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Zusammenfassung

Zusammenfassung

In der vorliegenden Arbeit wurde der Einfluss von Umweltfaktoren auf die Homdostase des intestinalen
Immunsystems und die Pathogenese entzlndlicher Darmerkrankungen durchgefuhrt.

Nanopartikel (NP) sind per Definition Partikel mit einem Durchmesser < 100 nm. Es ist bekannt, dass NP andere
Eigenschaften aufweisen als gréBere Partikel der gleichen Substanz. Seit einigen Jahren finden NP auch in der
Nahrungsmittelproduktion zunehmend gréBere Verwendung, obwohl nur wenige Studien Uber die Folgen einer
oralen Aufnahme von NP verfligbar sind. In der hier vorgelegten Dissertation wurde der Einfluss von NP aus der
Nahrung auf das Immunsystem des Darms, sowie auf die genomische Stabilitdét in murinen Modellen fir
entziindliche Darmerkrankungen untersucht. In zwei unabhangigen Modellen flir akute Darmentziindungen
konnte gezeigt werden, dass nach oraler Applikation von SiO,-NP die mukosale Entziindung verstarkt war, was
mit einer erhéhten Produktion inflammatorischer Zytokine einherging. In einem Modell fir chronische Colitis
konnte in SiO>-NP-behandelten Mausen ebenfalls eine erhdhte Produktion inflammatorischer Mediatoren, sowie
eine erhdhte Frequenz vermutlich regulatorischer Gri*-Zellen in den mesenterialen Lymphknoten (mLK)
detektiert werden. Zusatzlich war in SiO»-NP-gefiitterten Tieren eine erhdhte Anzahl oxidativer Lasionen in
Epithelzellen des Colon nachweisbar. Dariiber hinaus konnten in in vitro Experimenten dendritische Zellen (DC)
als mogliche Zielpopulation fiir NP im Immunsystem des Darms identifiziert werden. SiO»- wie auch TiO2-NP
waren in der Lage das NLRP3-Inflammasom in DC zu aktivieren und somit die Sekretion von
proinflammatorischen Zytokinen wie IL-18 zu induzieren. Zusammengenommen lassen diese Ergebnisse
vermuten, dass SiO»-NP, die Uber die Nahrung in den Gastrointestinaltrakt gelangen, bevorzugt in entziindete
Bereiche der Mukosa aufgenommen werden, wo sie von Zellen des angeborenen Immunsystems phagozytiert
werden und durch Aktivierung des NLRP3-Inflammasoms zur einer verstarkten Sekretion proinflammatorischer
Zytokine beitragen.

Des Weiteren wurde die Funktion des Arylhydrocarbon Rezeptors (AhR) im Immunsystem des Darms untersucht.
Der AhR ist ein ligandeninduzierter Transkriptionsfaktor, der als Rezeptor fiir Dioxin beschrieben wurde, aber
auch endogene Liganden, sowie sekundare Pflanzeninhaltsstoffe aus der Nahrung, wie z.B. Flavonoide binden
kann. Es ist bekannt, dass der AhR neben der Induktion des Fremdstoffmetabolismus auch eine Funktion in der
Regulation des Immunsystems hat. In einem negativen Rickkopplungsmechanismus induziert er die Expression
des AhR-Repressors (AhRR), welcher wiederum die Transkription des AhR reprimiert. In der hier vorgelegten
Arbeit konnte ein spezifisches Expressionsmuster des AhR und des AhRR in Immunzellen des Darms gezeigt
werden, was eine Rolle der AhR/AhRR-regulierten Genexpression bei der Aufrechterhaltung der
immunologischen Homdostase im Darm impliziert. Damit Gbereinstimmend konnte gezeigt werden, dass eine
Aktivierung des AhR mit Dioxin zu einer gestérten Ausbildung von Toleranz gegen oral applizierte Antigene fiihrt.
Reaktive Sauerstoff- und Stickstoff-Metabolite spielen eine entscheidende Rolle in der Pathogenese
entziindlicher Darmerkrankungen. Durch antioxidative Enzyme wie dem Selenoprotein P (SeP) wirkt der Kérper
einer Gewebe- und DNA-Schadigung durch diese Metabolite entgegen. In der hier vorgelegten Arbeit konnte
gezeigt werden, dass SeP in Epithelzellen des Darms exprimiert ist, aber im Verlauf einer chronischen
Darmentzindung herunterreguliert wird. Dieser Mechanismus tragt wahrscheinlich zur Pathogenese chronischer

Darmentziindungen und mdéglicherweise auch zur Colitis-assoziierten Kanzerogenese bei.
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1. Einleitung

1.1. Das Immunsystem

Das Immunsystem hat die Aufgabe, uns vor Pathogenen zu schiitzen, sowie die Ausbreitung
kérpereigener, entarteter Zellen zu verhindern.

Als Barriere zur AuBenwelt verhindern Epithelien das Eindringen von Bakterien, Viren, Pilzen
und Parasiten. Wenn es Erregern dennoch gelingt, diese erste Hiirde zu Uberwinden und in
den Koérper zu gelangen, so stehen spezialisierte Zellen des angeborenen Immunsystems
bereit, um eine Infektion zu verhindern oder einzudammen, sowie eine pathogenspezifische
adaptive Immunreaktion zu induzieren. Das angeborene Immunsystem ist der
phylogenetisch &ltere Teil unseres Immunsystems und verflgt Uber eine begrenzte Anzahl
von Mustererkennungs-Rezeptoren, die konservierte Strukturen von Pathogenen erkennen.
Die wichtigsten Effektorzellen des angeborenen Immunsystems sind phagozytierende Zellen,
die nach Rezeptorbindung die eingedrungenen Erreger aufnehmen und vernichten, sowie
natirliche Killer-Zellen (NK-Zellen), die z.B. anhand einer veranderten Expression
kérpereigener Major histocompatibility complex (MHC) Molekile der Klasse | (MHC-I),
virusinfizierte Zellen erkennen und zerstéren koénnen. Auch stellen Phagozyten das
Bindeglied zwischen angeborener und adaptiver Immunitat dar. Sie kénnen Informationen
Uber Eigenschaften des eingedrungenen Erregers an Lymphozyten Gbermitteln und so
antigenspezifisch die zellularen und humoralen Komponenten des adaptiven Immunsystems
aktivieren, welche mit hoher Spezifitdt gegen den eingedrungenen Erregertyp wirken
kénnen. Durch somatische Rekombination bei der Ausbildung des Rezeptorrepertoires im
Knochenmark bzw. im Thymus entsteht eine Vielzahl von spezifischen Antigen-Rezeptoren,
so dass die Wahrscheinlichkeit sehr hoch ist, dass Antigene eines Pathogens von einem
passenden Rezeptor gebunden werden kénnen. Um zu verhindern, dass B- bzw. T-Zellen
mit einer Spezifitdt gegen endogene Strukturen aus den primaren lymphatischen Organen in
die Peripherie gelangen, werden autoreaktive Lymphozyten durch einen negativen
Selektionsprozess aus dem Zellpool eliminiert.
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1.2. Das Immunsystem des Darms

Der menschliche Darm enthalt mit einer Dichte von ca. 10'® Organismen pro ml Darminhalt
mindestens 400 verschiedene Arten von Kommensalen, die fiir die Verwertung der Nahrung
dringend notwendig sind (1; 2). Diese potentiell inflammatorischen Mikroorganismen stellen
jedoch eine akute Bedrohung dar, wenn sie in die Mukosa des Darms gelangen. Die
Hauptaufgabe des Darm-assoziierten Immunsystems besteht demnach darin zwischen
pathogenen und harmlosen Mikroorganismen zu unterscheiden. AuBerdem muss verhindert
werden, dass eine Immunreaktion gegen die Darmflora oder Nahrungsbestandteile
ausgebildet wird, sowie dass luminale Bakterien in die Mukosa gelangen. Parallel missen
die Zellen des Darm-assoziierten Immunsystems in der Lage sein, Pathogene zu erkennen
und effektiv zu eliminieren. Der Darm ist das groBte lymphatische Gewebe des Kérpers,
dessen Immunzellen teilweise in einer lockeren Ansammlung von Zellen in der Lamina
propria (LP) oder assoziiert mit dem Epithel, welches die Barriere zwischen Darmlumen und
Mukosa bildet, vorliegen. Es gibt jedoch auch eine Vielzahl organisierter Strukturen, wie die
mesenterialen Lymphknoten (mLK), Peyer'sche Plaques (PP), isolierte lymphoide Follikel
(ILF), sowie Kryptopatches (KP), die eine spezifische Funktion bei der Induktion von lokalen
Immunreaktionen bzw. der Aufrechterhaltung der Homdéostase, sowie der Bildung von
Immunzellen im Darm tbernehmen (3).

PP sind sekundare Lymphorgane, welche in der Maus Uber die gesamte Lange des
Dinndarms verteilt vorliegen, wahrend sie im Menschen vor allem im lleum zu finden sind
(3). Sie bestehen aus mehreren B-Zell-Follikeln zwischen denen die T-Zell-Regionen
lokalisiert sind. Zum Lumen hin werden PP von dem Follikel-assoziierten Epithel (FAE)
begrenzt, welches spezialisierte Epithelzellen, die sogenannten M-Zellen, enthalt. Diese
transportieren Antigene aus dem Lumen in die subepitheliale Domregion der PP; dort
werden die Antigene von DC aufgenommen, welche dann in die interfollikularen T-
Zellregionen der PP oder in die mLK einwandern und eine entsprechende Immunreaktion
initieren (4). AuBerdem findet in B-Zellen, die in den Follikeln der PP lokalisiert sind, der
Klassenwechsel zu Immunglobulin (Ig) A statt, welches gegen luminale Antigene gerichtet ist
und in das Darmlumen sekretiert wird (5). IgA-exprimierende B-Zellen in den PP sind klonal
verwand mit IgA-exprimierenden Plasmazellen in der LP. Die orale Verabreichung nicht-
mikrobieller Antigene fuhrt in den PP der Maus zu einer Thy-Antwort, die durch die
Produktion von Interleukin (IL)-4, IL-5 und Tumor growth factor B (TGFB) charakterisiert ist
(3). Ein groBer Anteil der CD3" T-Zellen in den PP haben einen regulatorischen Phanotyp
und sind in der Lage via IL-10 T-Zell Proliferation in vitro zu inhibieren. In vivo fuhrt dieser

Mechanismus zu einer systemischen Unempfindlichkeit gegenlber dem verabreichten
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Antigen. Dieser Prozess wird als orale Toleranz bezeichnet (6). Allerdings wird die Rolle der
PP in diesem Zusammenhang kontrovers diskutiert, da sowohl zwischen den gangigen
Mausstammen, als auch zwischen Maus und Mensch groBe Diskrepanzen aufgezeigt
wurden (7). Im Vergleich zu Maus PP werden in den PP des Menschen vorwiegend Th;-
Immunantworten induziert, was mit der Problematik korreliert, dass im Menschen nur schwer
Toleranz gegen oral aufgenommene Antigen hervorgerufen werden kann (7). Eine gestorte
Induktion der oralen Toleranz gegenuber luminalen Antigenen wird als eine mogliche
Ursache diskutiert, die zur Ausbildung entziindlicher Darmerkrankungen beitragen kann.

KP sind als primare Lymphgewebe beschrieben, die sowohl im Dinndarm, als auch im
Colon an der Basis der epithelialen Krypten lokalisiert sind und aus einer Ansammlung von
etwa 1000 Zellen bestehen. KP setzen sich vor allem aus linage-marker negativen (lin")c-kit*
Zellen, dendritischen Zellen (DC) und Stromazellen zusammen und enthalten weniger als
2% reife B- bzw. T-Lymphozyten. Die Funktion dieser Zellaggregate ist bis heute nicht
vollstandig geklart, es gibt jedoch Hinweise, dass dort eine extrathymische Differenzierung
von af und yd T-Zellen stattfindet (8; 9). AuBerdem wird eine Rolle fir lin'c-kit* Zellen bei der
Organisation lymphoider Strukturen diskutiert. So kénnten KP als Vorlaufer der ILF fungieren
(3; 8). ILF sind kleine induzierbare Zellaggregate, die sowohl im Dinndarm, als auch im
Colon zu finden sind und strukturell gesehen eine hohe Ahnlichkeit mit PP aufweisen. Sie
bestehen zu 70% aus B-Zellen und zu je ca. 10% aus T-Zellen und DC und werden wie die
PP von einem FAE begrenzt. Auch findet in den B-Zellen der ILF ebenso wie in den B-Zellen
der PP der Klassenwechsel zu IgA statt, welches als negativer Regulator fungiert und die
Bildung zuséatzlicher ILF inhibiert bzw. die Regression der vorhandenen ILF steuert (10).
Einerseits werden in ILF eher anti-inflammatorische Immunreaktionen induziert, wahrend
andererseits eine Rolle fur ILF bei chronisch entziindlichen Darmerkrankungen (CED)
beschrieben wurde. So ist in Patienten mit Morbus Crohn (MC) eine erhéhte Anzahl isolierter
Follikel zu finden, die eine mdogliche Rolle bei der Initiation von unkontrollierten
Immunreaktionen in CED spielen kénnten (11).

Die mLK sind die gréBten Lymphknoten (LK) im Kérper und entwickeln sich in der Maus
zwischen Tag 10.5 und 15.5 der Embryogenese. Wenn der Darm einer hohen Konzentration
an Antigen ausgesetzt ist, findet die Prédsentation der Antigene in zahlreichen Zelltypen,
sowohl in der Mukosa, als auch in den mLK statt. Bei einer geringen Menge, wird das
Antigen vor allem in den mLK présentiert, wo vornehmlich eine Th,-Antwort induziert wird
(12). MLK sind essentiell daran beteiligt, dass die Penetration von luminalen Darmbakterien
in die Mukosa limitiert und eine systemische Infektion verhindert wird. Allerdings wurde in
murinen Modellen fir CED eine dysregulierte Immunreaktion nicht nur in den PP und ILF,
sondern auch in mLK gezeigt (13).
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Die Erhaltung der Homdostase im Darm wird durch ein komplexes Netzwerk aus zellularen
und humoralen Faktoren aufrechterhalten, wobei die einzelnen Faktoren sich gegenseitig
regulieren. Dadurch ist das Gesamtsystem relativ stabil. Wenn jedoch ein Schlisselregulator
in diesem System fehlt, oder einen Defekt aufweist, kann es zu einer gestérten Regulation
der Homdostase kommen, die z.B. in der Ausbildung von Nahrungsmittelallergien oder

chronischen Darmentziindungen resultieren kann.

1.3. Rolle von DC im Immunsystem des Darms

DC stellen das Bindeglied zwischen angeborener und adaptiver Immunitat dar. In der
Peripherie liegen DC als unreife Zellen vor, deren Aufgabe es ist, kontinuierlich Material aus
ihrer ndheren Umgebung aufzunehmen. Erhalt eine unreife DC ein Gefahrensignal, z.B.
durch Kontakt mit einem Pathogen, so reift sie aus und wandert in die drainierenden LK ein.
Dort prasentiert sie die prozessierten Antigene im Kontext mit kostimulatorischen Molekdlen
und induziert so die Differenzierung und Proliferation von spezifischen T-Zellen (14).
Abhéangig von der Art des Pathogens wird die Differenzierung unterschiedlicher T-Zelltypen
(T Helfer (Th) Zellen, regulatorische T (Treg) Zellen und zytotoxische T-Zellen) induziert.
Man unterscheidet die Gruppe der CD4" Th-Zellen grob in Th;-Zellen, die Interferon (IFN)y
produzieren und eine zellulare proinflammatorische Immunantwort vermitteln; Tho-Zellen, die
vor allem IL-4 produzieren und deren Hauptaufgabe in der Induktion einer humoralen
Immunantwort besteht; sowie Thy,-Zellen, die IL-17 sekretieren und ebenfalls eine
proinflammatorische Funktion haben. Treg-Zellen hingegen supprimieren Effektor T-Zellen
und schitzen den Kérper so vor einer UberschieBenden Immunreaktion (15). Neben den
reifen DC migrieren aber auch immer einige unreife DC, die nur eine geringe Anzahl an
kostimulatorischen Molekilen auf ihrer Oberflache exprimieren, in die Lymphorgane ein. In
Abwesenheit von kostimulatorischen Signalen werden durch Bindung des T-Zell-Rezeptors
an MHC Molekule der Klasse Il (MHC-II) auf der Oberflache von DC, Treg-Zellen induziert.
Dieser Prozess spielt eine wichtige Rolle bei der Induktion von Toleranz gegenuber
kérpereigenen Antigenen (14).

DC stellen eine extrem plastische Gruppe von Zellen dar, die von ihrer Umgebung gepragt
werden, um spezifische Aufgaben zu erfillen. Im Darm gibt es eine Vielzahl von Subtypen,
denen jeweils distinkte Funktionen zugewiesen werden. Inwiefern die komplizierte
Unterscheidung anhand von Oberflachenmolekilen und Funktion in einzelne
Subpopulationen als Paradigma gesehen werden kann, ist jedoch fraglich. Vielmehr scheint
es so, als waren die verschiedenen DC Typen in der Lage ihren Phanotyp, abhangig vom

4
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umgebenden Milieu zu veréndern, so dass eine eindeutige Klassifizierung der Zellen nicht
immer maéglich erscheint (16-18).

DC kommen in allen Bereichen des Darms vor. Sie sind in der LP des Dinn- und Dickdarms,
in PP in ILF, in KP sowie in den mLK zu finden. Die DC der LP werden anhand ihrer
Expression von CD103, dem Rezeptor flr E-cadherin unterschieden. CD103" DC sind in der
Lage die de novo Differenzierung von Foxp3* Treg-Zellen zu induzieren. Dieser Prozess ist
abhangig von Retinsdure und TGFB bzw. von Indoleamin-2,3-Dioxygenase (19; 20). Eine
weitere Subpopulation von DC wird anhand ihrer Expression des Toll like receptor (TLR)5
definiert. TLR5 bindet Flagellin und erkennt somit motile Mikroorganismen. Diese DC
Population ist in der Lage die Differenzierung von Thy7-Zellen, sowie den Klassenwechsel zu
IgA in B-Zellen zu induzieren (21). Neben den TLR5* DC ist eine weitere Population von DC
beschrieben, die den Fractalkine/Neurotactin Rezeptor CX3;CR;, sowie CD70 exprimiert.
Diese DC-Population kann die Differenzierung von naiven T-Zellen zu Thy;-Zellen in
Abhangigkeit von ATP aber TLR-unabhangig hervorrufen (22). Auch sind CX;CR;* DC in der
Lage aktiv Antigene im Darmlumen aufnehmen, indem sie mit ihren dendritischen Auslaufern
das Epithel durchdringen (23; 24). Insgesamt sind die Funktionen der einzelnen DC-
Populationen im Darm und ihre Rolle bei der Induktion von oraler Toleranz jedoch nicht in

allen Einzelheiten verstanden.
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CD103+CX3CR1-DC CX,CR,*CD103- DC
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Thy; Zellen

Retinolséure

Abbildung 1. Rolle CD103+ und CX3CR1+ DC bei der Aufrechterhaltung der Homéostase im
Darm. In der LP werden DC anhand ihrer Expression von CD103 und CX3CR1 unterschieden.
CD103+ CX3CR1- DC sind in der LP lokalisiert und in der Lage nach Antigenkontakt in die mLK
einzuwandern und die de novo Differenzierung von Treg-Zellen zu induzieren. Diese Zellen spielen
eine entscheidende Rolle bei der Aufrechterhaltung der Homéostase im Darm. CD103- CX3CR1+ DC
kénnen ihrerseits die Tight junctions zwischen Epithelzellen durchbrechen und dendritische Auslaufer
in das Lumen des Darms stecken, wo sie Antigene aufnehmen. lhre Aufgabe besteht in der Induktion
von Immunreaktionen gegen luminale Antigene durch Induktion von Th17-Zellen, um ein Eindringen
von Mikroorganismen in die Darmmukosa zu beschréanken.

1.4. Aktivierungsmechanismen von DC

Die Aktivierung von DC erfolgt nach Erkennung von Bestandteilen von Pathogenen, Bindung
von inflammatorischen Mediatoren, nach Kontakt mit Allergenen und Fremdstoffen wie z.B.
Partikeln oder auch endogenen Gefahrsignalen, die aus infizierten oder nekrotischen Zellen
freigesetzt werden. Zu diesem Zweck exprimieren DC eine komplexes Repertoire an
Rezeptoren, die beispielsweise konservierte Molekilstrukturen von Pathogenen erkennen.
Diese sogenannten Pattern recoginition receptors (PRR) kénnen anhand ihrer Funktion und
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ihrer Ligandenspezifitdt unterschieden werden. Beispiele fir PRR, die Pathogenstrukturen
erkennen, aber keine Signale weiterleiten, sind die C-reaktiven Proteine oder Lektine des
Komplementsystems, welche z.B. Mikroorganismen opsonisieren und so fur Phagozyten
erkennbar machen oder Phagozytoserezeptoren, die die Aufnahme von Mikroorganismen
vermitteln. Zur Gruppe der PRR, die nach Ligandenbindung selbst Signale weiterleiten
kénnen und so zur Aktivierung der Zellen, sowie zur Produktion proinflammatorischer
Mediatoren fUihren kdnnen, gehdren die TLR. TLR sind membranstéandige Rezeptoren, die
konservierte Pathogenstrukturen erkennen (25). Im Menschen sind 10 und in der Maus 12
TLR beschrieben. TLR haben eine extrazellulare, Leucin-reiche Doméne, die fir die
Ligandenbindung entscheidend ist, sowie eine intrazellulare Region, die sogenannte Toll/IL-1
Rezeptor (TIR) Doméane, welche flr die Signalweiterleitung essentiell ist. TLR erkennen
verschiedene Substanzgruppen. So wird z.B. Lipopolysaccharid (LPS), ein Bestandteil der
Zellwande gram-negativer Bakterien von TLR4 zusammen mit dem TLR4-assoziierten
I6slichen Faktor MD-2 erkannt. Flagellin, ein Protein aus bakteriellen GeiBeln, wird von TLR5
detektiert. Bakterielle und virale DNA, die eine hohe Frequenz unmethylierter CpG-Motive
aufweist, wird von TLR9 gebunden, wéahrend virale RNA von den TLR3, 7 und 8 (nur im
Menschen) erkannt wird (26). Ligandenbindung an TLR flihrt zu einer Aktivierung von
Transkriptionsfaktoren wie dem nuclear factor kappa-light-chain-enhancer of activated B
cells (NF-kB) oder dem Interferon-regulator-factor (IRF). Es gibt jedoch Unterschiede in den
Signalwegen, die zu einem TLR-spezifischen individuellen Aktivierungsmuster fiihren. Diese
Unterschiede sind zurlckzuflhren auf alternative Adaptermolekile, die an die intrazellulare
TIR-Doméane der TLR rekrutiert werden. Das Adapterprotein MyD88 ist an der
Signaltransduktion aller TLR, auBer TLR3 beteiligt und ist essentiell notwendig fir die
Induktion inflammatorischer Zytokine wie IL-6 und IL12p40. TLR3 und TLR4 kénnen MyD88-
unabhangig Uber das Adaptermolekll TRIF die Transkription von IFNB aktivieren. Alternativ
erkennen intrazellulare PRR wie die RNA-Helikasen RIG-1 und Mda5 doppelstrangige RNA
und flhren Uber Aktivierung von NF-kB zur Transkription inflammatorischer Zytokine und Typ
| IFN (26).

Als eine weitere Gruppe intrazellularer PRR sind NOD-Rezeptoren beschrieben, die vor
allem in Epithelzellen, aber auch in Immunzellen, an der Erkennung von bakteriellen
Peptiden beteiligt sind. Via NF-kB induzieren sie die Expression inflammatorischer Zytokine.
Mutationen im NOD2 Gen im Bereich der Leucin-rich-repeat (LRR) Region, die zum Verlust
der Bakterien-Erkennung fluhren, sind mit MC assoziiert. Diese Korrelation beruht
wahrscheinlich auf einer gestérten Toleranzinduktion gegen luminale Kommensalen (27).
IL-18 und IL-18 sind proinflammatorische Zytokine, welche als Proform nach TLR-Aktivierung

im Zytosol translatiert werden. Um als aktivierte Form sekretiert werden zu kdnnen, muss
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prolL-1B von der Cystein-Protease Caspase-1 gespalten werden, die ihrerseits zuvor unter
bestimmten Bedingungen in Multiproteinkomplexen, die als Inflammasom beschrieben sind,
durch autoproteolytische Spaltung aktiviert werden muss. NOD-like Rezeptoren (NLR) sind
intrazellulare, LRR-enthaltende Proteine, die als Strukturproteine im Inflammasom fungieren
und eine Rolle bei der Erkennung von endogenen Gefahrsignalen und bakteriellen
Bestandteilen, sowie bei der Rekrutierung und Aktivierung der Caspasel spielen (27-29).
Man unterscheidet verschiedene Arten von Inflammasomen. Das wohl am besten
beschriebene NOD-like receptor family, pyrin domain containing 3 (NLRP3)-Inflammasom,
setzt sich aus den Proteinen NLRP3, apoptosis-associated speck-like protein containing a
caspase recruitment domain (ASC), Cardinal und der Pro-Caspase1l zusammen. Wie die
Aktivierung von NLR auf molekularer Ebene stattfindet, ist bisher nur unvollstédndig
verstanden. Einige Gefahrsignale wurden jedoch bereits identifiziert. So flihrt der Abfall der
K+ Konzentration in der Zelle durch Bindung von extrazellularem ATP an den Purinrezeptor
P2X7 zur spontanen Bildung von Inflammasomen (30; 31). Neben diesen Faktoren kénnen
auch Kristalle das Inflammasom aktivieren. Harnsaure, als Endprodukt des zelluldren Purin-
Metabolismus kristallisiert im Na+-reichen Extrazellularraum zu Mononatriumurat (MSU) aus.
MSU wirkt als Adjuvanz, indem es das NLRP3-Inflammasom aktiviert, wéhrend eine
Aktivierung von Antigen préasentierenden Zellen (APC) Ober TLR durch MSU nicht
beschrieben ist (32). Eine Uberproduktion von Harnsdure ist mit vielen inflammatorischen
Krankheiten assoziiert. So findet man groBe Mengen an Harnsaure im Blut von Gicht-
Patienten. Gicht ist eine inflammatorische Krankheit, in der Harns&urekristalle starke
Entzliindungsreaktionen in Gelenken und dem umgebenden Gewebe ausldsen, wobei dieser
Prozess ebenfalls Inflammasom-abhangig zu sein scheint (33). Alum ist das weitverbreitetste
Adjuvanz, das im Menschen angewendet wird. Seine aktivierende Wirkung ist ebenfalls auf
die Induktion des NLRP3-Inflammasoms zurtckzufihren (32; 34; 35). Neben Alum kénnen
auch Siliziumdioxid Kristalle (Quartz) und Asbest das NLRP3-Inflammasom aktivieren (36-
38). Alum wird seit vielen Jahren als Adjuvanz bei Vakzinierungen eingesetzt. In neueren
Studien wird untersucht, ob neuartige Partikel in &hnlicher Weise das Inflammasom
aktivieren  kénnen und mdglicherweise eine  Alternative zur herkémmlichen
Vakzinierungsstrategie bieten kénnen. So wurde gezeigt, dass LPS-beschichtete Polylactic-
co-glycolic acid (PLGA) Nanopartikel (NP), die zusatzlich mit bestimmten Antigenen beladen
waren, das Inflammasom aktivieren und eine Immunantwort gegen das verabreichte Antigen
induzieren kénnen (39). Auch die inflammatorischen Symptome in der Lunge nach Inhalation
von Quartz sind abhangig vom NLRP3-Inflammasom (36). Hornung et al. haben einen
Wirkmechanismus postuliert, wonach Quarzkristalle in Lysosomen aufgenommen werden,

die daraufhin lysieren. Die lysosomale Protease Kathepsin B gelangt so in das Zytoplasma
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und fahrt direkt oder indirekt zur Aktivierung des NLRP3-Inflammasoms (38). Die Bildung
reaktiver Sauerstoffspezies (ROS) in Zellen, die mit Inflammasomaktivatoren behandelt
wurden, kann ebenfalls zur Aktivierung des Inflammasoms fiihren (40). Wie jedoch genau
das NLRP3-Inflammasom durch Kathepsin B oder ROS auf molekularer Ebene aktiviert wird,
ist derzeit noch unklar und bedarf weiterer Studien.

Neben den hier beschriebenen NOD-like Rezeptoren scheinen auch NOD-Rezeptoren
neben der Aktivierung von NF-kB eine Rolle bei der Aktivierung des Inflammasom zu
spielen. So sind Monozyten aus MC Patienten, die eine funktionale Mutation im NOD2 Gen
haben, nicht in der Lage nach Stimulation mit bakteriellen Zellwandproteinen IL-18 zu
produzieren (41).
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Abbildung 2. Vereinfachte Darstellung der Aktivierungsmechanismen des NLRP3-
Inflammasoms in APC. Die Aktivierung des NLRP3-Inflammsoms erfolgt Gber 2 sukzessiv
geschaltete Signale. Das erste Signal stellt die Bindung eines Liganden an TLR dar. Uber die NF-kB
Signalkaskade wird so die Expression von prolL-1f induziert, welches von der Caspasel gespalten
werden muss, um als aktive Form aus der Zelle sekretiert werden zu kdnnen. Die Caspasel liegt
ihrerseits als Zymogen in der Zelle vor und muss in einem Multiproteinkomplex, dem Inflammasom
gespalten werden. Die Autoaktivierung der proCaspase1l erfolgt in Assoziation mit NLRP3, welches
wiederum zuvor durch ein Gefahrensignal in der Zelle aktiviert werden muss. Als 2. Signal kann z.B.
die Bindung von ATP an den Rezeptor P,X; fungieren, wodurch ein Kalium lonen Kanal geéffnet wird
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und K" aus der Zelle stromt. Der Abfall der intrazellularen K*-Konzentration flhrt zur Aktivierung des
NLRP3-Inflammasoms, wobei der genaue Mechanismus jedoch noch ungeklart ist. Kristalle, wie z.B.
MSU, welches nach Freiwerden von Harnsdure aus sterbenden Zellen entsteht, sowie Asbest und
Quarz koénnen ebenfalls als 2. Signal das NLRP3-Inflammasom aktivieren. Nach Aufnahme in die
Zelle, kommt es zum ,Platzen“ der Lysosomen, die ihren Inhalt aus Enzymen und Kristallen, sowie
ROS in das Zytosol entleeren. Als ein kritischer Faktor, der zur Aktivierung des NLRP3 fiihrt, wurde
die Protease Kathepsin B beschrieben. Inwiefern ROS zur Aktivierung des NLRP3-Inflammasoms
beitragt, ist noch nicht abschlieBend geklart.

1.5. Der Arylhydrocarbon Rezeptor (AhR) und seine Rolle im Immunsystem

Der AhR ist ein Transkriptionsfaktor, der zur Familie der basic helix-loop-helix Per-Arnt-Sim
(bHLH-PAS) Familie gehért. In Abwesenheit von Liganden liegt er, an Chaperonproteine
gebunden, im Zytoplasma der Zelle vor. Nach Ligandenbindung transloziert er in den
Nukleus, wo die Chaperone abdissoziieren und dimerisiert mit dem AhR nuclear translocator
(Arnt). Das AhR/Arnt Heterodimer bindet wiederum an dioxinresponsive Elemente (DRE) und
induziert die Expression einer Vielzahl von Genen. Seit einiger Zeit sind jedoch weitere
Bindungspartner wie z.B. der Ostrogenrezeptor identifiziert worden (42). Eine wichtige Rolle
spielt die AhR-induzierte Genexpression in der Leber, wo sie zur Metabolisierung von
Fremdstoffen beitragt. Das bekannteste Zielgen des AhR ist wohl das Cytochrom P450 1A1
(Cyp1A1), welches als Phase 1 Enzym die Metabolisierung von polyzyklischen aromatischen
Kohlenwasserstoffen katalysiert (43). Ein weiteres Zielgen ist der AhR Repressor (AhRR),
welcher ebenfalls zur Familie der bHLH-PAS Transkriptionsfaktoren gehért (44). Im
Gegensatz zum AhR fehlt ihm jedoch die transaktivierende Doméne, so dass er nach
Dimerisierung mit Arnt und Bindung an DRE nicht die Expression von Genen induziert,
sondern den Promotor fir den AhR blockiert. Neben der Suppression von AhR-Zielgenen
reprimiert der AhRR auch die Expression des ahr selbst in einem negativen
Ruckkopplungsmechanismus (44). Neben halogenierten aromatischen Kohlenwasserstoffen
wie z.B. 2,3,7,8-Tetrachlorodibenzo-P-Dioxin (TCDD), die Uber kontaminierte Lebenmittel
aufgenommen werden, kénnen auch pflanzliche Stoffe wie Flavonoide und Catechine den
AhR aktivieren (45). AuBer der Funktion im Fremdstoffmetabolisims hat der AhR auch eine
physiologische Funktion, die jedoch noch naher untersucht werden muss. In der letzten Zeit
wurden bereits zahlreiche endogene Liganden wie cyclic Adenosine Monophosphat (CAMP),
Low Density Lipoprotein (LDL), Bilirubin und ein Photoprodukt des Tryptophans 6
Formylindolo[3,2-b]Carbazole (FICZ), beschrieben (46-49). Neben der Aufgabe des AhR, die
Transkription metabolisierender Enzyme in Hepatozyten zu induzieren, spielt der AhR auch

eine Rolle im Immunsystems.
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Eine Exposition mit TCDD oder konstitutive Aktivierung des AhR flhrt langfristig zu einer
Stérung des Immunsystems, die sich in einer ausgepragten Immunsuppression,
wahrscheinlich bedingt durch eine gestorte T-Zell Entwicklung im Thymus, sowie eine
Stérung bei der Antigenprasentation durch APC, manifestiert (50).

Auch konnte gezeigt werden, dass in AhR-defizienten Mausen die Differenzierung von Th;s-
Zellen gestort ist. Thy;-Zellen, die eine wichtige Rolle bei der Rekrutierung und Aktivierung
von neutrophilen  Granulozyten spielen, aber auch mit einer Anzahl von
Autoimmunerkrankungen in Verbindung gebracht werden, exprimieren in hohem MaBe den
AhR (51). Es wurde gezeigt, dass Thy7-Zellen aus AhR-defizienten Mausen nicht in der Lage
sind, in vitro nach Stimulation mit IL-23, IL-22 zu exprimieren. Umgekehrt induziert die
Stimulation von Thy7-Zellen mit AhR-Liganden die Expression von IL-22 in vitro (52). Dieser
Effekt kdnnte eine Erklarung fir die verstarkende Wirkung von AhR-Liganden auf die
Pathogenese Thiz-abhangiger Erkrankungen, wie z.B. im murinen Modell fir Multiple
Sklerose, experimental autoimmune encephalomyelitis (EAE), gezeigt werden konnte, bieten
(51; 53). In vitro Experimente ergeben darlber hinaus, dass auch der Anteil von IL-22-
sekretierenden Thy;-Zellen, durch Stimulation mit AhR-Liganden gesteigert werden kann.
Thy7-Zellen spielen auch im Darm eine wichtige Rolle und tragen essentiell zur Pathogenese
von CED bei. In Anbetracht der Tatsache, dass die Zellen des Darms taglich mit starken
AhR-Liganden aus der Nahrung exponiert sind, stellt sich die Frage, inwiefern AhR-
Signaltransduktion zur Aufrechterhaltung bzw. Stérung der Homdostase im Darm beitragen

kann.

1.6. Ursachen und Pathogenese von CED

Mit einer Pravalenz von 10,2 - 33,6 / 100.000 Einwohner sind Colitis ulcerosa (CU) und MC
(54) die beiden haufigsten Formen von CED in Mitteleuropa. CED Patienten stehen unter
einem starken Leidensdruck, da zu den Symptomen Erbrechen, Durchfall, sowie starke
abdominale Schmerzen z&hlen. CED ist eine schubweise auftretende Erkrankung, wobei CU
und MC oft nur schwer voneinander abzugrenzen sind. Die Entziindung in CU ist aber auf
das Colon beschrankt, wahrend bei MC der gesamte Intestinaltrakt betroffen sein kann.
Symptomatisch bei MC sind transmurale, fokale Entziindungsherde mit einer Infiltration von
neutrophilen Granulozyten, sowie mononukledren Zellen, wahrend bei UC die
Entzindungsreaktion eher oberflachlich ist und ein durchgéngiges Areal betrifft. Eine
symptomatische Behandlung erfolgt mit immunsupprimierenden Medikamenten wie
Tumornekrosefaktor (TNF)-a-Inhibitoren, Mesalamin und Steroiden. Im schlimmsten Fall
11
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kann eine chirurgische Sektion von Darmsegmenten oder eine temporare oder permanente
Colostomie oder lleostomie notwendig werden. Auch haben CED-Patienten ein erhdhtes
Risiko an Darmkrebs zu erkranken (55).

Die grundlegenden Ereignisse, die zur Entstehung von CED beitragen, sind nur
unzureichend bekannt, es gibt jedoch sowohl Hinweise auf genetische Pradispositionenen,
wie auch auf eine Beteiligung von exogenen Faktoren. Beispielsweise korreliert eine erhdhte
Aufnahme von mehrfach ungeséattigten Fettsduren mit einem erhéhten Risiko fir CED (54).
Die meisten epidemiologischen Studien, die den Einfluss von Nahrungsinhaltstoffen
untersuchen, haben allerdings nur eine geringe Aussagekraft, weshalb keine abschlieBende
Aussage Uber die Bedeutung der Ernahrung in diesem Zusammenhang getroffen werden
kann. Die Préavalenz von CED weist ein starkes Nord-Sud-Gefélle auf, mit einer deutlich
starkeren Pravalenz in Nordeuropa und Nordamerika, wobei weniger ethnische
Unterschiede, als vielmehr die hygienischen Standards in den jeweiligen Landern von
Bedeutung zu sein scheinen. So kénnte die Limitierung der Exposition mit Antigenen in
unserer sehr auf Hygiene bedachten Gesellschaft dazu flhren, dass die funktionelle
Ausreifung des Immunsystems im frihen Kindesalter nur unzureichend stattfindet. Die
fehlende Induktion von Toleranz gegen spezielle Antigene kdnnte bewirken, dass ein
wiederholter Kontakt mit diesen Antigenen im spateren Leben zu einer Uberreaktion des
Darm-assoziierten Immunsystems fuhrt, die sich z.B. in Allergien oder auch CED
manifestieren kdnnte (56). Ein weiterer wichtiger Faktor ist die Darmflora selbst. Die
Besiedlung mit Kommensalen findet ebenfalls erst nach der Geburt statt, in der Zeit, in der
orale Toleranz etabliert wird; so werden adverse Effekte einer Kaiserschnittgeburt im
Vergleich zur natirlichen Geburt und Flaschenfiitterung im Vergleich zum Stillen diskutiert.
Auch wurden psychologische Faktoren wie z.B. Stress mit der Entstehung von CED in
Verbindung gebracht (54).

Den Hauptrisikofaktor fur CED stellt jedoch eindeutig das Vorkommen von CED in der
eigenen Familie dar. Ein eineiiger Zwilling hat ein 37%iges Risiko MC, bzw. ein 10%iges
Risko CU zu entwickeln, wenn der andere Zwilling bereits erkrankt ist. Es gibt jedoch nicht
nur ein einzelnes Gen, das fur CED préadisponiert, sondern eine Vielzahl, wobei die meisten
mit dem Immunsystem assoziiert sind. HLA DRB*0103 ist ein wichtiges Pradispositionsgen
for CU, wahrend NOD2 ausschlieBlich mit MC assoziiert ist, wobei vor allem der
Funktionsverlust zu einer Uberproduktion von proinflammatorischen Zytokinen nach TLR-
Stimulation fuhrt. Aber auch Mutationen, die mit einer verstarkten Aktivitdt von NOD2
einhergehen, welche in einer erhdhten Aktivierung des Inflammasoms und demnach einer

erhdhten Sekretion von IL-18 resultieren, sind beschrieben (27).
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Das Zusammenspiel dieser Vielzahl an genetischen und exogenen Faktoren, sowie die
Tatsache, dass aller Wahrscheinlichkeit nach zahlreiche Faktoren noch nicht einmal bekannt
sind, gestalten die Entwicklung einer ursachlichen Therapie schwierig.

1.7. Murine Modelle zur Untersuchung von CED

Transgene Tiermodelle sind von groBem Nutzen, um die Mechanismen, die der Entstehung
von CED zugrunde liegen, zu verstehen. Es sind bereits einige murine Modelle beschrieben,
die spontan eine Entziindung der Darmmukosa auspragenbilden. So entwickeln IL-10
defiziente Mause, sowie Mause, in denen selektiv in allen eosinophilen Granulozyten und
Makrophagen der Transkriptionsfaktor Stat3 deletiert ist, eine Entzindung im Colon, die
unter anderem auf eine gestdrte negative Regulierung von Immunzellen Uber den IL-10-
Rezeptor zurlckzuflhren ist (57; 58). Auch sind Mausmodelle mit verschiedenen NOD2
Mutationen verflgbar (59). In dieser Arbeit wurden zwei murine Modelle zur induzierbaren

Darmentziindung untersucht, die im Folgenden n&her beschrieben werden.

VILLIN-HA Modell:

Das VILLIN-HA Modell fiar CED beruht auf einer Immunreaktion von T-Zellen auf ein
Autoantigen, welches als Transgen ausschlieBlich in Enterozyten des Darms exprimiert wird.
VILLIN-HA-transgene Mause exprimieren das A/PR8/34 Hamagglutinin (HA) unter dem
Villin-Promoter, der spezifisch in Epithelzellen des Darms aktiv ist (60). Durch einen
adoptiven Transfer von transgenen CD8" T-Zellen wird eine Immunreaktion gegen die HA-
exprimierenden Enterozyten induziert (61). Diese transgenen T-Zellen besitzen einen T-
Zellrezeptor, der spezifisch an ein H-2K? restringiertes HA-Peptid bindet (CL4-TCR) (62).
VILLIN-HA transgene Mause entwickeln etwa 5 Tage nach T-Zell Transfer eine Entzindung
der Mukosa im Dinndarm, die durch eine starke Infiltration mit Lymphozyten, Plasmazellen
und APC gekennzeichnet ist. Das Modell erméglicht eine Untersuchung der adaptiven
Immunreaktionen im Zusammenhang mit CED, da es eine fehlerhafte Selektion von
autoreaktiven T-Zellen nachstellt. Durch einen Cotransfer von HA-spezifischen Treg-Zellen
und HA-spezifischen CD8" T-Zellen kann die Entziindung signifikant reduziert werden, was
auf ein gestortes Verhaltnis zwischen regulatorisch- und inflammatorisch-wirkenden T-Zellen
in diesem Modell hindeutet (61). Das Modell eignet sich auBerdem, Effekte von
Nahrungsmittelbestandteilen auf T-Zell-abhangige Entziindungsmechanismen bei CED zu

untersuchen.
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Dextran Sulfat Sodium (DSS)-induzierte Colitis:

Die Applikation von 2% DSS uber das Trinkwasser fihrt innerhalb von 6 Tagen zu einer
starken akuten Entziindung der Colonmukosa in C57BL/6 Mausen. Dabei fiihrt das DSS zur
Zerstoérung der Integritat des Darmepithels, so dass Mikroorganismen aus dem Lumen in die
Mukosa eindringen kénnen, wo sie vor allem Phagozyten des angeborenen Immunsystems
aktivieren. In der vorliegenden Arbeit wurde das urspriingliche Protokoll von Okayasu et al.
mit leichten Modifikationen genutzt (63). Die Colitis manifestiert sich etwa an Tag 6 und ist
gekennzeichnet durch starken Gewichtsverlust der Tiere, sowie das Auftreten von blutigem
Durchfall. Makrophagen scheinen eine groBe Rolle in der Pathologie der DSS-induzierten
Colitis zu spielen, wahrend T-Zellen wohl nur eine untergeordnete Rolle zukommt, da auch in
T-Zell-defizienten Mausen eine Colitis durch orale Gabe von DSS ausgelést werden kann
(64). In Abbildung 3 ist das Protokoll zur Induktion einer chronischen DSS-induzierten Colitis

skizziert.

Krankheitsverlauf

DSS DSS DSS

Tag 7 21 28 42 49 63

Abbildung 3. Chronisches DSS Modell der Colitis. Die Induktion einer chronischen Colitis in
C57BL/6 Mausen erfolgt in 3 Intervallen. Wahrend eines Zyklus erhalten die Mause fir eine Woche
2% DSS im Trinkwasser, gefolgt von zwei Wochen mit normalem Trinkwasser. Wahrend jeder
Behandlung verlieren die Tiere bis zu 20% ihres Ausgangsgewichts und entwickeln blutigen Durchfall,
sowie eine starke akute Entziindung der Mukosa des Colons. Im Laufe der Behandlung chronifizieren
die Symptome. An Tag 63 zeigen die Tiere eine gemaBigte, chronische Entziindung des Colon und
weichen Kot, wahrend das Gewicht sich wieder normalisiert.

1.8. DC als zentrale Akteure in der Entstehung von CED

Die exakte Rolle von DC bei der Entstehung chronisch entzliindlicher Darmerkrankungen ist
noch nicht geklart; es gibt jedoch zahlreiche Studien, die DC in unterschiedlichen murinen

Colitismodellen untersuchen und eine Beteiligung von DC an der Pathogenese von CED
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eindeutig belegen. Auch sind eine Reihe von Pradispositionsfaktoren bekannt, unter
anderem auch NOD2, welches eine Rolle bei der Aktivierung von DC spielt (27).

Wurden DC in einem Modell zur konstitutiven Ablation CD11c* Zellen wahrend einer DSS-
induzierten Colitis deletiert, waren die Symptome der Colitis gemildert. Im Gegensatz hierzu
bewirkte die Abwesenheit von DC vor Induktion der Colitis eine Verschlechterung der
Symptome. Wenn die Mause jedoch vor der Induktion einer DSS-Colitis mit GpG (TLR9-
Ligand) behandelt wurden, so hatte dies eine protektive Wirkung (65). Diese Studie lasst
eine duale Funktion von DC wéhrend der Induktion und Pathogenese von CED erkennen. In
der Entstehungsphase von CED scheinen DC demnach regulativ zu wirken, wahrscheinlich
durch Initiation der Differenzierung von naiven T-Zellen zu T.4-Zellen, wahrend sie im
Verlauf eine pathogene Rolle einnehmen.

Thy7 Zellen sind als entscheidener Pathogenitatsfaktor fir CED identifiziert worden (66). Es
wurde beschrieben, dass DC zur Pathogenese von MC beitragen, indem sie in den mLK die
Differenzierung von Thy- und Thy,-Zellen induzieren (67). Zusatzlich stellen DC im terminalen
lleum die Quelle von p40 dar, einer Untereinheit der Zytokine IL-12 und IL-23. IL-23 ist in der
Maus fir die Erhaltung und die Proliferation und im Menschen fir die Entstehung von Thy-
Zellen essentiell (68). Die Expression von p40 wird durch Aktivierung von NOD2 in DC
induziert. Die haufigste Mutation im NOD2-Gen, die in CED Patienten vorkommt, ist jedoch
eine Funktionsverlust-Mutation, so dass NOD2 scheinbar eher eine protektive als eine
pathogene Wirkung zukommt (27). Neben NOD2 wurden auch Gene, die eine Rolle bei der
Autophagie in DC und anderen Zelltypen spielen, wie das Autophagy-related 16-like 1
(Atg16L1), als Préadispositionsfaktoren fir CED identifiziert (69). Autophagie ist ein
Mechanismus, der die Prozessierung zelleigener aber auch phagozytierter Proteine in einem
spezialisierten Organell, dem sogenannten Autophagosom beschreibt. In Atg16L1-
defizienten Makrophagen war nach LPS Gabe die Sekretion von IL-1B erhdht. Es ist
allerdings nicht klar, inwiefern dieser Effekt auch in DC eine Rolle spielt (70). Weitere
Indizien fir eine Beteiligung von DC an pathogenen oder protektiven Prozessen in CED
liefern Untersuchungen, die in CED erkrankten Patienten durchgefiihrt wurden. So werden
myeloide und plasmazytoide DC aus dem Blut zu den Entziindungsherden im Darm
rekrutiert. Dies erfolgt via CCL20-CCR6 und MAJCAM-1-a437 Wechselwirkung (71). In
Darmlasionen von MC-Patienten findet sich eine erhéhte Anzahl an DC, die eine gesteigerte
Expression von TLR und costimulatorischen Molekilen auf ihrer Zelloberflache aufweisen
(72). Auch sind DC als Quelle von TNFa in MC beschrieben und die Behandlung mit TNFa-
Inhibitoren fUhrt zu einer verminderten Aktivierung der mukosalen DC von MC-Patienten
(73).
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Zusammenfassend kann gesagt werden, dass die Rolle, die DC bei der Pathogenese von
CED spielen, noch nicht abschlieBend verstanden ist. Eine Vielzahl an Indizien spricht
sowohl fiir eine protektive, als auch fiir eine pathogene Rolle von DC bei der Entstehung und
Pathogenese von CED, wobei die genauen Mechanismen jedoch in weiteren Studien

aufgeklart werden muissen.

1.9. Adverse Effekte von Partikeln am Beispiel der Lunge

In neuerer Zeit hat die Industrie den Nutzen sehr kleiner Partikeln entdeckt, deren
Eigenschaften sich vollkommen von denen herkdmmlich genutzter gréBerer Partikel
unterscheiden kdnnen. NP sind als Partikel mit einem Durchmesser von 1 - 100 nm definiert.
Im NanogréBenbereich wird die Oberflache des Partikels im Verhéltnis zu seiner Masse
besonders wichtig und bestimmt entscheidend seine Eigenschaften, wahrend die
Oberflacheneigenschaften bei gréBeren Partikeln eine untergeordnete Rolle spielen (74).
Neben SiO.,-NP werden auch andere Substanzen wie TiO, in groBem MafBstab als NP
produziert. SiO,-NP haben Eigenschaften, die z.B. die Viskositat einer Rezeptur positiv
verandern kénnen. Auch finden SiO,-NP Anwendung im Bereich der Mikroelektronik,
wahrend TiO,-NP als Photokatalysatoren in verschiedenen Anwendungsbereichen genutzt
werden. Ihre antibakteriellen Eigenschaften, die auf einer photokatalytischen Produktion von
ROS beruhen, macht man sich z.B. bei der Beschichtung von Oberflachen zu Nutze (75). Es
gibt zahllose weitere Anwendungsbereiche fir TiO,- und SiO,-NP in der Elektronik-,
Kosmetik-, Lebensmittel- und Textilindustrie. Die Risikobewertung dieser neuartigen Partikel
ist jedoch bei Weitem nicht abgeschlossen. Sowohl in in vitro als auch in in vivo Studien
konnte bereits friih eine starke Abhangigkeit der Reaktivitat eines Partikels von seiner
Oberflache gezeigt werden (76).

Es ist lange bekannt, dass die Inhalation von Quarzstduben zu einer Reihe pathologischer
Veranderungen der Lunge fihren kann. Die bekannteste Folge einer chronischen Exposition
mit Quarzstauben ist als Silikose beschrieben. Silikose ist vor allem eine Berufserkrankung
von Bergleuten, die mit SiO,-haltigen Feinstduben exponiert waren. Die Akkumulation von
Quarz in der Lunge fihrt zur Entstehung einer chronischen Entziindung, die nach einer
Latenzzeit von bis zu 40 Jahren zur Versteifung der Lungenfligel durch Kollagen-Neubildung
fihrt und im Endstadium das Ersticken des Patienten zur Folge hat. AuBerdem, kann die
chronische Entziindung des Lungengewebes auch zur Entstehung von Lungenkrebs flihren
(77). Im Normalfall werden Partikel durch gezielte Bewegungen des Flimmerepithels aus der
Lunge transportiert und verschluckt. Erreichen die Partikel jedoch die Alveolaren, so werden
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sie von alveolaren Makrophagen (AM) phagozytiert, die daraufhin aktiviert werden und zu
den drainierenden LK wandern, um dort T-Zellen ihre Antigene zu prasentieren und eine
adaptive Immunantwort zu induzieren. Quarz kann jedoch nicht in den Vakuolen der AM
abgebaut werden und fiahrt zu einer Daueraktivierung der Zellen (78). Wenn diese
hyperaktivierten Zellen im Interstitialraum verbleiben, kdénnen sie zur Pathogenese der
Silikose beitragen. Quarz-aktivierte AM sekretieren inflammatorische Mediatoren, darunter
IL-1B, welches wiederum Immunzellen aktiviert und zur Gewebezerstérung beitragt. In in
vitro Studien konnte gezeigt werden, dass Quarz sowohl in Makrophagen, als auch in DC die
Aktivierung des NLRP3-Inflammasoms (ber Cathepsin B induziert (38). Damit
Ubereinstimmend, ist die Pathogenese der Silikose eng mit der Aktivierung des NLRPS3-
Inflammsoms verkn(pft (36). SiO, kommt in mehreren kristallinen Formen aber nur in einer
amorphen Form vor. Wahrend kristallines SiO, im Jahr 1997 von der International Agency for
Research on Cancer (IARC) als humanes Karzinogen der Klasse 1 klassifiziert wurde, wurde
amorphes SiO, lange fur inert gehalten und ist von der IARC als nicht krebserregend
eingestuft. Starke adverse Effekte konnten nur nach Inhalation von SiO,-Kristallen, nicht aber
nach Inhalation von amorphem SiO,-Partikeln beobachtet werden (79). In den vergangenen
Jahren hat sich jedoch der Blick auf diese Partikel verandert, da in einigen Untersuchungen
adverse Effekte von SiO,-NP aufgedeckt wurden. Sowohl TiO,- als auch SiO,-NP kénnen im
Tiermodell eine starke Entzindung hervorrufen, die zur Entstehung einer Fibrose beitragt
(80-82). Amorphe SiO.-NP zeigten nach Inhalation im Mausmodell fibrinogene Effekte und
eine starke Entziindungsreaktion, die mit einer Produktion proinflammatorischer Zytokine wie
IL-1B einherging. Anders als nach Inhalation von kristallinem SiO, waren diese Effekte
jedoch transient, was wahrscheinlich auf die unterschiedlichen L&slichkeitseigenschaften der
beiden Partikel zurlickzuftihren ist (80; 81). Anhand von Inhalationsstudien im Rattenmodell
konnte gezeigt werden, dass TiO,-NP zu einer vermehrten Deposition von Kollagen in der
Lunge fihren, sowie eine erhdhte Bildungsrate von Lungentumoren induzieren, im Vergleich
zu gréBeren TiO,-Partikeln (83). Neben diesen Effekten kénnen TiO,-NP auch als Adjuvanz
wahrend der Sensibilisierung gegen Atemwegsallergene wirken (84). Neben ihren potentiell
toxischen und immunogenen Eigenschaften sind sie aufgrund ihrer geringen GréBe in der
Lage, Zellmembranen zu passieren und sich so im gesamten Organismus zu verteilen. Die

Gefahr, die sich daraus ergibt, ist bisher nicht abschatzbar.
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1.10. Relevanz von NP in der Nahrung und mégliche Konsequenzen fir die
Homodostase des intestinalen Immunsystems

TiO, (E171) und SiO, (E551) sind Substanzen, die schon lange in unserer Nahrung enthalten
sind. TiO.-Partikel finden als weiBer Lebensmittelfarbstoff in zahlreichen Nahrungsmitteln
und Medikamenten Anwendung, wahrend SiO,-Partikel das Verkleben einzelner Bestandteile
in einer Mixtur verhindern und z.B. die FlieBeigenschaften von z&hen Flissigkeiten erhdhen.
Beide Zuséatze gelten als unbedenklich. Die veréanderten Eigenschaften von SiO,- und TiO,-
NP sind jedoch ebenfalls fir die Lebensmittelproduktion interessant, so dass mittlerweile
bereits geschatzt 150-600 Lebensmittel mit Nanozusatzstoffen vermarktet werden. Da es
keine Deklarationspflicht fir NP gibt, ist es fur den Verbraucher beinahe unméglich
nachzuvollziehen, in welchen Produkten Nanomaterialien enthalten sind. Uber adverse
Effekte einer erhdhten Aufnahme von NP ist demnach so gut wie nichts bekannt. In einigen
Tiermodellen wurde allerdings bereits eine gréBenabhangige Aufnahme von Partikeln in die
Mukosa des Darms nachgewiesen. Vor allem Partikel mit einem Durchmesser im unteren
Nanobereich werden Uber den Darm aufgenommen und verteilen sich besonders schnell in
alle Organe des Korpers. In BALB/c Mausen konnten Goldpartikel mit priméren
Durchmessern von 4 — 28 nm nach oraler Applikation im Blut, im Gehirn, in der Lunge, im
Herzen, in den Nieren, in der Leber, in der Milz und dem Gastrointestinaltrakt nachgewiesen
werden, wahrend sich Goldpartikel mit einem primaren Durchmesser von 58 nm fast
ausschlieBlich in Gewebe des Gastrointestinaltraktes, aber auch im Gehirn wiederfanden
(85). In Kombination mit aktuellen Erkenntnissen zu den zytotoxischen und
immunstimulierenden Eigenschaften von NP, implizieren diese Daten eine potentielle
Gefahrdung durch eine orale Aufnahme von NP, nicht nur fir die Homdostase des Darms.

Waéhrend bereits die Aufnahme von NP in gesunden Individuen Bedenken aufkommen lasst,
stellt sich des Weiteren die Frage, welche Effekte NP aus der Nahrung in Patienten mit einer
Vorschadigung der Darmintegritat z.B. durch CED haben kdnnen. In einer Multi-Center-
Studie wurde der Einfluss einer Mikropartikel (MP)-reichen Ern&hrung in 83 Patienten mit
aktivem MC untersucht. Es konnte jedoch kein positiver Effekt einer Exklusion von MP-
reichen Lebensmitteln auf den Verlauf der Krankheit beobachtet werden (86). In ex vivo
Analysen konnte gezeigt werden, dass die Inkubation von Colon-Biopsien aus MC Patienten
mit TiO,-MP mit einem Durchmesser von 200 nm zusammen mit LPS die Expression von IL-
1B im Vergleich zu einer Stimulation ausschlieBlich mit LPS stark erhdhte (87). Einer
aktuelleren Studie zu Folge, fihrt die orale Aufnahme von TiO,-NP in C57BL/6 Mausen zu
einer Akkumulation von DNA-Schaden in Zellen des hamatopoetischen Systems (88). Im
Gegensatz zu einer Aufnahme von TiO,-NP sind fur die Aufnahme amorpher SiO,-NP nur

wenige Daten verfugbar.
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Zusammengenommen gibt es zahlreiche Indizien fir adverse Effekte, die durch die orale
Aufnahme von NP hervorgerufen werden kdénnen, so dass eine systematische und auch
mechanistische Untersuchung der durch orale Aufnahme von NP hervorgerufenen Effekte
dringend bendtigt wird.
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1.11. Zielsetzung der Dissertation

In der vorgelegten Arbeit ,Immunstimulatorische und immunregulierende Wirkungen von
Nanopartikeln und Umweltschadstoffen auf das Darm-assoziierte Immunsystem* sollte der
Einfluss exogener Faktoren aus der Nahrung auf die Homdostase des Darms untersucht
werden mit einem speziellem Fokus auf NP. Dabei wurden zwei Schwerpunkte gesetzt:

e Untersuchung des Einflusses von NP aus der Nahrung auf die Entstehung und

Pathogenese von CED im Tiermodell.

e Analyse des Einflusses von NP aus der Nahrung auf die Aktivierung von DC und
Aufklarung des zugrunde liegenden Mechanismus.
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2. Ergebnisse

2.1. Manuskripte als Erstautor

Im Folgenden werden die Ergebnisse der im Anhang A angefligten Manuskripte als Erstautor
zusammengefasst und im Zusammenhang dargestellt, wobei die Ergebnisse der
Manuskripte die Zielsetzung der beiden Arbeitsteile wieder spiegeln.
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2.1.1. Oral uptake of amorphous SiO, nanoparticles exacerbates experimental
inflammatory bowel disease

Meike Winter, Katrin Schumann, Hans-Anton Lehr, Kirsten Gerloff, Roel P.F. Schins, Jan
Buer, Astrid M. Westendorf*, and Irmgard Forster*

*equal contribution

Manuskript in Vorbereitung

NP sind ein Teil unserer Umwelt. In vielen Produkten des taglichen Bedarfs, wie in Kleidung,
in Kosmetik und auch in der Nahrung, finden sich Partikel mit einem Durchmesser von
weniger als 0,1 um. In der hier beschriebenen Studie wurde der Einfluss von amorphen SiO,-
NP mit einem primaren Durchmesser von 14 nm auf die Entstehung und Pathogenese von
CED im Tiermodell untersucht. Partikel, die fir diese Studie genutzt wurden, haben
identische Merkmale wie SiO,-NP, die bereits in der Nahrungsmittelproduktion vor allem
Gewdirzmischungen zugesetzt werden, um diese vor dem Verkleben zu schitzen

(www.evonik.com). Um mogliche adverse Effekte der Aufnahme dieser SiO.-NP zu

untersuchen, erhielten Mause in drei unabhangigen Modellen fir CED Zuchtfutter, welchem
0,1% SiO2-NP beigemischt war (SiO,-Futter). VILLIN-HA transgene Mause exprimieren ein
Peptid des viralen Hamagglutinins (HA) in Assoziation mit MHC-I, spezifisch in den
Enterozyten des Darms. Ein adoptiver Transfer von transgenen HA-spezifischen CD8" T-
Zellen fUhrt in diesen Mausen zu einer Entziindung der Mukosa des Dinndarms (61). Wurde
den Tieren eine Woche vor Transfer und wahrend der Induktion der Entziindungsreaktion
SiO.-Futter verabreicht, so war der Gewichtsverlust signifikant starker im Vergleich zu
Mausen, die Futter erhalten hatten, dem keine Partikel beigemischt waren (Placebofutter).
Auch war in den SiO,-gefltterten Tieren eine starkere Entziindungsreaktion in der Mukosa
zu beobachten. Zusétzlich zu diesen Parametern wurde die Expression des
Aktivierungsmarkers CD69 auf CD8" T-Zellen in den mLK der Empféngertiere und deren
Proliferation nach Restimulation mit einem HA Peptid in vitro analysiert. Sowohl die
Expression von CD69, als auch die Proliferation der CD8" T-Zellen war in den mLK der
erkrankten, SiO,-gefutterten M&use hdher als in Placebo-gefiitterten Tieren. Die
Untersuchung der Zytokinproduktion in der Darmmukosa ergab ebenfalls eine eindeutig
erhéhte Produktion von IL-10, TNFa und IFNy in den SiO,-gefutterten VILLIN-HA Mausen im
Vergleich zu Placebo-gefitterten Tieren. Ahnliche adverse Effekte der oralen Aufnahme von
SiO,-NP konnten in einem T-Zell-unabhangigen Modell fiir akute Colitis beobachtet werden.

In C57BL/6 Mausen wurde Uber 6 Tage mit 2% DSS im Trinkwasser eine akute
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Darmentzindung induziert. W&hrend dieser Phase erhielten die Tiere normales Zuchtfutter,
um Adsorptionseffekte des DSS zu vermeiden. 18 Tage vor Induktion der Colitis, sowie fir 2
Tage im Anschluss an die DSS-Behandlung, erhielten die Mause SiO,- oder Placebofutter
und normales Trinkwasser. Wahrend DSS/Placebo-gefitterte Tiere von Tag 7 bis Tag 8
bereits eine Verbesserung der Symptome zeigten, war die Colitis in DSS/SiO,-behandelten
Ma&use an Tag 8 unverandert stark. Auch wiesen DSS/SiO,-gefiutterte M@use eine reduzierte
Colonlange auf, was auf eine starkere Entzindung der Schleimhaut des Colons, im
Vergleich zu DSS/Placebo-behandelten Tieren hindeutet. Die Analyse der Zytokinproduktion
in mLK ergab eine eindeutig erhéhte Produktion von TNFa in DSS/SiO,-gefutterten Mausen.
Da CED eine typischerweise chronische Erkrankung darstellt, wurde in drei Zyklen mit
jeweils einer Woche DSS, gefolgt von 2 Wochen mit normalem Trinkwasser in C57BL/6
Mausen eine chronische Entziindung in der Mukosa des Colons induziert. Um den Einfluss
von SiO,-NP in diesem Modell zu untersuchen, erhielten die Tiere fir zwei Wochen vor der
ersten DSS-Behandlung und jeweils in den 2 Wochen nach DSS-Applikation, SiO,-Futter
oder Placebofutter ad libidum. Gewichtsabnahme, sowie Lange des Colons, die mit dem
Schweregrad der Colitis korrelieren, waren in beiden Gruppen unverandert. Eine Analyse der
mLK ergab jedoch einen signifikanten Unterschied in der zelluldren Zusammensetzung der
mLK der DSS/SiO,- im Vergleich zu DSS/Placebo-gefitterten Mausen. Es konnte gezeigt
werden, dass die Gesamtzellzahl und vor allem der Anteil Gr1* Zellen in den mLK von SiO,-
gefutterten Mausen, im Vergleich zu den mLK DSS/Placebo-gefitterter Tiere signifikant
erhéht war. Analysen der Zytokinsekretion in der Mukosa des Colons ergaben eine starke
Erhdhung des proinflammatorischen Zytokins IFNy, sowie der Inducible nitric oxide synthase
(INOS) in SiO,-gefiitterten Mausen, wahrend die Expression von IL-1B nur leicht erhéht und
die Expression von IL-17 in beiden DSS-behandelten Gruppen unverandert zur
Kontrollgruppe war. In allen drei Modellen (HA-VILLIN, akute und chronische DSS-induzierte
Colitis) hatten SiO,-NP keinerlei immunstimulierende Wirkung in Kontrollmausen, in denen
keine Entziindung induziert worden war.

Zusammengenommen konnte in dieser Arbeit in 3 unabhangigen Modellen fiir entziindliche
Darmerkrankungen eindeutig gezeigt werden, dass die orale Aufnahme von amorphen SiO,-
NP zu einer Verstarkung der Symptome flhrt. Daraus lasst sich eine potentielle Gefédhrdung
durch SiO,-NP fir Patienten ableiten, die unter CED leiden.
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2.1.2. Activation of the inflammasome by amorphous silica and TiO,
nanoparticles in murine dendritic cells

Meike Winter, Hans-Dietmar Beer, Veit Hornung, Roel P.F. Schins, and Irmgard Foérster
Eingereicht bei Nanotoxicology, in Revision

DC des Gastrointestinaltraktes spielen eine entscheidende Rolle bei der Induktion von
Toleranz gegenlber luminalen Mikroorganismen und Antigenen aus der Nahrung und sind
so an der Aufrechterhaltung der Immunhoméostase im Darm beteiligt. In verschiedenen
Studien wurde bereits eine Rolle fur DC bei der Manifestierung von CED beschrieben.
Amorphe SiO,-Partikel mit einem priméren Durchmesser von 14 nm sind bereits im groBen
MaBstab in verschiedenen Nahrungsmitteln enthalten, wéhrend flir TiO,-NP nur wenige
Informationen vorliegen, da es keine Deklarationspflicht fir NP in Nahrungsmitteln gibt. SiO,-
NP werden als Trennmittel z.B. in Konfekt oder als Rieselhilfe in Gewulrzmischungen und
Salz eingesetzt, wahrend TiO,-Partikel als weiBer Lebensmittelfarbstoff genutzt werden. Die
beiden hier getesteten NP (TiO, und SiO,) wirken potentiell immunogen und rufen nach
Inhalation in der Lunge akute und chronische Entziindungsreaktionen hervor. Das NP aus
der Nahrung in der Lage sind, die Homdbostase im Darm zu beeinflussen, wurde bereits in
der unter 2.1.1 beschriebenen Arbeit gezeigt. Aus diesem Grund wurde in der vorliegenden
Arbeit der Einfluss von TiO,- und SiO,-NP auf den Reifungsstatus von DC, als mégliche
Zielzellen von NP im Darm untersucht. Hierzu wurden Knochenmark-abgeleitete DC (KM-
DC) fur 18 Stunden mit TiO,-NP und -MP, sowie amorphen SiO,-NP und kristallinen SiO,-
Partikeln (Quarz) inkubiert und der Reifungsstatus der Zellen anhand der Expression von
MHC-II und den kostimulatorischen Molekllen CD80 und CD86 analysiert. Die getesteten
Partikel hatten keinen nennenswerten Einfluss auf die Viabilitat der Zellen mit Ausnahme von
SiO,-NP und in geringerem MaBe Quarz. Kultivierung mit TiO,- und SiO,-NP, sowie mit
Quarz fuhrte zu einer starkeren Ausreifung der Zellen, gemessen an einer starken
Hochregulation der Oberflachenmolekile MHC-II und CD80/CD86 im Vergleich zu den
unbehandelten Kontrollen. TiO,-MP hatten so gut wie keinen Einfluss auf den Reifungsstatus
der KM-DC. Neben der Expression stimulatorischer Molekiile wurde als zusétzlicher Marker
fr Aktivierung die Sekretion von IL-18 von Partikel-behandelten KM-DC analysiert. Nach
Vorstimulation der Zellen mit LPS, welches die Transkription der Proform von IL-13 (Pro-IL-
1B) induziert, wurden die Zellen mit Partikeln inkubiert und nach 18 Stunden wurde die aktive
Form von IL-18 im Uberstand quantifiziert. Pro-IL-1B muss von der Protease Caspaset

proteolytisch gespalten werden, um sekretiert werden zu kénnen. lhrerseits liegt die
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Caspasel in der unstimulierten Zelle als Zymogen vor, welches nach Aktivierung
intrazellularer Rezeptoren wie NLRP3 autokatalytisch gespalten wird. Der Proteinkomplex in
dem Caspasel, NLRP3 und weitere Adapter- und Strukturproteine vorliegen, wird als
Inflammasom bezeichnet. Es wurden bereits mehrere Aktivatoren des Inflammasom
identifiziert, darunter kristalline Partikel wie Quarz, aber auch zellulare Mediatoren wie ROS
oder ATP. In dieser Arbeit konnte gezeigt werden, dass SiO,-NP im gleichen MaBe wie
Quarz, sowie in geringerem MaBe auch TiO,-NP die Sekretion von aktivem IL-1f induzieren
kénnen. Dieser Effekt war abhangig von Caspaseil und NLRP3, wie in Experimenten mit
KM-DC aus Mausen, die fir das jeweilige Protein defizient waren, gezeigt werden konnte.
Auch war die Aktivierung des NLRP3-Inflammasoms abhéngig von der Aufnahme der
Partikel in die Zelle. Wurde die 3-Aktin-abhangige Aufnahme der Partikel mit Cytochalasin-D
blockiert, konnte keine erhdhte Menge an IL-1B im Uberstand Partikel-aktivierter Zellen
gemessen werden. Im Gegensatz hierzu hatten TiO,-MP keinen Einfluss auf die
Prozessierung von IL-1B. Um einen mdglichen Wirkmechanismus zu postulieren, der zur
Inflammasom-Aktivierung durch die hier getesteten NP flhrt, wurden ROS-Messungen
durchgefiihrt. Diese ergaben, dass ausschlieBlich TiO,-NP, nicht aber TiO,-MP, SiO,-NP
oder Quarz die Bildung von ROS in DC induzieren. Méglicherweise fihren TiO,- und SiO,-
NP Uber unterschiedliche Wege zur Aktivierung des NLRP3-Inflammasoms.

In dieser Arbeit konnte erstmalig gezeigt werden, dass TiO,- und SiO,-NP in DC das NLRP3-
Inflammasom aktivieren. Da die Aktivierung des NLRP3-Inflammasoms mit zahlreichen
Erkrankungen wie Morbus Alzheimer, Gicht oder CED assoziiert ist, sollte eine erneute
Risikobewertung diese Nanomaterialien in Betracht gezogen werden.

25



Ergebnisse

2.2. Manuskripte als Koautor

Im Folgenden werden die Ergebnisse der im Anhang B angefligten Manuskripte im Kontext
des Promotionsprojektes dargestellt. Um ein besseres Verstandnis Uber den Einfluss
exogener Faktoren auf das Darm-assoziierte Immunsystem mit besonderem Fokus auf ihrer
Rolle bei der Dysregulation wahrend der Entstehung und Pathogenese chronischer
Darmerkrankungen zu gewinnen, wurden in den, in diesem Kapitel zusammengefassten
Projekten, folgende Fragestellungen bearbeitet: Einfluss von SiO.,-NP auf die Genom-
Integritdt von Darmepithelzellen; Rolle des AhR bei der Induktion von oraler Toleranz;
Expression des AhRR, als wichtiger Regulator des AhR im Darm-assoziierten Immunsystem;

Rolle des Selenoprotein P (SeP) in der Pathogenese von CED.
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2.2.1. In vitro and in vivo investigation on the effect of amorphous silica on
DNA damage in the inflamed intestine

Kirsten Gerloff, Meike Winter, Agnes W. Boots, Damian van Berlo, J Kolling, Cathrin
Albrecht, Irmgard Férster, and Roel P.F. Schins

Manuskript in Vorbereitung

Amorphe SiO,-NP sind bereits in mehreren Lebensmitteln enthalten. Mdgliche Gefahren, die
sich aus der oralen Aufnahme ergeben, sind jedoch nur unzureichend untersucht. Vor allem
in Kleinkindern oder Patienten mit einer bereits etablierten Darmerkrankung kénnte die
Aufnahme von SiO,-NP nachteilige Effekte hervorrufen. In der hier zusammengefassten
Arbeit wurde der Einfluss von SiO,-NP auf die DNA-Integritét in einem in vitro Coinkubations-
Modell und in vivo im murinen DSS-induzierten Colitismodell untersucht. Die mukosale
Entziindung bei CED ist gekennzeichnet von einem starken Influx aktivierter neutrophiler
Granulozyten, die durch eine erhéhte ROS-Produktion mdglicherweise zur Colitis-
assoziierten Kanzerogenese beitragen. Um potentielle oxidative DNA-Schaden in
Darmepithelzellen, hervorgerufen durch neutrophile Granzulozyten zu simulieren, wurden
neutrophile Granulozyten zusammen mit Caco-2-Zellen (eine Epithelzelllinie) kultiviert.
Zuséatzlich wurde der Einfluss von SiO,-NP in diesem Szenario untersucht. Wie bereits in
einer vorherigen Studie gezeigt werden konnte (89), induzieren SiO,-NP eine signifikante
DNA-Schéadigung in Caco-2-Zellen, im Vergleich zu unbehandelten Zellen, wobei in der hier
beschriebenen Studie zwar eine erhéhte Anzahl an Doppelstrangbriichen, jedoch keine
oxidativen Lasionen nachgewiesen werden konnten. Ahnliche Effekte zeigte die
Cokultivierung von Caco-2-Zellen mit aktivierten neutrophilen Granulozyten, welche sowohl
Doppelstrangbriiche, als auch oxidative Lasionen in den Epithelzellen hervorriefen. Wurden
Caco-2-Zellen und neutrophile Granulozyten zusatzlich mit SiO,-NP behandelt, so waren
weniger DNA-Schaden in den Epithelzellen messbar. Ein mdéglicher Erklarungsansatz fir
dieses Ergebnis ist, dass das Verhaltnis von Partikeln zu Zelle in der Cokultur, aufgrund
einer erhdhten absoluten Zellzahl, geringer war. Auch fuhrten SiO,-NP nicht zu einer
Aktivierung der neutrophilen Granulozyten. Weder im chronischen noch im akuten DSS-
induzierten Colitismodell in der Maus, zeigte eine orale Applikation von SiO,-NP einen
erhdhten Anteil an DNA-Strangbriichen. Allerdings konnte im chronischen Colitismodell eine
eindeutige Erhéhung oxidativer L&sionen im Colonepithel DSS-, sowie SiO,-NP-behandelter
Mé&use beobachtet werden. Die Tiere, die sowohl DSS, als auch SiO.-NP erhalten hatten,

zeigten im Vergleich eine weniger starke oxidative DNA-Schadigung. Dieser Effekt beruht
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maoglicherweise auf der erhdhten Induktion von DNA-Reperaturmechanismen, hervorgerufen
durch eine verstarkte Entzindung in diesen Tieren. Insgesamt kann man von einem
geringen Gefahrpotential einer oralen Aufnahme von SiO,-NP {ber Nahrungsmittel
ausgehen, was die hier untersuchten Endpunkte betrifft. Mdgliche Langzeiteffekte auf die
DNA-Integritat kénnen jedoch nicht ausgeschlossen werden.

Die Autorin der Dissertation fuhrte die Experimente im Tiermodell durch. Durch kurzzeitige
Applikation von DSS wurde eine akute Entziindung der Darmmukosa induziert, wahrend die
Mause im chronischen Modell in drei Intervallen DSS erhielten. Der Einfluss von SiO,-NP auf
Entzindungsmechanismen in CED wurde bereits im Manuskript, welches unter 2.1.1.
zusammengefasst ist, untersucht. Die hier beschriebene Studie stellt eine Ergédnzung zu den
bereits gezeigten Effekten dar und beleuchtet den Aspekt der Colitis-induzierten

Kanzerogenese.

2.2.2. 2,3,7,8-Tetrachlorodibenzo-p-dioxin impairs stable establishment of oral
tolerance in mice

Stephanie Chmill, Stefanie Kadow, Meike Winter, Heike Weighardt, and Charlotte Esser

Eingereicht bei Toxicological Sciences, in Revision

Die Aktivierung des AhR durch TCDD flihrt zu einer systemischen Immunsuppression, die
sowohl adaptive, als auch angeborene Immunmechanismen betrifft. Es wurde bereits
gezeigt, dass nach TCDD-Applikation die humorale Immunantwort gegen das Modellantigen
OVA reduziert ist. Neben Dioxin sind auch zahlreiche sekundare Pflanzeninhaltsstoffe wie
Flavonoide und Indole als Liganden des AhR in der Nahrung enthalten, welche im Darm zu
einer Aktivierung dieses Signalweges fuhren kdnnen. Die Wirkung der unterschiedlichen
Liganden ist allerdings nicht einheitlich und muss fir jeden einzelnen Wirkstoff getestet
werden. In der vorgelegten Arbeit wurde die AhR-Expression in den Zelltypen des Darm-
assoziierten Immunsystems via quantitativer PCR analysiert. Im unstimulierten Zustand
konnten ahr Transkripte, sowohl in den mLK, als auch in der LP des DUnndarms detektiert
werden, wahrend in den PP kaum ahr mRNA nachgewiesen werden konnte. Auf zellularer
Ebene exprimierten vor allem intraepitheliale CD8aa® TCRyd" T-Zellen, die flr die
Aufrechterhaltung der epithelialen Integritédt zusténdig sind, sowie eine Rolle bei der
Immuniberwachung des Darms spielen, den AhR. In CD103" DC, die eine regulatorische
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Funktion bei der Aufrechterhaltung der Homdostase im Darm innehaben, waren kaum ahr
Transkripte messbar. Nach oraler Gabe von TCDD konnte im Dinndarm in abnehmender
Stérke von proximal nach distal, in den mLK, den PP und der intraepithelialen Zellfraktion die
Expression des AhR Zielgens cyp7a1 induziert werden. Im Gegensatz hierzu wurde in den
CD103" DC keine Hochregulation von cypial nach TCDD gemessen. Allerdings konnte in
dieser Zellpopulation eine starke Induktion des AhRR nach TCDD nachgewiesen werden,
welcher die Expression des AhR in diesem Zelltyp mdglicherweise reprimiert. Um den
Einfluss einer Aktivierung des AhR-Signalweges auf die Homdéostase im Darm zu
untersuchen, wurde C57BL/6 Mausen TCDD peroral verabreicht, woraufhin durch
mehrmaliges Fittern Toleranz gegen das Modellallergen Ovalbumin (OVA) induziert wurde.
Im Anschluss wurden die Tiere mit OVA und einem Adjuvanz restimuliert und OVA-
spezifische, sowie Gesamt-lgG1-Spiegel im Serum gemessen. Nach TCDD-Gabe und
einmaliger Sensibilisierung mit OVA, war die Menge von IgG1 im Serum signifikant reduziert.
Dieser immunsupprimierende Effekt konnte jedoch durch einmalige Restimulation
aufgehoben werden. Nach Toleranzinduktion gegen OVA war nach der ersten
Sensibilisierung, sowie nach der ersten und zweiten Restimulation der IgG1-Spiegel in den
TCDD-vorbehandelten Mausen und in Mausen, die kein TCDD erhalten hatten, im Serum auf
Hintergrundniveau reduziert. Nach der dritten Restimulation jedoch war der IgG1-Gehalt in
den TCDD-vorbehandelten Mausen wieder auf demselben Niveau wie in den Mausen, die
ohne vorhergehende Toleranzinduktion sensibilisiert und restimuliert worden waren. Ein
ahnlicher Effekt konnte auch fir den IgA-Gehalt in den Fazes beobachtet werden.
Zusammenfassend konnte gezeigt werden, dass der AhR in Immunzellen des Darms
exprimiert wird und TCDD die stabile Induktion von oraler Toleranz gegen das
Modellallergen OVA im Mausmodell verhindert.

Die Autorin der Dissertation flihrte zusammen mit der Erstautorin des Manuskripts die
Isolation der einzelnen Zellpopulationen aus dem Darm durch. Die hier dargestellte Arbeit
tragt dazu bei, Mechanismen aufzuklaren, inwiefern exogene Faktoren, die mit der Nahrung
aufgenommen werden, die Homobostase des Darms stéren und somit potentiell zur
Entstehung oder zur Manifestation inflammatorischer Erkrankungen des Darms beitragen

kdnnen.
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2.2.3. Cell-type specific expression of the aryl hydrocarbon receptor repressor
in immune cells of barrier organs and regulation by Toll-like Receptor
ligands

Heike Weighardt, Olga Brandstatter, Stephanie Zwicker, Meike Winter, Thomas Haarmann-
Stemmann, Markus Korkowski, Charlotte Esser, Joseph Abel, and Irmgard Férster

Manuskript in Vorbereitung

Um die Rolle des AhR-Signalweges im Zusammenhang mit Immunreaktionen besser zu
verstehen, wurde eine knock-in Maus generiert, in welcher eine enhanced green flourescent
protein (eGFP)-Kassette in das zweite Exon des ahrr-Lokus intergriert wurde. Um die
Expression einer verkirzten Form des AhRR zu vermeiden, wurde zusatzlich das dritte Exon
deletiert. Die heterozygote Expression des eGFP erlaubt die Detektion AhRR-exprimierender
Zellen in vitro und in vivo, wahrend die homozygote Expression zusatzlich eine
Untersuchung der Funktion des AhRR ermdglicht, da diese Tiere AhRR-defizient sind. Der
AhRR ist ein Zielgen des AhR und wirkt seinerseits supprimierend auf die Transkription des
ahr Gens. Die Promotor-Region des AhRR enthalt neben DREs auch eine Bindestelle fir
den Transkriptionsfaktor NF-kB, der als zentrale Schaltstelle wahrend der Aktivierung von
Immunzellen die Transkription vieler proinflammatorischer Gene steuert. Mit Hilfe der AhRR-
Reporter-Mause wurde in dieser Arbeit die Expression des AhRR in verschiedenen Organen,
sowie auf Einzelzellebene untersucht. Insgesamt war die Expression in homozygoten Tieren
starker als in heterozygoten Mausen, was auf eine Autoregulation durch Suppression der
AhR-Expression hindeutet. In der Haut konnte eine konstitutive Expression des AhRR in
Langerhanszellen und Keratinozyten der Epidermis, sowie in dermalen DC und Fibroblasten
der Dermis nachgewiesen werden. Die Untersuchung der immunologischen Zellpopulationen
des Darms ergab eine starke Expression des AhRR in den DC der LP. Eine besonders
starke Expression konnte in CD103* DC nachgewiesen werden, was mit den Beobachtungen
der unter 2.2.2 diskutierten Arbeit Ubereinstimmt. In den mLK sowie in PP und in peripheren
LK (pLK) war ebenfalls eine Population AhRR exprimierender DC detektierbar. In T-Zellen
war der AhRR ausschlieBlich in der LP des Darms und in einem geringeren Prozentsatz der
CD8" T-Zellen in den PP zu finden. Durch Gabe des AhR-Liganden 3-Methylcholanthren (3-
MC) konnte die Expression des AhRR in den DC aller untersuchten Organe mit Ausnahme
der Milz gesteigert werden. Stimulation von KM-DC mit den TLR-Liganden LPS, GpG und
P3Cys in vitro, induzierte ebenfalls die Expression des AhRR. Dieser Prozess war

unabhangig vom AhR-Signalweg, da die Induktion des AhRR mit TLR-Liganden auch in
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Anwesenheit des AhR-Inhibitors 3-Methoxy-4-nitroflavon mdéglich war. Dagegen fuhrte die
Inkubation von KM-DC mit 3-MC nicht zu einer Hochregulation des AhRR, woraus
geschlossen werden kann, dass die Induktion des AhRR in KM-DC nicht Gber den AhR-
Signalweg lauft, sondern mdglicherweise ebenfalls NF-kB reguliert ist. Dieser Befund legt
eine Rolle fur AhR-AhRR-regulierte Transkription in der Aufrechterhaltung der Homd&ostase
des Darms Nahe, da intestinale Immunzellen, die sowohl AhR (siehe 2.2.2), als auch AhRR

Expression aufweisen, in engem Kontakt mit den Mikroorganismen des Darmlumens stehen.

Die Autorin der Dissertation flihrte in Zusammenarbeit mit Olga Brandstatter die FACS
Analysen der aus Darm und LK isolierten Zellpopulationen durch. Die hier beschriebene
Arbeit deckt ein Zusammenspiel zwischen Mechanismen des angeborenen Immunsystems
und der Induktion des AhR-AhRR-Signalweges in DC auf. Inwiefern dieser Mechanismus
eine Rolle bei der Modulation von Immunreaktionen spielt, muss in weiteren funktionellen

Untersuchungen der AhR und AhRR-defizienten Mause untersucht werden.

2.2.4. Down-regulation of selenoprotein P expression by proinflammatory
cytokines in intestinal epithelial cells and in ulcerative colitis

Bodo Speckmann, Antonio Pinto, Meike Winter, Irmgard Foérster, Helmut Sies, and Holger

Steinbrenner

Eingereicht bei Free Radical Biology and Medicine, in Revision

Bei Entzindungsreaktionen kommt es zu einer vermehrten Produktion von ROS und NO,
welche eine wichtige Rolle bei der Beseitigung von Bakterien durch Makrophagen und
Granulozyten spielen. Durch die Produktion von ROS und NO besteht aber auch die Gefahr
einer Schadigung koérpereigener Strukturen wie Lipidmembranen, Proteinen oder DNA, so
dass der Koérper antioxidative Enzyme produziert, um eine gréBere Gewebeschadigung zu
verhindern. Die Phospholipid Hydroperoxid Glutathion Peroxidase und Peroxinitrit Reduktase
Selenoprotein P (SeP) ist vor allem in der Leber, der Niere und im Darm exprimiert. Die
Hauptaufgabe des SeP liegt in der Versorgung der Gewebe mit Selen, welches als
Selenocystein im katalytischen Zentrum der Oxidoreduktase gebunden vorliegt. Eine weitere
Funktion des SeP ist der Schutz von Plasmamembranen vor Oxidation und Nitrierung. In
dieser Arbeit wurde die Regulation des SeP in Caco-2-Zellen, sowie die Expression von SeP
und iINOS im Darm von CED-Patienten und im Colon DSS-behandelter M&use untersucht.
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SeP wird wahrend der Differenzierung der Caco-2-Zellen in Kultur hochreguliert. AuBerdem
korrelierte die Expression von SeP mit der Expression des Transkriptionsfaktors hepatocyte
nuclear factor-4a (HNF-4a) und eine Bindung von HNF-4a an die Promotorregion von sep
konnte nachweisen werden. Stimulation von Caco-2-Zellen mit den Zytokinen IL-1B, IFNy
und TNFa resultierte in einer Hochregulation von iINOS und einer parallelen
Herunterregulation von SeP. Die Herunterregulation von SeP konnte durch Inhibition der
iINOS komplett aufgehoben werden, was auf eine negative Regulation der SeP-Expression
durch iNOS hindeutet. Patienten, die an Colitis ulcerosa leiden, haben aufgrund der
chronischen Darmentziindung ein héheres Risiko in ihrem Leben Colon-Karzinome zu
entwickeln. Ein Hauptfaktor in der Kanzerogenese in Colitis-Patienten stellt eine oxidative
DNA-Schadigung durch ROS und reaktive Stickstoffmetabolite (RNS) dar. In dieser Arbeit
konnte gezeigt werden, dass SeP in Darmbiopsien von Colitis-Patienten im Vergleich zu
Biopsien aus Kontroll-Patienten herunterreguliert war. Gleichzeitig konnte eine erhdhte
Produktion von iINOS nachgewiesen werden. In einem murinen Modell der chronischen
Colitis wurde in C57BL/6 Mausen durch mehrmalige Gabe von 2% DSS eine chronische
Entzindung des Colon induziert. Auch im Colongewebe der Tiere war im Vergleich zu
unbehandelten Mausen iNOS stark hochreguliert, wahrend parallel die Expression von SeP
herunterreguliert war. Diese Herunterregulation von SeP, zusammen mit einer erhdhten
Produktion von RNS, kénnte das Fortschreiten der Erkrankung beschleunigen und zu der
Entwicklung von Colon-Tumoren beitragen. Die genaue Rolle fir SeP wahrend der
Pathogenese von CED muss in weiteren Studien aufgeklart werden. Zusammengefasst
konnte SeP als Differenzierungsmarker von Enterozyten und als negatives Akute-Phase-

Protein im Darm identifiziert werden.

Die Autorin der Dissertation fihrte das gesamte Experiment zur Expressionsanalyse von
SeP und iNOS im Colongewebe von Mausen mit DSS-induzierter, chronischer Colitis durch.
Dazu wurden Mause Uber einen Zeitraum von zwei Monaten in drei Intervallen mit DSS
behandelt. Die Tiere wurden Uber den gesamten Verlauf des Experiments jeden zweiten Tag
untersucht. Nach dem Experiment wurden die Tiere getdtet und die Expression von SeP und
iINOS mittels gPCR analysiert.
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3. Diskussion

3.1. Einfluss von NP aus der Nahrung auf Effektormechanismen des Darm-
assoziierten Immunsystems

NP sind definiert als Partikel mit einem Durchmesser von weniger als 0,1 um. In diesen
GréBenordnungen ist die Reaktivitdt eines Partikels vor allem abhangig von seinen
Oberflacheneigenschaften. Aus diesem Grund kdnnen sich sehr kleine Partikel vollkommen
anders verhalten als grdBere Partikel der gleichen Substanz. In jlingster Vergangenheit
finden NP auch in der Nahrungsmittelproduktion Verwendung (90). In den unter 2.1.1, 2.1.2
und 2.2.1 beschriebenen Studien wurde der Einfluss von NP, die in der
Nahrungsmittelindustrie eingesetzt werden, auf das Immunsystem des Darms, bzw. auf
Zellen, die eine entscheidende Rolle bei der Aufrechterhaltung der Homdostase im Darm
spielen, untersucht.

CED ist eine weit verbreitete Krankheit, bei der eine Dysregulation des Darm-assoziierten
Immunsystems vorliegt. Neben einer starken genetischen Komponente, spielen auch
exogene Substanzen, die Uber die Nahrung aufgenommen werden, eine wichtige Rolle bei
der Entstehung und Manifestation von Erkrankungen des Gastrointestinaltraktes. Auch kann
die Aufnahme bestimmter Lebensmittel-Antigene Unvertraglichkeitsreaktionen oder Allergien
hervorrufen, bei denen das Darm-assoziierte Immunsystem ahnliche Stérungen aufweist wie
bei CED (91). Da CED mit einer besonders hohen Pravalenz in Industrie-Landern auftritt,
liegt die Vermutung nahe, dass Lebensweise und Erndhrung méglicherweise zur Entstehung
der Krankheit beitragen kénnen. Ein Merkmal unserer Gesellschaft ist die oft zu Fett-haltige
und Zucker-reiche Erndhrung, die fir metabolische Erkrankungen wie Diabetes oder
Krankheiten des Herz-Kreislauf-Systems verantwortlich sind. In mehreren unabh&ngigen
epidemiologischen Erhebungen konnte jedoch keine eindeutige Korrelation zwischen CED
und der Erndhrungsweise hergestellt werden (54). In unserer Nahrung ist zusatzlich eine
Vielzahl anorganischer Partikel enthalten. Vor allem Fertigprodukte und StiBwaren enthalten
groBe Mengen an Partikeln, deren Durchmesser zumeist im um-Bereich liegt. Auch kénnen
Partikel aus der Lunge in den Darmtrakt gelangen. Aufgrund der hohen Feinstaubbelastung
in Stadten, ist die Bevdlkerung einer groBen Anzahl Partikel unterschiedlicher
Zusammensetzung und GrdBe Uber die Luft ausgesetzt. Diese Partikel werden eingeatmet
und kénnen einerseits in der Lunge Erkrankungen wie z.B. Asthma auslésen, aber auch
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durch gerichtete Cilienbewegung aus der Lunge in den Gastrointestinaltrakt gelangen. In
einer Studie von Lomer et al. wurde der Zusammenhang zwischen einer MP-reduzierten
Erndhrung und dem Schweregrad von MC untersucht. Patienten, die fir 4 Monate eine
spezielle MP-reduzierte Diat erhalten hatten, zeigten eine Verbesserung der Symptome,
wahrend Patienten, die eine normale Partikel-haltige Diat erhalten hatten, unverandert starke
Symptome aufwiesen (92). In einer gréBeren Folgestudie konnte dieser Effekt jedoch nicht
reproduziert werden (93). In beiden Untersuchungen wurde aber nicht zwischen NP- und
MP-enthaltenden Nahrungsmitteln unterschieden und die Wirkung von NP in der Nahrung in
Zusammenhang mit CED ist bis heute noch vollkommen ungeklart. In der vorliegenden
Arbeit wurde erstmals der Einfluss von NP aus der Nahrung auf die Entstehung und
Pathogenese von CED und auf die genomische Stabilitat in intestinalen Epithelzellen in
murinen Modellen fir intestinale Entziindung analysiert. Zusatzlich wurde in mechanistischen
Untersuchungen die Wirkungsweise von NP in murinen DC, die eine wichtige Rolle bei der
Aufrechterhaltung der Homdostase im Darm spielen, untersucht. Durch adoptiven Transfer
transgener  HA-spezifischer CD8" T-Zellen in VILLIN-HA-Mause wurde eine
Autoimmunreaktion gegen intestinale Epithelzellen induziert, was zu einer mukosalen
Entzindung in diesen Tieren flhrte. Die Tiere erhielten vor und wahrend der Induktion der
Entzindung Futter, welches mit 0,1% SiO,-NP supplementiert war, oder Placebo-Futter.
AnschlieBend wurde der Schweregrad der Erkrankung, sowie das AusmaB der
EntzGindungsreaktion bewertet. SiO.-gefltterte VILLIN-HA-Mause zeigten eine signifikant
verstarkte Enzindungsreaktion in der Mukosa des Diunndarms, sowie eine erhdhte
Produktion von IL-10, TNFa und IFNy im Darm, im Vergleich zu Placebo-gefutterten Tieren.
AuBerdem wiesen CD8" T-Zellen in den mLK SiO.-gefiitterter Mause, im Vergleich zu
Placebo-gefltterten Tieren einen aktivierteren Phanotyp, gemessen anhand der
Oberflachen-Expression von CD69, sowie ihrer proliferativen Aktivitdt nach Restimulation mit
einem HA-Peptid in vitro, auf. SiO,-NP hatten weder in diesem noch in einem anderen
Experiment einen Einfluss auf die gemessenen Parameter in Kontroll-Tieren, in denen keine
Enzindung induziert worden war. Diese Ergebnisse legen nahe, dass SiO,-NP vor allem im
Verlauf einer bereits etablierten Enzindungsreaktion synergistisch mit anderen
Entziindungsmediatoren wirken kénnen, wahrend sie in gesunden Individuen mit einem
intakten Epithel keine offensichtlichen, schadigenden Effekte hervorrufen. In vorherigen
Untersuchungen konnte bereits gezeigt werden, dass NP bevorzugt in entziindeten
Bereichen der Darm-Mukosa aufgenommen werden. Dieser Effekt ist vor allem auf eine
erhdhte Sekretion von wasserunlgslichem Mukus, sowie einer Akkumulation von
Immunzellen in der entziindeten LP, die aktiv Partikel aufnehmen kénnen, zurlckzufihren

(6). Diese Eigenschaft wird sich zu Nutze gemacht, um immunsupprimierende Wirkstoffe zur

34



Diskussion

Behandlung von CED mit NP als Transportmittel lokal zu applizieren und so systemische
Nebenwirkungen zu minimieren (94; 95). Die hier vorgelegte Studie impliziert jedoch
eindeutig, dass SiO,-NP im Darm immunogen wirken, und zu einer Verstarkung von
EntzGindungsreaktionen in experimenteller Colitis fihren kdnnen. Fir PLGA-NP, die zur
Therapie von CED, eingesetzt werden, wurde in vitro bereits gezeigt, dass sie ebenso wie
die, in der vorliegenden Arbeit analysierten SiO,-NP das NLRP3-Inflammasom aktivieren
(39), so dass Partikel-spezifische Nebenwirkungen bei der Behandlung nicht
ausgeschlossen werden kdnnen. In weiteren Studien sollte demnach der Nutzen des
therapeutischen Einsatzes von NP zur Behandlung inflammatorischer Erkrankungen
sogfaltig gegen potentielle Gefahren abgewogen werden.

In der vorgelegten Studie, wurde in einem weiteren Modell fir akute CED, C57BL/6 Mausen
fir 6 Tage 2% DSS im Trinkwasser verabreicht. DSS fihrt zu einer Schadigung des
Darmepithels, so dass Mikroorganismen aus dem Darmlumen in die Mukosa eindringen, wo
sie zur Induktion einer starken Entziindung beitragen. Parallel wurde in einer aktuellen
Studie gezeigt, dass das Modell der DSS-induzierten Colitis abh&ngig von der Aktivierung
des NLRP3-Inflammasoms ist (96; 97). Bauer et al. konnten zeigen, dass NLRP3-defiziente
Tiere weitestgehend resistent gegen Colitis, ausgeldst durch DSS, sind. Bereits in friheren
Untersuchungen wurde die Caspase1l, die als Bestandteil des Inflammasoms die Proformen
von IL-1B und IL-18 spaltet, als wichtiger Faktor wahrend der Entstehung von CED
beschrieben (97). Als Zielpopulation der DSS-vermittelten Effekte wurden Makrophagen
identifiziert, in denen DSS zur direkten Aktivierung des NLRP3-Inflammasom flhrte (96). In
der unter 2.1.2 zusammengefassten Arbeit konnte analog gezeigt werden, dass sowohl SiO,-
als auch TiO,-NP in KM-DC das NLRP3-Inflammasoms aktivieren. Da DC eine
SchllUsselrolle bei der Entstehung von CED einnehmen (65), postulieren wir eine mdgliche
NLRP3-Inflammasom-Aktivierung in intestinalen DC durch SiO,-NP, die zur Modulierung der
Entziindungsreaktion beitragen koénnte. In weiteren Experimenten, die unter 2.1.1
beschrieben wurden, zeigten die Tiere eine verzégerte Regeneration der Symptome von
CED, gemessen anhand der Gewichtszunahme, sowie der Konsistenz des Stuhls und des
Vorhandenseins von Blut in den Fazes im Vergleich zu DSS/Placebo-behandelten Mausen,
wenn sie vor Induktion einer akuten Colitis mit DSS, sowie im Anschluss an die DSS-
Behandlung SiO,-Futter erhalten hatten. Zusatzlich war die Colonlange in DSS/SiO,-
behandelten im Vergleich zu DSS/Placebo-behandelten Tieren reduziert und die Produktion
des proinflammatorischen Zytokins TNFa in mLK erhéht. Eine mdgliche Erklarung fur diese
Effekte ist, dass SiO,-NP effektiv an entziindete Stellen in der Mukosa des Darms binden,

wo sie von Makrophagen und DC aufgenommen werden.
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Anhand unserer in vitro Untersuchungen, die unter 2.1.2 zusammengefasst sind und
Untersuchungen anderer Arbeitsgruppen konnte gezeigt werden, dass SiO,-NP in
Makrophagen, DC und intestinalen Epithelzellen zytotoxisch wirken. SiO,-NP-induzierte
Zytotoxizitdt war in Makrophagen und Epithelzellen, nicht aber in DC, mit einer erhdhten
Produktion von ROS verbunden (89; 98) (98). ROS wiederum wird als ein Mechanismus der
Aktivierung des NLRP3-Inflammasoms diskutiert (40). Da wir in SiOy-behandelten KM-DC
keine gesteigerte ROS-Produktion messen konnten, gehen wir von einem alternativen
Mechanismus zur Aktivierung des Inflammasoms durch SiO,-NP aus. Hornung et al. haben
einen Mechanismus postuliert, wonach Quarz und Harnsdure-Kristalle die Lyse von
Lysosomen in Makrophagen herbeifihren kénnen. Die Freisetzung von Cathepsin B aus den
Lysosomen fuhrt zur Aktivierung des NLRP3-Inflammasoms Uber einen bisher ungeklarten
Mechanismus. Ebenso sind weitere Untersuchungen notwendig, um den molekularen
Mechanismus der hier untersuchten, oder anderer NP zur Aktivierung des NLRP3-
Inflammasoms in DC aufzuklaren. Die Eigenschaft von SiO.-NP, in verschiedenen Zelltypen
direkt oder indirekt das Inflammasom =zu aktivieren, und somit zur Sekretion von
prozessiertem IL-1B und IL-18 beizutragen, kénnte eine mdgliche Erklarung fir die
verstarkten Symptome in DSS/SiO.-behandelten Mausen sein. So wurden in der Mukosa
von Patienten mit CED in der aktiven Phase erhdhte Mengen von IL-13 gemessen (99; 100).
Die Aufnahme von SiO,-NP kdénnte demnach nicht nur in Patienten mit einer bereits
bestehenden CED eine proinflammatorische Wirkung haben, sondern méglicherweise auch
in Menschen mit einer Inflammasom-assoziierten genetischen Pradisposition den Ausbruch
der Krankheit beschleunigen. Dieser Theorie stehen jedoch 2 aktuelle Studien entgegen, die
einen schitzenden Effekt des NLRP3-Inflammasoms in DSS- und
2,4,6Trinitrobenzolsulfonsdure (TNBS)-induzierter Colitis und Colitis-assoziierter Colon-
Kanzerogenese postulieren. Mause, die fur verschiedene Proteine des Inflammasoms wie
NLRP3 oder Caspasel defizient waren, zeigten in diesen Studien signifikant verstarkte
Symptome der Colitis (101; 102). Worauf die starke Diskrepanz zwischen diesen aktuellen
Studien beruht, ist unklar. Eine mdgliche Erklarung kénnten Unterschiede in der
Zusammensetzung der Darmflora der Tiere, aufgrund von Unterschieden in der Tierhaltung
bieten. Zusatzlich wurde in einigen Studien von einer protektiven Wirkung von IL-1f in CED
berichtet. Applikation von IL-1B fihrte im CED-Modell im Kaninchen zu einer Verbesserung
der Symptome in Abhangigkeit von ProstaglandinE2 (103). Die Bedeutung von IL-13 und
somit auch des NLRP3-Inflammasoms ist aufgrund der widerspriichlichen Ergebnisse noch
nicht zu bewerten.

Unabhangig von einer Induktion des Inflammasoms, kénnte die SiO,-NP-induzierte
Verstarkung der Symptome im DSS-Modell, wie auch im VILLIN-HA-Modell fir CED, auf
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einer Aktivierung des NF-kB-Signalwegs beruhen. NF-kB wird nach Ligandenbindung an
TLR, oder durch proinflammatorische Zytokine wie TNFa im Zytosol phosphoryliert,
transloziert in den Nucleus und induziert die Expression von proinflammatorischen Faktoren,
unter anderem auch von IL-6 und IL-12, die ihrerseits zur Differenzierung von Effektor-
Lymphozyten und somit zur Produktion proinflammatorischer Zytokine wie IFNy beitragen
kdnnen. Aber auch die Expression von pro-IL-18 und NLRP3 muss in einem ersten Schritt
NF-kB-abhangig induziert werden, bevor das Inflammasom auf weitere Signale, wie
extrazellulares ATP oder Partikel hin, aktiviert werden kann. Wenn SiO,-NP oral
aufgenommen werden, durchwandern sie den Darm, der mit einer hohen Dichte an
Mikroorganismen besiedelt ist. Die Wahrscheinlichkeit ist demnach sehr hoch, dass
Bestandteile von Bakterien wie z.B. LPS an die Oberflache der Partikel adsorbiert und so in
die Mukosa eingeschleust werden, wo sie an TLR binden kdnnen. In einer ex vivo Studie
konnte gezeigt werden, dass LPS, welches an TiO,-NP gebunden war, in Colon-Biopsien
aus CED-Patienten die Produktion von IL-1B induzieren konnte. LPS und Partikel jeweils
alleine verabreicht, fiihrten nur zu einer schwachen Induktion von IL-1B, wahrend Partikel
und LPS zusammen eine starken, synergistischen Effekt hatten (87). Anhand der aktuellen
Datenlage zur Bedeutung des NLRP3-Inflammasoms in Zusammenhang mit CED, kann
demnach nicht abgeschatzt werden, Uber welche Mechanismen die Verstarkung der akuten
Colitis durch SiO.-NP induziert wird. Auf der Basis meiner eigenen Ergebnisse postuliere ich
jedoch, dass dem NLRP3-Inflammasom eine Rolle in der proinflammatorischen Wirkung von
SiO-NP in CED zukommt. Dieser Hypothese soll in zuklnftigen Untersuchungen
nachgegangen werden.

Sowohl MC, als auch CU sind schubweise auftretende, chronische Erkrankungen des
Darms. Um den Einfluss von SiO,-NP in einem murinen Modell fir chronische Colitis zu
untersuchen, wurden M&use in drei Intervallen Uber einen Gesamtzeitraum von 10 Wochen
mit DSS behandelt. Wenn die Tiere vor, zwischen und nach den DSS-Behandlungen mit
SiO,-NP geflttert wurden, waren die absoluten Zellzahlen in den mLK im Vergleich zu
DSS/Placebo-behandelten Tieren stark erhdht, wobei vor allem eine Gr1*/CD11b*
Zellpopulation signifikant erhéht war. Eine Population unreifer DC und Monozyten-
Vorlauferzellen, die die gleichen Marker exprimiert, und eine immunsupprimierende Funktion
hat, wurde bereits in murinen Tumor-Modellen identifiziert (104; 105). IL-18 spielt eine
ambivalente Rolle bei Tumorerkrankungen. Einerseits fuhrt IL-1B zu einer erhdhten
Angiogenese und Metastasierungsrate, verbunden mit einer schlechten Prognose flr den
Patienten, andererseits kann IL-138 auch Anti-Tumor-Immunitét induzieren (106). Auch sind
Polymorphismen im IL-18 Lokus mit einem erhdhten Risiko, an Brustkrebs zu erkranken,
assoziiert (107). In einer Studie konnte gezeigt werden, dass IL-1B3, welches von
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Tumorzellen sekretiert wurde, die Akkumulation einer Population Gr1*/CD11b* myeloider
Suppressor Zellen (MSC) im Blut und in der Milz der Tiere induzierte. Diese Zellen waren in
der Lage T-Zell-Proliferation zu inhibieren, was ein beschleunigtes Tumor-Wachstum und
eine erhéhte Metastasierungsrate der Tumore zu Folge hatte (105). Wurden in unserem
Colitis-Modell, VILLIN-HA transgene Mause wiederholt mit CD8" HA-spezifischen T-Zellen
transferiert, so entwickelten die Tiere nur eine sehr schwache Entziindung im Vergleich zu
einer einmaligen T-Zell-Transplantation. In dieser Studie von Haile et al. konnte eine stark
erhéhte Population von MSC im Darm und in der Milz von VILLIN-HA-M&usen, die mehrfach
HA-spezifische T-Zellen erhalten hatten, nachgewiesen werden. Wurden transgene T-Zellen
zur Induktion von Colitis und MSC cotransferiert, war die Entziindungsreaktion in der
intestinalen Mukosa ebenfalls supprimiert (108). Wahrscheinlich dienen MSC demnach der
Regulation von Immunreaktionen, um den Organismus vor Gewebe-Schaden zu schitzen.
Eine erhéhte Frequenz von MSC wurde jedoch nicht in einem DSS-abhangigen Modell fur
chronische Colitis beobachtet (108). Wir vermuten dennoch, dass es sich bei den Gr1*/
CD11b* Zellen in den mLK DSS/SiO,-behandelter Mause um MSC handelt und spekulieren,
dass die Diskrepanz zwischen unserer und der Studie von Haile et al. mdglicherweise durch
Unterschiede in der Darmflora der Tiere zu erklaren ist, sowie durch Unterschiede in den
genutzten Konzentrationen von DSS. Ubereinstimmend mit dieser Theorie war im Colon-
Gewebe chronisch DSS/SiO.-behandelter Tiere eine stark erhdhte Menge an IL-18
nachweisbar, welches bereits als Induktor von MSC beschrieben wurde (104; 105).
Zuséatzlich fihrte die Verabreichung von SiO,-Futter in DSS-behandelten Mausen zu einer
erhdhten Produktion von IFNy und iNOS im Colon, verglichen mit DSS/Placebo-behandelten
Tieren. Im DSS-induzierten, chronischen Modell fir Colitis scheinen SiO,-NP demnach zu
einer Verstarkung der mukosalen Entzindung durch Induktion proinflammatorischer
Mediatoren zu flhren, die parallel durch eine méglicherweise IL-13-abhé&ngige Induktion von
MSC, eingeddmmt wird. Da MSC immunsupprimierend und somit im Tumor-Modell Tumor-
promovierend wirken, stellt sich die Frage, inwiefern SiO,-NP durch Induktion von MSC
langfristig zur Colitis-assoziierten Kanzerogenese im DSS-Modell beitragen kdnnen. Auch
wird in zukinftigen Studien zu klaren sein, ob die Induktion von MSC durch SiO,-NP-
induzierte Aktivierung des NLRP3-Inflammasoms und einer damit verbundenen, erhdhten
Sekretion von IL-13 bedingt ist.

Genotoxizitat von SiO,-NP in Epithelzellen in vivo und in vitro

Neben den beschriebenen immunogenen Effekten, wurde der direkte Einfluss von SiO,-NP
auf die Colitis-induzierte Kanzerogenese in der unter 2.2.1 zusammengefassten Arbeit
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untersucht. In einer Cokultur von humanen Caco-2 Epithelzellen und humanen primaren
neutrophilen Granulozyten wurde der Effekt von reaktiven Metaboliten der neutrophilen
Granulozyten auf die genomische Stabilitat der Caco-2 Zellen analysiert. Um die Bedeutung
von SiO,-NP in diesem Zusammenhang zu analysieren, wurden die Zellen zuséatzlich mit
SiO.-NP behandelt. Aktivierte neutrophile Granulozyten fihrten zu einer Induktion oxidativer
Lasionen und Doppelstrangbriichen in der DNA von Caco-2 Zellen. Ebenso waren SiO,-NP
in der Lage, wie bereits in einer vorherigen Studie gezeigt (89), DNA-Schaden in Caco-2
Zellen zu induzieren. SiO,-NP hatten jedoch keinen Einfluss auf den Aktivierungszustand
von neutrophilen Granulozyten. Auch flihrte die Inkubation mit SiO,-NP von neutrophilen
Granulozyten und Caco-2 Zellen zusammen, nicht zu einer weiteren Erhéhung der DNA-
Schéaden, sondern eher zu einer Verringerung der DNA-Schadigung in Caco-2 Zellen. Dieser
Effekt kann mdoglicherweise darauf zurlickgefihrt werden, dass die neutrophilen
Granulozyten SiO,-Partikel phagozytieren, und sich so weniger Partikel frei in der Kultur
befanden. Zusétzlich wurde in dem bereits oben diskutierten DSS-induzierten Modell fir
Colitis die DNA-Integritéat in Colon-Epithelzellen und im gesamten Colon-Gewebe untersucht.
In Einzelzellen des Gesamt-Colon-Gewebes der Experimentalgruppen im Vergleich zur
unbehandelten  Kontrolle, konnten keine  vermehrten = DNA-Doppelstrangbriiche
nachgewiesen werden. Vielmehr war der Anteil an DNA-Doppelstrangbriichen sowohl in
Tieren, die nur SiOx-NP erhalten hatten, als auch in DSS/Placebo-behandelten und
DSS/SiO.-gefutterten Mausen reduziert. Dieser Effekt impliziert eine Hochregulation von
DNA-Reparatur-Mechanismen, maoglicherweise ausgelést durch Enzindungsreaktionen,
wobei diese Hypothese erst in weiteren Untersuchungen auf die Probe gestellt werden muss.
Immunhistologische Analysen ergaben allerdings eine klare Induktion oxidativer Lasionen in
der DNA der Epithelzellen SiO,-behandelter Mause, sowie DSS-behandelter Tiere.
DSS/SiOz-behandelte Mausen wiesen eine weniger starke DNA-Schadigung im Vergleich mit
SiO,- bzw. DSS-behandelten Tieren auf. Dieser Effekt ist mdglicherweise ebenfalls auf eine
verstarkte Expression von DNA-Reparatur-Enzymen, ausgeldst durch eine starkere
Immunreaktion in den DSS/SiO,-behandelten Tieren zurlckzufihren. Die Diskrepanz
zwischen dem Nachweis oxidativer Lasionen im Epithel des Colon und der reduzierten
Menge an Doppelstrangbriichen im Gesamt-Colon-Gewebe riihrt wahrscheinlich daher, dass
aufgrund der Anwesenheit einer Vielzahl unterschiedlicher Zelltypen im Colon die DNA-
Schaden der Colonepithelzellen stark verdinnt waren und der Comet-Assay nicht sensitiv
genug ist, DNA-Schaden in so einer kleinen Population zu detektieren. Im DSS-vermittelten,
akuten Modell fir Colitis, konnte ebenfalls keine erhéhte DNA-Schadigung von DSS/SiO,-
behandelten Mausen im Vergleich zu DSS/Placebo-gefitterten Tieren gemessen werden.
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Die Mechanismen, die in Colitis-Patienten zur Kanzerogenese beitragen, sind bisher noch
nicht vollstandig entschlisselt. Es konnte jedoch gezeigt werden, dass die
Wahrscheinlichkeit, an Colon-Karzinomen zu erkranken, mit der Dauer der Erkrankung,
sowie mit der Starke der Entziindung korreliert (55). Auch wenn in unserer Studie zur
Untersuchung der genomischen Stabilitat in chronischer und akuter DSS-induzierter Colitis
keine schadlichen Effekte von SiO,-NP nachgewiesen werden konnten, kénnte die
Aufnahme von SiO,-NP Uber die Nahrung auf lange Sicht indirekt, durch eine Verstarkung
der Entziindung in CED zur Manifestation von Colon-Karzinomen beitragen.

Neben den hier diskutierten lokalen Effekten einer oralen Aufnahme von NP, miissen in
zukinftigen Studien auch mégliche systemische Effekte einer oralen Aufnahme von SiO,-NP
untersucht werden. In einer Studie von Hillyer et al. konnte 2001 bereits gezeigt werden,
dass Gold-NP nach oraler Applikation unter anderem in Gehirn, Lunge, Leber, Blut, Nieren
und Milz akkumulieren, wahrend Trouiller et al. nach oraler Aufnahme von TiO,-NP
signifikante DNA-Schaden und Mutagenese in Blut und Knochenmark beobachteten (88).
Auch werden NP mit der Entstehung neurodegenerativer Krankheiten in Verbindung
gebracht, wahrend gleichzeitig neuartige Strategien entwickelt werden, mit Hilfe von NP-
Polymeren Wirkstoffe Uber die Blut-Hirn-Schranke, zur Behandlung neurologischer
Erkrankungen, zu schleusen (109; 110). Einerseits er6ffnen neuartige Therapien, die NP zur
gezielten Applikation von Wirkstoffen in bestimmte Gewebe nutzen, neue Mdoglichkeiten
Krankheiten zu behandeln und dabei das Auftreten systemischer Nebenwirkungen zu
minimieren, andererseits zeigen NP sowohl in vitro, als auch in vivo toxische und
inflammatorische Eigenschaften, die zu adversen Effekten im Verlauf einer Therapie mit NP
oder durch orale Aufnahme von NP in der Nahrung fihren kénnten. Unser Verstandnis zur
Wirkungsweise oral aufgenommener NP ist auf die Ergebnisse weniger Studien beschrankt.
Um das Risiko von NP in der Nahrung oder in medizinischen Applikationen fur die
Gesundheit der Bevdlkerung einschatzen zu kénnen, sind weitere Untersuchungen demnach
dringend notwendig.

3.2. Rolle des AhR-AhRR-Signalwegs im Darm-assoziierten Inmunsystem

Der AhR wurde erstmal identifiziert als Rezeptor flur polyzyklische halogenierte
Kohlenwasserstoffe. Die Aktivierung des AhR fihrt zur Induktion von Fremdstoff-
metabolisierenden Enzymen unter anderem in der Leber. In einem negativen
Ruckkopplungsmechanismus induziert der AhR auch die Expression des AhRR, welcher
wiederum die Transkription des AhR inhibiert. In neuester Zeit sind jedoch neben der
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Funktion des  AhR/AhRR-Systems, die  Transkription von  Enzymen des
Fremdstoffmetabolismus zu regulieren, weitere Funktionen in der Regulation von
Immunantworten beschrieben worden. Es wurde gezeigt, dass in AhR-defizienten Mausen
ein Defekt in der Induktion von Thy,-Antworten vorliegt (52), wahrend nach Stimulierung des
AhR mit TCDD eine systemische Immunsuppression beobachtet wurde (51; 111). In den
unter 2.2.2 und 2.2.3 beschriebenen Publikationen wurde das Expressionsmuster des AhR,
sowie des AhRR in Zellen des Darm-assoziierten Immunsytems untersucht. AuBerdem
konnte erstmalig gezeigt werden, dass der AhR eine wichtige Rolle bei der stabilen Induktion
oraler Toleranz spielt. In der unter 2.2.2 beschriebenen Arbeit wurde die Transkription des
AhR in Immunzellen des Darms mittels quantitativer PCR untersucht. Das
Expressionsmuster des AhRR wurde, wie unter 2.2.3 erlautert, in einem neuen transgenen
AhRR-Reporter Modell analysiert, in welchem die cDNA des eGFP im Locus des ahrr-Gens
exprimiert wird. Der AhR ist in den mLK, im Dinndarm und in den PP konstitutiv exprimiert.
Auf Einzelzellebene konnte vor allem in intraepithelialen CD8aaTCRyd-T-Zellen und
Epithelzellen AhR-Expression nachgewiesen werden, wahrend in CD103* DC kaum AhR-
Transkript detektiert werden konnte. Dafiir war in diesen Zellen der AhRR besonders hoch
exprimiert, was auf eine Suppression der Expression des AhR durch den AhRR in diesen
Zellen hindeutet, wahrend die Expression des AhRR in intraepithelialen CD8aaTCRyd-T-
Zellen und Epithelzellen des Dinndarms unterhalb der Nachweisgrenze lag. Mit Hilfe der
AhRR-Reporter-Mause konnte eine starke Expression des AhRR in DC der LP, PP und mLK
nachgewiesen werden, wobei CD103" DC den AhRR in besonders hohem MaB exprimierten.
Bemerkenswerterweise nahm die Expressionsintensitdt mit zunehmender Entfernung von
der Darmmukosa graduell ab. Dieser Befund deutet auf eine Stimulation der Expression des
AhRR durch Iluminale Stimuli wie z.B. Nahrungsinhaltsstoffe wie Flavonoide oder
Tryptophan-Metabolite oder aber mikrobielle Faktoren der Darmflora hin. Zusétzlich konnte
in den Reporter-Mausen eine starke Expression des AhRR in CD4" und CD8" T-Zellen der
LP und in CD8" T-Zellen der PP nachgewiesen werden, wahrend weder in der Milz, noch in
LK Expression des AhRR in T-Zellen detektierbar war. Weder in Leber, noch in Lunge
konnte eine Expression des AhRR beobachtet werden. Insgesamt kann man
zusammenfassen, dass der AhR und der AhRR in den untersuchten Zelltypen weitestgehend
invers exprimiert sind. Das Zelltyp-spezifische Muster der AhR/AhRR-Expression im Darm,
deutet auf eine mégliche Funktion des AhR in der Regulation von Immunantworten gegen
luminale Antigene hin. So wurde bereits eine Rolle fur das AhR/AhRR-System in der
Regulation angeborener Immunmechanismen beschrieben. AhR-defiziente Mause zeigen
eine Hypersensitivitat gegeniber LPS-induzierter Sepsis. Dies kénnte darauf zurlickzufiihren
sein, dass Knochenmark-abgeleitete Makrophagen aus AhR-defizienten Mausen erhéhte
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Mengen von pro-inflammatorischen Zytokinen wie IL-18 nach LPS-Stimulation produzieren
(112). Auch fuhrt die Aktivierung des AhR in T-Zellen abhé&ngig von der Art des Liganden
entweder zu einer verstarkten Differenzierung von Thi,-Zellen oder zu einer Induktion von
Treg-Zellen und kann so entweder proinflammtorisch oder regulatorisch auf die Pathogenese
von Autoimmunerkrankungen wirken (113). Zusatzlich wurde eine Rolle fir den AhR/AhRR-
Signalweg in der Modulation des Gleichgewichts zwischen Thi- und Thy-Immunantworten
beschrieben (114). Einen weiteren Hinweis auf eine Funktion des AhR/AhRR-Systems in der
Regulation des Immunsystems bietet unser Ergebnis, dass sowohl in vitro, als auch in vivo
die Stimulation mit TLR-Liganden zu einer Heraufregulierung des AhRR in DC flhrte. Dieses
Ergebnis deutet auf eine Rolle des AhRR in der frihen Phase der Induktion von
Immunantworten in Zellen des angeborenen Immunsystems hin. Des Weiteren konnten wir
zeigen, dass die Aktivierung des AhR mit TCDD zu einer Stérung der oralen
Toleranzinduktion gegen OVA flhrte. Dieser Effekt war assoziiert mit einer erhdhten
Frequenz von IL-6 produzierenden DC und von Thy7-Zellen in den mLK. Das Ergebnis ist von
gréBtem Interesse, da moglicherweise auch AhR-Liganden aus der Nahrung zu einer
Stérung der Induktion von Toleranz gegentber Umweltantigenen filhren und so zur
Entstehung von CED beitragen kénnten. In zukinftigen Studien sollte daher der Effekt von
weiteren Liganden des AhR aus der Nahrung auf die Toleranzinduktion gegen orale
Antigene, untersucht werden. Auch muss die Rolle des AhR/AhRR Systems bei der
Aufrechterhaltung der Homdostase des Darms, sowie bei der Entstehung von CED und bei
Infektionen analysiert werden. Besonders wichtig ist hierbei die Evaluation von AhR-
Agonisten wie z.B. Flavonoiden, die bereits in hohen Dosen in Tablettenform zur
Supplementierung der Ernahrung erhéltlich sind.

3.3. Regulation von SeP in der Pathogenese von CED

Oxidativer Stress spielt eine wichtige Rolle in der Pathogenese von CED (115), wobei
oxidative Gewebeschaden im Darm von CED Patienten auf einer erhéhten Produktion von
ROS und RNS, sowie einer Stdrung antioxidativer Mechanismen beruhen (116). Als
wichtigste Quelle von NO wurden in Patienten mit CED, sowie in Tiermodellen, intestinale
Epithelzellen identifiziert, in denen die Expression von iNOS hochreguliert war (117; 118).
Als Konsequenz einer erhéhten Produktion reaktiver Metabolite, akkumulieren im Verlauf von
CED DNA-Mutationen in Colon-Epithelzellen, die zur Entstehung von Darmkrebs flhren
kénnen. Zur Beschréankung von ROS- und RNS-induzierten Gewebe- und DNA-Schéaden,
verflgt der Organismus Uber antioxidative Mechanismen, die oftmals abh&ngig von Mikro-
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Nahrstoffen, wie z.B. Vitamin C, Flavonoiden und Selen, sind (119). Die antioxidativen
Eigenschaften von Selen beruhen vor allem auf Selenoproteinen wie dem SeP, die als
Oxidoreduktasen ein Selonocystein im katalytischen Zentrum aufweisen. Um die Regulation
von SeP in Epithelzellen des Darms zu untersuchen, wurde die Expression der RNA in
Caco-2 Zellen im Verlauf der Differenzierung analysiert. Es konnte erstmals gezeigt werden,
dass die Transkription von SeP in Caco-2 Zellen durch den Transkriptionsfaktor HNF-4a
induziert wird. HNF-4a wird vor allem in der Leber, im Darm und in den B-Zellen des
Pankreas exprimiert und tragt bekanntermaBen zur Expression von SeP in Hepatozyten bei.
In CED wurde bereits eine dysregulierte Transkription von HNF-4a beschrieben (120), wobei
der schadigende Effekt einer verringerten Transkription von HNF-4a vor allem auf eine
reduzierte Expression von SeP zurlckzuflhren war, wie auch in der hier diskutierten Studie
gezeigt werden konnte. Als weiterer Transkriptionsfaktor, der zur Expression von SeP in
Caco-2 Zellen beitragt, wurde der Transkriptionsfaktor Foxo1a in der vorliegenden Studie
identifiziert. Analog zur verringerten Expression von HNF-4a, zeigen Foxo3- (ein Foxola-
Homolog) und Foxo4-defiziente Mause verstarkte Gewebeschaden und Entziindung in
experimenteller Colitis. In Ubereinstimmung hiermit weisen auch Patienten mit UC eine
reduzierte Expression von Foxo4 auf (121; 122). SeP scheint die Funktion zuzukommen,
extrazellulare Proteine und Zellmembranen gegen Oxidation zu schiitzen (123). Auch wurde
beschrieben, dass SeP mit Endothelzellen in einer pH-abh&ngigen Weise assoziiert und so
moglicherweise zum Schutz der Zelle vor oxidativen Schaden beitragt (124). Wir stellen die
Hypothese auf, dass SeP von intestinalen Epithelzellen in das Darmlumen sekretiert wird, wo
es aufgrund eines geringeren pH-Wertes immobilisiert wird und zum Schutz der
gastrointestinalen Mukosa beitragt.

Es ist bekannt, dass Stimulation mit proinflammatorischen Zytokinen zu einer Reduktion der
SeP-Transkription in der Leber-Zelllinie HepG2 fihrt (125), was auf eine Reduktion der SeP-
Sekretion in der Leber wahrend einer systemischen Entziindungsreaktion hindeutet. In
Ubereinstimmung hiermit ist auch die Menge an SeP im Plasma von Patienten mit einem
septischen Schock und in LPS-stimulierten Mausen reduziert (126; 127), was
moglicherweise auf die Bindung von SeP an Endothelzellen, oder auf eine verringerte SeP-
Biosynthese in der Leber zuriickzufihren ist.

In der hier diskutierten Studie wurde sowohl in Patienten mit UC, als auch in experimenteller
Colitis im Mausmodell eine reduzierte Expression von SeP in Darmgewebe, einhergehend
mit einer verstarkten Expression von iNOS gefunden. BekanntermaBen ist die Expression
von iNOS im Gewebe von CED-Patienten heraufreguliert und scheint eine zentrale Funktion
in der Progression der Erkrankung auszuliben (128). Stimulation von Caco-2 Zellen mit pro-
inflammatorischen Zytokinen, resultierte in einer Induktion der Transkription von iNOS
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zusammen mit einer Inhibition der SeP-Expression, was anhand einer herabgesetzten
Aktivitat des SeP Promotors verifiziert werden konnte. Die reduzierte Transkription von SeP
war teilweise abhangig von iNOS, was mit Hilfe von iNOS-Inhibitoren nachgewiesen werden
konnte. Diese Konstellation der invers regulierten Expression von SeP und iNOS ist
ebenfalls fir Tumore der Prostata beschrieben und deutet auf eine Bedeutung oxidativer
Metabolite bei der Kanzerogenese in diesem Organ hin (129). Die Untersuchung der Rolle
von SeP im Darm, kdnnte zu einem verbesserten Verstédndnis der grundlegenden Ereignisse
in der Entwicklung von CED und Colitis-assoziierter Kanzerogenese flihren und den Weg fir
neue Therapieansatze ebnen.
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Abstract

Background: Amorphous, fumed SiO, nanoparticles (NP) are used as novel food
supplements, although their biological effects upon oral uptake are largely unknown.

Aims: We investigated the effects of ingestion of SiO, NP in the context of 3 distinct murine
models of inflammatory bowel disease (IBD).

Methods: Inflammation of the intestinal mucosa was induced either by adoptive transfer of
HA-specific CD8" T cells into VILLIN-HA transgenic mice, or by administration of dextran
sulfate sodium (DSS) to C57BL/6 mice. During treatment, mice received either SiO, NP-
containing or placebo-chow. Subsequently, disease severity was assessed.

Results: VILLIN-HA mice, which had been induced to develop IBD in the small intestine by T
cell transfer, showed a more severe mucosal inflammation, a higher production of
inflammatory cytokines and an enhanced number of activated T cells, when they had
received SiO, NP, in comparison to placebo-treated mice. In an acute model of DSS-induced
colitis, SiO, NP-treated mice possessed reduced body-weight and enhanced inflammatory
cytokine production, when compared to placebo-treated mice. Furthermore, SiO, NP-
treatment resulted in enhanced absolute cell numbers in the mesenteric lymph nodes, with
elevated levels of Gr1™ cells and elevated production of inflammatory cytokines in a chronic
model of DSS-induced colitis.

Conclusions: SiO, NP exacerbate symptoms of IBD and severely enhance mucosal
inflammation in murine models of colitis. Therefore, we conclude that SiO, NP are not inert
and need to be given further attention to estimate their potential health risk for humans.



Introduction:

Inflammatory bowel disease (IBD) is a chronic, relapsing and remitting inflammatory
condition of the intestinal mucosa. The mechanisms, which cause IBD are still incompletely
understood. It is known, however, that genetic predisposition, environmental factors, and
symbiotic interactions with luminal commensals all contribute to the pathogenesis of this
disease. The highest prevalence of Crohn’s disease (CD) and ulcerative colitis (UC), the two
major forms of IBD, is seen in Northern Europe and North America, whereas the incidence is
lower in Southern Europe, Asia and most developing countries. This difference may be
explained by ethnical differences but also by differences in food consumption, environmental
factors, and hygiene standards. In developed countries, high sanitation standards might lead
to an impaired maturation of the intestinal immune system due to a lack of antigen exposure,
which could result in dysregulated mucosal immune responses in later life'?. In addition,
dietary factors like unsaturated fatty acids might participate in disease establishment®.
Nevertheless, genetic predisposition clearly is the highest risk factor for IBD. About 35 gene
loci associated with CD have been identified so far!, with most of these genes relating to
innate or adaptive immune mechanisms®. The best characterized genetic predisposition for
IBD are mutations of the nucleotide-binding oligomerisation domain protein (NOD)2, which is
encoded by CARD15%%% NOD2 is a member of the nucleotide-binding domain and leucine-
rich repeat-containing (NLR) family, comprising various intracellular pattern recognition
receptors. It induces either activation of NF-kB or Caspase-1 upon stimulation with bacterial
peptidogylycan components (PGN), resulting in expression of inflammatory cytokines’. There
is evidence that loss of function mutations of CARD15 result in hyperactive Toll-like receptor
2 (TLR2) mediated NF-kB signaling®, whereas gain of function mutations of CARD15 may
result in increased IL-1B secretion via receptor interacting protein 2 (RIP2)°. It has been
proposed that NOD2 is involved in Caspase-1 activation by interacting with NLR family, pyrin
domain containing (NLRP)1 or NLRP3 in inflammasomes. In Western Countries synthetic NP
with a diameter of less than 100 nm are increasingly used in industry for various applications,
including paints, electronics, cosmetics and food production. Because of their small size, the
physico-chemical properties of NP may differ from the same material with larger particle size.
However, little is known about potential health hazards caused by NPs within the
gastrointestinal tract®*’. Furthermore, it is not known exactly, how many products, containing
NP are really on the market, because presently there is no obligation for declaration of these
products. SiO, in its amorphous form is generally considered to be biologically inert and is
frequently used as an anti-caking agent in spices, ketchup or sweets. In its larger, crystalline
form, SiO, (silica) was shown to be a major activator of the NLRP3 inflammasome and to



cause silicosis in the lung following inhalation®. Recently, we showed that amorphous SiO,
NP with a primary diameter of 14 nm, can activate the NLRP3 inflammasome in dendritic
cells (DC) in vitro'. Additionally, it was reported, that instillation of the same SiO, NP induces
severe inflammation in the lungs of mice, which is associated with strong IL-18 and IFN-y
production''?. Since ingested NP are taken up efficiently into the gut mucosa, as was shown
for gold particles with a mean diameter of 4 - 58 nm'3, we were concerned about possible
adverse effects of oral uptake of SiO, NP in patients with an ongoing intestinal inflammation.
In the present study, we therefore aimed to analyze the effects of amorphous SiO, NP on the
pathology of IBD. We analyzed oral uptake of SiO, NP in 3 distinct murine models of
intestinal inflammation. To evaluate the effects of SiO, NP on the innate arm of the intestinal
immune system during inflammation, we used the well-studied dexirane sulfate sodium
(DSS) model of colitis™, which was recently shown to be strongly influenced by NLRP3
inflammasome activation'>***?, Regarding adaptive immune mechanisms during IBD, we
also assessed ingestion of SiO, NP in an autoimmune model of IBD, which is based on
recognition of autoantigens on intestinal enterocytes by CD8" T cells'®.

Materials and Methods
Mice

C57BL/6 mice were originally purchased from Harlan-Winkelmann (Germany) and bred at
the IUF animal facility under specific pathogen free conditions. VILLIN-HA mice express the
A/PR8/34 haemagglutinin (HA) from influenza virus A under the control of the enterocyte-
specific villin promoter**. CL4-TCR transgenic mice express an a/B-TCR that recognizes an
epitope of the HA protein presented by MHC class | (the H-2K%: HA512-520 complex). All
mouse lines are on BALB/c background. BALB/c mice were obtained from Harlan-
Winkelmann (Germany). All experiments were performed in accordance with institutional,
state, and federal guidelines.

Induction of intestinal inflammation

For the induction of inflammation via adoptive transfer of autoreactive T cells, transgenic

VILLIN-HA mice and non transgenic littermates were pretreated with 0.1% SiO, in the chow

or placebo-chow (both Ssniff, Germany) for one week before starting the adoptive transfer of

CD8" T cells from CL4-TCR mice and during the development of intestinal inflammation. For

colitis-induction, CD8" T cells were isolated from CL4-TCR splenocytes using the MACS

CD8" T cell isolation kit according to the manufacturer’'s recommendations (Miltenyi Biotec,
3



Germany). A total of 3.5 x 10° HA-specific CD8" T cells were adoptively transferred
intravenously into SiO,-pretreated or nontreated VILLIN-HA transgenic mice and non
transgenic littermates. Mice developed intestinal inflammation 5 days post transfer. Animals
were weighted daily and monitored for rectal bleeding, diarrhea, and general signs of
morbidity.

Induction of chronic and acute colitis in C57/BL6 mice was performed according to a method
previously described, with some modifications'. In short, mice were pretreated with SiO,- or
placebo-chow for 14 days. Then chronic colitis was induced by 3 cycles of DSS-treatment.
Each cycle consisted of one week of 2% (wt/vol) DSS in acidified drinking water ad libidum,
while mice received normal chow, followed by two weeks with normal drinking water and

SiO,- or placebo-chow. After the last cycle, mice were sacrificed for further analysis.

For induction of acute colitis, mice were pretreated with SiO,- or placebo-chow for 18 days.
Then, colitis was induced with 2% DSS in drinking water for six days. During DSS-treatment,
mice were offered normal breeding chow ad libidum. After day six, mice were left for
additional two days, in which they received SiO,- or placebo-chow and normal drinking water
and were then sacrificed for further analysis.

To evaluate the severity of disease in DSS-treated mice, colon length was assessed and a
clinical score according to Cooper et al. (1993), which consists of bleeding intensity, weight-
loss and stool-consistency, was determined. Scores of the 3 criteria were added and divided
by 3. In short, rectal bleeding was scored as 3, Hemocare™ (Care diagnostica, Germany) as 2
and no bleeding was scored as 1. For weight loss, more than 20% weight loss was scored as
4,10 - 20% as 3, 0 — 10% as 2 and no weight loss was scored as 1. For liquid stools 3 points
were given. Pasty, soft stools were scored as 2 and well-formed pellets were scored as 1.
After sacrificing, colons of the mice were removed and flushed with ice cold PBS. The entire
colon was devided into 3 equal pieces and one half of each piece was frozen in liquid
nitrogen for RNA-preparation or fixed in 4% PFA for histological analysis. Additionally, spleen
weight was assessed.

Antibodies and Flow cytometry

The following antibodies were used for flow cytometry: a-CD8 (53-6.7), a-CD11b (M1/70) a-
CD25 (PC61), a-CD69 (H1.2F3), a-F4/80 (BM8), a-Gr1 (RB68C5), and a-VB8 (F23.1). All
antibodies were from BD Bioscience. Flow cytometry was performed with a LSR Il instrument
using the DIVA software (BD Biosciences). Single cell suspensions were prepared from
spleen and mLN. Cells were counted, washed and resuspended at 1 x 10° cells/ml in FACS
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buffer (PBS, supplemented with 2% fetal calf serum and 2mmol/l EDTA). Cells were stained
for 10 minutes at 4°C, washed once in FACS buffer. Afterwards, cells were washed in FACS
buffer and flow cytometry was performed.

Cytokine profile of small intestine biopsies of adoptively transferred mice

Small intestine biopsies were isolated at day 5 after transfer and cultured in medium for 6 h.
Supernatants were then analyzed for cytokine secretion by Luminex technology. Staining
was performed with a Procarta Cytokine assay kit (Panomics, Fremont, CA) according to the
manufacturer’'s recommendations. The assay was measured with a Luminex 200 instrument

using the Luminex IS software (Luminex Corporation, Austin, TX).
Cell culture for proliferation and cytokine analysis of ex vivo cultivated cells

To analyze the proliferative capacity of lymphocytes from MLN and spleen, single-cell
suspensions were prepared from SiO, pre-treated and non-treated VILLIN-HA transgenic
mice and non transgenic littermates 5 days after adoptive transfer of CD8" T cells from CL4-
TCR mice. Cells were labelled with CFSE (Invitrogen, Germany). For stimulation, 3 x 10°
cells per well were incubated with or without 10 pg/ml of the MHC class | HA-Peptide HA
512-520 for 1 week in 200 pl IMDM medium containing 10% FCS, 25 pmol 2-3-
mercaptoethanol and 100 pg/mL penicillin/streptomycin in a 96-well plate at 37° C. After 7
days, cells were harvested and stained for the expression of CD8. Gating on CD8" T cells,
the proliferation was measured by reduction of CFSE dye.

For assessment of cytokine production in MLN, single cell suspensions were prepared, by
DNAse (Sigma, Germany), Collagenase-D (Sigma, Germany) digestion (20 min at 37°C).
Then cells were plated at a concentration of 2 x 10° cells/ml in RPMI1640 containing 10%
FCS, 25 pmol 2-B-mercaptoethanol and 100 pg/mL penicillin/streptomycin. Cells were
stimulated with 0,1pg/ml LPS. After 48 hours supernatants were analyzed for TNFa by ELISA
(R&D, Germany) according to the manufacturer’s instructions.

CFSE labeling

For labelling with CSFE (Invitrogen, Germany), T cells were resuspended in RPMI 1640 at a
concentration of 1 x 10’ cells/ml and incubated with 1 ul CSFE for 8 min at 37° C. For
additional incubation of 5 min, two volumes of FCS were added. After washing in complete
medium, followed by washing with PBS, CSFE-labeled cells were used for the proliferation
assay.



RNA preparation

RNA extraction from snap frozen colon specimen was carried out using the RNeasy mini kit
(Qiagen, Germany) according to the manufacturer's instructions. First-strand cDNA was
synthesized from 1ug RNA according to standard protocol.

Quantitative PCR

SYBR-green master mix (ThermoScientific. UK) was used to detect accumulation of PCR
products during cycling on an Rotor-Gene 3000 Cycler (Quiagen, Germany). RNA expression
levels of samples of experimental groups were normalized to B-actin and were displayed as
fold-change relative to the mean of samples of untreated controls. Primers were designed
using Universal ProbeLibrary (Roche).

Histology

Paraffin sections from the small intestine of adoptively transferred mice were stained with
H&E for histological analysis. Mucosal inflammation was evaluated in cross sections of the
small intestine. Sections were scored in a blinded fashion on a scale from 0 to 30, based on
the degree of lamina propria mononuclear cell infiltration, crypt hyperplasia, goblet cell
depletion and architectural distortion as previously described in detail (Westendorf et al.,
2006).

Statistics

Data are expressed as mean + standard deviation for each group. Student’s t-test was used
to compare groups; P values less than 0.05 were considered significant.

Results

Amorphous SiO, NP exacerbate intestinal inflammation in VILLIN-HA-transgenic mice,
adoptively transfered with MHC-I-restricted HA-specific T cells.

To analyze the effects of ingested amorphous SiO, NP on the pathology of IBD, we first
exploited a T cell-dependent model of intestinal inflammation. HA-specific CD8" T cells were
isolated from the spleen of CL4-TCR transgenic mice and 3-4 x 10° cells were injected
intravenously into VILLIN-HA transgenic mice or nontransgenic littermates. After five days,
mice were sacrificed and disease serverity was evaluated. To assess the effect of SiO, NP
on disease severity, mice received SiO,-chow (SiO,) or particle-free chow (placebo) for one
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week before the transfer and during induction of T cell mediated inflammation. Disease
developed from day 3 on, and at day 5 VILLIN-HA mice displayed severe symptoms of
intestinal inflammation. At this time point, body weight was reduced to about 95% of initial
weight in VILLIN-HA recipient mice, whereas body weight was stable in non-transgenic
littermate controls (Fig. 1 A). Histological sections of small intestinal biopsies from Villin-HA
mice treated with a particle-free chow exhibited inflammatory cell infiltrates, which reached a
mean score of about 15 points out of a maximum of 42 points (Fig. 1 B). However, body
weight of VILLIN-HA mice, which had ingested SiO, NP with their chow before and during the
onset of inflammation, was reduced to about 90% of initial weight, significantly different from
the mice that had received particle-free chow (Fig. 1 A). Additionally, histological examination
revealed that mucosal inflammation of the small bowel was more severe in SiO.-treated
VILLIN-HA mice, when compared to placebo-treated VILLIN-HA mice (Fig. 1 B). As
described earlier, transfered HA-specific CD8" T-cells display an activated phenotype'®.
Therefore, we assessed the expression of the activation marker CD69 on CD8" T cells in the
MLN of VILLIN-HA recipient mice by flow cytometry (Fig. 2 A). For further analysis of the
activation status of the transferred CD8" transgenic T cells, isolated MLN cells were
restimulated in vitro with the corresponding HA-peptide for 7 days and proliferation of CD8" T
cells was assessed by CFSE-labeling assay. T cells, that had been isolated from MLN of
transplanted VILLIN-HA mice displayed a much higher proliferative activity compared with
transplanted littermate controls. The frequency of proliferating T cells, however, was even
further enhanced in SiO,-treated VILLIN-HA mice in comparison to placebo-treated VILLIN-
HA mice (Fig. 2 B). Additionally, small intestinal biopsies were isolated, and cultured for 6h,
after which supernatants were collected and analyzed for cytokine-expression by Luminex
technology. IL-10 production from small intestines of transplanted placebo-treated VILLIN-HA
mice did not differ from that of transplanted littermate controls. In contrast, biopsies of SiO,-
treated VILLIN-HA mice secreted significantly higher amounts of IL-10, compared to placebo-
treated controls (Fig. 3 A). Similar results were obtained for TNFa- and IFNy-production. Both
cytokines were not or only slightly enhanced in placebo-treated VILLIN-HA mice in
comparison to SiO,- or placebo-fed littermate controls, whereas intestinal biopsies of SiO,-
treated VILLIN-HA mice produced elevated levels of TNFa and IFNy (Fig. 3 B-C). In control
mice, which did not develop symptoms of IBD upon T cell transfer, neither in turns of
inflammation, nor of weight loss, administration of SiO, NP had no effect whatsoever. In
summary, these data clearly show an exacerbated disease activity in VILLIN-HA mice, after
treatment with SiO, NP-containing diet in comparison to mice



SiO, NP aggravate symptoms in DSS-induced acute colitis

DSS-induced colitis is generally believed to be dependent on bacteria, which penetrate
through the epithelium and elicit strong immune responses in the colonic mucosa.
Inflammation goes along with bloody diarrhea and infiltrates of granulocytes in the colonic
tissue. This model also works well in Rag1-deficient mice, which lack all mature lymphocytes,
therefore DSS-induced colitis seems to be mainly induced by innate immune mechanisms.
To assess the influence of SiO, NP in DSS-induced acute colitis, mice were fed with SiO,- or
particle free-chow ad libidum for 18 days before induction of colitis. After 6 days with 2%
DSS in the drinking water, in the absence of experimental chow, mice received SiO,- or
placebo-chow for additional 2 days. During the onset of disease, mice were analyzed every
other day and clinical symptoms were scored. Both DSS-treated groups showed symptoms
of colitis, including bloody diarrhea and weight-loss. Whereas mice which had received DSS
and particle-free chow (DSS/placebo) recovered from day 25 to day 26, disease persisted in
DSS-treated, SiO,-treated (DSS/SiO,) mice (Fig. 4 A). Additionally, the colon length was
further reduced in DSS/SiO,-treated mice in comparison to DSS/placebo-treated mice (Fig. 4
B). While total cell numbers of MLN were similar comparing the two DSS-treated groups,
analysis of cytokine-production revealed a slightly enhanced secretion of TNFa from MLN
cells of DSS/placebo-treated mice after 48h stimulation with LPS, which was further
upregulated in DSS/SIO, treated mice (Fig. 5).

SiO, NP enhance the inflammatory response in DSS-induced chronic colitis

To evaluate the effect of SiO, NP in the diet during chronic DSS-induced inflammation,
C57BL/6 mice were pretreated with SiO,-containing or particle-free chow for 14 days and
chronic colitis was induced in 3 intervals of DSS-treatment. Each interval consisted of one
week feeding with 2% DSS in the drinking water, while mice received normal chow, followed
by two week with normal drinking water and SiO,- or placebo-chow. During the entire
experiment, mice were monitored every other day, determining weight-loss and stool-
consistency. During each cycle of DSS-treatment, symptoms worsened and the clinical score
was highest about 10 days after the beginning of the treatment. Regarding these clinical
parameters, we observed no differences between DSS/SiO,-treated and DSS/placebo-
treated groups (Fig. 6 A). Additionally, colon length, another parameter, which correlates with
disease activity, was measured. In both DSS-treated groups there was a significant reduction
in colon length, but there was no difference between DSS/SiO,- and DSS/placebo-treated
mice (Fig. 6 B). As a marker for systemic inflammation, spleen weight was analyzed. In both
DSS-treated groups spleen weights were significantly enhanced compared to the untreated
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groups, and were higher in DSS/SiO,- compared to DSS/placebo-treated mice (Fig. 7 A).
MLN are the main gut draining lymph nodes, in which induction of adaptive immune
responses by gut-derived APC takes place. Therefore, we analyzed the total cellularity and
cellular composition of MLN after DSS-induced chronic colitis. In both DSS-treated groups,
total cell numbers of MLN were higher than those of MLN of DSS-untreated mice. When
comparing MLN cell numbers of DSS/SiO,-treated with DSS/placebo-treated mice, we
observed significantly enhanced cell numbers in the MLN of SiO.-treated mice (Fig. 7 B). To
identify the cell population that was expanded in MLN of colitis mice, we performed FACS
analysis. Absolut cell numbers of T cells and B cells were only slightly increased, whereas
DC cell numbers remained unchanged in DSS-treated mice (Suppl. Fig. 1). The most
prominently enhanced cell population expressed Gr1, a marker for granulocytes, monocytes
and some macrophages (Fig. 7 C-D) and intermediate levels of CD11b and F4/80 (Fig. 7 E-
F). To further analyze the effect of SiO, NP on cells of the colonic mucosa during DSS-
induced chronic colitis, we assessed the production of inflammatory mediators in colonic
tissue via quantitative PCR. In DSS/placebo-treated mice, there was no altered expression of
either IFNy or IL-17, two proinflammatory cytokines, which are closely linked to the pathology
of DSS-induced colitis®®. IFNy-expression was upregulated only in DSS/SiO-treated mice
(Fig. 8 A). This NP-mediated effect was not seen for IL-17 expression, which remained
unchanged in both DSS-treated groups (Fig. 8 B). IL-1B is an inflammatory cytokine, which
contributes largely to the tissue destruction in DSS-induced colitis®'. In line with previous
findings by others, we observed a significant upregulation of IL-18 mRNA-levels in
DSS/placebo-treated mice, which was slightly further enhanced in DSS/SiO,-treated mice
(Fig. 8 C). During inflammation the inducible form of nitric oxide synthase (iINOS) is
upregulated, resulting in the production of high amounts of NO, which exerts an essential
anti-microbial function. However, high amounts of NO also lead to the formation of
peroxynitrite, which induces cell toxicity and tissue distruction. In both DSS-treated groups
iINOS was significantly upregulated compared to the untreated controls. Furthermore, iINOS
mRNA levels were even higher in DSS/SiO.-treated mice compared with DSS/placebo-
treated mice (Fig 8 D). Taken together these data clearly indicate an adverse effect of food-
contained SiO, NP in this DSS-dependent model of chronic colitis by exacerbation of the

inflammatory response.

Taken together we could show, that amorphous SiO, NP lead to exacerbation of intestinal
inflammation in 3 independent murine models of IBD. We conclude, that SiO, NP uptake with
the diet might also lead to adverse effects in people, who have a predisposition for IBD or

suffer from chronic or active disease.



Discussion:

NP, which are defined as particles with a diameter < 100 nm, are increasingly utilized for food
production. SiO, NP, for example, are used as anti-caking agents in spices, or to enhance
flow properties of viscous fluids. While inhalation of NP may cause severe inflammatory
reactions in lung tissue, very little is known about uptake, distribution and effects after oral
ingestion. Amorphous SiO, NP were shown by others to cause transient pulmonary
fibrogenic effects, similar to the known carcinogen quartz'"'2. Here, we report, that oral
uptake of SiO, NP exacerbates inflammation in the intestine in several murine models of IBD.

The initial processes leading to the induction of inflammation in the intestinal mucosa are not
yet fully understood, although there is evidence that both innate immune cells and
autoreactive T cells might play a role. We first analyzed the effect of SiO, NP on intestinal
inflammation in an autoimmune model of IBD. CL4-TCR transgenic T cells, which recognize
an epitope of viral hemagglutinin (HA) presented by MHC class |, were adoptively transfered
into VILLIN-HA mice, expressing the influenza virus A/PR8/34 HA under the control of the
villin promoter along the entire crypt-villus axis'®'®. Upon transfer of transgenic T cells, Villin-
HA mice lost weight, developed bloody diarrhea and showed signs of inflammation in the
mucosa of the small intestine within 5 days. When VILLIN-HA mice were treated with SiO,-
chow 1 week before the adoptive transfer and during the onset of enterocolitis, symptoms
worsened dramatically. This was reflected in more rapid weight loss, and more severe
histological lesions, when compared to placebo-treated mice. Additionally, small intestinal
biopsies of SiO.-treated VILLIN-HA mice produced high amounts of the cytokines IL-10,
TNFa and IFNy, whereas tissue of placebo-treated VILLIN-HA mice secreted cytokine levels
similar to non-transgenic controls. SiO, NP had no effect in non-transgenic control mice, and

did not lead to inflammation on their own.

Recently, NP of different chemical compositions were tested for their ability to enhance
therapeutic efficiency by delivering drugs specifically to inflamed sites of the intestine. It was
shown, that polymeric particles adhere preferably to inflamed tissue, due to elevated levels of
mucus production at these sites. Additionally, a higher uptake of particles into the mucosa
was reported, as a result of a disrupted epithelial integrity together with a highly increased
number of immune cells at sites of inflammation. Uptake was dependent on particle size and
was more efficient, the smaller the particles were'*?°. We hypothesize, that SiO, NP might be
adsorbed via similar mechanisms to inflamed mucosa, where they could then be engulfed by
macrophages or DC. Once SiO, NP are taken up into intestinal phagocytes, they may induce
secretion of proinflammatory cytokines like IL-18 and TNFa, and expression of iNOS. The
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latter induces secretion of NO as a second messenger, as was shown previously for
peritoneal macrophages, which had been stimulated by i.p. injection of SiO, NP with an
average diameter of 12 nm?'. Additionally, SiO, NP exposure induced apoptosis and the
production of reactive oxygen species (ROS) in a macrophage cell line in vitro®'. In our
hands, SiO, NP induced apoptosis and NLRP3 inflammasome-dependent IL-1 secretion in
bone marrow derived DC, but no significant ROS-production'. These observations suggest,
that SiO, NP might possibly lead to the secretion of inflammatory mediators in intestinal
phagocytes, which could then induce activation of T cells as a secondary effect. In line with
these thoughts, CD8" splenocytes from SiO,-chow treated colitic VILLIN-HA mice displayed
a more mature phenotype and higher proliferative activity upon restimulation with HA-
peptide.

We next assessed the effect of SiO, NP ingestion in an acute model of DSS-induced colitis.
Generally, it is thought that during DSS-colitis, mainly innate immune mechanisms contribute
to inflammation. DSS leads to destruction of the epithelial layer and, as a consequence,
microbiota from the gut lumen infiltrate the mucosa and elicit an immune response. In
addition, it was shown that DSS may activate the NLRP3 inflammasome in mice'®. In the
present study, C57BL/6 mice were given SiO,- or placebo-chow for 18 days, before
inflammation was induced with 2% DSS in the drinking water. We refrained from feeding
mice with NP-containing chow in parallel with DSS to avoid possible adsorption of DSS to the
NP. After DSS was stopped at day 6, mice again received SiO.-chow for additional 2 days.
DSS-treated mice developed severe signs of rectal bleeding, diarrhea and weight loss,
starting from day 2 on. When mice were sacrificed on day 8, DSS-placebo-treated mice
already showed remission of symptoms, whereas DSS-SiO,-treated mice were still in severe
conditions. As another parameter, which correlates with severity of inflammation, colon
length was measured. Only in SiO,-treated mice colon length was clearly reduced, indicating
a more serious inflammatory response in the colonic mucosa of these mice. In concordance
with the effects of SiO, NP in the VILLIN-HA colitis model, we additionally observed
significantly elevated levels of TNFa in cultures of MLN cells. TNFa is a proinflammatory
cytokine, which is mainly produced by mononuclear cells like macrophages in IBD*?°
indicating that intestinal phagocytes might indeed be a primary target of NP exposure. TNFa
represents one of the most important inflammatory cytokines in IBD-associated
immunopathology. It leads to the activation of neutrophils and macrophages, stimulates B
cells and induces T cells to produce IFNy?*. During the last decade a new generation of
therapeutica has been designed, targeting mediators of IBD like TNFa and IL-1, instead of a
general immunosuppression. This approach has been very successful with regard to
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amelioration of symptoms during flares and incidence of remission®. The clear upregulation
of TNFa in SiO,-treated mice in both acute models of colitis analyzed in this study, further
strengthens the significance of NP induced enhancement of intestinal inflammation. In
contrast, SiO, NP had no effect whatsoever in untreated control mice.

Since IBD is typically a chronic, relapsing disease, we also analyzed the influence of SiO, NP
in a DSS-dependent model of chronic colitis®. SiO, NP-induced effects were not as strong
as during acute inflammation, but nevertheless, we observed significant differences in the
cellular composition of MLN and spleen. Colitic mice, which had been fed with SiO,-chow for
2 weeks before the first cycle of DSS-treatment, in between DSS-treatments and after the
last round of DSS-administration, had enlarged spleens and significantly enhanced absolut
cell numbers in MLN in DSS-SiO.-treated mice, when compared to DSS-placebo-treated
colitic mice. We were able to identify the cell population, which was mainly enhanced in MLN
of SiO,-treated colitic mice as Gr-1*, CD11b" cells. In several models of tumorigenesis a
similar cell type, termed myeloid suppressor cell (MSC) has been described to act
immunosuppressive via the inhibition of T cell activation®” ?®. The occurence of this newly
identified cell population also increases during intestinal inflammation, probably to prevent
fatal sepsis®. We speculate, that MSC are induced by SiO, NP in DSS-treated mice, which
counteract inflammation. Yet the presence of such a high proportion of regulatory cells in
MLN of SiO.-treated diseased mice argues for the induction of a more severe inflammatory
response in SiO,-treated mice in comparison to placebo-treated mice. In this model, we also
assessed the expression of inflammatory mediators in the colonic mucosa. IL-18 and iNOS
were both significantly upregulated in the intestines of DSS-placebo -treated mice, whereas
IL-17 was only slightly enhanced and IFNy expression was unchanged when compared to
the control. No differences were observed regarding IL-17 production, when comparing DSS-
placebo - and DSS-SiO.-treated mice. Although IL-17 was described to play a major role in
chronic DSS-induced colitis, we were not able to confirm this finding in our experiment®’. |IL-
1B, as well as iINOS, were upregulated in DSS-SiO,- in comparison to DSS-placebo-treated
mice, eventhough the differences were not very strong. In contrast, IFNy was clearly
upregulated in DSS-SiO.-treated mice, when compared to DSS-placebo-treated mice,
suggesting that SiO, NP directly of indirectly excacerbate the Th1 response during intestinal
inflammation. In the light of recent findings, that activation of the NLRP3 inflammasome

influences the strength of DSS-colitis'>3%4%

, and our own observations that SiO, NP activate
the inflammasome in DC'°, it is possible that SiO, NP exacerbate inflammation in this model
of chronic DSS-induced colitis at least partly by activating the inflammasome in intestinal

phagocytes. It will be interesting to investigate the mechanisms of SiO, NP-dependent
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amplification of intestinal inflammation in more detail, e.g. in DSS-induced colitis in NLRP3,
ASC and Caspase1-deficient mice.

In summary, our findings clearly show, that SiO, NP in the diet can enhance inflammation in
IBD, in particular after the disease has already manifested. Nevertheless, it is also possible
that SiO, NP can accelerate the onset of mucosal inflammation in people, who are
genetically predisposed to develop IBD, as many genes associated with an increased
predisposition for IBD are related to inflammasomes*>®®. This point should be given further
attention in the future. It has also been shown, that poly(lactic-co-glycolic acid) NP, which are
to be used in different therapeutical approaches, including the delivery of drugs to the
inflamed mucosa of IBD patients, also act as potent activators of the inflammasome .
Therefore, we suggest that these particles, as well as NP of other materials such as TiO,,
Zn0O, MnO or CaO, which are already used by the food industry, should also be tested

critically for counter indications in vivo.

The concentration of 0.1% SiO, NP in the chow used in this study is not very different from
the estimated actual uptake of SiO, food additives by humans. Therefore, we consider our
results alarming and suggest that IBD patients should be cautious in consuming NP-rich
foods.
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Figure legends

Figure 1

Figure 2

Figure 3

Figure 4

Severity of colitis in particle-treated VILLIN-HA mice 5 days after colitis
induction. 3.5 x 10° HA-specific CD8" T cells were adoptively transferred
intravenously into VILLIN-HA transgenic mice and non-transgenic littermates.
Where indicated, mice were pretreated with SiO,- chow for one week (SiO5).
Disease development was measured daily and is expressed in terms of body
weight loss at day 5 (A). Small intestines were isolated at day 5 and
histologically scored (B). Statistics were calculated by Student’s t-test * p <
0.05 (comparison as indicated); *p < 0.05, **p < 0,01 (versus control).

Percentage of activated CD8 T cells and proliferation of CD8 T cells of
mLN in particle-treated VILLIN-HA mice 5 days after colitis induction. 3.5
x 10° HA-specific CD8" T cells were adoptively transferred intravenously into
VILLIN-HA transgenic mice and non-transgenic littermates. Where indicated,
mice were pretreated with SiO,-chow for one week (SiO,). MLN were isolated
at day 5 after transfer and cells were stained for the expression of CD8 and
the activation marker CD69 (A). MLN cells were CFSE labeled and stimulated
with the corresponding HA peptide. Proliferation of CD8 T cells were
measured by dilution of CFSE-dye (B). Statistics were calculated by Student’s
t-test * p < 0.05 (comparison as indicated).

Cytokine production in gut tissue of particle-treated VILLIN-HA mice 5
days after colitis induction. 3.5 x 10° HA-specific CD8" T cells were
adoptively transferred intravenously into VILLIN-HA transgenic mice and non-
transgenic littermates. Where indicated, mice were pretreated with SiO,-chow
for one week (SiO,). At day 5 after transfer, small intestine biopsies were
isolated and cultured for 6h in medium. Supernatants were collected and
analyzed for cytokines by Luminex technology. Statistics were calculated by
Student’s t-test * p < 0.05 (comparison as indicated).

Clinical score and colon length of particle-treated mice with acute DSS-
induced colitis. C57/BL6 mice were pretreated with SiO,-chow for 18 days,
followed by induction of acute colitis by six days of DSS-treatment and two
days on normal drinking water and SiO,-chow. The clinical score was
assessed about every second day (A), and colon length was measured. After
sacrificing the mice after the experiment (B). Statistics were calculated by
Student’s t-test **#p < 0,005 (versus control).
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Figure 5

Figure 6

Figure 7

Figure 8

Production of TNFa in the MLN of particle-treated mice with acute DSS-
induced colitis. C57/BL6 mice were pretreated with SiO,-chow for 18 days,
followed by induction of acute colitis by six days of DSS-treatment and two
days on normal drinking water and SiO,-chow. After the experiment, single cell
suspensions of MLN were incubated in the presence of LPS for 48 hours and
TNFa was analysed in the supernatant. Statistics were calculated by Student’s
t-test *p < 0,05 (versus control).

Clinical score and colon length of particle-treated mice with chronic
DSS-induced colitis. C57/BL6 mice were pretreated with SiO,-chow for 14
days, followed by induction of chronic colitis by 3 cycles of DSS-treatment.
Each cycle consisted of one week with 2% (wt/vol) DSS in drinking water and
two weeks with normal drinking water and SiO,-chow. The clinical score was
assessed about every second day (A), and colon length was measured after
sacrificing the mice after the experiment (B). Statistics were calculated by
Student’s t-test **#p < 0,005 (versus control).

Cellular composition of MLN and spleen in particle-treated mice with
chronic DSS-induced colitis. C57/BL6 mice were pretreated with SiO,-chow
for 14 days, followed by induction of chronic colitis by 3 cycles of DSS-
treatment. Each cycle consisted of one week on 2% (wt/vol) DSS in drinking
water and two weeks on normal drinking water and SiO,-chow. Mice were
sacrificed and total cell numbers of spleens and MLN were calculated (A-B).
Additionally total amounts of Gr1* cells in MLN were assessed by FACS
analysis (C-D). Statistics were calculated by Student’s t-test * p < 0.05, ** p <
0.01 (comparison as indicated); *#p < 0,01, #*##p < 0,005 (versus control).

Production of inflammatory mediators in colon tissue of particle-treated
mice with chronic DSS-induced colitis. C57/BL6 mice were pretreated with
SiO,-chow for 14 days, followed by induction of chronic colitis by 3 cycles of
DSS-treatment. Each cycle consisted of one week on 2% (wt/vol) DSS in
drinking water and two weeks on normal drinking water and SiO,-chow. After
the experiment, colon biopsies were dissected and mRNA levels of cytokines
(A-C) and iINOS (D) were assessed by qPCR as described in Material and
Methods. Statistics were calculated by Student’s t-test * p < 0,05, **p < 0,01,
##%p < 0,005 (versus control).
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Abstract

Nanomaterials are increasingly used in various food applications, although there is little
known about toxicological endpoints after oral uptake. Since intestinal dendritic cells (DC)
could be critical targets for ingested particles, we compared the in vitro effects of amorphous
silica nanoparticles with fine crystalline silica, and micron-sized with nano-sized TiO,
particles on DC. TiO.- and SiO,-nanoparticles, as well as crystalline silica particles led to an
upregulation of MHC-1I, CD80, and CD86 on DC. Furthermore, these particles activated the
inflammasome, leading to significant IL-1B-secretion in wild-type (WT) but not Caspase-1- or
NLRP3-deficient mice. Silica nanoparticles and crystalline silica induced apoptosis, while
TiO, nanoparticles led to enhanced production of reactive oxygen species (ROS). Since
amorphous silica and TiO, nanoparticles had strong effects on the activation-status of DC,
we suggest that nanoparticles, used as food additives, should be intensively studied in vitro

and in vivo, to ensure their safety for the consumer.



Introduction

In the past decade, the use of nano-materials in various industrial applications has steadily
increased. Nanoparticles offer many useful properties, due to their enlarged surface in
comparison to larger particles. Currently, nano-materials are used for many different
purposes, including surface coatings, as food additives, or in microelectronics. Because of
their great potential to enhance the uptake and prolong the half-life of drugs, and their
adjuvant properties, they find entrance into clinical use as drug delivery vectors or for
vaccination approaches (Aline et al., 2009; Elamanchili et al., 2007; Lamprecht et al., 2001;
Lamprecht et al., 2005; Li et al., 2007). While the major route for accidental uptake is via the
respiratory route, nanoparticles are also effectively taken up via the intestinal mucosa
(Behrens et al., 2002; Hillyer and Albrecht, 2001). Humans ingest an estimated number of
10'%-10™ inorganic particles per day, including a nano-sized fraction (Chaudhry et al., 2008).
This number will probably rise in the next few years, since nanoparticles are now increasingly
used in the food sector (Bouwmeester et al., 2009; Powell et al., 2009).

Nano-sized particles induce a stronger acute inflammatory reaction than larger sized
particles, when tested at the same mass dose, as was shown by inhalation (Oberdérster et
al., 2000) or intratracheal instillation (Sager et al., 2008). In fact, for several types of poorly
soluble particles (e.g. TiO,, carbonaceous particles) a strong correlation has been found
between pulmonary toxic responses and the particle surface area (Oberdérster et al., 2005;
Stoeger et al., 2006). When applied intraperitoneally, TiO, was distributed throughout the
entire body, but was mainly retained in liver and spleen (Chen et al.,, 2009). After
intratracheal instillation, both fine and ultrafine TiO, particles caused pulmonary fibrosis and
tumours in rat lungs (reviewed by Borm et al., 2004). Application of TiO, nanoparticles with a
primary particle size of 21 nm in drinking water of mice was recently shown to cause
genotoxic effects in blood cells, bone marrow and liver, as well as DNA deletions in the
offspring (Trouiller et al., 2009). In contrast, TiO, nanoparticles with a very small primary size
(i.e. < 5 nm) were found to cause only rather mild symptoms and transient damage (Grassian
et al., 2007).

Inhalation of crystalline silica particles induces a severe lung disease, known as Potter’s rot
or silicosis. Crystalline silica, in the form of quartz or crystoballite, has also been classified as
a human carcinogen by the International Agency for Research on Cancer (IARC, 1997). The
silicotic response to inhalation of crystalline silica is associated with the persistent activation
of alveolar macrophages, which secrete inflammatory cytokines like Tumor Necrosis Factor-a
(TNF-a) or Interleukin (IL)-1B. It also leads to fibrosis and in later stages to lung cancer
(Saffiotti, 2005). The inflammatory effect in quartz-induced silicosis is mediated by activation
of the NLRP3 inflammasome through phagosomal destabilisation as was currently revealed



in pioneering in vitro studies (Cassel et al., 2008; Hornung et al., 2008). The NLRP3
inflammasome is a multi-protein complex within the cytoplasm of antigen-presenting cells
(APC), neutrophils and keratinocytes. It can be activated by conserved pathogen structures,
by intrinsic danger signals like ATP, uric acid or low intracellular potassium concentrations,
but also by inorganic materials like crystalline silica and aluminium salts (Hornung et al.,
2008; Petrilli et al., 2007). Activation of NOD-like proteins leads to ASC recruitment and
activation of Caspase-1, which in turn cleaves prolL-1p and prolL-18. In contrast to the rather
well-understood mechanism by which crytalline silica induces persistent inflammation,
relatively little is known about adverse health effects caused by amorphous silica
nanoparticles after inhalation (Merget et al., 2002). Amorphous silica nanoparticles are
known to induce a strong, but transient inflammatory reaction and fibrosis in the lungs of
mice (Cho et al., 2007; Choi et al., 2008) and rats (Johnston et al., 2000). Yet, the molecular
mechanism whereby amorphous silica triggers an acute inflammatory response is
incompletely understood.

NOD receptor-activation and subsequent cytokine release is associated with a variety of
diseases besides silicosis, including inflammatory diseases of the intestine (Kidd et al., 2009;
Li et al., 2009b). Although the intestine generally appears to be less sensitive to inflammatory
challenges compared with the lung, a higher susceptibility to inflammatory stimuli may occur
in the context of inflammatory bowel diseases (IBD). In experimental colitis, it was shown that
the IL-18 level was strongly elevated in mice upon treatment with dextrane sodium sulphate.
Moreover, colitis could be blocked by inhibition of Caspase-1, indicating an important role for
inflammasome-induced effects in IBD (Bauer et al., 2007). Intestinal immune homeostasis is
regulated to a great extent by DC, which are the main inducers of adaptive immune
responses upon stimulation with pathogenic components. In the intestinal mucosa, distinct
subsets of DC are in charge of keeping the balance between tolerance towards harmless
food compounds and gut commensals on the one hand and inflammatory reactions towards
pathogens on the other hand (Rescigno, 2009). This delicate balance might be affected by
nanoparticles present in our food. In this study, we analysed the effect of TiO, and silica
nanoparticles as model particles with potential relevance for intestinal uptake on the
activation status of DC and the elicitation of inflammasome activation.



Methods

Particles. The well-known inflammogenic and fibrotic quartz dust DQ12 (Dérentruper quartz,
batch 6), with a mean diameter of 0.96 pm and a BET surface area of 10 m?g was used as a
positive control. Detailed size distribution characteristics are described elsewhere (Albrecht
et al., 2004). For all other particles, information on surface area and primary particle size was
provided by the companies. In addition to DQ12, a fine TiO, (TiO.f) sample, pure anatase
with a BET of 10 m?g and a primary particle size range from 40 — 300 nm was used (Sigma
Aldrich). The nanosized samples used in our study were p25 TiO, (TiO.uf; Degussa/Evonik,
composed of 77% anatase and 23% rutile, with a BET of 50 m?/g and a primary particle size
range from 20 — 80 nm), and amorphous fumed silica (SiO,uf; Sigma Aldrich, with a BET of
200 m?/g and a mean primary particle diameter of 14 nm). Both samples of TiO, as well as
the amorphous silica nanoparticles have been used in previous studies (Borm et al., 2004;
Singh et al., 2007; Gerloff et al., 2009). Before particles were used in experiments, they were
baked at 220°C for 18 hours to destroy potential contaminating endotoxins. Thereafter,
particles were suspended in complete medium and sonicated for 30 min in a Sonorex TK52
waterbath (60 W, 35 kHz). Cells were treated with the various particles at concentrations and
time intervals as specified in the Results section.

Flow cytometry (FACS). Anti-MHC-Il (M5/114.15.2, APC labelled), anti-CD11c (N418, FITC
labelled), anti-CD80 (16-10A1, PE labelled) and anti-CD86 (PO3.1, PE labelled) were
purchased from eBioscience. Anti-CD11c (HL3, PE labelled) was from BD Pharmingen. For
FACS analysis, cells were stained in phosphate buffered saline (PBS), containing 0.5% FCS
(PAN) and 2 mmol EDTA (FACS buffer) on ice for 15 min.

To stain apoptotic cells, cells were incubated with 0.5 pg/ml ethidium monoazide bromide
(Invitrogen) on ice in the dark for 10 min and for another 20 min under direct light. Cells were
washed twice in FACS buffer and further stained with PE-labelled anti-CD11c and APC-
labelled anti-MHC-II antibodies in FACS buffer for 15 min on ice in the dark. Cells were
washed once and stained with Alexa 488-labelled Annexin-V (Alexis) in Annexin-V (BD
Pharmingen) binding buffer for 15 min at room temperature. Cells were then immediately
analysed by FACS.

In order to assess the production of reactive oxygen species (ROS), particle-treated bone
marrow-derived DC (BMDC) were harvested on d7 and incubated with 100 pM cell
permeable 2’.7’-dichlorodihydrofluorescein diacetate (DCFDA; Sigma) for 30 min at 37 °C in
RPMI 1640 (PAA), washed once and stained with anti-CD11c and anti-MHC-II for 15 min in
FACS buffer on ice. Flow cytometry was performed using a FACSCalibur flow cytometer (BD



Bioscience). Data were acquired by CellQuest (BD Bioscience) and analysed by FlowdJo
software (Tree Star).

Mice. C57BL/6 mice were originally purchased from Harlan-Winkelmann and bred at the IUF
animal facility under specific pathogen free conditions. Caspase-1-deficient mice (Li et al.,
1995) and littermate control mice were bred at the Institute of Cell Biology, ETH, Zlrich,
Switzerland. NLRP3-deficient mice were kindly provided by Genentech (Mariathasan et al.,
2006). All other mice used in the experiments were kept under specific pathogen-free
conditions in the animal facility of the Institut fir Umweltmedizinische Forschung, Diisseldorf,
Germany

DC Preparation. Bone marrow cells were flushed from tibias and femurs of the mice with ice-
cold PBS, resuspended and filtered once through a cell strainer (BD Falcon). Cells were
washed once in PBS and plated at a concentration of 5 x 10° cells/ml in RPMI 1640,
supplemented with 10% FCS, L-glutamine, penicillin-streptomycin and B-mercaptoethanol
(Invitrogen). For differentiation, 2% supernatant of GM-CSF transfected X63Ag8-653-cells
(Karasuyama and Melchers 1988) was added to the cultures. On d3 the same volume of
complete medium was added to the cultures and on d6 non-adherent cells were harvested
and used for experiments.

In vitro stimulation of BMDC. BMDC were harvested at d6 and plated at a concentration of 1
x 10° cells/ml in 2 ml onto six well plates (Grainer bio-one) in complete medium. For FACS
analysis, cells were stimulated with 1 pg/ml LPS E.coli 0111:B4 (Sigma-Aldrich) or particles
at concentrations from 5 — 50 pg/cm? in a total volume of 4 ml for 18 hours. Cells were then
scraped from the bottom of the dishes and stained for FACS analysis.

To assess inflammasome activation, BMDC were plated at 1 x 10° cells/ml and stimulated
with 0.1 pg/ml LPS on d6. After 6 hours 20 or 40 pg/cm? particles were added to the cultures
and supernatants were harvested, centrifuged and immediately frozen at -80°C. In some
experiments cells were incubated with 1.5 pg/ml Cytochalasin-D (Sigma) for 30 min at 37°C
in serum-free RPMI 1640 to block actin-polymerisation (Haberzettl et al., 2007) after
prestimulation with LPS and before particles were added to the cultures for additional 2
hours. Cells were then harvested and supernatants collected. Alternatively, ATP (Roche)
was added to the cultures at a concentration of 5 mM, 90 min after Cytochalasin-D-
treatment. Cells were harvested and supernatants collected after additional 30 min.

Particle uptake by DC. Uptake of particles by DC was evaluated by means of flow-cytometry
according to an established method (Haberzettl et al., 2007; Haberzettl et al., 2008).



ELISA. IL-1B concentrations in cell culture supernatants were determined using an IL-13
ELISA DuoSet Development kit from R&D Systems, according to the manufacturer’s
instructions. Extinction (OD) was measured at 450 and 570 nm with an ELx 800 universal
microplate reader (Bio-Tek).

Statistics. Means were calculated from at least three experiments and are expressed as
mean + standard error of the mean (SEM) or as median + interquartile range. Statistical
analysis was performed with the Student’s paired or unpaired t-test as indicated in the Figure

legends.

Results

To analyse the effect of particles on the differentiation of DC, BMDC were incubated in the
presence or absence of LPS (TLR4 ligand) as controls, or 20 and 50 pg/cm? particles for 18
hours. Toxicity was measured by cell counting and the maturation status of the cells was
assessed by FACS analysis. MHC-II, CD80 and CD86 molecules are strongly upregulated
on the cell surface of DC upon maturation and were therefore used as maturation markers.
The frequency of CD11c¢* DC in BMDC cultures was between 60 and 90% in all experiments
as depicted in Figure 1 A and B. Stimulation with LPS led to an increase in cell number,
whereas treatment with SiO,uf particles significantly reduced cell numbers by about 50%.
DQ12 also led to a decrease in cell numbers, even though the effect was not as strong as
with silica nanoparticles. Neither TiO.uf nor TiO.f had a notable influence on cell viability
(Fig.1 C). While MHC-II molecules were strongly upregulated on the DC surface after culture
with TiO.uf, MHC-II expression was only slightly elevated by TiO.f at the highest
concentration. Both types of silica particles caused a significantly enhanced MHC-II
expression in BMDC, independent of their size and structure (Fig.1 D). After loading of
BMDC with TiO.uf and both types of silica, CD80 and CD86 expression was slightly
increased. However, there was no increase in CD80 and CD86 expression on BMDC treated
with TiO.f (Fig.1 E-F). Taken together, all particles tested, with the exception of TiO.f,
induced maturation of the cells, while only SiO.uf significantly affected cell viability, indicating
that particles can directly stimulate DC.

[Insert Figure 1 about here]



To investigate whether the reduced cell numbers were due to enhanced apoptosis, BMDC
were incubated with 5, 20 and 40 ug/cm? particles or LPS for 18 hours and analysed by
Annexin V staining. The highest frequency of apoptotic BMDC was observed in the SiO,uf-
treated group with 47.08% +/- 5.913%, and 25.43% +/- 21.11% in the DQ12 cultures at a
concentration of 40 pg/cm? (Fig.2 C-D). TiO,uf and TiO,f particles did not lead to notably
enhanced frequencies of apoptotic cells at the concentrations applied (Fig.2 A-B). Immature
BMDC were defined as CD11c* MHC-II"" cells and mature DC as CD11¢*MHC-II"" cells.
Remarkably, SiO.uf and DQ12 particle-induced apoptosis was mainly seen in immature
BMDC, whereas mature cells were only moderately affected. Taken together, crystalline as
well as amorphous silica, but not TiO, particles, induce apoptosis in BMDC. For BMDC
|high

treated with SiO, particles, the enhanced frequency of MHC-I DC, shown in Fig. 1D may

IIow

partly be explained by selective loss of MHC-II®" immature DC through particle induced

apoptosis.
[Insert Figure 2 about here]

Next, we determined the capacity of the tested particles to induce oxidative stress in DC. For
this purpose, BMDC were treated with 20 and 40 ug/cm? particles and were then loaded with
cell permeable DCFDA, which is converted to the fluorescent DCF by ROS within the cell. In
TiOouf particle-treated BMDC but not in TiO.f particle-treated cells, there was a strong,
concentration-dependent enhancement of ROS-production (Fig.3 A). The quartz sample and
the amorphous SiO, nanoparticles did not have a significant effect on the overall oxidative
stress in BMDC regardless of their size and chemical structure (Fig.3 B). LPS also did not
induce ROS production. These data indicate a size-dependency of the TiO,-induced
oxidative stress response in DC.

[Insert Figure 3 about here]

To test, whether particles activate DC directly, we also assessed the production of the
inflammatory cytokine IL-1B from particle-treated cells. It is known that after inhalation of
quartz, active IL-1B8 can be detected in the lungs of mice. Quartz induces IL-1B3 secretion
from immune cells via activation of the NLRP3 inflammasome (Hornung et al., 2008). To
investigate whether the particles - and in particular nanoparticles - used in this study activate
DC via a similar mechanism, production of mature IL-1B was analysed in the supernatant of
BMDC after cultivation with 20 and 40 pg/cm? particles. To induce transcription of the pro-
form of IL-1B, cells were pre-stimulated with LPS six hours prior to particle loading. IL-1B was
detected in the supernatant already after stimulation with LPS only, but was enhanced



markedly after stimulation with both silica particles. Cells treated with SiO.uf particles
secreted 2060 pg/ml +/- 445.3 pg/ml and DQ12-treated cells released 2174 pg/ml +/- 778.5
pg/ml at the highest concentration in comparison to 253.2 pg/ml +/- 75.0 pg/ml after LPS
stimulation. TiO,uf particles also induced a significant upregulation of IL-13 to 973.9 pg/ml +/-
209.8 pg/ml, whereas TiO.f particles had no effect on IL-1B secretion (Fig.4). Thus, all
particles tested, with the exception of TiO.f, were able to induce the maturation of IL-1.

[Insert Figure 4 about here]

Maturation of prolL-1B is mediated by activated Caspase-1, which is cleaved upon activation
of the inflammasome and then in turn cleaves prolL-13. To verify the involvement of
Caspase-1 in nanoparticle-mediated IL-1B-production, BMDC from WT and Caspase-1-
deficient mice were cultured with 20 and 40 ug/cm? particles after prestimulation with LPS.
As described above, IL-13 release was strongest in WT cells cultured with silica
nanoparticles, whereas TiO,uf-treated cells produced only low amounts of mature IL-1(. In
contrast, using BMDC from Caspase-1 deficient mice, IL-1B levels were reduced to near
background level after treatment with TiOuf, and reduced significantly in both silica particle
treated groups (Fig.5 A, B and C). We noticed that IL-1B levels were generally higher in the
experiments performed with Caspase-1-deficient BMDC and respective WT littermate control
cells compared with all other experiments shown in this study. This difference may depend
on different genetic backgrounds of the mice, or differences in animal housing. Taken
together, these data show that particle-induced IL-1B release is dependent on Caspase-1
activation, and therefore likely mediated by the inflammasome. In addition, we assessed
whether particle-mediated Caspase-1 activation takes place in association with the NLRP3
inflammasome, as was described for quartz particles (Hornung et al., 2008). We therefore
analysed IL-1B expression in NLRP3-deficient DC and WT DC, after cultivation with particles.
IL-1B secretion was reduced to background levels after culture of NLRP3-deficient DC with
all particles (Fig. 5 D-F), strongly indicating an activation of the NLRP3 inflammasome in DC
by TiO,uf as well as SiO,uf, similar to DQ12.

[Insert Figure 5 about here]

Since inflammasome activation by quartz is known to depend on particle uptake and delivery
in lysosomes (Hornung et al., 2008), we blocked actin-dependent uptake with Cytochalasin-D
to determine if uptake was also necessary to activate the inflammasome for the TiO, and
SiO, nanoparticles tested in this study. Since the granularity of the cells has been proven to
be a valid estimate of particle uptake (Haberzettl et al., 2007; Haberzettl et al., 2008), we



determined the granularity of the cells by FACS. A strongly enhanced granularity was
observed when cells were cultured in the presence of both titanium particles and DQ12
(Fig.6 A, B and D). In contrast, SiO,uf particles only led to a slightly increased side scatter
(Fig.6 C). By inhibiting endocytosis via Cytochalasin-D, granularity was reduced in BMDC,
treated with both TiO, particles regardless of their size and both silica particles (Fig.6 A - D),
indicating that particle uptake is at least partly mediated by an actin-dependent mechanism.

[Insert Figure 6 about here]

To assess whether the inhibition of actin-dependent uptake of the particles has an influence
on the production of active IL-1[3, cytokine release was measured in the presence or absence
of Cytochalasin D. IL-13 secretion from particle-treated BMDC was reduced to background
levels in all groups (Fig.7 A-D), when actin polymerisation was blocked by Cytochalasin D.
To assure that Cytochalasin D treatment did not affect IL-1B secretion as such,
inflammasome activation was also induced by ATP, which occurs independent of
endocytosis. In contrast to particle-induced IL-1B-production, release of IL-13 was
unchanged after ATP-stimulation (Fig.7 E), indicating that the IL-1 secretion machinery was
still intact after Cytochalasin D treatment. We therefore conclude that particle uptake via
actin-dependent mechanisms is essential for the induction of the inflammasome by TiO, and
SiO, nanoparticles.

[Insert Figure 7 about here]

Discussion

DC act as gatekeepers in the intestine and are indispensable for the induction of immune
responses against pathogens and the maintenance of tolerance towards food antigens and
luminal commensals (Rescigno and Matteoli, 2008; Varol et al., 2009). In addition, DC and
macrophages are important regulators of intestinal homeostasis and directly influence the
pathogenesis and severity of IBD (Abe et al., 2007; Reindl et al., 2007; Takeda et al., 1999).
In this study, the immunogenic potential of TiO, and SiO, particles was analysed in murine
BMDC in comparison to crystalline silica particles, which are known to exert inflammatory
reactions (Albrecht et al., 2004). Micronsized TiO, and amorphous silica particles have been
used in the food sector for a long time already. Amorphous, fumed SiO, nanoparticles with
identical properties and size as the ones that were analysed in this study, are already
contained in food, and it seems conceivable that nanosized TiO,, or newly engineered
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nanoparticles of other chemical composition may also be used for food production in the
future (Chaudhry et al., 2008; Powell et al., 2009). We therefore tested SiO,, and TiO,
nanoparticles as model particles for their potential ability to influence the activation status of
DC. Whereas micronsized TiO, particles were relatively inert and had only minor influences
on BMDC viability, maturation, and activation of the inflammasome, amorphous silica
nanoparticles and the nanosized TiO, particles induced partial maturation of BMDC and
activation of the inflammasome comparable to crystalline silica. Amorphous silica particles, in
particular, induced apoptosis in a substantial fraction of immature BMDC, whereas TiO,uf
particles stood out as significant inducers of ROS generation in BMDC cultures. Although
composed of primary particles in the nanosize range, both the TiO,uf and SiO,uf used in our
study are known to appear mainly as larger aggregates and/or agglomerates in cell culture
conditions. However, this typical aggregation/agglomeration is also likely to occur when
these nanoparticles are present in food.

Inflammasomes are multiprotein complexes that consist of intracellular receptors of the Nod-
like family, ASC adaptor proteins and Caspase-1, eventhough inflammasomes are known,
that do not require NLR-triggering and ASC-recruitment (Bryant et al., 2009). The latter is
activated upon stimulation and cleaves the pro-forms of the pro-inflammatory cytokines IL-1(3
and IL-18 to become functionally active. Recently, it was reported that crystalline silica
potently activates the inflammasome in APC via a mechanism termed lysosomal rupture,
mediated via release of Cathepsin B into the cytosol (Hornung et al., 2008). At the same time
it was reported that crystalline silica triggers NLRP3 inflammasome activation via the
induction of ROS (Dostert et al., 2008). Further studies will be required to reconcile these two
different concepts. To analyse whether TiO, particles and amorphous silica nanoparticles
can also activate the inflammasome, we measured the production of the active form of IL-13
in the supernatant of particle-treated cells. For this purpose, BMDC were pretreated with LPS
to induce transcription of the pro-form of IL-1f3, which is then cleaved to its mature form
following activation of the inflammasome (Dinarello et al., 2010). As expected, a strong
secretion of IL-1B was observed in BMDC treated with crystalline silica. Remarkably,
amorphous silica nanoparticles induced IL-18 to similar amounts as crystalline particles.
Furthermore, TiO, nanoparticles induced maturation of IL-13 in BMDC as well, whereas TiO,
micron-sized particles did not. Using Caspase-1 or NLRP3-deficient BMDC, we
demonstrated that the secretion of mature IL-13 was dependent on Caspase-1 and NLRP3,
implicating activation of the NLRP3-inflammasome by the particles tested, with the exception
of micron-sized TiO, particles. Since IL-1B secretion was not entirely absent in Caspase-1 or
NLRP3-deficient BMDC cultures, it is apparent that some cleavage of IL-13 can also be
achieved by alternative mechanisms, independent of Caspase-1. In line with this, neutrophil-
and mast cell-derived serine proteases were shown to be able to produce bioactive IL-1
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after LPS stimulation (Guma et al., 2009). In a recent study, in which BMDC were treated
with various nanoparticles, production of mature IL-1B was not observed, in contrast to our
study (Palomaki et al., 2010). This discrepancy might be explained by the fact that Palomaki
et al. did not induce the expression of pro-IL-13 by pretreatment of the cells with LPS. Recent
studies however have shown that not only pro-IL-1B expression, but also NLRP3 expression
itself has to be primed by microbial stimuli such as LPS (Bauernfeind et al. 2009, Franchi et
al., 2009). Thus a bona fide NLRP3 stimulus might not be active in resting, unprimed cells.
Nanoparticles that pass through the gut, however, might likely be coated with microbial
components like LPS from the gut flora, which may enhance their reactivity (Powell et al.,
2000).

To further identify the mechanisms that lead to particle-induced inflammasome activation, we
assessed, whether particle uptake into the cells is essential, as was shown for crystalline
silica particles (Hornung et al., 2008), or whether amorphous silica and TiO, nanoparticles
induce the inflammasome by alternative pathways. For the DQ12 particles used in the
present study, uptake into alveolar macrophages was previously shown to occur via actin-
dependent phagocytosis (Haberzettl et al., 2007). For nanoparticles, various mechanisms of
uptake have been described (reviewed in Unfried et al., 2007). The materials used in our
present study typically appear in agglomerated form. DC sample their surrounding
continuously via macropinocytosis. Therefore, it seems very likely that the nanoparticles
used in our current study preferably enter DC via this actin-dependent mechanism, which like
endocytosis can be blocked by Cytochalasin-D (Amyere et al., 2002). As depicted in Figure
7, the amounts of IL-1B secreted from Cytochalasin-D pretreated cells were reduced below
background level in all groups. In contrast, ATP-treated BMDC released normal amounts of
IL-1B after Cytochalasin-D-treatment, proving that the ability of the cells to secrete IL-13 was
not affected by blocking actin polymerisation as has been described earlier (Hornung et al.,
2008). Taken together, these data indicate, that particle uptake via actin-dependent
mechanisms is required for the activation of the inflammasome.

It is well established, that inflammasome activation mediated by crystalline silica particles is
induced via lysosomal rupture in DC, which goes along with induction of necrosis or
apoptosis (Hornung et al., 2008; Li et al., 2009a). At least for alveolar macrophages it was
shown that ROS formation is a trigger of inflammasome activation (Cassel et al., 2008;
Dostert et al., 2008). We believe that amorphous silica nanoparticle-mediated inflammasome
activation in murine BMDC might be triggered by processes involving the induction of cell
death independently of ROS formation, whereas TiO, nanoparticles might induce the NLRP3
inflammasome via a ROS-dependent mechanism.
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Inflammasome activation is associated with several human diseases. It is for instance a main
event in the development of lung fibrosis following chronic inhalation of crystalline silica dusts
(Cassel et al.,, 2008), and is associated with inflammatory diseases of the intestine.
Interestingly, elevated IL-1( levels were found in colonic biopsies of colitis patients (Olson et
al., 1993), and in mice with experimental colitis. Symptoms of DSS-induced colitis were
ameliorated when Caspase-1 was inhibited or absent, arguing for an involvement of
inflammasome activation in IBD (Bauer et al., 2007; Siegmund et al., 2001).

Besides inflammasome activation, we also assessed the expression of maturation markers
on primary BMDC after culture with particles for 18 hours. Upon treatment with TiO,
nanoparticles, MHC-II expression was upregulated almost to the same extent as after LPS
stimulation. Our data show that the effect of TiO, strongly depends on particle size and
surface area, as was shown for other endpoints before (Oberddrster et al., 1994; Oberdérster
et al., 2005; Rahman et al., 2002). In contrast to these findings, Palomaki et al. found no
upregulation of maturation markers on BMDC at comparable concentrations of TiO,
nanoparticles (Palomé&ki et al., 2010). These differences might be explained by differences in
the mouse-strains used, since for this study, we used C57BL/6 mice, whereas Paloméaki et
al. used BALB/c mice. These two mouse strains are known for their contrasting sensitivity to
crystalline silica-induced fibrosis (Moore and Hogaboam, 2008). Besides TiO, nanoparticles,
also amorphous silica nanoparticles and crystalline silica significantly increased expression
of MHC-II as well as CD80/CD86 on BMDC, independently of their chemical structure. To
assess whether the mature phenotype of the BMDC cultures after particle exposure might
also result from selective death of immature BMDC as opposed to mature BMDC, we next
assessed whether particles directly induce cytotoxicity. A significantly lower cell number was
only observed in cultures with amorphous silica nanoparticles. In contrast to other more
reactive particles, TiO, particles induce cytotoxicity only at relatively high concentrations
(Monteiller et al., 2007; Wang et al., 2007; Singh et al., 2007). These observations are in line
with the relatively mild decrease in cell number with both types of TiO, when compared with
other particles (Fig.1). In contrast to TiO,, crystalline silica is a highly reactive and cytotoxic
material. It was shown that crystalline silica particles potently induce cytotoxicity in many cell
types (lyer et al., 1996; Sarih et al., 1993; Thakur et al., 2009). Although amorphous silica is
less potent than crystalline silica in causing chronic lung disease after inhalation (Merget et
al., 2002), several studies could demonstrate cytotoxicity by amorphous nanoparticles with
size-dependent induction of cell death in different cell types (Napierska et al., 2009; Park and
Park, 2009; Waters et al., 2009). In our experiments with BMDC, amorphous silica
nanoparticles were the most toxic particles. This indicates that these particles are not inert
and do have proinflammatory properties.
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For further analysis of the toxic effects of the particles, we assessed which cells are primarily
affected by apoptosis following particle exposure using Annexin-V- and EMA-staining.
Apoptosis has been observed after inhalation of high concentrations of amorphous silica
(Johnston et al., 2000), and has also been discussed as an important mechanism whereby
crystalline silica causes fibrosis (Borges et al., 2001). Neither nanosized nor micronsized
TiO, particles induced apoptosis in the cells. However, amorphous silica nanoparticles as
well as crystalline silica dose dependently induced cell death mainly in immature BMDC,
whereas the mature fraction of BMDC remained largely unaffected by crystalline silica and
showed only a moderate increase in cell death when treated with amorphous silica
nanoparticles. We hypothesize, that due to a more active metabolism, enhanced
macropinocytosis and higher proliferative activity, immature BMDC are more prone to
undergo apoptosis upon particle exposure than fully mature BMDC. Thus, our results identify
immature DC as sensitive target cells for particle induced toxicity, which might be especially
important in the gut, where immature DC play an important role in the maintenance of
homeostasis (Turnbull et al., 2005).

In addition to particle-induced apoptosis, we analysed the generation of ROS, which is
critically involved in cell death (Broaddus et al., 1996). ROS may also serve as cellular
mediators in inflammatory processes by activation of inflammasomes and the secretion of
proinflammatory cytokines (Martinon et al., 2009). Interestingly, only TiO, nanoparticles but
not larger TiO, particles led to the formation of ROS at equal mass dose, indicating that this
effect is dependent on the particle surface. Neither SiO, nanoparticles nor quartz induced
ROS in our experiments. It is well known, that nanosized TiO, particles are much more
reactive than micronsized TiO, particles (Oberdérster et al., 1994; Oberddrster et al., 2005;
Rahman et al., 2002). Thus TiO, nanoparticles induce ROS formation in mouse macrophage,
brain microglia, human epithelial and fibroblast cell lines, with TiO, anatase nanoparticles
inducing greater amounts of ROS than TiO, rutile nanoparticles. The TiO, nanoparticles used
in our experiments were composed of 77% anatase and 23% rutile. This structural
distribution is reported to cause intermediate levels of ROS, starting at 3 mg/ml TiO; in
human dermal fibroblast- and lung epithelial-cell lines (Long et al., 2006; Oberdérster et al.,
2005; Sayes et al., 2006). In A549 human lung epithelial cells, TiO, nanoparticle-induced
ROS generation was observed upon incubation of the cells at very high concentrations, i.e.
400 pg/cm? (Singh et al., 2007). In contrast, others did not observe ROS formation under
TiO, nanoparticle-induced stress in mouse RAW 264.7 macrophages and also not in human
monocyte-derived DC (Muller et al., 2010; Xia et al., 2006). These high variabilities in
particle-induced ROS generation appear to be dependent on the cell-type analysed.
Nevertheless, it is difficult to compare the susceptibilities of the different cell-types, because
of non-uniformly depicted mass doses of the particles that were used in the experiments.
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Taken together, our data demonstrate that materials other than crystalline silica activate the
NLRP3 inflammasome, an important pro-inflammatory pathway. Indeed, this indicates a
potential health hazard for these materials, although cumulative dosimetry aspects need to
be taken into account: Crystalline silica is much more biopersistent in lung tissue after
inhalation than amorphous silica because of its specific physicochemical properties. The
resulting dose accumulation and associated persistent inflammatory response provides an
explanation for the severe pathogenicity of crystalline silica (i.e. fibrosis, tumorigenesis).
Johnston et al. (2000) compared the pulmonary toxicity of crystalline (fine) and amorphous
(nano) SiO, and demonstrated that the latter also causes inflammation, but in contrast to the
former, this effect was transient. With regard to the rather insoluble TiO.uf, we refer to the
recent study by Trouiller et al. (2009). They showed strong genotoxic effects after oral
application of the same nanoparticles as used in our study and suggested that genotoxicity
might be linked to the systemic inflammatory responses observed in the exposed animals.
Taken together, our current findings on the activation of the inflammasome for both types of
nanoparticles support their reported ability to cause inflammation (in vivo) and, depending on
dosimetry issues, associated pathogenicity. In the gut, DC activated through nanoparticles
could act as inducers of immune responses in the absence of pathogens or amplify immune
reactions in the presence of pathogens. After oral uptake, particles thus might have adverse
effects during ongoing chronic inflammatory diseases of the intestine. Therefore, we
conclude that nanoparticles considered to be used as food constituents in the future, should
be carefully studied for their immunostimulatory capacity.
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Figure legends

Figure 1

Figure 2

Figure 3

Viability and maturation status of DC after particle treatment. On day six,
BMDC were harvested and incubated with medium, 20 and 50 upg/cm?
particles, or 1 ug/ml LPS for 18 hours as indicated. (A and B) Representative
FACS analysis for CD11c and MHCII expression in the absence (A) or
presence of LPS (B). Numbers indicate the frequency of CD11c" cells in the
cultures. (C) Total cell number at the end of the culture. (D-F) The expression
of maturation markers was analysed via FACS analysis, and is depicted as
the frequency of MHCII"" DC (D), or the mean fluorescence intensity (MFI)
for CD80 (E) and CD86 (F). Values are expressed as median + interquartile
range; n = 12 (C) or mean + SEM; n = 5 (D-F). We calculated whether
particle-treated groups differed significantly from the untreated control group
by paired t-test. * p<0.05, ** p<0.01 *** p<0.001 (versus control)

Induction of apoptosis in DC by particles. BMDC were incubated with
particles at concentrations of 5, 20 and 40 pg/cm?®or 1 pg/ml LPS on day six.
After 18 hours, the frequency of apoptotic cells was measured by FACS
analysis within the immature (grey) or mature (black) DC subset, as
determined by MHC-Il expression; n = 4. Values are expressed as mean +
SEM. * indicates significance of particle-treated groups versus control; *
indicates significance of immature versus mature DC. Significance was
calculated by paired t-test.

* p<0.05, " p<0.01 ** p<0.001 (versus control)

*p<0.05, ** p<0.01 *** p<0.001 (immature versus mature DC)

Induction of oxidative stress in DC by particles. Generation of oxidative
stress was visualized by DCFDA cleavage into fluorescent DCF after
incubation of BMDC with 5, 20 and 40 pg/cm? particles or 1 pg/ml LPS for 18
hours. Values are expressed as mean + SEM; n = 4. * indicates significance of

*

particle-treated groups versus control; * indicates significance of TiO,uf-
versus TiO,f-treated groups. Significance was calculated by paired t-test.
* p<0.05, ¥ p<0.01 ** p<0.001 (versus control)

*p<0.05, ** p<0.01 *** p<0.001 (TiO,uf versus TiO,f)
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Figure 4

Figure 5

Figure 6

Figure 7

Particle-induced IL-1B secretion. BMDC were prestimulated with 0.1 pg/ml
LPS on d6. After 6 hours, particles were added to the cultures for another 18
hours. Active IL-1B was measured in the supernatant by ELISA. As a control,
unstimulated and LPS-stimulated cells are depicted. Values are expressed as
mean + SEM; n = 6. * indicates significance of particle-treated groups versus
control + LPS. Significance was calculated by paired t-test.

* p<0.05, ** p<0.01 *** p<0.001 (versus control + LPS)

Particle-induced IL-18 secretion is dependent on Caspase-1 and NLRP3.
BMDC of WT, Caspase-1-deficient mice (A-C) and NLRP3-deficient mice (D-
F) were prestimulated with 0.1 pg/ml LPS on d6. After 6 hours, particles were
added to the cultures for another 18 hours. Active IL-13 was measured in the
supernatant by ELISA. As a control, unstimulated and LPS-stimulated cells are
depicted. (A — C) Values are expressed as mean + SEM; n = 3. (D-F) For the
NLRP3-deficient mice 1 representative experiment is shown out of 2. *
indicates significance of particle-treated groups versus WT control + LPS *
indicates significance of WT versus Caspase-1 deficient mice. Significance
was calculated by t-test.

* p<0.05, " p<0.01 ** p<0.001 (versus control)

p=<0.05, ** p<0.01 *** p<0.001 (WT versus Caspase-1 deficient mice)

Uptake of particles into DC. BMDC were prestimulated with 0.1 pg/ml LPS
on d6 for 6 hours. Particle uptake was partially blocked with Cytochalasin-D
before particles were added to the cultures for another 2 hours. Cell
granularity was measured by FACS. As a control, unstimulated and LPS-
stimulated cells are depicted. Values are expressed as mean + SEM; n = 4. *
indicates significance of particle-treated groups versus WT control + LPS. *
indicates significance of groups - Cytochalasin-D versus + Cytochalasin-D.
Significance was calculated by paired t-test.

# p<0.05, ¥ p<0.01 ** p<0.001 (versus LPS-stimulated control)

*p=<0.05, ** p<0.01 *** p<0.001 (—Cytochalasin-D versus +Cytochalasin-D)

Particle-induced IL-1B secretion in DC is dependent on particle uptake.
BMDC were prestimulated with 0.1 pg/ml LPS on d6 for 6 hours. Actin-
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polymerisation was blocked with Cytochalasin-D before particles were added
to the cultures for another 2 hours (A-D). Active IL-18 was measured in the
supernatant by ELISA. As controls, IL-1B production by unstimulated, LPS-, or
ATP-stimulated cells (E) are depicted. Values are expressed as mean + SEM;
n = 4. * indicates significance of particle-treated groups versus WT control +
LPS. * indicates significance of groups -Cytochalasin-D versus +Cytochalasin-
D. Significance was calculated by paired t-test.

* p<0.05, " p<0.01 ** p<0.001 (versus LPS-stimulated control)

*p<0.05, ** p<0.01 *** p<0.001 (—Cytochalasin-D versus +Cytochalasin-D)
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In vitro and in vivo investigations on the effect of amorphous silica on DNA
damage in the inflamed intestine
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Abstract

The discussion about possible adverse effects of ingested nanoparticles towards the
human body is currently gaining much attention. One of the major contributors to
regular nanoparticle ingestion includes amorphous SiO, which is already widely used
in cosmetics, pharmaceutical products and foods. Recently we demonstrated that
these particles are can cause cytotoxicity and oxidative DNA damage to human
intestinal Caco-2 cells, as well as upregulation of the expression of the potent
neutrophil chemoattractant interleukin-8. To elaborate whether the toxic potency of
ingested nanoparticles differs between healthy individuals and those with (chronic)
inflammatory bowel diseases (IBD) we have investigated the oxidative DNA
damaging properties of SiO- (i) in vitro in Caco-2 cells during co-exposure to primary
human neutrophils (PMN) and (ii) in vivo by evaluation of the effects of SiO, enriched
chow in acute and chronic dextrane sulphate sodium (DSS) induced colitis in mice.
Genotoxicity was evaluated by the formamidopyrimidine glycosylase (Fpg)-modified
comet assay and immunohistochemistry for 8-hydroxydeoxyguanosine (8-OHdG). It
was found that activated human neutrophils potently induced DNA strand breakage
and oxidative lesions in vitro. However, SiO, did not lead to PMN activation, and no
PMN mediated DNA damage was determined in a co-culture model with Caco-2
cells. The outcome of the in vivo study were in support of these findings: analysis of
DNA damage in whole colonic tissue by the in vivo Fpg-modified comet assay did not



reveal elevated strand breakage after receiving a SiO, enriched chow. However, a
mild increase of 8-OHdAG lesions was shown by immunohistochemical staining after
chronic, but not after acute colitis induction.



Introduction

Throughout the last few years, the discussion about possible adverse effects
of ingested nanoparticles towards the human body is gaining much attention. The
use of nanoparticles, defined by a size smaller 100 nm, for food and food-related
products becomes more popular (Oberddster et al., 2005; Chaudhry et al., 2008;
Tiede et al., 2008; Schmid and Riediker, 2008; homepage nanotechproject.org). A
daily ingestion of 10'2-10' particles per day has been suggested already several
years ago, with increasing tendency each year (Lomer et al., 2001, 2004). One of the
major contributors to regular nanoparticle ingestion includes the amorphous SiO;
which is already widely used in cosmetics, pharmaceutical products and foods
(Johnston et al., 2000; Chaudhry et al., 2008). SiO, in general is accepted as a
common food additive (E551) and mainly used as an anticaking agent (homepage
food.gov.uk). The uptake of such nanopatrticles into the intestinal epithelium is still not
fully understood and appears to vary with different particle compositions and
applications (Unfried et al., 2007; Powell et al., 2010). In general, particle uptake by
intestinal tissue is low (< 10 %) (Jani et al., 1994, Hillery et al., 1994) but reported to
be a 15-250 fold higher for small particles (~110-120 nm) compared to larger
particles (Desai et al, 1996). Intestinal particle internalisation is mainly driven by the
so-called Peyer’s Patches, i.e. lymphoid tissue rich of specified M-cells (reviewed in
Powell et al., 2010), but epithelial cells are also reported to be capable of
considerable particle uptake (Hillery et al., 1994). Trouiller and co-workers recently
showed marked systemic DNA damage and mutagenesis in mice after oral uptake of
TiO2 nanoparticles and suggested that this may be due to uptake and subsequent
induction of systemic inflammation (Trouiller et al., 2009).

Recently, we have addressed the potential hazards of a selection of
nanoparticles that are likely to find their way into engineered food or food packaging
in the future. In these studies we observed for instance that nanosize SiO, and ZnO
induce marked cytotoxicity, and also can cause oxidative DNA damage and the
release of the pro-inflammatory mediator interleukin-8 from human intestinal Caco-2
cells. In contrast, TiO, only showed rather negligible cytotoxic and DNA damaging
effects in our investigations (Gerloff et al, 2009, Gerloff et al, submitted).
Remarkably however and contrasting to findings in lung epithelial cells (e.g. Singh et
al., 2007; Monteiller et al., 2007), the aforementioned effects could not be predicted



by the primary particle size or specific surface area of the different compounds
(Gerloff et al., 2009, Gerloff et al., submitted). In the respiratory tract, particles of low
solubility and toxicity, such as TiO, and carbon black, have been shown to cause
inflammation in proportion to their specific surface area. This observation is of major
importance for risk assessment of inhaled particles, since their adverse effects have
been demonstrated to be associated with their intrinsic inflammatory potency
(Oberdorster et al., 2005; Duffin et al., 2007). In contrast, relatively little is known
about possible inflammatory properties and possibly associated effects of
nanoparticles in the gut. In the respiratory tract, the particle-driven inflammatory
response is associated with tissue damage, remodelling and mutagenesis
(Donaldson et al., 2005; Duffin et al. 2007; Schins and Knaapen, 2007). An important
player in the relationship between inflammation and carcinogenesis is the formation
of reactive oxygen species (ROS) during inflammatory phagocyte respiratory burst
(Babbs, 1992; Knaapen et al, 2006). Indeed, activated polymorphonuclear
neutrophils (PMN) have been shown to cause oxidative DNA damage in rat lung
epithelial cells (Knaapen et al., 1999; Knaapen et al., 2002a), and the amounts of
recruited neutrophils was shown to be correlated with genotoxic and mutagenic
effects in the lung epithelium of particle-exposed rats (Driscoll et al.,, 1997; Knaapen
et al. 2002b).

Inflammatory effects of particles might also play an important role in particle
risk assessment for the intestine. For example, bacterial components such as LPS
are shown to bind to TiO, particles which then, by serving as a carrier for these
toxins, may lead to highly increased inflammatory responses in peripheral blood
mononuclear cells, characterized by the release of various inflammatory cytokines.
Interestingly, the inflammatory response induced by the LPS-particle complex is
synergistic as it was shown to be more pronounced than that caused by incubation
with either the particles or LPS alone (Ashwood et al., 2007). Since large amounts of
bacterial compounds are present, such particle-endotoxin complexes might be easily
formed within the colon. Transportation of these bacterial composites into the
mucosa via binding to nanoparticles might lead to aggravation of inflammatory events
induced by unintentional ingestion of nanoparticles via food uptake and exacerbate
inflammatory bowel diseases (IBD) as ulcerative colitis. However, the influence of
particles on the etiopathology of IBD is currently under discussion but not yet
confirmed (Lomer et al., 2001, 2004; Schneider et al., 2007).



The main hallmark of colitis is the imbalance of the intestinal immune system.
This is characterised by continous migration of activated lymphocytes, granulocytes
and macrophages into the mucosa as well as an increased production of various pro-
inflammatory cyto- and chemokines (Mitsuyama et al., 1994; Rogler and Andus,
1998; MacDermott, 1999). In colonic tissue of colitis patients, increased levels of the
potent chemoattractant interleukin-8 (IL-8), secreted by epithelial cells, macrophages
or fibroblasts, are found. These elevated IL-8 levels are directly linked to the
attraction and thus the infiltration of neutrophils, and therefore also correlate with the
grade of local inflammation (Kunkel et al., 1991; Mazzucchelli et al., 1994; Mitsuyama
et al., 1994; Kucharzik and Williams, 2002-2003). The respiratory burst of activated
neutrophils will lead to an increased production of reactive oxygen species (ROS)
that can further enhance inflammation and may introduce DNA damage. Persistent
activation of neutrophils and ROS has been considered to contribute to
carcinogenesis in the respiratory tract as well as the intestine (ltzkowitz et al., 2004;
Knaapen et al., 2006; Westbrook et al., 2009).

Recently, we have shown that amorphous SiO, is capable of inducing
cytotoxicity, oxidative DNA lesions and pro-inflammatory responses in Caco-2 cells,
including the upregulation of MRNA expression and protein secretion of IL-8 (Gerloff
et al., 2009, Gerloff et al., submitted), one of the most prominent cytokines expressed
by these cells (Jung et al., 1995). In the present study, we aimed to investigate the
potential consequences of the pro-inflammatory properties of SiO, for DNA damage
induction in intestinal cells using both an in vitro and in vivo model of intestinal
inflammation. For the in vitro experiments, we used a co-incubation model composed
of Caco-2 cells and primary human neutrophils. Using this co-incubation, we
analysed the potential genotoxic effects of SiO. nanoparticles in Caco-2 cells in the
presence or absence of neutrophils. For the in vivo experiments, we used a colitic
mouse model using dextrane sulphate sodium (DSS), known to induce experimental
ulcerative colitis by disturbance of the epithelial integrity (Wirtz and Neurath, 2007).
Upon inducing either acute or chronic inflammation, the colon was analyzed for DNA
strand breakage and oxidative DNA damage



Methods

Materials. Trypsin, Dulbecco’s Ca?/Mg®*-free phosphate buffered saline (PBS),
agarose, low melting point (LMP) agarose, Triton X-100, DMSO, ethidium bromide,
fetal calf serum (FCS), phorbol-12-myristate-13-acetate (PMA) and deferoxamine
(DFO) were all purchased from Sigma (Germany). Minimum essential Medium
(MEM) with Earle’s salts, Hanks” Balanced Salt Solution (HBSS),
penicillin/streptomycin were purchased from Invitrogen (Germany). Lymphoprep was
obtained from Axis-Shield (Norway). 1-hydroxy-3-carboxy-pyrrolidine (CPH) was
purchased from Alexis Biochemicals (Germany), lucigenin (N,N’-Dimethyl-9,9"-
biacridinium dinitrate) was obtained from Fluka and Rneasy Tibrous Tissue Mini Kit
was from Quiagen (Germany). Dextran sulfate sodium (DSS; mol wt 36.000-50.000)
was obtained from MP Biomedicals (USA). Hemocare was from Carediagnostica
(Germany). The antibody against 8-OHdG was obtained from the Japan Institute of
Aging. mouse IgG was purchased from Vector Laboratories (USA). Histomouse™-SP
Kit was sourced from Zymed Laboratories (USA) and DePex was obtained from
Serva (Germany). Formamidopyrimidine-glycosylase (Fpg)-enzyme was kindly
provided by Dr. Andrew Collins (Institute for Nutrition Research, University of Oslo,
Norway). All other chemicals were from Merck (Germany).

Nanoparticles. SiO, (amorphous Silica, fumed; Sigma, Germany) was used for all
experiments in present study. The sample has been reported to have a surface area
according to according to Brunauer, Emmett and Teller (BET) of 200 m%g and a
mean primary particle diameter of 14 nm. For the in vitro studies, SiO»-nanoparticles
were suspended in HBSS, sonicated for 10 min (Sonorex TK52 water-bath; 60 Watt,
35 kHz) and then directly added to the cells at the indicated concentrations. Although
the primary size of the SiO; particles is well in the nanosize range, the material is
well-known to occur as aggregates/agglomerates. This was also confirmed by
Mastersizer analysis in the suspensions used for cell treatment (Gerloff et al.,
submitted). For the in vivo study, chow was purchased from Ssniff (Germany), either

supplemented with or without 0.1 % w/w SiO> (SiOz-chow).

Animals. C57BL/6 mice were originally purchased from Harlan-Winkelmann and bred

at the IUF animal facility under specific pathogen free (SPF) conditions. The animals



were housed and maintained in an accredited on-site testing facility under SPF
conditions, according to the guidelines of the Society for Laboratory Animals Science
(GV-SOLAS). Food and water were available ad libitum. Female mice were used at 9
weeks of age. Mice were painlessly sacrificed in a CO, chamber, according to
German guidelines. The experiment was performed with the permission of the
Regierung von Nordrhein-Westfalen, Germany.

Cell culture and co-incubation. The human colon adenocarcinoma cell line Caco-2
was obtained from the Deutsche Sammlung von Mikroorganismen und Zellkulturen
(DSMZ) GmbH, Germany and grown in MEM with Earle’s salts and Non Essential
Amino Acids, supplemented with 20 % FCS, 1 % L-glutamine and 30 IU/ml penicillin—
streptomycin. For experiments, cells were trypsinized at near confluency and 4x10*
cells per cm? were seeded into 60 mm culture plates and grown overnight.
Experiments were performed in HBSS between cell passages 5 to 30 after starvation
of the cells for 20 h in serum free medium. Neutrophils (PMN) were isolated freshly
from blood of healthy, non-smoking volunteers as described in Knaapen et al. (1999)
using Lymphoprep. PMN were suspended in HBSS (+ Ca®*/Mg?*) and counted using
a Neubauer chamber. Cell viability was tested via Trypan Blue staining (viability
>95%). PMA (100 ng/ml) was used for PMN-activation. For the co-incubation
experiments, PMN were incubated with PMA or SiO, and added directly to the
Caco-2 cells for 30 min at 37°C at the indicated ratios. SiO, particles were
administered to the cell cultures at the indicated concentration immediately after
sonication as described above. After treatment, cell monolayers were rinsed twice
with PBS to remove excess of extracellular particles, neutrophils and detached
(dead) cells or cell debris.

ROS measurements by luminescence and Electron Paramagnetic Resonance (EPR).
ROS production was measured using either lucigenin-enhanced chemiluminescence
or EPR spectroscopy. For luminescence, PMN (2.5 mil/ml) were stimulated with SiO,
(31.25 and 312.5 pg/cm?) or PMA (100 ng/ml) in a white maxisorp 96-well plate
(Nunc, Germany). Subsequently, 0.25 mM lucigenin was added to preferentially
detect superoxide formation and chemiluminescence was recorded directly for 50 min
at 37°C using a Luminometer (Multi-Bioluminat, Berthold, Germany). Results were
expressed as the area under the curve (RLU=relative light units).



For EPR spectroscopy the spin probe CPH was used. Caco-2 cells were previously
seeded in a 96 well plate and grown to 70-80 % confluency before 30 min co-
incubation with PMN (1.3 million/ml) at 37°C in the presence of 0.5 mM CPH in
10 uM DFO. Furthermore, PMN alone were preincubated with 20 or 80 ug/cm? SiO,
for 30 min at 37°C in the presence of 0.5 mM CPH in 10 pM DFO. ROS generation
was evaluated using a MiniScope MS200 Spectrometer (Magnettech, Berlin,
Germany) at room temperature using the following instrumental settings: Magnetic
field: 3360 G; sweep width: 97 G; scan time: 60 sec; number of scans: 1; modulation
amplitude: 2000 mG. Data shown are calculated from the average peak amplitude of
CPH characteristic triplet spectrum and expressed in arbitrary units (AU).

Colitis induction in C57/BL6 mice. Induction of chronic and acute colitis was
performed by a method previously described, with some modifications (Okayasu et
al., 1990). In short, mice were pretreated with conventional or SiO.-enriched chow for
14 days. Chronic colitis was induced by 3 cycles of DSS-treatment. Each cycle
consisted of one week of 2 % (wt/vol) DSS in acidified drinking water ad libidum,
while the mice received normal chow, followed by two weeks on normal drinking
water and SiO,-chow. After the last cycle, mice were sacrificed on day 77 for further
analysis. For induction of acute colitis, mice were pretreated with SiO,-chow for 17
days. Then colitis was induced by 2 % DSS in drinking water for six days. During
DSS-treatment, mice were offered normal breeding chow ad libidum. After day six,
mice were left for additional two days, in which they were set on SiO, chow and
normal drinking water, after which they were sacrificed for further analysis. Thus,
both the acute and the chronic exposure model represented each 4 different
treatment groups, i.e. the i.e. (i) animals without any treatment, (ii) animals treated
with DSS, (iii) animals treated with SiO,, and finally, (iv) animals exposed to both
DSS and SiO,. To evaluate the severity of disease, colon length was assessed as an
established marked. A clinical score according to Cooper et al. (1993), which consists
of bleeding intensity, weight loss and stool consistency was determined. Scores of
these three categories were added and divided by three. In short, rectal bleeding was
scored as 3, hemocare+ (i.e. the detection of minor amounts of haemoglobin in the
faeces) as 2 and no bleeding was scored as 1. For weight loss, more than 20%

weight loss was scored as 4, 10 - 20% as 3, 0 — 10% as 2 no weight loss was scored



as 1. For liquid stools 3 points were given, pasty, soft stools were scored as 2 and
well-formed pellets were scored as 1.

Detection of oxidative DNA damage in Caco-2 cells and in cells obtained from mouse
small intestine or colon tissues by Fpg-modified comet assay. The Fpg-modified
comet assay was used to determine DNA strand breaks and alkali labile sites as well
as specifically oxidative DNA damage in the Caco-2 cells, based on the method by
Speit et al., (2004) and modifications as described earlier (Gerloff et al,, 2009).
Comet appearances were analyzed using an Olympus BX60 fluorescence
microscope at 400x magnification. A comet image analysis software program (Comet
Assay I, Perceptive Instruments, Haverhill, UK) was used for quantification of DNA
damage by analysis of % DNA in tail. A total of 50 cells were analyzed per slide per
experiment. A detailed description of the method in Caco-2 cells is provided in Gerloff
et al. (2009). For the in vivo comet assay, after sacrificing the colons of the mice were
removed and flushed with ice cold PBS. The entire colon was divided into 3 equal
pieces, and one third of each piece was used to assess DNA strand breakage and
oxidative DNA lesions. The tissue pieces of each colon were then pooled and
processed for the in vivo Fpg-modified comet assay as described in Risom et al.,
2003 with minor modifications. Shortly, the tissue samples were minced with the
plunger of a syringe in 1ml ice cold in vivo comet assay buffer (IVCAB, 0.14 M NacCl,
1.47 mM KH2POy4, 2.7 mM KCI, 8.1 mM NaHPO4 and 10 mM EDTA, pH 7.4). The
cell-homogenate was filtered through a 40 um sieve and subsequently centrifuged at
180 g for 10 min at 4°C. Supernatant was discarded and the pellet resuspended in
50ul IVCAB. Afterwards, 25 pl of the suspension were mixed with 235 pl 0.5 % low
melting point agarose and applied to pre-coated slides (coated with 1.5 % agarose).
From here, the Fpg-modified comet assay was performed as described for the in vitro
measurements (Gerloff et al., 2009). Data are shown both as % comet tail values for
each individual animal in the presence (+Fpg) or absence (-Fpg) of Fpg, and as the
calculated group means and standard deviations (SD) of the differences in % tail
DNA as measured in the presence (+Fpg) or absence (-Fpg) of the Fpg enzyme (i.e.
delta (A)Fpg = [% tail DNA rpg] — [% tail DNAFpgl)

Colon fixation and immunohistochemistry of 8-hydroxydeoxyguanosine. Three

colonic sections of each animal were removed, fixed in 4% paraformaldehyde/PBS



and paraffin embedded. The tissue sections were mounted on slides and stained for
8-OHdG. Mouse IgG staining was used as a negative control. RNA digestion was
performed using RNase (100 pg/ml) in Tris buffer (5 mM Tris, 1 mM EDTA, pH 7.5;
60 min at 37 °C) and DNA-denaturation was conducted by 70 mM NaOH with 0.14 M
NaCl and 40 % Ethanol. Zymed Histomouse™-SP Kit was used according to the
supplier's manual to block unspecific binding. The sections were then incubated over
night with a primary antibody against 8-OHdG (1:250) or against IgG (1:250) as a
negative control and counter stained with hematoxylin. After washing with water
slides were dehydrated and covered in DePex. Slides were analysed using a light
microscope (Olympus BX60).

Statistics. For all experiments, all means were calculated from three independent
experiments, with the error bars representing standard deviation (SD). Analysis of
statistical significance was done by Student's t-test with *p < 0.05, **p < 0.01 and

*k%

p < 0.001 as levels of significance.



Results

The potential of human primary blood derived neutrophils (PMN) to induce
DNA strand breakage and/or oxidative DNA damage in human intestinal Caco-2 cells
was evaluated using a co-incubation model consisting of both cell types. As depicted
in Figure 1, only activated neutrophils were able to induce both DNA strand breaks
and, more pronounced, oxidative lesions. A non-significant induction of oxidative
damage was already observed at a 1:1 ratio of both cell types, whereas a 3:1 ratio
(PMN:Caco-2) resulted in significant DNA strand breakage and oxidative DNA
damage.

Next, we investigated the ROS formation in this co-incubation model using
EPR with the spin probe CPH, which has been introduced for the specific detection of
superoxide anion radicals (O2"). Caco-2 cells alone, either with or without the addition
of PMA, did not induce any detectable O, production (Figure 2) . Non-activated PMN
were capable of mild ROS-formation, but this production could no longer be detected
in the unstimulated co-incubation with Caco-2 cells. PMA-activated PMN did cause a
pronounced and significant ROS generation, both in the absence and presence of
Caco-2 cells. Interestingly, this PMN-induced ROS generation was slightly reduced in
the presence of the intestinal epithelial cells although this reduction was not
significant.

The effect of PMN on SiO, induced DNA damage in Caco-2 cells is shown in
Figure 3. The SiO; particles caused a significant induction of DNA damage in Caco-2
cells in the absence of PMN. Notably, the level of induction observed with the SiO, in
the Caco-2 cells was similar to the effect observed with PMA-treated PMN used as
positive control in these series of experiments. Surprisingly, the presence of PMN did
not augment the SiO,-induced DNA strand breakage, but in fact resulted in markedly
reduced effect in the intestinal epithelial cells. Application of the Fpg enzyme
revealed an increased, albeit not significant induction of oxidative lesions after SiO,
incubation alone. In the presence of PMN however, a significant increase in oxidative
DNA damage was detected.

Possible effects of SiO, on PMN-induced O, generation were analysed using
two independent methods, i.e. both lucignenin-enhanced chemiluminescence (Figure
4 A) and EPR spectroscopy with CPH as spin probe (Figure 4 B). ROS detection via

chemiluminescence occurs via constant measurement over 50 minutes and results in



a typical curve as depicted in Figure 4 a. Compared to non-stimulated PMN, the
presence of SiO, did not affect the overall formation of superoxide (area under the
curve). In contrast, stimulation with PMA resulted in a significant ROS induction
(Figure 4 A). EPR spectroscopy allows for a quantification of the amount of CPH that
has reacted with superoxide anions over the 30 min incubation. Similar to our
findings in chemiluminescence measurement, ESR confirmed that SiO, did not
activate neutrophilic burst, since no increase in ROS formation was detected (Figure
4 B). In contrast, a clear effect was observed with the well-known neutrophil activator
PMA. Figure 4 b shows representative EPR spectra of ROS formation.

To analyse the genotoxic properties of SiO» in vivo in healthy intestine as well
as during inflammation, mice were fed normal or SiO, chow for 14 days, followed by
3 alternating cycles of DSS or SiO, treatment for the induction of colitis. The
occurrence of symptoms of colitic inflammation was confirmed by measure of colon
length (Figure 5 A) and the clinical score, with 3 indicating severest symptoms
(Figure 5 B). The colon lengths were reduced markedly after colitis induction,
whereas mice receiving SiO, exhibited normal colon lengths. The clinical score,
reflecting bleeding intensity, weight loss and stool consistency, revealed an increase
in symptoms after each DSS treatment followed by states of remission. Interestingly,
DNA damage as measured by in vivo Fpg-comet assay (see Figure 6) was already
high in the colons of the control animals, i.e. the mice that were neither treated with
SiO. nor with DSS. Consequently, chronic colitis did not result in an increased DNA
damage in the colon of DSS-treated animals compared to these high controls (Figure
6 A). Interestingly, the SiO.-enriched diet even led to a reduced oxidative DNA
damage, both in the colon tissues of healthy and colitic mice. However, calculation of
the AFpg showed that the reduction in oxidative lesions was not statistically
significant, as a result of high individual variations (Figure 6 B). Interestingly,
detection of 8-OHdG by immunohistochemistry (IHC, Figure 7) revealed a clear
increase of oxidative lesions, mainly located in the nuclei of epithelial cells, in both
SiO; (Figure 7 B) and DSS (Figure 7 C) treated mice when compared to the control
animals (Figure 7 A). Combined treatment with SiO, and DSS (Figure 7 D) also
induced increased 8-OHdG sites compared to the control, however these seem less
pronounced than the lesions induced by SiO, or DSS alone. All IgG stained (control)
slides were found to be without marked core staining (not shown).



In the same animals we also evaluated the small intestines. In contrast to
colon, no differences in DNA damage or induction of oxidative lesions were observed
between any of the various treatments in the small intestine by Fpg-comet assay
(Figure 8 A and B).

Since the above findings in colon tissue during chronic colitis might have been
due to feedback and/or adapative response mechanisms we also evaluated the
genotoxic effects of SiO, after shorter particle exposures and/or acute colitis. The
treatment consisted of administration of DSS for 6 days (acute colitis animals)
following 17 days of normal or SiO, chow. Results of these investigations are shown
in figure 9. Slightly elevated levels of oxidative lesions were observed after a SiO»
containing diet, although they did not reach a statistical significance. Remarkably, in
the presence of Fpg, the % of tail DNA was found to be significantly lower in the
DSS-SiO, group when compared to the SiO. groups (Figure 9 A). However, no
significant reduction was found for the AFpg values indicating that there was no
significant reduction of oxidative DNA damage (Figure 9 B). The absolute levels of
DNA damage in the DSS and DSS-SiO, groups of the acute colitis study were
comparable to the damage in the corresponding groups of the chronic study, but
revealed higher interindividual variations. Moreover, IHC staining of the respective
colonic tissue did not show marked differences in staining for 8-OHdG within the

nuclei, as shown by representative images in Figure 10.



Discussion

In the present study we evaluated the DNA damaging potential of SiO, in the
presence or absence of neutrophils on intestinal epithelial cells in vitro, as well as in a
colitic mouse model in vivo.

Our in vitro model for intestinal inflammation consisted of a co-culture of
Caco-2 cells and human primary neutrophils (PMN) at direct cell-cell contact. The
model is similar to the one introduced by Vermeer and co-workers (Vermeer et al.,
2004) and a widely applied model in our laboratory to address effects of PMN on
alveolar epithelial cell lines (Knaapen et al, 1999, 2002a, 2006; Boots et al.,
submitted). The presently applied co-incubation model allowed us to investigate the
effect of activated neutrophils on the genome integrity of human intestinal cells and
by varying the number of neutrophils present, different degrees of neutrophilic
inflammation could be simulated. Importantly, we used non-confluent undifferentiated
Caco-2 cells, which are still capable of cell division and differentiation. As such the
influence of a neutrophilic inflammation on the potential genotoxic effects of SiO,
could be addressed in an optimal manner, since intestinal inflammation is marked by
the presence of hyperproliferative epithelial cells (Huang et al.,, 1997; Arai et al.,
1999). Our results clearly show the potential of activated PMN to induce both DNA
strand breakage and oxidative lesions in Caco-2 cells. Interestingly, this effect was
shown to be dependent on both the number of PMN present and their activation.

A likely explanation for the observed PMN-driven DNA damage is the marked
ROS production which is initiated during the respiratory burst of these inflammatory
cells. Indeed, it is known that increased ROS formation also occurs in the inflamed
tissue of patients suffering from ulcerative colitis (Babbs, 1992) accompanied by a
reduced antioxidant potential, as lower levels of glutathione (Sido et al., 1998). Since
a huge amount of superoxide anion radicals could be found after activation of
neutrophils alone or in the co-culture, we hypothesize that these ROS are the main
cause of DNA damage in the Caco-2 cells.

Our previous studies demonstrated the potential of SiO, alone to induce
oxidative lesions in Caco-2 cells after 4 hours incubation (Gerloff et al., 2009). In the
present work, we adapted the application of this nanoparticle to the co-incubation
model and determined possible interference of PMN and SiO, on DNA damage in the
co culture. Surprisingly, the SiO, particles alone now induced only significant DNA



strand breaks, but no oxidative lesions. The most likely explanation for this apparent
discrepancy between the results of both studies is the difference in treatment time
and cell culture conditions. In the present study, to adapt to the conditions of the co-
incubation model a shorter incubation time was applied and all experiments were
performed in HBSS instead of serum free cell culture media in order to minimise
scavenging effects of culture medium constituents. Interestingly, the effects of SiO,
were not enhanced in the co-incubation, i.e. when neutrophils were also present.
Current results indicate that the SiO, particles do not activate the neutrophils to
induce comparable DNA damage as detected in the presence of PMA, but that the
presence of neutrophils in fact decreases the potential of SiO, to induce DNA
damage in Caco-2 cells.

SiOz-induced ROS formation by PMN was determined by two independent
methods. No potential of SiO, to induce neutrophilic burst could be revealed. This
absence correlates nicely with the observed absence of DNA damage within the co-
incubation model. The observation that the DNA damaging effect of SiO, was
abrogated in the presence of PMN may be explained by the presence of an
increased number of total cells in culture (i.e. a 3-fold number of PMN), which thereby
reduces the particle (number) dose per Caco-2 cell. The SiO, might preferentially
interact with the phagocytosing PMN and thereby the amount of particles faced by
Caco-2 cells is reduced, which in turn leads to reduced direct SiO; effects on Caco-2
cells. Moreover, the neutrophils are known to contain various antioxidants including
superoxide dismutase (Zakhireh et al., 1979), which may scavenge to moderate
oxidative effects of the SiO; to the Caco-2 cells.

The actual influence of SiO, on DNA integrity in vivo was further investigated
in a mouse model of colitis via the application of SiO, in the chow. The
polysaccharide DSS was used for induction of experimental colitis as it reduces the
integrity of the mucosal barrier by causing a direct toxicity to gut epithelial cells
(Gaudio et al., 1999; Wirtz and Neurath, 2007). Our in vivo comet assay analyses of
fresh whole colonic tissue in this model surprisingly revealed reduced DNA lesions
after SiO, ingestion in both healthy and colitic animals compared to control animals
fed a SiO.-free diet. The finding that DNA strand breaks were markedly reduced in
the colitic mice leads to the assumption that DNA repair mechanisms might be
upregulated in colitis. Such upregulation would be in accordance with the results of a
previous study performed by Wessels and co-workers in our lab in an experimental



model of pulmonary exposure to nanoparticles (Wessels et al., submitted). In this
study, no induction of DNA strand breaks or oxidative lesions could be detected in
the lungs of mice upon inhalation of spark generated carbon nanoparticles, while
several genes regulating DNA repair enzymes tended to be upregulated within this
tissue. However, immunohistochemical staining of 8-OHdG revealed a clear induction
of oxidative lesions in the DNA of epithelial cells after treatment with SiO, or DSS.
Moreover, the intensity of the induced staining tended to be slightly lower after
combined DSS-SiO, treatment compared to treatment with either SiO, or DSS alone.
The discrepancies between the immunohistochemical findings and the comet assay
data might lie within the fact that not only epithelial cells are analysed by the latter
method, but whole colon tissue. Thus, this also includes other cell types present in
the colon, including infiltrated immune cells or small muscle cells, which might lead to
a “dilution” of the overall determined effect. Moreover, one should take into account
that the in vivo comet assay method requires processing time to isolate cells and
nuclei from the tissue homogenates, during which potential artefacts may be induced.
In contrast, IHC staining allows for the specific detection of 8-OHdG formation in
individual cells.

Caco-2 cells, although isolated from a colon adenocarcinoma, form an apical
brush border and microvilli upon differentiation (Chantret et al., 1988) and thus show
several properties of the small intestine. To investigate the influence of ingested SiO,
on the gene integrity of the small intestine in vivo, the comet assay was also
performed in whole small intestinal tissue. In line with our findings within the colonic
tissue, no DNA damage was detectable in the small intestine after chronic ingestion
of SiOz. In contrast to a short-term study of Hong et al. (2005) who administered DSS
in the drinking water for 48 hours, we also could not find any oxidative DNA damage
in whole tissue samples of the small intestine after DSS treatment in our chronic
study by Fpg-modified comet-assay analysis.

To address whether the observations were due to the chronic exposure
conditions we also performed an acute colitis study. Comparably to our results of the
chronic study, no induction of DNA strand breaks or oxidative lesions were found in
colons of DSS treated mice. However, oxidative DNA damage tended to be
increased after treatment with SiO, alone, although this did not reach statistical
significance and may be due to the limited number of animals investigated.
Remarkably, the oxidative DNA damage in the SiO, treatment group was significantly



higher than the damage found in the DSS+SiO, treatment group when the absolute
amount of strand breaks plus oxidative lesions were considered (Figure 9 A),
whereas IHC staining for 8-OHdG lesions did not show marked differences within the
four treatment groups. However, the comet assay results are in concordance to our in
vitro results, where the DNA damaging potential of SiO, seemed to be reduced in an
inflammatory environment. The mechanisms of these in vivo effects require further
investigation in view of their relevance for hazard and risk assessment of ingested
SiO. and other nanoparticles, but also because of potential preventive or therapeutic
strategies in patients suffering from inflammatory bowel diseases.

It should be emphasized that the in vivo comet assay used in our study
reflects alterations in the whole tissue, and therefore not solely the DNA of epithelial
cells which are considered relevant target cells for colon carcinogenesis (ltzkowitz et
al., 2004). The DNA damage measured by the in vivo comet assay also may reflect
integrity changes in endothelial cells, smooth muscle cells or, most importantly
inflammatory cells, which might dilute a possible damage of the epithelial DNA.
Earlier studies detected increased levels of 8-hydroxydeoxyguanosine (8-OHdG) in
isolated colonic mucosal cells of DSS treated rats by HPLC (Tardieu et al., 1998) or
in whole colonic rat tissue, measured by quantitative immunohistochemistry (Hong et
al., 2005). The latter finding could be confirmed in our chronic colitis model for
treatment with DSS, but not after co-treatment with DSS and SiO.. This suggests that
the in vivo comet assay of whole tissue might not be sensitive or specific enough to
detect slight alterations in epithelial DNA damage. Additionally, Westbrook and co-
workers could detect systemic DNA damage after chronic DSS treatment in mice, as
found in peripheral leukocytes, detected with the alkaline comet assay during acute
colitis, whereas a slight decrease of DNA strand breaks was reported during
remission cycles (Westbrook et al., 2009), as in our study of chronic colitis.

Here we highlighted the effects of amorphous SiOs, possibly present in food or
pharmaceuticals, on the genome integrity of the healthy or inflammatory intestinal
epithelium in vitro and in vivo. We analysed the effects of activated human primary
neutrophils on the genome integrity of Caco-2 cells in an in vitro model of intestinal
inflammation. The induction of oxidative lesions was dependent on the amount of
activated inflammatory cells and associated with the neutrophilic burst. In the
presence of SiO, no significant neutrophil-activation was detected, as measured by

reactive oxygen species formation. In line with these observations, the concurrent



incubation of Caco-2 cells with neutrophils and SiO. did not lead to an augmented
DNA damage when compared to the effect of SiO, alone. We further analysed the
DNA damaging properties of ingested SiO, on the intestine in a DSS-induced colitic
mouse model. DSS alone did not induce DNA strand breakage in the colons in both
acute and chronic colitis studies. Treatment with SiO, in healthy or colitis mice also
did not lead to a significant enhancement of DNA damage measured by the in vivo
Fpg-comet assay, whereas slight induction of 8-OHdG lesions was shown in
immunohistochemichal stainings in the chronically, but not in the acutely treated
colons. We conclude that the risk of SiO, ingestion on the genome integrity of the
intestine is low, also in the inflamed gut, taken into account that a rather high
concentration was used. Importantly however, slightly increased oxidative lesions
were found locally after chronic SiO, treatment. Moreover, systemic or long-term
damage could not be excluded, and extrapolation of our current results to the human
situation is limited and should be done with caution. Concern about the potential
genotoxic hazard of nanoparticles in food was recently expressed on the basis of the
investigations by Trouiller and co-workers, who showed marked systemic DNA
damage and mutagenesis in mice after oral uptake of TiO, nanoparticles (Trouiller et
al., 2009). However, in contrast to our investigations no data were provided in their
study on local (geno)toxic effects in the intestine. In our present study, the mice chow
contained 0.1 mass % of SiO,, which is considerably lower than the cumulative
exposure of TiO, applied via the drinking water as estimated by Trouiller et al. (2009).
An appropriate interpretation of our current findings can only be made upon a
thorough further evaluation of both quantitative (mass and number dose) and
qualitative (size, aggregation/agglomeration, etc) particle properties such as size
exposure assessments in consumers for SiO, and other types of nanoparticles.
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Legends

Figure 1

Figure 2

Figure 3

Figure 4

DNA strand breakage and oxidative DNA damage in Caco-2 cells
upon co-exposure to activated PMN. DNA strand breakage and
oxidative DNA damage were determined in Caco-2 cells using the Fpg-
modified comet assay following 30 minutes co-incubation with PMA-
activated or non-activated primary human neutrophils (PMN) at the
indicated PMN:Caco-2 ratios in HBSS™*. PMA=phorbol-12-myristate-
13-acetate. Values are expressed as mean and standard deviation,
n=3.

* p < 0.05 versus control.

ROS formation by PMN and Caco-2 cells. The formation of
superoxide anion radicals by Caco-2 cells alone, PMA activated or non-
activated primary human neutrophils (PMN) alone or Caco-2 cells and
PMN in co-incubation was determined via ESR after 30 minutes at 37°C
using the spin probe CPH. PMA=phorbol-12-myristate-13-acetate.
AU=arbitrary units. Values are expressed as mean and standard
deviation, n=3. n.s.=not significant

***p < 0.001 versus control.

DNA strand breakage and oxidative DNA damage in Caco-2 cells
by activated PMN and SiO,. DNA strand breakage and oxidative DNA
damage were determined in Caco-2 cells using the Fpg-modified comet
assay. Cells were () not incubated as controls, (ll) 30 minutes co-
incubated with PMA-activated primary human neutrophils (PMN), (llI) 30
minutes incubated with SiO, alone or (IV) 30 minutes co-incubated with
SiO, and PMN. SiO; concentration: 20 pg/cm?®. PMN:Caco-2 ratio: 3:1.
PMA=phorbol-12-myristate-13-acetate. Values are expressed as mean
and standard deviation, n=3.

*p<0.05 " p<0.01 and *** p < 0.001 versus control.

ROS generation from PMN upon treatment with SiO,. The formation
of superoxide anion radicals by primary human neutrophils (PMN) was

determined by chemiluminescence using lucigenin over an incubation



Figure 5

Figure 6

Figure 7

period of 50 minutes (A) and ESR after 30 minutes pre-incubation with
the spin probe CPH (B). (a) Representative luminescence curve and (b)
representative ESR spectra by non-activated PMN (ctr=control), PMA-
activated PMN (PMA) and SiOs-treated PMN (SiOz; (a) 312.5 pg/cm?,
(b) 20 pg/cm?). AU=arbitrary units. Values are expressed as mean and
standard deviation, n=3.

**p <0.01 and *** p < 0.001 versus control.

Evaluation of the severity of the induced chronic colitis. Colon
lengths were determined as marker of colitic symptoms (A). The clinical
score as a combined measure of changes in bleeding intensity, weight
loss and stool consistency. 1 = no effect detectable to 3 = strongest
colitic effects (B).

Effect of oral SiO. on DNA strand breakage and oxidative DNA
damage in murine colonic tissue in a chronic colitis model. DNA
strand breakage and oxidative DNA damage were determined in whole
murine colonic tissue using the in vivo Fpg-modified comet assay (A).
The total amount of oxidative DNA damage is depicted as AFpg,
calculated by the difference between + Fpg and — Fpg values (B).
Treated mice were fed with either DSS to induce chronic colitic
symptoms, SiO, or both DSS and SiO.. ctr=control, DSS=dextrane
sulphate sodium. Values are expressed as mean and standard
deviation, n=3 (ctr), n=4 (SiO,) and n=6 (DSS, DSS+SiO,).

*p < 0.05and *** p < 0.001 versus control.

Immunohistochemical analysis of 8-hydroxydeoxyguanosine in a
murine colonic tissue in a chronic colitis model. Representative
images of colonic sections, obtained from controls (A), mice after
receiving SiO. enriched-chow (B) DSS treated mice receiving normal
chow (C) or DSS treated mice receiving SiO. enriched-chow (D),
stained with an antibody against 8-OHdG (original magnification x 400).
n=3 (ctr), n=4 (SiO,) and n=6 (DSS, DSS+SiOy).



Figure 8

Figure 9

Figure 10

Effect of oral SiO, on DNA strand breakage and oxidative DNA
damage in murine small intestinal tissue in a chronic colitis model.
DNA strand breakage and oxidative DNA damage were determined in
whole murine small intestinal tissue using the in vivo Fpg-modified
comet assay (A). The total amount of oxidative DNA damage damage is
depicted as AFpg, calculated by the difference between + Fpg and -
Fpg values (B). Treated mice were fed with either DSS to induce
chronic colitic symptoms, SiO, or both DSS and SiO,. ctr=control,
DSS=dextrane sulphate sodium. Values are expressed as mean and
standard deviation, n=4 (ctr, SiO,) and n=6 (DSS, DSS+SiO5).

*p < 0.05and *** p < 0.001 versus control.

DNA strand breakage and oxidative DNA damage in murine colonic
tissue using in vivo Fpg-comet assay in an acute colitis model.
DNA strand breakage and oxidative DNA damage were determined in
whole murine colonic tissue using the in vivo Fpg-modified comet assay
(A). The total amount of oxidative DNA damage is depicted as AFpg,
calculated by the difference between + Fpg and — Fpg (B). Treated mice
were fed with either DSS to induce acute colitic symptoms, SiO» or both
DSS and SiO.. ctr=control, DSS=dextrane sulphate sodium. Values are
expressed as, n=3 (ctr), n=4 (SiO,, DSS) and n=5 (DSS+Si0O,).

**p <0.01

Immunohistochemical analysis of 8-hydroxydeoxyguanosine in a
murine colonic tissue in an acute colitis model. Representative
images of colonic sections, obtained from controls (A), mice after
receiving SiO. enriched-chow (B) DSS treated mice receiving normal
chow (C) or DSS treated mice receiving SiO. enriched-chow (D),
stained with an antibody against 8-OHdG (original magnification x 400).
n=3 (ctr), n=4 (SiO,, DSS) and n=5 (DSS+SiOy).
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Figure 4
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ABSTRACT

The toxic environmental pollutant 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) is a potent
immunomodulatory chemical. TCDD activates the arylhydrocarbon receptor (AhR), and
suppresses peripheral humoral and cellular adaptive immune responses. Though the major
route of uptake is via food, little is known until now on the immunotoxic effects of TCDD on
the gut associated lymphoid tissue. We show here that AhR is strongly expressed along the
small intestine, especially in intestinal epithelial cells IEC). The AhR marker gene cyplal is
induced in IEC by oral TCDD exposure. Treatment of C57BL/6 mice with a non-toxic dose
of 10pg/kg body weight TCDD prior to induction of oral tolerance against the model protein
ovalbumin prevented the stable establishment of tolerance. We found an increase in IL-6
producing CD103+ dendritic cells present in the gut draining mesenteric lymph nodes and
higher frequencies of Th17 cells. The results indicate a DC driven shift in the balance of
regulatory T cells and pro-inflammatory Th17 upon oral TCDD treatment. Our data have
implications for food allergies in settings of environmental exposure, but also raise concerns

regarding the harmlessness of over-dosing potential AhR agonist in food.

KEY WORDS: mucosal immunity, Th17, aryl hydrocarbon receptor, tolerance, dendritic

cells
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INTRODUCTION

2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) and other polyhalogenated hydrocarbons,
including biphenyls and furans, are environmental pollutants with far-reaching toxic potential
in humans and animals. They mediate toxicity via binding to and activating the aryl
hydrocarbon receptor (AhR), a transcription factor and chemical sensor present in many (but
not all) cell types. Classically, it mediates gene transcription in complex with ARNT, another
PAS-bHLH protein, and targets promoter elements called DRE (“dioxin-responsive
element”) (Beischlag er al. 2008). Recently, alternative signalling of AhR via association
with RelA or RelB was described, resulting in transcription of NF«xB responsive genes (Tian
2009).

Immunotoxicological studies in mice exposed to TCDD showed drastic changes in thymocyte
lineage decisions and impaired functions of many immune cells, including changes in
cytokine profiles (Kerkvliet 2009; Lai et al. 1997; Laiosa et al. 2003). The correlated
systemic effects are strong immunosuppression of the humoral, cellular, and innate immune
responses (Kerkvliet 2002; Kerkvliet 2009; Majora et al. 2005; Schecter et al. 2006). A
definite role for AhR in immunity emerged from studies on Th17 cells and dendritic cells
(reviewed in Esser et al. 2009), two cell types with high expression of AhR (Jux et al. 2009;
Platzer et al. 2009; Veldhoen et al. 2008).

In humans, approximately 90% of environmental exposure to TCDD is via food (Schecter et
al. 2006; van Leeuwen et al. 2000). Moreover, abundant constituents of food, such as plant
flavonoids and indoles, or bacterial tryptophan products are agonists of the AhR and may
activate this pathway in the gut (Nguyen and Bradfield 2008). The gut is a highly active
immune site in its own right, with about one third of all T cells of the body found
intraepithelially and in the gut associated lymphoid tissue (GALT), i.e. lamina propria,

Peyer’s Patches and mesenteric lymph nodes. GALT differs from the peripheral immune

3



O©oOoO~NOOOPRWN -

Toxicological Sciences

system, because is has to balance responsiveness between pathogenic and harmless antigens,
including food constituents and the symbiotic gut flora. The gut is lined with a single layer of
epithelia cells, connected by tight junctions, interspersed with goblet and paneth cells, which
provide mucus and antimicrobial peptides, respectively (Artis 2008). Interspersed in the
epithelium are intraepithelial lymphocytes (IEL), mostly CD8" cells, and in particular
CD8aa” TCRYS" T cells. The latter appear to strengthen the epithelial barrier function, e.g.
by providing the lymphokine KGF (Chen et al. 2002). Immune cells in the lamina propria
include CD4" T cells, plasma cells, DCs, macrophages, natural killer cells, and mast cells.

It has been known for decades that feeding protein antigens prevents a subsequent immune
response against this antigen, a phenomenon called “oral tolerance”. Oral tolerance is
maintained by specialized CD103" dendritic cell, which sample the gut lumen, migrate to the
mesenteric lymph nodes and present antigen (Jaensson et al. 2008; Worbs et al. 2006). While
the role and effects of AhR and TCDD on the function of peripheral dendritic cells and
differentiation of T cells have received considerable interest (Esser et al. 2009), surprisingly
little is known on the effects of TCDD on cells of GALT. We asked whether TCDD exposure
affects induction and maintenance of oral tolerance against the harmless food antigen
ovalbumin (OVA). We show here, that this is indeed the case, and present possible

mechanisms.

MATERIAL AND METHODS
Mice

C57BL/6 mice were from Janvier (Le Genest-St-Isle, France) and bred under specific

pathogen-free conditions.
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Chemicals and reagents

TCDD (Cambridge Isotope Laboratories, USA) was diluted in olive oil and applied at

10ug/kg body weight (b.w.).
Feeding and immunization regimen

To induce oral tolerance, mice were fed with 20mg OVA (Sigma-Aldrich, Munich, Germany)
in 100ul PBS. TCDD treatment was 3 days prior to tolerance induction. Mice were
immunized with 10ug OVA in 100ul PBS/CFA emulsion (first immunization) or PBS/IFA
emulsion (booster immunizations) on days 12, 23 and 55. To trigger OV A-specific antibody
secretion into the gut, mice were fed 3 times 1mg OV A in 100ul PBS by gavages on days 38,

41, 43.
Sample preparation

Serum was prepared from coagulated blood and frozen at -20°C until further use. For faecal
samples, 2-5 faecal pellets per mouse were collected and dried at 4°C. 100mg of faecal matter
was dissolved in 1ml PBS/0.01% NaN3 by shaking at RT for 3h. Particulate matter was

removed by centrifugation and samples stored at -20°C.
ELISA

Total and OV A-specific antibody concentrations were measured by ELISA. For detection of
OVA specific antibodies, ELISA plates were coated with 100ug OVA/ml and blocked.
Serum or faecal samples were diluted (1:10.000 - 1:80.000 or 1:8, respectively) in 1% FCS in
PBS and added. The plate was developed with biotinylated anti-IgG1 or IgA-antibodies
(SBA, Birmingham, AL, USA. The amount of OVA specific antibodies is given relative to
our own standard sera and faecal sample acquired from immunized mice.

Total antibody concentration was determined using isotype specific antibodies for coating.

All antibodies were from Sigma (anti-IgA coating) or SBA. IgA and IgGl standards
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(hybridomas 233.1.3 and N1 G9), were a kind gift of C. Uthoff-Hachenberg (University of

Cologne).

RT-PCR

RNA and cDNA preparation was according to standard procedures. For RNA from complete
intestine, about 1cm? pieces were put on a shaker for 3h at 37°C in TRIzol™ (Invitrogen)
before chloroform extraction. RT-PCR was performed as previously published (Frericks et al.

2007).

Single cell preparations of IEL and LPL

The small intestine was carefully removed and stripped of mesenterial tissue. The inside was
flushed with PBS, Peyer's patches were removed with a scalpel, and the intestine was opened
lengthwise. lcm long segments were placed in SmM EDTA in PBS (pH7.2) and shaken
vigorously in a water bath at 37°C for 40min to release the epithelial cells and intraepithelial
lymphocytes into the solution. Lymphocytes were purified further on on a 75%/40%/25%
Percoll™ (Biochrom) gradient. Lamina propria cells were obtained by digesting the
remaining solid gut pieces with 100 U/ml collagenase VII from Clostridium histolyticum

(Sigma) for 1.5h at 37°C under constant stirring at 200rpm (Westendorf et al. 2009).

Flow cytometry

Single cell suspensions were incubated with Fc-block (anti-CD16/32) before staining with the
indicated antibodies (10 minutes, 4°C). Antibodies used: anti-CD16/32 (Fc-Block, clone
2.4G2), anti-CD4 (clone RM4-5), anti-CD8a (clone 53-6.7), anti-CD8b (clone H35-17.2),
anti-CD19 (clone 1D3), anti-TCRYd (clone GL3) and anti-CD69 (clone H1.2F3), all from BD
Pharmingen (Heidelberg, Germany). Anti-CDIlc (clone N418), anti-MHCII (clone
M5/114.15.2) and anti-CD103 (clone 2E7) antibodies for surface staining were from

eBioscience (Frankfurt, Germany). The FoxP3 staining kit (antibody clone FIK-16s) from
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eBioscience was used for staining regulatory T cells. 5%10° cells/ml from mesenteric lymph
nodes (MLN) or Peyer's Patches (PP) were stimulated in vitro with PMA (5ng/ml) and
ionomycin (250ng/ml). 1ul/ml BrefeldinA (Golgi Plug, BD Pharmingen, Heidelberg,
Germany) was added Sh prior to staining to inhibit cytokine secretion. After surface staining,
cells were fixed in 2% paraformaldehyde (PFA) in PBS for 20min at RT, and permeabilizied
with 0.5% saponin. Cells were then incubated for 20min at RT with the indicated intracellular
antibodies in PBS/0.5% saponin and analyzed as above (Janke et al. 2010). Anti-IL-6, IL-17,

IFNg, and IL-10 antibodies were from BD Pharmingen (Heidelberg, Germany).
Cell sorting

Mesenteric DC were enriched using CD11c MACS beads (Miltenyi, Bergisch Gladbach) and
CDI11c¢" MHCII" CD103" triple positive cells were FACS sorted to a purity greater 95%.
CD4" and CD8" T cells were MACS sorted to purity greater 80%. IEC were identified based

on their scatter prior to Percoll centrifugation and obtained more than 95% pure.
Statistics

Data was analyzed with GraphPad Prism™" software. Results are expressed as mean value +
SD (unless indicated otherwise). P-values <0.05 as determined with Student’s f-test or

ANOVA were considered significant.

RESULTS

GALT and gut epithelial cells express functional AhR

AhR is expressed abundantly in some organs, such as liver and lung, but absent in e.g. testis
and muscle (Frericks et al. 2007). With respect to the immune system, analysis of sorted
subsets has revealed differential and specific AhR expression in only some immune cell

subsets, in particular differentiated Th17 cells, and CCR6" yd T cells, Langerhans cells, and
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other DC subsets (Jux et al. 2009; Martin et al. 2009; Veldhoen er al. 2008). We tested AhR
expression in gut cells by semi-quantitative PCR. AhR transcripts were detectable in the
duodenal, jejunal and ileal gut segments (Fig. 1a). Mesenteric lymph nodes (MLN) expressed
AhR at levels similar to those of the thymus (an organ with known AhR-abundance). In
Peyer's Patches (PP) AhR transcripts were barely detectable (Fig. 1b). Intestinal epithelial
cells (IEC) and CD8aa" TCRy8" IEL, a specialized T cell type probably responsible for
epithelial integrity and immune surveillance (Hayday and Spencer 2009), also expressed AhR
strongly (Fig. 1¢). In contrast, CD103"DC in MLN expressed far less AhR.

To test for functionality of the AhR in gut tissue, we treated C57BL/6 mice with 10ug/kg
b.w. TCDD, a non-toxic moderate dose (Kerkvliet and Brauner 1990), and analyzed
induction of cyplal, considered to be a biomarker of AhR activation. As shown in Fig. 2a,
basal as well as inducible cyplal expression decreased in the jejunum and ileum compared to
the more proximal intestine sections. Expression of another target gene and thus marker for
AhR-activity, AhR-Repressor (ahrr), increased from low levels several-fold by TCDD. A
spatial expression gradient could not be observed (data not shown). Taken together, AhR is
functionally expressed in the gut, with cyplal gene induction by TCDD found decreasing in
a gradient from proximal to distal in the small intestine.

AhRR represses AhR activity. We found that cyp/al induction in the different GALT tissues
and cell types was inversely related to ahrr expression. Thus, in MLN and PP (low in ahrr
expression) cyplal transcripts increased strongly by TCDD. Similarly, cyplal RNA
increased 100fold in IEC, in which ahrr transcripts were almost absent (Fig. 2a,b). In
contrast, CD103"DC co-expressed AhR and AhRR at considerably levels. Congruent with
this finding, these cells did not induce cyplal transcripts upon TCDD exposure. Note that

TCDD exposure of mice led to an even higher expression of akirr in CD103"DC (Fig. 2b).
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TCDD and oral tolerance

Oral tolerance is defined as unresponsiveness of the immune system against foreign antigens,
which are taken up through the gut after feeding or eating them. We fed C57/BL6 mice with
10ug/kg bodyweight TCDD in olive oil three days before starting a standard tolerization
protocol of feeding OVA, followed by parenteral immunization against OVA. Serum samples
were taken at the indicated time points and analyzed for total and OV A-specific IgG1. To
detect OV A-specific IgA in faecal samples, mice were fed again with OVA after the end of
the immunization scheme.

Fig. 3 shows the scheme of immunizations and serum/faecal sampling, which allows looking
at the influence of TCDD on the humoral immune response against OVA in immunized
versus tolerized animals.

First, TCDD treatment suppressed the humoral immune response after i.p. immunization with
OVA. However, TCDD-suppression was abrogated by a second immunization and IgGl
titers reached levels of control animals (PBS treatment) (Fig. 4, white bars). In summary,
TCDD alone induced immunosuppression in the non-tolerized mice, and the effect was
abrogated after the second immunization.

Second, regarding tolerance, TCDD treatment prior to tolerization was permissive for 1gGl
production at levels similar to those of non-tolerized mice, albeit only after two booster
immunization (Fig. 4, dotted grey bars). The kinetics of OV A-specific IgG1 titer paralleled
the total IgGl titer (compare Fig. 4 and Fig. 5a).

The results of sera taken after the 3 immunization are shown in Fig. 5b. The control groups
behaved as expected: anti-OVA IgGl titres in the non-tolerized group increased with each
booster immunization, whereas OV A specific IgG1 was always absent in the tolerized mice.
In contrast, TCDD-treated/OV A-tolerized mice produced significant amounts of OVA-

specific IgG1 antibodies, albeit levels remained below those of the TCDD or PBS treated
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control mice. Break of tolerance increased with booster injections. Only 4 or 5 out of 14
animals had high OV A-specific IgG1 in the serum after the 1% and 2" immunization (Fig. 3),
respectively, while after the 3™ immunization all TCDD treated mice had broken tolerance.
Thus, TCDD-exposure prevented the stable establishment of oral tolerance.

IgA secretion into the gut lumen by TCDD treatment

Oral tolerance also prevents production of antigen-specific IgA into the gut lumen (Kato et
al. 2001). We therefore measured OV A-specific IgA in faecal samples of tolerized and
TCDD-exposed mice (see Fig. 3). In OV A-tolerized mice no OV A-specific IgA was present
in the faecal samples. In contrast, after TCDD treatment and tolerization OV A-specific IgA
antibodies were detected at the levels of non-tolerized mice (Fig. 6, white bars), affirming
that TCDD breaks tolerance not only regarding peripheral antibody production, but also gut

antibodies.
Immune cell distribution is only altered in MLN by TCDD

To exclude selective toxicity of 10ug TCDD/kg b.w. on IEL and LPL cells, we tested
composition of immune cell subsets three days after exposure. IEL yield was approximately
1.5x10° cells/small intestine in both TCDD-treated and control animals. Moreover, the
immune cell subset frequencies did not differ between TCDD exposed and control mice
(approximately 44% CD8aaTCRyd, 20% CD8ooaTCRafB, 29% CD8S8aTCRap, 2%
CD8aTCRY9, 4% CD4). Similarly, neither the absolute number of cells, nor frequencies of
CD4", CD8", CD19", CD103"MHC-II'CD11c" subsets in PP or LP cells were affected by
10ug/kg b.w. TCDD exposure. The data are summarized in Table 1. Thus, break of tolerance
by TCDD, as described above, is not due to a toxic elimination of any or all effector subsets
of immune cells in GALT.

Antigen-sampling CD103"DC, which migrate to MLN, are critical for induction of regulatory
T cells against gut antigens (Jaensson et al. 2008). TCDD might affect DC frequencies in the

10
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MLN or their tolerogenic capacities. We determined the frequencies of DC in MLN three, 10,
and 14 days after feeding TCDD. Confirming literature results (Coombes et al. 2007), we
found about 2-3% MHC-II'CD11¢"DC in MLN, of which 40% were CD103". At all time
points after feeding TCDD the percentage of total DC in MLN was unchanged. However, on
days 10 and 14 after TCDD exposure, CD103"DC frequency was significantly increased by
almost 15% to 61.2% + 6,2% percent (see table 1a). Unfortunately, whether this correlates to
significant changes in absolute number could not be determined, due the small numbers, and
to biological variation between mice.

TCDD affects the regulatory T cell/ Th17 balance in MLN

DC produce cytokines which instruct T cell differentiation. The balance between regulatory T
cells (Treg) and pro-inflammatory T cell subsets, in particular Th17 cells, is driven by IL-6
and TGFp (Coombes et al. 2007; Stockinger et al. 2007). Treg generation is blocked in the
presence of IL-6. Therefore, we analyzed IL-6 in MLN DC. As shown in Fig. 7a, TCDD
exposed tolerized mice had a significantly higher frequency of IL-6 producing CD11¢c"MHC-
II" DC in their MLN. The frequency of IL10-producing DC remained unchanged between
TCDD-exposed and control animals. Congruent with the IL-6 data, CD4" T cells in these
MLN contained a significantly higher frequency of IL-17-producing T cells (Fig. 7b),
suggesting that TCDD leads to misregulation of T cell differentiation towards an
inflammatory phenotype. Our data fits with recent reports that AhR is important for Th17
differentiation (Veldhoen et al. 2008). Interestingly, no changes were detected in FoxP3*
Treg, IL-10 or IFNy positive cells. For representative FACS plots of the intracellular staining
for DC and CD4'T cells see Fig. 7 d.e, and f-h, respectively. In PP cells of TCDD-exposed

mice and controls, none of these parameters differed (Fig. 7c).

11



O©oOoO~NOOOPRWN -

Toxicological Sciences Page 12 of 31

DISCUSSION

It has been known for decades that the environmental pollutant TCDD suppresses the
peripheral immune system. We show here that TCDD also affects mucosal immunity and
prevented the stable establishment of oral tolerance. Associated with this, we found an
increase in the frequency of IL-6 producing DC and IL17" T-cells in the gut-draining
mesenteric lymph nodes, the site of tolerance induction against intestinal antigens (Worbs e?
al. 2006).

Rather than abrogating oral tolerance completely, our data indicate that the persistence of oral
tolerance is impaired by TCDD. OV A-tolerized control mice resisted antigen challenge and
two booster immunizations, i.e. they never mounted a gut (IgA) or systemic (IgG1) immune
response. In contrast, oral tolerance did not persist after a repeated challenge with OVA in
mice fed with 10ug/kg TCDD prior to tolerization. Interestingly, Kinoshita et al. reported that
a dose of only lug TCDD/kg b.w. was permissive for generation of antibodies in OVA-
tolerized mice upon two challenges (both given in CFA) (Kinoshita et al. 2006). At the late
time-point these authors analyzed, TCDD would have been eliminated from the system.
Thus, we think that TCDD affects cells responsible for tolerance induction and memory early
after treatment, and TCDD presence, once the disruption is set, is no longer needed. Whether
or not TCDD can break an already established tolerance remains to be shown.

We confirmed literature data that TCDD-treatment (sine tolerization) suppresses the humoral
response (Kerkvliet et al. 1990), here against OVA. Moreover, we show for the first time that
suppression does not persist after booster immunizations. Most likely, this is not due to an
insufficient TCDD concentration in the mice at the time point measured, despite the fact that
TCDD is eliminated much faster in mice than in humans (half life of 12 days versus a half
life of 7 years (Van den et al. 1994). The estimated body burden at the time of the second

immunization is 2.6ug/kg b.w. and immunosuppression was already described at doses as
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low as 1ug/kg b.w. (Vorderstrasse et al. 2003). Adoptive transfer experiments with OVA-
specific TCR-transgenic cells suggested that the TCDD-impaired humoral response was
related to impaired CD4 help (Shepherd er al. 2000). Our results challenge this view, as
suppression can be overcome with booster immunizations. Our results can explain why
findings regarding the humoral immune response in humans after dioxin, furan or biphenyl
exposure yielded ambiguous results regarding suppression of antibody responses, i.e. often
normal antibody titres were observed in exposed persons (Esser 2005).

Recently, Ishikawa and colleagues analyzed IgA secretion into the gut lumen in mice after
low-dose TCDD treatment via nursing, and reported an AhR-dependent decrease in faecal
IgA (Ishikawa 2009). We were not able to confirm this result in our adult mice, but that
might be due to experimental differences. However, similar to our results, Ishikawa et al. did
not observe any TCDD-dependent gross changes in MLN cellularity or immune cell subset
distribution of CD4, CD8, B cells, or CD11¢"CD11b" cells in MLN and PP. As they found an
impaired migration of B1 B cells (a major source for intestinal IgA) towards B cell
chemokines, and reduced chemokine receptor expression, they suggest, that TCDD-reduced
faecal IgA is due to suppression of an appropriate B1 B cell response.

How could TCDD affect induction of oral tolerance? Two steps are needed for tolerance
induction: first, antigen transfer by dendritic cells to the MLN and second, induction of
antigen specific Treg in MLN (Worbs ef al. 2006). Regarding the first step, we did not find
fewer DC in the gut or MLN, ruling out DC-specific cell death or a failure of DC to migrate
to MLN.

However, our data indicate TCDD effects on the capacity of DC to induce regulatory T cells.
Recent studies reported that activation of AhR by TCDD affects the balance of regulatory and
effector T cells. TCDD exposure ameliorated disease in a model of experimental

autoimmune encephalitis (Quintana et al. 2008). Another study, however, found that AhR
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activation by another ligand, 6-formylindolo[3,2-b]-carbazole, exacerbated the disease, due to
an enhanced Th17 response (Veldhoen et al. 2008). DC as — presumably indirect - targets of
TCDD were reported by ourselves for epidermal DC, (Jux et al. 2009), and for splenic DC by
(Platzer et al. 2009). In the gut it was recently shown that the balance between DC derived
retinoic acid (RA), IL-6 and TGFp decides T-cell differentiation into Treg (RA, TGFf3) or
Th17 (IL-6, TGFB, IL21) (Lee et al. 2009; Nolting et al. 2009; von Boehmer H. 2007;
Ziegler and Buckner 2009). Thus, DC are a pivot-point of balancing tolerance versus immune
response. Gut derived CD103"DC became known as “tolerogenic DC” (Coombes et al.
2005). These authors could show that under steady state conditions CD103"DC secrete large
amounts of TGFf and RA, and preferentially drive T cell differentiation towards Treg. Albeit
induction of Treg is the default, under inflammatory conditions DC103" DC may also induce
an adaptive immune response (Johansson-Lindbom et al. 2005). Our data suggests that in the
presence of TCDD mesenteric lymph node DC become less tolerogenic, produce IL-6 and
thus switch from Treg to Th17 generation. Consequently, we observed a greater frequency of
IL-17 producing T cells after TCDD. IL-6 can be produced by lymphoid cells and many non-
lymphoid cells, including Macrophages and DC. IL-6 is a target gene of the NFxB signaling
pathway, which can be hitchhiked by AhR (Kimura e al. 2009); the biological functions of
IL-6 include T-cell activation/differentiation and support of antibody production by B cells.

We found that that CD103"DC expressed very low amounts of AhR, and that the biomarker
target gene cyplal was not induced by TCDD exposure. We therefore think it is unlikely that
gut DC are a direct target of TCDD triggered AhR-mediated gene activation. Moreover,
CD103"DC expressed high amounts of ahrr, which indicates that at least the classical AhR-
ARNT signalling pathway is blocked in gut DC. There is a possibility that AhR binds to
RelA or RelB, and thus TCDD could trigger IL-6 via this pathway (Tian 2009). It is tempting

to speculate that abundant AhRR in CD103"DC is a control mechanism to push DC into
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using the NFxB pathway preferentially, if AhR ligands are present. Note, that also another set
of barrier organ DC, Langerhans cells in the skin, express high amounts of AhRR and do not
use the classical AhR-ARNT pathway (Jux et al. 2009).

Whether gut DC will become tolerogenic is controlled to a large extent by IEC that transfer
signals from nutrition and the bacterial flora of the gut lumen (Rimoldi ez al. 2005). AhR was
conspicuously abundant in IEC, conceivably it is related to the xenobiotic metabolism in IEC.
IEC form a physical and biological barrier against the gut lumen. Recent evidence has
revealed a role for IEC as an immunological barrier, instructing CD103"DC to become
tolerogenic or inflammatory (Shale and Ghosh 2009), e.g. by GM-CSF, TGFpB, IDO
(indoleamin-2,3-dioxygenase), or TSLP (thymic stromal lymphopoetin) secretion. Moreover,
induction of toll-like receptors signalling led to increased turnover and faster migration of
CD103"DC into the MLN (Schulz et al. 2009). It is currently not known whether AhR
participates in the immunological functions of IEC.

The manipulation of Treg and T cell subsets in general, is of high therapeutic interest for the
management of inflammatory and autoimmune disorders. Our data show that stability of
mucosal Treg generation can be dependent on environmental chemicals encountered via the
oral route. Further experiments will be needed to study the kinetics of DC changes, and the
conceivable generation of memory Th17 cells in the setting of TCDD/oral tolerance.

TCDD is not the only AhR agonist in food. Flavonoids, bacterial tryptophane breakdown
products, or bilirubins are abundant as well (Ciolino et al. 1999; Heath-Pagliuso et al. 1998).
Indeed, some dietary supplements with flavonoids can peak AhR-agonist concentration in the
gut in an unprecedented way. Further studies must explore, whether natural food constituents
affect oral tolerance as well.

In summary, we have shown that a single moderate dose of TCDD prevents the stable

induction of oral tolerance, possibly via Treg / Th17 unbalancing. Our data have implications
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for food allergies in settings of environmental exposure, but also raise concerns regarding the

harmlessness of over-dosing potential AhR agonists in food.
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FIGURE LEGENDS

Figure 1

mRNA levels of AhR in gut and gut associated immune cells.

Expression levels of AhR was determined by real time PCR in relation to house-keeping gene
Rps6. (a) Total duodenal, jejunal and ileal sections. (b) Peyer’s Patches and mesenteric lymph
nodes compared to liver and thymus (organs of high AhR expression). (c) IEC, CD8ao*
TCRy8" (TCRy8) and CD103"DC (CD103DC) were FACS-sorted to purity of more than 95
% from IEL or MLN. CD4 and CDS8 T cells were sorted via MACS from MLN to purity
greater 80%. Graphs show data are from n=3-6 mice, assayed in 2 independent experiments.

** p<0.01 *** P<0.001
Figure 2

Induction of the AhR target genes cyplal and ahrr in intestinal epithelial cells, GALT and
immune cell subsets of TCDD treated mice.

C57BL/6 mice were fed with 10ug/kg body weight TCDD in olive oil. Three days later, gut
was removed and cyplal (a) and ahrr (b) mRNA measured by real time PCR. White bars:
tissue or cells form mice fed with solvent only. Grey bars: tissue or cells from TCDD fed
mice. Shown is the expression ratio compared to the housekeeping gene RPS6. (n=3-6) **

p<0.1, *** p<0.01
Figure 3

Time scheme of TCDD feeding (flash arrow), tolerization (dashed arrows) and
immunizations (black arrows). Numbers refer to the respective days after first feeding of

OVA (=day 1). Diamonds denote time points of serum (4) and faecal sampling (
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Figure 4

Serum concentrations of IgG1 in pg/ml serum. Samples were taken 10 days after the first
immunization and 3 days after each booster injection and measured via ELISA. (n > 12, 2
independent experiments). Results are shown as mean + SD. Significant differences were

calculated using ANOVA.
Figure 5

Amount of OVA-specific IgG1 is given as relative units compared to a standard serum
measured in ELISA. (a) Samples were taken 10 days after the first immunization and 3 days
after each booster injection. TCDD induced immunosuppression was abrogated after the 2nd
immunization (TCDD). Tolerant mice (Tol-PBS) do not mount an immune response while
pre-treatment with TCDD (Tol-TCDD) led to significant OV A-specific IgG1 production.
Results are shown as mean + SEM. (b) OVA-specific IgG1 three days after the third
immunization. Results derived of two independent experiments and presented as mean + SD;

n > 12/group of mice. Significant differences were calculated using ANOVA.
Figure 6

OV A-specific IgA concentration was measured in faecal samples via ELISA (n > 12, 2
independent experiments) and is given as relative units compared to a standard sample.
Samples were collected 1 day after oral challenge with OVA on days 38, 41, 43 (see Figure
3), dried and dissolved in PBS/NaNj3 at a concentration of 100mg/ml. Significant differences

were calculated using ANOVA.
Figure 7

Mice were treated with TCDD, tolerized as shown in Fig. 3, and MLN or PP analyzed one
day later. Frequencies of cytokine or FoxP3 expressing DC detected in MLN (a), or CD4"

Tcells in MLN (b), or DC versus CD4" cells in PP (c) of TCDD-treated animals (grey dotted
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bars), or controls (white dotted bars). (d,e): IL-6 expression in DC (previously gated as

CD11c¢" (not shown) and MHCII"). Numbers refer to percentage of cells in frame.

O©oOoO~NOOOPWN -

Intracellular cytokine staining in CD4+ T cells from MLN in control mice (f,g) and TCDD
11 treated mice (h,i). Results are shown as mean + SD from 3 independent experiments, n =6-9.

13 % p<0.1, ##* p<0.01
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Table 1a. Lymphocyte frequencies in lamina propria, mesenteric lymph nodes and Peyer”s

patches ¥
Lamina propria Mesenteric lymph nodes Pevyer’s patches
DMSO TCDD DMSO TCDD DMSO TCDD
CDh4* 202 +79% 17.8+3.8% 400+74% 39.6+80% 17.6+6.8% 16.0+62%
CD69* Y 162+23% 172+28% 503 +7.6% 53.2+6.4%
CDS8* 43+15% 41%x19% 295+44% 30.1+x52% 7.0%x3.1% 59+19%
CD69* ™ 64+36% 69+28% 13.3+45% 15.2+6.0%

CDI19"  295+99% 322 +15% 21.5+6.4%
DC? 34+1.6% 3.0+1.7% 23+0.8%
CD103™ 51.5+3.9% 55.0+4.1% ~“47.9+4.2%

203 +6.5% 69.0+6.8% 65.8 +7.6%
20+07% 2.8+14% 3.0+1.4%
"61.2+6.2% 38.8 +8.9% 36.1 +7.4%

D467 +9.4% Y453 +5.6%

¥ The indicated organs were isolated, single cell suspensions prepared and analysed. The data
shown are the percentages of life-gated cells expressing each marker as assessed by flow
cytometry. Shown are the means + SD of at least three independent experiments with 3 mice
per group. Mice were treated with 10ug/kg b.w. TCDD ten days prior to cell isolation and
staining. ” Frequencies of cells expressing subset markers (CD69, CD103) are given as
percentages of the correspondent population. © DC were defined as CD11c¢* MHCIT*.

Y Frequencies for CD103*DC on day 3 after TCDD. = p<0.001
Table 1b. Intraepithelial lymphocyte frequencies
IEL

DMSO TCDD
CD4" 4.0+2.5% 40+2.1%
CD8ao. " TCRyS" 43.4 £ 10.0% 449 +9.2%
CD8ao. ' TCRaB* 20.6 £ 8.6% 20.5+£5.8%
CD8aB TCRyS" 26+2.5% 23+1.3%
CD8af " TCRaB" 29.0+12.5% 28.2 +12.3%

* Intraepithelial lymphocytes were prepared from the small
intestine as described in material and methods. The data
shown are the percentages of life-gated cells expressing each
cell surface marker as assessed by flow cytometry. Shown
are the means + SD of at least three independent experiments
with 3 mice per group. Mice were treated with 10ug/kg b.w.

TCDD ten days prior to cell isolation and staining.
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mMRNA levels of AhR in gut and gut associated immune cells.

Expression levels of AhR was determined by real time PCR in relation to house-keeping gene Rps6.
(a) Total duodenal, jejunal and ileal sections. (b) Peyer’s Patches and mesenteric lymph nodes
50 compared to liver and thymus (organs of high AhR expression). (c) IEC, CD8aa+ TCRyd+ (TCRyd)
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Time scheme of TCDD feeding (flash arrow), tolerization (dashed arrows) and immunizations (black
arrows). Numbers refer to the respective days after first feeding of OVA (=day 1).
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Serum concentrations of IgG1 in pg/ml serum. Samples were taken 10 days after the first
immunization and 3 days after each booster injection and measured via ELISA. (n > 12, 2
independent experiments). Results are shown as mean + SD. Significant differences were calculated

using ANOVA.
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Amount of OVA-specific IgG1 is given as relative units compared to a standard serum measured in
ELISA. (a) Samples were taken 10 days after the first immunization and 3 days after each booster
injection. TCDD induced immunosuppression was abrogated after the 2nd immunization (TCDD).
Tolerant mice (Tol-PBS) do not mount an immune response while pre-treatment with TCDD (Tol-
TCDD) led to significant OVA-specific IgG1 production. Results are shown as mean + SEM. (b) OVA-
specific IgG1 three days after the third immunization. Results derived of two independent
experiments and presented as mean £ SD; n > 12/group of mice. Significant differences were

calculated using ANOVA.
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ABSTRACT

The aryl hydrocarbon receptor (AhR) plays an essential role in the recognition and
detoxification of environmental noxae. Within the immune system activation of the AhR was
shown to have a major impact on dendritic cell (DC)- and T cell differentiation. The AhR
itself is regulated by the AhR repressor (AhRR) through feedback inhibition. Using newly
generated AhRR-reporter mice, we demonstrate that the AhRR is predominantly expressed in
immune cells located in barrier organs. In the skin, AhRR expression was mainly detected in
epidermal and dermal DC, besides some fibroblasts and keratinocytes. In the gut, AhRR
expression was found to be strongest in DC and T cells of the lamina propria, was refined to
CD8" T cells and DC in Peyers Patches, and to DC in mesenteric lymph nodes. Beyond this
constitutive expression, AhRR expression could be further induced through AhR activation in
vivo. Furthermore, we show for the first time that AhRR expression was equally induced by
toll-like receptor (TLR) ligands independently of the AhR. Therefore, we postulate an
important crosstalk of innate immunity with the AhR/AhRR system at environmental

interfaces.



INTRODUCTION

The aryl hydrocarbon receptor (AhR), also known as the dioxin receptor, is a multifunctional
ligand-activated transcription factor, which regulates the expression of drug metabolizing
enzymes. Upon ligand binding, the AhR induces a battery of genes, including Cytochrome
p450 (Cyp)1A1, Cypl A2 and CyplBI1, which are essential for the chemical modification and
subsequent detoxification of xenobiotics (1-3). The AhR dimerizes with the cofactor AhR-
nuclear translocator (Arnt) and binds to xenobiotic response elements (XRE) in the promoter
regions of target genes and thereby regulates their expression. Besides the response to
xenobiotics the AhR is activated by endogenous ligands and has many physiologic functions
regarding cell growth and differentiation (4), including the regulation of immune responses.
AhR-signaling is involved in the generation of Treg and Thl7 cells in a ligand-dependent
manner in vivo (5-9). Activation of AhR-signaling in DC leads to enhanced expression of
costimulatory molecules, improves T cell proliferation in a mixed lymphocyte reaction in
vitro (10), and provokes allograft survival in a mouse model by generation of Treg (11).

The activity of the AhR is regulated by the AhR-Repressor (AhRR), which, like the AhR, is a
member of the basic helix loop helix Per-Arnt-Sim (PAS) family (12). AhRR transcription is
induced by the AhR and in turn represses AhR activity by a negative feedback loop (12,13).
The AhRR can also dimerize with Arnt, after which both proteins get SUMOylated. This
facilitates the recruitment of ANKRA2, HDAC4 and -5 to the repressor complex and leads to
efficient transcriptional repression of the AhR-pathway via XRE-binding (14). Besides this
effect, the inhibitiory function of the AhRR also involves additional mechanisms which act
independently from binding to XRE (15). The promoter of the AhRR itself contains several
XRE, GC boxes and one NF-xB site, indicating that signals from other transcriptional
pathways, potentially involving Spl, c-Jun or NF-xB, may lead to expression of the AhRR

(13). Inhibition of the GC box by mithramycinA inhibits AhRR expression in HepG2 cells in



vitro (16) and exposure of Hela cells to TPA induces an upregulation of ahrr transcription by
activation of NFxB, which can be further enhanced by activation of the AhR pathway (13).
Expression analysis revealed that the AhRR mRNA is expressed and upregulated by AhR-
ligands in a tissue specific manner in humans and rodents (17-22). Recently generated AhRR-
deficient mice show an upregulation of the AhR-response gene CyplAl in skin, stomach and
spleen, while there is no altered CyplAl expression in liver and heart, indicating a tissue
specific induction of AhR-induced genes in AhRR-deficient mice. Further, these mice possess
a reduced incidence to skin carcinogenesis induced by benzo[a]pyrene (18).

To analyze the expression and function of the AhRR within the immune system in vivo, we
generated AhRR-reporter mice, which express the enhanced green fluorescent protein (EGFP)
under control of the endogenous ahrr locus. These mice allow for efficient identification of
AhRR expression at the single cell level by flow cytometry. Expression analyses in these mice
revealed presence of the AhRR particularly in barrier organs like gut and skin. In skin,
epidermal Langerhans cells (LC) as well as dermal DC expressed the AhRR. Further,
expression of the AhRR was found in DC and T cells of the small intestinal lamina propria
(LP) and in lymph node (LN) DC, but not in splenic DC. The expression of the AhRR could
be significantly enhanced by AhR-signaling in vivo in LN DC as well as in LP DC. In
addition, TLR stimulation was shown to upregulate the expression of the AhRR in vitro and
in vivo, indicating a crosstalk between the innate immune system and the cellular response to

xenobiotics.



MATERIAL AND METHODS

Targeting the murine ahrr locus by homologous recombination

The targeting vector was constructed in a way that an EGFP cDNA together with a polyA
signal and a loxP-flanked neomycin resistance cassette was inserted into the second exon of
the ahrr. To avoid transcription of a truncated protein by alternative splicing, the third exon
was deleted additionally. Homologously recombined embryonic stem cell clones (E14K) were
detected by Southern blot hybridization after digestion of embryonic stem cell DNA with Dral
and hybridised to a 3’flanking probe (see supplementary Figure 1A) yielding a 6,6kb
fragment for the wild-type (WT) allele and a 3,6kb fragment for the mutated allele. Germline
transmission of the targeted allele was confirmed also by Southern blot analysis. The
neomycin resistance cassette was removed from the targeted allele by crossing mutant mice
with a Cre-Deleter-strain (CD11cCre3 mice; 1. Forster, unpublished). In this study,

B* reporter mice and homozygous AhRR™ mice expressing EGFP but

heterozygous AhRR
not AhRR were used. WT littermates were used as controls. Mice were originally generated
on a mixed C57BL/6/1290la genetic background and backcrossed to C57BL/6 for 2-5
generations. Primers for typing of mice were as follows: AhRR-rev:3"-tccttctcttcctaccggeg-57;
AhRR-fwd: 3°-catagtggaagtccagcacataga-5"; AhRR/GFP: 3-tccttgaagtcgatgeectt-5°  (see
supplementary Figure 1C). Because the AhR of 1290Ila mice has a low affinity to certain
AhR-ligands, mice were screened for expression of the high affinity C57BL/6 allele by PCR
as described (18). In all experiments mice with this allele of the AhR were used. For some
experiments mice were injected i.p. with 200ul of either LPS (Img/ml E.coli 0111:B4) in
PBS or 3-Methylcholanthrene (3MC; 25 mg/ml, both Sigma, Deisenhofen, Germany) in PBS
1% DMSO for 16h or treated per gavage with 250 ug 3MC in DMSO/olive oil (1:4 v/v).
Control animals received PBS, PBS 1%DMSO, or DMSO/olive oil, respectively. Mice were

bred in the SPF animal facility of the Institut fiir Umweltmedizinische Forschung (IUF)

according to German guidelines for animal care.



Immunohistology

Tissue samples (LN, skin and small intestine) were fixed for 3 h in 4% paraformaldehyde
(PFA) at 4°C, saturated in a sucrose gradient from 5% over 10% to 20% sucrose before being
embedded in tissue-freezing medium (Leica, Nussloch, Germany) and snap-frozen in 2-
methylbutane (Merck, Darmstadt, Germany) prechilled with liquid nitrogen. Cryostat sections
(7 wm) were fixed in acetone. For immunofluorescence analyses the sections were
counterstained with 0,5 pg/ml DAPI (4,6-diamidino-2-phenylindole) in PBS and mounted in
Moviol/DABCO (1,4-Diazabicyclo(2,2,2)octane, Carl-Roth GmbH, Karlsruhe, Germany).
Images were acquired on an Axio Observer.D1 microscope (Zeiss, Jena, Germany) and

analyzed with Axiovision Rel. 4.6 (Zeiss, Jena, Germany).

Preparation of cell suspensions for flow cytometry

Skin cell suspensions from dorsal skin were prepared as follows. Hairs were removed from
back skin and skin specimens were explanted. After removal of subdermal fat, the skin
explants were incubated for 2 h in PBS/0.25% trypsin, 5 mM EDTA (Invitrogen, Karlsruhe,
Germany) at 37°C to separate the epidermis from the dermis. Epidermal sheets were
mechanically disrupted and filtered through a 70 um nylon filter to obtain a single cell
suspension. Dermal sheets were cut into small pieces and incubated for 2.5 h in collagenase D
(1.6 mg/ml, working activity: 226 U/mg; Roche, Mannheim, Germany) and were thereafter
mechanically disrupted to obtain a homogenous cell suspension. Cell suspensions were
stained with antibodies against MHCII (clone M5/114.15.2) and CD24a (M1/69, both
eBioscience, San Diego,CA USA) .

For preparation of LP cells, the small intestine was flushed with PBS and Peyers Patches (PP)
were removed. The intestinal tissue was opened longitudinally, cut into pieces and incubated
in 3mM EDTA/PBS for 10 min at 37°C, followed by 1%FCS, 1mM EGTA, 1,5mM MgCl, in

RPMI 1640 for 15 min at 37°C and digested in 20%FCS, 100U/ml CollagenaseA (Roche,



Mannheim, Germany) in RPMI 1640 for 1.5 h at 37°C with gentle agitation. The single cell
suspensions were filtered through a 70uM cell strainer.

For preparation of PP, LN and splenic cell suspensions, tissues were digested for 15 min at
37°C with 1 mg/ml collagenase D and 300 U/ml DNasel (both: Roche, Mannheim, Germany).
Cell suspensions were stained with antibodies against CD3 (145-2C11), CD4 (RM4-5), CDS8
(53-6.7), CD19 (MB19-1), CD25 (PC61, BD Biosciences, Heidelberg, Germany , MHCII
(M5/114.15.2), CD11c (HL-3), F4/80 (CI:A3-1, Abd Serotec, Oxford, UK), CD11b (M1/70),
NK1.1 (PK136), CD103 (2E7) (if not indicated otherwise, antibodies were purchased from
eBioscience, San Diego,CA USA). All cell populations were analyzed with a FACScalibur
flow cytometer (BD Biosciences Heidelberg, Germany,); data were analyzed with FlowJo

software (Tree star, Ashland, USA).

Generation of bone-marrow derived DC (BMDC)

For differentiation of BMDC femurs of mice were flushed with PBS and the unfractionated
cell populations were plated at a density of 5 x 10° cells/ml in suspension culture Petri dishes
(Greiner, Frickenhausen, Germany) in RPMI 1640 supplemented with 2% supernatant of GM-
CSF-transfected X63Ag8-653 cells (23). Cultures were fed with fresh medium containing 2%
GM-CSF supernatant on d3. Cell cultures were used at day 6, purity of the DC population was
assessed by FACS analysis using CD11c (HL30) and MHCII (M5/114.15.2) antibodies. For
expression analysis DC were either stimulated with LPS (1ug/ml), CpG (ODN1668, SuM,
TIB Molbiol, Berlin, Germany), Pam3Cys (10ug/ml; emcMicrocollections, Tiibingen,
Germany), 3MC (10uM) or 3-Methoxy-4-nitroflavone (MNF, 5uM) or combinations thereof

for 16 h.



Statistical analysis
Statistical analysis of the data was performed using the Student's ¢ test. All data are presented
as mean £ SEM. The level of significance for p < 0.05 was denoted as (*) or M, for p< 0,01

as (**) or (§§), for p<0,001 as (***) or (§§§) as indicated in the figure legends.



RESULTS

Generation of AhRR/EGFP-mice

To analyze the expression and function of the AhRR in vivo we generated AhRR-reporter and
-knockout mice, which allow to monitor expression of the AhRR by a fluorescence approach.
Therefore, we inserted an EGFP-cassette into the second exon of the ahrr gene. To avoid
expression of a truncated AhRR protein by alternative splicing, the third exon was deleted
additionally. The targeting strategy is depicted in Supplementary Figure 1A. Recombinant
AhRR/EGFP ES cell clones were analyzed by Southern blot for the presence of the mutant
allele (Supplementary Figure 1B) and AhRR/EGFP mice were generated. Mice were
intercrossed with a Cre-Deleter-strain to remove the neomycin resistance cassette. Both,
heterozygous and homozygous mice can be used as reporter mice to track the expression of
the ahrr gene. While heterozygous mice carry one mutant and one WT ahrr allele,
homozygous mice are AhRR-deficient and can be used to study the function of the AhRR in
vivo. The mice are fertile, and do not exhibit any obvious anatomic or behavioral

abnormalities.

Expression of the AhRR in DC of the skin

The skin is the largest barrier organ of the body and protects the organism from environmental
or pathogen-induced damage. The immune system of the skin includes a large network of DC,
which senses antigen and induces immune activation or tolerance in the draining LN. LC are
the DC of the epidermis, which are characterized by the expression of langerin and the
occurrence of Birbeck granules. In the dermis, at least three different dDC populations are
found and differentiated by their expression of langerin and CD103 (reviewed in (24)). Since
mRNA of the AhRR was detected in epidermal LC of mice (25), we analyzed the skin of
AhRRR®* and AhRR™® mice using immunofluorescence and flow cytometry. Expression of

the AhRR could be detected in the dermis and in the epidermis of AhRR™* mice (Figure 1A).
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To characterize the expression of the AhRR in more detail, freshly isolated epidermal and
dermal cell suspensions were analyzed by flow cytometry. Expression of the AhRR could be
detected in epidermal LC (appr. 67% and 77%) as well as in dDC (28% and 40%) of both
AhRR®*and AhRR™* mice (Figure 1B). The proportion of AhRR-expressing epidermal
MHCII cells, which mainly represent keratinocytes (11% in heterozygous mice and 16% in
homozygous mice), as well as in dermal MHCII cells, probably fibroblasts (11% and 17%)
was lower compared to MHCII" fractions in both heterozygous and homozygous animals. For
further analysis of dermal cells we included a CD24a staining in order to distinguish between
CD24a" and CD24a"" dDC. Previously, we could show that the langerin® dDC express
CD24a whereas the langerin” fraction of dDC does not (26). The number of AhRR expressing

cells was higher in the fraction of CD24a"e"

low

expressing dDC compared to the CD24a
expressing dDC subset (Figure 1C), indicating that the highest proportion of AhRR-
expressing cells can be found in the transmigrating LC or the CD24a", langerin® dDC subset.
Analyzing the MHCII fraction of dermal cells, we could show a higher expression of the
AhRR in the CD24a°*MHCII" population, which includes dermal fibroblasts (Figure 1C).
Thus, constitutive expression of the AhRR could be clearly demonstrated in immune cells of
the skin, namely LC and dDC and, interestingly, to a lesser extent in non hematopoetic cells.
High constitutive expression of the ahrr was previously demonstrated in primary human
fibroblasts (16,27) and to a lesser degree in primary human keratinocytes (27). In the present
study, however, a high constitutive transcription of the ahrr could not be demonstrated for
fibroblasts and keratinocytes in mice in vivo, indicating a species difference or a difference of
in vivo and in vitro experiments. Nevertheless, the expression of the AhRR could be
upregulated in embryonic fibroblasts and primary murine keratinocytes in vitro by the AhR

ligand 3MC (supplementary Figure 2). Interestingly, the intensity of EGFP expression was

E/E E/+

generally higher in AhRR™" cells compared to AhRR™" cells (supplementary Figure 2 and

3), indicating that the AhRR protein expressed from the residual ahrr WT allele in the
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AhRR™*  animals may inhibit AhR-signaling, thereby repressing its own expression.
Alternatively, the difference in EGFP expression levels of AhRR™® - and AhRR™* cells may

result from a gene dosis effect.

Expression of the AhRR in the gut

Next, we focused on the analysis of AhRR expression in the gut, as another important barrier
organ. AhRR/EGFP-expressing cells could be detected in the LP of the small intestine in
AhRRR®* and AhRR"™* mice (Figure 2A). To further characterize the EGFP-expressing cells,
the cells of the LP of the gut as well as of PP were analyzed by flow cytometry. In the LP,
expression of the AhRR could be detected in T cells and CD11c¢” DC but not in CD19" B
cells. AhRR-expression was found in 19% of CD4" and 27% of CD8* LP cells in AhRR®"*
mice, and 29% of CD4"* and 21% of CD8" cells in AhRR™* mice. Analysis of CD4/CD25
double positive cells, including Treg and activated T cells, showed that 40% of these cells are
EGFP" in both heterozygous and homozygous mice. Furthermore, 25% of the CD4"/CD25
population expressed the AhRR in heterozygous and homozygous mice.

When analyzing AhRR expression in DC, we found that 66% or 80% of LP DC in AhRR¥" or
AhRR™® mice, respectively, expressed the AhRR (Figure 2B). The LP contains two DC
populations of different origin, a CD103*, CX3CR1 and a CD103", CX3CR1" population
(28). The latter population extends dendrites between epithelial cells and is involved in
antigen sampling from the mucosal lumen, which involves CX3CR1 (29) and MyD88 (30).
The CD103*, CX3CR1™ DC population, however, plays a tolerogenic function and is able to
induce the generation of Treg after migration into the mesenteric LN (MLN) in a TGF-B3 and
retinoic acid-dependent manner (31). Expression of the AhRR could be detected in about 50%
of CD11c*, CD103” DC, whereas nearly all CD11c*, CD103" DC were AhRR/EGFP positive

(Figure 3).
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The CD103" DC population localizes to the villous LP and also to the subepithelial dome
region of SILT (32). In PP of both AhRR"™* and AhRRR™* mice expression of AhRR/EGFP can
be localized to the dome region of the PP (Figure 2A). By flow cytometry we could show that
in PP expression of the AhRR occurs in about 17% of CDS8-T cells of AhRR™*- and 26% of
CDS-T cells of AhRR¥E mice, but, in contrast to LP, not in CD4-T cells. In PP, only 20% of
CD11¢*/MHCII* DC in both naive AhRR®*- and AhRR™® mice were AhRR/EGFP* (Figure
2B). In contrast to skin and intestine, expression of the AhRR could not be detected in liver
and lung (data not shown).

Thus, whereas AhRR expression in the LP can be found in CD4" and CD8" T cells and DC, it
is restricted to CD8" T cells and DC in PP, indicating not only cell-type specific but also

organ-specific expression of the AhRR.

Expression of the AhRR in dendritic cells of lymph nodes but not in spleen

The expression of the AhRR in the draining LN of the gut and skin, namely MLN and
peripheral LN (PLN, a pool of brachial, axial, popliteal and inguinal LN) was analyzed by
immunofluorescence and flow cytometry. The analysis of frozen sections of MLN and PLN
revealed AhRR/EGFP expressing cells mainly in the paracortical and medullary regions of the
LN. In contrast to LP and PP, no AhRR/EGFP expression was detectable in either MLN or
PLN T cells. B cells were also shown to be AhRR™ in LN, as in all other organs tested.
CD11¢"/MHCII" DC, however, exhibited significant AhRR/EGFP expression. Interestingly,
expression levels of the AhRR were higher in MLN DC compared to PLN DC (Figure 4A
and B), with 30-40% of MLN DC expressing the AhRR, whereas in PLN only 7% of the DC
population expresses the AhRR. In the spleen, however, no expression of the AhRR beyond
background fluorescence level could be detected in naive mice.

In summary, we describe here for the first time a distinct expression pattern of the AhRR in

vivo. In naive mice, the AhRR is predominantly observed in immune cells of the barrier
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organs gut and skin. While highest expression of the AhRR could be seen in the LP of the

intestine, the numbers of AhRR expressing cells decline with increasing distance to the gut.

Inducible expression of the AhRR by AhR- and TLR ligands
Expression of the AhRR is known to be induced by activation of the AhR (12,13). To analyze

E* mice

the influence of AhR induced signaling on the expression of the AhRR in vivo, AhRR
were injected 1.p. with the AhR ligand 3MC. 16h later LN and spleen were collected and
analyzed by flow cytometry. After 3MC application the expression of the AhRR was
enhanced in LN DC, and AhRR-expression could be induced significantly in splenic DC, but
not in T cells or B cells (Figure SA). Further, feeding of mice with 3MC significantly
enhanced the proportion of AhRR-expressing cells in LP DC and PP DC in both heterozygous
AhRR®* and homozygous AhRRR®* mice (Figure 5SB), indicating that application of an AhR
ligand enhances the expression of the AhRR as expected.

Since there is one NF-kB-site present in the AhRR promoter (13), we wondered whether
activation of NF-kB could influence the expression of the AhRR. Therefore, we applied LPS
i.p. to AhRR®* mice and analyzed AhRR expression in a similar way as after the application
of 3MC. Interestingly, administration of LPS induced the upregulation of AhRR expression in
LN DC, but, in contrast to 3MC-treatment, not in splenic DC (Figure 5C). As already noted
for 3MC-treatment, LPS-injection also did not lead to expression of the AhRR in either T- or
B cells.

To further analyze the impact of TLR-ligation on the expression of the AhRR we generated
BMDC and stimulated them with TLR ligands. In untreated BMDC, approximately 40% of
DC expressed the AhRR. After stimulation with the TLR-ligands LPS, CpG and P3Cys, the
expression could be enhanced up to 80%, indicating that stimulation of the innate immune
system via TLR activates the expression of the AhRR (Figure 5D). Notably, 3MC did not

enhance the expression of the AhRR in BMDC in vitro. Recent data revealed that the AhR 1is
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upregulated in macrophages by LPS (33). Here, we found that this is also the case in BMDC
(data not shown), but application of 3MC together with LPS does not further enhance
expression of the AhRR. Since application of the AhR-inhibitor MNF did not alter the LPS or
LPS/3MC-induced AhRR expression, we conclude that in BMDC AhR-signaling does not

contribute to AhRR expression.

14



DISCUSSION

The AhR/AhRR system is important not only for the induction of the xenobiotic metabolism
but also influences the immune system by the regulation of T cell responses. In this study we
analyzed the expression of the AhRR using a novel AhRR reporter mouse strain. While no
expression of the AhRR could be found in peripheral organs like liver and lung, expression of
the AhRR in naive mice could be demonstrated mainly in immune cells of the skin and the
mucosa, particularly in DC and T cells. AhRR expression could be modulated not only by
AhR-activation but equally well by TLR-stimulation in vitro and in vivo, pointing to a unique
function of the AhRR independently of the AhR. In addition, these data demonstrate that
signals resulting in xenobiotic metabolism and innate immunity are tightly interconnected.
Expression of the AhRR is localized to LC and dDC in the skin, as well as to a smaller
fraction of dermal fibroblasts and keratinocytes. In addition, only a small fraction of cultured,
primary fibroblasts and keratinocytes was shown to express the AhRR constitutively.
However, expression of the AhRR could be significantly enhanced in these cells by AhR
activation. The percentage of AhRR™ cells as well as the intensity of EGFP fluorescence

increased clearly in AhRRR™ fibroblasts and keratinocytes compared to AhRR™*

cells (Figure
S2). This indicates that the AhRR normally downregulates its own expression in these cells.
In LC and dDC, however, the transcription of the AhRR locus seems not to be influenced by
the presence or absence of the AhRR protein. This indicates that the AhRR regulates its own
expression to a lesser degree in DC and may also point to a cell-type specific regulation of
AhRR expression. It is already known that the AhR plays a role in several immune reactions
of the skin. Thus, mice overexpressing a constitutively active AhR in keratinocytes develop
hyperkeratosis and skin inflammation postnatally, resembling symptoms of atopic dermatitis
(34). Furthermore, AhR-deficient mice show enhanced wound healing in the skin due to
increased keratinocyte migration, elevated expression of TGF-f, and enhanced fibroblast

function (35). In addition, LC of AhR-deficient mice are less mature and migratory and
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therefore induce reduced contact hypersensitivity reactions upon challenge with the contact
allergen FITC (25). This indicates that several cell populations of the skin are involved in skin
pathologies in an AhR-dependent manner. Since all of these cell populations also express the
AhRR, it is likely that the AhR/AhRR system plays an important function in allergic and
inflammatory reactions of the skin. Further analysis of immune reactions in the skin of AhRR-
deficient mice will help to delineate the interplay of environmental induced signals and
immune reactions at the skin barrier.

In the small intestine, expression of the AhRR could be demonstrated in T cells and DC in the
LP, as well as in CD8" T cells and DC of PP. The high expression of the AhRR in the dome
region of PP is reminiscent of the expression of the inflammatory chemokine CCL17 (36). In
addition CCL17" LN DC express a high level of AhRR-mRNA (data not shown).
Interestingly, the highest expression levels of the AhRR are found in the LP of the gut and in
the skin, whereas the frequency of AhRR expressing cells drops with increasing distance from
interfaces to the environment. An overview of the data obtained in this study is depicted in
Figure 6 for AhRR expression in the intestine and in lymphoid organs. AhRR expression
levels in DC gradually decline with distance from the mucosal barrier. Similarly, the
expression of AhRR in T cells was only detectable in LP and PP, whereas it was absent in
MLN, PLN and spleen. These findings indicate that expression of the AhRR may be induced
by environmental stimuli, like food constituents, such as natural flavonoids or tryptophan
metabolites, small chemicals, but also physical stress or microbial flora. Therefore, our data
support the idea that the AhRR may play a unique function in the immunosurveillance of
barrier organs like skin and intestine.

We describe a striking predominance of AhRR expression within cells of the immune system
in naive mice. Expression of the AhRR was most prominent in a proportion of DC in all
secondary lymphoid organs analyzed. In contrast, no AhRR expression could be found in liver

and lung. Thus, the expression profile of the AhRR does not simply mirror the expression
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profile of the AhR, which is highly expressed in liver and lung of rats and mice (37,38).
Therefore, it is tempting to speculate that the AhRR may not only play a role in competing
AhR-induced gene induction, but also exerts functions independently of the AhR. Within the
immune system, AhR expression has previously been observed in LC of the epidermis
(25,39). Here, we show that the AhRR is also expressed in LC and dermal DC of the skin.
Further, it was shown that naive T cells do not express the AhR (5). In our study, we also did
not observe expression of the AhRR in T cells of spleen and LN. In contrast, expression of the
AhRR could be demonstrated in CD4" and CD8" T cells of the LP and CD8" T cells in PP,
which are mostly activated T cells. Thus, it is possible that the activation state of T cells
influences AhRR- and AhR-expression. However, more detailed analysis is necessary to
precisely compare the expression of AhRR and AhR in immune cells.

A major finding of the present study is that expression of the AhRR could not only be
upregulated through AhR-activation, but could be induced to the same extent after stimulation
with TLR-ligands in DC in vivo. This suggests that the AhRR might play a role in early
immune activation of antigen presenting cells. Upregulation of ahrr in spleen as well as in the
gut was previously shown after AhR-activation by 3MC (18) and in spleen after benzo[a]
pyrene treatment of mice (17) or TCDD treatment of rats (19). However, this is the first time
that the regulation of ahrr gene expression is monitored at the single cell level within the
immune system in the presence or absence of a functional AhRR protein. The AhR-pathway
not only modifies T cell responses (5-9) but is also involved in the Th1/Th2 balance (40). In
addition, TCDD confers enhanced susceptibility to endotoxin induced shock (41). Recently, it
was shown that AhR-signaling plays an important role in the innate immune system. AhR-
activation enhances the expansion of CCR6'/IL-17-producing Y8 T cells by microbial stimuli
(42). Furthermore, the AhR negatively regulates the proinflammatory response to LPS in
macrophages in a STAT-1- and NF-kB-dependent manner (33). AhR-deficient mice are
highly susceptible to LPS induced shock, probably as a result of enhanced IL-1f3 production
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by AhR-deficient macrophages (43). These data indicate multiple interactions of the AhR-
pathway with the innate immune system, which may in turn be regulated by differential
expression of the AhRR, as shown here for the first time.

In addition, the induction of the AhRR after AhR- and TLR-stimulation in DC might point to
AhR-dependent and -independent roles of the AhRR in the immune system. It is known that
members of the bHLH/PAS family can interact with each other. Besides binding to AhR, Arnt
is able to interact with several other molecules of the PAS family like single minded (SIM) or
hypoxia inducible factor (HIF) 1-a, and with estrogene receptor (ER), and thereby influences
circadian rhythm, hypoxia and hormone signaling (reviewed in (44)). The AhR in turn is also
able to interact with ER (45), the retinoblastoma protein (46) and also with the NF-kB family
members RelA and RelB (47). The interaction with RelB after TCDD treatment involves
binding to a novel ReIBAhR responsive element in promoters of several genes, which are not
part of the xenobiotic response machinery (48), leading to the induction of immune mediators
as keratinocyte-derived chemokine (KC) and monocyte-chemoattractant protein (MCP) -1
(49). An interaction of the AhR with NF-xB and STAT-1 was also observed after LPS
stimulation, thereby inhibiting IL-6 promoter activity (33). Recently, it was shown that the
AhRR represses HIF-1a activation in a human cell line independently of Arnt (50). Since the
AhRR is inducible by TLR-signaling, it might be possible that the AhRR, like the structurally
closely related AhR, might also interact with members of the NF-xB family and may
therefore fulfil other functions in the immune system besides the suppression of AhR-induced
transcription.

Taken together, our data provide first evidence that the AhRR is not only regulated by
xenobiotics but is also induced by TLR-dependent activation of antigen presenting cells
especially in barrier organs. Therefore, the AhRR is likely to be involved in the controlled
activation of the immune system in these organs. Further analysis of the role of the AhRR in

the innate immune system will give insight in the interplay of the innate immune system and
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environmental factors, which will be important to understand the pathophysiology of

inflammatory or autoimmune disorders especially in barrier organs like skin or intestine.
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FIGURE LEGENDS
Figure 1: AhRR/EGFP expression in the skin

E .
" mice

A) Immunofluorescence analysis of frozen sections of dorsal skin of WT and AhRR
counterstained with DAPI (200x). B, C) Flow cytometric analysis of epidermal and dermal
cell suspensions of WT, AhRR™* and AhRR™* mice. Skin biopsies were digested with 0,25%
trypsin, after which the dermis was separated from the epidermis. After mechanical
disruption, the epidermal cell suspensions were stained with antibodies against MHCII and
CD24a. The dermis was further digested with collagenase P to produce a single cell
suspension and stained for MHCII and CD24a expression. (B) Percentage of AhRR/EGFP
positive cells in epidermis and dermis of either MHCII" (left) or MHCII cells (right) (n=4) is
shown. * p < 0.05, ** p < 0.01, *** p < 0.001 (AhRR¥* or AhRR¥* versus WT). (C) A
representative staining pattern of dermal cells for MHCII and CD24a is shown (left).
Percentages of MHCIT*/CD24a"" (a), MHCII'/CD24a"" (b), MHCII/CD24a™" (c) and

MHCIIT/CD24a"¢" (d) cells in the dermis are shown (n=4, right). * p < 0.05, ** p < 0.01, ***

p <0.001 (AhRR®* or AhRRR¥® versus WT).

Figure 2: AhRR/EGFP expression in the small intestine

A) Immunofluorescence analysis of frozen sections of the small intestine (top, 100x) and of
PP (bottom, 200x) of WT, AhRR™*, AhRR™* mice. B) Flow cytometric analyses of single
cell suspensions of the LP and PP of the small intestine. The cells were stained with
antibodies against CD3, CD3/CD4, CD3/CDS8, CD3/CD4/CD25 to identify T cell subsets,
CD19 to identify B cells, and CD11c and MHCII to identify DC. Percentages of EGFP-
expressing cells in the indicated subsets are depicted (n= 3-5). * p < 0.05, ** p < 0.01, *** p <

0.001 (AhRR¥"* or AhRR™® versus WT).
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Figure 3: AhRR/EGFP expression in the small intestine
Expression of AhRR/EGFP by CD103" and CD103" CD11c¢* /MHCII" DC in the LP analyzed
by flow cytometry. Numbers indicate % EGFP" cells within the respective DC subset of WT,

AhRR¥* and AhRR¥E mice.

Figure 4: AhRR/EGFP expression in MLLN and PLN of naive mice

A) Immunofluorescence analysis of frozen sections of MLN and PLN of WT (left), AhRR®*
(middle) and AhRR EE mice (right), counterstained with DAPI (100x). B) Single cell
suspensions of MLN and PLN were stained with antibodies against CD3, CD4, CD8, CD19,
CDl11lc and MHCII as described above (Fig. 2B) to identify T cells, B cells and DC.
Percentages of EGFP-expressing cells are depicted (n=4-6) * p < 0.05, ** p < 0.01 (ARRR®*

or AhRR¥ versus WT).

Figure 5: AhRR/EGFP expression after 3MC and TLR ligand treatment

A) WT and AhRR™* mice were injected with 200ul 3MC in PBS/1%DMSO (25mg/ml) i.p..
Control mice were injected with 200ul PBS/1%DMSO. After 16h single cell suspensions of
LN (brachial, axial, inguinal and mesenteric) and spleen were stained with antibodies against
CD3, CD4, CDS, CD19, CD11c and MHCII to identify T cells, B cells and DC as described
above (Fig. 2B). Percentages of EGFP-expressing cells within each subset are depicted (n=3-
4).* p < 0.05 (AhRR®* versus WT),** p < 0.01 (AhRR¥*/3MC versus WT), *#* p < 0.001
(AhRR™* versus WT) B) 3MC (250ul/ml) was applied per gavage in DMSO/olive oil (1:4
v/v). Control mice received solvent only. After 16h the small intestine was removed and
single cell suspensions were stained with antibodies against MHCII and CD11c. Percentages
of EGFP-expressing cells among all MHCIT'/CD11c¢* DC are depicted (n=3-6).* p < 0.01
(B3MC-stimulated versus controls) C) Mice were injected with 200ul LPS in PBS (0,5 mg/ml)

1.p. Control mice were injected with 200ul PBS. After 16h single cell suspensions of LN
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(brachial, axial, inguinal and mesenteric) and spleen cells were stained with antibodies against
CD3, CD4, CD8, CD19, CDI11c and MHCII as described above (Fig. 2B) to identify T cells,
B cells and DC. Percentages of EGFP-expressing cells are depicted within each subset (n=3-
4).). * p < 0.05 (AhRRR®*/LPS versus WT),.** p < 0.01 (AhRR¥" versus WT). D) BMDC of
WT and AhRR®* mice were stimulated with LPS (1 pug/ml), CpG (100uM), P3Cys (10pg/ml),
3MC (10uM) or MNF (5uM), or with the indicated combinations (left picture). 16 h later
cells were stained with antibodies against MHCII and CDllc. Percentages of EGFP-
expressing cells among all MHCII'/CD11c¢" DC are depicted (n=8). ** p < 0.001 (TLR-
stimulated versus controls). E) BMDC of WT, AhRR¥* and AhRR™® mice were stimulated
with LPS (1pg/ml), 3MC (10uM) or MNF (5uM), or with the indicated combinations. 16 h
later cells were stained with antibodies against MHCII and CD1l1c. Percentages of EGFP-
expressing cells among all MHCII'/CD11c" DC are depicted (n=3-7). ** p < 0.01 (TLR-

stimulated BMDC from AhRR®* or AhRR¥E mice versus controls).

Figure 6: Schematic illustration of expression levels of AhRR/EGFP in the intestine and
lymphoid organs.

Highest expression levels of AhRR were found in LP and PP. Expression levels in DC drop
gradually in MLN, PLN and spleen. Expression of AhRR in T cells was observed only in LP

and in CD8" T cells in PP.
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Figure 81
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Supplementary Fig. 1: Generation of AhRR-deficient mice

A) Targeting-strategy to generate AhRR-deficient mice. The EGFP-cDNA was inserted into
the second exon of AhRR and the third exon was deleted. In addition a loxP-flanked
neomycin gene was inserted. For Southern blot analysis a 5 flanking probe was used
(depicted as “probe”). B) For Southern blot analysis tail DNA of mutated and WT animals
was digested with Dral. Hybridisation with a 3 -flanking probe revealed a 6,6kb (WT) and a
3, 6 kb (KO) fragment in the targeted ES cell clone (1) compared to WT ES cells (2). C) PCR
of tail DNA of WT (1), AhRR"" (2) und AhRR"* (3) mice shows a 500bp fragment for the

WT allele and an 800bp fragment for the mutant allele.
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Supplementary Fig. 2: AhRR/EGFP-expression of MEF and keratinocytes

A) FACS analysis of WT-, ARRR¥"- and AHRR"®-MEF (one of 3 representative
experiments is shown). EGFP expression is plotted against an unstained channel (left). Mean
fluorescence intensity (MFI) of EGFP" cells is depicted (right picture). * p < 0.05 (AhRR®*
versus WT). B) FACS analysis of primary murine WT-, AhRR¥"- and AHRR"®-
keratinocytes (one representative of 3 individual experiments is shown). AhRR/EGFP-
expression of CD24a" keratinocytes is shown (left). MFI of EGFP" cells is depicted (right
picture). ** p < 0.01 (AhRR"™" or AhRR"* versus WT). C) AhRR/EGFP-expression of WT-,
AhRR"™"- and AHRR®F-MEF (n=3, +/- SEM) and primary murine CD24a" keratinocytes

(n=3-4, +/- SEM) after LPS and 3MC treatment. ** p < 0.01, *** p < 0.001 (AhRR*" or



AhRR"® versus WT). ¥ p < 0.05, ¥ p < 0.001 (3MC treated AhRRR¥* or AhRR¥* vs control

AhRRR®" or AhRRR¥F cells).
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A) FACS analysis of WT-, AhRR""- and AHRR"*- MHCII+ and MHCII" dermal cell
populations (one representative of 4 individual experiments is shown). B) MFI of EGFP" of
MHCII" and MHCITI cell populations is calculated (n=4, +/- SEM). * p < 0.05 (AhRR®" or
AhRR®* versus WT). ** p<0.01 (AhRR"™" or AhRR"* versus WT).
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Abstract

Selenoprotein P (SeP), serving as selenium transporter and extracellular antioxidant, is
assumed to have a protective role in the gastrointestinal tract, which is particularly susceptible
to oxidative damage. Decreased SeP mRNA levels have been found in colon cancer; however,
information on the control of intestinal SeP biosynthesis is scarce. We analysed SeP
biosynthesis in human intestinal epithelial Caco-2 cells subject to differentiation from crypt-
to villous-like enterocytes. In the course of Caco-2 cell differentiation, SeP mRNA expression
and secretion increased concomitantly with three regulators of SeP transcription: hepatocyte
nuclear factor 4a (HNF-4a), forkhead box class Ola (FoxOla) and peroxisomal proliferator-
activated receptor gamma coactivator la (PGC-1a). Treatment of differentiated Caco-2 cells
with the proinflammatory cytokines IL-13, TNF-o and IFN-y caused a down-regulation of
SeP biosynthesis, resulting from induction of nitric oxide synthase 2 (NOS-2). These

observations were corroborated by declined SeP mRNA levels in the colon of dextran sodium

sulphate (DSS)-treated mice, an animal model of experimental colitis. Conclusion:

Inflammation of the intestinal mucosa causes a decline of locally produced selenoprotein P in

the colon that eventually may contribute to the emergence of inflammatory bowel disease-

related colorectal cancer.

Keywords: NOS-2; selenoprotein; HNF-4alpha; Caco-2; colitis



Introduction

Oxidative stress plays a major role in the pathogenesis of inflammatory bowel disease (IBD),
which is characterised by intestinal mucosal damage and loss of the intestinal barrier function
[1]. Intestinal oxidative damage in IBD results from excessive production of reactive oxygen
and nitrogen species (ROS/RNS) and an impaired antioxidative capacity [2]. Many of these
reactive species are generated by the reaction of cellular substrates and oxygen derivatives
with nitric oxide (NO). Elevated expression and activity of the inducible form of nitric oxide
synthase (NOS-2), resulting in high rates of NO release, are found in the inflamed mucosa of
IBD patients [3]. Colonic and intestinal epithelial cells have been identified as the main
source of NO formation in human IBD and in animal models of gut inflammation [4,5]. The
biosynthesis of NOS-2 is induced in the human intestinal epithelial cell line Caco-2 by
proinflammatory cytokines, whose mucosal concentrations are elevated in experimental and
human IBD [6,7]. In the course of disease progression, accumulation of oxidative DNA
damage in the inflamed mucosa is associated with colon carcinogenesis in patients suffering
from ulcerative colitis [8].

Cellular antioxidant defence systems are supported by dietary micronutrients including
vitamin C, flavonoids and selenium. The essential trace element selenium has beneficial
effects in inflammatory disorders and certain types of cancer [9,10]. Supplementation with
selentum protects rats against tissue damage induced by experimental colitis [11], and
selenium intake is inversely correlated with colon cancer incidence in humans [12]. This
protective role of selenium against oxidative stress-related diseases appears to rely primarily
on antioxidative actions of selenoproteins. Most selenoproteins are oxidoreductases with
selenocysteine being part of the catalytic center. The unique redox characteristics of
selenocysteine make selenoenzymes effective reductants of ROS, thus preventing damage of
cellular lipids, proteins and nucleic acids [9]. Selenoproteins that are abundantly expressed in

the normal intestinal mucosa include glutathione peroxidases (GPx), thioredoxin reductase,



selenoprotein W and selenoprotein P (SeP) [13,14]. The expression pattern of selenoproteins
is altered in intestinal sections of colorectal cancer patients: A significant decline of
selenoprotein P mRNA levels has been described in colorectal cancer tissues in comparison to
the corresponding normal mucosa [15]. In the progression of colorectal cancer, the GPx-2
expression increased, whereas the expression of GPx-1, GPx-3 and SeP decreased [13].
Selenoprotein P contains up to ten selenocysteine residues per molecule and is the major
selenoprotein in human plasma. According to its high selenium content and its plasma
localisation, the main function of SeP is to supply various tissues with selenium [16].
Additionally, two enzymatic activities of SeP have been demonstrated in vitro: a phospholipid
hydroperoxide glutathione peroxidase and a peroxynitrite reductase activity [17,18]. The
antioxidative function of SeP is attributed to its N-terminal selenocysteine residue, which has
been found to be responsible for SeP-mediated protection of mice against oxidative tissue
damage upon infection with Trypanosoma congolense [19]. SeP mRNA is ubiquitously
expressed with highest levels found in liver, intestine and kidney [14]. As the liver represents
the major source of plasma SeP, regulation of hepatic SeP biosynthesis has been studied
extensively. Hepatic transcription of SeP is controlled by hepatocyte nuclear factor 4o (HNF-
40) and forkhead box Ola (FoxOla), that are coactivated by peroxisomal proliferator
activated receptor-y coactivator la (PGC-1a) [20]. Liver-derived SeP has been suggested to
be a negative acute phase reactant due to decreased plasma SeP levels in sepsis [21].
Information on regulation and function of selenoprotein P in extrahepatic tissues is scarce.
Evidence for an intracellular SeP pool has been provided in human astrocytes: Specific SeP
down-regulation by use of small interfering RNA (siRNA) impaired the viability of the cells
and made them more susceptible to hydroperoxide-induced oxidative stress, pointing to a
contribution of SeP to ROS clearance [22]. Regarding the intestine, SeP is of particular
interest as it likely has a protective role against colon carcinogenesis and due to its abundant

mRNA expression in comparison to other selenoproteins [13-15,23]. The factors regulating
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SeP biosynthesis in the intestine remain to be clarified. In this study, we analysed the
intestinal biosynthesis of selenoprotein P using differentiating Caco-2 cells as in vitro model
for the human intestinal epithelium. In order to determine whether the observed down-
regulation of SeP biosynthesis upon exposure of differentiated Caco-2 cells to
proinflammatory cytokines may reflect the situation in vivo in the inflamed mucosa, SeP
mRNA levels were examined in intestinal biopsies from dextran sodium sulphate (DSS)-

treated mice.

Materials and Methods

Antibodies and reagents

The polyclonal antibody against human SeP was produced in rabbits as described.” The
FoxO1 antibody was from Cell Signaling (Beverly, MA). Antibodies against E-Cadherin,
PGC-1a and HNF-4a were from Santa Cruz Biotechnology (Santa Cruz, CA). The
monoclonal antibodies against a-tubulin and a,-antitrypsin were from Sigma (St. Louis, MO)
and Abcam (Cambridge, UK), respectively. The secondary HRP-coupled anti-rabbit IgG
antibody was obtained from Dianova (Hamburg, Germany). Recombinant human cytokines
interleukin-1p (IL-1p), interferon-y (IFN-y) and tumor necrosis factor-o (TNF-0) were from
Invitrogen (Karlsruhe, Germany). The NOS inhibitors L-N’-(1-Iminoethyl)-ornithine
dihydrochloride (L-NIO) and N®-Monomethyl-L-arginine monoacetate (L-NMMA) were
purchased from Tocris Bioscience (Ellisville, MO) and Alexis Biochemicals (San Diego,
CA), respectively. Reagents for SDS-PAGE were from Roth (Karlsruhe, Germany). PCR

primers were synthesized by Invitrogen.

Cell culture
Caco-2 human intestinal epithelial cells (ECACC number: 86010202) were kindly provided

by Dr. R. Schins (IUF, Diisseldorf). Caco-2 cells were regularly tested for mycoplasma
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contamination, and used for experiments between passages 13 and 30. Cells were cultivated at

37°C in a humidified 5% CO, atmosphere in EMEM supplemented with 20% foetal calf
serum (PAA; Pashing, Austria), non-essential amino acids, 100 U/ml penicillin, 100 pg/ml
streptomycin (PAA) and 2mM glutamax (Invitrogen). For differentiation studies, cells were
seeded at a density of 32,000/cm? and grown until day 7 with respect to the day initially
reaching confluency (day 0). Culture medium was changed every 2-3 days. Prior to time-

course analysis of protein and mRNA levels as well as for experimental treatments, cells were

cultivated for additional 24h in serum-free medium supplemented with 200nM sodium

selenite to avoid interference with serum components and to provide sufficient selenium for

selenoprotein biosynthesis. HepG2 and Huh-7 human hepatoma cells were cultured as

described [20].

Isolation of RNA and Real-Time RT-PCR analysis

Total RNA was extracted from Caco-2 cells as well as from snap frozen mouse colon
specimen using the RNeasy mini kit (Qiagen, Hilden, Germany) and subjected to RT-PCR
analysis in a Lightcycler 2.0 qPCR system (Roche) as described [20]. Real-time RT-PCR was
performed with 40ng cDNA in glass capillaries containing LightCycler FastStart DNA Master
SYBR Green I Reaction Mix (Roche), 2mM MgCl, and 1uM of primers. Human

hypoxanthine phosphoribosyltransferase 1 (HPRT1) or mouse B-actin were used as internal

normalisation controls. Primers were designed using the Universal ProbeLibrary Assay
Design Center (Roche) and are listed in Table 1. Specificity of all primer pairs was confirmed

by melting curve analysis and agarose gel electrophoresis of PCR products.

Dual luciferase reporter gene assay
SeP-luc, containing a 1,800-bp fragment of the human SeP promoter in the firefly luciferase

reporter gene plasmid pGL3basic (Promega; Madison, WI) [24], was a kind gift from Dr. J.
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Abel (IUF, Diisseldorf). SeP-mutant-luc, containing an inactivated HNF-4a binding element
within the SeP promoter, was generated from the wild-type construct SeP-luc and is
equivalent to the SeP-Mut3-luc construct described elsewhere [20]. For reporter gene assays,
Caco-2 cells grown in 6-well plates were co-transfected at days -1 or 6 with 2.5ug reporter
gene construct (SeP-luc or SeP-mutant-luc) and 0.5ug renilla luciferase expression plasmid
pRL-SV40 with 9ul FuGene HD transfection reagent (Roche) in serum-free medium. 24h
after transfection, luciferase activities were measured in cell lysates in a Victor 1420 multi-
label counter (Wallac; Freiburg, Germany) using the Dual Luciferase Reporter Assay
(Promega). To assess cytokine-dependent regulation of SeP promoter activity, Caco-2 cells
were transfected on day 5 analogously. 20h later, the medium was replaced by serum-free
medium with or without cytomix composed of IL-1f (1,000 U/ml), IFN-y (100 U/ml) and

TNF-a (1,000 U/ml), and luciferase activities were measured after 24h of incubation.

Western Blot analysis
Detection of SeP and a;-antitrypsin in culture supernatants was done as described [25].
Detection of proteins in cell lysates was done by immunoblotting with specific antibodies

using standard techniques.

Enrichment and deglycosylation of secreted SeP

HepG2 and Huh-7 hepatoma cells at 80-90% confluency and differentiated Caco-2 cells (day
5) were serum-starved for 6h and then cultured in serum-free medium supplemented with
200nM sodium selenite for 24h. Cell supernatants containing secreted SeP were collected and
concentrated 40-fold by ultrafiltration using Vivaspin 15R concentrator columns (Sartorius;
Gottingen, Germany) as described [22,25]. Concentrated supernatants were treated with
recombinant N-glycosidase F (Roche) for 16h at 37°C, according to the manufacturer’s

instructions.



Electrophoretic mobility shift assay (EMSA)

Nuclear fractions were extracted from proliferating (day -1) and differentiated (day 6) Caco-2
cells using NE-PER nuclear and cytoplasmic extraction reagent (Pierce Biotechnology;
Rockford, IL). Sug of nuclear proteins were used in gel shift assays with a biotinylated DNA
duplex probe comprising the HNF-4a binding site in the human SeP promoter as described

previously [20].

Induction of chronic experimental colitis in mice
C57BL/6 mice were purchased from Harlan-Winkelmann (Borchen, Germany) and bred at the

animal facility of the [UF Diisseldorf under specific pathogen-free conditions. The mice were

kept according to German guidelines for animal care, and were fed standard mouse chow

(Ssniff: Soest, Germany) containing 0.3 mg selenium/kg. Female mice, deriving from the

same litter, were recruited for experiments at the age of 9 weeks. For induction of chronic

colitis, mice received three cycles of dextran sodium sulphate (DSS with a molecular weight
of 36-50kDa; MP Biomedicals, LLC; Solon, OH) treatment. Each cycle consisted of 2% DSS
in drinking water for 7 days, which was offered ad libitum, followed by a 14-day interval with

normal drinking water. The control mice received acidified tap water ad libitum over the

entire period. After the third cycle of DSS treatment (day 63), mice were sacrificed by

asphyxiation in carbon dioxide according to German guidelines. The animal experiments were

approved by the state government of Northrhine-Westphalia. For assessment of inflammation,

colon length as well as cell numbers in the mesenteric lymph nodes were calculated. The
clinical score, which combines weight loss, stool consistency and occurrence of blood in

stool, was assessed as described previously [26]. The systemic selenium status of the animals

was determined by measuring their serum selenium levels with a fluorimetric assay as

described [16.22]. Selenium concentrations were calculated according to a standard curve of




serial dilutions of sodium selenite in water (2 ng/ml to 800 ng/ml), which were treated in

parallel with the serum samples.

Statistics
Values are given as means * standard deviation (SD) of three or more independent

experiments. Differences between groups were tested for significance by Student’s t-test.

Results

Induction of selenoprotein P biosynthesis in differentiating Caco-2 cells

Caco-2 cells undergo differentiation upon contact inhibition, thereby acquiring characteristics
of normal enterocytes and colonocytes shortly after reaching confluency [27]. Differentiation
is accompanied by phenotypic changes and an extensive genetic reprogramming, resembling
the processes in intestinal epithelial cells migrating along the crypt axis in vivo [28]. We
cultured Caco-2 cells over a period of 9 days, covering stages from subconfluent
(proliferating) to postconfluent and differentiated cells. SeP mRNA levels increased
continuously in the course of differentiation, being 8-fold (P = .0018) higher in differentiated
(day 7) than in proliferating Caco-2 cells (day -1). The mRNA levels of the housekeeping
gene HPRT1 remained unaffected, and HPRT1 was therefore used to normalise relative SeP
mRNA expression in RT-PCR analysis (Figure 1A). Likewise, we determined the capability
of Caco-2 cells to secrete SeP by immunoblotting of Caco-2 supernatants taken at different
stages of differentiation. Whereas no SeP protein was detectable in supernatants of
subconfluent and confluent cells (days -1 and 0), SeP was released from differentiated Caco-2
cells at days 5 and 7 post confluency (Figure 1B).

The differentiation of Caco-2 cells was monitored by analysing o;-antitrypsin secretion and
E-cadherin maturation, representing markers of differentiated enterocytes [27,29]. Secretion

of aj-antitrypsin was detectable beginning at day 0 and maximised at day 5 post confluency.
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Expression and maturation of the cell adhesion protein E-cadherin increased from day -1 to
day 7 (Figure 1C).

Next, we analysed the pattern of SeP isoforms secreted by differentiated Caco-2 cells. Liver-
derived HepG2 and Huh-7 hepatoma cell lines were used for comparison as both secrete SeP
as two isoforms that are found in human plasma as well [25,30]. SeP in supernatants of
differentiated Caco-2 cells migrated in SDS polyacrylamide gels as two bands with molecular
masses between 50 and 70 kDa, resembling SeP released from hepatoma cells. As liver-
derived SeP is heavily N-glycosylated during intracellular processing [25], we examined
whether SeP glycosylation also occurs in Caco-2 cells. Treatment of Caco-2 supernatants with
N-glycosidase F resulted in a shift of both SeP isoforms towards lower molecular masses,
displaying the same sizes as deglycosylated SeP from hepatoma cells (Figure 1D). The two
isoforms correspond to full-length and truncated SeP, respectively [30]. In Caco-2
supernatants, the truncated SeP isoform was much more abundant than the full length isoform,

in contrast to an evenly distribution of the SeP isoforms secreted by liver-derived cells.

Factors controlling the induction of selenoprotein P biosynthesis during Caco-2 cell
differentiation

We hypothesised a stimulation of the SeP promoter in the course of Caco-2 differentiation
regarding the sustained elevation of SeP mRNA levels. Therefore, we tested whether the stage
of differentiation affects SeP promoter activity by applying a luciferase reporter gene
construct harbouring a 1,800-bp fragment of the human SeP promoter, termed SeP-luc [24].
The SeP-luc construct was active in Caco-2 cells: SeP promoter activity was three-fold higher
(P <.001) in differentiated (day 6) than in proliferating cells (day -1) (Figure 2A), pointing to
transcriptional induction of SeP in Caco-2 cells during differentiation.

Recently, we identified cis- and trans-regulatory factors contributing to transcriptional

regulation of SeP. In particular, a functional binding site for the transcription factor HNF-4a
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is located within the SeP promoter and plays a role in cell type-specific expression of SeP
[20]. Besides the liver, HNF-4a is abundantly expressed in the intestine, where it regulates
intestinal epithelial cell functions [31,32]. In proliferating and differentiated Caco-2 cells
transfected with a reporter gene construct containing a mutated (inactivated) HNF-4a binding
site (SeP-mutant-luc) [20], the activity of the SeP promoter was strongly impaired to 5.3 % (P
< .001) and 3.8 % (P < .001) of the activity of the wild-type promoter construct SeP-luc
(Figure 2A). Given the vital importance of HNF-4a for SeP transcription, we analysed the
expression of HNF-4a in Caco-2 cells: HNF-4a. mRNA levels increased constantly from
proliferating to differentiated Caco-2 cells, being ten-fold higher at day 7 compared to day -1
(P < .05) (Figure 2B). Moreover, an immunoreactive band corresponding to HNF-4a (54
kDa) was detected in cell lysates of confluent Caco-2 cells, and increased during
differentiation (Figure 2C). To study the role of HNF-4a in the induction of SeP during Caco-
2 differentiation more directly, nucleic extracts from proliferating and differentiated cells
were subjected to gel shift analysis with a DNA duplex probe comprising the HNF-4a binding
site of the human SeP promoter. Complex formation of HNF-4o with the DNA probe was
much more pronounced in binding reactions with extracts from Caco-2 cells taken at day 7
than at day -1. Specific binding towards the HNF-4a binding site was confirmed by
competition with excess non-labelled DNA probe and by supershift formation with an
antibody directed against HNF-4a (Figure 2D).

In addition to HNF-40, control of hepatic SeP transcription occurs through the transcription
factor FoxOla and the transcriptional coactivator PGC-1a [20]. Consequently, mRNA and
protein expression of these two factors were analysed and found to be elevated in
differentiated Caco-2 cells, even though to a lesser extent than HNF-4a. FoxOla mRNA
expression increased during differentiation, being four-fold (P < .05) and three-fold (P < .05)
higher at days 5 and 7 in comparison to proliferating cells (day -1). FoxOla protein was only

detectable in lysates from differentiated Caco-2 cells. PGC-1a mRNA levels were slightly
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(two-fold) elevated in differentiated cells in comparison to subconfluent cells. Likewise, a
faint immunoreactive band of PGC-la was detected in cell lysates of confluent and
differentiated Caco-2 cells (Figures 2B, 2C).

The serum-free culture medium of the Caco-2 cells was usually supplemented with 200nM

sodium selenite. Thus, we also performed a control experiment in order to ensure that the

concomitant increases in gene expression of selenoprotein P and its transcriptional regulators

indeed resulted from the differentiation process and did not reflect merely a response to

enhanced selenium availability. Proliferating and differentiated Caco-2 cells were cultured for

24h with or without selenium supplementation. In proliferating (day -1) and differentiated

(day 6) Caco-2 cells, selenite did not affect mRNA levels of HNF-4o and FoxOla, whereas

SeP and PGC-1a were slightly increased in selenium-supplemented cells. However, selenite

produced only marginal effects compared to the pronounced up-regulation of selenoprotein P

and its transcriptional regulators in the course of Caco-2 differentiation (day -1 vs. day 6),

which occurred independently of the selenium status in selenium-deficient as well as in

selenium-supplemented cells (Figures 3A. 3B). Moreover, protein expression of HNF-4a.,

FoxO1la and PGC-1a was not affected by selenite, but strongly elevated in differentiated cells

(Figure 3C).

Down-regulation of SeP biosynthesis in Caco-2 cells by proinflammatory cytokines

Lowered selenium concentrations have been measured in the colon of rats subjected to
experimental colitis [33]. As proinflammatory cytokines are major effectors in the
pathogenesis of experimental colitis and inflammatory bowel disease [7], we analysed
expression and secretion of SeP in differentiated Caco-2 cells exposed to interleukin-1p (IL-
1B), interferon-y (IFN-y) and tumor necrosis factor-o. (TNF-a). The individual cytokines had
only minor effects on SeP mRNA levels, whereas a combination of all three cytokines

(cytomix) caused a 50% inhibition of SeP mRNA expression compared to controls (P < .001)
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(Figure 4A). Promoter activity and most notably secretion of SeP were suppressed even to a

greater extent by the proinflammatory cytokines: Upon cytomix treatment for 24h. secretion

of the full-length isoform of SeP was completely abrogated, and secretion of the truncated

isoform of SeP was diminished to 21% of control values (Figures 4B, 4C). The cytomix-

treated cells retained more than 95% viability compared to controls, as determined by MTT
assay (data not shown). Thus, diminished SeP biosynthesis did not result from induction of
cytotoxicity by the applied proinflammatory cytokines.

As SeP secretion appeared to be much stronger suppressed than its transcription by the

proinflammatory cytokines, we investigated their influence on additional factors required for

biosynthesis of selenoproteins: Selenophosphate synthetase-2 (SPS-2). selenocysteine

synthetase (SecS) and phosphoseryl-tRNA[Ser]Sec kinase (Pstk) have been described to be

down-regulated in the liver during an acute phase response [21], and the selenocysteine

insertion sequence (SECIS)-binding protein-2 (SBP-2) has been found to be a major

determinant for efficient translation of selenoprotein mRNAs [34]. The mRNA expression of

all four factors was down-regulated in the cytomix-treated Caco-2 cells. The most pronounced

effect was observed on SecS. which was inhibited by the cytokine combination to 45% of

control values (P <.01) (Figure 4D).

The inducible nitric oxide synthase (NOS-2) is a well-characterised target gene and effector of
proinflammatory cytokines [6]. Accordingly, we observed up-regulated NOS-2 mRNA
expression in Caco-2 cells incubated for 24h with IL-1p, IFN-y and TNF-a. When employed
individually, TNF-a and IFN-y moderately stimulated NOS-2 expression. Combined
treatment with cytomix resulted in eight-fold (P = .14) induction of NOS-2 mRNA levels in
comparison to controls, and the protein expression of NOS-2 was similarly increased by the
cytokines (Figure 5A). Induction of NOS-2 thus correlated with inhibition of SeP
biosynthesis. We used inhibitors of the enzymatic function of nitric oxide synthases to

directly address the involvement of NOS-2 in cytokine-induced SeP down-regulation:
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Incubation of Caco-2 cells with the L-arginine analogues L-NMMA or L-NIO alone did not

affect basal SeP mRNA expression, but pre-incubation with the inhibitors partly reversed the

cytomix-induced inhibition of SeP mRNA expression (P < .05). The effect of NOS-2

inhibition extended to SeP secretion: pre-incubation of differentiated Caco-2 cells with L-NIO

almost completely reversed the cytokine-induced inhibition of SeP secretion (Figure 5B).

Selenoprotein P mRNA levels are lowered in the inflamed intestinal mucosa in vivo
Finally, we employed an animal model of experimental chronic colitis to test whether
inflammation-induced inhibition of intestinal SeP expression also occurs in vivo. Three cycles

of intermitting administration of dextran sodium sulphate (DSS) to mice resulted in intervals

of worsening colitis, followed by recovery to near control values. The DSS-treated mice lost

weight to about 85% of the control animals during the first cycle, but weight loss was less

severe (to about 90% of controls) during the second and third cycle of DSS administration. At

day 63, colitis was evident in DSS-treated mice by clinical scoring (P < .001), shortening in
colon length (P < .01) and a higher cell count in mesenteric lymph nodes in comparison to

control-treated mice (P < .01) (Figure 6A). DSS administration did not impair the systemic

selenium status of the animals, as revealed by serum selenium levels of 238425 ng/ml in the

DSS-treated group compared to 236+16 ng/ml in the control group. However, chronic colitis

was associated with a concomitant decrease in intestinal selenoprotein P and increase in NOS-

2 mRNA levels: SeP mRNA was down-regulated in the colon of DSS-treated mice to 9.4% of

the values measured in the colon of untreated animals (P = .01), which was accompanied by a

63% increase in NOS-2 mRNA (P = .67) (Figure 6B). The difference between the control and

the DSS-treated group was statistically significant in regard to SeP mRNA levels, but failed to

reach statistical significance in the case of NOS-2 due to low basal mRNA levels of NOS-2

and its high variation in both groups.
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Discussion

Selenoprotein P biosynthesis is induced during in vitro enterocytic differentiation

Caco-2 intestinal epithelial cells differentiate in culture upon contact inhibition, undergoing
phenotypic and genotypic changes of enterocytes migrating along the crypt axis [27,28]. The
gene expression of Caco-2 cells changes in the course of differentiation from a tumorous-like
pattern towards the profile of normal colon tissue [35]. We here show that Caco-2 cells
acquire the capability to secrete selenoprotein P as a result of marked up-regulation in SeP
transcription during their differentiation. The up-regulation of intestinal SeP biosynthesis is
explained by applying our recently established model for the transcriptional control of SeP
involving the tissue-specific transcription factor HNF-4a together with FoxOla and the
coactivator PGC-1a [20].

Selenoprotein P mRNA is expressed ubiquitously, but by far the highest levels were found in
liver, kidney and intestine [14], in close correlation with the tissue distribution of HNF-4a
[31]. The critical role of HNF-4a for high-level expression of SeP has been demonstrated for
liver cells before [20], and is now extended to intestinal epithelial cells. High-level SeP
expression in differentiated Caco-2 cells is consistent with a concomitant rise in HNF-4a
levels during differentiation, shown before by northern blotting [36] and verified here in a
detailed time course analysis using qPCR and immunoblotting. Dysregulation of HNF-4a has
been demonstrated in colitis [32], and might contribute to lowered SeP mRNA levels in the
inflamed intestinal mucosa of DSS-treated mice, as observed in this study. On the other hand,
low-level expression of SeP in proliferating Caco-2 cells is consistent with down-regulation
of SeP expression during progression of colorectal cancers [13].

In addition to HNF-4a., the expression of SeP transactivators FoxOla and PGC-1a increased
in the course of Caco-2 differentiation. In the brain and in vascular endothelial cells, PGC-1a

regulates the expression of ROS-detoxifying enzymes such as catalase and superoxide
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dismutases (SOD1/2) by co-activation of FoxO3, a FoxOla-homologous transcription factor
[37,38]. Enzymatic activities of SOD2 and catalase were found to be decreased in
undifferentiated Caco-2 cells compared to primary human colonic epithelial cells [39], and
catalase expression increases in the course of Caco-2 differentiation. We thus conclude that
PGC-1a cooperates with FoxO transcription factors to enhance the transcription of oxidative
stress-related genes (SOD2, catalase and selenoprotein P) in the course of enterocyte cell
differentiation, thereby contributing to protection of the intestinal barrier. In this context,
FoxO3- and FoxO4-knock out mice are more susceptible to tissue injury and inflammation in
experimental colitis, and the expression of FoxO4 is decreased in IBD patients [40,41].

Selenoprotein P is predominantly known as extracellular plasma protein [9,42], although an
intracellular SeP pool has been identified in astrocytes [22]. SeP secretion has been studied
comprehensively in vitro using hepatocytes and liver-derived cell lines. This is the first study

to demonstrate SeP secretion by intestinal cells. The relevance of this finding derives from the

suggested secondary function of SeP as extracellular antioxidant in addition to its main role as

selenium transporter [9.16-19.42]. Indirect evidence for a protective role of SeP in the gut is

provided by epidemiological association of advanced adenoma risk with genetic

polymorphisms in the SeP gene [23]. Interestingly. glutathione peroxidase 3 (GPx-3) has been

found to be produced and secreted by mature epithelial cells of the large intestine as well [43].

The extracellular ROS-detoxifying selenoenzymes GPx-3 and selenoprotein P may constitute

a first line of defense, protecting the villus epithelial cells of the intestine from damage

induced by ingested oxidative compounds. Recently. it has been speculated that extrahepatic

tissues may secrete mostly shorter isoforms of selenoprotein P for local use as redox enzyme

or signalling molecule, whereas the liver-derived full-length SeP is destined for selenium

supply of peripheral organs [42]. Given that we found a predominant secretion of truncated

SeP by differentiated Caco-2 cells, it might be worthwhile to verify this hypothesis using the

example of intestinal selenoprotein P.
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Selenoprotein P is a negative acute phase reactant in the intestine

We observed a down-regulation of intestinal SeP biosynthesis by IL-1, IFN-y and TNF-a in

differentiated Caco-2 cells in vitro and in experimental colitis in vivo. The proinflammatory

cytokines used in the present study have been reported to decrease SeP promoter activity in
liver-derived HepG2 cells as well [44], suggesting diminished SeP secretion by the liver
during systemic inflammation. Indeed, levels of plasma selenium and SeP declined after
injection of lipopolysaccharide (LPS) in mice, and mRNA levels of several enzymes with
essential functions in selenoprotein biosynthesis were decreased in the liver of LPS-treated
mice. In this animal model, hepatic mRNA levels of SeP were only slightly affected, and the
authors concluded that the lowered plasma levels of SeP resulted from insufficient translation
of SeP mRNA [21]. Apart from inhibition of hepatic SeP biosynthesis, enhanced binding of
SeP to endothelial membranes has been discussed to contribute as well to the lowered SeP
plasma concentrations during an acute phase response [42]. We here focus on the intestine

and reinforce the notion of SeP being a negative acute phase reactant. In consensus with

previous studies in hepatocytes [21.44]. SeP biosynthesis was down-regulated during

intestinal inflammation both at the transcriptional and the post-transcriptional level. However,

the inhibition of SeP transcription appeared to be stronger and longer-lasting in intestinal cells

than in hepatocytes.

As NOS-2 is considered to be a key player in the progression of IBD and target for
pharmacological intervention (e.g. glucocorticoid treatment), we hypothesised its involvement
in inhibition of intestinal SeP transcription during inflammation. Expression and activity of
NOS-2 are increased in the inflamed mucosa of IBD patients [3], and this was also observed
in the intestine of DSS-treated mice. Proinflammatory cytokines induced in differentiated
Caco-2 cells an up-regulation of NOS-2 as well, concomitantly with inhibition of SeP

biosynthesis. The regulation of NOS-2 expression was in consent with previous reports, using
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the same combination of cytokines at similar doses [6]. A partial contribution of NOS-2 to
cytokine-induced inhibition of SeP biosynthesis in Caco-2 cells was proven by the use of
NOS inhibitors. In vivo, the induction of NOS-2 during endotoxemia has been shown to be
much more pronounced in the intestine than in the liver of lipopolysaccharide (LPS)-injected
mice [45], which might explain the modest impact of LPS-treatment on hepatic SeP mRNA
levels reported by Renko ef al. [21]. Moreover, basal and cytokine-stimulated NOS-2 levels
were lower in liver-derived HepG2 cells than in intestinal Caco-2 cells (unpublished
observations). Apart from the intestine, our finding of a NOS-2-mediated inhibition of SeP
biosynthesis might also be applicable to other tissues. In particular, an inverse correlation
between NOS-2 and SeP expression has been ascertained for the prostate, which is susceptible
to malignant transformation as well: NOS-2 is selectively expressed in epithelia of prostate
carcinoma tissue [46], whereas SeP mRNA levels are diminished in human prostate tumor
samples and in a mouse model of prostate cancer progression [47]. A better understanding of
functions and regulation of selenoprotein P in extrahepatic tissues may contribute to highlight

the role of SeP in inflammatory diseases and in tumour development. Regarding the intestine,

decreased biosynthesis of locally produced selenoprotein P at sites of inflammation may

diminish the antioxidative capacity of the intestinal mucosa and thus add to inflammation-

driven carcinogenesis in the colon.

Acknowledgments

This study was supported by Deutsche Forschungsgemeinschaft (DFG), Bonn, Germany (STE
1782/2-1, SFB 575/B4 and GRK1427/P9). B. Speckmann received a scholarship of the Ernst
Jung-Stiftung fiir Wissenschaft und Forschung, Hamburg, Germany. H. Sies is a fellow of the
National Foundation for Cancer Research (NFCR), Bethesda, MD.

The authors thank K. Gerloff for helpful discussions and A. Borchardt for technical

assistance.

18



List of Abbreviations:

DSS, dextran sodium sulphate; FoxOla, forkhead box O1 a; HNF-4a, hepatocyte nuclear
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Figure legends

Figure 1. Selenoprotein P is induced in Caco-2 intestinal epithelial cells in the course of
differentiation. Caco-2 cells were cultured for the indicated periods of time with respect to the
day reaching confluency (day 0), followed by additional 24h of incubation in serum-free

medium supplemented with 200nM sodium selenite. (A) SeP mRNA levels were determined

by gPCR with normalisation against HPRT1. Data represent means = SD of four independent

experiments. (B) Secretion of SeP was analysed by immunoblotting of cell supernatants. (C)
Caco-2 cell differentiation was monitored by detection of E-cadherin and a,-antitrypsin in cell
lysates or supernatants by immunoblotting. Detection of a-tubulin confirmed equal loading.
Each blot is representative for three independent experiments. (D) In vitro deglycosylation of
Caco-2 cell-secreted SeP isoforms. Caco-2 cells were cultured until day 5 post confluency,
whereas HepG2 and Huh-7 hepatoma cells were grown until ~90% confluency. SeP was
detected in 40-fold concentrated cell supernatants with or without enzymatic cleavage of N-

linked glycans by N-glycosidase F treatment prior to immunoblotting.

Figure 2. HNF-4a, FoxOla and PGC-1a are stimulated concomitantly with selenoprotein P
in the course of Caco-2 cell differentiation. (A) Proliferating (day -1) and differentiated (day
6) Caco-2 cells were co-transfected with the reporter gene constructs SeP-luc (wild-type SeP
promoter) or SeP-mutant-luc (SeP promoter mutated in the HNF-4a binding site) and the
renilla luciferase control plasmid pRL-SV40. 24h post transfection, relative firefly luciferase
activity was determined. Data are given as means + SD of three independent experiments
performed in duplicates. (B) Caco-2 cells were cultured as in Figure 1 and assessed for
mRNA levels of HNF-4a, FoxOla and PGC-1a by qPCR. (C) Protein expression of HNF-4q,
FoxOla and PGC-1a was detected by immunoblotting of lysates prepared from Caco-2 cells
cultured for the indicated time periods. (D) Nucleic extracts from Caco-2 cells at day -1 and

day 6 were subjected to EMSA with a biotin-labelled DNA probe comprising the HNF-4a
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binding element of the human SeP promoter. Specificity of binding was tested with excess
(25- to 200-fold) non-labelled competitor DNA probe and by addition of 200ng HNF-4a

antibody to the binding reactions.

Figure 3. Induction of selenoprotein P mRNA expression in the course of differentiation does

not depend on the selenium status of Caco-2 cells. Proliferating (day -1) and differentiated

(day 6) Caco-2 cells were cultivated for 24h in serum-free medium with or without

supplementation with 200nM sodium selenite. SeP mRNA levels (A) as well as HNF-4a.,

FoxOla and PGC-1o mRNA levels (B) were determined by gPCR with normalisation against

HPRT1. Data represent means + SD of three independent experiments. (C) Protein expression

of HNF-4a, FoxOla and PGC-la was detected by immunoblotting of cell lysates.

Representative blots out of three independent experiments are shown.

Figure 4. Selenoprotein P biosynthesis in Caco-2 cells is inhibited by proinflammatory
cytokines. Differentiated Caco-2 cells (day 5) were serum-starved for 6h and then incubated
for 24h in serum-free medium supplemented with 200nM sodium selenite and TNF-a (1.000
U/ml), IFN-y (100 U/ml) or IL-1B (1.000 U/ml) or a combination of the three cytokines

(cytomix)._(A) Relative SeP mRNA levels were determined by qPCR as in Figure 1. (B) SeP

in cell supernatants was analysed by immunoblotting. Data are given as means = SD of three

independent experiments (C) Caco-2 cells (day 5) were transfected with SeP-luc and pRL-

SV40 plasmids. 18h after transfection, the medium was replaced by serum-free medium +

cytomix and the cells were cultured for additional 24h before determination of SeP promoter

activity by dual luciferase assay as in Figure 2. (D) The mRNA expression of four

components of the selenoprotein biosynthesis machinery was determined by gPCR with

HPRT1 as normalisation control. Data are expressed as means = SD of four independent
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experiments and represent the mRNA levels of SPS-2. Pstkl. SecS and SBP-2 in the cytomix-

treated Caco-2 cells in relation to non-treated controls (100%).

Figure 5. Proinflammatory cytokines inhibit SeP biosynthesis in Caco-2 cells via induction of

NOS-2. (A) Differentiated Caco-2 cells (day 5) were treated with cytokines (TNF-a, IFN-y,

IL-1B) alone or in combination (cytomix) as in Figure 4. NOS-2 mRNA levels were

determined by qPCR and normalised against HPRT1. NOS-2 and a-tubulin protein (loading
control) were detected by immunoblotting in lysates of cytokine- and control-treated cells (B)
Before addition of cytokines, cells were pre-treated for 1h with the NOS inhibitors L-NIO
(500uM) or L-NMMA (1mM), which were present throughout the incubation period of 24h

followed by analysis of SeP secretion and SeP mRNA levels. Data of qPCR analyses are

given as means + SD of three independent experiments, and representative immunoblots out

of three independent experiments are shown.

Figure 6. Chronic experimental colitis decreases intestinal selenoprotein P mRNA levels in

mice. (A) Mice in the +DSS group (n=6) were fed 2% DSS in drinking water at the given

time intervals, whereas mice in the -DSS egroup (n=4) received acidified tap water.

Development of colitis was assessed by clinical scoring over the time course and by analysis
of colon length and mesenteric lymph node counting at the end of the experiment. (B) SeP

and NOS-2 mRNA levels in colons of DSS-treated and control mice were analysed by gPCR

and normalised against -actin. Analysis of statistical differences between samples taken from

control and DSS-treated animals was done by Student’s t-test.
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Table 1

gene
huFoxOla
huHNF-4a
huHPRTI1
huNOS-2
huPGC-1a
huPstk1
huSBP-2
huSecS
huSeP

huSPS-2

mf3-actin
mNOS-2

mSeP

forward primer
AAGGGTGACAGCAACAGCTC
ACGTCCCCATCAGAAGGCACCAAC
ATTCTTTGCTGACCTGCTGGATT
TCGGCAGAATCTACAAAGTCC
CACCCACCACTCCTCCTCATAAAG
GAGTCCAGCATGTGCTTCG
CGCCCCACTGATGAAGAA
CGATGCTTTTTACCAGACAGG
GGAGCTGCCAGAGTAAAGCA

GGGGGATATTTGTTCATCACTT

TGACAGGATGCAGAAGGAGA

GGGCTGTCACGGAGATCA

GGTGCGGAAACTGCAATC

reverse primer
TTCTGCACACGAATGAACTTG

CCAGGGGGAGCTCGCAGAAA

CTTAGGCTTTGTATTTTGCTTTTC

CCATCCTCACAGGAG

ACAAATCTGCCCCTGCCAATC

TTTTCCAAAGCAGTGAGCAA

TGCTTTCTCTCTTGCCGTTC

AGTTTGCATGGACCCAAGAG

ACATTGCTGGGGTTGTCAC

TGGCAAGAGAAAACAGAGGTATT

CGCTCAGGAAGGAGCAATG

CCATGATGGTCACATTCTGC

TTTGTTGTGGTGTTTGTGGTG

Table 1. Primers (5°-3”) for qPCR analysis of human (hu) or mouse (m) mRNAs
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