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ABSTRACT

ABSTRACT

(DysbiosiE 2F YAONRBOAIf O2YYdzyAlASa Aa | aadzySR (2 LI
pathologies, including inflammatory bowel diseases (IBD). Dysbiost®nignonly defined by
compositional alterations of symbiotic microbial ecosystems with detrimental consequences for the

host. The characteristics of dysbiotic ecosystems and the interrelated mechanisms of misbe

interaction are still to be designateddditionally, functional evidence for a causal role of dysbiosis in
development of pathology is not provided, y&ysbioticshifts inthe gutecosystem are repeatedly

assumed to be causal fdevelopment of IBD, which characterized by an overreactiofithe immune

system towards intestinal commensalspecially foileitis, as found in Crohn’s disease (38) data

are available for the role of microbial triggersdavelopment of inflammationConsequently, the aim

of the present study was to testécausal role and characteristics of dysbiosis in a genetically modified

animal model of spontaneoukeal pathology

Similar topathology in CD patient3 NE="@AREmjce develop a TNériventransmural inflammation with
predominant ileal involvement. Tehow the relevance of intestinal communities in the development
of ileitis, TNFeaAREmicewere treated with antibioticsorhoused under conventional (CONV), specific
pathogenfree (SPRand germfree (GF) conditionShe physiognomy of the respectiveosystems was
analysed by 168rofiling, metabolomics and metaproteomichlicrobiota transplant experiments

should demonstratehe transferability of pathology or protection to GF or CONV mice

The crucial role of microbial triggerstire development of tseasevas demonstrated, aGFTNFeARE

mice were free of intestinal inflammation. Furthermommtibiotics attenuated ileitis by microbiota
alteration, independent ofreduction in bacterial density. Colitia CONVTNFe"@REmice was not
reduced, whith hints towards dependency afiflammation severity and location on the intestinal
ecosystemIn contrast, SPRoused TNE"®REnice were free of colitis andeveloped a high variance

in ileitisseverity. This was associated with gradigsls of antimicobial defence, as well as specific
compositional and functional shifts ithe intestinal microbiota Transplantation of these different
microbial communities from donor mice withe same genotypgethough different phenotype, was
performed.Remarkably, oy pathologyassociated dysbta, but not healthy microbiotdransmitted
CDlike ileitis into GF recipientslereby, loss of Paneth cell antimicrobials was observed subsequent

to inflammation development.

Therefore, the present study provides clear exp@ntal evidence for the causal role of gut bacterial

dysbiosis in the developméenf chronic ileal pathology.
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ZUSAMMENFASSUNG

Dysbiose scheint mit der Entwicklung von verschiedenen Erkrankungen, wie z.B. chronisch
entziindliche DarmerkrankungefCED)as®ziiert zu sein Definiert wurde Dysbios bisher als
veranderte Zusammensetzung eines symbiontischen Okosystemitsnegativen Konsequenzen fiir
den Wirt.Besseres Verstandnis tUber Charakteristilggbiotischer Systemeowie deren spezifische
Wechselwirkmgen mit dem Wirist dringendnotwendig.Zudem stehtler Beweis einearséchlichen
Zusammenhangs bisher noch aus. GE® durch Uberreaktion des Immunsystems gegeniiber
kommensalen Mikroorganismen charakterisiert. Daher wiydbiotischen Okosystemegine kausale
Rolle in der Entwicklung von CED beigemessktochgibt es bisherfir Entziindungendes
Dunndarms, wie sie bei Morbus CrofMC) vorliegen, nur wenig ErkenntnfSelsetzung war es daher,

kausale Zusammenhangewie Merkmaleson Dysbiose in demiEwvicklung von lleitis zu beschreiben.

Ahnlich dem Krankheitshild in M@atienten, entwickeln TN®#2ARE Mause eine transmurale
Entzindung, welche Uberwiegend im terminalen Ileum lokalisiert ist. Um die Entztindungsentwicklung
in Abhangigkeit der Mikrobiatdarzustellen wurden TNf"¥AREMAuse (sowie ihre Wurfgeschwister)

in konventionellenspezifisch Pathogen freien (SPF) oder keimfrélggienebedingungen gehalten,
oder mit verschiedenen Antibiotika behandelt. Das Profil der luminalen Mikrobiota, des
Metaproteoms und der Metaboliten wurde ermittelt. Durch Mikrobietaansplantation sollte
bewiesen werden, ob Entziindungsinduktioder Protektion auf keimfreie oder bereits kolonisierte

Tiere Ubertragen werden kann.

Mikrobielle Signalevurdenklar als Entandungsausloser identifiziert, da keimfreie PN®REMause

frei von Darmentziindung waren. Zudem wurde gezeigt, dass Antibiotika die Schwere der lleitis
reduzieren, ohne dabei jedoch die bakterielle Dichte zu verringern. Antibiotikagabe fihrte nicht zu
einer Linderung der Colitis, was darauf schlieen lasst, dass die Lokalisation, als auch Schwere der
Entziindung abh&ngig vom jeweiligen Okosystem sind. Interessantengaiséckeln TNECIBARE
Mause in SRHaltungkeine Colitis und zeigterhohe Variabilité im lleitis-Belastungsgrad. Dies ging

mit Verschiebungen in der bakteriellen Zusammensetzung der Mikrobiota, alemehgraduellem
Verlust der animikrobiellen Abwehr einheDurch Ubertragung dieser unterschiedlichen Okosysteme
aus Spedertieren mitgleichem Genotymber ungleicher Symptomatik, sollte die Ursachlichkeit von
Dysbiose in der Entziindungsinduktion gezeigt werden. Bemerkenswerterweise induziert nur die
dysbiotische Mikrobiota aus entziindeten Tieren lleitist anschlieBendem Verlust deafeth-Zelt

Funktionalitat.

In der vorliegenden Studie konnte daher klar gezeigt werden, das bakterielle Dysbiose in kausalem

Zusammenhang mit lleitiEnwicklungsteht.
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INTRODUCTION

1 INTRODUCTION

1.1 Microbehostinteractions in health and disease

Microorganisms populatall environmentally exposed surfacesm the human and animal body

Hereby thelocationspecificmicrobial ecosystem develgpn response to prevailing biological and
physiochemical propertiesf the respective environmeritl, 2] The gastrointestinalract harbours a

high number oftaxonomically diverseanicroorganisms. Due toery close proximity to the richest
immunestructure of the hostthe intestindecosystem is of crucial importance to prime micreimest

interaction in a homeostatic immunsituation. The totality of these organismsncluding bacteria,

viruses, archaea and eukaryotes (yeasts, protozoa) and their geneB LINBS a Sy ia GKS daA
YAONROAZ2YSé® ¢KS Y2aid FodzyRFEyd YAONRB2NAEIFIYyA&ZYA Ay
the phylaBacteroideteand Firmicutesfollowed byProteobacteriaActinobacteria, Verrucomicrobia,
Tenericutesand Fusobacterig3, 4] At lower taxonomic levels, the diversity is very high, with
approximately 15200 dominant bacterial species per individ{i].However, great inteindividual

differences were observed in the erall microbial community6, 7] The recently described high intra

species variation at strain level puts even more emphasis on this high di8isitargescale

sequencing studies like the EuropeslietaHIT project and the US Human Microbiome Project (HMP),
confirmed this great inteindividual variability in the overall bacterial compositif®} Results from the

HMP also showed that despite compositional variance, great redundancy of metabolic pathways are
found, which seem equally distributed along aliestinal samplesThis highlights that it is virtually
impossibletoOf S NX @ RSTAY S [Isoléyb&edionekauationohr@aie ablirglante

of different gut inhabitants

1.1.1 Disruption of microbdnostinteraction in inflammatory bowel diseases

Due to theclose proximity to the host’s largest immune structure, the intestinal microbjgias

centre stage for development of NE Ky Q& RAA&ASFaS o6/50 FyR dzZ OSNY GA QD
of inflammatory bowel diseases (IBWhile inflammatiorin CD patients mainly occurs in the terminal

ileum and is found in the proximal colon only occasionally, inflammation in UC is confined to the
colon[10, 11]The aetiology of IBD is not yet fully known, howeverpaer reactive mucosal immune

system responding upon commensal stimuli is regarded as reasqrafbologyonset[12, 13]This

hypothesis wassupported by the observation of delayed recurrence of ileitis aftecal stream

diversionin CD patient$14] Furthermore, gnomewide association studies identified genes involved

in microbial signaling, underlining the role of gut microbes in IBD pathogerddggisesent, more than

200 genetic polymorphisms were idi#fred, and there are more to comj.5-17] However, disease

concordance indentical twin studies explains only up to 40% of CD risk, leading to the general
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agreement that environmental factors (in theirsumregar®@ a8 GKS aSELR&2YS£ 0
and development. Epidemiologic studisowed higher IBD prevalence in industrialized countries and
adoption of higher incidence rates in the second generation of immigrants, hinting to the fact that
adoption of lifestyle (most likely dietymay be a risk factor for later IBD developm§h8-20] Genetic
predispositions and inflammation were shown to be accompanied by altered composition and
metabolic activity of intestinal miobial communitiesThis alteration in microbial composition that

was associatedwith pathology, was defined asdysbiosig.[21-26] In coexistence with genetic
susceptibility to IBD, the microbiota is assumed to daisative for disease developmerit, X 6 dzii

whether the changes are causal or secondary to inflammation remains unce@g]

Also other pathologies like obesity, diabetes, cardiovascular disease and even depression or multiple
sclerosis have been recently connected to intestinal dysbj24is2834] However, the poof of a clear
causative relation is still missing. Furthermdireyse pathobgies are quite divers therefore common

physiognomies of dysbiosic ecosysteansdifficult to define.

MICROBIOTA

Nutrient supply Pathobiont selection
DlET Change in intestinal milieu Change in composition
Metabolic alterations Change in metabolic function
Change in microbial metabolites

Gut-Motility

Barrier function H OST

Immune regulatio :
Life stage

Genetic susceptibility
Disease course

HEALTH INFLAMMATION

Figurel: Direct and indirect interaction of iiét, microbiota and host.
Diet influences the host and microbiota alike by provision of nutrients or creating a specific intestinal milieu. Thedugst is
to life stage and genetic susceptibility, more or less prone to microbial chamgemflammationdevelopment.

R:
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1.1.2 Characteristics of dysbiotic ecosystems

Under physiological conditions the microbiota shows both: plasticity and high resiligpoa.short

term perturbations €.g. temporal change in dietanpattern) the microbial composition adapts to
alterations in the intestinal milieu, though soon resembles a-gisturbance statg7] The microbial
ecosystem can also be changed without pathologic consequences for the host and stabilize within a
ySg al f &% MIAsE&Nb@ISstudies showed thathe microbiota is capabléo adapt to
exposomal factors including diet, antibiotics or intrinsic factors like host genetics. Nevertheless, diet

seems to overwrite the influeze of genetic imprint$36, 37]

Rapid resilience to perturbations is a key requirement for intestinal homeostasis in order to maintain
ahealthr 232 OAF 1SR 02 YL & Adibiogig/ 0 @ T1 # & SAiSESTsddstenibd@ne NB
pathologic conditions, like IBD.isimportant to note that dysbiosis displays several features, which

will be categorized below in i) reduced bacterial diversity, ii) expansion of pathobionts, iii) changes

in the microbial compaition and iv) change in microbial functional capacityhe appearance of these
characteristics may occur solitarily, successively or simultaneo&#yré 3. Upon short term
perturbations the microbiota may shift in diversity, composition and functiod stabilize again in its
previous state, or an alternative state due to high resilience. However, in IBD the microbiota shows

low resilience and is subjected to chasdaally leading to dysbiosis.

A

Y
!
¢
/"

Changes in: ‘
Diversity *\
Composition
Function “
>
Short term Long term
Perturbation

Figure2: Longterm adaptionof the gut ecosystem to perturbations.

Shortterm dietary perturbations have no long lasting effect on the intestinal microbial diversity, composition and function.
In the susceptible host, the intestinal resilience is reduced uponieng perturbationand therefore also leading to further
changes in the intestinal microbiata
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The widely discussed attribute of dysbiosisrésluced bacterial diversity Based on numbers of
bacterial species and their abundance found within one sample, the alpha divexsityeccalculated.
Many studies associated lowered bacterial diversity to disease, with the rationale of loss in metabolic
redundancy[32, 3841]Furthermore, the ability to outcompete pathogens by aidiverse micobiota

is diminished. In patients that underwent frequent antibiotic treatments, the deteriorated intestinal
diversity was shown to increase the risk of infection by opportunistic pathogens, suglostsdium
difficile[42] In animal models, pathogens includin§almonella, Citrobacter rodentiunor
enterohaemorrhagi&. col{EHEC) fail to colonize in the presence of a diverse, undisturbed microbiota,
but elicit pathogenic traits if competing strains are misq#ig46] The mechanisms of competitive

exclusion may correspond to rivalry for nutrients or virulemeedulation of intruding strain§47]

A further characteristic trait of ykbiosis is theexpansion of pathobiontsi.e. single strains of the

commensal microbiota that outgrow and cause detrimental effects inhihgt Theterm pathobiont

was defined by Chow and Mazmangtral.asa X 3@ YO A2y i G KF G A& mngwhdn (2 LINE
ALISOATFAO 3ISYSGAO 2N Sy @A NR Yy Y[&WinlefpattOdoyitRaraifdudy a | NB
only in low abundance in a healthy microbial setting, they overgrow in dysbiosis and cause disease in

the susceptible (e.g. immureompromised) host. Hereby, specificity in the combination of microbe

and hostsusceptibility is required. In animal studiBacteroides vulgatusiduced colitis in HLA/B27

R2m rats, but not innterleukin (IL) 10deficient (I-10"") mice and even prevented colitis in 1L.2

mice[49, 50] Early studies regarded/ycobacterium avium subspecies paratuberculasss the

responsible pathobiont or even pathogen in IBD. However, this hypotlkesisl not be verified, as
summarized by Packey and Saifpt] An increased abundance dEnterobacteriaceaés repeatedly

observed in stool samples and mucosal specimens from IBD patiantsg these, theEscherichia

colistrain LF82 is discussed to be a pathobi@, 52, 53[The goup around DarfeuilléMichaud was

the first to describe adhererAnvasiveE. col(AIEC), which selectively colonize the ileum of CD patients,

suggesting that dysbiosis in IBD may also relate to sapétific virulence factorfg4, 55]

Apart from single pathobionts, dysbiosis is in most cases regardstifs in the overall microbial
composition i.e.simultaneously increased or decreased abundance of certain commensals. Due to the
new sequencing techniques amdproved databases, great progress has been made in characterizing
the intestinal microbiome also in larger cohorts. However, most samples were taken from patients
who already underwent some kind of treatment, which exerts changes in the ecosystem aabythe
impedes conclusive interpretation of findinfs6, 57]A study from Geverst al. elegantly solved this
issue by picturing the treatment naive microbiome in children recently diagnosed for CD, before
pharmacetical or nutritional intervention26] They described an increase Enterobacteriaceae

preceding the onset of CD, an observation made by atherwell[34] However, one annot exclude
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that small inflammatory lesiongan cause change irthe microbiota before the diagnosis of
diseasd58] Thus, prospective cohorts would be of high value, but too demanding due to the low

incidence rées.

Among the multitude of studies performed to detect HABsociated bacterial taxa, little congruence is
found between different cohorts. By combining the sequencing data from several studies, Véalters
al. showed shifts in the bacterial compositiondifferent taxonomic levels, which were at least partly
consistent for several studies and cohoj#8] Thesesingle taxamay serve amdicator species with
diagnostic value comparable to a biomarker. Walterst al. showed higher abundance of
Actinobacteriaand Bacteroidesand a loss oPrevotellain CD patients compared to healthy controls.
They also described at lower taxonomic level the logsagfcalibacterium prausnitzihe best known
indicator species inBD This healthassociated species was found in significantly lower levels in the
inflamed intestine compared to healthy specimens and exerts positive immegpdatory effects on

the host. Therefore, loss &f.prausnitziiis speculated to be indicativerf increased IBD rigk9, 60]
However, the use of only single indicator species as diagnostic tool may not be sufficient; as IBD
associated strains may be cohort or individual specific. Nevertheless, the nowelaappof using
overall drifts in the intestinal microbiota is a promising new tactic in diagrafsiBD Walterset al
highlighted some universally valid diseastated shifts, which may be powerful enough to securely
diagnose IBy combining the sequeing results from several studifs3] By using stool microbiota,

this noninvasive approach is even more advantageous.

Due to great progress ii6S ribosomal RN#equencingmethods, shifts in the prevailing bacial
members of the intestinal composition can be easily assessed and dis¢l6S=grofiling). Hereby the
gene amplicons of the V3/V4 regiapproximately350bp)of the 16S rRNA are assessed and identified
via different databases. This finally allows tliescription of the bacterial profile in composition and
diversity.However, most descriptions of intestinal dysbiotic communities fail to take fungal and viral
contributions into consideration. Recently Chehoetdal. could show reduced fungal diversitg
paediatric CD accompanied by increa§&hdidataxa[61] Normanet al. showed marked differences

in the intestinal virome in CD and UC patients compared to healthy cofi@®]3.he main difference

was an increase iCaudovirale bacteriophages which was not secondary to bacterial dysbiosis.
Interestingly, it is more likely to assume that viral dysbiosis contributes to pathology and changes in
GKS o0F OUSNARLEFE SO2 a8NKIESY NRIES| 6d]he2eytielksk Ih@liBsiofitr Mie

of other microbial taxa in IBD pathogenesis are awaited and will be essential to unravel dysbiotic

patterns.

In addition to changes in composition and diversity, alterations in fthectional capaities are

characterizing a dysbiotic ecosystem. As shown by the human microbiome project, the healthy

5
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intestinal ecosystem may be exceedingly different in composition, while its metabolic activity is highly
similar[9] An interesting study in IBD patients by Morgenhal. showed small perturbation of the
intestinal composition, though quite distinct chargja microbial functiod65] In dysbiotic conditions,
microbial pathways for oxidative stress tolerance, immune evasion, metabolite uptake and
carbohydrate as well as ano acid biosynthesis were upregulated. An increase in carbohydrate
metabolism and especially changes in tapacity to utilize fucose, was reported in dysbiotic settings

in CD patients and animal models iotestinal inflammation[66, 67] Metaproteome analysis in a
cohort of CD patients also proved a distinct signatwieich wasaissociated with C[8] By correlating

these functional shifts to the bacterial ecosysteBaderoidesderived proteingrelated to survival in
challenging environments (e.g. DnaKs and other chaperones) were found overrepresented. Along with
changes in the intestinal microbial function, the profile of produced metaboliteiesf9] This leads

to the assumption that dysbiosis may be more precisely characterized by changes in the microbial

function rather than composition.

Furthermore, the definition of dysbiosis should na & mere onesided, microbial consideration, but
should undoubtedly take the host into account. Patal. showed that IBD patients display altered
immune recognition of a dysbiotic microbiota his was correlating with increased and more divergent
Immunoglobulin A (IgA) coatin@0] By using an animal model of cheliy induced colitis, they

transferred diseassusceptiblity and thereby proved theausal role of this Igéoated ecosystem.

1.1.3 What causes dysbis®

The first factor influencing the acquisition of microbes is the mode of delivespearly nutrition
(breast or formulafeeding) or hygienic environment (lifestyle and geographic location) in which a
child is raisedletermines the composition of mioorganismsin later life,the sum of environmental
triggers, the secalledexposome including e.g. diet, streskygienic milieu (contact to disinfectants or
animals) drugsandgeography (e.g. air pollution) contribute to shape the inteste@systen.[3, 41,
71-79] The daily diet has an enormous impact on the intestinal ecosystem. Especially diet high in fat
seems to shift the microbiota towards a more dysbiotic pattern, which is associated with incredsed ris
of intestinal inflammationAnimal, as well as human studies showed the rapid adaption to changed
dietary patterns By feeding mice an exclusively aninr@l plantbased diet for a short period of time,
Davidet al. effectively showed the plasticity, agell as the stability of the intestinal ecosystem upon
shortterm perturbations[80] However, also ther studies showed thatlear shifts in the intestinal
ecosystemdiversity and compositiorare not induced by shb term changes in dietary habits or

application of single nutrients, but require long term pressure on the ecosyftesi]
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Beside exposomal factors, alsarinsic factorsi.e.the respective genetic structure the host, shape

the intestinal microbiota. Several genes associated with altered immune function, microbial
recognition or antimicrobial defence were shown to influence the intestinal ecosystem. In a meta
analysis Knightet al. highlighted the signifiaat association between the NOD2 risk allele and
increased abundance &hnterobacteriaceam IBD patient§82] In another study, Rausda al.showed

an association between the intestinal microbiota and the fudoagybkferase 2KUT2 secretor gene

a physiological trait that regulates gastrointestinal mucosal expression of blood group A and B
antigens. Approximately 20% of humans lack fEr2gene, which was shown to be a risk factor for
CD developmenii83] Within the group of CD patients, the microbiota frétdTZarriers differed from

non-secretors in compositigrdiversityand metabolic functionality84, 85]

This observation adysbiosis before onset of pathologies is exceptionally interesting, as recent studies
alsosuggesthat inflammatory conditionsdirectly influence the intestinal community. This shift may
occur due to insufficient bacterial adagion to the changed milie found during inflammatory
processes. During inflammation, the secretion of antimicrobial peptides (AMPS) is upregulated. A
recent study reported that the colonization fithess of commensals depends on the capability to adjust
to increased AMP leve[86] Therefore, some community members will be displacdaring
inflammation. While pathogens or pathobionts cannot survive these increased AMP levels,
commensals are resistant. In this manner, stability and resiliglcing infections is mediated. The
potential of AMPs to shape the intestinal eystemand their importance in IBD has been shown by
others beforel87] The inflammatory reactions may also induce stress or upreguiaif virulence
associated genes in the microorganism, as shown in monoassoegdtidies with the gut commenssl
Enterococcus faecal3G1RF oE.coliNC10188, 89]E. coliNC101 cells isolated from inflamddll0

'~ mice displayed upregulated bacterstress response genes (e.g. heat shock proteins) compared to
isolates from WT mici89, 90] However, inflammation may also promote growdlvantages and
virulence of patogens. FoiSalmonella typhimuriungS.typhimurium) it was shown that the host
produces tetrathionate under inflammatory circumstances. This subsequently promotes the
ethanolamineutilization of S.typhimuriumand thereby its colonization fithe§91, 92]Also nitrate

which is produced by the host duringnflammation, is assumed to promote growth of
EnterobacteriaceagConsequently, the often discussed increas&otferobacteriaceai IBD may also

be regarded asexondary event to inflammatory processes rather than a causative assoda8pn.

Apart from hostderived factors, also microbéerived mechanismsffect other commensals. The
transfer of single strains or bacterieonsortia to gerrfree (GF) mice enablesto study mechanisms
of microbe-microbe interaction Commensalsnhibit pathogen invasionby e.g. competition for

nutrients, quorumsensingmediated colonization repression, as well as by expression of virulence
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factors[47, 9395] Metabolicinteraction of commensals and pathobionts are also shaping the
intestinal ecosystem, as some organisms depend on the conversion of dietary components or
induction of hostderived nutients by other members of the microbiota (food chaia®, 97]Also
guorumsensingmediated repression of colonization is regarded as an important mechanism of
shaping the intestinal ecosystem, and recent findifrgen Thompsoret al. demonstrate the role of
autoinducer2 in reshaping antibiotic induced dysbiosis in the gut after antibiotic perturbajigzh.

98]
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Figure3: Influencing factors andlwaracteristics of dysbiosis.

The intestinal microbiota is influenced in diversity, composition, function and prevalence of pathobionts by internal and
external factors. Consequently, the microbiota varies in immune relevant charactegistiasay therebhift from eubiotic

to a dysbiotic state.

1.1.4 Role of the microbiota in animal models of intestinal inflammation

Most dysbiosisnfluencing factors cannot be studied under highly controlled and standardized
conditions in humansHowever, it is still of hig interest to show, whether the correlation between
dysbiotic microbial shifts and IBD are of true causative, or only associative character. Flardfeis
prospective cohorscreenings would be necessary, which are hardly feasible due to low incidence
rates of IBD (e.g. European annu@Dincidence is 12.7 per 100,000 perspears)[99] Therefore,
animal models of intestinal inflammation are gaining more and more importaheeto the fact that
confounders like bt, genetic background and hygienic environment can be continuously controlled.
Geneticallydriven animal modelsdeveloping inflammation without any chemical inductor (e.g. DSS
or TNBS) are especially appropriate to study the interaction of the intestiicabbiota and pathology,

as the chemical compounger sewould influence the ecosystem. Ever since the availability of
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germfree and gnotobiotic animal mode]gyreat progress has been made to portray micrblost
interaction. Hereby many IBD mouse mode&kre shown to be free gfathologyin GF conditions and

thereby clearly prove the causality of microbial triggers in IBD developfé6i.

The beststudied model of colitisis the IL-107- mousg which lacks the productions ofhe anti-
inflammatory cytokine H10. In contrast to SPF and CONV housind0fiLmice do not develop
inflammation in GFEonditions. Interestingly, the time point of microbiahr@exation seems to be of
importance in this contexil-10’- mice colonized at adult age developed more severe inflammation
compared to mice colonized in weaning §461] A more recent model of UC is the R4g2Thx21"
(TRUC) mouse model. Those mice developikéColitis due to the absence of an adaptive immune
system. TRUC mice were free of colitis ic@tditions as well102] Another mode] which isprotected
from inflammation under GEonditions is the T cell receptor alpha knockout model. These mice are
characterized by defective immunity as well,"d8 T cells are absefit03] Also severe combined
immunodeficiency (SCID) mice, having an impaired B andfliragtlbn, are free of colitis in Gfousing
conditions[104]

However, all the above mentioned models display a colitis phenotype. To study mechanisms relevant
in CD, which is characterized by ileal involvemently dew animal models are available. The
SAMP1/YitFc mouse model is one of the rare models displayingl&eCibflammation, with still
uncertain mechanism of pathology inducti¢t05, 106]Nevertheless, a recentigdy suggests that
inflammation may be mediated by loss of ChemokineC(@otif) ligand 21 (CCL21) signalling and
dendritic cell migration from the ileal lamina propria to mesenteric lymplkes[107] When housed

in GF conditions, SAMP1/YitFc mice do develop ilgitmugh with milder severityat high agg105,
108] A new interesting model is theK@model of spondylarthritisThese michave a mutation in the
ZAR70 recepor andshow CElike ileal cemorbidity. However this ileal phenotype has to be induced
by intraperitoneal injection with high doses (3mg) of curdlan-ieBglucan, the major component
of bacterial and fungal cell wallg)09] Interestingly, no ileitis was observed in GF or-ltited GF
mice This emphasizes thdlkitis-induction by curdlan needethe presence ofntestinal microbial

triggers[110]

Another model of O-like ileitis is the TNE@AREmouse. These mice have increased JTé&NEls due to

a deletion of the adenosinaracitrich element (ARE) in the TNF transcfipt1]. The pathology in
TNEe®AREmice with their tansmural ileitis and the Fh driven immune response has a very good
resemblance to the inflammation in CD patients. In line with this,-aMNbBodies, which are a
treatment option in CD patients, were shown to hamper inflammation in “"REE mice[112]
Interestingly, TNE®AREmice also develop extratestinal pathology in form oérthritis in the joints.

In contrast to SAMP1/YitFc mice, the inflammation in “FREEmice is not characterized by the

9
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formath 2y 2F G O20 0 f Sathickehibgof thie lgMNizD widizpidtriding lesions, which is
also found in some patients with progressive [BD3] These divergent inflammatory phenotypes
again highlight the neessity and basic requirement of different mouse modets study the

mechanism&nd complexity of inflammation in IBD

Recently, new mouse models were generated that display more hypotbdasen mechanisms of
intestinal inflammation. Especially, epitledl cellspecific knoclout models,i.e. autophagyrelated
protein 16L1 (ATG16t) and X-box binding protein 1XBP17-) mice, allowed a more mechanistic
understanding of Clbke disease phenotypes. These models also need an initial microbial trigger, a
e.g. XBA’ mice are protected from ileitis in Gkousing but develogathologyin a Paneth cell
dependent manner in SPF housidd4, 115Mice with a deletion of caspase 8 (a protease involved in
apoptosis rgulation) in the intestinal epithelial cells (Ca&}i85“mice) develop inflammation in the
terminal ileum due to increased necropto$isl6] Notably, antibiotictreated Casp8"'=“mice were
rescued from ileis, indicating an important role for the intestinal microbiota in the development of

the diseasd117]

The development of spontaneous animal models that mirror human genetic risk factors for IBD or
other pathologies may be an important step toward unravelling mechanismgatifology. The
pathology free status of animal models in GlBusing is exploited as a valuable tool to investigate

the development of dysbiosists influencing factors andnechanisms of microbénost-interaction.

1.1.5 Dysbiosis and microHeostinteraction ingnotobiotic animal models

Specific mechanisms of disease induction can be stuglecblonizingGF mice with single bacterial
strains. Therefore, manyannexationstudies have been performed for models of intestinal
inflammation and other pathologies incluithg obesity, diabetes and multiple sclerosis, as recently
summarized100] However, by colonizing immunocompromised GF animals with selected single
strains, several obstacles are mabt all microbes colonize equally and the induction of inflammation

depicts bacteria as well as model specific traits.

In the I:107- model, several monoassociations with candidate pathobi@ricobacter hepaticuand
E.coli) failed to trigger colitis, while other bacterigEnterococcus faecal Bilophila wadsworthia
were effective ininducingpathology[118-120] These findings suggest that an association with only
one bacerial strain may not be sufficiedor immune maturation, which is requirefibr pathology.
Atarashiet al. could show that one strain dClostridiumwas notableto induce regulatory immune
functions in former GRnimals, as this relies on concerted acsouf different straing121, 122]it is

tempting to speculate that not all members of the microbiota are equally sufficient to induce

10
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pathology, but rather require the interaction with other commensal&\n exampl@f this hypothesis
encompasses the monoassociation el ’"mice withHelicobacter hepaticusr Lactobacillus reuteri.

As single strains they did not induce inflammation, while the combination of the two bacteria led to
colitis developmen{119] Therefore, current studies tend to use complex microbial settings or defined
microbial consortia to ensure sufficient immune maturation in GF animals. Gatrattshowed that
colitis in TRUC mice correlates with inged abundance irKlebsiella pneumoniand Proteus
mirabilis.However, the combined colonization of TRUC or Rag@ipient mice with both of these two
bacterial strains did not induce inflammation. Only a combined colonizati¢ttietifsiella pneumonja
Proteus mirabilisand a complex microbiota induced inflammation in recipient Ragflice[102]
However, it has to be mentioned, that WT cagates were also inflamed, suggesting a rather
pathogenic than dysbiotic &it of the microbiota. Interestingly, Powedl al. identified Helicobacter
typhloniusas a key driver of pathogenesis in TRUC di28] In the SCID mouse model, Stepankova
et al. showed inflammation initiation bgegmented filamentous bacteria (SFB) only in combination
with complex microbiotd104] SFBs are known to be potent inducers of the host’s immune response
as summarized elsewhef&04, 124]This also points out the fact that monocolonizations may pose
elegant ways to prove causality, though the multifaceted mechanisms of disease initiation may need
more complex interactionddowever, hese studies clearly hint toward a cauisale of dysbiosis in

intestinal pathology.

In animal models of intestinal inflammation the causal relationship of a dysbiotic ecosystem in inducing
inflammation wasorroboratedby direct microbiota transferor by cehousing of animals. The transfer

of a complex microbiota from inflamed TRAd@ce induced colitis in gnotobiotic TRWGce. However,
when the microbiota from antibiotitreated mice in remission was transferred, the recipients
developed only attenuated inflammatidid25] Also NOD2 mice develgenotypeinduced dysbiosis
Interestingly, ly cohousing NOD2 mice with WTSs, also the-@dfe mates developed increased DSS
susceptibilityf126] In these animal modelsith different mechanisms of pathology induction, a single
microorganism is not capable to induce tissue inflammation, but needs the concerted action of a
complex microbiota. These observations are further supported by the fact that no single pathobiont
hasbeen found that is consistently present in different IBD cohorts. Within these different studies, the
microbiotadonors differed ingeretic predispositionor therapeutic intervention.However, the
transfer of a donormicrobiota of animals with same genope, thoughdifferent phenotypes, would

be of special interest to trace down dysbiotic patterntn the last decadescompelling evidence
emerged pointing out the pivotal role of the intestinal ecosystem in defining the host immune
homeostasis (e.g. by inding pre or antrinflammatory responseq)L27] Whether dysbiosis plays a
causal role or igust an associated characteristic of pathology remains to be unravelled. However,

understanding the mechanisms of microbial detection and defence, as well as factors that may induce
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alteration in the microbial community are of fundamental importance taerstand associations and

causalities between gut microbes and immunity.

1.2 Mechanisms of microbhostinteraction

The intestinal immune system is in close contact to trillions of microorganisms. Therefore, it
continuously monitors for the presence of pathagewnhile it is simultaneously alert and tolerant to
commensals.To uphold this homeostasis,everal lines ofdefence are keeping the intestinal

inhabitants at bay

To strengthen the first line physical barrier, the host secretes several factors to &epptial
segregation between the epithelial layer and the vast amount of microorganisms in the intestinal
lumen.Goblet cellsynthesize mucins that form a 1%8n-thick protective mucus cover in the colon.
While the mucus layer is continuous in the colorghibws a discontinuous pattern in the ile|d28]

The initiation of mucuproduction needs a microbial stimulus and just recently it was shown that it
takes up to seven weeks for colonizedr@Ee, to build up a mucus structure which resembles physical
properties of conentionally housed micgl29] Though the racus layer is mainly produced to keep
microbes at distance, it is an important site for micret@stinteraction. The microbiota is capable to
degrade certain structures in the mucus for energy production, though thereby alters it's physical
properties[128, 130, 131]

Anotherluminalfirst-line defence mechanism is theecretion oflgA which is secretedslgA) in its
dimeric form at mucosal sites. SIgA promotes the clearance of antigens and pathogens from the gut
lumen as it blocks their access to epithelial receptors and entraps them in the HAayars
Furthermore, sIgA selectively presents bacterial antigens to DCs and facilitates their réh3@y&F
animals express only low levels of slgA, which again shows a micosbateraction driven defence
strategy[133] Also, IgAdiversity displays plasticity and reacts rapidly to shifts in the intestinal
community[134] Recently it was showthat IgAcoating of luminal bacteria is a defence mechanism
which the host engageso mark and distinguish diseasessociated bacteria from other

commensalg70]

The firstceltlayerbarrier isformed byintestinal epithelial cellSiEC)IECdorm singlecell layer orthe
surface of the intestinemucosa, which is securely sealed by different tijgimiction proteins.
Enterocytes are besides enteroendocrine cellscdlls, goblet cells and Paneth cells, the most
abundant type of IECs. However, they form not only the physical segregation into ited apd
basolateral site, or absorb nutrients. Enterocytes play a pivotal role in the communication of microbial

presence to immune cells. Thereby they influence the intestinal immune response and
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homeostasi§135] They sense the presence of bacteria by toll like receptors (TLRs) and the consecutive
response(secretion of cytoprotective factors like interleukin-@), tumour necrosifactor (TNFalpha,
keratinocyte chemokinel (KGl), and heat shock proteihsvas shown toprotect from epithelial
injury[136] Besde the classical enterocytes, also goblet cells and Paneth cells are crucial in microbe
sensing, interaction and defencBeside mucus secretion, goblet cells were shown to be capable of
uptake and delivery of luminal antigens to dendritic cells (DChénlamina propriasmilar to M-
cells[137] A cell type, which plays an important role in bacterial defence, though is solely found in the
small intestine, are Paneth cella.CD patients the function of Panethlisavas found to be impaired,
whichwas especially associated to the ileal phenotype of patho]@88] Paneth cells are located at

the crypt base of the small intestine in close proximity to the epithelial stemla®mmpartment and

are considered as key players in innate defence, as well as microbial community regulfitR#

140] The spatial proximity to intestinal stem cells indicates their central role in the regulatiomall
intestinal epithelial renewal. Paneth cells sustain proliferation and epithelial restitutignthe
secretion of epidermal growth factor (EGF), WNt3 and Notch ligfidtlq.Furthermore, Paneth cells
produce a wi@ array of antimicrobial peptides (AMPSs) to enforce the spatial segregation of microbes
and the |IEQayer. The cationic residues of defensins and cathelicidins are attracted to negatively
charged bacterial lipidich membranes. Consequently, they creatergm in the bacterial cell
membrane and induce cell lysis. In contrastyfe lectins selectively target Grapositive bacteria by
exclusively binding peptidoglycd®7, 141143] Interestingly, the host's AMP proction and
microbiota show reciprocal interaction. The expression and secretion of some AMPs is dependent on
signals of microbial presence. In i€e, betadefensin 2regenerating isleterived genes 3 gamma
(REGH), and the RNAse angiogenin 4, are espsal at very low levels. Upon colonization, however,
they are rapidly upregulatefil41] On the other hand, Salzmaat al could show that the selective
secretion of different AMPs was even potent to modulate the compositibnthe intestinal

microbiota87]

In close proximity tdECsintestinal mononuclear phagocytes ((M® / & YR Y I ONGleK | 3 S &
regarded as key players in the intestinal immune response, as they link iandtadaptive immunity.

Intestinal DCs express several PRRs and secrete cytokines and chemokines upon stimulation.
Consequently, they migrate to MLNs to promote adaptive immune responses, as well as oral
tolerance[144] DI A GNRAY 1 SAGAY It ava YIFIAYOGFAy 3dzi K2YS24l
production of preinflammatory mediators, but an intact plgacytic abilityj145] In CD patients
K26SOSNE AyiSadAayl t -atouldory indbd&des, show AdkeasedatiGatich of2 ¥ O 2
NFES . &A3ylrtfAy3d | yRFudtHemmere, thaydh&e o highkpréssion 6f (TIARS And &

TLR4, as well as an augmented secretion of cytokines, including TNR2&j#i46-151]. IntestinalDCs

also induce regulatory adaptive immunity by factors such asbe&s; 11-10 and retindc acid, thereby
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promoting forkhead box P3 (Foxp3)+ regulatory T cells (Tt&8).Commensals can also directly
influence Foxp3+ Treg cell induction, through Flriaction on T lymphocyteld.53] Lathropet al

also showed, that Foxp3+ iTreg cells in the lamina propria express a unique subset of T cell receptors
(TCRs) that recognised epitopes derived from the commensal microbiota. By manipulating the
intestinal ecosysternvia antibiotics, the TCR repertoire of colonic Foxp3+ Treg cells was dltéred.

156] Also bacteriaderived short chain fatty acids (SCFA), particularly butyrate, can directly induce the
differentiation of intesthal Foxp3 iTreg.156-158]Herebyan interesting hypothesis is raised by Kabat

et al.: Commensals also exprepsithogen associated molecular patterns (PAMPR®)wever the
intestinal immune system is capable to digfuish pathogens from commensals. Therefonécrobial
metabolites like SCFA malyereforea S N33 Surrdgate farsymbiosis = Sy ¥F2NOAy 3 | G 2¢f S|
responses and intestinal homeostasis in the hd469] T ells also express PRRs that allow them to
directly sense and respond to microbial patterns, as recently shown #drcells, which are enriched

in the intraepithelial lymphocyte population (IEL). Tisifhalling ot T cells, potentiated Th17
differentiation and induction of effector celld.60] In CD patients, exacerbatetihl- and Thl7-
mediated immune responses are observed, along with detrimentally high levels bf TRNF, 11-:17

and 11:22[161-164]

Another, recently discovered lineage of immune cells that postures a microbial influenced route of
immune homeostasisare innate lymphoid cell§ILC). These innatkeukocytes display lymphoid
morphology but lack rearrangechigen receptors and are also phenotypically distinct from myeloid
lineaged165]ILCs are enriched in mucosal tissues and were differentiated into three subgroups based
on phenotypic and factional characteristics: ILCIE§et+), ILC2 (GAT#nding protein 3 positive), and

ILC3 (retinoic acid receptoelated orphan receptet ;wh w! GO0 ® L[/ o LI & |y AYLR!
homeostasis. Upon microbial stimulation, they are the major innate source-22 b the lamina

propria, and therefore limit systemic dissemination of commen§bi&, 167]Subsequently, 22

signals through 2R on IECs, to activate signal transducer and activator of transcription 3 (STAT3)
and induce AMPsncluding Reg3and RegB, that protect against enteric pathogefi$68-170]ILCs

are discussed to have an important role in CD development, as several studies showed increased ILC
numbers in the lamina propria of CD patientsotigh their specific role in IBD still has to be

unravelled[171-173]

As IBD development is a complex interaction of innate and adaptive immune cells towards commensal
stimuli, the therapeutical modulatimof the mmune response anddtmicrobial triggers is multifaceted

and difficult. Due to the central role of the gut microbiota in pathology development, targeted
modulation of the intestinal microbiota and the microb#ost interaction, may state an interesting

new treatment approach.
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1.3 Therapeutic intervention in IBD

To induce and maintain remission in IBD, several modes of treatment are available. In adults 5
aminosalicylate, corticosteroids, immunomodulators and biological agents are the first line of
treatment. Biologic agents, such as affiNFtherapy neutralize proinflammatory signals, such as TNF
and thereby interrupt the inflammatory cascaier4] Nowadays antifNFantibodies are often
combined with Methotrexate or Azathioprine to yield improved clinical outcof@&5] Thoud,
pharmacological intervention is always associated to mild or severe side effects, therefore the option
of dietary intervention is gaining more and more interest. Especially in paediatric patients, nutritional
intervention (exclusive enteral nutrition)hews high efficacy176-178] Diet does not only exert a
direct influence on intestinal immune and epithelial cell functions, but also shapes the intestinal
microbial community by generating a milieu that favoure tfrowth and metabolic activity of specific

bacteria.

1.3.1 Shifting the balance: effect of antibiotics on micrdtmsicinteraction

Shifts in the intestinal ecosystem were shown to be associated to IBD as discussed above. Therefore,
modulating the intestinal neirobiota by antibiotics states another form of therapy in mild to moderate
disease. The hereby most frequently used antibiotics are metronidazole and ciproflkag]n.
Several metaanalyses determined the placelsuperior effect of antibiotics and also refer to site
specificities of antibioticfl79-181]

Beside their therapeutic implementation, antibiotics pose an important tbto gain knowledge
about mutualistic relationships of commensals and their respective hfis#2] One of the best known
examples of antibiotic induced disturbances with pathologic consequence, is the bloom opportunistic
pathogenicClostridium difficilg42] Also in murine models o$almonellainfection, an antibiotie
induced disturbance in the intestinal microbiota is a prerequisite for successful pathogen
colonization[183] The intention of antibioti intervention is the targeted elimination of a single
pathogen. Though, the intestinal ecosystem is a network of edependent species, which are
connected by foodchain or metabolite utilization interactiong96, 97, 184]Therefore, apart from
direct reduction of antibiotiesensitive bacteria, also metabolically related organisms will decline. The
consequence is massive perturbation die intestinal microbial composition However, the
therapeutical elimination of bacterial groups and therefore bacterial ligands or metabolites (e.g.

SCFAS), induce alternated immune resporj$és, 185, 186]

To study mechanism of microd®st interaction, GF animals can be colonized withlsibgcteria or
clearly defined bacterial consortia in gnotobiotic setups. However, the incomplete immune maturation

or mucus formation in GRnimals states a relative disadvantage of gnotobiotic investigations.
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Therefore, experimental microbiotaodulationin mice reared in colonized housing, may give a more
realistic picture of the microbéostmutualism. Several antibiotintervention studies have been
performed in animal models of intestinal inflammation, to describe the putative role of microbes in
IBDdevelopment. Hereby frequently used antibiotics were metronidazole, vancomycin, norfloxacin
and neomycirf187] Those antibiotics differ in their spectrum of activity as well as intestinal absorption
rates and mecanism of action as shown irable 1 In different mouse models of colitike protective
effect of antibiotics was shown to be time and sg&pecific, an observation made in humans as
well.[188, 189]

Tablel: Properties of most used antibiotics in IBD studies
Most frequently used antibiotics in animal models. Antibiotics used in the present study are marked by*.

Antibiotic Category Mechanism of action Spectrum of antibacterial Intestinal
activity absorption

Ampicillin* BetalLactam Inhibition of cell wall Broad Poor
formation

Ciprofloxacin Fluoroquinolone Inhibition of topoisomerase  Broad Medium (>70%)

Imipenem BetalLactam Inhibition of cell wall Broad Poor
formation

Metronidazole* Nitroimidazole  Deactivation of enzymes Narrow; mainly anaerobic High (>90%)

Neomycin* Aminoglycoside Inhibition of protein synthesis Broad; mainly gram negative Poor

Norfloxacin* Fluoroquinolone Inhibition of DNA replication Broad Poor

Vancomycin* Glycopepide Inhibition of cell wall Narrow; mainly gram positive Poor
synthesis

Besides shifting the intestinal ecosystem, antibiotics were also shown to exert great influence on
bacteria derived metabolite®ile acids (BA) are synthesized in the liver as arynBA (cholic acid (CA),
OKSYy2RS2E@OK2f A0 F OAR 0/ 54I!y0RmitighBlic 4cid RMCA)R Beforef f & A
primary BAs are secreted into the bile and small intestine, they can be conjugated with glycine or
taurine. In the intestine, bacteaiconvert primary BAs byalpha dehydroxylation into the secondary

!4 RS2E20OK2ft A0 FOAR 065/ ! 0 | yR -MCA.(BEcanddpnscanO | OA R
reach even millimolaconcentrations in the intestine and their composition varies widetyoag
individuals. By microbial deconjugation, dehydrogenation, dihydroxylation or epimerization, the
variety of BAs is further increaseBAs are ligands of the farnesoid X receptor (FXR) and-fivet@n
coupled BA receptor TGRE0, 191]Both FXR and TGR5 control several elements of glucose, lipid and
energy metabolism. Consequently, BAs are considered as modulators of (postprandial)
metabolism[192]In FXR knockout né¢cthe importance of FXR signalling in epithelial barrier integrity
could be showrj193] Therefore,bacterial derived secondary BA are assumed to be central for
intestinal integrity and IBD preventiot]194] Antibiotics were shown to exert great and specific shifts

in the composition of the BA pool. However, clear correlations to certain members of the microbiota

could not yet been drawl95, 196]
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Antibiotics therefore still raise a variety of questions regarding their possibility to alter midrosie

mutualism EspecialyA Yy | K2ad LINBRAALIZA&ASR (2 Lassosi®ed2 38 ¢
O2YYdzy Al ASaé¢ kAevyrthalesspchaiactdrigatiod éf different ecosystems is of high
importance, as the donation of allogenic ecosystems poses potential for clinical implementation.
Therefore further studies are required to fully exploit the possibilities lying withinrahiota

orientated prevention of IBD development.
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2 AIM

The aim of the present work was to prove the causal role of dysbiosis in the development of intestinal
inflammation in a mouse model of GiRe ileitis. Many studies assume an association between
dysbotic intestinal communities and IBD. However, evidence is missing to show whether this
association is a consequence or truly causative requirement for pathology. Moreover, compositional
patterns and functional traits of IBE2lated dysbiosis are still tcetunravelled. Knowledge about ilekis
relevant consortia will be fundamental to identify microorganism with clinical significance as indicators

for increased risk.

The essential role of microorganisms in development of pathology was proven in modelgi®hgo
germfree housing, or administration of antibiotics. In contrast, in models ofikeDileitis, this
correlation was not shown, yet. First evidence hinting towards a causal association was shown for
simplified bacterial consortia only. Prove ofdltiausal relation with a complex, dysbiotic ecosystem is
still lacking. Consequently, knowledge about functional characteristics of inflammatiated

ecosystems and their metabolites is limited.

In the present work, the genetically susceptible T#REmouse was used as model of Gk ileitis.

This mouse model gives good resemblance to human CD, shown byrivél; transmural
inflammation in the terminal ileum and occasionally proximal colon. By housin$§'™XFmice in GF
conditions, the necesty of bacterial triggers for development of pathology was evaluated. To describe
the role of intestinal microbial composition on disease characteristics, the intestinal microbial
structure was changed by housing TN®REmice either in SPF or CONV ieyic conditions. Via
antibiotic therapy, a pharmaceutical and more drastic alteration of the phylogenetic structure was
achieved. In a setting of antibiotic induced attenuated inflammation, characterization of the microbe
metabolitemutualism was possibleHereby, the protective therapeutic potential of shifting the
intestinal ecosystem, as well as dynamic of relapse were studied. Transferability of protective microbial
effects via microbiotdaransplant experiments was testedherefore the microbiota fran donor
TNEe®AREmice was transplanted to recipient mice from GF or CONV housing. By engrafting dysbiotic
microbiota from donors with same genotypic susceptibility, though variance in 4$gtierity, final

proveof causality should be provide
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3 MATERIAL AND METHODS

3.1 Ethics statement
Animal use was approved by the local institution in charge (Regierung von Oberbayern, approval no.
55.21-54-2531-75-10 and 55.21-54-2531-99-13). All animals were housed in mouse facilities at the

Technische Universit Minchen (School of Life Sciences Weihenstephan).

3.2 Housing conditions
Heterozygous TNH*AREand WT littermates (C57BL/6N) were kepCi@NV, SPF or GF conditionsi{12

light/dark cycles at 226°C) until the maximum age of 18 weeks.

Table2: Members of the mouse gut microbiota that are unique to housing conditions.

Only microorganisms that were exclusively found either in SPF or CORMP¥ice are displayed. Analysis was performed

using higkthroughput 16S rRNA gene samcing, FELASAIided analysis or cultivation (yeaspecific Sabourandgar).
Sequencing was done as described in the supplementary methods (taxa with a sequence abundance >0.5% are shown). For
FELASA analysis, results of three different analysis tinmspeiere considered (previous, during and after performing the
experiments). Samples from sentinel mice were taken from intestinal content, fur swap, organs and rectum swap. Analysis
was performed by an independent, certified lab according to FELASA remugations from 2014. *microorganisms
generally regarded as pathogenic to rodefit87]

relative
Housing Taxon abundance Lineage M;;Zlc;iits)f
(% + SD)

‘6': unknown_Clostridiales 24+12 Bacteria sequencing
n unknown_Desulfovibrionales 0.5+0.3 Bacteria sequencing
Helicobacteraceae* 9.6+34 Bacteria sequencing
Bacteroidaceae 55+29 Bacteria sequencing
Desulfovibrionaceae 51+16 Bacteria sequencing
Verrucomicrobiaceae 2816 Bacteria sequencing
Prevotellaceae 20x1.0 Bacteria sequencing
Deferribacteraceae 15+0.9 Bacteria sequencing
Defluviitaleaceae 1.0+0.7 Bacteria sequencing
Sutterellaceae 09+04 Bacteria sequencing
Bifidobacteriaceae 0.8+0.9 Bacteria sequencing
% Erysipelotrichaceae 0.8+0.7 Bacteria sequencing
) Clostridiaceae 0711 Bacteria sequencing
Peptostreptococcaceae 0.6+0.9 Bacteria sequencing
Chlamydiaceae* 0.6+0.6 Bacteria sequencing

Murine norovirus* positive Virus FELASA

Helicobactespp.* positive Bacteria FELASA

Pasteurella spp.* positive Bacteria FELASA

Syphacia spp.* positive Animalia FELASA

Trichomonas spp.* positive Animalia FELASA

Candida tropicalis positive Fungi cultivation

Kazachstania heterogenica positive Fungi cultivation

All mice were fed a standard diet (autoclaved Ssniff, Soest, GermanyHRMSPF and CONV, or M
Z V1124300 for GFanimals)ad libitum and were sacrificed by GOTNEe®®AREmice were made
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germfree by hysterectomginstitute for LaboratoryAnimal Science; HannoveSterility was checked
by cultivation of faeces in LB or WCA broth (OXOID) evely tlays and at sampling, and microscopic
observation of Granstained faecal smears. A mottigip was used to indicate the presence of mould.

No cantaminations were observed during any of the experiments.

3.3 Antibiotic treatment

CONVTNFeAREgnd -WT mice received antibiotics for 28 days from eithed dr 812 weeks of age.
Antibiotics were freshly prepared twice a week and administer@dibitumvia drinking water in light
protected bottles. Mice were sacrificed 0, 2, 4 and 6 weeks aftesaion of antibiotic therapyThe

antibiotic combinations used were: VM: 0.25 g/l vancomycin and 1.0 g/l metronidazole (8ignh

and Fluka); Amp: 1.0g/Inapicillin (SigmaAldrich); Nor: 0.25 g/l Norfloxine (SigmaAldrich); MIX:
0.25¢g/l vancomycin and 1.0 g/l metronidazole; 0.25 g/l neomycin and 0.25 g/l norflox8gma

Aldrich;Fluka).

3.4 Transfer of caecal microbiota

Caecal content from donor mice wasllected and immediately suspended (1:10, w/v) in filter
sterilized PBS/glycerol (20%), snap frozen and store8D&tC. Aliquots were centrifuged (300g/ 3 min/
4°C) to pellet debris. Supernatants were centrifuged (8000g/ 10min/ 4°C) and pelispered in

equal volumes of PBS. For gavage, an aliquot of 100ul of caecal micrebémpansions of one donor
mouse were given to recipients (approximatehp k 1@ cells per mouse, as deternéd by THOMA
countingchamber).For the colonization of GF recipis, each mouse was gavaged at the age of 8
weeks with caecal microbiotsuspensions of one (untreated) Sthor mouse. Mice were housed in
group-specific isolators with mixed genotypes in each cage and sacrificed 4 weeks after colonization.
To investigad the development of ileitis over time, additional mice were colonized as described above,
and samples were collected 1,ahd 4 weeks after colonizatiof:or caecamicrobiota transplant
experiments in conventionally reared animals, the donor mice $&or WT) were 12 weeks of age

old, when the caecal luminal microbiota was sampled and processed as described above. One group
of donorTNFe8AREmice was prereated with VM as described beforRecipients were also treated

with VM from the age of 82 weeks and received three transplants (aj@from the same donor) 24

72 hours and 7 days after ending VM treatment. A control group received time and -dwatohed
transplants, though no VM prigeatment. To control for influenceof the gavageprocedue itself, a
further control group received the same volume of PBS per gavage. Recipients were housed-in donor

and pretreatments specific cages tilB weeks of age.
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3.5 Cultivation of intestinal bacteria

According to caecal or ileal content weight measureméeen-fold dilutions (w/v) were prepared by
adding appropriate volumes of sterile PR plemented with peptone and cysteine (0.05 % w/v each,
Fluka).Dilution series were prepared on Wilki@&halgren Agar supplemented withcysteine and
dithioerythritol (0.05 % wi/v each}or samples from the CONV facility, the medium was supplemented

with 5 pg/ml pimaricin SigmaAldrich to prevent yeast growth.

3.6 Histopathology

Hematoxylin and eosi(H&E) stained terminal ileal and proximal colonic tissue sections wered
(blinded) by assessing lamina propria mononuclear cell infiltration, crypt hyperplasia, goblet cell
depletion and architectural distortion resulting in a score fromM2as previously describgi98]

Images were acquired using Digital microscope M8 (PreciPoint GmbH).

3.7 Immunofluorescencetaining

Formalinfixed paraffirembedded tissue sections (3.5n) of the terminal ileum placed on Superfrost
Plus slides (Thermo Scientific) were deparaffinised using a 062 &Multistainer system. Antigens
were unmasked by boiling under pressure in sodium citrate buffer (pH 6, 900 W, 23 min). Tissue
sections were allowed to cool down to room temperature (RT) and washed three times consecutively
in deionized water and onciem PBS (5 min each). Sections were incubated in blocking buffer (5 %
normal goat or donkey serum and 0.3 % Triteh0® in PBS) against the species of the secondary
antibody (60 min; RT; in a humidified chamber). Primary antibodies (LY6G, BBUBharmigen;
lysozyme, 1:200@ako; Cleavedaspase 3, 1:1000, Cell Signalling) were incubated overnight at 4°C.
Fluorochromeconjugated secondary antibodies (from Invitrogen, Dianova and Life Technologies) were
diluted 1:200 and incubated for 1h at RAfhodamindabeled UEAI (Ulex europaeusgglutininl;

Vector Laboratories) at a dilution of 1:1000 was used for detection of fucosylatestreaitures of
Paneth and goblets cellsluclei counterstaining was done using DAPI (1:260@)ptdin 2 staining was
performed by Aline Dupont in collaboration with the Institut for Medical Microbiology, RWTH
University, Aachen, Germany. Parai@mbedded tissue sections were deparaffinized and rehydrated.
Antigen retrieval was performed using 0.01M citrate sodium buffer, iH $lides were blocked with

5% BSA, 10% normal donkey serum (Dianova) and stained using a rabbit polyclonal antiserum against
synthetic cryptdin 2 (LRDLVCYCRTRGCKRRERMNGTCRKGHLMYTLCCR; gift from Mats Andersson,
Karolinska institute, Stockholm) and a mowsdi-E cadherin antibody (BD Bioscience), followed by
Rhodamine Re&-conjugated donkey amntiabbit and AF64-¢onjugated donkey ardnouse
secondary antibodies (Dianova). Fluoresdalrelled wheat germ agglutinin (WGA; Vector) was used

as a counterstaimig. Samples were immediately sent toarsd analysed within three daySections
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were visualized using a confocal miscope (Olympus Fluoview 100BY16ASW software. Ly6G
positive cells per microscopic field area were counted using the Volocity® StareofPerkin Elmer).
For each individual mouse, 3 microscopic fields at -#o&Dmagnification were quantified for mean
Ly6Gpositive cells per mi Lysozyme and UEAsignals were quantified by counting numbers of
positive cells per crypt. A minimum &2 crypts per mouse, randomly picked and distributed all over

the distal ileal ansssection, were assessed B20-fold magnification.

3.8 Gene expression analysis

RNA of total distal ileal tissue was isolated (NucleoSpin® RNAII kit; MatltegeyGmbH & CKG).
Complementary DNA was synthetized from 500ng RNA using random hexamdvsMb¥ RT Point
Mutant Synthesis System (Promega). Quantification was performed using the LightCycler® 480
Universal Probe Library System (Roche). Primers and probes usednféBéitgcctatgtctcagcctctte

3", 5-gaggccatttgggaactted’;  Probe  #49); gapdh 6 pd@actcatggcaaattcaa OT - p Q
tttgatgttagtggggtctcg3’; Probe #9)ang4 5-ccccagttiggaggaaage O Fegtgydaatttticgtacctttced”;

Probe #106):defa’5 0 gtyggacctgcagaaato Q Fcagagergatggttgtcad Q Tt NRréeg® 6lpyn 0 T
accatcaccatcatgtcctgg QT t N2 6 S | p m 0ndiCt hethod[1P9 wenziddne dodndlided  H
gapdh.

3.9 ELISA analysis
Concentration of cytokines (TNF andlil) in EDTAlood-plasma was determined via ELISA kits

(eBiocience) according to manufacturer’s instructions.

3.10 16S ribosomal RNA (rRNA) gene sequendgsiaa

600! DNA stabilization solution (STRATEC biomedical), 400 pl Phenol:Chloroform:IsoAmyl alcohol
(25:24:1; Sigm&ldrich) and 500 mg autoclaved glass beads (0.1mm; Roth) were added to frozen
caecal samples (approx. 200mg). Microbial cells were diedulpy mechanical lysis using a FastPrep®

24 (3 x 30 sec at maximum speed) (MP Biomedicals) fitted with a 24 x 2 ml cooling adaptor. After heat
treatment (95°C, 5 min) and centrifugation (15000xg/5 min/4°C), supernatants were treated with
RNase (0.1 pg/pAmresco) for 30 min at 37°C. Metagenomic DNA was purified using gDNA columns
(Machereyb  3St 0 F2ftt2¢6Ay3a GKS YIydzZFI OGdzZNENRA Ay adNWzO
by NanoDrop® (Thermo Scientific) and samples were stored at 4 °C duringdilerzgation and at

20 °C thereafter for longer storage. The V3/V4 region of 16S rRNA genes was amplified (25 cycles) from
12 ng of metagenomic DNA using the bactespeecific primers 341F and 785R)0]followinga 2-step
procedure to limit amplification biaf201]. Amplicons were purified using the Adre XP system

(Beckmann), pooled in an equimolar amount, and sequenced in pamddmode (PE275) using a
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MiSeq system (lllumina Inc.). A final DNA concentration of 10 pM and 15 % (v/v) PhiX standard library
was used. Raw read files were demultiplexetb{@ing a maximum of 2 errors in barcodes) and each
sample was processed using USEARC2] following the UPARSE approaf203]First, all reads were
trimmed to the position of the first base with quality score <3 and themgakiThe resulting sequences

were size filtered, excluding those with assembled size <380 and >440 nucleotides. Paired reads with
expected error >3 were further filtered out and the remaining sequences were trimmed by 10
nucleotides on each side to avoidCGias and nomandom base composition. For each sample,
sequences were deeplicated and checked for chimeras with UCHIRIE] Sequences of all samples

were merged, sorted by abundance, and operational taxonomic units (OTUs) were picked at a
threshold of 9®46 similarity. Finally, all sequences were mapped back to the representative sequences
resulting in one OTU table for all samples. Only those OTUs with a relative abundance above 0.5% total
sequences per sample were kept. The final OTU counts were noeghédizhe sample with the lowest
number of sequences. For each OTU, the most detailed taxonomic classification amorjg0Silva
RDH206], and Greengenef07], was manually assigned fisal OTU taxonomyln case of different
predictions, Silva was preferred over RDP, and RDP over Greengenes. For OTUs showing significant
differential abundance between groups, the EzTaxon classificf#08] was used to identify the
closest described species. For estimation of diversity within samples {dipésity), the Shannon

index was calculated and transformed to the corresponding effective number of species as described
by Josf209] For comparisons across samples (béiteersity), phylogenetic trees across all OTU
representative sequences were constructed using thaimam likelihood method in Megd@10]and

used for calculation of samples distances with generalized Unifrac (package GUniF[a¢ 1 R;

3.11 Metaproteome analysis

The metaproteome analysis was performed by Sven Bastiaan Haange, Nico Jehmlich and Martin von
Bergen in collaboration with the Helmhp-Centre for Environmental ResearchlFZ, Department of
Proteomics, Leipzig, Germar@olonic content was diluted in 1 ml of filteterilized PBS containing
Protease and Phosphatastnhibitor (Roche) and lysed using a FastPr2p&x40 sec at 6.5 M(81P
Biomedicals). After centrifugation (16.000xg/4°C/5min), supernatants were froze&80&E until use.

A total amount of 10Qug protein lysate was separated by SBXSGE. After electrophoresis, each lane

was cut into three slices and processed by inpgeleolytic cleavage using trypsjal2] Peptides were
analyzed using an Orbitrap Fusion mass spectrometer (Thermo Fisher Scientific) coupled to a TriVersa
NanoMate (Advion, Ltd.). A volume ofhb peptide lysate as separated with a Ultimate 3000 nano

LC system (Dionex, now Thermo Fisher Scientific) on a C18 reverse phase column (25 cm; 100 min
linear gradient from 2% acetonitrile (ACN) to 55% ACN in 0.1% formic acid). Raw data files were

searched with Proteome DOieverer (v1.4, Thermo Fisher Scientific) using the Mascot algorithm (v2.3
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in-house server) against the taxonomy of mouse, bacteria, green plants and archaea of the NCBInr
database. Only rank 1 peptides were considered to be identified with a threshol®Rf €%.

Gt whiS2YA0a NBadzZ 64 t NdzyAy3I 9 | 2Y I3 FEas usBdN@® dzLJ ! b
assign proteins to their taxonomic and functional groups. Label free quantification of protein groups

were performed using the TG®peptide abundance.

3.12 Metabolomics
The metabolome analysis was performed together with Alesia Walker and Philippe SKbpptin in
collaboration with the Research Unit Analytical BioGeoChemistry, Helmholtz Zentrum Miinchen

Bile acid (BA) analysiStandard stock solutions of bile acid#\é8 and three C15:0 fatty acids were

prepared (1 mg/ml; 1000 ppm). Following BAs were used for studying BAs metabolism as standard
library such as Chenodeoxycholic acid (CDCA; Sigma Aldrich, St Louis, MO, USA ), Cholic acid (CA; Sigma
Aldrich, St Louis, MQJSA), Deoxycholic acid (DCA; Sigma Aldrich, St Louis, MO, USA); Hyodeoxycholic
acid (HDCA; Sigma Aldrich, St Louis, MO, USA), Lithocholic acid (LCA; Sigma Aldrich, St Louis, MO, USA),
Taurochenodeoxycholic acid (TCDA; Sigma Aldrich, St Louis, MO, al#é)rsbdeoxycholic acid

(TUDCA; Calbiochem, Billerica, MA, USA ), Taurocholic acid (TCA; Sigma Aldrich, St Louis, MO, USA),
Taurodeoxycholic acid (TDCA; Sigma Aldrich, St Louis, MO, USA), Taurolithocholic acid (TLCA; Sigma
Aldrich, St Louis, MO, USA), afteoxycholic acid (UDCA; Sigma Aldrich, St Louis, MO, USA), alpha
Muricholic acid {-MCA; Steraloids, Newport, RI, US), beta Muricholic dciMA; Steraloids,

Newport, RI, US), omega Muricholic acidl(MCA; Steraloids, Newport, RI, US), alpha Tauromuricholic

acid {-TMCA, Steraloids, Newport, RI, US), beta TauromuricholiciabiCA;Steraloids, Newport,

RI, US) and omega Tauromuricholic aciel MCA, Steraloids, Newport, RI, US). The C15:0 fatty acids

were pentadecanoic acid (Sigma Aldrich, St Louis, MO, USA), isopentadecanoicaathylidyristic

acid; Sigma Aldrich, St Louis, M@ZBSA) and antiisopentadecanoic acid-fdethyltetradecanoic acid;

Sigma Aldrich, St Louis, MO, USA). A mixture of all BAs was prepared with a concentration of 50 ppm

of each BA and diluted with MEOH to 1 ppm (of each) which was used for subsequeAviIBPLC
analysis. A mixture of 1 ppm of all C15:0 FAs was diluted in MEOH.

Short chain fatty acids (SCFAgetic acid, butyric acid, propionic acid, lactic acid, and succinic acid

were all purchased from Sigma (Sigma Aldrich, St Louis, MO, USA) and were pirepE€H to a
stock solution of 1000 ppm. All were diluted to 50 ppm as working dilution.

Acidic hydrolysis for plasmalogen analy8i®€2% HCL was used to prepare 4 M HCL. 50 pL of 4 M HCL

was added to 50 pL of caecal extract, which was incubated fomiB0, at room temperature.
Afterwards, 1 ml of milliQ ¥ was added and evaporated. Control samples were treated with 50 uL

of pure milliQ HO and treated in the same way. Dried samples wereamstitued with 50 uL MEOH.
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Derivatization of SCEFASMP+ Mas Spectrometry Kit was purchased from Cayman Chemical (Cayman

Chemical, Ann Arbor, MI, USA). SCFAs were derivatized and subsequently analyzed-M$ UHPLC

positive mode (+). Eight puL of each standard (5 ppm final concentration) and caecal methanos extract
were used for all mice. All other processing is described in the protocol of the AMP+ Mass
Spectrometry Kit. After derivatization, 200 uL of MEOH was added to a final concentration of ~1.5 ppm.

Metabolite extraction:Around 1620 mg (wet weight) of caet content of each mouse was taken and

weighted. Original samples were stored on dry ice. The weighted samples were transferred into sterile
ceramic bead tubes (NucleoSpiBead Tubes, Macherdyagel, Dueren, Germany) primed with a

stainless metal bead {®m, Qiagen, Hilden, Germany) and 1 mL of cold MEOH was a@@et, LC

MS CHROMASOLV®, FLUKA, Sigma Aldrich, St Louis, MO, USA). Samples were homogenized in a Tissue
Lyser 1l (Qiagen, Hilden, Germany) for 5 min at 30 Hz, centrifuged 10 min at 21,0804g°&n
Supernatants were transferred into sterile Eppendorf tubes and stored8@fC before mass
spectrometry analyses.

High resolution mass spectromett CRFT/MS:Metabolite analysis was performed using ESIGR

FT/MS mode in direct infusion ugimn autosampler system (Gilson, Inc., Middleton, WI, USA) with a
flow rate of 2 pL/min. Internal calibration of IER/MS was done before analyses by using 3 mg/L L
arginine, diluted in MEOH (following theoretical mass signals were used for calibraob0440,
347.21607, 521.32775 and 695.43943). ESI parameters were as followed: capillary of 0.5 kV, source
temperature of 120 °C, drying gas temperature of 180°C, drying gas flow rate of 4.0 L/min, nebulizer
gas pressure was 1.0 bar and capillary vol@igg000 V. The mass range was set to acquire the m/z
range 147.41000 with a number of scans of 450. Time domain was 2 megaword. lon accumulation and
ion cooling time was set 0.500 sec and 0.050 sec, respectively. Time of flight was set to 0.8 msec. After
acquisition, raw spectra were calibrated with reference lists of fatty acids (C13H2502; C15H2902;
C17H3302; C19H3702; C21H4102; C23H4502; C25H4902; C27H5302; C29H5702; €31H6102
213.186004; 241.217304; 269.248604; 297.279904; 325.311204; 353.342504;738HM3
409.405105; 437.436405; 465.467705). Calibrated mass spectra were exported with a signal to noise
ratio of 4 and relative intensity threshold (base peak) of 0.01 % to asc. files, containing m/z values and
their intensities values. The alignment ofca files, was done with an-louse software (Matrix
Generator) within a window of 1 ppm. The mass signals found within this window were averaged and
their respective intensities of each sample wéntegrated into a data matrixAfterwards, only mass

signals were included in further data analysis, which were annotated in MassTRIX. All annotated
isotopes were excluded from further data analysis. Moreover, a frequency count of 5a8ff ofieach

group (n = 6) for each mass signal was performed. All mgsalsibelow, were removed from data
analysis. This data was normalized to the total ion count (TIC) andsaated before performing

multivariate data analysis.

29



MATERIAL & METHODS

UPLEMS analysis using)(TOF MS/MSA reverseebhase separation was applied using a C8 calum
(C8: 1.7 um, 2.1 x 150 mm, AcqlttyyPLC BEM, Waters, Milford, MA, USA). Elution of derivatized

SCFAs was ensured by following solvent system of ammonium acetate (5 mM, Sigma Aldrich, St Louis,
MO, USA) combined with acetic acid (0.1 %,pH 4.2, Bmsgdkenswaard, NL) in water (A) (mill;QH

Milli-Q Integral Water Purification System, Billerica, MA, USA) and acetonitrile (BYS(LC
CHROMASOLV®, FLUKA, Sigma Aldrich, St Louis, MO, USA). The flowrate was 0.3 mL/min, injection
volume of 1 pL and columtemperature was 40°C.

A gradient profile was applied by starting at 1% B for 1 min., increasing to 95%B within17 min. The
95%B was hold for 2.0 min, returning to initial 1%B within further 0.2 min and holding 2 min with a
total run time of 22 min. A preun time of 2 min was also included.

Peak areas were elaborated with QuantAnalysis (Bruker, Daltonics, Bremen, Germany). Mass signals
for derivatized SCFAs were as following in positive mode: acetic acid 27}1184); propionic acid

([M]*: 241.1341);butyric acid ([M]: 255.1492), , lactic acid ([M]257.128454) and succinic acid
(IM]?*:226.1106).

Nontargeted metabolomicsMEOH extracts of cecum were subsequently used for revepbede

separation. The gradient was optimized for bile acids sepamaf he optimized gradient was applied

in a nontargeted metabolomics way.

Cecal extracts (methanol supernatants) were separated using a revphses column (C8: 1.7 um,

2.1 x 150 mm, Acquit}f UPLC BEM, Waters, Milford, MA, USA) applying flow rate3&0 pl*mirn?

with an injection volume of 5 pl and column temperature of 60°C, respectively. Elution of BAs and
other compounds was ensured by following solvent system of ammonium acetate (5 mM, Sigma
Aldrich, St Louis, MO, USA)) combined with acetic @cid%,pH 4.2, Biosolve, Valkenswaard, NL in
water (A) (milliQKO, MillFQ Integral Water Purification System, Billerica, MA, USA) and acetonitrile
(B) (L&aVs CHROMASOLV®, FLUKA, Sigma Aldrich, St Louis, MO, USA). A gradient profile was applied
by startingat 10% B for 1 min., increasing to 22%B within 2 min., followed by increase to 27%B within
4 min., accompanied by a linear gradient to 95%B within 13 min. The 95%B was hold for 2.5 min,
returning to initial 10%B within further 2.5 min with a total run grof 25 min.

The UPLC was coupled to maXisT@FMS). Internal Calibration of mass spectrometer was done with

5 ppm Larginine (MEOH dilution, Sigma Aldrich, St Louis, MO, USA). External Calibration of mass
spectrometer was ensured by injecting £9Llav Concentration Tuning Mix 100 mL (Agilent, Santa
Clara, CA, United States) in front of each sample, in the first 0.5 mirM&LGN, by a switching valve.
Tuning mix was diluted (1:4) in pure MEOH and injected with a flow rate of 0.2 mL/h in 10 nge.syrin
Derived LS data were processed using the Genedata Refiner MS software (Genedata GmbH,

Munich, Germany). The data consisted of m/z and their respective retention time (RT) and summed
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intensity (Cluster_nr). After statistical data elaboration, impattelusters were evaluated in terms of
identification via MS/MS. Standards matching were only done for BAs and C15:0 FAs.
UPLETOF MS/MS analysid-ragmentation:Data dependent MS/MS analysis (Auto MS/MS) was

performed on a representative sample of eaclowp (in total 6 LBIS/MS, based on TIC of each
group). MRMMS was done for selected clusters such asR&$. Annotation was done by means of
MassTRIX (£0.005) and METLIN (10 ppm) as first indicators of compou@a@4i5FTICRMS data

is based solely on annotation with MassTRIX. In terms of UPLCMS data, identification was done by
elaboration of MS/MS spectra. Metabolites, which were identified after MS/MS elaboration, were
named. Annotated fatty acids werebelled as following; the number of carbons (C) and number of
double bonds (C:nr). All other (annotated or unknown) were treated as mass signals with their
respective RT (Cluster_nr). Several databases such as MetFrag, METLIN and MyCompoundID were used

for MS/MS analysif216])[217] Spectra were observed visually for existing fragnsent

3.13 Statistics

Statistical analyses were performed with R or Sigma Plot 11.0 using ANOVA followed by pairwise
comparison testing (Holmidak test). Graphics were created using GraphPad Prism version 5.00.
Unless otherwise stated, data are presented as me&D and gralues below 0.05 were considered

to be significant. The Benjamikiochberg method was used for adjustment after multiple testing. For
visualization of the relationships between bacterial profiles, 4panametric multiple dimensional
scaling (NNDS) plots were computed using the packages vegan and ade4. Multivariate data analysis of
metabolome was performed with SIMEA9.0. lleitis score values and TIC normalized metabolome
data values were autgcaled before analysis. Principal component analyBICA) and partial least
square regression (PLS) or discriminant analysis@R) 8/as applied by using metabolome and ileitis
scoresvalues or dummy variables for PLS modeling. VIP values were used for further data analysis.
Pearson correlation was calated between ileitis scores and metabolites and furthermore all
metabolites with correlation values of r>0.5 anda<bp G SNBE O2yaARSNBR 42 065 A
test was performed in Microsoft Office Excel 2010. &y ANOVA was performed with SigiPlat

12.0 (gentype and treatment, Tukey test).
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4 RESULTS

4.1 Inflammation in TNEE"#ARfmjce idinked tochanges in gut bacterial communities

4.1.1 The intestinal ecosystem in the presence of inflammation

To assess the role of the gut microbiota in-&B inflanmation, TNFE#AREmjce and WHlittermates
were cohoused in a CONV hygienic environment. At the age of 12 weel&&*Nmice developed

tissue pathology in the terminal ileum without cage sexspecific differencesHigure 4AB).
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Figure4: Inflammation in TNE®AREmice is associated with changes in the caecal microbiota

(A) Experimental setup: TRAREand WHittermates were cohoused till the age of 12 weel®)Left: Respective H&E stainegtiinal ileal
sectionsBlack WT; Red: TNERE Right: Ileitis scores in the terminal ileu@)Dendrogramm and NMDS plot (below) showing variance of
caecal bacterial profiles of THPARE(red) and WT (grey) mice. 16S ribosomal RNA gene amplicons of the V3/V4 reghy) (45@eces

(D) Sequencabundance in % of inflammation related bacterial taxa. Studergstt

33



RESULTS

To describe inflammatiodependent differences in the caecal microbiota, 16S microbial profiling
(sequencing ofl6S ribosomal RNA gene amplicons of the\M3fegion (450bp)was performed.

Though mice were cohoused and showed copuapb behaviour, slight genotypeduced separation

was observed Kigure 4¢. This clearly indicated the influence of an inflammatory milieu on the
phylogenetic makeup in the lumal ecosystemThus,the analyss of taxonomic composition (on

Of  aaAFTAOLFIGA2Y S@St 2F aTF! PopHydraohadandad BflamedlR a A 3y

animals. In contrasHelicobacteraceaand Clostridium XIViwere increased in inflamed aninsal

Beside alterations in the bacterial pattern, changes in the caecal bacterial metabolism may also be
affected by the presence of inflammation. By Aangeted metabolomics with direct infusion #TR

MS and UPLToFMS, metabolite profiles were assessad collaboration with the Research Unit
Analytical BioGeoChemistag the Helmholtz Zentrun{Munich). Partial least squares (PLS) analysis
revealed separation of genotypes according to ileitis severitax{s) and metabolite profile
(FigurebA). Further analysis was dondor UPLETOFMS data as the derived model was better
compared to FICRMS The metabolites with highest impact on the regressiongivenin Figure 5B

by avery important projection (derived from the PEBodel; VIPvaluesareindicatedby dots).
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Figure5: Inflammation is associated with shifts in the intestinal metabolite profile

(A) PLS analysis of TRF*REand WT mice. Divergence of clusters according to metabolite profitagigkx and ileitiseverity (yaxis).
(B)Metabolites with highest folechange (scakdars) and resulting Vifalues (shown as dots; loweraxis) which are upregulated in
TNReBARKred) or WT mice (green). Respective chemical classes are shown on the right.
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Many of the 25 most ragated metabolites with high Vialue (1.2 2.1) were fatty acidssuggesting

that the metabolism of fatty acids seems to be altered by the presence of inflammation. 15 metabolites

were

increased (eight different fatty acids,

three ubiquinones,

two edkgrcinols, one

phosphatidylethanolamine (PE(16:0/18:2)) and one LysoPE(18:2)). In contrast, 10 metabolites (six
2y S YARRE §i yGRIEA)Wwere @ecréaded in TNBIXR

mice compared to WThese data cledy demonstrateminor changes in the bacterlaomposition

RAFTFSNByY

t9az

and metabolite profile in an early phase of inflammatioq even in a situation ofcontinuous

interaction with non-inflamed individuals To confirmthese observations andeduce mixture of

genotypespecific microbial patternsan additionakcohort was housed in genotygspecific cagedn

6/ mnY

this setup faecal bacterial diversity and compaosition was observed over time. We previously showed

that ileitis develops gradually in CONWYFEeAREmice and realses maximum levels at 12 weel&l 8]

Therefore faecal sam@é were collected at 4, 81d 12 weeks of agé&igure6A).
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Figure6: Divergence of faecal bacterial ecosystems are associatét imcreasing inflammation
(A) NMDS plot showing shifts of centroids (indicated by arrows) and variance (circled areas) of faecal bacterial profilesTOFEEONY

(AREjed) and WT (blue) mice at 4, 8 and 12 weeks of age. 16S ribosomal RNA gdicersngs the V3/V4 region (450bp) in faeces

4 ARE 0/19

(B)Relative abundances of bacterial sequences (%) in WT and ARE mice at 4, 8 and 12 weeks of age. The numbers of nmocehegositive f
respective bacteria are given below, as quotient of all mice teStadway ANOVA; HolrSidak.

In the absence of inflammation (age of four weeks), bacterial phylogenetic makeups i#*1&nd

WT mice were clearly overlapping. Shifts in community structure started to be distinct at the age of

eight weeks, when tissue pathag reaches significance. Parallel to the -aglated increase in

inflammation, microbial communities from WTs diverged from Ff#fEmice and intefindividual

differences decreased within genotypes. Main significant differences in composition included

increased abundance ofBacteroidaceae Erysipelotrichacege Peptostreptococcaceae and

Verrucomicrobiaceam TNE"*REmice (p<0.001). The increaseBacteroidaceaavas primarily due

to three OTUs closely related Bacteroides acidifacieramd Bacterodes sartori{Figure6B).
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The divergent intestinal esystemsin inflamed TNE"REand noninflamed WT mice clearly shows
the presence of dysbfisin the presence of inflammation. Increasing inflammatory conditions may
lead via various mechanisms (ergduction in AMP production)to separation ofthe microbial
community structure. Nevertheless, to investigate a putative causal relationship between microbial
triggers and ileitis development, pathology development was tested in the absence of microbial

triggers.

4.1.2 The presence of bacterial stimuli is a prerequisite for ileitis

To assess the role of the gut microbiota in the development efikéDnflammation, we generated GF
TNEe®AREmice. At theage of 18 weeks, we compared inflammation developmenadge matched
CONWhoused mice. Under CONV but not Bfesing, TNE™®AREmice developed tissue pathology in

the terminal ileum, showing necessity of microbial stimuli for pathology induckayute7A).
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Figure7: Inflammationin TNFeeAREmice is dependent on microbial triggers

(A)lleitis scores (left) and representative H&tined sections of the distal ileum in-h&ekold TNPRARFARERND WT littermates in CONV

or GFhousing. lleitisscore groups are colaroded acording to inflammatiorseverity: score = 0 (blue); score <4 (grey); score >4 (red). Male
mice are displayed as triangles, females as cir@<olitis cores of the proximal colon.

Although TNfE"#AREmice are known as model for @iRe ileitis[111], inflammation of the proximal
colon was observed in this cohort of CORNEE®AREmice igure 7B). Neither cage effectsyor
correlation between ileitis and colitis severityere observedas several mice with aedium ileitis
score (Score -4; grey) developed severe colitis (Scodg. In the absence of microorganisms,- GF
TNEe®AREmice werealso free of colonic diseas&he lack of intestinal pathology in the complete
absence of microbial stimuli emphasizes tleeucial role of bacterial triggers in this mouse model of
CDlike inflammation. However, GRnimal models have limitations in translating some mechanisms
of microbehost interaction, as they are devoid of a fully maturated immunedesgsor mucus layer.
Therefore targeted alteration of bacterial stimuli in colonized miaed theimpact on inflammation

severity was tested.
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4.2 Targeted changes in the intestinal microbiota attenuate inflammation

4.2.1 Antibiotics are capable to prevent development of ileitis

The microhota was shown to be associated to ileitis sevenityTNE"*AREmice. Consequentlythe
potential oftargeted alteraton of the intestinal microbiota to preverdiseaseonset, was assessed
Therefore, different antibiotic mixtures were applied to TR¥EREand WT mice befordevelopment
of inflammation CONV housed TRAREand WT mice were treated with antibiotics fraiime age of
4 weekson ¢ when inflammation is not yet visiblé&igure 8A. At the age of eight weeks, TRIFARE
mice in the contrb group showed higher ileitis (3.92+0.52), compared ititervention groups
(Mix (2.14+£1.0)and Vancomycin/MetronidazMM (1.85+0.7)Figure 8B. Treatment with Norfloxacin
(Nor) did not lead to significantly attenuated inflammation (2.79+0.8; p>0.05).
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Hgure 8: Different effectiveness of antibiotic regimes to prevent onset of pathology

(A) Treatment scheme. TRHEAREand WT littermates were cohoused in CONV housing. Antibiotics (Norfloxacin, or vancomycin,
metronidazole, norfbxacin and neomycin (Mix), or vancomycin and metronidazole (VM) were administered for 28 days, starting at 4 weeks
of age.(B) lleitis scores of Control WT (C WT) and FREEmice. (C) lleal bacterial density of cultivable anaerobes (as log 10 of golon
forming units (cfu) per gram ileal content; n %638 (D) Total cell counts of ileal luminal content (as determined using a THOMA counting
chamber; n = 8). Tweway ANOVA,; HolfSidak.

Even thoughall mice were housed in our CON&Cility, no colitis wasobserved at this time of
experiments. Comparison of FELABPorts depicted no differences in the presence of murine
pathogensbetween different experiment timegTable 3. To test, whether bacterial quantity is
causative for antibiotieffectiveness, théacterial load was assessed by quantification of cultivable
anaerobes (on WCA medium) and total cell counts of ileal luminal content (as assessed by THOMA

counting chamber). Interestingly, after 4 weeks of treatment, there wageauction in bacterial
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density, hinting towards an overgrowth of resistant bacterial groups during the intervention phase

(Figure 8C and DBacterial density in TRE2AREmice wascomparable toVTs (data not shown).

As antibiotics were shown to effectively protect fropathology, it was tested whether targeted
changes in microbial communities can also antagonize established inflammation. Therefore, inflamed
TNFeAREmice were treated with different antibiotics from the age of 8 to 12 weeks. After antibiotic
intervention, ilatis was significanthattenuated by VM and Mix Figure 9A-B). Again, antibiotic
intervention did not reduce total cell counts, which indicates that the protective effectare
mediated by changes in the microbial composition rather than reduction of ba@kemumbers
(Figure 9.
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Figure9: Antibiotic-inducedshifts in the intestinal ecosystem reduce ileitis severity

(A) Treatment scheme. TRIARFARERNd WT littermates were cohoused in COMMsing. Antibiotics (vancomycimé metronidazole
(VM) or vancomycin, metronidazole, norfloxacin and neomycin (Mix) were administered for 28 days, starting at 8 weekgBfleitjs.
scores of Control WT (C WT) and ®R#=Emice. (C) Total cell counts of ileal luminal content (astermined using a THOMA counting
chamber; n = 8). (D) Shannon effective species counts in WT and'd™fEmice. One or Twoway ANOVA; HoliBidak (E)Upper part:
Dendrogramm of TNF24R&(red dots) and WT mice (black dots) in the control group BN&"*Rfmice after Mix or VMintervention (blue
and grey dots, respectively). NMDS plot showing caecal bacterial profiles. 16S ribosomal RNA gene amplicons of theoi3ABObgjiof
caecal content were sequenced on a MiSeq platform.
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To assess fashifts in the phylogenetic makeup after antibiotic treatment, 16S pngfilvas performed.

According to expectationantibiotics diminishedbacterial diversity dramatically={gure 9D.

Betadiversity was assessed and revealed clear separation of denaind different antibiotic
treatment groups Figure9E). As visible on the NMDS plot, the MIX and VM treatedil@otluster
closer together, reasoned by the fact th&tlX treatment also contains VM and therefore targets
similar bacterial groups. The abibtic-induced shift in the caecal ecosystem is already evident at

phylum level Eigure 10A
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Figurel0: Antibiotics induce compositional alterations in the caecal microbiota

(A)Changes in caecal bacterial composition (relativendance of total sequences) at the phylum le(®)Most regulated bacterial taxa at
family-level. Tweway ANOVA; HolBidak

In untreated TN¥"¥REand WT micefirmicutesand Bacteroidetesvere the dominant phyla. After VM
treatment a reduction ofBacteroidetesand a bloom inFirmicutes (Lactobacillusspp.) and
Proteobacteria(Escherichia cdliwas observed in TRE*4REmice. The high number of antibiotic
induced changes at lower taxonomic levels is showsupplementary Table IMost OTUs thatvere
eliminated to abundances below detection leyvelere of the family ofLachnospiraceaén = 20
Figure10B or Ruminococcacea@m = 6). Some OTUs are increased upon antibiotic treatment and are

therefore regarded as indifferent to ileitis developmemtaven protective. While MIX and VM induced
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a bloom inLactobacillacea¢Hgure 108, a distinct increase iBnterobacteriaceagas observedor
VM treated mice only. Furthermore, MIX increased the abundance of an unknown member of the

order ofClostridiags.

Antibiotics were shown to induce largehanges irthe intestinalcommunity structureand nd only

single bacterial species. Therefoatso great shifts in the metabolite profile can be expected.

4.2.2 Antibiotic treatment affects the caecal metabolome

Toassess variations in the metabolite profile associated to alterations in the microbiota, caecal luminal
metabolites of antibiotic treated TN®*Rfmice were measured. As shown before, inflammatpan
seinduced shifts in the metabolite profiléFigure5). Therefore, we focused in TMEAREmice for
metabolites, which are changed in their abundance and putatively associated to inflammatory settings.
In fact, both antibiotics fundamentally modified the caecal metabolome in TIRFAREmice, as
visualizd by the principal component analysis of URLOFMS data inFigure 11A A total of
142metabolite-clusters depicted a Vi¥alue above 1.2. Not all of them could be identified due to low
abundance, insufficient MS/MS fragmentation or deisotopif@r that reason, only ignificantly
regulated and identified metabolites, with the highest faldange upon intervention are displayed in
Figure 11Band supplementary Table 2Antibiotic treatmentclearly depleted several lipids, e.g.
phosphatidylglycerides (PG®r phosphatidylethanolamines (PEs) and phosphatides (R#ig)
different fatty acid composition. Interestingly, we could also detect another class of lipids with m/z
values higher than 900 Da that were decreased by antibioticsH[jM55.7317; 941.7077}urther
MS/MS derivation classified them intacylphosphatidylglycerols (AeRIGs; PG(P8:1/14:0/16:0)),
which were described iBalmonella Typhimuriufirst.[219] Also othemmetabolite classes such as bile
acids(A y Of dzR A yWEA, RQA! aid-Sblfocholic acidwere reduced by antibiotics and will be
discussed in more detail belown contrastcholesterolsulfate, galactosylglyceroiffdrent sulfated
flavonoids (apigenin sulfate), fatty acids, taurocholic acid (BQKate and three ubiquinons (UbQs)
increased under antibiotic intervention. Also fd?E(16:0/17:1)higher levels were detected.
PE(16:0/17:1) was previously reported te b putative membrane constituent &.Coli[220], this

would back up the obseation of increased levels &. Colin antibiotic (especially VM) treated mice.
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Figure11: Antibiotic induced differences in metabolite cluster

(A) Principal component analysis (PCA) of caswthbolite profiles in TNF@ARE(circles) and WTs (triangles) were generated-pYPLE
TOFMS. Antibiotic treated mice (VM: grey; MIX: blue) clustaarafrom controls (red and whife(B) Metabolites with highest fol&hange
(scalebars) and resulting ViPalues (shown as dots; lowesaxis) which are higher in control TRFARKred) or antibiotic treated mice (blue).
Respective chemical classes are shown on the righ¥enn Diagram of significantly regulated and identified metabolites, which are unique
for each group

Additiondly, some fatty acids including C30:0 and C289well aglifferent ubiquinones andulfated
iso/flavonoids likeapigenin7-sulfate or daidzeirsulfate were increased by VM and MIX. Hereby,
several metabolites were unique for one of the experimental golAs shown in the Verbiagramm

in Figure 11C12 metabolites were unique for untreateNFe"*Rfmice. The bileacidé / ! = [/ ! X
MCA and PA(Q0:0/18:1) were found in controls, though they were absent in antibiotic treated mice.

In contrast, apigenifi- sulfate, daidzeirsulfate, TCA sulfate and biochanin A sulfate were exclusively
found after antibiotic treatment. Galactosylglycerol was found exclusively in VM treate®"¥NF

mice. This hints towards the loss of bacterial mediated metabolistawbhoids or increased sulfate

conjugation in liver or loss of bacterial mediatedsidfation of excreted liver metabolites.

These changes in the metabolite profile were traced back to antibiotic induced modulation in the

phylogenetic compositionHereby inflammation relevant bacterial taxa can be correlated to the
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