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1. Einleitung

1.1 Das intestinale Immunsystem
1.1.1 Aufbau und physiologische Funktionen des intestinalen Immunsysts

Der Darm ist ein sehr komplex strukturiertes Organ und stélltnehr als 300 fmdie groRte
Oberflache im menschlichen Koérper dar. Hierbei ist er nicht nudigiVerdauung und die
Nahrstoffaufnahme zustandig. Seine Oberflache ist standig detinates Mikroflora
ausgesetzt, die aus mehr als 400 verschiedenen Bakterienspeziesenr@esamtzahl von
10" Keimen besteht [Smith und Gorbach, 1995]. Daher spielt das intedtimalensystem
eine wichtige Rolle, da es einerseits Toleranz gegeniber komeremskterien vermitteln,
andererseits effizient Pathogene erkennen und eliminieren muss.

Das korpereigene Immunsystem besteht aus zwei Komponenten, dem amgehoré dem
erworbenen Immunsystem. Ersteres erkennt unspezifisch allgemeitnmgén-assoziierte
molekulare Muster (pathogen-associated molecular patterns, PAMRs3e konnen
Bestandteile mikrobieller Zellmembranen sein wie z. B. Muramyidige (MDP), ein
Peptidoglycan-Motiv in der Zellwand Gram-positiver und Gram-negatBakterien, oder
Lipopolysaccharid (LPS) aus Gram-negativen Bakterien. Es werdenaabb bestimmte
Nukleinsaure-Muster (CpG-Motive bakterieller DNA, ssRNA und dsRiA Viren) und
Proteine wie bakterielles Flagellin gebunden [Harris et al., ZD@8kalova-Hogenova et al.,
2004]. Die konstitutive Expression von antimikrobiellen Peptiden, den sogenannten
Defensinen, tragt ebenfalls zur angeborenen Immunantwort gegeni&alkiter [Fellermann
und Stange, 2001].

Verantwortlich fir das Erkennen von PAMPs sind sogenannte ,Pattegnigon receptors”
(PRRs). Wahrend MDP vom Rezeptorprotein ,nucleotide-binding oligomiemzdomain-2"
(NOD2) gebunden wird, werden LPS und CpG-Motive von sogenannten Toll-lileptezn
(TLRs) auf der Zelloberflache erkannt, wobei die LPS-Erkennung tlkied TRoltorak et al.,
1998a; Poltorak et al., 1998b] und die CpG-Erkennung Uber TLR9 [Hemmi et al., 2000]
vermittelt wird. Bakterielle Infektionen werden durch EntziindungszellerNeutrophile, die
durch den Anstieg proinflammatorischer Zytokine wie IL-8 [Mitsuyaetbaal., 1994] oder
Chemokine wie ENA-78/CXCL5 [MacDermott et al., 1998; Z'Graggead.e1997] rekrutiert
werden, bekampft. Aul3erdem kommt es zu einer gesteigerten Produktion voierivehen
Defensinen, was ebenfalls der Eindammung der Infektion dient [Bevins, E8Démann
und Stange, 2001; Muller et al., 2005; Salzman et al., 2007]. Das erworb@uadystem

leitet anschliel3end eine gezielte, Antigen-spezifische Immunal®iehDiese beinhaltet die
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Aktivitat von Antigen-prasentierenden Zellen (APCs) wie Makrophagendemdiritischen
Zellen (DCs), von T- und B-Lymphozyten und die klonale Selektion von reaktiven Zellen.
Das mukosale Immunsystem vereint angeborene und adaptive Immunantworteestetd

aus verschiedenen spezialisierten Zelltypen (siehe Abbildung 1).
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Abbildung 1. Ubersicht iiber den Aufbau der intestiralen Barriere und des intestinalen Immunsystems.
Die Erkennung von Antigenen kann uber verschieddaehanismen erfolgen: (A) Die Antigene werden Uber
die M-Zellen zu den DCs der Peyer-Plaques tramstenivelche die Antigene den dort prasenten B- Tind
Zellen prasentieren. (B) Antigene oder Antigen-betze DCs kénnen Uber die Lymphe in die mesentansch
Lymphknoten (MLN) gelangen, wo sie B- oder T-Zellgréisentiert werden. (C) MHC Klasse lI-positive EEC
kénnen als lokale APCs die Antigene T-Zellen préiseen. In allen Fallen wandern T- und B-Zellen iidie
Lymphe in die Blutgefal3e, wo sie zu Effektororganeie der Lamina propria weitertransportiert werden
(modifiziert nach [Miller et al., 2007]).

Die oberste Schicht der Darmwand stellen die intestinalen Epgltesi (IEC) dar, die von
einer Schleimschicht (Mucus) bedeckt sind. Unter diesen Zellen befisida das

subepitheliale Lymphgewebe, auch GALT (gut-associated lymphoid ftigem@nnt. Dieses
enthélt die Peyer-Plaques, spezialisierte Lymphknoten in der Cardhwlie von speziellen
Epithelzellen (Follikel-assoziiertes Epithel, FAE) wie den Bll&n bedeckt sind. Letztere

transportieren luminale Antigene in das lymphoide Gewebe zu den dmenpéa
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subepithelialen DCs, welche die Antigene wiederum naiven B- undl&njaiasentieren und
diese dadurch aktivieren kobnnen [MacDonald, 2003; Muller et al., 2005].

Es ist von entscheidender Bedeutung, dass das Immunsystem zwischennkaleme
Mikroorganismen und pathogenen Bakterien unterscheiden kann, also eine TgkEganz
Uber Kommensalen zeigt, um eine chronische Entziindung zu vermeiden. iRiedurch
verschiedene Mechanismen gewahrleistet. So exprimieren IEC meéBgeringere Anzahl
von PRRs wie TLR4 und deren Co-Rezeptoren, aber auch die stéandige iBRmpesgentber
TLR-Liganden bewirkt eine Hyporesponsivitat der Zellen [Michelsen Amditi, 2007]. Ein
weiterer Mechanismus ist die Polaritdit von IEC und die diffezbatiExpression von
verschiedenen TLRs auf der apikalen bzw. der basolateralen Sei#elter. TLRS, der
Rezeptor fur bakterielles Flagellin, wird z. B. nur auf der basalate Seite exprimiert, so
dass er nur dann in Kontakt mit seinem Liganden kommt, wenn pathogeneidBakbé
Flagellen bereits die Epithelschicht durchdrungen haben [Michelsen ufiti, 2007]. Auf
der anderen Seite ist die kontinuierliche Aktivierung von TLR-Sigrngdweverursacht durch
kommensale Bakterien, essentiell fur die intestinale HomoOostasedendSchutz vor
Gewebsverletzungen [Rakoff-Nahoum et al., 2004], weil dadurch gewebsp®tE&itoren
wie KC-1 oder Hitzeschock-Proteine produziert werden [Rakoff-Nahoum et al., 2004].
Durch den Kontakt mit nicht-pathogenen Bakterien werden in IEC aul3ensenunk
regulatorische Zytokine wie transforming growth factor (T@Fyebildet [Haller et al.,
2000]. Umgekehrt induzieren diese IECs dann die Produktion von IL-10 in mononuklearen
Zellen des peripheren Bluts [Haller et al., 2000]. Aul3erdem reagiE@ auf den Kontakt
mit pathogenen oder nicht-pathogenen Bakterien mit unterschiedlichekirfyioduktion
[Haller et al., 2000]. Die Produktion von TNF-beispielsweise wird durch pathogene
Bakterien viel langandauernder induziert als durch nicht-pathogene €rgamjHaller et al.,
2000].

Das Aufspuren von pathogenen Bakterien durch IEC ist also einer deralate
Mechanismen der fein abgestimmten Immunantwort auf krankheitsedeg®likro-
organismen in der intestinalen Mukosa. Generell sind die mukosalen |Egigre die
entscheidenden Zellen fir die Koordination der Immunantwort. Denn durch taresigen
Kontakt mit dem Darmlumen ,analysieren“ sie die Bedingungen und aetw@uf den
Kontakt mit pathogenen Mikroorganismen mit der Ausschittung von proinflasristdten
Zytokinen und Chemokinen, darunter IL-8/CXCLS8, IB;1GM-CSF, CXCL1, CXCL2,
CXCL3 (GRO4, -3, ) und CCL2 (MCP-1). Diese wiederum rekrutieren polymorphkernige

Leukozyten, Makrophagen und Lymphozyten und initileren eine Entztindungsreaktion [Jung
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et al., 1995; Maaser und Kagnoff, 2002; Rumbo et al., 2004]. Bemerkenswesterstaiie
Produktion spezifischer proinflammatorischer Mediatoren wie GNR-IEC, die in Kontakt
mit Bakterien stehen, von der Prasenz darunterliegender Leukozyten ighiaipr et al.,
2000], was die Wichtigkeit der interzellularen Kommunikation zwisch&C lund
Immunzellen unterstreicht.

Damit IEC diese vielfaltigen Funktionen sowohl in der Koordination ddssiinalen
Immunsystems als auch bei der Aufrechterhaltung der intestinadernef® realisieren
konnen, ist ein breites Spektrum von Rezeptoren auf den Zellen wichtlgptZestoffe wie
Chemokine und Zytokine, die als biologische Mediatoren fiir die interaedlkommu-
nikation unentbehrlich sind, sowie deren Rezeptoren, spielen hierbei esehedddénde
Rolle. Daher sollte die Expression und die vermittelten Funktionen aébfer intestinal
exprimierter Chemokin- und Zytokinrezeptoren (siehe auch Abschnitt 1.2 undnld@&y

vorgelegten Arbeit genauer charakterisiert werden.

1.1.2 Dysregulation des intestinalen Immunsystems: Chronisch #indliche

Darmerkrankungen
1.1.2.1 Pathogenese und genetische Pradispositionen

Normalerweise zeigt das intestinale Immunsystem eine Tale@@geniuber nicht-pathogenen,
symbiotischen Bakterien und es herrscht ein Zustand kontrolliertetirithiag (siehe auch
Abschnitt 1.1.1). Gerat dieses sensible Gleichgewicht aul3er Kor{ttoHe of tolerance”), so
kann dies zu einer permanenten Entzindung des Gastrointestinal-k&3-ttand zum
Entstehen von chronisch entziindlichen Darmerkrankungen (CED) fiihren [Duchmann et
1995; Duchmann et al., 1996; Sartor, 2006] (siehe Abbildung 2).

Unter dem Oberbegriff CED versteht man rezidivierende oder kontichir entzindliche
Erkrankungen des Darms, die mit Verlust der Mukosa-Integritat, mdaerter Resorp-
tionsleistung und verstéarkter Sekretion bzw. Exkretion einhergehen. Denkdegekanntesten
Vertreter sind der Morbus Crohn (MC) und die Colitis ulcerosa (CU).
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Abbildung 2: Ubersicht tber das intestinale Immunsgtem unter physiologischen und pathologischen
Bedingungen. (A) Unter physiologischen Bedingungen herrscht ier dAnwesenheit von kommensalen
Bakterien ein Gleichgewicht kontrollierter Entzindu zwischen Effektorzellen und regulatorischen
Immunzellen, das durch ein streng reguliertes Chémaind Zytokinnetzwerk aufrechterhalten wird. (Bater
Bedingungen chronischer Entziindung dringen lumisdéigene durch eine gestorte intestinale Barriere
darunterliegende Gewebeschichten ein, wo sie vos BIE Pathogene erkannt werden und in den DCs ein
Reifungsprogramm ausldsen, was wiederum zu eingividkung von naiven T-Zellen (ThO) zu Effektor-T-
Zellen (Th1, Th2, Thl7) fuhrt. IEC exprimieren nuarmehrt kostimulatorische Molekile, wodurch sie al
APCs fungieren und dadurch zur Effektor-T-Zell-Antivbeitragen (aus [Baumgart und Carding, 2007]).

Charakteristisch ist fur den MC der diskontinuierliche, segmeB@iall (sogenannte "skip
lesions™) der Darmschleimhaut. Die Entziindung beschrankt sich hiediei mir auf die
oberen Schichten der Mukosa, sondern kann als transmurale Entzindung alle &drene
Darmwand betreffen. Jeder Abschnitt des Verdauungstraktes vom Munahbidras kann
betroffen sein, meistens findet sich jedoch ein Befall im tedeindeum, lleocolon und
Colon ascendens. Im Gegensatz zum MC ist die CU durch einen konibmeerBefall der
Darmschleimhaut gekennzeichnet. Es handelt sich hierbei um eine eauDbdirflache
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begrenzte, mukosale Entziindung, die nur im Kolon auftritt, das Rektureriseéhiast immer
betroffen. Die genauen Ursachen fur beide Erkrankungen sind unklar, esjeddach
angenommen, dass ein Zusammenspiel von aul3eren Umwelteinflissen,clgendisi-
disposition und gestérter Immunantwort verantwortlich ist.

Wie bereits in Abschnitt 1.1.1 erwéahnt, ist das Immunsystem in emg@barenen und einen
adaptiven Teil untergliedert. Bei einer Aktivierung der adaptivenumantwort kommt es je
nach Bedingungen entweder zu einer betont zellularen Antwort, dieimeit eerstarkten
Expression von sogenannten Thl-Zytokinen einhergeht, oder zu einer eher tetmrn
Reaktion, welche die Bekampfung der Infektion Uber B-Zellen und von diegemisste
Antikorper einleitet und von einer verstarkten Th2-Zytokinexpression charaktessier

Die Differenzierung von naiven T-Zellen zu den verschiedenen EffekieH&n ist hierbei
abhangig vom Zytokinmilieu, unter welchem sich die Zellen entwickekn. ndch
Bedingungen kommt es zur Differenzierung von Zellen zu Thl-, Th2- oder Tifektek-
zellen oder zur Entwicklung von regulatorischen T-ZellergdT (siehe Abbildung 3).
Wahrend MC als eine Thl-vermittelte Erkrankung mit einer verstarkkpression der Thl-
Zytokine IL-13, IL-12, TNF-a und IFNy angesehen wird, gilt die CU eher als eine atypische
Th2-vermittelte Immunreaktion mit einer verstarkten ExpressionrdgrZytokine IL-5 und
IL-13 [Bouma und Strober, 2003; Cobrin und Abreu, 2005; Monteleone et al., 2006; Sartor,
2006].

Neue Erkenntnisse legen eine Beteiligung von Th17-Zellen bei der Badszgvon MC nahe
[Bamias und Cominelli, 2007; McGovern und Powrie, 2007]. Diese Zellen sint e@ure
Produktion von IL-17 charakterisiert und entstehen bei Mausen unter demsEindn TGF-

B, IL-6, IL-21 und IL-23 [Bettelli et al., 2006; Mangan et al., 2006; Nurieval., 2007;
Veldhoen et al.,, 2006; Zhou et al., 2007], wahrend dieser Prozess in humarem Zell
unabhangig von TGB-durch IL-23, IL-3 und IL-6 kontrolliert wird [Acosta-Rodriguez et
al., 2007; Chen et al., 2007; Wilson et al., 2007] (siehe Abbildung 3).
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Abbildung 3: Ubersicht tiber die verschiedenen T-ZéiTypen und ihre Differenzierung aus naiven
humanen und murinen Vorlaufer-T-Zellen. Wahrend die Anwesenheit von IL-12 fiir die Differesmang zum
Th1l-Typ verantwortlich ist, entstehen unter demflggs von IL-4 Th2-Zellen. TGEB- ist wichtig fur die
Induktion regulatorischer T-Zellen. Bei der Entwigkg von Thl7-Zellen zeigen sich Unterschiede zésc
den Spezies: Wahrend murine Th17-Zellen unter dmfilugs von TG, IL-6, IL-21 und IL-23 differenzieren,

wird dieser Prozess in humanen Zellen von IL-231fLund IL-6 kontrolliert (aus [Laurence und O'Shea,
2007)).

Th17-Zellen exprimieren unter anderem den Rezeptor fur das Zytold8 [Mangan et al.,
2006]. Bei IL-23 handelt es sich um ein Dimer aus IL-23p19 und IL-12p40 [Opprhahn e
2000], wobei letztere Untereinheit auch ein Bestandteil von IL-12, elft@nZytokin, ist
[Manetti et al., 1993; Wolf et al., 1991]. IL-23, jedoch nicht IL-12, isteessll fur eine
T-Zell-vermittelte Kolitis im Mausmodell [Yen et al., 2006], uncheiNeutralisierung von
IL-23 mit anti-IL-23p19-Antikdrpern verhindert das Entstehen bzw. mildere dereits
vorhandene Kolitis [Elson et al., 2007]. Kurzlich wurde ein PolymorphismugdL@8-
Rezeptor-Genl(23R) beschrieben, der protektiv fir das Entstehen eines MC ist [Dugtr e
2006]. Eine Beteiligung vomL23R-Polymorphismen an der Pradisposition fur MC konnte
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von unserer Arbeitsgruppe bestéatigt werden [Glas et al., 2007c]. ABedDaten
unterstreichen die essentielle Rolle von IL-23 und Th17-Zellen bei der Pathogenese von MC.
Werden Th17-Zellen mit IL-23 stimuliert, so wird eine Reihe von $igebhen Genprodukten
gebildet, darunter, neben dem namengebenden IL-17A sowie dem Thl7-spezifische
Transkriptionsfaktor ROR, auch die Zytokine IL-22, IL-26 und das Chemokin CCL20
(siehe Abbildung 4).

~ APC Th17 IFN-y

Abbildung 4. Ubersicht iiber die von Th17-Zellen praluzierten Zytokine nach Stimulation mit IL-23, das
von APCs gebildet wird.

Die Funktionen von CCL20 sowie der IL-10-verwandten Zytokine IL-22 und IL-26 im
GI-Trakt und ihre potentielle Rolle bei der Pathogenese von CED wurd®ahmen dieser
Arbeit n&her untersucht.

Das Thl7-stimulierende Zytokin IL-23 ist jedoch nicht nur bei der T~#&hittelten
Immunitat von Bedeutung, sondern Ubernimmt auch wichtige Aufgaben bei ddroasgen
Immunantwort im GI-Trakt [Hue et al., 2006; Uhlig et al., 2006]. Inzhascgibt es viele
Hinweise auf eine Beteiligung des angeborenen Immunsystems alGHtathogenese
[Eckmann, 2004; Muller et al., 2005; Sartor, 2006; Wehkamp et al., 2002]. Hidizesyi
zwei Hypothesen [Comalada und Peppelenbosch, 2006]: (1) Das angeborene bBtenunsy
ist bei MC-Patienten aufgrund genetischer Defekte Uberaktiv, wodusclzue einer
ausgedehnten Entzindung kommt. (2) Die angeborene Immunantwort ist durdechenet
Defekte geschwacht, was zu einer Akkumulation von Bakterien, zur Graiouhoation und
infolge dessen zu einer sekundaren, adaptiven Immunantwort fiihrt [Maaiks 2006]. Bei
beiden Hypothesen spielt jedoch die bakterielle Flora des Darmesmahtige Rolle. Im
Gl-Trakt befinden sich ca. ¥bBakterien [Smith und Gorbach, 1995]. Die Beteiligung von
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bestimmten luminalen Bakterienstdammen bei der Pathogenese von fd@omi Daten aus
einer Reihe von Tiermodellen gestutzt [Madsen et al., 1999; Rath £896; Sartor, 1997a;
Sartor, 1997b; Sellon et al.,, 1998]. Es zeigt sich aber auch, dass deaaglitnduktion
intestinaler Entziindung nicht alle Bakterienstamme die gleichggm&thaften haben [Clavel
und Haller, 2007; Haller, 2006].

Eine intakte intestinale Barriere ist ebenfalls von grof3er Badgutir die Aufrechterhaltung

der intestinalen Homdostase und das Verhindern des Eindringens von Baliegeass,
2001; Podolsky, 1999]. Bei CED-Patienten ist diese epitheliale Bamier Kolonmukosa
gestort [Cobrin und Abreu, 2005; Sanders, 2005]. Dies &aufRert sich durch eines erhéht
Permeabilitdt, eine erhohte Adhé&renz von Bakterien sowie eine verteinDefensin-
Produktion [Cobrin und Abreu, 2005; Wehkamp et al., 2005]. Dadurch kdnnen Bakterien in
die daruntergelegenen Gewebeschichten eindringen und dort eine EntzUnduxgr mit
Produktion von proinflammatorischen Zytokinen wie TiBder IL-13 verursachen.

Obwohl die Ursachen, die zu der Entwicklung einer CED fiihren, bis healtevaillstandig
geklart sind, gibt es doch Hinweise auf eine genetische Pradispp&iesonders bei MC-
Patienten [Halfvarson et al., 2005; Halme et al., 2006; Russell urah§at2004]. Aufgrund

der Heterogenitdt von CED ist davon auszugehen, dass eine Reihe von ifsetien
Pathogenese bzw. die phanotypische Auspragung der Krankheit verwickélt Isi
genetischen Kopplungsstudien wurden bisher 9 wahrscheinlich mit CED ii@$soz
genetische Risikomarker identifiziert (IBD1-IBD9, siehe Abbildung 5).

Der bis heute am besten untersuchte Locus ist IBD1 auf Chromosom 16g42. Da
verantwortliche Suszeptibilitatsgen in dieser genomischen Regiate\2®01 durch mehrere
unabhangige Arbeitsgruppen identifiziert. Hierbei handelt es sich snGdaCARD15 das

fur den MDP-Rezeptor NOD2 codiert [Hampe et al., 2001; Hugot et al., Zifira et al.,
2001].
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Abbildung 5. Ubersicht tiber die mit CED assoziierta Genregionen (IBD1-9)(aus [Ahmed, 2006]).

Die drei haufigsterCARD15Varianten (single nucleotide polymorphisms, SNPs) sind die
Aminosauresubstitutionen R702W in Exon 4, G908R in Exon 8 und eine Insertionemutati
3020insC (1007fs) in Exon 11, bei der durch eine Leserasterverschiebungpmadén und
dadurch bedingt ein verkirztes Protein entsteht. Diese Mutationenempeéen etwa 80 %
aller mutierten Allele und sind bei MC-Patienten Uberdurchschhitdft zu finden [Hampe

et al., 2001; Hugot et al., 2001; Lesage et al., 2002; Ogura et al., 2008rp2ygbte Trager
haben ein 2-4-fach erhodhtes Risiko, an MC zu erkranken, wahrend Personenutati@ridn
(homozygot fir eine Mutation oder heterozygot fur zwei verschiedeneatighgn
=zusammengesetzt heterozygot) ein 20-40-fach erhthtes Risiko fageen und Cho,
2003]. Auch weisen Patienten n@ARD15Mutationen allgemein ein friheres Erkrankungs-
alter, einen schwereren Verlauf mit Stenosen und Fisteln sowie praferentielle
Entziindungslokalisation im terminalen lleum auf [Abreu et al., 2002; Ahshad., 2002;
Cuthbert et al., 2002; Economou et al., 2004; Lesage et al., 2002]. In einer Subgnabyse
zum genauen Beitrag der einzelnEARD15Mutationen zu spezifischen MC-Phanotypen
konnten wir zeigen, dass homozygote Trager der 1007fs-Mutation einefikargniriiheren

Erkrankungsbeginn und einen aggressiveren Phénotyp mit primar ileadéall Bowie
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haufigen Fisteln und Stenosen aufweisen [Seiderer et al.,, 2006]. Dieemrdatationen
R702W und G908R hingegen zeigten keine signifikanten Assoziationen minioésh
phanotypischen Krankheitsmerkmalen [Seiderer et al., 2006]. Interegsaatekonnte in
einer kirzlich publizierten Studie ein Zusammenhang zwis€#RD15Mutationen und der
Entwicklung von Thl17-Zellen gezeigt werden: DCs von MC-Patienten defizientem
NOD2 waren im Gegensatz zu Wildtypzellen nicht in der Lage, ib28-Produktion die
Entwicklung von Th17-Zellen zu stimulieren [van Beelen et al., 2007].

Neben den bereits erwahnten CED-Kopplungsregionen wurden in jungsterinZeit
genomweiten Untersuchungen neue, mit MC-assoziierte Gene beschHeben.gehort der
IL-23-Rezeptor IL23R), der "organic cation transporter" (OCTISLIC22A%, die beiden in
die Autophagozytose von Bakterien verwickelten Gene "autophagy-relatékle’t&en
(ATG16L2 und "immunity-related p47 guanosine triphosphatad&GK) sowie eine in der
Nahe des Gens fur den Prostaglandinrezeptor PRGERS gelegene Region, die dessen
Expression reguliert. Die Assoziation von PolymorphismeifL#8R SLC22A4 ATG16L1
und PTGER4 mit der Suszeptibilitait fur MC wurde von Untersuchungen unserer
Arbeitsgruppe bestatigt [Glas et al., 2007a; Glas et al., 2007beGés 2007c; Torok et al.,
2005].

1.1.2.2 Intestinale Entzindung als Risikofaktor fir die Entwickling eines

Kolonkarzinoms

CED-Patienten haben ein erhdhtes Risiko, ein kolorektales Karzino@)(@Rentwickeln.
Dieses héangt jedoch eher mit der chronischen Entziindung der intesthztesa als mit
einer klar definierten genetischen Pradisposition zusammen [ltzkowitz und Yio, 2@04)] (s
Abbildung 6). Die Kolonmukosa von CED-Patienten zeigt einen verstarkt¢helkgdien
,umsatz“ und weist hohere Raten von Mitose sowie Apoptose auf, dpezkalen aktiver
Entzindung im Vergleich zu Arealen ruhender Entziindung [Arai et al., 19889]ol®d ein
erhohter epithelialer Umsatz wahrscheinlich zur Kanzerogeneséagdbeist er als alleiniger
krebsverursachender Faktor nicht ausreichend. Vielmehr tragt, im Kodésx erhéhten
epithelialen Umsatzes, oxidativer Stress, der chronische Entzindunggeitebe zur

neoplastischen Transformation bei.
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Abbildung 6. Entzindung als Risikofaktor fur die Kanzerogenese.Chronische Entziindung sowie
Gewebeschadigung fuhrt zur Produktion von Zytokin€hemokinen sowie reaktiven Sauerstoff- und
Stickstoffspezies (RONS), die zum Entstehen vorignah Erkrankungen beitragen (modifiziert nach kBail
und Mantovani, 2001]).

Entzindetes Gewebe von Patienten mit aktivem MC oder CU weisesiibte Expression
von reaktiven Sauerstoff- und Stickstoffspezies sowie ihres symhetiden Enzyms iINOS
(inducible nitric oxide synthase) auf [Hussain et al., 2000; Hussaih, @003; Kimura et al.,
1998]. Messungen von 8-hydroxy-2'-deoxyguanosin (8-OHdG), einem Marker firiegidat
DNA-Schadigung, der durch den Angriff von Hydroxylradikalen aus der DIdfeB
Desoxyguanosin entsteht, ergaben eine Erhéhung in der Mukosa sowohl voreRatiént
MC als auch mit CU [D'Inca et al., 2004; Lih-Brody et al., 1996]. WeiSlehllsselgene der
Krebsentstehung, wie z. B. Tumorsuppressorgene, DNA-Mismatch-Repaar-d@sier DNA-
Basenexzisionsreparatur-Gene, von reaktiven Sauerstoff- und Stigkstidls die von
Entzindungszellen produziert werden, angegriffen, kann dies zu Dysplasienkrwoide zur
Entwicklung von Karzinomen filhren. So weisen CU-Patienten eine erhoh&tidnistate im
Tumorsuppressor-Gen p53 auf, was mit der Expression von NOS-2 koftdtitseth et al.,
2003; Hussain et al., 2000].

Freie Radikale kdnnen eine Vielzahl von metabolischen Prozessen lesnfl da sie neben
DNA auch RNA, Proteine und Lipide angreifen [Hussain et al., 2003; Nard@O00].
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Beispielsweise lasst sich in Kolonepithelzellen aus entziindes&o$4 von MC- und CU-
Patienten, jedoch nicht in nichtentziindeter Mukosa, eine Oxidation des Trhialktiven
Zentrum des Enzyms Glycerinaldehyddehydrogenase (GAPDH) nachweigenin einer
Hemmung der Enzymaktivitat resultiert [McKenzie et al., 1996].

AulRerdem fordern proinflammatorische Zytokine wie TélF-das bei CED-Patienten
verstarkt exprimiert wird [Cobrin und Abreu, 2005], die Tumorentstehung und -egsign.
TNF-a kann direkte DNA-Schéden verursachen, antiapoptotische oder mitogende Signa
Ubertragen, die Interaktion zwischen Tumor- und Stromazellen vemmigelvie die
Produktion von Matrix-Metalloproteinasen (MMPs), Zytokinen und Chemokinemlgtiran,
die wiederum die Tumorentwicklung fordern. AuRerdem vermag es syimsrigesEffekte mit
Wachstumsfaktoren wie TGE-oder EGF auszutiben [Balkwill, 2006; Szlosarek et al., 2006].
Der Transkriptionsfaktor NikB, der durch TNFa aktiviert wird [Karin und Greten, 2005],
stellt hierbei eine wichtige Verbindung zwischen Entzindung und darsizigster
Kanzerogenese dar, indem er als Tumorpromotor wirkt [Pikarsky.ef@d4] und die
Zellproliferation fordert bzw. Apoptose verhindert [Karin und Greten, 2006}kBI ist in
Tiermodellen intestinaler Entzindung sowie bei CED-Patienten wdrstiitiv, und seine
Hemmung verhindert das Entstehen einer Kolitis in TiermodellendRript998; Neurath et
al., 1998; Neurath et al., 1996; Schreiber et al., 1998].

In verschiedenen Mausmodellen, die entweder auf der Induktion von intesin&éndung
durch Chemikalien wie Dextransodiumsulfat (DSS) oder auf einetigeimen Pradisposition
wie z.B. bei der IL-10-Knockout-Maus beruhen, lasst sich eine erhodhtdeihzzivon
Kolonkarzinomen feststellen [Berg et al., 1996; Cooper et al.,, 2001; Cobpér, 000;
Okayasu et al., 2002; Shattuck-Brandt et al., 2000], was die These umterdists eine
chronische intestinale Entziindung ein wichtiger Risikofaktor fir diigkiung eines CRC
ist.

Es existiert eine Vielzahl von Studien am Menschen, die ein erhBig#®, an einem CRC
zu erkranken, sowohl fur MC- als auch fir CU-Patienten nachweisen koBwotevurde erst
karzlich in einer groRen Meta-Analyse, die insgesamt 6 Studienhéassc eine signifikant,
zweifach erhohte Inzidenz von CRC bei MC-Patienten belegt, wobeindidenz fir
Dunndarmkarzinome mit 27.1-facher Erh6hung besonders hoch war [Jess et al., 2005].
Fur CU-Patienten zeigte sich in einer grof3en Studie ebenfalés gasteigerte Inzidenz
(5.7-fach) von CRC, die bei Patienten mit Pankolitis am hdchstenlwai-fach) [Ekbom et
al., 1990]. Allgemein sind bei CU-Patienten sowohl die Dauer als aecAudidehnung der
Erkrankung wichtige Risikofaktoren fir die Entwicklung eines CRC, genaug das
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Vorhandensein einer primar sklerosierenden Cholangitis, familiaréelémtung und ein
frihes Diagnosealter [Croog et al., 2003; Eaden et al., 2000; Ekbom E294], In einer
anderen Studie war die Schwere der Entziindung, die durch koloskopische bdagikidie
Befunde bestimmt wurde, ein Risikofaktor fur kolorektale Neoplasient¢Rat al., 2004].
Allerdings zeigte sich in einer gro3en Metaanalyse von 116 Studi@neime Erhéhung des
Karzinomrisikos bei Patienten mit CU (kumulatives Risiko 2 % nachah@ed, 8 % nach 20
Jahren und 18 % nach 30 Jahren), die jedoch nicht signifikant war [Eaden260a]. Als
protektive Faktoren gegen die Entwicklung eines CRC gelten die Eimnahm
antiinflammatorischer Medikation wie 5-Aminosalicylate (5-A&wie eine Vorsorge durch
Koloskopien und der Einsatz von Kolektomien [Croog et al., 2003; Eaden, 2003; Eatlen et
2000; van Staa et al., 2005; Velayos et al., 2006].

1.1.3 Zytokine und Chemokine bei der kolorektalen Kanzerogenese nd

Metastasierung

Patienten mit fortgeschrittenem CRC weisen eine hohe Sterhtsisite auf und Uberleben
selten langer als funf Jahre. Der Hauptgrund hierfir ist maibt der Primértumor, sondern
die entstandenen Metastasen, die frih in den abdominellen Lymphknoten undbder Le
auftreten [Bird et al., 2006].

Die Metastasierung von Tumorzellen geschient nicht zuféllig, sondstn ein
hochorganisierter, Organ-selektiver Prozess. Hierzu missen die Zali@orverschiedene
Fahigkeiten akkumulieren. Man nimmt an, dass es im PrimartumoiSeipgopulation von
Zellen mit metastatischem Potential gibt. Diese Zellen emissich vom Primartumor
loslosen, die Basalmembran durchbrechen und in die Lymph- bzw. Blutgefé@lRiegen.
Hier missen sie dem Immunsystem entkommen und anschlieBend die Qedééide
verlassen, um sich im Zielorgan anzuheften, wo sie eine ausreicMardergung mit
Blutgefal3en initiieren mussen, um weiter proliferieren zu konned [Rial., 2006; Kopfstein
und Christofori, 2006].

Neue Erkenntnisse deuten darauf hin, dass Chemokine und ihre Rezeptoreschigdenen
Stufen des Metastasierungsprozesses eine wichtige Rollens@@elsezernieren Tumorzellen
MMPs und andere Proteasen, welche die Invasivitdt durch die ehil@zel Matrix
erleichtern [Vihinen und Kahari, 2002]. Chemokine sind hierbei die Schlisselproteinbew
die Tumorzellen zur Produktion und Sekretion dieser Enzyme anregen. ZigspieBe
induziert IL-8 (CXCL8), das von Melanomzellen produziert wird, die #apsonelle

Aktivierung des Gens fir MMP-2, was in einer erhdhten Invasivitat ddieckextrazellulare
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Matrix resultiert [Bar-Eli, 1999; Luca et al., 1997]. CXCL8-Uberegsion in Androgen-
unabhangigen Prostatakrebszellen aktiviert die Expression von MMP-9zwashohter
lokaler Invasion von Tumoren in einem Nacktmaus-Modell fihrt [Inoue eR2@DQ]. Das
murine Chemokin MIP-2 (= humanes CXCL1) vermittelt im Mausmodele enbhere
Zellmigration und —adhasion, auf3erdem fordert es die Angiogenese in vost@R@enden
hepatischen Metastasen [Kollmar et al., 2006]. In extrahepatischtastiten induziert es
Proliferation und die Expression des Rezeptors CXCR2 [Kollmarl.et2@07]. In von
Mammakarzinomen abstammenden, lungenspezifischen metastatiscleerfiddit sich eine
erhohte CXCL1-Produktion [Minn et al., 2005]. Fur den Rezeptor CXCR3 konnté&gygeze
werden, dass er die CRC-Metastasierung besonders in die Lymphknatert [§awada et
al., 2007], d.h. Chemokinrezeptoren vermitteln auch eine Organspezifitélietistasierung.
Dies konnte in einer kirzlich veréffentlichten Studie Uber Mammakarzathem bestatigt
werden, in der die Expression verschiedener Chemokinrezeptoren mit dendeO
Metastasierung assoziiert war: CX3CR1-Expression korreheaitt&ehirn-Metastasen, CCR6
mit Pleura-Metastasen, CCR7 mit Haut-Metastasen, und eine &XXRression fuhrte v. a.
zu Metastasen in der Leber [Andre et al., 2006]. Hierbei korrelezrOrt der Metastasierung
eindrucksvoll mit dem Expressionslevel der einzelnen Liganden in den Zielorganen.

Die wichtigste Rolle bei der Metastasierung verschiedenstarofen spielt CXCR4 (siehe
auch Abschnitt 1.2.2). Fur eine Vielzahl von verschiedenen Krebsarten. ®ieMamma-
karzinom [Li et al., 2004b; Muller et al., 2001; Smith et al., 2004], Lungemarez[Burger
et al., 2003; Phillips et al., 2003], Melanom [Murakami et al., 2004; Murakami., 2002]
Prostata- [Darash-Yahana et al., 2004] und Pankreaskarzinom [S&ur2608] konnte ein
Einfluss von CXCR4/CXCL12 auf das Tumorwachstum bzw. die Tumormetastas
belegt werden (siehe Abbildung 7). Metastasen dieser Tumoren firothengsifig in Organen
mit einem hohen CXCL12-Expressionsniveau (Lunge, Leber, Knochenmark, Lymphknoten)
[Zlotnik, 2006] (siehe Abbildung 7).
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Abbildung 7. Ubersicht (iber den Metastasierungsprogss von Mammakarzinomzellen unter dem Einfluss
von CXCR4 und CXCL12 (aus [Murphy, 2001]).

Die Expressionshthe von CXCR4 kann bei verschiedenen Tumorarten wie danofde
[Scala et al., 2005], Ovarkarzinom [Jiang et al., 2006], Osteosarkonrflieneset al., 2005],
Neuroblastom [Russell et al., 2004], Osophaguskarzinom [Kaifi et al., Xa0shi et al.,
2006], Mammakarzinom [Salvucci et al., 2006] oder der akuten myeloischen nhieuka
[Rombouts et al., 2004] als ein prognostischer Marker angesehen wesdbihgr die
CXCR4-Expression, desto ungtinstiger ist die Prognose bzw. desto schwerer die Erkrankung
Als die vorliegende Arbeit begonnen wurde, gab es erste Hinweiseiagf CXCR4-
Expression auch im Kolon bzw. in IEC [Dwinell et al., 1999; Heidemaral. e2004]. Die
genaue Rolle im GI-Trakt und speziell bei der kolorektalen Kanzeesgewar jedoch unklar

und sollte daher im Rahmen dieser Arbeit naher charakterisiert werden.
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1.2 Intestinal exprimierte Chemokinrezeptoren und ihre Liganden
1.2.1 Ubersicht tiber das Chemokin-/Chemokinrezeptor-System

Chemokinrezeptoren sind Sieben-Helix-Transmembran-Rezeptoren, diSigmale tber
heterotrimere G-Proteine weiterleiten [Bacon et al., 2002; Murptat.e2000]. Bei ihren
Liganden, den Chemokinen, handelt es sich um ctaktische Zytokinewelche die gezielte
transepitheliale Wanderung von Leukozyten zu Entzindungsherden oder zu uvigdetz
dirigieren. Die verschiedenen Chemokine weisen eine Homologie von 20-70 % auf
Aminosaureebene auf und lassen sich anhand konservierter Cystein-Struktuwlee 4
Unterfamilien C-, CXC-, CC- und CX3C-Chemokine einteilen [Fernanok Lolis, 2002;
Murphy et al., 2000; Nomenclature, 2003]. Hierbei steht "C" fur Cystein"¥hdur eine
andere Aminosaure als Cystein. CXC- und CC-Chemokine stellen dienbgroften
Untergruppen mit mehr als 15 bzw. 25 Mitgliedern dar, wahrend bishervauséhiedene C-
und nur ein einziges CX3C-Chemokin (Fractalkine) beschrieben ist [iNndatere, 2003].
Die CXC-Chemokin-Gruppe wird in zwei weitere Subgruppen untertditidrgig von der
Existenz eines sogenannten ELR-Motivs (die Aminosaurefolge Glutfideucin [L]-
Arginin [R]) in der Nahe des ersten aminoterminalen Cysteiefpio et al., 2000]. CXC-
Chemokine mit dieser Sequenz wirken auf Neutrophile, wahrend CXC-Chenubkiradiese
Sequenz auf Lymphozyten, z.T. auch auf dendritische Zellen wirken [uaidgSecombes,
2004; Luster, 1998]. Dagegen wirken CC-Chemokine vor allem auf Monozytemopgbsge
und aktivierte T-Zellen und nicht auf Neutrophile und B-Zellen [Luster, 192&sprechend
der Nomenklatur, die fur die Chemokine eingefihrt wurde, werden die Rezepabhangig
von ihren Liganden, als XC-Rezeptoren (XCR), CXC-Rezeptoren (CXCR)Rezeptoren
(CCR) oder CX3C-Rezeptoren (CX3CR) bezeichnet [Murphy et al., 2008]zBidiesem
Zeitpunkt sind 10 CCRs, 7 CXCRs und jeweils ein XCR und CX3CR bekanniphyiur
2002] (siehe Abbildung 8).

Funktionell lassen sich Chemokine in inflammatorische und homdostatidotmokine
einteilen. Die Hauptfunktion inflammatorischer Chemokine ist die Riekwrig von
Leukozyten und anderen Immunzellen zu Entzindungsherden, wahrend homdbostatische
Chemokine v. a. die Wanderung von Leukozyten in hamatopoietische Organeresguli
(sogenanntes ,homing®) [Ben-Baruch, 2006]. Im Allgemeinen ist die Ezme proin-
flammatorischer Zytokine induzierbar, wahrend homoostatische Chemokineitonst
exprimiert werden [Ben-Baruch, 2006; Locati et al., 2002]. Diese funkédflalssifizierung

ist jedoch weniger strikt als die strukturelle, da es verschie@aeenokine wie z. B. CCL20
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gibt, die sowohl proinflammatorische als auch homdostatische Funktionen mugiitreen
[Charbonnier et al., 1999; Dieu-Nosjean et al., 2000; Izadpanah et al., 2001i; dtoak,
2002].

GOLE 7,11,13,15,24 26,28
CCL2,7.8.12.13 CCL23517.22

OCL3,4.5,7.14,15,16.23 CCL3458

COXCL.10,11 coL1ez

GCL1 47

_CoLaras

—— XCL1.2

Toowss

CXCL1,5,7 CHCL16

Abbildung 8: Ubersicht {iber die Chemokinrezeptorenund ihre Liganden (aus [Balkwill, 2004]).CXCR7
(nicht dargestellt) wurde erst kirzlich als poteltgr Rezeptor fur CXCL12 und CXCL11 identifiziert
[Balabanian et al., 2005; Burns et al., 2006].

Wurden Chemokine urspriinglich als chemotaktische Stoffe fur Leukozytdeckntso ist
heute eine Vielzahl weiterer Funktionen bekannt. Chemokine und ihre Reregfoelen
eine Rolle bei der angeborenen und adaptiven Immunantwort, der Metasigsiend
Vaskularisierung von Tumoren sowie bei verschiedensten entzindlichen Erkramkuieg
der rheumatoiden Arthritis, multipler Sklerose, chronisch obstruktiven Inemkeankungen,
der Psoriasis oder bei allergischem Asthma [Ben-Baruch, 2006; GhdrRansohoff, 2006;
Luster, 1998; Rot und von Andrian, 2004]. Auch bei CED sind Chemokine wichtige
Vermittler von Entzindungsreaktionen [Ajuebor und Swain, 2002; MacDermott, 1999;
MacDermott et al., 1998]. Histologisch ist die intestinale EntzindunlylGeund CU durch
die Anwesenheit von in die Mukosa infiltrierten Leukozyten gekennzeichiretdurch
Chemokine angelockt werden [Gerszten et al., 1999; MacDermott, 1999]. isthieg

Konsequenz finden sich bei CED-Patienten auch erhdhte Expressionslesciiegener
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Chemokine wie z.B. IL-8/CXCL8, Eotaxin/CCL11l, ENA-78/CXCL5, MCP-1/CCL2,
MCP-3/CCL7, RANTES/CCL5, MIP-d/CCL3 oder IP-10/CXCL10 [Papadakis und Targan,
2000].

Das Chemokin-Ligand-Rezeptor-System ist generell von einer hohen Radugépragt
(siehe Abbildung 8). Viele Chemokine wie z. B. CXCL9 oder CCL16 sind ir_dge, mit
hoher Affinitat an verschiedene Rezeptoren zu binden, wéhrend umgekelutiadzae
Rezeptoren wie z. B. CCR5 oder CCR3 eine Reihe von Chemokinliganden ergeonend

von Andrian, 2004]. Insofern kommt es auch zu einer gewissen funktionellen Redundanz
verschiedener Chemokine [Feng et al., 2006; Fu und Chen, 2004; Remick et alZHz0Qy;

et al., 2001]. Ausnahmen bilden die im Rahmen dieser Arbeit untersuchtenokihe
/Chemokinrezeptor-Systeme CXCL12/CXCR4, CCL20/CCR6 und CXCL16/CXCRb. Be
diesen handelt es sich um eine exklusive Rezeptor-Liganden-BindungesbBantielle,
Uberlebenswichtige Funktion solcher nicht-redundanter Chemokin-/RezepteriWiag am
Beispiel CXCL12/CXCR4 deutlich. Knockout-Mause, die entweder in derdsgmn des
Liganden CXCL12 oder des Rezeptors CXCR4 defizient sind, zeigen &uwtiiche
Symptome: Sie sterben perinatal mit schweren Defekten in dekul&isierung, besonders
des GI-Trakts, aul3erdem weisen sie schwere Stérungen in Hamatopotk&ardiogenese
auf [Nagasawa et al., 1996a; Tachibana et al., 1998], was die disemt@ndostatischen

Funktionen dieses Chemokins und seines Rezeptors deutlich macht.

1.2.2 Das CXCL12/CXCR4-Ligand-Rezeptor-System

CXCL12 wurde zunéchst als Pre-B-cell growth-stimulating fa(R@SF) oder stromal cell-
derived factor-1 (SDF-1) bezeichnet, da es die Proliferation voB+&eilen stimuliert und
konstitutiv von Stromazellen des Knochenmarks produziert wird [Nagastvah, 1994,
Tashiro et al., 1993]. Es dient als Lockstoff u. a. fur Lymphozyten und Maofteul et
al., 1996b] und wird fast ubiquitar exprimiert [Shirozu et al., 1995]. Diegaression ist
meist konstitutiv [Shirozu et al., 1995], d. h. es handelt sich bei CXCL12inrhomdo-
statisches Chemokin.

CXCR4 wurde nach seiner Klonierung zunachst als HIV-Corezeptor bdsamiDeng et al.,
1996; Feng et al., 1996; Loetscher et al., 1994]. Entsprechend wirkt CXCL4ip &ihibitor
der HIV-1-Infektion mit T-Zell-tropischen Virenstammen [Bleulat, 1996a; Oberlin et al.,
1996]. CXCR4 wird besonders stark auf Leukozyten exprimiert [Loetstladr, 1994], aber
auch auf diversen anderen Zellen wie Endothel- und Epithelzellen [Murdoch, 2000].
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Der hohe Homologie-Grad von tber 90 % Aminosaure-ldentitat zwischen Mawdansth
sowohl fur CXCL12 [Shirozu et al., 1995] als auch fir CXCR4 [Nagasatwal., 1996b]
weist auf ein hoch konserviertes Rezeptor-Liganden-System hin, dashieelene,
lebenswichtige Funktionen ausibt. Hierzu gehdren die B-Lymphopoiese, dil-T-Z
Rekrutierung zu Entzindungsorten sowie die T-Zell-Reifung, das ,Homingf
Stammzellen und Progenitorzellen von der Leber zum Knochenmark, dietdipénese,
Embryogenese und Organogenese sowie die Vaskularisierung [Kuadia 2005; Murdoch,
2000; Ratajczak et al., 2006]. Wie bereits unter Abschnitt 1.2.1 erwahiserw€XCRA4-
oder CXCL12-Knockout-Mause Stérungen in den eben erwéhnten Funktionen auf und sind
nicht lebensfahig [Nagasawa et al., 1996a; Tachibana et al., 1998pr&guheidende Rolle
spielt CXCR4 bei dem Wachstum und der Metastasierung verschietlemaren (siehe
Abschnitt 1.1.3). Die genaue Rolle von CXCR4 im GI-Trakt war zu Bedieser Arbeit

unklar, weshalb deren Erforschung ein Hauptziel dieser Arbeit war.

1.2.3 Das CCL20/CCR6-Ligand-Rezeptor-System

Das Chemokin CCL20/MIP€e8 wurde nach seiner Entdeckung zunachst als LARC oder
Exodus bezeichnet [Hieshima et al., 1997; Hromas et al., 1997] und s@resgan wurde
in Leber, Lunge sowie in Lymphozyten und Monozyten beschrieben [Hronas &097].
CCL20 wird im GI-Trakt konstitutiv von Follikel-assoziierten Epittedlen (FAE) produziert,
welche die Peyer-Plaques bedecken (siehe auch Abschnitt 1.1.1). Dadudchdigvi
Rekrutierung einer Untergruppe von DCs, die den Rezeptor CCR6 expnmiarmittelt
[Cook et al., 2000; Iwasaki und Kelsall, 2000; Tanaka et al., 1999]. Aul3er-imatl findet
sich CCL20 auch in anderen Geweben wie der Leber, Lunge oder Haub¢@Ghiar et al.,
1999; Hieshima et al., 1997]. Zusatzlich zur konstitutiven Produktion von CCL2ARENndE
seine Expression auch durch proinflammatorische Zytokine oder bakteimédktionen
induzierbar [Hromas et al., 1997; Izadpanah et al., 2001; Sierro et al., 2001a et al.,
2002].

CCRG6, der Rezeptor fur CCL20 [Baba et al., 1997; Liao et al., 1997alfiginer Vielzahl
von Zellen wie Lymphozyten, Endothelzellen oder Fibroblasten zu finden. @@&6uch
auf einer Untergruppe von DCs in den Peyer-Plaques produziert. Folghisen CCR6-
defiziente M&use eine defekte Akkumulation von DCs in der intestindilosa sowie eine
defekte lokale humorale Immunantwort auf oral verabreichte AntigehdCook et al.,
2000]. Im Gegensatz dazu ist die systemische Immunantwort auf sublAnéigengabe

normal, was auf eine wichtige lokale Rolle von CCR6 im intestinblienunsystem hinweist
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[Cook et al., 2000]. Kirzlich konnte gezeigt werden, dass CCR6+ DCstiefiskir die
Aktivierung von Pathogen-spezifischen T-Zellen in den Peyer-Plaques [Salazar-
Gonzalez et al., 2006]. Obwohl CCL20 der einzige bisher beschriebene Chiegaoki fir
CCRG6 ist, kbnnen auch die antimikrobiellen PepfidBefensin-1 und -2, die strukturelle
Ahnlichkeit zu CCL20 aufweisen [Hoover et al., 2002], an CCR6 binden [Yaalg, 41999].
Interessanterweise besitzt CCL20 umgekehrt auch antimikrobiéiitAt [Yang et al.,
2003].

Die aktuelle Datenlage deutet auch auf eine wichtige Rolle vartR@CCRG6 bei intestinaler
Entzindung hin. Wahrend CCRG6-defiziente Mause im DSS-Kolitis-Mode# &reniger
schwere Pathologie aufweisen als Wildtyp (WT)-Mause, zeigth sim Trinitro-
benzensulfonsaure (TNBS)-Kolitis-Modell bei CCRG6-defizienten Mauseére erhoéhte
Suszeptibilitat in normalerweise resistenten Mausstammeroifdaet al., 2003]. Aul3erdem
findet sich im letzteren Modell eine erhdhte CCL20-Produktion im Kolon aimé
entsprechend erhdhte Anzahl von CCR6+ T-Zellen in der Lamina proprtahf€aet al.,
2007]. Eine Behandlung mit CCL20-neutralisierenden Antikorpern bewirkt hiezine
Verbesserung der TNBS-induzierten Kolitis [Katchar et al., 2007he Eneue Studie
beschreibt eine Expression von CCR6 auf Thl7-Zellen [Acosta-Rodriguak, €007],
wichtigen proinflammatorischen T-Zellen, die mit der Pathogenesev@nn Verbindung
gebracht werden (siehe auch Abschnitt 1.1.2.1). Weitere wichtige Funktion (be
CCR6/CCL20 bei der Metastasierung verschiedener Tumoren wie Marzmom oder
dem CRC aus, wobei Tumorzellen bevorzugt in CCL20-exprimierende Geviele Leber
metastasieren [Andre et al., 2006; Dellacasagrande et al., 2003aGéiaal., 2006; Rubie et
al., 2006b].

1.2.4 Das CXCL16/CXCR6-Ligand-Rezeptor-System

CXCL16 kommt sowohl als l6sliches wie auch als zellgebundenes Chemuokieiner

Transmembran- und einer intrazellularen Domane vor [Matloubian &080,; Wilbanks et
al., 2001]. Es ist auf der Oberflache von APCs wie B-Zellen, Mono&mbphagen und
DCs zu finden, auRerdem auf Endothelzellen und glatten Muskelzellen geb&taal., 2002;
Matloubian et al., 2000; Wilbanks et al., 2001]. Eine Expression von CXCL16adlonK
wurde ebenfalls beschrieben [Hase et al., 2006]. In membranstandigevé&anittelt es die
Phagozytose von Gram-positiven und Gram-negativen Bakterien [Shimaaka2&03] und
tragt zur Bindung, Aufnahme und stimulatorischen Aktivitat bestimiédterieller CpG-

Motive bei [Gursel et al., 2006]. AuRerdem dient es als Rezeptor éiAdinahme von
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oxidiertem low density lipoprotein (OxLDL) und wurde daher auch atavenger receptor

that binds phosphatidylserine and oxidized lipoprotein" (SR-PSOX) beze{@immaoka et

al., 2000]. Membrangebundenes CXCL16 wird durch proteolytische Spaltung zichdisl
Chemokin [Abel et al., 2004; Gough et al., 2004], das chemotaktisch auf CXCRG6-
exprimierende Zellen, speziell Th1l- sowie zytotoxische T-Zellekt [Kim et al., 2001]. Die
CXCL16-Expression wird durch proinflammatorische Stimuli wie Nhduziert [Abel et

al., 2004], und man findet eine erhdhte Expression in rheumatoiden Gelenken ¢Nahki
2005; Ruth et al., 2006; van der Voort et al., 2005]. CXCL16-defiziente Maigenaeine
Entwicklungs- oder morphologischen Abnormalitdten, jedoch wird wesentliehiger
OxLDL von den Zellen aufgenommen [Aslanian und Charo, 2006].

CXCR®6, der Rezeptor fur CXCL16, wurde 1997 von drei unabhangigen Arbeitsgruppen
zunachst als HIV-Corezeptor identifiziert und als "seven transiraam domain receptors
from lymphocytes clone 33" (STRL33), Bonzo oder "T-lymphocyte-expresssen-
transmembrane domain receptor® (TYMSTR) bezeichnet [Deng el997; Liao et al.,
1997b; Loetscher et al., 1997]. CXCR6 wird auf aktivierten T-Zellen [Kimal., 2001;
Wilbanks et al., 2001], speziell auf Th1-Zellen exprimiert [Kinaket 2001; Unutmaz et al.,
2000]. In chronisch entzindeten Geweben wie z.B. in rheumatischen Gelenken oder
entzindeter Leber findet sich (aufgrund erhdéhter CXCL16-Produktion) auch eine
Anreicherung von CXCR6+ T-Zellen [Kim et al., 2001; Nanki et al., 2005h Rual., 2006].

Eine CXCR6-Expression im Dunndarm und Kolon wurde ebenfalls beschriebeg E al.,
1997; Hase et al., 2006; Wagsater und Dimberg, 2004], die genauen Funktionen diese

Chemokinrezeptors und seines Liganden im GI-Trakt waren jedoch nicht bekannt.

1.3 Intestinal exprimierte Zytokinrezeptoren und ihre Liganden
1.3.1 Typ I-Zytokinrezeptoren: IL-31 und sein Rezeptorkomplex IL-31R/OSMR

Typ I-Zytokinrezeptoren werden auch als Hamopoietin-Rezeptoren bezeiSiméesitzen
ein konserviertes Aminosauremotiv. (WSXWS) in ihrem extrazebulaAnteil. Die
Rezeptoren bestehen aus zwei unterschiedlichen Untereinheiten, und rdé&nwdie
Rezeptorketten, die fur die SignalUbertragung verantwortlich sind, vorchiedsnen
Zytokinen genutzt.

Auch der IL-6-Rezeptor gehdrt zur Gruppe der Typ I-Zytokinrezeptoren wtdhibteaus den
zwei Untereinheiten IL-6R und gpl30 [Taga et al., 1989; Yamasaki.,el388] (siehe
Abbildung 9). Bei der Pathogenese von CED spielt IL-6 eine wichtigie ,Rindem es
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antiapoptotische Signale an die Mukosa infiltrierende T-Zellen Gktettmind aul3erdem bei
der Entwicklung von Th17-Zellen beteiligt ist [Mudter und Neurath, 2007]r €ingergruppe
von inflammatorischen T-Zellen, die durch eine IL-17-Produktion gekennzeishmetund
fur ihre Entwicklung neben IL-6 auch TGFund IL-23 bendtigen [Harrington et al., 2005;
Mangan et al., 2006] (siehe auch Abschnitt 1.1.2.1).

Allgemein sind IL-6-ahnliche Zytokine in die Regulation der Akute-Bhastwort auf
Gewebeverletzungen und Infektionen involviert [Heinrich et al., 2003]. Dsedgulation des
IL-6-Typ-Zytokin-Signalweges tragt zum Entstehen und Fortschregeschiedener Krank-
heiten wie rheumatoider Arthritis, Osteoporose, multipler Sklerose werdchiedener
Krebsarten wie multiplen Myelomen oder Prostatakrebs bei [Heinrich et al., 2003].

Die anderen Zytokine der IL-6-Familie, deren funktionale Rezeptorkomp{ext einer
Ausnahme) alle gp130 als eine Untereinheit enthalten, sind in Abbildung 9 dargestelit.

gp130/LIFR
NNT-1
gp130/gp130 NP gp130/ gp130/ IL-31RA/
OSMR WSX-1 OSMR
e OSM
IL-6 IL-11 CT-1 CNTF LIF OSM IL-27 IL-31
——
B o0 () wer () 1L-31RAGPL

@ urr () wur @ wsx1
() osmr () cNTFR O »

Abbildung 9: Schematische Ubersicht (iber die IL-6-grwandten Zytokine und ihre Rezeptoren.

Vor kurzer Zeit wurde ein dem gp130 ahnlicher Rezeptor entdeckt, déPalggp130-like)
bezeichnet wird [Diveu et al., 2003]. Er ist identisch zu IL-31RA uniit steeben OSMR —
die zweite Rezeptor-Untereinheit fur das neu entdeckte IL-6-vererafydokin IL-31 dar
[Dillon et al., 2004]. IL-31RA kommt in mindestens 4 verschiedenen Isoforogrwobei
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die kurze Isoform als ein dominant negativer Repressor wirkt [Dilloh,&0®4; Diveu et al.,
2004; Dreuw et al., 2004]. Die Signalibertragung der IL-6-&hnlichen Zytakioggt Uber
die Aktivierung von "Januskinasen / signal transducer and activatoran$ctiption”
(JAK/STAT)- sowie "mitogen activated protein kinase " (MAPKgskaden [Heinrich et al.,
2003]. IL-31 ist, soweit bisher bekannt, der einzige Ligand fir die IL-3URfereinheit
[Dillon et al., 2004; Dreuw et al., 2004], wahrend OSMR auch Oncostati®@3M] bindet
[Heinrich et al., 2003]. IL-31R-defiziente Mause weisen eine erhéfztel[Proliferation und
Expression von Th2-Zytokinen auf, wahrend die Th1l-Antwort normal ist feewiet al.,
2007]. AulBerdem ist die absolute Anzahl von immaturen hamatopoietischemiinege
Zellen im Knochenmark und der Milz vermindert [Broxmeyer et al., 200@E fur eine
wichtige Rolle von IL-31 bei der T-Zell-vermittelten Immunantwort spricht.

Die Funktionen von IL-31 wurden bisher primar im Zusammenhang mit atopiSenmatitis
untersucht. Transgene IL-31-Uberexpression in Mausen verursacht &inerecPruritis,
Alopezie und Hautlasionen [Dillon et al., 2004]; ferner ist in Mausmededer atopischen
Dermatitis die IL-31-Expression mit dem Kratzverhalten der Massoziiert [Takaoka et al.,
2005]. Ebenso findet sich bei Patienten mit atopischer Dermatitis ledbhere IL-31-
Expression bei pruritischer Dermatitis im Vergleich zu nichidgischer Hautentziindung
[Sonkoly et al., 2006]. AulRerdem ist die IL-31-Expression mit der Exprester Th2-
Zytokine IL-4 und IL-13 assoziiert [Neis et al., 2006]. In Lungenepittielzdewirkt IL-31
eine  Hemmung der Zellproliferation durch eine veréanderte Expression von
Zellzyklusproteinen [Chattopadhyay et al., 2007].

Im Gegensatz zu obigen Ergebnissen existierten zur Rolle von Ib-3EC und bei
intestinaler Entztindung bisher keine Daten, weshalb die Analyse desgtionen,
ausgehend von der wichtigen Rolle von IL-6 bei der Pathogenese von CEP demwi

Verwandtschaft von IL-6 und IL-31, ein Teil der vorliegenden Arbeit war.

1.3.2 Typ llI-Zytokinrezeptoren und ihre Liganden: IL-10-ahnliche Zytokine

Die Typ lI-Zytokinrezeptoren &hneln in ihrer Struktur den Typ I-Zytakneptoren mit der
Ausnahme, dass ihnen das fur letztere charakteristische AminoséiurgisXWS fehlt. Die
Rezeptoren setzen sich (bis auf eine Ausnahme) aus zwei versemedatereinheiten
zusammen [Langer et al., 2004] (siehe Abbildung 10).

Die Untereinheit mit der héheren Ligandenaffinitdt wird als Rleiobnet. Sie vermittelt
auch die Spezifitat der Signalibertragung. Sie hat eine groR3exeeihilare Domane als die

Untereinheit R2, die eine geringere Bindungsaffinitat fur den Ligaadéwveist. Ausnahmen
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hierzu bilden der IFNx-Rezeptor, bei dem es sich genau umgekehrt verhalt, und der Tissue

Factor (TF)-Rezeptor, der aus nur einer Untereinheit besteht.

IFN-K
IFN-€
IFN-
IFN-B IL-28A IL-19
IFN-a IL-28B IL-20 IL-20

IFN-y IL-29 IL-10 IL-22 IL-26 IL-24 IL-24 FVila

IFN-yR1 IFN-AR1 IL-10R1 IL-22R1 IL-20R1 IL-22R1 IL-20R1

L 11 1 ;| ;| | 1 |0 11 J
Ty | Ty Il IFN-AR IL-10R IL-22R IL-26R IL-20 IL-20
IFNR IFNR Tyw 2R TylR

Abbildung 10: Schematische Ubersicht (iber Klasse-Eytokinrezeptoren und ihre Liganden. Ein

Charakteristikum dieser Familie ist, dass eine Remkette in verschiedene Rezeptorkomplexe invaivisg

(z. B. IL-10R2), dass ein Ligand verschiedene Rem&pmplexe binden kann (z.BIL-20), und dass
verschiedene Liganden an den selben Rezeptorkorbpiden kdnnen (z. B. IL-19, IL-20, I1L-24).

Zu den Liganden dieser Rezeptorfamilie gehdren neben Typ I- und Tngerfieronen sowie
dem Tissue Factor auch eine Gruppe von Zytokinen, die aufgrund ihrer Hoenbloti-10
zu einer neuen Familie der IL-10-ahnlichen Zytokine zusammengefas$n. Diese besteht
neben IL-10 aus den Zytokinen IL-19, IL-20, IL-22, IL-24, IL-26, IL-28A, IL-28B une2f.
[Conti et al., 2003; Fickenscher et al., 2002]. Letztere drei sind asidHratierferone bekannt
[Kotenko et al., 2003; Sheppard et al., 2003]. Wahrend die Homologie der IL-lileFzum
IL-10 auf Aminosaureebene nur maRig hoch ist (zwischen 15 und 25 % Idestt#) auf
struktureller Ebene ein gemeinsames Muster basierendaatifedices zu erkennen [Renauld,
2003].

Im Genom sind die Genorte dieser Zytokine in 3 verschiedenen Clusigeordnet. Die

Gene fur IL-22 und IL-26 liegen zusammen mit IFNwf Chromosom 12915 [Kotenko,
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2002]. IL-10, IL-19, IL-20 und IL-24 liegen auf Chromosom 1932, wahrend -diterferone
auf 19913 lokalisiert sind [Kotenko, 2002]. Die analogen strukturellen Merkoradeder
genomische Kontext lassen vermuten, dass die Gruppe der IL-10-ahnligiodmée einen
gemeinsamen phylogenetischen Ursprung hat [Renauld, 2003]. Die im RalesenAtbeit
naher untersuchten Zytokine IL-22 und IL-26 gehodren zusammen mi-tteéarferonen zu
einer Untergruppe der IL-10-ahnlichen Zytokine, die wie IL-10 die IL-1B®R2eptor-
untereinheit als einen Bestandteil ihres Rezeptorkomplexes nutzningly et al., 2004]
(siehe Abbildung 10).

IL-10 selbst wurde erstmals als ein Faktor beschrieben, der didetlthg von Thl-Zellen
und insbesondere deren Zytokinsynthese hemmt (cytokine sythesis inhfaittoy, CSIF)
und von murinen CD4+ Th2-Zellen sezerniert wird [Fiorentino et al., 1989 Di
immunregulatorischen Effekte von IL-10 auf T-Zellen werden Uber vedehe
Mechanismen vermittelt. Zum einen kommt es auf APCs zu einangerten Expression
von kostimulatorischen Oberflachenmolekilen wie MHC-Klasse Il [dalWhlefyt et al.,
1991b] oder B7 [Ding et al., 1993]. Zusatzlich hemmt IL-10 in Makrophagen ydithé&se
einer Reihe von proinflammatorischen, T-Zell-aktivierenden Zytokinen g3, IL-6,
IL-12, IFN-a oder TNFe [de Waal Malefyt et al., 1991a; de Waal Malefyt et al., 1991b;
Fiorentino et al., 1991]. IL-10 beeinflusst auch die Produktion proinflammeherigytokine
in IEC nach Bakterienkontakt. Es hemmt in diesen Zellen die persisteduktion von
proinflammatorischen Zytokinen sowie die andauerndekBifAktivierung [Ruiz et al.,
2005]. AuRerdem induziert es Uber T@Gfabhangige Signallbertragung die Degradation von
TLR2 [Ruiz et al., 2005; Ruiz et al., 2006]. Obwohl die IL-10-vermittelidfekte auf
T-Zellen vor allem indirekter Natur sind, ist auch ein direkt@flgss auf T-Zellen mdglich,
was z. B. zu einer verminderten T-Zell-Proliferation aufgrund ekdemmung der IL-2-
Produktion fuhrt [de Waal Malefyt et al., 1993]. Die Hauptfunktion von IL-1Gdsnit die
Unterbindung einer GberschieBenden Immunreaktion. Diese wichtige RotleinviL-10-
defizienten Mausen deutlich, die eine spontane Kolitis entwickeln unknidée aufweisen,
die der MC-Erkrankung ahnlich sind wie z. B. transmurale Lasionen aaereendhte Thl-
Immunaktivitat [Berg et al., 1996; Davidson et al., 1996; Kuhn et al., 1993Emieicklung
der Kolitis ist hierbei abhéngig von der Anwesenheit von Bakterien, idafrké gehaltene
Mause nicht erkranken [Sellon et al., 1998], was die wichtige Rolle vkrodMganismen bei
der Pathogenese von CED unterstreicht. Aufgrund seiner immunregualagoris
Eigenschaften wurde IL-10 auch als potentieller Kandidat fiir die rigiinag von CED-
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Patienten getestet, konnte sich aufgrund nur geringer Effekte albérais Standardtherapie
durchsetzen [Fedorak et al., 2000; Schreiber et al., 2000; van Deventer et al., 1997].
IL-10 wird von einer Vielzahl von Zellen hdmatopoietischen und nicht-hamatiguiien
Ursprungs produziert, und seine Expression ist auf sowohl auf Transkrgiteres als auch
auf Ebene der mRNA-Stabilitdt reguliert [Moore et al., 2001]. Rerktionale IL-10
Rezeptorkomplex besteht aus der ligandenbindenden Untereinheit IL-10R1 und der
akzessorischen Kette IL-10R2 [Kotenko et al., 1997; Liu et al., 1994] (s8iebiédung 10).
Wahrend die IL-10R2 Untereinheit ubiquitér exprimiert ist [Kotenkal t1997], findet man
die IL-10R1 Untereinheit vor allem auf hamatopoietischen Zellen [H.,€1993; Liu et al.,
1994]. Die Signaltransduktion der IL-10-Zytokinfamilie erfolgt Gber diktiierung von
STAT-Proteinen, wobei IL-10, IL-22 und IL-26 vor allem STAT3 aktiviererghvend
A-Interferone hauptsachlich STAT1 und STATZ2 zur SignalweiterleitungenutDonnelly et
al., 2004].

Auch wenn IL-22 und IL-26 aufgrund struktureller Homologien mit IL-10 zure@eippe

zusammengefasst werden kdnnen, zeigen sich funktionell groRe Unterschiede.

1.3.2.1 IL-22 und sein Rezeptorkomplex IL-22R1/IL-10R2

IL-22 wurde erstmals als ein differentiell exprimiertes GenlL-9-stimulierten murinen
T-Zellen beschrieben und als "IL-10-related T cell-derived inducfalgor” (IL-TIF)
bezeichnet [Dumoutier et al., 2000a]. Ein humanes Homolog, das auf Amirelsgngezu
80,8 % identisch ist [Wolk und Sabat, 2006], wurde kurz darauf entdeckt und IL-22ngena
[Dumoutier et al., 2000b; Xie et al., 2000]. Die Aminoséaureidentitat voR2llzu IL-10
betragt 22,8 % [Wolk und Sabat, 2006]. IL-22 ist ein T-Zell-spezifisclygskif, das von
aktivierten T-Zellen, besonders von Thl-Zellen exprimiert wird [Gur@694; Wolk et al.,
2002]. Neue Daten weisen darauf hin, dass die Hauptquelle von IL-22 einelsg@mippe
von CD4-T-Zellen, die Th17-Zellen, sind [Liang et al., 2006] (siehe auch Abgchaif.1).
IL-22 hat, im Gegensatz zu IL-10, das eine Uberschielende Immunantwerdriicit,
proinflammatorische Funktionen. So wird z. B. in Keratinozyten die Traigkti proin-
flammatorischer Gene (MMP-3, PDGFA, CXCLS5) induziert [Bonifageal., 2005]. In
subepithelialen Myofibroblasten zeigt sich ebenfalls eine Hochrsgulgroinflamma-
torischer Zytokine wie IL-6, IL-8 und leukemia inhibitory factor ()IFau3erdem eine
Induktion von Chemokinen (CCL7, CXCL1, CXCL2, CXCL3, CXCL6) und anderen
proinflammatorischen Mediatoren wie den MMPs [Andoh et al., 2005]. IL-22tspich eine

Rolle bei der Aktivierung des angeborenen, unspezifischen Immunsysterasmiliert die
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Transkription vonp-Defensinen in der Haut und wird besonders stark in der Haut von
Patienten mit T-Zell-vermittelten Dermatosen exprimierto[MVet al., 2004].IL-22 leitet
seine Signale v. a. Uber eine Aktivierung von STAT3 weiter [Lejetiiak,2002; Xie et al.,
2000}

Der IL-22-Rezeptor besteht aus den zwei Untereinheiten IL-22R1 uh@RP- [Kotenko et

al., 2001a; Xie et al., 2000] (siehe Abbildung 10). Die IL-22R1-Untereinhait micht auf
Immunzellen exprimiert, dafir aber in Geweben wie der Haut oder\aauungs- und
Atemwegstrakt [Wolk et al., 2004]. AulRerdem existiert ein l6slicHem IL-22R1 &hnliches
Protein (IL-22 binding protein, IL-22BP), dem jedoch die Transmembran- und die
zytoplasmatische Domane des Rezeptors fehlen. Es bindet IL-22 mit Affimitat und
Spezifitdt und wirkt dadurch als endogener Zytokinantagonist, indem Bsdie IL-22
vermittelte STAT-Aktivierung inhibiert [Dumoutier et al., 2001; Gruengbet al., 2001,
Kotenko et al., 2001b; Xu et al., 2001]. IL-22BP wird in einer Reihe von Gewabanauch

im Kolon exprimiert [Dumoutier et al., 2001].

1.3.2.2 IL-26 und sein Rezeptorkomplex IL-20R1/IL-10R2

IL-26 wurde urspringlich durch subtraktive Hybridisierung als eines dmrnigen Gene
entdeckt, das in Herpesvirus Saimiri (HVS)-infizierten T-Zellderexprimiert wird [Knappe

et al., 2000]. IL-26 weist 24,7 % Aminosaureidentitat und 47 % Aminosaureahnlickei
IL-10 auf [Fickenscher und Pirzer, 2004]. Trotz intensiver Suche konnte lisimemurines
Homolog zu IL-26 identifiziert werden, obwohl die benachbarten Chromosoméanabsc
welche die Gene fir IFN-und IL-22 beinhalten, stark konserviert sind [Fickenscher und
Pirzer, 2004]. Es ist daher anzunehmen, dass ein IL-26-Gen in der Maus fehlt.

IL-26 wird auf basalem Level von aktivierten Monozyten und T-Zellen Igeti
[Nagalakshmi et al., 2004a], speziell in aktivierten T-Zellen voip Til-Gedéachtniszellen,
zu einem gewissen Mal3e auch in NK-Zellen, jedoch nicht in Th2- odetl®& [Wolk et al.,
2002]. Neueste Daten zeigen eine IL-26-Expression auch in Thl7-Zelldn Ib&S-
Stimulation [Wilson et al., 2007]. AuBerdem konnte es in frischen peripli&tgrellen
detektiert werden [Knappe et al., 2000].

Der IL-26 Rezeptorkomplex besteht aus den zwei Untereinheiten IL-@O&1-10R2 [Hor

et al., 2004; Sheikh et al., 2004] (siehe Abbildung 10). Im Gegensatz zum abiquit
exprimierten IL-10R2 [Kotenko et al., 1997] wurde die spezifische Reaeypereinheit
IL-20R1 bisher nur auf nicht-hamatopoietischen Geweben wie Kolon, Leb#kre@a und
Haut gefunden [Hor et al., 2004; Nagalakshmi et al., 2004a; Wolk et al., ZiéZindung
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von IL-26 an seinen Rezeptor resultiert in einer Aktivierung von STAT-
Transkriptionsfaktoren [Hor et al., 2004]. Die Tatsachen, dass IL-26iheivektion sowie
nach anti-CD3-Stimulation von Thl-Zellen bzw. nach IL-23-Stimulation von TlelléZ
exprimiert wird, weisen darauf hin, dass dieses Zytokin eine \g&HRolle im adaptiven
Immunsystem spielen konnte. Uber die genauen Funktionen von IL-26 sind bisher kei
umfassenden Untersuchungen durchgefiihrt worden, was somit ein Ziel degeratén
Arbeit war.
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2. Zielsetzung

Ziel dieser Arbeit war eine umfassende Charakterisierung dg@l8ansduktion und der
biologischen Funktionen, die von intestinal exprimierten Rezeptor-Ligangsanten
vermittelt werden. AulRerdem sollte ihre Expression unter Entziindungsbegemn vitro
undin vivo sowohlin Mausmodellen intestinaler Entziindung als auch bei Patienten mit CE
untersucht werden. Es wurden Chemokinrezeptoren, welche die beiden grofdteskiGhe
rezeptorfamilien (CXCR, CCR) reprasentieren sowie je einoBsoteines Typ I-und Typ II-
Zytokinrezeptors untersucht. Hierbei waren folgende Grinde fiur deren aRAlsw

entscheidend:

» Chemokinrezeptoren und ihre Liganden: CXCR4/CXCL12, CCR6/CCL20 und
CXCR6/CXCL16
Die ausgewdahlten Rezeptoren stammen aus den 2 grof3ten Chemokinrezepeorg
der CXC- sowie der CC-Rezeptorfamilie. Wahrend CXCL12 ein thpisc
Reprasentant eines homadostatischen, konstitutiv exprimierten Chemadkikénisen
CCL20 und CXCL16 sowohl homoostatisch wirken als auch durch proinflamma-
torische Stimuli induzierbar sein. Pralimindre Daten deuten atlitige Funktionen
dieser Chemokine und ihrer Rezeptoren im Gl-Trakt hin: Eine CXCRM-©®XCL12-
Defizienz fuhrt u. a. zu einer gestorten Vaskularisierung desr&kitds. Eine CCR6-
Defizienz hingegen resultiert in einer gestérten mukosalen Immuiateon im Gl-
Trakt. CCL20 wird u. a. von proinflammatorischen Th17-Zellen produziert, iyesint
Mediatoren intestinaler Entzindung. CXCL16 spielt eine wichtige Rode der
Phagozytose von Bakterien und der CpG-induzierten Immunantwort. BeitBatiait
rheumatoider Arthritis, neben CED eine weitere entziindliche Autoimmuamiung,

findet man erhéhte CXCL16-Expressionsspiegel.

» Typ I-Zytokinrezeptor: IL-31R und sein Ligand 1L-31
Ausschlaggebend fur die Auswahl von IL-31 war dessen Verwandtschift6zund
IL-23, die wichtige proinflammatorische Rollen bei der PathogeneseC&in und
anderen entzundlichen Erkrankungen wie der rheumatoiden Arthritis spielen.
AulRerdem sind IL-6 und IL-23 Schlisselzytokine bei der Entwicklung von Th17-
Effektorzellen. Zu Funktionen von IL-31/IL-31R bei CED waren bisher keinBrten

bekannt.
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* Typ lI-Zytokinrezeptoren und ihre Liganden: IL-22R/IL-22 und IL-26R/IL -26
IL-22 und IL-26 sind verwandt mit IL-10, das als bedeutendes anti-inflaonisehes
Zytokin eine UberschieRende Entziindungsreaktion des Immunsystems, viei sie
CED-Patienten auftritt, verhindert. Beide Zytokine werden von inflatonsahen
T-Zellen, darunter Th17-Zellen, produziert. Die IL-10-RezeptorunterheliDR2 ist

ein gemeinsamer Bestandteil der Rezeptorkomplexe dieser Zytokine.

Die Auswahl aller Rezeptoren beruhte aul3erdem auf der Tatsackedidas nur einen
spezifischen Liganden besitzen, und umgekehrt der Ligand nur diesen &nzéayere
Rezeptor bindet. In solchen Systemen lassen sich Ligand-RezeptbséiWadkungen
einfacher und spezifischer charakterisieren als in komplexen n@stanit mehreren

Liganden/Rezeptoren.



Material

40

3. Material

3.1 Gerate

Name

Bezugsquelle

ABI Prism 7700 Sequence Detection System
Autoklaven

Brutschrank 37C
DNA-Sequenziersystem ABI Prism 3100
FACS Calibur

Feinwaage PL200
Fluoreszenzmikroskop Zeiss Axiovert 135 TV
Flussigstickstofftank
Gelelektrophoresekammer Sub Cell GT
Geltrockner

Mikroplattenleser

Mikroskop Olympus IX50

Neubauer Zéhlkammer

PCR-Gerat PTC200

pH-Meter pH 530

Photometer Ultrospeclll

Pipetten

Roéntgen-Entwickler Agfa Curix 60
Rotorgene RG-3000 Cycler

Schittler

Sterilbank

Stromgeber PowerPac Basic
Tischzentrifuge 5415R

Tischzentrifuge Rotanta 63R
UV-Dokumentationssystem Multi Doc-It
Vortex Genie 2

Western Blot Kammer Novex Mini Cell

Appliegstems, Darmstadt
Hirayama, Tokio, Japan
Heraeus, Munchen

Applied Biosyss$, Darmstadt
BD Biosciences, Heidelberg
Mettler-Toledo, Giessen

Carlsggidena
Cryoson, Schollkrippen

Bio-Rad, Miinche
Bio-Rad, Miinchen
Tecan, GeniosPlus, Crailsheim

Olympus, Hamburg
Brand, Wertheim
Bio-Rad, Miinchen
WTW, Weilheim
Pharmacia, Freiburg
Eppendorf, Hamburg

Agfa, KoIn

Corbett Research, Sydxestralien

Stuart Scientific, Redhill, GroRbritannien

Heraeus, Munchen
Bio-Rad, Miinchen

Eppendorf, Hamburg
Hettich, Tuttlingen
UVP, UplandS@

Scientific Industries, Bohemia, USA

Invitrogen, Kenuhe

Tabelle 1: In dieser Arbeit verwendete Gerate
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3.2 Chemikalien

Chemikalie

Bezugsquelle

B-Mercaptoethanol
[V°P]-ATP

Aceton

Agarose

Bradford-Reagenz
Bromphenolblau

Chloroform

Coomassie Brilliant Blue R-250
Dextrannatriumsulfat (DSS)
Dimethylsulfoxid (DMSO)
Dinatriumhydrogenphosphat
Dithiothreitol (DTT)
Essigsaure

Ethanol

Ethidiumbromid (EtBr)

Ethylendiamintetraacetat (EDTA)

Ethylenglykol-bis-(2-aminoethyl)-tetraacetat (EGTA)

Gelatine (bovine)
Geneticin (G418-Sulfat)
Glycerin

Hoechst 33342
Isopropanol
Kaliumchlorid
Magermilchpulver
Methanol

Mowiol

N-(2-Hydroxyethyl)-piperazin-N’-(2-ethansulfonsdu(elEPES)

Natriumbutyrat
Natriumchlorid
Natriumdihydrogenphosphat
Natriumdodecylsulfat (SDS)

Natriumfluorid

Merck, Darmstadt
Perkin-Elmer, Rodgau-Jigesheim
Merck, Darmstadt
Invitrogen, Karlsruhe
Bio-Rad, Miinchen
Bio-Rad, Miinchen
Merck, Darmstadt

Merck, Darmstadt

MP Biomedicals, Eschwege
Fluka, Taufkirchen

Merck, Darmstadt
Promega, Mannheim
Merck, Darmstadt
Merck, Darmstadt
Sigma-Aldrich, Taufkirchen

Sigma-Aldrich, Tliuthen
Sigma-Aldrich, Taufkirchen
Sigma-Aldrich, Taufkirchen
Gibco, Karlsruhe
Merck, Darmstadt
Sigma-Aldrich, Taufkirchen
Merck, Darmstadt
Merck, Darmstadt
Bio-Rad, Miinchen
Merck, Darmstadt
Calbiochem, Darmstadt
Sigma-Aldrich, Taufkirchen
Sigma-Aldrich, Taufkirchen
Fisher, Schwerte

Merck, Darmstadt

Fisher, Schwerte

Sigma-Aldrich, Taufkirchen
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Natriumhydroxid Merck, Darmstadt
Natriumorthovanadat (NaV4 Sigma-Aldrich, Taufkirchen
Nonidet-P40 (NP-40) Roche, Mannheim
Paraformaldehyd Sigma-Aldrich, Taufkirchen
Phenylmethylsulfonylfluorid (PMSF) Sigma-Aldrichatifkirchen
Salzsaure Merck, Darmstadt
Tris-(hydroxymethyl)-aminomethan (Tris) Fisher, @einte

Triton X-100 Sigma-Aldrich, Taufkirchen
Trizol Invitrogen, Karlsruhe
Tweer®20 Sigma-Aldrich, Taufkirchen

Tabelle 2: In dieser Arbeit verwendete Chemikalien

3.3 Verbrauchsmaterialien

Name Bezugsquelle

Novex 10 % Gelatine-Zymogramm-Gele Invitrogen, Karhe

Novex 6 % DNA Retardation Gele Invitrogen, Karlszuh
NuPage Novex Bis-Tris Gele 4-12 % Invitrogen, Kate
PVDF-Membran (Immobilon-P) Millipore, Eschborn
Blotpapier Bio-Rad, Minchen
Rontgenfilme (X-OMAT AR) Kodak, Stuttgart
Einmalkunststoffwaren BD Biosciences, Heidelberg

Eppendorf, Hamburg
Saarstedt, NUimbrecht

Filterpipettenspitzen fur PCR Biozym, Hessisch Quttaf

Kulturgefalie fur die Zellkultur BD Biosciences, Helberg
Einmalhandschuhe Semperit Technische Produkte, Gevelsberg
Deckglaser (18x18 mm, Menzel) Nunc, Wiesbaden

Objekttrager Marienfeld, Lauda-Kénigshofen

Chamber Slides Lab Tek Il Nunc, Wiesbaden

Tabelle 3: In dieser Arbeit verwendete Verbrauchsmeerialien
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3.4 Reaktionssets (Kits)

Name

Bezugsquelle

BD OptEIA Human IL-8 ELISAKit Il

BD OptEIA Human TNF ELISA Kit Il

Human CXCL12/SDF-4 Quantikine ELISA Kit
Human CXCL16 Quantikine ELISA Kit
Human VEGF Quantikine ELISA Kit

BD Biosciences, ¢idelberg

BD Biosciences, litkelberg

R&D Systems, Wiesbaden
R&D Systems, Whaslen
R&D Systems, Wiedba

Cell Titer 96 AQcousNoNn-Radioactive Cell Proliferation Assay  Promedgannheim

First Strand cDNA Synthesis Kit for RT-PCR (AMV)
Omniscript RT Kit

Quantitect SYBR Green PCR Kit

Complete Proteaseinhibitormix

ECL (Enhanced chemoluminescence) Kit

Turbo DNA-free

Blee, Mannheim
Qiagen, Hilden
Qiagen, Hilden
Roche, Mannheim
Amersham Biose, Freiburg

Ambion, Huntingdon, Grof3britannien

Tabelle 4: In dieser Arbeit verwendete Kits

3.5 GroRRenstandards

Name

Bezugsquelle

100 bp DNA ladder
MagicMark Western Protein Standard
MultiMark Multi-Colored Standard for SDS-PAGE

Invitrogen, Karlsruhe
Invitrogen, Karhe

Inndgen, Karlsruhe

Tabelle 5: In dieser Arbeit verwendete GroRenstandals

3.6 Enzyme

Name

Bezugsquelle

Tag DNA Polymerase, rekombinant
Omniscript Reverse Transcriptase
DNase

T4-Polynukleotidkinase (3 U/ul)
Alul

Invitrogen, Kaeru
Qiagen, Hilden
Ambion, Huntingdon, GroR3britannien
USB, Staufen

New England Biolabs, Frankfurt/Main

Tabelle 6: In dieser Arbeit verwendete Enzyme
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3.7 Oligonukleotide und Primer
Alle Oligodesoxyribonukleotide fir PCR-Reaktionen wurden bei der Fil&/G

(Ebersberg) synthetisiert und direkt fir PCR-Reaktionen eingesetzt.

Primer fur die RT-PCR (h=human, m=murin):

Gen Primersequenzen

hAktin forward 5’-GCCAACCGCGAGAAGATGA-3’
reverse 5-CATCACGATGCCAGTGGTA-3

hBD-2 forward 5’-CCAGCCATCAGCCATGAGGGT-3’
reverse 5-GGAGCCCTTTCTGAATCCGCA-3

hCCL20 forward 5’-CTACTCCACCTCTGCGGCGAA-3’
reverse 5-TTTTACTGAGGAGACGCACAA-3’

hCCR6 forward 5-ATTTCAGCGATGTTTTCGACTC-3’
revers 5-GGAGAAGCCTGAGGACTTGTA-3

hCXCL12 forward 5’-AGAGCCAACGTCAAGCATCT-3’
reverse 5-CGTCTTTGCCCTTTCATCTC-3

hCXCL16 forward 5’-GAGCTCACTCGTCCCAATGAA-3’
reverse 5-TCAGGCCCAACTGCCAGA-3’

hCXCR4 forward: 5-GGTGGTCTATGTTGGCGTCT-3’
reverse: 5-TGGAGTGTGACAGCTTGGAG-3’

hCXCR6 forward 5’-CAGGCATCCATGAATGGGTGT-3'
reverse 5-CAAGGCCTATAACTGGAACATGCTG-3’

hGAPDH forward 5’-CGGAGTCAACGGATTTGGTCGTAT-3’
reverse 5-AGCCTTCTCCATGGTGGTGAAGAC-3

hIFN-a forward 5-TTTCTCCTGCCTGAAGGACAGAC-3’
reverse 5-CTCTGACAACCTCCCAGGCACA-3’

hIFN-B forward 5-TGCTCTGGCACAACAGGTAG-3’
reverse 5-GCTGCAGCTGCTTAATCTCC-3

hIL-10R2 forward 5’-GGCTGAATTTGCAGATGAGCA-3’
reverse 5-GAAGACCGAGGCCATGAGG-3'

hlL-20R1 forward 5’-TACACCCCTCAGCTCCAAGACT-3'
reverse 5-GAAGGAATACACAGCCTGCCAG-3’

hlL-22 forward 5’-GCAGGCTTGACAAGTCCAACT-3'
reverse 5-GCCTCCTTAGCCAGCATGAA-3’

hlL-22BP forward 5’-AGGGTACAATTTCAGTCCCGA-3’
reverse 5-CGGCGTCATGCTCCATTCTGA-3’
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hiL-22R1 forward:5'-CTCCACAGCGGCATAGCCT-3'
reverse: 5-ACATGCAGCTTCCAGCTGG-3’
hiL-26 forward: 5'-GGCAGAAATTGAGCCACTGT-3’
reverse: 5-TCCAGTTCACTGATGGCTTTG-3'
hiL-31 forward: 5-GAACTCTGCCGTGATTCCTT-3’
reverse: 5-AAGCCTGCAGAAGAAAAGCA-3’
hIL-31R forward 5'-GGAGGGGAAAAGAATGGGTA-3'
reverse 5-CGAGGGTCTCATGCTATGGT-3’
hiL-6 forward 5-AAAGAGGCACTGGCAGAAAA-3’
reverse 5-GAGGTGCCCATGCTACATTT-3'
hiL-8 forward 5’-CCAGGAAGAAACCACCGGA-3
reverse 5-GAAATCAGGAAGGCTGCCAAG-3’
hIRF-7 forward 5-TGGTCCTGGTGAAGCTGGAA-3’
reverse 5-GCTCCATAAGGAAGCACTCG-3'
hMxA forward 5’-AGATCCAGGACCAGCTGAGCCTGT-3'
reverse 5-GTGGAACTCGTGTCGGAGTCTGGTA-3’
h2',5'-OAS forward 5’-ATTGACAGTGCTGTTAACATCATC-3’
reverse 5-AGATCAATGAGCCCTGCATAAACC-3’
hOSMR forward: 5-GGAATGTGCCACACACTTTG-3’'
reverse: 5-ACATTGGTGCCTTCTTCCAC-3'
hPKR forward 5-TTTGCTACTACGTGTGAGTCCCA-3’
reverse 5-GTGAACAATATTTACATGATCAA-3’
hSOCS-1 forward 5’-CGCCAGCGCCGCTGTCGGCC-3’
reverse 5-CTGCGGCCTCGTCTCCAGCC-3
hSOCS-3 forward 5-TTCTGATCCGCGACAGCTC-3'
reverse 5-TGCAGAGAGAAGCTGCCCC-3’
hTNF-a forward 5’-CCAGGCAGTCAGATCATCTTCTC-3'
reverse 5-AGCTGGTTATCTCTCAGCTCCAC-3
hVEGF forward 5’-GCAGAATCATCACGAAGTGG-3'
reverse 5-GCAACGCGAGTCTGTGTTTTTG-3
mCXCL16 forward : 5- TCTTCTGGCACCCAGATACC-3'
reverse : 5-GGTTGGGTGTGCTCTTTGTT-3
mCXCL16 forward 5’-AGCGCAAAGAGTGTGGAACT-3’
reverse 5-GGTTGGGTGTGCTCTTTGTT-3
mCXCL2 forward 5’-CCTGCCAAGGGTTGACTTCA-3’
reverse 5-GTCAGTTAGCCTTGCCTTTG-3’
mCXCL5 forward 5’-CCTACGGTGGAAGTCATAGC-3’

reverse 5-CTATTGAACACTGGCCGTTC-3
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MCXCRG6

MCXCR6

mE-Selectin

mMmGAPDH

miL-17

miL-22

miL-31

mIL-31R

miL-4

miL-6

mLactoferrin

mMOSMR

MTNFa

rat IL-22

rat CXCL12

forward: 5-TGTACGATGGGCACTACGA-3’
reverse: 5-GTGAGAGAGGCAGCCGATA-3’

forward 5-TGTACGATGGGCACTACGA-3’
reverse 5-GTGAGAGAGGCAGCCGATA-3’

forward 5'-ACCCGTCCCTTGGTAGTTG-3
reverse 5-CGTTGTAAGAAGGCACATGG-3’

forward 5'-CGTCCCGTAGACAAAATGGT-3’
reverse 5-TCTCCATGGTGGTGAAGACA-3’

forward 5'-CAAACACTGAGGCCAAGGAC-3
reverse 5-AGCTTCCCAGATCACAGAGG-3’

forward 5'-ACCTTTCCTGACCAAACTCA-3’
reverse 5-AGCTTCTTCTCGCTCAGACG-3’

forward: 5-CAGCTGTTTCAACCCACTGA-3'
reverse: 5-CAGTTCTGCCATGCAGTTTG-3’

forward 5’-GCGGTGGACACTTGGATAGT-3’
reverse 5-ACCCTGGTCTCAGGACCTTT-3'

forward 5'-GAGTGAGCTCGTCTGTAGG-3’
reverse 5-CAGCTTATCGATGAATCCAGG-3

forward 5-CAAAGCCAGAGTCCTTCAGAG-3’
reverse 5-GGATGGTCTTGGTCCTTAGC-3’

forward 5’-GCCTGTTCCAGTCTAAAACCA-3’
reverse 5-GTAAGAAAAGCGCAGGCTTC-3’

forward 5-ACACCAAGTCCCTTCCACAG-3’
reverse 5-ATGGTGACATTGGAGCCTTC-3’

forward 5'-CCCCAAAGGGATGAGAAGTT-3’
reverse 5-CACTTGGTGGTTTGCTACGA-3’

forward 5'-GTTCTGCTCCCCCAGTCAG-3’
reverse 5-TCTCTCCACTCTCTCCAAGC-3

forward: 5-AGAGCCAACGTCAAGCATCT-3
reverse: 5-TAATTTCGGGTCAATGCACA-3’

Tabelle 7: In dieser Arbeit verwendete Primer fiir @miquantitative und quantitative RT-PCR

Primer fur die Genotypisierung:

Gen

Sequenz

CXCL16

forward 5'-ACTCGTCCCAATGAAACCAC-3'
reverse 5-CCACAGCTTCATCTCCCACT-3'

Tabelle 8: In dieser Arbeit verwendete Primer fiir de Genotypisierung
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Oligonukleotide fur den Electrophoretic mobility shift assay (EMSA)

Oligonukleotid Bezugsquelle

NF-«B Promega, Mannheim
AP-1 Santa Cruz, Heidelberg
poly(dl-dC) Amersham, Freiburg

Tabelle 9: In dieser Arbeit verwendete Oligonukleatle fiir den EMSA

3.8 Chemokine/Zytokine

Name Bezugsquelle

CXCL12, rekombinant R&D Systems, Wiesbaden
CCL20, rekombinant R&D Systems, Wiesbaden
CXCL16, rekombinant R&D Systems, Wiesbaden
IL-22, rekombinant R&D Systems, Wiesbaden
IL-26, rekombinant R&D Systems, Wiesbaden
IL-31, rekombinant R&D Systems, Wiesbaden
TNF-a, rekombinant R&D Systems, Wiesbaden
IL-13, rekombinant R&D Systems, Wiesbaden
IFN-y, rekombinant R&D Systems, Wiesbaden
Lipopolysaccharid (LPS) Sigma, Taufkirchen

Tabelle 10: In dieser Arbeit verwendete Chemokine nd Zytokine

3.9 Hemmstoffe

Name Bezugsquelle

PD98059 (ERK-Inhibitor) Tocris Cookson, Bristol,dBbritannien
SP600125 (SAPK/JINK-Inhibitor) Tocris Cookson, BulstGroRRbritannien
SB203580 (p38-Inhibitor) Tocris Cookson, BristotoBbritannien
Wortmannin (Akt-Inhibitor) Tocris Cookson, Brist@grof3britannien

Tabelle 11: In dieser Arbeit verwendete Hemmstoffe
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3.10 Antikorper

Antikorper Bezugsquelle

0a-CXCR4 R&D Systems, Wiesbaden
a-CXCL12 R&D Systems, Wiesbaden
0a-CXCR6 R&D Systems, Wiesbaden
a-CXCL16 R&D Systems, Wiesbaden
a-1L-31RA R&D Systems, Wiesbaden

a-phospho-ERK-1/2 (Thr183/Tyr185)
a-phospho-SAPK/INK-1/2 (Thr183/Tyr185)
a-phospho-p38 (Thr180/Tyr182)
a-phospho-Akt (Ser473)
a-phospho-STAT1
a-phospho-STAT3
a-phospho-STAT5

0-ERK-1/2

0-SAPK/INK-1/2

a-p38

o-Akt

a-STAT1

0-STAT3

o-STATS

a-NFkB p65

a-APO-1

0-CXCR4, PE-konjugiert

IgG Isotyp-Kontrollantikdrper, PE-konjugiert
a-Kaninchen, HRP-konjugiert
a-Maus, HRP-konjugiert

a-Maus, FITC konjugiert

a-Hase, FITC konjugiert

a-Ziege, FITC konjugiert

a-Maus, Cy3 konjugiert

Cell SignalingaRkfurt/Main
Cell Signglifrrankfurt/Main
Cell Signaling, FramiMain
Cell Signaling, Frankfurt/Mai
BD Biosciences, Heidelberg
Upstate Biotechnologies/Milliporeh&albach
Cell Signaling, Frankfurt/Main
Cell Signaling, Frankfurt/Main
Cell Signaling, Frankfurt/Main
Cell Signaling, Frankfurt/Main
Cell Signaling, Frankfurt/Main
Santa Cruz, Heidelberg
Santa Cruz, Heidelberg
Santa Cruz, Heidelberg
Santa Cruz, Heidelberg
Sigma, Taufkirchen
BD Biosciences, Heidelberg
BD Biciences, Heidelberg
Amersham, Freiburg
Amersham, Freiburg
Sigma, Taufkirchen
Sigma, Taufkirchen
Sigma, Taufkirchen

Sigma, Taufkirchen

Tabelle 12: In dieser Arbeit verwendete Antikdrper
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3.11 Zellkulturmedien und Zuséatze

Medium/Zusatz

Bezugsquelle

DMEM (Dulbecco's Modified Eagle Medium) mit 4500 fnGlucose,
L-Glutamin und Pyruvat

RPMI-1640 mit L-Glutamin

DMEM/F12 (1:1) (Dulbecco's Modified Eagle Mediumida F12 Medium)
mit L-Glutamin und 15 mM HEPES

Dulbecco’s PBS ohne CaQind MgCh

Trypsin—EDTA

100x PS (10000 U/ml Penicillin; 100Q@/ml Streptomycin)
Foetales Kélberserum (FCS) Gold

Trypanblau

Gelatine (0,1 % in kD, autoklaviert)

DMSO

Insulin (10 mg/ml)

Gibco, Karlsruhe

Gibco, Karlsruhe

Gibco, Karlsruhe

Gibco, Karlsruhe
Gibco, Karlsruhe

Gibco, Karlsruhe
PAA, Pasching, Osterreich
Fluka, Taufkirchen
Sigma-Aldrich, Taufkirchen
Merck, Darmstadt

Sigma-Aldrich, Taufkirchen

Tabelle 13: In dieser Arbeit verwendete Zellkulturmedien und Zusétze

3.12 Zelllinien

Alle Zelllinien wurden Uber die American Type Culture Collection (ATCC) bezoge

Zelllinie Charakterisierung Wachstumsmedium

HT-29 Humane kolorektale Adenokarzinomzellen DMEM, 10 % FCS, 1 % PS
adhéarent

SwW480 Humane kolorektale Adenokarzinomzellen DMEM, 10 % FCS, 1 % PS
adhéarent

HCT116 Humane kolorektale Karzinomzellen DMEM, 10 % FCS, 1 % PS
adhéarent

Caco-2 Humane kolorektale Adenokarzinomzellen DMEM, 10 % FCS, 1 % PS
adhéarent

SW620 Metastatische Zellen von SW480 DMEM, 10 % FCS, 1 % PS
isoliert aus einer Lymphknotenmetastase
adhéarent

T84 Metastatische Zellen eines Kolonkarzinoms DMEM/F12, 10 % FCS, 1 % PS

isoliert aus einer Lungenmetastase
adhéarent
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DLD-1 Humane kolorektale Adenokarzinomzellen DMEM, 10 % FCS, 1 % PS
adhérent

IEC-6 Normale Dunndarmepithelzellen aus der Rat@MEM, 10 % FCS, 1 % PS,
adharent 10 pg/ml Insulin

HepG2 Humane hepatozellulare Karzinomzellen  RPMI, 10% FCS, 1% PS
adhérent

Hep3B Humane hepatozellulare Karzinomzellen ~ RPMI, 10% FCS, 1% PS
(enthalten ein integriertes HBV-Genom)
adhéarent

Huh-7 Humane differenzierte Hepatomzellen RPMI, 10% FCS, 1% PS
adhéarent

Tabelle 14: In dieser Arbeit verwendete Zelllinien

3.13 Mausstamme

Mausstamm Bezugsquelle
C57BL/6 Charles River Laboratories, Sulzfeld
C3H/HelJ Charles River Laboratories, Sulzfeld

Tabelle 15: In dieser Arbeit verwendete Mausstamme
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4. Methoden

4.1 Molekularbiologische Methoden
4.1.1 Isolation von RNA

Die Zellen (in 6 cm Kulturschalen) wurden mit PBS gewaschen undhlafsend mit 1 ml
Trizol von der Platte geschabt und in 1,5 ml Reaktionsgefal3e GberflhrhlidRsad wurden
sie 6 x durch eine 21G-Nadel gesaugt. Nach kurzer Inkubation auf Eisnwvatfeul
Chloroform zugegeben und die Reaktiongeféal3e fur 20 sec geschuttelt.iNgeh &linuten
wurden die Lysate mit 12000 g fur 15 min béiClzentrifugiert. Die entstandene klare obere
Phase, welche die RNA enthielt, wurde vorsichtig in ein neues Resg&fald Gberfuhrt. Es
wurden 500 pl Isopropanol zugegeben, die Gefalde durch Schwenken gemischt undifiir 10
bei Raumtemperatur (RT) inkubiert. Danach erfolgte eine erneuateifdgation mit 12000 g
fur 10 min bei £C, um die gefallte RNA zu pelletieren. Das Pellet wurde 2 ixjenil ml

70 % EtOH gewaschen. Dazwischen erfolgte jeweils ein Zenttitungaschritt (7500 g,
5min, 4°C). Am Ende wurde die RNA kurz getrocknet, in nukleasefreiem Wasser
aufgenommen und die Konzentration photometrisch bestimmt. Die RNA wurd8d#&

gelagert.

4.1.2 Photometrische Bestimmung der RNA-Konzentration

Die Bestimmung der RNA-Konzentration in einer Losung erfolgtetetlsitMessung der
Absorption bei 260 nm Wellenlange. Bei einer Schichtdicke von 1 cm entsgincitert von

1 einer Konzentration von 4f/ml RNA. Als Mal3 fur die Reinheit der RNA diente der
Quotient aus den optischen Dichten bei den Wellenlangen 260 nm und 280 nm. Fir reine
RNA sollte er bei etwa 1,8 liegen. Niedrigere Werte bedeuterurivenigungen mit
Proteinen, hbéhere Werte zeigen Verunreinigungen mit Salzen oder Aueker Die

Messungen erfolgten in einem UV-Spektralphotometer.

4.1.3 DNase-Verdau

Die RNA-L6sung wurde mit einem entsprechenden Volumen an 10 x DNafes-Rof
2,5U DNase versetzt. Nach 30-minutiger Inkubation bePQ7Avurden weitere 2,5 U
hinzugegeben und noch einmal wie oben inkubiert. AnschlieBend wurden 0,2 Volumen

DNase-Inaktivierungsreagenz zugefiugt und gut durchmischt. Nach knkzdgyation wurden
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die Proben mit 10000 g fur 1,5min zentrifugiert und der Uberstand in ein neues

Reaktionsgefald tberfuhrt.

4.1.4 Reverse Transkription

Die reverse Transkription wurde in einem 20 pl-Reaktionsansatz mg RNA, 1 X
Reaktionspuffer, 10 uM Oligo-p(dis) 0,5 MM dNTP, 10 U RNAse-Inhibitor und 4 U
reverser Transkriptase durchgefuhrt. Die Proben wurden nach dem &teemisir 60 min bei
37 °C inkubiert.

415 PCR

Ein typischer PCR-Reaktionsansatz wurde in einem Gesamtvolumen von @#tigrl
folgenden Bedingungen durchgefuhrt: 1 x Reaktionspuffer, 2,5 mM Mg€l 0,4 uM
forward- und reverse-Primer, 0,4 mM dNTP und 2,5 U Tag-DNA-Polymeraseayjiisches
PCR-Programm sah folgendermallen aus: 5 min initiale Denaturierung93%C,
anschlie3end erfolgte die Amplifikation in 25-40 Zyklen von 30 sec Denatngdyei 95C,
30 sec Anlagerung der Primer (Annealing) bei 55®1ind 30 sec Elongation bei 7. Zur
Analyse der PCR mittels Agarosegelelektrophorese wurden 6-10 plP@G&sAnsatzes

verwendet.

4.1.6 Quantitative PCR

Fir die quantitative PCR wurde der QuantiTect SYBR Green PERifgesetzt, der neben
dem PCR-Puffer auch bereits dNTPs, SYBR Green und eine H@¥aArHPolymerase
enthélt. Ein typischer Reaktionsansatz enthielt 8 pl einer 1:20-VerduraingDNA, 1 x
Reaktionsmix und je 0,3 uM forward- und reverse-Primer in einem Gesamen von

20 pl. FUr die PCR-Reaktion erfolgte zunachst eine 15-minitige Desratugibei 95C zur
Aktivierung der Hotstart-Polymerase, anschlieRend wurde eine PGRAGHWMS Zyklen
durchgefuhrt: 30 sec Denaturierung bei °@4 30 sec Annealing bei 6€C und 30 sec
Elongation bei 72C. Die PCR-Reaktionen wurden entweder in einem Rotorgene-RG3000-
Gerat oder in einem ABI Prism 7700 Sequence Detection System dfircttgind analysiert.
Jede Messung wurde in Duplikaten durchgefiihrt. Eine vorher erstelide®tikurve diente
zur Kalkulation der relativen Genexpression anhand des Ct-WertesExpieession der
.,Housekeeping-Gene" Aktin oder GAPDH, deren Expression unter verschiedene

Bedingungen konstant ist, wurde zur Normalisierung der Genexpression verwendet.
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4.1.7 Agarosegelelektrophorese

TAE-Puffer. 40 mM Tris-Acetat, 1 mM EDTA,
TE-Puffer 10 mM Tris-HCI (pH 7,4), 1 mM EDTA
10 x DNA-Ladepuffer 50 % Glycerin, 0,1 % Bromphenolblau in TE-Puffer

Je nach erwarteter Grof3e der aufzutrennenden Fragmente wurde eingels3(%/'v)
Agarosegel mit TAE-Puffer hergestellt. EtBr wurde in eiBadkonzentration von 0,5 pg/mi
zugegeben. Die Proben wurden vor dem Auftragen mit einem entsprecheoldeme an
10 x DNA-Ladepuffer versetzt. Die Auftrennung der Proben erfolgt&drestanter Spannung
von 10 V/cm Gellange. Die Fragmente wurden unter einem UV-Trangil&ion sichtbar

gemacht und photographiert.

4.1.8 Restriktionsverdau

In einem typischen Restriktionsverdau wurden 5 pl eines PCR-Produktd-mnid des
entsprechenden Restriktionsenzym in dem fir das Enzym jeweils tptifaffer bei 37C
Uber Nacht verdaut. Die daraus resultierenden Spaltprodukte wurden tat déir

Agarosegelelektrophorese aufgetrennt und analysiert.

4.2 Proteinbiochemische Methoden
4.2.1 Proteinisolation aus Saugerzellen

Lysispuffer: 20 mM Tris-HCI (pH 7,4), 1 % Nonidet-P40, 150 mM NaCl, 2 mM EDTA,
2 mM EGTA, 2 mM PMSF, 400 mM NaV 4 mM NaF,

Proteaseinhibitormix

Zellen wurden in 6 cm Platten bis zu 70 %iger Konfluenz herangezogewufien 3 x mit
kaltem PBS gewaschen und in flussigem Stickstoff schockgefrorenhief¥end wurden sie
in 200-400 ul Lysispuffer aufgenommen und 6 x durch eine 21G-Nadel gesaugteiNac
20-mindtigen Inkubation auf Eis erfolgte eine Zentrifugation bei 10000 20fimin bei 4°C.
Der Uberstand, der die Proteine enthielt, wurde in ein neues ReakfidRsiderfihrt und die

Proteinkonzentration nach der Bradfordmethode bestimmt.
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4.2.2 Isolation von zytosolischen Proteinen und Membranproteinen

Triton X-100-Puffer 10 mM HEPES (pH 7,6), 1 % Triton X-100, 100 mM NacCl,
2 mM EDTA, 1 mM PMSF, 4 mM NaV§) 40 mM NaF,

Proteaseinhibitormix

Die Zellen wurden 3 x mit kaltem PBS gewaschen und anschlie3endan X¢100-Puffer
lysiert. Nachdem die Zellen 6 x durch eine 21G-Nadel gesaugt wurdedenv sie mit
15000 g fur 30 min bei 4C zentrifugiert. Im Uberstand, der in ein neues Reaktionsgefaf
Uberfuhrt wurde, befanden sich nun die Triton X-100 I6slichen Proteine. Dat welde in
Triton X-100-Puffer, der zusatzlich 1 % SDS enthielt, durch Ultrasamadl mehrmaliges
Saugen durch eine 21G-Nadel aufgeldst und mit 15000 g fur 5 min°@Gezdntrifugiert. Der
Uberstand enthielt nun die Triton X-100 unloslichen Proteine, die Membramaotei

entsprechen.

4.2.3 Konzentrationsmessung von Proteinen

Die Proteinkonzentration in einer Losung wurde mit Hilfe des Bradd@shys bestimmit.

Das Prinzip beruht auf der Tatsache, dass der in der Losung enthadtbstoff (Coomassie
Brilliant Blue G-250 [CBBG]) verschiedene Absorptionsmaxima zg&gnhachdem ob er an
Protein gebunden ist oder nicht. Die nicht gebundene kationische Form von ZBR@in
Absorptionsmaximum bei 470 nm, wahrend sich dieses bei der proteingebundenen
anionischen Form bei 595 nm befindet. Mit Hilfe einer Standardkurve, didekannten
Proteinkonzentrationen erstellt wurde, konnte so die Proteinkonzentratioruebekannten
Probe spektrophotometrisch bestimmt werden. Fir die Standardkurve wurdemedsse
Verdinnungen von Rinderserumalbumin (BSA) hergestellt (0; 0,1; 0,2; 0,5; 1; 10 5;
mg/ml). Die Bradfordlésung wurde 1.5 mit Wasser verdunnt und 1 ml davor? piit
Proteinlésung vermischt, kurz inkubiert und dann im Spektrophotometer bei 595 nm

gemessen.

4.2.4 SDS-Polyacrylamidgelelektrophorese (PAGE)

Zur Auftrennung von Proteinen wurden Fertiggele verwendet. Die Proteimpvalrelen mit
4 x Ladepuffer versetzt und bei°2fur 10 min erhitzt. Danach wurden die Proben auf das
Gel geladen und in MOPS-Laufpuffer aufgetrennt. Als GrolRenmarkerediamtweder der
Magic Mark oder der Multi Mark Proteinstandard. An die Gele wurohe &onstante
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Spannung von 110 Volt angelegt. Nachdem die Lauffront den unteren Rand desr&eld

hatte, wurde der Lauf gestoppt.

4.2.5 Coomassie-Farbung von PAGE-Gelen

Coomassie-Farbelésung 40 % Methanol, 10 % Essigsaure, 0,5 % Coomassie Brilliant
Blue R-250
Entfarbelésung: 40 % Methanol, 10 % Essigsaure

Das Gel mit den aufgetrennten Proteinen wurde fir 45 min bei RT leittgiem Schwenken
mit Coomassie-Farbeldsung inkubiert. Anschlieend wurde die Losung aleyegoss
Entfarbeldsung dazugegeben. Diese wurde wahrend des Entfarbevorgangsnidhtfagh
gewechselt. Zuletzt wurde das Gel in einem Geltrockner getrocknet.

4.2.6 Gelatinezymographie

Renaturierungspuffer 2.5 % Triton X-100

Coomassie-Farbelésung 40 % Methanol, 10 % Essigséure, 0,5% Coomassie Brilliant
Blue R-250
Entfarbelésung: 40 % Methanol, 10 % Essigsaure

Zellen wurden in 24-Loch-Platten bis zu 70 % Konfluenz herangezogen. Naghe®¢zug
Uber Nacht wurden sie mit entsprechenden Konzentrationen von CXCL12 etimili
verschiedenen Zeitpunkten wurde das Medium entnommen, in vorher gewogene
Reaktionsgefal3e gegeben und bis zur Verwendung béC-Zingefroren. Die Reaktions-
gefalRe mit dem enthaltenen Medium wurden gewogen und durch Abzug dgswielts
das tatsachliche Gewicht des Inhalts bestimmt. AnschlieRend wurdeAralben in einer
Vakuumzentrifuge auf die Halfte bis ein Drittel ihres ursprimgiic Gewichts konzentriert.
Nach erneutem Auswiegen konnte der Prozentsatz des Gewichtsgedastenmt werden.
Die Proben wurden auf einem 10 % Gelatine-Zymogramm-Gel (Invitrdgarisruhe) in
Tris-Glycin-Puffer (Invitrogen, Karlsruhe) aufgetrennt. Dann wurdenGiele fir 60 min bei
RT in Renaturierungspuffer geschwenkt. Anschliel3end erfolgte eine Inkulféat 24-48 h
bei 37°C in Entwicklungspuffer (Invitrogen, Karlsruhe). Die Gele wurden Gobmassie-
Blau gefarbt und anschlieRend entfarbt. Die Stellen, an denen dieinG&eldirch

entsprechende Enzyme in den aufgetragenen Proben verdaut wurde, erschienen weil3.
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4.2.7 Electrophoretic mobility shift assay (EMSA)

5 x Bindepuffer 50 mM Tris-HCI (pH 7,5), 5 mM MgGJ 20 % Glycerin, 2,5 mM
EDTA, 250 mM NacCl

10 x TBE 0,45 M Tris (pH 8,3), 0,01 M EDTA, 0,45 M Borsaure

Gelladepuffer 250mM Tris-HCI (pH 7,5), 40 % Glycerin, 0,2 % Bromphenolblau

Puffer A 10 mM HEPES (pH 7,9), 10 mM KCI, 0,1 mM EDTA, 0,1 mM EGTA,
1 mM DTT, 0,5 mM PMSF

Puffer B 20 mM HEPES (pH 7,9), 0,4 mM NaCl, 1 mM EDTA, 1 mM EGTA,

25 % Glycerin, 1 mM DTT, 1 mM PMSF

Fur die radioaktive Markierung der Né&B- oder AP-1-Oligonucleotide wurde auf Eis
folgender 10 pl-Ansatz gemischt: 2 pl Oligonukleotidldsung, 1 pl 10 x Reajtifiag 5 pl
nukleasefreies Wasser, 1 W¥PJATP, 1 pl T4-PNK (3 U/ul) und der Reaktionsansatz
anschlie3end fur 10 min bei 3C inkubiert. Durch Zugabe von 1 ul 0,5 M EDTA wurde die
Reaktion gestoppt. Die Probe wurde mit Hilfe von mini Quick Spin @igalen fir 4 min
bei 1000 g zentrifugiert. 2 pl der radioaktiven Probe wurden mit 10 ml I&tiotisldsung
vermischt und in einem Flussig-Szintillationsmessgerat vermesda die Isolation der
nuklearen Proteine wurden Zellen in 6-Loch-Platten entsprechend stirautiechlieRend auf
Eis gegeben und 3 x mit kaltem PBS gewaschen. Mit Hilfe eiefiscBabers wurden die
Zellen mit 1 ml PBS in ReaktionsgefalRe tberfuhrt. Sie wurden mit 15005gmin bei 4°C
zentrifugiert. Der Uberstand wurde verworfen und das Pellet in 400ffer A resuspendiert.
Nach 15-mindtiger Inkubation auf Eis wurden 25 ul NP-40 (10 %) zugegeben uRrbden
sofort fur 10 sec auf einem Schittler gemischt. Es erfolgteZeingifugation mit 12000 upm
fir 1 min bei 4°C. Der Uberstand, der die zytosolischen Proteine enthielt, wurde ¥enwor
und das Pellet in 50 pl Puffer B resuspendiert. Nach 15-minttigem &ohdér Proben im
Kihlraum wurden sie fir 5 min mit 12000 upm beéiCG4zentrifugiert. Der Uberstand, der aus
den extrahierten Zellkernproteinen bestand, wurde in ein neues Reakt@ngherfuhrt und
die Proteinkonzentration mit Hilfe der Bradford-Methode (siehe AbdchaiR.3)
photometrisch bestimmt. Fur die Bindereaktion wurd&@ pl 5 x Bindepuffer mit 50 pl
Ladepuffer und 1,3 ul 1 M DTT vermischt (=fertiger Bindepuffer). Aud ®urden folgende
Zutaten gemischt: 1 pl Poly(dI-dC), 3 ul 5 x fertiger Bindepufferl Xqllkernextrakt (10-15
p1g) und mit nukleasefreiem Wasser auf 14 pl aufgefillt. Der Angatde fur 5-10 min bei
RT inkubiert. Anschliel3end wurde 1 ul der radioaktiv markierten DNA-Pzagegeben und

durch Auf- und Abpipettieren gemischt. Nach einer erneuten Inkubation von 30 nRT be
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wurden die Proben auf einem 6 % DNA Retardationsgel mit 0,5 M TBEPodi 100 Volt
aufgetrennt. Nachdem die Lauffront im unteren Viertel des Gelkskangmen war, wurde der
Lauf gestoppt. Die Gele wurden aus der Apparatur herausgel6st umenn @eltrockner fur

90 min bei 8CC unter Vakuum getrocknet. Die radioaktiven Signale wurden auf einem

Kodak X-Omat AR Film durch Exponierung bei -8D sichtbar gemacht.

4.3 Immunologische und immunbiochemische Methoden
4.3.1 Western Blot

Waschpuffer (TBS-T) 20 mM TrisHCI (pH 7,6), 150 mM NacCl, 0,1 % Tween-20
Blockierlésung 5% Magermilchpulver in TBS-T
Strippinglésung 83 mM Tris-HCI (pH 7,5), 2 % SDS, 0,7 feMercaptoethanol

Fur den Western Blot wurden die Proteine aus dem Polyacrylam@geeine PVDF-
Membran, die zuvor fir 1 min in Methanol eingeweicht wurde, Ubertrages. dggischah
durch Transfer bei 25-30 V fur 2 h. Um unspezifische Bindungsstellen abzubloakei®
die Membran anschlielend fir 1 h bei RT (oder wahlweise Uber Nachd i in
Blockierpuffer geschwenkt. Nach 3 x 5-minitigem Waschen in Waschpwifiede die
Membran mit dem primaren Antikorper (verdinnt in 5 % BSA in TBS-T) tlaaht bei £C
inkubiert. Danach wurde erneut wie oben gewaschen und mit dem sekund&atgirp&nti
(verdinnt 1:2000 bzw. 1:5000 in Blockierpuffer) fir 1 h bei RT inkubiert. Es esfagt
weiterer Waschschritt. Die Detektion erfolgte mit dem EQ@kt&n nach Angaben des
Herstellers. Die Banden wurden durch Autoradiographie mit einem Xt@iR Rontgenfilm
visualisiert.

Falls die Membranen fiir eine weitere Antikorperdetektion verwendetiem, wurden sie
kurz in TBS-T gewaschen und dann fur 30 min bePGQunter Schwenken in Stripping-
Puffer inkubiert, um gebundene Antikérper zu entfernen. Nach einem erneuten
Blockierungsschritt in 5 % Milch wurden die Membranen wie oben beschriglieeinem
neuen Antikorper inkubiert und entsprechend weiterbehandelt.
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4.3.2 Indirekte Immunfluoreszenzfarbung

Fixierlésung 3,2 % Paraformaldehyd in PBS
Permeabilisierungslésung 0,5 % Triton X-100 in PBS
Blockierldsung 10 % Hasenserum in PBS
Einbettlésung 6 g Glycerin, 2,49 Mowiol, 6 ml Wasser,

12 ml 0,2M Tris-HCI (pH 8,5)

Die Zellen wurden in 6-Loch-Platten auf Deckglaschen (18 x 18 mm, Merdiel mit
0,1 %iger Gelatinelésung fir 10 min bei RT beschichtet worden waren, beogeg. Um
Mediumrickstande zu entfernen, erfolgten 3 Waschschritte mit PBShliei¥end wurden
die Zellen fur 20 min in Fixierlésung bei RT fixiert. Nach mehigerh Waschen mit PBS
wurden die Zellen durch 5-mindtige Inkubation bei RT mit 0,5 % Triton X-100B6 P
permeabilisiert. Nach erneutem Waschen wurden die Zellen fur 60 miBlockierlésung
inkubiert, um unspezifische Bindungsstellen abzusattigen. Die Antikorperimndoda
erfolgten fur 60 min bei RT in einer feuchten Kammer. Die Antikbvparden in Blockier-
I6sung verdunnt. AnschlieBend wurden die Zellen zum Anfarben der Zellkerh@ Miiin mit
4 umol/l Hoechst 33342 inkubiert. Nach jedem Schritt wurden die Zellenfambhmit PBS
gewaschen. Zum Schluss erfolgte noch ein Waschschritt mit iéetdith Wasser, um die
Salze des PBS zu entfernen. Die Deckglaschen wurden mit eiropfe iEinbettlosung auf
einen Objekttrager gegeben. Nachdem diese getrocknet waren,eeeiolgtAuswertung mit

Hilfe der Fluoreszenzmikroskopie.

4.3.3 Detektion der Aktinpolymerisation

Fixierlésung 3,7 % Paraformaldehyd in PBS
Permeabilisierungslésung 0,5 % Triton X-100 in PBS
Einbettlésung 6 g Glycerin, 2,49 Mowiol, 6 ml Wasser,

12 ml 0,2M Tris-HCI (pH 8,5)
HCT116-Zellen wurden auf “Chamber slides” ausgesat. Nach SerumeiibrrgNacht
wurden die Zellen mit 10 ng/ml CXCL12 fir verschiedene Zeitintervaiienuliert.
Anschliel3end wurden die Zellen mit PBS gewaschen, in Fixierlésur@pfirin fixiert und
fur 5min mit Permeabilisierungslosung inkubiert. Dann wurden sie fir B0 mmi
Rhodamin-markiertem Phalloidin und 4 pmol/l Hoechst 33342 inkubiert. Nach emeute
Waschen wurden die Zellen mit einem Tropfen Mowiol und einem Dedkgdasbedeckt und

unter dem Fluoreszenzmikroskop ausgewertet.
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4.3.4 Fluoreszenz-aktivierte Zellsortierung (FACS)
FACS-Puffer 0,5 % BSA, 0,05 % NajNn PBS

SW480- oder HT-29-Zellen wurden in 10 cm Platten bis zu einer Konfluenz azon0co
herangezogen. Die Zellen wurden mit Hilfe von Trypsin losgeldst unchbe8end 2 x mit
PBS gewaschen (Zentrifugation 5 min, 300 g). Nach dem Bestimmen ltehZevurden je
1-5 x 10 Zellen mit einem PE-markierten CXCR4-Antikdrper oder einemnfaikierten
Isotyp-Kontrollantikérper (20 pl Antikorper pro 1 x°®lBellen) versetzt. Nach einstiindiger
Inkubation bei Raumtemperatur wurden die Zellen 3 x mit FACS-Puféavagchen,

anschlieBend in 200 pl FACS-Puffer resuspendiert und sofort im FACS gemessen.

4.3.5 Enzyme-linked immunosorbent assay (ELISA)

Zellen wurden in 6 cm Zellkulturplatten bis zu einer Dichte von 70 %nigemichtet. Nach
Serumentzug Uber Nacht wurden 100 pl Medium entnommen (Nullwert). Arissindie
erfolgte eine Stimulation der Zellen mit den entprechenden ChemokinenZgidéinen.
Nach 1, 2, 4, 8, 12 und 24 h wurden jeweils 100 pl Medium entnommen und BE kO
zur Messung eingefroren. Humane Plasma- bzw. Serumproben wurden Wenzendung
ebenfalls bei -20C eingefroren. Fir die Bestimmung der entsprechenden Zytokin-/
Chemokinkonzentrationen in den Proben wurde der jeweilige ELISA nach Angidye
entsprechenden Hersteller durchgefiihrt. Allgemein wurden 96-LochfRldite mit einem
immobilisierten Antikdrper gegen das entsprechende Zytokin/Chemokin tlesthwvaren,
fur 2 h mit den jeweiligen Proben inkubiert. AnschlieRend wurden die P iget@aschen und
mit einem Enzym-konjugierten Antikorper gegen das zu detektierentiki@(Chemokin
inkubiert, wodurch ein Antikérper-Antigen-Antikdrper-,Sandwich* entstand. Nattem
weiteren Waschschritt wurde Enzym-Substratlésung dazugegeben, nwamer blauen
Farbreaktion resultierte, deren Intensitat direkt proportional zuregsenen Zytokin-
/Chemokinmenge war. Nach der Zugabe einer Stoplésung (2 M Schwefel- lbkiv
Phosphorsaure) und dem daraus resultierenden Farbiberschlag von blau zurdelldiev
Absorption der Proben bei 450 nm gemessen. Anhand der Messwerte einerd8taxda

konnte die Zytokin-/Chemokinmenge in den Proben kalkuliert werden.



Methoden 60

4.4 Zellkulturmethoden
4.4.1 Kulturbedingungen

Die verwendeten Zelllinien wurden bei 32 und 5% CQ@ in wasserdampfgesattigter
Atmosphéare in dem fir sie optimalen Medium (siehe Tabelle 14) larttivhr Wachstum
wurde per Mikroskopie verfolgt. Waren die Zellen 70-80 % konfluent, wurde caBulv
abgesaugt und die Platte einmal mit PBS gewaschen, um im Medurhandene
Trypsininhibitoren zu entfernen. Anschliel3end wurden 1-2 ml Trypsin-EDTAgebge und
die Zellen einige Minuten bei 3T inkubiert. Die von der Platte abgelosten Zellen wurden
im entsprechenden Medium gesammelt und, je nach gewiinschter Dichterhéitnis 1:3

bis 1:10 auf neue Platten verteilt.

4.4.2 Auftauen und Einfrieren von Zellen

In flissigem Stickstoff oder bei -8C eingefrorene Zellen wurden im Wasserbad bei@7
aufgetaut und sofort in 10 ml frischem Medium aufgenommen und auf 10cm
Zellkulturplatten ausgeséat. Der Zustand der Zellen wurde mikroskojplosepriift. Nach 24 h
Inkubationszeit bei 37C wurde ein Mediumwechsel durchgefuhrt.

Zum Einfrieren wurden die Zellen nach dem Ablésen von der PlattélgeadschlieRend fur

5 min bei 1200 upm pelletiert und in kaltem Gefriermedium (80 % FCS, 20 %MMS
resuspendiert, so dass eine Dichte von 3-5%Z&llen/ml erreicht wurde. Davon wurde je

1 ml in ein Gefrierrdhrchen gegeben und dieses sofort auf Eislgd3ielProben wurden bei

-80 °C heruntergekuhlt und anschlielRend bei“@Mmder in flissigem Stickstoff gelagert.

4.4.3 Bestimmung der Zellzahl

Die Zelldichte einer Losung wurde mit Hilfe einer Neubauer-Zahtkar bestimmt. Hierflr
wurden 1Qul der Zellsuspension im Verhéltnis 1:1 mit Trypanblau gemischtydagoten
Zellen aufgenommen wird und sie dunkel farbt. Es wurde die Lebendzelizadihem
GroRquadrat bestimmt. Da das Volumen iiber einem GroRquadrat 6, betagt, ergibt

sich: Zellzahl pro ml = Zellen pro GroRquadrat X £0/erdiinnungsfaktor

4.4.4 Zellstimulation

Die Zellen wurden fir 12-16 h in serumfreiem Medium bzw. Medium mit 0,1 bée FCS

inkubiert. Je nach Versuch wurden die Zellen fur 1 h mit entsprechendentdrémbi
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prainkubiert, bevor die Stimulation mit den entsprechenden Chemokinen/Zytokieetendi

Medium zugesetzt wurden, erfolgte.

4.45 Zellrestitutionsassay

Zellen wurden in 6-Loch-Platten bis zur vollstandigen Konfluenz kultivMit Hilfe einer
Rasierklinge wurden pro Loch 6-10 ,Wunden* gesetzt, indem die Zellegekeafzt wurden.
Die herumschwimmenden Zellen wurden durch mehrmaliges Wasche@B&iemfernt. Die
Wundrander wurden unter dem Mikroskop auf ihre Qualitéat hin begutachtetkl&fuzu
erkennende Rander wurden fir den Versuch ausgewertet. Zu den Zellemwurdedium,
das nur 0,1 % FCS enthielt, gegeben und sie wurden mit entsprechenden latiopentian
Zytokinen oder Chemokinen stimuliert. Nach 24 h wurden die Zellen erneasgegn und
die Uber den Wundrand gewachsenen Zellen gezahlt. Hierbei wurde demabfeg, dass die

ausgezahlten Sticke alle gleich lang waren.

4.4.6 Migrationsassay

Fur die Bestimmung der Migration wurden Filtereinsatze fur 24-Rlekten verwendet. Die
Filtermembran hat eine Porengrof3e von 8 um und besteht aus Polyetaplathiiat (PET).
Zellen wurden auf eine Dichte von 1,25 X ®ellen/ml in Medium mit 1 % FCS verdinnt.
Davon wurden 300 pl oben in die Filtereinsatze gegeben. Unten in den Zefllaiten
befanden sich 700 pul Medium (1 % FCS), entweder mit oder ohne Chemokin. Nach 24
wurden die Zellen auf der Oberseite mit einem Wattestdbchemwisiobe und die Filter
einmal mit PBS gewaschen. Anschliel3end wurden die Zellen in eiskalteton bei -20C
fur 10 min fixiert. Nach erneutem Waschen erfolgte eine Farbungeflen mit Hamatoxylin
fur 10 min. Nach Waschen mit Wasser wurden die Filter aus ihrertertiaden
herausgeschnitten, auf Objekttrager gegeben und mit einem Tropfertl&Bsurg und einem
Deckglaschen bedeckt. Die Auszahlung der gewanderten Zellen erfofges dem

Mikroskop.

4.4.7 Invasionsassay

Hierflir wurden Filtereinsatze verwendet, die mit Matrigeihfiran 56 %, Collagen IV 31 %,
Entactin 8 %) beschichtet waren. Die Zellen wurden auf eine Diciités x 1d/ml verdiinnt
und davon 500 pl pro Filter eingesetzt. Die Fixierung geschah mit M&i0O2 min bei RT.
Die weiteren Schritte erfolgten wie unter Abschnitt 4.4.6 beschrieben.
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4.4.8 Zellproliferationsassay

-

S 0,92 mg/mlin PBS

MTS: 2 mg/mlin PBS

Die Zellen wurden in entsprechender Anzahl in 96-Loch-Platten ausgesht mit
entsprechenden Konzentrationen von Zytokinen/Chemokinen in 100 pl Medium (mit 0, 0,1
oder 1% FCS) stimuliert. Nach 48 h wurden 20 ul eines 1:20-Gemisches vourRIMET S
zugegeben und die Anséatze fur 1-3 h bef@inkubiert. Anschliel3end wurde die Absorption

bei 490 nm gemessen.

4.49 Apoptoseassay

Nicoletti-Puffer. 0,1 % Natriumcitrat, 0,1 % Triton X-100, 50 pg/ml Propidiumiodid
FACS-Puffer 140 mM NacCl, 2 mM KHPQO,, 17 mM NaHPQO,, 4 mM KCI, 8 mM
LiCl, 3 mM NaNs;, 1 mM NgEDTA, pH 7,37

SW480-Zellen wurden in 6-Loch-Platten mit einer Dichte von 0,2°Z&llen/Loch ausgesat
und mit verschiedenen Konzentrationen viAPO-1 (+ 1/100 Protein A) und Zytokin/
Chemokin fur 24 h stimuliert. Anschlie3end erfolgte die Ernte derrZell®BS. Nach einem
Zentrifugationsschritt (2000 upm, 5 min) wurde das Zellpellet in 200 ul é&ttedtuffer

resuspendiert und in diesem fur mindestens 4 h und maximal 4 Tagé®aufbewahrt. Die

Bestimmung der Anzahl toter Zellen erfolgte per FACS-Analyse.

4.5 Tierexperimentelle Arbeiten

4.5.1 Tierversuchsethik und Haltung der Tiere

Alle Tierversuche wurden von der Tierversuchskommission der Regierun@henbayern
genehmigt und geman den Richtlinien des ,National Institutes otiHE&alide for the Care
and Use of Laboratory Animals“ durchgefuhrt. C57BL/6 und C3H/HeJ Mausdew in

Macrolon Typ Il Kéfigen unter einem 12 Stunden Licht-Dunkel-Zyklus jehaWasser
und Standardfutter (Sniff, Soest) standen ad libitum zur Verfligung. abseeichende
Versorgung mit frischem Wasser und Futter wurde taglich konttolliregleichen Intervallen
wurde auf die Sauberkeit der Kéafige und den Zustand der Tiere geddibt&afige wurden
mindestens zweimal pro Woche gereinigt und die Einstreu geweddgelMause waren in
einem geeigneten Stall untergebracht, in dem die Temperatur von 20-@2FCeine

Luftfeuchtigkeit von 50-60 % konstant gehalten wurden. Bei einem Hell-Diritkghmus
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von 12 Stunden wurde darauf geachtet, Manipulationen an den Tieren imnweizhen

Zeit durchzufihren.

4.5.2 Mausexperimente fir das Dextransulfatsodium (DSS)-Kolitis-ModEl

Die experimentelle Kolitis wurde durch Hinzufigen von 3% und 4,5% DSS zum
Trinkwasser von C57BL/6- und C3H/HeJ-Méausen lber 5 Tage induziert. A4n Taurden
die Méause durch C&Narkose getodtet und das Kolon fir die weitere Analyse entnommen.
RNA aus der Kolonschleimhaut wurde mit Hilfe des Qiagen RNelgg nach

Herstelleranweisung gewonnen.

4.5.3 Mausexperimente fur die murine Zytomegalievirus (MCMV)-Infektion

C57BL/6-Mause wurden mit 1 x 10pfu der MCMV-Linie Smith durch intravendse
Applikation infiziert. Kontrollméusen wurde PBS injiziert. Nach 45 b#w.h wurden die
Mause durch eine CtNarkose getdtet und das Kolon sowie die Leber fur die weitere
Analyse entnommen. RNA aus der Kolonschleimhaut und der Leber wurddilfaitvon
Trizol, analog zur RNA-Isolation aus Zellmaterial wie unter Pudki.l beschrieben,

gewonnen.

4.6 Biopsiegewinnung

Biopsien wurden von Patienten mit MC bzw. CU im Rahmen von Routinekoloskojgien m
Hilfe einer Biopsiezange entnommen, sofort in 1 ml Trizol gegeben swrzlibiAufarbeitung

bei -80 °C gelagert. Die Studien wurde von der Ethikkommission der Mestiken Fakultét
der LMU Minchen genehmigt. Alle Patienten unterschrieben vor der Prdbhahene eine
Einverstandniserklarung. Von jedem Patienten wurden vier Biopsien entnoferaerei von
makroskopisch entziindetem Gewebe und zwei von makroskopisch nicht entziindetem
Gewebe. Humane Leberbiopsien wurden von Patienten gewonnen, denen aus cleghzinis
Griunden (z. B. Verlaufskontrolle bei chronischer Hepatitis C) einerbepsie entnommen
wurde. Ein 3 mm langes Biopsiestiick aus dem Stanzzylinder wurde satbrEntnahme in

1 ml Trizol gegeben und bei -8C bis zur weiteren Verarbeitung aufbewahrt. Die Studie
wurde von der Ethikkommission der Medizinischen Fakultat der LMU Mincheehgagt.

Alle Patienten gaben vor der Probenentnahme ihr schriftliches Einverstandnis.
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4.7 Kalkulation der Genexpression in Darmbiopsien

In jeder Biopsie wurde die Genexpression zur Aktin- bzw. GAPDH-Espya normalisiert.
Zur genauen Quantifizierung wurde die durchschnittiche Expression imerbei
Entztindungsbiopsien in Relation zu der in den nicht entziindeten gesetzergcinizing des
Korrelationskoeffizienten zweier Expressionsmuster wurde fur jétgienten die mRNA-

Expression in allen vier Biopsien korreliert.

4.8 Densitometrie

Die Quantifizierung von DNA-Banden in Agarosegelen erfolgte milteHder Software
TINA, Version 2.09 (Raytest Isotopenmessgerate GmbH, StraubenhardtjlexdSoftware
ImageJ Version 1.36 des National Institute of Health (NIH).

4.9 Statistik

Statistische Analysen wurden mit Hilfe des zweiseitigen Siud€ests (fur kontinuierliche
Daten) oder des zweiseitigen Fisher's Exakt-Test (flr katad@ Daten) durchgefiihrt. Die
Berechnung von Konfidenzintervallen (Cl) und des relativen Risikos (Odtis Rd&R)

erfolgte mit der Software SPSS 14.0 (SPSS Inc., Chicago, USWerke < 0,05 wurden als

signifikant gewertet.
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6. Ergebnisse und Diskussion

Da die Ergebnisse der einzelnen Experimente in den jeweiligemusWapten bereits
ausfuhrlich beschrieben sind, soll im Folgenden vor allem auf Ubergteif€robleme,
Interpretationen, sowie auf die Einordnung der Arbeit in Bezug auf dereitigen

Forschungsstand eingegangen werden.

6.1 Ausgewahlte  Chemokinrezeptoren und ihre Funktionen im
Gastrointestinaltrakt

6.1.1 CXCR4 und CXCL12 werden in kolorektalen Tumorzellen inversexprimiert

und vermitteln Zellmigration, Tumorinvasion und MMP-9-Aktivierung

Manuskript [1] Brand S*,Dambacher JF, Beigel F, Olszak T, Diebold J, Otte JM, Goke B,
Eichhorst ST. CXCR4 and CXCL12 are inversely expressed in colbeanteer cells and

modulate cancer cell migration, invasion and MMP-9 activatiomp. Cell Re2005; Oct 15;
310(1): 117-30* Geteilte Erstautorenschaft

CXCR4 und CXCL12 haben groRRen Einfluss auf das Wachstum und die Metastgsion
Tumoren verschiedenen Ursprungs wie dem Mammakarzinom [Li et al., 2004ér et al.,
2001; Smith et al., 2004] oder dem Melanom [Murakami et al., 2004; Murakahj 2002].
Daher hypothetisierten wir, dass dieses Chemokinsystem ahnlichedaenktn intestinalen
Epithelzellen (IEC) und kolorektalen Karzinomzellen (CRC) haben kérmtederen Unter-
suchungen war der Rezeptor CXCR4 in allen untersuchten Tumor-ZelliEnie basalem
Niveau exprimiert, wahrend wir CXCL12 nur in Caco-2-Zellen sowi@ommalen Ratten-
epithelzellen (IEC-6) nachweisen konnten [Brand et al., 2005b], was raaifddferentielle
Regulation der Expression dieses Chemokins hindeutete. In normaleniapith&ewebe
war CXCL12 v. a. in Zellen im apikalen Teil der Darmzotten exnitnwahrend die Zellen
an der Basis der Krypten eine geringe Expression zeigten, waem Differenzierungsgrad
der Zellen (von der Basis der Krypten zur Spitze hin zunehmend) koee]Brand et al.,
2005b]. Entsprechend beobachteten wir einen Trend zu einer Herunterregwation
CXCL12-Expression in Tumorgewebe, das geringer differenziefBrsind et al., 2005b].
Ubereinstimmend hierzu wurde von Wendt et al. demonstriert, dass dpitimelzellen
normalerweise konstitutive CXCL12-Genexpression in CRC-Zellen durbiiA-Byper-
methylierung ausgeschaltet wird [Wendt et al., 2006]. Umgekehrt éiret Inhibierung der

Methylierung zu einem geringeren metastatischen PotentialellenZWendt et al., 2006].
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Bemerkenswerterweise wurden in einer kirzlich vergffentlichten &toei CRC-Patienten
erniedrigte  CXCL12-Plasma-Spiegel im Vergleich zu Kontrolleroblehtet; aufl3erdem
wiesen Patienten im fortgeschrittenem Tumorstadium (Dukes-Staiumd C) niedrigere
CXCL12-Level auf als Patienten im Dukes-Stadium A [Dimberg et al., 2007].

Bei der Untersuchung von Tumorgewebeschnitten fanden wir auf3erdem eienZ ezu
einer inversen Expression von CXCL12 und CXCR4 [Brand et al., 2005b]. DOies is
Ubereinstimmend mit den Daten von Jordan et. al sowie Shibuta et aeigem konnten,
dass CXCR4 in HT-29-Zellen wahrend einer durch Natriumbutyrat (NaBuzierten Zell-
differenzierung [Chung et al., 1985], herunterreguliert wird [Jordah, €t999; Shibuta et al.,
2002]. Umgekehrt konnten wir durch NaBt eine Hochregulation von CXCL12 beobachten
[Brand et al., 2005b]. Aul3erdem zeigten Dwinell et al., dass die CX¥&dRéession von der
Basis der Darmkrypten zur apikalen Seite hin abnimmt [Dwinedll.et1999], wahrend hier
von uns eine entsprechende Zunahme der CXCL12-Expression gezeigt werden Boamd
et al., 2005b]. D. h. im Gegensatz zu CXCL12, das mit zunehmender Eptuzitgung der
Zellen abnimmt, wird CXCR4 verstarkt exprimiert. Diese erhOIX€R4-Expression konnte
von verschiedenen Arbeitsgruppen in verschiedenen Tumorarten beobachtet s@ e,
auch in kolorektalen Lebermetastasen, die eine sehr hohe CXCR4-koprasfniesen
[Rubie et al., 2006a]. Bemerkenswerterweise wird die CXCR4-Expresggativ durch den
Transkriptionsfaktor p53 reguliert [Mehta et al.,, 2006], der eines dahtigsten
Tumorsuppressorgene darstellt und bei fast allen Tumorarten, u. a. ancbRIe, im fort-
geschrittenen Stadium mutiert ist [Vogelstein et al., 2000].

Sehr oft kann die CXCR4-Expression als ein prognostischer MarketaBiRisiko einer
Tumorinvasion bzw. die Prognose der Tumorentwicklung verwendet werden, sauclB.
beim CRC [Kim et al., 2005; Ottaiano et al., 2006] oder dem MammakeanzjSalvucci et
al., 2006], was auf eine entscheidende Rolle dieses Chemokinrezeptater bBumor-
metastasierung hindeutet. Fur diesen Prozess der Metastasigeingrschiedene Voraus-
setzungen notwendig. Unsere Arbeitsgruppe konnte zeigen, dass CXCL12 meden e
gesteigerten Zellproliferation auch zu einer signifikant ggstegan Migrationsrate von IEC
Uber einen vorher definierten Wundrand fuhrt [Brand et al., 2005b]. Diesekt Eibnnte
durch eine gleichzeitige Behandlung der Zellen mit einem CXCR4alisigrenden
Antikdrper komplett inhibiert werden, was auf die CXCRA4-Spezifit@seli CXCL12-
vermittelten Funktion hinweist [Brand et al., 2005b]. Ferner konnten wir reasbm dass
eine Stimulation von IEC mit CXCL12 zu einer Umorganisation desnAkyioskeletts mit

Aktin-Polymerisation und der Ausbildung von ,Spikes" als eine wichtigeaussetzung fur
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die Zellmigration fihrt [Brand et al., 2005b]. AuRerdem beobachteten wir i
Invasionsversuchen eine gesteigerte Invasionsfahigkeit von CRC-Zblieh eine mit
extrazellularen Matrix (ECM)-Proteinen beschichtete MembrBrar{d et al., 2005b].
Bemerkenswerterweise war die von uns beschriebene, durch CXCL1ZestiendEC-
Migration durch die Filtermembran absolut abhangig von der Prasenz \VgihPEgieinen
[Brand et al., 2005b], was ubereinstimmend mit beschriebenen Effekteacma=Zellen ist
[Basson et al., 1992]. In Migrationsversuchen mit unbeschichteten Membyaakachteten
wir eine genau gegenteilige Wirkung von CXCL12 auf die Zellmigna{Brand et al.,
2005b], indem es zu einem dosisabhangigen, die Zellmigration hemmendé&n \Kiffe
CXCL12 kam [Brand et al., 2005b]. Ahnliche negative Effekte von CXCL12 aaf di
Zellmigration wurden auch fir Leukozyten beschrieben und als Fugeideis Chemo-
repulsion bezeichnet [Papeta et al., 2007; Poznansky et al., 2002; Vianallp 2005a;
Vianello et al., 2005b]. Durch eine gleichzeitige Inkubation mit CXCR4#rabsierenden
Antikdrpern konnten wir zeigen, dass dieser fugetaktische Effekt vonLCX@tsachlich
Uber CXCR4 vermittelt wird [Brand et al., 2005b]. Aul3erdem demonstriestie eine
Abhangigkeit der migrationshemmenden Wirkung vom MEK-1/ERK-1/2-, jedodit mam
PI3-Kinase/Akt-Signalweg, wie Versuche mit gleichzeitigetkubation mit den ent-
sprechenden Inhibitoren PD98059 bzw. Wortmannin ergaben [Brand et al., 2005b].
Eine wichtige Voraussetzung fur das Durchdringen der Basalmemiaidndsee Produktion
von Matrix-verdauenden Enzymen in den Zellen dar. Zu diesen Enzymen gehé&@edie
sogenannten Matrix-Metalloproteinasen (MMPs). Wir konnten in Gefatnegraphie-
versuchen eine Aktivierung von MMP-9 nach CXCL12-Stimulation zeigenn[Biet al.,
2005b]. Auch in anderen Tumorzellen wie Plattenepithelkarzinomen des KopBelaEhes
[Samara et al., 2004], Prostatakarzinom [Chinni et al., 2006], chronisch-Iiisgblea B-Zell-
Leukadmie [Redondo-Munoz et al., 2006] oder Melanomzellen [Parmo-Cabaalas2€06]
induziert CXCL12 die MMP-9-Expression, was fur die Invasionsfahigkait Zellen durch
die Basalmembran erforderlich ist [Parmo-Cabanas et al., 2006].

Wenn Tumoren Metastasen ausbilden, sind diese in ihrem weiteren tWactsn der
Versorgung durch neue Blutgefalle abhangig [Rmali et al.,, 2007]. HielerspMMPs
ebenfalls eine wichtige Rolle. An MMP-9-defizienten Méausen wurdeodstriert, dass
MMP-9 entscheidend fiir den sogenannten angiogenen ,Switch“, d.h. eine Akityieon
ruhenden BlutgefalRen, ist, indem es eine Ausschittung des sehr wicatigegenen
Faktors ,vascular endothelial growth factor* (VEGF) bewirkt [das et al., 2000]. Eine
transgene MMP-9-Uberexpression verursacht ebenfalls eine gesteitEGF-Ausschuttung
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und damit verbunden verstarktes Tumorwachstum und Tumorangiogenese [Mir2@04].
Wir konnten in CRC-Zellen eine Induktion von VEGF durch CXCL12 sowoh| auf Rag\
auch auf Proteinebene nachweisen [Brand et al., 2005b]. Diese Wirkung vohlZXC
bestétigt sich auch in anderen Zelltypen wie Prostatakarzin@anz@larash-Yahana et al.,
2004], Endothelzellen [Neuhaus et al., 2003] oder lymphoiden Zellen [Kijowsiki, &001].
Aulerdem wirken CXCL12 und VEGF synergistisch in der NeoangiogeKegezék et al.,
2005]. Dies beruht vermutlich auf der durch VEGF induzierten CXCR4-Hoalatemn
[Bachelder et al., 2002; Salcedo et al., 1999], was auf einen positiveliba€kd.oop
hindeutet. Ottaiano et al. konnten zeigen, dass eine gleichzeitige hohe iBxpreasSCXCR4
und VEGF in CRC ein prognostisch besonders ungtinstiger Marker fir dierdnimvicklung
und die mittlere Uberlebensrate der Patienten ist [Ottaiamh.,e2006]. Auch in Mamma-
karzinomzellen korreliert eine gleichzeitige Expression von VEH@HP-9 und CXCR4 in
besonderem Mal3e mit dem Vorhandensein von Lymphknotenmetastasen [Ha@@2 7l
Die synergistische Wirkung von VEGF, CXCL12 und CXCR4 ist sicheréiach auf der
Tatsache begriindet, dass Hypoxie, wie sie haufig in schnell wachsé@naeorgewebe zu
finden ist, die Expression aller drei Gene, vermittelt Uber den Hgpoducible factor-1
(HIF-1), induziert [Ceradini et al., 2004; Hitchon et al., 2002; Schiopp&,e2003; Shweiki
et al., 1992; Staller et al., 2003]. Bemerkenswerterweise aktNaBt auch die Expression
von HIF-1 in IEC [Pellizzaro et al., 2002], was vermuten lasst, dasshier gezeigte
Aktivierung der CXCL12-Expression nach NaBt-Gabe zumindest tedweéiser HIF-1
vermittelt wird.

Aufgrund seiner Rolle als HIV-Corezeptor, aber auch aufgrund semscheidenden
Funktion bei der Tumorentwicklung und —metastasierung, stellt CXCR4 eiedver-
sprechenden therapeutischen Angriffspunkt dar. Bisher wurde eine VielaahCXCR4-
Antagonisten entwickelt. Der wohl bekannteste, AMD3100 [De Clercq, 200R],aur Zeit
in klinischen Studien zur Mobilisation von hamatopoietischen Stammzedtestgt [Cashen
et al., 2007]. Aber auch weitere Molekile wie AMDO70 [Stone et al., 20040-Derivate
[Tsutsumi et al., 2007] oder zyklische Pentapeptide wie FC131-Analads[imi et al.,
2007], scheinen therapeutisch wirkungsvoll zu sein. Allerdings ist esibi®utinemaligen
Anwendung beim Menschen noch ein langer Weg, und weitere Studien sinddaddigrch
diese CXCR4-Antagonisten nicht nur pathologische Zustdnde beeinflusstnyesondern
auch die normalen, lebenswichtigen Funktionen, die Uber CXCR4 vermigeltem Die

letalen Auswirkungen einer CXCR4-Deletion bei Mausen wurden baratey Abschnitt
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1.2.1 beschrieben;

kalkulierbar.

die Nebenwirkungen dieser Therapeutika sind daher nur schwer

Zusammenfassend (siehe Abbildung 11) konnten wir zeigen, dass CXCL12 mRé&zeptor

CXCR4 in kolorektalen Tumorzellen und deren Metastasen funktional erprigsowie

differenzierungsabhéangig reguliert werden. CXCL12 induziert in CBI2&Z eine gesteigerte

Zellproliferation, Zellmigration sowie eine verstarkte Zellineasfahigkeit mit erhohter

Produktion angiogener Faktoren wie MMPs und VEGF. Somit sind CXCR4 umdligand

in CRC von wichtiger Bedeutung sowohl fur das lokale Tumorwachstumawab die

Tumorinvasion in andere Organe.
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Abbildung 11. Ubersicht iiber die von CXCR4/CXCL12 &tivierten Signalwege und vermittelten

Funktionen in IEC.
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6.1.2 Die zelldifferenzierungsabhangige Expression von CCR6 vernett ERK-1/2,
SAPK/INK und Akt-Aktivierung und fiihrt zu gesteigerter Z ellproliferation und

Zellmigration von kolorektalen Karzinomzellen

Manuskript [2] Brand S, Olszak T, Beigel F, Diebold J, Otte JM, Goke B, Eichl®Fst
Dambacher J Cell differentiation dependent expressed CCR6 mediates ERK-1/2,

SAPK/INK and Akt signaling resulting in proliferation and migmatiof colorectal cancer
cells.J Cell Biochen2006 Mar 1; 97(4): 709-23

CCR6-defiziente Mause zeigen Ausfalle in der Organogeneseegier-Plaques und weisen
eine geschwachte mukosale Immunantwort auf orale Antigene und Patladei@ook et
al., 2001; Varona et al., 2001], was auf einen wichtigen Beitrag von C@R8amoostase
im GI-Trakt hinweist. Daher untersuchten wir die Funktionen diesesmkin-
/Chemokinrezeptorsystems in IEC im Hinblick auf intestinale Entzindsmgie auf
kolorektale Kanzerogenese. Der Chemokinrezeptor CCR6 wurde in allen von uns
untersuchten IEC-Linien exprimiert [Brand et al., 2006d]. Seine Expressvar
differenzierungsabhéangig, jedoch im Gegensatz zu CXCR4 mit eingBreen Expression
in differenzierten Zellen [Brand et al., 2006d]. Ubereinstimmend konnte abelEteen et al.
gezeigt werden, dass CCR6 ein spater Marker fur intestindléifiéeenzierung darstellt
[Dabelsteen et al., 2003]. Konsistent hierzu fanden wir auch eine gerigxpression von
CCR6 in weniger differenzierten Tumorzellen [Brand et al., 2006d]. ©€R6-Ligand
CCL20 wurde in allen untersuchten IEC-Linien nachgewiesen [Brandl,2086d], was
konsistent mit einer bereits beschriebenen konstitutiven Expressiowmlamdithelzellen,
speziell Follikel-assozierten Epithelzellen, ist [Izadpanahl.et2801; Tanaka et al., 1999;
Williams, 2006]. CCL20 ubt hier wichtige homoostastische Funktionen aus, iesléim die
Rekrutierung von unreifen DCs in die Peyer-Plaques sorgt [Cook &0aD; Iwasaki und
Kelsall, 2000; Tanaka et al., 1999]. Ein Fehlen von CCR6 resultiertdiolgiieiner defekten
Akkumulation von DCs in der intestinalen Mukosa [Cook et al., 2000] sowie gastdrten
CDA4+ Treg- und M-Zell-Entwicklung [Lugering et al., 2005].

Wir konnten zeigen, dass CCL20 in CRC-Zellen Proliferation, aber doslsabhangig
Migration induziert [Brand et al., 2006d], was auf eine wichtige Ralle CCR6 bei der
zielgerichteten Migration, d.h. der Organ-spezifischen Metastagievon kolorektalen
Tumoren hindeutet. Andere Arbeitsgruppen demonstrierten ein Auftreten vdR6-CC
positiven Metastasen von kolorektalen Tumoren hauptsachlich in der Leberindie
Hauptproduktionsort von CCL20 ist [Rubie et al., 2006b]. Darliber hinaus expnnG&e€-
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Patienten, die Lebermetastasen entwickelten, mehr CCL20 in der &lsbeicht betroffene
Kontrollgruppen [Rubie et al.,, 2006b]. AuRerdem ist eine verstarkte CCp@&Sion auf

den Zellen des Primartumors mit der Prasenz von Lebermetasts®iert [Ghadjar et al.,
2006]. Auch bei anderen Tumorarten wie dem Schilddriisen- oder dem Ovarkafiridetn

sich eine CCR6-Uberexpression in den Metastasen und damit assiniil@berspezifisches
Metastasierungsmuster [Dellacasagrande et al., 2003].

CCL20 hingegen war bei den von uns untersuchten Tumorgewebeschnitten in
Lebermetastasen Uberhaupt nicht exprimiert [Brand et al., 2006d]. In ikalere Adenomen

und CRC fanden wir eine Expression von CCL20 in fast allen Proben, wobei seine Bxpressi
invers mit der Invasivitat der Tumoren, gegliedert nach der TNa&sdfikation, korrelierte
[Brand et al., 2006d]. Bemerkenswerterweise gibt es Ansatze, daswaamstum durch die
gezielte intratumorale Expression von CCL20 zu hemmen; denn CCLZistichtiger
chemotaktischer Faktor fur unreife DCs, die den Tumor infiltrieren dord eine tumor-
spezifische Immunantwort (z. B. durch eine Aktivierung zytotoxisch&ellen) auslosen
konnen [Crittenden et al., 2003; Furumoto et al., 2004; Fushimi et al., 2000]. Eine
Herunterregulation der CCL20-Expression, wie von uns beobachtet [Braasd 2006d],
kénnte hier eine Reaktion des Tumors sein, der Erkennung und Eliminierung dhsch
Immunsystem zu entgehen. Ein weiterer, sehr interessanter thntselper Ansatz beruht auf

der Applikation eines Fusionskonstrukts von CCL20 und einem normalerweise nicht
immunogenen Tumorantigen [Biragyn et al., 2001]. Dieses rekrutiertf@irid€ls und 16st
dadurch eine Reaktion des Immunsystems gegen die Tumorzellen eagyfBet al., 2001],

was die wichtige Rolle von CCL20 als Immunmediator unterstreicht.

Neben seiner konstitutiven Expression unter Normalbedingungen beobachtetentevi
Entztiindungsbedingungen eine verstarkte Expression von CCL20, so nach der Inkuibation m
proinflammatorischen Stimuli wie TN&; IL-13 oder LPS [Brand et al.,, 2006d].
Bemerkenswerterweise konnte CCL20 auch seine eigene ExpressionnefBidre et al.,
2006d], aul3erdem induzierte es neben einer Aktivierung von MAP-Kinasen undnakt e
Expression von IL-8 [Brand et al., 2006d], was auf proinflammatorische Buektidieses
Zytokins hinweist. Entsprechend fanden wir auch eine erhdhte ExpressionGidt0 @n
entziindeten Kolonbiopsien von MC-Patienten im Vergleich zu nicht entzinBitpsien
[Brand et al., 2006d], die stark mit der Expression von IL-8 korreljBriznd et al., 2006d].

Dies ist konform mit Daten anderer Studien, in denen ebenfalls eisnkée Expression

von CCL20 in der Kolonmukosa von CED-Patienten sowie im peripheren Bleiggeaurde
[Kaser et al., 2004; Kwon et al., 2002; Lee et al., 2005; Puleston et al., 20@%5]in einem
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Mausmodell der Kolitis (TNBS-Kolitis) wurde eine verstarkte LQG-Expression im
Vergleich zu Kontrollmausen beobachtet, wobei die Behandlung mit einginali@erenden
CCL20-Antikorper eine Verbesserung der Kolitis bewirkte [Katctiaalge 2007], was auf
eine wichtige Rolle von CCL20 bei der Pathogenese von CED hindeutet.
Interessanterweise hat CCL20 strukturelle Ahnlichkeiten mit rafen, kleinen
antimikrobiellen Peptiden [Hoover et al., 2002]. Auf der einen Seite konnea di@enfalls
CCRG6 als Rezeptor nutzen [Yang et al., 1999]; auf der anderen Settennauch fur CCL20
antimikrobielle Eigenschaften beschrieben, die zum Teil starkadialder Defensine waren
[Hoover et al.,, 2002; Yang et al., 2003]. Die konstitutive Expression von CQin20 i
intestinalen Epithel konnte hier einen Mechanismus darstellen, dstimale Homdoostase
durch eine konstitutive antimikrobielle Aktivitat aufrechtzuerhalten.

Weitere Implikationen fur eine bedeutende Rolle von CCR6/CCL20 bei €&B€Eben sich
aus neueren Untersuchungen, in denen eine CCRG6-Expression auf den etish kirzl
entdeckten Th17-Zellen beschrieben wurde [Acosta-Rodriguez et al., 206%¢ DiZellen
werden mit verschiedenen entzindlichen Erkrankungen, u. a. auch mit der Raseogen
MC, in Verbindung gebracht [Fujino et al., 2003; lwakura und Ishigame, 2008eNiet al.,
2003; Yen et al., 2006; Zhang et al., 2006]. Die Anwesenheit von CCR6 allneh]
definiert nicht den Th17-T-Zelltyp, da auch Thl-Zellen diesen Rezegpoingeren [Acosta-
Rodriguez et al., 2007]. Eine gemeinsame Expression von CCR6 sowie30XiCiRezifisch
fur Thl-Zellen, die neben IFM-auch geringe Mengen IL-17 produzieren [Acosta-Rodriguez
et al., 2007]. Die Expression von CCR6 zusammen mit CCR4 hingegen ehgraktTh17-
Zellen, die IL-17, aber kein IFN-bilden [Acosta-Rodriguez et al., 2007]. In jedem Fall ist
jedoch die Expression von CCR6 Voraussetzung fur die Produktion der Th17-
charakterisierenden Zytokine IL-17 sowie IL-22 [Acosta-Rodrigueadl.e®007]. Umgekehrt
wird die Expression von CCL20 in Epithelzellen durch IL-17 hochreguke [et al., 2005],

d. h. es kdnnte sich hier um einen positiven Feedback-Loop zwischen Thl7-Zedlen
Epithelzellen handeln. Bemerkenswerterweise produzieren Thl7-Zellen heté&, IL-22
und IL-26 auch CCL20 [Langrish et al., 2005; Wilson et al., 2007], was einehriaghn
Mechanismus nahelegt.

Zusammenfassend (siehe Abbildung 12) wurde von unserer Arbeitsgruppe derpdass
CCR6 auf kolorektalen Karzinomzellen und auf von diesen abstammenderatisstasn
Zellen exprimiert wird, wahrend sein Ligand CCL20 nur im Primaaiynedoch nicht in
Lebermetastasen vorkommt. Bindung von CCL20 an seinen Rezeptor regultider
Aktivierung von Akt Uber den PI3-Kinase-Weg sowie von ERK-1/2 und SAPK/JIME
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teilweise Gber MEK-1 vermittelt wird. Daraus resultiert egj@steigerte Zellproliferation und
Zellmigration in IEC. Auf3erdem hat CCL20 proinflammatorische Funkticumesh ist bei
CED verstarkt exprimiert. Somit sind CCR6 und sein Ligand im Kolon warhtiger
Bedeutung sowohl bei intestinaler Entztiindung als auch bei der zibtgegit Migration von

IEC unter physiologischen als auch pathologischen Bedingungen.
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Abbildung 12. Ubersicht iiber die von CCR6/CCL20 akivierten Signalwege und vermittelten Funktionen
in IEC.
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6.1.3 CXCL16 ist ein neuer Marker intestinaler Entzindung mit einem
pradisponierenden Polymorphismus fur ileale Krankheitslokalsation bei
Morbus Crohn-Patienten

Manuskript [3] Dambacher J Seiderer J, Niess JH, Haller D, Diebold J, Goke B,
Ochsenkihn T, Reinecker HC, Brand S. CXCL16 is a novel marker of intesflaaimation

in Crohn’s diseasdénflamm Bowel Di007; submitted.

Manuskript [4] Seiderer J*Dambacher J* Leistner D, Tillack C, Glas J, Niess JH, Pfennig
S, Jurgens M, Muller-Myhsok B, Goke B, Ochsenkihn T, Lohse P, ReineckeBrai@ S.
The role of the CXCL16 p.Alal81Val polymorphism in inflammatory bowetatg.Clin

Immunol2007; submittedt Geteilte Erstautorenschaft

Das Chemokin CXCL16 kann sowohl membranstandig als auch in l6slicherdtdtmaten.
Praliminare Daten wiesen auf eine proinflammatorische Rolle Ya@LT6 bei entziindlichen
Erkrankungen wie der rheumatoiden Arthritis hin, bei der sich erhohteL ©«Spiegel in
entzindeten Gelenken finden [Nanki et al., 2005; Ruth et al., 2006; van der YVabst e
2005]. Daher wurde von uns hypothetisiert, dass dieses Chemokin und sein Rezeptor
ebenfalls wichtige Funktionen bei intestinaler Entziindung ausiben. EinesBxjor von
CXCR6 und CXCL16 konnten wir in allen getesteten humanen und murinen Eglitireén
sowie in Geweben nachweisen [Dambacher et al., 2007c]. In letztgan sch ein inverses
Expressionsmuster: wahrend CXCR6 am starksten im Kolon expriwuede, war CXCL16

v. a. im Duodenum, Jejunum und lleum zu finden [Dambacher et al., 2007c]. mRiengi
von CXCL16 an seinen Rezeptor resultierte in der Aktivierung verscleede
Signaltransduktionswege wie den MAP-Kinasen ERK, SAPK/INK und p38&somw Akt
[Dambacher et al., 2007c].

Die Expression von CXCL16 (jedoch nicht von CXCR6) in IEC wurde durch proin-
flammatorische Signale wie TNé-oder LPS reguliert [Dambacher et al., 2007c], was mit
Daten aus anderen Zellsystemen Ubereinstimmt, in denen ebenfadlszenehmende
CXCL16-Expression nach Stimulation mit IRN-TNF-a oder IL-13 demonstriert wurde
[Abel et al., 2004; Hosokawa et al., 2007; van der Voort et al., 2005; Wagsate, 2004,
Wuttge et al.,, 2004]. AuRerdem haben wir in einem Mausmodell der chramidleites
(TNFAARE-Mause, die durch eine erhdhte THNHRroduktion gekennzeichnet sind)
[Kontoyiannis et al., 1999] in ilealen Epithelzellen eine signifikant ®h€XCL16-
Expression im Vergleich zu Wildtyp (WT)-Mausen gemessen [Dah#yaet al., 2007c].
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Bemerkenswerterweise bewirkt eine Behandlung mit anti-@iNMktikorpern (Infliximab)
bei Patienten mit rheumatoider Arthritis eine Reduktion der CXClereiBkonzentration
[Kageyama et al., 2006], wodurch der Einfluss von TiNkuf die CXCL16-Produktion
unterstrichen wird.

Auch in einem murinen Modell, das auf der Induktion einer intestinaleniishing durch
murine Zytomegalievirus- (MCMV)-Infektion beruht, stellten wirgrsfikant hohere
CXCL16-Spiegel im Vergleich zu nicht infizierten Kontrollméausestf[Dambacher et al.,
2007c]. In Ubereinstimmung zu den Tiermodellen intestinaler Entziindung faviddsei
MC-Patienten ebenfalls eine gesteigerte CXCL16-Expressiomip@eher et al., 2007c].
Hierbei konnten wir bei diesen Patienten sowohl eine lokal erhdhte Ca<Ekpression in
entzindeter Mukosa detektieren als auch eine systemische ErhdohungX@driec
Serumspiegel [Dambacher et al., 2007c]. Letztere waren beinteatienit aktivem MC
signifikant hoher als bei solchen mit nicht aktivem MC oder bei Kdpabénten
[Dambacher et al., 2007c].

Diese Daten aus Mausmodellen und Patienten deuteten auf eine eviRbtig von CXCL16
bei der Pathogenese intestinaler Entzindung hin. Aus diesem Grund unérsucht
zusatzlich den Einfluss eines kurzlich beschriebenen Polymorphismusl18@/A im
CXCL16Gen [Lundberg et al., 2005] auf die Pathogenese und phanotypische Auspragung
von MC. Die verschiedenen Allele waren hierbei in unserer Kontrollgrupdebei unseren
MC-Patienten ahnlich verteilt, woraus sich folglich keine Assmmiat dieses
Polymorphismus’ mit der Suszeptibilitdt fr MC ableiten liel3id€eer et al., 2007]. Jedoch
wiesen homozygote Patienten ein signifikant jungeres Erkrankungsalt&fergleich zu
heterozygoten oder WT-Patienten auf [Seiderer et al., 2007]. AuRerdiem dtiese Patienten
ein erhohtes Risiko fur einen ilealen Befall, wahrend WT-Patieaite® signifkant hthere
Wahrscheinlichkeit fur einen Befall des Kolons hatten [Seiderer et al., 2007].

Wurden dieCARD15Genotypen (p.Arg702Trp, p.Gly908Arg and p.Leul007fsX1008) der
Patienten in die Analyse mit einbezogen, so stellten wir bejefindeiner der genannten
CARD15Varianten und desCXCL16Valin-Allels eine signifikant hohere Inzidenz des
stenosierenden oder penetrierenden Phanotyps fest im VergleichientdPatdie nur eine
CARD15Mutation, aber dasCXCL16WT-Allel trugen [Seiderer et al., 2007]. Auch das
Haufigkeit intestinaler Stenosen sowie ein Befall des lleunas bei diesen Patienten
signifikant hoher [Seiderer et al., 2007].

Eine mogliche Erklarung fur den ilealen Befall und den stenosierendetripeenden
Phanotyp bei Tragern des A181V-Polymorphismus’ kdnnte in den physiologischen
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Funktionen von CXCL16 bei der Erkennung und Eliminierung von Bakterien liegen.
CXCL16 besitzt unter physiologischen Bedingungenwitro eine ausgepragte antimikrobielle
Aktivitat, die mit der vonf-Defensin-2, einem antimikrobiellen Peptid, vergleichbar ist
[Tohyama et al., 2007]. Die Pathogenese von MC wird allgemein mér eieranderten
Reaktion des Korpers auf intestinale Bakterien in Verbindung gebif&arias und
Cominelli, 2007; Comalada und Peppelenbosch, 2006; Sartor, 2006; Wehkamp und Stange,
2006]. Im terminalen lleum, dem Ubergang vom Diinndarm zum Dickdarm, kommi e
einem plotzlichen starken Anstieg der luminalen Bakterienkonzentraiore gestorte
Phagozytose von Bakterien bei MC-Patienten resultiert daher oétinem Befall des
terminalen lleums. So konnte unsere Arbeitsgruppe zeigen, dass auchioméutain
CX3CR1, dem Rezeptor fir das Chemokin Fractalkine, in einem ileai@nkkeitsbefall
resultieren [Brand et al., 2006c]. Die Expression von CX3CR1 auf DCs der Lpropréa ist
entscheidende Voraussetzung fir die Ausbildung von transepithelialen Bendutr
Aufnahme von Bakterien aus dem Darmlumen [Brand et al., 2006c]. ZwaCX8GR1+
DCs in der gesamten Lamina propria zu finden, die intestinalen Demdhilden sich jedoch
nur im terminalen lleum aus, dem Darmabschnitt mit der hochstemakkiae-Expression
[Niess et al., 2005]. Die von uns untersuchten Polymorphismen in CX3CRdd[Btaal.,
2006¢] resultieren in einer schwacheren Affinitdt von CX3CR1 zu #kage, aulderdem in
verminderter Rezeptorexpression [Faure et al., 2000] und beeinflusseénrgighcherweise
die Aufnahme von Bakterien negativ. Auch die von CXCL16-vermittelte Plybugez Gram-
positiver und Gram-—negativer Bakterien [Shimaoka et al., 2003] sowieEg#luss auf die
CpG-induzierte Aktivierung der Immunantwort [Gursel et al.,, 2006] kdnntehdden
A181V-Polymorphismus beeintréchtigt sein und somit zu einem ahnlicherPiha@etyp
fuhren. Die genaue funktionale Relevanz dieses Polymorphismus' masdingd noch
geklart werden.

Zusammenfassend (siehe Abbildung 13) zeigten wir eine Expression v@hil6&Xund
seinem Rezeptor CXCR6 in IEC, wobei CXCL16 verstarkt im proximdkinndarm,
CXCR6 jedoch v. a. im distalen Kolon zu finden war. CXCL16 (jedoch niclf€R&) wird
durch proinflammatorische Stimuln vitro hochreguliert und ist auch in verschiedenen
Mausmodellen intestinaler Entzindung sowie bei MC-Patienten lokal usignsgch
verstarkt exprimiert. Der hier untersuchte Polymorphismus p. A1818X@L16Gen ist bei
MC-Patienten mit einem jingeren Erkrankungsalter sowie einahenl&rankheitsbefall und
dem Auftreten eines stenosierenden oder penetrierenden Phéanotypserssoas die
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wichtige Rolle von CXCL16 bei der spezifischen Krankheitsauspragung véh M
unterstreicht.
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Abbildung 13. Ubersicht iiber die von CXCR6/CXCL16 &tivierten Signalwege und vermittelten
Funktionen in IEC.
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6.2 Die Rolle von ausgewéahlten Zytokinen im Gastrointestinaltrakt

6.2.1 Typ I|-Rezeptor-Zytokine: Das IL-6-verwandte Zytokin [L-31 ist ein
zelldichteabhangiger Regulator der Proliferation von intestinale Epithelzellen

und Entzindungsmediator bei chronisch entziindlichen Darmerkrakungen

Manuskript [4: Dambacher J Beigel F, Seiderer J, Haller D, Goke B, Auernhammer CJ,

Brand S. Interleukin-31 mediated signals modulate intestinal epitkellgproliferation and

its expression is up-regulated in intestinal inflammati&ut 2007 Sep; 56(9): 1257-65.

IL-31 ist ein erst vor kurzer Zeit neu beschriebenes Zytokin, dadlntitverwandt ist.
Praliminare Daten weisen auf Funktionen dieses Zytokins und seireeptBes bei der
Pathogenese von entzindlichen Hauterkankungen hin [Bilsborough et al., 2006; Tallon e
2004; Sonkoly et al., 2006; Takaoka et al., 2006; Takaoka et al., 2005]. Wir konntegein die
Arbeit erstmals zeigen, dass IEC den Rezeptorkomplex fur IL-31uoiddas Zytokin selbst
exprimieren [Dambacher et al., 2007a]. Die Expression v. a. von IL-31RA,aalcd von
IL-31 und OSMR, wurde durch NaBt, das eine Zelldifferenzierung beWtkting et al.,
1985], stark aktiviert [Dambacher et al., 2007a]. Ahnliche Beobachtungen waudanfir
das verwandte Zytokin IL-6 und seine Rezeptoruntereinheit gpl130 beschriebelenbée
NaBt ebenfalls die Expression in Osophagus- oder Nasopharyngialkazzitem bzw.
myeloiden Leukamiezellen induzierte [Chow et al., 2003; Wang et al., 1999; Xie et al., 1999].
Nach der Bindung von IL-31 an seinen Rezeptorkomplex beobachteten wirldivierdng
verschiedener Signaltransduktionswege wie der MAP-Kinase ERIRhdisphorylierung von
Akt sowie der Transkriptionsfaktoren STAT1 und STAT3 [Dambacher.,e2@D7a], was auf
eine funktionale Rolle von IL-31 in IEC hinwies. Eine &hnliche Signaltdmgprhg durch
IL-31 konnte auch in Glioblastom- und Melanomzellen [Chattopadhyay et al., RO&U et

al., 2004] sowie in Lungenepithelzellen [Chattopadhyay et al., 2007] demonstriert werden.
Wir konnten differentielle Effekte von IL-31 auf die Zellprolifemti nachweisen
[Dambacher et al., 2007a]. Wahrend sich IL-31 bei niedriger Zelldiagativ auf die Zell-
proliferationsrate auswirkte, waren bei héherer Zelldichte ehafgredlonsfordernde Effekte
zu beobachten [Dambacher et al., 2007a]. Eine andere Studie wies3fliahtiproliferative
Wirkungen durch eine veranderte Expression von Zellzyklusproteinen wie p27&yplln

B1, cdc2, cdk6, mcm4 und Rb in Lungenepithelzellen nach [Chattopadhyay et al., 2007].
Diese Effekte wurden ebenfalls bei niedriger Zelldichte beoba¢Gtettopadhyay et al.,

2007]. In IL-31R-defizienten Mausen wurde eine gesteigerte T-Zelif€ration gemessen
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[Perrigoue et al., 2007], was auch hier auf eine antiproliferativie Roh IL-31 hinweist. Der
von uns beobachtete antiproliferative Effekt von IL-31 ging bei h6herddictek verloren
und wurde sogar in einen, wenn auch schwachen, proliferationférdernden Effekt
umgewandelt [Dambacher et al.,, 2007a]. Ahnliche bimodale Wirkungen auf die
Zellproliferation sind auch fir andere Zytokine wie T@Beschrieben [Boumediene et al.,
2001]. Die Zelldichte spielt hierbei eine wichtige Rolle, da Zelle dichten Kulturen der
sogenannten Kontaktinhibition unterliegen. Hierbei kommt es zu einer ve&mde
Expression von Zellzyklusproteinen wie einer Herunterregulation von ri&klIiLi et al.,
2004a] und einer Hochregulation von p27Kipl [Yanagisawa et al., 1999], wieidievan
IL-31 vermittelt werden [Chattopadhyay et al., 2007]. Dies erklartrditiven Verlust des
antiproliferativen Effekts von IL-31 in dichten Zellkulturen, die persskhon eine niedrige
Zellproliferation aufweisen.

Ahnlich wie in Keratinozyten wiesen wir fir IL-31 in IEC proinflamatorische Funktionen
nach, da es die Produktion des proinflammatorischen Chemokins IL-8 in den foetlerte
[Dambacher et al., 2007a]. Dies ist Ubereinstimmend mit einer ¢ftinzliblizierten Studie an
subepithelialen Myofibroblasten, in denen IL-31 ebenfalls proinflammat@i£hemokine
und Zytokine wie IL-8, IL-6, aber auch MMPs induzierte [Yagi et 2007]. Bemerkens-
werterweise wurde in unseren Experimenten die Expression sowohl a&indls auch von
seinen beiden Rezeptoruntereinheiten, IL-31RA und OSMR, durch proinflamscheori
Stimuli hochreguliert [Dambacher et al., 2007a], was auf einen pasiffeedback-Loop
hinweist. Auf Keratinozyten, einer anderen Epithelzellart, wurde abenéine erhdhte
IL-31R-Expression bei Patienten mit entzindlicher Hauterkrankung (elt@piermatitis)

im Vergleich zu gesunden Kontrollen gemessen [Bilsborough et al., 2006].

Wahrend wir in einem Mausmodell der lleitis (TAMWRE) keine signifikant erhohte
Expression von IL-31, IL-31RA oder OSMR im Vergleich zu WT-Mauseststellen
konnten, zeigten wir in humanen Kolonbiopsien von CED-Patienten eine verstarkt
Expression aller drei Gene im entziindeten Gewebe im Vergleichicht entzindeten
Abschnitten [Dambacher et al., 2007a].

MC gilt allgemein als eine Erkrankung mit einer verstarkten -Thihd Th17-
Zytokinproduktion, wéahrend CU durch eine verstarkte Th2-Zytokinproduktion
gekennzeichnet ist. Obwohl es sich bei IL-31 um ein Th2-Zytokin handétri@t al., 2004;
Liang et al., 2006], war nicht nur bei CU-, sondern auch bei MC-Patiemtenverstarkte
Expression von IL-31 und seinem Rezeptor zu beobachten. Dies kann dadur¢hwverklén,

dass durch IL-31 auch eine Limitierung der Th2-Immunantwort vermitiedt [Perrigoue et
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al., 2007]. So findet sich z.B. in IL-31R-defizienten Mausen eine erhdhteZytbRin-
Produktion, die Th1l-Immunantwort ist jedoch nicht beeintrachtigt [Perrigoue et al., 2007].
Im Gegensatz zu seinen Funktionen bei CED ist die proinflammadteriBalle von IL-31 bei
Hautentzindungen, speziell der atopischen Dermatitis, bereits uméegrevon
verschiedenen Arbeitsgruppen untersucht worden [Bilsborough et al., 2006; &lillain,
2004; Sonkoly et al., 2006; Takaoka et al., 2006; Takaoka et al., 2005]. Bei PPati@hte
atopischer Dermatitis ist eine erhohte IL-31- und IL-31R-Expression beobachten
[Bilsborough et al., 2006; Sonkoly et al., 2006], ahnlich zu der hier beobachtbtérien
Expression bei CED-Patienten [Dambacher et al., 2007a]. Bemerkégrsvese gibt es eine
Assoziation von intestinaler Entziindung und atopischer Dermatitis fhajeet al., 1996;
Niwa et al., 2004]. AulRerdem wurden bei Patienten mit atopischer Besn&brungen in
der intestinalen Permeabilitat im Vergleich zu Kontrollgrupperchest [Dupont et al., 1989;
Jackson et al., 1981]. IL-31-produzierende T-Zellen kénnten daher die Hawtneaktilie bei
vielen CED-Patienten beobachtet werden, vermitteln. Obwohl wir préme Daten flr eine
Rolle von IL-31 bei intestinaler Entziindung gezeigt haben [Dambaclar, &007a], sind
weitere Studien notig, um die exakten Funktionen und Wirkungen von IL-31 und seinem
Rezeptor bei der Pathogenese von CED aufzuklaren.

Zusammenfassend (siehe Abbildung 14) zeigte unsere Arbeitsgrupp&xgiression des
IL-31-Rezeptorkomplexes, bestehend aus IL-31RA und OSMR, auf IEC sowserde
zelldifferenzierungs- und entzindungsabhangige Regulation. Bindung von IL-3inam s
Rezeptor resultiert in der Aktivierung von ERK, SAPK/JNK, Akt sow@n STAT1 und
STATS3. IL-31 induziert IL-8-Expression und ist in entzindeten ArealerCladd-Patienten
hochreguliert. AuRerdem beeinflusst es die ZellproliferationsratAbhéngigkeit von der

Zelldichte und induziert eine verstarkte Wundheilung in IEC.
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Abbildung 14. Ubersicht tiber die von IL-31 vermittdten Funktionen in IEC.
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6.2.2 Typ ll-Rezeptor-Zytokine: IL-10-ahnliche Zytokine

6.2.2.1 IL-22, ein proinflammatorisches Zytokin, fordert die Integritat der
intestinalen Barriere durch Stimulation von Zellproliferati on, Zellmigration

und B-Defensin-2-Expression in intestinalen Epithelzellen

Manuskript [3: Brand S, Beigel F, Olszak T, Zitzmann K, Eichhorst ST, Otte Didpolder
H, Marquardt A, Jagla W, Popp A, Leclair S, Herrmann K, Seider@clisenkiihn T, Goke
B, Auernhammer GJDambacher J IL-22 is increased in active Crohn’'s disease and

promotes proinflammatory gene expression and intestinal epitheliaimegration. Am J
Physiol Gastrointest Liver Physi@D06 Apr; 290(4): G827-38

Die proinflammatorische Rolle von IL-22 wurde bisher v. a. im Zusamnmgnhmait
entzundlichen Erkrankungen der Haut demonstriert [Boniface et al., 2005;etvallk 2004,
Wolk et al., 2006]. Wir analysierten erstmals die Expression undutiktinen von IL-22 im
Gl-Trakt, speziell unter Bedingungen intestinaler Entziindung [Braral.,e2006a]. Wir
konnten hier zeigen, dass IEC den funktionalen IL-22-Rezeptorkomplex esyamiBrand
et al., 2006a], was auf den GI-Trakt als ein wichtiges Ziel- DaWwkorgan von IL-22
hindeutet. Generell sind epitheliale Gewebe wie die Haut oder t@enwegstrakt aufgrund
ihrer IL-22R-Expression Zielorgane von IL-22 [Wolk et al., 2004; Wolk und Sabat, 2006].
Bemerkenswerterweise wurde in unseren Experimenten die spezif@zeptoruntereinheit
IL-22R1 in IEC durch proinflammatorische Stimuli hochreguliert, wahreiedExpression
von IL-10R2 unverandert blieb [Brand et al., 2006a]. Demzufolge ist der-Re22ptor
unter entzundlichen Bedingungen von wichtiger Bedeutung. Umgekehrt sta&iltegine
aktivierende Wirkung von IL-22 auf die Expression proinflammatorischee®ge IL-8 und
TNF-a fest. Aber auch die Expression von SOCS-3, einem negativer RegigatSm AT 3-
vermittelten Signaltransduktion [Kubo et al., 2003], wurde via STAT3 aktifzand et al.,
2006a]. Bemerkenswerterweise zeigten Studien, dass STAT3 sowohem &ausmodell
der Kolitis (SAMP1/Yit-Mause) [Mitsuyama et al., 2006] als ateh Patienten mit CED
hochreguliert ist, nicht aber bei gesunden Probanden [Lovato et al., 2002 &lws 2005;
Suzuki et al.,, 2001]. Bei CED-Patienten ist es nur in Arealen aktiu@zindung
phosphoryliert [Musso et al., 2005]. In einem Mausmodell der Kolitis emiggsansgene
Mause mit einem nicht funktionsfahigen SOCS-3-Protein eine stagkiedd 3-Aktivierung
und eine starkere Kolitis im Vergleich zu WT-Mausen auf [Suzukiale 2001]. In

hepatischen Zellen konnte unsere Arbeitsgruppe zeigen, dass IL-22 Isbdief&xpression
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von SOCS-3 aktiviert, und dass eine Uberexpression von SOCS-3 die ILr@Rteke
STAT-Aktivierung sowie die IL-22-vermittelte Zellmigration und |[Zestitution verhindert
[Brand et al., 2007b]. Es ist zu vermuten, dass ein ahnlicher negateeibdck-Loop auch in
IEC die Funktionen von IL-22 reguliert.

Wahrend der IL-22-Rezeptorkomplex auf IEC und hepatischen Zellen e&grinvar,
konnten wir keine Expression von IL-22 selbst beobachten [Brand et al., 20@64d; & al.,
2007b]. Dies ist Ubereinstimmend mit bereits bekannten Daten, die Ils2@imT-Zell-
spezifisches Zytokin charakterisieren [Liang et al., 2006; Xa&.eR000; Zheng et al., 2006],
wahrend der Rezeptor auf epithelialen Organen exprimiert wird{\&tahl., 2004]. Zunéchst
wurden Thl-Zellen als Hauptquelle fur IL-22 beschrieben [Gurney, 2004; Walk 2002],
in neuesten Studien stellten sich jedoch Thl7-Zellen als Hauptproduzénier2® heraus
[Chung et al., 2006; Liang et al., 2006; Zheng et al., 2006]. Bemerkensvweasemwerden
diese (relativ neu entdeckten) Thl7-Zellen inzwischen als wiclgigeaflammatorische
Effektor-T-Zellen bei der Pathogenese diverser entzindlicher Autenarkrankungen
gesehen, wie an Mausmodellen der Kollagen-induzierten Arthritis deteexperimentellen
Autoimmunenzephalitis gezeigt werden konnte [lwakura und Ishigame, 20@6jvesden
aber auch als kritischer Faktor bei der Pathogenese von MC beti&ehieo et al., 2003;
Nielsen et al., 2003; Yen et al., 2006; Zhang et al., 2006]. Die EntwicklungihbriZellen
ist abhéangig vom Einfluss der Zytokine T@FL-6, IL-21 und IL-23 bei Mausen [Bettelli et
al., 2006; Mangan et al., 2006; Nurieva et al., 2007; Veldhoen et al., 2006; Zhq2@03]
bzw. IL-1B3, IL-6 und IL-23 beim Menschen [Acosta-Rodriguez et al., 2007; Chen et al.,
2007; Wilson et al., 2007]. Das Gen fiur den IL-23-Rezeptd®3R) wurde kurzlich als ein
neues MC-Suszeptibilitatsgen beschrieben [Duerr et al., 2006], wdms vawrc unserer
Arbeitsgruppe in einer groRen Kohorte von MC-Patienten bestatigt nvéaiete [Glas et
al., 2007c]. Interessanterweise konnten wir in weiteren Untersuchunggen,zeass die
Proteinexpression von IL-22 im peripheren Blut mit dem Genotyplv@8R korrelierte: Bei
Tragern von MC Risiko-assoziierten Genotypen fanden wir signifikantrédhe22-Spiegel
als bei Tragern risikovermindernder Allele, wodurch wir erstmalere funktionalen
Zusammenhang zwischenlL23R-Genotypen und Th17-Zytokinexpression zeigten
[Schmechel et al., 2007].

Entsprechend der bei CED-Patienten verstarkt auftretenden lidittrdér Mukosa mit Thl-
und Thl7-Zellen fanden wir in den von uns untersuchten Kolonbiopsien von MC- und CU-
Patienten eine signifikant erhdhte Expression von IL-22 in entziindet&fengteich zu nicht
entzindetem Gewebe, die sehr stark mit der IL-8-Expression inndizsden korrelierte
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[Brand et al., 2006a]. Hierbei war der Anstieg der IL-22-ExpressianMig-Patienten
deutlich hoher als bei CU-Patienten [Brand et al., 2006a], was durgbrdiérkte Infiltration
der Mukosa speziell mit Th17- und Thl-Zellen erklart werden kann, eirakikastikum fur
MC. Zusatzlich konnten wir neben einer erhéhten IL-17-Produktion auch eineeethét-
Expression im einem Maus-DSS-Kolitis-Modell nachweisen [Brandl.e2006a]. In einer
weiteren Studie wurde eine erhdhte Anzahl von IL-22-positiven ZellenritMd&osa von
CU- und MC-Patienten detektiert [Andoh et al., 2005]. AulB3erdem zeigte i
Mausmodellen der Kolitis (DSS-Kolitis, CD45RB Transfer-Modelipee erhdhte 1L-22-
Produktion [Te Velde et al., 2006]. Diese erhohte IL-22-Expression und die imaukt
proinflammatorischer Zytokine durch IL-22 in IEC deuten auf eine vgehtpro-
inflammatorische Funktion dieses Zytokins bei intestinaler Entztndung lhineiner
zusatzlichen Studie zeigten wir, dass die Expression von IL-22-4R1otgderipheren Blut bei
MC-Patienten signifikant héher ist als bei einer Kontrollgruppéhf&ehel et al., 2007].
Zusatzlich korrelierten die IL-22-Serumspiegel signifikant mimmd@rohn’s disease activity
index (CDAI) der Patienten [Schmechel et al., 2007]. Zu &hnlichenbBiggen kam auch
eine kurzlich verdffentlichte Studie mit einer kleineren Gruppe vorefah [Wolk et al.,
2007]. Interessanterweise korrelierte bei unseren Patienten nurLdi2-Bxpression
signifikant mit dem CDAI, nicht jedoch die Expression anderer Entzinchargsr wie
TNF-a oder IL-6 [Schmechel et al., 2007]. Somit kénnte eine Messung von IL-22, nicht
jedoch TNFea oder IL-6, von Klinischer Relevanz zur Bestimmung der Krankheitsaikitivé
MC-Patienten darstellen.

Im Gegensatz zu oben beschriebenen Daten, die auf entztindungsfordernd&Ddie C
Erkrankung verschlechternde Eigenschaften von IL-22 hinweisen, wurde aaihderen
Seite ein protektiver Effekt von IL-22 im DSS-Kolitis-Modell naclwgesen [Sugimoto et al.,
2006]. Dies konnte zum einen auf der Tatsache beruhen, dass IL-22 in IP@digktion
von IL-10, einem antiinflammatorischen Zytokin, stimuliert [Nagalakistéinal., 2004b]. Zum
anderen konnten wir zeigen, dass IL-22 in IEC die Produktion von SOCS-3 mdBzand
et al., 2006a], einem negativen Regulator des Jak/STAT-SignalwegeslEC-spezifische
SOCS-3-Defizienz bei Mausen fuhrt zu Krypten-Hyperproliferation uggekplasie nach
DSS-Gabe [Rigby et al., 2007]. Somit kdnnte die Induktion von SOCS-3 iniiteCweitere
protektive Funktion von IL-22 vermitteln.

Aber auch auf systemischer Ebene besitzt IL-22 einen protektivekt Bjei intestinaler
Entztindung. Kurzlich wurde von Wolk et al. gezeigt, dass eine systemizabe von IL-22
die Produktion des LPS-bindenden Proteins (LBP) in der Leber anregt, uindadashl im
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Mausmodell der DSS-Kolitis als auch bei MC-Patienten erhéhtenfald BP-Spiegel zu
finden waren [Wolk et al., 2007]. Obwohl LBP in niedrigen Konzentrationeneitie
verstarkte Wirkung von LPS auf Zellen verantwortlich ist [Wrightle, 1990], wirkt es in
hohen Konzentrationen neutralisierend [Kitchens und Thompson, 2005], indem esifLPS a
Lipoproteine Ubertragt [Wurfel et al., 1994; Wurfel und Wright, 1995]. D&bante IL-22
Uber eine Induktion von hohen Plasma-LBP-Spiegeln wie von Wolk et al. gem@¥olk et

al., 2007], zu einer Verhinderung einer LPS-induzierten systemischen Entziindung ibeitrage
Wir konnten weitere protektive Funktionen von IL-22 bei intestinaler Entziindung
demonstrieren, die auf der Wiederherstellung bzw. Aufrechterhaltungindestinalen
Barriereintegritat basierten [Brand et al., 2006a]. Eine intakiestinale Barriere ist von
entscheidender Bedeutung fir die intestinale Homdostase [Cobrin und AbreufFaeaso
und Shea-Donohue, 2005]. IL-22 forderte in unseren Experimenten in signifikésiss die
IEC-Zellrestitution nach Verletzung, was uber einen PI3-Kinase#dBktingigen Mecha-
nismus, ahnlich wie von uns auch in hepatischen Zellen demonstriert [Brahd 2007b],
reguliert wurde [Brand et al., 2006a]. Zusatzlich bewirkte IL-22 egesteigerte
Zellproliferation und eine verstarkte Expression gbefensin-2 [Brand et al., 2006a].
Letzteres gehort zur Gruppe der Defensine, kleine kationische Pepmtidatimikrobieller
Wirkung, die ein wichtiger Bestandteil der angeborenen Immunantwadt [flann und
Eckmann, 2007]. Neuere Daten deuten darauf hin, dass die Pathogenese voh éf@rmi
verminderten Defensin-Produktion und somit mit einer verminderten antibngtien
Aktivitat zusammenhangen konnte [Nuding et al., 2007; Wehkamp und Stange, 2006].
Bemerkenswerterweise resultieren MC-pradisponier€aleD15Mutationen in verringerter
Defensin-Produktion [Voss et al., 2006; Wehkamp et al., 2004]. Aul3erdem istietrge
Anzahl von 3-Defensin-2-Genkopien mit MC assoziiert [Fellermann et al., 2006].itSom
kénnte IL-22 durch die Induktion vdBrDefensin-2 eine protektive Rolle in Bezug auf CED
ausuiben. Diese Hypothese wird von anderen Daten unterstitzt, welchepmitekiiven
Effekt von IL-22 bei intestinaler Entziindung beschrieben: IL-22-Gabe 8%-Rolitis-
Modell reduzierte die Entzindung und fuhrte zu einer verstarkten Produktion vonsM
assoziierten Molekilen und einem Anstieg der Zahl von Goblet-Zelldwewné durch IL-22-
Neutralisation eine Verschlechterung der Kolitis vermittelt deufSugimoto et al., 2007,
Sugimoto et al., 2006; Sugimoto et al., 2005].

Ob aber die proinflammatorischen oder die protektiven Eigenschaften vaia dider eine
Kombination von beidenin vivo entscheidend sind, miussen weitere Studien zeigen.

Interessant ware in diesem Zusammenhang auch die Untersuchung vowdfiz&hten
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Mausen, die in einer erst kirzlich publizierten Studie erstmathbeben wurden [Zenewicz
et al., 2007]. Phéanotypisch waren diese Tiere unauffallig und auch ihuristatus war
unverandert, jedoch wiesen sie eine erhohte Anfalligkeit fur Concamsvtiduzierte
Hepatitis im Vergleich zu WT-Mausen auf [Zenewicz et al., 2007].

Aber nicht nur im Kontext intestinaler Entzindung, sondern auch bei deicEhing von
Tumoren konnte IL-22 von Bedeutung sein, wie neueste Daten vermuten lassen.
Erstaunlicherweise wurde kirzlich demonstriert, dass IL-22 das Mé&aminomwachstum
im Mausmodell hemmt, indem es die ERK- und Akt-Phosphorylierung sowee di
Zellproliferation inhibiert [Weber et al., 2006]. Dies steht in Kositrau den Daten dieser
[Brand et al., 2006a] und auch anderer Arbeiten, die eine proliferationsfded&Virkung
von IL-22 und/oder eine Aktivierung von ERK und Akt zeigen konnten [Andoh et al., 2005;
Brand et al., 2006a; Brand et al., 2007b; Ikeuchi et al., 2005; Lejeune et al.\\2@l@:t al.,
2006; Xu et al., 2001]. Eine Expression von IL-22 in Colon-26-Zellen (murine
Kolonkarzinomzellen), die Mausen implantiert wurden, zeigte keinenktEféeif das
Tumorwachstum, obwohl sich die Uberlebenszeit der Tiere deutlicmyerté& [Nagakawa et
al., 2004]. Von Ziesche et al. wurde vor kurzem publiziert, dass IL-22, gsggtisch mit
IFN-y, die Expression der ,inducible nitric oxide synthase“ (iINOS) in Helorektalen
Zelllinien DLD-1 und Caco-2 induziert [Ziesche et al., 2007]. Wie bermeiAbschnitt 1.1.2.2
erwahnt, findet sich bei MC und CU-Patienten eine durch proinflamreaieri Zytokine
induzierte erhdhte INOS-Expression und in Folge eine erhthte Produktion aktiver
Sauerstoff- und Stickstoff-Molekilen [Kolios et al., 2004], die als Kafaktor fur die
Kanzerogenese gelten [Marnett, 2000]. Die Rolle von IL-22 bei der Kagemese bleibt
daher widersprichlich und weitere Studien sind nétig, um diesen Aspekt aufzuklaren.
Zusammenfassend (siehe Abbildung 15) konnte von uns gezeigt werden, dds2ier
Rezeptorkomplex, bestehend aus IL22R1 und IL-10R2, in IEC funktional expristiemd

die Bindung von IL-22 in der Aktivierung von MAP-Kinasen, Akt sowie STAT1 uhd B3
resultiert. Die Expression der spezifischen Rezeptoruntereinh2®R1 auf IEC wird bei
Entziindung hochreguliert und auch IL-22 selbst wird bei intestinaler Entzinidung
Mausmodell sowie bei CED verstarkt exprimiert und induziert promflatorische Gen-
expression. Aulerdem ist IL-22 ein Barriere-protektives Zytokin, daine$EC eine
gesteigerte Zellproliferation sowie verstarkte Zellresotut nach Verletzung bewirkt.
Zusatzlich induziert es die Expression Defensin-2, einem antibakteriellen Peptid mit

wichtigen Funktionen im angeborenen Immunsystem.
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Abbildung 15. Ubersicht (iber die von IL-22 vermittdten Funktionen in IEC.
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6.2.2.2 IL-26: Ein Th1/Th17-Zytokin mit verstarkter Expression bei Patenten mit
chronisch  entzindlichen Darmerkrankungen und Vermittler pro-

inflammatorischer, antiproliferativer Funktionen in intestinalen E pithelzellen

Manuskript [§: Dambacher J Beigel F, Zitzmann K, de Toni E, Goke B, Diepolder H,

Auernhammer CJ, Brand S. The role of the novel IL-10 like cytokine lir2itestinal
inflammation.Gut 2007; submitted.

IL-26 ist ein Zytokin, das, ahnlich wie IL-22, von aktivierten T-Zellersdra&lers von Thl-
und Th17-Zellen, produziert wird [Nagalakshmi et al., 2004a; Wilson et al., 200K;atval.,
2002]. Da bei der Pathogenese von CED Mukosa-infiltrierende T-Zehemwechtige Rolle
spielen, konnte IL-26 unter Bedingungen intestinaler Entzindung wichtige &gk
ausuben. Die Rolle dieses Zytokins in IEC und bei der Pathogenese vowa& bizher noch
nicht erforscht und wurde von uns erstmals beschrieben. Wir konnten zeigsndefa
Rezeptorkomplex fur IL-26, der aus den zwei Untereinheiten IL-20R1 ud@R2 besteht,
in allen getesteten IEC-Linien exprimiert wurde [Dambachet.eR007b]. AuRerdem war er
auch in einigen hepatischen Zellen, jedoch nicht in HepG2-Zellen zu fibdenbacher et
al., 2007b]. Dies stimmt mit anderen Studien Uberein, die eine IL-20RE£Sipn in
epithelialen Geweben wie Lunge oder Haut demonstrierten, jedoch ni€hhamato-
poietischen Zellen [Hor et al., 2004; Nagalakshmi et al., 2004a; She#h 2004]. Dieses
Expressionsmuster ahnelt dem des verwandten Zytokin-Rezeptor-Sylte€2R4L-22R,
dessen Rezeptor ebenfalls auf epithelialem Gewebe zu findéwast pt al., 2004; Wolk
und Sabat, 2006], wahrend das Zytokin selbst von h&matopoietischen Zellen, inslgesonde
T-Zellen, gebildet wird [Gurney, 2004; Liang et al., 2006; Wolk et al., 200R]IEC
induzierte IL-26 in unseren Experimenten die Genexpression der praimfimmschen
Zytokine IL-8, IL-6 und TNFa [Dambacher et al., 2007b]. Insbesondere IL-6 und ©NF-
spielen eine sehr wichtige Rolle bei der Pathogenese von MCk[@807; Mudter und
Neurath, 2007] und eine Neutralisierung von Ti&Fbzw. des IL-6-Rezeptors mit
entsprechenden Antikorpern wird erfolgreich in der Therapie von CED undeander
entzundlichen Erkrankungen wie der rheumatoiden Arthritis eingesedirtiq6i und Scott,
2005; Smolen und Maini, 2006].

Bei der im Rahmen dieser Arbeit untersuchten Expression von IL-26riMdkosa von
CED-Patienten wurde eine verstarkte Expression in entziindeteng®aeine im Vergleich
zu nicht entzindetem Gewebe beobachtet, die stark mit der IL-8-Gessiyor korrelierte
[Dambacher et al., 2007b]. Bemerkenswerterweise war der Anstiegri Expression im
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entziindeten Gewebe bei MC-Patienten héher als bei CU-PatientabgDiaer et al., 2007Db],
was konsistent mit der Expression von IL-26 v. a. in Th1-Zellen istin€3egensatz zu MC
jedoch als Th2-vermittelte Erkrankung gilt. Eine aktuelle Publikatiarchtet eine IL-26-
Expression auch in Thl7-Zellen [Wilson et al., 2007], die ebenfalls vernbeihrMC-
Patienten zu finden sind.

Wir beobachteten in IEC eine Vermittlung der Signale von IL-26, dnmlie IL-22, Gber die
Aktivierung der Transkriptionsfaktoren STAT1 und STAT3 [Dambacher.e?@07b], die
bei MC-Patienten verstarkt aktiviert sind [Lovato et al., 2003; Muelte., 2005; Schreiber
et al., 2002]. IL-26 hemmte aul3erdem die Zellproliferationsrate, waguemigzu den von
uns beobachteten antiproliferativen Effekten von IL-28A und IL-29 ist [Bedral., 2005a],
zwei weiteren IL-10-ahnlichen Zytokinen [Brand et al., 2005a], jedoch ege@satz zur
proliferationsfordernden Wirkung von IL-22 steht [Brand et al., 2006a].

Da die Expression von IL-26 in Herpesvirus saimiri-(HVS)-transferten Zellen stark
hochreguliert wird [Knappe et al., 2000], liel3en sich antivirale FunktionedLv®®, ahnlich
wie von IL-28/IL-29 [Ank et al., 2006; Bartlett et al., 2005; Robek et al., 220%; et al.,
2005], bei Virusinfektionen hypothetisieren. IL-26 induzierte in unseren Ewpeten eine
verstarkte Expression von IFN-IFN- sowie von IRF-7 [Dambacher et al., 2007b], alles
Gene, die antivirale Proteine hochregulieren. Auf der anderen Seiteekomintjedoch keine
Wirkung von IL-26 auf die Expression der Gene fur die antiviralen Pet®ixA und
2',5-OAS beobachten [Dambacher et al., 2007b]. Entsprechend war in Exptnmmeit
HCV-Replikon-exprimierenden Zellen sowie in HCV-Infektionsversuchemekeadirekte
Hemmung der HCV-Replikation durch IL-26 festzustellen [Dambacheal.get 2007b].
AulRerdem haben wir in mit HBV oder HCV infizierten Lebern keinestéekte Expression
von IL-26 im Vergleich zu nichtviralen Hepatopathien gemessen [Ddmbat al., 2007b].
Im Gegensatz hierzu konnten wir fur dielnterferone IL-28A und IL-29, die wie IL-26
ebenfalls zur IL-10-Familie gehoren, eine starke antivirale Altivin HCV-Infektions-und
Replikationsexperimenten sowie bei CMV-Infektionen nachweisen, aul3erdera
Hochregulation ihrer Expression bei HCV- oder MCMV-Infektiorianvitro und in vivo
[Brand et al., 2007a; Brand et al., 2005a; Brand et al., 2006b]. Unsere Esgelmaisen
daher fur IL-26 auf eine Rolle bei intestinaler Entzindung, jedoch nicMitusinfektionen
hin. Die genauen Funktionen von IL-26 missen jedoch noch geklart werden. Baeheat
dass in der Maus bisher kein IL-26-Homolog nachgewiesen wurde [Fitieensad Pirzer,
2004] und somit Studien an Mausmodellen nicht in Frage kommen, ist higbeilish

limitierend.
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Zusammenfassend (siehe Abbildung 16) demonstrierten wir, dass die Deideainheiten
IL-20R1 und IL-10R2, aus denen der IL-26-Rezeptorkomplex besteht, in IEC undblepat
Zellen exprimiert werden. Durch IL-26 werden STAT-Proteine und Nkdiasen in IEC
aktiviert, auRerdem induziert es die Expression der proinflammadteristytokine IL-8, IL-6
und TNFa sowie von SOCS-3, einem negativen Regulator des STAT-Signalwkyges.
Darmbiopsien von CED-Patienten findet sich eine verstarkte Expnesgin IL-26 im
entziindeten Gewebe. IL-26 aktiviert die antiviralen Gene IRF-7,0lRrid IFN{, jedoch
nicht 2’,5’-OAS oder MxA und zeigt keine direkte antivirale WirkungH€V-Replikations-

und Infektionsexperimenten.
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Abbildung 16. Ubersicht (iber die von IL-26 vermittdten Funktionen in IEC.
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7. Zusammenfassung

Im Gastrointestinaltrakt bildet das intestinale Epithel diehtigste Barriere zwischen
Bakterien und Antigenen des Darmlumens einerseits und Immunzelldramiéna propria
andererseits. Intestinale Epithelzellen (IEC) sind standig déwoNbra des Darms
ausgesetzt. Im Rahmen dieser Antigen-Epithelzell-Interaktion pre@umzisie eine Vielzahl
von Zytokinen und Chemokinen, unentbehrlichen biologischen Mediatoren der intéreellul
Kommunikation zwischen infiltrierenden Leukozyten und Epithelzellen. Quéagon der
fein abgestimmten Immunantwort im Gastrointestinaltrakt kann zwa@den chronischer
Entzindung und zur Entwicklung von chronisch entziindlichen Darmerkrankungen (CED)
und in deren Folge auch zum Entstehen von kolorektalen Karzinomen fiihren.

Ziel der vorliegenden Arbeit war eine ausfuhrliche Charakterisierungederession, der
Signaltransduktion und der spezifischen biologischen Funktionen einer AuswatoindiEC
exprimiertenChemokin- sowie Typ I- und Typ Il-Zytokinrezeptoren . Zusatzlich wurde
die Expression der spezifischen Liganden unter Entziindungsbedingangea undin vivo
analysiertHierfir wurden sowohl Versuche mit intestinalen Zelllinien durchgeféilsrauch
Mausmodelle intestinaler Entziindung sowie Patienten mit CED untersucht.

In den hier vorgelegten Arbeiten demonstrierten wir, dass intestigithelzelllinien die
Chemokinrezeptoren CXCR4, CXCR6 und CCR6 sowie die Rezeptoruntereinitieitdas
Zytokin IL-31 und die IL-10-&hnlichen Zytokine IL-22 und IL-26 exprimieren.eAlinter-
suchten Chemokinliganden (CXCL12, CXCL16, CCL20) und das Zytokin IL-31 wurden in
diesen Zellen ebenfalls gebildet, nicht jedoch die IL-10-&hnlichen Zytokine.

Die Analyse der Signaltransduktion ergab eine verstarkte Phosphanglider MAP-Kinasen
SAPK/INK und ERK-1/2 Uber MEK-1 sowie von Akt tber den PI3-Kinase-Wag.
Aktivierung der jeweiligen Signalwege konnte durch spezifische Imnéit (MEK-1-
Inhibitor PD98059, SAPK/JNK-Inhibitor SP600125 sowie PI3-Kinase-Inhibitor \amtrim)
gehemmt werden. Aul3erdem vermittelten IL-31 und die IL-10-ahnlichen Zgokine
Phosphorylierung der Transkriptionsfaktoren STAT1 und STATS3.

Die Aktivierung dieser Signaltransduktionswege fuhrte zur verstéarkieanskription
spezifischer Zielgene in IEC, wobei f@XCL12 proangiogene Faktoren wie der "vascular
endothelial growth factor" (VEGF) sowie Matrix-MetalloproteimagMMPSs) als wesentliche
Zielgene identifiziert wurden. CXCL12 vermittelte in IEC einerstérkte Zellinvasion,
Zellproliferation und beeinflusste MEK-1/ERK-1/2-abhangig die Zejhation und tragt

somit zur Metastasierung von kolorektalen Tumoren bei.
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Das Chemokin CCL20 forderte ebenfalls die gerichtete Zellmigration und die
Zellproliferation. Ahnlich wie CXCL12 war es in Tumoren herunterrisgulund seine
Expression korrelierte invers mit der Tumorinvasivitat. CCL20 hatétzlich, dhnlich wie
CXCL16, entziindungsférdernde Eigenschaften, und die Expression beider Chemokine wurde
durch proinflammatorische Stimuli in IE@ vitro hochreguliert. Bei Patienten mit CED, zu
denen der Morbus Crohn und die Colitis ulcerosa gehoren, fanden wir ebexifedls
gesteigerte Produktion beider Chemokine. CXCL16 beeinflusst aul3erdespedidische
Krankheitsauspragung bei Morbus Crohn-Patienten, da ein EinzelnukleotiddPolysmus
(SNP) im CXCL16Gen, der in einem Aminosaureaustausch (A181V) resultiert, mit einem
jungeren Erkrankungsalter sowie einem ilealen Krankheitsbefall und Aldtreten eines
stenosierenden oder penetrierenden Phanotyps bei diesen Patienten assoziiert war.
Aktuelle Studien zeigten, dass CCL20 auf3er in IEC auch in Thl7-Zelbeluzert wird,
inflammatorischen T-Zellen, denen in jungster Zeit eine wachsemduBing bei der
Pathogenese von CED zugesprochen wird und deren Entwicklung unter anderd8on |
abhangt. Auch die beiden IL-10-verwandten Zytokihe€?2 undIL-26 werden von Th17-
Zellen gebildet. In unseren Versuchen induzierten beide Zytokine prom#grische
Zielgene in IEC. AuRerdem beeinflussten sie die IEC-Prolifaratiwobei IL-26
proliferationshemmende Eigenschaften aufwies, wahrend IL-22 die dd#pation in
signifikanter Weise forderte. IL-22 stimulierte auch, vermitigher den PI3-Kinase/Akt-
Signalweg, die Migration von IEC und forderte somit die Wiederhmsteund die Integritéat
der intestinalen Barriere. Zusatzlich induzierte es die Expres®n [3-Defensinen, kleinen
antimikrobiellen Peptiden, denen eine wichtige Bedeutung bei der angabdrenain-
antwort zukommt und deren Expression bei Morbus Crohn-Patienten vermstdeit22
war in von uns untersuchten Mausmodellen intestinaler Entziindung (DS5;KGMYV-
Kolitis) verstarkt exprimiert und auch bei CED-Patienten fanch e signifikante
Erh6hung der Expression von IL-22 und IL-26 im entziindeten Gewebe.

Ahnliche Beobachtungen machten wir auch Ifik31, ein kirzlich beschriebenes, mit IL-6
und IL-23 verwandtes Zytokin. Entziindete Mukosaareale von CED-Patientamiexjen
hohere Level von IL-31, aber auch von seinen beiden RezeptoruntereinheitenAllLuBER
OSMR. Dies ist Ubereinstimmend mit unsenewitro-Daten, die eine gesteigerte Expression
dieser drei Gene nach Stimulation mit proinflammatorischen StiwieliTNF-a oder LPS
zeigten. Im Gegensatz zur proliferationsfordernden Wirkung von IL-22 demhemmenden

Wirkung von IL-26, stellten wir fur IL-31 differentielle, zelldichtdgngige Effekte auf die
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Zellproliferation fest. Vor allem bei niedriger Zelldichte kig dieses Zytokin proliferations-
hemmend, wahrend dieser Einfluss bei h6heren Zelldichten weitgehend verloren ging.
Zusammenfassendsiehe Abbildung 17) demonstrierten wir in den hier vorgelegten Arbeit
die Expression der Chemokinrezeptoren CXCR4, CCR6 und CXCR6 sowie zkgt&ten
fur IL-22, IL-26 und IL-31 auf IEC. Durch sie werden vielféaltige Funktioneermittelt,
wobei die Chemokin- und IL-22-induzierte Signaltransduktion zur verstarktifeRation
und Migration von IEC fuhrte, wie sie bei der Aufrechterhaltung bzvedéfiherstellung der
intestinalen Barriere bei Entziindung, aber auch bei der Migration ktatme Tumorzellen
zu beobachten ist. Im Gegensatz hierzu wirkten die Zytokine IL-26 un8l IL
proliferationshemmend. Alle untersuchten Chemokine/Zytokine (mit der Aosmavon
CXCL12) fungierten als Entzindungsmediatoren im Gastrointestinaltiakiem sie
proinflammatorische Genexpression in IEC induzierten. Aul3erdem war digene
Expression in verschiedenen Mausmodellen intestinaler Entziindung sowielb&atienten
stark hochreguliert, was die wichtige Rolle dieser Zellboterestb&#i Entzindungen im
Gastrointestinaltrakt unterstreicht.

Tumor Tumor
i ¢ T Entziindung / CED T N T .
% Zeldifferenzierung 4 Entziindung / CED 4 Entziindung / CED TZeIIdlﬁerenuerung Entziindung / CED | Entziindung / CED

&= &= @ O
| l |

CXCR4 e CXCR6
”m} IL-22R1 IL-10R2
IL-31RA OSMR IL-20R1 IL-10R2
. . Zellmlgratlon
Zellmigration proinflammatorisch
proinflammatorisch
Entziindung . antiproliferativ
verminderte
CED Zellproliferation CED
(zelldichteabhangig)
Entziindung
Zellmigration '\P/l(g)_lpm;)tir([e):tlzr:us E=l Wundheilung
Zellinvasion assoziiert mit: Barriereprotektion
« intestinalen Stenosen
Metastasierung . proinflammatorisch
* ilealem Befall
Angiogenese « frithem CED
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Abbildung 17. Uberblick iiber die in dieser Arbeit untersuchten Chemokin- und Zytokinrezeptoren und
die von ihnen vermittelten Funktionen im Gl-Trakt.
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Abstract

Colorectal cancer (CRC) is characterized by a distinct metastatic pattern resembling chemokine-induced leukocyte trafficking. This
prompted us to investigate expression, signal transduction and specific functions of the chemokine receptor CXCR4 in CRC cells and
metastases. Using RT-PCR analysis and Western blotting, we demonstrated CXCR4 and CXCL12 expression in CRC and CRC metastases.
Cell differentiation increases CXCL12 mRNA levels. Moreover, CXCR4 and its ligand are inversely expressed in CRC cell lines with high
CXCR4 and low or not detectable CXCL12 expression. CXCL12 activates ERK-1/2, SAPK/JINK kinases, Akt and matrix metalloproteinase-
9. These CXCL12-induced signals mediate reorganization of the actin cytoskeleton resulting in increased cancer cell migration and invasion.
Moreover, CXCL12 increases vascular endothelial growth factor (VEGF) expression and cell proliferation but has no effect on CRC
apoptosis. Therefore, the CXCL12/CXCR4 system is an important mediator of invasion and metastasis of CXCR4 expressing CRC cells.

© 2005 Elsevier Inc. All rights reserved.

Introduction

Colorectal carcinoma (CRC) is the second leading
cause of death due to cancer in the United States,
accounting for more than 50,000 deaths annually [1].
The use of all currently available therapies has only

Abbreviations: CRC, colorectal cancer; ECM, extracellular matrix;
EMSA, electrophoretic mobility shift assay; ERK, extracellular signal-
regulated kinase; FCS, fetal calf serum; GAPDH, glyceraldehyde-3-
phosphate dehydrogenase; mAb, monoclonal antibody; MAP-kinase,
mitogen-activated protein-kinase; MEK, mitogen-activated protein kinase
kinase; MMP, matrix metalloproteinase; MTS, 3-(4,5-dimethylthiazol-2-
y1)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2 H-tetrazolium; PI,
phosphatidylinositol; RT-PCR, reverse transcriptase polymerase chain
reaction; SAPK/INK, stress-activated protein kinase/c-Jun-N-terminal
kinase.

* Corresponding author.
E-mail address: stephan.brand@med.uni-muenchen.de (S. Brand).
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modest impact on overall survival of patients with
advanced-stage, metastatic disease. Although a number
of molecules have been implicated in the metastasis of
cancer cells, the precise mechanisms determining the
directional migration and invasion of CRC cells into
specific organs remain to be established. New evidence
indicates that chemokines play a major role in this process
of organ-selective metastasis [2].

Chemokine receptors are coupled to heterotrimeric G
proteins and induce cell movement towards a concentration
gradient of the cognate chemokine ligand [3]. Human
stromal-cell derived factor-1 (SDF-1), also known as
CXCLI12 according to a new classification system [4] is
thought to be the primordial chemokine. It binds and
signals solely through the chemokine receptor CXCR4.
Interestingly, it is the only chemokine that is essential for
survival [5] as shown in mice genetically deficient in the
chemokine receptor CXCR4 or its ligand CXCL12 which
die perinatally with major defects in the vascular develop-
ment (particularly in the gastrointestinal tract), hematopoi-
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esis and cardiogenesis [5,6]. Moreover, CXCR4 is essential
in stem cell localization [6], serves as a chemoattractant for
T cells and thymocytes in vitro and in vivo [7,8] and
functions as a co-receptor for HIV-1 [9].

A recent study demonstrated that CXCR4 signaling plays
a crucial role in metastasis of breast cancer by inducing
chemotactic and invasive responses [2]. Metastasis was
found predominantly in organs with abundant CXCLI12
expression. Neutralization of CXCL12/CXCR4 interactions
leads to a marked inhibition of lymph node and lung
metastases [2]. The involvement of CXCR4 in metastasis is
not limited to breast cancer, as CXCR4 is expressed in
several other tumor cell lines [10—14] that also respond to
CXCLI12. Therefore, chemokine receptors expressed on
tumor cells represent potential targets for therapeutic
interventions.

The expression of CXCR4 in intestinal epithelial cells has
been shown previously [15,16] and preliminary experiments
in animal models indicate a role for CXCR4 in CRC
metastasis particularly in triggering the outgrowth of micro-
metastases [17]. However, the mechanisms of CXCR4
signaling and its functional role in the migration and
metastasis of human CRC cells are unsolved questions in
the analysis of colorectal cancerogenesis. Here, we demon-
strate that CXCR4 and CXCLI12 are expressed in human
CRC cells and sites of metastasis. Signal transduction
experiments indicate that CXCR4 is functional in human
CRC cells mediating specific functions such as CRC
migration, invasion and proliferation.

Materials and methods
Reagents

Polyclonal antibodies to extracellular signal-regulated
kinase (ERK)-1/2 (phosphorylated at Thr183/Tyr185 and
total), stress-activated protein kinase (c-Jun N-terminal
kinase) SAPK/INK (phosphorylated at Thr183/Tyr185 and
total), p38 (phosphorylated at Thr180/Tyr182 and total)
and Akt (phosphorylated at Ser473 and total) were
purchased from Cell Signaling (Beverly, MA). Horseradish
peroxidase linked anti-rabbit secondary antibody was
purchased from Amersham (Arlington Heights, IL).
Recombinant human CXCLI12 and monoclonal anti-
bodies to human CXCR4 and CXCLI2 were from
R&D Systems (Minneapolis, MN). MEK-1 inhibitor
PD98059, SAPK/INK inhibitor SP600125, p38 inhibitor
SB203580 and phosphatidylinositol3- (PI3) kinase inhib-
itor wortmannin were from Tocris Cookson (Bristol,
U.K)).

Cell culture

The human CRC cell lines T84, SW480, Caco-2, HT-
29, HCT116, the lymph node metastasis derived cell line

SW620 and the transformed rat intestinal cell line IEC-6,
were obtained from American Type Culture Collection
(Rockville, MD). While T84 cells were grown in Dulbec-
co’s modified Eagle medium/F-12 (GIBCO BRL/Life
Technologies, Gaithersburg, MD), the other cell lines were
grown in Dulbecco’s modified Eagle medium (GIBCO)
with 100 IU/mL penicillin, 100 pg/mL streptomycin and
10% heat-inactivated fetal calf serum (PAA, Pasching,
Austria) in a humidified 5% CO, atmosphere at 37°C. For
signal transduction experiments with CXCL12, cells were
starved overnight in serum-free medium.

Reverse transcription-polymerase chain reaction (RT-PCR)

Total RNA was isolated using Trizol reagent (GIBCO
BRL/Life Technologies, Gaithersburg, MD) and treated
with ribonuclease (RNase)-free deoxyribonuclease (DNA-
free™-Kit, Ambion) to remove potential genomic DNA
contaminants. Three micrograms of total RNA was reverse
transcribed using Roche first strand ¢cDNA synthesis kit.
The following conditions were used for semiquantitative
PCRs: 25 or 35 cycles (depending on the specific PCR) of
denaturing at 95°C for 45 s, annealing at 58°C for 45 s,
extension at 72°C for 45 s using previously published
primers for CXCR4 [16], VEGF [18] and GAPDH [19]. The
primers used for CXCL12 were forward 5-AGAGCCAAC-
GTCAAGCATCT-3 and reverse 5'-CGTCTTTGCCCTTT-
CATCTC-3'. All PCR reactions included GAPDH primers to
quantify PCR products. To control for genomic contami-
nation, an identical parallel PCR reaction was performed
containing starting material that had not been reverse
transcribed.

Gel electrophoresis and immunoblotting

Cellular proteins, cytosolic and membrane fractions were
extracted as described previously [20,21]. The protein
concentration of each sample was quantified by the Bradford
method. Immunoblotting was performed as previously
described [22].

Enzyme-linked immunosorbent assay (ELISA)

For the quantification of IL-8 release, BD OptEIA
Human IL-8 ELISA Kit II (BD Biosciences, Bedford,
MA) and for quantification of VEGF and CXCLI12,
Quantikine ELISA Kits from R&D Systems (Minneap-
olis, MN) were used according to the manufacturer’s
instructions.

Evaluation of MMP-2 and MMP-9 activity by gelatin
zymography

HT-29 and T84 cells were cultured in DMEM containing
0.1% FCS in the presence or absence of human CXCL12 for
24 and 48 h, respectively. Conditioned medium was
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harvested and was stored at —20°C, and analyzed for MMP-2
and MMP-9 activity by gelatin zymography [23].

Immunohistochemistry

Surgical specimens from patients undergoing colectomy
or lymph node resection were taken after obtaining patient’s
consent. Immunohistochemistry was performed as previ-
ously described [22]. The cells were incubated with anti-
CXCR4 or anti-CXCL12. Fluorescein anti-mouse IgG from
Sigma was used as secondary antibody. The cells were
analyzed with an Axiovert 135 TV fluorescent microscope
(Zeiss, Oberkochen, Germany).

Flow cytometry

HT-29 or SW480 cells were adjusted to a concentration
of 2 x 107 cells/mL in FACS buffer (PBS containing 0.5%
BSA and 0.05% sodium azide). Cells were washed three
times and were incubated with a PE-conjugated anti-
CXCR4 antibody or with a PE-conjugated isotype control
antibody of irrelevant specificity. After washing three times
with FACS buffer, cells were analyzed by flow cytometry.

Actin-polymerization assay

Actin polymerization assays were performed as des-
cribed previously [24]. HCT116 cells were serum starved
over night and then were stimulated with 100 ng/mL
CXCLI12 for different time intervals. Fluorescence micro-
scopy was performed on a Zeiss axiovert 135 TV with the
Axiovision software to obtain digital images.

Wounding assay

Wounding assays were performed as previously described
[25]. The cells were stimulated with CXCL12 (10 and 100 ng/
mL) or 0.1% FCS. The number of migrated cells (over the
wounding edge) was counted under a microscope (Olympus
IX50, Hamburg, Germany).

ECM invasion assay

Migration of CRC cells into micropore filters coated
with ECM proteins (laminin 56%, collagen IV 31%,
entactin 8%) was performed according to the manufactur-
er’s instructions (BD Biosciences, Bedford, MA, USA).
Briefly, HCT116 cells at a concentration of 50,000 cells/
mL were placed in the top chamber of a two-chamber
assay system and incubated for 24 h with and without
CXCL12 placed in the lower chamber. After the incubation
period, the cells on the upper side were removed using a
cotton swab. Then, the coated filters were removed and
stained. Intestinal epithelial cell invasion was quantified
microscopically by counting the cells that had migrated into
the filters.

Cell migration assay

Similar to the ECM invasion assays, cell migration
assays were performed using BD Falcon cell culture inserts
containing polyethylene terephthalate membranes (8 pm
pore size) from BD Biosciences (Bedford, MA, USA).
Similar to the invasion assays, the cells were placed in the
top of the chamber while CXCL12 was given in the lower
chamber.

Cell proliferation assay

HT-29 cells were seeded onto 96 well plates at a
density of 10,000 cells/well and were allowed to attach
overnight. The cells were stimulated with 10, 100 or
1000 ng/mL CXCL12 in serum-free medium, or with
CXCLI12-free serum-free medium (negative control). The
cell proliferation rate was determined by MTS assay on
day 2 using the CellTiter 96 Aqueous Non-Radioactive
Cell Proliferation Assay (Promega, Madison, WI) accord-
ing to the manufacturer’s instructions.

Apoptosis assays

SW480 cells, which are less resistant to Fas-induced
apoptosis than HT-29 cells [26], were used in these assays.
For induction of CD95-mediated cell death, ligand-specific
anti-APO-1 mAbD at concentrations of 100 and 500 ng/mL
was used. Apoptosis assays were performed as described
previously [27]. The nuclei were then analyzed for DNA
content by flow cytometry.

Statistical analysis

Statistical analysis was performed using two-tailed
Student’s ¢ test. P levels < 0.05 were considered as
significant.

Results
CRC cells express CXCR4

To determine if CXCR4 is expressed in CRC cells
and to utilize an intestinal epithelial cell model to study
the CXCL12-CXCR4 ligand—receptor system, we ana-
lyzed CXCR4 expression in several human CRC derived
cell lines (HT-29, SW480, Caco-2, HCT116, T84), the
lymph node metastasis derived cell line SW620 and the
rat intestinal epithelial cell line IEC-6 by RT-PCR,
Western Blotting and immunohistochemistry. All cell
lines expressed CXCR4 mRNA (Fig. 1A). CXCR4
protein was found predominantly in membrane fractions
in HT-29 and T84 cells as shown by Western Blotting
(Fig. 1B) and immunohistochemistry (Fig. 1C). Cell
surface expression of CXCR4 in HT-29 cells was also
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Fig. 1. CXCR4 is expressed in intestinal epithelial cells. (A) Expression of CXCR4 in various intestinal epithelial cell lines using RT-PCR analysis of mRNA
derived from intestinal epithelial cells as indicated. CXCL12 was expressed only in the rat primary intestinal epithelial cell line IEC-6 and in differentiated
Caco-2 cells but not in other colorectal cancer cell lines tested. (B) Expression of CXCR4 protein is found predominantly in the membrane fraction (M) and to a
lesser degree in cytosolic fractions (C) of HT-29 and T84 cells, respectively. (C) Immunohistochemistry reveals a membrane associated staining of CXCR4
receptor (CXCR4: green staining, nucleus: blue staining with Hoechst 33342) in HT-29 cells. (D) FACS analysis showed expression of CXCR4 on the surface
of 40% of HT-29 cells (shaded area: a-CXCR4, open area: isotype matched control antibody).

shown by flow cytometry with a PE-conjugated CXCR4
antibody (Fig. 1D, shaded area). An irrelevant isotype
matched antibody was used as negative control (Fig. 1D,
open area).

CXCR4 is expressed in primary CRC and CRC metastases

To analyze if CXCR4 and CXCL12 are expressed in
primary human CRC tissue and CRC metastases, we
performed a comprehensive immunohistochemical analy-
sis which included tissue of a wvariety of colorectal
cancers of different stages of invasion and differentiation
(histological grading G1-G4) taken from 16 different
patients (Table 1). In addition, we analyzed tissue from
CRC lymph node metastases (n = 5), liver metastases (n =
4) and colorectal adenomas (n = 3). Ten out of the 16
CRC stained positive for CXCR4 (Table 1). In addition,
four of five lymph node metastases, three of four liver
metastases and all colorectal adenomas showed positive

staining for CXCR4 expression demonstrating CXCR4
expression in the majority of CRC and CRC metastases
(Table 1, Fig. 2).

CXCR4 and CXCLI2 are inversely expressed in CRC

Although the CXCR4 ligand CXCL12 was expressed in
all CRC and metastases analyzed, it was down-regulated or
only partially expressed in 10 of 16 CRC (62.5%) compared
to the surrounding normal colonic tissue (Fig. 2, Table 1).
Similarly, the mRNA analysis of CRC cell lines (Fig. 1A)
suggests that CXCL12 is rather down-regulated in CRC cell
lines. This mRNA analysis demonstrated CXCL12 expres-
sion in only one of six CRC cell lines (Caco-2) and in the
non-cancerous intestinal epithelial cell line IEC-6. Fig. 2A
shows an example of a colorectal adenoma in which the
CXCLI12 protein expression is sharply down-regulated in
the transition zone from normal to adenomous tissue (see
arrows). While some CRC tissues showed overall high
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Table 1

Clinical data and results of the immunohistochemical analysis of CXCL12
and CXCR4 protein expression in CRC, colorectal adenomas, lymph node
and liver metastases

TNM Grading CXCLI12 CXCR4
expression expression
CRC
T3NIMO G2 + -
T2NOMO G3 + ++
T3NOMO G2 + ++
T3N2MO G2 ++ -
T2NOM1 G2 ++ ++
T3NOMO G3 ++ -
T3N2MO G2 + —
T3NOMO G2 ++ -
TINOMO Gl + —
T3NOMO G3 + ++
T4N2MO G3 + ++
TANIMO G2 + ++
T3N2MO G4 + —
T3NIMI G2 + ++
T3NOMO G2 ++ +)
T3NOM1 G2 ++ )
Colorectal adenomas
- - + (G)
- — + +
- — ++ ++
CRC liver metastases
T3NIMI G2 + ++
T3NIM1 G2 ++ )
T2N1M1 G3 ++ ++
T3NIMI G2 + —
CRC lymph node metastases
T3N2MO G2 ++ )
T3N2MO G2 ++ —
T4N2MO G3 + )
TANIMO G2 ++ )
T3NIMI G2 + ++

—: no staining (no immunoreactivity for the specific antibody); (+): faint
staining; +: only partial (focal) staining; ++: strong staining.

expression of CXCL12 and CXCR4 (Figs. 2C, D, G-J),
others displayed a focal loss of CXCL12 and CXCR4 (Figs.
2A, B, E, F; Table 1). This loss of expression was not
related to the grade of invasion, metastasis or differentiation
as classified by TNM classification (Table 1). However,
there was a trend towards an inverse expression pattern for
CXCR4 and CXCL12. Three of the six CRC, which were
overall highly positive for CXCL12 expression, were
negative for CXCR4, two were faintly positive and only
one was strongly positive for CXCR4 staining. Conversely,
all of the six CRC negative for CXCR4 expression were
positive for CXCL12, demonstrating a particular high
CXCLI12 expression in three cases. Similarly, all CRC cell
lines expressed CXCR4 but only one CXCL12, while the
semiquantitative RT-PCR analysis showed lower CXCR4
expression in non-cancerous [EC-6 cells compared to CRC
cell lines but high CXCL12 expression.

CXCL12 expression increases with cell differentiation in
intestinal epithelial cells

In contrast to CXCR4 expression, CXCL12 mRNA
expression was found only in the primary intestinal epithelial
cell line IEC-6 while Caco-2 was the only CRC cell line (out
of the six CRC cell lines tested) with CXCL12 expression
(Fig. 1A). CXCL12 protein expression in Caco-2 cells, which
was measured by ELISA, revealed CXCL12 levels between
830 and 4900 pg/mL, depending on cell density (data not
shown). Since it has been demonstrated that Caco-2 cells
spontaneously differentiate in culture [28], we hypothesized
that cell differentiation influences CXCL12 expression.
Therefore, we analyzed the influence of cell differentiation
on the CXCLI2 mRNA expression levels using sodium
butyrate stimulation as an established model of cell differ-
entiation [15,29]. For these experiments, we used the human
colonic epithelial cell line HCT116, which is a model for
differentiation of intestinal mucosal epithelium [30]. As
shown in Fig. 3A, increasing cell differentiation enhanced
CXCL12 mRNA expression in HCT116 cells up to 90-fold
after 72 h. Cell differentiation is a predominant feature of
normal intestinal epithelial cells. The human colon is a
constantly renewing tissue composed of intestinal epithelial
cells of different differentiation stages. Therefore, we
analyzed by immunohistochemistry if cell differentiation in-
creases CXCL12 protein expression levels in normal intes-
tinal epithelial cells. As shown in Fig. 3B, there was a clear
distribution pattern of CXCL12 staining in normal intestinal
epithelial cells beginning in the middle and increasing to the
upper third of the crypt with highest expression in the most
differentiated surface intestinal epithelial cells. This result is
consistent with the RT-PCR analysis of HCT116 cells (Fig.
3A) and confirms that cell differentiation increases CXCL12
expression in intestinal epithelial cells.

Additionally, we examined a variety of other cancer cell
lines including the hepatocellular cancer cell line HepG2, the
melanoma cell line 624.38-MEL, the breast cancer cell line
MCEF-7, the pancreatic cancer cell line Panc-1 and the
prostate cancer cell line LNCaP for up-regulation of CXCL12
mRNA expression after stimulation with sodium butyrate.
After 24 h, there was a clear up-regulation of CXCLI12
mRNA in 624.38-MEL, Panc-1 and LNCaP cells, which was
less pronounced in HepG2 cells (Fig. 3C). MCF-7 was the
only cell line, which expressed high basal levels of CXCL12
mRNA, similar to that observed in Caco-2 cells (Fig. 3C).
This high CXCL12 mRNA expression did not further
increase in MCF-7 cells after sodium butyrate stimulation
(Fig. 3C).

CXCL12 induces MAP kinase and Akt activation

To test if CXCR4 expressed in CRC cells is functional, we
analyzed major signaling pathways after stimulation of
CXCR4 expressing HT-29 cells with CXCL12. Stimulation
of chemokine receptors can result in transient activation of
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Fig. 2. CRC and CRC metastases express CXCL12 and its receptor CXCR4. However, individual cancer types varied in CXCL12 and CXCR4 expression levels.
Examples of the immunohistochemical analysis of 3 colorectal adenomas, 16 CRC, 5 CRC lymph node metastases and 4 liver metastases are shown. (A) The
image represents the border (marked by arrows) of normal colonic epithelial bordering a colorectal adenoma with decreased CXCL12 expression in a colorectal
adenoma. (B) Low CXCR4 expression in a colorectal adenoma. CXCR4 is mainly expressed in the base of the crypts. (C) CXCL12 expression in CRC. (D)
CXCR4 expression in CRC. (E) Focal loss of expression of CXCL12 in CRC. (F) Focal loss of expression of CXCR4 in CRC. (G) CXCL12 expression in CRC
lymph node metastasis. (H) CXCR4 expression in CRC lymph node metastasis. (I) CXCL12 expression in CRC liver metastasis. (J) CXCR4 expression in CRC

liver metastasis.

mitogen-activated protein (MAP) kinases [31]. 100 ng/mL
CXCLI12 induced a transient activation of ERK-1/2 in HT-29
cells (Fig. 4A). Similarly, SAPK/INK kinases were phos-
phorylated following CXCL12 stimulation (Fig. 4B), while
no p38 MAP kinase activation was observed (Fig. 4C).
Similar results were obtained in SW480 cells (data not
shown). To identify the respective upstream signaling events,
we investigated the effect of the MEK-1 inhibitor PD98059,
the SAPK/INK inhibitor SP600125 and the PI3 kinase
inhibitor wortmannin on MAP kinase phosphorylation.
PD98059 down-regulated ERK-1/2 phosphorylation after
CXCL12 stimulation (Fig. 5A), suggesting MEK-1 as an
upstream signal transducer of the CXCL12-induced ERK
activation. Crosstalk between the PI3 kinase and the MEK-
ERK pathway has been proposed [32]. However, ERK
activation after CXCL12 stimulation was not significantly
affected by pretreatment with wortmannin. Similar results
were obtained for SP600125 (Fig. 5B), suggesting a PI3- and
SAPK/INK kinase-independent activation of ERK-MAP
kinases by CXCL12. On the other hand, while pretreatment
with the JNK inhibitor SP600125 significantly suppressed
phosphorylation of SAPK/INK kinases (Fig. 5C), pretreat-
ment with PD98059 or wortmannin did not influence
phosphorylation levels suggesting a MEK-1 and PI3 kin-
ase-independent pathway (Fig. SD).

Activation of chemokine receptors may also result in
activation of Akt [33,34]. Stimulation of HT-29 cells with
CXCL12 caused an increased phosphorylation of Akt (Fig.
6A). Pretreatment with the PI3 kinase inhibitor wortmannin
resulted in a complete dephosphorylation of Akt (Fig. 6B)
while pretreatment with the SAPK/JNK inhibitor SP600125
partly decreased Akt activation (Fig. 6C) suggesting a PI3

kinase and partly SAPK/JNK-dependent pathway. Both
MAP-kinase and PI3 kinase-Akt pathways have been linked
to NF-«B activation [35,36]. CXCLI12 did not significantly
increase NF-kB and AP-1 DNA binding in the colorectal
cancer cell line HT-29 (data not shown, Supplemental Fig.
S1). Both transcription factors have been shown to increase
IL-8 mRNA expression [37,38]. Consistent with the lacking
NF-xB and AP-1 DNA binding, CXCL12 stimulation did not
result in an increased IL-8 expression in this CRC cell line
(data not shown, Supplemental Fig. S1).

CXCLI2 does not influence Fas ligand-induced apoptosis
but stimulates cell proliferation in CRC cells

We demonstrated that CXCL12 stimulation results in
ERK-1/2 and Akt activation which has been shown to
mediate anti-apoptotic pathways and increase cell prolifer-
ation [39,40]. Increased cell proliferation and decreased
apoptosis are mechanisms found in cancerous tissue resulting
in enhanced tumor growth and resistance to “apoptotic” and
anti-proliferative therapy strategies [41]. Therefore, we
investigated the chemokine-mediated effect on apoptosis
using previously established experimental conditions [27]. In
these experiments, SW480 cells were used which are less
resistant to Fas-induced apoptosis than HT-29 cells [26].
However, no significant difference between the number of
apoptotic cells in the chemokine stimulated group and the
unstimulated group was found (Fig. 7A). In contrast,
CXCLI12 at concentrations of 10 ng/mL significantly
increased cell proliferation (P = 0.016), while higher
concentrations did not change the cell proliferation signifi-
cantly (Fig. 7B).
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Fig. 3. CXCL12 mRNA expression increases with cell differentiation. (A)
RT-PCR analysis of HCT116 stimulated with 5 mM sodium butyrate for time
intervals as indicated. The RNA expression level of CXCL12 was normalized
to GAPDH levels using TINA software. (B) Example of immunostaining
with anti-CXCL12 antibody. A similar distribution pattern of CXCL12
staining in normal intestinal epithelial cells was observed in all patient
samples demonstrating the highest CXCLI12 expression in the apical
intestinal epithelial cells and lower CXCL12 expression in the less differ-
entiated epithelial cells at the base of the crypts. Normal intestinal epithelial
cells also express the CXCL12 receptor CXCR4. (C) RT-PCR of cancer cell
lines HepG2 (hepatocellular carcinoma), 624.38-MEL (melanoma), MCF-7
(breast carcinoma), Panc-1 (pancreatic carcinoma) and LNCaP (prostate
carcinoma) stimulated with 5 mM sodium butyrate for 24 h. CXCL12 mRNA
expression is up-regulated in all cell lines except MCF-7.

CXCR4-mediated activation of signaling pathways results
in increased cell migration and invasion associated with
actin polymerization and MMP-9 activation

The activation of MAP kinases such as ERK-1/2 and the
activation of Akt has been linked to cell migration [42]
which is a major characteristic of cancer growth. Therefore,
we analyzed in cell migration assays if CXCL12 is chemo-
tactic for intestinal epithelial cells. In these “wounding”
assays, standardized, sterile wounds were created in IEC-6
cell monolayers which are a well established model of

intestinal epithelial cell migration [25]. Twenty-four hours
after wounding, the number of migrated cells over the
wounding edge was counted under the microscope. To
quantify the CXCL12-mediated cell migration, we analyzed
a total of 24 fields in 12 separate dishes for each group
containing more than 2000 migrated cells per group. This
experiment demonstrated a statistically significant 80%
increase of the cell migration rate in the CXCL12 stimulated
cells (P <0.005, Fig. 7C), which could be abrogated by the
pretreatment with a CXCR4 neutralizing antibody.

Cytoskeletal reorganization is a requirement for cell
motility and migration. Therefore, we analyzed the effect of
CXCLI12 on changes in the reorganization of filamentous
actin (F-actin). Cells were starved overnight and displayed a
disorganized cytoskeleton (Fig. 7D, left panel). CXCLI12
caused a cytoskeletal rearrangement with stress fiber for-
mation (Fig. 7D, right panel, see arrow) due to CXCR4
activation.

The ability of tumor cells to invasively infiltrate
through the ECM characterizes their malignant growth
potential. In addition, ECM is a vital component of the
microenvironment in vivo, and its use in vitro has been
shown to promote cell growth and enhance expression of
cell-specific morphology and function [43]. To analyze
the influence of CXCL12 on CRC cell migration into
ECM proteins, we performed invasion assays using the
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Fig. 4. CXCL12 activates MAP kinases in HT-29 cells. Activation and
expression of phospho-ERK-1/2, phospho-SAPK/JNK and phospho-p38
were assessed by immunoblotting. (A) Phospho-ERK-1/2 activation after
CXCLI12 stimulation (100 ng/mL). (B) Stimulation of HT-29 cells with
CXCLI12 (100 ng/mL) resulted in increased phosphorylation of SAPK/JINK
kinases. (C) No activation of p38 MAP kinase was observed after
stimulation with CXCL12. One representative experiment (n = 3) is shown.



124 S. Brand et al. / Experimental Cell Research 310 (2005) 117—130

A

cXCL12
' + PD98059 |
0 156 30 0 15 30

e - | e
=] o

CXCL12
' +SP600125  + Wortmannin
0 15 30 0 16 30 O

15 30 min

[ - | — e

T e Rl

CXCL12
' + SP600125

3 0 16 30

CXCL12

— p-SAPKIUNK-1/2

| — SAPKIUNK-1/2

+ PD98069

+ Wortmannin

min

— p-SAPKINK-1/2

| — SAPKIJNK-1/2

Fig. 5. Activation of MAP kinases can be blocked by specific inhibitors. (A) The CXCL12-induced ERK activation is MEK-1-dependent. Pretreatment with the
MEK-1 inhibitor PD98059 (10 pumol/L one h before CXCL12 stimulation) resulted in a decreased ERK activation. (B) The CXCL12-induced ERK activation is
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abrogate the CXCL12-induced SAPK/JNK activation. One representative experiment (n = 3) is shown.

CRC cell line HCT116 which was the CRC line with the
highest invasion rate in a pilot experiment. Cells were
grown in Matrigel Invasion Chambers which are coated
with different ECM proteins such as collagen IV (31%),
laminin (56%) and entactin (8%). CXCLI12 induced a
significant (P < 0.05), dose-dependent increase of cancer
cell migration into the ECM filters (Fig. 7E).

Numerous studies have demonstrated the persistent
localization of matrix metalloproteinase (MMP) expression
to the interface between invading CRC cells and surround-
ing stroma supporting a role for MMPs in CRC invasion and
metastasis [44]. Therefore, we analyzed the influence of
CXCLI12 on MMP-2 and MMP-9 secretion. Using gelatin
zymography, we demonstrated that CXCLI2 increases

MMP-9 but not MMP-2 secretion in the colorectal cancer
cell line HT-29 (Fig. 7F). Similar results were obtained in
T84 cells (data not shown).

The direction of CXCLI2-induced CRC cell migration is
highly dependent on ECM proteins

Previous studies demonstrated that ECM proteins such as
collagen IV are a requirement for CRC migration [45]. Thus,
we repeated the cell migration assays in uncoated (ECM
free) migration chambers. The two cell lines with the
highest migration rate determined in pilot experiments,
HCT116 and SW480, were chosen. Interestingly, CXCL12
blocked in these experiments the cell migration in a dose-
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dependent fashion in the two examined cell lines (Fig. 8A,
P < 0.0005, total number of migrated cells counted: n =
19543). The results of the experiments in these two cell lines
correlated highly ( = 0.964). This effect was, similar to the
enhanced cancer cell invasion observed in the previous
experiments (Fig. 7E), dependent on CXCR4 activation
since anti-CXCR4 antibodies blocked the CXCL12-induced
inhibition of migration (Fig. 8B). The migration was also
highly dependent on MEK-1 kinase activation as demon-
strated in preincubation experiments with the specific
inhibitor PD98059 (Fig. 8B, P < 0.0001). The PI3 kinase
inhibitor wortmannin had no specific effect on the CXCR4-
mediated inhibition of migration but rather a general
inhibitory effect on cell migration (Fig. 8B).

CXCR4 activation results in increased VEGF expression

Mice genetically deficient in the chemokine receptor
CXCR4 or its ligand CXCLI12 die perinatally with marked
defects in vascularization of the gastrointestinal tract [5]
suggesting a major role for CXCR4 in the process of
angiogenesis. (Neo)angiogenesis also plays an essential role
during carcinogenesis. Tumor tissue is characterized by
increased vascularization. Vascular endothelial growth factor
(VEGF) plays a key role in the process of (neo)angiogenesis.

For several cancer cell lines, an increased VEGF expression
has been shown after CXCR4 ligand stimulation [46,47].
Therefore, we analyzed the effect of CXCL12 stimulation on
the VEGF gene transcription and protein expression in the
CRC cell line HT-29. In these experiments, CXCL12
significantly up-regulated VEGF mRNA expression levels
up to 8-fold (Fig. 8C). Accordingly, VEGF protein levels
increased 5.8-fold after 48 h of CXCL12 stimulation (Fig.
8D). Similar results were obtained in HCT116 and SW480
cells (data not shown).

Discussion

A major function of chemokines is the recruitment of
leukocytes to sites of infection or inflammation and homing
of leukocytes [4,48]. New evidence indicates that chemo-
kine receptors play a critical role in determining homing of
metastatic tumor cells [2,49,50]. CRC is characterized by a
specific pattern of organ metastasis with early metastasis
into abdominal lymph nodes and liver. Tumor metastasis is
of high clinical relevance since patients with advanced CRC
rarely live beyond 5 years. In this study, we demonstrate that
CRC cell lines express functional CXCR4 chemokine
receptors for the chemokine SDF-1/CXCL12 which was
also detected in normal intestinal epithelium, in primary
CRC cells and metastatic tissue. Its ligand CXCLI12 is
expressed by normal intestinal epithelial cells possibly
facilitating migration and invasion of cancer cells into the
normal intestinal epithelium.

We demonstrate an inverse expression pattern of CXCR4
and CXCL12 in normal intestinal epithelium as well as in
CRCs. Along the intestinal crypt axis, CXCL12 expression
levels are low at the base of the crypts and increase in the
more differentiated apical intestinal epithelial cells. An
opposite expression pattern (high expression in undiffer-
entiated cells at the base of the crypts and low expression in
differentiated apical cells) has been described for CXCR4 in
the colon [17] which was also found in some of our colonic
tissue samples but less pronounced than the crypt axis
distribution of CXCL12. Based on the intestinal epithelial
cell migration induced by CXCLI12 found in our experi-
ments, this CXCL12 gradient within the intestinal crypt is
likely a factor to be involved in the directed intestinal
epithelial cell movement during cell differentiation from the
base of the crypt to the apical part. In CRC tissue with high
CXCR4 expression, we found only low or partially lost
CXCL12 expression while CRCs with low CXCR4
expression had more often high CXCL12 expression. This
is supported by previous studies describing a loss of
CXCL12 in CRC and other malignant cell lines [15,51,52].

Similar to the increased CXCL12 mRNA expression in
differentiated apical intestinal epithelial cells, stimulation
with sodium butyrate, a histone deacetylase inhibitor, which
increases cell differentiation, also increased CXCL12
mRNA expression. The differential expression of CXCL12
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Fig. 7. CXCL12 does not regulate apoptosis but increases CRC cell proliferation, migration and invasion into extracellular matrix. (A) CXCL12 does not
influence Fas ligand-mediated apoptosis in SW480 cells. Cells were treated with 100 and 500 ng/mL anti-APO-1 antibody and either CXCL12 stimulated or
unstimulated for 24 h. Apoptosis was measured by FACS analysis. (B) CXCL12 increased cell proliferation in HT-29 cells. The cell proliferation rate was
determined by MTS assay after 48 h. There was a statistical significant ( P < 0.05) increase in cell proliferation when the cells were stimulated with lower doses
of CXCLI12 (10 ng/mL). Relative means + SEM from 3 independent experiments are shown. (C) “Wounding” assays were used to analyze the influence of
CXCLI12 on intestinal epithelial cell migration. CXCL12 (100 ng/mL) induced a significant ( P < 0.005) increase of the cell migration rate. Treatment with a
neutralizing antibody against CXCR4 (10 pg/mL) resulted in decreased migration over the wounding edge. (D) CXCL12 stimulates actin polymerization in
CRC cells. Immunohistochemistry of unstimulated (left panel) and CXCL12 stimulated (right panel) HCT-116 cells using phalloidin and Hoechst 33342
staining demonstrating actin cytoskeleton polymerization after 20 min of stimulation with CXCL12. (E) Directed cell migration was observed after CXCL12
stimulation in migration assays through 8 pm filters coated with ECM proteins. Stimulation with CXCL12 (10 or 100 ng/mL) resulted in an increased invasion
of cells through the ECM protein coated membrane ( P < 0.05). Relative means = SEM from 3 independent experiments are shown. (F) Gelatin zymography
demonstrated activation of MMP-9 but not MMP-2 in HT-29 cells.

mediated by sodium butyrate may also explain some of the
anticancer activity of sodium butyrate which has been
described for several malignancies such as melanomas
although this might be also related to p53-dependent
apoptosis mediated by sodium butyrate [53]. For example,
a recent study demonstrated that sodium butyrate influences
VEGF and hypoxia-inducible factor (HIF)-la expression
[54]. After 24 h of treatment, all the tested sodium butyrate
concentrations reduced the HIF-1 protein level in the CRC
line HT-29, whereas after a longer time of exposure, HIF-1
levels increased in the presence of a high sodium butyrate
concentration with a concomitant increase in HIF-1 mRNA
[54]. Interestingly, a recent study demonstrates that HIF-1
induces the expression of CXCL12 mRNA [55] suggesting

that the effects of sodium butyrate are partly mediated by
differential HIF-1 mRNA expression.

In addition, we demonstrated that stimulation with
CXCL12 results in up-regulation of VEGF mRNA and
protein expression in CRC cells. This is consistent with
studies of CXCR4 in other cell lines [46,47] and might
explain the marked defects in gastrointestinal vasculariza-
tion and consecutive perinatal deaths observed in CXCR4
knockout mice [5]. The malignant potential of different
cancers is defined by their ability to sustain growth even
under hypoxic conditions. As demonstrated in this study,
this ability is partly mediated by the angiogenic potential
of CXCL12 which increases VEGF mRNA and protein
expression which may directly influence the growth
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Fig. 8. CXCL12 mediates active CRC cell migration away from CXCL12 in the absence of ECM and increases VEGF expression in CRC cells. (A) CXCL12
reduced the migration of SW480 and HCT 116 cells through the filter in a dose-dependent manner. A total number of 10614 cells were counted for SW480
cells and 12718 cells for HCT116 cells. (B) CRC cell migration depends on CXCR4, MEK-1 and PI-3 kinases. The negative effect on migration in CXCL12
stimulated cells was abolished by the preincubation with an anti-CXCR4 antibody. Preincubation with PD98059 or wortmannin generally decreased the
migration rate, whereas only PD98059 had an significant effect on CXCL12-mediated inhibition of migration; »(CXCL12/wortmannin) = 0.994; »(CXCL12/
PD98059) = 0.438. (C) CXCL12 stimulation increases VEGF mRNA expression in CRC cells. RT-PCR analysis of HT-29 cells stimulated with CXCL12 (100
ng/mL) for time intervals as indicated. The CXCR4 mRNA levels were normalized to GAPDH. (D) VEGF protein expression is up-regulated after stimulation
with 100 ng/mL CXCL12 as measured by ELISA according to the manufacturers instructions.

potential and prognosis of CXCR4 expressing tumors.
Therefore, the level of CXCR4 expression may explain
differences between different tumors regarding growth and
tumor survival. In turn, previous studies demonstrated that
VEGF increases CXCR4 mRNA expression [46,56]. For
example, recently, it has been shown that VEGF up-
regulates CXCR4 expression on vascular endothelial cells
in human ovarian cancers synergizing CXCL12-mediated
vascular endothelial cell migration [56]. Highly aggressive
tumors rapidly outgrow their blood supply, leaving the
cells in a hypoxic tissue environment. Tumor cells adapt to
hypoxia by increasing their synthesis of HIF-1. However,
as demonstrated by several recent studies, hypoxia itself
increases CXCR4 and CXCL12 mRNA expression through
HIF-1 [55,57,58]. Another recent study demonstrated that
the von Hippel-Lindau tumor suppressor protein VHL
negatively regulates CXCR4 expression owing to its
capacity to target HIF-1 for degradation under normoxic
conditions [59]. This process is suppressed under hypoxic
conditions, resulting in HIF-dependent CXCR4 activation
[59]. An analysis of clear cell renal carcinoma that
manifests mutation of the VHL gene in most cases
revealed an association of strong CXCR4 expression with
poor tumor-specific survival [59]. These results suggest a
mechanism for CXCR4 activation during tumor cell
evolution and imply that VHL inactivation acquired by

incipient tumor cells early in tumorigenesis confers not
only a selective survival advantage but also the tendency to
home to selected organs [59].

This CXCR4-mediated homing and CRC cell migration
is according to our findings highly dependent on ERK and
Akt signaling. CXCLI12 predominantly activates MEK-
ERK MAP kinase and Akt signaling. Interestingly,
particularly the activation of ERK-MAP kinases and Akt
has been implicated in cell migration [33]. For example, in
T lymphocytes, CXCL12-induced chemotaxis is dependent
on ERK-1/2 and PI3 kinase activation [33] which is
consistent with our results. Our experiments demonstrated
that CXCR4 activation results in increased intestinal
epithelial cell migration which could be blocked using
PI3 kinase and MEK-1 inhibitors. Increased cell migration
is a major feature of malignant tumor growth.

Interestingly, we observed a bidirectional migration of
CRC cells depending on the presence of ECM proteins.
While CXCL12 was chemotactic for CRC cells in the
presence of ECM proteins such as collagen IV and laminin,
CXCLI12 induced movement away from the chemokine
without these proteins. A similar bidirectional migratory
response of T cells dependent on the CXCL12 concentration
has been described previously [60]. The active movement
away from CXCL12 has been named “chemofugetaxis”
[60]. Both the chemotactic and “chemofugetactic” effects
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were CXCR4-dependent in our experiments since anti-
CXCR4 antibodies inhibited these effects. Moreover, we
demonstrated that CXCL12 is an activator of MMP-9
secretion which has been shown to be an important mediator
of CRC invasion and metastasis [44]. CXCR4 activation
also resulted in increased actin polymerization which is an
important prerequisite for cell motility.

In summary, we demonstrate that the chemokine
receptor CXCR4 is expressed by CRC and CRC meta-
stases. Upon stimulation with its ligand CXCL12, several
distinct signaling pathways including ERK-MAP kinases
and Akt are activated. This results in increased cell
migration, actin polymerization and increased expression
of angiogenic mediators such as VEGF. CXCL12 secreted
by intestinal epithelial cells therefore triggers local tumor
invasion and may enhance CRC metastasis into other
organs. Future studies will have to evaluate whether
antagonists of CXCR4 activation on CRC cells, such as
AMD3100 [61], can affect CRC cell survival and chemo-
sensitivity potentially leading to new therapeutic avenues
for patients with CRC.
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Cell Differentiation Dependent Expressed CCR6
Mediates ERK-1/2, SAPK/JNK, and Akt Signaling
Resulting in Proliferation and Migration of
Colorectal Cancer Cells
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Abstract The expression of CCL20 (MIP-3a), which chemoattracts leukocytes to sites of inflammation, has been
shown in intestinal epithelial cells (IEC). Aim of this study was to analyze the role of the CCL20 receptor CCR6 in IEC and
colorectal cancer (CRC) cells. Expression of CCR6 and CCL20 was analyzed by RT-PCR and immunohistochemistry.
Signaling was investigated by Western blotting, proliferation by MTS assays and chemotactic cell migration by wounding
assays. The effect of CCL20 on Fas-induced apoptosis was determined by flow cytometry. CCR6 and its ligand CCL20 are
expressed in IEC. Moreover, CRC and CRC metastases express CCR6, which is upregulated during IEC differentiation.
Stimulation of IEC with CCL20 and proinflammatory stimuli (TNF-o., IL-1p, LPS) significantly upregulates CCL20 mRNA
expression. CCL20 expression was significantly increased in inflamed colonic lesions in Crohn’s disease and correlated
significantly with the IL-8 mRNA expression in these lesions (r = 0.71) but was downregulated in CRC metastases. CCL20
activated Akt, ERK-1/2, and SAPK/JNK MAP kinases and increased IL-8 protein expression. The CCL20 mediated
activation of these pathways resulted in a 2.6-fold increase of cell migration (P=0.001) and in a significant increase of cell
proliferation (P< 0.05) but did not influence Fas-induced apoptosis. In conclusion, IEC and CRC express CCL20 and its
receptor CCR6. CCL20 expression is increased in intestinal inflammation, while CCR6 is upregulated during cell
differentiation. CCR6 mediated signals result in increased IEC migration and proliferation suggesting an important role in
intestinal homeostasis and intestinal inflammation by mediating chemotaxis of IEC but also in mediating migration of CRC
cells. ). Cell. Biochem. 97: 709-723, 2006.  © 2005 Wiley-Liss, Inc.
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The interaction between intestinal epithelial
cells (IECs) and immune cells is an important
component of the intestinal immune response
coordinating the recruitment and activation of
leukocytes at sites of intestinal injury, inflam-

mation, and wound repair through the expres-
sion of chemokines and adhesion molecules.
Moreover, in addition to their function as
chemoattractants for leukocytes, chemokines
were recently identified as potential regulators
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epithelial cell; IL, interleukin; LPS, lipopolysaccharide; mAb,
monoclonal antibody; MAP kinase, mitogen-activated pro-
tein-kinase; MEK, mitogen-activated protein kinase kinase;
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RT-PCR, reverse transcriptase polymerase chain reaction;
SAPK/JNK, stress-activated protein kinase/c-Jun-N-terminal
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of IECs [Yang et al., 1997; Dwinell et al., 1999;
Brand et al., 2002, 2005a; Niess et al., 2005].

Chemokines are chemotactic cytokines that
induce mammalian cell movement through
binding to seven transmembrane receptors
[Luster, 1998]. These chemokine receptors are
coupled to heterotrimeric G proteins and induce
cell movement towards a concentration gradi-
ent of the cognate ligand [Luster, 1998]. Depen-
ding on their chemokine motif, chemokines can
be classified into four different subfamilies: CC,
CXC, XC, and CX3C chemokines.

The CC chemokine ligand (CCL)20 (MIP-3ax,
LARC, Exodus) is primarily produced by the gut
epithelium, particularly in the dome epithelium
of Peyer’s patches where it induces local migra-
tion of dendritic cell (DC) subsets expressing its
receptor CCR6 [Tanaka et al., 1999; Iwasaki
and Kelsall, 2000] but also in liver, lung, appen-
dix, and tonsillar crypts [Hieshima et al., 1997;
Hromas et al., 1997; Dieu et al., 1998; Dieu-
Nosjean et al., 1999; Tanaka et al., 1999].
The chemokine receptor CCR6 is expressed on
immature DCs, B-cells, and memory T-cells
expressing gut-homing (a4$7) and skin-homing
(CLA) integrins [Liao et al., 1999; Nakayama
et al., 2001]. In contrast, we recently demon-
strated that the chemokine receptor CX3CR1 is
expressed on mature DCs and has essential
functions in the luminal sampling of intestinal
bacteria [Niess et al., 2005]. Therefore, these
two chemokine receptors are important media-
tors of trafficking of intestinal DCs. CCL20 is
the only known chemokine ligand for CCR6, but
recent studies have shown that this protein can
also act as a functional receptor for the anti-
microbial peptides B-defensin 1 and 2 [Yang
et al., 1999]. CCR6 knockout mice show defi-
ciencies in Peyer’s patch organogenesis and
impairment of mucosal responses to both oral
antigens and enteric pathogens, and disturbed
cutaneous hypersensitivity reactions but main-
tain normal systemic responses [Cook et al.,
2000; Varona et al., 2001]. Interestingly, experi-
ments in CCR6 knockout mice demonstrated
that absence of CCR6 resulted in less severe
intestinal pathology in animals treated with
dextran sodium sulfate [Varona et al., 2003]
suggesting that the CCR6/CCL20 axis has a
critical, non-redundant role in the in vivo
control of immune responses in the intestine.

In addition to their function as chemoattrac-
tant for inflammatory cells, chemokines med-
iate migration of epithelial cells. This function is

likely to be important in cancer cell migration
and metastasis. For example, signaling through
the chemokine receptor CXCR4 mediates actin
polymerization and pseudopodia formation in
breast cancer cells and induces chemotactic
and invasive responses [Muller et al., 2001]. In
addition, organs that represent important sites
of breast cancer metastasis are the most abun-
dant sources of chemokine ligands for these
tumor-associated receptors [Muller et al., 2001].
Recently, we demonstrated similar functions for
CXCR4 in colorectal cancer (CRC) cells [Brand
et al., 2005a,b].

The expression of CCR6 in IECs has been
shown previously [Yang et al., 2005] but the
detailed signaling mechanisms and specific
biological functions of CCR6 in IEC are un-
solved questions in determining its role in IEC
biology including its role in intestinal inflam-
mation and colorectal cancerogenesis which
was the purpose of this study.

MATERIALS AND METHODS
Reagents

Polyclonal antibodies to phosphorylated extra-
cellular signal-regulated kinase (ERK)-1/2
(Thr183/Tyr185), phosphorylated stress-activa-
ted protein kinase (c-Jun N-terminal kinase)
SAPK/JNK (Thr183/Tyr185), phospho-p38
(Thr180/Tyr182), and phospho-Akt (Ser473)
were purchased from Cell Signaling (Beverly,
MA). Anti-ERK-1/2, anti-SAPK/JNK, anti-p38,
and anti-Akt antibodies were also from Cell
Signaling. Horseradish peroxidase linked anti-
rabbit secondary antibody was purchased from
Amersham (Arlington Heights, IL). Previously
characterized [Dellacasagrande et al., 2003]
monoclonal antibodies against human CCR6
(Clone 53103) and CCL20 (Clone 67310) were
from R&D Systems (Minneapolis, MN). Recom-
binant human CCL20, TNF-«a, and IL-1p were
obtained from R&D Systems (Minneapolis,
MN). MEK-1 inhibitor PD98059, SAPK/JNK
inhibitor SP600125, p38 inhibitor SB203580,
and phosphatidylinositol3-(PI3) kinase inhi-
bitor wortmannin were from Tocris Cookson
(Bristol, UK). Lipopolysaccharide (LPS) from
Escherichia coli (026:B6) prepared by phenol
extraction was purchased from Sigma (St.
Louis, MO) and prepared as dispersed sonicate
in endotoxin-free water (Life Technologies,
Rockville, MD) before diluting to final concen-
tration in supplemented media.
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Cell Culture

The human CRC cell lines T84, SW480,
Caco-2, HT-29, HCT116, and DLD-1 were obtai-
ned from American Type Culture Collection
(Rockville, MD). While T84 cells were grown
in Dulbecco’s modified Eagle medium/F-12
(GIBCO BRL/Life Technologies, Gaithersburg,
MD), the other cell lines were grown in
Dulbecco’s modified Eagle medium (GIBCO)
with 100 IU/ml penicillin, 100 pg/ml streptomy-
cin, and 10% heat-inactivated fetal calf serum
(PAA, Pasching, Austria) in a humidified 5%
CO; atmosphere at 37°C. For signal transduc-
tion experiments with CCL20, cells were
starved overnight in serum-free medium.

Reverse Transcriptase Polymerase
Chain Reaction (RT-PCR)

Total RNA was isolated using Trizol reagent
(GIBCO BRL/Life Technologies, Gaithersburg,
MD). For RT-PCR, RNA was treated with
ribonuclease (RNase)-free deoxyribonuclease
(DNA-free™.-Kit, Ambion) to remove potential
genomic DNA contaminants. Three micrograms
of total RNA were reverse transcribed using
Roche first strand c¢DNA synthesis kit. To
control for genomic contamination, an identical
parallel PCR reaction was performed contain-
ing starting material that had not been reverse
transcribed. The following conditions were used
for semi-quantitative PCRs: 25 or 35 cycles
(depending on the specific PCR) of denaturing at
95°C for 45 s, annealing temperature at 61°C
for 45 s, extension at 72°C for 45 s. All PCR
reactions included GAPDH primers to quantify
PCR products. The primers for the PCR reac-
tions were as follows: CCR6 forward and reverse
5'-atttcagegatgttttegacte-3’' and 5'-ggagaagect-
gaggacttgta-3’, CCL20 forward and reverse
5'-ttgetectggetgetttgatg-3' and 5'-tetttetgttett-
ggegtatg-3’, GAPDH forward and reverse 5'-
catgtgggccatgaggtcecac-3’ and 5'-tgaaggtcggaa-
gtcaactgat-3’. The PCR products were sub-
cloned into pCR 2.1 vector (Invitrogen, Carls-
bad, CA) and sequenced.

Quantitative PCR

Real-time PCR was performed with a
Rotorgene RG-3000 cycler (Corbett Research,
Sydney, Australia) using the Quantitect SYBR
Green PCR Kit from Qiagen (Hilden, Germany)
following the manufacturer’s guidelines. Oligo-
nucleotide primers were designed according to

the published sequence, and the following
primer pairs were used: CCL20: forward 5'-
ctactecacctetgeggegaa-3’, reverse 5'-ttttactgag-
gagacgcacaa-3’; beta-actin: forward 5'-gccaac-
cgegagaagatga-3/, reverse 5'-catcacgatgccagtg-
gta-3’; interleukin-8 (IL-8): forward 5'-ccaggaa-
gaaaccaccgga-3', reverse 5'-gaaatcaggaaggctge-
caag-3’ (MWG-Biotech, Ebersberg, Germany).
CCL20 mRNA expression was normalized to
beta-actin expression in the respective cDNA
preparation. To compare CCL20 expression
levels between inflamed and non-inflamed colo-
nic lesions, CCL20 expression in non-inflam-
matory tissue was arbitrarily set to 1.0 (i.e.,
100%).

Gel Electrophoresis and Immunoblotting

Cells were solubilized in lysis buffer contain-
ing 1% Nonidet P-40, 20 mM Tris-HCI (pH 7.4),
150 mM NaCl, 2mM EDTA, 2mM EGTA, 10 ug/
ml aprotinin, 2 mM phenylmethylsulfonyl
fluoride, 10 pg/ml leupeptin, and phosphatase
inhibitors (400 mM sodium orthovanadate and
4 mM NaF) and were passed six times through a
21G needle. After 30 min on ice, lysates were
cleared by centrifugation at 10,000g for 20 min.
The protein concentration of each sample was
quantified by the Bradford method. Immuno-
blotting was performed as previously described
[Muehlhoefer et al., 2000].

Enzyme-Linked Immunosorbent Assay (ELISA)

For the quantification of IL-8 release, BD
OptEIA Human IL-8 Elisa Kit II (BD Bios-
ciences, Bedford, MA) was used according to the
manufacturers instructions.

Immunohistochemistry

Surgical specimens from patients undergoing
colectomy or lymph node resection were taken
after obtaining patient’s consent. Immunohis-
tochemistry was performed as previously
described [Muehlhoefer et al., 2000] using a
standard streptavidin-peroxidase technique.
Previously characterized [Dellacasagrande
et al., 2003] monoclonal antibodies against
human CCR6 and CCL20 were from R&D
Systems (Minneapolis, MN) and were used
according to the manufacturer’s guidelines.

Cell Proliferation Assay

HT-29 cells were seeded onto 96-well plates at
a density of 10,000 cells/well and were allowed
to attach overnight. The cells were stimulated
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with 10, 100, or 1,000 ng/ml CCL20, or with
CCL20-free medium (negative control). The cell
proliferation rate was determined by MTS assay
on day 2 using the CellTiter 96® Aqueous Non-
Radioactive Cell Proliferation Assay (Promega,
Madison, WI) according to the manufacturer’s
instructions.

Apoptosis Assays

Apoptosis assays were performed as we
described previously [Eichhorst et al., 2004].
SW480 cells, which are less resistant to Fas
induced apoptosis than HT-29 cells [Abreu et al.,
2000], were used in these assays. For induction
of CD95-mediated cell death ligand specific
anti-APO-1 mAb at concentrations of 100 and
500 ng/ml was used.

Wounding Assay

Wounding assays were performed as previ-
ously described [Dignass and Podolsky, 1993].
Briefly, SW480 cells, which were the most sui-
table CRC cell line in pilots experiments, were
grown in 6-well plates to complete confluence.
Using a sterile razor blade, six standardized
wounds were created in each plate. Detached
cells were removed by three washes with PBS,
and the cell medium was changed from 10%
fetal calf serum (FCS) containing medium to 1%
FCS containing medium. The cells were stimu-
lated with CCL20 (10 and 100 ng/ml) or 1% FCS.
The cells were washed with PBS after 24 h
and fixed with ethanol. The number of migrated
cells (over the wounding edge) was counted
under a microscope (Olympus IX50, 10x mag-
nification). For each group (CCL20 stimulated
and medium stimulated) three dishes were
analyzed, whereas for each dish six separate
fields were counted.

Statistical Analysis

Statistical analysis was performed using two-
tailed Student’s ¢-test. P-levels <0.05 were
considered as significant.

RESULTS

Expression of CCR6 and its Ligand
CCL20 in IEC and CRC Cells

To determine if CCR6 is expressed in IEC and
CRC cells and to utilize an IEC model to study
the CCL20-CCR6 ligand-receptor system, we
analyzed CCR6 and CCL20 mRNA expression
in several human CRC derived IEC cell lines

(HCT116, Caco-2, DLD-1, HT-29, SW480, T84).
RT-PCR analysis demonstrated CCR6 and
CCL20 mRNA expression in all cell lines tested
(Fig. 1A). Using colonic biopsy samples, we
demonstrated by immunohistochemical analy-
sis that CCR6 is expressed in primary IEC
(Fig. 1B).

Next, we analyzed the influence of cell
differentiation on the CCR6 expression levels

HCT 116 3>

Caco-2
DLD-1
HT-29

Ralati v CORE o RNA epres
fobd inoreese]
T M g W@
R R e
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Fig. 1. CCRG6 is expressed in IECs and its expression increases
with cell differentiation. A: Expression of CCR6 and CCL20 in
various IEC lines using RT-PCR analysis of mRNA derived from
IECs as indicated. B: Immunohistochemistry of normal colonic
tissue using a previously characterized [Dellacasagrande et al.,
2003] human monoclonal anti-CCR6 antibody. CCR6 is
predominantly expressed in differentiated, apical intestinal
epithelial cells. C: Quantitative PCR analysis of HT-29 cells
and HCT116 cells stimulated with 5 mM sodium butyrate for time
intervals as indicated. The mRNA expression level of CCR6 was
normalized to actin levels and is presented as -fold increase
compared to CCR6 mRNA levels at time point 0 h. [Color figure
can be viewed in the online issue, which is available at www.
interscience.wiley.com.]
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in IEC using sodium butyrate stimulation as an
established model of IEC differentiation [Chung
et al., 1985; Jordan et al., 1999]. Increasing cell
differentiation enhanced CCR6 mRNA expres-
sion in HT-29 cellsup to 3.1-fold after 24 h and in
HCT116 cells up to 6.7-fold after 48 h (Fig. 1C).
Similarly, there was a clear distribution pattern
of CCR6 staining in normal IECs beginning in
the middle and increasing to the upper third of
the crypt with highest expression in the most
differentiated apical IECs (Figs. 1B and 2A).

Fig. 2. Intestinal epithelial cells in colorectal adenomas, CRC,
and CRC metastases express CCR6. Examples of the immuno-
histochemical analysis of 4 colorectal adenomas, 15 CRC, 4 CRC
lymph node metastases, and 6 CRC liver metastases are shown.
A: Immunostaining with a human monoclonal anti-CCR6 anti-
body (R&D Systems, Minneapolis, MN) of a histological section
of a colorectal adenoma demonstrating that CCR6 expression is
increased in the more differentiated, apical IEC. B: Colorectal
adenoma stained with a human monoclonal anti-CCL20 anti-
body (R&D Systems, Minneapolis, MN) demonstrating high
CCL20 expression. C: CRC stained with anti-CCR6. D: CRC
stained with anti-CCL20. E: Lymph node metastasis stained with
anti-CCR6. F: CRC section stained with anti-CCL20 demonstrat-
ing loss of CCL20 expression. [Color figure can be viewed in the
online issue, which is available at www.interscience.wiley.
com.|

Having demonstrated that CCR6 and its
ligand CCL20 are expressed in CRC derived
cell lines (Fig. 1A), we next performed a compre-
hensive immunohistochemical analysis to study
CCR6 and CCL20 expression in primary human
CRC tissue and CRC metastases. This included
tissue of a variety of CRCs of different stages of
invasion and differentiation (histological grad-
ing G1-G4) taken from 15 different patients. In
addition, we analyzed tissue from CRC lymph
node metastases (n=4), liver metastases
(n=6), and colorectal adenomas (n =4). While
normal colonic mucosa and all four colorectal
adenomas demonstrated staining positive for
CCL20 protein expression (Fig. 2B), none of the
liver metastases and only half of the lymph
node metastases expressed CCL20 according to
the immunohistochemical analysis. Similarly,
in 9 of 15 CRCs CCL20 expression was lost
or decreased in comparison to normal colonic
tissue suggesting that CCL20 is downregulated
in cancerous and metastatic tissue (Table I,
Fig. 2D,F). Moreover, the more invasive the
specific CRC or CRC metastases were according
to the TNM classification, the less likely was
CCL20 expression (Table I). For example, none
of the three T4 tumors/metastases expressed
CCL20 (Table I). All CRC and CRC metastases
stained, at least focally, positive for CCR6
(Table I, Fig. 2C,E). However, the number of
high or moderate CCR6 expressing tissue sam-
ples decrease from 100% in colorectal adenomas
t0 66.6% CRC to 50% in lymph node metastases
and only 33.3% in liver metastases suggesting,
similar to the results of Figure 1B,C, that CCR6
expression is higher in differentiated tissues.

Proinflammatory Cytokines
Increase CCL20 mRNA Expression

Several chemokines have been shown to be
upregulated by proinflammatory cytokines.
Therefore, we analyzed if LPS and the pro-
inflammatory cytokines TNF-o and IL-1P
regulate CCL20 mRNA expression. In these
experiments, the human IEC cell line HT-29
was stimulated with LPS (1 pg/ml), TNF-o
(50 ng/ml), or IL-1B (10 ng/ml). LPS increased
CCL20 mRNA expression nearly twofold with a
peak after 4 h (Fig. 3A). Similar to LPS, the
proinflammatory cytokines TNF-o and IL-1B
upregulated CCR6 mRNA expression up to 2.4-
and 2.5-fold, respectively (Fig. 3B,C). In addi-
tion to proinflammatory stimuli (Fig. 3A-C),
CCL20 increased its own mRNA expression in
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TABLE I. Results of Semiquantitative Immunohistochemical Analysis of CCL20 and CCR6
Protein Expression in Colorectal Adenomas, CRC, CRC Lymph Node Metastases, and
Liver Metastases

TNM Grading CCL20 expression CCRS6 expression
Colorectal adenomas (CRA)
CRA1 N/A N/A ++ +
CRA2 N/A N/A ++ +
CRA3 N/A N/A + +
CRA4 N/A N/A +
Colorectal cancers (CRC)
CRC1 T1NOMO G1 - (+)
CRC2 T2NOM1 G2 + ++
CRC3 T3NOMO G2 (+) +
CRC4 T3NOMO G2 (+) +
CRC5 T3NOMO G2 + (+)
CRC6 T3NOMO G3 - +
CRC7 T3NOMO G3 +
CRC8 T3NOM1 G2 + (+)
CRC9 T3N1MO G2 (+) +
CRC10 T3N1M1 G2 (+) +
CRC11 T3N2MO0 G2 + +
CRC12 T3N2MO G4 - ++
CRC13 T3N2M1 G3 + (+)
CRC14 T4N2MO G3 - +)
CRC15 T4N1M1 G2 — ++
Lymph node metastases (LNM)
LNM1 T3N2MO0 G2 + ++
LNM2 T3N1M1 G2 + +
LNM3 T3N2M1 G3 - (+)
LNM4 T4N2MO G3 - (+)
Liver metastases (LM)
LM1 T2NOM1 G2 - )
LM2 T3NOM1 G2 - +
LM3 T3N1M1 G2 - (+)
LM4 T3N1M1 G2 - (+)
LM5 T3N1M1 G3 - ()
LM6 T3N1M1 G3 - +

CRCs and CRC metastases are ranked according to the results of their TNM classification. All samples were scaled regarding their
CCL20 and CCR6 immunostaining intensity by two senior investigators blinded to clinical, TNM, and treatment information. Scale: —,
no expression; (+), partial/low expression; +, moderate expression; ++, strong expression.

IEC (Fig. 3D). This induction of CCL20 mRNA
expression was biphasic with peak expression
levels at 2 and 24 h, an expression pattern
previously described for other proinflammatory
cytokines including the chemokine ENA-78/
CXCL5 after cell stimulation with proinflam-
matory cytokines [Schnyder-Candrian and
Walz, 1997] suggesting that CCL20 increases
the expression of proinflammatory cytokines
resulting in the second CCL20 mRNA peak.
This hypothesis was analyzed in the following
experiments (Fig. 4).

CCL20 mRNA is Increased in Inflammatory
Colonic Lesions in Crohn’s Disease and Correlates
Highly With IL-8 mRNA Expression Levels

Next, we analyzed if CCL20 mRNA expres-
sion correlates with the level of inflammation in
vivo using real-time PCR. In these experiments,
we compared CCL20 mRNA expression levels
in biopsy samples taken from 14 different sites
(of 7 patients with Crohn’s disease) with endo-

scopically (macroscopic) inflamed colonic muc-
osa with those of endoscopically non-inflamed
colonic mucosa taken from 14 different sites of
the same 7 patients. The IL-8 expression, which
was used as a control marker for inflammation,
was significantly increased (P < 0.05) in the
inflamed biopsy samples (Table II). The in-
crease in IL-8 mRNA expression ranged from
1.4 upto 31.1-fold compared to the non-inflamed
tissues. Similarly, CCL20 mRNA expression
levels were significantly higher (P < 0.05) in bio-
psy samples with inflamed mucosa when com-
pared with non-inflamed lesions (increase
between 1.9- and 16.7-fold; Table II). Moreover,
the CCL20 mRNA levels correlated highly with
the IL-8 mRNA expression levels (r=0.71+
0.09), demonstrating its association with intest-
inal inflammation.

Having demonstrated that CCL20 mRNA
expression correlates highly with IL-8 levels in
Crohn’s disease and that CCL20 upregulates its
own mRNA expressionin IEC, we analyzed next
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Fig. 3. CCL20 mRNA expression is upregulated after stimulation with various proinflammatory stimuli.
Regulation of CCL20 mRNA expression after stimulation with LPS (1 ug/ml; Panel A) with TNF-o (50 ng/ml;
Panel B), IL-1p (10 ng/ml; Panel C) and CCL20 (100 ng/ml; Panel D). The expression levels of CCL20 mRNA
were normalized to GAPDH mRNA levels using TINA software.

if CCL20 increases IL-8 levels in IEC. In these
experiments, HT-29 cells were stimulated with
100 ng/ml CCL20 and IL-8 protein expression
was measured by ELISA. CCL20 stimulation
increased IL-8 protein levels 4.6-fold after 24 h
(Fig. 4).

CCL20 Induces ERK-1 and ERK-2 Activation by
MEK-1 Dependent Mechanism

Having demonstrated that CCR6 is func-
tional in IEC resulting in increased expression
of the proinflammatory chemokines CCL20 and
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Fig. 4. CCL20 increases IL-8 protein expression in HT-29 cells.
IL-8 protein expression measured in ELISA assays increased
4.6-fold after stimulation with recombinant human CCL20
(100 ng/ml).

IL-8, we next analyzed major signaling path-
ways of CCR6 in IEC. In these experiments,
CCR6 expressing SW480 and HT-29 cells were
stimulated with the CCR6 ligand CCL20.
Stimulation of chemokine receptors can result
in transient activation of mitogen-activated
protein (MAP) kinases [Ganju et al., 1998a;
Tilton et al., 2000]. Similarly, 100 ng/ml CCL20
induced transient activation of ERK-1/2
(Fig. 5A). To identify the upstream signaling
events, we investigated the effect of the MEK-1
inhibitor PD98059 on the CCL20 mediated ERK
regulation. PD98059 downregulated ERK-1/2
phosphorylation after CCL20 stimulation
(Fig. 5B), suggesting MEK-1 as an upstream
signal transducer of the CCL20 induced ERK
activation. Crosstalk between the PI3-kinase
and the MEK-ERK pathway has been proposed
[Rommel et al., 1999]. However, ERK activation
after CCL20 stimulation was not significantly
affected by pre-treatment with wortmannin
(Fig. 5C), suggesting a PI3-kinase-independent
activation of ERK-MAP kinases by CCL20.
Similarly, the JNK kinase inhibitor SP600125
did not influence the CCL20 induced ERK
activation (Fig. 5D).

CCR6 Activation Results in
SAPK/JNK- and Akt Phosphorylation

Activation of chemokine receptors may also
result in activation of p38 and SAPK/JNK
kinases and Akt [Ganju et al., 1998b; Sotsios
et al., 1999; Robledo et al., 2001]. Stimulation
of SW480 and HT-29 cells with CCL20 resul-
ted in phosphorylation of SAPK/JNK kinases

TABLE II. Comparison of CCL20 and IL-8 mRNA Expression in Inflamed and Non-Inflamed Colonic Lesions of Patients With

Crohn’s Disease

Anatomic site of biopsy sampling

IL-8 expression level inflamed  Correlation

CCL20 expression level
inflamed versus non-inflamed

CCL20/IL-8

versus non-inflamed

Inflamed

Current medication Non-inflamed

Patient no.

Descending colon

Terminal ileum*
Cecum

Descending colon

Cecum™
Cecum

Mesalazine, AZA

AZA

AZA, TFX

Terminal ileum*
Descending colon
Transverse colon
Transverse colon

Descending colon
Transverse colon
Transverse colon

Cecum*

Mesalazine, cortico-steroids
No medication

MTX
AZA

Average + SEM

inflamed and non-inflamed colonic lesions, nRNA expression in non-inflamed tissue was arbitrarily set to 1.0 (100%). The current medical therapy, under which biopsy samples were taken, and
the anatomic site from which the samples were taken, are given for all patients. Biopsy sampling for inflamed and non-inflamed lesions was intended to be performed in the same colonic or ileal
segment. This was not possible in patients marked with an asterisk (*) due to severe inflammation in the whole anatomic segment. Therefore, biopsies from a bordering (non-inflamed) segment

CCL20 expression was measured by quantitative PCR and normalized with respect to beta-actin expression levels in the respective cDNA preparation. To compare expression levels between
were included for comparison. Abbreviations: AZA, azathioprine; IFX, infliximab; MTX, methotrexate.
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Fig. 5. CCL20 activates ERK-MAP kinases in SW480 cells.
Activation and expression of phospho-ERK-1/2 was assessed by
immunoblotting. A: Phospho-ERK-1/2 activation after CCL20
stimulation (100 ng/ml). B: The CCL20-induced ERK activation
is MEK-1 dependent. Pretreatment with the MEK-1 inhibitor
PD98059 (10 pmol/L 1 h before CCL20 stimulation) resulted
in decreased ERK activation. C: The CCL20 induced ERK
activation is P13 kinase independent. Pretreatment with the PI3
kinase inhibitor wortmannin (25 umol/L) did not influence
ERK-1/2 activation. D: Similarly, ERK activation is independent
from SAPK/JNK signaling. Pretreatment with the SAPK/JNK
inhibitor SP600125 (20 pumol/L) did not influence ERK-1/2
activation. Similar results were found in HT-29 cells (data
not shown). One representative experiment (n=3) is
shown.
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Fig. 6. CCL20 stimulation activates SAPK/JNK. A: Stimulation
of SW480 cells with CCL20 (100 ng/ml) resulted in increased
phosphorylation of SAPK/JNK kinases. B: Pretreatment with the
SAPK/JNK inhibitor SP600125 (20pumol/L) decreased SAPK/INK
activation. C: SAPK/JNK activation is MEK-1 dependent.
Pretreatment with the MEK-1 inhibitor (PD98059, 10 pumol/L)
decreased JNK activation. D: The P13 kinase inhibitor wortman-
nin (25 pmol/L) did not abrogate the CCL20 induced SAPK/JNK
activation. Similar results were found in HT-29 cells (data not
shown). One representative experiment (n=3) is shown.

(Fig. 6A). Pretreatment with the JNK inhibitor
SP600125 significantly suppressed phosphory-
lation of SAPK/JNK kinases (Fig. 6B), as
did pretreatment with the MEK-1 inhibitor
PD98059 suggesting an MEK-1-dependent
pathway (Fig. 6C). In contrast, the PI3 kinase
inhibitor wortmannin did not influence phos-
phorylation levels (Fig. 6D). In addition, CCL20
stimulation resulted only in a weak increase of
phosphorylation levels of p38 (data not shown)
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Fig. 7. CCL20induces Akt activation in SW480 cells. A: CCL20
(100 ng/ml) induces Akt phosphorylation. B: Pretreatment with
the PI3 kinase inhibitor wortmannin (25 umol/L) inhibited Akt
phosphorylation. C: Pretreatment with the MEK-1 inhibitor
PD98059 had no effect on Akt phosphorylation levels. D:
Similarly, the JNK inhibitor SP600125 (20 umol/L) did not
influence Akt phosphorylation levels. Similar results were found
in HT-29 cells (data not shown). One representative experiment
(n=3) is shown.

suggesting that CCL20 activate primarily
ERK and JNK MAP kinase signaling in IEC.
Furthermore, CCL20 binding to its receptor
CCR6 also resulted in increased phosphoryla-
tion of Akt (Fig. 7A). Pretreatment with the

PI3 kinase inhibitor wortmannin completely
inhibited CCL20-induced Akt phosphorylation
(Fig. 7B), while pretreatment with the MEK-1
inhibitor PD98059 (Fig. 7C) and the SAPK/JNK
inhibitor SP600125 (Fig. 7D) did not influence
Akt activation suggesting a PI3 kinase and
SAPK/JNK-independent pathway.

CCL20 Does not Influence Fas Ligand Induced
Apoptosis but Stimulates IEC Proliferation

We demonstrated that CCL20 stimulation
results in ERK-1/2 and Akt activation which
have been shown to mediate anti-apoptotic path-
ways and increase cell proliferation [Fridell
et al., 1996; Dudek et al., 1997]. Both, cell
proliferation and apoptosis are important
mechanisms by which the intestinal barrier
and its restitution (e.g., in intestinal inflamma-
tion) are controlled. Moreover, increased cell
proliferation and decreased apoptosis have been
demonstrated in cancerous tissue resulting
in enhanced tumor growth and resistance to
“apoptotic” and antiproliferative therapy stra-
tegies [Eichhorst and Krammer, 2001]. There-
fore, we investigated the chemokine-mediated
effect on apoptosis using experimental conditi-
ons which we previously established [Eichhorst
et al., 2004]. In these experiments, SW480 cells
were used which are less resistant to Fas
induced apoptosis than HT-29 cells [Abreu
et al., 2000]. However, no significant difference
between the number of apoptotic cells in the
chemokine stimulated group and the unstimu-
lated group was found (Fig. 8A). In contrast,
CCL20 at concentrations of 10 ng/ml and 100 ng/
ml increased significantly cell proliferation
(P<0.05 and P=0.006, respectively), while
higher concentrations did not change the cell
proliferation rate significantly (Fig. 8B).

CCR6 Activation Results in
Increased Cell Migration

The activation of MAP kinases such as ERK-
1/2 and the activation of Akt have been linked to
cell migration [Bonacchi et al., 2001] which is a
major mechanism of wound healing after injury
of the IEC barrier, for example, in severe
inflammation but also a main characteristic of
CRC cancer growth. Therefore, we analyzed in
cell migration assays if CCL20 is chemotactic
for IECs. In these “wounding” assays, standar-
dized sterile wounds were created in SW480
cell monolayers, which were the most suitable
CCR6-expressing IEC line for wounding assays
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Fig. 8. CCL20 does not regulate apoptosis but increases cell
proliferation and cell migration in IEC cells. A: CCL20 does not
influence Fas ligand mediated apoptosis in SW480 cells. Cells
were treated with 100 and 500 ng/ml anti-APO-1 antibody and
either CCL20 stimulated or remained unstimulated for 24 h.
Apoptosis was measured by FACS analysis. B: CCL20 increases
cell proliferationin HT-29 cells. HT-29 cells were seeded onto 96
well plates at a density of 10,000 cells/well and were grown for
1 day. After starvation in serum-free medium overnight, the cells
were stimulated with CCL20 as indicated, or with CCL20-free
medium (negative control). The cell proliferation rate was
determined by MTS assay after 48 h. There was a statistical

in pilot experiments. Twenty-four hours after
wounding, the number of migrated cells over the
wounding edge was counted under the micro-
scope. To quantify the CCL20 mediated cell
migration, we analyzed a total of 18 fields in
6 separate dishes for each group containing
more than 300 migrated cells per group. This
experiment demonstrated a statistically signi-
ficant increase of the cell migration rate in

' p=0.001
**p=0.005
vs. unstimulated control

100

significant (P < 0.05 and P=0.006) increase in cell proliferation
whenthe cells were stimulated with CCL20 (10 ng/ml and 100 ng/
ml, respectively). Relative means &= SEM from three independent
experiments are shown. C: “Wounding” assays were used to
analyze the influence of CCL20 on IEC migration. Standardized,
sterile wounds were created in SW480 cell monolayers as
described in the Method section. Twenty-four hours after
wounding the number of migrated cells (over the wounding
edge) was counted under the microscope. CCL20 induced a
significant increase of the cell migration rate (10 ng/ml CCL20:
P=0.001; 100 ng/ml CCL20: P=0.005 vs. medium stimulated
controls).

the CCL20 stimulated cells in comparison
to medium stimulated controls (P=0.001 for
10 ng/ml CCL20; P=0.005 for 100 ng/ml
CCL20; Fig. 8C).

DISCUSSION

Chemokines are chemotactic cytokines,
which recruit leukocytes to sites of infection
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or inflammation [Butcher and Picker, 1996;
Baggiolini, 1998; Zlotnik and Yoshie, 2000;
Niess et al., 2005]. However, recent studies indi-
cate that certain chemokines and chemokine
receptors also play an important role in IEC
biology [Dwinell et al., 1999; Jordan et al., 1999;
Brand et al., 2002, 2005a,b]. Moreover, several
studies demonstrated that chemokine receptors
are critical in determining homing of metastatic
tumor cells [Geminder et al., 2001; Muller et al.,
2001; Robledo et al., 2001; Taichman et al.,
2002; Brand et al., 2005a].

Previous studies demonstrated that IEC
express the CCR6 ligand CCL20 [Tanaka et al.,
1999; Iwasaki and Kelsall, 2000; Kwon et al.,
2002; Puleston et al., 2005]. Here, we show that
IEC also express its receptor CCR6. Further-
more, we demonstrated that CCR6 is functional
in IEC. Stimulation of IEC with CCL20 resulted
in activation of distinct signaling pathways. We
also demonstrated that this chemokine ligand
receptor pair is an important mediator of
intestinal inflammation. Stimulation of IEC
with proinflammatory cytokines and LPS sig-
nificantly upregulated CCL20 mRNA expres-
sion. Moreover, CCL20 increased its own mRNA
expression, a mechanism previously shown for
other proflammatory cytokines and chemokines
such as fractalkine [Brand et al., 2002]. In
addition, we demonstrated that CCR6 activa-
tion in IEC resulted in increased protein
expression of the proinflammatory chemokine
IL-8. Quantitative PCR analysis demonstrated
that CCL20 is upregulated in inflamed colonic
biopsy samples taken from patients with
Crohn’s disease. The CCL20 mRNA levels
correlated highly with the IL-8 mRNA levels
in these biopsy samples suggesting an impor-
tant role in intestinal inflammation. These
results are consistent with previous studies
demonstrating increased CCL20 expression
levels in colonic biopsy samples of patients with
inflammatory bowel disease [Kwon et al., 2002;
Kaser et al., 2004; Puleston et al., 2005].

A multitude of studies indicates that chronic
intestinal inflammation as seen in ulcerative
colitis and Crohn’s disease is a risk factor for
developing CRC [Katzka et al., 1983; Ekbom
et al., 1990; Choi and Zelig, 1994; Gillen et al.,
1994]. CRC is characterized by metastasis
into abdominal lymph nodes and liver. Tumor
metastasis is of high clinical relevance since
patients with advanced CRC rarely live beyond
5years. In this study, we demonstrate that CRC

cells express functional CCR6 chemokine recep-
tors, which was also detected in all primary CRC
cells and in all metastases analyzed. The liver
is a main producer for CCL20 [Hieshima et al.,
1997], therefore liver metastasis of CCR6-
expressing CRC cells is likely to be facilitated
by this chemokine system. This is supported by
a recent study, which demonstrated that CCR6
is over-expressed in liver metastases of colon,
thyroid, and ovarian carcinomas compared with
normal liver [Dellacasagrande et al., 2003].
In contrast to CCR6, the expression of CCL20
was downregulated in several CRCs and CRC
metastases (Table I). Stimulation of CRC cells
by the CCR6 ligand CCL20 triggers responses
that are similar to leukocyte responses to
chemoattractants, such as CRC migration.
Our results demonstrating a role for CCR6 in
CRC cell migration are supported by a very
recent study [Yang et al., 2005], which showed
that apical stimulation of polarized CCR6
expressing CRC cells with CCL20 resulted
in tyrosine phosphorylation of the p130 Crk-
associated substrate (Cas), an adaptor/scaffold-
ing protein that localizes in focal adhesions and
has a role in regulating cytoskeletal elements
important for cell attachment and migration.

Moreover, we demonstrate that CCL20 is
expressed by normal IECs possibly facilitating
migration and invasion of cancer cells into the
normal intestinal epithelium. In addition to
CRC, functional CCR6 receptors have been
detected in several other malignancies such as
pancreatic cancer [Kleeff et al., 1999; Kimsey
et al.,, 2004; Campbell et al., 2005], hepatic
cancer cells [Fujii et al., 2004], multiple mye-
loma [Moller et al., 2003], and certain B-cell
non-Hodgkin’s lymphomas [Rodig et al., 2002]
suggesting similar mechanisms of tumor cell
migration and metastasis in a variety of
malignancies.

Interestingly, we demonstrate an increasing
CCR6 expression along the intestinal crypt axis
with low expression levels at the base of the
crypts to high expression levels in the more
differentiated apical cells. Although CCR6
expression increased in normal IEC with cell
differentiation, this association was less clear
in CRC tissue. However, high CCR6 expression
was less common in CRC metastases than in
normal colonic tissue and colorectal adenomas
supporting the observation that CCR6 expres-
sion is higher in differentiated tissues. Our
observation that CCR6 is a marker of normal
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IEC differentiation, is also supported by a
recent complex gene analysis of markers of
differentiation in keratinocytes and IECs which
found CCR6 primarily in IEC at later stages of
differentiation [Dabelsteen et al., 2003]. Based
on the IEC migration induced by CCL20 found
in our experiments, this CCR6 gradient within
the intestinal crypt is likely to be a factor
involved in the directed IEC movement during
cell differentiation from the base of the crypt to
the apical part.

CCL20 predominantly activates the MEK-
ERK MAP kinase signaling pathway in IEC
which has also been shown to be the major
signaling pathway of other chemokine receptors
such as CX3CR1 [Brand et al., 2002] and
CXCR4 [Tilton et al., 2000; Brand et al.,
2005a,b]. However, in contrast to our analysis
of CX3CR1 signaling [Brand et al., 2002], CCR6
activation also resulted in increased phosphor-
ylation of SAPK/JNK kinases as well as
increased Akt phosphorylation levels. Interest-
ingly, two recent studies demonstrated that
SAPK/JNK is activated in Crohn’s disease
[Hommes et al., 2002; Waetzig et al., 2002],
and that inhibition of SAPK/JNK resulted in
significant clinical benefit and rapid endoscopic
ulcer healing [Hommes et al., 2002].

Particularly, the activation of ERK-MAP
kinases and Akt has been implicated in cell
migration [Sotsios et al., 1999; Bonacchi et al.,
2001; Yap, 2001; Graness et al., 2002]. Our
experiments demonstrated that CCR6 acti-
vation results in increased IEC migration.
Increased cell migration is a major feature of
malignant tumor growth. In addition, CCR6-
induced IEC migration is also important during
normal TEC development and under inflamma-
tory conditions. For example, an impairment of
the integrity of the mucosal epithelial barrier is
observed in the course of various intestinal
disorders including inflammatory bowel dis-
eases. As demonstrated in wounding assays in
this study, CCL20 stimulation facilitates the
epithelial restitution.

In summary, we demonstrate that the che-
mokine receptor CCR6 is expressed by normal
IEC and CRC cells. Upon stimulation with its
ligand CCL20 several distinct signaling path-
ways including ERK-MAP kinases and Akt are
activated. CCL20 mRNA expression is upregu-
lated in intestinal inflammation but downregu-
lated in CRC metastases. CCR6 expression in
CRC and CRC metastases indicate a role for

this chemokine system in CRC migration and
metastasis. This is supported by our results of
in vitro models demonstrating increased CRC
proliferation and migration after CCR6 activa-
tion. Therefore, CCR6 and its ligand, which are
essential in controlling immune cell trafficking
in response to inflammatory stimuli, may have
also an important role in determining the meta-
stasis of CRC cells in vivo.
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Abstract

Background/Aims: In this study, we determined the so far unknown expression and signal
transduction of the novel CXCL16-CXCR6 chemokine-ligand receptor syistentestinal
inflammation.

Methods: In intestinal epithelial cells (IEC) and human and murine intdstilsaues,
expression analyses were performed by Northern blotting, PCR, Wdsigtting, and
immunohistochemistry. CXCL16 mRNA was measured by quantitative BRCRuman
colonic biopsies of patients with Crohn’s disease (CD) as wah #ise TNFAARE mouse
model of ileitis and in murine cytomegalovirus (MCMV)-induced calitCXCL16 serum
levels were analyzed by ELISA. CXCL16-induced signal transducticnamalyzed in IEC
with phospho-specific antibodies for MAP kinases and Akt.

Results: CXCL16 mediated intestinal immune responses are region spkgifiegulated,
given the inverse expression pattern of CXCL16 and CXCR6 with high¢St16 mRNA
levels in the proximal small intestine and highest CXCR6 mRMpression in the distal
colon. CXCL16 and CXCR6 mRNA was expressed in colorectal candeeddEC lines
(T84, HT-29, Caco-2, SW480, CMT93). CXCR6 was also expressed by apioarypri
human IEC. IEC-expressed CXCR6 was functional as demonstrated 6y16Xnduced
MAP kinase and Akt activation. Intestinal CXCL16 expression wasatdd in the
TNFAARE mouse model of ileitis and in MCMV-induced colitis (p<0.05) ali a® in the
sera and colons of patients with CD (p<0.05), where its expressi@iated with IL-8 levels
(r=0.672).

Conclusion IEC express the CXCL16 receptor CXCR6. CXCL16 expression isgydated
in CD suggesting that this chemokine acts as chemoattracta@®XiCR6+ T cells and as

modulator of barrier function in intestinal inflammation.



Introduction

Intestinal epithelial cells are not a passive barrier as quslj assumed, they also act as
sensitive indicators of infection that initiate defense responsesintsive as well as
invasive organisms have been demonstrated to elicit production of chectaatis.
Epithelial cells have been found to express both chemokines and chemadpt®ne®.
Some of these chemokines appear to be important in the uninflamedthentast become
increased during disease. The combined cellular functions of intesgiitaélial cells (IEC)
and classical immune cells co-ordinate, through the expression ofiadineslecules and
chemokines, the recruitment and activation of leukocytes at sitestedtinal injury,
inflammation and wound repair. In addition to their function as chemadaittador
leukocytes, chemokines were recently identified as potential tegailaf intestinal epithelial
cells® > © However, the mechanisms of chemokine receptor signaling and discéwbey
functional role of chemokines and their receptors in the control ofntlestinal epithelial
immune function are outstanding questions for the full understanding of otee of
chemokines in the intestine.

Recently, a new chemokine ligand receptor pair (CXCL16-CXCR®6) iderstified
and added to the growing family of chemokines. CXCL16 is a unique chemuafiine
characteristics of CC chemokines and a structure similar toothfaactalkine in having a
transmembrane region and a chemokine domain suspended by a mucinkike G¥CL16
is expressed on the surface of antigen presenting cells (ARGaying subsets of CD19+ B
cells and CD14+ monocytes/macrophade®Membrane-bound CXCL16 mediates adhesion
and phagocytosis of both Gram-negative and Gram-positive battelriaportantly, anti-
CXCL16 antibodies, which suppress chemotactic activity of CXCL16, feigntly inhibit
bacterial phagocytosis by human APCTherefore, CXCL16 may play an important role in

facilitating uptake of various pathogens.



CXCL16 binds to the chemokine receptor CXCR6 CXCR6 was first recognized as
receptor for simian and human immunodeficiency vird8edhis chemokine receptor was
originally cloned as an orphan receptor by three independent groups wgoeedsHiree
different names to it: STRL33 (seven transmembrane receptoirtike clone 33), Bonzo,
and TYMSTR (T lymphocyte-expressed seven-transmembrane domajstordc&*2 In
mice, CXCRG6 is expressed by subsets of CD4+, CD8+ and naturalTkidells, whereas in
humans CXCR6 is expressed by small subsets of Thl or T-cytotoxXiEcl) cells,
establishing CXCR®6 as a differential marker of polarized tyfecglls'®. CXCR6+ T cells
are dramatically enriched among T cells at sites of tisdflmmation, such as rheumatoid
joints and inflamed livers®>. CXCR6 mRNA expression has been detected primarily in
lymphoid tissue such as spleen and thyffusut also in the small intestine and the cobn
1415 However, the signal transduction and biological functions of this chemodaeptor
system in IEC and its role in intestinal inflammation are unknowa thgrefore analyzed the
expression of the CXCL16-CXCR6 chemokine-ligand receptor systemvitro andin vivo
models of intestinal inflammation including its expression in aahcolonic biopsies of IBD
patients. Furthermore, we determined if CXCRG6 is similar to athemokine receptors such
as CXCR4Y % > CCR6° and CX3CR1® expressed in IEC suggesting functions for this
chemokine system in the maintenance of the intestinal epitheligerbdn addition, we

analyzed the CXCR6 mediated signal transduction in IEC.



Patients and Methods

Reagents

Specific polyclonal antibodies to phosphorylated ERK-1/2 (Thr183/Tyr185) wletaned

from Promega (Madison, WI); antibodies against phospho-SAPK/IJNK (TAN@85),
phospho-p38 (Thrl80/Tyr1l82), phospho-Akt (Ser473), SAPK/INK, p38 and Akt and the
MEK-1 inhibitor PD98059 were purchased from New England Biolabs (Bewddy. ERK-

1 antibody was from Santa Cruz Biotechnology (Santa Cruz, CA). ldisbkrperoxidase
linked anti-rabbit secondary antibody was purchased from Amershamgiar Heights, IL).
Human CXCRG6 antibodies and recombinant mouse CXCL16 were from R&ERNSys

(Minneapolis, MN), and PI3 kinase inhibitor wortmannin was from Sigma (St. Louis, MO).

Cell culture

The human colorectal cancer cell lines T84, SW480, Caco-2, HT-29 and the nuloirestal
cancer cell line CMT93 were obtained from American Type Cul@obection (Rockuville,
MD). While T84 cells were grown in Dulbecco's modified Eagle nmmadr-12 (Cellgro,
Mediatech Inc., Herndon, VA), the other cell lines were grown in Duatiieanodified Eagle
medium (Cellgro) with 100 IU/mL penicillin, 10@ug/mL streptomycin and 10% heat-
inactivated FCS (Sigma, St. Louis, MO) in a humidified 5%, @®nosphere at 37°C. For

stimulation experiments with CXCL16, cells were starved overnight in seeamfedium.

Gel electrophoresis and immunoblotting

Total protein was isolated by solubilizing cells in lysis buéfentaining 1% Nonidet P-40, 20
mM Tris-HCI (pH 7.4), 150 mM NaCl, 2 mM EDTA, 2 mM EGTA, 1@/mL aprotinin, 2
mM phenylmethylsulfonyl fluoride, 1Qg/mL leupeptin and phosphatase inhibitors (400 mM

sodium orthovanadate and 4 mM NaF) and passing the lysates sixthimagh a 21G



needle. After 30 minutes on ice, lysates were cleared by cyattibn at 10,000 g for 20
minutes. Cytosolic and membrane protein fractions were isolagewsusly describett *°
The protein concentration of each sample was quantified by the Bradiettod.

Immunoblotting was performed as previously descrifed

I mmunohistochemistry

Intestinal biopsy specimens were taken during diagnostic endoscopjnédtened consent.
Immunohistochemistry was performed o sections. After pretreatment with Pro Tags |
Antigen Enhancer (Quartett, Berlin, Germany) in the microwaveslides were rinsed in
Tris-buffered saline (TBS) for 2 x 5 min and incubated with 7.58,Hor 10 min, followed
by 10 min in water. Sections were immersed in TBS for 2 x 5 ntie. drimary antibody
(human-anti-CXCR6, R&D Systems) was visualized using the tfaata8BC Elite system
(Vector Laboratories, Burlingame, USA). In negative controls, @estwere stained with an
isotype-matched mouse IgG2b antibody. After brief rinsing in 0.05%bliffered in 35-Brij
Solution (Merck), sections were immersed in 3-amino-9-ethyl-carbadistrate (Zytomed,
Berlin, Germany) for 15 min, and counterstained with haematoxylin and-stypped with
Kaiser’'s glycerol gelatin (Merck, Darmstadt, Germany). Immustokchemical analysis of
CXCR6 and CXCL16 expression in the IEC cell line HT-29 was peddradopting a
previously established staining protocol using FITC-conjugated anti-mandeanti-goat
secondary antibodies (Sigma, Taufkirchen, Germany) and Hoechst 33342)Stgining™

7 In negative controls, cells were stained omitting the primary antibody.

Rever se transcriptase polymerase chain reaction (RT-PCR)
Total RNA was isolated using Trizol reagent (GIBCO BRLéLifechnologies, Gaithersburg,
MD). For RT-PCR, RNA was treated with ribonuclease (RNa®®)-tleoxyribonuclease

(DNA-free™-Kit, Ambion, Austin, TX) to remove potential genomic DNA contaminahtse



following conditions were used for all PCRs: 35 cycles of denatwatng5°C for 1 min,
annealing temperature for 30 sec, extension at 72°C for 1 min. Therprfor the PCR
reactions are shown in Table 1. The PCR products were subcloned int@.pGRctor

(Invitrogen, Carlsbad, CA) and sequenced.

Quantitative PCR

Real-time PCR was performed with a Rotorgene RG-3000 cyctebé@ Research, Sydney,
Australia) using the Quantitect SYBR Green PCR Kit fromg@ma (Hilden, Germany)
following the manufacturer’'s guidelines. Oligonucleotide primerewiesigned according to
published sequences, and the following primer pairs were used: humanl&XGiward 5'-
GAG CTC ACT CGT CCC AAT GAA-3’, reverse 5-TCA GGC CCACT GCC AGA-3’;
human beta-actin: forward 5-GCC AAC CGC GAG AAG ATG A-3'yeese 5-CAT CAC
GAT GCC AGT GGT A-3’; human interleukin-8 (IL-8): forward 5-CCA&GA AGA AAC
CAC CGG-A-3, reverse 5-GAA-ATC-AGG-GCT-GCC-AAG-3' (MWBiotech,
Ebersberg, Germany). CXCL16 expression was normalized to beataexgiiession in the

respective cDNA preparations.

Northern blotting
Northern Blot analysis was performed as previously describeMouse CXCR6 and
CXCL16 cDNA were generated by RT-PCR using primers agllistdable 1. For generation

of GAPDH cDNA, previously published primers were u&&d
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Enzyme-linked immunosorbent assay (EL1SA)
For the quantification of CXCL16 in serum samples of IBD patients leealthy controls,
human CXCL16 Quantikine Elisa Kit (R&D Systems, Minneapolis, Miswsed according

to the manufacturer’s instructions.

Quantitative measurements of serum levels of proinflammatory cytokinesin patients treated
with infliximab

Quantitative serum levels of ILB] IL-2, IL-4, IL-5, IL-6, IL-8, IL-10, IL-12p70, IFNy, and
TNF-o were measured with a FlowCytomix Kit (Bender Medsystems, Vienna, Austria)
accordingo the manufacturer’s instructions using a FACSCalibur Sy@ecton Dickinson,
Heidelberg, Germany). Serum levels were measured 24 hours befor2 aodrs after anti-
TNF-a therapy using 5 mg/kg infliximab (Remicade, Centocor Inc., Malvet),dien as
I.v. infusion over a period of 2 hours. In addition, serum CRP concentratioasweasured
using a latex based high-sensitivity immunoassay (N Latex @RRo / Behring Laser
Nephelometer, Dade Behring GmBH, Marburg, Germany) before and iaftetimab

therapy.

I solation of primary ileal epithelial cellsfrom heterozygous TNFAARE mice

Heterozygous TNEARE/+ mice (a generous gift from Dr. G. Kollias; Helleniaskeur

Institute, Athens, Greece), which gradually develop chronic inflanomarti the ileum from

moderate to severe levels at 8 and 18 weeks of’agad wild-type TNF+/+ mice (WT) were
killed at the age of 8 and 18 weeks. Primary IEC from the #g#helium of WT and

TNFAARE/WT mice were purified as previously describ&d
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Murine cytomegalovirus (MCMYV) infection in vivo

C57BL/6 mice were infected i.v. with 1x3@fu murine cytomegaly virus (MCMV) of the

Smith strain’! in PBS as previously describ&d Control mice received an injection of PBS
only. After 45 h, mice were euthanized by £&phyxiation. Total RNA of the colon was

isolated using Trizol reagent.

Statistics

Fisher's exact test gf test was used, where appropriate, for comparison between catiegorica
variables. Student’s t-test was applied for quantitative variahletests were two-tailed and
p-values < 0.05 were considered as significant. Statistical asalysre performed using the

SAS 8.2 software for Windows.
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Results

CXCR6 and CXCL 16 mRNA are expressed in | EC of the murine and human intestine

First, we determined the organ-specific mMRNA expression of GX&Rl CXCL16 analyzing
murine tissues derived from BALB/c mice by Northern blot. CXCL18NARXpression was
detected as a major 1.8 kb and a 2.5 kb transcript in small andriteginie, kidney, spleen
and liver (Fig. 1A). While CXCR6 mRNA expression was highesheileum, cecum and
colon, CXCL16 mRNA expression was highest in the duodenum and jejunum Ibut sti
detectable in the colon demonstrating a segment specific CXClptéssion pattern inverse
to that of CXCR6 (Fig. 1A). CXCL16 and CXCR6 mRNA were expreseethe human
colorectal cancer derived IEC lines (T84, HT-29, Caco-2, SW480), dsasvel the murine
colorectal cancer cell line CMT93 (Fig. 1B). Anti-CXCR6 antibodletected CXCR6 in the
membrane fraction of the IEC line HT-29 (Fig. 1C) which was ctarsiswith the high
CXCRG6 expression in the membrane of these cells in the immunohisticahanalysis (Fig.
1D; negative control Fig. 1E). In addition, we demonstrated by Westetraalysis (Fig.
1F) and immunohistochemistry (Fig. 1G) CXCL16 protein expression predottyina the
membrane fraction and to a lesser degree in the cytosol of @dinE HT-29 (negative
control: Fig. 1H). Similar results for CXCR6 and CXCL16 protein egpion were obtained
in SW480 cells (data not shown). We also detected CXCR6 expresgamary IEC of the
normal human colon (Fig. 11, 1K; negative controls Fig. 1J, 1L). CXCR6pnedominantly

expressed in apical IEC (Fig. 1K).

CXCL16 induces MAP kinase and Akt phosphorylation in IEC
We next investigated whether CXCRG6 is functionally active in WCanalyzing signaling
pathways in the murine IEC line CMT93 after stimulation with menCXCL16. As shown in

Fig. 2A/B, CXCL16 increased MEK-1 dependent ERK-1/2 phosphorylation in CN&RS
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independent of PI3 kinase activity. Since phosphorylation of p38, SAPK/IJNKedsrzad Akt
has been shown in response of chemokine receptor dependent sigiafiig we assessed
the phosphorylation of these kinases following CXCL16 stimulation. CXChdéced weak
phosphorylation of SAPK/JINK kinases (Fig. 2C) and only very weakly p38 phgdgutinmm
(Fig. 2D). Moreover, CXCR6 activation resulted in PI13-kinase dependemntaatig MEK-1

dependent phosphorylation of Akt (Fig. 2E, 2F).

CXCL 16 mRNA expression in human |EC isunder the control of inflammatory signals

Given the important role of chemokines in intestinal inflammation,analyzed whether
proinflammatory cytokines up-regulate CXCR6 and CXCL16 mRNA exjaesa human
IEC. The human colorectal cancer cell line HT-29 was stimulaiéd either TNFea (50
ng/mL) or LPS (10ug/mL). As shown in Fig. 3A, TNI& up-regulated CXCL16 mRNA
expression in HT-29 cells, while CXCR6 expression remained unchadgednot shown).
Similar to TNFea, LPS enhanced CXCL16 mRNA expression (Fig. 3B) without altering

CXCRG6 expression levels (data not shown).

CXCL16 mRNA expression isup-regulated in murine models of ileitis and colitisin vivo

We next examined CXCL16 expression in two murine models of intestitemmationin
vivo. Using heterozygous TM¥ARE mice, which develop chronic ileiti§, we demonstrated
that CXCL16 mRNA expression in ileal epithelial cells wagdicantly increased 3.5-fold in
18 week old mice compared to wildtype mice of the same age (p<O53C&), while no
significant change was observed in 8 week old mice (data not showiiar$amur results in
BALB/c mice (Fig. 1A), in the combined group of TNARE and WT mice (n=18), CXCL16
expression was 3.1-fold higher in epithelial cells derived from rtinedl Sntestine (ileum and

jejunum) than in colonic epithelial cells (p=0.025; data not shown).
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Next, we analyzed colonic CXCL16 mRNA expression in intestinddnmiation following
viral infection in vivo using the murine model of MCMV infection. C57BL/6 mice were
infected with 16 pfu MCMV of the Smith straifi". Forty-five hours after infection, CXCL16
MRNA levels were upregulated 1.8-fold in the colon of infected marepared to non-

infected mice (p=0.03; Fig. 3D).

CXCL 16 mRNA expression isincreased in the inflamed colonic mucosa of CD patients
Following the analysis in murine models of intestinal inflammatwa,compared CXCL16
MRNA expression levels in biopsy samples taken from 20 differeed of 10 CD patients
with endoscopically (macroscopic) inflamed colonic mucosa with thosenadbscopically
non-inflamed colonic mucosa taken from 20 different sites of the S@mgatients (total
number of biopsies: n=40). IL-8 expression, which was used as a contrkérnfar
inflammation, was significantly increased (6.9-fold, p< 0.05) in theuinéld biopsy samples
compared to the biopsies taken from non-inflamed areas. The incredteB i mMRNA
expression ranged from 1.4 up to 31.1-fold compared to the non-inflamed tiSsugatly,
CXCL16 mRNA expression levels were higher in biopsy samples frflamed mucosa
when compared with non-inflamed lesions (increase between 1.3 and 16.3dbld; 2I).
Moreover, the CXCL16 mRNA levels correlated with the IL-8 mRN#pression levels

(r=0.672), demonstrating its association with intestinal inflammation in CDnpstie

CXCL16 serum levelsareincreased in active CD

We next analyzed CXCL16 protein expression in sera of IBD pati€otapared to a healthy
control population (n=30), the CXCL16 serum levels were significangidni (p<0.005) in

the 47 IBD patients but without a significant difference between BOp@tients and 17

patients with UC (4.07 vs. 3.95 ng/mL, Fig. 3E). High CXCL16 serum levete detected
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particularly in 13 patients with active IBD compared to patientsemission and healthy
controls (4.35 vs. 3.50 ng/mL CXCL16; p=0.04). In patients with active IBD, I(1&§Gerum

levels correlated with CRP serum levels (r=0.485). However, in aaybgnalysis of this
patient group, increased CXCL16 expression was detected only amoewgtpatith active

CD, for whom CXCL16 levels were significantly higher comparechodontrol population
(p=0.02), while CXCL16 serum levels in CD patients in remission (Csotlisease activity
index, CDAI < 150) were not significantly different from the congopulation (p=0.29, Fig.
3F), whereas for patients with severe active UC no differencear@uh to the control group

was found (data not shown).

Anti-TNF therapy has no immediate effect on CXCL 16 serum levels

In a subcohort of n=12 IBD patients we further analyzed serum CX@vkgs|before and 72
hours after infliximab therapy to characterize the immediffexteof anti-TNF therapy on
CXCL16 protein expression. However, in these patients, the mean CXE@kdé devels
before infliximab therapy (3.89 ng/mL, range: 3.11 — 5.51) did not differfaigntly from
the mean CXCL16 level 72 hours after infliximab therapy (3.83 ng/mrigera2.95 — 4.87;
p=0.84). Since only four of these 12 patients had elevated CRP levels.Dfrrg/dl before
therapy, there was also no correlation between CRP levels and XBXl€lels (data not
shown). Similarly, an additional analysis of serum levels of thekoyes IL-13, IL-2, IL-4,
IL-5, IL-6, IL-12p70, and IFNy before and after infliximab therapy showed for most patients
only low or undetectable cytokine levels and no significant correlédidne CXCL16 serum
levels (data not shown). However, before infliximab therapy, elevatédoTand IL-8 serum
levels were found in the majority of patients which correlated yigihith each other
(r=0.907) but not with the CXCL16 levels (r=-0.288 and r=-0.264, respectiveig)lasto

the CXCL16 levels, there was no significant difference betweeitea and IL-8 serum
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levels measured before and 72 hours after infliximab therapy (EN#= -0.26; IL-8: p=

0.68).
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Discussion

IEC form an active barrier and are sensitive indicators ottioie that initiate defense
responses based on their capacity to express both chemokines and cheecefitoes. Wé
6.17.253nd others' #” have identified chemokines and their receptors expressed on IE€ as ke
regulators involved in the inflammatory response of the gastromaésthucosa which
therefore potentially play a role in the pathogenesis of IBD. Howélve exact mechanisms
of chemokine receptor signaling and their specific functions in testinal epithelium are
still largely unknown.

In this study, we provide evidence that the CXCL16-CXCR6 chemokine ligand
receptor system is expressed in the intestinal mucosa and lapde in intestinal
inflammation and in human IBD. Our results demonstrate that the C&CIXCR6
chemokine ligand receptor system is an autocrine regulator ofiniéi@ine functions and
demonstrate that CXCR6 is expressed by IEC. This is consistitntwo studies analyzing
surgical specimens of colorectal cancer tissue and normal corntroff CXCR6 is
predominantly expressed in surface apical IEC while only weakession was found in
crypt IEC, which is consistent with the expression pattern desdcritoe other
proinflammatory cytokine receptofs?°>. The high expression of CXCR6 in intraepithelial
lymphocytes®, and the presence of CXCL16 mRNA in the intestine indicate th&LI&
and CXCR6 might have roles in retaining T cells in the intesépdhelium. In addition, for
the first time this study provides evidence that IEC-express&dREXs functional. CXCL16
predominantly activated the MEK-ERK MAP kinase signaling pathwhigh has also been
shown to be the major signaling pathway of other chemokine receptdisasu€CR6,
CXCR4 and CX3CRI* *> ® 3% However, in contrast to CX3CR1 signalifg CXCR6
activation also resulted in increased Akt phosphorylation levels ands-skeongly —
increased phosphorylation of SAPK/INK and p38 MAP kinases. Recent stlisgng on

these signaling pathways demonstrated that SAPK/INK and p38 MA$tkiaee activated in
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CD 332 and that inhibition of SAPK/INK and p38 activation resulted in sigmificlinical
benefit and rapid endoscopic ulcer heaflhg

A recent detailed immunohistochemical analysis revealed that LC&ds not
expressed in all IECs, but primarily on the follicle-associaggithelium™*, which, together
with APCs such as CD14+ monocytes and macrophages, form the psmoacg of CXCL16
production in the intestiné Here, we showed that stimulation of IEC with LPS and BNF-
increased CXCL16 mRNA expression. This is in agreement witle\dagqus study in which
stimulation of CXCL16 secreting human macrophages with LPS andaT hEreased the
chemotaxis of CXCR6/L1-2 transfectarftsMoreover, all IEC analyzed in our study were
colorectal cancer derived. Consistent with our results, a veryntrestedy demonstrated
CXCL16 in human colorectal cancer cells and suggested that highdgpesssion of
CXCL16 in tumor cells correlates with a good prognosis and increaseor-infiltrating
lymphocytes in colorectal cancét In addition, we demonstrated increased colonic CXCL16
expression in murin@ vivomodels of intestinal inflammation including TNARE mice and
MCMYV infected mice. TNBARE mice are characterized by an overexpression of dldRe
develop a chronic transmural ileitis with characteristics of mur@® *°. Interestingly,
CXCL16 expression is increased in the ileum of these mice cothpareildtype control
mice. Similarly, colonic CXCL16 expression is also increased @MW infected mice
compared to uninfected mice. Moreover, recent studies demonstrated ulgtioeg of
CXCL16 in herpes simplex virus type 1 (HSV3f)nfection and an influence of CXCL16 on
the nature and specificity of CpG-induced immune activatiprsuggesting a role for this
chemokine in the immune response following viral infection.

Similar to murine intestinal inflammation, we observed increas€dLd6 expression
in the colon and serum of patients with active CD. We thereforg/zmtalthe immediate
effects of anti-TNF therapy on CXCL16 serum levels in a subgrotpDopatients but could

not detect a significant effect of infliximab on serum CXCLMels measured before and 72
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hours after anti-TNFx therapy. This does not exclude long-term effects of infliximabhen t
expression levels of this chemokine since a very recent study deatedsn patients with
rheumatoid arthritis that CXCL16 serum levels decreased 14 and 3@ aker infliximab
treatment®®. However, this may be related rather to disease remission tiram delirect
effect of infliximab on the expression levels of this chemokinergilae lack of an immediate
effect of anti-TNF therapy on CXCL16 expression within 72 hours as 8e our study.
Similarly, we did not observe significant changes in serum @NEvels before and after
infliximab therapy which is in agreement with a previous sttidyAnother study analyzing
the effect of infliximab on TNFt serum levels in patients with psoriasis demonstrated an
effect on TNFe expression only at later time poiritsand in one study even increased TNF-
a levels were recorded following 72 hours after infliximab therapypatients with
rheumatoid arthriti$®. However, in both CO” and rheumatoid arthriti&, high circulating
TNF-a levels correlated with active disease and lack of response to infliximab.

In summary, this is the first comprehensive analysis of the Q&EIXCR6
chemokine ligand receptor system in intestinal inflammation. We Ilsdesvn that the
chemokine receptor CXCR6 is expressed by IEC. Upon stimulation W®LO6, several
distinct signaling pathways including ERK-MAP kinases and Akt adtivated.
Proinflammatory stimuli such as LPS and ThFncrease CXCL16 mRNA expression.
Similarly, CXCL16 mRNA expression is increased in murine imaktinflammation and
human IBD. However, anti-TNF therapy has no immediate effect onLC&G&erum levels in
IBD patients. We hypothesize that CXCL16 plays an important rolegalating mucosal
innate and adaptive immune responses. Further functional studies aseangde define
exact roles of this novel chemokine system in the intestine; hoywteeethemoattractation of
CXCRG6+ T cells during intestinal inflammation through highly expeedsCXCL16 protein

seems to be an important function in human IBD.
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Tables

Table 1

PCR Size Forward and Backward Primer Annealing

Product (bp) temperature

hCXCL16 566 5-GCA GCG TCACTG GAAGTT GTT AT-3 61°C
5'-TGC GGT GAG GAT GAA GAT GAT GA-3

mCXCL16 217 5-AAA CAT TTG CCT CAA GCC AGT-3 60°C
5-GTT TCT CAT TTG CCT CAG CCT-3

hCXCR6 767 5-CAG GCA TCC ATG AAT GGG TGT-3' 62°C
5'-CAA GGC CTA TAA CTG GAA CAT GCT G-3'

MCXCR6 932 5-TGT ACG ATG GGC ACT ACG A-3 58°C

5'-GTG AGA GAG GCA GCC GAT A-3

Table 1.PCR primers and conditions used.
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Table 2
Pat. CXCL16 Correlation Anatomic site of biopsy sampling Current Medication
# MRNA expression CXCL16/IL-8
(fold increase) non- inflamed
inflamed vs. non- inflamed
inflamed

1* 1.3 0.258 cecum * terminal ileum * mesalazine, icort
steroids

2% 16.3 1.000 cecum* ileocecal valve* MTX

3* 1.7 0.967 cecum * terminal ileum * AZA, IFX

4 2.5 0.447 descending colon descending colon mesalaXZA

5 2.1 0.705 cecum cecum AZA

6* 2.0 0.807 ascending colon* terminal ileum* AZA

7 2.3 0.651 descending colon descending colon nocatdi

8 1.7 0.986 transverse colon transverse colon AZA

9* 4.2 0.554 cecum* terminal ileum* AZA, cortico-
steroids

10 1.9 0.341 ascending colon ascending colon AZA

Average 3.60 0.672

SEM - 4131 +0.078

Table 2. CXCL16 and IL-8 mRNA expression in inflamed and non-inflamed colosiors

from patients with CD determined by quantitative RT-PCR and narethlio beta-actin
expression levels. The current medical therapy during biopsy sanapiththe anatomic site,
from which the samples were taken, are given for all patientdeWtwas intended to take
biopsies from inflamed and non-inflamed lesions in the same intesegatent, in patients
with severe inflammation biopsies from neighbouring sites werenttiad are indicated by
infliximab; MT methotrexate

asterisk (*). Abbreviations: AZA, azathioprine; IFX,
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Figure legends

Figure 1. IEC express CXCR6 and CXCL16(A) Northern Blot analysis of mMRNA derived
from murine tissue of two wildtype BALB/c mice as indicated. Ntte inverse segment-
specific expression of CXCL16 and CXCR6 mRNA in the murine gaséstinal tract with
high CXCL16 expression in the small intestine and high CXCR6 expressthe colon(B)
CXCL16 and CXCR6 mRNA expression in human IEC lines and the murine IECMA®E
were analyzed by RT-PCRC) Western blot analysis of CXCR6 protein expression in
cytosolic(C) and membranéM) protein fractions of HT-29 cell¢D) Immunohistochemical
staining reveals a membrane associated expression of CXCR6-29 ldélls (anti-CXCR6
antibody detected with a FITC conjugated secondary antibody, nucleénsdstath Hoechst
33342).(E) No CXCR6 specific staining was obtained using the secondary ant{body
conjugated) only(F) Western blot analysis of CXCL16 protein expression in cytog@ljc
and membran€M) protein fractions of HT-29 cell§G) Immunohistochemical staining with

a CXCL16 specific antibody(H) No CXCL16 specific staining was detected using the
secondary antibody onlyl), (K) CXCR6 staining was detected predominantly in (apical)
surface colonic epithelial cell§d), (L) Staining with corresponding isotype-matched mouse

IgG2b. (1), (J) original magnification 20x. (K), (L) original magnification 40x.

Figure 2. CXCL16 activates MAP kinases and Akt in IEC. (A) Detection of
phosphorylated ERK-1/2 in CMT93 IEC lines after CXCL16 stimulation (A§@nL). (B)
Phospho-ERK1/2 activation by CXCL16 in CMT93 cells pretreated witiViBK-1 inhibitor
PD98059 (5 umol/L) and the PI3 kinase inhibitor wortmannin (200 nmol/I({)
Phosphorylated SAPK/JNK kinases in CMT93 cells after CXCL16usation (100 ng/mL).
(D) CXCL16 stimulation of CMT93 cells resulted also in very weak phospdimy of p38.

(E) Phosphorylated Akt in CXCL16 stimulated CMT93 cells (including wonima



26

pretreated cells) and i) PD98059 pretreated cells. For all signaling experiments (Fig. 2A-

F), one representative experiment of three performed is shown.

Figure 3. CXCL16 expression is upregulated in intestinal indmmation. (A) TNF-a (50
ng/mL) increases CXCL16 mRNA expression as shown by densitometiatysis of
semiquantitative PCR but has no significant effect on the CXCR6 mRN#&®sion (data not
shown). One representative experiment of three performed is s(BWPRS (10 pug/mL) up-
regulates CXCL16 mRNA expression. No effect on CXCR6 mRNA agpye was found
(data not shown). One representative experiment of three perforrabdvig.(C) CXCL16
MRNA expression is increased 3.5-fold in ileal epithelial dedism TNFAARE heterozygous
mice (n=9) compared to wildtype mice (n=9) as determined by quamiRCR (*p<0.05 vs.
wt). Additionally, there was a higher CXCL16 expression in ilea gjunal epithelial cells
compared to colonic epithelial cells (data not showii) Colonic CXCL16 mRNA
expression is increased in 1X1@fu MCMV i.v. infected C57BL/6 mice (n=11) in
comparison to PBS injected C57BL/6 control mice (n=4, * p=0.03 vs. contfie)sEXCL16
serum levels are increased in CD and correlate with CRP dewats. In the sera of patients
with IBD (n=47), significantly higher CXCL16 protein levels werdet¢ed in patients with
CD (n=30) compared to healthy controls (n=30; * p<0.01 vs. controls; UC: p=0.06 vs.
controls).(F) CXCL16 expression was particularly high in CD patients witivaaisease (*

p=0.02 vs. controls).
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Abstract

Background/Aim: CXCL16 is a chemokine with increased expression in rmflatory
bowel diseases (IBD). The aim of this study was totifjegenetic determinants of CXCL16
modulating the susceptibility and phenotype of IBD.

Methods: Genomic DNA from 574 individuals (365 IBD patients, 209 heattbigtrols) was
analyzed for the CXCL16 p.Alal81Val polymorphism and a detagenotype-phenotype
analysis was performed. Genotyping included &3®RD13NOD2 variants p.Arg702Trp,
p.Gly908Arg, and p.Leul007fsX1008.

Results: In Crohn’s disease (CD), the CXCLJ6Alal81Val polymorphism is not a disease
susceptibility gene but associated with younger age atseiseaset (p=0.016) and higher
frequency of ileal involvement (p=0.024; OR 2.17; 95% CI 1.12-4.@1YdlVal carriers
compared to a higher frequency of colonic involvememlala carriers (p=0.009; OR 2.60;
Cl 1.29-5.25). Carriers of at least one Val allele and@ABRD15/NOD2variant had a higher
incidence of a stricturing and penetrating phenotype (p=0.0B04.04, Cl 1.27-12.84) and
of stenoses (p=0.014; OR 3.97; Cl 1.38-11.40) than patients caN@D2 variants only. In
contrast, in ulcerative colitis, there were no asdmns of the CXCL16y.Alal81Val SNP
with disease susceptibility and disease phenotype.

Conclusion The CXCL16p.Alal81Val polymorphism is not an IBD susceptibility geng b

can modify the CD phenotype alone or in conjunctiomWARD15/NOD?2 variants.



Introduction

The pathogenesis of inflammatory bowel diseases (IB®)still not completely
understood, but it is widely accepted that the diseasetgdsoin an exaggerated mucosal
immune response to luminal antigens in a geneticallyeptibte host™ 2 Since the first
report of CARD15as a major susceptibility gene in Crohn’s disease {Hpolymorphisms
in several proteins involved in inflammation and baatehost defense such as toll-like
receptor (TLR) 4° the fractalkine receptor CX3CR3 C-reactive protein (CRP) or
macrophage migration inhibitory factor (MIE)have been shown to contribute to certain CD
phenotypes.

Recently, it has been shown that chemokines and deenaseceptors are also
important in the intestinal immune resporis€*® Another chemokine contributing to the
defense against bacteria is CXCL16, the most novel memibthe CXC chemokine family.
Interestingly, CXCL16 shares structural similarities wiLC chemokines and the CX3C
chemokine fractalkine. CXCL16 and fractalkine are theyowhemokines with a
transmembrane region and a chemokine domain suspended rbycia-like stalk **
Therefore, CXCL16 may exist as membrane bound or dakaseluble form. CXCL16
expression has been shown in antigen presenting A8IISY), including subsets of CD19+ B
cells and CD14+ monocytes/macrophagesA recent study demonstrated that membrane-
bound CXCL16 mediates adhesion and phagocytosis of both -Grgative and Gram-
positive bacteria®. Moreover, suppression of chemotactic activity ofGLX6 with anti-
CXCL16 antibodies significantly inhibited bacterial phagosis by human APCS. These
findings suggest that CXCL16 may play an important role ailiating the uptake of
bacterial pathogens.

CXCL16 binds a distinct receptor recently identified andgtesed as CXCR8* *°
which was first recognized as a receptor for simiath luman immunodeficiency virusés

CXCRG6 was originally described under three different nai8&RL33 (seven transmembrane



receptor-like from clone 33), Bonzo, and TYMSTR (T Ilympjte-expressed seven-
transmembrane domain receptdf)'>. CXCR6 is expressed by CD4+, CD8+ and natural
kiler T cells in mice, whereas in humans CXCRG6 is egped by small subsets of Thl or T-
cytotoxic 1 (Tcl) cell€®. Most interestingly, CXCR6+ T cells are particuladyihd among T
cells at sites of tissue inflammation, such as rheoichaoints and inflamed livers’. CXCR6
mRNA has been detected particularly in lymphoid tissue siscthymus and spleéh but
also in the small and large intestife ' ? Interestingly, we also demonstrated functional
CXCR6 expression on intestinal epithelial céfisuggesting a role for this chemokine system
in modulating the intestinal barrier function.

Recently, we demonstrated increased CXCL16 expressidneircolon and sera of
patients with active CB® pointing to a role for this chemokine system in thehpgenesis of
IBD. This is supported by a very recent study showing an&itCXCL16 antibody treatment
significantly suppressed ILBLproduction in a murine model of dextran sulfate sodium (DSS
induced colitis®®. Most recently, a sequence alteration has been bedcini exon 4 of the
CXCL16gene? resulting in a G>T missense mutation in codon 181 replacing alanine (GCT)
by valine (GTT; CXCL16 p.Alal81Valf®>. This SNP has been shown to be associated with
the severity of coronary artery stenodisbut its effect in IBD patients has not been
investigated so far. Given our preliminary results sugugstirole for this chemokine in CD
23 we therefore analyzed the effect of the CXCL16 p.Alak81dolymorphism on IBD
susceptibility and disease phenotype in a large Germamrtc@in=574) including 365 IBD

patients.



Patients and Methods

Study population of the genotype-phenotype analysis

The study population (n=574) was comprised of 201 patients with 164 patients with
ulcerative colitis (UC), and 209 healthy unrelated costrl Caucasian origin and sex-
matched to the IBD group (Table 1). Diagnosis of CD or W& assessed according to
established criterid®. Demographic and routine clinical data were recorded tigns’ chart
analysis and an interview at the time of enrolmedD phenotypes were determined
according to the Vienna classificatiéh In UC patients, anatomic location was determined
based on the criteria pancolitis, left-sided colitiscolitis limited to the rectum (proctitis).
The study was approved by the local Ethics committeé.palticipating patients gave

written, informed consent prior to genetic analysis.

Genotyping of the CXCL 16 p.Alal81Val polymorphism

Genotyping of the &T substitution underlying the CXCL16.Alal81Val polymorphism
was performed by restriction fragment length polymorphi®RLP) analysis as previously
described®. The presence of the three common CARD15/NOD2 mutaisy702Trp,
p.Gly908Arg, and p.Leul007fsX1008 was determined by direct DNA sequadysis as

described previousK? 2°

Statistics
For comparison between categorical variables, Fisteract test of” test was used where
appropriate. Student’s t test was used for quantitativahlas. All tests were two-tailed,

considering p-values < 0.05 as significant.



Results

The CXCL 16 p.Alal81Val polymorphism is not associated with I1BD susceptibility but with
disease onset at young age and ileal involvement in CD patients

First, we analyzed if the recently described CXCL16 @d8da/al polymorphism contributes
to disease susceptibility and certain phenotypic charsite of IBD patients. The
distribution of the differentCXCL16 genotypes in IBD patients did not differ significantly
from that observed in healthy controls and showed ffereinces between CD and UC
patients (Table 2). However, genotype-phenotype analgsisaled a significantly younger
age at diagnosis in ValVal homozygous carriers (mean 28.3 yrs) compared to wild-type
AlaAla (29.1 = 12 yrs) or heterozygous AlaVal carriers (22212.4 yrs; p=0.028
homozygous vs. wild-type and p=0.016 homozygous vs. heterozydaibie 3). AlaAla
patients had a higher frequency of colonic involvememgared to patients carrying at least
one Val substitution (p=0.009; OR 2.60; CI 1.29-5.25; Table 3).dthtian, there was a
significantly increased risk for disease localizatiorthe ileum for patients carrying at least
one Val allele compared to patients with wild-type AwAtatus (p=0.024; OR 2.17; 1.12-
4.21; Table 3). In contrast, the genotype-phenotype amatygatients with UC revealed no
differences in male-to-female-ratio, BMI, age, agealiagnosis, disease duration, location of
disease or family history between carriers and naorieca of the p.Alal81Val substitution

(data not shown).

CD patients carrying both the CXCL16 p.Alal81Val polymorphism and CARD15 variants
are at higher risk of ileal involvement and stricturing or penetrating phenotype

Based on previous studies demonstrating severe phenotymedqences in CD patients
carrying CARD15 variant$® *° we next determined in all CD patients whether theeth

common CD-associated CARDI15/NOD2 variants p.Arg702Trp, p.Gly3p8Amnd



p.Leul007fsX1008 were present and analyzed the phenotypic consexju€he combined
prevalence of these three variants in the CD coivad 36.8%.There was no significant
difference in their prevalence between the Alaill-type group and patients carrying the
Val allele. Genotype-phenotype analysis in the four suggs (CXCL16-/NOD2-, CXCL16-
INOD2+, CXCL16+/NOD2-, CXCL16+/NOD2+) revealed no difference age, disease
duration, family history or BMI (Table 4). However, & comparing CD patients carrying
both the Val allele and at least one of the threen MEDD2 mutants (CXCL16+/NOD2+)
with patients carrying only a NOD2 variant (CXCL16-/NOD2we found a significantly
higher incidence of a stricturing or penetrating diseasaqtlgpe (Vienna B2/B3 versus B1,;
p= 0.030, OR 4.04, Cl 1.27-12.84) and of intestinal stenoses (78.4941gs OR 3.97; CI
1.38-11.4) in the CXCL16+/NOD2+ group compared to the CXCL16-/NO@2tp (Table
4). In addition, the CXCL16+/NOD2+ group demonstrated the highrate of ileal
involvement (L1+L3: 76.4%) and the lowest frequency of iiclananifestations (11.8%,

p=0.027 compared to the CXCL16-/NOD2+ group).



Discussion

This is the first analysis investigating the role tife CXCL16 p.Alal81Val
polymorphism on IBD susceptibility and phenotype. Althoubis study demonstrated no
significant difference in the allele frequency betw#D patients and controls, we observed
a significantly younger age at onset of CD and higher odtileal involvement in carriers of
the Val allele including an association with strictgriand penetrating disease behaviour for
carriers of both theval allele and NOD2 mutants. In contrast to CD, no isogmt
association of the CXCL16 p.Alal81Val polymorphism and an ph€notype was found,
supporting previous studies demonstrating the CXCL16-CXCR6 dtieensystem as a
differential marker of Thi-mediated inflammation as obse in CD *. The current
pathogenic concepts of CD 2 and the higher frequency of ileal involvement and
stricturing/penetrating disease behaviour found in carridrdhe CXCL16 p.Alal81Val
polymorphism suggests that this amino acid substitution le@d/to an impaired recognition
of intestinal bacteria, particularly since membranesdnl CXCL16 mediates adhesion and
phagocytosis of both Gram-negative and Gram-positivéeliacby human APCs>. In
addition, CXCL16 mediates chemotaxis of T and NKT catld & involved in lymphocyte
compartmentalization in the GAL¥. A detailed immunohistochemical analysis revealed that
CXCL16 is not expressed in all IECs, but primarily on fblicle-associated epitheliurft,
which, together with APCs such as CD14+ monocytes ardophages, form the primary
source of CXCL16 production in the intestifit One may therefore hypothesize that the
CXCL16 p.Alal81Val polymorphism leads to an impaired recognittd bacteria which
would explain phenotypic similarities between carriefrshs polymorphism and those of the
p.Thr280Met CX3CR1 substitution and the 100Z&RD15variant® %°

Defects in the recognition of bacterial antigens séerbe the underlying defect for
many CD-associated genes. For example, a recent stueblae for the p.Thr300Ala variant

in the ATG16L1gene, which is involved in the autophagocytosis ofdsact’, an association
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with an ileal disease phenotyp&’. Similarly, we demonstrated for the SNP
p.Leul007fsX1008 in NOD2, which is involved in the recognitidnbacterial muramyl
dipeptide, a strong association with ileal €D*° We recently demonstrated that recognition
and phagocytosis of luminal bacteria by dendritic cdli€g) is highly dependent on the
chemokine receptor CX3CR®. Interestingly, we also demonstrated for the p.Thr280Met
SNP in the CX3CR1 gene a strong association with ah@® phenotyp&. However, ileal
DCs are a main source of IL-23 productithwhich may link IL23R, another recently
discovered CD susceptibility gerid to the events involved in the recognition of initest
bacteria. We recently demonstrated that 93.2% of TT kggous carriers of théL23R
rs1004819 variant, the main CD-associated3R variant in the German population, as
compared to 78% of CC wildtype carriers had ileal involetrP = 0.004; OR 4.24; CI
(1.46-12.34)F°.

It is of note, that the functional consequences of @¥CL16 p.Alal81Val
polymorphism have not been determined thus far. Memdyaned CXCL16 is
proteolytically cleaved for chemotactic activity, aopess which is mediated by the
disintegrin-like metalloproteinase ADAM10 and TNFconverting enzyme (TACEJ* *’
Given the location of the CXCL16 p.Alal81Val polymorphisnthim the spacer region
between the chemokine and transmembrane region imlatvehe chemokine release by
TACE 2, further studies on the influence of this polymorphism@XCL16 cleavage and
functionin vivo will be of great interest.

Similar to our results, the CXCL16 p.Alal81Val polymorphisas lbbeen shown to be
associated with the severity of coronary artery ates®, and CXCL16 serum levels are
increased in inflammation, atherosclerosis, and aca®nary syndromes®, while we
demonstrated that CXCL16 serum levels are increasediwe &D %°. This suggests that the
effects of the CXCL16 chemokine system are not limitechtestinal inflammation but rather

involved in various types of inflammatory responses.



11

In summary, we demonstrated that CXCL16 does not influémeesusceptibility to
IBD although the CXCL16 p.Alal81Val polymorphism is assodiatgth a severe disease
phenotype in CD patients characterized by disease amsedn early age with ileal
involvement and an increased risk of stenoses in weepce of addition&@ ARD15variants.
However, further replication studies and functional as®dyof the CXCL16 p.Alal81lVal

variant are necessary to confirm our results.
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CD (n=201) UC (n=164) Controls (n=209)

Gender

Male (%) 93 (46.3%) 83 (50.6%) 99 (47.4%)

Female (%) 108 (53.7%) 81 (49.4%) 110 (52.6%)
Age (yr)

Meant SD 40.3+ 11.9 42.8+ 14.7 48.6+ 15.2

Range 17 -75 18 - 84 23 - 86
Body mass index

Meant SD 23.2+4.0 241+ 4.3

Range 16 - 40 16 - 41
Age at diagnosiqyr)

Meant SD 28.3+11.9 31.9+ 13.7

Range 7-71 9-81
Disease duration(yr)

Meant SD 11.9+ 8.2 10.7+ 7.8

Range 1-43 0.5-39

Positive family
history of IBD (%)

25 (12.4%)

21 (12.8%)

Table 1.Demographic characteristics of the study population.
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CXCL16 p.Alal81Val

AlaAla Alaval Valval
genotype status
Controls 76 (36.4%) 102 (48.8%) 31 (14.8%)
CD 67 (33.3%) 99 (49.3%) 35 (17.4%)
uc 46 (28.1%) 84 (51.2%) 34 (20.7%)

Table 2. Frequencies of the CXCL16 p.Alal81\falymorphism in patients with CD or UC
and in controls. None of the differences was sta#ltyi significant (p>0.05). AlaAla = wild-

type, AlaVal = heterozygous carriers, ValVal = homoaygoarriers.
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(1) 2 3) (1) vs. (2) (1) vs. (3) (2) vs. (3) (1) vs (2)+(3)
AlaAla Alaval valval p-value p-value p-value p-value
(n=67) (n=99) (n=35)
Male sexn=(%) 31 (46.3%) 45 (45.4%) 17 (48.6%)  p=1.000 p=0.838 p=0.844 p=1.000
Body mass indexkg/nm)
Mean+ SD 23.2+4.1 23.0+ 3.9 23.9+ 4.1 p=0.675 p=0.443 p=0.249 p=0.969
Range 17-40 16-37 16-31
Age at diagnosigyr)
Meanz SD 20.1+12.0  29.2+12.4 24.3+9.1 p=0.962 p=0.028 p=0.016 p=0.512
Range 12-66 13-71 7-49
Disease duration(yr)
Mean+ SD 12.3+8.4 11.3+ 7.9 13.1+ 8.8 p=0.401 p=0.653 p=0.260 p=0.633
Range 1-34 2-33 3-43
Age (yr)
Mean + SD 414+121  40.4+12.2 37.5+ 10.6 p=0.602 p=0.091 p=0.178 p=0.324
Range 19-69 20-75 17-61
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Location
Terminal ileum (L1) 6 (9.0%) 7 (7.1%) 3 (8.6%) p=0.771 p=1.000 p=0.721 p=0.784
Colon (L2) 21(31.3%) 14 (14.1%) 6 (17.1%) p=0.011 p=0.158 p=0.783 p=0.009
lleocolon (L3) 29 (43.3%) 56 (56.6%) 20 (57.2%) p=0.114 p=0.214 p=1.000 p=0.099
Upper Gl (L4) 11 (16.4%) 22 (22.2%) 6 (17.1%) p=0.430 p=1.000 p=0.633 p=0.571
Any ileal involvement* 44 (65.7%) 80 (80.8%) 28 (80%) p=0.031 p=0.171 p=1.000 p=0.024
Behaviour
Non-stricturing, 14 (20.9%) 20 (20.2%) 6 (17.1%) p=1.000 p=0.795 p=0.807 p=0.852
Non-penetrating (B1)
Stricturing (B2) 15 (22.4%) 27 (27.3%) 9 (25.7%) p=0.586 p=0.807 p=1.000 p=0.606
Penetrating (B3) 38 (56.7%) 52 (52.5%) 20 (57.2%) p=0.636 p=1.000 p=0.696 p=0.764
Use of immunosuppressive
agents 58 (86.6%) 75 (75.8%) 29 (82.9%) p=0.113 p=0.769 p=0.483 p=0.185

Table 3. Associations between ti@&XCL16 p.Alal81Vapolymorphism and certain CD characteristics.

* = (L1)+(L3)+(L4-patients with ileal involvement)
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@)
CXCL16- / NOD2-

(n=44)

)
CXCL16- / NOD2+

(n=23)

®3)
CXCL16+ / NOD2-

(n=83)

(4)
CXCL16+/ NOD2 +

(n=51)

Male sexn=(%)

17 (38.6%)

14 (60.9%)

40 (48.2%)

22 (43.1%)

Body mass indexkg/nm)

Mean+ SD 23.2+ 4.4 23.3£ 3.6 23.6x4.3 22.6x 3.3
Range 17-40 18-32 16-37 17-31
Age at diagnosigyr)
Mean+ SD 28.1+10.7 30.9+ 14.3 29.0+12.2 26.1+11.1
Range 12-58 15-66 13-71 7-61
Disease duration(yr)
Mean+ SD 13.2+ 8.6 10.8+ 8.1 109+ 7.0 13.3£ 9.6
Range 1-32 2-34 2-32 3-43
Age (yr)
Mean = SD 41.3+£ 115 41.8+ 13.3 39.9+12.1 39.4+11.5
Range 19-69 20-68 18-75 19-71
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Location
Terminal ileum (L1)

Colon (L2)

lleocolon (L3)

2 (4.5%)

13 (29.5%)

19 (43.2%)

4 (17.4%)

8 (34.8%)

10 (43.5%)

3 (3.6%)

14 (16.9%)

44 (53.0%)

7 (13.7%)

6 (11.8%);p=0.027 vs (2)

32 (62.7%)

Upper Gl (L4) 10 (22.7%) 1 (4.3%) 22 (26.5%) 6 (11.8%)
Behaviour
Non-stricturing, 5 (11.4%) 9 (39.1%) 19 (22.9%) 7 (13.7%);p=0.030 vs (2)
Non-penetrating (B1)
Stricturing (B2) 12 (27.3%) 3 (13.0%) 23 (27.7%) 13 (25.5%)

Penetrating (B3)

27 (61.4%)

11 (47.8%)

41 (49.4%)

31 (60.8%)

Use of immunosuppressive
agents

41 (93.2%)

17 (73.9%)

67 (80.7%)

37 (72.5%)

Surgery because of CD

30 (68.2%)

11 (47.8%)

41 (49.4%)

37 (72.5%)

Fistulas

27 (61.4%)

11 (47.8%)

41 (49.4%)

31 (60.8%)

Stenoses

34 (77.3%)

11 (47.8%)

54 (65.1%)

40 (78.4%630.014 vs. (2)

Abscesses

21 (47.7%)

7 (30.4%)

29 (34.9%)

19 (37.2%)

Extraintestinal
manifestations

38 (86.4%)p=0.011 vs (4)

16 (69.6%)

61 (73.5%)

32 (62.7%)

Positive family
history of IBD

4 (9.1%)

4 (17.4%)

7 (8.4%)

10 (19.6%)

Table 4. Associations between the CXCL16 p.Alal81Walymorphism, NOD2 mutants, and CD disease charactsristic
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Background/aim: Interleukin 31 (IL31), primarily expressed in activated lymphocytes, signals through «
heterodimeric receptor complex consisting of the IL31 receptor alpha (IL31Rx) and the oncostatin M receptor
(OSMR). The aim of this study was to analyse IL31 receptor expression, signal transduction, and specific
biological functions of this cytokine system in intestinal inflammation.

Methods: Expression studies were performed by RT-PCR, quantitative PCR, western blotting, and
immunohistochemistry. Signal transduction was analysed by western blotting. Cell proliferation was
measured by MTS assays, cell migration by restitution assays.

Results: Colorectal cancer derived intestinal epithelial cell {IEC) lines express both IL31 receptor subunits,
while their expression in unstimulated primary murine IEC was low. LPS and the proinflammatory cytokines
TNF-q,, IL1B, IFN-v, and sodium butyrate stimulation increased IL31, IL31Ra, and OSMR mRNA expression,
while IL31 itself enhanced IL8 expression in IEC. IL31 mediates ERK-1/2, Akt, STAT1, and STAT3 activation in
IEC resulting in enhanced IEC migration. However, at low cell density, IL31 had significant antiproliferative
capacities (p<<0.005). IL31 mRNA expression was not increased in the TNFAARE mouse model of ileitis but in
inflamed colonic lesions compared to non-inflamed tissue in patients with Crohn’s disease (CD; average 2.4-
fold increase) and in patients with ulcerative colitis (UC; average 2.6-fold increase) and correlated with the IL-
8 expression in these lesions (r=0.564 for CD; r=0.650 for UC; total number of biopsies analysed: n=88).
Conclusion: [EC express the functional IL31 receptor complex. IL31 modulates cell proliferation and migration
suggesting a role in the regulation of intestinal barrier function particularly in infestinal inflammation.

helix bundle cytokine that is produced by activated T cells,
particularly by T helper type 2 cells.' IL31 is closely related
to the IL6-type cytokines oncostatin M (OSM), leukaemia
inhibitory factor (LIF), and cardiotrophin-1 and signals
through a heterodimeric receptor complex composed of the
IL31 receptor alpha (IL31Ra) and the oncostatin M receptor
(OSMR)."' IL31Ra is identical to the gp130-like receptor (GPL).!
At least four splice variants of IL31Ra have been described.' The
short isoform of IL31Ra exerts a strong inhibitory effect on the
signalling of IL31 and behaves as a dominant negative
receptor.” The tyrosine residues 652 and 721 in the cytoplasmic
region of the long isoform of IL31Ro/GPL(745) have been
identified as the major STAT5 and STAT3 activating sites,
respectively.” IL31Ra has sequence and domain homologies
with gp130, LIFR, and granulocyte colony stimulating factor
receptor.’ Expression of IL31Ra and OSMR mRNA has been
shown to be induced in activated monocytes while epithelial
cells express mRNA for both receptors constitutively.'
Activation of the receptor complex resulted in recruitment of
Jakl, Jak2, STATI1, STAT3, STAT5, and PI3 kinase signalling
pathways in glioblastoma and melanoma tumour cells, and
lung epithelial cells.”* While IL31 is the only ligand for the
IL31Ra receptor subunit identified so far, the OSMR subunit is
also used by OSM, which signals through a receptor complex
consisting of OSMR and gp130.°
So far, biological functions of this novel cytokine were mainly
analysed in certain skin diseases such as atopic dermatitis.
Transgenic mice overexpressing IL31 develop a skin disorder
characterised by severe pruritus, alopecia, and skin lesions
suggesting a role for IL31 in skin inflammation." A similar

Recently, interleukin 31 (IL31) has been identified as a four

phenotype was induced after subcutaneous delivery of recom-
binant IL31 in mice." Peripheral lymph nodes from IL31
transgenic mice and IL31 protein treated mice were enlarged
compared to non-treated and non-transgenic mice.' In humans,
1L31 was significantly overexpressed in pruritic atopic skin
lesions.” In vivo, staphylococcal superantigen rapidly induced
IL31 expression in atopic individuals.” Comparisons between
skin from patients with atopic dermatitis and healthy skin
showed high IL31Ra expression on epidermal keratinocytes and
increased IL31 expression in infiltrating cells in skin samples
taken from atopic patients.® Moreover, an increased IL31Ra
expression in diseased tissues derived from an animal model of
airway hypersensitivity has been described.’

While the role of IL31 in skin inflammation is well
characterised,' ' its biological properties in other tissues are
largely unknown. Although IL31 expression has been described
in the small intestine and colon,' the expression of the 1L31

Abbreviations: CD, Crohn’s disease; ERK, extracellular signal regulated
kinase; ELISA, enzyme linked immunosorbent assay; FCS, fetal caﬁ serum;
GAPDH, glyceraldehyde-3-phosphate dehydrogenase; GPL, gp130-like
receptor; IBD, inflammatory bowel disease; IEC, intestinal epithelial cell;
IFN, interferon; IL, inter|eurzin; IL31Re, interleukin 31 receptor alpha; LIF,
leukaemia inhibitory factor; LIFR, leukaemia inhibitory factor receptor; LPS,
lipopolysaccharide; MAP kinase, mitogen activated protein kinase; MCMYV,
murine cytomegalovirus; MEK, mitogen activated protein kinase kinase;
MTS, 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-
sulfophenyl)-2H-tetrazolium; OSM, oncostatin M; OSMR, oncostatin M
receptor; PCR, polymerase chain reaction; Pl, phosphatidyl-inositol; RT-
PCR, reverse transcriptase polymerase chain reaction; SOCS, suppressor of
cytokine signalling; STAT, signal transducer and activator of transcription;
TNF-o, tumour necrosis factor alpha; UC, ulcerative colitis
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receptor complex has not been demonstrated in intestinal
epithelial cells (IEC) so far. Based on the expression of IL31Ra
in epithelial tissues such as skin and lung epithelium and
similarities between skin and gut demonstrated by us for other
STAT inducing cytokines such as I11.22,"" we analysed the IL31
receptor expression in the intestinal epithelium and charac-
terised its signal transduction and its specific biological
functions in IEC, particularly in intestinal inflammation.

MATERIALS AND METHODS

Reagents

Polyclonal antibodies to phosphorylated extracellular signal
regulated kinase (ERK) 1/2 (Thr183/Tyr185) and phospho-Akt
(Serd73) were purchased from Cell Signaling (Beverly, MA,
USA). Anti-ERK-1/2 and anti-Akt antibodies were also from
Cell Signaling. Phospho-STAT1 antibody was from BD
Transduction Laboratories (Franklin Lakes, NY, USA), phos-
pho-STAT3 antibody from Upstate Biotechnology (Lake Placid,
NY, USA), and antibodies against STAT1 and STAT3 were from
Santa Cruz Biotechnology (Santa Cruz, CA, USA). Horseradish
peroxidase conjugated secondary antibodies to mouse or rabbit
IgG and chemiluminescent substrate (SuperSignal West Dura
Extended Duration Substrate) were from Pierce (Rockford, IL,
USA). Human IL31Ra antibody was from R&D Systems
(Minneapolis, MN, USA). Recombinant human IL31, tumour
necrosis factor (TNF)-o, IL1J, and interferon (IFN)-y were
obtained from R&D Systems (Minneapolis, MN, USA).
Lipopolysaccharide (LPS) from Escherichia coli (026:B6) pre-
pared by phenol extraction was purchased from Sigma (St
Louis, MO, USA) and prepared as dispersed sonicate in
endotoxin-free water (Life Technologies, Rockville, MD, USA)
before diluting to final concentration in supplemented media.

Cell culture

The human colorectal cancer derived IEC lines HT-29, SW480,
HCT116, T84, CaCo-2, and DLD-1 were obtained from American
Type Culture Collection (Rockville, MD, USA). Cells were
grown in Dulbecco’s modified Eagle medium (Gibco BRL/Life
Technologies, Gaithersburg, MD, USA) with 100 IU/ml peni-
cillin, 100 pg/ml streptomycin, and 10% heat inactivated fetal
calf serum (PAA, Pasching, Austria) in a humidified 5% CO,
atmosphere at 37°C. For signal transduction experiments with
IL31, cells were starved overnight in serum-free medium.

Reverse transcriptase polymerase chain reaction
Reverse transcriptase polymerase chain reaction (RT-PCR) was
performed as previously described."? Briefly, total RNA was

Table 1

hIL31Ra forward:
hIL31Ra reverse:

Primers used for PCR analysis

5'-ggaggggaaaagaatgggta-3’
5'-cgagggtctcatgctatggt-3'

hIL-OSMR forward: 5'-ggaatgtgccacacactttg-3’
hIL-OSMR reverse: 5'-acattggtgccttettecac-3”
hL31 forward: 5'-gaactctgeegtgattectt-3’
hIL31 reverse: 5'-aagcctgcagaagaaaagea-3’
hiL-8 forward: 5'-ccaggaagaaaccacegga-3’

hiIL-8 reverse:
hp-actin forward:
hB-actin reverse:
mGAPDH forward:
mGAPDH reverse:
miL31R forward:
mIL31R reverse:
mOSMR forward:
mOSMR reverse:
miL31 forward:
miL31 reverse:

5'-gaaatcaggaaggctgecaag-3’
5'-gccaaccgegagaagatga-3'
5'-catcacgatgecagtggta-3’
5'-CGTCCCGTAGACAAAATGGT-3'
5'-TCTCCATGGTGGTGAAGACA-3’
5'-GCGGTGGACACTTGGATAGT-3’
5'-ACCCTGGTCTCAGGACCTTT-3’
5'-ACACCAAGTCCCTTCCACAG-3'
5'-ATGGTGACATTIGGAGCCTTC-3’
5'-CAGCTGTTTCAACCCACTG-3'
5'-CAGTTCTGCCATGCAGTTIG-3’

|"II humqn; m: mouse.
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isolated using Trizol reagent (Gibco BRL/Life Technologies,
Gaithersburg, MD, USA). For RT-PCR, RNA was treated with
ribonuclease (RNase)-free deoxyribonuclease (DNA-free-Kit,
Ambion) to remove potential genomic DNA contaminants. A
volume of 2 pg of total RNA was reverse transcribed using
Qiagen Omniscript RT Kit. To control for genomic contamina-
tion, an identical parallel PCR reaction was performed contain-
ing starting material that had not been reverse transcribed. The
following conditions were used for semi-quantitative PCRs: 40
cycles denaturing at 95°C for 30 seconds, annealing at 60°C for
30 seconds, extension at 72°C for 30 seconds. The primers
(MWG Biotech, Ebersberg, Germany) for the PCR reactions are
shown in table 1. The PCR products were subcloned into pCR
2.1 vector (Invitrogen, Carlsbad, CA, USA) and sequenced.

Quantitative PCR

Real time PCR was performed with an ABI Prism 7700
Sequence Detection System (Applied Biosystems, Darmstadt,
Germany) using the Quantitect SYBR Green PCR Kit from
Qiagen (Hilden, Germany) following the manufacturer’s guide-
lines. Oligonucleotide primers (table 1) were designed accord-
ing to the published sequences. All mRNA expression levels
were normalised to B-actin or GAPDH expression in the
respective cDNA preparation.

Signal transduction experiments, gel electrophoresis,
and immunoblotting

The signal transduction experiments were performed in over-
night serum starved IEC lines as indicated. Cells were
stimulated with 100 ng/ml IL31, unless indicated otherwise.
This concentration was based on pilot experiments demonstrat-
ing a significantly higher effect of 100 ng/ml for the activation
of certain kinases and cell migration than lower concentrations.
Cells were solubilised in lysis buffer containing 1% Nonidet P-
40, 20 mM TRIS-HCI (pH 7.4), 150 mM NaCl, 2 mM EDTA,
2 mM EGTA, 10 pg/ml aprotinin, 2 mM phenylmethylsulfonyl
fluoride, 10 pg/ml leupeptin and phosphatase inhibitors
(400 mM sodium orthovanadate, and 4 mM NaF) and were
passed six times through a 21 gauge needle. After 30 minutes
on ice, lysates were cleared by centrifugation at 10 000 g for
20 minutes. The protein concentration of each sample was
quantified by the Bradford method. Immunoblotting was
performed as previously described."

Immunofluorescence staining

Immunofluorescence analysis of IL31Ra expression in the IEC
cell line HCT116 was performed as follows. Cells were fixed
with 3.2% paraformaldehyde/PBS for 20 minutes and were
then permeabilised with 0.5% Triton X-100/PBS for 5 minutes.
Cells were blocked with 10% rabbit serum/PBS for 1 hour and
then incubated with the primary antibody (anti-IL31Rea, R&D
Systems) for 1 hour. After washing with PBS, cells were
incubated with a FITC conjugated anti-goat secondary antibody
(Sigma, Taufkirchen, Germany) and Hoechst 33342 (Sigma) for
1 hour. Cells were washed with PBS, mounted with Mowiol
and were analysed under a fluorescence microscope. In
negative controls, cells were stained omitting the primary
antibody.

Enzyme linked immunosorbent assay

For the quantification of IL-8 release, BD OptEIA Human IL-8
ELISA Kit II (BD Biosciences, Bedford, MA, USA) was used
according to the manufacturer’s instructions.

Cell proliferation and cell restitution assays
HCT116 cells were seeded onto 96 well plates at densities of
cells per well as indicated and were allowed to attach overnight.
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Cells were then stimulated with 10, 50, and 100 ng/ml IL31, or
with cytokine-free medium (negative control) for 48 hours. The
cell proliferation rate was determined by MTS assay on day 2
using the CellTiter 96 Aqueous Non-Radioactive Cell
Proliferation Assay (Promega, Madison, WI, USA) according
to the manufacturer’s instructions.

Cell restitution assays were performed as wounding assays as
previously described."* Briefly, SW480 cells, which were the most
suitable IEC line in pilot experiments, were grown in six well
plates to complete confluence. Using a sterile razor blade, eight
standardised wounds were created in each plate. Detached cells
were removed by three washes with PBS, and the cell medium
was changed from 10% FCS containing medium to 0.1% FCS
containing medium. The cells were stimulated with IL31 (100 ng/
ml) or PBS. The cells were washed with PBS after 24 hours and
the number of migrated cells (over the wounding edge) was
counted under a microscope. Five dishes were analysed for each
group (IL31 stimulated and PBS stimulated), whereas for each
dish eight separate fields were counted.

Isolation of primary ileal epithelial cells from
heterozygous TNFAARE mice

Heterozygous TNFAARE mice (a generous gift from Dr G
Kollias; Hellenic Pasteur Institute, Athens, Greece), which
gradually develop chronic inflammation in the ileum from
moderate to severe levels at 8 weeks and 18 weeks of age,"” and
C57BL/6 wild type (WT) mice were killed at the age of

1259

Figure 1 The IL31 receptor complex and

IL31 are expressed in IEC. (A) mRNA

expression of IL31Rx, OSMR, and IL31 as
kDa analysed by RT-PCR analysis of mRNA
_ derived from IEC lines as indicated. (B)

Western blot analysis of total cell protein

— 100 isolated from HT-29, SW480 and HCT116
cells demonstrates expression of the long,
active isoform of IL31Ra. An amount of
80 ug protein was loaded per lane. (C)
Immunofluorescence staining of HCT116
cells with an IL31Ra. specific antibody
demonstrates cell surface expression of
IL31Re: (upper panels) while no specific
staining was obtained with the secondary
unﬁbogy only (lower panels).

- SW480
HCT116

—70

.

— 55

18 weeks. Primary IEC from the ileal and colonic epithelium
of WT and TNFAARE/WT mice were purified as previously
described.'® Briefly, the intestinal tissue was cut into pieces and
incubated at 37°C in DMEM containing 5% FCS and 1 mM
dithiothreitol (DTT) for 30 minutes. The remaining tissue was
incubated in 30 ml PBS containing 1.5 mM EDTA for addi-
tional 10 minutes. The supernatants were filtered, centrifuged
for 5 minutes at 400 g, and the cell pellet was resuspended in
DMEM containing 5% FCS. Finally, the primary IEC suspension
was purified by centrifugation through a 25%/40% discontin-
uous Percoll gradient at 600 g for 30 minutes. Cell purity was
assessed by determining the absence of CD3+ T cell contam-
ination. Trypan blue exclusion confirmed the presence of at
least 80% viable cells after the 2 hour isolation procedure.
Primary IEC from the ileum were collected in sample buffer for
subsequent RNA isolation.

Murine cytomegalovirus infection in vivo

C57BL/6 mice were infected intravenously with 1x10° pfu
murine cytomegalovirus (MCMYV) of the Smith strain'” in PBS
as previously described.'® Control mice received an injection of
PBS only. After 45 hours, mice were killed by CO, asphyxiation.
Total RNA of the colon was isolated using Trizol reagent. The
mice in vivo studies were approved by the animal care and use
committee of the State of Bavaria (Regierung von Oberbayern)
following the National Institutes of Health Guide for the Care
and Use of Laboratory Animals.

www.gutinl.com


http://gut.bmj.com

Downloaded from gut.bmj.com on 23 August 2007

1260

IL-31

5 30 60 min

A
0 10 15
| — — —
e e — — —g — p-STATI

NN

B IL-31
0 5 10 15 30 60 ! min

- W W W 5-STAT3

——— e

C IL-31

0 |5 10 15 30 60 ! min

. —— a“' —pERK

= e

D IL-31

0 I5 10 15 30 é>0I min

M—Akr

Figure 2 IL31 induces STAT1, STAT3, ERK-1/2, and Akt phosphorylation
in [EC. Upon stimulation of HCT116 cells with IL31 (100 ng/ml), (A) STAT1
and (B) STAT3 proteins are phosphorylated. (C) Phospho-ERK-1/2 (p-ERK)
activation after IL31 stimulation (100 ng/ml). (D) IL31 induces Akt
phosphorylation. Similar results were o%’rqined for SW480 cells (data not
shown). One representative experiment (n=3) is shown.

Colonic biopsies

Biopsies were taken from patients with CD and UC undergoing
diagnostic colonoscopy. The study was approved by the ethics
committee of the Medical Faculty of the University of Munich.
All participating subjects gave written, informed consent before
biopsy sampling. Four biopsies were collected from each
patient: two from macroscopically non-inflamed sites and two
from macroscopically inflamed mucosa. IL31, IL31Ra, OSMR,
and IL8 mRNA levels were measured in each individual biopsy.
For quantification, the average IL31, IL31Ro, or OSMR and IL8
mRNA expression of the two non-inflamed biopsies was
compared to the average expression in the two inflamed
biopsies. For calculation of the correlation coefficient, 1L31
mRNA expression was correlated with the IL8 mRNA expres-
sion in the four individual biopsies for each patient.

Statistical analysis
Statistical analysis was performed using two tailed Student’s ¢
test. p Values <0.05 were considered as significant.

RESULTS

The IL31 receptor complex is expressed in IEC lines
Firstly, we determined if the IL31 receptor complex consisting
of IL31Ra and OSMR is expressed in IEC using RT-PCR and
cDNA derived from the human IEC lines HT-29, SW480,
HCT116, T84, CaCo-2, and DLD-1. In addition, we examined
IL31 expression in these cell lines. RT-PCR analysis demonstrated
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weak IL31 mRNA expression in all cell lines tested (fig 1A). Using
primers specific for the long isoform of this receptor, IL31Ra
expression was found in all IEC lines analysed with the exception
of T84 and DLD-1 cells (fig 1A). OSMR was expressed in all cell
lines although only at low levels in HT-29 and T84 cells (fig 1A).
The long isoform of IL31Ra was also expressed on protein level in
IEC as demonstrated by western blot (fig 1B) and immunofluor-
escence staining (fig 1C) with an IL31Ra specific antibody. The
strongest expression of both receptor subunits was demonstrated
in SW480 and HCT116 cells (fig 1A and 1B), which we therefore
used in the following signal transduction experiments.

IL31 induces STAT1/3, ERK-1/2, and Akt
phosphorylation

After confirming IL31Ra and OSMR expression in IEC, we next
analysed if this complex is functional in IEC investigating
various signalling pathways after stimulation of HCT116 and
SW480 cells with recombinant IL31. Recent studies in other cell
lines reported activation of STAT and MAP kinase signalling by
IL31," * which we therefore analysed in IEC. These experiments
demonstrated moderate activation of both STAT1 (fig 2A) and
STAT3 (fig 2B) in IEC after stimulation with IL31 (100 ng/ml).
Moreover, IL31 (100 ng/ml) increased phosphorylation levels of
ERK-1/2 (fig 2C) and Akt proteins (fig 2D).

IL31 modulates IEC proliferation and migration

The activation of ERK MAP kinases and Akt has been linked to
increased cell proliferation,' * ' *° while a recent study
demonstrated antiproliferative effects for IL31 in lung epithelial
cells mediated via STAT3 activation.”’ We therefore analysed
the effect of IL31 on IEC proliferation using MTS assays and the
IEC line HCT116. At cell densities of <5000 cells/well, IL31
strongly decreased cell proliferation (p = 0.001 for 500 cells/well
stimulated with 50 ng/ml or 100 ng/ml IL31, respectively, vs
medium stimulated cells), while this effect was lost at higher
cell densities and even an opposite, but much less pronounced
proliferation-stimulating effect of IL31 (100 ng/ml) was
observed with 10 000 cells/well and 15 000 cells/well compared
to medium stimulated controls (p=0.046 and p=0.013,
respectively; fig 3A).

Recently, we demonstrated that activation of Akt kinases and
STAT proteins is also involved in IEC migration.' Therefore, we
next analysed the influence of IL31 on IEC migration. As
demonstrated in figure 3B, 100 ng/ml IL31 increased the
migration of HCT116 cells significantly (p = 0.005).

IL31, IL31Ra, and OSMR mRNA expression is
upregulated in an in vitro model of cell differentiation
Given the influence of cell density on the IL31 mediated effects
on cell proliferation, we next analysed potential effects of IEC
differentiation on IL31 and IL31 receptor expression in sodium
butyrate treated IEC, which is an established in vitro model of
cell differentiation.”” > We measured IL31, IL31Ro, and OSMR
mRNA expression by quantitative PCR in HCT116 cells after
sodium butyrate treatment. There was an increased expression
of all three genes that was most pronounced for IL31Ra mRNA
(270-fold upregulation after 48 hours, fig 3C), while IL31 and
OSMR were upregulated up to 50-fold and 12-fold, respectively
(fig 3C).

IL31, IL31Ra, and OSMR mRNA expression is
upregulated by proinflammatory cytokines and LPS
Given the high expression of IL31 in T cells, which are
consistently found in various forms of intestinal inflammation,
we next characterised expression and potential functions of
IL31 in inflammation. Firstly, we analysed IL31, IL31Ra, and
OSMR mRNA expression in HCT116 cells after stimulation with
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LPS and the proinflammatory cytokines TNF-o, IL1f3, and IFN-
v. The mRNA expression of all three genes was upregulated
24 hours after stimulation with these proinflammatory cyto-
kines (fig 4). The strongest effect on the transcriptional
regulation of all three IL31 related genes was seen after
stimulation with IFN-y, which increased OSMR expression 5.4-
fold, IL31R mRNA 3.5-fold, and IL31 mRNA 12.1-fold after
24 hours of stimulation.

IL31 increases the expression of proinflammatory
cytokines in IEC

Based on the transcriptional upregulation of IL31 and its
receptor complex by proinflammatory cytokines, we next
analysed if IL31 itself regulates the expression of proinflam-
matory proteins. In this experiment, we studied in the IEC line
HCT116 the effect of IL31 on protein expression of IL8, a
prototypic inflammatory cytokine produced by IEC.** As shown
in figure 5, IL31 increased IL8 expression 3.1-fold after
24 hours of stimulation.

IL31 mRNA expression does not correlate with TNF-a
mRNA expression in a Th1 mediated model of murine
ileitis

Having shown that IL31, IL31Ra, and OSMR mRNAs are
upregulated under inflammatory conditions in vitro, we next
examined their expression in murine models of intestinal
inflammation in vivo. Using heterozygous TNFAARE mice as a
model of chronic ileitis,”” we demonstrated no significant
differences in IL31 mRNA expression in these mice compared to
wild type mice of the same age and genetic background (fig 6A);
however, there was a trend towards higher IL31 expression in
colonic epithelial cells compared to ileal epithelial cells
(p =0.088). Similarly, OSMR expression was not significantly
higher in TNFAARE mice in comparison with wild type mice

(fig 6B). In contrast, TNFAARE mice had a significantly higher
TNF-o expression than wild type mice (p<<0.01; fig 6C).

IL31 mRNA expression is not upregulated in MCMV
infection in vivo

In another set of experiments, we investigated colonic IL31,
IL31Ra, and OSMR mRNA expression in viral infection using
the murine in vivo model of MCMV infection. C57BL/6 mice
were infected with 10° pfu MCMV of the Smith strain'’ as
previously described.” However, 45 hours after infection, IL31
and IL31Ra mRNA levels were not significantly different
compared to non-infected mice (p =0.73; fig 6D) while there
was a trend towards a higher OSMR expression in infected mice
(p=0.06; fig 6D). In contrast, in TNFAARE mice and
corresponding wild type mice, IL31Ra mRNA levels were lower
and just above the detection threshold in both mice strains
without significant differences between the two strains (data
not shown). However, in comparison with the cDNA isolation
of the MCMYV infected mice (fig 6D), the isolation procedure of
ileal and colonic epithelial cells of TNFAARE mice yielded much
lower RNA and c¢DNA amounts, respectively. Using similar
reaction volumes, there was GAPDH detection already after 18
PCR cycles in the MCMYV infected mice, while GAPDH was
detected in TNFAARE mice only after 25 PCR cycles, explaining
the different levels of IL31Ra expression in two mouse
experiments.

IL31 mRNA expression is increased in the inflamed
colonic mucosa of patients with inflammatory bowel
disease

We next analysed IL31 and its receptor expression in human
intestinal inflammation in vivo using real time PCR. In this
analysis, we compared IL31, IL31Ra, and OSMR mRNA
expression levels in a total of 88 biopsy samples taken from
22 different patients with inflammatory bowel disease (IBD)
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Figure 4 IL31Ro, OSMR, and IL31 mRNA expression are upregulated by

roinflammatory stimuli. (A) Regulation of IL3TRx, (B) OSMR, and (C) IL31
Ey LPS (1 ug/ml) and the proinflammatory cytokines TNF-o. (50 ng/ml),
ILTB (10 ng/ml), and IFN-y (1000 U/ml). HCT116 cells were stimulated
or time intervals as indicated and mRNA expression was measured by
quantitative PCR and normalised to B-actin expression.

including 12 patients with CD and 10 patients with UC. The
biopsies were sampled from sites with endoscopically (macro-
scopic) inflamed colonic mucosa and compared to those of
endoscopically non-inflamed colonic mucosa taken from the
same 22 patients. We used the IL8 mRNA expression in these
biopsies as a control marker of inflammation. IL8 mRNA
expression was significantly increased (p<0.05) in the
inflamed biopsy samples in CD (fig 7A). Moreover, in CD
IL31 mRNA expression levels were higher in inflamed colonic
biopsy samples than in non-inflamed colonic lesions (mean
increase 2.4-fold; fig 7A) and correlated with IL8 mRNA
expression in these patients (r = 0.564; fig 7C). There was also a
twofold higher IL31Ra and OSMR mRNA expression in
inflamed biopsies compared to uninflamed tissue (fig 7A).
Similarly, in eight of the 10 patients with UC the IL31 mRNA

www.gutinl.com

Dambacher, Beigel, Seiderer, et al

900 —
800
700
600
500
400
300
200 —
100 —

0 \ \ \ \ \ |
o 4 8 12 16 20 24

Time (h)

IL-8 (pg/ml)

Figure 5 IL31 increases IL8 expression in IEC. IL8 protein levels increase
and reach a maximum dfter 24 hours of IL31 stimulation. IL8 protein
concentration was determined by ELISA.

expression was increased in the inflamed lesions (mean
increase 2.6-fold) and correlated with the IL8 mRNA expression
in these lesions (r = 0.650; fig 7B, D). In addition, IL31Ro and
OSMR mRNA expression was slightly increased in the inflamed
tissue of the UC patients (1.5-fold and 1.7-fold, fig 7B).

DISCUSSION

Crohn'’s disease and ulcerative colitis, the two main forms of
inflammatory bowel disease, are defined as idiopathic, chronic
relapsing, inflammatory conditions that are immunologically
mediated.” Despite intensive research their aetiology is only
incompletely understood.” ** However, several cytokines such
as TNF-o, IL1J, and IL23 play a key part in the aggravation of
intestinal inflammation.”” Given its important role in
inflammatory disorders of the skin,' “'* we therefore analysed
in this study the novel cytokine IL31 focusing on expression,
signalling, and its role in intestinal inflammation.

While activated T cells are the main source of IL31,' we here
demonstrate that IEC lines express the functional IL31 receptor
complex consisting of IL31Ra and OSMR, which is consistent
with the expression pattern shown for other epithelial cell types
such as keratinocytes' and lung epithelial cells.* After stimula-
tion with IL31, ERK, Akt, and STAT proteins are activated in
IEC. Similar to our findings, activation of STATI/3 and PI3
kinase signalling has been observed in glioblastoma and
melanoma tumour cells,” and in lung epithelial cells* following
IL31 stimulation. However, in agreement with a recent study in
lung epithelial cells, in which strong activation was only
obtained by IL31 receptor overexpression,” the level of STAT
activation in non-transfected IEC was only moderate.

Recently, we demonstrated that activation of Akt and STAT
proteins mediates IEC proliferation and migration.' > '
Similarly, our experiments demonstrated that IL31 receptor
activation increases IEC migration. Interestingly, IL31 is located
on chromosome 12q24 in close proximity to chemokine-like
factor 1, which has been very recently shown to be a functional
ligand for CCR4.” Given the results of our experiments, 1L31
also has chemotactic properties influencing the migration of
IEC. Moreover, an influence on cell migration has been
demonstrated for the IL31 related cytokine IL-6’* >’ and several
other IL6-like cytokines such as LIF.”* In addition, it has been
shown that LIF may upregulate the gene expression of
chemokines such as MCP-1.>* Similarly, we here show that
IL31 increases the expression of the proinflammatory chemo-
kine IL8. Particularly the activation of STAT3 is a common
signalling pathway mediated by these migration stimulating
cytokines.”” For example, we recently demonstrated that
cell migration mediated by the IL-10-like cytokine IL22
is dependent on STAT3 activation." A very recent study
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Figure 6 IL31 mRNA expression is not
increased in murine models of Th1 mediated
intestinal inflammation. (A) IL31 expression
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established that OSMR mediated signal transduction is
negatively regulated by SOCS3 through a receptor tyrosine
independent mechanism.** Consistently, we demonstrated that
SOCS3 can also inhibit signalling of other STAT activating
cytokines.””*

IL31Ra belongs to the IL6 cytokine receptor (IL6R) family.
IL6Rs have divergent effects on cell proliferation in different
epithelial cell types. While suppression of proliferation has been
described for IL6R mediated signalling in some epithelial cells,*
it enhances cell growth in other epithelial cell lines.* ** Here,
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we demonstrate that IL31 at high doses and low cell density
significantly decreases cell proliferation in the colorectal cancer
cell line HCT116. Similarly, a very recent study demonstrated
that IL31 was highly effective in suppressing proliferation by
altering expression of cell cycle proteins including upregulation
of p27Kip1 and downregulation of cyclinB1, cdc2, cdk6, mcm4,
and Rb in lung epithelial cells.* Here, we demonstrate that the
antiproliferative effect of IL31 in HCT116 cells was lost in dense
cell cultures and under certain conditions even reversed into a
proliferation stimulating effect. A similar bimodal effect on cell

Figure 7 Colonic IL31 mRNA expression is
increased in human inflammatory bowel
disease. (A, C) IL31 expression is increased
2.4-fold in inflamed corzmic biopsies from
patients with Crohn’s disease compared to
uninflamed biopsies while IL31Ra and OSMR
expression were increased twofold. 1L31
mRNA expression correlated with the IL8
expression (r=0.56), which was measured
as a marker for inflammation. (B, D) In
patients with ulcerative colitis, a 2.6-fold
increased IL31 mRNA expression was
observed in inflamed biopsies in comparison
with uninflamed tissue with a high correlation
to IL8 mRNA levels (r=0.65). IL31Ro und
OSMR were increased 1.5-fold and 1.7-fold,
respectively.
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proliferation dependent on cell density has also been described
for other cytokines such as TGF-B.** However, a number of
studies demonstrated that unstimulated cells in dense cultures
undergoing contact inhibition are characterised by similar
alterations of the expression of cell cycle proteins as caused by
IL31 stimulation* including downregulation of cyclins*” and
upregulation of p27Kipl,* which explains the relative loss of
the antiproliferative effect of IL31 (in comparison with
unstimulated cells) in dense cultures considering the overall
low cell proliferation in (unstimulated) dense cultures. Similar
to IL31, other proliferation inhibiting agents such as bone
morphogenetic protein (BMP-7)* and the MEK inhibitors
PD98059 and UO0126* have much higher effects on cell
proliferation inhibition at low cell density compared to dense
cultures. In contrast, cell proliferation stimulating cytokines
such as hepatocyte growth factor (HGF) lose their proliferation
stimulating properties in cell cultures with low cell density.*” It
has been demonstrated that a single STAT3 recruitment site
(Tyr-721) in the cytoplasmic domain of IL31Ra exerts a
dominant function in the entire receptor complex and is critical
for gene induction and growth inhibition.* Similarly, we
demonstrated upregulation of STAT3 following IL31 stimula-
tion in our study. However, in the initial study,* an IL31Ra
overexpressing cell line was used explaining the stronger
antiproliferative effects of IL31 observed in that study
compared to our experiments. In addition, it has been
demonstrated that high cell density itself is associated with
ligand independent STAT3 activation mediating growth inhibi-
tion,” which further explains the loss of the antiproliferative
properties of IL31 in dense cell cultures. Moreover, we
demonstrate that IL31 and IL31 receptor mRNA expression
are cell differentiation dependent, which further supports the
strong influence of cell density on the biological functions of
IL31.

In this study, we demonstrate that proinflammatory cyto-
kines increase the expression of IL31 and its receptor complex.
The strongest upregulation of 1L31, IL31Ra, and OSMR gene
expression was seen after stimulation with IFN-vy. Similarly, in
monocytes, gene upregulation of IL31Ra was stronger following
IFN-y compared to LPS stimulation." Given our quantitative
PCR results of primary murine IEC, which demonstrated in
comparison to colorectal cancer derived IEC only weak IL31Ra
mRNA expression, it is therefore likely that proinflammatory
cytokine activated monocytes are a major IL31Ra expressing
cell type and target of IL31 in IBD.

Depending on the T cell source of cytokine production,
cytokines have been differentiated in Th1 and Th2 cytokines. It
has been proposed that CD represents a Th1 and Th17 mediated
intestinal inflammation, while ulcerative colitis resembles more
a Th2 mediated colitis.”® **°' 1L31 is mainly produced by
activated Th2 cells' and a very recent study implicates IL31R
signalling as a novel negative regulatory pathway that
specifically limits Th2 mediated inflammation® while develop-
ment of intestinal pathology in the TNFAARE mouse model
depends on Thl-like cytokines such as IL12 and IFN-y.”’ In
contrast, the generation of CD4(+) T cell mediated Thl
responses were normal in IL31Ro(—/—) mice.” Consistently,
we demonstrated no increased IL31 mRNA expression in
TNFAARE mice, a Thl mediated murine model of ileitis.”” >
In these mice, baseline colonic IL31 expression was higher than
ileal IL31 expression. This is in agreement with the first report
on IL31 expression in normal tissues demonstrating a higher
IL31 expression in the colon than in the small intestine.'
However, in comparison with uninflamed colonic tissue, the
IL31 mRNA expression was upregulated in inflamed colonic
tissue in both forms of IBD suggesting that in humans IL31
mediated effects are not completely restricted to Th2 mediated
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types of inflammation. Moreover, the IL31 mRNA expression
correlated with IL8 mRNA expression in both forms of
intestinal inflammation.

While this is the first report on IL31 in intestinal inflamma-
tion, the role of IL31 in skin inflammation, particularly in
atopic dermatitis is well established.' "' Interestingly, there is
an association between intestinal inflammation and atopic
dermatitis.”* > Moreover, in patients with atopic dermatitis,
disturbances in intestinal permeability compared to normal
controls have been reported.” > Therefore, IL31 producing T
cells may mediate skin reactions as observed in many IBD
patients but this and the role of IL31 on intestinal permeability
need further investigation. Given its effect demonstrated here
on IEC proliferation and migration, it is likely that this novel
cytokine system modulates IEC barrier function. However,
while most colorectal cancer derived IEC expressed consider-
able levels of IL31Ra, its mRNA expression levels in unstimu-
lated murine primary IEC were low suggesting that
cancerogenesis might be another process in which this novel
cytokine is involved. This is supported by IL31Ra expression in
other malignancies such as glioblastoma and melanoma,”
which also secrete a soluble form of OSMR which may bind
IL31 when combined with soluble IL31Ra,”® but further studies
are required to elucidate potential functions of IL31 in
cancerogenesis.

In summary, we demonstrated that IEC express the func-
tional IL31 receptor complex. Binding of IL31 to its surface
receptor complex in IEC leads to phosphorylation of STAT1/3,
Akt, and ERK MAP kinases. IL31 inhibited cell proliferation in
low density cell cultures and increased IEC migration.
Moreover, the mRNA expression of IL31 was upregulated in
inflamed colonic lesions of IBD patients but not in a Thl
mediated model of murine ileitis. Taken together, our data
indicate a role for this cytokine in promoting proinflammatory
gene expression and modulating IEC barrier function suggest-
ing a role in the pathogenesis of IBD.
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Brand, Stephan, Florian Beigel, Torsten Olszak, Kathrin Zitzmann,
Soren T. Eichhorst, Jan-Michel Otte, Helmut Diepolder, Andreas Mar-
quardt, Wolfgang Jagla, Andreas Popp, Stéphane Leclair, Karin Herr-
mann, Julia Seiderer, Thomas Ochsenkiihn, Burkhard Goke, Chris-
toph J. Auernhammer, and Julia Dambacher. IL-22 is increased in
active Crohn’s disease and promotes proinflammatory gene expression
and intestinal epithelial cell migration. Am J Physiol Gastrointest Liver
Physiol 290: G827-G838, 2006; doi:10.1152/ajpgi.00513.2005.—IL-22
is produced by activated T cells and signals through a receptor
complex consisting of IL-22R1 and IL-10R2. The aim of this study
was to analyze IL-22 receptor expression, signal transduction, and
specific biological functions of this cytokine system in intestinal
epithelial cells (IEC). Expression studies were performed by RT-PCR.
Signal transduction was analyzed by Western blot experiments, cell
proliferation by 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxy-
phenyl)-2-(4-sulfophenyl)-2H-tetrazoliumassay and Fas-induced apop-
tosis by flow cytometry. IEC migration was studied in wounding
assays. The IEC lines Caco-2, DLD-1, SW480, HCT116, and HT-29
express both IL-22 receptor subunits IL-22R1 and IL-10R2. Stimula-
tion with TNF-a, IL-1(, and LPS significantly upregulated I1L-22R1
without affecting IL-10R2 mRNA expression. IL-22 binding to its
receptor complex activates STAT1/3, Akt, ERK1/2, and SAPK/INK
MAP kinases. IL-22 significantly increased cell proliferation (P =
0.002) and phosphatidylinsitol 3-kinase-dependent IEC cell migration
(P < 0.00001) as well as mRNA expression of TNF-«, IL-8, and
human B-defensin-2. IL-22 had no effect on Fas-induced apoptosis.
IL-22 mRNA expression was increased in inflamed colonic lesions of
patients with Crohn’s disease and correlated highly with the IL-8
expression in these lesions (r = 0.840). Moreover, 1L-22 expression
was increased in murine dextran sulfate sodium-induced colitis. IEC
express functional receptors for [L-22, which increases the expression
of proinflammatory cytokines and promotes the innate immune re-
sponse by increased defensin expression. Moreover, our data indicate
intestinal barrier functions for this cytokine-promoting IEC migration,
which suggests an important function in intestinal inflammation and
wound healing. IL-22 is increased in active Crohn’s disease and
promotes proinflammatory gene expression and IEC migration.

interleukin-10-like cytokines; interleukin-22; defensin

IL-22 wAs ORIGINALLY DESCRIBED as an IL-9-induced gene and
was named for IL-10-related T cell-derived inducible factor
(IL-TIF) (22). This cytokine shows 22% amino acid identity
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with IL-10 and belongs to a family of cytokines with limited
homology to IL-10, namely IL-10, IL-19, IL-20, IL-24, IL-26,
1L-28A, IL-28B, and IL-29 (the latter 3 also known as IFN-As).
IL-22 binds at the cell surface to a receptor complex composed
of two chains belonging to the class II cytokine receptor family
(CRF2): IL-22R1 and IL-10R2 (23, 32, 56). The ligand-binding
chains for IL-22, IL-26, IL-28A/B, and IL-29 are distinct from
that used by IL-10. However, all of these cytokines use a
common second chain, IL-10 receptor-2 (IL-10R2; CRF2-4)
to assemble their active receptor complexes. The binding of
IL-22 to its respective R1 chain induces a conformational
change that enables IL-10R2 to interact with the newly formed
ligand-receptor complexes. This, in turn, activates a signal-
transduction cascade that results in rapid activation of several
transcription factors, including STAT proteins in several cell
lines such as mesangial cells, lung epithelial cells, melanomas,
hepatomas, and keratinocytes (6, 22, 23, 35, 53, 56).

Major sources of IL-22 are activated T and natural killer
cells (54). As discovered thus far, IL-22 activities include
upregulation of acute-phase reactants in the liver and hepatoma
cells (22, 23) as well as induction of pancreatitis-associated
protein in pancreatic acinar cells (2), suggesting a role for this
cytokine in inflammatory processes. To date, no comprehen-
sive analysis of IL-22-inducible genes has been published;
however, several IL-22-inducible genes have been identified
including chemokine genes in hepatocytes such as IFN-induc-
ible protein 10 (IP-10), monocyte chemoattractant protein-1
(MCP-1), and IL-8 (19).

IL-22Rs are expressed on a number of tissues, including
kidney, pancreas, and liver (32). The biological activities
induced by IL-22 are only beginning to be defined. For exam-
ple, a recent study (42) supports a potential therapeutic role for
IL-22 as a protective factor in hepatocellular injury.

Although expression of the IL-22 receptor complex has been
demonstrated in colonic epithelial cells (38), the regulation of
the receptor expression, its detailed signal transduction includ-
ing its specific biological functions in intestinal epithelial cells
(IEC) and role in human gastrointestinal disease still have to be
established, which was therefore the aim of this study.

Here, we demonstrate that the expression of IL-22 is up-
regulated in intestinal inflammation as seen in patients with
Crohn’s disease. IL-22 signaling in IEC resulted in increased

The costs of publication of this article were defrayed in part by the payment
of page charges. The article must therefore be hereby marked “advertisement”
in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.
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proinflammatory gene transcription. Importantly, IL-22 pro-
motes the intestinal barrier integrity in vitro through stimula-
tion of IEC migration and defensin expression. Overall, our
data indicate a role for this cytokine system in protecting the
intestinal barrier by enhancing IEC migration, suggesting an
important function in intestinal inflammation and wound healing.

MATERIALS AND METHODS

Reagents. Polyclonal antibodies to phosphorylated extracellular
signal-regulated kinase (ERK)1/2 (Thr183/Tyr185), phosphorylated
stress-activated protein kinase (c-Jun NH»-terminal kinase), SAPK/
JNK (Thr183/Tyr185), phospho-p38 (Thr180/Tyr182), and phospho-
Akt (Ser473) were purchased from Cell Signaling (Beverly, MA).
Anti-ERK1/2, anti-SAPK/JNK, anti-p38, and anti-Akt antibodies were
also from Cell Signaling. Horseradish peroxidase-linked anti-rabbit sec-
ondary antibody was purchased from Amersham (Arlington Heights,
IL). Recombinant human IL-22, TNF-a, and IL-13 were obtained
from R&D Systems (Minneapolis, MN). LPS from Escherichia coli
(026:B6) prepared by phenol extraction was purchased from Sigma
(St. Louis, MO) and prepared as dispersed sonicate in endotoxin-free
water (Life Technologies, Rockville, MD) before diluting to final
concentration in supplemented media. MEK-1 inhibitor PD98059,
SAPK/INK inhibitor SP600125, and phosphatidylinositol 3 (PI3)-
kinase inhibitor wortmannin were from Tocris Cookson (Bristol, UK).

Cell culture. The human colorectal cancer-derived IEC lines
SW480, Caco-2, HT-29, HCT116, and DLD-1 were obtained from
American Type Culture Collection (Rockville, MD). Cells were
grown in Dulbecco’s modified Eagle’s medium (GIBCO-BRL/Life
Technologies, Gaithersburg, MD) with 100 IU/ml penicillin, 100
pg/ml streptomycin, and 10% heat-inactivated FCS (PAA, Pasching,
Austria) in a humidified 5% CO. atmosphere at 37°C. For signal-
transduction experiments with IL-22, cells were starved overnight in
serum-free medium.

RT-PCR. RT-PCR was performed as previously described (13).
Briefly, total RNA was isolated using TRIzol reagent (GIBCO-BRL/
Life Technologies). For RT-PCR, RNA was treated with ribonuclease
(RNase)-free deoxyribonuclease (DNA-free Kit, Ambion) to remove
potential genomic DNA contaminants. Three micrograms of total
RNA were reverse transcribed using Roche first-strand cDNA syn-
thesis kit. To control for genomic contamination, an identical parallel
PCR reaction was performed containing starting material that had not
been reverse transcribed. The following conditions were used for
semiquantitative PCRs: 25-36 cycles (depending on the specific PCR)
of denaturing at 95°C for 45 s, annealing at 61°C for 45 s, extension
at 72°C for 45 s. The primers for the PCR reactions are shown in
Table 1. The PCR products were subcloned into pCR 2.1 vector
(Invitrogen, Carlsbad, CA) and sequenced. Densitometric analysis
was performed using software TINA (version 2.10g, Raytest Iso-
topenmessgerite, Straubenhardt, Germany).

Quantitative PCR. Real-time PCR was performed with a Rotorgene
RG-3000 cycler (Corbett Research, Sydney, Australia) using the
Quantitect SYBR Green PCR kit from Qiagen (Hilden, Germany)
following the manufacturer’s guidelines. Oligonucleotide primers
were designed not to amplify genomic DNA, according to the pub-
lished sequences, and the following primer pairs were used: human
IL-22 forward 5'-gcaggcttgacaagtccaact-3', reverse 5'-gcctecttage-
cagcatgaa-3'; B-actin: forward 5'-gccaaccgcgagaagatga-3’, reverse
5'-catcacgatgccagtggta-3'; 1L-8 forward 5'-ccaggaagaaaccaccgga-3’,
reverse 5'-gaaatcaggaaggcetgecaag-3'; TNF-a forward 5'-ccaggcagt-
cagatcatcttctc-3', reverse 5’-agctggttatctctcagetecac-3" (MWG-Bio-
tech, Ebersberg, Germany). IL-22 mRNA expression was normalized
to -actin expression in the respective cDNA preparation. To compare
IL-8 and IL-22 expression levels between inflamed and noninflamed
colonic lesions in patients with inflammatory bowel disease (IBD),
expression in noninflammatory tissue was arbitrarily set to 1.0.

IL-22 IN INTESTINAL INFLAMMATION

Table 1. PCR primers used for RT-PCR analysis

hIL-22R forward:
hIL-22R reverse:
hIL-10R2 forward:
hIL-10R2 reverse:
hIL-22BP forward:
hIL-22BP reverse:
hIL-8 forward:
hIL-8 reverse:
hTNF-a forward:
hTNF-«a reverse:
hBD-2 forward:
hBD-2 reverse:
hSOCS-3 forward:
hSOCS-3 reverse:
hGAPDH forward:
hGAPDH reverse:
mLactoferrin forward:
mLactoferrin reverse:
mE-Selectin forward:
mE-Selectin reverse:
mCXCL2 forward:
mCXCL2 reverse:
mCXCLS5 forward:
mCXCLS5 reverse:
mlIL-4 forward:
mlIL-4 reverse:
mlIL-6 forward:
mlIL-6 reverse:
mlIL-17 forward:
mlL-17 reverse:
mlL-22 forward:
mlL-22 reverse:

5"-CTCCACAGCGGCATAGCCT -3’
5'-ACATGCAGCTTCCAGCTGG- 3’
5"-GGCTGAATTTGCAGATGAGCA-3’
5'-GAAGACCGAGGCCATGAGG- 3’
5"-AGGGTACAATTTCAGTCCCGA-3’
5'-CGGCGTCATGCTCCATTCTGA-3’
5"-ATGACTTCCAAGCTGGCCGTGGCT -3’
5'-TCTCAGCCCTCTTCAAAAACTTCTC-3’
5"-ATGAGCACTGAAAGCATG- 3’
5'-TCACAGGGCAATGATCCC-3’
5"-CCAGCCATCAGCCATGAGGGT -3’
5'-GGAGCCCTTTCTGAATCCGCA-3’
5'-TTCTGATCCGCGACAGCTC-3’
5'-TGCAGAGAGAAGCTGCCCC-3’
5"-CGGAGTCAACGGATTTGGTCGTAT -3’
5"-AGCCTTCTCCATGGTGGTGAAGAC-3’
5"-GCCTGTTCCAGTCTAAAACCA-3’
5'-GTAAGAAAAGCGCAGGCTTC- 3’
5"-ACCCGTCCCTTGGTAGTTG-3’
5'-CGTTGTAAGAAGGCACATGG- 3’
5"-CCTGCCAAGGGTTGACTTCA-3’
5'-GTCAGTTAGCCTTGCCTTTG- 3’
5"-CCTACGGTGGAAGTCATAGC-3’
5"-CTATTGAACACTGGCCGTTC-3’
5'-GAGTGAGCTCGTCTGTAGG- 3’
5'-CAGCTTATCGATGAATCCAGG-3’
5"-CAAAGCCAGAGTCCTTCAGAG-3’
5"-GGATGGTCTTGGTCCTTAGC- 3’
5"-CAAACACTGAGGCCAAGGAC-3’
5"-AGCTTCCCAGATCACAGAGG-3’
5"-ACCTTTCCTGACCAAACTCA-3’
5"-AGCTTCTTCTCGCTCAGACG-3’

h, Human; m, murine.

Signal-transduction experiments, gel electrophoresis and immuno-
blotting. The signal-transduction experiments were performed in over-
night serum-starved intestinal epithelial cell lines as indicated. Cells
were stimulated with 100 ng/ml IL-22, unless indicated differently.
This concentration was used based on pilot experiments demonstrat-
ing a significantly higher effect of 100 ng/ml for the activation of
certain kinases and cell migration than lower concentrations. Cells
were solubilized in lysis buffer containing 1% Nonidet P-40, 20 mM
Tris-HCI (pH 7.4), 150 mM NaCl, 2 mM EDTA, 2 mM EGTA, 10
pg/ml aprotinin, 2 mM phenylmethylsulfonyl fluoride, 10 pg/ml
leupeptin, and phosphatase inhibitors (400 mM sodium orthovanadate
and 4 mM NaF) and were passed six times through a 21-gauge needle.
After 30 min on ice, lysates were cleared by centrifugation at 10,000
g for 20 min. The protein concentration of each sample was quantified
by the Bradford method. Immunoblotting was performed as previ-
ously described (37).

ELISA. For the quantification of IL-8 release, BD OptEIA Human
IL-8 Elisa kit II (BD Biosciences, Bedford, MA) was used according
to the manufacturer’s instructions.

Colonic biopsies. Biopsies were taken from patients with Crohn’s
disease and ulcerative colitis undergoing diagnostic colonoscopy. The
study was approved by the Ethics Committee of the Medical Faculty
of the University of Munich. All participating subjects gave written,
informed consent before biopsy sampling. From each patient four
biopsies were collected: two from macroscopically noninflamed sites
and two from macroscopically inflamed mucosa. IL-22 and IL-8
mRNA levels were measured in each individual biopsy. For quanti-
fication, the average IL-22 and IL-8 mRNA expression of the two
noninflamed biopsies was compared with the average expression in
the two inflamed biopsies. For calculation of the correlation coeffi-
cient, for each patient, mRNA expression of IL-22 was correlated to
expression of IL-8 mRNA in the four individual biopsies.
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IL-22 IN INTESTINAL INFLAMMATION

IL-10R2

IL-22R1
IL-22BP splicing variant
IL-22BP

IL-22

GAPDH

Fig. 1. IL-10 receptor 2 (R2), IL-22R1, and IL-22 binding protein (IL-22BP)
but not IL-22 are expressed in intestinal epithelial cells (IEC). mRNA expres-
sion of IL-10R2, IL-22R1, IL-22BP, and IL-22 as analyzed by RT-PCR
analysis of mRNA derived from IEC lines as indicated.

Wounding assay. Wounding assays were performed as previously
described (18). Briefly, SW480 cells, which were the most suitable
human IEC line in pilot experiments, were grown in six-well plates to
complete confluence. With the use of a sterile razorblade, eight
standardized wounds were created in each plate. Detached cells were
removed by three washes with PBS, and the cell medium was changed
from 10% FCS-containing medium to 1% FCS-containing medium.
The cells were stimulated with IL-22 (10 and 100 ng/ml) or 1% FCS.
The cells were washed with PBS after 24 h, and the number of
migrated cells (over the wounding edge) was counted under a micro-
scope (Olympus IX50, X10 magnification). For each group (IL-22
stimulated and medium stimulated), three dishes were analyzed,
whereas for each dish, eight separate fields were counted containing
more than 300 migrated cells per group.

Cell proliferation assay. HT-29 cells were seeded onto 96-well
plates at a density of 10,000 cells per well and were allowed to attach
overnight. Cells were then stimulated with 10, 100, or 1,000 ng/ml
IL-22 or with cytokine-free medium (negative control) for 48 h. The
cell proliferation rate was determined by MTS assay on day 2 using
the CellTiter 96 aqueous non-radioactive cell-proliferation assay (Pro-
mega, Madison, WI) according to the manufacturer’s instructions.

Apoptosis assays. Apoptosis assays were performed as described
previously (24). For induction of CD95-mediated cell death, ligand-
specific anti-APO-1 mAb at concentrations of 100 and 500 ng/ml was
used. Cells were trypsinized and lysed in a hypotonic lysis buffer
(0.1% sodium citrate and 0.1% Triton X-100) containing 50 pg/ml of
propidium iodide. After incubation at 4°C overnight, the nuclei were
then analyzed for DNA content by flow cytometry.

Dextran sulfate sodium colitis model. C57TBL/6 and C3H/HeJ mice
were obtained from Charles River Laboratories (Sulzfeld, Germany).
Experimental colitis was induced by adding 3% and 4.5% dextran
sulfate sodium (DSS; molecular weight 36,100—45,500; TdB Consul-
tancy, Uppsala, Sweden) to the drinking water of C57BL/6 and
C3H/HeJ mice, respectively, for 5 days. At day 6, mice were eutha-
nized by CO, asphyxiation and the large intestine was removed for
further analysis. Total RNA of the colon was isolated using Qiagen
RNeasy kit (Qiagen, Hilden, Germany) following the manufacturer’s
instructions. This study was approved by the Animal Care and Use
Committee of the State of Bavaria (Regierung von Oberbayern)
following the National Institutes of Health Guide for the Care and Use
of Laboratory Animals.

Statistical analysis. Statistical analysis was performed using two-
tailed Student’s #-test. P values <0.05 were considered as significant.

RESULTS

1IEC express the IL-22 receptor complex and IL-22 binding
protein. To determine whether the IL-22 receptor complex
consisting of IL-10R2 and IL-22R1 is expressed in IEC and to
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use an IEC model to study this ligand-receptor system, we
analyzed IL-10R2 and IL-22R1 mRNA expression in several
human IEC lines (Caco-2, DLD-1, SW480, HCT116, and
HT-29). RT-PCR analysis demonstrated IL-10R2 and IL-22R1
mRNA expression in all cell lines tested (Fig. 1). Moreover, all
cell lines with the exception of SW480 cells expressed mRNA
for IL-22 binding protein (IL-22BP). Interestingly, a previ-
ously described alternative splicing variant of IL-22BP (21)
was found in Caco-2 cells (Fig. 1). However, none of the cell
lines analyzed expressed IL-22 (Fig. 1).

IL-22 induces STATI1/3-, ERK1/2-, SAPK/INK-1/2, and Akt
phosphorylation. Having demonstrated that IEC lines express
the IL-22 receptor complex, we next analyzed whether this
complex is functional in IEC investigating various signaling
pathways activated by IL-22. Previous studies (6, 22, 23, 35,
53, 56) in other cell lines reported activation of STAT signal-
ing by IL-22. Therefore, we investigated the influence of 1L.-22
on phosphorylation levels of STAT1 and STAT3 in IEC.
Compared with basal levels of tyrosine phosphorylation of
STATI in unstimulated controls, tyrosine phosphorylation of
STATI1 was clearly induced by 100 ng/ml IL-22 (Fig. 2A).
Similarly, IL-22 strongly induced tyrosine phosphorylation of
STAT3 with a maximal phosphorylation level after 15-30 min
(Fig. 2B).

Moreover, IL-22 (100 ng/ml) induced a transient activation
of ERK1/2 (Fig. 3A). During the observed time interval, total
ERKI1 and ERK2 levels remained unchanged (Fig. 3A). To
identify upstream signaling events, we investigated the effect
of the MEK-1 inhibitor PD98059 on the IL-22-mediated ERK
regulation. PD98059 downregulated ERK1/2 phosphorylation
after IL-22 stimulation significantly (Fig. 3B), suggesting
MEK-1 as an upstream signal transducer of the IL-22-induced
ERK activation. Cross talk between the PI3-kinase and the
MEK-ERK pathway has been proposed (43). However, ERK
activation after IL-22 stimulation was not significantly affected
by pretreatment with wortmannin (Fig. 3C), suggesting a
PI3-kinase-independent activation of ERK-MAP kinases by
IL-22. Similarly, the JNK kinase inhibitor SP600125 did not
influence the IL-22-induced ERK activation (Fig. 3C).

A IL-22
0's 10 15 30 60 min
—1 M — p-STATA
— STATA
B IL-22
min
—— p-STAT3
— STAT-3

Fig. 2. IL-22 induces STAT-1 and STAT-3 phosphorylation in IEC. On
stimulation of HT-29 cells with IL-22 (100 ng/ml), STAT1 (A) and STAT3 (B)
proteins are strongly phosphorylated. One representative experiment (n = 3) is
shown.
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A IL-22

0 5 10 15 30 min
— — N—
— ERK-12
B IL-22
1 +PD98059 |
0 15 30 0 15 30 min
—__ pERK-R2
— ERK-12
C IL-22
| + SP600125 + wortmannin
0 1 30 0 16 30 0 15 30 min
—— p-ERK-1/12
—— ERK-112

Fig. 3. 1L-22 activates ERK-MAP kinases in IEC. Activation and expression
of phospho-ERK1/2 in HT-29 cells was assessed by immunoblotting. A:
phospho-ERK1/2 activation after IL-22 stimulation (100 ng/ml). B: the I1L-22-
induced ERK activation is MEK-1 dependent. Pretreatment with the MEK-1
inhibitor PD98059 (10 wM 1 h before IL-22 stimulation) resulted in a
decreased ERK activation. C: The IL-22-induced ERK activation is SAPK/
JNK and phosphatidylinositol 3 (PI3)-kinase independent. Pretreatment with
the SAPK/JNK inhibitor SP600125 (20 wM) or the PI3-kinase inhibitor
wortmannin (25 wM) did not influence ERK1/2 activation. One representative
experiment (n = 3) is shown.

Activation of the IL-22 receptor in hepatocytes results in
activation of p38 and SAPK/INK kinases (35). Similarly,
stimulation of IEC with IL-22 resulted in the phosphorylation
of SAPK/INK kinases (Fig. 4A4), which was significantly sup-
pressed by pretreatment with the JNK inhibitor SP600125 (Fig.
4B). However, stimulation of IEC with IL-22 did not result in
a significant phosphorylation of p38 (data not shown). Further-
more, IL-22 binding to its receptor complex also resulted in
increased phosphorylation of Akt (Fig. 4C). Pretreatment with
the PI3-kinase inhibitor wortmannin caused a complete de-
phosphorylation of Akt (Fig. 4D).

IL-22 increases expression of proinflammatory cytokines in
IEC. After having established that the IL-22 receptor complex
is functional in IEC, we next examined transcriptional targets
of this cytokine. First, we analyzed mRNA levels for SOCS-3,
which we previously identified as an immediate-early STAT1/
3-dependent gene (4). As shown in Fig. 5A, IL-22 treatment
induced SOCS-3 mRNA expression with maximal levels de-
tected after 12 h of stimulation.

Furthermore, previous studies in other cell lines demon-
strated that IL-22 increases gene expression of acute phase
proteins (19, 38). Therefore, we focused on the proinflamma-
tory cytokines TNF-a and IL-8, two major mediators of in-
flammatory responses in IECs, as a downstream readout of
IL-22-mediated gene expression. The mRNA expression of
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both cytokines was significantly increased (TNF-a: 5.2-fold;
IL-8: 27.7-fold) as measured by quantitative PCR (Fig. 5B).
Accordingly, IL-8 protein expression measured in ELISA as-
says increased 4.2-fold after IL-22 stimulation (Fig. 5C).

IL-22R1 mRNA expression is upregulated after stimulation
with proinflammatory cytokines. Having established that IL-22
upregulates the expression of proinflammatory cytokines, we
next analyzed whether mRNA expression of the [L-22 receptor
subunits IL-22R1 and IL-10R2 is regulated by proinflamma-
tory cytokines. Although IL-10R2 is a promiscuous receptor
subunit, which is not only used by IL-22 but also by IL-26,
IFN-As, and the anti-inflammatory cytokine IL-10, signaling
through IL-22R1 is restricted to IL-22. As shown in Fig. 6,
LPS, IL-1B, and TNF-a upregulated IL-22R1 mRNA expres-
sion but had no effect on IL-10R2 mRNA expression levels.
Maximal induction of IL22R1 was detected after 2—-4 h of
stimulation.

min
—— p-SAPKIJNK-1/2

—— SAPKIJNK-1/2

B IL-22
I + SP600125 |
0 15 30 0 15 30 min

—— p-SAPKIJNK-1/2

—— SAPKIJNK-1/2
C IL-22
0o'5 10 15 30 60 ' min

R o — p-Akt
[—
D IL-22

! + wortmannin |

0 16 30 0 15 30 min
[— ] =~
= -~

Fig. 4. 1IL-22 activates SAPK/JNK MAP kinases and Akt in IEC. A: stimula-
tion of HT-29 cells with IL-22 (100 ng/ml) resulted in increased phosphory-
lation of SAPK/JINK kinases. B: pretreatment with the SAPK/JINK inhibitor
SP600125 (20 wM) decreased SAPK/INK activation. C: IL-22 induces PI3-
kinase-dependent Akt phosphorylation. D: pretreatment with the PI3-kinase
inhibitor wortmannin (25 wM) resulted in a complete dephosphorylation of
Akt. One representative experiment (n = 3) is shown.
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Fig. 5. IL-22 increases expression of proinflammatory cytokines and SOCS-3
in IEC. A: SOCS-3 mRNA expression after stimulation of HT-29 cells with
IL-22 (100 ng/ml). The mRNA expression levels were normalized to GAPDH
mRNA levels using TINA software. B: upregulation of IL-8 and TNF-a
mRNA expression after stimulation of HT-29 cells with 100 ng/ml IL-22.
TNF-a and IL-8 mRNA expression was measured by quantitative PCR and
normalized with respect to B-actin expression levels in the respective cDNA
preparation. mRNA expression at the start of the experiment (0 h) was
arbitrarily set to 1.0. C: IL-8 protein levels increase and reach a maximum after
12 h of IL-22 stimulation. IL-8 protein concentration was determined by
ELISA. Rel., relative.

IL-22 mRNA expression is increased in inflamed colonic
mucosa of patients with IBD. Because we have shown that
IL-22 upregulates the expression of proinflammatory cytokines
and that the expression of the specific receptor subunit IL-22R1
is increased by proinflammatory stimuli, we analyzed its ex-
pression in intestinal inflammation in vivo using real-time
PCR. In these experiments, we compared IL-22 mRNA ex-
pression levels in 80 biopsy samples from 20 patients with IBD
(Crohn’s disease: n = 9; ulcerative colitis: n = 11) taken from
sites with endoscopically (macroscopic) inflamed colonic mu-
cosa with those of endoscopically noninflamed colonic mucosa
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taken from the same 20 patients. The IL-8 mRNA expression,
which was used as a control marker for inflammation, was
significantly increased (P < 0.05) in the inflamed biopsy
samples in Crohn’s disease (Table 2, Fig. 7A). The increase in
IL-8 mRNA expression ranged from 1.4- to 31-fold compared
with the noninflamed tissues. Similarly, IL-22 mRNA expres-
sion levels were significantly higher in inflamed colonic biopsy
samples than in noninflamed colonic lesions (P < 0.05; in-
crease between 1.4- and 13.6-fold; Table 2, Fig. 7A). Interest-
ingly, the highest IL-22 mRNA levels were found in a patient
with severe Crohn’s disease (Fig. 7A, red mark) affecting the
ileocecal valve and terminal ileum (Fig. 7C), which also had
the highest IL-8 mRNA expression levels (Fig. 7A). His-

A

- 3
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@ | mIL-22R1
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Fig. 6. IL-22R1 mRNA expression is upregulated after stimulation with
various proinflammatory stimuli. Regulation of IL-10R2 and IL-22R1 mRNA
expression in HT-29 cells after stimulation with LPS (1 pg/ml; A) with IL-13
(10 ng/ml; B) and TNF-a (50 ng/ml; C). The expression levels of IL-10R2 and
IL-22R1 mRNA were normalized to GAPDH mRNA levels using TINA
software.
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Table 2. Comparison of IL-22 and IL-8 expression in inflamed and noninflamed colonic lesions of patients with CD and UC

Anatomic Site of Biopsy Sampling

IL-22 Expression IL-8 Expression

Level Inflamed Level Inflamed Correlation
Patient Number Diagnosis Current Medication Noninflamed Inflamed vs. Noninflamed vs. Noninflamed IL-22/IL-8
1* CD AZA, IFX cecum® terminal ileum* 1.59 4.50 —-0.207
2 CD mesalazine, AZA descending colon  descending colon 3.67 11.67 0.926
3 CD AZA cecum cecum 1.92 11.08 0.976
4* CD mesalazine, corticosteroids cecum* terminal ileum* 1.50 1.52 0.956
5 CD no medication descending colon  descending colon 2.81 1.41 0.977
6 CD MTX cecum* terminal ileum/ 13.58 31.12 0.941
ileocecal valve*
7 CD AZA transverse colon transverse colon 3.07 2.24 0.994
8 CD corticosteroids cecum* terminal ileum* 1.37 1.45 1.000
9 CD AZA cecum cecum 3.35 4.26 1.000
Average = SE CD 3.65 £ 1.41 7.69 £ 3.62 0.840 = 0.010
10 ucC corticosteroids sigmoid* rectum* 0.52 6.97 —0.675
11 ucC mesalazine, budenosid descending colon  descending colon 0.97 2.37 —0.199
12 ucC AZA rectum rectum 0.72 0.94 0.849
13 ucC none tranverse colon tranverse colon 3.25 2.01 1.000
14 ucC none cecum rectum 5.74 8.12 0.999
15 ucC AZA, corticosteroids, cecum cecum 1.82 2.64 0.959
mesalazine
16 ucC 6-MP sigmoid sigmoid 242 5.82 0.912
17 uc none sigmoid sigmoid 1.76 3.27 0.527
18 ucC MTX transverse colon*  descending 0.98 0.71 0.529
colon*
19 ucC 6-MP, mesalazine, cecum® ascending colon* 0.84 0.49 0.860
corticosteroids
20 ucC MTX sigmoid* rectum* 1.25 2.44 0.818
Average = SE ucC 1.84 £ 0.46 3.25 = 0.78 0.598 *+ 0.165

IL-22 and IL-8 mRNA expression in 80 inflammatory bowel disease biopsy samples were measured by quantitative PCR and normalized with respect to 3-actin
expression levels in the respective cDNA preparation. To compare expression levels between inflamed and noninflamed colonic lesions, mRNA expression in
noninflamed tissue was arbitrarily set to 1.0. The current medical therapy and the anatomic site from which the samples were taken are given for all patients.
Biopsy sampling for inflamed and noninflamed lesions was intended to be performed in the same colonic or ileal segment. This was not possible in patients
marked with an asterisk (*) due to severe inflammation in the whole anatomic segment. Therefore, biopsies from a bordering (noninflamed) segment were
included for comparison. AZA, azathioprine; IFX, infliximab; MTX, methotrexate; 6-MP, 6-mercaptopurine; CD, Crohn’s Disease; UC, ulcerative colitis.

topathological analysis of the biopsies demonstrated severe
mucosal ulceration with massive infiltration of neutrophils and
other inflammatory cells (Fig. 7, D and E). Magnetic resonance
imaging enteroclysis demonstrated wall thickening of the ter-
minal ileum resulting in ileal stenosis (Fig. 7, F and G).

In patients with ulcerative colitis, the average IL-8 and IL-22
expression levels in inflamed tissues were lower compared
with expression levels in patients with Crohn’s disease (Table
2, Fig. 7, A and B). Although IL-8 expression was significantly
upregulated to eightfold in the inflamed lesions of patients with
ulcerative colitis (P = 0.02), the difference of IL-22 mRNA
expression in inflamed and noninflamed biopsies did not reach
statistical significance (P = 0.09). Interestingly, IL-22 was
downregulated in 5 of 11 patients with ulcerative colitis, with
3 of these patients also having low IL-8 expression levels
(Table 2, Fig. 7B).

Overall, the upregulation of IL-22 expression was more
pronounced in inflamed lesions of patients with Crohn’s dis-
ease compared with patients with ulcerative colitis (3.65- vs.
1.84-fold), confirming its role in Tyl-mediated inflammation
(54). Moreover, the IL-22 mRNA levels correlated highly with
the IL-8 mRNA expression levels in patients with Crohn’s
disease (r = 0.840, Table 2). In eight of nine samples, the
correlation coefficient was even higher than 0.90. In patients
with ulcerative colitis, the observed correlation between 1L-22
and IL-8 mRNA expression was lower (0.598; Table 2), and
only 4 of 11 patients showed correlation coefficients >0.90.

IL-22 mRNA expression is increased in murine DSS colitis.
Next, we studied the IL-22 mRNA expression levels in intes-
tinal inflammation in vivo in the acute phase of colitis in the
murine DSS colitis model. As shown in Fig. 8, 6 days after
DSS treatment, IL-22 was among the genes most strongly
upregulated, whereas it was almost undetectable in untreated
mice. This effect was more pronounced in C3H/HeJ mice than
in C57BL/6 mice. The IL-22 mRNA expression correlated
with the expression of other proinflammatory cytokines and
chemokines such as IL-6 and MIP-2« (Fig. 8).

IL-22 induces intestinal epithelial restitution and promotes
intestinal barrier integrity in vitro. Having established that
IL-22 plays a role in mucosal injury in vivo, we next analyzed
whether IL-22 itself promotes IEC injury or is a counterregu-
latory cytokine released to promote wound healing. This was
analyzed in previously established IEC restitution assays (11).
In these “wounding assays,” standardized, sterile wounds were
created in SW480 cells, which were shown to be the most
suitable human IEC line for migration experiments, forming
evenly distributed monolayers in pilot experiments (11).
Twenty-four hours after wounding, the number of migrated
cells was counted under the microscope. This experiment
demonstrated a highly significant, dose-dependent 290% in-
crease of the cell migration rate in the IL-22-stimulated cells
(P = 0.00000002 for 10 ng/ml and P = 0.00000006 for 100
ng/ml IL-22 vs. unstimulated controls, Fig. 9A).
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IL-22 promotes intestinal barrier integrity by PI3-kinase-
dependent mechanisms and through increased IEC prolifera-
tion and (-defensin-2 production. Next, we analyzed the mech-
anisms by which IL-22 promotes IEC restitution and intestinal
barrier integrity. The activation of MAP kinases such as
ERK1/2 and the activation of Akt have been linked to cell
migration (5, 48). Therefore, we repeated the restitution assays
using a specific MEK-1 inhibitor (PD98059) and the PI3-
kinase inhibitor wortmannin. The inhibition of IL-22-induced
Akt activation through pretreatment with wortmannin signifi-
cantly decreased IL-22-mediated cell migration (P < 0.00001
compared with cells stimulated with IL-22 only; Fig. 9B). In
contrast, the inhibition of ERK activation using the MEK-1
inhibitor PD98059 did not block IL-22-mediated cell migration

6 8 10

Fig. 7. IL-22 is upregulated in inflammatory bowel
disease. IL-22 mRNA expression in colonic and
ileal biopsies correlated with IL-8 mRNA expres-
sion in Crohn’s disease (A) and ulcerative colitis
(B). The highest IL-22 mRNA levels of all patients
examined in this study (A; Table 2) were found in a
patient with severe Crohn’s disease (A; see arrow)
particularly affecting the ileocecal valve and termi-
nal ileum (C), which had also the highest IL-8
mRNA expression levels (A). Histopathological
analysis of the biopsies demonstrated severe inflam-
mation with extensive mucosal ulcerations and mas-
sive infiltration of neutrophils (D and E). Magnetic
resonance imaging enteroclysis demonstrated wall
thickening of the terminal ileum and ileal stenosis
(F and G).

(Fig. 9B; P < 0.00001 compared with unstimulated cells, P =
0.19 compared with cells stimulated with IL-22 only), suggest-
ing that IL-22-induced cell migration is PI3-kinase but not
MEK-1 dependent. Furthermore, we also analyzed whether the
IL-22-dependent IEC restitution is caused by increased cell
proliferation or decreased apoptosis, particularly because
ERK1/2 and Akt activation have also been shown to mediate
antiapoptotic pathways and to increase cell proliferation (20,
25). Therefore, we investigated the IL-22-mediated effect on
apoptosis using previously established experimental conditions
(24). In these experiments, SW480 cells were used, which are
less resistant to Fas-induced apoptosis than HT-29 cells (1).
However, no significant difference between the number of
apoptotic cells in the IL-22-stimulated group and the unstimu-
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Fig. 8. IL-22 mRNA expression is upregulated in murine dextran sulfate
sodium (DSS) colitis. C57BL/6 and C3H/Fel] mice were stimulated with 3%
and 4.5% DSS, respectively, added to the drinking water for 5 days. Six days
(d6) after DSS treatment, mice were euthanized and colonic gene expression
was determined by semiquantitative RT-PCR as described in MATERIALS AND
METHODS using the primers listed in Table 1. The PCR for actin was performed
with 28 PCR cycles, whereas for all other genes, 36 cycles were used. IL-22
mRNA expression was calculated relative to actin mRNA expression in the
respective cDNA preparation using TINA software. Control mice received no
treatment (“healthy”).

lated group was found (Fig. 9C). In contrast, IL-22 at concen-
trations of 10 and 100 ng/ml significantly increased cell pro-
liferation (P = 0.002 and P = 0.001, respectively), whereas
there was a trend for an antiproliferative effect using higher
IL-22 concentrations (P = 0.07, Fig. 9D).

Finally, intestinal barrier integrity is also mediated by the
expression of “barrier protective” proteins such as defensins.
Therefore, we analyzed whether IL-22 regulates human 3-de-
fensin-2 (hBD-2) expression in IEC. As demonstrated in Fig.
9E, 1L-22 upregulated hBD-2 mRNA expression in the IEC
line HT-29 up to sixfold.

DISCUSSION

IBD, such as Crohn’s disease and ulcerative colitis, are
chronic inflammatory disorders of the gastrointestinal tract.
Although the etiology is incompletely understood, initiation
and aggravation of the inflammatory process seem to be due to
a massive local mucosal immune response. IL-10 is a regula-
tory cytokine that inhibits both antigen presentation and sub-

IL-22 IN INTESTINAL INFLAMMATION

sequent proinflammatory cytokine release. IL-10-deficient
mice spontaneously develop severe intestinal inflammation
(34). Therefore, the use of IL-10 has been proposed as anti-
inflammatory biological therapy in chronic IBD (36).

In contrast, we showed in this study that the novel IL-10-
related cytokine IL-22, which shares with IL-10 the IL-10R2
subunit for signaling, has proinflammatory functions in IEC
and is upregulated in Crohn’s disease. Moreover, we demon-
strated that the IL-22 receptor complex consisting of IL-22R1
and IL-10R2 is expressed in IEC and is functional in these
cells. After stimulation with IL-22, MAP kinases, Akt, and
STAT proteins are activated resulting in an increased expres-
sion of proinflammatory cytokines and hBD-2. An increased
hBD-2 expression after IL-22 stimulation has also been dem-
onstrated in keratinocytes (55), suggesting that IL-22 increases
the innate immunity of epithelial tissues such as skin and
intestine. Interestingly, an increased mRNA expression of
hBD-2 has been recently described in inflamed colonic lesions
of patients with Crohn’s disease (51). This is consistent with
the increased IL-22 mRNA expression in inflamed colonic
lesions in Crohn’s disease found in this study. The IL-22
mRNA expression correlated highly with the IL-8 mRNA
expression (r = 0.840). It has been shown that activated T cells
are major sources of IL-22 (54). Polarization of T cells toward
the type 1 (Tyl) phenotype further increases the activation-
induced IL-22 expression, whereas polarization toward type 2
(Ty2) reduces it (54). Interestingly, it has been proposed that
Crohn’s disease represents a Tyl-mediated intestinal inflam-
mation, whereas ulcerative colitis resembles more a Ty2-
mediated colitis (7). Consistent with this observation, IL-22
expression was significantly increased in inflamed lesions in
Crohn’s disease but overall only slightly elevated in active
ulcerative colitis, further illustrating the potential importance
of IL-22 in the pathogenesis of Crohn’s disease. These results
are supported by a very recent study that also demonstrated
increased IL-22 expression in IBDs, particularly in Crohn’s
disease (3). Furthermore, this study characterized IL-22R1-
expressing subepithelial myofibroblasts as additional targets of
IL-22 in the intestine (3).

PCR analysis revealed that the mRNA expression of the
IL-22 specific subunit of the receptor complex (IL-22R1), but
not the promiscuous IL-10R2 subunit, which is also part of the
anti-inflammatory IL-10 receptor complex, is under transcrip-
tional control of proinflammatory cytokines. Moreover, IL-22
increased IL-8 mRNA and protein expression in IEC. Simi-
larly, IL-22 upregulated expression of several chemokine
genes in hepatocytes, including IL-8, IP-10, and MCP-1 (19).
In addition to liver (19) and intestine, proinflammatory prop-
erties of IL-22 were also reported in the skin (6, 55), lung (53),
and pancreas (2, 28). Hence, consistent with the IL-22R1
receptor expression, epithelial tissues seem to be a preferred
target of IL-22. For example, IL-22 overexpression in mice
causes neonatal lethality with skin abnormalities reminiscent of
psoriatic lesions in humans (17).

Furthermore, we demonstrated that IEC also express mRNA
for IL-22BP, which specifically binds IL-22 and does not bind
other IL-10-related cytokines (21, 33). This suggests that IEC
may regulate the intensity of IL-22 signaling by differential
expression of IL-22BP. This is further supported by their
ability to secrete anti-inflammatory IL-10 on IL-22 stimulation
as demonstrated in a recent study (38).
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Fig. 9. IL-22 promotes intestinal barrier integrity in vitro by enhancing IEC restitution, cell proliferation, and human -defensin-2 expression. A: “wounding”
assays were used to analyze the influence of IL-22 on IEC migration. IL-22 (10 and 100 ng/ml) induced a significant increase of the cell migration rate (*P <
0.00001 vs. unstimulated control). B: preincubation with the PI3-kinase inhibitor wortmannin (25 wM) inhibited IL-22-mediated IEC migration, whereas the
MEK-1 inhibitor PD98059 (10 nM) did not affect the IL-22-induced cell migration (*P < 0.00001; **P = 0.002 vs. unstimulated control). C: IL-22 does not
influence Fas ligand-mediated apoptosis in SW480 cells. Cells were treated with 100 and 500 ng/ml anti-APO-1 antibody and either IL-22 stimulated or
unstimulated for 24 h. Apoptosis was measured by FACS analysis. D: low doses of IL-22 increased cell proliferation in HT-29 cells. HT-29 cells were seeded
onto 96-well plates at a density of 10,000 cells per well and were grown for 1 day. After starvation in serum-free medium overnight, the cells were stimulated
with IL-22 as indicated or with cytokine-free serum-free medium (negative control). The cell proliferation rate was determined by MTS assay after 48 h. With
lower doses of IL-22 (10 and 100 ng/ml), there was a statistical significant increase in cell proliferation whereas on stimulation with high doses of IL-22 (1,000
ng/ml) a decrease of cell proliferation was observed (*P < 0.005; **P = 0.07 vs. unstimulated control). E: after stimulation with IL-22 (100 ng/ml), human
B-defensin-2 (hBD-2) mRNA is upregulated 6-fold in HT-29 cells as determined by semiquantitative PCR. F: densitometric analysis of the results shown in E.

In this study, IL-22 activated STAT1 and STAT3, which
resulted in increased SOCS-3 mRNA expression in IEC, con-
firming our previous results that SOCS-3 is a transcriptional
target of STAT1/3 (4). This is also in agreement with increased
SOCS-3 mRNA in a hepatoma cell line following IL-22
stimulation (33) and a very recent study demonstrating
STAT1/3 activation after stimulation with IL-22 in the colonic
epithelial cell line Colo205 (38). In this study, IL-22 signaling
could be inhibited by IL-22BP and a neutralizing antibody
against IL-10R2 (38). Interestingly, colonic tissue samples of
patients with Crohn’s disease demonstrated increased STAT1
phosphorylation levels and, compared with samples taken from
ulcerative colitis patients, increased SOCS-3 levels (44) further
underlining the proinflammatory properties of IL-22 in Crohn’s
disease. Interestingly, in a murine colitis model SOCS-3 has
been demonstrated to play a negative regulatory role in STAT3
activation and intestinal inflammation (46). Moreover, we
recently demonstrated that signaling of other IL-10-like cyto-
kines such as IL-28A and IL-29 is abrogated by increased
expression of SOCS proteins (15), suggesting that signaling of
IL-10-like cytokines is regulated by SOCS proteins. Interest-

ingly, we found a similar mechanism for the signaling medi-
ated by IFN-a (49).

In addition, IL-22 activates ERK and SAPK/INK MAP
kinases in IEC, which is similar to the signaling described for
IL-22 in hepatic cells (35). However, in contrast to IL-22
signaling in hepatocytes (35), IL-22 did not significantly alter
the phosphorylation levels of p38 MAP kinases in IEC. Par-
ticularly, signaling via SAPK/JNK in IEC has gained interest
because two recent studies demonstrated that SAPK/JNK is
activated in Crohn’s disease (30, 50) and that inhibition of
SAPK/INK resulted in significant clinical benefit and rapid
mucosal healing (30). In this study, the IL-22-mediated ERK
activation was MEK-1 dependent, whereas the activation of
Akt was entirely dependent on PI3-kinase.

Importantly, the activation of ERK-MAP kinases and Akt
has been implicated in cell migration (5, 11, 27, 45, 57).
Similarly, our experiments demonstrated that IL-22-receptor
activation results in increased IEC migration and epithelial
wound healing, which could be blocked using a PI3-kinase
inhibitor. Generally, the integrity of the intestinal mucosal
surface barrier is rapidly reestablished even after extensive
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destruction because of an enormous regenerative capability of
the mucosal surface epithelium. As demonstrated in wounding
assays in this study, IL-22 stimulation may facilitate this
epithelial restitution.

The IL-22-mediated barrier integrity in the IEC wounding
assays was partly due to an increased cell proliferation rate.
Interestingly, only low IL-22 concentrations (10 and 100 ng/
ml) increased the IEC proliferation rate, whereas high doses
(1,000 ng/ml) decreased cell proliferation. This inverted U-
shaped dose-response curve is similar to the biological re-
sponse observed for other cell migration-mediating cytokines
such as the chemokine CXCLI12 (41). We recently demon-
strated similar antiproliferative properties for high doses of
IFN-As in IEC and hepatic cells, which also belong to the
IL-10-like cytokine family (8—10). However, similar to IFN-As
(9, 10), no effect on cell apoptosis could be demonstrated for
IL-22 in IEC. This is in contrast to studies in the hepatic cell
line HepG2, where stable overexpression of IL-22 induced the
expression of several antiapoptotic genes including Bcl-2,
Bcl-x, and Mcl-1 (42).

There is also increasing evidence that Crohn’s disease is a
polygenic disease with several genes being involved in its
pathogenesis. Interestingly, CARD15/NOD2, the first suscep-
tibility gene of Crohn’s disease (29, 31, 40), has been linked to
increased intestinal permeability (16) and diminished defensin
production (52). Although our in vitro data demonstrated that
IL-22 increases defensin expression and promotes the integrity
of the intestinal barrier, additional in vivo experiments are
necessary to clarify the role of IL-22 in intestinal inflammation.

Recently, we demonstrated that in addition to CARDI15/
NOD2, there are several other genes [e.g., Toll-like receptor 4
(14), organic cation transporter cluster (47), and fractalkine
receptor (CX3CR1) polymorphisms (12)] involved in the
pathogenesis of Crohn’s disease. The high expression of some
of these receptor proteins in monocytes and dendritic cells
(DC) suggests a central role of these cell populations in the
pathogenesis of Crohn’s disease. As recently demonstrated by
us and others, DCs are able to sample bacteria from the
intestinal lumen particularly in the ileum (39). Although IL-22
is not expressed by DCs, a very recent study demonstrated that
a particular DC subset, which expresses Nectinlike protein-2,
regulates IL-22 expression in activated CD8(+) T cells (26).

In summary, we demonstrated that IEC express the IL-22-
receptor complex. Binding of IL-22 to its surface receptor in
IEC leads to phosphorylation of STAT1/3, Akt, ERK-, and
SAPK/JNK MAP kinases. In addition, IL-22 upregulated the
mRNA expression of proinflammatory cytokines and of
hBD-2. IL-22 also increased IEC migration but had no effect
on apoptosis. Moreover, the mRNA expression of IL-22 is
upregulated in inflamed colonic lesions in patients with
Crohn’s disease. Taken together, our data indicate a role for
this cytokine in promoting proinflammatory gene transcription
and IEC migration, suggesting an important function in intes-
tinal inflammation and wound healing.
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Abstract

Background/AimsIL-26 is a novel IL-10 like cytokine without murine homologue expressed
in activated Th1l cells. Currently, its role in human disease iplebdaly unknown. Therefore,
the aim of this study was to analyze its role in intestinalFephtic inflammation and viral
infection.

Methods:Expression studies were performed by RT-PCR. Signal transductisranalyzed
by Western blot experiments and ELISA. Cell proliferation was measured by 848$. a
Results: All examined IEC lines and the hepatic cell lines Huh-7, Hep3B @ndary
hepatocytes express both IL-26 receptor subunits IL-20R1 and IL-10R2. IctRéites
ERK-1/2 and SAPK/INK MAP kinases, Akt and STAT1/3. IL-26 stimulatimreases the
MRNA expression of IL-6, IL-8 and TN&-but decreases cell proliferation. In inflamed
colonic lesions of patients with Crohn’s disease and ulcerativescali¢ found an elevated
IL-26 mMRNA expression that correlated highly with the IL-8 exgi@s However, there was
no difference in the IL-26 mMRNA expression in liver biopsy samplegatients with viral
hepatitis in comparison to non-viral hepatitis and cholestatic lismade. In comparison to
the strong antiviral effect of IFM; IL-26 had no therapeutically relevant influence on the
expression of the antiviral proteins MxA and 2',5-OAS and the hepditivirus RNA
replication raten vitro.

Conclusion:Intestinal and hepatic cells express the functional IL-26 receptoplex. IL-26
modulates IEC proliferation and proinflammatory gene expression srakpression is up-
regulated in inflammatory bowel disease indicating a role far tigtokine system in the

innate host cell response during intestinal inflammation.

Keywords: IL-10 like cytokines, IL-26, Crohn’s disease, ulcerative colitis, inflammatory

bowel disease, intestinal epithelial cell, viral infection, HCV
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Introduction

Interleukin (IL)-26, initially named AK155, has been originally ideetfiby subtraction
hybridization coupled with representational difference analysis gena upregulated in
human T cells following infection with herpesvirus saimiri (HV8jth the capacity to
transform these cells in cultute The IL-26 protein has 24.7% amino acid identity and 47%
amino acid similarity to human IL-10. IL-26 is a member of thel@Llke cytokine family
composed of cytokines with limited homology to IL-10 including IL-10, IL-1920, IL-22,
IL-24, IL-26, IL-28A, IL-28B and IL-29. IL-28A/B and IL-29 are also known agerferon-
As. IL-26 signals through a novel receptor pair consisting of the teanbrane proteins IL-
20R1 and IL-10RZ. In addition to cytokine specific ligand binding chains, IL-22, IL-26, IL-
28A/B and IL-29 use a common second receptor chain (IL-10R2) for assgrttmir active
receptor complexes and signaling.

The IL-26 gene is located on chromosome 12g14 + 3 in a cluster whesedRdNIL-22 are
also positioned. IL-26 forms homodimers similarly to interleukin10Under basal
conditions, IL-26 mRNA could not be detected in any cell line by North&rnanalysis'.
Upon infection of T cells with various strains of HVS, expression imduced. However,
IL-26 mMRNA could be detected in unstimulated fresh peripheral blocsl afeiealthy donors
by RT-PCR analysi& Although the IL-10 transcript was detected in most cell lin€E af B
cell lineage, the IL-26 transcript was rather specific faells. It was determined that IL-26
MRNA is specifically overexpressed by T cells after Hv¥&hs¢formation. In another study,
under basal conditions no IL-26 mMRNA could be detected in monocytes, MKaed B and
T cells®. The expression could be induced only in NK cells and T cells upon atiaruivith
IL-2/IL-12 and anti-CD3 monoclonal antibody, respectivelfhis induction of IL-26 mRNA
was observed specifically in activated memory cells (CD4+;4%HD+) and during

polarization toward type 1 T helper (Th) cellsThe observations that IL-26 is induced by
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viral infection and in Thl cells upon stimulation indicate that threegeay play an immune-
protective role, particularly in viral infection.

Recent findings demonstrate that a heterodimer consisting of IL-@0&1L-10R2 functions
as 1L-26 receptof' % This receptor complex is particularly expressed in epithetitd such
as keratinocytes and colonic epithelial ceéllsHowever, there is currently very limited
information on the biological functions of IL-26. Interestingly, both IL-2@ dL-26 have
been identified outside of mammals and their organization and syntergnsdeate that this
cluster of cytokines is well conserved during evolufiolowever, in contrast to IL-22, no
murine IL-26 homologue has been described so far, limiting the expaahogpportunities to
study the phenotypic consequences of IL-26 gene knockout and IL-26 mediatednfumcti
murine modelsin vivo. Moreover, there are no studies on the effects of IL-26 in human
disease published so far.

Given the IL-26 receptor expression in colonic epithelial éedisd our recent findings on the
important role of other IL-10 like cytokines such as IL-22, IL-28A an@9Lin the regulation
of intestinal epithelial cells (IECY 7 and hepatic cell&'®, we analyzed in this study signal
transduction pathways and specific biological functions mediated Bg Ib-IEC and hepatic
cells. Recently, we demonstrated that IL-22 and IL-28A, two othetOlllike cytokines
sharing the IL-10R2 subunit with IL-26 for signaling, are up-regulatedintestinal
inflammation and viral infection, respectively” '° Therefore, we focused in this study on

the role of IL-26 in intestinal and hepatic inflammation and viral infection.
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Materials and Methods

Reagents

Antibodies against pSTAT1 were from BD Transduction Laboratoriemkfin Lakes, NY)

and antibodies against pSTAT3 were from Upstate Biotechnology (Pd&keid, NY).

Antibodies against STAT1 and STAT3 were from Santa Cruz Biotechynwd@®anta Cruz,
CA). Antibodies against phosphorylated extracellular signal-regfil&inase (ERK)-1/2
(Thrl83/Tyr185), phosphorylated stress-activated protein kinase (c-JurmMdk kinase)
SAPK/JINK (Thr183/Tyr185), and phospho-Akt (Ser473) were purchased fronsigedling

(Beverly, MA). Anti-ERK-1/2, anti-SAPK/JNK, and anti-Akt antibodiesre also from Cell
Signaling. Horseradish peroxidase linked anti-rabbit secondary antitesipuvchased from
Amersham (Arlington Heights, IL). Recombinant human IL-26 was obtafreed R&D

Systems (Minneapolis, MN). IFN-was from Peprotech (Rocky Hill, NJ).

Cell culture

The human colorectal cancer derived IEC lines SW480, SW620, Caco-2, HIGZ9,15l,
T84 and DLD-1 and the hepatoma cell lines HepG2, Hep3B and Huh-7 weneedbliaam
American Type Culture Collection (Rockville, MD). Primary hepatesyirom human donors
were isolated using a modified two-step EGTA/collagenase penfygbcedure and cultured
as previously describeld. Cell were grown in Dulbecco’s modified Eagle medium (DMEM)
containing 100 1IU/mL penicillin, 10Qug/mL streptomycin, and 10% heat-inactivated fetal
calf serum (FCS) from PAA (Pasching, Austria) in a humidifée CQ atmosphere at 37°C.
Huh-7 cells containing subgenomic HCV replicons 1389luc-ubi-neo/NS3-3/5.1 (H2)h 5
were described previousff?. G418 (Geneticin; Life Technologies) was added at a final

concentration of 25Qg/ml to this cell line.
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Reverse Transcriptase Polymerase Chain Reaction (RT-PCR)

RT-PCR was performed as previously describedBriefly, total RNA was isolated using
Trizol reagent (GIBCO BRL/Life Technologies, Gaithersburg, MDywo pug of DNase-

treated total RNA were reverse transcribed using Qiagen ©nmi&KkT kit. To control for

genomic contamination, an identical parallel PCR reaction wasrpezfl containing starting
material that had not been reverse transcribed. The following conditieresused for semi-
quantitative PCRs: 25-36 cycles (depending on the specific PCR) dfidegat 95°C for 45

sec, annealing at 61°C for 45 sec, extension at 72°C for 45 sec. fiepfor the PCR
reactions are shown in Table 1. The PCR products were subcloned int@.pGRctor

(Invitrogen, Carlsbad, CA) and sequenced. Densitometric analysisparésmed using

ImageJ 1.36 software from the NIH.

Quantitative PCR

Real-time PCR was performed with a Rotorgene RG-3000 cycteb¢@ Research, Sydney,
Australia) using the Quantitect SYBR Green PCR Kit fromg@ma (Hilden, Germany)
following the manufacturer's guidelines. Oligonucleotide primersewdesigned not to
amplify genomic DNA, according to the published sequences (Table th B&RNA

expression was normalized to beta-actin expression in the respective cDNratioepa

Signal transduction experiments, gel electrophoresis and immunoblotting

The signal transduction experiments were performed in overnight stamed IEC lines as
indicated. Cells were stimulated with 100 ng/mL IL-26, unless inglicatherwise. This
concentration was based on pilot experiments demonstrating a sigtiffibigher effect of
100 ng/mL IL-26 for the activation of certain kinases than lower coratets. Cells were

solubilized in lysis buffe? and lysates were cleared by centrifugation at 10,000 g for 20
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minutes. The protein concentration of each sample was quantified Bratisord method.

Immunoblotting was performed as previously descrifed

Enzyme-Linked Immunosorbent Assay (ELISA)
BD OptEIA Human IL-8 Elisa Kit Il (BD Biosciences, Bedford, MAvas used for

guantification of IL-8 release according to the manufacturer’s instructions.

Cell proliferation assay

HT-29 cells were seeded onto 96 well plates at a density of 508@vedll and grown for one
day. After starvation in serum-free medium overnight, the cellse wecubated with or
without IL-26 (10 and 100 ng/mL) in medium containing 0.1% FCS for 48 hours. Cell
proliferation was determined using the CellTiter®98queous Non-Radioactive Cell
Proliferation Assay (Promega, Madison, WI) according to the matwuats instructions.

Relative means SEM from 3 independent experiments are shown.

Apoptosis assays

Apoptosis assays were performed as described previdusljor induction of TRAIL-
mediated apoptosis, TRAIL at a concentration of 100 ng/ml was used, andgbrrGediated
cell death ligand specific anti-APO-1 mAb at concentrations of @D 1800 ng/mL was
used. Cells were incubated for 24 hours with the respective ligandgitanar without IL-26

(10 or 100 ng/ml). Cells were harvested and were lysed in a hypoysimscbluffer (0.1%
sodium citrate and 0.1% Triton X-100) containing 50 pg/ml of propidium iodidevsere
incubated at 4°C overnight. The nuclei were then analyzed for DNA cohbteritow

cytometry.
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Anti-HCV assays

Anti-HCV assays were performed by A. Kaul and R. Bartenschlgdgeiversity of
Heidelberg, Germany) as described recetftly® '’ The effect of IL-26 on HCV replication
was determined in HCV expressing replicon systems including HularidZHuh-7-Renilla
cells as previously describé@l A full-length chimeric genome between HCV strains J6 and
JFH1 was generated and modified as described rec&ntty obtain a bicistronic genome
carrying a luciferase reporter gene (Jcl-Luc) which was usethfection of Huh-7-Lunet
and naive Huh-7 cells. The method of virus production was described retertiyall

experiments, IFNx served as positive control.

Colonic biopsies

Biopsies were taken from patients with Crohn’s disease and iNeerlitis undergoing
diagnostic colonoscopy. The study was approved by the Ethics Committee bfedical

Faculty of the University of Munich. All participating subjectygavritten, informed consent
prior to biopsy sampling. From each patient four biopsies were aledivo from

macroscopically non-inflamed sites and two from macroscopicallgnvefd mucosa. IL-26
and IL-8 mMRNA levels were measured in each individual biopsy. For fjoattn, the

average IL-26 and IL-8 mRNA expression of the two non-inflamed biopsssompared to
the average expression in the two inflamed biopsies. For calculatidhe correlation

coefficient, for each patient IL-26 mMRNA expression was coedlato IL-8 mRNA

expression in the four individual biopsies.

Human liver biopsy tissue sampling
Human liver biopsy tissue was taken from patients undergoing diaghgsticbiopsy for
medical reasons such as staging of chronic hepatitis C. Altipating subjects gave written,

informed consent prior to liver biopsy. The study was approved by the Elbrosnittee of

9
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the Medical Faculty of the University of Munich and adhered to thecipies of the
Declaration of Helsinki. A 3 mm long segment of the biopsy cylingies immediately stored
in Trizol reagent (GIBCO BRL/Life Technologies, Gaithersburd))McDNA was isolated as

described previousH?.

Statistical Analysis

Statistical analysis was performed using two-tailed Studesiest. P levels < 0.05 were

considered as significant.

10
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Results

IEC and hepatic cells express the IL-26 receptor complex

To utilize a cell system to study this ligand-receptor systenfirst analyzed if the IL-26
receptor complex consisting of IL-10R2 and IL-20R1 is expressed imafteldn hepatic cell
lines. RT-PCR for IL-10R2 and IL-20R1 mRNA was performed in seVEilcell lines (HT-

29, SW480, SW620, HCT116, Caco-2, T84, DLD-1) and hepatoma derived cell lines (Huh-7,
HepG2, Hep3B) as well as Huh-7 cells expressing subgenomic Hilivores (Huh 5-2) and
Huh-7 cells cured from HCV by IFM-and IFNy treatment (Huh-7-Lunet) and primary
human hepatic cells isolated from two different donor livers. RT-BG&tysis demonstrated
IL-10R2 and IL-20R1 mRNA expression in all IEC (Fig. 1A) and hepegit lines and
primary hepatocytes (Fig. 1B) tested, with the exception of lackingOR1 mRNA

expression in HepG2 cells.

IL-26 induces STAT1/3-, ERK-1/2-, SAPK/INK-1/2 and Akt phosphorylation

Next, we studied if the IL-26 receptor complex expressed by I& repatic cells is
functional by analyzing major intracellular signaling pathwaysic&iprevious studies
reported activation of STAT signaling by IL-36* we performed Western Blot analysis and
investigated the influence of IL-26 on phosphorylation levels of STAT1 a#d’'$ in IEC.
In comparison to basal STAT1 phosphorylation in unstimulated cells,oags8TAT1
tyrosine phosphorylation was observed upon IL-26 stimulation starting 5 mimaditer
cytokine stimulation (Fig. 2A). IL-26 also induced tyrosine phosphorylatiddTé&T3 which
was strongest after 10 minutes of stimulation (Fig. 2B). Simil&8TAT1 and STAT3
activation was observed in Hep3B cells following IL-26 stimulatiorta(d#t shown). In
contrast, in HepG2 cells, which lack the IL-20R1 subunit, no STAT ativatas detected

after IL-26 stimulation demonstrating that the IL-20R1 subunit isrd&s for IL-26 signaling

11
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(data not shown). In addition, ERK-1/2 MAP kinases (Fig. 2C) and — tesarlelegree —
SAPK/JINK kinases (Fig. 2D) were transiently activated by 10hdl-26. Moreover, IL-
26 induced phosphorylation of Akt (Fig. 2E). The maximum of ERK-, SAPK/Jat Akt
activation was 15 minutes after cytokine stimulation, while the immalx STAT1/3

phosphorylation levels were already reached 10 minutes after IL-26 stimulation.

IL-26 decreases proliferation but does not influence apoptosis in IEC

Recently, we demonstrated that activation of ERK MAP kinases,aAdt STAT proteins
following stimulation with chemokines or IL-22 mediates IEC prodifiem ® % 9 while
STAT activation following IL-28A and IL-29 stimulation mediates priliferative signals in
IEC ’. Therefore, we analyzed the effect of IL-26 on IEC proliferatiorthie following
experiments. Similar to IL-28A and IL-291L-26 had a modest antiproliferative effect on the
IEC. Compared to cytokine-free medium stimulated controls, IEC eratibn was
diminished by 22% following stimulation with 10 and 100 ng/mL IL-26 (Fig. 3).p5).

However, IL-26 did not influence apoptosis induced by TRAIL or by anti-ARe@atment in

HT-29 cells (data not shown).

IL-26 increases expression of proinflammatory cytokines

After demonstrating that the IL-26 receptor complex is functiamdEC, we next examined
transcriptional targets of this cytokine. Previously we identif&fdCS-3 as a STAT1/3-
dependent gen®. Therefore, we analyzed SOCS-3 mRNA levels in IEC stimulatédIL-
26. As shown in Fig. 4A and 4B, IL-26 treatment induced SOCS-3 mRNAssiprealready
after one hour of stimulation. Next, we analyzed the role of IL-26henttanscriptional
regulation of the proinflammatory cytokines TNE-{L-8 and IL-6, three major inflammatory
mediators in IECs, as downstream read-out of IL-26-mediated g@nession. The mMRNA
expression of all three cytokines was increased (@iNB-9-fold; IL-8: 2.8-fold, IL-6: 4.4-

12
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fold) as measured by semi-quantitative PCR (Fig. 4A and 4B). 8lyilve measured a 3.7-

fold increased IL-8 protein release by ELISA following IL-26 stimulation (Fig. 4C

IL-26 mRNA expression is increased in the inflamed colonic mucosa eitgatvith
inflammatory bowel disease (IBD)

Since we established that IL-26 up-regulates the expression ofl@nométory cytokines in
IEC, we next analyzed by real-time PCR its expression irstingd inflammationin vivo.
This analysis included a total of 88 biopsy samples taken from 2ZedifféBD patients
(Crohn’s disease: n=12; ulcerative colitis: n=10). lleal and colowipsies were taken from
sites with endoscopically (macroscopic) inflamed colonic mucosa a&nel @ompared with
those of endoscopically non-inflamed colonic mucosa taken from the samati@ats. In
patients with Crohn’s disease, the colonic IL-8 mMRNA expressionhwirs determined as a
standard inflammatory marker, was 5.9-fold higher in the inflamed bisgsyples compared
to uninflamed biopsies (p<0.05, Fig. 5A). Similarly, we measured irededhs26 mRNA
expression in inflamed colonic biopsies compared to non-inflamed colssigeti(increase
between 1.1 and 15.0-fold; Fig. 5A). Although there was a high correlatimedretiL-8 and
IL-26 mMRNA expression in patients with ulcerative colitis (r=0.@8J IL-8 expression was
significantly increased up to 8.1-fold in the inflamed tissue (p=0.@R;9B), the difference
of IL-26 mMRNA expression in inflamed and non-inflamed biopsies did nohretatistical

significance (p=0.08) in patients with ulcerative colitis.

IL-26 mMRNA is expressed in human liver disease but is not up-regutatadhli hepatitis
compared to non-viral hepatobiliary disease and has no antiviral properties against HCV
The IL-26 gene is located on chromosome 12q14 + 3 in a gene clusterthvdh&if®ly gene
is located. Moreover, its expression is up-regulated following Hifion*. Based on these

findings and given the antiviral properties, which we recently denaiadtifor other IL-10

13
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related cytokineg' * 2 we next analyzed if IL-26 regulates the gene expression eirahti
proteins. While we demonstrated that IL-26 up-regulates the mRINAegsion of IRF-7 6.4-
and 5.0-fold, of IFNa 4.4- and 3.4-fold, and of IF¥-3.8- and 1.8-fold, in the IEC line HT-
29 and the hepatic cell line Huh-7, respectively (Fig. 6), it had notdféect on the gene
transcription of the antiviral proteins 2’',5-OAS and MxA in thes#isc@ata not shown).
Consistently, in comparison to IF- IL-26 had no significant effect on HCV RNA
replication as measured in cell-based replication systems #al #&d R. Bartenschlager,
personal communication).

To analyze if IL-26 mRNA is regulated in viral infectiam vivo, we collected liver biopsy
tissue from patients with HCV infection and compared the IL-26 mRRXpression in these
samples with biopsy tissue taken from patients with non-viral hepargbdisease. The
biopsy tissues were taken from patients undergoing diagnostic liepsybifor medical
reasons such as staging of chronic hepatitis C; therefore anthiical @easons, no normal
controls were included in this analysis. This analysis included kwepsy tissue from
patients with hepatic steatosis (n=3), primary biliary cirrh@BC; n=2), primary sclerosing
cholangitis (PSC; n=2), autoimmune hepatitis (n=2), HCV (n=9) andnpstiath hepatitis of
unknown origin (n=7). IL-26 mMRNA expression was detectable in all lbrepsy samples
(Fig. 7A). However, IL-26 mRNA expression levels measured by quewgit® CR in the
HCV samples (mean expression relative to actin: 0.37) did not dirffer that in biopsy
samples taken from patients with non-viral hepatobiliary disedsatdsis hepatitis: 0.30,
p=0.559; PBC: 0.18, p=0.085; PSC: 0.46, p=0.825; autoimmune hepatitis: 0.24, p=0.420;
hepatitis of unknown origin: 0.65, p=0.236). Moreover, there was no significaedatan
between IL-26 mMRNA levels and the serum levels for C-reactiotipr (CRP), Glutamate-
Pyruvate Transaminase (GPT), Glutamate-Oxalate Transam({@&€), Gamma-glutamyl

transferase (GGT), alkaline phosphatase and bilirubin (Fig. 7B and data not shown).

14
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Discussion

IL-26 is a novel member of the IL-10 like cytokine family and sharngls IL-10 the IL-10R2
subunit for signaling. While IL-10 has anti-inflammatory properties are demonstrate that
IL-26 has proinflammatory functions in IEC and is up-regulated in bBBDis also expressed
in hepatic inflammation. Recently, our group demonstrated also proinfisorynfunctions
for IL-22, another IL-10 like cytokine in IEE Similar to IL-22°, IL-26 up-regulates the gene
expression of proinflammatory cytokines in IEC. In addition, we demdedactional IL-
26 receptor expression in IEC. IL-26 activates ERK and SAPK/IM Minases, Akt and
STAT proteins in IEC. In contrast, cell lines such as HepG2, whichotl@xpress the IL-
20R1 subunit, are not responsive to IL-26 treatment.

It has been shown that activated T cells are a major sour¢e26f production®
Depending on the T cell source of cytokine production, cytokines have beeremitited in
Thl and Th2 cytokines. Previous studies demonstrated an induction of IL-26 pyoducti
particularly in Thl cells®. Crohn’s disease is considered to represent a Thl and Thl7
mediated intestinal inflammation, while ulcerative colitis haseast to some degree, features
of a Th2 mediated coliti§" %2 Consistent with this observation, in our study the relative up-
regulation of IL-26 expression (compared to uninflamed tissue) was pronounced in
inflamed lesions of patients with Crohn’s disease compared to gatwiht ulcerative colitis
(3.52- vs. 2.61-fold).

In addition, we demonstrate that IL-26 induced STAT1/3 activation resalts
increased SOCS-3 mRNA expression. This confirms our previous stiefigmnstrating that
SOCS-3 is an immediate early transcriptional target of SIFAT % Interestingly, in Crohn’s
disease increased colonic STAT1 phosphorylation and SOCS-3 proteinvevrelfound™
supporting our findings of a proinflammatory role for IL-26 in Crohn’sabse Another study
demonstrated in a murine colitis model that SOCS-3 plays a wega&gulatory role in

STAT3 activation and intestinal inflammatiéh In addition, we recently demonstrated that

15
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signaling of other IL-10 like cytokines such as IL-22 and the Lambeafenbns IL-28A and

8,9, 25 and

IL-29 is abrogated by increased expression of SOCS proteins indephtiines
neuroendocrine cell§® suggesting that signaling of IL-10-like cytokines is regulated by
SOCS proteins. Interestingly, we found a similar mechanism fosigraling mediated by
interferona 2’ and interferorf3 %, Moreover, similar to our studies with IL-28A and IL-29
26.29.30 yo other IL-10 related cytokines, IL-26 mediates antiproliferative effedfa.

Initial studies demonstrated that IL-26 expression is up-regulatéalving HVS
infection . Based on this finding and given the antiviral properties, which we dérataus

for other IL-10 related cytokin€’s we analyzed the role of IL-26 in viral infection. However,
in contrast to IFNa, IL-26 had no therapeutically relevant effect on the mRNA exmesHi

the antiviral proteins MxA and 2’,5’-OAS and on HCV replicatiorvitro. Moreover, the IL-

26 mRNA expression in liver biopsy samples taken from patientsH@GW¥ infection was not
significantly different from that of patients with non-viral hepaliaby disease which is
different to the high expression observed for other IL-10 like cytoksueh as IL-28A
following viral infection” *°

However, since IL-26 is over-expressed by HVS-transformed humarlls ike26 might
play a role as an autocrine factor in lymphocyte transformatiad\ffy or in the naturay-
herpesvirus infection which involves a close interplay between ditfer@l types such as
epithelial cells and lymphocytes. This resembles the role oftHeerpesvirus Epstein-Barr
virus (EBV) in B-cell transformation. Although EBV expresses am ewal IL-10 variant,
which binds the normal IL-10 receptdf, the EBV IL-10 homologue is not necessary for
transformation®’. EBV transformation induces B lymphocytes to produce human IL-10.
However, latently infected EBV-transformed B cells were shawspecifically over-express

a novel IL-12 p40-related cytokine, named EBV-induced gene 3 (EBI3). BBi&fpart of

the hetero-dimeric IL-27 molecule that induces the proliferation iven@D4+T cells®*%

Interestingly, expression levels of the EBI3 have also been reptotdme elevated in

16
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ulcerative colitis as compared to Crohn's diséask analogy to IL-27, the role of IL-26 for
lymphocyte transformation, which plays a crucial role in the pathsgenéIBD, remains to
be elucidated. Interestingly, an association between EBV infectioh IBD has been
proposed®’. IL-26 producing T cells are likely to play an important role inestinal
inflammation since we demonstrate here that IL-26 up-regulategeahe transcription of
several proinflammatory cytokines such as IL-6, IL-8 and TN IEC, while its own
expression is up-regulated in IBD.

In summary, this is the first report on the role of IL-26 in humastrgentestinal and liver
disease. Here, we demonstrate that IEC and hepatic cells epedsnctional IL-26 receptor
complex. IL-26 activates STAT1/3, Akt, ERK- and SAPK/JNK MAP kesmsand up-
regulates the expression of proinflammatory cytokines and of SO®&BBAmn addition, IL-
26 mRNA expression is up-regulated in inflamed colonic lesions ofgdBiients. IL-26 has
no therapeutically relevant effect on the gene expression of tivramroteins 2’,5-OAS
and MxA and HCV replicatioim vitro. In conclusion, our data indicate a role for this novel
cytokine system in promoting proinflammatory gene transcription stiggea role in

intestinal inflammation.
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Tables

Table 1

IL-10R2 forward: 5'-GGCTGAATTTGCAGATGAGCA-3’
IL-10R2 reverse: 5-GAAGACCGAGGCCATGAGG-Z
IL-20R1 forward: 5-TACACCCCTCAGCTCCAAGACT-3
IL-20R1 reverse: 5-GAAGGAATACACAGCCTGCCAG-3’
IL-26 forward: 5-GGCAGAAATTGAGCCACTGT-3

IL-26 reverse: 5- TCCAGTTCACTGATGGCTTTG-3

IL-6 forward: 5-AAAGAGGCACTGGCAGAAAA -3

IL-6 reverse: 5-GAGGTGCCCATGCTACATTT -3

IL-8 forward: 5-ATGACTTCCAAGCTGGCCGTGGCT-3
IL-8 reverse: 5-TCTCAGCCCTCTTCAAAAACTTCTC-3’
TNF-a forward: 5-ATGAGCACTGAAAGCATG-3

TNE-a reverse: 5-TCACAGGGCAATGATCCC-3

SOCS-3 forward: 5-TTCTGATCCGCGACAGCTC-3’
SOCS-3 reverse: 5-TGCAGAGAGAAGCTGCCCC-3

MxA forward: 5-AGATCCAGGACCAGCTGAGCCTGT-3
MXA reverse: 5-GTGGAACTCGTGTCGGAGTCTGGTA-3
IRF-7 forward: 5-TGGTCCTGGTGAAGCTGGAA-3

IRF-7 reverse: 5-GCTCCATAAGGAAGCACTCG-3’

IFN-a forward: S-TTTCTCCTGCCTGAAGGACAGAC-3’
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IFN-a reverse:

5'-CTCTGACAACCTCCCAGGCACA-3

IFN- forward:

IFN-P reverse:

5-TGCTCTGGCACAACAGGTAG-3’

5-GCTGCAGCTGCTTAATCTCC-3'.

2'.5’-0OAS forward:

2'.5'-OAS reverse:

5-ATTGACAGTGCTGTTAACATCATC-3

5'-AGATCAATGAGCCCTGCATAAACC-3

GAPDH forward:

GAPDH reverse:

5'-CGGAGTCAACGGATTTGGTCGTAT-3

5'-AGCCTTCTCCATGGTGGTGAAGAC-3’

Table 1.PCR primers used for RT-PCR analysis.
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Figure legends

Figure 1. IL-20R1 and IL-10R2 are expressed in IEC and hepatic cellsmRNA
expression of IL-20R1 and IL-10R2 as analyzed by RT-PCR analysikRbfA derived from
(A) intestinal epithelial cell lines and (B) hepatic celes and primary hepatocytes as

indicated.

Figure 2. IL-26 induces STAT1/3-, ERK-1/2-, SAPK/INK-1/2 and Akt posphorylation.
Following stimulation of HT-29 cells with IL-26 (100 ng/mL), increas#osphorylation was
observed for STAT1 (panel A), STAT3 (panel B), ERK-1/2 (panel C),KISARK (panel D)

and Akt (panel D). One representative experiment (n=3) is shown.

Figure 3. IL-26 decreases cell proliferationCompared to medium stimulated controls, 10
and 100 ng/mL IL-26 decreased proliferation of HT-29 cells (* p=0.05). HErpat was

performed in triplicates.

Figure 4. IL-26 increases mMRNA expression of proinflammatory cytokies and SOCS-3.
(A) Up-regulation of IL-6, IL-8, TNFa and SOCS-3 mRNA expression after stimulation of
HT-29 cells with 100 ng/mL IL-26. (B) The mRNA expression levelrevnormalized to
GAPDH mRNA levels using NIH ImageJ software version 1.36. mR)Xgression at start of
the experiment (0O hours) was arbitrarily set to 1.0. (C) IL-8 prdéwels increase up to 3.7-
fold and reach a maximum after 12 hours of IL-26 stimulation. IL-8 pratncentration was

determined by ELISA.

Figure 5. IL-26 mRNA expression is up-regulated in inflammatory bowel disease.

Relative IL-26 mMRNA expression in inflamed and uninflamed colonic &al biopsies
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correlated with IL-8 mMRNA expression in Crohn’s disease (panehril) ulcerative colitis

(panel B).

Figure 6. Regulation of antiviral genes by IL-26 in IEC and hepaticell lines.(A) IL-26
(200 ng/ml) up-regulates the mRNA expression of IRF-7, ¢Fahd IFN in HT-29 cells up
to 6.4-, 4.4- and 3.8-fold, respectively. (B) In Huh-7 cells, IL-26 had aasimifect with an
up-regulation of IRF-7, IFNx and IFN mRNA expression of up to 5.0-, 3.4- and 1.8-fold,
respectively, as measured by quantitative PCR. In both cell B9 and Huh-7), IL-26
had no direct effect on the mRNA expression of the antiviral gdmésand 2’,5-OAS (data

not shown).

Figure 7. IL-26 is expressed in human hepatic and hepatobiliarynflammation. (A)
Quantitative PCR analysis in patients with steatosis hepati3),(cholestatic liver disease
(PBC, n=2; PSC, n=2), autoimmune hepatitis (AlH, n=2), viral hepdktGV, n=9) and
hepatitis of unknown origin (n=7) revealed detectable IL-26 mMRNA lewvelall patients
without significant differences between the different diseassgoaes. mMRNA expression is
depicted relative to actin expression. (B) IL-26 mRNA expressonrl¢ did not correlate
with GOT and alkaline phosphatase (aP) serum levels (correldti@6/GOT: r = -0.35

correlation IL-26/aP: r = -0.11).
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Figure 2
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Figure 3
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Figure 4
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Figure 6
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Figure 7
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