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1. Einleitung 

Zur Behandlung bestimmter schwerer onkologischer oder genetischer 

Erkrankungen werden allogene hämatopoetische Stammzelltransplantationen 

eingesetzt. In etwa der Hälfte der Fälle kommt es nach Transplantation zur 

Entwicklung einer akuten Graft-versus-host disease, einer oftmals tödlichen 

Immunerkrankung. Trotz intensiver Forschungen gibt es noch immer einen 

Mangel an effektiven Therapien und Lücken im Verständnis über den 

Entstehungsprozess der Erkrankung.  Bekannt ist, dass der Beginn der 

Erkrankung maßgeblich durch einen Integritätsverlust der Darmbarriere geprägt 

ist. Neue Therapieansätze zur Prävention und Behandlung der Graft-versus-host 

disease zielen deshalb unter anderem darauf ab, die Epithelbarriere des Darms 

zu stärken, um damit das Ausmaß der Erkrankung zu reduziere. Im Zentrum der 

aktuellen Forschung stehen Signalwege, die zur Regeneration der intestinalen 

Epithelzellen beitragen und deren Aktivierung die Entwicklung einer Graft-

versus-host disease abmildern könnte. 
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2. Medizinische und immunologische Grundlagen 

2.1 Klinische Bedeutung hämatopoetischer Stammzelltransplantationen 

Zu den ältesten aller in der Humanmedizin angewendeten Stammzelltherapien 

gehören die hämatopoetischen Stammzelltransplantationen (HSZT). Bei diesem 

Verfahren werden pluripotente hämatopoetische Vorläuferzellen, die zuvor aus 

dem Blut oder Knochenmark eines Spenders isoliert wurden, dem Empfänger per 

Infusion transplantiert.  

HSZT bilden einen wichtigen Bestandteil der Therapie eines umfangreichen 

Spektrums verschiedener Erkrankungen. Bei den meisten dieser 

Krankheitsbilder handelt es sich um onkologische Entitäten. Zu den Pathologien 

gehören beispielsweise aggressive Formen der Leukämien, Varianten des 

Multiplen Myeloms oder solide Tumorerkrankungen wie fortgeschrittene 

Stadien des Hodenkrebses. Zusätzlich zu diesen klassischen onkologischen 

Indikationen werden HSZT z.B. auch zur Therapie seltener Erkrankungen wie der 

paroxysmalen nächtlichen Hämoglobinurie oder der schweren aplastischen 

Anämie angewendet (Brodsky, 2009; Marsh et al., 2009). Im oftmals noch 

klinisch experimentellen Rahmen werden HSZT außerdem zur Behandlung 

bestimmter genetisch bedingter Autoimmunerkrankungen wie z.B. Formen der 

chronisch-entzündlichen Darmerkrankungen eingesetzt (L. Zhu et al., 2017). 

Neue Konzepte untersuchen weitere Einsatzgebiete von HSZT wie etwa zur 

Therapie eines Lupus erythematodes, im Zusammenhang mit soliden 

Organtransplantationen oder in Kombination mit adaptivem T-Zell-Transfer (H. 

W. Li et al., 2012).  

Zur Therapie all dieser Erkrankungen werden hochdosierte Chemotherapeutika 

oder Strahlentherapie (Ganzkörperbestrahlung, total body irradiation, TBI) 

angewendet, um die malignen, autoimmunen oder defekten Körperzellen 

auszulöschen. Diese hochdosierte Therapie führt zu einer Bekämpfung und 
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Rückgang der kranken Zellen, die durch eine gewöhnlich dosierte zytostatische 

Therapie nicht gewährleistet wäre.  Neben dem gewünschten therapeutischen 

Effekt einer derartigen Hochdosistherapie beeinträchtigen solche intensiven 

Therapieregime auch die Hämatopoese im Knochenmark der Patienten. Diese 

Zerstörung des patienteneigenen Knochenmarks bewirkt einen massiven Abfall 

der Blutzellbildung und damit eine massive Panzytopenie, die ohne zusätzliche 

Maßnahmen oftmals zu Blutungen, Sauerstoffunterversorgung, Infektionen und 

dem Tod der Patienten führen würde. Um das Überleben der Patienten nach 

einer solchen Hochdosistherapie zu gewährleisten, werden HSZT mit bereits im 

Vorfeld gewonnenen hämatopoetischen Stammzellen (Stammzellapherese) 

durchgeführt. Hierbei wird primär zwischen autologen-HSZT, bei denen die 

Stammzellen vor Therapiebeginn von den Patienten selbst gesammelt wurden 

und allogenen HSZT (allo-HSZT), bei denen das Transplantat von einem fremden 

Spender stammt, unterschieden.  

Autologe HSZT werden primär als Rescue-Therapie nach 

Hochdosischemotherapie eingesetzt, um die Blutbildung und damit das 

Überleben des Patienten zu sichern.  

Im Gegensatz dazu können allo-HSZT deutlich vielseitiger eingesetzt werden. Im 

Allo-HSZT ermöglichen die Therapie von Erkrankungen, die bereits das eigene 

Knochenmark eines Patienten befallen haben oder körpereigene Immunzellen 

betreffen (z.B. bei Leukämien, Erkrankungen mit genetisch defekten 

Knochenmarkszellen oder bestimmten Autoimmunerkrankungen). Außerdem 

kann durch die allo-HSZT zusätzlich der Graft-versus-Tumor (GVT) Effekt 

therapeutisch genutzt werden. Bei diesem Effekt wird davon profitiert, dass 

allogene Stammzellen die Entwicklung von Immunzellen bewirken, welche auch 

die entarteten Zellen des Empfängers effektiv erkennen und diese damit besser 

als die körpereigenen Immunzellen des Empfängers bekämpfen können. Dieser 
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Effekt spielt v.a. nach allo-HSZT im Zuge von Leukämien als s.g. Graft-versus-

Leukemia (GVL) Effekt eine entscheidende Rolle (Weiden et al., 1979).  

Im Umkehrschluss tragen diese immunologischen Grundlagen des GVL Effekts 

zusammen mit zusätzlichen pathogenetischen Mechanismen zu einer 

gravierenden Komplikation nach allo-HSZT bei, der oftmals tödlich verlaufenden 

Graft-versus-host disease (GVHD) (Shlomchik, 2007).  

 

2.2 Graft-versus-host disease nach allogener Stammzelltransplantation 

Die bedrohlichste Komplikation nach erfolgreicher allogener hämatopoetischer 

Stammzelltransplantation ist die Graft-versus-host disease (GVHD), eine allo-

immunologisch bedingte Multiorganerkrankung, bei der es zur Entzündung und 

Zerstörung zahlreicher Gewebetypen und Organe kommt (Ferrara et al., 2009). 

Hierbei wird zwischen der akuten GVHD (aGVHD) und der chronischen (late-

onset) GVHD unterschieden, die im Gegensatz zu der aGVHD definitionsgemäß 

erst 100 Tage nach Transplantation auftritt (Blazar et al., 2012). Die besonders 

lebensbedrohliche akute GVHD tritt in 30% - 60% aller allo-HSZT auf und trägt in 

15-30% maßgeblich zum Tod der Empfänger bei (Ferrara et al., 2009). 

Im Vordergrund der GVHD stehen histopathologisch diagnostizierbare 

Pathologien des Gastrointestinaltrakts (GIT), der Haut und der Leber (Lerner et 

al., 1974; Stift et al., 2014; Ziemer et al., 2014). Zusätzlich kann es jedoch auch 

zu vielfältigen zusätzlichen Manifestationen, beispielsweise im Knochenmark, 

Thymus, der Lunge, den Augen, den Speicheldrüsen oder dem Urogenitalsystem 

der allo-HSZT-Empfänger kommen (Cooke et al., 2017; Szyska et al., 2016). Je 

nach Größe des Befalls und histopathologischem Grad der Pathologien lässt sich 

die GVHD in 4 Grade klassifizieren (Glucksberg et al., 1974). Etwa 50% aller allo-

HSZT Empfänger entwickeln eine Grad II bis IV GVHD (Zeiser et al., 2016).  
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Zur Firstline-Therapie der GVHD erfolgt in der Regel eine Behandlung mit 

Glucocorticoiden (Wolff et al., 2013). Im Falle von Non-Respondern ist die 

Möglichkeit von Zweitlinien-Therapeutika begrenzt auf u.a. mTOR Inhibitoren, 

einzelne monoklonale Antikörper, wie z.B. Infliximab, Tyrosinkinaseinhibitoren 

(Ruxolitinib) und mesenchymale Stromazellen, zum Einsatz (Kuci et al., 2016; 

Lutz et al., 2016; Rager et al., 2011; Schmidt-Hieber et al., 2005; Spoerl et al., 

2014; Wolff et al., 2013). Es gibt jedoch eine Vielzahl von weiteren 

vielversprechenden therapeutischen Ansätzen, die in den letzten Jahren in der 

präklinischen Forschung entwickelt wurden und bereits in ersten klinischen 

Studien eingesetzt werden, wie beispielsweise der Einsatz von IL-22 (Blazar et 

al., 2012; Zeiser et al., 2017). Trotz allem endet die Erkrankung für 5-30% aller 

Glucocorticoid-Therapie-refraktären GVHD Patienten tödlich (Martin et al., 

2012). Die hohe Morbidität und Mortalität von allo-HSZT Empfängern betont die 

Notwendigkeit der weiteren Erforschung der Pathogenese der GVHD und 

Entwicklung neuer Therapeutika. 

 

2.3 Pathogenese der Graft-versus-host disease  

Die Pathogenese der GVHD basiert auf einem komplexen Zusammenspiel 

verschiedener Mechanismen. Im Zentrum der Pathogenese steht die Aktivierung 

der Donor-T-Zellen, die aus dem allogenen Transplantat stammen und sich 

entwickeln. Die Effektorfunktionen dieser allo-reaktiven Donor-T-Zellen 

bewirken schlussendlich den Gewebeschaden und die daraus resultierenden 

klinischen Symptome der GVHD. Arbeiten mit T-Zell depletierten allogenen 

Transplantaten konnten zeigen, dass eine Reduktion der transplantierten T-

Zellen mit verminderter GVHD einhergeht (Horowitz et al., 1990). Diese 

Beobachtung lässt sich durch präklinische Krankheitsmodelle zur Forschung der 

GVHD erklären. In diversen murinen Tiermodellen kommt es nach der 
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Transplantation von T-Zell-deletiertem allogenen Knochenmark (und der damit 

verbundenen Transplantation von im Knochenmark enthaltenen 

hämatopoetischen Stammzellen) kaum zur Entwicklung einer GVHD. Zur 

Induktion einer GVHD wird deshalb in murinen GVHD Krankheitsmodellen 

allogenes Knochenmark gemeinsam mit zusätzlichen allogenen T-Zellen 

transplantiert (Reddy et al., 2008).  

Die Pathogenese und damit die Schritte, die zu der T-Zell-Aktivierung, Expansion, 

Migration und Effektorfunktion beitragen, lassen sich vereinfacht als ein 

zirkuläres achtphasiges Modell beschreiben, das mit der 

Konditionierungstherapie der Empfänger beginnt (Abbildung 1) (Zeiser et al., 

2016). Diese Konditionierungstherapie dient der Eradikation des Empfänger-

Immunsystems und der hämatopoetischen Vorläuferzellen im Knochenmark und 

wird gleichzeitig zur Bekämpfung der Tumorzellen oder defekten Zellen des 

Empfängers genutzt (siehe Abschnitt 2.1). Die Konditionierungstherapie leitet 

gleichzeitig die erste Phase der Pathogenese der GVHD ein: 

1. Im Zuge der Konditionierungstherapie durch hochdosierte Chemotherapie 

oder TBI werden die epithelialen Barrieren der Haut, Lunge und 

Gastrointestinaltrakt (GIT) des Empfängers zerstört. Einen besonders 

hohen Stellenwert hat hierbei die Zerstörung der Mukosa des GIT, die eine 

Barriere zu der luminal gelegenen mikrobiellen Besiedelung (vorwiegend 

Bakterien, Viren und Pilzen) des GIT schafft (Zeiser et al., 2016).  

2. Im Zuge des lokalen Barriereschadens erfolgt die Translokation von 

Mikroorganismen und deren PAMPs (Pathogen-associated molecular 

pattern) in die darunter gelegenen Gewebeschichten. Zusätzlich kommt 

es durch die Konditionierungstherapie zur Freisetzung von DAMPs 

(Damage-associated molecular patterns) wie ATP oder Harnsäure aus 

zerstörten Körperzellen (Toubai et al., 2016; Zeiser et al., 2016).  
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3. DAMPs und PAMPs werden von Mustererkennungsrezeptoren (Pattern 

Recognition Receptors, PRRs) verschiedener lokaler Zellen erkannt und 

bewirken deren Aktivierung (Heidegger et al., 2014; Zeiser et al., 2016). 

Die Aktivierung von antigenpräsentierenden Zellen (APC) und 

angeborenen Effektorzellen wie z.B. neutrophilen Granulozyten bewirkt 

einen sich selbst weiter stimulierenden Zytokinsturm (u.a. IL-1b IL-6, 

TNFa) und die Verstärkung des lokalen Gewebeschadens und Zelltod z.B. 

durch freigesetzte reaktive Sauerstoffspezies (Zeiser et al., 2016).  

4. Im Zuge der Zytokinfreisetzung und als Folge des proinflammatorischen 

Milieus erfolgt die Migration und Reifung von Dendritischen Zellen (DC) 

aus sekundären lymphatischen Organen in zentral gelegene lymphatische 

Organe. Auf diese Weise kommt es zu einem erhöhten Kontakt von APC 

und allogenen T-Zellen (Zeiser et al., 2016).  

5. Die Interaktion von stark aktivierten APC und den durch den Zytokinsturm 

ebenfalls bereits voraktivierten allogenen T-Zellen bewirkt ein starkes T-

Zell Priming und deren Aktivierung. (Zeiser et al., 2016). Die genauen 

Antigene, die zur T-Zell Aktivierung beitragen sind Bestandteil aktueller 

Forschung. Neben den spezifischen Gewebeantigenen (MHC-Komplexen) 

des Empfängers, spielen auch auf MHC-Komplexen präsentierte und zuvor 

prozessierte Antigene (incl. mikrobielle Antigene) eine entscheidende 

Rolle bei der T-Zell-Rezeptor Aktivierung der Spender T-Zellen (Koyama et 

al., 2016).   

6. Im Zuge der T-Zell Aktivierung erfolgt deren Differenzierung und 

Expansion (Zeiser et al., 2016).  

7. Im Anschluss an die Expansion erfolgt die Einwanderung der T-Zellen in die 

Zielorgane des stattgefundenen T-Zell-Primings und damit auch 

maßgeblich in den GIT (Beilhack et al., 2005; Zeiser et al., 2016).  
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8. Die einwandernden T-zellen bewirken in den Zielorganen einen akuten 

Gewebeschaden, der je nach Ausmaß der Erkrankung mit massivem 

Zelluntergang einhergehen kann. Der Organschaden der multiplen 

Zielorgane führt letztlich zu einer systemischen Entzündung mit oftmals 

letalen Folgen.  

Schlussendlich resultiert ein Circulus vitiosus, da der Gewebeschaden wiederum 

zu Zelltod und neuem epitehlialen Barriereschaden und damit zu der erneuten 

Freisetzung von DAMPs und PAMPs führt (Zeiser et al., 2016). 

 

 

Abbildung 1: Pathogenese der GVHD initiiert durch zytotoxische Konditionierungstherapien 
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2.4 Die intestinale Barriere bei der Pathogenese der Graft-versus-host disease 

Eine gestörte intestinale Homöostase mit beeinträchtigter Barrierefunktion gilt 

als Disposition für eine Vielzahl von Autoimmunerkrankungen oder 

Erkrankungen mit immunpathogener Komponente. Beispiele sind mikrobielle 

Infektionen, Morbus Crohn, Colitis Ulcerosa, Zöliakie, Diabates melitus, 

Metabolisches Syndrom, NAFLD (Nicht-alkoholische Fettleber) bis hin zum 

septischen Schock (Groschwitz et al., 2009; Sanchez de Medina et al., 2014; Yan 

et al., 2013). Zur epithelialen Barrierefunktion gehören in diesem 

Zusammenhang mindestens zwei wesentliche Funktionen: ein mechanisch 

intaktes Epithel wehrt das Eindringen von luminal gelegenen Organismen und 

Toxinen ab und verhindert im Gegenzug den Verlust von körpereigenen Stoffen, 

wie z.B. Flüssigkeit, Proteinen oder Elektrolyten. Außerdem gehören intestinale 

Epithelzellen zur Frontlinie der Immunantwort, da sie durch ihre Produktion von 

antimikrobiellen Peptiden (AMPs), wie z.B. Reg3γ, bei der physiologischen 

Keimbesiedlung des Darms eine entscheidende Rolle spielen (Peterson et al., 

2014).  

Bei der Pathogenese der GVHD spielen beide Komponenten eine maßgebliche 

Rolle. Durch die Konditionierungstherapie vor Transplantation kommt es zu 

zytotoxischem Schaden der Darmepithelzellen incl. deren Stammzellen und zu 

deren Zelltod. Die direkte Folge sind epitheliale Barrieredefekte, die eine 

Freilegung der physiologisch „sterilen“ Lamina propria (LP) bewirken. Die in der 

LP gelegenen Immunzellen registrieren das Eindringen von Pathogenen oder 

deren PAMPs und lösen eine massive Entzündungskaskade aus (siehe Abschnitt 

2.3). Am Ende der Entzündungskaskade steht die Einwanderung von 

zytotoxischen allo-reaktiven T-zellen, die das Darmepithel erneut angreifen und 

erneute Barrieredefekte bewirken (Heidegger et al., 2014; Zeiser et al., 2016). 

Zusätzlich zu dem Verlust der mechanisch intakten Gewebeschicht bewirkt die 
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Zerstörung des Darmepithels eine gestörte Expression von AMP. Dieser Vorgang 

fördert die weitere Invasion von Keimen. Zusätzlich wird die Zusammensetzung 

der intestinalen mikrobiellen Besiedelung und damit Wiederherstellung der 

intestinalen Immun- und Epithelhomöostase behindert (Weber et al., 2017). Eine 

gestörte intestinale Homöostase und ein in seiner Diversität kompromittiertes 

Mikrobiom trägt weiter zur Entwicklung und Aufrechterhaltung einer GVHD bei 

(Jenq et al., 2012; Shono et al., 2016). 

 

2.5 Die zytosolischen Nukleinsäurerezeptoren RIG-I und cGAS 

Zu den bedeutendsten Mustererkennungsrezeptoren für Nukleinsäureren 

gehören die membrangebundenen Toll-like Rezeptoren TLR3, TLR7, TLR8, TLR9, 

die zytosolischen RIG-I-like Rezeptoren (RLR) RIG-I und MDA5 sowie der 

zytosolische Rezeptor cGAS (Schlee et al., 2016).  

Die Stimulation dieser Signalwege induziert jeweils sowohl die Expression von 

Typ-I Interferon (IFN) und IFN- stimulierten Genen (ISGs) als auch die Aktivierung 

von NFκB Transkriptionsfaktoren (Cai et al., 2014; Schlee et al., 2016). Die 

Kombination aus NFκB-Aktivierung und Typ-I IFN-Signaling spielt eine 

Schlüsselrolle bei der Initiierung der Immunabwehr gegen virale Infektionen 

durch das angeborene Immunsystem (Schlee et al., 2016). Zusätzlich tragen 

zytosolische Nukleinsäurerezeptoren auch zur Abwehr von intrazellulären 

bakteriellen Infektionen bei. Neue Erkenntnisse deuten darauf hin, dass sie auch 

bei der Erkennung und Kontrolle von genotoxischem Zellschaden involviert sind 

(Cai et al., 2014; Hu et al., 2016; Schlee et al., 2016).  

In den letzten Jahren wurden die kürzlich neu entdeckten Rezeptoren RIG-I und 

cGAS intensiv studiert. Der RNA Rezeptor RIG-I und der DNA Rezeptor cGAS 

können neben viralen und bakteriellen Nukleinsäuremotiven auch durch 

künstliche Liganden stimuliert werden. Starke RIG-I Liganden zeichnen sich 
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hierbei durch eine doppelsträngige RNA Struktur mit einer Länge von ca. 18 - 300 

Basenpaaren und ein am 5‘ Ende gelegenes Di- oder Triphosphat (2pRNA, 

3pRNA) aus (Schlee et al., 2016; J. Wu et al., 2014). Liganden für den Rezeptor 

cGAS sind v.a. durch ihre doppelsträngige DNA Struktur und eine Länge von mehr 

als 25 (murine cGAS Liganden) bzw. 40 - 80 (humane cGAS Liganden) 

Basenpaaren charakterisiert (Schlee et al., 2016). Auch wenn es erst kürzlich 

gelungenen ist, RIG-I und cGAS genauer zu charakterisieren, konnte bereits 

mithilfe von präklinischen Modellen für v.a. Tumor- und Infektionserkrankungen 

mehrfach gezeigt werden, dass die gezielte Aktivierung von RIG-I und cGAS 

therapeutisch genutzt werden kann (Ireton et al., 2011; Ng et al., 2017; Y. Wu et 

al., 2017).  
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3. Wissenschaftliche Fragestellungen 

3.1 Originalarbeit 1: Etablierung neuer Analysemethoden zur Messung von 

intestinalem Integritätsverlust bei akutem Gewebeschaden  

Eine wichtige Funktion des Gastrointestinaltrakts ist es, eine Barriere zwischen 

dem sterilen Körperinneren und seinen luminalen Oberflächen zu schaffen. Bei 

akutem Gewebeschaden durch Traumata, Infektionen, Autoimmun-

erkrankungen oder auch toxischen Nebenwirkungen von Therapien kann diese 

Darmintegrität Schaden nehmen. Dieser Verlust der intestinalen Integrität spielt 

eine entscheidende Rolle bei der Pathogenese vieler Erkrankungen, wie z.B. der 

GVHD nach allo-HSZT (siehe Abschnitt 2.4).   

In der präklinischen Forschung besteht ein breites Spektrum an Methoden, um 

Gewebe- und Zellschäden qualitativ und quantitativ zu bestimmen. Neben 

morphologischen und damit v.a. histopathologischen Gewebeanalysen, kann die 

Aktivität und Viabilität von Zellen mithilfe verschiedener biochemischer und 

molekularbiologischer Techniken analysiert werden.  Im Gegensatz zu diesen 

vielseitigen Analyseverfahren zur Charakterisierung von gewonnenen Geweben, 

Zellpräparaten oder einzelnen Zellen, ist das methodische Spektrum, das zur 

funktionellen in vivo Analyse ganzer Gewebe- und Organfunktionen angewendet 

werden kann, limitiert.  

Zur Messung der intestinalen Integrität als Funktion der Darmschleimhaut ist der 

intestinale FITC-Dextran Permeabilitäts Assay der Goldstandard, der in vielen 

Krankheitsmodellen Anwendung findet (An et al., 2007; Fouts et al., 2012; Furuta 

et al., 2001; Hanash et al., 2012; Hartmann et al., 2013; Napolitano et al., 1996; 

Viaud et al., 2013). Bei diesem in vivo Assay wird FITC-Dextran, ein 

hochmolekulares, physiologisch nicht verdauliches und mit dem 

fluoreszierenden Farbstoff FITC (Fluorescein isothiocyanate) markiertes 

Polysaccharid, den Versuchstieren oral per Gavage zugeführt. Im Verlauf werden 
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Blutproben der Versuchstiere gewonnen und deren FITC-Dextran Gehalt 

bestimmt. Da FITC-Dextran bei intakter Darmepithelbarriere weder transloziert 

noch resorbiert wird, korreliert die im Blutkreislauf gemessene FITC-Dextran 

Konzentration invers mit der intestinalen Integrität.  

Obwohl der intestinale FITC-Dextran-Permeabilitäs-Assay in einer Vielzahl von 

Krankheitsmodellen mit postuliertem intestinalem Gewebeschaden 

angewendet wird, sind grundlegende Charakterisierungen seiner 

messtechnischen Qualitäten unbekannt. Im Speziellen gibt es keine genauen 

Informationen zur Sensitivität, Spezifität und Versatilität des Assays. In der 

Zusammenschau der bisherigen Forschungsergebnisse konnte außerdem gezeigt 

werden, dass auch die zusätzlich bekannten funktionellen oder 

molekularbiologischen angewendeten Analysemethoden zur Bestimmung der 

intestinalen Integrität mit individuellen Limitationen behaftet sind (Bischoff et 

al., 2014; L. Wang et al., 2015). Aktuell sind deshalb zusätzliche qualitativ 

hochwertige und neue Methoden ausstehend, um zufriedenstellend valide 

Aussagen über die intestinale Epithelintegrität treffen zu können.  

Kürzlich wurde im Rahmen von Forschungsarbeiten zur Rolle von neutrophilen 

Granulozyten in der GVHD gezeigt, dass es nach Chemotherapie, TBI oder GVHD 

induziertem akuten Gewebeschaden zu einer massiven Infiltration von 

neutrophilen Granulozyten in die intestinale Lamina Propria kommt (Schwab et 

al., 2014). In diesem Zusammenhang stellt sich nun die für die vorliegende Arbeit 

leitende Frage, ob die gezielte und standardisierte Quantifizierung dieser 

Granulozyten-Infiltration als quantifizierbarer Marker für intestinalen 

Integritätsverlust genutzt werden kann, welcher Mechanismus dieser Infiltration 

zugrunde liegt und mit welchen Qualitäten und Limitationen dieser Assay 

behaftet wäre. Im Speziellen stellen sich folgende Fragen:  
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(I) Kann die Analyse der Infiltration von neutrophilen Granulozyten als 

neuer Marker für intestinalen Integritätsverlust im Rahmen eines 

akuten Gewebeschadens genutzt werden? 

(II) Welche messtechnischen Qualitäten (u.a. Sensitivität, Spezifität) und 

wissenschaftlichen Limitationen bringt die Bestimmung der 

intestinalen Granulozyten Infiltration bei der Messung eines 

intestinalen Integritätsverlusts mit sich? 

(III) Welche Vor- und Nachteile lassen sich mithilfe des neutrophilen 

Granulozyten-Infiltrations-Assays im Vergleich zu dem als Goldstandart 

bekannten intestinalen FITC-Dextran-Permeabilitäts-Assay und 

anderen Methoden zur Messung der intestinalen Epithelintegrität 

erzielen? 

(IV) Welcher Mechanismus liegt der intestinalen Infiltration der 

neutrophilen Granulozyten bei intestinalem Integritätsverlust 

zugrunde? 

(V) Lässt sich der Granulozyten-Infiltrations-Assay zur Erforschung 

unbekannter Signalwege in klinisch relevanten Krankheitsmodellen mit 

postuliertem intestinalem Integritätsverlust anwenden? 

 

3.2. Originalarbeit 2: Charakterisierung der zytosolischen Nukleinsäure-

rezeptoren RIG-I und cGAS bei akutem Gewebeschaden und der Graft-versus-host 

disease 

Die zytosolischen Nukleinsäurerezeptoren RIG-I und cGAS spielen nicht nur bei 

der Erkennung von Infektionen durch das angeborene Immunsystem eine 

wichtige Rolle (siehe Abschnitt 2.5), sondern haben nach jüngsten Erkenntnissen 

auch entscheidende Funktionen bei der Pathogenese von intestinalen 

Autoimmun- und Tumorerkrankungen (X. D. Li et al., 2011; Y. Wang et al., 2007; 
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Q. Zhu et al., 2014). Im Speziellen wurde postuliert, dass RIG-I Aktivierung durch 

bakterielle RNA im Darmepithel zur intestinalen Homöostase beiträgt und die 

Entwicklung einer experimentellen Colitis kontrollieren kann (X. D. Li et al., 

2011).  Der Aktivierung von intrazellulären DNA Rezeptoren wurde eine 

entscheidende Rolle bei der Kontrolle intestinaler epithelialer Proliferation und 

experimenteller Karzinogenese sowie Regulation von akutem Gewebeschaden 

zugeschrieben (Ahn et al., 2015; Hu et al., 2016).   

Im Gegensatz zu diesen thematisch verwandten Beobachtungen liegen aktuell 

keine Erkenntnisse über eine Rolle der zytosolischen Nukleinsäurerezeptoren 

RIG-I und cGAS bei der Reaktion auf Hochdosisbestrahlung, Chemotherapie und 

Entwicklung einer akuten GVHD vor. Vor diesem Hintergrund stellen sich für die 

vorliegende Arbeit folgende Fragen: 

(I) Spielen die Rezeptoren RIG-I und cGAS eine Rolle bei der Regulation 

von akutem Gewebeschaden (durch alleinige TBI oder Chemotherapie) 

und der Entwicklung einer akuten Graft-versus-host disease? 

(II) Durch welchen Mechanismus beeinflussen die Rezeptoren RIG-I und 

cGAS akuten Gewebeschaden und die Pathogenese der akuten Graft-

versus-host disease?  

a. Welche Zelltypen sind für die RIG-I oder cGAS abhängige Regulation 

der Pathogenese der akuten GVHD verantwortlich? 

b. Welche Phasen der Pathogenese der akuten Graft-versus-host 

disease werden durch die Rezeptoren RIG-I und cGAS beeinflusst? 

c. Spielen die Rezeptoren RIG-I und cGAS eine Rolle bei der Regulation 

der intestinalen Integrität und Darmpermeabilität, die im Zentrum 

der Pathogenese der akuten GVHD steht? 
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(III) Lässt sich durch die Aktivierung von RIG-I oder cGAS ein 

therapeutischer Effekt zur Milderung eines akuten Gewebeschadens 

und der akuten Graft-versus-host disease erzielen? 

(IV) Durch welchen Mechanismus beeinflusst eine therapeutische 

Aktivierung von RIG-I oder cGAS die Pathogenese von akutem 

Gewebeschaden und akuter Graft-versus-host disease?  

a. Zu welchem Zeitpunkt der allo-HSCT und GVHD Entwicklung ist eine 

Therapie mit RIG-I oder cGAS Liganden möglich und erfolgreich? 

b. Welche Signalwege und Botenstoffe werden durch die RIG-I oder 

cGAS Aktivierung freigesetzt und sind für den Effekt der Therapie 

verantwortlich? 

c. Welche Zielzellen reagieren auf die durch RIG-I oder cGAS 

Aktivierung freigesetzten Botenstoffe? 

d. Welche Phase der Pathogenese einer akuten GVHD wird durch die 

gezielte Aktivierung von RIG-I oder cGAS beeinflusst? 

e. Spielen die gezielte Aktivierung von RIG-I und cGAS eine Rolle bei 

der Regulation der intestinalen Integrität und Darmpermeabilität, 

die im Zentrum der Pathogenese der akuten GVHD steht? 
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4. Methodik und Lösungsansätze 

4.1 Originalarbeit 1: Charakterisierung des intestinalen Granulozyten Infiltrations-

Assays zur Messung von intestinalem Integritätsverlust bei akutem 

Gewebeschaden 

Um zu prüfen, ob die intestinale Infiltration von neutrophilen Granulozyten als 

wissenschaftlicher Assay zur Evaluation der intestinalen Integrität bei akutem 

Gewebeschaden genutzt werden kann, wurde dieser neue Assay mit dem 

Goldstandard, dem intestinalen FITC-Dextran-Permeabilitäts-Assay, verglichen.  

Bei diesem Vergleich wurden neben den Analysen der Sensitivität und Spezifität 

der beiden Assays auch weitere Qualitäten wie Versatilität und Breite der 

Detektionsbereiche berücksichtigt. Folgende Lösungsansätze wurden hierbei im 

Speziellen untersucht bzw. angewendet:  

(I) Da sich ein durch TBI oder Chemotherapie ausgelöster akuter 

Gewebeschaden zuverlässig induzieren und objektiv titrieren lässt, 

wurden diese beiden Modelle für die weiteren Analysen ausgewählt.   

(II) Zur Untersuchung der messtheoretischen Sensitivität und Spezifität der 

beiden Assays wurde die intestinale neutrophile Granulozyten-

Infiltration und FITC-Dextran-Translokation in genoxotisch behandelten 

und unbehandelten Versuchstieren untersucht. Da die Größe der 

Versuchsgruppen und damit resultierende Anzahl an Messwerten aus 

tierversuchsmethodischen Gründen limitiert war, wurde im Anschluss 

die den Messwerten der Versuchsgruppen zugrundeliegenden 

Normalverteilungen modelliert. Mithilfe der errechneten 

Normalverteilungen wurde danach abgeschätzt, welche Werte sich für 

die Sensitivität und Spezifität der beiden Assays ergeben, um zwischen 

behandelten und unbehandelten Tieren zu unterscheiden.  
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(III) Zur Analyse der Detektionsbereiche der beiden untersuchten Assays 

wurden verschiedene Dosen an TBI oder Chemotherapie appliziert und 

die neutrophile Granulozyten-Infiltration bzw. FITC-Dextran-

Translokation analysiert. 

Zur Interpretation des neutrophilen Granulozyten-Infiltrations-Assays wurde 

außerdem die Frage beantwortet, welcher grundlegende Mechanismus der 

Infiltration zugrunde liegt. In diesem Zusammenhang legen neue Erkenntnisse 

nahe, dass die Translokation von Bakterien nach intestinalem Integritätsverlust 

die Einwanderung von neutrophilen Granulozyten bewirken könnte (siehe 

Abschnitt 3.1). Diese Hypothese wurde für TBI- und Chemotherapie-induzierten 

intestinalen Integritätsverlust untersucht.  

(IV) Um zu überprüfen, ob das bakterielle Mikrobiom bei der Infiltration 

von neutrophilen Granulozyten eine maßgebliche mechanistische Rolle 

spielt, wurde die durch akuten Gewebeschaden induzierte Infiltration 

von neutrophilen Granulozyten in Versuchstiere, die mit einem 

darmdekontaminierenden Antibiotikacocktail vorbehandelt wurden, 

mit nicht vorbehandelten Versuchstieren verglichen. 

Zur Evaluation des wissenschaftlichen Nutzens des neutrophilen Granulozyten-

Infiltrations-Assays in klinisch relevanten Krankheitsmodellen wurde der Assay 

im Rahmen der Analyse der Rolle von RIG-I und cGAS bei akutem intestinalen 

Gewebeschaden angewendet (siehe Originalarbeit 2).  

 

4.2. Originalarbeit 2: Untersuchung der Rolle der zytosolischen 

Nukleinsäurerezeptoren RIG-I und cGAS bei der Graft-versus-host disease 

Zur Analyse der Rolle der Signalwegen RIG-I und STING bei akutem 

Gewebeschaden nach TBI, Chemotherapie und der Pathogenese der akuten 

GVHD wurden folgende Lösungsansätze und Methoden untersucht bzw. 

angewendet: 
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(I) Zur Untersuchung der Rolle der zytosolischen Nukleinsäurerezeptoren 

RIG-I und cGAS bei akutem Gewebeschaden und der Entwicklung einer 

akuten GVHD, wurden transgene Mäuse verwendet, die Defekte in den 

Signalwegen von RIG-I oder cGAS tragen.  

a. Für den RNA-Rezeptor RIG-I stehen transgene knock-out (KO) 

Mäuse zu Verfügung, in denen RIG-I nicht exprimiert wird (Y. Wang 

et al., 2007). Da RIG-I KO (RIG-I-/-) Tiere autoimmune 

Krankheitszeichen entwickeln, wurden für einen Großteil der 

mechanistischen in vivo und in vitro Analysen MAVS KO (MAVS-/-) 

Tiere verwendet, für die keine spontanen pathologischen 

Phänotypen bekannt sind (Meylan et al., 2005; Y. Wang et al., 2007). 

MAVS-/- Tieren fehlt in allen Körperzellen das mitochondrionale 

Adapterprotein MAVS, an welches RIG-I nach seiner Aktivierung 

bindet. Nach Bildung des RIG-I/MAVS Komplexes fungiert MAVS als 

Signalplattform und unumgängliche Grundlage für die Induktion 

von Typ-I IFN, IIGs und NFκB-Aktivierung.   

b. Zur Analyse des cGAS Signalwegs wurden uns zur Verfügung 

stehende STING KO Tiere verwendet (Sauer et al., 2011). Analog zu 

MAVS im Zusammenspiel mit RIG-I fungiert STING als ein 

essentielles Adapterprotein für cGAS und dessen Funktion nach 

Aktivierung (Schlee et al., 2016). Zur Analyse eines möglichen 

therapeutischen Nutzens der gezielten cGAS/STING Aktivierung 

wurde komplexierte interferon-stimulierende DNA (ISD) 

angewendet, für die eine Aktivierung des STING Signalwegs bekannt 

ist (Ishikawa et al., 2009). 

(II) Zur Identifikation der Zellen, in denen der RIG-I/MAVS oder cGAS/STING 

Signalweg bei den untersuchten Krankheitsmodellen eine Rolle spielt, 
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wurden murine Knochenmarkschimären hergestellt: Hierbei wurde 

transgenen und regulären (Wild-typ) Empfängertieren nach einer 

Konditionierungstherapie mit TBI syngenes Knochenmark 

transplantiert, das entweder aus transgenen oder Wild-Typ 

Empfängertieren gewonnen wurde.  Zwei Monate nach dieser 

syngenen HSZT konnten diese generierten Chimären, deren 

hämatopoetische Zellen jetzt aus dem Spenderknochenmark 

stammten, für weitere Analysen verwendet werden. 

(III) Zur Untersuchung eines möglichen therapeutischen Effekts der RIG-I 

Aktivierung im Rahmen von akutem Gewebeschaden nach TBI, 

Chemotherapie und der akuten GVHD wurde 3pRNA verwendet (siehe 

Abschnitt 2.5). 3pRNA kann mit einem lipophilen Carrier komplexiert in 

vivo angewendet werden und führt zu einer starken RIG-I Aktivierung 

(Poeck et al., 2008).   

(IV) Zur Untersuchung eines möglichen therapeutischen Effekts der 

gezielten cGAS/STING Aktivierung wurde komplexierte interferon-

stimulierende DNA (ISD) angewendet, für die eine Aktivierung des 

STING Signalwegs bekannt ist (Ishikawa et al., 2009). 

(V) Zur Analyse des Zeitpunktes, an dem die RIG-I oder cGAS Aktivierung 

bzw. deren Botenstoffe einen therapeutischen Effekt induzieren, 

wurden die Liganden zu unterschiedlichen Zeitpunkten (u.a. am Tag vor 

allo-HSZT, am Tag der allo-HSZT und am Folgetag der allo-HSZT) 

appliziert und die Effekte auf die Pathogenese der GVHD studiert. 

(VI) Zur Analyse der Botenstoffe und Signalwege, die durch eine 

therapeutische RIG-I oder cGAS Aktivierung beeinflusst werden, 

wurden Typ-I Interferon neutralisierende Antikörper eingesetzt. Zur 

genaueren Analyse der Zellen, auf die Typ-I Interferon wirkt, wurden 
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konditionale KO Mäuse verwendet, in denen der Typ-I Interferon 

Rezeptor nur auf bestimmten Körperzellen nicht exprimiert wird.  

(VII) Zur Analyse der Rolle der Signalwege RIG-I/MAVS und cGAS/STING bei 

der Regulation der intestinalen Darmintegrität und Permeabilität im 

Rahmen von akutem Gewebeschaden, wurden die Versuchstiere nach 

TBI, Chemotherapie oder während akuter GVHD mit dem intestinalen 

FITC-Dextran-Translokation-Assay sowie dem intestinalen 

Granulozyten-Infiltrations-Assay (siehe Originalarbeit 1) analysiert. 

Analoge Analysen erfolgten nach Applikation der Liganden 3pRNA und 

ISD zur Untersuchung der intestinalen Integrität nach Aktivierung von 

RIG-I oder cGAS. 

(VIII) Zur Untersuchung der Rolle der RIG-I/MAVS und cGAS/STING 

Signalwege auf die intestinale Epithelregeneration wurden 

Stammzellkulturen (sogenannte intestinale Organoid Kulturen) mit 

intestinalen Epithelzellen aus transgenen Mäusen mit defekten 

Signalwegen generiert und analysiert. Zur Analyse der Effekte der RIG-I 

oder cGAS Aktivierung auf die intestinale Organoidformation wurde das 

Organoidwachstum von Kulturen studiert, die mit RIG-I oder cGAS 

Liganden stimuliert worden waren. Außerdem wurde die Entwicklung 

von Organoiden analysiert, die aus Mäusen gewonnen worden waren, 

die zuvor mit RIG-I- oder cGAS-Liganden behandelten worden waren.     
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5. Zusammenfassung der Ergebnisse der Originalarbeiten 

5.1. Fischer et al „Assessment of mucosal integrity by quantifying neutrophil 

granulocyte influx in murine models of acute intestinal injury” 

In dieser Arbeit zeigen wir, dass sich das Ausmaß eines durch TBI oder 

Chemotherapie ausgelösten intestinalen epithelialen Integritätsverlusts durch 

die quantitative Bestimmung der Invasion von neutrophilen Granulozyten in die 

intestinale Lamina Propria scharf abbilden lässt.  

Gängige Verfahren zur Bestimmung des Verlusts der intestinalen epithelialen 

Integrität, wie der intestinale FITC-Dextran-Permeabilitäts-Assay, sind in der 

Lage, stark ausgeprägten intestinalen Gewebeschaden, wie z.B. während der 

akuten GVHD nach allogener hämatopoetischer Stammzelltransplantation, 

nachzuweisen. Hat der Schaden, der untersucht werden soll, jedoch ein 

geringeres Ausmaß, wie z.B. nach der alleinigen Applikation einer hohen Dosis 

TBI oder Chemotherapie, stößt der FITC-Dextran-Permeabilitäts-Assay an seine 

Nachweisgrenze und verliert bei der Differenzierung von behandelten und 

unbehandelten Tieren an Sensitivität und Spezifität.  

Die Messung der neutrophilen Granulozyten-Invasion ermöglicht es hingegen, 

intestinalen akuten Gewebeschaden nach Applikation von hohen TBI und 

Chemotherapie Dosen nachzuweisen und zwischen behandelten und 

unbehandelten Mäusen mit sehr hoher Genauigkeit zu differenzieren. Zusätzlich 

ist die quantitative Erfassung der neutrophilen Granulozyten Invasion auch in der 

Lage, intestinalen Gewebeschaden nach Behandlung mit einer reduzierten TBI 

oder Chemotherapie Dosis sensitiv zu erfassen.  

Mechanistisch können wir belegen, dass die Reduktion der Darmbakterienlast 

der Versuchstiere die Invasion von neutrophilen Granulozyten nach TBI oder 

Chemotherapie induziertem intestinalen Gewebeschaden reduziert und damit 

für die Invasion der neutrophilen Granulozyten verantwortlich ist.  
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In Summe lassen sich diese Beobachtungen zu folgendem Modell 

zusammenführen: TBI und Chemotherapie bewirken einen dosisabhängigen 

Darmschaden, der einen Verlust der Integrität des Darmepithels bewirkt. Dieser 

Integritätsverlust wiederum hat eine Translokation von Darmbakterien in die 

unter dem Epithel gelegene Lamina Propria zur Folge. Im Zuge dieser 

Translokation erfolgt eine Einwanderung von neutrophilen Granulozyten in die 

Lamina Propria. Die Bestimmung des Ausmaßes dieser neutrophilen 

Granulozyten-Invasion stellt damit eine neue Vorgehensweise zur Messung der 

intestinalen Epithelintegrität dar.  

Diese neutrophile Granulozyten-Infiltrations-Analyse kann ergänzend zu bereits 

verwendeten Methoden, wie z.B. dem intestinalen FITC-Dextran-Permeabilitäts-

Assay, der Bestimmung von Tight-Junction-Protein Expressionen, fäkalen 

Albumin-Konzentrationen oder Calprotectin-Konzentrationen im Blut 

verwendet werden, um ein vollständiges Bild der intestinalen Darmintegrität in 

Modellen von akutem intestinalem Gewebeschaden zu erhalten. 

 

Julius Clemens Fischer, der Erstautor der Veröffentlichung „Assessment of 

mucosal integrity by quantifying neutrophil granulocyte influx in murine models 

of acute intestinal injury“ entwickelte die Grundidee für die Studie, konzipierte 

die durchgeführten Versuche, führte die Experimente durch, analysierte die 

Ergebnisse und verfasste das Manuskript.  

 

5.2. Fischer et al. „RIG-I/MAVS and STING signaling promote gut integrity during 

irradiation- and immune-mediated tissue injury” 

In dieser Arbeit zeigen wir, dass sowohl die endogene als auch die zielgerichtete 

therapeutische Aktivierung von RIG-I/MAVS und cGAS/STING akuten 
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Darmschaden nach Bestrahlung, Chemotherapie und im Zuge der akuten GVHD 

reduziert.  

In MAVS-defizienten Mäusen führt akuter Gewebeschaden nach TBI, 

Chemotherapie und im Verlauf der akuten GVHD nach allogener 

hämatopoetischer Stammzelltransplantation zu erhöhtem intestinalem 

Gewebeschaden und einem Funktionsverlust der intestinalen epithelialen 

Barriere. Dieses Defizit zeigt sich durch eine reduzierte epitheliale Integrität, die 

mit einer erhöhten Infiltration von neutrophilen Granulozyten, erhöhter FITC-

Dextran-Translokation sowie einer verminderten Expression von AMP durch das 

Darmepithel verbunden ist. Schlussendlich bewirkt dieser epitheliale 

Funktionsverlust ein reduziertes Überleben im Verlauf der akuten GVHD nach 

allogener HSZT. Mechanistisch lässt sich diese Beobachtung auf den defekten 

MAVS-Signalweg im nicht-hämatopoetischen System zurückführen, der zu einer 

reduzierten intestinalen Epithelregeneration des intestinalen 

Stammzellkompartments führt.   

Umgekehrt führt die zielgerichtete therapeutische Aktivierung des RIG-I/MAVS 

Signalwegs durch 3pRNA vor der Applikation von TBI, Chemotherapie oder einer 

allogenen HSZT zu gegensätzlichen Effekten. Die Target-Therapie von RIG-I 

bewirkt eine erhöhte intestinale epitheliale Barrierefunktion (reduzierte 

Permeabilität, verminderte Infiltration von neutrophilen Granulozyten und 

erhöhte Produktion von AMPs) und ein erhöhtes Überleben im Verlauf der 

akuten GVHD nach allogener HSZT. Mechanistisch sind diese Beobachtungen auf 

eine durch 3pRNA induzierte Typ-I IFN Antwort zurückzuführen, die bei genauen 

Timing der Wirkung eine erhöhte Epithelregeneration des intestinalen 

epithelialen Stammzellkompartments bewirkt. Die therapeutische Aktivierung 

von RIG-I führt dabei zu einer verminderten T-Zell Aktivierung, ohne den durch 

allogene T-Zellen vermittelten GVL-Effekt zu kompromittieren. 
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Analog zu RIG-I und MAVS-defizienten Mäusen führt ein defekter STING 

Signalweg ebenfalls zu vermindertem Überleben nach allo-HSZT und verstärkter 

Entwicklung einer akuten GVHD. Analog zu der therapeutischen Applikation von 

3pRNA führt auch der zielgerichtete Einsatz von ISD zu therapeutischen Effekten, 

die ebenfalls eine erhöhte Epithelfunktion, Regeneration des intestinalen 

Stammzellkompartments und Überleben nach allo-HSZT, bewirken. 

 

Julius Clemens Fischer, der Erstautor der Veröffentlichung „RIG-I/MAVS and 

STING signaling promote gut integrity during irradiation- and immune-mediated 

tissue injury“ entwickelte Ideen für die Studie, konzipierte die durchgeführten 

Versuche, führte einen Großteil der Experimente durch oder analysierte deren 

Ergebnisse und verfasste das Manuskript.  
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6. Bezug zur bestehenden Literatur und Schlussfolgerungen  

In der derzeitigen präklinischen Forschung ist es von entscheidender Bedeutung, 

ein verbessertes Verständnis über die intestinale Epithelfunktion, 

Epithelregeneration und Immunhomöostase des GIT zu erlangen (Peterson et al., 

2014). Um den aktuellen Fragestellungen zur Veränderung der Epithelfunktion 

in klinisch relevanten Krankheitsmodellen gerecht zu werden, sind zusätzliche 

und an die neuen Fragestellungen angepasste Methoden essentiell (Bischoff et 

al., 2014). Unsere Etablierung und Charakterisierung des intestinalen 

neutrophilen Granulozyten-Infiltrations-Assays stellt eine entscheidende 

Ergänzung zu den derzeitig verbreiteten Methoden zur Analyse der intestinalen 

Epithelfunktion und intestinalen Integrität dar. Die intestinale Granulozyten-

Infiltration korreliert dosisabhängig mit dem applizierten Schaden durch 

Bestrahlung oder Chemotherapie und bringt eine höhere Sensitivität als der 

derzeitige Goldstandard, der intestinale FITC-Dextran-Permeabilität-Assay, mit 

sich. Im Rahmen unserer Studie zur Rolle der zytosolischen Nukleinsäure-

Rezeptoren und Signalwege RIG-I/MAVS und cGAS/STING bei akutem 

Gewebeschaden und der akuten GVHD nach allo-HSZT haben wir diese 

Qualitäten erstmals direkt nutzen können. Wir haben gezeigt, dass ein defekter 

RIG-I/MAVS Signalweg bei akutem intestinalen Gewebeschaden zu einer 

verstärkten intestinalen Infiltration von neutrophilen Granulozyten führt. Diese 

Beobachtung korrelierte mit weiteren Charakteristika einer verminderten 

intestinalen Integrität, wie etwa der erhöhten FITC-Dextran Permeabilität in 

MAVS-/- Mäusen während einer akuten GVHD. Wir konnten hierbei 

mechanistisch aufdecken, dass die RIG-I/MAVS oder cGAS/STING Signalwege die 

intestinale Epithelregeneration beeinflussen können.  Bezüglich der Steuerung 

der intestinalen Epithelfunktion und Regeneration konnte kürzlich gezeigt 

werden, dass der IL-22 Signalweg einen Schlüsselregulator darstellt. Mäuse mit 
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defektem IL-22 Signalweg weisen im Rahmen akuter intestinaler 

Gewebeschädigung einen erhöhten intestinalen Integritätsverlust auf (Hanash 

et al., 2012). Folgearbeiten konnten zeigen, dass IL-22 die intestinale 

Epithelregeneration über das intestinale Stammzellkompartiment steuert 

(Lindemans et al., 2015). Stimulationen des intestinalen 

Stammzellkompartiments im Allgemeinen und des IL-22 Signalwegs im 

Speziellen  stellen damit hochaktuelle und vielversprechende neue molekulare 

Ziele für die therapeutische Modulation akuter intestinaler 

Gewebeschädigungen dar (Lamarthee et al., 2016). Unsere Arbeiten offenbaren, 

dass die RIG-I/MAVS und cGAS/STING- Signalwege die intestinale 

Epithelregeneration ebenfalls beeinflussen können und dabei ähnliche 

Charakteristika wie die durch IL-22 vermittelte Effekte aufweisen. Ähnlich wie 

Tiere mit defektem IL-22 Signalweg zeigen RIG-I-/-, MAVS-/- oder Tiere mit 

defektem STING Signalweg vermindertes Überleben im Rahmen der akuten 

GVHD. Umgekehrt lässt sich durch die Applikation von RIG-I oder cGAS Liganden 

ein durch Typ-I IFN vermittelter therapeutischer Effekt erzielen, der analog zu 

den Effekten des IL-22 Signalwegs eine erhöhte intestinale Epithelregeneration 

und intestinale Integrität bewirkt. 

Auch wenn weitere Arbeiten ebenfalls eine entscheidende Rolle des Typ-I IFN 

Signalwegs im Rahmen von akuter intestinaler Schädigung und 

Epithelregeneration vermuten lassen (Robb et al., 2011; Sun et al., 2015; 

Tschurtschenthaler et al., 2014), konnten frühe klinische Studien des Typ-I IFN 

Einsatzes im Rahmen der allo-HSZT keine positiven Resultate erbringen, sondern 

zeigten vielmehr relevante Risiken auf (Hehlmann et al., 1999; Kolb et al., 1990; 

Morton et al., 1998; Porter et al., 1994).  Alle diese klinischen Studien haben 

jedoch gemeinsam, dass Typ-I IFN über lange Zeiträume und oftmals bereits über 

mehrere Wochen oder Monate vor Transplantation verabreicht wurde. Im 
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Gegensatz dazu konnten wir in unserer präklinischen Studie zeigen, dass die 

3pRNA oder ISD Gabe nur direkt vor Transplantation der Entwicklung einer 

akuten GVHD vorbeugen kann. Diese „gezielte“ oder „targeted“-Therapie 

bewirkt eine auf wenige Stunden begrenzte Typ-I IFN Induktion. Wir konnten 

zeigen, dass nur ein enges Zeitfenster von wenigen Stunden vor Transplantation 

bis zum Tag der Transplantation existiert, in dem die Typ-I IFN Induktion 

therapeutische Effekte erzielen kann. Spätere „targeted“-Therapie führt zu 

gegensätzlichen Effekten und bewirkt reduzierte Epithelfunktion und reduziertes 

Überleben nach allo-HSZT. Aus diesen Daten lassen sich klare Konzepte für neue 

klinische Studien ableiten, die den gezielten Einsatz von humanen RIG-I- oder 

cGAS-Liganden sowie von rekombinanten Typ-I IFN direkt vor allo-HSZT 

untersuchen.   

Um das Risiko der Entwicklung einer GVHD nach allo-HSZT oder die Entwicklung 

von intestinalen Nebenwirkungen nach Strahlentherapie und Chemotherapie 

besser abschätzen zu können, sind außerdem klinische Studien ausstehend, die 

Polymorphismen der RIG-I/MAVS, cGAS/STING und Typ-I IFN Signalwege im 

Menschen untersuchen und diese mit dem Auftreten intestinaler 

Krankheitsbilder, wie dem der akuten GVHD nach allo-HSZT, korrelieren.   
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6. Abkürzungsverzeichnis 

2pRNA  Diphosphat-RNA 

3pRNA  Triphosphat-RNA 

aGVHD Akute GVHD  

allo-HSZT  allogenen-HSZT  

AMP Antimikrobielles Peptid 

APC Antigenpräsentierende Zelle 

cGAS Cyclic GMP-AMP synthase 

DAMP  Damage-associated molecular pattern 

DC  Dendritische Zelle 

EAE  Experimentelle autoimmune Enzephalomyelitis 

FITC  Fluorescein isothiocyanate 

GIT  Gastrointestinaltrakt 

GVHD  Graft-versus-host disease  

GVL  Graft-versus-Leukemia 

GVT  Graft-versus-Tumor 

HSZT  Hämatopoetische Stammzelltransplantation 

IFN  Interferon  

ISD Interferon stimulierende DNA 

ISGs  IFN- stimulierte Gene 

KO  Knock-out  

LP  Lamina propria 

MAVS  Mitochondrial antiviral-signaling protein 

MDA5  Melanoma Differentiation-Associated protein 5 

mTOR  Mammalian target of rapamycin 

NAFLD  Nicht-alkoholische Fettleber 

NFκB  Nuclear factor 'kappa-light-chain-enhancer' of activated B-cells 

PAMP  Pathogen-associated molecular pattern 

PRR  Mustererkennungsrezeptor (Pattern Recognition Receptor) 

Reg3γ Regenerating islet-derived protein 3 gamma 

RIG-I   Retinoic acid inducible gene I 

RLR  RIG-I like Rezeptor 

TBI  Ganzkörperbestrahlung (total body irradiation) 

TLR  Toll-like Rezeptor 
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A B S T R A C T

Intact epithelial body surfaces represent physical barriers which protect the organism from invading pathogens

and loss of nutrients. Barrier malfunction is closely linked to disorders such as inflammatory bowel disease and

graft-versus-host disease. In fact, several pharmacological or radiobiological therapeutic strategies have side

effects that affect epithelial surfaces. In this context, assays that accurately assess epithelial barrier integrity in

patients and animal models are crucial to create a better understanding of the mechanisms leading to disease or

limiting therapeutic approaches due to barrier disruption. Here, we tested the ability of the widely used FITC-

dextran intestinal permeability analysis to evaluate loss of intestinal barrier integrity in different murine models

of gut mucosal damage and established influx of neutrophil granulocytes into the intestinal lamina propria (LP)

as an alternative approach. We demonstrate that the sensitivity and specificity of FITC-dextran intestinal

permeability analysis is relatively low: Although it did represent severe forms of mucosal damage due to

intensive conditioning therapy (high doses of either total body irradiation (TBI) or chemotherapy) or after

conditioning and allogeneic stem cell transplantation, it did not recognize less severe forms of damage as after

lower doses of TBI or chemotherapy alone. In addition, discrimination of untreated from irradiated mice by

differences in FITC-dextran translocation was not exact. In contrast, influx of neutrophil granulocytes into the

intestinal LP, which reflects immune activation due to translocation of microbes and microbial products during

intestinal barrier breech, quantitatively correlated with the severity of intestinal barrier damage. It accurately

represented both severe and less severe forms of intestinal damage as after high or lower dose TBI or

chemotherapy and correctly discriminated treated from untreated animals. Taken together, we demonstrate the

limitations of FITC-dextran intestinal permeability analysis and identify intestinal neutrophil influx as a

powerful additional tool to measure breakdown of intestinal barrier function.

1. Introduction

Mucosal barriers like the intestinal epithelial cell layer protect

sterile compartments from physical, chemical and microbial challenge

[1]. Inherited or acquired barrier malfunction is closely linked to

disorders like inflammatory bowel disease (IBD) [1,2]. In addition to

genetically driven diseases and barrier dysfunction resulting from

chronically disrupted mucosal homeostasis, acute exogenous triggers

can also cause damage to the intestinal barrier and favor the pathogen-

esis of illnesses like IBD or Graft-versus-host disease (GVHD), which can

follow allogeneic stem cell transplantation (allo-HSCT) [2,3]. GVHD

occurs in as many as 65% of transplant recipients and is caused by

alloreactive T cells that attack host tissue, predominantly of the gut,

liver and skin [4]. A crucial step in the development of acute GVHD is

pre-transplant conditioning therapy by chemotherapy (CTX) or total

body irradiation (TBI). Both can result in acute breakdown of intestinal

barrier function followed by translocation of microbes and Pathogen-

associated molecular patterns (PAMPs) into underlying sterile compart-

ments. Activated intestinal immune cells prime donor T cells which

attack host tissue and augment intestinal damage [4,5]. Although such

collateral damage to mucosal integrity limits several pharmacological

or radiobiological therapeutic strategies, recent evidence shows that

certain aspects of collateral intestinal barrier disruption can be

beneficial as there seems to be a complex interplay between side effects

and direct anti-tumor effects of chemotherapeutic tumor therapy: In

certain settings, efficient tumor control requires intestinal microbiota

and reduced intestinal integrity during chemotherapy [6]. To create a

better understanding of the mechanisms leading to enhanced or

reduced intestinal integrity, it is crucial to be able to quantify changes

in barrier function sufficiently. To date, efforts to evaluate the intestinal
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barrier function in patients mainly rely on biomarkers (e.g. fecal

calprotectin, fecal albumin), biopsies (e.g. tight junction protein

expression) and diagnostic permeability tests (lactulose/mannitol ur-

inary excretion etc.), all of which are flawed by certain limitations

[2,7]. Several assays are used to measure intestinal permeability in

mice [7]. FITC–dextran-intestinal permeability analysis, for example,

uses dextran molecules as inert, non-digestible test probes of variable

size linked to the fluorescent marker fluorescein isothiocyanate (FITC).

In mice with a severely damaged intestinal mucosa, FITC-dextran

molecules that were applied orally can leave the gut lumen and enter

the systemic blood circulation, where FITC-fluorescence can be mea-

sured. This assay is used to assess intestinal permeability during gastro-

intestinal GVHD after allo-HSCT [8] as well as in models of colitis,

hypoxia, liver disease, trauma and CTX [6,7]. Nevertheless, clear

descriptions of the characteristics and limitations of FITC-dextran

intestinal permeability analysis are lacking. In this report, we discuss

our experience with the FITC-dextran permeability assay to measure

intestinal integrity after TBI, CTX and allo-HSCT. We demonstrate that

this assay suffers from limited sensitivity and specificity to detect loss of

intestinal barrier integrity as after reduced doses of TBI. Alternatively,

we propose quantitative evaluation of neutrophil influx into the

intestinal lamina propria (LP) as a powerful additional tool to more

accurately evaluate intestinal integrity. We confirm that neutrophil

chemotaxis depends on intestinal microbiota [9] and show that

neutrophil influx quantitatively correlates with the severity of acute

intestinal tissue damage, offering higher sensitivity and specificity

when using FITC-dextran intestinal permeability analysis.

2. Methods

2.1. Mice

C57BL/6 and Balb/c mice were purchased from Janvier Labs

(France). Mice were used between 6 and 8 weeks of age (onset of

experiments) and were maintained in specific pathogen free conditions.

Animal studies were approved by the local regulatory agencies

(Regierung von Oberbayern, Munich).

2.2. Models of intestinal mucosal damage

2.2.1. Intestinal damage by total body irradiation + allo-HSCT

Allo-HSCT was performed as previously described [10]. Briefly,

Balb/c recipient mice received 2×4.5 Gy TBI and were then given

5 × 106 T cell-depleted donor (C57BL/6) bone marrow (TCD-BM)

cells ± 0.5 × 106 donor T cells to induce acute GVHD (CD4/CD8

enrichment, Miltenyi). T cell depletion of BM cells was performed using

CD90.2 MACS sorting beads (Miltenyi). Total TBI and T cell doses were

chosen to ensure a strong T cell mediated damage within one week after

transplantation [11]. TBI was split into two doses (2×4.5 Gy) to

reconcile reduced collateral toxicity with optimal eradication of

recipient/engraftment of donor hematopoietic compartments [12].

2.2.2. Intestinal damage by total body irradiation alone

6–8 weeks old Balb/c or C57BL/6 mice were irradiated with

different TBI doses (0–11 Gy) to achieve different levels of damage to

the intestinal mucosa, as indicated in the text and figure legends. The

maximal TBI doses (9 Gy Balb/c, 11 Gy C57BL/6) were chosen accord-

ing to commonly applied myeloablative TBI doses (as used for

conditioning therapy before allo-HSCT of respective recipients) depend-

ing on the radio sensitivity of the mouse strain used [11].

2.2.3. Intestinal damage by chemotherapy alone

C57BL/6 mice were treated with Doxorubicin injected intraperito-

neally (7.5 or 20.0 mg/KG body weight) as indicated in the text and

figure legends.

2.3. Intestinal FITC-dextran intestinal permeability analysis

FITC-dextran intestinal permeability analysis was performed similar

to what was previously described [8]. Mice were kept without food and

water for 8 h. Then, FITC-dextran (#FD4-1G, Sigma) was administered

by oral gavage at a concentration of 50 mg/ml in water (750 mg/kg).

4.5 h later, plasma was collected from peripheral blood (8800 rcf,

10 min), then mixed 1:1 with PBS and analyzed on a plate reader at

485 nm excitation wavelength and 535 nm emission wavelength.

2.4. Assessment of intestinal neutrophil granulocyte influx

Mice were sacrificed, lamina propria leukocytes (LPL) were isolated

and neutrophils within LPL were analyzed by flow cytometry. Isolation

of lamina propria leukocytes was performed as previously described

[10]. Colon and/or ileum (defined as distal 1/3 of small intestine) were

flushed with cold PBS and cut into 2 cm pieces. Longitudinally opened

intestines were washed and then incubated with HBSS solution contain-

ing 2 mM EDTA, 10 mM HEPES, 5% FCS (Hyclone), 1% Penicillin-

Streptomycin, 1% L-Glutamine and 1 mM DTT (all Sigma-Aldrich).

After incubation on a shaker (225 rpm) at 37 °C for 15 min, tissues were

washed and filtered through a 100 μm strainer (BD 352360). Next,

intestines were incubated for 45 min in PBS+Ca/+Mg supplemented with

FCS (10%), Collagenase II (200 U/ml; Worthington), and DNase I

(0.05 mg/ml; Roche) on a shaker at 37 °C. Cells in suspension were

filtered through a 100 μm strainer and purified on a 40/80% Percoll

gradient (Biochrom).

2.5. Flow cytometry

Cell suspensions were stained in PBS with 3% FCS. After live/dead

staining (Cat-No: 65-0866-18, eF506, ebioscience) and Fc-Block (Cat-

No 101330, BioLegend) according to manufacturer‘s instructions,

indicated clones of fluorochrome-coupled anti-mouse antibodies

(BioLegend) were used for surface staining: CD11b (M1/70, APC),

CD11c (N418, FITC), Gr-1 (RB6-8C5, PerCP-Cy5.5), Ly6G (1A8, PE-

Cy7), CD19 (1D3/CD19, PE), CD3 (17A2, PE), Ly6C (HK1.4, APC-Cy7),

NK1.1 (PK136, PE). Neutrophils were generally identified as CD11bhi

Gr-1hi live cells (simplified analysis). In the experiments depicted in

Supplementary Fig. 2, an extended analysis using CD11bhi Ly6G+ CD3-

CD11chi- CD19- Ly6Cint NK1.1- live cells [13] was performed to validate

simplified analysis for the general purpose of this manuscript. Stainings

performed are indicated in the figure legends. Data was acquired on a

FACS Canto II (BD Biosciences) and analyzed using FlowJo software

(TreeStar).

2.6. Reduction of intestinal bacterial load

Reduction of intestinal bacterial load was performed with C57BL/6

mice as previously described [14]. 6 weeks old C57BL/6 mice were

given a combination of four antibiotics in the drinking water for at least

4 weeks: vancomycin (0.5 g/L), ampicillin (1.0 g/L), neomycin (1.0 g/

L) and metronidazole (1.0 g/L). Reduction of intestinal bacterial load

was confirmed after incubation of supernatants of diluted fecal pellets

on Schaedler Agar (aerobic incubation) and Columbia Agar (anaerobic

incubation).

2.7. Statistics

GraphPad Prism version 6 was used for statistical analysis.

Statistical tests applied to evaluate differences between means of

experimental groups are indicated in the respective figure legends.

Experiments were analyzed using two-tailed unpaired t test or ordinary

one-way Anova, corresponding to the distribution shape of our

observations. We used ordinary one-way Anova for multiple compar-

isons and performed Dunnett's test for Multiple-test corrections. P

J.C. Fischer et al. Cellular Immunology 316 (2017) 70–76
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values less than 0.05 were considered to be statistically significant.

For further statistical analysis it was assumed that observations

X X,…, n1 from untreated and treated mice were i.i.d. (independent and

identically distributed). To be more specific, each random sample was

considered to be normally distributed with unknown mean µ and

variance σ2. The estimation of these parameters was performed by

applying standard maximum-likelihood techniques, i.e., the probability

to exactly obtain the given sample was maximized. This two-dimen-

sional maximization problem yields the standard estimators

μ X̂ = ∑
n i

n
i

1
=1 and σ X μ̂ = ∑ ( − )̂

n i

n
i

2 1
=1

2. In a second step, these estimates

were used to obtain acceptance regions in statistical tests to allow for

distinguishing healthy untreated from treated mice. With the null

hypothesis H0, the observation originates from an untreated mouse,

the common test errors are defined as follows: A type-I-error (α-error)

occurs when erroneously identifying an untreated mouse as treated and

a type-II-error (β-error) falsely identifies a treated mouse as untreated.

Setting the type-I-error to a specific level α directly yields a cut-off

value for accepting or rejecting the null hypothesis. Here, this is simply

the α(1− )-quantile of the respective Gaussian distribution under the null

hypothesis. Once the cut-off value was determined, both the type-II-

error and the power of the test β1− could be obtained. Note that the

power of a statistical test is the key property to compare the

significance of different tests with same level α. In the sequel, we also

refer to the terms expected sensitivity ( β1− ) and specificity α(1− ) to

emphasize that in future test settings it might not be known if mice are

treated or not. Note that commonly the terms sensitivity and specificity

are applied in the context of relative frequencies, thus being able to

verify the null hypothesis with independent diagnostics.

3. Results

3.1. Translocation of FITC-dextran detects barrier loss with low sensitivity

and specificity

First, we assessed the ability of a commonly used tool to evaluate

the integrity of mucosal barrier function, the FITC-dextran permeability

analysis. To do so, we measured FITC-dextran fluorescence in the blood

following oral application in a mouse model of allo-HSCT after

conditioning with TBI. Allo-HSCT was performed with Balb/c recipients

after split dose TBI (2×4.5 Gy), which is optimal to eradicate recipient

and allow engraftment of donor hematopoietic compartments with

reduced collateral damage. As expected [8,15], we observed a robust

increase of FITC-dextran serum levels in recipient mice 7 days after

allo-HSCT with donor T cell-depleted BM + T cells (TBI 2×4.5 Gy

+ TCD-BM + T cells). In contrast, there was no significant difference in

translocated FITC-dextran levels on day +7 between healthy untreated

mice (no allo-HSCT) and mice that had received TBI and donor BM but

no donor T cells (TBI 2×4.5 Gy + TCD-BM control mice) (Fig. 1A).

These data suggest that FITC-dextran intestinal permeability analysis

detects severe forms of mucosal damage (split dose TBI + allo-HSCT

with T cells) but is less sensitive for less severe forms of mucosal

damage (split dose TBI only). To address whether FITC-dextran

intestinal permeability analysis can detect radiation-induced intestinal

barrier damage at all, we next assessed FITC-dextran translocation after

single dose 9 Gy TBI, which is expected to be more disruptive than split

dose TBI [12]. Furthermore, we analyzed FITC-dextran levels in the

serum on day + 3, which is when we expect maximum levels after TBI.

Although irradiated mice showed significantly increased FITC-dextran

serum levels (Fig. 1B) 3 days after 9 Gy TBI, those levels were much

lower than 7 days after TBI 2×4.5 Gy + TCD-BM + T cells. These

results were in line with the current understanding that TBI leads to

intestinal barrier dysfunction and translocation of bacteria and PAMPs,

followed by an inflammatory response which augments intestinal tissue

damage through activated allogenic T cells [4,5]. To statistically

evaluate the estimated sensitivity and specificity of FITC-dextran

intestinal permeability analysis that can be expected in further experi-

ments, we fitted the probability density functions (Fig. 1C) of FITC-

dextran serum levels after 9 Gy TBI vs no treatment from Fig. 1B, using

maximum-likelihood estimates (see Section 2.7) and assuming that

values in both groups were normally distributed. We illustrated our

results in an ROC curve, a common way to illustrate the power of a test

for different levels α (for details see Section 2.7), and studied the

statistical inference of using various cut-off values (Supplementary

Fig. 1A). Setting the level α to a usual threshold of 5% led to a cut-off

value of 2505 ng/ml, resulting in a type-II-error of 23% (false nega-

tives) and related power of 77%. While 5% of the untreated mice would

be misidentified as irradiated mice (false positives), 77% of all

irradiated mice would be correctly identified (Fig. 1C). Such rather

low expected values of sensitivity (77%) and specificity (95%) (Table 1)

indicated that FITC-dextran translocation may not represent intestinal

barrier dysfunction with sufficient accuracy in this setting.

3.2. Neutrophil granulocyte migration into the intestinal lamina propria

reflects barrier breech and translocation of microbiota

A recent publication demonstrated that TBI leads to neutrophil

granulocyte chemotaxis into the intestinal LP. Since neutrophil influx

was dramatically reduced in germfree mice [9], it was hypothesized

that reduced intestinal integrity after TBI leads to translocation of

bacteria and PAMPs which results in an inflammatory and chemotactic

response with recruitment of neutrophils into the LP. We could confirm

that relative amounts of neutrophils (as percentage of total lamina

propria leukocytes) in the small and large intestine are strongly

increased after TBI and observed the peak of this dynamic process on

day three after TBI (Fig. 2A). We observed that about 97% of infiltrat-

ing CD11bhi Gr-1hi cells are in fact Ly6Cint Ly6G+ neutrophil granulo-

cytes but not Ly6Chi Ly6Glo macrophages or other immune cells

(Supplementary Fig. 2A, B, C) [13]. Furthermore, we corroborated

the assertion that translocation of bacteria and PAMPs contribute to this

process since mice that had received antibiotics in the drinking water to

reduce the intestinal microbial burden showed significantly decreased

neutrophil levels after TBI compared to mice that had not received

antibiotics (Fig. 2B).

3.3. Lamina propria neutrophil analysis is sensitive and specific

Next, we examined the power of lamina propria neutrophil analysis

as a read-out to discriminate between untreated and irradiated mice

(Fig. 2C). Here as well, the percentages of neutrophils of all LPL of

untreated and irradiated mice were assumed to be Gaussian. The

probability density functions of lamina propria neutrophil levels of

healthy untreated and irradiated mice were fitted as described before

(Fig. 2D). Accepting a very low type-I-error of 0.001% (false positives)

yields a cut-off value of 0.45% CD11bhi Gr-1hi and a very high power of

99.995% (Fig. 2D, Supplementary Fig. 1B). Thus, nearly all mice were

correctly identified as either untreated or treated, indicating the

considerable expected sensitivity (99.5%) and specificity (99.9%)

(Table 1).

3.4. Lamina propria neutrophil analysis provides an enhanced detection

range

We further evaluated the detection range of LP neutrophil vs FITC-

dextran intestinal permeability analysis by testing lower dose levels of

TBI. In fact, mice that received 5.5 Gy TBI already showed significantly

enhanced neutrophil levels compared to untreated mice. Neutrophil

levels of mice that received 9 Gy TBI were further significantly

increased (Fig. 2E). In contrast, FITC-dextran intestinal permeability

analysis did not detect intestinal barrier damage after 5.5 Gy TBI, as

FITC-dextran levels in the serum after irradiation with 5.5 Gy were not

increased compared to untreated control mice (Fig. 2E). As tight
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junctions are central constituents of epithelial barrier function in the

gut, we next analyzed the effect of different dose levels of TBI on the

gene expression levels of several relevant tight junctional proteins

[2,16,17]. We observed several significant changes in gene expression

levels of Claudin 2, Claudin 4 Claudin 11, Occludin, JAM-A and ZO-1

between untreated mice and mice that received 5.5 Gy or 9 Gy TB,

respectively (Supplementary Fig. 3). Irradiation is known to affect

mRNA expression levels of tight junctional proteins differentially with

respect to time after exposure and intestinal segment affected [16].

Whether these changes in mRNA expression of tight-junctional proteins

translate into differential protein expression and whether they reflect

damage or regeneration of barrier function remains to be determined.

We believe that dose-sensitive, differential mRNA expression of tight-

junctional proteins reflects individual damage levels to the intestinal

barrier integrity which can be assessed by LP neutrophil quantification.

3.5. Lamina propria neutrophil analysis is versatile

To establish that LP neutrophil quantification can be used to

measure different levels of damage to intestinal barrier integrity in

general, we used an alternative damage model with CTX. First, we

analyzed FITC-dextran translocation into the blood after doxorubicin

treatment i.p. to show that intestinal integrity was affected. High dose

doxorubicin (20 mg/kg body weight) led to significantly increased

FITC-dextran levels in the serum, whereas reduced dose doxorubicin

(7.5 mg/kg) did not (Fig. 3A). In contrast, animals that received

doxorubicin showed significantly enhanced influx of neutrophils into

the small intestinal LP in both treatment groups. As with TBI, pretreat-

ment with oral antibiotics also reduced neutrophil levels after doxor-

ubicin treatment (Fig. 3B). Quantitative representation of different

levels of intestinal damage was thus similar after CTX and after TBI

(Figs. 3A and 2E), indicating the versatility of this test.
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Fig. 1. FITC-dextran intestinal permeability analysis detects barrier loss with low sensitivity and specificity (A) Balb/c mice were either left untreated (n = 6) or received split dose

2×4.5 Gy TBI followed by allo-HSCT with T cell-depleted bone marrow (TCD-BM) only (n = 7) or with 2×4.5 Gy TBI + TCD-BM + T cells (n = 7) on day 0 and were then challenged
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Table 1

Detection of mucosal damage by high dose TBI.

Test characteristics: Sensitivity Specificity

FITC dextran intestinal permeability analysis 77% 95%

Neutrophil infiltration analysis 99.5% 99.9%
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4. Discussion

In this report, we characterize and compare two techniques to

detect loss of intestinal barrier integrity after pharmacological, radia-

tion-induced or immune mediated epithelial injury through CTX, TBI or

TBI + allo-HSCT, respectively. FITC-dextran intestinal permeability

analysis, commonly used by researchers to evaluate mucosal barrier

function, can detect barrier disruption after high doses of CTX or TBI

and after TBI + allo-HSCT. However, FITC-dextran levels in the serum

cannot reflect more subtle forms of epithelial damage such as after

lower doses of CTX or TBI alone, indicating low sensitivity. Statistical

analysis of our observations revealed that even with high doses of TBI,

as applied before murine allo-HSCT, this assay does not accurately

discriminate between untreated vs irradiated mice. Setting the level α

to 5% resulted in a type-II-error (false negatives) of 23%. While 5% of

all untreated mice would be misidentified as irradiated mice (false

positives), only 77% of all irradiated mice would be correctly identified.

Naturally, a test with such low expected sensitivity (77%) and
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Fig. 2. Quantification of neutrophil granulocytes in the intestinal lamina propria detects barrier breech with high sensitivity and specificity. (A) Lamina propria leukocytes (LPL) isolated

from small (Ileum) and large intestines of Balb/c mice were analyzed by flow cytometry at different time points after 9 Gy TBI. Percentages of neutrophils (CD11bhi Gr-1hi) of all live cells

are depicted. D0 (n = 2), d1 (n = 3), d2 (n = 3), d3 (n = 4), d4 (n = 4) and d5 (n = 4). Pooled data of 2 independent experiments. (B) C57BL/6 mice were treated with antibiotics for

4 weeks (n = 5) or left untreated (n = 6) and then received 11 Gy TBI. On day 3 after TBI LPL isolated from small intestines (Ileum) were analyzed by flow cytometry. Percentages of

neutrophils (CD11bhi Gr-1hi) of all live cells are depicted. Pooled data of 2 independent experiments. (C) LPL isolated from small intestines (Ileum) of Balb/c mice were analyzed by flow

cytometry on day 3 after 9 Gy TBI (n = 23) and were compared with untreated mice (n = 9). Percentages of neutrophils (CD11bhi Gr-1hi) of all live cells are depicted. Pooled data of 3

independent experiments. (D) Fitted Gaussian distribution of mice depicted in (C) and statistical analysis of Type-I-error (0.001%) and resulting Type-II-error (0.005%). (E) Untreated

Balb/c mice (n = 8), mice that received 5.5 Gy (n = 8) or 9 Gy (n = 8) TBI were challenged with oral gavage of FITC-dextran on day 3. FITC-dextran concentrations in the serum and

percentages of neutrophils (CD11bhi Gr-1hi) of all live LPL isolated from small intestine (Ileum) are depicted. Pooled data of 4 independent experiments. Experiments were analyzed using

parametric two-tailed unpaired t test and ordinary one-way Anova for multiple comparisons. Significance was set at P values < 0.05, p < 0.01 and p < 0.001 and was then indicated

with asterisks (*, ** and ***). Data are presented as mean ± S.E.M.
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specificity (95%) values will be insufficient to detect minor differences

in severity of intestinal barrier damage such as it might become

relevant when analyzing effects of different modalities and dose levels

between clinically relevant experimental procedures and groups.

Searching for more reliable parameters, we here established neutrophil

influx into the intestinal LP as a sensitive marker, which indeed

quantitatively reflected different levels of damage to the mucosal

barrier. It detected lower levels of damage and allowed to discriminate

different damage intensities as after TBI or CTX, displaying extremely

limited expected error rates. Nearly all untreated vs irradiated mice

would be identified correctly using this approach. Consequently,

expected values for sensitivity (99.5%) and specificity (99.9%) were

high. We thus postulate that quantifying neutrophil influx into the

intestinal LP is a conclusive and versatile test to detect and represent

different levels of damage to the mucosal barrier as might be

encountered between (I) transgenic mice with defects that result in

enhanced or reduced capacity to maintain intestinal integrity (II)

different treatment modalities or toxic insults (III) scenarios that

influence the intestinal barrier indirectly via systemic mediators as

during shock or sepsis. Interestingly, a well-established biomarker for

intestinal inflammation in human IBD is fecal calprotectin, an anti-

microbial peptide shed into the intestinal lumen by neutrophil granu-

locytes that infiltrate the intestinal mucosa. This underscores that

quantification of neutrophil influx into the gut LP in mice may be a

valid test for intestinal integrity with direct correlations to the human

system. A limitation to this approach however is that mucosal

neutrophil influx reflects translocation of bacteria or PAMPs across

the mucosal barrier and is thus biased by both intestinal microbiota and

the functional status of the immune system. Direct measurement of

translocated microbes (e.g. by culturing or ribosomal RNA sequencing)

or microbial products (e.g. LPS) in the portal or systemic circulation

would be an alternative but can be technically challenging, suffer from

rather insensitive detection ranges and limited culture options and are

prone to contamination.

5. Conclusion

As previously reported, all established tests to evaluate intestinal

barrier function have relevant advantages and limitations [2,7]. There

is no universal marker that reliably reflects mucosal permeability, a

prerequisite for a better understanding of the pathophysiology of

systemic inflammatory disorders like IBD or GVHD as well as certain

aspects of immune and cancer therapy. A combination of methods

might therefore be most useful to assess intestinal barrier integrity [7].

Here we show that the analysis of neutrophil influx into the gut lamina

propria is a sensitive, specific and versatile method to accurately detect

and quantify injury to the integrity of the intestinal barrier, appropriate

to complement other, less powerful tools such as FITC-dextran intest-

inal permeability analysis.
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1. Supplementary methods 

 

1.1 Quantitative PCR 

RNA was isolated from whole tissue homogenates lysed in TRIzol (ambion). Tissue 

homogenates were prepared as follows: A sample from the small intestine (1cm, terminal 

ileum) was flushed and longitudinally opened and was frozen in 500ul TRIzol reagent using 

liquid nitrogen. After thawing, samples were supplemented with stainless steel beads 5mm 

(Qiagen) and homogenized using a Tissuelyser II (Qiagen) 1 min with 30Hz (1800 

oscillations/minute). Total RNA was isolated and transcribed using standard methods and kits 

according to manufacturer´s protocols (RNeasy Mini Kit, Qiagen; SuperScript III Reverse 

Transcriptase, invitrogen). The specific primer pairs were as follows: mActin fwd 

CACACCCGCCACCAGTTCG, rev CACCATCACACCCTGGTGC; mZO-1 fwd 

ACTCCCACTTCCCCAAAAAC, rev CCACAGCTGAAGGACTCACA; mJAM-A fwd 

CTGATCTTTGACCCCGTGAC, rev ACCAGACGCCAAAAATCAAG; mOccludin fwd 

GGTGCATAATGATTGGGTTTG, rev GTCCGTGAGGCCTTTTGA; mClaudin-2 fwd 

ACAGAGAACCATCCTCCCTTC, rev CTCTTCTTCACCCCCATGC; mClaudin-4 fwd 

GTCCTGGGAATCTCCTTGGC, rev TCTGTGCCGTGACGATGTTG; mClaudin-11 fwd 

GGACATCCTCATCCTTCCAG, rev TGCAGGGGAGAACTGTCAA. The qPCR Core kit 

for SYBR Green I (Eurogentec) and a LightCycler 480 II (Roche) Real-Time PCR System 

were used as indicated by the manufacturer. The relative transcript level of each gene was 

calculated according to the 2−Ct, for unnormalized genes, and the 2−ΔΔCt method, for genes 

normalized to β-Actin. 



 

 

 

Supplementary Figure 1: Receiver operating characteristic (ROC) curves of FITC-

dextran and neutrophil granulocytes to detect barrier loss induced by TBI  

 

A) ROC curve is calculated using the data presented in Figure 1B B) ROC curve is calculated 

using the data presented in Figure 2C. 

 



 

 

 

 

 

Supplementary Figure 2: FACS gating strategy to detect intestinal LP neutrophil 

granulocytes 

 

FACS gating strategy to detect small intestinal lamina propria neutrophil granulocytes 

isolated from Balb/c mice that were left untreated (A) or received 9 Gy TBI and were 

analyzed on day +3 (B). Upper panel: Doublets (FSC-H vs. FSC-A) and debris (SSC-A vs. 

FSC-A) were excluded and live neutrophil granulocytes were detected using live/dead 

staining (amin), anti-mouse CD11b and Gr-1 Abs. Neutrophil granulocytes were identified as 

CD11bhi Gr-1hi live cells (simplified gating strategy of neutrophil granulocytes). Next, 

CD11chi and lineage+ (gated out using a CD3, CD19, NK1.1 PE dump channel) cells were 

excluded from his population and remaining cells were gated on Ly6Cint Ly6G+ cells to 

identify neutrophils more specifically (extended gating strategy of neutrophil granulocytes). 

Lower panel: live cells were gated only on CD11b+ cells and CD11chi and lineage+ cells were 

excluded. Remaining cells were then sub-gated on Ly6Chi Ly6G- monocytes (green circle) and 



Ly6G+ Ly6Cint neutrophils (blue circle). This panel and gating strategy shows that excluding 

the CD11bhi Gr-1hi gating (upper panel) reveals a prominent Ly6Chi Ly6G- population of 

monocytes. One representative mouse per group (no TBI n=6, 9 Gy TBI n=6) is shown. C) 

Percentage of Ly6G+ Ly6Cint CD11chi- lineage- live cells of CD11bhi Gr-1hi single live cells. 

Animal numbers (n) per group are depicted. Data are presented as mean ± S.E.M. 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Supplementary Figure 3: Dosage of total body irradiation differentially affects gene 

expression of intestinal tight junction proteins 

 

A) Gene expression of indicated genes of small intestinal tissue determined by quantitative 

PCR (qPCR). Balb/c mice received total body irradiation (TBI) with different doses (0Gy, 

5.5Gy, 9Gy) and were analyzed 72h after treatment. Animals per group (n) are depicted.  

Experiments were analyzed using ordinary one-way Anova for multiple comparisons. 

Significance was set at P values < 0.05, p < 0.01 and p < 0.001 and was then indicated with  

asterisks (*, ** and ***). Data are presented as mean ± S.E.M. 
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RIG-I/MAVS and STING signaling promote gut integrity
during irradiation- and immune-mediated tissue injury

Julius C. Fischer,1* Michael Bscheider,1*† Gabriel Eisenkolb,1,2* Chia-Ching Lin,1

Alexander Wintges,1 Vera Otten,1 Caroline A. Lindemans,3,4 Simon Heidegger,1 Martina Rudelius,5

Sébastien Monette,6 Kori A. Porosnicu Rodriguez,2 Marco Calafiore,4 Sophie Liebermann,2

Chen Liu,7 Stefan Lienenklaus,8 Siegfried Weiss,9 Ulrich Kalinke,8 Jürgen Ruland,10,11,12

Christian Peschel,1 Yusuke Shono,2 Melissa Docampo,2 Enrico Velardi,2 Robert R. Jenq,4

Alan M. Hanash,4 Jarrod A. Dudakov,2‡ Tobias Haas,1§

Marcel R. M. van den Brink,2,4§|| Hendrik Poeck1,2§||

The molecular pathways that regulate the tissue repair function of type I interferon (IFN-I) during acute tissue
damage are poorly understood. We describe a protective role for IFN-I and the RIG-I/MAVS signaling pathway
during acute tissue damage in mice. Mice lacking mitochondrial antiviral-signaling protein (MAVS) were more
sensitive to total body irradiation– and chemotherapy-induced intestinal barrier damage. These mice developed
worse graft-versus-host disease (GVHD) in a preclinical model of allogeneic hematopoietic stem cell transplan-
tation (allo-HSCT) than did wild-type mice. This phenotype was not associated with changes in the intestinal
microbiota but was associated with reduced gut epithelial integrity. Conversely, targeted activation of the RIG-I
pathway during tissue injury promoted gut barrier integrity and reduced GVHD. Recombinant IFN-I or IFN-I
expression induced by RIG-I promoted growth of intestinal organoids in vitro and production of the antimicrobial
peptide regenerating islet–derived protein 3 g (RegIIIg). Our findings were not confined to RIG-I/MAVS signaling
because targeted engagement of the STING (stimulator of interferon genes) pathway also protected gut barrier
function and reduced GVHD. Consistent with this, STING-deficient mice suffered worse GVHD after allo-HSCT than
did wild-type mice. Overall, our data suggest that activation of either RIG-I/MAVS or STING pathways during acute
intestinal tissue injury in mice resulted in IFN-I signaling that maintained gut epithelial barrier integrity and
reduced GVHD severity. Targeting these pathways may help to prevent acute intestinal injury and GVHD during
allogeneic transplantation.

INTRODUCTION
RIG-I belongs to the pattern recognition family of cytoplasmic RIG-
I–like receptors. Its primary function is to detect double-stranded 5′-
triphosphate RNA (3pRNA) during viral or bacterial infection (1–3). In
contrast, the cytosolic DNA receptor cyclic guanosine monophosphate–
adenosine monophosphate (cGAMP) synthase (cGAS) and its adapter

protein STING (stimulator of interferon genes; TMEM173) recognize
DNA in various contexts, for example, microbial DNA or nuclear DNA
released into the cytosol by necrotic cells (4). Upon binding of ligand,
RIG-I recruits the adaptor mitochondrial antiviral-signaling protein
(MAVS) to induce proinflammatory cytokines, type I interferons
(IFN-Is), and inflammasome activation (1, 5–8), orchestrating a diverse
innate and adaptive immune response. cGAS binds to double-stranded
DNA (dsDNA) and catalyzes the formation of cyclic dinucleotides. The
latter can form cGAMP that activates STING to trigger innate immune
gene transcription and IFN-I production (4). Whereas the role of IFN-I
in initiating host defense against pathogens is well established, recent
work highlights the regenerative function of this cytokine family, par-
ticularly at epithelial surfaces. IFN-I produced by plasmacytoid dendrit-
ic cells (pDCs) promotes skin repair upon mechanical barrier
disruption (9) and increases intestinal epithelial turnover and repair
of chemically damaged tissue. The effects of IFN-I on gut epithelial
turnover have been attributed to both macrophage-dependent mecha-
nisms (10) and Toll-like receptor stimulation of pDCs (11). However,
the role of cytosolic nucleic acid sensors in this context is poorly under-
stood. Similarly, the involvement of IFN-I in the repair of acute tissue
damage by genotoxic insults has not been addressed. Unlike chemical
injury of intestinal mucosa, irradiation- or chemotherapy-induced in-
testinal barrier dysfunction is a problem clinically.

Mucosal barriers like the intestinal epithelial cell (IEC) layer protect
sterile microenvironments from physical, chemical, andmicrobial chal-
lenge. Epithelial integrity depends on constant and inducible IEC re-
newal by pluripotent intestinal stem cells (ISCs), which reside in the
stem cell niche at the base of each intestinal crypt (12). Genotoxic
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stress by total body irradiation (TBI) or chemotherapy affects ISC
and results in damage to the intestinal epithelium, ultimately causing
translocation of microbes to sterile compartments and subsequent
immune activation (13). During allogeneic hematopoietic stem cell
transplantation (allo-HSCT), alteration of intestinal barrier function
by chemotherapy or TBI administered before transplant has detrimen-
tal consequences: “Misplaced” bacterial components together with
endogenous danger signals released during epithelial cell death are
sensed by pattern recognition receptors on antigen-presenting cells,
which then produce proinflammatory cytokines and prime donor–
derived T cells (13). These alloreactive T cells attack and destroy host
tissues, primarily the gastrointestinal tract, liver, and skin, causingmor-
bidity and mortality in a process called acute graft-versus-host disease
(GVHD). GVHD is the leading complication after allo-HSCT and
occurs in as many as 50% of transplant recipients.

Thus, investigating molecular mechanisms that promote intesti-
nal epithelial integrity and repair during tissue injury is fundamental
to the development of new approaches to prevent treatment-associated
inflammation and GVHD. The RIG-I/MAVS and STING signaling
pathways are important regulators of IFN-I production, and IFN-I
can initiate epithelial repair. Thus, we hypothesized that activation of
these pathways during pretransplant bone marrow (BM) ablative
therapy in mice and during allo-HSCT may protect epithelial integ-

rity and could be exploited to promote intestinal barrier function and
prevent GVHD.

RESULTS
Endogenous RIG-I/MAVS signaling reduces intestinal tissue
damage induced by conditioning therapy and attenuates
GVHD in mice
We first assessed genotoxic tissue damage and regeneration inwild-type
(WT) mice and mice genetically deficient in MAVS (Mavs−/−). Mice
were exposed to lethal TBI, which caused damage to dividing cells
and induced loss of intestinal epithelial barrier function (14, 15). Compared
toMavs+/+ littermates,Mavs−/−mice exhibited worse mucosal damage in
the small intestine with increased crypt apoptosis, villus atrophy,
crypt abscesses, and granulocytic infiltrates (Fig. 1, A andB).Neutrophil
influx into the gut mucosa, a surrogate marker for intestinal integrity
(16), was higher inMavs−/− compared toMavs+/+ littermates after TBI
(Fig. 1C) or chemotherapy with doxorubicin (fig. S1A) (17). Conse-
quently, in an acute GVHD model, where conditioning-associated
intestinal damage is crucial for subsequent allogeneic T cell–mediated
pathology, we observed thatMavs−/− recipients of allogeneic donor BM
andT cells had increasedmortality compared toMavs+/+ littermates (Fig.
1D). In addition,Mavs−/− allo-HSCT recipients exhibited greaterweight

***

**

 

**

50 µm

**

H
is

to
p
a
th

o
lo

g
y
 S

c
o
re

0

2

4

6

8

Day 3 after TBI

Mavs +/+ (n = 7)

Mavs –/– (n = 8)

80

0

20

40

60

100

0 20 403010

Time after allo-HSCT (days)

P
e
rc

e
n
t 
s
u
rv

iv
a
l

Day 8 after allo-HSCT

P
e
rc

e
n
t 
w

e
ig

h
t 
lo

s
s

20

10

0

15

  5

Day 7 after allo-HSCT

F
IT

C
-d

e
x
tr

a
n
 (

µ
g
/m

l)

0

2

4

6

Day 3 after TBI No TBI

Mavs +/+ TBI (n = 17), no TBI (n = 4)

Mavs –/–  TBI (n = 14), no TBI (n = 6)

400

0

100

300

500

200

#
 C

D
1
1
b

+
 G

R
1

h
i

 1
0

3

***

80

20

40

60

100

0
906030

Time after allo-HSCT (days)

P
e
rc

e
n
t 
s
u
rv

iv
a
l

WT BM + Tc → Rig-I –/+ (n = 8)

WT BM → Rig-I –/+ (n = 5)

WT BM + Tc → Rig-I –/– (n = 12)

WT BM → Rig-I –/– (n = 5)

0

A B

F GE

C

Mavs +/+ Mavs –/–

*

n.s.

D Allo-HSCT: Donor → Recipient

WT BM + Tc → Mavs+/+ (n = 23)

WT BM + Tc → Mavs–/– (n = 23)

WT BM → Mavs+/+ (n = 5)

WT BM → Mavs–/– (n = 4)
Mavs –/– (n = 33)Mavs +/+ (n = 39)

WT BM + Tc → 

Allo-HSCT: Donor → Recipient

Mavs +/+ (n = 10) Mavs –/– (n = 16)

Allo-HSCT: Donor → Recipient

WT BM + Tc → 

Allo-HSCT: Donor → Recipient

Fig. 1. Endogenous RIG-I/MAVS signaling reduces intestinal tissue damage in mice. (A) Representative images of tissue damage in hematoxylin and eosin–stained
small intestine biopsies from mice after an 11-Gy TBI conditioning regimen. White asterisks, villus stunting; black arrowhead, crypt apoptosis; black arrows, granulocyte
infiltration. (B) Histopathological score from (A); pooled data from two independent experiments. (C) Number of leukocytes infiltrating the mouse gut lamina propria
after TBI (11 Gy) analyzed by flow cytometry. Pooled data from four independent experiments. Survival (D) and weight loss (E) in mouse allo-HSCT recipients trans-
planted with 5 × 106 BM ± 2 × 106 T cells (donor BALB/c WT and C57BL/6 MAVS+/+ or MAVS−/− recipients). Pooled data from four independent experiments. (F) FITC-
dextran concentrations in plasma after allo-HSCT [described in (D) and (E)]. Pooled data from two independent experiments. (G) Survival of Rig-I−/+ and Rig-I−/− mouse
recipients after transplant with 5 × 106 BM and 1 × 106 T cells (donor C57BL/6 WT, recipient 129/sv Rig-I−/+ or Rig-I−/−). Animal numbers per group (n) are depicted in the
figure panels. Survival was analyzed using the log-rank test. All other experiments were analyzed using two-tailed unpaired t test. *P < 0.05, **P < 0.01, and ***P < 0.001.
Data are means ± SEM. n.s., not significant.
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loss (Fig. 1E and fig. S1, B andC) and reduced intestinal barrier integrity
as measured by translocation of intraluminal fluorescein isothiocyanate
(FITC)–dextran into the systemic circulation on day 7 after allogeneic
transplantation (Fig. 1F and fig. S1D). Rig-I−/− (Ddx58−/−) allo-HSCT
recipients of donor BM and T cells also displayed increased mortality
andweight loss compared toRig-I+/− littermates (Fig. 1G and fig. S1E).We
observed a nonsignificant trend toward higher mortality and more weight
loss of Rig-I−/− recipients of allogeneic donor BM (Fig. 1G and fig. S1E).

MAVS signaling in nonhematopoietic cells maintains
intestinal barrier function and attenuates GVHD in mice
Given that the RIG-I/MAVS pathway senses bacterial RNA (18), one
hypothesis to explain our findings is that there may be mouse strain–
specific differences in the intestinal bacterial microbiota. We could not
detect differences between the intestinal bacterial composition of co-
housed Mavs−/− and Mavs+/+ littermates as assessed by 16S ribosomal
RNA (rRNA) sequencing (Fig. 2A). To
define the effects of RIG-I/MAVS defi-
ciency in a compartment-specific man-
ner, we generated BM chimeras with
either a MAVS-deficient or MAVS-
sufficient hematopoietic system or non-
hematopoietic system, respectively. This
approach yielded donor chimerism of
>99% among intestinal myeloid cells
(fig. S2A). BM chimeras with MAVS de-
leted in the nonhematopoietic system
(MAVS+/+ BM transplanted into Mavs−/−

recipients) showed higher mortality after
allo-HSCT (Fig. 2B) and more intestinal
pathology in the small intestine (Fig. 2C)
compared to WT recipients of WT BM
(MAVS+/+ BM transplanted into Mavs+/+

recipients) or WT recipients with MAVS
deleted in the hematopoietic system
(MAVS−/− BM transplanted into Mavs+/+

recipients). We next analyzed gene ex-
pression of integrin b6 (Itgb6) in small
intestine RNA isolates as an indicator
of epithelial cell integrity after damage
(19, 20) and of the antimicrobial peptide
RegIIIg, which is produced by Paneth cells
and protects the inner mucus layer from
bacterial colonization (21). Both Itgb6
andRegIIIg gene expressionswere reduced
inMavs−/− allo-HSCT recipients compared
toMavs+/+ littermates (Fig. 2D). Because
reduced gut epithelial barrier function
may promote allogeneic T cell reactivity,
we next analyzed donor-derived CD4
and CD8 T cell expansion and IFN-g
production of Mavs+/+ versus Mavs−/−

allo-HSCT recipient mice. We observed
increasedT cell proliferation in the spleen
of Mavs−/− recipients early after allo-
HSCT (day 4 after transplant) but similar
T cell effector function at later time points
in the small intestine (day 8 after trans-
plant) (fig. S2, B and C).

RIG-I/MAVS pathway activation protects mice from
intestinal tissue damage after conditioning therapy
We observed that a single dose of intravenous 3pRNA, a RIG-I agonist,
1 day before allo-HSCT reducedmortality (Fig. 3A), weight loss (Fig. 3B
and fig. S3A), and damage to the small intestine compared to control
WT recipients who did not receive 3pRNA (Fig. 3C and fig. S3B). It was
critical that RIG-I agonists were administered before (day −1) or at the
same time as allo-HSCT (day 0), given that administration after allo-
HSCT (day +1) failed to achieve a benefit (Fig. 3D and fig. S3C). Non-
triphosphorylated RNA that does not activate RIG-I (22) did not reduce
weight loss or improve survival (fig. S3D). This suggested that activation
of the RIG-I/MAVS pathway protects from intestinal damage. Admin-
istration of 3pRNA (day −1) led to decreased gut mucosal permeability
as measured by FITC-dextran translocation (Fig. 3E) and to enhanced
intestinal expression of RegIIIg in the small intestine after allo-HSCT
(Fig. 3F). Similarly, pretreatmentwith3pRNAlowered systemicbacteremia
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Fig. 2. MAVS signaling in nonhematopoietic cells maintains intestinal barrier function. (A) Average relative
abundance of bacterial genera in the intestinal microbiota of cohoused Mavs+/+ (n = 5) and Mavs−/− (n = 5) litter-
mates. One representative experiment of two independent experiments. (B) Survival of C57BL/6 BM chimeric mice,
which were Mavs-deficient either in the hematopoietic or in the nonhematopoietic compartment. These mice were
analyzed after a second allo-HSCT with BM and T cells from B10.BR WT donor mice. (C) GVHD histopathological score
for small intestine biopsies from C57BL/6 BM chimeric mice, which were Mavs-deficient either in the hematopoietic
or in the nonhematopoietic compartment. These mice were analyzed after a second allo-HSCT with BM and T cells
from BALB/c WT donor mice. Pooled data from two independent experiments. (D) Quantitative polymerase chain
reaction (qPCR) of Itgb6 and RegIIIg expression in the small intestine after allo-HSCT with BM and T cells from BALB/c
WT mouse donors into C57BL/6 MAVS+/+ or MAVS−/− recipients. Pooled data from five independent experiments.
Animal numbers per group (n) are depicted above panels. Survival was analyzed using the log-rank test. Other
experiments were analyzed using ordinary one-way analysis of variance (ANOVA) for multiple comparisons or
two-tailed unpaired t test. *P < 0.05, **P < 0.01, and ***P < 0.001. Data are means ± SEM.
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after allo-HSCT (Fig. 3G) and reduced neutrophil infiltration after TBI
(Fig. 3H) but did not result in altered production of the proinflammatory
cytokines interleukin-6 (IL-6) and tumor necrosis factor–a compared
to TBI alone (fig. S3E). 3pRNA treatment before barrier-disrupting
chemotherapy with doxorubicin also reduced neutrophil infiltration
and decreased weight loss and translocation of FITC-dextran (Fig. 3, I
to K, and fig. S3F). Consistent with the concept that avoiding breaching
the epithelial barrier could prevent GVHD, 3pRNA pretreatment reduced
allogeneic T cell activation in the spleen and intestine of allo-HSCT recipi-
ent WT mice (fig. S3, G and H). Decreased allogeneic T cell activity and
GVHD may be accompanied by a reduction in the beneficial graft-
versus-leukemia (GVL) response. However, application of 3pRNA on
day −1 before allo-HSCT along with A20-Luc–transduced lymphoma
cells did not diminish GVL activity against the latter compared to control
allo-HSCTrecipientWTmicewhodidnot receive 3pRNA(fig. S3, I and J).

RIG-I–induced type I IFN signaling mediates intestinal tissue
protection and prevents GVHD in mice
We next analyzed the role of IFN-I in intestinal tissue protection and
prevention of GVHD. Systemic application of 3pRNA led to a rapid

increase in IFN-a and IFN-b in the serum (fig. S4A), enhanced IFN-
b luciferase reporter activity in the intestine of IFN-b luciferase reporter
mice (fig. S4B) (22), and increased expression of IFN-induced genes,
including RIG-I (Ddx58) andMx1, in IECs isolated from the small in-
testine (fig. S4C). We then performed RNA sequencing with tissue
samples from the small intestine of WT mice that received TBI before
3pRNA treatment and antibody-mediated blockade of the IFN-a/b
receptor (IFNAR) (fig. S4D). 3pRNA treatment before TBI resulted in
increased expression of IFN-inducible genes in the small intestine.
Blockade of IFNAR signaling abrogated 3pRNA-mediated up-regulation
of IFN-induced genes, demonstrating that RIG-I–induced gene regula-
tion depends on IFN-I. Upon temporary blockade of IFNAR signaling
directly before 3pRNAtreatment, RIG-I agonists failed to improve over-
all mouse survival and early weight loss after allo-HSCT (Fig. 4A). This
indicated that RIG-I agonists required IFN-I signaling to be protective.
In line with our findings with 3pRNA (Fig. 3, B andD, and fig. S3C), the
induction of IFN-I was only effective before TBI-induced damage.
Blocking IFNAR 48 hours before tissue damage abrogated the effects
of 3pRNA, whereas blockade of IFNAR 24 hours after damage did
not (Fig. 4B and fig. S4E). Consistent with these results, blockade of

***
*

*

****

H
is

to
p
a
th

o
lo

g
y
 s

c
o
re

P
e
rc

e
n
t 
w

e
ig

h
t 
lo

s
s

P
e
rc

e
n
t 
s
u
rv

iv
a
l

Day 8 after allo-HSCT Day 8 after allo-HSCTTime after allo-HSCT (days)

80

0

20

40

60

100

0 20 403010 50

***

WT BM → WT (n = 12)

WT BM + Tc → WT (n = 20)
WT BM + Tc → WT + 3pRNA d–1 (n = 18) 

10

0

15

  5

 WT (n = 9)
WT + 3pRNA d–1 (n = 9) 

 WT (n = 20)

WT + 3pRNA d–1 (n = 18) 

WT BM + Tc → 

20

30

10

0

F
IT

C
-d

e
x
tr

a
n
 (

µ
g
/m

l)

R
e
g
II
Iγ

 e
x
p
re

s
s
io

n

Day 8 after allo-HSCT

Day 7 after allo-HSCT

***

WT (n = 15)
WT + 3pRNA d0 (n = 5)

1.0

0.0

2.5

  0.5

1.5

2.0

10

0

15

  5

 WT (n = 5)

WT + 3pRNA d–1 (n = 6) 

   

WT + 3pRNA d–1 (n = 9)

#
 C

D
1
1
b

+
 G

R
1

h
i

 1
0

3

Day 3 after Doxo

0

20

40

 (Doxo) (n = 17)

(n = 17)
 Doxorubicin

Doxo + 3pRNA d–1 

30

10

A B C D E

G

WT 

WT + 3pRNA d–1 (n = 7)

WT no TBI (n = 3  )
#
 C

D
1
1
b

+
 G

R
1

h
i

Day 3 after TBI No TBI

100

0

250

  50

150

200

HF

0

20

40

30

10

P
e
rc

e
n
t 
w

e
ig

h
t 
lo

s
s

Day 8 after allo-HSCT

WT + 3pRNA d+1 (n = 12) 

*

I

*

P
e
rc

e
n
t 
w

e
ig

h
t 
lo

s
s

Day 7 after Doxo

10

0

15

  5

20

 Doxo  (n = 35)
Doxo + 3pRNA d–1 (n = 33)

J

 WT (n = 36)
WT + 3pRNA d–1 (n = 29)

(n = 7)

Day 8 after allo-HSCT

C
F

U
/m

l 100

10

1

1000

*

F
IT

C
-d

e
x
tr

a
n
 (

µ
g
/m

l)

Day 8 after Doxo

0

3

6

9

12

 Doxo  (n = 9)

Doxo + 3pRNA d–1 (n = 8)

K

*

Allo-HSCT: Donor → Recipient Allo-HSCT: Donor → Recipient

WT BM + Tc → 

Allo-HSCT: Donor → Recipient

WT BM + Tc → 

Allo-HSCT: Donor → Recipient

WT BM + Tc → 

Allo-HSCT: Donor → Recipient

WT BM + Tc → 

Allo-HSCT: Donor → Recipient

WT BM + Tc → 

Allo-HSCT: Donor → Recipient

WT (n = 11)

 1
0

3

Fig. 3. RIG-I/MAVS pathway activation protects from intestinal tissue damage after TBI. Survival (A) and weight loss (B) after allo-HSCT involving transplant of 5 ×
106 BM ± 1 × 106 T cells from C57BL/6 WT donor mice into BALB/c WT recipients with or without 3pRNA treatment on day −1. Pooled data from four independent
experiments. (C) Histopathological score of small intestine tissue after allo-HSCT from C57BL/6 WT donor mice to BALB/c WT mouse recipients with or without 3pRNA
treatment on day −1. Pooled data from two independent experiments. (D) Weight loss in mouse recipients from (C) after allo-HSCT with or without 3pRNA treatment on
day 0 (d0) or day +1 (d+1). Pooled data from three independent experiments. (E) FITC-dextran concentrations in plasma after allo-HSCT from C57BL/6 WT donor mice to BALB/c
WT recipient mice with or without 3pRNA treatment on day −1. (F) qPCR of RegIIIg expression in mouse gut epithelial cells after allo-HSCT from C57BL/6 WT donor mice into
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TBI (9 Gy) analyzed by flow cytometry. Pooled data from two independent experiments. (I) Leukocytes in the small intestine lamina propria of C57BL/6 mice after treatment
with chemotherapy (doxorubicin) analyzed by flow cytometry. Pooled data from three independent experiments. (J) Weight loss in C57BL/6 mice that received doxorubicin
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representative experiment of four independent experiments is shown. Animal numbers per group (n) are depicted above figure panels. 3pRNA treatment was always
performed on day −1 in indicated groups except for (D). All experiments were analyzed using one-tailed (G) or two-tailed unpaired t test or ordinary one-way ANOVA for
multiple comparisons. Survival was analyzed using the log-rank test. *P < 0.05, **P < 0.01, and ***P < 0.001. Data are means ± SEM.
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IFN-I signaling 2 days before TBI-induced damage abrogated the
3pRNA-induced increase in barrier function (Fig. 4C) and the increase
in RegIIIg and Itgb6 expression during GVHD (Fig. 4, D and E), and
reversed the inhibition of neutrophil influx into the gut mucosa after
TBI-induced intestinal damage inWTmice (Fig. 4F). Notably, recipient-
derived IL-22 has been shown to protect against tissue damage caused
by conditioning therapy and GVHD (23, 24) by protecting intestinal
epithelial integrity. However, 3pRNA was effective in reducing GVHD
and weight loss in IL-22−/− allo-HSCT recipient mice (Fig. 4G). This
suggested that IFN-I, but not IL-22, may be the mediator of RIG-I–
induced protection.

RIG-I–induced type I IFN signaling in nonhematopoietic cells
promotes proliferation of the ISC compartment
The observed increase in gut barrier function and increased IFN-b pro-
duction in the intestine after 3pRNAadministration (fig. S4B) suggested
a prominent role for the nonhematopoietic system including IECs as
IFN-I targets in vivo. We therefore generated BM chimeric mice with
either an IFNAR1 (IFN-a/b receptor a-chain)–deficient hematopoietic
compartment or an IFNAR1-deficient nonhematopoietic compartment
and used them as allo-HSCT recipients with or without previous
3pRNA treatment. Mice with IFNAR1 deficiency in the nonhemato-
poietic system developed more severe GVHD than did those with
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Fig. 4. RIG-I–induced type I IFN signaling mediates intestinal tissue protection. (A) Survival and percent of initial
weight after allo-HSCT. BM cells (5 × 106) plus T cells (1 × 106) from C57BL/6 WT mice were transplanted into BALB/c recipient
mice with or without 3pRNA treatment on day −1 before allo-HSCT and treatment with IFNAR1-blocking antibody (a-IFNAR1) or
immunoglobulin G1 (IgG1) isotype control on day −2 before allo-HSCT. Pooled data from three independent experiments.
(B) Weight loss after allo-HSCT. BM cells (5 × 106) plus T cells (1 × 106) from C57BL/6 WT mice were transplanted into BALB/c
recipient mice with or without 3pRNA treatment on day −1 before allo-HSCT and treatment with IFNAR1-blocking antibody
(a-IFNAR1) 48 hours before allo-HSCT (−48 h before TX), at the time of allo-HSCT (0 h before TX), or 24 hours after allo-HSCT
(24 h after TX). (C) FITC-dextran concentrations in plasma of BALB/c mouse recipients after allo-HSCT, with or without 3pRNA

treatment on day −1 before allo-HSCT, and treatmentwith IFNAR1-blocking antibody (a-IFNAR1) or IgG1 isotype control (IC) on day−2 before allo-HSCT. Pooled data from three
independent experiments. (D and E) qPCR of RegIIIg and Itgb6 expression in small intestine biopsies from BALB/c recipient mice after allo-HSCT, with or without 3pRNA
treatment on day −1 before allo-HSCT, and treatment with IFNAR1-blocking antibody (a-IFNAR1) or IgG1 isotype control on day −2 before allo-HSCT. Pooled data from
three (D) and six (E) independent experiments. (F) Flow cytometry analysis of leukocyte infiltration into the small intestine lamina propria of BALB/cmice after TBI (9 Gy), with or
without 3pRNA treatment onday−1 before TBI, and treatment with IFNAR1-blocking antibody (a-IFNAR1) or IgG1 isotype control on day −2 before TBI. Pooled data from two
independent experiments. (G) Survival and weight loss in BALB/c mouse recipients lacking IL-22 (Il-22−/−) after allo-HSCT with BM and T cells from C57BL/6WTmice with or
without 3pRNA treatment on day −1 before allo-HSCT. Pooled data from two independent experiments. Animal numbers per group (n) are depicted above figure panels.
Treatment time points for 3pRNA and a-IFNAR1 antibody are indicated. All experiments were analyzed using two-tailed unpaired t test or ordinary one-way ANOVA for
multiple comparisons. Survival was analyzed using the log-rank test. *P < 0.05, **P < 0.01, and ***P < 0.001. Data are means ± SEM.
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IFNAR1 deficiency in the hematopoietic system (fig. S5A). There was a
nonstatistically significant trend toward improved survival after RIG-I
agonist treatment in allo-HSCT recipients with an IFNAR1-deficient
hematopoietic system but not in allo-HSCT recipients with an IFNAR1-
deficient nonhematopoietic system (fig. S5A). Although these data may
suggest a prominent role for IFNAR1, in the nonhematopoietic system,
the origin and target of IFNs produced in vivo remain unclear. DCs are
a main hematopoietic target population of IFN-I activity in vivo (25),
which prompted us to analyze the effects of 3pRNA on the course of
GVHD in mice in which CD11c+ DCs did not express IFNAR1. We
found more early weight loss during GVHD in CD11cCre Ifnar1fl/fl

mice, compared to cohoused Ifnar1fl/fl mice (Fig. 5A), whereas overall

survival was not significantly different (fig. S5B). However, 3pRNA-
mediated prevention of early weight loss was unchanged (Fig. 5A),
confirming a predominant role of the nonhematopoietic system in
mediating the effects of IFN-I. We thus postulated that prophylactic
RIG-I–triggered protection from tissue injury could be mediated by
IFN signaling in IECs. To assess the direct impact of RIG-I signaling
and IFN-I on IECs, we used an ex vivo organoid system composed of
mouse primary small intestine crypts (26). Each of these epithelial
“mini-guts” contained a functional ISC compartment that consisted
of LGR5+ ISCs and supportive niche cells (Paneth cells) (26). Crypts
cultured ex vivo grew into organoids with crypt buds that recapitulated
the in vivo intestinal organization including crypt villus structures and
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Fig. 5. RIG-I–induced type I IFN signaling in nonhematopoietic cells promotes regeneration of the ISC compartment. (A) Weight loss after allo-HSCT. BM cells
(5 × 106) plus T cells (5 × 106) from BALB/c donor mice transplanted into C57BL/6 recipient mice (genotypes are indicated in the figure) with or without 3pRNA treatment
on day −1. Pooled data from two independent experiments. (B) Number of organoids after 5 days in culture with or without the addition of 3pRNA (2 mg/ml) on day 1 of
culture; organoids were derived from C57BL/6 IFNAR1+/+ or IFNAR1−/− mice. One representative experiment of three independent experiments. (C) Representative
images of organoids derived from C57BL/6 WT mice after 5 days in culture with or without the addition of 3pRNA (2 mg/ml) on day 1 of culture. Organoid area is shown.
(D) Measurement of organoids from C57BL/6 WT mice after 5 days in culture with or without the addition of 3pRNA (2 mg/ml) or a-IFNAR1–blocking antibody (10 mg/ml) on
day 1 of culture. One representative experiment of three independent experiments. (E) Size of organoids derived from C57BL/6 WT mice after 7 days in culture with or without
the addition of recombinant murine IFN-b (20 U/ml) on day 1 of culture. One representative experiment of three independent experiments. (F) qPCR of RegIIIg expression in
organoids 24 hours after stimulation with indicated combinations of 3pRNA and a-IFNAR1–blocking antibody or IgG1 isotype control. Pooled data from three independent
experiments. All experiments were analyzed using two-tailed unpaired t test or ordinary one-way ANOVA for multiple comparisons. Survival was analyzed using the log-rank
test. *P < 0.05, **P < 0.01, and ***P < 0.001. Data are means ± SEM.
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central lumen markers (27). Fewer epithelial organoids were derived
from Ifnar1−/− compared to Ifnar1+/+ mice, suggesting a crucial role
for type I IFN signaling in epithelial regeneration (Fig. 5B). Although
ex vivo stimulation with 3pRNA did not increase the number of in-
testinal organoids (Fig. 5B), it did increase organoid size (Fig. 5, C and
D, and fig. S5C), suggesting that RIG-I activation stimulated the ISC
compartment, resulting in epithelial tissue regeneration.

Similar to our in vivo findings demonstrating that 3pRNA-induced
augmentation of gut barrier function wasmediated by IFNAR signaling
(Fig. 4, C to F), organoid growth after ex vivo 3pRNA stimulation was
dependent on IFN-I produced via MAVS (fig. S5D). IFNAR blockade
abrogated 3pRNA-mediated increase in organoid size (Fig. 5D and fig.
S5C), whereas addition of recombinant IFN-b increased organoid size
(Fig. 5E and fig. S5E). Neither recombinant IFN-b nor IFNAR blockade
could influence the number of organoids (fig. S5, F andG). Yet, 3pRNA
stimulation of organoid-forming crypts ex vivo also induced IFN-I–
dependentRegIIIg expression (Fig. 5F), consistent with our in vivo find-
ings (Fig. 4D). Unlike the case with IFNAR−/− organoids, we could not
detect an inherent difference in organoid formation between small in-
testine crypts isolated fromMavs+/+ orMavs−/− littermates (fig. S6A).

Furthermore, no differences in Paneth cell numbers betweenMavs+/+

and Mavs−/− littermates could be detected (fig. S6B), suggesting that
MAVS signaling in the intestine may not be required for mediating gut
homeostasis in the steady state but is required for the induction of
epithelial regeneration after tissue damage. We found that the Paneth
cell–derived antimicrobial peptide Lysozyme P and the ISC marker
Lgr5 were both reduced in Mavs−/− mice compared to Mavs+/+ litter-
mates after allo-HSCT (Fig. 6A).We found elevated numbers of Paneth
cells in allo-HSCT recipients pretreated with 3pRNA on day −1 (Fig.
6B) and elevated gene expression of Lysozyme P and the ISC marker
Lgr5 (Fig. 6C). Congruent with a lack of benefit for GVHD, we found
that delaying 3pRNA treatment until day +1 after allo-HSCT did not
protect ISCs and Paneth cells. Lysozyme P and Lgr5 expression was re-
duced inmice that received 3pRNAon day +1 after allo-HSCT (Fig. 6D).
We also observed that Lysozyme P and Lgr5 expression was reduced in
mice 24 hours after TBI, suggesting that the lack of efficacy of 3pRNA
after allo-HSCT could at least in part be due to fewer target cells in the
intestinal epithelium (fig. S6C).

To determine the impact of endogenous RIG-I/MAVS signaling
on intestinal regeneration during ongoingGVHD,we next analyzed the
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Fig. 6. RIG-I activation protects ISCs after allo-HSCT. (A) qPCR expression of Lysozyme P and Lgr5 in small intestine biopsies from MAVS+/+ or MAVS−/− C57BL/6
recipient mice after allo-HSCT with 5 × 106 BM cells and 2 × 106 T cells from BALB/c WT donor mice. Pooled data from five independent experiments. (B) Analysis of allo-
HSCT BALB/c recipients in the presence or absence of 3pRNA treatment on day −1. Immunohistochemistry showing lysozyme staining of the small intestine of BALB/c
recipients 8 days after allo-HSCT. Lysozyme-positive gut Paneth cells are indicated by black arrowheads. Histogram shows number of Paneth cells per crypt. Repre-
sentative images and pooled data from three independent experiments. (C) qPCR showing expression of Lysozyme P and Lgr5 in IECs from the small intestine of BALB/c
recipient mice 8 days after allo-HSCT with or without 3pRNA treatment on day −1 before allo-HSCT. Pooled data from three independent experiments. (D) qPCR of
Lysozyme P and Lgr5 expression in the small intestine of BALB/c recipient mice after allo-HSCT with or without 3pRNA treatment on day +1. Data from one experiment.
(E) Number of organoids derived from C57BL/6 recipient mice on day 8 after allo-HSCT with or without 3pRNA treatment on day −1 before allo-HSCT. Pooled data from
four independent experiments. Animal numbers per group (n) are depicted above figure panels. All experiments were analyzed using two-tailed unpaired t test or
ordinary one-way ANOVA for multiple comparisons. *P < 0.05, **P < 0.01, and ***P < 0.001. Data are means ± SEM.
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capacity to form intestinal organoids ex vivo in Mavs+/+ compared to
Mavs−/− allo-HSCT recipients. Strikingly, fewer organoids could be
retrieved fromMavs−/− allo-HSCT recipients than fromMavs+/+ litter-
mates (Fig. 6E). We also found that in vivo 3pRNA treatment before
(day −1) allo-HSCT induced more organoid growth compared to un-
treated WT recipients. This effect was absent inMavs−/− allo-HSCT
recipients (Fig. 6E), demonstrating that 3pRNA engages the RIG-I/
MAVS pathway in vivo to exert its protective function.

STING signaling protects allo-HSCT recipients from GVHD
and regulates intestinal organoid growth
Considering the protective role of RIG-I/MAVS against genotoxic
tissue damage, we wondered whether other IFN-I–inducing cytosolic
nucleic acid sensors would have similar effects. We therefore trans-
planted STING Goldenticket (Stinggt/gt) mice with allogeneic BM and
T cells. Similar to our observation in Mavs−/− mice, we found that
Stinggt/gt allo-HSCT recipients showed increased mortality compared
to cohousedWTmice (Fig. 7A). The composition of the gutmicrobiota
was comparable between cohousedWT and Stinggt/gtmice (Fig. 7B). In
parallel with our 3pRNA results, we found that allo-HSCT recipients
treated with IFN-stimulatory DNA on day −1 showed reducedmortality
(Fig. 7C) and weight loss (Fig. 7D). Administration of IFN-stimulatory
DNA induced production of IFN-a and IFN-b in serum and, like
3pRNA, did not change TBI-induced production of proinflammatory
cytokines (fig. S7, A and B). Administration of IFN-stimulatory DNA
also reduced translocation of FITC-dextran across the mouse gut
epithelia. This effect could be reproduced after injection of calf thymus
DNA,which, in contrast to IFN-stimulatoryDNA, containedCpGmotifs
(28) and induced IFN-I via the STING pathway (Fig. 7E) (29). Finally,
STING signaling and stimulation of organoids with IFN-stimulatory
DNA contributed to growth of intestinal organoids in vitro and RegIIIg
expression in an IFN-I–dependent manner (Fig. 7, F to H).

Given that pretransplant conditioning with either TBI or chemo-
therapy leads to accumulation of aberrant self-DNA found in apoptotic
bodies, the extracellular space, and cytosol resulting in IFN-I production
(30), we hypothesized that the STING pathway might mediate protec-
tion through detection of endogenous DNA. We observed increased
dsDNA in the plasma of mice undergoing TBI compared to untreated
mice (Fig. 7I). We next used the luciferase reporter mouse system to
analyze IFN-b production in the intestine 24 hours after TBI. In com-
parison to untreated mice, TBI induced IFN-I signaling in the small in-
testine (fig. S7C).

We did not succeed in detecting endogenous RNA inmouse plasma.
If endogenousRNAwas released into the extracellular space upon dam-
age, then we presumed it was rapidly degraded. Given that commensal
microbiota including bacteria in the gut could potentially deliver endog-
enous ligands required for activation of RIG-I (18), we tested whether
RNA isolated frommouse feces could induce RIG-I–dependent IFN-
I signaling in IECs. Feces-derivedRNA induced aRIG-I–dependent IFN-
I response inMODE-K cells, amurine IEC line withmorphological and
phenotypic characteristics of normal enterocytes (31), arguing that
3pRNA and RNA derived from commensals including viruses, phage,
or bacteria could potentially induce protective IFN-I signaling through
activation of RIG-I (fig. S7, D to G).

Together, our data suggest that activation of the RIG/MAVS and
STING pathways, either through endogenous or applied ligands
(IFN-stimulatory DNA, 3pRNA), may be essential for protection of
gut epithelial integrity after TBI or chemotherapy and for the preven-
tion of GVHD after allo-HSCT.

DISCUSSION
Previous studies have proposed a protective function of IFN-I in the
setting of allo-HSCT (32) and of stromal MAVS signaling in a dextran
sodium sulfate (DSS)–inducedmousemodel of colitis (18), but themech-
anisms by which IFN-I contributes to this protection remain ill defined.
Li and co-workers (18) used amodel of low-doseDSS to induce chronic
tissue damage and demonstrated that MAVS signaling in stromal cells
controlled tissue homeostasis bymonitoring commensal bacteria.How-
ever, erosive epithelial damage by DSS is an artificial experimental
approach that does not mirror common clinical scenarios, in which
patients suffer from tissue damage after cytotoxic chemotherapy or
radiation therapy or through immune activation. Here, we have used a
series of genetically modified (Ddx58−/−, Mavs−/−, and Stinggt/gt) and
chimeric mice to analyze clinically relevant models of injury (TBI and
chemotherapy) to the ISC compartment and immune-mediated acute
tissue damage (allo-HSCT/GVHD). We have demonstrated the role of
the RIG-I/MAVS/IFN-I and STING/IFN-I pathways for the mainte-
nance of intestinal barrier function and prevention of GVHD. Specifi-
cally, we have shown that defective MAVS or STING signaling leads to
breakdown of intestinal barrier function and increased GVHD pathol-
ogy. Given that cohoused WT andMavs−/− or Stinggt/gt mice harbored
similar intestinal bacterial populations, it is unlikely that differences in
bacterial composition contributed to the protective role of MAVS or
STING during GVHD development, unlike what has been proposed
for IFN-I–mediated control of Paneth cell function (33).Rig-I−/−mouse
recipients of allogeneic BM and T cells similarly suffered from worse
GVHD, and there was a nonsignificant trend toward higher mortality
and more weight loss in Rig-I−/− mouse recipients receiving allogeneic
BM only. This is reminiscent of the colitis-like phenotype of Rig-I−/−

mice and their increased susceptibility to DSS-induced colitis (34).
However, because Rig-I−/− mice seemed to be viable only on the 129/sv
background, their higher susceptibility to external insults may be attrib-
utable to strain-specific differences.

We showed that exogenous stimulation of the RIG-I and STING
pathways with 3pRNA or IFN-stimulatory DNA in a preventive setting
(1 day before allo-HSCT) promoted intestinal barrier function (as
measured by FITC-dextran translocation), Paneth cell function (mea-
sured by expression of Lysozyme P), Lgr5marker expression, and the
production of mucosal homeostatic factors (expression of Itgb6 and
RegIIIg), ultimately protecting the recipient from the lethal consequences
of systemicGVHD. In contrast, application of RIG-I agonists 1 day after
allo-HSCT did not result in protection and even decreased expression
of Lysozyme P and Lgr5. As we also noticed reduced expression of
Lysozyme P and Lgr5 in the gut after TBI and allo-HSCT, we specu-
lated that this lack of therapeutic efficacy of 3pRNA could at least in
part be explained by the loss of targetable IECs after pretransplant
conditioning. We elucidated the temporal requirements for effective
IFN-I–dependent signaling: IFNAR needed to be activated at the time
of tissue damage, because early blockade of IFNAR before allo-HSCT
but not late blockade after allo-HSCT totally abolished the protective
effect of 3pRNA. An earlier study has reported reduction of GVHD if
recombinant IFN-awasapplied1daybefore allo-HSCT(32). Emphasizing
the nonredundant role of the RIG-I/MAVS/IFN-I pathway in epithelial
protection, RIG-I ligand–mediated protection was independent of IL-22,
a cytokine that enhanced intestinal barrier integrity during allo-HSCT
via protection of the ISC compartment (23, 35).

Mechanistically, IFN-I (both RIG-I–/STING-induced and recombi-
nant IFN-b) triggered growth of primary intestinal crypt cultures, an
effect that was abrogated by blocking IFNAR. Growth of these epithelial
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mini-guts relies on sufficient expansion of Lgr5+ ISCs that eventually
give rise to transient amplifying cells and, ultimately, tomature IECs.
Here, we found that organoid formation capacity and production of
Paneth cell–derived signals (Lysozyme P) were both reduced inMavs−/−

allo-HSCT recipients compared to Mavs+/+ allo-HSCT recipients. In
contrast, we could not detect any differences in organoid formation
or Paneth cell numbers between Mavs+/+ and Mavs−/− mice in the
steady state, suggesting that MAVS and IFN-I might exert their protec-
tive functions during acute damage by activation of the ISC compart-
ment. Along these lines, Stinggt/gt and Ifnar1−/−mice also showeddefects
in organoid formation.

Given that Paneth cells constitute the ISC niche and produce factors
that are critical for homeostasis of Lgr5+ ISCs and self-renewal in the
small intestine (27, 36) includingWNT, EGF (epidermal growth factor),
and Notch ligands, accurately timed RIG-I– or STING-induced IFN-I
signaling could modulate the production of these Paneth cell–derived
signals during acute tissue damage. We observed that RIG-I ligands
protected Paneth cells in allo-HSCT mouse recipients and enhanced
expression of Lysozyme P and Lgr5. Moreover, RIG-I– and STING-
induced IFN-I enhanced the production of RegIIIg that could contrib-
ute to limiting intestinal tissue damage by sustaining a protective shield
against bacterial colonization and translocation (21, 37). Finally, we
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Fig. 7. STING pathway protects mouse recipients from GVHD after allo-HSCT. (A) Sur-
vival of cohoused C57BL/6 WT or Stinggt/gt mice that received 5 × 106 BM cells plus 1 × 106

T cells fromWT B10.BR donor mice. Pooled data from two independent experiments. (B) Relative
abundance of bacterial genera in the intestinal microbiota of cohoused WT and Stinggt/gt mice.
One representative experiment of two independent experiments. Survival (C) and weight loss
(D) for C57BL/6 mouse recipients after allo-HSCT from B10.BR donor mice with or without IFN-
stimulatory DNA (ISD) treatment on day −1. Pooled data of two (C) or three (D) independent
experiments. (E) FITC-dextran concentrations in plasmaof BALB/cmouse recipients after allo-HSCT
fromC57BL/6 donorswith orwithout calf thymusDNA (CTDNA)or IFN-stimulatoryDNAtreatment
onday−1. Pooleddata from two independent experiments. (F) Number of organoids derived from
WT or Stinggt/gt C57BL/6 mouse small intestine after 5 days in culture with or without the addition
of IFN-stimulatory DNA (2 mg/ml) on day 1 of culture. Pooled data from three independent
experiments. (G) Organoids derived from C57BL/6 mouse small intestine. Measurement of organ-

oid size after 5 days in culture with or without the addition of IFN-stimulatory DNA (2 mg/ml), a-IFNAR1–blocking antibody (10 mg/ml), or IgG1 isotype control on day 1 of culture.
The experiment was performed three times, and images of one representative experiment are shown. (H) qPCR of RegIIIg expression in organoids derived from C57BL/6WTmice
24 hours after stimulation with indicated combinations of IFN-stimulatory DNA, a-IFNAR1–blocking antibody, or IgG1 isotype control. Pooled data from three independent
experiments. (I) DNA in plasma of BALB/c mice 24 hours after TBI (9 Gy) or allo-HSCT. Pooled data from three independent experiments. Animal numbers per group (n) are
depicted above figure panels. All experiments were analyzed using two-tailed unpaired t test or ordinary one-way ANOVA for multiple comparisons. Survival was analyzed using
the log-rank test. *P < 0.05, **P < 0.01, and ***P < 0.001. Data are means ± SEM.
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found that administration of 3pRNA before allo-HSCT allowed re-
trieval of more organoids from the small intestine of treated recipients
compared to untreated control recipients and required the RIG-I
adaptor MAVS to induce epithelial regeneration. Engagement of RIG-I
in vivo thus augmented ISC function and epithelial regeneration during
allo-HSCT. Given that expression of RIG-I, MAVS, and STING has
previously been identified in Lgr5+ ISCs in a proteomic screen (38),
future studies will clarify whether endogenous RIG-I and STING
ligands and IFN-I enhance organoid growth by directly acting on
Lgr5+ ISCs. Alternatively, Bmi+ ISCs, considered to be injury-inducible
cells with full potential for epithelial regeneration shortly after irradiation
damage (39), could be targets for RIG-I/MAVS–, STING–, or IFN-I–
dependent signals.

Under conditions of chronic viral challenge and chronic IFN-I sig-
naling, myeloid cells are the main target of IFN-I signals, controlling
epithelial barrier integrity through secretion of apolipoproteins L9a/b
(10). In addition, natural killer cells (both donor or recipient) reduce
inflammation after irradiation-induced gut epithelial barrier loss and
GVHD in several mouse models (40) and are activated by IFN-I after
3pRNA injection (22). Non-IEC IFN-I targets could contribute to the
3pRNA-induced protection against gut barrier loss and GVHD. 3pRNA
increased expression of apolipoproteins L9a/b in the small intestine of
irradiated WT mice, an effect that was entirely dependent on IFN-I
signaling. In contrast, weight loss during GVHD in Ifnar1fl/fl CD11cCre
mice was higher, but reduction of GVHD-associated weight loss by
RIG-I activation was not affected. This suggested that although IFN-I
signaling throughDCs appears to be important for limiting tissue dam-
age under certain conditions, protection from tissue injury in GVHD
via RIG-I activation is not mediated by IFN-I signaling in DCs.

Our data suggested that endogenous RIG-I/MAVS and STING
signaling resulted in protective IFN-I signaling to maintain epithelial
barrier integrity, specifically in the context of tissue damage induced
by TBI, chemotherapy, and GVHD. In this respect, identifying endog-
enous ligands that engage these pathways and mediate protection is of
particular interest.

There are a number of limitations to our study. First, the links
among the effects of IFN-I signaling on IECs, protection of gut epithelial
barrier function, and reduction ofGVHDare still correlative, and causal
relationships remain to be formally proven. More detailed, large-scale
experimentswithBMchimeras and inducible, epithelia- ormesenchyme-
specific IFNAR−/−mouse recipients are needed. Second, testing the role
of RIG-I/MAVS, STING, and IFN-I in additional minor mismatch
models of allo-HSCTmay allow more general conclusions to be drawn
about the relevance of these pathways in allo-HSCT. Similarly, explor-
ing the role of RIG-I/MAVS, STING, and IFN-I activation in additional
models of chemotherapy-induced tissue injury might extend our find-
ings that are currently limited to doxorubicin treatment and the analysis
of the RIG-I/MAVS pathway. Third, although RIG-I has been shown to
be down-regulated in the intestinal epithelium of patients with Crohn’s
disease (41), the role of cytosolic nucleic acid sensors in human allo-
HSCT and GVHD remains unclear. Intestinal gene expression analysis
in patients with varying grades of GVHDmay provide insights into the
role of cytosolic nucleic acid sensors and open the way for prospective
studies using RIG-I agonists, which are currently being developed for
clinical application. Finally, given that the cytosolicDNA receptor cGAS
has been shown to bind to a variety of DNA molecules including IFN-
stimulatory DNA (4), we can only speculate that cGAS could be the
main sensor upstream of STING to induce the protective function of
dsDNA, but this requires further evaluation.

In summary, we have shown that correctly timed therapeutic acti-
vation of RIG-I or STING may offer a strategy to reduce gut epithelial
barrier dysfunction and promote epithelial integrity during acute tissue
damage caused by chemotherapy or TBI and thus help to prevent the
development of GVHD.

MATERIALS AND METHODS
Study design
The goal of this study was to evaluate the impact of RIG-I/MAVS and
STING signaling on gut integrity during acute tissue injury and GVHD
in mice. To assess this, acute tissue damage was induced by TBI, cyto-
toxic chemotherapy, andmousemodels of allo-HSCT.GVHD intensity
was quantified using survival, weight loss, histopathology, and immu-
nohistochemistry. Intestinal barrier function was analyzed using FITC-
dextran translocation, expression of antimicrobial peptides, and neutrophil
influx into the lamina propria. Bacteremia wasmeasured in the serum by
counting CFU. Organoid cultures of mouse small intestinal crypts were
used as an indicator for epithelial regeneration. Damage-associated
DNA release was quantified using total DNA isolated frommouse plas-
ma. qPCRwas performed for gene expression analysis of IFN signaling,
antimicrobial peptide production, and small intestine stem or Paneth
cell marker expression. 16S rRNA sequencing was performed to detect
potential differences in the intestinal bacterial composition of WT,
Mavs−/−, or Stinggt/gtmice. For animal studies, sample sizes were chosen
according to the power of the statistical test of each experiment. For all
studies, animal numbers are depicted in the figures, and the number of
independent experiments is listed in the figure legends. WT and genet-
ically modified mice were randomized into experimental groups and
randomly assigned to different cages. Experienced GVHD pathologists
performed histopathological scoring of intestinal damage after allo-
HSCT in a blinded fashion. All mouse antibodies used in this study
were validated with flow cytometry by the supplier, either eBioscience,
BD Biosciences, or BioLegend. Mouse antibodies and their clones are
listed in table S1 (clone number, 1DegreeBio, reference ID). Cell lines
were tested for mycoplasma at frequent intervals. We did not exclude
outliers in any experiment. For all results, statistical tests are described
in the figure legends.

Mice
Mavs−/− (C57BL/6) were provided by the late J. Tschopp. Rig-I−/−mice
(129/sv)were provided byZ.-G.Wang (34). Ifnar1fl/fl×CD11c-Cremice
were provided byU. Kalinke (Hannover, Germany). Stinggt/gtmice were
from the Jackson Laboratory. We used cohoused mice (Stinggt/gt) or lit-
termates derived from heterozygous breeding pairs as indicated in the
results or figure legends.

BM transplantation
Allogeneic BM transplantation was performed as previously described
(42). Recipients were given 5 × 106 T cell–depleted BM cells directly
after lethal TBI. T cell depletion of BMcells was performed as previously
described (43). T cell doses (MACS enrichment, Miltenyi) varied de-
pending on the transplant model.

In vivo permeability assay
FITC-dextran assay was performed as previously described (35). FITC-
dextran (#FD4-1G, Sigma) was administered by oral gavage at a con-
centration of 50 mg/ml in water (750 mg/kg). Four and a half hours
later, plasma was collected and analyzed on a plate reader.
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In vivo analysis of neutrophil infiltration
Mice were lethally irradiated or treated with doxorubicin. On day 3,
lamina propria leukocytes were isolated and neutrophils were analyzed
by flow cytometry as previously described (44).

Analysis of T cell proliferation in vivo
In vivo T cell analysis was performed as previously described (45). Car-
boxyfluorescein diacetate succinimidyl ester (15 × 106) (eBioscience)–
stained T cells were transplanted into lethally irradiated allogeneic
recipients as described above.

Crypt isolation
Isolation of intestinal epithelial crypts was performed as previously de-
scribed (26). Briefly, small intestines were opened longitudinally,
washed, and incubated in 10mMEDTA for 25min (4°C). Supernatant
containing crypts was collected.

Organoid culture
Two hundred fifty crypts per well were suspended in growth factor–
reduced Matrigel (Corning) (33% ENR medium; 66%Matrigel) at 4°C
and plated in 30-ml drops, each containing about 250 crypts. Five
hundred microliters of ENR-medium [Advanced DMEM/F-12 (Life
Technologies), 2 mM L-glutamine (Sigma), 10 mM Hepes (Life Tech-
nologies), penicillin (100 U/ml)/streptomycin (100 mg/ml) (Life Tech-
nologies), 1.25mMN-acetyl cysteine (Sigma), 1 × B27 supplement (Life
Technologies), 1×N2 supplement (LifeTechnologies),mEGF (50ng/ml)
(PeproTech), recombinant murine Noggin (100 ng/ml) (PeproTech),
5% human R-spondin-1–conditioned medium of hR-spondin-1–
transfected human embryonic kidney (HEK) 293T cells] was added
to crypt cultures. Medium was replaced every 2 to 3 days. 3pRNA
and IFN-stimulatory DNA were complexed with Lipofectamine 2000
(Invitrogen).Recombinantmurine IFN-b [PBL(12400-1)] and/or IFNAR1
antibody/IgG1 isotype control were added with medium change.

Quantitative PCR
Total RNA was isolated and transcribed using standard methods and
kits according to themanufacturer’s protocols (RNeasyMini Kit, Qiagen;
SuperScript III Reverse Transcriptase, Invitrogen). The qPCR Core Kit
for SYBR Green I (Eurogentec) and the LightCycler 480 II (Roche)
Real-Time PCR System were used as indicated by the manufacturer.
The relative transcript level of each gene was calculated according to
the 2−Ct, for unnormalized genes, and the 2−DDCtmethod, for genes nor-
malized to b-actin.

Assessment of epithelial regeneration in intestinal
organoid cultures
To determine organoid size and morphology, bright-field microscopy
images were taken using a Zeiss AxiovisionObservermicroscope with a
5× objective lens. Two-dimensional area and perimeter were analyzed
using border perimeter tracing of organoids of each well using ImageJ
software.

Reagents
Double-stranded in vitro–transcribed 3pRNA (sense, 5′-UCAAACAGUC-
CUCGCAUGCCUAUAGUGAGUCG-3′) was generated as described (22).

Treatments before allo-HSCT
Micewere treated at indicated timepointswith3pRNAor IFN-stimulatory
DNA (25 mg if not indicated otherwise). 3pRNA or IFN-stimulatory

DNAwas complexed in 3.5 ml of in vivo-jetPEI (Polyplus) and injected
intravenously. In some experiments,micewere treated intraperitoneally
with 500 mg of IFNAR1-blocking antibody/IgG1 control.

Statistics
Animal numbers per group (n) are depicted in the figure legends. We
never used technical replicates. GraphPad Prism version 6 was used for
statistical analysis. Survival was analyzed using the log-rank test. Differ-
ences betweenmeans of experimental groups were analyzed using two-
tailed unpaired t test or ordinary one-way ANOVA. We used ordinary
one-way ANOVA for multiple comparisons and always performed
Dunnett’s test for multiple test corrections. Applied statistical tests are
indicated in the figure legends. Significance was set at *P < 0.05, **P <
0.01, and ***P < 0.001. Data are means ± SEM.

SUPPLEMENTARY MATERIALS
www.sciencetranslationalmedicine.org/cgi/content/full/9/386/eaag2513/DC1

Materials and Methods

Table S1. Antibodies.

Fig. S1. Endogenous RIG-I/MAVS signaling reduces intestinal tissue damage caused by

conditioning therapy and attenuates GVHD.

Fig. S2. Donor-derived T cells show enhanced alloreactivity in Mavs−/− allo-HSCT recipients.

Fig. S3. RIG-I ligands have to be applied before or during allo-HSCT to exert their protective

effects and do not affect GVL.

Fig. S4. RIG-I–induced treatment effects are mediated by IFN-Is.

Fig. S5. RIG-I–induced IFN-Is enhance epithelial regeneration through stimulation of the ISC

compartment.

Fig. S6. MAVS-deficient mice do not display an inherent defect in organoid formation or in the

number of Paneth cells.

Fig. S7. TBI and IFN-stimulatory DNA induce a systemic IFN-I response, and feces-derived RNA

triggers a RIG-I–dependent IFN-I response in IECs.
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Materials and Methods  

Mice 
C57BL/6 (H-2kb, Thy-1.2), BALB/c (H-2kd, Thy-1.2) were purchased from Janvier Labs 

(France). Mavs-/- (C57BL/6) were provided by the late J. Tschopp. Ifnar1-/- (C57BL/6) mice 

were provided by Joseph C. Sun (MSKCC), Il-22-/- (Balb/c) mice were provided by 

Genentech. Rig-I-/- mice (129/sv) were provided by Zhu-gang Wang (State Key Laboratory 

of Medical Genomics, Shanghai Jiao Tong University School of Medicine, Shanghai 

200025, P.R.China) (34). Ifn-β∆β-luc mice used for in vivo imaging were backcrossed to 

C57BL/6 albino background (42). Floxed Ifnar1 mice (C57BL/6) crossed with CD11c-Cre 

mice (C57BL/6) were provided by U. Kalinke (Twincore, Hannover, Germany). Stinggt/gt 

mice were from Jackson (Stock number 017537). Mice were used between 6 and 12 weeks 

of age at the onset of experiments and were maintained in specific pathogen free conditions. 

We used littermates derived from heterozygous breeding pairs (Mavs-/-, Mavs+/+; Ifnar1fl/fl 

CD11c-Cre+, Ifnar1fl/fl CD11c-Cre- ; Rig-I-/- , Rig-I+/-) or cohoused mice as indicated in the 

results or figure legends. Animal studies were approved by the local regulatory agencies 

(Regierung von Oberbayern, Munich, and Landesamt für Verbraucherschutz und 

Lebensmittelsicherheit (LAVES), Oldenburg, Germany) and by the Memorial Sloan-

Kettering Cancer Center (MSKCC) Institutional Animal Care and Use Committee 

(IACUC).  

 

Bone marrow transplantation model  
Allogeneic bone marrow transplants were performed as previously described (43). Briefly, 

recipients were given 5x106 BM cells directly after lethal total body irradiation (TBI) with 

2x4.5Gy (BALB/c), 2x5.5Gy (C57BL/6) or 2x5Gy (129/sv). T cell doses (CD4/CD8 or 

CD5 MACS enrichment, Miltenyi) varied depending on the transplant model: Donor 

C57BL/6 into recipient BALB/c (0.5x106 or 1x106 when indicated), donor BALB/c into 

recipient C57BL/6 (2x106), donor C57BL/6 into recipient 129/sv (1x106), donor B10.BR 

into C57BL/6 (1x106). We used T cell depleted BM in all allo-HSCT experiments with 

BM only controls. T cell depletion of BM cells was performed as previously described (44)  

 

Generation of chimeric recipients with Mavs or Ifnar1 deficiency of hematopoietic or 

non-hematopoietic tissues  
WT, Mavs-/- and Ifnar1-/- recipients (C57BL/6J) were injected as syngeneic bone marrow 

transplantation (BMT) with 5 x 106 WT or Mavs-/- or Ifnar1-/- BM cells (C57Bl/6) 

intravenously directly after TBI with 2x5.5Gy. Between 45 and 90 days after first 

syngeneic BMT, allogeneic HSCT (donor BALB/c into recipient C57Bl/6: T cell dose 

2x106, TBI 2x5.5Gy; donor B10.BR into recipient C57BL/6: T cell dose 1x106, TBI 2x4.5 

Gy) was performed.  

 

In vivo permeability assay (FITC-dextran) 
FITC-dextran Assay was performed as previously described (35). Mice were kept without 

food and water for 8 hours and then FITC-dextran (#FD4-1G, Sigma) was administered by 

oral gavage at a concentration of 50 mg/ml in water (750mg/kg). 4.5 hours later, plasma 

was collected from peripheral blood (8800rcf, 10min), then mixed 1:1 with PBS and 

http://www.jimmunol.org/search?author1=Joseph+C.+Sun&sortspec=date&submit=Submit


analyzed on a plate reader at an excitation wavelength of 485 nm and an emission 

wavelength of 535 nm. 

 

Determination of bacteremia 
To determine bacteremia, peripheral blood was collected and centrifuged at 400g for 5 min, 

supernatant (blood plasma) was collected, plated and incubated at 37°C under anaerobic 

conditions using Columbia Agar plates. After 48h CFUs were counted and bacteremia was 

quantified in CFUs per ml blood plasma.  

 

Isolation of Lamina Propria Leukocytes and intestinal epithelial cells (IEC) from the 

small intestine 
Isolation was performed as previously described (43). Briefly, Peyer’s patches were 
excised from ileum (defined as distal 1/3 of small intestine) and ileums were flushed with 

cold PBS and cut into 2 cm pieces. Longitudinally opened intestines were washed and 

incubated with HBSS solution containing 2mM EDTA, 10 mM HEPES, 10% FCS 

(Hyclone), 1% Penicillin-Streptomycin, 1 % L-Glutamine and 1 mM DTT (all Sigma-

Aldrich). After incubation on a shaker (225 rpm) at 37°C for 2 x 15 min, tissues were 

washed and filtered through a 100 μm strainer (BD 352360). The flow-through were 

centrifuged for 5 min at 1,500 r.p.m and the remaining pellet was lysed in TRIzol (Ambion) 

for subsequent RNA extraction. Next, intestines were incubated for 45min in PBS+Ca/+Mg 

supplemented with FCS (10%), Collagenase II (200 U/ml; Worthington), and DNase I 

(0.05 mg/ml; Roche) on a shaker at 37°C. Lamina Propria Leukocytes (LPL) in suspension 

were then purified on a 40/80% Percoll gradient (Biochrom).  

 

In vivo analysis of neutrophil infiltration  
Phenotypical analysis of neutrophils was performed as previously described (45). For 

assessment of neutrophil infiltration after TBI or doxorubicin treatment, 6-12 weeks old 

mice were irradiated with 9Gy (Balb/c) or 11Gy (C57BL/6) or treated with doxorubicin 

injected intraperitoneally (i.p.) (7.5mg/KG body weight, unless indicated otherwise). On 

day 3 after intervention mice were sacrificed, Lamina Propria Leukocytes were isolated, 

counted and neutrophils within the LPLs were analyzed by flow cytometry and normalized 

to the absolute number of averagely isolated cells (1x106) 

 

Flow cytometry 
Cell suspensions were stained in PBS with 3% FCS. Fluorochrome-coupled antibodies 

were purchased from eBioscience or BioLegend and are listed Table 1. For intracellular 

cytokine staining (ICS), T cells were activated with 80 nM Phorbol-12-myristat-13- acetat 

(PMA; Sigma), 1μM ionomycin (Merck Millipor) and Brefeldin A for 4 hours. For ICS, 
the Foxp3 Transcription Factor Fixation/Permeabilization Kit (eBioscience) was used 

according to manufacturer’s instructions. Data were acquired on a FACS Canto II (BD 
Biosciences) and analyzed using FlowJo software (TreeStar).  

 

Analysis of T cell proliferation in vivo 
In vivo T cell analysis was performed as previously described (46). T cell and BM 

preparation was performed as described above. T cells were stained with 3.5 μM 
carboxyfluorescein diacetate succinimidyl ester (CFSE, eBioscience) for 12 minutes at 



37°C, washed and counted. 15 x 106 stained cells were transplanted into lethally irradiated 

allogeneic recipients as described above. Spleens were harvested on day 3 and analyzed 

with FACS. 

 

Crypt isolation 
Isolation of intestinal epithelial crypts was performed as previously described (26). Briefly, 

after harvesting small intestines, the organs were opened longitudinally and washed. Small 

intestine was incubated in 10 mM ethylenediamine-tetraacetatic acid (EDTA) for 25 min 

(4°C) to dissociate the crypts. The supernatant containing crypts was collected. 

 

Organoid culture 
250 crypts per well were suspended in liquefied growth factor reduced Matrigel (Corning) 

(33% ENR-medium; 66% growth factor reduced Matrigel) at 4°C. Then, they were plated 

in delta-surface Nunc 24-well plates in 30 μL drops, each containing approximately 250 

crypts. After the Matrigel drops polymerized, 500ul complete crypt culture medium was 

added to small intestine crypt cultures (ENR-medium: advanced DMEM/F12 (Life 

technologies), 2 mM L-glutamine (Sigma), 10 mM HEPES (Life technologies), 100 U/ml 
penicillin/100 μg/ml streptomycin (Life technologies), 1.25 mM N-acetyl cysteine 

(Sigma), 1x B27 supplement (Life technologies), 1x N2 supplement (Life technologies), 

50 ng/ml mEGF (Peprotech), 100ng/ml rec. mNoggin (Peprotech), 5% human R-spondin-

1 conditioned medium of hR-spondin-1-transfected HEK 293T cells). Together with the 

crypt culture medium, 2μg/ml of 3pRNA or 2μg/ml of ISD complexed with Lipofectamine 
2000 (Invitrogen) or recombinant murine (rm) IFN-β (20U/ml; PBL (12400-1)) was added. 

All plates were incubated at 37 °C/5% CO2 and medium was replaced every 2-3 days. IFN-

β was added again with every medium change. For IFNαR1 blockade, 10ug/ml of antibody 
were added to the matrigel before polymerization and with every medium change (MAR1-

5A3 anti-mIFNalphaR1 antibody or MOPC-21 Mouse IgG1 as isotype control 

(BioXCell)).  

 

Histopathologic analysis 
Intestines were harvested 8 days after allo-HSCT or 72 hours after TBI for histopathologic 

assessment of intestinal tissue injury. Samples were formalin-preserved, paraffin-

embedded, sectioned, and stained with hematoxylin and eosin (H&E). For evaluation of 

intestinal GVHD after allo-HSCT, blinded scoring was performed by experienced 

pathologists (C.L. or M.R.) as previously described (47). For evidence of intestinal tissue 

damage after TBI, tissues were examined by four established criteria in a blinded fashion 

by a pathologist (S.M.): crypt apoptosis (% of crypt containing at least 1 apoptotic cell), 

crypt abscesses (Absent (0), Present (1)), granulocytic infiltrates (Absent (0), minimal (1), 

mild (2), moderate (3), marked (4)) and villus atrophy (absent (0), minimal (1), mild (2), 

moderate (3), marked (4)). Each mouse was given an individual cumulative score 

(histopathology score) based on the above criteria. 

 

Immunohistochemistry 
Intestines of mice 8 days after allo-HSCT were harvested, formalin-fixed, paraffin 

embedded. The immunohistochemical detection of Lysozyme was performed using 

Discovery XT processor (Ventana Medical Systems). The tissue sections were 



deparaffinized with EZPrep buffer (Ventana Medical Systems), antigen retrieval was 

performed with CC1 buffer (Ventana Medical Systems) and sections were blocked for 30 

minutes with Background Buster solution (Innovex). Slides were incubated with anti-

Lysozyme antibodies (DAKO; cat# A099; 2ug/ml) for 5h, followed by 60 minutes 

incubation with biotinylated goat anti-rabbit IgG (Vector labs, cat#PK6101) at 1:200 

dilution. The detection was performed with DAB detection kit (Ventana Medical Systems) 

according to manufacturer´s instruction. Slides were counterstained with hematoxylin 

(Ventana Medical Systems) and coverslipped with Permount (Fisher Scientific). To 

quantify Lysozyme+ Paneth cells, the number of positive cells per crypt was evaluated over 

a 5000 µm length of intestinal mucosa. Lysozyme+ Paneth cells are depicted as mean 

Paneth cell number / crypt. Quantification was performed in a blinded fashion by S.M. 

 

Detection of bioluminescence and in vivo imaging 
Ifn-β∆β-luc mice were injected i.v. with 100 μl luciferin (30 mg/ml in PBS)/20 g mouse 
weight and anesthesized using isoflurane. Within 10 min after luciferin injection, mice or 

isolated organs were analyzed with an in vivo imaging instrument (IVIS 200; 

PerkinElmer). The acquired images were analyzed using Living Image 4.4. software.  

 

Quantitative PCR 
RNA was isolated from cells lysed in TRIzol (ambion) or from whole tissue homogenates. 

Tissue homogenates were prepared as follows: 1 cm large or small intestine was flushed 

and longitudinally opened pieces were frozen in 500ul TRIzol reagent using liquid 

nitrogen. After thawing, samples were supplemented with stainless stell beads 5mm 

(Qiagen) and homogenized using a Tissuelyser II (Qiagen) 1 min with 30Hz (1800 

oscillations/minute). Total RNA was isolated and transcribed using standard methods and 

kits according to manufacturer´s protocols (RNeasy Mini Kit, Qiagen; SuperScript III 

Reverse Transcriptase, invitrogen). The specific primer pairs were as follows: mRegIIIγ 
fwd TTCCTGTCCTCCATGATCAAAA, rev CATCCACCTCTGTTGGGTTCA; mActin 

fwd CACACCCGCCACCAGTTCG, rev CACCATCACACCCTGGTGC; mLgr5 

fwd ACCCGCCAGTCTCCTACATC rev GCATCTAGGCGCAGGGATTG; 

mLysozymeP fwd CAG GCCAAGGTCTACAATCG, rev 

TTGATCCCACAGGCATTCTT.; mItgb6 fwd ATTGTCATTCCCAATGATGG, rev 

CATAGTTCTCATACAGATGGAC. The qPCR Core kit for SYBR Green I (Eurogentec) 

and a LightCycler 480 II (Roche) Real-Time PCR System were used as indicated by the 

manufacturer. The relative transcript level of each gene was calculated according to the 

2−Ct, for unnormalized genes, and the 2−ΔΔCt method, for the genes normalized to β-

Actin. Alternatively, the following Taqman Expression Assay IDs were used: BETA-

ACTIN Mm01205647_g1; IFNB1 Mm00439552_s1; REG3G Mm00441127_m1;  

 

Measurement of cytokines  
TNF and IL-6 were analyzed using the Cytometric Bead Array Enhanced Sensitivity Flex 

Set System (BD) according to manufacturer’s instructions. IFNα and IFNβ were analyzed 
by ELISA (PBL Assay Science) according to manufacturer’s instructions. 
 

 

 



Assessment of epithelial regeneration in intestinal organoid cultures 
To determine the effect of 3pRNA / interferon stimulatory DNA / rmIFN-β on organoid 
size and morphology, bright-field microscopy images were taken using a Zeiss Axiovision 

Observer microscope with a 5x objective lens after 5 or 7 days in culture. 2D area and 

perimeter were analyzed using border perimeter tracing of organoids found in four 

representative fields of each well using Image J software. For assessment of gene 

expression by quantitative (q) PCR, organoids were subjected to RNA extraction 24 hours 

after culture using Trizol reagent (Invitrogen) according to manufacturer’s protocol. 
Isolated RNA was reverse-transcribed using the Quantitect Reverse Transcription Kit 

(Qiagen). Gene expression was assessed by quantitative real-time PCR using Taqman 

Expression Assay pre-designed probes (Applied Biosystems). Signals were normalized to 

β-Actin. mRNA expression. Normalized values were used to calculate relative expression 

by ΔΔCt analysis or absolute expression by ΔCt. Taqman IDs are depicted below (qPCR).  
 

Reagents  
OptiMEM reduced-serum medium was from Invitrogen. Double-stranded in vitro-

transcribed 3pRNA (sense, 5′- UCA AAC AGU CCU CGC AUG CCU AUA GUG AGU 

CG -3′) was generated as described (22). Synthetic dsRNA with the same sequence but 

lacking the 5′-triphosphate (synRNA) was purchased from Eurofins (Ebersberg, Germany). 

Interferon stimulatory DNA was purchased from Invivogen. 

 

Drug treatment  
Mice were treated on indicated time points with 3pRNA or interferon stimulatory DNA 

(25 µg if not indicated otherwise). 3pRNA / interferon stimulatory DNA was complexed 

in 3.5 µl in vivo-jetPEI (Polyplus) and injected intravenously. In some experiments mice 

were treated i.p. with 500ug IFNaR1 blocking antibody (Clone: MAR1-5A3, BioXCell, 

West Lebanon, NH) or IgG1 Isotype control (Clone: MOPC-21, BioXCell, West Lebanon, 

NH) as indicated.  

 

16S RNA gene Sequencing 
Stool specimens were stored at -80°C. DNA was purified using a phenol-chloroform 

extraction technique with mechanical disruption (bead-beating) based on a previously 

described protocol (48) and analyzed using the Illumina MiSeq platform to sequence the 

V4-V5 region of the 16S rRNA gene. Sequence data were compiled and processed using 

mothur version 1.34(49), screened and filtered for quality (50), then classified to the 

species level (51) using a modified form of the Greengenes reference database (52), 

screened and filtered for quality (50), then classified to the species level (51) using a 

modified form of the Greengenes reference database (52). 

 

Quantification of Plasma DNA levels 
Mouse plasma was collected from peripheral blood (8800rcf, 10min). Plasma samples of 

3-4 mice were combined to a final volume of 400-500μl and DNA extracted using the 
QIAamp Circulating Nucleic Acids Kit (Qiagen). dsDNA was quantified using a Qubit 2.0 

Fluorometer with the Qubit dsDNA HS Assay Kit (Thermo Fisher Scientific).  

 

 



GVT model and bioluminescence imaging 
A20-TGL (H-2d), a BALB/c B-cell lymphoma, were generated as described previously 

(53). A20-TGL tumor cells were inoculated via separate intravenous injection on the day 

of allo-BMT (54). To visualize and quantify tumor burden, A20-TGL inoculated mice were 

administered D-luciferin (Goldbio), anesthetized, and imaged using in vivo 

bioluminescence imaging systems (Caliper Life Sciences) 

 

Cell lines, culture and RNA transfection, feces RNA isolation 
Mode-K cells were purchased from Dominique Kaiserlian (French Institute of Health and 

Medical Research, Unit of Immunity Infection Vaccination, France) and cultured as 

previously described (31). Cell lines were tested as mycoplasma negative. Where indicated, 

MODE-K cells were transfected with mouse RIG-I siRNA (100μM, Eurofins Genomics,) 
or control siRNA (Qiagen) using Lipofectamine 2000 (Life Technologies) according to 

manufacturer’s instructions. After 48 h, cells were transfected with 3pRNA (0.8μg/mL) or 
mouse feces-derived RNA complexed to Lipofectamine 2000. Supernatants were collected 

and RNA was extracted 18h after transfection followed by IFN-β measurement with 
ELISA (PBL Assay Science) or by assessment of IFN-β mRNA by qPCR. Mouse feces 
from healthy WT mice was diluted (RNAprotect Reagent, Quiagen) and homogenized with 

Glass beads (Sigma) and a Tissuelyser II (Qiagen). After centrifugation, supernatant was 

subtracted and total feces RNA was isolated using standard methods and kits according to 

manufacterers’ protocols. 
 

Gene Expression Profiling Analysis 
For gene expression profiling analysis, (i) Balb/c mice were solely irradiated (9Gy) (n=3), 

(ii) pretreated with 3pRNA prior (d-1) to irradiation (n=3) or (iii) pre-treated with 3pRNA 

(d-1) + α-IFNaR1 blocking antibody (d-2) prior to irradiation (n=3). RNA from small 

intestines was isolated 12 h after irradiation and used for RNA sequencing. Poly(A) RNA 

sequencing was performed with three biological replicates for each group and analyzed 

with an Illumina HiSeq2500 platform. The heatmap depicted in Fig. S4D shows all genes 

listed in the interferome database (55) that show significantly changed gene expression of 

3pRNA pretreated and irradiated mice compared to both the other groups simultaneously. 

 

Data Analyis 
The output data (FASTQ files) were mapped to the target genome using the rnaStar aligner 

that maps reads genomically and resolves reads across splice junctions. We used the 2 pass 

mapping method in which the reads are mapped twice. The first mapping pass used a list 

of known annotated junctions from Ensemble. Novel junctions found in the first pass were 

then added to the known junctions and a second mapping pass was done. After mapping 

we computed the expression count matrix from the mapped reads using HTSeq (www-

huber.embl.de/users/anders/HTSeq) and one of several possible gene model databases. The 

raw count matrix generated by HTSeq was then processed using the R/Bioconductor 

package DESeq (www-huber.embl.de/users/anders/DESeq) which was used to both 

normalize the full dataset and analyze differential expression between sample groups.  

 

A heatmap was generated using the heatmap.2 function from the gplots R package. The 

data plot was the mean centered normalized log2 expression of the top 100 significant 



genes. For simple hierarchical clustering the correlation metric was used (Dij = 1 - 

cor(Xi,Xj)) with the Pearson correlation on the normalized log2 expression values. 

 

Statistics 
Animal numbers per group (n) are depicted in the figure legends. We never used technical 

replicates. GraphPad Prism version 6 was used for statistical analysis. Survival was 

analyzed using the Log-rank test. Differences between means of experimental groups were 

analyzed using two-tailed unpaired t test or ordinary one-way Anova correspondingly to 

the distribution shape of our observations. We used ordinary one-way Anova for multiple 

comparisons and always performed Dunnett's test for Multiple-test corrections. Applied 

statistical tests are indicated in the figure legends. Significance was set at p values < 0.05, 

p < 0.01 and p < 0.001 and was then indicated with asterisks (*, ** and ***). Data are 

presented as mean ± S.E.M.  

 

 

Table S1. Antibodies. 
 

Target structure Clone# 1DegreeBio ID 

CD11b M1/70 1DB-001-0001021785 

CD11c N418 1DB-001-0000839554 

CD3 17A2 1DB-001-0001110661 

CD4 GK1.5 1DB-001-0000263404 

CD45.1 A20 1DB-001-0000839250 

CD45.2 104 1DB-001-0000839196 

CD8a 53-6.7 1DB-001-0000263247 

IFNaR1 MAR1-5A3 1DB-001-0000840263 

IFN γ XMG1.2 1DB-001-0001110823 

Ly-6G/Ly-6C (Gr-1) RB6-8C5 1DB-001-0000839101 

 

  

http://www.biolegend.com/index.php?page=pro_sub_cat&action=search_clone&criteria=A20


 

 

 

 

 

Figure S1. Endogenous RIG-I / MAVS signaling reduces intestinal tissue damage by 
conditioning therapy and attenuates GVHD. (A) LPL isolated from small intestines of 

Mavs
+/+

/ Mavs
+/- 

and Mavs
-/-

 mice were analyzed by flow cytometry on day 3 after 

treatment with doxorubicin (20mg/kg). Pooled data of 3 independent experiments. 

Animal numbers per group (n) are depicted. (B) Weight loss of Mavs 
+/+ 

and Mavs
-/- 

animals after TBI + 5x10
6 

BM alone or BM with 2x10
6 

T cells (donor BALB/c into 

recipient C57BL/6). Pooled data of 4 independent experiments. Animal numbers per 

group (n) are depicted. (C) Weight loss on day 8 after allo-HSCT of Mavs
+/+ 

and Mavs
-/- 

animals after TBI + 5x10
6 

BM alone (donor BALB/c into recipient C57BL/6). Pooled 

data of (B) and one additional independent experiment. Animal numbers per group (n) 

are depicted. (D) FITC-dextran concentrations in the serum of Mavs
+/+

 and Mavs
-/- 

recipients on d7 after TBI + 5x10
6 

BM alone (donor BALB/c into recipient C57BL/6). 

Animal numbers per group (n) are depicted. (E) Weight loss of Rig-I 
-/+ 

and Rig-I 
-/- 

animals after TBI + 5x10
6 

BM alone or BM with 1x10
6 

T cells (donor C57BL/6 into 

recipient 129/sv). Animal numbers per group (n) are depicted. Experiments were 

analyzed using two-tailed unpaired t test. Significance was set at p values < 0.05, p < 

0.01 and p < 0.001 and was then indicated with asterisks (*, ** and ***). Data are 

presented as mean ± S.E.M 

 

 

 

 

 



 

 

 

 

 

 
 

 

Figure S2. Donor-derived T cells show enhanced alloreactivity in Mavs
-/- 

allo-HSCT 
recipients. (A) CD45.2

+
 C57BL/6 recipients (n=3) received TBI (11Gy) and 5x10

6 

syngeneic CD45.1
+
 BM and were analyzed 43 days after BMT and compared to CD45.2

+
 

animals that did not receive TBI and BMT (n=3). Shown is the analysis of small intestine 

live lamina propria leukocytes (LPL) of one representative animal per group. (B) Mavs
+/+ 

and Mavs
-/- 

littermates received TBI + 5x10
6
 BM cells and 15 x10

6
 CFSE labeled T cells 

(donor BALB/c into recipient C57BL/6). On day 4 after allo-HSCT splenic cells were 

analyzed by flow cytometry to identify proliferating CFSE labeled donor T-cells. Pooled 

data of 2 independent experiments. Animal numbers per group (n) are depicted. (C) LPL 

isolated from small intestines of Mavs
+/+ 

and Mavs
-/-

 mice that received TBI + 5x10
6
 BM 

cells and 2 x10
6
 T cells (donor BALB/c into recipient C57BL/6) were analyzed on day 8 

after allo-HSCT by flow cytometry. Pooled data of 2 independent experiments. Animal 

numbers per group (n) are depicted. All experiments were analyzed using two-tailed 

unpaired t test. Significance was set at p values < 0.05, p < 0.01 and p < 0.001 and was 

then indicated with asterisks (*, ** and ***). Data are presented as mean ± S.E.M. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 
 

 

 

 

A

***

 WT (n=16)

WT + 3pRNA d-1 (n=15)

WT BM + Tc → 

C
ry

p
t 

a
p

o
p
to

s
is

2

1

0

3

Day 8 after allo-HSCT

B C

Time after allo-HSCT (days)

P
e
rc

e
n

t 
s
u

rv
iv

a
l

100

20

80

0

100 20 4030 50

40

60 ***

n.s.

*

WT (n=14)

WT + 3pRNA d-1 (n=14)
WT + synRNA d-1 (n=14)

WT BM+Tc →

100

90

80

70

100 20 4030 50

Time after allo-HSCT (days)

P
e
rc

e
n

t 
o

f 
in

it
ia

l 
w

e
ig

h
t

D E

**

n.s.

WT (n=15)
WT + 3pRNA d0 (n=5)

WT + 3pRNA d+1 (n=12)

WT BM + Tc → 

100 20 4030 50

Time after allo-HSCT (days)

P
e
rc

e
n

t 
s
u

rv
iv

a
l

100

20

80

0

40

60

*

110

100

90

80

70

P
e
rc

e
n

t 
o

f 
in

it
ia

l 
w

e
ig

h
t

100 20 4030 50

Time after allo-HSCT (days)

*

n.s.

110

100

90

80

70

100 20 4030 50

WT BM → WT (n=12)
WT BM + Tc → WT (n=20)
WT BM + Tc + 3pRNA d-1 → WT (n=18)

Time after allo-HSCT (days)

P
e
rc

e
n

t 
o

f 
in

it
ia

l 
w

e
ig

h
t

**

Figure S3

F

P
e
rc

e
n

t 
o

f 
in

it
ia

l 
w

e
ig

h
t 100

90

80

70

0 1 53 7

Time after Doxorubicin (days)

 WT+ Doxorubicin (n=35)
WT+ Doxorubicin + 3pRNA d-1 (n=33)

*

HG
%

 I
F

N
g

+
 o

f 
C

D
4

+
 T

 c
e

lls

0

20

40

60

Day 8 after allo-HSCT

***

%
 I
F

N
g

+
 o

f 
C

D
8

+
 T

 c
e

lls

80

0

20

40

60

Day 8 after allo-HSCT

***

Day 21 after allo-HSCT

 WT (n=11)
WT + 3pRNA d-1 (n=8)

WT BM + Tc → 

**

 WT (n=3)
WT + 3pRNA d-1 (n=3)

WT BM + Tc → 

%
 p

ro
lif

e
ra

ti
n
g

 C
D

4
+
 T

 c
e
lls

0

20

40

50

30

10

Day 4 after allo-HSCT

%
 p

ro
lif

e
ra

ti
n

g
 C

D
8

+
 T

 c
e

lls

0

20

30

10

Day 4 after allo-HSCT

***

n.s.

0

4

8

10

6

2

T
N

F
-α

 (
p

g
/m

l)

Day 3 after TBI

n.s.

IL
-6

 (
p
g

/m
l)
 

Day 3 after TBI

0

10

15

5

 WT (n=7)
WT + 3pRNA d-1 (n=8)

J

0 6030 90

Time after allo-HSCT (days)

P
e
rc

e
n

t 
s
u

rv
iv

a
l

100

20

80

0

40

60

*

n.s. **

WT (n=8)

WT + 3pRNA d-1 (n=8)

WT (n=11)

WT BM + A20 - TGL → 

BM + A20-TGL 

BM + A20-TGL + Tcells (0.5M)

BM + A20 -TGL + T cells (0.25M)

BM + A20-TGL + T cells  (0.25M) 
+ 3pRNA d-1

BM + A20-TGL + T cells (0.5M) 
+ 3pRNA d-1

1.0

0.9

0.8

0.7

0.6

0.5

0.4

F
lu

x
 x

 1
0

6

I

Allo-HSCT: Donor → Recipient Allo-HSCT: Donor → Recipient Allo-HSCT: Donor → Recipient

Allo-HSCT: Donor → Recipient

WT BM+Tc →
WT BM+Tc →

Allo-HSCT: Donor → Recipient

→ WT BM + Tc 

Allo-HSCT: Donor → Recipient

WT BM + Tc → 

Allo-HSCT: Donor → Recipient

WT BM + A20 - TGL + Tc

WT BM + A20 - TGL + Tc

→ 

→ 



 

 

Figure S3. RIG-I ligands have to be applied before or during allo-HSCT to exert 
their protective effects and do not affect GVL. (A) Weight loss of animals after 9Gy 

TBI + 5x10
6 

BM alone with 1x10
6
T cells (donor C57BL/6 into recipient BALB/c). 

Indicated mice were either left untreated or treated with 3pRNA on day -1. Pooled data of 

4 independent experiments. Animal numbers per group (n) are depicted. (B) 

Histopathological analysis of crypt apoptosis of small intestines from allo-HSCT 

recipients (donor C57BL/6 into recipient BALB/c). Indicated mice were either left 

untreated or treated with 3pRNA on day -1. Pooled data of 3 independent experiments. 

Animal numbers per group (n) are depicted. (C) Survival and weight loss of allo-HSCT 

recipients (donor C57BL/6 into recipient BALB/c). Indicated mice were either left 

untreated or treated with 3pRNA on day 0 or d+1. Pooled data of 3 independent 

experiments. Animal numbers per group (n) are depicted. (D) Survival and weight loss of 

allo-HSCT recipients (donor C57BL/6 into recipient BALB/c, 9Gy TBI + 5x10
6 

BM + 

1x10
6
T cells). Indicated mice were left untreated or treated with 3pRNA or non-

triphosphorylated control RNA (synRNA) on day -1. Pooled data of 2 independent 

experiments. Animal numbers per group (n) are depicted. (E) Measurement of serum 

cytokines of BALB/c mice on day 3 after TBI (9 Gy) using cytometric bead array (CBA). 

Indicated mice were left untreated or treated with 3pRNA on d-1. Pooled data of 3 

independent experiments. Animal numbers per group (n) are depicted. (F) Weight loss of 

WT mice (C57BL/6) receiving doxorubicin (20mg/kg). Indicated animals were treated 

with 3pRNA on d-1 or were left untreated. Pooled data of 6 independent experiments. 

Animal numbers per group (n) are depicted. (G) BALB/c mice received TBI + 5x10
6
 BM 

cells and 15x10
6
 CFSE labeled T cells (donor C57BL/6 into recipient BALB/c). On day 4 

after allo-HSCT splenic cells were analyzed by flow cytometry to identify proliferated 

CFSE labeled donor T cells. Shown is one representative of 2 independent experiments. 

Animal numbers per group (n) are depicted. (H) Lamina propria leukocytes (LPL) 

isolated from small intestines of BALB/c mice on day 8 after allo-HSCT (donor C57BL/6 

into recipient BALB/c) were analyzed by flow cytometry. Indicated mice were left 

untreated or treated with 3pRNA on d-1. Pooled data of 3 independent experiments. 

Animal numbers per group (n) are depicted. (I)  Survival of BALB/c mice that received 

8.5Gy TBI + 5x10
6 

BM alone or 5x10
6 

BM and 0.5x10
6
 T cells (donor C57BL/6 into 

recipient BALB/c) and that were inoculated with 0.25x10
6
 A20 tumor cells. Pooled data 

of 2 independent experiments. Animal numbers per group (n) are depicted. (J) Allo-

HSCT recipients were inoculated with A20-TGL and in vivo bioluminescence imaging 

was conducted to determine tumor burden. Bioluminescence of one representative 

experiment on d21 after allo-HSCT is shown. All experiments were analyzed using two-

tailed unpaired t test or ordinary one-way Anova for multiple. Survival was analyzed 

using the Log-rank test. Significance was set at p values < 0.05, p < 0.01 and p < 0.001 

and was then indicated with asterisks (*, ** and ***). If not otherwise indicated, 

significance was calculated compared to untreated groups. Data are presented as mean ± 

S.E.M.  
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Figure S4. RIG-I–induced treatment effects are mediated by IFN-Is. (A) Serum Type 

I IFN levels of untreated or 3pRNA treated BALB/c WT mice were determined 4 h after 

i.v. injection of 25ug 3pRNA or vehicle control (jetPEI). Animal numbers per group (n) 

are depicted. (B) Left panel: Albino C57BL/6 mice carrying an IFN-β∆β-luc
 allele were 

injected i.v. with 25 µg 3pRNA. 24 hours later, luciferin was injected i.v., and luciferase 

activity of isolated intestines was determined by bioluminescence imaging (one 

representative image is shown). Right Panel: The luciferase activity was quantified in a 

region of interest covering the small intestine (n=4 mice in untreated group; n=3 mice in 

the 3pRNA treated group). One representative experiment is shown. (C) Rig-I mRNA 

transcript expression (left panel) and Mx1 mRNA transcript expression (right panel) was 

determined in small intestinal epithelial cells of untreated or 3pRNA-treated BALB/c 

mice at the indicated time points. Relative transcript levels were normalized to the 

housekeeping gene β-Actin. Shown are pooled data of 2 independent experiments. 

Animal numbers per group (n) are depicted. (D) Heatmap depicting interferon regulated 

genes of Balb/c mice that were solely irradiated (9Gy) (n=3, left lane), (ii) pretreated 

with 3pRNA prior (d-1) to irradiation (n=3, middle lane) or (iii) pre-treated with 3pRNA 

(d-1) + α-IFNaR1 blocking antibody (d-2) prior to irradiation (n=3; right lane). RNA 

from small intestines was isolated 12 h after irradiation and used for RNA sequencing. 

The heatmap shows all genes listed in the interferome database that show significantly 

changed gene expression of 3pRNA pretreated and irradiated mice compared to both the 

other groups simultaneously. (E) Weight loss of allo-HSCT recipients. Indicated mice 

received 3pRNA on d-1 and/or α-IFNaR1 blocking. Both upper and lower panel show 

pooled data of the same 3 independent experiments. The lower panel shows mice that 

received combination treatment of 3pRNA and α-IFNaR1 blocking Ab at indicated time 

points. Animal numbers per group (n) are depicted. All experiments were analyzed using 

two-tailed unpaired t test or ordinary one-way Anova for multiple comparisons. Survival 

was analyzed using the Log-rank test. Significance was set at p values < 0.05, p < 0.01 

and p < 0.001 and was then indicated with asterisks (*, ** and ***). If not otherwise 

indicated, significance was calculated compared to untreated groups. Data are presented 

as mean ± S.E.M.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 
 
Figure S5. RIG-I–induced IFN-Is enhance epithelial regeneration through 

stimulation of the ISC compartment. (A) 90 days after syngeneic bonemarrow 

transplantation between Ifnar1
-/-

  and Ifnar1
+/+

 mice (C57BL/6), bonemarrow chimera 

were lethally irradiated and transplanted with 5 × 10
6
 BM cells with 1 × 10

6
T cells from 

donor B10.BR mice and monitored for survival. Indicated mice were either left untreated 

or treated with 3pRNA on d-1. Pooled data of 2 independent experiments. Animal 

numbers per group (n) are depicted. (B) Survival of either Ifnar1
fl/fl 

or Ifnar1
fl/fl

 

CD11cCre allo-HSCT recipients (donor BALB/c into recipient C57BL/6) in the presence 

or absence of 3pRNA (d-1). Pooled data of 2 independent experiments. Animal numbers 

per group (n) are depicted (C) Measurement of organoid size (perimeter) of C57BL/6 

small intestinal organoids after 5 days in culture. Indicated crypts were treated with 

3pRNA (2µg/ml), α-IFNaR1 blocking Ab (10ug/ml) or IgG1 Isotype control (IC). The 

experiment was performed 3 times and one representative experiment is shown. (D) IFN-

β mRNA transcript expression 24 hours after 3pRNA stimulation of Mavs
+/+

 or Mavs
-/-

 

small intestinal organoids. The experiment was performed 3 times and resulting data 

were pooled. (E) Measurement of organoid size (perimeter) of C57BL/6 small intestinal 

organoids after 5 days in culture. Indicated crypts were treated with rec. IFN-β (20U/ml). 
The experiment was performed 3 times and one representative experiment is shown. (F) 

Number of organoids of C57BL/6 small intestinal organoids after 7 days in culture. 

Indicated Crypts were treated with rec. IFN-β (20U/ml). (G) Number of C57BL/6 small 

intestinal organoids treated as in (C) after 7 days in culture. Survival was analyzed using 

the Log-rank test. All other experiments were analyzed using two-tailed unpaired t test or 

ordinary one-way Anova for multiple comparisons. Significance was set at p values < 

0.05, p < 0.01 and p < 0.001 and was then indicated with asterisks (*, ** and ***). Data 

are presented as mean ± S.E.M.  



 

 

 

 

 
 

 

 

Figure S6. MAVS-deficient mice do not display an inherent defect in organoid 
formation or in the number of Paneth cells. (A) Number of organoids grown ex vivo 

from small intestinal crypts of Mavs
+/+

 and Mavs
-/-

 mice after 5 days in culture. Pooled 

data of 7 independent experiments. Animal numbers per group (n) are depicted. (B) 

Determination of Lysozyme
+ 

paneth cells per crypt in the ileum of untreated Mavs
+/+ 

and 

Mavs
-/- 

mice using immunohistochemistry (IHC). Pooled data of 2 independent 

experiments. Animal numbers per group (n) are depicted. (C) RNA of small intestines 

from Balb/c WT mice isolated 24 hours after irradiation (9Gy). Gene expression was 

determined by qPCR. Relative transcript levels of Lysozyme P and Lgr5 were normalized 

to the housekeeping gene β-Actin. Pooled data of 2 independent experiments. Animal 

numbers per group (n) are depicted. All experiments were analyzed using two-tailed 

unpaired t test or ordinary one-way Anova for multiple comparisons or. Significance was 

set at p values < 0.05, p < 0.01 and p < 0.001 and was then indicated with asterisks (*, ** 

and ***). Data are presented as mean ± S.E.M. 
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Figure S7. TBI and IFN-stimulatory DNA induce a systemic IFN-I response and 
feces-derived RNA triggers a RIG-I-dependent IFN-I response in IECs. (A) Serum 

levels of IFN-α and IFN-β were determined at the indicated time points (hours) after i.v. 

injection of 50μg interferon-stimulatory DNA (ISD) into C57BL/6. Pooled data of n=2 

independent experiments (n=2-5 per time point). (B) Serum levels of IL-6 (left panel) and 

TNF-α (right panel) of untreated or irradiated (9Gy), ISD or TBI + ISD stimulated 
BALB/c mice. Serum levels of the indicated proteins were determined by cytometric 

bead array (CBA). Pooled data of 2 independent experiments. Animal numbers per group 

(n) are depicted. (C) Left panel: Albino C57BL/6 mice carrying an IFN-β∆β-luc
 allele 

received TBI (11Gy). 24 hours later, luciferin was injected i.v. and luciferase activity of 

isolated intestine was determined. Right Panel: The luciferase activity was quantified in a 

region of interest covering the small intestine (n=4 mice in untreated group; n=3 mice in 

the TBI group). (D) Rig-I mRNA transcript expression and (E) IFN-β protein expression 
in murine MODE-K cells 18 hours after treatment with feces-derived RNA or 3pRNA. 
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Number of pooled experiments depicted. (F) Ifn-β mRNA transcript expression 18 hours 
after stimulation of control- or Rig-I-siRNA transfected murine MODE-K cells with 

mouse feces-derived RNA or 3pRNA. Number of pooled experiments depicted. (G) RIG-

I protein expression in control- or Rig-I-siRNA transfected murine MODE-K cells was 

analyzed using western blot. Number of pooled experiments depicted. The experiments 

were analyzed using two-tailed unpaired t test or ordinary one-way Anova for multiple 

comparisons. Significance was set at p values < 0.05, p < 0.01 and p < 0.001 and was 

then indicated with asterisks (*, ** and ***). Data are presented as mean ± S.E.M. 
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