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Zusammenfassung

Der Arvihwdrokarbon Rezeptor (ARRL 151 em hgandenmduziena Transkaptions faktor, der
i Metabolsmis und der Vermittling der toxaschen Effekte vieler Uniweltschadstoffe eme
wichtige Rolle spaeh. Zu diesen Substanzen gehdren polwchlorierte  aromatische
kohlenwasserstoffe (HAKs). deren mitigster Vertrter 2.3.7.8-Tenchlordibenzo- p-dioxin
(TCDDY) unter anderem ane Suppression des Immunsystems ausldst. Nach Ligandenbindung
bldet der AhR nut Amt ( AhR nuclear translocator) emen heterodimeren K omplex, der durch
dhe Bindung an DN A-Elemente adverse Effdite hervorruft. Ob die reguberten Gene und somut
mduzierten Effektommechanismen fiir alle Zd ltvpen glewh sind, 151 jedoch ungeklart.

Die Untersuchung  der TCDDwvermuttdten Espressionsinderungen m Fellen  des
Immunsystems zeigen dass es keme emheitlichen Zielgene und somit keinen emnheitlichen
Effektommechanismus gibt. Viele Gene werden verrmgert ausprigl. was durch den klassischen
Weg da Genmduktion durch den ARR micht erklart wird, Dee Ldentifisiering der dirdkten
AhR-Zielgene wurde durch eme TCDD-venmittelte verinderte Reifing der belasteten
Thvmozvten und Thymusenugranten verhimndert.

e TCDDanduzierien Expressionsinderungen  wiesen  eme  hohe  Zellivpe  und
Gewebsspezifitit auf Dennoch komnte eme Rethe von Genen identifiziert wenden. die m
miehreren Transkriptionsstudien AhR-abhing g regubert waren Mit diesen Genen wurde eme
zu dwesem Aweck aufgebaute, Genexpressimsdatenbank durchsucht, um wentere AhR-
abhingige Prozesse (Modelle) zu wentifizieren. Emes dweser Moddle war die Untersuchung
der Kontrolle der Prisentation von Sdbstmiigenen i Thymusepithelzellen (TEZ), die eme
wichtige Rolle ber der Differenzierung von Thymozyvien spielt. Die Thyvmozvtenreifung wird
bei Belmwtung mit TCDD verdndert. Um die TCDD-induzierten Effektormechanismen in TEZ
Zzu untersuchen, wurde die zeabhingige, TCDD-mduzierte Transkriptionsinderung m emer
komikalen TEZ-Zelllime charaktensiert. Eme Promoteranalvse der regulierten Gene zeigle
ane signfikante Hiufing von Bindesiellen fir HIF. dem Ostrogenrezepior (OR) sowie
amger weiterer Transkriptions faktoren. TCDD beeinflusste die HIF- oder OR-abhingi gen
Transkriptinsinderungen und umgekehrt. Das zengl, dass der AhR nut anderen Signalwegen
interagieren  kann und  dieses bei der Analvse der zellspezifischen TCDD-Effekie
beriicksichiigl werden muss.

Diese Resultate hefern neue Emblicke m dwe fremdstoffmduziete Inmunsuppresson und
heten somit mewe Ansatzpunkte fir die thempeutische Mampulation der mvelvierten
Prozesse




1. Einleriung

1.  Einleitung

Viele Chemikalien sind in der Lage mit dem Immunsystem zu mieragieren. Dabei kinnen
sowchl Immunantworten aus geldst als auch unterdrickt werden, Verstirkte Immunantwiorten
kinnen zu Allergien oder Autoimmunedkirankungen filhren, wihrend eine Unierdrichung der
Immunmtwort eme Immunsuppression zur Folge hat.

Die  Immuntoxakologie  untersucht  die Avswirkungen und  Wirkmechamsmen  von
Fremdsioffen aufl die Funkiionen des Immunsystems und versuchi aufeukliren, welcher An
die Beemtrichtigungen der partizipierenden  phwswlogschen  Prozesse sind.  Eme
mmunioxikoelogisch  witksame  Substanzklaesse sind  die  halogemerien  aromatischen
Rohlenwasserstoffe (HAKs), deren prommnentester — und zuglach giftigster- Verreter
2.3. 7 8-Tamchlordibenzo-p-dioxin 1st. welches auch unter dem Namen . Seveso-Gift™ oder
Dioxin bekanni ist(146:149:153). Von emer Immunsuppression spricht man, wenn das
Immunsystem aufgrund  gegebener Umstinde (2B y-Stmhlen oder mmmumsuppressive
Substanzen) wem ger effizient als gewdhnlich funktiomert. Dhes ubert sich beispielswerse m
vermehrten Auftreten von Infektionen oder der Entwicklung von Tumoren. kann sich aber
amch m der Vedingerung von Krankheitssymptomen zeigen

Viele Verreter der HAKs, zu der unier anderem polvchlonerte Biphenvle (PCBs)
Dibenzofurane (PCDFs) und Dibenzodioxine (PCDDs) gehiren. entfalien thre toxische
Wirkimng als Liganden emes Trnskaptwonsfaktos, des Arvihvdrokarbon Rezeptors (ARR).
Daben sind die Avsmabe und Art der toxischen Effekte sehr stark vom Lizanden und der
betroffenen Spezies abhingg. So reicht dar LDg-Wert von nur 0.6 pg'ke Kiorpergewichl m
Meerschweinchen bis zu 3 mg kg Korpergewichi im syrischen Goldhamster{ 75 )

Die Bidung emes exogenen Liganden an den AhR und seme Aktiviernung dber das
physiologische  Nivean  hinas  wird  als  AhR-Uberaktivierung  bezeichnet.  Eine
Uberakiivienmg durch TCDD zeigt in Miusen temtogene, kanzerogens, kardiovaskulire und
hepalotoxasche Effekte. die von emer allgememen Gewichisabnahme, dem so genannten
SWasting-Syndrom®™, begleiiet werden Dariber hinaus  kommi es zu einer massiven
Immunsuppression. die mit emer Atrophie des Thvmus anhergeht(32).

Zir Behandlung von micht gewinschten lmmimmtworen, besprelswese ber Allergmen,
Entzimdungsreaktionen oder TransplatabstoBungsreaktionen 15t e Untendmickung emer
Immunmtwort oft therapeutisch wichtiz Daher st em Verstiandms der zugrumde hegenden
Prozesse von groflem wissenschafilichem Interesse.




1. Emleitung

Eine Immunsuppression wirki sich off unterschiedlich suf die verschiedenen Kompartimenie
des Immunsystems, alse die vesduedenen Fellivpen und thre Umgebung aus. Die
toxikologsche Wirkung einer AhR-Ubermktivierung durch TCDD betrifft dabei sowohl
komponenten der angeborenen. als auch der adaptiven Immunantwort] 32.69.139). So kommt
es unter anderem zu emer Refimgsstorungvon antigenprisentierenden Zdlen. wie B-Zellen
und  dendritische  Zdlen TCDD  widkt auf Makrophagen wnd  hematopoetische
Stammzellen{107.128). verindet die  Antikirperprodubfion 106), die  Zviokine  umd
Interleukmausschittung 8 1) und hat massive Auswikingen aufl die T-Zellentwicklumg 33).
Wihrend die phinotvpischen Verinderungen umfassend beschneben wurden, simd die
zugrunde hegenden Mechamismen, also die verinderte Genexpression. welche pnmir die
Effekie hervorrufi, noch nichi ausra chend geklrt.

L1 Biolegische Bedeutung der halogenierten armmatischen
Kohlenwasserstoffen (HAKs)

Bei den HAKs handelt es sich um eme chemisch sehr diverse Substanzklasse. Sie umfasst die
Substanzklssen der polvchlorierien Biphenvle (PCBs), Dibenzofurane (PCFDs) und
Dibenzodwsine (PCDDY, sowie dar o den lezten Jahren verstarkt als Flammschutzmittel
emgesetzten pol vbromenten Diphenviether (PBDEsY 17:21:64), Neben threr beabsichi plen
chenuschen Produktion entstehen sie primar als Nebenprodukte m der Parochenue, der
chemuschen  Swnthese, sowie ber unwllstindigen Verbremmungen won langketiigen
kohlenwassersioffen und ber erhdhten Temperaturen m elekirischen Gerdten, wie 2B in
Umspannwerken( 32:33). Vide HAKs sind hoch persistent und werden hologsch kaum
abgzebaut. So fiihrte die Tofverbrennung im Siden Englands Gber die Tahrhunderte zu aner
deuthch messbaren Akkumulation verschiedener HARs(98).

HAKs sind stark lipophil. sammen sich in fettreichem Gewebe an und werden so Gber die
Mahrungskette angereschert und weirtergegeben. So kommi es z.B. m der maritimen
Mahrungskette zu emer Akkumulation. die sich dann kel Populationen mit sehr fischhalt ger
Erndbrung. wie beispielswase den Inut, i der Muttemulch nachweisen Bt 23). Obwohl die
HAK-Freisdzing i den Indusiriestasien durch den weit  verbreiieten Einsatz von
mdustriellen Filtertechniken stark zuriick gegangen st(32), st i den nichsten Jahren gerade
durch das kKlmatisch bedmngte verstarkte Aufireten von Waldbsinden( 109), sowse emer
ethihten Fresetzung durch die aufstrebenden Schwellenlinder. mshesondere China, mut
emem emeuten Anstieg zu rechnen. Gerade m den nordchinesischen Industmeanlagen werden




1. Emleitung

ungefiliert stark Schwermetall- und HAK-haliige Abgase produzieri( 87 ). Durch Ausbreifung
der Wiiste Gobi kommt es vermehrt zu Sand- und Staubstiirmen. Uberqueren diese die
nordchinesischen Industrieanlagen kommit es zu emer Beladung des Staubs mat diesen
Industrieabfillen und anem signifikmten Eintrag dieser Bestmdieile in den sidostasiatischen
Ravm Das so entstéhende Gesundhensproblem. auch | Toxic-Dust-Swndrom™  genannt.,
fordert Schiizungen zur Folge alemn m Sidkorea jahdich 200 Tote wnd fihri zu weit
verbremteten Gesundhentsproblemend 121 Dhe Effekte bervhen daben wahmschembeh auf emer
kumulativen Wirkung von Partikddn Schwermetallen und HAKs., Daher st ein genaues
Vemstindms der HAK vermitiddien Toxizitdt nach wie vor von grolem gesundhenspolit ischen
und wirtschafilichen Interesse.

Da viele HAKs metabohisch verindert werden, und die verschiedemen Metaboliten teillwese
unteschiedlich zur Gesamttoxizitit der Substanz bertragen. wurde n dieser Arbent mut TCDD
gearbeirtel, welches micht metabolissert wird. Die chemische Struktur von TCDD st m
Abbildung 1 dargestellt.

Abbildung 1: Chanische Strubitur des AhR-Liganden 2.3.7 8-Tetrachlordibenso-
p-dioxin

1.2 Der Arvlhydrokarbon Rezeptor {(AhR) als Vermittler der HAK-
Toxizitdit

Ein brates Spektrum der HAK-vermittelien Toxzndt wird durch emen hgandenmduziaten
Transkriptionsfaktor, den Arvihvdrokarbon Rezeptor ( AhR L vermuttet. So sind Mausst anme
mut emer Deletion oder funkiwnellen Muiation dieses Rezepiors gegeniiber den adversen
Effekten eme TCDD-Exposition wentestzehend resistent{ 480100101} Der AhR gehirt
#ir Famale der basic-Helix-Loop-Hehx-Pe- Amt-Smm (BHLH-P AS)-Supefanube der DNA-
bindenden Molekiile(10: 101, Unter phwsiologischen Bedingungen liegt der AhR als
Multiprotemkomplex m Zvtosol vor. Er st mut zwer Molekile des Hitzeschockprotems 90
(HspfH). sowne dem Co-Chaperon Aip ( AhR mieragierendes Protemn) assozierti 14:80:1 17}



1. Emlertung
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Abbildung 2: Schematisches Modell des AhR-Simnalweges
AhR-Ligmden, wie TCDD, hnden den im Zyiosol als Komplex mit Aip. Hsp%0 und
p23d vorliegenden AR, Dhe Bindung mduzien eme Translokation des AhR m den

Nukbeus, wo die Co-Chaperone abdissoziieren. und sich an trmskniptiondl aktives
Heterodimer aus ARR und Arit bildg. Eme Bindung des AhR/ Arnt- Heterodimers an

diesinresponsive Elemente fihrt zur verinderten Transkription von Zielgenen.

In Abhinggkat vom untersichten Zelltvp smd watere Proteme mit dem AhR-Komplex
aggregiert. Hierzu zihlen das Ramoblastomaprotem (Rbp). lmmunophilin p23. oder dis
Protoonkogen ¢-Sre 19.27.28).

Ber  emer Akhiviering des  AhR durch emen Liganden kommt & zu emer
Konformationsinderung  und  Translokation i den Zellkern. wo  die  zyviosolischen
Bindungspartner abdissozneren. Durch eme Assozation mat Arnt (AhR nuclear tronslocator)
bldet sich em heterodimerer Komplex aus, welcher m bestimmte DN A-Molive, s0 penmnte
dioxinresponsive Elemente {DREs). binden kanni63.92).

1



1. Emleitung

Die ergenthche Biding an die DNA erfolgt sowohl mt dem ARR. als auch mit Arnt. Das
DxAMotv st em  mchtklassisches  Mighed emer wel verbrateten Klasse von
Transkriptionsfaktorbindestellen (TFBS). den E-Box-Aotiven. wobei die Arnt-Halbseite, also
der Beresch der Saquenz an den Arnt bindet, der Klassischen E-Box-Sequenz entspeacht( 163).
Der Signalweg st schematisch i Abbildung 2 dargestelh.
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Abbildung 3: Positions-Gewichtungs-Matrix fiir disxinresponsive Elemenie
DEE-Motive bestehen aus aner konservierten. fiir die AhR Armt-Bindung essentiellen
kemsequenz (3 -GOGTG-3") und teilweise konservierien flankierenden Regonen.
deren Rolle ber der Genmduktion zurzeit moht genaw verstanden ist. ( Modifiziert nach
Lee et. al. 2006(86))

Expenmentd]l komnte gereigt werden. dass dwese Bindestelle aus emer Komservierten
Kemregon mit der Sequenz 5'-GCGTG-3" sowie emer Rethe flankierender. bedingt
konservierter Nukleotde besteht(91:96) Dwe posiionelle Wahmschembichken fiir jedes
MNukleotid wird daben als Positions -Gewichtungs-Mainx (PWM) dargestellt. wie sie fiir das
AhR/Ami-Heterodimer i Ablldung 3 dargesielli si(86). La et. al. haben die Kemsequenz
m den regulatorischen Regonen aner Bethe von Genen wentifizien( 83). In emer Erwerterung
dheser Analvse wurden kiirzhich die Frequenzen und Positionen der kompletten PWA fiir alle
Promotoren des Menschen, der Maus und der Ratte verofTentlichi.( 134).




1. Emleriung

1.3 Kontrolle des AhR-Signalwegs und Mechanismen der Spezifiti

Wie oben bereits angedeutet. sind die Wirkungen einer Uberaktivierung des AR vom
untesuchten Organ. Zelltvp, bew. dessen Refingsgrad und Aktivienungszustand abhingg.
S0 1t zum Bewspel die AhR-abhingige Indukiion von IL-2 m Milzzellen von der
gleichzeitigen Stimulation des T-Zellrezeptors abhingigl62). e hohe Diversitat der Effekte
zengt sich auch in den unterschiedlichen Genen. die nach emer AhRR- Aktivaerung differentiel
exprimiert werden So werden z.B. in der Leber pamir fremdstoffimetabolisierende Enzyvme.
wie Cvplal reguliert. wihrend diese n normalen humanen Fibroblasten nicht AhR-abhingig
mceduliert werden( 42 ).

Es st mcht Klar, woraufl dweses inteschiedliche Anfalligken und Beakiion verschiedener
Zelltvpen  pegeniber TCDD  beruhl. Im Folgenden sollen  emge mighche
Regulations mechanismen vorgestellt werden.

Ein méghcher Faktor st die Stadee der AhR-Expression. So besitzt die Leber als primires
Organ des Fremdstoffmetabolismus eme hohe AhR-Expression, wihrend m Muskeln oder im
Gelirn nur eme schwache Expression gerangl werden komnte, D ketzlgenannien Organe
zeigen nach emer TCDD-Belastung wenig transkriptionelle und tosxische Anderung. weshalb
davon ausgegangen werden kann dies sie keine primiren Ziele emer TCDD-Belastung sind
(13.34:33).

Vemduedene Liganden 15sen unterschiedhiche Effekte aus. Wihrend die toxischen Effekte
von TCDD primdr aufl de verinderten Genexpression bemuhen. wird beisprelswese
Benzolalpyren 2w T.8-dihvdrosy 2, [0-eposy-T7.8.9 l-benzofalpyvren  (BPDE). anem
hochreaktiven, DNAbindenden Metaboliten vemstoffwechsdt., der Gber diese Reaktivitit
Tumore mduzieren kanni(79). Dhese kanzerogene Aktivitdt geht in AhR-defizienten Mausen
verloren(l27). Dhe nach metabolischer Aktiviening pebildeten Metabolite kinnen somit
threrseits zu emer verindaten Genexpression fihren. die mcht, oder nur schwer von der
pramir AhRE-vermittelten Transkriplionsanderung zu unterschenden st

Der AhR besitzi eine breite Spezifitit fiir verschiedene Substanzklassen. Er gehdn zur Klasse
der so penannten Wasenrezeptoren™ (engl: Orphan receplors). deren phvsiologischer
Ligand besher mcht emdeutiz charakterisert werden konnte. Es wurden jedoch emge
physiddogische AhR Liganden. wie Indimubine, ndele. ¢AMP, low density Lipoprotene
(LDL) sowie Intermedise des Trvptophanstoffwechsels charakterisiert( 18:49%.73.97:112).
Meben den HAKs kimnen noch eme Rethe wenterer Substanzklassen, wie z.B. Catechine oder
Flavonwoide, an den AhR binden (zusammengefasst von Demison e, al. 2002(21)). Dhe




l. Emleitung

parallele Exposiiion gegeniiber emer Mischung von AhR-Liganden fithd oft nichi zu
additiven Effekten. En Modell heerfir stellt die hompetition von Ligmden niedriger und
hoher Affinitit wn die Ligandenbimdungsstelle des AhR dar. wenn dieser limitiert
vordiegli 118} Emn solcher Mechanismus st auch fiir die Verdringung von physiologischen
Liganden denkbar, Dee stdchiometnschen und thermedvnamischen Verhilimsse ledfiir smd
Jedoch vollkommen unbekanrit.

Ein weiterer potenticller Mechanismus fiir die unterschiedliche Genregulation st m der
direkten Interaktion des AhR mit anderen Profemen zu sehen. 5o konnten Ge et al. zeigen.
dass die TCDD-vemmttelte Unterdriickimg der Leberepenerawn zummdest teall werse von der
direkten Interaktion des AhR mit dem Retinoblastomaprotem und damit der Kontrolle des
Zellz vklus, abhingg ist(38).

In diesem Zusammenhang missen mch die zyviosolischen Bindungspartner des AhR. also Aip
und HspS, aber auch ¢-5r¢ und p23 diskutient werden. Hsp0 und Aip sind als Co-Chaperone
allemn oder gememsam mal emigen werteren Protemkomplexen assoznert. So bindet Hsp90
beispielswase zviosolisch den Glucowrticoid-Rezeptor{ 20y Ein weiteres Beispiel ist der
Transkriptionsfaktor  PPARa  (peroxisome  proliferator-activated receptor  alpha).  der
svtosolisch i emem Komplex mut Arp und Hsp90 vorhegt( 133). Dhe Folgen der Frasetzung
der zvtosohschen Bindungspartner des AhR sind zurzat nur wenig verstandan.

Eine watere Ebene der Regulation beetet ane Kompetition des AhR um At Armt, auch
Hiflf  genarnt. bildd  awch mit  anderen  Profemen  sowie mit  sich  selbsi
Transkriptionsfaktoren.  Amt st mshbesondere im hyvpoxischen Signalweg wichtiz Unter
hvposischen Bedingungen wird Hifla (Hvpoxieanduzierter Faktor alpha) stabalisiert und
haldet mit Arnt emen Transkriptinsfaktor(1 34:155) Bei lmitierender Arnt-Konzentration
kann ¢s also zu emer Kompetiion um Amt kommen In verschiedenen Zellsvstemen spielt
eme solche Kompetition eme Rolle. So filhrt bespielswese ane parallele Behandlung von
Hepatozyvten mit TCDD wrd CoCly, emer Modellsubstanz, dwe wie hypoxische Bedngungen
Hifla stababisiert und damut eme Hifla/Ami-Heteradimensenmg und so eme vermehrie
Kompetition  wm Amt  auslist. 2o emer  Vedinderung der  TCDD-mduziaten
Genexpression(86), Viele Orgme, wie auch der Thymus, sind unter physiclogischen
Bedingingen hvpoxisch, so dass hier mit emer basalen Aktivitit des hvpoxischen Signalwegs
und damit potentiell mit einem Einfluss auf die AhR-vermitielie Genexpression zu rechnen ist
(44).

Eine wertere Stufe der Regulation st die Kompetiion um  Transknphonskofaktoren.
Beischlag et. al. konnten zeigen, dass Sre- 1, NCoA-2, und p/CIP in TCDD-Abhingigkert an
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1. Emleitung

Abbildun g 4: Migliche regulaiorische Medhani smen des AhR-Signalwegs

Jeder Schott des AhR-Signalwegs kann reguliert werden. oder regulatonsch wirken.
Die Abundanz des ARR (1) 18t em wichiiger Faktor, der Gber den Umfang der AhR-
vermitielien Transkrptionsindemuing  entscheidet. Deswaieren kinnen hochaffine
exogene Liganden. wie TCDD. em intrinsisches Signal verindem. mdem swe
endogene Liganden von der AhR-Bindesielle verdringen (2). Amni st neben semer
Rolle im AhRArmi-Komplex uwA. mit Hifla odia dan Ostrogenrezeptor (OR)
assozitert. Daher kann eme Kompetiion verschiadener Signalwege um Amt die
Transkription besinflussen (3). Die Kompeition um fiir die Transkription notwendige
kofaktoren, wie CBP oder p300, kamn ebenfalls die Trmskniption beanflussen (4).
Fiir die meisten transknpionellen Effekte der AhR-Aktiviening 15t eme Bindung an
DREs erforderhich. Diese hegen auf der DNA mcht soliert vor, sondern taken thre
Bindesequenz mit anderen TFBS. Liegen andere TFBS m gebundener Fomm vor ader
werden als Folge der AhR-Aktiviening an die DNA rebrutiert, so kann es zu
Verdrngungsreaklionen kommen welche die Transknption beemflusst (30 AhR-
vermuttdte Trnskaptvesinderungen (6L besprelswease die hduktion des ARRR.
kinnen zu negativen Rickkopplmgsreaktionen. zum Baspd durch Kompetition um
Arnt oder TFBS fihren So fiht eme Induktion von Cyvp-Genen primir zur
Verstoffwechslung des Liganden inicht im Fall won TCDD), wodurch reakiive
Spezwes, wie Saerstoffradikale oda mdere DN A-Proten-schidigende Intermediate
entstehen konnen, also em verindertes phvswlogmsches Niveai entstehen kianen (7).
Auberdem kimnen watere AhR-Liganden. wie ¢AMP, entstehen. so diss ¢s zu emer
erneuten Konkurrenz um die AhR-Bindestelle kommen kann. Deese Aufzdhlung soll
nur einen Emblick in die Komplexitit der Regulaiion des AhR-Signalwegs geben und
erhebt kemen Anspruch auf Vollstindigkat.

den  Cwplal-Promotor  bmdeni4y D Rebrutieumz umd  Kompatiion  um
Transkriptionskofaktoren sprelt phvsiodlogisch eme wichtige Rolle. 5o 1st baspidswese der
Transkriptionskofakior CBP an der traskripiionellen Akfivitdi von mehr als 200
Transkriptionsfaktoren. w.a. von Hifla, beteihgt(3), e Komzentmtion der emzelnen
Teanskriptionsfaktoren st m der Regel grob genig um  Kompetiionsreaktionen
aszuglachen Bei Depletion eines Transknptionskofakiors durch verstirkie Rekrutierung
durch emen anderen Transknpteons faktor kamn es jedoch zu Konkumenzreaktionen kommen,
wodurch eme Verinderung anderer Signalkaskaden aufieniii46:653. 711 In Abhfingighent des
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physiclogischen Niveaus sind solche Konkurrenzreakiionen also durchaus wahrschenlich.
Ein Bewsprel hiafir wire p3H0CEP, das sowohl mut dem hyvpoxischen Signalweg als auch
dem AhR-Signalweg assoznert st und so eventuell usnter hvposischen Bedmpungen
limitierend wirken kimnte 144).

Ein  wichtiger  regulatorische  Mechamsmus — stell die  Kompetition  um
Transkriptionsfaktorbindestellen dar, der im Rahmen dieser Arbeni durch umfassende
Promoterstudien untesucht wurde, Umfangreiche Studien des ENCODE-Konsortivms
komnten unter Verwendung von Hochdurchsatz Kommunnopsaziptitations assavs (CHIP), wie
Tilingarrays und Chip-Saquenzierung zagen. dass viele Transknptions faktoren parmanent an
Hunderte von Promotoren gebunden sind und groBe Terle des Tramskniptoms auf diese Weise
mn unierschiedlicher Sidrke mmer transkribied werden(3:22). Viele der AhR-vemitielien
Effekte beruhen auf der Bindung des AhR Amt-Heterodimers an DREs, Diese aberlappen oft
nut den Bmdestellen anderer Trmskriptionsfoktoren, die i phvsidogischen Niveau besetzt
sein kimnen Bei einer AhR-Uberaktivierung kinnen also je nach Bindung der DNA durch
anderen Transkrniptionsfakioren andere Bindestellen erradhbar sem. Dariiber hinaus kann das
AhR/Ami-Heterodimer bereris  gebundene Transkripionsfalioren verdringen, und so die
Regulation threr Zwelgene beamflussen. Fir den AhR wunden solche Wechselwirkungen unter
anderem fiir die Transkriptionsfaktoren NFeB. Hif Lo, den Ostrogenrezeptor sowie filr eine
Rethe wentere Signalkaskaden nachgewiesen(l 10,122}

In Abhinggkeit des untersuchten Zdlivps kommit es nach TCDD-Behandlng zur mschen
Aufregulation des AhR Repressors (AhRR) Daber handeli es sich um em werteres bHLH-
PAS Protem. welches eme sehr hohe Homologie zum AhR aufwast. Der ARRR besita keine
transaktivierends Domine, Da AhRRR formt wie der AhR em Heterodmer mit Arit und Kann
an dheseben DEEs binden wie der AR Amt-komplex Durch dissen Mechamismus kann &
sowohl zu emer Kompetition um Amit. als auch um die DNA-Bindestellen kommen., so dass
die  vemtidkie TCDD-induzierie AhRR-Expression em negativen Rickkopplungs-
mechanismus 15t 43).

In den letzten Jahren wurde zusitzlich Gber eme Beteithgung von regulatonschen ENA-
Molekilen, wie Mikro-BNAs diskutiert. Eme kirzlich verdffentlichte Arbeit zeigte jedoch.
ber emer TCDD-Exposition nur wenige Verinderungen der muBNA-Konzentraionen. und
diese von nur germgem AusmaB aufwiesen. Daher schant es unwahrschemlich, dass mn der
Leber. als hochgradig TCDD-sensiblen System. muBNAs eme essentielle Rolle spclen.
Bedenki man jedoch. dass sich  die muBNA-Expression zwischen Zdlivpen stark
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unterschendet, kann em solcher Emfluss fir andere Swysiteme nichi  ausgeschlossen
werden( 104)

Fir kemen der beschrichenen Mechanismen st die Stéchiometrie und Themodyvnamik
bekannt. Berticksichtizt man all diese Mechanismen, so st es sehr wahrscheinlich, dass emne
genave Trenmung der emzelnen Komponenten nur schwer mighch 1st. Diese potentiellen
Mechanismen sind schematisch i Abbildung 4 zusammengefassi.

1.4  ABR-Toxizitit mit Schwerpunkt auf dem Immunsy stem

Eine Bdmstung nut TCDD fihrt zu sehr stark spezies-abhingigen Syvmplomen Dabeil kann
man klar zwischen Spezies mit hoher Sensitiviti, wie dem Meemchwemchen, welches schon
ber genngen Dosen massive Schidi gungen zeigien. und solche, die nahezu resistent sind, z.B.
Hamster, unterscheiden

Der Mensch st auch hohen Dosen gegeniiber relativ unempfindlich. Insbesondere treten
Hypekeraosen, Chlorakne, aber auch sehr langfnistige. wenmn auch kleme Verinderungen des
Immunsvstems auf. So zeigten 2. B. TCDD-belastete Arberter noch 20 Jahre nach Belastung
eine Emschrinkung threr T-Hdferzellfunkiion(145). Dhe TCDD-Effekie m Menschen
wurden kiirzlich von Pdovia et al. umfmgrewch diskutsert(1 16).

In der Maus und der Raite sind die adversen Effekte deutlich aus peprigter. Dve Anfilligkat
15t stark abhingig vom Mausstamm. So hatte TCDD m emer 30 Tage-LD:, —Studie m
C3TBL/6-Mausen emne 1D=182 pgke m BoD2ZFUT (B6D) von 296 pe'kg und in DBAT
(DBA}Mauwsen von 25370 pgkg Kirpergewichi( 13). Zu den beobachieten Effekien gehiren
kanzerogentit. Teratogemtit, hardioe- und Hepatotosiznd, Aushildung emer Hasenscharte,
sowie eme stafke Gewschtsabnahme, dis so genannte | Wasting-Svidrom ™. Ein Merkmal. ds
auch schon ba sehr niedn gen Dosen aufinii. st ane systemische lmmunsuppression, die mit
emer Atrophie des Thyvmus emhbergeht( 1321 Von da Immunsuppression sind nahezu alle
komponenten der lmmunantwort betroffen. So hat TCDD emen starken Emfluss auf die
Remfung  von  hematopoetischen  Stammzellen(34:107).  beemflusst  de  humorake
Immunantwort 104 ), die Reifing von B-Zellen i Knochenmark( 142) und verindent die
Antigenpriseniation von dendritischen Zelleni 130) sowie die Zytokinexpression(62:81).
Auberdem kommit e zu emer Atrophie des Thvmus. Dhe Effekte von TCDD auf das
Immunsysiem werden umfassend in den Ubersichtsartikeln von Holsapplei32) und
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Kedkvliet(5%) diskutiert. Im Folgenden werden einige fiir diese Arbeit wichtige TCDD-
Effekte aufl dae Immunsystem. msbesondere aul den Thymus, vorgestellt.

TCDD-Belastung fihtt mn der Maus neben der allgememen Immunsuppression Zu aner
Atrophie des Thymus, Der Thymus hldet das Hauptorgan der T-Zellentwidklung. Er bestehi
me Fwel mitemnmde verbundenen Lappen. die jewals von emer Kapsel aus Bindegewebe
umschlossen snd. Zahlrewche Septen. diwe m den hmenraum heremragen. bilden an Netzwerk
von mitemander verbundenen kompartimenten, e peweils m emen Guleren. den (kortex)
und emen mneren Berewch (Medullay unterschieden werden. he Epithelzellen von Medulla
ind Komtex unterschaden sich vonemander und geben jewels wichtige Signale fir die
Remfung von Thymozvien ab, Das Milheuw fiir die Thymozyvtenreifung wird dariiber hanaus von
emer genngen Anzahl von Makrophagen und dendritischen Zellen, welche bewde zu den
Antigenprisentierenden Zellen (APZ) zihlen komplettiert. Pluripotenie hematopoetische
Vorlauferzellen wandern aus dem knochenmark m den Thyvmus und reifen hier m emem
komplexen Zusammenspiel mis minansischen und extrinsischen Signalen des Thyvmusstromas
und den muf den Thymozvtenvorliufern expimierien Rezepioren. Diese Entwicklung vedaufi
m mehreren. gut durch die Expression von Oberflachenprotanen nachvollzichbaren Schritten
ab. Die Vorlaufer konnen im Thyvmus anhand der Expression der Obeflichenmarker CD235,
CD44, CD4 und CDE in mindestens sieben Entwicklungsstadien wnterteill werden, Wihrend
der ersten vier Retfungsschritte sind dwe Zellen CD4CDE und werden daher im Folgenden als
doppelt negativ (DN) bezeichnet. Diese aus vier Reifungssiadien bestehends Phase kann
anhand der CD25 und CDM-Expression in die Stadien DN1 (CDHCDZE). DNZ
(CDMCD257) DN3 (CDICD25T) sowie DXNA(CDMT D) unterschieden werden, wobei
diese noch in weitere Zellentwicklungssiadien unterteili werden kimmen In diesen Phasen
findet die Rekombnation der T-Zellrezeptor {TZR)-Gensegmente statt. Nach erfolgreicher
Rekombmation der ap-Ketten des TZRs wind dieser erstmalig m germger Dachte auf der
Oberflache ausgeprigt. Parallel werden mm die beiden kostmmulatorischen Molekile CD4
und CD8 ausgeprigzt. Daher wird dieses Stadium als doppelt positiv (DP ) bezewchnet. Durch
2-Photonen mukroskopische Analvsen Komnte gezeigt werden, dass unreife Thvimozvien nut
viehen epithelialen Thymuszellen (ETZ) mtemgrereni 1209, Thymusepithelzellen prigen m
grofer Menge MHC (engl: Mayor Histocompatibility Complex) I- bew. MHCI- Molekiile
aus, iber die sie Selbstantigene priseniieren Bei msbleibender Stimulation durch die
Bindung zwischen MHC und TZR stearben die T-Zellen apoptotisch. Dhieser Vorgmg wird
auch als positive Seleklion bezeschnet und pewihdestet. dass die T-Zellen MHC-restringiert
sind. Resultiert die Interakiion von TZR mit MHC i einem starken Signal. kommi es
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ebenfalls zu Apopiose der T-Zellen., der so genannien negativen Selekiion, wodurch T-
Fellreaktionen gegen Selbstpeptide und somit Autommmunekrankungen vahmdent werden.
Durch beide Prozesse werden ca. 9% aller rafenden T-Zellen deletiert. Findet die
funktionelle Interaktion der TZR mit MHCI oder MHCII statt, werden die entsprechend ncht
bendtigten kostimulatorischen Molekiile nicht mehr exprimiert. so dass die Zdlen mit MHCL-
Spezifiiit CDE positiv und solche mit MHCH-S pezifiidt CD4 positiv sind. Reife Thymozyien
mugrieren anschliefend in dwe penpheren lvmphatischen Organe. wie Lvmphknoten und Milz
und zikuheren 1m Bl und der Lvmphe(16). e gesamte Reifung untersteht emer
stringenten Kontrolle durch emne Rethe von Trmskaptions fakioren, wie Bewspielswase -
mvh, Ikaros, GATA-3 oder Notch-1. Dhese kKontrolle wird umfassend von  Anderson
diskutiert(1).

Ben emer exogenen Aktivierung des AhR durch TCDD wird die T-Zellentwicklung durch eme
Vielzahl adverser Effekie beemflusst. Daben smd sowchl Effekte auf Thyvmusepithelzellen
(TEZyL ds auch ein direkier Effekt auf die Thymoevien beschrieben worden. So sind
Thyvmozvtenvorlaufer aus dem Knochenmark nach Exposition mit TCDD i threr Funktion
und Fahigkeit zur Reifing emgescheinkt(33:128) Im fotalen und adulten Thymis mduzert
TCDD eine nmicht vollstindige Blockade wihrend der DN Reifingsstadien(93:138) TCH.
ebenfalls em AhR-Ligand. mhibsert die Proliferation unreifer Thymozyvten und verfindent die
T-Zellfrequenzen zugunsien von CD3-T-Zellen(2% 82 Dariber hinas induziert TCDD ene
gestengerte, CD4vlGabhingge Enugration von unrafen Thvmoe vien(30L e sowohl m
fitalen als auch 1m adulten Thvmus potentiell regulatonsch wikende Thvmusenugrmten
genenert{93: 138, Durch den Einsatz von Chimren, in denen nur das Thvmusepithel, nicht
jedoch die hematopoetischen Zellen. den AhR ausprigen. komnte peregl werden. das die
TCDD mduzierte Thymusatrophie primar die hematopoetischen Stammezellen betnfft. (1 30).
Getrennte Behandlung der Thymoe vien bew. Thymusepithelzellen aus Thymusor gankuburen,
mut TCDD zengte, dass ane allemige Behandling des Thvmisepithel fir eme verinderte
Differenzrerung der Thymozvien ausracht( 7). De Daten deuten darauf hin, dass eme AhR-
Expression m Thvmozvien zwar fiir die vermunderte Proliferation. ncht jedoch fiir die
Verinderung der Differenzierung der T-Zellen notwendig st Dsher st an genaves
Vemtindms der adversen Effekte von TCDD af hematopodische und epithelale
Thvmuszellen wichtiz. A diesem Grund sollte m dieser Arbat sohl die TCDD-mduzierten
Expressionsinderungen in Thymoe vien. als auch in TEZ untersucht wenden
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1. Emleitung
Es st zurzeit unklar. ob die Effekte m Thyvmus m emem direkien kausalen Zusammenhmg
zur Immunsuppression stehen und iber welchen molekularen Mechanismus sie hervorgerufien
werden. also welche Gene als direkte AhR-Effektommechanismen wirken
Neben den beschriebenen Effekion sind eine Rethe weiterer Effekie aul T-Zellen. bew. durch
T-Zellen vermutielie Immunantworten bekmnnt. So reduziert TCDD die humorale und
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Abbildung 5 Asswirkungsen einer AhR-Aktivierung aufl die T-Zellentw icklung

im Thymus
Hematopoetische Vodiuferzellen wandern aus dem Knochenmark m den Thynus, In
diesem frithen Stadivm exprnmeren diese Zdlen weder den TZR. noch D4 oder CDE
und werden als doppelt negativ: (DN) bezewchnet, DN-Thymozvien kinnen mhand
threr Oberflichenmarker i vier Stadien urterteill werden (DXL CD44'CD2F, DNI.
CDHCDIS™. DN3I. CDMTCDIS™. DN4. CDACD25). Nach  erfolgreicher
Rekombination der TZR-Gensegmente expnmieren die Thymozvten sowohl CDL als
auch CDE [ doppelt posiive(DP)] und werden positiv und negativ selektien. e

iiberlebenden T-Zellen emigrieren als emfach positive CD4 - oder CD8 -T-Zellen aus
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dem Thymus in die Peripherie. Eme Akiivierung des AhR verindert mehrere Siufen
dieses Progesses, Dhe durch eme AhR-Aktivienmg beemtrichtigien Prozesse umd
Zelltvpen sind gestrichelt. oder gestrichelt emgakrest pezeichnet.

zellvermitielic Reakiion gegen pulmonale Influenzavireni 102 139). Daber zeigie sich jedoch,
dass der Effekt sich nur auf das _pnming” der CD8 -T-Zdlen. micht jedoch auf dwe T-
Gediachtrmsze len auswirkte(83). Kerkvhiet o, al. konnten zeigen. dass fiir die Suppression
emer Fvtotoxischen Lymphozvienaniwort durch TCDD die Expression des AhR in T-Zellen
mnotwendig  st(70).  Auberdem  entstchen nach  emer TCDD-Béhandlung  vermehrt
CDACD2F wegulatonsche T-Zellen(36) Es st unklar. ob welche Rolle regulatonsche T-
Zellen ber der TCDD-vemuttelten Immunsuppression spielen. und ob dwese Effekte von den
beobachteten Verimdenngen im Thvmus abhingen Neben den CDYCD23 regulatorischen
Zellen entstehen sowohl m adulien Mausen in vivo, ds auch ex vive m FTOC DN
Thvmusenugranten. dwe in vitre ber Kokultivierung mit ConA-<stmuherten Milzzellen eme
Profiferation von CD4"-T-Zellen inhibseren (93:138).

Gegen eme direkte Rolle des Thymus ber der TCDD-vermittelten Immunsuppression spricht
jedoch, dass ane neonatale Entfermung des Thyvmus mcht die TCDD-nduzierte
Immunsuppression im  Ohrschwellungsiest verhindert. Wihrend des Ohrschwellungsstesis
kommt es 7w emer TCDD-abhingizgen Akkumulation von dendritischen Zdlen (DFs) n den
dramierenden Lvmphknoten, was daraufl hdeutet, dass m disser Reaktion die DEs das
primdre 2wl von TCDD smd (Mare Mygora, persdnliche Mitteilung) Fir keme der oben
beschriehbenen Resktionen sind die molekularen Mechamsmen aufl Expressions ebene bekannt.
Die Charakiensierung der TCDD-Zidgene in Zellen des peripheren Immunsystems wiinde
hierfir wertvid le Ansatzpunkie hefern

e Usterschiedhchkat der Zellpopulationen des nmunsvstems, sowie de unterschiedlhchen
Arten der Immunantwort gegen verschiadene Pathogene dewten darufl hin, dass e T-
Zellvermuttelie  Immunsuppression je¢ nach  untesuchtem  Moddl auf  vermsduedensn
Mechansmen beruht. Daher st es wichiiz die Rolle des AR i den vemschiedenen
kompartimenten des Immunsvstems vor allem unter phyvsiologischen Bedmgungen zu
verstehen
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1.5 Mausmaodelle des AhR

Da der AhR fir die meisten tosischen Effdite von HAKs essentiell st wurden schon frith
Expenmente mit Zell- und Twemmoedellen mut modifizierter Ausprigung von komponenten des
AhR Swstems durchgefihrt. Neben diversen Zellimen mit aner funktionellen Inhibserung
von kKomponenten der AhR-Signalkaskade 12%:162) sichen hierzu mzwischen anige
Masmodelle zu Verfigung, Madelle fiir eme konstitutive Akttt des AhR. AhR ™ -Miause,
zelltvpspezifische Ablationen des AhR. Modelle mit emer Modifikation im Kemsignal des
AhR sowne Modelle fir potentiele Interaktionspartner (Amt., Amt2. HspS0 oder Aip) und
AhR-Zielgene  wurden beschrieben.  Verschiadene  dieser  Modelle  zeigen  massive
phvsdogmsche Beemtrachtigingen Cvplal- defizente-Mause sind gepen TCDD mduzerte
Effekte wentestgehend resistent( 148)% Cyplbl ™ -Miuse besitzen eme erhihte Resistenz
gegeniber 7. 12-Dimethvlbenzofafanthrazen  (DMBArmduzierter Tumorbaldung  Unter
phvsdomschen Bedmgungen weisen sie jedoch eme erhohte Inzidenz von progressiver
Glomerulonephritis, sowie von histozyvtiren Sarcomen auf Daben zeigten Makrophagen aus
Cyvplbl " -Miusen em eamedngte Kapaziit aur Phagozviose von apoplotischen  und
mekrotischen Zellen( 136} Ami-, Amt2- und Aip-defiziente Mause smd schon m frithen
Embrvonalstadiom ketal und eignen sich daher nicht fir eme Untersuchung des AhR-
Signalweges(89:124).

Mause mit konstitutiv aktiviertem AhR (CA-igAhR) zeigen einen mit TCDD exponierien
Mausen vergleichbaren Phinotvp. Dazu gehdren Verinderungen von Leber, MNiere und Herz,
germgere Fertilitdt, sowse eme deuthch germgere Zellulantat des Thymis, Dariber hinaus
treten m diesen Mausen Tumoren der Leber und des Magen-Darme-Traktes verstirkt
aufi2:9:103), In Miusen. n denen der AhR nur in Keralmozvien konstitutiv exprimiert ast,
treten  vermehries  Haotjucken uwnd  Hauilisionen  auf  Diese  werden  von
Entzimdungsreaktionen beglatet. die emer atopischen Dermatitis dhneln Eine T-Zd1
spezifische  CA-tgAhRMaushinee  zeigt die nach  TCDD-Exposition  beobachtete
Thymusatrophie und  eme Unterdriickung der durch eme lmmunsiening  induzierien
Vergmiberung  der Milz(l08:111:137) Zurzent ist kemes dieser Modelle umfassend
mmunelogisch charakierismert.

MNeben diesen Modellen gilt es dren unabhingig vonemander genenerte AhR™-Stamme. Dhese
Modelle unterscheiden sich zum Teil sehr deuthich vonemander. Dhe von F. Gonzales und
PAL Fernandez-Salguero hergestellie Maus hat eme Deletion und Rekombination mui eaner
Neomyein-Sequenz in Exon 1(31). Diese Maus wird im Folgenden als ARRY™ bezeichnet.
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In den berden anderen Modellen aus den Laboren von C. Bradfield und Y. Fuju-Kurivama st
Exon 2 deletiert. Diese Mause werden respektiv im Folgenden als AR ynd ARRA¥4IF
bezechnet( 101).

Alle dren Mausstimme zengen eme watestgehends Resistenz gepeniber TCDD und zegen
damit, dass dee TCDD-mduzierten adversen Effekie kausal AhR-sbhingig sind. Daben sind
sowohl die hepat otoxische Wirkung, als auch die Immunsuppression und die Thyvmusatrophie
betroffen. Durch den gezielien Emnsatz dieser Mausmodelle kann dariiber hinaus die AhR-
Abhingigkent emzelner Effekte aufl spezielle Zelltvpen untersucht werden knochenmarks-
Chimiren. in denen der AhR nur in T-Zellen deletiert ist demonstrieren. dass eine Deletion im
T-Zellkompartiment fir die Blockade der TCDD-induzierten, generellen Thymusatrophie
ausrewcht( 130},

Durch die Anwendung der AR -Maus ba der Unitesuchung der Toxazitdt emzelner HAK
kann e direkte AhR-abhinggkeint aufgeklart werden So wird dee  Bla]P-vernuttelie
chemische Kmzerogenese, die von emer AhR-induzierten metabolischen Aktiviening von
Bla]P durch Cyplal'Cyvplbl abhingg ist unterbunden( 127). Im Fall der DMBA mduzierien
Pre-B-Zellapoptose. die ebenfalls von ¢mer metabolischen Akivierung der Substnz Gber
Cyvplbl abhingg st bewirkl eme AhR-Ablaiion jedoch nur eme gernge Verminderung der
Toxiziit] 50}

Studeen in allen dra Mausstimme wesen dariber hinaus pathologische Verinderungen auf.
was aufl eme wichtize phvswlogische Rolle des ARR hmdeutet. Diese smd in Abhinggkat
der  wverwendeten  Maushmie wnd  der  angewendeten  Verpaarungsstratege  elwas
unterschiedhich

ARR ¥ weisen ene erhohte neonatale Letalitt, vermindertes Wachstum wihrend der ersten
vier Wochen, eme Reduzierung der Fertihit, vernngertes Lebergewicht. ¢me Blockade der
Induzierbarket von Cyplal und Cyplbl, sowse emige Verfnderungen der penpheren
Ivmphatischen Organe, wie der Milz, auf. Eine initidle Charakterisienmeg der ARR %5 4 aus
zeigte unabhingg vom Untersuchungszetpunkt keme Verindenmg der Letalitit. Auch diweser
Masstamm wenst eme germgere Fertilitit., eme Blodkade der Induzierbarken von Cyvplal
und Cyplbl, sowie emne deviliche morphologische Verindening der Leber auf. Die
Leberphinotvpen besder Mausstimme unterschenden sich daben jedoch So treten m der
ARRYY Mans  verstirki Fibrosen  des  Portalirskies, Entzindungen des Gallengangs.
vernngerte  Ghikogenkonzentmtionen.  zentrolobolire  Hyperzellularitit,  sowie  eme
Eosinophilie auf. In ARR**® kommi es zu einer verspiteen SchlieBung des Dukius

Venosus, und damit zu emer verinderten Blutzrkulation. Dhese wird von aner extensiven
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mikrovesikuliren Meamomphose der Hepaozyvien, milder Fibrose der Poralregion, sowie
emer allgememen persistenten Verklemenmg der Leber beglentet. Im adulten Stadiom weisen
diese Mause dariber hmnais eme VergiBerung der Ml z aufi 309,

Im Gegensatz #u einer Ubersktivienng des AhR durch Xenobiotika weisen alle hier
besprochenen  AhR-defizienten Miause keme Frequenzverschiebung der Lvmphozviens
Subpopulationen in Milz und Thymus auf. Uniersuchungen der durch zviotoxische T-Zellen
vermutielten Transplantatabstofung oder der humoral vermittelten Reaklion gegen rote
Blutktrper des Schafs zengen jedoch m besden Mapsstinmmen dass dese beden primiren
Immunantworten weder im AR — noch im ARR**® _ Mausen inhibiert sind 1511 Eine
Analyse der Immunglobulinprodukiion in ARR*™ _— Miwsen zeigi ebenfdls keine
Unterschiede.  Obwohl die Immunaniwort gegen roie Blutkorper des Schafs sowie m der
TransplmtatabstoBung. keme verimderte Inmunantwort aifwersen, zeigt sich eme erhohte
Produktion von IFN <y und 1L-12 m der Milz dieser Mause{ 121). Das zeigt. dass der Effekt
emer AhR-Deletion auf das Immunsystem noch wenig verstaden ist.

Bisher untersuchen wenige Studien die Avswirkung emer AhR-Deletion auf den Fotus, und
die AhR-induzerien temiogenen Effekie. Fir ein Gesamiverstindnis der Rolle des AhR.
msbesondere die Wechselwidkung des fdtalen Fremdstoffmetabolismus, des endokrinen
Svstems und des mmumsvstens ind de darais resultierenden Wirkmechamismen aner AhR-
Aktivierning mm Fius, sind solche Studien jedoch Guberst wichtiz, Foten, die aus aner
Verpaanung von AhR ™ Minnchen und AhR™-Weibchen ({ AhR %) stammen und in wlero
mit TCDD oder Dexamethasone (DEX) behandeli wurden, zeigen eme deunilich erhiohie
Embrvotoxizitit. Eme Messung der Verellung diesear Teratogene zegt daber dss s zu
emem Anfluten. also emer erhdhten Konzentration besde Stoffe mn Embrvo kommt. Der
zugnumde hegende Mechamismus hierfir 151 zurzet ncht bekamnt, kmn jedoch mit der
verspiteten  Ausbildung  des Duktus Venosus und  der  daraus  Verindenmg  des
enterchepatischen Kreislafs zu tun haben. Dadurch wilrde ene mitiale Meabolisiening von
senobiolischen Substmzen reduziert und sie wiirden in erhohter Konzentration i der
Peripherie wirken kinnen( 141}

Dariiber hinaus zagen Nachkommen aner Verpaaung von AhR™-Minndhen und AhR™-
Weibchen (ARR*®) dne verinderte Durchbliung und Aushildung des Herrmuskels
(Hyperplasie). was zu kardiovaskuliren Verinderungen und emer erhohten Anfillighat
gegeniber Ischimien fihrt (ARRY ¥ )34, Auberdem zeigen diese Miuse in der prinatalen,
friihen postnatalen Phose und im Alter (7 Monate) eme Verinderung des InsulinstofTwechsels,
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die phinotvpisch Ahnlichkeiten mit einer Tyvp 11 Diabetes aufweisen, jedoch funktionell nicht
#u Hvperglukiame fiihet( 139 140

Bei der Untesuchung von ARR ™ -Miusen st also dwe Auswahl des Verpaarungsschemas und
dhe Berticksichtigung der genngeren Fertiltitdt, gemessen m der Anzahl der dberlebenden
Nachkommen. duBerst wichiig In der hier vorgelegien Arbeit AhR** *F. M\ duse in einer AhR
“Mirmchen und ARR ™ -Weibchen verwendet.

Die oben diskutiertien Edkerninisse Gber AhR-defiziente Mause zegen deuthch, dass der
AR nében semer Funktion als Temsknphonsfiktor phvsiologsch noch weitere wichtige
Funkiwnen besitzt, die im Folgenden diskutiert werden sollen.,

L6 Das duale Modell des AhR der AhR-Aktivitit

Aum Verstindms der AhR-Aktivitat und der TCDD-vermuttelten Transknplionsinderungen
it es wichtip sowohl die Funktion des AhR als Transkrptionsfaktor, als auch seme
Proteminterakiionen #u verstehen,

Der AhR besitzt eme Rethe phyvsiologischer Funktionen, Die am wmfassendsten untesuchte
15t seme Funkiion als Transknptionsfakior. Untersuchungen an AhR-defizienten Miusen.
bezehingswase an Moddlen, dwe ane Fehlen bew, eme Mutation von Arnt aufweisen.
Zeigen, dass viele advese Effdkte. die nach emer Belastung mit TCDD ader emem anderen
AhR-Liganden aufireten. direkt von der Funktion des AhR als Tronsknphionsfaktor abhingen.
Dartiber hmaus mtergiert der AhR mut emer Rethe wvon Protemen., wie zB. dem
Retmoblastomaproiemn oder semen zytosolischen Bindun gsparinern(38). Desweiteren konnte
pezeigt werden, dass der AR ein Bestandteil ¢ines Cullin-Ligase-Komplexes (CUL Y™ s,
Im CULY™ witkt der ARR als Adapterkomplex. durch den Sexsteroidrezepioren fir ihre
Degradation markiert werdeni 113} Inwiewat solche Mechamsmen ber aner AhR-
Uberaktivierung. aber vor allem im Modell der AhR™-Maus eme Rolle spielen ist erst wenig
verstanden.

Bei der Suche nach den Wirkmechamsmen und Funkiionen des AhR nwss also ein duales
Modell des AhR zugrunde paegt werden. Zum emen. semne Funkiion als Transkriptionsfaktor
und zum anderen sane Interakiion mit veschiedenen anderen Proteinen und Signalwegen In
der hner vorgelegten Arbeit wird, durch die Anwendung globaler Transknptionsanal vsen, die
zelltvpspezischische Auswirkung emer ARR-Aktiviening sowe aner AhR-Defizienz auf die
Transkription anal vsiert, Durch diesen Ansatz sollen die Gene charakiensiert werden. deren
Expression direkt durch den AR regubert sind.
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Insbesondere AhR-defiziente Miuse bicten hierbei die Moghichkeit die Komnsequenz aner
fehlenden Potem-Protem Wechselwirkung #zu untersuchen. Fir de Modell der AhR-
defizenten Maus wurden bisher nur wemge Trmskaphonspeofile aufgenommen. ndmbhch von
glatten Muskdzdlen der Acrtaiet) und der Leber 143:161). In berden Modellen 15t der AhR
transknplionell sehr aktiv, wie dwe parallel untersuchte Genexpressionsinderung durch AhR-
Liganden demonstriert. Daher st eine Trennung der Funkiion als Transkaptions fakior und der
Regulation Gber direkte AhR-Protemwechselwirkungen m dwesen Modellen nicht maghch.
Fir e Untesuchung der. von der Rolle als Transkriptionsfiktor unabhing gen Funktionen,
wire die Bestimmung der Genexpression m Zellen wimschenswert, m densn der AhR
transknplionell nacht, oder nur wenig aktiv st

Der Dualismus des AhR-Sysiems 15t schematisch in Abbildung 6 dargesielli.

R
a®
0
@5

&

Liganden induzierte Toxizitat Phiinotyp des AhR* -Modells
- Hepatotoxizitit - Abhéngig vom verwendeten Modell
- Kanzerogenitat und Verpaarungsschema
- ,Wasting Syndrom® = yerdnderte Fertilitat
- Teratogenitit = yerdnderte Morphologie der Leber
- Allgemeine Immunsuppression - kardiovaskulidre Defekte
- Thymusatrophie - erhidhte Anfilligkeit gegeniber
teratogenen Noxen
= Splenomegalie

= verdnderte Zytokinausschiittung

Abbildung 6: Duales Modell des AhR

Wihrend die meisten toxischen Effekie von AhR-Liganden ihre Wirkung durch die
Funktion des AhR als Transkriptionsfaktor entfalten. st der moldiulare Mechanismus,
der dem Phanotvp des ARR™ - Modells zugrinde hegt, bisher wetgehend unbekanrit,
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1.7 Toxicogenomic des AhR-Systems

Transkriptionsanalvsen von  AhR-defizienten Mausen konmen zwar daben helfen, die
physicdogsche, von der Funkion als Transkaptions fakior unabhingige. Funkiion des AhR
mufzukliren. lefem  jedoch  mur begranet  Informationen.  Ober  potentie le
Effektormechamsmen. die den toxischen Effekten emer AhR-Aktivierung durch exogene
Liganden zugnmde hegen Fiht ane AhR-Akivienng m jalem Zdlivp zu vergleichbaren
Expressionsinderungen? Liegt  alsoe  den  toxischen  Effékten  em  gemansamer
Wirkmechmismus #u Grunde?

Um solche Fragen zu beantworten, sid Transkriptionsanalysen m mehreren Zellivpen
motwendiz  Aus diesem Grund sollte im Rahmen dieser Arbert die TCDD-mnduzierte
Expressionsinderung in emer Rahe primirer hochafgeremgier Immunzellen untersucht
werden

Fiir che durch AhR-Aktivierung verinderte Expressionssignatur kam man daben grundsitzhich
zwen Modelle diskutieren. Im Ersteren gehen alle Expressions inderningen direkt vom AhR als
Transkriptionsfakior aus und setzen sich dber die Regulation werterer Signalwege fort. Man
kann m deesem Modell also zwischen primiren AhR-Zelgenen. und sekundiren durch diwe
prmidren Zielgene bamflussten Genen unterschenden. Dieses Modell wird 1m Werteren als
Lprimir AhR© gestenert bezeichnet. Im zweiten Modell erfolgt die Regulation auf mehreren
Ebenen v baruht auf der Wechselwikung des AhR-Signalweges mit anderen Signalwegen.
Dheses Modell wird im Folgenden als  Multi-Faktor-Modell” bezadmet. Die berden Anstze
sind schematisch in Abbildung 7 dargestellt.

Bende Modelle erdffnen ane Rethe von Fragen, wie

Welche Gene werden reguliert und sind diese Anderungen direkt durch den ARR vermitteht
iprimire Zielgene) oder reguliert der AhR andere Transknptionsfakioren, deren Aktiviti
wiederum zur Verinderung da Tramskription fihrt (sekundire Zwelgene)? Gibt es s0 etwas
wie eme all gememe Battene von AhR-Zielgenen die m jedem Zelltvp oder Gewebe regilent
wird? Und wenn ja. besitzen diese Gene prichktives Poiential um mdere Substmzen oder
pathophwsielogmsche Beobachiungen aufl eme Regulaion des AhR zu untesuchen? Mt
welchen  anderen  Signalwegen  mteragert der ARR um die  beobachteten
Expressionsinderungen  hervorzurufen? Also, wms st das passende Modell, um diese
Transkriptionsinderungen darzustellen?
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1. Emleitung

Abbildung 7: Modelle der AhR-induzierten Transkriptions inderungen

a) Primér AhR-gesteusrtes Modall b) Multi-Fakter Madell

(&)

Der zathehe Abaf der TCDD-vermittelten Transkriptinsinderungen (dargestellt
durch die Linge der Plale) kann auf aner alemigen transkriptionellen AKivitat des
AhR beruhen die Zielgene reguliert (primire Zielgene), die dann wiederum wertere
Gene regulieren (sekundire Zielgene) Ein weiteres Modell beruht auf der Interakiion
des AhR nmut anderen Transknptionsfaktoren und Signalwegen. In diesem Modell hat
der AhR eine Wirkung auf die Aktivitdt dieser Faktoren oder reguliert deren Zielgene.
Diese Regulation kann daber in bade Richtungen stattfinden (gestnchelte Linien) s
dass em regulatorisches Netzwerk entsteht.

Viele dieser Fragen lassen sich durch eme Kombanation von Genexpresswonprofilen mit
ertsprechender Unterstltzung  durch  bomformatische  Analsenethoden  bearberten.
Microamrays (Chips™) ermdghchen die parallele Analyse der Expression von Tausenden von
Gienen und stellen somit an probates Mittel zur Identifikation von Zielgenen dar 123). Durch
die Standardisering der expamentellan ind malvtischen Verfahren, sind die Ergebrsse
mnerthalk emes bestimmiten Chiptyvpen und mm Berewh der gt deteklierbaren Gene (iber
verschiedene Chiptvpen gut vergleichbar, Insbesondere Microarravs der Firmen Aglent und
Affvmetrix  hefem gt reproduzierbare Ergebmsse(115:126). Dhe Verwendung  emes
Chaptyps. auf dem nur jeweils eme Probe hvbndisiat wird ( Emfarbenamray, 2B, PE-Farbung
m der Affvmetrix-Technologie)l ermbglicht emen Verglach von Expressionsdaten mut Diten.
die unabhimgiz von verschiedenen Asbertsgruppen oder zu vemschiedensn Zepunkien
a2
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aifzenommen wurden. Durch den Aufbau von Exprassions datenbanken ind der ldentifikation
von gememsamen Zwlgenen emes bestimmiten Signalweges kionnten swh Markergene
charakierisieren  lassen., e zur ldentifizierung  emer Beteithgung des  untersuchien
Signalweges oder zur Unteschewding verschialene Krankhatsgrade, wie Krebs verwendet
werden kinnen(8:157:158). Ein Beispiel mit Bedeutung fiir den AhR-Signalweg stk die.
von der Arbeitsgruppe von C. Bradfield betriebene Datenbank EDGE darn{47). In dieser
Arbert wurden eme Rahe wvon AhR-, CAR und PPAR-Anisronisten. Hemmern des
HamstofTwechsels sowwe wenteren Faktoren analysiert. wm mat Hilfe von Clustermg-
Algonthmen den Emtrag der durch sie reprisentierten Signalwege in die von inbekannten
Substanzen verumsachte Genexpression zu ermutteln B wateres Baispel von allgememer
toxikodogmscher Relevanz st e Datenbonkprogekt von ILSI HESI unter der Lentung von €.
Afshart und H. Hamadeh, In dissem Projekt werden Genexprofile der Kontrolltiere von
toxikogenomschen Studien an Ratienleber, msgesami 336 Affvmetnix-Aicroarays aus 18
Laboren. verwendet. um die basale Vananz der Genexpression zu charkterisieren. Zu dwesem
Zweck werden alle Arravs gememsan nomahser und mit den gleichen Algorithmen
msgewertet { Persinliche Mitieilung C. Afshari)

Im  Rahmen der hwer vorgelegten Arbat sollen die  gesammelien Expressionsdaten
verschiedener Immumzellen zur Charaktensierung von Markergenen dienen. Die Markergene
sollen anschlicBend zur ldentifizierung AhR-abhingiger Prozesse i einer zu diesem Zweck
aufFubavenden Genexpressiomsdatenbank dienen.

Werden Expresswnsdaten diber mehrere Zetpunkte aufgenommen. so lassen sich aus der
zeitlichen Aufemandedfolge der Expressionsindenungen Rickschliisse auf gememsame
Mechamsmen der Regulation zehen. Daber wird vorausgesetzt, dmss Gene, de em
vergleichbares Expressionsmister aufwersen. 2. B durch die Aktivitit emes pememsamen
Transkriptionsfakiors reguliert werden. Kombintert man diese Techmk mit der Analyse der
regulatorischen Regionen der gememsam regubierten Gene, ermdghcht dieses im Optimalfall
die Identifikation von Gberreprisentierten. regulatonschen Elementen(72: T4.78:135). Werden
die in silice Daten experimentell fiir den Eintrag dieser Elemente in die beobachieien
Expressionsimderungen valihiert, lesen sich so Aussagen Gber die Betethgung dieser
Elemente treffen. Dieser Ansatz fihrte m verschiedenen Modellen, wie 2B, der Hefe, zur
Entdediumz von primiren und sekundiren Zwelgenen, s hin zu globalen regulatonischen
MNetzwerken( 35-57). Dieser Ansatz bietet also potentiell die Maghchkent pnmire Zielzene
von sekimdiren. durch die Wrkung snderer Transkriphinsfakioren reguberte Gene zu

unterschenden
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Daben st die Auvswahl des zu untersuchenden Svstems wvon  essentieller Bedeutung.
Idealerweise sollien alle beobachteten Andenmgen auf der direkien transkriptionzllen
Regulation durch die untersuchte Substanz beruhen Ben genuschten Zdlpopulationen., wie sie
2B. in Organen vorhiegen, verumsacht hiufig 2. B. eme Verinderung der Anzahl emzelner
Zellivpen eine massive. mehrere hunder Gene betreffende Anderung der Expression.
Glewhes ght fir die Verinderung von Reiffimgszustinden. Emn fiir diese Arbent wichtiges
Bewspel stellt de differenticlle Genexpressin zwischen den emzelnen Schritten der T-
Zellentwicklung dar. Hoffmann et.al. konnten zeigen, dass wihrend der T-Zdlentwicklung
mehr als 100 Transknpte differentiell exprimsert werden, was an Diskrimimenmg von
TCDD-Felgenen n diesem Zusammenhang deuthich emschwert(31)

U'm geniigend regulierie Gene fiir eine statistisch gesicherte Aussage zu analyvsieren. muss das
verwendete Modell moghchst stark auf die Exposition reagieren. daben jedoch keme
allzemems Stressantwort oder toxakologische Effekte aufwesen. da der Emtrag dweser
Reaktionen die Wentifikation von spezifischen Signalkaskaden erschwert. Daher miissen
massiver Stress und die Induktion umfmgrecher toxascher Effekte, charaktersiat durch die
differenticlle Expresswom von Hunderten s Tausenden Genen verhindert werden  Fir die
Anwendung aufl den AhR Signalweg bietet sich besonders der Thymus als Modell an. da eme
AhR-Aktiviening im Thyvmus zu massiven Effekten fihrt, die sowohl das Thvmusstroma, als
auch die hematopoetischen Zellen betreffen Aus diesem Grimd sollie m dieser Arbert die
TCDD-induzierte Genexpressionsinderung n Thyvmozvien und TEZ untersucht werden,

Ben der Identifikation der regulatorischen Elemente st die Wahl der verwendeten Methodik
von entscheidender Baleuting Die mesten regulatorischen Elemente besitzen nur eme
kurze, oft nicht sequenzkonsaviere Bmdestelle (3-13 Nukleotide). Dre Wahrschemhchkat
emes zufilligen Vorkommens emer kurzen. sechs Nukleotid-lmgen Seaquenz m emer zufillig
genenerten DN A-Sequenz liegt miat 0,25 (4 Basen, gleiche Wahrschenlichkeit fiir jedes der 6
Nukleotide ). bei emem alle 4096 bp. Berticksichtigt man die Tatsache, dass diese Sequenz auf
beiden DN A-Siringen und in beide Richiungen vorkommen kann, sinkt diese Zahl auf (.25,
also 1 alle 1024 bp. Bei der compuiergesiiizien ab imiie Anavse regulatonischer Regionen
besteht alse eine hohe Wahrs chembichkent falsch positiver TrefTer. Um deren Anteil maglichst
Klem zu halten. gibt es verschiedene Ansitze. Zum emen die Anwendung mghchst
stringenter  Algorithmen und ein Vergleich mit Kontrollgruppen aus zufilliz gew shlien
regulatorischen Regmonen( 26.86). Ein weiterer Ansatz 151 die Analvse der Konservierthent der
Sequenzen Ober verschiedene Spemies. Deweser Ansalz peht davon aus, dass funkiwonelle
Elemente Giber selekiive Prozesse besonders konservien werden, wie dies beispielsweise fiir
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die Promotoren von Referenzgencn oder Transkriptionsfaktoren demonstrient  werden
komnte] 60,88 ). Dieser Ansatz st stark von der Qualitdt der zugrunde hegenden Sequenzen
abhingiz Balenkt man dabei. dass beispelswese die letzte Verdffenthchung  des
Rattengenoms im Jahr 2004 staiifand. werden die Limitationen dieses Ansatzes deuilich (39).
Der phyvlogenetische Ansatz st jedoch hochgradig stringent. so dass e Rate an falsch
positiven  Ertdeckimgen mednge hegt, als mut verglechbaren Algoathmen Durch die
Restriktion aufl konservierte Sequenzen st jedoch die Rate der falsch negativen Ergebnisse
denthich hvher. Der mteressierte Leser sei aul den exzellenten Review von Maston etal. 2006
hingewiesen, der dieses Thema umfassend bearbeneti®d). In dieser Adbeni wurde en
strmgenter ab mitwe  Algorithmus  verwendet. Durch den Emsatz emer aus  zufilhg
megewihlien Promotoren besteéhenden Kontrollgruppe, wurde daben der Antenl an falsch
positiven Ergebmussen mighichst gering gehalten.

In pedem Fall missen die wentifiziaten, regulatorischen Elemente oder Transkriptionsfaktor-
bindestellen und thr Emfluss auf die beobachidien Expressionsinderungen expenmentell
validiert werden. Hwerzu steht eme Rethe wvon Techniken zo Verfiigung., die m
unterschiedlichermn MaBe zur Vahidierung verwendet werden kimnnen(72). Klassischerwense
effolgen solche Validierungen durch den Einsatz von Reporiergenanalysen. Diese sind jedoch
aufgrund der umfangreichen Klomerungsarbeiten aufl wemige Gene limutsert und hefern mur
eme Aussage liber em artifizielles Svstem.

Eane werere Mdoghchkat stellt die  Analvse der Bindung  des  anal vsierten
Transkriptionsfaktors durch Chromatimmmunoprizipitation (CHIP) dar. Fir emne Bethe von
Transkriptionsfakioren st dieser Ansatz  inzwischen im  Hochdurchsatzverfahren  als
Tilingamravs oder durch CHIP-Assavs m  cDNA-Bibhotheken, gekoppell  mat
Sequenmerungstechniken, mighch Es st jedoch zu bedenken dass die Bindung des
Transkriptionsfaktors noch kemen endgiltigen Nachwers fiir seme Aktvatd darstellt.

Eine wentere Moghchkat. die in silico gewonnenen Ergebmsse zu valhidieren st der Emsatz
der parallelen Aktiviening eines identifizierten Transkrniptionsfaktors, und der Akiivierung des
AhR. Fin Bespiel hierfiir wiire die parallele Induktion des Ostrogenrezeptors und des AhR.
Verndert sich die Expression der Zielgane emes der Faktoren, st dies an deuthcher Hmwes
aul eme Wechselwirkung beider Faktoren Da diese Methode direkt e Funkfsonalitit aner
Wechselwirkung angibt, wurde sie im Rahmen dieser Arbent verwendet.

Optimal wire eme Kombmaiwon aller Methoden, was jedoch ofi aus logistischen Griinden
micht moglich st (72).
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1.8 Fragestellung

Die hier vorgelegie Dissertation besiehi aus drei Teilen, die zusammen der Charakierisierung
der pomiren und sekundiren Signalkaskaden des AhR und threr Beteiligung an
mmmunclogischen Prozessen dwenen.

Der erste Teil diweser Arbent dient durch globale Genexpressiomsanalvsen der dentifizierung
der Zielgene emer TCDD-mduzierten transknptionellen Verindenimg m emer Rethe von
primiren Zellen des Immunsystems nach in vive oder in virre Behmdhng mit TCDD. In
ausgewihiten Zellvpen, die keine'wenige TCDD-vermittelien Andenmgen aufwiesen, sol e
die Wikung aner AhR-Deletion suf die Transkripiion charakierisiert werden. Zad dieses
Teals der Arbent war die Kentifikation von Markergenen und emes potentiellen gemansamen
AhR-Effektommechanismus. Deswerteren ermdghcht er die ldentifizierung emes peeigneten
Modellsystems, wddhes sich fiir die kinetische Analyse der Expressionsinderung besonders
eignent,

I zweiten Tel sollte aus verdffertlichten Transkeiptwasprofilen eme direkt verzleichbare
Genexpressimsdaenbmnk  aufpebaut  werden, Unter Verwendung der mm ersten Tel
wentifizserten Markergene dient diese der Analvse der zdl-‘gewebsspezifischen Ausprigung
von Komponenten des AhR-Sysiems und der ldentifikation von physiologischen Prozessen,
msbesondere des Immunsvstems, mit emer potentiellen Beteiligung des AhR-Signalweges
dienen Dhese Analvee unterstiitzt die Auswahl emes moglichst relevaiten Zellmodells fiir die
m dntten Tell der Arbeit durchgefithrie, detmllene Analvse der zetabhing gen
Transkriptionsinderung,

Im drtten Teil sollien die pnmiren und selundiren durch TCDD-induzierien
Genexpressionsinderungen m threm Zeverlauf untersucht werden, Durch Kombination muit
Promoteranal veen  amoghcht dies  die  Unterscheding,  welche der  verinderten
Transkriptsignaturen. sich der Witkung bestimmiter Transknplions faktoren zuordnen lassen,
Damut sollte bestimmt werden. ob die beobachteten Transkripionsinderungen am besten
durch em primir AhR gesteneries Modell edklibar sind, oder ob sie aufl emer
Wechselwirkung des AhR-Signalweges mit andern Signalwegen beruhen, und so durch em
Multifaktormodell erklabar smd. e Anwendung dieser Erpebmsse auf die i zwerten Tel
aulgebaute Datenbank kamn deren Moghchkenten zur Ientifikation emer AhR-Beteih gung
und potentieller Effekte emer AhR-Aklivierung verstatken
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2. Ergelwusse

2 Ergebnisse

2.1 Veriffentlichungen als Erstautor

I Folgenden werden die Ergebmsse der im Anhang A begefiigten Verdffenthchungen als
Erstaitor noch emmal kurz im Zusammenhang  dargestellt. e Aufteilhng in e
Verdffenthchungen spregelt daber die Zielsetzungen der dren Arbentsteille wieder. Dhese

WS

I Untersuchung der zelltvpspezifschen AhR-abhinggen Transkriptinsvermderung m
Zellen des Immunsvstems und entifikation von Makergenen fiir ¢me AhR-
Aktiviening,

1 Charaktensierung der Transkription des AhR und AhR-assoznerter Gene m emer
direkt vergleichbaren Expressionsdatenbank und Identifizierung von phyvsiodogschen
Bedingungen in denen AhR-Zid gene different el expnnuert werden

11 Analyse der Transknpiions veriindening nach AhR-Akiivierung in einem koatrollierten

Zellmodell und entifikation von Interakhionen des AhR-Signalweges mit anderen
Signalwegen (empgerecht L
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2. Ergebrusse

2.1.1 Transcriptional signatures of immune cells in aryl hydrocarbon
recepltor (AhR}- profidient and AhR-deficient mice

Frericks M. Temchura VV, Majora M. Stutte S, Esser C
Biol Cham, 2006 Sep 38T2):1219-26

Zellen des Immuns ystems reagieren in Abhingigkat thres Reifungs grades, ihrer Lokalisation
und dem Zatpunkt der Behandlung sehr unterschiedlich auf eme TCDD-Belastung, Dhe zu
Grunde hegenden Genexpressionsinderungen sind bisher watgehend ungeklit. Doher
wurden Genexpressionsprofile von verschiedenen aufgereinigien primiren Zd lpopulationen
des Immumnsvstems aufgenommen. um eme Rethe von allgememen Zaelgenen und somut
potentidl pememsame Effektormechamsmen zu charaktensieren. Um die Effekte von TCDD
aufl die Genexpression wihrend der Reifimg von T-Zellen zu untersuchen. wurden fitale
CDACDE (DN) Thyvmusemigranten und adulte CD4CDE (DN} Thyvmozvien baw.
Thyvmusemigranten verwendet. Die Ausprigung des AhR war dabei in allen drei Zellivpen
verglewchbar, Daher 15t es Gberraschend. dass fdtale DN Thvmusemigranten nach TCDD-
Exposition, m fotaler Thymsorgmbuliue aut ca. 300 mehr als zweifach unteschiedhich
mpgeprigten  Transkrnipten stark  reagerten. wihrend adulie DN Thyvmozvien  und
Thyvmusenugranten, also Zellen mut  verglewchbaren Reifungsgrad. mut 35 bew., 45
Transkripten deutlich schwicher reagtierten. Zwischen den Zellivpen zeigien nur die Gene
Cyplbl, Lealsd und Scin eme Regulation i allen dren Zellivpen. Deren Reifungs grad war
durch TCDD zu emem unreiferan Phinotvp veschoban, so diss nicht geklirt werden komnte,
ob die Anderungen der Expression primir auf die tmnsknptionelle Wirkung des AhR oder
sebundar auf dem verinderten Reifegrad beruhten.

Aur Analyse der Wikung TCDD-Belastung auf das periphere lmmunsystem. wurden
dendritische Zellen als Vertreter der mtigenprisentiearenden Zellen., sowie CD47 und CDE -T-
Zellen aus der Malz analvsrert. 24h nach emer 1p. Ipektion von 10pg ke Kocpergewicht
TCDD zegten DZ mat 192 verinderten Transknpten ¢me deutheh stirkere Reaktion als diwe
CDY™ und CDE T-Zellen (12 bew. & werinderte Transkripte)l CD4 -Zellen aus AhR™ -
Miusen wiesen kemerden Expressionsiindeningen aufl was demonstrier. dass die in Wildivp-
Miusen beobachteten Anderingen AhR abhingig waren. Wede Cyplal noch Cyplbi,
ansonsten als tvpische AhR-Zielgene bekmnt, zeigten eme Verinderung

Zwischen allken m dieser Arbeit verghdhenen Zeltvpen gab es kem gememsames TCDD-
mduziertes Gen. Das zagt denthch. dass das Konzept emer fir alle Zelltvpen giltigen
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2. Ergebrusse

Batterie von AhR-Zaelgenen. und damit emem emherthichen Effektormechanismus. micht
haltbar ist.

Eine Auswertung der Suche nach Zielgenen auf verdTentlichte Genexpressimsinderung nach
AhR-Aknivierung'-Deletion zeigle, dass emge Gene wie Cyplal, Cyplbl, Scin oder Tiparp
vermehri differentiell exprnnuert werden. Es gab jedoch kein Gen. welches immer reguliert
wurde und somut als Indikator emer AhR- Aktvatit praciktiv sem konnte. Das bewest, das der
Einsatz emes emzelnen AhR-Makergens fiir die Bestimmung emer ARR-Aktivitdt mcht
ausreicht.

Ber den TCDD-mduziernten Expressiomsindenmpgen weisen viele Gene eme verminderte
Expression aufll was michi durch das Klassische Modell des AhR als mduaeender
Transkriptionsfakior zu erkliren ist.

Neben der Analvse TCDD-mduzierter Expressionsindenmgen i primiren aufgeremm glen
Zellpopulationen wurde 1n dieser Arbert erstmals de Avswirking emer AhR-Ddewon aufl die
Transkription emes Zelltvp untersucht, der nur eme gennge AhR-Expression sowme wenige
TCDDanduzierte  Expressionsinderungen aufwerst. Im Verglach von CDY -Zellen aus
ARR™ - und ARR™Miausen waren mehr als 300 Transkrpte unterschuedhich mis gepeigt. Der
mizlekulare Mechamsmus dieser Expressionsinderung st zurzeit unklar, Weda im Thymus
moch in der Mile der ARR™-Minse war eine Andenmg des Reifegrads (zemessen an den
Vemduebungen der Populatworsfrequenzen)., was  diesen Befund  erkliren  kifmnie.
machwashar, Auch die Moghichkent der Aktivit ¢ines endogenen Liganden in diesem Zelltvp
st aufgrund der germgen Transkriptionsinderung durch TCDD mcht wahrschembich, kmn
jedoch fir mdere Zellen der Milz mcht ausgeschlossen werden, die ihrements durch
verinderte Signalausschittung den becbachteten Phanotvp beemflussen kinnen. [he in dweser
Arbent pezreipten Ergebnisse deuten daraufl hin, dass die Expressionsinderungen auf emer
phyvsiodogischen Rolle des AhR beruhen, die von der Funkiion als Transkriptionsfakior
unabhingig ist.
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2. Ergebmsse

2.1.2 Microarray analysis of the AhR system: tissue-specific flexibility in
signal and target genes

Frericks M, Meassner M. Esser C
Toxicol Appl Pharmacol . 2007 Mav 1222003 c 32032,

Um die Ausprigung des AhR und seme Aktivitd unter Bedingungen zu untersuchen. m denen
keme Aktivierung Inhibierung oder Deletion des AhR statfnd. wurde eme direkt
vergleichbare Genexpressionsdaienbank aufgebaut. In tyvpischen Expressionssiudien werden
mieist nur die differentiell exprimeerten Gene untersucht (mest weriger als 1% wihrend die
parallel gemessene Expressionsstirke aller Transkripte mest nicht betrachtet werden Daher
bieten diese Daten eane wmfangrewche, dber das jeweilige Ziel dar Arbent hinausgehende.
Informationsquelle. Dhe Reproduzierbarkent von Expressionsdaten ober emen emzelnen
Chaptvp und ber glescher Normalsierung st daben sehr hoch, Uster Verwending von 1967
murinen Affvmetrix UT4aV2 GeneChips®, die alle mit dem MASS 0- Algorithmus malvsien
wurden, komnte daher ane Expressionsdatenbank aufgebaut werden, Die Datensitze stammen
von Miausen unterschiedhichen Alters. Geschlechts, Genotvps, verschiedenen Behmdhmgen,
sowie einer Beihe von Zellkuliumsystemen. Nach Medim-Skalierung waren diese Datens itze
rwischen verschiedenen Laboraorien verglewhbar, spegelten aus der Literatur bekannte
Expressionsmuster wialer und heBen sich mnt quantitativer RT-PCR reproduzeren.

Die Datenbank erlaubt also fiir jedes enthaltene Transknpt eme umfassende Analvse der
Transkriptiomsstie, semer Vertethmg, saner Koexpressionen mit anderen Trmskripten.
sowne semer differentidlen Expression zwischen Behandlingen (Reifegrad. Genotvp und
andere Parameter ). Angewendet aufl den AhR ergaben sich folgende Ergebmsse:

1) der AhR zengt keme Koexpression zu anderen Transknpten. was als Hinwers auf
gememsame Regulation gewertet werden kinnie, 1) die Expressionsstirke des AhR korreliert
vielfach mit dem Differenzrerungszustand von Zellen. So st er bespielswese m unrafen
(CDSCDS= und CDYCDE- Thymoevien) sowie m ausgereifien CD4CD25
regulatorischen T-Zellen des Pankreas git datdktierbar, wihrend die Auspeiging des AhR m
reifen Thyvmoevien und T-Zelllvmphomen am Rande der Nachweisgrenze hiegt. Ahnlich
verhilt es sich m hematopoetischen Stammzellen und dendntischen Zellen, wihrend
Makrophagen nur emne schwache AhR- Ausprigung aufweisen.

Da dee Datenbank wviele Bedimgungen differenzieller Expressiom (2B Behamdhmgen.
Vergleich von Wildtvp zu gendefizienten-Tieren. Twren unterschiedlichen Alters oder
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2. Ergebnisse

Geschlechts u.ovom. ) beinhaliet. eignet sie sich besonders zur Untersuchung der differenticllen
Expression von Transkripten. Daber zeigte sich. dass der AhR unter 533 von 308 anal vsierten
Bedingumgen mehr as 2-fach differentiell exprimnat war. was auf eme Funktion des ARR m
diesen Bedmgungen hindeutet. Eme Ausweitung aufl bekammte AhR-Zelgene, und Gene, die
m mindestens drel unabhinggen Expressionsstudien im AhR-Kontext {Aktivienung durch
Ligand oder ARR -Modell) reguliert waren. zeigte. dass die nmeisten in mehr als 20% aller
Bedingungen regubiert waren. Um ane funktionell relevante Expresswonsinderung von falsch
positiven  Ergebrissen zu treanen. wirde ane Regulation von mmdestens wvier dieser
Markengens als Indikator ¢mer AhR-Beteili gung gewertet. Durch diesen Ansatz konnten viele
Prozesse wentifiziert werden, unter denen der AhR ane bekannte Funktion besitzt (2B
Reifing von B-Zellen) aber auch viele weriere Kandidaien wlentifiziert werden. Diese Daten
deuten darauf hin, dass der AhR gerade m vielen Entwicklungsprozessen (Muskeln, Hoden,
Owvanen. frihe Entwickling von der Oozvte zur Blastula), und unter pathophvsiologmschen
Bedingungen m Herz und Gehirn, aber ach m medullaren Thymusepithelzellen ber der
Expression von Sebstpeptuden und damit ba der Refing und Ausbildung des T-
Zellreperioires eme Rolle spidi. Estaunlicherwerse scheint der AhR dabeir auch in emigen
Zelltvpen. m denen de Amt-Expression unter der Nachwesgrenze des Chipsvstems lag.
transknplionell aktiv zu sem Dheser Befind deutet damuf hon dass der ARR m Abwesenhat
von Arml eme altemative physiclogsche Funkion besitzt,

Die aus der emtellten Datenbank gewormenen Daten zur Expression des AhR und seiner
petentidlen Beteiligung verdffentlichien Expressiomsinderungen. stellen eme mn diesem
Umfang bisher noch nicht verdffenthichie Chamkiensierung der Expression des AR,
msbesondere 1 mmunsvstem, dar. Sie zeigen emdeutiz die stark zelltvpspezifische
Awsprigung und Aktatit des AhR und semer Regulation

Die vollstindigen Ergebnisse mklusive aller i dieser Verdffentlichung  enthalienen

Supplementary Figures Tables sind der Arbent als Anhang auf DVD begelegt. he DVD
enthill dartiber hinaus die Datenbank, sowie ame umfangreichen Dokumentation davon,
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2. Ergebmsse

2.1.3 Transcription factor crosstalk controls transcriptional response to AhR-
over-activation by TCDD in thymic epithelial cells

Frericks M. Burgoon L. D). . Zacharewsks T.. Esser C.
[Eingereichi]

e m 211 diskutierten Daten  demonstaeren  deutheh die Wokung  emer AhR-
Uberaktiviennng  auf  Thymozwten. Aufgrund der TCDD-indugierten Verinderung  des
Remfungsgrades der Thvmusemigranten Thyvmozyvten, die ane [dentifizierung primirer AhR-
Aelgene verhindert, eignen sie sich micht fiir eme Differenzierung zwischen primiren und
sebamdiren Zielgenen des AhR. Neben Thymoz vien simd auch Thymusepithelzellen Ziel der
TCDD-mduzierten adversen Effdkte mm Thvmus. So fiihrt eme selektive Exposition von
Thvmusepithelzellen zu emer Verschiebung in Richiung der CDE™ T-Zellen. Bisher wurden
fiir Thyvmusepithelzellen kane direkten toxischen Effdte von TCDD wie Apoplose oder eme
verinderte Refing beschrieben, Daher smd TEZ fir die ldentifizierung pamarer und
sebundirer TCDD-Zielgens gui geeignet. Um eine Vemischung der TCDD-Effekie auf
medullire und kortikale Tvmusepithelzellen zu vermenden, wurden ET-Zellen. emne kortikale
Thyvmusepithelzelllime, fir die ldentifikaion der TCDD-induzierien Expressionsindeningen
und sommt der primiren und sekundiren Zielgene verwendet. Ba Belastung mat SnX TCDD
war m ET-Zellen schon nach 30 Minuten emne Tramslokation des AR m den ke zu
beobachien Parallel kam e zu aner verstirkien Transkrniption von Cyplal und Cyplbl.
Bende Gene sind auch m inbehandeltem Zustand schwach exprinuert. 24 hnach Kontakt mait
TCDD fiel die Expression beider Gene unter das Basaluveau. Emne Genexpressionsanalyvse
iber 2. 4 und 6h mit Affymetrix MOE430A Genchips zeigle, dass dber diese Zeit 201
Transkripte differentiell exprinmert waren. Daber waren die TCDD-Behandlungen klar von
der Losungsmuttelkontrolle zu trennen. Von den 201 Transknpten waren 138 stitker und 43
schwicher exprimiert. k-means-Clustermg  untertalie diese Gene anhand der zathichen
Verdiufe threr Anderung in 8 Klar vonemander untersche dbare Gruppen. Um zu erkennen, ob
mnerhalb dieser Gruppen Gene mut dhnlichen liologischen Funkiionen vodsgen, wurde eme
Genontologeana vse durchgefihrt, Uber alle Transknpte war daba die negative Regulation
der Apoptose als emzige stalistisch  Obemeprisentierte. hochauflisende Kategorie
nachweshbar, Diese Gruppe war dabei haupisichlich der Gruppe mit imitial  stirkerer
Auwsprigung und anschhiebendem Rickgang auf das basale Nivvean zuzuordnen. Eme Analvse

32



2. Ergebmsse

der Funktion der differentiedl exprmmerten Gene zepte darliber hmnmais ane statistisch
signifikmte Uberreprisentation der Funklionen: Apoptose, mtrazellulirer Proteint ransport,
Regulation der Trmskriplion. Migration Lokalsation sowe der Zell-Zell- Kommunikation.
Um dwe der Transkriptinsindering #zu Grinde hegenden Mechamismen aufzuklaren. wurde
eme detaillierte Analvse der regulatonschen Regionen im Berewch «100HM bas +5.0040 bp um
den annotierten Transkriptionsstart auf die statistisch signifikonte Ubereprisentation von
Sequengmotiven  durchgefihrt. Im  Vergleich zu emer Kontrollgruppe wvon  zufillig
mpgewihlten Genen. waren daber msgesamt 673 kurze Nukleotudsequenzen (3-10
Nukleotide) nbereprisentiert. Um  diese  berats beéiannten  Transknptions faktoren
Furnweisen, wurden sie mit den Bindestd len bekannier in Transkriptionsfaktordatenbanken
TRANSFAC und JASPAR hinterlegien Motive verglichen. Dabei ergab das Clustering der
Motive 439 e¢mzelne Konsensussequenzen. deren Positions gewichiungsmatrizen (PWA) 32
Transkriptions-faktorbindestellen (TFBS) aus der JASPAR- und 114 aus der TRANSF AC-
Datenbank entsprachen. wihrend 12 Bindestellen in beiden Datenbanken keine Entsprechung
hatten. Zur Emittlung der Sequenzspezifiiit der Bindesiellen wurden fiir alle 32 JASPAR-
Bindestd len die Vertellung im Bereich von -3.000 Bp s zum Transknptionsstart i allen
murimen und hmanen Promotoren identifiziert. Als sequenzspezinsch wurden daber solche
Bindestd len angesehen, die durchschnitilich pro 1000 Nukleotide nicht mehr als zwaifach
detektient werden konnten Diese waren neben den Bmndestellen fir das AhR Ami-
Hetreodimer, NikB-, Paxd-. RoR-alpha-. MADS -, Hyvpoxia responsive und RREB- Elemente.
Die Anwendung der daben wdentifizierten Eigenschaften der Bindestellen aufl die aus
TRANSFAC erhaltenen TFBS identifizierte 23 werere Bindestellen, unter mderem
Glucokoritkoid responsive Elemenie (GREL Osirogen responsive Elemente (ORE). PPAR.
sowie die fiir Mitgheder der bHLH-Familie typische E-Boex-Motive

Eine Bestitigung der in silico gewomnenen Ergebnisse wiirde vermuten lassen. dass auch die
wentifizierten, regulatorischen Elemente m der TCDD-vermiitelien Toxizitdt unter
physidogmschen Bedingungen eme Rolle sprelen. Um die liclogische Relevanz der in silico
Ergebnisse zu dberpriifen. wurden parallele Behandlimgen mit CoCl,. welches wie
hypoxische Balingungen Hifla stabilsiert und so eine Konkurrenz um Ami auslisen kann,
und 17-f-Estradiol. welches bade Ostrogenrereptoren  aktiviert, durchgefihrt. Beide
Substanzen verinderten die TCDD-mduziere Expressionsindening und kinnen so potentidl
die AhR-Zrelgene und damiat die AhR-vermuttedten toxischen Effekie beemflussen Da viele
Gewebe grindsitzlich eher hvpoxisch vorliegen, bew. eine Ostrogenabhingigkent aufweisen,
st ein Enfluss berder Signalwege auf den AhR -Signalweg wahmschemblich. Da fiir die masien
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2. Ergebmsse

der anderen wdentifizierten Transknphonsfaktoren sher keme spezifischen Inhubitoren oder
Aktivatoren vorliegen, wire ihre Rolle in enisprechenden gendefizienien Tieren oder
Felllimen #u untersuchen.

Dhese  Daten  dewten  klar  darmufl hin.  dess ein emfaches Modell. m dem  alle
Expressionsinderungen nur iiber den AR vermutieli werden. michi halibar i, Eine genaue
Trennung der involvierten Signalkaskaden war jedoch mcht moghch.

MNeben der empgerewhten Verdffenthchung wurden saimthiche zusitzhichen Tabellen auf der

DVD beigefiigt.
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2. Ergelwusse

2.2 Fiir diese Arbeit wichtige Veriffentlichungen als Koautor

Im Folgenden werden die Ergebnisse der im Anhang B begefiigten VerdTenthchungen als
Koautor noch emmal kurz im Zusammenhang der hier bearbateten Fragestellung dargeste It
Alle Auswerungen der in diesen Verdffenihichungen dargestellien Microarravdaten wurden
vom Autor dieser Dissetalion durchgefhrt und i Rahmen der unter 2.1.1 diskutierten
Arbert verwenda, Dhe emsten benden VerdfTenthchungen behandeln die verinderte Reifing
und Migrtion von unareifen Thymozvien nach TCDD-Behmdlng Sowchl im fitalen als
auch 1m adulten Thvmus fihrte eme TCDD-Exposiion #zu emer Verindenng da T-
Fellreafimg wnd zu emer priferentidlen Emugrtion von unrefen Thvmozvien Ber der
Amalyse der Expresswomsprofile der DN Thymoevten und Thymusen granten war €me
Disknminserung #wischen direkten AhR-Zielgenen und Genen, deren Expression durch den
veriinderien Reifungsgrad untesschiedlich ausgepriigt war, nichi mighch.

MNeben der Wirkung auf den Thvmus mhibserte TCDD die Immunantwort ber der
Kontakisensibhsierung, In dieser Reaktion speelen Langerhans Zellen eme wichiige Rolle als
primire dermale antigenprisentierende Zellen. Dementsprechend sollien auch hier potentiele
Effektormechamsmen  aufgeklart  werden. Dhe  Amalvse  der TCDD-mduzierten
Expressionsinderungen steht also in direktem Bezug zu den unter 2. 1. 1. beschriebenen Daten.

2.2.1 Role of the aryl hydrocarbon receptor in thymocyte emig ration in vivo

Temchura VV, Frericks M. Nacken W, Esser €
Eur J Immunol. 2005 Sep:35(9):2738-47

Eine Aktivierung der AhR-Signalkaskade durch TCDD fiihrt zu emer massiven Atrophie des
Thvmus, Dhese wird dirch eme Rehe von unteschiedhchen Prozessen ausgelist, diwe
besonders CDACDE Thymozvien (DN} betreffen. In der vorgelegien Arbent wurde gezeigi.
dass e nach AhR-Uberaktivierung zu einer vermehrten Emigration von DN Fellen aus dem
Thvmus kommt., dhe sich m der Milz nachwesen lassén. Emnge dweser unreifen
Thyvmusengranten halten ¢men bisher ncht beschnebenen Phinotvp, der durch e
Awprigung Obeflichenmarkern. dwe typsch fiir rafe und unreife T-Zdlen simd.
gekemzeichnet st (CD3TCRbetaCD25 " ™CDASCDISRB O DL CD6Y  Zdlen).
Rultivierte man diese Emugranten mit T-Zellen da Mile. mhubienten sie deren CondA-
mduzierte Prohferation Der Vergleich der Expressimsprofile von TCDD-Enugranten mut
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2. Ergebwusse

verifentlichen Expressionsprofilen von 8 verschiedenen Entwicklungssiufen der Thymo-
evtenentwickling zengre, dass sich die Enugranten vermehrt m den frihen Phasen der T-
Zellentwickhmg befanden. Das heB sich durch ntrazed luldre Farbung der vorlaufigen a-Kette
des T-Zellrezepiors bestitigen. TCDD mduzied eine Anderung der Transkripiion in DN
Thvmozvten und Thyvmusepithelzellen Durch den untemschiedhichen Refungsgrad der
analvsierten  Fellpopulationen war & mcht  mdghdh  primdre  TCDD-mduzwerte
Expressionsinderungen von zelltvpspezifischen zu uinterscherden Zu den regulierten Genen
gehirte unter anderam 51049, em Molekiil, welches m Migralhwonsprozessen mvolviert st
Eine Exposition von SI00A9 defizenten Mausen mit TCDD zagle dariber hinas, dass
S100rAY aktiy an der TCDD mduzierten Thymusemigration beteiligh ist.

Der Verfasser der Dissertation fiihrie simil iche Genexpressions analysen und deren Vergleich
mut berents verdffentlichten Expressinsdaten von Thymozvenpopulationen durche.  Die
Expressionsdaten gingen direkt m die unter 2. L. 1. beschriebens Analvse mit em

222 Detection of a movel population of fetal thy mocytes characterized by
preferential emigration and a TCR gammadelta® T cell fate after dioxin
exposure

Migora M. Frevicks M. Temchura VV, Rewchmann G, Esser C
Int Inmunopharmacol. 2003 Nov 3(12):1659-74,

Dhe fotade T-Zellentwickling in T-Zdlrezeptor aff’ TZR und 8" TZR Zellen aus CDITDE
(DX Vorliuferzellen im Thymus wird durch die geordnete Begulation emer Vielzahl von
Genen reguliert. Der tberaklivierte ARR beemflusst diese Entwidklung aul vemschiedenen
Ebenen, msbesondere im DN Stadnm In dieser Studee wurde die Rolle des ARR auf die
Remfung und Migration von DN fidalen Zellen i Modell der fotalen Thymusorgankulur
(FTOC) untersucht. MNach AhR-Aktivierung durch TCDD zeigle sich em vermehrtes
Auftreten von v8° TZR DN Zelken. Es konnte ¢ine neue Population von C D250
was emem sehr unreifen T-Zellstadium entspacht. wentifiziert werden, die praferentiell aus
dem Thvmus emgrieten ind 9% TZR waren. Sortiete 96 TZR Enugranten prolifenerten m
Gegenwart von [L-2 und waren dariber hinaus b Ko-Rulimvieung m der Lage, die
Prolifersion von aktivierten CD4'-T-Zellen zu unterdricken Genexpressionsanalvsen von
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DN Thvmisemgranten zeglen mehe als 200 differentiell exprimserte Gene, von denen ca.
1M mit dem Immunsystem und viele mit der T-Zellentwickhimg assoeniert waren. Unter
anderem waren die Gene Rag-1 und TdT. beide normalerweise nur i den DN3 und D4
Phasen der Thymusentwicklung exprimuert. nach TCDD-Exposition nicht mehr detektierbar.
Diese und weitere Gene sind im Einklang mit der phanotvpisch detekiierbaren Bamiere im
DX2 Stadiom. Dariber hinaus wurde jedoch auch eme Rethe von Genen stirker exprimert.
dhe somst pnmir m reifen T-Zellen ausgepragh werden, was auf emen unreifen. aktivierten
Phinotvp hindeutet. Insgesami zeigen diese Ergebnisse, dass TCDD-Exposition zu aner
Verinderung des ifferenzienimgsprogromms wihrend der Thvmusentwicklung fihrt.

Im Zusammenhmg mit der unter 2.2.1 beschriebenen Arbeit wird deutlich, dass TCDD
sowohl mm fialen als auwch mm aduften Thymus diekt m die Entwicklung und das
Migrationsverhalten von unreffen Thvmozvien emgreift. Zwischen den TCDD-mduzierten
Expressionsinderungen m fifalen DN Thymusemigranien und den m adulien Thymozyien
mnd  Thyvmusemigranten  beobachteten  Anderunmzen  gmb es so gt wie  kene
Uberemstimmungzen. Das deutet daraufhin, dass die den jeweils bechachieten phimotvpischen
Andemingen zugrunde iegenden Efféktomechanismen verschieden sind.

Der Verfasser der Dhssertation fiihrte alle Expressionsanalvsen und die damiat verbundenen
expenmentellen Schatte, wie BENA-Lolation RNA-Amplifikation und Hybridisieningen
durch. he Esxpressionsdaten flossen direkt in die unter 2.1.1. dargestellte Arbert em Da m
den untesuchten Zelltvpen aufgrund  der staken Differenzierungsunterschieds  eme
Wentifikation der direkien AhR-Zadgene mchi moghch war, fiilhrten die hier dargesiellien
Ergebnisse dazu, die Techmk der fitalen Thymusorgankultur fiir die Analvse der primiren

und sekundiren Zielgene #u verwerfen
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2. Ergebmusse

2.23 Impairment of maturational competence of cultured Langerhans cells
from aryl hydrocarbon receptor (AhR) null mice and suppression of
AhR signalling peints to its mle in LC tolervgenic strategy

Jux B, Frericks M. Esser C
[Emgereicht]

TCDD mduziert ¢me Suppression des Immumsystems der Haut, was sich zum Bespael m
emer verminderten Reaktion mm Ohrschwellungstest zeigt, Dhe zu Grunde hegenden
Mechanismen dieser Inhibition sind bisher mchi vollstindig aufgeklirt. Ben Immunant worten
der Haout, sowie ber der Kontrodle durch Fremdstoffe mduzierer allergscher Reaktionen,
spiclen Langerhans Zellen eme wichtige Rolle.

In LZ aus C3TBLG Miausen st sowohl das AhR-Transkripi. als auch das AhR-Protemn gut
detektierbar, Erstaunbcherwerse filhrte eme 24h in wvive TCDD-Expositin zu kaner
Transkriptinsinderung m den L7 Eme moghche Edilarmg hierfiie st die m diser Arbert
erstmals nachgewiesene starke konstitutive Expression des AhR-Repressors, welcher als em
negativer Regulator des AhR-Signalwegs gilt. Durch eme Unterdrickung der AhR-
vermittelien Versioffwechselung von Fremdsioffen. kann emme Bildung von  allergene
fwischenprodukien verhindert, und somit eme allergische Reaktion gegen viele FremdstofTe
vermiaden werden, Dhe Unterdrickung der AhR-Aktivitdt stelt somul emen potentiellen
Mechanismus fiir Tolerogenitit dar. In LZ von AhR defizienien Miusen war die AhRR-
Awsprigung nur schwach nachwesbar, Dartiber himaus zeigten die LZ aus AhR -defizienten
Mausen eme emgeschrinkte Refimg, was sich in threr genngeren GroBe und Granilaritit
fuBerte. In in wirre Dhifferenzierungsstudien  zegten swe keme  Aufregulation  der
kostimulatorischen Molekiile CD40, CDS0 und CD24. Auch der Verlust der phagozviischen
Aktivitit, wie es fiir reife Langerhanszellen zu erwarien wire. blieh aus. Ein moglicher
Mechamsmus heerfir ware die nachweshich genngere Produktion von GMCSF m AhR-null-
Mausen, Duese Daten deuten darauf hm. dass der AhR fiir die tolerogene Aktvatit und
Reifing von L2 emne wichtige Rolle spieh.

Der Autor der Dissertation filhite die pamare Analvse der Expressionsprofile durch. Dhe fiie
diese VerdfTenthichung durchgefihrien Expressionsanalysen nach TCDD-Belasiung in
Langerhans Zellen erweitem e o 2.2.1 beschriebenen Untesuchungen der TCDD-
vermittelien Tramskriptionsinderung um  emen  werteren  Zellivp  des  penpheren
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2. Ergebmsse

Immunsvstems. m Gegensatz zu allen anderen untersuchten Zelltvpen. besitzen LZ eme hohe
AhR-Expression. wasen aber keine TCDD-mnduzierien Expressionsinderungen auf. Damit
wird die These unterstitzt, dass es keme emheithche AhR-Fielgenbatterie gmbt. Das zegt
deuthich. dss dee phyvsiologischen Funktionen des AhR i vielen Berewhen noch werter

untersucht werden miissen(b3).
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3. Dhskussion

3 Diskussion

31  TCDD-induzierte Expressionsiinde rungen

Der ARR st em Modell fiir emen hgandenmduzierten Trmnskaptonsfaktor. Da er zusanumen
mit PPAR (Peroxisome proliferator-activated receptor) und CAR (Constitutive mdrostane
receptor) die Vemtoffwechselung der mesten Pharmazeutika kontrollert, wurden die AhR-
vermittelten  Transkriptionsinderungen 1 emer Rethe von veschiedenen Zell-  und
Organt vpen umfangrach untersucht, e mesten toxikogenomischen Analvsen beschrinken
sich daben jadoch entweder aufl emzelne Zelllimen. oder komplette Organe. Bewde Ansitze
haben emige Vor- und Nachieile Wihrend die Analvse von Zelllinien nie die komplexe
Reakiion emes Organs abbilden kann bweten sie em kontrolhiertes System., welches nach
Beheben manipubiert werden kan. Organe setzen sich dahingegen aus emer Vielzahl von
Zellivpen zusammen. die imteremander mteragmeren Expressiommitersuchungen m Orgmen
blden mmmer nur die Summe der Verindernmgen ab, Diese kann jedoch 2B, allan dadurch
beemflusst werden. dass eme der Zellpopul ainen in ethdhter Frequenz oder mit verindertem
Reifingsgrad vorkommi. So unterschenden sich beispielswase allen die 8 verschiedenen
Entwicklungsstadien der Thymozyvten wihrend ihrer Entwicklung im Thvmus m mehr als
10 Tramskripten (51).

Um die Nachieile beider Systeme zu umgehen wurde in der hier vorgelegien Arbert daher
erstmaliz ¢ine Bethe von hochgradip aufgeramgten (alle Remberen >#Me) primiren
Zellpopulationen verwendet, um die TCDD-vermittelten Effekte auf die Tramskription zu
effassen. Die Zellivpen wurden so ausgewihli, dass sie vemsdhiedene Stadien der T-
Zellentwicklung bew, vesduedene Arten von Antigenprisentierenden Zellen abbilden.
Dadurch war es mighich. den Emfluss des Alters, durch den Verglesch fotaler und adulter
DN Thymusemigraien, der Lokalisation, durch den Verglewh wvon DN Thymozvien
gegeniber Thyvmusemigranten. bew. DZ aus der Milz umd der Hot und des Reifungs grads,
durch emen Vergleich unreifer DN-Thvmoevten zu CDY - und CDE - T-Fellen der Milz, auf
die Expression des AhR und die durch TCDD induzierte differenticlle Expression zu
untersuchen

Es zeigte sich. dass pwischen den TCDD-anduzerten Expressinsinderungen der emzdnen
Zellivpen in dieser Arbeit verwendeten Zdlivpen nahezu keine Ubereinstimmung bestand.
Selbst nah vawandte Zdltvpen. wie die venchiadensn in dieser Adbeit untersuchten T-
Zellpopulationen. weisen unterschiedlhiche Trnskeptinsaignaturen auf Glexches @t auch
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3. Dskussion

fiir dee besden DZ-Populationen. von denen DZ aus der Milz ca. 200 differentiell misgeprigte
Gene mifwiesen, wihrend LZ aus der Haut jedoch. im Rahmen der wverwendeten
Schwellenwertes emer 2-fachen Regulation. micht em emziges verindertes Gen zeigten.

Es @bt mehrere Ansitze, de Untemschiede der beobachteten Transkrptionsinderungen zu
erk laren.

e Zelltvpen. in denen nach TCDD-Belastung eme grobere Anzahl von Genen differentiall
reguliert waren, wiesen ane gut detekiierbare AhR-Expression auf In den Effekior-T-Zellen
der Peripherie. die nur wemge TCDD-wermuttelte Expressionsinderungen aufwersen. war der
AhR mm Verglerch dazu nur 1n sehr genngen Mengen aus geprigt. Dies west daraufl hin, dass
eme hohe AhR-Expressiom nach TCDD-Belastung eme grobere Menge differentiadl
transknbserter Gene mmphiziert. Diese Korrelation deckt sich mit den Beobachtungen fiir
andere Organe, die stakk af eine AhR-Aktivienmg reagieren. Beispiele hiedir sind Leber
oder Uterus, die eme hohe AhR-Expression aufwasen und in denen nach TCDD-Exposit ion
mehrere hindert Gene eme vainderte Transkrption zengen (T:24:119:143)

Fitale DX Thymusemigranten, sowie adulte DN Thymozvien und Thymusenigranten
expnmierten den AhR m verglechbarer Stirke wiesen jedoch eme sehr unterschiedhiche
Menge von unterschiedlich aus geprigien Transkripten nach TCDD-Bdsiung auf Die Hihe
der AhR-Expression allein st also micht susreichend. um die inteschiedliche Wirkung auf
die unreifen DN-Thyvmozvtenstadien zu erklaren In allen deen Zelltvpen verindert TCDD die
Reifung, wodurch eme Identifikation von primidren AhR-Zielgenen stark emschwert wird, So
kommt es 2B mn fdtalen DN Thvmusemigranten zu emem Block der T-Zellreifing im DXN2-
Stadium. Dsher wntemscherden sich die Reffungsstadien von TCDD- und Lisungsmitiel-
behandelten  Zellpopulationen.  Hoffmann e, al. konnten  demonstneren. dass  sich
unterschiedliche Refingstaden von  Thvmorven m omehr als M0 Trmskapten
vonemander unterschieden (31). Es kimnte also sem. dass viele der hier beobachteten
Expressiwmsinderungen aufl der Verindenmg m der Haufigkat von Zellen unterschiedlichen
Reifungs grads in der Population beruhen und eme Identifikation von direkien AhR-Zielgenen
daher nicht moghch st

Um die unterschiedhiche Anzshl differentiell aus geprigter Gene zu edkliren. muss auch die
Wirkung anderer regulatonischer Mechanismen berticksichtigt wenlen Genau wie in déen dra
unreifen T-Zellstadien ist die Stirke der AhR-Expression in den baden DZ-Populationen aus
Milz und Haut verglewhbar., Wihrend Milz-DZ nach TCDD-Belastung mehr als 200
differentiell exprimuate Gene auswersen. zeéigen L7 kemeden TCDD-Emnfluss auf thre
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3. Diskussion

Transkriptionssignatur. Daher st hser erneut die Stike der AhR-Expression micht
ausreichend, um die unters chiedliche TCDD-induzierie Expressionssignaiur zu etk liren

Ein mdghiches Eddlarmgsmodell st dwe Expression des AhRE. der n LY basal eme hohe
Expression zagt Der ARRE, der keme transaktivierends Domane hat, kann mit dem AhR
sowohl um Arnt, als auch um de DREs konkurrieren und die Transkription von Zwelgensn
interbinden. Primdre Fibroblsten. die ebenso wie die L7 eme hohe basale AhRR-
Ausprigung aufweisen. reagieren aufl TCDD-Belastung genan wie LZ nmichi nut aner
Transkriptionsinderung, Daber st zu bedenken. dass in Fibroblasten bisher nur wemge Gene
umtersucht wirden, so dass diwe genaie (41:42)

Es gt also eme Rethe von Faktoren, die den Umfng und die Art der TCDD-mduzierten

Transkriptionsinderung beemflussen,

32  Verminderte Genexpression nach AhR-Aktivierung

Das klassische Modell des AhR-Signalwegs beschreibi nur die Geninduktion nach AhR-
Aktiviernung. In den heer vorgelegten Expressiomsstudien wiesen viele Gene jedoch neben der
Genindukiion auch emme vermmnderie Expression auf. Deeser Befund decki sich mit den
Ergebnissen anderer Arbemsgruppen. die nach Belastung mut emem AhR-Liganden m
verschiedenen Organ-" Zellmodd len ebenfalls eme verminderte Expression vieler Transkripte
beobachieten( 24:47-48:66:11%. In den im Rahmen dieser Arbent  erstellien
Transkriptionsprofilen  sowe m verdffenthichten Expressinssignaturen  waren  jeweils
unterschiedliche Prozentzahlen von Genen induziert oder gennger aus geprigt. Wie lisst sich
die vermunderte Transkription nach AhR- Aktivierung ek liren?

Ein mdghdher Mechasmus wire die TCDD-mduzierte Aktiviat von regulatonschen BN As,
Moffat et. al. komnten jedoch zeigen, dass TCDD in Leberzellen nur einen geringen Enfluss
ol die Konzentration versduedener miBNA-Spezies hat{ 104). In wiefem miBNAs die
vermunderte Expression in anderan Zelltvpen beemflussen. st jedoch unklar und bedarf
weiterer Forschung Die Entwickhng von Microamavs, die nach regulatonschen BN As
suchen. etet eme gute Moghchkeit, deren Regulation zu untersuchen. Da sich die nuRNA-
Ausstatiung verschiedener Zellivpen unierscheidet, wire hier eme zellivpspezifische Analyse,
kombianiert mit der paral lelen Messung der Transkniptinsinderung. em probates Mattel. emen
besseren Embhck n diesen Regulationsmechansmus zu bekommen.

Eine Verindenmg des Refimgsgrads., wie m den DN Thymusemigranten, oder der
Zellzusammensetzung des betrachieten Organs, wie 2B, die Infiltmtion von Leukozvien mm
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Uterus nach TCDD-Exposition (Cora Fong personhbche Mittteslung). 181 eme weitere
Moghchkent. die vermmderte Genexpression zu erklaren Es st jedoch mcht ausrechend. um
alle Effekte in Zellkulusystemen zu erkliren. So weisen baspidsweise auch HepaleleT -
Zellen mach TCDD-Esposiion emen hohen Anteill an vermmdert ausgepriglen Genen
aufi24)

Um die verminderie Expression von Genen nach TCDD-Belasiung zu edkliren. wird eine
kKonkurrenz  um  Tramskriptionsfaktorbindestellen  diskutiert.  Mehrere  Arbertsgruppen
versuchen derzent diese Frage durch CHIP-Chip (Magdalena Adamska, personliche
Mitteitlung ) bew. CHIP-Sequenziermethoden zu beaniworien (Jeremy Buri, pemsinliche
Mittetlung s Die Arberten des ENCODE-Konsortivms zeigen. dass es parallel ba mehreren
hundert bas tasend Genen mm Promoterberesch zu emer gehiuften Bindung von mehreren
Transkriptionsfakioren kommi(3). Des Weiteren konnien die im Rahmen der initialen Phase
des ENCODE-Projekts erhobenen Daten keme direkie Korrelation zwischen der Bimdung
emer Transknphwonsfakions an den Promoter und der Genexpression zeigen. Die DNA-
Protem-Wechselwikungen wurden daba m emer Auflising von  emigen  hundert
Basenpaaren gemessen

Bei der in silico Analvse der Abundmz putativer Transkriptionsfaktorbindestellen zagte sich.,
dass diese priferenticll m Bereich von <1500 bis +1500 bp um den Transkriptionsstart
amuftraten 3). Eme selche Veralung komnte auch fiir DRE und HRE gezengt werden(86: 134),
Dies komnte im Rahmen m deser Arbent durchgefihrien Promoterana vsen bestitigl und fiir
alle untersuchten TFBS aut konservieten Brmdungmotiven erweitert werden (Daten micht
gereigi) Dabei zeigie sich. dass viele Bindestellen der verschiedenen Transknptions fakioren
oft dberlappen (Daten micht  gereigt). IDhe peamge Auflosing  der  erwihnten
Hochdurchsatzverfahren  gepaart mut  Jder Haufung pitavver Bmdestdlen wn  den
Transkriptionsstart  zeigen  verhindem  zurzet noch eme Demonstration  der  dwrekte
Kompetition um TFBS(3). Dardber hinaus smd dwe Expenmente mut Tiling=Arravs bisher
nxch mf wempe Transkniptionsfakioren beschrinkt, fir dwe es pute. fir diese Techmik
mutzbare Antikorper gibi. Mit Verbessemung der Techmk der zugnmde legenden
Bimformatik und ¢mer bremen Palette von geeigneten Antikdrpern. emmidghchen Tiling-
Arravs wichtige neve Edkenntmisse fiir die Kontrolle des AhR-Signalwegs und der AhR-
vermitielien Genindukiion gewonnen.

Fir dwe Edklarung der vammderten Genespression nach TCDD-Belastung werden alle hier
besprochenen Mechamsmen eme Rolle spielen. Dhe Edienntrs. dass die AhR-vermuttelten
Expressionsinderung i hohem MaB vom untersuchien Zellivp abhingig s, deutet darmf
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hin. dass auch die jeweilizen molekularen Mechanismen die diese Andenmgen bewirken
zelltvpspezifisch simd,

33  ldentifikation einer AR -Zielgenbat terie

Ein Ziel dieser Arberi war die ldentifikationen von allgememen Zidgenen also von
Markergenen, fiir eme AhR-Akimvierung, Zu diesem Zweck wurden werschiedene pnmire
Fellen des  Immumsvsterns  aufl TCDD-vemmittelte Expressionsinderungen  untersucht.
Zwischen den  TCDD-mduzierten  Genexpressionsinderungen der i dieser  Arbat
untersuchten T- und DZ-Populationen gab es so gut wie keing Uberlappungen. Auffilliz ist.
dass kemes der Klassischen Madkergene™, wie Ciplal, Cyplal ARRR. Aldhisal. Gste oder
Ngod m emer Vielzahl der untesuchten Zelltyvpen gehiuft differentiell exprinuert waren. Dhe
mesten der Gene dieser Klassischen AhR-Batterie haben eme wichtige Funktion im
Fremdstoffmetabohsmis und werden hasptsachlich in der Leéber ausgeprigt. Die Ausstattung
verschiedener Organe und Zelltvpen mut fremdstoffmetabolisierenden Enzvmen st selbst
mnerthalk anes Orgms stark unterschiadhich(®0:114). Zdlen des Immunsystems haben
allgemein eme geringe fremdstoffmetabolisierende Kapaziiit, weshalb hier auch eme gennge
Expression und Induzierbarkent der entsprechenden Enzvme zu erwarten ist. Im Gegensatz
dazu konnten m dieser Arbent erstmals perengt werden. dass m ET-Zellen eme basale
Expression und Induzierbatken groBer Teile der klmssischen Markergene nachweashar ist.
hese Ergebmsse konnten durch dee Analvse won verdffenthichten Expressionsprofilen
prundrer komikalen TEZ. die ebenfalls eme gt nachwemnsbare basale Aspriging von
Cyplbl, Ngol oder Gsonr mifwesen, bestitigl werden(23) Das ame Aklivitdat  des
Fremdstoffwechsels m Zusammenhang mit den Ahr-abhingigen adversen Effekte aufl den
Thyvmus siehi konnte fiir die Cyplbl gereigi werden(147). bedarf jedoch fiir andere Gene
wenterer Forschung,

Cyplbl war als emziges Gen m vier der untesuchten Zelltvpen. namblich fotale
Thvmusemigranten, adulien Thymezvien und Thymusemigranten sowie ET-Zellen. nach
TCDD-Exposition dafferentiell regubiert und konn damit am ¢hesten als Markergen bezewchnet
werden. Um eme all gemems AhR-Zielgenbattene zu wentifizieren, wunde daher die Analyse
aul verdfTenthichte Expressionsprofile ausgewetet, m denen der AhR akiiviert, mhaebsert oder
deletiert wurde, Daber bestitigten sich die in Immunzellen gemachien Beobachtungen.
nimbich. das es kemne Gene gmbi. die immer eine AhR-abhingige Regulation zeigen.
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Kombimert man alle untersuchten Espressionsprofile. die der primiren Immunzellen und
veriffenthchie mm AhR-Kontext. gibt es jedoch eme Rethe von Genen dwe vermehrt
dufferenticll aus geprigl werden., Von dwesen zeigt Cyplal. gefolgt von Cypld b1, am hauhgsten
eme differentielle Transknption. Durch den Vergleich der Gene, die im AhR-Zusammenhang
(Aktrvierung oder Deletion) gehduft (mehr ds dren Expenmente) differentidl exprimert
werden, gelang ¢s so eme allgememe Markergenbatterie zu wdentifizieren. Beim  haer
verwendeten Verglacdh von Listen differentiell exprimuerter Gene, die mut unterschiedlichen
Microaravivpen ersieli wurden, muss jedoch bericksichiigh werden, dass Microarrays
verschiedener Herstdler sich oft erheblich m der Zusammensetzung und der Nachwemsgrenze
der anzelnen Gene unterschenden. Daher Kann es sem. dass manche Transknpte, msbesondere
wenig charakiersierie, wie Tiparp oder st mui wielen Chipivpen nichi nui gemessen
werden. Dadurch kommt es zu emer bevorzuglen Entdedkung von gut charakierisierten
Genen.  ldealerweise misste mm  also die Suche nach Markergenen sl emen
Expressionsanalysen emes Chiptvps beschrinken Zum Auwfbau der o dieser Arbat
verwendeten Expressimsdatenbank wurde em solcher Ansatz gewihlt. Die zunehmende
Standardisienung von  Expressimsanalvsen.  die steigende  Anzahl verdffenthchter
Expressionsdaten sowie die Tatsache. dass die mesien Vedage eme gleichzenige
Verdffenthchung der urspriinglich gemessenen Microaravdaten vearlangen, wird eme solch
umfssende spezies- ind chiptvpspezifische Analvse bald zulassen, Dhe darais gpewonnenen
Erkennimisse werden zu emer deutlich genaveren ldentifikation von Madkergenbatierien
fiithren.

e defimerte allgememe Markergenbattene wurde nun dazu verwendet, dwe Expression des
AhE. sowie eme Beteili gung des AhR an pathophysiclogischen Prozessen, wie Edkrankungen
oder verschiedenen Entwickhings vorgingen. zu untersuchen Dazu wurde eme Datenbank. aus
verdffenthchten Expressionsprofilen aufgebait, ber deren Erstelling der AhR weder aktiviert.
inhibeert noch deletiert war.

Daber zengte sich, dass die mesten Gene m mehr als emem Dnttd aller in der Datenbank
erthaltenen Expenmerte differentiell auspgeprigt wiurden Das galt auch fiir die ARR-
Markergene., Dhese Erbenntnis deutet darmuf hin, dass die mesten Gene durch multiple
Prozesse regubiert werden., und dwe Betrachtung emzelner Gene als Marker fiir eme
Beteilligung emes Signalwegs an emem Prozess micht ausreichi.

Bemm Aufbau der Datenbank standen fir vicle Behandhngen jedoch micht mehr als  zwen
Replikate zur Verfiigung, was e statistische Aussarekraft emer solchen Analvse schwicht.
Erschwerend  kommi hmezu  des  Mcroarravs, wie die mesten  anderen  Hodh-
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durchsatzmethoden, eme gewisse  Hmtergrmdproblematik™ aufwesen. Das heilt, dass
schwach tramskribserte Gene, deren Detekberbarkent nur wenig (ber dem Hmtergrunds: gnal
liegt. falsch positive oder negative Ergebmisse hefem konnen( 126). Um diese Problematik zu
umgehen 51 es notwendig, mehr als an Tramskript ds Marker zu vawenden, um zufillige
Befunds maghchst germg zu halten

Fusammengefasst lasst sich sagen. dass dee TCDD-nduzierten Expressimsinderungen vim
untersuchten Zelltvp, dessen Refungsgrad bew. Alter sowie der basalen Expression von
Genen mit Emfluss suf den AhR-Signaweg wie die AhRR-Expression, abhingen. AuBerdem
kidmmen AhR-Zwelgene zelltvpabhingig eme verminderte wler erhohte Expression aulfweisen.
Dartiber hinms bedingt die Machwesgrenze verschiedener Techniken eme interschiadliche
Detekiierbarkeit der Zielgene. Dias alles zeigi Klar, dass fiir die ldentifikaiion emer AhR-
Betelligung mehrere potentielle Zielgene verwendet wenden missen.

34 Anwendung von Zielgenbatterien

Ein Problem der Analyse von differentiellen Expressionssignaturen stellt die Menge der
verinderten Trmsknpte dar Fir viele Gene 15t mest nur wemg Gber thre Funktion.
mshesondere m dem gerade untersuchten Modell, bakannt. Ein mdglhiches und inzwischen
hiufig angewendetes Hilfsmittel. st die Verwendung von Genen, so genannten . Gen-Sets™,
die zB. nach AhR-AKvierung eme verimderte Ausprigung aufwesen. Bar Gene Set
Enrichiment Analvsen™ (GSEA) werden ais verdflenthichten Genexpressionssignaturen. die
nach Aktiviening oder Inhibition aner Signalkaskade eine verinderie Expression aufweisen,
so genannte | Gene-Sets™ entwickelt{ 132). bt dieses Gene-Set i emem Datensatz statistisch
sigmfikmnt Gbereprasentiert, wird dies als Beteihgung des Signalweges an der vesinderten
Genexpression gewertet. Diese Methode ist sehr stark von der Qualitdt der verwendeten
Gene-5¢ts  abhingiz  Audem  sind, wie m dieser  Arbert  gereigl.  mduzierte
Transkriptionssignaturen m hohem MaB zelbvpspezifisch(33) S0 st es fiir den ARR micht
midgheh, Gene zu defimeren. die mmmer m alkn Zellivpen differentiell regubert werden,
Unter ldealbedingungen sollien daher nur Gen-Sets verwendet werden, die i glechen
Zelltvp entwickelt wurden, m dan auch de Temskraptionsanal vse durchgefihn wird, Dardiber
hinaus geht ¢me GSEA von der glewhen Richtung der Regulation aus, was, wie in dieser
Arbert gezeigt. off mcht der Fall 1st. Daher sind viele GSEA eme Veremfachung und sollten
mur als Hinweis gewerid werden. Ber hochqualiiativen Gene-Sets stelli GSEA jedoch em
lestungshihiges Werkzeug zur Interpraalion von Microarravergebmissen dar,
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Die im Rahmen dieser Arbent identifizierien Markergene komnten aus Expressionssiudien
primdrer Immunzellen (2. 1.1) und emer Rethe verdTentlichter Expressiomsstudien(2. L.2L m
denen der ARR expenmentell mampuhet. also aktnaert, mhabiert oder deletiert wurde, Gene
wentifizeert werden, die gehiuft differentiell exprimuert wurden Diese AhR-Markergene
stellen ebenfalls em Gene-Set dar. [heses Gene-Set st pedoch micht zelltvpspezifisch, sondern
wurde aus emer Vielzahl von Verdffentlichungen entwickeli. Es st auch nicht auf eine
Richtung der Expressionsindenimg beschrinkt. Daher engnet e sich gut fiir die Identifizierung
von phvsiologischen Progessen mit emer potentidlen Rolle des ARR an den beobachteten
Genexpressionsinderungen.

In dieser Dissertation wurde em solches, allgememes AhR-Gene-Set. erstmalig in diesem
Umfang. fir die Ideniifikation aner AhR-Beteihgung an pathophyvsiodogischen Prozessen
verwendet( 331 Dazu wurden dffenthch zuginghiche Expressionsprofile verwendet, m denen
der AhR a prion mcht mampubet. dso deletiert oder durch emen Liganden akt ivaert, wunde.
Das ermidghicht e, mehr Gber die phyvsiologische Rolle des AhR zu erfahren.

In vielen physidogischen Entwicklungsprozessen. wie der Rerfimg der Hoden, des Uterus.
von T-Zdken oder dendntischen Zellen. aber auch ber Ischimien am Herz oder Gehim. sowe
nmach Gendeletionen. wie der von Nrf2, waren der AhR und mehrere Aelgene reguliert. Das
deutet daraufl b, dass der ARR umter diesen Bedmgimgen eme phvsiologische Aktrati
aufweist, Es stellt saich die Frage, ob ¢me mirinsische Aktiitit des AhR wihrend diweser
Prozesse plewchzertig eme erhohte Anfalligkent gegeniber den adversen Effekien von AhR-
Liganden auslisi. Emn Bewsmel dafiir wire, ob z.B. unter schimischen Bedingungen am
Herzen wder Gehirn die adversen Effekte durch ane pamllele Belastung mut TCDD oder
anderen AhRR-Liganden  verstarkt oder  abgeschwicht werden. Alernativ wire die
Untersuchung emes solchen Prozesses und semer translationalen Umsetzung m der AhR™-
Maus fiir dhe Bestitigung der AhR-Beteiligung smnvoll.

Solche Analysen kidnnen im Rahmen der Priventivmedizin uBerst wichiig sem. Dadurch
kinten schalliche Emflisse und Pradsposiionen vermindert werden. die zu aner
Vemtirkung von Krankhensvmptomen oder anem erhdhten Edirmkungsnsiko fihren So
wire 2. B eine Vermeidung von PCB-belasider Nahrung insbesondere Fisch., unter solchen
Bedingungen empfehlenswert, da viele PCBs AhR-Lignden smd. bzw. zu  ithnen
versiofiwechselt werden kidnnen.
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3.5 Limitationen und Miglichkeiten der Datenbank NC-GED

Um den AhR und semne Beteiligung an physiologischen Prozessen zo untersuchen, wurde im
Rahmen dweser Daenbank eme vmfangreiche Datenbank (NC-GED) aus verdTentlichten
Expressionsprofilen aufgebaut. Daber wirden nur Microarravs desselben Chiptvps verwendet,
die auberdem alle mit dem glewhen Auwswertealgorthmus erstelll wurden( 39). Dhese
Restriktionen scwie emn zusitzhcher Nomahsierungsschott garant ert em maximales Mab der
Vergleichbarket(58:113). Wie unter 2.1.2 gerengt. hefert NC-GED valide Ergebmsse. Das
dubert sich durch eme hohe Verglewhbakent der Gemexpression von Organen. die m
verschiedenen Laboratorien erstelll wurden, dadurch, dass sich die Gewebsvertellungen
einzelner Gene durch qRT-PCR  bestitigen liefen. uwnd dadurch. dass  bekannte
Vemellungsmuster verschiedener Gene auch m der Datenbank vergleichbar waren. Der zum
Aufbai der Datenbank verwendae Ansatz stdlt jedoch kane Optimalldsing dar. da
nommalisierte Daten und mcht deren Rohdaben verwendet werden mussten, Dhe Qualitit der
Rohdaten st mcht bekannt. Eme genave Kontrolle von Microamav-Rohdaten 1st zur
Vemewdung von Komplikationen, wie emzelne Ausreiber, oder emes zu hohen Hintergrunds,
Jedoch notwendhig(37.58) Daher wire ¢s wimschenswert, wenn dwe Ongmaldaten ( cel-Files)
zur Verfligung stinden und gememsam mit dem gleschen Algonthmus o der gleichen
Vemion, malysiert werden komnten. Dieser Ansatz wird mzwischen z.B. zum Erstellen von
toxikodomschen Beferenzdaenbmbken verwendet (C. Afshan. pesdnhbche Mitteillung) Em
weiteres Baspid st die vom Scripps Institut betachene Datenbank Symatlas{ 131} Zum
Zenipunkt des Aufbaus der i dieser Arbeit emstellien Datenbank standen neben den
tabellarischen. bereits normalisierten Daten nur wenige Rohdaten zur Verfiizung Aus diesem
Grumd wurde eme genave Kodtrolle der Rohdaten der verdflenthchten Expressionsprofile
voralsgeselz.

Sowohl dre pememsame Analvse der Rohdaten. als auch die Verwendumg bererts
nommalisierier Datensitze edaben eme naheru belhebige Erwaterung der aufgebauten
Datenbank. Durch den parallelen Aufbau verglewchbarer Datenbanken fiir andere Spezies und
Chiptvpen 151 es so 2.B. mighdh Spezesvergleiche anzustellen. Dies wird es erlauben
festzustellen. ob und in wddchem Ausmal z. B die Indukiion von Zielgene des AhR dber
verschiedene Spezies komserviert 1st. Auberdem wire es mighch. die Relevanz von
Expressionsvermderungen m Modellorgamsmen, wie der Maus, fiir die Risikobewerting um
Menschen abzuschitzen Der  Aufbau  solcher Datenbinke st alse m jedem  Fall
wiinschenswert{ 93136
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36 Nutzung der Datenbank zur Vorhersage von AhR-vermittelten Effekien

Meben der ldentifikation AhR-abhingiger Reskiionen st fiir ein  Vemstindnis der
physiodogischen Rolle des AhR und der Vorhersage von Zielen einer AhR-Uberaktivierunz,
auch eme penave Kemntms der basalen Expression aller Komponenten des AR -Signalweges
sowie semer poieniiellen Interakiionspariner wichiig. Dariber st es moghich, das
Reaktimsvermigen emes Zelltvps, wie 2B, von Thyvmozven. in gewissem  Rahmen
vorherzusagen. und Expenmente zur Bestilipung der so gewomnenen Hyvpothesen zu
erarbeiten. Ein Baspid hierfiir wire die Prognose, dass unreife Thymoz vien aufgrund threr
gut deteklierbaren AhR-Expression und dem Fehlen emer AhRR-Expression emn il emer
TCDD-induzierten Verinderung snd. Entsprechend deutet vieles daraf hin dass T-Zell-
Lyphomzelllinien und penphere reife Thymozvien. die eme gennge bis kaum nachweisbare
AhR-Expression aufwasen. nur wemg durch eme TCDD-Belastung beemtrichtigt werden.
Firr die beiden T-Zallinien Wehi 7.1 und EL-4 (bades CD4 -Effektorze len) lieB sich dieses
Verhalien, gemessen an der Induktion von Genen wie Cypdal und Cypl bl auch bestit gen
(Daten mcht geragt). Auch peniphere CD47 und CDE -Fellen reageren nur mil wen gen
TCDD-induzierten Expressionsinderungen. Eme weitere Moghchkeit wire die Vorhersage
der Expression von differentiell tramskribierten Zielgenen So ist es wahrschemlich, dass in
Zellen, ndenen 2. B. Cyplal und Cyplbl eme Expression aufweisen, n denen das Chromatin
offen und der Promoter aso filr Tramsknponsfaktoren zuginghich st TCDD die Expression
dieser Gene stengert, Dhese Annahme tnfft beisprelswerse fir kortikale Thymusepithelzellen
2l

Mit der Datenbank NC-GED konnten auch anige Zellivpen, insbesondere anige
hematopoetische Stammzellen., identifiaat werden, dwe zwar eme hohe AhR-Expresson.
aber, 1m Rahmen der Nachwesgrenze des verwendeten Microarravs, keme Amt- oder Arnt2-
Expression aufweisen. Der AhR bendiigi Ami als Heerodimensierungspariner. um als
Transkriptionsfakior zu witken Wddhe Funktion besitzt der AhR also m diesen Zelltvpen?
Mit welchen Protemen st er assozner? Was passiert i emer solchen Zelle, ber emer
Ligandenbindung des ARR? Mach dem bisherigen Modell sollte er nach Bindung eines
Liganden mn den kern translozieren und dort seme zvtosohischen Bmdungsparine fremsetzen.
Aber wie passiert danmn? Um solche Fragen zu beantworten smd i jedem Fall weitere
Expenmenie notwendig beisprelswase die Transkriptionsanalyse aber vor allem Westem-
Blotanalvsen emes solchen Zd ltvps,
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Mit wachsendem Umfing der Datenbank und wachsender Qualiiit der hinterlegten Daten
wird die Fahigken. aus emer solchen Datenbank Vorhesagen zu treffen. varbessert. Dhese
Fahagkent wird entschendend durch die Kemntis von Parametem gesteiget. welche die
TCDD-mduzierte  Expressiomssignatur beanflussen, Daher wire eme Erwenerung., bzw,
MNeuaufbau der Datenbank mit Microarrav-Rohdaten em sehr viel vesprechendes Progekt.
Allerdings wiire hierfiir emme Implementierning in ein professionelles  Datenbank - Format.
bersmelswase Oracle mit ents prechendem Web-Interface notwendig

Dirch die Kombmation der TCDD-mduzienten Expressionsindeningen mut hoch auflésenden
Transkriptionsfaktoranal vsen  konnten  emige  potentielle  Interakhionspartner des  AhR-
Signalwegs wentifizsert werden. Neben den erwarteten DEEs kommen auch dwe Bindestellen
emer Reithe weaterer Transknptionsfaktoren, wie NFuB-, Paxd OR oder HIF statistisch
sigmfiitknt gehiufi in den regulatorischen Regionen der TCDD-regubierten Gene von ET-
Zellen vor, Das begt nahe, dass de Aktivitdt dieser Signalwege emen EmfluB auf de TCDD-
mduzierte Transkriptions-indenimg besitzt, und wmgekehn. Fir die beiden hier getesteten
Faktoren, HIF und OR. ist eine Wechselwirkung beloannt(6:61:86:110:122:160). Fir beide
Faktoren komnte mm Rahmen dieser Arbent expermmentell em Emfluss auf die TCDD-
vermutielte Expressionsinderung in ET-Zd len bestatigt werden (2.1.3). Deese Bestitigung der
Ergebnusse der in silice Proomoeranalvsen deutet darauf hn, dass auch die mderen
Transkriptions-fakiorbindestellen. bew, thre Nutzung durch die Aktivitdt anderer Signalwege,
die AhR-Frelgene beemflussen Um ane Wechselwirkung des AhR-Signalwegs mit diesen
Transkriptionsfakioren. z.B. durch eme Kompetiion um DN A-Bindestellen, zu besiitigen.
sind pedoch noch weitere Expermente notwendig. Eme Bestit gung der in silico Analvsen fiir
die anderen Wentifizierten TFBS, wie Paxd oder ROR-alpha, wire beispelswese durch die
Untersuchung der TCDD-mnduzierten Genexpression m Mausen, die eme Deletion des
entsprechenden Transkriptionsfaktors besitzen

Vielfach fihren Gendeletionen zu emer deuthichen Beanirichiigung des Phinotvps. Selbst in
Feltvpen. fir die keme phinotvpischen Anderungen ersichilich sind, kann es zu einer
Verinderung der basalen Genexpression fibren. Emn Bewispael hserfiir st die verinderte
Transkriptionssignatur von CD4"-T-Zellen aus Wildivp im Vergleich zu AhR™-Miusen Die
Grinde der vernderten Expressionssignatur sind daben mcht kKlar defimert. CD4 -Zellen
besitzen nur ane geringe AhR-Expression und reagieren mit wenigen (12) Genen mf eme
Aktivierung des AhR (2.1.1) Dhe differentielle Trmskriplion kann also beisprelswese auch
aul aner verinderten Aktivit® anderer Signalkaskaden beruben. Zurzent kann diese Frage
nicht endgiiling geklirt werden.

S0




3. Dskussion

Reifungsgrad Zelltyp
Alter

AhR-Expression \\‘ k ! / AhRR-Exprassion

— T y—”'ff

Aktivitdt anderer TCDD-

Slgnalvags - Incuziartas M:“ﬂ':a“;c:f
Ostrogenstatus Expression ompe
Oy-Partialdruck _

kein einzelnes allgemeines
Markergen verdffentlichte
ﬂ Expressionsprofile
. nach AhR-

| Markergenbatterie ] Aktivierung/Deletion

Ll

Vorhersage
giner
AhR-Beteiligung

et

_[57“ : }“‘w

Hypothesengenerierung:

—2L Enwaitaring - Anfalligkeit gegen TCDD
—————— B aiif ancara - - Welche Gene werden
Sp&z_ms- ured requliert
Chiptypen - Spezissvarglaicha
Expressionsdatenbank \_
chne AhR-Deletion /[Aktivierung
- ain Chiptyp
[beliebig erweiterbar)
L —

————

Anwendung in der Praventivmedizin

Abbildung 8: Schematische Darstellung der Ergebnisse und ihrer Anwenduongs -
miglichkeiten.

Durch die Analvse der zelltvpspezifischen differentiellen Expressions primirer Zellen
des Immunsvstems nach TCDD-Bdstung konnte gerengt werden, dass die TCDD-
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abhingigen Transkriptionsinderungen von vielen Fakioren beanflusst werden. Daben
war kemn Gen m alen Zellivpen AhR-abhimgg regulient. Durch die Verwendung
zusitzhicher, verdffenthchter Expressionsprofile  komte eme  Bafterie  von
Markergenen defimsert werden, die m mehreren  AhR-abhingigen Expressions-
untesuchungen regulent waren. Mit dieser Markergenbatterse st die Vorhersage emer
potentiellen  AhR-Beteiligung an physiologischen Prozessen mighch Zu diesem
Zweck wurde eme Datenbank aus verdffenthchten Expressionsprofilen aufgebaut und
mut der Makergenbattere untesucht. Die Vorhemagemdehchkenten emes solchen
Modells s stark von der Kenntms aller ¢ beemflussenden Faktoren abhingg.
Wentere beemflussende Faktoren die emen Emfluss auf die AhR-abhingge
Transkriptionsinderung  haben wurden durch emne Kombination von kmetischen
Expressionsanalvsen  mut Promotermalvsen defimient. Durch eme Erwerterung der
Kenntms beemtiichtizender Faktoren und der parallden Erwertening der Datenbank
werdin so mmmer genavere Vorhersagen Giber die physiologische Funktion des AhR
und damit auch dber die Folgen einer AhR-Uberaktivierung mibghch.

Betrachtet man den Emfluss aner Genddawn  aufl die TCDD-mduzierte Transkrption. so
muess man ber der Interpretation der Ergebmisse auch ol die verinderte Aktiatat anderer
Signalwege achten. Fir das Bespiel emer Wechselwirkung zwischen dem AhR-Signalweg
und dem OR-Signalweg ist es also nichi Klar, ob 2 B. die Deletion des OR direki die TCDD-
mduzierte Expression beemtrichtigen wirde, oder ob eme solche Beemtrichiigung auf emer
verindeten Aktivitdt anderer Signal wege beruht.

Eine mdere Moghchkent ane Wechselwirbung des AhR-Signalweges mit mderen
Signalwegen zu untersuchen, wire dwe Verwendung emes chemischen Inhubitors oder
Aktivators des zu untesuchenden Signalwegs. Fir die Wechselwirkung des AhR- mut dem
HIF-Signalweg wurde ein solches Expermment berents verdTentlicht( 86

Fir chemische Inhibitoren und Aktivatoren ergibt sich jedoch diesdbe Problematik wie in
defizienien Mavsmodellen Man spricht daba davon, des emn chemischer Inhibitor nichi
Ssauber™ arbatet, dass er also neben der spezifischen Inhabition des untersuchten Signalwepes
auch mdere Signalwege beemnflusst. So st zum Bewspel fiir das i dieser Arbeit verwendet
CoCly bdkannt, dass s zwar primir ane stabilisierenden Wirkung auf Hifla aus st daneben
aber, wenn auwch m germgerem Umfang, mit dem NFeB-Signalweg anteragieren Kann.
Ahnlich verhilt e sich fir E2. E2 bindet mit vergleichbaren Bindékonstanten an ORa und
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ORPi6T68:77). Es st also unklar, ob die im Rahmen dieser Arbeit beobachteten Einflfisse
von E2 suf einer Bindung an ORa oder ORP bervhen. Umfmgreiche toxikogenomische und
phamakogenomusche Untesuchungen haben gereigl. dass nahezu kane Substanz nur anen
Signalweg beanflusst (11:45:47.99.103:125). Uber die Stochiometrie und den Umfang aner
solchen unspezifnschen Wechselwidkung st wang bekanmt

Das Vorgehen und die Ergebmisse dieser Arbert noch emmal schematisch m Abbildung 8
dargestelli. Die Untersuchung der AhR-abhingigen Transknpiion i primiren Zellen des
Immunsvstems zeigen deuthch. dass die Wrkungen emer AhR-Aktivierung hochgradig
komplex sind. und sich micht komplett durch das sherige Modell des AhR-Signalwegs
ekliren lassen So zeigen die TCDD-induzierien Transkriptionssignaiuren verschiedener
Zelltvpen nahezu keme Gememsambkerten. Deie Expressinsinderung wird von  wielen
Faktoren. wie der AhR-Expressionsstirke. dem Reifungsgrad der Zellen, der Expression des
AhRR. der Expression von anderen AhR-assoznerten Genen, sowie der Aktivitit anderer
Signalwege, die nut dem AhR interagieren kimnen. beemflusst. Das macht deuthich. dass man
von emem mulii fakioriellen System der AhR-mduzierien Genmdukion ausgehen muss.

e Erwerterung der kenntnis dieser Prozesse sowie die Mentifizierung der Aktnatdt der
betethigten Signalwege werden bei threr Anwendung auf die steigende Anzahl von dffenthich
muginglichen Expressionsprofilen immer genavere Vorhersagen der AhR-Beteiligung an
phvsidogmschen Prozessen zulssen,
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Absiract

The ligand-activated and hydrecarban receptar (AHR) is
known 0 modulsks many genes ina lghly cell-specific
marnnern, sther directly or indirectly via secondany effects.
In contrast, litle is known about the affects of AHR defi-
ety on gene expression balince We compared the
trarscriptome af CO4 T cdls fraom AHR-- mice and wild-
type mice; 380 genes, many of them immunotypic, wen
derequlsted n AHR-deficient CD4 ealls. TCDD-induesd
tmmcriplome changes corslabed with the AHR spres-
sion kel in immunes cells Howsesr, there was iilE over-
lap in AHP-dependent framscripts found in T inssge calls
or denditic calls. Our esubs demonsirate flexible gens
accessibilty for the AHR in immune cdls. The idea af a
universal battery ol AHR-Esponsive genes is not tenable,

= Alfymetrix; aryl hydmocarbon receplor, CO4
T cels; denditic cels; Loalsd; scindedn; thymocyles.

Eady oxicdogical shedies of the any| ydrocabaon esp-
tor (AHR amalyzed primarily overaclivation by stable
chemical compounds, such as the highly toxic dioxins
and furans. Mome ecently, the mle of the AHR n el
physidogy and callular diferentiation programs has been
apprecisted amd experimentally addresssd, in particular
by the analysi of several AHP-deficient, constibfively
active AHR-transgenic, or AHR-dimedzation parter aryl
hydocarbon ecaplor nuclesr rampaorier RRNTHypo-
marphic mouse strains (Schmidt ef A, 1996, o et &,
2004; Waliser o al, 2004). Thus the canial rake of the
AHR in dioxin oxicity has besn meduivocally sstab-
lished. Over the yeas more and mare genes kave been
idenfified & requlsted by dioxin, athough for only & fes
genes has targating of thar pomaters by the AHR baen
formaly shown As we aso found in the present Shedy,
nal al genes modulated afier exposume o 2.3.7 Bera-

“Prossnt address: Deparment of Molecutsr and Medeal Viml-
oy, Unhersty of Bochum, Universtiissimsse 150, O-24 801
Bochum, Gemany

chioradibarzo-p-dioxin  (TCDO) have putstive dioxin-
responsive slements (DRES) in their pomaoters Lai e al,
1806; Sun o al, 2004, Majora &t al, 2006). Thus, it ks
been suggested thal many of the genes requlaked by the
AHRligand complex an dueto secondany sigraling cus-
cades. This nolion is supporied by the siiking cell spec-
ificity of AHR-action. While AHR-deficient {<) mice are
refraciory to dioxin-induced taxicity (Fernandez-Salguero
et al., 1806), & the same ime ther phemtype indicates
imvakement af the AHR in mormal gowth, devebpment,
diferentistion and organ fundlions (Fernandez-Salguero
et al., 1995, Schmidt = a., 199§, However, litle is
krown on changes in gene axpression by the shesnce
af the AHR in relation b clk or ogans known to be
semslive targels of AHR activity. Until now, two such
studies have been done with global gene expression pro-
fiing, ore & compargon of cutivaled aortie exls fom
AHR- mice with AHRT", and the other a shedy af liver
cells of AHR - calls Karyak o &, 2004 Tietetal., 2008.
These daa ssserted thal constilutive expression o
genes can also be depandent on the AHR; e, the
absence of the AHR influences normal gens ex pression
as wal.

Ovemctivaion af the AHR esulls in awaridy of toxic
effects, including hepaiotoxicity, terstogenicity, cance-
rogenicity, or cachexia The sensitvly towards efiects
seams 1o be spedes-specific. The immuns &ystem is &
semstive targel of the AHR in all species aralyzed so far,
ard we and other groups have previously reporied exten-
sive affects of the dioxin-acivated AHR on muoine thy-
mocyles diferentiation programs, and on CD4 T call
activity and dendritic cell uncBon in immune Rsponsss
Staples &t A, 19095 Kronenbem &t al, 2000; Vorder-
sirasse o o, 2001, Lagpere of al, 2002, Cha &t al,
2003; Funataks af A, 2006, Temchurast A, 2005). Here
we again study the mowse, but it is impodant to mote
that spacies might differ. For the pressnt study, we iso-
lated febal immature hymocyies, fetal thymic amigrants,
mature adult CD4 and CDB calls, and splenic dendritic
cals (DC) from CSTELE AHR™ and debermingd e
global gene expression with Alfymetric™ chips (Affyme-
trix, Sants Clara, CA, USA). Calls were sither from mice
treated short-tem with 10 wa'kg TCDD for 24 h in weo,
or were isobked from fetal thymus ogan cultues treated
lang-tem with 10 ms TCDD for 6 days in vilro,

In afist series of experiments, we isolaed immature
CD4-CDE- hymoeytes and thymic amigants from adul
mice rested B wvo for 7 days with a modeis single
dose of TCOD of 10 pgkg The LD, for mice is
~ 100 o'k, This, the dose med is nal systemically
taxic but affects the Syymus nonelheless, We choss a
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tymus of anesthatesd meoe & days after TCOO expo=urs, and FAC S ssssted osll sortng of smgraied, s, ATCY oslls, COS-008-
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threshold of two-fold diferentis] expression b include as
many potential biological meaninghul famel genes as
possible and validated several by PCR i an exemplary
Eashion, We found the the immabure thymocoptes had
changes in 35 probe ssis on the chip, 2, different ton-
srhpls (se= lagand o Figue 1), the smigrans had
changes indd probssets whils the fetal smigrants, freel-
ed for B doys with %0 ma TCODD, had g striking 282
changes. However, only Tour genes [infedfenan indsced
larEmembrane polsin T, scihdedn and  pelecfin-3,
Cyptbl] were found mgulsted in both adul ssbhsets, and
oy the lalter three wers aslso upreguiaded in TCDO-

mapirsed el immaue emigans jSes Figue 1) Ower-
laps betwesn adult ymusiieinl emigrants four genes]
and adul smigatefetl smigrants six genea] were
equly small Only three genes ovedapped bebvween all
threes ursels., scindedn, gakctin 3 and Cypib?, Surpris-
indy, Cypla?, considered a pniversal makesr gene Tor
TCDD exposurs, wasonly upregulsted in fetal CO4-CDE-
cells, but not in the other immalure mmobe oells,
although the AHR B shundant in these cdls, &5 mess-
ured by AFPCR [Figues 1 and 3. The TCDD-medisted
induction of scindedn n thymooyles has been found
before [Sversson & al, 2007). [oakl & galaciose bind-
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Moo wern ingcted i p. with 10 1gécg TCOD (Fromochem) dissoded in oifve o, or with soivent alone. Tsenty four hours Lo, mios
won ssorficed, and T cols from spleen sonied fiow -cylometecaly to >99% punty. Dendebc colls wore isolted ater sspambon of
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ing lectin, is invalved in adhesion af tymoeyies to the
thymic environmen MillaVerde ot al, 2002), and its
upregulation is congrent with the disturbance of thy-
mocyte emigration by TCOD (Temchura &t A, 2005, Cur
resulis supnest hat emigraton of acsll subsst out of the
thymus is a calllar avent that is aceompanied by com-
pletaly reprogramming the sensifivity o AHR-mediated
trmscipion For the caldum binding prokin S70048,
which is upregulated by TCOD in adul emigrants, we
previowsly demonsirated a funclona mle in emigration
(Termehura ot al, 2005). Our dats sen show that similan/
eual coll diferentiation sbsges (heree CD4-CDBE- celk)
can have very dfferent siscapbbilty o AHR-medisted
gene regulation in the fetes and the adul, amuing for
special cam in the sdrapoladion o toxic daa in sk
o G T

In the experiments descrbed, we amalyzed the tam
schiptome at theand of along-lsting AHR overactivalion
{6 or 7 days). Thus, B is possible that changes n gens
ex pression reflect not only first-tand AHR-medisted trin-
sciplion but are the resull of the ssdiar reprogramming
of cals. We therdore geneated giobal gens expression
profiles of mature immune cels i the peripheryg atera
relatively short (24 h) in wive TCDD-expesure. CD4 and
CDB T celes are the carriers of the celular immune
response, and DCs ae the most powerfal antigen-pre-
sxnting calls of he immune sysiem. These el subsats
have been discussed and amalyzed in the conted af
diaxin-nduced immuncsuppression, & hallmark of AHR-
medated adverse affect (Kakvliet ot A, 1986, Kronen-
berg o al., 2000, Choi &t al, 2003; Furstsks o a, 2005,

As shown in Figure 2, CD4, CDB and DG calls displayed
conpliely diferant affects for dioxin-dependant gene
regulation. Firstly, the absolule number of affected tran-
scripls is 194 for DCs bt only 12 or six for CD4 and
CDE calls, respedively. More stiking, there & no overlap
whakoewer, i, al call types regulsie & distinet sat of
genes After AHR overactivation by TCDD. The majoriy
of genes of the DCs have & putative DRE i their pro-
mater regions (Sun et A, 2004). We found comgrience
bebyesn the numbar of genes expressed afer TCDD-
exposue and the expression leel of the AHR inthe cels
{me= Figure 3, which & in agresment with the pvotal rale
of the AHR in TCOD-medisted transchptiona changes. it
is noteworthy that this appsas 1o bethe cass indspend-
et af the dumton of the restment 24 b v weo, or
& days in wito). Although only a few genes wen changed
by TCDD exposure in D4 cells, these were AHR-
depandant, a thegene expression praliles al AHRY-CD4
calls demonstrale (ses below).

Our data point to & degee of cal specificity in
respones to the AHR, which B even higher than previ-
oushy esimated. Much of the litersure on AHPR-medisted
gene expression changes has relied heavily on the anml-
yei of hver cals and & few concer call lnes, such as
MCF-7. Burprsingly, rarscription o ssveral of the
genes, which ae designated & baelonging to the "AHR-
batery” (Nebert &t &, 1003) and were considerad rabust
marker genes for TCDD, was nal incressed in warious
immunecels. Thus, Cyplal, Cyplb1, Cypla2, Git, Ngo,
or Al were ot detectable as yprequlsted n sl cals
reporked here, even though tanscripks of the AHR were
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Figure 3 Expmsson evel of the AHA N immune ol subasts.
Colls o isobrind as desorbesd inFigumes 1and 2. ANA was
wrihor hybndied o Athymetnx chips (4] or ovese fansonboed
min cONA for semi-guanitates ATPCA (H) with the Lght-
Cycler* jAoche Deagnostos, Mannhem, Gormany). (4 Data
trom chips wom normaleed with the afty package, and bg2
mormEsion vales desnmened, maing hybadton immnsty
synaks compambis betwsen chips. (5] Expessonot AHR d oo
rmaned wrth semi-quanttaes ATPCA. Note that the 4 by did-
fomnco, Lo, the ~32-foild higher ooeesson of e AHA n DC
worsus T oolls & found by AT-PCA and by chip hybrdeabon.
Ad: adult; Fot fotal.

abundant in these cals (se= Figure 3). Cyp b1 was found
upregulsed in CD4-CDE- emigrants and thymooyies
(Fetal or adult alke, but not on CD4™ ar CDE™ matune
peripheral T cels, o DCs. Cyplal was only detecied in
fetal CD4-CDB- amigrant thymocyies, In DCs, we could
detect Cyplat by AT-PCR, but mot an the arays; in CO4
and CDE T calls, Cyplal was vidually absent ater TCDD
tresiment, and could hardly be detected by RT-PCR in
CDd ezl and not & all in CDB calk. Thus, for how sbun-
dance af Cyplal transcripls in agiven call typs, the Affy-
melrix chip appesrs to be Do isensitive.

We chose CO4 T cells for an amalysis o the offects of
the absence of the AHR on global gene expression (Fig-
un ). COd T eslls were soried to high purity (88%) from
spleers of AHR-- and wild-type mice injected with 10
po'kn bodrweight 24 h before. CO4 cells express the
AHR (Figure 3) and are responsive to s acivation by

TCDD. This subsat of immune cels plays afunctionsl role
in TCOD-induead immunosuppression (Madodial & al,
2002). Whik no changes of expression were detectable
fdlowing TODD treament, strang transcriptional dffer
ences were chaerved comparing CDd celk of wild-type
ta AHR-- mice. The expression of a otal of 380 genes
(i.e, probe seis) was changed at Bast two-fold in COd
calls af AHR-- mice (Figure 5). As shown in Figure 48
{upper graph) and Figure 5, the direction of changes was
nat uniform, i=, 157 genes were upreguilated and 235
were dow rreguibited compared to the exprssion in wild-
type mice. Incidentally, none of these ganes in AHR < was
respamsive to TCDD aones, ie., teament of AHR-- mice
for 24 h with 10 u o'kg bodyweight TCDD did ot change
gene expression A al [Figume 48, lower graph). This find-
ing is in good agresment with a recent repart by Tiet =
al. {2006), who found tha virtualy al TCDD-indwcible
genes in the liver wen refractory to TCDD indwction in
AHR-- mice, sen o the vary high dose o exposure of
1000 s g'kg TCDD. Thus, not anly in the liver, but ssa in
the mmune system, ransciptoms changes of TCDD
refyuine the AFR. However, thelink of 2 cedsin gene mod-
ulstion o a certain oxic &fect is krown ar poven for
anly very few gemnes,

Shown in Fgure 4B is & duster snaysis of the esults
comparing the efects o TCDD-resment for gene
expression changes in AHR- and AHR™™ mice, mspec-
tivaly., Wihin the wid-type mice, hisrarchical dustering
detects the distinet diferences in gene expression with
and withoul TCDD exposum. This diference is nol
detectable in the AHR- mica, Le, hee the lagest differ-
erces mfled only expeimental varistion, but ot TCDD
treatment.

The bggest diferancs is babween AHR - mice and heir
wid-type counterparts, reflecling the bme numbers of
genes targeted by TODD plus the Bge number of genes
dermgulsted by the absence of the AHR. In conclsion,
the findings of a large number of genes whose expes-
sions change i the absence of the AHR, Le, are inverss-
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Figure 4 Dot piot analyss of transonptome changes n AHA mce and CSMBELE wid-type mice.

Mice worn njecied with 10 #g/kg bodyweght TCOD or soivent done. Teeenty -four hours lxier, splens wome harvested and dopioied
ot B oolls with ant-C01% magnete beads jMiteny Boiec). C04 osls wene then soried fiow cyiomemcally. Purty of oolls was >89 %,
ANA was propamd, poosssed and hybadiosd to MOE340A chips as desorbed 0 Figure 1. (4] Each dot mpresents the oxpresson
loved of a parboular gone on the chip, wih nomalced fuorescence sgnal tor the mouse or reaiment groups as ndcated on e
aves. Gones exprossed at egual levels in both expermental groups fall onio the degonal ine. The te:o bnes to the loft and rigit of
the diagonad delmi a two-foid up- or down-mguiaton threshold . (B Graph of hismnchcal clustenng of the sght chip hybadiztons
porformed. The graph was generated wih BAB Anmy Tooks developed by Fichard Smon and &my Peng Lam.
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Figure § Lip- and down-reguizbon of ransonpts in C04 T odils of AHA-deficient mioe.

IAMA fom G04 T ool fom AHA mDe was isoirted and hybndeed 1o chips as desonbed n Figure 4. Gene names of FroboSets
{transcripts] identfnd as mxprossed highsr or lowsrin AHR wersus wild-type mice are shosm: ight gray shaded ama, genes with a
lhigher than four-fold change; dark gray arsa, goenes with a mome than theee-fold change; white ama, genes with a mom than teo-
foid change. Transoapt changes weriied ndependenty by ATPCA ave wetten n bold lobers. Al genes with a putatss DRE n thsr
promots, as identfied in Sun oot al. [(2004) am n talcs. EST, soeessd ssquence tag; ooooodlK, cOMA sequences coding for
unknowen protens, as dentfied in the Japaness AIKEN database. Gene names are sorsd alphabetcally.

Iy AHR-dependent, emphasizes the physiolbgical rok af
the AHA. The reason for the vast changes mmains
urclesr, One potenlial axplaration & e direct intaraction
of the AHR with celldar protains, sech as the retinoblas-
toma protein. Derequbstion af this probein-prolein inter-
action might be one cass for differentially expressad
genes, Al the same Bme the daks suggest the prssnes
of urknown physiological AHR agonists and antsgonists
in normal CD4 T cell devedopment Putalive agonistic
ligande are indole dedvates, bilirubin matabalic breask-
down products, or pholoproducts of typtophan [Adschi
& al., 2001; Denison and Magy, 2008, We could identily
an AHR aclivating activity in supernatants of cultivated
murne thymocytes unpublished obssrtion).
Surprisingly, also many of the genes, which are down-
regulated in CO4 calls of AHP-deficient mics, hawe DRES
in their promobers. We think this paink (o & suppressive
rabe af an antagonist-activated AHR on DRE-contsining

promaters. Endogenous antsgonists are nal known,
although AHR-ligands have been described which pos-
sess aniapanistic qualities (Henry and Gasiewicz, 20075,
It is curently nol clesr whether oe o seveml endoge-
nows gands exist. Possibly the ligands vary depanding
on the tisse The high call spacificity of gens axpression
changes, which implicates tight contral o the AHR sig-
naling pathway, suggests sech lecbility

What are the funcions associated with AHPR-depend-
et genes (sther dinctly or imversely? i is nolewarthy
that many genes identlfied & modubited have functions
in the immune Sy siem. This holds tnee sither ater TCDD-
induced AHP-activation (Figures 1 and 2) or inversaly by
the absence of the AHR Fgue 5). We would ke to men-
tion in particubsr the genes of the major histocompatibility
complex and chemokines ivolved in call migration.
Interferen 3, whosse trarseripon is upregulated in CD4 T
cells of AHR-deficient mice, was rcanlly shown o b
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Table 1  Liemiure sunesy of ransonpt expresson of '‘AHA-batieny’ genes.
Tissuw'coll typo Chap Trombment Cyplal Cybi1 AHAR  Aobtomenoo
Fetd hoart jmj* A TCOD- +¥ + + Thackabery etal., 2005
ILrver jm) C 7982 TCOO + + - Bowerhot otal., 2008
ILrver ] SAGE TCOO + - - Kurach ot al, 2002
ILrver ir] C 4,608 TCOD + Kondmgant of al, 2005
Hoart {z] C 4,856 TCOOD + L + Handley- Goldsione ot al., 2005
ILrver jm] A Ca-AhA-mem + Mosnnikes ot d., 2004
Bram c? TCOo + Vinkr ot al., 2008
|Lrver +
Tostis joi -
Hep=2 jhj C 2076 TCOO + - - Puga et al, 2000
Heparinoyies jhr © 302 toechipy Aroclor 1284 + + - Kol it al., 21004
C3H 10T 142 fibroblasts jhi A TCOD + + - Hanion et al., 2005
Glandular stomach jmj M CA-AHA + - - Fuznotsov et al., 2005
|Lrwer ir] A TCoo, + L - ‘Viezina ot al., 2004
FeCDF, t + -
PCB12E, + +
PCE153 - tr]
Vascular smooth D 13,654 EifaP, wt, + Karyala et al., 2004
muscle jmj AHRA
Arvay spriheial colls ToxChip 1.0 TCOD + + Martnez ot al., 2002
2 col ines jhj +
Placenta i C 13, 000 TCOD + + WMzutan ot al., 2004
HepalcicT jmj D 7,500 TCOD - Janet al., 21004
CO4ATKI™ T onlls jmj D86 poptoss TCOD - - Funatake ot al., 2004
Ut jmj A TCOO + unclear + Watanaba ot al, 2004
ILrver irj D Orug Satwty i + + Gmhold ot al., 2001
ILrver irj A ASTT 248 + + ‘Wanng ot al, 2002
3MC + +
Arocor 1254 + +
ILrver jm) [ 4] B-HF + - Bartosewacz ot al, 2000
Hepal cells imj 013,433 BlalP + - Wi ot al, 2004
Fotd CD4-C08 - thymus A TCOD - + + Mapm ot al., 2008
mmegrants jmj
Adutt CDa D8 A TCOD + - Temchura ot al, 2005
thymocytes jmi
-TIF-"S +
Splec CO4™ A TCOO ths paper
COE™ jmj
DG imi +* - +
CO4" T cols AHR-/ - jmj A TCOD ths paper

The s of which ANA was prepared is indicaind: jmj Aus musorkes, mouss; jhj Homo sapsns, buman; i Aaties nonegious, rat;
{2 Dmnio newa, mbra tish; jo) Onysas hpes, modaka, a fish speons.
*A, Aftymainix chip; G, cONA chip, the number indicains the numb-oer of spotisd genes; O, other chip, such as olgo-DNA chip, the

numb-er ndcates the numt-or of spotied genes; M, macoanmy.

“Tratmont. Only the type of bgand, not the dose mpmen is ghven. For detoils see robemenoes. ‘GiA-tmnsgenic’, consti ety actse
mutant of theAHA n ransgescmoe. TCO0, 23,7, §-tetrachinmdibonz-o-diman; 3-MC, 3-methyichobnbone; B] 2)F, benzola] pymene;

PCB, polychionnated bephemyl.

“The "+" symbol indicains a higher fansonpt abundance of the gene n guesbon under the ndicaied bgand oxpomom.

ot detected on the MOS0 chp, but detectabie by AT-PCA

s incresmssd at the probein level in antigen-scivated
AHR- splenocytes. It was therefor suggested that the
AHR pbys a mle in downegulating [FVy (Fodriguez-
Boss el o, 2005). We found the dergulation of genes
af the immunogbbulin locus lg ey chain, VI8 and
VUSEB light chaing) intriguing. T and B celb are dedved
from the same stem call, yeb their lineages are sepamied
earhg and the genes o the immunoglobulin bews, & well
a5 af the T cell receptor locus, are accessible anly in the
respective committed calls, Le, B o T calls. Possibly, the
AHR aso plas & rale in this lineage decision, as it doss
for several dher lymphod diferentigion checkpoits
Btapes &t A, 1988 Kmonenberg & al, 2000; Majo=
o al, 2005). Such questions must be sddmassd sxper-
imentally in the futue.

The biochemistry of the AHR pathvwoey and ibs imeolve-
ment in AHR-medided toxicity has been amalzed in
great detsil in numerows species. Alter binding of the
ligand and shedding i sssocised chapemning probens
p23, hspb0 and AR, the AHR translocates tothe nuckEus,
dimedzes with ARNT, binds o doxin responsive se-
ments and induces gere expression afer orches frating
the sppropriste transcriptional co-factors {Schmidt and
Bradfield, 1296; Hankinson, 2005. However, cur data ne-
affirm that AHR-mediated gene induction is ot aslippery
slape, once staded by he ligand, but Sghtly contralied,
leading o & fered accessibilly o geres to AHR
sigrialing.

How extersive is the call specificty of AHP-medisted
tramseription? We searched the sailable publcations o



AFR-dependent rameriptome analyses (Afymetri, oli-
go-arrmys, SAGE analysis). Table 1 contains a list of
24 revant publications from human, rat, mice and fish
species. Cyplal was the most accessible gens for the
AHR, indesd it was upregulated in Amost all cases, and
consequently kas often poved bs usefulhess as a ‘high
contral” for AMR-mediated diccin activity under all con-
diiors. Monstheless, it B ot accessible in all cells and
urder all gircumstances. Cyplbl was reporied as upre-
guiated anly in 1934 experimental setings (e, difesnt
teses, ligands or doses). Oiher genes of the AHP-bat-
tery, such as Ngot | aray sxp is], Cypla2
{six aray experiments), or the mor ecently added AHR
represcor am found as AMP-accessibe in signficantly
fewer expermental ssftings {dats for Cypiad, Cypibid
and AHRA shown in Table 1). From the array experiments
many genes are reporied as changed by AHR activation.
Depending on the el type or citumstances of expo-
sune, the number and type of genes affected differ sub-
stanfially. In the reports cited in Table 1, 20 genes wer
found regulated in four o the difesn condions, B2 in
thres and 221 in only two (see references in Table 1 for
details). In our hands, urder the seven conditions repart-
el by us here we found no gene modulsted nall gicum-
stances. [gals® transcripts were wpregulated in 47
experimental selings, five genes (Cyplb1, Scin, Crel
Ear?, [B.Kr7) in &7 condiions, and 61 genes in 2/7 con-
diiors. All dher chamges in transsription wems wiguely
specific to ane cell type and AHR-modus TCOD aver-
activated or deficiend. Thus, the ides of a TODD-s pecific
sigrevhure across many cell bypes or even within chssly
relaed coll subsets of a single organ is nol Erable The
undedying causes for this highly cell-specific astcomeaf
AMR sigralng may invove ransedptional eo-faciors
Harkinson, 2006), promaer accessibiity defined by
repressing Tactors or DMA metiylation (Nakajima et al,
2003, or secondary sigralng via AR chaperoning pro-
teins, o hhe very genes that are primary targets of the
AHR, such 2% the AHR repressaor.
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Alsstract

Dan mning publshed micoamy experiments requipe that expression pmiiles we directly compamble. We peromed lnewr global
nomalzason on the dam of 1967 Affymerix UT4ax? microarmays, i.e. the manscriptomes of = 100 mudne tssees or cell types. The mathematical
mans ormation effecavely mullifies inter-experimentl or inter-hbomory diferences between microamays. The comecmess of expression walues
was validated by guan@agve RT-PCR. Using the dambase we apaly 2 components of the anv hydrocarbon receptor | AHR ) sigmaling patbaay n
vanows teses. We identified Inmge and difaentnton specific varant expression of AHR, ARNT, and HIF o in the T-cell Ineage and high
expression of CYPIAD in mmatem B cell and dendritic cells. Performing co-expression apalysis we found worthedox expression of the AHR in
the absence of ARNT, pargaularly in sem cell populations, and @ reject the by pothesis that ARNT 2 mkes over md & highly expressed when
ARNT expressin & bow or absent. Furthermore the AHR shows o co-expression with any other tamscript present on the chip. Analyss of
differentinl gene expression wnder 308 condiions revealed 53 condigons wnder which the AHR is regulited, numerns condtions wnder which m
mrnsc AHR agion & modified as wdl as condifons agivamg the AHR even in the abeence of knoan AHR Egands. Ths meta-malyss of

published expression profiles & a powerdfia] ool © gain novel insights mio known and wknoen systems.

© 2007 Elsevier Inc All nghits reserved.

Koywords: Aryl hypdrooshon rocepoe; PASBILIE CYPLA & Micmamsy; Tedls Mes- sl ysis

Intrnduct inn

Microarmays are apphed in all figlds of molecular Wology and
have become an mposiant part of wxicologoal testing. By
memurmg e expression of howsands of genes in a single
expenment, microarmays provide a wealthof information beyond
the scope of the ongmal smdy in question. To male these dam
available i the sciemific community, repostony databases like
the Gene Expression Ommibus (GED), AmayExpress and

sbbreviaions: AR, eyl hydmesbon mopoe; AP, AR inorsting
proicin; ARNT, AlIR nuecle s mnslocstor; EST, exprossod soquenoe mgs: G0,
Gene Exprssion Omnibus: IPRT, hypoxanhine phosphodbosyl rmsiorme
MASLW AL, Affrmemx Micosmy Suice 40650 MG UTav2 Affmemx
murine geoome U734 Chp A Yorsion 2 Gone Chipe RAGH, mosmbinstinn
siveing gens READ REKEN meprosion srey deshsss: RPSG6, nbosomal
poicin subunie six; 1IF ko, hypoms inducing fstor sphe; TOTID, 23578
wirac hlsmdibonz o p-dioxin: TdT, wminsl dooxynuclcoddyl rensforse.

* Cormsponding suthoc Fac =49 211 5198 1%
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CIBEX wemne cstablished (Bames o al, 2005; Brasma o al.,
20013; Parlanson ef al., 2005; Tkeo et al, 2003 ) These databases
contain thowsands of expression profiles fiom hindreds of
platforms and technologies, such as SAGE, two—cdor micm-
mmys of the Affymesrn amays. Data genorated by ditferent
technologies are not directly comparable, moreover, even resuls
trom the same ongmal probes but generted on different ver-
sims of the same phtform, or on an akogether ditferent pla-
fiems can differ srongly. Consequendy, it & desimble 1o make
data comparable (Park of al., 2004; Inzamy of al., 2005; Cope ot
al., 2 Sioecker o al., 20602 Kcu'g i al, 206K5; Larkin of al
2HES; Severgnini of al, 2(HK).

Une way 1o address thisneed wasthe use of databases hike the
RIKEN expression mray database (READY, which 15 based on a
ustom designed array and highly standardized methods ( Bono
of al, 2062; Cope of al., 2004 However, companismn is mestric-
ted 1o those arays, wherness other phitforms with their wealth of
information remain untapped. The wide application and highly
standardized protocok, including core labomtory fecilmes, of

Hose cite this srticle s Froricks,
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the Affymetrix microsmay phtiorm render this phitform espe-
cially suitable for meta-analysis of public expression profiles
(Cope etal., 2004; Kong ot al., 206k5)

We selecied 1967 A ffymewix MG-UT2av2 gene expression
prodiles from GEO and genersted & dinectly compamable daobase
by mathematical normalization. We use this database for trans-
opiome analyss and present here our resolts fir the vl
hydmocarban (AHR) and @5 amocised proteins. The AHR
senses small chemical moleoks, and #s5 actvation leads o
imsue-specific trmnsenpiional changes (Fremcks of al, ik
Hanlon et al., 2065; Fleicher etal . 2005; Pugaet al, JHHE, Tijet
e al, 206; Karyala e al, 20040 For many envonmental
ligands with high affinity and low degradabality, net toae effecs
are the consequence., including tumor promotion, Emtogenicey,
immune suppression and thymus strophy ( Mimwra and Fugii-
Kumyama, 2005; Okeyetal, 1994) The AHR. & associaie d with
chaperonmg profeins AP and HSP9) in the cywosol (Carver o
al., 1993h; Chen and Perdew, 1993; Meyer and Perdew, 1999)
Upon acivation ® shutiles to the nuclus, sheds the HSP90
complex and dimenizes with ARNT, 3 member of #he same
bHLH prosein family. The AHR/ ARNT heterodimer then can act
a5 & wanscripion fackor (Swanson, AK2 ) In particular, gencs of
the xenobiotic mewbolizing enzymes were found inducible,
whose products in tum can membolize the mducing chemicals
ARNT can pantner with other proseins, such ashypoxia mducible
factor | o (HIFla), to form yei another transcipiion factor
(Wood et al., 199 Kinoshita et al, 2004 ) The corious tissue-
spesific constiutive shundance of the AHR has beon noted carly
(Carver ot al, 19%a; Fitzgomld o al, 199; Lawrence of al.,
19946, bt linke is koown on the dstrbution of the sssociated
prodeins the collMeml endogenms ligandis), which must be
sumed, remam enigmatic. Cumrently, the mechanisms control-
ling tisme-specific changes and the role of #e AHR in
physiclogy and normal development, in the absence of
exogenous bgands, me subjecis of inensve iwvesigaions
(Shmada ot al, 2003; Forker, 1997; Frencks of al, 2006
Using our newly generted dambase as atool we here provide a
detailed “@ sifico™ view of this model system.

Materials and methods

Mice  C37RLG mice wire brod imour sims | faciliny snd kops under sndard
comndition in &omcdsno with Gomsn rogulsion. Msle mice wore usod & 8-
12 woeks of sge.

RNA fodaion.  Liver splom kudney, bain, and boae mermw were summi-
cally romowed fom ssorficod mice snd homogenizod by pendy prossing them
through nylon moshes. Towl colluler RMA of 1= 10 collsogen wes isolst of
with TRzl | bvizogm Lifc Tochnologics, Kadsube, G 1. KMA palcs
wire washod with cthanol, sir-driod for L0min, sd d ssolvod in wans TheRNA
qual ity wis sacssnl by snslynng the AMGIRA I mitio snd by ovelsing the
megney of the 285 mnd 185 RMNA bands o 1% sgeross pols

clINA pomthesin and gumdia e real-ome PCR. Roverse mensonipaon
ws pedomed on | pg tosl RMA for 1 bosz 537 °C (lovioogen, Ksdsrube,
Gormany). Resl-dme POR was pedomed with s LightCyoler (Roche, ham.-
hoim, Gormeny ) in s 2ikpl rosction contining 10 12+ QuanaTon SYBR Gom
FCR Kit (Qisgen, Hilden, Gemang), 1 pl dDNA sd | pl of osch primer
1 Likphd ). Samples wer smphificd by d cpole sof 94 °C | min, 35 °C (Rps,
Hpry, A, i, snd Aip) lm.l.u.ln‘.“" 1 minowich 55 smphifics oo opolos.

M Frericks e1al ¢ Ruiology and Applicd Fharmacolgy oo 2007 oo-oon

List of pamers  Rpst: forwant 87 ATTCCTGGACTGADC AGACALC 5,
mvese: -GITCTIC TIAGTGOGTTGCT-5% Hprr: bewend: . GTAATGAT-
CAGTCAADGGHGGAT- 5, mverse 3-CAGEAAGCTTGCAACTTTAAC
CA-5"; dipr foowed: 37 GCTOCGTTATAGATGACAGC-5°, roveme: 3°-
ACTOGATG TGHAAGATGAG- T o ewand: 3" GGTCTAGTTOCAGT-
GAGCAG-S, mverse ¥ TGGAAAGGGTACATATC AGG-57 v fowand:
FAGGACCAAAC AT AAGETAGA S, mvese: 3. TGGAGATCTOGTA-
CAACACA-S". Expmssion wis cacused by the 43 -CF mothod. Hricdly,
KPS md HPRT wor used s hows cioeping gones snd the normsd izst inn per-
o ol oo the mosn cxprossion of bath. The 4P velus for mch gone wis
calculsed mnd the mosn oxpossion st o the same level s the mesn expeossion
in the microsrmy damsbase. The msuling dismibucion wes highly similsr bet-
weon datshess and RTPCE da

Retrlpvd i procesning ofdzte Al des sots usod for our da tshese wore
wessed from GEQ | hopowww nebinlmnih gow peol. Only MG-UMa%2
oxpr ssion profiles, sobyzed by hA S, bA S5 1 (A Bymoming, ordChip, wore
i, Thedss wers dosw ol osdiod Lo bl fomma £ | now or dee s SOFT- formae) snd
cxpored w MS Bxodl For osch exprossi o prodile the MIAME descopoon ws
sied in s socond il | Booms o sl 3K b gonerel, the sbulsr cxprossion
dum, s svailsbic in GED, e slrosdy nomalized within the speomenal sorics,
tis bmitng the svelsble nomsbeston poecdurs o meke them dicoly
oomparshle. Thie mbulsr exprossion: wlucs weresortod o phanumericsl by Ar this
stop dats sots with missing velucs wore discamdod. Assuming the the same
mmoun:of mENA rsuls i the ssme fluocscone © intomsizy, and vanatioos i te
dsmbution betweon ameys am 8 rosult of cxpeimensl veimee snd do oot
mprosent binlogicsl vearishilicy, the squslly Sermae ol experssion peofiles were
mocmalizod using s ncer scsling poccdus basod oo the modiansignal intensioy.
Hacdy, the modisn signal intensity for oach smey | MS1) wes oloulsmod. A
sonling mavdien | 54) wes st st A6k md for cach oxpros sion prodile 5 scsling
e e (5F ) wes computnd using the ibllowing frmuls

SF = Sk MS1

Thidacs wom normal irnd by spplying the 5F woachexprossion prodle. An
S8 of 400 wes choson beosuse it wes close o the velue of the modisn
fusrmeence inimsity over sl sy The seling mohod s bocs, so o
incpc any 5% would be possible, sbcic if the 56 is chosen vory low oc far
from th svorege intemity of the chip, low sbundance mnscrips might be not
detoosble. Inithis lnesr nomslizston the dets e not contemd s this would
mobahly rosulr in s skowing of the ceprossion valis. Moce sophisie sed non-
bncsr normaslizstion procodums cen ocaly be spplicd o highly similsr
xpmssion pofils, s prooquisic not met when using dam fom difforont
ool typos

M omalized ders wore log? rensfomod snd smmd inos rolstons) deshase
moasising of te des fils As s rosulr our des sr procood inounis of
fuorsoenos intensity covenng & rmge of 20 og2 unis. Amey hybadizstion
s not povide & acgatve coamd, Lo the intonsity of & hybddizstion signal
indlont % the shundene e of & mnseript s well s the dfficiney snd spocif ooy of
the hybadizsnion. Thoerofore, dororminstion of s tirshald of shecner for vy
N i B ssne ispossible befsee s owoll sssfer noms hesnon. Affymemx
Focarshaentcdlsmay indost o whothor s gone is cxprosscd in s givensample.
Yot for many included cxprossion profles thise s not svailshle snd them e
m¢ included in the malysis.

A hs of dl expenmensl files snd the snoston mhc prondosd by
Adfymecrrix (MecAfk, datod Junc, 23, 2004) is part of the damhase. A complee
lisz of the includiod cxprossion profies md tor MIAME doscripton is givon in
Supplomenmry Table 1. As graphicd foo mds MS Exoel snd B 2.3 |in basic
mafgureion) wore wsal. We named the demshase NC.GHY (Normshesd
Companive Crone Exprossion s b |

On Affymorix sreys, sowml Pobobos may be spoaod which doco &
singdc gone. b all of the following snalysis cach PoboSe was malyeod
il vidum iy Mo e thar for some gencs molnple ProboSo s show cxsety the ssme
b havioe whle othes differ sirongly.

Hemtificanon of differestially expremied pemes. Where fmsble we
wmed S mdent” s- tesr for the idennfic s o, hm.l:ln.htu.nuly W [N L EITEYS

wom s b b crml b these csmcs wnd sl otier
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studics, & out-off value of two-fold | 1 log2 ) differnoe wis choson. The host map
was ooreed using Microsod Excol A black bar dopicts downropulstion, s
gy ooe up-rogulstion Lo the given condi oo,

Results
NC-GETY coment

The database contams 1967 expresson profiles. We grouped
them according o their ongin, a5 given by the MIAME mfor-
mafion, inic more than e hundred organs, cell types, or
nssues. The hingest groups m NC-GED are the nervous system
(505 samples ), muscular tissues (251 ), and the immne system
(210} tollowed by cardiac tssues (159) and sem cells (1300
There are abko 134 expresson profiles from lung and 126 from
hiver. Ithas been esimated and was observed by us, (oo, that ma
npical settmg of ditferentm] gene expression less than 5% of all
wanscnipss are differeniwlly expressed (Supplementary Tables 2
and 3 and Lockhan and Wineeler, 20000

Comparison of expression seength of selected genes in
NC-GED

We compared the nomalired expression of the genes Aip
{AHR inferacing prolem), Ami, Hijx, and Hpri (as a house-
Leeping gene) in hean expression profiles. Heart was chosenas
an example since 5 expression profiles, genemted n seven
midependent hbomones, were svalable and are included m our
database. As shownm Fig 1, the expression leveks of djp, drw,
Hifx, and Hprt are highly similar for all seven borstoncs afier
nosma hization. With anly one exception { HIF o in labomtony g.
2 5-foldyno significant deviion from the mean wasseen which
was > 2-fold. Compamable resulis were observed for hippocam-
pus. werws, and Iiver for 200 mndomby chosen ProbeSets (see
Supplemenary Figs. 1 -4 and Supplementary Table 2) Whenwe
chosea 3-fold cut-oft for differenti] expression only 3% of the
ProbeSets showed a deviation from the mean for the genorgan
{respectively 1. 5-fold =5.9%) Likewise, results did not ditfer
between hbomtones (Supplementary Fig. 51

Falidation by RI-PCR

We anahzed whether the expresion swenghs detemmed
tor indnidual genes m the databaze NC-GHD were reproducible
by RT-PCE. Fre genes, exemplifyng typical pafierns of
ditfferential gene expression entified m our database, i.e genes
expressed m all tssues, in some Bssues onby, of expressed
high versus bw levels, were chosen. RNA from bone moarow,
brin, kidney, liver, and spleen of 8- 12-week-0ld malke mice
was isohied and used m semi-quantistive real-fime RT-PCR 1o
measure the expresson of Alw, dip, A, Hpri, and Rpsé
{mbosomal profein subunit 60 For dip, Hpre, and Rpsd dhe
expression values were equalto those determined by microamy
analyss (Fig. 20 Alr expression m the liver wos underesamaied
on the micoarmys m comparson o RT-PCE In all ather
assues, Alr expression as determined in the dapbaz reflecied
the resulls from RT-PCR. drd expression matched for braan,

16 HPRT
LR I e =
-]
4
[i]
A HIF1a _
R M
B| 8
g N
l:l L) T T T T T T
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Fig. I. L2 mistive exprossion lovols in NC.GED of 4 sdeord peam, fom
mreys genorsed in soven indeprodent Ishorsocis is-g). Das from micmarsys
pofomod oo candisc tssue was downloaded md included in NC-GHD sfter
nocmaliz sion.

kidney, and spleen, but not for bone mamow and Iver. In con-
clusion, 22 of 25 resulis were m complete concordance between
NC-GED and qpumnntatinve RT-PCR. which 15 an approamate
90F% mte of reproducibility:

Tizsue disiribution

The tissue diswibution of mansonps (and by cantious impli-
cation of the encoded proteins) 15 consadered phyaologically
relevant and consquently may comehie o tsue-speafic
ettects of toans mrgeing those profems (Abboti o al, 1999,
b Typically, tssue-specific mansonp sbundance & measwed
by semi-quanniastive RT-PCR. e cabbmted agamst house-
Lkeeping genes and tota] RNA content. Drawmg on our datahase,
which 15 nommalired o0 RNA content, we assessed the fissue
dignbution for > 9500 genes m more than 100 assues cell types
(see Supplementary Table 31 The data can be wsed 1o cither
confirm or extend cument knowledge. For instance, the immu-
noglobulin heavy chain was found only expressed in B cells,
which 5 o swpn=. Likewse, the IL7-ecepior was found
expresed sevenl powers of 2 higher in bone mamow and

Plossc cite this article s Proricks, ML, ot ol Micmermy malysis of the AR systom: Tissue-sporific ficvibility in signal sd mrpet penes, Toxicdl. Appl
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Fig. 2. Companson of normslizod cxprssion lovels of 3 gonos in NCGED
the mepative cxpeommislly pencreed oxprossion levds ENA fom fiee
tssnes wasproperad fmm CATHL S mioe (o= 51 md RTPCR was pedomedss
dosenbed in Merosis smd metod. Shown e the log? oxprossion lovels fom
M C-GED| white bars) comperod o KT-PCR msults jgray bars). The cxpenment
wis mpeaed theer dmes.

vanous T-gell hnesges than m other issues, &5 expecied
However, the IL7recepir was similarly highly expressed in
e ke and the cerebellar conex, which was previously unknown
Galactose-1 -phosphate undyl transferse, whose lack kads 1o
galaciosema, and may be associsied with fomlke infermliy, was
expiessed not only in the Inver and he ant ( s known and expected )
bui ako m the vierus and m immune cells, even several powers of
2 higher than i lver Other examples of unexpeesed high or low
expression of mdividuml genes m non-fypical issues are easy io
find. Again, # should be swessed that values n NC-GED are not
absoluie, 12 3 very bow value for a given gene m the table does
not necesmnly reflect negligble expression or even abmnce of
the mnzript m the respective tssue, but posably simphy the
detection sensfivity of thai gene on the mcroamay:

Expreszion of genes of the AHR sestem o she Toell ineage

We wsed NC-GED 1o analyze onfogenic and ossie-specific
expression of members of the AHR sigmling pathway. AHR

sgnalng has been sudied in pamicubr with respect 1o dioxm
wxicity. Recently, inkerest in the AHR has shified iowands i
physiokgical role, for indance in the immune or endocrine
sysiem, oF with respect io ol differenimiion faies.

In recent years we have studied the mmunotoxic effects of
AHR over-activation by dioxins on the immune system and on
lincage decisims of thymocytes and T cells (Lai et al, 1997;
hjora et al, 2005 Vogel of al, 1997} In Fig. 3 we show an
analysis of the expression levek of AHR system members, of
AHR-tangeted gones, and of T-cell-specific genes in a vancty of
T-g=ll subsets and lineages. High expression of (135 and Tyt
wars found as expecied for Teells(except bick of Tl inone cell
hnej. (Mher components of the CD3 complex were highly ex-
pressed, oo (data not shown ). Likewsse, Rag ! which is required
fior the rearmngement of the T-cell recepior genes o imEnatune
thymocvies showed the expecied exchisive expression in ths
cell type.

Surprsingly, we detecied a varmton of AHR expression ina
T-gll lincage dependent fashion. In T-cell subsets, the Al was
differenimlly expressed, lghest in immature T cellls, approxi-
mately 4 times bwerin pnmary CD8 T cell, and even lower m
o typical T-cell lines (EAT and DN 0G4 ), which have been
perpetuaied in culmre for decades. Interestingly, regulstory T
celk (CIMTCD25") fiom e pancreas have 3 comparstvely
high, while CD4 CN25™ showed only weak Al expression.
Hwever, even the highest expression m immature T cells was
sveral be? onders of magniude lower than Alr expresaon m
ather tisswes such as liver or lung (see Supplementary Table 31
This patitem of 3 decessmg expressim of the AHR by Tcell
maursion & not followed by e AHR s dimenizstion painer
ARNT. In contrast, where 4hr levels deaease, 4 kwek
appeared to increase. This is pamiculardy noteworthy m the cell
hines, where Aruf expression was not lost, compared o primany
Teells. Transcript expression of neiher the AHR chapaone Ay
nor of Hifla changed much in different Tcell subscts. Upon
actvation, the AHR/ARNT heteodimer acts as a tanscnption
factor; we therefore boked @ o wellkinown taget genss,
Ciplal and Cyplhl. Compared © the median expression
kevel in the database, both are expressed at low kevels inthe T-
cell linewge.

We extended the analy=s with NC-GED 1o hmphoid and
myelowd cells, namely early B cells macophages, hacmmio-
poictic siem cells (HSC ), dendriic cells (DCsh and thymic
epihelnl cellk. The resuls are shown m Fig. 4. Compared o the
median value of all amays, the Alr was expressed sevenl log2
arders higher in nmamre B cells than the average of all tssuss.
For ofher mmamre lyvmphoid myeloid cells denived from bone
marow of feml liver Aly cxpresion was at least as high, or
even higher, than the aversge. Splenic dendmtic cells, but not i
vitro generated DCs, displaved high Alr expression. Interes-
wgly, some macrophages had very low Alr expression and thos
differed from most ofher immune cells Node that m more
M shges (e paitmeal macrophages) Al expression &
higher.

Armt and Ajp were expresed o average levels almost wni-
formly across e lymphoid myeloid cell subsets shown in Fig
4 However, again the immature B cells differed, ie. they had
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above average Ami, below average Aip, and, surpnsmgly, high
Cyplal expression. Another trget gene of the Sanscrption
factor AHR. Cyvplb, appeared 10 be mdependendly expressed
trom dlw, Arng, Aip, ie there 5 no obvious patiemn of co-ex-

pression oF non-cxpresson. Note that constwutnve OyplbJ
expression was genemlly lbwer than the average in all asswes of
the dambase, in lymphoid myeloid cell subses, wheress for
Cyplal this was not the case.

Typical expression levels of Alr, At A2, Aler, Oyplal
and Cypd b1 in non-mmmotypic organsand cell types ae given
in Table 1. Of specml notice here 15 the high Al and Alrr
expression n Schwann cells, accompanied by low levels of don
and Arme?. This finding of the potential neganve feedback loop
of the AHR. manscnptioml actovify remains enigmatic.

Co-expression analysis

Expression of o or more genes in the same cell a the same
tme (“oo-expression” ) can be a first hot at a physidogical
connection, more 0 if co-expression 15 coregubied by extemal
or micmal sgnals, or when boking o proteins of a signahng
pathway. Co-expresion can be analyeed by Imear regression.
For data m NC-GED, we used the graphical approach of scateer
plots, which depicts co-expression of two genes. The resulis of
some comibinations are shown in Fig. 5. 1t 5 imporiant o note
that different ProbeSets ditfer in their bnding kinetics and that
the sme expression value does not necessanly neflect the same
amoant of RNA bound For low transenpt concentrations, the
hybridiation follows the shape of a langmuir adsorption iso-
therm, whilke higher concensmtions resull m a deviation from this
Imear approach (Helstma o al, 20603; Held o al_, 20060

First, we boked st co-expression of the Ahr with its dime-
nzation parner Armi, and with the two well-known A HR-indu-
@ble genes, Cyplal and Oyplhl. Congevably, Alr and Arne
should be expressed iogether a5 both molecules are needed 10
form a functonal transonpiion facior. However, this 5 not the
. A vanety of stiem cell popuhitions express the Al in the
ahsence of Ame (dots in lower nght of gaphp It 15 also
nodewoathy that expression kevels do not fall on a lne, 1.2, there
wre cells/vissues with Ahr'™ " ™" orwith A" g™

Similarly, no uniform comelaion between Al and its target
genes Oypdal and Cyp b was detected. Forboth combinations
a mmber of Gsmes were deedable with relavely high ex-
pression of Cypdif. High expression of Cyp /B0 was found in
combmation with a wide mnge of Alrabundance and vice versa.

Armi? has a very high degree of ==quence homology io 4
and ® has bemn discwssed whether the formation AHR/ ARNTZ,
HIF lw ARNTZ, or ARNTZ/ARNT heterodimers is posable
(Bamow et al, 2002; Jain o al., 1993) If e, one function of
ARNT2 might be w0 replace ARNT. Co-expression analysis of
Arni2! Armt showed, how ever, that Arme? was expressed notf only
in the shsence of desectable Amy, but also m tisues with high
At expresaon kwls Ambysis of the expresion of Adrmr-
fike, a tind sequence homolog o Arar, m this regand showed
similar results (data not shown )

Functioming a5 a cytosohc bindng pamner 1o the AHRE and
many ofher protein complexes, HEPH 15 formed as & dimer of
H5 P9l and HSP%h1. The co-expression analysis shows that
both genes are always strongly expressed wikh ahigh degree of
coarelation and #hus e presumably not a lmiting factor m the
AHR system.
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Two genes of ST family, 570008 and 5/00a%, whichhave  Expression dymamics of the AHR system and associated gemes
beenmeporied o be differentmlly regulated followang AHR over-
activation, me oo-expressed ( Temchura et al, 2005) §Taf The constiutive expression levels of the Alir have been
deticient mice, but not 5T delicient mice ae embryonically  determuned in several organs and cell types, betore and afier
lethal. The co-expresion analyse revealed a high degree of  hgand activation, eg by dioxin exposwe. The daia have re-
corelation befween both genes on mENA level. Deviations wealed a stable and cell-pecfic expression of the 4lr, which i
trom the comeltion line were detected only in the bwer  nof up-regulated by ligand activation (Fitzgemald o al, 1995;
inkensity ranges. This suggests a mgulbtion on protein kveliobe  Ma and Baldwin, 20060 However, it is not clear whether cell-
regponsible for the lethal knock-out effect (Passey et al, 1999) gecitic Ar expression 15 tightly controlled in all cellubr =-

Tabic 1
Memn exprosion of AR, AIR intrseten parmes, snd AIR srper genss i non-immunslogie tssns s coll typs
Gine symbol A A A Amc? A Cyplal Cypl bl
Modian sD Mlodian sD Modian D Moxdian sD Modian sD Mlodian sD Modian iD
1551 4 L A7 LT i3 L8 6.l L3 L3 k4 63 12 1.6 25
Tosns 6.8 L4 78 [N LG 63 L3 LR U L4 A3 211
Utrus 2.1 0 72 4 A7 L 63 N 14 k1 4 i A1 L6
Kidnoy 1. LI [ S (UL e k8 12 k4 T1 U (k6
Lung L] 12 ik 7 4.5 14 Ak L6 LA k4 & 1.6 [ ()
Liwex 02 L T8 L3 4 LA 64 3 0.4 k8 i L3 G4 24
Hean 1 LK L3 59 L0 .7 ik k4 LT % L1 .7 21
Hlippocem s 6.7 12 64 L3 a7 L2 T L3 LR UL L3 63 L8
Sehwann oolls Lik 6 14 T =R 3y 74 k3 11 LI | L1 A4 24
Tlum 64 L1 ks i 2 64 k1 L [CTUR Y UL 8
Jzunum 17 U 4 A7 k4 G4 k4 02 [N LI 1.4
Roomm i NI | N1 LNV 2 a3 k1 54 LN 20
Dise ending col m 14 k1 78 [ Y (UL (ki 04 k2 44 4 41 4
Corpus 1 k1 i k2 39 k5 (%] k2 L] k1 34 7 ) (]

* Al ve s given in this shie s log? intemites & given in NC-GED.
" hinximal lovel in W C-GED.
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mations, or subject o tmnscnptional regulation, and i so, what
might tngger Ahr expression changes To detect such wigger
condtions and chicidate the dynamics of AHR-ehed gene
expression, we theretire used the expression kvels compiled in
NCGED. The 1967 micoarmays in NC-GED ae from 158
semies of experments. In GEQ these are defmed as a set of
related samples conadered o be pant of an expenment (Edgar &
al., 2iN2). For instance, an experimental sevies can be a cell line
which was treated with moreasing doses of a growth fackor, ora
sexies can be microarays prepared from bam Gssue  different
ages of an anmal, or a senies can be fismes from wild-ype
versus knock-out mice. Withm a senies, any different trestment
{eg a single dmg dose, ime-pomt, or gene deficency) 15
emed “condition”. In previows studies of trnsonplomes of
dioxin-exposed AHR wild-type versus AHR deficient mice we
had entified genes, which were differentially expressed in
several cell subsets of the immune system ( Frericks of al , 2006)
and thas might be connected 1o the AHR signaling pathway. We
here chose 308 conditions for compamson of the expression
levels for the 4hr and its chaperone dip. 5 other members of e
PAS-BHLH family, & Ahr tarpet genes, and 13 genes found by
our own microamay studies. The results ae summanly shown in
Fig. 6

This hest map depits the vambility of expression of all
mvestigaied genes. Except fior dip, all genes are expressed ot
least 2-fold higher or lower m sbout 10— 30% of cond®tions. Aip
showed varmhility m only 9508 condtions and was one of e
most unifoemly expressed gemes in the databaze (dat not
shown ). Unexpectedly, the Alr was differontmlly expressed by
numeroars conditions ( 53/308), including developmenital stges

in early development, DL acovation, Schwann cell develop-
ment, orin hver and lung afier vanous drug trestment schemes or
gene deficiencies, in ovary and testis development, and many
more (Table 2a and Supplementry Table 4). These changes
were accompanicd by expression changes m potental AHR @r-
gef genes in many, but not in all cases. Conditions which led 1o
an o least 2-fold transcnpaion change of AHR -targetable genes
include intestinal mmor development, hean inpry, sk com-
ponents, schemia and king and hver treatments, or muscle nssue
ot ditferent body sites. Table 2a bsts some conditions, which we
find noteworthy, in particular the moresmg Al expression
dunng hematopoeas m development of fetal liver cells A full
&t of condmions m which the AHR & differennially regulated is
given in Supplementary Table 4. For instance, Ahw, drg, Aip
and HIF I all were expresed o least 2-fold higher in #he liver of
wild-type mice than in O~ gene-deficient mice. The gene
Cry eneodes ayplochrome, which & ontical for cwcadian
rhythm and regubition and eglated by CLOCK, yet another
gene of the PAS-bHLH family (Chshi et al, 20035 )

Potentiol AHR tavged gemes can be differentially expresed i
the absence of Bgand

As shown above, Alr expression & affected by numerous
conditions. Dhitfe rentml expression of AHR tanget genes such as
Cypdal and Cyp I I s ofien considered as an indicator of AHR
involvement m processes such a5 dmg trestments, although an
AHR-independent mduction has been observed m several
studies, and they are nof exclusively regubied by the AHRE. We
applicd a batiery of 3 genes to query NC-GED 1o idemity

Flmse cie this sarticde s Fronicks, M., ot o, Micmersy malysis of the AR systome Tissoe-sporific foxibilicy in signal sd orger gonos, Toxicol. Appl
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conditions with potentl AHR invohement. We wed 6 genes
trom the clas=aical “AHR gene basery™, Le. genes kmown to be
direcily inducible by the AHR via AHR-respansive elements in
their promoders, and 13 puanive AHR-responave genes, which
had previously been identified as TCT}D-mducable in immune
wells by us (Frovicks o al, 206k, albeit # &5 wclear whether
induction is direct or indiwrest. The resulis are shown i Table |
We note that none of the genes was inert to change; 5T00a¥ was
the gene with the highest “flexility”™ in the @bk, e 15 ex-
pression changed m 105 of the 308 condinions. Cre, Ol Soxd,
mnd Far? were regulated m less than 40 condinons; others
showed a high degree of enher up- or down-regulation, depen-
ding on the condition tested in the sevies. This was especmlly
tme fior Tiparp, SH008 and ST00a%, Xoar, and [gals3, sugges-
tng a higher sensitivity to expenmental pammeters of these
genes. In concordance with this and previous findings from ws
there is no diect comelation between the diections of the
observed expression changes, e up- versus down-regulation
Yet lmear regression amalyss of the observed changes
showed a significant comelation between all changes (data not
showm)

It 15 highly probable that angle differentinl gene expression
can also be observed by chance or unrelated biological
processes. We looked for condmions, in which more than four
potenim]l AHR-dependent genes were regulated, and which
thewe fore conceivably are conditions where the AHR maght be
mvohed and physiclogically active. Table 2b lists several such
conditions. A full hst of conditions we scored as inwlving the
AHR 5 gven in Supplementary Table 5

We detecied changes of putative AHR-dependent genes m
king. Iver. and sin unde r vanoe conditions. Furthermore, celks
of the mmune system were prone 1o such possibly AHR -related
mmscnption | changes, e g m thymocyte developmenil smges,
medullry thymic epahelmm, and dunng DL ditferentmnon
Muscular tssue, which has been reported previously to have a
low abundance of AHR expression (DGhr ot al, 1996), showed
putative AHR-related gene expression changes insix genes with
age. In an asthma model of the ng, 7 putative AHR -dependent
genes were atfecied (Table 2b). Treatment with a PPAR~y ania-
gonisi, msagliamone, led 0 changes m 6 putatne AHR-
dependent gemes. In heant a5 well as brmin a dercgulation of
AHR mnget genes was observed under ischemic condiions and

Fose oo this srticle s Fodcks, M., o ol., Micoaoey amlysis of the AIR sysiome Tissue-spoafic floxibility in signal md mpet gonos, Toxicol Appl
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4

mjunes | Table 2by. The high abundance of Al and Aler in the
development of Schwanncelk from newal crest further suggests
a ke of the AHR in newronal processes, (Supplementsy Table
4 In conclusion, we observed that unexpected condiions exis,
where potential AHR target genes can be differentially
expressed | tssues in the sbsence of any exogenous ligand.

I mssiinn

Beyond tiered “hists of expression”, micoamay dam can be
v=dio daa-mmne transcnptional mierdependence in grest demil,
albeit this requires diect compambility. Databases like READ,
Bodymap (hep: bodymap.msu-tokyoa jpl or EMAGE ame
dicctly comparable, but rely complecly on a single set of sif
spoiied mmay platforms. The keading open source repositonie s fior
publizshed amay data, ke GEO, AmrayExpress, or CIREX, how-
ever, lack dwect compamhiliy; they confain huge amounts of
microamyy profiles (Hishila ef al, 2006k Baldock et al., 206150
Especially the widely used Affymemx gene chips are inclided
m these open repositonies, with a wealth of $housands of ex-

= up-mgulmion, “— down-rogulstion, =2-3-fold change indicstod by dther = or —, =4-fld=++ or— —, = #-fold by ==+ a— — —.

pression protiles; cumendly approcimaely 20000 Affymetnx
expression profiles ae deposted m GEOL

Cur approach uses these publcl svmlble expression pro-
files and renders them comparable by smaght forwand mathe-
matical normalizstion. Probe level analysis of the ongmal ranv
data files would be a mone power ful approach, but m mos s,
these are not publicly available. However, companson between
data nommabized as descnbed heve clearly demonswaed that the
tmanscnptomes of dstnct tesues denved from ditferent labo-
monies did not differ with changing “wme, space, or person™. In
addition, we showed expenmentally that expression levels in
NC-GED comresponded between in sifico and in vive expression
levels; tor five sample genes in liver, spleen, kidney, brain, and
bone mamw data weore epmoducble with real-time RT-PCR
Taken wgether, these miena demonstrte the validay of our
nommalization approach in making microamays comparable.

Unly lmited information on tssue/'cell fype disnbution is
available for most genes on microamays. This is especially wue
tor all expre sed sequence tags (EST) with wmknown function.
Cansed by the sbsence of publshed reference data, many po-
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tentmlly relevant findngs conceming differentially regulated
ESTs remain unnoticed. Cur database NC-GED provides data
fior the tisme ©ell type distribution of mose than 9506 genes. In
an excmplary fashion, we boked o expression patiems of
membersof the AHR system. ie the AHR itself, w5 chaperoning
prodgins, s dimenzation pariners, foken taget genes, and #is
TE VeSS,

The AHR system is the medistor of the toxic effec s of seveml
growps of small moleoular weght chemicals, in particulr of
polvhabgenaed aromanc hydrocarbons. The high attminy AHR
ligand 2,57 S-tetrac hlomodibenao-p-dioxm (TCTHD) & hepato-
foxic, cancengenic, ormogenic, and considered an endocrine
dizuptor. The mmune system & a ensine @egs of AHR-
mediated TCTHY foxicity, and mmunosuppression and thymus
strophy are allmarks of dioxin exposure. The molecular me-
chamisms underhing the plaowopic and highly ns=e-speafic
cttfects of AHR activation are a wopic of miensive myvestigation
q'F‘ug;q al., 2082 Hankmson, 2005; Dalion of &l 2002 Sate of
al., 208K We and others have shown that mmenus immu-
nological processes are atfected by TCTHD, including hemato-
poictic siem el development, T- and B-cell differentistion,
dendritic el mawmation and function, and an increased abun-
dance of reguliory T cells (Temchura et al | 20615; Funatake ot
al., 2005; Lanosa of al, 206065; 1 mpere o al., 2002

It was noted early that constimtive expression of the AHR
vanes strongly between tssues. For mstance, the AHR 5 abun-
danily expressed in liver, ing, and spleen and was described as
almost absent in muscle tissue (Schmidiand Bradfield, 1996 Li
ot al, 1994) We previoushy showed that AHR expresson, albeit
generally high, is smiified in vanous lymphoid cells (Eser
2062 3. Here we confirm and extend these findings and add osher
genes of the AHR signaling pathway 0 the analy=s. A Imeage
specific analyas of the AHR in thymocyte subsets revealed
medium to high abundance in immature thymocyies,
CIM"CD25" regulatory T cells, and low abundance in
penipheral and matwe, ubured cell wpes comching well
with the siscepaibility /o TCDD action in the T-cell Imcage
(Kerkvhes, 2002 Atmophy of the thymus appears 10 be coaused
by sevemal factors, in particular by a block m thymocyie matu-
mtion, reduced proliferation, and possably premamre emigmnion
of thymocytes (Silverstone o al. 1999; Kerkvlies, 2002;
Funake ef al., 2005; Novosad et al, 20602; Yamaguchi et al,
1997; Laupeze of al., AH2; Temchura of al, 265). Recently, it
was shown that regulatory T cell can be generated by AHR
activaiion (Funatake ot al, 20605). Thos, our daabase demon-
strates thad, in the T-cell Imeage. the very rget cells of TCDD
action are the cells with #he highest trnscription of the Alr gene.

Similarly, the systemic mmunosuppression observed afier
TCDD trestment has been associsted wath phenotypic and
functional changes n dendmitic celk (Laupere o al, 2MI2:
Fremcks ef al, 208K}, and the AHR 15 wanscnbed inthese cells
We note that Alr expression 15 higher in pnmary splenic
dendritic cells from adubs versus young (10 day old) pups, and
versus dendnitic cell precursoss in the bone mamow. Again, s in
the T-cell lineage, the developmental smge of a celltype appears
1o be relevant for Alr expression, suggesimg a ok for AHR
signahing in physiclgical dif ferentiation events. It is cumently

mknown what this role could be; we thnk it reflects pnmanby
the immEorption factor function, possibly tnggenng secondary
cvents afier pimary gene induction. In this confext # is note-
wirthy that DREs are found as components of mamy promoters
(Sam et al, 2002, and conceivably the AHR might use them i
address these promoters. The AHR dimenzes with ARNT o
become a functional transcnption factor. ARNT in mm can
dimenze with other members of the PAS-bHLH famaly, such as
HIF1 o Owr co-expression amahysis showed, however, that many
nsmues exist, where drur is tmmcnbed well but Ale at low
levelk or cven not at all. The case vice versa was much rrer and
mcluded n paticular hematopoictic stem celk. The stoichio-
metry of PAS-DHLH partner molecules in a given cell 5 not
lnown, e.g to what extent competition for ARNT @akes plce
and may become hmitng m AHR funcion. Our data mdicate
though that ARNT appears expressed always o sutficendy high
kvek, probably not regubining AHR activity by compention. It
hasbeen suggesied that ARNT2, a sequence homolog of ARNT,
might also bind 1o the AHR and thus ke over when low kewels
of ARNT see apparent (Jain et al , 1995 Sclane and co-workers
however demonstrated that, akhough ARNT can form hetero-
dimers with HIF1 o and with ARNT acting as transcnphion factor
mEeparer gene asmys, it E very me ticent o forma functional
mmcrption facior with the AHR ( Scking et al, 208k, We find
that bosh isoforms of ARNT canbe co-expresed, supporting the
possimlay of an mdependent acton mther than a meve subs-
amtive ke for ARNTZ.

However, our data mining of micmoanmays emphasizes that
there 5 no smmpk relationship m quant@ative enmms between Alr
expression level and farget gene expression lkevels, as had been
mierred previously from cell culwre and molecube data (Esser,
JHIZ) There also does nod mem o0 be a vni-directional co-
regubtion, ie if AHR expression increases, so will target gene
expression. Indeed, we denified nsme-speafic conditions m
WC-GED where Alr transcription is decreased, but target gene
mmcnption much & Cyplal inoeased. Although CYPIAL 5
considered an importnt taget gene of the AHR, it com abo be
regulbied by other mechansms. However our unexpecied fin-
ding pomis © ather a relesse of tansonpional repression by the
AHR or a ok of the AHR system for up- and down-regulation of
genes. We are cumently investigating this possibiley further

The endogenous hgand of the AHR remains engmatic.
Several small mok ol weight chemicals have been identified,
which ame capable of binding and activating the AHR. However,
® is hkely that several, assue-specific ligands exst, which are
relevant fior dif ferent tismues such as skin or Iver{ Adachi et al,
A ; Zanal and Bend, 1997, 'Rmnug and Frsche, 200) We
tested NC-GED for conditions, where well-known (“chssical ™y
and 'or putstnve AHR brget genes, are changed m the absence of
any exogenous AHR ligand. Our srprsing fnding that many
=uch conditions exist might be explained (i) by she action of an
endogenois ligand or (1) by AHR activity wishout a hgand, or
(mip by coincidental regulation of these genes by other mecha-
misms, of & combination of hem Any of these posibilines can
be ieded expenmentally; some even have been addres=d ©
some exienl. For imstance, Elfrnk ot al. have shown that the
AHR can act independently of a ligand, by direct mieraction
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with the retinoblastoma protein, theeby mediniing cell ek
progession m @ viro expenments (Ge and Effernk, 199%;
Elfeninket al, 2001 ). AHR-respomsive genes were differennially
regulated in, eg. lung, the hean, or the bman. What is known
ahout these tssues afier exposure to strong AHR higands, such
as TCDY! Immunolgical responses of the king afier influenza
mfection have revealed AHR TCDD- dependent responsivencss
of this assue (Teske of al, 206050 The kng i5 the point of first
contact 1o all air bome substances, including chemicak necding
© be metabolized. Therclwe, changes o transenption effi-
ciency of putatne AHR -dependent genes dunng milammatary
reactions like asthma could reflect a mwral endogenous-
hgand-dnven AHR response.

In trestment of aorm and L3T3-L1 cell with msightarone, a
dmig used in trestment of sirvay yper-esponavenes and ype
11 dighetes, NC-GED identified di ffereniild expression of AHR-
dependent genes. Rosigliazone is an antagonist of the
peroxisome proliferator activated mweocopior PPAR . which in
mm is known o exhibi cros-talk o the AHR signaling pash-
way | Lm and Jefcoaie, 20060 Tt will be micresting io follow up
the mle of the AHR in asthma, other king immune re sponses,
and of course, agnalng oos-talk.

Likewise, our in sifico deection of condtions m the hean,
which changed expression of pumtve AHR -dependent genes, is
congruent with expenmenial findings. For instnce, the AHR is
decussed in the conkext of heant disesse and candiac develop-
ment i humans or in the chicken embryo (Walker of al | 19970
Cardic lkesions have been showm in AHR noll mice (Thack-
abory et al., 2H2; Visquer o al., 2003; Mchrabi e al., 2002)
We therefore thnk it concenable that changed expression of
AHR wrget genes reflects a changed activity of the AHR, and
possibly activity of an endogenoas ligand. This, however, will
have o be addressed expermentally.

Apart tiom conditions by which tanget genes of the AHR are
regulated, we repont here for the fird ime a snking number of
condiions, where the Fanscnpaion kevel of the AHR atselt is
changed. In many published reporis of TCDLY action on the
AHR system, Abr transcription was oot ypregubied upon
activation. However, as apparent fiom our dam, the AHR 15 not
onhy differentially expressed constautneehy in different tissues,
but abo subject o reglation wnder cermin conditions within the
same fssie. We find particularly noteworthy the strong dowm-
regulation between the fst cell drasions of the fertibzed oocyie
until the bhsocyst (concomitant o0 HIF la decrease). More-
over, in utemus and testis development from day 1.5 o day 185
pod-parmm Al wanscnpion & up-regulated and the expres
sion of @rget genes 15 atfecied. The AHR & known as an
endocnine dsmpiorn, and our data suppon a role for the AHR in
reproductive assues. AHR gene-deficient mice show o marked
reduction in ferility and over-activation of e AHRE is
emdogenic (Gonzaler and Fermandez-Salguero, 199%; Thomae
of al, 200e; Mimorm et al., 1997

In summary, we show here that nomabization of micmoamay
data can make them direcily compamble and accessible for dam
mining. We established and vsed the meta-dambase NC-GED o
analyre the AHR sigmhing pathway and its taget gemes. Owr
mam tndings are (1) & high tssue-specific and cell-stage-spe-

afic regulation of Alir expression levels, which 5 (W) not co-
reglsted together wih ARNT; (i) dentification of highly
unifivm constiutive dip expression indicative of #s ole as
chaperone of other proteins in the mamer of a housekeeping
genes; (W) no stnct coregubtion of Amidd and Arme?; and fi-
nally, we found (v) eglation of puative AHR @get genes
upon changed experimental or physiological condiions not
rehicd 0 exogenows AHR actnation. Our data on the asmue-
specific Hexibiity of the AHR system contribute 1o an inoneased
awarmess of the physickhgical mle of AHR agnalng system.
Long thought 1o be pnmarily responsible for xenobiotic met-
bolism, oxicological, Wochemical, and functional swdies mdi-
cake a breadth of invohement in ather bodily funcaons as well
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Abstract:

Activation of the aryl hydrocarbon receptor (ARR') by 23,7 B-tetrachlorodibenzo-p-
dioxin (TCDD) elicits severe mmunosuppression accompanied by thymic atrophy.
Previous shudies indicate that TCDD targels several steps in T cell development
within the thymus, however, the underlying mechanisms remain poorly understood.
Evidence suggests that AhR-medated changes in thymic epitheial calls are relevant
for thymocyte development. Global gene expression n the cofical thymic epithelal
cell ine, ET, at 2, 4, and & h folowing SnM TCDD exposure resulted in differential
regulation of 201 genes. JASPAR and TRANSFAC mapped the stalislically over-
represented promoter elements in the reguiated genes to specific tanscriplion factor
binding sites, suggesting a reguiatory role in ARR signaling. Oversepresented
elements induded the xenobiotic response element XRE, NFxB-Rel, HRE, PPARY,
GR, PAX-4 and eslrogen receplor binding sides. Codreatmen experments with
TCDD and CoCl, o nduce hypoxia, or TCDD and 17-B-estradiol {E2) indicated
aosstalk between these transcription factors, m agreement with other expermenital
madels. The computational identification of TFBS and the demonsiration of
nleraction confinm their interactions with AhR signaling and suggesls that the other
over-represented elements may also be important in the immunosuppressive effeds
elicted by TCDD.



Abreviations used:

'AhR - aryl hydrocarbon receplor, TCDD - 23,7 8-Tetmchlorodibenzo-p-dioxin, TF -
tanscription factor, TFBS - tanscription factor binding site, CoCl, - Cobaldchloride,
E2 - 17B-Estmadiol, ER - estrogen receplar, NFxB — nuckear faclor of kappa light
polypeplide gene enhancer in B-cells, HIF - hypoxia inducible factor, PPARYy -
peraxisome proliferative activated receplor, gamma, GR - glucocorticoid receplor,
PAX-4 - pared box gene 4, DRE - dioxin responsive element, HRE - hypoxi
respanse elements, PVWM — pasition weight matrix, RR — regulatory regions



Introduction:

Faolychlorinated biphenyls (FCBs), polychlorinated dibenzo-dwxins (PCDDs)
and polychiorinated furans (PCDFs) are a group of important erwronmental
pollutants. Although the contammation with these subslances has decreased in
recent years, they are slill presont in the human food chain®. The most toxic
congener of this group, 23,7 8-letrachlorod ibenzo-p-dioxin (TCDD) elicts a range of
adverse effects, especially at high doses, including hepalotoxiaty, tumor promation,
teratogenicily, and wasting syndrome. In laboratory animals immunosuppression
accompanied by severe thymic atrophy is a hallmark of low doss TCDD expasure *7,
TCDD induced immunosuppression affecls antibody responses as well as T cell
mediated graft versus hosl responses or anli-viral IESPCII'IEES?E =
responses and thymus bickogy are affected by TCDD. The thymus s the organ of T
cell development and maturation. Cumently & is undear, how the TCDD effects on the
thymus relkile o penpheral immunosuppression. Therefore, & is mportant 1o
undersland the mechanisms underlying the TCDD-eliated thymic phenatype.

The cylosalic ligand-activated lranscription faclor aryl hydrocarbon receplor

. Espeaally T cel

(AhR) medatles many of TCDD's toxic responses. AhR exisls in the cylosol as an
nactive complex associaled with HSP20 and AIP* Z. Upon igand binding, the AhR
desocates from s chaperonge proleins and shuftles to the nudeus where it
helerodimerizes with the AhR nuclkear tanslocalor, ARNT. This heterodimernic
complex bnds o doxn response elements (DREs) in the DNA lo miliale
Iﬁnﬁurﬂiun‘“.

Studies in conslilutively aclive AhR T-ceall Iimeage transgenic and ARR-chimeric
mice demonstraled the necessily of ARR expression o medate these effeds n
thymocytes and thymic epithelial cells*® 5. However, the underdying mechanism of
thymic phenotype remans obscure as mulliple modes of achon exst, ndudng
reducad thymocyle proliferation and development, abemant emigration of mmature
thymocytes and a skewing of the thymic oulput towards CD8™ T cells
expression analysis m immature CDICD4CDE tnple negative {TN) thymocyles and
sudies of CD4CDE double negative (DN) thymocyles and thymic emigranis
denftified an array of differenlially expressed genes, suggesiing the ke of diverse

- T . ]
. Gene

transcripiion factors™ * Changes in thymocyte development and slage- specfic
differential gene expression confound the differentation of AhR-mediated responses
and thosa from other ranscnplion factors, and different cell stages. Expression of self




antigens from the periphery B primanly controlied through a tight reguiation of
transcription fadors in thymic epithelial cells. Thymus epithebum provides important
signals for thymocyte maturation and differentiation and is tageted by TCDD. As
intrinsic ranscriplion factor adtivity conlrols thymocyte development at each stage’,
crosstalk between faclors conceivably plays a roke. In contrast to the TCDD elicited
expression changes in thymocytes, no data on thymus epithelal cells is available.

Proposed crosstalk mechanisms indude compefition for cofactors, divect
protein nteractions, and competition for DMA binding sites. For nstance, AhR
crosstalk has been demonstrated with hypoxia inducible factor 1 alpha (Hif1a),
esfrogen receptor (ER), nudear factor 2, Apl, Sp1 and NF-xB n various cell
types™ 27 H0 BT Eor example, over-adivation, or inhibion of degradation, of
Hifla resulls in thymic athrophy®. In normoxia, Hifla is mpidly degraded; hawever,
under hypoxic conditions, or aclivation by other stimuli, Hifla is stabiized and
heterodimerizes with ARNT. This complex binds to hypoaa responsive elements
(HREs), and infliates gene expression™. As the thymus s normally hypoxic, AhR will
kely crosstalk with Hif1 %' Treatment with E2 also induces a sevens thymic atrophy,
due to effects on thymocyles as well as thymic epithelal cells™,

Identification of the potential interactions in the regulatory region of amget
genes B pivolal in elucidating the molecular mechansms behind AR medated
thymic atrophy and skewed thymocyte differentiation. To address this, gene
expression profiling combined with comprehensive response element denfification
and analysis identified transcrplion factors that may interact with AhR signaling n a
thymic cotical epithelal el ine. This analysis identified among others DREs, HREs,
ERE and MF-xB binding sites as being overrepresented. Results from co-treatment
expenments of coball chloride or 17E-estradiol with TCDD to probe interactions of
Hifla and ER with the AhR, suggest that the HRE and ERE may play a rake in AhR-
signaling within thymic epithelial cells.



Material and Methods:

Cell cullure

ET cebs, derved from CS57BLS mouse thymic corlical epihelial cells (™ *), were
culturad n DMEM supplemented with 10% FCS, pen'sitrep, and non-essential amino
acids. Cells were Ireated at 80-90% conflusncy with ether 5 nM TCDD (Okometric,
Bayreuth, Gemmany), 100pM CoCl; (Sigma, Taufkirchen, Germany), or 10nM 17-6-
edradiol {Merck, Darmstadt, Gemmany) for activation of the ARR, HIF1a, or ER
pathway, respeclively. Confrols received the solvent 0.05% 1. 4-dioxane (Sigma,
Taufkirchen, Germany), anly. For co-treatments, TCDD and either CoCI2 or E2 were
added smullansously at the concentrabons stated abave.

Immunofiuorescence stlaming

Ix10°%/ml ET cells were cullivated for 24h on 10 well, Bmm diagnostic shdes (Menzel
GmbH & Co KG, Braunschweig, Germany). Cells were washed n PBS, fixed for 30
min n 4% paraformaldehyde and then washad n PBS. Staming with anli-ARR (clone
RPTS, Alkxis Deutschiand GmbH, Grinberg, Germany) in a 1:40 diution in FBS,
supplemented with 0.1% Triton, for 1h at 37 C, was folowed by labeling with Alexa
FluorE 438 goal anti-mouse IgG (H+L) MoBiTec, Gotlingen, Germany) in 1:500
diution i PBSMnton X-100, for 1h at 37 C and washed with PBS. Nudear counter
staining was done with DAPI [10mg/ml, 1:50.000 dilution] (Sigma, Taufkirchen,
Germany), for 15 min at oom temperature, washed three times with PBS, and slides
were mounded with Vedor Shield mounting medium {Vektor Laboratones, Hilden,

Germany). Al mages were taken using an Olympus fuorescence microscope

equipped with a ColorViewXS camem syslem at 400X magnification and analyzed
using the Analy SIS 3.2 Imagng System (all Olympus, Hamburg, Gemany)

Viabiity testing

1%10° ET calls were fransferad to 96 well-fial boftom plates, allowed o setfle for 3 b,
treated with 0.05%v/v dioxane, 5o TCDD, 100pM CoCl;, 10nM EZ, or combinations
of TCDD with the atter two for 24h. Cells were washed, mncubated for 3h with 110
Volume MTT [10mg/ml] and lysed n DM30 supplemented with 1% wiv 3D5 and 0.6
% viv acelic acid. Oplical densily was quantified at 570 nm using 630nm as reference
n a MRX micropate reader (DYNEX Technologies, Berin, Germany). One way



ANQVA fallowed by Tukey's post hoc analysis tested for significance.

EMA-Isolation and Real Tme PCR
ET cell layers at 30-80 % confluence were washed once with PBS. RNA was
extracted using 500 TRIzoI™ added drectly o each wel of a 12 wel plale
(Invitrogen Life Technologees, Karlsmuhe, Germany ), maibated at room lemperature
far 5 mn, and transferred o eppendorf tubes. Chioroform (1/5 volume) was added,
mixed and centrifuged at 12.000g for 15 min. The aqueous phase was removed, and
the RNA was precipilaled with isopropanol. The pellels were washed with ethanol, ar
dred for 10 mn and dissolved n nuckease free walter. ENA punty was checked by
analysing the AZE0VAZE0 rtio and the integrity was evaluated by visualization of the
285 and 185 RNA bands on 1% agaross-geks.

For cDMNA symthess approxmalely 1pg tolal ENA was treated with 1 U DNase|
0.5 pg RNA {15 min, RT). The readion was slopped with 2 mM EDTA for 10 min at
65°C. 1 pg RNA was incubated in 10 pl with 1 pg of oligo pd(T),. pamer for & min at
80°C. RNA was reverse transcribed in a final volume of 40 Y containing 1x RT buffer,
10 mM dithiothwedal, 1 mM dNTP, 80 U "RNase out” nbonudease inhibitor and 400 U
MLV reverse transcripltase. Reactions were carmed out for 50 min at 37°C and were

naclivated at 70°C for 10 min. All eagents were derived from Invilrogen (Kardsruhe,
Germany).

Real time PCR was performed with a Rotor Geng 3000 (-Rf- Labortechnik,
Wasserung, Gemmany) n a 154 readion contaming 7.5 pl SensiMxPlus SYBR PCR
KR (Quantace, Berlin, Germany), 1 cDNA and 1l of each prmer (10pM) for 45
amplification cydes (84°C 10sec, 55°C 10s2c, and 72°C 10sec). Al analyses used
three or four biological replicales. Each pimer sel produced only a single gene
product of expecled size checked by mell curve analyss and on agamse gels. Rpsé
and Cxxci were used as reference genes, which exhibiled no treatment effect.
Stalistical analysis was performed on slandardzed CT-values using a bwo-way
ANQVA, followed by a Tukey's past hoc test (p < 0.05). Primers were designed using
the programme Primer3 *. A complete list of all pimers, product length and melting

lemperatures are given n Table 1.

Microaray analysis
Microarmy analysis of gene expression profies used the Affymetric MOE430A




GeneChip. ET cells were trealed with TCDD for 2, 4, and 6hes. Two biological
repicales were analyzed per tme-pomt. cDNA-synthesis, botnyltion and
processing of the solated RNA samples were performed using the Affymeltnx cDNA-
Synthess-Kit, one-cyde larget bbelling and conlrol reagenis and the clean-up
madule (Affymelnx Inc., Santa Clara, US). Labelling and microamay hybrdization of
10 pg sample RNA was performed by the Affymetrix Core Lab Faality at the Heinrich
Hemne University (Disseldorf, Germany) using standard procedures. The resulling

517 from

CEL files were analysed using R (version 2.4) and the affy package (
Bioconductor. Expression values were generaled using the RMA algonthm. For
differential gene expression a 2-fold change in both experments at a given time point
was used. Further slalistical analysis, cluslering and visualizalion were dong using
the TIGR Muli experment viewer (bitp./wwwimd org/mey himl). The rumber of

dusters for the k-means clustermg was chosen o provide dearly separated clusters.

Euchdean distance and average inkage were used for both cluster algorithms.

Gene ontology analysis
Bological functions ("processes”™) of differentially expressed genes were clssified
with the GOToolBox (hiip:/erfb.univ-mrs.fiG0ToolBoxindex php) (). Significance

was analyzed using a hypergeomelnc test and Bonferroni comected for multiple

testing. Funclional annotation of the genes based on their common GO entries was
done usang WPMGA clusterng, where at least 5 genes had to share 100% of the GO

nformation. Significant resulls were Bonferroni cormreded.

identification of stalisticaly over-represented shorit sequence melifs in gene

requiatory regions
Identification of over-represented sequence molifs in AR regulated genes were

analyzed as previously described™. Briefly, gene regulatory regions spanning -
10.000 bp to +5.000 bp rektive o the transcription starl sike (TSS) were oblaned
from the UCSE Genome Browser based on their malue RefSeq mENA accessions.
Human genome assembly hgl8 [(publshed March 2006) and muwrine genome
assembly mm8 (publshed march 2008), were stored In the Gene Regulatory
Subsystem of the toxicogenomic mformation management system (TIMS) dbZach
(hilpfdbzach.fst msuedu), to faditate analysis™. Al short sequence molifs (5-10
nuclkeatides) were identified using a sliding window methad ™. An empincal Bayes




mplementation of the Wilkox's Rank Sum Test was used to dentify oversrepresented
5-10 nudeahde molifs in one population (AhR-largel genes) compared o randomly
seleclted reguiatory regons. This method computes the postenor probabality, which
means the kelhood of that result ocourring {i.e. a posterior probabiity of 0.90 means
that there & a 90% probabiily that the result i tue)'™ ™,

The resulting molifs were aligned and chlustered using ClustalW o denve
consensus sequence molifs. Each dusler contained at kasl 4 unique sequence
molifs. T-Reg Comparators constructed position weight matnces (PWMs) from the
dusters®. Annotation o franscription factor binding sites, stored in TRANSFAC™ and
JASPAR* was performed under defaull settings (checking in both orentations, with
a dissimilarity cut-off of 0.8). Note that based on the conssrvalion of the slored
reference sites multiple hils are possible for a tested PYWM.

Computational scanning for lranscaription factor binding site abundance n human and

murne promoters
Degenerate transcrplion factor binding sites (e.g., those with few highly conserved

regions) map o numerous short sequence malifs and dusters. |dentification of these
sites will occur within promoler regions due stridly o chance. To idenlify and
eiminale thess degenerate sites, all of the previously generated PWMs were used Lo
calculate malrix smiarity scores on the regulalory regions from the UCSC genes.
Sites with a matnx amiarty score > 0.85 were ncluded in futher analyses.
Frequency of a motif more than five times per 1.000 nuclkeotides disqualified & from
further analyss. Conserved TRANSFAC sites were dsoimmated based on ther
reference sequence. Discominated TRAMSFAC sites were highly smilar to the
JASPAR sites ndicating higher confidence n the results.




Results

ET cells express fundional AhR

ET cells express funcional AhR with nuclkear shutting occuming as eary as 30 min
following SnM TCDD exposwre (Fig 1a), and decreasng over ime (Supplementary
Figure 1). Trealment nduced Cyplal and Cypibl from 2-8hrs, as shown by
quantitative Real Time PCR (QRT-PCR; Fig 1b), with deareasing transcipt levels at
later time-paints. Treatment did not resull in an observed dedne in milochondrial
functioning as measwed by the MTT assay, suggesting no change in cell viabilily
(Supplementary figure 2).

GHobal gene expression analysis and clusiering

Affymelrix MOE 430 gene chips probed gene expression at 2h, 4h and 6h followang 5
i TCDD or vehicke treatment. Two-fold up- or down-regulation was used as the
filtermg threshold for gene expression due o the low sample size. Hemrchcal
dustening of the resulling expression profies dearly distinguished between treatment
and salvent conlrol (data not shown). TCDD reatment altered the expression of 201
tanscripts, with 158 up-reguiated and 43 down-segulaled. Eight duslers best
represented the patterns by k-means clustering (Fig 2b, Table 2). The gRT-PCR
repraduced the microarray data with a comelation coeficent of R%=08325 (sse
supplementary figure 3).

GO analysis identified “regulation of celular physiological process®,
regulaion of metabolsm®, and “negalive regulation of apoplosis”™ as over-
represented. Analysis of the mdividual gene clusters mapped this caltegory o cluster
7 {(mmedate up-reguiation folowed by gradual return o baseline expression ).
Futher analysis revealed 21 classes of biological processes (e.g. cell death,
lranscription and conlrol, cellar melabolism, cel communicalion) n the dusters
(supplemeniary lable 2b).

TCDD dowrwegulated ARR expression at 2 and 4h; however, trealment
upreguiated the AhR gene battery, mchudng Cyplal, Tiparp (Fig Za, Chusler 1),
Cypib1 (Clusterd), Ngol, and Alkdh3al (Clsterd). TCDD caused differential
expression of genes involved in cell adhesion (CD44, Mope, Cspg2, Boc), and
migration and cellcell communication (Greml, Ggl, Spsbl, Rasl1ib, Irs1, EdgZ,
Phip, Rgs4, Cmkorl, M1 and 2). In addibon, treatment differentally expressed a
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varely of lmanscriplion factors, induding the krupple ke fador 5, 9, and 10, AhR,
MFrB inhibitor zeta (Nfkbiz), Nfats, Id1 and 4, Nrp, MES, Fosl, Nr3d, Creb3N, Nsbpi
and several zinc finger molifs.

Identificalion of over-represented promoter elements

A search for regulatory elements and transcriplion factor sequence molifs o the
reguiatory regions (RR; from -10.000 to +5.0000p relative to the TSS) of AHR-
modulated genes denfified 6 734 polential transcription factor binding elements.
ChslalW chustered these oversepresenled elemenis inlo 439 cluslers, each
contaning at least 4 eclemenis. T-Reg conwerled these chlusters nmlo PYWMs.
TRANSFAC and JASPAR mapped and annolated the PWMs to 178 unique molifs,
representing 52 fadors from JASPAR, 114 from TRANSFAC and 12 previously
undescribed sequences (Table 4 and Supplementary Table 3). The workflow of this
analysis 5 depicled in figure 3.

Several PWMs matched a large number of the quereed word cluslers, e.g.
Freac-7 (59), Gk (128), CDXA_2 (118), AP1_Q6& D1 (68), EN_1 (85), STATSA (98)
STATE (116), and YY1_06 (62). The muliple hils reflect a high degeneracy of the
respecltive binding sites. Only tmnscriplion fador bnding sies with conserved
sequences provide meanngful resulls N this kind of analyss. Conserved
transcripion fador binding sites wene distinguished by scanning for ther respedive
abundance in al human and muring regulatory regions. An abundancs threshold of
na maore than 5 hits per 1.000 bp was used o denlify 12 sites, induding the Amil-
bHLH site. Several sites comprised mixtures of a singke TF with varying interaction
pariners. Five TFBS fitled lo the Rel half site, while three olhers malched the MADS.
The search alko denlified binding sites for ROR-a , Pax-4 and RREB-1. A full
account of the abundance for each fador on human, murine promoter regions, and
contral random sequences, is avaiable n supplementary table 4.

Twenly-five conserved transcriplion factor binding sites were identified from
TRANSFALC, Again, the positive controls ARRE and AhR-ARNT are present,
suggedting high valdity of the resulls. The search ako identified bindng sites for
Pax4 and Hifl, ako dentified from JASPAR. In addibon other faclors Ike the Ebox-
matif, comprsng Myc-Max, too, the estrogen receplor, as well as ghucocorbcoxd
recepltor bindng sites are included n this list. Table 5 lisls all conserved transcription
factor binding sites.



Cotreatment analysis of ET cells with CoCland E2

QRT-PCR analysis of genes, associated with Hifl a and ER binding sites, that
respondad to TCDD tested if co-treatment with either CoCl; or E2 would interact with
gens expression. For instance, CoCl, quickly and strongly induced Hmox1, a Hifa
target gene, while TCDD nduced & only moderately. However, co-treatment reduced
the Hmox1 expression at 2 h, while significantly enhancing it at 6h compared to the
single treatments. TCODD and CoCl; both induced Vegf, anather Hifla marker gene.
Cotreatment resulled in a TCDD-lke Vegf tmnscriptional profie (Fig. 4a and c).
ARhough TCDD sirongly upreguiated Aldh3al (15-fold at 2h, 17 fold at 4h and 35 fold
at Bh) and Gpel (4.2/3.313-fald), colreatment did nat.

EZ treatment alone showed no significant modulation of expression kevels of
the studied genes by QRT-PCR. Co-freatment nduced the expression of
CYP4501A1 and Aldh3 beyond that seen in TCDD alone (Fig 4d). However, co-
freatment significantly decreased the expression of Cpax, Ndrg, Maff, Hmox1, and Lif
compared to TCDD alone.




Discussion

Many chemicals and drugs can change gens expression n thymocytes and
thymic epithelium, leading to mmunotoxic injury. Corical and medullary thymus
epithelial cels (TEC) form microernvironments to faditate thymocyte maturational
steps in a light reciprocal relationship with thymocytes'. TCDD exposure resulls in
cortical lymphodepletion and thymocyte maluration nleference, at least in part
mediated by a dsupted crosstalk with epithelial cells in the cortex " . Gene
expression profies of tolal thymus and thymocyle subssis freated with TCDD
revealed TCDD-susceplible genes ' *. However, no such profiles exist for TEC.
Identifying relevan! target cels (here for TCDD immunotoxicly) and applying
microarray analysis o them are essential for any meanngful interpretation of data. In
previous dudes, we and others had analyzed the tmnscriplomes of fetal and aduit
thymocyte subsels, correlating resulls to TCOD-nduced mmunotoxic phenatype ™
¥ Here, we extend these studies to the thymus codical epithelium. TCDD treatment
of ET cells, representing cortical TEC, elicled changes in the expression of 201
genes. The regulaled genes exhibited eight geneml expression pattems, with about
half of the genes returning to baselne levels by Ghrs. The funchons encom passed by
these 201 genes ncluded xenobiofic metabolism, negative reguiation of apoplosis,
reguiation of cellular phwsickogical process, regulation of metabolism, transcrplion
and contral, cell adhesion, and cell communication. As expeded, TCDD altered the
expression of the ARR gene battery, induding Cyplal, Cypibl, Ngol, Tiparp, and
Aldh3al. The strong TCDD induced expression of CYP1al within the thymus, s
prabably irrelevant for thymic atrophy, as the thymus from Cyplal™ mice alrophies
folowing high TCDD exposure, whilk hepatotoxidly or wasting syndrome are
refradory (). Cyp1b1™ mice on the ather hand are partially protected from thy mic
atrophy inducad by BaP painting to an important roke of Cyp 1b1 in thymic atrophy™.
Inferestingly, IL6 RMA decreased in ET cells, and concomitantly RNA of s potential
functional inhibitor SOCS3 increased. Mainly producad by TEC, IL-6 is critical in the
thymus, fostering proliferabon, differentiation andfor survival of both TEC and
thymocytes™. Within bwo howrs TCOD nduced the gene for leukemia nhibitory factor
{LIF), which contributes to thymus atrophy via ndudion of coficosteraoids™®. Likewise,
TCDD mduced Kripple-ike factor (KIf) 9, a ranscriptional repressor of ERa signaling
and mediator of cell proliferation™. KIf9 expression retains a quiescent status in B
cells ' A recent report indicates that TCDD inducs s the KF2 regulan in thymocytes™.
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KIfZ is another member of the knipple lke fadors, correlated to differentabon and
probiferation evenls. It i therefore inlrguing o speculate on a similar role for KIf9 in
the thymus eplhelium, eg. as a gale-keeper of transcnplion. TCDD modulated
Foxc1 (down) and Foxql (up) in ET cells. Fox genes belong to the family of winged-
helix transcription factors, and can alter cel fate, ndudng tumorgenesis and cancer.
Transcrphon of the gene for nudear factor of aclivated T cells (NFAT), a regulator of
cylokine genes impotant for thymocyle development, mcreased eardy by TCDD
treatment’ 7. Indeed, ranscription fadors were the third largest group of TCDD-
modulated genes Taken logether, analysis of the tiered list of gene expression
changes and ds temporal dynamics m ET cells revealed that TCDD modulated
genes, which conceivably contribute o the welkknown immunoloxic TCDD-
phenolype of atrophy and skewed maluralion.

Mote, that little ovedap exists between gene induction in ET cells and thymocytes 19
* reaffiming that TCDD mediates gene changes in a highly cellspecific manner.
Cell-specific responsas o stimuli result from epigenetic factors (&), the presence and
recrument of transcriplional cofaclars (%), and transcription factor cross-talk (* &
”}. Interestingly, Werature screening showed that many of the TCDD-modulated
genas e inlo ather signaling pathways than the ARR syslem, such as the eslrogen-
signaling pathway or the hypoxia mduced signaling pathway (2.g. Aldhd Socs3, IL-G,
Hmox1, NFAT, LIF). Both estrogen levels and oxygen pressure are relevant for
thymus function and celularty™** and evidence for cross talk with both pathways
(and others) is nereasing in the Merature. For mstance, DREs share the E-box molif,
enabling bindng of the ER. On the proten level, the AhR compeles for ARNT with
Hifla and ather ARNT-binding proteins™. A comprehensive analysis of Hep38 AhR-
HIF modulated transcriplomes suggested compeftiive and additive HIF-ARR cross
tak in genes with regulatory regions that contain spedfic molifs and architechures™.
Cross lak of signaling pathways may occur through, steric hindrance, direct prolein-
proten mterachion (shown for the estrogen receplor and ARR), competiton for co-
regulators, and competition for tanscriplion factor binding sites (TFBS)™ (REF,
REF). The complexily of higher organisms requres a number of versalie
Ianscription factors. For instance, ranscription fadors consliule approximalely 10%
of the mammalian genome, 5% in Caenorhabdiis elegans and 2-3% in yeast (™).
Computational methods dentified 37 over-represenled TFBS's, within the regulalory
regions (-5,0000p relative to the TS5 through 5-UTR) of the TCDDreguiated genes,
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nchuding the DRE, ER, HRE, and NF«B. This may suggest that cross lalk goes
beyond Ahr-HIF or ARR-ER prolen competiion and involves other co-fadors,
response elements or promoter conlext. Rather, the relative enrichment of putative
transcripion fadior binding sites within 1,0000p of the TSS, combined with pulative
DRE chlustering within -1500 to +1500 reklive to the TS5, suggests an increasad
Wkelihood of TFBS cross-talk® .

Co-treatment studies of TCDD with CoCl or EZ2 followed up these results to
entify possible cross 2K in ET cels belween the AhR, Hif1a, and ER for nine
selecled genes demonstrated crossHak by qRT-PCR, with examples of genes
expenencing enhancement and repression of expression. Compettion for Armt may
modulate the difference following CoClk and TCDD co-treatmert. The effecls of
TCDD and CoCl; reatment on the nine genes analyzed were mainly additive, while
EZ2 and TCDD-EZ2 combmations lended to decrease lmanscriplion of the seleded
genes. This is cunos, as CoCl, slabiizes HIF1a, and agan suggests that a prolein-
proten competiion of the ARR with Hifla may nol be the mamn faclor in the goss lak
of these pathways The dwvemgent direchon of TCDD and EZ2 on ET cel
transcriptomes, exacerbated even in the co-trealments, needs further exploation.
Reduced prolferation of mmalure thymocyles and enhanced emigralion accom pany
estrogen mediated thymic atrophy (* %), The mechanisms by which prolonged
edrogen exposwes, such as estrogen therapy and pregnancy, impair thymus
function have not been well defined. The data presented here indicate that the
mechanism of estrogen and TCDD mediated thymic mwolution differ. Estrogen s
used in longdem treatment for e.g. hot flushes n menopausal women; possible
exacerbating effects on the aging thymus, will need o be addressed. To date, there
5 mied nformabon on whether esltrogenc endocormne dsruplors modulate the
mmune system of aged ndvidualks® ™.

TCDD is a strong and persistent ligand of the AhR. However, many other
kgands, mduding abundant food constituents such as flavonoids, can tngger AhR
signaling, and kad to endocnne dsuption and physiological changes. The knelics
and dynamics, and ndeed the normal background exposure i not known.

In conddusion, thymic corfical epithelal cells demonsiate TCDD-medated
transcripional changes in witro. These changes incduded the AhR gene baltery,
lranscripts related o thymic physiology, TCDD induced thymotoxic effecls, and
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transcription fadlors. Many of these genes contained an aversqepresentation of DREs
and other franscription factor binding sites within the gene reguiatory regions. A
number of genes demonstrated cross talk following co-exposure of TCDD and CoCl,
or E2. Understanding the extent and nature of the cross talk between AhR signalng
and other pathways is important in understanding and possibly manipulating these
pathways for nsk-management or therapy.
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Figure Legends:

Figure 1: AhR shulties to the nudeus and is tanscriptionally active in cortical thymic
epithelial call culture.

a) ET cells were grown on chamber shdes and treated with 0.05% 1 4-dioxan as
salvent condral or 5 nM TCDD, dited in dioxan. After 1h the cells were fixed as
described in Materals and Methods and shained for ARR protein content. b)
Quantitalive RT-PCR for Cyplal ([lack bars) and Cypibl (white bars) was
perfarmed in biokogical triplicate and normalized o RPS6 and Cxxcl as reference
geng. Significance was calculated using ANOVA followed by Tukey's post hoc test
"p=<005 " p=001and " farp <0.001)

Figure 2: Kinelics of differential gene expression in ET cells treated with TCDD

a) Heatmap of differentially expressad genes after 2, 4, and 6h of treatment with 5
nM TCDD or solvent contral (n=2). The heatmap shows the hiemmrchical clustering of
the genes, using a weighled average lnkage and the mean Euchdean distance
generated by TIGR MeV 4.0. b) K-means clustering of time dependent differentally
expression. The differentially expressed genes were clustered according to 8 groups
retumed from an mplementation of K-means clusterng, using the waighled average
Inkage and the mean Eudidean distancs, in TIGR MV 4.0. The ight line represenis
the average for all genes in each calegory.

Figure 3. Scheme for idenfifying over-represented franscription factor binding sites in
TCOD reguiated genes.

A computational search denlified and clustered over-represented word maotifs in
reguiatary regions (-10.000 bp ta + 5.000 bp around T5S5) of TCDD modulated genes
n ET cels. 178 of the resulting 439 word cluslers annotated to known transcriplion
factor binding sites from TRANSFAC and JASPAR, and of these the 37 highly
conserved sequences were nduded n futher analyses.

Figure 4: Cross talk of hypoxic and estragenic signaling with the TCDD response.

Gene expression of nine genes by qRT-PCR in ET cells; ET-cells were treated for 2,
4or Gh with (a) SnM TCDD, 100pM CoClora cotreatment of both (n=8); panels (b-
d) show the addilive or sublractive change of tmnscriplion for combined treatments
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b)) TCDD minus CaCl; () TCOD minus cotreatment (d) CoCl, minus co-treatment
changes, () Expression changes after Ireatment with SnM TCDD, 10nM E2 or a
cotreatment of both far 2, 4 or 6 h (n=4); panaks (-h) show the additive or sublract ive
change of transcrption for (f) TCOD minus E2, (g) TCDD minus codreatment, (g) E2
minus co-treatment. Al values show log2-fold differential expression; red colour
indicates freatment-mediated ncorease, green colow decrease of ranscriphion..
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Table 1: Quantitative RT-PCR Primers
Gene Forward’ Reverse Reference Entrez Size Product Location”
mRMNA GenelD [bp] Start End
Aldh3al ccoctggeactctatgigtt gagaccicaccaggcaagag NM_DD?-#HE 11670 217 61030714 61031573
Centd2 gtgggcaatgtcaaggaagt tgagtgcticigtccacace  NM_001040111 69710 348 108537170 108540430
Cpox aggatgctgtecatticcac gecccgatcatacaacagat NM_007 75T 12892 35 58674553 58678091
Cuxcl cagacgtcttttgggtcea agaccteatcagetggeac NM_ 028868 74322 157 74380020 74380500
Cyplal tecttgeatgtecatgttte tgcataagcaaaatacagtcca  NM_009952 13076 344 57551162 57551505
Cypib1 gacccggatgttitgtgaat catgttgagcagecaaaagaa NM_005954 13078 232 80106832 80107083
Gal17(Eif3m) tccatgggatggacaagaat tegeocttccaaaaattigac NM_145380 98221 376 104845951 104853464
Gpcl fgctgectgatgactacety tgagcacatitcggeaatag NM_016696 14733 282 94751654 94752595
Hmox1 cacgcatatacccgetacct tetetg caggggeagtatet MM 010442 15368 362 77620998 77623802
Hspaib tgttgctgacgaagatgaag aggtcgaagatgagcacgtt NM_010478 15511 235 35095354 35095588
Lgals3 gagcttatcctggetcaac gttatigtcctgettcgtgt NM_D10705 16854 323 47999969 48004385
Lif ggcaacctcatgaaccagat agtggggttcaggacctict NM_ 008501 16878 264 4168294 4169115
Maff togctotogatcocttatet cttctgettetgcagctoct NM_010755 17133 248 79187429 79188063
Mt ggtectctaagegtcaccac aggagcagcagctcttcttg NM_ 013602 17748 191 98703127 96704013
Ndrg1 tcttcggcaaggaggagata catctigagcagggtggtct NM_008681 17988 275 66768760 66771810
Rps6 attcctggactgacagacac gttcttcttagtgogttget MNM_009056 20104 247 86500749 86501906
Socs3 ggaccaagaacctacgeatc  cgoccccagaatagatgtag NM_DO7 707 12702 249 117829031 117829279
Tiparp tggagtaacttcagccaact aaataactgcctigtccaas NM_178852 99929 372 65356530 65357207
Txnl1 aatgaggacgcagacatice cgeoctoctcaaaatccatag NM_D16792 53382 288 63833811 63839036
Vegfa atcttcaagcogtocigigt aatgctttctcegetetgaa NM_ 002505 22339 244 46158037 46162397

“All reactions were performed at 55°C with routine melting temperature analysis as described in Material and Methods

* Product location was determined by Blat search using the UCSC Genome Browser



Table 2:

——
Proba Sef ID

Kinetic of differential gene expression in the ET, cortical epithelial cell line

Gene Symho P ——— Vg W g by v st -
TN Cypar Wl 009357 555 B0 BA3 -
14TETH_s_at Tiparp W _178ESF im PE] i 5
145718020 Tiparp W _178ESF am 7.9 158 5
1457181 a8 Tiparp Rl 16 7.8 114 0
1415573 2 - - . 1,03 a5z
143m581_at 113000 7N1SRE HM_001033145 g 1,18 azm

147707 & AT R HM_177101 M 1,47 o.00

1449757 2 SMI0E11019RE HM_077578 Aam a7 o=
1450715_at Addamist HM_ 008571 A7 A3 arz
1477531_at e HM_ 013454 70 1,08 a0

1476847 2t Aam H0M_O01000734 0 _S94ees aw A 4B

1473890 ¢ _at Ap1m M _0057 71 a7 130 A

1439035 _a_a AtpIE HM_005771 76 1,08 a7
1457735 a8 BOOFTIE? - an A, 047

14770917 &t Bmpd HM_007554 056 A 047

1476859 _at Bo< M _172505 s 1,00 a7
1450759 5 & Cheal WOca N 009539 7 N W_030501 an 1,13 a7

1419453 & Ocai HM_030501 a7 1,00 076

1417525 5 _at Cmort NM_007772 a5 o Am

1435736 _e_ak DOHI E114 HM_ 053078 am a8s 447

1450839 a8 DOHA 114 HM_0s3078 e an 74
1497143 Edgi M _010s an 1,98 a3

1477775 &t Epni HM_010145 a0 1,08 an

1419485 & Faeel HM_008537 A a4 a7
14Tt Hepaih WM _0104TE am o A5

14T _x_at Hepath W _o1TE o 0m ™ r
1475895 3 a 1 M _ 010435 s a0 046 3
1473753 &t ™ HM_031155 A T a7 3
1473057 _at Iotpd HM_ 008343 a3 a3 Am

1450797_at [ HM_031158 A am ars

1473104 _at - HM_010570 A a7 aw
1415079 ot WM 013587 A0 a0s a1
1477771_at LOCET 0044 XM_57 5537 AT 456 -aw

1474505 5_at [ HM_ 144500 T .13 55

1430035 a8 Wizt HM_ 144800 aEs 4.5 a7

1415474 2 Nope HM_ 070043 - A4 o7

14365970 _a_a Pagin MM _008803 oS A7 oz

1415545 & Puzimd HM_015554 - 4,37 a3
1415587_at Plod? MM _ 011351 a7 A a7

1473854 3 Rashib 05 WXM_S1S727 WXM S57S400 3 075 4,79 46

1416785 & Rgst MM _009067 e 70 amm
1415701_at R HM_07810 A0 50 016

1415773 & Sl HM_135741 o1 47 017

1471549 & Stag3 HM_071455 a8 a4 110

143408 2t Synpo 19 UM 981155 WNM_SEUIST W 4G Am a4s
14745342 Teaan MM _145735 01 .76 o3
1473835 a0 Zpsm W 145453 e a3 a7
1473835 a8 s W _145453 Aam 1,00 M

144914 Hpm? HM_011755 -8 1,38 o
1475087 5 @ SOBOTGHIGRE W_SO00SI6 00M 900547 WX0W 9005 075 am 102

1419734 &t B HM_00733 A0 413 oM
1450897_at Pahgaps HM_005705 om 18 147

1437555 _at BCOI=ET HM_001007008 06 478 1.00 -
1.450850_at Cepos HM_007730 an am 115 5
1477795 @ culy WM _ 015715 a7 a3 m 5
1474374 _at Escol  'XM_S13553 XM 313574 WXM_31 075 oM 107 0
1418847 2 oY HM_075313 s A0 os7

1435765 _at LecTi? HM_135550 am o 118
1435767_at LucTi? HM_ 135550 a1 4377 115




Frobe SatI0 G Eymbal RefSeq Tanscript IC 1og? fobd remdation by TCDO Churster
h in &

TAD5E17 ot WRGGT W LOCEIETTIGES W JOM_ 130912 W M amsear o) L6 T 138

1457377 _at um W_S15038 T0M 990543 WM 9908 104 oz o7z

1434704 at Es - L % oss

1438599 a_al NS NG 5EZ3 M 133957 a3 0,7 1,57

1443083 &t Nrig NM_173440 05 043 058

1418152 _at Nt NM_015710 a1 om 1,98

1418574 2t Pem MM 073557 o 0,1 1,08

1435908 at Pom NM_073567 a7 o,m 10

1473437 _at Frip XM_SO5457 W KM_S95495 W _BX 07 -z 101

1435341 _at P FER00 XM 0S54 W N S21712, 046 g, 12 -

1473044 at Rocict NM_008071 i) o 118 E

14700 ot Rocict MM 009071 a5 0m 137 L

1450594 at Rocic! NM_008071 a7z 0,2 1,30 O

1421871 _ak Enibgel NM_013589 a7 s 101

1425107 & Enibgel N _013389 a7 a3 1,13

14ITTTS &t Smodn NM_133755 13 st 133

14572997 _at Smedn MM 133755 oo a4 147

1451053 _at Stabpl MM _0HA505 oz 0,0 1,06

1456112_ak T NM_133750 am s 13

1434397 &t Usp - -as8 0,0 1,08

14357 14_at Zpzm NM_011751 75 13 1,98

1425472 &t Zps3 N 144515 oo 005 113

1425708 _at Antar? NM_133738 1,3 1,3 o

1477317 at Ched MM _ 17347 o 16 055

1474538 & Canla NM_0O7SES 7,88 1,5 o

1472497_a Cpox N _O7TST 2,7 7,51 200

1472433 a4 Cpox B 0OTTST 7,48 1,45 1,50

1416512_at Cypib N 0033 1,6 1,8 137

1415513 at Cypb N 00239 1,9 1,48 158

1443439 _at Emg MM _0OTE50 1,8 1M [T -

1417457 _at FosH NM_010735 1,4 1,5 0% =

1417488 at Fos NM_010735 1,71 1.3 01z j-

1420433 _at Geit NM_005102 1,15 7m s 0

1418935 3 Mat MM O7ES 1,88 1.0 o1

4TI 3t ] MM _DOERL 1,1 1,81 0%

1415543 at W 70 MM 010807 1,45 1,8 o

1417262 &t Pigei N 011138 1,0 1,72 o7

1415565 at Pl NM_00E387 1,75 1,40 oEs

1437T0 at Tarwt W_SREDSZ M 81 TONG XM 97TS 1,7 1,15 om

1450004 at Tslp NM_O71367 1,18 1.7 s

1418757 3t AR MM _DOTA3E 1,5 1.3 235

14497705 &t A ps MM _O7RET & 1.4 1.3

1423855 ok Chanenl NM_1715265 o 1,3 157

1431753 a @ Chanen NM_171526 om 1.1 1,85

1431750 2 Chanen NM_171526 om 1.1 1,85

1419795 ot Crbm MM 011957 o 1.8 LET] =

41738 a G MM (5535 1,1 2.7 205 E

1425357 _a_al Greaml NM_o1 1524 o5 1,7 113 O

1433803 _ak Jaict N _ 145145 o6 oM 148

1473505 at Jaict NM_145145 omn o5 152

14T _at N1 NM_OOET0S o7 1.5 157

1 450300_at W3 MM 00473 oa 07 1.3

1425114 at Ehctdan NM_ 078477 04 1,5 1,57

1454557 ot - - o0 o.m 104

146541 5 @ ZEICICVMOIRER W_130548 07 OM_915330 WAM 9312 -0 0% 178

1434942 &t ZEIMIRE W_130545 W 0M_91 5330 WOM_3912 87 0,58 1,50 -

1419577_at AS0E 31 TRk NM_ 133358 0¥ 0,8 107 =

1437380 &t Acw?a MM 007395 o 05 113 L

1471058 at A MM 008575 o om LE" O

1415573 _at Abrietd NM_ 134077 & 0,5 107

1419557 at BrcE MM 007SES e 041 1,07




Probe et 1D Ganw Symibal RefSeq Tmnscript 10 007 fokd remaation by TCOO [= T
- — = il =

14817_ak Casp8 ap? HM_011357 -013 [ 107

1471654 a_al Cepg? M_S1Z905 A7 OM_SZ2540 7 XM S840 0,12 0.5 1,51

1477255 _ak Cepg? WS90 A OM_SE2540 0 MM 3540 0,08 040 FEE]

1476438 ot D3y MM _012008 0,0 0.5 143

1428011_a_al Erbb g HM_DO1005558 7 WM_071 553 0,08 0.7 130

1418253 a_al Hepail MM _019020 oM o7 1,83

1449010_ak Hepall MM _011020 0x L ET] 107

1450738 _ak K3 MM _015705 0,5 0,5 1,13

1415855 at ] NI _013538 17 L] 107

1448117_at ] MM _013558 -0AE 043 110

1455434 a_ @l Kand MM _00S477 [ 0,7 1,58 =

1474509 a_al LOCA3 7872 NM_000N3TES 013 o0 1,03 %

1417355 ot P! NW_DO10 10558 7 NM_008 817 0,00 0.5 148 O

1433974 _ak P! NM_DO10 10558 A7 NM_D0S 817 016 L] 206

1425514_ak Pillcir KM_ D010 24555 7 WM_011088 [XH 066 170

1450550 _ak Ranbpd HIA_011240 0,3 0.y 118

1418958 _at Anicct HM_003526 T ] 1m

1452776 _ak Emarcad MM _007258 ] 0,15 134

142677T1_ak Eme S NI _153808 oM 0% 1186

142457 _ak Tt MM _078576 0,08 0% 130

1476543 5 _ab T MM _133750 -7 L] 103

1434847 5 ok Upf3n MM _076573 018 0,13 1,38

14177 _a @l Ziml NM_005717 013 0.3 108

1477305_ak 01000 ZRI4R & M _134133 1,3 0 017

14103 _a_ @ 2H0H GCOERE HIA_073516 1,0 047 L1

1418250 _ak BTl MM _O75404 1,3 1.0 LEY]

141392 a @l Barc3 MM _O07454 1,13 [ ET] 0as

1416250 _ak Emg? NI _007570 1,1 041 01

1448772 o Eng? NI _D07S570 1,1 0.5 LET

1421679 a_al Coknda MM _007553 1,3 0.3 014

1430045 _ak Cakndb MM _00357S 1,3 0,3 LET)

1475305 _ak Daisd MM _079053 1,08 o, oor

1472735 ok Fowgl NI _008739 1,11 LT [E]

1429657 5 at Gehd MIA_005102 1,3 0.8 o0z

1419080 _ak Gadnd HIA_010775 1,% 043 [Et]

1472764 _5_ak Hars MM _010538 1,2 007 L]

1475788 at o MM _010538 1,52 0,5 LR -

1478789 at H NI _010538 1,41 08 LR H

1456341_a_al L MM _010538 1,6 L] ors j

14107 _at Lk H_D0T0 33537 W We_0 0850 1,% o7 LEL] O

1418788 _at Lpind 015 TE3 AT NM_172350 1,15 oo 00

1443893 @ @ Lrigrt MM _008377 1,10 1] 03

1418152 _at ot MM _010813 1,13 0,06 -0

1473379 & Walcd WILOCETAI? MM O73559 A1) XM_SE0E35 1,08 047 -0

1417480 at Wk iz MM _030512 1,00 BT} o

1448558 a_al Sicial MM _O15747 1,M L] 017

1416576_at Socsl N _0O7TO7 1,3 0,7 0

1455899 x_at Bocsl N _0O7TO7 1,3 o.m 0zs

1456117 _x_at Eocsl N _0O7TO7 1,9 [ 1=] 0z

1 420150_ak Epshd HIA_079035 1,08 017 005

1417447 _ak Tem MM _011545 " [ 1] LR

1457385 ok Ueps? MM _133857 1,80 048 L]

1428407 ok Zoched NM_175126 1,0 0,71 0y

1451508 _ak 170 010EL 77k HM_0 0040333 0,3 1,00 0

1453004 _ak 311 DOD4L POREK NM_0OHOEET 04 142 [E]

1434739 o BB DRSS HIA_ 195447 -am 1.1 oo =

1421002 _ak Bngpi? MM _011973 04 1.1 0El =

1451533 ok BCOFPEET MM _145450 045 100 0 3

1452453 a_ @l Cabid 01033150 ATHM_001039151 WHM_ T 6,12 1,7 LE

1460177_at Crdg? MM_073143 0,45 1,00 058




Frobe Saf ID Gana Symbal RefSeq Tanscript 1T 1og7 fold regulation by TCOD Clursler
— S— S— £l il —

1420438 a_al Dahi 01005707 A7 NM_OD1037905 WHM _C 015 1.7 0,80

1417503 at DinaSh NM_018783 o7 1,0 o7e
1415800_at Gjat MM _010788 o8 1,3 an
1448739_at Hmax1 N _O0447 o 1,45 -1z

1419647 a_al bl NM_133567 o7 1,50 058

1451021 _a_al WIS NM_00E7Es 05 1M [ET)

1473557 _5_ak i NM_013502 048 142 -
1478547_at i M _008530 -azs 1,04 -ags
1450575_at Welrg! NM_010884 om 1,5 a7 %
1455174 _x_ak Mgyl NM_010884 LT 1.4 o7 ®
1450677 _5_ak Wrgrd W Nkl HNM_O0BSS &7 NM_010884 o8 1,98 o147 o
1430750_5_ak N M _008581 o9 1.5 o7E

1473759 a_al kil MM _O31881 o1 1,0 o33

1418535 _at Phida NM_O0E34 o8 1,13 o3
1430750_a_al Pmm1 NM_013872 o8 1,0 o7

1470401 _a_al Rampl MM _013511 0% 142 085
1413087_at Serpinki MM_011111 o8 1,35 o7z

1415041 _at Egh NM_011361 o9 1,3 055

1 H4ETAZ at Enail NM_ 011477 [ 1,18 013

* Cluster derved from hierarchical clustering. Cluster numbers are equal to those in Fig. 2b

* Reference seque noe number comesponding to the Affymetrix ProbeSet 1D

¥ e nes written in bold were used for validation by gRT-PCR



Table 3 Characteristics of the clusters used for gene ontology analysis

Cluster Input gene  MWon redundant Annotated  Non annotated
numbers® genes” genes genes
All franschpts 201 163 116 47
1 q 2 2 ]
2 A5 40 2 11
3 a2 26 17 ]
4 18 15 13 2
5 14 10 a 1
B k]| 26 15 1
7 30 24 14 5
B 26 25 16 g

' Cluster of genes & derived from the K-means clustering performed on the genes differentially
expressed by TCDD

*Mumber of transcripts falling in this duster

* For a numberof genes several hybridization sequences, as derived from different uni-gene
clusters are spotted onto the MOE 430 A amay used in this analysis

*Fora large number of genes no fundtional annotation is available, thus gving them no gene
orio logy annotation. Thus the numbe rs represent the tra nscrpits with or without a functional
gene ontz lngy annotation




Table d: Analysis of over-represented maotif elements and functional
annotation of the res ulting clusters to TRANSFAC and JASPAR

Identification of over-represented LN &5
ﬁp MUMBer of mots

Word-Se arch Algorithm’ 920
Word-Cluster? 430

Functional annotation

Sep Mumber of motite
Total matches™ 1638
JASPAR 52
TRAMSFAC 114
Unknown 12

" Mumber of stetistical overrepresentz d genes in TCDD regulated genes
* Murnber of PVWM derved from dustering of the over-re presented words
* Matches of PWM matrices s derived from T-REG comparator.

Based on the sequence consenation in the quered TFRS multiple

hits are possible



Table 5 Annoctation of the over-represented word cluster to the J ASPAR and

TRANSFAC 7.0 transcription factor binding sites transcription factor binding

Sites
Tirans el ion Facioa" Boumrog ey w-h CONGENELE SR ol
W e ™ Waord
Chsle
AGLY MADE JAEPAR L L)) ia OCATAWATAD ia
ARMNT JASPAR LR 8 CADGTG 7
e-REL JASPFAR MAaJ1m 10 NEEENTTTOD 15
Dorsal_1 REL JAZFAR MADITZ 12 SEOGTTTTITODE 3
Dorsal_Z REL JASPAR MAIZI 10 GOEGWTTTCC )
MEFZ MADE JASPAR MADDST 10 CTATTTATAG 1
HF-kagppal REL JAZFAR MAO3S1 10 GOEAMTTYCC -]
pEsS REL JASFAR Majar 10 GEGAATTTCC 1
Fax4 PAIRED-HOMED JASFAR MASDSE 30 GRS AT HRC WK RN MR RO CHC CMC i4
RORata-1 JASPAR MADITT 10 ATHNAQGGTCA 12
RREEE-1 JASPFAR MAaNITI .} CCDCAARC CADCDDCMODCN 1
SOUA MADS JAEFAR MAO0ET 14 MCAAALATREWAAN )
AHR_M TRANSFAC PUEBLIC MO X 18 CODCNGRNCTHGOET A0S, 1
BAHRARMT 01 TRANEFAC PUBLIC  MOD2X 18 KHNKNNTYGOGTGOM £ 2
CFz_m TRANESFAD DS 47 15 Q0 TEENTHNNKNCTHRG -]
Eza @ TRANSFAC LI 14 HCACCTGHCHCHNGH ]
EGR_08 TRANESFAD MO0E 07 " GTGOEOOCORE ]
ER_0% TRANSFAD_PUELIC MO0 1 13 W AGGH NANNNTGAC TYHNN 7
ERR1_O2 TRANESFAD MO05 11 14 HMH TH AAGGTCAKNN 1
GR_08 TRANEFAC PUELIC D0 35 13 HHNHHHHCHNTHTGTRCTHN 1
GiR_08 TRANSFAC PUEBLIC MO0 TG 13 HHNNNHNONNTHTGTHRCTHN 1
HIF1_8 TRANEFAD MOOT 57 14 GHNEACGT OGN i
HHF1_0% TRANESFAD MOOT 30 18 NRGTTASTHAT TANCHNK 1
HO3_M TRANEFAC PUBLIC MO0 3 3 TEOHNNNWROCYCAT TAK TIHNN NNNNNY TN 4
KROM O TRANESFAD BAD0E 55 14 COCQC oD OEo0CT 2
MYC 05 TRANSFAD MOOT T CACGTES 1
MYCMAX T3 TRANESFAD MO0S 15 .} KR NKK NNC A0ETEN NMK KRN 2
MYOD_Os_M TRANSFAD MO 18 WG NN AGGT NN MNH 3
MYOGNF1_0 TRANSFAC PUEBLIC MO0 5 ro| CASCTETHNNNTT TRECAC NENGEDT ARNN 1
NF1_0&6_M™ TRANESFAD BADDE 05 7 HT G0N NN NNGD TAARN 3
PAXs 01 TRANSFAC PUEBLIC M3 TI 21 HGNNGTCANGODGT AN NENN YN 1
PAXE B TRANESFAD PUBLIC B 28 18 HCHNTHN TGOGETEANNKK 1
PITI_Os TRANESFAD BADDE O3 18 HATTCAT AAT TATHMNKE 2
FRAR_DR1_035 TRANESFAD MOO7T &3 13 TEACCTTTGNOON 1
FRARG_I2 TRANEFAD BACKOS 28 i7 AAC HRGGNC AAAGETCA i
=F3_m TRANSFAD M005 55 14 ASMCT TGRSR GO 7
WDIR O3 TRANESFAD MO0L 4 15 EOGTHARN RGN EA ]

' Identification of the transcription factor in JASPAR of TRAMSFAC 7.0

* T-REG comparator internal reference number for the respective transcription factor binding site
#1638 individual word cluste rs were annotated using T-REG comparator. Multiple hits point to a low
degree of sequence oo nservation inthe respective PVWM matrn:.
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Detection of a novel population of fetal thymocytes
characterized by preferential emigration and a TCRyo+
T cell fate after dioxin exposure
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Abstract

T cell maturation inw TCRep' or TCRyG' colb from common immature CD4-CDE~ (DN} precursors ocours i the
thymus, and is conrolled throwgh ordered regulation of genes The and hydrocarbon recepior (AHR) a laent cytoplasmic
manscription factor, affecs tymoe yvie manration and differentiation at several siages, also nchading DN cells. We amalyzed in
murine fetl tyms ogan culres (FTOC ) the outcome of AHR-signaling and fomnd 8 higher frequency of DN TCRy6 colls
in the presence of the AHR-activating Egand TCDD. We detected 8 novel population of CD25™*CD44" cells associated with
preferential e migration and 8 TCRyG' T cell faie of thymecytes. Sored DN TCRy6' emigrants could proliferate if 1L-2 was
availlable. Moreover, they suppressed the proliferation of co-cultvaied, activated CIM' T cells Gene expression profiles of
purified DM emigrants from TCDD*FTOC revealed 2% modubbied genes, H0% of which are peres of the immune sysiem. For
mstance, RAG-1. TdT, and Gl were downregubted, et pepes mdicative of mamre thymoeyies were upregubbied. In
conchision, we have detected changes in the dfferentiation programme of fel DN thymocyies after ligand-ac ivation of the
AHR. In particular, we obscrved 3 higher frequency of DN TCRyS' colb with high cmigration poential, and possible
regulatory funcions.
© 2003 Hseevier B.YV. Al nghts reserved.
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rsponsive element; FTOC, faal dymus organ cubure; SP, single positive; TCDD, 2,37 8-erachlorodibenzo-p-dioxin; TCDDAFTOC, FTOC
wested with TCDD,
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1. Introduc ton

T cels develop in the thymus from precursons
dong a tighdy conwolled. sequentizl differentiation
pathway. Timing and conirel of lineage commiiment
owands the two funcionally disinct T cell subsets,
bearing cither the TCRo P or y6, are not yet clear. The
carlicst precursor cells in #he thymus are c-kit' CD44'
(D25 (4 CDE |:jI:I2\~n.'1J celk). They wupregulate
CD25 i become c-kit' CD44'CD25'CD4 CD2E
(DN2) cells. DN2 cells are siill capable of developing
nie thymic dendritic cells and, albeit with poor
cfficiency, into NK cells [1.2] Reamangement of the
.6, orthe B TCR. genes, and thus ihe commiiment io
the Tedl incage, stars at the ransition from the DN2
o the DNG siage [3 4]. D2 cells can be divided into
I-TR and IL-TR' cells. The latier have a higher
poteniial towards TORyS' cells, and TCRyS cells are
dependent on IL-TIL-TR and its mracellular signal-
mg by Jak3 [3,5- 7). Reamanged P chains can be
found in TCRvS cells, and reamrangement of the
TCRy and TCRG loa is found in most TCRo P cells
[E] (ie. linezre decision seems o be independem of
TCR oxpression) Yei, reamrangement and expression
of the wrong TCR. in finally commiied cells kads io
gpopiotic cell death [3.9]. Apparenly, the oofs and 6
precursors are nod sequentially related, but seem o be
alternatives, first developing side by side, then finally
scparating. Signaling via Jak3 is crtical for develop-
ment of TCRapf zs well as TCRy6 cells, b is
continuously required for the maintenance of the w6 T
cell neage [6]. Additonzlly, a bias for the aff T cell
lincage is m pan duc o compromissd survival and
expansion of TCRy&' cdls, apparenily caused by bd-
2 deficdency [7]. In conwzst w the adult thymus,
TCRy&' cells predominate in the fotal thymus; the
shifi from pre- 1o post-natal development is charac-
enzad by successive waves of dsinct Vy genes usad
n rearangement The regolation of hese develop-
mental changes are not quite cear, albeit Notchl is
essentizl during 2 defmed developmentzl window
[10].

The AHR & a lzient ligand-adivaiad irnscrnption
factor, which is abundant o the thymus, hymus
swomal cells, and many otha tssues [11.12] The
AHR & an orphan receplor of e basic haix-loop-
helix Par/ARNT /Sim homology (PAS-BHLH) family,
whose members are involved in eg rhythm coordi-

nation. newrogenesis, and lineage specific tanscription
[11} Simdar to steroid receptors and many onphan
receptons, e AHR becomes activated by specific low
molecular weight igands. A wellsmdiad function of
ithe AHR is ligand-dependent induction of the
enzymes, which caalyze oxidative biotransformation
of non-polar substances, such = aromatic hy-
drmocarbons. The most eficient AHR-zctivating lizand
is 23,7, Betrachlondibenzo-p-dicxin { TCDD), a pla-
nar aromatic hydrocarbon, which has been exiensively
used 1o study the recoplor and its toxicological
implications. TCDD is produced accidenelly during
industrial processes, including the production of Agent
Orange, the herbicde used dunng the Vietnam War.
TCDD medises its many toxic effeds, including
cancer, via the AHE. Ii & still considered a pollutant
and health sk of considerable concem. Observ alions
in AHR-deficient mice surgested a role forthe AHR in
the development of the immune sysiem, the liver,
vascular remodeling, and aging processes [15] The
large numberof AHR target genes, which are involved
in cell diferentiation, cell cycling, cell adivation, and
the recemt idemtification of possible endogenous
ligands [14-17] suppon a2 mle for the AHR in ccll
functions not comneded to s weldnown role in
bivtrensformaton of extemnal subsnces.

Whedher or not 2 gene becomes a direct target of
the sctivated AHR is dependent on the presence of so-
called DREs in its promoter, and on cell type and ol
differentiation stage, ie., overall accessibility of a
particular ous [12]. In addition activation of e
AHR can directly Erga gens via secondary effects.
Genes inducble, whether direaly or indirealy, by e
AHR in thymocytes are, among otheas, Noich-1, I1L-2,
bd-2, CD44 and adsevenin [19-22] all of which are
known for their role in thymocyte differentiation and
survival.

Adtivation of the AHR changes hymocyte differ-
entiztion pathways a several checkpomnits [253-25] As
cafly = 1992, a preferentisl generation of TCRy&'
cells was noked in thymocytes of fetuses reated in
uteo with an AHR ligand; a block ai the transition
phase from CD4 CDE'CD24 1o CIM'CDE' was
suggested [26]). Funther stdies showed that in
particular the prolifaration of CD24' DN3 and DN4
thymocyies is diminished within 2-12 h afier injection
of TCDD into C5TBL'G mice, probably causing #he
well-known thymus strophy within 10 days [27]. We



M. Majora et @, 7 [ntorn aiomal fnm aopha rmacodogy 5 (2005 Jede-) avs 146461

recently found that feisl CD44' TCRoP DN celk
preferentizlly emigrate in FTOC wreated with TCDD
I28]. In agreement with that, siudies in one lne of
AHR-deficient mice revealed a reduced peripheral
mphocyte count, indincaly suggesting panicipation
of the AHR during emigraion of T cels from the
thymus [13] The differentiation stzre of these
sbemrandy emigraied foal DN cells, or any possible
function, eg. n connedion W the well-estshlshed
systamic mmunosuppression afier AHR overactiva-
tion are unknown

We analyze here the impact of TCDD on the
differentiation, funciion, and gene expression profile
of DN faal thymocyies and thymic amigrants with a
particular emphasis on TCRyS' celks.

2. Material and methods
21 Fetal thymus organ cultwres (FTOC)

Fetzl thynmus lobes from gestational day 15
C5TBLG mice wene coltivaed for up o twdve days
& desaribed previously [29] 10 oM 2.3, 72-TCDD
was added throuwshout the culiore Control ocolures
received solvent only. Emigrants were colleaed by
genily ninsing tham off the lobes on the culure files
with PBS as desaribad before [22]). Thymocytes were
obtzined by homogenizing the lobes.

22 In vive reatment of mice

Pregnant dams were injedied intraparioncally with
5pg'ke TCDD diluted in olive oil on gestational day
15. Conwrol mice received olive oil. After birth, pups
were sadificed and #hymus, splkeen and blood were
collected. Ervibmocytes were lysed in spleon and blood
cell preparations.

2% fmmunafhiovescent staining. fow ovtemerric
analysis and cell sorting

The following anibodies were obizined from
Pharmingen (Heiddbaz, Gemany ) anti-CD3 {clone
145-2011) ami-CD4 (done RM4-5), anu-CD8
{clome 53-6.7), ami-CD24 (donc M1/69), anti-
C025 (cone PC61L anti-CD44 (clone IMT), anti-
CIMSRE (done 16A), anti-CDG2L {clone MEL-14),

anti-CDE? (clone H] 2F3), ant-c-kit (clone 2BE),
mi-TCRE (clone H57-597), anti-TCRv6 (clone
GL3).

Sorting of cels was done by magnetic cell soning
with MACS (Milinyi Bioiec, Bergisch Gladbach,
Gamany). DN emigranis or thymocyies were
obizined by depldion of CD4' and CD8' celk using
anti-CD4 and CD2 microbeads. TCRyd and
TCRy& DN emigranis were purified by incubation
with anti-TCRy&™* Ab, followed by kbeling with
anti-bistin microbeads before soning. As APC imadi-
aed Thy12' depleted splenocyies were used Splenic
CI4' Tcells were also sored with MACS. Sort puriy
was contmollked flow cytometnically.

Ablabelked cedls were analyzed on a FACScalibur
flow cytometer (Becion Dickinson, Mountain View,
USA), using live scatter gates. Data analyses were
performed with CelQuest™ or WinMDI™ sofiware.

24. Covultivadon experiments

1% 10° DN emigranis were added o 5 10° APCs
and 2% 10° CD4' T cells in 2 B-well plaic, and
cultivated for 90 b Anti-CD3 antibodies were added
a ]l pgml As positive control, cells werne stimuolatesd
with PMA (10 ng'ml) and Ionomycin (500 ng'ml,
Sigma, Tewlkwchen, Germany)l For some expen-
menis, [L-2 was added o the oo-oolture at a final
concentration of 2 ng'ml Proliferation was measored
by incorporation of © H-thymidin for the lasi 20 h of
the ubure

25 Proliferanion measurement with CFSE

Splenic €4’ T cells or DN cmigranis wae
labeled with 0.5 pM CFSE (Molecular Probes,
Leiden, The Methedands) Cells weae co-ocoltivated
& descnbed above. Afier 90 h of culivation celk
were sizinad for CD4 (CD4' T cells) orCD4/CDE and
TCRy& (DN omigrants), and the CFSE-patiem was
malyzad flow cytometnically.

2.6, RNA-preparation and amplification

Totzl RNA was solkted with Trizol™ {Invitrogen,
Karlsmuhe, Germany)l Linear polyvacrylamid was
aided & a precipitation aid [30] RNA was amplified
prior o chip-hybridization with the MessageAmp ™
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Kit of Ambion (Woodwand 5t Austin, USA). To
oxclude amplification bizs, RNA-species of 8 genes
were quaniified before and afier amplification, and
foond not o differ (daee not shown)l RNA was
bicimylaied with the Enzo Bio Array ™ HighYield ™
EMNA transcript labeling kit (Affymetrix, High
Wycombe, UK) and punfied

2.7, Chip-array kybridizarion

ENA was hybrdized o the MO430A gene chip
(22,500 genes) Nomalization and analysis of micao-
amay data was parformad with the afi-package in the
statistical software B, Expression change was stated if
the change in expression was at least 2-fold beoween
conired and ireziment RNA and changes in expression
were identified in two independent experiments.
Resulis were venified by Light-Cycler PCR with 6
selectad genes.

28 Cirokine ELIS4

5= 100 purified cither TCDD or solveni-reaied
DN emigranis were culivated with anti-CD3 anti-
bodies [lpg'ml] and IL-2 |2 ng'ml] Sopematants
were collacted afier T2h. A sandwich ELISA for IFN-
¥ (MAB R4-6A2 and XMGLT**) and IL4 (11B11
and BVDG-24G2™) was performed. The minimom
sensitivity was 100 pg'ml (IFN-y) or 20 pg/ml {IL-4).

3. Results

3.1, The oupuer af fetal fhymns lobes is binsed rowards
DN cells by TCIND

FTOOs have been usad imtensively o analyze
hymocyie differentiztion proossses [29.31 | Recently,
they were shown o be also a valid system o siudy
emigration | 32]. We have usad this system and, = we
had slready reponad in 2 previous paper, the shsolute
outpat of fazl thymic emigrants is reduced afier
TCDD-treament by about 50%% [28.533] As shown in
Fig. 1 and Takle 1, e ouiput of cell subsas vaned.
Surprisingly, at day & of FTOC not only 5P cells
emigraicd as mighi be expecied [32], bui also DP
cells. Indeed, DP emigrants predominated, even more
in control FTOC than in TCDD*FTOCs. In onder to

rule cut that the sppezrance of DP emigrants is an
anifact of our culture sysiam. we mjecied pregnant
mice ip. with 5 pgkg body weight TCDD or sobvent
on gestational day 15, We analyzead she distnbution of
CD4 and CDE subseis in ithymus, spleen and
poripheral blood of one day old pups. Whik splecns
of these mice contamed vinually no DP cells (yet
some CD4 and CDE SP cals), we found that 43% of
the lymphocytes in the blood were DP in control
mice (Table 2). This result confimns and exiends
work of Bonomo et al. who daeded significant
numbers of DP cells in the peripheral lymph nodes of
3 day old mice, and showed that they weare thymus
derived [34]. 15% DP cells were found in the blood
of those pups exposed in wiere, parallcling dhe
raduced frequency of DP cells m the thymocyies
found in TCOD*FTOC (compare Fig. 1), Overall,
CD4/CDE subpopulations differ substantially
baween control FTOC and TCDD*FTOC. In the
latier, DP cells were much rarer in frequency, & well
as in shsolule numbers, among hymocyles and
emigranis. On the other hand, DN cells were much
more sbundant in fraquency. Considering that e
absolie number of thymocyles was reducad by 60%
upon TCDD treatment throoghout e coltore (Table
1 we normalized the mumber of emigranis in
relation 1o #e ozl thymocyte number (per 1% 107
thymocyies) (o obin the effective thymic outpal. As
shown in Fig. 1, the effecive thymic ouiput of DN
cells is always higher in TCDD*FTOC compared o
the conimol. The diference was most drastic on day 6,
but DN celk also remaned the dominant amigranis
in TCDD*FTOC at the later poins in @me. Even a
day 12, when CD4 and CDE cells were the major
emigrani subpopulations in contrel FTOC (i fie-
quency and number), they ware found a2t suspicious
ahundance in TCODD*FTOC (Fig. 1L The effect is
not cansed by aummented apopiosis of any CD4/CDE
thymocyie or emigrant subsa. a5 n all cases =80%
were negative for annexinV' and propidion iodide
staining (data not shown) In contrast o the changes
found for the amigration of DN and DP cdls, the
effective hiymic cutput of (D4 or CDE cells was not
affecied wpon TCDD treatmeni throughout the
culiure.

Thus, apari from SP ake DN and DP cels
emigraed from fetal thymuos, Moreover, emigration
of DN cdls is promoked by AHR signaling. The
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Fig. 1. Overactivation ofthe AHR leads o an meressed effective thymic output of feial [N ihymiic emigrants: Feial thymiss omgan culiures from
gesimtion day 13 thy mi wae exposat w 1o M TCDDsobvent or solventalone After &, 9 or |2 davs thvmoovis snd smigran = were b laed
and sizined for CD4 and CDE. The pacenape amd ahsolue numhers of the different subsets were determined. [ue @ the faat thai TCDR
deerescees the number of thymaeyies and endgmnes by 6%, mnd that emig mrion direaly core s with the number o frhymooyss, the efecive
thymic outpu was caleulsied . normaliz thenumber of emi gants per 1 = 107 tymoeyies. The das e the resubs of thiee independen
Expeimven

cffea & sinificant &s calcoulated by stodent’s f-est 32, OO0 and TCRyD eell developmment
{p=0.022 [day 9 or p=0.0017 {day 12} for the

cifective thymic outpu of DN cmigranis in Eary smdies suggested de induoion of 2 block in
TCDD*FTOC vs. control FTOC )L thymocyte development by TCDD &t the DN stage
Tahle |
Ahsohuie pumphers of T4 mad CIH subipopulaions i thymeoeyies and emigrms per diymos ohe™

Foual (i) Dp Che LI

il cnp wnwal  TCDD comm| pp contm]  TCDD anml  TCDR
1L @ STOE 1S 190 T 13127 ARE04  BRALE8 11222 BAT 1400 G185 5408

@ S OERF (R 304085 000 56T L3405 (424 (0 B2 0 A= 0h 75207
12 S04 j40L21% 40404 224060 (533024 12403 89413 46+ 08% 03412 S84 ot

Embg numis 6 TSE1.3 oL (226] G902 4012 03 20 L1200 G4 k1*** kRS2 0] 0500
@9 G62+07  JAGE 1RG22 BTEG0* 1 8+0] 62 004 20+0F 1.0=02% LAk 5+ h)*
412 tale 2705 0E0] KT 067402 02 00 ZRE0F 1.1 02% L1203 (b k™
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and DR, Absole number of the cell subssis wee caloulaiel hasal on the pacenge md o numbers of thymooyis mad emigranis.
Numhers ae given 25 clls por lohe = 18 (£50) from n=3 independent expenments. Swtisicel @leulsions were paformed by using
Soden's i {ps (08, **pi i, ***p= 0000 comparal o the correspaonding contmli.



1664 M Mivjorn et al, / Tnterme ool st nophar mace by 3 2008) § 6381 674

Teble 2
F'r_aqtmqr of DP cellz in thymus, bood and spleen of ane day old
mice™

Tissue™ L

Control oD
Thymues 9 a4
Splezn 45 15
Bloend <1 <1

* Pregnant mice were injeded ntaperioneslly with § pake
TCDD dilwed in olive oil on pesttional day 15, Conrol mice
receved olive oil only. One day afier birth neonses were sarificsl
and thymus, splean and blood was collecied. Afier o imination of
aythrocyies and treament with Feblock cells wer swined with
(D4 and CDS antibodies and frequencies of DP cells were
determimed,

® Tissues were poaled for malysis from 7 =3 fcontmls) and r=3
(TCDD) mice

[26]. Recently, we have shown that feil DN amigranis
do not contain significant amounts of TCRap' cells
gfier 6 days of FTOC [33] Because e feel thymus is
an mponant source of TCRy6 cells [35], we deer-
mined whether the high fraquency of DN emigrants
sobiad from TCDD*FTOC is due to TCRyé' cells.
Asshown inFig. 2, ahigh percentzge of DN cells were
ndeed TCRyS' T cells, inside the lobes or outside,
respectively. The frequency was always significantly
higher in TCDD*FTOC than in contrel FTOCs (Fig
2A), going up o T0% by day 9 and 12 of culiure.
However, in absolute numbers, emigrated DN TCRyé'
cells did not differ between TCDD*FTOC and control
FIOC (Fig. 2B). Considearmng (a) that the effective
output of DN cells is incresed in TCDD*FTOC, and

(k) #ha the frequency of TCRyé+eelk among DN
emigrants from TCDD*FTOC is always higher com-
paal v the conwol FTOCs, owr fndings reflsct a
preferentizl output of DN TCRyé+celk in fital thymi
exposad 1o an AHR activating ligand

33 TCOD confers a movel CD25"™ 044" phe-
nonpe fo both TCRyd  and TCRyd' DN thymeocyies
and emigranis, indicating high potential for
emigratian

We analyzed the expression pasem of TCRyd,
CD25 and CD44 of highly punfied DN thymocyies or
emigrants from TCDDAFTOC and conwol FTOC.
Control FTOC yielded the distribution known firom
many publications of cdls from the DN1 o DN4
stages, with a majority of cells in D3 and DN4. In
addition, we found a population characterized =
CD25""CD44™ with low frequency in DN TCR-y6
cells from conwrol FTOC, ya high frequency in cells
from TCDDA*FTOC (compare Fig. 3A vs. Bl This
populziion is disinct from CD25' CD44' DN2 eells,
and could be found in all FTOCs, albeit &t difforont
frequencies. In the following, we refer o this
population = DN1b As shown in Fig. 3A and B,
exposure 0 TCDD induced a partial developmental
blodk afier the DN1b stzge, leading o the acoumu-
lation of TCRy6 #ymocyies with his phenotype
(38.4% in TCDD-reaied thymocyles vs. 5.8% in
coniroll. The shsolie number of DN 1b cells was also
increasad by TCDD (Fig. 41 Le_ the high frequencies
do not result from 2 shifi in other subpopolations.

A B
s, 5
td A~ :
&iH o a-T
¥ O- TIL eonirol - .
£ Y s SRR R Thoey
P I,r:;-"f e | - [Eimig, confral j A
E [ + Emig TCOD % 4 :
; 20 5 * ™
o— = = - E] 1z
s days

Fig. 2. Frequency (A) and absolue cell count (B) of DN TCR+6" emigmnts in FTOC, incubsied either with 10 M TCDD or sobvent done. At
the indicwied days thymocyies and emi granis were isolaied, counied and swined for CD4, (18 and TCRy6 TL: cdls within the thymic lobes.
The diference in shsolmz cell count on dav 6 beween cellsin the TCDD TL vs. conmol TL is not significant by Smudent’s r-est,
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Fig. 3. (neractivation of the AHR leads w the ennichment of DN (123 *C144° TCRy6™ md TCRy6~ cells in the thymus and fad liwies the ir
emigration. Thymooytes Fom FTOCs, incubated dtherwith TCDD or solvent, were isolsied at day 6. DN cells wemr soned { purity = 99%), and
szined for CD23, CD44 and TCRyh Mumbers in the phots indicsie the percentage of cells found in the mspective gate, One representaive

expariment out of three i shown.

Whie DN TCRyS6 omigranis from control FTOC
have considerable amounts (more than 50%) of DNZ,
D3, and DN4 cells, m TCDD*FTOC these more
mature developmeniz] stzres were vinually absent,
and nearly 8074 ware DN 1b cels (Figs. 3CID and 41

In agreement with data from the licrature, we
found that most fetal DN TCRw' cells are
D25 CD44"™™™ [36,37]. Thus, wpregulation of
CD325 is unlkdy o indicate progression of DN celk
dlong the TCRy6 pathway. Rather, the blodk at the
DN1b stage is associatesd with the potential for
cmigrztion, as 2 large majorty of TCRy6 and
TCRy6 cells found as emigranis were DN1b.

The expansion of prodhymocyts is driven in a
synergistic fashion by the common v chain, and by c-
kit (CD117) [32] The latter is lost afier P-selection
When we analyzed TCRv6 thymocyies and emigranis
for c-kit, we found that more DN TCRyé  thymo-
cytes expressed c-kit afier TCDD exposure (Fig. 5A).

Expression levels were higher afir emigration, even
m the shsence of TCDD (Fig. 5B), reaffirming the
block in carly DN. It is wnclear at which time-point
feel/neonaiel TCRy6 celk stant o re-express o-kit
[39]. TCRy&' mwzcpithelizl lymphocytes in the gat
cxpress c-kil, while splaic TCRyé cells do not
TCRyE' cells are ckit negative n the doymos of
newborn mice [39]. In our hands, most TCRy6' eclk
from fetal day 6 TCDD*FTOC (ie. the time-point
correlated i binh) expressed c-kit & intermedizie
levels in the thymus, and expression levels remaned
unchanged afier emigration (Fig. 5C D) Only a small
percentage of TCRyE cells expressed o-kit 2 aqually
high kvels as TCRvé  cells.

A similar picture emerges wiih respeci io 2 number
of oher markers of matunity, e DN TCRw ol
express markers charadenstic of immaure DX cedls,
whereas expression pattems characuristic of an
activaied, mature phenotype (see Table 3) are found
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Fig. 4. Absoluie numhers of the di Ferent CI23 and (144 expressing populations among DN TCR~+6- md TCR" cells, Thymooytes and
amigrants of conitml ad TCDD*FTOC wer isoled afe 6 days and freqpuencies of CD4E and CDE expressing od ki were deacrmined by FACS
mahzie DN thymocyres i emigrants were soned and snalvesd for expreszion of CD2%, (1044 snd TCRh Percentges ware wal o
calculae sheplure numbers of the subpopulations of TCRw6™ cells. Bars show mean values + SEM of three independean expeariments. Sutistical
alkculations wae paformed by using Sudet's raest (*poB3, **p00], *** p=0 00 omparal 1o contml),

a higher frequencies on DN TCRyé' celk. For
msEnce, expression of CD24, a marker for immaiore
DN thymocytes [40], was decressed drastically on DN
TCRyG6 cells by TCDD, and was vinuzlly absent on
DN TCRy6 thymocykes and emigrants. Likewise, the
frequency of CDG2L and CD45RB expressing DN
cells deareasad in TCDD*FTOC, in both thy mocyies
and emigrants. On the other hand, expression of the
carly activation maka CDG® was upregulaied by
TCDD, especially pronounced on TCRy6' emioranis.
Thus, while DN TCRyé thymocytes had the

phomotype of immature ool & expeaed, TCDD
glierad this phenotype, towands the dharacteristics of
maure cells. With respect to DX TCRy4  cells, e
low expression of CD62L, and the high expression of
CDE9 by TCDD in the emigranis is noeworthy.

4. Emigrared DN TCRyd cells possess suppressive
capadities through competition for IL-2

Suppression of both cellular and humorzal immon e
responses is one of the hallmaks of TCDD-mediaed
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Fig. 5 ckit expression of DN TCR+6" and TCR cells from dey 6 FIOCs atype control fdoned line), cdls fom contml FTOC (shaded
grey amea), cells from TCDD exposed FTOC (back line). The experiment was repesel twice,

activation of the AHR. The underlying mechanism s
Ergely unknown Because some mature subpopula-
tions of DN cells have regulaory capacities [41] we
wanied o analyze if the fazl DN emigranis also
possess 3 suppressive potenitizl in co-coltiv aion with
activated CD4 T cells. While DN emigrants were
unzable o proliferate in the presence of APCs. anti-
CD3 and even PMA and ionomycn, cultivation with
CM T cells wogether with APCs and ang-CD3
unexpededly led to a significant norease. rather than
a decrease, in iotal proliferztion (Fig. 6AL Simikr
increasad proliferation was found imespeaive of
whether DN amigranis isolated from TCDD*FTOC
or from control cultures were used To analyze which
populetion in the co-colture, DN or CD4 T cdls,
proliferatsd, we labeled CD4 Teells with CFSE and
cultivated tham with DN emigranis, and vice versa.

While anti-CD3APC adtivatad CI4'T calls divided
well in the shsence of DN emigrants in the culture (>
6% undergo 6 divisions and more), addition of DN
amigrants reduced CD4° T cdl proliferaion by 1-2
rounds within the coltore period of 90 b Vice versa,
CFSE-staining revealed that DN emigrants prolifer-
ded only in the presence of activated CD4 T cells.
Thus, while the overall outcome of co-cultivation was
morcased proliforagion, activaled CD4 T cells were
ndeed inhibied in growth by the DN cmigrants,
which were responsible for the observed increase in
prodiferation n co-colture (data not shown). Addition
of I-2 could replace D4 T cells, and TCRyé

prodiferated equally well (Fig. 6A). As might be
expected considearmg the high fFequency of TCRyé

celk in DN emigrants. they produced IFN-y. but latls
IL-4if coltivated in the presance of anti-CD3 and IL-2

Table 3

AHR oversctivation induces an activael phenotype on DN thymooyies and emigmnis

Activcation marker DM TL control DN TL TCDD DM emig. contm | DN emig. TCDD

TCRyi+ TCR-6— TCRyE+ TCR— TCRyi+ TCR— TCRy&+ TCR-6—

T4 ik 149 i i is 15 #il 54
s 26 f4 4 Iy 17 i ] 4
DS RN 4 04 f 4 i f 7 14
CIE3RR™ 24 Ha i 22 1% L 4 28
CIM2L 58 m i 25 24 62 13 i

* Fetd d1 3 thymi were cultivaied with TCDID or sobvent. Afier six days amigrants md tymocyies were iso lied and smined for CD4, CDS,
TCR6 in addition w one of the ahove mentioned markers. Values represent the percentages of TCRya+ or TCRv— cells positive for the
expression of the respective marker. The experiment wes done twice with simi lr resubs. Only mesulis of one experiment are shown.



([ M. Mivjors o wl / Irtermeiona! Inis aopeer oo dogy 5 (0005 J St ate

B
—OF-Cpa’ T oals
- TSI YTy e—
E —— + DM Emig, sonirml
- —+— + W Emig. TCOD
g
#
1]
ChiTeddls = + # = = 4+ H = -] 2 4 B B
HEmg TE00 — — — 4 = & = = ol dzions.
DHEmig. oniral = = = — & = & #
FMAil — = &% & & = = = c "
hadl 1
Li = = = = = = = % "
|
- ¥
=
-
=
£
184
el
DK Emilg. umnsorm - * = -
DN Emig, TORyE- = - + -
ON Emig. TGRS — = +
PMATI, 4 . = =
[T S + + +

Fig. &. Froliferaion of DM emigrants in co-cubure with CD47 splenic Teells. DN cells were sored with magnetic beads. Cells were culivaed
for Mk h wgether with C14 " splenic T cells. APCs and ani-CD5 Ab[1 pg/ml] were dways present. PMA [10 ng'ml] / [onomoycin [0,5 pgmd | or
L-2 [2 ng'ml] were added &¢ indicwied Bar show mean value + SEM. Swiistical @lculstions were perfomsed by using Sudent’s p-ies
(*p=iid, **poibi, ***p<0idH compaed o conrol). {A) * Hotymidine incompomton is shown s a messure fr proliEration. The *H-
thymidine was added frthe ket 20 h ofthe culure (B) (14 Teells were smined with CFSE before co-cultivation, and the pacengeafcdls,
which had divided fwr a given number deaminel. ) Frolileraion of soried DN TCRya and TCRyG™ emigrans. One represenistive
experiment out of three is shown. All samples were tesied in wiplicare

fior 72 h. DN emigrants from TCDD*FTOC produced
slighidy, but significantly more IFN-y and about four
imes more [L-4 than DN emigranis from conirol
FTOCs (Fig. 7), probably reflacting e higher per-
centzze of TCRy6' cells in his population (Fig. 2
Because DN emiments contzined both TCRyE'
ad TCRyé cells, it was imponzm for us o
determine if only one of these populations possesses
the propeny io grow and inhibit proliferation of CD4'
T cells. We tharefore separaied these subpopulaiions
and analyzed ther proliferation by adding APC, anti-
(D3 Ab and IL-2. As shown in Fig. 60, TCRy6
emigrants showed virmally no proliferation, while the
TCRy6' fraction proliferated strongly. Ako, analysis
of unsoried DY emigranis afier 90 h of co-oulure with

CD4' Tcells revealed, that at the ond of e oo lure all
of the proliferating DN emigranis expressed the
TCRy (daiz not shown).

In conclusion, DN TCRv' emimrants can be
induced w0 proliforate in the presence of adivaed
CD4' T eells or IL-2, ndependanily of costimulation
by APCs and they are capable of suppressing the
proliferziion of activaied (14" T cdls.

35, Gene expression profile of DN emigranis from
Jetel thymd affer long-rerm signaling mediced by
TCD

The AHR is 2 transaription factor, which hes been
shown o Erret many genes of different functional
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Fig. 7. Cywkine production by activaied DN emigmnis. Fel 413
thymi were incubaied with either TCDD or sobvent. Afier six days,
DN cmigrants wer isoluied md $ = 10° cells incubsied with anti-
CD5 Ab [1 mmd] md [L-2 [2 ng'md]. Supenatent: were tested
afier 72 h for [Py and [L4 with ELBA. Bars show mem
vdues+ SEM, Swiistical alkulstions wae pafomed by using
Sruent’s f-iest {*p (08, ***p <] compared o conmol

groups. Gene expression changes are cell type and cell
stage specfic [22] In order to define the expression
profik of the thymocyte subpopulation under consid-
eration here, we sorted DN emigranis from
TCDD*FTOC and contred FTOC and analyzed ther
RNA content on A fymetrix ™ gene chips. Choosing =
wofold change i expression as out-off-threshold
kvel, we identified 295722 500 wransaripss {ic. 131%
of the ranscriptome) as difforentially modulated in
TCDD exposed DN emigrants. A selection of
regqulzied genes is shown in Table 4. Additionally,
the resulis were verifiad for some genes by using
Light-Cyder PCR. Ii has i be mentioned here that it
& quite difficull 1o compare the resuls of microamays
and LightCycler due to the technical diferences of
the mathods leadng w more or less pronounced
deviations. The genes we found are involved in the
coniwol of vanous cellular functions induding cell
adhesion, cell cycle, metzbolism, intracellular signal-
mg, cell growth development. and ransoription. One
of the largest single “funcdional” group of genes
regulzied in the DN amigranis from TCDDFFTOC,
comprising almost 1 (%%, are ranscripts of the immune
systam. The genes include (D-makas for lympho-
cyles, chamokines, intefeukins, inlegrins, or recom-
hination sssociasted genes (Table 4 Although the cut-
off threshold was chosen &= two-fold, the majoriy of

genes related to the immune system was modulated
moe stongly, ie. & lesst hree-fold Panioolbry
swiking was the downregulaion of RAG (recombi-
nase-activating gene}1 by TCDD, which was con-
fimed by PCR. Concomitant o this, we also detected
a sinking downregulation of the taminal deoxyno-
deotidy]l iransferase (TdT )L Both genes are necessary
for gene rearmangement of the TCR-genes. Likewise,
expression of c-mybk, 2 gene whose presence &
required for the wransition from DN3 w DN4
hymocytes [42]. was downregulatsd spproximately
30-fold by activation of the AHR. GfF1, a putative
ransapiional repressor invelved in the matuzion of
mmature thymocyies [43], was downre gulated in DN
amigranis from TCDD*FTOC as well. Noich-1,
which might have been expected o be changed. was
expressad but not modulated baween emigrants from
TCDD*FTOC and control FTOC {data not shown)

Daecable also as changes in surface expression,
the thymocyle matwration marker genes for o-kit and
CD24 were up- of downregulated, respectively
{compare Tables 3 and 4). In contrasi, IFN-y
cxpression was downregulated n DN emigrants from
TCDD*FTOC compared to contrel FTOC albeit the
protein was secretad more strongly in cokivatsd DN
emigrants oclls (compare Fig. TL

Enerng and going through the cell cyde are
mponant chedipoints in thymocyte differentiation
Mot surprisingly, in DN emigramis from TCDD#*
FTOC ako gemes controlling dhe cel cyde, were
errats of the AHR, eg ratinoblsioma (Rbrelated
p130 (2072 1-fold up), cdob (3.7/3.2-fold down), E2F
wansaription Eaor 6 (2.0/2.6-fold down), or cydins
Bl and E2 {> 3-fold down) It is impomant (o node,
though, that & computer analysis of 1500 base pairs
upsiream of the ranscription sian sited ¢ promoie’™)
revealad that only about 50% of the modulaied genes
had 2 nominzl dioxin-responsive clement in that
region, suggesing secondary signaling effectis of
TCDD (Table 41

4. Discussion

The thymus is a sensitive targa for TCDD-
madizied oxicity. Besides the two well-dknown effecs
hymus amophy and sysemic immunosuppression.
glso differentistion of thymocyies is affeded, leading
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Table 4

TCDD-medisied gene regulation in DN emigranis”

Function® (Giene name Foll change Full length DREs®

Microamay Light-Cycler
Exp. 1 .2 Exp. 1 2

mimume sysrem D24 —11.3 —82 —-52 —74 ¥
D24 —50 -7 - - 1
CIna 26 24 - - 1
oKit if 28 - - 0+
o=mhe -2500 =3 - - 13
il -4 -8 —-i4 40 1
(833 23 1 - - ND
M-y —67 -a7 - - 1
L-22 L 44 a4 61 W
NK cell lectin like recepor BB X i - - KD
NE cell lectin like recepuor B D 22 53 - - NI
RAG-1 — .7 —Hns — Tt —53 [
TdT fermina dems ynucleotidy | mms Erse) -2 —§0 -8 —14 1

Cell cyde conmol Cell division cycle & (Cdet) -37 -3l - - o+
Cyclin B =37 —54 - - NI
Cyelin B2 —41 — 52 - . NI
E2F6 tmmscription facior -0 — L4 - - o+
Gimewth arest specific $ =213 =21 - - L]
ET 20 - - i

AHR gene battery? AHE-Repressor 12.3 154 - - ¥
CYP1AI Li 44 6.5 . LE E]
CYPIBI 45 187 - - |

Housekezping genes HFRT [ ¥ [ —iki 8]
RPS ] ] i1 [} N

" Fetal di % thymi were resied with TCDID orsobvent. Afier six deys emigrants were isolsed and soned for DN clls by magnetic depletion of
C124 and CDf-expressing cells, RMA of DN emigmnts wes isplabal aud prepared as described ahove, Giene expression profile was anabyzed by
using Microarmy techn ique and venfiel for selecved genes by Light-Cyler PCR where indicsied. Numbers epresent the change in expression

induced by TCTID,
® Genes were grouped according o function.

“ (iene sequences were analyzed for DREs up i — 1300 hase pairs relative o the manscripion s sie by using Tess Transiac 400 software
The coresponding sequence moii { was “KNNENNTYGUGTGOMS as anowied in the Transfac 40 dewhank. NI not done,
* AHR baniery refers to the genes of xenobiotic mewbolism which ar: known wrges of the AHR. CYPIA1 was bund 0 be inducible in a

number of various cell wpes, induding thymocyres and T eells,

0 reduced numbers of DP cdls and skewing towands
(D2’ cells [28 44] Recently, it has been shown that
DN thymocyies are dired @rgas for TCDD resulting
n thymus atrophy [27] Here we show tha TCDD
does not only interfere with the development of fetal
DN thymocyies, but also changes their differentiation
and emigration pattem. To our surprise the majority of
the amigrzting cells from control FTOC were DP
rzher than 5P We could ako deect significant
amounis of DP celk in the blood of neonate mice.
W did not find DP in spleen, though: possibly his is
due o e kek of some unknown surface molecule
necessary o enter e spleen. Conceivably, TCDD &

a aativaior of he pliotropic ranscrption facior AHR
may 2lso change such surface molecules, albeit we
have not investigaied this in this study. Bonomo o al.
showad that DP cells dissppear from the INs of
young mice within #he fist hree wedks of life and
suggesied that they could be involved in auioimmun-
ity, because they were nol deletad in male anti-H-Y
TCR transgenic mice [34]

TCDD exposure nsulied in strong decrease of DP
emigranis in FTOC & well as in neonate mice. While
any possible physiclogical ok of thymic emigrant DP
cells is not understood. regulaory capaciies have
been desanbed for DN cells. Emigration of DN cells
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was amhanced by TCDD. Many of these DN celk
were TCRyS' T cells, which had a particular high
poteniizl © emigrate. This confims and extends older
smdies, where 2 block in the very mmature DN celk
and skewed generation of TCRyé' T cells in faal
thymi isolated from mice treated with TCDD in uten
hadl been reporied [26] A distna phenotype of
Co2s™ o4 expression (DN1b) was found in
DN thymocytes from TCDD*FTOC, but even more
pronounced among the emigranis. Indeed. almost
6807 of the TCRyS' thymocytes and 90% of the
amigranis showed this phenoiype. This suggesis an
carly developmental Block at the DNIb stage and the
concomiant emigration of these cdls. Presence of o
kit on most DN cels and the shutdown of RAG-1 and
TdT expression in e emigranis funher support his
idea. Until now itis unclear at which stage separation
of the TCRv&' from the TCRuf' lineage ocours. Our
data suggest that the commitment twowards the
TCRyS' lincage already takes plos at the DN1b
stage. and that TCDD can mduce a shifi towards his
lineage. An incressed frequency of TCRyé cells with
high CD44 expression was also detoctad in adolt mice
exposad o TCE, another AHR ligand [45], indicating
tha TCDD zas via adivation of this ranscrption
factor. The CD25" ™4™ phenotype was not only
found among DN TCRvE' but aso on TCRwS  cells
from TCDD*FTOC. Additionally, TCRyé cdls
conizined increzsed percenizges of B220' and
KK1.1' cells in comparison @ the control (data not
shown), indirecily confirming the datz of Laiosa o al ;
they showad decressed proliferation and numbers of
DN Teell progenitors [27]. The DN 1b phenotype hes
nod beem obsaved in cither adult or fetal DN
thymocyies (whether galed on lincage negative celk
or just CD3  cells) [3946] We could detect it
because we gaied on DN plus TCRyS' cels. More-
over, it is known that the fetal thynus in culure
produces generally more TCRyd' than the adult
thymus in vivo [32] making detection of this
popukiion feasible. However, DN1b cells have been
observed in Gfi-1 deficient mice and in transgenic
mice expressing * dominant inierfarng Myb' and Pim]
[42.43]. Boh mouse sirains have a blodk in the DN o
DF wransition, and c-myb and Gfi-]1 are necessary for
Peselection. The CD25*CD44™ populztion in Gfi-
1 mice contained a higher percentage of IL-TRo
celk; IL-TRo expressing oclk have a much higher

potential o develop into TCRyS T cdls. Taken
wodher with cur data, we think tha the CD25™™
CD44" phenotype is indicstive of TCRyS'T celk
destined i emigraie oot of the fetal thymus. In the
Gfi-1 gene upstream region (1500 bp) we identifisd a
putative dioxin-responsive cdement, and GH-1 s a
erra of the adivaied AHR in DN celk, as is c-myh
Both genes were strongly downregulzied n DN celk
by TCDD. The phenotype of Gfi-1 *  mice resembles
m severzl aspeds the phenoiype of TCDD-exposad
mice: decreased thymic cellularity, reduction of CD4'
CD8' cortical cells, accderaied positive selection, and
skewed generation of CDE' thymocyies [19.29.44]. It
would be interesting io analyze furher a possible
rektionship baween AHR-and Gfi-1-signaling. Addi-
tonaly, the phenotype found for DN celk isolated
from TCDD*FTOC resembles that seen on mature
activaied T cells, ie., high expression of CDE9 and
low expression of CD45EE, CD62L and CD24. Ths
& especielly true for the DN TCRyS  emigrants.
Emigrants are known o undorgo phenoty pical mam-
raion afier having kfi the thymos Compared w
thymocyiss, they gradually downregulate expression
of CD24 and CD62 in the periphery. On the other
hand, CDM5RE and CD6G2L are continuously uprem-
ktad on CD4' or CDE' RTEs, respedtively [47).

We noted 2 strong heerogmneity with respect o
surface markers among emigranis. This surgesis that
subsets develop in the thymus and may have diffarent
fates in the periphery. For instance, CD62L is
msocided with preferentizl homing o the spken
The lower frequency of this marker on TCRyS' afier
TCDD exposure is panicularly noteworthy, as intra-
cpithelial gut lymphocytss (IEL) do not express
CI2L, and the fetzl thymus is a2 well-known sounce
for TEL cells. Mo study on the effeas of TCDD on the
seeding ofihe gut lymphoid Gssuehas been done so far

One resmon fr TCDD ndeced  mmunosuppes-
sion could be the genoration and export of regulaiory
Tedls in e thymus. Peripheral TCRwE' T eells from
adul mice have some immunomodulatory function,
cspecially with respect 1o inflammatory reactions o
bacierial infoctions. We found thai TCRy&' T cells,
which cannot prodiferzte, even if stimulated with APC
and anti-CD3 Ab or with PMATonomycin, proliferaie
well in the presmce of IL-2. This result & raminiscent
of the daia by Boursalian et &l who could show that
addion of IL-2 could overcome the poor proliforation



1672 M. Mivjors ef @l 7 Trterma tiorol bt mopdar moco logy 3 2005 F 6391 678

of CD4' RTE: in the presence of ani-CD3 and anti-
(D22 Ab [47]. If co-cultivated with activated CD4' T
cells, they competitively mpar #he proliferzion of
the btter. OQwur dae suggest 10 us ha TCDD induced
mmunosuppression mighi not only be causad by
effects on matuwre T cells in the periphery [42], but
mizht also mvolve regulatory T cells from the thymus.
Further studies will be needed o characterize this
modulziory fundion funher

When anzlyzing the gene expression profile of DN
anigrants from TCDDAFTOC in companson o
conrol FTOC, we found more than 1% of the miire
genome modulaied by TCDD. We have not subdi-
vided the DN cells into more subsets, such = TCRy6'
cells, due o echnical restraints and feasibility. Thuos,
the difference in overall gene expression profile
reflects ako the overall hekerogmeaty baween DN
cells from TCDD*FTOC and from contrel FTOC.
However, the patiem correlates well with the changes
and hink (&) to the profound and pleiotropic effeas of
AHR-simalling on genss accessible in immune cells
and (b) will be of help in gencorating a moleouler
understanding on (TCDD-dniven) hymocyle emigra-
tion and cellular differcntiation. in partioolar of
TCRy6' cells. Tt is likely that not all gmnes regulated
by TCDD are direat &rgas, ie. indoced via DREs in
thar promotas; they can also be modulated by
secondary interactions [49] Modulated genes of
mierest will also have o be analyzed further on the
prodein level, smce gene wansapiion and prodsin
production may not strictly comelate, as we already
found for IL-4 and IFN-y.

What & the physiological ok of e AHR in
thymocyte differentiztion? On day 15 of gesiation
thymus cellulanty is drastically reduced in AHR null
mice [22], and in young mice the seeding of Iym phoid
orgzns i delaved This has been interprated 2s a defea
n thymic output and homing of T cells [13,22], and
our study helps o exphkin the phenomencn on a
cellular and molecular level. Because the naural
ligand is not known, no studics on i role in the eady
differentistion of thymocyies are available. AHR-
deficient mice are refractory to all toxic and adverse
effecis of TCDD so far, indicating that TCDD acis
primanily via AHR-signalling [ 28 50]. Presumably the
natural ligand is necessary fir proper thymocyie
differentistion, but will be degradable betier than
TCDD, miving a lever for is celluler conwrol.

We have investigatad in paralle] the emigration
pattem in adult mice i vive afier TCDD-exposurne of
mice. Also in this setiing DN cdls emigraie
preferentizlly, and are capeble of suppressing CD4
proliferation in co-colture. However, TCRyé'  cells
are kess dhundant, reflecting again the special ke of
the fewal thymus in generating this T cell lincage. Ao,
as expeded dee oo the differemt phenotype. gene
expression profiles overap only panially (manuscript
su bmitted).

In conclusion, our resulis indicate the panicipation
of e AHR in TCRyS' T cell development, suggoesi-
ing its role in linezre commitment ccounng betw cen
the DN1 and DN2 stage of feel thymocyies. The
emigraied TCRy6' T cells have regukiory poiential
by mhibitng the proliferation rate of adtivated cD4'
T cells. Moreover, gene expression profile reveals =n
asspciztion baween Gfi-1 and c-mybk and AHR
transcription repressorns’ ranscrption factons.
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The aryl hvdrocarbon recepror (AHR) is a Ngand-dependent member of the PAS-bHLH- Recelved 10904
family of nuclear receptors. Anthropogenic ligands mdude environmentsl contami Revised G'6/05
nants such as 2.3, 7 6-etrachlorodibenzo-p dioxin (TCDD). Over-activaion of the AHR i s i
caues thymus arophy and immunosuppression. Sinaling vis the AHR changes the  nop g y000/)l 200425641
thymocyre differentiation program & several checkpoins, in particular within the
CDa CDE double-pegative (DN} thymocyte subser. Here, we show that AHR over-
activation led o the preferential emigration of DN thywnocytes w the periphery and
accumulation in che spleen. Some of these recent thymic emigrancs (RTE) had a novel
“sctivated immamre” phenogype (CD3 TCRE-CD25" " CD44-CD4SRE ™ ""CD62L" . = Key words:
CD6F celk). Gene expression profiling of DN KTE revealed 15 genes that were upe  Thymus - Emdgration
regulated more than threefold by TCDD, including the S100A% gene. Exposure of - Aryl hydrocarbon
S10048 null mice to TCDD showed a role for this proein in AHR-mediated thymic  receptor - Microarmmay
BEress. - S100A9

Introduction

The thymus provides mamre T cells for the peripheral
mmune system. The mapricy of thymocytes die within
the thymus due o positive and negative selection
processes geared o ensure that auroreactive T cells are
efiminated and Tcells become MHC restricted, In voung
mice, onl about 05-1% of thymocyes survive selec-
tion. reach the mature CD4” or CERT sngle positive
(5P} T cell stage; and evenmually ger exported. In older
mice, the thymus arrophies and, concomitantly, export
of T edlls gers considerably bwer. Mechanisms of Teell

Comespondence: Chanotte Ezseg TUF, Aul m Hennekamp 50,
40225 Dimzseldod, Camany

Fax: +49-211-3190910

emall chesserbunl-due e dorfde
Abbreviation s AHR: ary| bydroca rbon recepior - BN T D4 DA ™
diouble-pegative cells  DP CD4"CDE * double-positve celia
Er: effective thymic outpul - FTOC feial thymus organ
culture 02 Intacelular - WPE! recent thymic emigmnts

5P CO4' or (08" single-positive cells - TCDD: 2.3.7.8-tet@-
chipmedbanzo-p-dioxln
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homeostase ensure thar peripheral T cell numbers
remain constant {1, 2J. Thymic ourput in mice B
approximarely 1 « 10F cells’thymusday [3]. Very ik
is knownabout the finalsteps that allow or direct thymic
Teells wemigrate and joinche recirculatng peripheral T
cell pool. Questions remain open about the siage at
which thymocytes emigrae. requirements for ol
surface molecule expression, of homogensity of the
emigrating cells eg., in w©rms of senstiity for
rodenization [1. 4-6). Mechanisms of emigration indud-
ing down-regulation of ethering adhesion molecules
pasave carriage due tolocal fluid dynamics, chemotaxis,
and active cell movement medired by G-protein.
coupled receptor have been expenimentally addressed.
and all found to & least contribure to emigration [7-10).
Moreover. thymic oucput differs berween adaloand fecal
cells, a5 in the fems v6 T cells emigrace in waves [11);
and dso emigraed CD4 CDE double-positve (DP)
cells are found [12].

The arvl hedrocawbon meepior (AHR) is 8 nudear
transcription factor and bedongs to a family of basic
Ioop-helix proteins, whose members ae involved in eg.
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rhvthm coordination. neumgenesis. and lineage spedfic
ranscription [13. 14) Upon Bgand binding the AHR
mranslocates o the nudeus where k binds o responsive
eements i arger gene promoters. & number of co-
activators are kmown o be necessary for efficient
wanscripion. bany genes are arger genes of the
AHR, and ranscriptiond activadon i tghth contmlied
[15). Regarding ks phvdokbgical role. invokement of
the AHR m lymphocyte mamration, migrtion and
seeding of lvmphoid organs. and in lwer deselopment
was observed in AHR-deficient mice [16.17]. The AHR s
abundant in thymocytes and thymes scromal ceflks [18].
and s activation in experimental animals leads o
thymus arrophy.

23 7 R-wrachbmdibeno-pdioxin  (TCDD) 5 &
high-affinicy ligand for the AHR. TCDD is & toxic side-
product presentin “Agent Orange”. used in the Viemam
War, and has been of concern for human health for
vears, TCDD exerts i toxicity via the AHR, and has
become a model substance o sudy the AHR and ks
associacd ranscripion machinery.

Recently, we hawe shown that meamment of mouse
fecal thymus lobes in organ culure with AHR ligands
resuls in a drasie decrease in the emigraion of
thymocytes in terms of numbers and tvpe of cells and
in a preferential emigration of CD4CDE  double:
negative (DN} cells. This emigracion is an active process
a5 it could be blocked by eyochalasin D [19]. As ponted
out above, there are differences in emig mtion panerns
berween fetal and adult thymus.

In the present study, we therefore extended our
analvsis 1o adulc animals exposed o TCDD. We lbeled
thymocvtes by intrathvmbe inection of fussescein
Bothiccvanate (FITC), and sudied phenotype pre
ferred migmton sites and gene expression profiles of
recent thymic emigrants (R1E) in the periphery. We
found thar TCDD exposure resuls in a phenocypically
disoinct population of DN RTE with an unusual gene
expression profile Moreover, our resuls indicare the
nvolvement of S100AS, & member of the cakum:
binding 5-100 precein family, in the mokecular process of
TCDOD-mediated thymic export.

Results

Effective thymic output of DN cells increases
by TCDI kinetic of DN RTE accumulation in
the spleen

We inpcred mice inoa hym kally with FITC 5 days after
TCDD exposure and com pared recent thymic emigrancs
n thesplkeen, mesenterc kmph nodes (MLKN], and blood
48 h later. Ar chis time point the thymus was amrophied
by about 70% (Fig. 1). The dose we used does not lead 1o

€ 00 WILEY-WCH Verlag GmbH B Co KGaa, Weinbeim
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Flg 1 {A] Absolute number of splenic RTE 480 afier

Intrathymie Injection of FITC (B Absolute number of CDY
CD8 thymocyte subpopulatons in TCDD treated and oll-
treaced jcontrol] mice. The number of RTE in each CD4/CDE
subset wias calcula ted from the frequency of BITC *cells o the
epleen and abeohute number ofspleen cells, and the noorrected
basedon Lhe perme ntage of FITC-labaled thymls cells. Mumbes
were determined for each mouse individually “Slatstcaly
slgnificant by Student's (-test {p=0.05, *“p~0001). Data are
presentedas the mean + SEML Thers were ol least slnmlce per
each group.

systemic toxicity i the C5TBL/6 mice. Control mice
receivad the solvent corn-obl only. Saline was wsed for
sham injections o control for ress effecs of the
inrathymicinjections. Invariably, FITCT eell were only
detected in mice, which had been FITC injected.

Approximarely 90% of BTE in the spleen and the
blood of control mice were CDA™CDE- or CD4CDR ™ 8P
cells and the remaining 10% were mogly CD4 CDE DN
cells. In MLN-all celk were SP In contrast, in TCDD
exposed mbce we obser ved higher frequencies of DN RTE
in spleen and blood. approximacely 25%. and 12% in
MLN (Table 1). The frequency of CD9 CDA™ celk
inereased dightdy simultanecusly in spleen. blood and
MLN. and CD4™CDE- cells decreased twofold. The well-
known TCDD-induced shift in CD4/CDE subpopulations
in the thymus is shown for comparison. Note, that the
maor change in the thymus is a reduction in DE cells
{Table 1}.

wrwr i ide



I I740  Viedimir ¥ Temchura o al.

Eur. . Inannurel. 2005, 35 27382747

Toble 1. CD4/CDE subpopulation of thymocytes™ and KTE® In lymphold tissues of CS7EL'G mice

Thy s Spleen MM Elpod
Control TCOD Control TCOD Control TCOD Control TCOD
D4 CDE 87 =037 177 £ 1.0 G624 = 15 360 £ 16 660 = 21 BIEAT 60 =45 2741
4 CDE* 27 =03 11.3 = .5 234 =19 350+ 42 o= 21 #3ix32 138 BE6E2E
o4 CDe* Bex12 628 = 0.8 11 =04 41 = 13 L= 0 0= L4 2310 4712
D4 TDE EL SR FEx04 54+ 12 255 = 14 20 =0l 1.7 =38 &0 =10 239333

* Five days after injection with elther oll foontro]) or TCDD {10 wg'ke body weigh ), mice were Injected with FITC ineach thymic
lobe. Organs and tesues were rermoved after 48 b and cells were stalned for CD4 and CDE
& percentage of viable cells from each phenotype among the cells stalned with FITC ower background level {RTE.

# Mean + SEM. n~elght mice per group.

An increased frequency of DN RTE may reflect cicher
achanged curpu from the chymus, of a parallel decrease
in the other subpopubitions. As shown in Fig. 1 the
number of total RTE in TCDD-treated mice was
significantly reduced, whik no differences in the
numbrers of DN RTE were observed. The reduction in
thymic output paralleds the reducton in thymocyte
numbers, in particular in DP cells (Fig. 1).

T eell export is known o be a funcrion of thymoeyte,
raher than perpheral T cell numbers [20]. Effective
thymic ouwrpur (ET0), defined as the ratio of RTE:thy-
mocyvies, B thus an appropriate way o describe changes
in thymus emigration. Mo differences in ETO were
detectable for tga chymic emigrants early afier FITC
njection. However, 24 and 30 h after FITC mnjection,
ETO was significantly higher in TCDD-exposed mice
than in contrel mice (Fig. 2A). This increase was ako
observable ar 30 hin the Mood (data not shown).

A all time points, the ETO was significantdy higher
for DN BTE of TCDD-exposed mice than For control mice
(Fig. 2B). Taken together, these data indicare thar the
effect is moderate for overdl wal effective thymic
ourput, bur DN cells emigrate ar a higher race and speed
by TCDD.

DN RTE from AHR-{over-jactivated mice have an
immature activated phenotype

The DN celk which emigrace & a higher race after TCDD
exposure might conceivably differ from the normally
emigraing DN abser, and we compared their pheno-
ypes 48 h after FITC injection (Fig. 3). Ar this point the
absolute numbers of DN KIE in these groups are the
same (Fig. 1), and any deviaton in percentage cam,
accordingly, be aken as a change in absolure cell
numbers as well.

It is knowm that maure B cells are expored among
DN KTE [21]). We ako detected abour 8% of B cells in
TCDD-exposed and conciel mice. We, therefore, ana-
Weed CDGCDECDLY RIE (Fig. 38). While DN RTE
from contiol mice were mostly CD3™, in the TCDD.

© 2005 WILEWWCH Verlag GrbH & Co. KGad, We inbwim

rreated mice & population of CD3- DN RTE appeared
{Fig. 3C). and the frequency of TCRA-expressing celk
decreased (Fig. 3D). No changes were detected with
respect tothe exportof thymus-dependent NK cells. For
TCRy™ cells, we found consdderable variaions berween
individual mice: from %% o 45% (21.8+16.8) in conrol
DN RTE and from 5% o 10% (6842 4) in TCDD-reared
animals.

CD45RB B a marker, whose down-regulation in-
dicates activation of peripheral T celk. After TCDD

w0t A
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[ condrol -
« 2@TCDO
E @
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&h 12h 2k 30h 48
A0 B
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E
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i s
E s
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5 s
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&h 12h 24h Hih  4gh

Flg % Einetics of the effective thymic outputof tstal (4) and DM
{E) splenlc RTE ETO {FTEthymocyte rtio) was determ ned for
each mowse |ndividually based on the absohs te number of RTE
In the spleen and celularty of thymus at the respective tme
polnt. “Stadstcally signlficant by Sudent's ©-test {"p<0.05
*=p=0.001). Data arepresentedas the mean + SEM. There werg
at least alx mice per each group.
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exposure, the frequency of CDMSHEY cells decreased,
apd CD4SRE™ cells increased compared o DN RTE
from control animals (Fig. 3E). We dso compared the
expression of CDBS, a retenton marker, and CD62L, 3
marker for thymocyres destined for exporr [14, 22]. As
would be expected. both control and TCDD-reated
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Fg 3 Companson of surface markerson splenic DN RTE from
contmel and TCDD-exposed mice (A Gate wsed o ldentlly
HTC* cells Flusrescence al 675 nm ["FerCPF") was used Lo
epchude wn specifically fl uorescent cells Only cellsnegative for
CDé#, CD8, and CD1% (B were analyzed further [C-E. Shownare
representative dot plots for CD3, TCRp and CD45RE ETE In
contr] mlee{left pane] and TCDD-treated mice (dght pamel].
Foreach groip spleen cells from three mice were pooled. Dne
representa tve exper ment out of three 13 shown. The mean
percentages of e subsets = SEM ae [ndicated |n the plots.
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splenic DN RTE were CDGZLY and (D69 (dam not
shown).

Taken wogether, these data indicate that splenic DN
RTE of TCDD-treated animals contain more ceflswith an
immarure-activated phenotvpe than contm] B RTE

Identification of the developmental stage of
DN RTE

D eells can be divided ne four differentiacion soages
{D01-DN4) according to the expression of CD44 and
CD25. The nathymie lae precursor DMNI and DNG
populations are direct mrges for the AHK, which
inhibits their proliferaton [23]). To identify the dis-
tribution of DN progenitor cell populations n BN RTE
we eompared splenie DN ETE and chymic DN exlk wich
respect to CD44 and CD2S expression (Fig. 44, Table 2).
The CD44/25 peoflles of DN thymooytes differed
berween control and AHR mice, snd between thymo-
cvies and emigrants.

Most of the BN RTE in the conwrol mice were
CD44- D25, and thus belong o DA, This & consruent
with their being CD3™ (Fig. 3C). However, approxi
mately 309 of DN BTE in AHE-acohvaied mice wemre

A cantrol

TCDD

-
L]

ELTR
B2| 7

C028 APC

Flg 4 CD4% and CD35 distribistons [A] and TCR) (iC)
expreasion (B] ln O FTE and afier TCDD exposure
CO4CDBTDOIY cells were solated from the speen by
depletion with magnetc beads. Purlty after depletion was
»B5%, &) Cels fmm control and TODD-irealed mice wers
stalnedwith andboedes against CDE4 and CDI5, and FITC cells
were analy ged(E) Ecpression of I TR chaln In 025" DM RTE
from TCDD-treated mice, and (O efficlency of blocking by
unlabeled antibodies. One representative experment oul of
Lo e 18 shown. Each group contalned cells pooled from three
mice:
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Table 2 Absolute mumbers in DN1-DME d flerentiation stageswthin the thy mus™ and among BTE {n the spieen™ ol C57EL/G mice

Thymus - 10% Splenic KTE - 10"
ool oD Contrl oD
D44 'ToZS DN 1.19 = 6357 275 = 009 SA5+137 675 = 090
CO44 TOES* (DN 037 = 0.06 075 = 021 078+ 036 1.20 = 923
D44 TO2S * DT 439 £ 053 10,58 + 015" 087 £ 004 W73 +208"
D44 TO3S (DN 16.06 = 0.95 380 £ B3 56,75 + 150 45,95 185"

* Indlvidual thymi fromoll and TCDD-[njected sh am-opera ted mice were removed al day 7 aftertreatme ni. Gated CD4 T8 cells

were analyzed for thelr COM4/CD2S patiern.

B Mice were Lreatede the r with com-ollor with 10 ug TCDDVEE body weigh Land TTC [njectedinte the thymus 5 days later After
48 b, CD4 TDETDYF were isolated from the spieen, and analyzed for D44 and C025 surace expression. The number ofRTE [0
each CD4/CDE subset was calculated from the freqguency of ITC cells [n the spleen and abao|ute numbser of spieen cells, and
then correcied based on the percentage of ITC-labeied thy mic cells

= Means £ SEM *pou0s, p 0001 by Shedent's t-lest

Ch44 CR25™™ in the spleen (Fig. 4A). This DRHlike
phenotype was sbsent in concrol mice,

D cells can be divided further into twio subsecs:
arger cycling cells with a high proportion of in-frame -
rearrangements {termed 'L cells) and the pre-selected
small resting cells, mostly without rearrangements (E'
celk} [24). According wo their forward scamer char
acteristics (data not shown) and bek of inma- and
exracelubar expresion of TCRE chain (Fig. 4B, C), the
CD4 CD257CO3-CDISRE™ ™ DN3- like RTE from AHR-
activated miceare E cells, suggesting apremature export
of these cells.

Gene expression profiles of DN thymocoytes
and RTE

The AHR is known o arge genes nvolved in cell
differenciation. setivation and cell cecing [15]. Tran
scriptional accivation by the AHR B cell and even cell
stage spedfic, and only few genes (in particular CYP450
187} seem o be induable in Al AHR-containing tEsues
[15]. We sorced DN RTE and thymocyres from AHR-
activated and control mice, and analzed their gene
expression. profiles on Affvmemrix™ gene chips. The
resuls for DN RTE of TCDD-exposed versus control mice
are shown in Table 3. Choosing a 3-fold difference as our
cut-off threshold, we identified 15 genes as up
regulated. Mo genes were down-regulated at keaso 3-
fold. Adseverinand CYP4501 Bl two known AHR- target
genes were found expressed at & 11.12-fold and 3.27.
fold higher level, respectively. Both of these genes were
ako up-regulaced in DN thymocytes, whike the others
were not {dama not shown).

Darect AHR-mediated induction of manscription has
beenshown fomally only for a imited number of genes,
and secondary effects are likely, especially after longer
meament with TCDD [25, 26), Effecs of TCDD begin
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within hours after exposure, TCDD 5 degraded and
excreted only dowly. Thus, afier a3 single inection, the
AHR will emain activated for weeks, and it is likefy chat
the effects we deseribe here comprise primary and
secondary events. The ek of dioxin-responsive ele-
ments (DRE) in the promoters in 10 of the 15 ganes in
Table 3supporcs this notion. However, in AHR-deficiEnt
mice thymotoxicity is absent, highlighting thar the AHR
is the primary effector of TCDD-induced effect [27).

S100AK 510049, fibronectn 1. small inducble
cyiokine A% (CCL9) and small inducible cytokine
subfamily, member 2 {(CXC1D) were up-regulated in
the TCDD-exposed mice. These genes are known to be
inwebed in chemoaxis and cell modilicy, and thus are
candidates for a function in abermant emigraton in the
DN3-like RTE.

For the other genes listed in Table 3, a connection
wiith emigration is not apparent. We note though. thar
hapcogiobin and the cachepsins have functions in
antigen presentation. and posibly a Th2 w Thl switch
[28. 29]). Also, AHR over-activation led wrhe expresson
of genes that are usually not expressed in T eells. Corype
lectin superfamily B is normally rescricted o macro-
phages (Table 3) [30]. TCDD is known for fs mubd-
faceted roxiciky, and the perturbation of cell gpeafic
gene expresion may contribute w ik,

5100A9-deficient mice show no difference
in ETO between TCDD-treated and contral

groups

510048 and S100A% {alias MEPS. MEP14 or calgranulin
B) are cakcium -binding proteins relaed w che ransen-
dothelial migration of neutrophils [31). S100A9 can
ineeract with permusis oxin-sensitive G-protein-coupled
receprors  [32], a pathway relevamt to thymocye
emigmion [7]. Ako. S10049 can interact directly with

s de



Eur. | beumnasel. 2005, 35; 2F38-2747

Leukocyte signaling 2743 4

Toble 3. TCDD- related gene transcription ln DN RTE from TCDD-exposed mice™

Frobeset®™ Gene name™ Induction  Geneproduct functions™ DRE*
144888 1_al Haptoglobln 14 Serlne-type e ndopept] dase o
1420334 8_al C3H gp49E1 N — Mo
1423547 _at Ly 0z yrive: 34 Hydrolase, acting oo ghycosyl bonda! o
antmicroblal peptde
1416612 _at CYPESMEL" iz Eenoblote metabolam Yes
1422557 _8_at  Metalothloneln 1 345 Heavy metal bloding Tes
1451310 a_at  Cathepsin L 3.83 Froteolysis and peptidolyds Tes
1419394 8_at 5100 AB(calgranulin A) 3.83 Chiemitaxis, calclum lon bindling o
1420804 8_at  C-typelectln, supedfamily member 8 436 Sugar bindlng / recognltion Mo
1426642_at Fibrenectn 1 471 Cell adheston, cell maotdlity, Yes
14159048 _at Lipoproteln lipase 5.35 Lipld catabol ' me tabollam Mo
1448756_al S100 A% calgramualin E) 544 Chemotaxis, calclum lon binding o
1417936_at Small Inducible cytokine A% 584 Chemotaxis'slgnal tansdectlon/mmune o
response
1419504 _al Cathepsin & 6529 proteolysis and peptidolysls o
1450076 a_at  Adsevern {Scindern)™ 1112 Sructural constltwent of cytoskeletonfactin o
bloding
144784 _al Small Inducible cytokine subfamiy, 1166 Chemotaxis'slgnal transductlon/immune Yes
member 2 response

" DM RTE were soried from the spleens of mice exposed to TCDD (10 ug'kg) . FNA was lsolated and hybridized to Affymetri™
gene chip MOE 430A Shown are genes whose transcrl pton was upregulated at least threefold after TCDD exposure.

% lden dfication mumber

= Common name and functional asslgnment acconding to the Affymeirx™ 4304 genechip annotation.
# The presence or absence of a DRE consensus sequence was analyzed In 2000 bp upstream of transcription start site with the
Matlnspector program {httpswww genomatiode'cgl-bln'matnspector'matnspectorpl). Consensus seguence wsed. 5-u'g

CMNEOCTEO AN-T.

= CYP450 IE1 and adseverin are the oonly genes n this list, which we found also differen tally regulated when comparing DM
thymeoytes from TCOD- treated vs unireated mice. All other genes were up-regulated by TCDD only Lo RTE.

B2 incegrins in forming “activated recepuow™ epimpes,
and plays arok in cvioskeletal reorganization [32 33).
Both S100A8 and $100A% RNA were up-regulated in DN
RETE of TCDD-exposed mice (see Table 3).

Histological analvsis of the thymus from wild-vpe
and 5100A%-deficient mice revealed no morphological
akerations [32, 33]. We found thar the percentage and
absolute numbers of CD4/CO8 thymoeyvie subpopuls-
tions also-did nod differ from wild tvpe (dara not shown ).
Thymus amophy induced by TCDD weamment was as
siromg as in wild tvpe, indicating thar these mice are
codti parably AHR sensitive. However, in contrast to the
wild tvpe, the number of DN cells in TCDD thymus was
significantly (p<0.05) lss {24 « 16f 0.2 « UF in
controd group va 1.2+ 10% £ 0.2+ 10° in TCDD group).
SDF-1 (CXCL12) isknown o anract DN and DP celk [9]).
We teged the migration capacity wwards this chemo-
kine in the manswell migraion chemotaxis assay;
thymocytes from TCDD-reared wild-tvpe mice had a
3fold higher migracion rate owands SDF-1 (C{CL 12),

© 2005 WILEY-VCH Verlag GmbH B Co. KGad, We inbeim

bour this effect was abolished in S100A%9~"- mice {dara not
showwn).

DN RTE numbers were 2-fold bwer in the spleens of
TCDD-rreated $100A%- mice than in the oil-reared
group (Fig. 5A). However, the perentagge of this
subpopulation wa the same between the groups
{Fig. 5B). Likewke, there was nosignificantly increased
percentage of DN RTE in MLN and blood afier TCDD
exposure (MLN: 45 + 0.5% in conrol . 1.7 £ 0.7%
in TCDD; bleod: 110+ 1.4% vi. 9.0+ 42%, come-
spondinglv). The ETO of splenic DN RTE was not
changed by TCDD, nor were the Mequencies in CD2A5™
RIE (Tabk: 4).

Taken wgerher. in S100A9- mice the unusual
emigration of DN by TCDD exposure found in wild-
[vpe mice was absent.
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Fg 5. Absolute number {A) and percentage () of CDY'CDE
splenic FTE subpopulatlons | n 51004 %-deflcie nt mdce48 hafier
Intrathymic Injection of FITC. The number of KTE Ln each D4/
D8 subset was calculated from the frequency of FITC* cells In
the spleen and abslute oumber of spleen cells, and then
corrected based on the pe reentage of FITC-labeled thymlccels.
Mumbers were determined for each mouse [ndividually.
*matlstcally slgnificant by Stedent's [-test {pT0.05
“p=0.001). Data are presen ted as the mean + SEM. There were
at least alx mice pereach group.

Table 4. DN KTE patterns n 51004% deflclen t mlce™

Eur, ] Inamunel. 2005, 35: 27382747
Discussion

It is well established thar TCDD continuously activares
the AHR and, in mrn, has complex effects on thymocye
differentiation. In partcular, studies using feral thymus
organ culmres (FTOC) have shown thar nmrathymic
progenitor celk are direct targets. They ger arrested in
profiferation [34), which contmributes largel w TCDD-
induced dhymus arrophy. In additon, the differentiation
rowards mamre CD4 CDA™ thymocyies is accelerated
and skewed [35). Recendy, we showed preferentid
emigration of a novd subser of DN thymocyies after
TCDD exposure in late feral chymus organ culmre [19).
Aberrant emigration of DN cells might add w thymus
arrophy, and the emigrant celk mighe also link amrophy
o TCDD-induced immunosuppresion. However, this
putative link has not been addressed experimentallv.
Enhanced CD8 differentiation and proliferation arres of
immarure chymocyies have been demonsoared in feral
and adult thymi. In contrast. AHR-mediared emigration
has not.

FTOC represent a valid method w smudy thymocyte
differentiation and emigration [36); however, emigra-
tion parerns of fetal w. aluk cells differ. For instance. in
newborn mice, as well as in FTOC of eorresponding
mamrity, CD47CDE" cells emigrate [12, 19). whik
emigrants from adult mice are mosdy CD4™ or CDE™ 5P
T cels. In FTOC we also found a TCDD-dependent
increase iny5-TCR™ thymocytes, which might be specific
for the feral siation [37]. Here, using incrahymic FITC
labeling, we found thar the effective thymus ourpur in
vive, cakulated from the ratio RTE thymocytes, was not
generally affected by TCDD exposure. The drop in
export of cells w the periphery simply reflected the
overall thymus arophy. However, the frequency and
absoluce number of DN cells among KTE detected in the
bloodsmeam, spleen and MLN was incresed within das
after systemic TCDD expoaure. Thus, in erms of curput
the simation in the adult animals was damilar w the feral
thymus [19].

Emigrants from FTOC were af-TCR negative. In
adult emigrants, however, they were a mixiure of f-TCR
negative (70%) and posicive (30%) cells CD44" cells -

Treatment ETO* of toial splenle RTE =10-° ETO of DM splenlc RTE = 10~% % CD25 among DM RTE!
Control H3=832 5904 34 =02
TCDD 52B =20 5917 3212

™ ST mice recelved elther 10 up'kg TCDD in oll {TCDD), or oll alone {control). Afier 5 days, mlce were with injected
|ntrathymically with FITC. FTE were analyzed 48 h later in the spleen.
& Effective thymic output (RTE:thymocyte mtlo) was determined for each mouse Individually, based on the absolute number of

ETE In the spleen and celhalarty of thymmss.

= The frequency of CD25* cells within the FITC-labeled RTE was determined flow cytome tdcally

© 2005 WILEY-VCH Verlag GrabH B Co. KGaa, W infweim
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the mapriy of FTOC emigrant celk - were not found in
adulk RTE ar all, nor were adult RTE as large as their fetal
counterparts. Thus, whik thymic egress of DN cells
seems promoted by the activated AHR in feral and adul
celk, the emigrating DN cells are themselves different.

What tvpe of cells are DN emigrants in vivo? Rare in
frequency. they can be CDA™ TCRyd™, CDATTCRyS .
CD3™ NK1.17 and even B cells [38). As expected, we find
n the conmoel group thar the maority of
CDaCDECD1Y are CD37, {abour 50% of them stain
on the surface for TCRR) and they are CDG2L"" CDES™
CD4SRE™™, known as indicators of recent emigration
[38). With respect 1o CD44 and CD2S, they belong wthe
D4 stage (Fig. 4), i.e, the develbpmental stage before
up-reg ulation of CD8 and CD4 [39]). In contrast. the DN
celk from the TCDD-reared mice are different. Only
40% are CD37. Ar the same time, not all of the “TCCD-
emigrant” DN cells are CD44-CD25, but abour 30% soll
express (D25, ie seem o be of the DNI smge.
However, CD25/CD44 expression might be changed,
and no lbnger be ndicative of the mamration stage in
the aberrant situation of TCDD treamment. We addicion-
ally surveved the genes known o be expressed in the
various thymocyte mauration siages. Unformunarely, no
single distinet cell-stage -specific gene expresion marker
coam bination is known [40, 41). We therefore compared
the overlap of 75 differentally expressed rranscripis
berween thymocyte differentiation stages. as published
in the literarure, and the DN celk, identified by us after
TCDD exposure. The smongest maich in expression

profilles is boch within the DN and DN stage (Fig. 6).

In addition, cell size and expresson of an intracel
lular TCRR chain were wsed 1o identify celk thar had
undergone f-selection. These paramerers dso indicaed
that the CD25"DN cells thar had emigrated are
immarure, with a DN3-lke gage [24]. Thus, in addition
w DN4-like emigrants, which were detectable in the
conmrols, more immamre DNG-Rke cells ako emigrae
after TCDD exposure, e, AHR activaion. of the mouse.

Very licde is known abour the final steps that allow or
direct T cells to emigrate. A broad specorum of possible
emigraion mechanisms is sill under discussion. At the
least. emigration seems o be an acive proces [22, 36]).
Regarding the stage of emigraon, it has been shown
thar active emigration is induced within 249 h afer
positive sedection [36). Owr dara suggest thar active
processes mediared by chemotactic- and migracion-
mediating molecules (CCLS, CXCL2, S100A8, S100A9)
are involved. Conceivably, unbalancing the expression
of these genes kads w rekease of mmamre cells from
their normal inhibition (o emigrace.

Thi & the first time thar expression of S100A8 and
A9 ransenprion in thymocytes, and ks up-regulation by
TCDD has been described. Possible asodations with
activity of integrin 2. known w be stimulated via

© 2005 WILEY-VCH Verlag GrabH B Co. K Gaa, W inbeim
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Flg & Compardsmn of the gene expresslon profles of
phenotypicaly charmcte rized dlfferen taton stages In thymo-
cytes and RTE fom TCDD-treated mice, with published
expression profles. Transcripts (1=75) shown o be differen-
tally expressed In thymocyte development In a micmarmay
analysls uslng an Affymetrx platform [20, 1] were modomly
chosen and thelr presence or absence noted Lo our aray data
Since a drect comparison of different array platforms s not
posslble, we accessed the raw expression proflles from the GBD
|46, 47), and normalized this data toour data using the median
slgnal valses., This methed permits comparing the slgnal
|ntenslties desplie different array platforms o both studes.
The figure shows the percentages of matchlng walues for
different thymic dlfie ren tatlon stages. DFL and DPS stages are
acconding o the nomenclature of [40

S100A9 [42) in humans are intriguing, as in our hands
wefound integrin f2 wbe up-regulated after emigrarion
{regardless of TCDD meamment). As has also been
described by others, adseverin ranscription was up-
regulaced upon TCDD treamment in thymocyres [43).
While the associarion of adseverin w the TCDD-induced
block of thymocwe proliferation has been addressed
[34. 43). our data suggest another, addicional. role of
adseverin in thymocyte egress. Conceivably, changes in
actin recrganization can have consequences for active
cell movement and thus thymic emigration.

TCDD action on the thymus is cell stage specific, eg.
AHE-mediaed IL-2 induction & found in DN but not in
DP chymocyies [26], and TCDD Mocks proliferation at
the DN3 gage [34). Here, we also describe cell stage-
specific effects of TCDD action. The high abundance of
the AHE in kmphoid tisues ha been considered
suggestive of a phywiological role of the transcription
factor. Smdies on AHR-defident mice have confirmed
the ok of the AHR in TCDD-mediared immunotoxic
effects. Analysis of the physiological role of the AHR b
hampered, though, because the real kgand is unknown.
Indesd, & is not even dear whether there are one or
sewveral Bgands, as the ligand binding site is unusually
PrOMiSCLoLs.

In conclsion, prospective thymus emigranis ae
targers of the over-activation of the AHR in viwo, and
aberrant emigration of DAG-like thymocyvies ensues

g Lde
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S100 A9is involved intheseemigration proceses, which
may conceivably conribute w the well-known TCDD-
induced svsiemic mmunos ppression.

Materials and methods
Experimental animals

CS7BL/B or SI00AD™ mice, 6-B weeks old, received 10 pg
TDD/kg body weight ip. (Oekomerric, Bayreuth, Germany)
diluted in 200 pL com oil or received corn oil alone.

Intrathymic kbeling of thymocytes

Thymocytes were libeled 5 days after TCDD exposure with
FITC én wivo as previously described [3]. Briefly, mice wemn
anesthetized, and 10 pL 1 mg/ml FITC or PBS was imjected
per thymis lobe. Typically, up m 70% of thymocytes wem
FITC®. The abshste numbers of RTE in the pleen wem
mormalized by the fraction of thymocyes labeled im each
particular mouse.

Transwel chemotaxis assay

Chemotixis was pedormed a8 deseribed [44]. Briefly, Feshly
wolated thymocytes (1 « 10%) were placed in a Costar®
[Coming Inc. NY) transwell chamber that inse red imtocualtue
wells containing heSOF-1 (100 ag/ml). Cells were incubated
for 3 b, and counted by fow cytometry after adding Dyno.
spheres Uniform Microspheres (Bangs Labomwries, Fishers,
IN) for calibration.

Enrichment of DN cells

CO4 TOETDI cells were eariched by depletion of CD4, CDE
and (D19 celk with the AutoMACS (Milteayi Biotec, Bergisch
Gladbach, Germany) acoording to the manufactorers instroe.
tions The parity of soring was controlled by flow cytometry.

Flow cytometry and oell sorting

Celk were saimed with the appropriate antbodies for
10 minutes at 4°C Data were analyzed om a FACSCalibur
flow eytometer (Becton Dickinson). Intracelular saining (1C)
was done after Hocking the corresponding surface molecules
with unlabeled mAb according to Levelt et ol [45]. DN ATC ™
cells were soned by FACSdiva (Becon Dickinson). Al
antibodies were purchased from Pharmingen (Heidelberg,
Germany ). Autofluoresoat cells were exchaded using FL1/FLS
gating, ie, only FITC™ Per(P ™ cells were analyzed further
Fig 3A).

Gene expression analysis

Total RNAwas kolyted with TREzol ™ [Invitropen, Karknibe).
RNA was amplified prior to chip hybridization with the
MesageAmp™ Kit of Ambion (Weodward St. Austin, USA).
Amplification of BNA types was validoed vy exemplary
quantification of unamplified ve amplified RNA of eight
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selected penes (data mot shown ). AN A was biotiny laved with
the Enzo Bio Arcy ™MHighVield™ RNA tanseript bibeling kic
(Affymetrst, High Wycombe, UK) and purified.

RN A was hybridiz ed m the MOD4304 gene chip (Affymetrix).
The resulting * chp files were analyzed with the bicconductor
affy package wsimg the RMA (mbust micromrray analysis)
alporithm. Two independent expedments were pedormed. A
thresfold expresson differemce was chosen as cut-off. To be
considered, transerips had to have a present call in the MAS
5.0 alporithm
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Abstract

Langemans cells (LCT) are professional antigen-processing cells of the epidermis.
Recanlly, t was suggested that they are tolerogenic, and confrol adverse immune
reactions against low molecular weight chemicals (LMWC). The aryl hydrocarbon
receptor (ARR), a igand aclivated transcription factor, induces expression of LVWWC
melabolizing enzymes. Celkilar metaboism of LMWC may transform them info
haptens, and thus conceivably trigger allergic reactions, induding contact demalitis,
We studied whether and how LC possess stategies o avoid this risk

WWe found that the ARR is abundantly expressed n LC of CS57/BLE mice.
Unexpectedly though, in wwo teatment with a slrong AhR ligand (2378
letrachiorodibenzo-p-dioxin) did not lead to gene induction in LG . The unusually high
conshitulive expression of the AhR-repressor in LC might explain this finding, and
points to a relevant tolerogenic sirategy of LC. We fudher investigated LC in ARR null
mice. Ve found that (i) AhR-deficient LC exprass only mamginal amounts of the AhR-
repressor, (i) AnR deficient LC were mpaired in maturation; they remained smaller
and less granular, and did not up-regulale expression of co-stimulatory molecules
CD40, CDBO, and CD24 during in wiro maturation, and (i) their phagocylic capacity
did not decrease. GMCSF, nesded far LC maturation, was secreted in significantly
lower amounts by AhR-deficient epidermal celis (ie. keratinocytes and LC). Our dala
suggest that the ARR s inolved in LC maturation, both cel-autonomously and
through by-stander cells. At the same time, the ARR s part of LC’s risk strategy
against unwanted immune adivation by potential skin allergens.

"abbreviations usad:

AhR: aryinydmocarbon receptor, ARRR: ARR mepressor, ARNT ARR nuclkear
imnslocator, LC: Langerhans cells, DC: dendritic cells, TCDD: 2378
letrachiorodibenzo- p-dioxin



with AhR for the binding site of ARNT and forms a tanscriptionally inactive complex
(3).

It is known that the skin performs adlive metabolic functions incuding xenobiatic
metabalism. For instance, cylochrome P450 monooxygenase CYP1A1, an impartant
XME and mast prominent target gene of the AhR s expressad inthe epidermis, mare
precisaly in keatmocytes (4). The skin is also a taget organ of the deleterious
effects of toxic AhR activabion by envwonmental poliutants, causing human skin
dseases lke chlormone, hyperkeralosis, and pholosensiivity. These dseases
occurred after human exposure to the AhR Bgand 23,7, 8Hetrachlorodibenzo-p-dioxin
(TCDD) (S). The AhR can be activated by a vanesty of small molkecules, nchuding
dioxins, furans, flavonoids and tryplophane derivatives (reviewed in 6). However,
TCDD, due to its high affinly is stil the ligand of choice to study AhR biochemistry
and physiological function. The exposure to TCDD keads to a wide range of toxic
responses induding cancer, teratogenicly and embryoloxicly. In the mmune
system, abnormalities n development and immunosuppression were obssmved,
gither after over-activation (i.e. TCOD exposure) or in the absence of the ARR n
gene-deficient mouse strams (7). Recent studies ponted o OC as the direct target of
TCOD and congeners, which then mediate the immunosuppressive effects on T and
B cells (8-10). With respect to LC, topical apphcation of TCDD nduced an increase in
the density of LC in haidess mice (11).

It appears selfevident that immune responses against smal molecular weight
chemicals must be under shict contral in the skin, in order to suppress frequent
unwanted allergic madiions. Recenfly, in a shift of paradigm, novel findings have
suggested that LG rather than indiating contact sensitivity (12), have regulatory and

tolerogenic functions (13). Futhermare, LC were shown to be unable to elict T c2ll



responses lo certain viral antigens (14,15). The undedying mechanisms are not
knawn.

The skin as a major barrer o the enwronment comes in contact with a wide range of
AhR ligands, which may be immunolagically inert themselves, bul which could be
metabolized into potential haplens by AhR-inducible XME (168). For polyaromalic
hydrocarbons, conversion of the parent compound to a readlive melabolite is
necessary for the development of contad hypersensitivity (17). We therefore
exammed gene expression profiles and maturation of LC after over-aclivabion of the
AhR and in ils absence. \We identified as AhR-dependent the secretion of GMCSF,
which s necessary for LC survival and development. Qur data point to a crtical roke
ofthe ARR in LC maturation and demonstrale for the first ime a mechanism by which

LC may remain tolerant aganst harmless subslances.




Material and methods

Experimental animals

CS57BL/S mice were purchased from Jarwier Laboratories (Le Genest Saint Iske,
France), ARR™ mice {bred onto the CS57BLS background) were from Charles River
Laboratories (Sulzfeld, Germany). These mice lack a functional AhR, as the bHLH
domain 5 deleted (18). Mice were bred and housed n our own animal faclly under
spedific pathogen-free conditions. &10 weeks old female mice received a subloxic
dose of 10 pg 2,.3,7.8-TCDD/kg body weight 1.p. (LGC Promochem, Wesel, Germany)
nitmally dssolved n DMS0O and then diluled n comn ol (Sigma, Taufkirchen,
Germany), or vehicle (DMSO in corn oil) alone. Mice were sacrificed by CO.
asphyxtion for removal of organs. The experments have been reviewed and
permitted in accardance with relevant Gemman animal welfare laws.

Cell preparations

Epdermal cell (2C) suspensions wene prepared from ears and dorsal skin of
CS7BL/S and AhR™ mice as described elsewhers with some modifications (19}
Briefly, skin was rnsed with 70 % alcohol; ears were split with the aid of forceps, and
placed, dermal side down, on a 0.25 % ypsn/PBS solution for 2 hours at 37C. In
the case of dorsal skin, the subculaneous fat was scraped off with a scalpel before
placement on trypsin. Epidermal sheels were then peeled from the underlying dermis
and floated in RPMI 1640 supplemented with 10 % heat-inactivaled FC3, 2 mM L-
ghtaming, 5 x 100" M 2-mercaploethanal, 0.15 % sodium hydrogencarbonate, 1 mM
sodwm pyruvate, non-essential ammno aads, 100 UWml Penicdin, and 100 pg/mi
Streplomycin (FAA Laborlores GmbH, Cobe, Germany), hereafter referred to as
complete medium. Cells were released by breaking up sheets with forceps and

vigorous pipetting. The resulting cell suspension consisted of approximately 90 %




keratinocytes and 1-3 % LC. These celis are referred to as “epidemal c2lis” in the
text.

For cell cultures of epidermal cells, an additional digestion with DMAse | (Invitrogen,
Karlsruhe, Germany; 15 min, 130 U/ml) was induded. The resulting single cell
suspension was culfued in complete medium for varous times at 3 density of
1.5x10° cells'ml in G-well plates. These calls were either used for FACSanalysas of
LC, or for solation of highly pure LC for molecular analysis. To sort cells, the non-
adherent cells were harvested and centrifuged on dense BSA as described (19). The
low-density fraction contained 20-35 % LC, which were enriched by FACS sorting of
vital MHC-1I" cells using a FACSCalibur (Beclon Dickinson, Heideberg, Germany) to
a purity =95 %.

Antibodies, flow cytometry and cell sorting

The folowing anli-mouse anlibodies were oblaned from BD Pharmingen
(Heidelberg, Germany): Antirmouse CD11c (clone N418), anti-CD16/32 (clons
24G2), ant-CD24 (done M1/69), anti-CD40 (clone 3/23), anti-CD44 (clone IM7),
anti-CO80 (danel16-10A1), anti-C086 (done GL1), and anti-I-A/-E (clone 2G9). Cells
were preincubated with unconjugated CD16/32 before staining to block Fe-receplors
(except samples, where CD16/32 expression was analyzed). All stamings were
perfarmed far 15 min at 4 *C. Data were analyzed on a FACSCalbur flow cylometer
with CellQuest software (BD Pharmingen).

Gene expression analysis with microarray

Total RNA was isolated with Trizal™ (Invitogen) according to the manufacturers’
nstrudtions. For microaray analysis mRNA was amplified prior to chip-hybridization
using the MessageAmp™ KR of Ambion (Woodward St Austin, USA). RNA was
butinylated (Enzo Bio Array™HighYield™ RMA transcript labeling kR (Affymetrix,
High Wycombe, UK)) and purified. RNA was hybridized to MOE430A gene chips

T



(Affymelrix). The resulling “.chp files were analyzed with the bioconductor affy
package using the RMA (robust microamay analysis) algonthm. Two independent
experiments were performed. A hwo-fold expression difference was chosen as cut-off.
Internal controls on the chip excluded a faulty preparation of the chips. The affymelnix
calls are the result of a comparson of perfect malch and msmatch ntensiies lkading
fo the condusion if a gene is deteclable (present) or not detectable (absent).
GeneExpressionOmnibus accession number s GSESS06.

Reverse transcription

Far cDMA synthesis total RNA was treated with 1 U DNase 1/0.5 pg RNA {15 min,
RT). The reaction was stopped with 2 mM EDTA for 10 min at 65°C. 0.5 pg RMNA was
incubated in 10 pl with 1 pg of abgo pd{T),; primer for 5 min at 60°C. RNA was
reversely transcribed in a final volume of 40 pl containing 1x RT buffer, 10 mM
dithiothreitol, 1 mM dNTP, 80 U 'RNase out” Ribonuckeass Inhibitor and 400 U MLV
reverse franscriptase. Reactions were cared out for 60 min at 37°C and were
mactivated at 70°C for 10 min. All reagents were purchased from Invitrogen.

PCR

Reaklime PCR was performed on a LightCyder™ [Roche Malkecular Biochemicals,
Swiss), n 20 final volume, containing 10 P QuantiTed SYBR Green PCR Master
Mix (Qiagen, Hilden, Garmany), 1 pM of each primer, 2 W ¢DNA and RMase fres
water. Amplification conditions were 50 cycles of 15 sec at 94°C for denatuation, 20
s at 55°C (AhRR) and 58°C (CYP1A1, CYP1B1), respedtively, for primer annealing,
30 s at 72°C for elongationand 2 s at 72°C for luorescence detection.

Sequencas of PCR-primars were as follows:

ARRR: 5-GCCAATGCTGTCTAATGAAG-3 and 5 -AACAGAGCACCAAGAAAACA-
3% CYP1AL S-TCCTTGCATGTCCATGTTITC-3 and



S -TGCATAAGCAAAATACAGTCCA-3, CYPIB1: 5 -GACCCGGATGTTTTGTGAAT-
3 and 5'-CATGGTGAGCAGCAAAAGAA-3,

RPS6: 5"-ATTCCTGGACTGACAGACAC-3'and 5 -GTTCTTCTTAGTGCGTTGCT-3".
¥-fold expression levels were calibrated to the expression of RP 56 as house-kesping
gene in the same sample.

Analyss of AhRR expression in heart, brain, and LC was performed on & Trio-
thermocycler (Biometra, Gattingen, Germany). The reaction wvolume of S0
contamed 2 pl cOMNA (s2e above), 2.5 U Tag DNA polymerase, 5 pl 10x PCR buffer
(NatuTec, Frankfurt, Gemany), 0.2mM concentration of dNTPs (NatuTec), and 0.4
pM concentration of each primer (Operon Biolechnologies, Kaln, Germany).
Amplifications were carried out for 5 min at 84°C, followed by 35 cycles for AhRR and
30 cydes far RPS6 of 1 min at 94°C for denaturation, 1 min at S4°C (AhRRR) and
S6°C (RPS6), respectively for primer annealing, 1 min at 72°C for elongation and 10
min at 72°C after the last cycle.

Phagocylosis assay

Freshly solated epidermal cells from wild-type and AHR™ mice were resuspendad in
PBS/10 % FCS and incubated with 0.5 mg/mi of FITC-dexiran (Mr = 40.000, Sigma)
for 45 min at 4°C or 37°C. Cells were washed three times with icecold PBS
containing 1 % FCS. After staining with PEconjugated antil-A/-E mAb viable LC
were analyzed by flow cytometry. The percentage of MHC+/FITC+ lving cels was
determined.

GMCSF measurement

Epidermal c2lls were isolaled as described abave and seeded at 10° calkiml. Cells
were cullured for 48 hows. GMCSF concentrations in the supematants were
determined by ELISA (ebioscence, San Diego, USA) accordng to  the

manufacturers” instructions.



Cultivation of epidermal cells with GMCSF
Epidermal cells were seeded out at a concanration of 10° cells'ml and cultured with

10 ng/ml GMCSF. After 48 hours cells were harvested and analyzed by flow
cylometry.

Statistical analysis

Faired student's tlest or the Mann-Whitney test were used lo assess slalistical

ggnificance of data. P-values below 0.0% were considered as signiicant.
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Results

The AhR is expressed in epidermal Langerhans cells

The ARR B expressed al varying lkevels in many tissues and cell ypes, mchiding
lymphoid argans ke thymus and spleen. The human keraltinocyte cell line HaCaT
shows a paltern of moreased AhR expression cormelated to differenhiation, and ARR
expression in demal fibroblasts has been described as wel. Here, we demonsirale
for the first ime AhR expression n Langerhans cells. Easily deteclable by RT-PCR,
LC express the AhR at similar levels as iver and thymus (Fig. 1). Nole that epidermal

cells (of which ~ 90% are keratinocytes) express the AhR at very high levels.

AhR target genes are induced in epidermal cells after in vivo TCDD treatment

We first analyzed whether typical AhR-larget genes are inducad in wivo in skin cells
after systemic exposure to the AhR activaling igand TCDD. Mice were injected with
a maderate, non-loxic dose of 10 pgkg body weight TCDD and epidemal cells were
solated after different ime points o analvze expression of CYP1A1, CYP1B1 and
AhR repressar (AhRR) by RT-PCR. As shown in Fig. 2, no mduction of either gene
was deleclable 3 hows after TCDD injedion, whereas CYP1A1 transcriplion kevels
ncreased more than 60-fold after 12 hours. 24 hours after treatment, CYP1A1 in
epilermal cells was 78-fold higher compared o unlrealed animals. Smilarly,
CYP1B1 was up-regulated 12 and 24 hours after TCDD exposure (10-fold and 22-
fold induction, respectively) as well as the ARRE (Z2-fokd and 12-fold). As mduction of
al genes was most prominent at 24 howrs we chose this tme poimt for gene

expression profiing of purified LC.



Expression of the AhRR in epidermal LC

Both the AhR and the AhRR transcripts are deleclable in LC by chip-analysis (Table
I} and RT-PCR. AhR signaling is reguiated by the AhRR n a negative feedback
fashion. The AhRR compeles with the AhR n dmenzation with ARE nuclear
Ianslocator (ARNT) to form a transcripionally inactive complex (3). Note that ARNT
expression is ow in LC (Table 1), and ARRR expression is constitutively high in LC
(see Table ). Bram and heart are the organs with the highest constilutive expression
of AhRR transcripts known so far (21), and AhRRR expressionin LC was even higher
than n those tissues (Fig. 4), and above the expresson level of housekesping gene
RPSE. Interestingly, expression is not further ncreased after TCDD exposure. The
high conslibtive expression of the ARRR in LC conceivably explans the
unresponsivenass of LC on mRNA level towards TCDD. Mole that AhRR expression
5 kower, but not absent in LC of AhR-deficient mice in comparison to wildlype
counterparts. (Fig.4 compare lanes 3 and 4), supportng the notion of an

nlerde pendency of ARR and ARRER expression levels,

Impaired maturation competence of LG in AhR™ mice

Dependent on their differentiation and maturation status, LC express surface proleins
necessary for slimulation of T cells {(e.g. MHC chss I, CD24, CD40, CD30 and
CD88). LC have been shown lo mabure during ex wvo cullure of epidermal cells (19).
Therefore we analyzed expression levels of maturation markers on the cell surface of
freshly solated ("mmalwe”) LC and on LC after three days of cullure ("'mature”) of

the epidermal cells from either wild-type or ARR™ mice.




Treatment of calls for 10 min with trypsin did not impair anlibody staning, ndicating
that the surface markers described here are not sensilive 1o the Ireatment necessary
for preparing epidermal sheelts/cell suspension (data not shown).

Figwe 5 shows represeniative histograms of the expression of co-stimulatory
molecules CD24, CD40, CDA0, and CDE5G on matwe LC from vehide trealed wid-
type and AhR™ mica. In Table lla the mean fluorescence intensities of these markers,
are shown on malure and mmalwre LC, comparing LC from wild-type and AhRR™
mice (Table lla), and LC from vehicle trealed mice and mice with TCDD over-
achivated AhR (Table llb and c).

All markers tested, except CD24, had smilar basal expression kvels on immatune
LC. CD24 was expressed significantly lower on immature as well as on mature AhR*
LC compared to wild-type LC. As expecled, maturation of LC during ex wwo culture of
epidermal cells led to drong up-reguiation of co-simulatory molecules CD40, CD80,
and CDB6 m wid-type LC. MHC Il was also up-regulated (data not shown), n
accordance with IRembture dala CD24 expression decreased (22). Quabtatively, LC
from AhR-deficient mice upregulated co-shmulalory molecules after three days of
maturation in culture as well. Quantitatively though, in comparisan to the wilddype
mice, the increase was significantly lower during maturation for AR mice (Table
lla, compare upper and lower row) for CDB80. For CD40 a simiar trend was seen n

three independent experiments, albei slatistical significance was not reached.

Changes in LC maturation after over-activation of the AhR invivo

We next asked whether strong activation of the AhR by s lgand TCDD ako affects
the phenotype of immature and matwe LC. Expression of co-stimulatory molecules
was analyzed 24 howrs after in wivo exposure of mice with 10 pg'kg body weight

TCDD ip. or solvemt akbne. As might be expeded from the unusual

14




unresponsveness of the LC transcriplome to TCDD (see above), the phenolype of
LC was not affected by TCDD exposwe, ie. the matwation-associaled suface
expression of co-shmuiatory molecukes remamned normal (compare rows for “contral”
with rows “TCDD" n Table lib). A single exceplion was the expression of CDEE,
which ncreased moderately after TCDD treatment in mature LC of wild-type mica
(Table 1lb). As expecled, LC from AhR™ mice did not respond at al o TCDD

exposure (Table lic).

Morphology and phagoc ytic capacity of LC from AhR deficient mice

In addition o the expression of surface markers we analyzed how the ARR affects
size and granularity of LC. It is wel known that LC change their morphology during
maturation, and become lBrger and more granular (19). Figure 6 shows the relative
grarudarity (C, D) and size (E, F) of immature and mature LC from AhR™ and wild-
type mice, and of the morphology after TCDD-exposure n mice of both genolypes.
Congruent with the data on the surface mamker expression, also the morphology of
LC differed between AhR™ and wikd-type mice after in vitro maturation. No significant
changes of LC from TCDD-treated compared fo confrol mice were observed.
However, in the absence of a functional ARR, immature and mature LC were
genarally smaller, and remainad of significantly lower granularity after maturation.

We analyzed the phagocytic capacity of LC after cullure as a marker for funchional
mmaturily. LC from AhR™ maintained a significantly higher phagocylic acdlivily,
mndicating again an AhR-dependency of maturation (Fig. 7).

In condusion, resulls from surface marker expression, mophology and phagocytic
capacity of LC are suggestive of a previously unconsider=d role of the ARR in
maturation of LC, either cell aulonomously or through by-stander effects of ARR"

keralinocytes in the cullure.



GMCSF secretion is diminished in epidermal cells of AhR™ mice

GMCSF 5 one of the key cytokines for LC survival and differentiation (23). GMCSF is
produced and secreted by keralinocyles in a paracnne fashion, and GMCSF plasma
levels are known to be enhanced by TCDD (24). Therefore we analyzed the
supematanis of cultured epidermal cells (conlaining appr. 90% keratinocybes) from
AhR* and wildtype mice by ELISA. Resulls are shown in Fig. 8A. Epidermal cells
from wild-lype mice secreted more GMCSF (mean 40 pg/ml) compared to cells
isolated from ARR mice (mean 18 pg/ml). GMCSF is pivatal for up-regulation of
CDE0 of maturing LC. As described abave, AR LC are impaired in up-regulation of
co-stimulatory molecules, inchuding CD30. We cultured epidermal c2lls from AR
celks in the presence of GMCSF and measured momphology and CD30 expression.
As shown in Fig. 7B, addition of GMCSF o cullures complelely normalzed CDS0
expression of AhR LC during maturation in cullure. Nole that CDBO expression even
ncreased compared to that of unitreated wild-type cells, reflecting the higher GMCSF
concentation used (10 ng'ml) compared to natuwral secretion by kemtnocyles
(40pg/mi, see Fig. 7A). In conlrast to CD30 expression, low granuarty and sige of

these cells were not affected by addition of GMC SF 1o epidermal cell cullures.




Discussion

The skin 5 metabolcally aclive and epidermal cells express the enzymes necessary
for degradation of smal molecular weight chemicals, which can be{-come) haplens
(25). Many of these enzymes (xenobiolic metabolizing enzymes, XMEs) are under
transcriptional confrol of the aryl hydrocarbon receplor, ARR. We show hare for the
first time that primary LC express the AhR in the cylosol at high levels. ARR
expression n keratinocyltes and fibroblasts had also been reported in the IRerature;
upon aclivation with appropnate igands, the AhR leads to induction of typical XME
genes, CYP450 147 and GYP450 181 in these lissues, (26). Surprisingly, LG were
different, i2., no XME was inducible after expasure in vivo fo the strang AhR Bgand
TCDD. Mareaver, in contrast to keatinocytes, constitutive expression af XMEs was
absent or at least below detection limit (by affymetnx “cals” ar RT-PCR) m pnmary
LC, isolated directly from skin.

We here analyzed the effects of ARR over-activation and AhR-defidency in LC and
epidermal cells with a view fo potential tolerogenc strategies of LCAhe skin. To owr
inowledge, only one study addressad the effects of AhR-activation on LC until now.
In 1989 Puhwel et al. (11} investigated densily and marphalogy of LG in HRS/J mics,
a murine madel for skin effects of TCOD. They reported that LT from harless mice
were smaller, and had fewer dendritic profusions than confrals. Extending these eardy
studies, we show that (i) the ARR is present, but functionally shut down in LC and
cannol be aclivated to induce metabolic enzymes, even by a very strong stimulus,
and (u) that beyond its roke in metabolic degradation of chemicals, the AhR appears

critical in controlling maturation of LC.



The LC transcriplome was inert to TCDD exposuwre, akhough it is known that more
than 3000 genes have AhR-respaonsive elements (so-called DRES) in ther promoters
(27.28). Such unresponsiveness 5 n contrast o findings in numerous ather cell
types, inchuding DG (29). Ouwr finding highlights once again the celland context
spedfic use of the AhR (30.31). Transgenic mice with a conslitulively active ARR
develop skin lesions accompanied by mflammation and immunological imbalances
resembing typical atopic dermalitis (32). Obviously, LC need to control striclly the
exogenous aver-activation of the ARR.

Based on this dala it has been suggested that blocking of the ARR signal may help to
rebeve allergic skin symploms, as many xenobiolics, nchuding those metabolized via
the ARR pathway can exacerbale allergic machons (22). Qur dala shows that LC
aready employ this strategy. We found that they abundanlly express the ARR
repressar, AhRR, at levels higher than n most other lissues (unpublished
observalions). Interedingly, normal human fibroblasts also display high ARRR
expression and no nducbdly of CYP1A1 (33). Repression is thought to work via
compeliion for the ARR dmerization painer ARNT. AhRR expression was not
nducible further upon exogenous AhR activabion (data not shown). Fossibly, this
maximal expresson is dnven by an endogenous igand, which activales the AhR. 6-
formylindolo] 3, 2-blcarbazole (FICZ), a igand formed in skin from tryplophane by UV
ight exposure, would be a candidate (34). Our dala are congruent with the
hypothesis that LC keep AhR-medetled XME nduction low o reduce the risk
assocated with melabolzation of small mokcular weighl chemicals. However, the
surmounding keratinocytes may yet generale haplens or haptenated peplides, which
can be laken up by LC, and either channelied nlo the exogenous MHC-II pathway, or

by cross-presentation nto the MHC- pathway (35).



However, the fact that LC express the AhR at all, points to a physiological roke
of the AhR pathway for LC, ndependent of XME regulation. As the AhR is known as
an nducer of cell differentiation, we analyzed immature and matwe LC from AhR-
deficient mice in epidemal call culures. Three relevant parameters of LC matumation
were analyzed, namely up-reguiation of co-stimulatory molecules, size and scatter,
and phagocytic capacity. Our data provides evidence that in the absancs of the ARR
in epidermal cells, LC maturation is impaired. Inferestingly, the number of LC/mm?®
was unaffected in skin (data not shown).

Mote, that ARR deficiency lked to kow CD24 expression, whie AhR over-activation
inducad CD24 (see ako reference 8). A lower constitutive CD24 expression in ARR-
deficdent mice compared to widtype mice could refiect the presence of an
endogenous Bgand (which would drive ARR actvity m normal mice), as already
suggested above. Considering the LC s medness towards AhR-ligands, we think it is
ik2ly, that non-ligand-dependent activities of the ARR are maore mlevant or maore
prominent in LC. Saveral authors have suggested functions of the ARR beyond its
igand-activated transcriplion factor status, for instance by direct confact and
nteraction with NF-kappaB (reviewed in 38). Thus, we suggest that LC need the
AhR for proper malwation, yel smullaneously condrol its rnsk of adlivating
metabolizing enzymes after contact with envionmental chemicals as potential
igands. ‘Whie matwation may be mfluenced by signals from surrounding
keratinocytes (which are affected by ARR absanca in those calls), the latter appears
o be an intrinsic effect n LC as our microarray data suggests.

Up-reguiation of co-slimulatory molkecules and morphological changes are cntical
features of LC matuation and their function as polent anfigen presenting cels. In
particular, the expression of CD24 and CDB0, bath significantly low in AhR-deficient

LC, might reduce ther capacity fo stimulate Thi responses. Splenic ymphacyles

1%



from ARR* mice produce mare IFNy and IL-12 after ovabumin immunization than
AhR™" mice (37). Indead, a number of cylokines can be reguiated by ARR signalling,
inchuding IL-2 in T cells and TNF-a, and IL-16 in keralinocytes (38,39). Itis therefore
not too swprsing that epidermal cells secreted less GMCSF in AhR-deficient
cultures, in particular as the gene has four putative DREs in s promoter (28)
GMCSF s relevant for LC maturation, i.e. CD80 expression levels (40). Whike the
CD80 phenatype of ARR™ LC could be rescued by GMCSF, the mophalogical
changes persisted. Apparently, other factors are lacking as wel in AhR™ mice, which
warrant further mvestigation.

In conchusion, we provide evidence for a critical roke of the ARR in LC maturabion and
suggest that the ARR is part of the tolerogenic strategy of LC against haplenic
chemicals. These findings contribute to a better understanding of alemgic skin

mmune respanses, and ther medical manage ment.
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Figure legends

Figure 1. Epidermal LC express the AhR
RMNA from epidermal cells, LC sorted to >95% purily from back skin, thymus and lver
was prepared and RT-PCR was performed. Shown 5 the expression level relative to

iver, a tissue known to express ARR highly and robustly.

Figure 2. induction of ftypical target genes in eC affer TCDD treatment.

Mice were ingeded ip. with 10 pg/kg TCDD or vehide (DMS0 in com o) alone. Al
the indicated time points epidemmal cells were Bolkled from ears and mRNA
expression of CYP1A1 (black bars), CYP1B1 (white bars) and ARRR (hatched bars)
was analyzed by semi-quantitative PCR in a Bght cycler™™. Shown is the n-fold
induction in cells from TCDD treated mice compared to expression in eC from vehicle

treated mice. The bars are represantative for 2 ndependent experments.

Figure 3 Trenscripfome of LG after TCOD treatment

A. LC were enriched as described in Matenal and Methods and sofed by FACS.
Viabidity and purity were confrolled by trypane blue skaining and FACS analysis.
Purity was >95%.

B. Affymetnix Microamay was performed from LC after TCDD and vehicle treatment.
Mice were ingcled iLp. with 10 pgkg TCDD or vehicke alone for 24h, LC wers
solated and purified = 95%. mRNA and microarmys were prepared and analyzed as

described in Material and Methods. The scatterplot shows the average of two
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ndependent LC isoltions. The Imes ndicate where expression falls within the
borderdhreshold of <2-fold expression change between TCDD-treated and conbral

lranscription levels.

Figure 4. LC have a high constifufive expression of the AhRR.

mRENA was prepared, reversely tanscribed, and ampified by PCR for ARRR and the
RP35 house-keeping gene. (1) hearl; (2) brain; (3) LC isolaled from wild-type mice;
(4) LC solated from ARR ko mice. 5, 100 bp marker, N, negative contral without DNA

n PCE. The pidue 5 representative for 3 mdependemt expernments.

Figure 5. The expression of co-stimuw atory molecules on mature LC is dependent on
the AhR.

WT (white curve) and ARR™ (grey curve) mice, respeclively were njgcted with
vehiclke. After 24h mice were saaificed epidemmal cells were Bolated as desaibed in
Materal and Methods and were further cultured for 72h. Cells were harvested, LG
were enriched over BSA-densily gradient centnfugation, slained with descnbed
antibodies and analyzed with FACS. Shown are representative data from three lo
four ndependent experiments. Significances were calculated by Student’s t-test.

b p =005

Figure 6. The momphology of LC is dependent on the AhR expression.

WT and AhR™ mice, respectively were injgcted with TCDD or vehicle. Twenly-four
howrs later epidemmal cells were solated and analyzed in the FACS. An aliquot of
cells was ex vivo cullured for V2h and analyzed again. Cells were gated on MHCAI

(e for LC) and scalter characeristics analyzed. Dala are from at lkeast four
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ndependent expenments. ® wild-type, « AhR™ mice Aslerisks ndicate significant

differences (., p < 0.05,; .., p= 0.01)

Figure 7 LC from AhR™" mice retain high phagocytic capadity in maturation condifions
Freshly isolated epidermal cells were cultured at 4° or 37 C with FITC-dextran beads
and then slamed with anli-MHC-| anhbodies. Shown B the percentage of

FITC+MHC-II+ cells after 45 minutes of uplake.

Figure 8 GMCSF-production in AhR™ epidermal cells

Epidermal cells were prepared from back skin and cullured for 48 howrs. (A)
Supematants were tested for GMCSF-content by ELISA. (B) GMCSF-was added to
epidemal cells from AhR+- micz, and cells cullured for 483 howrs. The mean

fuorescence mdex (MFI) of CD30 was determined.
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Table |
Expression of AHR pathway-relaled genes and typical target genes coding for
¥enobiotic metabolizing enzymes Langerhans calls

Probe Set ID Gene log 2 expression  affymetrix calls®
ControP  TCDD
1422631 _at AHR 863 8.41 P
1421721_a_al Amt 6.01 5.99 M
1420796 _al AHRR 8.93 8.88 P
1422217 _a_al CYP1A1 5.54 5.76 A
1450715 _at CYPi1A2 5.49 5.36 A
1416613 _at CYP1B1 437 415 A
1421041_s_al G5T a2 4.95 493 M
1423436 al GET a3 423 429 A
1416368_al GS5T ad 5.39 5.40 A
1418752_at AIDH3 ai 411 405 A
1423627 al MNgo1 6.31 65.20 A

a) RiA from Langerhans cells, sorted to >85% purity was prepared and hybridized to an affymetriz
MCOE4304 chip. Cata were analyzed as described in materal and methode. The average of two
independent LC isolations and microamay chip experiments is shown

b P = present; M = marginal; & = absent



Table lla Influence of absence of functional AHR on LC phenotype in immature versus mature cells®

CD16/32 CD24 CD40 CD44 CD80 CDsgs6
Immature Mature Immature Mature Immature Mature Immature Mature Immature Mature Immature Mature
Wit 14° 2° 156 122 13 188 n.d. 75 2 95 13 458
AhRko 13 2 60™* 56* 9 142 n.d. 86 2 42* 11 401

? Single cell suspension were prepared from ear or skin epidermis, and either immediately (“immature”) analyzed by FACS or cultivated for three days to allow
maturation of LC ("mature’). See Material and methods for details. Cells were stained MHC Il and the indicated surface markers. LC were identified by MHC Il
expression and analysed for the indicated surface markers. The cell suspension consisted of mainly keratinocytes, some other epidermal cells and 1-3% LC.
Scatter characteristics were used to exclude dead cells from the analysis. As controls unstained and isotype control stained cells were used. Cultivation and
stainings were done independently 3 to 5 times

b

channel of mean fluorescence ( MFI), determined by FACS.

* The significance of values between C57BLMS mice and AHR™ mice was calculated by student’s t-test and is indicated by asterix and bold letters. * p<0.05; **
p<0.005; *** p<0.0001. Values differing significantly between immature and mature LC were also calculated and are highlighted in by the grey field.

Table lib Effect of TCDD exposure on LC phenotype in C57BL/6 mice
CD16/32 CD24 CD40 CD44 CcD8s0 CDsas

Immature® Mature Immature Mature Immature Mature Immature Mature Immature Mature Immature Mature
Control 14° 2¢ 156 122 13 188 n.d. 73 2 99 13 458
TCDD 14 3 162 117 14 179 n.d. 84 3 118 13 549

for a,b see Table lla

# The significance of values in LC from TCDD treated and control group mice was calculated by student’s t-test and is indicated by asterix and bold letters.
p=0.05; ** p=<0.005; ** p=0.0001. Values differing significantly between immature and mature LC were also calculated and are highlighted in by the grey field.



Table lic TCDD exposure does not affect LC in AHR™ mice

CcD16/32% CD24 CD40 CD44 CDso CDs86

Immature Mature Immature Mature Immature Mature Immature Mature Immature Mature Immature Mature
Control 13° 2° 60 26 9 142 n.d. 86 2 42 11 401
TCDD 14 2 45 47 8 134 n.d. 68 2 54 9 440

For a bsee Table lla

* The significance of values in LC from TCDD treated and control group mice was calculated by student’s t-test and is indicated by asterix and bold |etters.
* 0005 " p<0.005 *** p=0.0001. Values differing significantly between immature and mature LC were also calculated and are highlighted in by the grey field.
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3. Anhang B

Anhang B
Inhalt der beigefiigten DV

Zu den als Erstautor verbffentlichten Daten gehdren, neben den in Anhang A abgadruckien
Vemiffentlichungen, auch umfangreiche in elektmonischer Fom verdffentlichte Daten. Aus
diesem Grund wurden die zusiizlichen Figuren und Tabellen, mii Edaubnis der Verlage, der
Adbeit in Form einer DV heigefligt.

Die DVD) entheéilt darliber hinaus die vollstindige Datenbank NC-GED. Dazu gehren die
nomalisienen Datensitze, eine Auswertung aller zu den jeweiligen Experimenten zihlenden
Bedingungen differentieller Genexpression sowie eine Dokumentation der Datenbank in
englischer Sprache.

I Folgenden wird der Inhalt der DVD nmoch a@nmal in Fomn der Vereichnisstrulaur
dargestellt.

Verzeichnisstruktur der DV

Vemiffentlichungen
L  Ersaworenschafien

L 2.1.1 - Transcriptional signatwres of immune cells in aryl hydmcarbon receptor
(AR » proficient and AhR -deficient mice
(Flir diese Verdffenilichung erieilie der Verlag keine Eraubnis zur
elekimonischen Verdffentlichung, weshalb sie nur in gadruckier Form
angehdingt wurde)

L 212- Micmarmy analysis of the ARR sysiem: tissue-specific flexibility in
signal and target genes
Verliffentlichung in elekironischer Form { PDF)
Elekironisch vertffentlichte Figuren und Tabellen

L 213- Transcription factor crosstalk comtmols tanscriptional response 0 AhR -
over-activation by TCDD in thymic epithelial cells
Verdffentlichung in el ektronischer Form (vorldufiges PDF)
Elektronisch vertffemlichte Figuren und Tabellen

Bl
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By versffentlichung als Ko- Autor

L  2.21-Roleofthe ary] by drocarbon recepior in thymocyie emigration in vive
Verdffentlichung in el ekironischer Form { PI¥F)

L 2.2.2. Detection of anovel population of fetal thymocytes characterized by
preferential emi gration and a TCR 46+ T cell fate afier dioxin
eX posure
Verdffentlichung in el ekironischer Form {PI¥F)

L 223- Impaimment of mawrational competence of cultured Langerhans cells
from ary]l hydrocarbon receptor (AhR) mull mice and suppression of
AhR signalling points 1o its role in LC wolerogenic stmlegy
Verdffentlichung in el ektromischer Form {vorliufiges PDF)

Datenbank NC-GED
Dokumnentation der Datenbank in englischer Sprache {PDF )
L Rohdmen
Ly Liste aller Verwendeten Micmoamays
L Nomalisiene Expressionsdaten
L Excel-Datei
Da jede Excel-Arbeitsmappe auf 235 Spalten beschrinks ist, wuden die
1967 Expressionsprofile auf § Blier venelt {siche Dokumentation )
bs  Daten als Tab-getrennie Textfiles
Enthéili alle Datensiize in einer Texidatei
Enthidli alle Datensiize auf 8 Temfiles vereili, deren ersie Spalie
jeweils der Affymetnx Referenz-ID entspricht
L Weiterfilrende Analysen

Ly  Rangeof Expression
DHese Tabelle gibi Auskunfi Uiber die Expressionsstdreke, gemessen als
mediane Fluomeszenzintensitdl, sowie Informationen lher die Varianz
der Expressionsstirke

Ly Tissue-icell type specific expression
Im Rahmen der unter 2.1.2 vorgestellten Arbeit wurde die Expression
Tawender Gene in einzelnen Zelltypen und Geweben analysiert. Diese
Tabelle gibt fir jedes analysiene Gewebe die mediane Fluoreszenz-
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intensitil, sowie deren Standardabweichung an. Dhie letzie Zeile gilt
Auskunft liber die jeweils in dem Gewebe verwendeten Arrays.
L Conditions of differential AhR-Expression
Im Rahmen der wnter 1.2 bespochenen Verdffentlichung wurde
wntersuchi, in welchen in der Daenbank enthalienen GEO-Serien der
AhR zusammen mii mindesiens 3 pofentiellen AhR-Zielgen differen-
tiell exprimien wird, Hierzu wurde inmerhalb der Serie die Badingungen
differentieller Expression identifizien und jeweils die mittlere Expres-
sion sowie deren Standardabweichung berechnet. AnschlieBend wurde
jeweils zwischen den einzelnen Bedingungen die differentielle Expres-
sion berechnet.
L Conditions of differential AhR target gene xpression
Im Rahmen der wmter 2.1.2. bespochenen Verdffentlichung wurde
wntersuchi, in welchen in der Datenhank enthalienen GEO-Senen
mindestens 4 potentiellen AhR-Zielgen differentiell exprimiert wird.
Hierzu wurde innerhalb der Serie die Bedingungen differentiel ler
Expression identifiziert und jeweils die mittlere Expression sowie deren
Swandardabweichung herechnet. Anschlietiend wurde jeweils zwischen
den einzelnen Bedingungen die differentielle Expression berechnet.
L Differeniielle Expression innerbalb @ nzelner GEO-Senen
Die Datenbank enthdlt 139312 Bedingungen differentieller Expression, also
Bedingungen, in denen sich Behandlungen, Differenzierungssiadien oder
Gendeletionen unterscheiden, Diese Bedingungen sind jeweils inmerhalb ihrer
Verdffentlichung aufgeteilt abgespeichert (sieche Dokumentation). Auwfgromd
der Begrenzungen durch Excel wunden jeweils 10 Experimente in einer Excel-
Arbeitsmappe  abgespeichert, die durchnummenernt in den in  diesem
Verzea chinis hinterlegten Ondnern vorliegen.
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Anhang C

Zusitzliche Dateien der Paper und die Datenbank NC-GED auf DVD
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