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Abstract

Certain members of the microbiota gen&fidobacterium are known to positively influence host
well-being. Importantly, reduced bifidobacterial levels are associated with InflammaBmwel
Disease (IBD) patients, who also have impaired epithelial barrier function, including elevated rates of
F L2 LI 2GA0O SEGNHAAZ2Y 2F avYltf AyiSadAylf SLAGKSE
Using a mouse model of pathological cledding, we show that mice receiviBg breveUCC2003
exhibit significantly reduced rates of small intestinal epithelial cell shedding. Bifidobatteiugled
protection appears to be mediated by a specific bifidobacterial surface exopolysaccharide and
interactions with host MyD88 resulting in downregulation of intrinsic and extrinsic apoptotic
responsesto protect epithelial cells under highly apoptotic condition®ur results reveal an
important and previously undescribed role f&. breve in positivdy modulating epithelial cell
shedding outcomes via bacterdabnd hostdependent factors, supporting the notion that

manipulation of the microbiota affects intestinal disease outcomes.
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Introduction

Bifidobacteriarepresent one of the fst colonisers of the infant gut and are prominent members of
the adult gut microbiotd1, 2]. Theyhave beenlinked to a numbe of healthpromoting activities
including thepromotion of antitumour immunity[3], modulation of antimicrobial activities against
pathogenic bacterigd4] and protection against relapse of Ulcerativelifis [5, 6]. Despite these
purported benefits, the molecular mechanisms underlying these protective effects bybasfitkria
remain largely unknown,although recently components of their surfage including the
exopolysaccharide (EP®ve been shown to play a significant role in modulapngtective effects
[7]. It is critical to obtain dtailed insights into the mode of action by whioficrobiota members
sustain and improvéhost health, as this will be centrato future disease treatment/prevention

strategies.

There is a groimg body of evidence suggesting that the microbiotAuences intestinal epithelial
cell (IEC)function, including gene expression, cell division and energy bal@dd]. These
symbiotic bacterial/host relationships have -ewolved to the extent that the microbiotas
indispensable for the maintenance of gut homeostddig]. Importantly, microbial dysbiosisas
indicated by areduction inoverall diversity,including specific reductions imifidobacterium has
been linked toInflammatory Bowel Disease(IBD)[13-15], underlining the critical importance of

host/microbeinteractions inmaintaininga steady state within the intestine.

The epithelium of the small intestine represents the first line of defence against ehtvgateria

into host tissuesCell division in the cryptunder physiological conditionis,counter-balanced by cell
shedding from the villi to maintain homeostasis and integrity of the crypt/villus axis. When the
epithelial cell is sheda discontinuityin the villus epithelial monolayer is created, whigbtentially
compromise the epithelial barrierin health epithelial barrierfunction is maintained16], due toa
dramatic redistribution of apical junction complex proteins includifmnula Occludin 1 (Z1),

occludin land Ecadherin whichform a funnel thatsurrounds the shedding cell and plsghe
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resultinggap until the movement of neighbouring epithelial cells restores epithelial contifility

19].

TNFh A& 1 S@& Wearndsdtheksyidve shofun that BNBinduces apoptosis of villus tip
epithelial cells causingxcessive sheddinteading tobreakdown of the epithelial barrier and micro
ulceration[16, 20]. Delayed repair of epithelial defects caused by excessive cell shedding contributes
to the development of macroscopic ulcerati¢®l]. Our studies with confocal endomicroscopy of
patients with IBD in clinical remission have demonstrated that those patients with high rates of cell
shedding are mordikely to relapse than those with low shedding rates, demonstrating a causative

link between barrier function and the inflammatory resporj2dj.

Given repats of beneficial effects of certain members of the gut microbiota in IBD and potential
roles of microbial dysbiosis in these diseases we hypothesized that certain -peattioting
microbiota members, includinggifidobacterium may play a role in protectin against the cell
shedding response byodulating IEC functionTo determine the contribution dbifidobactera in
cell shedding, we employed a well characterisedvivo mouse model in which pathological cell
shedding is induced by intraperitoneal adnsindtion of Lipopolysaccharide (LPS), driving
mononuclear cell expression of TRNFand subsequentcapase3-positive shedding cellf22]. Our
results suggesa paticular bifidobacterialstrain (i.e. human isolateB. breveUCC2003positively
modulates the small intestinal cell shedding response vimst MyD88 and bacterial
exopolysacchariddependentinteractions which serve to significantly reduce apoptotic aligng in
the epithelial compartment This points at a previously unknown mechanigm which this
Bifidobacteriummicrobiota member protectdts host against pathological cell shedding. These
findings may thus have important implications for the future igesof therapeutic strategies in the

context of intestinal diseases.

Materials andMethods
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Animals

C57 BL/6 Jax mice-1® weeks) were obtained from Charles Riwdikcre Myd88 transgenic mice
(i.e.Cre recombinasexpressiorcaugstruncation and resultig nonfunction of the MYD88 protein

in IECkwere obtained from thaVellcome TrusSanger Centrekind gift from S. Claje

Bacterial culture and inoculations

Bifidobacterium brevestrains UCC2003, UCC2003del and UCC2003inv were used for animal
inoculatons. These strains and corresponding culturing conditions have been previdesslybedn

detail [7]. In brief, colonies were established from frozen glycerotlss onto reinforced clostridial

agar (RCA) plates before being subcultured to reinforced clostridial medium (RCM) and subsequently
Man Rogosa Sharpe (MRS) medium (Oxoid, Hampshire) under anaerobic conditions. Bacteria were
then purified by centrifugatiomnd washing in PBS containingyisteine before being reconstituted

in sterile PBS at a final concentration of approximately 1'%taiteria m*. 0.1 mL of inoculum was

then administered to mice by oral gavage in 3 x 24 h doses followed by platingaail pellets on

RCA containing 50 mg mupirocin to confirm stable colonisation. Control mice received oral gavage

of PBS only.

LPS injections and tissue collections

24 hours after the last doses Bf breveor PBS control, mice received an IP injatiid 1.25 mg kg

LPS from Escherichia coli 0111:B4 (Sigma) or sterile saline (control) and mice were sacrificed 90
minutes postchallenge with LPS. Proximal small intestine was collected in 10% neutral buffered
formalin saline (Sigma) and fixed for 2#oHowed by paraffin embedding. Samples of proximal small
intestine were also collected into RNA later (Manchester) for transcriptome analysis or frozen on dry
ice for subsequent ELISA analysis. In some cases, proximal small intestine was also cdttected in

Hanks buffered saline solution (HBSS) for isolation of intestinal epithelial cells.

Immunohistochemistry
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immunohistochemistry. Following dearafinisation and rehydt&n, tissue sections were treated

with 1% hydrogesperoxide in methanol to block endogenous peroxidases. Subsequently, slides
were treated using heaihduced antigen retrieval in 0.01 M citrate acid buffer (pH 6) followed by
incubation with a rabbit polyonal antiactive Caspasg8 antibody (AF835:R&D systems).
Visualisation of caspas® positivity was via a peroxidasabelled antiNI 60 6 A 0 9y +AaA 2y x
antibody (Dako) and 3 8liaminobenzidine followed by counterstaining with haematoxylin. For
macrghage staining, antibody against F4/80 antigen (ab6640:Abcam) was employed using

biotinylated antirat (BA9401) and AvidiBiotin reagent (P#100) (Vector laboratories).

Quantification of caspasg positivity

IECs were counted on a cell positional bé&sim villus tip (Cell position (CP) 1) down towards the
crypts under 400x magnification. 20 well orientated hefifli were counted per mouse and analysed

using the Score, WinCryg@3]F YR twL{a Fylfeéaira az2FislNBd L9/ a
where staining for active Caspa3ewas absent. Immuniabelled cells with either unaltered or
shedding morphology were treated as caspaspositive. Imaging waserformed with an Olympus

BX60 microscope and C10plus digital camera.

RNA isolation and redime PCR

Samples fixed in RNAlater solution were processed through RNeasy plus mini spin columns to isolate
total RNA (Qiagen). In brief, samples were homogeniséth a rotor stator hand held homogeniser

in buffer RLT before processing through a QlAshredder column and subsequently RNeagynmini
columns. Purified RNA was eluted into RNAase free water. Reverse transcription was performed
using the Quantitect rearse transcription kit (Qiagen) and cDNA used for-tiead PCR analysis. For
reaHime PCR, transcripts were amplified using Quantifast SYBR green mastermix (Qiagen) and

Quantitect primer assays for TNFX -Rlyand F4/80(EMR1) Expression of the houkeeping

€

~

a

£



127 gene Hypoxanthin@ dzl YAy S LIK2 & LK 2 NA 0 2 ZGACGASTCAACAGOGGACRT ol t w
128 6 4 Sy a S OAGGTYTRTAGCAGTTC@AGQC 0 | Y [P4 &v&yals® deermined. Cycling was

129 performed on a RochkightCycle#80 using the following conditions: 95, 5 min then 40 cycles of

130 95°C, 10 s; 61T, 35 s. Relative quantification of levels of transcript expression was calculated using

131 the Pfaffl method25] by comparing cycle threshold (Ct) value of each target genbadTvalue of

132 K2dzAS{1SSLISNY 5FdGF FNB LINBaSyiSR lFa I WWYF2fR OK

133 untreated mice/cells).

134 Isolation of IECs and FACS analysis

135 IECs were isolated using a modification of the Weiser methoddl2fly In brief, whole small

136 intestine was collected in ice cold HBSS before being chopped into 8fiemes and washed in a

137  solution containing 0.154 M NaCl and 1 mM DTT and swiesely a solution containing 1.5 mM KCl,

138 96 mM NacCl, 27 mM Tsodium citrate, 8 mM NajfPQ, and 5.6 mM NgHPQ, pH 7.3. IECs were

139 then isolated by incubation in PBS containing 1.5 mM EDTA and 0.5 mM DTT, shaking at 200 rpm and
140 at 37°C. Purity of epitheligbreparations was confirmed by histological analysis of stripped intestinal

141 mucosa and by FACS analysis of isolated cells. For FACS analysislSxd@re stained with anti

142 mouse CD4#A\700 (Biolegend) on ice for 30 min. After two washes in HBSS cagt&ifil BSA, 2

143 mM EDTA, 20 mM HEPES, 0.01% ;Nphbpidium iodide was added (Biolegend) and samples

144  analysed on a Sony FCS&RM flow cytometer. Data were analysed using FlowJo (TreeStar).
145 ELISA

146  Frozen proximal small intestinal samples were homogenisedtiaction buffer containing protease
147 inhibitors (Roche), cleared by centrifugation and analysed using a commercial ELISA-kit TNF

148 6S. A2a0ASYyOSU0 a LISNI Yl ydzF I Of dzNI NIzg 2 NBIR O & OZ i e a

149 nm using a Fluostar Optimdgpe reader (BMG Labtech).

150 Native PAGE, SIPAGE and Western blotting
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Isolated intestinal epithelial cells were lysed in CelLytic MT reagent (Sigma) before centrifugation at
10,000 rpm for 10 minutes to pellet cellular debris. Supernatants were mixed 2vikhLaemmli
sample buffer before being separated by sodium dodecyl sulfate {SBGIE witl8-14% acrylamide

gel and transferred to HyborE PVDF membrane (GE Healthcare, Buckinghamshire, UK) and
blocking with 5% marvel in with tris(hydroxymethyl)amindhamne. (Tris}buffered saline containing
Tween 20 (TTBS), immustaining was performed with 1/1@
anti-TNFR1 antibody Abcam) and 16000 Goat antRabbit IgG HRP conjugate (Millipora)
reduced gel Macrophage expression was analgisgimilarly using antibody against F4/80 antigen
(Abcam) at 1:1000 and goat amn#t IgGHRP (SantaCruat 1:3000, on a norreduced gelWashes

were in TTBS. For detection, Immobildiwestern chemiluminescent HRP substrate (Millipore) was
applied to themembrane as recommended by the manufacturer and signal was detected using a

FluorChem E imaging system (Protein Simplelhd densities were quantified using Rjr].

PCR array analysis

Real Time ready Custom Panel 4806+ PCR arrays were obtained (Roche) amahtitative PCR
analysis performed. RNA was extracted from whole small intestinal tissue preserved in RNAlater
reagent (Sigma) using RNeasy plus mini kits (Qiagen). Reverse transcription was performed using
Transcriptor First Strand cDNA Synthesis Kibvi@t by analysis of targets using LightCycler 480
Probes Master on a LightCycler 480 platform (all Roche). Standard protocols as per manufacturer
recommendations were followed. CT values of target genes were normalised to expression of the
housekeeping gemnHPRT and fold change versus control samples calculated using the delta/delta CT

method[25].

Statistical analysis

Experimental results were plotted and analysed for statistsghificance with Prisk software

(GraphPad Software Inc). A p value of < 0.05 was used as significant in all cases.



175 Results

176 Lipagpolysaccharide induces cell shedding from small intestinal villi in a dose dapemdnner

177 Caspase is activated in intestinal epithelial cells during their extrusfoom the tips of small
178 intestinal villi [18, 28]. Similar to previous reports, we found that cont©@b7BL/6mice receiving
179 intra-peritoneal (IP)PBSinjection showed low levels of cell shedding as ewmikd by low level
180 expression ofcleavedcaspase8 (CC3)in the epithelial cell layeFig 1A). Recent studies have
181 demonstrated that following IP injection of mice with Ljmysaccharide (LPS3olated from
182 Escherichia cold111:B4, a potent cell sheddj response is inducedimilar to that observed in
183 relapsing IBD patienf22]. In agreement with these studies, we foundignificant increase in CE€3
184 mediatedcell shedding at 90 minutes pestiection of1.25mg kg' LPS, not only at the villus tip, but
185 also along the shoulders and sides of the villus (iBy Effects of LPS on the cell shedding response

186 were found to be dose deperdt, in agreement wittprevious observationf22] (data not shown).

187 B. brevamodulates LPSnduced cell shedding

188 Variousmembers of the microbiotare knownto promote a heéthy gut[29], although theprecise
189 mechanisms behind thimain incompletely understoodVe reasoned that because the integrity of
190 the intestinal epithelium is intrinsically linked to the wb#ing of the hostand becausethe
191 microbiotais expected to impact on epithelial crosstafiuch healthpromoting speciesnight play a
192 role in regulating cell sheddind.o test this goups of C57 B/6 mice were initially dosed with
193  vehicle control (PBS)r with 1 x 16 B. breve UCC2003isolated from a healthy infanipn 3 x24 h
194 dosesorallyto establish stable colonisatidii]. Colonisation was confirmed by fae&#FU countsn
195 day4 (Fig.Sl). Mice were thenadministered LPS tmduce pathologic cell shedding, followed by
196 sacrificeat 1.5 h Following dosing witiB. breveUCC200&nd induction of cell shedding with LPS,
197 mice showed a marked redtion in the levels of CCPositive shedding cellsompared to LPS

198 treated control mice receivingPBS gavagéFig 2A-B). Cell count analysis confirmed significant
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reduction incell shedding at the majority of positions along the length of theiwih B. breve
UCC2003reated mice(Fig 2C; p< 0.01, ANOVA). Thus. breveappears to modulate epithelial

integrity/survival duringperiods of inflammatory insult

Previous studies have indicated that bifidobacteria may modulate the compositionotbier
microbiota members and within the context of IBD, studies have linked microbiota disturbances
with active disease. Thus, to determine if bifidobactec@onisation impacthe gut microbiota we
analysed the community compositionsing a 16S rRNAased sequencing approachwe found
minor changes to the community structure iB. breve UCC2003versus control treated mice
(C57BL/6) but overall, nonotable differences(but expected increase in Actinobacteria in tBe
breve UCQR003 group)in microbiota classabundancebetween the treatment groupgFig ).
Bifidobacterial colonisation takes pla@dong the gastrointestinal tract including themall/large
intestine and caecumRNAscope analysghowed thatB. breveUCC2003was found in intimate
contact with the IECs of the small intestine in cidedC57BL/6nice (FigS3). Together, hese data
suggest thatcolonisation withB. brevedoes not produce significanshifts in the overall gut
microbiota community structwe and thatthe observed protectiveeffects after colonisation are
more likely related to direct effects d. breve, possibly through interactions with the intestinal

epithelial cells.

The mechanism of protection againg?Sinducedcell sheddingis TNF_ A Y RS LISY RSy i

LPSnduced cell shedding isausedby the releaseof TNF" from lamina propriatissueresident
macrophageswhich bindsto TNFreceptor 1 (TNfR1) on intestinal epithelial cells[22], thereby
driving the apoptotic response&Conditioning of macrophage respondag the microbiota has been
reported previously [30] and, consistent with this databacteria such asB. brevehave been
described topossessimmune-modulatory properties [31]. Thus, b determire whether the cell
shedding outcomgas modulated byB. breve was caused by reduced expressionTF" from

macrophageswe isolated RNA and proteifnom whole small intestine otontrol andB. breve

10
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UCC2003reated C57BL/Gnice followingLP8mediatedinduction of cell shedding. As shown in.Fig
3Ano significant differace in levels of TNF  LINJvas 8bkeyved betweergroupsand this was
confirmed at the transcriptional level (data not showNye alsdfound nochanges in expression of
TNFP Ay { K SB. hdfvé UCZ2003®e@ted versuscontrol mice following LR®duced cell
shedding (Fig. 3B) or any significant differencén the numberdevels of F4/80° macrophages
infiltrating the small intesting(Hg. 3GF). Together, these datauggest that modulation of the
reduced cell shedding responisgndependent of TNE A y R &ificé the2nylcrobiatmay be able
to interact directly with IECswe postulated thatB. breve modulates a signalling pathway
downstream of the TNF  f A3 yR® ¢2 (Sad ¢-RiSwaK iededSrE thiNS & & A 2
epithelium following dosing witlB. breveUCC2003IECs were idated from whole small intestinal
tissue using anodified Weiser methodology[32], after whichpurity of the IEC populatiomvas
confirmed by histological analysis of stripped intestinal tissue and FACS analysi3GEHil
Subsequenguantitative RFPCR andVestern blot analysis of isolatedEC populationshowedno
changes to expressionf the TNFR1 transcript or protein following exposure B breveUCC2003

(Fig 3I-K), suggesting that there is no impairment of signalling at the level of the receptor.

Functional epithelial M988 sigalling is required forB. brevemediated protection against cell

shedding

Intestinal epithelial cells samplmicrobe-associated molecular patterns AMPS) of the intestinal
luminal contents using a variety of receptors including members Nicleotide-binding
OligomerizationDomain (NOD)family, Gtype lectin receptors (CLRImily andthe TolHike receptor
(TLR superfamily MyD88 is a critical adaptor protein in signalling downstream of the majofitlye
TLR family memberf§33]. We thus used epitheliatspecific (ViCre) MyD88 knockout mice to

determine whetherB. breveelicitsits protective effects viapithelial TLR signalling pathways.

C57BL/eVlyD88" villin-cre mice (i.e. IEC MyD88 KO miaw)lonisedwith B. breveUCC2003showed

similar rates of LR®duced cell shedding tBSgavagedEC MyD88 mice. In comparisorgontrol

11
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mice (i.e. C57BL/@MlyD88™ villin-cre), showed the expectedmtection against cell shedding in the
presence oB. breveUCC2008Fig 4A-D). Furthermore RIPCR analysis of IE@mogenateshowed
increased expression of TLR2BinbreveUCC200%olonisedmice when compared to control mice
(i.e. PBSFig. 4k Takentogether, these datandicatethat functional MyD88signalling potentially

via TLRiB required for modulating the protective effect Bf breveagainst cell shedding outcomes.

B. breveEP$lays a role in modulatingrotection against LRBduced ell shedding

Recently, a number of functions modulated by bifidobacteria have been shove tmediated
through surfaceassociatedEPSncluding resistance to gut infectidid]. Interestingly, theepsgene
clustersrepresent a relatively conserved feature lfidobacterialgenomes, includingthose ofthe
speciesB. breve34]. In order toinvestigatethe role of EPSn modulating the response against cell
shedding we useda deletion mutant B. breveUCC200EP8el) that expresseseither EPS1 or
EPSZ7]. Mice werestably colonised by dosing witB. breveEP $ositive o EPSegative strains
followed by challenge with LP&igSL). Strikingly, vinen colonised with theB. breveUCC2003
EP8el, no protection against cell sheddimwas observed in contr@l.e. PBSYyersus colonised mice

(Fig 5A&B).

B. breveUCC2003 controls EPS biosynthesis via a bidirectional gene cluster which results in
expression okither EPE B. breveUCC200B8or EP8 ([B. breveUCC200EPSInv)7]. Thus, b gain

further insighs into the role of a different EPSin the protective cell sheddingresponse, we
undertook studies using. breveUCC200EPSiv. Colonisaibn with EP expressindgB. breve (i.e.

B. breveUCC200&EPSIiv) also failed to show any protection against tiRdBiced cell shedding,
suggesting considerable variation in the protective respodependent upon EPS genetic and

chemicalstructure and orgaisation (FigbC&D). All strains are directly comparedfig34.

Together, these studiesmphasize the striking strawariant specificitythat is observed with regard

to the individual protective effects of these bacteria following irRfticed cell sadding. This is

12



273  likely regulated by the specific molecules produced by esicin, including theEPS. This highlights

274 GKS ONRGAOIET ySSR (2 TFdzZte 3IASySGAOLFffe OKFNI OGS

275 dissection of their functionalféectsin vivofor optimal translation to human patients

276

277 B. breveEPS attenuates inflammatory and apoptosis signalling

278 In order to gain further insight into the changes taking place in the small intestine following
279  colonisation withB. breveUCC200&nd the influence ofEPSwhole small intestinal samples from

280 control (i.e. PBS)and colonised(EP$ositive B. breve UCC2003and EP$egative B. breve

281 UCC2002lel) mice following challenge withPS were analysaging a custonRFPCR arrayfig. 6

282  49/84 targets are shown, full setof data is displayedn Fig SA&B)to look for transcriptional

283 changes to key inflammatory transcripts and those involvedch@napoptotic cascaddnterestingly,

284 small intestinal samples frorB. breveUCC200EPSdel colonisenhice (Fig. 6A and Fig. S3A&B)
285 showed significant increases (fdd and p< 0.01) in 1& and Tnfrs1shen compared to control

286 and LPS challenged micMoreover numerous other apoptotic and inflammatory genes were
287  significantly upregulated (>-fld, p<001) including Bad, Cycs (Cytochrome C, Somatic), casp4, Fas,
288 Traf5 and Tnfrs9ln cntrast in EP$ositive colonised micéi.e. B. breveUCC2003pur analysis

289 showed only subtle changes to the expression of the majority oftdéingets when compared to

290 control LPSanimals In addition, whilstsignificant elevatiorf> 2fold andp< 0.05)in IL-6 and Tnfrs15

291 was observed following colonisation witlB. breveUCC2003Tnfrs15 expression was markedly
292  decreasedversusB. breveUCC200EPSdetolonised mice (3old vs 16fold increase).These data

293 suggest that signalling via EPS may downregulate inflammatory and apoptotic networks which would

294  otherwise lead to elevated cell shedding.

13



295 Discussion

296 We report that colonisation of mice witiB. brevesigificantly reduce pathological/apoptotic
297 epithelial cell sheddingthrough a previously unknown mechanism involving bifidobacteriat EPS

298 MyD88 signalling.

299

300 The gut microbiotaappears central to maintaining epithelial barrier integrity and importantly
301 disturbances in the nirobiota appearpivotal in IBD pathogenesitndeed, IBD patients (paediatric
302 and adult cohorts) have been shown fmssessa reduced overall microbiota diversity and
303 reductions in specific gema includingClostridium Bacteoides, Faecalibacteriunand, of particular
304 interest here Bifidobacterium[6, 15, 35]. Previous clinical trials have shown tredministration of
305 bifidobacterial strainscan reduce the incidence of relapse patients suffering from 1B36].
306 Following LP$nduced cell shedding, we observed tteapriori administration ofB. breve UCC2003
307 (which is a humaisolated strain, thus more translatioarelevant)conferred a significant level of
308 protection which manifested as significantly reducedpase3 positivity within the villus epithelium
309 (Fig. 2AC). Previous studies have highlighted that bifidobacterial supplementation rlap
310 modulate the wider microbiotén mouse model$37]. However, our data indicate that whilst there
311 are modestdifferences between PBS aBd brevecolonised miceds indicated byaxa abundance)
312 there are nonotabledifferences(with high variability between animalsjggesting limited effects on
313 overall microbiota profileqFig S1) These data therefore suggestsnaore direct link between

314 bifidobacteria and maintenance of epithelial integrity in the prevention of intestinal inflammation.

315 Previous studies have indited that Bifidobacteriumpredominantlycolonises the colomf infants
316 and adults, as determined frofaecal mucosalscraping or biopsysamples[38, 39|, however,in
317 this work (using a murine modelwe havedescribedSltspecificresponsesFom a translational

318 perspective, in humans thesprotective cell sheddingesponsesmay resultfrom bifidobacteria

14



319 crosstalk in the lower SI. Although difficult to measure in humans, prevaétudieshave indicated
320 Bifidobacteriumcolonisation in the lower Sl.e. theileum, as we observe iour mode). Notably,
321 select studies usinfjeostomy effluents and illeum biopsiéave indicated Bifidobacteria (specifically
322 B. animalis subsp. lactis afd breverespectively)are present in this area of thénfant and adult
323 gastrointestinal (GlYract [40, 41]. Therefore, in the human context, we may obsemlieect Sl
324  signalling via resident bifidobactergad/or remote Slfeedback signalling from colonic bifidobacteria

325 epithelium crosgalk, which could be tested in future clinical intervention studies.

326 As previously mentioned, studies have shown tkisis experimental model of.PSinduced cell

327 shedding is driven by an induction in expression of-TIRtBm the intestinal mucosf22, 42]. One of

328 the key functions of the gut microbiota is induction of tolerogenic or-arftammatory immune

329 responses and thus we hypothesised that bifidobacteria may reduce cell shedding as a direct result

330 of inhibiting TN I YR Y| s&NBDodtaTstirce of TNFHowever, we were unable to

331 detectany changesinlevelsof INF SELINBa&aA 2y 2N YI OB\ReudCER®3 Ay FA L
332 treated or control (i.e. PBS)mice (Fig 3C), suggesting that the protection conferred by

333  Bifidobacteriumstrains isSTNFP A Y RSLISY RSy i ® t NB@PA2dza aidzRB.Sa KI @
334  breveUCC2008luring homeostatic conditions does not induce differences in splenie"Tpdsitive

335 macrophage numbersvhen compared to nottolonised controlg7]. Coupled with the lack of

336 change in expression in TIRA following colonisation (FigH&lI), it appears that macrophages, FNF

337 h  LINE R dzO i ARA ysignalliyigRare ¢nbt @volved inodulating this protective response and

338 suggests thaB. breve UCC200&cts preferentially from the luminal side through interactions with

339 the intestinal epithelial celldHowever, we cannot exclude the potential faPS to block signalj

340 via TNFR1, howeer TNFR1 expression appears to be restricted to thmsolateral surface of

341  epithelial cells and thus it would not be expected tiatbreve(and thus the EPS8Jould havedirect

342  access to this cellular compartmefatr direct inhibition via binding43]. Furthermore,quantification

343  of downstreameffectors(Fig.S3 including FADPDTRAF2 and caspase 2 ando@s notsignificantly
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differ betweenB. brevdJCC2003 anB.breveUCC2003lel colonisedmice,which suggests ERISes

not play a key roleria TNFR1.

To delineate these protective luminal bifidobactesigdithelial interactions, wautilised epithelial
specific Myp88 KO mice which is a key adaptor protein dowesmnh of microbeTLR signalling.
Notably, mice carrying truncated epilial MyD88 (i.e. C57BL/6 MyD88Vvillin-cre) showed no
protection against cell shedding after lonisation ofB. breveUCC2003 (Fig. 4B&Dwhich was in
stark contrast to MyD8®ositive control animals that again showedysificant protection against
LPSnduced cell shedding (Fig. 48% Furthermore we observed significanhcreasesn IECTLR2
expressionn B. breveUCC200&olonisedmice. Interestingly, previous work hasdicated that TLR2
may enhance ZQ associated intestinal epithelial barriertégrity [44], and other studies indicate
that mice deficient irMyD88signallhng have increased susceptibility to intestinal inflammat[ag).
In a UV model of apoptosidMyD88 signallingppears toreduce caspas@ andin turn increase cell
survival and rare recentlyB. bifidumhas been shown to reduce apoptosis vitro (necrotising
enterocolitis IE® cell model)also indicated by reduce@C3positive cellg45]. Thus air data in
tandem with these studigsindicate thatB. breveUCC2003nay regulate epithelial integrityn
response to LRBduced cell sheddings markedby caspase) via these centraMyD88signalling

mechanisms potentiallydownstream of TLR2

Having determined the importance of host molecule MyD88, we next sought to determine if there
was a specific bifidobacterial molecule central to the observed protective response. Since we have
previously showrthat the surface EPS d@. breveUCC200&an regulate the host respongé], we
investigated the ability of an EPS muta®, breveUCC200EPS8el (complete deletion 6 eps
biosynthetic cluster) to modulate LRBduced cell shedding. Notablynice receivingB. breve
UCC200EP8el showed nosignificant protectionagainst cell shedding when compared to EPS

positive (i.e. B. breveJCC20033olonised mice (Fig. 5A4%), suggsting an important role for this EPS
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394

in microbehost crosstalklmportantly, EPSstructures can be recognised via TL@&d signal via
MyD88)and previous work with the PolysaccharidéPSArapsule oBacteroides fragilibighlights
that PSAcan modula¢ dendritic cell and T regulatory cell furmti via TLR2 signallirig6, 47].
Additionally, previous work has highlighted that a strain Bf brevgYakult straifican also inducé.-
10 producing T regulatory cells via TLR2, however they did rtetrdime if this was via an EPS

specific mechanism#8]. Furthermore recent studies usingacillus subtilibave demonstrated that

the EPS capsule of this bacterium is able to protect against intestinal inflammation in a murine

model of colitis i this instancevia TLR4), providing further support for thikely role of
bifidobacterial EPS in the effects observed these studies[49]. Notably, the probiotic genus
Lactobacillusalso producesdistinct EPSs, which arstructurally similar to those observed in
bifidobacteria[50]. Recently within anin vitro system(HT2919A epithelial cell ling)the EPS from
Lactobacillusacidophilusse2 was shown toincrease 18 expressiorand also TLR2 expressifwe
also observe thaB. breveUCC2003 inducd&CTLR2 expressipnand adlitionally upregulaion of
TLR gka F2dzyR G2 LROGSYaAalfte WasSyaridArasQ
peptidoglycan(a TLR agonist)[51]. Furthermore,the authors a0 ob®rved a modestincrease in
TLR4 expression after addition of EBP& did notdetectany significantnodulation of IL8 responses
after priming with EPS and subsequeddition of LPSwhich may indicate less of a role for EPS
TLR4 interaction$51]. From a more systemic perspective, in the instance thatbbacillusor
indeedB. breveUCC200dotentially translocate across the epithelial barriégr maybe ke expected
they could directly influence macrophadenction and previous studies have shown that casei
Shirota candampen down inflammatory macrophages responsesl L. rhamnosu€PS has also
been shown to modulate macrophagiinction in vitro, but on this occasion induce pro-
inflammatoryresponseg52, 53]. Ideally we would test ouB. brevestrains inTLR2and/or TLR&KO
animals;unfortunately, previous work has shown thahese mice d not respond to LPS and thus
would not have a cell shedding response making these further studies not poddibleever, in

studies using RNAscope, we found significambers ofB. breveUCC200&ssociated with the villi
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in colorised mice (Fig. $2suggesting that direct signalling intetmns between the bacteria
(possibly vicEPSand TLRsand B. breveUCC2003 colonisation increases TLR2 exprgsaiah|ECs
may plgy an important role in modulating this responskhese data alongside our findings suggest
that B. breveEPS may regulate cell shedding by acting as TLR liganddyD88 leading to

protective epithelial responses.

To probe these ERSpithelial interacions further wetook advantage of the hilirectionalepsgene
cluster inB. breve UCC2003 which can express two genetically iamgbrtantly chemically distinct
surfaceseEPSH7]. All previous studies utilised EP%ile. with B. breveUCC2003)but we also
determined responses following EP82. B. breveUCQR003EPSIny colonisation. Strikingly and
contrary to our expectations we found that this isogeniraim was unable to confer protection
against LP#duced cell shedding (Fig. 5BRDnportantly, EPSs are comprised of repeating mono
or oligosaccharides linked by various glycodiidicages, and the three dimensional structures and
other physiochemicaleatures of EPSs can vary widfy]. The variabilityn chemicalcomposition

of these twoB. breveEPSgprevious work suggestthe EPSs may include glucose, galactose and/or
the N-acetylated versions of these two sugansdifferent ratios or compositiofi7]) could in part
explain the dferent modulatory properties of this beneficial microloe relation to receptodigand
bindingand further highlights the issues with significant str@nin this case isogenicvariation in
effects on hostesponsesimportantly, these differenEP S pithelium protective responses do not
appear to be linked to colonisation ability al strainscolonisedmice at similar level¢Fig. S1).
Previous limited studies have indicated that specific chemical structures of EPSs suchod8PSA
fragilis (comprised of an unusual repeating tetrasaccharide maqidétge carboxyl, phosphate, and
amino groupsthat contribute to its zwitterionic natureis important forfunction [46]. Additionally,

in vitro studieson L. reuteri strains(DSM 17938and L26 Biocenat) indicatesboth EPSs arbkigh

molecular weightd-glucan polysaccharidesith differing spatial conformatios, which mayelate to
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indudion of different cytokine responsesioweverthe direct chemicaktructuresinvolvesin this
modulation hae yet to be defined[55]. Future challenges will include studies to futlyemically
OKI N} OGSNRaS GKS RATFTFSNBYd aidNIAya 2F WLINBPOAZ2G

response to small straimariations (inclding variations inEPSexpression andstructure andalso

other MAMP$ may impact beneficial host respongés, 57].

We have previously shown th&P $ositive B. breveUCC2003 does not induce inflammatory host
responses after colonisation, which we hypothesise is to the advantage of the bacterium and host
for maintaining efficient symbiosind homeostasig7]. Interestingly, when weprobed the
downstreamsignallingtranscriptionalevents after colonisation and LPS challenge determined

that presence ofEPS (i.e. B. breveUCCRO03) appeared toattenuate apoptos-induced signalling
activation which was instark contrastto mice colonised with thd3. breveUCC200EPSdel strain
which had significantly elevated apoptotic gene expresgkig. 6) Importantly, previous work has
demonstrated that activation of MyD88 can downregulate severfithese genes including Fas
(CD95]58]. Fas is a cell surface receptor and member of the TNér&upily and when bound by its
ligand it induces apoptosis through the assembly of a multiprotein complex called the DISC which in
turn activates caspase 8 (i.e. extrinsic apoptosis pathj&8]) Further evidence of mEPSspecific
mechanism attenuating epithelial apoptosis comes from observation that Bad, Casd, Traf5

and Tnfr9 are upregulated in the intestinal mucosa of mice rieta by B. breveUCC2003lel
compared toB. brevdJCC2008olonised mice. Bad is a papoptotic (BH3only) member of the bel

2 family thatantagonises the antapoptosis proteins be2, bctxl and bel2 allowing the activation of
bax/bak oligomers and th release of cytochrome c¢ from the mitochondridlithin the same
pathway,Cycsencodes the heme protein cytochromewhich forms a multiprotein complex called

the apoptosome which activates a cascade of proteases called caspases which cause apoptotic cell

death [60]. Traf5 is a scaffold protein thdbrms a multiprotein complex witlfRAF2, RIP4nd the
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463

TNF receptor angbotentially can mediate theactivation ofapoptoss and NFkB [61]. We have
previously shown that NFkB1 inhibits LP#iduced apoptotic cell shedding whereas -RB2
stimulates apoptotic cell sheddinf22]. TNFRF9 (CD13ig) expressed on T cells and has been
reported to enhance their cytolytic activif$2]. These data strongly suggest that mechanalyB.
breve UCC2003via EPSmay block intrinsic and extrinsic apoptosis signalling (via activation of

MyD88) during inflammation to protect epithelial cells under highly apoptotic conditions.

In summary, we have demonstrated thegrtain bifidobacteia, i.e. B. breveUCC2003re able to
protect against pathologic cell shedding induced by IP injection of LPS and that this protection
appears to be independent of TNF  LINE R dzO (i A 2iséue dnacroptiBgeisih& wildi type and
mutant B. breve we hae demonstrated that a specifiEPSs able to confer this protection, and
using knockout mice, have shown that this protection appears contingent on functional signalling
downstream of the epithelial LRfamily membersand modulation of preapoptotic genepathways
Understanding how health promoting species of bacteria such aBiffeobacteriumgenus interact

with the intestinal epithelium and how these species confer their protective effects may drive
progress toward understanding how pathologic celldidfiag in IBD patients is linked to changes in
the intestinal microbiota. Future human studies could be considered to address issues of microbial
dysbiosis and relation to the cell shedding response and to what extent microbial dysbiosis is linked

to periods of remission and relapse in such patients.
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Figures and Figurdegends

Figure 1: LP&hallenge induces cell shedding from the small intestinal villi

C57BL/6 mice were administered eith@k) PBS (control) ofB) LPSby IP injection and proximal
small intestines removed after 1t6forimmunchistochemistryand stained with antCC3i.e.brown
cells indicatesheddingevent), also highlightedy arrows.A representative picture for each group is

shown(12 mice per groupgwo independent experiments)
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Figure 2B. brevdJCC2003rotect against LP#$iduced cell shedding

C57 BI6 mice receive three daily oral gavagedoses of(A) PBS o(B)~1 x 13 B. breveUCC2003
followed bylP challenge withLPS 24 h laterepresentativepicture shown Formalin fixed, praffin
embeddedintestinalsectionswere stained with antiCC3and (C)quantifiedusing the WinCrypts and
Score programs20 well orientated hermvilli were counted/mouseData are mean + SD,= 12(2

independent experimentsdnalysed withVianng\Whitney U test
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(C)Representative mmunc-histochemical staining for F4/8@nacrophages (brown cells) in control

C57BL/6 mice were gavaged with PB8.dbreveand challenged with PBS or lf861.5h. Columns

Figure 3: The cytoprotective effect Bf brevas not mediated by the TNF

show TN
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or B. brevecolonised mice(D) Western blot analysi§F4/80 or housq S S LJAawftidA) of iwhole
small intestinal homogenateswith (E) columns showng relative density of F4/80from (from D)
whole intestinal homogenates(F) Columns show F4/80 expression via-FROR = SD (G)
Representative histology image of epithelial s#lipping protocol (modifiedVeiser method leaving
LP intact (asndicated by arrowsand (H) FACS angdis for purity (antiCD45) (I) Columns shown
TNFR1 expression via FAICR+ SDand (J) Western blotting for protein expression inisolated
intestinal epithelial cellswith (K) columns shoung relative density of TNR1(from J) . n =9 mice
per group are representative ohtee experimentsanalysedwith ANOVA KruskelVallis test with

5dzyy Qa Ydzt G A LI (Bg. 3dmntwith N3na 2/yinei SiésifFig. 3B, E, Fand K.
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Figure 4: The cytoprotectiveffed of B. brevas MyD88 depenént

(A, B) IECMyD88" miceand (C, D), IECMYD88" mice were gavaged with PBS (control)®r breve
and challengd with LPS. Paraffiambedded intestinal sections were stained with a@€3 and
guantified using the WinCryp and Score programéE)Columns shown TRRexpression via RACR.

Data are mean + SD= 12 fwo independent experimentnalysed withviannc\Whitney U test
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Figure 5B. breveEP®lays a role in modulating the cytoprotective effect

C57BL/6 mice wergavaged with eitheB. breveUCC2003 ofA, B) B. breveUCC2003del (i.e. EPS
negative) or(C D) B. breveUCC2003inv (i.e. EPSBhrmalin fixed, praffinrembedded intestinal
sections were stained with ar€C3 and quantified using the WinCrypts andré&goograms Data

are mean + S = 12 fwo independent experimentgnalysed withViann¢\Whitney U test
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Figure 6B. breveEPS attenuates inflammatory and apoptosis signalling

731

Whole small intestinal homogenates frooPS challenge(h) B. breveUCC200EPSdeand (B) B.

732

breve colonised micecompared to control (i.e. PB®8)ere analysed using austom RFPCRarray.

733

6 (two independent experiments),P< 0.05 and *P < 0.01and analysed

Data are mean = S,

734

with Mann¢Whitney U test
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738

739 Supplementary Figure B. brevestrains stably colonise murine Gl tract.

740 Faecal samples were collected from control (i.e. PB)reveUCC2003B. breveUCC20032lel and
741  B. breveUCC2003nv colonised micen day 4(after 3 x 24 h doseat ~1 x10% and platedon RCA (+

742  mupirocin) and CFU enumerated at 24 hours.
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745

746

747

Supplementary Figur@: B. breveUCC2003 does not notably impact faecal microbiota profiles.

Faecal samples from control (i.e. PBS) BnbreveUCC203 (after 3 x 24 h doses at ~D? Wwere
collected and processed for 16s Illumina sequendiAyPie chart depicting comparison of average

taxonomic content for two groups at class level taxonomic prdfid¢lndividual boxplot of each taxa

39



