Technische Universitat Minchen m
TUM School of Life Sciences

Targeting the intestinal circadian clock by meal timing
ameliorates gastrointestinal inflammation

Yunhui Niu

Vollstandiger Abdruck der von der TUM School of Life Sciences der Technischen

Universitat Minchen zur Erlangung eines
Doktors der Naturwissenschaften (Dr. rer. nat.)

genehmigten Dissertation.

Vorsitz: Prof. Dr. Martin Klingenspor
Prifer*innen der Dissertation:

1. Prof. Dr. Dirk Haller
2. Prof. Dr. Henriette Uhlenhaut

Die Dissertation wurde am 30.05.2023 bei der Technischen Universitat Munchen eingereicht

und durch die TUM School of Life Sciences am 01.09.2023 angenommen.






Abstract

Circadian rhythm disruption, which occurs in shift work, has been linked to an increased risk
of inflammatory bowel disease (IBD). Although regulators of intestine homeostasis are
controlled by the circadian system, it remains unclear whether intestmeischave a
functional impact on local immune defence. Since we found disrupted clock gene expression
restricted to inflamed colonic regions k10" mice, a genetic model for colitis, we aim to
investigate the cause and effect relationship betweem cdtock disruption and colon

inflammation.

RNA-seq analysis of intestinal epithelial cells (IEC) specific Bmall deficient rBicea(1E¢

") identified altered colon genes involved in immune/inflammatory responses and bacteria
defence. This led us to hyhesize that a dysfunctional intestinal clock might impact the
development or progression of gut inflammation. Indeed, DSS administratBmaitlec’

mice induced severe acute intestinal inflammation. Compared to controls, we observed
increased colitiseverity according to reduced body weight, significantly shortened colon and
severely enhanced macrophage and neutrophil infiltration in the lamina propria measured by
flow cytometry. To genetically assess the impact of IEC clocks on IBD development, we
crossedll-10" and Bmal15¢/- mice. These mice demonstrated reduced survival, enhanced
inflammation, determined by histological scoring, qPCR of inflammatory markers and
increased immune cell recruitment to the lamina propria, demonstrating that I&& cbktks
promotes the sensitivity to acute and chronic colon inflammafiwansferring disease
associated microbiota into germ free (@allt" recipients resulted in enhanced colon
inflammatory response, whereas colonization with rhythmic/arrhythmic microbiota intb GF

10" recipients led to similar tissue pathological changes. These results indicated that the host

intestinal clock might plag more important role in IBD development.



Moreover, restoring the colon clock df-10"" mice by night restricted feeding (RF)
significantly enhanced survival and reduced gut inflammation. Importantly, we provide
evidence that IEC clocks gate the inflantarg response and influences the severity and
progression of IBD symptoms, because RF failed to ameliorate the colitis symptoms and
survival inBmal15¢x 11-10" mice. These results demonstrate that functional IEC clocks are

essential to maintain gastrointestinal homeostasis and represents a major player in IBD.

Taken togetherour findings indicate that enhancing intestinal clock function by -ti@aig

could become aovel strategy to ameliorate the symptoms in IBD patients.



Zusammenfassung

Eine Stdung des zirkadianen Rhythmus, wie sie bei Schichtarbeit auftritt, wird mit einem
erhditen Risiko fir entzindliche Darmerkrankungen in Verbindung gebrgtBD). Obwohl

die Homdstase des Darms durch das zirkadiane System gesteuert wird, bleibt unklar, ob die
intestinalen Uhren einen funktionellen Einfluss auf die lokale Immunabwehr haben. Da wir in
II-10"- Masen, einem genetischen Modell fir Kolitis, eingestdte Genexpression der
Darmuhr gefunden haben, die auf entzindete Kolonregionen beschrékt ist, wollen wir die
UrsacheWirkungsBeziehung zwischen der StGung der Darmuhr und der Kolonentzindung

untersuchen.

RNA-segAnalysen von Darmepithelzellen (IEC3pezifischer Bmalktefizienter Maise
(Bmal1E") ergaben verinderte Gene im Dickdarm, die an ImafEmtzindungsreaktionen

und der Bakterienabwehr beteiligt sind. Dies veranlasste uns zu der Hypothese, dass eine
gestdte intestinale Uhr die Entwicklungder das Fortschreiten von Darmentzindungen
beeinflussen kannte. In der Tat fihrte die Verabreichung von DSBbeal15¢/- Maisen zu

einer schweren akuten Darmentzindung. Im Vergleich zu den Kontrollen beobachteten wir
einen erhdhten Schweregrad der Ka@jtder sich in einem verringerten Kdpergewicht, einem
deutlich  verkirzten Dickdarm und einer stark erhditen Makrophagennd
Neutrophileninfiltration in der Lamina propria, gemessen mittels Durchflusszytometrie, zeigte.
Um den Einfluss der IE@hren aufdie IBD-Entwicklung genetisch zu bewerten, kreuzten wir
I1-10" und Bmall5¢” Miuse. Diese Maise zeigten eine reduzierte Uberlebensrate, eine
verstakte Entzindung, die durch histologische Untersuchungen und qPCR von
Entzindungsmarkern bestimmt wurdeyveie eine erhinte Rekrutierung von Immunzellen in
die Lamina propria, was zeigt, dass das Fehlen vorTi&Egebern die Empfindlichkeit fir
akute und chronische Dickdarmentzindungen fédert. Der Transfer von krankheitsassoziierter

Mikrobiota in keimfreie GF) Bmallf-Empfanger fihrte zu einer verstikten



Entzindungsreaktion im Dickdarm, wéirend die Besiedlung von IGEG"-Empfiagern mit
rhythmischer/arrhythmischer Mikrobiota zu dnlichen pathologischen Veraderungen im
Gewebe fihrte. Diese Ergebnisseuten darauf hin, dass die intestinale Uhr des Wirtes eine

wichtigere Rolle bei der Entwicklung vdBD spielen kante.

Die Wiederherstellung der Didarmuhr von 1I-10" Maisen durch n&htliche
Fiiterungsbeschraokung (RF) verbesserte das Uberleben faignt und reduzierte die
Darmentzindung. Wichtig ist, dass wir Beweise dafii liefern, dass -lHCen die
Entzindungsreaktion steuern und die Schwere und das Fortschreiten veSyiBptomen
beeinflussen, da RF die ColitBymptome und das Uberleben Bmaltl'=c/xIl-10" Mausen

nicht verbessern konnte. Diese Ergebnisse zeigen, dass funktioneH&/hte@ fir die
Aufrechterhaltung der gastrointestinalen Homéstase unerldslich sind und eine wichtige Rolle

bei IBD spielen.

Insgesamt deuten unsere Ergebnigseauf hin, dass die Verbesserung der intestinalen
Uhrfunktion durch das Timing der Mahlzeiten eine neue Strategie zur Verbesserung der

Symptome belBD-Patienten sein kante.
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lilIntoducti on

1.1 Circadian system

The circadian system is a hierarchical organization that consists of the central pacemaker in the
suprachiasmatic nucleus (SCN), which drives behavioral rhyiljraed peripheral clocks that
rhythmically regulate tissuspecific functions. The core SCN clogulates and synchronizes
peripheral clocks througmultiple endogenous regulatory factors such as neural signals and

hormones reviewed Hg].

Freerunning rhythm isonly identifiable under constant environmental conditions such as
constantight conditions ¢onstantlarkness DD or constant light, L).and constant temperature.
The intrinsic cycles measured under these conditions exhibit a period close to but slightly
deviated from 24[8]. Various freerunning rhythms have been demonstrated in mice and
humans at the organism level, such as sieekefulness and behavioand are often
temperature compensatédoreover, diurnaand circadiawvariation of considerable amount of
gene and proteiaxpression are observed as well at the cellular[@vehdeal, the complex
circadian systensonsists oscillatingproteins that compose transcripfidranslation feedback
loops (TTFLsp4]. In details,CLOCK and BMAL1, the two transcriptional activator proteins
form the heteromeric complexes anidd to the promoters throughti®x, whichactivate the
transcription of three Per and two Cryptochrome(Cry) genefs]. The accumulation of
PER/CRY protein complexe# the nucleusn turn suppress the previousbiex activation
which regulated b LOCK and BMALL Subsequently, the reactivation of this loop will only
occur as long as CLOCK and BMALhave been degradebh addition tothis core negative
feedback loopseverabthersaccessory loopsork in parallel For examplethe orphan nuclear

receptors RORand REV-ERBU are the most characterized on@$e transcription factors
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RORs (positively)and REV-ERBU (negatively) regulates the expression of BMAihtough
REV-ERBU / R Q&ponse elements (RORE) in ®mallpromotr. Indeed,the oscillation
andpeak ofBmallexpressiorareantiphase to thaegative factors PR and (RY[6]. These
accessory loops not only help support and mairitagrcycle butalso provide additiongdath
to the transcriptional regulation afther output genes containinBORE sequencfy, and

therebyexpandinghe abundancef the circadian transcriptome.

The master clock in the SCN is reset and entrained by photic signals, and this process is
implemented by thphotosensitive retinal gangliaells in the retingprojecting photic signals

to the SCN])7] and theretinohypothalamic tradtransmission of photic signalg]. In brief,
glutamate, the neurotransmitter of ttatinohypothalamic tracinduces C&-Camp response
elementbinding protein and thus activate the transcription of key clock genes sRehnland

PerZ9, 10] after the photic signalonsequently, thmitiation of the TTFLs involved in the
circadian systemtarts Subsequentlythe SCN core clock synchronizes other paphclocks

through humoral factors and peripheral autonomic nervous syistet?P]

However lots of evidence have bedound over the last decades that external cues, such as
food availability is one of the major factor to entrain peripheral clftBs14] For example,
feeding patterns and caloric content are both capable to synchronize or reset periptieral clo
through pathways thatreinvolved in nutrient sensing and absorption, sucmsslin/IGF1,

AMPK and mTOR reviewed by15]. Therefore, it becomes necessary to dissect peripheral
clocks from the central clock when investigating tisspecific functions. Indeed,
methodologies such as RNA sequencing and DNA microarrays have been widely applied to
characterize circadian oscillations in transcript expression in diffeneinihe organs. It has

been predicteth micethat more than half adheproteircoding genome idwthmic somewhere
11



in the body since 43% of the protein coding genes oscillates in at least one organ among the 12
organs which were testgd]. Importantly, the majority othese transcriptional rhythms are
organspecific, whichfurther confirmsthe dominant role of orgaspecific clock in regulating

biological processes in each orffafy 18]

1.2 Circadian disruption and gastrointestinal health

The circadian clockevolvedto adjustthe hosb s p h y t® reoutriogthg environmental
diurnal changed-or examplelight-dark cyclesor temperature&ehanges over the course of the
24 hour daycan act asZeitgebersfor the circadian systeni$9]. The misalignmentof
behaviaral cycles with environmental changes disruption on molecular, cellular, tissue

levels of the circadian systems ¢ aircadiendisriiption

Disruption of the circadian system, for example as experienced during jet lag and shift
work[20], relates to immune deficits and pathologies, such as cancer, dnf2tti 22]
metabolic alteratio23, 24] andhas been associated to a wide range of diseases including

inflammatory bowel disease (IBD) (reviewed 2¥].

The Gl tractsrespondto various intrinsic or external stimulirs the first place such afood

intake nutrient availability and bacterial presentationThese stimulus, together with
environmental timing cues such as light, in turn impact the circadian regulation of the Gl
tractg26]. Indeed the peripheralintestinal clock has beddentified under constant darkness
and starvatioj27]. Circadian rhythms have been identifieldray the intestine to regulate the
regeneration of intestinal stem cells, gut motility, nutrient absorption and mucosal

immunity[28-32], as well asin the microbiomg27], to maintain intestinal homeostasis.
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Consequently, disruption of the intiestl clock might result in impairment afucosal immune
rhythms as well as microbiome rhythrasd thus alters Gl physiology which likely contributes
to the development and progression of Gl diseases. Inépatemiologicalstudiesreport
suppressedlock genes expression in biopsies from IB@Atients[33-35], supporting an
involvement of intestinepecificclocksin thedisease occurrenceowever, the importance of

the intestinal clock in Gl diseases remains to be addressed.

1.3 Anatomy of the intestine

The intestinal tract in humans consists of the smgdistine uodenum, jejunum and ileym

and large intestineélhe large intestineso called colonstarts from the cecum and consists of

three compartments of the proximagrisverse and distal col@8]. The epithelial structure of

each part of the intestine is organized in a specific pattern to meet its physiological requirements.

For example, one of the major differences between these teteitra t hat col on don
villi, which is anmportantregion to absorbutrients as well aghe nutrient exchange between

the host and the lume@olon plays the mjor role in water reabsorption from faeces aatlas

a barrier to the commensal mobiota Indeed, a large number of goblet cells are located in

colon andproduce an extensive and thick layer of protective micysotect the host from

microbial invasiof87]. Taken t oget her, as the front | ine ¢
tracts areautinely challenged by various food derived antigens, allergens and nutrients, as well

as commensal/pathogenic microbiota. To maintain intestinal homeostasis, immune activation

13



andquiescence are regulated bidirectional in the gut, which requires cegasdf immune

cells and organs.

e’

Lamina —
propria

A )

Figure 1 Structure of colon and majorepithelial cell types

Intestinal stem cells mainly reside at the crypt base ameddlominantly involved inthe
remarkable ability ofenewing and repairinthe intestinal epitheliumEnteroendocrine cells
are a rare subset of epithelial cells tivatinly responsible fointestinal motility and secretion
of hormones Tuft cells constitut a small proportion of IECs~0.5%) Goblet cellsare
responsible for the production and maintenarfdbe protective mucus blanket by synthesizing
and secreting mucins
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1.4 The intestinal lamina propria and its mucosalimmune system

The intestinal immune response is typically subdivided twtm parts: Thentestinal inductive
sitesincludingt h e Ppmatches (BB andesenteric lymph nodes (MLN) ande effector
sites which consist the lamina propria(LP) and intraepithelial lymphocyte (IEL)
compartmeriB8]. The increase of -lymphocytes, as well as plasma cells and neutrophils in
the lamina propria are normally considered as the sign of inflamr{@@idmportantly, the
largest populatiol(i70%-80%) of immune cells such &6 cells, plasma cells and macrophages
in the bodyare located ithe intestinal lamina propria and epithel{d®)]. The lamina propria
contains B cells, T cells and numerous innate immune cell populaiionxluding DCs,
macrophages, eosinophils and mast céllswhereas the epithelium primarily contains T
celld37]. Thusfocusing on the alteration of immune cell population especially in the lamina

propria becomes critical in characterizing IBD development and progression.

Mucosal lymphocytes originate from the bone marrow and subsequently reach the circulation.
These lymphcytes are primed after entering lymph nodes or additionally primed locally in the
lamina propriavia dendritic cells in the subepithelial dome reddd. Moreover, specific

surface receptorssuchaé b7 i ntegrin heterodi mer ¢tllomt bi ni

intestinal endothelial cellsegulates the homing of these lymphocytes. Thus targeting the
homing of lymphocytes, including the population alteration in the lamina propria becomes

critical in IBD research and therapy.
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Figure 2 Major immune cell population in the colon lamina propria

Activation of immune cellsas well as the derived cytokines and mediators contrtoutee
IBD developmentand progression.

1.4.1 CD4" and CD8' T cells

Lamina propria is a mucosal region that locdtedn e at h t he e p ibasénenti a l c
membraneand Bmina propridymphocytes (LPL)are derived from conventional T cells and

display an effector memory phenotype in both rodents and h{#23nghe origin of LPL is

thymus, wiere CD4-CD8- progenitorsdevelopednto CD4+T cells (MHC l)or CD8+ T cells
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(MHC 1) through conventional T cells as intermediate q#é@je To fulfil their task of
encountering antigens, theyigrate to peripheral lymphoid organs, such as the lymph nodes

and subsequentlycqure an activated effector phenotype that drives their migration tguthe
associated lymphoid tissues (GAL)]. For example, chemokines such as CCL25 (ligand of
CCR9) secreted by the IECs guide the migration of T[déla nd t he i ntegrins
expressed on the-@ell surface interact with adhesion molecules such as mucosal vascular
addressin cell adhesiomolecule 1 (MAdCAML1) to initiate the attachmentand distribution

into the intestingl6].

Importantly, wlike the CD8+ enriched compartment IEL, the LP is dominated lells
expressing the CD4 glycoprotejd7]. Among all CD4+ T cellshelper CD4 T cells (Th)
including IL-2+, IL-2+ | F N2 +, | N3 eellsare the rhajor subsets that execute
immune functionsuch asactivation and growth of cytotoxic T celB cell differentiation and
antibody production[48, 49] In details, interferono secretedT helper type 1(Thl) cells
participate in host defense against intracellpthogens; T helper type(Zh2) cellsproduce
IL-10, IL-13, IL-5, and Il-4 to protect hosagainst helminths; and T helper Ih17) cellsare
involved in defense response of extracellular bacteria and patdsdegh producindL-17,
IL-21, and I:22 and activating the production @ntimicrobial peptidegeviewed by{50].
Moreover, nteractions between LP CD4 T cells and the gut microligaritical for shaping
the adaptivemmune response in the gut. For instaribe,cytokines such as IL17A and IL22
secreted by Thl7 cells show protective effectexitracellular pdtogenic infection such as
Citrobacter rodentium (C. rogl, 52] Similarly, Th17 cells also exert beneficial effects on
entericrodent pathogeimfection includingintestinal segmerd filamentous bacterial (SFB)

colonizatiof53].
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1.4.2 Regulatory T cells

Foxp3 expressing regulatory T cells (Treg) also play an important role in intestinal immune
homeostasjsespecially in regulating responses against bacteria reviewgd]b8ubtype of
Treg, the induced Treg (iTreg) are generated from naie conventibrealls and are mainly
found in the lamina propria and GALEviewed by55]. This generation is antigedriven,

particularly the dietary antigens and microbiota at mucosal surfaces.

1.4.3 Dendritic cells

Dendritic cells(DCs) have been characterized to localize in the LP facing the lumen along the
intesting56], as well as GALTSs including PP and M[3Y]. The subtype of DCs reside in the

LP are dverse. For example, CD10BCs induct the proliferation of CD4nd CD8 T cells

and facilitate the differentiation of Foxp8gulatory T cells through inducing the expression

of intestinal homing molecules reviewed[B§]. Constitutively migratingo the MLN and
deliveling antigens from both commendslcteria[59] and apoptotidECH60] arethe classic

roles of CD103 DCs in the intestineAnother major subtype of DCs in the LP is CX3CR1
DCs which regulate the sampling of luminal antigenseltendng dendrites through the
epithelial cell layer into the lumsil]. This subtype has been demonstrated to hairbo
nonmigratory guresident behaviour and considered to regulate intestinal immune response

directly in the mucoga8s].

1.4.4 Macrophages

Under steadystate, intestinal macrophages are -ndffammatory and act as the major
population to phagocytose and kill invading microorganjs8ijs In addition, they do not
response actively to cytokines or pathogens which typically induce the production-of pro

18



inflammatory mediators. This is likely due to hresence of suppressive cytokines, such as IL
10 andTGF-b in the mucosal microenvironmgsi2]. Indeed, intestinal macrophages produce
IL-10 constitutively, and the intestinal macrophages ftb0” mice do response to TLP
ligand stimulationthrough elevated cytokine productj68]. In contrast, dring intestinal
inflammation, as occurs itBD patients, macrophagese recruitedrom the blood to the
inflamed regionsvhere they releasdifferent types ofpro-inflammatory cytokines, such as
TNF, macrophage infiltrating factor (M)FandIL-18[64], which have been addressed to be

involved in thedevelopment ointestinal diseases.

1.4.5 Neutrophils

Neutrophils comprise 50%60% blood circulating leukocytes and are recruited to the
infected/inflamed sites within minuf€s]. Therefore neutrophils are normally the first immune
cells which reach the sites and perform a variety of antimicrobial functioclading
degranulation and phagocytosis in the @] to kill luminal microbes that translocate across
the epithelium and invade the mucoga.fulfil that, neutrophilsmust first exitthe circulation,
migrate through the lamina propria atiss the epithelial barridinally reach the intestinal
lumer{65]. Moreover neutrophils also produce massiveaunt of preinflammatory cytokines
such as CXCL8 and antiflammatory cytokines including H10, and thus are significantly

involved in intestinal inflammatory diseases reviewefb by

1.5 IBD

Inflammatory bowel disease (IBD) is a chronic inflammatory dis@atiee Gl tracts which is
typically classified with Crohn's diseas€CD)[68] and ulcerative colitis(UC) [69] with

unknown etiology Clinical characterization of IBD symptoms normally contaabslominal
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pain, diarrlea, bloody stools, weight loss and abnormal immune cells infiltratide intestine

[68, 69] In most patients with CDthe phenotypeghistologically thickened submucosa,
transmural inflammation, fissuring ulceration, and granulgmesurs in a patchy pattern along

the Gl tracts, dominantiy the terminal ileum and ileocaecal junc{idd], whereasJC mainly

occurs in the colonic mucosa and submuct®B. is a lifelong diseasand te incidence and
prevalencaemarkaly increasedver the last decades. ImportaniBD has been considered
asone of the most prevalent gastrointestinal diseases with accelerating incideraglyn
industrialized countre and developed countries, especiaillyeurope (ulcerative colitis 505

per 100,00 persons in the southeast of Norway; Crohn's disease 322 per 100,000 persons in

Hesse, Germanygnd USA71].

1.5.1 Pathogeresisof IBD

Consideable progress has been made regarding the pathogenesis of IBD and evidence has been
found that IBD occurrencs mostassociatedvith the hostgenetic risk, intestinal microbiota,

environmental factors and immunological alterations reviewgdilhy

1.5.1.1Genetic risk

Genomewide association studies (GWAS) have been notably successful at implicating IBD
risk loci, especially under the state that the power has increased due to the increasing amount
of the IBD cases in GWAS Transancestry association studies of IBD have identified
differential risk associations for NOD2 and TNFSHiEuropean populatiorendEast Asian
populationsrespectivelf72]. In addition, studies have revealed more than 200 genetic variants

statistically associated with risk of developing IBBcluding ones with unclear functiofa3].
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Nevertheless,new associations at common variamsntribute to the identification and

prioritization of potential genes as therapeutic target

1.5.1.2Intestinal microbiota

The presence of symbiotic microorganisimsa key element involved in both forms of IBD
pathogenesis, although thesociation with spefc susceptibility loci and th&ype of immune
responsgeas well apathologydiffers between CD and UC reviewed B¥]. Theconsiderable
amount of microorganisms in thietestine is separated frohost tissues bypitheliumto
minimize the contact betweenicroorganisms and the epithelial surfathis is largely aimed
to restrictthe access of potentially harmful microorganigmshe mucosal surfagevhich is
achieved bymucus secretigrrelease ofintimicrobial proteins and immunoglobugiinto the
intestinal lumenreviewed by[75]. In addition, IgA also contributed to the separation of
intestinal bacteria from the epithelial swdéaby coating bacteria and binding to microbial
antigens through T celhdependent and T ceallependent processes reviewed[76Y.
Breakdavn of the separatioand the abnormal mucus laygomote the close contact between
microbiota and the intestinal epithelial surfarel thus likely increase the susceptibility to IBD
development reviewed Pg5]. Indeed, enteric pathegs, such aSalmonella enteriggproduce

mucindegrading enzymes and have evolved mechanisms to caatitaicrobial proteing7].

Althoughno pathogeror pathobiont Bs been consistently identified as the cafsalBD,
human and rodent studies have provided solid evidence to support the role of microbiota in the
pathogenesis of IBD. For examplatidiotic treatment can induce remissias well as prevent

relapsen IBD patient$78]. In animal modelspral transfer of thealecal microbiotarbm mice
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with colitis into healthy animals is sufficietd inducediseasg’9] and germ free mice are free

of immunemediated colitii80].

1.5.1.3Immunological alterations IBD

Innateand adaptive immune system are both involved in the immunological regulations in IBD

development and progression.

The innate arm of the mucosal immune system contairete lymphoid cells (ILCs)which
are grouped based on their expression ofstiaption factorsand cytokines with lineages
namelylFN-2-expressing group 1 ILCs (ILC1) depend on the transcriptional facbemt, TIL-
5-expressing group 2 ILCs (ILC2) depend on RORa and GATAS3 arid A-producing group
3 ILCs (ILC3) reviewed Hy1]. ILCs are not capable to be differentiated by antigpeecific
receptors and markers Hutdge the innate and adaptive immune systdoreover, ILC1 are
found to elevated in CD patief82] andILC3 are involved in thalevelopment of U&ike

colitis[83], indicating the link between ILCs and IBD.

Antigenpresenting cells such as dendritic cells, macrophagdsB cells are important in
initiating T-cell-mediated responses and highly involved in intestinal homeodtasiexample,
DCs have been found to enriched in inflamed intestinal regions in IBD pié&ntnd
increasedn the lamina propria in mice with colit[85]. Similarly, in CD patients, amount of
macrophagef the mucosare ale elevated, following massive amount of proinflammatory
cytokine TNFa[86]. B cellsmodulate the effector response but not the primacgllresponses
while acting as APCs reviewed [BY] and increased amount of B cells have been identified in

UC patientf88], although the functional implications remain to be addressed.
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In addition, IBD isa strongly T-cell mediated disease through specific responses to antigens,
which is in contrast to the innate immune systémCD patients, mucosal T cells secreted
significantly higher levels of Thitesponse cytokines such as HyNwhich result in the release

of TNF&89]. Th-17 cells and its cytokes also plays important rolesn regulating
inflammatory responses IBD. Genomewide association scacharacterized severdBD
suscepbility genes related to ThI73] and IBD patients have high amount of Th17 cell, as
well as related cytokines such as2B and IL-:17A in the mucosa and lamina propea).
Neverthelessevidence have been found to demonstrateptiotective role of IE17A in
intestinal inflammation. For example,-IL.7A deficiency exacerbates the experimental colitis

in micd91] and ameliorates inflammation through inhibiting Thl ¢8t}.

Treg cells suppress innate and adaptive immune responses through cytokines or mteitactio

immune cells. In details, Treg produces FGF whi ¢ h n e g a t-delMundtign,ande g u | a't
IL-10 which is identified to perform antiflammatory effects. Both cytokines have been found

to be expressed abnormally in the intestinal mucosa of Bens reviewed §§5]. Moreover,

direct evidence which highlight the critical role of Treg in intestinal inflammation has been
shown in both mouse models (Treg deficiency results in cgdisand IBD patients (Treg are

enriched in the intestinal mucosa).

1.6 Circadian control of the pathogenic factors

1.6.1 Circadian control of intestinal microbiota

Microbial dysbiosishas beeronsidered to play a major role in the developmemhetiabolic

diseases, colorectal cancer agdstrointestinal inflammati¢®4-96]. Moreover, circadian
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disruption is also associated with similar physiological consequ¢@cemcluding microbial
dysbiosi§98]. Nevertheless, little is known regarding the rhythmicity of microbiota in

regulating host intestinal homeostasis.

In mice gut microbiota composition and abundance is highly dependent on meal timing, diet
and other environmental cues, roughy 15% of gut bacteria undergo diurmecillation$98,

99]. Recent research from our gropgvided evidence thahe intestinal clok is indeed the

main driver of microbial rhythmicity andarrhythmic microbiota can indeed alter
gastrointestinal immune homeostasiach as altering the expression of inflammatory genes
and supressing threcruitment ofmmune cellgo thecolonlamina poprig27]. Similar to mice,

in a large scal cohort human study, arrhythmic microbiota is capable to be used to classify and
predict the risk of type diabetef®4]. These findings demonstrated a functional link between
microbial rhythmicity and health, although direct evidence proving the eHtesg rdationship

between disruption of microbial rhythmicity and intestinal diseases remains to be addressed.

1.6.2 Circadian control in host-pathogen interactions

Many studies shed lights on how time of day impact the outcome of infection initiated by
bacteria andiirus. For example, mice infected t8almonella enterica subsp. enterica serovar
Typhimurium (S. typhimuriumdluring the day have hightavelsof the pathogenompared to

the night. And global disruption ofCLOCK alters this timedependent differen§&00].
Similarly, by genetically deleting the core clock g&8mallin mice globally, wal infections

of herpes, influenza A, and respiratory viruses of ther®araviridae family are enhancgd1,

102]. In addition to genetic disruption of circadian system, chronic jet lag induced
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desynchronization and misalignmeritaircadian rhythmsexacerbateSendai virus (SeV) or

influenza A virusinduced acutéronchiolitisin micg103].

1.6.3 Circadian control in immune cells development and trafficking

Evidence have been found that both innate and adaptive immune system are under circadian
control. hnate immune cellsuch as monocytes, macrophages, neutrophils have been
demonstrated to harbour intrinsic clocks reviewedllyd]. Similarly, immune cells involved

in adaptive immune system such as T ¢&US], B cell§106] and dendritic cel[406] also
follow circadian oscillation. Moreover, not only the development of immune cells, but also th
trafficking, exhibit circadian patterns. Several pn@ratory factors such as the chemokine
receptor CXCRas been associated witte rhythmic trafficking of immune cells through the
regulation ofglucocorticoid107]. Interleukin? receptor (IL7R) plays a vital role in T cell
differentiation and its transcription can be rhythmically activatedjlbgocorticoid thereby
enhancingCXCR4 expression and supporting T geltruitto various tissu¢$08]. Moreover,

the rhythmic migration and traffic of immune cells has its physiological outcome. For example,
the diurnal recruitment of T cells into immune organs enhancésnthene responses to soluble
antigens and systemic bacterial infection at ifdf]. Previous studiealsodemonstrated that
innate immune dis efficiently respond to bacterial infections fibjectivenight reviewed
by[110]. Taken together, these findingsdicate that the recruitment and fefctiveness of
immune cells involved in immune and infection response reliesroadian cues toptimize

their working efficiency

25



1.7 The link between IBD andthe circadian clock

As discussed in the previous sectiomgssive amount of evidence haenfirmed that various
bio-physiological processes along the Gl tract are under circadian ¢dhtrsldisruption of
the circadian clock likely contributes to the IBD development and progression. Indeed,
environmental circadian disruption in form of shift work as well as syst&ha genetic clock
dysfunction, e.g. irPerl/2", Reve r b &hd Bmall” mice promotes the severity of DSS

induced coliti§111-113].

In addition to the animatesearch, data from hwan clinical studies further suggest the
importance ofunctional circadian clock in IBD developmeRor instance, sleep disturbances
reflected by decreased sleeping time and efficidrasybeen evaluated as a predictive value for
IBD histological alteration assessed by colonosfidey]. Moreover, a large population
longitudinally study which includes 151871 women reported that women with short (<6h/d)
sleep or long sleep 8h/d) were more susceptible to get[WT5]. More intereshg interaction

were found under molecular level. Severer CD and early diagnosis of IBD were associated with
the rs2797685, the allele of clock geRer3[116]. Moreover, not only circadian genes
expres®n were found to be correlated to IBD disease activity, but edsslociated genes

expression were identified to be altered under active §sdfus

1.8 The impact of food avalability on circadian system and diseases

IBD patients are predominantly suffered from multiple periods of relapse and remission.
Despite the disease severity might differ among individuals, the majority undergo the alteration
between these two stages orsiagnosefl17]. Due to the unclear mechanisms of IBD

occurrence and relapse, thisstdl an ircurable diseas&lthough a wide range of medicines
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and therpy strategies have been developed in recent yemsh of them have their
disadvantages and limitations. Thaslditional therapy strategies such as food intervention
have been investigated to accomptisé major goal of IBD treatmentaintain the remson

stage.

Current major treatment for IBD

Type Example Limitations

Aminosalicylates  5-aminosalicylic acid  More effective during early intervention

Corticosteroids Dexamethasone Various adverse effects

Immunomodulators methotrexate Gastrointestinaintorlerance

Adalimumab(Anti-

Biologics Up to 40% of patients do not respond
TNF therapy
Tofacitinib (JAK
Smallmolecules Further research/clinical data are requirt
inhibitor)
The longtermefficacy, the safety and the
Intestinal Fecal microbiota
feasibility of universal implementaticare
microecology transplantation

unknown

Except social jet lag and sleep debt which are the most common forms of circadian
misalignment, inconsistent meal timing were associated with more aggressive phenotypes of
IBD and poorer life qualitjd18]. Peripheral clocks are extremelgrsitive to the food
availability and pattern since it involves in various biological pathways including energy

sensing and nutrients intake. For example, fasting increasegAAMRatio and activates the
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AMPK pathwayincluding SIRT1, which binds the CLOCKNBAL1 complex and supresses

the Per2 transcriptiofl19].

Time restricted feeding/eati{@F) has been considered to be beneficial for the heBdtheral
preclinical and murine studiensistently show the robust effect RF or other forms of
intermittent fasting on improving a wide range of chronic disorders, including €€ty
cancefl2l], and neurodegenerative dise§$28], as well as improving leukocyte
responsiveness and inflammation outcom23]. Importantly, RF has beenadditionally
appliedto entrain peripheral circadian clocks, sucé laver and adipose tissue clofk®4] and
RF was capable to influence the rhythmicity of major clock genestastinal tissues
independent of the central clogk mice[125, 126] These findings indicate théte fasting
feeding cycle is more potent for entraning peripheral clocksRanchight exert its beneficial

effectspartially through restoring tissugpecific clocks and functions
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2Study objective

Reduced major clock genes expressioithe intestinehave been identified to correlate with

IBD phenotypein both rodent studies and clinical sampleslicating the involvement of
circadian clock in intestinal homeostasis, especially inflammali@sue specific peripheral
clocks dominantly regulatehe rhyhm of tissuespecific functions andntestinal functions
which involved in IBD development, such as mucosal immunity and the microbiome, are under
circadian control. Therefore, specific disruptd intestinal clock might contribute to the
development and progression of IBD. Inde@iA-seq analysis on colonic tissue from
Bmal1®“" mice helped us to characterize the biological importance of the intestinal clock on
transcription levelBased on tb complex causeffect relationshipbetween intestinal clock
dysfunction and the severity of Giflammation microbiota transfer experimenigere used to
demonstrate whether microbial rhythm or host intestinal clock dominantly drives Gl
inflammation.Importantly, nighitime restricted feeding (RF) 10" mice was identified as

a treatment to restore colonic clock functions, induce microbial rhythms, ameliorate the colitis
phenotype and enhance their overall surviizale to the systemiwide effed of RF, RF onll-

107 mice which additionally lack the intestinal clocBinal15¢xII-10") made it possible to

validate the target of the beneficial effect of RF.
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SMateri als and Met hods

3.1 Animal experiments

3.1.1 Ethics statement

All animal experimentsvere approved by the Committee of the Upper Bavaria for Animal
Health Care and Us@regierung von Oberbayern; TVROB-55.2Vet2532.Vet_0218-14),
and the EEC recommendations for the care and use of Lab. Anim. (European Communities

Council Directive of 24 Mvember 1986 (86/609/EEC)) were also strictly followed.

3.1.2 Mouse models

3.1.2.1Bmal1E¢ " andBmal1"/" mouse generation

Mice withBmalldeletion in the intestinal epithelial cells serve as the model for intestinal clock
dysfunction. With this in vivo mowsmodel, the impact of the intestinal circadian clock on Gl
functions can be specifically examined since all other clocks outside the intestine, including the
SCN clock are still functional. For this purpose the CreA@yBtem was used. In particular,
mice with a floxed allele of the clock geBamallwill be used to disrupt the circadian clock
locally. Mice which express Cre recombinase under the direction of the mouse villin 1 promoter
will act as Crelox tool for deletion of Bmall floxed sequences irestinal epithelial cells of

the villi and crypt cells of the small and large intestines. Intestine conditional Bmall knockout
mice Bmall E ) afe generated by crossing floxed Bmall female mice obtained from Jackson

Laboratories (B6.129SACg)Arntitm1Weit/J) with hemizygous VAWCre malemice
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3.1.2.2Bmal1&¢ "x11-107B% mouse generation and10”512mouse

As a human IBBrelated mouse modell-10"mice were also used alone or cross bred with
Bmall E€'rice to generate the double knocked out miale intestinal epithelial cell
specific Bmall and interleukin10 double knockout mice BmallE® 7xII-10"B) were
generated by crossi®mal1©/1°%x||-10"-BL6 with Bmal15¢/xII-10"8-6 under SPEonditions
Interleukin10 knockout mice under BL6 and Sv129 background were initially provided by
The Jackson Laboratory abded internally All mice were bred for several generations in our
animal facility to harmonize the intestinal microbiota amere sacrificed at different ages
according to various experimental aims. All mice received an ad libitum standard diet
(autoclaved V112800; Ssniff, Soest, Germany), or proved night restricted feeding diet, and
autoclaved water. All mice were singt@usd with running wheels under normal light
conditions(LD:1212), or 2 weeksonstant darkness if specified, to examine the activity.

Cervical dislocation was performed in the end point of all the experiments.

3.1.3 Behavior analysis

Handling and activity measurents during experiments were performed as des¢liBép
Wheetrunning activity was analyzed using ClockLab software (Actimetritisg. last 1614

days of each condition were used to determine the period (tau, calculated uXihg a
periodogram and confirmed by fitting a line to the onsets of activity), the duration of the active
period (alpha), the amount of activity and the subjective day/night activity ratio (where the
subjective day under DD conditions is the inactive per&gaben the offset of activity and the
onset of activity and the subjective night is the active period between the onset of activity and
the offset of activity). Average daily food intake was measured in the second wdifkreht

light conditionsunderad libitumcondition For restricted feeding condition, average daily food
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intake was measured manually over 3 consecutive days in the last week of restricted feeding

period.

3.1.4 Light-dark (LD) and constant darkness (DD) conditions

Male I1-107-5"*2°mice and wild type littermatewsere singlehoused at 8 weeks old unded
cycle for 2 weeks (age BO weeks), switched to a DD cycle bmore weeks (age 112 weeks)

and subsequently back to LD.

3.1.5 Tissue collection

All male mice, unless stated otherwise, vsacrificed by cervical dislocation at the age of 18

20 weeks in the second day of darkness at the indicated circadian times (CT), which is
considered as the same indicated time points used for normal LD. This was performed
independent of external timingues (Zeitgeber), such as the liglatrk cycle to demonstrate
rhythms generated by endogenous intestinal clocks. Eyes were removed prior to tissue
dissection in dim red light. Tissues were harvested and directly transferred into RNA
stabilization solutionNucleoProtect® RNA, MACHEREWAGEL) overnight at 4 degrees

and then stored ¥80 degrees. For fixation, tissues were freshly harvested and then transferred

into 4% Formaldehyde.

3.1.6 DSS treatment

At age of 89 weeks old, mice were single housed under Lkage of 14w, then got released
into DD to exclude extra timing cues and treated with 2% (w/v) DSS (MW = 40,000;
AppliChem, Darmstadt, Germany) through their drinking water for 5 days. 2 days of normal
drinking water was then applied after the DSS admtisin. Mice were sacrificed on day 7
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circadian time 7 (defined by calculation of running wheel activity). The Disease Activity Index
(DAI), ranging from 0 to 12, was determined for each mouse daily by scoring weight loss, stool
consistency, and rectal llding of mice throughout DSS treatment, as described
previously128].The scores were defined as follows: weight loss (no loss = 0; < 5% =i1; 5%
10% = 2; 10%20% = 3; >20% = 4), stool consistency (normal = 0; loose stool = 2; diarrhea =
4), and rectal bleeding (no blood = 0; Hemoccult positive = 1; visual pellet bleeding = 2; gross
bleeding or blood around anus = 4). On the day of sacrificing, the spleen, jejunumiemesen
lymph nodes and colon were harvested. The jejunum and colon were processed according to
the methodlescribed in 3.1.Approximately 2 pieces of 0.5 cm of the jejunum, proximal colon
(adjacent to the caecum) and distal colon was removed, one fixed%iformaldehyde for
subsequent histological analysis. And the other pieces were stored in RNAlater stabilization

solution (MACHERE¥NAGEL, Diren, Germany) for subsequent RNA analysis.

3.1.7 Restricted feeding of the micgnight)

As nocturnal animal, the majoy of eating behaviour for mice happens during the figg].

Two different strains offi-10"- mice have gone through the protocol of night restricted feeding
(RF), namely internal bred C57BL/6 and 129/Sv backgrolifiD” mice, as well as the
corresponding control and double knocked out mice, got single housed at age of 8 weeks, then
went through normal light/dark cycle(LD(12:12) ) for 2 weeks, constant darkness(DD) for 2
weeks, and back to normal LD for 2 weeks, fakal by 3 days of ZT1ZT21 RF, 3days of
ZT13-ZT19, then stable ZT12T17(4hoursnight RF) for 4 weeksl'he same RF regimen also
applied toBmal1o¥ox Bmal1EC/ 11-10786 and|1-10"B6 x Bmal1E¢’ mice, with an earlier

start point at age of 10 weeks. Tissues were harvested at the end -a¥eb&RF period, on

the 2nd day in constant darkness.

33



The gradual RF protocol described above was aiming to try to introduce the minimum stress

and impact tolte mice.

3.1.8 Complement 3 (C3) ELISA

As the most important and abundant protein in the complement system and immune response,

C3 levels were measured by mouse C3 ELISA kit (BIOZOL, Eching, Germany) in feces of the
Bmallecd'/ 'Tand WT mice at age of 20w old @ace di ng t o the manufactu
Briefly, feces were weighed and dissolved in PBS. After centrifugation (5min; 500xg), the
supernatant was collected and dissolved in 1x dilution buffer (1:25). Enzyme antibody diluted

in 1x wash buffer (1:100) aratded to the samples/ standards. After 20 min of incubation with
substrate solution in dark, the reaction was stopped and the C3 concentration was measured at

450nm using a Thermo labsystem multiscan spectrometer.

3.1.9 Immune cell isolation from the lamina propria and IEC isolation

Freshly harvest jejunum and colon were flipped, gently washed in PBS and cut into 1 cm pieces.
To firstly isolate the epithelial cells, all pieces were incubated in 20ml DMEM (Gibbco,
Cincinnati, OH) containing 10% fetal calf seruffCS superior, Biochrom, Berlin), 1.0%
Glutamine and 0.8% antibiotics/antimycotics (all Sigikrich, Taufkirchen, Germany) with

20 L of 1M dithiothreitol (DTT, Roth, Karlsruhe, Germany) at 37C. After 200rpm shaking

for 15 min, tissues were transferrado 20ml PBS with 200 L of 150mM EDTA at 37C
followed by another 10 min shaking. The media were centrifuged at 500g for 5 min, the pellets
were combined and washed and stored in lysis buft&0& until further processing. Jejunum
tissue was then gested at 37C for approximately 15 min in Thermoshake with 0.6 mg/ml

type VIII collagenase (SigmaAldrich). Colonic tissue was digested simultaneously under the
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same condition for approximately 25 min but with the mixture of 0.85 mg/ml collagenase V
(Sigme-Aldrich), 1.25 mg/ml collagenase D (Sigmddrich), 10/ml Amphotericin (100x), 1
mg/mL Dispase II, and 30 U/mL Deoxyribonuclease | (Sigma). Following digestion, intestinal
cells were passed through a 40 um strainer. Consequently, cells were fixe@%viHA for

20min, then washed, and stored in RPMI at 4 € until further processing.

3.1.10Microbiota t ransfer experiment

Cecal microbiota (collected at CT13) from eiti@gmall®“" and their controls, or severely
inflamed|1-107-B-6 mice (n=4, mixture) were gavaged into gefnee |1-1075-° recipient mice,

or germfree BmallES" and their control recipient mice, respectively. 1004 of 7%10
bacteria/d were used for gavaging each mouse. Mice were weekly monitored for bodyweight
changes and feces was sampled and stored in DNA stabilizer at week 5 after gavage. Mice were
sacrificed on the second day of constant darkness at CT1 and AllTikdce were kept in the
gnotobiology facility in isolators equipped with HERAI | t e r € withta 122h2ightfdarkl
cycle (lights on 5 am til/ 5 pm). Mi ce wer

autoclaved chow (V112300, Sniff Diets, Soest, Germany) and autoclaved water.

3.2 Organoid culture

Freshly isolated tissue pieces from smallstitee and colon were placed in phospHaiéered

saline (PBS) and 1204 0.5M EDTA to detach the villi from the tisStissues were changed

to new tubes afteBO min incubationat 4 € with gently shaking. Intestinal crypts were
resuspended in MatrigelE (BD Bi os eneleplateses) an
after filtering and centrifugingPlates were incubated at 37€ for 15min to allow suspension to

polymerize before fresmedium was supplied. Organoid medium (IntesticultTM, Stemcell)
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was replaced every8 days. Organoids for each time point were plated into a separate plate to
limit manipulation or exposure to possible resetting cues, sucheraperature After
synchroniation with serum shoc{0% Fetal Bovine Serum and 50P/itesticult) for 2 hours
medium wageplaced with basic organoideaium (IntesticultTM, Stemcell). \Eery 6 hours
over a 24hour period (starting atzh after serum shockpedium was removed and orgao®

were transferred teBOC until further processing

3.3 Flow cytometry measurement

Fixed cells were washed and then permeabilized with 0.5% saponin for 10min, followed by
several washing steps. Antibody mixture dissolved in staining buffer were addeellarvdere
incubated in dark on ice for 30min. After washing cells were resuspended into Flow buffer and

keep on ice until measuring. The detailed antibody strategy is listed below:

Antibody Dilution Company
PerCP-Cy5.5 anti CD3 1:50 BioLegend
FITC anti CD4 1:100 BD Biosciences
PE anti CD8 1:100 BD Biosciences
PE-Cy7 anti IL-17A 1:50 BioLegend
APC anti IFN -y 1:50 eBiosicence
PE anti CD11c 1:100 BD Biosciences
APC-Cy7 anti CD11b 1:100 BioLegend
PE-Cy7 anti F4/80 1:100 BioLegend
APC anti Ly6G 1:100 BioLegend
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3.4 RNA-seq

Colon tissue were collected through 6 different time points with 4h interval, each time points 4
replicates. RNA quality was verified using an Agilent2100 Bioanalyzer with RNA 6000Nano
Reagents. Library preparation and rRNA depleti@as performed using the TruSeq Stranded
MRNA Library Prep Kit. After the final QC, the libraries were sequenced in a pam@anode
(2x150 bases) i n the Novaseq6000 sequencer

reads per sample.

3.4.1 Pre-processimy
The quality of Next Generation Sequencing data was assessed with FastQC v0.11.5
(RRID:SCR_014583, http://www.bioinformatics.babraham.ac.uk/projects/fastqc/). Adapter

content and low quality reads were removed using Trimmomatic Y0389

Trimmed FASTQ files were then mapped against the mouse mm10 genome with the STAR
v2.7.5c aligngil31]. Format conversions were performed using samtools v{132]. The
featureCounts program v1.4[633] was used to count ads located within an exon, do not

overlap multiple features, with a threshold of MAPQ > = 4 and are not chimeric.

3.4.2 Normalization and differentially expressed genes analysis

DESeq2 version 1.22.0 (RRID:SCR_0156884]) was used to normalize the read count
matrix and perform differential expression
2.38(RRID:SCR_002987135]) was used tanap MGI symbols to Ensembl gene IDs. To
identify general DEGs between WT and KO mice, an initial model ( Genotype + Time) was

used with filtering FC>1.5, BenjamiiiochbergAdj.p<0.05 (significantly changed DEGS).

37



Then a mutimodel (Genotype + Period + Getype::Period) was used to compare day vs night

difference.

Gene Ontology biological process enrichment was performed using clusterProfiler (RRID:
SCR_01688M.36]), GO terms were significantly enriched with thezajue<0.05. All genes
expressed with mimum 1 count in any of the samples were used as the background universe.

Redundant terms were removed manually.

3.4.3 Circadian analysis

The rhythmicity of oscillating transcripts was measured by JTK cycle (Hughes et al., 2010)
through the MetaCycle R packa#d7].With the setting: Period=24h and adj.p < 0.05, filtered
genes were then defined as rhythmic. Package compareRfiB&nhsvas modified and
applied tocompare rhythmicity differences in transcripts between controBamal 157 mice

as previously describgir].

3.5 High-Throughput 16S Ribosomal RNA (rRNA) Gene Amplicon
Sequencing Analysis

Genomic DNA was isolated from sn&mzen fecal pellets according to a modified protocol of
[139] as previously describEa¥]. DNA NucledSpin gDNA columns (Macheridagel, No.
740230.250) were used for DNA purification. In a tatep PCR the \A¥/4 region (using the
primers 341Fovh and 7850v) of the 16S rRNA gene was amplified from 24 ng DNA. After
pooling, the multiplexed samples were seqced on an lllumina HiSeq in pairedd mode
(2x250 bp) using the Rapid v2 chemistry, in accordance[ith Two negative controls,
consisting of DNA stabilizer without stool, were used for every 45 samples to control for

artifacts and insure reproducibilitidigh-Quality sequences of read count5090 were used
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for 16s rRNA data analysis. Reads FASTQ files were consequently processed usihgusein
developed NGSToolkit (Version Toolkit 3.5.2_64 ) based on USEARQEAD]. A trim score

of 5 was used on the 50 end and 30enfl4lf or t he
using the FASTQ mergepair script of USEAR[QHKIO]. Quality filtered reads were merged,
deduplicated, clustered and a denoised clustering appreas applied to generate zOT149),

142]. Taxonomic assignment was performed with the EZBiocloud database (Yoon et al., 2017).
Data was further analyzed with theb@sed pipeline RHEA43]. Phylogenetic trees are
generated by a maximum likelihood approach, which was performed on an alignment generated
by MUSCLE with the software MegdX44]. Trees were visualized and annotated with the use

of the online tool EvolView (http://www.evolgenius.info/evolvieft45]. Spikein of 12

artificial DNA standardsnimicking 16S rRNA genes (a surrogate for bacterial numbers) were
used to determine the quantitative copy numbers of rRNA genes per gram of fecal sample
between samples. Briefly, the same amount of artificial DNA (6ng) was added to each weighted
fecal sarple before DNA extraction. After sequencing as described above, FASTQ files were
mapped against the spike FASTA sequences (using bowtie2), removing the spike reads and
generating a new FASTQ file. By comparing the spike sequencing reads to the fecalbacter
reads; we calculate the quantitative number of 16S rRNA gene copies per gram of sample. The
copy number of 16S rRNA gene is proportional to the number of bacteria present in a sample.
Thus, this approach enables estimation of microbial abundanceserddatween samples,

suitable for comparative analysis accordind 4®].

3.6 Untargeted metabolite analyses

Fecal samples were collected frdial0”5V12° mice andtheir littermates wild typesvery3
hours over the course of a 24h day. Samples were directly snap frozenand s@da) C u p o n

metabolite extractionlhe untargeted analysis was performed using a Nexera UHPLC system
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(Shimadzu, Duisburg, Germany) coupled to-da@QF mass spectrometer {@leTOF 6600, AB

Sciex, Darmstadt, Germany). Separation of the fecal samples was performed either using a
UPLC BEH Ami then, 21171 Om0OA@Bnal ytic column (Wat e
a 400 OL/min flow rate or wi t pm (Rhenkmeneg,t e x X
Aschaffenburg, Germany) with a 3p/min flow rate. For the HILIGseparation the settings

were as follows: The mobile phase was 5 mM a
ammonium acetate in acetonitrile/water (95/5, v/v) (eluenfTBg gradient profile was 100%

B from O to 1.5 min, 60% B at 8 min and 20%
15 min. F o-phade beparation elwent & was 0.1% formic acid and eluent B was 0.1%
formic acid in acetonitrile. The gradigprofile started with 0.2% B which was held for Onfn.

Afterwards the concentration of eluent B was increased to 100% umtilriL@hich was held

for3.25mi n. Afterward the column was equilibrat
per sample wasiij ect ed. The autosampler was cooled t
40 AcC. Every tenth run a quality control ( QC
injected. The samples were measured in a randomized order and in the Information Dependent
Acquisition (IDA) mode. MS settings in the positive mode were as follows: Gas 1 55, Gas 2 65,
Curtain gas 35, Temperature 500 AC, l on Spr e
mass range of the TOF MS and MS/MS scans weig ®0 0 m/ z isiom dnergylwas c o | |
ramped from 1655 V. MS settings in the negative mod
Cur 35, Temperatur e (350 dedl@terind potentisB(p Tha mmas/ o | t a ¢
range of the TOF MS and MS/MS scanswerie250 0 0  mite zollisiom dnergy was ramped

fromi15155 V.

The Amsconvert o[ld7]wereusdd to aconveroraVifilessta nzXML (deised
by centroid peaks)lhe bioconductor/R package xdi¥8] was used for data processing and

feature identification. More specifically, the matched filter algorithm was used to identify peaks
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(full width at half maximum set to 7.5 s). T
Apeak deethalid8]).yThe areaunder the peaks was integrated to represent the
abundance of features. The retention time was adjusted based on the peak groups presented in
most of the samples. To annotate possible metabolites to identified features, the exact mass and
MS2 fragmentationpattern of the measured features were compared to the records in
HMDB[149] and the public MS/MS database in MSDIAEOQ], referred to as MS1 and MS2
annotation, respectively. The QC samples were used to control and remove the potential batch

effect,tt est was used t o c oyigiveeenghegrdups. f eat ur es o6 i r

3.7 Targeted metabolite analyses

3.7.1 Sample preparation for targeted metabolite analyses

Approximately 20mg of mouse cecal content was weighed extracted by bead beating (3
times of 20s 6 m/s with 3Mreaks) with FastBp-24 5G beadbeatirg grinder (MP Biomedicals)
suppled with a CoolPrep adapter. Toeasure BA and SCFAs, we used ripldt reaction
monitoring method and-BIPH methodespectively, as described previois§l]. Analyst 1.7

software (Sciex, Darmatlt, Germany) were used for datauisition

3.7.2 Targeted bile acid measurement

20 L of isotopically labelled bile acids (ca. 7 M each) were added to 100 (L of sample extract.
Targeted bile acid measurement was performed using a QTRAP 5500 triple quadrupole mass
spectrometer (Sciex, Darmstadt, Germaogyupled to an ExionLC AD (Sciex, Darmstadt,
Germany) ultrahigh performance liquid chromatography system. A multiple reaction
monitoring (MRM) method was used for the detection and quantification of the bile acids. An
el ectrospray i o ndthe llowirg @esowck parahéicds@erd/ usedncurtain
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gas (35 psi), temperature (450 AC), gas 1
V). The MS parameters and LC conditions were optimized using commercially available
standards of endogeus bile acids and deuterated bile acids, for the simultaneous
quantification of selected 28 analytes. For separation of the analytes a 100 x2.1 mm, 100 A,
1.7 e m, Kinet ex C1l8 col umn (Phenomenex,
Chromatographic separati was performed with a constant flow rate of 0.4 mL/min using a
mobile phase consisted of water (eluent A) and acetonitrile/water (95/5, v/v, eluent B), both
containing 5 mM ammonium acetate and 0.1% formic acid. The gradient elution started with
25% B fa 2 min, increased at 3.5 min to 27% B, in 2 min to 35% B, which was hold until 10
min, increased in 1 min to 43% B, held for 1 min, increased in 2 min to 58% B; held 3 min
isocratically at 58% B, then the concentration was increased to 65% at 17.5 tmianather
increase to 80% B at 18 min, following an increase at 19 min to 100% B which was hold for 1

min, at 20.5 min the column was equilibrated for 4.5 min at starting. The injection volume for

all samples was 1 L, t htw4cOdndtherauteamgenwas e mp e r

kept at 15 €. Data acquisition and instrumental control were performed with Analyst 1.7
software (Sciex, Darmstadt, Germany) as previously described 90. Briefly, a standard curve
(0.5 nM to 15000 nM, 16 points), lineaegression and weighting type of 1/x was used to
calculated BA concentrations 90. BAs measured are Cholic acid (CA), chenodeoxycholic acid
(CDCA), aMuricholic acid (aMCA), bMuricholic acid (bMCA), Taurocholic acid (TCA),
Taurochenodeoxycholic acid (T@®A), Tauroursodeoxycholic acid (TUDCA),
Taurohyodeoxycholic acid (THDCA), Taurolithocholic acid (TLCA), Taurodeoxycholic acid
(TDCA), Taurea-Muricholic acid (TaMCA), Glycochenodeoxycholic acid (GCDCA),
Glycocholic acid (GCA), Deoxycholic acid (DCA), Lithbolic acid (LCA), yMuricholic acid
(y-MCA), 12-Dehydrocholic acid (IDHCA), 12-Ketolithocholic acid (1Zketo-LCA), 3-
Dehydrocholic acid (HCA), 6-Ketolithocholic acid (eketo-LCA), 7-Dehydrocholic acid

(7-DHCA), 7-Sulfocholic acid (#sulfo-CA), Allocholic acid (ACA), Cholic acid7ol3one
42

(

C
-



(CA-70l30ne), Ursocholic acid (UCA), Dehydrolithocholic acid (DHLCA), Hyodeoxycholic

acid (HDCA), Murideoxycholic acid (MDCA), Ursodeoxycholic acid (UDCA).

3.7.3 Targeted shortchain fatty acid measurement

For the quantétion of shorchain fatty acids (SCFAs) theNPH method was used 91. Briefly,

40 L of the fecal extract and 15 L of isotopically labeled standards (ca 50 M) were mixed
with 20 L 120 mM EDC HCI6% pyridinesolution and 20 (L of 200 mM -NPH HCL
soluton. After 30 min at 40€ and shaking at 1000 rpm using an Eppendorf Thermomix
(Eppendorf, Hamburg, Germany), 900 L acetonitrile/water (50/50, v/v) was added. After
centrifugation at 13000 U/min for 2 min the clear supernatant was used for analysisméhe sa
system as described above was used. The electrospray voltage wag5@0 td, curtain gas

to 35 psi, ion source gas 1 to 55, ion source gas 2 to 65 and the temperature to 500€C. The
MRM-parameters were optimized using commercially available stanfitarttee SCFAs. The
chromatographic separation was performed on
column (Phenomenex, Aschaffenburg, Germany) column with 0.1% formic acid (eluent A) and
0.1% formic acid in acetonitrile (eluent B) as elution soiseAn injection volume of 1 1L and

a flow rate of 0.4 mL/min was used. The gradient elution started at 23% B which was held for
3 min, afterward the concentration was increased to 30% B at 4 min, with another increase to
40%B at 6.5 min, at 7 min 100% Baw used which was hold for 1 min, at 8.5 min the column
was equilibrated at starting conditions. The column oven was set to 40€C and the autosampler
to 15€. Data acquisition and instrumental control were performed with Analyst 1.7 software
(Sciex, Darmstdt, Germany). Concentrations of SCFA were calculated with the use of linear
regression using a standard curve (ranging 0.0004 mM to 2 mM (12 points), SCFAs measured
are Acetate, Propionate, Butyrate, Valeric acid, Desaminotyrosine and the Brahehed

Faty acids (Isobutyric acid,-Rlethylbutyric acid and Isovaleric acid).
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3.8 PICRUST 2.0

Sequence of the zOTWshich gained rhythmicity after restricted feedinglit0’5'*2°group

were used to construdié metagenome using PICRUST2%P] for prediction of functional

of metagenomic functionaltfyCor r ect ed zOTU 16 s r RNA gene <cc
the predicted functionality to predicted the metagenome. Resulted enzymatic genes classified
according to Enzyme Commission (EC) numbers were mapped to Metacyc pathways.
Superclasses were removaaatl Metacyc pathways abundance was used for statistical analysis
using STAMP (2.1.3). Statistical dparhme&ic ences

t-test and Benjamini Hochberg dales discovery rate to adjusted for multiple testing.

3.9 Geneexpression analysis (QRTPCR) Quantitative real-time PCR

Fresh taken tissues were directly transferred into Faér overnight at 4C and then stored at

-80C. RNA was extracted using RNA purification kits (NucleoSpin RNAII kit, Macherey
Nagel, Diten, Gemany) according to the manufactureos
60c¢l (depending on the ti s s-Nagé€l Dien,eGermanyB.Na s e
The concentration of isolated RNA was measured with NanoPhotometer N60(IMPLEN).
cDNA was syntheged from 1000ng RNA using cDNA synthesis kit Multiscribe RT
(Thermofischer Scientific). qPCR was performed in a Light Cylcer 480 system (Roche
Diagnostiscs, Mannheim, Germany) using Universal Probe Library system according to
manuf act ur er oérgenésexpressianche followirg primérs and probes were used:

Brain and Muscle ARNIL i k e 1 ( BABRTICAAGGGEGABWCAGAD R- 56
GGCGATGACCCTCTTATCG3 6 Probe 15, Period - 2 (
TCCGAGTATATCGTGAAGAACG3 6 RCAGGATCTTCCCAGAAACCA3 6 probe 5,
Nuclea r receptor subfamily 1 group -D me r

AGGAGCTGGGCCTATTCAG3 6 +RGGIICTTCAGCACCAGAG3 6 pr oblike 1, To
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receptor 2 (TIr2) F 5-&6GGGCTTCACTTCTCTGCTI3 6 R -AGCGAL
TCCTCTGAGATTTGACG3 0 probe 50, Angi ogeni-n 4
CCCCAGTTGGAGGAMGC-3 6 KGTAGGAATTTTTCGTACCTTTCA3 6 pr obe 10°¢
Mucin 2 ( Mu ¢ 2 )GGCAGTACAA® AACCGGAGt3 6 R- 56
GGTCTGGCAGTCCTCGAA3 6 probe 66, HistoneGABAGGETIEt y| as ¢
CCGAGGAGAAG3 6 GGEGCATCATAGAACTCATTGG3 6 probe 40, Tumor
factor al pha (Tnfa) TGCHATGTETCAGCCTCTTE3 6 R - 50
GAGGCCATTTGGGAACTTCF3 6 probe 49, Leucine Rieh Rep
Coupl ed Receptor - BCTTCACTEGEGIGCAGFGCT3500 R- 50
CAGCCAGCTACCAAATAGGTG3 6 probe 60, Tol | | i-ke re.
GGACTCTGATCATGGCACTG -3 6 RCTGADBCCATGCATTGGTAGGF3 6 probe 2,
Nuclear factor kappaght-chane nhancer of activat ed- B C ¢
CCCAGACCGCAGTATCCAT-3 6 RGCHCECAGGTCTCGCTTCTI3 6 probe 47. |
abundance was normalized to the housekeeping gemgdfion factoria |l pha ( Ef 1a) I
GCCAAT TTCTGGTTGGAATG3 6 ISGEBEGACTTTCCATCCCTTGA3 6 probe 67.

Il nterl eukin33 (1 133) gene was used syb-er gre
GAACATGAGTCCCATCAAAG -3 06 RCAGO@IGGTTATCTTTTACTCC-306 and RNA
abundance was nor mali zed to t h eGCCAATUSs ek e e

TTCTGGTTGGAATG3 6 GHBESACTTTCCATCCCTTGAS3 0 .

3.10Histology

Fixated and dehydrated tissue sections were
according to the followmg steps: xylene/ 5 min, xylene/ 5 min, Ethanol 100%/ 5 min, Ethanol
100%/ 5 min, Ethanol 96%/ 2 min, Ethanol 96%/ 2 min, Ethanol 70%/ 2 min, Ethanol 70%/ 2

min, Water/ 30 s, hematoxylin/ 2 min, tap water/ 15 s, Scotts Tap Water/ 30 s, Water/ 30 s,
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Ethand 96%/ 30 s, Eosin/ 30 s, Ethanol 96%/ 30s, Ethanol 96%/ 30 s, Ethanol 100%/ 30 s,
Ethanol 100%/ 30 s, Xylene/ 90 s, Xylene/ 90s (Leica ST5020 multistainer). DPX new
mounting media (Merck) was added to preserve the tissues. Histological scores werd assesse
blindly based on the degree of immune cell infiltration of all colonic wall layers (mucosa,
submucosa and muscularis), crypt hyperplasia, goblet cell depletion and mucosal damage,
resulting in a score from O (not inflamed) to 12 (severely inflamed) dirgpto Katakura

method153].

For AB/PAS staining, tissue slices were deparaffinized and rehydrated before being stained

with Alcian blue solution for acidic mucins (1% volume/volume in &8étic acid, pH 2.5, 15

minutes), treated with periodic acid solution (0.5% volume/volume, 5 minutes) astdiced

with Schiffds r eagentAldricp A0 minates). Naclei wenel thenn s (
counterstained with hematoxylin. Consequently,ussections were differentiated (0.2%
ammonia water), dehydrated, and mounted. The number of goblet cells was calculated as a total

number per 100 &m2.

3.11 Genotyping

To determine the presence of the knockout allele in the murine intestine, DNA was extracted
using the NucleoSpin RNAII kit (Macherdyagel, Diren, Germany) from small intestinal
tissue samples of mi ce according to the man
DNA was dissolved in 10egL ddH2O. leL DNA w
polymemse (NEB) and the necessary quantity and combination of primers, designed for
detection of the WT and the knockout allele.

water. The PCR prograand details for primers are listed below.
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Primer Sequence Produ | Program Tempera | Target
ct size ture
(bp) ITime (S)

2402 ACTGGAAGTAACTTTATCAAA  mutant Initial 94/60 Bmall
CTGCAG - 431 | Denaturati
hetero: on
328 +
431
wit:
328

2403 A TCTGACCAACTTGCTAACAAT Denaturati 94/15
TAATTA on

Annealing 55/15

Extension 68/20

Final 68/60
extension
Cooling 10
3129L | GTGAAACAGCATTGCTGTCAC cre Initial 94/60 Villin
on
3129R GCGGTCTGGCAGTAAAAACT 100 Denaturati 94/15
ATC DNA o
control _
2669 GTAGGTGGAAATTCTAGCATC  pand Annealing 58/15
ATC ~ 300
2670 TAGGCCACAGAATTGAAAGA Extension 68/20
TCT
Final 68/60
extension
Cooling 10
2762 CTTGCACTACCAAAGCCACA wit Initial 94/120 IL-10
band: Denaturati
137 on
2763 CCACACGCGTCACCTTAATA | hetero  Denaturati 94/15
band: on
137 + | Annealing 60/15
312 Extension 72/15
homo
band: Final 72/30
312 extension

Cooling 10

2764 GTTATTGTCTTCCCGGCTGT
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3.12 Statistical Analyses

Statistical analyses were f@mmed using GraphPad Prism, version 9.0.0 (GraphPad Software),
JTK cycle v3.1.RL54] or R.Betweersample microbiota diversity is calculated by generalized
UniFrac using GUniFrac v1.1. distancesvithin the Rhef43] pipeline. Mcrobiota
composition comparison was calcuked by PERMANOVA test on generalized if¥ac
dissimilarity matrix and illustrated by MOD#$43]. Circadianprofile graphs, as well as phase
calculation were analysed by fitting a  sieewave equation:
y=baseline +2 (A Ajghdsk t (shifkg2A)}).o0 Blgn-parametric  algorithm
JTK_cyclewas usedor overall rhythmicity of all zOTUsnd transcriptsConnecteaurvesin
circadian profilegraphs within the figures indicate sifjoant rhythmicity based on cosine
analyses whereannected straighines indicate nossignificant cosine fit. Comparison of
rhythms between data sets as performed by adjusted version otompareRhythmsas
previously describd@7]. Amplitude calculations depicted in the manhattan plots are based on
the output of JTK cycle and the phase was calculated by easive regression. Analysis
between two groups was performed using the panametric MarniWhitney test (twesided).
Two-way ANOVA followed with BenjaminiHochberg correctiowas used to compare dataset
with two categorical variablesThreeway ANOVA following Benjamini, Krieger and
Yekutieli correctiorwas used to compare dataset which contains ttategjoricafactors.A p

v ue O0.05 was assumed as statistically sign
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4ARs Ul t s

4.1 Night time restricted feeding restores the disrupted colonic clock inl-

107-5V129mjice and ameliorates the colitis

4.1.1 11-107-5¥*2° mice have normal chronotype under various light and

feeding conditions

11-10" mice are prone to get human IBiRe colitis and have been widely studied to simulate
the conditions in IBD patienfd55]. To further investigate the relationship between circadian
clock and development of colitid; 107 mice under Sv1291£107-5*29 background were used
to characterize the chronogypof mice suffering from more severe colonic inflammation
comparing to BL6 background55]. In details,mice were released into 12h:12h ligtark

cycle and constant darkng83D) with free access to food (ad libitum, AD) or restricted feeding

(RF) (Figure 1).

w 14w 15w 19w 20w
10w 12w
| " | | | .
LD %‘“ﬁkﬁ ipl 3 3 4 weeks of
m days | days night restricted feeding
Food availability Ad libitum ZT13-ZT21 ZT13-2ZT19 ZT13-ZT17 CT13-CT17
Sampling

Figure 3 Schematic illustation of the experimental plan for [1-10"5"*2°mice

Running wheel activity were recordadd analysethrough the whole experiment.

The development of various Gl diseases, includiBR[25] has been linked to circadian
disruption, such as occurs during shift work amdjfrent travel across time zo[®#3. In order

to characterize wheth#r10"-SV12°miceexhibit a circadian phenotype, 20 weeks old male mice
were kept in different light and feeding conditions. Central circadian clock functions, such as

rhythmicity of wheel running activity and night time activity during a rhythmiehbfr
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light/12-hour dark (LD) cycle and for at least 14 days in constant darkness (DD) was
undistinguishable from controls, although total activity was slightly redudédL®Y- $V1?°mice
(Fig. 2B, C). No difference in food intake was identifitdough differentight and feeding

conditions(Fig. 2D).
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5 - fL1gesn

Food intake per day (g)
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Figure 4 11-10"5"*2%mice exhibited reduced total activity but normalother chronotype

(A) Representative actogramwild type (11-10"*5129 andI1-10"5"*?* mice exposed to light

dark cycle (LD), constant darkness (DD), and night restricted feeding {(R#R.marks
represent running wheel activity; yellow and grey shadings represent light and darkness
respectively blue boxes indicate the time period of famztess during REB) Representative
graph of total activity of control andl-10"-SV1?® mice for an individual day andCj
Quantification of dtalactivity and Tau (D) Food intake of control and-10"-SV2°mice inLD,

DD and RF Significance were calculated byo-way ANOVA following BenjaminiHochberg

correcton* p O 0.05, ** p O 0. 01.Dat4 drerepeserded 8s. 00 1,

mean +9P.

50



4.1.2 Altered Major clock genes expression were restored after RF and

correlated to pathologic phenotype in[-10"-5'1?°mice

Recently we demonstrated an imbalance of the Gl immune homeostasis in a genetic mouse
model lacking a functional intestinal cldéi]. This prompted us to characterize the molecular
intestinal clock in inflamedl!l-1075'12° mice. Robust cegadian rhythms were found in the
expression of the essential clock geBesall(Arntl), Reve r WNR1DJ) andDbpin cultured
jejunal and colonic orgmids from wild typesI{-10"*5¥129 (Fig. 3A, B). Interestingly, clock

gene expression was arrhythmic and suppressed in colonic organoids from infla@iegt2°

mice (Fig. 3B), indicating a dysfunctional colonic clock. In contrast, clock gene rhythms in
jejunal organoids were comparable between genot{igs 3A). These datauggest that
circadian dysfunction is restricted to inflamed regions of the intesBmailar to resiis
obtained from organoids, the rhythmicity of clock gene expression was dramatically altered in
colonic tissues from 20 weeks did10” $1?°mice. A genotype difference was identified for
Bmall(p=0.0315) andthe amplitude oRevE r Kp<0.0001) andbp (p=0.0003) expression
were strongly reduced in colonic tissuelle10” SV12°mice compared to wild type littermates,
although low amplitude oscillations persistg. 3C). Furthermore, the peak expression of most
clock genes was strongly correlatedthe colonic histological scores, frequency of immune
cellsin the lamina propria, including macrophages, neutrophils,"@BHs and dendritic cells,

as well aghe expression of genes involvedimestinalbarrier function Fig. 3D, E). These
resultsindicate a potential causal relationship between colon clock dysfunctibd @ mice

and their inflammatory phenotype.

Night-time restricted feeding (RF) is a widedyudied approaclin mice to influence the

rhythmicity of peripheral clock$56]. This prompted us to test whether RFI#107 SV*2°mice

A

restores the colonic clock anthpacts their € o h n 0 s -likd phertype.ldeed, RF
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improved the circadian amplitude and baseline of clock gene expressiat0inS'12°colonic
tissueto similar levels observed in control mice under libitum (AD) condition Reverba
p<0.0001,Dbp p<0.0001) Fig. 3C). Of note, RF also enhanced the amplitude of clock gene

expression in wild typefReverbap<0.0001,Dbp p=0.0313) Fig. 3C).
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Pearson's r0.7929
P-valuede—-04

=
2
Macrophages

Pearson's r—0.8109
-04 P-value:2e-04

0E Reverba Reverba

Figure 5 Disrupted clock genes expression in colon tissue from-10"-5"12° mice were
restored after RF

(A) Clock genes expression in jejunal organoids from controllah@’SV12° mice. (B) Clock
genes expression in colonic organoids from control laid’SV12° mice. (C) Clock genes
expression in colon tissue from control amd.0”5V2° mice under AD and RF conditions.
Significant rhythms ar#lustrated with fitted cosinevave regression using a line (significance:
cosfit p-value00.05. Statistics were performed by tweay ANOVA followed with Turkey
correction. Data are representeds mean + SEM.(D) Graphical display of all variables
combinations in a matrixtach correlation is depicted a<iacle coloured according to the
direction of correlation coefficientgnegative, red; positive, blue). The size of the circles is
dictated bythe uncorrected-palue (E) Representative correlation plot froi)(

4.1.3 RF ameliorated the IBD-like phenotype inll-107-5V*2° mice

In addition to the restoration of clock genes expressionigFoved the pathological alteration
in 11-107 S"*2%mice aswell. Importantly, restoration of the colonic clock liR10” SV*?°mice
exposed to RF conditions was reflected by reduced levelnband Ifn-y expression and
restored rhythmicity offnf were observed il-10" SV*?°mice in contrast to enhanced and
arrhythmic expression in Affed I1-107 SV*?°mice Fig. 4A). In parallel to disruption of the
colonic clock inll-107 S"12°mjce, complete loss of rhythmicity of lymphocyte recruitment to
the lamina propria. CDED4" ard CD3CD8" T-cell recruitment was observed, whereas
immune cell recruitment underwent circadian oscillation in wild typés. @B, O. Reduced
inflammation following RF inll-10" SV*2° mice was additionally reflected by restored
rhythmicity in theamount of CD3CD4" cells isolated from colonic lamina propria and an

overall reduced amount of CD4-l§ymphocytes Fig. 4B). In contrast, CD3CD8" cells
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recruitment remained arrhythmi€ig. 4C). Consistently, the weight of spleen, mesenteric
lymph nodes (MN) and colon density which were severely heavigkinfed 11-107 SV12%mice,
were significantly reduced during RF and undistinguishable from contfts @D).
Histological analysis of colon cross sections further revealed more than 3B#06F'*?°mice
underAD condition were identified as highipflamed (Histoscore>5), which was dramatically
reduced to 5% under RF conditiokrig. 4E, F). These data demonstrate that RF restores
disruption of colon clock function and completely ameliorabesimmune phenotype it-10

/-Sv129mice_
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Figure 6 Time-restricted feeding ameliorated the IBD phenotype inl-10"5"*2°mice

(A) Inflammatory genes expression profileTaff andIfn-y in colonic tissues from wild type
andl1-105"*29mice under AD and RF conditiond) Quantification of the amount of CD4+
T cells in the colon lamina propria from wild type arel0’S'*?° mice under AD and RF
conditions measured by flow cytomeftgft) and representative flow cytometric plots fdd&
and CDS8 cells fight). (C) Quantification of the amount of CD8+ T cells in the colon lamina
propria.(D) Organ weights of spleen, mesenteric lymph nodes (MLN) and colon from wild type
andl1-1075"12°mice in AD and RF conditionsEJ Representativeolonic cross section stained
with Hematoxylin&eosin(H&E) from wild type andl-10"5"*?°mice in AD and RF conditions.
(F) Histopathological scores of colonic tissues from wild type l&dd’S"*2° mice in AD and
RF conditions (left) and the quantification of individual mice which characterized with different
inflammation degrees (right). Tissues with scores betwe2a@ classified as nenflamed,
3-5 as mildly inflamed and >5 as highly inflame&ignificant rhythms ardlustrated with fitted
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cosinewave regression using a line (significancesfit p-value O 0.05. Statistics were
performed by twewvay ANOVA followed with Turkey correctiorData are represented as mean
+ SEM or individual dot Asterisks indicate significantifferences *p<0.05, **p<0.01,
***n<0.001.

4.2 Loss of microbial rhythmicity during colonic inflammation in 11-107-5v12°

mice is restored by RF

Gut microbiota dysbiosis has been associated with the development of IBD in hangans
mouse model$57, 158] Indeed, ntrobiota composition differed significantly between
genotypeslespite the feeding conditionsig. 5A). In accordance to results obtained friBD
patient$159, 160] reduced abundance bachnospiraceaandOscillospiraceaand increased

level of Erysipelotrichaceagvere observed iH-10" miceunder ADconditions Fig. 5B). The
genera0scillibacter, Eubacterium, Clostridiumnd Pseudoflavonifractoare among the taxa

which significantly differed in their abundance between genotgpies 5C, left). Moreover

we detected significant correlations between disease markers, such as histological score,
inflammatory marker gene expression and zOTUs belongind-achnospiraceaeand
Oscillospiraceae(Fig. 5D, right), which is consistent with our recent findings shogvia

correlation betweehachnospiraceaand active disease in IBD patigfit&1].
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Figure 7 RF altered microbiota composition and most of zOTUs which are relevant for

IBD development belongs to familyLachnospiraceaeand Oscillospiraceae

(A) Betadiversity illustrated by MDS plots of fecal microbiota based on generalized UniFrac
distances (GUniFrac) irwild type and 11-10"5¥*?° mice under AD and RF conditions.
Comparison of genotype and feeding effects was perform&ERMANOVA (adj.p=0.001).
(B) Representative taxddchnospriraceae, Oscillospiraceae and Erysipelotricharedgch
differentially abundant in fecal samples frdtal07-S'*2° mice. (C) Taxonomic tree ofecal
microbiotawhich dfferentially abundant iml-107SV12°miceand reversed aft@&F. Taxonomic
ranks are from phylum (outer dashed ring), family (imeg highlighted) to genera (middle,
color coded according to phylum) which are indicated by the individual bragietfigsand
correlations of zOTUs in (B) with histoscords)f andIfn-y gene expression (rightptatistics
were performed bWanri Whitney U test Asterisks indicate significant differences *p<0.05,
**p<0.01, ***p<0.001.
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Previously we provided the novel link between the intestinal clock, microbiome rhythms and
Gl homeostasj27]. This prompted us to investigate circadian rhythmicity in microbiota
composition and function in inflamed-10 mice. Interestingly,circadian rhythmicity in
community diversity(normalizedspecies richnessyas abolished in ABed I1-107-5"12° mice

(Fig. 6A, left). Similarly, theabundance of both major phyla, Bacteroidota and Firmicutes and
highly abundant families, includingachnospiracea@andOscillospiraceaes well as zOTUS,
followed circadian oscillationn wild types whereas these rhythms were abolished infa@®
11-1075¥129 mice (Fig. 6A, right, B). Importantly, RF not only restored abundance differences
between genotypesFig. 5C), but alsorestored microbial rhythmicity inl-1075v12° mice,
illustratedin community diversityand on the level of major phyla, thievo major families
LachnospiraceaandOscillospiraceadFig. 6A, B). Enhanced microbial rhythmicity was also
found amonghe 237identified zOTUsvisualizedby heatmaps&nd Manhattan plat of the
amplitude and adj.p value of zZOT(JSg. 6C, D). More tharb0% of the zOTUs which gained
rhythmicity during RF inll-10" mice belong to the familjzachnospiraceaewhich includes
bacteria taxa important for SCFA production and secondary bile acids (BAs) conversion and

thus plays crucial roles in IBD progresqiv@2].
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Figure 8 Microbial rhythmicity in 11-107512°mice under different feeding conditions

(A) Circadian profile of armalized richness (left) ametlative abundance of two major phyla
(Bacteroidbta andFirmucute$ in wild type and11-105"*2° mice under AD and RF conditions
(right). (B) Relative abundance of highly abundant familyachnospiraceae and
Oscillospiraceaeand relative abundance of two representative zOTUs wddtype andll-
107-S¥12° mice under AD and RF condition&C) Heatmap depicting the relative abundance of
237 zOTUs (mean relative abundance>0.1%; prevalence > 10%). Dat#-t6r'*?° mice
under AD or RF condition is normalized to the peak of each zOTU and ordered by the peak
phase irwild type mice under AD or REonditionsrespectively. Yellovand bluendicatehigh

and lowabundanceespectively(D) Manhattan plobf the amplitude and adj.p value of zOTUs
identified in control andll-10"-5"*2° mice under AD and RF conditiorignificant rhythms are
illustrated with fitted cosinevave regression using a line (significancesfit p-value00.05).
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4.3 Characterization of microbiota-derived metabolites inll1-107-S"12mijce

To address the potential physiological relevance of disturbed microbial oscillatitrs0ih

Sv129 mjce, fecal (un)targeted metabolite analysis was performed. Indeed, the identifie
metabolites clustered according to the genotfig. (7A). Moreover,|1-10"5"*2°mice showed

loss ofrhythmicity in 55 fully annotated metabolitesnost of which belong to lipids and lipid

like metabolites, including fatty acids and BASId. 7B) For example, we found loss of
rhythmicity and suppression of bile acid, including muricholic acid asdlfdcholic acid Fig.

7B). Targeted metabolomics for SCFAs, desaminotyrosine andadidis (BAs) further
validated the differences in rhythmicity and cadérconcentrationdetween genotypes. For
example, highly suppressed amplitude rhythms or loss of rhythmicity were observed for
primary and secondary BAs [h10"'?° mice, such as deoxycholic acid (DC@)<0.0001)
hyodeoxycholic aciqp=0.0025) 7-sufocholic acid (#sulfo-CA)(p<0.000) anda-muricholic

acid (p=0.0004 (Fig. 7C). Most of these secondary BAs are key mediators involved in gut
dysbiosis, especially in IB[R63]. Additionally, reduced SCFA levels, such as acetate
(p=0.0221), butyrate (p<0.0001) and propionate (p<0.0@@t¢ found irll-10"5"12°mice (Fig.

7D), similar to observation on IBpatients and related mouse mofied4]. The concentration

of valeric acid and desaminotyrosin were also suppresdéd @5'?°mice ig. 7D)

60



>
(vy)

FT1761 alfly-Muricholic acid

PP 3 = 6.0
Lost rhythmicitity in /IL-10+ AD ) o (101D
" —_ Fatty Essq = IL-10"52AD
) 8 25 cid =
= o acids S50+
- 3 B
o T §, 20 § 4.5
— 0 g
o i) .
E % 15+ B'I_e ‘ 13 16 19 22
— a acids QOrgano-heterocyclic * Gifcarian time (n)
= ol 10 compounds 52 FT0802 Cholic acid-7-sulphate
= - o 10 5°%)
S £ Organic nitrogenioxygen £ 5.0 &
a ° c
g 5- compounds g o
. 5 H .E rganic acids B aed
PCA|AII|PC1 (17.1%) g o- % :
= Untargeted metabolites g 441
IL-10+/+ 1L-10-/- 9 8
modelingGroup modelingGroup T4 4 7 0 13 16 19 2
Circadian time (h)
Deoxycholic acid T-Sulfocholic acid Hyodeoxycholic add a-MCA
B 5 Bs0o 1500 G 60 - |L-10%512AD
E E E E - JL-10¥=AD
= £ 1000 g 1000 = w0
§ 300 _5 % 5
[ ® £ ) ®
g2 < 500 >4 § 500 £ 20 p=0.068
§ 100 § s é
3 3 S 8
o T T
l 7 10 13 Ili 19 22 1 4 7 10 13 16 19 22 1 4 7 10 13 16 19 22 4 7 10 13 16 19 22
Circadian time (h) Circadian time (h) Circadian time (h) Circadian time (h)
D - -
Acetate Propionic acid  Butyrate Valeric acid 2-Methylbutyrate Isovl?slerate Isobutyrate Desaminotyrosin
Fededede
" . . il 025 i 0.25 0.3 - 0.25
0.20 0.20 o 020
§ W 4 0.2 o
H 0.15 0.15 0.15
g 0.10 ’ 0.10
0.10 . .
§-1o 2. 0.4 c;‘ @
0.05 0.05. 0.05
0 0.00 0.00 0.0 0.00

Figure 9 Disrupted microbiota composition resulted in altered fecal metabolites ihl-10"

Sv129 mice

(A) PCA-plot of fecal metabolites obtained frosontrol andI1-107512° mice through
untargeted metabolomic¢B) Classification ofthe top 5fully annotatedsuper classes of
metabolites measut®y untargeted metabolomics amgpresentative examplesviild type and
11-10"5¥12° mice under AD condition(C) Circadian profiles obile acids (BAs) ofwild type
and11-10"-5"*2® mice under AD condition(D) Quantification of SCFAand desaminotyrosine
measured by targeted metabolomics in fecal samples from controll-484S'12° mice.
Significant rhythms are illustrated with fitted cosiregyression; data points connected by
straight lines indicate no sidiant cosine fit curves (p > 0.05) and thus no rhythmicity. Data
are represented as mean +SEMatistics were performed banri Whitney U testAsterisks
indicate significant differences *p<0.05, **p<0.01, ***p<0.001.

Importantly, PICRUSt2 analysj$52] revealed that restoratiaf microbial rhythmicity inll-
107-S¥12°mice under RF conditions was indeed reflected by restored rhythmicity of assigned
pathways involved in fatty acid synthesis &@FA fermentationKig. 8). Rhythmicity was

identified by JTK_Cycle (Bonferroniadj-p a | u e Alogethef) théseesults indicate that
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changes in microbial rhythmicity and composition observet 197512 mice can be restored
by RF, and thus microbial rhythmicity might be involved in the beneficial effect of RF on

colonicinflammation.
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Figure 10 Heatmap of pathways (calculated by PICRUST 2.0) with restored rhythmsl-

10”5129 mice under RF

4.4 Colonization of arrhythmic microbiota did not alter the colitis

development in germ freel 1-10" mice

Recently we demonstratetthat a functional intestinal clocks required to maintain Gl
homeostasis by driving the microbiome, includicachnospiraceaend microbiota derived
DCA and 7sulfo-CA[27]. Notably, IL-10-deficient mice under germ free condition are free of
colitig165]. To differentiate whether a dysfunctional intestinal clocklifi0’S"*?° mice or
arrhythmicity of the microbiome directly affect the severity of inflammation, we performed two
distinct cecal microbiota transfer experiments. First colonialization of cecal content from
intestinespecific clock deficient Emall¥¢") and litternates Bmal1°¥"°*) donors was

performed in order to transfer rhythmic and arrhythmic microbiota into Germ fred [(GE)
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BL6 recipients(Fig. 9A). Surprisingly, the weight of immune organs, such as spleen, MLN and
colon did not differ betweerecipients, nor did the amount of immune cells that infiltrated into
the colonic lamina propria (CD# -cells, macrophages and neutrophilEp( 9B). Consistently,
histological staining and scoring, as well as the expression of inflammatory markefrgene
reveal no pathological differences between both recipidigs 9C). Similar levels of crypts

loss and immune cell infiltration, as well as mucosal inflammation were identified between

recipients. These results indicate that microbial rhythmicity migitdirectly inducentestinal

inflammation.
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Figure 11 Characterization of colitis phenotype ofll-10" germ free mice colonized with

rhythmic/arrhythmic microbiota

(A) Schematic illustration of experimental design. Cecal content from control (rhythmic) and
Bmal1E¢’ (arrhythmic)donors were transferred into gefrae I1-10"B® mice. B) Organ
weights ofspleen, MLN and colon (top) and amouwftimmune cells recruid into colonic
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lamina propria (bottom) of recipients. (Representative H&E stainisgof colonic cross
section from the recipregs. O) Tnfgene expression, as well as histopathological scatesics
were performed biYlanri Whitney U test.

4.5 Disruption of the intesinal clock (Bmal1'5¢-") increase the inflammatory
response in germ free mice colonized with dissadassociated

microbiota

In order to investigate other factors which drives colitis development instead of microbial
rhythmicity, we performedhe second microbiota transfer experimémtdemonstrate the
importance of the host intestinal clock in IBD developmiiten GFBmal1E¢’ mice received
diseaseassociated microbiota from inflaméd107-6 mice, colon weights were significantly
increased in comparison to control recipierig( 10A). Similarly, immune cell recruitment

into the colonic lamina propriasuch as CD4+ cells including Thl and Th17 cells, dendritic
cells, macrophages, as wellremutrophils were severely elevataddTnfgene expression was
increased Kig 10C-F). However,the histological score obtained from a single colon cross
section showed no clear difference between the recipi€ings 10G), which indicates the

inflammationwas not strong enough to induce tissue pathological changes.
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Figure 12 Germ free Bmall5¢” mice colonized with diseas@ssociated microbiota

exhibited enhanced inflammatory response

(A) Schematic illustration of experiment desigdiseaseassociated microbiota fromh-107"
donor was transferred to getinree control Bmal1'®/"*) andBmal1E’ recipients. B) Colon
weight and C) amount of CD4+ T cells and neutrophils recruited into colon lamina propria.
(D) Tnfgene expressioin colon tissues from recipientd&) Other immune cells infiltrated into
colon lamina propria.H) Representative graph of gating strategy of Thl and Th17 d8lis. (
Representativé&E staining scans of colon sections frdmal15" mice received contto
and diseasassociated microbiota (left) and histopathological scores (rigd}istics were
performed byManni Whitney U test and twavay ANOVA followed with BenjaminiHochberg
correction. Asterisks indicate significant differences *p<0.05, **p<0:®p<0.001.
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4.6 Germ free Bmall®Ec” mice colonized with diseasedéissociated

microbiota resulted in similar microbiome alteration in 11-107-5V12mijce

In additionto the changes identified in inflammatory responge observednicrobiota beta
diversity clustering between circadian time points and recipiefig. (10A), as well as
decreased abundancel@chnospiracea@nd increaseérysipelotrichaceaén cecal samples

in Bmal1E" recipients, similar to results obtained froli10"5"12° mice Fig. 10B).
Accordingly, the concentrations BfMCA, DCA, HDCA and MDCAIn the cecal contentere
reduced in comparison to control recipierfegy( 10C). Procrustes analysis (PA) revealed an
association between zOTWsth BAs production, in particulathe familiesLachnospiraceae

and Oscillospiraceaecorrelated with DCA and aMCAoncentrations (p=0.0001Fig. 10D,

E). Altogether, these results reflect an early stage of inflammation following colonialization
with diseaseassociated microbiota when recipients lack a functional intestinal clock. Thus, the

intestinal clock represents a functional link between the microbades! inflammation.
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Figure 13 Germ free Bmall5¢” mice colonized with diseas@ssociated microbiota

exhibited microbiome alteration observed inll-107-5'12° mice

(A) Betadiversity illustrated by MDS plots of cecal microbiota based on generalindetac
distances (GUniFrac) icontrolandBmal1t¢ recipientsat circadian timg(CT) 1 and 13.B)

Relative abundance of familidsachnosiraceaeand Erysipelotrichaceae(C) A mo u n't of
mur i ¢ hol IMCA) adedxydholi¢ acid (DCA), hyodeoxycholiccid (HDCA) and
murideoxycholic acid (MDCA) in cecal content of control aBchall¢’ recipients. D)
Procrustes analysis (PA) of cecal microbiota and bile acid levels. The length of the line is
proportional to the divergence between the data from the saouse. £) Representative
correlation plot between zOTUs and bile aclististics were performed bjanri Whitney U

test and twevay ANOVA followed with BenjaminiHochberg correction. Asterisks indicate
significant differences *p<0.05, **p<0.01, ***p<001.
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4.7 Bmall5" mice do not develop IBD-like phenotype

To further investigate the functionality of the intestinal clock, we used a genetic mouse model
lacking the essential clock geBenallin intestinal epithelial cells (IECsBmal15¢"). Colonic

clock dysfunction in IECs was validated by arrhythBimallandReverba(Nrldl)expression

and a highly reduced amplitude Bér2 gene expressiorF{g. 12A). Colon weight and the
concentration of complement 3 in stoolsBrhalE¢"- mice were significantly increase#ig.

12C), although thdody weight, jejunum and spleen weight as well as mesenteric lymph nodes
weights remainsdentical Fig. 12B). Importantly, the frequency of major immune cell
populations in the colonic lamina gmda, including CD4, CD8' T-cells and dendritic cells lost
rhythmicity in Bmal15¢" mice, whereas macrophage recruitment remained rhythfiig. (

12D). These results indicate that lacking of the intestinal clock induces immune alteration in

the colontract.
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Figure 14 Phenotypic characterization ofBmal15¢" mice

(A) Clock gensexpressiorfBmall, Per2, Reverbain colonic epithelial cellérom control and
Bmal15" mice (B) Body weight, organ weight of jejunum, spleen and MLN of control and
Bmal1E" mice. (C) Colon weight (top) and complement 3 level in fecescmiftrol and
Bmal15¢" mice.(D) Amount of major subtypes of immune célRD4+, CD8+, Dendritic cells
and macrophagesjn the colon lamina propria otontrol and Bmal15¢ mice. (E)
Representative scans of H&E staining of colon cross sections from cont®iraid’- mice
(left) and histopathological scores (right}) Representative scans of PAB staining of the
same colon cross sections wiff) from control andBmall¢’- mice (left) and quantification
of goblet cells (right) Significant rhythms ardlustrated with fitted cosinevave regression
using a line (significanceosfit p-value00.05. Statistics were performed bjanri Whitney
U test Data are represented as mean +SEM. Asterisks indicate signififferences *p<0.05,
**p<0.01, ***p<0.001.

However,histopathology scores based on the colon cross section revealBdniddadeletion
in epithelial cells did not induce direct tissue patigidal changesHig. 12E). Moreover, results

obtained from priodic acid-alcian blue (PAS-AB) staining indicate that the amount of goblet

cells and mucus remained unchanged as (Wegl 12F).
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4.8 The intestinal clock regulates genes and pathways involved immune

response and metabolic processes

To systemically assess the importance of the intestinal clock under transcriptomic level, we
performed bulk RNAseq on colonic tissues froBmal15¢/-and control littermateduring a

circadian day (24h with 4h interval, each time point n=4)

4.8.1 Genotype differencesanalysisbetweenBmal1'5¢-- and control mice

Interestingly, sample clustering according to the genotype was observed by principal
component analysis (PCA). Of note, the variance distance according to time in control mice are
wider thanBmal15¢”, indicating the difference under gene levels betwssemples obtained

from day (CT1, 5, 9) and night (CT13, 17, 21) are less appardrnail=c"- mice Fig. 13A).

In addition, more than 200 genasre differentially expressed (Fold change>1.5, adj. p<0.05)
between genotypes:or example, altered expression was found genes, such aRetnlb
(Resistinlike beta) andrff2 (Trefoil factor 2)(Fig. 13B) involved in colitis developmefi66,

167].
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Figure 15 PCA plot of sample clustering and volcano plotdr differentially expressed
genes(DEGS)

(A) Principal Component Analysief 46 colon samples obtained from control (red) and
Bmal1E¢’ (blue) mice every 4h throughout the circadian day in constant darkness. Different
shapes indicate different circadian time (CT) poit®$.Volcano plot of transcriptional changes
between colon tissues from control @whal 15’ mice.Upregulatedadj p< 0.05, FC > 1.5)
genes are indicated in red, whilewnregulated (adj p < 0.05, FC > 1.5) geass marked in

blue.

4.8.2 The intestinal clock regulatesdifferent set of genes during day and

night
Consistently, gene ontology enrichment analysis highlightedt hways r el evant f
i mmune response?ob, 6defensel Feapopsetio praote
the involvement of the intestinal clock in regulating intestinal immune homeodgtagid4A).
Additionally, we analysed the gengte difference between day and night respectively to
investigate the timelependent manner of the intestinal clock in regulating different genes.
While taking time of the day into the model (CT1,5,9 as day, CT13,17,21 as night), 114 genes
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are identified aslifferentially expressed genes(DEGS) during the day comparing to 196 genes

at night, indicates that Bmall has more impact on transcription levels during night period, which

is also the active phase of mice. DEGs are then allocated separately into tdiféhevays for

day and nightindeed, in total 65 genes were differentially expressed between genotypes in

both day and night. The intestinal clock dominantly controls the expression of unique genes
involved in 6leukocyte iapopltiond campd oCrisrseasdi,
the day, and metabolic processes, Obil e aci
bact er i urRig. 14Bt These rgshlts highlighted the importance of considering timing

of the treatment as anothenucial factorin study design.
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Figure 16 Gene ontology enrichment analysis of diffi@ntially expressed genesn colon

tissue ofBmallE¢" mice

(A) Gene Ontology enrichment analysis of DEketween genotypegB) Gene Ontology
enrichment analysis dDEGs between genotypes during day (left) and night (righ§nn
diagramof DEGs during the day and at night.
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4.8.3 Circadian characterization and profiling of intestinal clock controlled

transcripts

In order to investigateéhe transcription alteration due to laok the intestinal clock from
circadian perspectivewe analysed the rhythmic expression of annotated transcripts.
Importantly, 7803 transcripts underwent circadian rhythmicity in controls, whereas more than
55% of these transcripts were arrhythmicBmal1E¢- mice Fig. 15A). Additionally, the
majority of the transcripts which maintained rhythmidB¢#60 transcriptsin Bmal15¢" mice
showed a highly suppressed amplitudgg( 15A, right). DODR analysiEl38] further
confirmed that more than 200 genes either lost or changed rhythmicity (114/104 respectively)
in Bmall5¢" mice and are enriched in pathways includirgl cycle, circadian rhythm,
inflammatory response and cholesterol homesist similar to results observed between
genotype comparisoririg. 15B). Particularly, genes such &far2 (free fatty acid receptor)2
Abcc2 (ATP-binding cassette, stlamily C (CFTR/MRP), member)2 Rorc (RAR-related
orphan receptor gammaand Hc (hemolytic complemet which are involved in the
inflammatory and immune respofis&8-171] lost rhythmicityand in additionsignificantly
differed in their baseline expression between genotffigs15C). Moreover, genes involved

in goblet cells function, includingluc3 (mucin 3, Tff3 (trefoil factor 3, Pigr (polymeric
immunoglobulin receptgrandFcgbp(Fc fragment of IgG binding protginost rhythmicity in
Bmal1E¢ mice (Fig. 15D)[172]. Genes relevant for cell development and migration,
especially immune cells, such @asp4(caspase ¥ Pdkl (pyruvate dehydrogenase kinase,
isoenzyme )}, Cxcr4(chemokine (€X-C motif) receptor ¥andVcam1 (vascular cell adhesion
molecule )[173-176] showed an abnormal circadian phase or loss of rhythmicity upon

intestinalclock dsruption Fig. 15E).

74



A B
. Bmalf™ ™= yg Bmal1="*"
Bmal{fiexfiox Bmal 1"t Amplitude ma Vs Bma
[r— : 3 8000
. 1 . I2 Im 4000
N = —|———— |} N pees
= ; - — = ¢ g 00T
Tl 2 -~ §
2 == = : |z ¢°
3 - _ I{ £ o]
__v_- = -3 = 50+
== o
Nl s = S ¢:°
o | 3
Sl & |
L e : Loss/Change in rhythmicity
T - | = |
_E .;— _: ¥
'E L - D-chalcyﬂe
T i Regulation of
= T— —— : ; transcription
=) = ——
it S — = L ~ Circadian rhythm
— —
E — : X =ﬁ_!— ' 4.1'!' Inflammatory response
@ 1 5 9131721 1 5 9 13 17 21 Control Bmal 1=+

Circadian time (h) Circadian time (h)

-Gﬂesterdrmmstasis
1 1 1 1 1
a 5

T
20 25

C Number of genes
280 2 = Bmaif""" 1508
=8 Bmaifee*
200 u,_,__‘}r—-é\‘__‘___i Su E
5 L F E gmno- 9———9__5__&___3__'] E
40 L
¥ < g 2
1 Eu E " E
5 &0 = =
. T T S S S T
Circadian time {h) Circadian time (h} Circadian time (h) Circadian time (h)
D Muc3 TFF3 E Gaspd Pk
110t 28e10% 400 o~ Bmai1ore
- B Bmal1®=-
=1 300
e I T
£ e T a8
A= 3 18104
=10 1.8=10% . oo
T T T T T T 14107 T T T T T T L]
& K] 13 17 El 5 1 L3 -] 13 v n 1 L] 13 1w n
Circadian time (h) Clrcal:ian tme l[h} Circadian time (h) Cm:adlan time (h)
Figr Cxerd Veam-1

- 1104

W 10
16104

= l%\w/ mgf

Haa

HIEE ] 8 1w a7 om 1 & 8 1 7 2
Circadian time (h) Cl‘c:al:ian hme {h} Cllcadlﬂl‘l time {h) Circadian fime (h)

Figure 17 Intestinal clock regulates rhythms of various genes involved in IBD

development

(A) Heatmap of transcripts which lost, maintained and gained rhythmicity in colon tissues from
BmalltS" mice (left) and amplitude comparison of the transcripts which maintained
rhythmicity (right) (JTK _cycle adj.p <0.05 as rhythmi@)anscripts ar@rdeed by the peak
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phaseof control groups. B) Amount of transcripts calculated by compareRhythms (top) and
GO enrichment analysis (top 5, bottom) which loss and change rhythn{€}tyCircadian
profile of Ffar2, Abcc2 RorcandHc gene expressiofD) Circadian profile of transcriptduc3,
Tff3, Pig andFcgbpand E) Circadian profile ofCasp4, Pdkl, CxcrdndVcaml countsin
control and Bmal1E- mice. Significant rhythms arellustrated with fitted cosinevave
regression using a line (significancesfit p-value00.05.

4.9 Bmall®¢" mice are more susceptible to DS#duced acute colonic

inflammation

4.9.1 Bmall'®¢ mice exhibited enhanced inflammatory response after DSS

treatment

In order tofurther confirm our findings from RNAeq analysis, such as the crucial role of the
intestinal clock in regulating immune and inflammatory respoBsel15" mice and

controls were released into DD and received drinking water supplemented with 2% dextran
sulfate sodium (DSSHg. 16A), a weltstudied chemical to induce tissue damage followed
by coliti177]. By performing the experiment under DD, we excluded the external time cues
and focus on the intestinal specific cloBkdays of DSS treatment caused a significant
reduction in body weight and an increaskskase activity index (DAI)L28] (Fig. 16B,C), as

well as shortened colon lengthig. 16D) compared to DS8eated controls. Accordingly, the
expression of inflammatory markers, suchrasas well as neutrophil and macrophage
recruitment to the colonic lamina propria was severely enhanced folld@8&gtreatment in

Bmal1E mice (Fig. 16E-F), suggesting an increased inflammatory response.
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Figure 18 Bmal15¢” mice developed severer colitis phenotype after DSS treatment

(A) Schematic illustration of the DSS treatment procedB¥Bpdy weightchange andQ)
disease activity index of control anBmall®“" during DSS/water administratior(D)
Representative picture of colon (left) and colon length measurement (righ§ating strategy
for macrophages and neutrophils in colon lamina profw@) @nd quantification (bottom)E)
Tnfexpression of colon tissueStatistics were performed Iyo-way ANOVA followed with
BenjaminiHochberg correction. Asterisks indicate significantifferences between
BmalT'/"x and Bmall¢” mice after DSS treatmerip<0.05, **p<0.01, ***p<0.001.
Octothorpe indicate significantdifferencesbetweerBmal1’®°x mice with and without DSS

treatment#p<0.05, ##p<0.01, #p%0.001.

4.9.2 Bmall¥¢’”- mice developed severer colitis based ontissue

histopathology evaluation

Consistently, the histopathological evaluation in colon tissues significantly differed between

genotypes after DSS treatment, which was reflected by an increased histological scores in
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Bmall“"mice. Qypt architectural distoiin, crypt atrophy, diffuse mixed lamina propria
inflammation, basal plasmacytosas well adasally located lymphoid aggregatesre more
apparentn colon cross section froBmallt¢’- mice treated with DSS\dditionally, intestinal
clock dysfunctioncaused loss ofaplet @lls following DSS treatment~g. 5I), which was
previously identified as a critical factor during D®#@luced colitifl28]. These results
demonstrate a higher sensitivity to DB8uced colitis in mice lacking a functional intestinal

clock.
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Figure 19 H& E and PASAB staining of colon tissues fronBmal1'5¢"- and control mice

79



(A) Representative H&E stainin@) and PASAB staining of colon sections from control and
BmallES" with/without DSS treatment and quantification of amount of goblet cells.
Quantiication was based on a minimum of 20 crypts for each se&iafistics were performed
by two-way ANOVA followed with BenjaminiHochberg correction. Asterisks indicate
significantdifferencesbetweerBmal1"1°x andBmal1E’- mice after DSS treatmetp<0.05,
**p<0.01, ***p<0.001.

4.10 Bmal1'5¢"xI1-107B mice developed more aggressive colitis phenotype

In order togenetically assess the impact of the intestinal clock on IBD development, we
determined IBD pathology ia newly generated genetic mousedel prone to develop chronic
colitis combined with a dysfunctional intestinal clodRnfal£<- and 11-107B6). IL-10-
deficiencyon BL6 backgroind causes less severe colitis symptoms than on SV129 background
[155], which is likely a results of less severe alterations in clock gene expression. Due to
additionally lacking the intestinal clock, major clock genes expressiBmal 15/ x||-107-BL6

mice were significantly suppressed or altered comparingLtd0¢ and wildtype mice
(Fig.18B). Accordingly, the additional loss of the intestinal clock dramatically reduced the
survival ofBmal1E¢/xI1-10"8-6 mice compared tt-10"B® mice (Fig. 18C). In particular, all
Bmal15" x IL-10"B6 mice needed to be euthanized before the end of the experiment due to
their dramatic disease burden, while around 30%-b6"B6 mice survived till the end of the
experiment Fig. 18C). Consequetly, severer tissue inflammatiavas observed iBmal1E¢’-
x11-107B8 mice, which was reflected by an increased disease scores, as well as spleen, colon
and MLNs weight Fig. 18D, B. More importantly, H&E staining of the colon swiss roll
reveals an carall enhanced tissue inflammatiorBmal1t<’xI1-10"B6 mice comparing tdl-

107B8 mice. Instead of the patcliyflammation phenotype along the col@mal1E¢"xIl-10

IBL6 mice exhibited complete pathological tissue changes from the proximal part till the distal

part.
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Figure 20 Additional lack of the intestinal clock accelerate the colitis progression ihl-10

/-BL6 mice
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(A) Schematic illustration of experimental BEsign. B) Colon clock genes expression and of
control,Bmal15¢”, 11-10"B6 andBmal15¢/xI1-10"B- mice under AD and RF condition€)

Survival analysis of controBmal1E¢”, 11-10"B6 and Bmal1E/xI1-1078% mice under AD
condition. (D) Disease scores an(E) organ weights of spleen, MLN and colo(F)
Representative H&E stainings of colon swiss rolls frid#h07-8® and Bmal1E/xII-107-B¢

mice under AD conditionSignificance were calculated by onmay ANOVA, two-way
ANOVA following BenjaminiHochberg correctionand threevay ANOVA following
Benjamini, Krieger and Yekutieli correcton. p O 0. 05, ** p O 0.01,
0.0001 Data are represented as mearehd

4.11 Circadian characterization of microbiota composition inBmal1'¢-/x||-
107BL® mice

Previous results revealed the microbial alteration under inflammatory condition-1- IL

deficient mice, which makes us curious in investigating the microbial diversiynal15¢"

x11-107B%6 mice. Similar to our previous results obtained filBmal15¢’"- micd27], circadian

rhythmicity in conmunity diversity (species richnesa)d on the level of the major phyla was

dramatically disrupted iBmal15¢/x11-107B® mice, whereasl-10"B® mice showed slightly

altered circadian oscillations of richness and the major pRida19A-C). This genotype effect

was even more pronounced at the level of bacterial taxa. A heatmap showing peak relative

abundances of zOTUs and its quantification confirmed the disruption of microbial rhythmicity

in Bmal1E¢"x11-10"B® mice, whereas intermede@&phenotypes were notedlin10’2-6 mice

(Fig. 19D, B). Altogether, these datdemonstrat that lack ofthe intestinalclock further

promotes themicrobial dysbiosis in IE10-deficient mice and thus might accelerate the

development and progression ofits.
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Figure 21 Considerable alteration of microbiota composition irBmal15¢x11-10"8¢ mice

(A) Betadiversity illustrated by MDS plots of fecal microbiota based on generalized UniFrac
distances (GUniFrac) icontrol, 11-1075"12° and Bmal15¢7x11-107 mice under AD condition.

(B) Normalized richness an€) abundance of major phyl8#cteroidotaand Firmicuteg in
control, 11-107B® andBmal1E¢’xI1-10" mice under AD condition.[¥) Heatmap depicting the
relative abundance of identified zOTUs (mean relative abundance>0.1%; prevalence > 10%).
Data from control)I-1078 and Bmal1E¢/xII-10" mice are normalized to the peak of each
zOTU and ordered by the peak phase in contralgrellow means high abundance and blue
low abundance.H) Manhattan plot of the amplitude and adj.p value of zOTUs identified in
control 11-10"B and Bmal1E¢xI1-107 mice. Significant rhythms are illustrated with fitted
cosineregression; dat@oints connected by straight lines indicate no significant cosine fit
curves (p > 0.05) and thus no rhythmicity. Data are represented as mean +SEM.
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4.12 Restricted feeding requires a functional intestinal clock to ameliorate
colitis symptoms

To evaluate whetr the beneficial effect of RF on the severity of Gl inflammation observed in

11-107-SV12° mice is caused directly by restoration of gut clock funct®mal1=¢xI|-10"-B-6

mice, 11-10"B6 and controls were exposed to RF conditioRg).( 18A). We validated that

following exposure to RF, clock gene expression at CT13 was recovered similar to control

levels in1l-10786 mice, whereas the expression was not restoreBnial15¢’- mice and

Bmal1ES"x11-1078¢ mice, due to lack of the intésal Bmall (Fig. 18B). In line with our

hypothesis, RF failed to improve the survivallb10’ 6 mice when the intestinal clock was

genetically dysfunctional (60%), whereas survival was significantly improved by RAGY

BL6 mice (100%) Fig. 20A). ConsistentlyCD4+ immune cell recruitment to the colon lamina

propria inBmal1f¢xI1-10"B® mice under RF condition was comparabl¢éh®AD condition.

Furthermore pathohistological evaluationy H&E staining(Fig. 20C, D), and colonicTnf

expressiorfFig. 20E) were indistinguishable betwe&D and RF conditions iBmal1E¢/xI|-

107-BL8 mice. These results indicated that the beneficial effect of RF in rescuing colitis was

dampened with the absent of the intestinal clock, which in turn highlighted the dominant role

of the host intestinal clock in regulating colitis development and progression.
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Figure 22 Restricted feeding did not ameliorate the colitis phenotype iBmal1'5¢xI1-10

IBL6 mice

(A) Survival analysis offi-10"B® andBmal15¢/xI1-10"6 mice under AD and RF
condition.(B) Frequency of CD3+CD#cells in colon lamina prafa measured by flow
cytometry.(C) Representative H&E staining obloncrosssection fromi|-107B6 and
Bmal15¢/x11-107B6 mice under AD and RF condition®) Histoscores and)
inflammatory marker gene Tnf expression in contribid,0’ 86 andBmal1E¢/xI1-10786
mice under AD and RF conditiorSignificance were calculated by thregay ANOVA
following Benjamini, Krieger and Yekutieli correctioh. p O 0. 05, ** p
* x x x p QOateDareOePréstntediadividual dot.
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4.13Intestinal clock-controlled microbiota might play an important role in

colitis development in IL-10-deficient mice

In addition to the intestinal clock, food presence is also one of the most important factor which
drives microbiota composition and rhyicity[99]. Although RF did not improve the colitis
phenotype irBmal15¢’ x 11-10"B6 mice, we investigate the microbial composition in control,
11-107B6 and Bmal1E<" x 11-107B-® mice under RF condition as welindeed, similar to the
observation under AD condition, microbial betizersity in Bmal1E¢" x 11-107BL6 mice was
significantly different among the other groups under RF condiian 21A). Interestingly, RF

in Bmal1E¢/-x 11-10"BL6 mice enhanced species richness to control levels, whereas microbiota
rhythmicity remained arrhythmid={g. 21B), indicating that loss of microbial rhythms might

be involved in the disease phenotype rather than the overall amount of species. wadeed,
identified 40 zOTUs which gained rhythmicity during RF lin107-B6 mice, but remained
arrhythmic inBmal15¢’- x 11-10"B® mice. The majority of these zOTUs belong to the family
LachnospiraceaeMuribaculaceaeand Oscillospiraceag(Fig. 21C), which were previously
identified as intestinal cloekontrolled27]. Thus these intestinal clodontrolled microbiota

might be highly involved in IBD development and contribute to the disease progression.
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Figure 23 Comparison of microbiota composition inll-10"B and Bmal1'¥¢" xI1-107-BL6

mice under RF condition

(A) Betadiversity illustrated by MDS plots of fecal microbiota based on generalized UniFrac
distances (GUniFrac) icontrol, 11-1075*2° andBmal1E<xII-107 mice. (B) Normalized

richness under RF conditiofC) Taxonomic tree of fecal microbiota which have restored
rhythms inll-10"- mice after RF but not iBmal15¢/xI1-10" mice after RFTaxonomic

ranks are from phylum (outer dashed ring), family (inner ring highlighted) to genera (middle,
color coded acadling to family) which are indicated by the individual brancl&gnificant
rhythms are illustrated with fitted cosinegression; data points connected by straight lines
indicate no significant cosine fit curves (05) and thus no rhythmicity. Data are
represented as mean +SEM.
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5DI scusSsSsSli on

Alterations in clock genes were found in colonic biopsy samples from IBD patients, especially
patients with ulcerative colifid3, 34] In this study orll-10" mice, a previoushdescribed
IBD-relevant mouse model for colifi$5], we provide eviegnce that a idrupted colonic
circadian clock is a cause rather than the consequence of Gl inflammation IDED.
treatment severely enhanced chemically induced colitis in mice lacking a functional intestinal
circadian clock. This is in accordance with previous literature which showed that environmental
circadian disruption in form of shift work as well as syst®ide genetic clock dysfunction,

e.g. in Perl/2", Reve r b @nd Bmall” mice promotes the severity of DS®luced

colitis[111-113].

However, it is extremely complicated to clarify the role of specific peripheral clocks, especially
theintestinal clock, under global clock disruption conditiohrpnic jet lagor whde body clock

gene knockout model), since central clock in SCN synchronize peripheral clocks through
neural signals and hormoifigs When the central pacemaker is impaired, it is unlikely that
peripheral clocks would stay unaffected, which further leads people using intepeaéic

clock knockout model to better understand the role of intestinal clock in regulating intestinal
homeostasisWe previously addresséle intestinal clock as the key regulator for maintaining
microbiome rhythmicity, which is vital for intestinal metabolism and immune resf@tjsea

using Bmal1E¢’- mice. Moreover, otthe same modescientistsidentified intestinal clock as

an accelerator in dietary fat absorption, thereBm&lldeletion prevents higfat diet induced
obesity178]. Researchers alsevealed intestinal clock disruption accelerated the colorectal
cancefl79], which is consistent with our findings that impaired intestinal clock enhances the

susceptibility of intestinal diseasdsideed,recen literature indicated disruption of diurnal
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intestinal rhythmicity contributes to the D&®luced colitis under normal lightdark
conditior{180]. However, we demonstrate for the first time that specifically loss of the circadian
intestinal clock promotes the severity and prevalence ofib@&ed colitis symptoms in mice
under constant darkness which excludeititervention of light Thecauseeffect relationship

was further validatedn a novel geneticmouse model for colitisvhich additionally lack a
functional intestinal clock. ThesBmallE</xII-10"8¢ mice develop a severely enhanced

immune phenotypanddramatically reducedurvival

5.1 RNA-seq analysis revealed ntestinal clock is a key mediator in

regulating intestinal immune homeostasis

Unlike thecentral clock in SCNvhich regulates basic physiology such as activity/rest and body
temperature, andgynchronize peripheral clocks through neural signals and horf@pnes
peripheral clocks dominantly controls the rhythms of tissue specific funsctidus it is
extremely important to investigate tissue specikixks and functions when assessing tissue

relevant diseases.

In our study understanding the function of the intestinal clock becomes critical swece
focusedon inflammatory bowel diseaskn order to get a first glance on how the intestinal clock
works on transcriptomic levels, bulRRNAseq analysisvas performedn mice with genetic
dysfunction of the intestinal clockBmall¢"), which helped us to understambtential
mechanismshow a disrupted colon clock in e.4j-10" mice might affectGl inflammation.
Indeed, amajority of intestinalclock controlled genes were found to be involved in local
immune functions and epithekaticrobe interactionsl he intestinatlock regulatesmportant

inflammatory marker genes, such &, which are arrhythmic and enhancedlirl0" mice
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and have previously bedinked to the development of IHD81]. Intestinal clockcontrolled

genes are also involved in immune cell recruitment, sudfa®, which plays an important

role in intestinal homeostasis by regulating immune cell abundance in colonic lymphoid tissues
and the secretion of mucassociated proteins and antimicrobial pep{it@3] as well a\bcc?2,

which actively regulates mucosal inflammatj@69]. Both genes are differentially expressed
and lost rhythmicity in mice lacking an intestinal clock. MoreoRemcwhichencodes the IBD

risk factor ROR[170], was elevated and arrhythmic in mice lacking intestinal clock. These

results further suggethe importance of the intestinal clock in modulating {B@® phenotype.

In addition, the expression of the pmugratory gene®/caml and Cxcr4 undergoes diurnal
oscillation in multiple lymphoid and nelymphoid tissueld.09, 182] Here we further extended
these observations to the colon, that the circadian expression of these two genes require a
functional intestinal clockFurthermore,Cxcr4 mediates the diurnal oscillations in T cell
distribution and respondé€99] andVcaml is involved in the rhythmic pattern of leukocytes
migratiorf182]. Therefore arrhythmicity of these genes likely contributes to the immune cell
recruitment to colon lamina propria and thus impact the local immune respachsentribute

to the IBD development and progressidndeed, Bre we provide the first evidencerfa
functional role of the intestinal clock in regulating rhythmicmune and inflammatory
processes including immune cell recruitment and microbiota composition, which are both key
elements in IBD development or progres§l@i]. For example, alysfunctionalcolon clock

in 11-107- andBmal15’- mice caused loss of rhythmicity in the recruitment of T cells into the
colonic lamina propria. Similarly, rhythmic leukocyte trafficking into the bloodstream and
tissue infiltration to lymph nodes, spleen and bone marrow has prigvimen described for T

cells and monocytes and depends on- aalld tissuespecific circadian clockd83]. The
physiological importance of diurnal immune cell recruitment was demonstrateddeltsT

recruitment in lymphoid organs which improved the immune response to antigens and bacterial
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infection at nighitt09]. Moreover, clusteringpecifically of CD4+ cells in the intestine induced
colitis in an adoptive transfer mouse mg¢#ig#]. Consequently, arrhythmic leukocyte
recruitment to the colon might have augmentieel inflammatory response mice with a

disruptedcolon circadian clock.

Interestinglythe intestinal clock tends to regulate different sets of genes during rest and active
phase. DEGs are enriched mainly in leukocyte apoptotic process, insulin response, peptide
hormone response andraadian rhythm during the day, while at night, more metabolic
pathways are affected (e.g. xenobiotic catabolic process, bile acid secretion, cholesterol
metabolic process, sulfur compound transpofithesefindings further support the potential
therapy stategy that the timing of medicine treatment should be taken into account ialclinic

applicatiorf185].

However, #houghBmalldeletion in IECs results in wide range of alteration in immune
response and metabolism related pathways, disruption of intestinal almo&is not the
decisive factor to induce tissue pathological changes. UBlikal1¢/- mice, 1-10" mice are
prone to get IBBlike intestinal inflammation spontaneously, whose intestinal clock is altered
but still exists Thuswe generated thBmall5¢’xI1-10"B mice, namely a mouse model that
develops colitis via aging and does not harbe functonal intestinal clock at the same time.
Indeed, lack of intestinal clock accelerates and exacerbates the colitis phendtyp@/fft®
mice, which results in shortened lifespan and increased disease activity. Similarly, mucin 2
interleukin 10deficientdouble knockeeut micewere used to identifynucus layer as a key
regulator in colitifl86]. Moreover,VDR-IL-10 double knockeeut mice were generated to
validate thawvitamin D receptor (VDR) is essential to regulate gastrointestinal imnjli@ity

Herein this studywe first addrestheintestinal clock as a key regulator in coltisvelopment

91



5.2 Microbiome alteration caused by intestinal clock dysfunction might

contribute to the GI diseases

Microbiota composition and function has frequently been associated to the development of GI
inflammatiorj188] and loss of rhythmicity of the microbiome was linked to the development

of obesity and Type 2 diabef84]. Germfree mice are free of DSS induceditislalthough

they are more susceptible at higher DSS concentrations due to damage to tH80jaarst
absence of colitis as well as immune aatiion was characterized in germ fied 0’ micg165].

Thus we also characterize the microbiota composition and its derived metabolites in our genetic

modified mouse models.

Interestingly, microbiomehythmicity was disrupted iH-107-5"*29mijce. This was likely caused

by intestinal clock dysfunction in these mice, because the intestinal clock was recently
identified as a major driver of microbiota rhythmi¢2y]. Similar to previous results obtained
from Bmal1E¢- micg27], intestinal clockcontrolled taxa involved in SCFA fermentation and
secondary bile acid formation, suchL@ashnospiraceaandOscillospiraceagwere arrhythmic

in 11-1075¥12° mice. Arrhythmicity of these specific taxa lik10"5'*2° mice likely caused the
reduced amplitudes or loss of rhythmicity in the levels of specific BAs, such as D&Ao7

CA, HDCA anda-MCA, which have frequently been linked to intestinal inflammatl&®,

190]. Notably,reducedevels of secondary BAs, e.g. DCAs and HDCAs identifieBrimal 15

" mice receiving diseaseassociated microbiotavere also found irin patients with UC and
supplementation particularly witBCA ameliorates experimental colitis in mjit@1]. Thus
arrhythmic microbial metabolite production due to loss of rhythmic microbiota composition in

11-10" mice might promote their inflammatory immune response. Indeed, our recent transfer
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experiments provided evidence that arrhythmic microbiota and derived products can alter Gl

immune homeostag$r].

However, transfer of arrhythmic microbiota fr@mal15¢" micedid not increase the severity

of inflammation in gerrfree I1-10" recipients, suggesting that intestinal clock dysfunction
rather than loss of microbial rhythmicipredominantlyinduce colonic inflammation. Indeed,
transfer of IBDassociated microbiota provide direct evidence for thgsiplogical relevance

of the intestinal circadian clock for the inflammatory response. Depending on the recipient
genotype, diseasassociated microbiota caused an inflammatory response, which reflects the
one observed inl-1075'12° mice. Enhanced CD4T-cells infiltration and elevatednf
expression was onlpund in colonic tissues @&mallE“" recipients. Moreoversimilar toll-
107-5V12% mice, we found altered abundance of zOTUs belongingaithnospiraceaeand
Erysipelotrichaceagand IBD-assocted microbiotaderived products, such asMCA and

DCA, were suppressed and their time difference was I&nial 15" recipients. These results
reflect the immune response observed in k" donors and thus indicate an activated, early
inflammabry response although in colon cross sections no pathohistological tissue changes
could be observed between genotypes. This might be due to the patchy colonic inflammation
associated wi t hlike phemotyper repbriedits 10/ driicd192]. Alogether,

these esults highlight the relevance of intestinal clock function for Gl inflammatory processes
involved in microbiotainduced IBD developmeninterestingly, a functional intestinal clock in
control recipients was capable of restoring the circadian time diffesof zOTUs These
rhythmic hostshowed reduced immune cell recruitment into lamina propria and inflammatory
marker gene expressi@amd thus indicatethat restoration of the intestinal clock might reduce

Gl inflammation.
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5.3 Targeting the intestinal clock by RF iscapable to ameliorate IBD
symptoms
It is important to not only focus on the cause, but the cure, hencewitehed our focuso

methods which are capable estore the disrupted intestinal clocklirl0” mice aml thus,

ameliorate the colitis severity and progression.

Time-restricted feeding is a widely applied approach teyrechronize peripheral clockad
uncouple them from the SCN as dagtricted feeding in mice completely reversed the
circadian clocks irvarious peripheral organs including liver, stomach, as well as intestine
without influencing the central clock in SCINB]. However, considerable amount of studies

link the beneficial effect of RF with caloric restriction and body weigh{1&, while in our

case, mice had compataldood intake between ad libitum and restricted feeding conditions.
Moreover, it is extremely difficult to accurately measure the body weighticd under RF
condition. For example, at the end stage of RF protocol mice only have 4h to get food access,
resulting in huge body weight changes before and after food intake. Thus it is not convincing
to compare the body weight before eating (RF condition) with AD mice which have free access

to food.

At the molecular level, the mechanisms how RF influgheecrcadian system can be mainly
divided into two parts, the fasting statand feeding state. In detaithe AMP/ATP ratio
increases without the food intake, which activates A\dBvated protein kinag®AMPK) and
AMPK in turn reduces the stability of serine71@RY1[193]. Fastingalsoactivateshe rate
limiting enzyme nicotinamide phosphoribosyltransfera@AMPT) and thus increas the
cellular availability of NAD+ and activates SIRTL1. Importantly, SIRT1 is capable to bind

CLOCK:BMAL1 and supress the transcriptionRdr119]. Thusfastingplays an important
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role in regulatingboth transcription and stability oPer and Cry, which derepresses
CLOCK:BMALL1 and increases their amplityd®4]. On the other handopod intake directly
activates the nutrierdctivated serine/threonine protein kieagapamycin (mTOR) which
induces CRY1[195]. Food presentation also suppressed NAMPT function and reduces cellular
NAD™, as well as inactivating SIRT1. In the scope of the cycle, fasting enhances the positive
limb of the clock systemBMAL1) while feeding contributes to the negative lin@R{ and

PER).

Degradation

CCG
romoters

Acetyl-CCG
promoters

Cry and Per

Figure 24 Molecular mechanisms of time restricted feeding in regulating circadian clock
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In the fasting state, nutrient depletion activates AMPK and then induces the degradation of
CRY by phosphorylation. Next, AMPK activates SIRT1 activity via NAMPT and SIRT1 binds
with CLOCK:BMALL1 and represses the transcriptiorPef2. Theacetyltransferasactivity of

clock is counteracted by SIRTIh.the feeding state, nutriat availability acivates mTOR Wich
induces ®RY and thusrepressesCLOCK:BMAL1. AMPK:,AMP activatedprotein kinase;
Bmall, brain ananuscle arnt like 1; CCG, cloetontrolled genes(lock, circadian locomotor
output cycle kapuytcry, cryptochrome; mTOR, mechanistic target of rapamycin; NAD,
nicotinamide adenine dinucleotide; NAMPT, nicotinden phosphoribosyl transferaseer,

period; SRT1, sirtuinl.

In order to determine whether intestinal clock function can be targeted to influence the immune
response to Gl inflammatiohl-10" mice were exposed to night time restricted feeding (RF).
RF in mice kept in different light conditiongas capable to influence the rhythmicity of major
clock genes in intestinal tissues independent of the central ¢iit%k 126] Here we
demonstrate that the coloragcadian clock can indeed be restored by RF in a diseasede

model (I-107) with disrupted colonic clock function. Targeting the colon clock by RF further
led to restoration of rhythmic colon clock functions, such as*CDdell recruitment into the
colonic lamina propria and microbiome oscillations. In confirmation with our hypothesis RF
ameliorated the IBBike colitis phenotype ifl-10" mice and substantially enhanced their
survival. This is in accordance with resutibtained in mice showing that RiFotect from
DSSinducedcolitis by affecting intestinal functiofs96, 197] Similarly, RF in a mouse model

for arthritis influences lekocytes responsiveness and improves systemic inflamnfib2®h

In humans, meal timing was tested as treatment for a variety of diseases including diabetes,
cancer and tissue imjeq198]. Although inconsistent meal times could be correlated to IBD
symptom§l18], to our knowledge no clear evidence has been generatgtding the

beneficial effect of RF on IBD patients.
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5.4 The beneficial effects of RF require the presence of intestinal clock

However the mechanism of RF on disease outcome remains unclear. Although our results
indicate that RF might prevent or redunammation by activating the intestinal clock, this is
particularly difficult to prove due to the circadian systende effects of RF. Namely, RF was
found to induce phase shifts in clock gene expression in the liver, kidney, pancreas, WAT and
intestinaltissug¢13, 124]and to affect gene expression involved in inflammatoryadiong such

as NFkB, TLR or IL-17 in many tissues including the intesfik#9]. Here, we provide the first

direct mechanistic evidence that the effect of RF on theisgeéiBD is gated by the intestinal

clock, because RF failed to reduce the inflammatory phenotype (immune cells infiltration,
inflammatory marker gene expression, histopathological scores) due to genetic dysfunction of
the intestinal clock iBmal15¢/xII-10" mice. Our results ar@ accordance with a report

indicatingBmallgene expression in colonic/jejunal IECs could not be restored [20BF

Notably, we observed an improved richness following RBrimal15¢"x11-107 mice, which

has been associated with improved IBD condifid@%]. Thus, we cannot exclude that other
factors, such as the microbiof@8, 99] and hormond202], known to respond to RF
independent of the intestinal clock, might additionally contribute to the improved disease
outcome. Nevertheless, no significant improvements in tissue pathology oiflémennatory
response nor enhanced overall survival following RF was obserBrdatl=“"xI1-10" mice.

Thus, these results demonstrate thatitiestinal clockrepresents target fortreatment of

gastrointestinal inflammation

Taken together, our results demonstrate that a functional intestinal clock is essential to maintain
Gl homeostasis and represents a major player in IBD progression. In addition, our findings

suggest that enhancing intestinal clock function by meal timiggntnfbecome the next step to
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develop novel strategies in circadian therapies of IBD and potentially other metabolic diseases

in humans.
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Conclusion

This work represents a novel approadantifying thehost intestinal cloclas themajor driver

in regulating intestinainflammation andvalidate it as the target for the beneficial effects of
time-restricted feedingOur results demonstrate that a functional intestinal clock is essential to
maintain gastrointestinal homeostasis amtesents a major player in IBD progression. Taken
together, our findings suggest that enhancing intestinal clock function by meal timing might
become the next step to develop novel strategies in circadian therapies of IBD and potentially

other metabolic deases in humans.
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