Aus dem Institut fir Mikrobiologie und Infektionsimmunologie

der Medizinischen Fakultat Charité — Universitatsmedizin Berlin

DISSERTATION

Untersuchungen zur antimikrobiellen und
immunmodulierenden Wirksamkeit definierter Molekule in
Campylobacter jejuni-infizierten Mausen

Investigations on the antimicrobial and
immune-modulating properties of defined molecules in
Campylobacter jejuni infected mice

zur Erlangung des akademischen Grades
Doctor rerum medicinalium

(Dr. rer. medic.)

vorgelegt der Medizinischen Fakultat

Charité — Universitatsmedizin Berlin

von

Seyedeh Soraya Mousavi

geboren in Teheran - Iran

Datum der Promotion: 03. Dezember 2021



Vorwort
Ergebnisse der vorliegenden Arbeit wurden veréffentlicht in:

Soraya Mousavi, Ulrike Escher, Elisa Thunhorst, Sophie Kittler, Corinna Kehrenberg, Stefan
Bereswill, and Markus M. Heimesaat. “Vitamin C alleviates acute enterocolitis in
Campylobacter jejuni infected mice”. Scientific reports 10, no. 1 (2020): 1-13.

Soraya Mousavi, Anna-Maria Schmidt, Ulrike Escher, Sophie Kittler, Corinna Kehrenberg,
Elisa Thunhorst, Stefan Bereswill, and Markus M. Heimesaat. “Carvacrol ameliorates acute
campylobacteriosis in a clinical murine infection model”. Gut Pathogens 12, no. 1 (2020): 1-
16.

Soraya Mousavi, Fabia Daniela Lobo de Sa, Jorg-Dieter Schulzke, Roland Buicker, Stefan
Bereswill, and Markus M. Heimesaat. "Vitamin D in acute campylobacteriosis—results from an
intervention study applying a clinical Campylobacter jejuni induced enterocolitis model."
Frontiers in immunology 10 (2019): 2094.

Eine detaillierte Beschreibung des Beitrags an den erfolgten Publikationen ist der
Anteilserklarung zu entnehmen (siehe S. XXXII-XXXIII).



Inhaltsverzeichnis

LYoV o3V =T 4= o3 o1 o1 PSS I
ADDIAUNGSVEIZEICNNIS ... e e e e e et e e e e e aeanees 1]
TabelleNVErZEICHNIS ..o e e e e e e e e e e e e eanne 1]
ADKUIZUNGSVEIZEICNNIS ... e e e e et e e e e e e e aannes 1]
ADSTrACt (DEULSCR) ...ttt v
ADSIract (ENGIISN) ...t e e e e e e aaann 1
L. EINTURNTUNG ettt 2
1.1 Die Campylobacter-INfektioN........cccoooiiiiiiiii e 2
1.2 Sekundar abiotische IL-107- Mause als C. jejuni Infektionsmodel .................... 4
1.3 Naturstoffe als neuartige immunmodulierende Therapie-Strategie bei
DarmentZUNAUNGEN . ..o e e e et r e e e e e e e e e aa bt a e e e e e e eeeareaaans 5
1.3.1  Ascorbinsaure (Vitamin C) .........uuuueieiiiiiiiiiiiiiiiiiiiiiiiiiiiieeeeieeeneeeeeeeeeeeeeeneeeee 5

IR T O 1 V- Tox o | 6
1.3.3  Cholecalciferol (Vitamin D)...........uuuuuuemeiiiiiiiiiiiiiiiiieiiiiiieenieeeeneeeeeeeeeeeeees 7

1.4 WA EY =] 0701 o U RSR 8
2. Material und MethOden ......ccoooeiiiii e e e e e e 8
2.1 EthiSChe ErKIArUNG ...vve e 8
2.2 Versuchstiere und Tierhaltung........ccoooooi 8
2.3 Behandlung mit SUDSIANZEN ........coiiii s 9
24 C. jejuni-Infektion, -Kolonisation und -Translokation.................cccoevvviieene e, 10
2.5 ProbDEeNgEeWINNUNG ...coiiiiiiiiiiiiiiieeeee ettt 10
2.6 IMMUNNISTOCNEMIE i 11
2.7 Zytokin-Messungen in Uberstanden von ex vivo-Biopsien aus Kolon und
EeXtraiNtesStinalen OrQaANEN ........uuuiiii et e e e e et e e e e e e e e e ettt e e s aeaaeeannnes 12
2.8 StatiStISCNE ANAIYSEN ... 12
T 1 0 =] o] 7] = 13

3.1 Auszlge der Untersuchungsergebnisse zur Auswirkung der prophylaktischen
Vitamin C-Behandlung in C. jejuni-infizierten sekundéar abiotischen IL-10"- M&usen
(8101114 o 1 o ) U 13

3.2 Auszlge der Untersuchungsergebnisse zur Auswirkung der prophylaktischen
Carvacrol-Behandlung von C. jejuni-infizierten, sekundar abiotischen IL-10” M&usen
(81 o111 4 o 1 o ) 15

3.3 Auszuge der Untersuchungsergebnisse zur Auswirkung der prophylaktischen
Vitamin D-Behandlung in C. jejuni-infizierten, sekundéar abiotischen IL-107 Mausen

(010111 = 4 T 1 T ) U 17
4. DISKUSSION oo 19
4.1 Auswirkung der Vitamin C-Vorbehandlung in C. jejuni-infizierten, sekundar
abiotiSCNEN IL-107 MAUSEN .....ooiviiieieecee ettt e et eae e 19
4.2 Auswirkung der Carvacrol-Vorbehandlung in C. jejuni-infizierten, sekundar
abiotiSCNEN IL-107 MAUSEN .....oooviiieie ettt e et 21



4.3 Auswirkung der Vitamin D-Vorbehandlung in C. jejuni-infizierten, sekundér

AbIOtiISCHEN IL-107 MAUSEN ...oooitiiiiciiie ettt ettt e et e et e e 22
4.4 Fazit und AUSDIICK ....ooviiiiiiiiiiii e 24
5. LIteratUrVerZEIChNIS ... e e e e e e e eee e e e e e 26
Eidesstaatliche VersiCheruUng ... ..o XXXIII
Anteilserklarung an den erfolgten Publikationen..............ccccuvvviiiiiiiiiiiiiiiiiiiiiis XXXIV
Druckexemplare der ausgewahlten Publikationen (Inklusive Journal Summary Listen)
...................................................................................................................................... XXXVI
PUBITKALION L it s e e e e e e et e e e e e e e e e eeaetnaaaeeaaeeennnes XXXVI
PUDITKAEION 2 1. L
PUBITKALION 3 .ot e ettt e s e e e e e e e e et a s e e e e e e eeaeeennaeeeeaeeennnes LXVII
= o] 0 1 = T ) N LXXXII
UL o1 = U011 1] 11 A= LXXXV
D= 101 G- To [0 1 o PSSP LXXXVII



Abbildungsverzeichnis

Abbildung 1: Zeitschema der durchgefihrten Versuche..............cccvvvviiieinnnn. 9

Tabellenverzeichnis

Tabelle 1: Dosierung der Substanzen

Abktlrzungsverzeichnis

CBA
CFU
GBS
HPF
IBD
IFN
IL
LOS
LPS
MCP
MFS
MLN
NO
PBS
PLC
RA
SPF
TBST
Th
TLR
TNF

engl. Cytometric Bead Array

engl. colony forming units
Guillain-Barré-Syndrom

engl. high power fields

engl. inflammatory bowel diseases
Interferon

Interleukin

Lipooligosaccharide
Lipopolysaccharide

engl. monocyte chemoattractant protein
Miller-Fisher-Syndrom

engl. mesenteric lymph nodes
Stickstoffmonoxid

engl. phosphate-buffered saline
Placebo

reaktive Arthritis

spezifisch pathogenfrei

engl. Tris-buffered saline with Tween20
T-Helfer

Toll-Like Rezeptor

Tumornekrosefaktor



Abstrakt (Deutsch)

Die Campylobacteriose ist aktuell die haufigste meldepflichtige bakterielle Durchfallerkrankung
in der Europaischen Union und in den Industrienationen weltweit. Durch den Konsum
kontaminiertem Fleisch wird die Erkrankung aus der Nutztierhaltung Uber die
Fleischproduktion auf den Menschen Ubertragen. Zusétzlich entwickelt Campylobacter aktuell
gegen klinisch wichtige Antibiotika zunehmende Resistenzen. Da keine Daten zur Wirksamkeit
alternativer Wirkstoffe gegen Campylobacter vorliegt, ist die Entwicklung neuer Strategien fir
die Prophylaxe und Therapie der Campylobacteriose ein grundlegendes Anliegen der
medizinischen Forschung weltweit. In unseren praklinischen Interventionsstudien haben wir
die antimikrobiellen und immunmodulatorischen Eigenschaften von Carvacrol, Ascorbinsaure
(Vitamin C) und 25-OH-Cholecalciferol (Vitamin D) gegen die akute Campylobacteriose im
murinen Infektionsmodell untersucht.

Sekundéar abiotische Interleukin-10-defiziente M&use, die mit Carvacrol und Vitamin C
vorbehandelt worden waren, wiesen eine geringere Belastung mit C. jejuni-Bakterien im Colon
auf und zeigten im Vergleich zu den Placebo-Kontrolltieren eine signifikant verminderte
Symptomatik der Campylobacteriose. Diese Besserung war auf eine Reduktion der Apoptose
und der pro-inflammatorischen Immunreaktionen im Darm zurtickgefiihrt werden.

Auch die perorale prophylaktische Behandlung mit Vitamin D bewirkte eine signifikante
Besserung der Campylobacteriose, die ebenfalls auf immunmodulatorische Wirkungen auf die
durch C. jejuni induzierte Enterokolitis zurtickgefliihrt werden konnten. Die in unserem
standardisierten praklinischen Mausmodell fir die akute humane Campylobacteriose
beobachteten prophylaktischen und therapeutischen Wirkungen der Molekile gegen die
schwere, durch C. jejuni-induzierte Infektionskrankheit zeigt erstmals, dass die Anwendung
definierter Vitamine und pflanzlicher Verbindungen mit antimikrobiellen und/oder
entziindungshemmenden Eigenschaften eine vielversprechende neue Option fiur die
Behandlung der Campylobacteriose darstellen. Die antimikrobiellen Wirkungen weisen darauf
hin, dass die Substanzen auch fir eine Verringerung der Kolonisierung von C. jejuni im Darm

von Nutztieren geeignet sein konnten.



Abstract (English)

Campylobacteriosis is currently the most common bacterial gastrointestinal infection
worldwide. By consuming contaminated meat, the bacteria can transmit from livestock animals
to humans. In addition, Campylobacter develop currently increasing resistance to clinically
important antibiotics. Since no data are available on the effectiveness of alternatively active
substances against Campylobacter, the development of new strategies for the prophylaxis and
therapy of campylobacteriosis is a fundamental concern of medical research worldwide. In our
preclinical intervention studies, we examined the antimicrobial and immunomodulatory
properties of carvacrol, ascorbic acid (vitamin C) and 25-OH-cholecalciferol (vitamin D) against
acute campylobacteriosis in a murine infection and inflammation model.

Secondary abiotic interleukin-10 deficient mice that had been pretreated with carvacrol and
vitamin C experienced less exposure to C. jejuni bacteria in the colon and showed significantly
reduced symptoms of campylobacteriosis compared to the placebo control animals. This
clinical improvement was due to a reduction in apoptosis and pro-inflammatory immune
responses in the intestine.

Peroral prophylactic treatment with vitamin D also brought about a significant improvement in
campylobacteriosis, which could also be attributed to immunomodulatory effects on
enterocolitis induced by C. jejuni. The prophylactic and therapeutic effects of the molecules
against the severe infectious disease induced by C. jejuni, observed in our standardized
preclinical mouse model for acute human campylobacteriosis, showed for the first time that the
use of defined vitamins and plant compounds with antimicrobial and/or anti-inflammatory
properties is a very promising new option for the treatment of campylobacteriosis. The
antimicrobial effects indicate that the substances could also be suitable for reducing the

colonization of C. jejuni in the intestines of farm animals.



1.  Einfldhrung

1.1 Die Campylobacter-Infektion

Die Campylobacteriose ist aktuell die haufigste meldepflichtige bakterielle Durchfallerkrankung
in der Européischen Union und in den Industrienationen weltweit. Die kontinuierlich steigenden
Fallzahlen der Campylobacteriose, die die Meldungen der Salmonellosen Ubertreffen, stellen
ein aktuelles globales Problem dar [1]. Unter mehr als 30 Campylobacter-Arten und -
Subspezies sind C. jejuni und C. coli die haufigsten Subpopulationen, die Infektionen beim
Menschen hervorrufen, wobei die meisten gemeldeten Infektionen durch C. jejuni verursacht
werden [2].

Die C. jejuni-Bakterien sind Gram-negative, spiralférmig gekrimmte Stébchen, die durch ihre
Flagellen sehr beweglich sind [3]. Sie wachsen in einem Temperaturbereich zwischen 37 und
42°C unter mikroaerophilen Bedingungen. C. jejuni kommt in Oberflachengewéssern vor und
ist Teil der natirlichen Darmmikrobiota einer Vielzahl von Wildtieren und Nutztieren. Die
Infektion beim Menschen wird in den meisten Fallen durch unzureichend gegartes
Gefliigelfleisch verursacht [4-6]. Die Resultate einer neuen Studie belegen die Ubertragung
von C. jejuni von Hihnern auf Menschen und unterstreicht die Tatsache, dass der Konsum
von Geflugel als Hauptquelle menschlicher C. jejuni-Infektionen gilt [7]. In zahlreichen Studien
wurden C. jejuni und C. coli aber auch in Erbsen [8], Spinat und Radieschen [9] nachgewiesen.
Die beobachtete Kontamination von Gemise kann durch deren Bewasserung mit
kontaminiertem Wasser und/oder die Verwendung natirlicher Dingemittel erfolgen [10].
Tatséachlich infizieren sich Menschen in den meisten Fallen durch den Verzehr von nicht
gekochtem Fleisch kontaminierter Nutztiere oder durch die Aufhahme von Rohmilch und
Oberflachenwasser, die C. jejuni enthalten [3,5].

Je nach Campylobacter-Stamm und dem Immunstatus der infizierten Menschen kann das
Krankheitsbild variieren. Die Patienten konnen einen hochakuten und schweren
Symptomkomplex entwickeln, der von wassrigem Durchfall und/oder Bauchkrampfen bis zu
schwerer Campylobacteriose reicht, gekennzeichnet durch blutigen entziindlichen Durchfall
und systemische Entziindungsreaktionen, einschlielich Fieber [4]. Normalerweise ist die
Infektion selbstlimitierend und dauert mehrere Tage bis maximal zwei Wochen [5]. Gemals den
Empfehlungen der S2k-Leitlinie "Akute infektidse Gastroenteritis® sollte bei einer C. jejuni-
Infektion keine antibiotische Behandlung durchgefiihrt werden, wenn eine Besserung der
klinischen Symptome festgestellt wurde [11]. Nach einer Infektion mit C. jejuni kénnen sich
postinfektiése Komplikationen wie das Guillain-Barré-Syndrom (GBS), das Miller-Fisher-
Syndrom (MFS), die reaktive Arthritis (RA) und chronisch entziindliche Darmerkrankungen
(engl. inflammatory bowel diseases, IBD) entwickeln [5]. Bei schwerem Krankheitsbild,

fehlender Kklinischer Besserung oder Immunsuppression sollte unter Beachtung der



Resistenztestung eine antibiotische Behandlung mit Azithromycin (bevorzugt) oder
Ciprofloxacin durchgeftihrt werden [11].

Klinische Studien ergaben, dass Strukturen an der Zelloberflache von Gram-negativen
Bakterien (zum Beispiel Lipopolysaccharid-Struktur; LPS) das Krankheitsbild signifikant
beeinflussen konnen [12]. Die Lipooligosaccharid (LOS) -Strukturen in der auf3eren
Zellmembran von C. jejuni, vor allem in sialylierter Form, spielen sowohl bei der Schwere der
Campylobacteriose durch die Hyperaktivierung des angeborenen Immunsystems als auch bei
der Entwicklung postinfektioser Komplikationen eine wichtige Rolle [13].

Das LOS der C. jejuni-Bakterien besteht aus der hydrophoben Lipid-A-Einheit und einem
Oligosaccharid mit einem konservierten inneren und einem variablen au3eren Kern [14]. Trotz
der Abwesenheit des fiir LPS charakteristischen O-Antigens ist die Struktur von C. jejuni-LOS
variabel [5,14]. Verantwortlich dafliir sind die kodierenden Gene fir LOS, die an einem
hypervariablen Ort mit circa 20 identifizierten Klassen lokalisiert sind [15]. Molekulare Analysen
zeigten, dass die Unterschiede in der LOS-Struktur auch durch horizontalen Gentransfer
zwischen verschiedenen C. jejuni-Stammen Ubertragbar sind [16]. Die Mehrheit der C. jejuni-
Stamme produzieren sialyliertes LOS, dessen Struktur den neuronalen Gangliosiden des
Menschen sehr ahnlich sind [17]. In klinischen Studien wurde gezeigt, dass die Infektion mit
C. jejuni-Stammen, die die sialylierten LOS-Typen A, B und C produzieren, signifikant mit
einem schweren Verlauf der Enteritis assoziiert sind, der wiederum das Risiko fir die
Entwicklung der oben genannten Autoimmunerkrankungen erhoht. Fir  die
Immunpathogenese des GBS wird daher zurecht vermutet, dass gegen C. jejuni-LOS
gerichtete Antikdrper mit peripheren Nerven reagieren und die Krankheit so auslésen [18].
Die spezifische Bindung der Lipid-A-Einheit des C. jejuni-LOS sowie des LPS durch den
Toll-Like-Rezeptor (TLR) -4 des angeborenen Immunsystems I0st eine Signalkaskade aus, die
beim Menschen besonders stark ausgepréagt ist. So sind Mause und Hihner 10.000- bzw.
100.000-fach resistenter gegen LOS und LPS als der Mensch [19].

Beim Menschen fuhrt die Bindung von C. jejuni-LOS an TLR4 uber die Produktion von
inflammatorischen Zytokinen zu einer Hyperaktivierung des angeborenen Immunsystems, die
Uber die Akkumulation von Granulozyten im Darmgewebe die Symptomatik der schweren
Enteritis bewirkt. Die Entwicklung einer menschlichen C. jejuni-induzierten Enterokolitis tritt in
verschiedenen Stadien auf, die durch unterschiedliche Immunantworten gekennzeichnet sind
[5,20]. Im Fruhstadium (in der ersten Woche wahrend einer akuten Enterokolitis) werden
pathologische epitheliale Veranderungen vorwiegend in distalen Teilen des Dickdarms durch
eine massive Anreicherung von Makrophagen und neutrophilen Granulozyten in Krypten und
in der Lamina propria verursacht. Im spateren Stadium (in der zweiten Woche) sind die
Entziindungssymptome weniger ausgepragt, und die Regeneration der betroffenen Epithelien

beginnt. Nach zwei Wochen sind die entziindlichen Veranderungen dann fast vollstdndig
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abgeklungen. Interessanterweise wurden C. jejuni-Bakterien unabhangig vom
Infektionsstadium immunhistochemisch in Kolonbiopsien nachgewiesen, die von Patienten mit
C. jejuni-positiven Stuhlkulturen stammen [20]. Diese Befunde sind fur das Verstandnis der
molekulare Immunpathologie der Campylobacteriose und damit fur die Behandlung von
grundlegender Bedeutung.

1.2  Sekundar abiotische IL-107- Mause als C. jejuni Infektionsmodel

Seit der Entdeckung von Campylobacter-Arten als Darmpathogene (wahrscheinlich durch
Theodor Escherich Ende des 19. Jahrhunderts [21]) wurde die Erforschung der
Immunpathogenese der Campylobacteriose durch das Fehlen zuverlassiger experimenteller
in vivo-Modelle erschwert [22]. Diverse Wirbeltierarten, wie Ferkel und Frettchen, die &hnlich
LPS/LOS-empfindlich wie der Mensch sind, wurden erfolgreich fur die Induktion der
Darmentzindung durch C. jejuni verwendet; aber die begrenzte Verfugbarkeit genetisch
standardisierter Tiere schrankte die breite Verwendung dieser Modellorganismen fir die
Campylobacteriose-Forschung ein [5,19,22].

Die physiologischen und genetischen Ahnlichkeiten zwischen Mausen und Menschen haben
Mause als Modellorganismus fiir das Studium der Humanbiologie ins Rampenlicht gertckt.
Jedoch sind die Mause gegen LPS/LOS 10.000-fach resistenter als Menschen und reagieren
deshalb auf die Kolonisierung des Darms mit C. jejuni nicht mit Entzindungsreaktionen, die
denen des Menschen ahnlich sind [5,19].

Um ein klinisches Mausmodell fir die schwere Campylobacteriose des Menschen zu
etablieren, nutzten wir die bereits von Mansfield et al. [23] und Lippert et al. [24] beschriebenen
Interleukin 10-defizienten (IL-107") Mause, die wegen des Fehlens von IL-10 gegen LOS/LPS
sensibel sind [25]. Die IL-10" M&ause entwickeln nach Infektion mit C. jejuni eine schwere
Enteritis, die klinische und histopathologische Schlisselmerkmale der menschlichen
Campylobacteriose widerspiegelt [26]. Der Mangel an dem entziindungshemmenden Zytokin
IL-10 verstarkt die TLR4-abhangigen angeborenen Immunantworten. Dies fuhrt zur Aufhebung
der murinen LOS/LPS-Resistenz [5,25,26]. Aufgrund der fehlenden IL-10-abh&ngigen
Regulation der Immunreaktion entwickeln IL-10" Mause, die unter konventionellen
Bedingungen aufgezogen werden, innerhalb von 9 bis 12 Wochen eine spontane chronische
Kolitis als Immunantwort auf ihre eigene kommensale Darmmikrobiota. Daher wurden IL-107
Mause unmittelbar nach dem Absetzen vom Muttertier mit einem Antibiotika-Cocktall
vorbehandelt, um die physiologische Kolonisation, die eine C. jejuni-Infektion verhindert, zu
beseitigen und moégliche kolitogene Reize aus der Darmmikrobiota zu eliminieren, die zu einer
chronischen Kolitis bei IL-107- Mause fuhren.

In diesen sekundar abiotischen IL-10"- Mausen ist C. jejuni nach einer peroralen Infektion in

der Lage, den Darm innerhalb einer Woche in hohen Konzentrationen zu besiedeln, und die
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Bakterien verursachen eine nicht-selbstlimitierende, akute Enterokolitis, die durch blutigen und
entziindlichen Durchfall gekennzeichnet ist [26]. Darliber hinaus sind sowohl durch C. jejuni
induzierte angeborene als auch adaptive pro-inflammatorische Immunantworten nicht auf den
Darmtrakt beschrankt, sondern kdnnen auch in extraintestinalen Organen einschlief3lich
systemischer Kompartimente beobachtet werden [5]. Das sekundar abiotische IL-10"
Mausmodell hat sich somit fur die Untersuchung der Immunopathologie der
Campylobacteriose und von definierten Virulenz-Faktoren von C. jejuni bewahrt und konnte
als praklinisches Modell standardisiert werden.

1.3 Naturstoffe als neuartige immunmodulierende Therapie-Strategie bei
Darmentzindungen

Pflanzen produzieren eine groRe Vielfalt an antimikrobiellen Molekilen, die allgemein als
Phytoalexine Kklassifiziert werden. Die Struktur dieser Phytoalexine umfasst Terpenoide,
Glykosteroide, Flavonoide und Polyphenole und ist daher sehr variabel [27]. Zahlreiche in vitro-
und in vivo-Studien haben bereits die antimikrobielle Wirkung verschiedener Naturstoffe, wie
zum Beispiel Resveratrol [28], Curcumin [29], Kardamom [30] und Urolithin A [31] gegen
Campylobacter aber auch gegen diverse Viren, Pilz- und anderen Bakterienarten gezeigt. Der
Einsatz dieser naturlichen Wirkstoffe gegen Pathogene koénnte die Resistenzbildung
gegenlber Antibiotika vermeiden; zudem, therapeutisch eingesetzt, kdnnten sie Infektionen

verhindern und das Immunsystem starken.

1.3.1 Ascorbinsaure (Vitamin C)

Die phenolische Verbindung Ascorbinsaure (Vitamin C) ist ein Bestandteil von Zitrusfriichten,
Kiwis, Mangos, Erdbeeren, Papayas und Tomaten, aber auch griines Blattgemise und
Brokkoli enthalten Vitamin C in hohen Konzentrationen [32,33]. Vitamin C wird nicht nur von
verschiedenen Pflanzenarten gebildet. Hefen produzieren D-Erythroascorbat, ein Ascorbat-
Analogon [34]. Tiere, Pflanzen und Pilze haben sehr unterschiedliche Wege fir die Vitamin-C-
Biosynthese entwickelt. Bei Tieren wird D-Glucuronat, das von Uridindiphosphat-Glucuronat
abgeleitet ist, zu L-Gulonat reduziert, welches in sein Lacton umgewandelt wird, das durch I-
Gulonolactonoxidase zu L-Ascorbat oxidiert [35]. Interessanterweise kann die Mehrheit der
Wirbeltiere Vitamin C aus Glukose synthetisieren, aber einige S&ugetiere, darunter
Meerschweinchen und Menschen, haben diese Fahigkeit aufgrund eines Mangels an L-
Glucono-y-Lactonoxidase verloren, die fir die Synthese von Vitamin C erforderlich ist [36,37].
Daher ist eine Vitamin-C-Aufnahme durch die Nahrung zur Abdeckung des allgemeinen
Bedarfs fir den Menschen (100 bis 200 mg pro Tag) und zur Verhinderung von

Mangelzustanden, die zu Skorbut fiihren, essentiell [32].



Es ist bekannt, dass Vitamin C immunstimulierende und anti-inflammatorische Eigenschaften
hat, die vor Infektionen schiitzen kénnen [37]. Mehrere Studien haben zudem gezeigt, dass
Vitamin C antimikrobielle Wirkungen gegen verschiedene Bakterienarten wie Mycobacterium
tuberculosis [38], Staphylococcus aureus [39], Escherichia coli [40], Helicobacter pylori [41,42]
und Salmonella-Spezies [43,44] aufweist.

Vitamin C kann M. tuberculosis, einschlief3lich mehrerer multiresistenter Stamme, direkt durch
die Erzeugung oxidativer Radikale, die durch Fenton-Reaktion entstehen, abtéten [45]. In den
1980er Jahren wurde gezeigt, dass Vitamin C in Kombination mit Linalool und Kupfer
synergistische Aktivitaten gegen C. jejuni aufweist [46-48]. Durch die Ergebnisse dieser
Studien wurde auch bestatigt, dass Vitamin C (0,5 mg/mL) das Wachstum von C. jejuni in vitro
hemmt und dass diese Wirkung durch Oxidationsprodukte wie L-Dehydroascorbinséaure oder
L-Diketogulonsaure verursacht wird [46]. Es ist bemerkenswert, dass Vitamin C in
Konzentrationen unter 1 mmol/L das Wachstum von C. jejuni stimulierte, wahrend 5 mmol/L
Vitamin C fur das Pathogen letal wirkte. Diese bakterizide Wirkung wurde durch ansteigende
Sterberaten von C. jejuni in kontaminiertem Putenfleisch nach einer Behandlung mit Vitamin
C (5 mmol/kg) bestétigt [48]. Jedoch wurden bisher keine Studien durchgefiuhrt, in denen die

Wirkung von Vitamin C gegen die Campylobacteriose in vivo untersucht wurde.

1.3.2 Carvacrol

Das lipophile Monoterpenoid 4-Isopropyl-2-methylphenol Carvacrol ist Hauptbestandteil der
atherischen Ole von Thymian, Oregano und anderen Heilpflanzen, die eine Vielzahl von
medizinisch belegten gesundheitsfordernden Wirkungen aufweisen [49]. Fir Carvacrol wurde
gezeigt, dass es eine Vielzahl verschiedener enzymatischer Funktionen beeinflusst, die die
anxiolytischen, spasmolytischen, zellregenerativen, immunmodulierenden und tumortoxischen
Aktivitaten erklaren, die das Molekil im Kérper des Menschen bewirkt [49,50]. Auch ist bekannt,
dass die Terpenoide inklusive Carvacrol antimikrobielle Wirkungen haben, die gegen eine
Vielzahl von Viren und Mikroorganismen wirksam sind.

Aktuell ist Carvacrol aufgrund seiner nattrlichen antimikrobiellen Wirkung gegen mehrere
durch Lebensmittel tibertragene Krankheitserreger wie beispielsweise E. coli, Salmonella [51]
und Campylobacter [52,53], im Fokus der Infektionsforschung. In vitro-Studien haben gezeigt,
dass Carvacrol aufgrund seiner lipophilen Eigenschaften in bakteriostatischen
Konzentrationen Veranderungen in der Fettsdurezusammensetzung der
Bakterienzellmembranen induzieren kann [54]. In bakteriziden Konzentrationen
permeabilisiert Carvacrol sogar die aul3ere Membran von Gram-negativen Bakterien [55].
Daruber hinaus besitzt Carvacrol eine ATPase-inhibierende Aktivitat und soll als
Protonenaustauscher wirken, der den pH-Gradienten Uber die zytoplasmatische Membran

verringert. Die daraus resultierenden Anderungen des ATP-Pools wirken bakterizid und fiihren
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zum Absterben der Bakterien [56]. Zusatzlich konnte Carvacrol die C. jejuni-Belastung in
Darmproben von Huhnern durch die Hemmung der Expression von Virulenz-Faktoren und
durch die Blockierung der C. jejuni-Invasion in Hihnerzellen reduzieren [57]. Daher stellt
Carvacrol ein vielversprechendes Kandidatenmolekil fir die Bekampfung der humanen
Campylobacteriose dar. Weitere Studien haben ebenso die anti-C. jejuni-Wirkung von
Carvacrol in Hilhnern bestétigt [57-59].

1.3.3 Cholecalciferol (Vitamin D)

Die Identifizierung von Cholecalciferol-Rezeptoren an mononuklearen Zellen des peripheren
Blutes in den 1980er Jahren wies erstmals auf mdgliche immunmodulierende Funktionen von
Vitamin D hin [60]. Der Rezeptor fur Vitamin D wird von zahlreichen angeborenen und
adaptiven Immunzell-Untergruppen, einschlielich Monozyten, Makrophagen, dendritischen
Zellen, naiven CD4* T-Zellen, T-Helfer (Th) 1-Zellen und Th2-Zellen, exprimiert [61]. Daher ist
Vitamin D sowohl an der Modulation angeborener als auch an adaptiven Immunantworten
beteiligt und weist entzindungshemmende Wirkungen auf [62].

Natdrliche reichhaltige Vitamin D-Quellen wie Lebertran oder Sonneneinstrahlung wurden zur
Therapie der Tuberkulose eingesetzt [63]. Dartiber hinaus berichten zahlreiche Studien Uber
die antimikrobiellen Eigenschaften von Vitamin D. Das Wachstum von Gram-positiven
Bakterienstammen wie Staphylococcus aureus, Streptococcus pyogenes und Streptococcus
mutans, aber auch von Gram-negativen Arten wie Klebsiella pneumoniae, Helicobacter pylori
und Escherichia coli konnten durch den Einsatz von Vitamin D wirksam gehemmt werden [64-
67]. Zusatzlich wird die Produktion von antimikrobiellen Peptiden wie Cathelicidin und
Defensinen durch Vitamin D stimuliert [65].

Zahlreiche Studien haben von einer negativen Korrelation zwischen dem Vitamin D und der
Aktivitat entziindlicher Darmerkrankungen berichtet. Eine systematische Uberpriifung und
Metaanalyse von 27 Studien ergab, dass ein niedriger Vitamin D-Status mit einer erhdhten
Krankheitsaktivitat, Schleimhautentziindung und einem zukunftigen klinischen Riickfall sowie
einer verminderten Lebensqualitat bei IBD-Patienten verbunden ist [68]. Zusé&tzlich haben viele
Studien gezeigt, dass eine Vitamin D-Behandlung die Kolitis in menschlichen und tierischen
Modellen verbessert [69]. In zwei Tierstudien trug der Vitamin-D-Mangel zu einer erhdhten
Schwere und Mortalitét bei experimenteller Kolitis in Mause und sogar bei experimentellem
Dickdarmkrebs bei [70,71].

Fur die Behandlung der Campylobacteriose ist von Bedeutung, dass aktives Vitamin D bei der
akuten Thl-induzierte Colitis die Sekretion von pro-inflammatorischen hemmt und die von
entziindungshemmenden Zytokinen steigert [72], was auch zu einer beschleunigten

Elimination von C. jejuni aus der Darmschleimhaut fihren kdnnte [73]. Allerdings fehlen bisher



in vivo-Studien, die die anti-C. jejuni-Wirkung von Vitamin D nachweisen und die hiefir

bendtigte tagliche Vitamin D-Dosis beschreiben.

1.4  Zielsetzung

Da die Anwendung von Antibiotika bei einer Darminfektion auch die Darmmikrobiota mitunter
erheblich beeinflusst und weitere Wirkstoffe gegen die Campylobacteriose fehlen, ist es von
grundlegender Bedeutung, nach neuartigen antibiotika-unabh&ngigen Anséatzen zu suchen,
um die Campylobacteriose zu behandeln und/ oder sogar zu verhindern. In unseren
préklinischen Interventionsstudien haben wir die antimikrobiellen und immunmodulierenden
Wirkungen von Carvacrol, Vitamin C und Vitamin D bei der Campylobacteriose im
préaklinischen Mausinfektionsmodel untersucht. Diese Arbeit fasst die wichtigsten Ergebnisse
aus drei bereits veroffentlichten Publikationen zusammen und soll die bisher erarbeiteten
Erkenntnisse im Uberblick darstellen.

2. Material und Methoden

2.1 Ethische Erklarung

Die Tierversuche wurden gemaf den Europaischen Tierschutzrichtlinien (2010/63 / EU) und
nach Zustimmung des Landesamtes fir Gesundheit und Soziales (LaGeSo, Berlin,
Registriernummern G0172/16, G0247/16 und G0104/19) durchgefihrt. Der klinische

Gesundheitszustand der Tiere wurde mindestens einmal taglich tberprdift.

2.2  Versuchstiere und Tierhaltung

Fur die vorliegende Arbeit wurden in den Raumlichkeiten der Forschungseinrichtungen fir
Experimentelle Medizin (FEM, Charité - Universitatsmedizin Berlin) IL-107- Mause (C57BL/6j
Hintergrund) gezichtet, aufgezogen und unter spezifischen pathogen-freien (SPF)
Bedingungen gehalten.

Zur Eliminierung der kommensalen Darmmikrobiota wurden Mause im Alter von 3 bis 4
Wochen unter sterilen Bedingungen mit einer Antibiotika-Mischung behandelt. in sterile Kafige
transferiert und mit einem Antibiotika-Cocktail behandelt. Dies diente der Aufhebung der
physiologischen Kolonisationsresistenz, um die stabile Ansiedlung von C. jejuni-Kolonisation
im murinen Gastrointestinaltrakt zu ermdéglichen. Der Antibiotika-Cocktail bestand aus
Vancomycin (500 mg/L; Cell Pharm, Hannover, Deutschland), Ciprofloxacin (200 mg/L; Bayer
Vital, Leverkusen, Deutschland), Imipenem (250 mg/L; MSD, Haar, Deutschland),
Metronidazol (1 g/L; Fresenius, Bad Homburg, Deutschland) und Ampicillin plus Sulbactam (1
g/L; Ratiopharm, Ulm, Deutschland). Die Antibiotika wurden in autoklaviertem Trinkwasser (ad

libitum) gel6st und Uber einen Zeitraum von 8 Wochen verabreicht.
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Fur drei aufeinander folgende Wochen wurden Fazesproben der Tiere in Thioglykolat-Bouillon
(BD Bioscience, Heidelberg, Germany) uberfuhrt und bei 37°C inkubiert. Bei Abwesenheit
kultivierbarer Bakterien wurden die Tiere als sekundar abiotisch angesehen. Um ein
Auswaschen der Antibiotika sicherzustellen, wurde die Antibiotikabehandlung vier Tage vor
der Infektion abgebrochen.

2.3 Behandlung mit definierten Substanzen

Umgehend nach der Unterbrechung der Antibiotika-Behandlung und somit vier Tage vor der
C. jejuni- Infektion wurden die jeweiligen Behandlungen begonnen (Abbildung 1). Die
Trinkldsungen wurden alle zwei Tagen durch frisch hergestellte L6sungen ersetzt.

Abbruch der Antibiose Sektion
Beginn der prophylaktischen Behandlung

Antibiose f d-4 do A dl 5 d2 H d3 1 d4 f d5 7 d6

Behandlungsdauer: 8 Wochen Infektion mit Campylobacter jejuni 81-176 Wildtyp

Abbildung 1: Zeitschema der durchgefiihrten Versuche.

Die Behandlung mit Antibiotika-Cocktail wurde vier Tage vor der Infektion (d-4) beendet und durch
prophylaktische Behandlungen (Vitamin C, Carvacrol und Vitamin D) ersetzt. An zwei
aufeinanderfolgenden Tagen (dO und d1) wurden die sekundar abiotischen IL-107- Mause peroral mit C.
jejuni 81-176 infiziert. Taglich wurden Fézes-Proben zur Beurteilung der C. jejuni-Lasten entnommen.
Der klinische Gesundheitszustand wurde ebenfalls taglich Gberprift und bewertet.

Unter Bertcksichtigung eines Korpergewichts von circa 25 Gramm pro Maus und eines
taglichen Trinkvolumens von ca. 5 mL wurden daraus die Endkonzentrationen berechnet
(Tabelle 1). Als Kontrollgruppen dienten zwei Gruppen; |) die sekundar abiotischen,
unbehandelten und nicht-infizierten (naive) und Il) die sekundar abiotischen, mit C. jejuni 81-

176 infizierten Mause, die mit Placebo (PLC) behandelt wurden.



Tabelle 1: Dosierung der Substanzen

Tagliche Dosis End-
Name [pro kg Gelbst in | konzentration Hersteller
Korpergewicht] [mg/L]
o Sigma-Aldrich
* 1
,(Avsif[:;rrﬁlrr:%a;ure lg - 5000 Munchen,
Deutschland
Sigma-Aldrich,
Carvacrol** 100 mg zg)wzeo/eonvig 500 Munchen,

' Deutschland
25-OH-Cholecalciferol** Tween 80 Sigma-Aldrich,
L 500 pg 2,5 Minchen,

(Vitamin D) (0,2% viv)
Deutschland

* Placebo (PLC)-Kontrollméuse erhielten nur autoklaviertes Leitungswasser.
**PLC-Kontrolliméuse erhielten nur Tween 80 Uber das Trinkwasser.

2.4  C.jejuni-Infektion, -Kolonisation und -Translokation

Drei Monate alte Mause wurden an zwei aufeinanderfolgenden Tagen (Tag 0 und Tag 1; dO,
d1) peroral infiziert. Zur Infektion wurde eine Stammlésung des C. jejuni 81-176-Stammes, die
bei -80 ° C gelagert wurde, aufgetaut, Aliquots auf Karmali-Agar (Oxoid, Wesel, Deutschland)
gestrichen und 48 Stunden bei 37°C in einer mikroaerophilen Atmosphére inkubiert. Die
perorale Infektion erfolgte mit 10° Kolonie-bildenden-Einheiten (KBE; eng. colony forming
units, CFU) des C. jejuni-Stamms 81-176 in 0,3 mL Phosphat-gepufferter-Salzldsung (engl.
Phosphate-buffered saline, PBS, Oxoid). Die Tiere wurden stets in einer sterilen Umgebung
(autoklaviertes Futter und Trinkldsung) gehalten und unter strengen aseptischen Bedingungen
behandelt, um Kontaminationen zu vermeiden.

Um die Kolonisation von C. jejuni im Magen-Darm-Trakt zu beurteilen, wurden téglich
Fazesproben sowie am Sektionstag der luminalen Inhalt von Magen, Duodenum, lleum und
Kolon, entnommen. Die kulturelle Methoden wurden zur Bestimmung von Pathogen-Lasten
verwendet.

Der Nachweis der Translokation von C. jejuni vom Darm zu anderen Organen erfolgte durch
Kultivierung der am Tag der Sektion entnommenen Organ-Homogenate. Die jeweiligen Organ-
Proben wurden in PBS homogenisiert und auf entsprechenden Agar-N&hrmedien bebritet und
kulturell analysiert.. Zur Beurteilung der C. jejuni-Bakteridmie wurden Thioglykolat-Bouillons
mit 200 yL Herzblut einzelner Mause inokuliert, 7 Tage bei 37°C inkubiert und zur weiteren

Identifizierung auf Festmedien kultiviert.

2.5 Probengewinnung
Die Mause wurden am Tag 6 nach der Infektion mittels Isofluran-Inhalation (Abbott,
Deutschland) getotet. Zusatzlich zu den Proben des luminalen Inhaltes wurden ex vivo

Biopsien aus Kolon, lleum, mesenterialen Lymphknoten (engl. mesenteric lymph nodes, MLN),
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Milz, Leber, Nieren und Lunge unter sterilen Bedingungen entnommen. Zur Bestimmung der
Zytokin-Konzentrationen in Serum wurde Herzblut entnommen. Kolon- und extraintestinale
Proben wurden von jeder Maus parallel fir mikrobiologische, immunhistopathologische und
immunologische Analysen entnommen. Die absoluten Kolon- und lleumlangen wurden mit

einem Lineal gemessen.

2.6 Immunhistochemie

Fir die In-situ-immunhistochemische Analysen wurden sowohl die extraintestinalen ex vivo-
Biopsien als auch Proben des Darms in 5%- igem Formalin fixiert, in Paraffin eingebettet und
in 5 um dinne Schichten geschnitten und nach anschlie@endem Entparaffinieren (mittels
Xylols, 96%-igem und 70%-igem Ethanol) mit spezifischen Antikdrpern gefarbt.

Verwendet wurden priméare Antikbrper gegen gespaltene Caspase-3 fir apoptotische Zellen
(Aspl75, Cell Signaling, Beverly, MA, USA, 1:200), Ki67 fur proliferierende Zellen (TECS3,
Dako, Glostrup, Ddnemark, 1:100), CD3 fur T-Lymphozyten (Nr. N1580, Dako, 1:10) FOXP3
fur regulatorische T-Zellen (clone FJK-165, Nr. 14-5773, eBioscience, San Diego, CA, USA,
1:100), B220 fur B-Lymphozyten (Nr. 14-0452-81, eBioscience, 1:200) und F4/80 fur
Monozyten/Makrophagen (Nr. 14-4801, clone BM8, eBioscience, CA, USA, 1:50).

Die Schnitte wurden 30 Minuten mit den primaren Antikdrpern inkubiert, gefolgt von weiteren
30 Minuten Inkubation mit den jeweiligen sekundaren Antikorpern (fir Anti-Caspase-3- und
Anti-CD3-Farbung: biotinylierter donkey anti-rabbit-Antikdrper; fir anti-F4/80, anti-Ki67 und
Anti-B220: biotinylierter rabbit anti-rat-Antikorper; fiir anti-FOXP3 biotinylierter donkey anti-rat-
Antikorper; alle aus Dianova, Hamburg, Deutschland). Als Detektionssystem wurde das
Dako REAL™ Streptavidin-Alkaline Phosphatase/RED Rabbit/Mause (Agilent, Santa Clara,
CA, USA) Kit verwendet. Bei den negativen Kontrollen wurden die primaren Antikdrper

ausgeschlossen.

Um die unspezifischen Bindungsstellen zu blockieren, wurde jeder Gewebeschnitt mit 150 pL
Dako Dual Endogenic Enzyme Block fur 10 Minuten inkubiert und anschlielend mittels
TBST-Puffer (eng. Tris-buffered saline with Tween20, TBST) gespult. Danach wurde der
primare Antikorper in Dako REAL™ Antikdrperverdiinnungsmittel verdiinnt und 150 uL der
Losung auf jeden Objekttrager aufgetragen. Nach 30 Minuten Inkubation wurden
ungebundene Antikorper mit TBST gespult. Der sekundare Antikérper wurde auch in Dako
REAL™ Antikorperverdiinnungsmittel verdiinnt und 150 uL der Lésung wurden 30 Minuten
lang auf jeden Gewebeschnitt aufgetragen. Nach dem Spullen der ungebundenen Antikérper
mit TBST wurden 2 Tropfen Dako REAL™ Streptavidin Alkaline Phosphatase mit einer
Inkubationsdauer von 30 Minuten auf jeden Gewebeschnitt aufgetragen. Die ungebundene

alkalische Phosphatase wurde mit TBST gespdlt und die Entwicklerlésung hergestellt. Dafur
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wurde 1 Tropfen Dako REAL™ Levamisol zu jedem 10 mL Dako REAL™ AP-Substratpuffer
gegeben, um die endogene alkalische Phosphatase zu blockieren. Anschlie3end wurden die
Dako REAL™ Chromogen Red Compounds zugegeben (jeweils 30 pyL pro 750 pL
Substratpuffer). 200 pL der Entwicklerlosung wurden auf jeden Gewebeschnitt aufgetragen
und 30 Minuten inkubiert. Anschliel3end wurden die Objekttrager mit PBS gespililt.
Unmittelbar nach der Immunreaktion wurden die Objekttrager mit destilliertem Wasser
gewaschen und die Gewebeschnitte mit Mayer-Hemalum-L6sung gefarbt, um alle basophilen
Zellstrukturen (z.B. DNA) zur besseren Beurteilung der immunhistoschemischen Ergebnisse
darzustellen. Nach einer Inkubationsdauer von 20 Sekunden wurden die Objekttrager
grandlich mit Leitungswasser gewaschen, was zu einer pH-Verschiebung fihrt, die zu einer
Anderung der Farbe fiihrt (rot nach blau).

Mittels Lichtmikroskopie wurde die durchschnittliche Anzahl der jeweiligen positiv-gefarbten
Zellen in situ innerhalb von mindestens sechs hochauflésenden Feldern (engl. high power
fields, HPF; 0,287 mm?2, 400-fache VergroRerung) von einem unabhéngigen Untersucher
ermittelt.. Zur Erzeugung von Bildern wurde ein Axiolmager Z1-Mikroskop verwendet, welche
anschlielend mit der Axiovision-Software (Carl Zeiss Microlmaging, Jena, Deutschland)

verarbeitet wurden.

2.7 Zytokin-Messungen in Uberstanden von ex vivo-Biopsien aus Kolon und

extraintestinalen Organen

Kolon- und lleumgewebe (jeweils langs aufgeschnittener Streifen von ca. 1 cm?) sowie ex vivo-
Biopsien aus MLN (3 - 4 Lymphknoten), Milz (eine Halfte), Niere (eine Halfte nach
Langsschnitt), Leber (ca. 1 cm®) und Lunge wurden in sterilem PBS ausgewaschen und fir
18h bei 37°C auf Kulturplatten mit 24-fachem Boden (Nunc, Deutschland), die 500ul
serumfreies RPMI 1640-Medium (Gibco, Life Technologies, UK), Penicillin (100 U/mL) und
Streptomycin (100 pg / ml; PAA Laboratories, Deutschland) enthielt, kultiviert.

Im Anschluss wurden die Kulturiberstidnde und Serumproben auf die Mediatoren Monocyte
Chemoattractant Protein (MCP)-1, Interferon (IFN) -y, Tumornekrosefaktor (TNF) und IL-6
mittels ,Inflammation Cytometric Bead Array“ (CBA; BD Biosciences) und FACS Canto Il (BD
Biosciences) quantifiziert. Das Stickstoffmonoxid (NO) -Konzentrationen wurden mittels

Griess-Reaktion bestimmt.

2.8 Statistische Analysen

Fur jede Behandlung wurden Daten von vier unabhangig durchgefihrten Experimenten

gepoolt und analysiert. Der Mann-Whitney-Test (Prism, Version 7, GraphPad, San Diego,

USA) wurde zur Bestimmung von Medianen und Signifikanzniveaus fur paarweise Vergleiche
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nicht normalverteilter Daten verwendet, wahrend fur Mehrfachvergleiche der einseitige
ANOVA-Test mit Tukey-Nachkorrektur oder der Kruskal-Wallis-Test mit Dunn‘s-Nachkorrektur

verwendet. Zweiseitige Wahrscheinlichkeitswerte p<0,05 wurden als signifikant angesehen.

3. Ergebnisse

Zur Darstellung der Resultate werden Auszlge der Ergebnisse der drei hier
zusammengefassten Publikationen in ihrer Reihenfolge (Publikation 1: Vitamin C, 2: Carvacrol,
und 3: Vitamin D) prasentiert. Auf die jeweilige graphische Darstellung der Ergebnisse wird
entsprechend auf die Abbildungsnummer der Originalpublikation hingewiesen.

3.1 Auszige der Untersuchungsergebnisse zur Auswirkung der
prophylaktischen Vitamin C-Behandlung in C. jejuni-infizierten sekundar
abiotischen IL-107- Mausen (Publikation 1)

Die durch Antibiotika-Behandlung generierten sekundar abiotischen IL-107- M&use wurden vier
Tage vor der C. jejuni-Infektion (d-4) mit synthetischem Vitamin C Uber das Trinkwasser (5
g/L) behandelt. Die Vitamin C-Behandlung wurde bis zum Sektionstag (d6) fortgefihrt. An den
Tagen 0 und 1 wurden die Mause peroral mit 10° lebensfahigen C. jejuni-Bakterien infiziert.
Die taglichen Bakterienkulturanalysen von Stuhlproben ergaben, dass eine Vitamin C-
Behandlung im Vergleich zur PLC-Behandlung die Darmbesiedlungseigenschaften des
verwendeten C. jejuni-Stammes nicht beeinflusst (Publikation 1; Abb. S2). Am Tag 6 (d6)
waren jedoch die C. jejuni-Lasten im Kolon im Vergleich zu mit PLC behandelten Mausen
geringfligig niedriger. Die Pathogen-Dichten des Magen-Darm-Traktes einschlie3lich Magen,
Duodenum und lleum waren zwischen Vitamin C- und PLC-behandelten Mausen vergleichbar
(Publikation 1; p<0.001; Abb. 1). Daher wird die intestinale C. jejuni-Kolonisierung durch die
Vitamin C-Behandlung nur begrenzt beeinflusst.

Es wurde weiterhin eine tagliche Untersuchung der C. jejuni-induzierten Symptome bei
infizierten Mausen durchgefihrt, wobei ein standardisiertes klinisches Bewertungssystem
angewendet wurde, bei dem das Erscheinungsbild von Méausen, die Stuhlkonsistenz und die
Haufigkeit vom Blut in Stuhlproben bewertet wurden. Die Untersuchung des klinischen Bildes
im zeitlichen Verlauf ergab, dass die mit Vitamin C behandelten Tiere im Vergleich zu den mit
PLC behandelten Tieren bereits am Tag 5 nach der Infektion deutlich weniger Symptome der
C. jejuni-Infektion zeigten (Publikation 1; Abb. S3). Am Tag 6 nach der Infektion litten mit PLC
behandelte Mause an Infektionssymptomen und schwerem blutigen Durchfall, was auf eine
akute Enterokolitis hinweist, wahrend die Behandlung mit Vitamin C zu einer signifikanten

Verringerung der durch C. jejuni induzierten Symptome fihrte (Publikation 1; p<0,05-0,001;
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Abb. 2). Bemerkenswerterweise zeigten 40% der infizierten Mause, die mit Vitamin C
behandelt worden waren, makroskopisch keine Symptome der Infektion (Publikation 1,
p<0,001; Abb. 2A; Abb. S3). Somit vermindert eine Behandlung mit Vitamin C die klinischen
Symptome der Campylobacteriose.

Fur die Analyse der durch die C. jejuni-Infektion induzierte Darmentziindung, wurde die Anzahl
der apoptotischen Kolonepithelzellen nach immunhistochemischer Farbung von
Kolonparaffinschnitten mit einem Antikorper gegen die gespaltene Caspase 3 quantitativ
bestimmt. Im Vergleich zu naiven Tieren war die C. jejuni-Infektion mit einem vielfachen
Anstieg der apoptotischen Epithelzellen des Kolons assoziiert (Publikation 1; p<0,001; Abb.
3B), wahrend dieser Anstieg bei Vitamin C-behandelten Mausen weitaus weniger ausgepragt
war (Publikation 1; p<0,001; Abb. 3B; Abb. S4). Weiterhin verursachte die C. jejuni-Infektion
einen deutlichen Anstieg von Immunzellen der angeborenen Immunitat wie etwa Makrophagen
und Monozyten (Publikation 1; p<0,001; Abb. 4A; Abb. S5a), aber auch von adaptiven
Immunzellen einschlie3lich T- und B-Lymphozyten (Publikation 1; p<0,01-0,001; Abb. 4B und
C; Abb. S5b und c). Im Vergleich zu PLC-Kontrolltieren zeigten Mause, die mit Vitamin C
behandelt worden waren, eine geringere Anzahl von Makrophagen/Monozyten sowie von T-
und B-Lymphozyten in ihrer Dickdarmschleimhaut und Lamina propria (Publikation 1; p<0,01—
0,001; Abb. 4; Abb. S5). Somit vermindert die Vitamin C-Behandlung die durch C. jejuni
induzierte Apoptose und die Immunzellreaktionen im Dickdarm.

Ergadnzend wurden pro-inflammatorische Mediatoren im Darm-Explantaten untersucht.
Wahrend die mit PLC behandelten Mausen erhdhte NO- und TNF-Konzentrationen in ex vivo
Biopsien des Dickdarms zeigten (Publikation 1; p<0,01-0,001; Abb. 5A und B), wiesen die mit
Vitamin C behandelten M&usen niedrigere Mediatorwerte in ihrem Dickdarm auf (Publikation
1; p<0,05; Abb. 5A und B).

Im Einklang mit der erhéhten Anzahl an Immunzellen zeigten die PLC-behandelten Mause im
Vergleich zu den mit Vitamin C behandelten Tieren ebenfalls erhohte IL-6- und IFN-y-
Konzentrationen in Kolon-Biopsien (Publikation 1; Abb. 5C und D). Dies traf auch fur IFN-y-
Spiegel in MLN zu (Publikation 1; p <0,001; Abb. 5E). Demnach dampft die Behandlung mit
Vitamin C die Sekretion pro-inflammatorischer Mediatoren v.a. im Dickdarm C. jejuni-infizierter
Mause.

Die Wirkungen von Vitamin C wurden ebenfalls in extraintestinalen Organen untersucht. Die
guantitativen Bewertungen der immunhistochemischen Untersuchen in Nieren, Lunge und
Leber zeigten eine erhéhte Anzahl an apoptotische Zellen nach der C. jejuni-Infektion in den
Nieren und Lungen der PLC-Gruppe, jedoch nicht in den Organen der Vitamin C behandelten
Méause (Publikation 1; Abb. 6A, B; Abb. S6a, b).

Im Vergleich zu naiven Tieren wiesen beide infizierten Behandlungsgruppen erhéhte

apoptotische Zellzahlen in der Leber auf (Publikation 1; p<0,01-0,001 vs. naiv), wahrend diese
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in der Vitamin C-behandelten Gruppe weniger stark ausgepragt war (Publikation 1; Abb. 6C;
Abb. S6c). Interessanterweise zeigten sich nur bei den PLC-behandelten M&usen eine erhéhte
Anzahl an T-Lymphozyten (Publikation 1; Abb. 7A; Abb. S6d) sowie eine verstarkte TNF-
Sekretion (Publikation 1; p<0.05; Abb. 7B) in der Leber im Vergleich zu naiven Tieren. Diese
Ergebnisse weisen auf die krankheitsmindernden Wirkungen der Vitamin C-Behandlung
wahrend einer C. jejuni-Infektion hin, die nicht nur auf den Darmtrakt beschrankt war, sondern

auch in extraintestinalen Kompartimenten beobachtet werden konnte.

3.2 Auszige der Untersuchungsergebnisse zur Auswirkung der
prophylaktischen Carvacrol-Behandlung von C. jejuni-infizierten, sekundar
abiotischen IL-107- Mausen (Publikation 2)

Die gesundheitsférdernden Eigenschaften von synthetischem Carvacrol (500 mg/L) wahrend
der C. jejuni-Infektion wurden in demselben Mausmodell und mit einem identischen
Versuchsdesign (wie in 3.1 beschrieben) untersucht.

Am Tag 6 nach der Infektion wiesen PLC-behandelte Kontrollméuse im Kolon und im lleum
Pathogen-Lasten von 108 bzw. 10° CFU/g auf, die bei den Carvacrol-behandelten Mausen im
Vergleich zu den PLC-Kontrollen um etwa 0,5 bzw. 2,0 logarithmische Stufen niedriger
ausfielen (Publikation 2; p<0,01 bzw. p<0,001; Abbildung. 1). Folglich senkt die Carvacrol-
Behandlung die C. jejuni-Dichten im Darm um bis zu 2 GréR3enordnungen.

Im Vergleich zur PLC-Gruppe, die an einer akuten Enterokolitis litt, zeigten mit Carvacrol-
behandelten Mause bereits 48 Stunden nach der C. jejuni-Infektion deutlich weniger
Symptome der Campylobacteriose. Diese Wirkung von Carvacrol war bis zum Sektionstag
(d6) zu beobachten (Publikation 2; p<0,001 Abb. 2; Abb. S1). Bemerkenswerterweise litten
alle PLC-behandelten Mause an Diarrhoe, wéhrend nur 10,5% der mit Carvacrol behandelten
Tiere davon betroffen waren (Publikation 2; p<0,001; Abb. 2c). Somit konnten die C. jejuni-
induzierten Symptome durch die Carvacrol-Behandlung gebessert werden.

Als néachstes untersuchten wir, ob die positiven Wirkungen der Carvacrol-Behandlung auf der
makroskopischen Ebene ebenso auf mikroskopischer Ebene beobachtet werden konnten.
Hierfir wurden paraffinfixierte Kolonschnitte fiir eine in situ immunhistochemische
Untersuchung mit definierten Antikdrpern gegen verschiedene entzindliche und
proliferative/regenerative Zellmarker sowie gegen verschiedene Immunzellpopulationen
gefarbt.

Im Vergleich zu naiven Tieren zeigten sowohl PLC- als auch Carvacrol-behandelte Mause eine
erhdhte Anzahl von Caspase3* apoptotischen Zellen in ihren Kolonepithelien (Publikation 2;

p<0,001 vs. naiv; Abb. 3a). Jedoch war die Anzahl apoptotischer Zellen in Kolonepithelien von
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Carvacrol im Vergleich zu PLC-behandelten Mausen signifikant niedriger (Publikation 2; p
<0,001; Abb. 3a; Zusatzdatei 2: Abb. S2A).

Als néchstes wurden die paraffinfixierte Kolonschnitte mit Antikdrpern gegen Ki67 gefarbt,
wodurch die Zellproliferation und -regeneration untersucht werden sollte. Tatsachlich
verursachte die C. jejuni-Infektion einen deutlichen Anstieg der Ki67-positiven
Kolonepithelzellen (Publikation 2; p<0,001 vs. naiv; Abb. 3b; Zusatzdatei 2: Abb. S2B).
Interessanterweise war die Anzahl der proliferativen/regenerativen Zellen in Carvacrol- im
Vergleich zu PLC-behandelten Mausen deutlich héher (Publikation 2; p<0,001; Abb. 3b;
Zusatzdatei 2: Abb. S2B). Demnach verbesserte die Carvacrol-Behandlung die murine
Campylobacteriose, indem sie die Apoptose hemmte und die Regenerationsprozesse in den
Kolonepithelien stimulierte.

Als nachstes wurde die Immunantworten im Kolon von C. jejuni-infizierten Mausen nach der
Carvacrol-Behandlung untersucht. Verschiedene Immunzellpopulationen wie CD3" T-
Lymphozyten und B220" B-Lymphozyten stiegen in der Kolonschleimhaut und der Lamina
propria von Mausen aus beiden Behandlungsgruppen um ein Vielfaches im Vergleich zu
naiven Tieren an (Publikation 2; p<0,001; Abb. 3c und d; Zusatzliche Datei 2: Abb. S2C, D).
Auch der Anstieg an T-Lymphozyten im Dickdarm der Carvacrol-behandelten Mause war im
Vergleich zur PLC-Gruppe signifikant geringer (Publikation 2; p<0,005, Abb. 3c; Zusatzdatei
2: Abb. S2C). Zusatzlich zeigten beide infizierten Experimentalgruppen eine verstarkte
Sekretion der pro-inflammatorischen Mediatoren NO, TNF und IL-6, die in ex vivo-
Darmbiopsien gemessen wurde (Publikation 2; p<0,05-0,001; Abb. 4a, c, d). Im Vergleich zur
PLC-Anwendung fuhrte die Carvacrol-Behandlung jedoch zu signifikant niedrigeren NO-, IFN-
y- und TNF-Konzentrationen im Dickdarm (Publikation 2; p<0,05-0,001; Abb. 4a - c).
Bemerkenswerterweise gab es keinen Unterschied zwischen dem IFN-y-Spiegeln der
Carvacrol-behandelten Mause und den naiven Kontrollmausen zu verzeichnen (Publikation 2;
n.s.; Abb. 4b). Folglich hemmte die Carvacrol-Behandlung die C. jejuni-induzierte Entziindung
im Kolon.

Wie im Kolon beobachtet, waren erhthte Konzentrationen von pro-inflammatorischen
Mediatoren wie IFN-y, TNF und IL-6 in MLN nur bei den PLC-behandelten Mausen messbar,
wahrend zwischen den naiven und Carvacrol-behandelten Mausen es keinen signifikanten
Unterschied gab (Publikation 2; Abb. 5).

Wir untersuchten weiterhin die krankheitsmindernden Eigenschaften der Carvacrol-
Behandlung in extraintestinalen einschlie3lich systemischer Kompartimente. Eine erhéhte
Anzahl von Caspase3* apoptotischen Zellen konnte in Paraffinschnitten aus beiden infizierten
Gruppen (PLC und Carvacrol) beobachtet werden, die am Sektionstag (d6) aus Leber, Nieren
und Lunge entnommen wurden, wahrend die Anzahl der apoptotischen Zellen in Nieren und

Lungen von Carvacrol-behandelten M&ausen im Vergleich zu den PLC-Kontrollen signifikant
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niedriger ausfiel (Publikation 2; Abb. 6; Zusatzdatei 6: Abb. S6). Bemerkenswerterweise
unterschied sich die Anzahl der apoptotischen Zellen in der Lunge von Carvacrol-behandelten
C. jejuni-infizierten und naiven Mausen nicht voneinander (Publikation 2; n.s.; Abb. 6c,
zusatzliche Datei 6: Abb. S6C).

Als nachstes wurde die Sekretion der pro-inflammatorischen Zytokinen in jeweiligen ex vivo
Biopsien gemessen. Am Tag 6 nach der Infektion wurden im Vergleich zu PLC-behandelten
Méausen niedrigere IFN-y- und TNF-Konzentrationen in der Leber von Carvacrol-behandelten
Mausen gemessen (Publikation 2; p<0,05 bzw. p<0,001; Abb. 7a, b). Dies gilt ebenfalls fir die
in den Nieren gemessenen IFN-y-Konzentrationen (p<0,05; Fig. 7c), jedoch nicht fur die
renalen TNF-Werte (Publikation 2; n.s.; Abb. 7d). Aul3erdem wurden nach einer C. jejuni-
Infektion erhdhte IFN-y Konzentrationen in den Lungen von PLC- (Publikation 2; p<0,05; Abb.
7€), jedoch nicht von Carvacrol-behandelten Mausen (Publikation 2; n.s.; Abb. 7e) gemessen.
Unabhéngig vom Behandlungsschema waren erhdhte pulmonale TNF-Konzentrationen zu
verzeichnen (p<0,05; Fig. 7f).

Bemerkenswerterweise konnten die entzindungshemmenden Wirkungen von Carvacrol auch
systemisch (d.h. im Serum) beobachtet werden. Im Vergleich zu PLC-behandelten Mausen
zeigte die Carvacrol-Gruppe deutlich geringere Serum-Konzentrationen von pro-
inflammatorischen Mediatoren wie IFN-y, TNF, MCP-1 und IL-6 (Publikation 2; p<0,05-0,005;
Abb. 8). Somit dampft die Carvacrol-Behandlung die Folgen der C. jejuni-Infektion nicht nur in

intestinalen, sondern auch in extraintestinalen und sogar in systemischen Kompartimenten.

3.3 Auszige der Untersuchungsergebnisse zur Auswirkung der
prophylaktischen Vitamin D-Behandlung in C. jejuni-infizierten, sekundar
abiotischen IL-107- Mausen (Publikation 3)

Sekundar abiotische IL-10" Mause wurden 4 Tage vor der C. jejuni-Infektion mit
synthetischem 25-OH-Cholecalciferol (Vitamin D) Uber das Trinkwasser prophylaktisch
behandelt. An zwei aufeinanderfolgenden Tagen, namlich an den Tagen 0 und 1, wurden die
Mause dann peroral mit 10° lebensfahigen C. jejuni-Bakterien infiziert. Tagliche kulturelle
Analysen von Stuhlproben nach der Infektion und am Tag der Autopsie ergaben, dass im
Vergleich zur PLC-Gruppe die Vitamin D-Anwendung keinen Einfluss auf die Besiedlung von
Magen, Duodenum, lleum und Kolon durch C. jejuni hatte (Publikation 3; n.s.; Abb. 1, S1).
Folglich hatte die Behandlung mit synthetischem Vitamin D keinen Einfluss auf die C. jejuni-
Lasten im Gastrointestinaltrakt.

Innerhalb der ersten 6 Tage nach der C. jejuni-Infektion entwickelten Mause aus beiden
Behandlungsgruppen vergleichsweise schwere Symptome einer akuten Enterokolitis, die
taglich unter Verwendung eines standardisierten kumulativen klinischen Bewertungssystems

(Publikation 3; Abb. S2) quantifiziert wurden. Wéahrend die durch das Pathogen induzierten
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klinischen Symptome in den beiden Behandlungsgruppen im zeitlichen Verlauf vergleichbar
waren (Publikation 3; n.s.; Abb. S2), litten die Vitamin D-behandelten Mausen im Vergleich zur
PLC-Gruppe bereits 24 Stunden nach der letzten Infektion (d2) weniger an Durchfall
(Publikation 3; Abb. 2). Dies wurde auch an beiden darauffolgenden Tagen (d.h. d3 und d4)
beobachtet. Somit fuhrte die Vitamin D-Behandlung zu einer weniger ausgepragten C. jejuni-
induzierten Durchfallsymptomatik.

Da die Apoptose einen verlasslichen Parameter fir die Beurteilung des Schweregrades der
entziindlichen Gewenbsveranderungen im Rahmen einer C. jejuni-Infektion darstellt, wurden
Caspase3* apoptotische Epithelzellen in Kolon-Biopsien mittels in situ Immunhistochemie
guantitativ untersucht. Am Tag 6 nach der Infektion zeigten die C. jejuni-infizierten Mause eine
vielfach erhéhte Anzahl apoptotischer Zellen in ihren Kolonepithelien, die im Vergleich zu
Vitamin D-behandelten Mausen um mehr als 60% hoher lag (Publikation 3; p<0,05; Abb. 3A,
Abb. S4A). Umgekehrt zeigten die Vitamin D-behandelten Mause eine deutlich h6here Anzahl
der Ki67* Kolonepithelzellen im Vergleich zur PLC-Behandlung (Publikation 3; p<0,05; Abb.
3B, S4B). Demnach hemmt eine Vitamin D-Behandlung die C. jejuni-induzierten apoptotischen
Veranderungen im Kolonepithel und fordert zellregenerative MaBBnhahmen, die einer
Schadigung der Darmzellen entgegenwirken.

Im weiteren Verlauf wurden sowohl die angeborene als auch die adaptive Immunzellreaktionen
im Kolon mittels immunhistochemischer Farbung von Kolonparaffinschnitten untersucht.
Durch die C. jejuni-Infektion stieg die Anzahl der innaten F4/80" Makrophagen und Monozyten
(Publikation 3; Abb. 4A, S4C) sowie adaptiver Immunzellen wie CD3* Lymphozyten
(Publikation 3; Abb. 4B, S4D) in der Kolonschleimhaut und der Lamina propria an, jedoch fiel
dieser Anstieg bei Vitamin D-behandelten M&usen im Vergleich zur PLC-Gruppe geringer aus.
Interessanterweise war die Anzahl der FOXP3* regulatorischen T-Zellen nach Vitamin D-
Behandlung im Vergleich zur PLC-Behandlung geringfligig hoher (Publikation 3; p<0,01; Abb.
4C, S4E). Somit fuhrt die Vitamin D-Behandlung zu einer weniger stark ausgepragten C. jejuni-
induzierten Akkumulation bestimmter Zellpopulationen der angeboren und adaptiven
Immunitat.

AnschlieRend wurden die Konzentrationen pro-inflammatorischer Mediatoren in ex vivo
Biopsien des Darmes gemessen. Die IL-6- und MCP-1-Konzentrationen stiegen nach der C.
jejuni-Infektion im Kolon von PLC-behandelten M&ausen, jedoch nicht bei Vitamin D-
behandelten Mausen an (Publikation 3; Abb. 5A, B). Jedoch wurden die C. jejuni-induzierten
erhohten TNF- und IFN-y-Konzentrationen im Kolon nicht von der Vitamin D-Gabe beeinflusst
(Publikation 3; Abb. 5C, D). Somit vermindert eine Vitamin D-Behandlung
entziindungsfordernde Mediatoren im Darmtrakt im Zuge einer C. jejuni-Infektion.

Des Weiteren wurden die entziindungshemmenden Wirkungen von Vitamin D ebenso auf

extraintestinaler Ebene untersucht. Tatsachlich waren die IFN-y-Konzentrationen in MLN und
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Leber von Vitamin D-behandelten Mausen im Vergleich zur PLC-Gruppe deutlich geringer
(Publikation 3; p<0,05; Abb. 7A, B). Interessanterweise fiihrte die C. jejuni-Infektion,
unabhangig vom Behandlungsschema, zu einer verminderten IFN-y-Sekretion in ex vivo
Biopsien der Milz (Publikation 3; p <0,001; Abb. 7C). Somit fiihrte die Vitamin D-Behandlung
zu einer niedrigeren C. jejuni-induzierten IFN-y-Sekretion in MLN und Leber.

Um der Frage nachzugehen, ob eine Vitamin D-Behandlung auch die systemischen pro-
inflammatorischen Immunantworten, die durch C. jejuni induziert werden, lindern kann, wurden
bestimmte Entziindfungsmediatoren im Serum gemessen. Sechs Tage nach der Infektion
zeigten Mause aus beiden Behandlungsgruppen vergleichbar erhéhte IL-6-, MCP1-, TNF- und
IFN-y-Serumkonzentrationen (Publikation 3; Abb. S5). Somit werden die nach einer C. jejuni-
Infektion erhdhten systemischen pro-inflammatorischen Mediatoren durch eine Vitamin D-

Behandlung nicht beeinflusst.

4. Diskussion

In diesen praklinischen Interventionsstudien wurde erstmals die potenziellen antipathogenen
und immun-modulierenden Eigenschaften von Vitamin C, Carvacrol und Vitamin D wahrend

der akuten Campylobacteriose in einem klinischen Mausinfektionsmodell untersucht.

4.1 Auswirkung der Vitamin C-Vorbehandlung in C. jejuni-infizierten,
sekundar abiotischen IL-107- Mausen

Da Vitamin C wasserloslich ist und die Konzentrationen, die den téglichen Bedarf
Uberschreiten, Gber die Nieren ausgeschieden werden, ist das Risiko von Nebenwirkungen
und Vergiftungen bei hochdosierter Vitamin C Einnahme bei intakter Nierenfunktion als eher
gering einzustufen [32]. Daher kommt hoch dosiertes Vitamin C als Therapiemoglichkeit gegen
die Campylobacteriose in Frage, auch wenn eine Diarrhoe als Nebenwirkung gegebenenfalls
in Kauf genommen werden muss. Mit unserer préklinischen Interventionsstudie wurden die
antibakteriellen und immunmodulierenden Eigenschaften von hoch dosiertem Vitamin C in
einem murinen Infektionsmodell nachgewiesen.

Die C. jejuni-Infektion in Vitamin C-vorbehandelten sekundéar-abiotischen IL-107 Mausen
resultierte in einer stabilen C. jejuni-Kolonisation und entsprechend hohen intestinalen
Pathogen-Lasten (bis zu 10° CFU/g Fazes), welche bis zum sechsten Tag nur geringfligig um
weniger als eine GrdlRenordnung gesenkt werden konnte. Die antibakteriellen Eigenschaften
von Vitamin C gegen durch Lebensmittel Gbertragbare Krankheitserreger wie C. jejuni und
Salmonella wurden durch mehrere frihere in vitro Studien bestétigt. Die pH-senkende

Eigenschaften von Vitamin C erklarten dessen antimikrobielle Wirksamkeit [74]. Dies ist jedoch
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nicht der Fall, was die antimikrobielle Aktivitat von Vitamin C gegen C. jejuni betrifft, die eher
von der Oxidation von Vitamin C zu Dehydroascorbinsaure und anderen Produkten abhangt
[32,33].

Trotz der hohen Pathogenlasten im Darm fuhrte die Vitamin C-Behandlung zur besseren
klinischen Symptomatik in C. jejuni-infizierten Mausen, die im Vergleich zur PLC-Gruppe
weniger an schwerem Durchfall und weniger blutigem Stuhl litten. Diese krankheitslindernde
Wirkung von Vitamin C ging mit weniger stark ausgepréagten apoptotischen
Kolonepithelzellreaktionen (im Vergleich zu PLC-Behandelten Tieren) bestatigt. Unsere
Befunden werden zudem durch eine mittels Vitamin C verminderte Helicobacter pylori-
induzierte Apoptose in menschlichen Magenepithelzellen [75] sowie reduzierte E. coli-
induzierte Apoptose in humanen Neutrophilen [76] und die Unterdriickung der apoptotischen
Signalwege in menschlichen Monozyten aufgrund der intrazellularen Vitamin C-Akkumulation
[77] unterstitzt.

Zusatzlich fuhrte die Vitamin C-Behandlung zu weniger stark ausgepragten C. jejuni-
induzierten pro-inflammatorischen Zelleaktionen des angeborenen sowie adaptiven
Immunsystems, die durch eine geringere Anzahl von Makrophagen und Monozyten sowie von
T- und B-Lymphozyten im entzindeten Dickdarm gekennzeichnet war. Infolgedessen
resultierte eine geringere Sekretion von pro-inflammatorischen Mediatoren wie etwa NO, TNF
und IFN-y und IL-6 innerhalb der entziindeten Kolonschleimhaut.

Frihere Studien haben gezeigt, dass die Inkubation von LPS-stimuliertem menschlichem Blut
mit Vitamin C mit verminderten TNF-Spiegel einherging [78]. Ebenso reduzierte Vitamin C die
TNF-Spiegel in T-Zellkulturen, die aus murinen Milzen gewonnen waren [79]. Aul3erdem fihrte
eine Kombinationsbehandlung von Vitamin C und Antibiotika zu verringerten Konzentrationen
von NO, TNF, IFN-y und IL-6 in Peritoneal-Makrophagen, die aus Staphylococcus aureus-
infizierten Mausen isoliert wurden [80].

Interessanterweise waren die entzindungshemmenden Wirkungen der Vitamin C-Behandlung
bei C. jejuni-infizierten M&usen nicht nur auf den Darmtrakt beschrankt, sondern konnten auch
in extraintestinalen Organen beobachtet werden. Im Vergleich zu PLC-behandelten Mause
zeigten die Vitamin C-behandelten Tiere weniger stark ausgepragte apoptotische
Zellveranderungen in Leber, Nieren und Lunge, niedrigere T-Zellen-Zahlen sowie verminderte
TNF-Konzentrationen in Lebern.

Zusammenfassend liefert unsere praklinische Interventionsstudie zum ersten Mal Hinweise,
dass die prophylaktische Applikation von Vitamin C als Nahrungserganzungsmittel eine
Therapie bei akuter Campylobacteriose ermdglicht. Dieser Effekt ist auf die starke
entziindungshemmende, Abwehrmechanismen-verstarkende und in der Konsequenz

krankheitslindernde Wirkung von Vitamin C zurlckzufihren.
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4.2 Auswirkung der Carvacrol-Vorbehandlung in C. jejuni-infizierten,

sekundéar abiotischen IL-107- Mausen

Die mit C. jejuni infizierten, sekundar abiotischen IL-107- M&use weisen klinischen Merkmale
einer schweren Campylobacteriose auf [26]. Daher wurde in der vorliegenden Studie dieses
von uns etablierte praklinische Modell verwendet, um anti-mikrobielle und anti-
inflammatorische Wirkungen von Carvacrol als Option flr die Prophylaxe und Therapie der
Campylobacteriose zu untersuchen.

Carvacrol wurde vier Tage vor der Infektion als eine prophylaktische Behandlung lber das
Trinkwasser in einer Konzentration von 500 mg/L angewendet. Bis zum Tag 6 nach der
Infektion konnte die Carvacrol-Vorbehandlung die intestinalen C. jejuni-Lasten um bis zu 2
Log-Stufen senken. Viele in vitro-Studien berichteten Uber antimikrobielle Wirkungen von
Carvacrol gegenuber Pathogenen, die vor allem durch Lebensmittel Ubertragen werden
konnen, wie zum Beispiel C. jejuni [52,81,82], Salmonella spp. [82,83], aber auch Escherichia
coli [84,85]. Eine weitere Studie konnte zeigen, dass Carvacrol in der Lage ist, die
Kolonisierung und Biofilmbildung von Campylobacter in Hilhnern zu reduzieren [53,81].
Unsere Untersuchungen haben gezeigt, dass die Carvacrol-Behandlung die klinische
Symptomatik der Campylobacteriose (inklusive blutigem Durchfall) lindern kann. Der Grund
dafur konnte die Wirkung von Carvacrol auf die Virulenz von C. jejuni durch Hemmung der
pathogenen Motilitat, Zellanhaftung, Gewebsinvasion und Toxin-Produktion sein, die u.a.
durch Hemmung der bakteriellen ATP-Produktion bewirkt wird, die zum bakteriellen Zelltod
fuhrt [52].

Die weniger stark ausgepragte C. jejuni-induzierte Apoptose und verstarkte Proliferation der
Darmzellen kennzeichneten eine gelinderte Campylobacteriose bei den Carvacrol-
behandelten Mausen. Die durch C. jejuni verursachten entziindungsférdernden
Immunantworten des Darms wurde ebenfalls durch die Carvacrol-Behandlung gehemmt. Dies
spiegelte sich in geringeren T- und B-Lymphozyten-Zahlen in der Schleimhaut und der Lamina
propria. von Dick- und des Dinndarms sowie in niedrigeren Konzentrationen von
entztindungsfordernden Mediatoren einschliel3lich TNF und IL-6 wider.

Die Ergebnisse von weiteren in vitro-Studien zeigten ebenso, dass eine Carvacrol-Behandlung
bei dendritischen Zellen und Makrophagen zu einer weniger ausgepragten TNF und IFN-y-
Sekretion flhrte [86]. Des Weiteren reduzierte Carvacrol die LPS-induzierte Expression der
pro-inflammatorischen Zytokine TNF und IL-6 in vivo [87,88].

In unserer aktuellen Studie konnten wir zudem zeigen, dass die entzindungshemmenden
Eigenschaften von exogenem Carvacrol nicht auf den Intestinaltrakt beschrankt war. So
konnten etwa weniger stark ausgepragte apoptoische Zellreaktionen und niedrigere TNF- und

IFN-y-Konzentrationen in extraintestinalen Organen wie Leber, Nieren und Lunge bei
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Carvacrol- im Vergleich zu PLC behandelten Mausen beobachtet werden. Eine friihere Studie
konnte bereits zeigen, dass die Applikation von Carvacrol wahrend einer LPS-induzierter
Endotoxinamie und akuter Lungenverletzung zu einer weniger stark ausgepragten Sekretion
von pro-inflammatorischen Zytokinen einschlielich TNF und IL-6 fuhrte und dadurch die
Uberlebensrate der Mause stieg [89]. Interessanterweise konnte in unserer Arbeit die
entzindungshemmende Wirkung von Carvacrol wéhrend einer akuten Campylobacteriose
auch systemisch beobachtet werden, zumal die Serumkonzentrationen von TNF, IFN-y, MCP-
1 und IL-6 in Carvacrol im Vergleich zu mit PLC behandelten C. jejuni-infizierten Mausen
niedriger waren.

Zusammenfassend wirkt Carvacrol durch die Senkung der intestinalen Pathogen-Lasten und
somit einer geringerer LOS-Exposition, wodurch die pro-inflammatorische Mediatorsekretion
deutlich reduziert wurde und es den C. jejuni infizierten Mausen klinisch wesentlich besser
ging. Zusatzlich veranlassen die entziindungshemmenden Effekte von Carvacrol und die
Beeintrachtigung verschiedener C. jejuni Virulenz-Faktoren eine geringere Rekrutierung von
Immunzellen, eine geringere Sekretion der pro-inflammatorischen Mediatoren, weniger stark
ausgepragte Zellapoptose, aber verstarkte gegenregulatorische Zellproliferation /-
regeneration, verminderte Translokation des Pathogens und geringere extraintestinale
einschlieBlich systemische Immunantworten, die in der Konsequenz zu dem besseren

klinischen Gesamtzustand beitragen.

4.3 Auswirkung der Vitamin D-Vorbehandlung in C. jejuni-infizierten,
sekundar abiotischen IL-107- M&usen

Aufgrund der positiven Wirkungen von Vitamin D auf das Immunsystem wird dessen Einnahme
als Nahrungserganzungsmittel derzeit als vielversprechende Option fiir die Zusatzbehandlung
und/oder Prophylaxe verschiedener immunpathologischer Morbiditdten einschlief3lich
bestimmter Infektionskrankheiten, Darmentziindungen [90] und sogar bei SARS-CoV-2 [91]
empfohlen.

In der vorliegenden Interventionsstudie blieb die intestinale Pathogenbelastung (10° C. jejuni
pro Gramm Fazes) in infizierten Mausen durch die prophylaktische Applikation von
synthetischem Vitamin D unbeeinflusst. Vorherige Studien zeigten, dass die Wirkungen von
Vitamin D wéhrend einer gastrointestinalen Infektion mit verschiedenen Bakterienarten wie
etwa Salmonella [92,93] eher auf die immunmodulatorischen als auf die direkten
antimikrobiellen Eigenschaften des Steroidhormons zurlickzuftihren sind.

Durch die hohen intestinalen Pathogenlasten zeigten die mit Vitamin D behandelten Mause im
Vergleich zu PLC-Kontrollen am Ende des Beobachtungszeitraums eine vergleichbare
makroskopische Erkrankung, dennoch litten sie wahrend der Entwicklung der

Campylobacteriose weniger unter Durchfall. Das makroskopische Ergebnis, insbesondere bei
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einem derart per-akuten, nicht selbstlimitierenden Darminfektions- und -entziindungsmodell,
beruht auf dem Gesamteffekt vieler verschiedener intestinaler, extraintestinaler und
systemischer Ereignisse innerhalb dieses Inflammationssyndroms [94].

Des Weiteren hemmte Vitamin D die C. jejuni-induzierte Apoptose von Kolonepithelzellen,
wahrend deren Proliferation und Regeneration im Gegenzug eher stéarker ausfiel. Diese
Beobachtung war im Einklang mit der entziindungsregulierenden Wirkung von Vitamin D in
dem Darmepithel [95] und in Nieren [96], in deren Zuge die Apoptose unterdriickt wird. Die
weniger ausgepragte Apoptose nach Vitamin D-Behandlung ging einher mit verminderten C.
jejuni-induzierten Immunzellreaktionen, die durch mehrere Studien bestatigt werden, die
zeigen, dass Vitamin D sowohl die angeborene als auch die adaptive Immunsystem reguliert
[97,98]. In unserer Studie konnte eine geringere Anzahl von angeborenen
Immunzellpopulationen wie Makrophagen und Monozyten in der Darmschleimhaut und der
Lamina propria von C. jejuni-infizierten Mausen beobachtet werden. Es ist bekannt, dass die
durch Vitamin D verursachte Stimulation von Makrophagen und dendritischen Zellen zu einer
verminderten pro-inflammatorischen Mediatorsekretion fiihrt [99].

Die Anzahl der T-Lymphozyten in der Darmschleimhaut war in Vitamin D-behandelten Mausen
mit C. jejuni-induzierter Enterokolitis im Vergleich zu PLC-behandelten Mausen niedriger.
Tatséachlich wurde in vorherigen Studien gezeigt, dass Vitamin D direkte (weniger ausgepragte
T-Zell-Proliferation) und indirekte (reduzierte Sekretion von pro-inflammatorischen Zytokinen)
Wirkungen auf T-Zellen hat, die anschlie3end zu einer Verbesserung der Entziindung fiihren
[100-102]. Bemerkenswerterweise war die mit Vitamin D assoziierte verminderte pro-
inflammatorische Mediatorsekretion nicht auf den Dickdarm beschrankt. Tatsachlich induzierte
C. jejuni eine erhohte Sekretion von IL-6, MCP-1 und IFN-y im terminalen lleum von Mausen
aus der PLC-Kontroll-, jedoch nicht aus der Vitamin D-Behandlungsgruppe.

Es ist bekannt, dass die Infektion mit C. jejuni zu einer Beeintrachtigung der epithelialen
Barriere-Funktion fahrt, die die pathogene Translokation vom entziindeten Darm in
extraintestinale einschliellich systemischer Kompartimente erleichtert [26,73]. Angesichts der
Tatsache, dass Vitamin D die Integritat der epithelialen Barrierefunktion férdert [103], haben
wir in unserer praklinischen Studie mogliche Vitamin D-vermittelte Effekte auf pathogene
Translokationsfrequenzen untersucht. Unsere Ergebnisse zeigen, dass C. jejuni nach der
Vitamin D-Behandlung mit einer geringeren Haufigkeit aus den Nieren und der Milz infizierter
Méause kultiviert werden konnte, wahrend die Pathogen-Isolierungsraten in MLN, Leber und
Lunge in etwas mit der PLC-Gruppe vergleichbar war. Bemerkenswerterweise blieben alle
Blutkulturen unabh&angig vom Behandlungsschema C. jejuni-kultur-negativ.

Nichtdestotrotz gingen die beobachteten entziindungshemmenden Wirkungen am ehestens
auf die Anwendung von Vitamin D zurlick, die zu einer weniger beeintrachtigten epithelialen

Barriere-Funktion des Kolons fiihrte. Dies wiederum verringerte sehr wahrscheinlich das

23



Risiko der Ausbreitung sowohl lebensfahiger Bakterien als auch ldslicher Bakterienmolekile
wie etwa C. jejuni-LOS. Es wird daher angenommen, dass die mit Vitamin D verbundenen
entzindungshemmenden Wirkungen insbesondere weitere bakterieninduzierte Schaden in
diesem akuten C. jejuni-induzierten Entzindungsmodell verhindern.

Somit liefert diese praklinische Interventionsstudie Hinweise darauf, dass die prophylaktische
perorale Anwendung von Vitamin D im hier angewendeten klinischen Mausmodell die
intestinalen und extraintestinalen  Entziindungsreaktionen wahrend der akuten
Campylobacteriose dampft. Weitere Studien sind erforderlich, um geeignete Vitamin D-Dosen
zur Vorbeugung und Bekdmpfung bestimmter gastrointestinaler Infektionskrankheiten beim

Menschen zu definieren.
4.4  Fazit und Ausblick

Die oben beschriebenen praklinischen Interventionsstudien im murinen Camplyobacter jejuni-
Infektions- und Inflammationsmodell bestdtigen die Annahme, dass eine prophylaktische
Behandlung mit Vitamin C, Carvacrol oder Vitamin D das Krankheitshild der
Campylobacteriose auf verschiedenen Ebenen verbessern kann. Die Ergebnisse belegen die
immun-modulierenden Eigenschaften der oral verabreichten Substanzen wéhrend einer
akuten C. jejuni-induzierten Enterokolitis. Wahrend die Behandlung mit Vitamin C oder
Carvacrol die Pathogenlasten reduzierte und dadurch sowohl antimikrobiell als auch
immunregulierend wirkte, zeigte die Behandlung mit Vitamin D eine eher anti-inflammatorische
Wirkung im Rahmen der C. jejuni-Infektion. Um das Syndrom der Campylobacteriose
maoglichst auf verschiedenen Ebenen positiv zu beeinflussen, wére etwa eine Kombination von
Vitamin C, D und Carvacrol als vielsprechende Behandlungsoption denkbar.

Trotz einer Linderung der C. jejuni-induzierten Symptomen nach einer Behandlung mit einer
einzelnen Substanz wurden extraintestinale Kollateralschaden nach einer C. jejuni-Infektion
beobachtet. Das Zirkulieren von lgslichen Bakterienmolekilen wie etwa C. jejuni-LOS, vom
entziindeten Darm ausgehend Uber den Kreislauf, kénnte eine mdgliche Erklarung fir diese
Beobachtung sein. Das LOS bzw. LPS der Gram-negativen Bakterien bindet sich an TLR-4
und l6st somit eine Signalkaskade aus, die zu einer Inflammationsreaktions fuhrt [5]. Allerdings
ist bekannt, dass es zwischen der Aktivierung von murinem und menschlichem TLR-4
durchaus Unterschiede gibt, die hdchstwahrscheinlich auf das LPS/LOS-Erkennungsmuster
des Rezeptorkomplexes zuriickzufihren sind [104].

Dennoch ist einer der Hauptunterschiede zwischen murinem und humanem Organismus die
Kolonisationsresistenz der Wildtyp-Maus gegenuber C. jejuni. Daher wurde in unseren Studien
das von der Arbeitsgruppe etablierte Mausmodell, die sekundar abiotische IL-107- Maus [26],
verwendet, welches durch die Antibiotika-Vorbehandlung keine murine Flora beherbergt.
Dieser Aspekt und das Fehlen des IL-10-Gens ermdglichen die Kolonisation und
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darauffolgende Infektion von C. jejuni in murinen Gastrointestinaltrakt. Wie schon bereits von
der Arbeitsgruppe beschrieben, kdnnen diese sekundar abiotischen Mause ebenfalls mit einer
humanen Darmmikrobiota erfolgreich kolonisiert werden [105,106]. Somit wird eine human-
ahnliche (,humanisierte®) Situation im Rahmen der Pathogen-Wirts-Interaktionen dargestellt.
Hierbei konnten die Resultate einer prophylaktischen Behandlung der (bezulglich ihrer
Darmmikrobiota) ,humanisierten® Mause mit den Substanzen, gefolgt von der C. jejuni-
Infektion, besser auf die humane Campylobacteriose tbertragen werden.

Zusammenfassend, liefern diese préklinische Interventionsstudien Hinweise darauf, dass die
prophylaktische perorale Anwendung von Vitamin C, Carvacrol und Vitamin D im hier
angewendeten  klinischen ~ Mausmodell die intestinalen und extraintestinalen
Entzindungsreaktionen wahrend der akuten Campylobacteriose reduzieren kann. Weitere
Studien sind erforderlich, um i) die direkte Wirkung der Substanzen gegen C. jejuni auf
molekulare Ebene zu untersuchen und ii) die geeigneten Dosen zur Vorbeugung und
Bekampfung bestimmter gastrointestinaler Infektionskrankheiten beim Menschen zu

definieren.
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Vitamin C alleviates acute
enterocolitis in Campylobacter
Jejuniinfected mice

Soraya Mousavi’, Ulrike Escher?, Elisa Thunhorst?, Sophie Kittler?, Corinna Kehrenberg?,
Stefan Bereswill** & Markus M. Heimesaat™*"

Human foodborne infections with the zoonotic pathogen Campylobacter jejuni are on the rise and
constitute a significant socioeconomic burden worldwide. The health-beneficial, particularly anti-
inflammatory effects of vitamin C (ascorbate) are well known. In our preclinical intervention study, we
assessed potential anti-pathogenic and immunomodulatory effects of ascorbate in C. jejuni-infected
secondary abiotic IL-10~/~ mice developing acute campylobacteriosis similar to humans. Starting 4
days prior peroral C. jejuni-infection, mice received synthetic ascorbate via the drinking water until the
end of the experiment. At day 6 post-infection, ascorbate-treated mice harbored slightly lower colonic
pathogen loads and suffered from less severe C. jejuni-induced enterocolitis as compared to placebo
control animals. Ascorbate treatment did not only alleviate macroscopic sequelae of infection, but also
dampened apoptotic and inflammatory immune cell responses in the intestines that were accompanied
by less pronounced pro-inflammatory cytokine secretion. Remarkably, the anti-inflammatory

effects of ascorbate pretreatment in C. jejuni-infected mice were not restricted to the intestinal tract
but could also be observed in extra-intestinal compartments including liver, kidneys and lungs. In
conclusion, due to the potent anti-inflammatory effects observed in the clinical murine C. jejuni-
infection model, ascorbate constitutes a promising novel option for prophylaxis and treatment of acute
campylobacteriosis.

Campylobacter jejuni are the most common cause of food-borne gastroenteritis with increasing prevalence world-
wide', In fact, human campylebacteriosis represents a socioeconomic burden given estimated disease-associated
costs of approximately 2.4 billion Euro®. Most commonly, C. jejuni transfer via consumption of contaminated
raw or undercooked meat and milk or the ingestion of contaminated surface water to humans*-®. The intestinal
colonization of C. jejuni induces a strong inflammatory response of the innate immune system affecting both,
absorptive and secretory functions of the gastrointestinal tract’. In fact, campylobacteriosis constitutes a classical
sodium malabsorption syndrome®, which depending on the bacterial strain and the host immune status, results
in illness ofvarying degreem. Whereas some patients remain asymptomatic or display mild symptoms, others
develop fever, abdominal pain and watery diarrhea, or suffer from acute campylobacteriosis characterized by
severe enterocolitis with inflammatory, bloody diarrhea'!!. In the majority of events, the disease is self-limited
and treated symptomatically, whereas patients with immunosuppressive comorbidities require antibiotic
treatment'*'?, However, in few instances, postfinfectinus sequelae including Guillain-Barré syndrome, Miller
Fisher syndrome, reactive arthritis and chronic inﬁammatcry conditions of the intestinal tract might develop
with a latent period of weeks or longer"'3,

Even though human campylobacteriosis is becoming increasingly important, the distinct cellular and molecu-
lar mechanisms of host-pathogen interactions are limited. Clinical investigations in human patients disclosed that
severe courses of Campylobacter infection and post-infectious morbidities (e.g., Guillain-Barré syndrome) are
induced by the Gram-negative bacterial cell wall constituent lipooligosaccharide (LOS), especially sialylated LOS,
which leads to hyper-activating of immune response'*. Further RNA sequencing studies in human volunteers
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confirmed the major role of LOS-induced toll-like receptor (TLR) -4 signaling pathways in the induction of acute
campylobacteriosis®. These findings support the view that campylobacteriosis results from a LOS-induced, TLR-4
mediated hyperergic innate immune response, which is similar to the inflammatory events induced by other
LOS producing pathogens like Neisseria meningitidis and N. gonorrhoeae. However, in vivo trials have been ham-
pered by the limited availability of experimental models. Mice show a strong physiological colonization resist-
ance against invading microorganisms due to the mouse specific gut microbiota composition and are therefore
protected from infection with enteropathogenic bacteria such as C. jejuni'*-'". Furthermore, when compared
to human, mice have been shown to be about 10,000-fold more resistant against LOS and lipopolysaccharide
(LPS) expressed by Gram-negative bacteria'®-2°. We could recently show that a depletion of the gastrointesti-
nal microbiota upon broad-spectrum antibiotic application in IL-10~/~ mice facilitates intestinal C. jejuni col-
onization resulting in the development of key symptoms of acute human campylobacteriosis including wasting
and bloody diarrhea within several days post-infection?'. The main reasons for these severe C. jejuni induced
immunopathological responses mounting in acute ulcerative enterocolitis are (i.) the abrogation of colenization
resistance following microbiota depletion and (ii.) the lack of IL-10 enhancing susceptibility of mice to C. jejuni
LOS?!, In consequence, secondary abiotic IL-10~'~ mice challenged with C. jejuni show strong intestinal and
extra-intestinal immune responses via LOS-induced TLR-4 signaling?'-*. Most importantly, the major role of
LOS-induced intestinal immunopathology during campylobacteriosis was independently confirmed in elegant
infection experiments with microbiota depleted SIGGR™'~ mice developing campylobacteriosis similar to sec-
ondary abjotic IL-10 deficient mice. In contrast to the latter, the SIGGR ™'~ mice rendered sensitive to LOS due to
the lack of a central inhibitor of cellular LPS/LOS-induced signaling pathways?'.

In the 1920s, vitamin C was first isolated by the Hungarian Nobel laureate Albert Szent Gydrgyi on track
to unravel the options for treatment and prophylaxis of morbidities such as scurvy caused by deficiency of this
(for humans essential) vitamin®**, Patients suffering from scurvy exhibit poor wound healing due to weaken-
ing of collagenous structures and compromised immune cell functions® and are therefore highly susceptible to
infections*>**. Ascorbate, the biologically active form of vitamin C, exerts a strong reductive potential and acts
as a potent antioxidant that can be reversibly oxidized to dehydroascorbic acid*-%, Due to these characteristics,
ascorbate is involved in several pivotal host defenses including immune regulatory pathways®. This is further
underlined by the fact that both, innate and adaptive immune cells such as neutrophils, monocytes and lym-
phocytes, respectively, can accumulate ascorbate against a concentration gradient and exhibit intracellular con-
centrations that are up to 100 times higher than in plasma® %, The presence of ascorbate in cells and plasma
protects from oxidative stress. It is known that during phagocytosis, human granulocytes release hydrogen per-
oxide (H,0O,) into the extracellular medium subsequently causing oxidative stress*® and cell damage by lipid
peroxidation and alteration of protein and nucleic acid structure®’. Interestingly, due to this potent antioxidant
property, ascorbate has been shown to neutralize H,0, and to reduce the H,0,-induced apoptosis in periodontal
tissues*!. Moreover, endotoxin-induced oxidative stress due to reactive oxygen species (ROS) is associated with
high cell mortality*2. Increasing intracellular ascorbate concentrations, however, decrease ROS levels, thereby
counteracting cell mortality**.

Ascorbate has been shown to exert antimicrobial effects against distinct bacterial species such as
Mycobacterium tuberculosis**-*, Staphylococcus aureus, Escherichia coli**, Helicobacter pylori**=" and Salmonella
species®! in vitro. Beside direct effects of ascorbate due to its low pH, for instance, reducing cell viability, it is also
known that ascorbate exerts indirect bactericidal effects in the presence of metal ions or oxygen®?. However,
bacterial biofilm protects the cells against external influences and causes increased tolerance to antibiotic com-
pounds®, Interestingly, ascorbate disrupts bacterial biofilm formation by inhibiting production of extracellular
polymeric substances in Bacillus subtilis** and methicillin-resistant 5. aureus (MRSA)*® and pyocyanin production
in Pseudomonas aeruginosa®. Thus, vitamin C (alone or in combination with antibiotics) constitutes a promising
treatment option to destabilize bacterial biofilms.

Studies in the early 1980s revealed that growth of enteropathogens such as C. jejuni could be inhibited by
ascorbate at low concentrations*>*"38, The authors have elegantly shown that the antimicrobial activity of ascor-
bate against C. jejuni is not due to lowered pH, but rather depends on the oxidation of ascorbate to dehydroascor-
bate and other products. However, the antimicrobial effects of ascorbate against C. jejuni have not been examined
further and the exact mechanisms underlying the ascorbate-mediated toxicity against C. jejuni are still not known
in detail. Moreover, data regarding potential immunomodulatory effects of ascorbate in C. jejuni infection are
completely missing. This prompted us to perform for the first time a preclinical ascorbate intervention study
applying our well-established murine clinical model of acute campylobacteriosis. Therefore, microbiota depleted
IL-10-'~ mice were subjected to synthetic ascorbate application via the drinking water, perorally infected with C.
jejuni and surveyed for gastrointestinal pathogen loads, clinical outcome and intestinal as well as extra-intestinal
immune responses during campylobacteriosis.

Results

Ascorbate treatment and gastrointestinal pathogen loads in C. jejuni infected secondary abi-
otic IL-10~/~ mice. We first assessed antimicrobial effects of synthetic ascorbate against C. jejuni in vitro.
Studies on minimal inhibitory concentrations (MICs) of 20 different C. jejuni isolates revealed a MIC,, value
of 2818 mg/L (16 mM) with MICs ranging between 352 and 2818 mg/L (Supplementary Fig. S1). A MIC of
1409 mg/L (8 mM) was determined for the C. jejuni infection strain 81-176.

Secondary abiotic IL-10~/~ mice were subjected to synthetic ascorbate treatment via the drinking water
starting four days prior C. jejuni infection and lasting until necropsy. The concentration of the applied ascor-
bate solution was 5g/L and hence, 3.56 times the MIC of the C. jejuni infection strain 81-176. On days 0 and
1, mice were then perorally challenged with 10° viable C. jejuni bacteria by gavage and surveyed until day 6
post-infection (p.i.). Bacterial culture analysis of faecal samples over time revealed that ascorbate treatment did
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Figure 1. Gastrointestinal pathogen loads following ascorbate treatment of C. jejuni infected secondary
abiotic IL-10~/~ mice. Starting four days before peroral C. jejuni infection on days 0 and 1, secondary abiotic
IL-10""" mice were treated with synthetic ascorbate (ASCOR; open circles) or placebo (PLC; filled circles)

via the drinking water. At day 6 post-infection, C. jejuni were isolated from distinct Juminal parts of the
gastrointestinal tract by culture and pathogenic loads expressed as colony forming units per gram (CFU/g).
Medians, significance levels (p-values) assessed by the Mann-Whitney U test (for pairwise comparisons of PLC
vs ASCOR in respective gastrointestinal compartment) and numbers of analyzed animals (in parentheses) are
indicated. Data were pooled from four independent experiments.

not affect intestinal colonization properties of the applied C. jejuni strain as indicated by comparable median
loads of approximately 10° colony forming units per gram (CFU/g) derived from ascorbate or placebo (PLC)
treated mice (n.s.; Supplementary Fig. $2). At day 6 p.i,, colonic C. jejuni loads were slightly lower in ascorbate as
compared to placebo treated mice (i.e., less than one log order of magnitude; p < 0.001; Fig. 1), whereas pathogen
numbers were comparable in more proximal parts of the gastrointestinal tract including stomach, duodenum and
ileum (n.s,; Fig. 1). Hence, ascorbate does only marginally affect intestinal C. jejuni colonization in vivo.

Ascorbate treatment ameliorates the clinical outcome of campylobacteriosis in C. jejuni
infected secondary abiotic IL-10~/~ mice. A kinetic survey of the clinical conditions of ascorbate versus
PLC treated mice revealed that as early as day 5 p.i., the former suffered less distinctly from C. jejuni infection
as compared to the latter (Supplementary Fig. $3). Upon necropsy (i.e., at day 6 p.i.), placebo treated mice were
suffering from wasting and severe bloody diarrhea indicative for acute enterocolitis, whereas ascorbate treatment
resulted in significantly reduced C. jejuni induced symptoms (Fig. 2A; Supplementary Fig. §3), particularly in
less severe wasting, less pronounced diarrhea, less frequent abundance of blood in faecal samples and in better
overall clinical appearance (p < 0.05-0.001 vs PLC; Fig. 2). Remarkably, almost 40% of infected mice from the
ascorbate cohort were clinically uncompromised as indicated by cumulative clinical scores of 0 in 7 out of 18 cases
(p < 0.001 vs PLC; Fig. 2A; Supplementary Fig. $3). Hence, ascorbate treatment alleviates clinical symptoms of
campylobacteriosis.

Ascorbate reduces apoptosis in the colon of C. jejuni infected secondary abiotic IL-10—/~ mice.
We next quantitatively assessed pathogen-induced histopathological changes in hematoxylin and eosin (H&E)
stained colonic paraffin sections applying a standardized histopathological scoring system®. At day 6 p.i., ascor-
bate treated mice displayed a trend towards slightly lower histopathological scores as compared to PLC control
animal (n.s; Fig. 3A).

Since apoptosis is regarded as a reliable parameter for the histopathological grading of intestinal inflam-
mation'®, we further quantitatively determined apoptotic colonic epithelial cell numbers following in situ
immunohistochemical staining of colonic paraffin sections with a caspase3 antibody. In fact, C. jejuni infec-
tion was associated with multifold increases in colonic apoptotic epithelial cells at day 6 p.i. (p < 0.001 vs naive,
whereas this increase was far less pronounced in ascorbate as compared to PLC treated mice (p < 0.001; Fig. 3B;
Supplementary Fig. S4). Hence, ascorbate treatment decreases C. jejuni induced apoptotic responses in colonic
epithelial cells.

Less distinct pro-inflammatory immune cell responses in the colon following ascorbate treat-
ment of C. jejuniinfected secondary abiotic IL-L0~/— mice. We next assessed large intestinal immune
cell responses following ascorbate treatment of C. jejuni infected mice. C. jejuni infection was associated with
marked increases of both, innate immune cell populations such as macrophages and monocytes (p < 0.001;
Fig. 4A; Supplementary Fig. $5a) and adaptive immune cell subsets including T and B lymphocytes (p <0.01-
0.001; Fig. 4B,C; Supplementary Fig. S5b,c). At day 6 p.i., however, ascorbate treated mice displayed lower num-
bers of macrophages/monocytes as well as of T and B lymphocytes in their colonic mucosa and lamina propria as
:()mpared to infected PLC control animals (p < 0.01-0.001; Fig. 4; Supplementary Fig. §5). Hence, ascorbate treat-
ment does not only alleviate macroscopic disease and colonic epithelial apoptosis following C. jejuni infection,
but also dampens immune cell responses in the infected large intestines.
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Figure 2. Macroscopic aspects of ascorbate treated mice following C. jejuni infection. Starting four days

before peroral C. jejuni infection on days 0 and 1, secondary abiotic IL-10"'~ mice were treated with synthetic
ascorbate (ASCOR; open circles) or placebo (PLG; filled circles) via the drinking water. Applying a standardized
clinical scoring system (see methods), (A) overall clinical outcome, (B) wasting, (C) abundance of faecal blood
and (D) stool consistency were quantitatively surveyed at day 6 post-infection. Naive mice (open diamonds)
served as uninfected controls. Medians, significance levels (p-values) assessed by the Kruskal Wallis test
followed by Dunns correction and numbers of analyzed animals (in parentheses) are indicated. Data were
pooled from four independent experiments.

Reduced pro-inflammatory mediator secretion in the intestinal tract following ascorbate treat-
ment of C. jejuniinfected secondary abiotic IL-10~/~ mice. We further surveyed pro-inflammatory
mediator responses in the intestines of ascorbate versus PLC treated C. jejuni infected mice. Six days following C.
jejuni infection elevated nitric oxide (NO) and tumor necrosis factor (TNF) concentrations could be measured in
colonic ex vivo biopsies (p < 0.01-0.001 vs naive; Fig. 5A,B), whereas ascorbate treated mice displayed lower medi-
ator levels in their large intestines as compared to PLC control animals (p < 0.05; Fig. 5A,B). Remarkably, elevated
IL-6 and interferon-~ (IFN-+) concentrations were determined in colonic ex vivo biopsies at day 6 p.i. of PLC
(p <0.01 and p < 0.001 vs naive, respectively), but not ascorbate treated mice (Fig. 5C,D), which also held true
for IFN-~ levels measured in mesenteric lymph nodes (MLN) at day 6 p.i. (p < 0.001; Fig. 5E). Hence, ascorbate
treatment dampens pro-inflammatory mediator responses in the large intestines of C. jejuni infected mice.
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Figure 3. Histopathological and apoptotic cell responses in colonic epithelia of ascorbate treated mice
following C. jejuni infection. Starting four days before peroral C. jejuni infection on days 0 and 1, secondary
abiotic IL-10~/~ mice were treated with synthetic ascorbate (ASCOR; open circles) or placebo (PLC; filled
circles) via the drinking water. (A) Histopathological changes were quantitated in hematoxylin and eosin
stained colonic paraffin sections applying a standardized scoring system as described in methods. (B) The
average numbers of apoptotic (positive for caspase3, Casp3*) colonic epithelial cells from six high power fields
(HPE, 400x magnification) per mouse were assessed microscopically in immunohistochemically stained large
intestinal paraffin sections at day 6 post-infection. Naive mice (open diamonds) served as uninfected and
untreated controls. Medians, significance levels (p-values) assessed by the one-way ANOVA test followed by
Tukey correction and numbers of analyzed animals (in parentheses) are indicated. Data were pooled from four
independent experiments.
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Figure 4. Colonicimmune cell responses in ascorbate treated mice following C. jejuni infection. Starting

four days before peroral C. jejuni infection on days 0 and 1, secondary abiotic IL-10~/~ mice were treated with
synthetic ascorbate (ASCOR; open circles) or placebo (PLG; filled circles) via the drinking water. The average
numbers of (A) macrophages and monocytes (positive for F4/80), (B) T lymphocytes (positive for CD3), and
(C) B lymphocytes (positive for B220) in the colonic mucosa and lamina propria from six high power fields
(HPF, 400x magnification) per mouse were assessed microscopically in immunohistochemically stained large
intestinal paraffin sections at day 6 post-infection. Naive mice (open diamonds) served as uninfected and
untreated controls. Medians, significance levels (p-values) assessed by the one-way ANOVA test followed by
Tukey correction and numbers of analyzed animals (in parentheses) are indicated. Data were pooled from four
independent experiments.
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Figure 5. Intestinal inflammatory mediator responses in ascorbate treated mice following C. jejuni infection.
Starting four days before peroral C. jejuni infection on days 0 and 1, secondary abiotic IL-10~/~ mice were
treated with synthetic ascorbate (ASCOR; open circles) or placebo (PLC; filled circles) via the drinking water. At
day 6 post-infection. pro-inflammatory mediators including (A) nitric oxide, (B) TNE, (C) IL-6 and (D) IFN-~
were measured in supernatants of ex vivo biopsies derived from the colon as well as (E) IFN-~ concentrations
assessed in mesenteric lymph nodes (MLN). Naive mice served as negative controls (open diamonds). Medians,
significance levels (p-values) assessed by the Kruskall Wallis test followed by Dunns correction and numbers of
analyzed animals (in parentheses) are indicated. Data were pooled from four independent experiments.

Amelioration of inflammatory responses in extra-intestinal compartments following ascorbate
treatment of C. jejuni infected secondary abiotic IL-10~/— mice. We further addressed whether
the ascorbate associated disease-alleviating effects could also be observed in extra-intestinal compartments.
We therefore quantitati\rely assessed apoptotic cell responses in kidneys, lungs and liver applying in sifu immu-
nohistochemistry. Six days following C. jejuni infection, increased numbers of caspase3* cells could be deter-
mined in the kidneys and lungs of PLC (p < 0.01-0.001 vs naive), but not of ascorbate treated mice (Fig. 6A,B;
Supplementary Fig. S6a,b). C. jejuni infected mice from either cohort displayed elevated hepatic apoptotic cell
numbers (p < 0.01-0.001 vs naive), but with a trend towards lower numbers following ascorbate as compared to
PLC application (n.s.; Fig. 6C; Supplementary Fig. $6¢). Furthermore, PLC (p < 0.001 vs naive), but not ascor-
bate treated mice exhibited increased numbers of CD3" T lymphocytes in their livers (Fig. 7A; Supplementary
Fig. $6d), that was accompanied by elevated C. jejuni induced hepatic TNF secretion in the former, but not the
latter cohort (p < 0.05 vs PLC; Fig. 7B).

We finally surveyed whether viable pathogens had translocated from the intestinal tract to extra-intestinal
including systemic tissue sites following ascorbate treatment. C. jejuni translocation frequencies to MLN, spleen
and liver were rather comparable following either treatment regimen at day 6 p.i. (Supplementary Fig. S7), whereas
viable bacteria were isolated from the kidneys and lungs of PLC treated mice in single cases only, but in none of
the animals from the ascorbate cohort (Supplementary Fig. §7). Of note, all blood samples taken at day 6 p.i. were
C. jejuni-culture negative. Hence, the disease-alleviating effects of ascorbate treatment in C. jejuni infected mice
were not restricted to the intestinal tract but could also be observed in extra-intestinal compartments.

Discussion

In this preclinical intervention study, we addressed for the first time potential anti-pathogenic and immunomodu-
latory properties of vitamin C during experimental acute campylobacteriosis in a clinical murine infection model.
Following adding ascorbate to the drinking water starting four days prior C. jejuni infection of microbiota depleted
IL-10-'~ mice the excessively high gastrointestinal pathogen loads (of up to 10° viable bacterial cells per g faeces)
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Figure 6. Extra-intestinal apoptosis in ascorbate treated mice following C. jejuni infection. Starting four days
before peroral C. jejusni infection on days 0 and 1, secondary abiotic IL-10~'~ mice were treated with synthetic
ascorbate (ASCOR; open circles) or placebo (PLG; filled circles) via the drinking water. At day 6 post-infection,
the average numbers of apoptotic cells (positive for caspase-3, Casp3™) from six high power fields (HPE, 400x
magnification) per mouse were assessed microscopically in immunohistochemically stained paraffin sections
derived from (A) liver, (B) kidneys and (C) lungs. Naive mice served as uninfected and untreated controls
(open diamonds). Medians, significance levels (p-values) assessed by the Kruskal Wallis test followed by Dunns
correction and numbers of analyzed animals (in parentheses) are indicated. Data were pooled from four
independent experiments.
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Figure 7. Hepatic inflammatory immune responses in ascorbate treated mice following C. jejuni infection.
Starting four days before peroral C. jejuni infection on days 0 and 1, secondary abiotic IL-10~"~ mice were
treated with synthetic ascorbate (ASCOR; open circles) or placebo (PLC; filled circles) via the drinking water.
At day 6 post-infection, the average numbers of (A) T lymphocytes (positive for CD3) from six high power
fields (HPF, 400x magnification) per mouse were assessed microscopically in immunohistochemically stained
paraffin sections derived from liver ex vivo biopsies. Furthermore, (B) TNF concentrations were determined
in supernatants of hepatic ex vivo biopsies taken at day 6 p.i. Naive mice served as negative controls (open
circles). Numbers of mice (in parentheses), medians (black bars) and significance levels (p-values) determined
by the one-way ANOVA test followed by Tukey correction are indicated. Data shown were pooled from three
independent experiments.

SCIENTIFIC REPORTS| (2020) 10:2921 | https://doi.org/10.1038/541598-020-55890-8

XL



www.nature.com/scientificreports/

within the stably infected animals could only marginally be lowered by less than one order of magnitude until day
6 p.i. This result was not surprising given that the ascorbate concentration within the drinking water exceeded
approximately 3.5 times the MIC against the applied C. jejuni strain but is reduced by mixing with the secretory
body fluids in the intestinal tract of the animals. The potent antibacterial properties of ascorbate directed against
food-borne pathogens such as C. jejuni*>*"** and Salmonella species®***' have been further supported by several
previous in vitro studies. Initially, it was hypothesized that the antimicrobial effects of vitamin C were particularly
due to its pH lowering properties®2. But this is not the case for the antimicrobial activity of ascorbate against C.
jejuni, which depends on oxidation of ascorbate to dehydroascorbic acid and other products, as confirmed in
independent studies in vitro®™5s.

Despite the high gastrointestinal pathogen burdens, ascorbate treatment resulted in much better overall
clinical conditions of C. jejuni infected mice including less severe diarrhea and less frequent abundance of fae-
cal blood. It is noteworthy that almost 40% of mice from the ascorbate cohort were clinically uncompromised
whereas mice from the placebo group suffered from full-blown campylobacteriosis as indicated by wasting and
bloody diarrhea. The better macroscopic outcome upon ascorbate pretreatment of C. jejuni infected mice was
accompanied by less apoptotic colonic epithelial cell responses. In support, Helicobacter pylori-induced apop-
tosis in human gastric epithelial cells was shown to be dampened after ascorbate treatment®, whereas another
study revealed that intracellular accumulation of ascorbate could suppress apoptotic pathways in human mono-
cytes in vitro®!. Moreover, co-incubation with ascorbate promoted proliferative properties of human peripheral
T lymphocytes®>®,

In addition to exerting antimicrobial effects, vitamin C has been shown to exhibit potent immunomodu-
latory, particularly anti-inflammatory properties both, in vitro and in vivo® %, In our present study, ascorbate
treatment resulted in less pronounced C. jejuni-induced pro-inflammatory innate as well as adaptive immune
responses as indicated by lower numbers of macrophages and monocytes as well as of T and B lymphocytes,
respectively, within the inflamed colonic mucosa and lamina propria that were accompanied by less intestinal
secretion of pro-inflammatory mediators including nitric oxide, TNF, and IFN-~and IL-6 at day 6 p.i. In support,
ascorbate co-incubation resulted in down-regulated TNF levels in human whole blood” and in splenic mouse
T cell cultures’, whereas decreased nitric oxide, TNF, IFN-~, and [L-6 concentrations could be determined in
Staphylococcus aureus infected murine peritoneal macrophages in vitro*. Furthermore, ascorbate application
to healthy subjects enhanced natural killer cell activities, lymphocyte proliferation and chemotaxis™””, further
underlining the potent immunomodulatory, anti-inflammatory effects of vitamin C*,

Notably, the anti-inflammatory effects of ascorbate treatment in C. jejuni infected mice were not restricted to
the intestinal tract, but could also be observed in extra-intestinal organs as indicated by less distinct apoptosis in
liver, kidneys and lungs and lower T cell numbers and lower TNF concentrations in livers of ascorbate versus pla-
cebo treated mice. Interestingly, translocation frequencies of viable C. jejuni from the intestinal tract to the liver
were rather comparable following either treatment regimen, whereas no viable bacteria at all could be isolated
from the kidneys and lungs following ascorbate pretreatment and in single cases only in placebo control mice at
day 6 p.i.

Y‘l'hg here presented immunomodulatory properties of an externally applied vitamin during acute C. jejuni
induced enterocolitis are further supported by our very recent study surveying the health beneficial (i.e,
anti-inflammatory) effects of vitamin D in the same clinical murine campylobacteriosis model. Following
pre-treatment with synthetic 25-OH cholecalciferol, secondary abiotic IL-10~'~ mice (i.) harbored comparably
high C. jejuni loads in their gastrointestinal tract alike placebo controls upon peroral infection, but (ii.) suf-
fered less frequently from diarrhea in the midst of infection, displayed (iii.) less pathogen-induced apoptotic,
but (iv.) more pronounced counter-regulatory regenerative colonic cell responses that were accompanied by (v.)
less distinct recruitment of both, innate und adaptive immune cells to the infected intestines, and by (vi.) less
secretion of pro-inflammatory mediators in the intestinal tract (i.e, colon, ileum und MLN) as well as in the
liver. Furthermore, as opposed to placebo controls (vii.) vitamin D treated mice displayed an uncompromised
colonic epithelial barrier function which was accompanied by (viii.) less distinct bacterial translocation from the
inflamed gut to extra-intestinal compartments in the latter as compared to the former™.

The pharmacokinetic properties of ascorbate in the vertebrate host are well studied’*-7®. Murine investigations
on absorption, tissue distribution and retention of ascorbate’-7® revealed that maximum ascorbate concentra-
tions could be measured in liver and kidneys (alike in the urine of humans™) approximately three hours following
peroral single dose application’. Whereas in the lungs, adrenal glands, skin, white fat and pancreas peak levels
were detectable as early as 6hours, in the spleen increasing ascorbate concentrations could still be assessed until
24 hours following application™. The risk of adverse effects and intoxication upon high-dose ingestion may be
considered negligible in subjects with intact renal function, given that vitamin C is water-soluble and concen-
trations exceeding the daily demands will be excreted via the kidneys® . Together, ascorbate application can be
considered as safe and has been pharmaceutically approved for the treatment of gastrointestinal morbidities in
humans™***! Interestingly, several inflammatory morbidities within the gastrointestinal tract have been shown
to be associated with reduced ascorbate plasma concentrations®>®.

In conclusion, our pre-clinical intervention study provides strong evidence for the first time that ascorbate
constitutes a promising compound exerting potent anti-inflammatory and hence, disease-alleviating effects in
non-self-limiting acute campylobacteriosis. Furthermore, food supplementation with ascorbate might be a use-
ful tool to enhance host defense mechanisms in livestock animals directed against enteropathogens including
C. jejuni thereby lowering pathogenic loads or even preventing from pathogen acquisition. Further studies are
needed, however, to unravel the underlying mechanism in more detail.
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Material and Methods

Ethical statement. In vivo experiments were carried out according to the European Guidelines for animal
welfare (2010/63/EU) following agreement by the commission for animal experiments headed by the “Landesamt
fiir Gesundheit und Soziales” (LaGeSo, Berlin, registration number G0172/16 and G0247/16). Animal welfare
was monitored twice a day.

Determination of minimal inhibitory concentrations of ascorbate. To determine the antimicrobial
effect of synthetic ascorbate, 20 C. jejuni isolates including the reference strain 81-176 (used for infection of mice,
see below) and the DSM 4688 strain (for quality control) were tested in three independent experiments for their
minimal inhibitory concentration (MIC) by the broth microdilution and macrodilution method. Settings of inoc-
ulum density, growth medium and conditions as well as incubation time were applied following the recommen-
dations of the Clinical and Laboratory Standards Institute (CLSI) given in the document VET01-Ed5*. Twofold
serial dilutions ranging from 0.03-32.0 mmol/L (6-5636 pg/mL) for ascorbate were tested. Stock solutions were
prepared in Mueller-Hinton broth (Oxoid, Germany) and adjusted to pH 7.3.

Generation of secondary abiotic/gnotobiotic mice. In the identical unit of the Forschungseinrichtungen
fiir Experimentelle Medizin (FEM, Charité - University Medicine Berlin), IL10~'~ mice (C57BL/6j background) were
bred, raised and housed under specific pathogen free (SPF) conditions. Mice were kept under standard conditions
(22-24°C room temperature, 55+ 15% humidity, 12h light/12 h dark cycle) in cages including filter tops within an
experimental semi-barrier (accessible only with lab coat, overshoes, caps and sterile gloves) and had free access to auto-
claved standard chow (food pellets: ssniff R/M-H, V1534-300, Sniff; Soest, Germany) as well as to autoclaved drinking
water (ad libitum).

The depletion of the murine commensal intestinal microbiota in order to abrogate the physiological coloni-
zation resistance and hence, to assure stable intestinal C. jejuni colonization was achieved by application of five
different antibiotics to the mice!>*, Briefly, 3-week old mice were treated with an antibiotic cocktail contain-
ing vancomycin (500 mg/L; Cell Pharm, Germany), ciproﬂnxacin (200 mg/L; Bayer Vital, Germany), imipenem
(250 mg/L; MSD, Germany), metronidazole (1 g/L; Fresenius, Germany), and ampicillin plus sulbactam (1g/L;
Ratiopharm, Germany) within autoclaved drinking water (ad libitum) over a period time of 8 weeks. Three days
prior infection the antibiotic treatment was withdrawn to assure antibiotic washout.

Treatment with synthetic ascorbate. Starting four days before C. jejuni infection and lasting until the
end of the experiment, three-month old, sex-matched secondary abiotic IL-10~/~ mice (maximum of three ani-
mals per cage) were treated with ascorbate (Sigma Aldrich, Miinchen, Germany) that had been sterile-filtered and
added to the autoclaved tap water (ad libitum) and changed every other day. For ascorbate treatment, a daily dos-
age of 1 g per kg body weight was calculated®. Considering a body weight of approximately 25 g per mouse and
a daily drinking volume of approximately 5mL, the final concentration of the ascorbate solution was 5 g/L (pH
7.0). Mice from the placebo (PLC) cohort received autoclaved tap water only. Of note, the daily inter-individual
drinking volumes between cages within and between respective cohorts were comparable. In four individual
experiments, n = 5/5/4/4 ascorbate treated mice and n=6/6/6/6 PLC controls were analyzed.

C. jejuni infection. As previously described, mice were challenged with 10° CFU of the C. jejuni strain
81-176 (that had initially been isolated from a diseased patient suffering from bloody diarrhea) in a velume of
0.3 mL phosphate buffered saline (PBS; Gibco, life technologies, UK) on two successive days (days 0 and 1) by oral
gavage'. In order to avoid contaminations, mice were kept and handled under strict aseptic conditions.

Evaluation of clinical conditions. The clinical conditions of mice were evaluated daily (starting four days
before and lasting until day 6 after C. jejuni infection) and quantitated via standardized cumulative clinical scores
(maximum 12 peints), addressing the abundance of blood in faeces (0: no bloed; 2: microscopic detection of
blood by the Guajac method using Haemoccult, Beckman Coulter/PCD, Germany; 4: macroscopic blood visible),
stool consistency (0: formed faeces; 2: pasty faeces; 4: liquid faeces), and the clinical aspect (0: normal; 2: ruffled
fur, less locomotion; 4: isolation, severely compromised locomotion, pre-final aspect) as described earlier””.

Sampling methods. Six days after the infection, mice were sacrificed by inhalation of isoflurane (Abbott,
Germany). Luminal gastrointestinal samples (i.e., from colon, ileum, duodenum, and stomach) and ex vivo
biopsies from intestinal (colon, ileum, MLN) and extra-intestinal (liver, kidneys and lungs) compartments were
taken under aseptic conditions. To generate individual serum probes, cardiac blood was collected (approximately
1.0mL). Intestinal samples for microbiological, immunological and immunohistopathological assays were taken
in parallel from each mouse.

Histopathology. For histopathological analyses, sections (thickness 5pum) of formalin-fixed (5%) and
paraffin-embedded colonic ex vive biopsies were used, stained with hematoxylin and eosin (H&E), and examined
by light microscopy (100x magnification). The histopathological changes in the large intestines were quanti-
tatively evaluated following an established histopathological scoring system ranging from 0 to 4 as described
earlier®. Score 1: intact epithelium with minimal inflammatory cell infiltrates in the mucosa. Score 2: mild hyper-
plasia and mild goblet cell loss with mild inflammatory cell infiltrates in the mucosa and submucosa. Score 3:
moderate goblet cell loss with moderate inflammatory cell infiltrates in the mucosa. Score 4: marked goblet cell
loss, multiple crypt abscesses and crypt loss with marked inflammatory cell infiltration into in the mucosa and
submucosa.
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Immunohistochemical assays. In situ immunohistochemical analyses were conducted as previously
reported®” . Briefly, paraffin sections (5 jum) derived from ex vivo biopsies of interest (i.e., colon, liver, kidneys,
lungs) were stained with primary antibodies directed against cleaved caspase 3 (Asp175, Cell Signaling, Beverly,
MA, USA, 1:200) to detect apoptotic epithelial cells; with F4/80 (# 14-4801, clone BM8, eBioscience, San Diego,
CA, USA, 1:50) to detect macrophages/monocytes; with CD3 (#N1580, Dako, 1:10) to detect T lymphocytes; and
furthermore, with B220 (No. 14-0452-81, eBioscience; 1:200) to detect B lymphocytes. The sections were incu-
bated with the primary antibody for 30 min followed by another 30 min of incubation with the respective second-
ary antibody (for anti-caspase-3 and anti-CD3 staining: biotinylated donkey anti-rabbit antibody; for anti-F4/80
and anti-B220: biotinylated rabbit anti-rat antibody; all from Dianova, Hamburg, Germany). As detection system,
the Streptavidin-Alkaline Phosphatase Kit (Dako) using Fast Red as chromogen was applied. To generate negative
controls, the primary antibodies had been excluded. The examination of positively stained cells was undertaken
by light microscopy (magnification 100x and 400x). The average number of respective positively stained cells
for each mouse was calculated within at least six high power fields (HPF, 0.287 mm?, 400x magnification) by a
blinded independent investigator. An Axiolmager Z1 microscope was used for the generation of images, which
were subsequently processed with the Axiovision software (Carl Zeiss Microlmaging, Jena, Germany).

The colonization and translocation of C. jejuni. 'The C. jejuni loads were quantitatively surveyed in
faeces samples taken every days after infection, and further, upon necropsy in gastrointestinal luminal samples
(taken from stomach, duodenum, ileum and colon) and in homogenized ex vivo biopsies derived from MLN,
spleen, liver, kidneys and lungs as well as in cardiac blood by culture as stated earlier'>®, The detection limit of
viable pathogens was 22100 CFU per g. For the determination of cumulative translocation rates of viable C. jejuni
into respective extra-intestinal compartments, the ratio of the sum of culture-positive mice and the total numbers
of analyzed animals (in %) out of four experiments were calculated.

Measurements of intestinal and extra-intestinal pro-inflammatory mediators. Longitudinally
sliced and in PBS washed colonic ex vive biopsies (strips of approximately 1 cm?) as well as ex vivo biopsies derived
from liver (approximately 1 cm’) and MLN (34 lymph nodes) were cultured for 18h at 37°C in 24-flat-bottom
well culture plates (Nunc, Germany) containing 500 pL serum-free RPMI 1640 medium (Gibco, life technolo-
gies, UK) that was supplemented with penicillin (100 U/mL) and streptomycin (100 pg/mL; PAA Laboratories,
Germany). Using the Mouse Inflammation Cytometric Bead Assay (CBA; BD Biosciences, Germany) the cul-
ture supernatants and serum samples were analyzed for TNF, IFN-~ and IL-6 on a BD FACS Canto II flow
cytometer (BD Biosciences). The nitric oxide concentrations were determined by the Griess reaction®*®. The
pro-inflammatory mediator levels were normalized to the protein concentrations measured in the supernatant of
the respective organ homogenate®.

Data analysis. Data from four independently performed experiments were pooled and analyzed. The
Mann-Whitney test (GraphPad Prism v7, USA) was used for determination of medians and levels of significance
for pairwise comparisons of not normally distributed data, whereas for multiple comparisons, the one-sided
ANOVA with Tukey post-correction or the Kruskal-Wallis test with Dunn’s post-correction were used. Two-sided
probability (p) values < 0.05 were considered significant.

Received: 9 August 2019; Accepted: 3 February 2020;
Published online: 19 February 2020

References

. Backert, §., Tegtmeyer, N., Crdinin, T. 0., Boehm, M. & Heimesaat, M. M. In Campylobacter (ed. Giinter Klein) 1-25 (Academic

Press, 2017).

Fitzgerald, C. Campylobacter. Clin. laboratory Med. 35, 289-298, https://doi.org/10.1016/.cll.2015.03.001 (2015).

Authority, E. E §. & Prevention, E. C. E. D. & Control. The European Union summary report on trends and sources of zoonoses,

zoonotic agents and food-borne outbreaks in 2017. EFSA. J. 16, 05500, https://doi.org/10.2903/j.efsa.2018.5500 (2018).

Bronowski, C., James, C. E. & Winstanley, C. Role of environmental survival in transmission of Campylobacter jejuni. FEMS

Microbiol. Lett. 356, 8-19, https://doi.org/10.1111/1574-6968.12488 (2014).

Kaakoush, N. O., Castano-Rodriguez, N., Mitchell, H. M. & Man, §. M. Global Epidemiology of Campylobacter Infection. Clin.

Microbiol. Rev. 28, 687-720, https://doi.org/10.1128/CMR.00006-15 (2015).

Lane, J. A., Mehra, R. K, Carrington, $. D. & Hickey, R. M. The food glycome: a source of protection against pathogen colonization

in the gastrointestinal tract. Int. J. Food Microbiol. 142, 1-13, https://doi.org/10.1016/j.iffoodmicro.2010.05.027 (2010).

Hermans, D. et al. Poultry as a host for the zoonotic pathogen Campylobacter jejuni. Vector Borne Zoonotic Dis. 12, 89-98, https://

doi.org/10.1089/vbz.2011.0676 (2012).

Newell, D., Mughini-Gras, L., Kalupahana, R. A. & Wagenaar, J. 85-110 (2016).

Bucker, R. e al. Campylobacter jejuni impairs sodium transport and epithelial barrier function via cytokine release in human colon.

Mucosal Immunol. 11, 575-577, https://doi.org/10.1038/mi.2017.78 (2018).

10. Poly, F. & Guerry, P. Pathogenesis of Campylobacter. Curr. Opin. Gastroenterol. 24, 27-31, https://doi.org/10.1097/
MOG.0b013e3282f1dcbl (2008).

11. Kist, M. & Bereswill, 8. Campylobacter jejuni. Contrib. Microbiol. 8, 150-165 (2001).

12. Walker, R. L et al. Pathophysiology of Campylobacter enteritis. Micrabiol. Rev. 50, 81-94 (1986).

13. Keithlin, J., Sargeant, J., Thomas, M. K. & Fazil, A. Systematic review and meta-analysis of the proportion of Campylobacter cases
that develop chronic sequelae. BMC Public. Health 14, 1203, https://doi.org/10.1186/1471-2458-14-1203 (2014).

14. Mortensen, N. P. et al. Sialylation of Campylobacter jejuni lipo-oligosaccharides is associated with severe gastro-enteritis and

reactive arthritis. Microbes Infect. 11, 988-994, https://doi.org/10.1016/j.micinf.2009.07.004 (2009).
. Bereswill, 8. et al. Novel murine infection models provide deep insights into the “menage a trois” of Campylobacter jejuni,
microbiota and host innate immunity. Plos One 6, €20953, https://doi.org/10.1371/journal. pone.0020953 (2011).

16. Masanta, W. O. ef al. Modification of intestinal microbiota and its consequences for innate immune response in the pathogenesis of

campylob iosis. Clin. Dev. L. 2013, 526860, https://doi.org/10.1155/2013/526860 (2013).

—

W

N v

-

I

SCIENTIFIC REPORTS|

(2020) 10:2921 | https://doi.org/10.1038/541598-020-55890-8

XLVI



www.nature.com/scientificreports/

<]

20.

21

2

2

[

2

2

26.

27.

28.

29.

B

30.

3L

=

3

33.

e}

34.

35.
36.

37.

38.

3

4

41.

42
43.

44,

45.

46.
47.

48.

49.

5

51

52.

53.

I

=

w

I

©

=]

=4

. Fiebiger, U, Bereswill, 5. & Heimesaat, M. M. Dissecting the Interplay Between Intestinal Microbiota and Host Immunity in Health

and Disease: Lessons Learned from Germfree and Gnotobiotic Animal Models. Eur. J. Microbiol. Inmunol. 6, 253-271, https://doi.
org/10.1556/1886.2016.00036 (2016).

. Warren, H. 8. ef al. Resilience to bacterial infection: difference between species could be due to proteins in serum. J. Infect. Dis. 201,

223-232, https://doi.org/10.1086/649557 (2010).

. Robertson, S. A., Care, A. S. & Skinner, R. ]. Interleukin 10 regulates inflammatory cytokine synthesis to protect against

lipopolysaccharide-induced abortion and fetal growth restriction in mice. Biol. Reprod. 76, 738-748, https://doi.org/10.1095/
biolreprod.106.056143 (2007).

da Silva, A. M. T. et al. Shock and multiple-organ dysfunction after self-administration of Salmonella endotoxin. N. Engl. |. Med. 328,
1457-1460 (1993).

Haag, L. M. et al. Campylobacter jejuni induces acute enterocolitis in gnotobiotic IL-10~'~ mice via Toll-like-receptor-2 and -4
signaling. PLoS One 7, e40761, https://doi.org/10.1371/journal pone.0040761 (2012).

Haag, L. M. et al. Campylobacter jejuni infection of infant mice: acute enterocolitis is followed by asymptomatic intestinal and extra-
intestinal i resp Eur. J. Microbiol. I L 2, 2-11, https://doi.org/10.1556/EuJM1.2.2012.1.2 (2012).

. Alutis, M. E. et al. Selective gelatinase inhibition reduces apoptosis and pro-inflammatory immune cell responses in Campylobacter

jejuni-infected gnotobiotic IL-10 deficient mice. Eur. J. Microbiol. Imntunol. 4,213-222, https://doi.org/10.1556/EUJMI-D-14-00031
(2014).

Bereswill, 5. et al. Lactobacillus johnsonii ameliorates intestinal, extra-intestinal and systemic pro-inflammatory immune responses
following murine Campylobacter jejuni infection. Sci. Rep. 7, 2138, https://doi.org/10.1038/541598-017-02436-2 (2017).

Bereswill, 8., Grundmann, U., Alutis, M. E,, Fischer, A. & Heimesaat, M. M. Campylobacter jejuni infection of conventionally
colonized mice lacking nucleotide-oligomerization-domain-2. Gut Pathog. 9, 5, https://doi.org/10.1186/s13099-017-0155-3 (2017).
Ekmekeiu, 1, Fiebiger, U,, Stingl, K., Bereswill, 5. & Heimesaat, M. M. Amelioration of intestinal and systemic sequelae of murine
Campylobacter jejuni infection by probiotic VSL#3 treatment. Gut Pathog. 9, 17, https://doi.org/10.1186/513099-017-0168-y (2017).
Heimesaat, M. M. et al. The role of serine protease HtrA in acute ulcerative enterocolitis and extra-intestinal immune responses
during Campylobacter jejuni infection of gnotobiotic IL-10 deficient mice. Front. Cell Infect. Microbiol. 4, 77, https://doi.
org/10.3389/fcimb.2014.00077 (2014).

Heimesaat, M. M., Grundmann, U., Alutis, M. E., Fischer, A. & Bereswill, 5. Microbiota Composition and Immune Responses
During Campylobacter Jejuni Infection in Conventionally Colonized IL-10(—/~) Mice Lacking Nucleotide Oligomerization
Domain 2. Eur. J. Microbiol. Immunol. 7, 1-14, https://doi.org/10.1556/1886.2016.00038 (2017).

Heimesaat, M. M., Grundmann, U., Alutis, M. E., Fischer, A. & Bereswill, §. Absence of Nucleotide-Oligomerization-Domain-2 Is
Associated with Less Distinct Disease in Campylobacter jejuni Infected Secondary Abiotic IL-10 Deficient Mice. Front. Cell Infect.
Microbiol. 7, 322, https://doi.org/10.3389/fcimb.2017.00322 (2017).

Schmidt, A. M. et al. Protease Activity of Campylobacter jejuni HtrA Modulates Distinct Intestinal and Systemic Immune Responses
in Infected Secondary Abiotic IL-10 Deficient Mice. Front. Cell Infect. Microbiol. 9, 79, https://doi.org/10.3389/fcimb.2019.00079
(2019).

Stahl, M. et al. A novel mouse model of Campylobacter jejuni gastroenteritis reveals key pro-inflammatory and tissue protective
roles for Toll-like receptor signaling during infection. Plos Pathog. 10, 1004264 (2014).

Hemild, H. Vitamin C and Infections. Nutrients 9, 339, https://doi.org/10.3390/nu9040339 (2017).

Sorice, A. et al. Ascorbic acid: its role in immune system and chronic inflammation diseases. Mini Rev. Med. Chem. 14, 444-452
(2014).

Ang, A, Pullar, . M., Currie, M. ]. & Vissers, M. C. Vitamin C and immune cell function in inflammation and cancer. Biochemical
Soc. Trans. 46, 1147-1159 (2018).

Carr, A. C. & Maggini, S. Vitamin C and Immune Function. Nutrients 9, https://doi.org/10.3390/nu9111211 (2017).

Strohle, A., Wolters, M. & Hahn, A. Micronutrients at the interface between inflammation and infection-ascorbic acid and calciferol:
part 1, general overview with a focus on ascorbic acid. nflamm. Allergy Drug. Targets 10, 54-63 (2011).

Washko, P, Rotrosen, D. & Levine, M. Ascorbic acid in human neutrophils. Am. J. Clin. Nutr. 54, 12218-12278, https://doi.
org/10.1093/ajcn/54.6.1221s (1991).

Levine, M., Wang, Y., Padayatty, S. ]. & Morrow, J. A new recommended dietary allowance of vitamin C for healthy young women.
Proc. Natl Acad. Sci. USA 98, 9842-9846, https://doi.org/10.1073/pnas.171318198 (2001).

Root, R. K. & Metcalf, ]. A. H,0, release from human granulocytes during phagocytosis. Relationship to superoxide anion formation
and cellular catabolism of H,0,: studies with normal and cytochalasin B-treated cells. /. Clin. investigation 60, 1266-1279, https://
doi.org/10.1172/jci108886 (1977).

Dey, S. & Bishayi, B. Killing of S. aureus in murine peritoneal macrophages by Ascorbic acid along with antibiotics Chloramphenicol
or Ofloxacin: Correlation with inflammation. Microb. Pathog. 115, 239-250, https://doi.org/10.1016/j.micpath.2017.12.048 (2018).
Wu, W. et al. Effect of vitamin C administration on hydrogen peroxide-induced cytotoxicity in periodontal ligament cells. Mol Med.
Rep. 11, 242-248, https://doi.org/10.3892/mmr.2014.2712 (2015).

Baxter, E Septic Shock. Can. . Anaesth. 44, 59-72, https://doi.org/10.1007/bf03014326 (1997).

Qiao, H. & May, ]. M. Macrophage differentiation increases expression of the ascorbate transporter (SVCT2). Free. Radic. Biol. Med.
46, 1221-1232, https://doi.org/10.1016/j.freeradbiomed.2009.02.004 (2009).

Boissevain, C. H. & Spillane, . H. Jr. A note on the effect of synthetic ascorbic acid (vitamin C) on the growth of the tubercle bacillus.
Am. Rev. Tuberculosis 35, 661-662 (1937).

St, J. L. Der Einfluss von Vitamin C und Vitamin B 1 auf das Wachstum der Tuberkelbacillen. Klinische Wochenschr. 16, 14231425
(1937).

Sirsi, M. Antimicrobial action of vitamin C on M. tuberculosis and some other pathogenic organisms. Indian. J. Med. Sci. 6, 5 (1952).
Myrvik, Q. N. & Volk, W. A. Comparative study of the antibacterial properties of ascorbic acid and reductogenic compounds. /.
Bacteriol. 68, 622 (1954).

Kallio, J., Jaakkola, M., Maki, M., Kilpelainen, P. & Virtanen, V. Vitamin C inhibits staphylococcus aureus growth and enhances the
inhibitory effect of quercetin on growth of Escherichia coli in vitro. Planta Med. 78, 1824-1830, https://doi.
org/10.1055/s-0032-1315388 (2012).

Zhang, Z. W. & Farthing, M. ]. The roles of vitamin C in Helicobacter pylori associated gastric carcinogenesis. Chin. J. Dig. Dis. 6,
53-58, https://doi.org/10.1111/j.1443-9573.2005.00194.x (2005).

Zhang, H. M., Wakisaka, N., Maeda, O. & Yamamoto, T. Vitamin C inhibits the growth of a bacterial risk factor for gastric
carcinoma: Helicobacter pylori. Cancer 80, 1897-1903 (1997).

Ghosh, T. et al. A Combination of Linalool, Vitamin C, and Copper Synergistically Triggers Reactive Oxygen Species and DNA
Damage and Inhibits Salmonella enterica subsp. enterica Serovar Typhi and Vibrio fluvialis. Appl Environ Microbiol 85, https://doi.
org/10.1128/AEM.02487-18 (2019).

Juven, B. ]. & Kanner, ]. Effect of ascorbic, isoascorbic and dehydroascorbic acids on the growth and survival of Campylobacter
jejuni. J. Appl. Bacteriol. 61,339-345 (1986).

Hoiby, N., Bjarnsholt, T., Givskov, M., Molin, §. & Ciofu, O. Antibiotic resistance of bacterial biofilms. Int. J. antimicrobial agents 35,
322-332, https://doi.org/10.1016/j.jjantimicag.2009.12.011 (2010).

SCIENTIFIC REPORTS|

(2020) 10:2921 | https://doi.org/10.1038/541598-020-55890-8

XLVII



www.nature.com/scientificreports/

54

55.

5

57.

3

5

&%

5

60.

61.

=

6

63.

6

6

67.

68.

6

70.

S

71

=

72.

73.

o

74

=

75.

i

76.

&

77.

78.

=

7

v

80.

8

=

82.

83.

84.

=

85.

"

86.

87.

8

89.

o

90.

N

o

B

o

=g

o

%

Pandit, S. et al. Low Concentrations of Vitamin C Reduce the Synthesis of Extracellular Polymers and Destabilize Bacterial Biofilms.
Frontiers in Microbiology 8, https://doi.org/10.3389/fmicb.2017.02599 (2017).

Ali Mirani, Z. et al. Ascorbic acid augments colony spreading by reducing biofilm formation of methicillin-resistant Staphylococcus
aureus. [ran. J. basic. Med. Sci. 21, 175-180, https://doi.org/10.22038/ijbms.2018.20714.5398 (2018).

El-Mowafy, S. A. & Shaaban, M. L. & Abd El Galil, K. H. Sodium ascorbate as a quorum sensing inhibitor of Pseudomonas
aeruginosa. | Appl. Microbiology 117, 1388-1399, https://doi.org/10.1111/jam.12631 (2014).

Juven, B. J., Kanner, J., Weisslowicz, H. & Harel, S. Effect of Ascorbic and I[soascorbic acids on Survival of Campylobacter jejuni in
Poultry Meat (1). /. Food Prot. 51, 436-437, https://doi.org/10.4315/0362-028X-51.6.436 (1988).

. Fletcher, R. D, Albers, A. C., Chen, A. K. & Albertson, J. N. Jr. Ascorbic acid inhibition of Campylobacter jejuni growth. Appl. Env.

Microbiol. 45, 792-795 (1983).

Erben, U. et al. A guide to histomorphological evaluation of intestinal inflammation in mouse models. Int. J. Clin. Exp. Pathol. 7,
4557-4576 (2014).

Hernandez-Patlan, D. et al. Evaluation of the Dietary Supplementation of a Formulation Containing Ascorbic Acid and a Solid
Dispersion of Curcumin with Boric Acid against Salmonella Enteritidis and Necrotic Enteritis in Broiler Chickens. Animals (Basel)
9, https://doi.org/10.3390/ani%040184 (2019).

Hartzen, $. H., Frimodt-Moller, N. & Frolund Thomsen, V. The antibacterial activity of a siderophore. 1. In vitro activity of
deferoxamine alone and in combination with ascorbic acid on Staphylococcus aureus. APMIS: acta pathologica, microbiologica, et.
immunologica Scandinavica 97, 419-424 (1989).

v. Gagyi, ]. Ueber die bactericide und antitoxische Wirkung des Vitamin C. J. Mol. Med. 15, 190-195 (1936).

Chen, X., Liu, R,, Liu, X, Xu, C. & Wang, X. L-ascorbic Acid-2-Glucoside inhibits Helicobacter pylori-induced apoptosis through
mitochondrial pathway in Gastric Epithelial cells. Biomed. Pharmacother. 97, 75-81, https://doi.org/10.1016/j.biopha.2017.10.030
(2018).

. Perez-Cruz, I, Carcamo, J. M. & Golde, D. W. Vitamin C inhibits FAS-induced apoptesis in monocytes and U$37 cells. Blood 102,

336-343, https://doi.org/10.1182/blood-2002-11-3559 (2003).

Huijskens, M. J. et al. Technical advance: ascorbic acid induces development of double-pasitive T cells from human hematopoietic
stem cells in the absence of stromal cells. J. Leukoc. Biol. 96, 1165-1175, https://doi.org/10.1189/jlb.1TA0214-121RR (2014).
Molina, N., Morandi, A. C., Bolin, A. P. & Otton, R. Comparative effect of fucoxanthin and vitamin C on oxidative and functional
parameters of human lymphocytes. Int. Immunopharmacol. 22, 41-50, https://doi.org/10.1016/j.intimp.2014.06.026 (2014).
Carcama, |. M., Borquez-Ojeda, O. & Golde, D. W. Vitamin C inhibits granulocyte macrophage-colony-stimulating factor-induced
signaling pathways. Blood 99, 3205-3212, https://doi.org/10.1182/blood ¥99.9.3205 (2002).

Bowie, A. G. & O'Neill, L. A. Vitamin C inhibits NF-kappa B activation by TNF via the activation of p38 mitogen-activated protein
kinase. . Immunol. 165, 7180-7188, https://doi.org/10.4049/jimmunol.165.12.7180 (2000).

Mousavi, S., Bereswill, 5. & Heimesaat, M. M. Immunomodulatory and Antimicrobial Effects of Vitamin C. Eur. J. Microbiology
[Immunol. https://doi.org/10.1556/1886.2019.00016 (2019).

Hartel, C., Strunk, T., Bucsky, P. & Schultz, C. Effects of vitamin C on intracytoplasmic cytokine production in human whole blood
monocytes and lymphocytes. Cytokine 27, 101-106, https://doi.org/10.1016/j.cyt0.2004.02.004 (2004).

Maeng, H. G. et al. Vitamin C enters mouse T cells as dehydroascorbic acid in vitro and does not recapitulate in vivo vitamin C
effects. mmunobiology 214, 311-320, https://doi.org/10.1016/j.imbio.2008.09.003 (2009).

Levy, R., Shriker, O., Porath, A., Riesenberg, K. & Schlaeffer, E Vitamin C for the treatment of recurrent furunculosis in patients with
imparied neutrophil functions. J. Infect. Dis. 173, 1502-1505, https://doi.org/10.1093/infdis/173.6.1502 (1996).

Heuser, G. & Vojdani, A. Enhancement of natural killer cell activity and T and B cell function by buffered vitamin C in patients
exposed to toxic chemicals: the role of protein kinase-C. I pharmacol. Im icol. 19, 291-312, https://doi.
org/10.3109/08923979709046977 (1997).

Mousavi, S. et al. Vitamin D in Acute Campylobacteriosis-Results From an Intervention Study Applying a Clinical Campylobacter
jejuni Induced Enterocolitis Model. Front. immunology 10, 2094, https://doi.org/10.3389/fimmu.2019.02094 (2019).

Lykkesfeldt, ]. & Tveden-Nyborg, P. The Pharmacokinetics of Vitamin C. Nutrients 11, 2412, https://doi.org/10.3390/nul11102412
(2019).

Iwama, M., Shimokado, K., Maruyama, N. & Ishigami, A. Time course of vitamin C distribution and absorption after oral
administration in SMP30/GNL knockout mice. Nutr. 27, 471-478, https://doi.org/10.1016/j.nut.2010.04.010 (2011).

Aumailley, L. et al. Vitamin C modulates the metabolic and cytokine profiles, alleviates hepatic endoplasmic reticulum stress, and
increases the life span of Gulo—/— mice. Aging 8, 458-483, https://doi.org/10.18632/aging.100902 (2016).

Vissers, M. C., Bozonet, S. M., Pearson, J. F. & Braithwaite, L. ]. Dietary ascorbate intake affects steady state tissue concentrations in
vitamin C-deficient mice: tissue deficiency after suboptimal intake and superior bioavailability from a food source (kiwifruit). Am.
J. Clin. Nutr. 93, 292-301, https://doi.org/10.3945/ajcn.110.004853 (2011).

. Tsukaguchi, H. et al. A family of mammalian Na+-dependent L-ascorbic acid transporters. Nat. 399, 70-75, https://doi.

org/10.1038/19986 (1999).
Chambial, S., Dwivedi, S., Shukla, K. K., John, P. . & Sharma, P. Vitamin C in disease prevention and cure: an overview. Indian. J.
Clin. Biochem. 28, 314-328, https://doi.org/10.1007/512291-013-0375-3 (2013).

. Aditi, A. & Graham, D. Y. Vitamin C, gastritis, and gastric disease: a historical review and update. Digestive Dis. Sci. 57, 2504-2515,

https://doi.org/10.1007/s10620-012-2203-7 (2012).

Ichim, T. E. et al. Intravenous ascorbic acid to prevent and treat cancer-associated sepsis? J. Transl. Med. 9, 25, https://doi.
org/10.1186/1479-5876-9-25 (2011).

El Halabi, I. ef al. Ascorbic Acid in Colon Cancer: From the Basic to the Clinical Applications. Inter ional journal of
sciences 19, https://doi.org/10.3390/ijms19092752 (2018).

CLSL VETO01-AS5: Performance Standards for Antimicrobial Disk and Dilution Susceptibility Tests for Bacteria [solated from
Animals; Approved Standard. 5th Edition. Clinical and Laboratory Standards Institute, Wayne, PA. Volume 34 (2018).

Heimesaat, M. M. et al. Gram-negative bacteria aggravate murine small intestinal Th1-type immunopathology following oral
infection with Toxoplasma gondii. J. Immunol. 177, 8785-8795 (2006).

Kockar, C., Ozturk, M. & Bavbek, N. Helicobacter pylori eradication with beta carotene, ascorbic acid and allicin. Acta Medica 44,
97-100 (2001).

Heimesaat, M. M. ef al. Impact of Campylobacter jejuni ¢j0268c knockout mutation on intestinal colonization, translocation, and
induction of immunopathology in gnotobiotic IL-10 deficient mice. Plos One 9, €90148, https://doi.org/10.1371/journal.
pone.0090148 (2014).

Heimesaat, M. M., Giladi, E., Kuhl, A. A., Bereswill, . & Gozes, 1. The octapetide NAP alleviates intestinal and extra-intestinal anti-
inflammatory sequelae of acute experimental colitis. Peptides 101, 1-9, https://doi.org/10.1016/j.peptides.2017.12.023 (2018).
Heimesaat, M. M. et al. Survey of extra-intestinal immune responses in asymptomatic long-term Campylobacter jejuni-infected
mice. Eur. . Microbiol. Immunol. 3, 174-182, https://doi.org/10.1556/Eu]M1.3.2013.3.4 (2013).

Bryan, N. §. & Grisham, M. B. Methods to detect nitric oxide and its metabolites in biological samples. Free. Radic. Biol. Med. 43,
645-657, https://doi.org/10.1016/j.freeradbiomed.2007.04.026 (2007).

lecul.

SCIENTIFIC REPORTS|

(2020) 10:2921 | https://doi.org/10.1038/541598-020-55890-8

XLVIII



www.nature.com/scientificreports/

Acknowledgements

We thank Alexandra Bittroff-Leben, Ines Puschendorf, Ulrike Fiebiger, Anna-Maria Schmidt, Gernot
Reifenberger, and the staff of the animal research facility at Charité - University Medicine Berlin for excellent
technical assistance and animal breeding. We further thank Dr. Anja A. Kiihl (Department of Medicine I for
Gastroenterology, Infectious Diseases and Rheumatology/Research Center ImmunoSciences (RCIS), Charité -
Universititsmedizin Berlin) for histopathological scoring and taking representative photomicropgraphs of
immunhistochmically stained paraffin sections. We acknowledge support from the German Research Foundation
(DFG) and the Open Access Publication Fund of Charité - Universititsmedizin Berlin. This work was supported
from the German Federal Ministries of Education and Research (BMBEF) in frame of the zoonoses research
consortium PAC-Campylobacter to SM, SB, MMH (IP7/01K11725D) and to ET, SK, CK (IP5/01K11725C) and
from the Federal Ministry for Economic Affairs and Energy following a resolution of the German National
Parliament, Deutscher Bundestag (ZIM, ZF4117908 AJ8) to $B and MMH. The funders had no role in study
design, data collection and analysis, decision to publish or preparation of the manuscript.

Author contributions

S§.M.: Performed experiments, co-wrote paper. U.E.: Performed experiments, co-edited paper. E.T.: Performed
experiments, analyzed data, co-edited paper. S.K.: Performed experiments, analyzed data, co-edited paper. C.K.:
Performed experiments, analyzed data, co-edited paper. $.B.: Provided advice in experimental design, critically
discussed results, co-edited paper. M.M.H.: Designed and performed experiments, analyzed data, wrote paper.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/541598-020-59890-8.

Correspondence and requests for materials should be addressed to M.M.H.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

TN | jcense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2020

SCIENTIFIC REPORTS|

(2020) 10:2921 | https://doi.org/10.1038/541598-020-55890-8

XLIX



Publikation 2

Soraya Mousavi, Anna-Maria Schmidt, Ulrike Escher, Sophie Kittler, Corinna Kehrenberg,
Elisa Thunhorst, Stefan Bereswill, and Markus M. Heimesaat. "Carvacrol ameliorates acute
campylobacteriosis in a clinical murine infection model." Gut Pathogens 12, no. 1 (2020): 1-
16.

Journal Data Filtered By: Selected JCR Year: 2019 Selected Editions: SCIE,SSCI
Selected Categories: “MICROBIOLOGY” Selected Category Scheme: WoS
Gesamtanzahl: 134 Journale

Rank Full Journal Title Total Cites Jour;:étlmpact Eigenfactor Score

NATURE REVIEWS

1 MICROBIOLOGY 32,027 34.209 0.052200
CLINICAL

2 MICROBIOLOGY 19,987 22 556 0.019640
REVIEWS

3 Cell Host & Microbe 20,501 15923 0.064690

4 Nature Microbiology 8,230 15.540 0.041520
FEMS

5 MICROBIOLOGY 13,478 13.920 0.016240
REVIEWS
TRENDS IN

6 MICROBIOLOGY 13,604 13.546 0.022780
MICROBIOLOGY

7 AND MOLECULAR 12,348 12 568 0.009120
BIOLOGY REVIEWS

8 Microbiome 7,321 11.607 0.028720
Annual Review of

9 Microbiology 10,132 11.000 0.009490

10 ISME Joumnal 26,474 9180 0.051810
Advances in Applied

54 Microbiology 1,789 3.343 0.001570

I:> 55 Gut Pathogens 1,399 3274 0.002960
SYSTEMATIC AND

56 APPLIED 4965 3224 0.004360
MICROBIOLOGY




Mousavi et al. Gut Pathog (2020) 12:2

https://doi.org/10.1186/513099-019-0343-4 G Ut Path Ogen S

: ®
Carvacrol ameliorates acute e

campylobacteriosis in a clinical murine infection
model

Soraya Mousavi', Anna-Maria Schmidt', Ulrike Escher’, Sophie Kittler?, Corinna Kehrenberg?, Elisa Thunhorst?,
Stefan Bereswill 't and Markus M. Heimesaat'™"

Abstract

Background: The prevalence of human infections with the zoonotic pathogen Campylobacter jejuni is rising world-
wide. Therefore, the identification of compounds with potent anti-pathogenic and anti-inflammatory properties for
future therapeutic and/or preventive application to combat campylobacteriosis is of importance for global health.
Results of recent studies suggested carvacrol (4-isopropyl-2-methylphenol) as potential candidate molecule for the
treatment of campylobacteriosis in humans and for the prevention of Campylobacter colonization in farm animals.

Results: To address this in a clinical murine infection model of acute campylobacteriosis, secondary abiotic IL-107/~
mice were subjected to synthetic carvacrol via the drinking water starting 4 days before peroral C. jejuni challenge.
Whereas at day 6 post-infection placebo treated mice suffered from acute enterocolitis, mice from the carvacrol
cohort not only harbored two log orders of magnitude lower pathogen loads in their intestines, but also displayed
significantly reduced disease symptoms. Alleviated campylobacteriosis following carvacrol application was accom-
panied by less distinct intestinal apoptosis and pro-inflammatory immune responses as well as by higher numbers of
proliferating colonic epithelial cells. Remarkably, the inflammation-ameliorating effects of carvacrol treatment were
not restricted to the intestinal tract, but could also be observed in extra-intestinal organs such as liver, kidneys and
lungs and, strikingly, systemically as indicated by lower IFN-y, TNF, MCP-1 and IL-6 serum concentrations in carvacrol
versus placebo treated mice. Furthermore, carvacrol treatment was associated with less frequent translocation of
viable C. jejuni originating from the intestines to extra-intestinal compartments.

Conclusion: The lowered C. jejuni loads and alleviated symptoms observed in the here applied clinical murine model
for human campylobacteriosis highlight the application of carvacrol as a promising novel option for both, the treat-
ment of campylobacteriosis and hence, for prevention of post-infectious sequelae in humans, and for the reduction of
C. jejuni colonization in the intestines of vertebrate lifestock animals.

Keywords: Carvacrol, Anti-pathogenic and anti-inflammatory properties, Campylobacter jejuni, Secondary abiotic

IL-10~"~ mice, Pro-inflammatory immune responses, Bacterial translocation, Host-pathogen-interaction, Intestinal
immunopathology, Extra-intestinal and systemic immune responses
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post-infectious extra-intestinal morbidities with rising
prevalence rates worldwide [2, 3]. Particularly Campylo-
bacter infections are of substantial and increasing impor-
tance for food-borne diseases, whereas farm animals,
especially poultry, are the main origin of human infection
[4-6]. Following ingestion of raw or undercooked con-
taminated meat or surface water, symptoms of campylo-
bacteriosis may vary considerably [7, 8]. Whereas some
patients are even asymptomatic or present with rather
mild symptoms, others suffer from abdominal cramps,
fever, watery of even bloody and inflammatory diarrhea
that usually resolve within 1 week. In rare cases, however,
post-infectious sequelae such as Gullain-Barré syndrome,
Miller Fisher syndrome, or reactive arthritis may mani-
fest [9—11]. The pathogenesis of acute human campy-
lobacteriosis is strongly triggered by the activation of
innate immune responses via Toll-like Receptor-4 (TLR-
4) mediated sensing of the bacterial lipooligosaccharide
(LOS) that is expressed on the surface of C. jejuni [12,
13]. Thus, innate immune responses upon C. jejuni infec-
tion are very similar to those observed following peracute
infections with other LOS expressing pathogens such as
Neisseria meningitidis and N. gonorrhoeae [14, 15].
Terpenoids are antimicrobial compounds that are effec-
tive against a broad range of microorganisms [16]. Car-
vacrol (4-isopropyl-2-methylphenol) is a monoterpenoid
which constitutes a major compound in essential oils of
thyme and oregano and other medicinal plants with many
proven health beneficial effects [17, 18]. Carvacrol modu-
lates a multitude of different enzymatic functions which
are causative for its anxiolytic, spasmolytic, cell regenera-
tive and anticancer activities and is further in the focus
of infection research due to its natural antimicrobial
effects against several food-borne pathogens including
Campylobacter. In vitro studies revealed that in bacte-
riostatic concentrations, carvacrol is capable of inducing
changes in the fatty acid composition of the bacterial cell
walls [19, 20]. In bactericidal concentrations, however,
carvacrol even permeabilizes the outer membrane of
Gram-negative bacteria [21]. In addition, carvacrol pos-
sesses ATPase-inhibiting activity [22, 23] and is proposed
to act as a proton exchanger that reduces the pH gradi-
ent across the cytoplasmic membrane causing changes
in proton motive force and in the ATP pool, which leads
to cell death [23, 24]. Both, in vitro and in vivo stud-
ies revealed that carvacrol application could effectively
reduce C. jejuni loads in intestinal samples derived from
chicken [25-28]. Furthermore, carvacrol could effec-
tively reduce virulence gene expression and invasion of
C. jejuni into chicken cells [26, 29]. Most importantly,
the finding that carvacrol application resulted in inhi-
bition of motility and invasive properties of C. jejuni in
vitro points towards carvacrol as a promising candidate
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molecule for the combat of human campylobacteri-
osis [30]. Recently, our group has established a clinical
murine C. jejuni infection model allowing for pre-clinical
studies of potential compounds against campylobacte-
riosis at the pharmaceutical level. After peroral C. jejuni
infection, secondary abiotic IL-10~'~ mice in which the
intestinal microbiota had been depleted by antibiotic
treatment could be stably colonized with C. jejuni at high
pathogenic loads [12]. Given the lack of LOS resistance
due to the absence of IL-10, these mice display C. jejuni
induced acute enterocolitis within 1 week post-infection
(p.i) thereby mimicking clinical key features of severe
campylobacteriosis [12, 31, 32]. In the present study, we
applied this clinical murine model for human campylo-
bacteriosis in order to investigate the therapeutic and/or
even preventive efficacies of carvacrol treatment against
C. jejuni colonization and immunopathological sequelae
in vivo.

Results

Antimicrobial properties of carvacrol against C. jejuni
isolates

We first addressed potential directed antimicrobial
effects of carvacrol against C. jejuni. In vitro studies with
20 C. jejuni isolates including the reference strain 81-176
revealed carvacrol MIC,, values of 150 mg/1 (pH 7.3).

Gastrointestinal pathogen loads following carvacrol
treatment of C. jejuni infected mice

We next assessed potential health-beneficial proper-
ties (i.e., anti-C. jejuni and anti-inflammatory effects)
of synthetic carvacrol (500 mg/l via the drinking water,
ad libitum) in the here applied clinical murine infec-
tion model for the study of severe human campylo-
bacteriosis. To accomplish this, secondary abiotic
IL-10~'~ mice were treated with carvacrol via the
drinking water starting 4 days prior peroral C. jejuni
infection with 10 bacterial cells by gavage on days 0
and 1. At day 6 p.i., placebo (PLC) treated control mice
harbored median pathogen loads of 10° and 10% CFU/g
in their colon and ileum, respectively, that were
approximately 0.5 and 2.0 log orders of magnitude
lower in mice from the carvacrol cohort, respectively
(p<0.01 and p <0.001, respectively; Fig. 1). Hence, car-
vacrol treatment lowers intestinal C. jejuni burdens up
to 2 orders of magnitude.

Clinical effects upon carvacrol treatment of C. jejuni
infected mice

We further performed a daily survey of C. jejuni induced
symptoms in infected mice applying a standardized
clinical scoring system assessing gross appearance of
mice, stool consistency and abundance of blood in fecal
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samples. As early as 48 h after the latest of two peroral
pathogenic challenges (i.e., on day 3 p.i.), mice from the
carvacrol group displayed less severe C. jejuni induced

C. jejuni - Gastrointestinal Tract

STOMACH  DUODENUM ILEUM

p<0.001

soefi

PLC CARVA PLC CARVA PLC CARVA PLC CARVA
(24) 19 (24) 19) (24) 19) (24) (19)
Fig. 1 Gastrointestinal pathogen loads following carvacrol treatment
of C. jgjuni infected mice. Starting 4 days prior peroral C. jejuni
infection on days 0 and 1, secondary abiotic IL-10 /= mice were
treated with synthetic carvacrol (CARVA; white boxes) or placebo
(PLC; grey boxes) via the drinking water. At day 6 post-infection, C
Jjejuni were cultured from distinct luminal parts of the gastrointestinal
tract and pathogen loads expressed as colony forming units per gram
(CFU/g). Box plots represent the 75th and 25th percentiles of medians
(black bar inside the boxes). The total range, significance levels
(p-values) determined by the Mann-Whitney U test and numbers of
analyzed animals (in parentheses) are indicated. Data were pocled
from four independent experiments

COLON
p<0.01

102,

1010,

CFU/g
3 3 38

3

0.

Page3of 16

disease as indicated by lower clinical scores as com-
pared to PLC controls (p<0.001; Additional file 1: Fig.
S1), which also held true for days 5 and 6 p.i. (p<0.001;
Additional file 1: Fig. S1). At necropsy, PLC treated con-
trol mice suffered from acute enterocolitis characterized
by wasting and bloody diarrhea (Fig. 2), whereas carvac-
rol treated mice, however, were clinically less compro-
mised as indicated by significantly reduced scores for
gross appearance, abundance of fecal blood and diarrhea
(p<0.001 vs. PLC; Fig. 2). Notably, all control mice, but
only 10.5% of carvacrol treated animals presented with
diarrhea at day 6 p.i. (p<0.001; Fig. 2c). Hence, carvac-
rol treatment alleviates C. jejuni induced symptoms of
campylobacteriosis in the here applied clinical murine
infection model.

Apoptotic and regenerative responses in colonic epithelial
cells upon carvacrol treatment of C. jejuni infected mice
We next assessed whether the beneficial effects of carvac-
rol treatment on the macroscopic outcome of C. jejuni
infected mice could also be observed on microscopic
level. To address this, we stained colonic paraffin sec-
tions with defined antibodies against distinct cell inflam-
matory and proliferative/regenerative markers as well as
against distinct immune cell populations applying in situ
immunohistochemistry. At day 6 p.i, mice of either
cohort exhibited increased numbers of caspase3 posi-
tiveapoptotic cells in their colonic epithelia (p <0.001 vs.

pooled from four independent experiments
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Fig. 2 Clinical outcome follewing carvacrol treatment of C. jejuni infected mice. Starting 4 days prior peroral C. jejuni infection on days 0 and 1,
secondary abiotic IL-10 = mice were treated with synthetic carvacrol (CARVA; white boxes) or placebe (PLC; grey boxes) via the drinking water.
Applying a standardized clinical scoring system (see “Methods”), a clinical outcome, b abundance of fecal blood and ¢ stoel consistency were
quantitated at day 6 post-infection. Box plots represent the 75th and 25th percentiles of medians (black bar inside the boxes). The total range,
significance levels (p-values) determined by the Mann-Whitney U test and numbers of analyzed animals (in parentheses) are indicated. Data were
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naive; Fig. 3a). However, numbers of apoptotic cells were
five times lower in colonic epithelia of carvacrol as com-
pared to PLC treated mice at day 6 p.i. (p <0.001; Fig. 3a;
Additional file 2: Fig. S2A). We next stained large intes-
tinal paraffin sections with antibodies against Ki67 and
quantified the respective cell proliferation and regenera-
tion counteracting C. jejuni induced cell damage micro-
scopically. In fact, C. jejuni infection was accompanied by
a marked increase in Ki67 positive colonic epithelial cells
(p<0.001 vs. naive; Fig. 3b; Additional file 2: Fig. S2B).
Importantly, numbers of proliferative/ regenerative cells
were significantly elevated in carvacrol as compared to
PLC mice at day 6 p.i. (p<0.001; Fig. 3b; Additional file 2:
Fig. S2B). Hence, carvacrol treatment ameliorates murine
campylobacteriosis by inhibiting apoptosis and stimulat-
ing regenerative processes in the colonic epithelia.

Colonic immune responses upon carvacrol treatment of C.
Jjejuni infected mice

We next quantitatively assessed large intestinal immune
responses upon carvacrol treatment of C. jejuni infected
mice. Within 6 days following C. jejuni infection, distinct
immune cell populations such as CD3+T lymphocytes
cells and B220+ B lymphocytes had multifold increased
in the colonic mucosa and lamina propria of mice from
either cohort (p<0.001; Fig. 3c, d; Additional file 2: Fig.
52C, D). Notably, colonic T lymphocytes, however, were
lower following carvacrol as compared to PLC treatment
at day 6 p.i. (p <0.005, Fig. 3c; Additional file 2: Fig. S2C).
The increased large intestinal abundances of immune
cells upon C. jejuni infection were accompanied by
enhanced secretion of pro-inflammatory mediators such
as nitric oxide (NO), tumor necrosis factor (TNF) and
interleukin (IL)-6 in colonic ex vivo biopsies obtained at
day 6 p.i. (p<0.05-0.001; Fig. 4a, ¢, d). Carvacrol treat-
ment of C. jejuni infected mice, however, resulted in
lower colonic NO, interferon (IFN)-y and TNF concen-
trations as compared to PLC application (p <0.05-0.001;
Fig. 4a—c). Of note, IFN-y levels measured in the large
intestines of carvacrol treated mice at day 6 p.i. did not
differ from those of naive control mice (n.s; Fig. 4b).
Hence, carvacrol dampened C. jejuni induced colonic
inflammation.

lleal inflammatory immune responses upon carvacrol
treatment of C. jejuni infected mice

In humans and murine infection models, C. jejuni
induced intestinal inflammation is considered to pri-
marily affect the large intestinal tract resulting in acute
enterocolitis [9]. Nevertheless, we expanded our intesti-
nal inflammatory survey of campylobacteriosis induced
in secondary abiotic IL-10~'~ mice to the small intes-
tines. At day 6 p.i,, PLC, but not carvacrol treated mice
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displayed almost three time higher numbers of apop-
totic ileal epithelial cells (p<0.001 vs. naive; Additional
file 3: Fig. S3A and Additional file 4: Fig. 54A), which
was accompanied by increased B cell counts in the
mucosa and lamina propria of C. jejuni infected mice
from the PLC, but not carvacrol cohort (p < 0.001; Addi-
tional file 3: Fig. $3D and Additional file 4: Fig. $4D). In
addition, irrespective of the treatment regimen, mice
displayed increased numbers of proliferating ileal epi-
thelial cells (p<0.05-0.001; Additional file 3: Fig. S3B
and Additional file 4: Fig. S4B) as well as of T lympho-
cytes (p<0.001; Additional file 3: Fig. S3C and Addi-
tional file 4: Fig. S4C) in the small intestinal mucosa
and lamina propria. The inflammation-ameliorating
effects of carvacrol treatment also in the small intestinal
tract of C. jejuni infected mice was further supported
by increased secretion of pro-inflammatory cytokines
such as TNF and IFN-y in ileal ex vivo biopsies taken
from PLC (p<0.05-0.005 vs. naive), but not carvacrol
treated mice at day 6 p.i. (p<0.05 vs. PLC; Additional
file 5: Fig. §5). Hence, the campylobacteriosis amelio-
rating properties of carvacrol were not restricted to the
large intestinal tract, but also effective in the distal small
intestines.

Inflammatory immune responses in MLN upon carvacrol
treatment of C. jejuni infected mice

We next surveyed disease ameliorating effects of carvac-
rol treatment in the MLN of C. jejuni infected mice. In
support of our results obtained from the colon and ileum,
less distinct secretion of pro-inflammatory mediators
such as NO, IFN-y, TNF and IL-6 could be assessed in
MLN of carvacrol as compared to PLC treated mice at
day 6 p.i. (p<0.01-0.001; Fig. 5). Of note, the concentra-
tions of the three latter cytokines measured in carvacrol
treated C. jejuni infected mice did not differ from those
obtained from naive control animals (n.s.; Fig. 5b—d).
Hence, the anti-inflammatory properties of carvacrol in
C. jejuni infected mice were also effective in MLN drain-
ing the intestinal tract.

Extra-intestinal including systemic inflammatory immune
responses upon carvacrol treatment of C. jejuni infected
mice

We further assessed disease-alleviating properties
of carvacrol treatment
ing systemic compartments of C. jejuni infected mice.
Increased numbers of caspase3 positive apoptotic
cells could be observed in paraffin sections taken from
liver, kidneys and lungs at day 6 p.i. (p<0.005-0.001),
whereas apoptotic cell counts in either organs were
lower in carvacrol as compared to PLC treated mice
(p<0.05-0.001; Fig. 6; Additional file 6: Fig. S6). Of

in extra-intestinal includ-

LIV



Mousavi et al. Gut Pathog (2020) 12:2

Page 5 of 16

a Apoptotic Cells - COLON

p<0.001
p<0.001 p<0.001
60-
w50
£
= 40-
@
& 30-
h
2
2 20-
[+
o
=
ol S . .
Naive PLC CARVA
(20) (24) (19)
C. jejuni

c T Lymphocytes - COLON

p<0.001
p<0.001 p<0.005
150+
1254
('S
o
I 100-
2
©  75-
o
-
8 50
o
25-
Naive PLC CARVA
(20) (24) (19)
C. jejuni

b

Ki67* Cells / HPF

B220* Cells / HPF

Proliferating Cells - COLON

p<0.001
p<0.001 p<0.001
350+
300
250
200
150
100
504
0 T T T
Naive PLC CARVA
(20) (24) (19)
C. jejuni
B Lymphocytes - COLON
p<0.001
p<0.001
254
204
I
104
54 .
Naive PLC CARVA
(20) (24) (19)
C. jejuni

Fig.3 Large intestinal apoptotic, proliferative/regenerative and immune cell responses upon carvacrol treatment of C jejuni infected mice. Starting
4 days prior peroral C jejuni infection on days 0 and 1, secondary abiotic IL-1 07~ mice were treated with synthetic carvacrol (CARVA; white boxes)
or placebo (PLC; grey boxes) via the drinking water. The average numbers of colonic epithelial a apoptotic cells (positive for caspase-3, Casp3) and
b proliferating/regenerating cells (positive for Ki67) as well as of ¢ T lymphocytes (positive for CD3) and d B lymphocytes (positive for B220) in the
mucosa of lamina propria from six high power fields (HPF, 400x magnification) per mouse were assessed microscopically in immunohistochemically
stained large intestinal paraffin sections at day 6 post-infection. Naive mice served as uninfected controls. The total range, significance levels
(p-values) determined by the Mann-Whitney U test and numbers of analyzed animals (in parentheses) are indicated. Data were pooled from four

independent experiments
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Fig. 4 Colonic pro-inflammatory mediator secretion following carvacrol treatment of C jejun/ infected mice. Starting 4 days prior peroral C. jejuni
infection on days 0 and 1, secondary abiotic IL-10 /= mice were treated with synthetic carvacrol (CARVA; white boxes) or placebo (PLC; grey boxes)
via the drinking water. a Nitric oxide, b IFN-y, ¢ TNF, and d IL-6 concentrations were measured in supernatants of colonic ex vivo biopsies derived at
day 6 post-infection. Naive mice served as uninfected controls. The total range, significance levels (p-values) determined by the Mann-Whitney U
test and numbers of analyzed animals (in parentheses) are indicated. Data were pooled from four independent experiments

note, in lungs numbers of apoptotic cells did not differ We next measured pro-inflammatory cytokine secre-
in carvacrol treated C. jejuni infected and naive mice tion in respective ex vivo biopsies. At day 6 p.i., lower
(n.s; Fig. 6¢c, Additional file 6: Fig. S6C). IFN-y as well as TNF concentrations could be assessed
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Fig.5 Pro-inflammatory mediator secretion in mesenteric lymph nodes following carvacrol treatment of C. jejuni infected mice. Starting 4 days
prior peroral C. jejuni infection on days 0 and 1, secondary abiotic IL-10~/~ mice were treated with synthetic carvacrol (CARVA; white boxes) or
placebo (PLC; grey boxes) via the drinking water. a Nitric oxide, b IFN-y, ¢ TNF, and d IL-6 concentrations were measured in supernatants of ex vivo
biopsies derived from mesenteric lymph nodes (MLN) at day 6 post-infection. Naive mice served as uninfected controls. The total range, significance
levels (p-values) determined by the Mann-Whitney U test and numbers of analyzed animals (in parentheses) are indicated. Data were pooled from
four independent experiments

in the liver of carvacrol as compared to PLC treated mice =~ IFN-y concentrations increased upon C. jejuni infec-
(p<0.05 and p <0.001, respectively; Fig. 7a, b), which also  tion in the lungs of PLC (p<0.05; Fig. 7e), but not car-
held true for renal IFN-y protein levels (p<0.05; Fig. 7c),  vacrol treated mice (n.s; Fig. 7e), whereas elevated
but not TNF concentration (n.s.; Fig. 7d). Moreover, pulmonary TNF levels could be obtained at day 6 p.i.,
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irrespective of the treatment regimen (p<0.05; Fig. 7f).
Remarkably, the inflammation-dampening effects of car-
vacrol in C. jejuni infected mice could also be observed
systemically as indicated by lower increases in pro-
inflammatory mediators such as IFN-y, TNF, monocyte
chemoattractant protein-1 (MCP-1) and IL-6 measured
in serum samples taken from carvacrol as compared to
PLC treated mice at day 6 p.i. (p<0.05-0.005; Fig. 8).
Hence, carvacrol treatment dampens C. jejuni induced
pro-inflammatory responses also in extra-intestinal and
even systemic compartments.

Bacterial translocation into extra-intestinal

including systemic compartments of carvacrol treated
mice following C. jejuni infection

We finally addressed whether carvacrol treatment had
an impact on the translocation of viable pathogens origi-
nating from the gastrointestinal tract to extra-intestinal
including systemic tissue sites. Whereas C. jejuni could
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be cultured from MLN of PLC and carvacrol treated
mice in 45.8 and 42.1% of cases at day 6 p.i.,, respectively
(Fig. 9a), pathogenic translocation rates were lower in
spleens (15.8% vs. 20.8%), livers (5.3% vs. 8.3%), kidneys
(0% vs. 8.3%) and lungs (0% vs 12.5%) taken from mice
of the carvacrol versus PLC cohorts (Fig. 9b—e). Of
note, all blood cultures were C. jejuni negative (Fig. 9f).
Hence, carvacrol treatment of C. jejuni infected mice is
accompanied with less frequent translocation of viable
pathogens from the intestinal tract to extra-intestinal
compartments.

Discussion

In the European Union the annual financial burden to
the public health systems and to loss of individual health
and productivity due to foodborne C. jejuni infections
are estimated to account for 2.4 billion Euro [33]. Given
the progressive emergence of human campylobacteriosis,
identification of non-synthetic antibiotic molecules that
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Fig. 6 Extra-intestinal apoptosis following carvacrol treatment of C. jejuni infected mice. Starting 4 days prior peroral C jejuni infection on days 0
and 1, secondary abiotic IL-10 = mice were treated with synthetic carvacrol (CARVA; white boxes) or placebo (PLC; grey boxes) via the drinking
water. The average numbers of apoptotic cells (positive for caspase-3, Casp3) from six high power fields (HPF, x400magnification) per mouse were
assessed microscopically in immunchistochemically stained paraffin sections derived from a liver, b kidneys and ¢ lungs at day 6 post-infection.
Naive mice served as uninfected controls. The total range, significance levels (p-values) determined by the Mann—Whitney U test and numbers of
analyzed animals (in parentheses) are indicated. Data were poaled from four independent experiments

(See figure on next page.)

Fig. 7 Extra-intestinal pro-inflammatory mediator secretion following carvacrol treatment of C. jejuni infected mice. Starting 4 days prior peroral
C. jejuni infection on days 0 and 1, secondary abiotic IL-10 = mice were treated with synthetic carvacrol (CARVA; white boxes) or placebo

(PLC; grey boxes) via the drinking water. a, ¢, e IFN-y and b, d, f TNF concentrations were measured in supernatants of ex vivo biopsies derived
from a, b liver, ¢, d kidneys and e, f lungs at day 6 post-infection. Naive mice served as uninfected controls. The total range, significance levels
(p-values) determined by the Mann-Whitney U test and numbers of analyzed animals (in parentheses) are indicated. Data were pooled from four
independent experiments
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Fig. 8 Systemic pro-inflammatory mediator secretion following carvacrol treatment of C. jejuni infected mice. Starting 4 days prior peroral C. jejuni
infection on days 0 and 1, secondary abiotic IL-10~/~ mice were treated with synthetic carvacrol (CARVA; white boxes) or placebo (PLC; grey boxes)
via the drinking water. a IFN-y, b TNF, ¢ MCP-1 and d IL-6 concentrations were measured serum samples taken at day 6 post-infection. Naive mice
served as uninfected controls. The total range, significance levels (p-values) determined by the Mann-Whitney U test and numbers of analyzed
animals (in parentheses) are indicated. Data were pooled from four independent experiments

exert both, potent anti-Campylobacter and anti-inflam-  The phenolic compound carvacrol has been shown to
matory effects in infected individuals is highly appreci- exert antimicrobial activities by increasing the mem-
able in order to combat pathogen-induced morbidities. brane permeability of Gram-negative bacteria including
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Fig. 9 Bacterial translocation following carvacrol treatment of C. jejuni infected mice. Starting 4 days prior peroral C. jejuni infection on days 0 and
1, secondary abiotic IL-10 /= mice were treated with synthetic carvacrol (CARVA; white boxes) or placebo (PLC; grey boxes) via the drinking water.
At day 6 post-infection, the abundance of C. jejuni was assessed in ex vivo biopsies derived from a MLN, b spleen, ¢ liver, d kidneys, e lungs and f
cardiac blood by culture. The cumulative relative translocation rate of viable pathogens into the respective compartment out of four independent
experiments is indicated (in %)

C. jejuni [34] and thus, represents a promising option
to replace conventionally used synthetic antibiotics for
lowering the C. jejuni burden in livestock animals and
avoiding the development of antibiotic resistant C. jejuni
strains. In fact, the European Union has approved car-
vacrol as animal food supplement on the basis of results
derived from carvacrol treatment studies in chicken
farms in order to reduce the abundance of Campylobac-
ter in poultry farming and meat production [35]. Notably,
carvacrol constitutes a major component of oregano and
thyme oils representing a “generally as safe recognized”
phytoherbal compound [36—40] that has been pharma-
ceutically approved for the treatment of gastrointestinal
morbidities in humans [41, 42]. However, scientifically
validated data regarding carvacrol application against C.
Jjejuni induced enterocolitis in humans are scarce.

In the present pre-clinical intervention study we there-
fore applied a well-established clinical C. jejuni infection

model of acute campylobacteriosis by using secondary
abiotic IL-10~'~ mice which display the clinical hallmarks
of severe campylobacteriosis seen in human patients. In
our study, we applied carvacrol via the drinking water
in a concentration of 500 mg/] that was more than three
times higher than the MICy, value of 150 mg/l that had
been determined in 20 C. jejuni insolates before. Car-
vacrol treatment starting 4 days prior murine infection
could sufficiently lower intestinal C. jejuni burdens up
to 2 orders of magnitude until day 6 p.i. The antimicro-
bial properties of carvacrol directed against food-borne
pathogens such as C. jejuni [26, 29, 30, 37] Salmonella
spp. (37, 43—45), Escherichia coli 0157:H7 [46] and Bacil-
lus cereus (47, 48] have been shown in vitro recently.
Synthetic carvacrol was, however, more effective against
Gram-negative bacteria than against Gram-positive spe-
cies [49].
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Remarkably, carvacrol treatment alleviated C. jejunmi
induced symptoms of campylobacteriosis including
wasting and bloody diarrhea. Previous in vitro studies
revealed that carvacrol reduced C. jejumi virulence by
inhibition of motility, cell attachment, tissue invasion
and toxin production and disrupted bacterial ATP pro-
duction leading to bacterial cell death [22-27, 29, 30, 50].
In addition, carvacrol reduced Campylobacter coloniza-
tion in chicken in vivo and inhibited biofilm formation
[26]. Ameliorated murine campylobacteriosis was further
characterized by less distinct C. jejuni induced apoptosis
in both, colonic and ileal epithelia, whereas intestinal cell
proliferative/regenerative properties counteracting path-
ogen-induced cell damage were enhanced upon carvacrol
treatment. Furthermore, carvacrol application dampened
intestinal pro-inflammatory immune responses upon C.
Jjejuni infection as indicated by less abundance of T and
B lymphocytes in the mucosa and lamina propria of both,
the large and the small intestines and lower concentra-
tions of pro-inflammatory mediators including TNF and
IL-6 in the intestinal tract and further, in the MLN drain-
ing the infected intestines. These results are supported
by recent in vitro studies showing that carvacrol treat-
ment of both, stimulated dendritic cells and macrophages
resulted in less distinct TNF and IFN-y secretion [51],
whereas carvacrol could down-regulate lipopolysac-
charide (LPS) induced expression of pro-inflammatory
cytokines such as TNF and IL-6 in broilers [52].

Notably, the inflaimmation-dampening properties of
exogenous carvacrol was not restricted to the intestinal
tract, but could also be observed in extra-intestinal organs
such as liver, kidneys and lungs as indicated by less dis-
tinct apoptosis and secretion of the pro-inflammatory
cytokines TNF and IFN-y in respective organs. In sup-
port, carvacrol has been shown to improve survival during
LPS-induced endotoxinemia and acute lung injury in mice
and to result in less distinct secretion of pro-inflammatory
cytokines including TNF and IL-6 [53].

Strikingly, the potent campylobacteriosis ameliorating
effects upon carvacrol treatment could also be assessed
systemically given that serum concentrations of TNEF, IFN-
¥, MCP-1 and IL-6 were lower in carvacrol as compared
to PLC treated C. jejuni infected mice. Of note, transloca-
tion of viable pathogens from the intestinal tract to extra-
intestinal organs occurred less frequently in the carvacrol
versus PLC cohort. Even though all blood cultures were C.
Jjejuni negative, one needs to take further into account that
soluble bacterial molecules such as LOS and other cell wall
constituents might have been transported via the circula-
tion and been responsible for the deleterious outcome of
severe campylobacteriosis in PLC control mice.

Overall, it is tempting to speculate that the observed
disease-ameliorating properties of carvacrol are due to
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an orchestrated sum effect of distinct anti-inflammatory
features of the compound: (i) lower intestinal pathogen
loads and hence, (i) less LOS exposure less distinctly
inducing pro-inflammatory mediator secretion, (iii)
hypothetical direct anti-LOS effect of carvacrol, (iv)
interfering with distinct C. jejuni virulence factors by
blocking motility, adhesion, invasion, LOS expression,
leading to (v) less recruitment of immune cells resulting
in (vi) less secretion of pro-inflammatory mediators, (vii)
less cytotoxicity including apoptosis, (viii) more counter-
regulatory cell proliferation/regeneration, (ix) less patho-
genic translocation, and (x) less extra-intestinal including
(xi) systemic immune responses.

Taken together these beneficial effects result in a sig-
nificant amelioration of disease and better overall clini-
cal outcome of mice in the clinical infection model for
human campylobacteriosis.

Conclusion

The lowered C. jejuni loads and alleviated symptoms
observed in the here applied clinical murine model for
human campylobacteriosis highlight the application of
carvacrol as a promising option not only for the treat-
ment of campylobacteriosis in humans and hence, for
prevention of post-infectious sequelae, but also for the
reduction of C. jejuni colonization in lifestock animals.

Methods

Determination of minimal inhibitory concentrations

of carvacrol

For determination of minimal inhibitory concentration
(MIC) values of carvacrol, 20 C. jejuni isolates including
the reference strain 81-176 used for infection of mice
(see below) were tested for their antimicrobial suscep-
tibility applying the broth microdilution method. Pro-
cedures regarding inoculum density, growth medium,
incubation time and conditions were performed in
accordance with the recommendations given in the Clini-
cal and Laboratory Standards Institute (CLSI) document
VET01-Ed5. Twofold serial dilutions ranging from 0.008
to 8.0 mmol/l (1-1202 pg/ml) for carvacrol were tested.
Stock solutions were prepared in Mueller—Hinton broth
and adjusted to pH 7.3. The C. jejuni reference strain
DSM 4688 was used for quality control purposes. The
MIC value of the reference strain was tested in advance
in three independent experiments using the broth micro-
dilution method and the broth macrodilution method.

Generation of secondary abiotic mice

IL-10~"" mice (female and male, all in C57BL/6j back-
ground) were reared under specific pathogen free
(SPF) conditions in the same unit of the Forschun-
gseinrichtungen fir Experimentelle Medizin (FEM,
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Charité—University Medicine Berlin). In order to coun-
teract physiological colonization resistance and thus
assure stable gastrointestinal C. jejuni colonization [13],
secondary abiotic mice with a depleted gut microbiota
were generated as described earlier [13, 54]. In brief,
immediately post weaning 3-week-old mice were sub-
jected to a 10-week course of broad-spectrum antibiotic
treatment by adding ampicillin plus sulbactam (1 g/;
Ratiopharm, Germany), vancomycin (500 mg/l; Cell
Pharm, Germany), ciprofloxacin (200 mg/l; Bayer Vital,
Germany), imipenem (250 mg/l; MSD, Germany) and
metronidazole (1 g/l; Fresenius, Germany) to the auto-
claved drinking water (ad libitum). Two days before path-
ogenic challenge the antibiotic cocktail was replaced by
autoclaved tap water to assure antibiotic washout.

Carvacrol treatment

Four days prior C. jejuni infection treatment with car-
vacrol (Sigma-Aldrich, Munich, Germany; daily dose of
100 mg carvacrol per kg body weight) was initiated by
dissolving the compound in Tween 80 (0.2% v/v) to a final
concentration of 500 mg/l autoclaved tap water (ad libi-
tum). Placebo control mice received Tween 80 only.

Campylobacter jejuni infection

Twelve-week old mice were perorally challenged with
10° colony forming units (CFU) of the highly pathogenic
C. jejuni reference strain 81-176 by gavage (in a total vol-
ume of 0.3 ml phosphate buffered saline (PBS), Gibco, Life
Technologies, UK). Animals were continuously main-
tained in a sterile environment (autoclaved food and drink-
ing water or sterile antibiotic cocktail) and handled under
strict aseptic conditions in order to avoid contaminations.

Clinical conditions

Before and after Campylobacter jejuni infection clinical
conditions of mice were assessed on a daily basis apply-
ing a standardized cumulative clinical score (maximum
12 points) addressing the abundance of blood in feces
(0: no blood; 2: microscopic detection of blood by the
Guajac method using Haemoccult, Beckman Coulter/
PCD, Germany; 4: macroscopic blood visible), diarrhea
(0: formed feces; 2: pasty feces; 4: liquid feces), and the
clinical aspect (0: normal; 2: ruffled fur, less locomotion;
4: isolation, severely compromised locomotion, pre-final
aspect) as described earlier [55].

Sampling procedures

At day 6 p.i, mice were sacrificed by isofluran inhala-
tion (Abbott, Germany). Luminal gastrointestinal sam-
ples (i.e., from stomach, duodenum, ileum and colon)
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and ex vivo biopsies were taken from colon, mesenteric
lymph nodes (MLN), liver, kidneys, lungs, and spleen
under sterile conditions. Intestinal samples were col-
lected from each mouse in parallel for microbiological,
immunohistopathological and immunological analyses.
The absolute colonic lengths were measured with a ruler
(in cm).

Pathogenic colonization and translocation

Campylobacter jejuni loads were surveyed in fecal sam-
ples over time p.i., and upon necropsy in luminal samples
taken from the stomach, duodenum, ileum and colon as
well as in homogenates of ex vivo biopsies derived from
MLN, spleen, liver, kidney and lung as well as in car-
diac blood samples by culture as described previously
[13, 56]. In brief, intraluminal gastrointestinal samples
and respective ex vivo biopsies were homogenized in
sterile PBS with a pistil and serial dilutions plated onto
karmali agar (Oxoid, Wesel, Germany) and incubated in
a microaerophilic atmosphere for at least 48 h. Cardiac
blood (0.2 ml) was immediately streaked onto karmali
agar plates. The detection limit of viable pathogens was
approximately 100 CFU/g.

Immunohistochemistry

In situ immunohistochemical analyses were performed
in ex vivo biopsies derived from colon, ileum, liver, kid-
neys, and lungs that had been immediately fixed in 5%
formalin and embedded in paraffin as stated elsewhere
[32, 57-59]. In brief, in order to detect apoptotic epi-
thelial cells, proliferation epithelial cells, T lympho-
cytes, and B lymphocytes, paraffin sections (5 pm)
were stained with primary antibodies directed against
cleaved caspase 3 (Aspl175, Cell Signaling, Beverly, MA,
USA, 1:200), Ki67 (TEC3, Dako, Denmark, 1:100), CD3
(#N1580, Dako, 1:10), and B220 (No. 14-0452-81, eBio-
science; 1:200), respectively. After incubation with the
primary antibody (30 min), sections were incubated for
another 30 min with the respective secondary antibody
(for anti-cleaved caspase 3 and anti-CD3 staining: bioti-
nylated donkey anti-rabbit antibody; for anti-Ki67 and
anti-B220 staining: biotinylated rabbit anti-rat antibody;
all purchased from Dianova, Hamburg, Germany). The
Streptavidin—Alkaline Phosphatase Kit (Dako) using
Fast Red as chromogen was applied as detection sys-
tem. Negative controls were generated in samples in
which the respective primary antibody had been omit-
ted. Positively stained cells were then examined by light
microscopy (magnification 100x and 400x), and for
each mouse the average number of respective positively
stained cells was determined within at least six high
power fields (HPF, 0.287 mm?, 400x magnification) by a
blinded independent investigator.
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Pro-inflammatory mediators

Colonic and ileal ex vivo biopsies were cut longitudinally
and washed in PBS. Ex vivo biopsies derived from liver
(approximately 1 cm®), kidney (one half after longitudinal
cut), lung, MLN (3—4 lymph nodes) or strips of approxi-
mately 1 em? colonic or ileal tissues were placed in
24-flat-bottom well culture plates (Nunc, Germany) con-
taining 500 pl serum-free RPMI 1640 medium (Gibco,
life technologies, UK) supplemented with penicillin (100
U/ml) and streptomycin (100 pg/ml; PAA Laboratories,
Germany). After 18 h at 37 °C, culture supernatants and
serum samples were tested for IFN-y, TNE, IL-6, and
MCP-1 by the Mouse Inflammation Cytometric Bead
Assay (CBA; BD Biosciences, Germany) on a BD FACS-
Canto II flow cytometer (BD Biosciences). Systemic pro-
inflammatory cytokine concentrations were measured in
serum samples. NO concentrations were assessed by the
Griess reaction [54, 60].

Statistical analysis

Medians and levels of significance were determined
using Mann—Whitney test (GraphPad Prism v7, USA)
as indicated. Two-sided probability (p) values <0.05
were considered significant. Experiments were repro-
duced three times.

Supplementary information
Supplementary information accompanies this paper at https://doi.

org/10.1186/513099-019-0343-4.

Additional files

Additional file 1: Figure 51. Kinetic survey of clinical conditions fol-
lowing carvacrol treatment of C jejuni infected mice. Starting 4 days
pricr peroral C. jejuni infection on day (d) 0 and d1, secondary abiotic
IL-107/~ mice were treated with synthetic carvacrol (CARVA; white boxes)
or placebo (PLC; grey boxes) via the drinking water. Severities of clinical
symptoms were surveyed daily from d0 until dé applying a standardized
clinical scoring system postinfection (see "Methods"). Box plots represent
the 75th and 25th percentiles of medians (black bar inside the boxes).
Total range, significance levels (p-values; determined between groups at
respective time points; **p < 0.001) by the Mann-Whitney U test and
numbers of analyzed animals (in parentheses) are indicated. Data were
pooled from four independent experiments.

Additional file 2: Figure S2. Representative photomicrographs illus-
trating apoptotic and proliferating epithelial as well as immune cells
responses in large intestines upon carvacrol treatment of C. jgjuni infected
mice. Starting 4 days prior peroral C jejuni infection on days 0 and 1,
secondary abiotic IL-107/~ mice were treated with synthetic carvacrol
(CARVA) or placebo (PLC) via the drinking water. Naive mice served as
uninfected controls. Photomicrographs reepresentative for four independ-
ent experiments illustrate the average numbers of (A) apoptotic epithelial
cells (Casp3+), (B) proliferating epithelial cells (Ki67+), (O T lymphocytes
(CD3+), and (D) B lymphocytes (B220+) in at least six high power fields
(HPF) as quantitatively assessed in colonic paraffin sections applying

in situ immunohistochemistry at day 6 post-infection (A: 400x magnifica-
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Additional file 3: Figure 53. lleal apoptotic, proliferative and immune
cell responses upon carvacrol treatment of C. jejuni infected mice. Starting
4 days prior peroral C jejuni infection on days 0 and 1, secondary abiotic
IL-10~'~ mice were treated with synthetic carvacrol (CARVA; white boxes)
or placebo (PLC; grey boxes) via the drinking water. The average numbers
of (A) apoptotic (positive for caspase3, Casp3) and (B) proliferative/regen-
erative {positive for Ki67) lleal epithelial cells as well as of (Q T lympho-
cytes (positive for CD3) and (D) B lymphocytes (positive for B220) in the
ileal mucosa and lamina propria from six high power fields (HPF, 400x
magnification) per mouse were assessed microscopically in immunohisto-
chemically stained small intestinal paraffin sections at day 6 post-infection.
Naive mice served as uninfected controls. The total range, significance
levels (p-values) determined by the Mann-Whitney U test and numbers.
of analyzed animals (in parentheses) are indicated. Data were pooled from
four independent experiments.

Additional file 4: Figure S4. Representative phatomicrographs illus-
trating apoptotic and proliferating epithelial as well as immune cells
responses in large intestines upon carvacrol treatment of C jgjuni infected
mice. Starting 4 days prior peroral C jejuni infection on days Oand 1,
secondary abiotic IL-10~/~ mice were treated with synthetic carvacrol
(CARVA) or placebo (PLC) via the drinking water. Naive mice served as
uninfected controls. Photomicrographs reepresentative for four independ-
ent experiments illustrate the average numbers of {A) apoptotic epithelial
cells (Casp3+), (B) proliferating epithelial cells (Ki67+), (C) T lymphocytes
(CD3+), and (D) B lymphocytes (B220+) in at least six high power fields.
(HPF) as quantitatively assessed in ileal paraffin sections applying in situ
immunchistochemistry at day 6 post-infection (A: 400x magnification,
scale bar 20 um; B-D: 100 x magnification, scale bar 100 pm).

Additional file 5: Figure S5. lleal pro-inflammatory mediator secretion

in carvacrol treated mice following C jejuni infection. Starting 4 days prior
peroral € jejuni infection on days 0 and 1, secondary abiotic IL-10~"~ mice
were treated with synthetic carvacrol (CARVA; white boxes) or placebo
(PLG; grey boxes) via the drinking water. (A) IFN-y and (B) TNF concentra-
tions were measured in supernatants of ileal ex vivo biopsies derived at
day 6 post-infection. Naive mice served as uninfected controls. The total
range, significance levels (p-values) determined by the Mann-Whitney U
test and numbers of analyzed animals (in parentheses) are indicated. Data
were pooled from four independent experiments.

Additional file 6: Figure 56. Representative phatomicrographs illustrat-
ing apoptotic cells responses in extra-intestinal compartments upon
carvacrol treatment of C jejuni infected mice. Starting 4 days prior peroral
€ jejuni infection on days 0 and 1, secondary abiotic IL-10~/~ mice were
treated with synthetic carvacrol (CARVA) or placebo (PLC) via the drink-
ing water. Naive mice served as uninfected controls. Photomicrographs
reepresentative for four independent experiments illustrate the average
numbers of apoptotic cells (Casp3+) in (A) liver, (B) kidney and (C) lung

in at least six high power fields (HPF) as quantitatively assessed in paraffin
sections of respective ex vivo biopsies applying in situ immunchistochem-

tion, scale bar 20 um; B-D: 100 x magnification, scale bar 100 pm).

istry at day 6 post-infection (100x magnification, scale bar 100 pm)
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Human Campyiobacter infections are progressively rising and of high socioeconomic
impact. In the present preclinical intervention study we investigated anti-pathogenic,
immuno-modulatory, and intestinal epithelial barrier preserving properties of vitamin
D applying an acute campylobacteriosis model. Therefore, secondary abiotic
IL-10~/~ mice were perorally treated with synthetic 25-OH-cholecalciferol starting 4
days before peroral Campylobacter jejuni infection. Whereas, 25-OH-cholecalciferol
application did not affect gastrointestinal pathogen loads, 25-OH-cholecalciferol treated
mice suffered less frequently from diarrhea in the midst of infection as compared to
placebo control mice. Moreover, 25-OH-cholecalciferol application dampened C. jgjuni
induced apoptotic cell responses in colonic epithelia and promoted cell-regenerative
measures. At day 6 post-infection, 25-OH-cholecalciferol treated mice displayed
lower numbers of colonic innate and adaptive immune cell populations as compared
to placebo controls that were accompanied by lower intestinal concentrations of
pro-inflammatory mediators including IL-6, MCP1, and IFN-y. Remarkably, as compared
to placebo application synthetic 25-OH-cholecalciferol treatment of C. jgjuni infected
mice resulted in lower cumulative translocation rates of viable pathogens from the
inflamed intestines to extra-intestinal including systemic compartments such as the
kidneys and spleen, respectively, which was accompanied by less compromised
colonic epithelial barrier function in the 25-OH-cholecalcifercl as compared to the
placebo cohort. In conclusion, our preclinical intervention study provides evidence
that peroral synthetic 25-OH-cholecalciferol application exerts inflammation-dampening
effects during acute campylobacteriosis.

Keywords: vitamin D, Campy Jejuni, iosis model, intervention study, hest-pathogen
interaction, acute enterocolitis, intestinal epithelial barrier function
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Vitamin D in Murine Campylobacteriosis

INTRODUCTION

Campylobacter jejuni constitute major infectious bacterial
agents of zoonotic enteric morbidities with increasing
prevalences worldwide (1). Humans become infected via
the food chain by consumption of raw or undercooked meat
derived from contaminated livestock animals or by ingestion of
C. jejuni containing surface water (2-4). Infected individuals
present with symptoms of varying degree depending on the
virulence of the acquired bacterial strain on one side and the
host immune status on the other (1, 5-7). Some patients display
rather mild symptoms including watery diarrhea, whereas
others develop acute campylobacteriosis (8, 9). These severely
compromised individuals complain about abdominal cramps,
fever, and inflammatory bloody diarrhea (8, 9). During infection
intestinal tissues are destroyed by innate immune responses and
display profound histopathological inflammatory changes such
as ulcerations, crypt abscesses, and increased numbers of innate
and adaptive immune cells in the colonic mucosa and lamina
propria (5, 8, 10, 11). The vast majority of human infections
are usually self-limiting and treated (if at all) symptomatically.
Only severely compromised patients with immuno-suppressive
comorbidities, for instance, require hospitalization and receive
antimicrobial treatment (6, 8, 9). In rare cases, however, post-
infectious sequelae such as Guillain-Barré syndrome, Miller
Fisher syndrome, Reiter’s syndrome, and reactive arthritis might
arise with a latency of weeks to months (8, 9, 12).

Despite the progressively increasing prevalences of human
campylobacteriosis, cellular, and molecular events that are
involved in disease development are not yet fully understood.
However, previous clinical studies revealed that in humans
acute C. jejuni induced disease courses and post-infectious
sequelae such as Guillain-Barré syndrome are triggered by the
pathogenic surface molecule lipooligosaccharide (LOS) causing
hyper-activation of the innate immune system in the sialylated
form (13). For quite a long time in vivo studies have been
hampered by the scarcity of appropriate animal models. This
is mainly because the gastrointestinal microbiota of mice
mediates a strong colconization resistance to C. jejuni and
mice are per se about 10,000-fold more resistant to LOS and
lipopolysaccharide (LPS) as compared to humans (14). Our
group has recently shown that secondary abiotic TL-107/~
mice in which the gut microbiota had been depleted by
broad-spectrum antibiotic treatment can not only be effectively
colonized by the pathogen upon peroral infection, but also
develop key features of acute campylobacteriosis such as wasting
and bloody diarrhea within 1 week (15). One major reason
for these severe immunopathological responses mounting in
acute ulcerative enterocolitis is the absence of colonization
resistance and the lack of interleukin-10 (IL-10) providing
murine resistance to C. jejuni LOS (16, 17). In consequence, C.

Abbreviations: CBA, Cytometric Bead Array; CFU, colony-forming units; HPE
High power fields; IFN, interferon; IL, interleukin; LOS, Lipo-oligosaccharide;
LPS, Lipo-polysaccharide; MCP-1, monocyte chemoattractant protein 1; MLN,
mesenteric lymph nodes; PBS, phosphate buffered saline; p.i., post-infection; PLC,
Placebo; Rt, Transmural electrical resistance; SPE, specific pathogen free; Th, T
helper cell; TLR, toll-like receptor; TNFE, tumor necrosis factor; Treg, regulatory
T cells; UV, ultraviolet; VDR, vitamin D receptor; VitD, Vitamin D.

jejuni infected IL-10~/~ mice display pronounced LOS induced
and Toll-like receptor-4 (TLR-4) dependent innate and adaptive
immune responses that are not restricted to the intestinal tract,
but can also be observed in extra-intestinal including systemic
compartments (15, 18-25).

Vitamin D has primarily been known for its regulatory
properties in bone metabolism due to the tight control of calcium
reabsortion in the intestinal tract and in bone remodeling (26).
After exposure to ultraviolet (U'V) B light the steroid hormone is
produced in the skin from 7-dehydroxy-cholesterol followed by
hydroxylation steps in the liver and the kidneys to the biologically
active forms 25-hydroxy-vitamin D and 1,25-dihydroxy-vitamin
D, respectively (27). After ingestion of food or supplements,
circulating 25-hydroxy-vitamin D can be utilized by many
cells including immune cells and intestinal intraepithelial
cells expressing the la-hydroxylase enzyme CYP27B, whereas
24-hydroxylase CYP24A exerts counter-regulatory properties
subsequently providing local 1,25-dihydroxy-vitamin D sources
in a well-balanced fashion (27).

The identification of the vitamin D receptor (VDR) on
peripheral blood mononuclear cells in the 1980s first pointed
to immune-related functions of vitamin D (28, 29). In fact,
vitamin D has been shown to be involved in modulating both,
innate and adaptive immune responses (30-33) and to exert anti-
inflammatory effects (34). Furthermore, several reports underline
the anti-microbial properties of vitamin D (33). For instance,
vitamin D could effectively inhibit the growth of Gram-positive
bacterial strains such as Staphylococcus aureus, Streptococcus
pyogenes, and Streptococcus mutans, but also of Gram-negative
species including Klebsiella pneumoniae and Escherichia coli (35—
37). In addition, the production of antimicrobial peptides such
as cathelicidin and defensins are stimulated by vitamin D (38-
40). Both, immune-modulatory and antimicrobial effects might
be responsible for the beneficial effects of exogenous vitamin D
observed in infectious morbidities caused by Helicobacter pylori
(41) and in respiratory tract infections (42). Moreover, vitamin D
has been shown to be involved in maintenance of the intestinal
epithelial barrier integrity (43).

This prompted us in our present preclinical intervention
study to investigate potential pathogen-lowering, immuno-
modulatory, intestinal epithelial barrier preserving and hence,
disease-alleviating effects of synthetic 25-OH-cholecalciferol
applying a clincial model of acute campylobacterosis.

MATERIALS AND METHODS
Ethics Statement

All animal experiments were conducted in accordance with the
European Guidelines for animal welfare (2010/63/EU) following
approval by the commission for animal experiments headed by
the “Landesamt fiir Gesundheit und Soziales” (LaGeSo, Berlin,
registration numbers G0172/16 and G0247/16). Twice a day
clinical conditions of mice were assessed.

Generation of Secondary Abiotic Mice

Female and male IL-10~/~ mice (all in C57BL/6j background)
were bred and reared under specific pathogen free (SPF)
conditions in the same unit of the Forschungseinrichtungen
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firr Experimentelle Medizin (FEM, Charité-University Medicine
Berlin). Three to five mice were maintained in one cage including
filter tops within an experimental semi-barrier (accessible only
with lab coat, overshoes, caps, and sterile gloves) under standard
conditions (22-24°C room temperature, 55 £ 15% humidity,
12h light/12 dark cycle) and had free access to autoclaved
standard chow (food pellets: ssniff R/M-H, V1534-300, Sniff,
Soest, Germany).

In order to assure stable gastrointestinal C. jejuni colonization
and to override physiological colonization resistance (44),
microbiota-depleted (i.e., secondary abiotic) mice were generated
(44, 45). In brief, immediately post-weaning 3-week old
mice were subjected to a 10-week course of broad-spectrum
antibiotic treatment by adding ampicillin plus sulbactam (1 g/L;
Ratiopharm, Germany), vancomycin (500 mg/L; Cell Pharm,
Germany), ciprofloxacin (200 mg/L; Bayer Vital, Germany),
imipenem (250 mg/L; MSD, Germany) and metronidazole (1
g/L; Fresenius, Germany) to the autoclaved drinking water
(ad libitum) as described elsewhere (45). To assure antibiotic
washout, the antibiotic cocktail was withdrawn 4 days prior
infection and thus immediately before start of the vitamin
D treatment.

Vitamin D Treatment

Vitamin D treatment started 4 days before C. jejuni infection.
Therefore, synthetic 25-OH-cholecalciferol (purchased from
Sigma-Aldrich, Miinchen, Germany) was dissolved in Tween 80
(0.2% v/v) and administered to mice via the autoclaved tap water
(ad libitum). Considering a body weight of ~25g per mouse
and a daily drinking volume of ~5mL, the final concentration
of the synthetic 25-OH-cholecalciferol solution was 2.5 pg/mL
resulting in a daily treatment dosage of 500 pug per kg body weight
(equivalent to 20,000 IU per kg) (46). Hence, the applied daily
vitamin D dose was far beyond the toxic doses defined for rodents
(i.e., 42 mg/kg/day) (47, 48) and humans (i.e., 150 mg/kg/day)
(49). Age and sex matched placebo (PLC) control mice received
vehicle (i.e., Tween 80) via the drinking water (ad libitum).

C. jejuni Infection, Gastrointestinal

Colonization, and Translocation
For infection, a stock solution of C. jejuni 81-176 strain that
had been stored at —80°C was thawed, aliquots streaked onto
karmali agar (Oxoid, Wesel, Germany) and incubated in a
microaerophilic atmosphere at 37°C for 48 h. Inmediately before
peroral infection of mice, bacteria were harvested in sterile PBS
(Oxoid) to a final inoculum of 10° bacterial cells. Mice (3 months
of age) were perorally infected on two consecutive days (ie.,
days 0 and 1). Animals were continuously maintained in a sterile
environment (autoclaved food and drinking water) and handled
under strict aseptic conditions to prevent from contaminations.
In order to assess gastrointestinal colonization and
translocation, C. jejuni were quantitatively assessed in fecal
samples over time post-infection (p.i) and furthermore,
in luminal samples derived from distinct parts of the
gastrointestinal tract (i.e, from the stomach, duodenum,
ileum, and colon) and in organ homogenates at day 6 p.i. by
culture as stated elsewhere (44, 50). The detection limit of viable

pathogens was 22100 CFU per g (CFU/g). To assess C. jejuni
bacteremia, thioglycollate enrichment broths (BD Bioscience,
Germany) were inoculated with ~200 pL cardiac blood of
individual mice, incubated for 7 days at 37°C, and streaked onto
respective media for further identification as described (44).

Clinical Conditions

Before and after C. jejuni infection the clinical conditions of mice
were assessed on a daily basis by using a standardized cumulative
clinical score (maximum 12 points), addressing the clinical
aspect/wasting (0: normal; 1: ruffled fur; 2: less locomotion; 3:
isolation; 4: severely compromised locomotion, pre-final aspect),
the abundance of blood in feces (0: no blood; 2: microscopic
detection of blood by the Guajac method using Haemoccult,
Beckman Coulter/PCD, Germany; 4: macroscopic blood visible),
and diarrhea (0: formed feces; 2: pasty feces; 4: liquid feces) as
described earlier (19).

Sampling Procedures

At day 6 p.i.,, mice were sacrificed by isofluran inhalation (Abbott,
Germany). Luminal gastrointestinal samples (from stomach,
duodenum, ileum, and colon) and ex vivo biopsies from colon,
ileum, mesenteric lymph nodes (MLN), spleen, liver, kidneys, and
lungs were taken under sterile conditions. For serum cytokine
measurements cardiac blood was taken. Colonic and extra-
intestinal samples were collected from each mouse in parallel for
microbiological, immunohistopathological, and immunological
analyses. The absolute colonic and small intestinal lengths were
measured with a ruler (in cm).

Immunohistochemistry

In situ immunohistochemical analyses were performed in colonic
ex vivo biopsies that had been immediately fixed in 5% formalin
and embedded in paraffin as described earlier (51-54). In
brief, in order to detect apoptotic epithelial cells, proliferation
epithelial cells, macrophages/monocytes, T lymphocytes, and
regulatory T cells (Tregs), 5pm thin paraffin sections of ex
vivo biopsies were stained with primary antibodies directed
against cleaved caspase 3 (Asp175, Cell Signaling, Beverly, MA,
USA, 1:200), Ki67 (TEC3, Dako, Denmark, 1:100), F4/80 (# 14-
4801, clone BMB8, eBioscience, San Diego, CA, USA, 1:50), CD3
(#N1580, Dako, 1:10), and FOXP3 (clone FJK-165, #14-5773,
eBioscience, 1:100), respectively. Positively stained cells were
then examined by light microscopy (magnification 100x and
400x), and for each mouse the average number of respective
positively stained cells was determined within at least six high
power fields (HPF, 0.287 mm?, 400 magnification) by a blinded
independent investigator.

Inflammatory Mediator Detection in
Supernatants of Intestinal and
Extra-Intestinal ex vivo Biopsies

Colonic ex vivo biopsies were cut longitudinally, washed in
phosphate buffered saline (PBS; Gibco, Life Technologies, UK),
and strips of ~1 cm? tissue and ex vivo biopsies derived from
MLN (3-4 lymph nodes), liver, and spleen (one half) were
placed in 24-flat-bottom well-culture plates (Nunc, Germany)
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containing 500 wL serum-free RPMI 1640 medium (Gibco, life
technologies, UK) supplemented with penicillin (100 U/mL)
and streptomycin (100 pg/mL; PAA Laboratories, Germany).
After 18h at 37°C, respective culture supernatants as well as
serum samples were tested for IL-6, monocyte chemoattractant
protein 1 (MCP-1), tumor necrosis factor (TNF), and interferon-
Y (IEN-y) by the Mouse Inflammation Cytometric Bead Assay
(CBA; BD Biosciences, Germany) on a BD FACSCanto II
flow cytometer (BD Biosciences). Systemic pro-inflammatory
cytokine concentrations were measured in serum samples.

Electrophysiological Measurements

Distal colonic ex vivo biopsies were mounted unstripped
in Ussing chambers (0.049 cm? area). Transmural electrical
resistance (Rt) was recorded under voltage clamp conditions
by an automatic clamp device (CVC6, Fiebig Hard and
Software, Berlin, Germany) at 37°C over 1h. The bathing
solution was composed of NaCl (113.6 mmol/L), NaHCO3 (21.0
mmol/L), KCI (5.4 mmol/L), Na,HPOy (2.4 mmol/L), MgCl,
(1.2 mmol/L), CaCly (1.2 mmol/L), NaH,PO4 (0.6 mmol/L),
D(+)-glucose (10.0 mmol/L), D(+)-mannose (10.0 mmol/L),
beta-hydroxybutyric acid (0.5 mmol/L), and L-glutamine (2.5
mmol/L) equilibrated with carbogen gas (pH 7.4).

Statistical Analysis

Medians and levels of significance were determined using
Mann-Whitney test (GraphPad Prism v7, USA) for pairwise
comparisons of not normally distributed data, and using the
one-sided ANOVA with Tukey post-correction or the Kruskal-
‘Wallis test with Dunn’s post-correction for multiple comparisons
as indicated. Two-sided probability (p) values < 0.05 were
considered significant. Experiments were performed in a blinded
fashion and reproduced three times.

RESULTS

Intestinal Pathogen Loads Over Time
Following Vitamin D Treatment of C. jejuni
Infected Mice With Acute Enterocolitis
Secondary abiotic IL-10~/~ mice were subjected to synthetic
25-OH-cholecalciferol treatment via the drinking water starting
4 days before C. jejuni infection. On two consecutive days,
namely days 0 and 1, mice were then perorally challenged with
10° viable pathogens by gavage. Daily cultural analyses of fecal
samples revealed that 25-OH-cholecalciferol application did not
affect pathogenic intestinal colonization properties as indicated
by stable median fecal C. jejuni loads of 10° CFU/g over time
p.i. that did not differ between both cohorts at respective time
points (n.s.; Figure $1). Upon necropsy, luminal gastrointestinal
C. jejuni densities did not differ between 25-OH-cholecalciferol
and placebo treated mice as determined in stomach, duodenum,
ileum and colon at day 6 post-infection (n.s.; Figure1).
Hence, synthetic 25-OH-cholecalciferol treatment did not affect
gastrointestinal C. jejuni loads.

C. jejuni - Gastrointestinal Tract

STOMACH  DUODENUM ILEUM COLON
1012
101°; . 00 -
st Sgo e
10 . ® v | &%
o . 0° > ° 1";' 09 o o
S . 0 (] %50 050
2 10f ==n 003 ’:. ® o
10% '1,._ o | Y-
-' o8 * o°
102l e .
0.

PLC VD PIC VD PLC VD PLC Vi
a9 e g ae (e (e (19 (i8)

FIGURE 1 | Gastrointestinal C. jejuni loads following vitamin D treatment of
infected mice. Secondary abiotic IL-107/~ mice were treated with synthetic
25-0OH-cholecalciferol (vitamin D, VitD, open circles) or placebo (PLC, closed
circles) via the drinking water starting 4 days before peroral C. jejuni 81-176
strain infection on days O and 1. At necropsy (.., day 6 post-infection), lurinal
C. jgjuni loads were quantitatively assessed from each mouse in distinct
gastrointestinal compartments as indicated by culture and expressed in colony
forming units per g (CFU/g). Medians (black bars) and numbers of analyzed
animals (in parentheses) are indicated. Data were pooled from four
independent experiments.

Comprehensive Survey of Clinical
Conditions Over Time Following Vitamin D
Treatment of C. jejuni Infected Mice With
Acute Enterocolitis

Within 6 days following C. jejuni infection mice from
either cohort developed comparably severe symptoms of acute
enterocolitis as daily quantitated applying a standardized
cumulative clinical scoring system (Figure S2) assessing wasting
symptoms, abundance of fecal blood, and the severity of diarrhea.
Whereas overall pathogen-induced clinical symptoms were
comparable between the two cohorts over time (n.s.; Figure $2),
cumulate relative frequencies of diarrhea were lower in 25-OH-
cholecalciferol treated mice as compared to placebo controls as
early as 24 h following the latest infection (i.e., day 2 p.i.) until 4
p-i. (Figure 2). Hence, synthetic 25-OH-cholecalciferol treatment
results in less frequent C. jejuni induced diarrhea in the midst
of infection.

Macroscopic and Microscopic
Inflammatory Sequelae Following Vitamin
D Treatment of C. jejuni Infected Mice With
Acute Enterocolitis

Given that intestinal inflammation is association with a
significant shortening of the affected part of the intestinal tract
(15, 45), we measured the lengths of both, the small and
large intestines upon necropsy. In fact, C. jejuni infection was
accompanied with shorter colons of placebo as well as of 25-OH-
cholecalciferol treated mice (p < 0.001; Figure S3A), whereas the
small intestinal lengths were virtually unaffected at day 6 p.i. (n.s.;
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FIGURE 2 | Diarrhea frequencies over time following vitamin D treaiment of . jejuni infected mice. Secondary abiotic IL-107/~ mice were treated with synthetic
25-0H-cholecalciferal {vitamin D, VitD, white bars) or placebo (PLC, black bars) via the drinking water starting 4 days before peroral C. jgjuni 81-176 strain infection on
days 0 and 1. Occurrence of diarrhea was assessed in each mouse from day O until day 6 post-infection as indicated applying a standardized clinical scoring system
(see Materials and Methods). Bars indicate the cumulative frequencies of diarrhea (in %). Numbers of diarrheal mice out of the total number of analyzed animals are
given in parentheses. Data were pooled from four independent experiments.

Figure $3B). Hence, synthetic 25-OH-cholecalciferol treatment
does not ameliorate C. jejuni induced macroscopic disease.

Since apoptosis is regarded a reliable parameter for the
grading of intestinal inflammation (44), we further quantitatively
assessed caspase3™ apoptotic epithelial cells in large intestinal
ex vivo biopsies applying in situ immunohistochemistry. At
day 6 p.i, C. jejuni infected mice exhibited multifold increased
numbers of apoptotic cells in their colonic epithelia (p <
0.001), that were, however, more than 60% lower in 25-OH-
cholecalciferol as compared to placebo treated mice (p <
0.05; Figure 3A, Figure S4A). Conversely, numbers of Ki67"
colonic epithelial cells indicative for cell proliferation and
regeneration increased upon C. jejuni infection (p < 0.001),
but more distinctly following 25-OH-cholecalciferol as compared
to placebo treatment (p < 0.05; Figure3B, Figure S4B).
Hence, synthetic 25-OH-cholecalciferol treatment dampens C.
jejuni induced apoptotic cell responses and promotes cell
regenerative measures counteracting intestinal cell damage upon
pathogenic exposure.

Intestinal Immune Cell Responses
Following Vitamin D Treatment of C. jejuni
Infected Mice With Acute Enterocolitis

We further quantitatively surveyed both, innate and adaptive
immune cell responses in the large intestinal tract following
synthetic 25-OH-cholecalciferol treatment of C. jejuni infected
mice by immunohistochemical staining of colonic paraffin
sections. As early as 6 days upon C. jejuni infection, numbers
of F4/80" innate immune cell subsets including macrophages
and monocytes had increased in the large intestinal mucosa
and lamina propria (p < 0.001), but less distinctly in 25-OH-
cholecalciferol as compared to placebo challenged mice (p
< 0.01; Figure 4A, Figure $4C). Similarly, C. jejuni induced
increases in adaptive immune cells such as cD3t lymphocytes,
were less pronounced in the 25-OH-cholecalciferol vs. placebo
cohort at day 6 pi. (p < 0.05 VitD vs. PLC; Figure 4B,
Figure $4D). Interestingly, numbers of FOXP3"' regulatory
T cells (Treg) were slightly higher following vitamin D as
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FIGURE 3 | Colonic epithelial cell apoptosis and cell proliferation/regeneration following vitamin D treatment of C. jejuni infected mice. Secondary abiotic IL-10~/~
mice were treated with synthetic 25-OH-cholecalciferol (vitamin D, VitD, open circles) or placebo (PLC, closed circles) via the drinking water starting 4 days before
peroral C. jejuni 81-176 strain infection on days 0 and 1. At necropsy (i.e., day 6 post-infection), the average numbers of colonic epithelial (A) apoptotic (Casp3t) and
(B} proliferating (KI67 ) cells were assessed microscopically from six high power fields (HPF, 400x magnification) per animal in immunohistochemically stained colonic
paraffin sections. Uninfected and untreated mice (none, open diamonds) served as negative control animals. Medians (black bars), levels of significance (p-values)
assessed by the Kruskal-Wallis test and Dunn’s post-correction or the one-sided ANOVA test with Tukey post-correction and numbers of analyzed animals (in
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compared to placebo treated C. jejuni infected mice (p < 0.01;
Figure 4C, Figure S4E). Hence, synthetic 25-OH-cholecalciferol
treatment results in less pronounced C. jejuni induced
intestinal responses of distinct innate and adaptive immune
cell populations.

Intestinal Pro-inflammatory Mediator
Secretion Following Vitamin D Treatment
of C. jejuni Infected Mice With Acute
Enterocolitis

‘We next measured pro-inflammatory mediators in intestinal ex
vivo biopsies. At day 6 following C. jejuni infection increased
IL-6 and MCP-1 concentrations could be assessed in the colon
of placebo (p < 0.01 and p < 0.05, respectively), but not 25-OH-
cholecalciferol treated mice (Figures 5A,B). C. jejuni induced
increases in large intestinal TNF and IFN-y concentrations (p
< 0.05-0.001 vs. none), however, were unaffected by 25-OH-
cholecalciferol challenge (n.s. vs. PLC; Figures 5C,D). In line,
ileal IL-6 and MCP-1 as well as IFN-y levels were elevated upon
C. jejuni infection of mice from the placebo (p < 0.05-0.01), but
not from the 25-OH-cholecalciferol cohort (Figures 6A,B,D),
whereas like in the colon, ileal TNF concentrations were
comparably elevated at day 6 post-infection of either cohort (p
< 0.001; Figure 6C). Hence, synthetic 25-OH-cholecalciferol
treatment of C. jejuni infected mice results in less pronounced
secretion of distinct pro-inflammatory mediators in the
intestinal tract.

Extra-Intestinal Inflammatory Immune
Responses Following Vitamin D Treatment
of C. jejuni Infected Mice

We further asked whether the 25-OH-cholecalciferol mediated
anti-inflammatory effects were restricted to the intestinal tract
or also effective in extra-intestinal compartments. In fact, IFN-
y concentrations were lower in MLN and liver of 25-OH-
cholecalciferol as compared to placebo treated mice at day 6
pi. (p < 0.05; Figures 7A,B). Interestingly, C. jejuni infection
resulted in decreased IFN-y secretion in splenic ex vivo biopsies
irrespective of the treatment regimen (p < 0.001; Figure 7C).
Hence, synthetic 25-OH-cholecalciferol treatment of C. jejuni
infected mice resulted in less distinct IFN-y secretion in MLN
and liver.

Systemic Pro-inflammatory Mediator
Secretion Following Vitamin D Treatment
of C. jejuni Infected Mice With Acute
Enterocolitis

We next addressed whether synthetic 25-OH-cholecalciferol
treatment might alleviate systemic C. jejuni induced pro-
inflammatory immune responses. At day 6 p.i., mice from
either cohort exhibited comparably elevated IL-6, MCPI,
TNF, and IFN-y serum concentrations (p < 0.001 vs. none;
Figure §5). Hence, synthetic 25-OH-cholecalciferol treatment
does not affect C. jejuni induced systemic pro-inflammatory
mediator secretion.
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four independent experiments.
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FIGURE 4 | Colonic immune cell responses following vitamin D treatment of C. jejuni infected mice. Secondary abiotic IL-10~/~ mice were treated with synthetic
25-OH-cholecalciferol {vitamin D, VitD, open circles) or placebo (PLC, closed circles) via the drinking water starting 4 days before peroral C. jejuni 81-176 strain
infection on days 0 and 1. At necropsy (l.e., day 6 post-infection), the average numbers of (A) macrophages and monocytes (F4/807), (B) T lymphocytes (CD3%) and
(C) regulatory T cells (FOXP3+) were assessed microscopically from six high power fields (HPF, 400x magnification) per animal in immunchistochemically stained
colonic paraffin sections. Uninfected and untreated mice (none, open diamonds) served as negative control animals. Medians (black bars), levels of significance
(p-values) assessed by the one-sided ANOVA test with Tukey post-correction and numbers of analyzed animals (in parentheses) are indicated. Data were pooled from

Bacterial Translocation Following Vitamin
D Treatment of C. jejuni Infected Mice With

Acute Enterocolitis

We further asked whether synthetic 25-OH-cholecalciferol
treatment had an impact of the translocation rates of viable
pathogens from the infected intestines to extra-intestinal
including systemic tissue sites. Whereas, C. jejuni could be
cultured at similar frequencies from MLN, liver and lungs
derived from 25-OH-cholecalciferol and placebo treated mice
(Figures 8A-C), cumulative pathogenic translocation rates were
lower in the kidneys (12.5 vs. 31.6%) and the spleen (12.5 vs.
26.3%) taken from the former as compared to the latter at day 6
p.i. (Figures 8D,E). Notably, all blood cultures remained C. jejuni
negative (Figure 8F). Hence, synthetic 25-OH-cholecalciferol
treatment was associated with lower cumulative translocation
rates of C. jejuni originating from the inflamed intestines to the
kidneys and the spleen.

Colonic Epithelial Barrier Changes
Following Vitamin D Treatment of C. jejuni
Infected Mice With Acute Enterocolitis

Given the lower cumulative pathogenic translocation rates
we assessed whether synthetic 25-OH-cholecalciferol treatment
resulted in a less compromised colonic epithelial barrier
function in C. jejuni infected mice. Therefore, we performed
electrophysiological resistance measurements of colonic ex vive
biopsies in the Ussing chamber. In fact, transmural resistances
were lower in the large intestines derived from placebo, but not
25-OH-cholecalciferol treated mice at day 6 p.i. as compared to
uninfected and untreated control animals (p < 0.05; Figure 9).
Hence, synthetic 25-OH-cholecalciferol treatment results in

uncompromised colonic epithelial barrier function following C.
Jjejuni infection.

DISCUSSION

Due to the pleiotropic beneficial effects of vitamin D in health and
disease, the application of vitamin D as safe dietary supplement is
currently discussed as promising option for the adjunct treatment
and prophylaxis of various immunopathological morbidities
including infectious diseases, intestinal inflammatory conditions,
and cancer, for instance (33, 55). In our present vitamin D
intervention study applying a clinical acute campylobacteriosis
model, prophylactic synthetic 25-OH-cholecalciferol application
starting 4 days prior murine infection resulted in dampened
C. jejuni induced intestinal and extra-intestinal inflammatory
sequalae, but could not lower the high intestinal pathogen loads
of more than 10° viable C. Jjejuni per g feces. In support,
recent reports revealed that the beneficial effects of vitamin D
during gastrointestinal infection with distinct bacterial species
such as Salmonella (56) or Listeria monocytogenes (57) are rather
due to the pleiotropic immuno-modulatory than direct anti-
microbial properties of the steroid hormone. In addition, one
needs to take into consideration, that, in contrary to humans,
the expression of the antimicrobial peptide cathelicidin in mice is
not regulated by vitamin D, given that in the murine cathelicidin
gene promoter the vitamin D response element is missing (58,
59). This could explain our observation that external 25-OH-
cholecalciferol application, even in high doses, did not reduce
intestinal C. jejuni burdens. However, it is tempting to speculate
that this could be the case in humans.

Despite the high intestinal pathogenic burdens, 25-OH-
cholecalciferol treated mice suffered less frequently from diarrhea
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in the midst of campylobacteriosis development as compared
to placebo controls, but exhibited comparable macroscopic
disease at the end of the observation period. Notably, the
macroscopic outcome particularly in such a non-selflimiting
detrimental intestinal infection and inflammation model is due
to the sum effect of many different intestinal, extra-intestinal and
systemic events within this hyper-inflammatory scenario (24).
It is therefore remarkable, that less distinct C. jejuni induced
apoptosis of colonic epithelial cells, whereas, conversely, large
intestinal cell regenerative properties counteracting pathogen-
induced cell damage were promoted upon 25-OH-cholecalciferol
application in mice suffering from acute enterocolitis. In support,
the intestinal epithelial vitamin D receptor has been shown

to regulate mucosal inflammation by suppressing intestinal
epithelial cell apoptosis (60). Less severe colonic apoptosis
upon 25-OH-cholecalciferol treatment was accompanied by
less distinct immune cell responses upon C. jejuni infection,
which is supported by several studies showing that vitamin
D regulates both, innate and adaptive immunity (61-63). In
our study, lower numbers of innate immune cell populations
such as macrophages and monocytes could be assessed in the
colonic mucosa and lamina propria of C. jejuni infected mice
that had been pretreated with synthetic 25-OH-cholecalciferol.
In line, recent reports revealed that vitamin D stimulation of
antigen presenting cells including macrophages and dendritic
cells resulted in decreased pro-inflammatory mediator secretion
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(59, 64). In addition, colonic mucosal numbers of T lymphocytes
were lower in 25-OH-cholecalciferol as compared to placebo
treated mice with C. jejuni induced enterocolitis. In fact, T
cells have been shown to be direct and indirect targets of
vitamin D (65, 66). Previous in vitro, ex vive, and in vive
studies revealed that vitamin D treatment of T cells and of mice
resulted in less distinct T cell proliferation and in decreased
T helper cell (Th)—1 dependent secretion of pro-inflammatory
cytokines and subsequently in ameliorated inflammation (66,
67). In our present study, the colonic concentrations of pro-
inflammatory mediators including IL-6 and MPC-1 measured in
25-OH-cholecalciferol pretreated, C. jejuni infected mice were

comparable to those obtained from naive controls. In support,
vitamin D was shown to reduce recruitment of innate immune
cells such as monocytes and to decrease IL-6 and MCP-1
releases upon in vitro stimulation (68). Notably, the 25-OH-
cholecalciferol associated decreased pro-inflammatry mediator
secretion was not restricted to the large intestines, the major
predilection site of C. jejuni induced enterocolitis (15, 69).
In fact, C. jejuni induced increased secretion of IL-6, MCP-1,
and additionally of IFN-y could be observed in the terminal
ileum of mice from the placebo, but not from the 25-OH-
cholecalciferol treatment cohort. Interestingly, as opposed to 25-
OH-cholecalciferol related decreases in large intestinal T cell
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numbers, higher numbers of (potentially anti-inflammatory)
FOXP3" regulatory T cells could be assessed in the colonic
mucosa and lamina propria of 25-OH-cholecalciferol vs. placebo
treated mice with enterocolitis. In support, recent studies
reported that vitamin D results in enhanced recruitment of
regulatory T cells to inflamed tissue sites (70-72). Given that
we did not perform co-staining analyses in our present study,
however, we can not answer which specific immune cell subset
was expressing FOXP3.

Remarkably, the pro-inflammatory immune response-
dampening effects of exogenous 25-OH-cholecalciferol were
not restricted to the intestinal tract, but were also effective
in extra-intestinal compartments given that C. jejuni induced
IFN-y secretion was less pronounced in MLN draining the
inflamed intestines and in the liver upon 25-OH-cholecalciferol
treatment. In line, previous studies provide evidence that vitamin
D application or even skin exposure to UV light could ameliorate
or prevent from liver inflammation due to vitamin D mediated
dampening of immune cellular responses and inhibition of liver
apoptosis, for instance (73, 74).

At the first glance unexpectedly, C. jejuni infection was
associated with decreases in splenic IFN-y concentrations in
either cohort. One possible explanation might be that upon
pathogenic infection leukocytes were recruited from the spleen
to the site of infection in order to limit pathogenic spread. One

could have expected an even more prominent effect following
synthetic 25-OH-cholecalciferol application due to the known
immune cell recruiting properties of vitamin D (75).

C. jejuni infection results in impaired epithelial barrier
function in vitre (76) and campylobacteriosis is characterized by
a leaky gut syndrome facilitating pathogenic translocation from
the inflamed intestines to extra-intestinal including systemic
compartments (15, 69). Given that vitamin D has been shown to
preserve epithelial barrier function (75), we assessed potential 25-
OH-cholecalciferol mediated effects on pathogenic translocation
frequencies in our preclinical survey. In fact, when taking
results of the four independent experiment together, C. jejuni
could be cultured less frequently from the kidneys and the
spleen of infected mice following 25-OH-cholecalciferol as
compared to placebo treatment, whereas cumulative relative
C. jejuni translocation rates to MLN, liver and lungs were
comparable. Of note, all blood cultures remained C. jejuni
negative, irrespective of the treatment regimen. One needs to
take into consideration, however, that soluble bacterial molecules
including LOS and others might have been transported via the
circulation contributing to the observed extra-intestinal collateral
damages of C. jejumi infection. Nevertheless, the observed
inflammation-alleviating effects upon 25-OH-cholecalciferol
application were further accompanied by a less compromised
colonic epithelial barrier function in 25-OH-cholecalciferol as
compared to placebo treated, C. jejuni infected mice. This in
turn very likely reduced the risk of spread of both, viable
bacteria and soluble bacterial molecules in the former vs. the
latter. We therefore hypothesize that the 25-OH-cholecalciferol
associated anti-inflammatory effects in particular prevent from
further bacteria-induced damages in this acute C. jejuni induced
inflammation model.

CONCLUSION

Our preclinical intervention study provides evidence that
prophylactic peroral synthetic 25-OH-cholecalciferol application
dampens intestinal and extra-intestinal inflammatory responses
during acute campylobacteriosis in the clinical mouse model
applied here. Further studies are needed in order to define
appropriate vitamin D doses for the prevention and combat of
distinct gastrointestinal infectious morbidities in humans.
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Figure 81| Fecal C. jejuni loads over time following vitamin D treatment of
infected mice. Secondary abiotic IL-10~/~ mice were treated with (A) placebo
(closed circles) or (B) synthetic 25-OH-chaolecalciferol (vitamin D, open circles) via
the drinking water starting four days before peroral C. jgjuni 81-176 strain infection
on day (d) 0 and d1. Fecal C. jejuni loads were quantitatively assessed from each
mouse on a daily basis post-infection (p.i.) by culture and expressed in colony
forming units per g (CFU/g). Medians (black bars) and numbers of analyzed
animals (in parentheses) are indicated. Data were pooled from four

independent experiments.

Figure 52 | Kinetic survey of overall clinical conditions following vitamin D
treatment of C. jgjuni infected mice. Secondary abiotic IL-10~/~ mice were
treated with (A) placebo (closed circles) or (B) synthetic 25-OH-cholecalciferol
(vitamin D, open circles) via the drinking water starting four days before peroral C.
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Master of Science (Molekular- und Zellbiologie):
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- Campus Mitte

Thema: Erforschung der Mastzellen-Heterogenitdt im Hautgewebe der Maus

Mastzellen wurden in vielen Wirbeltieren, v.a. in der Maus, Ratte und in Menschen identifiziert.
Schon nach ihrer Entdeckung durch Paul Ehrlich im Jahre 1878 haben die Forscher erkannt,
dass Mastzellen keine einheitliche Population sind, sondern eine Heterogenitat auf der
Grundlage von histochemischen, Expression- und funktionellen Eigenschaften aufweisen.
Mastzellen der Haut sind nicht homogen im Gewebe verteilt, sondern akkumulieren in
verschieden Bereichen der Haut, in der Nahe von Blut- und lymphatischen Gefalen,
Nervenzellen, Haarfollikel und innerhalb der Basalmembran, wo ein Gradient der Mastzellen
auch vermutet wird. Diese auffallige Verteilung in bestimmten Arealen der Haut lasst auf
verschieden Mastzellsubpopulationen schlieRen, die sich aufgrund ihrer Lokalisation
hinsichtlich ihres Phénotyps und Funktion unterscheiden konnten.

Die Mastzellen wurden aus den Ohren von 8-12 Wochen alten C57BL/6-Cpa3-Cre; Mcl-1+/+
sowie mastzelldefizieten C57BL/6-Cpa3-Cre; Mcl-fl/fl Mausen isoliert und dann an einem BD
FACS Aria Il Zellsortierer nach der Expression der drei Mastzellenmarker CD117 (c-kit), FceRI
und CD200R3 sortiert. Durch Whole transcriptome Amplification synthetisierte cDNA der
sortierten Zellen wurde auf Housekeeping Gene sowie mastzellspezifische und -unspezifische
Gene mittels touchdown-PCR untersucht.

Durch den enzymatischen Gewebeaufschluss wurden tber 15.000 Mastzellen aus der Haut
isoliert. Es wurden auch aus dem Knochenmark gewonnene Mastzellen der Wildtypmaus
kultiviert und als positiv Kontrolle fiir Genexpression eingesetzt. Die aus der Haut gewonnenen
Zellen wurden an einem BD FACS Aria Il zur cDNA-Synthese und Analyse sortiert. Zur
Zertifizierung der Mastzellensortierung wurde die cDNA der sortierten Zellen mittels
touchdown-PCR auf mastzellenspezifische Gene, wie z.B. tpsb2 (Tryptase), kit (CD117) und
FceRla, positiv untersucht. Die sortierten Zellen wurden ebenfalls auf mastzellenunspezifische
Gene untersucht und wie erwartet, wurden keine PCR-Produkte dieser Gene gebildet.
Aul3erdem wurden die sortierten Zellen mittels Pappenheimfarbung ebenso als Mastzellen
identifiziert. Im Gegensatz zu den Mastzellen wurde Heterogenitét bei fast allen Zellen des
Immunsystems intensiv untersucht und gezeigt. Das legt die Vermutung nahe, dass auch
Mastzellenheterogenitat weit Uber die Einteilung in Schleimhautmastzellen und
Bindegewebsmastzellen hinausgehen kénnte. Diese Arbeit dient als Einstieg zur

Beweisfuihrung dieser These.
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Bachelor of Science (Biologie):
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Universitat Berlin

Thema: Die Verteilung von hyperpolarisation-aktivierten Kanédlen in GABAergen Zellen des

auditorischen Mittelhirns

Die auditorische Horbahn ermdglicht die Wahrnehmung von akustischen Signalen. Die
Sinneszellen, die als Mechanorezeptoren in der Hérschnecke des Innenohrs (Cochlea) liegen,
nehmen diese Signale auf, wandeln sie in elektrische Nervensignale um und leiten sie Uber
den VIII. Hirnnerv an das Zentralnervensystem weiter. Um die Informationen weiterzuleiten,
werden zahlreiche Neuronen bendtigt. Etwa 20% bis 30% dieser Neuronen sind inhibitorische
Neuronen, die als Neurotransmittersubstanz Gamma-AminoButtersaure (GABAerg)
verwenden.

Zwei wesentliche Funktionsmerkmale der hyperpolarisationsaktivierte und zyklisch
nukleotidgesteuerte lonen (HCN)-Kandle sind die Aktivierung durch Hyperpolarisierung und
die Modulation durch cAMP zur positiven Verschiebung der Aktivierungskurve. Anhand von
Stromspannungskurven wurde festgestellt, dass der Hyperpolarisation-sac in den
inhibitorischen Neuronen langsamer als bei anderen Neuronen verlduft. Aufgrund dieser
Ergebnisse wurde die Hypothese aufgestellt, dass in den inhibitorischen Neuronen
hauptséchlich HCN4-Kanéle exprimiert werden, wahrend in exzitatorischen Neuronen
vorwiegend die HCN1-Kandle vorhanden sind.

Mithilfe von immunhistochemischen Féarbungen und Aufnahmen am konfokalen
Laserscanning Mikroskop wurden die GABAergen Zellen der VGAT-ChR2-YFP Maus mit
Antikérpern gegen HCN1 als auch die von HCN4-Kanélen charakterisiert bzw. die
Kolokalisation von HCN1- und HCN4-Kanélen im Cortex der Mause untersucht. Es konnte
keine Kolokalisation von HCN-1 und HCN-4 beobachtet werden. Interessanterweise zeigten
nur die HCN-4 Kanale und nicht die HCN-1 Kanéle eine Koexpression mit VGAT, welches
spezifisch in inhibitorischen Neuronen exprimiert wird.

Diese Ergebnisse unterstreichen die entscheidende Rolle von HCN-4 Kandle in inhibitorischen
Neuronen, indem sie die Zelle vor zu grof3er Hyperpolarisation schitzen und somit an der

Verarbeitung einstromender synaptischer Signale beteiligt sind.
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