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1 Zusammenfassung

1.1 Abstrakt

Die weltweite Zunahme von nosokomialen Infektionen mit multiresistenten (multidrug
resistant; MDR) Gram-negativen Bakterien wie Pseudomonas (P.) aeruginosa ist eine
Bedrohung vor allem fur immunsupprimierte, hospitalisierte und chronisch pulmonal
erkrankte Patienten. Obwohl der Gastrointestinaltrakt (GIT) eine mogliche
Infektionsquelle darstellt, ist wenig dartber bekannt unter welchen Bedingungen es zu
einer Kolonisierung des Darms mit MDR P. aeruginosa kommt, wie sich diese auf die
intestinale, extra-intestinale und systemische Immunantwort des Wirtes auswirkt und
welche Rolle eine Darmentzindung dabei spielt. In der vorliegenden Arbeit fuhrten wir
Kolonisationsversuche an konventionell kolonisierten sowie sekundar abiotischen
Mausen durch, die zeigten, dass durch die Eliminierung der konventionellen
Darmmikrobiota mittels oraler Breitspektrumantibiose, die naturliche
Kolonisationsresistenz gegenuber P. aeruginosa aufgehoben wird. Die Rekonstitution
sekundar abiotischer Mause mit humaner oder muriner Darmmikrobiota mittels fakaler
Mikrobiota-Transplantation (FMT) fihrte nur zu einem partiellen Schutz vor
Kolonisierung. Die orale Gabe von P. aeruginosa fuhrte sowohl in sekundéar abiotischen
als auch in mit humaner oder muriner Darmmikrobiota rekonstituierten Mausen zu
intestinalen Immunantworten, die sich in einem Einstrom von Immunzellen wie
Makrophagen und Monozyten in die Darmmukosa sowie erhdohten Konzentrationen pro-
inflammatorischer Zytokine, wie dem Tumornekrosefaktor (TNF) aullerten. Die
gesteigerte Zytokinausschuttung war jedoch nicht nur begrenzt auf den GIT, sondern
konnte auch auf systemischer Ebene in der Milz beobachtet werden. Weiterhin konnten
wir in Mausen mit akuter Toxoplasma (T.) gondii induzierter lleitis sowie IL-10 Knockout
(IL-107) Mausen mit chronischer Kolitis zeigen, dass eine Darmentziindung Mause
empfanglich fur eine P. aeruginosa Kolonisierung macht. Wahrend wir im akuten
Inflammationsmodell keine Verschlimmerung der Darmentzindung nach T. gondii
Infektion nachweisen konnten, fluhrte die mehrwochige Darmkolonisierung mit P.
aeruginosa im chronischen Inflammationsmodell zu einer Exazerbation der chronischen
Kolitis, die sich durch einen gesteigerten Einstrom intestinaler Immunzellen und erhdhte
Konzentrationen pro-inflammatorischer Zytokine wie TNF und Interferon-y (IFN-y) in
den mesenterischen Lymphknoten (MLN) und im Serum &ufRerte. Zusammenfassend

konnten wir zeigen, dass die Darmmikrobiota mafigeblich zur Kolonisationsresistenz
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gegenuber P. aeruginosa beitrdgt und dass deren Storung zu einer intestinalen
Kolonisierung mit dem opportunistischen Pathogen fuhren kann. Weiterhin wurde
deutlich, dass eine reine intestinale Kolonisierung mit P. aeruginosa zu einer pro-
inflammatorischen Immunantwort im Wirtsorganismus fihrt. Darber hinaus fordert eine
Darmentzindung die Kolonisierung mit P. aeruginosa, welche wiederum zu einer

Verschlechterung des zugrundeliegenden Krankheitsbildes fluhrt.

Abstract

The worldwide growing incidence of nosocomial infections with multidrug resistant
(MDR) Gram-negative bacteria such as Pseudomonas (P.) aeruginosa is a threat
especially to immunocompromised or hospitalized patients and patients suffering from
chronic pulmonary diseases. Although the gastrointestinal tract (GIT) is a potential
source for infections, only little is known about conditions leading to intestinal
colonization with MDR P. aeruginosa, how the latter affects the intestinal, extra-
intestinal and systemic immune response of the host and the impact intestinal
inflammation has hereon. In the present work colonization experiments in conventionally
colonized as well as secondary abiotic mice revealed that elimination of the
conventional microbiota through oral treatment with broad-spectrum antibiotics
abrogates the natural colonization resistance directed against P. aeruginosa.
Reconstitution of secondary abiotic mice with either human or murine microbiota
through fecal microbiota-transplantation (FMT) only partially protected from colonization.
Intestinal carriage of P. aeruginosa led to intestinal immune responses not only in
secondary abiotic mice but also in mice reconstituted with human or murine microbiota,
as indicated by increased numbers of intestinal immune cells such as macrophages and
monocytes as well as elevated concentrations of pro-inflammatory cytokines such as
tumor necrosis factor (TNF). Pro-inflammatory cytokine responses were not limited to
the GIT, but could also be observed systemically (i. e. in the spleen). Furthermore,
experiments in mice with acute Toxoplasma (T.) gondii induced ileitis and IL-10
Knockout (IL—10"') mice with chronic colitis revealed that intestinal inflammation renders
mice more susceptible for P. aeruginosa carriage. No aggravation of the pronounced
immune response could be observed in mice with acute T. gondii induced ileitis.
Conversely, the intestinal colonization with P. aeruginosa in the chronic inflammation
model resulted in a distinct exacerbation of chronic colitis, as indicated by an increased

influx of intestinal immune cells and elevated concentrations of pro-inflammatory



cytokines such as TNF and interferon-y (IFN-y) in the mesenteric lymph nodes (MLN)
and serum. Taken together, our studies underline the important impact of the intestinal
microbiota on the colonization resistance against P. aeruginosa and that the
perturbation of the complex intestinal ecosystem may lead to intestinal colonization with
the opportunistic pathogen. Furthermore, it became clear that mere intestinal carriage of
P. aeruginosa results in pro-inflammatory immune responses of the host. Moreover,
intestinal inflammation renders mice more susceptible to intestinal P. aeruginosa

colonization which deteriorates chronic colitis.

1.2 Einfiihrung

Pseudomonas (P.) aeruginosa ist ein Gram-negatives, obligat aerobes und
opportunistisches  Pathogen, welches vor allem bei hospitalisierten und
immunsupprimierten Patienten zu einer Vielzahl von Infektionen fliihren kann, welche
mit einer hohen Mortalitédt einhergehen (1). So ist P. aeruginosa eine haufige Ursache
von nosokomialen Infektionen, wie  beatmungsassoziierten = Pneumonien,
Wundinfektionen, Harnwegsinfektionen oder Septikamien (2, 3). Weiterhin kommt es
bei Patienten mit pulmonalen Grunderkrankungen, wie der zystischen Fibrose, haufig
zu einer chronischen P. aeruginosa Infektion, die tUber die Jahre erheblich zum Verlust
der Lungenfunktion beitragt (1, 4). Die globale Bedrohung durch P. aeruginosa wachst
stetig infolge der Zunahme an Stammen, die aufgrund von Extended-Spektrum-B-
Laktamasen, Carbapenemasen und 16S rRNA-Methylasen Resistenzen gegenuber
vielen Antibiotikaklassen aufweisen (2, 5, 6).

Bereits sehr frihe Studien beschaftigten sich mit dem Vorkommen des
opportunistischen Pathogens im Gastrointestinaltrakt (GIT) sowohl in der
Normalbevolkerung als auch bei hospitalisierten Patienten (7-14). So konnten Shooter
et al. P. aeruginosa aus dem Stuhl von 24% chirurgischer Patienten bereits bei ihrer
stationaren Aufnahme isolieren, wobei der Anteil von intestinalen P. aeruginosa-Tragern
im Verlauf des stationaren Aufenthaltes weiter anstieg (8). Auch bei gesunden
Probanden konnte P. aeruginosa nach Inokulation fur bis zu sechs Tage im Stuhl
nachgewiesen werden (10). Dabei ist der GIT eine wichtige P. aeruginosa-
Infektionsquelle fur den Respirationstrakt (13-16). Weiterhin gibt es Studien, die einen
Zusammenhang zwischen der Pathogenese chronisch entzindlicher
Darmerkrankungen, wie Morbus Crohn und Pseudomonasspezies, wie P. fluoreszenz

oder P. maltophilia aufzeigen (17-20). So besteht eine Assoziation zu Antikdrpern
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gegen spezifische bakterielle Antigene, wie dem von P. fluoreszenz gebildeten ,Crohn’s
disease-related bacterial sequence (12)“ (18, 21, 22). In Dunndarmgewebeproben von
an Morbus Crohn erkrankten Kindern konnten mittels molekulargenetischer Analysen im
Vergleich zu Gesunden vermehrt Pseudomonasspezies nachgewiesen werden. P.
aeruginosa fand sich jedoch nur im Dinndarm gesunder Kinder (23). In Patienten mit
chronischem Reizdarmsyndrom hingegen fanden sich signifikant erhdhte P.
aeruginosa-Lasten in Biopsien aus Duodenalschleimhaut und Stuhlproben (24).
Weiterhin wurde in einem Fallbericht ein hoher Anteil pro-inflammatorischer
Bakterienspezies in Kolonbiopsien eines padiatrischen Colitis Ulzerosa Patienten
beschrieben. Unter den hierbei analysierten y-Proteobacteria konnte auch ein
wesentlicher Anteil an 16S rRNA von P. aeruginosa nachgewiesen werden (25).

Die Weltgesundheitsorganisation (WHO) erklarte erst kirzlich, dass P. aeruginosa
zusammen mit anderen multiresistenten (multidrug resistant; MDR) Gram-negativen
Bakterien eine erhebliche Bedrohung der menschlichen Gesundheit darstellt und
unterstrich die Wichtigkeit neuer Therapiemdglichkeiten (26). Allerdings ist bis heute
wenig Uber das Wechselspiel von MDR P. aeruginosa, kommensaler Darmmikrobiota

und Immunantworten bei muriner Darmentzindung bekannt.

1.3 Zielsetzung

Das Ziel der vorliegenden Arbeit war es zu untersuchen, unter welchen Bedingungen es
zu einer stabilen Kolonisierung des GIT mit MDR P. aeruginosa kommt, welche Rolle
dabei die komplexe murine und humane Darmmikrobiota sowohl im gesunden als auch
im entzindeten Mausedarm spielt und wie sich eine antibiotische Therapie auf das
Kolonisationsverhalten des opportunistischen Pathogens auswirkt. Daruber hinaus
beschaftigten wir uns mit der Frage, welchen Einfluss die Kolonisierung des Darms mit
P. aeruginosa auf intestinale, extra-intestinale und systemische Immunantworten hat.
Dafur verwendeten wir neben gesunden, konventionell mit muriner Darmmikrobiota
kolonisierten Mausen auch sekundar abiotische Mause, deren Mikrobiota durch eine
orale Breitspektrumantibiose eliminiert wurde. Weiterhin fihrten wir Untersuchungen an
Mausen durch, die nach fakaler Mikrobiota-Transplantation (FMT) mit humaner
Darmmikrobiota besiedelt waren und arbeiteten mit Mausmodellen fur akute und

chronische Darmentzindungen.



1.4 Methodik

1.4.1 Ethische Erklarung

Samtliche Tierversuche wurden entsprechend des europaischen Tierschutzgesetzes
(2010/63/EU) mit Zustimmung der Tierversuchskommission (Landesamt fir Gesundheit
und Soziales, LaGeSo, Berlin; Registrierungsnummer G0097/12 und G0039/15),
durchgefuhrt. Das Wohlergehen der Tiere wurde taglich mittels Erfassung des
klinisches Status und der Gewichtsentwicklung Uberwacht. Bei einem Gewichtsverlust

von >20% erfolgte die Tétung mittels Isofluran-Inhalation (Abott, Deutschland).

1.4.2 Versuchstiere und Tierhaltung

Fir die vorliegende Arbeit wurden C57BL/6j Wildtyp (WT) und IL-10 Knockout (IL-10'/')
Mause verwendet, welche den Raumlichkeiten der Forschungseinrichtung flr
Experimentelle Medizin der Charité Universitdtsmedizin entstammten und unter
spezifisch-pathogen freien (SPF) Bedingungen gezlchtet wurden. Sekundar abiotische
Mause mit nahezu kompletter Eliminierung der Darmmikrobiota wurden erzeugt (27): So
erhielten acht Wochen alte, in sterilen Kafigen gehaltene Mause fir 8 bis 10 Wochen
eine dem Trinkwasser zugeflhrte Breitspektrumantibiose (ad libidum), bestehend aus
Ampicillin/ Sulbactam (1 g/l; Ratiopharm, Deutschland), Ciprofloxacin (200 mg/l; Bayer
Vital, Deutschland), Vancomycin (500 mg/l; Cell Pharm, Deutschland), Metronidazol (1
g/l; Fresenius, Deutschland) und Imipenem/ Cilastatin (250 mg/l; MSD, Deutschland).
Wenn in Thioglycolat-Boullion (Oxoid, Deutschland) bebriteten Fazesproben in drei
aufeinanderfolgenden Wochen keine kultivierbaren Bakterien mehr nachweisbar waren,

galt die Maus als sekundar abiotisch.

1.4.3 Generierung von mit humaner und muriner Mikrobiota assoziierten Mausen
mittels fakaler Mikrobiota-Transplantation

Far die Generierung von mit humaner Mikrobiota assoziierten (hma) Mausen wurden
frische humane Stuhlproben von funf gesunden Probanden in steriler phosphat-
gepufferter Salzlésung (phosphate buffered saline, PBS, Gibco, Life Technologies, GB)
aufgeldst, aliquotiert und bei -80°C aufbewahrt (28). Unmittelbar vor FMT wurden die
Proben aufgetaut und zusammengefihrt. Anschlieend wurden 0.3 ml der
Stuhlsuspension sekundar abiotischen Mausen an zwei aufeinanderfolgenden Tagen
per oraler Gavage zugefuhrt. Drei Tage vor FMT war die Breitspektrumantibiose durch

steriles Leitungswasser ersetzt worden. Die wichtigsten Bakteriengruppen der
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Darmmikrobiota wurden mittels Kultur und 16S rRNA basierter quantitativer real-time
Polymerase-Kettenreaktion (QRT-PCR) in der Stuhlsuspension quantifiziert (28, 29). Die
Gesamtbakterienlast in den einzelnen Experimenten betrug ca. 10"° Kolonie-bildende
Einheiten (KBE) und variierte um weniger als 0.5 logarithmische Einheiten. Nach
Etablierung der transplantierten Mikrobiota drei Wochen nach FMT quantifizierten wir
die wichtigsten Bakteriengruppen der Darmmikrobiota mittels Kultur und 16S rRNA
basierter gRT-PCR in individuellen Fazesproben der Mause (30). Die Generierung von
mit muriner Mikrobiota assoziierten (mma) Mausen erfolgte entsprechend. So wurde
eine Suspension aus Fazesproben von 10 gesunden SPF-Kontrollmausen in 10 ml

steriler PBS Losung hergestellt und direkt fur die orale FMT verwendet (31, 32).

1.4.4 Induktion der akuten lleitis
Zur Induktion einer akuten lleitis wurden die Mause peroral mit 50 Toxoplasma (T.)
gondii (ME49 Stamm) Zysten infiziert (27, 30, 33-35).

1.4.5 Infektion mit Pseudomonas aeruginosa und Escherichia coli

Die Mause wurden mit 10° KBE des MDR P. aeruginosa oder Escherichia (E.) coli in
0.3 ml PBS per oraler Gavage an zwei konsekutiven Tagen infiziert (30, 31, 36, 37).
Das P. aeruginosa-lsolat wurde ursprunglich aus Respirationstrakisekret eines
Patienten mit nosokomialer Pneumonie isoliert und uns freundlicherweise von Prof. Dr.
Bastian Opitz (Charité-Universitatsmedizin Berlin) zur Verfligung gestellt. Es zeigte
lediglich antimikrobielle Sensibilitdt gegenliber Fosfomycin und Colistin (30, 31, 36, 37).
Das E. coli-lsolat entstammt dem Fazes einer konventionellen C57BL/6j Maus und
enthielt keine der folgenden Virulenzfaktor-kodierenden Gene wie z.B. stx 1 und 2,
catA, hlyA oder cspA (27, 38).

1.4.6 Kulturelle Analyse der Darmmikrobiota und bakteriellen Translokation

Sowohl die Zusammensetzung der Darmmikrobiota als auch die in extra-intestinale
Organsysteme translozierenden Bakterien wurden mittels kultureller Analyse ermittelt.
Zu definierten Zeitpunkten entnommene Fazesproben, luminale Darminhalte und ex
vivo Gewebeproben von mesenterischen Lymphknoten (MLN), Milz, Leber, Niere und
Lunge wurden in steriiem PBS homogenisiert und in Verdinnungsreihen auf
verschiedenen Nahrmedien ausgestrichen und flr mindestens 48 Stunden bei 37 C in
aerober und anaerober Atmosphare inkubiert (27, 30, 31, 33, 36, 37, 39). Fur die

Bestimmung der P. aeruginosa-Lasten wurde zusatzlich Cetrimid Agar

9



(Oxoid, Deutschland) verwendet. Zudem wurde steril entnommenes Herzblut fur eine
Woche in Thioglycolat-Bouillon bei 37C inkubiert und anschlielend auf solide
Nahrmedien ausgestrichen, welche mindestens 48 weitere Stunden unter aerober und

anaerober Atmosphare inkubiert wurden (30, 31, 36, 37).

1.4.7 Erfassen des klinischen Zustandes

Sowohl Korpergewicht als auch das makroskopische oder mikroskopische Auftreten
von fakalem Blut wurden mittels der Guajac Methode (Haemoccult, Beckman Coulter/
PCD, Deutschland) taglich erfasst (30, 31, 36, 37).

1.4.8 Probengewinnung

Die Mause wurden zu definierten Zeitpunkten mittels Isofluran-Inhalation getotet.
Herzblut, Gewebeproben von MLN, Milz, Leber, Niere und Lunge sowie luminale Inhalte
von Magen, Duodenum, Illeum und Kolon wurden unter sterilen Bedingungen
entnommen. Gewebeproben von lleum und Kolon wurden fir immunologische,

immunhistochemische und histopathologische Analysen verwendet (30, 31, 36, 37).

1.4.9 Dinndarmlange und histopathologische Bewertung

Zu Erfassung der Dinndarmlange wurde der Abstand zwischen Magenausgang und
ileo-caecalem Ubergang gemessen (30, 31, 36, 37). Ex vivo Gewebeproben von
terminalem lleum und Kolon wurden unverzuglich in 5%-igem Formalin fixiert und in
Paraffin eingebettet. Mittels Hamatoxylin und Eosin (H&E) wurden 5 ym dicke Schnitte
gefarbt (30, 31, 36, 37). Die histopathologische Bewertung der Schnitte erfolgte nach

einem standardisierten, histopathologischen Score (27, 33).

1.4.10 Molekulare Analyse der Mikrobiota von lleum und Kolon
DNA wurde aus Fazesproben und luminalen Darminhalten zu definierten Zeitpunkten
extrahiert und mittels qRT-PCR analysiert (27, 28, 40-42).

1.4.11 Zytokinmessungen in lleum, Kolon, MLN, Milz, Leber, Niere und Serum

Zytokinkonzentrationen in Serumproben und kulturellen Uberstéanden von lleum, Kolon,
MLN, Milz, Leber und Niere wurden quantifiziert (30, 31, 36, 37): Ex vivo
Gewebeproben mit einer GréRe von ca. 1 cm? (lleum und Kolon longitudinal
aufgeschnitten) wurden nach Spulung mit PBS fur 18 Stunden bei 37°C in 24-well-
Platten (Falcon, Deutschland) mit jeweils 500 pl serumfreien RPMI-1640 Medium

(Gibco, life technologies) mit Penicillin (100 U/ml, Biochrom, Deutschland) und
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Streptomycin (100 pg/ml, Biochrom, Deutschland) kultiviert. Mit dem ,Mouse
Inflammation Cytometric Bead Assay” (CBA, BD Bioscience) und dem FACS Canto Il
Durchflusszytometer wurden die Konzentrationen von Tumornekrosefaktor (TNF),
Interferon-y (IFN-y), Monozyten chemotaktischen Protein (MCP), Interleukin (IL)-6, IL-
10 und IL-12p70 in den kulturellen Uberstanden und Serumproben bestimmt.
Stickstoffmonooxid (NO) wurde mittels GrieR-Test analysiert (27, 30).

1.4.12 Immunhistochemie

In situ immunhistochemische Analysen von lleum- und Kolongewebeproben wurden
von 5 ym dunnen Paraffin Schnitten durchgefuhrt (38, 39, 43, 44): HierfGr wurden
spezifische Antikorper gegen CD3 fur T-Lymphozyten (#IR50361-2, Dako, USA; 1:5),
FOXP3 fur regulatorische T-Zellen (Tregs) (clone FJK-165, #14-5773, eBioscience,
Deutschland; 1:100), B220 fur B-Lymphozyten (#14-0452-81, eBioscience,
Deutschland; 1:200), Caspase-3 fur apoptotische Zellen (Asp175, #9661, Cell
Signaling, Niederlande; 1:200), Ki67 flur proliferative Zellen (clone 16A8, #652401,
BioLegend/Bizol, Deutschland; 1:200) und F4/80 fir Monozyten/ Makrophagen (clone
BM8, #MF48015, Life Technologies, Deutschland; 1:00) verwendet. Ein geblindeter
Untersucher bestimmte die durchschnittliche Anzahl positiv gefarbter Zellen in
mindestens sechs hochauflésenden Feldern (High Power Fields, HPF; 0.287 mm?; 400-
fache Vergrolerung) (30, 31, 36, 37).

1.4.13 Statistische Analysen

Es wurden Mittelwerte, Mediane und Standartabweichungen von erhobenen Daten
ermittelt sowie Unterschiede zwischen Stichproben auf ihre Signifikanz hin getestet
(doppelter t-Test und Mann-Whitney-U-Test bzw. Varianzanalysen mittels one-way
ANOVA und Kruskall-Wallis-Test). Wahrscheinlichkeits- (p-) Werte <0.05 wurden als
statistisch signifikant gewertet. Zur Berechnung und graphischen Darstellung wurde das
Programm GraphPad Prism Version 6 und 7 (GraphPad Software, USA) verwendet.
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1.5 Ergebnisse

Die wichtigsten Ergebnisse werden aus vier Publikationen (Publikation 1, 2, 3 und 4)
zum Wechselspiel zwischen multi-resistenten P. aeruginosa, kommensaler
Darmmikrobiota und Immunantworten bei muriner Darmentzindung anhand
verschiedener Mausmodelle zusammengefasst. Die bibliographischen Angaben zu den
Publikationen sind dem Kapitel 3 ,Druckexemplare der ausgewahlten Publikationen® zu
entnehmen. Hinsichtlich der graphischen Darstellung der Ergebnisse wird auf die

Abbildungsnummer (Abb.) in der jeweiligen Originalpublikation verwiesen.

1.5.1 Einfluss der komplexen Darmmikrobiota auf die intestinale
Kolonisationskapazitat von MDR Pseudomonas aeruginosa

Um die Kolonisationskapazitat von MDR P. aeruginosa im murinen GIT zu untersuchen,
begannen wir mit Kolonisierungsversuchen an C57BL/6j WT Mausen mit
konventioneller Darmmikrobiota. An zwei konsekutiven Tagen wurden die Mause mittels
peroraler Gavage mit MDR P. aeruginosa infiziert. Kulturelle Analysen der fakalen
Proben zeigten, dass P. aeruginosa bereits an Tag 4 (d4) nach Infektion nur noch in
15.8% der Falle und zu spateren Zeitpunkten (bis d28) nur noch in vereinzelten Mausen
mit konventioneller muriner Mikrobiota nachweisbar war (Publikation 1, Abb. 1 A).
Konventionell besiedelte Mause weisen somit eine naturliche Kolonisationsresistenz
gegenuber MDR P. aeruginosa auf. AnschlieBende Kolonisierungsversuche an
sekundar abiotischen Mausen, d. h. an Mausen, deren Darmmikrobiota mittels 8 bis 10-
wochiger oraler Breitspektrumantibiose eliminiert wurde, zeigten, dass von d2 bis d28
nach Infektion im Fazes samtlicher sekundar abiotischer Mause stabile P. aeruginosa
Lasten von ca. 108 KBE pro Gramm Fazes nachweisbar waren (Publikation 1, Abb. 1
B). Als Gram-negative Kontrollen dienende, mit einem kommensalen E. coli-Stamm
kolonisierte Mause wiesen im gleichen Zeitraum vergleichbare Bakterienlasten im
Fazes auf (Publikation 1, Abb. 2). Daraus lasst sich schlussfolgern, dass die
Eliminierung der konventionellen murinen  Darmmikrobiota mittels oraler
Breitspektrumantibiose eine stabile Kolonisierung von MDR P. aeruginosa im GIT von
WT Mausen ermdoglicht.

Um herauszufinden, welche Rolle die komplexe humane und murine Darmmikrobiota
bei der Kolonisierung des GIT mit MDR P aeruginosa spielt, untersuchten wir im
nachsten Schritt die Kolonisationskapazitat von MDR P. aeruginosa in, bezogen auf ihre

Darmmikrobiota, ,humanisierten“ Mausen. Zu diesem Zweck wurden diese hma und die
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als Kontrollen dienenden mma Mause aus sekundar abiotischen Mausen mittels oraler
FMT generiert. Nach stabiler Etablierung der Mikrobiota im GIT drei Wochen nach FMT
und unmittelbar vor peroraler P. aeruginosa Infektion, zeigten quantitative molekulare
Analysen der fakalen Mikrobiota beider Gruppen signifikante Unterschiede in deren
Zusammensetzung. So war zu dem Zeitpunkt in hma Mausen die Anzahl der
Genkopien von der ,Bacteroides/ Prevotella®Gruppe und der ,Clostridium coccoides*-
Untergruppe signifikant héher (p<0.001 vs. M; Publikation 2, Abb. 1 B), die Anzahl
Lactobacillen und ,Mouse Intestinal Bacteroides” hingegen deutlich geringer als in mma
Mausen (p<0.001 vs. M; Publikation 2, Abb. 1 B). Bereits an d7 nach peroraler P.
aeruginosa Infektion glichen sich die anfanglich unterschiedlichen fakalen P. aeruginosa
Lasten mit zwischen 10% und 10° KBE pro Gramm Fazes an (n.s. vs. M; Publikation 2,
Abb. 2). An d28 nach Infektion waren 64.7% der hma und 77.8% der mma Mause
intestinale P. aeruginosa Trager (Publikation 2, Abb. 2). Somit flhrte eine
Rekonstitution sekundar abiotischer Mause mit humaner oder muriner Darmmikrobiota
mittels FMT nur zu einem partiellen Schutz vor intestinaler Kolonisierung mit MDR

P. aeruginosa.

1.5.2 Auszige der Untersuchungsergebnisse zu intestinalen und systemischen
Immunantworten nach Kolonisierung des Darms von sekundar abiotischen
Mausen mit MDR Pseudomonas aeruginosa

Im nachsten Schritt untersuchten wir, wie sich die intestinale Kolonisierung mit MDR P.
aeruginosa auf intestinale, extra-intestinale und systemische Immunantworten in
sekundar abiotischen Mausen, d.h. ohne Vorhandensein einer komplexen
Darmmikrobiota, auswirkt. Im Vergleich zu nicht-kolonisierten, sekundar abiotischen
Mausen kam es sowohl in der mit P. aeruginosa kolonisierten Gruppe als auch in der
mit E. coli kolonisierten Kontrollgruppe, bei ausbleibender klinischer Beeintrachtigung,
an d28 nach Infektion im Kolonepithel (p<0.001 vs. None; Publikation 1, Abb. 3 A) und
nur bei der P. aeruginosa kolonisierten Gruppe im lleumepithel (p<0.05 vs. None;
Publikation 1, Abb. 3 B) zu einem Anstieg proliferierender Zellen, wahrend die Anzahl
apoptotischer Zellen im P. aeruginosa kolonisierten lleum und Kolon nicht anstieg (n. s.
vs. None; Publikation 1, Abb. 3 AB). Makrophagen und Monozyten waren an d28
nach Infektion im lleum- und Kolonepithel (p<0.001 vs. None; Publikation 1, Abb. 4
AB) sowie T-Lymphozyten im Kolonepithel (p<0.01 vs. None; Publikation 1, Abb. 4 A)

ausschlieBlich in der mit P. aeruginosa kolonisierten Gruppe erhdht. Unabhangig von

13



der Kolonisierung mit E. coli oder P. aeruginosa war die Anzahl an Tregs und B-
Lymphozyten im Kolonepithel (p<0.05 — 0.001 vs. None; Publikation 1, Abb. 4 A) und
die Anzahl an Tregs im lleumepithel (p<0.001 vs. None; Publikation 1, Abb. 4 B) im
Vergleich zu nicht-kolonisierten sekundar abiotischen Mausen erhoht. Weiterhin war
eine gesteigerte TNF Sekretion ausschlieBlich im Kolon von P. aeruginosa kolonisierten
sekundar abiotischen Mausen zu verzeichnen (p<0.05 vs. None; Publikation 1, Abb. 5
A), wohingegen sich erhdhte IFN-y Konzentrationen in den MLN beider Gruppen fanden
(p<0.05 und 0.001 vs. None; Publikation 1, Abb. 5 B). Auf systemischer Ebene kam
es in der Milz ausschlieBlich in P. aeruginosa kolonisierten Mausen zu einer
gesteigerten Sekretion von TNF (p<0.01 vs. None; Publikation 1, Abb. 5 C) und IFN-y
(p<0.001 vs. None; Publikation 1, Abb. 5 C) sowie zu einer verminderten Sekretion
des anti-inflammatorischen Zytokins IL-10 (p<0.05 vs. None; Publikation 1, Abb. 5 C).
Folglich flhrt die Kolonisierung des Darms sekundarer abiotischer Mause mit MDR P.
aeruginosa bei fehlenden makroskopischen (d.h. klinischen) und mikroskopischen (d.h.
apoptotischen) Folgen zu ausgepragten intestinalen und  systemischen

Immunantworten.

1.5.3 Ausziige der Untersuchungsergebnisse zu intestinalen und systemischen
Immunantworten nach Kolonisierung des Darms von mit humaner und muriner
Mikrobiota assoziierten Mausen mit MDR Pseudomonas aeruginosa

Im Folgenden untersuchten wir intestinale und systemische Immunantworten nach
Kurz- (d7) und Langzeit (d28) Kolonisierung mit MDR P. aeruginosa im mit humaner
oder muriner Mikrobiota kolonisierten GIT von zuvor sekundar abiotischen Mausen. Es
zeigte sich, bei fehlender klinischer Beeintrachtigung und unabhangig von der zugrunde
liegenden humanen oder murinen Mikrobiota, an d28 nach peroraler P. aeruginosa
Infektion ein signifikanter Anstieg apoptotischer Zellen in der Kolon- (p<0.001 und 0.05
d28 vs. dO; Publikation 2, Abb. 5 AB) und lleummukosa (p<0.001 d28 vs. dO;
Publikation 2, Abb. S2 AB). Dies war begleitet von einem kurzfristigen Anstieg
proliferierender Zellen im Kolonepithel von hma Mausen (p<0.01 d7 vs. dO;
Publikation 2, Abb. 5 B) und einem kurzfristigen Anstieg von Makrophagen und
Monozyten im Kolonepithel von hma und mma Mausen (p<0.001 d7 vs. dO;
Publikation 2, Abb. 5 AB). Nur in mma Mausen kam es zu einem langerfristigen
Anstieg von B-Lymphozyten in der Kolonmukosa (p<0.05 d28 vs. dO; Publikation 2,

Abb. 5 A). Weiterhin kam es im Vergleich zu nicht (P. aeruginosa) kolonisierten
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Kontrollen zu einem vorrubergehenden intestinalen Konzentrationsanstieg pro-
inflammatorischer Zytokine wie TNF im Kolon von mma Mausen (p<0.05 d7 vs. dO;
Publikation 2, Abb. 6 A) und IFN-y in den MLN von hma und mma Mausen (p<0.001
und p<0.01; d7 vs. dO; Publikation 2, Abb. 7 AB). Unabhangig von der zugrunde
liegenden Darmmikrobiota bewirkte die intestinale P. aeruginosa Kolonisierung keine
vermehrte Sekretion des anti-inflammatorischen Zytokins IL-10 (Publikation 2, Abb. 6
AB und Abb. 7 AB). Auf systemischer Ebene stiegen sowohl bei hma als auch bei
mma Mausen die IFN-y Konzentrationen und bei mma noch zusatzlich die TNF
Konzentrationen in der Milz nach P. aeruginosa Infektion an (Publikation 2, Abb. 8
AB). Zusammenfassend lasst sich sagen, dass die intestinale Kolonisierung mit P.
aeruginosa sowohl in hma als auch in mma Mausen zu differentiellen sowohl kurz- als

auch langfristigen Immunantworten auf intestinaler und systemischer Ebene flhrt.

1.5.4 Auszuge der Untersuchungsergebnisse zur Kolonisierung von mit humaner
Mikrobiota assoziierten Mausen mit akuter lleitis mit MDR Pseudomonas
aeruginosa

AnschlieRend untersuchten wir den Einfluss von akuter Darmentziindung auf die
intestinale MDR P. aeruginosa Kolonisationskapazitat und deren Auswirkung auf das
Immunsystem im ,humanisierten® Mausmodell. Hierflr generierten wir hma Mause und
induzierten mittels peroraler Infektion mit 50 T. gondii Zysten eine akute lleitis. An d3
nach lleitis Induktion fuhrten wir die orale Infektion mit P. aeruginosa durch. Zu diesem
Zeitpunkt konnen die ersten histopathologischen Veranderungen im akuten T. gondii-
Inflammationsmodel beobachtet werden (27).

Bereits an d3 nach P. aeruginosa Infektion wiesen hma Mause mit akuter lleitis im
Vergleich zu gesunden hma Mausen signifikant hohere P. aeruginosa-Lasten auf
(p<0.01 vs. N; Publikation 3, Abb. 2) und waren zum Zeitpunkt der Sektion an d4 noch
zu 95% intestinale P. aeruginosa Trager (Publikation 3, Abb. 2). Daraus lasst sich
schlie®en, dass die akute lleitis die intestinale Kolonisierung von hma Mausen mit MDR
P. aeruginosa begunstigt. Bereits in einer fruheren Arbeit zeigten wir, dass eine
Infektion mit 50 Zysten T. gondiiim ,humanen® Mausmodell innerhalb von sieben Tagen
zu einer akuten, fulminanten lleitis mit deutlichen Veranderungen in der
Zusammensetzung der Darmmikrobiota, wie einem erheblichen Anstieg Gram-negativer
und obligat anaerober Bakteriengruppen zu Lasten aerober Gram-positiver Stabchen,

fuhrt (35). Hier konnten wir zeigen, dass eine Ko-Infektion mit P. aeruginosa keinen
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Einfluss auf die Zusammensetzung der Darmmikrobiota hat (n.s. vs. N; Publikation 3,
Abb. 3). Nur die Bifidobakterienlasten waren interessanterweise in luminalen lleum-
Inhalten der P. aeruginosa ko-infizierten Gruppe erniedrigt (p<0.05 vs. N; Publikation
3, Abb. 3 B).

Im nachsten Schritt konnten wir zeigen, dass eine P. aeruginosa Ko-Infektion von hma
Mausen mit akuter Darmentzindung nicht zu einer weiteren Verschlechterung des
klinischen Zustandes oder vermehrten histopathologischen und apoptotischen
Veranderungen in deren lleummukosa fuhrte (Publikation 3, Abb. 4 A-D). Ebenfalls
waren Zellzahlen des angeborenen (d.h. Makrophagen/ Monozyten) und erworbenen
(d.h. Tregs und T-Lymphozyten) Immunsystems sowie Konzentrationen des pro-
inflammatorischen Zytokins IFN-y in lleum, Colon und MLN vergleichbar in P.
aeruginosa ko-infizierten und nicht-infizierten hma Mausen mit akuter lleitis
(Publikation 3, Abb. 5 A-D und Abb. 6 A-C). In Leber, Niere, Milz und Serum konnten
sowohl in P. aeruginosa Kko-infizierten als auch nicht-infizieten hma Mausen 7 Tage
nach lleitis-Induktion vergleichbare Konzentrationen pro-inflammatorischer Mediatoren
wie z. B. IFN-y und NO gemessen werden (Publikation 3, Abb. 7 und Abb. 8). Einzig
die hepatische TNF Konzentration war in P. aeruginosa Kko-infizierten Mausen im
Vergleich zur Kontrollgruppe erhoht (p<0.01 vs. Naive; Publikation 3, Abb. 7 A).
Darlber hinaus translozierten haufiger lebende Bakterien vom Darm in systemische
Kompartimente, wie Milz und Herzblut von P. aeruginosa ko-infizierten Mausen im
Vergleich zu hma Kontrollen mit lleitis (Publikation 3, Abb. 9 A). Eine akute lleitis
fordert demnach die intestinale Kolonisierung von hma Mausen mit MDR P. aeruginosa,
welche die bestehende Immunpathologie in intestinalen, extra-intestinalen und

systemischen Kompartimenten nicht wesentlich verschlimmert.

1.5.5 Auszige der Untersuchungsergebnisse zur Kolonisierung von IL-10
Knockout Mausen mit chronischer Kolitis mit MDR Pseudomonas aeruginosa

Im Folgenden untersuchten wir den Einfluss einer chronischen Darmentzindung auf die
intestinale MDR P. aeruginosa Kolonisierung und deren Auswirkung auf das
Immunsystem von IL-107- Mausen mit konventioneller Darmmikrobiota. Bereits an d2
nach P. aeruginosa Infektion wiesen die IL-10" M&use mir chronischer Kolitis im Fazes
signifikant hdhere P. aeruginosa Lasten auf als ihre gesunden WT Kontrollen, in denen
P. aeruginosa bereits eine Woche nach Infektion kulturell nicht mehr nachweisbar war
(p<0.001; Publikation 4, Abb. 1 A). In 78.9% der IL-107 Méause hingegen konnte
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P. aeruginosa noch sechs Wochen nach Infektion nachgewiesen werden (Publikation
4, Abb. 1 B). Daraus lasst sich schlie3en, dass die intestinale Kolonisierung durch MDR
P. aeruginosa durch chronische intestinale Inflammation begunstigt wird.

Bei vergleichbaren histopathologischen Veranderungen der Kolonmukosa sechs
Wochen nach P. aeruginosa Infektion (n.s. vs. N; Publikation 4, Suppl. Fig. 3) zeigten
immunhistochemische Farbungen, dass die Anzahl apoptotischer Zellen (p<0.001 vs.
N; Publikation 4, Abb. 3 A) sowie der Zellen des angeborenen (Makrophagen/
Monozyten: p<0.001 vs. N; Publikation 4, Abb. 4 A) und erworbenen Immunsystems
(T-Lymphozyten: p<0.001 vs. N; Publikation 4, Abb. 4 B, Tregs; p<0.005 vs. N;
Publikation 4, Abb. 4 C und B-Lymphozyten: p<0.001 vs. N; Publikation 4, Abb. 4 D)
im Kolonepithel P. aeruginosa kolonisierter IL-10" Ma&use im Vergleich zu nicht-
kolonisierten IL-10"" Mausen gesteigert war. Zusatzlich wiesen P. aeruginosa
kolonisierter IL-10"" M&use im Vergleich zu nicht-kolonisierten IL-10"" Mausen erhdhte
Konzentrationen der pro-inflammatorischen Zytokine TNF (p<0.05 vs. N; Publikation 4,
Abb. 5 A) und IFN-y (p<0.05 vs. N; Publikation 4, Abb. 5 B) in den MLN auf. In der
Milz kam es zu keiner gesteigerten Sekretion pro-inflammatorischer Zytokine in den P.
aeruginosa Kkolonisierte IL-107" Mausen, verglichen mit der nicht-kolonisierten
Kontrollgruppe (Publikation 4, Abb. 6). Dem stehen erhdhte Serumkonzentrationen
von TNF und IFN-y in der mit P. aeruginosa kolonisierten Gruppe entgegen (p<0.05 vs.
N; Publikation 4, Abb. 7 AB). Interessanterweise kam es nur in der mit P. aeruginosa
kolonisierten Gruppe zu einer Translokation von Vertretern der kommensalen
Darmmikrobiota in die MLN und extra-intestinalen Kompartimente wie Milz, Leber und
Niere (Publikation 4, Suppl. Fig. 5). Durch die chronische Kolitis kann somit die
natlrliche Kolonisationsresistenz gegenuber MDR P. aeruginosa in konventionell
kolonisierten Mausen aufgehoben. werden. Eine P. aeruginosa Kolonisierung des
Darms von IL-107 Mausen mit chronischer Kolitis fiihrt zu einer verstarkten intestinalen
sowie systemischen Immunantwort, die mit einer vermehrten Translokation lebender

Bakterien aus der kommensalen Darmmikrobiota in extra-intestinale Organe einhergeht.
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1.6 Diskussion

MDR P. aeruginosa wurden kurzlich von der WHO zu einer erheblichen Bedrohung der
menschlichen Gesundheit erklart (26). Der GIT ist dabei eine wichtige Infektionsquelle
(13-16). Ziel der vorliegenden Arbeit war es, das Wechselspiel zwischen MDR P.
aeruginosa, der kommensalen Darmmikrobiota und dem Immunsystem des Wirts sowie
die Auswirkung einer P. aeruginosa Kolonisierung auf eine Darmentzindung in der
Maus zu untersuchen.

Unsere Kkulturellen Untersuchungen zeigten, dass WT Mause mit konventioneller
Darmmikrobiota eine naturliche Kolonisationsresistenz gegenuber P. aeruginosa
aufweisen, die durch Eliminierung der Mikrobiota mittels oraler Breitspektrumantibiose
aufgehoben werden kann. Diese Ergebnisse decken sich mit friiheren Untersuchungen
am Mausmodell, in denen sowohl durch orale als auch systemische Antibiose die
urspringliche Kolonisationsresistenz gegenuber P. aeruginosa im murinen GIT
aufgehoben wurde (45-47). Auch gegenuber anderen Pathogenen, wie Campylobacter
(C.) jejuni, Clostridium difficile, Listeria monocytogenes oder Salmonella (S.)
typhimurium, zeigen Mause, nach Veranderungen der komplexen murinen
Darmmikrobiota durch  z.B. Antibiose, eine aufgehobene physiologische
Kolonisationsresistenz (28, 48-51). Doch nicht nur im murinen, sondern auch im
humanen GIT kann eine antibiotische Behandlung zur Herabsetzung der
Kolonisationsresistenz gegenuber P. aeruginosa fuhren (8, 10). So konnte P.
aeruginosa in einem Probanden mit zeitgleicher Ampicillin-Behandlung bis zu 14 Tage
nach Inokulation im Stuhl nachgewiesen werden (10). Dies kann vor allem fur kritisch
kranke Patienten auf Intensivstationen eine wichtige Rolle spielen, in welchen die
intestinale P. aeruginosa Kolonisierung ein Hauptrisikofaktor flr systemische
Infektionen, wie z.B. Pneumonien, Wundinfektionen oder Harnwegsinfektionen darstellt
(15, 16).

Weiterhin konnten wir zeigen, dass eine Rekonstitution sekundar abiotischer Mause
mittels FMT unabhangig davon, ob mit humaner oder muriner Darmmikrobiota, nur zu
einem partiellen Schutz vor Kolonisierung des Darms mit MDR P. aeruginosa fuhrt.
Auch frihere Studien zeigten, dass sich die Kolonisationsresistenz gegentber P.
aeruginosa nach Beendigung der antibiotischen Therapie mit Streptomycin und
Neomycin und erneuter Besiedlung des murinen GIT mit Uberlebenden Anaerobiern
sofort erholt (45). Vier Wochen nach Infektion wiesen bei unseren Experimenten 64.7%
der hma und 77.8% der mma Mause P. aeruginosa im Fazes auf, wobei die
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P. aeruginosa-Lasten deutlich geringer ausfielen als in sekundar abiotischen Mausen.
Demnach kdonnte man argumentieren, dass die Kolonisationsresistenz durch komplexe
intestinale Mikrobiota, nach oraler Breitspektrumantibiose und anschlieRender FMT,
noch nicht wieder vollstandig hergestellt ist. Fruhere Untersuchungen unserer
Arbeitsgruppe zeigten jedoch, dass die physiologische Kolonisationsresistenz
gegenuber C. jejuni nach FMT von muriner Mikrobiota im gleichen Zeitraum wieder
vollstandig hergestellt werden konnte (28).

Zu beachten ist, dass die Rekonstitution des GIT sekundar abiotischer Mause mit
komplexer humaner Darmmikrobiota mittels FMT Limitationen aufweisen kann. So ist es
moglich, dass obligate Anaerobier und andere anspruchsvolle, mitunter schwer
kultivierbare Bakterien aus den Stuhlsuspensionen durch die Verarbeitung verloren
gegangen sind (52). Weiterhin gilt es zu bedenken, dass wirtsspezifische intrinsische
sowie extrinsische Faktoren die Zusammensetzung der Mikrobiota beeinflussen (53).
So konnte gezeigt werden, dass der genetischer Hintergrund und die Unterbringung von
Mausen einen grofen Einfluss auf die Zusammensetzung von deren Darmmikrobiota
haben (54-56). Einen sehr wesentlichen Einfluss auf die intestinale Mikrobiota nimmt
auch die Zusammensetzung der Ernahrung sowohl bei Mausen als auch bei Menschen
(67-63). Dennoch wurden auch in vorangegangenen wissenschaftlichen Arbeiten hma
Mause verwendet, um Kolonisationskapazitaten anderer Enteropathogene wie C. jejuni,
S. enterica oder Clostridium difficile zu untersuchen (28, 64, 65). Sie stellen somit ein
gutes Modell zur Untersuchung der Interaktionen zwischen Wirt, Darmmikrobiota,
Pathogenen und Immunsystem dar (31, 52).

Nach unserem Kenntnisstand ist wenig uber Immunantworten nach Kolonisierung des
GIT mit MDR P. aeruginosa bekannt. Unsere Untersuchungen ergaben, dass weder
konventionell kolonisierte, noch sekundar abiotische oder hma und mma Mause uber
die gesamten vier Wochen nach MDR P. aeruginosa Infektion klinische Symptome
aufwiesen. Dies stimmt mit Untersuchungen an gesunden Mausen und Menschen
uberein, bei denen es nach intestinaler Kolonisierung mit P. aeruginosa ebenfalls zu
keinen makroskopisch sichtbaren Folgen kam (10, 46). Mikroskopisch zeigten sekundar
abiotische Mause vier Wochen nach P. aeruginosa Infektion eine ausgepragte
intestinale Immunantwort, wobei die Anzahl proliferierender Zellen und Zellen des
angeborenen und erworbenen Immunsystems in der intestinalen Mukosa anstieg. Dies
ging einher mit einer vermehrten Ausschittung der pro-inflammatorischen Zytokine TNF

und IFN-y nicht nur auf intestinaler, sondern auch auf systemischer Ebene.
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Auch hma und mma Mause wiesen nach intestinaler P. aeruginosa Kolonisierung
kurzfristige (d.h. an d7) und langfristige (d.h. an d28) intestinale wie systemische
Immunantworten auf. Diese waren gepragt von einer erhdhten Anzahl apoptotischer
sowie proliferierender Zellen im Darmepithel. Dazu kam es zu einem relativ frihen
gesteigerten Einstrom von Makrophagen und Monozyten in die Darmmukosa, wahrend
die Anzahl an B-Lymphozyten als Zellen des erworbenen Immunsystems eher spat
anstieg. Weiterhin war die zellulare Immunantwort von erhdhten Konzentrationen der
pro-inflammatorischen Zytokine TNF und IFN-y sowohl im Darm als auch in der Milz
begleitet. Eine anti-inflammatorische Immunantwort blieb sowohl auf intestinaler Ebene
als auch auf systemischer Ebene aus.

Die durch P. aeruginosa ausgeldsten Immunantworten lassen sich auf die zahlreichen
Virulenzfaktoren des opportunistischen Pathogens zurlickfihren. Dazu gehéren unter
anderem eine Flagelle, mehrere Pili, die Sekretion von Exotoxinen, die Expression von
Lipopolysacchariden oder die Biofilmbildung mittels ,Quorum Sensing®, die zu einer
Aktivierung des angeborenen Immunsystems fuhren (1, 3, 66-69). Im Gegensatz zum
GIT gibt es bereits einige Erkenntnisse Uber die Immunantworten bei P. aeruginosa
induzierten akuten und chronischen Atemwegsinfektionen (1, 3, 66, 70). So kommt es
uber die Aktivierung des Toll-like Rezeptor (TLR) 5 durch das extrazellulare Flagellin
und des TLR4 durch das membranstandige Lipid A, einem Bestandteil der
Lipopolysaccharide, zu einer NFkB induzierten Expression pro-inflammatorischer
Zytokine (1, 71-73). Auch der intrazellulare NOD-like Rezeptor (NLR) NOD1 fuhrt Gber
die Aktivierung durch Peptidoglykane der bakteriellen Zellwand zu einer Aktivierung von
NFkB (66, 68, 74-76). Weiterhin binden nach intrazellular translozierte Exotoxine ExoY,
ExoS, ExoT und ExoU des Typ 3 Sekretionssystems sowie Flagellin an den NLRC4 und
fuhren so zu einer Aktivierung der Caspase-1 in Makrophagen (68, 77-81).

Soweit uns bekannt ist, sind wir die Ersten, die sowohl im sekundar abiotischen
Mausmodell als auch an hma und mma Mausen zeigen konnten, dass eine reine
intestinale P. aeruginosa Kolonisierung zu pro-inflammatorischen intestinalen sowie
systemischen Immunantworten fuhrt. Im gesunden Wirt gilt P. aeruginosa nicht als ein
ubliches Enteropathogen, auch wenn es wenige Falle von Antibiotika-assoziierten
Diarrhoen, verursacht durch P. aeruginosa, gibt (82-84). Erstmals wurde bereits vor 90
Jahren das ,Shanghai Fieber” in der asiatischen Bevdlkerung beschrieben, ein
ambulant erworbenes Krankheitsbild, welches sich durch Fieber, Diarrhd und eine P.

aeruginosa assoziierte Sepsis auszeichnet, Neugeborene und Kinder ohne jegliche

20



Vorerkrankungen betrifft und durch einen komplikationsreichen Verlauf mit einer hohen
Mortalitat einhergeht (84-87).

Wie bereits in der Einleitung aufgefuhrt, gibt es mehrere sowohl experimentelle als auch
klinische Studien, die einen Zusammenhang zwischen der Pathogenese chronisch
entzandlicher Darmerkrankungen, wie Morbus Crohn und dem Vorkommen von
Pseudomonasspezies, wie etwa P. aeruginosa untersuchen (17-25). Um der Frage
nachzugehen, inwieweit eine intestinale Entzindung eine Kolonisierung des Darms mit
MDR P. aeruginosa begunstigt und ob die P. aeruginosa Kolonisierung zu einer
Verschlimmerung der Entzindung fuhrt, wendeten wir sowohl ein akutes, T. gondii
induziertes lleitis-Modell als auch ein chronisches Kolitis-Modell unter Verwendung von
IL-10 " M&usen an.

Mause entwickeln innerhalb einer Woche nach peroraler Infektion mit 50 Zysten des
intrazellularen Parasiten T. gondii eine sowohl von T Helferzellen 1 (Th1) als auch von
TLR4 abhangige lleitis, die mit einem massiven pro-inflammatorischen ,Zytokinsturm®,
ausgepragten intestinalen Nekrosen, einer Uberwucherung des Lumens mit Gram-
negativen Spezies wie Enterobakterien und Bacteroides/ Prevotella spp. sowie einer
extra-intestinalen Immunreaktionen einhergeht (27, 33, 88-91). Diese Veranderungen
spiegeln wesentliche pathogenetische Mechanismen wahrend eines akuten Schubes
beim Morbus Crohn wider (89, 91). In einer kirzlich durchgefihrten Arbeit konnten wir
zeigen, dass es auch in hma Mausen nach peroraler T. gondii Infektion zu
entsprechenden immunopathologischen Veranderungen kam (35). Aus unseren
Experimenten ging hervor, dass die akute T. gondii induzierte lleitis hma Mause
empfanglich fur eine intestinale Kolonisierung mit MDR P. aeruginosa macht. Vier Tage
nach MDR P. aeruginosa Infektion lie® sich mit 95% bei hma Mausen mit akuter lleitis
wesentlich haufiger P. aeruginosa im Fazes nachweisen als bei deren gesunden
Kontrollen. Dies geht einher mit friheren Untersuchungen unserer Arbeitsgruppe, bei
der die naturliche Kolonisationsresistenz gegeniber dem Enteropathogen C. jejuni im
Zuge akuter intestinaler Inflammation bei konventionell kolonisierten Mausen
aufgehoben werden konnte (43). Aber auch andere z. B. durch den Parasiten
Plasmodium yoelii, enteropathogene S. typhimurium oder genetische Immundefekte
hervorgerufene AuslOser intestinaler Inflammation und Dysbiose fuhren zu einer
gesteigerten Kolonisationskapazitdt von Enteropathogenen (92, 93). Dies lasst
vermuten, dass es im entzundlichen Milieu durch ein z. B. erhohtes intraluminales

Aufkommen an Zelltrimmern und Veranderungen in der chemischen und mikrobiellen
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Zusammensetzung zu Wachstumsvorteilen nicht nur fur kommensale Enterobakterien,
sondern auch fur (opportunistische) Pathogene kommen kann (27, 33, 40, 90, 94-96).
Interessanterweise hat eine intestinale Kolonisierung der hma Mause mit P. aeruginosa
bei akuter lleitis nicht zu einer weiteren Exazerbation der Darmentzundung im Vergleich
zu den ebenfalls T. gondii infizierten, kranken hma Mausen ohne zusatzliche P.
aeruginosa Kolonisierung gefuhrt. Es kam lediglich zu einer gesteigerten bakteriellen
Translokation in Milz und Blut im Vergleich zur nicht-infizierten Kontrollgruppe. Dies
konnte auf eine ausgepragtere Storung der epithelialen Barrierefunktion durch P.
aeruginosa hinweisen. Da die T. gondii-induzierte lleitis durch Aktivierung von TLR4
durch Lipopolysaccharide Gram-negativer Kommensale verstarkt wird, konnte man
annehmen, dass eine Ko-infektion mit dem Gram-negativen, opportunistischen
Pathogen P. aeruginosa zu einer weiteren Exazerbation der T. gondii induzierten
intestinalen Immunantwort fuhrt (27, 90). Dass dies nicht der Fall ist, kdnnte an dem
durch die Th1-Typ Immunantwort ausgelosten Zytokinsturm liegen, durch den eine
zusatzliche P. aeruginosa Kolonisierung nicht weiter biologisch relevant ins Gewicht fallt
(91).

Um das Wechselspiel zwischen intestinaler Inflammation und MDR P. aeruginosa
Kolonisierung weiter zu differenzieren, wendeten wir im nachsten Schritt ein
chronisches Kolitis Modell an. IL-107" M&use werden haufig als Modell fir chronische
GIT Inflammation verwendet, da sie, unter SPF Bedingungen gehalten, eine spontane,
chronische Kolitis entwickeln, bei deren Entstehung die Darmmikrobiota eine
wesentliche Rolle spielt (97-99). Sechs Wochen nach Infektion konnte trotz
konventioneller muriner Besiedlung noch in 79% der IL-10" Mause MDR P. aeruginosa
im Fazes nachgewiesen werden, wahrend bei den gesunden WT Kontrollgruppen
bereits eine Woche nach Infektion kein P. aeruginosa mehr nachweisbar war. Wie im
akuten T. gondii induzierten lleitis Modell konnte auch bei IL-10" Mausen mit
chronischer Kolitis bereits gezeigt werden, dass die naturliche Kolonisationsresistenz
gegenuber Enteropathogenen wie S. typhimurium aber auch einem nicht pathogenen E.
coli Stamm durch die chronische Entzindung und den damit einhergehenden
Veranderungen in der Zusammensetzung der Darmmikrobiota aufgehoben wurde (93,
100). Weiterhin konnten wir zeigen, dass eine Kolonisierung des chronisch entzindeten
Kolons mit MDR P. aeruginosa zu einer weiter verstarkten Immunantwort fuhrt. Diese
aulerte sich in einer gesteigerten Apoptoserate von Darmepithelzellen und vermehrtem

Einstrom von Immunzellen in die Kolonmukosa und Lamina propria sowie in einer
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gesteigerten Sekretion pro-inflammatorischer Zytokine. Auch auf systemischer Ebene
kam es zu erhohten Serumkonzentrationen von TNF und IFN-y und einer bakteriellen

Translokation ausschlieRlich in den P. aeruginosa kolonisierten IL-10" M&usen.

Zusammenfassung und Forschungsausblick: Zusammenfassend zeigt die
vorliegende Arbeit, dass die Darmmikrobiota wesentlich zur Kolonisationsresistenz
gegenuber MDR P. aeruginosa beitragt und dass ihre Storung (z.B. durch antibiotische
Therapien oder intestinale Inflammation) zu einer intestinalen Kolonisierung mit dem
opportunistischen Pathogen fuhren kann. Eine reine Kolonisierung mit P. aeruginosa
fuhrt bereits im gesunden Wirtsorganismus zu pro-inflammatorischen Immunantworten
und fordert darlber hinaus eine bereits bestehende chronische Inflammation. Um
mogliche Alternativen zur antibiotischen Therapie wie z.B. FMT oder probiotische
Interventionen entwickeln zu konnen, sollten in zukinftigen Arbeiten die jeweiligen
intraluminalen Molekule identifiziert werden, die zu einer Kolonisierung von MDR Gram-

negativen Bakterien im gesunden und kranken GIT fuhrt.
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The World Health Organization has rated multidrug-resistant (MDR) Pseudomonas aeruginosa as a critical threat to human health.
In the present study, we performed a survey of intestinal colonization, and local and systemic immune responses following peroral
association of secondary abiotic mice with either a clinical MDR P. aeruginosa or a commensal murine Escherichia coli isolate.
Depletion of the intestinal microbiota following antibiotic treatment facilitated stable intestinal colonization of both P. aeruginosa
and E. coli that were neither associated with relevant clinical nor histopathological sequelae. Either stable bacterial colonization,
however, resulted in distinct innate and adaptive immune cell responses in the intestines, whereas a pronounced increase in mac-
rophages and monocytes could be observed in the small as well as large intestines upon P. aeruginosa challenge only, which also
applied to colonic T lymphocytes. In addition, TNF secretion was exclusively elevated in large intestines of P. aeruginosa-colo-
nized mice. Strikingly, association of secondary abiotic mice with MDR P. aeruginosa, but not commensal E. coli, resulted in
pronounced systemic pro-inflammatory responses, whereas anti-inflammatory responses were dampened. Hence, intestinal car-
riage of MDR P. aeruginosa as compared to a mere commensal Gram-negative strain in otherwise healthy individuals results in
distinct local and systemic pro-inflammatory sequelae.

Keywords: Pseudomonas aeruginosa, multi-drug resistant Gram-negative bacteria, susceptibility to infection, intestinal micro-
biota, colonization resistance, broad-spectrum antibiotic treatment, secondary abiotic (gnotobiotic) mice, pro-inflammatory im-
mune responses, systemic sequelae of infection, commensal Escherichia coli

Introduction respiratory equipment, and sinks are typical environmen-

tal reservoirs [3]. P. aeruginosa is considered an oppor-

The strictly aerobic, non-fermenting Gram-negative bacte-
rium Pseudomonas aeruginosa can be ubiquitously found
and particularly thrives in moist environments. Whereas
a single flagellum and multiple cell surface pili contrib-
ute to bacterial motility and adherence to surfaces, biofilm
formation, alginate secretion, quorum-sensing, intrinsic
antibiotic resistance, and an elaborated secretion system
constitute further virulence factors of P. aeruginosa fa-
cilitating immune escape and establishment in the host
ecosystem [1, 2]. In the hospital setting, water bottles,

tunistic pathogen and one of the most frequent causative
agents of acute nosocomial infections, particularly af-
fecting immune-compromised (such as neutropenic) in-
dividuals or patients admitted to the intensive care unit
(ICU) [4, 5]. P. aeruginosa-induced infections including
ventilator-associated pneumonia, burn wound, and surgi-
cal site infections, as well as urinary tract infections are
associated with very high (i.e., >30%) mortality rates [4].
In addition, P. aeruginosa drives chronic respiratory in-
fections in patients suffering from cystic fibrosis, chronic
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obstructive lung disease, or bronchiectasis [5—7]. In recent
years, emerging infections with strains that were resistant
to a plethora of antibiotic classes due to B-lactamases, 16S
rRNA methylases, and carbapenemases have been asso-
ciated with significant morbidity and increasing mortal-
ity [5, 7, 8]. This fatal scenario has prompted the World
Health Organization (WHO) in the beginning of 2017 to
rate multidrug-resistant (MDR) Gram-negative species in-
cluding P. aeruginosa as serious threats for human health,
further emphasizing the urgent need for novel treatment
approaches [9]. In addition to colonized patients, con-
taminated surfaces, and objects in the hospital setting as
potential external sources for P. aeruginosa acquisition,
the human gastrointestinal tract might be considered as
important internal source for P. aeruginosa infection [10,
11]. Although P. aeruginosa is not considered part of the
human commensal gut microbiota, intestinal colonization
usually precedes P. aeruginosa infection. This might par-
ticularly be the case upon antibiotic treatment compromis-
ing the intestinal microbiota integrity and, hence, physi-
ological colonization resistance subsequently facilitating
establishment of the opportunistic pathogen in the intesti-
nal ecosystem [5, 12]. In fact, a recent study revealed that
prior rectal colonization was a predictor of subsequent de-
velopment of P. aeruginosa infection of ICU patients [13].

To date, however, no data are available whether in-
testinal P. aeruginosa carriage by otherwise healthy indi-
viduals that are treated with antibiotic compounds is ac-
companied with host immune responses. This prompted
us in the present study to treat mice with broad-spectrum
antibiotics and to challenge them with either a clinical
MDR P. aeruginosa or a murine commensal Escherichia
coli strain perorally. We determined intestinal coloniza-
tion capacities of respective strains either under continu-
ous antibiotic treatment or after antibiotic withdrawal as
compared to uncompromised gut microbiota conditions
and further assessed intestinal as well as systemic pro-
and anti-inflammatory responses in otherwise healthy
bacterial carriers.

Materials and methods

Mice and broad-spectrum antibiotic treatment

C57BL/6j wildtype mice were reared and maintained un-
der specific pathogen-free (SPF) conditions in the For-
schungseinrichtungen fiir Experimentelle Medizin (FEM,
Charité — University Medicine Berlin). At the age of 8§ to
10 weeks, female mice were subjected to broad-spectrum
antibiotic treatment. In brief, mice were transferred to ster-
ile cages and treated with a quintuple antibiotic cocktail
consisting of ampicillin plus sulbactam (1 g/l; Ratiopharm,
Ulm, Germany), vancomycin (500 mg/l; Cell Pharm, Han-
nover, Germany), ciprofloxacin (200 mg/l; Bayer Vital,
Leverkusen, Germany), imipenem (250 mg/l; MSD, Haar,
Germany), and metronidazole (1 g/l; Fresenius, Bad Hom-
burg, Germany) via the drinking water ad libitum for 8

weeks [14, 15]. Cultural and culture-independent (i.e., 16S
rRNA based molecular) quality control measures revealed
virtual absence of bacteria in fecal samples as described
earlier [15, 16]. In one group of thus generated secondary
abiotic (i.e., gnotobiotic) mice, the antibiotic cocktail was
replaced by sterile water three days before P. aeruginosa
infection, whereas in another group, antibiotic treatment
was continued until the end of the experiment. Sex- and
age-matched conventionally colonized mice served as
antibiotics-untreated control group.

Bacterial strains

The MDR P, aeruginosa isolate was initially cultured from
respiratory material of a patient with nosocomial pneumo-
nia and kindly provided by Prof. Dr. Bastian Opitz (Charité
— University Medicine Berlin, Berlin, Germany). Notably,
the bacterial strain displayed antimicrobial sensitivity to
fosfomycin and colistin only [17].

The commensal E. coli strain had been isolated from
a conventional wildtype mouse recently [14]. Of note, the
genome of the applied E. coli strain did not contain known
virulence genes of pathogenic E. coli such as stx 1 and 2,
hlyA, cspA, catd, astA, and katP as confirmed by PCR
analysis in a reference laboratory [18].

Prior infection, the P. aeruginosa and E. coli strains
were grown on cetrimid agar (Oxoid) for 48 h and Mac-
Conkey agar (Oxoid) for 24 h (both from Oxoid), respec-
tively, in an aerobic atmosphere at 37 °C.

Bacterial challenge

On two consecutive days (i.e., days 0 and 1), mice were
perorally challenged either with 10° colony forming units
(CFU) of the MDR P, aeruginosa or the commensal E. coli
strain by gavage in a total volume of 0.3 ml PBS as re-
ported earlier [14, 17, 18].

Cultural analysis of P. aeruginosa and E. coli

Fecal samples were homogenized in sterile PBS. Serial
dilutions were then streaked onto Columbia agar supple-
mented with 5% sheep blood (Oxoid, Germany) and ce-
trimid or MacConkey agar and incubated in an aerobic
atmosphere at 37 °C for 48 and 24 h in order to assess
intestinal P. aeruginosa and E. coli loads, respectively, as
described previously [14, 17, 18].

Clinical conditions

Macroscopic and/or microscopic abundance of fecal blood
was assessed in individual mice on a daily basis by the
Guajac method using Haemoccult (Beckman Coulter/

PCD, Germany) as described earlier [18-20].
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Sampling procedures

Mice were sacrificed 4 weeks (28 days) postinfection (p.i.)
by isoflurane treatment (Abott, Germany). Cardiac blood
(for serum) and tissue samples from spleen, mesenteric
lymph nodes (MLN), ileum, and colon were removed un-
der sterile conditions. Intestinal samples were collected
from each mouse in parallel for microbiological, immuno-
logical, and immunohistochemical analyses.

Immunohistochemistry

Five-micrometer thin paraffin sections of colonic and
ileal ex vivo biopsies were used for in situ immuno-
histochemical analysis as reported previously [19-21].
In brief, primary antibodies against cleaved caspase-3
(Aspl75, Cell Signaling, Beverly, MA, USA, 1:200),
Ki67 (TEC3, Dako, Glostrup, Denmark, 1:100), F4/80
(no. 14-4801, clone BMS, eBioscience, 1:50), CD3 (no.
N1580, Dako, 1:10), FOXP3 (FJK-16s, eBioscience, San
Diego, CA, USA, 1:100), and B220 (eBioscience, 1:200)
were used to assess apoptotic cells, proliferating cells,
macrophages/monocytes, T lymphocytes, regulatory
T cells (Treg), and B lymphocytes, respectively. The
average numbers of positively stained cells within at
least six high power fields (HPF, 0.287 mm?; 400x mag-
nification) were determined by an independent blinded
investigator.

Cytokine detection

Ex vivo biopsies (approximately 1 cm?) derived from co-
lon (cut longitudinally and washed in PBS), MLN, and
spleen were placed in 24-well flat-bottom culture plates
(Falcon, Germany) containing 500 ml serum-free RPMI
1640 medium (Gibco, life technologies) supplemented
with penicillin (100 U/ml, Biochrom, Germany) and strep-
tomycin (100 pg/ml; Biochrom). After 18 h at 37 °C, cul-
ture supernatants and serum samples were tested for TNF,
IFN-y, and IL-10 by the Mouse Inflammation Cytometric
Bead Assay (CBA; BD Bioscience) on a BD FACSCanto
II flow cytometer (BD Bioscience).

Statistical analysis

Medians and levels of significance were determined using
Mann—Whitney U test. Two-sided probability (p) values
of <0.05 were considered significant. Experiments were
reproduced twice.

Ethics statement

All animal experiments were conducted according to the
European Guidelines for animal welfare (2010/63/EU)
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with approval of the commission for animal experiments
headed by the “Landesamt fiir Gesundheit und Soziales”
(LaGeSo, Berlin; registration numbers G0039/15). Animal
welfare was monitored twice daily by assessment of clini-
cal conditions and weight loss of mice.

Results

Broad-spectrum antibiotic treatment facilitates intestinal
colonization of mice with MDR P. aeruginosa

We first addressed how efficient an MDR P. aerugi-
nosa strain was able to colonize the intestinal tract of
clinically uncompromised wildtype mice with a con-
ventional gut microbiota. The first 3 days following
peroral challenge with 10° CFU P. aeruginosa, fecal
loads between 10° and 10° per gram could be assessed
on two consecutive days (p < 0.001 versus uninfected
mice; Fig. 14) but were progressively declining there-
after. In fact, only 15.8% of conventional mice harbored
P. aeruginosa in their intestines between days 4 and 6
postinfection (p.i.) (with median loads of 0 CFU per
gram; n.s. versus uninfected mice; Fig. 14), whereas
P. aeruginosa could be isolated from fecal samples in
single cases only later on.

Given that the commensal intestinal microbiota is
known to provide the host with a physiological coloniza-
tion resistance thereby preventing from (opportunistic)
pathogenic infection [15, 22], we next generated sec-
ondary abiotic mice following broad-spectrum antibi-
otic treatment. Three days following an antibiotic with-
drawal, mice with a virtually depleted gut microbiota
were perorally challenged with 10° CFU P. aeruginosa
on days 0 and 1. Within 24 h p.i., P. aeruginosa could
establish within the intestinal tract of secondary abiotic
mice at high median loads of 10® CFU per gram feces
that remained stable until day 28 p.i. (»p < 0.01-0.001;
Fig. 1B).

We further perorally associated secondary abiotic
mice under continuous antibiotic treatment with 10° CFU
P aeruginosa, but this time without antibiotic withdraw-
al and washout. Whereas within 24 h p.i. viable bacte-
ria could be isolated from almost all fecal samples with
median loads of 10* CFU per gram (p < 0.001 versus
day 0; Fig. 1C), P. aeruginosa detection rates progres-
sively declined until day 6 p.i. After this nadir, however,
P. aeruginosa could again be isolated from fecal samples
in 90% of mice at day 7 p.i., and median bacterial loads
further increased up to 10 CFU per gram until day 28 p.i.
(Fig. 1C) which had been observed in secondary abiotic
mice (Fig. 1B). Notably, under continuous antibiotic treat-
ment, also small colony variants of P. aeruginosa could be
detected, particularly during the nadir between days 4 and
6 p.i., but also thereafter.

Hence, depletion of the intestinal microbiota following
antibiotic treatment facilitated stable MDR P. aeruginosa
colonization of the intestinal tract.
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Fig. 1. Fecal P. aeruginosa loads over time following peroral
challenge of mice. (A) Conventionally colonized wildtype mice
(black circles), (B) secondary abiotic mice generated by broad-
spectrum antibiotic (ABx) treatment as described in methods
(ABx treatment withdrawn 3 days prior infection; white circles),
and (C) secondary abiotic mice under continuous ABx treatment
(white squares) were perorally associated with a multidrug
resistant P. aeruginosa strain on day (d) 0. Intestinal colonization
densities were determined in fecal samples until day 28
postinfection by culture and expressed as colony forming units
per gram (CFU/g). Numbers of mice harboring P. aeruginosa out
of the total number of analyzed mice (in parentheses), medians
(black bars), and significance levels (p values) determined by
Mann—Whitney U test are indicated. Data shown were pooled
from at least three independent experiments

Comparative colonization properties of MDR P. aerugi-
nosa and commensal E. coli in secondary abiotic mice

We next addressed whether the intestinal colonization
properties of the applied MDR P. aeruginosa strain dif-
fered from those of a commensal murine Gram-negative
strain such as E. coli that had been isolated from feces
of a conventionally colonized wildtype mouse previ-
ously. Therefore, after a 3-day antibiotic washout period,
secondary abiotic mice were either perorally associated
with 10° CFU MDR P. aeruginosa or commensal E. coli
by gavage and the bacterial loads were determined in fe-
cal samples thereafter. Whereas until day 7 p.i. intestinal
E. coli loads were approximately one order of magnitude
higher as compared to P. aeruginosa (p < 0.01-0.001;
Fig. 2), respective fecal bacterial burdens were compara-
ble thereafter until the end of the experiment (i.e., 10° CFU
per gram at day 28 p.i.; n.s., Fig. 2).

Hence, MDR P, aeruginosa displayed virtually compa-
rable intestinal colonization properties like a commensal
Gram-negative strain such as E. coli.

Macroscopic and microscopic inflammatory sequelae
following MDR P. aeruginosa colonization of secondary
abiotic mice

We further assessed whether potential inflammatory se-
quelae of MDR P. aeruginosa colonization of secondary
abiotic mice could be observed on macroscopic (i.e., clini-
cal) or microscopic (i.e., histological) level. Notably, nei-
ther following MDR P. aeruginosa nor upon commensal
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Fig. 2. Fecal bacterial loads over time following peroral MDR P.
aeruginosa association of secondary abiotic mice. Secondary abi-
otic mice (antibiotic treatment withdrawn 3 days prior infection)
were perorally associated with a murine commensal E. coli (Ecol,
white circles) or a multidrug resistant P. aeruginosa strain (Psae,
black circles) on day (d) 0. Intestinal colonization densities were
determined in fecal samples over time until day 28 postinfection
(p.i.) by culture and expressed as colony forming units per gram
(CFU/g). Numbers of mice, medians (black bars), and significance
levels (p values) determined by Mann—Whitney U test are indicat-
ed. Data shown were pooled from two independent experiments
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Fig. 3. Apoptotic and proliferating intestinal epithelial cells following peroral MDR P. aeruginosa association of secondary abiotic
mice. Secondary abiotic mice were perorally associated with a murine commensal E. coli (Ecol, white circles) or a multidrug resistant
P. aeruginosa strain (Psae, black circles) on day (d) 0. Four weeks thereafter (i.e., on day 28 postinfection), the average numbers
of epithelial apoptotic (positive for caspase 3, Casp3; upper panel) and proliferating cells (positive for Ki67; lower panel) were
determined in ex vivo biopsies derived from the (A) colon (left panel) and (B) ileum (right panel) in six high power fields (HPF, 400x
magnification) per animal in immunohistochemically stained intestinal paraffin sections. Uninfected mice (none; open diamonds)
served as negative controls. Numbers of mice, medians (black bars), and significance levels (p values) determined by the Mann—
Whitney U test are indicated. Data shown were pooled from three independent experiments

E. coli challenge, secondary abiotic mice were clinically
compromised and exhibited symptoms such as weight loss,
wasting, diarrhea, or macroscopic/microscopic abundance
of fecal blood (data not shown). We next quantitatively as-
sessed apoptotic cell numbers in intestinal epithelia apply-
ing in situ immunohistochemistry. Neither in the colon nor
in the ileum of MDR P. aeruginosa-associated secondary
abiotic mice increased apoptotic epithelial cell numbers
could be observed (n.s., Fig. 3), whereas caspase3+ cells
were even higher in the large intestinal epithelia of mice
harboring commensal E. coli as compared to naive con-
trols (p < 0.001; Fig. 34).

We further determined numbers of Ki67+ cells in intes-
tinal epithelia indicative for cell proliferation and regen-
eration counteracting potential bacteria-induced intestinal
inflammatory responses. Remarkably, Ki67+ counts were
multifold increased in large intestinal epithelia at day 28
following association of secondary abiotic mice with ei-
ther strain (p < 0.001; Fig. 34), whereas in the ileal epithe-
lia numbers of proliferating cell were elevated upon MDR
P. aeruginosa challenge only (p < 0.05; Fig. 3B).

Hence, MDR P. aeruginosa did neither induce mac-
roscopic (i.e., clinical) nor microscopic (i.e., apoptotic)
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sequelae upon stable intestinal colonization of secondary
abiotic mice.

Intestinal immune cell responses following MDR
P. aeruginosa colonization of secondary abiotic mice

We next determined whether association of secondary
abiotic mice with MDR P. aeruginosa was accompanied
by an increased influx of pro-inflammatory immune cell
populations into the intestinal mucosa and lamina propria.
To address this, we applied quantitative in situ immuno-
histochemistry of small and large intestinal ex vivo biop-
sies that had been stained with antibodies against distinct
innate and adaptive immune cell subsets. Following as-
sociation with MDR P. aeruginosa, but not commensal
E. coli, numbers of innate immune cells such as macro-
phages and monocytes increased more than two-fold in
both colon and ileum of secondary abiotic mice at day 28
p.i. (p <0.001; Fig. 4). Whereas increased T lymphocyte
numbers could be determined in the colon of P aerugi-
nosa associated mice only (p < 0.001; Fig. 44), this held
true for increased ileal CD3+ counts at day 28 upon E. coli
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challenge (p < 0.001; Fig. 4B). Following association with
either bacterial strain, colonic numbers of Treg and B lym-
phocytes were higher as compared to naive secondary abi-
otic mice (p <0.01-0.001; Fig. 44), whereas this held true

for Treg counts in the ileal mucosa and lamina propria at
day 28 p.i. (p <0.001; Fig. 4B).

Hence, both MDR P. aeruginosa and commensal
E. coli association resulted in distinct innate and adap-
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Fig. 4. Intestinal immune cell responses following peroral MDR P. aeruginosa association of secondary abiotic mice. Secondary
abiotic mice were perorally associated with a murine commensal E. coli (Ecol, white circles) or a multidrug resistant P. aeruginosa
strain (Psae, black circles) on day (d) 0. Four weeks thereafter (i.e., on day 28 postinfection), the average numbers of macrophages and
monocytes (positive for F4/80), colonic T lymphocytes (positive for CD3), regulatory T cells (positive for FOXP3), and B lymphocytes
(positive for B220) were determined in ex vivo biopsies derived from the (A) colon (left panel) and (B) ileum (right panel) in six
high power fields (HPF, 400x magnification) per animal in immunohistochemically stained intestinal paraffin sections. Uninfected
mice (none; open diamonds) served as negative controls. Numbers of mice, medians (black bars), and significance levels (p values)

determined by the Mann—Whitney U test are indicated. Data shown were pooled from three independent experiments
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tive immune cell responses in the intestines of sec-
ondary abiotic mice, whereas a pronounced increase
in macrophages and monocytes could be observed in
the small as well as large intestines upon MDR P. ae-
ruginosa challenge only, which also applied to colonic
T lymphocytes.

Intestinal cytokine secretion following peroral MDR
P. aeruginosa association of secondary abiotic mice

Next, we addressed whether the observed intestinal im-
mune cell responses upon bacterial challenge were ac-
companied by pronounced local secretion of pro- and
anti-inflammatory cytokines. At day 28 following MDR

P aeruginosa, but not commensal E. coli association
of secondary abiotic mice, colonic TNF concentrations
were more than two-fold higher as compared to unin-
fected controls (p < 0.05; Fig. 54), whereas higher TNF
secretion could be determined in MLN of E. coli associ-
ated versus non-associated mice (p < 0.001, Fig. 5B). At
day 28 following challenge with either E. coli or P. aeru-
ginosa, increased IFN-y secretion could be measured in
MLN as compared to naive controls (p < 0.05 and p <
0.001, respectively; Fig. 5B) with even higher concentra-
tions in the former as compared to the latter associated
mice (p < 0.05; Fig. 5B). Notably, secretion of the anti-
inflammatory cytokine IL-10 was virtually unchanged in
the colon and MLN at day 28 following either bacterial
association.
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Fig. 5. Intestinal cytokine responses following peroral MDR P. aeruginosa association of secondary abiotic mice. Secondary abiotic
mice were perorally associated with a murine commensal E. coli (Ecol, white circles) or a multidrug resistant P. aeruginosa strain
(Psae, black circles) on day (d) 0. Four weeks thereafter (i.e., on day 28 postinfection), proinflammatory cytokines including TNF
(upper panel) and IFN-y (middle panel) as well as the anti-inflammatory mediator IL-10 (lower panel) were measured in supernatants
of ex vivo biopsies derived from the (A) colon (left panel), (B) mesenteric lymph nodes (MLN; middle panel), and (C) spleen (right
panel). Uninfected mice (none; open diamonds) served as negative controls. Numbers of mice, medians (black bars), and significance
levels (p values) determined by the Mann—Whitney U test are indicated. Data shown were pooled from three independent experiments
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Hence, TNF secretion was exclusively increased in
large intestines of MDR P. aeruginosa associated second-
ary abiotic mice.

Systemic cytokine secretion following peroral MDR
P. aeruginosa association of secondary abiotic mice

We finally addressed systemic pro- and anti-inflammatory
sequelae upon bacterial association of secondary abiotic
mice. Remarkably, P. aeruginosa but not E. coli challenge
induced a multifold increased secretion of pro-inflamma-
tory cytokines such as TNF and IFN-y in the spleen at
day 28 (p <0.01 and p < 0.001 versus naive, respectively;
Fig. 5C), whereas anti-inflammatory IL-10 concentrations
were downregulated in spleens of P. aeruginosa associated
mice far below baseline levels (p < 0.001 versus naive;
Fig. 5C).

Hence, association of secondary abiotic mice with
MDR P. aeruginosa but not commensal E. coli resulted in
pronounced systemic pro-inflammatory sequelae, whereas
anti-inflammatory responses were dampened.

Discussion

Whereas infections with MDR Gram-negative bacteria in-
cluding P, aeruginosa have become a serious threat, partic-
ularly in hospitalized patients under antibiotic therapy [2,
11], it is to date unclear, however, whether mere carriage of
an MDR P. aeruginosa strain in the gastrointestinal tract of
otherwise healthy individuals provokes pro-inflammatory
immune responses. In the present study, we therefore treat-
ed mice with broad-spectrum antibiotic compounds and
challenged them perorally with a clinical MDR P. aerugi-
nosa strain — either during continuous antibiotic treatment
or after antibiotic withdrawal to assure antibiotic wash-out.
Upon cessation of antibiotics, mice could be stably colo-
nized by the opportunistic pathogenic strain as early as 24 h
p.i. and displayed continuously high bacterial burdens in
their feces until the end of the observation period (i.e., day
28 p.i.). These results are indicative for successful disrup-
tion of the colonization resistance (that is physiologically
provided by the complex and diverse commensal intestinal
microbiota) which in turn facilitates establishment and in-
vasion of opportunistic or obligate pathogens in mice and
men [15, 22-24]. The vast majority of mice with an uncom-
promised intestinal microbiota, however, had expelled the
clinical isolate within 4 days p.i.; after 7 days p.i., P. aeru-
ginosa could be cultured from fecal samples in single cases
and at very low loads only. Our results are well in line with
an earlier study where mice had been treated with five dif-
ferent antibiotics and exhibited distinct intestinal P. aerugi-
nosa loads at day 7 following peroral infection depending
on the degree of the compromised colonization resistance
due to respective antimicrobial spectra of the applied com-
pound [23]. Furthermore, ingested P. aeruginosa could be
cultured from fecal samples of healthy volunteers with an

intact gut microbiota up to 6 days following peroral bacte-
rial challenge [25]. In subjects who had a 4-day course of
oral ampicillin treatment, however, P. aeruginosa persisted
for 14 days.

Interestingly, under continuous broad-spectrum anti-
biosis, P. aeruginosa could stably establish within the in-
testinal tract rather late (i.e., after 2 to 3 weeks) p.i., but fi-
nally reached comparably high fecal loads as compared to
mice in which the antibiotic cocktail had been withdrawn
before bacterial challenge. Even though tested resistant
against each antibiotic compound in our in vitro anti-
microbial susceptibility assays, the nadir in fecal P. aeru-
ginosa loads between day 3 and day 14 p.i. in addition to
the abundance of small colony variants point toward syn-
ergistic antimicrobial properties of the components within
the quintuple antibiotic cocktail. Remarkably, neither an-
timicrobial treatment nor respective bacterial colonization
was associated with any clinical symptoms in challenged
mice. This is in line with an earlier study by Hentges et al.
who did not report any clinical symptoms in mice upon
treatment with five different antibiotic compounds and
subsequent P. aeruginosa infection [23], which also held
true for healthy volunteers subjected to P. aeruginosa with
or without preceding ampicillin treatment [25]. Further-
more, following peroral application of the clinical isolate
or the commensal E. coli strain in our study, secondary
abiotic mice (with withdrawn antibiosis) harbored com-
parable fecal bacterial loads indicating that the clinical
P. aeruginosa isolate exhibited intestinal colonization like
a murine commensal Gram-negative strain.

In line with lacking macroscopic (i.e., clinical) se-
quelae, P. aeruginosa colonization was neither associated
with histopathological nor apoptotic responses affecting
the intestinal mucosa and epithelial cells in particular. In-
terestingly, either bacterial association, however, resulted
in increased proliferating/regenerating epithelial cell num-
bers in both small and large intestines thereby counteract-
ing potential cell damage. Remarkably, MDR P. aerugi-
nosa colonization induced pronounced innate as well as
adaptive immune cell responses as indicated by elevated
numbers of macrophages/monocytes as well as T lympho-
cytes, Treg and B cells, respectively, in intestinal mucosa
and lamina propria at day 28 p.i., that were accompanied
by multifold increased pro-inflammatory cytokine concen-
trations such as TNF and IFN-y in colon and MLN, re-
spectively. Strikingly, P. aeruginosa carriage induced not
only immune responses in the intestinal tract but also sys-
temically as indicated by increased splenic TNF and IFN-y
secretion at day 28 p.i., whereas anti-inflammatory 1L-10
concentration was virtually undetectable by then.

Preceding antibiotic treatment facilitates intestinal
P. aeruginosa colonization, which in turn bears a 15-fold
increased risk for a nosocomial infection on ICU [13].
Whereas the pathogenic potential of P. aeruginosa is well
known, its potential in initiation and perpetuation of im-
munopathologies, particularly within the intestinal tract,
is only incompletely understood. In a very recent study,
we were able to show that acute ileitis facilitated infection
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with MDR P, aeruginosa in mice harboring a human gut
microbiota, but the inflammation model was too acute to
decipher additional inflammatory sequelae induced by the
MDR bacterial strain [17].

We conclude that upon preceding broad-spectrum anti-
biotic treatment a clinical MDR P. aeruginosa isolate is
capable of colonizing the intestinal tract like a commensal
Gram-negative strain such as murine E. coli. Already mere
MDR P. aeruginosa carriage, however, is associated with
both intestinal and systemic immune responses that might
be potentiated in concert with other comorbidities. Fur-
ther studies need to unravel the orchestrated interplay of
MDR Gram-negative strains including P. aeruginosa, host
microbiota and immunity, particularly under inflammatory
conditions.
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The World Health Organization has rated multi-drug resistant (MDR) Pseudomonas
aeruginosa as serious threat for human health. It is, however, unclear, whether intestinal
MDR R aeruginosa carriage is associated with inflammatory responses in intestinal
or even systemic compartments. In the present study, we generated with respect
to their microbiota “humanized” mice by human fecal microbiota transplantation of
secondary abiotic mice. Following peroral challenge with a clinical P aeruginosa isolate
on two consecutive days, mice harboring a human or murine microbiota were only
partially protected from stable intestinal P aeruginosa colonization given that up to
78% of mice were P aeruginosa-positive at day 28 post-infection (p.i.). Irrespective
of the host-specificity of the microbiota, P aeruginosa colonized mice were clinically
uncompromised. However, P aeruginosa colonization resulted in increased intestinal
epithelial apoptosis that was accompanied by pronounced proliferative/regenerative cell
responses. Furthermore, at day 7 p.i. increased innate immune cell populations such
as macrophages and monocytes could be observed in the colon of mice harboring
either a human or murine microbiota, whereas this held true at day 28 p.i. for adaptive
immune cells such as B lymphocytes in both the small and large intestines of mice with
murine microbiota. At day 7 p.i., pro-inflammatory cytokine secretion was enhanced in
the colon and mesenteric lymph nodes, whereas the anti-inflammatory cytokine IL-10
was down-regulated in the former at day 28 p.i. Strikingly, cytokine responses upon
intestinal P aeruginosa colonization were not restricted to the intestinal tract, but could
also be observed systemically, given that TNF and IFN-y concentrations were elevated
in spleens as early as 7 days p.i., whereas splenic IL-10 levels were dampened at day
28 p.i. of mice with human microbiota. In conclusion, mere intestinal carriage of MDR
P, aeruginosa by clinically unaffected mice results in pro-inflammatory sequelae not only
in intestinal, but also systemic compartments.

Keywords: multidrug-resistant Gram-negative bacteria, intestinal Pseudomonas aeruginosa colonization, fecal

microbiota transplantation, human microbiota associated mice, colonization resistance, host-pathogen-
interaction, intestinal and systemic sequelae of colonization, broad-spectrum antibiotic treatment
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Immune Responses upon Pseudomonas Carriage

INTRODUCTION

Pseudomonas aeruginosa constitute strictly aerobic Gram-
negative bacteria that normally inhabit the soil and surfaces
in aqueous environments. Their adaptive capabilities and
intrinsic antibiotic resistance support survival in nature as
well as in a plethora of settings including healthcare facilities
(Gellatly and Hancock, 2013). Whereas a single flagellum
and many cell surface pili facilitate bacterial motility and
adherence to surfaces (Driscoll et al., 2007), alginate secretion,
biofilm formation, quorum-sensing and an elaborate secretion
system contribute to P. aeruginosa virulence (Driscoll et al,
2007; Gellatly and Hancock, 2013). In the hospital, typical
environmental reservoirs of P. aeruginosa include sinks, water
bottles and respiratory equipment, for instance (Morrison
and Wenzel, 1984; Stratton, 1990). P. aeruginosa is a leading
cause of nosocomial infections in ICUs such as ventilator-
associated pneumonia, bloodstream infections, urinary tract
infections or superinfections of burn wounds associated
with mortality rates of more than 30% (Vincent, 2003). The
emergence of MDR P. aeruginosa strains particularly due
to extended-spectrum B-lactamases, carbapenemases and
16S rRNA methylases, has posed immuno-compromised
individuals, patients suffering from cystic fibrosis and other
chronic pulmonary morbidities or ICU patients at increased
risk for prolonged hospital stay and mortality (Vincent, 2003;
Oliver et al., 2015; Potron et al., 2015). In consequence, the
WHO has rated MDR Gram-negative bacteria including
P. aeruginosa as serious threat for human health and emphasized
the urgent need for new treatment options (Tacconelli and
Magrini, 2017). P. aeruginosa infection typically follows
colonization that may happen either endogenously (hence
arising from the patients’ inherent microbiota) or exogenously (if
acquired from other patients or from the hospital environment
by cross-contamination) (Cohen et al, 2017). Intestinal
P. aeruginosa colonization before ICU admission has been
shown to be associated with an almost 15 times increased
risk of subsequent infection as compared to non-colonized
individuals (Gomez-Zorrilla et al, 2015). Disruption of
the complex and diverse commensal intestinal microbiota
physiologically exerting colonization resistance to the host
by antimicrobial compounds further facilitates establishment
and invasion of opportunistic or obligate pathogens in mice
and men (Hentges et al., 1985; Marshall et al., 1993; Bereswill
et al., 2011; Fiebiger et al., 2016). We have recently shown that
also the host-specificity of the complex intestinal microbiota
is pivotal for effective colonization resistance given that mice
harboring a murine, but not human gut microbiota were

Abbreviations: Bif, bifidobacteria; B/P, Bacteroides/Prevotella spp.; CFU, colony
forming units; C. jejuni, Campylobacter jejuni; Clept, Clostridium leptum group;
Clocc, Clostridium coccoides group; EB, enterobacteria; EC, enterococci; FMT, fecal
microbiota transplantation; HPE, high power fields; ICU, intensive care unit; LB,
lactic acid bacteria; MDR, multi-drug resistant; MIB, Mouse Intestinal Bacteroides;
MLN, mesenteric lymph nodes; P, two-sided probability values; PBS, phosphate
buffered saline; p.i., post-infection; QRT-PCR, quantitative real-time polymerase
chain reaction; SPE, specific pathogen-free; TL, total eubacterial load; TLR, Toll-
like receptor; WHO, World Health Organization.

protected from intestinal colonization with enteropathogenic
C. jejuni (Bereswill et al., 2011). Conversely, perorally with
C. jejuni challenged “humanized” mice could be stably infected
by the enteropathogen and displayed pro-inflammatory
immune responses as seen in human campylobacteriosis
(Bereswill et al., 2011; Masanta et al, 2013; Fiebiger et al.,
2016).

To date, however, no data are available regarding host immune
responses in otherwise healthy P. aeruginosa carriers with an
intact intestinal microbiota composition. In the present study
we therefore investigated, whether mice harboring a human vs.
murine microbiota could be stably colonized by a clinical MDR
P. aeruginosa strain and whether bacterial carriage was associated
with intestinal or even systemic inflammatory host responses.

MATERIALS AND METHODS

Ethics Statement

All animal experiments were conducted according to the
European Guidelines for animal welfare (2010/63/EU) with
approval of the commission for animal experiments headed by
the “Landesamt fiir Gesundheit und Soziales” (LaGeSo, Berlin;
registration numbers G0039/15). Animal welfare was monitored
twice daily by assessment of clinical conditions and weight loss of
mice.

Generation of Secondary Abiotic Mice
Female C57BL/6j mice were bred and maintained under
SPF conditions in the Forschungsinstitute fiir Experimentelle
Medizin (Charité - University Medicine, Berlin, Germany).
Secondary abiotic mice with a virtually depleted microbiota
were generated as described previously (Heimesaat et al,
2006). In brief, 8 weeks old mice were transferred into sterile
cages and subjected to a broad-spectrum antibiotic treatment
for 8 weeks 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 drinking water (ad
libitum). Cultural and culture-independent (i.e., 16S rRNA based
molecular) quality control measures revealed virtual absence of
bacteria in fecal samples as described earlier (Ekmekciu et al.,
2017).

Human and Murine Fecal Microbiota

Transplantation

Three days before association of secondary abiotic mice with
a complex human or murine intestinal microbiota by FMT,
the antibiotic cocktail was replaced by autoclaved tap water
(ad libitum). Fresh fecal samples free of enteropathogenic
bacteria (e.g., enteropathogenic Escherichia coli, Salmonella,
Shigella, Yersinia, Campylobacter, Clostridium difficile), viruses
(e.g., Noro-, Rota-, Enterovirus) and parasites (e.g., Giardia
lamblia, Entamoeba histolytica, Blastocystis hominis and
worms) were collected from five individual healthy human

Frontiers in Microbiology | www.frontiersin.org

December 2017 | Volume 8 | Article 2590


https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

von Kilitzing et al.

Immune Responses upon Pseudomonas Carriage

volunteers, dissolved in sterile PBS (Gibco, Life Technologies,
United Kingdom), aliquoted and stored at —80°C as described
earlier (Bereswill et al, 2011). Immediately before FMT,
individual fecal aliquots were thawed and pooled (Bereswill
et al., 2011). In addition, fresh murine fecal samples were
collected from 10 age and sex matched SPF control mice, pooled,
dissolved in 10 mL sterile PBS and the supernatant served
as murine donor suspension. To generate human intestinal
microbiota associated mice or reintroduce murine microbiota
into mice, secondary abiotic animals were subjected to peroral
FMT either with 0.3 mL of the human or murine donor
suspension by gavage on two consecutive days (Bereswill et al.,
2011). Of note, each donor suspension was tested negative for
P. aeruginosa by both culture and culture-independent (i.e.,
16S rRNA based) methods. Bacterial groups varied less than
0.5 logarithmic orders of magnitude between independent
experiments. To assure proper establishment of the human
or murine microbiota in the murine host, mice were kept
for 3 weeks until P. ageruginosa infection. Immediately before
peroral P. aeruginosa challenge individual fecal samples were
collected for quantitative molecular analyses of main intestinal
bacterial communities as described elsewhere (Bereswill et al.,
2011).

Molecular Analysis of the Human and
Murine Donor Suspensions and the Fecal
Microbiota

DNA was extracted from fecal samples as described previously
(Heimesaat et al., 2006). In brief, DNA was quantified by using
Quant-iT PicoGreen reagent (Invitrogen, United Kingdom) and
adjusted to 1 ng per wL. Then, TLs as well as the main bacterial
groups abundant in the murine and human intestinal microbiota
including EB, EC, LB, Bif, B/P, Clocc, Clept and MIB were
assessed by qRT-PCR with species-, genera- or group-specific
16S rRNA gene primers (Tib MolBiol, Germany) as described
previously (Heimesaat et al.,, 2010) and numbers of 16S rRNA
gene copies per ng DNA of each sample determined.

MDR P, aeruginosa Infection and

Quantitative Assessment of Fecal Loads
The MDR P. aeruginosa isolate was initially cultured from
respiratory material of a patient suffering from nosocomial
pneumonia and kindly provided by Prof. Dr. Bastian Opitz
(Charité - University Medicine, Berlin, Germany). Notably,
the clinical bacterial strain was tested resistant against
piperacillin/tazobactam, ceftazidime, cefepim =+ cefoxitin,
imipenem, ciprofloxacin, gentamycin, tobramycin, amikacin,
trimethoprim/sulfamethoxazole, and aztreonam (according to
EUCAST interpretation guidelines) and displayed antimicrobial
sensitivity to fosfomycin and colistin only (von Klitzing et al.,
2017a). Prior infection, the P. aeruginosa strain was grown on
cetrimide agar (Oxoid) for 48 h in an aerobic atmosphere at
37°C.

On days 0 and 1, mice were perorally challenged with 10° CFU
of the MDR P. aeruginosa strain by gavage in a total volume of
0.3 mL PBS as reported earlier (von Klitzing et al., 2017a).

For quantitative assessment of fecal P. aeruginosa loads
over time p.i., fecal samples were homogenized in sterile PBS,
then serial dilutions streaked onto Columbia agar supplemented
with 5% sheep blood (Oxoid, Germany) and cetrimide agar
and incubated in an aerobic atmosphere at 37°C for 48 h as
described previously (von Klitzing et al., 2017a). Fecal weights
were determined by the difference of the sample weights before
and after asservation. The detection limit of viable bacteria was
100 CFU per g.

Clinical Conditions

Macroscopic and/or microscopic abundance of fecal blood was
assessed in individual mice on a daily basis by the Guajac
method using Haemoccult (Beckman Coulter/ PCD, Germany)
as described earlier (Haag et al., 2012a).

Sampling Procedures

Mice were sacrificed 28 days p.. by isoflurane treatment
(Abott, Germany). Cardiac blood (for serum) and tissue samples
from spleen, MLN, ileum and colon were removed under
sterile conditions. Intestinal samples were collected from each
mouse in parallel for microbiological, immunological and
immunohistochemical analyses.

Immunohistochemistry

Five pm thin paraffin sections of colonic and ileal ex vivo
biopsies were used for in situ immunohistochemical analysis
as reported previously (Heimesaat et al., 2010; Alutis et al,
2015a,b). In brief, primary antibodies against cleaved caspase-
3 (Aspl75, Cell Signaling, Beverly, MA, United States, 1:200),
Ki67 (TEC3, Dako, Glostrup, Denmark, 1:100), F4/80 (#14-
4801, clone BMS, eBioscience, 1:50) and B220 (eBioscience,
1:200) were used to assess apoptotic cells, proliferating cells,
macrophages/monocytes, and B lymphocytes, respectively. The
average numbers of positively stained cells within at least six
HPFs (0.287 mm?; 400 x magnification) were determined by an
independent blinded investigator.

Cytokine Detection

Ex vivo biopsies (approximately 1 cm?) derived from colon and
ileum (both cut longitudinally and washed in PBS), as well as
MLN and spleen were placed into 24-flat-bottom well culture
plates (Falcon, Germany) containing 500 mL serum-free RPMI
1640 medium (Gibco, Life Technologies) supplemented with
penicillin (100 U/ml, Biochrom, Germany) and streptomycin
(100 pg/ml; Biochrom). After 18 h at 37°C, culture supernatants
and serum samples were tested for TNE IFN-y and IL-10
by the Mouse Inflammation Cytometric Bead Assay (CBA;
BD Bioscience) on a BD FACSCanto II flow cytometer (BD
Bioscience) as described earlier (Haag et al., 2012b).

Statistical Analysis

Medians and levels of significance were determined using
appropriate tests (Mann-Whitney U test, one-way ANOVA and
Kruskal-Wallis test) as indicated. Two-sided probability (p)
values < 0.05 were considered significant. Experiments were
reproduced at least twice.
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RESULTS

Intestinal P. aeruginosa Colonization in
Mice Harboring a Complex Human vs.

Murine Gut Microbiota

In the present study we addressed whether a complex human
or murine gut microbiota could sufficiently confer colonization
resistance against MDR P. aeruginosa to the vertebrate host
and if not, whether intestinal P. aeruginosa carriage resulted in
intestinal or even systemic inflammatory sequelae. To accomplish
this, secondary abiotic mice were associated with either a human
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FIGURE 1 | Intestinal bacterial colonization following human and murine FMT
of secondary abiotic mice. Secondary abiotic mice were generated by
broad-spectrum antibiotic treatment and associated with either a complex
murine (M, open circles) or human (H, closed circles) intestinal microbiota by
FMT on two consecutive days. (A) Respective donor suspensions and (B)
individual fecal sample taken three weeks following FMT (and hence,
immediately before MDR P, aeruginosa challenge) were subjected to a
comprehensive fecal microbiota survey by quantitative Real-Time PCR
amplifying variable regions of the bacterial 16S rRNA gene. The following main
intestinal bacterial groups were determined (expressed as 16S rRNA gene
numbers per ng DNA): Enterobacteria (EB), enterococci (EC), lactic acid
bacteria (LB), bifidobacteria (Bif), Bacteroides/Prevotella spp. (B/P),
Clostridium coccoides group (Clocc), Clostridium leptum group (Clept),
Mouse Intestinal Bacteroides (MIB), and total eubacterial load (TL). Medians
(black bars) and significance levels (p-values) determined by Mann-Whitney
U-test are shown. Numbers of samples harboring the respective bacterial
group out of the total number of analyzed samples are given in parentheses.
Data were pooled from four independent experiments.
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FIGURE 2 | Intestinal colonization densities of MDR R, aeruginosa in mice
harboring a human vs. murine microbiota. Mice with a murine (M, open circles)
or human (H, closed circles) intestinal microbiota were perorally challenged
with MDR R, aeruginosa on day 0 and day 1. Intestinal colonization densities
were assessed in fecal samples at defined time points p.i. by culture. Medians
(black bars) and significance levels (p-values) determined by Mann-Whitney
U-test are shown. Numbers of samples harboring the respective bacterial
group out of the total number of analyzed samples are given in parentheses.
Data were pooled from four independent experiments.

or murine microbiota by peroral FMT. Culture-independent
(i.e., molecular) analyses of the microbiota suspensions derived
from human or murine donors revealed substantial host-
specific differences in bacterial compositions. TLs and those of
specific families/genera such as EB, Bif, Clocc, and Clept were
higher in human as compared to murine bacterial suspensions
(p < 0.01-0.001; Figure 1A), whereas LB or MIB were lower
or even virtually absent in the former as compared to the
latter (p < 0.001; Figure 1A). Three weeks following FMT
and immediately before P. aeruginosa challenge (i.e., day 0),
we further assessed respective microbiota compositions in
fecal samples derived from individual mice. Molecular analyses
revealed higher fecal gene numbers of B/P and Clept, but
lower LB and MIB burdens as well as slightly lower total
eubacterial gene numbers (less than one order of magnitude)
in human microbiota transplanted mice as compared to murine
counterparts (p < 0.001; Figure 1B). These results thus indicate
stable intestinal establishment of distinct microbiota following
respective FMT.

On two consecutive days (i.e., days 0 and 1), we perorally
challenged mice with 10° viable P. aeruginosa by gavage and
quantitatively assessed fecal P. aeruginosa loads thereafter.
Cultural analyses revealed that as early as 48 h following the latest
bacterial challenge (i.e., day 3 p.i.), virtually all human microbiota
transplanted mice harbored P. aeruginosa in their intestines
with median loads of approximately 10* CFU per g, whereas
bacterial counts were approximately two orders of magnitude
lower in murine controls (p < 0.01; Figure 2 and Supplementary
Figure S1). Of note, by day 3 p.i. P. aeruginosa could not be
detected in 40% of mice with a murine gut microbiota. Until
the end of the observation period, however, fecal P. aeruginosa
loads were comparable in mice with either microbiota, whereas
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64.7% of mice following human FMT and 77.8% of murine
controls harbored the bacterial strain in their intestinal tract at
day 28 p.i. (Figure 2 and Supplementary Figure S1). Hence, the
complex intestinal microbiota, irrespective whether of human or
murine origin, prevented only a subgroup of mice from long-
term intestinal MDR P. aeruginosa colonization.

Intestinal Microbiota Changes upon

P. aeruginosa Colonization of Mice
Harboring a Complex Human vs. Murine
Gut Microbiota

We next surveyed whether P. aeruginosa colonization was
accompanied by distinct changes of the intestinal microbiota
composition over time (Figures 3, 4). Quantitative culture-
independent analysis revealed that four weeks following
P. aeruginosa association, intestinal gene numbers of MIB had
increased in mice that had been subjected to human FMT, but
not conventionally colonized mice (p < 0.05; Figure 3). As
early as one week following P. aeruginosa challenge, however,
the respective gut microbiota did not differ from uninfected
control groups, neither in mice harboring a human, nor murine
microbiota (Figures 3, 4). Hence, no overt changes in intestinal
microbiota composition could be observed relatively early (i.e.,
1 week) upon P. aeruginosa colonization and were rather subtle
thereafter.

Apoptotic and Proliferating Responses in
Intestinal Epithelial Cells upon

P. aeruginosa Colonization of Mice
Harboring a Complex Human vs. Murine
Gut Microbiota

Given that mice were not clinically compromised following
P. aeruginosa challenge and did not display symptoms such
as weight loss, diarrhea or fecal blood (data not shown), we
next assessed potential microscopic sequelae of P. aeruginosa
colonization. To address this, we quantitatively determined
apoptotic epithelial cells in the large intestines applying in situ
immunohistochemistry. Mice following human FMT displayed
more than two-fold increased caspase-3 positive apoptotic cell
numbers in their colonic epithelia at both day 7 and day 28 p.i.
(p < 0.001; Figure 5B), whereas this was only the case later
in the course of colonization of murine controls (p < 0.05;
Figure 5A). Of note, at day 7 p.i. apoptotic epithelial cells were
higher in the large intestines of mice that had been challenged
with human gut microbiota as compared to murine controls
(p < 0.001; Figures 5A,B). In the small intestines of mice with
either microbiota, however, apoptotic cells were slightly higher
at day 7 p.i. as compared to non-challenged controls (p < 0.05-
0.01; Supplementary Figures S2A,B) and further increased until
the end of the observation period (p < 0.05-0.001 vs. day 7 p.i.;
Supplementary Figures S2A,B).

We additionally assessed Ki67 positive cell numbers in
intestinal epithelia indicative for proliferative/regenerative
cell responses counteracting potential P. aeruginosa-induced
intestinal inflammatory sequelae. Remarkably, only in mice
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FIGURE 3 | Intestinal total and aerobic bacterial changes following MDR
P, aeruginosa colonization of mice harboring a human vs. murine microbiota.
Mice with a (A) murine or (B) human intestinal microbiota were perorally
challenged with R aeruginosa on day 0 and day 1. Immediately before (day O,
open circles) and at day 7 and day 28 post-challenge the intestinal microbiota
composition of colonic P aeruginosa carrying (black circles) and non-carrying
(gray circles) mice was surveyed applying quantitative Real-Time PCR
amplifying variable regions of the bacterial 16S rRNA gene. The following main
intestinal bacterial groups were determined (expressed as 16S rRNA gene
numbers per ng DNA): Total eubacterial load (TL), enterobacteria (EB),
enterococci (EC), and lactic acid bacteria (LB). Medians (black bars) and
significance levels (p-values) determined by one-way ANOVA or Kruskal-Wallis
test (according to data distribution) are shown. Significant differences between
mice with a murine vs. human microbiota at defined time points are indicated
by asterisks (*p < 0.05; **p < 0.01; ***p < 0.001), whereas numbered
p-values indicate differences between mice harboring the same microbiota.
Numbers of samples harboring the respective bacterial group out of the total
number of analyzed samples are given in parentheses. Data were pooled from
four independent experiments.

following human FMT, Ki67 positive cells were elevated in large
intestines as early as 7 day p.i. (p < 0.01 vs. none-challenged
controls), but declined thereafter (p < 0.001; Figure 5B). In
the small intestines, proliferative cell responses were highest
early in the course of P. aeruginosa colonization, whereas
Ki67 positive ileal epithelial cell numbers declined thereafter
(Supplementary Figure S2). Hence, P. aeruginosa colonization
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of mice resulted in increased intestinal epithelial apoptosis that
was accompanied by proliferative/regenerative epithelial cell
responses.

Intestinal Immune Cell Responses upon
P. aeruginosa Colonization of Mice
Harboring a Complex Human vs. Murine
Gut Microbiota

We next addressed whether colonization of human fecal
microbiota transplanted mice with MDR P. aeruginosa was
accompanied by an increased influx of distinct immune cell
populations into the intestinal tract, again applying quantitative
in situ immunohistochemistry. Irrespective of the host-specificity
of the intestinal microbiota, numbers of innate immune cells
such as F4/80 positive macrophages and monocytes were elevated
in the large intestinal mucosa and lamina propria at day 7
p.i., but declined thereafter (p < 0.001; Figure 5). Only in
mice with a murine microbiota, however, P. aeruginosa-induced
adaptive immune cell responses were more pronounced later in
the course of colonization as indicated by increased numbers
of colonic B lymphocytes at day 28 pi. (p < 0.05 vs. non-
challenged controls; Figure 5A). In the small intestinal tract,
increases in both numbers of macrophages/monocytes as well
as of B lymphocytes could only be observed later in the course
of P. aruginosa colonization in conventionally colonized, but
not human fecal microbiota transplanted mice (p < 0.01-0.001;
Supplementary Figure S2A). Hence, rather early in the course of
P. aeruginosa colonization increased innate immune cell subsets
could be observed in the large intestines of mice harboring either
a human or murine gut microbiota, whereas this held true for
adaptive immune cells such as B lymphocytes in the small and
large intestinal tract of mice with a murine microbiota rather later
in the course of P. aeruginosa colonization.

Intestinal Cytokine Responses upon

P. aeruginosa Colonization of Mice
Harboring a Complex Human vs. Murine
Gut Microbiota

We next addressed whether changes in intestinal innate and
adaptive immune cell numbers upon P. aeruginosa colonization
of human vs. murine fecal microbiota transplanted mice
was accompanied by pro- and/or anti-inflammatory cytokine
responses within the intestinal tract. At day 7 p.., increased
concentrations of the pro-inflammatory cytokine TNF could be
detected in colonic ex vivo biopsies derived from mice harboring
a murine, but not human microbiota (p < 0.05; Figure 6A).
Large intestinal secretion of the anti-inflammatory cytokine
IL-10, however, was dampened at day 7 and day 28 p.. of
mice that had been subjected to human FMT (p < 0.001 and
p < 0.05, respectively; Figure 6B) and at the later time point
in mice with a murine microbiota (p < 0.01; Figure 6A). We
further analyzed cytokine secretion in MLN. Alike the colon,
TNF concentrations were elevated in MLN as early as 7 day
p.i. of mice harboring a murine microbiota only (p < 0.001),
but declined thereafter to basal levels (p < 0.01; Figure 7A). In
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FIGURE 4 | Intestinal anaerobic bacterial changes following MDR

P, aeruginosa colonization of mice harboring a human vs. murine microbiota.
Mice with a (A) murine or (B) human intestinal microbiota were perorally
challenged with P aeruginosa on day 0 and day 1. Immediately before (day O,
open circles) and at day 7 and day 28 post-challenge the intestinal anaerobic
microbiota composition of colonic P aeruginosa carrying (black circles) and
non-carrying (gray circles) mice was surveyed applying quantitative Real-Time
PCR amplifying variable regions of the bacterial 16S rRNA gene. The following
main intestinal bacterial groups were determined (expressed as 16S rRNA
gene numbers per ng DNA): Bifidobacteria (Bif), Bacteroides/Prevotella spp.
(B/P), Clostridium coccoides group (Clocc), Clostridium leptum group (Clept),
and Mouse Intestinal Bacteroides (MIB). Medians (black bars) and significance
levels (p-values) determined by one-way ANOVA or Kruskal-Wallis test
(according to data distribution) are shown. Significant differences between
mice with a murine vs. human microbiota at defined time points are indicated
by asterisks (*p < 0.05; **p < 0.01; ***p < 0.001), whereas numbered
p-values indicate differences between mice harboring the same microbiota.
Data were pooled from four independent experiments.

addition, at day 7 following P. aeruginosa colonization increased
IFN-y secretion could be detected in MLN of both human
and murine fecal microbiota transplanted mice (p < 0.001 and
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FIGURE 5 | Apoptotic and proliferating epithelial cell as well as immune cell
responses in the large intestines following MDR P, aeruginosa colonization of
mice harboring a human vs. murine microbiota. Mice with a (A) murine or (B)
human intestinal microbiota were perorally challenged with MDR P, aeruginosa
onday 0 and day 1. At day 7 and day 28 post-challenge, the average number
of apoptotic (Casp3+) and proliferating (Ki67+) cells as well as of
macrophages/monocytes (F4/80+) and B lymphocytes (B220+) in at least six
HPF were quantitatively assessed in colonic paraffin sections derived from
colonic P, aeruginosa carrying (black circles) and non-carrying (gray circles)
mice applying in situ immunohistochemistry. Unchallenged mice (day O, open
circles) harboring a respective murine or human gut microbiota served as
negative controls. Medians (black bars) and significance levels (p-values)
determined by one-way ANOVA or Kruskal-Wallis test (according to data
distribution) are shown. Significant differences between mice with a murine vs.
human microbiota at defined time points are indicated by asterisks (*p < 0.05;
***p < 0.001), whereas numbered p-values indicate differences between
mice harboring the same microbiota. Numbers of analyzed samples are given
in parentheses. Data were pooled from four independent experiments.

A COLON B

MURINE HUMAN
p<0.05  p<0.001
2501 gekk | kkk  hkk 2507 gekk | kkk  kk%k
c
£ 200 ° 5
w £ 150 ° 2
o o
- °°°° o
F E 100 S . E
2 %o 000 o® g
50] YrpR
00 o @’
do d7 d28 do a7 d28
(18) (14) “7n (16) (15) (15)
p<0.001
p<0.01 p<0.05
40 *
5
o 2 3
s = 20 %7
(=4
= E ° o g
=) 00 [ (=4
a 10 1%
52| ‘e
o o
o
do a7 d28 do a7 d28
“7 (15) (18) (16) (15) “7n

FIGURE 6 | Colonic pro- and anti-inflammatory cytokine responses following
MDR P, aeruginosa colonization of mice harboring a human vs. murine
microbiota. Mice with a (A) murine or (B) human intestinal microbiota were
perorally challenged with MDR P, aeruginosa on day 0 and day 1. At day 7
and day 28 post-challenge, TNF and IL-10 concentrations were determined in
colonic ex vivo biopsies derived from colonic R aeruginosa carrying (black
circles) and non-carrying (gray circles) mice. Unchallenged mice (day O, open
circles) harboring a respective murine or human gut microbiota served as
negative controls. Medians (black bars) and significance levels (p-values)
determined by one-way ANOVA or Kruskal-Wallis test (according to data
distribution) are shown. Significant differences between mice with a murine vs.
human microbiota at defined time points are indicated by asterisks (*p < 0.05;
***p < 0.001), whereas numbered p-values indicate differences between
mice harboring the same microbiota. Numbers of analyzed samples are given
in parentheses. Data were pooled from four independent experiments.

p < 0.01, respectively; Figure 7), whereas IL-10 levels remained
unchanged (Figure 7). Hence, rather early in the course of
murine P. aeruginosa colonization intestinal pro-inflammatory,
but not anti-inflammatory cytokine responses were induced.

Systemic Cytokine Responses upon
P. aeruginosa Colonization of Mice
Harboring a Complex Human vs. Murine

Gut Microbiota

We finally addressed whether MDR P. aeruginosa colonization
of human and murine fecal microbiota transplanted mice not
only induced local (i.e., intestinal), but also systemic cytokine
responses and therefore measured pro- and anti-inflammatory
cytokine secretion in splenic ex vivo biopsies. Seven days
following P. aeruginosa challenge, increased TNF concentrations
could be detected in spleens derived from mice harboring a
murine gut microbiota, but decreased to naive levels until
day 28 p.i. (p < 0.001; Figure 8). In mice that had been
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FIGURE 7 | Pro- and anti-inflammatory cytokine responses in MLN following
MDR P, aeruginosa colonization of mice harboring a human vs. murine
microbiota. Mice with a (A) murine or (B) human intestinal microbiota were
perorally challenged with MDR P, aeruginosa on day 0 and day 1. At day 7
and day 28 post-challenge, TNF, IFN-y and IL-10 concentrations were
determined in ex vivo biopsies derived from MLN of colonic P aeruginosa
carrying (black circles) and non-carrying (gray circles) mice. Unchallenged
mice (day 0, open circles) harboring a respective murine or human gut
microbiota served as negative controls. Medians (black bars) and significance
levels (p-values) determined by one-way ANOVA or Kruskal-Wallis test
(according to data distribution) are shown. Significant differences between
mice with a murine vs. human microbiota at defined time points are indicated
by asterisks (**p < 0.01; ***p < 0.001), whereas numbered p-values indicate
differences between mice harboring the same microbiota. Numbers of
analyzed samples are given in parentheses. Data were pooled from four
independent experiments.

subjected to human FMT, a trend towards elevated splenic TNF
concentrations could be observed at day 7 p.i. (n.s. due to high
standard deviations; p < 0.05 vs. day 28 p.i.; Figure 8B). Whereas
INF-y concentrations were higher in spleens of mice with a
murine microbiota at both day 7 and day 28 p.i. (p < 0.01
and p < 0.05, respectively; Figure 8A), splenic INF-y levels
increased in human fecal microbiota transplanted mice at day 7
p.i. only and reached basal concentrations thereafter (p < 0.05;
Figure 8B). At day 28 p.i., IL-10 was down-regulated in the spleen
of mice with human FMT (p < 0.01; Figure 8B). Hence, cytokine
responses upon intestinal colonization with MDR P. aeruginosa

A B
SPLEEN
MURINE HUMAN
p<0.001__p<0.001 p<0.05
40
00 .
§ § 30
TR &
Z o o
- E £
2 2
do a7 a28 do a7 d28
(18) (14) (18) (13) (14) (14)
p<0.05
p<0.01 p<0.05__p<0.05
1007 4 1007 %
c 8 £ 8 .
2 £ []
T2 e g 0 H
E o . o
= E 4 E 4 «°
= = 0% o0 o
= 20 2 2] o | oo o..:o
wE d
0 0 Q0 ‘2. w
do d7 d28 do a7 d28
7) (13) (18) (12) (16) 7
p<0.01
501 %% * 501 %% *
£ 40 £ 40 M
[ Q
[} 2 °
S £ 2 30 o
! o o o o
2 E 2 E 200 2 °
> ° . > @3 P
= 10{ 0 © 030 ©0e® = 10 o ® g0
e eo% o0 ic] L0 e oﬂ..
do a7 d28 do d7 d28
(16) (15) (18) (14) (16) 17)

FIGURE 8 | Systemic pro- and anti-inflammatory cytokine responses following
MDR P, aeruginosa colonization of mice harboring a human vs. murine
microbiota. Mice with a (A) murine or (B) human intestinal microbiota were
perorally challenged with MDR P, aeruginosa on day 0 and day 1. At day 7 and
day 28 post-challenge, TNF, IFN-y and IL-10 concentrations were determined
in splenic ex vivo biopsies derived from colonic P aeruginosa carrying (black
circles) and non-carrying (gray circles) mice. Unchallenged mice (day O, open
circles) harboring a respective murine or human gut microbiota served as
negative controls. Medians (black bars) and significance levels (p-values)
determined by one-way ANOVA or Kruskal-Wallis test (according to data
distribution) are shown. Significant differences between mice with a murine vs.
human microbiota at defined time points are indicated by asterisks (*p < 0.05;
**p < 0.01), whereas numbered p-values indicate differences between mice
harboring the same microbiota. Numbers of analyzed samples are given in
parentheses. Data were pooled from four independent experiments.

were not restricted to the intestinal tract, but could also be
observed systemically.

DISCUSSION

In recent years the rising incidences of infections with MDR
Gram-negative bacterial including P. aeruginosa strains has
gained increasing attention not only in the medical field, but
also in the general public and global health politics (Livermore,
2009; Oliver et al.,, 2015). Infection and spread of P. aeruginosa
have been mainly considered as hospital-associated issues so
far, particularly in severely ill patients with antibiotic treatment.
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P. aeruginosa has not been considered part of the commensal
microbiota and to date, only a few studies are available addressing
the prevalence of P. aeruginosa carriage in the healthy population
ranging from 0 to 24% (Darrell and Wahba, 1964; Shooter et al.,
1966; Sutter and Hurst, 1966; Kessner and Lepper, 1967; Stoodley
and Thom, 1970; Bleday et al., 1993; Speert et al., 1993; Bonten
et al., 1999; Levy, 2000; Kerckhoffs et al., 2011). However, no
data are available whether P. aeruginosa carriage, particularly of a
MDR strain results in distinct host immune responses.

This prompted us to investigate, whether mice harboring a
human vs. murine gut microbiota could be stably colonized by
a clinical MDR P. aeruginosa strain and whether opportunistic
pathogenic carriage was associated with intestinal or even
systemic inflammatory host responses. Our present study
revealed that the complex intestinal microbiota, irrespective
whether of human or murine origin, only partially prevented
mice from intestinal P. aeruginosa colonization. In fact,
approximately 50% of mice harboring a human or murine
microbiota were P. aeruginosa-negative one week upon supra-
physiological challenge with 10° viable bacteria, whereas
P. aeruginosa could be cultured at relatively low median loads of
less than 10* CFU per g feces in up to 78% of mice at day 28 p.i.
One might argue that the colonization resistance exerted by the
complex intestinal microbiota composition was not fully restored
upon broad-spectrum antibiotic pre-treatment and a 3-weeks
period following complex bacterial reconstitution by FMT. Our
previous infection studies performed at identical timelines,
however, revealed that secondary abiotic mice reconstituted
with a murine gut microbiota were protected from stable
C. jejuni colonization and hence, from pathogen-induced pro-
inflammatory sequelae (Bereswill et al., 2011). In an earlier study
ingested P. aeruginosa could be cultured from feces derived from
three healthy volunteers up to 6 days following peroral challenge
without any clinical sequelae. In line with our results, fecal
P. aeruginosa counts were lower as compared to those that had
been ingested and subsequently declined over time post ingestion
(Buck and Cooke, 1969).

One needs to take into consideration, however, that the
applied mice harboring a human vs. murine gut microbiota
following antibiotic microbiota depletion and subsequent FMT
has its limitations - just like any experimental model -
and does, hence, only to a certain degree mimic human
(patho)physiological conditions. For instance, some members of
the human microbiota, particularly obligate anaerobic species
might be reduced or even lost upon freezing, thawing and
further processing of the fecal donor samples (von Klitzing
et al, 2017b) and/or might furthermore not have stably
established within the intraluminal ecosystem in some cases as
indicated by the observed differences in microbiota compositions
of respective donor suspensions and fecal samples derived
following FMT. Furthermore, behavioral and environmental
factors including housing conditions, diet, genetic background,
the distinct anatomic compartment with its inherent intraluminal
milieu and respective immunological reportoire all together
impact the composition of the complex host-specific gut
microbiota (Turnbaugh et al., 2009; Neyrinck et al., 2011; Nguyen
et al, 2015; von Klitzing et al., 2017b). Nevertheless, when

taking both the strengths and the limitations of the applied
experimental model into consideration, with respect to their
gut microbiota “humanized” mice might constitute valuable
tools in dissecting the interactions between gut commensals,
(opportunistic) pathogens and host immunity in health and
disease (von Klitzing et al., 2017b). For instance, mice with
a human microbiota have been applied to unravel intestinal
colonization properties of enteropathogens such as C. jejuni,
Salmonella enterica, and C. difficile (Bereswill et al., 2011; Chung
et al., 2012; Collins et al., 2015).

In the present study mice were also clinically uncompromised
during the entire observation period following peroral
P. aeruginosa challenge. On microscopic level, however,
P. aeruginosa induced inflammatory sequelae could be assessed
as indicated by increased apoptotic epithelial cell numbers in both
small and large intestines as early as 7 days p.i., irrespective of the
intestinal microbiota composition of mice. Of note, apoptosis
was paralleled by increased proliferative/regenerative epithelial
cell responses thereby counteracting potential cell damage.
Furthermore, P. aeruginosa colonization was accompanied by a
rather early innate immune response as indicated by increased
numbers of macrophages and monocytes in the colonic mucosa
and lamina propria of human fecal microbiota transplanted
mice, whereas small and large intestinal numbers of adaptive
immune cells such as B lymphocytes were elevated at the
end of the observation period. Pro-inflammatory sequelae of
P. aeruginosa colonization are further characterized by increased
TNF secretion in both colon and MLN of mice at day 7 p.i.,
whereas anti-inflammatory IL-10 levels, however, remained
unaffected in the intestinal tract. The P. aeruginosa induced
immune responses are not surprising given the plethora of
virulence factors of the opportunistic pathogen. For instance,
Pseudomonas lipid A, a core component of bacterial lipopeptide,
is capable of activating NFkB signaling via TLR-4 leading to
pro-inflammatory cytokine secretion (Korneev et al., 2015).
Subsequently, innate immune cells are recruited to the site of
infection contributing to inflammatory host responses directed
against P. aeruginosa (Gellatly and Hancock, 2013).

Strikingly, immune responses upon P. aeruginosa carriage
were not restricted to the intestinal tract, but could also
be observed systemically, given that TNF as well as IFN-y
concentrations were elevated in spleens as early as 7 days
p-i., whereas splenic IL-10 levels were dampened in human
fecal microbiota transplanted mice later-on. To the best of
our knowledge, we here for the first time show that mere
intestinal carriage of MDR P. aeruginosa by a clinically unaffected
host results in pronounced intestinal as well as systemic
sequelae. This is even more surprising, given that not all mice
under investigation were stable P. aeruginosa carriers further
underlining the pathogenic potential of MDR P. aeruginosa.

Despite several reports of diarrhea caused by P. aeruginosa
in patients with prior antibiotic treatment, P. aeruginosa is not
regarded as a common intestinal pathogen in the healthy host
(Adlard et al., 1998; Kim et al., 2001). As early as 1918, however,
“Shanghai fever”, a community acquired syndrome characterized
by diarrhea, fever and P. aeruginosa sepsis with high mortality
has been reported affecting neonates and children without
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pre-existing comorbidities primarily in Asian populations (Dold,
1918; Chusid and Hillmann, 1987; Martin-Ancel et al., 1993;
Viola et al., 2006; Chuang et al., 2014).

Given the potential cross-talk between (opportunistic)
pathogens and commensal intestinal bacteria, we addressed
whether changes in respective gut microbiota compositions
might occur during P. aeruginosa colonization. Interestingly,
no overt gut microbiota shifts could be observed early (ie.,
1 week) upon P. aeruginosa colonization and were only minor in
human fecal microbiota transplanted mice thereafter. Previous
studies revealed that both acute and chronic small as well
as large intestinal inflammation in mice were associated with
increased luminal loads of commensal EB further perpetuating
the inflammatory scenario via TLR-4 dependent signaling of
lipopolysaccharide (LPS) as Gram-negative bacterial cell wall
constituent (Heimesaat et al., 2006, 2007a,b, 2010; Erridge
et al, 2010; Haag et al,, 2012a,b; Otto et al., 2012). However,
despite observed pro-inflammatory immune responses with
pronounced intestinal epithelial apoptosis, sequelae of intestinal
MDR P. aeruginosa carriage was not sufficient enough to
drive gut microbiota shifts towards overgrowth with potentially
pro-inflammatory commensals.

CONCLUSION

Our study demonstrates that in with a complex microbiota
reconstituted secondary abiotic mice the established intestinal
microbiota (irrespective whether of human or murine origin)
does not sufficiently prevent the host from intestinal colonization
with a MDR P. aeruginosa strain. Furthermore, mere intestinal
carriage of MDR P. aeruginosa pose otherwise healthy hosts at
risk of developing not only intestinal but even systemic pro-
inflammatory sequelae. Future studies need to further unravel
the molecular mechanisms underlying the interactions between
P. aeruginosa, the commensal microbiota and host immunity
in health and disease in order to develop strategies preventing
from colonization with MDR Gram-negative strains including
P. aeruginosa.
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HPF were quantitatively assessed in ileal paraffin sections derived from colonic
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Acute ileitis facilitates infection

with multidrug resistant Pseudomonas
aeruginosa in human microbiota-associated
mice

Eliane von Klitzing, Ira Ekmekciu, Stefan Bereswill and Markus M. Heimesaat™

Abstract

Background: The rising incidence of multidrug resistant (MDR) Gram-negative bacteria including Pseudomonas aer-
uginosa has become a serious issue in prevention of its spread particularly among hospitalized patients. It is, however,
unclear whether distinct conditions such as acute intestinal inflammation facilitate P. aeruginosa infection of verte-
brate hosts.

Methods and results: To address this, we analysed P aeruginosa infection in human microbiota-associated (hma)
mice with acute ileitis induced by peroral Toxoplasma gondii challenge. When perorally infected with P aeruginosa

at day 3 post ileitis induction, hma mice displayed higher intestinal P aeruginosa loads as compared to hma mice
without ileitis. However, the overall intestinal microbiota composition was not disturbed by P geruginosa (except

for lowered bifidobacterial populations), and the infection did not further enhance ileal immune cell responses.
Pro-inflammatory cytokines including IFN-y and IL-12p70 were similarly increased in ileum and mesenteric lymph
nodes of R aeruginosa infected and uninfected hma mice with ileitis. The anti-inflammatory cytokine IL-10 increased
multifold upon ileitis induction, but interestingly more distinctly in P aeruginosa infected as compared to uninfected
controls. Immune responses were not restricted to the intestines as indicated by elevated pro-inflammatory cytokine
levels in liver and kidney upon ileitis induction. However, except for hepatic TNF-a levels, P aeruginosa infection did
not result in more distinct pro-inflammatory cytokine secretion in liver and kidney of hma mice with ileitis. Whereas
viable intestinal bacteria were more frequently detected in systemic compartments such as spleen and cardiac blood
of P aeruginosa infected than uninfected mice at day 7 following ileitis induction, P aeruginosa infection did not exac-
erbate systemic pro-inflammatory sequelae, but resulted in lower IL-10 serum levels.

Conclusion: Acute intestinal inflammation facilitates infection of the vertebrate host with MDR bacteria including P
aeruginosa and might also pose particularly hospitalized patients at risk for acquisition. Since acute T. gondii induced
inflammation might mask immunopathology caused by P, aeruginosa, a subacute or chronic inflammation model
might be better suited to investigate the potential role of P aeruginosa infection in the aggravation of intestinal
disease.

Keywords: Pseudomonas aeruginosa, Multidrug resistant Gram-negative bacteria, Susceptibility to infection, Intestinal
microbiota, Fecal transplantation, Human microbiota-associated mice, Toxoplasma gondii induced acute ileitis, Pro-
inflammatory immune responses, Extra-intestinal and systemic sequelae of infection, Bacterial translocation
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Background

Pseudomonas aeruginosa, a non-fermenting Gram-
negative rod, is one of the most important bacterial
pathogens responsible for a multitude of opportunistic
infections in humans, especially in hospitalized patients
[1]. The strictly aerobic pathogen is the primary cause
of ventilator-associated pneumonia or superinfection of
burn wounds associated with a mortality of more than
30% [2]. Its worldwide increasing resistance to manifold
antibiotic classes particularly due to extended-spectrum
[-lactamases, carbapenemases and 16S rRNA methylases
makes P aeruginosa to a continuously growing threat
for immune-compromised individuals, patients suffer-
ing from cystic fibrosis and other pulmonary diseases or
patients admitted to intensive care units [2—4]. A single
flagellum and multiple cell surface pili allow motility and
adherence of P aeruginosa with surfaces [5], whereas
biofilm formation, alginate secretion, quorum-sensing
and an elaborated secretion system contribute to the
virulence of P. aeruginosa [1, 5]. Earlier studies revealed
that ingested P aeruginosa are detectable in human
fecal samples of healthy volunteers up to 6 days follow-
ing oral administration without occurrence of clinical
symptoms. Fecal P aeruginosa loads were lower than
those that had been ingested and decreased over time
post challenge [6]. However, admission to a surgical ward
may increase the risk of peroral P aeruginosa acquisi-
tion, since the percentage of patients’ stool samples car-
rying P. aeruginosa increased during hospital stay [7]. In
addition to objects and materials present on wards, the
human gastrointestinal tract may be an important source
of P aeruginosa infection [7]. Recent clinical surveys
revealed that P aeruginosa detection rates were signifi-
cantly higher in fecal and mucosal samples derived from
patients suffering from irritable bowel syndrome [8] or in
the colonic mucosa of a pediatric patient with ulcerative
colitis [9] as compared to a healthy individual. Whereas
the pathogenic potential of P aeruginosa is well-known,
its potential contribution to initiation and perpetuation
of intestinal immunopathological conditions are not
yet understood. Hence, there is currently a large gap in
knowledge regarding the interplay of P aeruginosa, the
host microbiota and immune system, particularly under
conditions of intestinal inflammation.

Within 1 week following peroral high dose infection
with the intracellular parasite Toxoplasma gondii, sus-
ceptible mice develop acute inflammation of the ter-
minal ileum with massive necrosis (pan-ileitis) as well
as extra-intestinal and systemic sequelae and succumb
to infection within 7-10 days [10—12]. This fatal hyper-
inflammatory scenario is due to a typical T helper cell 1
(Thl)-type immunopathology and characterized by an
overproduction of pro-inflammatory mediators including
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interferon (IFN)-y, tumor necrosis factor (TNF)-a, nitric
oxide, interleukin (IL)-6, IL-12 and monocyte chemoat-
tractant protein (MCP)-1 evolving upon parasitic inter-
acting with antigen presenting cells with subsequent
activation of CD4+ T cells, whereas the T. gondii induced
anti-inflammatory measures include IL-10 expression
(reviewed by [13]). We showed earlier that the gut micro-
biota is essential for the initiation and progression of T.
gondii induced ileitis and that small intestinal inflam-
mation is accompanied by distinct changes in the com-
mensal microbiota composition with Gram-negative
species such as enterobacteria and Bacteroides/Prevotella
spp. overgrowing the inflamed ileal lumen [11]. Toll-like
receptor (TLR)-4 dependent signaling of lipopolysaccha-
ride derived from Gram-negative intestinal commensals
further perpetuates the hyper-inflammatory process [14,
15]. Hence, the Thl-type immunopathology underlying
T. gondii induced ileitis and associated intestinal micro-
biota shifts resemble key features of acute episodes in
patients suffering from Crohn’s disease [10, 13]. In the
present study we investigated whether acute small intes-
tinal inflammation predisposes the vertebrate host with a
human microbiota to infection with multidrug resistant
(MDR) P. aeruginosa. To address this, mice harboring a
complex human microbiota were challenged with high
dose T. gondii infection for ileitis induction and subse-
quently infected with a MDR P aeruginosa strain. The
presented results shed further light onto the interplay
between MDR P. aeruginosa, the host innate and adaptive
immunity and human intestinal microbiota during acute
small intestinal inflammation.

Methods

Ethical statement

All animal experiments were conducted according to the
European Guidelines for animal welfare (2010/63/EU)
with approval of the commission for animal experiments
headed by the “Landesamt fiir Gesundheit und Soziales”
(LaGeSo, Berlin; registration numbers G0097/12 and
G0039/15). Animal welfare was monitored twice daily by
assessment of clinical conditions and weight loss of mice.
Mice suffering from weight loss >20% were euthanized by
isoflurane treatment (Abbott, Germany) in accordance
with the guidelines of the local authorities.

Generation of gnotobiotic (secondary abiotic) mice

Female C57BL/6j mice were bred under specific path-
ogen-free conditions in the Forschungsinstitute fiir
Experimentelle Medizin (Charité-University Medicine,
Berlin, Germany). Gnotobiotic (i.e. secondary abiotic)
mice with a virtually depleted microbiota were gener-
ated as described previously [11]. In brief, 8 weeks old
mice were transferred to sterile cages and subjected to
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a broad-spectrum antibiotic treatment for 8—10 weeks
by adding ampicillin plus sulbactam (1 g/L; Ratiopharm,
Germany), vancomycin (500 mg/L; Cell Pharm, Ger-
many), ciprofloxacin (200 mg/L; Bayer Vital, Germany),
imipenem (250 mg/L; MSD, Germany) and metronida-
zole (1 g/L; Fresenius, Germany) to the drinking water
(ad libitum).

Generation of human microbiota-associated mice

Fresh fecal samples free of enteropathogenic bacteria,
viruses and parasites were collected from five individual
healthy volunteers, dissolved in sterile phosphate buft-
ered saline (PBS; Gibco, life technologies, UK), aliquoted
and stored at —80 °C as described earlier [16]. Immedi-
ately before reconstitution experiments, individual fecal
aliquots were thawed, pooled, and the main bacterial
communities within the donor suspension quantita-
tively assessed by cultural and molecular methods [16].
To generate human intestinal microbiota-associated
(hma) mice, gnotobiotic animals were subjected to pero-
ral fecal transplantations with 0.3 mL of the donor sus-
pension by gavage on 3 consecutive days. The total load
of bacterial groups between independent experiments
counted around 10 colony forming units (CFU) and
varied less than 0.5 logarithmic orders of magnitude. To
assure proper establishment of the human microbiota
in the murine host, mice were kept for at least 3 weeks
until ileitis induction. Immediately before peroral T.
gondii infection individual fecal samples were collected
for quantitative cultural and molecular analyses of main
intestinal bacterial communities.

Induction of acute ileitis

In order to induce acute ileitis mice harboring a human
intestinal microbiota were infected perorally with 50
cysts of T. gondii (ME49 strain) by gavage as described
previously [11, 14, 17].

Pseudomonas aeruginosa infection

Three days following ileitis induction mice were perorally
infected with 10° CFU of a MDR P. aeruginosa strain by
gavage in a total volume of 0.3 mL PBS. The P aerugi-
nosa isolate was cultured from respiratory material of a
patient suffering from nosocomial pneumonia and kindly
provided by Prof. Dr. Bastian Opitz (Charité-University
Medicine, Berlin, Germany). Of note, the bacterial strain
displayed antimicrobial sensitivity to fosfomycin and
colistin only.

Cultural analysis of the intestinal loads of P. aeruginosa

On days 2, 3 and 4 post P. aeruginosa infection individual
fecal samples were homogenized in sterile PBS, and serial
dilutions streaked onto Columbia agar supplemented
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with 5% sheep blood (Oxoid, Germany) and Cetrimid
agar (Oxoid) and incubated in an aerobic atmosphere at
37 °C for at least 48 h to assess intestinal P aeruginosa
loads.

Clinical conditions

Body weights as well as macroscopic and/or micro-
scopic abundance of fecal blood were assessed in indi-
vidual mice on a daily basis by the Guajac method using
Haemoccult (Beckman Coulter/PCD, Germany).

Sampling procedures

Mice were sacrificed 7 days after ileitis induction by iso-
flurane treatment (Abbott, Germany). Cardiac blood and
tissue samples from spleen, liver, lung, kidney, mesenteric
lymph nodes (MLN), ileum and colon were removed
under sterile conditions. Ileal and colonic samples from
each mouse were collected in parallel for microbiologi-
cal, immunological, immunohistochemical and histo-
pathological analyses. Experiments were repeated at least
twice.

Small intestinal lengths and histopathological scores

Small intestinal lengths were determined by measuring
the distance from the duodenum leaving the stomach to
the ileal-caecal transition. Ex vivo biopsies derived from
the terminal ileum were immediately fixed in 5% formalin
and embedded in paraffin. Sections (5 pm) were stained
with hematoxylin and eosin (H&E) and subjected to a
standardized histopathological scoring system ranging
from 0 to 6 as described earlier [11, 14].

Immunohistochemistry

5 pum thin paraffin sections of ileal ex vivo biopsies
were used for in situ immunohistochemical analysis as
described previously [18—20]. Primary antibodies against
CD3 (Polycl.rabbit anti human, DAKO, Denmark; 1:10),
FOXP3 (FJK-165, eBioscience, Germany; 1:100), B220
(eBioscience; 1:200) and F4/80 (biot. Clone BM 8 rat
anti mouse, Life Technologies, USA; 1:100) were used to
assess T lymphocytes, regulatory T cells (Treg), B lym-
phocytes and macrophages/monocytes, respectively.
The average number of positively stained cells within at
least six high power fields (HPF, 0.287 mm?% 400x mag-
nification) were determined by an independent blinded
investigator.

Cultural survey of intestinal microbiota and bacterial
translocation

For comprehensive quantitative survey of intestinal
microbiota composition and translocation of viable
bacteria to extra-intestinal compartments, colonic
and ileal luminal contents as well as ex vivo biopsies
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derived from MLN, spleen, liver and lung, respectively,
were homogenized in sterile PBS and analyzed in serial
dilutions on different solid culture media as described
earlier [11, 14, 21]. Cardiac blood was incubated in
thioglycolate enrichment broths (BD Bioscience, Ger-
many) for 1 week at 37 °C and streaked onto solid
media thereafter. Bacteria were grown at 37 °C for at
least 2—3 days under aerobic, microaerobic and anaero-
bic conditions.

Molecular analysis of the ileal microbiota

DNA was extracted from fecal samples as described
previously [11, 22]. In brief, DNA was quantified by
using Quant-iT PicoGreen reagent (Invitrogen, UK) and
adjusted to 1 ng per pL. Then, main bacterial groups
abundant in the murine and human intestinal microbiota
were assessed by quantitative real-time polymerase chain
reaction (qRT-PCR) with species-, genera- or group-
specific 16S rRNA gene primers (Tib MolBiol, Ger-
many) as described previously [16, 18, 23] and numbers
of 16S rRNA gene copies per ng DNA of each sample
determined.

Cytokine detection in colon, ileum, mesenteric lymph
nodes, liver, kidney, spleen and serum

Ex vivo biopsies of approximately 1 cm? (ileum cut lon-
gitudinally) were washed in PBS and placed in 24-flat-
bottom well culture plates (Falcon, Germany) containing
500 mL serum-free RPMI 1640 medium (Gibco, life tech-
nologies) supplemented with penicillin (100 U/mL,
Biochrom, Germany) and streptomycin (100 pg/mL;
Biochrom). After 18 h at 37 °C, culture supernatants
and serum samples were tested for IFN-y, TNF-a, MCP,
IL-12p10, IL-6 and IL-10 by the Mouse Inflammation
Cytometric Bead Assay (CBA; BD Bioscience) on a BD
FACSCanto II flow cytometer (BD Bioscience). Nitric
oxide was determined by the Griess reaction as described
previously [11].

Statistical analysis

Mean values, medians, standard deviations (SD) and
levels of significance were determined using appro-
priate tests as indicated (two-tailed Student’s t test,
Mann—Whitney U test, ordinary one-way ANOVA and
Kruskal-Wallis test). Two-sided probability (p) values
<0.05 were considered significant.

Results

Acute ileitis induction facilitates multidrug resistant P.
aeruginosa infection of human microbiota-associated mice
The primary goal of our present study was to investi-
gate the influence of acute intestinal inflammation on
intestinal infection with MDR P aeruginosa and its
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interplay with the intestinal commensal microbiota
and the immune system in the vertebrate host. We first
addressed whether acute ileitis impacted the intestinal
colonization capacity of MDR P. aeruginosa. To accom-
plish this, we generated secondary abiotic mice with a
virtually depleted microbiota by broad-spectrum anti-
biotic treatment and reconstituted these mice with a
human intestinal microbiota by peroral transplanta-
tion of mixed fecal samples derived from five healthy
individuals on 3 consecutive days. A comprehensive
cultural survey of the main intestinal bacterial groups
abundant in the human gut performed 3 weeks post
fecal transplantation (and immediately before acute ile-
itis induction) revealed that the human microbiota had
stably established within the murine host (Fig. 1). Fur-
thermore, loads of respective bacterial groups did not
differ between cohorts that were subsequently infected
with MDR P aeruginosa or remained uninfected
(Fig. 1).

In order to induce acute ileitis, hma mice were pero-
rally infected with 50 cysts of 7. gondii ME 49 strain by
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Fig. 1 Intestinal microbiota composition following human fecal
transplantations. Gnotobiotic (secondary abiotic) mice were gener-
ated by broad-spectrum antibiotic treatment and subjected to
peroral transplantations of human feces as described in “Methods”
section. Three weeks following association with human microbiota
and immediately before acute ileitis induction, a cultural survey of the
intestinal microbiota composition was performed on fecal samples
derived from mice of the P aeruginosa infection cohort (PA; filled cir-
cles) as compared to the non-infected control group (N; open circles).
Numbers of viable enterobacteria (EB), enterococci (EC), Gram-pos-
itive rods (GPR), Bacteroides/Prevotella spp. (B/P), Clostridium/Eubac-
terium spp. (C/E) and the total loads (TL) were expressed as colony
forming units per gram feces (CFU/g). Numbers of animals harboring
the respective bacterial groups are given in parentheses and medians
are indicated. Data shown were pooled from three independent
experiments
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gavage. At day 3 following ileitis induction (a critical time
point when initial histopathological changes within the
ileal mucosa can be observed in peroral high dose T. gon-
dii infection [11]), mice were perorally challenged with
10° CFU P, aeruginosa by gavage. Naive hma mice served
as uninfected controls. In addition, one separate cohort
of hma mice without induced ileitis was included into
the P aeruginosa infection studies. Interestingly, mice
with ileitis could be infected by P aeruginosa and dis-
played median fecal pathogenic loads of approximately
10° CFU per g that were two to three orders of magni-
tude higher as compared to those determined in hma
mice without ileitis induction at days 3 and 4 post infec-
tion (p.i.) (p < 0.01 and p < 0.0001, respectively; Fig. 2).
On day 4 p.i., 73.0% of hma mice without ileitis induction
were carrying P. aeruginosa, whereas 95.0% of mice with
an inflamed small intestine harbored the MDR bacteria
(Fig. 2). Hence, acute small intestinal inflammation ren-
ders hma mice more susceptible to infection with MDR
P, aeruginosa.

P. aeruginosa
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Fig. 2 Kinetic of fecal multidrug resistant P aeruginosa loads in
human microbiota-associated mice with and without acute ileitis.
Human microbiota-associated mice were perorally challenged with T.
gondii ME49 to induce acute ileitis (ILE; filled circles) and additionally
infected with MDR P aeruginosa 3 days following ileitis induction. P
aeruginosa infected human microbiota-associated mice without ileitis
induction (N; open circles) served as controls. Intestinal colonization
densities were determined in fecal samples at days (d) 2,3 and 4
following P, geruginosa infection by culture and expressed as colony
forming units per gram feces (CFU/g). Numbers of mice harboring

P aeruginosa out of the total number of analyzed mice are given in
parentheses. Medians (black bars) and significance levels (p values)
determined by Kruskal-Wallis test are indicated. Data shown were

pooled from three independent experiments
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Intestinal microbiota composition in multidrug resistant

P. aeruginosa infected human microbiota-associated mice
suffering from acute ileitis

We next assessed whether MDR P. aeruginosa infection
of hma mice with induced acute ileitis was accompanied
by distinct changes in intestinal microbiota composition.
To address this, mice were sacrificed at day 7 following
ileitis induction and cultural as well as culture-independ-
ent (i.e. molecular) analyses of intestinal luminal contents
performed. Cultural analyses revealed total bacterial
counts of up to 10" CFU per g feces and increased loads
of Gram-negative bacterial groups including enterobac-
teria and obligate anaerobic Bacteroides/Prevotella spp.
(approximately 10'® CFU/g) as well as of enterococci
(approximately 10°~10'® CFU/g) and obligate anaerobic
Clostridium/Eubacterium spp. (approximately 10°-10'
CFU/g) in ileal and colonic luminal contents of mice suf-
fering from acute ileitis (Fig. 3a). Aerobic Gram-positive
rods, however, were virtually absent in small and large
intestines of 1. gondii infected mice (Fig. 3a). Notably,
loads of the main cultivable bacterial groups did not dif-
fer between P. aeruginosa infected and uninfected mice
with acute ileitis (Fig. 3a). In order to assess fastidious
and non-cultivable bacteria we additionally performed
quantitative molecular (i.e. 16S rRNA based) analyses of
ileal contents. Interestingly, bifidobacterial gene numbers
were more than two orders of magnitude lower in P. aer-
uginosa infected as compared to uninfected mice with
acute ileitis (p < 0.05; Fig. 3b). The remaining bacterial
groups, however, did not differ between the ilea of both
cohorts (Fig. 3b), thus confirming results obtained from
culture.

Clinical, macroscopic and microscopic sequelae

of multidrug resistant P. aeruginosa infection of human
microbiota-associated mice suffering from acute ileitis

We next investigated whether the clinical outcome of
hma mice with acute ileitis was further deteriorated
by MDR P. aeruginosa infection. Seven days post ile-
itis induction, blood could be detected microscopically
or even macroscopically in fecal samples from any of P
aeruginosa infected hma mice, but only in 81.9% of hma
mice without concomitant infection, whereas naive hma
control animals were unaffected (Fig. 4a). Given that
acute intestinal inflammation is associated with signifi-
cant shortening of the inflamed gut [11, 16], we meas-
ured the small intestinal lengths of mice at necropsy.
Both P aeruginosa infected and uninfected hma mice
with ileitis displayed comparably shorter small intes-
tines than naive controls (p < 0.001; Fig. 4b). The com-
parable macroscopic sequelae of P. aeruginosa infected
and uninfected hma mice with acute ileitis were paral-
leled by similar microscopic intestinal inflammatory
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Fig. 3 Intestinal microbiota analysis in multidrug resistant P. aeruginosa infected human microbiota-associated mice suffering from acute ileitis.
Human microbiota-associated mice were perorally challenged with T. gondii ME49 to induce acute ileitis as described in "Methods" section. One
group of mice (PA, filled circles) was additionally infected with MDR P, aeruginosa 3 days following ileitis induction by gavage, whereas non-infected
mice served as controls with acute ileitis only (N, open circles). Main intestinal bacterial groups were quantified by culture and molecular analysis
of luminal colon and ileum samples at day 7 post T. gondii infection. a Numbers of viable enterobacteria (EB), enterococci (EC), Gram-positive rods
(GPR), Bacteroides/Prevotella spp. (B/P), Clostridium/Eubacterium spp. (C/E) and the total bacterial loads (TL) were determined in colonic and ileal
luminal contents by culture and expressed as colony forming units per gram (CFU/g). b 16SrRNA of the main ileal bacterial groups including entero-
bacteria (EB), enterococci (EC), lactobacilli (LB), bifidobacteria (Bif), Bacteroides/Prevotella spp. (B/P), Clostridium coccoides group (Clocc), Clostridium
leptum group (Clept) and total eubacterial loads (TL) are expressed as gene numbers per ng DNA. Numbers of animals harboring the respective
bacterial group are given in parentheses. Medians and significance levels (p values) determined by Kruskal-Wallis test are indicated. Data shown
were pooled from three independent experiments

changes. At day 7 post ileitis induction hma mice dis-
played destruction of villous architecture, cellular
shedding into the lumen and massive necrosis of the
ileal mucosa, irrespective of P. aeruginosa infection, as
indicated by similarly elevated histopathological scores
(p < 0.001 vs naive; Fig. 4c). In addition, ileal epithelial

apoptotic cell numbers were comparably increased in P
aeruginosa infected and uninfected mice 7 days follow-
ing ileitis induction (p < 0.001 vs naive; Fig. 4d). Taken
together, T. gondii induced clinical, macroscopic and
microscopic small intestinal changes did not further
worsen upon MDR P. aeruginosa infection.
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Fig. 4 Clinical, macroscopic and microscopic sequelae in multidrug resistant P aeruginosa infected human microbiota-associated mice suffering
from acute ileitis. Human microbiota-associated mice were perorally challenged with T gondii ME49 to induce acute ileitis and either additionally
infected with MDR P, geruginosa 3 days following ileitis induction (PA; filled bar or circles) or not (N; open bar or circles). Naive mice served as negative
controls (open diamonds). Clinical, macroscopic and microscopic intestinal changes were assessed at day 7 post ileitis induction: a Abundance of
bloody diarrhea was determined in fecal samples by the Guajac (Haemoccult) method (in %). Means, standard deviations and numbers of fecal
blood positive mice out of the total numbers of animals (in parentheses) are indicated. b Absolute small intestinal lengths were measured (in cm)
and ¢ histopathological changes were determined in H&E stained ileal paraffin sections applying a standardized scoring system. Scores >4 (dot-
ted line) indicate severe inflammation (with necrosis). d The average numbers of apoptotic cells (positive for caspase 3; Casp3™) from at least six
high power fields (HPF, x400 magnification) per animal were determined microscopically in immunohistochemically stained ileal paraffin sections.
Numbers of animals (in parentheses), medians and significance levels (p values) determined by Kruskal-Wallis test or ordinary one-way ANOVA are
indicated. Data shown were pooled from three independent experiments
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Intestinal pro-inflammatory immune responses

in multidrug resistant P. aeruginosa infected human
microbiota-associated mice with acute ileitis

We next surveyed quantitative small intestinal immune
cell responses upon MDR P. aeruginosa infection of hma
mice suffering from acute ileitis applying in situ immu-
nohistochemistry. At day 7 post ileitis induction, both P
aeruginosa infected and uninfected hma mice displayed
multifold and comparably elevated numbers of T and B
lymphocytes, Treg as well as of macrophages and mono-
cytes within the ileal mucosa and lamina propria (Fig. 5).
Hence, T. gondii infection resulted in a profound increase
of innate and adaptive immune cells in the distal small
intestines that was, however, not further enhanced by
MDR P, aeruginosa infection. This was also true for intes-
tinal pro-inflammatory cytokine levels as indicated by
similarly elevated IFN-y concentrations in ex vivo biop-
sies derived from ileum and MLN (p < 0.001) and addi-
tionally of IL-12p70 (p < 0.05 and p < 0.01, respectively)
in the ileum of P. aeruginosa infected and uninfected hma
mice 7 days following 7. gondii infection (Fig. 6a, c). Fur-
thermore, IL-12p70 levels were increased in the MLN of
uninfected, but not P. aeruginosa infected hma mice with
ileitis induction (p < 0.05; Fig. 6¢). Interestingly, the anti-
inflammatory cytokine IL-10 increased multifold upon
ileitis induction in either mice (p < 0.05 and p < 0.001,
respectively), but more distinctly in P aeruginosa infected
as compared to uninfected hma mice (p < 0.05; Fig. 6¢).
Given that upon peroral T. gondii infection the small, but
not large intestinal tract has been described as exclusive
intestinal predilection site of inflammation so far [13], we
unexpectedly observed elevated IFN-y secretion even in
supernatants of colonic ex vivo biopsies at day 7 post ile-
itis induction in either mice (p < 0.001; Fig. 6b).

Extra-intestinal pro-inflammatory immune responses

in multidrug resistant P. aeruginosa infected human
microbiota-associated mice with acute ileitis

We next addressed whether MDR P aeruginosa infec-
tion worsened potential extra-intestinal inflammatory
responses in hma mice with acute ileitis. Interestingly,
IEN-y and nitric oxide secretion increased in ex vivo
biopsies taken from liver and kidney until day 7 follow-
ing ileitis induction in both P aeruginosa infected and
uninfected hma mice (p < 0.05 to 0.001; Fig. 7), whereas
nitric oxide levels were slightly lower in the liver of the
latter as compared to the former (p < 0.05; Fig. 7a). Nota-
bly, hepatic TNF-a concentrations were elevated in P
aeruginosa infected hma mice only (p < 0.01; Fig. 7a), but
renal MCP-1 levels increased exclusively in uninfected
hma mice with ileitis (p < 0.01; Fig. 7b). Hence, ileitis
induction is in fact accompanied by pro-inflammatory
responses in extra-intestinal compartments. However,
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except for hepatic TNF-a levels MDR P, aeruginosa infec-
tion does not result in more distinct pro-inflammatory
cytokine responses in liver and kidney of hma mice with
acute ileitis.

Systemic sequelae of multidrug resistant P. aeruginosa
infection in human microbiota-associated mice with acute
ileitis

We further investigated whether MDR P aeruginosa
infection aggravated potential systemic responses upon
ileitis induction. At day 7 following T. gondii infection,
pro-inflammatory cytokines including IFN-y, TNF-a,
MCP-1, IL-12p70 and IL-6 were elevated in both P aer-
uginosa infected and uninfected hma mice with ileitis
as compared to naive controls (p < 0.05-0.001; Fig. 8a)
that were accompanied by increased IFN-y secretion in
splenic ex vivo biopsies (p < 0.001; Fig. 8b). Upon ile-
itis induction, serum IL-10 concentrations increased
in either hma mice, but less distinctly in P aerugi-
nosa infected mice as compared to uninfected controls
(p < 0.001; Fig. 8a). Hence, MDR P. aeruginosa infection
did not exacerbate systemic pro-inflammatory sequelae
of acute ileitis, but resulted in lower anti-inflammatory
responses.

Bacterial translocation following multidrug resistant P.
aeruginosa infection of human microbiota-associated mice
with acute ileitis

We next analyzed whether viable bacteria originating
from the intestinal microbiota were abundant in extra-
intestinal and systemic compartments of hma mice suf-
fering from acute ileitis, and whether MDR P. aeruginosa
infection facilitated bacterial translocation. In all MLN
derived from P aeruginosa infected and uninfected hma
mice with ileitis, commensal intestinal bacteria such as
enterobacteria, enterococci, lactobacilli, Bacteroides/
Prevotella spp. and/or Clostridium/Eubacterium spp.
could be cultured. In extra-intestinal compartments
such as liver, however, mean bacterial translocation
rates were 66.7% + 9.4 and 85.0% =+ 21.2 in P. aeruginosa
infected and uninfected mice with ileitis, respectively,
whereas commensal intestinal species could be cultured
in 63.4% + 4.8 and 85.0% £ 21.2 of lungs in respective
cohorts (Fig. 9a). Interestingly, viable intestinal bacte-
ria were more frequently detected in systemic compart-
ments such as spleen and cardiac blood of P. aeruginosa
infected as compared to uninfected mice at day 7 follow-
ing ileitis induction (mean translocation rates spleen:
60.0% =+ 28.3 vs 36.7% =+ 4.7, respectively; cardiac blood:
40.0% + 28.3 vs 10.0% =+ 14.1, respectively) (Fig. 9a). P
aeruginosa could be isolated on average from approxi-
mately 25-40% of respective organ homogenates and
blood (Fig. 9b; Additional file 1: Figure S1). Notably, no
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Fig. 5 Small intestinal immune cell responses in multidrug resistant P aeruginosa infected human microbiota-associated mice suffering from acute
ileitis. Human microbiota-associated mice were perorally challenged with T. gondii ME49 to induce acute ileitis and either additionally infected with
MDR P, aeruginosa 3 days following ileitis induction (PA; filled circles) or not (N; open circles). The average number of ileal a T lymphocytes (positive
for CD3), b regulatory T cells (positive for FOXP3), € B lymphocytes (positive for B220), and d macrophages and monocytes (positive for F4/80) from
six representative high power fields (HPF, x400 magnification) per animal was determined microscopically in immunohistochemically stained ileal
paraffin sections at day 7 post ileitis induction. Naive mice served as negative controls (open diamonds). Numbers of mice (in parentheses), medians
(black bars) and significance levels (p values) determined by Kruskal-Wallis test or ordinary one-way ANOVA are indicated. Data shown were pooled
from three independent experiments
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Fig. 6 Intestinal cytokine responses in multidrug resistant P. aeruginosa infected human microbiota-associated mice suffering from acute ileitis.
Human microbiota-associated mice were perorally challenged with T. gondii ME49 to induce acute ileitis and either additionally infected with MDR
P aeruginosa 3 days following ileitis induction (PA; filled circles) or not (N; open circles). At day 7 post ileitis induction secretion of distinct pro- and
anti-inflammatory cytokines were determined in ex vivo biopsies derived from different intestinal compartments including a ileum (IFN-y and IL-
12p70), b colon (IFN-y) and € MLN (IFN-y, IL-12p70, IL-10). Naive mice served as negative controls (open diamonds). Numbers of mice (in parentheses),
medians (black bars) and significance levels (p values) determined by Kruskal-Wallis test or ordinary one-way ANOVA are indicated. Data shown
were pooled from three independent experiments

translocating intestinal bacterial species could be cul-
tured from respective extra-intestinal and systemic com-
partments of naive hma mice (not shown).

Discussion

In the present study we were able to show that an acute
intestinal inflammatory condition facilitates MDR P
aeruginosa infection of the vertebrate host. Whereas
(already fatal) ileal inflammatory changes were similar,
extra-intestinal sequelae of high dose 7. gondii infection
were further aggravated by subsequent P aeruginosa
infection.

Applying a well-known infection model of acute T.
gondii induced ileitis in (with respect to their microbi-
ota) “humanized” mice, we first verified that prior to ile-
itis induction, human microbiota had stably established

within the murine host and that microbiota composition
was comparable in experimental groups that were sub-
sequently infected with MDR P. aeruginosa or remained
uninfected. These results are in accordance with our
previous studies, where gnotobiotic (i.e. secondary abi-
otic) mice were replenished with human microbiota
in order to overcome colonization resistance against
Campylobacter jejuni. Quantitative molecular analysis
further revealed that following peroral fecal transplanta-
tion human microbiota could stably establish within the
intestinal tract for more than 6 weeks [16]. Moreover, we
showed previously that following peroral infection with
high doses (i.e. >50 cysts) of 1. gondii mice developed a
distinct Thl-type immunopathology and exhibited an
overgrowth of the inflamed ileal lumen with commensal
Gram-negative bacterial species such as Escherichia coli
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Fig. 7 Extra-intestinal cytokine responses in multidrug resistant P. aeruginosa infected human microbiota-associated mice suffering from acute
ileitis. Human microbiota-associated mice were perorally challenged with T. gondii ME49 to induce acute ileitis and either additionally infected
with MDR P, aeruginosa 3 days following ileitis induction (PA; filled circles) or not (N; open circles). At day 7 post ileitis induction secretion of distinct
pro-inflammatory cytokines were determined in ex vivo biopsies derived from different extra-intestinal compartments including a liver (IFN-y, nitric
oxide, TNF-a) and b kidney (IFN-y, nitric oxide, MCP-1). Naive mice served as negative controls (open diamonds). Numbers of mice (in parentheses),
medians (black bars) and significance levels (p values) determined by Kruskal-Wallis test or ordinary one-way ANOVA are indicated. Data shown
were pooled from three independent experiments

(E. coli) and Bacteroides/Prevotella spp. [11]. Due to pro-
gressive virulence of the applied 7. gondii ME49 strain
by repeated passages in NMRI “bank” mice for several
generations, we also subjected hma mice to 50 cysts in
the present study instead of 100 cysts as in our previous
reports [10-12, 14, 22, 24-29].

Remarkably, acute ileitis induced by 50 cysts of T. gon-
dii rendered hma mice susceptible to MDR P. aeruginosa
infection. This is in accordance with our previous studies
demonstrating that hma mice suffering from small intes-
tinal inflammation could be stably colonized by C. jejuni
[27]. It is hence tempting to speculate that inflammation
induced changes of the intraluminal milieu within the
intestinal tract predisposes the host for infection with
obligate enteropathogenic species such as C. jejuni, but
also opportunistic pathogens including P aeruginosa.

Our hypothesis is further supported by a study show-
ing that a nonpathogenic intestinal E. coli isolate as well
as the pathogen Salmonella typhimurium were able to
outcompete the endogenous microbiota of IL-107'~
mice, a murine model of chronic colitis, suggesting that
growth of Gram-negative enterobacteria is enhanced
by host mediated intestinal inflammation and follow-
ing modification of the composition of intestinal micro-
biota [30, 31]. Furthermore, in a murine co-infection
model intestinal colonization capacity of S. typhimurium
was enhanced by inflammatory changes in the intesti-
nal mucosa and dysbiosis elicited by Plasmodium yoelii
infection [32].

Given that the intestinal intraluminal milieu is deter-
mined by a plethora of factors including the bacteria
residing in the intestinal compartments, we performed a
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Fig. 8 Systemic cytokine responses in multidrug resistant P. aeruginosa infected human microbiota-associated mice suffering from acute ileitis.
Human microbiota-associated mice were perorally challenged with T. gondii ME49 to induce acute ileitis and either additionally infected with MDR
P aeruginosa 3 days following ileitis induction (PA; filled circles) or not (N; open circles). At day 7 post ileitis induction secretion of distinct pro- and
anti-inflammatory cytokines were determined in systemic compartments such as a serum (IFN-y, TNF-a, MCP-1, IL-12p70, IL-6 and IL-10) and b
spleen (IFN-y). Naive mice served as negative controls (open diamonds). Numbers of mice (in parentheses), medians (black bars) and significance
levels (p values) determined by Kruskal-Wallis test or ordinary one-way ANOVA are indicated. Data shown were pooled from three independent

comprehensive quantitative survey of the intestinal micro-
biota composition. Cultural and molecular analyses of
the predominant intestinal bacterial groups revealed that

differences in the overall microbiota composition of P aer-
uginosa infected and uninfected hma mice with induced
ileitis were rather subtle at the first glance. Ileal loads of
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bifidobacteria, however, were more than two orders of
magnitude lower following P aeruginosa infection. As
commensal residents with beneficial effects for intestinal
homeostasis, bifidobacteria contribute to mucosal barrier
functions directed against pathogenic colonization of the
vertebrate host [33, 34]. Two bifidobacterial strains that
were isolated from resident infant human gastrointesti-
nal microbiota exerted antibacterial activity against sev-
eral pathogens such as S. typhimurium, E. coli, Klebsiella
pneumoniae, Yersinia pseudotuberculosis, Staphylococcus
aureus and P. aeruginosa in vitro [34]. In addition, in vitro
as well as in vivo studies revealed that Bifidobacterium
animalis AHC7, for instance, exerts an anti-inflamma-
tory effect through the attenuation of NF-kB activation
in response to murine S. typhimurium infection and that
stimulation of dendritic cells with B. animalis AHC7 sig-
nificantly increased CD25+Foxp3+ T cell (Treg) numbers
[35]. We could further show previously that conventionally
colonized mice deficient in the innate immune-receptor
nucleotide-oligomerization-domaine-2 (NOD2) were vir-
tually lacking the bifidobacterial population in their intes-
tines and (at least in part) exhibited compromised host
resistance, reduced local anti-inflammatory and increased
systemic pro-inflammatory immune response upon pero-
ral high dose T. gondii infection [29].

Given that acute T. gondii induced ileitis is highly
dependent on Toll-like Receptor (TLR)-4 mediated sign-
aling of lipopolysaccharide derived from Gram-negative

intestinal commensals [11, 15], one could speculate
that additional infection with a Gram-negative bacte-
rium such as P aeruginosa might further exacerbate the
induced inflammatory process. Our study, however,
revealed that clinical and ileal changes, the profound
influx of innate and adaptive immune cells into the distal
small intestines and increased secretion of pro-inflam-
matory cytokines in ileum and MLN following T. gondii
infection were not further aggravated by MDR P, aerugi-
nosa infection. This is surprising considering the pleth-
ora of virulence factors of P aeruginosa. For instance,
Pseudomonas lipid A, a core component of bacterial
lipopeptide, has been shown to activate NFkB signal-
ing through TLR-4 and subsequent pro-inflammatory
cytokine secretion [36]. In turn, neutrophils are recruited
to the infection site and contribute to the inflammatory
host response to P. aeruginosa [1]. One needs to take into
consideration, however, that peroral high dose T. gondii
infection (irrespective whether performed with 50 or 100
cysts) results in a profound Th1-driven hyper-inflamma-
tory scenario (“cytokine tsunami”) [13] that cannot fur-
ther be deteriorated by additional MDR P aeruginosa
infection. Strikingly, we were able to observe elevated
IEN-y secretion not only in ileal, but also colonic ex vivo
biopsies 7 days post ileitis induction. To our best knowl-
edge, the terminal ileum has been reported as exclusive
predilection site following peroral high dose T. gondii
infection of conventionally colonized mice so far [13].



von Klitzing et al. Gut Pathog (2017) 9:4

Remarkably, extra-intestinal sequelae of acute ileitis
induction were further amplified by P aeruginosa chal-
lenge as indicated by even more pronounced increases
in hepatic TNF-a concentrations following P aerugi-
nosa infection of T. gondii pre-infected mice. Potential
inflammatory effects of MDR P. aeruginosa infection in
the small intestines (and beyond) should therefore be
more distinctly deciphered either in a less acute (i.e. less
severe) or more chronic infection model following pero-
ral low dose infection with less than 10 cysts of T. gon-
dii, for instance. To the best of our knowledge, however,
a chronic T. gondii ileitis model has not been established
so far. Alternatively, experimental models of large intesti-
nal inflammation could be applied to investigate host sus-
ceptibility and the pro-inflammatory potential of peroral
MBDR P. aeruginosa infection during intestinal inflamma-
tion in a better discriminatory way than with the model
used here. To address this, the murine dextran sulfate
sodium induced colitis model would be a promising can-
didate, for instance.

In the present study we were further able to demon-
strate that anti-inflammatory IL-10 levels were multifold
increased in the MLN following ileitis induction, but
even more distinctly upon additional P. aeruginosa infec-
tion, whereas conversely, serum IL-10 concentrations
were lower in P. aeruginosa infected as compared to non-
infected hma mice suffering from acute ileitis. Hence, the
more pronounced intestinal anti-inflammatory response
upon P, aeruginosa application was not sufficient to coun-
teract the pro-inflammatory sequelae caused by 7. gon-
dii and P. aeruginosa co-infection. One might have also
expected comparable increases in systemic IL-10 levels,
given that translocation of viable bacteria originating
from the intestinal microbiota to systemic compartments
such as spleen and blood had occurred more frequently
in P aeruginosa co-infected versus non-infected hma
mice with acute ileitis.

We were finally able to show that viable intestinal bac-
teria were more frequently detected in systemic com-
partments such as spleen and blood of P aeruginosa
infected as compared to uninfected hma mice with
induced ileitis indicating that (even though not other-
wise determined in our study) epithelial barrier leakage
was supposably even more pronounced by P. aeruginosa
co-challenge than by acute ileitis induction alone, fur-
ther facilitating bacterial translocation to extra-intes-
tinal including systemic sites. Notably, several studies
illustrate a link between the etiology of inflammatory
bowel diseases (IBD) including Crohn’s disease and the
abundance of Pseudomonas species such as P. fluorescens
within the intestinal mucosa [37-39]. Solid data regard-
ing the role of P aeruginosa in IBD pathogenesis, how-
ever, are scarce. One study applying molecular analysis
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of Pseudomonas specific 16S RNA in ileal tissue samples
derived from children suffering from Crohn’s disease
revealed a higher prevalence of several Pseudomonas
species including P. proteolytica and P. brenneri in pedi-
atric Crohn’s disease patients as compared to control
individuals without IBD, whereas interestingly P. aerug-
inosa could be detected in non-IBD patients only [40].
In patients suffering from irritable bowel disease, how-
ever, detection rates of P aeruginosa specific 16S RNA
were increased in duodenal mucosa-associated biop-
sies and fecal samples [8]. Furthermore, a case report
of a child suffering from ulcerative colitis revealed that
P aeruginosa 16S rRNA could be identified in colonic
biopsies [9]. Already an older study from 1966 suggested
a temporal correlation between identical P aeruginosa
strains isolated from patients’ lesions and feces point-
ing towards a spread of viable P. aeruginosa via the blood
stream [7]. Meanwhile, there is evidence that the risk of
developing a clinically manifest P. aeruginosa infection is
significantly higher upon rectal colonization of patients
in intensive care units [41].

Conclusion

Taken together, acute small intestinal inflammation
renders hma mice susceptible to infection with MDR P,
aeruginosa, but P. aeruginosa infection does neither fur-
ther deteriorate ileal, nor extra-intestinal sequelae of ile-
itis induction. We conclude that intestinal inflammation
might also pose particularly hospitalized patients at risk
for acquisition of MDR Gram-negative bacteria includ-
ing P aeruginosa. Given the importance of the interac-
tion between P. aeruginosa, the intestinal microbiota and
the host immune system as shown here, future studies
applying less acute and/or more chronic in vivo infec-
tion models are needed for a better understanding of the
underlying molecular mechanisms.

Additional file

Additional file 1: Figure S1. Translocating multidrug resistant P aerugi-
nosa in infected human microbiota-associated mice suffering from acute
ileitis. Human microbiota-associated mice were perorally challenged with
T. gondii ME49 to induce acute ileitis and either additionally infected with
MDR P, aeruginosa 3 days following ileitis induction (PA; filled bars) or not
(N; open bars). At day 7 following ileitis induction P. aeruginosa loads were
quantitatively assessed in extra-intestinal and systemic compartments
such as mesenteric lymph nodes (MLN), liver, lung, spleen and cardiac
blood by direct plating. Absolute numbers of positive samples out of total
number analyzed are indicated in parentheses. Data shown were pooled
from three independent experiments.
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The World Health Organization has rated multidrug-resistant (MDR) Gram-negative bacteria including
Pseudomonas aeruginosa (Psae) as serious threat to human health. We here addressed whether
chronic murine gut inflammation facilitates intestinal MDR Psae colonization and whether bacterial
infection subsequently worsens colonicimmunopathology. Converse to wildtype counterparts, Psae
colonized the intestines of IL-10~/~ mice with chronic colitis following peroral challenge, but did not
lead to changes in intestinal microbiota composition. Psae infection accelerated both macroscopic (i.e.
clinical) and microscopic disease (i.e. colonic epithelial apoptosis), that were accompanied by increased
intestinal pro-inflammatory immune responses as indicated by elevated colonic numbers of innate

and adaptive immune cell subsets and enhanced secretion of pro-inflammatory cytokines such as TNF
and IFN-~ in mesenteric lymph nodes of Psae-infected as compared to unchallenged IL-10~/~ mice.
Remarkably, Psae-induced pro-inflammatory immune responses were not restricted to the gut, but
could also be observed systemically as indicated by increased TNF and IFN-~ concentrations in sera
upon Psae-infection. Furthermore, viable commensals originating from the intestinal microbiota
translocated to extra-intestinal compartments such as liver, kidney and spleen of Psae-infected IL-10~/~
mice with chronic colitis only. Hence, peroral MDR Psae-infection results in exacerbated colonic as well
as systemic pro-inflammatory immune responses during chronic murine colitis.

Pseudomonas aeruginosa (Psae), constitute opportunistic pathogens, that may cause a variety of nosocomial
infections particularly in immunocompromised patients or patients with chronic pulmonary diseases such as
chronic obstructive pulmonary disease or cystic fibrosis!~*. Patients suffering from ventilator-associated pneu-
monia or burn wound infections face high mortality rates of over 30%'. As Gram-negative bacteria with emerging
antimicrobial resistance Psae are among several multi-drug resistant (MDR) bacterial species that can be found
in a global priority pathogen list issued by the World Health Organization (WHO) in order to help prioritizing
the development of novel antimicrobial strategies®. Already early studies suggest that besides contaminated res-
pirators and other medical equipment the human gastrointestinal tract might be an important internal source of
Psae infection in hospitals®’. Furthermore, a recent study revealed that a majority of intensive care unit (ICU)
patients with a Psae infection displayed prior rectal colonization with the bacterial opportunistic pathogen®.
Particularly a preceding antimicrobial treatment had been shown to disturb the complex intestinal microbiota
composition and therefore to compromise the physiological colonization resistance’> which, in turn, may enable
invading (opportunistic) pathogens including MDR Psae to establish within the human gastrointestinal ecosys-
tem!®. However, valid scientific data concerning the pathogenic potential of Psae infection of the intestinal tract
are scarce. Our very recent study revealed for the first time that mere intestinal carriage of a clinical MDR Psae
isolate by otherwise healthy microbiota-depleted wildtype (WT) mice resulted in distinct local as well as systemic
pro-inflammatory immune responses'. We were further able to demonstrate that with intestinal inflammation
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and Rheumatology/Research Center ImmunoSciences (RCIS), Charité — Universitatsmedizin Berlin, corporate
member of Freie Universitat Berlin, Humboldt-Universitat zu Berlin, and Berlin Institute of Health, Berlin, Germany.
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Figure 1. Fecal P. aeruginosa loads over time following peroral infection of mice suffering from chronic colitis.
Conventionally colonized IL-10~/~ mice with chronic colitis (black circles) were perorally infected with a
multidrug-resistant P. aeruginosa strain on day (d) 0. Wildtype mice without large intestinal inflammation
(white circles) served as (infected) controls. (a) Intestinal colonization densities were determined in fecal
samples until d28 postinfection by culture and expressed as colony forming units per gram (CFU/g). (b)

Upon necropsy at day 42 postinfection, pathogenic loads were cultured from distinct compartments of the
gastrointestinal tract (i.e. stomach, duodenum, ileum and colon). Numbers of mice harboring P. aeruginosa
out of the total number of analyzed mice, medians (black bars) and significance levels (p-values) determined
by Mann Whitney U test are indicated (*p < 0.05; ***p < 0.001). Data shown were pooled from at least three
independent experiments.

associated gut microbiota shifts facilitated murine infection with the enteropathogen Campylobacter jejuni'*-7.

Information whether intestinal inflammation may also facilitate stable Psae colonization and may even worsen
the outcome of the underlying disease are scarce, however. In the present study, we therefore perorally chal-
lenged conventionally colonized IL-10~'~ suffering from chronic colitis with a clinical MDR Psae isolate and
assessed intestinal colonization properties of the opportunistic pathogen, shifts in gut microbiota composition,
Psae-induced intestinal and systemic pro-inflammatory infectious sequelae, and translocation of viable bacte-
ria to extra-intestinal including systemic compartments. In summary, our data indicate that peroral MDR Psae
infection exacerbates macroscopic and colonic apoptotic sequelae as well as systemic pro-inflammatory immune
responses during chronic murine colitis.

Results

Chronic colitis facilitates intestinal MDR P. aeruginosa infection of mice. Conventional IL-10~/~
mice with chronic colitis and healthy WT control animals were perorally infected with 10° colony-forming units
(CFU) of a clinical MDR Psae strain. Whereas WT mice had expelled the pathogen within one week p.i., IL-10~/~
mice displayed higher fecal Psae loads than their WT counterparts as early as 48 hours p.i. (p < 0.001; Fig. 1a).
Even six weeks thereafter, Psae could be isolated from the gastrointestinal tract of IL-10~/~, but not WT mice
(p <0.05-0.001; Fig. 1b) with most frequent abundances of approximately 79% in the large intestinal tract of
IL-10~/~ mice at day 42 p.i. (Fig. 1b).

Given potential crosstalk between (opportunistic) pathogens and commensals, we furthermore addressed
whether Psae association of IL-10~/~ mice was accompanied by shifts in intestinal microbiota composition.
Both cultural and culture-independent (i.e. molecular 16S rRNA based) analyses of fecal samples revealed that
IL-10~/~ mice with chronic colitis harbored comparable intestinal loads of the main intestinal bacterial groups
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Figure 2. Intestinal microbiota composition following multidrug-resistant P. aeruginosa infection of mice
suffering from chronic colitis. IL-10~/~ mice with chronic colitis (n = 19) were perorally infected with a
multidrug-resistant P. aeruginosa strain on day (d) 0. Before (N, naive; white circles) and six weeks thereafter
(d42 postinfection; black circles) a comprehensive survey of the intestinal microbiota composition was
performed on fecal samples applying both (a) culture (expressed as colony forming units per gram, CFU/g) and
(b) 16S rRNA based molecular analyses (expressed as gene numbers per ng DNA) of the total bacterial load
(TL) and main intestinal bacterial groups including enterobacteria (EB), enterococci (EC), lactobacilli (LB),
Bacteroides/ Prevotella spp. (BP), Clostridium/Eubacterium spp. (CE), bifidobacteria (BB), Clostridium coccoides
group, Clostridium leptum group (CL) and Mouse Intestinal Bacteroides (MIB). Medians are indicated. Data
shown were pooled from three independent experiments.

before and 42 days after Psae challenge (Fig. 2). Hence, chronic IL-10~'~ colitis facilitates intestinal infection with
MDR Psae that does not lead to changes in gut microbiota composition.

Macroscopic and microscopic sequelae in MDR P. aeruginosa infected mice with chronic
colitis. We next surveyed macroscopic (i.e. clinical) and microscopic (i.e. histopathological and immuno-
histochemical) sequelae in Psae infected IL-10~/~ mice with chronic colitis. Whereas 20% of mice from both
the infected and naive cohort of IL-10~/~ mice displayed macroscopic and/or microscopic abundances of
blood in their feces at day 0 (i.e. immediately before Psae infection), overall fecal blood positivity rates were
higher in infected as compared to uninfected mice when surveyed until day 42 following bacterial challenge
(Supplementary Information). Of note, mean body weights of mice in the Psae infected and uninfected cohort
did neither differ at day 0 nor at day 42 p.i. (Supplementary Information). Given that intestinal inflammation is
accompanied by significant shortening of the inflamed intestine'®, we measured colonic lengths upon necropsy.
A trend towards shorter large intestines could be observed in Psae infected as compared to uninfected mice at day
42 p.i; the difference, however, did not reach statistical significance due to high standard deviations in respec-
tive groups (Supplementary Information). We further quantitatively assessed colonic histomorphological seque-
lae of Psae infection in IL-10~/~ mice applying a standardized histopathological scoring system'®. Psae infected
and uninfected mice with chronic colitis displayed comparable histopathological scores at day 42 p.i., indicative
for mild inflammatory cell infiltrates in the mucosa with mild hyperplasia and goblet cell loss (Supplementary
Information).

Given that apoptosis constitutes an established parameter for histopathological evaluation and grading of
intestinal inflammation'!, we next quantitatively assessed apoptotic colonic epithelial cells applying in situ immu-
nohistochemistry. Six weeks following Psae infection IL-10~/~ mice displayed more two times higher apoptotic
cell numbers in their large intestines as compared to uninfected counterparts (p < 0.001; Fig. 3a, Supplementary
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Figure 3. Apoptotic and proliferating colonic epithelial cells in multidrug-resistant P. aeruginosa infected mice
suffering from chronic colitis. IL-10~'~ mice with chronic colitis were perorally infected with a multidrug-
resistant P. aeruginosa (Psae) strain on day (d) 0. Six weeks thereafter (on d42 postinfection; black circles)

the average numbers of colonic epithelial (a) apoptotic (positive for caspase 3, Casp3) and (b) proliferating
cells (positive for Ki67) were determined from six high power fields (HPF, 400x magnification) per animal

in immunohistochemically stained large intestinal paraffin sections. Naive (N) IL-10~/~ mice served as
negative controls (open circles). Numbers of mice (in parentheses), medians (black bars) and significance
levels (p-values) determined by the Mann Whitney U test are indicated. Data shown were pooled from three
independent experiments.

Information). Numbers of Ki67+ colonic epithelial cells, however, did not differ in infected and naive mice (n.s.;
Fig. 3b, Supplementary Information), thus indicating comparable proliferative/regenerative properties of the
large intestinal epithelia in either murine cohort. Hence, Psae infection accelerates both macroscopic (i.e. clinical)
and microscopic (i.e. colonic apoptotic) sequelae in IL-10~/~ mice suffering from chronic colitis.

Intestinal immune responses in MDR P. aeruginosa infected mice with chronic colitis. In the
following we quantitatively assessed large intestinal immune cell responses upon Psae infection of IL-10~/~ mice
with chronic colitis applying in situ immunohistochemistry. Within 42 day p.i., numbers of distinct innate as well
as of adaptive immune cell subsets including macrophages and monocytes as well as T lymphocytes, regulatory
T cells (Treg) and B lymphocytes, respectively, increased in the large intestinal mucosa and lamina propria of
IL-10~'~ mice (p < 0.005-0.001; Fig. 4, Supplementary Information). Psae-induced increases in large intestinal
immune responses were accompanied by elevated secretion of pro-inflammatory cytokines such as TNF and
IFN-~ in mesenteric lymph nodes (MLN) of IL-10~'~ mice (p < 0.05; Fig. 5a,b), whereas MCP-1 and IL-6 con-
centration were comparable in Psae infected and uninfected mice at day 42 p.i. (Fig. 5¢,d). Hence, MDR Psae col-
onization of IL-10~/~ mice with chronic colitis is accompanied by increased intestinal pro-inflammatory cytokine
responses.

Systemic immune responses in MDR P. aeruginosa infected mice with chronic colitis. We next
assessed whether Psae-induced intestinal pro-inflammatory immune responses in mice suffering from chronic
colitis could also be observed in systemic compartments such as spleen and serum. Whereas a trend towards
lower TNF and IFN-~ levels could be observed in spleens of infected versus uninfected mice with colitis (n.s.;
Fig. 6a,b), lower MCP-1 and IL-6 concentrations could be measured in splenic ex vivo biopsies at day 42 p.i. as
compared to naive IL-10~'~ mice (p < 0.01; Fig. 6¢,d), Conversely, Psae infection resulted in more pronounced
secretion of pro-inflammatory cytokines into the circulation as indicated by higher TNF and IFN-~ (p < 0.05;
Fig. 7a,b), but comparable MCP-1 and IL-6 concentrations in serum samples derived from infected as compared
to uninfected mice with chronic colitis (n.s.; Fig. 7¢,d). Hence, MDR Psae-induced pro-inflammatory immune
responses were not restricted to the intestinal tract, but could also be observed systemically.

Bacterial translocation in MDR P. aeruginosa infected mice with chronic colitis. We finally sur-
veyed whether bacteria originating from the commensal intestinal microbiota had translocated to extra-intestinal
and systemic compartments of Psae colonized IL-10~/~ mice. Whereas no bacterial translocation could be
observed in uninfected mice with chronic colitis at all, viable intestinal commensal bacteria such as lactoba-
cilli, enterococci, E. coli, Bacteroides/Prevotella species and Clostridium/Eubacterium species could be cultured
from MLN, spleen, liver and kidney in 31.6%, 10.5%, 26.3% and 15.8% of infected IL-10~/~ mice, respectively
(Supplementary Information). Notably, neither in blood of naive nor Psae infected mice with colitis any bac-
teria could be detected. Hence, viable commensals originating from the intestinal microbiota translocated to
extra-intestinal compartments of MDR Psae colonized IL-10~'~ mice with chronic colitis only.
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Figure 4. Colonic immune cell responses in multidrug-resistant P. aeruginosa infected mice suffering

from chronic colitis. IL-10~/~ mice with chronic colitis were perorally infected with a multidrug-resistant P
aeruginosa (Psae) strain on day (d) 0. Six weeks thereafter (on d42 postinfection; black circles) the average
numbers of colonic (a) macrophages and monocytes (positive for F4/80), (b) T lymphocytes (positive for CD3),
(c) regulatory T cells (positive for FOXP3), and (d) B lymphocytes (positive for B220) were determined from
six high power fields (HPE, 400x magnification) per animal in immunohistochemically stained large intestinal
paraffin sections. Naive (N) IL-10~/~ mice served as negative controls (open circles). Numbers of mice (in
parentheses), medians (black bars) and significance levels (p-values) determined by the Mann Whitney U test
are indicated. Data shown were pooled from three independent experiments.

Taken together, peroral MDR Psae infection exacerbates macroscopic and colonic apoptotic sequelae as well as
intestinal and systemic pro-inflammatory cytokine responses in IL-10~/~ mice with chronic colitis.

Discussion
The rising increases in incidences of MDR bacterial Gram-negative strains including Psae colonizing and infect-
ing humans as well as live stock animals all over the world have resulted in an increased awareness not only of
health care professionals, but also of the general public and the political institutions for this global threat of
human health and for the actually very limited strategies preventing morbidity and mortality>>2°. It is thus rather
surprising, however, that studies addressing the immunopathological consequences of intestinal colonization
and infection of vertebrates with Psae in health and disease including intestinal inflammation are scare to date.
In an earlier study, ingested Psae were detectable in three healthy volunteers up to 6 days thereafter, but with-
out any reported adverse effects’. Very recently we were able to show that upon peroral challenge with the same
clinical MDR Psae isolate used in the present survey, healthy WT mice with a virtually depleted gut microbiota
following broad-spectrum antibiotic treatment harbored the opportunistic pathogen at high loads in their gas-
trointestinal tract, but were clinically uncompromised'®. This observation is well in line with a previous report
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Figure 5. Intestinal cytokine responses in multidrug-resistant P. aeruginosa infected mice suffering from
chronic colitis. IL-10~/~ mice with chronic colitis were perorally infected with a multidrug-resistant

P, aeruginosa (Psae) strain on day (d) 0. Six weeks thereafter (on d42 postinfection; black circles) pro-
inflammatory cytokines including (a) TNE, (b) IFN-~, (c) MCP-1 and (d) IL-6 were measured in supernatants
of ex vivo biopsies derived from mesenteric lymph nodes (MLN). Naive (N) IL-10~/~ mice served as negative
controls (open circles). Numbers of mice (in parentheses), medians (black bars) and significance levels
(p-values) determined by the Mann Whitney U test are indicated. Data shown were pooled from three
independent experiments.

by Hentgens et al., given that following antibiotic treatment and subsequent Psae infection mice were clinically
unaffected’.

Despite the well-known arsenal of virulence factors and hence pathogenic properties of Psae, its poten-
tial in initiating and perpetuating pre-existing immunopathological morbidities, particularly in the gastroin-
testinal tract, is only incompletely understood"’. Recent surveys revealed that the opportunistic pathogen was
more abundant in the gastrointestinal tract of patients suffering from underlying intestinal morbidities such
as ulcerative colitis?! or irritable bowel syndrome??. Remarkably, in our recent study MDR Psae induced pro-
nounced pro-inflammatory sequelae in both intestinal and extra-intestinal including systemic compartments in
antibiotics-pretreated, but otherwise healthy mice®. In addition, we were able to show in another recent survey
that acute small intestinal inflammation facilitated MDR Psae acquisition by mice harboring a human gut micro-
biota®. The applied inflammation model was, however, too acute to decipher additional inflammatory sequelae
of the applied Psae strain.

In the present study we further showed that chronic colitis in conventionally colonized IL-10~/~ mice (that
had not been subjected to antibiotic pretreatment) did not only facilitate murine MDR Psae carriage, but also
worsened distinct features of the underlying disease as shown on both macroscopic (i.e. clinical) and microscopic
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Figure 6. Splenic cytokine responses in multidrug-resistant P. aeruginosa infected mice suffering from chronic
colitis. IL-10~/~ mice with chronic colitis were perorally infected with a multidrug-resistant P. aeruginosa
(Psae) strain on day (d) 0. Six weeks thereafter (on d42 postinfection; black circles) proinflammatory cytokines
including (a) TNE (b) IFN-~, (c) MCP-1 and (d) IL-6 were determined in supernatants of splenic ex vivo
biopsies. Naive (N) IL-10~/~ mice served as negative controls (open circles). Numbers of mice (in parentheses),
medians (black bars) and significance levels (p-values) determined by the Mann Whitney U test are indicated.
Data shown were pooled from three independent experiments.

levels. In fact, Psae-colonized IL-10~/~ mice more frequently presented with blood in their feces and exhibited
more pronounced colonic apoptosis that were accompanied by higher abundances of innate as well as adap-
tive immune cell populations in the inflamed colonic mucosa and lamina propria and increased secretion of
the pro-inflammatory cytokines TNF and IFN-~ in MLN. Remarkably, accelerated disease was not restricted to
the intestinal tract but could also be observed systemically, given that Psae-colonized IL-10~/~ mice displayed
elevated TNF and IFN-~ serum levels. Increased systemic pro-inflammatory cytokines were accompanied by
translocation of viable commensal bacteria originating from the intestinal microbiota to extra-intestinal com-
partments of MDR Psae-colonized IL-10~/~ mice. This indicates that additional acquisition of the opportunistic
pathogen by colitic mice compromised intestinal barrier function subsequently facilitating bacterial spread from
the leaky gut. Surprisingly, pro-inflammatory cytokine concentrations were lower in the spleen of Psae carrying
IL-10~'~ mice as compared to non-carriers. This might be explained by increased recruitment of leukocytes from
the spleen to the inflamed intestinal tract.

In our present survey, Psae could be isolated from the intestines in up to 80% of IL-10~'~ mice suffering from
chronic colitis, even though mice harbored a conventional gut microbiota that usually protects mice from invad-
ing (opportunistic) pathogens!!. One needs to take into consideration, however, that intestinal inflammatory
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Figure 7. Systemic cytokine responses in multidrug-resistant P. aeruginosa infected mice suffering from
chronic colitis. IL-10~/~ mice with chronic colitis were perorally infected with a multidrug-resistant

P aeruginosa (Psae) strain on day (d) 0. Six weeks thereafter (on d42 postinfection; black circles) pro-
inflammatory cytokines including (a) TNE, (b) IFN-~, (c¢) MCP-1 and (d) IL-6 were determined in serum. Naive
(N) IL-10~/~ mice served as negative controls (open circles). Numbers of mice (in parentheses), medians (black
bars) and significance levels (p-values) determined by the Mann Whitney U test are indicated. Data shown were
pooled from three independent experiments.

conditions per se might facilitate pathogenic colonization, given that the increased intraluminal abundance of cell
debris, for instance, may serve as valuable nutrient sources for specific invading bacteria and may thus provide
growth advantages in direct competition with the complex intestinal microbiota for nutrients and niches'®!7>>24,
Furthermore, both acute and chronic inflammation of the small and large intestines are accompanied by distinct
changes in murine microbiota composition providing growth benefits for certain intestinal commensals such
as enterobacteria?*-?’, which in turn might change the intraluminal milieu in favor of distinct (opportunistic)
pathogenic species. In line, our previous studies revealed that elevated intestinal loads of commensal Escherichia
coli were sufficient to override physiological colonization resistance and to facilitate murine infection with the
enteropathogen Campylobacter jejuni'*-1%28.

Given a potential (bi-directional) crosstalk between (opportunistic) pathogens and intestinal commensals
we performed a comprehensive survey of the large intestinal microbiota composition before and after MDR Psae
challenge applying both culture and culture-independent (molecular) methods. Interestingly, a 6-week intestinal
MDR Psae carriage by IL-10~/~ with chronic colitis did not alter the microbiota within the inflamed colon lumen.

In conclusion, we here show that peroral MDR Psae challenge results in intestinal infection that exacerbates
chronic colitis as indicated by macroscopic and colonic apoptotic sequelae as well as intestinal and systemic
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pro-inflammatory cytokine responses in IL-10~/~ mice. In ongoing studies we are currently unraveling the
distinct intraluminal factors favoring and preventing intestinal MDR Psae establishment in health and dis-
ease. This may provide novel antibiotics-independent approaches to prevent intestinal colonization with MDR
Gram-negative species including Psae in vertebrates and to combat subsequent infections of the susceptible host
at risk including immunocompromized patients or individuals suffering from intestinal immunopathological
morbidities.

Material and Methods

Ethical statement. In accordance with the European Guidelines for animal welfare (2010/63/EU), mice
were reared, maintained and twice daily monitored assessing clinical conditions and weight loss. The commission
for animal experiments headed by the “Landesamt fiir Gesundheit und Soziales” (LaGeSo, Berlin; registration
number G0097/12 and G0039/15) had given approval before start of animal experiments.

Mice and P. aeruginosa infection.  Approximately 4 months old conventionally colonized, female IL-10~/~
mice with chronic colitis (in C57BL/6j background) and corresponding WT mice were raised in the specific path-
ogen free unit of the Forschungseinrichtungen fiir Experimentelle Medizin (FEM, Charité — University Medicine
Berlin) and perorally infected with 10° CFU of a MDR Psae strain as described earlier'*>?° In brief, the Psae
isolate had been initially isolated from respiratory fluid of a patient with nosocomial pneumonia and exhibited
antimicrobial sensitivity towards colistin and fosfomycin only (provided by Prof. Dr. Bastian Opitz, Charité -
University Medicine, Berlin, Germany). The MDR bacterial strain was applied in a total volume of 0.3 mL phos-
phate buffered saline (PBS; Gibco, life technologies, UK) to mice by oral gavage.

Cultural analysis of P. aeruginosa. Fecal and luminal samples from stomach, duodenum, ileum and colon
were plated in serial dilutions onto Columbia agar supplemented with 5% sheep blood (Oxoid, Germany) and
Cetrimide agar (Oxoid, Germany) after homogenization in sterile PBS!*?**_Inoculated agar plates were then
incubated in an aerobic atmosphere at 37 °C for 48 h to assess Psae loads after infection as described earlier'>**%.

Clinical conditions. On a daily basis, fecal samples derived from each mouse were screened for abundance
of fecal blood by the Guajac method (Haemoccult, Beckman Coulter/PCD, Germany) as reported previously'®.

Sampling procedures.  Six weeks following Psae infection mice were sacrifized by isoflurane inhalation
(Abott, Germany). Cardiac blood and tissue samples from spleen, liver, lung, kidney, MLN, ileum and colon were
collected under sterile conditions as described earlier'>**?. After measuring the large intestinal lengths, colonic
tissue samples were collected in parallel for histopathological and immunohistochemical analyses as well as for
cytokine measurements.

Histopathology and immunohistochemistry. Histopathological changes observed in 5um thin hema-
toxylin and eosin stained colonic paraffin sections were quantitated applying a standardized histopathological
scoring system ranging from 0 to 4 as described by Erben et al.’®. In brief: Score 0: unaffected histomorphology.
Score 1: minimal inflammatory cell infiltrates in the mucosa with intact epithelium. Score 2: mild inflammatory
cell infiltrates in the mucosa with mild hyperplasia and mild goblet cell loss. Score 3: moderate inflammatory cell
infiltrates in mucosa and submucosa with moderate goblet cell loss. Score 4: marked inflammatory cell infiltration
into mucosa and submucosa with marked hyperplasia and marked goblet cell loss, multiple crypt abscesses and
crypt loss®.

To display immune cell response in colonic ex vivo biopsies, immunohistochemical staining was performed
on five-um paraffin sections as described earlier'***?72-32 In short, primary antibodies against cleaved caspase-3
(Aspl75, #9661, Cell Signaling, Netherlands; 1:200) for apoptitic cells, Ki67 (clone 16A8, #652401, BioLegend/
Biozol, Germany; 1:200) for proliferating/regenerating cells, F4/80 (clone BM8, #MF48015, Life Technologies,
Germany; 1:100) for macrophages/monocytes, CD3 (#IR50361-2, Dako, USA; 1:5) for T lymphocytes, FOXP3
(clone FJK-165, #14-5773, eBioscience, Germany; 1:100) for Tregs and B220 (#14-0452-81, eBioscience; 1:200)
for B lymphocytes were used. The average number of positively stained cells within at least six high power fields
(HPE 0.287 mm?; 400x magnification) were determined by a blinded independent investigator.

Cultural survey of intestinal microbiota and bacterial translocation. To survey the composition of
the commensal colonic microbiota and the abundance of viable commensals of intestinal origin that had translo-
cated to extra-intestinal including systemic sites, colonic luminal contents and tissue samples derived from MLN,
spleen, liver, kidney and lung were homogenized in sterile PBS, streaked out in serial dilutions on agar plates
and incubated under aerobic, microaerobic and anaerobic conditions at 37 °C for two to three days as reported
earlier??43>33, The detection limit of viable bacteria was approximately 100 CFU per g. To assess the appearance
of bacteremia, thioglycolate enrichment broths (BD Bioscience, Germany) were inoculated with cardiac blood
of individual mice and incubated for seven days at 37 °C and subsequently streaked onto respective agares for
further identification as described®*2.

Molecular analysis of the intestinal microbiota. The numbers of 16S rRNA gene copies per ng DNA
of main bacterial groups abundant in the murine and human gut microbiota were quantified applying quantita-
tive real-time polymerase chain reaction with species-, genera- or group-specific 16S rRNA gene primers (Tib
MolBiol, Germany) as stated elsewhere!?”**, In brief, DNA was extracted from individual fecal samples, quanti-
fied by using Quant-iT PicoGreen reagent (Invitrogen, UK) and adjusted to 1 ng per pl***>%,
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Cytokine detection. Tissue samples of MLN and spleen were transferred to 24-well-flat-bottom culture
plates (Falcon, Germany) and incubated in 500 pL serum-free RPMI 1640 medium (Gibco, life technologies) sup-
plemented with penicillin (100 U/mL, Biochrom, Germany) and streptomycin (100 ug/mL; Biochrom) for 18 h at
37°C. TNE IFN-v, MCP-1, and IL-6 concentrations were measured in supernatants and serum samples applying
the Mouse Inflammation Cytometric Bead Assay (CBA; BD Bioscience) on a BD FACSCanto II flow cytometer
(BD Bioscience) as stated elsewhere!?3,

Statistical analysis. Mean values, medians, and levels of significance were determined using
Mann-Whitney-U Test. Two-sided probability (p) values < 0.05 were considered significant. Experiments were
repeated at least twice.
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Abundance of blood in fecal samples derived from multidrug resistant P. aeruginosa infected
mice with chronic colitis. IL-107- mice suffering from chronic colitis were perorally infected with a
multidrug resistant P. aeruginosa strain on day (d) O (black bars). Subsequently, the abundance of
blood was assessed in fecal samples until necropsy (d42 postinfection) by the Guajac (Haemoccult)
method. Naive IL-107" mice served as negative (uninfected) controls (white bars). Cumulative blood-
positivity rates of three independent experiments (in %) and absolute numbers of mice with bloody
feces out of the total number of analyzed animals (on x-axis) are indicated.
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Macroscopic changes in multidrug resistant P. aeruginosa infected mice with chronic colitis.
IL-10 mice suffering from chronic colitis were perorally infected with a multidrug resistant P,
aeruginosa (Psae) strain on day (d) 0. To assess individual macroscopic changes (a) body weights of
mice were obtained immediately before (day (d) 0) and six weeks after (d42) Psae infection (black
circles) and compared to uninfected, naive (N) controls at respective time points (white circles). Upon
necropsy (i.e. at d42 postinfection) colonic lengths (in cm) were measured in Psae infected (black
circles) and naive mice (white circles). Numbers of mice (in parentheses), medians (black bars) and
significance levels (p-values) determined by the Mann Whitney U test are indicated. Data shown were
pooled from three independent experiments.
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Histopathological changes in large intestines of multidrug resistant P. aeruginosa infected mice
with chronic colitis. IL-107- mice suffering from chronic colitis were perorally infected with a multidrug
resistant P. aeruginosa (Psae) strain on day 0. Six weeks thereafter histopathological changes were
assessed in hematoxylin and eosin stained colonic paraffin sections applying a standardized
histopathological scoring system (left). Naive, uninfected mice served as negative controls (N). Numbers
of mice (in parentheses) and medians (black bars) are indicated. Data shown were pooled from three
independent experiments. Right: Representative photomicrographs illustrate respective
histomorphological changes (100x magnification, scale bar 100 um).



Representative photomicrographs of apoptotic and proliferating epithelial cells,
macrophages/monocytes, T lymphocytes, regulatory T cells (Treg) and B
lymphocytes in colonic paraffin sections derived from multidrug resistant P.
aeruginosa infected mice with chronic colitis. IL-107- mice suffering from chronic
colitis were perorally infected with a multidrug resistant P. aeruginosa (Psae) strain on
day (d) 0 and sacrifized six weeks thereafter (d42 postinfection; lower panel).
Representative photomicrographs illustrate epithelial apoptotic (positive for caspase 3,
Casp3) and proliferating cells (positive for Ki67), macrophages and monocytes
(positive for F4/80), T lymphocytes (positive for CD3), regulatory T cells (Treg, positive
for FOXP3) and B lymphocytes (positive for B220) in immuno-histochemically stained
large intestinal paraffin sections (100x magnification, scale bar 100 um). Naive,
uninfected IL-10"- mice served as negative controls (upper panel).
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Bacterial translocation in multidrug resistant P. aeruginosa infected mice with chronic colitis.
IL-10~ mice suffering from chronic colitis were perorally infected with a multidrug resistant P,
aeruginosa strain on day (d) 0. Six weeks thereafter (d42 postinfection; black circles) translocation of
intestinal bacteria to extra-intestinal and systemic compartments were determined by cultivation of
homogenated ex vivo biopsies such as MLN, spleen, liver and kidney (direct plating on solid media)
as well as of cardiac blood (in thioglycolate enrichment broths) with subsequent subcultivation and
species identification. Cumulative relative rates of positive samples (%) out of three independent
experiments are indicated.
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