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Abstract

The human digestive tract is a key player atatvendarybetween the externahvironment
and the hostAt the interface between the digestive lumen andrtestinalepithelum, themucus
layer,a complex viscoelastic adherent secret@cts as a major modulator of human health. In
order to reaclthe intestinal celleand/or colonize, several enteric pathogens have to interact with
and get through this physical, chemicatldiological line of defens&nterotoxigenid&scherichia
coli (ETEC), he main pathogenic agent of travélef GLDUUKHD GRFulé. ToRWYII HVFD SH
its infection cycle, ETEC is equipped with an arsenal of adhesins and mucinases atielilag
adhesion and mucus degradation, respectively. These colonization mechéatgitede the
production andreleaseof heat labile (LT) and/or heatable (ST) enterotoxins, ultimately
responsible forcholeralike watery diarrheaTo date the treatment of TEEC infection remains
mainly symptomatic with a frequent use of antibiotiGven the gloll burden of antibiotic
resistance and its negative impact on human health, it is urgent toefmgreventive strategies
against these infectiondmong the candiates, dietary fibers have bemrtentlyinvestigatedor
their antagonistic properties against enteric pathogens. Alomber of studies hasiggestedhat
they may act through various means:dfiect antagonism (bacteriostatic effect, inhibitiorcef
achesion and toxin production) dii) indirect antagonismvia modulation of gut microbiota
compositiotactivity or decoy ofresident gut microbeBom mucus layer consumptiomn this
context, this joint doctoral researefork between Ghent Univergit(Belgium) and Université
Clermont AuvergndgFrance)aimed to (1unravel how the mucus compartmeanmodulatethe
prototypical ETEC strain H10407survival andvirulence and (2) decipher if dietary fiber
containing products could present ETEC -amfiectious properties, notably by preventing EFEC
mucus interactions.

In the first axiswe confirmed therototypical ETEC strain H10407 adhesion propensity
for the intestinal mucuby using differensimplein vitro approachesThe introduction of mucin
secretion and physical surface in tiamicTIM-1 digestivemodel showed that mucus could
favor ETEC survivaduring gastrointestinal passaggéhout significantly affecting its virulence
However whenreaching the host intestinzells simulatedy mucussecreting Cac@/HT29MTX
co-cultureg ETECvirulence genexpression wasignificantlyinducedconfirmingthatthe host is a
NH\ GULYHU RI1 SDW WRehHsighfjistinyg theohlexntidebial ba&ground of the
human gutmucin addition did mt impact significantly ETEC survivahut we showed thahe
mucosal compartmemascolonized bya specific microbiotparticularly affected by ETEGQn the
second axis, a screening prograras first perforred to select amon@ fiber candidatesrom
cereals, legumes or microbi® two most relevant based their anttinfectious properties against
ETECstrain H10407namelya lentilfiber extract and specific yeastll walls fromSaccharomyces
cerevisiae In-depthinvestigationsndicated that the lentil extraotduced LT toxin concentration
while the yeast produatecrease®& TEC adhesion to th@ucus secretingo-culture model Also,
in cell assaysboth lentils and yeadiber productswere able to modulat&TEC virulence gene
expression and innate immune response indudtiamly yeast cell walls were able to strengthen
intestinal barrier functiorfzinally, in batch experiments with fecal microbiptae reporedthat the
yeast product suppiedthe prevalence cfomephylogroups afarabacteroide®r commensak.
coi ZKLFK FRXOG EH RI LQWHUHVW LQ WUDYHOHUYfV GLDUUKHEL

To conclude, liis PhD research provided meaningfulvitro insights on how the mucus
compartment could shape ETEQulence and bnaght solid evidences concerning dietary fiber
containingproducts antagonistiproperties. In a next future, these promising results could be
confirmed using more compl@pproachesuch as dynamidigestive systemsoupledwith human
cell linesor animal modelsThis work opens up avenues in the development of new relevant
prophylacticantrinfectious strategieagainst ETEMased on the use of fibers.
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Samenvatting

Het menselijke spiiverteringskanaal is een belangrijke speler op de grens tussen het externe
milieu en de gasthee@p het grensvlak tussen het spijsverteringslumen en het darmepitheel fungeert de
mucuslaag, een complexe viselastische adherente secretie, als een belangrijke modulator van de
menselijke gezondheid. Om de darmcellen te bereiken en/of zich te koloniserten verschillende
enterische pathogenen met deze fysische, chemische en biologische verdedigingslinie interageren en er
doorheen geraken. Enterotoxigeischerichia coli(ETEC), het belangrijkste pathogene agens van
reizigersdiarree, ontsnapt niet adeze regel. Om zijn infectiecyclus te kunnen volbrengen, is ETEC
uitgerust met een arsenaal van adhesines en mucinases die respectievelijk celadhesie en mucusafbraak
mogelijk maken. Deze kolonisatiemechanismen vergemakkelijken de productie en het vrijkaame
hitte-labiele (LT) en/of hittestabiele (ST) enterotoxinen, die uiteindelijk verantwoordelijk zijn voor
choleraachtige waterige diarree. Tot op heden blijft de behandeling van Hife€ie voornamelijk
symptomatisch met een frequent gebruik vanibatica. Gezien de mondiale last van
antibioticaresistentie en de negatieve invloed daarvan op de menselijke gezondheid, is het dringend
noodzakelijk nieuwe preventieve strategieén tegen deze infecties te vinden. Onder de kandidaten zijn
voedingsvezels oent onderzocht op hun antagonistische eigenschappen tegen enterische pathogenen.
Een klein aantal studies heeft gesuggereerd dat zij op verschillende manieren kunnen werken: (i) direct
antagonisme (bacteriostatisch effect, remming van celadhesie enptoxinetie) of (ii) indirect
antagonismevia modulatie van de darmmicrobiota samenstelling/activiteit of decoy van residente
darmmicroben door consumptie van de mucuslaag. In deze context had dit gezamenlijk
doctoraatsonderzoek tussen de Universiteit G8aig{€) en de Université Clermont Auvergne
(Frankrijk) tot doel (1) te ontrafelen hoe het mucuscompartiment de overleving en virulentie van de
prototypische ETE&Gtam H10407 kan moduleren, en (2) te ontcijferen of voedingsvezelbevattende
producten antinfectieuze eigenschappen tegen ETEC kunnen hebben, met name door ETEC
mucusinteracties te voorkomen

In de eerste as, bevestigden wij de prototypische ETEC stam H10407
adhesiegeneigdheid voor het intestinale mucus door gebruik te maken van verschilleaddigeinv
vitro benaderingen. De introductie van mucine secretie en fysieke oppervlakte in het dynamische TIM
1 spijsverteringsmodel toonde aan dat mucus de overleving van ETEC tijdens dentestirale
passage kon bevorderen zonder de virulentiefgignt te beinvioeden. Echter, bij het bereiken van de
darmcellen van de gastheer, gesimuleerd door mucus afscheidend2/Ig&28-MTX co-cultuur,
werd ETEC virulentie genexpressie aanzienlijk geinduceerd, wat bevestigt dat de gastheer een
belangrijke drifveer is voor de virulentie van de ziekteverwekker. Bij simulatie van de complexe
microbiéle achtergrond van de menselijke darm had de toevoeging van mucine geen significante invioed
op de overleving van ETEC, maar we toonden aan dat het mucosale coepiagikoloniseerd werd
door een specifieke microbiota die in het bijzonder door ETEC werd aangetast. In de tweede as werd
eerst een screening uitgevoerd om uit 8 vezelkandidaten van granen, peulvruchten of microben de twee
meest relevante te selectererbagis van hun aninfectieuze eigenschappen tegen ETEC stam H10407,
namelijk een linzenvezelextract en specifieke gistcelwande®aecharomyces cerevisid@iepgaand
onderzoek wees uit dat het linzenextract detdXineconcentratie verminderde, terwigt gistproduct
de ETEGadhesie aan het mucusafscheidendeutwurmodel verminderde. Ook in celtests waren
zowel linzen als gistvezelproducten in staat om ETEC virulentie genexpressie en aangeboren
immuunrespons inductie te moduleren. Voornamelijk gistmeden waren in staat om de intestinale
barrierefunctie te versterken. Tenslotte, in batch experimenten met fecale microbiota, rapporteerden we
dat het gistproduct de prevalentie van sommige fylogroepen Ragdbacteroide®f commensalé.
coli onderstende, wat van belang zou kunnen zijn bij het voorkomen van reizigersdiarree.

Concluderend kan worden gesteld dat dit doctoraatsonderzoek zimveileo inzichten heeft
opgeleverd over hoe het mucuscompartiment vorm kan geven aan de virulentie varrE$&ce
bewijzen heeft opgeleverd over de antagonistische eigenschappen van voedifipsrarahde
producten. In een volgende toekomst zouden deze veelbelovende resultaten kunnen worden bevestigd
met behulp van meer complexe benaderingen zoals dyctzargpijsverteringssystemen gekoppeld aan
menselijke cellijnen of diermodellen. Dit werk opent perspectieven voor de ontwikkeling van nieuwe
relevante profylactische arsitifectiestrategieén tegen ETEC gebaseerd op het gebruik van vezels.
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Résumeé

Contexte sientifigue de la these

Les fibres alimentairesprésentation générale

Diverses définitions des fibres alimentairesont été émises par des organismes
scientifiqueset réglementaireslu mondeentier.La définition qui prévaut le plus est toutefois
celledu Codex Alimentariugémanant dé®rganisatiordesNationsuniespourl'alimentationet
l'agriculture(FAO) HW GH Of2UJDQLVDWLRQ ORQGLDOH GH OD 6DQV
sont définies comme des polymeres de carbohydrates de plus de trois résidus non hydrolysés
SDU OHV HQJ\PHV HQGRJqQQHV GH OfLQWHVWLQ KXPDLQ
con®mmeées par les micrarganismes, en particulier les bactéries, constituant le microbiote
intestinal humainLes fibres alimentairespeuventétre diviséesen sousgroupesselonleur
origine, leur structureet leurs propriétésphysicochimiquesNéanmoinsja plupartdesfibres
alimentairesconsomméegar les humainssont G R U kLehetQléét se retrouventdansdes
proportionsdifférentesdansles fruits, leslégumesjeslégumineusedges céréalesles noix et
lesgrainesCertaires G { H €ll¥¢ padventgalemenétredérivées G D Q L tbDhdmpignons
ou debactéries.& T Hhytdvhmente casdesoligosaccharides du lait humain, des mannanes de
levures,dela chitine deschampignon®t desexopolysaccharidedesbactériegetrouvésans
lesalimentsfermeriéscommele pain, le fromage ou le yaouttesfibresalimentairepeuvent
aussi étre divisées en oligosaccharides(entre 3 et 10 unités monomériques)ou en
polysaccharides (plus de 10 unité®xrmicesderniers,l existe notamment différents types
amidons résistants, la celluloses hémicelluloses, OHV TUXFWDQHYVY FRPPH OfYLC(
pectinesLesfibresalimentairescomprennenégalementlesoligosaccharideggsistants base
de fructose (fructooligosaccharig, FOS), de galactose(galactooligosaccharide;0S), de
xylose (xylooligosaccharide XOS), de mélanges G 1D U D E ktQ R&/ Hxylose
(arabinoxylooligosaccharid&XOS) ou de sucres pectiques (oligosaccharide pectique,.POS)
En conséquencel existeune énormediversité de fibres alimentairesqui different par leur
composition en résidus saccharidiqués type de liaison entre les sucres,le degré de
polymeérisationou de ramification. (s caractéristiquestructurellesconferentaux fibres des
propriétéesliversespotammentn termes deristallinité, viscositéou solubilité. Cettederniére
est particulierementpertinente pour une fermentation efficace et rapide par les micro
organismes présents dans le tractus digestif humain

Les fibres alimentairesles effets bénéfiques reconnus

/9 D S &i¥ibrég alimentairesrarieconsidérablemenG | ga@sa O § D KeArégines
alimentairesx occidentalisés> despaysindustrialiséssontappauvrisen fibres au profit des
protéinesanimalesdesgraissesdusucreetde O § D P, ta@dsqQuelespopulationguralesnon
industrialiséegonsonment davantage de fibres grace a leurs régimes righesgétauxDes
étudessurles habitudesalimentaireont révéléqueles adultesconsommenén moyenneentre
12et18gramme, 14 grammest 16 429 grammeslefibresparjour auxEtatsUnis, Royaume
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Uni et Europe, respectivementCes quantités sont globalement inférieures aux
recommandatios proposées par leégartementie I'Agriculture desEtatsUnis (USDA) de 25
grammegar jourpourlesfemmeset de 38 grammegar jourpourles KRPPHV MXVTXTj Of!
de 50 ans. Or,ek effets bénéfiquesdes fibres alimentairessur la santésont maintenant
largementeconnusLes fibres présentent de nombreavantagephysiologiqueglireds tels

que O § D X J P Hdp WglDnvedesniatieredécales)a diminution du temps de transit, la baisse

de la glycémie, du taux de cholestéd®, O {1 D G4 & Beg paramétres associés au syndrome
métabolique Les populationsqui consommentplus de fibres alimentairesprésententune

incidence plus faible de dérégulation du systém@unitaire,avecun risqueplus faible de
développerde O 1DV dekd¢tJLHY GHV PDODGLHYV LQIODPPDWRLUHV
(MICI), un diabéte de type 2 et un cancelocectal. / 1 D S SilméMaireinsuffisart dans les

pays industrialisés est de son c6té trés largementaralé@ perturbation de laelation hote

microbiote, communément appelée dysbiose, assagi€eincidence acaue de troubles

digestifs et extraligestifs.

Les fibres alimentaires et la préservation du microbiote intestinal
SOXVLHXUV pWXGHV FRQYHUJHQW HW WHQGHQW | PR(
DOLPHQWDLUHY VXU OD VDQWp GH OfKRPPH SDVVHUDLW WU
sur le microbiote intestinal. Par définition, les fibres ne sont pas digérées dans la partie haute
GX WUDFWXV GLJHVWLI PDLV IHUP FH@ivigres. IGeh @edoudeun® W HV W
production de métabolites comme des acides gras a chaine ocauAGCC (principalement
acétateputyrate epropionate et des gaz (dihydrogéne,Hlioxyde de carbone GOméthane
CHs: HW VXOIXUH GYKLAGHVitdRskeoepiégradatiordesfibres va dépendre de leur
accessibilité par les micrarganismes, qui elenéme résulte des propriétés physicochimiques
des fibres et des espéces microbiennes présentes. Les fibres solubles sont plus accessibles et
GLJpUpHVY GDQV OHV sSdtinWalok \quk BsX filireisVingslbbled fdrr@evt des
particules solidesplus difficilement accessiblest digérés plus en aval. Comme les fibres
présentent une incroyable diversité de structure, leur dégradation nécessite un arsenal
GTHQ]\PHV 30 Enzyniekl speLialisesi dans la digestion des carbohydrates ont été
UHFHQVpY GDQV OH PpWDJpQRPH GX PLFURELRWHa KXPDLQ
dégradation des fibres est séquentielle et peut impliquer de nombreuses enzymes différentes
G T R UL XtéfaraneEmultiple.Certaines bactéries ont des capacités de dégradation tres
étendues, comme8acteroidesthetaiotaomicron DORUV TXH G{DXWUHV VRQW
comme Ruminococcudromii, une bacérie capable de coloniser et dégrall@midon Les
bectéries intestinales utilisent les fibores comme source majoritaire de cal®mnembreuses
étudesontGpPRQWUpP j GLIIpUHQWHY pFKHOOHYVY GH OD SRSXODW
en fibres alimentaires était associé a une diminution de la Wéengcrobienne. Certaines
études conduites chez la souris ont méme démontré une disparition progressive de la diversité
microbienne lorsqukes apports diminuaient, alors que le retour a un niveau basal de diversité
demanderait plusieurs générations sasi@s. Or, comme évoqué précédemment, un
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déséquilibre persistant des communautés microbiennes intestinales a été associé a de
nombreuses pathologies.

Les fibres alimentairesdes propriétés aninfectieuses méconnues
Un effet moins connu des fibres est leur potentietiafgctieux. En effet, les fibres

peuvent inhiber, ou du moins réduire, les infections microbiennes par différents mécanismes
GLUHFWYV RX LQGLUHFW Vle &ioeaR tetiveda st falrhbhHanh eBfet U H F W
bactériostatiquelirect en inhibant la croissancede divers pathogéneset en particulier les
Escherichiacoli enterohémorragiques (EHE@esfibres alimentairesde différentessources

HQ SDUWLFXOLHU @Grf Ruddi groy&lledy piligadit® dakk la réduction de
O 1 D G Kp ydtHeg&neaux cellulesépithélialesntestinalesCet effetpourraitétreexpliqué
par des motifs partagés entre les récepteurs présents au niveau du mucus @ttestiiaes
alimentares,ces derniéreagissantommeun leurredétournant les pathogénes de leur cible. Il
a également été montré que certains oligosaccharidag lumainont un effetinhibiteursur
OYDGKpVLRQ GHV WR[LQHV SURGXLWGCONHUWDDQMN SIDM KIRIIg QI
celuici peut fareLOQWHUYHQLU OTK{WH (dmehthircnt rohtseWIDdiftHV |LE |
LPPXQRPRGXODWHXU HQ UpGXLVDQW @Offie ParexemprlikRQ GH O
été montré que certains oligosaccharideX ODLW KXPDLQ UpGXLVHQW OfH]JS
CD14limitant DLQVL OfLQGXFWLR QXG\HJ B 5@ K WR-D VOLHRWQ ILEUH V
également moduler le microbiote intestinal, recommmme un obstacleimportant a la
colonisationdespathogenesCe role protecteurestétayépar de nombreusegtudesmontrant
gue certainessouchescommensalesdiu microbiote intestinal favorisent les mécanismes
G 1L Q K Lded pathogéepesLes effets inhibiteurs directs sont conféréspar la production
Gafides, la sécrétionde molécules inhibitrices comme des bactégiioes ou la productionde
composésnicrobiens inconnuspour la plupart) capablesie réprimerles génesde virulence
Par conséquent, la modulation du microbiote intestinal et le soutien de sa dwezsitiés
apports erfibres alimentairespourraientétre un moyen pertinentet efficacede préwenir les
infections entériquegn ce sens, il a été montré a de nombrelsésSULVHY TXH OYDGPLC
FRQMRLQWH GTROLJRVDFFKD U L @Hibait HaWol@i$adivhS jogF Hés S URE L
pathogenes comm®almonellaenterica serovarTyphimurium Acinetobacterbaumanniiet
Clostridioidesdifficile /T H I | HiWedhe€p\pelV rWUH DVVRFLp j OTDXJPHQWD
PLFURELHQ RX GHV PRGLILFDWLRQV GH OYDFWLYLWpPp PpWI
produits majeurs de la fermentation des fibres. Récemment, un nouvel potentigkatigux
des fibres a été mis en évidenda la préservation du mucus intestinal, comme décit ci
dessous, offrant de nouvelles perspectives de recherche.

Le mucus intestinalprésentation générale

Le mucusintestinalestun gel viscoélastique et adhérentinuellementroduit et
sécrétépar les cellules caliciformes.elmucusestprésentdansl'ensembledu tractus gastro
intestinalhumainde I'estomacu grosintestinmais avec des variatioes termesde structure
et de composition Dansle cdlon,le mucusprésentaunestructurea doubk couche,avecune
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coucheinterne fermementattachéea I'épithélium et une couche externe superposéea la

premiére Le mucus subit une érosion mécanique et protéolytique constante due aux frottements
GHV SDUWLFXOHV DOLPHQW DdidgésiivesttWes badidieswdnir@nsalesyV H Q]
Composé&'eaud'électrolyes, de lipides et de protéiness ieincipauxcomposantstructurels

du mucus(environ5 %) sontdesglycoprotéinesie haut poids moléculaisppel@&s mucines.

Les partis glycanes des mucines sontrattachée a la partie protéique par une liais@na la

sérine et a la thréonine, ou une liaidba I'asparagine. La base des glycanes est formée par une
combinaison de trois sucres, le galactose,-kc8tylgalactosamine et la-&tétylglucosanme
auwxquekdifférentes chaines de saccharides peuvent étre attachées. Le monosaccharide terminal
est généralement le fucose ou l'acide sialique. Les chaines d'oligosaccharides peuvent
également subir des modifications comme la sulfatation, en particulier dansgiessré
coliquesA cejour, plusieursgénesodant des mucinesitétédécritschez'hommeetnommés
enfonction de leur ordre de découverte. Parmi les mucines, certgipagtienneré la famille
desmucinesgélifiantessécrétéedandisqued'autressort classéeslansla famille des mucines
associées aux membranes. La glycoprotéine mucine 2 (ME&2¥téepar I'hdte est un
constituantmajeur du mucus de l'intestin gréle et du c6lon humain, tandis que MUC1,
MUCS5AC et MUC6 st prédominantes dans l'estomac. Le mucus intestinal a plusieurs
fonctions. La premiere, la plus basique, kestubrification de I'épithélium, permettant la
progression du badlimentairele long du tractusdigestif. Les autres (sources de nutriments,
niche microbienne) sont détaillées plus amplemedessous.

Le mucus intestinal une seconde source de glucides en miroir des
fibres

Les mucines étant des polyméres protéiques glycosylés, elles peuvent constituer une
source de carbone et d'énergie paucroissance du microbiote intestinal, au méme titre que
OHV ILEUHV DOLPHQWDLUHYV 6L ODSSRUW HQ ILEUHV S
gualitativement présent. Il constitue aussi une niche microbienne et sa colongsttion
nécessairpourgueles micreorganismes résidant dans le tractus digestif puissent se maintenir.
Desétudesont démontrégueles communautésiicrobiennegle la lumiéredigestivedifferent
entermesde compositionet d'abondancear rapport &ellesassociéeau mucus,notamment
en raison ddaifferencesen termesde disponibilité en nutriments (e.goxygere et substrats
glucidiques). Comme pour le microbiote luminal, ces communautés different selon le segment
du tractus digestif considéreEn particulier,les communautge mucosales au niveau du célon
sont enrichiesen certaines espéces comrBacteroidesacidifaciens Bacteroidesfragilis,
Akkermansiamuciniphila et en espécesappartenant la famille desLachnospiraceaeEn
comparaisoravec les fibresesglucidesdumucus VR QW F R QVghbupsplup nésteeifit
de résidusavec seulementsix monomeregpossibles(galactose N-acétylgalactosamineg\l-
acétylglucosaminanannosgfucose et acide sialique). Toutefoigerbqueles monomerest
les liaisors osidiques soigrdifférents, il existe des similitudes structurelles entre mucus et
fibores. Comme pour les fibres, certainessons osidiques du mucus sospécifiguement
GpJUDGpHYVY SDU OHV EDFWpULHY GX PLFURELRWH TXL SRVV¢
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séqientielle. Certaines espéces sont spécialisées dans la dégradation du mucus, comme
Akkermansianuciniphila WDQGLV TXH GIDXWUHV SOXV SRO\YDOHQW!
fibores et mucus. Ces especes polyvalentes peuvent toutefois présenter uneoarientat
préférentielle pour le mucus comrBacteroides massilienset Bacteroides fragilisou pour

les fibres commeBacteroidesthetaiotaomicron Ainsi, lorsque les quantités de fibres
alimentaires diminuent, les micarganismes peuvent orienter leur acévivers la
consommation des glycanes du mudies similitudes entreligosaccharidedu lait maternel
humain(HMOs, human milk oligosaccharides)agitigenesles groupesanguinsllustrent bien

les analogies possiblesntre fibres alimentaireset glycanes du mucus. Les HMGsnt
composésd'unités de lactose ou de N-acétytlactosaminerépétéeset ramifiées souvent
décoréesG 1 D Fdiaigdeget de fucosesCesstructuregpartagentiesschémagommunsavec

les antigenesdes groupessanguinshumains retrouvésdansle mucuschez 80% desNord-
Américainset desEuropéens)Lorsde la petiteenfance)es oligosaccharidedu lait maternel
peuventétreconsidérésommela seulesourcedefibresalimentairesinitiantle microbiotedu
nourrissora la consommatiomespolysaccharidedu mucus.

Le mucus Iintestinal un rbéle de barriere protégealitoméostasie
intestinale

A c6té de son réle de niche microbienne et de substrats pour le microbiote résident, le
mucus exerce une fonction barrieére contre les agressions physicochimiques et les invasions
microbiennes, montrant son réle crucial dans le maintien de I'hnoméostasimaie, en étroite
collaboration avec le systeme immunitaire. Le mucus est notamment une réserve de molécules
DQWLPLFURELHQQHYV ,HgA et @l).HD® NOoQreluges eHidiés ont pu montrer
TXH GHV GpIDXWV GTLQWpJU d&Y pgsdbes detds Xy mdlRdi@yyabrvévie F L p V
WLWUH TXH GHV GpILFLWV HQ ILEUHY DOLPHQWDLUHYV )DFI
structurale du mucus doit étre finement contrélée. La colonisation microbienne du mucus selon
OTMD[H WUD Qv cétteldvaix® Lh Ebacheewterne est denséootamiségpar les micre
organismes et présente taux de renouvellementrapide alors que la couche interne,
solidement attachémux cellulesépithélialesalongtempstéconsidéréeommedépourvuale
badériesenraisonde sespropriétégphysicochimiqueplus contraignantes

Lespathogenest O § H QibcHIdhjsationdu mucus

Nombrede pathogenemtestinauxtels queles Escherichiacoli ou les salmonelleont
besoindecoloniserO  p S L Vihkeptiddlpdurréaliserefficacementeurcycleinfectieux.Dans
ce contexteJe mucus intestinal exerce son roleldariérephysique et les pathogénes ont di
GpYHORSSHU GHV VWU DAM$,JILGI \D $RXpU P\RIQ VD GDSEWikhED D G K p V I
enterica serovar Typhimurium et des EHEC est plus élevée sur des modeélescellulaires
producteursde mucusque sur ceux Q Y Hr@duisantpas. Commepour les microorganismes
commensauxgesagentgathogenestilisentdesappendicesle surface(adhésinedjmbriae et
flagelles) pour se lier au mucus et a ses motifs osidifReexemple Helicobacterpylori et
Campylobactefejuni possedenplusieursadhésinesjui se lient aux antigenesdes groupes
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sanguingexprimésdansle mucusintestinal) et a I'acid&/ LDOLTXH GHpAE&Mibvic Q H
cholerae pour sa partse lie a la NacétylglucosaminelLes sousunités flagellaires de
Campylobactefejuni, desEscherichiacoli entéropathogesest de Clostridioidesdifficile sont
toutescapablesieselier aux polysaccharidedu mucus.Pourfaire faceaux propriétésdetype

«filet » du mucus,les agentspathogénescomme leurs homologues commensaossedent
desprotéasesmppeléesnucinasesCes dernieres facilitedtaccesa la couchede mucuspar
protéolysedesprotéinesde mucinesPourcontrebalancdeur effetet maintenirsastructureen

forme de filet retenantle microbiote, le mucus contient des inhibiteurs de protéase qui
protégente mucusd'unedégradationirop importante Cesmucinase®nt étéparticulierement

bien caractériséeshezles entérobactéried_es pathovarsd’Escherichiacoli sontarmésd'un
arsenaldiversifié de mucinasestelles que SslE, StcE, Hbp, YghJ et EatA. Ces mucinases
participent a lacolonisationintestinale la pénétratbon desbactériesdansla couchede mucus

O 1D G Udddioxile3HW OYDGKpUHQFH DX[ FHO O X CBd4dhepchieddiK pOLD O |
pathogénegénerentdesquantitésplus importantesde YghJ par rapporta leurs homologues
commensauxalors qu'il n'y a pas de difference dans lewséquenced'acidesaminés
cataboliques putativedes pathogenes aussi peuvent utiliser les sucres du mucus comme
VRXUFHV GH F D U ESRhbnaiadnteddapedirhUTyhhimuriumpeut par exemple
libérer les gluales du mucus en utilisant une sialidase. Mais en génégmtlesgenese sont

pas des dégradeurs dit primaires du mubisi®nt un arsenalimité de CAZymeset comptent
souventsurd'autresacteurs microbiengoursenourrirdu mucus

Les fibres alimentairesdes appats pour éviter la dégradation du mucus

9X OH U{OH SUpSRQGpPUDQW GX PXFXV FRPPH EDUULQqUH
évidente de ces derniers a cette barriere physique, il apparait intéressant de préserver cette
barriere physique dans une stratégie-ariéctieuse. De par leurs similitudes structurelles avec
les glycanes du mucus, les fibres pourraient jouer cevialdifférents mécanismes. Tout
GYDERUG OHV PRWLIV RX OHV UpFH Savlespdthogenes euvetHV G X
étre également retrouvés dans certaines fibres. Ces dernieres pourraient alors étre utilisées pour
détourner les pathogenes de leur cillar exemple, la protéine GbpA d&brio cholerae
SHUPHW OfDGKpVLRQ GusSud & IR chitiQetdls firtbbBad RI1L7 Yrdduits par
OHV VR EdscKeHia&§entérotoxinogenes (ETEC) reconnaissent a la fois les récepteurs
présentant des NDFpW\OJOXFRVDPLQH VXU OfpSLWKpPOLXP LQWH
acétylglucosamine sue mucus.Comme mentionné précédemment, des apports en fibres
importants peuvent aussi empécher la dégradation du muausapacité du microbiote
intestinal résident a orienter son métabolisme vers la consommation des glycanes du mucus
lorsque l'apportHQ ILEUHV HVW IDLEOH HVW XQH GpFRXYHUWH UH(¢
cette idée aux pathogénes entériques est encore plus novatrice. Dans un modele de souris
gnotobiotique, Desai et son équipe ont montré qu'un régime pauvre en fibres corduisait
O HQULFKLVVHPHQW GX PXFXV HQ EDFWpULHV FDSDEOHYV
dégradant le mucus était aussi favorisée conduisant a son érosion et a une plus grande
VXVFHSWLELOLWpP |j OYLQIHFWCithQact8rDrode@itin G \BskIRt3qQH P X
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VXIIJqQUHQW TXIXQ DSSRUW DGpTXDW HQ ILEUHVY DOLPHQWD
GHV SRO\WWDFFKDULGHYV GX PXFXV HW GRQF SHUPHWWUH Ot
colonisation par des agents pathogéerempécher la dégraton du mucus par la partie
YHUVDWLOH GX PLFURELRWH UpVLGHQW SHUPHWWUDLW DX\
disponibles pour les pathogénes.

LesEscherichia colentérotoxinogene€£{TEC

Les ETEC représentetsigent pathogéene le plesuramment identifié dans la diarrhée
du voyageurgresd'unvoyageursursix soit 10 millions de voyageurs). LasfectionsaETEC
représenterdégalementinecauseémergenteediarrhédnfectieusedandespaysindustrialisé.
Méme si chez les adultéss infections a ETEC restent de gravité modérée¢tides récentes
ont PRQWUp TXYfHOOHYVY pWDLHQW DVVRFLpHV j XQ SOXV JUIL
GITLQWHVWL Qnfediidbk {BIEPE OHIeS RAUkbles muscudguelettiquesAu-delade
Onfidactsanitaire)a priseenchargedecesinfectionsgénereG { L P S R pand3sQownbhhidues
au niveau mondial Chez O { D Gukn&dsHhgérés a une dose comprise entré @010°
bactéries,les ETEC poursuiventune stratégie des plus sophistiquég pour résister aux
conditionsdrastiquesde OfHQYLURQLQHFWQW KXPDLQ HW DWWHLQGUH
SUREDEOHPHQW VLWXp GDQV OD/BDEDWHKRGAOYM BIO W & B SDIHC
a un large panel de récepteurs, grace a une my@I&O GKpVLQHYV SDUPL OHVTXHC
desfacteursde colonisaton fimbriaux (CFA/I, FimH) et degrotéinesdela membranexterne
(Tia, TibA, EtpA).LHV IDFWHXUV GH FRORQLVDWLRQ &)$ , &6 &6
seraient capables de reconmaisipécifiguement des motifs osidiqgues du mucus. Les ETEC
SHXYHQW DXVVL GpJUDGHU OH PXFXV SRXU Bdeénp Grétel SO XV
j GHX[ PXFLQDVHV <JK- DQG (DW$ WUQqV IUpTXHPPHQW GpW
et de 5570% de souches, respectivement). Malgré toutes ces interactions entre ETEC et
PXFXV LO QTH[LVWH TXDVLPHQW DXFXQH pWXGH pYDOXDQ!
par le compartiment mucus. Les ETEC sécretent deux toxines, une thermolabile (LT) et/ou une
thermostable (ST)atoxineLT, partagean80% G { K R P Ra@RalbxthecholériqugVibrio
cholerag, estsécrétégarle systemede sécrétiordetype 2 impliquantnotammenta protéine
LeoA, tandis que la toxine ST est sécrétéepar le systemede pompesa efflux TolC. La
productiondecestoxinesauniveaude O § p S L VihkeptiDdlpedmetO 1D F W G Y RER¥thReQ
de signalisationa O R Udedia@hdesaqueusesbondantesle type cholériforme.A noter
gue lesdeux mucinases YghJ et EatA favoriseiD FWLRQ GH O WMRHAWIHRLY | (7 (&
est aussi associée a une inflammation intestinale modérée, caractérisée par la présence dans les
selles de leucocytes, de lactoferrine et de myélopéroxydase. Les cytokines et chimiokines de
OTLQIODPPD W4 AuitdésRc@mMmeDles interleukines (IL)-8L. IL- AL7A et
OTLOQWHUIpUR® UHWURXYpHVY GDQV OHV VHOOHY RX OH VDC
VHPEOH SRVLWLYHPHQW OLpH j OD VpYpULWp GH QIfLQIHFW
VHPEOH TXH OHV (7(& LQGXLVHQW GHV PRGLILFDWLRQV C
microbiote fécal des patients infectés.
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Quelle stratégie thérapeutique ou préventive contre les ETEC ?

A ce jour, aucun traitement reconetspécifiquecontrelesETEC Q 1 idovhwiercialisé
dansle monde La prise en chargedesinfectionsresteessentiellemergymptomatiquest suit
les recommandationgyénéralesassociéesa tout épisode diarrhéique, FfHVW uneGLUH
réhydratationorale, O § X V@ Bi@aiwheiquesou de ralentisseursie transit. Le recoursa
O 1D QWL E LR &gMderiemd && Héquemment rapporté contribuant au phénoméne
G 1D QWL E L Btd soWimpaat me@akfsur la santéhumaine Il apparait donc important de
développer de nouvelles stratégies -mfeéctieuses préventives. Parmi les pistes envisagées,
un vaccin commercialisé contwébrio choleraea prouveé un effet bénéfique a court contre les
ETEC.Le vaccin candidat le plusa@aFp HQ HVVDL FOLQLTXH® @uiudiseDVH , ,,
guatre soucheskHl' coliinactivées suexprimant certains facteurs de colonisation et une-sous
unité de la toxine LT/ XVDJH GH SURELRWLTXHY SRXU OD SUpYHQW
autUH SLVWH SURPHWWHXVH &HUWDLQHVY pWXGHV RQW PR
Lactobacillus rhamnosus, Pediococcus pentosaceusSaccharomyces cerevisia€es
microorganismes exercent un effet anfectieux en inhibant la cresance du pathogénie,
SURGXFWLRQ GH WR[LQH OYDGKpVLRQ DX[ FHOOXOHV LQW
$ FH MRXU DXFXQ SURELRWLTXH Q{HVW DFWXHOOHPHQW V.
ou curatif des infections a ETEC.

Les fibres, une stratégant-rETEC a valorisef

Etant donné les interactions démontrées entre ETEC et mucus intestinal (adhesines,
PXFLQDVHYV OfXWLOLVDWLRQ GYXQH VWUDWpPJILH GH SU
alimentaires semble intéressante a évaluer. Pourtant, les études portant swité dafibres
j SUpPYHQLU XQH LQIHFWLRQ j (7(& FKH] Of+RPPH VRQW UDL
étudiéin vitro. Il a été montré ques$ oligosaccharides du lait et les fibres solubles de plantain
a des concentrations respectives de Lgtb g. L réduisentadhésion des ETEC aux cellules
épithéliales intestinales Cao Diverses études ont étudié la capacité de fibres alimentaires a
HPSrFKHU OD OLDLVRQ GH OD WRI[LQH GT(7(& j VRQ UpFHSW!
des oligosecharides du lait humain, en raison des similitudes de structure avec les récepteurs
de toxines. En effet, le récepteur GM1 de la toxine LT est un motif osidique également retrouvé
GDQV OH ODLW KXPDLQ (Q PRGqOH G 9D qu¢tbligd@acbharide FKH] O
*0 PDLV pJDOHPHQW OH VLDOO\ODFWRVH VRQW FDSDEOHYV
récepteur endogéne, limitant ainsi les diarrhées aqueuses. Il a aussi été montré que la fraction
fucosylée des oligosaccharides du lait nratbaugmentait la survie des souris apres ingestion
de la toxine ST. Face a ces résultats, Paton et ses collegues ont développé des versions
génetiqguement modifiéesEl' coli exprimant a leur surface un récepteur GM2 et d'autres
oligosaccharides, permetaW GJLQKLEHU OD OLDLVRQ GHV WRI[LQHYV |
SHUWHY HQ HDX HQ PRGQgOH GYDQVH LOpDOH
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Contexte organisationnel ébjectifs de lacotutelle dehéese

Dansce contexte lestrois annéegsle cotutelleseuropéenneale thesese sont deulées
entre deux laboratoires universitaires, QJfiité Mixte de Recherche Microbiologie,
Environnement Ojestifet Sant§UMR MEDIS 454, UniversitéClermontAuvergne INRAE,
ClermontFerrand, France) et le Centerfor Microbial Ecology and Technology (CMET,
Université de Gand,Gand, Belgique) Ces deux laboratoires bénéficient de plus de 20 ans
GIH[SHUWLVHV WHFKQLTXH HW VFLHQWLILTXH GDQV OHYV
DUWLILFLHOOHY /TLQWpUrW PDMHXU GHIH{ISWWWLVRO®W ER
MEDIS dans la simulation de la partie haute du tractus digestif et celle du CMET dans les
modéles de fermentations simulant la partie distale du tractus digestif, mais aussi de profiter de
leur expertise commune dans les modéles @MLUHY UHSURGXLVDQW OfpSLW
travail de thése avait pour objectifs de):miieux comprendre les interactions entre le mucus
LQWHVWLQDO HW OD YLUXOHQFH GTXQH VR Xify &Hlué7lé& GH Ur
potentiel anin|[HFWLHX[ GH SURGXLWY FRQWHQDQW GHV ILEUHYV
GpURXOpH HQ J)UDQFH 1r@e/dudnticesRiS|aphysiapatddidgiptdes ETEC),
des expériences ont été effectuées sur le modelelT(VNO gastro Intestinal Modid)
UHSURGXLVDQW OYHVWRPDF HW OLQWHVWLQ JUrOH DXTX
évaluer son impact sur la virulence et la survie des ETEC. Des expériences de culture cellulaires
comparant un modele de-calture Cace2/ HT29MTX secrétant dunucus a un modele de
monoculture Caco RQW SHUPLV GH PHVXUHU OfYfLPSDFW GH OD SU
PXFXV VXU OfDGKpVLRQ HW OD YL U X@dtaxielldeSfidrds ¢Grigie & RQF +
stratégie antinfectieuse), des expériences EKOW XUH VLPSOH VXU GHV PRGQq(
billes de mucine et sur le modéle cellulaire GAt6IT29MTX ont permis deif sélectionner
2 produits contenant des fibres parmi 8 candidats pour leur potentigifantieux et () de
FRQILUP H uti-iof§dddué/cdd deux produits sur la production de toxine par la bactérie,
son adhésion aux cellules et son induction de la réponse inflammatoire. En raison de la crise
sanitaire liée a la pandémie de Covid OH VpMRXU GT1XQ D QréviaucNMPT LQLWL
a Gand, en Belgique, a di étre réduit a une durée de 9 mois. Ce séjour a été maintenu grace a
une prolongation de 6 mois du contrat doctoral sur des fonds FEDER. Les objectifs des travaux
effectués en Belgique ont dO étre revus et simplifiés expériences sur le modeleSHIME
QTIRQW SX rWUH UpDOLVpHYVY HW RQW pWp UHPSODFpHV SDU (
PRLQV FKURQRSKDJHV HW DX[ FDSDFLWpV GH VFUHHQLQJ p
du mucus et des prodsitontenant des fibres sur la virulence et la survie des ETEC en présence
GT1XQ PLFUREL RAN-tkIZIR EeP@tENdratacadémiquece travail de thésea fait
O 1 R BEM gg@Enariatvecdifférents industriels de la région AuvergRéoneAlpes. Pami
ces groupes industriels, Lallemand SAS est un leadsrdial dansle développementla
productionet la miseen marchéde levures,bactérieset ingrédientsdérivés.Limagrainestun
groupe coopératif agricole francais spécialisédans les semencegle grandescultures, les
semencepotagereset les produits céréaliers.PiLeJefabrique et distribue des solutionsde
micronutrition, phytonutrition et des souchesmicrobiotiques.HARiI&CO est une startup
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lyonnaisequi a pourmissionvaloriser leslégumineusesGDQV OJDOLPHQU@GEBWLRQ K
sociétés ont notamment fourni la majeure partie des produits contenant des fibres testées pour
leur propriétés aninfectieuses. Le projet de these a été entierement financé par un pack
Ambition Recherche deal région Auvergn&khéneAlpes/FEDER appelé DYSFIBRE et
FRRUGRQQp SDU 01805 0(',6

Descriptif du contenu du manuscrit de these

Le manuscritde thése comprenaut G § D BiRdf&vuede la littérature (sectionl)
répartieen 5 grands chapitres. Le chapitd est dédié la présentatiorde la physiologie
digestivehumaineet desprincipauxparameétresligestifsabiotiques et microbiens. Le chapitre
2 aborde les interactions entre fibres et mucus mais aussi leur relation étroite avec le microbiote
intestinal.Le chapitre 3 présente les interactions des pathogenes intestinaux avec le mucus
intestinal puis introduit comment les fibres alimentaires pourraient limiter ces infections,
notamment en inhibant les interactions pathogémesus. Le chapitre 4 présengegathogene
VXMHW GH FHWWH W K q \&kbudhdié¢ré{esernddi] 0207 WdlEecRdAu@ adulte
auBangladesien1977. Une attention particuliére a été portée sur les interactions du pathogéne
DYHF OH PXFXV LQWHVWLQDO OHV ILEUHV OH PLFURELR\
chapitre 5 fait la liaison avec le travail expérimental en décrivant les madekdso qui
pourraient étre utilisés pour élucider les interactions entre ETEC, fibres et macpartie
H[SpULPHQWDOH GH FH WUDYDLO GH WKgVH VHFWLRQ ,, V
chapitre 1V T L Q W p tdlel divticsXlans lesfectionsa ETEC grace a diverses approches
in vitro complémentaired_e chapitre 2 se focalise sur le programme de screening conduit afin
de sélectionner 2 produits contenant des fibres (parmi 8 testés) pour leurs proprietés anti
infectieuses contre la SOFKH (7 (& + (QILQ OH FKDSLWUH VIDWW
amplement les propriétés aifectieuses des deux produits sélectionnés en utilisant un large
panel de modelem vitro. Dans la section lll,es principaux résultatsexpérimentauxles
méhodes employées pour les obtenir et leurs perspectives sont discutés.

Principaux résultats et éléments de discussion des chapitres
expérimentaux

Les principauxrésultatsexpérimentauxles méthodes employées pour les obtenir
élémentsde discussiondécritsdansles différents chapitressont scindésen deux principales
partiespourrépondreaux deuxobjectifsdela thesementionnés edessus

Axe 1: Impactdu mucusintestinalsurla physiopathologielesETEC
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6SpFLILFLWp G9DGEPRCIHHQOG pdbuOidmidasK FK H

‘LIl pUHQWY PRGqQOHV RQW SHUPLV GH FRQILUPHU OfDI
FRPSDUWLPHQW PXFXV /{DIILQLWp GH OD EDFWpULH SRXU
FRQWU{OH DJDU VHXO DYHF Ce G4iBI& tkes SimBI€ nd- repdived H
FRPSWH OYLPSDFW GHV SDUDPgQWUHYV SK\VLFRFKLPLTXHV Gl
GIXQH EDFWpULH $ILQ GH SDOOLHU FHWWH OLPLWH GHV W
aprés un processus simple dgedtion gastoL QW HVWLQDOH HQ SUpVHQFH G
contenant ou non de la mucine. Ces billes étaient constamment agitées pour éviter toute
sédimentation. Méme dans ces conditions (pH gastrique acide, présence de sels de biliaires,
agitation), lasouche ETEC H10407 présente un tropisme pour les billes avec mucine. Pour
LQWpJUHU GTDYDQWDJH OHV LQWHUDFWLRQV DYHF OfK{W
intestinales humaines ont été réalisées. La souche ETEC H10407 adhére davantage (environ 1
log de différence) a la eculture Cace2/HT29-07; UDWLR TXTj OD PRQRF.
cellules Cace?. La lignée Cac@ se différenciant en entérocytes et la lignée HVAX en
cellules caliciformes sécrétrices de mucus, nous montrons ici que le patipogpsede un
tropisme pour le mucus ou, du moins, pour des récepteurs présents sur les cellules caliciformes.
Il est impossible de conclure a ce stade si le mucus secrété par les celluledg HI 28t seul
UHVSRQVDEOH GTXQH SOXV JUDQG®H HPSSHKPLVH®REH VG HOA DG
complémentaires comparant cellules HI9X et HT29 (non sécrétrices de mucus) et
LPSOLTXDQW GH OYfLPDJHULH pOHFWURQLTXH SRXUUDLHQW

1.2 Roéle du mucus dans la survie de la souche H1040% la partie haute du
tractus digestif

/ITXWLOLVDWLRQLlGQKX simB&eayOdd |1& partie haute du tractus digestif, a
SHUPLV GTpWXGLHU OYLPSDFW GX PXFXV VXU OD VXUYLH G
MXVTXYj] OTLQWHVWUQ VIUR P b COLAMWICRD @ HWwodSiste edqudtrp UL H  /H
compartimentssuccessifssimulant I'estomachumain et les trois partiesde l'intestin gréle
(duodénum, jéjunum et iléon), reproduiskstprincipauxparameétrephysicaochimiques de la
digestionhumaine (température, pH, enzymes, péristaltisme, absorpBony simuler la
présencelu compartimenmuqueuxunesécrétiorde mucinea étéajoutéepourapporter dea
mucinedansle duodénuma une concentration finale de d.g. Deux pochesen polyeser
contenant40 billes de billes de mucinealginate ont égalementété placéesdans chaque
compartimentligestifpourfournir unematriced'adhésionDans O T H V \&ét R Buddénumle
compartimenmucus Qrfipacteque modérément la perte de viabilité des ETEC associée aux
conditions drastiques de ces compartiments (acidité gastrique, sels biliaires), avec une
augmentation de survie dans le duodénum a 30 minutes. A la fin de la digestion, le pourcentage
de bactériemssocié aux billes est particulierement élevé dans ces deux compartiments (90%
GDQV OTHVWRPDF HW GDQV OH GXRGpQXP $LQVL OH F
une niche pour permettre au pathogene de se maintenir damstionsdigestives és plus
QpIDVWHYV 'DQV OH IMsohtKeRTER HAMO0 ehile@psRQissancale facon
exponentielle, ce quefleteuneamélioratiordesconditionsphysicochimiqueamais également
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O 1 X W L poteviti2l&de Ra@ucine commesourcede carboneet G § p Q Hlddfbrtant ces
résultats,destestsde croissanceen milieu minimal (M9) ont montré que lasoucheETEC

H10407est capablele se diviser en présence de mucibDes expériences complémentaires

dans un modelén vitro FRPPH OH 6+,0( SHUPHWWUDLHQW GH VDYR
microbiote complexe influence les résultats obtenus dans IeLTdi lui en est dépourvu.

5{O0H GX PXFXV GDQV OfH[SUHVVLRQ GHV JgQHYV

Afin de mener a bien saycle infectieux, le pathogeéne doit pouvoir réguler ses facteurs
GH YLUXOHQFH HQ IRQFWLRQ GHV GLIIpUHQWHYV QLFKHV TX
propres travaux dans le systeme FIMNt montréT XH OfDGKpVLRQ DX[ ELOOHV C
pas DVVRFLpH j GHV FKDQJHPHQWY SURIRQGV GDQV OH SUR
FRPSDUDWLYHPHQW j OD OXPLqQUH GLJHVWLYH TXH FH VR
étre d0 a la présence de mucine a la fois dans la lumiére (sécrétidn™3 8tglans les billes.
8QH DXWUH H[SOLFDWLRQ HVW VLPSOHPHQW TXH OD SUp
OYH[SUHVVLRQ GHV JgQHV GH YLUXOHQFH TXH OHV YDULDW
tractus digestif. Globalement, les génes sont répridé&QV OTLOpRQ j OTH[FHSWLRC(
codant pour les mucinasé&ghJet eatA Cette derniere observation pourrait indiquer une
DFWLYDWLRQ VPpTXHQWLHOOH GHV JgQHVY GH YLUXOHQFH GC
K\SRWKqgVH tiveteh deX But@g d2hres nécessite la proximité ces cellules intestinales,
un paramétre de la physiologie digestive non reproduit dans lelTINhsi, des expériences
GH VXLYL GH OfH[SUHVVLRQ GHV JgQHV GT(7(& WXitessPRGgqOH
sur modéles Cae/HT29MTX et Cace2. Quel que soit le modeéle, les genes de virulence
pPWDLHQW JOREDOHPHQW DFWLYpV SDU OYDGKpVLRQ DX[ FH
rWUH OH SDUDPgWUH GpFLVLI SHUP Hh\We/gds Qanes dOMrudmX FKH +
'H SOXV OYDFWLYDWLRQ GHV JgQHV GH YLUX-GQH@EFH HVW
suggérant que le mucus ou des composants présentés par les cellules caliciformes, augmentent
la virulence de la bactérie. Ces résultaiatwdans le sens de la seule autre étude qui a suivi la
PRGXODWLRQ GHV JgQHVY GH YLUXOHQFH GTXQH (7(& VXLWH
géneeltB GH OD VRXFKH + pWDLW DXJPHQWpP SBWENOYDGKDp
UHYDQFKHRQ & NXL@H \DDERABTHA\GRRK mehHeé des effets opposés avec une
inhibition des génes de virulence. Ces données suggeérent de réitérer les expériences de culture
FHOOXODLUH DYHF GIDXWUHV VRXFKHV GYf(7(&

1.4 Impact des cellules sécrétrices de muebs U OJLQGXFWLRQ GH OfL
Comme évoqué dans le contexte bibliographique de cette thése, les infections a ETEC

VRQW DFFRPSDJQpHV GTXQH pOpYDWLRQ GHV PDUTXHXUV L
Le mucus est présenté comme une barriecre alxXWKRJgQHYVY HPSrFKDQW OfYDFF
SsOusMDFHQW HW SURWpPJHDQW OTK{WH GH OHXUV DJUHVVLRQ
OD SURGXFWLRQ (EBYfLQWHU DX EDEMWpULH pWDLW FDSDEOH
inflammatoire dans lesiodeles de caulture HT29MTX/Caco-2 et de monoculture Cach

Il semblerait donc que le mucus secrété par le modele ZEIR9IMTX ne soit pas suffisant
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SRXU LQKLEHU OTLQGXFWLRQ GH OfLQIODPPDWLRQ SDU OD
(nonLQIHFWpV GH S8ksBrEpius Wevés@ar e, hodele dewture (170 fois plus

G f-8/intracellulaire), probablement di aux deux lignées cellulaires réagissant a leur présence
mutuelle. Ces derniers résultats limitent nos conclusions quafftlLaPISDFW GX PXFXV
OYLQGXFWLRQ GH OD UpSRQVH LPPXQLWDLUH LQQpH $ILQ ¢
de réitérer les expériences en comparant le modéle de monocultureMiX28ecrétant du

PXFXV DX PRGQgOH +7 QTHQ V plt&pei¥ieciwy, 1&|D&fatuBexrgopdrte) W D Q W
que les cellules HT2MTX en monoculture secretent une couche de mucus uniforme, plus
proche de la physiologie intestinale, que celle obtenue avec le mélang2/8a28-MTX.

1.5 Hfet du mucus sur la croissanc® la souche H10407 en présence du
microbiote fécal

Le sited'actiondesETEC estgénéralementonsidérecommeétantla parte distale de
l'intestin gréle. CependaritexcrétionfécaledesETEC apréesl'infection est particulierement
importante et pourraiefléterla stratégieGH FRQWDPLQDW L Roar 1© §addt&iE.LIUR Q QH F
HVW GRQF DSSDUX SHUWLQHQW GYfpWXGLHU OHV LQWHUDF
humain dans des expériences de fermematiomicrobiote fécal en batch. @ensauteursont
déjaévalué la survie des ETEC dans des expériadeérmentation avec des souches infectant
I'hnomme, que ce soit en batch ou dans le maa#ignuM-SHIME. Ces travaux ont été réalisés
avec des micrapsmes recouverts de mucines pour simuler le compartiment nfweusfois
aucune de ces études ne traite spécifiquement de I'impact du compartiment mucus sur la survie
des ETEC en le comparant a une condition de contrdle appropriée. Nos travaux noomtrent
FRPSDUDWLYHPHQW j GHV ELOOHV FRQWU{OHValgnftie OJLQDW
limte OD FRORQLVDWLRQ SDU OHV (7(& 1RXV SURSRVRQV TX{
par un microbiote spécifique (discuté dans les paragraphesit®)ipeotége de I'établissement
excessif des ETEC. Toutefois, nos observations resteconéirmer car le manque de
renouvellement du milieu du systerpbatch limitela pertinence du modeél®es systemes de
fermentation continue plus complexes auraient iefm G fpWXGLHU OH U{OH GX PXF
pFRORJLTXH SHUPHWWDQW OH PDLQWLHQ GX SDWKRJgQH G

1.6 Effet du compartiment mucus sur la modulation de la composition
microbienne par les ETEC

Des études précédentagportent une modulationde BRPSRVLWLRQ HW GH Of
microbiote intestinal humain par les ETEC. Comme les altérations du microbiote peuvent
favoriser les infections de différentes maniéres, il est crucieadetériseces modifications
A notre connaissance, ce travail det premier a eétudierspécifiquementlimpact du
compartiment mucus sur la modulation du microbiote humain par les ETEC. Comme déja
UDSSRUWpP SDU GIDXWUHYV pW X @iéviderttivie BoldrisstDXgarail W KqV
microbiote spécifigue des ik de mucines, notamment enrichi @tostridium et en
Lactobacillaceae Ces groupesqui pourraient avoir un réle dara santé humainesont
SDUWLFXOLqQUHPHQW L RETEE\Ep atolElds fidtagnhhe it \dEmariré
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des effetsantrinfectieux contre les ETEC. Ce travail met donc un peu plus en exergue
OfLPSRUWQ¥PHUGBRQNWGEHHU OH PLFURELRWH PXFRVDO GC
ETEC que soitin vitro ou in vivo. Ces résultats demandent néanmoins a étre confiramss d

des systemes plus proches de la physiologie humaine

(I1THW GX FRPSDUWLPHQW PXFXV VXU OD PRGXOL
les ETEC

Dans ce travail, nouavons montré&ue l'utilisation de billes de mucine, un substrat
nutritif riche, entraie une production accrue de produits de fermentation (gaz et AGCC). La
modulation des métabolitesicrobiengpar les ETEC eshoins évidente a expliquerSXLVTX{HQ
effet l'inoculation de l'agent pathogéne tend a augmenter la plupart des parameétres de
fermentation étudiés (gaz et AGCC dejue le butyrate)mais €mblelimiter la diminution du
pH. Une hypothéese envisageableur expliquer cette derniére observatgmurrait provenir
desVA\VWqgqPHV GH UpVLEWd. Qé&nd des@dridifdnSansidigs Ges systemes de
résistancej O 1 D E&alV¢gnsomment notamment des protoisHHW SURGXLVHQW Gt
(H20), du dihydrogéne () et du dioxyde de carbone (@OIl sembleraitégalemenique
O LQRFXODW LargmeGtél la@é&grddagion du campmentmucusreprésentés par les
billes de mucinesCela pourrait étre ddux mucinaseslu pathogéneD'autres travaux sur les
modulations de I'activité microbienne par les ETEC, a larfioigro etin vivo, sont nécessaires.

Axe?2: Propriétésaanttinfectieuses de produits contenant des fibres sur
la physiopathologielesETEC

2.1 Screening deroduits contenant des fibres pour leurs propriétés -anti
infectieuses visxvis de la souche H10407

$1LQ G T pesprapiétEshntagonistedeprodui contenantesfibres visavis des
ETEC, les partenaires industriels associés au projet ont fourni divers produits contenant des
ILEUHVY 3DUPL HX[ GHV H[WUDLWV GYDPLGRQ GH EOp GfID
de lentilles et de parois celures de la levuré&accharomyceserevisiae Certains de ces
HIWUDLWV RQW pWp IRXUQLVY GLUHFWHPHQW SDU OHV SDUV
au laboratoire ou achetéasprés de distributeu(ggommesde guar et de locugteCes derniers
produits ongtésélectionnépour contenir des galactomanandss polysaccharides ayant déja
montré des propriétés antiQ I|HF W L H XV HV patRdlyesCH] @dIfcDriive (¢$1BHEC,
QRWDPPHQW GHV FDSDFLWpV GJLQKLELWLRQ GYDGKpVLRQ
ILEUHV GYRULJLQHY YDULpHY HW FRQWHQDQW GfDSUqV OD
(amidonrésistant hémicellulose, cellulos@ligosaccharides, xylanes, mannanes, galactanes
LYHQVHPEOH GHV H[SpULPHQWDWLRQ VpRSoEgigu priikigsD O LV p H \
de2g.Lt, XQH FRQFHQWUDWLRQ SKlNrddR @RsldeTissaBde, aufun@as HV W |
SUR G XL Wie g bagac¢kté a réduire la croissance de la souche H10407 en milieu riche
(medium LB) alors que tous ces produits permettent la croissance de la bactérie en milieu
minimal (M9). Céte utilisation des produits comme substrat par les ETEC ne devraioiéan
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pas poser d@roblemein vivo lorsque e SDWKRJgQH VHUD HQ FRPSpWLWLR
microbiote pour les nutriments simples contenus dans les produits. Cette hypothése pourrait
étre vérifiée lors de futures expériendass des systemeasvitro incluant le microbiote oin

vivo. Nous avons ensuitPt RQWUp TXH OfH[WUDLW GH OHQWLOOHYV GLP
dans le surnageant de culture de la sotd®07 (QILQ FRPPH OfXQ GHV PpFDQL
GTLQKLELWLRQ GHV SBWHKWR SPQHNH SDW OHVYQKLELWLRQ GH
GIDGKpVLRQ RQW pWp FRQGXLWYV J/RUV GH WHVWV GIDGK]
DILWDWLRQ FRQVWDQWH OfH[WUDLW GH OHQWLOOHV HW
intéressantes@ UpGXLVDQW GH SOXV GH IRLY OYDGKpVLRQ GH ¢
Ces résultats ont été confirmés daidV WHVWYV G D G &vpd/ e RQdefeHI2ed XOD L U T
2IHT2907; GDQV OHVTXHOV GIDXWUHV SURGXLWYV WdhOV TXH
résistant de blé ont aussi montrés geopriétés antiadhésivantéressantes. Ce travail est

pionnier dans la mise en évidence des propriétésrdatitieuse des produits contenant des
ILEUHV FRQWUH XQ VRXFKH GYf(7(& LQ li¢hFo&/ 2 @QoMpdasgnkeRP P H F
mucus.

2.2 Inhibitionde la détectiond® D WR[LQH /7 SDU OYfH[WUDLW GF
Le programme de screening-dgssus a mis en évidence un effet inhibiteur -dose

GpSHQGDQW GH OfTH[WUde fibvesGit |@Ddét@ctioh @edddtokine OT/dans le

surnageant de culture de la souche H10407. Ces tests ont été conduits dans le milieu CAYE

(Casamino Acidsreast Extract) connu pour induire la production de toxines des ETEC. Afin

GH GpWHUP L Qadddit wdr uddrhiodutatidn de la virulence de la bactérie ou était di a

un effet direct sur la détectiate la toxine, des tests ont été menés sur la toxine purifiée. Les

UpVXOWDWY RQW FRQILUPp TXH OTH[WUDLW detht&xH& WL O OH

Cette observation est donc au moins partiellement resporgdaldiminution de détection de

la toxine observée dans le surnageant de culture bactérienne. Des tests complémentaires sur

cellules F84 ont été conduits. En effet, ces cellubapriment le récepteur a la toxine LT et

LQGXLVHQW HQ FDVFDGH OD VI\QWKgVH GT1$03 F\FOLTXH $03

FHY WHVWV QYRQW SDV PLV HQ pYLGHQFH GIDXJPHQWL

intracellulaire ni par le surnageant ldesouche H10407, ni par la toxine cholérique (proche

parent de la LT), ni par la bactérie efiféme. Ces données ont empéché toute conclusion quant

DX PpFDQLVPH GYDFWLRQ GH OfH[WUDLW GH OHQWLOOH VX

,QKLELWLRQ G 9D GKpMLRAEG I Ha0iDdddrNMaForytes

cerevisiae
'H QRXYHOOHV H[SPULHQFHY RQW FRQILUPp TXH OHV S

des ETEGsur cellules Cac@/HT29-MTX. Afin de confirmer que cet effet pouvait étre di a
une affinité de la bactérie pour des composants des parois agissaméstidsirres, des
HISpPULHQFHYV GIDGKpVLRQ VXSSOpPHQWDLUHWNREQUWE pWp HC
la souche H10407 a une affinpus importante (environ 1 log de différence) pour les billes
GYDOJLQDWH FRQWHOQDQW @it \pod Ieb Rles/coBtEnaDtHey X bktiie g J /
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OD PrPH FRQFHQWUDWLRQ & Hinlttpihte @eWaDsduicieREQEC PdriHleDL Q V L
produit testé. Il a été déja été montré dans la littérature que certaines fibres, telles que des
ROLJRVDFFKDULGHY GX ODLW KXPDLQ RX OHdé dduehgsHV GH
KXPDLQHYV aGqcelyésCacae2. Dans cette étude, cette notion est étendue a des fibres
provenant de microorganismes. Des études précédentes conduites au laboratoire ont montré
TXTXQH VRXFKH SURELRWLTXH GH OHYXUH DYDLW OD FDSDF
aux celules Cace2, et que des résidus mannose étaient impliqués. En opposition avec ces
UpVXOWDWY QRXV PRQWURQV LFL TXH OIYDMRXW g3 DQV OH F
1 QID SDV UpGXLW VLIJQLILFDWLYHPHQW Oilfeb GeHgviésRIQ GH OTL
VHPEOHUDLW TXH GIDXWUHV PRWLIV PROpFXODLUHYV VRLHC

ORGXODWLRQ GH OfH[SUHVVLRQ GHV JgQHV GH °
1RXV DYRQV DXVVL pWXGLp OHV SURSULpWpV GHV SU

virulence du pathogéne. Ces expériences conduites sur les celluleg/iBa26-MTX ont
montré que les géenes de virulence de la souche H10407 sont modulés par les produits contenant
des fibres, que la bactérie soit sous forme planctonique ou adhérée. Smuplorctonique,
OHV SDURLY GH OHYXUHV DXJPHQWHQW OfYH[SUHVVLRQ GHV
SDU OfH[WUDLW GH OHQWLOOHY GpSHQGHQW GX JgQH FRQ
la sécrétion de toxines sont inhibés, tandis gqeegknes impliqués dans la dégradation du
PXFXV HW OfYDGKpVLRQ VRQW DFWLYpV &RQFHUQDQW OH
variations sontdavantage susceptible6 {LPSDFWHU OD SK\VLRSDWKRORJLH
produits sont concordants. Il esiservé une inhibition des génes impliqués dans la sécrétion
de toxines, tandis que les genes codant des mucinases ou adhésines sont surexprimés. Ce travail
est le premier afaire @ pPRQVWUDWLRQ GIXQH PRGXODWhORIg GHV Jq
GETEC par des produits comprenant des fibres.

2.5Inhibition de O D F WdeYCDW B R ®igé W p

Surle modelecellulaire Cace2/HT29MTX, O T H | | HMHu@sldonteGant des fibres
surOYDFWLYDWLRQ GH JgqQHV LPSOLTXpV GDBt@ GlobdemeptSRQV H
OD VRXFKH + DFWLYH OYH[SUHVVLRQ GH WRXV OHV
indépendamment de leur statutqwa antiinflammatoire. De maniéere intéressante, les produits
contenant des fibres ont un effet immemodulateur. Les ldilles, en particulier, réduisent
OfDFWLYDWLR®,EH G, OTRUGUH GH 'H PrPH FRQFHUQDQ\
GDQV OD V\QWKgVH GH PXFXV OfH[SUHVVLRQ GHerHV GHU
présence de la souche ETEC, tandli¥H O H{WUDLW GH OHQWLOOHY OLPLWE
GHVY SDURLV GH OHYXUHV HVW SOXV PRGHVWH /H QLYHDX
VHUUpHY DVVXUDQW QRWDPPHQW OD SHUPpPDELOLWpP GH Of
GIH[9 W RV EH FHY SURWpPLQHV VITHVW UpYpOp SHX DIIHFWp S
du géne codant pour la claudiheest induit. Nous avons pu montrer que les parois de levures
VRQW FDSDEOHV Gidn dypdgenelLdddantOd] ¢lqusilefER concK VLR Q O (7 (&
LQGXLW XQH DFWLYDWLRQ JOREDOH GH OfH[SUHVVLRQ GHV
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de cette activation par les lentilles et un effet plus modeste des parois de levures. Au niveau
SURWPLTXH QRXV DYRQV PR GW R B XXV etQcadl(Rire. Q& 2L W OD
produits contenant des fibres ont montré leur capacité a réduire la production induite par
Of(7(& FHWWH LQGXFWLRQ pWDQW GLPLQXpH GH SDU OF
par les lentilles. Plusieuraécanismes peuvent expliquer ces résultats. Il semble probable que
OTHIITHW EpQ@puIGITMXHNWRFIRPELQDLVRQ GYHIIHWYV GLUHFWYV VX
OTDGKpVLRQ PRGXODWLRQ GHV JgQHVY GH YLUXOHQFH HW
VXU OfLPPXQLWpPp VDQV PrPH TXH OD EDFWpULH VRLW LPSOI
OH SUHPLHU j PHVXUHU OfYHIIHW EpQpILTXH GH SURGXLWYV
OYLPPXQLWp LQQpH SDU XQ SDWKRJgQH DYHF XQH WHOOH |
GH OD UpSRQVH HIITHFWULFH j OfpWXGH

2.6 Effet des produits sur la pernbdae cellulaire

J)DFH j OfHIIHW PLWLJp GHV SURGXLWYVY j EDVH GH ILEU
jonctions serrées, des expériences complémentaires ont été condfii2z& G L $\ptoBu@s G H
du c6té apical deellules Cace2/HT29-MTX cultivées erinsertsaugmentda résistance trans
pSLWKpOLDOH GIDXJPHQWDWLRQ GH UpVLVWDQFH DX E
levures diminuent de 20% la perméabilité traaBulaire évaluée par le suivid§ DEVRUSWLRQ
de lacaféine. La perméabilité pacellulaire pYDO XpH SDUDEH RY & WEBSII G O
est diminuée de 70% en présence des 2 produits. Ces résultats moméread produits
pourraient méme participer au renforcement de la barriére intestinale contre les ETEC. A court
terme, GHV H[SpULHQFHV FHOOXODLUHV FRPSOpPHQWDLUHV S
de sédimentation des produits sont nécessaires.

2.7 Effet des produits sur la croissance de la souche H10407 en présence du
microbiote

En étant dégradées en fragmentsligees par le microbiote intestinal endogene, les
fibres alimentaires peuvent fournir un substrat aux agents pathogénes se comportant en
dégradeurs secondaires. Ainsi dans nos expériences de batch en présence du microbiote fécal,
QRXV QYDYRQWBEOGM@PHH GIfDKIJPHQWDWLRQ GH OD FURLVVDC(
produits contenant des fibres alimentaires. Au contraire, les parois de levure tendent a diminuer
OfH[SDQVLRQ GHV (7(& TXH FH VRLW HQ SUpVHQFH GX PLFUI
Plusieurs études indépendantes ont montré que les fibres alimentaires peuvent limiter la
croissance des agents pathogésregprésence dmicrobiote Lesfibres peuvent notamment
exercerun rdle de prébiotique sur des espéces commensales probiotidaesnotre
expérience,ds produits contenant des fisent SHUP LV O Y H [pByoQrdup&s@orGnie
les Escherichia/Shigellalans les conditions nenfectées Ce groupe pourrait jouer un role
dans le contrdle de l'infection en occuplastmémes nichescolaiquesque les ETEC, comme
cela a déja étébservé avec d'autres agents pathogeleQV OfREMHFWLI GH PHWW
GH SOXV DPSOHV EpQplLFHV j WHUPH ddxXapa@dhnde¥LRQ Gt
fermentation microbienngevraitétre envisagée
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2.8 Effet du compartiment mucus sur la modulatiper les fibresde la
composition microbienne par les ETEC

A notre connaissancege travail est le premier a étudier le potentiel de produits
FRQWHQDQW GHV ILEUHV SRXU P REFEC3U ¢ nddrbWiote IHumainy G 1 X Q'+
Nous rapportons que les produits utilisés tendent a prévenir de la disparition partielle des
Clostridia consécutive aOfDGPLQLVWUDWLRQ GHV (7(& /YfHIIHW GHYV
composition du microbiote est significatif, en induisegrtaines modifications de composition
HW FH GH IDoRQ LQGpSHegd Agmetdot@firmedtiHFNEIRRIGDQFH G
Parabacteroides un genre bactérien associétamment des propriétés artiflammatoires
dans différents syndromea&insi, si nos résultats montrent un impact mineur des produits a
base de fibres sur la composition du microbiote, cet effet ne seminiéfpéset pourrait méme
avoir son utilité dans une stratégie anfectieuseAfin de vérifier cette observatioi pourrait
étre envisagé de déposer des échantillons fermentaires sur des modeéles cellulaires complexes
intégrant les échanges avec le micradiobmme des intestins sur puce 0Gu-chips».

ORGXODWLRQ GH OYDFWLYLWp PLFURELHQQH
/ ®jout des produits contenant des fibnes semblepas étre en mesurede limiter

l'impact des ETEC sur l'activité du microbiote. Cette addition favoriseméme cerins
parametresie fermentationassociésommela productionde gaz qui pourrait étre di a une
augmentationGH O 1D F W L Y Ld¥mictébidteeHxumeé Plud bkande activité des systemes
GH UpVLVWDQFH BTETfPoEL @Epowie & K \guestion, des expériences de
transcriptomique ou des knadR XW GH JgQHYV GH UpVLVWDQFH j OfYDFLGL
envisages.

Discussion générale

Cette section discute de maniere plus globale les chapitres expérimentaux et
repositionne les travaux de recherche dans un contexte plus global notamrderis ds la
littérature existante dans ce domaine.

La spécificité des résultats au niveau dedache, une limite aux deux
axes

Force est de constater que les deux axes de ce travail de thése sont concernés par une
OLPLWH FRPPXQH (Q HIIHW XQH VHXOH VRXFKH GY(7(& D g
observées un niveau de la physiopathologe EITEC que ce soit par le mucus ou les produits
FRQWHQDQW GHV ILEUHV QH SHXYHQW rWUH pWHQGXHV j O
une limite de ce travail, puisque certaines études ont démontré que la réponse transcriptomique
des ETEC aux contss mucosaux est dépendante de la souche. De nouvelles expériences avec
G 1D X W U HhAumaResedm Necessaires pour appuyer nos observations.
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Utilisation des modéles viro SRXU GpFRGHU OfLPSDFW (
fibres sur la physiopathologie ETEC

Tout d'abord, le choix deswodélesin vitro plutdt que d'autres approches est une
premiere source de questionnement. Les approchedvo chez I'nomme représentent
éevidemmentO 1D S S U R péurétudigp BLDriteractions entre fibres alimentairesoiiicte
intestinal et agents pathogenes entériques. Cependant, plusieurs limites entravent leur
XWLOLVDWLRQ SDUPL OHVTXHOOHV OD YDULDELOLWpP LQW
OT(7(& HW OHV ULVTXHV OLpV j XKRI@ B HQE K M]UDVKIRP® 16 R P
nombreuses études sur volontaires ont été conduites daassdes ETEC. Une alternative aux
études cliniques est I'utilisation de modeles animaux. Néanmoins, une attention croissante est
accordée a la réduction des étudBQLPDOHYVY GX IDLW GITXQH SUHVVLRCQC
grandissante. Il convient également de faire preuve d'une grande prudence lors de la
transposition a I'homme de données obtenues dans des modeles animaux. Concernant les ETEC,
LO QYH[LVWH SabirMaux HerBrier@sqp@rhiéttant de reproduire toute la complexité de
la physiopathologie infectieuse de cette bactérie. De nombreuses différences subsistent
QRWDPPHQW HQ FH TXL FRQFHUQHQW OHV IDFWHXUV GH YL
toxinessUHFRQQDLVVHQW GHV UpFHSWHXUV GLIIpUHQWY GHYV (7
IDFWHXUV GH YLUXOHQFH GHV VRXFKHV GY(7(& VRQW VSpl
modélesin vitro reproduisant I'environnement digestif humain représente ltemative de
choix. Ces modeles présentent de nombreux avantages en terme de codt, de temps, de flexibilité
(capacité de screening), de reproductibilité (contrdle précis des parametres) mais aussi en terme
GIpFKDQWLOORQQDJH G D Qnodeidgstié/sam pad limites gaHday ¢comi@intes& H V
éthiques ou des problémes de sécurité rencontrés notamment lors des études avec des agents
pathogénes humains. Néanmoins, ces modelegtro présentent certaines limites comme
I'absence des contrbles nerxeandocriniens et immunitaires de I'hote.

Role du mucus dans la physiopathologie des ETEC

/| pPWXGH GHV LQWHUDFWLRQV HQWUH OH PLFURELRWE
prémices, de méme que la relation entre les agents pathogénes et la cousbesdé&nice a
l'utilisation de modelem vitro complémentaires de I'environnement digestif humain, I'objectif
SULQFLSDO GH OfDI[H pWDLW GH PLHX[ FRPSUHQGUH OH
compartiment du mucus. Une étude conduite ilyaunevin@tdd GIDQQpHYV HQ PRGgOH
cellulaire avait montré que la souche H10407 étailocalisée au niveau de la bordure en
brosse des entérocytes, et non pas au niveau du mucus présent sur les cellul&g XIT29
"IDXWUHV pWXGHV FRQ G X inWitiovsirapl2s) aht Géhiré wp\l Wiugined
gastriquede porc favorisait I'expressiondes facteus de colonisation de la souche ETEC
2589098 (QILQ XQH DXWUH pWXGH D UDSSRUWpPp TXH OYDGKpV
cellulaire sans mucus (Caco VIDFFRPSDJQDLW GIYXQH LQGXFWLRQ GH (
HW GH IDFWHXUV GH FRORQLVDWLRQ 1RVeésihSded/ETHQFHYV RC
SRXU OHV PRGQgOHV LQWpJUD QWL &rrbrizXpgoXrVa prgmiéne fas lqgiveD W L R C
OYDGDSWDWLRQ GHV (7(& LQIHFWDQW OTKRPPH DX PXFXV C
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plus efficacement aux conditions physidoimiques rencatrées dans la lumiére de
OfHQYLURQQHPHQW GLJHVWLI /HV H[SPULHQFHV GH FXOW X
FHOOXOHV HW SDUWLFXOLqQUHPHQW FHOOHYVY SURGXFWULFH
de la cascade des geénes de virulencQ IEQ O9YLPSDFW GX FRPSDUWLPH!
SK\WLRSDWKRORJLH GH OY(7(& HQ SUpVHQFH GX PLFURELR)
pour la premiere fois, montrant que le microbiote colonisant spécifiquement le mucus pourrait
rWUH XQ pO pP HiQaliek&spnfechosvau® BPBE. Grace aux nouveau mécanismes
rapportés, ce projet pourrait renforcer la conscience de la communauté scientifique de
OYLPSRUWDQFH GH FRQVLGpUHU OH FRPSDUWLPHQW PXFXV
des ETEC. IR XUUDLW DXVVL SHUPHWWUH OYpODERUDWLRQ GH
LQIHFWLRQV j (7(& TXL FLEOHUDLHQW VSpFLILTXHPHQW Of

Potentiel antinfectieux de produits contenant des fibresanss des
ETEC

A ce jour, seuleguelques études ont étudié les propriétésiafectieuses potentielles
de fibres alimentaires v&vis des infections humaines a ETEC. Plusieurs études ont montré
TXH GHVY ROLJRVDFFKDULGHY GX ODLW KXPDLQ Ré&i@gHV ILEU
des ETEC et de leurs toxines aux celluilgsstinalesCace2. Une étude en modele murin a
rapporté que le chitosan limitait la colonisation intestinale par les ETEC. Le présent travail
montre que des fibres alimentaires de diverses origie@gentexercer des effets antagonistes
PXOWLSOHV QRWDPPHQW HQ OLPLWDQW OfDGKpVLRQ OfL
PRGXODQW OfH[SUHVVLRQ GH JgQHV GH YLUXOHQFH GX SD\
premiere fois que les produits contendas fibres pourraient avoir un effet bénéfique sur les
modulations du microbiote intestinaksociéesj O L Q | HF W teRi@Qvailsde@att Lattirer
OIDWWHQWLRQ GH OD FRPPXQDXW-infeétielbHQWY expldit¥ HdesV XU Ot
produits ontenants des fibres dans la lutte contre les infections & ETEC. Il pourrait aussi
GpERXFKHU VXU XQ IXWXU GpYHORSSHPHQW SURGXLW HW |
GHV SURGXLWYV j GLIJHVWLRQ KXPDLQH HQ §bB&sgtludn GDQV
SUpUHTXLV [/1XWL Ohwtb ¢t [&8diyeBtiarchgi@aihg et intégrant a la fois
OH PLFURELRWH GH OYLQWHVWLQ JUrOH HW OD SDUWLH K
composeés actifs contenus dans les produits dexss étre envisagee.

Conclusion

En utilisant des approch@s vitro complémentaires,eprojetdoctoralfournit de plus
amples informationssur la maniére dont le compartimentdu mucus peut moduler la
physiopathologie de@fections a ETEC chez O | K R [BtPaHapportédes preuvessolides
concernantespropriétés antinfectieuses de fibres alimentaires-gsis de ce pathogéne. Ces
UpVXOWDWY QpFHVVLWHQW G Y rWU HinviR@pluscBrpplexeltin DS SURI |
Vivo pour notamment mieux décrire l@sécanismes associés.
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1. Gastrointestinal physiology and microbiota

The following sectionsare dedicated to the definition of the human gut physiology
Focus will be successively broughthaastric and intestine parts of the gastrointestinal tract
(GIT), introducing their abiotic and microbial factors and epithelium characteriBiesnucus
compartment residing in these gut compartments is willingly omitted in this first part, to be
developed more extensively in the second part of this thesis introduction (Section 2) alongside

with another polysaccharide containing compartmentgotas the gut, namely, dietary fiber.

1.1. Abiotic physiologyof the human gut

The human digestion is a mutiiep process including mechanical and chemical
breakdown by which foods are converted into organic nutrients that can be absorbed and
assimilate by the body. Thus, the digestive tract is formed by a group of holigans from
the mouth to anus anahéillary solid organs (e.g. pancreas, liver and gallblad¢eg. 1.1).

These organsare involved in the ingestion, digestion and elimination of deo
(https:/www.iffgd.org/, consulted on 03/2021The abiotic factors of the GI digestion of a
healthy adult, starting from the stomach to the langestine (colon) will be detailed in the

following section.

Figure 1.1 Gastrointestinal tract of healthy adults: summary of the key physical and

chemical processes
SCFA:Short Chain Fatty Acids.
Modified from Bornhorst and Singh, 2014.
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1.1.1 Oral phase

Often neglected, thar§t stageof digestion isthe oral phase.ln the mouth, chewing
mixes thefood with salivaandthe mechanical process of digestioegins.Saliva contains
digestive enzymes called amylase and lingual lipase, secreted by the salivary and serous glands
on the tongueThese enzymes respectfully begin to degrade starch and Tipelse processes

produce a bolus, which can be swallowed dthwvoughthe esophagus to enter the stomach.

1.1.2. Stomach

1.1.2.1. Anatomy and physiological parameters

The stomaclis dividedin three main anatomicatgions: theudndus, the body and the
antrum(Boland 201%. Becausehe upper part of the stomach (fundissighlydistensiblethe
stomachcanhold about one lér of food (Ferrua, Kong and Singh 201Two sphincters keep
the contents of the stomach containdee lower esophaal sphinctenamelycardia at the
junction of the esophagus and stomach, and the pylorus at the junction of the stomach with the
duodenum. The stomach is not depleted in oxygen and is thus considered as an aerobic
compartment. As explained below, the gagtH depends on the digestion phase. The oxydo
reduction (redoxpotential, which reflecthe affinity of electron transfer to or from a chemical
species in solution, is arourc200mV (Obrenovichet al. 2020) Its temperature is steadily
maintained at 37°C as in all subsequent Gl segntEntgolek et al.2015)and will thus be no

longer mentioned.

1.1.2.2. Digestive function

Following ingestion of liquids, the averagastric emptying is around 13 minutes as
evaluated by magnetic resonar{téudie et al.2014) On the contrary, after ingestion of a solid
meal, the total gastric emptying lasts around 4 to 5 hours, with considerable variations between
individuals and accordingtthe composition of the food ingest@bland 2016; Grimnet al.

2018) Solid components remain in the stomach until they are small enough to be slowly
released into the small intestifi@Ramsay and Carr 2011Also, it should be noted that this
heterogeneity of the gastric emptying is conserved within one meal in which particles larger
than 12 mm are the last ones to reach the duode(iegelet al. 1988) Such aspect is
important because the stomach is the last process gasittintestinal tract (GlTthat has a

mechanical function to break down particles. The proximal stomach is thought to act as a food

41



reservoir, while the distal stomachtlie main location of the physical breakdown of foods into
particles resulting in chime formation. In fact, the peristaltic movements of the gastric wall act
to crush and grind food particl€Schulze 2006)

The stomach secretes on a daily basis arotBtit@rs of gastric juice (e.g. mucus, acid,
ions, eizymes, and intrinsic factor§)ohnsoret al.2012; Sherwood and Ectors 201&{tively
participating in the digestion process. A hydrochlorhydric acid (HCI) secretion allows the
gastric pH to stay acidiBoland 2016)However, gastric pH is dependent of many parameters
and especially the feeding status. In fasted individual, the gastric pH is considered to stay
around 2, since food intake tends to elevate the pH, that in turn hasdorteracted by the
HCI secretior{Barlowet al. 1994) Such acidic environment inhibits bacterial groBeasley
et al.2015)and allows the action of digestive protea&esre and Levine 2007Among them,
pepsin is an endopeptidase released in its inactive form pepsinogen and then converted into its
active proteolyt form upon contact with HCPepsin is then able of hydrolyzing peptide bonds
(e.g. phenylalanine, tyrosine and leucine) of most prot@ingon 2002) The gastric lipase
also takes part in the gastric digestion process and especially in lipids breakdown accounting
for 10-30% of dietary triglyceride hydrolysi&allier and Singh 2012)As gastric acid pH
would damage the stomach wall, mucus is cottistarcreted by innumerable gastric glands to

provide a slimy protective layéBoland 2016)

1.12.3. Gastric cell lining

Different cell types patrticipate in gastric secreti@ighnsoret al.2012; Sherwood and
Ectors 2015)The faveolar cells found in the superficial phase @& gastric mucosa and the
mucous neck cellg the crypt arghe responsible for mucus secretion. Parietal cells secrete
HCI (Boland 2016)The chief cells arevolved in the enzymatic secretion of pepsinoged
gastric lipaséGallier and Singh 2012Finally, deeper in the crypts, G celkecsete hormones
such as gastrin, ghrelin, somatostatin or cholecystokinin mediating the overall digestion process
(Vasavidet al.2014)
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1.1.3 Small intestine and colon

1.1.3.1.Smallintestine
1.1.3.1.1. Anatomy and physiological parameters

The human small intestine, separated into three sections (e.g. duggejumemand
ileum), extends from the pyloric sphincter to the ileocaecal junction, represesting 16ng,
the longst part of the digestive tract. The duodenum, jejunum and ileum segments are
respectively around 1 m, 2.5 m and 3.5 m in length. The total transit time in the small intestine
is around 3 to 4 hour§Yuen 2010; Boland 2016)Compared to the stomach, whiis
considered as an aerobic environment, small intestine is depleiegjen 80-50 mmHg Q)
(Zheng, Kelly and Colgan 2015Jhe redox potential becomeegative faoring anaerobic
bacterial metabolism. Values are in ranges betwi&Enand i200mV (Boland 2016) pH is
comprised between 6 and 8 depending on the segment considered, with huigelintiral
variations(Johnsoret al.2012; Boland 2016Jhe proximal small intestine has been shown to
be more acidic, with pH values between 5.9 and 6.3, while the distal small intestine appears a
bit more alkaline wh pH values ranging from 7.4 and 7.8 in fasted individ(({aziolek et al.
2015)

1.1.3.1.2. Digestive function

In the small intestine, food bolus is propelled forward by contraction and relaxation
movement, termed peristalsis and occurs thanks to longitudinal smooth muscle contractions.
Meanwhile, segmentation movements by circular smooth muscle contractionioglaeteble
chyme mixing and increase inthaminal contact time which aids in digestion, secretion, and
absorptionKumral and Zfass 2018)

The duodenum secretes bicarbonate to neutralize gastric acid and provides an
appropriate pH for further enzymatic digestion to occur. It receives secretions of enzymes and
bile from the pancreas andér, respectivelyVasavidet al.2014) Briefly, in respnse to food
ingestion, the exocrine pancreas secretes a pancreatic juice containing fluids, bicarbonate and
diverse enzymes as lipases, proteases and amylases. Some of these enzymes, as trypsin, are
secreted in an inactive form and are activated onceedetl into the duodenal lumé@handra
and Liddle 2014)Bile is produced in the liver, stored in the gallbladder and released into the
duodenum. It is a complex mixture of bile acids, cholesterol, pigments, lecithin and mineral

salts. In the small intestine, bile acids assist irethelsification and absorption of fatty acids.
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They also stimulate lipolysis by facilitating binding of pancreatic lipase with Hgpase
(Chandra and Liddle 2014Which results in the formation of small particles of emulsified fats
called micelles. Following action of digestivezgmes and bile acids, hydrolyzed nutrients
(monec and disaccharides, amino acids, small oligopeptides and micelles) are ready for uptake.
All together, the digestion in the luminal phase of the stiaNel is complete for the lipids

only, while saccharide and peptides are not all hydrolyzed to single residues. Intestinal
epithelial cells will achieve carbohydrates and proteins digestion. The majority of nutrient
absorption occurs in the jejunum but is completed in the ileum. The distal ileum is thigeonly s

where bile salts are +@sorbedJohnsoret al.2012)

1.1.3.2. Colon
1.1.3.1.1. Anatomy and physiological parameters

The colon, with a significant microbial mass, extends from the ileocecal junction to the
anal canal, with a larger diameter, but shorter length (1.5 m) and is divided into four sections
(ascending, transverse, descending and sigmoid colon). The colamst trane showed a
median of 21.6 houréRao et al. 2009) with variations according toietary intakes and
individuals. Hence, it fluctuates between 3 to 5 h in the ascending colon, 0.2 to 4 h in the
transverse colon and 5 to 72 h in the descending and sigmoid(@dilson 2010) The colon
is even more anaerobic environment than the small intestine (<10 ma)HEkkeng, Kelly
and Colgan 2015ndthe redox potential becomes further negati4é% mV in the ascending,

-400 mV in the transversal ar8B80 mV in the desending colonjWilson 2010; Boland 2016)
These two parameters favor microbial growth and metabolism than in the small intestine
(Obrenovichet al.2020) Due to the huge microbial activitgH should decrease in the colon,

but a bicarbonate secretion in thecending colon counterbalancé8oland 2016) pH
electrodes implanted on the colon wall during colonoscopy in areas free of debris indicate that
patients with a normal bowel have a more acidic right colon (pH 7.05+ 0.32), édllbw a

more alkaline transverse colon (pH 7.42+ 0.51), becoming more acid moving towards the
rectum (p 7.15% 0.44). The lumen pH mirrors the changes of the wall, but remains more acidic
(average value of 6.5) and with more initedividual variayion goingfrom 5 to 8 in the
ascending colon and 6 to 8 in the transversal c@dcDougall et al. 1993; Wilson 2010;
Koziolek et al.2015)
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1.1.3.1.2. Digestive function

Peristaltic movments occur in the colon to propel forwar@étoeeta to reach the rectum
and exit via defecatioMixing of watery waste also occurs by segmentation (every 30 minutes)
and mass movements (1 to 3 times per @@gpet al.2009) The colon processes indigestible
wateryfood waste to produce fecal bulk, which in turn is an important determinant of bowel
health (Johnsonet al. 2012) In the colon, the colonic anaerobic microbes will enable
fermentation of food particles partially digested or prebviously undigested. As only lipid
digestion is completed in the luminal phase of the small intestine, these particles contain
carbohydrates, but also proteins, particularly when such macronutrients atedngehigh
guantities (Yao, Muir and Gibson 2016)The fermentation process of these compounds
produces gaseous products including dihydroges), (Barbon dioxide (Cg), for some
LQGLYLGXD@CHY), and \B8hkrbhQin fatty acids CFAs). The three most abundant
SCFA, acetate, propionate, and butyrate are playing a primary roleirehergy metabolism.
The fermentation of proteins also results in the production of hydrogen sulfig éthmonia,
N-nitroso, amines, phenolic and indolic compou(dso, Muir and Gibson 20165CFAand

water are continuously absorbed along the colon.

1.1.3.3. Small intestine and colonic cell lining
1.1.3.3.1. Intestinal epithelium structure and function

The intestinakpithelium is a complex layer representing the largest epithelium of the
ERG\{V PXFRVDO VXUIDFHV ZL W WitiDapioxinthte|p IdefdrgtbD FH R
the large intestinéHelander and Fandriks 2014)he intestinal epithelium is formed by a single
layer of polarized cells organized into crypts and villi in i intestine but not in the colon.
Different cell types compose this layer, with two main functions, digestion/absorption and
protection against invaders. The major cell types include enterocytes (termeocgtderin
the colon), goblet cells, Panethlseand enteroendocrine cellBig. 1.2. Enterocytes are the
only cells with digestive and absorptive functions. The three others cell types are specialized
for maintaining the digestive or barrier functions of the epithelimmestinal epithelial cells
are continuouslyeplaced every-% days, and new cells are produced by stem cells located in
crypts. In addition, M cells are found in the ileum and are associated with the immune system
(Peterson and Artis 2014)

The functions of each cell types are succinctly described:
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) Enterocyts (colonocytes in the colorfThey are the most numerous cell type, covering
80% of the villi in the small intestine, where they express on their apical surface hydrolytic
enzymes to perform terminal digestion of polysaccharides and peptides (e.g. iraserok
aminopeptidase), in concertation with enzymes present in the luminal phase. These cells play
an important role in nutrient absorpti@ng. ions, water, monand disacchades, amino acids,
oligopeptides, lipidsSCFA), and in secreting immunoglobulins.

(i) Goblet cells +Cover around 10% of aihtestinal epithelial cell$25% in the colon).

They are specialized in the synthesis andtinuous secretion of muc(Birchenoughet al.

2015) The mucus layer on itself has a very particular dual function in intestinal physiology. In
accordance to the classification of goblet cells into protective cells, the mucus layer controls
microbiota interactions with its host by acting as a baridHowever, the mucus layer also
represents a nutrient niche favoring microbe maintenance and growth. Details about the
structure and functions of the mucus layer in health and disease will be thus extensively
provided in Section.2

(i)  Paneth cells+ Only found in the small intestine, especially in the ileum, and
preferentially at the crypt. They synthesize and secrete antimicrobial peptides (AMP) and
proteins such as defensins and lysozymes.

(iv)  Enteroendocrine cellst Release intestinal hormones peptides (e.g. glucagon,
cholecystokinin) into the bloodstream. They are also known to act as chemoreceptors, detecting
harmful substances and initiating protective respof\sas der Flier and Clevers 2009; Kong,
Zhang and Zhang 2018)
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Figure 1.2 Cell lining of the small intestine (A) and colon (B).

Intestinal epithelialcells form a biochemical and physical barrier between the lumen and
underlying mucosa. The intestinal epithelial stem cell (IESC) niche controls the continuous
renewal of the epithelial cell layer by crymsident stem cells. Secretory goblet cells and
Paneth cells secrete mucus and antimicrobgghtipes (AMP). The transcytosis and luminal
release of secretolynmunoglobulin A(SIgA) further contribute to this barrier function. The
Trefoil factor 3 (TFF3) is a protein involved in the maintenance andrrepdie intestinal

mucosa.

AMPs: amtimicrobial peptide€)C: dendritic cells, IEC: Intestinal epithelial cellESC: Intestinal epithelial stem
cells,IgA: immunoglobulin A, TFB: Trefoil factor 3.

Modified from Peterson and Artis, 2014.

1.1.3.3.2. Theight control of intestinal permeability

As illustrated by the main functions of mucosal cells, the intestinal epithelium has two
functions, which at first sight could seem trawlictory. If the epithelium must act as an efficient
barrier to protect the host, it must also allow exchanges of compounds like nutrients with the
luminal environment. There are several pathways, tightly controlled, for luminal compounds to
cross the itestinal epithelium. Such pathways should avoid exposing the host to armful
component likeantigens, endotoxins, pathogens, and otherirglammatory substances
Depending on the size, hydrophobicity, and other chemical characteristics of the compound

different pathways can be considered. Small hydrophilic and lipophilic compounds can use the
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transcellular route to cross the plasma membrane of the enterocytesjtes. Transport of
amino acids, vitamins, and sugars through enterocytes/colonocytes requires energy consuming
epithelial transporters (active transp@8pid 2013)In the colonSCFAcan use either passive
diffusion and active transport mechanisms which are related to various ion exchange
transporters(Velazquez, Lederer and Rombeau 199Finally, ions, water, and larger
hydrophilic compounds (from 400 Da to D kDg use the paracellular route to cross
enterocytes/colonocytéBarréet al.2020)

There, key players are the different kinds of intercellular junctions including tight
junction, adherens junction, gap juioct, dessmosome, and hemidesmosome. Particularly, the
tight junction proteinglay leading roles in paracellular permeability dmetly regulate this
route. Tight junctions are dynamic cédtcell adhesion complexes that polarizes the intestinal
epithelium. Theyare comprised of four unique groups of transmembrane proteins: daudin
occludins, zonula occludemsotein and junctional adhesion moleculeaukoetter, Bruewer
and NusraR006) These networks of transmembrane proteins interact between each other and
link laterally adjacent cells near the apical surface of the epith€HKiimi et al. 2016) Thus,
the expression levels of these proteins are related to the intestinal baggeityriZeissiget
al. 2007; Ahmackt al.2014; Chelakkot, Ghim and Ryu 2018} least, tight junctions regulate
two types of pores. The first one is a high capacity and charge selective pore, which is permeable
tosmallionsand smalKQFKDUJHG PROHFXOHV DOVR NQRZQ DV 3SRU
LV D PXFK ODUJHU SRUH ZLWK ORZ FDSDFLW\ DOVR NQRZQ |
to large ions and molecules regardless of their charge. Mainly clauateins regulate the
3 SRUH SDWKZD\" Da@cudin@ndr poQuae dddlivdeh S URWHLQV UHJXODWH
SDWKzD\" 7KH SHUPHDELOLW\ RI ERWK SDWKZzZD\V FDQ EH F
transepithelial electrical resistance (TEER) measuresahmovement of all ions (cations and
anions) through the epithelium. TEER reflects not only the contribution of the paracellular
resistance regulated by tight junctions, but also the transcellular and trepithdial
resistance. The permeability ofetiparacellular leak pathway can be specifically assessed by
measuring the flux of large molecules from 4 up tkP@ across the epithelium. Alterations
in the paracellular pathway are supposed to be relevant in the pathogenesis of several Gl
diseases asiflammatory bowel diseases (IBD) and metabolic diseé&eisel, Dhawan and
Baumert 2019; Farrét al.2020)
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Bullet points, abiotic physiology of the human gut

x The digestive tract is formed by a group of hollow orgmas mouth to anus passing through tl
GIT and also by ancillary solid organs, all involved in the ingestion, digestion and eliminati
foods.

x Along the longitudinal axis, the GIT faces changes in anatomy and physicochemical para
reflecting thesegments specialisation in different steps of the digestion process.

X The small intestine and colon epithelia comprise four different cells types, specialis
digestion/absorption of nutrients or protection of the host. The ratio of these cells atgg (
depending on the segment, reflecting its digestive function.

x Intercellular junctions, and in particular tight junctions, play a preponderant role in the bz
between nutrients absorption and host protection by regulating the epithelium permeability

1.2.Gastraintestinal gutmicrobiota

Gut microbes live in close symbiosis with the human host and play a vital role in health.
In terms of composition and abundance, the gut microbiota is characterized by pronounced
regional differences (describ@uthe section below), influenced notably by physicochemical,
nutritional and immunological gradierf@onaldson, Lee and Mazmanian 2016)addition to
these dissimilarities, intraand interindividual variabilities are important (at least at family,
genus and species levels), making the awareness of the gut microbiota everomualex,
while the phylum level is generally more conserved. A-ermaustive list of contributing
factors can be draw up with a variation of diet, lifestyle, geographic and ethnical origin, health
status, gender, menstrual cycle and-ag&e. Interestidg, within one individual, the
microbial community (at phylum level) is fairly stable over time within adulth@mhaldson,
Lee and Mazmanian 2016lhe largest shifts occur during thesfiB years of life, when the gut
microbial community establishes and in elderly due toratged changes in host physiology
and diet(Hidalgo-Cantabranat al. 2014; Maynard and Weinkove 2018t is important to
mention that in addition to bacteria, other key microorganisms are present in the gut including
yeast, fungi, Archaea, viruses and phages, thus constituting the gut microbiota. The following
subsections will describe only the humadult gut microbiota and will focus on the bacterial

component.

1.2.1. Biogegraphy of the gut microbiota

The adulthuman gastrointestinatact is estimated to harbat0'® bacteria, which is

equivaknt to the number of human cel8ender, Fuchs and Milo 2018)he stomach, which

49



was long be considered as argde organ, has been found to harbor qaldendant microbial
communities dominated #te phylum level byProteobacteriaFirmicutes Bacteroidetesind
Actinobacteria(Bik et al. 2006; Klymiuk et al. 2017; Zhanget al. 2019) The main genera
found in stomaclare StreptococcusPrevotellg Enteracoccus Lactobacillus Veillonellaand
Rothia (Bik et al. 2006; Engstrand and Lindberg 2013; Jandhyala 201t specie
Helicobacter pyloriis also prevalen(Bik et al. 2006) The stomach still shelters thewest
number of microbes in the @hctranging between 10 and3éblony forming uits (CFU) per
gram of conten{Hillman et al. 2017) In the duodenum and jejunum, thiggh levels of bile
acids, antimicrobialand a short transit tinlenit bacterial growtho 10° to 1 CFU.mLtwith
huge interindividuals variation®ue to the mild oxygen levgl themicrobial communities of
these proximal parts of themall intestineare dominated by facultative anaerobic bacteria
(Sundinet al.2017) Few studies have investigate@ithcomposition.n a studyconducted on
five healthy volunteers that have ingested a meal, the duodenum was aspirated 90-min post
intake. Resultshowed the presencet@fo dominant phyldirmicutesandActinobacteriaand
four dominant genera witBtrepta@occus ActinomycesPropionibacteriumandGranulicatella
(Angelakiset al.2015) In contrast, a recent studgnductedn 20 adults has shown that the
jejunum is dominated blyirmicutes ProteobacteriandBacteroidées phyla. It also revealed a
recurring core ofabundant species in the jejunum beioggto StreptococcusPrevotellg
Veillonella, Haemophilusand Escherichiagenera(Sundinet al. 2017) In the ileum, due to
lower bile salts concentratian lower level of oxygen, slower transit times and possible
retrograde flow by the ileocecal valve from the colonic micrpbesterial concentrations
increase froml0’ to 1 CFU.mL™? of luminal conteni{Booijink et al. 2010; Quigley 2013)
The ileal nicrobiota is dominated by th&irmicutes phylum and the following genera
Clostridium StreptococcusEscherichia and Veillonella are the most commonly found.
Contrary to the duodenum and jejuniBagcteroidetephylum is found in half of the volunteers,
butremains still below the levels found in the co(@ooijink et al.2010; Zoetendadt al.2012;
van den Bogeret al.2013)

In contrast, colonic conditionsxhibit lower cell turnover ratelower redox potential
and alonger transit time. The colon supports a dense and diverse gotyrofibacteria with
10'%to 10'2 CFU.mL™* of colonic content according to the segment location, mainly anaerobes
with the ability to utilize complex carbohydrates undigested from the smielBitine.The
colonic microbiota is dominated by membersFafmicutesand Bacteroidetesfollowed by
Proteobacteriand Actinobacteria The three main dominant genus reportedBaeteroides
Clostridiumand Prevotella(Miller et al. 2021) Due to samie accessibility, the numbers of
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studies focusing on the human fecal bacterial communitieengasurableompared to studies
conducted directly in segments of the Gl tract. The microbial load of fecal samples is estimate
to be around 1§10 CFU per gam of fece§Galazzaoet al.2020) Because of their immediate
proximity, the fecal microbiota is thought to exhibit similarities with the colonic onaly&is

of fecal materials fronmealthy adults have shown that bacteria were predominasethyo@rs

of the phylaFirmicutesand Bacteroidetesfollowed by Proteobacteriaand Actinobacteria
Moreover, about twenty genera belongthe aforementioneghhyla such asBacteroides
Prevotella Alistipes Eubacterium Ruminococcuys Roseburia Faecalibacterium
Lactobacillus EnterococcusBlautia, Enterobacteriaceaéamily), Fusobacteriaand hundreds
to thousands of species belarfgom these generéEckburget al. 2005; Leyet al. 2006;
Turnbaughet al. 2007; Ruaret al. 2020) Among the most represent species, Baeteroides
spp.Eschericla spp and_actobacillusspp.This core microbiota plays crucial roles in the gut,
as explained ithe next sction. The next figure summarizes therbgional composition of the

gut microbiota along the longitudinal axiEg. 1.3).

Figure 1.3 Biogeography of the luminal microbial composition ofyastrointestinal tractin

a healthy adult.

The most common genera in eadstrointestinal tradbcation are represented, belonging to a
phylum represented in color (legeod the righ}. The gastrontestinal tracischeme is also

colored according to the pH scale shown at the bottom.
SCFAs: Short Chain Fatty Acids.
ORGLILHG IURP &KDUOHQH 5RXVVHOYfV 3K' PDQXVFULSW
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1.2.2. Key functions of the gut microbiota

1.2.2.1 Functions in eubiosis

The gut micrbiota plays important role irhuman health and metabolis@nd huge
efforts have been made over the last decade to expfanctional repertoire atributing to
human physiologyFan and Pedersen 202Hpweverthe associated mechanisms are complex
and remain largelyto be describedln healthy physiologal state, nened as eulsis, the
trillions of microbescolonisng thehuman GlITcontribute to various systemprocessesin
particular, the human microbiota has a preponderant role in nutrient transforaratiotamin
supply(Said 2013; Sonnenbuend Backhed 2016ndeed, the human genome is very limited
in term of variety of digestive enmes (only 8 to 17 carbohydrate digestive enzymes in the
human genome) and mdaiman digestion occurs in the up@f (up to the ileum). Thus, the
microbiota diversity serves as a reservoir of digestion capabilities (more than 1000 carbohydrate
digestive enzymes) allowing the breakdown of the-digested particles mostly in the oal
where most of the microbial mass prevailie carbohydrate degrading function of the
microbiota will be specifically addressed and detailed in Section 2. However, it is important to
underline that dietary fibers are not the only nutrients process#tehyicrobiota. The later
also participates in the degradation of proteins that escaped the human digestion process and
polyphenols. The microbiota is also involved in vitamin B and K synthei§+DUD DQG
Shanahan 2006)Concerning local health of the gihe microbiota has important trophic
effects on intestinal epithelia, by favoring the development of intestinal microvilli, epithelial
cell differentiationand proliferation(Li et al.2012) For example, without gut microbiota, the
speed of cells renewal is diminishied 20% and mucosa thicknesslso reduced in a mouse
model (Alam, Midtvedt and Uribe 1994Finally, and of particular interest to this PhD work,
healthy intestinal microbiota contributes to host resistance to enteric infection through its
involvement in the development of the host immune systetnpaavision ofcolonisation
resistance. The differegblonisation resistance mechanisms cangatheredunder microbe
microbe and microbost interactiongthroughstimulation of the host immune systélvVu
and Wu 2012; Leshem, Liwinski and Elinav 2020he micrde-microbe interactiosinclude

complex bacterial networks, competitifar nutrients and inhibition by antimicrobial peptides.
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1.2.2.1. Dysbiosiassociation witliliseases

Given the multiple roles of the microbiota in human heélth,not surprising that shifts
in composition/activity lead to a disegg®moting imbalance, which is often referred to as
dysbiosis.'"\VELRVLV LV GHILQHG E\ VRPH DXWKRUV DV 3D FRPS
in the microbiota in individuals ith disease compared with healthy subj@ctsy et al.2017)
Sometimes,the microbiota alteratian associated with dysbiosisontributes to disease
developmenandbr severity. Some authors considered the dispes@oting imbalance as part
of the definitionwhile some others do not. In term of composition characteristics, authors often
associate dysosis to a reduction of microbial diversigoncomitant with an increase of
Proteobacteriabundanc€Weiss and Hennet 2017ADf note,it is important to unddine that
the dysbiosis concepbuld be criticizeds years of microbiome data collection failed to define
properly awell-balanced microbial communififfany and Baumler 2019; Shanahan, Ghosh
DQG 217RROH

Growing number of diseases is associated with intestinal dysbiosis, which in some
cases contributes thgestive and extrdigestivedisease development or severysbiosis is
a hallmark ofBD such as ulcerativeROLW LYV D QG &WIBdackh\WKdStic\Amtl Xavier
2015) colorectal cancefSchwabe and Jobin 201 3hetabolic disorderg¢Gérard 2016xnd
necrotizingenterocolitistNeu and Walker 2011PDisruptedmicrobiotaalsopromote theonset
of enteric infections or at least increase their seveSitypporting this view, e treated with
antibiotics or bred in sterile environments (known as giee® mice) are more susceptilite
enteric pathogenic bacter{gerreiraet al.2011; Jumget al. 2014) Thus,it seems thatacing
a longtime established microbiota, pathogens probalbtyunt on perturkiéonsto colonise.
Such perturbationsould be induced begxternal factors othe pathogen itselfGhoshet al.
2011; Willing et al.2011) Finally, dysbiosis is also involdein extraintestinal diseases, like

autoimmuneand newological disordergKnip and Siljander 2016; Tremledt al.2017)

Bullet points, gastrointestinal human gut microbiota

X The adult human GIT harbors microbial communities known as gutmicrobiota whose comp
varies along the longitudinal axis due to physicochemical parameters of the compartments.

X When correctly blanced (named as eubiosis), this gut microbiota helps its host in num
biological process/functions as nutrient transformation, intestinal epithelium developmer
resistance to pathogens. Disturbance (termed dysbiosis) is associated to nunestinel ihd extra
intestinal diseases
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1.3 Intestinal immune response surveillance

Facing the importance of gut microbiota and especially pathogens on human health, it
is not surprising that the human body have checkpoints related to microbiota achvig
immune systemLocated at the interface betwe#re lumen and the underlyingpst, the
epithelial barrier acts as the first line of defenseraonditorunfavorable activation of the host
immune systemDisruption of this barrier #ds to immune system activatiofihe immune
system is composed of two parts. First, theate immunig is acting asthe first line of
immunological defense present in the gut lunmard interacts with themicrobiota via
nonspecificinnate immunereceptorsexpressed on the different cell types in the mucosa
(enterocytes, polynuclear cells, mast cells, maitages and dendritic cellspecond, the
adaptive immune systewlows a highly targeted immune response of the host against the
aggressors. The adaptive immune system interacts with gut microfeotaghly specific
receptors expressed ymphoidcells This immunity has a memory of the signals triggering
its activation and thus, will allow to respond more efficiently to futggressions presenting
the same signal@haisset al.2016; Allaireet al.2018)

The activation of the innate immunity by microbial proximity ocauagshe recognition
of conserve microbassociated molecular patterns (MAMPs). Of note, when these patterns
originate from pathogenshey are termed pathogasseiated molecular patterns (PAMPs
MAMPs (and PAMPSs) include diverse microbial components such as lipopolysaccharide
(LPS), lipid A, flagelin, nucleic acids(Takeuchi and Akira 2010)Those MAMPs are
recognised by pattern recognition receptors (PRR) such as toll like receptors (TLR})yfee C
lectin receptors and NLR®OD-like receptorspf eukaryotic cells, triggering the host innate
immunity and downs&am signaling pathwaygusubel 2005; Bailey et al. 2005)

2. Dietary fiber and mucus, the two glycan compartments
of the gut

As presented in the previous section, the humammgertobiotais involved in many
physiological processefisturbances of gumicrobiaa havebeen associated with negative
health outcomesand especially could promote the onset of enteric infections. To sustain its
growth and persistence within the human digedtiaet, the guticrobiotarelies on two main
glycancompartments, namely dietary fisand mucuglycans In this sectiopwewill describe

these twocompartments along sidesst by sheddingight on similarities and differences
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between dietary fiberand mucus structures and functiptisen by providingan overview of

thar interactions with the third pamér, namely the gut microbiota.

It is worth to note that this state of the art has been publishedeview article in the
FEMS Microbiol. Rev. jarnal (Impact Factor: 16.408)nd redrafted / updated for the present

section

Review. SAUVAITRE T, ETIENNEMESMIN L, SIVIGNON A, MOSONI P, COURTIN
CM, VAN DE WIELE T, BLANQUET-DIOT S. Tripartite relationship between gut
microbiota, intestinal mucus andethry fibers: towards preventive strategies against enteric
infections. FEMS Microbiol Rev. 2021 Mar 16;45(R)aa052doi: 10.1093/femsre/fuaa052.

2.1.The analogy between dietary fibers and mucus glycans

2.1.1 Brief overview ofdietary fibersand mucus structure and
properties

2.1.2.1. Dietary fibey

2.1.21.1 Definition and sructure

Varieties of definitions for dietary fiber have been proposed by scientific and regulatory
agencies worldwide. According to the Codex Alimentarius, dietary fibers are defined as
carbohydrate polymers with 10 or more monomeric units, which are not hydrdlysthe
endogenous enzymes in the small intestine of hurfdmmes 2014; Porter and Marterfsl2).

The Codex Alimentariuglso states that the dietary fiber definition could be extented to
oligosaccharides containing betweet SPRQRPHULF XQLWYV GHSHQGLQJ RQ
recommendation§lones 2014)This lack of consensus raises some issues as some of authors
consider oligosaccharides as part of the dietary fiber group while some other do not. In this
thesis manuscript, oligascharides that resist human digestion have been considered as part of
dietary fibersDietary fibersinclude carbohydrate polymers naturally occurring in the food as
consumed, as well as polymers obtained from raw food materials or chemically synthetized.
Such dietary fiberbave been shown to have a beneficial effect on health as demonstrated by
scientific evidences from competent authorifidsnes2014)

Dietary fibes can be divided into subgroups according to their origin, structure and
physicochemical propertie§Fig. 2.1) (Porter and Martens 2017; Deehen al. 2018)
Neverthelss, mostlietary fibersconsumed by humans are generally of plant origin and found

in different proportions in fruits, vegetables, legumes, cereals, nuts and seeds. Some of them
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are also derived from animals, fungi or batée This is the case for humamilk
oligosaccharided{MO), mannans from yeasts, chitin from fungi, and exopolysaccharides from
bacteria, which are found in fermented foods such as bread, cheese or(pPogiat and
Martens 2017)Depending of the numbers saccharides units the chain contains, dietary fibers
can bedivided into either oligosaccharide (between 3 and 10 monomeric units) or
polysaccharides. Among the latter, thare different types (I to V) of resistant starches. They
DUH FDOOHG WKLV ZD\ EHFDXVH W Kghitode pdiy@é&f \dahvgtod/ LY H
hydrolyzed by human amylases in the time between ingestion and reaching the large intestine
(FuentesZaragozeet al. 2010) Then, there are nestarch polysaccharides which comprise
FHOOXORVH SRO\PHU P D-Glitoselunits), heBiceuidse&(set of branched
polysaccharides based on xylose, mann@&& DELQRVH JOXFRVH IUXFWDQV
linked fructose units) and pectins (complex polysaccharides composed of mostly galacturonic
acid, galatose, arabinose and rhamnofegehanet al. 2018) Dietary fibes also comprise
resistant oligosaccharides made of fructose (FOS), galactose (GOS), xylose (XOS), mixtures
of arabinose and xylose (AXOS), or fesugars (POSDeeharet al.2018) In consequence,

there is a tremendous diversity of plalgrived dietary fibrs that differ in their sugar
composition, type of linkage between sugars, degree of polymerization, or brantihésg
structural characteristics impart dietary fiber with varipbhgsicochemicaproperties, notably
solubility, viscosity and fermentalty (Gill et al. 2021) Solubility refers tothe ability of

dietary fibresto be dissolve in waterConrary toinsoluble fibres that remain as discrete
particles, soluble fibis have a high affinity for wateNiscosity isdefined aghe degree of
resistance ta certairflow. It is generally associated with soluble dietary fibreslisas gums,

S H F W-gl@ans and psyllium) and relates to the ability of arfisdnen hydrated, to thicken

in a concentratioependent mannedfinally, fermentability refershte ability of an individual
microbiome to degradéietary fiber.Fementabiltyis particularly corelated to solubility, as
insoluble dietary fiber particles are less accessible to microorganisms degrading enzymes
(Holscher 2017; Gilet al.2021)
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Figure 2.1 Classification of dietary fibers

Dietary fibesare classified between resistant starches,starch polysaccharides and resistant
oligossacharides. As presented for 1stéwrch polysaccharides, resistant starches and resistant
oligosaccharides originate from different sources. Resistant starchébarérem plant origin

or chemically synthesized (Type I8tarches that are chemically modified to obtainstasice

to enzymatic digestion)Cummings and Stephen 200Resistant oligosaccharides are either

from plant, animal origin or chemically synthesized
RS: resistant starch.
Modified from Deeharet al 2017.

2.1.2.1.1Dietary fiber intake and health effects

Dietary fiber intake varies substantially among countriegets in industrialized
countries areften depleted in fibes in favor of animal protein, fat, sugar and stanstile
nonindustrialized rural communities have greater fiber intake through Bhptantrich diets
(De Filippoet al.2010; Schnoret al.2014) Investigations into dietary habits revealed that on
average adults consume betweemBgrams, 14 grams and 9 grans of fibers per day in
the UnitedStates (US)Kingdom (UK) and Europe, respectivefEFSA Pankon Dietetic
Products King, Mainous and Lambourne 2012; Holscher 20TTHese dietary amounts are
belowtheUS department of Agriculture (UA) recommendation of 25 grams for women and
38 grams for men up to 5@arsold (Jones 2014; Holscher 2017Mhe beneficial effects of

57



dietary fiber have been acknowledged by the European Food Safety Authority (EFSA) for two
specific health claims : the decreased transit time and increase of fecal IfEKk8% Panel on

Dietetic Products, Nutrition, and Allergies (NDA) 201D)etary fiber intakes may also lower
glycemia and cholesterol levels, decrease adiposity and the associated parameters of metabolic
syndrome(Dhingraet al. 2012; Zouet al. 2018) Populations with high dietary fiber intake
present a lower incidence of immune dysregulation, with a lower risk to develop asthma,
allergies, IBD, diabetes and colorectal car(@rrkitt, Walker and Painter 1972; Sonnenburg

and Sonnenburg 2014)nsufficient dietary intake in industrialized countries has been
associated with a disrupted hesicrobiota relationship leading to an increased incidence of
inflammatoryrelated disorder@Vakki et al.2018; Zouet al.2018)

Bullet points, overview of dietary fiber structure and properties

x Dietary fibers are carbohydrate polymers (originating from plants, animals, fungi or bacteria),
are not hydrolysed by the endogenous enzymes in the small intestine of humans and are thus
for fermentation bymicroorganisms

x Dietary fiber ntakes vary substantially among countries and low intakes are widely recogniz
detrimental for human health, even if the associated mechanisms are not yet fully described.

2.1.2.1.Intestinal mucus
2.1.21.1 Structure

The intestinal mucus isoatinuously produced and secretgdgoblet cellsThe goblet
cell-to-enterocyte ratio changes along the intestinal tract, with an estimated percentage of goblet
cells in the intestinal epithelium of approximately 4% in the duodenum, 6% in the jejunum,
12% in the ileum and 16% in the distal colon. Theestinal mucus also varies in terms of
structure anadomposition according to the considered spegitegyenholtz and de Vos 2018;
EtienneMesminet al. 2019) In human, muags is found throughout the entire GIT of human
from stomach to largentestine, with its thickness and structure varying depending on the
segment of the digestive tract consideitmat, also with crossectional differencefFig. 2.2).

In the colon, the mucus layer shows a doddyer structure, with an inner layer firmly attached
to the epithelium, and an outer layer superimposed to the first one, constantly shed into the
lumen andshowing an expended volume due to proteolytic activities provided by the host but

also by commensal bacte(idtumaet al.2001; ljssennagger, van der Meer and van Mil 2016)
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Figure 2.2 Mucus thickness along the human gastro intestinal tract.

Both outer and inner mucus layer thickness are represented all along the digestive trac
Modified from Atuma et al. 2001.

Mucus is a complex viscoelastic adherent secretion composed of water, electrolytes,
lipids andthemain structural components (around 5 %) glycoproieuhsch arecalled mucins.
Mucin as polymer consists of a polypeptide backbone with glycan side chaesoreregion
of the glycans is formed by a combination of three sugars, galacteaeetylgalactosamine
and Nacetylglucosamine, to which different chains of glycans cantbehsd. The terminal
monosaccharide is usually fucose or sialic g¢ldimén Larssoret al. 2009; Juge 2012)
Oligosaccharide chains can also be sulfated, especially in colonic réRioogst al. 2005)
The glycan moieties are conjugatedptoteins, mostly by @ink to serine and threonine but
also by Nlink to aspaagine(Porter and Martens 2017ljo date, several MUC genes have been
described in human and named based on their order of discoveryoftrea belong to the
secreted gelorming mucin family, while others are classified tire menbraneassociated
family (Table 2.7). Mucins in the gastrointestinal tractHostsecreted mucin 2 (MUC2)
glycoprotein is a major constituent of human small tntesand colonic mucus, while MUC1,
MUCS5AC, and MUC#Gare predominant in the stoma@icardet al.2017)

Table 21. Mucins in the human gastrointestinal tract.
Modified from Johanssoet al. 2007.

Mucin Number of

glycoproteins Types amino acids Cell type expression Functions
MUC1 Transmembrane ~1,250 Epithelial cells Signaling, protection
MuUC2 Gelforming ~5,200 Goblet and paneth cells  Protection]ubrication
MUC3 Transmembrane >2,550 Enterocytes Apical surface protection
Epithelial cells . . .
MUC4 Transmembrane ~5,300 Signaling, protection

Goblet cells
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MUCS5AC Gelforming >5,050 Mucous cells Protection, lubrication

MUC5B Gelforming ~5,700 gsg%‘:scgﬁgs Protection, lubrication
MUCG6 Gelforming ~2,400 Mucous cells Protection, lubrication
MUC7 Gelforming 377 Mucous cells Protection

MUC12 Transmembrane ~5,500 Enterocytes Apical surface protection
MUC13 Transmembrane 512 Enterocytes Apical surface protection?
MUC16 Transmembrane ~22,000 Epithelial cells Apical surface protection
MUC17 Transmembrane ~4,500 Enterocytes Apical surface protection

2.1.122. Main functions

The mucus barrier has several functions, a primary one being the lubrication of the
epithelium helping thpassagef food material along the GIT. Mucin proteins are glycosylated
polymers that constitute a carbon and energy source for the growth of tegitlamcrobiota
(Tailford et al.2015) Accumulating evidence demonstrates a crucial role of the mucus layer in
maintaining gut homeostaglartens, Neumann and Desai 20118ptably, it contains a large
variety of host antimicrobial molecules (@ . DQG GHIHQVLQV ,J%$ DQG ,JO
within the netlike polymer structure of muciglycoproteins. In close collaboration with the
immune system and the gut microbiota, the mucus is the first line of defense against
encroaching bacteria dh can breach and persist on the epithelial surfdobansson and
Hansson 2016)n particular, bacteriophages are able to interact with mucus and studies in mice
demonstrated that phage particles afeld more concentrated in mucus layer compared to the
lumen conten{Barr etal. 2013) Recent studies showed that phages represent key players in
limiting bacterid persistence close to the epithelium and may play an important role in the
homeostasis of the gut microbidi@meidaet al.2019; Rasmussesgt al. 2020; Saussedt al.

2020) The mucus layer therefore has a dual roleti@one hand, it lubricates the intestine

and acts as a defensive barrier against harmful aggressors. On the other hand, it provides an
ecological niche for bacteria by providing adhesion sites and nutrierdgesaribed in section

2.2.1.

60



Bullet points, overview of intestinal mucus structureand properties

X Secreted by goblet cells, mucus covers the entire GIT of humans with longitudinal arsbctassal
differences.

X Mucus is a complex viscoelastic adherent secretion which main structural components ar
glycoproteins called mucins.

X Mucus has a dl role. On one hand, it protects the epithelium from luminal biological, chemica
physical aggressions. On the other hand, it constitutes a niche for the resident gut micj
providing adhesion sites, carbon and energy sources.

2.1.2.Similarities and differences between dietarlgdr and mucus as
glycan compartments

2.1.2.1 Origin and metabolism

The first major distinction between dietary fiseand mucus carbohydrates is their
origins. While dietary fibes are provided only from the external environment through diet, the
glycans presented by the mucus layer originate from the host itself. Consequently, dietary fiber
uptake is variable in quantity and composition throughout daytime, life and individuag, whil
mucus carbohydrates are chemically more homogené&ogis2(3) and always present as an
energy source for the microbial ecosystem. Nonetheless, dietarys fdret mucus
carbohydrates are both ndigestible by host enzymes but can be metabolized imtastine
by the resident members of the gut microbiota and further fermented to yield gases (e.g.
dihydrogen, carbon dioxide, metharaa)d SCFA (Morrison and Preston 2016)CFA are a
subset of saturated fatty acids containing sixess carbon molecules that include acetate,
propionate, butyrate, pentanoic (valeric) aaml daexanoic (caproic) acifTan et al. 2014)

Dietary fiber fermentation results mainly mmcetate,butyrate and propionatproduction
(Morrison and Preston 201@s dietary fibes, mucus carbohydrates can also be fermented in
the digestive lumen due to constant shedding of the mucus (lfmsonet al. 2012) and
SCFA especially butyrate, resulting from their metabolism progidenergy source directly

usable by nearby colonocytéSuwerkerk, de Vos and Belzer 2013)

2.1.2.2 Structure

As a result of different linkages and more than twenty possible numerous monomeric
units, the structure diber carbohydrates is amazingly diverse as illustrated by dietary fiber

heterogeneityPorter and Martens 20178y comparisonthe carbohydrates presented by the
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mucus layerconstitute a more restricted growjith only six possible monomeric sugar units
(galactose, Macetylgalactosamind\-acetylglucosamine, mannose, fucose and sialic acid)
(EtienneMesmin et al. 2019) (Fig. 2.3. Still, mucus carbohydratean offer structural
similarities with dietary fibes (Porter and Martens 2017, terns of polymerization, high
crosslinkage, with linkages solely and specifically broken down by certain bacteria.
Futhermore, similar patterns can be found betweaous carbohydratesd dietary fibers.

HMO from human beast milk and blood group antigens illustrate this tight line between
dietary fibers and mucus carbohydrates structdidO are oligosaccharides composed of
repeated and variably branched lactose eBitytlactosamine units often decorated with sialic
add and fucose monosaccharidg@inz et al. 2000; Ninonuevcet al. 2006) Interestingly,

HMO structures share common patterns with human blood group anfiRy@tesr and Martens

2017) known to be expressed on the surface of blood,d®ritsalsojn most humans (e.g. 80%

of North Americas and Europeans), expressed on mi@&ilinked glycans in mucus. Such
observation is related tut2 H{fSUHVVLRQ LQ WKHVH LQGK¥I&tXxDbOV FDO
1995) AsHMO can be considered as theessburce of dietary fibsat early age, some authors

have postulated that their intake could initiate the use of mucus carbohydrates as a nutritive
source by the infant gut microbidtéoropatkin, Cameron and Martens 201iB)support, study

showed that somBackroidesinduce the sambacterialgenes for the consumption BMO

and mucus glycan®larcobalet al.2013)
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Figure 2.3 The diversity of sources and structures of noiwligestible oligosaccharides and
polysaccharides in the human gut.

Representative diversity afligosaccharidépolysaccharides derived from various dietary,
host, and microbial sources. Gray brackets irtdiceducing ends of polysaccharides and gray
arrows indicate the possibility fo extended polymer length Most of the
oligosaccharidepblysaccharides shown are known to be degraded by human gut bacteria. The
three major sources of polysaccharides (diejogenous host glycans, and microbially
produced glycans indigenous to the microbiote shown.Endogenous microbiota
polysaccharides, which are not mentioned in the main text to avoid confusion, are restricted
here to twdescherichia col(E. coli) capsle polysaccharide structurd. QNDJH WRE&HYV
between sugars are indicated, and where the donor sugar is linked via carbon 1 to another
PRQRVDFFKDULGH WKLV QXPEHU LV QRW LQGLFDWHG H J

DV
Printed with permission frorRorter and Martens 2017

63



Bullet points, similarities and differences between dietary fibesand mucus glycan compartmers

x Both dietary fibers and mucus glycans can serve as nutrients for microorganisms. However, i
is constantly produced, fiber intakes depend on human diet.

x Compared to mucus glycan, the structural diversity of dietary fibers is incredibly more impc
Still, some structural similarities can be found between these two gut glycan compartme
illustrated by HMO and blood antigens.

2.2. Interactions fo dietary fibers and mucusassociated
polysaccharides with human gut microbiota

2.2.1 Substrate accebility and microbial niches

2.2.1.1. Dietary fiber as a particle niche for microbes

Substrate accessibility is the first determinant of microbial ¢csdtion of dietary fibes
and subsequent degradation and fermentation of their constituting carbohydrates. Restricted to
the intestinal transit time, dietary fiber fermentation in the gut can take plu=ween 18
hours up to 60 hour®e Paepet al. 2020) For effective dietary fiber fermentation, pobyr
oligosaccharide accessibility is therefore crucial. Soluble fiber,asalfgosaccharide@vhich
are often soluble due to their low chain lengtrfree and easily accessible to microbes in the
lumen (Koropatkin Cameron and Martens 2012)hey are thuseasily metabolized in the
proximal GIT (mainly ileum and proximal colon), especialtynormal transit individuals
(Koropatkin, Cameron and Martens 2012)

In contrast, msoluble fibers consist of a complex tridimemsibnetwork of different
polysaccharides (for example, plant cell wall particles made of cellulose, hemicellulose and
pectins) that render these carbohydrates less accessible to microorgétganes. insoluble
fiber degradation will take more time andgisnerally completed in the distal colon where the
microbial bacteria richness is the most impor{#&aropatkin, Cameron and Martens 2012y
themselvestheseinsolubledietary fiberparticles can be considered as microbial niches since
they face an ecologicaliscession of microbialolonisers able to gradually degrade them along
their progression through the T5(De Paepet al. 2020) The colonising microbial actors are
dietary fber specific(Leitch et al. 2007) andin vitro studes of these dynamic communities
could be highly predictive of their fibelegrading capacitieDe Paepeet al. 2019) For
instance, using anaerobic batch cultures of fecal microbiota, De Paepelaadu=s showed
thatcolonisation of wheat bran particles Bacteroidesvatugstercoris Prevotellacopri and

Firmicuteswas associated with an mease in fermentation activiffpe Paepeet al. 2019)
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Similarly, Leitch and colleagues found that resistant starch particles were enriched in
Ruminococcus bromia starckcolonisng and degrading bacteriu¢heitch et al. 2007; Zeet

al. 2012; Vitalet al. 2018). Somecoloniser species, such &acteroideghetaiotaomicrorand
Roseburia intestinalisould even form biofilms at the surfacedétary fiberparticles in the
luminal digestive contenfMirandeet al. 2010; Li et al. 2015) Insoluble dietary fibers have

also a huge impact on microbial microbial diversity and functionaldyonly in distal but also

in proximal cobn and probably en before in the GIT.

2.2.1.2. Mucus niche and mueassociated microbiota

The mucus layer is considered a weailbwn microbial niche in the GIT whelies
colonisation is necessary for resident microorganisms to maintain their prg§auneerkerk,
de Vos and Belzer 2013acterial mucinases are one of the main actors of this colonisation.
Described both in commensal bacteria and in pathogeniosstthese enzymes allow access
the mucus layer by proteolysis of the core of mucin proteins then enabling bactenaation
(EtienneMesminet al. 2019) To counterbalance mucinase action and maintain itdikeet
structure that retains thgut microbiota, the mucus contains structural proteins including
proteasenhibitors that protect the mucus from extensive degrad@ansil and Turner 2018)
Not all microbial species are adapted to mucosal colonisation thaodhsudies have
demonstrated thatmicrobial communities from the digestive lumen differ in terraf
composition and abundance from the muassociated onedriven bydifferencesn nutrient
availability and physicochemical gradients like oxygen availabii®yassaing and Gewirtz
2019) Gastric mucosal samgd aranore oriented towardsrmicutesandProteobacteriéSurg
et al. 2016) For its part, he mucosaljejunal microbiota displag/greatsimilarity with the
luminal one(Dlugoszet al. 2015; Sundiret al. 2017) Only one work has studiethe ileal
mucosa, with an unhealthy volunteeraking difficult any conclusiorfPatrasciet al. 2017)
Then, most of the studies about differeicemicrobiota composition between the lumen and
the mucus have been camtedin thecolonic compartmenCompared to the luminal onédet
human colonic mucus layer displays a markedly higher levékoficutes Actinobacteria and
Proteobacteriaand a lower level oBacteroidetegDonaldson, Lee and Mazmanian 2016;
Richardet al. 2018; Chassaing and Gewirtz 2019; Vak al. 2019) Especially, mucosal
communites are highly enriched Bacteroidesacidifaciens Bacteroidedragilis, themucin
degraderAkkermansiamuciniphila and in species belonging to the Lachnospiraceae taxa
(Donaldson, Lee and Mazmanian 2016; Pereira and Berry 2FJ) 2.4). Figure 2.4
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summarizes the changes in microbiota composition between luminal and mucosal phases of the

human gut.

Figure 2.4 Changes in microbiota composition between luminal and mucosal
compartments throughout the human gut.

The composition of the luminal microbiota (phyla and genera) presenteettion 1.2.1 is
represented alongside with changes observed in the mucosal phase of the human gut.
Built from personal source.

Difference in microbiota communities are also observed on the transversal axis inside
the mucus layer. A gradial density of microbial colonisation is found from the outer mucus
layer to the intestinal epithelium, mostly due to niche accessibility. The ceitic layer is
more densely colonised thanks to proteolytic activities loosening tHékaedtructure. The
inner colonic mucus layer has for long been believed to be devoid of bacteria in accordance
with its more constraining physical propert{dshansson, Sjévall and Hansson 20E3)}issue
scale, singlecell imaging conducted in mouse model revealed the presence of bacteria in close
proximity of the epitheliun{Earleet al.2015) Among them, Segmented Filameus$ Bacteria
have been identified in many vertebrate intestines (humans, rodents, chickens) as commensal
strains able to invade this mucus layer without invading the(@bstnet al.2018; Hedbloret
al. 2018; Ladinskyet al.2019)
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Bullet points, substrate accessibility and microbial niche

X Accessibility of dietary fibes depends omheir micro- and macrostructure. Insolubliéers are less
accessible and, in that sense, a impoainer of colonic ecosystem diversity and functionality.

X These particles have been recently shown to constitute a niche on their own, facing an ec
succession of microbial colonisers able to degrade them gradually along their progretb&dai T.

X Bacterial enzymes called mucinases are able to disrupt the core of mucin proteins and
colonisation by a mucus specific microbiota.

X The intestinal mucus is also a well described microbial niche, with, in the colon, a markedly
level of Firmiaites, Actinobacteria and Proteobacteria compared to the digestive lumen.

2.2.2 Recoqition and binding strategies
2.2.2.1 Dietary fibers

Among the fiberdegrading bacteria isolated from the human gutBdeteroideggenus
has been the most extensively studied. Several members of this genuBagegoides
thetaiotaomicronBacteroidesylanisolvensBacteroidesntestinalis Bacteroidesovatug are
able to forage an importantaertoire of glycans in the g(Kaoutariet al.2013) These bacteria
produce celsurface enzyme symns that allow them to convedietary fibers into
oligosaccharideshat are then internalized into the cell and further hydrolyzed into simple
sugars. All of these enzyme systems have the same cellular organization and operating mode
as the StarclUtilization System (Sus) oBacteroidesthetaiotaomicronin which substrate
recognition is ensured by the cellirface protein called SusMartenset al. 2009) Each
enzyme system is dedicated to a specific polysaccharide and contains -Gk8ugidtein
recognizng fructans(Sonnenburget al. 2010) xylans (Rogowskiet al. 2015; Despregt al.
2016a) xyloglucans(Larsbrinket al. 2014) and pectingMartenset al. 2011; Desprest al.
2016b)

Among theFirmicutes the fiberdegrading bacteria belonging to tReiminococcus
genus also rely on very complex enzyme complexes called cellulosétoesnpcoccus
champanellensjsRuminococcudlavefacieny or amylosomes Ruminococcudbromii) for
substrate recognition and bindi(@en Davidet al. 2015; Cann, Bernardi and Mackie 2016)
RuminococcualbusandRuminococcuBlavefacien$ave also been shown to attach to cellulose
via type IV pili (Rakotoarivoninaet al. 2002; Vodovniket al. 2013) Studies ofthe complex
polysaccharide degrading apparatugimmicutesspecies (other thaRuminococcysare just

in their infancy. Recently, studies have shown tRaseburiaintestinalisand Monoglobus
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pectinilyticusbelonging to thd=irmicutesphylum display the approjte gear to be mannan

and pectin primary degraders, respecti&lyn et al.2019; La Rosat al.2019) Sheridan and
colleagues also reported thRdseburisspp. andeubacteriunrectalepossess their own Gram
positive polysaccharide utilization loci allowing complex glycans degradéSiberidan, Paul

O. et al. 2016) Otherwise,Firmicutes species are known to rely on a diverse array of
transportes (such as ABC transporters) to import smaller sugars for intracellular processing. In
particular, ABC transporters own an extracellular substtding site for sugar recognition
(Chen 2013)

2.2.2.2 Mucus polysaccharides

Microorganisms have developed difat binding strategies to muciAs for dietary
fibers, Bacteroidespeciegecognisemucus carbohydratesa a SusDlike protein belonging
to the enzyme system involved in mucin glycan degrad@ifamtenset al.2009; Sonnenburg
et al.2010) Bacteria can also use specialized-seliface adhesins or lectins. For instance, the
well-known mucushinding protein MUB, produced Hyactobacillusreuteri ATCC 53608, is
able to interact with terminal sialic acid wiucin (Etzold et al. 2014) Another strategy is to
employ appendages such as pili and flagdlctobacillusrhamnosusSpaC adhesins are
positioned along the complete length of the bacterial pili. This is supposedftwae mucin
binding strengtiReunaneret al.2012) As their surface counterparts, these pili adhesins also
recognise precise carbohydrate pattéiiiegeet al. 2012) Interestingly, some adhesins have
been shown toecognisepatterns encountered in both mucins dretary fibers likely due to
structural similaritie§Cooling 2015; Dotz and Wuhrer 2016; Taylktral. 2018) Hence, in
addition to binding to mucir,actobacillusplantarum amannosespecific adhesiis alsoable
to bind glycan structure from yeast cell waB. Also, it has been demonstrated that
Bifidobacteriuminfantisadhesis recognse HMO (Pretzeret al. 2005; Garridcet al.2011)

Bullet points, recognition and binding strategies

x Different dietary fiber binding protescoexist in the gut communities, differing according to th
microbial origin and targetedarbohydrates. Complex polysaccharides will generally be boun
complex enzyme apparatus, allowing binding, primary degradation and import of the res
sacchades.

x Different mucus binding strategies coexistidagomplex enzyme apparatus similar as the one U
for complex dietary fibes; (ii) adhesins or lectins arfdi) appendages such as pili and flagella.

x Some adhesins have been shown to recognisenbatins and dietary fibgrlikely due to structural
similarities.
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2.23. Carbohydrate metabolism by human gut microbiota

2.23.1 Specialized carbohydratective enzymes

Enzymes involved in carbohydrate metabolism are named CAZymes (for Carbohydrate
active enzymes) and represent 2.6 % of the total enzymes encoded by thgbumarobiota
(Turnbaughet al.2008) Of note, carbohydrate metabolism is almost exclusively supported by
the gutmicrobiotg with around 10,000 CAZymes found in the genome of 177 reference gut
bacteria, compared to only 8 to TGHs in the human genome involved in carbohydrate
digestion in the guiKaoutariet al.2013; El Kaoutaret al.2014) In the CAZyme super family,
glycoside hydrolases (GHs) hydrolyse the glycosidic bond between two or more carbohydrates
or between a carbohydrate and a#arbohydrate moiety, whereas polysaccharide lyases (PLs)
cleaveuronieDFLG FRQWDLQLQJ S RelinmiMddiénFméethaldnGardvcaybbiiydiate
esterases (CEs) catalyze the@ler deN-acylation of substituted saccharid&aoutariet al.

2013) Based on their sequences, GHs are classified into 167 families, PLs into 40 families, and
CEs in 17 families (see http://www.cazy.orgDne CAZyme is often associated with the
degadation of onéype of linkaggSnartet al.2006; Chassaret al.2010; Hamaker and Tuncil

2014) CAZymes do not only contairatalytic modulesCarbohydratébinding modules (CBM)

keep thento bind the substratéBolamet al. 1998; Borastoret al.2004)

CAZymes families contain plant dietary fiber specialized CAZymes (e.g. GH5, GH6,
GH9, GH10, GH11, GH12, GH28, GH44, GH45, GH74, GH88, GH105, PL1, PL2, PL3, PL4,
PL9, PL10, PL11, PL15) while other contain mucus polysaccharide specialized ones (e.g.
GH20, GH29, GH33, GH42, GH84, GH85, GH89, GH95, GH98, GH101, GH112, GH129)
(Hamaker and Tuncil 2014FAZymes relative tdlietary fiberutilization are well characterized
(White et al. 2014; Grondiret al. 2017) CAZymes involved in mucin metabolism have also
been functionally characterized in resident members of the gut microbiota able to feed on
mucins, including Akkermansiamuciniphila, Bacteroides thetaiotaomicron Bacteroides
fragilis, Bifidobacteriumbifidum and Ruminococcugnavus(Tailford et al. 2015; Ndeh and
Gilbert 2018) 21 Q Rydlkictosidases from the GH2 family has been associatedheith
degradation of botmucus carbohydrates and dietary fib@rarnbaughet al. 2009) If most
CBMs are involved inmzyme binding to dietary fiber polysaccharides, CBM in families 32,
40, 47 and 51 also recognise mucus carbohydrates.
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2.23.2 Vertical distribution of @rbohydrate degradatianside the ecological
niches

According to the degree of dietary fiber complexity, several CAZymes are needed for
their complete hydrolysi@Martenset al. 2011)and the length of time for their degraidatin
the human gut will varySanchezt al.2009) Such degradation process can be sequential and
involves several different microorganisms. For exanpigjobacteriunmspp. commonly need
primary degradation of staremd xylan by species likkuminoccocubromii andBacteroides
ovatusto use the resulting makand xylo oligosaccharides, respectivéljurroniet al.2018)
This relationship by which one micragainism allows anotheotfeed is called crodgeding
(Falonyet al.2006) Crossfeedingis possiblébecaus&Hs, PLs and CEs are typically secreted
or cell surfaceassociated enzymes whose atyiviesults in the availability of the released
monao or oligosaccharides for uptake by the hydrolpseducing organism itself but also by
nearby bacteria. In the crefmeding chain, microorganisms required to initiate the degradation
are called primary HJUDGHUYV DQG DUH GHILQHG DV SEDFWHULD WK
complex carbohydrate owing to enzymatic equipmentthd.V PLVVLQJ LB aBRNMEKHU VSH
et al.2013) If a primary degrader outcompetes the other organisms by being the most efficient
in degrading a particular polysaccharide, hence bessgrdial for further degradation by the
resident microbiota, it is called bacteria with keystone functions or keystone SZaoitsal.
2012) For exampleRuminoccocudromii has been regularly described asohuststarch
keystone species, and its absence within the ecosystem is associated witht resisth
indigestibility by the hos{Ze et al.2012; Vitalet al.2018)

Mucus glycansare also concerned by this crdesding strategy{Png et al. 2010;
Marcobalet al. 2013; Egaret al. 2014) since a combinationf@nzymatic activities from
several mucolytic bacteria is required to complete mucin degradd@iemien et al. 2010;
Marcobalet al. 2013) As the Oglycansare covalently attached to the mucin peptides, the
peripheral residues are the first targets for GH enzyResoval of these peripheral residues
composed of sialic acid, fucose and glycosulfate is necessary to gain access to and degrade the
O-glycan chamns(Corfield 2018) BacteroideshetaiotaomicronBacteroide®vatus Prevotella
spp. strain RS2BifidobacteriumbreveUCC2003, orBacteroidedragilis all possess mucin
sulfatases or glycosulfatases and are thus potential primary deg{@dbmsrset al 1977,
Berteauet al. 2006; Benjdiaet al. 2011; Egaret al. 2016; Praharagt al. 2018) This high
number of primary degraders with high level of redundancies in their CAZYmes arsenal

targeting mucin carbohydrates probably reflects the huge amoconstantly renewed mucus
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substrate. To date, no keystone species has been found for mucus glycan deg&tdgtion.
Akkermansiamuciniphila has been often highlighted as a species allowing higher mucus
consumption in host intestinal trg€@heng and Xie 2021yvith a central role within the mucus
degrading communitie®/an Herrewegheet al.2018, 2021)Oncemucus glycans peripheral
residues have been removed, the remamdéthe Gglycan chains can be hydrolyzed. The
released saccharides, such aadetylglucosamine, fdcetylgalactosamine, galactose, fucose
and Nacetylneuraminic acid (sialic acid) can be used by the bacterial degjizei@selvesr

by other resident béeria (Bjursell, Martens and Gordon 2006; Martens, Chiang and Gordon
2008; Sonnenburgt al. 2010) CommensaE. coli and Enterococcusre examples of cross

feeders unable to feed on muciithwut microbial predigestion(Sicardet al.2017)

2.2.3.3 Horizontal distribution of carbohydrate degradationnioh [aetween the
ecological nichs

Inside the ecological niche, microorganisms can be classified as generalists or
specialists based on their CAZyme equipment. Generalists can use a large number of different
carbohydrate structures. When comparing the twanrpayla inhabiting the human gut,
Bacteroidetesare usually considered more generalist tRamicutes(Kaoutariet al. 2013)
With 308 CAZyme gene®Bacteroideteghetaiotaomicrons a good example of a generalist
speciegMartens, Chiang and Gordon 2008)n the opposite, other bacteria usinigtieely
few polysaccharides, such &uminoccocudromii (starch degrader onlyand Roseburia
inulinivorans(inulin degrader DUH WHUPHG Xbdtopati8iHFamBranlanddrtens
2012) Thanks to their CAZyme arsenal, generalist microorganisms can shift their metabolism
depending on the diet and are thought to be highly adaptable to different conditions depending
on dietary fiber availabilityKoropatkin, Cameron anillartens 2012)When several carbon
sources are available, generalists exhibit hierarchical polysaccharide preféRogmset al.
2013) Generalistscan even switch between the consumption of glycans from different
ecological niches like dietary fibesind mucusglycans (Sonnenburg 206). When both
compartments are available, some specidBaaseroideghetaiotaomicrorprioritizes dietary
fiber over mucuglycansconsumptionKashyapet al. 2013) butthis sense of priority is not
shared by all microorganisnBacteroidesmassiliensisand Bacteroidesfragilis are more
oriented towards mucossssociated glycan®udloet al.2015) Indeed, &rge differences can
be observed between species of a same genus. As an exaagioideghetaiotaomicron
and Bacteroidesovatus which have 96.5% identity in their 16S rRNA gene sequences have

less than on¢hird of their suslike systems genes in commd@klartenset al. 2011) This
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versatility in carbohydrateeonsumption implies that a fibelepleted diet will drive the
microbiotato use the pool of indigenous host glycans present in the niHatset al. 2015;

Desaiet al.2016) Accordingly, bw fiber diets increase the expressudmicrobiota Gglycan

CAZymes (Sonnenburg 2005)as well as mucinasg®esaiet al. 2016) This results in

increased inner mucus layer permeability as illustrated in murine m&ddioeeret al.2018;

Khoshbin and Camilleri 2020)n which dietary fibesupplementation can reverse thss of

mucus integritfSchroedeet al.2018) / DVWO\ 3YHUVDWLOH" VSHFLHYV DUH R
VSHFLDOLVWYV’ ™ ZK Ldghkandds Gdle R&bdn Xdur{€ockburn and Koropatkin

2016) Akkermansianuciniphilais a good example of a mucus specidBtrrien, Belzer and

de Vos 2017)

Bullet points, carbohydrate metabolism by human gut microbiota

X The microbial enzymes involved in carbohyddégradation are named CAZymes (for carbohydrz
active enzymes). Some of them target both mucus glycans and dietasy fiber

X The complete degradation of both dietary fdeemd mucus glycans involsseveral enzymes carrie
by different microorganisms. Tis, their degradation is sequencial, involving primary degsaet
crossfeeders.

X Some organisms can degrade both fibers and mucus glycans. They are called generalists as
to specialists. This substrate versatility implies that afitegriveddiet forces a part of the microbiof
to switch to mucus consumption, imparing mucus integrity.

2.2.4. Effect of carbohydrates on gut microbiota composition and
sources of variability

2.24.1 Well-known effect ofdietary fiberson the gut microbiota

Large observational studies taught us that i@ dietary fiber consumption affects
human gutmicrobiota composition by evolutionary mediYatsunenkcet al.2012; Clemente
et al. 2015; Smitset al. 2017) Globally, consumption of fiberich diet protectsmicrobiota
diversity and preserves (and sedediber-degrading species. Multiple independent studies in
humans have demonstrated stark differences in terngutomicrobiota compositiorand
activity between urbanized populations consuming low fiber diets and rural populations.
Westernization is characterized by a lower bacterial diversity, a IBresotelldBacteroides
ratio and a loss of CAZymes gen@atsunenkeet al.2012; Clemete et al.2015; Martinezt
al. 2015; Smitet al.2017; Makkiet al.2018) supporting the disappearance of bacterial species
and their degrading functisrover time.These observations habeen confirmed in a mice
model in which fibedow diet results in a progressive loss of microbiota diversity over
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generations. Thauthors showed that thigss can be reversed by fiber administration at the
scale of one individual, but not afteeveralgenerationgSonnenburget al. 2016) Besidesit

seems that lontermcrossgenerational consumption of (previously) indigestible dietary fiber

can select for new specific degrading capabilities of the microbicéasipecific population
(Hehemanret al.2012) In that sense, even rarely ingested dietary fifi€itahara et al.2005;
Hehemanret al. 2010, 2012pr longconsidered unfermentable on@e Filippoet al. 2010)

can be catabolised by the gut microbiota of accustomed populations. Japanese consuming diets
enriched in uncooked seaweed possess in their microbiota very rare genes (acquired from the
environmental bacteriurBacteroidelebeius)encoding porphyranase gagarase enzymes
enabling their digestio(Kitaharaet al.2005; Hehemanat al.2010, 2012)

Comparedto the variations observed in loigrm studies, the effect of shaerm
interventions with dietary fiber appears much more modest, less permanent and with higher
inter-subject variability, suggesting a deyday adaptation of the gut microbiota to thetd
and dietary fiber in particulafTurnbaughet al. 2009; Wuet al. 2011; ANR MicroObes
consortiumet al. 2013) Interestingly, most othese shorterm studies have focused on the
effect of a specific fiber rather than using a rich/low fiber diet. Thus, the reported effects vary
widely depending on the type of fiber investigafdthrtinezet al. 2010) its crystalline form
(Tester, Karkalas and Qi 2004; Lesnetsal. 2008) the degree of polymerizatiqgilugheset
al. 2008; Sancheet al. 2009; Van den Abbeelet al. 2011; Zhuet al. 2017) and the dose
(Bouhnik et al. 1999; Daviset al.2011) There are different mechanisms by which a dietary
fiber could influence microbiota composition on a sherin scale. For instance, dietary fiber
fermentation genetes SCFA leading to a lower colonic pH. High and rapid decrease of pH
with highly fermentable fibers then will enrich gut microbiota in microbial groups resistant to
low pH (Scott, Duncan and Flint 2008; Dwaret al.2009) Dietary fibers are also able to trap
bile salts(Story and Kritchevsky 1978klow glucose absorption and modulate the immune
system (Hooper, Littman and Macpherson 2012hechanisms by which the microbiota
composition is in turn affeetl. Then, as seen in lotgrm studies, dietary fiber can specifically
enrich groups with corresponding dietary fiber degradation capabilities if these groups are
already present. For instance, resistant starch supplementation has been found to increase
Ruminoccocusbromii population, a wetknown resistant starch degrader, in human feces
(Saloneret al.2014; Vitalet al.2018)
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2.24.2 Impact of mucus and mucusassociated glycans ogut microbiota
composition

Numerousin vivo studies have shown different composition between luminal and
mucosal microbial communities (Section 2.2TI)anks to their flexibilityjn vitro modelsmay
also bring complementary informatiolm the Simulator of the Humamtestinal Microbial
Ecosystem moddSHIME) (detailed in section 5.3), incorporationroficinragar microscosms
resultedin enrichement of this mucin layer in Firmicutes (wfhostridium cluster XIVa
accounting for almost 60% of the mu@dhered microbiota) and in species with known
mucosal adherence capabilitied.astobacillus mucosa&s observeuh vivo(Van den Abbeele
et al.2012, 2013)In the same modgVan Herreweghen and colleagues evalugtecdeffect of
mucin at 4.g..* on gut microbiota compositiorsuch dose significdly impactedmicrobial
communities 26% of observed variatiagat the OTU level), with enrichment Akkermansia
Bacteroidesand Ruminococcugienera known to have mueitegrading capabilitiegvVan
Herrewegheret al.2018)

Concerning the specific impact of mucus carbohydrategibmicrobiota compositign
some pieces of evidence have been gathenado. Mice deficient in core 1derived Gglycans
exhibit a dysbiotic faecal microbiof@ommeret al. 2014)and mice deficient in core- And
core 2 derived Qglycans develop microbiotdependent colitigBergstromet al. 2016)
However, since modifications of mucin glycosylation patterns affect mucus barrier function, it
appears challenging to decipher whether this dysbiotic microbiota resalts direct
modulation of microbial communities or from other induced phenomenon, such as
inflammation. More interestingly, Wacklin and colleagues have shown that human ABO blood
groups, expressed in mucusligked glycans, are also involved in differendasintestinal
microbiota compositioffWacklin et al. 2011) Specifically, fecal microbiota from individuals
harboring the B antigen on their mucosal surface (secretor B and AB) differed from {Be non
antigen groupgMakivuokko et al. 2012) A study performed in mice confirmed these
observations with differences in microbiota composition according to the presence or not of
blood groups antigens, but also gave additional information on the effeli¢tafy fibers
Differences in blood group antigen microbiota were noticed only when mice diet was depleted
in dietary fiber suggesting the impact of mucus glycosylation on microbiota composition gains
importance when mucus polysaccharides are the sole carbohydrate tyjp@adbfgapet al.

2013)
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Bullet points, effect of carbohydrates on gut microbiota composition

(e.g. bile salt trapping, inhibition of glucose absorption, modulation of the inmatene system)

X Some clues in favor of the specific impact of nai@arbohydrates are also availalevivo,
essentially based on blood group antigen in mu@lisiked glycans.

x Dietary fibes and mucirare both known to affeajut microbiota composition, certainly throug
substrate availability. However, othiedirect effects havbeen suggestedspecially for dietary fibe

To summarize this chapter, similarities and differenoetsveen dietary fiberand mucus

glycans are summaridéellow inTable 22.
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Table 22. Similarities and differences between dietary fibers and mucus glycans.
Updated from Sauvaitret al.2021.
GIT: GastrdntestinalTract, PUL:Polysaccharide Utilization Loci

Dietary fibers Mucus glycans
1. General features
Origin Exogenous Endogenous
Qualitative presence in the gut Variable Constant

Structure (polysaccharide
composition)

Norrmicrobial factors influencing
composition

Physiological functions / Health
promotion properties

(dependent upon dietary intakes) (continuously producédecreted by goblet cells
More than 20 possible monosaccharide unit 6 posgble monosapchgnde ”T"ts-
some in common with dietary fiber
Environmental factors (mainly diet)
Region of the GIT
Genetic
Ageing

Environmental factors (diet including
cooking/preparatiomethods)

Faecal bulking / Transit time reduction
Trapping of bile salts
Reduction of glucose absorption
Immune system modulation
Microbiota maintenance

Lubrication of the epithelium
Maintenance of the epithelial barrier
Immune system modulation
Microbiota maintenance

2. Feeding mechanisms

Microbiota accessibility

Niche colonisation

Binding

Degradation

Fermentation

Soluble fibers are easily accessible
Insoluble fibers can beonsidered as a physice
niche with reduced accessibility

Mucus shed in the digestive lumen is easily
accessible

Inner colonic layer is a physical niche nearly

devoid of bacteria

Mucus is colonised by microorganisms with

more or less degrading functions, the presenc

such microbes is dependent upon dietary fib:
availability

The microbial communities colonising
insoluble fibemparticles are enriched in
microorganisms with degrading functions

Microorganisms are able toaisarbohydrate
binding molecules, specific proteins from
extracellular structure and lectins
to bind to dietary fiber
Degradation involves several enzymes:
Glycoside Hydrolases, Polysaccharide Lyas
and Carbohydrate Esterases

Microorganisms are able to use carbohydrat
adhesins to bind to mucus

Degradation involves several enzymes:
Sulfatases, Glycoside Hydrolases and
Polysaccharide Lyases.
Some enzymes are common with dietary fibe
consumption
Once hydrolyzed, mucus and dietary fiber polysaccharides monomers are fermented by
microbiota leading to the production of metabolites sucRGEA

3. Ecological characteristics

Vertical / Crossfeeding relationships

Horizontal ecological relationships

Impact on gut microbiota
composition

By releasing or exposing simple polysaccharides, primary degragieges allow
crossfeeding species to feed themselves
Primary degraders are considered to harbc Primary degraders have to handle external
complex dietary fiber degrading apparatus residues and possess appropriate GHs (sulfat
FHOOXORVRPH 38/V VLDOLBEDVHV«
Degradation by dietary fiber degrading speci Degradation by mucin degrading specialistd a
and versatile species versatile species

Gut microbiota composition is highly
dependent on the daily and lotegm dietary
fiber intakes and composition

The potential impact of mucus polysaccharide
composition orgut microbiotacomposition
gains in importance when the diet is depleted
dietary fiber
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3. Interactions enteric pathogens / mucus / dietary fiber

Several evidences suggest that the thwag relationship between gut microbiota,
dietary fiberand mucus layer could unravel the capacity of enteric pathogewotuse the
human digeve tract and ultimately lead to infectiolm this sectionwe argue of the relevance
of usingdietary fiberinterventions to prevent enteric infections with a focus on gut microbial
imbalance and impaireghucus integrity.

Some parts of this state ofetlart havebeen published iareview article in thd=EMS

Microbiol. Revjournal(Impact Factor: 16.408@ndredrafted / updated for the present section.

Review SAUVAITRE T, ETIENNEMESMIN L, SIVIGNON A, MOSONI P, COURTIN

CM, VAN DE WIELE T, BLANQUET-DIOT S. Tripartite relationship between gut
microbiota, intestinal mucus and dietary fibers: towards preventive strategies against enteric
infections. FEMS Microbiol Rev. 2021 Mar 16;45(8)aa052. doi: 10.1093/femsre/fuaa052.

3.1. Mucusrole inpathogens virulence

3.11. Pathogens binding to mucus

Most of the enteric pathogens includiBgterobacteriaceabave to reach the intestinal
epithelium and invade the mucosal barrier to promote tloéonisation or persistence. Binding
to mucus is, thexfore, the primargolonisation challenge for pathoge(fSicardet al.2017)but
it can also favor subsequent bacterial adhediorvitro adherence oSalmonellaenterica
serovar Typhimurium and Enterohemorrhadic coli (EHEC) is higher on higimucus
producing cells (e.g. HI2ZMTX or LS174T) than in nonor low-mucus producing cells (e.g.
Cacoe2 or HT29)(Gagnonret al. 2013; Hewset al. 2017) As for commensals, pathogens use
surfaceassociated appendagesurfaceadhesins, fimbriae and flagella) to bind to mucus
polysaccharides. For instandéelicobacter pyloriand Campylobactejejuni possess several
characterized adhesins that notably bind to blood group antigens and to sia(i/dauithvi
2002; Avrilet al.2006; Heikemaet al.2010; Moran, Gupta and Joshi 2011; Keenhwl.2012;
Rossezet al. 2014) while GbpA from Vibrio cholerae binds to Naceylglucosamine
(Bhowmicket al. 2008; Wonget al.2012) Flagellar subunits a€ampylobactefejuni (Sicard
et al. 2017) enteropathogenik. coli (EPEC)(Erdemet al. 2007)andClostridioides difficile
are all able to bind mucus polysaccharidggerobacteriaceaean interact with mucus glycans
via variaus appendanges like type 1 giokurenkcet al.1998; Schembet al.2001; Aprikian
et al. 2007) Std fimbriae fromSalmonellaenterica serovar Typhimurium interacts with

terminal fucose residu€€hessat al.2009)and manose(Vimal et al.2000)
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Pathogeamucus interactions are built on the recognitibspecific saccharide motifs.
As mucus polysaccharide composition changes all along the human GIT, it could be a strategy
for precise site targeting in the g@wenet al. 2017) The pathogens also have to deal with
hostrelated parameters known to induce variations in mucus structure and coompasith
as genetics, diet, degradation by host microbiota and diseases. lllustrating this pathogen pattern
dependencyHelicobacter pyloriinfections were found most prevalent in individuals from O
than A group, suggesting a preferred attachment of tbteide to O blood group antigen
present in the mucus.R FLHODNSome pathogenic bacteria &higella flexneri
Helicobacter pyloriand Citrobacter rodentiurmare even able to reshape mucin glycosylation
patterngSperandicet al.2013; Phanet al.2014; Magalhaest al.2015) These modifications
may adjust the expression of bacterial recegiBarnichet al.2007; Corfield 2018pr impact
the gut microbiotacolonisation barrier(Phamet al. 2014) For instanceHelicobacter pylori
infection affects host expression resulting in increased sialylation patterns that favor

Helicobacter pyloriSabAmediated adhesiofMagalhdest al.2015)

3.1.2 Mucus degradation by pathogens

To face the mucus néike properties, pathogens possess proteases called mucinases.
These mucinases are cldiesi according to the functional group involved in catalysis (e.qg.
metallo, serine and aspartic proteases), their site of action-(end&o proteases) and their
evolutionary relationships related to their amino acid sequ@aeoll 2013) Even if some
mucinases, as SslE, are known to exist in both secreted and sas$acgated forms, most of
the characterized mucinases are secreted in the external environynpathdgens, probably
for a wider impact on the mucus struct@igienneMesminet al.2019) Mucinases have been
well characterized inEnterobacteriaceaein particular in enterotoxigenic ETEC) and
enterohemoragiddHEC) E. coli, with a diverse arsenal of mucinases, such as SslE, StcE, Hbp,
YghJ and EatAKumaret al.2014) In Adherent Invasiv&. coli (AIEC), mucinase VaAIEC
is overexpressed in the presence of bile salts and mucin, and comtiodogicteria penetration
in the mucus layer to establish gilonisation(Gibold et al.2016) Mucinases have also been
evidenced inVibrio cholerae (Szabadyet al. 2011) Yersinia enterocolitica(Mantle and
Rombough 1993and Clostridioides difficile(Janoiret al. 2007) suggestig the involvement
of mucus depolymerisain during infection processes.

As already mentionedome commensal bacteria also possess mucinases, highlighting
the fine line between pathogenicity and commensalism in the GIT. As an example, SslE is found

both n commensak. coli and in ETEC and EHEC pathogenic strgiBenneMesminet al.
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2019; Tapader, Basand Pal 2019)Nevertheless, differences between commensal and
pathogen mucinases reside at least in their expression levels. For example, pathagenic
generate significant amounts of YghJ compared to their commensal counterparts, while there
is no difference in the putative catabolic amino acid sequéhuet al.2014) Lastly, as for
CAZymes, mucinases seem to have substrate specificities. For example, StcE preferentially
cleaves MUC2 compared to MUC5ABewset al.2017)and YghJ targets MUZand MUC3

(Luo et al.2014)

By their degrading potential, CAZymes, and notably GHs, could be another way to
cleave mucus but this activity has been poorly described in pathogens. To date, pathogen GHs,
as commensal ones, have been preferentsiigied as feeding tools rather than mucus
degrading enzymes. As a nice examBl@monellacontains 47 GHs that may degrade glycans.
During infection in mice, specific deletion shnHandmalSgenes impedes bacterial invasion,
suggesting that these GHsiynbe considered as new virulence fac{@mmbyanet al. 2016)
Bacteroidesfragilis has also been shown to require special polysaccharide utilization loci
(containing GH along other CAZymes) for crgmtionisation, and mutants strains deficient for
these loci &iled to occupy cryptfLeeet al. 2013) However, it is not possible to decipher if
these GH knoclout defects ircolonisation can be attributed to muedegrading defect or to

loss of feeding capabilities on other carbohydsatarces.

3.1.3. Mucusbased feeding of pathogens

3.1.3.1 Primary degraderor crosseeding strategies

CAZymes are also used by some pathogens to release -thercusd sugars for their
own consumptior(Mondal et al. 2014; Arabyanet al. 2016) Salmonellaenterica serovar
Typhimuriumhas the ability to release carbohydrates from mucus by using its sighttass
et al.1992) InterestinglyVibrio choleraeuses its chitinase ChiA2 to feed on both chitin fibers
found in the aquatic environment andieims in the gu{Mondal et al. 2014) most probably
EHFDXVH RI WKHLU VWUXFWXUD O1VM lirkedNEatety\yucbisdmireKDLQ S
residues). In line with this observation, mutants for chitin utilization pathway display less
capacity to penetrate mucus ard Aypovirulent in a mouse modghourashiet al. 2016)
Besides these examples, pathogens usually behave-psimamny degraders. They have limited
CAZymes arsenal and often count on other mucin degraders tefeeasg. coli pathogens
represent a good example of this strategy. Indeed,dbleyie the mouse large intestine by

growing in intestinal mucus, but as they do not secrete extracellular GHs, they cannot degrade
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mucinderived olige and polysaccharides and depend tireomicrobes which feed them with
small saccharides and promote their own groi@bnway and Cohen 2019y a gnotobiotic
mouse model, EHEC colonise the mucus layer within the cooperation of local bacterial
communities includig Bacteroidegshetaiotaomicrorthat cleaves host glycaterived sugars

and produces fucogPachecet al.2012). Similarly, Bacteroideghetaiotaomicrons also able

to release free sialic acid from colon mucus glycans that can be further uSéabstrdioides
difficile and Salmonellaentericaserovar Typhimurium to promote their owalonisation and
persistace in the gnotobiotic mice gihNg et al. 2013) To date, more investigations are

required to decipher if these crefe®d relationships also exist in the human gut.

3.1.3.2 Importance of microbial background

When gut microbiota is not disturbed, pathogens have to competeomitnensal non
primary feeders to use mucus carbohydrates. Conway and Cohen (2015) showed that when
gnotobiotic mice are preolonised with only three commengal coli strains, these strains use
all the mucus monosaccharides uptake possibilities to outterttpe pathogenic EHEC strain,
leading to pathogen eliminatigheathamet al. 2009) In response, EHEC can utilize a large
panel of mucuslerived monosaccharides and thereby compete with comntemsdil (Fabich
et al. 2008) The metabolic flexibility of some pathogenic strains to use both glycolytic and
gluconeogenic nutrients from the host may also represent a competitivésadyBertin et al.
2013) To outcompete the native microbiota, pathogens can benefit from gubdrstarthat
will let ecological niches free. For instance, in human, antibiotic use is one of the leading risk
factors for enteric diseases associated Batmonellaand Clostridioides difficileinfections
(Pépin et al. 2005; Doorduynet al. 2006; Dethlefseret al. 2008) Of interest, antibiotic
treatment is also one of the drivers modulating mucin carbohydrates availability. Studies in
mice showed that antibiotic treatmentucdd a spike in muctderived monosaccharides such
as sialic acid, and these high concentrations of free monosaccharides facilitated the expansion
of Salmonellaentericaserovar Typhimurium an@lostridioides difficile(Ng et al. 2013) As
further evidence,colonisation of gnotobiotic mice with a sialidaseficient mutant of
Bacteroideghetaiotaomicrorinduced reduction of free sialic acid levels impairing expansion
of Clostridioides difficile These transient effects could be reversed by exogenous dietary

adminigration of free sialic aci@Ng et al.2013)
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3.1.4. Pathogens and inflammati in a mucusltered context

There is scarce byromising evidence that inflammation driven by mucus alterations
may support pathogen infection. First,mmouse models, defects in mucus glycosylatian ar
clearly associated with inflammatigAn et al.2007; Stoneet al.2009; Burgetvan Paasseet
al. 2011) This inflammation occurs only when gut microbiota is present, suggesting that the
close proximity between microbes and the epithelial brush border drives the respons
(Bergstromet al. 2016) Besides, mice with genetically impaired mucus layer are more
susceptible to pabgens such aSalmonellaenterica(Bergstromet al. 2010; Zarepouet al.

2013; Hechet al.2017) Altogether, mucus defects appear to be involved batiflaammation

and pathogen susceptibility. As mucus eglegradation triggers an inflammatory state, we may
hypothesize that mucusegrading microorganisms or microorganisms benefiting from mucus
degradation would be more adapted to an inflammatoryr@mwient. In this sense, colitis
induced with dextran sodium sulfate seemed to favor microorganisms expressisg gene
involved in mucus polysaccharide utilizati®chwabet al. 2014) In the same way, studies
suggest that pathogens coulslcabenefit from this pranflammatory state. In both human and
mice, inflamed microbiota is characterized by a reduced abundance of obligate anaerobic
bacteria and expansion of facultative anaerobic bacteria Piateobacteriphylum, mostly
members oftie family EnterobacteriaceaéSeksik 2003; Gophnet al.2006; Baumgarét al.

2007; Luppet al. 2007; Walkeret al. 2011; Geverset al. 2014; Chiodiniet al. 2015)
Enterobacteriaceamay alscsupport this inflammatory state promotetheir own persistence

in the gut(Garrettet al. 2010) Interestingly, inflammation could also impact the mucus layer
itseff to favor the pathogenSalmonellahave adaptedheir own metabolism and trigger
inflammationinduced mucus fucosylation, allowing the pathogen to feed on f@&asenget

al. 2012; Baumler and Sperandio 206 an inflammatory state.

3.1.5. Modulation of virulence gendsy mucin and their degradation
products

In addition to acting as binding sites or carbon sources for pathogens, mucin
glycoproteins can influence the expression of different pathogen virulence genes, as shown by
many in vitro studies (Vogt, PefiaDiaz and Finlay @15) Many virulence genes of
Campylobacteijejuni are upregulatedh vitro in the presence of MUC2 glycoprotefiiu,
McGuckin and Mendz 2008and fucose especially influences chemotaxis and biofilm

formation that are important during gut infecti@wivedi et al.2016) In response to mucins,
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Vibrio choleraealso downregulates polysaccharide synthesis pathways involvedfiimb
formation, thus promoting its motility within the mucukiu et al. 2015) Released
monosaccharides from mucin-@ycan degradation can also act as a chemical cue to help
pathogens to sense their environment and adapt accordingly. As illustrated with EHEC, fucose
represses EHEC LEB.ocus of Enterocyte flacemen} expression involved in the formation

of attachment and effacement lesigRaicheccet al. 2012) The study postulates that gene
repression through fucosensing may prevent energxpense in EHEC during LEE
production before reaching the epithelial surface, where free fucose is not ResdmEcaet

al. 2012) N-acetylglucosamine and sialic acid have also a negative effect on LEE expression
under aerobic conditior(ée Bihanet al.2017)but stimulate the production of a LEE effector
(EspB) under micraerobic conditions, which are thotmund at a close proximity of the
intestinal epitheliunfCarlsonBanning and Sperandio 201@herefore, the availability of free
monosaccharides is not the sole determinant factor in pathogen virulence regulation, but other

parameters associated to bacterial localization, asi@xygen conditions, must be considered.

Bullet points, mucus role in pathogens virulence

x Pathogens recognise/bind mucus polysaccharides by adhesins on the cell surface or assc
appendages (fimbriae and flagella), degrade mucin thanksitinases to facilitate accetssthe
intestinal epitheliumand feed with CAZymes.

x To date, pathogenic bacteria are considered to behave agrin@my degraders wit limited
CAZymes arsenatrossfeedng on simple carbohydrates released by other mucus specialists.

x Inflammation driven by mucus alterations may support pathogen infection as pathagemdapted
to benefit fromsuchinflammation and its impact on mucus composition.

3.2. Dietary fibermodulaton of enteric patbgen virulence

3.2.1. Direct antagonistic effecft dietary fibers on pathogens

3.2.1.1. Bacteriostatic effect

Somedietary fibersas chitosan (derived from chitin) have shown a direct bacteriostatic
effect by inhibiting the mwth of various pathogensTéble 3.1), especially EHEC
(Chantarasataporet al. 2014; Maet al. 2016; Vardaka, Yehia and Savvaidis 2016; Garrido
Maestuet al. 2018) Chitosan antimicrobial activity probably results from the intracellular
leakage via binding positively charged chitosan to negatively charged bacterial surface, leading
membrane pernadility alteration causing cell deafeonet al. 2014) Of interest, the broad
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in vitro effect of chitosan is also conserved vivo for ETEC, EHEC and others animal

pathogens, by decreasing pathogelonisation(Jeonget al.2011; Xiaoet al.2014; Jeoret al.
2016; Liuet al.2016a)

Table 3.1 Summary of studies investigating dietary fiber inhibition properties against pathogen

growth.

Extracedfrom Sauvaitreet al.2021.

References | Tested fiber(s) Doses Pathogens Growth media | Observed effect
AgrobacteriumtumefaciensBacillus
cereus Corinebacterium michiganence
Erwinia sp, Erwinia carotovora subsp
Liu et al Chitosan e Escherichia coliKlebsiella pneumoniae Acetic acid Bacteria growth
2000 9 Micrococcus luteusPseudomonas (2M) inhibition
fluorescensStaphylococcus aureus
Xanthomonas campestistrains
unspecified)
Nanoparticles at Escherichia coli(strainsk88 and ATCC
. 25922),Salmonella choleraesu(strain | Acetic acid o .
Qi et al2004 E::gn:sﬂ;mes ?ésvlczr?itrggéhla?%i ATCC 50020) Salmonellayphimurium | (0.25%)in | 001 bacteria
P ma.L-t (strainATCC 50013) andstaphylococcu| water at pH 5.0 y
9 aureus(strainATCC 25923)
EHEC Q157 H7 (strain DMST 12743),
Chitosan Staphylococcus aurestrainATCC
Chantarasata derived 6538) Listeri - . S icidal
ornet al erive |uptoo2g.r 538),Listeria mor_locytogene(stra!n Trypticase Soy| Bactericida
201 4 oligosaccharid - ATCC 19115)Bacillus cereugstrain broth activity
es C113) andsalmonella enteritidigstrain
DMST 1706)
EHEC 0157:H7 EDL933strain Luria Bertani
ATCC48935), intrauterine pathogenic .
e . . o medium
Escherichia col{strain unspecified), Brain Heart
Jeonet al Chitosan 1 Salmonella entericatrainCDC30411, : 100 % bacteria
. . 2g9.L X ) . Infusion broth ;
2014 microparticules Klebsiella pneumoniagstrain lethality
o o . (for
unspecified)Vibrio cholera(strain395
- .| Streptococcus
classical O1) andt&ptococcus uberis X
. e uberig
(strain unspecified)
EHEC O157:H7, 8eptococcus uberjs .
. o . Mueller Hinton
Salmonella entericeEscherichia coli broth
. X - 0 .
Ma et al2016 Chltosan _ 40 mg.L:* Klebsiella pneumonlaStaphoncoccus Simulated 100 A) bacteria
microparticules aureus, Enterococcus, Vibrio cholerae astrointestina lethality
(O1 El Tor),Vibrio cholerag(nonO1), ﬁuids
Vibrio cholerae(O395)
Garrido . . . o .
Maestuetal Chltosan' | 2g.L? EHEC 0157 H7 (strain unspecified) tunﬁ Bertani llog I/o bacteria
2018 nanoparticules rot ethality

3.2.1.2.Inhibition of cell adhesion

Dietary fibersfrom different sources have proven efficiency in reducing pathodenic

coli adhesion to intestinal epithelial celMany of these fibers have a plant origithoade%t
al. 2008; Roubowan den Hilet al. 2009, 2010; Gonzalest al. 2013; Diet al. 2017) For

example, soluble fiber extract from plantain bananas reduced adhesion of AIEC,aB@EC

Shigella strains to intestinal epithelial cel®artin et al. 2004; Robertset al. 2010) -
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galactomannan from yeast aisoable to decreadeTEC adhesion on Ca&cells(Badiaet

al. 2012) Yeasts harbor numerous oligomannosidetheincell wall able to interact with FimH
adhesin of type 1 pili and represent an interesting-afierence strategy in reducing
pathogenicE. coli adhesion (Sivignon et al. 2015; Rousselet al. 2018b) Bacterial
exopolysaccharides fromactobacillusspp. also inhibited EHEC adhesion on HT29 cells as
well as biofilm formationKim, oh and Kim 2009; Litet al.2017) These exopolysaccharides
do not necessarily contain mannose supporting other possible inhibitory €Hectst al.
2017) Lastly,adhesion of ETEC strains to intestinal Cataells was reduced by addition of
humanHMO (ldota and Kawakanii995; Salcedet al.2013)and goat milk oligosaccharides
were also proven to decrease adhesion of human enteric pathdgecoisand Salmonella
entericaserovar Typhimurium in a Ca& cells model(Leong et al. 2019) Reduction of
bacteria adhesion could be explained by shared patterns between mucin polysaccharides and
dietary fibersresulting indietary fibersacting as daitfor bactera whichwill be decoyedrom

the mucus compartmentable 3.2summarizes the studies reporting dietary fiber inhibition
properties against pathogen adhesion.
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Table 3.2 Summary of studies investigating dietary fiberanti-adhesion effect against

pathogens
Updated from Sauvaitret al.2021.
AIEC: AdherentinvasiveE. coli, CCL20: Chemokine (€ motif) ligand 20, CXCLS8: interleukine 8, EHEC:
EnterohemorrhagicE. coli EPEC: enteropathogenicE. coli, ETEC: enterotoxigeic E. coli GM-CSF:

Granulocytemacrophage colongtimulating factor, 16: interleukin6, M-SHIME: Mucosal Simulator of the
Human Intestinal MicrobigEcosystem, TNFE: tumor necrosis factor

Cell or adhesiontest

References | Tested fiber(s) Doses Pathogens model Observed effect
Up to 92.8 % adhesion
Craviotoet al | Human milk 1 EPEC(strainsO1163, 736, 851/71,| Hep-2 cells inhibition W'th.the .
: . 3g.L . pentasaccharides fractio
1991 oligosaccharides E2348) (Human, carcinoma) ; -
against EPEC strain
01163
Stinset al NeuAc alpha 2,3 S fimbriatedEscherichia col{strain Bovine brain cortices o L
1094 sialyl lactose S0 M GB101/13) endothelial cells 80 % adhesion inhibition
Idota and Human milk Caca? cells (Human, | 70 and 80 % adhesion
Kawakami oligosaccharides lg.lL? ETEC @trainPb-176) colorectal inhibition for Gus and
1995 (Gw1 and Gus) adenocarcinoma) Gw respectively
; Hemagglutination
Martinet al | Bovine milk ETEC strains from calves (K9E2, Hemagglutination of | inhibition depending on
- . 0.33 g.l:1 F41-15, K994, CCB1, CCB22, -
2002 oligosaccharides erythrocytes the saccharides and testg
CCB33, CCB37) h
ETEC strains
Ruiz-palacios| Alphal,2 0.2 gt Campylobacter jejunfinvasive strain | Hep-2 cells 54.8% adhesion
et al2003 Fucosyllactose <0 287i) (Human, carcinoma) | inhibition
HM427 cells (isolated
IURP &URKQ T\ 83to 95 % adhesion
Martinetal | Soluble plaintain 1 . patients) and HM545 | inhibition for the AIEC
2004 fibers Sgl AIEC (strainsHM427 and HM545) cells (from the tumor | strains HM545 and
tissue of a colon cance HM427, respectively
patient)
Coppaetal | Human milk EPEC 0119Vibrio cholerae(strain Caco?2 cells Up to 42.2 % adhesion
20(?(? olicosaccharides 10 g.L? ATCC 14034), andalmonella fyris | (Human, inhibition against EPEC
9 (unspecified strain) adenocarcinoma) strain 0119
HEp-2 cells
Shoafet al Galactoolicosacchar (Human, carcinoma) |65 to 70% adhesion
2006 des 9 16 g.Lt EPEC (strain E2348/69) and Cace? cells inhibition on Hep2 and
(Human, colorectal Cace? cells,respectively
adenocarcinoma)
Up to 90 %, 85 %, and 99
EPEC(strainsO11:H27, HT-29 cells % adhesion inhibition for
Rhoadet al | Pectin derived 25 gLt 0019H4,0128:H12), EHEGtrains (Human, colorectal EPEC, EHEC and
2008 oligosaccharides =G 123900, 13127, 13128pesulfovibrio e Desulfovibrio
. . adenocarcinoma) . .
desulfuricangstrain12833) desulfuricansstrains
respectively
EHEC 0O157:H7Salmonella
enteritidis, Salmonella typhimurium 0% Rinfi
. Lactobacillus (strainKCCM 118069, Yersinia Up to 95 /0 b!ofl!m .
Kim et al . - 1 vt o . formation inhibition with
2 acidophilus 1lg.L enterocolitica, Pseudomonas Biofilm test formation L
009 . . Lo Listeria monocytogenes
exopolysaccharides aeruginosaKCCM 11321 Listeria
. ScottA
monocytogeneScottA andBacillus
cereus(unspecified strain)
Roubosvan Soluble fermented Cace2 cells (Human,
den Hilet al sova beans extract 25g.L?t ETEC K88 (strain ID1000) colorectal 40 % adhesion inhibition
2009 y adenocarcinoma)
Caco2cll cells 45.3 to 82.6 % inhibition
Plaintain and (Human, colorectal of translocation of AIEC
Robertset al broceoli soluble 5 g Lt AIEC (strainsLF82, HM580, HM605, | adenocarcinoma) and | strains across Mells for
2010 9 HM615) Raji B cells (Human, | broccoli and plantain

fibers

burkitt's lymphoma) =
M cell model

soluble fibers,
respectively
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Ex vivoadhesion test tq

Roubosvan | Soluble fermented 4 . S ' o L
den Hil 2010 | soya beans extract 10g.L ETEC K88 (strain ID1000) E:?rér;tgstlnal brush 99 % adhesion inhibition
ETEC K88(strains ECL13086, S I
\z’\éiréget al | Reuteran and levan | 5 and 10 g.i* | ECL13795, ECL13998 and S&Tq"’r‘gg;‘:é's“a“o” of L”ehr::’;'o'l’uzfnation
ECL14048) 99
Up to 70 % adhesion
IP1-21 cells (porcine inhibition
Badiaet al 0.5t0 20 Salmonelleentericaserovar . P ' | Decrease of inflammatior,
Betagalactomannan ) o smallintestine ;
2012,aand b mg.L Typhimurium S marker expression and
epithelium) ; )
cytokines production (IL6
CXCLS8)
80 % adhesion inhibition
50 % reduction of TNFE,
Badiaet al 1 ETEC K88 (strains 56190 and Caco2 cells (Human, GM'CS'.: and CCL20
Betagalactomannan| 10 g.L colorectal expression, from 4 th0-
2012 GN1034) . .
adenocarcinoma)) and 1.4fold reduction of
IL-6 and CXCL8
secretion, respectively
Salcedcet al Human milk 0.00410 0.8 ETEC (strainCECT 685), EPEC Caca? cells (Human, | Up to 28 % adhesion
2012 oligosaccharides m L1 " | (strainCECT 729) Listeria colorectal inhibition on EPEC with
motifs 9 monocytogenestrainCECT 935) adenocarcinoma) GM: at 0.004 mg.tt
3 -
Gonzalez | Locust bean, wheat ETEC K88 6trains:0149:K91:H10 | IPEGJ2 cells Up 10 80 % adnesion
Ortiz et al bran soluble extract,| 1 and 10 g.t* | [K-88]/LT-I/STb and F4, F6-, F18, | (porcine, jejunal n dep g_
2013 exopolysaccharides LT1- ST1-, ST2+ Stx2¢ epithelium) the strains with 10 g:t
' locust bean extract
Quintere . Up to 95 % adhesion
Villegaset al Clh'to harid 0.5t0 16 g.t! | EPEC (strain E2348/69, 0127:H6) HHEQZ cells . inhibition at the dose 16
2013 oligosaccharide (Human, carcinoma) gLt
Salmonella entericaerovar &tﬁgﬁggrgggﬂ 46.6 to 85 % inhibition of
o Typhimurium §trainLT2), Shigella e adhesion and 46.4 to 80.
Robertset al | Soluble plaintain 1 . . o adenocarcinoma) and
- 5¢9.L sonnei(strain unspecified ETEC - % decrease of
2013 fibers S o .| Raji B cells(Human, - .
(C410) andClostridium difficile(strain . _ | translocation depending
burkitt's lymphoma) = -
080042) on the strains
M cell model
Neoglycans
Sarabiasainz gngOZteeddOforcine Adhesion inhibition as
1ug P lg.L? ETEC K88 (strain unspecified) Porcin gastric mucin | measured by decreased
et al2013 albumin and . ?
. . optical density
galactooligosacchari
es
Chen et al Reuteran and levan | 10 g.L-2 ETEC K88 (strains ECL13795 and | Hemagglutination of | Inhibition of
2014 9 ECL13998) erythrocytes hemagglutination
Gonzalez Locust bean. wheat ETEC K88 6trains:0149:K91:H10 | Microtitration-based Up to 95 % adhesion
Ortiz et al bran soluble’extract 10g.Lt [K-88]/LT-I/STb and F4, F6-, F18, |adhesion tests on ileal| inhibition with wheat brar
2014 LT1- ST1, ST2+ Stx2€ mucus fronpiglets extract
Ciliebora et Lactose and PSiclcells Up to 70 % adhesion
9 alphal,2 land5g.t! | ETEC F18 $train99102972STM) (porcine, jejunal inhibition with .-1,2-
al 2016 S i
Fucosyllactose epithelium) fucosyllactose at 5 g:.
More than 1 log decrease
3 g per day M-SHIME experiment | of AIEC counts in the
Van den inulin and aalacte added to a with a mucus mucus (could result from
Abbeeleet al | . 9a continuously | AIEC (strainLF82) compartment microbiota modulation
oligosaccharides - . .
2016 renewed comprising muciragar | notably increase of
compartment covered microcosms | mucosal lactobacilli and
bifidobacteria counts)
. . HT-29 cells (Human, | Up to 90 % bacterial
Di et al2017 P(_actln derlve_d 0'0_?1 05 EHEC (strain ATCC43895) colorectal adhesion inhibition at the
oligosaccharides g.L .
adenocarcinoma) dose 0.005 g.t
70 to 80 %
Kudaet al Alginate 1q.lt Salmonella entericaerovar ?HTL;rizrl;ugoclglrEctal adhesion/invasion
2017 9 9 Typhimurium (strain NBRC 13245T) ! inhibition depending on

adenocarcinoma)

alginate molecular weigh
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3 -
Lactobacillus HT-29 cells (Human, ﬂﬁi:)c:ti:?)cr)] :n?jdgg i/logmi
Liu et al2017| plantarumWLPL0O4 |0.01to 1 g.t! | EHEC 0157 H7 (strain unspecified) | colorectal biofilm activity at tl'(:e
exopolysaccharides adenocarcinoma) highest dosey
Exopolysaccharides
produced during ETEC K88 6trains:0149:K91:H10 . . Up to 50 % adhesion
gg;;t al industrial 10 g.Lt [K-88]/LT-I/STb and F4, F6-, F18, 'I:'Er(l:a‘lli cﬂ:zli(gr?qr)cme, inhibition depending on
fermentation of LT1- ST1, ST2+ Stx2€ 1€ P the exopolysaccharides
olives
20g.L:t for
galactooligos
accharides
. and at o L
Gpat milk . concentration| EPEC (strain NCTC 10418) and Caca?2 cells (Human, 30 % adhesion inhibition
Leonget al | oligosaccharides ang - . for EPEC andSalmonella
. 1| found in Salmonella entericaerovar colorectal .
2019 galactooligosacchari| . S . . . entericaserovar
infant Typhimurium (strain unspecified) adenocarcinoma) T
es Typhimurium
formula for
goat milk
oligosacchari
des

3.2.1.3. Inhibitionof toxin binding and activity

Interestingly, dietary fibers from human milk have also a direct inhibitory effect on

pathogertoxins. Notably, sialyl lactose contesd in milk is able to inhibit Rolera toxin (from

V. cholerag binding to its receptor thmonosialotetrahexosylgangliosii GM1) (Idotaet al.

1995) Most of the results concerning toxin binding inhibitionHiYO concen ETEC toxins
(Table 3.3, and theythey will be further developed in Section 4.4.5.

Table 3.3 Summary of studies investigating dietary fiber inhibition of toxin effects

EHEC: EnterohemorrhagicE. coli ELISA: ELISA: EnzymelLinked

enterotoxigenic E. Gh3: Globotriaosylceramide,

coli,

monosialicganglioside 2, LT: heat labile toxin, ST: heat stable t&tin,Shiga toxin.
Updated from Sauvaitret al.2021.

Immuno Sorbent Assay,
GM1: monosialotetrahexosylganglioside,

ETEC:
GM2:

Tested fiber(s) /

In vitro and in vivo

References ; . Doses Toxins Observed effect
Microorganisms models
. Toxin binding ELISA Inhibition of toxin binding to
Otnaesst al e Cholera toxin and LT I . 4 .
1083 GMy Unspecified toxin from ETEC assay and rabbit ileal | receptor and fluid secretions in

loop assays

U D E Ente¥iinvafloops

Newburget al
1990

Fucosylated fractiol
of human milk
oligosaccharides

Unspecified

ST toxin

Mice

Higher mice survival rate

Idotaet al 1995

Sialyllactose

75 and 100 mgt

Cholera toxin

Toxin binding assay ang
rabbits

Inhibition of toxin binding to
receptor and fluid secretions in
rabbit intestinal loops

Gb3 expressing.

Toxin binding assay ang

Inhibition of toxin binding and
full protection against EHEC

Patonet al2000 coli Unspecified Shiga toxin mice (strains B2F1 and 97MW1) in
mice

GMz and other Ililctk?t)e(lr?c:]ric;rzoli Toxin binding assaand Inhibition of toxin binding and

Patonet al2005 | oligosaccharides | Unspecified 9 W reduction of fluid secretion in

expressinge. coli

C600:pEWD299 (cloneg
LT operon)

rabbits

rabbits

Rhoadest al Pectic From 0.01 to 100 | Shiga toxin HT-29 cells viability test Decreased intestinal cell death
2008 oligosaccharides | mg.L? (Stxland Stx2) y whatever the dose tested

- - 5 -
Di et al2017 Pectic From 1 to 100 Shiga toxin (Stx2) HT-29 rRNA Up to 44 % reduction of rRNA

oligosaccharides

mg.L?

depurination test

depurination
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3.2.2. Indirect effect ofdietary fibers through gut microbiota
modulation

3.2.2.1 Modulation of microbiota composition

The resident microbiota is now widelgcognisd as a significant barrier to pathogen
colonisation. This protective role is supported by many studies showing that commensal strains
from gut microbiota promote inhibition mechanisms towards pathogens. Direct inhibitory
effects are mediated by acid production, secretion of inhibitory moleculesaltgteriocin or
production of (mostly) unknown compounds able to repress virulence @@mesGahan and
Hill 2007; Schostert al. 2013; Sikorska and Smoragiewicz 2013herefore, microbiota
modulation withdietary fibers may be a relevant amgo prevent enteric infection€onway
and Coher2015) However, demonstrating a positive effect mediated by microbiota modulation
is not easy. Even if dietary fibersupplementation does modify the microbiota and has anti
infectious properties, how to prove that the beneficial effect results fnemintrease or
decrease of specific microbial groups? Some clues can emerge from the simultaneous
administration of probiotic strains adéetary fiberto specifically support the probiotic growth
(resulting in a prebiotic effect fatietary fibej. In 200L, Asahara and colleagues showed that
pre-colonisation of mice with probiotidBifidobacteriumbreveinhibited Salmonellaenterica
serovar Typhimurium growth and translocation in others orgAsaharaet al. 2001) This
effect was strengthened by-administration ofBifidobacteriumbrevewith prebiotic GOS,
while GOS alone did not show any amtfectious properties. However, the authors did not
prove any change iBifidobacteriumbreve proportion oractivity by GOS administration
(Asaharaet al. 2001) The continuous oral administration of the probid@ifodobacterium
brevestrain Yakul® inhibited mice infection by a multidrugesistantcinetobacter baumannii
and GOS markedly potentiated the probiotic effect without providing any protection alone
(Asaharaet al. 2016) Another mouse study showed that the seconatrgéon probiotic
Faecalibacterium prausnitzplus potato starch reduc&lostridioides difficilecolonisation in
mice model, the combined effect being slightly better than the individugRmehowdhury
et al. 2018) Lastly, in a continuous anaerobic fermentation system inoculated with human
feces, combination otactdbacillus plantarum 0407 andBifidobacterium bifidum Bb12
together with oligofructose and XOS reducaaimpylobactejejuni growth whatever the mode
of administration (prophylaxis treatment oradministration with thgpathogeih Thedietary
fiber alone faled to reproduce the combined effectiadtary fiberand probiotics but theietary

fiber did increasaifidobacteriacounts, supporting a prebiotic eff§Eboks and Gibson 2003)
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Taken together, thedsa vivo andin vitro studies support that prevention of enteric
infections bydietary fibersupplementation may be achievable. Nevertheless, the beneficial
effect firstly depends on the previous identification of a specific probiotic group that can act in
synergy withdietary fibers without obvious associated prebiotic effect. Some evidences of
dietary fiberefficiency against enteric infections are also available in humans, with the well
known prebiotics FOS and GOS. A study on 281 healthy infants reported thamsaptadtion
with GOS and/or FOS resulted in fewer episodes of acute diarrhea. Another study on 342 infan.
reported a lower incidence of gastroenteritis in the supplemented group with GOS and FOS
compared to controls and reduced antibiotic courses(earzeseet al.2009) Nevertheless,
interpretation of these results impeded by the lack of pathogen identification and gut

microbiota claracterization.

3.2.2.2 Modulation of gut microbiota activity

Microbial metabolites resulting fromtietary fiberfermentation, such &CFAcan also
modulate pathogen virulence. Acetate at the concentration found in the human ileum stimulates
the expression of Type Il secretion System (T3SS) fi®aimonellaenterica serovar
Typhimurium, while propionate added at the typical concentratiothef human don,
represses T3SS express{tawhonet al. 2002) Contradictory results have been obtained for
butyrate (at concentrations found in the human colon) with repression or overexpression of
T3SS depending on the studigswhonet al. 2002; Takao, Yen and Tobe 201¥)ice fed a
diet rich in highly fermentable guar gum exhibited a i® 100fold increase in EHEC
colonisation and developed illness compared to the control group ifaccellulose, which is
considered as nefermentable fibe(Zumbrunet al. 2013) This increased pathogenicity was
associated to a rise in globotriaosylceramide expression (&higereceptor), upregulated due
to increase in butyrate concentratio(Bumbrun et al. 2013) Acetate produced by
Bifidobacteria seemed toprotect mice from EHEC toxic effect by increasing intestinal
epithelium barrier functiofFukudaet al. 2011) Lastly, an elegant gnotobiotic mouse study
showed that a dietary fibeich diet could promoteClostridioides difficilecolonisation in
presence of succinate produceBagteroideshetaiotaomicror{Ferreyraet al.2014) Of note,
such a study must be interped cautiously since the experiments have been conducted in
gnotobiotic mice lacking a competitive microbiota that would normally occupy the suecinate
feeding niche. These examples illustrate the complexitjatary fibermicrobiotapathogens
interactiors and the need to investigate in depth pathogen specificities before assuming any

dietary recommendation.
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3.2.3. Dietary fiber inhibition of pathogen interactions with mucus

3.2.3.1. Binding to mucuglietary fiberactingas a decoy

Mucus polysaccharide patterns represent potential binding sites for intestinal pathogens
and this observation can be extended to all mucosa sta$sceiated carbohydrates.
Interestingly, saccharideinding patterns are also founddietary fibersand the hypothesis
here is thatlietary fiberscan lure pathogens from mucus polysaccharides associated patterns
by presenting similar binding site. The chibmding protein GbpA o¥ibrio choleraehas been
described as a common adherence factor for both chitin and intestinal surface, including mucus
polysaccharidegKirn, Jude and Taylor 2005; Worgg al. 2012; Younes and Rinaudo 2015)

F17 fimbriae produced by ETEC straitesgeting animalsecognise N-acetylglucosamine
presenting receptors on the mucosa and this binding is inhibitedametfiglucosamine as
well as Nacetylglucosamine oligome(8uts et al. 2004) Blood group antigens on soluble
glycans such as mucins MO may serve as decoy receptors in pathogen def@eseluet

al. 1983; Renkonen@O0; Yuet al.2001) It was shown thaiMO have the potential to inhibit
many pathogens binding to mucus. These results are relevant for both pathogens with a tropism
to ileum and colon since over 90% of ingedtddO survive transit through the g(€haturvedi

et al.2001) HMO supplementation inhibite@ampylobactecolonisation of micein vivoand
human intestinal mucosx vivo(Ruiz-Palacioset al.2003) Specifically,Campylobactejejuni
binds to fucosylated carbohydrates containing the H(O) bipodp epitope and this binding

is inhibited byHMO. First evidences of HMO relevance in human enteric infection prevention
come from breastfed infants who are atfal@l to 16fold lower risk of developing necrotising
enterocolitis than formutéed ones(Lucas and Cole 1990; Schanler 2005; Poitelest al.
2009) The infant protection would depend on HMO composition of the (#iliktran et al.
2018)

3.2.3.2. Inhibition of mucus degradation Hietary fiber, a new antnfectious
mechanism

The gut microbiota ability to switch to mucus polysaccharide consumption when fiber
intake is low is a relatively new discove(@onnenburg 2005Desai and colleagues were
pioneers in extendg this notion to enteric pathog@besaiet al.2016) In a gnotobiotignice
modelcolonised by a synthetic human microbiota of 14 species, they showed that a low fiber
diet led the microbiota to switch to mucus polysaccharide consumption, and to enrichment in

mucus degrading bacteria and mucus erosion. This greater pdigtiaduced a lethal
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susceptibility to the murine pathog@itrobacter rodentiun{Desaiet al. 2016) These results
were recently confirmed in mice colonized witltc@ventional gutnicrobiotain which the

lack of dietary fiber also results in microbiomediated intestinal permeability contributing to
lethal colitisinduced bythe mucosal pathogeé rodentium{Neumanret al.2021) Avoidance

of mucus polysaccharides over degradation with adeglieti@ry fiberintake should allow a

safe mucugonsuming microbiota to maintain, prevention of inflammatory reactions and
therefore increased barrier to pathogetonisation (Leathamet al. 2009) Furthermore, to
maintain in the intestinal mucus layer, pathogens generally rely onfeexing(Pacheccet

al. 2012; Nget al. 2013) Distracting the versatile part of the microbiota from mucus
degradation could prevent their addjmia to mucus consumptiofDesaiet al. 2016) thus
avoiding them to fe# pathogens in the mucus niche. On the contrary, other studies have
reported thatlietary fiberrich diet could promote pathogeolonisation by crosdeeding on
fiber-derived metabolites from the lumérerreyraet al. 2014) However, these studies have
been conducted in antibiotic treated mice, and we can argueintha more complex
physiological situation, other commensal microorganisms could have outcompeted with
pathogens for fiber metabolites (Ferrewtaal 2014). Altogether, these results indicate that
other investigations are needed to address the quedtiohether the enteric infection may
benefit fromdietary fiberintake or not. This would necessarily depend on fiber characteristics
(fermentable or not), but also on the studied microbiota (e.g. selected strains or complex
microbiota, antibiotic treatment, inflammation or not...) and type of models used. In any way,
it should be interesting to evaluadietary fiber antrinfectious properties under dysbiotic
conditions (e.g. following antibiotic treatment, inflammation, metabolic disorders) to anticipate
the effects due to the lack of competition by a diverse-temg resident microbiota.

Bullet points, dietary fiber inhibition of pathogen interactions with mucus

X By presenting carbohydrate patterns that can be recognized by pathogens, dietary fib
decoy them from interacting with the mucus layer, fimging their infectious cycle.

x Inthe last decade, a new way for dietary fibers to exert their antifectious properties though
protection gains the scientific community attention. By offering an alternative nutrient sc
dietary fibers can presge the mucus from microbiota consumption, thereby reinforcing mt
barrier integrity against pathogens.

Figure 3.1summarizes the potential role @ittary fibersan enteric infectionseen in section
3.2 with an emphasisn mucus layer interactions.
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Fig. 3.1 Overview of the
potential role of dietary
fibers in  preventing
enteric infections. Eeach
potential mechanismis
illustrated byacomparison
of the intestinal healtiith
(right panel)and without
dietary fiber (left panel).
Reliable and converging
data from  scientific
literature are represented
with numbers in circles,
while data more
hypothetical needing
further investigations are
represented with numbers
in square.c Somedietary
fiber exhibit direct
bacteristatic effects
against pathogens. d
Dietary fiber degradation
lead to SCFA production
that can modulate
SDWKRJHQ 1 Ve By preséntih@ Btidicture similarities with receptors, salegary fibercan prevent pathogen adhesin binding to their
receptors.f By the same competition mechanistietary fibercan also prevent toxin binding to their receptagsDietary fibes are able to
promote gut microbiota diversityh Dietary fibermay promote the growth of specific strains with probiotic properties and therefore exhibit anti
infectious propertiesi 6 XLWDEOH GLHWDU\ ILEHU LQWDNH SUHYHQWY PLFURELRWDYV VZLWEFK
microbiota encroachemeand associated intestinal inflammatign.Dietary fibermay prevent pathogen crefeeding on mucus by limiting
mucus degradation and/or by preserving the diversity of competing bacterial spe@gspreventing mucus ovategradation by switchers

microbes,dietary fibercan hamper pathogen progression close to the epithelial brush border and further restrict subsequent inflammation.
Printed from Sauvaitre et al. 2021
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4. Enterotoxigeni&scherichiacoli (ETEC)

This section provides an overview of the enteric pathogen Enterotoxigerdoli
(ETEC) with a particular emphasis on its interactions with the themes aforementioned such as

human intestinal physiology, innate immune response, mucus and dietary fiber.

4.1. Escherichia coli

4.11. General presentation &scherichiacol

Physiologically, it is anon sporulatedsram-negative,rod-shaped, coliform bacillus,
measuring about 1m long by 0.35 m wide, although this can vary depending of the strain
and its culture conditio(ig. 4.1). Besides, the bacterium is oxidasegative and a facultative
anaerobe, growingn presence or absence @tygen. Phylogeneticallyiz. coli belongs to
Proteobacteriphylum and is a member &nterobacteriaceaéamily. It typically represents
only 0.1 to 5% of the total microbial community in the human(giaicker and BlurOehler
2007; Blount 2015)Importantly, within one host, th&. coli community faces importan
variations, with multiple clones cohabiting over time and appearing/disappearing along
lifespang(Martinson and Walk 2020)

Figure 4.1 Transmission electron microscopy ofE. coli
isolate E873
The picture of a phosphotungstic staining shows Ehatoli

is aheavily fimbriated Grammegative bacterium
Reprinted with permission from Von Mentzer, 2017

Notwithstanding thakE. coliis a harmless intestinal inhabitant, horizontal gene transfer
and pathogenicity islands play a major role in the evolution and gain of pathogenic properties
in E. coligenome, contributing significantly to the burden of infedidiseases in human and
animal(Messerer, Fischer and Schubert 20IH)e versatiléE. coli pathogen is estimated to
cause millios of deaths annually through both intestinal and eitrastinal infections in
humangNataro and Kaper 1998; Clemestsal.2012; Khalilet al.2019)
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4.1.2. Classification

4.1.2.1.Non-phylogenic classification

For taxonomic and epidemiological purposes,osging of OLPS antigens, H
flagellar antigens and Kcapsular antigens has long being regarded as the gold standard in
classification of commensal and pathogédhicoli (Fratamico, DebRoy and Needleman 2016)
However E. coli serotypes are not immutable, and can change rapidly due to horizontal gene
transfer mediated by mobile genetic elements, including plasmids, phages, and integrative and
conjugating element3hus, this classification is not necessarily relevant in wrphylogeny
and pathogenicityDenamuret al.2021)

Another model of classification based on pathotypes (ai®ovn aspathotype) has
been constructed. These pathotyaesidentifiedusing acronymand have beeproposedver
time as specific discoveries have been natkare not unified in@eaningful wayDenamur
et al. 2021). The definition of these pathotypes can be based on varioesarguch as the
target organ, the infected hosts (human or oth#ng)presence of specific gemdmainly
virulence factors) te pathology caused liye strainandspecific phenotypeDenamuret al.

20217). This model contains at least ten weltognised pathotype$ humanpathogenidc. coli
divided in two groups: (i) extraintestinal pathogeBiccoli (EXPEC),colonisng various sites

in the humarbody; and (ii) enteric or diarrheagertic coli (DEC) 2 although not all of the
subtypes in this group necessarily cause diarfife@ EXPEC group includes subtypes such as
uropathogenicE. coli (UPEC), neonatal meningitsssociatede. coli (NMEC) and seps-
associatedt. coli(SEPEC)YMangeset al.2019)

Each DECpathotyperepresents a collection of strains that possess similar virulence
factors to each other and cause similar dise@&asle 4.1). Collectively, DEC represent the
most common bacterial pathogens worldwide and some of these pathotypes are a major cause
of morbidity and mortality in lowncome countriefGomeset al. 2016) Of note, the
determining factors of the ETEC pathotype, aim of this PhD, is the production of two toxins:

heatstable enterotoxin (ST) and/or héalbile enterotoxin (LT).
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Table 4.1 Main characteristics of DEC pathotypes.
The determining factorsustaininghe pathotype definition are indicated in bold.
AAF: Aggregative Adherence Factor, A/E: Attaching/Effacing, BFP: Bundle Forming Pili, DAF: becay
Accelerating Factor, EAST1: Enteroaggregative {sable enterotoxin 1, HUS: Hemolytic Uremic Syndrome,
IECs: Intestinal Epithelial Cells, LEE: locus of emteyte effacement, LPF: Long Polar Fimbriae, LT: Heabile
Toxins, ST: HeaBtable Toxins, Stx: Shig@oxin, TTP: Thrombotic Thrombocytopenic Purpura.
Built from personal source

Virulence factors

Pathotypes Adhesion ] Action site Associated mechanisms Associatedlisease
f Toxins Other
actors
Attachment to the surface of IEC
. thanks tocolonisation factors (>20
Multiple .
ETEC colonisations Mucinases . ch. : . Acute watery _d|arrhea
A Enterotoxins Distal small »Mucus degradation by mucinase{ Traveler's diarrhea
(Enterotoxigenic factors YghJ and . . . ) .
E. col) (CFA/I, (LT/ST) eatA intestine Secretions of at least one Infant diarrhea (<5
JLP +« gnterotoxm Ieadmg th_e rele_ase of years)
ions and water in the intestinal
lumen
» Attachment to IECs (type IV
pilus) andcolonisation factor
intimin (attaching and effacing"
(AJE) lesions on microvilli).
EPEC | Intimin, BFP, Several LEE Tt_erminal 20 secretory toxins are injected ir Infant diarrhea
(Enteropathogenic AJE enterotoxins chromosomal ileum the enterocyte by a type Il (<6 months)
E. colj island Colon injectisome.
" Increased permeability of tight
junctions, alterations in water
absorption and electrolyte secretiq
in the small intestine.
» Inhibition of protein synthesis by
shiga toxins (by targeting
. . . eukaryotic ribosomes) resulting in| Aqueous diarrhea an
E. col) and B system Colon |nﬂarr_1matory colitis. _ complicationsHUS,
' »Toxins can also cause systemic TTP
damages (small intestine, kidneys
brain).
Several . . .
AIEC (Adherent adhesin as Mucinase lleum Qggleﬂ?cgéﬂm\ﬁ'on OfIECs Crohn's disease
invasiveE. coli) the type 1 pili (Vat-AIEC) Colon p
(FimH), LPF macrophages
Formation araggregative Acute watery diarrhed
EAEC EAST1. Sat Type 4 adherence (AA) pattern with blood and
(Enteroaggregative AAF ShE'i'l ' secretion Colon characterized by adherent bacterig mucus, infant
E. colj system in a stackesbrick arrangement on diarrhea, Traveler's
the surface of IECs. diarrhea
The plasmicpINV encodes a T3SS
. Type 3 system and a number of effectors . .
(EEItEr(c:)/iﬁ\r/];gs?\I/I; Toxins secretion Colon that allow Sh_igell_ae/EIEC to mizll?se!\(r)\SdlslgllJ%%i’yte
coli) ' ShET1/2 system penetrate epithelial cells, move in stool
(pINV) within these cells and invade
neighboring cells
Afimbrial
(Afa) or
fm;g;}'glsi(r?sr) Acute watery diarrheg
DAEC (Diffusely DAE ’ Unclear Distinctive pattern of adherence (children <5 years)
adherent. coli) (adhesins to tissue culture cells Urinary tract
involved in infections
diffuse
adherence)
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Classification oft. colibased on pathotypes have proved being valuable in identifying
and tracking outbreaks, and for prognostication in individual cases of infection. However, we
should mention that this classification also faced some of its own limits. Notably, Bueolo
genetic recombination capabilities, some hybrids isolates that do not comply with the standard
classification have been report@érank et al. 2011; Boisenet al. 2015) This is perfectly
illustrated by the EHE@EAEC hybrid strain, combining EHEGhiga toxin production and
EAEC adherence phenotype, which causathgoroutbreak in Germany in 20 Eranket al.

2011; Boiseret al.2015) Furthermore, this classification does not relatg.afoli phylogeny.

4.12.2 Escherichiacoli phylogeny classification

All E. colistrains ae phylogenetically assigned t@Boups, i.e., A, B1, BXZ, D, E , F
G and H(Denamuret al. 2021) E. coli pathotypes do nagroup together in these groups,
demonstrating their phylogenetic disparate naf@m@xenet al. 2013) In fact, all humarkt.
coli pathotypes show a highly diverse genomic background withyniiaeages inside a
pathotype(Denamuret al. 2021) Concerning human ETEC in particul&TEC lineages
appeared several times in different phylogroggsn Mentzeret al. 2014). Whole genome
sequencing studies have identified 22 robust lineages belonging to phylogroups A, B1, C and
E (Karnisovaet al. 2018; Denamurt al. 2021) (Fig 4.2). Within the phylogroup A, no
phylogenetic differencbetween commensgl coliand ETEC are displayed, basedthe 16S
rRNA gene sequencé€Croxen et al. 2013) If the E. coli pathotypes are not relevant
phylogenetically, at leasgome phylogroups are more associated to virulence thamsoth
indicating that the genetic background has a major raleeiremergence of the virulended
4.2) (Denamuret al.2021)
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Figure 4.2 The disparity of ETEC lineages in theE. coli phylogenetic tree and its
phylogroups. ETEC main lineages (groups of organisms that consist of a common ancestor
and all its lineal descendants) are distributed withirgtheoli phylogeny and its phylogrosp

(A, B1, B2, C, D, E, Fand &. coliphylogroup H is excluded). ETEC lineages are represented

by a red bacteria. The identified virulence factors of these lineages are indicated in brackets.
Modified from Denamuet al.2021

Bullet points, Escherichiacoli and its pathotypes

x E. coliis a bacterial species belonging to Proteobacteria phylunEatetobacteriaceadamily,
commonly found in the lower part of the intestine of human and vidooded animals.

x Different E. coliclassifications coexist inside tfie colispecies. Several limits are associated to
phylogroup classification. ETEC, the pathotype subject of this PhD thesis, is no exception |
least 21 lineages in different phylogroups and crossorgler strais like LT-toxin producing EPEC
and Shiggproducing ETEC.

X The determining factor of the ETEC pathotype is the production of two toxinsstegale enterotoxin
(ST) and/or heatlabile enterotoxin (LT).

4.2.Epidemiology of ETEC
4.21. History ofETEC

The history of one of the leading causes of diarrhea in the wadléd ETEC, begins
in 1956 in Calcutta, India. The bacterium was discovered in the course of clinical investigation
of children and adult patients withbrio choleraeculturenegatiwe stools, presenting a cholera
like syndrome, characterized by acute onset of watery diarrhea and severe dehydration. In the

late 1960s, a subsequent study by a team of cholera investigators from Johns Hopkins
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University in Calcutta led to definitive idefitation of ETEC, notably by detecting the
production of a hedtbile filterableenterotoxin from the bacter{&€arpenteet al. 1965; Sack,
R. B.et al. 1971) Then, the ETEC strain H10407 originally isolated in Dh@kangladesh
from an adult patient with acute diarri@@came the prtotypical or reference stra{Evanset
al. 1977) Concomitantly similar studies were beingonductedwith animals that also

demonstrated ETEC strain to be responsible for diarrheal disease in several anireal speci

4.22. ETEC burden in the world: epidemiological data and clinical
features

ETEC pathogeneepresent a major health conceon both humans and farm animals
The pathogen is transmitted between humans and/or animals through therdecaiite, by
ingestion of contaminated food and water expasethimal and/or human sewa@gadriet al.
2005) In the frame of this s=arch projecthis section will focus on providing a complete and
detailed description of the epidemiology and clinicthmhumanpopulation only

In 2016, diarrhea caused more than 1.6 milhamandeaths worldwidéKhalil et al.
2018) Among the 13recognisd etiological agents (e.g. bacteria, parasites, viruses) for
diarrheal diseases across all geographies, ETEC alone annually accoumisdoed of
millions of diarrheal egiodes over the worl(Khalil et al. 2018) ETEC is detected by the
presence of enterotoxins LT and/or ST in stool samples thanks to molecular techniques

Unsurprisingly, ETEC mortality rates are Higr inlow-incomescountries(endemic
countries) such as Africa, South America and South dialil et al.2018)(Fig. 4.3). In 2016,
ETEC was the eighth leading cause of diarrhea mortalitypunting for an estimated ,B00
deaths About 32% of all diarrhesassociateddeaths were attributable to ETEElowever,
between 1990 and 2016, the diarrhea mortality rate attributaBl€EQ decreased from about
60% (Khalil et al.2018) A systematic review of the literature across 35 counini¢ise world
found that approximately 45% of ETEC isolates expressetb@ii only, 25% expressed LT
toxin only, and 30% expressed both afd ST toxinglsideanet al.2011) STis recognisd to
bemorefrequently associated with diarrh€eroegeret al.2017).
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Figure 4.3 EnterotoxigenicE. colidiarrhea mortality rate per 100,000 pesonsin 2016 for

all ages
Modified from Khalil et al, 2018.

In term of ageany age groups is susceptible to be ETiEf€cted,however the most
vulnerable group remains children below five years of age, who may suffer from eultipl
diarrheal episodes eagbhar(Qadriet al.2005) Moreover, the epidemiology of ETEC infection
attests important disparitiescordingo the socieeconomic status and living conditiod$us,
globally, wwvo main atrisk groups for ETEC infectionsave been recognisedth (i) infants
living in low and/ad middleincome countries and, (ii) adults traveling and/or working
occasionally in endemic countries. These twawisk populations will be presented the
following sections. Beyond this classificatiave should mentiothat other human populations
areat significant risk, even if often forgotten by the literature. According t&thbal Burden
of DiseaseGBD) study in 2016 around 18,152 deaths from ETEC occurred among adults older
than 70 years worldwide (Khaldt al 2018). In the last decade, aeaess has also risen
concerning ETEC domestically acquired infection in higtome countrieéMeduset al.2016;
Buucket al. 2020) (Boxall et al. 2020) Finally, many ETEC ouireaks have occurred during
natural disasters such as the floods in Bangladesh in 2004, provok@@y Xases of acute
diarrhea(Qadriet al.2005)

4.22.1. Infant diarrhea in low and middilecome countries

ETECis responsible for an estimated i@fllion cases that accounted for,Q90 deaths
among childrerbelow5 years old, which represent about 4% of all diarrhea deaths in this age

groupin 2016(Khalil et al.2018) Remarkablygeven if still corsiderable, the number of deaths
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due to ETEC has strongly declined year by y&éHO, 2006 Walkeret al.2017; Khaliletal.
2018)(Fig. 4.4).

Of note, hgh-income zones like North America, Adracific or Western Europe report
nearly no death of infant related to ETEC infectigkhalil et al. 2018) illustrating the
worldwide discrepancies term of hygiene capacities amdcess tchealth care facilities
Globally, ETECchildren infectiormostlyoccursin south Asia, Arica and LatinrAmerica The
GBD 2016 metanalysishas shown that ETEC is responsible for more than 8 deaths per
100,000 infants in Eastern and Western-8dharan Africa. Madagascar was the couwith
the highest number of deaths per childreng2ir 100000) (Khalil et al.2018)

ETEC particularly impact children frompoor communitiegLiu et al. 2016b; Kotloff
2017)and malnutrition is strongly associateth diarrhea severityLiu et al.2016b) ETEC
infection is often the firstdwcterial illness that thesefants and young children experiedde
low-income countriesvith a median of 3.2 diarrheal episodes per child during their first 3 years
of life (Bourgeois, Wierzba and Walker 2016)he attack ratethen declines thereafter
suggesting that protective immunity vidop following infection (Qadri et al. 2005)
Interestingly, studies have shown ti&t-containng ETEC isolate wouldbe moreassociated
with infant diarrhedahan noRST containing strainéotloff 2017).

Finally, wecamot exclude that ilow-income andemote areas, the inventory of ETEC

diseases and / or deaths might be difficult due to data gatsencef healthcarefacilities.

Figure 4.4 Timeline of infants (< 5 years old)deaths due to ETEC around the world.

(DFK \HDU WKH FRUUHVSRQGLQJ QXPEHU RI LQh®dats&/ fV GHL

are indicated. Different methodologies were used to assess the number of ETEGlegltted
according to th entity in charge. Thus, biases are not excluded and can create a limitation in

the interpretation.

CHERG: Child Health Epidemiology Reference Group, GBD: Global Burden of Diseases, WHO: World Health
Organization. Compiled from Kotlo#t al, 2013, Troegeet al, 2017 and Khaliét al., 2018.

ORGLILHG IURP &KDUOHQHYTV 5RXVVHO 3K' PDQXVFULSW
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4222 7TUDYHOHUYTYVY GLDUUKHD
4.22.2.1. Epidemiology

Beyond living populations irdeveloping countries, traveleonstitute as well a
significant atrisk population in less developed destinatjogspecially those visiting Africa,
Asia andLatin America Fig4.5.DLDUUKHDO LOOQHVVHV LQ WUDYHOHUV
(TD) or other norexhaustive fanciful synonyms (e.g. Turista, MBNtXP DYV UHYHQJH RU
Belly) (Leunget al.2019)

Figure45 ,QFLGHQFH UDWH RI WUDYHOHUTY GLDUUKHD LQ WKI
Incidence rategpercentages) o0 WUDYHOHUVY GLDUUKHperibdin Vétods L QLW LL

regions of the worldrom 19962008.
Modified from Fedoret al.2019.

7TUDYHOHUVY GLDUUKHD LVilW&veleR(RBreahwedeePdr. ROQ8)G LV RU G
Among 64 million people traveling to endemic countries each year, 22mjéoge contract
a diarrheal episode. In some areas, up6®86 travelling personscontract the disease
(Greenwoockt al.2008)(Fig. 4.6). It is noteworthy that ithe lastwo decades, the number of
cases during a-®eek trip has decreasedbstantially(Steffen, Hill and DuPont 2015jnost
probably because of the increasing hygiene standardsvieloping countries and the raising
RI WUDYHOHUYY DZDUHQHVYV

7KH SDWKRJHQ FDXVLQJ WUDYHOHUADY% & trdvédacskitiD LV LG
symptoms, as the symptomisam disappear spontaneouéi\t-Abri, Beeching and Nye 2005)
7TRWDO %DFWHULD DFFRXQW IRU XS WR RI LGHQWLILHG
pathogens up to 10% andopozoal parasites are eveery rare(Leunget al.2019) ETEC is
WKH PRVW FRPPRQ SDWKRJHQ LGHQWLILB@GA®RDf vase®INHOHU
travelers to Latin America and Asia, respectividiyang and DuPont 2017; Boxall al. 2020)
(Fig. 4.6. In average, nearly one out of every s&velers to endeim regions is mfected by
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ETEC (Fig. 4.6. After ETEC,EAEC, Campylobactefejuni, Shigellaand Salmonellaare the
most common bacterial pathogens involy&aldings, Stevens and Leung 2016)

4.22.2.2. Clinical manifestations

In term of symptoms WUDYHOHUVY GLDUUKHD LV GHILQHG DV \
unformed stools per 24 hours plus at least one additional symptom (such as nausea, vomiting,
abdominal cramps, fever, blood/mucus in the stools, or fecal urgency) that develop while abroad
or within 10 days of returning from any resoutteited destinationsThe onset of diarrhea is
usually quick, with an incubation period betweeb®hoursafter ingestiorif the pathogen is
a bacteria or a virud_eung, Robson and Davies 2006)

The inconvenient traveling situations due to diarrhea required to alter planned &ctivitie
in 40% of the total casel stay in beddr at least one day in 20%, to seek for medical care in
10%, ando require hospitalizatiom 3% (ig. 4.6 (Steffenet al.2006; Giddings, Stevens and
Leung 2016)

In 1% of casesW U D Y HO H U { ¥vabre ochlaikdd e Bifir@ss to a chronic disease

and sometimes it may have letegym consequences on the overall health of the p&8ésffen,
Hill and DuPont 2015; Steffen 2017; Fedor, Bojanowski and Korzeniewski 201@)
consequenceesults in posinfectious (PI) sequela@ngingfrom functional gastroimstinal
disorder to irritable bowel syndrome (IB8Jalvorson, Schlett and RiddR0O06) or reactive
musculoskeletal symptontige reactive arthritif Tuompoet al.2020)

(7(& DVVRFLDWHG W $pecifitally pres§it n@iblp with Kvbtéy diarrhea
without bloody stools or fevefLeung, Robson and Davies 20063till, the clinical
manifestationscan range fromthis mild-watery diarrheamanifestation without important
dehydration, toaprofuse watery diarrhea similar to Cholera syndrovfier{o cholerag (Qadri
et al. 2005) Sympomatic subjectsnfected with ETECexperiencedhe worstsymptoms
between day 2 andpbstinfection with an average incubation time that varied between 10 and
60 hours depending on the strains and dose t¢steldenzieet al. 2008; Harroet al. 2011,
Yanget al.2016)
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Figure 4.6. Schematic representations of travelerfdiarrhea impact on travelers.

100DYHUDJH WUDYHOHUV $ RU WUDYHOHUV LPSDFWHG %
Built from personal source.

Bullet points, ETEC epidemiology

X Human ETECs are responsible for more than 2 hundred million cases and 51,000 deaths ani

x  Children under 5 years of age in endemic countries and travelers are considered are one of
main groups affected by human ETEC isolates, with a huge proportion (up to 60%) of visitors a
in some areas.

X ETEC is often considered as the mosPcBRQ DJHQW RI WUDYHOHUYfV GLIO
of 6 travelers to endemic regions would be infected by ETEC

4.3.Exploring the virulence function of ETEC

In order to avoidemovalfrom the organism and initiate an enteric infection, ETEC
pursue a sophisticated strategy, supporteddweral virulence factoend deeply affecting the
host intestinal physiologylhis section will review the structure, function and genetics of the
predominant and valuable ETE@rulence factors (e.gcolonisaton factors,enterotoxins
mucinaseg related to human infection. Due to the lack of structural and mechanistic
information, putative factors (e.g. EAST1, ClyA a pore forming cytotoxin) related to few ETEC
strains will be not presentédfamamoto and Echeverria 1996; Ludweigal. 2004)
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4.3.1 ETECsurvivalin the gastrointestinal tract

4.3.1.1. Infectious doses

In order to realize its infectious cycle and triggers symptoms, ETEC have to be ingested
in relative high numbers 9ROXQWHHUYfY VWXGLHYV DUH PD\EH WKH
numbers. Studies conducted with strains other than the H10407 prototypical one are generally
conducted with a low number of subjects, impedimtgrpretation Table 4.2. Still, we can

obseve that the attack rates largelgpendf the strain considered@ble 4.2.

Table 4.2 Different ETEC percentages of induced diarrhea in volunteers dependingon
the doseand strain used.
To illustrate the disparate nature of the presented ETEC strain, the toxins they produce, their

known colonisation factors and their serogroups are represented (when known).
ST: heat stable toxin, LT: heat labile tox@S: Coli Surface antigerCFA: colonisation factor antigen.
Built from personal source.

Colonisation Dose used % of Type of symptoms Total
Strain Toxin Serogroup (ingested diarrhea in P Symp! number of Reference
Factor(s) considered
volunteers volunteers
B7A SThand LT CS6 0148:H28 Moderateto-severe Talaatet al.2020b
B7A SThand LT CS6 0148:H28 All diarrhea cases Costeret al.2007
B7A SThand LT CS6 0148:H28 All diarrhea cases DuPontet al. 1971
B7A SThand LT CS6 0148:H28 101 63% All diarrhea cases Clementset al. 1981
TD225-C LT Unknown 075:H9 10 40% All diarrhea cases Clementset al. 1981
TW10722 STh CS5, CS6 0115:H5 10 78% All diarrhea cases Sakkestacbt al.2019
B2C STand LT CFA(/:“S’:SSZ’ 06:H16 10 - All diarrhea cases DuPontet al. 1971
WS0115A STpand LT CS19 0114:H 9x 10 44% All diarrhea cases McKenzieet al.2011
LSNO3 . . .

016011/A LT CSs17 0o8:H 6 x 10 - All diarrhea cases McKenzieet al.2011
WS0115A STpand LT CS19 0114:H 3x 10 33% All diarrhea cases McKenzieet al.2011
E24377A SThand LT CS1, Cs3 0139:H28 4x10 80% All diarrhea cases McKenzieet al.2008

B7A SThand LT CS6 0148:H28 1.9x10 62% Moderateto-severe Talaatet al. 2020b

B7A SThand LT CS6 0148:H28 1.9x10¢° 43% Moderateto-severe Talaatet al. 2020b

B7A SThand LT CS6 0148:H28 1.5x 10° - All diarrhea cases Costeret al.200
LSNOZ LT Cs17 o8:H 7x16 60% All diarrhea cases McKenzieet al.2011

016011/A : )

WS0115A STpand LT CSs19 Ol14:H All diarrhea cases McKenzieet al.2011
B7A SThand LT CS6 0148:H28 Moderateto-severe Talaatet al.2020b
B7A SThand LT CS6 0148:H28 All diarrhea cases DuPontet al. 1971
B7A SThand LT CS6 0148:H28 All diarrhea cases Clementset al. 1981
2144 STp CS6 0167:H5 All diarrhea cases Clementset al. 1981
B7A SThand LT CS6 0148:H28 All diarrhea cases Levineet al. 1979

TD225C4 LT unknown O75:H9 All diarrhea cases 11 Levineet al. 1980

E2528C1 LT CS8,CS14  025:NM All diarrhea cases Levineet al. 1979
B2C standLt  CFANLCS2 oehie All diarrhea cases DuPontet al. 1971
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DS261 LT Cs19 08:H9

CFAIl,
CSs21

B7A SThand LT Cs6 0148:H28

All diarrhea cases - McKenzieet al.2011

22% All diarrhea cases 9 Sakkestaet al.2019

50% All diarrhea cases - Levineet al. 1979

TW11681 STh 019:H45

Studies conducted with the ETEC strain H10407 are usually conducted wigfher
number of sujects and trends are more obviowge can observe that tiReEC strainrH10407
triggers symptoms depending on the ingested ddsssg X). Thus, between fGand 2.10
CFU of the reference strain, are necessary to trigger diarrhea in 50% of the volunteers. The dc
of 2.10 CFU of ETEC strain H10407 has been considered by some authors as the optimal dose
to induce diarrhea in around 70% of the volunteers using the igwssible inoculum to
maximize safety and sensitiviffChakrabortyet al. 2018a) In comparison to other ETEC
strains, the strain H10407 monsidered to induce a relatively high proportion of severe
symptoms(Harro et al. 2011) Studies conducted with other ETEC strains rarely used a dose
inferior to 2.16 CFU (only 2 studies iTable X) and even with such dose, the attack rates do

not necessarily reach 70%able 4.3.

Table 4.3 Percentage of diarrhea induced by ETEC strain H10407 in volunteers
depending on the dose used

The ETEC strain H1040@erotype O78:H11y STh, STp,STh andCFA/I positive.
CFU: Colony forming unit.
Built from personal source

Dose of ETECstrain H10407 % of diarrhea in Total number of
volunteers

Type of symptoms considered Reference

ingested (CFU) volunteers

All diarrhea cases Evanset al. 1988

1.4x10 75% All diarrhea cases Costeret al. 2007
10° 70% All diarrheacases Freedmaret al. 1998
6x10 oo A et McKenzieet al.2007
1.2 x 16 75% All diarrhea cases Costeret al.2007
108 _ Moderate tesevere diarrhea Brubakeret al. 2021
10° 83% All diarrhea cases McArthur et al. 2017
2x10 74% All diarrhea cases Harroet al.2019
2x10 80% All diarrhea cases 35 Harroet al. 2011
75% moderate to severe diarrhea 24 Brubakeret al. 2021
40% All diarrheacases 15 Lindsayet al. 2014
33% All diarrhea cases 15 Chakrabortyet al.2018a
27% All diarrhea cases 15 Popet al.2016
27% Moderate to severe diarrhea 15 Yanget al.2016
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10°to 1¢P 20% Moderate to severe diarrhea 30 Brubakeret al. 2021

10 20% All diarrheacases 15 Lindsayet al.2014

10° 20% All diarrhea cases 15 Chakrabortyet al.2018a
10° 13% Moderate to severe diarrhea 15 Yanget al.2016

10 7% All diarrhea cases 15 Popet al.2016

Globally, whatever the strain, ETEC ingested dose does not only correlate with diarrhea
severity, but also with incidence of others symptoms as nausea and vdMitikgnzieet al.
2008; Porteret al. 2016) It is noteworthy thatvulneralde populations such as infants are
consideredsusceptible at lower de®f ingested ETEGuchas 16 CFU (Levineet al. 1979;
Guptaet al.2008)

4.4.1.2.Survival through the gastyiotestinal tract

ETEC action site is considered by most studies to be the distal part of the small intestine,
from the jejunum to the ileurfAl-Majali et al.2000, 2007; Allen, Randolph and Fleckenstein
2006; AlMajali and Khalifeh 2010; Gonzales al. 2013; Rodeat al. 2017) Of note, allof
these data have been gathered in very diverse animal models (e.g. camelsmiadyebut
not directly in humans.

The first stress that food and watmrne pathogenfind upon ingestion is the very
acidic pH of the stowch, whichdecreases during digestion from around 5 tdt final
endpoint is to reach the small intestimé¢he with pH close to the neutralitgeveralbatch
studies have investigated the effects of pH on ETEC survival. Masters et al. (1994) have shown
that after static exposure to pH 2, ETEC became undetectable by plate counting after 2 hours
(Masters, Shallcross and Mackey 199%hother study using flow cytometry indicated that
there was no significant difference in the percentage of live bacteria when ETEC byectesl
either to pH 5 or pH 7TGonzaleset al. 2013) Supporting this negative effect of acidic pH in
the gastric compartment, it has been acknowledged that givinghewtcalizng sodium
bicarbonate to volunteers before challenge increases ETEC attacklLeate® et al. 1980;
Chakrabortyet al. 2018a) However, static batches are far from human physiology in which
gastric emptying is continuous and consequently, only part of the ingested bacteria is exposed
to acidic pH at the end of digesti(fRoussekt al.2020a) The most complete work about ETEC
survival has been conducted in the matimpartmentalIM-1 (TNO gastrointestinal model

1) model (described in part 5.2.@oussekt al.2020a) which accuately captures the spatio
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temporal events occurring durimggstric and small intestindigestion. In this model, ETEC
did suffer from this exposure to acidic pH. After 45 min of gastric digestion, when pH dropped
below 2, the number of viable ETEC in tha&stric compartment was 3 log lower than expected
with the theorical transit marker representing bacterial survivaltivaut multiplication or
destruction. However, the ETEC population did not die entirely in the stomach compartment.
Part of it reached the duodenum, where the bacteria is exposed to high levels of bile salts,
resulting in a progsive decrease of ETEC survival from’ 10 1 CFU.mL? at the end of
the digestior{Roussekt al.2020a) Only one study has specifically investigated the impact of
a bile mixture (30 g.1%) containing sodium choleate, taurocholic, glycocholic, deoxycholic, and
cholic acids on the survival of ETE@ vitro. Despite the known bactericidal effect of bile in
the intestine, no difference in term of growth were reported in Luria Bertani (LB) media
supplemented or not with bile salfSahl and Rasko 2012)n the TIM-1 jejunal and ileal
compartments, reabsorption of bile salts and further pH increadBReQWULEXWHG WR (.
increased survival, which reaches 5.2 % and 26 % of the initial inoculum at the end of the
jejunal and ileal digestion (300 min), respectivigipussekt al.2020a)

Concerning human ETEC survival in the lower intestinal compartment where the
microbiota prevails in high numbers0® A0 CFUmL™ in the colon)Moens and colleagues
have shown that ETEC was able to grow fron¥ &® 1.5 1§ CFU.mL? in fecal batch
experiments. HoeY HU WKHVH EDWFKV ZHUH VHW LQ SG\VELRWLF F
inoculation (0.02% #Av) (Moenset al. 2019) In the MSHIME (MucosatSHIME) model
(described in part 5.3ETEC stran H10407 attachment to the mucin beads helped to maintain
luminal concentrations above ®dbpies.mL* in both ileum and ascending calop to 5 days
postinfection At day 4 post infection, the number of ETEC gene copies were even significantly
3-fold higher in the mucosal phasempared to the luminal phase of the in vitro m¢BRelussel
et al. 2020a) These data showing ETEC gaining an edge in colonic prevalenoéd bein
accordance with the followp of thefecal microbiota composition of soldiers affected by DEC
(EPEC, EAEC, EPEL in which a bloom oEnterobacteriaceas concomitant to the infection
(Walterset al.2020) The bloom in excreted ETEC after infection is also regbin studies in
volunteer challenges, which distedin Table 4.4 ETECshedding irfeces could be seen as
the ultimate goal of the infectigrallowing the pathogen to contaminate the environement as

much as possible.
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Table 4.4 Differents ETEC sheddingdependng on the dose useth Y R O X Q StuHiétU V
The table indicates the dose used, the shedding peak and the duration of shedding when
provided.

LT: heat labile toxin, ST: heat stable tox®S: Coli Surface antigenCFA: colonisation factor antigerGCFU:
colony forming unit.
Built from personal source.

Time of total
. Dose used Shedding shedding
Strain Toxin C'cilonmtlon Serogroup (ingested peak peak (days number of Reference
actor(s) 1 volunteers
CFU) (CFU.g") post considered
inoculation
B7A SThand LT Cs6 0148:H28 Talaatet al. 2020b
B7A SThand LT CS6 0148:H28 7.50x 10/ Talaatet al.2020a
E24377A SThand LT CS1, CS3 0139:H28 McKenzieet al.2008
E24377A SThand LT CS1, CS3 0139:H28 4.0 x 1¢ McKenzieet al.2008
H10407 STh, STp and LT CFA/l O78:H11 1.00x 1¢° 4.50x 168 Freedmaret al. 1998
H10407 STh, STp and LT CFA/l 078:H11 6.00x 10° 2.00 x 16 3 McKenzieet al.2007
H10407 STh, STp and LT CFA/l 078:H11 108 3.00x 1C¢ 2-4 Levineet al. 1980
H10407 STh, STp and LT CFA/l 078:H11 108 2.00x 1C¢ Harroet al.2011
2144 STp Cs6 0167:H5 108 1.05x 1¢° 2-4 Levineet al. 1980
H10407 STh, STp and LT CFA/l O78:H11 5.00x 10/ 2 Darsleyet al.2012
TW11681 STh CFA/l, CS21 019:H45 35 Vedgyet al.2018
H10407 STh, STp and LT CFA/l O78:H11 8.00x 10/ Harroet al.2011
H10407 STh, STp and LT CFA/I 078:H11 - Chakrabortyet al.2018a
H10407 STh, STp and LT CFA/l 0O78:H11 13 Chakrabortyet al.2018a

Usually, the prototypical strain shedding peak is reported fmbeDay 2 and 4s for
the other ETEC strainable 4.4). Whatever the strains, it is noteworthy that the concentration
of ETEC shed in the feces is positively associated with the severity of the diarrheal symptoms
(Popet al. 2016; Talaaket al. 2020a, 2020b)In conclusion whatever theETEC inoculated
dose, development ofsymptomsand sheddingare all correlatedeflecting probably the

pathogen strategy to multiple in its diverse ecological niches.

Bullet points, ETEC epidemiology

x Different studies indicate that ETEC is well adapted to the gastrointestinal tract conditions
particular to the mucus compartment. Despite some challenges (e.g. ptheioizal conditions of
digestion, microbiota) the bactedeeable to prevailin high numbers in the lower part of the intestin

x ETEC have to be ingested in high number to reach significant attack rates. Dose, symptoms
and bacterial fecal shedding are all correlated.

X Among ETEC strains, the strain H10407 is consideoduktparticularly virulent to humans.
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4.3.2. ETECIntestinaladhesion

Upon ingestion and after reaching the gastrointestinal tract, EEDEDi® the small
intestine through an interaction of fimbrial and ffonbrial adhesins with specific receptors
present in the apical membrane ok temall intestinal epitheliunfvVipin Madhavan and
Sakelaris 2015) Most of the adhesins are pili (fimbriae) or pikedated molecules with
polymeric structures. However, few adhesins are not related to pili and are simple outer
membrane proteins that do not form macromolecular structBoese other adhes are also
associated to ETE8uch adlagella These adhesirseem to work in a conced manner for
optimal adhesiofSheikhet al.2017)

4.3.2.1. Colonization factorsand pili

Colonisation factorsGF) are necessary for the bacteria to colonise and stabilize in the
gut (Satterwhiteet al. 1978) CF differ in morphology, serotype, amino acid sequence, and
receptor binding specificity. To date, at least 25 distliEthave been identified in human
ETEC straingKharatet al.2017; von Mentzeet al.2017) The genes encoding ETEX- are
organized in operons, and all the genes needed for the assembly of furi@ianalcarried by
plasmids, suggesting that ETEC acquired the whole operons by horizontal gene (véapisfer
Madhavarand Sakellaris 2015Based on the morphology, four main types of ETEthave
been described: (i) fimbrial (typical rdtke morphology): CFA/I, CS1, CS2, CS4, CS8, CS12,
CS14, CS121 and CS26; (ii) fibrillary (CS3, CS11, CS13 and CS22); (iii) helic&5 and
CS7); and (iv) afimbrial (CS6, CS10, CS15 and CS23). CR&€S6 and CFA/I are usually
found to be the most prevalent among ETEC stréihsndal et al. 2021) However, the
distribution of certailCF among ETEC strains can vary geographically and over time. As well,
an estimated numbeof 30-50% of ETEC strains might be stiCF uncharacterized, thus
guestioning the real number GF that the pathogen can produ&egumet al. 2014) Most
CF are pilirelated structures. Pili are hdilke proteinaceous appendages that protrude from the
bacterial cell surface and, in general, mediate the attachwhduatcteria to surface€F pili
structures show either homopolymeric or heteropolymeric conformations.

Among the welknown ETEC CF, CFA/l was the first identified and is the most
predominant one. Mature CFA/I consists of two pili subunits: a major gilbunit named
CfaB, and one or a few copies of thetgsiding adhesive minor subunit Cfék et al. 2009).

The minor pillin Cfak has also been identified as one of the main protein mediating the ETEC
strain H10407 colonisation of mouse intest{ddd ElI Ghanyet al. 2021) Encoded by the
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highly conservedfim chromosomal operon, the type 1 pili is also involved in ETEC
pathogenesis by promoting ETHOst interactior{Sheikhet al.2017) This highly conserved

and widely spread pilus is also found in commegsabli, highlighting their shared need for
mucosal adherence to maintain in the gut. Type 1 pili usually play a critical role in virulence,
especially the key adhesin FimH tipped at the apex of the pili structure. In ETEC, FimH plays
arole in delivery of both enterotoxins in a rabbit ileal loop agShgikhet al.2017)(Fig. 4.7).

Figure 4.7. Schematic structure of the assembly of Tpe | and CFA/I pili in E. coli.

Each pilus is built up by and with a different combination of subunits (Fim, Cfa), represented
by different colors. These pili expose their binding sites at the cell surface and are anchored at
the bacterial outer membrane by the usher platform. The pkttégarm is an outer membrane
complex composed of a transmembrane pore domain and four soluble domainsertménisll

domain (N), the plug domain (P), and thee@minal domains (C1 and C2). The usher platform

is required for secretion of pilins and aseénof the pilus on the bacterial cell surface.

Modified from Buschet al, 2015.

4.3.2.2 Nonpili adhesins

Uncommon no#fimbrial and pathogenicity islands encoded adhesins have also been
found in some ETEC strains but remain poorly elucidated in tefm®lecular structure and
function.

The enterotoxigenic invasion locus B (TibA) is an autotransporter glycoprotein (104
kDa) mediating bacterial attachmentindestinal epithelial cellsautoaggregation and biofilm
formation, encoded within thebDBCA gene cluste(Elsinghorst and Weitz 1994; Lindenthal
and Elsinghorst 1999)TibA mediates bacterial autoaggregation and biofilm formation in a
glycosylationindegpendent manndSherlock, Vejborg and Klemm 2003)he enterotoxigenic

locus invasion A (Tia) is a 2BDa outer membrane proteifFleckensteinet al. 1996)
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Interaction of Tia with the intestinal epithelium would be at least partially medigt&thding
to heparin sulfate proteoglyca(deckenstein, Holland and Hasty 2002)

The two adhesins TibA and Tia were first identified in the prototypical ETEC strain
H10407 for promoting invasion of HCH cellsin vitro. However, the bacteria is unable to
replicate inside theell (Elsinghorst and Kopecko 1992; Fleckensteiral. 1996; Lindenthal
and Elsinghorst 1999As well, expression of Tia and TibA in ngathogenicE. coli strains
+ % DQG '+ . FRQIHUV WKH LQYDVLYH SKHQRW\SH VXJJH
require additional factors to exert its function. So far, the invasion mechanism has beer
described in the 90s and no extended investigation has been receiuttynpd, highlighting
the incertitude of this discovery. In fact, the invasion rates of ETEC strain H10407 in cultured
intestinal epithelial cellare far lower than those reported for intracellular pathogens such as
Salmonellaenterica(Torres 2016) Furthermore, epidemiological studies performed in Latin
America revealed thdita andtib genes were found in only 17% of the total isolé(@serraet
al. 2014)

4.3.2.3. EtpA and the H=C flagelluminvolvement in adherence

Some tues indicate that ETEC flagelluparticipate directly in ETEC adherence to
IECs (Roy et al. 2009; Kansalet al. 2013) ETEC strain H10407 adhesion iatestinal
epithelial cellsn vitro is associated to bacteria morphological changes. At early time point (15
min), long peritrichous flagella seek contact with the cell, for, at later time point (60 min),
engulf themselfin it (Kansalet al. 2013) In sugport of the role of the flagellurm ETEC
adherence, deletion of the Fl{fagellin subunit)results in decreased adhererto HCTF8 and
Caco?2 cells(Royet al.2009) Furthermore, the EtpA adhesin has bleighlighted to mediate
flagellumbinding to epithelial surfac@Roy et al. 2009)(Fig 4.8). EtpA is thus also necessary
for both adhesion antblonisation of theepithelial cell lines and muririatestine, respectively
(Royet al.2008, 2009)
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Figure 4.8 Scanning electron microscopy of ETEC strain H10407 flagella and its
interactions with intestinal epithelial cellsin vitro.

A and B. Long distance engagement of ETEC flagella with epithelial c@lsand D.
Progressive engulfment of ETEC flagella wittire cellsD. Large arrows indicate the course

of flagellum that has been partially engulfed by the cell surface, small arrows indicate the
appearance of blebs on the surface of ETEC strain HHLE40mmunogold labelling of EtpA

in situshowing the localization of EtpA adhesin at the tip of the ETEC strain H10407 flagella.

All micrographs have been obtained WHICT-8 or Cace2 cells.
Micrographs A and E originate from Rey al, 2009, and micrographs B, ¢ and D from Kamtall, 2013.
7KH\ DUH SULQWHG ZLWK DXWKRUTV SHUPLVVLRQV

To summarize, ETEC adhesins have been shown to possess at least three locations on
the bacterialcell as presented belowif. 4.9. Adhesins can be associated to pili, to the

bacterial surface, or tihe flagella.

Figure 4.9 Schematic repartition of known ETEC adhesins.
The threeknown repartition of ETEC adhesins have been represemgd. and flagella

associated adhesins have been found to localize at the tip of the appendixes.
CFA: colonisation factor antigen, CS: Coli Surface antigen, LT: heat labile toxin, ST: heat stable toxin.
Built from personal source.
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4.3.2.3Host cell receptors to ETEC adhesins

Recognition of cellular receptors by ETECimind nonrpili adhesinss part of the
infectious mechanism to facilitate resilient hpathogen interaction. Nonetheless, most of the
molecular receptors for ETECF remain scarcely known, especially in hun{&umaret al.

2014) Additional aspects to considesuch as receptdrinding specificity, distribution and
stability of the receptors along the gut make the understanding even more complex. In general,
these receptors are composed by sugars found in glycoproteins or glycolipids in the villous
epitheliumof the small intestinand are able to hemagglutingkdorabito 2016)

The major subunit of CFA/I, CfaB, has been found to bind agigiwogphingolipids
from Caca2 cells(Madhavaret al.2016) In relation with the FimH stereochemical specificity
for mannose residugki et al.2009; Sheiklret al.2017) a study using enteroids derived from
healthy human intestinal stem cdilssshown that the adhesion of FimH, tipped on typei] pil
enhanced production of hightgannosylated proteins ontestinal epithelial cell§Sheikhet
al. 2017) Further, binding of CS6 to fibronectin has been reported, indicating that extracellular
matrix proteinscould also serve as a focal contact point prior to reach rabbit epithelial cells
(Chatterjeeet al. 2011) CS21, which is expressed oB9034A (a wild-type ETEC strain
originally isolated from an outbreak of diarrhea in the Caribpeaediates the bacteria
adherence tdPEG1 and IPEGJ2 (porcire) cell lines and would recognise specifically

neuraminic acidesidue§Guevareet al.2013)

4.3.24. ETECadhesion to mucus

Under healthy caditions, mucosal surfaces composed offgeining mucins lining the
gastrointestinal tract prevent penetration by pathogersTEC(see sectio2.1.1). Still, data
about ETEC adhesion to mucus and mucus receptor to adhesins are scarce. Kerneis and
colleagues, in 1994, showed that the ETEC strain H10407 adhesion teMAID2@nd HT29
FU, two mucus secreting cell lines;lozalize more with the brush border of the cells thih
their mucus patcheferneiset al. 1994) which is in contradiction with cellular studies
conducted with other intestinal pathog¢@sgnonet al.2013; Hewset al.2017)

Few studies have westigated ETEC adhesins specificity for mucus polysaccharides.
The CF CS2, CS5 an€S6 bind to components of rabbit intestinal mucus andrtesaction
is prevented by treatment with sodium metaperiodate salt, suggesting recognition of specific
carbohydategHelander, Hansson and Svenran 1997) Besides this observation, as already

guoted in section 2.1.2, human blood group antigens (Gtoapd/or-B) can be found in
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mucosal secretions. It has been shown that CFA/I adhesion can adhere to blood -group A
terminated glycosphingolipidsub not to blood group Berminated glycosphingolipids
expressed on host ceflanssoret al.2006; Ahmecet al.2009) Supportimg this finding, ETEC
strainsexpressing CFA/I group @Finfectmore frequently blood group A chdilen compared

to blood group B(Ahmed et al. 2009) In the same wayktpA binds preferentially to N
acetylgalactosamine expressed in the context of A blood grooargyn the intestinal mucosa
(Qadriet al.2007; Kumaret al.2018; Kuhlmanret al.2019) Thus, ETEC possess two blood
groupA specific adhesins. It was shown thzpA locates preferably in close proximity to

mucinproducing cells iffrozen section of mouse ileu(Roy et al.2009)

Bullet points, ETEC intestinal adhesion

X Human ETEC straingossess numerous adhesins localized on pili appendixes, the flagella or t
surface.

x Epithelial and especially mucus receptors to human ETEC adhesins are scarcely known a
further investigationsin vitro andin vivo.

4.3.3 Mucin-degrading proteins

In the case of ETEC infection, two mugilegrading enzymes mucinase$fiave been
identified over the last five yearShese mucinases allow temporary access to cell membrane,
then promoting close contact of the pathogen tortestinal epithelial cells

4.3.3.1. EatA

EatA is a member of serine protease autotransporters oEnkerobacteriaceae
(SPATE).According to two different studies, the level of detection of this mucinase gene in
ETEC isolates would be between-B8% (Kuhimannet al. 2019; Mondalet al. 2021) EatA
gene is not specific of the ETEC pathotypga studyalsodetectedhis gene in 8.8% of EPEC
strainsg(Abreuet al.2013) EafA is able to degrade MUC2, a major protein present in the human
mucus layer of the small intestii®heikhet al. 2021) In amodel using LS174T colonic cell
lines produang abundant MUC2, EatA accelerates the removal of MUC2, thereby facilitating
the access of ETEC enterotoxins to the enterocyte su(kagear et al. 2014) In human
enteroids also, EatA engages and degrades MUC2, promoting ETEC adtesspgihelium
and toxin action(Sheikh et al. 2021) EatA has also amoer contradictory function. By

degrading the EtpA adhesin, it would decrease the pathogen mucosal colonization in a murine
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model, in favor of fecal sheddirfioyet al.2011) Still, in ETEC strains, EatA accelerates the

LT enterotoxin effect on Caed cells(Roy et al. 2011) In generaladhesionby bacteria is
thought to be an important prerequisite for delivery of bacterial effectors such as enterotoxins.
However, the ability to negatively modify adhesion events also appears to be an important
virulence trait, not yet clearly understood. In anywBatA seems to be a particularly important
virulence factor fothe development of symptoms sineatAseems to be correlated with the
presence o$txgene, at least in children below 2 years (ddhimannet al. 2021) Lastly, a

recent study usingransposon mutagenesis and transcriptomic anaigstifies EatA
mucinases as one of the important geneshie capability of ETEC strain H104@@ survive

in the gut of micdAbd EI Ghanyet al.2021)

4.3.3.2. YghJ

YghJ (also known as SsLE for secreted and surface associated lipoprotein) is a cell
surface associated and secreted lipoprotein harboring M60 metalloprotease @@pader,
Bose and Pal 2017This lipoprotein isable to forms amyloidike fibrils in vitro (Belousovet
al. 2018) The gene is conserved among both pathogenic and comniensal isolates, but
the expression and secretion of YghJ is higher among dikzecsé pathotypencluding ETEC
(Nakjanget al.2012; Luoet al.2014; Tapadeet al.2016) YghJ was found to be secreted by
89% of ETEC isolatef_uo et al.2014) Furthermore, according to a recent study, YghJ from
ETEC origin would be more glycosylated andmnimmunogeni¢Thorsinget al.2021) YghJ
is able todegrade MUC2 and MUC3 mua(Luo et al 2014)YghJ is cetranscripted with the
type 2 secretion system by which the mucinases are also sddfeteget al.2007; Luoet al.
2014) Interestingly, YghJ promotes access to LS174T cells agpiidhal delivery of LT
enterotoxin(Luo et al. 2014) More strikingly, purified YghJ alone causextensive tissue
damageand is also able to induce significant fluid acclemion in a mouse ileal loop assay

(Tapader, Bose and P2017) indicating a intrinsic enterotoxic effect not yet elucidated.

Bullet points, mucin degrading proteins

x Two mucindegrading enzymes, or mucinases, have been identified in human ETEC strain re
EatA and YghJ.

X These two enzymes are widely spread in ETEC strains but not restricted to them.

x Even if mechanistic data about these enzymes are scarce, their role in ETEC adhesion a
delivery has been demonstrated.
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4.3.4. Outer membrane vesicles

Outer membrane vesicles (OMVs) are nanoscale proteoliposom2&(@0m) secreted
from the cell envelope of all Gramegativebacteria Fig. 4.10. They are produced by a
controlled budding offte bacterial outer membrawmia different mechanismd=(g 4.11. As a
result, OMVs are surrounded by a single membrane bilayer and contain mostly components of
the bacterial oier membrane and the peripla@fulp and Kuehn 2010)Concerning pathogens,
OMVs can carry both bactel toxins(Horstman and Kuehn 2000; Ketlyal.2004)and other
virulence fa&tors such as adhesins, invasins, outer membrane proteins flagslin, and
proteaseqEllis and Kuehn 2010; Rueter and Bielaszewska 20R0peneral, OMVs are
released in increased amounts frpathogenic bacteria, suggesting that OMV secretion is an
additional vrulence mechanism of pathogefi$orstman and Kuehn 2000; Ellis and Kuehn
2010) Pathogeni&. colisuch as ETEC and EHEC produce OMVisler laboratory conditits
as well as during infectiofRueter ad Bielaszewska 2020as they may sernvas vehicles for
toxin delivery into host cellsand inducers ofnflammatory respooe (Chutkan and Kuehn
2011) Among the virulence factor associated to ETEXBVs are reportedo sustain the
transport othe LT toxin, EtpA, CeXE and tibARoy et al.2010) In particular, the OMM.T
toxin association has been demonstrated by segyevaps(Wai, Takade and Amako 1995;
Horstman and Kuehn 20Q0)

Figure 4.10 Scanning electron (A) and transmission electron (B) micrographs
characterizing OMVs secreted by arE. coli strain (Avian pathogenicE. coli 02).

On thetransmissiorelectron microscopy panel (B), the red arrows indicate the OMV.
The figure has been reprinted with permission fitdaet al. 2020a
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Figure 4.11 Different mechanisms of OMVformation.

Different mechanisms can initiate the budding of Gra@gative bacteria outer membraire.

left column, links between the OM and the peptidoglycan are lost, either by movement of the
linking protein (purple ovals) or by breaking the connectidinsctly (orange halbvals). In
thecentral column, gathering of pplasmic proteins (yellow dots) are responsible for the initial
curvature. This ultimately results in OMV enriched in periplasmic proteins. In the right column,
the initiative come frongurvatureinducing OM proteins (red stick). These proteins and the one
associated to them (green dots) are enriched in the released MOMV formation can

also be triggered by LPS remodeling not represented Heese multiple budding mechanisms

are rot exclusive.
LPS: lipopolysaccharides, OM: Outer membrane, PG: peptidoglycan, IM: inner membrane.
Built according to Kulp and Kuehn 2010 a8dhwechheimer and Kuehn 2015.

4.3.5. Enterotoxins production

4.3.5.1 Heatabile enterotoxin (LT)

As its name gggests, LT is sensitive to heat treatment and easily breaks down at 70°C
for 10 minuteqGill et al.1981) This large enterotoxin (84 kDa) encodedeihyAB gene shares
80% homology of structure and function with Cholera toxonf Vibrio cholerae LT is a
multimeric AB5 toxin, composed of a single catalytic A sub(inltA), associated with &ve
B subunits (LTB)necessary for binding and internalizati@ubreuil 2012) The LTA subunit
consists of a large Adomain and a short A2 domdiBanchez and Holmgren 2005)

The genes encoding LT are locatedadarge plasmid callggEnt(Ochiet al.2009) A
study revealed that approximately 60% of ETEC isolates associated with human diarrhea
expressed either LTlane (27%) or LT with ST (33%flIsideanet al. 2011) LT is further
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categorized as either Eltype or LTIl type (LT-lla, b, c) depending on its antigenic eafty
and associated genetic seque(tdajishengallis and Connell 2013Jhe two toxinLT-I and
LT-II share less than 14% ami#acid sequence identity in the amiaocid sequence of their B
subunits, resulting in differential binding to gangliosi@eeptorgLiang and Hajishengallis
2010) LT-1 can be further divided in LTlh and LTIp, produced respectively by human and
porcine and human ETEC straifiBubreuil, Isaacson and Schifferli 201&)T-11 toxins hawe
mainly been observed causing @ise in humans and calvgonnell and Holmes 1992; Nagy
and Fekete 2005)

ETEC contact with host cell is required for efficient LT toxin deliv@grsey, Fischer
and Fleckertgein 2006) Both LTA and LTB subunits feature signal sequences directing them
to the periplasm oE. coli through the Sec translocation machinépicer and Noble 1982;
Yamamotoet al. 1982) In the periplasm, monomers assengpgentaneously or by disulfide
bond protein A (DsbA) disulfide oxidoreductase activity, for the AB5 toxin to accumulate.
Then, part of the LT toxin is secreted through a type Il secretion system (T2SS) to the external
environment(Hirst et al. 1984; Ellis and Kuehn 2010ATPase activity is required for this
secretion(Mudrak and Kuehn 2010)Once in the external environment, LT binds to the
bacterial outer membrane via interaction ofBBubunit with lipopolysacdaride S(Ellis and
Kuehn 2010)Thus, LT accumulates both in the bacterial periplasm and on the bacterial surface.
Subsequently, the toxin is releasednirthe bacterial cells by budding of OMV{Bubreuil,
Isaacson an8chifferli 2016) In the H10407 strain, the LeoA protein has been shown to favor
LT secretion. Actually, this bacterial GTPase is a dyndiken protein (DLP) which use
energy to remodel membranes and would help the formation of QMi¢hie et al. 2014)
However, only around 3% of ETEC strains carrylédmgeneg(Turneret al.2006a) suggesting
that the role of LeoA in LBecretion is certainly not a universal ov& interaction of another
site of its B subunit, the LT associated to the external side of vesicle meméxcagaiss the
GM1 receptor, which is a ganglioside (composed of a glycosphingolipid with one orialare s
acids) expressed on the host cells surt@t®tterjee and Chaudhuri 201OMV endocytosis
will be dependent of cholesteroth lipid rafts found on the surfaceiotestinal epithelial cells
(Kestyet al. 2004) Therefae, the endocytosed vesicle associated LT will traffic through the
Golgi apparatus and endoplasmic reticulum. Following internalization into the endoplasmic
reticulum, the LTA peptide is cleaved into A1 and A2 fragm¢@iti and Richardson 1980;
Epsteinet al. 1989) The A1 domain harbors its catalytic function via ABBosylation of G
proteins, resulting in activation of adenylate cyclase and elevated intracellular AltiHic
(cAMP) levels. This is followed by the PKA phosphorylation of cystic fibrosis transmembrane
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regulator (CFTR), a chloride channel present at the apical membramegifnal epithelial
cellsbrushborder. Activation of CFTR provokes the opening of #ngn channel and results

in the secretion of chloride (§land bicarbonate (HCORBions from the cells into the intestinal
lumen(Hug, Tamada and Bridges 2008)iciting massive watery diarrh€gllis and Kuehn
2010) CTFR activation is considered as thejon player in LFinduced secretionsThe
canonical action mode of the LT toxin in the H10407 strain is summethin Figure 4.12 Of

note, the action of LT toxin on cells can also occurs directly, without involvement of ETEC
OMVs.

Figure 4.12 Model of heatlabile enteratoxin (LT) secretion, internalization and mode of
action in intestinal epithelial cells
The figure presents the model for LT mode of action from ETEC secretion to minerals release,

as presented in the main text.

CFTR: Cystic Fibrosis Transmembrane Regulator, DsbA: disulfide bond protein A, LeoA: labile enterotoxin
output A, GM1: monosialoteahexosylganglioside, IM: inner membrane, LT: Heat labile toxine, LPS:
lipopolysaccharide, OM: outer membrane, PG: peptidoglycan, PKA: Phosphokinase A, Sec: sec machinery, OMV:
outer membrane vesicl€2SS type 2 secretion system, Sec: Sec machinery.

Built from personal source.

Concerning LT effect on ETEC pathogenesis, it has been very well descriigtets
how functional LT toxin from animal ETEGtrains favors the bacteria adherence and
subsequent intestinablonisation(SantiageMateoet al.2012; Feketet al.2013) Concerning
ETEC strains from human origin, the data are scarce. LT can enhance adhesionZa@€lisco
(Johnsonet al. 2009) and to HCT8 cellsvia MAPK signaling pathwayWang, Gao and
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Hardwidge 2012)Interestingly, pure cAMP (theain product of LT toxin catelism) also
stimulates the Lidependent adherencé ETEC to enterocyteis vitro (Johnsoret al. 2009)

The LT toxin also alterthe structure and composition of the intestinal epithelial mucin layer
by reducing MUC4expression(Verbruggheet al. 2015) and enhancing MUC2xpression
(Duanet al. 2019) both effect resulting in increased adhesion of the pgihdrecently, the
induction of MUC2 secretion by LT toxin was confirmed at the protein level in human enteroids
(Sheikhet al.2021) Among other LT toxin effect, one study reportédt the toxin decreases
intestinal epithelial cells viability, induainapoptosis in a dose and time dependent manner in
HCT-8 cells Cace2 cells and mouse modglu et al.2017)

4.3.5.2 Heatstable enterotoxin (ST)

E. coliheatstable enterotoxins came to attention in the 1970s after it was observed that
heatinactivation of bacterial cultures from patients and animals suffering from diarrhea failed
to eliminate enterotoxigenic activi{mith and Gyles 1970; Burgesisal. 1978) Indeed, these
toxins remain active after 60 min of heating at 95°C. Their small size argtr@&ure are
responsibldor resistance to boiling.

ETEC isolates can express two distinct ST families, differing in structure and function:
the methanol soluble protease resistant STa (synonyms ST1), and the methanol insoluble and
proteae sensitive STb (synonyms STZhapmaret al.2006; Weiglmeier, Résch and Berkner
2010; Looset al.2012) The STa and STheptides are encoded by two distinct geestAand
estB(Harnett and Gyles 1985)he STb variant is almost always associated to animal infected
with ETEC and its role in human infection is very debgMtkigimeier, R&ch and Berkner
2010; Looset al.2012) The STb variant will no longer be mentiongdthis manuscript

Within STa, two variants associated with human disease have been described, STh and
STp, originally found in hurin and pig, respective(yVeiglmeier, Résch and Berkner 2010)
One ETEC strain can possess several vardrihe ST toxin, as thETEC strairH10407 strain
possess both STh and STp toxin varighisycockset al.2015)

The STa polypeptide isronantigenic, low molecular weight protein (2 kDa). STa is
synthesized as 72 amino acid proteins consisting & anino acids signal peptidggnal
peptide, 84 amino acidpro peptide and a 189 amino acids carboxy terminal region, forming
the matureand active enterotoxiWanget al. 2019a) STa polypeptide is translocated across
the inner membrane to the periplasia the signal peptide, and clesV into the mature STa
peptide by Semachinerydependent export pathw@yeiglmeier, Résch and Berkner 2010)
Then, the toxin is folded to its mature tertiary structuaghe action of DsbAThen thetoxin
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is efficiently secreted into the lumen through the TolC channeliitdmug pump efflux system
(Yamanakaet al. 2008) After its secretion, STa will bind thguanylate cyclase G5C-C)
receptoron intestinal epithelial cellsGGC is a glycoprotein that is expressed on lhesh
border of villous and crypt intestinal ce{lSteinbrecher 2014)t is well demonstrated, at least

in animal study, that the GC receptor cocentration ignaximumin the jejunum and ileum
(Al-Majali et al. 2007; AFMajali and Khalifeh 2010)STa binding to G&C leads to increase
intracellular fomation of cyclic GMP (cGMP)(Weigimeier, Rosch and Berkner 2010;
Sunuwaret al. 2020) Increased levels of cGMP activate the cGN#pendent protein kinase

Il (PKGII), which calocalizes with the CFTR tressporter and phosphorylateg\taandrageet

al. 1997, 1998)thus promoting the release of @ito the lumen. In addition, cGMP is able to
inhibit phosphodiesterase 3 (PDE3) that hydrolyzes cAMP, resulting in CAMP accumulation.
In turn, cCAMP activates protein kinase A, which wilkalphosphorylate CFTRChaoet al.
1994) The N4 /H*-exchanger (NHE) is a second target of cGMP action in intestinal
epithelium.The protein kinge Ainhibits there-absorption of sodium by NHEHe and Yun
2010) The canonical action mode of the ST toxin isadet inFigure 4.13

Figure 4.13 Model of heatstable enterotoxin variant A (ST-A) secretion, internalisation

and mode of action inintestinal epithelial cells

The figurepresentshe model for STA action mode from ETEC secretion to minerals release,
as presented in the main text.

CFTR: Cystic Fibrosis Transmembrane Regulator, DsbA: disulfide bond protein AC:GfDanylate cyclase C,

IM: inner membrane, PDE3: phosphodiestera$®®\: protein kinase A, PKGII: cGMependent protein kinase

II, LPS: lipopolysaccharide, NHE3: Na+ /Hexchanger 3, OM: outer membrane, PG: peptidoglycan, ST: Heat
stable toxine, Sec: sec machinery, TolC: TolC efflux protein.

Built from personal source.
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Concerning ST effect on host physiology, it has been observed that trealitg T
polarized cell monolayers with STa elicited a reductionTEER, indicaing an increased
permeability(Nakashima, Kamata and Nishikawal3Q In this sense, ETEC challenge in
YROXQWHHUNV LQFUHD YV H Vbihdirg ptein MABR) \tbhc@mratiohDai W\ D F L

indicator of compromisedhtestinal epithelial integrit{Brubakeret al.2021)

Bullet points, ETEC enterotoxins
X Human ETEC possess at least one of the twolabdé (LT) and heastable (ST) toxins.
x Each toxin possesses variants that are more or less associated with human infection, eve
classification is actuallgiebated. The LTIh, LTIl and STa variants could be considered as the cla

ones associated to human infection.

x All these variants elicit a profuse watery diarrhea notably by activation of the CFTR can:
secretion of chloride (C) and bicarbonatéHCO3) ions from the cells into the intestinal lumen.

X Among the other toxins weltharacterized effects, the LT toxin would favor ETEC adhesion, W
the ST toxin increases cellular permeability

4.3.6 ETEC virulence: regulatory networks

4.3.61. Genetic features of the reference strain ETEC H10407

ETECstrainH10407 serotype O78:H11:K80, originally isolated in 1973 from an adult
case of severe choleliie diarrheal illness in Dacca (Bangladesh), is to date the most
extensiely characterized stirmof thepathotype This isolate is LT+, ST+, CFA/I+, EtpAtia
+, YghJt, eatA+ Although ETECstrain H10407 contains all of these classical virulence
factors, there are not all necesstir cause symptomatic disedkevineet al.1977)

The complete genomic and plasmidic sequences of ETEC strain H104W/Aikabla

and represented Figure 4.14(Evanset al.1977; Crossmaat d. 2010; Haycocket al.2015)
(EMBL database accession number FN6494T4he ETEC H10407 genome consists of a
circular chromosome of 5,153,435 bp and four plasmids designated pETEC948, pETEC666,
pPETEC58, and pETEC52. The two larger plasmids (pETEC9& pETEC666) are
reminiscent of conjugative plasmids that are often associated with the carriage of virulence
factors, whereas the two smaller plasmids (pETEC58 am&@h2) are homologous to mobile
plasmids frequently encountered in a variety of bactegpecies(Crossmanet al. 2010;
Haycockset al.2015; Hazeret al.2017)

This reference strain has been used in the fnarieof this PhD work.
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Figure 4.14 Genome and plasmids mapping of ETEC H10407.

The main virulence genes of ETEC H10407 are represented in red.

CFA/l: colonisationfactor antigen |, eatAETEC autotransporter,Aia: enterotoxigenic locus invasion A, tibA:
Enterotoxigenic invasion locus B, SHeatstable toxin.

Modified fromHaycocks et al., 2015.

4.3.62. Intrinsic transcriptional modulations

Pathogens in general have deployed mechanisms to sense the environment in which they
evolve. In response to the signals received, they will act accordingly by turning off or on the
expression of their virulence geneldowever, prior to describing ETEGenesregulation
according to the gastrointestinaues (developed in section 4.3.6.3)trinsic network
governing ETEC genes modulations will be discussed.

To date, the ETEC virulence tmorks are largely unknown and need to be unraveled.
The majority of transcriptional studies have focused on EMiSCegulon (related to ToxT,
found inV. cholerg (Midgett et al. 2021) RNS carregulate the expressiaf almost half of
the known pili in ETEGand alsaonpili adhesins, such as EtgBastureaet al.2008; Bodero,
Harden and Munson 2008)

The heatstable nucleoiestructural (HNS) proteinfor its partnegativelycontrolsthe
transcription ofeltAB gene, encoding for LT toxinnterestingly,H-NS also regulates the
gspCDEFGHIJKLMgene cluster andghj(mucinasegeng (Yanget al.2005, 2007)As GspD
is a poreforming protein helping the LT translocation through tH#S$ (Ellis and Kuehn,

2010), it appears that the transcriptional machinery responsible for the production and secretion
of LT is governed by KNS.

The cAMP receptor protein (CRP3enses cAMP, and regulates the toxins genes
accordingly. When cAMP is high, CRBpresses transcription @tABgene while it positively
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regulatesestABgene(Bodero ad Munson 2009; Haycoclke al.2015) This illustrates that the
two toxins genes can have differential regulation patterns as already refRuotesselet al.
2020b) TheFNR regulon is another transcriptional factor that would inhibit virulencesgene
fimH andCFA/I adhesin genes, and the toxin geeleAB, stalandsta2(Croftset al.2018), in
anaerobic conditiofCroftset al.2018)

Finally, leoABCgenes andia locus are tightly regulated togethé&eoAis encoded
within thetia locus, itselfwithin a pathogenicity islan(Fleckensteiret al.2010)

4.3.6.3 Virulence modulation in the gastrointestinal tract

To be fully pathogenic, bacteria must ramily survive in the human Glbut also
coordinate expression of virulence determinants in response to localized gut
microenvironments. An increased numbemo¥itro or animal studies have shown that ETEC
is able not only to resist the stressful condgi@mcountered in the g(gee section 4.3.1but
rather respond or utilize various Gl cues to modulate the ssipre of its virulence factors
(GonzalesSiles and Sjoling 2016; Sistrumt al.2016; Roussedt al.2020b)

4.3.63.1. Modulation ly physicochemical parameters of themangut

In the TIM-1 model, ponhumangastricsimulateddigestion, the geneltB from ETEC
strain H1040&ncoding LTtoxin production was repressed at a pH below 3.6amtoduction
of LT toxin was observe(Roussekt al.2020b) This observatioms in accordance with studies
conducted in mucmore simpleiin vitro models, which have shovthat extracellular pH has
an influence on the release of LT toxin, increasinip aikalinity (Kunkel and Robertson 1979;
Hegde, Bhat and Mallya009) Apart from theeltB gene, other virulence geneslesA fimH
andtia tended to be induced in the gastric compartment. These gastric observations are in
opposition with virulence gene expression patterns in the ileal compartment. ThezkBthe
toxin tended to be expressed at the beginning of the digestion and repressed at the end, and all
the other virulence genes assayestR, leoA, tolCfimH, tia and Cfall were repressed. This
global antivirulence profile induced in the ileum of the TAM(while it supposed to be the
colonisationsite of ETEC) could be related to some limitations of the model such as high
oxygen concentrations and lack of gut microbiota.

Concerning oxygerL, T would besecretecefficiently under anaerobior microaerobic
conditions only in presence oferminal electron acceptors (e.g. trimethylamineoxitle
dihydrate or nitrate). Precisely, GspD protein, a secretin subunit of the T2SS required for LT

secretionis assembld under anaerobic conditioms presence of terminalectron acceptors
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only (Lu et al. 2016) Anotherin vitro study reported that in anaerobicndition, the FNR
regulator inhibitseltAB genes (encoding for LT toxin) arda (encoding for CFA/I adhesin).
This inhibition could be lost near the epithelium, where microaerobic conditions p{@natls
et al. 2018) In accordance, a study in the-SHIME model, which reproduces anaerobic
conditions of the gut, showed that most of ETEC strain H10407 virulence genes were inhibited
in ileum and colonic compartments. Of note, despite the absence of oxygen, it wasoated rep
thateltB was punctually promote@Roussekt al.2020b)

Digestive enzymes and bile salts are other component that could act as chemosensor
and allow ETEC to locate itself in the gutimrvitro studies, trypsin has beshown to increase
LT release(Kunkel and Robertson 197@nd its secretory &eity (Rappaportet al. 1976)
Numerous studies have investigated the impact of bils&alETEC virulencéout leading to
contradictory results. Bile salts have been found to prevent the binding of LT toxin to the GM1
at 2g.L (Chatterjee and Chaudhuri 201t to upregulateestA eltAor etpAgenes at@g.L-
1 (encoding STa, LTa and EtpA, respectivglgphl and Rasko 2012%odium deoxycholate
and sodium glycocholate at iga_! have been shown to induirevitro the expression of CS5
encoding gen@\icklassonet al.2012)but to downregulate the CS1 and CS3 encoding genes
at 30 g.L* (Sahl and Rasko 20)L2Finally, it appears that the modulation of ETEC virulence
genes expression by eikalts may be strain dependébahl and Rasko 2012)he different
concentrations and products used to reproduce the bile secretion in these numeesialstudi

impede common interpretation.

4.3.6.32. Modulation ly interactions withntestinal epithelial cells

Pathogerhost cell interactions are finely orchestrated by ETE¢hen cAMP is
recognisd by the cAMP receptor protein, the transcriptioeloABis suppressed. As CAMP is
one of the main produstof the LT toxin activity on epithelial cell this would constitute a
feedback loop by which the production of LT can be downregulated once a certain amount of
cAMP has been released ioyestinal efihelial cells(Bodero and Munson 2009; Haycoas
al. 2015)

To date,only one study has investigated transcriptional modifications of EA/E€h
interactirg with intestinal epithelial cellgKansalet al. 2013) This study was first condiexd
with the ETEC strain E24377A and the C&toells model. Among the genes regulatedraur
ETEGC-cell contact,crp gene the repressor aéltAB, was downregulatedin adhered ETEC
compared to ETEC grawin cell culturemedia aloneSurprisingly, genes encoding for LT, ST
1b toxin and CF were found to be dowegulated in adhered ETEC cells compared to ETEC
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in cell culture media. Then, still on Ca2acells, the authors showed with another ETEC strain
(H10407) that althouglerp expresion was dowsregulated in attached bacter@fA was
increased when compared to planktonic organisms (average,3/&Xold; P = 0.047). The
authors also demonstrated that the modulation of ETEC adhetided genes on cell contact

was timedependentwith a clear adhesion promoting profile reported at 15 min and a more
mixed expression profile at 60 min. In support of this sequential genes activation, at early time
points, ETE strain H10407 appears to engage host cells at a distartheir flagella (15 min)

while at later time points (30, 60 min), flagella appear shortened and/or engulfed by the host
cell. Interestingly, at 60 min, vesieli&e structures that look like OM¥ are visible o the
bacterialsurface Theseaesults suggeshat ETEC strains may react to cells adhesion proximity

in a strain specific mann@ansalet al.2013)

4.3.6.33. Modulation by microbiota and metabolic activities

Very few data onhow humangut microbiota may influence ETEC virulence are
availableto date Roussel and colleaguetemonstrated using the -BHIME model that
virulence genes, among whiehtB, are switched off in thdeum and the ascending colon
where microbiota populations and associated activities are importatdf has shown that
addition of SCFA (e.g. acetate, propionate and butyratef & mgmL™ a concentration
relevant of the colonic leve[€€ummings 1981}he culture medium significantly reduced or
even abolished LT pduction(Takashi, Fluita and Kobari 198%loens and colleagues found
that inoculation ofETEC strainH10407 in human colonic batdystemdoesnot result in a
clearincrease of LT toxin concentratiqloenset al. 2019) Thus, microbial activity cues
could be inhibitor of ETEC virulence, which is coherent with an ETEC site of action in the
distal part of the small intestin&t the opposite, free glucostnét is absorbed in the uppelfTG
and thus is not supposed to be present in high quantity in the colonic compartment) has been
found to stimulate LT toxin productigiMudrak andKuehn 2010)

To our knowledge, only one study addresses how specific membershafrttaa gut
microbiota (apart from probiotic, addressed in section 4.4.3.) could impact ETEC virdirence.
volunteers challenged with 36r 16 CFU of ETEC strain H104Q7some phylogroups of the
gut microbiota have been associated with disease severity. Téierobust predictors of
symptoms developmeribcluded Bacteroidesdorei, Prevotella sp., Alistipes onderdonkij
Bacteroidessp. (ovatus), anBlautiasp., while the predictors of resistance includdterella

sp.,Prevotellacopri, andBacteroides/ulgatus(Popet al.2016)
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Bullet points, ETEC virulence modulation in the gastreintestinal tract

x Few studies have focused on ETEC virulence modulation by specific physicochemical param
found in the gut, making difficult any conclusion.

X 6XUSULVLQJO\ 5RXVVHOYV ZRUN UHSRUWHG WKDW (7(&
machinery, CFA/I, timnd fimH are switchedn and switcheaff by physicochemical parameters
of the stomach and ileum, respectively.

x First clues indicate that ETEC virulence gene expression seems to be down regulated by mic
activity occurring in the colon.

4.3.7 ETEC and inflammation

4.3.71. General ETEC effect on host inflammation

In cellular model, ETEC infection leatb a global inflammation pattern. Ir84 cells
infecton with ETEC strain H10407 at a multiplicity of infection (MOI) 2figgers LPS
depenént preinflammatory IL-8 secretior{He et al.2016) while in HCT-8 cells, infection at
MOI 50 activates both NF% DQG 0$3. VLIQDOLQJ 2DR&NSKIEZItas\beenQ & DFR
shown that ETEC strain H10407 at MOI 100 triggers a8 Becretior{Roussekt al.2018b)

In the C57BL/6mouse model, single oral challenge with ETEC strain H104FQQB0) leads

to an increased fecal excretion of lipocélirfLcn-2) and myeloperoxidase (MP@Bolick et

al. 2018) In humans, travelers with ETECalrhea have been reported to present higher
markers of enteric inflammatipoauch agecal blood leukocytes, lactoferrin, fatty acliinding
protein and increased levels of fecal cytokines &8, IlL- D Q-Gra(Rodrigueset al.2000;
Greenberget al. 2002) Serum inflammatory markers like the cytokinesllftAand IFN D UH
also increase@rubakeret al. 2021) Childrenin endemic countries are also concerned and
exhibit an increased inflammation as reported by fecal leukocytes and lactoferrin and serum
Reglb, which can be induced after epithelial barrier injyMercadoet al.2011; Igbalet al.

2019) A study conducted on Mexican children reported that increased of botbrpaat:
inflammatory cytokines loads in feces are associated witeased ETEC infection duration
(Long et al. 2010) In adults volunteers challenged with ETEC strain H10407 (doses ranging
from 1P to 1 CFU), increase fecal MPO and serum1i7A were reportedBrubakeret al.

2021) Surprisingly, it las also been reported that challenge with ETEC H10407 in volunteers
induces amxpression profile in blood similar to the one of antiammatory drugsThis could
represent an attempt by the host to limit the inflammartaegtinalresponséYanget al.2016)

It is noteworthy to indicate that even asymptomatic infections with the ETEC strain H10407

cause significant inflammation in humans as reported by increased levels of MPO in stool and
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intestind fatty acidbinding protein (an indicator of compromised intestinal epithelial integrity)
in serum(Brubakeret al.2021) All the observed effect of ETEC on indueeflammation are

summarized irFigure 4.15

Figure 4.15 Summary of observed inflammatory effects associated with ETEC infection.
All inflammatory-related markers reported to be induced by ETEC infection in cellular models,

in mice, in children below 5 years old and in adults.
II: Interleukin, IFN: interferm, MAPK: Mitogenactivated protein kinases, R&Q: Lithostathinel-beta
Built from personal source.

4.3.7.2. Virulence factos associatedo ETEGinducedinflammation

Different virulence factors have been specifically associated with Hmféi@@ed
inflammation inin vitro studies. First, theT-I toxin and more particularly its B subunit have
been extensively stuglil as potent vaccine adjuvatdsstrengthen immune respges Among
the possible mechanism, it seems that the LT toxin interacts with macrophages and other innate
immune cel to induce expression of4L (Bromander, Holmgren and Lycke 1991; Foss and
Murtaugh 1999; Williams, Hirst and Nashar 19®yxytokine which displays potent mucosal
adjuvant activity(Staats and Ennis 199%upportingthe role ofLT in inflammation, in the
HCT-8 cellular model, ETEG110407 activates both NFB and MAPK signaling pathways
through mechanisms that are primarily depemdgon LT presencéKosek et al. 2017)
Depending on the LT toxin variants, various cytokines could be modulated thiduRrh
signaling(Hajishengalliset al.2005)but associatednechanisms are poorly described to date.

Compared, to the LT toxin, the ST toxinnernrimmunogenic in its natural forfTaxt
et al.2010) Still, some early clues indicate that both STa and STb could induce inflammation
at least inpiglets (Loos et al. 2012; Loos, Hellemans and Cox 2013he STa peptide in
particular has been reported to induce a secretion ofinfleanmatory cytokines and

chemokines, as H6 and IL-8 (Loos, Hellemans and Cox 2013)
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The mucinase YghJ has also been highlighted as an inflammation induicéected
humangchallenged/olunteers and mice exposed to ETEC strain H10407, YghJ was identified
as an immunoge(Roy et al.2010; Chakrabortgt al.2018c) In consequence, YghJ has been
proposed as one of the key proteins triggering immune response during ETEC infaation
et al. 2015; Tapader, Basu and Pal 2019yhJ induces production of pinflammatory
cytokines sus as IL-8, IL- . -/ DQG -71DQG &Bulafes amrinflammatory
cytokine production in HR29 cells and mouse macrophag€apaderet al. 2016, 2018) 1t is
noteworthy that the other ETEC mucinase, EatA, is also immunogenic, according tata rece
study in human voluntee(€hakrabortyet al.2018c)

Finally, OMVs from the H10407 strain are able to induce an inflammatory response
particular a secretion of 16 and IL-8 in T-84 cells(Chutkan and Kuehn 2011lnterestingly,
even QMVs from the ETEC strain H1040ih which LT toxin encoding gene has been knocked
out, are able to trigger a modest interleulirproduction in human -84 cells(Chutkan and
Kuehn 2011) probably by wearing other flammation inducing celsurface component as
LPS.

Bullet points, ETEC induced inflammation

x ETEC initiates a midnflammatory response in travelers (e.g-8LIL-1 , IL-1ra)

X This inflammation pattern, notably characterized by an increas8gibduction, has been also
described in cellular models {§4, Cace2, HCT-8).

x Different virulence factors as the LT toxin, the ST toxin or the mucinase YghJ are recognised
involved in the onset of ETEMduced inflammation.

X By carrying the LT toxi, outer membrane vesicles are able to induce cellular inflammation, bu
also on their own.

4.3.8.ETEC andntestinalepithelial permeability

Surprisingly, apart from the studies isolating the ST toxin as a permeability promoting
factor in the 70¢Evans, Evans and Gorbach 1973b, 1973a, 19F4ur knowledge, very few
work focusing on intestinal permeability induced by ETEC strains from human origin have
been conducted to daténein vitro study showed that the treatment 684 monolayers with
the STa variant (at a concentration of 4 uM) did not increase paracellular permeability to
fluorescein isothiocyanat@-ITC)-dextran, but reduced TEER within 2 hoyfdakashima,
Kamata and Nishikawa 2013)The huge majority of studies investigating intestinal
permeability have been conducted with the porEdre ETECstrainK88 (serotype 049:K91,
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K88ac, LT1+, ST1+, ST2+), by Chinese research gr¢ifanget al.2018; Xionget al.2020;

Xu et al.2020) All results provided by cell models, mice and pigivo studies, support that
this ETEC strain promotes permeability, as measured by diffevtiptits as TEER, molecular
permeability (mostly to FIT&extran), serum markers of permeability (e.glabtate and
diamine oxidase), expression and production of tighK Q F Wat&rnd {Claudifil, Occludin

and Zonulaocculdensl, ZO-1) and epithelial histological scores. However, one study
conducted with the same strain in Ussing chamberXset ZLWK LQWHVWLQDO VDPSQC
jejunum reported an increased TEER and decreased permeability to fluofesdeimannet

al. 2017) Two other studies condigd in mice and piglets with other ETEC strains from animal
origin reported conflicting resuli®u and Su 2018; Cheit al.2020) The first study showed

an increase of tight junction proteinsdrease irClaudinl, Occludin and Z€l expressionby
multiple ETEC straingWu and Su 2018)The second study demonstrated an increase of
occludin expression by the ETEC strain fhoi et al. 2020) These conflictingindings
guestion the relevance of the generally accepted Eirieldced permeability, which is mostly
supported by work conducted with the ETEC Kig8,from animaland not from humaarigin.

4.3.9 ETEC modulation of humagut microbiota

During passagtrough the human gut, enteric pathogenic bacteria such as ETEC also
have to face a high number of commensal bacteria that compete with them for nutrients and
space, apreviously mentioneth the sectior8.2.3.

Only three studies have directly evaludggit microbiota compaéson modulation upon
ETECinfection in humangDavid et al.2015; Youmangt al.2015; Poret al.2016) Overall,
in these studies, ETEC infections were associated with a rapid and reversible change in gut
microbial community structure as well as a significant decrease in overallibalitersity as
measured byhannon and Simpsondexes(Youmanset al. 2015; Popet al. 2016) ETEG
induced microbiota changes varied gredtigm individual to individual, whether or not
diarrhea occurre(David et al. 2015; Youmanst al. 2015; Popet al. 2016) However, the
original structure of gut microbiota is largely restored at 1 and 3 monthscipattnge
(depending on the studies follemp program),showing the resilience of gut microbiota
following perturbation by a bacterial pathog@&avid et al.2015; Poret al.2016)

By dissociating the host parh vitro studies enable a description of ETEC diesféect
on the gut microbiota. Moens and colleagues conducteehebd8hexperiment in healthy and
dysbiotic conditions, the dysbiotic conditions differing from the healthy ones by a lower
microbiota inoculation§00-fold decreased in volumand additio of ETEC straifLMG2092
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at 3.10 CFU.mL%). These ETEC dysbiotic conditions result in overall decrease in fermentation
metabolitessuch asnajor SCFA (acetate, propionate and butypedé@dammoniuniMoenset

al. 2019) However, one cannot dissociate between the effect due to lesser microbiota
inoculation and the ones due to ETEC presence. Implytane of theotherlimitations of the

above studies is the fact that fecal samples are not represenfdtieeniche encountedin

the ileum suggesteds the site of action for ETEC (see section 4.8¢ usingenvironmental
conditions mimicking the human ileal and colonic compartmémesvSHIME in vitro system
alleviates this limit. Surprisingly, inoculating ETEC strain H10407 t4@FU) in the M
SHIME did not result in profound shifts in the microbiota composi{Roussekt al. 2020a)

Yet, correlations between ETEC administration and specific microbial genera were observed.
Key changes in the luminal phases were found in the Firmigit@sm with a decrease in
Clostridium butyricumand an increase f@lostridium scindengnly the ascending colorlhe
mucosal ileum showed blooms of tasecognisd as opportunistic pathogens kkebsiella
variicola and nortuberculousMycobacterium(Stecher, Berry and Loy 2013; Martin and
Bachman 2018)Roussel and colleagues also documented changeSCAs concentration
following ETEC infection, mainly thnagh the increase of propionate concentration, reflecting
changes imicrobial metabolism/activityRousselet al. 2020a) All the reported effec of

ETEC from human origin on huma@ut microbiata are resumed belloww Table 4.5

Table 4.5 Summary of studies reporting ETEC impact on human gut microbiota
composition/activity.
Built from personal source.

. h Number of . i
Experimental design subjects/donors Observations Sample origin Reference
.-diversity not impacted (Simpson index).
Travelers to Central -diversity decreased (Yue and Clayton distance
h . . Youmanset
America or India affected 35 metric). Fecal al. 2015
by ETEC Ein Firmicutes and Proteobacteria. ’
| in Bacteroidetes.
Infe(_:ted patients after At day 0 and 1,Ein StreptococcuandE. coli. Davidet al
confirmation of ETEC 18 . o - Fecal
. - At day 7, Ein Bacteroidesn some patients. 2015
infection by PCR
Decrease in-diversity (Shannon index).
Volunteers challenaed From 1 to 3 days posthallenge:Ein Escherichia
. . g Bacteroideglorei, Bacteroidevatus,Barnesiella Popet
with ETEC strain H10407 12 h o e : Fecal
(10° or 109) mtestmlhommls I_ in Bactermdesvulga_tus al.2016
BacteroidesylanisolvensParabacteroides
distasonis.
Fecal batch with E-I;EC Ein ethanol. 48 hours batch
strainH10407 (10 1 1 in acetate, propionate, butyrate, lactate and inoculated with Moenset
CFU.mL?) and with 50 >tate, prop » butyrate, al.2019
ammonium. humanfeces

fold lower fecal inoculum
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1 of .-diversity (Simpson index) in ileum lumen
and mucus.

I Clostridium butyricumProteobacteria OTE Luminal and
f mucosal phas

(lumen colon and ileum) of ileal and

M-SHIME experiment E Bacillus XiaoxiensisClostridium scindens, -
) . ascending colon Roussekt al

challenged with ETEC 6 Bacteroide€OTUs(lumen colon) of M-SHIME 2020
strain H10407 (18) E opportunistic pathogens &itrobacter, model

Klebsiellavariicola andMycobacteriunileum . lated with

mucus. inoculated witl

Ein propionate productioflumen colon and human feces

ileum).

4.4. ETEC antiinfectious strategies

A better understanding ofTEC pathogenesis in the humgastraintestinal tractwill
help to develop novel therapeutic approaches. Ideally, such therapeutics, either prophylactic or
curative must be safe, well tolerated and respond greatly in patients. This section will draw up
a state of the art of both the current and under deveopstrategies toemediateETEC
infections in humansSo far, treatments to cure ETEC infections are not specific to the
pathogen, but rather follow the general recommendations given for diarrheal diseases in both
children and adults. Unanimously, oralhydration solution is the key treatment, often
prescribed to prevent dehydration and loss of electrolynethe case of mild to moderate
diarrhea, antsecretory agents such as Bismuth subsalicylate or {bégitwl® may decrease
the frequency of bowel mvements and the posology ies according to the agange While
for acute diarrhea, it is recommended to use antimotility drugs such as Loperamide within 48

hours, but only in adults.

4.4.1. Antibiotics

Although WU D Y H O H Usfavse@@imied Wnesszommonly resobd within 5 days
when untreated, antibiotic therapy has been proved to be effective in treating patients by
significantly reducing associated symptoms araiteiming the illness duratiqde Bruyn, Hahn
and Borwick 2000; Diemert 2006As antibiotic therapy remains the most effective treatment
for bacterial diseasest is common for clinicians to prescribe antibiotics to international
travelers for selfreatment if they expenmee diarrheal symptoms while abroad. However, due
to this selective pressure of antibiotics for treatment, recent studies have expressed concerns
about the potential for acquisition and subsequent carriageubidrugresistant pathogens
(Kennedy and Collignon 2010; Rupptal.2015) Antibiotic resistance is widely regarded
one of the major public health concerns of th& @dntury, leading to longer hospital stays,
higher medical costs and increased mortalByEC and other pathogens associated with
W UD Y HO H Wh§w piogreddivkel gdin resistance to antibidftiddle et al. 2017; Guiral
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et al. 2019; Boxallet al. 2020) A recent study w61 ETECstrainsisolated in UK travelers
reported that 65.6% of tha&rainswere antibiotic resistartb one antibioticand 32.8% were
multi-resistan{Boxall et al.2020) Nowadays, ampicillin, trimethopriraulfamethoxazole, and
doxycycline, which are the antibiotic generally used to treat DEC infections, meet significant
antibiotic resstance by ETEC straingluoroquinolones are still an effective therapy according

to theCenter forDisease Control and Prevention (CDC, https://www.cdc.gov/ecoli/etec.html,
consulted on 03/2022However, some studies recent studies have shown that fluoroquinolones

and azithromycin resistance level have climbed during the last dg@aibdse 2017)

4.4.2. VVaccines

Among other prophylaxis strategies investigated against ETEC infection, vaccines are
good candidates.nl contrast to piglets, whiclcan be potected by a live oral vaccine
(comprising a mixture of F4+ and F1& coli), currently no vaccinés licensed to protect
against human ETEC inféohs (Nadeatet al.2017) NeverthelessDukoral, an oral whole
cell/recombinant Bsubunit vaccine, originally directed agaiNgbrio cholerae has been found
to provide shorterm efficacy (67% of mtection) in some serotypes of ETEC diarrhea,
involving the virulotype LT(Jelinekand Kollaritsch 2008)The prescription of this vaccine is
however limited to Europe, Canada and Australia (CDC, https://www.cdc.gov/ecoli/etec.html,
consultecon 032022).

Vaccine desigred to preventETEC infection have employed different strategies
Majority of the investigations focused &TEC CF and the enterotoxin L&s immunogenic
agents The most recent Etvax oral vaccine is employing four inactivatembli strains over
expressing some maj@f and the LTFB subunit. In 2020, this vaccine haassed the phase 2B
of clinical trials in adult volunteers from Finland travelling to endemic a(Basirgeois,
Wierzba and Walker 2016; Lundgren, Jertborn and Svennerholm.2H&)study showed a
significant protective efficacy of 56% against all severe diarrhea, independently of the pathogen
(most likelybecause ETEC was preponderant as found in 75% sbwadire diarrhea cases)
https://cordis.europa.eu/project/id/77825B3¢onsulted on 03/2022

Facing the recognised increased pathogenddity T+ ETEC strainsome authors also
bet on the induction T neutralizing antibodie@ axt et al. 2010; Fleckenstein, Sheikh and

Qadri 2014) To palliate the ETEC strain diversity, some studies investigate other conserved
ETEC proteins as vaccine antigdifdeckenstein and Rasko 201Bpr instance, YghJ has been
identified as a novel glycosylated vaccine candidate amalal antigen, the Skp protein, has

been reported to be immunongenic in mice. Some authors are also currently investigating
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silico approaches to find new potential immunogenic epitopes among 4915 proteins of the
ETEC strain E2437{Barryet al.2019) Someinvestigations are carried on to =SEEC OMV
(genetically detgified or not) to imuce adaptive immunity in mic@.eitner et al. 2015;
Beikzadeh and Nikbakht Brujeni 2018; Mat&sal.2020) The use of OMV have been proven
avaluable tool as they carry both adjuvant factors (LT tax#Hs, lipidA) and virulence factors

(LT toxin, CF).

4.4.3. Bacteriophages

Up to now, around 10 studies have reported isolation of phages targetiodiqaibe
or not) ETEC strain@Bourdinet al.2014; Nobregat al.2015; Zhouet al.2015; Chakraborty
et al.2018b; Manohaet al.2018; Svabket al.2018; Piyaet al.2019a; Kaczorowsket al.2021)
Interestingly, an enterobactetiargeting phage T7, designated as INOBR, showed a
significant specificity toward€F CS3expressing ETEC isolat¢€hakrabortyet al. 2018b)
The Iytic phage JS09, isolated from a swine farm in China, could infect antitesistant
APEC and ETEQZhou et al. 2015) In another study, some cocktails of-like phages
achieved 30% to 53% coverage efficiency against ETEC isolates from Bang(&destinet
al. 2014) Importantly, ebacteriophageffective againsSETEC (among otheg. coli) is alrealy
commercializedThe phage LL12 is included in a mix of bacteriophages, commercialized as a
prebiotic namedPreforPro, which is supposed to support general intestinal health, and does not
specifically target ETEC (Piya et al. 2019b) (Deerland Enzymé&s
https://deerlad.com/preforpro/thalifference/ consulted the 03/2022

4.4.4. Probiotics

Probiotic areilve microorganisms that, when administered in adequate amounts, confer
D KHDOWK E HQ K9ynyéieRaD20¥65 Riddl&t\aM2017) In the pasiO yearsefforts
have been undertaken to deveto-ETEC probioticsasanalternativeto antibiotics(Roussel
et al. 2017) Although the underlying mechanisms associated with probiotic prevention or
alleviation of enteric pathogens are still largely unclear, the modes of action thought to
contribute to human and/or animal health fall into three general clagsegipathogenic
mechanisms: direct antagonism, immunomoduaand competitive exclusioffPreidiset al.
2011) The huge majority of studies about probiotic and ETEC have been conducted with ETEC
strains from animal origin. Coening human ETEC strains, the probiotic investigatiane
scarcer. One study report inhibition of the growth of different ETEC strainsingvarious

in vitro tests (inhibition zone on agar plates,audture)following co-incubation of the pathogen
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with culture supernatant dfactobacillusspecies. The inhibition of ETEC growth was due to
the antimicrobial activity of the probiotida productionof lactic acid(Tsai, Lin and Hsieh
2008) It has also been shown thactobacillus rhamnosushibits LT toxin production in co
culture with the ETEC strain MTCC72@nand, Mandal and Tomar 201%ediococcus
pentosaceu®ZF | is able to reduce the adhesion of the ETEC strain LMG 3083 teZzalts
from about 99% when incubated with the cells prior to titbggernnfection(Osmanagaoglu,
Kiran and Ataoglu 2010)Bifidobacterium longunBT2928 impedes HHAC strain Pb 176
adhesion on HCB cells (Fujiwara et al. 2001) Saccharomyces cerevisi@&NCM [-3856
presets many aninfectious properties against the ETEC strain H10AG/itro, among which
reduction inETEC growth, toxin productioand cellularadhesion to muckagar and Cac@
cells and inflammation inductioas reported by H8 secretionInterestingly, the yeast anti
adhesive effect could be duertannose residue on its surface, potentially involving mannan
polysaccharidegRousselet al. 2018b) The yeast andinfectious properties have also been
tested in the TIML and MSHIME models. In the TIML model, toxin encoding genes were
repressed and a lower LT toxin production waded (around-fold decrease in the ileal
effluent along the experiment) when the yeast waadministered with the ETEC strain
H10407. In the MSHIME model, the probiotic prereated microbiota displayed a higher
robustness in composition following ECEchallenge compared to tientreatedcondition
(Roussekt al.2021) This could be the first aninfectious property of probioticggainst human
infecting ETEC passing through microbiota modulation ever evidenced. The yeast also
decreases ETEC colonisation of streptonytogated mice in the ileum and col¢Roussekt

al. 2018b)

4.4.5. Dietanyfibers

As demonstrated in section 2.4.2, dietary fibers present numerous potential anti
infectious properties. Actually, most of the studies investigating ané#infectiousproperties
on ETEC have been conducted on str&iosy animal origin. Firstly, lsitosan nanoparticlest
0.0125 mg.t! and raw chitosan at 64 mgtlwere shown to be lethal to ETEC strain K88. Then,
numerous adhesion assays have demonstrated adhesion inhibition by dietary fibers. The tested
fibers were nik oligosaccharide@Vartin, MartinSosa and Hueso 2002; Ciliebaigal.2017)
microbiatderived polysaccharideBVang, Ganzle and Schwab 2010; Baeiaal. 2012;
GonzalezOrtiz et al. 2013; Chenet al. 2014; Zhuet al. 2018) plant based dietary fibers
(Roubosvan den Hilet al. 2009, 2010; Gonzale@rtiz et al. 2014) and human synthetized

neoglycangSarabiaSainzet al.2013) The testeghroduct concentrations range from 0.34.L
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to 10 g.L* for adhesion inhibition up to 95¢@onzalezOrtiz et al.2014) The adhesion surface

used for tests are mucin extracted from pig ston(@aehabiaSainzet al.2013; GonzaleDrtiz

et al. 2014) erythrocytefRoubosvan den Hilet al. 2009; Wang, Ganzle and Schwab 2010;
Chenet al.2014) or cell modelssuch agsurprisingly) humarCace2 cells(Roubosvan den

Hil et al.2009, 2010; Badiat al.2012) but also pigPSIc1(Cilieborget al.2017)or IPEGJ2

cells (GonzalezOrtiz et al. 2013; Zhuet al. 2018) In vivo assays in pigs have also been
conducted. The tested fibers includddtasan alginate, psylliumijnulin, cellulose, dextran,
microorganisms derived betducans and lactulose, wittoses ranging frord.2 g.kg! to 80

g.kg! (Hayden 1998; Wellockt al.2008; Halaset al. 2009; Stuyveret al. 2009; Cheret al.

2014; GuerreOrdazet al.2014; Xiaoet al.2014; Waret al.2018) The dietary fiber beneficial
outputs were various as improvement of diarrhea, decreased ETEC shedding, decreased
immuneresponse (I D Q & eXpressin and calprotectin production). On stushnducted

in mice showedthat chitosan at 0.3 g.Kgvas able to reduce of nearly 1 log ETBEC470

fecal shedding and jejunum colonisation at day 7 -pdettion. Intestinal inflammation
markers also decreasecdjeession of I B, IL-17,1L-18, TNF. DQG 7/5 DEXQGDQF
(Liu et al.2016a)

Studies specificallyargeting dietary fiber effects upon ETEC from human origin are
scarce and have investigated very few dietary fibers. Milk oligosaccharides and plantain soluble
fibers at concentrations of 1gtiand 5 g.I* respectively were proven to reduce ETEC adhesion
to Cace2 cells up to 80%ldota and Kawakami 1995; Robeetsal.2013; Salcedet al.2013)

Lastly, diverse studies hairevestigated the ability of dietary fibers to decoy ETEC toxins from

its receptor(Otnaess, Laegreid and Ertresvag 1983; Newletirgl. 1990; Idotaet al. 1995;
Patonet al. 2005) These studies have all been conducted WithO, due to HMO structure
similarities with toxin receptors. Indeed, the LT GM1 receptor consists in an oligosaccharide
molecular patteralso found in milKOtnaess, Laegreid and Ertresvag 1988)nce, th&sM1
oligosaccharide but also siallylactose have been shown to inhibiiihdingto its receptor in
ELISA (EnzymeLinked Immunoabsorbent Assayssay and fluid secretions in rabbits
intestinal loopgOtnaess, Laegreid and Ertresvag 1983; ldotd. 1995) Another human milk
component, certainly a fucosylated oligosharide, is able to inhib®T binding to the
extracellular domain afs GGC receptor and to reduderrhea in mic§Newburgetal. 1990;
Craneet al.1994) ,Q OLQH ZLWK WKHVH REVHUYDWLRQV PRWKHUT
associated with infant resistance to many pathogens, notably BN&@burg, RuizPalacios

and Morrow 2005) Lastly, facing these resultsPaton and colleagues developed some
genetically modified versions &. coli bearing on their surface GM2 (monosighnglioside
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2) and other oligosaccharides. TheBdO-presenting probiotics also inhibit toxin binding and
reducefluid secretion in rabbitéPatonet al. 2005)

As recurently demonstrated along the section 3.2.3, ETEC infectious cycle passes
through multiple interactions with the mucus layer (e.g. adhesion, colonisation, expression of
mucinases) and access to epithelium is a preponderant step in the infectious cyalationod
of virulence genes expression, secretion and binding of toxins, badte@a X O IR H QW «
Furthermore, it has been demonstrated that dietary fibers can decoy pathogen from mucus
binding, preserve the mucus layer from microbiota degradation and thidmssubsequent
intestinal infection (section 2.4.2.3). However, to date, no study has addressed the potential

dietary fibers to interfere with ETEC interactions with the mucus layer specifically.

Figure 4.16 summarizes the alternative airtfectious therapies against ETEC

presented in the last section.

Figure 4.16 Alternative anti-infectious approaches against human ETEC infections.

Facing the raisefantibiotic resistance and the necessity to devaltgrnative way to fight
ETECinfection in humangdifferent approachesereinvestigatedBoth probiotics and dietary

fibers potentially present antifectious properties though direct antagonism (e.g. growth or
adhesion inhibition), microbiota modulatioor immunomodulation. Vaccines can target
different antigens as toxins, other conserved antigens or OMV. Bacteriophages targeting human
infecting ETEC are also regularly isolated.

Not investigated = not investigated according to the available literatimenoan ETEC strains.
Built from personal source.
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Bullet points, ETEC therapeutic strategies

X 7TUDYHOHUTV G L-DnixédKiléEss lcomnonly keGdlving within 5 days when untreat
However, Physicians routinely prescribed antibiotic therapytlier most serious cases and f
SDWLHQWVY FRPIRUW $V DQWLELRWLF UHVLVWDQFH UD

x Despite numerous studies investigating the use of vaccines, bacteriophages, or probiotic stra
date no specific treatment is currently available to treat ETEC infection in humans.

x Concerning the use of dietary fiber, up to now very few studea\ailable concerning ETEC straif
from human origin impeding relevant conclusions on their potential beneficial effects.

5. Available in vitro gut and cellular models to
Investigate the imtractions between dietary fib@nucus
andentericpathogens

As described in Section 3, dietary fiber intakes could be an interesting way to fight
against enteric infections by different means, notably, by preventing pathogen and mucus
interactions. Nevertheless, as aforementioned in Section 4.4.4, very few data have been
gathered concerning dietary fiber amtiectious properties against ETEC strains from human
origin. The incoming section will review the availablevitro gut and celilar models that could
be used to study ETEC survival and virulence function and its modulation by dietary fibers in
the human simulated gut. As the study of pathogen interactions with the mucus layer is
particularly relevant when assaying dietary fibepaut on pathogens, a particular emphasis

will be given on integration of a mucus compartment in these models.

5.1. In vitro human gut models as a relevant r@&tive toin
vivo studies

First, question could be asked on why choosmgitro gut modelsupon othetin vivo
approachedn vivoapproaches in humans obviously represent the gold standard to investigate
the interactions betweeatetary fiber gut microbiota and enteric pathogens. Howeseveral
limits could hamper their use. Firgite biolggical interpretation is complicated due to a myriad
of factors among which intendividual variability is one of the main challengdés human
clinical trials, there is a huge discrepancy between the studies due to dietary habits, genetic
background, lifstyle and geographical origin of participants. Strict compliance of participants
to the tested diet in interventional studies is also a factor difficult to monitor. Thus, any specific

effect related talietary fiberinterventions is difficult to measure healthy peopleSecondly
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for evident ethical reasons, access to the different segments of the GIT (from the stomach to the
distal colon) is very limited and collection of mucus layer from human biopsies remains difficult
(Hansson 2012)To minimize invasive procedures, human gut microbiota studies are usually
performed using fecal samples and measured as endpoints, thus makiififiatilt to decipher
where in the GIT the effects of a specific treatment o(Riva et al. 2019) Lastly, human
interventioral studies are limited in scope or are even impossible depending on the pathogenic
microorganisms involvedn the case of the study of ETEC pathogenesis, stuh@dving
nonattenuated pathogens or physiol@jidosein humanare obviouslynot recommended
Still, in 2019, 14 diferent ETEC strains have been testedtiteast one human trial and some
authors argudor more methodological development to control human infection models
(Hanevik et al. 2019) In addition when considering that ETEC and DEC infections are
associated with increased risks of lelegm diseases like IB@ourgeois, Wierzba and Walker
2016) or musculoskeletal symptoms eesactive arthritifTuompoet al. 2020) these human
trials raise ethical concerns.

A widespread alternative to clinical studies is the use wilvomodels. Animal models
are undoubtedly very useful to study physiological or patiio# conditions at the level of the
entire organism. & decades, their use has been essential for a better understanding of various
infectious disease30 investigate the involvement of gut microbiota on host functions, the use
of gnotobiotic animals iparticularly relevant, even if these experiments reragpensivand
time-consuming(Kirk 2012). Nevertheless, ore and more attention should be paid to reduce
dependence on animal studies considering the societal demand to limit experiments on animals
and the increasing ethical constrai(iEsiropean parlmeent procedure 11621/2784. Also,
important caution shodl be applied when translating data obtained in animal models to
humans. Importantlyin vivo approaches involving laboratory animals can be hampered by
differences between animal and human digestive physiology including resident microbiota and
susceptibiliy to infection by pathogen@iugenholtz and de Vos 2018or illustration rats
have a lower capacity to digest polysaccharides from fibers tbarah(Knudsenret al. 1994)
There is also a lack aklevantanimal models foreproducinghuman ETEC infection. As
previously underlingghe animal associated toxin variants bind to different receptors compared
to the human ongdPreyfuset al.1993; Dubreuil 2012; Dubreuil, Isaacson and Schifferli 2016;
Wanget d. 2019a) Adhesins from humarL Q IHFWLQJ (7(& VWUDLQV DOVR GLII
ones(Dubreuil, Isaacson and Schifferli 2016; Khagaal.2017; von Mentzeet al.2017) This
provesthat ETEC strain virulence factors are adapted to mucosal receptors at -@pécies

level.
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Another alternative ighe use ofin vitro models simulating the human digestive
environment. These imitro human gut models can be divided in 3 main types, digestion
simulators, fermentation systems and mucosal simulatarsvitro digestion simulators
reproduce with more oess accuracy the differemmt vivo digestive parameters found in the
luminal side of the gut. Fermentation systems integrate the microbial activity of the gut
microbiota. Finally, mucosal simulators give emphasis on the gut mucosal surfaces. All these
types of models have their advantages depending on the parameters studied and the boundaries

between them are less and less clear, as increasingly efforts are made to combine them.

5.2. In vitro modelsfor human digestion simulation

As the humandigestive tractis not directly accessible and human studies are not
recommendeavith pathogensreproducing the physbchemicaparameters of the human gut
is a first key to unraveETEC spatd-temporal behavior under digestive conditions and the
potential impact of dietary fiber on the pathogen behalorersein vitro digestive models

aredescribedn the literaturgTable 5.1).

5.2.1. Gastric monocompartmental simulators

Static monecompartmental models (also termed batchi®) the simplest optioT &ble
5.1). In such model, @y one or two digestive conditions are fixed at start un@uevessel|
underestimating thereby the complexity of the Gl physiolddyye to their simplicity, these
models have been extensively used to simulate gastric digestion and do not necessary own a
name (Bengoaet al. 2018) We can still quote the Simulated Gastric Fluid (SGF), which
simulatespeptide hydrolysidy stirring the food samplavith pepsin andoH maintenance
between 2 an@ for 30 to 120 mirfEggeret al.2016) Nonetheless, in this case the complexity
of the gastric physiology is undervalued since the gastric pH is not psoglgdropped, and
the enzymatic cocktail, classically found in the stomach is not incltideske simpldo-use
and cheap models offer the flexibility to test unlimited conditions and are often used for
screening assays.

To cleverly appreciate the phgal and/or chemical changafecting microbiological
agent in the stomagchynamic models havasobeen develope(lable 5.1). Depending on the
in vitro systemsconsideredthey offer a largr spectrum of parameters to follow such as the
continuous changan pH (pH drop) and secretion flow rates (e.g. pepsin, lipase), the peristalsis,

and physical breakdown ordlgastric emptying as well. Differentodels are availablgat
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differsespecially by their mixing ansiechanical breakdown patterns. We can gtioé human
gastric simulato(Kong and Singh 2010j)he dynamic gastric mod@\ercuriet al.2011) the
TIM- advanced gastric compartment (T&gc) (Minekus 2015)and theGastric Digestion
Simulator(Kobayashiet al.2017)

5.2.2.Multi-compartmental simulators

To studywith precision thdate of an enteric pathogen, it is required to simdlatéer
stepsof the human digestion, thatestinaldigestive secretion deliveries and the associated
transit time. In responsebi-regionalized or mulicompartmental simulators have been
develped(Table 5.1). Bi-compartmental models mimic only the stomach and duodenum by
controlling the pH, temperature, transit time and bile concentréhitainville, Arcand and
Farnworth 2005; Tompkins, Mainville and Arcand 2011; Levi and Lesmes 2014; Miredrd
2014) Then, to increase the complexity and ralese ofthosedigesters, only few systems
became innovative by combining bothrbgionalization and dynamism of the Gl digestion.
The weltknown TIM-1 faithfully reproduces the physicochemical parameters of the human
upperGIT (e.g. stomach, duodenum,yaum and ileum) and integrates the passive absorption
of small molecules thanks to a dialysis system ingjumal and ileal compartmentBlanquet
Diot et al.2012) This system allows the mimicking of the body temperature, the temporal and
longitudinal changes in gastric and intestinal pH kinetics, the dynamism of the chime transit
and mixing, and the sequittal delivery ofintestinal, pancreatic and biliasgcretiongFig. 5.1).
Nonethelessfo datethis model does not integrate anaerobiosis intestinal microbiota
However, theTIM-1 modelhasalready shown itselevanceo study the behavior d&. coli
pathotypes, such as EHEC or ETEC, in the stomach and thecthmgmrtments of the small
intestine, and the impact of batbrotypes and food compone(EienneMesminet al.2011;
Miszczycheaet al.2014; Roussedt al.2018a) Despite the absencd metabolisation of dietary
fiber in the stomach and smatitestine, their viscosity and water holding capacity havseto
considered(Taghipoor et al. 2014). Therefore, evaluating theetrimental or benedial
influence of dietary fibeon pathogersurvival and/or virulence in the stomach and small
intestinewould be a future challenge. In the same waggting the challenge smlda mucus
compartmenin theseupper gut modelsgould allow one to deciphénedirecteffectof mucus
on pathogen survival and virulence.

Apart from the TIM1 model, other models have been developed around the world. T
overcome some limitations encountered in the -IMhe Engineered Stomach and Small

Intestine(ESIN) currently developed by MEDIS lab would allow an accurate reproduction of
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