalling pathways. we have discovered that both
PKCa and Akt/PKB are differentially phosphorylated by
Con A and a-CD3¢; and that Con A can activate the Bad ki-
nase, Akt/PKB, in a PI3K independent manner. The known
co-localisation of Bcl2 with a ceramide activated PP2A
phosphatase (Ruvolo et al., 1999), which dephosphorylates
both Bcl2 (Ruvolo et al., 1999) and its kinase PKCa (Lee
et al., 1996 Ruvolo et al., 1998), raised the possibility that
the substantial differences in Bcl2 protein phosphorylations
are due to increased phosphatase activity induced by a-CD3¢
and not by Con A. Although inhibiting ceramide produc-
tion, and therefore phosphatase activity, did not significantly
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Fig. 7. The effect of acidic sphingomyelinase inhibitor, SR33557, on DP thymocyte depletion. Thymus lobes of (15 + 7 days) DK mice were pre-incubated
with the acidic sphingomyelinase specific inhibitor SR33557 at the concentration of 30 uM for 1h at 37 °C before adding treatment of a-CD3¢ (5 pg/ml)
and Con A (5 pg/ml) for a further 16 h. Thymocyte depletion was detected by CD4 and CD8 down-regulation using CD4-PE and CDS8-FITC antibodies

and analysed by FACS. Viability was detected by propidium iodide staining.

affect a-CD3¢ induced DP thymocyte depletion; interest-
ingly, SR3399 was able to significantly alter the effects of
Con A. The above data revealed that without acidic sphin-
gomyelinase enzyme activity, the physiological effects of
Con A are remarkably similar to those triggered by «-CD3¢,
indicating that ceramide, which normally associated with
apoptotic cell death, might play an important role in regulat-
ing survival dependent developmental events in DP thymo-
cytes. Based on experiments showing a role for ceramides in
differentiation and proliferation (Kolesnik and Fuks, 1995)

via the activation of PKC{, a regulator of kB-dependent
promoter activity and mitogenesis (Lozano et al., 1994) we
can speculate, that a similar, ceramide dependent survival
mechanism exist in thymocytes. A more detailed study of
the role of acidic sphingomyelinase in TCR induced signal
transduction, however. is awaiting further investigations.

In summary, we have shown that two different TCR lig-
ands that both bind the TCR with sufficient avidity to trigger
activation of mature T cells, nevertheless have a differen-
tial ability to activate apoptosis in immature thymocytes.
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Differences in the pattern of TCR clustering between Con
A and «-CD3¢ and/or the ability of Con A to bind LFA-1
in addition to TCR that provide signals modulating the
consequences of TCR ligation. Induction of survival during
positive selection has been proposed to be regulated through
LFA-1/ICAM-1 interaction in the thymic cortex (Kishimoto
et al., 1996). which based on our signalling studies with
LFA-1 binding Con A, is a highly likely mechanism. The
above data have also highlighted the possibility that avidity
of TCR ligation may not as a decisive factor in thymocyte
selection as it was thought before and despite of previous
beliefs, signal transduction initiated by high avidity TCR
ligation could be modulated by activation of additional
signalling pathways.
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Induction of thymocyte positive selection does not convey immediate resistance
to negative selection
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SUMMARY

The acquisition of functional competence represents a critical phase during intrathymic
development of T cells. Thymocytes reaching this stage represent cells which have been
positively selected on the basis of major histocompatibility complex reactivity, but which
have also been purged of potentially autoreactive T-cell receptor specificities by negative
selection. While the developmental window in which thymocytes are subjected to positive
selection is now well defined, the precise developmental timing of negative selection, in
relation to positive selection events, is less clear. Moreover, the underlying mechanism
allowing single-positive thymocytes to respond to T-cell receptor ligation by activation rather
than death, remains controversial. Here we have analysed the developmental timing of
negative selection in relation to positive selection, using measurement of thymocyte
susceptibility to dendritic cell presentation of the superantigen staphylococcal enterotoxin B
(SEB). We show that thymocytes which have received initial positive selection signals,
namely CD4" CD8" CD69™ thymocytes, like their CD4™ CD8" CD69~ precursors, are
susceptible to negative selection, indicating that induction of positive selection does
not convey immediate resistance to negative selection. In contrast, newly generated
CD4" CD8™ CD69" cells are not only resistant to deletion by SEB, but respond to SEB-
mediated T-cell receptor-ligation by activation, indicating that the acquisition of functional
competence occurs at the newly generated CD4" CD8  CD69" stage. Finally, by using
direct retroviral infection of primary CD4" CD8" thymocytes, we also show that Notch-1
activation in CD4" CD8" thymocytes does not correlate with, nor convey resistance to
superantigen-mediated negative selection. Thus, our data suggest that although Notch-1 has
been implicated in resistance to thymocyte apoptosis, the acquisition of resistance to negative

selection occurs independently of Notch-1 signalling.

INTRODUCTION

Specific interactions between the affT-cell receptor (TCR)
and self-peptide-major histocompatibility complex (MHC)
complexes represent the basis of an intrathymic screening
mechanism which governs the development of a non-
autoreactive peripheral T-cell repertoire. This mechanism is
dependent upon the operation of both positive and negative
selection events at defined stages of thymocyte development.
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The former selects those thymocytes bearing a TCR of
useful specificity, capable of recognizing foreign antigen-
derived peptide in the context of self-MHC molecules, while
the latter removes thymocytes bearing a TCR with potential
for autoreactivity to self-peptide—self-MHC complexes.'
While these two events are both dependent upon ligation
of the TCR by peptide-MHC complexes, these interac-
tions lead to very different outcomes. Positive selection of
thymocytes, which requires medium to low avidity TCR
ligation, triggers further differentiation and maturation,®*
eventually generating a population of phenotypically and
functionally mature cells ready for export to the peripheral
T-cell pool. In contrast, thymocytes making high avidity
TCR-MHC interactions are negatively selected and trig-
gered to undergo apoptosis, thus preventing generation of
functional T cells with autoreactive specificities.
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The major population of thymocytes within the thymus
is that of small cortical cells at the CD4™ CD8™ stage, and
it is this population which is subjected to positive selection
events. However, these cells are also targets of negative
selection.'* The developmental timing of negative selection
in relation to positive selection is poorly defined, and it
is not clear whether the window for negative selection
encompasses a broad span of thymocyte development, or
is more strictly limited to thymocytes at a specific stage of
maturation.

An important change that is triggered by positive
selection is the acquisition of increased resistance to
apoptosis. Thus, TCR stimuli that lead to rapid apoptotic
death in cortical thymocytes can result in activation in
mature T cells.* However, the molecular basis for the
increased resistance to apoptosis triggered by positive
selection remains unknown. It has previously been demon-
strated that Notch-1 signalling plays a role in mediating
resistance to the induction of apoptosis in thymocyte cell
lines,>® although a recent paper suggests that Notch-1 does
not play an essential role in thymocyte positive selection
events.” With regard to negative selection, however, the
role of Notch-1 remains unclear, since the latter report only
studied the role of Notch-1 in resistance to dexamethasone-
induced apoptosis, and so the relation of Notch-1 signalling
to antigen-induced negative selection is still unknown. Thus,
in this report we have studied the developmental timing of
negative selection in relation to the induction of positive
selection and activation of the Notch-1 signalling pathway.
Using a system involving dendritic cell presentation of the
superantigen staphylococcal enterotoxin B (SEB) we have
investigated thymocyte susceptibility to negative selection
at a number of phenotypic stages of development from the
CD4" CD8" CD69™ stage onwards. Our data indicate that
while prepositive selection CD4" CD8" CD69 thymo-
cytes, and also interestingly CD4" CD8" CD69" thymo-
cytes, are still susceptible to negative selection events,
resistance to negative selection is acquired at the CD4™
CD8 CD69" stage. Moreover, this acquisition of resis-
tance to deletion does not appear to correlate with activa-
tion of Notch-1 signalling, nor can constitutive activation
of the Notch-1 signalling pathway overcome thymocyte
susceptibility to negative selection. Collectively these
data indicate that functional competence is achieved
carly in the CD4" CD8 " phase, via a Notch-1-independent
mechanism.

MATERIALS AND METHODS

Mice

BALB/c mice, Bcl-2 transgenic (tg) mice (under control of
the pS6lck promoter)® and MHC-deficient mice (Taconic)
were bred and maintained at the Biomedical Sciences Unit,
University of Birmingham, UK. Adult mice (4-6 weeks)
were used as a source of CD4™ CD8 CD69" HSA™ (heat
stable antigen”) thymocytes, and mesenteric and inguinal
lymph nodes, while thymocyte subpopulations were isolated
from either BALB/c, Bcl-2 tg or MHC-deficient neonatal
mice (0-2 days), or adult (46 weeks) BALB/c mice.

Antibodies and immunoconjugates

The following antibodies were coated onto anti-rat
immunoglobulin G (IgG) or streptavidin-coated Dynabeads
(Dynal, Wirral, UK) as appropriate: biotinylated anti-
CD69 (clone H1.2f3, Pharmingen, San Diego, CA), anti-
CD8 (clone YTS169.4, Seralab, Crawley Down, UK),
anti-CD3 (clone KT-3, Serotec, Oxford, UK). Antibodies
used for flow cytometric analysis were as follows: phycoer-
ythrin (PE)-conjugated anti-CD4 (GK1.5, Pharmingen),
fluorescein isothiocyanate (FITC)-conjugated anti-CDS8
(clone 53-6.7, Pharmingen), FITC-conjugated anti-BrdU
(clone 3D4, Pharmingen), biotinylated anti-VB8 (clone
F23.1, Pharmingen), biotinylated anti-CD25 (clone 7D4),
biotinylated anti-CD24 (anti-HSA) (clone M1/69). Biotiny-
lated antibodies were detected using a subsequent incuba-
tion in streptavidin allophycocyanin (APC) (Pharmingen).

Cell purification

Thymocytes. Methods to isolate thymocyte subsets have
been described in detail elsewhere.”'® Briefly, pre-selection
thymocytes were obtained from either MHC-deficient
neonatal mice, which are halted at the CD4" CD8" stage
and do not express CD69, due to a lack of exposure to
positively selecting MHC molecules, or from Bcl-2 tg mice,
as previously described.!" Briefly, thymocytes from neonatal
Bcl-2 tg mice were depleted of CD3" cells using anti-
CD3-coated beads. This was followed by selection of
CD8" cells using anti-CD8-coated beads, which were sub-
sequently removed using Detachabead (Dynal). CD69"
cells were prepared by immunomagnetic selection from
neonatal BALB/c mice by positive selection using anti-
CD69-coated beads, which were subsequently removed
by Detachabead (Dynal). CD4" CD8" CD69" or CD4*
CD8™ CD69" cells were obtained by selection of
CD69" cells, followed by either selection or depletion,
respectively, of CD8" cells using anti-CD8-coated beads.
CD4" CD8  CD69" HSA" thymocytes were purified
from adult BALB/c mice by isolation of CD4" CD§™
CD69" cells as described, and then selected for HSA™
cells by labelling with biotinylated anti-HSA, followed by
immunomagnetic selection using streptavidin microbeads
(Miltenyi Biotec, Bisley, UK).

Dendritic cells. Cells from mesenteric and inguinal
lymph nodes were pooled and selected for CD11c" cells,
using anti-CD11¢ microbeads (Miltenyi Biotec). CDI11c"
cells were further purified by depletion of contaminating
B220" cells, using precoated Mouse pan B (B220)
Dynabeads (Dynal).

Deletion/stimulation assays

Isolated thymocyte populations were mixed together with
isolated dendritic cells, at a ratio of 10: 1, by centrifugation.
The resultant cell pellet was transferred to the surface of
a nucleopore filter in organ culture conditions, in the
presence or absence of 10 pg/ml SEB (Toxin Technology,
Sarasota, FL). Thymocyte proliferation in cultures was
analysed simultaneously with expression of VB8. Thus
cultures were pulsed with 5 pg/ml 5-bromo 2’-deoxyuridine
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(BrdU, Sigma Chemical Co., Poole, UK) for the final 24 hr
of a 2-day culture period. Cultures were harvested, and cells
were labelled for surface expression of VP8, with BrdU
incorporation being detected as described by Tough and
Sprent.'?

Real-time polymerase chain reaction

Multiplex polymerase chain reaction (PCR) was performed
in ABI PRISM 7700 Sequence Detection System (PE
Applied Biosystems, Foster City, CA). Relative quantifica-
tion of gene expression was achieved by using primer pairs
to amplify the target genes in the presence of probes labelled
with FAM reporter dyes and VIC reporter dye labelled
probe for B-actin as endogenous control. Primer pairs and
probes were designed using the 7ag Man Probe and PRIMER
DEsiGN computer programme and data was analysed by the
AACt method. Primer sequences were as follows: deltex-1:
F: CCGTGGTGTGGAACGAGATT, R: ACGTTGTC-
TAGGTAGCTGGCGT, Probe: CCTCACTGGTCACG-
GCTACCCCG; B-actin: F: CGTGAAAAGATGACC-
CAGATCA, R: TGGTACGACCAGAGGCATACAG,
Probe: TCAACACCCCAGCCATGTACGTAGCC.

Semi-quantitative PCR
Total RNA was extracted from cells using TRIzol (Life
Technologies, Paisley, UK) according to the manufacturer’s
instructions. RNA samples were treated with RNase-free
Dnasel (Pharmacia Biotech, Uppsala, Sweden) to remove
any contaminating genomic DNA. This was followed by
reverse transcription (RT). The RT-PCR was performed,
with B-actin as a housekeeping gene. The sequences for
B-actin and Deltex primers are as follows: B-actin: sense,
5-GTTACCAACTGGGACGACA-3"; antisense, 5-TGG
CCATCTCCTGCTCGAA-3": Deltex: sense, 5“CACTGG
CCCTGTCCACCCAGCCTTGGCAGG-3"; antisense,
S“GAGGCATGTGCCAGGCTAGAGGCAAGGCAA-3".
RT-PCR involved analysis of samples every three
cycles from 18 to 33 (B-actin) or every four cycles from
24 to 44 (Deltex). PCR products were analysed by ethidium
bromide agarose gel electrophoresis and identified by
fragment size.

Retroviral infection of CD4" CD8" CD69~ thymocytes

The ¢DNA encoding the intracellular domain of human
Notch-1, ICNI1, cloned into MigRI, a vector that permits
co-expression of cloned ¢cDNA and green fluorescent
protein (GFP) from single bicistronic message, was a
generous gift from W.S. Pear (Department of Pathology
and Laboratory Medicine, University of Pennsylvania
Medical Center, Philadelphia, PA). Plasmid DNA was
transfected into the ®NX-A packaging cell line (American
Type Culture Collection, Rockville, MD) by electropora-
tion. Retrovirus-containing supernatant was collected
following 8-hr incubation of the transfected packaging
cells at 32°. Purified CD4" CD8" thymocytes from
Bel-2 tg mice were infected by re-suspending the thymo-
cytes at 7 x 10%ml in retrovirus supernatant with 8 pug/ml
polybrene followed by centrifugation for 60 min at 1000 g
at room temperature and overnight incubation at 37°.

© 2002 Blackwell Science Ltd, Immunology., 105, 163-170

RESULTS

Positive selection does not convey immediate resistance to
negative selection

Conflicting evidence exists regarding whether thymocytes
which have initiated positive selection are still susceptible
to deletion.”'*"'* Thus it is still unclear whether the induc-
tion of positive selection conveys immediate resistance to
negative selection, or whether a window exists following
the initiation of positive selection where thymocytes are
still susceptible to deletion. To address this controversy,
in an initial set of experiments we compared the responses
of a number of freshly isolated thymocyte populations to
dendritic cell presentation of the bacterial superantigen
SEB, a well-defined model of negative selection.'® To study
a range of thymocyte populations which encompass posi-
tive and negative selection events, we isolated preselection
CD4" CD8™" cells known to be at a prepositive selection
stage by virtue of a CD69™ phenotype. We also obtained
purified CD69" thymocytes, in which CD69 expression
is an indicator of the initiation of positive selection
events,'”'® and CD4" CD8™ CD69" cells, representing a
population of newly generated CD4" CD8™ thymocytes.

MHC class IT presentation of SEB is known to target
specifically, amongst others, TCRs using the VB8 segment
in their B-chain. Thus we have analysed here the
SEB-reactive VB8" fraction of thymocytes. As expected,
CD4" CD8" CD69  thymocytes cultured overnight with
dendritic cells in the presence of 10 pg/ml SEB showed
a specific reduction in numbers of VB8" CD4" CD8"
cells (Fig. 1a,b). In fact, approximately 45% of V8" CD4"
CD8" thymocytes were deleted in comparison to the
number of V8" CD4" CD8" cells recovered from culture
in the absence of SEB (Fig. 1c¢). Interestingly, culture of
CD69" thymocytes in the same culture system also
showed evidence of deletion of VBP8™ CD4" CD8 cells,
with approximately 55% of VR8" CD4™ CD8" CD69"
cells deleted by SEB (Fig. 1f). In contrast, however,
CD4" CD8 CD69" thymocytes, representing newly
generated T cells and the direct descendants of CD4"
CD8" CD69™ cells, were not deleted by SEB, with similar
numbers of VB8 CD4" CD8™ CD69" thymocytes recov-
ered from cultures whether SEB was absent or present in
the culture medium (Fig. 1d-f). It is important to note here
that we have also looked at the response of a thymocyte
population expressing a V8 which does not interact with
SEB. It has previously been demonstrated that VB2*
thymocytes are not SEB-reactive,'” and indeed, in these
experiments, while culture with SEB led to deletion of
CD4" CD8" thymocytes expressing VB8, CD4" CDg"
VB2* thymocytes remained unaffected by culture in the
presence of SEB (data not shown).

Since VB8 CD4" CD8™ CD69" thymocytes showed
no evidence of deletion following overnight exposure to
dendritic cell presentation of SEB, we analysed V38" CD4"
CD8 CD69" thymocytes cultured in the absence or
presence of SEB for evidence of activation. Interestingly,
following a 24-hr culture period, we found that VB8"
CD4™ CD8™ CD69" thymocytes recovered from cultures
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Figure 2. CD4" CD8 CD69" thymocytes show evidence of
activation in response to dendritic cell presentation of SEB.
CD4" CD8 CD69" thymocytes from wild-type neonatal mice
were placed in culture with freshly isolated dendritic cells at a
ratio of 10:1 in the absence (a, ¢) or presence (b, d) of SEB.
Following a 24-hr culture period (a, b). thymocytes were harvested
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Figure 1. Induction of positive selection does not convey immedi-
ate resistance to negative selection. CD4" CD8" CD69~ thymo-
cytes (a, b) from MHC-deficient neonatal mice, or CD69" (d, ¢)
thymocytes isolated from wild-type neonatal mice were placed in
culture with freshly isolated dendritic cells at a ratio of 10:1, in
the absence (a, d) or presence (b, ¢) of SEB at 10 pg/ml. Following
a 24-hr culture period, thymocytes were harvested and analysed
for expression of CD4, CD8 and V[38. In the experiment shown,
1x10° thymocytes were placed in each culture. with cell recoveries
as follows: 9x 10°, 8 x 10°, 47 x 10° and 55 x 10° for cultures (a),
(b), (d) and (e), respectively. From this the total number of
VB8T CD4" CD8" cells was calculated, as shown for the
CD4" CD8" CD69™ cultures in (¢), with 1-1 x 10° and 6 x 10* cells
recovered from culture in the absence or presence of SEB, respecti-
vely. Similarly, from the CD69 cultures, 46 x 10 and 2-1 x 10*
VB8 CD4" CD8" thymocytes were recovered from culture in
the absence or presence of SEB (f). Similar results were obtained
in three separate experiments.

in which SEB was present showed significant induction
of CD25 expression, with 81% of cells having a CD25"
phenotype (Fig. 2b), in contrast to the 4% of VB8~
CD4" CD8™ CD69" thymocytes found to express CD25
following culture in the absence of SEB (Fig. 2a). This
evidence for activation induced by dendritic cell presenta-
tion of SEB was underlined further by assessing prolifera-
tion in VR8™ CD4" CD8 CD69" thymocytes recovered
from cultures after a 48-hr culture period. Thus, 80%
of VB8" CD4" CD8  CD69" thymocytes cultured in the
presence of SEB were found to be proliferating, as assessed
by BrdU incorporation (Fig. 2d), while V8" CD4" CD8™

and analysed for expression of V8 and CD2S. In the experiment
shown here, 1 x 10° thymocytes were placed in each culture, with
recoveries of 4x 10° and 3-4x 10° in the absence or presence of
SEB. respectively. Of these, 1x 10" (a) and 3-3 x 10" (b) were of
a V8" CD25" phenotype. Similarly, the remaining cultures (c, d)
were pulsed with BrdU after 24 hr, harvested after a further 24-hr
culture period, and analysed for BrdU incorporation and V[(8
expression. Total cell recoveries were 4-3 x 10° (c) and 5-8 x 10° (d),
with the number of proliferating VB8" CD4" CD8™ cells at
04x10* and 92x10* in the absence or presence of SEB,
respectively. Similar results were obtained from three separate
experiments.

CD69" thymocytes recovered from culture in the absence
of SEB were found to be out of cell cycle (Fig. 2c).

In the adult thymus, it has been postulated that newly
generated CD4™ CD8~ HSA" medullary thymocytes are
still sensitive to negative selection.'® However, these results
are based upon the induction of negative selection by
injection of anti-TCR antibodies, and the system we use
here, of dendritic cell presentation of SEB is perhaps
more physiologically relevant. Therefore, we analysed
HSA expression on our sorted CD4" CD8™ CD69*
neonatal thymocytes, and compared this with HSA
expression on CD4" CD8 CD69" adult thymocytes.
Interestingly, we found that CD4™ CD8~ CD69" neonatal
thymocytes were uniform in their high expression of
HSA (Fig. 3a). In contrast, CD4" CD8™ CD69" adult
thymocytes were heterogeneous for HSA, with 20% of
cells being of an HSA™ phenotype (Fig. 3b). We therefore
compared the response of neonatal and adult CD4™ CD8~
CD69" HSAM thymocytes to dendritic cell presentation
of SEB. Interestingly, we found that CD4" CD8"

© 2002 Blackwell Science Ltd, Immunology, 105, 163-170
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CD69" HSAM thymocytes isolated from either neonatal
or adult mice both responded to stimulation with SEB
not by deletion but by activation. Indeed, the majority of
both neonatal and adult CD4" CD8™ CD69" HSA™
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Figure 3. CD4" CD8~ CD69" HSA™ thymocytes from neonatal
and adult mice show evidence of activation by SEB. CD69" neonatal
(a) or adult (b) thymocytes were isolated from wild-type
mice, and analysed for expression of CD4, CD8 and HSA.
Gating on CD4” CD8~ thymocytes revealed the HSA profile of
CD4" CD8™ CD69 cells from neonatal and adult thymus (a and
b, respectively). Neonatal CD4" CD8™ CDG69™ thymocytes (all
HSAM) and adult CD4* CD8~ CD69* thymocytes sorted for
expression of HSA. were placed in culture with dendritic cells,
at a ratio of 10:1 for 2 days, with BrdU added to cultures after
24 hr. Thymocytes were subsequently harvested and analysed
for expression of V38 and CD25 (¢), or VB8 and BrdU incorporation
(d). In the experiment shown, 1 x 10° thymocytes were placed into
each culture, with recoveries of 4-3 x 10°, 58 x 10° (neonatal, — or +
SEB). 2-8 x 10° and 4-1 x 10° (Adult, — or + SEB). The number of
VB8 CD25" cells (c) or VB8 BrdU™ cells (d) were then calculated.
This experiment is representative of three separate experiments.
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thymocytes were found to express CD25 after a 24-hr
culture period (Fig. 3c), and showed evidence of prolifera-
tion by BrdU incorporation after a 48-hr culture period
(Fig. 3d).

Notch-1 signalling does not convey resistance to SEB
induced negative selection

Mechanisms regulating negative selection and acquisition
of resistance to deletion are poorly defined. It has been
suggested that Notch-1 signalling plays a role in conveying
resistance to apoptosis induced by dexamethasone, or by
treatment with anti-TCR antibodies.”® To see if Notch-1
activation correlates with phases of susceptibility to nega-
tive selection as defined above, we looked for evidence of
Notch-1 activation in thymocyte subsets. As before, we
isolated CD4" CD8" CD69~, CD4" CD8" CD69", and
CD4" CD8™ CD69" thymocytes from neonatal mice,
and used expression of Deltex, a downstream signalling
molecule in the Notch-1 signalling pathway, as evidence of
Notch-1 activation.® Deltex expression within these popula-
tions was analysed by real-time PCR to allow comparative
analysis of mRNA (Fig. 4). While no evidence of Deltex
mRNA was found in CD4" CD8" CD69  thymocytes,
which is in agreement with a previous report,® we find that
as positive selection progressed through the CD4" CDS8'
CD69" stage to a CD4" CD8™ CD69" phenotype, an
increase in Deltex expression was observed. Thus, these data
indicate that the Notch-1 signalling pathway is activated
upon the induction of positive selection, prior to the
acquisition of resistance to negative selection, and persists
into the post-positive selection CD4™ CD8 CD69" stage.

To determine whether there is a causal relationship
between Notch-1 signalling and resistance to negative selec-
tion, we isolated a population of preselection CD4" CDS8"

Relative amount of mRNA

CD4'CD8 CD69*

CD4'CDg'CDeg~ CD4'CD8*'CD6Y

Figure 4. Measurement of Notch-1 activation in thymocyte sub-
sets by analysis of Deltex expression. Pre-positive selection CD4"
CD8" CD69~ thymocytes were isolated from MHC-deficient
neonatal mice, and populations of CD4" CD8" CD69" or
CD4" CD8 CD69" cells were prepared from neonatal BALB/c
mice, as described. Real-time PCR analysis was performed to allow
relative quantitation of Deltex mRNA levels.
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CD69 " thymocytes and retrovirally infected them with a
GFP-associated retroviral vector containing cDNA for the
intracellular domain of human Notch-1,>" resulting in a
constitutively active form of Notch-1 (IC-Notch-1). Due to
the lengthy manipulation procedure required prior to
incorporation into deletion assays, CD4" CD8" CD69~
thymocytes were, for these latter experiments, isolated
from Bcl-2 tg mice, thymocytes from which have a longer
lifespan than wild-type thymocytes. Thus, Bcl-2 tg
CD4" CD8" CD69~ thymocytes were infected with con-
trol (GFP only) or IC-Notch-1-containing vectors, and
placed in culture with dendritic cells in the absence or
presence of SEB, to see if constitutive activation of the
Notch-1 signalling pathway affected their susceptibility
to superantigen-mediated negative selection. Detection of
GFP by flow cytometry enabled us to analyse specifically
those thymocytes which had been successfully infected with
the relevant virus (Fig. 5a,b), revealing an infection rate of
20-30%. Thus, thymocytes infected with the control GFP
vector or IC-Notch-1 vector were cultured with dendritic
cells in the absence or presence of SEB. Thymocytes used in
these cultures required exposure to SEB for a longer culture
period than wild-type thymocytes in order to see significant
SEB-mediated deletion in the VB8 population, perhaps as
a result of expression of the Bcl-2 transgene. However,
following a 2-day culture period, subsequent analysis
within the GFP" population revealed that V8" thymo-
cytes infected with the control GFP virus showed evidence
of deletion in response to dendritic cell presentation of
SEB (Fig. 5c). This level of deletion was similar to that
observed in non-infected CD4" CD8" CD69~ thymocytes
in earlier experiments (Fig. 1¢), measured following a 1-day
culture period, thus indicating that retroviral infection,
per se, did not influence this assay, although total cell
recovery following a 2-day culture period (Fig. 5) was lower
than the total cell recovery after 1 day in culture (Fig. 1).
This is likely to be due to the limited lifespan of the
CD4" CD8" thymocyte input population, but an increase
in non-specific thymocyte death by an increased culture
period is unlikely to mask any SEB-specific cell death,
since background cell death does not affect the relative
proportions of different VB subsets (data not shown).
Having established that retroviral infection of thymo-
cytes did not influence this deletion assay, we looked at
thymocytes which had been infected with the IC-Notch-1
vector. Surprisingly, we found that thymocytes infected
with the GFP/IC-Notch-1 virus also showed considerable
evidence of deletion following culture with SEB, with
58% of VB8" GFP/IC-Notch-1 infected cells being deleted
as compared to the 42% of V8" GFP control cells (Fig. 5¢).
From these results it therefore cannot be said that the
protective effects of the Bcl-2 transgene in any way obscured
protection conveyed by IC-Notch-1, since we saw specific
deletion of VB8" thymocytes by SEB even following
infection of thymocytes with IC-Notch-1. Importantly,
using Deltex expression as a marker of Notch-1 signalling,®
Fig. 5(d) shows that infection of primary CD4% CD8"
thymocytes with the IC-Notch-1 construct leads to up-
regulation of Deltex expression, indicative of activation of
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Figure 5. Expression of a constitutively active form of Notch-1
does not protect CD4" CD8" thymocytes from superantigen-
mediated cell death. CD4" CD8™ CD69~ thymocytes from Bcl-2
tg neonatal mice, giving them an extended lifespan to allow for
complex and lengthy manipulation procedures, were retrovirally
transfected with a GFP-associated vector containing cDNA for
IC-Notch-1 (b) or a control GFP-associated vector (a). After
overnight incubation with the retrovirus, control infected and
IC-Notch-1 infected CD4" CD8" cells were analysed for GFP
expression by flow cytometry (a, b) and for expression of Deltex
by semiquantitative PCR (d), and placed in culture with dendritic
cells, at a ratio of 10:1, in the absence or presence of SEB at
10 ug/ml. Following a 48-hr culture period, thymocytes were
harvested and analysed for expression of GFP and VB8. 1x10°
CD4" CD8" thymocytes were placed in each culture, with
recoveries of 3-1 x 10°, 1:9 x 10° cells (control virus, without and
with SEB. respectively). 22 x 10° and 1-5x 10° (IC-Notch virus
without and with SEB, respectively). Thus, this enabled calculation
of numbers of transfected (GFP*) VB8" cells for each culture (c).

the Notch-1 signalling pathway by IC-Notch-1. Thus the
lack of resistance to deletion observed in IC-Notch-1
infected cells is not merely attributable to the lack of
activation of Notch-1 signalling. Collectively then, these
data suggest that introduction of IC-Notch-1 into primary
CD4" CD8" thymocytes is capable of activating the
Notch-1 signalling cascade, but fails to convey resistance
to superantigen-mediated negative selection.

DISCUSSION

In this study we have addressed mechanisms regulating
the transition from a functionally immature thymocyte to a

© 2002 Blackwell Science Ltd, Immunology. 105, 163170
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functionally mature T cell. We have shown firstly that
induction of positive selection does not convey immediate
resistance to negative selection. Moreover, thymocytes
which have initiated positive selection as identified by a
CD69" phenotype, are also known to have up-regulated
levels of TCR expression. Therefore the continued suscep-
tibility of CD4" CD8" CD69" thymocytes to deletion at a
stage where they have increased avidity for TCR-MHC
interactions represents a biologically important point in
development for the screening and removal of potentially
autoreactive T cells. Interestingly, our results also indicate
that, once thymocytes reach the CD4" CD8  CD69"
stage, not only are they resistant to deletion, but they are
capable of responding to the same stimulus by activation,
as shown by CD25 expression and by BrdU incorporation.
This is in contrast to previous observations by Kishimoto
and Sprent,”® who found that medullary CD4" CD8~
thymocytes, from adult mice, expressing a semi-mature
HSA™ phenotype are still susceptible to apoptosis induced
by anti-TCR antibody. However, the discrepancy between
these and our data cannot be attributed to differences in the
adult and neonatal thymocyte populations, since we show
here that CD4" CD8~ HSA™ thymocytes from both adult
and neonatal mice respond to dendritic cell presentation of
SEB by activation. Thus, it may be that variation in TCR
stimuli, such as between superantigen and anti-TCR
antibody, causes activation of different responses.

By analysing activation of Notch-1, a molecule
purported to play a role in resistance to negative selection,®
we have also shown that activation of Notch-1 in CD4"
CD8" thymocytes does not correlate with, nor convey
resistance to, negative selection. Thus, our results suggest
that although Notch-1 has been shown to convey resistance
to a variety of triggers of apoptosis, including non-TCR-
mediated apoptosis induced by steroid treatment,® it is
not the sole factor in regulating the change in susceptibility
of thymocytes to TCR-mediated negative selection signals.
On a similar point, the differences between our results
using primary thymocytes and superantigen, and those
reported by Jehn er al’ using thymocyte lines with anti-
TCR antibody may additionally reflect intrinsic differences
between cell lines and primary thymocytes and methods
of TCR stimulation. Indeed, these discrepancies may
indicate that whilst Notch-1 signalling can confer resis-
tance to apoptosis induced by anti-TCR antibodies alone,
it is insufficient to overcome the more physiological
stimulus of TCR ligation in association with co-stimulatory
signals provided by professional antigen-presenting cells,
as studied here. In summary, our results show that there
is a developmental overlap between positive and negative
selection events, with resistance to negative selection
being acquired at the CD4" CD8  CD69" stage but not
immediately following the initiation of positive selection.
Moreover, the acquisition of this resistance to deletion
appears to occur independently of Notch-1 signalling,
suggesting that additional, and as yet undefined, cell
interactions may be required for this process.

© 2002 Blackwell Science Ltd, Immunology. 105, 163-170
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Notch ligand-bearing thymic epithelial cells initiate
and sustain Notch signaling in thymocytes
independently of T cell receptor signaling

Graham Anderson, Judit Pongracz, Sonia Parnell and Eric J. Jenkinson

Department of Anatomy, MRC Centre for Inmune Regulation, Division of Immunity and
Infection, Medical School, University of Birmingham, Birmingham, GB

Thymic epithelial cells are specialized to play essential roles at multiple stages of T cell
development in the thymus, yet the molecular basis of this specialization is largely unknown.
Recently, the Notch family of transmembrane proteins has been implicated in thymocyte
development. Such proteins interact with cell surface proteins of the Delta-like and Jagged
families. It is known that Notch ligands are expressed intrathymically, and that Notch signal-
ing is regulated by Notch ligands expressed on either the same or third-party cells. However,
functional analysis of Notch ligand expression, and elucidation of the mechanism of Notch
ligand signaling in thymocyte development, are unclear. Here, we find that Notch ligand
expression in the thymus is compartmentalized, with MHC class II* thymic epithelium, but
not thymocytes nor dendritic cells, expressing Jagged-1, Jagged-2 and Delta-like-1. We
also provide evidence that contact with Notch ligands on thymic epithelium is necessary to
activate and sustain Notch signaling in thymocytes, and that this can occur independently of
positive selection induction. Our data suggest that Notch ligand expression by thymic epi-
thelium may partly explain the specialization of these cells in supporting thymocyte develop-
ment, by regulating Notch activation via an inductive signaling mechanism independently of

signaling leading to positive selection.

Key words: Thymus / Stromal cell / Cell-cell interaction

1 Introduction

The development of immature thymocytes is tightly reg-
ulated by interactions with thymic stromal cells. Thymic
epithelial cells are key regulators of a variety of events
during thymocyte development, such proliferation, initia-
tion of TCR gene rearrangement, and thymocyte positive
selection. How thymic epithelial cells regulate these pro-
cesses is largely unclear, and few molecules expressed
by these cells have been shown to play functionally
important roles in thymocyte development [1].

Recently, considerable attention has focussed on inter-
actions between Notch receptors and their ligands in T
cell development. Such molecules are attractive candi-
dates as mediators of intrathymic differentiation since
they influence cell fate decisions in various other devel-
opmental systems [2]. In the thymus, Notch-1 has been
implicated in T cell commitment [3, 4], and in thymic

[l 22152]

Abbreviations: WT: Wild type RT: Reverse transcription
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selection events [5], while Notch-3 may play a role in pre-
TCR selection events [6]. Recently, use of conditional
knockout mice has ruled out an essential role for Notch-
1 in later stages of thymocyte development [7]. However,
whether this reflects functional redundancy between
Notch family members, which can interact with the same
Jagged and Delta-like family members, is not clear. In
addition, while Notch-1 may be nonessential for positive
selection, the possibility of subtle effects of Notch sig-
naling on the selected repertoire cannot be excluded [8].

Consistent with the involvement of Notch molecules in
T cell development, expression of certain Notch ligands
has been demonstrated in the thymus [9, 10]. However,
analysis of Notch ligand expression has been largely
confined to either thymic epithelial cell lines [9], whose
phenotypic and functional relevance to normal thymic
epithelium is uncertain, or involved the use of in situ
hybridization, where localization of expression to individ-
ual cell types in thymic sections can be difficult [10]. In
addition, there is conflicting evidence relating to the
expression of Notch ligands by thymocytes [9, 11]. Thus,
clarifying the pattern of expression of Notch ligands in
the thymus is essential to allow discrimination between

0014-2980/01/1111-3349%$17.50+.50/0
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Notch activation by lateral inhibition (where Notch and
Notch ligands are expressed on the same cells) and
inductive signaling (where Notch and Notch ligands are
expressed on different cell types). Moreover, assessing
the functional ability of Notch ligands to activate Notch
signaling may provide a clearer understanding of the
possible functions of Notch and Notch ligand family
members in thymus development.

Here, we have mapped the expression of Notch ligands
on different cellular components of the developing thy-
mus and have used reaggregate organ cultures to inves-
tigate the functional ability of ligand expressing cells to
activate the Notch pathway in pre-selection CD4*8* thy-
mocytes. Our data provide direct evidence that thymic
epithelial cells are responsible for regulating Notch acti-
vation during thymocyte development via an inductive
signaling mechanism. Furthermore, separation of Notch
signaling from TCR-MHC interactions leading to positive
selection induction may be indicative of a general mech-
anism by which thymic epithelial cells influence the sur-
vival and maturation of thymocytes at multiple stages.

2 Results

2.1 Analysis of Notch ligand expression in the
thymus

Due to the current paucity of suitable antibodies, we
analyzed expression of Notch ligands in the thymus by
reverse transcription (RT)-PCR. cDNA were obtained

a)

Thymocyte Subsets

CD48" | CD4'8*
CD45* | TCR-

4*8* | CD4*8*| CD4*8
n°‘;‘_cosg*T cossa*_l
pactin [ M E [ B aco0p
Jaggec-1 [ HEEEEE N NN DN DN ::so-
Jaggec-2 [N NN NN N I -7
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from purified thymocyte subsets, purified MHC class II*
thymic epithelial cells, which we have previously shown
to be unique mediators of positive selection [12], and
from thymic dendritic cells. Fig. 1a shows that the thy-
mocyte subsets analyzed failed to show expression of
the Notch ligands Jagged-1, Jagged-2 and Delta-like-1.
In marked contrast, freshly purified MHC class II* thymic
epithelial cells were found to contain readily detectable
mRNA for Notch ligands (Fig. 1b). Interestingly, MHC
class II* thymic dendritic cells lack Jagged-1 and Delta-
like-1 expression, and express only a trace of Jagged-2
mRNA (Fig. 1b).

2.2 Exposure to Notch ligand-bearing thymic
epithelium is necessary and sufficient for
Notch-1 activation in CD4'8* thymocytes

We next sought to determine the functional activity of
Notch ligands expressed by thymic epithelial cells, and
analyzed the requirements for Notch activation in imma-
ture CD4*8* thymocytes. To assay Notch signaling, we
analyzed expression of Hes-1 and Deltex, downstream
indicators of the CBF-1-dependent and -independent
pathways of Notch signaling [5]. Thus, we prepared
CD4*8*aBTCR™ thymocytes from bcl-2 transgenic mice,
and cultured these cells either alone or in reaggregate
organ culture with thymic epithelium. Use of thymocytes
expressing a bcl-2 transgene allows analysis of Notch
activity in the absence of thymic stroma, since unlike
wild-type (WT) thymocytes, bcl-2 transgenic cells have a
prolonged life-span in the absence of stromal cell sup-

Thymic Stromal Cells

MHC class I Thymic
Thymic Dendritic ‘
Epithelium Cells ‘
e ) oo
\
v [ I
p—ry BN -
= .

Fig. 1. Thymic Notch ligand expression is limited to MHC class II* epithelium. cDNA from indicated cells were subjected to RT-
PCR for Jagged-1, Jagged-2 and Delta-like-1, with equal cDNA loadings monitored by B-actin expression. PCR product sizes are
in base pairs (bp). Similar data came from three separate experiments.
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Fig. 2. Exposure to thymic epithelial cells regulates, and is necessary for, Notch signaling in CD4*8* thymocytes. Bcl-2 transgenic
CD4*8'TCR™ thymocytes (a) were cultured alone overnight (b), and then for a further 5 days in the absence (c) or presence (d) of
thymic stroma, the latter as a reaggregate culture. Cells were analyzed for CD4, CD8 expression and Notch-1, Deltex and Hes-1
mRNA expression. In this experiment, 1x10° thymocytes were used for overnight cultures, yielding 8x10° viable cells. From this,
5-day cultures of either 8x10° thymocytes alone, or 8x10° thymocytes reaggregated with 8x10° WT thymic stroma were initiated.
Yields obtained: thymocytes alone, 6x10°; thymocytes from reaggregate culture, 4x10°. Similar data came from three separate

experiments.

port [12]. As shown in Fig. 2a, CD4*8*aBTCR"™ thymo-
cytes freshly isolated from bcl-2 transgenic mice express
Deltex and Hes-1, indicating these cells have received
Notch-activating signals, perhaps reflecting events at
earlier stages of development [6]. Importantly, Deltex and
Hes-1 are also expressed in WT BALB/c CD4*8*afTCR"
thymocytes (not shown), ruling out the possibility that
expression is related to bcl-2 transgene expression.

When bcl-2 transgenic CD4*8*afTCR™ thymocytes cells
are maintained in culture overnight, although they con-
tinue to survive, expression of both Deltex and Hes-1 is
lost (Fig. 2b), indicating that thymocyte-thymocyte cell
contact is insufficient to activate Notch signaling, in
agreement with our PCR data indicating the absence of
Notch ligand expression by these cells (Fig. 1a). We then
exploited this overnight culture period in which Deltex
and Hes-1 expression in CD4*8* thymocytes is lost to
analyze the requirements for Notch activation in thymo-
cytes purged of Notch-activating signals generated by
exposure to Notch ligands in vivo. Interestingly, while
bcl-2 tg CD4*8* thymocytes maintained alone in culture
for 5 days still survived and maintained Notch-1 mRNA
expression together with a CD4*8* phenotype, they
failed to re-express either Deltex or Hes-1 (Fig. 2¢), indi-
cating that prolonged thymocyte-thymocyte contact
does not induce Notch signaling. However, purified
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CD4*8* thymocytes purged of in vivo Notch signals by
overnight culture, when reassociated with Notch ligand
bearing thymic epithelium in reaggregate cultures, were
found to have undergone induction of Deltex and Hes-1
mRNA expression and generated CD4* and CD8* cells
(Fig. 2d).

2.3 Thymic epithelial cells can activate Notch
signaling in CD4*8* thymocytes
independently of positive selection induction

Given the correlation between positive selection and the
induction of Notch signaling [6], we were interested in
determining whether Notch signaling is causally depen-
dent upon induction of positive selection. We adopted
two strategies to eliminate apTCR-peptide/MHC inter-
actions, while still allowing the possibility of Notch-
Notch ligand interactions between pre-selection CD4*'8*
thymocytes and thymic epithelium. We first re-asso-
ciated bcl-2 transgenic CD4*8* thymocytes, purged of in
vivo generated Notch signals by overnight culture, with
either WT or MHC class I/class Il double-deficient
(MHC™) thymic stromal cells in reaggregate thymus
organ culture, which therefore still express Notch ligands
but differ only in their provision of aBTCR ligands. Fig. 3
shows once again that 'purged’ CD4*8* thymocytes
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Fig. 3. Thymic epithelial cells can activate Notch signaling in CD4*8* thymocytes in the absence of TCR-MHC interactions.
CD4*8*TCR™ thymocytes from bcl-2 transgenic neonates were cultured overnight (a), and then reaggregated with either WT (b)
or MHC™ thymic stroma (c), with reaggregate cultures harvested at day 5. Thymocytes were analyzed for CD4, CD8 expression
and Notch-1, Deltex and Hes-1 mRNA expression. Yields were as follows: 1x10° overnight cultured CD4*8* thymocytes gave
5x10° from WT stroma cultures and 4x10° from MHC™ stroma cultures. To study Notch signaling in the absence of aTCR

expression, CD4*8* thymocytes from TCRa™

neonates were cultured overnight and then reaggregated with WT thymic stroma.

At day 5, cultures were analyzed as above. In this experiment, 1x10° TCRo™ thymocytes were reaggregated with 1x10° WT stro-
mal cells, yielding 4x10° viable cells. Similar results came from three separate experiments.

(Fig. 3a), when reassociated with WT epithelial cells,
undergo positive selection and are induced to express
Deltex and Hes-1 (Fig. 3b). In contrast, the same thymo-
cytes re-associated with MHC™~ thymic stroma over a
similar culture period remain largely at a CD4*8" stage,
but importantly show evidence of Notch activation, as
indicated by re-expression of Deltex and Hes-1 (Fig. 3c).
Thus, eliminating TCR-MHC interactions by removal of
MHC molecules on thymic epithelium prevents positive
selection induction, but not Notch activation.

Another approach to investigate the relationship be-
tween TCR-MHC interactions and Notch signaling is to
disrupt TCR-MHC interactions by preventing expression
of a complete afTCR. Thus, we next analyzed Notch
activation in CD4*8* thymocytes isolated from TCRo™~
neonates, where development is blocked at the CD4*8*
stage [13]. In agreement with the above, when associ-
ated with MHC bearing WT thymic stroma, TCRa™" thy-
mocytes as expected remain at the CD4*8* stage, but
show evidence of Notch activation, as indicated by
Deltex expression (Fig. 3d).
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3 Discussion

Accumulating evidence has implicated Notch signaling
at various stages of T cell development [3-5]. As Notch
signaling depends upon interaction with cell membrane
ligands of the Jagged and Delta-like families, defining
the distribution and functional competence of these
ligands in the thymus is fundamental to understanding
the control of Notch-mediated events in thymocyte mat-
uration and selection.

Here we show that Notch ligands Jagged-1, Jagged-2
and Delta-like-1 are expressed by MHC class II* epithe-
lium, but not by thymocyte subsets or thymic dendritic
cells. This distribution, together with our finding that
interaction with thymic epithelium in reaggregate cul-
tures induces Notch signaling in thymocytes, provides
evidence for an inductive model of Notch signaling in
thymocytes, where Notch activation is mediated by inter-
action with stromal cells, rather than a lateral inhibition
model involving interaction between thymocytes them-
selves.
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Recently, an essential requirement for the Notch-1 mole-
cule in later stages of thymocyte development has been
ruled out by Wolfer et al. [7], who show that generation
and positive selection of CD4*8* thymocytes occurs nor-
mally in thymocytes rendered Notch-1-deficient by Cre-
lox technology. However, the Notch ligands we show
here to be expressed by thymic epithelium allow for pos-
sible signaling through other Notch family members such
as Notch-2, Notch-3 and Notch-4, all of which are
expressed in the thymus [11]. Thus, expression of Notch
ligands by thymic epithelium may be an important com-
ponent of their poorly understood yet specialized ability
to regulate thymocyte maturation. Indeed, bone marrow
precursors lacking Notch-1 are blocked at the earliest
stage of T cell development [4], while constitutively
active Notch-3 disrupts pre-TCR-mediated development
[6]. Collectively, these observations indicate that one
aspect of the importance of epithelium in early T cell
development [14] may involve provision of Notch
ligands. Current efforts are aimed at delivery of antisense
retroviral constructs to thymic epithelium [15] to analyze
the role of Notch ligands in T cell development.

Finally our data shows that Notch signaling can be trig-
gered by contact between thymic epithelium and thymo-
cytes in the absence of TCR-MHC interactions, suggest-
ing that, although Notch signaling is active during posi-
tive selection [5], Notch activation is not dependent upon
an initial step involving TCR signaling. Thus, we would
suggest that the ability of thymic epithelial cells to pro-
vide Notch ligands to activate signaling via Notch family
members may be a general feature of the specialized
ability of thymic epithelial cells to support and regulate
multiple stages of thymocyte development.

4 Materials and methods

4.1 Mice

The following mice were used: BALB/c, MHC-deficient
(MHC™, Taconic [16]), bcl-2 transgenic (a gift of Dr. S. J.
Korsmeyer, Dana-Farber Cancer Institute, Boston), RAG1
deficient (RAG1™", Jackson Laboratories), and TCRa defi-
cient (TCRo”~ [13]). Day of vaginal plug detection was desig-
nated day 0.

4.2 Antibodies and immunoconjugates
Antibodies used to coat onto magnetic beads were as

described [16]. Antibodies used for flow cytometry (Phar-
Mingen) were: anti-CD4 PE (GK1.5), anti-CD8 FITC (53-6.7).

Thymic epithelial cells and regulation of Notch signaling
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4.3 Purification of thymocyte subsets

Thymocyte subsets used for RT-PCR analysis were obtained
from BALB/c mice as described [16]. CD4*8* thymocytes
purged of in vivo Notch signals were prepared from bcl-2
transgenic CD4*8*TCR™ thymocytes as described [12], cul-
tured on 0.8-um Nucleopore filters overnight and harvested.
CD4*8* thymocytes were enriched from TCRa™ thymuses,
using anti-CD4 FITC and anti-FITC MicroBeads (Miltenyi
Biotech).

4.4 Purification of thymic epithelial cells and thymic
dendritic cells

Thymic stroma was prepared from BALB/c (WT) and MHC™"
15-day embryo thymuses by culture in 1.35mM 2-
deoxyguanosine (Sigma) [16]. Dendritic cells were prepared
from 4-6-week-old RAG1™" thymuses as described [17],
using CD11c MicroBeads and a MiniMacs Separation Sys-
tem, giving 90-95% purity (not shown).

4.5 RT-PCR

RT-PCR was performed as before [18]. cDNA normalized to
B-actin were amplified for all target genes over 27-44 cycles,
apart from Deltex, which was amplified over 27-47 cycles at
4-cycle intervals. Annealing temperatures were 55°C except
for Deltex (75°C). Primer sequences used were: Notch-1:
(forward) 5’-CCCAGCAGGTGCAGCCACAG-3’, (reverse) 5'-
GGTGATCTGGGACGGCATGG-3'; Deltex: (forward) 5’CAC-
TGGCCCTGTCCACCCAGCCTTGGCAGG-3’, (reverse) 5-
GAGGCATGTGCCAGGCTAGAGGCAAGGCAA-3’; Hes 1:
(forward) 5’-GCCAGTGTCAACACGACACCGG3’, (reverse)
5’-TCACCTCGTTCATGCACTCG-3’; Jagged-1: (forward) 5’-
CATTACGTGTTGCCTGTAAGCC-3’, (reverse) 5-GTGG-
TTCAGCATTACATACG-3’; Jagged-2: (forward) 5-GTCC-
TTCCCACATGGGAGTT-3’, (reverse) 5-GTTTCCACCTT-
GACCTCGGT-3’; Delta-like-1: (forward) 5-GTCACAGA-
GCTCTGCAGGAG-3’, (reverse) 5'-TGTGGGCAGTGCGTG-
CTTCC-3'.

4.6 Preparation of reaggregate thymus organ cultures

Reaggregate cultures were made from 1:1 mixtures of thy-
mic stromal cells and thymocytes as described [16].
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Neutrophils are short-lived leukocytes that die by apo-
ptosis. Whereas stress-induced apoptosis is mediated by
the p38 mitogen-activated protein (MAP) kinase path-
way (Frasch, S. C.,Nick, J. A., Fadok, V. A, Bratton, D. L.,
Worthen, G. S., and Henson, P. M. (1998) J. Biol. Chem.
273, 8389-8397), signals regulating spontaneous neutro-
phil apoptosis have not been fully determined. In this
study we found increased activation of protein kinase C
(PKC)-B and -8 in neutrophils undergoing spontaneous
apoptosis, but we show that only activation of PKC-&
was directly involved in the induction of apoptosis.
PKC-8 can be proteolytically activated by caspase 3. We
detected the 40-kDa caspase-generated fragment of
PKC-8 in apoptotic neutrophils and showed that the
caspase 3 inhibitor Asp-Glu-Val-Asp-fluoromethylke-
tone prevented generation of the 40-kDa PKC-8 frag-
ment and delayed neutrophil apoptosis. In a cell-free
system, removal of PKC-8 by immunoprecipitation re-
duced DNA fragmentation, whereas loss of PKC-a, -, or
-¢ had no significant effect. Rottlerin and LY379196 in-
hibit PKC-8 and PKC-g, respectively. Only Rottlerin was
able to delay neutrophil apoptosis. Inhibitors of MAP-
ERK kinase 1 (PD98059) or p38 MAP kinase (SB202190)
had no effect on neutrophil apoptosis, and activation of
p42/44 and p38 MAP kinase did not increase in apoptotic
neutrophils. We conclude that spontaneous neutrophil
apoptosis involves activation of PKC-6 but is MAP
kinase-independent.

Neutrophils are short-lived terminally differentiated blood
cells that play a vital role in inflammatory responses. Chemo-
tactic factors generated at sites of infection induce the move-
ment of neutrophils from the blood into the affected tissues. A
variety of molecules, including cytokines and bacterial prod-
ucts, then activate the defense systems of the neutrophil, which
include phagocytosis, degranulation, and activation of NADPH
oxidase. Although neutrophils are crucial in the defense
against infection, they have also been implicated in the patho-
genesis of tissue injury seen in inflammatory diseases of the
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lung, kidney, joints, and other organs (1-3). During the reso-
lution of inflammation, effete neutrophils are removed from
inflammatory sites by apoptosis, leading to their recognition
and phagocytosis by macrophages (4). Any significant delay to
neutrophil apoptosis can lead to excessive neutrophil accumu-
lation and damage to healthy tissue (5). Although apoptosis is
an intrinsic cell process, a variety of cytokines, primarily those
that prime neutrophils (6), are able to delay apoptosis. How
these effects are achieved is not known, although the modula-
tion of signaling pathways regulating apoptosis is an obvious
target in such a short-lived cell.

Members of the MAP! kinase family of signaling enzymes,
specifically, p38 MAP kinase, have been shown to be involved
in accelerating neutrophil apoptosis in response to stress but do
not appear to be involved in spontaneous neutrophil apoptosis
(7). An alternative signaling pathway that has been implicated
in the regulation of apoptosis in a wide variety of cells (8) is
protein kinase C (PKC). PKC is a family of 11 isoenzymes that
are well conserved across species, suggesting they have specific
functions within cells (9). Neutrophils have been shown to
express several PKC isoenzymes including PKC-a, -8, -8 (10,
11), and -{ (12). Selective involvement of PKC isoenzymes in
the regulation of apoptosis has been indicated in recent studies
in a variety of cells, including those of myeloid (13-15) and
lymphoid (16, 17) origin. In Molt 4 cells, Lee et al. (17) have
shown that ceramide induced apoptosis via the inhibition of
PKC-a, and Whelan and Parker (18) have shown that down-
regulation of PKC-« induces apoptosis in COS cells, suggesting
an anti-apoptotic role for this isoenzyme. In contrast, MacFar-
lane et al. (13) showed that PKC-8 expression was required for
promyeloid HL60 cells to undergo differentiation and apoptosis
in response to phorbol ester treatment, and the expression of
PKC-B was differentially regulated during apoptosis in my-
elomonocytic U937 cells (14). Also in U937 cells, PKC-§ has
been shown to be activated by caspase 3, leading to the gener-
ation of a 40-kDa catalytic fragment after the induction of
apoptosis by a variety of agents, including Fas ligation (19).
Thus, PKC isoenzymes appear to be differentially involved in
the regulation of the apoptotic program.

Although PKC has been implicated in signaling pathways
regulating spontaneous apoptosis in promyeloid cells (20), the
involvement of PKC isoenzymes in neutrophil apoptosis has
not been established. However, the Fas/Fas ligand system has
been reported to be involved in mediating spontaneous neutro-
phil apoptosis (21), although the signaling pathways down-
stream of Fas ligation in the neutrophil have not been estab-
lished. Because PKC-§ has been shown to be activated after Fas
ligation in promyeloid cells (19), a role for the activation of

!The abbreviations used are: MAP, mitogen-activated protein;
DEVD-fmk, Asp-Glu-Val-Asp-fluoromethylketone; PKC, protein kinase
C; ERK, extracellular signal-regulated kinase.
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specific PKC isoenzymes in spontaneous neutrophil apoptosis
was investigated. In this report, we show that both PKC-g and
-8 were activated during apoptosis, although only the inhibition
of PKC-§ delayed spontaneous neutrophil apoptosis. We also
confirm that p42/44 and p38 MAP kinases are involved in
stress-induced apoptosis but are not involved in the regulation
of spontaneous neutrophil apoptosis.
EXPERIMENTAL PROCEDURES

Isolation and Culture of Human Peripheral Blood Neutrophils—
Venous blood (20-100 ml) was taken from healthy volunteers, and
neutrophils were isolated on Percoll gradients as described previously
(22). Neutrophil preparations contained >95% neutrophils. Neutrophils
were resuspended in RPMI 1640 medium (Life Technologies, Inc.) sup-
plemented with 10% heat-inactivated fetal calf serum (Life Technolo-
gies, Inc.) and 100 units/ml penicillin and 100 pg/ml streptomyecin
(Sigma) and used immediately as healthy control cells, or they were
cultured in a humidified 5% CO, atmosphere to provide apoptotic cells.
Cytospin preparations (3 min, 10 X g; Cytospin 2, Shandon) were made
after 6 and 24 h of incubation, differentially stained using a commercial
May-Grunwald Giemsa stain (Diff-Quick, Baxter Healthcare Products),
and assessed for apoptotic morphology (22).

Treatment of Neutrophils with Inhibitors—PKC inhibitors, Go6976
and Rottlerin were purchased from Calbiochem and used at the con-
centrations shown. LY379196 is a novel PKC-g inhibitor (23) and was
kindly provided by Eli Lilly and used at 10 nM. The caspase 3 inhibitor
DEVD-fmk (Calbiochem) was used at 20 um. Inhibition of caspase 3 was
confirmed by assaying caspase 3 activity in 100 pl of neutrophil cell
lysates, using a commercial kit and according to manufacturer’s in-
structions (CaspAce; Promega). The MAP-ERK kinase and p38 MAP
kinase inhibitors, PD98059 and SB202190 (Calbiochem), were used at
30 and 10 umM, respectively. All inhibitors were included in the incuba-
tion medium, and apoptosis was assessed by morphology after 6 h or
overnight treatment.

Assay of PKC Isoenzyme Activation—PKC activation was assessed by
determining the translocation of PKC from the cytosol to the particulate
fraction of neutrophils (24). Briefly, neutrophils were resuspended in
Buffer A (20 mMm Tris/HCI buffer, pH 7.5, and 1.5 mm EGTA supple-
mented with 1.5 mm phenylmethylsulfonyl fluoride, 50 p.g/ml leupeptin,
10 pg/ml aprotinin, and 10 pg/ml pepstatin) and lysed by freezing and
thawing in liquid nitrogen. The cell lysate was spun (100,000 X g, 4 °C,
30 min), and the supernatant was removed and treated as the cytosol
extract. Particulate proteins were then extracted from the resulting
pellet by incubation for 10 min on ice in Buffer A containing 0.5% (v/v)
Triton X-100. Degradation of PKC during the fractionation of neutro-
phils was monitored by Western blotting and was not greater than 5%
for any of the isoenzymes tested. Protein concentrations were deter-
mined in cytosol and particulate preparations, and the samples were
boiled in SDS sample buffer. Equivalent amounts of protein were sep-
arated on 12% SDS-polyacrylamide gels and transferred to polyvinyli-
dene difluoride membrane (Immobilon-P; Millipore UK, Ltd). PKC
isoenzyme immunoreactivity was detected with rabbit polyclonal anti-
bodies to PKC-a, -3, and -6 (Santa Cruz Biotechnology). The anti-PKC-¢
antibody (25) was an anti-peptide antibody raised in rabbits and was a
kind gift from Dr. J. Ransom (Syntex Research Ltd., Palo Alto, CA).
Horseradish peroxidase-conjugated sheep anti-rabbit IgG antibody
(Amersham International) was used as a secondary antibody. Enhanced
chemiluminescence (ECL; Amersham International) was used to reveal
immunoreactive bands. 10 ng of human recombinant PKC for each
isoenzyme (Calbiochem) was applied to the outer lane in each gel to
confirm antibody specificity.

Immunostaining and Confocal Microscopy—The subcellular distri-
bution of PKC isoenzymes was assessed using indirect immunofluores-
cence staining and confocal microscopy. Cytospin preparations were
made of apoptotic and non-apoptotic neutrophils and air dried for at
least 1 h before fixing in 4% paraformaldehyde for 10 min. Cells were
incubated with antibody to PKC-5 (Santa Cruz Biotechnology) for 30
min at room temperature in a humidified atmosphere and incubated
with fluorescein isothiocyanate-conjugated secondary antibody for an
additional 30 min. Nuclei were counterstained with propidium iodide.
Fading of fluorescence was retarded by treatment of stained cells with
2.5% (w/v) 1,4-diazobicyclo(2,2,2)-octane (DABCO; BDH Ltd.) in 80%
glycerol. Immunofluorescence was analyzed by laser scanning confocal
microscopy using a MRC 500 confocal microscope (Bio-Rad).

Assay for Active p42 /44 and p38 MAP Kinase—Protein extracts from
freshly isolated neutrophils and neutrophils cultured overnight were
separated on 10% SDS-polyacrylamide gel electrophoresis gels and
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Fic. 1. Neutrophils die by apoptosis when cultured in vitro.
Neutrophils were isolated from human peripheral blood and cultured at
37 °C for the times shown. Apoptosis was detected by morphological
analysis of neutrophils stained with a commercial May-Grunwald Gi-
emsa stain. Results are the mean + S.D. of five separate experiments.

analyzed by Western blotting using antibodies specific for the phospho-
rylated, active forms of p42/44 and p38 MAP kinase (Promega). Immu-
noreactive bands were revealed by enhanced chemiluminescence.

Cell-free Apoptosis System—Nuclei were isolated from neutrophils
using a rapid procedure developed for hemopoietic cells (26). Cytosol
was prepared from neutrophils incubated for 24 h to give >75% apo-
ptotic cells. Neutrophils were lysed in Buffer A and spun at 100,000 x
& to recover the cytosol (supernatant) fraction. Healthy nuclei were
combined with apoptotic eytosol, and DNA fragmentation was meas-
ured after 30 min using an enzyme-linked immunosorbent assay-based
commercial kit (Roche Molecular Biochemicals). To deplete PKC isoen-
zymes, the apoptotic cytosol was incubated with PKC isoenzyme anti-
bodies (Santa Cruz Biotechnology) at 10 ug/ml extract for 30 min at
4°C, followed by a mouse anti-rabbit IgG antibody and protein A
coupled to agarose beads (Upstate Biotechnology). Immunocomplexes
were removed by centrifugation, and the remaining cytosol was com-
bined with the healthy nuclei. Depletion of PKC was confirmed by
Western blotting. Mouse immunoglobulin G was used as control.

Statistics—Data presented here represent a minimum of three ex-
periments, and, where appropriate, data are expressed as mean * SD.
Statistical significance was assessed by Student’s ¢ test, and p < 0.05
was taken as a significantly different value.

RESULTS

PKC Isoenzymes and Neutrophil Apoptosis—The level of
apoptosis in freshly isolated neutrophils (Fig. 1) was low (2.2 +
0.7%; n = 5) and increased significantly as cells were aged in
culture to 11.6 = 5.1% after 6 h (p < 0.05; n = 5) and 68.0 *
15% after 24 h (p < 0.001; n = 5).

PKC resides in the cytosol in the inactive state and is trans-
located to the membrane fraction upon activation. Assessment
of particulate (membrane) and cytosolic PKC can thus give an
indication of enzyme activation. Immunoblotting of neutrophil
particulate and cytosolic protein extracts revealed an increase
in PKC-B and -8 isoenzymes associated with the particulate
fraction during apoptosis (Fig. 2A). Translocation of PKC-a was
not detected, and the majority of PKC-a was located in the
cytosol. PKC-{ was also detected only in the cytosol fraction of
neutrophils, but its subcellular localization did not alter as
neutrophils were aged in culture (Fig. 24).

PKC-§ can also be activated by caspase 3. A 40-kDa fragment
of PKC-§ was not detected in freshly isolated neutrophils, and
only the full-length 78-kDa form was seen. However, as cells
were aged overnight in culture and entered apoptosis, a 40-kDa
fragment was detected, and the level of the 78-kDa PKC-§ was
reduced concomitantly (Fig. 2B). The appearance of the 40-kDa
PKC-§ fragment was reduced when DEVD-fmk was included in
the medium (Fig. 2B), confirming that generation of the active
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Fic. 2. PKC isoenzyme activation during neutrophil apopto-
sis. A, PKC isoenzyme activation was detected by translocation of PKC
from the cytosol (C) to the particulate (P) fraction in extracts from
freshly isolated, viable neutrophils and neutrophils cultured for 20 h to
become apoptotic. PKC isoenzymes were detected by immunoblotting,
and the blot shown is representative of three separate experiments. 10
ng of recombinant human PKC-«, -8, -, or -{ was run on adjacent lanes
as standards. B, whole cell extracts were prepared from freshly isolated
neutrophils and neutrophils cultured for 20 h in medium in the absence
or presence of 20 uM DEVD-fmk by the addition of SDS-polyacrylamide
gel electrophoresis sample buffer to the cell pellets. The full-length
78-kDa and caspase-generated 40-kDa fragments were detected by
immunoblotting. The blot shown is representative of three experiments.
C, the inhibition of caspase 3 by DEVD-fmk was confirmed by assaying
parallel extracts from neutrophils cultured for 20 h in the absence or
presence of 20 um DEVD-fmk and freshly isolated neutrophils. Activity
was measured using a fluorescence-tagged caspase 3 substrate accord-
ing to manufacturer’s instructions and is expressed as fluorescence
units/10° cells. Data are the mean = SD of three separate experiments.

fragment of PKC-8 was mediated by caspase 3. Inhibition of
caspase 3 activity by DEVD-fmk was confirmed in the same
extracts (Fig. 2C). Although PKC-{ can also be cleaved by
caspase 3, we did not detect the cleaved form of this isoenzyme
in neutrophils (data not shown).

Effect of PKC-specific Inhibitors on Neutrophil Apopto-
sis—To determine whether the activation of PKC-g and -§ seen
in apoptotic cells was involved in the apoptotic process, three
PKC isoenzyme-selective inhibitors were used. Go6976 inhibits
the classical PKC isoenzymes (PKC-a, -8, and -y), LY379196 is
a PKC-B-specific inhibitor (23), and Rottlerin inhibits PKC-§
(27). Because PKC-§ can be activated by caspase 3, the effect of
the caspase 3 inhibitor (DEVD-fmk) on neutrophil apoptosis
was also determined. Go6976 and LY379196 did not decrease
apoptosis in neutrophil cultures after an overnight incubation
(Fig. 3A). However, Rottlerin and DEVD-fmk inhibited neutro-
phil apoptosis significantly (Fig. 34). The inhibition of PKC
isoenzymes by the inhibitors used was confirmed by Western
blotting of neutrophil cytosol and particulate extracts (Fig. 3B).

Effect of Removal of PKC Isoenzymes on DNA Fragmentation
in a Cell-free System—To attempt to confirm the data gained
with pharmacological inhibitors of PKC isoenzymes, a cell-free
system was used. Nuclei were isolated from non-apoptotic neu-
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Fic. 3. Effect of inhibitors of PKC-4 and caspase 3 on neutro-
phil apoptosis. Neutrophils were cultured for 20 h in the absence or
presence of PKC inhibitors Go6976 (20 nm) or LY379196 (10 nMm) or the
caspase 3 inhibitor DEVD-fmk (20 um). A, apoptosis was assessed by
morphological analysis of cytospins of neutrophils stained with May-
Grunwald Giemsa stain. Results are the mean + S.D. of three separate
experiments, and * denotes p < 0.05. B, inhibition of PKC-3 and -5 by
the PKC inhibitors used was confirmed by immunoblotting of cytosol
and particulate extracts from apoptotic neutrophils treated with the
various inhibitors.

trophils and combined with cytosol from apoptotic neutrophils
after the removal of individual PKC isoenzymes by immuno-
precipitation (Fig. 4A). Apoptosis was then assessed using an
enzyme-linked immunosorbent assay method to detect DNA
fragmentation. Cytosol from apoptotic neutrophils (A,) in-
duced a significant increase in DNA fragmentation in non-
apoptotic nuclei, compared with the addition of cytosol from
healthy neutrophils (4,, Fig. 4B). The removal of PKC-§ by
immunoprecipitation significantly decreased DNA fragmenta-
tion induced by the apoptotic cytosol. Loss of PKC-B gave a
slight but not significant reduction in DNA fragmentation, and
removal of PKC-« or -{ or the addition of a mouse IgG had no
effect (Fig. 4B).

Involvement of p42/44 MAP Kinase and p38 MAP Kinase in
Spontaneous Neutrophil Apoptosis—Inhibitors of MAP-ERK
kinase 1 (PD98059), which lies upstream of p42/44 MAP ki-
nase, and p38 MAP kinase (SB202190) were used to determine
whether members of the MAP kinase family were involved in
the regulation of spontaneous neutrophil apoptosis. Neither of
these agents affected the level of neutrophil apoptosis when
they were included in the culture medium for 6 h (data not
shown) or overnight (Fig. 54). In addition, activated p42/44
MAP kinase and p38 MAP kinase detected by antibodies spe-
cific for the active forms of these kinases were barely detectable
in freshly isolated or spontaneously apoptotic neutrophils (Fig.
5B). In contrast, activated p38 MAP kinase was present at a
high level in neutrophils induced to die by UV irradiation (Fig.
5B), and p42/44 MAP kinase was activated by treatment of
neutrophils with phorbol myristic acid (Fig. 5B).
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Fic. 4. Effect of PKC isoenzyme depletion on nuclear DNA
fragmentation in a cell-free system. Cytosol and nuclei were iso-
lated from apoptotic and non-apoptotic neutrophils, respectively, and
combined (A ,), or they were isolated after the depletion of PKC isoen-
zymes by immunoprecipitation. DNA fragmentation was then meas-
ured using a commercial enzyme-linked immunosorbent assay-based
kit (A). Healthy nuclei were combined with non-apoptotic cytosol (A,) as
a control for the fractionation procedure, and a mouse anti-rabbit IgG
antibody (Ms IgG) was a control for the depletion procedure. The re-
moval of PKC isoenzymes was confirmed by immunoblotting of the
depleted cytosol and analysis of band intensity determined by scanning
densitometry and expressed as absorbance units per mm? (B). Results
are the mean = S.D. of three separate experiments, and * denotes a
value of p < 0.05.

Nuclear Localization of PKC-§ during Neutrophil Apopto-
sis—The Western blotting data indicating PKC-§ translocation
to the particulate fraction were investigated further by immu-
nohistochemistry. Comparison of PKC-§ immunostaining in
freshly isolated neutrophils (Fig. 64) and neutrophils cultured
for 8 h (Fig. 6B) revealed an increase in PKC-§ associated with
the nucleus in many cells. The increase in nuclear PKC-§ was
quantitated by determining the percentage of total PKC-8 flu-
orescence that was coincident with the red fluorescence of the
propidium iodide nuclear counterstain. In each study, 100 cells
were examined, and the mean value for nuclear PKC-§ in-
creased from 7.7 = 0.4% in healthy neutrophils to 21.4 + 1.5%
in neutrophils cultured for 8 h. Staining of neutrophils aged for a
longer time period in culture was not possible because these cells
were more fragile and were not suitable for immunostaining.

DISCUSSION

Much research has focused on the apoptotic program in pro-
liferating cells, but little is known about the regulation of
apoptosis in fully differentiated cells, such as neutrophils.
However, the pathological consequences of an altered neutro-
phil life span are considerable (1-3). In this study, the involve-
ment of PKC isoenzymes and MAP kinases in spontaneous
neutrophil apoptosis has been investigated. We confirmed pre-
vious reports that p38 MAP kinase is involved in inducing
signals for neutrophil death in response to stress (7). However,
the p38 MAP kinase pathway is not involved in spontaneous
apoptosis, suggesting that this pathway in the neutrophil may
be activated solely in response to stress-induced apoptosis.
PKC is known to be involved in neutrophil activation and in the
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Fic. 5. p42/44 and p38 MAP kinase activity during spontane-
ous neutrophil apoptosis. A, inhibitors of MAP-ERK kinase 1 (30 um
PD98059) or p38 MAP kinase (10 um S202190) were added to cultures
of freshly isolated neutrophils, and the level of apoptosis was deter-
mined after 20 h by examination of cell morphology. The results are the
mean * S.D. of four separate experiments. B, extracts were prepared
from freshly isolated neutrophils (0 k), neutrophils cultured for 10 min
with 10 nM phorbol myristic acid, neutrophils cultured for 20 h in
medium alone (20 h), and neutrophils induced to apoptosis by UV
irradiation for 3 min at 254 nm (UV). Active phosphorylated (P-p38 and
P-ERK 1/2) and total (p38 and ERK 1/2) p38 MAP kinase and p42/44
MAP kinase were detected by immunoblotting. The blot shown is rep-
resentative of three separate experiments.

regulation of apoptosis in a variety of cells. The 11 PKC isoen-
zymes appear to play various roles in the regulation of apo-
ptosis (8), but PKC-§ is consistently a pro-apoptotic PKC isoen-
zyme. PKC-§ can be cleaved by caspase 3, and transfection of
cells with the caspase-generated catalytic fragment of PKC-8§ is
sufficient to induce apoptosis (28). The data reported here show
that PKC-§ is activated during spontaneous neutrophil apo-
ptosis. Furthermore, inhibition of PKC-8 activation by either
use of a selective inhibitor or inhibition of caspase 3 delayed
neutrophil apoptosis significantly. The caspase 3 inhibitor pro-
duced a greater delay in apoptosis than the PKC-§ inhibitor.
This is not surprising, because PKC-§ is one of the many
targets of this protease. Other substrates of caspase 3 include
ICAD, the inhibitor of the apoptosis-specific endonuclease
caspase-activated DNase (29), and cytoskeletal proteins such
as actin (30) and fodrin (31). Thus, inhibition of PKC-§ may
remove one of the elements of the apoptotic program but would
not be able to prevent it altogether.

Until recently, PKC-§ and the very closely related isoform
PKC-6 were the only PKC isoenzymes reported to undergo
proteolytic cleavage and activation by caspase 3. It has now
been shown that PKC-{ can also be cleaved by caspase 3, but in
this case, apoptosis was associated with inhibition of PKC-{
enzyme activity rather than activation (32). Thus, activation of
caspase 3 during apoptosis can result in the cleavage of both
PKC-8 and -{, simultaneously effecting the activation of a pro-
apoptotic PKC and the inhibition of an anti-apoptotic PKC
isoenzyme. Although PKC-{ was expressed in neutrophils, we
did not detect proteolytic cleavage in spontaneously apoptotic
neutrophils. Therefore, this pathway may either operate only
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Fic. 6. Subcellular location of
PKC-§ in healthy and apoptotic neu-
trophils. Freshly isolated neutrophils (A)
and neutrophils cultured for 8 h (B) were
indirectly immunostained for PKC-&
(green fluorescence). Nuclei were counter-
stained with propidium iodide, and coin-
cident fluorescence is shown as vellow
pseudo-color. Immunofluorescence was
visualized using confocal microscopy. The
image shown is representative of three
separate experiments.

in certain cells or be activated only during stress-induced
apoptosis.

We detected translocation of PKC-g in apoptotic neutrophils
but did not detect proteolytic fragmentation of this isoenzyme.
In a cell-free system, depletion of PKC-g from apoptotic cytosol
did not significantly reduce DNA fragmentation in healthy
nuclei, and the PKC-g inhibitor LY379196 did not delay neu-
trophil apoptosis. These data do not support a primary role for
PKC-B in spontaneous apoptosis. Moreover, PKC-$ has been
proposed to play a role in neutrophil activation rather than
apoptosis and may be involved in NADPH complex assembly
and superoxide generation (33, 34). We excluded the possibility
that PKC-B translocation was associated with activation of
neutrophils in these studies by measuring superoxide genera-
tion. None was detected, suggesting that the translocation of
PKC-8 is an apoptosis-associated event.

The data reported here suggest that PKC isoenzymes play
several roles in the regulation of spontaneous neutrophil apo-
ptosis, with PKC-§ playing a key role. Because p38 MAP kinase
was not activated during spontaneous neutrophil apoptosis, we
propose that PKC-§ represents a primary signaling pathway,
maintaining a basal rate of spontaneous apoptosis. Additional
pathways can be recruited to increase the rate of neutrophil
death, including the MAP kinase pathway, in situations requir-
ing accelerated apoptosis. The upstream mechanisms leading
to activation of caspase 3 and PKC-§ in spontaneous neutrophil
apoptosis are still unclear. Ligation of Fas has been suggested
(21) because neutrophils express both Fas and its ligand. How-
ever, this is unlikely because Fas-blocking antibodies are inef-
fective (35). An alternative explanation is that spontaneous
apoptosis is a result of cytokine deprivation; several pro-in-
flammatory cytokines are able to prevent neutrophil apoptosis
(6, 36). Furthermore, we have shown recently that cytokine
deprivation-induced apoptosis of T cells also involves activation
of PKC-§ (37).

The association of PKC-8 with the nucleus during apoptosis
and its subsequent activation by caspase 3 have recently been
reported in U937 cells after ionizing irradiation (38) and during
cytokine deprivation and Fas-induced apoptosis in T cells (37).
Nuclear translocation of PKC-8 may therefore be an early event
in the apoptotic program, preceding the common pathway that
follows caspase 3 activation. The tyrosine kinase c-abl can be
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activated by ionizing irradiation, resulting in phosphorylation
of PKC-§ and translocation to the nucleus. Tyrosine phospho-
rylation may be a general mechanism for nuclear translocation
of PKC-8.

In summary, PKC isoenzymes play several distinct roles in
the regulation of spontaneous neutrophil apoptosis. The trans-
location of PKC-§ to the nucleus and its activation by caspase 3
appear to be crucial events. PKC-§ may therefore represent a
useful therapeutic target in conditions of disregulated neutro-
phil apoptosis.
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13-Hydroxyoctadecadienoic acid (13-HODE), hy-
droxylinoleic acid, is a major lipoxygenase metabolite
which is produced by myeloid inflammatory cells and
modifies inflammatory cell activity. The biological ef-
fects of 13-HODE in non-haemopoietic cells (HUVEC)
have been attributed to the incorporation of 13-HODE
into 13-HODE containing diacylglycerol and the selec-
tive inhibition of protein kinase C. Our studies, using
whole promyeloid cells (HL60) and recombinant PKC
isoenzymes in an in vitro assay, showed that 13-HODE
inhibited PKC-«, g1, and PKC-gll, but did not affect
the activity of PKC-8. These data suggest that the ac-
tions of hydroxylinoleic acid on myeloid cells include
the selective inhibition of classical PKC isoenzymes.

© 1999 Academic Press

Linoleic acid is a major component of membrane
fatty acids with potential as a signalling molecule (1).
Recently, oxidized derivatives of linoleic acid have been
identified in a variety of cells and these metabolites
have been shown to exhibit a number of biological
functions, including modulation of cell proliferation,
apoptosis and inflammation (2-4). 13-hydroxyocta-
decadienoic acid (13-HODE) is a 15-lipoxygenase me-
tabolite produced in significant amounts by myeloid
inflammatory cells (5). 13-HODE has a variety of ef-
fects on myeloid cell function, acting as a chemoattrac-
tant for neutrophils (6), inhibiting the effects of super-
oxide produced by macrophages (7) and modulating the
degranulation of human neutrophils and expression of
surface adhesion molecules (CD11b) required for ex-
travasation (8). The mode of action of hydroxylinoleic
acid on myeloid cells has not been established, though
Cho and Ziboh (9) reported that 13-HODE was a selec-
tive inhibitor of PKC-B in hyperproliferating HUVEC
cells. As PKC is involved in the regulation of several

' Corresponding author. Fax: 44-121-414-3599. E-mail: lordjm@
novell2.bham.ac.uk.
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aspects of inflammatory cell function, its modulation
by 13-HODE could explain the range of effects of lino-
leic acid derivatives on immune responses.

PKC is a multigene family consisting of 11 isoen-
zymes that are selectively expressed in different tis-
sues and have been proposed to play specific roles in
cell regulation (10). The cells used by Cho and Ziboh,
human umbilical vein endothelial cells, expressed PKC
B and « as the main PKC isoenzymes (9). Caution is
therefore required in interpreting these data, as the
effect of 13-HODE on the modulation of a range of PKC
isoenzymes, including the novel (3,e,m,0) and atypical
(¢,M ) PKC isoenzymes, was not investigated in these
studies. To improve understanding of the effect of 13-
HODE on intracellular signalling, the effect of 13-
HODE was investigated on the activity of PKC isoen-
zymes in a promyeloid cell line, HL60, which expresses
a wide range of PKCs («, 81, Bll, 6 and ¢). Inhibition of
PKC was also determined using recombinant PKC
isoenzymes in an in vitro assay system.

MATERIALS AND METHODS

Cell Culture

HL60 cells were cultured in RPMI 1640 medium (GIBCO-BRL),
supplemented with 10% fetal calf serum (FCS, GIBCO-BRL) and
containing 1mM L-glutamine, 100 U/ml penicillin and 100 pg/ml
streptomycin (Sigma). Cells were treated for 30 min with 13-HODE
(97% pure, confirmed by HPLC, Sigma). at 3 ng/ml, with an equiv-
alent concentration of ethanol as a solvent control, for 10 min and
1 h. To assess inhibition of PKC activity, control and 13-HODE-
treated cells were incubated for 10 min with 10nM 12-tetradecanoyl
13-phorbol acetate (TPA), a potent activator of classical and novel
PKC isoenzymes (10).

PKC Activation Assays

In vitro PKC assay. PKC activity was assessed in whole cells
using an in vitro kinase assay for PKC immunoprecipitated from
cells (11). Briefly, 2 X 10° control or 13-HODE treated cells were
lysed in 200 pl of lysis buffer (Tris-HCI, pH7.4 containing 100 pg/ml
leupeptin, 10 pg/ml pepstatin A, 1 mM phenylmethylsulfonylfluoride
(PMSF) and 0.1% Nonidet-P 40). 1 pg of a polyclonal anti-PKC

0006-291X/99 $30.00
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antibody, raised against peptides specific to PKC isoenzymes a, 81,
B2 or & (Santa Cruz Biotechnology) was added to the lysate and
incubated for 2 h at 4°C. The immunoprecipitate was then isolated
by incubation with protein A-Sepharose (Sigma) for 1 h at 4°C, spun
down (13,000 rpm, 2 min, MSE Microcentaur) and washed in PKC
assay buffer (20 mM Hepes, pH 7.2 containing 137 mM NaCl, 5.4 mM
KCl, 0.3 mM NaH,PO,, 0.4 mM KH.PO,, 25 mM B-glycerophos-
phate, 10 mM MgCl,, 5 mM EGTA and 2.5 mM CaCl,). The sepha-
rose beads were resuspended in 100 pl of PKC assay buffer and 20 pl
of each sample was used in a PKC activity assay. Protein kinase
activity was measured by incorporation of y-*P-ATP (ICN-Flow,
High Wycombe, UK) into a PKC substrate peptide (QKRPSQRS-
KYL) for 10 min at 30°C, using a commercial PKC assay kit (Upstate
Biotechnology).

In addition to using immunoprecipitated PKC in the activity as
say, the effect of 13-HODE on recombinant human PKC isoenzymes
(Pan Vera Corporation, USA) was also evaluated. 1 unit of recombi-
nant PKC a, g1, B2, & or { were incubated with 10 nM TPA and
3 ng/ml 13-HODE and their activity measured using the same com-
mercial kit.

PKC translocation. PKC activation in whole cells can also be
assessed by determining the relative amounts of PKC in the mem-
brane and particulate fractions of cells (12). Proteins were extracted
from cells by lysis in 20 mM Tris-HCI buffer, pH 7.4 containing 100
pg/ml leupeptin, 10 wg/ml pepstatin A and 1 mM PMSF. Lysates
were spun at 100,000 X g for 30 min at 4°C. A 6 ul aliquot of
supernatant was assayed for protein using a commercial kit (Bio-
Rad). SDS sample buffer was added to the remainder of the sample
and boiled for 5 min (cytosol protein extract). Membrane proteins
were extracted from the pellet using the same lysis buffer containing
2% CHAPS (Sigma). Pellets were resuspended in buffer, incubated
on ice for 10 min, then spun at 30,000 X g for 10 min at 4°C. The
supernatant was again assayed for protein and boiled in SDS sample
buffer (membrane protein extract). Equivalent amounts of protein
were separated on 10% SDS-PAGE gels and transferred to Immo
bilon PVDF transfer membrane (Millipore, Harrow UK) using a
wet-blotting apparatus (BioRad). PKC isoenzymes were detected
with affinity-purified rabbit anti-peptide antibodies specific to PKC
a, Bl, B2, & and ¢ (Santa-Cruz). The second antibody was a horse-
radish peroxidase (HRP)-conjugated sheep anti-rabbit IgG antibody
(Amersham International, UK). Immunoreactivity was detected us-
ing an enhanced chemiluminescence (ECL) kit (Amersham Interna-
tional).

Statistics

Results presented here represent a minimum of three experiments
and where appropriate, data are expressed as mean * SD. Statistical
significance was assessed by Student’s t test and p < 0.05 was taken
as significant.

RESULTS

Inhibition of PKC isoenzymes by 13-HODE. Figure
1 shows that addition of 10 nM TPA to HL60 cells
produced a rapid translocation of PKC-«, 1 and pll
and & from the cytosol (C) to the membrane (M) frac-
tion, which is indicative of PKC activation. TPA did not
induce translocation of PKC-{, (data not shown) which
is in agreement with its reported unresponsiveness to
phorbol esters and diacylglycerols. Pre-incubation of
HL60 cells for 30 min with 13-HODE, prior to addition
of TPA, inhibited the translocation of PKC-B1 from
cytosol to membrane (Figure 1). 13-HODE also inhib-
ited the TPA-induced translocation of PKC-2 and «,
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FIG. 1. Effect of 13-HODE on PKC isoenzyme translocation in
HLB0 cells. Extracts of cytosolic (C) and membrane (M) fractions of
HLBO cells treated with 10 nM TPA alone, 10 nM TPA and 3 ng/ml
13-HODE simultaneously, 3 ng/ml 13-HODE alone, or 3 ng/ml 13-
HODLE 30 min prior to addition of 10 nM TPA were separated by
SDS-PAGE and analysed by Western blotting. Blots were probed
with PKC isoenzyme-specific antibodies (a, gl, gll, and ) and re-
vealed by ECL. Anti-g-actin antibody was used to confirm equal
loading of protein. The blots shown are representative of three sep
arate experiments.

but to a lesser degree. 13-HODE did not affect the
translocation of PKC-3, suggesting that its inhibitory
actions may be restricted to the classical PKC isoen-
zymes. As TPA did not activate PKC-{ and this isoen-
zyme was detected only in the cytosol of proliferating
HL60 cells (data not shown), we could not determine
whether 13-HODE was able to inhibit this atypical
PKC. When HL60 cells were not pre-incubated with
13-HODE prior to addition of TPA, 13-HODE did not
inhibit PKC translocation (Figure 1).

To confirm that the translocation of PKC isoenzymes
seen in whole cells reflected altered enzyme activity,
the 13-HODE treated HL60 cells were lysed and PKC
isoenzymes were isolated by immunoprecipitation. The
activation status of the isoenzymes was then tested
using an in vitro PKC activity assay. These assays
revealed that 13-HODE significantly inhibited the ac-
tivation of PKC «, 81 and Bll. 13-HODE had no effect
on PKC & enzyme activity (Figure 2). Interestingly,
13-HODE alone was also able to inhibit the activity of
PKC-B isoenzymes that was ongoing in proliferating
HL60 cells, in the absence of further stimulation by
TPA (Figure 2).

PKC activity assays were also performed using re-
combinant human PKC isoenzymes and the data sup-
ported the results obtained with immunoprecipitated
PKC proteins (Figure 3). 13-HODE was able to inhibit
the activation of PKC «, 81 and 82 induced by TPA, but
had no effect on TPA-induced activation of PKC &.
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FIG. 2. Effect of 13-HODE on PKC isoenzyme activity in HL60 cells. Cells were treated with 10 nM TPA and/or 3 ng/ml 13-HODE and
then lysed after 30 min. PKC a, BI, BII. and & isoenzymes were immunoprecipitated from the lysates and PKC enzyme activity was
determined using an in vitro PKC activity assay to detect [y-P]ATP incorporation into a PKC specific peptide. The data are mean = SD of

3 separate experiments. A star denotes p < 0.05.

DISCUSSION

In this study hydroxylinoleic acid, 13-HODE, has
been shown to be a potent inhibitor of PKC-, in partial
agreement with published data in HUVEC (9). In ad-
dition, a pre-incubation period was required for inhibi-
tion of PKC activation in whole cells. These data sup-
port the findings of Cho and Ziboh, who showed that
13-HODE was incorporated first into membrane phos-
pholipids and subsequently into 13-HODE containing

diacylglycerols released following receptor mediated
lipid hydrolysis (9). Furthermore, studies of the activa-
tion status of PKC isoenzymes precipitated form HL60
cells (Figure 1), showed that a 30 min incubation of
cells with 13-HODE alone, could inhibit the normal
activity of PKC-$ in proliferating HL60 cells. These
data further support the proposal that 13-HODE con-
taining diacylglycerols can compete with physiological
activators of PKC (including agonistic diacylglycerols)
in vivo. In contrast to the reports of Cho and Ziboh
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N TPA
13HODE+TPA
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FIG. 3. Effect of 13- HODE on recombinant PKC isoenzyme activity. Recombinant human PKC isoenzymes (a, gI, BII. and 8) were
activated by TPA (10 nM) and the effect of 3 ng/ml 13-HODE on enzyme activity was determined by measuring [y*PJATP incorporation into
a PKC specific peptide. Data are mean = SD of 3 separate experiments. A star denotes p < 0.05.
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concerning HUVEC cells (9), we showed that the ef-
fects of 13-HODE were not limited to PKC B in HL60
cells. 13-HODE was able to inhibit PKC-«, both in vitro
and in whole cell assays. The apparent discrepancy
between our data and those of Cho and Ziboh (9), is
likely to be technical in origin. These authors relied
upon the membrane translocation assay and also mea-
sured PKC activity in epidermal extracts following pu-
rification by DE52 and hydroxylapatite. In our studies,
PKC activity was assessed by translocation in whole
cells, by assay of immunoprecipitated PKC and using
recombinant PKC protein. These approaches are rapid
and direct and do not involve lengthy chromatographic
purification of a labile enzyme activity.

We have also shown that 13-HODE did not inhibit
PKC-5. The novel PKC isoenzymes were not considered
by Cho and Ziboh. These data indicate that the effects
of 13-HODE are limited to the classical PKC isoen-
zymes and in this context it may be a useful research
and therapeutic agent. 13-HODE thus represents a
physiological lipid inhibitor of PKC with a degree of
isoenzyme selectivity. Such a role has been demon-
strated previously for ceramide and PKC «, though the
inhibitory effect of this lipid was indirect (13). Our
studies with purified recombinant PKC, showed that
13-HODE was able to inhibit PKC activation directly
and it may therefore be able to function as a signalling
molecule in its own right. The importance of a selective
and naturally occurring PKC isoenzyme inhibitor is
clear. PKC isoenzymes are differentially regulated dur-
ing cell events such as proliferation and apoptosis, but
it has not been demonstrated how this is achieved at
the molecular level in vivo, though differential modu-
lation by lipid species varying in fatty acid composition
is one possibility (14). 13-HODE is a lipid species with
isoenzyme selective activity and represents a route to
differential regulation of PKC isoenzyme activity in

BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

vivo. To determine exactly how the functions of inflam-
matory cells are modified by 13-HODE will necessitate
determining the role of the classical PKC isoenzymes
in the regulation of the response being studied.
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Selective protein kinase C (PKC) activators and in-
hibitors and a physiological agonist, fMLP, were used
to study superoxide production and PKC isoenzyme
activation in human neutrophils. The data show that
the classical PKC isoenzymes, a and 3, were activated
by TPA and at a time prior to NADPH oxidase complex
assembly. fMLP induced activation of PKC-g over a
similar time course. Inhibition of c-PKCs reduced, but
did not block, TPA-induced superoxide production
completely, suggesting additional PKC isoenzymes
were involved beyond NADPH oxidase assembly. PKC
inhibitors were unable to inhibit fMLP-induced super-
oxide generation, indicative of signal redundancy in
the induction of superoxide generation in human neu-
trophils.

@ 1998 Academic Press

Neutrophils are short lived, terminally differentiated
blood cells, which play a vital role in inflammatory re-
sponses. A variety of molecules, including cytokines
and bacterial products, then activate the defence sys-
tems of the neutrophil, which include phagocytosis, de-
granulation and activation of NADPH oxidase (1).
NADPH oxidase is a multi-component enzyme that
catalyses the reduction of oxygen, at the expense of
NADPH, to produce a range of microbicidal reactive
oxygen species. In resting cells the various components
of the NADPH oxidase complex are dissociated within
the neutrophil, activation results in their association
into a functional enzyme complex at the cell membrane
(2,3). Assembly of the complex is rapid and phosphory-
lation is thought to play a key role in mediating forma-
tion of the active oxidase complex (4,5). Two major
components of NADPH oxidase, p477"** and p677"~ are
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rapidly phosphorylated after activation of neutrophils
(6-8) and a key role for protein kinase C (PKC) has
been demonstrated (9-11). Interestingly, studies with
potent inhibitors of PKC suggest that not all of the
events associated with neutrophil activation require
PKC. For example, Ro 31-8425 inhibited superoxide
generation induced by TPA, but had little effect on ad-
hesion or response to the chemoattractant C5a (12).

PKC is a family of 11 isoenzymes, which are well
conserved across several species, suggesting they have
specific functions within cells (13). The PKC isoenzyme
family has been divided into three groups, according to
their co-factor requirements and structure (14); classi-
cal PKC’s («,51,611,7); novel PKC’s (8,¢,7,6) and atypical
PKC’s ({,M¢,p). Stimulation of neutrophils with recep-
tor agonists, including fMet-Leu-Phe (fMLP), results
in activation of phospholipase C with the production
of inositol 1,4,5 trisphosphate (IP3) and diacylglycerol
(15). IP3 releases calcium from intracellular stores and
both Ca?" and diacyglycerol activate PKC.

Although PKC is clearly involved in the regulation
of superoxide production, little is known of the role of
the individual PKC isoenzymes. Neutrophils express
several PKC isoenzymes including PKC-«, £1, I, 6
(16,17) and £ (18) and purified PKC can stimulate su-
peroxide production by solubilised NADPH oxidase
(19). Sergeant and McPhail have shown very recently
that the three predominant isoenzymes, PKC-41l, 6 and
{ were all activated during stimulation of neutrophils
with opsonized zymosan. The activation of these PKC
isoenzymes was rapid, occurring within 1 minute, and
preceded the formation of the NADPH enzyme complex
(20). Moreover, the activation of PKC isoenzymes was
transient, suggesting that PKC activation was required
for the assembly of the NADPH complex, but may not
be required for the maintenance of the active enzyme
complex (20). Although all three isoenzymes investi-
gated in the latter study were activated by zymosan
treatment, the precise involvement of the isoenzymes
was not established and it is possible that not all were
required for superoxide production.
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The short life-span and differentiated state of the
neutrophil, restrict the methods that can be used to
manipulate PKC isoenzymes. In the studies described
here, we have used a variety of pharmacological agents
to activate and inhibit PKC isoenzymes and have corre-
lated this with their ability to affect superoxide genera-
tion. PKC activation was assessed after two minutes
of treatment to determine which isoenzymes were acti-
vated prior to NADPH complex assembly. As both PKC-
f and 6 have been implicated in previous studies
(10,20,21), we have specifically used agents with re-
ported selectivity for these two isoenzymes. The deoxy-
phorbol ester Doppa, activates PKC-3 selectively in
vitro (22), though reports of its selectivity in vivo are
inconsistent (23). 13-HODE, a pro-inflammatory mole-
cule, has been shown to inhibit PKC-8 in HUVEC (24).
BisA activates PKC-¢6 both in vitro and in whole cells
(25) and Rottlerin, which has its highest potency for
inhibition of PKC-6 (ICsy 3-6uM) and is less effective
against the classical (IC; 30-42uM) and atypical (ICs,
80-100pM) PKC isoenzymes (26).

MATERIALS AND METHODS

Isolation and culture of human peripheral blood neutrophils. Ve-
nous blood was taken from healthy volunteers and neutrophils were
isolated on Percoll gradients as described previously (27). Neutrophil
preparations contained greater than 95% neutrophils. Neutrophils
were resuspended in RPMI 1640 medium (Gibco-BRL), supple-
mented with 10% heat-inactivated fetal calf serum (Gibco-BRL), 100
U/ml penicillin and 100 mg/ml streptomycin (Sigma).

Treatment of neutrophils with PKC modulating compounds. To
determine the ability of PKC activating agents to stimulate superox
ide production, neutrophils were treated for 1h with the various com-
pounds at the concentrations shown. SA was kindly provided by Pro
fessor F.J.Evans (London School of Pharmacy) and BisA was pro-
vided by Dr D Watters (Queensland Institute for Medical Research).
The remaining PKC modulating compounds were purchased from
Calbiochem-Novabiochem. fMLP (Sigma) was used at 100 nM, as a
physiological receptor agonist. Following treatment, neutrophils
were assayed for superoxide production (see below). To test the effect
of PKC inhibitors on superoxide production, neutrophils were treated
with 500mM Bisindolylmaleimide 1, 20nM Go6976, 5uM Rottlerin
or 300nM 13-HODE for 30 min prior to activation of neutrophils with
100 nM fMLP or 10 nM TPA. 13-HODE was purchased from Sigma
and was >97% pure as established by HPL.C. Superoxide production
was then measured after a 1h incubation. All of the agents used were
prepared as stocks in DMSO or ethanol and kept at —70°C, the
appropriate amount of solvent was added to control neutrophil cul-
tures.

Assay for superoxide production. Superoxide production was de-
termined by measuring the superoxide dismutase (SOD) inhibitable
reduction of ferricytochrome C (28). The assay was performed in
fibronectin-coated 24 well linbro plates, for 1 h, at 37°C. The plates
were then spun at 400 X g for 5 min and the absorbance of the
supernatant was determined at 550 nm (PYE Unicam PU 8600 UV/
Vis spectrophotometer, Philips).

Measurement of PKC isoenzyme activation. PKC resides in the
cytosol in the inactive state and associates with cell membranes and
the cytoskeleton upon activation. PKC activation can therefore be
assessed by determining translocation of PKC from the cytosol to
the membrane fraction of cells (25). Translocation of PKC isoenzymes
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was determined after a 2 min incubation with 100 nM fMLP, 10 nM
TPA, or 50 nM concentrations of Dopp, Doppa, ThyA or BisA. Briefly,
neutrophils were resuspended in buffer A [20 mM Tris/HCI buffer,
pH 7.5; 1 mM PMSF, 100 pg/ml leupeptin and 10 pug/ml pepstatin]
and lysed by freezing and thawing in liquid nitrogen. The cell lysate
was spun (100,000 X g, 4°C, 30 min) and the supernatant removed
and treated as the cytosol extract. Membrane proteins were then
extracted from the resulting pellet in buffer A containing 0.5% (v/v)
Triton X-100. Samples were boiled in SDS sample buffer and equiva
lent amounts of protein were separated on 10% SDS-polyacrylamide
gels and transferred to PVDF membrane (Immobilon-P, Millipore
UK Ltd). PKC isoenzyme immunoreactivity was then detected by
incubating the blot with primary antibodies to the individual PKC
isoenzymes, followed by a HRP-conjugated sheep anti-rabbit (Amer-
sham Imternational) or donkey anti-sheep IgG antibody (The Bind-
ing Site Ltd), as appropriate. Enhanced chemiluminescence (ECL,
Amersham International) was used to reveal immunoreactive bands.
The PKC antibodies used were affinity purified, polyclonal antipep-
tide antibodies and were obtained from more than one source. The
anti-PKC-¢ antibody was raised in rabbits (Gibco-BRL), the anti
PKC-{ antibody was also raised in rabbits and was a kind gift from
Dr J Ransom (Syntex Research Ltd, Palo Alto, USA). The antibodies
to PKC-«, A1, Sl and § were raised in sheep (The Binding Site Ltd).
The specificity of the rabbit antibodies has already been reported
(29). The sheep antibodies detected single bands in extracts from
Jurkat T cells (Santa Cruz) of appropriate relative molecular weight
(Mr 76-80 kDa) on Western blots and inclusion of the immunogenic
peptide removed these bands on Western blots and reduced immuno-
staining to the background level seen with second antibody alone
(data not shown).

Statistics. Results presented here represent a minimum of three
experiments and where appropriate, data are expressed as mean =
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FIG.1. Activationof PKC isoenzymes prior to superoxide genera-

tion. PKC isoenzyme translocation was detected in cell extracts from
control (Co) neutrophils and neutrophils treated with 10 nM TPA,
25nM DOPP, 25 nM DOPPA, 25 nM THYA, 25 nM SA, 25 nM BISA,
or 100 nM fMLP for 2 min. Protein was extracted from cytosol (C)
and membrane (M) fractions; and individual PKC isoenzymes (a, g1,
B, §) were detected by Western blotting. Data shown are from a
single experiment, representative of three identical studies per-
formed.
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FIG. 2. Superoxide production by human neutrophils treated with PKC activators or fMLP. Neutrophils were incubated with 100 nM
fMLP, 10 nM TPA, or 25 nM DOPP, SA, ThyA, BISA, or DOPPA for 1 h at 37°C. Superoxide generation was measured as described under
Materials and Methods and data are presented as mean = SD of three separate experiments.

SD. Statistical significance was assessed by Student’s t test and a p
value of <0.05 was taken as a significantly different value.

RESULTS

PKC Isoenzyme Activation prior to Superoxide
Production

Activation of PKC isoenzymes was assessed after a 2
min treatment with pharmacological activators of PKC
and also after treatment with fMLP. The short time
point was selected to determine PKC isoenzyme activa-
tion which coincided with NADPH complex formation
(20). Western blotting of freshly isolated neutrophils
(Co, Fig.1) showed that these cells expressed PKC-«,
Bl, Bl and 6. In resting neutrophils PKC isoenzymes
were located predominantly in the cytosol, indicative
of an inactive state, with the exception of PKC-a which
was distributed evenly between the cytosol and mem-
brane. The atypical isoenzyme, PKC-{, was also de-
tected, but was not affected by any of the PKC activa-
tors used here (data not shown). All four isoenzymes
showed evidence of translocation to the membrane (M)
fraction, indicative of activation, within 2 min of the
addition of TPA or Dopp, though the effect on PKC-«
was less marked than for PKC-41, Sllor é (Fig.1). ThyA
and SA caused a significant translocation of PKC-41
and f11, with no effect on PKC-¢, again the transloca-
tion of PKC-a was apparent, though less marked than

for PKC-£. Doppa activated only PKC-41 and Sll over
the time course tested and BisA translocated only PKC-
6. fMLP has been reported to induce translocation of
PKC (30) and Fig. 1 shows that in our studies the only
isoenzyme affected after 2 min was PKC-A1L.

PKC Isoenzymes and Neutrophil Superoxide
Production

PKC activators. Both fMLP and TPA induced sig-
nificant superoxide production (Fig.2). Dopp, which
does not show isoenzyme selectivity (22), was as effec-
tive as TPA in the induction of superoxide generation
(Fig.2). SA and ThyA (Fig.2) also produced a superoxide
burst equivalent to that of TPA. BisA, a specific activa-
tor of PKC-6 (25), did not induce superoxide production
(Fig.2), suggesting that if PKC-$ is involved in superox-
ide generation, it is acting in conjunction with other
PKC isoenzymes or other signalling pathways. The
deoxyphorbol ester Doppa, which activated only PKC-
£ within 2 minutes, failed to increase production of
superoxide (Fig.2), suggesting that activation of PKC-
/3 alone was not sufficient to effect formation of the
NADPH oxidase complex and superoxide generation.

PKC inhibitors. The broad range PKC inhibitor bis-
indolylmaleimide 1 and the ¢-PKC specific inhibitor
Go6976, significantly reduced TPA-induced superoxide
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FIG. 3. Effect of PKC inhibitors on superoxide production induced by fMLP or TPA. Neutrophils were incubated with 500 nM bisindolyl-
maleimide 1, 20 nM Go6976, 300 nM 13-HODE, or 5 uM Rottlerin for 30 min prior to the addition of (A) 10 nM TPA or (B) 100 nM fMLP.
Superoxide production was measured as described under Materials and Methods and was completely inhibited by the addition of superoxide
dismutase (SOD). Data are shown as mean =+ SD for three separate experiments. * Denotes p < 0.05.
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generation (Figure 3A). In contrast, inhibitors with a
more restricted effect on PKC isoenzymes, 13-HODE
and Rottlerin, which have been reported to inhibit
PKC-g and 6 respectively, showed no inhibition of su-
peroxide production by induced by TPA (Fig.3A). None
of the inhibitors used were able to affect superoxide
production induced by fMLP (Fig.3B).

DISCUSSION

In this study the involvement of PKC isoenzymes in
superoxide generation in human neutrophils has been
investigated. More specifically, we have determined
which PKC isoenzymes were activated within two min-
utes of the addition of a range of agonists, to identify
isoenzymes of PKC that may be specifically involved in
the assembly of the NADPH oxidase enzyme complex
(20). Superoxide production was induced by the PKC
activator TPA and also by the physiological receptor
agonist fMLP. Both SA and ThyA, which activated only
PKC-a and g isoenzymes in neutrophils within two
minutes, were equipotent with TPA, inferring a role
for activation of PKC-a and/or 8 in the formation of
the NADPH oxidase complex prior to superoxide gener-
ation. Doppa, which activated only PKC-£ within two
minutes, did not induce superoxide production in neu-
trophils. Merritt et al (31) have previously reported
the ability of SA to induce superoxide generation in
neutrophils and they also showed that Doppa was un-
able to induce superoxide production, even at concen-
trations as high as 1uM. However, these authors did
not determine PKC isoenzyme translocation in their
studies. Thus, although PKC-4 has been proposed by
several authors (10,21) to mediate superoxide produc-
tion, our data suggest that activation of both PKC-a
and g are required. Interestingly, both PKC-a and fll
have been identified as major components of neutrophil
granule cytoplasts which contain components of the
NADPH oxidase complex (32). From the studies em-
ploying selective inhibitors of PKC isoenzymes, it is
not possible to conclude that activation of the c-PKC
isoenzymes was sufficient to effect maximal superoxide
generation induced by TPA. We have shown that the
activation of specific isoenzymes, PKC-a and 3, was
rapid and correlates with the time previously recorded
for the assembly of the NADPH oxidase complex (20).
However, to assume that signalling cascades initiated
beyond two minutes by the various PKC activators con-
tinued to involve only PKC-a and 3, would not be justi-
fied. Firstly, ThyA (23), has been shown to activate a
range of PKC isoenzymes with prolonged treatment
(20min-1h). Secondly, Go6976, which is a potent inhibi-
tor of the c-PKC isoenzymes, was able to reduce super-
oxide production induced by TPA, but only by 50%.
Broad range inhibitors of PKC isoenzymes, such as Ro
31-8425 (12), have been shown to abolish superoxide
production. Not surprisingly, the inhibitors showing
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the greatest isoenzyme selectivity, 13-HODE and Rottl-
erin, had no effect on TPA-induced superoxide produc-
tion.

Although PKC is clearly able to promote superoxide
generation in neutrophils, there is mounting evidence
of redundancy in this signal transduction pathway,
which is confirmed in this report. For example, induc-
tion of superoxide generation by the chemoattractant
C5a was 12-fold less sensitive to inhibition by Ro 31-
8425 than was induction by TPA (12). Previous studies
have reported the translocation of several PKC isoen-
zymes following treatment of neutrophils with fMLP,
including PKC-41l and é (31) and PKC-41, gl and {
(18). However, these studies did not determine whether
inhibition of these isoenzymes would affect fMLP in-
duction of superoxide generation. fMLP induced the
rapid translocation of PKC-/ll in the studies reported
here. However, the inability of Go6976 to inhibit fMLP-
induced superoxide generation would suggest that a
PKC-independent signalling pathway is able to medi-
ate the actions of fMLP with regard to superoxide gen-
eration. El Benna et al (33) have shown recently that
the phosphorylation of p67”"** induced by fMLP was not
inhibited bisindolylmaleimide 1, whereas TPA-induced
phosphorylation was inhibited. Thus formation of the
NADPH oxidase complex and subsequent generation
of superoxide, can be achieved via PKC-dependent or
PKC-independent signalling pathways.

Finally, as TPA is not a physiological activator of
neutrophils, there has been some suggestion that the
activation of PKC may not normally contribute to neu-
trophil activation. This may be the case for certain re-
ceptor agonists, including fMLP, but there is also evi-
dence that PKC signal transduction pathways are em-
ployed under physiological conditions. For example, in
monocytes inhibition of superoxide production by Legi-
onella pneumophila was shown to be associated with
depletion of PKC « and 3 (34) and the effects of a vari-
ety of physiological agonists are affected by inhibitors
such as Ro 31-8425 (12). If PKC is to be a target for
the design of novel therapeutics for diseases involving
abnormal neutrophil function, it is clearly necessary to
establish which PKC isoenzymes are to be targeted and
more importantly, whether PKC activation is a redun-
dant signalling pathway for that function.
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DOPPA INDUCES CELL DEATH BUT NOT DIFFERENTIATION OF
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REGULATION OF APOPTOSIS
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Abstract—Recent reports have claimed that activation of protein kinase C (PKC)-g is sufficient
for both differentiation and apoptosis in promyeloid HL60 cells. Phorbol esters which
differentially activate PKC isoenzymes in vitro were used to induce differentiation and
apoptosis in U937 cells; TPA and Dopp activate all U937 PKC isoenzymes, except PKC-{ and
Doppa activate only PKC-pl. At concentrations of Doppa below 50 nM, only PKC-8l was
activated by 2 min and apoptosis was induced, but there was no differentiation of cells towards
monocytes. TPA (1-25 nM) and Dopp (5-100 nM) activated PKC-a,-gl and-§ within 2 min and
induced differentiation, but only increased apoptosis at the highest concentrations used. Thus,
initial activation of PKC-fl is insufficient for differentiation of U937 cells, but may lead to the

induction of apoptosis. Copyright € 1996 Elsevier Science Ltd.

Key words: Protein kinase C (PKC), apoptosis, differentiation, Doppa, U937, PKC transloca-

tion.

Introduction

Protein kinase C (PKC) is a family of at least 11
isoenzymes, which are differentially regulated by
physiological ligands, have distinct co-factor require-
ments and show tissue specific expression [1]. These
facts suggest that the different PKC isoenzymes have
specific functions within cells, very few of which have
been determined. The compound 12-tetradecanoyl-13-
phorbol acetate (TPA) is a potent activator of PKC; its
ability to induce differentiation and modulate apoptosis
in promyeloid cells suggests a role for PKC in the
regulation of these processes [2,3]. There are many
reports of the selective involvement of PKC isoenzymes
in differentiation (reviewed in [2]) and it is clear that
PKC-p is a key regulator of this process. In contrast, the
literature regarding PKC and apoptosis appears contra-
dictory, with reports that TPA prevents apoptosis in

Abbreviations: TPA, 12-tetradecanoyl-13-phorbol acetate;
Dopp, 12-deoxyphorbol-13-phenylacetate; Doppa, 12-deoxy-
phorbol-13-phenylacetate-20-acetate.

Correspondence to: Dr J. M. Lord, Department of
Immunology, Birmingham University Medical school, Bir-
mingham B15 2TT (Tel: 0121-414-4399; Fax: 0121-414-
3599).
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some cells [4] and induces it in others [S]. These studies
did not determine the isoenzyme content of the treated
cells or take into consideration the ability of TPA to both
activate and down-regulate the majority of PKC
isoenzymes.

Recently, mutant promyeloid HL60 cells (HL60
PET), deficient in PKC-f, were shown to be resistant
to both differentiation and apoptosis [6] induced by
phorbol esters. Increasing expression of PKC-f in these
cells restored their ability to differentiate and apoptose
in response to the phorbol esters TPA and Doppa [7].
Whilst TPA is relatively non-selective in its activation
of PKC isoenzymes in vitro and in whole cells (hereafter
referred to as in vivo), 12-deoxyphorbol-13-phenylace-
tate-20-acetate (Doppa) activates only PKC-f1 in vitro
[8]. The authors therefore concluded that the activation
of PKC-f was necessary and sufficient for both HL60
cell differentiation and apoptosis [7, 9]. This conclusion
may not be entirely correct.

Whilst Doppa is specific for activation of PKC-fl in
vitro [8], recent in vivo studies show that concentrations
of Doppa of 100 nM and above can activate PKC
isoenzymes other than PKC-f [10, 11]. Macfarlane and
co-workers did not show data confirming the PKC-f
specificity of Doppa in vivo, which was used at
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concentrations of up to 200 nM in their studies. In
addition, hydrolysis of Doppa to 12-deoxyphorbol-13-
phenylacetate (Dopp) can occur within 6 h in vivo [11].
Dopp is not PKC isoenzyme specific [8]. This possibility
was not considered in the HL60 PET studies and
substantial Doppa hydrolysis may have occurred over
the long treatment periods required for differentiation of
HL60 cells.

In this study, the promonocytic cell line U937 was
used, as we have recently shown that the expression of
PKC isoenzymes is differentially modulated in sponta-
neously apoptotic U937 cells [12]. Most notably, there
was a dramatic increase in the expression of PKC-f.
Here we have used a range of concentrations of Doppa,
in addition to Dopp and TPA, to investigate more
directly the role of PKC isoenzyme activation in
differentiation and apoptosis. We have also assessed
the activation of PKC isoenzymes by these phorbol
esters in U937 cells. The data suggest that rapid
activation of PKC-f1 can lead to apoptosis, but that
the modulation of several PKC isoenzymes is required
for differentiation.

Materials and Methods

Cell culture

Myelomonocytic human leukaemia cells (U937),
from the Cell Culture Collection at Porton Down,
U.K., were grown in RPMI 1640 (Gibco, Paisley, U.K.)
containing 10% fetal calf serum (Gibco) and antibiotics,
as previously described [13]. Cells in exponential
growth were incubated for up to 72 h with a range of
concentrations of phorbol esters (Calbiochem Novabio-
chem, U.K.): 1-25 nM TPA, 5-100 nM Dopp or 5-100
nM Doppa.

Assessment of differentiation and apoptosis

To assess differentiation of U937 cells towards
monocytes, cells were harvested and cell lysates
prepared to determine expression of the monocyte
specific enzyme Cathepsin B, as previously described
in detail [14]. Apoptosis was assessed by three different
methods. In 48 h treated cultures, DNA was extracted
from control and treated cells and electrophoresed, using
a standard protocol to detect oligonucleosomal DNA
fragmentation associated with apoptosis [13]. In cultures
treated for shorter time periods (2 h), more sensitive
methods of detecting apoptotic cells were required. The
ability to 3'-end label fragmented DNA has been used as
a sensitive measure of the endonuclease activity
associated with apoptosis [15]. Cells treated for 2 h
with 10 nM TPA or 25 nM Doppa were lysed in LB
buffer (10 mM Tris—-HC], pH 8.0, containing 100 mM
EDTA and 0.5% Triton X-100) and spun at 35,000 x g
for 20 min. The DNA was ethanol-precipitated from the
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supernatant, re-dissolved in TE buffer (10 mM
Tris—HCI, pH 8.0, containing 1 mM EDTA) and 3'-
end labelled with **P-ddATP using a commercial kit
(Amersham International, U.K.). Specific incorporation
of radioactivity was determined by scintillation counting
and expressed as a percentage of counts incorporated
into DNA of untreated cells. In the third method,
apoptosis was detected by FACS analysis, identifying
apoptotic cells at an early stage by their reduced size and
increased granularity [16]. Control cells and cells treated
for 2 h with phorbol esters were fixed in PBS containing
5% fetal calf serum and 1% formaldehyde. Forward and
side light scatter (fsc and ssc) were analysed using a
Becton-Dickinson FACScan analyser, with apoptotic
cells separated from healthy cells on the basis of their
reduced fsc and increased ssc [16]. The percentage of
cells in the apoptotic and non-apoptotic populations was
then determined.

Isoenzyme translocation

Protein kinase C isoenzyme translocation was
assessed to determine activation of PKC isoenzymes.
Briefly, PKC was extracted and partially purified by
anion exchange chromatography (DE52, Whatman Ltd),
from cytosol and membrane fractions of control and
phorbol ester-treated cells [17]. The PKC isoenzyme
content of extracts was determined by Western blotting,
using affinity purified PKC isoenzyme-specific anti-
bodies. The antibodies were raised against peptides
specific to each of the PKC isoenzymes-u,-fil,-6, -€
(Gibco-BRL, U.K.) and -{ (kindly provided by Dr J.
Ransom, Syntex Research, Palo Alto, U.S.A.). These
antibodies are suitable for Western blotting, detecting a
band of appropriate molecular weight that was removed
by incubation with immunogen [18]. Second antibodies
were peroxidase-conjugated sheep anti-rabbit 1gG (The
Binding Site Ltd, U.K.) and immunoreactivity was
detected by enhanced chemiluminescence, using a
commercial kit (ECL, Amersham International, U.K.)
and pre-flashed X-ray film (X-Omat, MAS Stirling).
Immunoreactive bands were scanned densitometrically
(LKB Ultroscan) to provide a semi-quantitative deter-
mination of PKC isoenzyme down-regulation. The
density of immunoreactive bands in treated cells was
determined for each isoenzyme and expressed as a
percentage of the control band density.

Confocal microscopy

The U937 cell cytospin preparations (Shandon II
cytocentrifuge) were fixed in acetone and indirectly
immunostained with a PKC-fl specific antibody
(Gibco-BRL). The suitability of this antibody for
immunohistochemistry has already been reported
[19,20]. The second antibody was a fluorescein-
conjugated sheep anti-rabbit IgG (The Binding Site
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Ltd, U.K.). The sub-cellular distribution of immuno-
fluorescence was determined using a laser scanning
confocal microscope (Bio—Rad, model MRC 500).

Statistical analysis

Where appropriate, data are expressed as mean
+S.D. and the Students t-test was used to compare
data. A significant difference between means was
represented by P < 0.05.

Results

Induction of differentiation by phorbol esters

Figure 1 shows that TPA was a potent inducer of
monocyte differentiation, with maximal Cathepsin B
activity reached by 48 h with 5 nM TPA. Dopp was less
potent, with a maximal effect at 100 nM (Fig. 1). These
figures are in broad agreement with values published for
the induction of differentiation by these agents in the
promyelocytic cell line HL60 [21]. In contrast, Cathe-
psin B activity was only induced by Doppa at the highest
concentration used (100 nM) and did not reach the levels
seen with TPA or Dopp. Other authors have also
reported less than maximal induction of monogcyte
differentiation of promyeloid HL60 cells by Doppa,

3000
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Fig. 1. Induction of differentiation by TPA, Dopp or Doppa.

The U937 cells were cultured for 72 h with TPA (1-25 nM),

Dopp (5-100 nM) or Doppa (5-100 nM) and assessed for

Cathepsin B activity to determine monocyte differentiation.

Data shown are for enzyme activity (Units per 108 cells) and
are mean +S.D. of three determinations.

219

Fig. 2. Fragmentation of DNA in the presence of TPA or

Doppa. The U937 cells were incubated for 72 h with medium

alone (lane 1), Doppa at 5 nM (lane 2), 25 nM (lane 3), 50 nM

(lane 4), or TPA at 10 nM (lane 5), or 25 nM (lane 6). The

DNA was extracted and electrophoresed (12) to detect

oligonucleosomal fragments typical of apoptosis. Lane
7 = DNA standards.

even using concentrations up to 1 uM [21]. There is,
therefore, good agreement between the effects of
phorbol esters on induction of differentiation in both
U937 cells and HL60 cells.

Induction of apoptosis by Doppa, Dopp and TPA
Doppa treatment increased DNA fragmentation in
U937 cells at all concentrations tested (Fig. 2), with 25
nM producing a maximal effect. There was no
detectable increase in DNA fragmentation by 48 h with
10 nM TPA, although increasing TPA to 25 nM did
cause DNA fragmentation (Fig. 2). Similarly, only 100
nM Dopp caused an increase in DNA fragmentation
(data not shown). The detection of gross DNA
fragmentation by this method is one of the standard
diagnostic tests for apoptotic cell death. However,
accumulation of sufficient DNA fragments can take up
to 24 h, as cells do not enter apoptosis synchronously
[22]. In addition, the breakdown of DNA into 180 kb
fragments represents a relatively late stage in apoptosis.
In order to detect apoptosis in a shorter time frame, we
decided to measure apoptosis by two more sensitive
methods. Fragmentation of DNA assessed by 3'-end
labelling [14] was detected within 2 h of Doppa
treatment. In three separate experiments, the amount of
radioactivity incorporated (kcpm/10° cell equivalents)
into the DNA of 2 h Doppa treated cells (31.61 + 1.51)
was significantly more than in control cells
(18.7 + 1.47, P < 0.01). The 3"-end labelling of DNA
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Fig. 3. The FACS analysis of apoptotic cells. The U937 cells
were treated for 2 h with medium alone (control), 25 nM
Doppa, 10 nM TPA or 100 nM Dopp. Cells were fixed and
stained with propidium iodide prior to FACS analysis. Data are
plotted for forward (fsc) and side (ssc) light scatter. Apoptotic
cells were identified by their reduced fsc and ssc and
enumerated. The regions of the plot identifying apoptotic cells
and non-apoptotic cells are marked as R1 and R2, respectively.
The plots shown are from a single experiment, representative
of three performed.

from 2 h TPA treated cells (21.22 + 2.84) was not
significantly different from control cells. The FACS
analysis of formaldehyde-fixed cells showed that the
percentage of cells with an early apoptotic morphology
in control cultures was 9.54 + 0.46%. Following a 2 h
treatment with 10 nM TPA, 25 nM Dopp or 25 nM
Doppa, FACS analysis confirmed that only Doppa
caused an early increase in apoptosis. In three separate
experiments, the percentage of cells in the apoptotic
region (R1) of the FACS plot was 8.25 + 0.74% for
TPA, 9.65 + 0.7% for Dopp and 11.24 + 0.35%
(P < 0.05) for Doppa. Although the actual increase in
the number of apoptotic cells is small (Fig. 3) with
Doppa treatment at this early time point, Fig. 1 clearly
shows that substantial apoptosis develops in Doppa
treated cultures. Taken together, these data show that
TPA and Dopp can induce differentiation in U937 cells,
but they do not initially increase apoptosis. Apoptosis,
seen with these agents in longer term treated cultures, is
likely to be a consequence of differentiation [23]. In
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contrast, Doppa was able to induce significant DNA
fragmentation without differentiation.

Modulation of PKC isoenzymes by Doppa, Dopp and
TPA

The major isoenzymes present in U937 cells were
PKC-a, -1, -4 and -C. Figure 4 shows a single Western
blot which is representative of three performed. Within 2
min, 25 nM Doppa caused a translocation of PKC-fI to
the membrane fraction, which was maintained after 1 h.
No other isoenzymes were activated after 2 min but, by
1 h, PKC-a and -6 were also translocated with Doppa
treatment. There was no significant down-regulation of
PKC immunoreactivity after 2 min treatments with any
of the phorbol esters (data not shown) and no down-
regulation of PKC-f1 by 1 h of Doppa treatment (Fig. 5).
Total PKC-x was decreased to 65.3+4.5% (P < 0.05)
of control after 1 h of Doppa treatment. Although PKC-é
was reduced after 1 h of Doppa treatment, the change
was not significant (Fig. 4). In contrast, 10 nM TPA and
25 nM Dopp caused translocations of PKC-a, -l and -0
(Fig. 4) by 2 min of treatment. Significant down-
regulation of -, -fil and -0 isoenzymes was detected by
1 h with TPA and down-regulation by Dopp was
significant for PKC-o and -J by 1 h (Fig. 5). None of the

- gy = 7610

Fig. 4. Activation of PKC isoenzymes by TPA, Dopp and
Doppa. The U937 cells were treated with medium alone
(control), 10 nM TPA, 25 nM Dopp or 25 nM Doppa for 2 min
and 1 h prior to extraction of PKC from cytosol (C) and
membrane (M) fractions. Extracts were separated on SDS gels
and PKC isoenzymes were detected by Western blotting with
isoenzyme specific antibodies. Immunoreactivity was visua-
lized by enhanced chemiluminescence and the autoradiographs
shown are from a single experiment, representative of three
performed.



dc_267 11

Protein kinase C-f1 and apoptosis 323
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.'"’A In this study we have examined the role of PKC
Dopp s isoenzymes in the induction of differentiation and
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X R - BoXs of HL60 cells into macrophage-like cells induced by
20 [ [ K& TPA [7, 25], with PKC-pl or -l being equally effective
! oot
oo KX [25]. However, a recent report has further suggested that
PRI 150 " . p . "
oo S the activation of PKC-f is sufficient for both the
o K induction of diff . d .. loid
S £ induction of differentiation and apoptosis in promyeloi
O Alpha Beta 1 Delts HL60 cells [9]. Our data would indicate that activation
PKC of this isoenzyme is not sufficient for both of these

Fig. 5. Down-regulation of PKC isoenzymes by TPA, Dopp
and Doppa. The U937 cells were incubated with 10 nM TPA,
25 nM Dopp or 25 nM Doppa for 60 min. The PKC isoenzyme
content of cell extracts was determined by Western blotting
using PKC isoenzyme specific antibodies. Immunoreactivity
was visualized by enhanced chemiluminescence, quantitated
by scanning densitometry and expressed as a percentage of the
control immunoreactivity. Data shown are mean +S.D. and
significant differences between means (P < 0.05) are marked
by an asterisk (*).

phorbol esters effected a translocation of PKC-{ over the
time course tested (data not shown). This observation
would be expected, as this isoenzyme does not contain a
phorbol ester binding domain [24].

Sub-cellular distribution of PKC-fl

Confocal microscopy revealed that the sub-cellular
disposition of PKC-f1 was different in cells treated with
25 nM Doppa or 10 nM TPA. Immunoreactivity was
distributed throughout the cell in untreated U937 cells
(Fig. 6, panel A) but was predominantly nuclear
following 2 min Doppa treatment (Fig. 6, panel C).
After 1 h of Doppa treatment PKC-fl was located
predominantly in the cytosol (Fig. 6, panel D). In
contrast, TPA caused a rapid evacuation of nuclear
PKC-Bl, which was detected after 2 min (data not
shown) and was maximal by 10 min (Fig. 6, panel B).
Confocal microscopy also confirmed that down-regula-
tion of PKC-fl was a feature of treatment with TPA
rather than Doppa (Fig. 6, panels B and D).
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events in U937 cells. Although caution is required when
comparing results from two different cell lines, many of
our data indicate that such comparisons may be valid
between U937 and HL60 cells. Whilst U937 and HL60
are distinct cell lines, they are both induced along the
macrophage lineage by TPA and express similar PKC
isoenzymes [26]. We show here that the ability of
phorbol esters TPA, Dopp and Doppa to induce
differentiation of U937 cells is similar to that reported
for HL60 cells [21].

In these studies, only TPA and Dopp were effective
inducers of differentiation in U937 cells; TPA and Dopp
also induced some apoptosis at the higher concentrations
used. However, the apoptosis induced by TPA and Dopp
appeared to be subsequent to differentiation, as apopto-
sis could not be detected at earlier time points with these
agents. In effect, these agents may delay apoptosis by
first inducing differentiation towards monocytes. In
contrast, Doppa induced a sub-maximal expression of
Cathepsin B activity, but only at a high concentration,
i.e. 100 nM. However, Doppa effectively induced DNA
fragmentation at concentrations well below 100 nM and
in the absence of differentiation.

The proposal that activation of PKC-f was sufficient
for differentiation of promyeloid HL60 cells was based
upon the ability of Doppa (50-200 nM) to induce
monocyte differentiation and apoptosis in promyeloid
HL60 cells [7, 9]. The authors used Doppa as a PKC-8
specific agonist in vivo, based upon its selectivity for
PKC-pI in vitro [8]. There is now evidence that Doppa
may not be PKC-f specific in vivo [10,11] at the
concentrations used by Macfarlane and Manzel. More-
over, the differentiation induced by Doppa in these
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Fig. 6. Sub-cellular translocation of PKC-f1 with TPA or Doppa. The U937 cells were treated with medium alone (A), 10 nM TPA

for 10 min (B), or 25 nM Doppa for 2 min (C) and 1 h (D). Cells were indirectly immunostained with an antibody to PKC-fl and

fluorescence staining imaged by laser scanning confocal microscopy. Fluorescence intensity is depicted using pseudo-colour, with a
non-linear scale (shown top left), where white represents the most intense fluorescence and dark brown the least intense.

studies may be due to its conversion to Dopp, during the
long treatment period required for differentiation. We
have used a range of concentrations of Doppa and show
that at higher concentrations, i.e. 100 nM, at which
Doppa is not PKC-f specific in vivo [10], Doppa was
able to induce partial U937 cell differentiation. We
propose that conversion to Dopp also could account for
this effect, as lower doses of Dopp were found to be less
effective for induction of differentiation. In contrast, at
low concentrations, Doppa was most effective for
induction of apoptosis and could not induce monocyte
differentiation. At these lower concentrations of Doppa,
we found that PKC-f1 was the only PKC isoenzyme
translocated within 2 min. Although activation of other
isoenzymes, i.e. PKC-a and -6, was detected after 1 h,
this result is not surprising and could be expected 1 h
after the initiation of a signalling cascade. Thus, we feel
that it may be more correct to say that PKC- 1 shows the
highest affinity for Doppa in vivo, with the other
isoenzymes requiring higher concentrations for activa-
tion. Such differential sensitivity of PKC isoenzymes to
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lipid co-factors has already been demonstrated (re-
viewed in [26]). Thus, the initial and rapid activation of
PKC-f1 may be sufficient for apoptosis but not for
differentiation of U937 cells. This conclusion is in
accordance with other studies that have shown the
involvement of several PKC isoenzymes in cell
differentiation [2, 27, 28].

The data reported here also suggest that the down-
regulation of PKC is associated with differentiation
rather than apoptosis. Other authors have already shown
that loss of specific PKC isoenzymes is as important as
their differential activation [29]. Clemens et al. [2], have
reviewed the extensive literature concerning PKC,
proliferation and differentiation. They concluded that
stimulation of PKC leading to down-regulation was
associated with growth arrest and/or differentiation and
that stimulation of PKC without extensive down-
regulation promoted a mitogenic response. In our
studies, TPA was a potent inducer of differentiation
and caused a rapid loss of PKC-a, -fl and -6. Doppa
(< 100 nM) was a poor inducer of differentiation and
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had not down-regulated PKC-fI or -4 significantly by 1
h of treatment. Interestingly, Dopp was a less potent
inducer of differentiation than TPA and a notable
difference in their modulation of PKC isoenzymes was
the reduced ability of Dopp to down-regulate PKC-f1 (a
13% reduction with 25 nM Dopp, compared with 37%
for 10 nM TPA after 1 h). These data therefore also
imply that maintenance of PKC-fl and -6 expression,
following activation, may be required for apoptosis.

Finally, the sub-cellular location of PKC-f1 was
differentially modified in cells induced to differentiate
with TPA, or apoptose with Doppa. It has already been
suggested that decreased levels of nuclear PKC are
associated with differentiation [2]. The rapid loss of
nuclear PKC-f1 with TPA in this study would support
this hypothesis. Whether the rapid nuclear translocation
of PKC-fl upon Doppa treatment results in the
modulation of nuclear proteins involved in apoptosis is
one possibility. Fields and co-workers [30] have recently
shown that PKC-SIl is a mitotic lamin kinase, causing
phosphorylation of lamin B and disassembly of the
nuclear lamina prior to mitosis. These studies did not
determine the ability of other PKC isoenzymes to
phosphorylate lamin B. As PKC-fI and -l are alternate
splice forms of the PKC-f gene, it is possible that lamin
B is also a substrate for PKC-fl. We are now
investigating this possibility as nuclear lamina disas-
sembly is also a pre-requisite for apoptosis [31]. The
nuclear lamins may therefore represent early targets for
PKC-I activated by Doppa. Identification of substrates
for PKC-1 in U937 cells induced to apoptose is a
priority for future research.

Finally, the role of other PKC isoenzymes must also
be considered, notably PKC-0 which was activated
following 1 h of Doppa treatment and was also poorly
down-regulated by this agent. Clearly, PKC is only one
clement in a signalling cascade regulating entry into
apoptosis and the PKC isoenzymes involved may be cell
type specific. Iwata et al. have recently shown that the
activation of PKC-e is involved in glucocorticoid-
induced apoptosis in immature thymocytes [32]. Thus,
identification of the PKC isoenzymes involved in
apoptosis and their substrates will increase our under-
standing of apoptosis and may help to target sites for
therapeutic intervention.
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Bistratene A (BisA) induced growth arrest in G2/M in HL60 cells. In addition, BisA-treated cells (50nM for
48 h) became adherent and expressed the adhesion molecule CD11c, but did not express the monocyte enzyme
a-napthyl acetate esterase or phagocytose complement coated yeasts. BisA activated protein kinase C (PKC)-3
and induced translocation of PKC-8 to the nucleus. This suggests that activation of PKC-3 can induce growth
arrest and cell adhesion, but is insufficient to mediate full differentiation of HL60 cells. BisA has potential as
a new probe for determining the function of PKC isoenzymes, specifically PKC-8.  ©1996 Academic Press, Inc.

Protein kinase C (PKC) is a serine/threonine kinase which play a role in the regulation of cell
proliferation and differentiation (1) and cell morphology (2). The 12 known isoenzymes of PKC
differ in their tissue and sub-cellular distribution, requirements for co-factors and substrate speci-
ficity (3). They are thought to play specific roles in the regulation of cell function (4). To date, few
of the functions of individual PKC isoenzymes have been determined, in part due to a lack of
suitable molecular or pharmacological probes. Compounds that can selectively activate (5) or
inhibit (6, 7) PKC isoenzymes are now being identified.

Bistratene A (Bis A) is a polyether isolated from the ascidian Lissoclinum bistratum (8). Bis A
induces cytostasis and incomplete differentiation of promyeloid HL60 cells towards monocytes/
macrophages (9). Cells are arrested at the G2/M phase of the cell cycle (10) by Bis A treatment.
Bis A enhanced the activity of type 11 PKC fraction from bovine spleen (9), this crude fraction of
PKC is likely to have contained more than one PKC isoenzyme (11). These studies were performed
to determine which PKC isoenzymes are activated by Bis A and may be mediating its effects on
cell proliferation and differentiation.

MATERIALS AND METHODS

Bis A was isolated from L. bistratum collected at Heron Island Reef, Australia, as described previously (8). Antisera to
PKC isoenzymes «, 81, B11. 8, and ), were raised in sheep, against peptides unique to the individual PKC isoenzymes (The
Binding Site Ltd, Birmingham, U.K.). The anti-sera to PKC-€ and ¢ were also raised against isoenzyme specific peptides,
in rabbits (Dr J Ransom, Syntex Research, USA). All antibodies were affinity purified and precipitated or immunoblotted
a band of appropriate molecular size, which could be ablated by co-incubation with the immunogenic peptide. The same
antisera were used for indirect immunostaining. Staining could be titred out to an end point and was removed by co-
incubation with the immunogenic peptide.

Assays for Monocyte Differentiation

Promyeloid HL60 cells were treated with 10-100 nM Bis A, after 48h cell adherence was determined after gently shaking
culture flasks and removing non-adherent cells. The expression of CD11c was determined by indirect immunostaining
(antibody provided by DR N Ling, Birmingham University). Expression of a-napthyl acetate esterase (ANAE) was
determined on cytospin preparations of HL60 cells (12) and phagocytosis was assessed by the ability of cells to ingest
complement-coated yeasts (13). FACS analysis was used to determine cell cycle status in HL60 cells treated with 50 nM
Bis A.
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PKC Isoenzyme Activation Studies

Activation of PKC isoenzymes in vitro. PKC was extracted from 2 x 10% HL60 cells and fractionated as described (14).
Alternate 1ml fractions eluted from the hap column were assayed for PKC activity by incorporation of [¥2P]-ATP (ICN) into
histone 111-S or a synthetic PKC peptide substrate MBP,_,, (Amersham), using a micro-titre plate method (15). To assess
activation of PKC by Bis A, DAG was replaced by 50 nM Bis A. To determine the isoenzyme content of each hap fraction,
HL60 cells were cultured for 3 days in medium containing SuCi/ml *H-Lysine (Amersham). PKC was extracted and
purified as described above. An aliquot of each fraction from the hap column was immunoprecipitated using PKC
isoenzyme specific antisera and radioactivity of immunocomplexes determined by liquid scintillation counting. Radioac-
tivity precipitated non-specifically, in the presence of antibody and immunogenic peptide, was subtracted to give values for
specific isoenzyme precipitation.

Translocation of PKC isoenzymes. HL60 cells were treated for up to 10 minutes with 50 nM Bis A. Cytospin preparations
were fixed in acetone and stained with primary antibodies to PKC-a, B1, B11, 8, m, € and { (1:15) and appropriate
fluorescein-conjugated second antibodies (1:40, The Binding Site Ltd). Nuclei were counterstained with propidium iodide
and fading of fluorescence was retarded by 2.4% DABCO (1.4 diazobicyclo (2, 2, 2) octane) in 80% glycerol (16). In
Western blotting studies, HL60 cells were lysed and cytosol and membrane fractions extracted directly into SDS-sample
buffer. Protein extracts were electrophoresed on 10% SDS-PAGE gels and blotted onto PVDF membrane (Millipore). Blots
were probed with primary anti-PKC antibodies (1 pg/ml) and HRP-conjugated anti-rabbit IgG or anti-sheep IgG secondary
antibody (1:10,000). Immunoreactive bands were visualised by enhanced chemiluminescence (Amersham).

Autophosphorylation of PKC isoenzymes. Autophosphorylation of PKC isoenzymes was determined as a measure of
activation, essentially as described previously (17). HL60 cells were incubated for 4h in medium containing 200 pCi/ml
[**PJorthophosphate prior to treatment with 50nM Bis A. Cells were then lysed and PKC immunoprecipitated with
individual anti-PKC isoenzyme antibodies (The Binding Site). Inmunoprecipitates were electrophoresed on 8% SDS-PAGE
gels. Gels were dried, prior to autoradiography at —70°C using pre-flashed X-ray film (MAS Stirling, Scotland, UK).

RESULTS
HLG60 Cell Growth and Differentiation

50 nM Bis A produced a rapid and sustained growth arrest of HL60 cells (Fig. 1A), with the
majority of cells arrested in G2/M (Fig. 1B). The effect of Bis A on cell growth was dose-
dependent. Bis A treatment increased adherence of HL60 cells to tissue culture flasks, from 3.4 +
0.2% in control to 92.7 + 5.2% and induced expression of the cell surface adhesion molecule
CDl1lc (a3, integrin) in the majority (73.5 £ 4.9%) of treated cells. The fraction of HL60 cells
able to phagocytose complement coated yeasts was not significantly different in control (3.9 +
0.5%) and Bis A-treated cultures (5.2 + 0.8%). Bis A-treated HL60 cells did not stain positive for
the monocyte enzyme ANAE (data not shown).

In Vitro PKC Activation by Bis A

PKC extracted from HL60 cells eluted as four main fractions from hap columns (Fig. 2A), using
DAG as co-factor. With 50 nM Bis A replacing DAG., only one sharp peak of activity was detected
using synthetic peptide MBP, ,, (Fig. 2B) or histone as substrate (data not shown). This region
contained PKC-4 (Fig. 2C) with only minor co-elution with PKC-8 isoenzymes.

PKC Isoenzymes Activation in Whole Cells

50 nM Bis A induced a rapid translocation of PKC-8 from the cytosol (c) to the membrane (m)
fraction, with no effect on other PKC isoenzymes in HL60 cells (Fig. 3). Indirect immunostaining
(Fig. 4) showed that PKC-8 was present in both the cytosol and nucleus of control cells (left panel),
after a 10 min treatment with 50nM Bis A, PKC-6 immunofluorescence was patchy and localised
to the nuclear and perinuclear regions (right panel). Bis A did not affect the distribution of other
PKCs (data not shown). Treatment of cells for 10 min with 50nM Bis A increased the phosphor-
ylation of PKC-§, with no effect on the other PKC isoenzymes tested (Fig. 5A). Scanning densi-
tometry confirmed that PKC-6 was the only isoenzyme with an increased phosphorylation status
following Bis A treatment of HL60 cells (Fig. 5B). Antisera to PKC-€ and { did not precipitate a
labelled 80kDa band.
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FIG. 1. Growth arrest induced by Bis A treatment of HL60 cells. (A) HL60 cells were incubated for up to 72h in medium
alone or medium containing 10-50 nM Bis A. Cells were enumerated at the time intervals shown. Data are means + s.e.
of three experiments. (B) FACS analysis of control and 48h, 50 nM Bis A treated HL60 cells.

DISCUSSION

We have shown previously that Bis A could enhance the activation of a crude preparation of
PKC, type 11 PKC (9), but only at micromolar concentrations. Here we show that Bis A activated
only PKC-6 in HL60 cells, assessed in vitro and in whole cell assays. Furthermore, Bis A induced
a predominant movement of PKC-8 towards the nuclear region. The activation of PKC-8 occurred
within the concentration range able to induce growth arrest and adherence of HL60 cells to tissue
culture plates.

How the activation of PKC-6 by Bis A could effect growth arrest in G2/M is not known. Bis A
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FIG. 2. Activation of purified PKC by Bis A. PKC was extracted from HL60 cells and alternate 1ml hap column
fractions were assayed for PKC activity using either DAG (A) or 50 nM Bis A as co-factors (B). with histone-111s or a
synthetic peptide MBP,,_, ,as substrates, respectively. (C) *H-labelled HL60 cells were extracted for PKC and hap fractions
immunoprecipitated with anti-PKC isoenzyme antibodies, to reveal the elution position of individual PKC isoenzymes.

805

228



dc_267 11

Vol. 222, No. 3, 1996 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS
0 2 minutes 10 minutes
c m c m c m
E ~ 77 kDa
| —— - — | —
. R . L
o & - 77 kD
B - - e - -
b e -— ; — - - ~ 78 kDa
€ — . comme T e— +~ 88 kDa
R
C -— T -— - —— ™= < 69 kDa

FIG. 3. PKC isoenzyme translocation induced by Bis A. HL60 cells were treated with 50 nM Bis A for 2 and 10 min
and cytosol (c¢) and membrane (m) fractions screened for PKC isoenzyme content by Western blotting. The M, of the
precipitated bands, calculated from the position of reference standards, are shown.

FIG. 4. Intracellular localisation of PKC-8 in Bis A treated HL60 cells. HL60 cells were incubated with medium alone
(control) (left panel) or 50 nM Bis A (Bis A) (right panel) for 10 minutes prior to indirect immunostaining with anti-PKC-3
antibody. The secondary antibody was FITC-conjugated anti-sheep IgG and nuclei were counterstained with propidium
iodide. Scale bar = 10 um.
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FIG. 5. Autophosphorylation of PKC isoenzymes following Bis A treatment of HL60 cells. HL60 cells were labelled
with [**Plorthophosphate prior to incubation with 50 nM Bis A for 10 minutes and immunoprecipitation with anti-PKC
isoenzyme specific antibodies. Immunoprecipitates were separated on SDS-gels and *?P-labelled PKC bands revealed using
a phosphoimager (A). The mean density (au/mm?) of PKC isoenzyme bands was determined in three separate experiments
by scanning densitometry (B). Data are means + s.d. Values significantly different from control (P<0.05), by Students t-test,
are marked (*).

inhibits cytokinesis, but does not block DNA synthesis or nuclear division, leading to polyploidy
and multinuclear cells (10). CHO cells overexpressing PKC-6 accumulate in G2/M in response to
phorbol ester treatment (18), supporting a role for PKC-8 in normal cell cycle progression. Inhi-
bition of cytokinesis may occur through phosphorylation of proteins involved in the regulation of
cell cycle control or through modulation of the cytoskeleton. Whilst there is no evidence to suggest
the phosphorylation of cdk’s or cyclins by PKC in vivo, nuclear lamins have been shown to be
substrates for PKC-B11 (19). The phosphorylation of nuclear lamins leads to their disassembly,
which is required for the onset of mitosis. We have shown that PKC-§ associates with the inter-
mediate filament (IF) protein vimentin, following activation by TPA (20). As nuclear lamins are
also IF proteins, the translocation of PKC-6 to the nuclear and perinuclear region, following
treatment with Bis A, may indicate association with nuclear lamins or other components of the
cytoskeletal protein network.

With regard to adherence of HI60 cells induced by Bis A, phosphorylation of cytoskeletal
elements, including vimentin, by PKC-8 could mediate adherence tissue culture flasks. Activation
of PKC-6 by Bis A also induced expression of the cell adhesion molecule CD11c or 3, integrin,
which would contribute to increased H160 cell adherence. Thus, Bis A appears to be a selective
activator of PKC-6 and will be useful as a research tool in studies to clarify the specific involve-
ment of PKC isoenzymes in cell function.
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Summary

Public interest in the recent progress of tissue engineering, a special line of biotechnology, makes the current review on thoracic surgery highly
relevant. In this article, techniques, materials and cellular processes are discussed alongside their potential applications in tissue repair.
Different applications of tissue engineering in tracheo-bronchial replacement, lung tissue cultures and chest-wall reconstruction are also
summarised in the article. Potential tissue engineering-based solutions for destructive, chronic lung-injury-related conditions and replacement

of tubular structures in the central airways are also examined.

© 2010 European Association for Cardio-Thoracic Surgery. Published by Elsevier B.V. All rights reserved.
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1. Introduction

Tissue engineering is a branch of biotechnology and
bedside medicine, a rapidly emerging chimera of two
seemingly unrelated disciplines aiming to control pathologies
through artificially facilitated tissue regenerative processes.
At a first glance, this high-tech field has little to offer to
surgery, an art where precise mechanical destruction
simultaneously intends complete eradication of abnormal
cell masses and reconstruction of derailed biological
functions. In modern surgical practice, destruction and
reconstruction are different sides of the same coin and they
mutually depend on each other.

Replacing tissues or at least supporting certain biological
functions has been the driving force behind the development
of prostheses for lost extremities for a long time; however,
mass production was only peaked during World War I. The
case of Oscar Pistorius (the double-amputee Paralympic
athlete) is a good example of the paradox that artificial limbs
based on advanced biotechnology can be superior to the
original ones, generating bizarre debates that overwrite
sport rules. In addition to biomechanical targeted muscle
prosthesis, iron lung and heart pumps are also examples of
artificial organs developed by mechanically minded medics.

During the Cold War, pressure was on to discover ways for
haemopoetic cell replacement. Research in the era of

* Corresponding author. Address: Department of Surgery, Clinical Centre,
University of Pecs, Ifjisag u 13, 7634 Pécs, Hungary. Tel.: +36 30 640 3362;
fax: +36 72 536 496.

E-mail address: Tamas.F.Molnar@aok.pte.hu (T.F. Molnar).

nuclear war threat has led to the discovery of human stem
cells (SCs) [1] that provide the basis for current tissue
engineering developments. Tissue engineering as a widely
accepted interdisciplinary field is <20 years old and is
generally accepted since the ground-breaking publication of
Langer and Vacanti in 1993 [2]. Combined principles of
engineering and biosciences are applied in order to create
biological substitutes to restore, maintain or improve tissue
and organ function.

Although self-regenerative capabilities of various organs
have been exploited in medicine for decades, medical sciences
have been working hard to accelerate the search for novel
ways to direct tissue regeneration. Progress is often slow, as
regenerative potentials, structural and functional require-
ments vary from organ to organ and range from the highly
regenerative liver to the ominously resistant central nervous
system [3]. Clinical research in tissue engineering is steadily
advancing towards applications in operating theatres. This can
be exemplified where biotechnologically engineered heart
valves and injection of myocardial SCs, following myocardial
infarction [4,5], are ever more frequently used in cardiac
therapy. In addition, bone-marrow or lymphatic SC replace-
ment in haemopoietic malignancies [6] are relatively easily
solved problems, as functions of these tissues are not
dependent on mechanical structures. Meanwhile, reconstruc-
tion of structurally and functionally intact distal airways,
which are capable of gas exchange, is not anywhere near the
level of expertise required for therapeutical applications [7].
Nevertheless, solid or mesh chest-wall prosthesis and inter-
position of artificially made vascular grafts are relatively
simple tasks that have been implemented and show continuous

1010-7940/$ — see front matter © 2010 European Association for Cardio-Thoracic Surgery. Published by Elsevier B.V. All rights reserved.

doi:10.1016/j.ejcts.2009.12.037

233



dc_267 11

T.F. Molnar, J.E. Pongracz / European Journal of Cardio-thoracic Surgery 37 (2010) 1402—1410

progress in clinical applications. Tubular structures, such as
trachea and blood vessels, which have to fulfil both mechanical
and biological functions, have recently reached clinical
application stages [8].

Certainly, there is an increasing need for communication
between thoracic surgery and the interdisciplinary science of
biotechnology to meet demands in the field of pulmonary
tissue replacement and/or directed regeneration. This
article, therefore, aims to summarise the basic components
and principles of tissue engineering around the needs of
general thoracic surgery.

2. Glossary and definitions

Cells, scaffolds and signalling are the three main pillars
which tissue engineering rests on. The successful process
depends on the cell culturing, scaffolds that provide space
and mechanical support for cellular growth and controlled
direct and indirect cell-to-cell contacts in the form of
signalling [9].

However, not all of these factors are always seemingly
required to achieve complex tissue engineering tasks, as
often in vivo tissue microenvironments provide one or more
of the missing factors for tissue engineering to become
successful.

For example, ‘cell masses’ without supporting mechanical
structure are used to fulfil certain functions in the host body
during SC implantation in bone-marrow treatments [6] or
myocardial cell injection in post-infarct regeneration [4,5].
Spleen islet cell replantations, following splenectomy or SC
therapy after cartilage injury, are additional eminent
examples. In these treatments, the surrounding tissue
microenvironment provides both the necessary mechanical
support and the secreted signalling molecules that direct
cellular growth and differentiation [9].

Scaffold-only treatment provides support for migrating
autologuous cells that can grow on the artificial support and
provide the necessary signals to one another. Mesh applica-
tion in hernia repair and vascular grafts are clinically proven
and properly established techniques. Stents and stentgrafts
are in fact also scaffolds that maintain calibres in tracheal
position and also in the biliodigestive tract, coronary artery
or in the aortic position. As vascularisation of the implanted
scaffold has eminent importance [10], vascular grafting or
directed growth of endothelial-cell components into engi-
neered tissues has a very high priority in biotechnology.

Cells, scaffolds and tissue functions are controlled by
‘cell-to-cell signals’ in a tissue engineering process in
different ways and proportions [9]. Taking a wider approach,
even cancer therapies interfering with inter- and intracel-
lular signalling mechanisms can be interpreted as tissue
engineering, as these treatments often result in the
inhibition of vascularisation and induce cellular differentia-
tion or apoptotic cell death rearranging existing tissue
masses.

2.1. Cells

Tissue cultures are essential for engineering tissues [5,9].
The source of these tissue cultures can originate from non-
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differentiated (SCs), partly differentiated (tissue-specific
progenitor cells) or tissue-specific differentiated cell types
[9,11].

2.1.1. SCs and tissue-specific progenitor cells

The fertilised oocyte is regarded as totipotent as it is able
to form an entire organism like a human being. Embryonic SCs
(ESCs) are pluripotent as they are able to form all three germ
layers. Multipotent SCs are able to develop mesenchymal,
endodermal or ectodermal tissues. Oligopotent SCs can
create two or more different cell lines.

Based on their origin, there are two basic types of SCs:
ESCs and adult stem cells (ASCs). Plasticity, a very important
feature of SC, refers to the ability that cells of one tissue are
able to generate cell types of another tissue, even
trespassing the borders of ectodermal—endodermal—
mesenchymal cell lineages. Adult SCs are rare, undiffer-
entiated cells within differentiated tissues located in the so-
called ‘SC niches’, an anatomical location that is far from
simple to find in vivo [5,7,11]. Recent studies have located
residual pools of ASCs within the basal layer of the upper
airways, within or near pulmonary neuroendocrine cell
crests, at the bronchoalveolar junction as well as within
the alveolar epithelial surface. In addition, it has been
suggested that airway submucosal glands (SMGs) could serve
as a protective niche for adult epithelial stem/progenitor
cells of the proximal airways [12].

The two basic abilities, the capacity to self-copy as well as
form into various other cell types of the body, make SCs
primary players in tissue engineering [13]. Obviously,
pulmonary SC types are key to rapid repair of the denuded
alveolar surface after injury and therefore to survival. The
term ‘progenitor cells’ although requires further consensus,
it is broadly used to categorise the less immature, more
lineage-committed postnatal cells [14].

2.1.2. SCs and tissue-specific progenitor cells in tissue
engineering

Theoretically, ESCs are superior to ASCs and tissue-specific
progenitor cells as ESC following directed steps of tissue-
specific differentiation can generate any organ-specific
tissue culture material. Unfortunately, while the usage of
ESCs is often strictly regulated, ASCs and tissue-specific
progenitor cell types are only available in limited numbers,
making the growth of a full organ in in vitro conditions an
almost impossible task.

The source of SCs in tissue engineering applications is
generally the bone marrow, umbilical cord blood, circulating
blood and foetal or adult tissues. Respiratory organs require
at least two populations of epithelial stem/progenitor cells
to give rise to the lung anlage, comprising the laryngo-
tracheal complex versus the distal lung below the first
bronchial bifurcation [15]. From a pulmonary point of view,
resident SCs have been identified both in the proximal and in
the distal airways, including the alveolar regions [12,14,16].
Lung parenchyma, like the brain and the heart, has a low
cellular turnover and, consequently, a low regenerative
potential. Not surprisingly, reconstruction and mastered
regeneration of pulmonary tissue is an extremely complex
and difficult task. To be able to achieve the hierarchical
organisation of cells in an in vitro grown lung, a better
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understanding of cellular and molecular interactions that
regulate epithelial maintenance and repair is essential.

Recent attempts, using a directed SC differentiation
approach, provide some hope for in vitro growth of
pulmonary tissues. Using murine ESCs, it was possible to
differentiate alveolar type Il cells by provision of a serum-
free medium supplemented with growth factors, designed for
in vitro maintenance of mature alveolar epithelial cells
(AECs; small airway growth medium (SAGM)) [17]. Samadi-
kuchaksaraei et al. also provide evidence for in vitro
differentiation of alveolar type Il epithelial cells from human
ESC [16,17], where the level of differentiation was supported
both by cobblestone-like light microscopic morphology and
by electron microscopic morphology, in addition to surfac-
tant protein C expression, characteristic of type Il epithe-
lium. Although understanding ASC- and progenitor-cell-
derived processes would particularly be important, currently
embryonic lung progenitor cells are much better defined and
characterised than their adult counterparts [18]. Never-
theless, cellular sources for lung tissue regeneration in vivo
or lung tissue engineering in vitro include endogenous
pulmonary epithelial SCs, extrapulmonary circulating SCs
and ESCs. The role and application of each of the above cell
types in the future of pulmonary tissue engineering is still
uncertain [19] and problematic [20], with both identification
and isolation of ASCs remaining as unsolved problems in
pulmonary tissue engineering. In addition, although there are
some existing in vivo labelling methods for selection,
currently it would take a pair of healthy lungs to homogenise
and harvest to obtain a sufficient number of ASCs to start cell
culturing with an aim of building up a functioning engineered
lung.

2.1.3. Tissue-specific differentiated cell types

Cellular differentiation is the process by which a less
specialised cell becomes a more specialised cell type.
Differentiation dramatically changes a cell’s size, shape,
membrane potential, metabolic activity and responsiveness
to signals. These changes are largely due to the highly
controlled modifications in gene expressions. Differentiation
is a common process in adult tissues as well as during
embryonic development. For example, depending on
demand during normal cell turnover or tissue repair following
injury, ASCs can divide and create one stem and one fully
differentiated daughter cell, or two differentiated daughter
cells.

2.1.4. Tissue-specific differentiated cell types in tissue
engineering

As full organs and experimental tissue models need to be
created on a regular basis according to therapeutical or
experimental requirements, tissue-specific differentiated
cells potentially represent a better source for primary cell
material, as they are more freely available in large numbers.
Differentiated cell types in traditional, two-dimensional (2D;
i.e., Petri dish) culture conditions normally de-differentiate
and can be forced to re-differentiate using the right
additives, scaffolds or soluble factors. However, to create
the optimal culture conditions for a directed re-differentia-
tion process, intimate knowledge of extra- and intracellular
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signalling pathways as well as of the main features of
endothelial—mesenchymal transition (EMT) is essential [21].

2.2. Scaffolds

As all organs are essentially 3D, no attempt at reconstruc-
tion of their biological function can ignore this requirement.
However, most of our knowledge regarding extracellular
interactions comes from studies using in vitro, 2D tissue
cultures. This is understandable as experimentations,
manipulations, imaging, etc., are easier in 2D culture
systems. An added third dimension, however, is not only a
simple spatial extension. While 3D culture is an absolute
requirement for engineering a functional tissue, 3D cultures
also create additional problems, including difficulties of gas
and nutrient exchange in the third tissue dimension. To
circumvent this problem, scaffolds [3,7,8,10,22—32] are
purposefully engineered in a way to make tissue build-up and
allow cellular interactions, nutrients and gas exchange to
occur.

The type of the scaffold greatly varies, depending on the
type of tissue we aim to create.

From a tissue engineer’s point of view, the main groups of
organs are the parenchyma (forming one’s muscle and brain)
or the tissue around a lumen (vessels, trachea and bowel) or
the combination of the two (lung, heart and kidney). The size
of a lumen is a crucial element, irrespective of function in
subendothelial structures of the organ in question. Although
scaffolds greatly vary, they share a number of basic physical
properties that depend on the intended application.
Mechanical support, for example, has priority in bone
replacement, while in other tissues scaffolds provide only
a temporary structure for cell populations to grow on until
they reach and stabilise the third dimension. Such biode-
gradable scaffolds (polyglycolic or polylactic acids, or natural
materials, including Gelfoam (porcine skin gelatin) sponges,
collagen and Engelbert—Holms tumour basement membrane
[7]) gradually degrade and the natural scaffold of extra-
cellular matrix (ECM) takes over its function.

Despite the available scaffolds and the choice of cell
types, creating a functional lung is still an unsolved problem.
The human alveolar surface equals half of a volleyball field,
that is compressed to the size of the thorax and capable of
250 mlmin~" oxygen and 265mlmin~" carbon-dioxide
transfers on an ~2.8 m? surface area in adults. Such a large,
easily compressible surface is difficult to find. So far, silicone
or traditional degradable materials have been used to
provide the skeleton surface for the blood—gas interface.
Functional gas exchange, however, requires vascularisation
of the complex lung parenchyma, which is currently still a
challenge [10,33]. The directed growth of the vasculature
requires endothelium, smooth muscle cells, secreted signal-
ling molecules and ECM; therefore, creating the vasculature
is just as difficult as growing the rest of the distal pulmonary
tissue. Recent theories even look at the alveolar surface of
the airways as a certain scaffold, mimicking vascular seeding
on the basis of the natural process of haematogen metastasis
or embedding of a Koch bacillus. Either way, as soon as
vascular scaffolds are developed, a new generation of
vascularised pulmonary tissue constructs can herald a new
era in pulmonary tissue generation.
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Meanwhile, tracheal scaffolds are made of either
biodegradable polymers [23,24] or non-absorbable materi-
als. De-cellularised grafts, made of the natural matrix of
trachea or aorta, are also subjects of intense research [27—
30]. Experimental studies of tracheal prosthesis have used
pored, polyethylene terephthalate (Dacron) tubes [25] or
titanium stents combined with either polyglactin, or a
copolymer of lactide and caprolactone reinforced by
polyglyceride fibres or a knitted mesh [26]. There are also
successful applications of composite materials as possible
scaffolds, such as polytetrafluoroethylene (PTFE). These
hybrid scaffolds have been able to provide functional
artificial tracheas in canine experiments with an overall
survival >3 years [31,32].

2.3. Signalling

Both embryonic development and adult tissue home-
ostasis are controlled by intracellular signal transduction
pathways that are activated or inhibited by cell-to-cell
interactions and secreted factors. In the past, signal
transduction was regarded as a linear process, but recent
data from large-scale and high-throughput experiments
revealed the existence of an extensive and complex inter-
and intracellular signalling network [34]. In addition to direct
cell-to-cell contacts, continuous reciprocal cellular interac-
tions are maintained by secreted factors or ligands.
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Surprisingly, only a few ligand families are responsible for
most cellular communications during tissue development and
regeneration. These include bone morphogenic protein
(BMP), fibroblast growth factor (FGF), epidermal growth
factor (EGF), insulin-like growth factor (IGF), transforming
growth factor g (TGFB), Hedgehog (Hh), Notch and the Wnt
family of glyco-lipoproteins [21,34]. Fig. 1 summarises these
pathways. Combinations of the above factors can activate
downstream intracellular signalling pathways that control
receptor and ligand expressions, leading to ultimate changes
in cellular functions. These signalling networks are equally
important during embryonic development, normal tissue
regeneration processes and injury repair or wound healing
following surgery [3,9,14].

Cellular interactions in the pulmonary system provide a
good example for interactions amongst the main signalling
pathways. Embryonic lung development, as well as epithelial
injury repair, is tightly coordinated by a fine balance between
stimulatory versus inhibitory genes that code proteins to co-
regulate the function of SCs and adult progenitor cells in the
lung. For example, FGF receptor tyrosine kinase signalling is
essential for respiratory organogenesis and is negatively
regulated by a family of inducible FGF pathway inhibitors
[35]. In addition, FGF signalling is required for formation of
new alveoli, protection of AECs from injury as well as for
migration and proliferation of alveolar progenitor (stem)
cells during lung repair.
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Fig. 1. Activation of the main signalling pathways regulating lung development and regeneration. Wnt, FGF, BMP, and TGF-$ are secreted ligands with specific
receptors and well characterised intracellular signalling pathways within the recipient cell. Activation of signalling pathways following ligand binding leads
transcription factor activation that leads to specific gene transcription. For the Notch pathway activation, an adjacent cell expressing the ligands and another cell
expressing the Notch receptor has to come into contact. Binding of ligand to receptor initiates a series of cleavage processes, leading to the liberation of the Notch
intracellular domain (ICD). This Notch fragment migrates to the nucleus, and together with a transcriptional coactivator initiates transcription of the HES and HEY

family of transcriptional repressors, which mediate Notch signalling.
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Conversely, TGFB receptor serine—threonine kinase
signalling inhibits lung morphogenesis and can inhibit
postnatal alveolar development, while excessive TGFp
signalling causes interstitial fibrosis. Similarly, while Wnt-s
are essential in embryonic development and maintenance of
the ASC pool in the pulmonary tissue, dysregulation of Wnt
signalling cascades can result in cancer, fibrosis and
persistent inflammation [21].

2.3.1. Branching and budding morphogenesis

The above-mentioned factors and their receptors are
expressed during reciprocal molecular interactions between
epithelium and mesenchyme [36]. FGFs, for example, bind to
and activate four tyrosine kinase receptors (FGFRs) to
regulate intracellular signalling pathways controlling cell
proliferation, differentiation and migration. While one of the
FGF receptors is expressed in epithelial tissues and is
activated by mesenchymally expressed ligands, another
receptor (FGFR2c) is expressed primarily in mesenchyme,
and is activated by FGF ligands expressed in adjacent
epithelia [37]. In the developing lung, FGF9 and FGF10 form
an especially tight reciprocal pair of ligands that regulate
branching and budding morphogenesis.

2.3.2. Vascularisation

Vascularisation during normal lung development is
another critical step for successful survival at birth and in
postnatal life. For normal gas exchange, the growth and
maintenance of an intricate system of airways and vessels,
including the thin yet vast blood—gas interface, are essential
[38,39]. Observations on mechanisms that regulate devel-
opment of the pulmonary circulation revealed that lung
vasculature actively promotes normal alveolar growth during
development and contributes to the maintenance of alveolar
structures throughout postnatal life. Furthermore, increas-
ing evidence suggests that the disruption of angiogenesis
during lung development can impair alveolarisation
[40,41,42].

To form blood vessels, the remarkably heterogenic
endothelial cells of the lung require the presence of vascular
endothelial growth factor (VEGF) and their specific recep-
tors. As VEGF is a well-known target gene of the Wnt family
[21] of secreted ligand proteins, it demonstrates how the
complex network of inter- and intracellular signalling
molecules is important in all aspects of pulmonary develop-
ment and regeneration.

As a functional 3D lung model would require a continuous
blood flow and the supplying network of vasculature,
avascular seeding of cells on a scaffold is not a viable
solution for an engineered lung despite working for many
fields in tissue engineering [33].

2.4. Cells, scaffolds and signalling in the practice of
tissue engineering

Implementation of the accumulated knowledge about the
cell—scaffold—signalling network triad into clinical practice
is possible through five potential ways. All potential
utilisation can be categorised into one of three general
strategies stated by Langer and Vacanti in 1993 [2], that is, in
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vitro, in vivo or hybrid as the combination of the previous two
methods.

First, the artificially built scaffolds can be implanted into
the body exposing it to autologous cells and the natural repair
and regeneration processes of the host. Vascular prosthesis,
hernia meshes, artificial pericardium, foams, films covering
pleural dehiscences and chest-wall replacements fall into
this category.

Second, where function dominates over mechanical
structures, the original dysfunctional organ can be dupli-
cated by implantation of the new structure into a different
place of the body. (Extra transplant kidney and a ‘piggyback’
heart to support the function of the original organ are good
examples.) In an ideal scenario, a transient function relief is
achievable, resulting in regained function by the original
organ. (This application is not unknown for liver transplants
and during heart failure.) [43]

The third potential method is where the engineered organ
is maintained operational ex vivo. Extracorporeal membrane
oxygenation (ECMO) is a good example where a biologically
built structure maintains function in a different body. This
bypassing function is similar to what economics refers to as
outsourcing. Bio-ECMO or engineered artificial kidney would
make anti-thrombotic measures unnecessary and would be
free of other damages caused by mechanical tools [44].

The fourth option is when the tissue or the organ to be
implemented can be fully built up ex vivo in a bioreactor [45]
and, when it is functional, then implanted. This was how
tissue-engineered skin and heart valves or the very first
clinically applied tissue-engineered central airway was
created and applied [8]. However, building a fully functional
lung under laboratory conditions is not anywhere near
realisation.

Finally, the fifth way is to generate the tissue within the
host organism itself from the very beginning. SC therapy of
lymphoproliferative diseases is an established method of
challenging a permanent interaction between the graft and
the host [46]. Theoretically, in case of more complex organs,
an implanted micro-size tissue can be followed by a
controlled growth to full size under the supervision of the
surrounding tissue microenvironment and additionally admi-
nistered growth and differentiation factors.

Whatever method is chosen, implantation is an extremely
complex process as the host and the graft are in permanent
and active interaction not without dangers, which requires
continuous monitoring.

3. General thoracic surgical applications of tissue
engineering

The present stage of leading-edge research in airway
tissue engineering can be categorised according to anato-
mical locations: trachea [8,23-33,47,48], bronchial tree
[49], lung tissue [7,11,12,14—17,50] and chest wall [22,51].
The construction of lung parenchyma is distinguished
according to proximal or distal airways. From the point of
view of a tissue engineer, the vascular bed of the lung
parenchyma and its connective tissue network require the
same approach, while the pleural surface and the external air
barrier also constitute an issue impossible to neglect and
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Fig. 2. Neochondrium, generated by chondrocytes around the polytetrafluoroethylene (PTFE) ringed vascular prosthesis matrix in neotrachea position in dog survived
over 3 years (animal studies detailed in References [31,32]). Haematoxylin—eosin dying, amplification: 100x.

must be solved, if functional lung tissue is ever going to be
engineered in vitro.

3.1. Trachea and central bronchial tree

The windpipe represents an old challenge to modern
thoracic surgery, as the length of the trachea limits the
resection and biology makes allo-replacement impossible [52].
As early as the 1950s, Belsey laid down the basics for proper
trachea reconstruction [53]. Presently, we know that air
tightness, lateral rigidity, vertical flexibility and anastomosis
healing have priority over immediate build-up of mucosal
integrity [32]. The importance of geometrical relation of the
anastomosed edges was recently revealed, highlighting the
combination of biological and purely mechanical factorsin the
success. So far, telescopic immersion of the neotrachea
provided the best long-term results [31].

Two incidental and completely unexpected observations
[27,31] of chondrocytes in and around the neotrachea (Fig. 2)
can now be explained by the existence of SCs in the region
[44]. Validation and potential exploitation of the surprising,
‘out of nowhere’ appearance of the ‘magic neochondrocytes’
is still awaiting further research. Research into reliable
scaffold material that could solve the problem for creating a
permanent hollow tube even after cellular colonisation must
be given priority.

Replacement of the main bronchi is also a viable
possibility, as it has been proved by numerous successful
canine models [49,54]. In these experiments, the prosthesis
frame — usually a polypropylene mesh tube — was reinforced
by rings and collagen extracted from porcine skin conjugated
to the frame. The inner surface was completely covered with
ciliated columnar epithelium or nonciliated squamous
epithelium in these experiments. However, the tendency
of polypropylene for deformation is a limiting factor.
Furthermore, there are potential adverse side effects,
including infection, sputum retention, dehiscence and
narrowing or occlusion due to inflammation or scar forma-
tion. Nevertheless, the very first replacement of a human
bronchus has been performed and reported in 2008 [8].

In order to generate a tissue-engineered organ, a tracheal
segment was retrieved from a human organ donor and the
tissue was completely de-cellularised using detergents and
enzymes to prevent subsequent immune rejection. Auto-
logous epithelial cells and SC-derived chondrocytes were
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isolated from the recipient, expanded and characterised in
the laboratory. The cells were seeded onto the donor matrix
using a novel bioreactor system [48] designed to allow the co-
culturing of different cell types, optimal nutrient transfer
and 3D maturation. The graft was then used to replace the
recipient’s left main bronchus. The transplanted organ
immediately provided the recipient with a fully functional
airway, which was rapidly vascularised, had normal mechan-
ical properties and was free from the risk of rejection [8].

3.2. Lung parenchyma

While the practical value of artificial lung tissue is
unquestionable, the cellular source of an artificial pulmonary
tissue remains an onward challenge [7]. Even if we simplify
the cellular structure of the lung parenchyma, four basic cell
types would be absolutely necessary to create a functional
lung, which are discussed in the following.

‘Fibroblasts’ that are the most versatile of the connective
tissue cell family. They participate in repair and regenerative
processes in almost every human tissue and organ, including
the lung. Their primary function is to secrete ECM proteins
that provide a tissue scaffold for normal repair events, such
as epithelial cell migration. They are also necessary to
provide the essential signalling environment for the parti-
cipating cellular elements.

‘AECs’ would also be necessary. Within the distal airways
of the lung, the normal alveolar basement membrane is lined
with AECs, which can be subdivided into type | and type ||
pneumocytes. Of the alveolar surface, 95% is covered with
type | pneumocytes. These cells are metabolically active and
harbour cell surface receptors for a variety of substances,
including ECM proteins, growth factors and cytokines. The
remaining 5% of alveolar lining cells consist of cuboidal
epithelia (type Il pneumocytes). Type Il pneumocytes secrete
surfactant (including surfactant protein C), facilitate trans-
epithelial movement of water (via members of the aquaporin
protein (AQP) family), function as antigen-presenting cells
and represent a reservoir of cellular progenitors that
regenerate the alveolar epithelium following lung injury
[55].

‘Smooth muscle cells’ build an involuntary non-striated
muscle tissue type. Apart from within large and small arteries
and veins, the bladder, uterus, gastrointestinal tract, etc.,
these cells are found in the respiratory system. Smooth



dc_267 11

T.F. Molnar, J.E. Pongracz / European Journal of Cardio-thoracic Surgery 37 (2010) 14021410

1408

muscle ensures mechanical support as well as movement
during breathing.

‘Endothelial cells’ provide the thin lining of the interior
surface of all blood vessels, including in the extensive
vasculature of the airways. Recent studies suggest that
endothelial cells are also critical components of the normal
pulmonary microenvironment. Interestingly, microvascular
endothelial-cell-mediated haematopoietic regeneration also
occurs at the level of the haematopoietic SC renewal,
suggesting a potential therapeutic role of microvascular
endothelial cells not only in self-renewal and repair of adult
haematopoietic SCs [56], but potentially also for the cuboidal
epithelial cells of the lung.

Despite some remarkable advances, the phenotypic
and functional characterisation of SCs and progenitor cells,
and their derivatives, along with an understanding of
molecular cues and pathways underlying differentiation
into specific respiratory lineages is required and still
unclear at large.

Nevertheless, the potential cellular sources for genera-
tion of lung tissue include (1) endogenous pulmonary SCs, (2)
extrapulmonary circulating SCs and (3) SECs [57], or (4) leave
the possibility for de-differentiation and re-differentiation of
specific differentiated pulmonary tissues open as a potential
option.

As de-differentiation and re-differentiation processes
require intricate knowledge of signalling pathways and
signalling interactions, further investigation using differen-
tiated cell types is essential to understand how to maintain
differentiation levels in primary human pulmonary tissues.
Whichever way is followed, utilisation of ESCs or ASCs versus
more differentiated cell types heralds two distinctive
approaches.

4. Chest-wall structures and pleural surfaces

A field, which is ideal for scaffold-only techniques, saw a
stealth development in the past 10 years [58,59]. Chest-wall
and pericardium prosthesis, and application of biodegradable
or nonabsorbable materials are per se tissue engineering
issues. Surprisingly, further development of absorbable
foams and bio-seal coverage of troublesome lung surfaces
[60] are still unexplored areas in bioengineering research so
far [61,62]. Currently, vascularisation of neo-structures is
solved by microvascular techniques, while bony chest
structure replacement requires a combined work with
orthopaedics. Chest-wall defects — following tumour resec-
tion or due to extensive trauma — are additional fields of
tissue engineering that require collaborative research work
in several disciplines [63—65]. Artificial coverage or neo-
genesis of injured or destroyed pleural surfaces has an
intense clinical priority but is neglected by basic research,
highlighting the need for better communication between
basic and clinical sciences.

5. Mediastinum

Based on their previous experience with tracheo-med-
iastinal fistula [66] Alvarez et al. are ready to initiate a phase
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I clinical trial on the use of autologous adipose-derived SCs
grown in vitro for local treatment of tracheo-oesophageal
fistulae.

6. Pulmonary models beyond surgery

Biotechnology in reconstructive lung surgery is still a test-
tube-based laboratory issue and no tissue engineering
laboratory has been able to put all the necessary cell types
together to mimic a functional lung. Nevertheless, attempts
are being made to generate artificial human pulmonary
tissues and while these tissues are still incapable of fulfilling
the function of a normal lung, they can provide useful models
for lung development and pulmonary diseases. Due to the
latest events of disastrous phase Il clinical drug trials (e.g.,
TGN1412), further goals of tissue engineering include
generation of human tissue models for safety and efficacy
testing of pharmaceutical compounds. Results of these
studies can aid directed modification of tissue regeneration
and wound-healing processes, aiming at improved therapeu-
tical potential for currently untreatable diseases.

One of these specific test models is the bronchial mucosa
model that was created as a co-culture using fibroblast,
epithelial and Tcells. This model proved to be a useful system
to study the regulation and signalling mechanisms of
inflammation in asthma [67].

Lung models also provide a useful test system for lung
toxicology. Carbon-nanotube-based nanotechnology, for
example, has emerged at the forefront of scientific research
and technological development. Despite its widespread
applications, no effect was tested on human tissues for a
long time. A recent study estimated human exposure of
single-walled carbon nanotubes using a tissue-engineered
human lung model. In co-cultures of normal human bronchial
epithelial cells and normal human fibroblasts, carbon-
nanotube exposure has proved to be a health risk, increasing
inflammatory and cell death markers within the respiratory
system [68].

Understanding signalling interactions is also important
and has therapeutical consequences in lung injury and repair.
To decipher intercellular and consequent intracellular
communication networks, specific differentiated pulmonary
tissue types and/or SCs can be grown in 2D or 3D co-cultures.
Although understanding signalling mechanisms does not
immediately solve all the problems of pulmonary tissue
engineering, in the long run it will help with development. An
example of this is with tissue culture media with the right
kind of supplements to aid 3D tissue growth [15].

There are also attempts to speed up artificial lung tissue
development in vivo. The subcutaneous plug model belongs
to this category. Mixed populations of isolated murine
embryonic pulmonary cells containing epithelial, mesench-
ymal and endothelial cells were added to Matrigel and
injected subcutaneously into the abdominal wall of adult
mice. Vascularisation was enhanced by the administration of
FGF2-saturated polyvinyl sponges. Exogenous FGF2 in
combination with pulmonary cells resulted in enhanced
capillary density and abundant interfacing between devel-
oping epithelial and vascular structures. According to
expectations, distal pulmonary epithelial differentiation
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(tested by prosurfactant protein C expression) was main-
tained in vivo [69].

7. Discussion

Various aspects of biotechnology are gaining entry into the
medical disciplines, each at a different pace. This is
particularly true for thoracic surgery, which heavily depends
on sophisticated technology. While video-assisted thoracic
surgery (VATS) and robotics are implemented to solve certain
well-defined clinical problems, biotechnology is also
expected to find its right niche in thoracic surgery. However,
while engineered tissues had a relatively easy entry into
vascular or cardiac surgery, the complex tissue environment
of pulmonary surgery needs a more orchestrated approach to
solve medical problems. Currently, the trachea and the main
bronchus replacement are in promising, clinical phase trials
[8]. Biotechnologically developed artificial oesophagus,
another tubular, often neglected intrathoracic organ, is in
wet-lab phase [70].

However, as neither VATS nor tissue engineering is a
universal remedy for chest pathologies, continuous commu-
nication between surgeons and laboratory researchers is
essential to reach optimal clinical applications of biotech-
nology in surgery. Certainly, it has to be clear for all involved
that both practical and ethical issues need careful con-
sideration if this novel and sophisticated technique will ever
be successfully applied in medical practice. While medical
problems are highlighted by clinicians, solutions have to be
thought out together with research scientists. During this
research process, the potential long-reaching negative
effects have to be considered. For example, genetic
manipulation that might aid vascularisation could trigger
malignant transformation. The application of SCs in engi-
neered tissues might also hide similar dangers, unless SC
research can prevent undirected proliferation and differ-
entiation. Potentially, one can also theorise that, malignancy
in the long run might be the price to pay for immediate
survival, as malignant outgrowth could often be controlled by
cytostatic treatments.

Overall, without understanding signalling networks and
code-transmission mechanisms in complex tissues, airway
and lung parenchyma engineering, transplantation of the
engineered tissues cannot be conducted safely, efficiently
and successfully. To reach the necessary level of molecular
understanding, however, vast resources have to be accumu-
lated.

In order to optimise resources and knowledge flow, as well
as to increase research efficacy, a forum was created under
the aegis of the European Society of Thoracic Surgeons (ESTS)
titled ‘Use of homograft and regenerative medicine in
thoracic surgery’ in Barcelona, Spain on 28th, 2009 during the
6th International Meeting in General Thoracic Surgery. This
congress provided many opportunities to present and discuss
the state of the art in tissue engineering. As a result, am ESTS
Working Group was created to include thoracic surgeons and
basic scientists as well. This close collaboration is the way
forward to develop tissue technology without evoking
overenthusiasm and unrealistic expectations, which would
cause serious damage to an otherwise promising field.
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Establishment and functioning of
intrathymic microenvironments

Summary: The thymus supports the production of self-tolerant T cells
from immature precursors. Studying the mechanisms regulating the
establishment and maintenance of stromal microenvironments within
the thymus therefore is essential to our understanding of T-cell produc-
tion and ultimately immune system functioning. Despite our ability to
phenotypically define stromal cell compartments of the thymus, the
mechanisms regulating their development and the ways by which they
influence T-cell precursors are still unclear. Here, we review recent
findings and highlight unresolved issues relating to the development
and functioning of thymic stromal cells.

Thymus organogenesis

As T-cell precursor maturation is a noncell autonomous pro-
cess, interactions with cells of the thymic microenvironment
are required throughout T-cell development (1-3). Thymic
stromal cells represent a heterogeneous mixture of cell types
including cortical and medullary epithelium, fibroblasts,
endothelial cells, dendritic cells (DCs), and macrophages
(4, 5). In particular, as epithelial cells are known to play
an essential role at multiple stages of thymocyte development
(6-8), we focus our review where appropriate on the devel

opment and functioning of the thymic epithelium.

Origins of thymic epithelial cells
The thymus in mice initially develops from the third phar
yngeal pouch, such that by embryonic day 10-11 (E10-11),
the first signs of the budding and outgrowth of the epithelial
rudiment are morphologically detectable (reviewed in 9). It is
now well established that the forkhead transcription factor
FoxN1 plays an essential role in thymic development
(10-12). FoxN1 expression in the third pharyngeal region is
first detected at low levels by E10.5 of gestation (13). By
E11.5, FoxNI is strongly expressed in the third pharyngeal
pouch endoderm, a stage occurring after formation of the

common primordium of the thymus and parathyroid (14)
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but before these two structures become morphologically dis-
tinct. Induction of FoxN1 expression can be mediated by the
soluble glycoprotein Wnt4 (13), which presumably acts by
binding to Frizzled receptors on epithelial precursors. In the
absence of FoxN1, the initial stages of thymus organogenesis
occur normally, leading to the formation of epithelial anlagen
(10). However, further thymic development does not occur,
and the thymic epithelial rudiment remains uncolonized by
lymphoid precursors (15), which persists in the adult as a
cystic epithelial structure (16). The precise role played by
FoxN1 in the development of thymic epithelium is not clear.
Recently, Dooley et al. (17) showed that epithelial cells in the
nude thymic rudiment phenotypically and genotypically
resemble respiratory-type epithelial cells, raising the possibi-
lity that FoxN1 may play a role in regulating lineage choice in
multipotent epithelial progenitors. Deletion of the N-terminal
domain of FoxN1 to create a hypomorphic mouse strain
resulted in thymic-specific defects, indicating a tissue-specific
(18).

Importantly, although some aspects of T-cell development

role for this domain in thymus development
occur, epithelial cells in the FoxN1 hypomorphic thymus are
predominantly of a keratin (K) 5'K8" phenotype, which is
suggestive of a blockade in epithelial cell differentiation at an
immature progenitor stage (18). Although it is clear from
these studies that FoxN1 plays an essential role in the forma-
tion of a functional thymic epithelial microenvironment, a key
unresolved issue is whether FoxN1 is also required to main-
tain the functions of differentiated thymic epithelial cells.
Indeed, it is not clear whether all epithelial cells in the adult
thymus express FoxN1 or whether expression is restricted to
particular epithelial subsets. Mouse strains carrying FoxN1
reporters and inducible gene knockouts will be required to
address these questions.

The precise contribution that each of the individual germ
layers makes to the developing thymus has been studied over
a number of years. Although neural crest-derived mesenchy-
mal cells of neuroectoderm origin are known to make an
important contribution to the developing thymus, the origins
of thymic epithelial cells are less certain. Two models of
thymic epithelial cell development have been proposed, one
in which all epithelial cells are endodermally derived, while
another model argues in favor of a dual origin for the thymic
epithelium, with contributions from both endoderm and
ectoderm (reviewed in 19). While support for a physical
contribution from ectoderm comes largely from descriptive
histological studies (20, 21), there is now direct functional
evidence in favor of a model of thymus development in which

all thymic epithelial cells are endodermally derived. Thus,
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transplantation of pharyngeal endoderm under the kidney
capsule of athymic nude mice was shown to develop into a
functional thymus, while fluorescent labeling of pharyngeal
ectoderm revealed no evidence in favor of an ectodermal
contribution to the developing thymus (22). Such observa-
tions are in agreement with earlier studies using chick—quail
chimeras demonstrating that cortical and medullary epithelial
cells could be generated from isolated endoderm (23). Several
important issues arise from these experiments. First, although
these latter studies argue against a direct physical contribution
from ectoderm during thymus development, pharyngeal
endoderm and ectoderm are in physical contact by E10.5
(22), and so inductive interactions between these two cell
types could still influence events early in the formation of the
thymus anlagen. In addition, evidence in favor of a single
origin for all thymic epithelial cell subsets has implications for
the nature of epithelial cell precursors in the developing
thymus.

The identification and isolation of epithelial cells in the
thymus with progenitor activity is not only important in
gaining a better understanding of mechanisms of thymus
development but also is key to strategies aimed at enhancing
thymus regeneration in the elderly or following chemother-
apy and radiotherapy, where new T-cell production from
transplanted bone marrow is critically dependent upon thy-
mus function. Direct evidence for the existence of thymic
epithelial precursors came from Rodewald et al. (24), who
showed that distinct islands of medullary epithelial cells are
derived from single precursors. A logical assumption regard-
ing thymic epithelial cell progenitors is that they would make
up a larger proportion of thymic epithelium in the early
embryonic thymus when compared with the adult, where
most of the epithelium is comprised of mature cortical and
medullary subsets. Thus, the identification and use of reagents
that identify dominant epithelial cell populations in the
embryonic thymus and rare epithelial populations in the
adult have been used as a strategy to study candidate epithelial
progenitors. Mature thymic epithelial cells in the adult can be
characterized by differential expression of keratins, such that
medullary epithelial cells are predominantly K5'K8 while
cortical epithelial cells are largely K57K8'. Interestingly,
early in thymus development, epithelial cells are predomi-
nantly K5"K8", raising the possibility that such ‘double-posi-
tive’ epithelial cells are a precursor on the single-positive
cortical and medullary subsets (25-27). Moreover, K5'K8"
epithelial cells are rare in adult thymus, suggesting the
possible persistence of a progenitor population. However,

patterns of cytokeratin expression allow only phenotypic
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characterization of epithelial subsets, and so reagents are
required which recognize cell-surface antigens that are
expressed in a developmentally regulated manner in order to
purify and study the developmental potential of defined
epithelial cells. The rat monoclonal antibodies Mts20 and
Mts24 raised by Godfrey et al. (28) meet both of these
requirements, and they have been used in studies aimed at
identifying thymic epithelial progenitors. So far, experiments
have shown that Mts24 " epithelial cells from either E12 or
E15 of gestation are able to generate a functional thymus upon
transplantation into nude mice (25, 26). Of key importance is
the observation that Mts24~ stromal cells are unable to
develop into a thymic structure, suggesting that progenitor
activity is limited to the Mts24" compartment. Despite the
evidence from studies on the embryonic thymus, there is no
direct functional evidence for the existence of thymic epithe-
lial progenitors in the adult thymus. The turnover and lifespan
of epithelial cells in the thymus is not known, and it will be
important to determine whether thymic epithelial microenvir-
onments are maintained by continued progenitor maturation,
or whether their persistence reflects the presence of long-lived
differentiated cells. Further studies on the precursor—product
relationships of thymic epithelial subsets and their persistence
during ontogeny will continue to be important in understand-
ing the mechanisms of thymus development. Moreover, the
identification of new reagents and the establishment of clonal
assays will aid in determining whether cortical and medullary
epithelial cells share a common precursor or arise from dis-
tinct precursor pools.
Epithelia-mesenchymal interactions ~ during  thymus
development
The development of several organs involves interactions
between epithelial cells and mesenchymal cells (29). The
thymus shares similarities to these other organs in that at
around E10-12, the thymus anlage is an epithelial bud sur-
rounded by mesenchymal cells of neural crest (NC) origin
(30, 31). The presence of NC-derived mesenchymal cells has
been shown to play an essential role in thymus development.
In initial experiments in birds, ablation of the NC resulted in a
failure of normal thymus organogenesis (32), while removal
of thymic mesenchyme from mouse embryonic thymus pre-
vented normal thymus development in vitro (31, 33). More
recently, mutant mice have been used to study the importance
of the NC in thymus organogenesis, with mice deficient in a
variety of members of the Pax and Hox transcription factor
families demonstrating abnormalities in thymus organogen-

esis (9). Of particular interest in this context is the impaired

12 Immunological Reviews 209/2006

thymus development observed in Pax-3 (splotch) or Hoxa3
mutants, genes that are expressed in the NC mesenchyme.
One possibility for the abnormal thymus development in Pax-
3 mutants is that defective migration results in an absence of
NC-derived cells in the developing thymus, although there is
conflicting evidence on the migratory abilities of Pax-3
mutant NC cells (34). Interestingly, NC migration occurs
normally in Hoxa3 mutants (35). While these findings indi-
cate that Hoxa3 is not required for NC migration, whether
Hoxa3 expression specifically in NC is important in thymus
development is not clear, as Hoxa3 is expressed both in
epithelial cells and mesenchymal cells in the thymus (36).
Further studies using tissue-specific gene knockout or tissue
recombination experiments are required for a better under-
standing of the role of Hoxa3 in thymus development.

Although the aforementioned studies demonstrate a role for
NC mesenchyme during the initial stages of thymus organo-
genesis, it is unclear whether these cells or their descendents
are involved in later stages of thymus development. Indeed, a
recent study by Yamazaki et al. (37) using myelin protein 0-
Cre reporter mice to trace NC-derived cells demonstrated their
presence in the thymus at E11.5-16.5 but only rarely after this
stage. Such findings are in agreement with another study
using Wnt1-Cre reporter mice that demonstrated NC-derived
cells in the early fetal thymus but not in the postnatal thymus
(30). Moreover, Yamazaki et al. (37) showed that NC cells in
the early fetal thymus represent multipotent progenitors, cap-
able of giving rise to melanocytes, neurons, and/or glial cells.
Thus, one possibility is that NC-derived mesenchyme repre-
sents a transient population of cells in the thymus that
diminishes after early stages of thymus organogenesis. The
precise origins of other mesenchymal cells that make up the
septae, trabeculae, and capsule of the late-stage embryonic and
postnatal thymus, and how they relate to the NC-derived
mesenchyme are not known.

How NC-derived mesenchymal cells influence thymus
development is poorly understood. However, from analysis
of mice deficient in fibroblast growth factor-receptor 2iiib
(FGF-R2iiib), it was noted that the thymus is present but
remains small during development (38). Further analysis of
these mice showed a thymus containing mature cortical and
medullary epithelial cells capable of supporting a normal
program of T-cell development (39), suggesting that FGF-
R2iiib signaling may be required for growth but not devel-
opment of thymic epithelial cells. We have shown that two of
the ligands for FGF-R2iiib, FGF7 and FGF10, are expressed by
mesenchymal cells but not epithelial cells in the E12 thymus

and that immature epithelial progenitors express FGF-R2iiib
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(40). Moreover, removal of the mesenchyme from E12 thy-
mus lobes resulted in a loss of proliferation in immature
thymic epithelial cells, which could be restored by the addi-
tion of either fetal mesenchyme or a combination of recom-
binant FGF7 and FGF10 (40). Thus, one role of NC-derived
mesenchyme in early thymus development may be, via its
production of FGF7 and FGF10, to induce proliferation of
early thymic epithelial progenitors expressing FGF-R2iiib.
FGFs have also been shown to directly influence mature
thymic epithelium. Erickson et al. (41) showed that treatment
of thymocyte-depleted fetal thymic lobes with FGF7 resulted
in reduced expression of major histocompatibility complex
(MHC) class II-invariant chain and cathepsin-L concomitant
with an increase in the medullary epithelial compartment,
while Rossi et al. (42) showed that FGF7 administration in
vivo protected the thymic microenvironment and its ability to
support thymocyte development during graft-versus-host dis-
ease. How FGFs regulate mature thymic epithelial cells and
whether they are able to directly induce their proliferation, as
is the case with embryonic thymic epithelium, is not clear.
Proliferation of embryonic thymic epithelial cells has been
shown to decrease during thymus development with few
proliferating epithelial cells being detectable by E18 (43), a
stage where a paucity of thymic NC-derived mesenchymal
cells has been reported (37). Thus, the correlation between
the presence of NC-mesenchyme in the thymus and prolifera-
tion of immature thymic epithelial cells supports the idea that
NC-derived cells represent a transient thymic population
required to expand epithelial cell numbers during early stages
of thymus development.

As well as playing an important role in the expansion of
embryonic thymic epithelial cells, mesenchymal cells have also
been shown to play a direct role during T-cell precursor devel-
opment. For example, CD4 CD8" T-cell precursors require a
dual combination of mature MHC class II" thymic epithelial
cells and mesenchyme to reach the CD4"CD8" stage, while the
generation of CD4" and CD8" cells from CD4'CD8”" inter-
mediates can occur in the presence of thymic epithelial cells
alone (44). Thus, mesenchymal stromal cells provide essential
signals during the early stages of T-cell development. In parti
cular, transition from the CD4°CD8CD25"CD44" double-
negative 2 (DN2) stage to the CD4 CD8CD25'CD44~ DN3
stage maps to the transition from mesenchymal-dependent
to -independent stages of T-cell precursor development (45).
How mesenchymal stromal cells influence the development of
DN2 thymocytes is not clear. However, pretreatment of
mesenchyme with the enzyme hyaluronidase to disrupt the

extracellular matrix (ECM) abrogated their ability to support
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T-cell development (45). Thus, production of ECM compo-
nents by thymic mesenchyme may partly explain the impor-
tance of these cells in the thymus, with ECM enabling
interactions with integrins expressed by T-cell precursors or
by influencing T-cell development through the presentation of
soluble growth factors such as IL-7 (46).

Lymphostromal interactions during thymus development
Once lymphoid precursors enter the thymus from the blood
stream, they come into contact with thymic stromal cells that
guide their maturation into functionally competent T cells.
However, at stages in development when initial thymus colo-
nization occurs, mature microenvironments typical of those
within the postnatal thymus are yet to form (2, 25-27). So,
just as T-cell precursors undergo a program of proliferation
and differentiation, immature thymic epithelial cells undergo
a developmental sequence resulting in the establishment of
mature cortical and medullary epithelial cells, which are orga-
nized within a three-dimensional network. Thus, it appears
that the fetal thymic microenvironment is capable of support-
ing T-cell development as it continues its own maturational
program. Importantly, key mediators of T-cell development
such as interleukin-7 (IL-7) (47) and Notch ligands (48) are
expressed in the early thymic rudiment, which may partly
explain the ability of immature thymic epithelial cells to
support T-cell precursor development.

As mentioned earlier, ontogenetic analysis of epithelial cells
during thymus development has established a model in which
epithelial progenitors, characterized by dual expression of K5
and K8, proliferate and differentiate into mature cortical K5 K8
and medullary K5 K8 epithelial cells (25-27, 49). The signals
responsible for triggering this differentiation are unknown.
However, studies on the adult thymus of several mutant
mouse strains have reported abnormalities in the organization
of thymic epithelium, leading to the idea that reciprocal signal-
ing between thymocytes and stromal cells not only results in
T-cell production but also development and organization of
thymic microenvironments (50, 51). For example, mice dis
playing a blockade in T-cell development resulting in the
absence of T-cell receptor (TCR)-expressing cells results in
defects in organization of the thymic medulla, with only scat-
tered medullary epithelial cells being detected (52-54).
Importantly, thymic medullary organization can be restored by
the addition of mature T cells (53—-55). In contrast, adult
CD3etg26 mice, in which T-cell development is blocked at the
earliest CD257CD44 CD4 CD8™ DN stage, show an absence of
both cortical and medullary epithelial cells and an abundance of
K5'K8" cells (56). Taken together, these findings form the basis
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of the thymic crosstalk model, in which signals from early
CD4 CD8™ T-cell precursors are required for the formation of
the thymic cortex, while signals regulating development of the
medulla are derived from CD4 " and CD8™ thymocytes (57, 58).

While the above studies demonstrate that interplay between
thymocytes and stromal cells can result in changes in the
thymic microenvironment, they do not necessarily support a
model in which the development of mature thymic epithelial
cells from immature progenitors is dependent upon thymocyte-
derived signals. Instead, analysis of the thymic microenviron-
ment of adult mice with defective T-cell development may
indicate that thymocyte-derived signals are required for the
maintenance of thymic epithelial microenvironments.
Accordingly, analysis of embryonic thymus development
allows direct study of the mechanisms regulating the estab-
lishment of the thymic microenvironment and the maturation
of immature epithelial progenitors. Indeed, analysis of
embryonic recombination-activating gene/common 7y chain
(RAG2/7.)-deficient mice and Tkaros mutant mice, both with
an absence of T-cell precursors during the fetal period,
demonstrate three-dimensional organization of thymic epithe-

lial cells together with the appearance of K5 K8 epithelial
Epithelial-cell survival model

Thymocyte-independent 1
ﬁ TSI —— ﬁ
epithelial differentiation

Epithelial de-differentiation model

Thymocyte-independent
1 —_— 1
epithelial differentiation

Thymocyte-derived signals

required for survival of
e

differentiated epithelium

Absence of thymocyte-derived signals
1 BT ————
results in epithelial de-differentiation

cells, suggesting that initial development of thymic epithelial
cells does not require thymocyte-derived signals (27). We
have also shown that K5 K8 and K5K8" epithelial cells are
present in the embryonic CD3€tg26 thymus, despite T-cell
development being blocked at the earliest stage (59).
Moreover, proliferation of embryonic thymic epithelial cells
still occurs in the absence of normal T-cell precursors (40), in
agreement with the role of mesenchymal cells in regulating
thymus growth (39, 40). Interestingly however, once RAG2/
Y-deficient mice and CD3etg26 mice reach adulthood, the
thymus consists largely of disorganized K5"K8" epithelial
cells. The reasons for this difference in fetal and adult thymic
epithelial cells are not clear, although it is possible that fol-
lowing normal thymic epithelial cell patterning in the
embryo, the presence of thymocytes is required for the con-
tinued survival of K57K8™ and K5K8" cells. As a conse-
quence, K5'K8" cells, which are normally present in the
adult thymus as a small population (25), would preferentially
accumulate (Fig. 1).

Alternatively, the prolonged absence of both thymocytes
and the normal three-dimensional framework may result in

changes in keratin gene expression, such that K5'K8" and

e
3 e

- T

I

%

'ﬁ K5*8* progenitor

‘ﬁ K5+*8~ mature epithelium

-ﬁ K5-8* mature epithelium

-ﬁ Apoptotic epithelium

Fig. 1. Lymphostromal interactions in the maintenance of the thymic
microenvironment. Current views on thymic epithelial cell develop-
ment support a model whereby immature K5'K8" progenitors are
signaled to differentiate into mature K5'K8" cortical and K5"K8~
medullary epithelial cells. It is now clear that this initial patterning of
thymic epithelial cells can occur independently of signals from devel-
oping T-cell precursors. However, in the continued absence of a nor-
mal program of T-cell development, thymic epithelial phenotypes and
normal thymic architecture become altered, often resulting in the
predominance of KS'K8" epithelial cells, indicating that thymocyte-
derived signals are required to maintain the thymic epithelial
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microenvironment. In the ‘Epithelial Survival’ model shown here, it is
suggested that thymocytes play a role in microenvironmental mainte-
nance by the provision of survival signals to mature epithelial cells. In
the absence of such signals, cortical and medullary epithelial cells are
lost, resulting in a dominant K5 "'K8" epithelial population.
Alternatively, in an ‘Epithelial De-Differentiation Model’, the domi-
nance of K5'K8" epithelial cells that occurs in the continued absence of
normal T-cell precursors may be a result of alterations in keratin gene
expression in mature cortical K5'K8"* and medullary K5'K8™ epithelial
cells, a process that could occur following loss of the normal three-
dimensional thymic epithelial network.
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K5K8 cells undergo a de-differentiation process and reac-
quire a K57K8™ phenotype. An implication of the latter model
is that the K5"K8" epithelial cells in the adult thymus may not
necessarily represent a population of epithelial progenitors. As
mentioned earlier, further experiments are required to for-
mally prove the existence of epithelial cells with progenitor

activity in the adult thymus.

Thymus organization ensures an ordered program of
T-cell development

Thymus colonization

Hemopoietic precursors are required to colonize the thymic
microenvironment in order to efficiently generate T cells.
Importantly, the site of production of T-cell precursors
changes during ontogeny, such that the early fetal thymus is
colonized by fetal liver-derived precursors, while the postnatal
thymus is colonized by precursors from the bone marrow (2,
60). Several studies have now shown that fetal precursors are
different from postnatal and adult precursors in a number of
ways. T-cell production from fetal but not adult precursors
can occur in the absence of IL-7 (61, 62). In addition, analysis
of RAG-1 green fluorescence protein (GFP) knock-in mice has
shown that fetal precursors have less myeloerythroid potential
when compared with their adult counterparts (63). The rea-
sons for these differences are not clear, and one possibility is
that they reflect an intrinsic yet distinct developmental pro-
gram of fetal and adult precursors. An alternative explanation
is that fetal and adult precursors receive distinct prethymic
maturational signals from the fetal liver and bone marrow,
respectively, which may impact on their later developmental
requirements and lineage potential. We have analyzed fetal
liver and fetal thymus microenvironments for their ability to
trigger Notch activation in T-cell precursors, a process that has
been strongly implicated in T/B lineage choice. Our findings
suggest that the fetal liver microenvironment contains discrete
Notch ligand-bearing stromal cells that can activate Notch
signaling in fetal precursors prior to thymus colonization
(48). Although Notch activation is clearly important during
the development of adult lymphoid precursors, the precise
timing of Notch activation in relation to adult thymus colo

nization is not clear, and so it will be important to determine
whether, as in the embryo, a prethymic Notch signal occurs in
the adult that may influence the timing of T/B lineage choice.

As well as developmental heterogeneity in lymphoid pre

cursors, the mechanisms of thymus colonization in the early
fetal and late fetal/postnatal thymus are likely to differ. The

lack of vascularization of the thymus at the initial stages of
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colonization means that at E12 of gestation, precursors must
exit nearby blood vessels, travel through perithymic mesench-
yme, and enter the thymus by migrating across an epithelial
basement membrane (15, 64). In contrast, precursors in the
adult enter the thymus directly by migrating from blood
vessels at the corticomedullary junction (CMJ) (65, 66).
Despite this difference, it is likely that in both fetal and adult
life, the recruitment of precursors to the thymus involves a
chemotactic mechanism. Indeed, thymic epithelial cells have
been reported to express mRNA for several chemokines,
including CCL21, CCL25 [thymus-expressed
(TECK)], and CXCL12 [stromal cell-derived factor 1 (SDF-1)]
(67, 68). Moreover, these chemokines are capable of inducing

chemokine

migration of fetal precursors using in vitro assays, which can
also be blocked using pertussis toxin, which inhibits chemo-
kine receptor signaling (67, 68). Despite data from in vitro
systems indicating a possible role for CXCL12 in precursor
recruitment to the thymus, mice deficient in either CXCL12 or
its receptor CXCR4 show no impairment of precursor recruit-
ment a the initial stages of thymus colonization (69). By
contrast, CCR9 knockout mice show lower thymocyte num-
bers, which perhaps supports a role for TECK in thymus
colonization (70), although effects on thymocyte viability
cannot be ruled out. Moreover, plt/plt mice (deficient in
CCL21) show diminished thymic precursor recruitment,
which is reduced further by neutralizing anti-CCL25 antibo-
dies (68). Overall, such studies suggest that recruitment of
progenitors to the thymus is regulated by multiple chemo-
kines including CCL21 and CCL25, which are produced by the
thymic epithelium and act to establish a gradient along which
cells migrate. Interestingly, mel-18, a member of the mam-
malian Polycomb group genes, has been reported to regulate
expression of a number of chemokine receptors, including
CCR9, with thymocytes from mel-18-deficient mice display-
ing reduced migration in response to CCL25 (71). Although it
is clear that chemokines play a role in precursor migration,
whether recruitment of precursors toward the thymus from
the bone marrow/fetal liver is regulated by mechanisms dis-
tinct to those controlling entry to the thymic epithelial micro-
environment is not clear. Itoi et al. (15) have shown that
precursors are recruited to the fetal thymus of nude mice,
but unlike wildtype mice, such precursors do not enter the
thymic epithelial anlagen. Interestingly, the nude thymic anla-
gen has been shown to lack expression of CCL25 (72), raising
the possibility that the initial recruitment of precursors from
extrathymic sites to the surrounding perithymic mesenchyme
occurs independently of TECK, which then plays a role in the

migration of precursors into the thymic epithelium.
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Although the precise mechanisms enabling precursors to
exit blood vessels and gain entry to the thymus are unclear,
several molecules have been implicated in this process. For
example, thymic blood vessels have been shown to express a
range of adhesion molecules including CD34, MECA79, vas-
cular cellular adhesion molecule-1 (VCAM-1), intercellular
(ICAM-1), (73).

Moreover, mice deficient in the P-selectin glycoprotein

adhesion molecule-1 and P-selectin
ligand-1 (PSGL-1) show a reduction in early thymic resident
progenitors (74), suggesting that thymic endothelial expres-
sion of P-selectin facilitates migration into the thymus.
However, it is also important to note that recruitment of
precursors to the thymus is a temporally regulated process,
with periods where precursors can enter the thymus being
separated by longer periods where the thymus is refractory to
precursor recruitment (75, 76). Such a gated mechanism of
precursor entry to the thymus may be regulated by changes in
expression of adhesion molecules by the thymic vasculature,
as has been shown for the endothelial marker MECA-79 (73)
and also by intrathymic competition for stromal cell niches,
which has also been shown to occur during the early
CD4 CD8" stages of thymocyte development (77).

Intrathymic migration

By the time of birth, the thymus is made up of an organized
network of stromal elements. The positioning of developing
T-cell precursors within the thymus reflects this microenvir
onmental organization, with immature CD4 CD8 and
CD4°CD8" thymocytes dominating in the outer cortical
regions and mature CD4 CD8~ and CD4 CD8" cells residing
within the inner thymic medulla. Such a defined positioning
of thymocyte subsets within the thymus supports the notion
that specific microenvironments are present within the thy-
mus that provide the appropriate interactions and signals for
particular stages of T-cell development. Evidence comes from
studies analyzing the localization of T-cell precursors follow-
ing their introduction into recipient mice. Thus, the thymic
cortex has been subdivided into stratified layers on the basis of
the distribution of the DN1-DN#4 stages of thymocyte devel-
opment, with CD4 CD8" precursors undergoing maturation as
they migrate outward from the CM]J, the point of entry to the
postnatal and adult thymus, toward the capsule (66). Once
CD4 CD8" thymocytes are generated, they presumably then
migrate back through the cortex, and following positive selec-
tion, their CD4 CD8” and CD4 CD8" descendents cross the
CM]J to enter the medulla.

Despite a clearer understanding of the positioning of
defined thymocyte subsets in the thymus, very litte is
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known about the stromal microenvironments that support
transition between stages in T-cell development. Moreover,
the molecular mediators regulating precursor movement
between intrathymic microenvironments are not clear.
However, evidence does exist that implicates a role for che-
mokines in the positioning of defined precursor populations
in the thymus. Analysis of the development and thymic dis-
tribution of T-cell precursors deficient in CXCR4 has provided
evidence that CXCR4 signaling via CXCL12 binding is impor-
tant to insure that immature T-cell precursors reside within
the thymic cortex. In the absence of CXCR4 expression, devel-
opmental arrest occurs at the DN1 stage, with precursors
present at the CMJ but absent from the cortex (78). Thus,
CXCL12 production by cortical thymic epithelial cells may
play an important role in insuring that the earliest
CD47CD8" precursors are able to gain access to microenviron-
ments within the cortex that insure a normal program of
T-cell development. In contrast, experiments analyzing T-cell
precursors lacking CCR9 have shown that although the posi-
tioning of CCR9-deficient precursors in the thymus is abnor-
mal with precursors notably absent from the subcapsular
region, their development still follows an apparently normal
program (79). In addition, the chemokine receptor CCR7 has
been shown to play an important role in intrathymic migra-
tion of thymocytes at various stages of development. Thus,
immature CD25'CD44"

within the thymic cortex accumulate at the CMJ in CCR7-

precursors normally positioned

deficient mice, suggesting that CCR7, like CXCR4, is impor-
tant in cortical migration (80). At later stages of development,
Ueno et dl. (81) showed that CCR7 expression controls migra-
tion of thymocytes from the cortex to the medulla, with single
positive thymocytes accumulating in the thymic cortex of
CCR7-deficient mice. Despite this arrest in migration, CCR7-
deficient thymocytes were shown to undergo a normal pro-
gram of development including negative selection (81).
Overall, these studies raise the possibility that while some
stages of precursor maturation require entry to certain highly
specialized thymic microenvironments, the ability to support
other aspects of T-cell development may be a property shared
by several thymic microenvironments.

In addition to chemokines, it is likely that cell-cell interac-
tions between developing thymocytes and thymic stroma are
important in the directed movements of precursors in the
thymus. Indeed VCAM-1, which binds o4 integrin expressed
by early thymocytes, has been shown to form part of a stromal
matrix in the thymic cortex (82), while thymocytes devoid of
the guanine nucleotide-binding protein Rho showed impaired
binding to VCAM-1 (83). As Rho has been shown to play a
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role in integrin-mediated cell adhesion, these findings suggest
that regulation of intrathymic migration involves interplay
between stroma-expressed cell surface adhesion molecules
and thymocyte-expressed integrin receptors. In addition to
cell-cell interactions, it is likely that thymocyte migration
and development is influenced by interactions with ECM
components such as fibronectin, laminin, and collagen, all
of which are expressed within the thymic microenvironment
(84). While ECM components may act as a facilitator of
thymocyte migration by providing a noncellular scaffold
enabling integrin-mediated thymocyte adhesion, ECM has
also been shown to have other functions relevant to thymo-
cyte development, including the binding of secreted proteins
such as chemokines and cytokines, which may play a role in
increasing local concentrations of key molecules such as IL-7
(46, 85) or in the establishment of chemokine gradients for
directed migration (86).

Thymic stromal cells regulate key signaling pathways in
thymocyte development

Regulation of Notch signaling by the thymic microenvironment
In recent years, it has become clear that signaling through
the cell surface receptor Notch plays a key role during T-cell
development in the thymus (87-89). Notch, a transmem-
brane receptor shown to be important in cell fate decisions
in many tissues, interacts with members of the Jagged and
Delta-like ligand families, which results in Notch cleavage
and translocation of the intracellular domain to the nucleus
where it acts as a transcriptional coactivator (87). Thus, cell-
cell interactions regulate Notch activation. In the thymus,
Notch has been shown to be expressed by developing T-cell
precursors and has been implicated in various aspects of
thymocyte maturation including commitment to the T-cell
lineage (48, 90, 91), ofy/y8 T-cell commitment (92, 93),
pre-TCR-mediated development (94, 95), positive (96, 97)
and negative (98) selection of CD4'CD8" thymocytes, and
CD4/CD8 lineage choice (99). The importance of Notch
signaling in T-cell development is covered in other articles
in this issue. As Notch activation requires binding of Notch
ligands that occur as a result of cell-cell interactions, under
standing the cellular expression patterns and functions of
individual Notch ligands is critical to our understanding of
the regulation of Notch signaling during T-cell development.
Importantly, members of both the Jagged and Delta Notch
ligand families are expressed by thymic stromal cells (100,
101), including MHC class II" thymic epithelium (101),

indicating that the thymic microenvironment regulates
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Notch signaling in developing T-cell precursors. Indeed,
removal from the thymic microenvironment results in the
downregulation of Notch target gene expression (101),
indicating that Notch activation in T-cell precursors requires
the presence of intrathymic Notch ligands.

A major factor limiting analysis of the patterns of Notch
ligand expression in the thymus has been the lack of appro-
priate antibodies recognizing individual ligands, and so stu-
dies have been limited to mapping mRNA expression in
isolated cells (100, 101). However, analysis of Notch ligand
distribution in the context of an intact thymic microenviron-
ment has recently been investigated. For example, analysis of
B-galactosidase expression from a lacZ reporter cassette driven
by the Delta-like 4 (DIl-4) promoter has demonstrated that
while DII-4 expression is readily detectable in embryonic
thymic epithelial cells, DIl-4 expression in the adult thymus
is weaker and appears present only in scattered cells (102).
Immunohistochemical analysis has shown differential expres-
sion of Jagged-1 and Delta-like-1 (DIl-1) proteins in the
thymus, with DII-1 being expressed by most cytokeratin-
positive cells in the thymic cortex (103), while Jagged-1 is only
expressed by a cortical epithelial subset (104). Although it has
been shown that Jagged-1 is expressed by almost all ERTRS"
medullary epithelial cells (104), the expression pattern of DIl-1
in the thymic medulla is not clear. Thus, distinct intrathymic
microenvironments may contain epithelial cells expressing dis-
tinct Notch ligands. ITowever, whether compartmentalization
of expression also occurs at a cellular level is not clear. For
example, it is not known if DII-1-expressing cortical epithelial
cells also express Jagged-1. This expression may be of func-
tional significance, as there is evidence suggesting that Jagged
and Delta ligands play different roles during T-cell develop-
ment. Thus, dual expression of Jagged/Delta ligands by indi-
vidual stromal cells could allow these molecules to bind Notch
either individually or in combination, which may result in the
generation of distinct Notch signals to T-cell precursors.
Indeed, while Jagged-1 or DII-1 can both influence T/B line-
age choice, DII-1 but not Jagged-1 is able to promote T-cell
development of CD4 CD8  precursors, although Jagged
ligands may influence aB/yd lineage choice (104, 105).
That DII-1 is an efficient regulator of early T-cell development
is clear from many studies utilizing OP9 bone marrow stromal
cells, which have been engineered to express this Notch
ligand (106). Such cells are able to efficiently support the
production of CD4"CD8" thymocytes from a range of pre
cursor populations, including hematopoietic progenitor stem
cells (107), CD34" human cord blood cells (108), and

embryonic stem cells (109). Despite emerging functional
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differences between Delta and Jagged Notch ligands, func-
tional redundancy also appears to exist between different
Notch ligands, as indicated by the normal program of T-cell
development seen in DII-1-deficient mice (110), which is
most likely due to overlapping functions with other Delta
family members. Likewise, the finding that the later stages
of T-cell development can occur normally in the absence of
thymocyte Notch-1 expression (111) suggests that redun-
dancy also occurs with Notch receptors. Although it is clear
that Notch activation results in induction of target gene
expression including hes-1, pta, and deltex (88, 89), with regard
to thymocyte development, it is unclear whether interactions
with Delta and Jagged ligands result in the activation of dis-
tinct downstream genes. A major goal in future research is to
clarify the potential functional significance of distinct Notch
ligands that may differentially regulate Notch signaling at

various stages of thymocyte development.

Wht-Frizzled interactions in thymocyte development

In addition to the cell-cell interactions between thymocytes and
stromal cells that regulate T-cell migration and maturation,
intrathymic microenvironments also provide signals in the
form of secreted molecules. Although it is clear that these
molecules can be in the form of well-characterized chemokines
and cytokines, there is also increasing evidence to suggest that
other families, such as the Wnt family of secreted glycoproteins,
have roles in T-cell development in the thymus. Intrathymic
signaling as a result of Wnt binding can initiate several distinct
signaling cascades, including the canonical Wnt signaling path-
way (112). This pathway results in the stabilization of B-catenin
through inhibition of its phosphorylation, which would nor-
mally target B-catenin for degradation. Stabilized B-catenin can
then translocate to the nucleus, where binding to members of
the TCF/LEF families of transcription factors results in gene
expression of Wnt target genes (113, 114).

Several studies have reported expression of Wnt genes in
the thymus, supporting a role for Wnt signaling in T-cell
development (115, 116). Evidence that Wnt signaling in
T-cell precursors is regulated by the thymic microenviron-
ment comes from studies analyzing expression of Wnts and
their Frizzled receptors, in defined cellular compartments. We
have shown that thymic epithelial cells but not thymocytes
express several Wnt family members, including Wnt4,
Wnt7a, and Wnt7b (116). Moreover, removal of T-cell pre-
cursors from the thymic microenvironment results in phos-
phorylation and degradation of B-catenin, providing further
support that Wnt signaling in thymocytes is a consequence of
interactions with thymic stromal cells (116). The precise roles
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that Wnts play in influencing the maturation of thymocytes are
not clear. Despite a normal program of T-cell development,
Wntl/Wnt4 double-deficient mice show reduced overall thy-
mocyte numbers, indicative of a role for Wnt signaling in the
regulation of thymocyte survival and/or proliferation (117). In
addition, treatment of fetal thymus organ cultures with soluble
Frizzled receptors to block Wnt signaling was shown to perturb
thymocyte development (115). However, while this finding is
suggestive of a direct role for Wnt signaling in T-cell precursor
development, it is also important to note that thymic stromal
cells also express Frizzled receptors (116). Thus, the observed
effects with soluble Frizzled receptors on T-cell development
could be at least in part a consequence of altered thymic stromal
cell function. Indeed, Wnts have been shown to influence
epithelial cells in several tissues, and in the thymus, Wnts
have been shown to regulate expression of FoxN1 (13), a key
gene in thymic epithelial cell development.

As canonical Wnt signaling induces target gene expression
as a result of TCF/LEF! transcription factor activity, perhaps
some of the strongest evidence supporting a role for the
canonical Wnt signaling pathway in T-cell precursor matura-
tion comes from studies of TCF/LEF1-deficient T-cell precur-
sors. Maturation of T-cell precursors is blocked at the
immature CD4°CD8" stage in TCF/LEF1 double-deficient
mice, suggesting that Wnt signaling may play a role in the
survival and differentiation of immature thymocytes after the
TCR PB-selection checkpoint (118). Although several other
reports have implicated B-catenin and canonical Wnt signaling
at multiple stages of T-cell development including the gen-
eration and survival of CD4"CD8" thymocytes, positive selec-
tion (119-122), other studies have shown that B-catenin is
dispensable for a normal program of T-cell development
(123). The reasons for this discrepancy are not clear, although
one possibility is that functional redundancy occurs between
B-catenin and its homolog y-catenin during T-cell develop-
ment. This possibility is supported by a recent report showing
that T-cell development occurs normally in y-catenin knock-
out mice (124). Further experimental approaches to simulta-
neously target both P-catenin and 7y-catenin functioning
during T-cell development will provide important informa-
tion on the roles of these molecules and the importance of

canonical Wnt signaling during T-cell precursor maturation.

Regulation of bone morphogenetic protein and Hedgehog
signaling in the thymus
As is the case with Notch and Wnt signaling, in recent years, it
has become clear that evolutionarily conserved signaling path-

ways that regulate a variety of developmental systems also play a
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role during development in the thymus. For example, it is clear
that bone morphogenetic protein (BMP) and IHedgehog (IIh)
family members, as well as their receptors and components of
their respective signaling pathways, are expressed intrathymi-
cally (125-127). Direct evidence that BMP signaling influences
thymocyte development comes from studies demonstrating that
BMPs act to inhibit the proliferation and differentiation of T-cell
precursors (125, 128). Accordingly, inhibition of signaling by
the BMP antagonists as Noggin and Chordin was associated with
the maturation of CD4 CD8™ thymocytes to the CD4 CD8"
stage (125, 128). In these studies, expression of BMPs,
Chordin, and Noggin was shown to be limited to thymic stro-
mal cells, while BMP receptor expression was detectable in T-cell
precursors (129), suggesting that the thymic microenvironment
plays a key role in the regulating BMP-mediated events during T-
cell development. Similarly, several studies have now shown
that Hh family members are expressed intrathymically by thy-
mic stromal cells (125), and that their receptors are expressed by
developing T-cell precursors, which can act to influence T-cell
development, including maturation to the CD4°CD8" stage
(130, 131).

Whether BMP and Hh families of molecules also play a role in
the development and functions of thymic stromal cells is less
clear. In support of this possibility, semiquantitative reverse
transcriptase-polymerase chain reaction (RT-PCR) analysis
revealed that thymic stromal cells, including purified thymic
epithelial cells, express several receptors for BMP molecules,
such as BMP-R1a, BMP-R1b, and BMP-R2 (Fig. 2), raising the
possibility that thymic epithelial cells can respond to BMPs.

He et al. (132) have shown that overexpression of SMAD-7
results in blockade of BMP-mediated signaling (133) and
causes defects in multiple epithelial tissues, including the
thymus. In addition, BMPs have been shown to influence
gene expression in thymic epithelial cells, including regula-
tion of the transcription factor FoxN1 (134). Relevant to the
role of Hh in the thymus, the Hh receptors Ptcl, Ptc2, and
Smo are expressed by both T-cell precursors and thymic
epithelial cells (130). Thus, several of the molecules outlined
above, including BMPs, Hh, and Wnts, may have a dual role
in the thymus, and as well as regulating the development of T-
cell precursors, they may also act directly on thymic stromal
cells to influence the development and functioning of thymic

microenvironments.

Thymic stromal cells and T-cell selection

A key stage during T-cell development in the thymus is when

immature CD4 CD8 thymocytes undergo positive and
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Fig. 2. Thymic epithelial cells express receptors for bone morpho-
genetic proteins. Reverse-transcription polymerase chain reaction was
performed on ¢cDNA samples prepared from either E14 CD4 CD8 ™ thy-
mocytes, or various stromal cell preparations obtained from 2-deoxy-
guanosine-treated thymus lobes. Note that BMP4 expression is restricted
to thymic stromal cells, including MHC class 11" thymic epithelium. In
contrast, analysis of expression of the BMP receptors BMP-R1a and BMP-
R2 shows expression by both T-cell precursors and thymic epithelial
cells, while expression of the BMP-R1b is limited to MHC class II* thymic
epithelium. Such findings raise the possibility that BMP signaling in the
thymus may play a role in the development of both T-cell precursors and
thymic epithelial cells.

negative selection events based on the specificities of the
ofTCR complexes they express. Thus, thymocytes which
recognize self-peptide/MHC complexes on thymic stromal
cells at a low avidity undergo a positive selection process,
which results in rescue from cell death and the induction of a
differentiation program leading to the generation of function-
ally competent MHC class I-restricted cytotoxic CD8" T cells
and MHC class II-restricted helper CD4" T cells (135). In
contrast, thymocytes bearing potentially autoreactive aTCR
specificities that recognize stromal cell-expressed peptide/
MHC complexes at a high avidity undergo negative selection
by the induction of apoptosis (136). Through these mechan-
isms, T-cell development in the thymus results in the genera-
tion of a self-tolerant T-cell pool capable of recognizing
foreign antigens in the context of self- MHC molecules. A
key aspect in understanding the mechanisms underlying
T-cell selection lies in the identification of the cell types that
are able to regulate T-cell selection. As recognition of self-
peptide/MHC complexes is essential for both positive and
negative selection, analysis of the distribution of MHC class I
and class II expression in the thymus identifies candidate cell
types for these processes. In the thymus, both epithelial cells
and bone marrow-derived DCs coexpress MIC class I and
class II molecules, and some models of TCR repertoire selec
tion support the notion that thymic epithelial cells and DCs
show some specialization in their abilities to support positive

and negative selection, respectively (137-139). As discussed
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below, whether this reflects a distinct nonoverlapping com-
partmentalization of thymic stromal cell function or whether
there is promiscuity in the ability of stromal cells to mediate
both types of intrathymic selection events is not fully

understood.

Are thymic epithelial cells unique mediators of positive

selection?
Initial experiments using MHC-mismatched bone marrow chi-
meric mice supported the idea that the generation of function-
ally competent T-cells in the thymus is mediated by nonbone
marrow-derived, radioresistant thymic stromal cells (140,
141). Such conclusions are also supported by further experi-
ments where restricting MHC expression in the thymus to
thymic epithelial cells still allows positive selection to occur
(142, 143). To analyze further the ability of thymic epithelial
cells to mediate positive selection of thymocytes, we have
adapted a cell conjugate assay in which freshly isolated thymic
epithelial cells are allowed to interact with preselection
CD4'CD8" thymocytes. Cell—cell conjugate formation in this
system is critically dependent upon TCR-MHC interactions, and
interactions result in maturation to the CD4" and CD8" stages
(144). Moreover, upon binding to thymic epithelium, we find
that thymocytes undergo rapid changes in the distribution and
polarization of several integral membrane proteins such as CD3,
leukocyte function-associated antigen-1 (LFA-1), and CD45, at
the point of contact with thymic epithelium. Such changes in
cell surface molecule distribution are accompanied by a redis-
tribution of key intracellular signaling molecules, such as linker
for activation of T cells (LAT) and p56'* (144), and a polariza-
tion of the thymocyte actin cytoskeleton toward the thymic
epithelial cell. Interestingly, thymic epithelial cells also undergo
actin polarization following thymocyte contact, suggesting that
contact induces changes in both sides of the cell—cell interac-
tion. Thus, thymic epithelial cells are able to induce rapid
changes in the cellular distribution of key cell-surface and
signaling molecules in thymocytes, which accompany their
maturation to the single positive stage.

While the above studies are supportive of a specialized role
for thymic epithelium in positive selection, such findings do
not necessarily show that the provision of the signals driving
positive selection is a unique property of thymic epithelium.
Whether there is an underlying requirement for thymic epithe-
lial cells in positive selection has been addressed most recently
using an embryo fusion approach to generate tetra-parental
chimeric mice in which expression of MHC molecules of
particular haplotypes can be confined to either thymic epithelial
cells or nonthymic epithelial cells (145). Following viral
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infection, CD8" T-cell responses were found to occur at similar
levels, regardless of whether the appropriate MHC class I mole-
cules were expressed by thymic epithelial cells or nonthymic
epithelial cells. Such findings are in agreement with several
other studies, which have shown that when MHC expression
is limited to nonthymic epithelial cells, including bone mar-
row-derived cells and mesenchymal fibroblasts, positive selec-
tion can still occur (146, 147). Importantly however, as these
experiments were performed in vivo in the presence of host
thymic epithelium, these findings could be the result of a
three-cell system in which TCR ligands can be provided by
any cell type, while the accessory interactions required to
promote positive selection are still provided by thymic epithe-
lial cells. Moreover, measuring the relative efficiency of positive
selection in these systems, particularly following viral challenge
which would operate via a postselection mechanism and result
in the expansion of mature T cells irrespective of their initial
frequency, means it is difficult to directly measure the efficien-
cies of different cell types to support positive selection in vivo. In
contrast, in vitro experiments performed in the absence of any
thymic epithelial cell support have shown that there is an
essential requirement for thymic epithelial cells to provide the
signals required to induce differentiation of CD4'CD8" thymo-
cytes during the positive selection process (148). Following
such observations, it is proposed that thymic epithelial cells are
specialized for their ability to support efficient positive selection
because of their expression pattern of accessory molecules.
This specialization may be in the form of cell type-specific
cell-surface receptors that are uniquely expressed by thymic
epithelial cells or may be in the form of a unique combination
of cell-surface molecules that are individually expressed on
other tissues. Clarification of the specialization of thymic
epithelial cells for positive selection requires further studies to
identify the cell-surface molecules they express and the subse-
quent identification of the accessory interactions they provide
that are necessary to promote maturation of CD4 CD8"

thymocytes.

Thymic epithelial cells support the development of multiple
lineages from CD4"CD8" precursors
The
CD4"CD8" thymocytes and conventional apTCR expressing
CD4"CD8™ and CD4CD8™ T cells is well established (149). In
addition to these populations, it is now clear that CD4"CD8"

precursor—product relationship between immature

intermediates can also generate other distinct T-cell lineages.
While invariant Voul4i natural killer T (iNKT) cells are gener-
ated from CD4 CD8" thymocytes as a result of interactions

with CD1d molecules expressed by thymocytes themselves

253



dc_267 11

(150), other studies have shown that thymic epithelial cells
induce positive selection of several lineages from CD4 CD8™
intermediates. With regard to CD8" T cells, expression of
CD8a and CDS8P chains distinguishes heterogeneity within
this population, such that the aBTCR'CD8" T-cell compart-
ment contains cells expressing CD8 either as an off hetero-
dimer or a oo homodimer. These latter CD8aot” T cells have
distinct properties from the conventional CD8af expressing T
cells, including the ability to recognize the nonclassical MHC
molecule TL (151). Using reaggregate thymus organ cultures,
Yamagata et al. (151) showed that interactions with thymic
epithelial cells expressing an MHC class I-restricted agonist
peptide resulted in the positive selection of CD4 CD8" cells
expressing a CD8oo. homodimer as well as FceRy and Id2,
which are features typical of NK cells (151). Thus, thymic
epithelial cell expression of a peptide/MHC ligand that, when
expressed by bone marrow-derived cells promotes negative
selection, results in the generation of a distinct CD8" T-cell
lineage (151, 152).

A parallel to the above studies on CD8" T-cell-positive selec-
tion can also be drawn from the CD4" T-cell lineage, where
analysis of expression of CD25 and the transcription factor
FoxP3 allows the separation of CD4" T cells into conventional
CD4"CD25 ToxP3™ and regulatory CD4 CD25 FoxP3™ (Treg)
subsets (153). Cortical epithelial cells have been shown to be
important for the positive selection of both these CD4™ T-cell
lineages (154), with interactions with agonist peptide
ligands expressed by thymic epithelial cells being implicated
in Treg development (155, 156). How interactions between
CD4"CD8" thymocytes and thymic epithelial cells can result
in such distinct developmental outcomes is not clear. In
addition to the importance of the nature of the TCR ligand,
thymic epithelial cells may express particular cell-surface
molecules, which bind to receptors on CD4 CD8 " thymocytes
and directly induce a program of gene expression, which
plays a role in lineage choice. With regard to CD25" Tregs,
FoxP3 has been shown to play an important role in Treg
development (157, 158), with recent evidence suggesting
that CD28 signaling can induce FoxP3 gene expression
(159). Interestingly however, thymic epithelial cells have
been shown to be heterogeneous in their expression of the
CD28 counter-receptors CD80 and CD86, with expression
detectable in medullary epithelium but not cortical epithelium
(160, 161). How such findings relate to observations suggest-
ing that cortical epithelial cells support Treg-positive selection
is not clear. One possibility is that while cortical epithelium
provides agonist peptide/MHC ligands resulting in the initia-

tion of Treg development, additional interactions with
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medullary epithelial cells expressing CD80/CD86 are required
for the induction of FoxP3 expression and completion of Treg
selection. Alternatively, induction of FoxP3 expression could
also occur as a result of signaling through thymocyte-
expressed receptors other than CD28, with cortical epithelial
cells expressing the appropriate ligands. Indeed, in support of
the latter, FoxP3 mRNA is detectable, albeit at lower levels, in
CD4"CD8” thymocytes in CD28-deficient mice (our unpub-
lished observations). Again, a clearer understanding of the
costimulatory and accessory molecules expressed by subsets
of thymic epithelial cells will aid analysis of the specialization
of these cells for the positive selection of various T-cell
lineages.

Thymic stromal cells and negative selection

Thymic DCs

As well as mediating the positive selection and differentiation
of CD4'CD8" thymocytes, the thymus also ensures tolerance
to self-antigens by supporting the removal of potentially
autoreactive TCR specificities. It is now clear that tolerance
to self-antigens in the thymus is achieved by several different
mechanisms, including CD25" Treg generation and clonal
deletion by apoptosis. While thymic epithelial cells are impli-
cated in Treg development (155, 156), bone marrow-derived
DCs have been shown to be potent mediators of thymocyte
negative selection. The generation of mice expressing MIIC
molecules only on nonhemopoietic cells has shown that
absence of negative selection by bone marrow-derived cells
results in the generation of autoreactive T cells, presumably as
a consequence of unopposed positive selection (142, 143).
Addition of DCs to thymic epithelial cell reaggregate cultures
has also been shown to dramatically reduce the overall effi-
ciency of positive selection (138, 162), indicating that con-
siderable overlap occurs between positive and negative
selection events in the thymus.

Dendritic cell expressing MHC class I and class II molecules
are located predominantly at the CMJ in the thymus (137),
where they are thought to screen developing D4 CD8"
thymocytes for their TCR specificities as they undergo positive
selection and migration from the cortex to the medulla. While
this finding suggests that the positioning of DCs in the thymus
may be important for their ability to mediate efficient nega-
tive selection, it is important to note that negative selection
can also occur when corticomedullary migration of thymo
cytes is abnormal (81). Interestingly, several studies have
shown that the recruitment of new T-cell precursors to the

thymus is accompanied by the migration of a cohort of DCs
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(66, 75), suggesting that a new influx of DCs to the thymus
occurs to ensure efficient negative selection during each wave
of T-cell precursor development. The mechanisms of DC
recruitment to the thymus are not clear. ITowever, mice
deficient in the NF-kB family member Rel-b lack normal
thymic DC subsets, which has been shown to be a direct
consequence of an absence of an organized thymic medulla
(163), suggesting that medullary epithelial cells may play a

role in the recruitment and positioning of DCs in the thymus.

Medullary thymic epithelial cells

T cells produced in the thymus are largely tolerant to the wide
range of self-antigens expressed throughout the body, includ-
ing peripherally expressed tissue-specific proteins. Until
recently, whether tolerance to peripheral tissues is achieved
during T-cell development in thymus has been poorly under-
stood. The finding that the thymus supports development of
CD4 CD25" FoxP3-expressing T cells with the ability to reg-
ulate autoreactive T cells provides strong evidence that events
in the thymus play a key role in preventing unwanted
immune responses to peripheral tissues (153—156). In addi-
tion, it is now clear that a wide range of peripheral antigens,
which are typical of many tissues such as the central nervous
system, salivary gland, and pancreas, are expressed in the
thymus (164, 165). These findings indicate that developing
thymocytes can encounter tissue-specific antigens (TSAs) in
the thymus, providing evidence that tolerance to peripheral
tissues involves intrathymic mechanisms.

Many studies have now extended these initial observations
and have shown that TSAs are expressed by thymic epithelial
cells, including those in the cortex and medulla (166).
Moreover, intrathymic expression of such antigens has
directly been shown to induce T-cell tolerance (167), high-
lighting the functional significance of intrathymic TSA expres-
sion. Importantly, expression of the transcription factor Aire
(autoimmune regulator) has now been shown to play a major
role in the intrathymic expression of some but not all TSAs
(168). Thus, Aire is expressed by medullary but not cortical
epithelial cells in the thymus, with lower levels of Aire are also
detectable in thymic DCs (169, 170). Aire-deficient mice have
been shown to have reduced intrathymic expression of several
TSAs, including salivary protein 1, casein o, and preproinsulin-2,
and this alteration in intrathymic gene expression is associated
with the onset of multiorgan autoimmune disease, a pheno-
type the
polyendocrinopathy—candidiasis—ectodermal  dystrophy
(APECED), where expression of a defective form of AIRE

occurs (171).

resembling human condition autoimmune
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The mechanisms that regulate Aire expression in medul-
lary epithelial cells therefore play a key role in ensuring
that self-tolerant T cells are produced in the thymus. Recent
evidence has suggested that lymphostromal interactions
between thymocytes and stromal cells may play a role in
this process. In particular, signaling through the lympho-
toxin B receptor (LTPR) on medullary epithelial cells as a
result of interactions with LT-expressing thymocytes has
been shown to influence Aire expression in the thymus
(172, 173). As LTPR signaling induces NF-kB activation,
such findings correlate well with the demonstration of
thymic stromal cell-dependent self- tolerance defects in
in TNF receptor-associated factor 6
(TRAF-6) (174), and NF-kB-inducing kinase (NIK) (175).
While interactions between medullary epithelial cells and

mice deficient

thymocytes may be important regulators in the mainte-
nance of Aire expression in the adult thymus, we have
shown that Aire is expressed in the thymus prior to thymus
colonization (40) and that it continues to be expressed in
epithelial cells from the thymus of CD3€tg26 mice, which
is devoid of normal T-cell precursors (our unpublished
observations). Thus, as stated earlier, the mechanisms that
maintain patterns of gene expression in differentiated
epithelial cells in the adult thymus may be distinct from
those that mediate induction of gene expression during

thymus development.

Concluding remarks

The generation of a functionally competent pool of CD4" and
CD8" T cells is essential for the normal immune responses.
The production of T cells in the thymus is known to involve a
multistep developmental program that is becoming increas-
ingly well defined. It is clear that many of the signals that
are required for particular stages of intrathymic development
are provided by thymic stromal cells in the form of cell surface
molecules, secreted proteins and ECM components. While
some of the mechanisms of thymic stromal cell functioning
are beginning to emerge, we still have a poor understanding
of the developmental mechanisms that result in epithelial cell
heterogeneity in the thymus as well as the precise roles played
by discrete stromal compartments during T-cell development.
Gaining a clearer understanding of these issues is of increasing
practical importance, such as the decline in thymus output
with aging, and may aid in the treatment of conditions where
the slow recovery of T-cell function following ablative therapy
and bone marrow transplantation both reflect compromised

function of the thymic microenvironment.
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Abstract

There are several signalling pathways involved in lung organogenesis including Notch, TGFf3 /BMP,
Sonic hedgehog (Shh), FGF, EGF, and Wnt. Despite the widely acknowledged significance of Wnt
signalling in embryonic lung development, the role of different Wnt pathways in lung pathologies

has been slow to emerge.

In this review, we will present a synopsis of current Wnt research with particular attention paid to
the role of Wnt signals in lung development and in pulmonary diseases.

Overview of Wnt signalling

The Wnt family of 19 secreted glycoproteins control a vari-
ety of developmental processes including cell fate specifi-
cation,  proliferation,  polarity ~and  migration.
Consequently, mis-regulation of Wnt signalling during
embryonic development cause developmental defects,
while defective Wnt signalling in adult tissue results in the
development of various diseases [1]. As Wnt-s have a
diverse role in regulating cell functions, Wnt signalling is
predictably complex. Wnt family members bind to cell
surface receptors called Frizzleds (Fz) and trigger intracel-
lular signalling cascades. The 10 Fz proteins are members
of the seven-loop transmembrane receptor family, and are
encoded by 9 genes. The assembly of an active receptor
complex also requires the presence of the co-receptor low
density lipoprotein related protein (LRP) 5/6.

There are at least three signalling pathways involved in the
signal transduction process: the canonical or p-catenin
dependent, and two non-canonical: the polar cell polarity
(PCP) or c-Jun N-terminal kinase (JNK)/ activating pro-
tein (AP) 1 dependent and the Ca2+ or protein kinase C
(PKC)/Calmodulin kinase (CaMK) II/ nuclear factor of

activated T cells (NFAT) dependent signalling pathways.
Wnt signalling is modulated by numerous regulatory mol-
ecules (for a review see [1,2]) and by frequent interactions
amongst the pathways themselves [3]. Wnt molecules
have been grouped as canonical (Wntl, Wnt3, Wnt3a,
Wnt7a, Wnt7b, Wnt8) and non-canonical pathway activa-
tors (Wnt5a, Wnt4, Wntl1) [4]. The ability of the two
groups to trigger canonical or non-canonical signalling
cascades, however, is not absolute. Promiscuity of Wnt-s
and their receptors are a feature of this developmentally
and pathologically important glycoprotein family making
studies of Wnt signalling difficult.

Canonical Wnt-pathway

The canonical or p-catenin/Tcf dependent Wnt pathway
was discovered first, studied most and as a result reviewed
frequently [5,6]. Briefly, in the absence of Wnt signalling,
glycogen synthase kinase (GSK-3) is active and phospho-
rylates B-catenin in the scaffolding protein complex of
adenomatous polyposis coli (APC) and axin [7,8]. The
phosporylated B-catenin is targeted for ubiquitination
and 26S proteasome-mediated degradation, thereby
decreasing the cytosolic level of B-catenin [9,10] (Figure
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Inhibition of canonical Whnt signalling pathway in the absence
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1). A Wnt-Fz-LRP6 complex is formed in the presence of
Wnt-s that leads to the phosphorylation of three domains
of Dishevelled (Dvl), which is a family of cytosolic signal
transducer molecules [11]. Activation of Dvl ultimately
leads to phosphorylation and consequently inhibition of
GSK-3. This process is summarised in Figure 2. Inhibition
of GSK3 results in stabilisation and consequently
cytosolic accumulation of p-catenin (Figure 2). The accu-
mulated B-catenin translocates to the nucleus, where it
forms an active transcription complex with members of
the T Cell Factor (LEF1, TCF1, TCF3, TCF4) transcription
factor family [12,13] and transcription initiator p300
[14]. Successful assembly of the transcription complex
leads to target gene activation. Target genes of the canon-
ical p-catenin pathway include matrix metalloproteinases
(MMP2, MMP3, MMP7, and MMP9) [15], cyclin D1
[16,17], Cox-2 [18], c-myc [19], ¢-jun [20], Fra-1 [20],
VEGEFR [21], etc. (For a recent update see Nusse's Wnt
website: ; ~ i

dow.html).

http://respiratory-research.com/content/7/1/15

Non-canonical Wnt-pathways

The non-canonical Wnt pathways, the JNK/AP1 depend-
ent, PCP and the PKC/CAMKII/NFAT dependent Ca2+
pathway (just like the canonical Wnt pathway) become
activated following Wnt-Fz receptor binding [22,23]. The
non-canonical pathways differ from the B-catenin path-
way in their dependency on the type of G-proteins [24]
they require for activation. Further downstream, Dvl is
critical for signal transduction in both [25] but in contrast
to canonical Wnt signalling, phosphorylation of all three
domains of Dvl, is not a requirement [26]. Although the
Dvl family has long been accepted as cytosol based signal
transducers for the three Wnt-pathways, recent studies
have revealed the ability of Dvl to translocate into the
nucleus where it regulates intranuclear stability of B-cat-
enin |27,28]. How this new function of Dvl fits into the
more traditional role of the molecule awaits further inves-
tigation.

Nevertheless, downstream of the cytosolic Dvl, the two
non-canonical Wnt pathways can activate different signal-
ling cascades and trigger the transcription of different
gene-sets, although cross-pathway activation, signal inte-
gration, and consequently gene expression modification
via complex formation between NFAT and AP1 [29] can
also occur. The noncanonical pathways are summarised
in figure 3 and 4.

Ca2+ pathway

Following Dvl activation, the Ca-dependent Wnt signal-
ling pathway activates several downstream targets includ-
ing protein kinase C (PKC), Ca-Calmodulin kinase II
(CaMKII), and the Ca sensitive phosphatase, calcineurin
[30] before the activation of NFAT [31] occurs. NFAT is a
family of transcription factors that regulate activation-
induced transcription of many immunologically impor-
tant genes including interleukin(IL)-2, IL-4, IFN-y, and
TNF-o [32]. Whether the genes outlined above are directly
regulated by Ca2+ dependent Wnt signals has yet to be
clarified. A prominent member of the non-canonical Wnt
pathway activators, Wnt 5a, has recently been connected
to pro-inflammatory cytokine (IL6, IL8, IL15) production
|33] implicating PKC and NFkB in the process [34],
although the role for both PKC and NFkB requires further
conformation.

JNK/AP| dependent PCP pathway

In the PCP pathway, activation of Dvl leads to JNK, and in
turn to AP1 activation [35]. AP1 is not a single protein,
but a complex of smaller proteins, which can form homo-
and heterodimers. The main components of AP1 are cJun,
JunB, JunD, cFos, FosB, Fral, Fra2, ATF2, and CREB. The
composition of the AP1 complex is a decisive factor in the
selection of genes targeted for activation. Therefore regu-
lation of the individual AP1 components is just as impor-
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Figure 2
Activation of canonical Whnt signalling pathway in the
presence of Wht signals.

tant as the activation or inhibition of upstream members
of the pathway. cJun and Fral, two prominent members
of the AP1 complex, have been identified as target genes
of the canonical Wnt signalling pathway [20], indicating
yet another potential for cross-regulation between the
canonical and the non-canonical Wnt pathways.

Several genes including cyclin D1 [36], MMP-3 [37], Bim
[38], GMCSF [39], which are also described as Wnt target
genes, are activated by AP1. Although identification of
Wnt-signal dependent AP1 target genes are awaiting fur-
ther investigation, recent studies have implicated both
cyclin D1 and MMP-3 as direct targets of JNK-dependent
Whnt signalling [40]. Intriguingly, activation of cyclin D1
gene transcription is triggered by a cFos and cJun het-
erodimer of the AP1 complex [41], in which cJun is a
canonical B-catenin pathway target gene. It certainly raises
the possibility, that regulation of cyclin D1 expression by
the PCP pathway is also influenced indirectly through
canonical Wnt signalling.

http://respiratory-research.com/content/7/1/15

Regulation of Whnt signalling

The highly complex Wnt signalling pathways are central
to the regulation of a wide range of cell functions and
therefore tightly controlled. An armada of secreted extra-
cellular (DKK-s [42], sFRP-s [43,44], WIF [45], Cer [46])
and intracellular, both cytosolic (ICAT [47-49], Nkd [50])
and nuclear (Sox17 [51]), signal modulators make Wnt
signalling difficult to decipher. Further to individual
inhibitors, there is also cross-talk amongst different Wnt
signaling pathways. The non-canonical pathways, for
example, can also act as regulators of canonical Wnt sig-
nalling, often by influencing the phosphorylation and
therefore activation state of GSK (one of the main
enzymes of the canonical Wnt pathway) [52,53].

Furthermore, inhibitory Fz pathways have also been
described. Fz1 |54,55] inhibits Wnt signal transduction
via a G-protein dependent manner. The other inhibitory
Fz, Fz6, |56], inhibits Wnt dependent gene transcription
by activating a Ca dependent signalling cascade involving
TAK1 and Nemo-Like Kinase (NLK) [57,58], and ends
with the phosphorylation of TCF family members. The
resulting structural changes in TCF-s inhibit B-catenin TCF
binding and consequently activation of gene transcription
[57] (Figure 5).

Wht signalling in the developing lung

Modulation of Wnt expression in embryonic and adult
mouse lung suggests that Wnt pathways are important for
cell fate decisions and differentiation of lung cell types.
The involvement of canonical Wnt signalling in lung
development has been proven by several ways. A TCF pro-
moter-LacZ based reporter system has shown, that canon-
ical Wnt signalling is active throughout lung development
in mouse embryos [59]. B-catenin, a central molecule of
canonical Wnt signalling, has been shown to localize in
the cytoplasm, and often also the nucleus of the undiffer-
entiated primordial epithelium (PE), differentiating alve-
olar epithelium (AE), and adjacent mesenchyme [60].
Using a conditional knockout system for fB-catenin in
mice has also revealed that B-catenin dependent signal-
ling is central to the formation of the peripheral airways
of the lungs, responsible for conducting gas exchange, but
is dispensable for the formation of the proximal airways
[61]. Constitutive activation of the canonical Wnt path-
way using a f-catenin-Lefl fusion protein, produced a
similar effect [59]. Although proximal airways developed,
the lung was reduced in size and lacked alveoli [59].

Recent studies have related particular Wnt production to
specific lung cell types. Wnt2 [62] for example has been
mapped predominantly to the mesenchyme, Wntl1 to
both epithelium and mesenchyme [63], while Wnt7b was
exclusively expressed in the lung epithelium [64]. Addi-
tional studies have revealed that Wnt7b promoter activity
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Activation of non-canonical Whnt signalling.

is regulated by a homeodomain transcription factor, TTF1,
which is essential to the differentiation of lung epithe-
lium, being especially important for the highly specialised
Type 1I alveolar epithelial cells [65]. Since the TTF1 null
mice have a lethal lung phenotype with increased epithe-
lial and mesenchymal proliferation, which at the neonatal
stage contains abundant mesenchyme and no functional
alveoli [65], itis likely that the lack of functional alveoli is
a result of dysregulated Wnt7b signalling [64].

Apart from B-catenin and Wnt-s, mRNA of Fz-1, -2 and -7
and several intracellular signalling molecules including
Tcf-1, -3, -4, Lef1, and secreted Fz related proteins (sFrp-1,
-2 and -4) have been found to be expressed in the devel-
oping lung [60] in specific, spatio-temporal patterns [60].
Wnht signalling has also been reported to be important in
the regulation of spatial and distal branching of the lung
[61].

While the importance of canonical Wnt signalling in lung
development is well established, the role of non-canoni-
cal Wnt signalling is less clear. Wnt5a knock-out studies
have shown, however, that non-canonical Wnt signalling
is also important. In Wnt5a-/- animals the lung is mor-
phologically smaller than in the wild type [66] and has

http://respiratory-research.com/content/7/1/15

thickened mesenchyme. Furthermore, alveolar develop-
ment is delayed, although not prevented [66]. Lungs of
Wnt5a knock-out animals also have increased expression
of FGF10 and Shh [66,67] suggesting that the morpholog-
ical changes might be related to dysregulation of other sig-
nalling pathways modulated by Wnt signalling (see below
for further details).

Wht-s in adult lung

Primary lung tissue and cell lines, derived from adult lung
tissue, express a wide range of Wnt-s including Wnt-3, -4,
-5a, -7a, -7b, -10b, and -11 |68], as well as Fz-3, -6 and -7
[68], Dvl [69], and Dkk [70]. Since, generally, Wnt signal-
ling retains cells in a low differentiation state, the role of
Wnt signalling in adult tissue may not be immediately
clear. If we assume that the maintenance of adult organs
is stem cell dependent and that stem cells rely on f-cat-
enin and Tcf/Lef signalling to be maintained in the
required low differentiation level, the role of Wnt signals
in adult tissue becomes understandable. Stem cell niches
in proximal and distal airways exist [71,72], similarly to
intestine, hair follicle and dermis, and would need Wnt
signalling to be able to fulfill their role in maintenance of
adult lung structure.

Whnt in lung carcinoma

While lung cancer is one of the leading causes of cancer
deaths worldwide |73,74| data regarding the role of Wnt
pathways in human lung cancer is still limited. The most
studied pathway mutations in cancer are the inherited and
sporadic mutations in the tumour suppressor adenoma-
tous polyposis coli (APC) and B-catenin. Since APC s part
of the degradation scaffold for B-catenin, mutations of
APC can result in reduced degradation and increased
nuclear accumulation of B-catenin leading to activation of
target genes such as oncogenes cyclin D1 and c-myc [75].
Degradation resistant 3-catenin has similar effect on target
gene activation [59]. Although increased levels of B-cat-
enin have been reported in different types of lung cancers
[76,77], mutations of APC [78] and p-catenin [79,80] are
rare in lung cancers. However, proof of dysregulation of
specific Wnt molecules leading to oncogenic signalling
has emerged. While frequent loss of Wnt7a mRNA was
demonstrated in some studies in lung cancer cell lines and
primary tumours [81], elevated levels of Wntl [82] and
Wnt2 [83] have been reported in non small cell lung can-
cer. Decreased levels of Wnt7a indicates that Wnt7a may
function as a tumour suppressor in lung cancer. In sup-
port this concept, non-small-cell lung cancer cells trans-
formed with Wnt7a showed inhibition of anchorage
independent growth [68]. Although member of the
canonical group, Wnt7a inhibits proliferation and
induces differentiation via the JNK/AP1 dependent PCP
signalling pathway [68]. The role of non-canonical Wnt
signalling in the development of lung cancer remains con-
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Activation of non-canonical Wt signalling.

troversial despite recent findings. Although the non-
canonical pathway activator Wnt5a is an important regu-
lator of lung development, and generally is an inhibitor of
canonical Wnt signalling, elevated levels of Wnt5a in lung
metastases of human sarcoma [84] has been reported and
thus questions the role of non-canonical Wnt signalling as
a general inhibitor of lung cancer. In metastatic stage of
any tumours including human lung carcinomas, epithe-
lial-mesenchymal transformation (EMT) is typical [85]
and generally linked to increased f-catenin dependent sig-
nalling |86]. As B-catenin mutations in lung cancers are
relatively rare [79,80,87], another possible mechanism
might be at place which regulates EMT and consequently
tumour metastasis in the lung. Certainly, non-canonical
Wnt5a the very molecule which has recently been
reported to regulate fibroblast growth factor (FGF) 10 and
sonic hedgehog (Shh) expression [67] has been found ele-
vated in lung metastases [84]. Both FGF-s and the hedge-
hog family are well-known modulators of epithelial-
mesenchymal interactions [88] and epithelial-mesenchy-
mal transformations (EMT) [89-91]. Dysregulation of FGF
and Shh signalling certainly raises the possibility that
Wnt5a and perhaps non-canonical Wnt signalling in gen-
eral, is indirect regulator of lung tumour metastasis.

http://respiratory-research.com/content/7/1/15

Lung developmental studies have also provided support
for the involvement of canonical Wnt signalling in lung
cancer. Constitutive activation of the canonical pathway
in the developing lung resulted in a non-differentiated
lung phenotype resembling cancer [59]. Target genes of
the canonical and PCP Wnt pathways include matrix met-
alloproteinases, which are essential for tissue remodelling
and are elevated in invasive cancer [92,93], thus providing
additional evidence for the involvement of Wnt signalling
in lung cancer.

Overexpression of Dvl, a positive regulator of Wnt signal-
ling pathways has been reported in 75% of non-small-
cell-lung-cancer samples compared with autologous
matched normal tissue [94]. Downregulation of Wnt
pathway antagonists like Dkk3 [70], WIF [95,96] and
sFRP [97] have also been reported in various types of lung
cancers providing further evidence of the role of this com-
plex pathway.

Whnt in lung inflammation

To date there is no direct evidence for the involvement of
Wnt signalling in inflammation of the central airways.
However, based on the general features of inflammatory
diseases and evidence for Wnt regulated signalling in
inflammation in the joint [34], we have addressed the
potential involvement of Wnt signalling in inflammatory
diseases of the lung.

Increased levels of pro-inflammatory and inflammatory
cytokines such as IL1, IL6, IL8, and IL15, monocyte chem-
otactic protein-1 (MCP-1), TNFa and intercellular adhe-
sion molecule-1 (ICAM-1) are general features of
inflammation. The elevated expression of ICAM in the
epithelium is important in leukocyte recruitment, adhe-
sion and retention 98], while IL8 secreted by the bron-
chial epithelium [99], is thought to be central to the
attraction of neutrophils. Neutrophils together with mac-
rophages contribute to the pathogenesis of inflammatory
tissue injury by reactive oxygen metabolites and protein-
ase release. Increased levels of tissue matrix metalloprotei-
nases (MMP-s) are a feature of inflammatory conditions
and may contribute to the overall evolution of the inflam-
mation-induced tissue destruction. Several pulmonary
cells including resident alveolar macrophages, neu-
trophils, parenchymal cells (including interstitial fibrob-
lasts), type Il epithelial cells and vascular endothelial cells
are capable of elaborating MMPs [100], and numerous
MMP-s, including MMP3 and MMP9, have been consid-
ered to have important pro-inflammatory roles in acute
lung inflammation [101]. Activation of MMP gene tran-
scription has been attributed to both pro-inflammatory
cytokines [102,103] and canonical Wnt signalling [15],
but it is still not clear whether they act in competition or
in close connection to regulate the transcription of MMP
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Figure 5
Inhibition of Whnt signalling by a Fz-dependent pathway.

genes. Certainly, the canonical pathway activator Wnt-1
has been linked to stimulation of pro-MMP3 transcription
[104], which is implicated in lung inflammation [105].
Understanding of signalling pathway interaction is thus of
importance in the study of pathogenic processes and
hence disease modulation.

Studies of rheumatoid arthritis have accumulated evi-
dence that Wnt5a-Fz5 mediated signalling can contribute
significantly to the production of pro-inflammatory
cytokines (IL6, IL8, IL15) [33] and that overexpression of
Whnt5a leads to increased pro-inflammatory cytokine lev-
els. Furthermore, dominant negative and antisense Wnt5a
and anti-Fz-5 antibody block Wnt5-Fz5 signalling leading
to decreased cytokine production [33].

Additionally, the inflammatory cytokine inducing Wnt5a
has also been implicated in the down-regulation of Shh
levels in the lung [67]. Elevated Shh signalling is well
established in the regulation of inflammatory and fibrotic
processes of the gut and lung [91]. This suggests a role for
Wnt5a but further investigation would be necessary to
clarify this in the central airways- in pulmonary inflam-
mation.

http://respiratory-research.com/content/7/1/15

Whnt in lung fibrosis

Lung diseases resulting in tissue damage activate a defence
mechanism to repair the lesions. Tissue damage can result
from several acute and chronic stimuli including inflam-
mation caused by infections, autoimmune reactions
(asthma, allergic alveolitis), and drugs and toxins (bleo-
mycin, asbestos) or mechanical injury (surgery, and irra-
diation). Any tissue repair involves coordinated cellular
infiltration together with extracellular matrix deposition
and where appropriate, re-epitheliasation. In the first
regenerative step, injured cells are replaced by cells of the
same type, then normal parenchyma is replaced by con-
nective tissue leading to fibrosis. Usually both steps are
required for healing, however, when the fibrotic step
becomes uncontrolled and pathogenic, the process can
lead to organ failure and death. The interstitial lung dis-
ease (ILD) includes a wide range of disorders in which
pulmonary inflammation and fibrosis are the final com-
mon pathway.

Generally, any activated state of tissue repair requires the
stimulation of signalling pathways involved in prolifera-
tion, cell migration and differentiation. It is therefore
understandable that the fibrotic process is influenced by a
combination of growth factors (such as TGFp, FGF), and
cell adhesion molecules (such as integrins). Modulation
of growth factor expression, loss of E-cadherin and activa-
tion of B-catenin dependent gene transcription leads to
epithelial-mesenchymal transition (EMT) which is also an
important feature of the fibrotic process. Direct involve-
ment of canonical Wnt signalling in EMT has been con-
firmed in studies using Wntl and Lef-1 overexpression
[106]. Furthermore, during cellular migration, which is an
important factor in tissue repair, proteolytic degradation
of the extracellular matrix is necessary to enable fibrob-
lasts to migrate through the extracellular matrix to the site
of the lesion. Proteolytic degradation of the extracellular
matrix requires plasminogen and matrix metalloprotein-
ases [107,108]. Gene transcription of MMP-s is regulated
by Wnt signalling of both canonical and non-canonical
pathways. Metalloproteinase matrilysin (MMP7), a target
gene of the canonical Wnt signalling pathway [109], has
recently been identified as a key regulator of pulmonary
fibrosis [110,111]. In many cases of idiopathic pulmonary
fibrosis, the levels of nuclear p-catenin are elevated [112],
as are the levels of B-catenin target genes, cyclin D1 and
MMP-s [112].

As Wnt-s have also been implicated in the modulation of
proliferation and differentiation of many lung cells
[59,60,66], the role of Wnt signalling in regulating cell
proliferation and differentiation during idiopathic pul-
monary fibrosis, is likely to be central rather than a conse-
quence of the disease.
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In summary, Wnt signalling may also be central to all
causes of pulmonary fibrosis and requires further evalua-
tion.

Interaction of Wnt pathways with FGF, TGFp /
BMP/Smad pathways

Although detailed discussion of interactions of Wnt with
other signalling pathways is not the aim of the present
review, it is still important to highlight some regulatory
interactions, which might also play a role in development
and control of pulmonary diseases. Certainly, the non-
canonical pathway activator Wnt5a has been implicated
in the regulation of several signalling pathways. In Wn5a-
/- knockout animals there is increased FGF10 and BMP4
expression [66] suggesting a key role of Wnt5a in the reg-
ulation of both factors. Since FGF10 stimulates prolifera-
tion and branching in the developing lung and also
induces delayed distal epithelial BMP4 expression, which
eventually inhibits lung bud outgrowth [113], Wnt5a
appears to be a key regulator of cellular proliferation in
the lung.

The effect of Wnt-s as signal modulators of other signal-
ling pathways has also been demonstrated. For example,
the canonical Wnt pathway inhibitor, ICAT [47], regulates
the expression of the BMP pathway inhibitor, BAMBI
(BMP and activin membrane-bound inhibitor) [114].
Since ICAT functions by blocking binding sites of TCF-s
and p300 on the armadillo domains of B-catenin [47] and
therefore inhibiting B-catenin dependent gene transcrip-
tion, this suggests that BAMBI is not only directly control-
led by BMP4 [115] but also by canonical Wnt signalling.

Moreover, both the TGF and BMP pathways require
Smad-s (reviewed in [116]) for signal transduction but
Smad-dependent gene transcription can also be modu-
lated by p-catenin [117,118], binding to Smad-nuclear
complexes. A role for the Smad-system activator TGFp 1 in
pulmonary fibrogenesis has recently been confirmed
[119]. It was shown that TGFp 1 has a direct role in regu-
lating EMT by promoting alveolar epithelial cell transition
to form mesenchymal cells with a myofibroblast-like phe-
notype. As both TGFf and B-catenin signalling induces
EMT, a Wnt/TGF signal interaction became evident once
again emphasising the need for further studies to define
details of signal transduction and pathway coordination
to fully understand the underlying processes of EMT.

Since FGF, Shh, TGFB, and BMP signalling pathways are
all important in tissue repair, fibrosis and cancer invasion,
it appears, that Wnt signalling can modulate disease pro-
gression both directly and indirectly by activating gene
transcription and modulating and cross-regulating signal-
ling pathways.

http://respiratory-research.com/content/7/1/15

Summary

The involvement of Wnt signalling in lung development,
maintenance, cancer, and repair (including idiopathic
pulmonary fibrosis) is supported by evidence, while
based on indirect evidence a role for Wnt signalling in
inflammatory lung diseases can also be postulated. Cer-
tainly, better understanding of Wnt signalling in the lung
is likely to be important and provide information central
to new treatment approaches for a wide variety of lung
diseases.
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Regulation of neutrophil apoptosis:
A role for protein kinase C and
phosphatidylinositol-3-kinase
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Neutrophils play a central role in host defense and are
recruited in vast numbers to sites of infection where they
phagocytose and kill invading bacterial pathogens. Neu-
trophils have a short half-life that is extended at the in-
flamed site by pro-inflammatory cytokines and contact
with bacterial cell walls. Normal resolution of inflamma-
tion involves the removal of neutrophils and other inflam-
matory cells by the induction of apoptosis. Spontaneous
neutrophil apoptosis does not require Fas ligation, but
is mediated by caspases 3, 8 and possibly caspase 9
and also involves activation of protein kinase C-5. With
chronic inflammatory disease, neutrophil apoptosis is de-
layed by pro-inflammatory cytokines, leading to persis-
tence of neutrophils at the inflamed site and non-specific
tissue damage. Here we discuss the evidence for inhi-
bition of neutrophil apoptosis via signaling though PI-3-
kinase and downstream pathways, including PDK-1 and
PKB. Therapeutic strategies to resolve chronic inflamma-
tion could therefore usefully target neutrophil apoptosis
and the PI-3-kinase or PKC-$ signaling pathways.

Keywords: apoptosis; inflammation; neutrophil; PI-3-kinase;
PKC; T-cell.

Introduction

Neutrophils are short-lived, polymorphonuclear leuko-
cytes that play a major role in the early stages of the
inflammatory response to infection, phagocytosing and
killing extracellular microbial pathogens. Human neu-
trophils are produced in the order of 1-2 x 10" cells
per day and in the absence of infection they will sur-
vive in the circulation for only 24-36 hours before un-
dergoing apoptosis.! During infection neutrophils leave
the blood under the influence of chemotactic factors that

Correspondence to: Dr J. M. Lord, MRC Centre for Immune
Regulation, Birmingham University Medical School, Edgbaston,
Birmingham B15 2TT, UK. Fax: (+44) 121-414-3599. e-mail:
j.m.lord@bham.ac.uk
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include microbial products ((IMLP), complement compo-
nents (C5a) and chemokines (IL-8). They migrate into
tissues and upon reaching the site of infection, begin to
phagocytose and kill ingested pathogens, by a variety of
mechanisms including release of lytic enzymes and gen-
eration of reactive oxygen and nitrogen species. The in-
gestion of microbes also induces the neutrophil to release
pro-inflammatory cytokines that will attract additional
inflammatory cells. After killing ingested microbes, neu-
trophils die by apoptosis and are themselves phagocytosed
by macrophages, preventing loss of neutrophil contents
and consequent tissue damage.” Once the pathogen has
been eliminated the inflammartory response must be re-
solved by the elimination of residual inflammarory
cells, including neutrophils, through the induction of
apoptosis.” The correct regulation of the apoptotic pro-
gramme is vital to ensure the maintenance of neutrophil
numbers in the circulation, the efficient removal of invad-
ing pathogens and the rapid resolution of the inflaimma-
tory response.

Disregulation of apoptosis may lead to the persistence
of immune cells at inflammartory sites and che develop-
ment of chronic inflammatory disease.™® Perturbation of
neutrophil apoptosis has been proposed to contribue sig-
nificantly to tissue damage associated with inflammarcory
diseases such as acute respiratory distress syndrome” and
rheumatoid arthritis.® Novel anti-inflammatory therapies
based on the restoration of neutrophil apoptosis have con-
siderable promise, but to identify realistic targets it is
important firstly to understand the precise pathways that
regulate apoptosis in neutrophils, then identify survival
factors for neutrophils at inflammatory sites and deter-
mine their mode of action. In this review we discuss the
role of protein kinase C (PKC) and phosphoinositide-3-
kinase (PI3K), signaling enzymes known to be major reg-
7 in the control
of spontaneous neutrophil apoptosis and their potential
role in the inhibition of this process by pro-inflammatory
cytokines.

ulators of cell survival and apoptosis
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Figure 1. Neutrophils die by cytokine-deprivation induced apoptosis. In the bone marrow neutrophils receive survival signals from

cytokines such as GM-CSF. Absence of these cytokines in the ci
infection provides survival signals from pro-inflammatory cytokin
neutrophils to sterile inflamed sites delays apoptosis inappropriat

irculation limits the life-span of the neutrophil. Recruitment to sites of
es and apoptosis is induced by neutrophil activation. Recruitment of
ely leading to neutrophil accumulation and tissue damage.
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Neutrophils released from the cytokine rich environment
of the bone marrow will circulate in the blood for ap-
proximately 1-2 days before dying by apoptosis. How-
ever, if neutrophils are recruited to a site of infection their
life-span is extended by the actions of pro-inflammatory
cytokines® and death is then induced as a consequence
of phagocytosis of microbes and activation of microbi-

9 - . .
710 If neutrophils are recruited to a

cidal mechanisms.
sterile, chronically inflamed site apoptosis is also delayed
by inflammatory cytokines.* Apoptosis can not be in-
duced by microbes in this situation and neutrophils ac-
cumularte inappropriately leading to tissue damage.® We
propose that as a normal homeostatic mechanism, effete
neutrophils in the circulation die as a result of passive,
cytokine deprivation-induced apoptosis rather than by an
active induction pathway. Therefore cytokines produced
at sites of inflammation can delay neutrophil apopto-
sis, which is beneficial for the elimination of pathogens,

452 Apoptosis - Vol 5 - No 5 - 2000
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but will promote persistence of inflammation and tissue
damage in the absence of infectious agents (Figure 1).
Induction of the apoptotic programme in effete neu-
trophils in the circulation and during the resolution of
inflammation has been proposed to involve signalling
through Fas/CD95/Apo-1,'" reduced expression of anti-
apoptotic members of the Bel-2 family of proteins!? 14
and activation of pro-apoptotic members of the protein
kinase C (PKC) isoenzyme family. 15.16 W hile neutrophils
express both Fas and Fas ligand,'" recent studies em-
ploying antagonistic anti-Fas antibodies have shown that
signalling through Fas is not required for spontaneous
neutrophil apoptosis.'” Also neutrophils from Fas (/pr)
or Fas ligand (g/d) deficient, mice show a normal
rate of spontaneous apoptosis.'® Whether ligation of Fas
operates during the resolution of acute inflammacion,
when a high concentration of neutrophils at the inflam-
matory site could promote neutrophil fratricide, remains
to be established. In addition, the involvement of other
death-inducing receptors, such as TNFRII or TRAIL
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cannot be ruled out at this stage. However, neutrophil
apoptosis is difficult to induce actively iz vitro through
either Fas”!'7 or TNF-« receprors,” arguing against a ma-
jor role for active promotion of neutrophil apoptosis via
membrane located death receptors.

In contrast, the data suggesting loss of anti-apoptotic
proteins as a primary mediator of spontaneous neutrophil
apoptosis is substantial. Firstly, promyeloid cell lines such
as HLGO express several anti-apoptotic members of the
Bel-2 family, including Bel-2 itself. The level of these pro-
teins declines as they differentiate towards the granulocyte
lineage.'? Secondly, a majority of authors have reported
that freshly isolated human neutrophils do not express
the anti-apoptotic proteins Bel-2 or Bel=xp,'>~'* though
they do have detectable levels of the cytosolic Bel-2 homo-
logues Mcl-1'% and A-1%° and the pro-apoptotic proteins
Bak?! and Bax.'#?? While levels of Bax remained constant
as neutrophils were aged in culture and entered apop-
tosis, Mcl-1 expression declined concomitant with the
increasing level of apoptosis.'® In addition, neutrophils
from A-17/~ mice have anaccelerated rate of spontaneous
apoptosis.”® Thus the selective loss of anti-apoprotic pro-
teins expressed in neutrophils, in the presence of a high
level of pro-apoptotic Bax and Bak proteins, is likely to
be a key factor in the promotion of neutrophil apoptosis.
Furthermore, loss of Mcl-1 can be maintained by pro-
inflammatory cytokines such as GM-CSE,'* supporting
our contention that cytokine deprivation is the primary
cause of spontaneous neutrophil apoptosis.

The lack of expression of mitochondrial proteins in-
volved in the inhibition of apoprtosis, such as Bcl-2, is
intriguing and may reflect a lack of involvement of mito-
chondria in spontaneous neutrophil apoptosis, bearing in
mind their relatively low numbers in neutrophils and their
proposed vestigial function in these cells.>* Alternatively,
as a key role of Bel-2 is to maintain mitochondrial mem-
brane integrity, loss of Bel-2 may represent a key event
allowing mitochondrial permeability transition.?* Loss of
mitochondrial membrane potential (Ayrm) occurs as an
early event in apoptosis and can be induced downstream
of death receptor ligation and caspase 8 activation® or as
a result of increased intracellular calcium, ceramide or re-
active oxygen species.”’ Release of cytochrome resulting
from the decrease in AYrm leads to activation of caspase
9 and caspase 3. Caspase 3 can also be activated directly
by caspase 8 independent of mitochondrial events,”®28
though the current literature does not support this mech-
anism in neutrophils. Neutrophils express only a limiced
number of the 13 known caspases: caspases 1, 3, 8 and
9.29:3% Caspase 10 may also be present.*® Caspase 3 ac-
tivation has been reported during spontaneous'™'® and
UV irradiation-induced®' neutrophil apoptosis and inhi-
bition of either caspase 3 or caspase 8 significantly delays
spontaneous neutrophil apoptosis. ¢ There are also pre-
liminary reports showing loss of mitochondrial membrane

Regulation of neutrophil apoptosis

integrity’® and activation of caspase 9% during spon-
taneous neutrophil apoptosis. Taken together these data
suggest that the activation of caspase 3 seen during spon-
taneous neutrophil apoptosis occurs via the mitochondria
route. However, the initial triggers for both activation of
caspase 8 and loss of A¥ym remain to be identified, but
do not appear to involve Fas ligation.

Protein kinase C and
neutrophil apoptosis

Protein kinase C (PKC) is a lipid activated serine/
threonine kinase and consists of a catalytic domain and
a hydrophobic regulatory domain separated by a protease
sensitive hinge region, V3.3 PKC comprises a multigene
family of 11 isoenzymes that are regulated independently
and have been sub-divided into three classes according
to their requirements for co-factors: the classical PKCs
(a, Bi, Pu, and y); the novel PKCs (8, &, 1, 6 and p); and
the atypical PKCs (¢ and ¢/X). Several lines of evidence
suggest that PKC isoenzymes are differentially involved
in the regulation of apoptosis and the advent of isoenzyme
specific inhibitors now means that PKC is a realistic target
for the cherapeutic modulation of apoptosis.

PKC-« and the atypical PKCs appear to be predomi-
nantly anti-apoptotic, whereas novel PKC-6 and PKC-6
are pro-apoptotic.”** ¢ Thus PKC-a is overexpressed
in a variety of tumours”*” and its down-regulation or
removal by anti-sense RNA,*”*8 both lead to increased
apoptosis and tumour regression. Substrates for PKC-«
include Bel-2, with phosphorylation increasing the anti-
apoptotic actions of this molecule.®® In addition, PKC-&
is inactivated by ceramide during stress-induced
apoptosis’® and atypical PKC-¢ is cleaved and inacti-
vated by caspase 3 during apoptosis in Hela cells.” In
contrast, novel PKC-8 has been implicated in the promo-
tion of apoptosis, initially by the work of Emoto e /%!
who showed that PKC-§ was cleaved by caspase 3 in the
V3 hinge region. In the case of PKC-§, caspase 3 cleav-
age was not inhibitory as it resulted in the release of the
active catalytic 40 kDa kinase domain fragment. More-
over, transfection of HelLa and NIH 3T3 cells wich the
caspase generated PKC-6 fragment was sufficient to in-
duce an apoptotic morphology.*? PKC-6, which has a very
high homology to PKC-4, is also cleaved and activated by
caspase 3 during apoptosis.*> Thus altered expression or
changes to the activation status of specific PKC isoen-
zymes could play a role in neutrophil apoptosis.

Neutrophils express a range of PKC isoenzymes, includ-
ing pro- and anti-apoptotic members, namely PKCs-«,
-B1, -Bu, -8 and ¢ 1164446 The classical PKCs are
known to be involved in neutrophil activation during the
immune response”” and it is now clear that distinct PKC
isoenzymes are involved in the regulation of neutrophil
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apoptosis. Analysis of the activation status of PKC isoen-
zymes in healthy and apoptotic neutrophils revealed that
association of PKC-p and 8 with the cell membrane, an
indicator of PKC activation, was increased in apoptotic
cells.’ In addition the caspase 3-generated catalytic frag-
of PKC-§ was also detected in apoptotic
neutrophils.'> !¢ However, inhibition of PKC-f, using ei-
ther Go6976'° or LY379196," did not reduce the rate of
spontaneous neutrophil apoptosis,'” suggesting that chis
isoenzyme is not directly involved in neutrophil apopto-

ment

sis. However, neutrophil apoptosis was inhibited by the
PKC-8 inhibitor Rottlerin.'® Furthermore, in a cell free
system comprised of healthy nuclei and apoptotic cytosol,
nuclear DNA fragmentation was reduced when PKC-§
was depleted from the cytosol using antibody, whereas
removal of the other PKC isoenzymes expressed in neu-
trophils had no effect.!> Therefore activation of PKC-8,
rather than reduced activity of anti-apoptotic PKC-«,
is involved in the promotion of spontaneous neutrophil
apoptosis.

Exactly how activation of PKC-§ contributes to apop-
tosis in human neutrophils is not known. In proliferat-
ing cells PKC-§ has been shown to translocate to the
4830 and mitochondria®® during apoptosis.
Whilst che significance of mitochondrial translocation is
not known, nuclear targets for PKC-§ include proteins
involved in DNA replication and repair, DNA-PK,* and
maintenance of nuclear structure, lamin B.° Phospho-

nucleus

rylation of lamin B by PKC-§ is required for disassem-
bly of the nuclear lamina during apoptosis.’® In the non-
proliferating neutrophil, PKC-§ also localises to the
nucleus during apoptosis'> and as DNA replication and
repair are not operational, it is possible that nuclear PKC-8
primarily regulates the disassembly of the nuclear
lamina.

Neutrophils in the circulation are therefore committed
to death by apoptosis, achieved by activation of caspases,
including caspase 3, caspase 8 and possibly caspase 9 and
activation of pro-apoptotic PKC-3. Although neutrophils
are committed to apoptosis, their death can be delayed at
sites of inflammation by external factors including pro-
inflammatory cytokines,’® bacterial membrane compo-
nents such as lipopolysaccharide,’ and pro-granulocyte
differentiation factors such as GM-CSE’%°? These mecha-
nisms are important during acute inflaimmation responses
when extension of neutrophil lifespan will contribute to
accumulation of neutrophils at sites of infection and bene-
fit microbicidal efficiency. However, inappropriate reten-
tion or recruitment of neutrophils to sterile sites (Figure 1)
can lead to chronic inflammatory disease.® Knowledge
of the signalling pathways employed by cytokines to delay
neutrophil apoptosis will identify novel therapeutic
targets for inflaimmarcory diseases such as rheumartoid
arthritis.
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As stated above, several pro-inflammatory cytokines are
able to delay neutrophil apoptosis.’? > In the normal im-
mune response to infection many of these agents function
to prime the neutrophil. Neutrophils in the circulation
are relatively unresponsive to bacterial compounds such
as fMLP and require prior contact with priming agents to
induce optimal activation. Priming also influences neu-
trophil survival, which can be beneficial during infection,
but can have pathological consequences if the primed state
is inappropriate.” Neutrophils then persist inappropri-
ately at inflamed sites and induce tissue damage.

Priming agents include the chemokine IL-8%° that
binds to G-protein linked receptors, as well as cytokines
whose receptors signal through tyrosine kinase activa-
tion, e.g. GM-CSF’7 and G-CSE’? Neutrophil apopto-
sis can also be delayed by pro-inflammatory cytokines
that are not involved in neutrophil priming. Our own
studies have shown that Type-1 interferon, which delays
T cell apoptosis in the synovial fluid of patients with
rheumatoid arthritis,’® also delays neutrophil apoptosis
(Wang and Scheel-Toellner, unpublished observations).
As neutrophils comprise a significant proportion of the
cellular infiltrate in the rheumatoid synovium, Type-1
interferon may mediate cheir increased survival and pro-
mote chronic inflammation and neutrophil mediated joint
damage. Whether there is a common link between the
downstream signaling pathways activated by these agents
that delay neutrophil apoptosis remains to be established,
though we propose here that one possibility is the ac-
tivation of the phosphatidylinositol-3-kinase (PI3K)-3-
phosphoinositide dependent kinase-1 (PDK-1)-Protein
kinase B (PKB) pathway.

PI3K is activated by a variety of growth and survival
factor receprors®>” and phosphorylates inositol lipids at
the 3’-OH position to generate the second messengers
phosphatidylinositol = 3,4-bisphosphate (PI3,4P;) and
phosphatidylinositol = 3,4,5-trisphosphate  (PI3,4,5P3).
PI3,4,5Ps binds to PKB inducing its translocation to
the cell membrane and also activates PDK-1, which then
phosphorylates and activates PKB (Figure 2). PDK-1 hasa
variety of downstream targets in addition to PKB, includ-
ing PKC, cyclic AMP dependent protein kinase (PKA)
and p70 S6 kinase.®® PKB has been identified as playing
a key role in transduction of survival signals by cytokine
and growth factor receptors in many cell types®>® and
may therefore also be involved in the delay of neutrophil
apoptosis by pro-inflammatory cytokines.

Protein kinase B (Akt), is a 57 kDa serine/threonine
kinase with a high degree of homology to PKA and PKC,
that was first identified as the cellular homologue of the
oncogene, v-#kt, transduced by the retrovirus AKT8.%!
PKB comprises three isoforms in mammals, namely
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Figure 2. Signaling pathways potentially involved in the prevention of neutrophil apoptosis by pro-inflammatory cytokines. Ligation of
cytokine receptors recruits PI3K to the receptor, via G proteins or receptor associated tyrosine kinases. PI3K generates PI3,4,5P3 which
leads to the activation of PDK-1 and PKB. PKB targets include anti-apoptotic proteins caspase 9 and |« B kinase (IKK) and mitochondrial

proteins. Downstream targets of PDK-1 include PKC and PKA.

Cytokine
Receptor

PKC-5/( €—

Caspase 9

PKBa/Akel, PKBB/Ake2, PKBy/Ake3 (reviewed in ).
Any differential functions of the three PKB isoforms have
not yet been identified. Recent studies have identified sev-
eral potential anti-apoptotic targets of PKB, including:
the pro-apoptotic Bcl-2 family protein BAD, whose ac-
tivity is reduced by phosphorylation at Ser'!? 136,62
human caspase-9, which has reduced ability to cleave and

activate caspase-3 in a phosphorylated state;®® and I« B ki-
B 64,65
)

or Ser

nase, which is activated upon association with PK
leading ro activation of NF-xB and transcription of anti-
apoptotic genes.%® More recently, PKB has been shown
to inhibit upstream events in the apoptotic programme,
most notably the loss of mitochondrial membrane
potential 7 Several of these survival mechanisms are po-
tentially relevant to neutrophil apoptosis, which may in-
volve loss of mitochondrial membrane integrity,’ 2 activa-
tion of caspase 927 and loss of NF-«B activity.®®

Despite the current interest in PKB-mediated cell sur-
vival, the majority of studies in neutrophils have con-
cerned the role of PKB in neutrophil activation rather
than apoptosis. Activation of neutrophils by fMLP and
ligation of Fcy -receptors results in PKB activation in a
PI3K-dependent manner, indicating a role for PKB in
respiratory burst and phagocytosis.®” However, GM-CSF,
which delays neucrophil apoprosis, has been shown to ac-
tivate PI3K via recruitment and activation of the tyrosine
kinase Jak 2.7 Our own studies have shown that the in-
hibition of neutrophil apoptosis by Type-1 interferon is

UM

Cytochrome ¢

IKK

also PI3K-dependent (Wang and Scheel-Toellner, unpub-
lished observations) and it is likely that PI3K is activated
viaassociation of STAT3 with che interferon receprtor as re-
ported by others.”! However, the activation of PKB down-
stream of PI3K by either of these survival promoting cy-
tokines has not yet been demonstrated and it is possible
that PKB is involved primarily in neutrophil activation. If
this is crue then survival may be mediated directly by the
lipid products of PI3K, independent of PKB. For exam-
ple, PDK-1 is activated by PI3K-generated lipids and has
substrates in addition to PKB that are also implicated in
the prevention of apoptosis, for example PKC-¢.7* Also,
in our studies in T cells, Type-1 interferon mediated inhi-
bition of apoptosis was associated with a rapid reversal of
the nuclear translocation of PKC-§ that occurred early in
the apoptotic process.*® As PKC-8 can also be phospho-
rylated by PDK-1,7? it is possible that movement away
from the nucleus is mediated by this kinase. Whecher
Type-1 interferon prevents nuclear PKC-4 translocation
in neutrophils is currently under investigation.

Conclusions

Effete neutrophils die by apoptosis and are removed from
the circulation by macrophages. Their spontaneous death
does not require signaling through Fas, but does involve
activation of caspase 8, caspase 3, PKC-§ and possibly
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caspase 9. The initial stimulus for the constitutive apop-
totic programme in neutrophils remains to be established.
However, as neutrophil apoptosis can be delayed by fac-
tors such as GM-CSF, which are present at high levels
in the bone marrow, we speculate that release of neu-
trophils from the marrow essentially removes survival
factor signals. Spontaneous neutrophil apoptosis thus re-
sults from a constitutive growth/survival factor depriva-
tion. Furthermore, the lack of expression of anti-apoptotic
proteins such as Bcl-2, ensures that the cell dies rapidly
unless death is delayed at sites of inflammation by pro-
inflammatory cytokines.

Neutrophils are present in high numbers at inflamma-
tory foci in chronic inflammarory diseases such as rheuma-
toid arthritis (RA) and their presence at these sites has
been linked to tissue damage.”” These inflammatory sites
also contain high levels of pro-inflammatory cytokines
able to delay the apoptosis of leucocytes,>*® including
neutrophils,®? by signaling through the PI3K pathway.
The continued presence of pro-inflammartory cytokines at
inflammarory foci in diseases such as RA ensures that in-
flammarory cell apoprosis is delayed and hypercellularicy
persists. Future therapeutic approaches to the treatment
of chronic inflammatory disease may thus be usefully tar-
geted at pathways regulating neutrophil apoptosis, such
as PI3K and PKC-§.
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11. KOSZONETNYILVANITAS

Ezaton szeretném kifejezni koszonetemet mindazoknak, akik segitséget nyujtottak munkam

soran.

Koszonom Berki Lili professzornak, mint tudoményos didkkérds mentoromnak ¢és
diplomamunkam témavezetdjének, hogy iranyt mutatott a biokémiai kutatdsokban és mindig
minden kisérletben a lehetd legnagyobb precizitast varta el. Ez az elvaras kihatott a késébbi

kutatési tevékenységemre.

Sokat koszonhetek Csaba Béla professzornak, aki tdmogatott az egyetemi doktori fokozatom

megszerzésében ¢és felkeltette érdeklédésemet az immunologia irant.

Kiilondsen sokkal tartozom Fésiis Laszld professzornak, akadémikusnak, aki az egyetemi
doktori értekezésem opponenseként az immunologia ¢€s jelatvitel 4j, akkor még igen kevéssé

felderitett terileteire terelte érdekl6désemet.

Anglidban eltoltott tizenhat év alatt igen sokat tanultam Janet Lord, Robert Stockley és Eric
Jenkinson birminghami professzoroktol, akikkel hazatértem ota is kivalo munkakapcsolatot

apolok, és tamogatasukra mindig szamithatok.

Koszondm Németh Péter professzornak, hogy hazatérésemet egyengette és Szekeres-Bartho
Julia, ifj Kellermayer Miklos, Molnar F Tamas és Nyitrai Miklos professzoroknak, hogy
kritikus, de barati tadmogatasukkal megkonnyitették a beilleszkedésemet a magyar

tudomanyos életbe.

K6sz6nom még barataimnak, Dr Katona Evanak, Dr Holynski Marianak, Sonia Parnellnek,

Mary Keen professzornak, hogy tamogattak és batoritottak.

Végiil koszondm a sziileimnek Dr Pongracz Péternek és Zuranyi Erzsébetnek, hugomnak,
Evanak, hogy mindig biztak bennem és nem utolsé sorban férjemnek, Dr Miskei Gyorgynek
¢s lanyunknak Judith-Annanak, hogy szeretetiikkel, tiirelmiikkel és megértésiikkel mindig

mellettem alltak.
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