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1 Introduzione

La malattia celiaca (CD) e una malattia autoimmune che colpisce principalmente l'intestino
tenue [1], a causa della risposta anomala del sistema immurilangestione di glutine.

Si verifica in soggetti con suscettibilita genetica (positivita HRA2/DQ8 e geni non

HLA) e sotto l'influenza di trigger ambientali, tra cui, glutine, infezioni virali e disbiosi del
microbiota intestinale [2]. Sebbene il-30% della popolazione mondiale sia portatore del
genotipo HLA DQ2/DQ8, solo I:1,5% di essi esprime il fenotipo CD, il che significa che
altri geni insieme ad altri fattori ambientali sono coinvolti in questamalattia [2,3].
L'inflammazione nella CD incluelun aumento della conta dei linfociti intraepiteliali (IEL)
[4,5]. Altre caratteristichelellaCD sonola presenzali unarispostaadattativanediatadalle

cellule T al glutine [6,7] e di anticorpi endomisiali specifici (EMA, chiamati anche AEA),
anticorpi antrtessutotransglutaminasi(TTG, atTG, TTA), e/o anticorpi antigliadina
deamidata (DGP) che svolgono un ruolo importante nel aprisierologico della CD.
Questianticorpisupportandortementda diagnosidi CD. Nei bambini,la biopsiaintedinale

e necessaria quando il titolo anticorpale € basso e i sintomi sono presenti. Nei pazienti
pediatrici con tTGgA elevato, 'TESPGHAN raccomanda che la decisione di eseguire o
meno biopsie duodenali sia presa durante un processodecisionale condiviso tra il
gastroenterologopediatrico/specialistadella celiachia, i genitori/accompagnatoritale
biopsia deve essere eseguita quando i pazienti seguono ancora una dieta contenente glutine
[8]. La diagnosi e confermata dal riscontro di un'atroftastinale con accorciamento dei

villi intestinali e aumento della proliferazione delle cripte. Il glutine & scarsamente digerito
nell'intestino umano con o senza CD. Ed e proprio questo il fattore ambientale responsabile
della malattia, il glutine, unarpteina del grano ed in particolare la gliadina. Di tutta la
gliadinasoloduepeptidirestananondigeriti [4-5]: il 33-mer(P5587)eil 25-mer(P3155).
Questidue peptidi sonoi peptidi principali che sonoattivi in vivo nel’ i nt edidco n o

dopo



I'ingestionedi glutine. | peptidi di glutine non digeriti attraversanantatti la mucosa
dell'intestinotenue Nella sottomucosalell'intestinotenuel'enzimaumanotransglutaminasi
tissuale (tTG) deami@i peptidi di glutine, portando ad un aumento dell'affinita di legame
conle molecoledell'antigeneleucocitarioumano(HLA) DQ2 e HLA DQ8, scatenando
successivamente una reazione infiammatoria nei pazienti con CD [9]. L'unico trattamento
attualmente dispubile nella CD € una dieta senza glutine per tutta la vita. Recentemente e
stato descritto un ruolo per il microbiota intestinale nella CD. Ci sono diversi studi
trasversali che confrontano il microbiota nei pazienti e nei controlli elekerivono una
disbiosineipazienticonCD prima edopola dietasenzaglutine.Negli ultimi anniil mondo
scientificosi € concentratanolto sul ruolo dei pro- pree postbiotici sudiversemalattieche

possonaolpirel ' u drenaui, laCD.

1.1 Pro-pre e post-biotici

| pro-biotici sonomicrorganismvivi, lamaggiorpartedeiqualisonobatterisimili e/ouguali
a batteri benefici che gia si trovano naturalmente nell'intestino unhandefinizione
internazionalmente accettata di “probiotico” ¢ quella elaborata nel 2001 [10] dalla
FAO e dal’OMS: “Live microorganisms which when administered in adequate
amounts confer a health benefit on the host”. In Italia il Ministero della Salute [11] ha
definito i probiotici “microrganismi che si dimostrano in grado, una volta ingeriti in
adeguate quantita, di esercitare funzioni benefiche per I’organismo” sostanzialmente
riprendendo la definizione delle due organizzazioni ONU. | probiotici sono stati
ampiamente studiati in una varieta di malattie gastrointestinali. | probiotici hanno un ruolo
importante nel mantenimentodell'equilibrio immunologico nel trato gastrointestinale
attraversd'interazione diretta cole cellule immunitarie.
Questimicrorganismisonocapacidi metabolizzarde fibre alimentari,cheprendondl nome

di pre-biotici. Questdungonodanutrimentoperi probioticiaumentandonié numero.Sono



definite come "componenti alimentari non assorbibili che stimolano beneficamente uno o
piu gruppi di “’microbi amici’’ dell"'"intest
umana" [12]. Naturalmente pregenegli alimenti, come carciofi, aglio, cipolle e altri. Puo
esserenecessarioconsumaregrandi quantita di questi alimenti per avere un effetto
"bifidogenico". Per questo motivo, € piu facile prendere un integratorbiqieo 0 una
combinazionali integratoripro-biotici e pre-biotici (simbiotici) perottenerdivelli ottimali.

Sono, inoltre, resistenti all'idrolisi da parte degli enzimi digestivi e non vengono assorbiti
nellapartesuperioredel trattogastrointestinal€Quandaraggiungond'intestinocrassosede
delmicrobiota,stimolanda crescitadi alcunimicrorganism{12]. Dal metabolismali questi
polisaccaridi si generano acidi grassi a catena corta (SCFA), tra cui acetato, propionato e
butirrato,i quali rientrano nellacategoriadei postbiotici.

| postbiotici sono noti come "probiotici non vitali”, "probiotici inattivati* o "probiotici
fantasma" e si riferiscono sia a cellule microbiche non vitali che a fattori solubili secreti da
batteri vivi o rilasciati dopo la loro lisi, cgonesi vari componenti della superficie cellulare,
acido lattico, acidi grassi a catena corta (SCFA) e peptidi bioattivi tra gli altri metaboliti.
Quando somministrati in quantita sufficienti, questi possono contribuire al miglioramento
della salutedell'ospite, anche se i meccanismi esatti non sono ancora noti. L'inattivazione
batterica avviene di solito tramite un trattamento termico leggero. | vantaggi dell'uso dei
postbiotici includono la loro maggiore stabilita, in quanto non contengono baitere la

loro maggioresicurezzaispettoai pro-biotici, in quantoriduconoil rischiodi traslocazione
microbica, di infezione o di aumento delle risposte inflammatorie nei consumatori con

sistemiimmunitari squilibrati o compromessi.

1.2 Il microbiota ¢ alterato nella CD

Il microbiota € una comunita ecologica di microrganismi, si concentra nel tratto intestinale

e vienerapidamentealteratoda fattori esterni.Esistepoi il microbiomacherappresentd



genoma collettivo di tutti microrganismi di una data nicchia ambientale. Cambiamenti nel
microbiota e di conseguenza nel microbioma, hanno un impatto sull'omeostasi di tutto il
corpo. La composizione del microbiota intestinale dipende da molti fattori, come I'eta, la
posizione geoggfica, la dieta, la genetica,il parto naturalee l'allattamento;quindi &
impossibile avere lo stesso microbiota in tutti i soggetti cosi come €& impossibile definire il
microbiota ideale. Il microbiota gioca un ruolo fondamentale nell'induzione, forneagion
funzionamento del sistema immunitario dell'ospite quindi la sua alterazione & generalmente
associata alla risposta del Si st eQbaondo mmuni
statetrovatealterazionidel microbiotaedé interessantaotarecheil microbiotadei pazienti
conCDpud cambiare nella diversa fase di | a

differenti:

| pazienti nella fase acuta della malattiaG&D (Gluten Containing Dietpresentano
un'alterazione del microbioma intestinale con aumentando di E. coli, MiZ&] Blackia,
Victivallaceae, EnterobacteriaceaeClostridiaceae, Coriobacteriaceaee specie non
classificate di Clostridiales e Lachnospriraceae,jn diminuzione C. lituseburense,
Lactobacillus, F. Prausnitzii, Bifidobacterium, Dorea, B. wexlerae, Lachnospriraceae, A.

hadrusE. hallii, Veillonellaceae, Foromi, R. faecis.

In questi pazienti i batteri che hanno un effetto protettivo come Bifidobatteri, Firmicutes,
Lactobacillie Streptococchsonopiu bassirispettoai controlli sani.l pazienticonCD attiva
hanno un aumentodi batteri gramnegativi come Bacteriodes,Bacteroidetesfragilis,
PrevotellaE. coli, ProteobatteridaemophilusSerratiaKlesbisella[14,15]. Nel microbiota
intestinaledei pazienticonCD, la presenzai batteripatogencomeClostridiumperfringens
e C. difficile pud essere una conseguenzadella riduzione dei Bifidiobatteri e
apparentemensembrangromuoverel rischio disviluppare lanalattia celiacan paziente

a rischio[16].



b) | pazienti conCD a GFD (Gluten Free Diet) per almeno 2 anni, hanno mostrato una

composizione del microbiota fecale simile ai controlli sani caratterizzati da una ridotta
diversita di Lactobacillus e Bifidobacterium, indicando che GFD potrebbe normalizzare la
composizione del microbiota intestinale in CD [17]. | dati sono dipendenteigpo della
GFD, suggerendoche una GFD prolungatapotrebbe modificare la composizionedel

microbiota.

La GFD nei soggetti sani influenza il microbiota intestinale riducendo il Bifidobacterium,
Clostridium lituseburense e Faecali bacterium praunsnitzii e aumentando
I'EnterobacteriaceaeEscherichiaoli [18]. Inoltre, utilizzandounadietaa bassacontenuto

di glutine, e possibileosservare uaumento dellspecie normlassificatedi Clostridiales.

La GFD influenza il microbiota intestinale dmggetti sani aumentando E. Coli, ML6415J

28, Slackia, Victivallaceae,Enterobacteriaceae, Clostridiaceae, Coriobacteriaceae e specie
non classificate di Clostridiales e Lachnospriraceaediminuendo C. lituseburense,
Lactobacillus, F. prausnitziBifidobacterium, Dorea, B. wexlerae, Lachnospriraceae, A.

hadrusE. hallii, Veillonellaceae, Foromi, R. faecis.

In conclusione, i pazienti co@D presentano un microbiota diverso rispetto ai soggetti
normali nella fase acuta della malattia, mangiandoglutine. La GFD puo modulareil
microbiota intestinale di pazienti cd®D rispetto ai soggetti sani, e puo indurre alcune
alterazionnelmicrobiotain soggettsaniaGFD.La maggiorpartedeglistudisul microbiota
intestinalein CD sonodescrittivi,daquestistudié difficile determinaresel'insorgenzalella

CD sia dovuta all'alterazione del microbiota o se questo € secondario al danno intestinale
presentaellaCD. In questacontestoj pre-probiotici hannale caratteristich@eressee utili

nel prevenire o anche migliorare la disbiosi n€lla. |1 postbiotici non sono ancora stati
testati nellaCD, ma dai dati in vitro sembrano essere in grado di prevenire alcuni effetti

dellagliadina e dei peptidi di gliadina.



1.3 Peptide tossico della gliadina: P31-43

Il danno intestinale nella celiachia consiste’nafiammazione e nel rimodellamento della
mucosa, con appiattimento dei villi ed ipertrofia delle cripte. Vi sono due tipi principali di
rispostainfiammatoria ai peptidi del glutine nella celiachia [19]: vi é la risposta adattativa
mediata da cellule T CD4+ ad alcuni peptidi: prototipo € il 33 mer del@liddina,
resistente alla digestione gastrica, intestinale endoluminale e parietale. llepepte
deamidato ad opera della trasglutaminasi tissutale (tTG) e presentato dagli antigeni di
istocompatibilita di classe Il, DQ2 e DQ8, alle cellule T CD4+, con risposta del tipo Th1,
mediata da gamma interferone e altre citochine proinfiammatoriepbii ka risposta, non
mediata da cellule T, ad altri peptidi: prototipo il peptided3idella Agliadina (P 3143).

I P 31-43, anche esso resistente alla digestione gastrica ed intestinale, provoca
inflammazione con meccanismi molteplici, il piu noto deali consiste in una risposta da
stress/innata e proliferativa, mediata da EGF e IL15. Il peptidetB&lanche un fattore di
crescitgpervarielineecellularieperl ’ e n t a@elrcaliaca,in gaantoein gradodi attivare

il sistema EGFEGFR [20] il piu potente mitogeno presente nel nostro organismo. La
proliferazionedeglienterocitidellecriptedel celiacoindottadagliadina(P31-43) € nonsolo

EGF dipendente, ma anche IL-@ifpendente [21]. La proliferazione degli emieti delle
cripte e la rispostaimmune innata alla gliadina del celiaco, sono regolate da una

cooperaziontraEGFelL15 [22]. Sivienecosiadelinearaunadupliceazionedellagliadina

nel | ' i detdannaletlameacosaleisoggetticeliaci.Daunlatolagliadinapuoattivare
la risposta Tme di ata e dall altro puo indurre wuna
effetti proliferativimediatid a | | 'GEdHé&ticongiuntidi questadupliceazioneinducono

la lesionetipica dellamucosaceliaca Restadaspiegarda maggioresuscettibilitédel celiaco
aquesteparticolariattivita biologichedi alcunipeptididellagliadina,in particolaredel P31

43. Il traffico intracellularedelle vescicoledi endocitosiregolal * enddei t 0& GF R



degli altri recettori, e numerose funzioni cellulari e vie di signaling. Dibplegame

d el | al BuB Fecettore EGFR, e la attivazione di questo, il complesseHEBFR e
reclutato invescicole di endocitosi ricopertda clatrina e internalizzato negindosomi
precocie poi ngli endosomiardivi e nel corpo multi vescicolare, per essere poi o riciclato
sulla superficiecellulare oppuretrasportatoai lisosomi, dove € degradatoed inattivato.

Nelle cellule(enterocia e fibroblasto) del celiaco il traffico vescicolare di EGF é alterato.

In particolareil traffico vescicolare del complesso EEGFR e ritardato con accumulo di

EGFR attivonegli endosomi precoce attivazionedel signaling a valle di EGFR, con
conseguente aumerdella proliferazione degli enterociti [22Queste alterazioni di base
pOSSON0 rappresentare, e i tessuti del celiaco una conc
dannosa di alcuni peptidiella gliadina, in particolare del P3B. Infatti i P31-43 si

localizza nelle cellule desoggetti normali neglendosomiprecocie ritarda il traffico
vescicolare probabilmente parterferenzacon la localizzazionedi Hrs sulla membrana

degli endosomi(Hrs € unamolecolachiave nella regolazionedella maturazionedegli
endosomi]21]. P31-43riproduceosinellacellulanormaleil fenotipoceliaco.Le stessevie
metabolichanfluenzatedal P31-43 sarebberaia costitutivamentealteratenel celiaco,che
risulterebbepertantopiu sensibile | | * azi one dannosa di questo

altre proteine del grano possopoovocare danno (inflammazione) intestinale ed extra

intestinale anche in soggettinone | i aci . Per esempi o, nel top
dalla dieta riducd ' a u me grasso, 'idnif i ammazi one dei tessuti
resi stenza al | ’eccessouilgnassiaellpdiem {28)].dnaltreiunagarticolare

frazione delle albumine di granguellacheinibiscel ' aamilasi e la tripsina, causa
inflammazione intestinale per attivazionedel TLR4 [24]. 1l glutine stesso potrebbe
rappresentare un fattore di rischio anch@aiologie diverse dalla celiachia, per esempio
nel diabete di tipo 1. E noto infatti che rmmbinicon diabeteinsulinodipendentenon
celiaci, vi sono segni di inflammazioned e | | ' i [2%26]set possibili triggers di

questainfiammazionesono virus e proteine



alimentari [27]. Piu in particolare segni di alterata risposta immune mucosale alla gliadina

sorp stati evidenziati nel diabete di tipo 1 sia per challenge rettale in vivo con peptidi del

glutine[28] cheperchallengan vitro dellamucosad e | | ’ itenteeosgli stesspeptidi
[ 29] . Nel |l insieme quest eerediTeaenemigotineonom s ug
sono sempre dei “buoni ™ alimenti. Sorge fo
nel | ' al i umanastarsogitidannosdi quelliancestralichel ' u mizi@acoltivare
all " inizio del pebl aumeaot oEdpbbssi hcl denha o«
altre intolleranze al glutine) sia da conn

qualita del glutine stessopresentenei cereali della nostra dieta. Probabilmenteé da
inquadrarein questo contestola presuntaintolleranzaal glutine non celiaca (gluten
sensitivity), che ha fatto sviluppare una vera e propria moda delle diete prive di glutine in
molti paesiDi fattolaletteraturascientificasuquestaargomenta contraddittoriae confusa.

Mentre da un lato sono state descritte condizioni patologiche che migliorano eliminando
dall a dieta il glutine, dal | ' al tsensibillé aslt at o
glutine sono in realta sensibili ai FODMAPS, oligosaccaridi digreribili e fermentabili

nel | ' i prasentsnelia dieta con glutine [30].

1.4 11 ruolo patogenico della chinasi m-TOR nella malattia celiaca

La proteina mTOR, un regol atore dellattiyv
inclusi linfociti T e macrofagi, facilita la produzione di citochine inflammatorie coinvolte

nella patogenesidi malattie immunitarie. Sulla base di tali dati & ipotizzabile che

un' i perattivazione di MTOR possa contribuli
rispostainfiammatoriain corso di malattia celiaca. Attraversol ’ u t idil sofigtizate

tecniche di biologia cellulare e molecolare e stato possibile documentare una marcata

attivazionedi mTOR,associatadunaridottaespressiondeisuoiinibitori fisiologici, nella



mucosa duodenale di pazienti con celiachia attiva rispetto a quanto osservato nella mucosa
duodenale dei controlli [31]. LenTOR (acronimo dimammalian target of rapamycin,

bersaglio della rapamicina nei mammiferi) € una proteithinasi che fosforila serina e
treonina, regola la crescita, faoliferazioneJa motilita e la sopravvivenzalelle cellule,la

sintesi proteicae la trascrizioneLa proteina mTOR integra lo stimolo proveniente da
percorsi supeari, inclusi insulinafattori crescita (come IGE e IGF2) e mitogeni. La

MTOR inoltre percepisce anchautrienti cellulari, i livelli di energia e lo stato redox. Il
pathway d mTOR appareregolab in diverse patologie umane, specialmentalounitipi

di cancro.
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Fig.1 Attivita del complesso mTORCL1.




Questachinasi é costituita da due strutture che funzionalmentesono diverse, nTOR
Complex 1(figura 1pd mTOR CompleR. L'attivita di mTORCL1 e stimolata da insulina,
fattori di crescita, aminoacidi (in particolare la leucina) e stress ossidativo. mMTORC1 e
inibito daunbassdivello di nutrienti,daunacarenzali fattori di crescitagdastresseduttivo,

dalla caffeim, dalla rapamicina, dall'acido farnesiltiosalicilico e dalla curcumina. | due
bersagli di mTORC1 meglio caratterizzati sono la pretéimasi 1 p7656 (S6K1) e 4E
BP1,ovverola proteinachelegail fattoreeucarioticodi iniziazione4E (elF4E).M-TORC1
fosforila S6K1sualmenodueresidui,causandg@erlo piu la modificazionedi un residuodi
treonina (T389). Questo evento stimola la successiva fosforilazione di S6K1 ad opera di
PDK1.La S6K1attivapuoorastimolarel'inizio dellasintesiproteicaattraversd'attivazione
dellaproteinaribosomialeS6,un componentelel ribosomag altri componentdell'apparato
trascrizionale.MTORCL1 va anche a fosforilare 4E-BP; 4E-BP non fosforilato lega
strettamente il fattore HBE, prevenendo il suo leganael | ’ MRNA e di C 0N S
reclutamento del complesso di iniziazione ribosomiale. Al contrario-S®RICL fosforila
E4-BPil fattorelF-4E vienerilasciato,e pudandareasvolgerda suafunzione[32]. Quando

tutti gli stimoli che attivano ATORC1 sonodbassi o assenti, fMORCL1 disattiva la sua
funzione chinasica ed in forma inattiva stimola la formazione del complesso proautofagico
contenente ULK1, chinasi la cui attivazione determina la formazione degli autofagosomi
[33]. M-TORC2 fosforila la chinasiesina/treonina Akt/PKB sul residuo di serina S473. La
fosforilazione di questa serina stimola la fosforilazione da parte di Akt su una treonina
(T308) di PDK1 e comporta piena attivazione di Akt. Diversi studi suggeriscono che Akt

regolal ' a t ttascniziortala del fattore Nk B34].



1.5 LC3, marker dell’autofagia

Laregolazionalelprocess@utofagicqpuoesserenediatadal pathwaydi mTOR,cheagisce

da segnale inibitorio. La via di mTOR viene inattivata dalla mancanza di nutrienti, da bassi

livelli energetici o da segnali di danno al DNA: in tutti questi casi & necessario innescare i

meccani s mi

del | " au

tofagi a. L autofagia

deputatoalla degradazionedelle proteine e degli organelli citosolici. Il meccanismo

autofagico

h a un

ruol o indispensabile

turnover del materiale citoplasmaticf85]. Dal punto di vista molecolare, pathways

autofagici sono molteplici e complessi. Hanno un ruolo centrgdeleine ATGIATG35,

prodotte dagli autophagglatedgenes: queste proteine formano complessi funzionali che

mediana principali steps autofagici.
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1.6 NFK-B

I fattoredi trascrizioneNF-k Begolamolteplici aspettidelle funzioniimmunitarieinnatee

adattative e funge da mediatore fondamentale delle risposte inflammatomeBNFi nd u c e
I'espressione di vari geni proinflammatori, compresi quelli che codifican@ifmchine e
chemochine, e partecipa anche alla regolazione dell'inflammasoma. InokkeBNFs v o | g e
un ruolo fondamentalenella regolazionedella sopravvivenza,dell'attivazionee della
differenziazionedelle cellule immunitarie innate e delle cellule T inflammatorie. Di
conseguenzdattivazionederegolatali NF-k Bontribuisceai processpatogeneticdi varie
malattieinflammatorie ll fattorenuclearek BNF-k Brappresentanafamigliadi fattori di
trascrizionanducibili, cheregolaunavastagammadi genicoinvoltiin diversiprocessdelle

risposte immunitarie e inflammatorie [3&uesta famiglia € composta da cinque membri
strutturalmente correlati, tra cui N6EFB1 (denomi nat&®«Ba@andldenp mh0 na
anche p52), RelA (denominatnche p65), RelB e-Rel [37]. L'attivazione di Nk B

coinvolge due principali vie di segnalazionele vie canonichee non canoniche (o
alternative), entrambe importanti per la regolazione delle risposte immunitarie e
inflammatorie nonostante le lorifferenze nel meccanismo di segnalazione [38,39]. Il
meccanismo principale per l'attivazione canonicadikNB € | a degradazi one
| Kk Birnescata attraverso la sua fosforilazionesipe ci fi ca da parte di
chinasi (IKK) multts ubuni ta [ 36, 40] . | KK &€ composto d.
| K Kdlnasubunit&regolatoriadenominatanodulatoreessenzial&lF-k ENEMO)ol KKy

[41]. L' IKK pu0 essere attivato da diversi stimoli, tra cui citochine, fattori di crescita,
mitogeni, componenti microbici e agenti di stress [42]. Dopo l'attivazione, IKK fosforila

| kK BidueserineN-terminalie,quindi,innescda degradazioné k Bilmquitinadipendente

nel proteasoma, con conseguente traslocazione nucleare rapida e taadsitariembri

canoniciNF-k B p r e v a Ip&0fRelA epélicRet[40,43,44].
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L'IKK asuavoltafosforilalaproteinal k Bartandaallasuaubiquitinazionvee degradazione

nelproteasoman questanodoNF-k Brieneresodisponibile L' NF-k Battivatoéin seguito

traslocato nel nucleo dove si lega a specifiche sequenze del DNA denonriesuense

elements’’ (RE). Il complesso DNA/N¥ B
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I'RNA polimerasi che trascrive il DNA in mRNA, il quale, infine, & esportatocitosol e

tradotto in proteina (figura 3). Cid porta ad un cambiamento delle funzioni della cellula,

comead esempio la produzionedtochine preinflammatorie.
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Figura 4.Genibersagliodi NF-kB coinvolti nello sviluppoe nellaprogressionelell'infiammazioneNF-k B2 unfattoredi trascrizione
inducibile. Dopo la sua attivazione, puo attivare la trascrizione di vari geni e quindi regolare l'infammazienB.Np r e n d e
I'inflammazione non solo direttamente aumentando la produzione di citochine infammatorie, chemochine e molecole diveades
ancheregolandda proliferazione cellulard’apoptosi, la morfogenesila differenziazione

1.6.1 NF-xB nella malattia celiaca.

Cheruolo hail pathwaydi NF-k Biellamalattia celiaca?

Il fattore di trascrizione NF-k Bé un regolatore cruciale della rispostaimmunitaria
adattativee controlla |'attivazione, la proliferazione e la sopravvivenza dei linfociti. E
ampiamente accettato cheNF-k Bsia un regolatore chiave dell'espressione genica
inducibile nel sistemanmunitario. Le risposte immunitarie sia innate che adattative, cosi
come lo sviluppo e inmantenimento delle cellule e degli organi cenpongono il sistema
immunitario sono, irpiu fasi, sotto il controllo della famiglia di fattori di trascrizioNe-

K B[45]. Inoltre, NF-k Béresponsabiledella trascrizione di geni che codificano un

certo numerodi citochine e



chemocime proinfiammatorie [46]. E stato anche dimostrato &ffék B2 un importante

mediatore di IL15, che & in grado di ridurre i livelli di claudihaelle strutture epiteliali a
giunzione stretta e porta ad un aumento della permeabilitecpbutare [47],un fenomeno

ricorrente, rilevante e persistente nella CD [48]. Inoltre, in uno studio recente, & stato
dimostrato che gli effetti della gliadina sugli enterociti sono mediati dallo stress ossidativo,
dall'attivazionedi NF-k Be dalla sovraregolazionedi IL15 [49]. E statoanchedimostrato

chela via di NF-k Bé costitutivamentesovraregolatanellamucosaCD [50]. In un lavoro

condottala Fernandedimenez N. et. al., é stata studiata I'espressione di 93 geni correlati a
NF-k Bedé stato confermato I'attivazione costitutiva di una parte considerevoledei
“funcpilageaelrs” piu centrali @abiSulgbass telle vi a
caratteristiche dunzioni di NF-k B unitamente al fatto che i polimorfismi genetici nei
principali mediatori dNF-k Bcome REL e TNFAIP3 sono stati associati alla suscettibilita
della CD [51], rendonoguest o “pat hway” un candidato e
avere un ruolo causalegir i mo pi ano nell o sviluppo dell a
accreditata amomento éche vi sia un'alterazione genetica sistemica nei pazienti celiaci

che porta all'attivazioneostitutiva e anomaladella via NF-k B segnodistintivo della

malattia[46].

2 Scopo

Laricercadi questadottoratosi e focalizzatasul ruolo del probiotico LattobacillusParacasei

CBA L74, enell'attivazionedel complessai mTORe NF-k Bn celluleepitelialiintestinali

da parte della gliadina. | peptidi non digeriti della gliadina sono in grado di stimolare sia la
risposta immune innata cloygiella adattativa e di causare il danno della mucosa intestinale
tipico dell’”intestino dei pazienti <celiaci
terapie alternative, in particolare una di queste si basa sul principio della distruzione dei
peptidi della gliadina presenti nel cibo, mentre un altro metodo ha come obiettivo il blocco

del | ' eerpéptidanellepiteliointestinale prevenendd'attivazionedellarisposta



immune. | probiotici hannoaratteristiche che potrebbero essere utili in entrambe le aree di
ricerca. In questo contesto e interessante notare che il Lactobacillo Paracasei CBA L74
(Trade Mark Pl asmon) puo p43aelle ceilule epitdiidient r a
intestinali probabilmente interferendo con il traffico endocitico [52]. La proteina chinasi
targetdella rapamicina (TOR) @n integratorehiave difattori ambientali,

compresi nutrienti e fattori di crescita disponibili nello spazio extracellulare e amch
regolatore dello stress cellulare. In questo progetto abbiamo studiato gli effetti del peptide
della gliadina non digerito P343 sul complesso di mTOR e la capacita del probiotico
Lactobacillo Paracasei CBA L74 di prevenire gli effetti del P431Abbiamo fatto questo

in cellule epiteliali intestinali; sia linee immortatate (Caoz) che organoidi derivati da
staminal. intestinali. l nol tre, per capire
processo digestivo abbiamo sottoposto il sami&t di Lactobacillus Paracasei CBA L74 al
processo digestivo per mezzo di un sistema-sautomatizzato e ne abbiamo valutato gli

effetti biologici.

L " obiettivo finale del progetto € incentr al
sul miglioranento della qualita di vita di pazienti affetti da malattia celiaca. Il programma

di ricerca ha la potenzialita di sviluppare e tradurre in applicazioni cliniche nuovi approcci
nutrizionali che possano portare a vantaggi per il Paese, ad aumento deérgedess

cittadinie ariduzionedell'onere finanziario per SistemaSanitarioNazionale.

3 Materiali e metodi

3.1 Modelli cellulari

In questgprogettoabbiamo utilizzataliversimodelli cellulari:



- Le cellule Cacoz sono una linea di cellule intestinali umane derivate da cellule di
adenocarcinomeolon-rettale.Tali cellulesonoimmortalizzatege rappresentandunqueuna
linea cellulare secondaria. Sebbene derivate da un carcinoma del colon, quando coltivate in
condizioni specifiche le cellule si differenziano e si polarizzano in modo tale che il loro
fenotipo, morfologicamentee funzionalmente,assomigliaagli enterociti che rivestono
l'intestino tenue. Le cellule Cacsono coltivate in un terreno di colturaud becco’ s
Modified E a g IMediusn(DMEM) (GIBCO, SanGiulianoMilanese Jtalia), arricchitocon
10% di siero fetale bovino (FBS, GIBCO), 100 unita/ml di antibiotico penicillina/
streptomicina (GIBCO), e 1 mM di-glutammina (GIBCO). Il mezzo é sostituitgro due
giorni. Le cellulesonocoltivatein ambientesterile,lavorandcsottocappaa flussolaminare
verticale e tenute in incubatore a 37°C, in atmosfera umidificata, costituita dal 95% da aria
e il 5% di CO2. La crescita cellulare e valutatamite analisi al microscopio a contrasto di
fase, per determinare il grado di confluenza delle piastre. Nonostante le cetiodesi@ao
un modello cellulare utilizzato attualmentein diversi laboratori e, nonostantequeste
acquisiscono caratteristicmeo r f ol ogi che e funzionali tipicl
tenue, bisogna sottolineareun limite di tale modello, che non le rende idonee nel
rappresentare il miglior modello intestinale in vitro. Il grande limite & che le cellule Caco

consistono in un solo tipo cellulare e falliscono nel riprodurre la diversita dei tipi di cellule

presentin e | | ’ enpestibaée]fallemdo cosi nel riprodurre interamentela fisiologia
del | ' etestirnalgd3] o
Unodeipuntidi innovazionedi questoprogettoé rappresentatd a | | ’ degliolganaidzt o

intestinali. Tali organoidi forniscono un modello di intestino in vitro che puo essere
impiegato in maniera piu generale non solo dalla industria alimentare. Gli organoidi sono
definiti comeaggregatdi cellulecheassumonanaprecisaconformazionéridimensionale,
finendoconl ' a s s o avorggniinimaiatera.Lacapacitadellecellulecheli compongono

di organizzarsie distribuirsi ordinatamenteli ha resi dei modelli cellulari in 3D



impareggiabili per conseguire informazioni nuove sullo sviluppo dei vari organi e sulle
interazionitrai tessuticheli formano.Gli organoidisonoin gradodi replicareefficacemente

| " organi zzazi o s fistbiogiawuando sogoastinmlatiecon lglaappropriati

fattori di crescita esogeni ed in presenza di un analogo della membrana basale come il
Matrigel. Gli organoidi si ottengono da cellule staminak] nostro caso da una a due
biopsie duodenali per dividuo sono state prese con ERGDS endoscopico standard durante

la gastroduodenoscopidi routinee postein tamponeli isolamentadal0 ml ghiacciata5,6

mmol/ L Na2HPO4(Sigma S7907; SigmaAldrich, St Louis, MO), 8,0 mmol/L KH2PO4

(Sigma P5655; SigmaAldrich), 96,2 mmol/L NaCl (Sigma S5886; Sigmddrich), 1,6

mmol/L KCI (Sigma P5405; SigmaAldrich), 43,4 mmol/L saccarosio (Fisher BP2R0

Thermo Fisher Scientific, Walthg MA) e 54,9 mmol/L Bsorbitolo (Fisher BP43800;

Thermo Fisher Scientific) in acqua deionizzata. Le unita della cripta sono state isolate
secondal protocollodi Yuli Wangetal. [54] al qualeabbiamaapportat@iccolevariazioni.

Dopo 60 minuti i camipni di biopsia sono stati ulteriormente digeriti enzimaticamente con
collagenasi(2 mg / ml, SigmaAldrich Milano, Italia) in tamponedi lavaggio (WB):
(penicillina (100 unita ml), streptomicina (0,1 mg ril), I-glutammina (2 mM) e FBS

(10%, vol / vol) a DMEM / F12 con HEPES in ghiaccio per 30 minuti. Trascorsi i 30 min i
campi oni sono stati filtrati attracglipor so un
risciacquato con ulteriori 10 ml di WB. Le unita della cripta sono state raccolte mediante
centrifugazion@ 500xgper5 min. Il surnatant@ scartatcele criptevengoncaccuratamente
risospesein Matrigel (Corning 35623 Milano, Italia) il quale permetterala crescita
tridi mensionali degli organoidi. Una volta
una weltplate da 48 pozzetti. La watlate € messa in incubatore a 37 ° C, 5% di CO2 per

10 minuti per consentire al Matrigel dilso di f i car si . Successi vamen
coltura cellulare arricchito con opportuni stimoli (€8) € aggiunto a ciascun pozzo e

sostituitoogni duegiorni. La caratteristicastrutturain 3D degli organoidiintestinalilimita



la manipolazione sperimentale del modello in quanto nella f@hda parte apicale

del | " epitelio quindi | a p ar Matrigetmnentre laipdrté i S i

basaleé rivolta verso le pareti della piastra. Questastruttura chiusa ha limitato la
mani pol azione sperimentale che come scopo

agiscono sul |l ato luminale dell  epitelio

passat. da wuna col tur a t rdoltira hdinmessiomale £D)e d e |

Nel passaggidellacolturada3D aquellain 2D gli organoidivengongiastratiapertiin una
well-plate da 6 pozzetti pigattata con in Matrigel diluito 1:40 in tampone fosfato salino
(PBS).Successivamenta rimuoveil mezzodi colturadegliorganoidi,si vapoi adeseguire

un lavaggio con PBS addizionato con EDTA e si recupera tutto in una falcon. La falcon
viene poi centrifugata a 800 rpm per 5 min alla temperatura diVié@e aspirato il PBS
contenente EDTA esi aggiungelo 0,25% di tripsina per2 minuti. La tripsina viene
neutralizzata aggiungendo il washing buffer e gli organoidi vengono dissociati spipettando
piu voltela soluzione.

La falcon viene nuovamente centrifugata a 800 rpm per 5 min a 4°C, il pstigpeso nel
mezzodi coltura €l tutto & piastrataella wellplate precedentemenpeetrattata.

Il terreno di coltura degli organoidi & preparato utilizzando due terreni di coltura differenti
in rapporto 1:1. Advanced DMEM/E2 [Invitrogen] 1 mM NacetitL-cisteina (Sigma,
Germania), 1x N-2 integratori (Gibco, Germania), 1 x B-27®supplementi(Gibco,
Germania)b0ng/mlfattoredi crescitaepidermico,L0mM nicotinamide(Sigma,Germania),
10nMLeul5gastrind (Sigma,Germania)500nM A8301(inibitore perALK4/5/7; Sigma,
Germania)l0 y MSB20219(inibitore dellachinasip38 MAP; Sigma,Germaniag 10y M
Y-27632(inibitore rock p160; Tocris,Germania)n conformitaconi protocollidi Satoetal.

[55], VanDussen et al. [56] e YulWang et al. [54] e il mezzo-WRN. Quest ultimo &
preparato a partire da cellule L di topo che esprimono Wnt3gpoRdine noggin. Tali

cellule sono state acquistatecommercialmentd ATCC CRL-3276, Bio Tech Standards,

f

r



Germania) e il mezzo condizionato-{RN) e stato preparato secondo le istruzioni e il

protocollodell'azienda.

3.2 Western Blot

| lisati cellulari, sia derivanti dalle @a2 che dagli organoidi, sonanalizzati tramite
elettroforesi su gel di poliacrilammide in condizioni denaturanti (PB&E): si tratta di

una tecnica immunochimicache permettedi ottenerela separazionedi una miscela
eterogenedi proteineottenutadailisati cellulari, sfruttandda differenzadi pesomolecolare

esistente tra le diverse proteine. Il Sodio dodetfato (SDS), un denaturante con carica
negativa, € responsabiledella denaturazionedelle proteine, definisce un rapporto
massa/caricpressochéostantedatoche,unamolecoladi SDSsilegaadunaproteinaogni

2 residui amminoacidici. Questo significa che vengono soppresse le differenze di carica
esistentitra le diverse proteine, come pure le differenze rilevabili durantela corsa
elettroforetica e imputabili agventuali strutture tridimensionali. Le proteine, separate
esclusivamente sulla base del peso mol ecol &
anticorpispecifici.ll geldi poliacrilammidee costituitodaunafasesuperioradi Stakinggel

(1 ml di acrilamide/bisacrilammide in rapporto 29:1 al 40%, 2,5 ml di THEL a ph 6.8,

100 pl di Ammonio persolfato APS, 50 ul di SDS 20%, 10 ul di TEMED) e da una fase
inferiore di Separating gel (2,5 ml di acrilamidefaigilammide in rapporto 29:1 al 40%,

2,5 ml di TrisHcl a ph 8,8, 50 ul di SDS 20%, 100 ul APS, 10ul di TEMED). Per la corsa
elettroforetica e stato usato un buffer di corsa (14,4 g di Glicina 192 mM, 3,03 g Trizma 25
mM, 5 ml SDS 20% e 995ml acqua distillata). Le membrane sono succesdwaratate

con una soluzione di blocking, con MILK al 5% (Milk Blotting BioRad 2,5 g, in 50 ml di
TTBS 1X) per un’or a. I TTBS € wuna solwuzio

ottenuta da acqudistillata (volume totales00 ml), 20ml di Tris-Hcl aph 8.0 20 mM,1 ml



di Tween200,1%e 8,8gr di NaCl. Successivamentie proteinesonoriconosciute
utilizzandodiversi anticorpi, di seguito indicati:

la proteinap4EBP é statariconosciutamedianteantip4EBP di coniglio (CellSignaling
Technology);

la proteinaLC3 é statariconosciutamedianteanti-LC3 di coniglio (Cell-Signaling
Technology);

la proteinap62 é statariconosciutamedianteantip62 di coniglio (CellSignaling
Technology);

la proteinapp70 € statariconosciutamedianteanti-pp70di coniglio (CellSignaling
Technology);

la proteinapY-NF-k Be statariconosciutamedianteanti pY-NF-k Bdi coniglio
(CellSignalingTechnology);

la proteinap-mTor € statariconosciutamedianteantip-mTor di coniglio (CellSignaling
Technology);

la proteinapY-ERK1/2 e statariconosciutamedianteant pY-ERK1/2 di coniglio
(CellSignalingTechnology);

La proteinaGAPDH é statariconosciutamedianteantrGAPDH di topo (CellSignaling
Technology).

Gli anticorpi primari sono utilizzain un rapporto di 1:1000 in BSA al 5%, inculyzr
tuttala notte.A seguitodelle procedureli lavaggio,il filtro vieneincubatoper45minuticon

il relativo anticorpo secondario,in MILK al 3% con un rapporto di 1:3000;
successivamentengonaipetutele procedurali lavaggiocon TTBS (3 volte per5 minuti).

Le bande sono visualizzate utilizzando una soluzione ECL (GE Healtcare, Amersham,
Buckinghamshire, UK) , C 0 n ungita deflapbansld ezstatmn e d |
valutata integrando tutti i pixel della banda dopo la sottrazione dello sfondo per calcolare la

mediadei pixel che circondano la banda



3.3 Stimoli utilizzati sui modelli cellulari
Durantequestitre annidi dottoratosonostati eseguitidiversiesperimentthecoinvolgono
| * ut divaristimobchebr evemente i | | sdtéstantea mo nel | " el e
1 PTG: Prodottopepticatriptico dellagliadina; rappresentautta la gliadinadigerita
nellaqualeinsieme ad altri peptidd compres@anche il P31-43.
1 P31:43:eunpeptidedellagliadinachenonvienedigeritodal sistemaldigerentee che
vieneritrovatointattofino nellefeci umaneja suasequenza LGQQQPFPPQQPY.
1 Postbiotico di LactobacillusParacaseCBA L74: mezzodi coltura battericadal
guale,in seguito allecrescita batterica, leellulebatteriche vengoneliminate.
1 PeptideHeinz: peptideisolatodal postbiotico di LP, tramite frazionamento.

BrevettoHeinz in corsali approvazione.

3.4 Condizioni di crescita batterica

Per la preparazione del surnatante del probiotico, abbiamo coltivRtsdcaseCBA L74
in DMEM integrato con 10% di siero fetale di vitello (FCS, GIBCO);mNl glutammina
(GIBCO)fino a1l09CFU/mlcomeprecedentementkescritto(Sarncetal.,2014).La coltura
batterica e stata poi centrifugata a 3.000 rpm per 10 min e il surnatante é stato filtrato

attraversaun filtro da Oa 22 micron.

3.5 Immunofluorescenza

Le cellule vengono coltivate su vetrisierili; questi vetrini vengono poi trasferiti in una
piastra da 24 pozzetti e pretrattati e non ¢qostbiotico per 2 h e poi stimolate con PTG
eP343 per 1h. Dopo la fissazione con paraformaldeide al 3% per 5 min a temperatura
ambiente e la permealzitazione con Triton 0,2% (Biorad, Milano, Italia) per 5 min a
temperatura ambiente, le cellule CaZeono state colorate per 1 h a temperatura ambiente
con anticorpo ardiL.C3ll (Cell signalling Milano Italia). Gli anticorpi secondari AleX88
coniugati(Invitrogen) antirabbit per LC3Il sono stati aggiunti ai cogyggetti per 45 min
atemperatura ambiente. | coqmggetti, dopo il montaggio su vetrini, sono stati osservati al

microscopiocconfocale(LSM 510Zeiss,Milano, Italia), ele immaginisonostateanalizzate



conil softwareAlS Zeisspervalutare'intensitadi fluorescenz#Fl) delcampomicroscopico
in esame (Lania et al 2018). L'ingrandimento delle micrografie € stato lo stesso per tutte le

figureriportate (obiettivo 6%).

3.6 Digestione Lactobacillus Paracaei CBA L74

Altro punto innovativo di questo progetto e quello di sottoporre il surnatante del probiotico
Lactobacillus Paracasei CBA L74 al processo digestigoanalisi in vivo non possono
sempre essere condotte a causa di motivi etici, vincoli tecnici o costi, ma una migliore
comprensione del processo digestivo, specialmente nei bambini, potrebbe essere di grande
aiuto nella prevenzione delle patologie legate all'alimentazione e nellpmvilli nuove

formule con benefici per la salute. In questo contesto, un sistema dinamico in vitro per
simularela digestionaumanae, in particolare)a digestiondanfantile e statosviluppatodalla

Heinz per testare la biodisponibilita dei nutrienti ddperocesso di digestione. {ID.A.

(Model of an Infant Digestive Apparatus) € un sistema di digestione-aéoratico
dinamico in grado di simulare in vitro tutte le fasi della digestione dalla masticazione/ alla
digestione duodenale. Per quanto altstesni di digestione in vitro esistano, M.I.D.A. &

|l "unico (allo stadio attuale dell e conoscer
bambino di 6 mesi. La dinamica del sistema M.I.D.A e garantita dalla continuita del tratto
gastrointestinale, éé composto da tre scomparti, che non sono considerati come semplici
fiasche separate ma come distretti che interagiscono tra loro; inoltre con questo sistema di

digestioneé stato possibile prelevaree testarenon solo il prodotto finale d e | | inter
digestione ma anche il prodotto delle digestioni dei singoli distretti. In ognuno di questi
compartimenti abbiamo simulato la temperatura fisiologica, il pH e i profili enzimatici. Il

surnatantedel ProbioticoLactobacillusCBA L74 digerito tramite il sistemaM.l.D.A. el



risultatodellevarietappedi digestionesonostatetestatesul modellocellulareintestinaleper

valutarnegli effetti sullavia dimTOR.

- F
-g « Perdomm enzyme activity and bile assays 1
g« Prepare SSF, SGF and SIF atock solutions 2
3N Perom pH-test adjustment expeadment 4
g * Mix Food with SSF (1:1, (wt/wt)) 7-12
g « Indude CaCl, (1.5 mM in SSF) 13
7 * Add salivary amylase, it necessary (75 UWiml) 14
O = Incubate while mixing (2 min, 37 “C,pH7) 15,18

& « Mix oral bolus with SGF (1:1 {volivol)) 17,18
£ « Includa CaCl, {0.15 mM in SGF) 19
£ « Add pepsin, gastic lipass (2,000, 60 U/mL) 20, 21
3 + Incubte while mixing (2 h, 37 °C, pH30)  22-24

& » Mix gastric chyme with SIF (1:1 (volvol)) 25,26
g-lndudehieHOmele salts) 27
2 * Inciude CaCl, (0.6 mM in SIF) 28
- Add pancreatin (trypsin activity 100 U/mL) 20
5 *Incubate while mixing (2 h, 37 °C, pH 7.0) 30-32
o

g- Sampling procedure and sample

g treatment (Table 1)

)

Fig.5 Diagramma di flusso del metodo di digestione INFOGEST 2.0

4 ANALISI STATISTICA E GRAFICI

L ' a n <alisticeeii grafici sonostatiottenutiusandal programmaGraphPadPrism.Sono
state calcolatela media e la deviazionestandarddei risultati nei vari esperimentija
significativita di questi & stata valutata mediantetest T di Studentaccettandocome

significativi solo risultatiche presentavano valori di p<0,05.



5 RISULTATI

5.1 | peptidi di gliadina non digeriti sono in grado di indurre la fosforilazione di
MTOR

La proteinamTOR (acronimodi mammalian target of rapamycin, bersaglio della
rapamicina nei mammiferi) € una chinasi a serina/treonina che integra una moltitudine di
segnali extracellulari e stimolntracellulari per guidare lacrescita e la proliferazione
cellulare.

Abbiamo studiato gli effetti del peptide di gliadina P8 sulle cellule Ceoz, una linea
cellulare epiteliale intestinale che & sensibilealla gliadina, per ottenereuna migliore
comprensione dei meccanismi ateeso i quali questo peptide attiva il pathway di mTOR.
Perdeterminareseil pathwaydi mTORe attivole cellule Cacoz sonostatetrattateconPTGe
P3143 e successivamentdramite Western blotting abbiamo analizzato le forme
fosforilate, quindi attive, di proteineche sonotargetsdi mTOR, come p70S6Kinase 1
(S6K1)e elF4E Binding ProteitdEBP).

I livelli di espressione delle proteinempTOR, S6K1 e 4EBP sono aumentati rispetto alle
cellule nontrattate(NT). Quandde cellule Caco2 vengonopretrattateconil postbiotico di
Lactobacillus Paracasei CBA L74 per 1h e poi successivamente stimolate con peptidi di

gliadina (PTG e P343),LP impedisce l'attivaziongel pathway di mTORig 6.
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gliadina. | lisati proteici delle cellule Cagnoon trattate (10%FBS) e delle cellule Catrattate con PTG e P33 per 30
minuti e pretrattatecon LP per 1 ora sonostati analizzatimedianteanalisi Westernblot usandoanticorpi per p-mTOR,
pp70s6le p4EBP. La tubulina € stata usata come controllo del caricamento. | grafici sono rappresentativi di tre es
indipendenti. Le colame rappresentano la media, le barre la deviazione standard dell'intensita relativd@Rp pp70s6k
e p4EBPrispettoalla proteinatubulinatotale.Gli asterischdenotandlifferenzestatisticamentsignificative (*p<0.05)trale
cellulepretrattate @monconil postbioticodi Lactobacillus Paracasei CBA L74.

5.2 | peptidi della gliadina riducono il pathway dell’autofagia

La proteinamTOR regolaancheun altro pathwayimportantecheequellod el | * aut of ag
| ' a u téal piwirgporeante pathway cellulare deputato alla degradazione delle proteine e

degli organellicitosolici“ v e cetomalf u n z i oed a petquestoche tale percorso

biologico estendela duratadella vita di molte cellule e quindi di molti organisnhia

regdazione del processo autofagico pegserenediatadal pathwaydi mTOR, cheagisce
dasegnaldanibitorio. Poichéabbiamoosservatainaumento del pathway di mTOd#po il

trattamento con peptidi di gliadina, PTG e PRl abbiamualutato sdali stimoli avessero

influenzaanchesul percorso autofagico.



Abbiamo analizzato LC3II, marker principale dell'autofagia, e la proteina p62, una proteina
markerdell'attivazione dell'autofagia e quindi del flusso delle vescicole LQ3ltive ai

lisosomi per ladegradazioneDopoil trattamentocon peptididi gliadina, PTG e P3143,
medianteWesternblotting in cellule Cace abbiamoosservato una riduzione dei livelli di

LC3Il e un aumento di p6@onfermandahela gliadinanonsolo e in gradodi attivareil
pathwaydi mTOR, maanchediridurrel * aut of agi a in cellul-a epi
B). Il pretrattamento con surnatante di LP peor& previene gli effetti dei peptidi di
gliadina sui livelli di LC3 e p62Ziiattivando sia la formaziond vescicole autofagiche che

il flusso ai lisosomi (FIG.7A- B). Inoltre, questi dati sono statonfermati anche

dall'immunofluorescenzgFIG.7D).
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Figura 7. Il pretrattamento con il post-biotico di Lactobacillus Paracasei CBA L74 riduce gli effetti dei peptidi della gliadina.

Il postbiotico di Lactobacillus ParacaseiBA L 74 ri duce gl i effetti dei pepti di de
cellule Cace non trattate (10%FBS) e delle cellule Catattate con PTG e P343 per 1h e pretrattate con il pdsbtico di LP per 2h song
stateanalizzatamedianteanalisiWesterrblot utilizzandoanticorpiperLC3Il e p62.La tubulinaé statausatacomecontrollodi caricamentoLe

immaginisonorappresentativdi tre esperimentindipendentiLe colonnerappresentanta media,le barrela deviazionestandardiell'intensita
relativa di LC3Il e p62 rispetto alla proteina tubulina totale. Gli asterischi denotano differenze statisticamente ig@((tfiet05) tra le
cellule pretrattate e non con LP. La figura 2 D mostra I'immunofluoresckrazaiLC3Il in cellule Cace non trattate (10%FBS) e cellul
Caco trattate con PTG e P43 per 1h e pretrattate con LP per 2h. Sono mostrate le immagini ottenute utilizzando un obiettivo 63

26digitale).




PTG e P3%143 sonoin gradodi attivare sia NF-k B[57-58] che il pathwaydi mTOR,
abbiamovalutatoseil postbiotico di LP fossecapacedi preveniregli effetti negatividei
peptidi dellagliadina. A questoscopole cellule Caco: sonostatepretrattatecon i peptidi
della gliadina,PTG e P3343 valutato tramite western blotting i livelli di espressione di
pNF-k B Come mostratoin figura 8A - B dopo trattamentosia con il PTG che con il
peptideP3%:43 i livelli pNF-k Bsono aumentati in maniera statisticamente signifiaati
confermando un dato gigresente in letteratura [57], ovvero che sia la gliadina che il
peptide P343 hanno effettinfiammatorisullecelluleepiteliali. Successivamente cellule
Cacoz sonostatepretrattateonil postbioticodi LP perl h e successivamentimolatecon
peptidi della gliadina, PTGe P3143; abbiamo poi nuovamente valutato tramite western
blotting i livelli di espressiondi pNF-k Bl dati hanno mostrato un aumento dei livelli di
fosforilazione dipNF-k Bdopo lastimolazione corPTG e P3#43, e la capacita del post

biotico di LP di ridurre quest@sforilazione.

Poiché le MAPK sono coinvolte nell'attivazione diFB di pendent e da
analizzato anche l'attivazione di ERK [57]. Dopo la stimolazione con PTG €331
abbiamo confermato [57)in aumento della fosforilazione di ERK (FIG.8AC). Il pre
trattamentocon il postbiotico di LP era in grado di previene l'attivazione di ERK,
dimostrand@anchesuquestaeadoutcheil post bioticodi LP puoprevenirggli effetti della

gliadina e del peptide P313. FIG.8A-C.
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Figura 8. Il pretrattamento con LP ha diminuito la fosforilazione di NF-kB dopo il trattamento con P31-43 e PTG

| lisati proteici delle cellule Caeaon trattatg 10%FBS) e delle cellule Cagtrattate con PTG e P243 per 30 minuti e
pretrattate con il podtiotico di LP per 1 ora sono state analizzate mediante analisi Western blot utilizzando anticq
pNF-k Be pERK. La tubulina & stata usata come controllocdeicamento. Le immagini sono rappresentative di
esperimentindipendentil e colonnerappresentanta media,le barrela deviazionestandardiell'intensitarelativadi pNF-

K B(B) e pERK (C) rispetto alla proteina totale della tubulina. Gli asterideimotano differenze statisticamen

significative (*p<0.05)tra le celluletrattatee non con LP.

5.3 La matrice riso, fermentata con Lactobacillus Paracasei CBA L74, attiva il
pathway dell’autofagia.

Sempre piu spesso i consumatori monsumano cibo solo per soddisfare la propria fame,

ma s prest a

sempr e

piu attenzione a preven

e piu in generale a migliorare la salute e la qualita della vita. In questo contesto negli ultimi

anni si € ewvluto sempre di piu il concetto di cibo funzionale. Attualmente definiamo

funzionaleun alimentoquandoconferisceun beneficioalla saluteumanal probioticifanno

parte degli alimenti funzionali e sono ampiamenteutilizzati per migliorare la salute

d el | ' i soimi probiotici vengonosomministratiai consumatorattraversgrodotti



qualiyogurt,verdureo altri cibi fermentatd60]. Alla lucedellecapacitébiologicheattribuite

al probiotico Lactobacillus Paracasei CBA L&a viste in questo lavoro, che in altri

condotti precedentementequali proprieta antrinfammatorie legate alla riduzione

del | ’ idelig3d-48sefiexellule Cacoz [61], abbiamovalutatosecon la fermentazione

di diversematricialimentariquali,riso latteefagioli, le proprietabiologichedel postbiotico

derivante della fermentazione di tali matrici dasctobacillus Paracasei CBA L74 potesse
influenzarein positivoo negativoil pathwayd e | | ’ a urisutdti ehgablaamoottenuto

ci mostranahetrale tre matrici, riso, lattee fagioli, soloil risofermentataconLactobacillus
ParacaselCBA L74 attiva il pathwayd el | ' a agermlésmgiud& | * i ndellee ment o

vescicole LC3ositiveche sufflusso autofagic@on lariduzione di p62FIG.9 A- B- C.
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Figura 9. Il post-biotico derivante dalla fermentazione della matrice alimentare riso con LP attiva il pathway
dell’autofagia.

| lisati proteici delle cellule Caemon trattate (10%FBS) e delle cellule Catrattate per 3 ore con il pebtotico delle

matrici riso latte e fagioli fermentate con LP sono state analizzate mediante analisi Western blot utilizzando anti
LC3 e p62. GRDH é stato usato come controllo del caricamento. Le immagini sono rappresentative di tre esp
indipendenti. Le colonne rappresentano la media, le barre la deviazione standard dell'intensita relativa di LC3 (B)
rispetto alla proteina total8APDH. Gli asterischi denotano differenze statisticamente significative (*p<0.05) tra le ¢
trattatee nonconle matrici.




5.4 Un peptide isolato dal surnatante di Lactobacillus Paracasei CBA L74,
denominato peptide Heinz, non mantiene tutte le capacita biologiche, del post-
biotico completo, sul pathway dell’autofagia.

Cos’ é che e -piotieslidactobmcillasePhracasei she dona, a tale probiotico,

questieffetti biologici?

Durante questo percorsodittorato abbiamo cercato di capire se fosse possibile attribuire
gli effetti biologici di tale probiotico ad una molecola presentenel postbiotico di
Lactobacillus Paracasei; a tale scopo abbiamo testato sul nostro modello cellulare il peptide
Heinz dervante dal posbiotico, tale peptide € stato isolato tramite frazionamento del post
biotico dalla Plasmoitleinz che ha la sua sede operativa a PozzWRiovincia: Napoli
Indirizzo: Via CampiFlegrei, 70 ex Comprensoridlivetti Edificio N° 34. Questopeptide

e stato testato sul nostro modello cellulare e i risultati che abbiamo ottenuto mostrano che
guesto peptide puodo attivare | a prima parte
di LC3 ma non e in grado di concludere tale pathway @& agche sul flusso autofagico

con la riduzione di p62, anche se si presenta una tendenza alla riduzione Inoltre questo
peptide non é in grado di ridurre il pathway di @R in quanto non ha alcun effetto sulla

fosforilazionedi E4BP. FIG.10 AB-C-D
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Figura 10. Il peptide Heinz isolato dal post-biotico di Lactobacillus Paracasei non mantiene tutti gli effetti biologici
del post-biotico completo.

| lisati proteici delle cellule Caemon trattatg10%FBS) e delle cellule Cagtrattate con il peptide Heinz per 3 ore so
state analizzate mediante analisi Western blot utilizzando anticorpi per LC3, p62 e pE4BP. GAPDH é stato us
controllo del caricamento. Le immagini sono rappresentativies didperimenti indipendenti. Le colonne rappresentan
media, le barre la deviazione standard dell'intensita relativa di LC3 (B), p62(C) e pE4BP(D) rispetto alla protei
GAPDH. Gli asterischi denotano differenze statisticamsigpeificative (*p<0.05) tra le cellule trattate e non con il pepti
Heinz.

5.5 Il post-biotico di Lactobacillus Paracasei CBA L74 digerito attraverso il
sisitema M.1.D.A. perde i suoi effetti biologici.

Tutto (o quasi) quello che vienecaont att o con | i nterno del n
sistemadigerente e subisce tutti i processi che si svolgono nei suoi vari organi. Questi
processi comprendono la digestione sia meccanica che chimica la quale avviene sia per
variazioni di pH che sr egi strano |l ungo il sistema dige

specificienzimisuidiversisubstratchevengonaoatrovarsinellesedidigestive Pervalutare



quindile futureapplicazionia carattere industrialeel LactobacillusParacaseCBA L74 é

stato opportuno verificare se gli effetti biologici mostrati fino ad ora erano mantenuti anche
in seguito al processo digestivo. Per poter procedere in questa direzionebiogost di
Lactobacillus Paracasei CBA L74stato sottoposto ad un processo digestivo utilizzando |l
protocollo INFOGEST [62] attraverso il sistema M.I.D.A. (Model of an Infant Digestive
Apparatus) messo a punto dal Dipartimento di Ingegneria Chimica, dei Materiali e della

ProduzionelUniversitadedi Studi di Napoli Federicdl.

Dopo la procedura digestiva il pdsibtico digerito € stato sottoposto ad un processo di
dialisi in tampone TRIS HCI 1mM pH 7,4 utilizzando una membranadi cellulosa
Spectral/Por dialysis membrane MWCO:=-12 kD, prima di pter trattare le cellule con
guest ' Taletrocedurasi € resanecessarian quantoil modello cellulare non
sopravviveva per piu di 30 min nel momento in cui il pastico digerito veniva utilizzato

tal quale. Dopo aver eseguito siplibcesso digestivo che quello di dialisi abbiamo trattato
il nostro modello cellulare con il pebiotico. | risultati mostrano che in seguito alla
digestione il post biotico di Lactobacillus Paracasei perde i suoi effetti biologici.FIG.11 A

B-C-D.
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Figura 11. 1l post-biotico di Lactobacillus Paracasei CBA L74 digerito attraverso il sisitema M.I.D.A. perde i suoi
effetti biologici.

| lisati proteici delle cellule Caemon trattate (10%FBS) e delle cellule Catrattate per 3 ore con il pebtotico digerite
dializzato,sonostateanalizzatamedianteanalisiWesternblot utilizzandoanticorpiperLC3, p62e pE4BP.GAPDH e stato
usato come controllo del caricamento. Le immagini sono rappresentative di tre esperimenti indipendenti. Le

rappresentano la media, le barre la deviazione standard dell'intensita relativa di LC3 (B), p62(C) e pE4BP(D) ris
proteinatotale GARDH.




5611 post-bioticodi Lactobacillus Paracasei CBA L74 riduce
I’infiammazione negli organoidi di paziente.

Gli organoidi sono considerati un buon modello per studiare l'inflammazione e l'infezione
dell'intestino [63]. Questi sono unargione miniaturizzata e semplificata di un organo
prodotto in vitro in tre dimensioni che mostra una mianatomia realistica [64]. Gli
organoidiintestinaliderivanodacellule staminalidelle cripte, peril correttotrattamentalel

lato apicale € necsario aprire gli organoidi in 2D, perché nella forma in 3D il lato apicale
delle cellule si trova all'interno degli organoidi sferici. Negli organoidi derivanti da soggetti
con malattia celiaca e stato trovato un aumento dei marcatori di inflammadiére B
PERK, IL1B e IL6 a livello di proteinee mRNA [64], e a differenzadi altre malattie
intestinali come le IBD, l'inflammazione negli organoidi CD era persistente, poiché i livelli
di pNF-k Be pERKnon diminuivano dopo piu di dieci settimane in coltura senza alcun
trattamento. Questo suggerisce che l'inflammazione negli organoidi CD non é residuale del
tessuto di origine, ma é costitutiva. Sulla base di questo sfondo, degli effetti biologici
mostrat dal postbiotico di Lactobacillus Paracasei e della capacita degli organoidi di
rappresentare un modello cellulare piu realistico e piu vicino alla malattia abbiamo studiato
gli effetti del postbiotico di Lactobacillus Paracasei CBA L74 utilizzando camaello
cellulare gli organoidi. La prima cosa che abbiamo studiato € la differenza,

nel | i nf itraongemaididi sogyedticontrollo(CTR) edorganoididi pazientiaffetti

da Malattia Celiaca (CD); paragonando questi due tipi di organoidi abliawato che in

condizioni basali, cioeé senzanessuntrattamento,c ' @na differenza statisticamente
significativa nei i vel | d pNF-e Bipguadesisuitao n e d e
maggiormente espresso negli organoidi di pazienti CD. FIG-R Tale significativita

vienepersanelmomentan cuil ’ o r g @ parientdCd vienetrattatoper3 h conil post

biotico di LactobacillusParacaseCBA L74, indicandochetale trattamentgoortaad una



riduzionenel | " i nfi ammazi one n eBIndltre,@abbigraonosserchio CD F
che negli organoidi di pazienti CD, il trattamento con il #31porta ad un aumento
statisticamente significativo del |-Bioticof i a mme

riducegli effetti infammatoridel P3143. FIG.13 AB.
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Figura 12. 1l post-biotico di Lactobacillus Paracasei CBA L74 riduce I’infiammazione nell’organoide di paziente.

| lisati proteici degliorganoidi di controllo (CTR) e soggetto paziente affetto da malattia celiaca (CD) non tratta
organoidi di CTR e CD trattati per 3 ore con il pbattico, sono stati analizzati mediante analisi Western blot utilizzg
anticorpi perpNF-k B GAPDH e tato usato come controllo del caricamento. Le immagini sono rappresentative
esperimenti indipendenti. Le colonne rappresentano la media, le barre la deviazione standard dell'intensitapi&tiv
K Bispettoalla proteinatotale GAPDH.
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Figura 13. 1l post-biotico di Lactobacillus Paracasei CBA L74 previene gli effetti del p31-43 nell’organoide di paziente.

| lisati proteicidegliorganoididi pazientg/CD) nontrattatie trattaticon P31:43 per30 minuti e pretrattaticonil postbiotico
di LP per 3 ore, sono stati analizzati mediante analisi Western blot utilizzando anticqidFperB GAPDH € stato usatq
comecontrollodel caricamentole immaginisonorappresentativdi tre esperimentindipendentiLe colonnerappresentang
la media,le barrela deviazionestandardlell'intensitarelativa dipNF-k Bispettoalla proteina totalé&SAPDH.

5.7 Analisi degli organoidi attraverso la microscopia elettronica (EM)

Nel corso degli anni, I'approccidtrastrutturale allo studio delle funzioni cellulari ha dato
prova della sua validita sia nella scoperta che nella conferma di processi e meccanismi
cellulari. Due esempi sono rappresentati da apoptosi e fagocitosi, inclusa I'autofagocitosi o

autofagia.Nel primo caso,la definizionedi un nuovo processali morte cellularee stata



fornita dopo aver visto le caratteristiche peculiari di una cellula apoptotica e la sua strana
distribuzione della cromatina. Per quanto riguarda il processofagocitotico, inclusa
I'autofagocitosi, la microscopia elettronica (EM) & ancora inestimabile nella dimostrazione
della comparsa di questo meccanismo. In generale, I'analisi EM é considerata come una
rappresentazione morfologica del tessuto, damdd la possibilita di osservare la presenza

delle principali specie chimiche (proteine, acidi nucleici, carboidrati, lipidi) che
costituisconainacellulao untessutolnoltre,la microscopieelettronicgpermetteu n > anal i s i
morfologicamoltofine delcampionepermettendali analizzareanchealtri processcellulari
strettamenteonnessconla funzioneepiteliale,comele interazionicellulacellula,o cellule

substratoN e | | ’ fadedelpercarsali dottoratoabbiamanviato pressal laboratoriodel
ProfessoreZimmer a Giessen(Germania),espertodella Malattia Celiacae di elettro
microscopiadellamucosantestinalej campionidi organoididi CD e CTRfissatiperessere
analizzat:.i tramite micr ogaroaeidiaquestilcanipioni ® ni ¢ a

stataprincipalmente volta a verificare due fenotipi principali:

1) valutarela strutturadegli organoidi dopda procedurali fissazione

2) confrontare gli organoidi di soggetto CD con mucosa duodenale normale dal punto di

vistaultrastrutturale.

Dal |l > anal i si di quest. campioni Sono emer S¢
sottolineare chela strutturacircolaredegliorganoidie preservatalurantd'interaprocedura

della fissazione, indicando che questanoal t era | a struttura dell
possibile valutare alcune caratteristiche basali degli enterociti come microvilli, giunzioni
strette, vacuoli, mitocondri e nucleo. In particolare, e stata notata negli organoidi CD una
elevata numerdis degli endosomi tardivi e una alterazione dei microvilli che appaiono
piuttosto tozzi, con numero e densita ridotto rispetto agli enterociti di biopsie duodenali di
soggetti controll o. Nell insieme qué€Bti i dat

ci sono alteraziorstrutturali compatibili con udifetto diautofagia. FIG14.



Fig.14 Organoidi di paziente CD, allo stato basale, al microscopio elettronico.
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In questgrogetto abbiamaostudiatogli effetti dellagliadinasul pathwaydi mTOR/autofagia

e sull'infiammazione nelle cellule epiteliali e abbiamo anche valutato le capacita biologiche

del postbioticodi LactobacillusParacasglLP) in duemodelli cellulari differenti, le cellule

Cacoz e gli organoidi. mMTOR e una tirosin-chinasi che e in grado di regolare la

proliferazione cellulare e inibire la via dell'autofagia. E regolata da segnali, come fattori di

crescitee nutrienti,cheguidanda crescitee la proliferazionecellulare. La via dell'autofagia

siinnescaquandamTOR e defosforilato tale processdiologicopermettde cellule e quindi



gli organismi di mantenersi in salute piu a lungo, & una via strettamente connessa con la
rigenerazionecellulare, consistein un processodi digestionecellulare, che porta alla
rimozione di macromolecolee organelli danneggiatial fine di mantenerel'omeostasi
cellulare [35]. Le cellule Gaz, un modello di cellule epiteliali intestinali, sono state
utilizzate per studiare gli effetti dellaigtlina sulla via di mTOR e dell'autofagia. Sia il
peptideP31-43 cheil prodottopepticatriptico dellagliadina(PTG)sonoin gradodi attivare
MTOReil pathwayavalle attraversd'attivazionedelle proteineE4BPe 70S6K.Inoltre, sia
P31:43chePTGsonoin gradodi attivareNF-kB nelle cellule Cacoz. Poichél'attivazionedi
MTOR induce una riduzione dell'autofagia, abbiamo studiato l'attivita d4B31 PTG
sull'autofagia stessa, dimostrando una riduzione delle vescicolgpaitdve. Inoltre, in
presenzadi P3143 e PTG, il flusso autofagicoversoi lisosomi & diminuito come é
dimostratod a | | ’ adel markerp62.Presiinsieme questidatidimostranachep31-43e
PTG inducono una riduzione sia delle vescicole autofagiche che del loro Viersso i

lisosomi.

Studi recenti hanno indagato la capacita dei probiotici di prevenire gli effetti della gliadina
in vivo. | loro effetti sono stati studiati sia in soggetti con malattia celiaca (CD) che in
soggetti potenziali [65]. Nei soggetti con C®¢ un parziale miglioramento dei sintomi
gastrointestinali, se presenti, e una modifica del microbiota intestinale caratterizzato da un
aumento dei Bifidobatteri, mentre nei potenziali, i-protici non hanno mostrato alcun
effetto nel prevenire la progssione della malattia. Presi insieme, questi dati indicano che
l'uso di probiotici puo agire sui sintomi gastrointestinali della malattia celiaca, procurando
un effetto migliorativo, ma hanno poco effetto sul corso della malattia. Piu recentemente,
I'interesse del mondo scientifico si € concentrato sui post biotici Un post biotico & definito
comeuna“preparaziongli microrganisminanimatie/odeiloro componentifattori solubili
secretidabatterivivi o rilasciatidopola loro lisi, compresivari componentdellasuperficie

cellulare acidolattico,acidigrassiacatenacorta(SCFA)e peptidibioattivicheconferiscono



un beneficio alla salute dell ' ospite?®. At
biotici nella nalattia celiaca. In questo studio, abbiamo investigato la capacita del post
biotico del LP (Lactobacillus ParacaseBA L74) di prevenire gli effetti della gliadina

sulle celluleCacoz in vitro. Abbiamo usato cellule Cax per studiare gli effetti della
gliadinadopo il pretrattamento con il poesiotico di LP sulle vie mTOR e autofagia\é--

K B Abbiamo dimostrato che, il pretrattamento con il pbsitico di LP €& in grado di

inibire l'attivita dimTOR sia quando le cellule sono stimolate con il peptide-#8the

con il PTG. DiconseguenzancheNF-k B risultatoridotto.

Inoltre, abbiamostudiatosu cellule Cacoz I'attivita di P3143, di PTG e del pretrattamento

con il postbiotico di LPsull'autofaga, dimostrando che i peptidi della gliadina , P&Ble

PTG, portano ad una riduzione del pathway autofagico mentre il pretrattamento con il post
biotico di LP inibisce gli effetti dei peptidi della gliadina portando un aumento delle
vescicole autofagichevidenziato dall'aumento del marcatore LC3 e ad un aumento del
flussoautofagicoversoi lisosomi,evidenziatadallariduzionedel markerp62. Abbiamopoi
valutatoseconla fermentazioneli matricialimentari,in particolaredi riso, latte e fagioli, le
proprieta biologiche del postbiotico derivantedella fermentazionedi tali matrici con
Lactobacillus Paracasei CBA L74 potesse influenzare in positivo o negativo il pathway
del |l " autofagia. I ri sul tat ioloinso farrmemtat@cormo st r &
LactobacillusParacaseCBA L74 attivail pathwayd e | | ’ aagénddsieeswlC3achesu

p62, mentre gli altri fermenti o sono solo parzialmente attivi (fagioli) o completamente
inattivi (latte). Abbiamo inoltre cercato dvidenziare una molecola specifigaesente nel
postbiotico,versola qualepotesser@ssereicondottigli effetti biologici cheil postbiotico

di LP ha dimostrato di avere, e a tal proposito abbiamo testato sul modello cellulare delle
Cecoz il peptde Heinz isolatodalla PlasmorHeinz questopeptideé capacedi attivarela

primapartedel pathwayd e | | ’ a pdrtanfoang@umentadi LC3 manonéin gradodi



concludere tale pathway ed agire anche sulla riduzione dingéfantomeno e capace di

ridurreil pathway di mOR.

Dato che uno degli obiettivi finali del progetto & quello di sviluppare di nuovi approcci per
migliorare la qualita di vita dei soggetti coralattia celiaca é stato opportuno verificare se
gli effetti biologici mostrati fino ad ora erano mantenuti anche in seguito al processo
digestivo. Queste prove hanno dimostrato che in seguito alla digestione-lliqiosi di
LactobacillusParacaseCBA L74 perdei suoieffetti biologici; cio suggerisceheil processo

digestivoaltera gli effetti del posbiotico.

Recentemente, Freire R et [66] al utilizzando organoidi intestinali sviluppati da biopsie
duodenali di pazienti non celiaci (CTR)celiaci (CD) hanno analizzato il ruolo delle
molecole derivate dal microbiota nel modulare la risposta dell'epitelio al glutine. Hanno
selezionato tre bioprodotti batterici: butirrato, lattato e PSA derivati da Bacteroides fragilis
Tutti i bioprodotti hano esercitato un effetto protettivo globale riducendo la secrezione di
citochine pro-inflammatorieinnescatedal PTG [67]. Utilizzando gli organoidiintestinali
derivati da pazienti celiaci (CD) abbiamo analizzato l'effetto della gliadina dopo
pretratamento posbiotico di LP sul marcatore di infiammaziohi#-k Bdimostrando una

riduzione. Il nol tr e, grazie all/l uso del |l a
organoidi di paziente in condizioni basali e notare la presenza di microvilliiiaqueiono
piuttosto tozzi, con numero e densita ridotto rispetto alle biopsie duodehsla di
organoidiin vitro derivatidapazientiperstudiarda patogenesilellaCD potrebbessserain

nuovo strumento per studiare ulteriormente il trattamento @daenzione dell&D. In
conclusione, il posbiotico di LP & in grado di prevenire in vitro gli effetti dei peptidi di
gliadina sul pathway di mTOR, autofagi?dNEé-k BQuesti studi prelinici sono una buona
base per attivare studi clinici npazienti celiaci per prevenire gli effetti pnafiammatori

dei peptidi di gliadina. In particolare, sarebbe interessante testare |'effetto deiopost

opportunamentprotettoperresisterealla fasedigestiva,perla suacapacitadi prevenirela



malattia in soggetti potenziali, che hanno anticorpi-atiglutaminasi, ma non hanno

ancorasviluppato ldesioneintestinale tipica dellanalattia celiaca.

Attualmente, l'unico trattamento disponibile per un pazientenoalattia celiaca € una
rigorosadietasenzaglutine,Nonostante migliori sforzideipazientialcunisoggettpossono
risultarein continuaesposizion@ causali contaminazionéncrociatao traccedi glutinenel

cibo. Questi rischpotrebbero, in alcuni casi, compromettere la salute e la qualita della vita
di questisoggetti E quindi generalmentaetile studiare compostichepossongreveniregli

effetti inflammatoridellagliadinaconla speranzali ridurreil pesodi vivereconla malattia

celiacae migliorarei risultati di salute a lungtermine.
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Abstract: Gluten fragments released in gut of celiac individuals activate the innate or adaptive
immune systems. The molecular mechansms associatedwith the adaptive responseinvolve a series

of immunodominant gluten peptides which are mainly recognized by human leucocyte antigen
(HLA)-DQ2.5 and HLADQS8. Other peptides, such as-@gliadin P31z43, are not recognized by HLA
and trigger innate responses by several routes not yet well detailed. Among the gluten fragments
known to be active in Celiac disease, here we focus on the properties of all gluten peptides with
known tri -dimensional structure either those locked into HLADQ complexes whose crystals were
X-ray analyzed or characterized in solution as free formsThe aim of this work was to find the
structural reasons why some gluten peptides prompt the adaptive immune systems while others do
not, by apparently involving jug the innate immune routes. We propose that P43 is a norradaptive
prompter because it is not a good ligand for HL/®Q. Even sharing a similar ability to adopt
polyproline Il structure with the adaptive ones, the way in which the proline residues are lated
alongthe sequencedisfavors a productive P31z743-HLA-DQbinding.

Keywords: P31z43; NMRstructure; HLA-DQ;innate and adaptiveimmune systems

1. Introduction

In celiac individuals, the peptides deriving from the digestion of gluten proteins ofvheat, barley,
oats, and rye cause immune reactions and thus inflammation of the intestinal mucosa. The enzymatic
hydrolysis of the hundred proteins contained in the gluten causes the release of peptides in the gut,
some of which are able to activate thennate or adaptive immune systems. The aim of this work is to
identify the structural characteristics that make dfferent gliadin peptides competent for one or the
other of the immune systems.

Up until today, the molecular mechanism associateb the innate immune response to gluten
peptides is less detailed than that associatedto the adaptive response. Previous research about
the chain of pathological events related to Celiac disease (CeD) led to the identification of human
leucocyte antigen(HLA) as the molecular player deputed to present the antigenic peptides tocells [1].
The interesting history of how HLA was discovered, and who discovered it, was passionately reviewed
by E.Thorshy [2].

In CeD,the hb T-cells antigen receptor (TCR) specifically recognizes de-amidated gluten
peptide when presented by HLA-DQZ2.5 (expressed by 90% of CeD patients), HLA-DQS8 or
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HLA-DQ2.2[3]. Interestingly, the adaptive response is directed versus just few epitopes
among the plethora of very similar gluten peptides produced by digestion and resident in the
gut [4]. These immunodominant epitopes are HLADQ2.5glia-" 1a, DQ2.5glia-"2, DQ2.5glia-- 1,
DQ2.5glia-- 2 [5,6] and DQ&glia-"1 [5,7]. Indeed, other gliadin and glutenin peptides are also
involved in CeD immunoreactions. A coherent selection of DQ2.5, DQ2.2, DQ8 and DQ8.5 restricted
epitopes recognized by CD4 T cells and a new nomenclature for this selection was published in
2012 and updated in 2020 by Ludvig M. Sollid4[8]. The first crystallographic structures of gluten
peptide-HLA-DQ and peptideHLA-DQT-cell-receptor, binary and ternary complexes, respectively,
were published starting from 2004 (Protein Data Bank (PDB) cod&S9V, P]) and 2012 (PDB code
4GG6, T]), respectively. Since then, the Xay images allowed the structural reasons why HLAs
recognizespecificpeptidesand TCRgecognizespecificHLA-peptide complexin CeDto be explained.
Beside the immunodominant peptides (DQ2.5glia-h 1a, DQ2.5glia-h 2, DQ2.5¢lia-- 1, DQ2.5glia-- 2
and DQ8glia-" 1), a number of gluten fragments are known to provoke inflammation of the intestinal
mucosa by stresfinnate but not adaptive immune response. Why they are dangerous and how they
work in the gut of CeD patients is still not fully deciphered. One of the most investigated peptides
belonging to this category is Agliadin P31z43, L31GQQQPFPPQQ{10]. This peptide, not presented
by either HLA-DQ2 or HLA-DQ8[11], activates innate immune responsefollowing several routes.

A series of studies show that this gliadin peptide is able to activateterferon-" (IFN-h), a mediator

of the immune responsein the intestine of CeDpatients, and an enterocyte cell line, CaCe2 [12].

In co-operation with a viral ligand, P31z43 is able to interfere with endocytic tréficking thus activating
the toll like receptor 7 (TLR7) pathway [L2]. This prompted the idea that, together with viral infections,
alimentary proteins ableto mimic and potentiate the innate immune responseto viruses,cantrigger

an autoimmune diseasesuchasCeD.

Other studies show how P3%43, by binding NBD1 domain of cystic fibrosis transmembrane
conductance regulator (CFTR), an anion channel involved in the epithelial adaptation to environmental
stress, impairs CFTRfunction that in turn generates epithelial stress, tissue transglutaminase and
inflammasome activation [13]. Moreover, recent studies propose that the toxic behavior of P31z743
in CeD individuals is due to its ability toself-aggregate and form oligomers able to induce NLRP3
Inflammasome/Caspase 1dependent mucosal damage in the small intestinelfl]. Finally, a very recent
study proposes a synergy among tissuiansglutaminase TG2, antiT G2 antibodies and peptide P3343
in CeD starting and progression J5]. A complete review about the multiple preinflammatory effects
induced by the gliadin peptide P31z43 is currently in press[16].

Recently, simulated docking experiments suggest that the reason why P&IB does not work
into the adaptive immune circuit is that P3%43 is not a good binder for HLADQ, in particular for
DQ2 [L7]. In the present contribution, we report our analysis of all the known Xay binary and ternary
complexesinvolving gluten fragments in HLA-DQ and HLA'TCRcomplexeswith the aim to catch,
if any, the structural properties that make specific gluten fragments immunalominant epitopes and
someothers, like gliadin P31z743, non-ligands.

2. Results

2.1. MoreDetailsaboutthe P31743 Structure Freein Solution

We recently published the structural properties of P3%43 obtained by proton nuclear magnetic
resonance (NMR) in solution [17]. This peptide, being very rich in prolines, shows specific
conformational properties. Indeed, in peptides and proteins, each peptide bond connecting
pairs of adjacentresidues generally adopts trans configuration (dihedral angle. of the backbone
Qi« # HRi+170i+1atomsisa180 ) becausedue to the smaller steric hindrance between the
side chains of the adjacentamino acids, it is on averagemore stable of about 2.5 kcal mol* 1 of the cis
form (. @ 0 ) [18,19]. The trans isomer is also kinetically stabilized in reason of an isomerization
barrier trans_  cis of about 20 kcal mol* 1 [18]. However, in the XxxPro bond (Xxx = any residue),
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frequently found in gluten peptides,the trans and cis conformations which only differ by = 0.5 kcal
mol* 1 are practically iso-energetic,and show inter -conversionbarrier aslow as13 kcalmol* 1 [19].
This meansthat while in proteins the three-dimensional structure forcesthe XxxProbond mainly in
trans configuration (cisconfiguration is observedin just a5 % of caseg19,20]), in peptidesthe XxxPro
bond visits both the configurations. Thus, while in peptides with no Preesidues all peptide bonds
arein trans configuration (in the following O Aranisd @rb bearing peptides may adopt trans and cis
configuration at eachXxx-Pro bond in the sequence Otherrelevantissuefor peptidesthat, asgluten
fragments,contain Pro, is that the cyclicstructure of D OT 1 &de éhadirdocksthe proline angleat
approximately « 65 [21], avalue that favors polyproline Il structure (PPIl: =& .75 ,. = 150 ).

How peptide P31z43 works in CeD depends on its structure and on the structure of its molecular
targets. P31z43 contains 13 residues including 4 prolines. This meansthat it can potentially adopt
42 different structures due to the different cis-trans combinations of the four Xxx-Pro bonds.

The structural differences between the numerous forms are relevant, as can be appreciated in

Figure 1, where P31zt 0 1 1T AAT 1 AA xEOE AltlansdOEIRO Mr@®Handi®d3d ET AO

singularly in cisconfiguration, is shown. Still, other structures may come fromisPro42 and all possible
combinations of two, three or all four cisbonds.

Pro38,and (D) cisPro38-Pro39 configurations. Proline residuesare colored in gold.

P31z43 conformational behavior in solution has been investigated in recent times by proton
nuclear magneticresonance[17], circular dichroism, fluorescencespectroscopy,severaltechniques
characterizing selfaggregate forms of the peptide and molecular dynamics studies in oligomeric and
monomeric forms of the peptide [14,22,23].

The conformational analysis of P3443 in aqueous solution performed through NMR J7] shows
that, although thesequence contains a single Phe and a single Tyr residue, each of these residues
exhibits well more than two spin systems, indicating that Phe and Tyr are not onhyffacted by the
different cigtrans configurations of the peptide bond in which they are involved but also by the different
configuration of the other XxxPro bonds further away in the sequenceThis phenomenon can be
observedin the expansionof the reported Tocsyscalarcorrelation spectrum of P31z743 reported in
Figure 2.

The complexity of the twodimensional NMR proton spectra confirmed that the peptide adopts a
variety of cigtrans combinations of XxxPro bonds, potentially all £ theoretically predictable structures
with different percentages and in slow interconversion kinetic at the NMR time scale. The analysis
Al 1T x0O0 OEA EAAT GEEEDNANOBADODA AEA OAI RAOAOEAA
Starting from measurementsof NOEdipolar coupling effects,NMRanalysisallows the time averaged
distances between pairs of hydrogen nuclei placed along the sequence to be estimatdce the
inter -protons distances(NMR distances)are determined, they are usedasexperimental constraints
for calculating a number of mptide structures compatible with them. The greater the number of
the experimental constraints, the more accuratelythe secondarystructure of the peptide is defined.
The structures that best adhere to the NMR distances, taken all togethegpresent the conformational
behavior of the peptide in solution. A way to catch how wide the distribution of conformations is,
is to group the structures by similarity. The higher the number of clusters, the wider the structures
distribution is and the higher the peptide flexibility is. Moreover, the higher the population of a single

mh
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cluster, the higher the weight of that structure is in describing the conformational preferencesof the
peptide. The forty P3%43 structures obtained by NMR analysis (deposited with PDB code 6QAX),
onceclustered by resemblanceyevealedsix different groups of which the first three most populated
ones,counting for more than 50% of the entire structure population, are shownin Figure 3.
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Figure 2. (A) Expansion of the Tocsy map of P43 in water showingthe NHi 8 # ( ¢ OAAT AO Al OOAI AOE
peaksof Phe36and Tyr43 residues.(B) Samemap expansionof the Tocsyexperiment performed for
P31743 in SDS150 mM.

Y43 Y43

Figure 3. First three clusters of P31743 NMRstructures (ribbon representation) asclustered by Chimera
software [24]. (A) Cluster 0, the most populated cluster collecting 14 structures over fortyB)) cluster 1
with 7 structures over forty; (C) cluster 2 with 7 structures over forty.

It is interesting to note that none of the NMR structures showed PPII torsion angles along the
entire sequence Nevertheless,the propensity to adopt this motif is clear in each cluster, particularly
in cluster 0 (Figure 3A), where segments of 273 consecutive amino acids, differently localized in
different structures, adopt PPII conformation. This result is in accordance with circulardichroism
measurements showing that the peptide tends to adopt a PPII structure in equilibrium with random
structures [14,23]. The peptides that enter or are generated in cells or tissues intecawith membranes,
receptors, and other molecules, triggering processes with a favorable or unfavorable outcome for the
host organism. To characterize the ability of P33 to interact with biological membranes, the peptide
was incubated with SDS, a membree mimic, and the interaction tested by fluorescence analysi®35].
This same interaction was also tested by using the NMR technique [17]. Although SDSmicelles do
not represent the best system for mimicking human cell membranes, they have been used to verify
whether the interaction with a micellar surface had the ability to restrict the variety of conformations
exhibited by P31z43 in free form. The spectrum shown in Figure 2B shows wider peakswith respect
to those visible in the analogous spectrum of Figure 2A. The widening of the peaks confirms the
interaction between peptide and SDS, since it indicates th#te peptide tumbles in solution at lower
frequencies than those of the free peptide, that is it rolls at the tumbling frequencies of the micelles
to which it adheres.Nevertheless, thefact that the number of signalsis not significantly reduced
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(compare Figure2A,B) indicates that the micelles formed by SDS are not able to stabilize particular
conformations of P31z743 and that ultimately the peptide-SDSnteraction is non-specific.

2.2. Structure of GlutenPeptidesAbleto Bind or Not in the HLADQGroove

The physiological manifestations linked to CeD are partly due to the activation by some gliadin
peptides of the gluten-reactive CD4+ T-cells of the intestinal mucosa. The molecular mechanism
is known and foreseesthat (i) the gliadin peptide is recognized and deamidated to one of its GIn
by TG2[26]; (ii) the deamidationtransforms the gluten peptide in a better binder for HLA-DQ[27];
(i) the deamidated peptide is recognized mainly by the type Il HLA-DQ2 or DQ8 expressed by
celiac subjects £8,29]; (iv) the complex is recognizedby the CD4 T cell with consequent induction of
proliferative effects.

The first crystallographic structure of the complex formed by the soluble portion of HLAQ2
and the gliadin peptideh 1 (DQ2glia-h 1 = PFPQPELPY, nomenclature of gliadin epitope follwing
Sollid et al. B]) was published by Ludvig M. Sollid and cauthors in 2004 [9]. HLA-DQ2 general
folding is typical of the MHCclassll family which HLA belongsto. The groove that housesthe peptide
h1 has a typical architecture formed by & -sheet platform on which two parallelh -helices sit on as
walls (Figure 4), while the peptide glia-" 1 adopts a conformation closeto PPII (all trans peptide bonds,

« 75 ,- 150 ). It must be noted that having four proline residues,the h 1 peptide lacks as many
as 4 NH amides, possibly useful for establishing hydrogen bonds with the groove. Nevertheless,
as underlinedby ChuYoung Kim and ceauthors [9], h 1 peptide docks into the binding pocket in a
way (i.e., register) that is the best one for maximizing the network of 4donds (particularly relevant to
those involving Glu6 side chain),hat together with charge and hydrophobic interactions make the
complexstable (seeFigure 3 of [9]).

Figure 4. (Left) X-ray structure of HLA-DQ2.5glia-h 1 complex (PDB code 1S9V); (Right) glia-h 1
structure asfound in the complex(color code: blue = N-terminal end,red = Gterminal end.).

Different HLA-DQs show diferent specificity for different gluten peptides because of the diversity
of amino acid side-chains anchoring the peptide into the groove.

The list of PDB structures of binary and ternary complexes involving H:BQ, gluten peptides
and T-cell receptor updatedto October2020 isreported in Table 1.
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Table 1. The list of Protein Data Bank (PDB) structures of binary and ternary complexesinvolving
human leucocyteantigen (HLA)DQ,gluten peptides and T-cell receptor (TCR)updated to October2020.

PDB ID HLA-II Binder Complex References
6U3M DQ2.5 mimic glia-h1a binary [30]
6U3N DQ2.5 mimic glia-h1a ternary (TCRLS2.83.15) [30]
6U30 DQ2.5 mimic glia- h 2a ternary (TCRJR5.1) [30]
6PY2 DQ2.2 glut-L1 ternary (TCRT594) [31]
6MFF DQ2.5 glia-- 1 binary [5]
6MFG DQ2.5 glia-h1a binary [5]
40ZI DQ2.5 glia-h1a ternary (TCRS2) [1]
1S9v DQ2 h1 binary [9]
40ZF DQ2 h2 ternary (TCRJR51) [1]
407G DQ2 h2 ternary (TCRd2) [1]
40ZH DQ2 h2 ternary (TCRs16) [1]
5KS9 DQ8 glia-h1 ternary (Bel502 TCR) [32]
5KSA DQ8.5 glia~ 1 ternary (Bel602 TCR) [32]
5KSB DQ8.5 glia-' 1 ternary (T15 TCR) [32]
4Z7U DQ8 glia-h1 ternary (S13TCR) [33]
477V DQS8 ja-h1 ternary (L3« 12 TCR 33
4ZIV B3 ghiarn 1 terna)r/y((T316 TCR)) |32
4GG6 DQ8 glia-h1 ternary (SP3.4TCR) [7]
2NNA DQ8 glia-h1 binary [34]
4D8P DQ2.3 peptide binary [35]

Peptide binding register of immunodominant peptides in these complexes with HRQ and T
cell receptor is shown in Figure 5.

Peptide-binding register

Epitopes P3 P2 P1 PL P2 P3 P4 P5 P6 P7 PS8 P9 PIO

DQ2.5-P.fuor-ala P M P M P E L P Y P 6U3M
DQ2.5-P.fuor-ala p M P M P E L P Y P 6U3N
DQ2.5-glia-ala Q L Q P F P Q P E L P Y 6MFG
DQ2.5-glia-o1 P Q Q P F P Q P E Q P F P 6MFF
DQ2.5-glia-ala P F P Q P E L P Y 4071

DQ2 al L Q P F P Q P E L P Y 189V
DQ2.5-P.acru-02a M V \% Q S E L P Y PE  6U30

DQ2a2 P Q P E I P Y PQP  407F, 407G, 40ZH
DQ8-glia-al P S G E G S F Q P S Q E NPQ'? 5KS9

DQ8-glia-ul S G E G S F Q P S Q E NP 427U 4ZIVAZIW
DQ8-glia-al S G E G S F Q P S Q E NP 4GG6
DQ8-glia-al QQY P S G E G S F Q P S Q E NPQ!2 2NNA
DQ8.5-glia-y1 Q P Q Q S F P E Q E 5KSA, 5KSB
DQ2.2-glut-1.1 P F S E Q E Q P v L 6PY2
DQ2.3-pept P Q P E Q P E Q p F P Q P 4D8P

Figure 5. Peptide binding register of immunodominant peptides in complexeswith HLA-DQ and
T-cell receptor.

We isolated the peptide ligands from the complexesand comparedthem with the aim to find, if any,
the structural properties that make specific gluten fragmentsmmunodominant epitopes and some
others, like gliadin P31z43, non-ligands. The superimposition of four DQ2.5glia-h 1 X-ray structures
is shown in Figure 6. Even though belonging to different data collections, the h1 conformation
in the HLADQ2.5 groove is strictly reproducedSome structural dfferences are just found in the
orientation of Phe and Tyr side chains in P2 and P9 sites of the DQ2.5 binding pocket, respectively.
In the bundle in Figure5, we also included DQ2glia-. 1 (colored in orange). This gliadin epitope
differs from 1 for having Leu instead of GInat P7 and Pheinstead of Tyr at P9 (further than two
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other less relevant dfferences atP-3 and R1 sites, see Figureé). A visual comparison shows that
four diverse residues do not change the glia 1 backbone conformation respect to that of gli& 1.
Very recently, Petersen et al.30] published the Xray structures of HLADQ2.5 complex to peptide
fragments from bacteria proteins with high sequence homology with gli&d 1 andh 2. The gliadin mimic
from PseudomonafiuorescenceDQ2.5P.fluorh 1a,differs from glia-h 1afor havingtwo Met residues
instead of Phe and GIn in P2 and P4 site8s it can be seen in Figuré, the mimic peptide, represented
asblue sticks,adoptsthe backbonestructure similar to those adoptedby glia-" 1 ligandsandglia-- 1.
The comparison in Figure 6 demonstratesthat the topology of the binding groove shapesall ligands in
aPPIHike conformation. The quantitative measuresof the similarity betweensuperimposedatomic
coordinatesof the peptides,i.e. the root meansquaredeviation (RMSD)values,arelisted in TableS1
of the SupplementaryMaterials.

Figure 6. Superimposition of DQ2 1 (from binary complex, PDB code 1S9V, foresf)Q2.5glia-h 1a
(from binary complex, PDB code 6MFG, hot pink) DQ2dbia-h 1a (from ternary complex, PDB code
40ZI, teal),DQ2.5glia-- 1 (from ternary complex, PDB code 6MMF, orange)DQ2.5P.fluorhla
(from binary complex,PDBcode6U3M,blue).

P31z743 is known not to be a ligand either for HLADQ2.5 or DQ8 11]. Moreover, the in silico
experiments performed by docking P3%43 onto HLADQ2.5 show that the peptide in the experimental
structure, aswell as modelled in PPII, engagesin both conditions a number of interactions with
the binding groove lower than that established by glid?1 [17]. A representation of such finding is
visible in Figure 7 where DQ2.5¢glia-h1 and P31z43 in PPII structure are superimposed.In this case,
the accordance between the two peptides shows an RMSD value of 1.30 A, well above the RMSD values
calculated between DQ2.gjlia-h 1a and DQ2.3P.fluor-h 1a or between Q2.5glia-h 1a and DQX-glia-- 1
(Table S1). The PPII arrangement of P31z43 is not enough for a correct positioning of Pro residues
into the groove because, even if PF#3 bears the same number of Pro as in DQ2dlia-h 1, those are
differently localized along the sequence.The consequenceis that P31z43, differently from glia-"1,
doesnot find any useful register to establish the network of H-bonds neededto stabilize the complex.

Figure 7. Superimposition of DQ2h 1 (from binary complex PDB code 1S9V, colored in forest with its
glutamic acid at P6 colored in red) with P31z43 modelledin PPIIstructure (blue).

The gluten peptides that bind to HLADQS8 are dfferent from those recognized by HLADQ2.5.
Particularly, DQ8epitopes contain no more than two prolines in the binding core in respectto the
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three-four Pro residues of HLA-DQ2.5core epitopes and, importantly for the binding, Glu residues at
P1and P9sites.

The superimposition of DQ8&glia-h 1 peptides, as extracted from thebinary and ternary X-ray
complexes, shows a strict reproducibility among the ligand structures. HLA-DQ8 binding groove
shapes the ligand in a PPlike conformation. Again, to catch the dferences in binding ability between
DQ8glia-h 1 and P3%43, we consider the superimposition of the first with the second modelled in PPII
(RMSD 1.1 A). As it can be observed in Figute P31z43 (blue sticks) shows residue sidechains totally
different both for nature and localization from those of DQ®lia-" 1 (green), thus failing in stabilizing
the right interactions with the groove.

Figure 8. Superposition of DQ8glia- M1 (from binary complex PDBcode 2NNA, colored in green with
Gluresiduesat P1 and P9 colored in red) with P31z43 modelled in PPII structure (blue).

3. Discussion

Here we report the analysis of all structurally characterized gluten fragments active in CeD
with the objective to find the structural reasons that make specific gluten fragments pjars in the
immune-adaptive system by binding HLADQs molecules, and some others, like gliadin P&43,
non-ligands of HLA,and instead players in innate immune routes.

The immunodominant gliadin peptides productively interact and bind typell HLA receptors
because the process is energetically favored. figrently, P31z43, very similar by composition to
the immunodominant gliadin peptides, does not bind type Il HLAs, meaning that for some reasons
the binding process is disfavored.In order to understand why, we considered comparing the
structural properties of the peptides belonging to both categories to be useful, that is the binders
and not-binders of HLADQ. The NMR study of PZ43 in solution shows that the peptide exhibits
cigtrans isomerism at XxxPro sites and, for each isomer, the peptide adopts a distribution offtdrent
AT 1T &£l Of AOnast 4 BOAOOADDOAO 0 265% & @A énthe papdlatibrlaAdeghibipat
clear tendency to adopt PPIl conformation[7yh E8A8h OEAO OOANOEOAAS AU (
scattering (DLS) measurements showed that PZ#3 forms aggregates in solution14]. For that,
by considering NMRand DLS results togetherthe emergingpicture is that P31z743 livesin solution
distributed between monomeric and oligomeric forms. By assuminga model of pseudo-equilibrium
like monomers aggregates, NMR describes the conformational preferences of the monomeric entity,
andin the caseof fast exchangeregime of the monomer with the NMRtransparent large aggregates,
the technique reads the conformational tendency of the monomer mixed to its memoire of the structure
adoptedinto the aggregateq36]. Barrera and co-authors,in avery recentcommentary,re-analyzed
their dynamic simulation studies of P3%t 0 AT A & 01T A OOAI AOEAAT A ACOAAIT AT C
NMR structures and those visited by the monomer during theimulations as well as those adopted
in the simulated oligomeric forms, thus, suggestingd O FPA1$43 suffers very minor conformational
changes wherpassingfrom monomerictol 1 ECT | AORHA. OOAOA GG

This study dealswith the structural comparisonamongP31z743 and the immunodominant peptides
(Table 1). With the exception of DQ22 (PQPELPY),of which a strict analogue (PQPQLPY)was
characterized in free form by solution NMR 37], all the others are structurally known only in complex
with HLA-DQ.Becausecontaining Pro residues, all those peptides are expectedto exhibit in free form
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the samecigtrans isomerism and conformers distribution as found for P3%z43 in solution. They are
flexible enough to adapt to the binding pocket and at the same time rigid enough, thanks to the prolines,
to minimize the negative entropic variation associatedwith the binding. When bound to HLA-DQ,
they all adopt a PPI-like structure inside the binding pocket. That appearsas an interesting property

of the groove topology that, shared by different HLA-DQs, forces different gliadin epitopes into a
strictly similar conformation. Indeed, the backbone superimpositions among the gliadin ligands show
very low RMSDvalues ranging from 0.178 to 0.425 A, if we consider for example the DQ2.5glia-h

vs a series of other DQ2.5 epitopes (Table SMWhen the docking of P3%43 into HLA-DQ2.5 was
simulated, it was found that the peptide, both in the experimental structure or modelled in PPII,
engages with the groove causing a number of interactions sensibly lower than those established by the
DQ2.5glia-h 1 [17]. P31z43 shows an arrangement of its prolines dferent from that of DQ2.5glia-" 1
and this plays against the binding with HLADQ2.%231743 does not appear to be a good binder fddLA-
DQ8 either. By sequenceand amino acid composition, P31-43 is very different from the epitopes of
DQ8 and therefore unsuitable to engagethe interactions specified by HLA-DQ8 binding groove.

While the structural reasonswhy P31z43 is not an adaptive immune player via HLA-DQmolecules
are apparently deciphered,those underlining the many mechanismsin which it is involved asinnate
immune agent remain to be clarified. GomeZastro and ceauthors [14] propose that P3%43, due to its
ability to self-aggregateactsat oligomeric statein triggering the NPRP3nflammosomeandthus the
intestinal pathology. Herrera and ceauthors [23] suggest that the formation of P3%43 nanostructures
induces proinflammatory effects andsubsequent damage at the intestinal mucosa in CeD. We think that
last decades of experimental and simulative works made clear that all peptides adopt a distribution of
conformations in solution or fluid media, that in dependence of the concentration, thegarticipate to
apparent equilibria with ordered/un-ordered aggregates floating with them in the common media,
and that, opportunely treated, all peptidescanO O 1 1 dtdinkteBUrbthe form bestadheringto their
nature, i.e.,h ori -fibers.

Although the observation that the toxic behavior of P3343 could be due to its sefaggregation
ability represents an interesting model, we observe that knowing in which proportion the peptide is
distributed among the various oligomeric formsdepends upon the environments and this is an issue
difficult to be estimated in cells. Indeed, we suggest that P&43, together with almost all other protein
fragments, represent objects that may act in several ways following several routes in reason oétbell
district they enter, the concentration they are able to reach there, and the molecular or supramolecular
entities they comeinto contactwith.

In conclusion, it is interesting to note that starting from gliadin proteins, known to be very
monotonous macromolecules, made up from blocks of similar sequencesrepeated many times,
the enzymaticdigestion releasesin gut fragmentsthat provoke different biological responsesin CeD
individuals [16]. P31z43, anot adaptiveimmune player, sharesasimilar contentin proline residues,
similar adaptability to polyproline Il structure, but a different positioning of the proline residues along
the sequence with the adaptive ones. This last issue disfavorgpeoductive binding to HLA-DQ2.5 and
thus P31743 accesdo the adaptive immune route.

4. Materials and Methods

4.1.NMR Analysis

P31z43 peptide was purchased from Inbios (Naples, Italy). Deuterated solvents, such as D20,
(99,8% isotopic purity) and sodium dodecykdzs sulphate (SD&d25, > 98 atom % D) were purchased
from SigmaAldrich (Milan, Italy). NMRmeasurementsof P31z743 in aqueoussolution were obtained
at 600MHz proton resonancefrequencyaspreviously reported [17]. Briefly, NMRcharacterizations
of P31z43 were performed at 298 K ina HO/D20 90:10 {/v) mixture and in sodium dodecyl
sulfate 150 mM (SDS) at pH 4.6 0.1 where the peptide has a net electrical charge equl zero.
Proton resonanceassignmentswere obtained by analyzing the suite of bi-dimensional DQFCOSY,
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TOCSYNOESYand ROESYexperiments. Proton assignments of the amino acid spin systems and

1D proton spectrum of P31z43 in aqueousas well asin SDSmedia are reported [17]. The percentage

of P3zt 0 EltransBAIGOOOAODO0OA xAO Keodbof thelrdtah populdtionAid wae® o m
solution. The threedimensional models were obtainedby following the classical protocol consisting of:
Assignment of the proton chemical shifts, integration of the dipolarféects (NOE), conversion of NOE
intensities into inter-proton distances, and calculation of peptide structures compatible with the eire

set of distance restraints by using CYANAsoftware [38]. In order to characterize peptide flexibility

and weight of different conformations, CYANAstructures were clustered by similarity using UCSF
Chimeraprogram (version 1.14) [24].

4.2. Structure Comparisorof GlutenPeptides

All the X-ray structures of binary HLA-DQgluten peptides and ternary HLA-DQgluten
peptides/T-cell receptor complexespublished on the PDBdatabankon October2020 (Table 1) were
downloaded and analyzed.Particularly, all the gluten fragments inside HLADQ grooves were
extracted and structurally compared each other. First comparisons consider theftirences among the
structures of the same sequence in the same HU2QX, then of the same sequence infidirent HLA-DQ.
Then, the structural dfferences between diferent gliadin ligands were analyzed. Finally, structural
differences between those and related bacteria peptid@imetic were tested. All structure comparisons
were obtained by peptide superimpositions basedon a principle of register correspondenceby using
PyMOLsoftware (http://www.PyMOL.org and the open source software MOLMOL2K.2.0[39].

Supplementary Materials: Supplementary materials can be found ahttp://www.mdpi.com/1422-0067/21/23/
9301/s1.
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Abstract: Celiac Disease (CD) is an autoimmune disease characterized by inflammation of the in
testinal mucosa due to an immune response to wheat gliadins. It presents in subjects with genetic
susceptibility (HLA -DQ2/DQ8 positivity and nonHLA genes) and under the influence of environ
mental triggers, such as viral infections and intestinal microbiota dysbiosisThe only treatment
currently available in CDis a gluten-free diet for life. Despite this, the intestinal dysbiosis that

is recorded in celiac subjects persists, even with adherence to dietary therapy. In this review, we
have analyzed the literature over the past several decades, which have focused on the use of,pro
pre- and postbiotics in vitro and in vivo in CD. The study of probiotics and their products in CD
could be interesting for observing their various effects on several different pathways, including
anti-inflammatory properties.

Keywords: celiacdisease;pro- pre- and post-biotic; inflammation

1. Introduction

Celiac disease (CD) is a common systemic disease thatnarily affects the small
intestine [1], due to the abnormal response of the immune system to gluten ingestion. It
happens in subjects with genetic susceptibility (HLADQ2/DQ8 positivity and nonHLA
genes) and under the inlence of environmental triggers, including, a part from gluten,
viral infections and intestinal microbiota dysbiosis R]. Although 30z40% of the world
population carry the HLA DQ2/DQ8 genotype, only Z1.5% of them express tie CD
phenotype, which means that other genes together with other environmental factors may
take part [2,3]. Typically, the inflammation in CD includes an increased intraepithelial
lymphocyte (IEL) count, most often >25/100 cells f##,5]. Other features of CD are the
presence of an adaptive Iell-mediated response to gluten §,7] and of specific endomysial
antibodies (EMA, also called AEA), antissue transglutaminase antibodies (TTG,-&I' G,
TTA),and/or deamidatedantigliadin antibodies (DGP)that play animportant role in the
serological work-up for CD. Theseantibodies strongly support the diagnosis of CD. In
children, the intestinal biopsy is hecessary where the antibody title is low and symptoms are
absent. In paediatric patients with high tTAgA, ESPGHAN recommends that the decision
whether or not to perform duodenal biopsies should be made during a shared decision
making processbetweenthe paediatric gastroenterologist/coeliac diseasespecialist,the
parent(s)/carer(s), and if appropriate, the child and any way when patients@re on a gluten
containing diet [8]. The diagnosis is confirmed by the finding of an intestinal athrophy
with shortening of the intestinal villi and increase of the crypt proliferation. Glutenis
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poorly digested in the human intestine with or without CD. Undigested gluten peptides
cross intact the mucosa of the small intestindn the submuamsa of the small intestine
the human enzyme transglutaminase 2 (tTG) deamidates gluten peptides, leading to an
increase in the affinity binding to human leucocyte antigen (HLA) DQ2 and HLA DQ8
molecules,subsequentlytriggering aninflammatory reaction in patients with CD[7]. The
only treatment currently available in CD is a gluterfree diet for life. Recently, in CD, a
role for the gut microbiota, hasbeendescribed. There are severalcross-sectionalstudies
comparing microbiota in patients and controls, which describea dysbiosisin CDpatients
before, and after, the gluten free diet. The aim of this review is to describe the most recent
literature on pro-, pre and post-biotic in CD(SeeFigure 1).

Pro-, pre and post biotic in Celiac Disease

Pro-biotic Pre-biotic
Dietary fibers that feed
beneficial bacteria

/\ N\ /\

In vitro: tested mainly in
ell lines to ;n\e\z
gliadin effect

CaCc

Live and beneficial bacteria

In vivo: tested in GCD-
CD, G lli CD and In vitro; Not Tested In vivo: GFD-CD
Potential-CD

Figure 1. Schematicrepresentation of the in vitro and in vivo experiments performed in CDwith pro (a), pre (b) and
post-biotics (c).

Pro-biotics are microorganisms,most of which are bacteria similar and/or the same
to the beneficial bacteria that occur naturally in the human gutPro-biotics have been
widely studied in a variety of gastrointestinal diseasesPro-biotics have an important role
in the maintenance of immunologic equilibrium in thegastrointestinal tract through the
direct interaction with immune cells. Pro-biotic effectiveness can be speciesdose and
diseasespecific,and the duration of therapy dependson the clinical indication.

Dietary fibers can be metabolized by microbes in the gastrointestinal tract. Human
food enzymes are unable to digest most complex carbohydrates and plant polysaccharides.
Instead, these polysaccharides are metabolized by microbes that generate shohain fatty
acids (SCFAs)including acetate,propionate and butyrate.

PostAET OEAO AOA -GHAAJTA MOTAETIOEAO6R OET AA
DOl AET OEAOG6 Al Aviaelmiefolal c@lls andl Eofuible factiork secreted by
live bacteriaor releasedafter their lysis, including various cell surfacecomponents,lactic
acid, shortchain fatty acids (SCFAs) and bioactive peptides among other metabolites.
When administrated in sufficient amounts, these may contribute to the improvement of
host health, eventhough the exact mechanisms are not yet weknown. The bacterial
inactivation usually occurs by a mild heat treatment. The advantages of using pdsbtics,
include their higher stability, asthey do not contain living bacteria, and; their higher levels
of safetycomparedto pro-biotics, asthey reducethe risk of microbial translocation, infec-
tion or enhanced inflammatory responses in consumers with imbalanced or compromised
immune systems.
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2. Materials and Methods
Pub Med search of articles on O # A iDEdageand Pro-A E | O Eelia®bideaseand

PreAET OEAOG6 K O# Al EAEN CER®DA GAA 0T A AAITOARAT T A AEOI
literature with 6/68 references from the last 20 years, 14/68 from the last 15 years, 18/68
referencesfrom the last 10 yearsand 30/68 from the last 5 years

3. Microbiota Is Altered in CD

The microbiota is the ecological community ofmicroorganisms within a defined
environment. It is concentrated in the intestinal tract and is rapidly altered by external
factors. The microbiome is the collective genomes of all microorganisms from a given
environmental niche. Changesin the microbiota and consequently in the microbiome,
impact the homeostasis of the whole body. The composition of the gut microbiota depends
on many factors, such as age, geographical position, diet, genetics, natural birth and breast
feeding, so it isimpossible to have the same microbiota in everybody and consequently
to define the ideal microbiota. The gut microbiota influences immunity system response
and inflammation. The microbiota plays a fundamental role in induction, training, and
functioning of the host immune system so its alteration is generally associated with the
immunity system response and inflammation 9]. In CD, alterations of the microbiota have
been found. Interestingly the microbiota of CD patients carhange in the different stage of
the disease: There are microbiota signatures different for GEOD (Gluten Containing Diet
CeliacDisease)and GFBDCD(Gluten FreeDiet-CeliacDisease)espectto non CDsubjects.

3.1.Changesn the GCBCDMicrobiota Respecto Controls

Patients in the acute phase of the disease at GCD present alteration of the gut micro
biomawith increasingE.coli, ML615328, Slackig Victivallaceae EnterobacteriaceaeClostridi-
aceae Coriobacteriaceaeand unclassified specie ofClostridialesand Lachnospriraceae de
creasing C. lituseburenselLactobacillus F. Prausnitzij Bifidobacterium, Dorea B. wexlerae
LachnospriraceaeA. hadrus E. hallii, VeillonellaceaeR.bromi, R.faecisCD patients showed
a gut dysbiosis [L0]. In these patients the bacteria that have a protective effect such as
Bifidobacteria, Firmicutes Lactobacilli and Streptococciare lower compared to healthy controls.
Active CD patients have an increased of gramegative bacteria like BacteriodesBacterioide
tesfragilis, PrevotellaE. colj Proteobacterig Haemophilus Serratia, Klesbisella[11,12]. Patients
with active CDshowed a strong presenceof Proteobacteriaphylum and Neisseriaflavescence
Firmicutes and Actinobacteriaare less abundant 13]. In the gut microbiota of CD patients,
the presence of pathogenic bacteria likeClostridium perfringensand C. difficilemay be a
consequence of theBifidiobacteria reduction and apparently seem to promote the risk of
developing celiac disease in patient at risk1f4]. Moreover, a reduction ofBifidobacterium
and Lactobacillus population is present in these patients, that may be protective against
enteric infections like infection due toC. difficile Patients with high risk of CD showed a
decreasedof BacteriodesPrevoltellaand Bifobacteria

3.2.Changesn the GFDCD Microbiota Respecto GCBCD

CD patients at GFD for at least 2 years showed a faecal microbiota composition similar
to healthy controls characterized by a reduced diversity ofactobacillusand Bifidobacterium
species indicating that GFD could normalize gumicrobiota composition in CD [L5]. Un
treated celiac patients showed a lower concentrations dfactobacilliand a significant higher
concentration of Clostridium vs. healthy volunteers and CD relativesThe data are de
pendent on the time of the GFD suggesting that a prolonged GFD could modify SCFA
proteolytic patterns. Dysbiosiswith its imbalanceof commensalmicrobiota composition
could influence the metabolism ofgluten proteins in CDpatients [16,17].

3.3.Change®fthe Microbiota of Healthy Subjectsat GFD

The GFD in the healthy subjects influence the gut microbiota reducing ttgifidobac
terium, Clostridium lituseburensee Faecalibacterium praunsnitzii and increasing the Enterobac
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teriaceaeand Escherichiacoli [18]. Onestudy showedthat the bacterial profile remained
relatively stable in healthy individuals on GFD buduring the GFD period decreased
Veillonellaceag Ruminococcusbromiand RoseburiafaecisWhereas Victivallaceae Clostridiaceag
ML615328, Slackiaand Coriobacteriaceagncreased were described 19]. Moreover, using a
low gluten diet, it is possibleto observeanincreasein unclassifiedspeciesof Clostridiales
and LachnospiraceaeWhile,E. halliiand A. hadrus Doreaand T. blautig, two species of the
Lachnospiraceaend four species oBifidobacteriumdecreased P0]. The GFD influences the
gut microbiomain non-CD subijects increasinde. Coli ML615J328, Slackia Victivallaceae
EnterobacteriaceaeClostridiaceae, Coriobacteriaceand unclassified specie oClostridiales
and Lachnospriraceag decreasingC. lituseburense, Lactobacillus. prausnitzii Bifidobacterium,
Dorea,B.wexlerae LachnospriraceaeA.hadrus,E.hallii, VeillonellaceaeR.bromi, R.faecis.

In conclusion, CD patients present a different microbiome respectto normal subjects
in the acute phase of the disease, while eating glute@FD can modulate gut microbiota of
CDpatients respectto healthy subjects,and caninduce some alterations in the microbiota
in non-CD subjects at GFD. Mostudies on gut microbiota in CD are descriptive, including
different categories of patients on GFD,GCD,at risk both with, and without, symptoms.
From thesestudiesit is difficult to determine whether the onsetof CDis due to the alteration
of microbiota or whether this is secondaryto the intestinal damagepresentin CD.

In this context, pre-probiotics could have the characteristics to be useful to prevent or
even ameliorate dysbiosisin CD.Postbiotics have not beentested in CDyet, but from the
in vitro datathey seemto be able to prevent somegliadin and gliadin peptides effects.

4. In Vitro Assaysto Study Pro-Pre and Post Biotic in CD

Many pro-, pre- and postbiotics have been tested in intestinal epithelial cells in culture
for their ability to prevent gliadin effects. The most used cell line is CaGd an intestinal
epithelial cell line derived from a human colorectal adenocarcinoma. Although, these cells
transformed, they have the ability to differentiate in vitro toward intestinal epithelial cells.
Oncedifferentiated they produce tight junctions and absorptive-secretive ability.

Theread outs usedto study pro-, pre- and post-biotics in vitro were various. Gener
ally, integrity of the epithelial layer, inflammation and innate immunity were analyzed.
Following is an analytical division of prepre-post-biotics used and the main effects
analyzedin vitro. The main read outs were tested before and after gliadin or gliadin
peptides treatment. Following is a list of the me pro, pre and postbiotic used on this
cellular model.

Principal read-outs used to study probiotics effect on CaG» cells before and after
gliadin or gliadin peptidestreatment.

a. Permeability (TEER)

b Toxicity experiments

C. Analysisof pro-inflammatory markers
d Intestinal organoids

4.1. Permeability of Intestinal Epithelial Cells

Celiac disease is characterized by enhanced intestinal paracellular permeability prob
ably due to alterations of tight junction (TJ) proteins function and expressionintestinal
permeability in CD and abnormal handling of gluten peptides by epithelial cells might
activate the local immune system excessively and induce the diseagd ]| TEER, one of the
most popular methodsto study permeability in epithelial cells is a noninvasive technique
that consist of a measurement in electrical resistance across a cellular monolayédtr.is
regarded as a very sensitive and reliable method for confirming the integrity and perme
ability of the monolayer. The CaGa monolayer generates a TEER of 1800 J/cm?2 any
insult that alter the monolayer will lower it. For these reasons, the CaGd cells are often
used to study nutrients and drugs transport. They also allow to study the main rouseof
transport [22].
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4.2. Toxicity and Analysisof Pro-Inflammatory Markers

Gliadin peptides with specific amino acid sequenceshave proven to trigger pro-
inflammatory cell responses. Thesévolve activation of the nuclear factor kappaB (NFkB)
in small intestinal mucosa of celiac patientsZ3], and increased expression of proinflam
matory cytokines related to the innate immune response, such as tumor necissfactor a
(TNF-a) [24] and interleukine (IL) 1b [25].

5. Probiotics
5.1.Bifidobacteria

Bifidobacteriaare Grampositive microorganisms with a high G + C DNA content. In
1899 they were isolated from the faecesof abreastfedinfant. Theyare strictly anaerobic
and occur in uniform ¥- and \:shaped branched and bifurcated, spatulate or clubhaped
forms; they are not motile and do not form spores. The branched appearance hifidobac-
teria depends not only on the strain but also on the medium used for cultivatiori.he
genusBifidobacterium consistsof 48 different taxa,of which 40 havebeenisolated in the
gastrointestinal tract (GIT) of mammals, birds or insects, the remaining eigtitom sewage
and fermented milk [26z28]. Acetic and lactic acids are produced by glucosefermentation
in a ratio of 3:2 [27]. There are 32 species dbifidobacteria (Table 1) identified by fermentation
assayspbservationsof cell morphology, and electrophoretic mobility of enzymessuchas
transaldolase (14 types) or 6-phosphogluconatedehydrogenase(19 types; 32) [29].

Table 1. Bifidobacterium Species.

B.adolescentis* B.dentium* B. minimum
B.angulatum* B.gallicum* S pseugolcatenulatl:)nf
B.animalis B.gallinarum * G.IEZ?)usu?nongumsu sp.
B.asteroides B.globosum

B. bifidum B.indicum B. pseudolongumsubsp.
B.boum B.infantis * Esetjjlcli(?rlgrrllqgum
B.breve* B.inopinatum B. :)uminantium
B.catenulatum* B.lactis B.saeculare
B.choerinum B.longum* B. subtile

B. coryneforme B.magnum B. suis

B.cuniculi B.merycicum '

B. thermophilum

* Detectedin human faeces.

Laparra and Sanz Y. (2010) demonstrated on CaQocells, the effects oBifidobacterium
strains (B. IATAES2, B. longum IAFES] andB. animalis IATAA2) by analyzing the peptide
sequences produced by gastrointestinal digestion of gliadins and comparing toxic and
proinflammatory effects.

By RRHPLCESIMS/MS different patterns of gliadin peptides wee detected in
samples inoculated withbifidobacteria compared to those not inoculatedMost of the
peptides generated in the samples inoculated wittbifidobacteria showed lower molecular
mass than those generated in the neimoculated samples (2500 Da) during the in vitro
digestion [30].

Gliadin peptides resulting from in vitro digestion, inoculated or not, withB. animalis
and B. bifidumwere cytotoxic to intestinal epithelial cells in vitro. Whereas, thse inoculated
with B. longumwere not. Furthermore, the analysis of prenflammatory cytokines showed
that NFkB, IL-1i TNFa (p < 0.05) were consistently reduced when digested gliadin
was inoculated with all bifidobacterial strains compared with non-inoculated digested
gliadin [30].

Olivares M. et al(2012) demonstrated by MALDITOPF techniques that digested
gliadin up-regulates proteins involved in actin rearrangement, inflammation and apoptosis
in CaCe2, while B.longum CECT7347 was ableto reducethem (21 vs. 9). Many of these
proteins were alsoinvolved in calciumhomeostasiscell survival and function [31].
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de Almeida N et al. (2020) evaluatedthe effect of Bifidobacterium species:B. bifidum,
B. longumB.breve,B. animalisalone, and also a consortium oBifidobacterium on the digestion
of intact gluten proteins (gliadins and glutenins) and the associated immunomodulatory
responses elicited by theresulting peptides. The readout was activation of NFkB p65
and expression of the cytokines TN and IL-1i in CaCe2 cell cultures exposed to the
peptides [32]. Giorgi A et al. (2020) used a mukHstrain probiotic preparation containing
two strains of lactobacilli (L. paracasei, L. plantarujnand three strains ofbifidobacteria (two
different B. breve and B. animalisThey evaluated the ability of a probiotic mixture to
hydrolyze gluten peptides after simulated gasointestinal digestion of gliadin (PT-gliadin).
Protein and peptide mixtures, untreated or proteolyzed with the probiotic preparation,
were analyzedbefore,and after, eachproteolytic step by different techniques(SDSPAGE,
reverse-phase HPLCfiltration on different molecular shear membranes). PT-gliadin,
untreated or digested with probiotics was then used to assess oxidative stress;6Lcytokine
production, and expression of tight junction proteins, such as occludin and zonulin, in
CaCe2 cels. PTgliadin induced IL-6 production and modulation and redistribution of
zonulin and occludin, while digestion with probiotic strains reversed these effects3B] (See
Table 2).

Table 2. In vitro study using Bifidobacteriumand Lactobacillus

Reference Composition, Strains Meaning
Bifidobacterial strains caninhibit the
Laparra J.M.and SanzY. Bifidobacteriumstrains (B. bifidum IATAES2, gliadin-induced cytotoxic and
2010130] B.longumIATA-ES1andB.animalisIATAA2 pro-inflammatory responsesin intestinal

OlivaresM et al.,2012 [31]

De Almeida and Natdlia Ellen
Castilhoet al.
(2020) [32]

GiorgiAandet al.,
2020[33]

epithelial cells
B.longum CECT7347 reducesthe toxic
BifidobacteriumlongumCECT7347 andinflammatory effectsof
gliadin-derived peptides
Bifidobacteriumspeciescanableto assist
the proteolysis of intact gluten proteins,
Bacterium species B. bifidum BB90, B. longum gliadins, and glutenins, to form different
BLG301B.breveBB-G95andB.animalis L-G101 peptide patterns, with reduction of
cytotoxicity and proinflammatory
responsein intestinal epithelial cells
Lactobacillusparacaseil01/37 LMGP-17504,
Lactobacillusplantarum 14 D CECT4528,
Bifidobacteriumanimalissubsplactis Bi1 LMG
P-17502, Bifidobacterium breve Bbr8 LMG P-17501
and BifidobacteriumbreveBL10LMGP-17500

The probiotic strains tested canableto
reduce the toxicity of gliadin

5.2.Lactobacillus

Lactobacillus (genus Lactobacillus), are grampositive, non-motile, ana and aerobic,
non-sporigenic bacteria. They are widely distributed in feed, silage, manure, milk, and
dairy products. Despite continuous taxonomic changes in recent years, 70 species are
recognized, and among them, 19 are of major interest in probiotic research (Tal#¢. From
glucose metabolism]actobacillaceaeare able to produce lactic acid as ly-product, but also
acetic acid, ethanol, carbon dioxide and other secondary compounds. For this reason, they
are able to reduce pH and are used for the production of sour milk, cheese and yogurt, and
play an important role in the production of fermentedvegetables (pickles and sauerkraut),
beverages (wine and juices), sourdough bread and some sausages. According to the type of
Lactobacillusconsideredwe have a different quantity of lactic acid produced: L. acidophilus,

L. casei and L. plantarugrhomofermentants produce 85% of it, primary byproduct. In
contrast, other speciessuchasL.brevisandL.fermentum heteroferment glucosemetabolism.
Lactobacilliare commensal inhabitants of the animal and human gastrointestinal tracts, as
well asthe human mouth and vaginaLow levels of lactobacilli are present consistent
findings in the microbiomes of adults and children with active CD[34].
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Table 3. LactobacillusSpeciesDetectedin the Intestinal Tract and/or usedin Probiotic Products.

L. ac!qophllus L.delbrueckiisubsp.Bulgaricus L. plantarum
L.agilis .
L L.gallinarum L.rhamnosus
L.aviarius . .
L.gasseri L.reuteri
L.amylovorus ; . .
. L. johnsonii L.murinus
L.brevis . -
- L. hamsteri L.ruminis
L.casei . S L
: L.intestinalis L. salivarius
L. crispatus

Orlando A. et al. (2014/2018) have demonstrated that the administration of
gliadinto CaCe2 cells causeda significant alteration of paracellular permeabilityas by
the rapid decreasein transepithelial resistance with a concomitant zonulin release
causingalsoanincreasepolyamine content. The co-administration of viable Lactobacillus
rhamnosus GG heat-killed L.GG (L.GGHK) or its conditioned medium (L.GGCM)
preserves the intestinal epithelial barrier integrity. Viable L.GGand L.GGHK, but not
L.GGCM,led to a significantreduction in the single and total polyamine levels showing
that the presence of cellularpolyamines is a pre-requisite for this probiotic to exert its
capability in restoring paracellularpermeability by affecting the expressionof different TJ
proteins [35,36].

Sarno M. et al. (2014) have studied the effect of probioticactobacillus paracasei (LP) CBA
L74 onthe entranceof two peptides of gliadin: P31z43 and P57z68, the two main undigested
peptides involved in CD pathogenesis, in CaQocells. Treatment of CaCeR cells with
gliadin peptides, P31z43 and P5%68, conjugated with the fluorochrome lissamine (P3343-
liss and P5%68-liss) allowed to follow their entrance into the cells B7z39]. Pretreatment
with LP CBA L74educed the fluorescence intensity of both P3443- and P5768-liss inside
CaCae2 cellsin astatistically significant way. Interestingly, LPCBAL74was more efficient
in reducing P31z43-liss than P5%68-liss Fl in CaCe cells in a statistically significat way.
This study describesa novel effect of probiotics [40].

6. Prebiotics

Pro-biotics are living microorganisms that mostly colonize the gastrointestinal (Gl)
tract. While, pre-biotics are fibres that cannotbe digestedor absorbedby the body. These
act as a nutrient for probiotics, especially Bifidobacterium, increasing their numbers. They
aredefinedasO1 Fabsorbablefood componentsthat beneficially stimulate one or more
groups of gutfriendly | EAOT AAO AT A OEOO EAOA A PIIPEODE
They can bemetabolized by microbesin the gastrointestinal tract.

They positively affect the host by selectively stimulating the growtland/or activity

of a limited number of bacteria. Naturally presentin foods, such as artichokes, garlic,
onions,and others. It may be necessaryto consumelarge amountsof thesefoodsto have
a O A E £E Aéffecf\HorEhds deason, it is easiestto take a pre-biotic supplementor a
combination of pro-biotic and pre-biotic (symbiotic) supplementsto achieveoptimal levels.
They are, in addition, resistant to hydrolysis by digestive enzymesand are not absorbedin
the upper part of thegastrointestinal tract. Upon reaching the large intestine, the site of
the microbiota, they stimulate the growth of certain microorganisms [41]. Following their
intestinal fermentation, SCFAssuch as acetate,propionate and butyrate are produced [42].
Someof the most common prebiotics are inulin and oligofructose.Oligosaccha
rides are non-digestible short-chain polysaccharideswith numbers between 2 and 20
(approximately) saccharideunits; hydrolysis of polysaccharidesis a processthat canbe im-
plementedto obtain different commercial products from dietary fiber, starch. Animportant
pre-biotic is inulin, composedof a mixture of fructan chainsand chicory roots are its main
source of extraction. In vitro they stimulate the selective growth of Bifidobacterium [42].

In vitro, the useof prebiotics hasnot beenstudied, neither in CaCe2 cellsor in cells
derived from CD patients. Many reports in the literature have been done in prevent-
ing the development of irritable bowel syndrome (IBS). For example, Qian Chen et al.
(2017) explored the possible mechanismsusing a prebiotic blend (PB) composedof fructo-
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oligosaccharide (FOS), galactoligosaccharide (GOS), inulin and anthocyanins in Ca@o
cellsafter co-incubation with PBand Salmonellatyphimurium andin post-infectious IBSmod-
els in C57BL/6 mice. The results showed that P8gnificantly decreased proeinflammatory
cytokinesin both infected CaCe2 cells and PI-IBSmodels[43].

7. Post-Biotics

Postbiotics have been used in in vitro experiments in CaCd cells daily to study their
ability to prevent gliadin and gliadin peptides effectson CaCe2 cells.

Sarno M. et al. have showed thatP CBA L74ost-biotic was able to reduce gliadin
peptides entrancein CaCe2 cells[40].

Using 16S rRNA analysis of duodenal and oropharyngeal samples from CD patients
and control subjects(Ctr), previously identified a peculiar Neisseriaflavescenstrain in adults
affected by CD 13,44]. This bacterial strain, isolated from the above samples, induced an
immune-inflammatory responsein human and murine dendritic cells,in CaCe2 cells, and
in ex vivo duodenal mucosal explants of Ctr subjects,thereby suggestingthat it could play
arole in CD[13].

LabrunaGet al. (2019) haveevaluatedif metabolism and trafficking was altered in CD-
N. flavesceninfected CaCe2 cells and if any alteration could be mitigated by pretreating
cells with LP CBAL74 supernatant, despite the presence of P31z743. CDN. flavescens
colocalised more than controlN. flavescensvith early endocytic vesicles and more escaped
autophagy thereby surviving longer in infected cells. P31z43 increased colocalisation of
N.flavescensvith early vesicles.Mitochondrial respiration waslower in CDN.flavescens
infected cells versus nottreated CaCe2 cells, whereas pretreatment withLP CBA L74
reduced CDN. flavescensiability and improved cell bioenergetics and trafficking. CEN.
flavescensnduces metabolic imbalance in CaCG» cells 45].

Sarno M. et al. have observed thdiP CBA L74vas able to ferment several different
cereals. Fermented oats, rice and wheat were used to test the effect loP CBA L74n P31z
43 entrance after fermentation. P3%43-liss entrance was reduced after treatment with
fermented oat (FI reduction 56%), rice (FI reduction 35%) and wheat (FI reduction 24%).
These data suggest thatP CBA L74&ffect on P3%43-liss entrance was still present after
fermentation of different cerealsand that could be linked to compounds produced during
the fermentation processand not to alive bacteria [40].

Gallo M. et al. have investigated fH control during fermentation process of rice with
probiotic LP CBA L74could improve the bacterial growth and the lactic acid production and
also the ability to interfere P31z43 entrance in the CaC@ cells. During rice fermentation
process pH controlgreatly improved the lactic acid production. Both rice fermented with
and without pH control, were able to prevent P3%43-liss entrance even after they were
washed away from the cells, triggering into the cells a sort of memory that could prevent
the entrance of P31z43-liss for several hours. This information could be useful in the field
of nutrition; it suggests that the effect of certain posbiotics could last also after they have
left the intestine [46] (SeeTable 4).

Recently, Freire R et al. using intestinal organoids developed from duodenal biopsies
from both non-celiac(NC) and celiac (CD) patients, they analyzedthe role of microbiota-
derived molecules in modulating theADE OE AT EOI 6 O O ATfefefole,Ghe O
authors selected three bacterial bioproducts:Butyrate, lactate, and PSA derived from
Bacteroidedfragilis.

The authors analyzed the expression of genes related to gut barrier function, found
altered in CD.Butyrate significantly upregulatedthe expressionof MUC5ACMUCG,TFF1
and CLDN18jn CDorganoids.PSAsignificantly increasedthe expressionof CLDN18only,
while lactate did not alter the expression of the analyzed gut barrier functioassociated
genes.Similar regulation of geneswas observedin NCorganoids.
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Table 4. In vitro study using LP CBAL74 post-biotc.

Reference

Composition, Strains Meaning

SarnoM et al.,2014 [40]

LabrunaGetal. (2018) [45]

GalloM et al., 2015 [46]

The postbiotic L. paracaseiCBAL74 interferes with
gliadin peptidesentrancein epithelial cells

N. flavescenstrain induces imbalance in the
mitochondrial respiration of CaCe2 epithelial cellsand
was able to altered the trafficking pathway. This
metabolic alteration appearsto be in part reversed by
the post-biotic L. paracaseiCBAL74, irrespective of the
presenceof the P31-43 peptide

During rice fermentation processpH control greatly
Lactobacillus ParacaseiCBAL74 improved the lactic acid production and also the ability
to interfere P31-43 entrancein the CaCe2 cells.

LactobacillusParacaselCBAL74

Lactobacillus ParacaseiCBAL74

Moreover, they have analyzed the effect of the bacterial bioproducts on cytokines
released by the CD monolayers challenged with gliadin, all bioproducts exerted a global
protective effect by reducing the preinflammatory cytokine secretion triggered by PTG.
However, only lactate and butyrate significantly reduced the secretion of IL15 and IFN
cytokines, respectivelyin CD[47].

8. Clinical Trials Using Pro- and Pre-Biotic in CD
8.1. Probiotics and CeliacDisease

The intestinal microbiota has a very close relationship with the individual; provides a
barrier against pathogen colonization, synthesize vitamins and other beneficial compounds,
and stimulate the immune system. Celiac disea$@s been associated with a condition
I £ AUOAET OEOh AOO 11 OOOAU EAO AOAO OET x1
i EAOT AMB]l Tbdidtestinal microbiota plays a fundamental role in maintaining and
improving intestinal health and the whole organism 49]. Dysbiosis is present in the celiac
patient, but it is still not clear whether this is the cause or consequence of the disease, it
must be said that this dyshiosigersists regardless of adherence to a GFD and is partly
related to this particular diet. Indeed, GFD influences the composition of the intestinal
microbiota due to areduction in the intake of polysaccharideg[50]. Probiotics could help
restore celiac dysbiosis. In this review, we analyzed various intervention studies conducted
in the last 10 years (201%2021), which envisaged the use of prdiotics as an intervention.

In particular, the analyzed works can be divided intdwo broad categories: Intervention
studies, which evaluated whether the introduction of a prebiotic could improve some
parameters of subjects with CD in association with a GFD, and; studies which evaluated
whether the administration of pro-biotics could influence the clinical course of the disease
both in patients with untreated CDand in potential subjects(SeeTable5).

Table 5. Effect ofprobiotics in vivo studying on GFDCD.

Reference Intervation Read Out Effects
Evaluate the effects oB. Reductions of
longum CECT7347 pro-inflammatory bacteria

OlivaresM et al.
British Journal of Nutrition
2014 [51]

B.longum CECT17347 for

3 months in in thirty -three administration on immune (B. fragilis group, activated T
. and anthropometric lymphocytes and
children ; . .
parameters,and on intestinal inflammatory markers

microbiota composition. (TNF-h)
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Table 5. Cont.

Reference

Intervation

Read Out

Effects

Klemenak, M et al. Dig Dis
Sci2015 [52]

Quagliariello et al. Nutrients
2016 [53]

Harnett Jet al.
EvidenceBased
Complementaryand
Alternative Medicine 2016 [54]

FrancavillaRetal.J
ClinGastroenterol.2019. [55]

Bifidobacterium breve BR0O3and
B. breve B632%or 3 months in
49 children

B.breveBR0O3(DSM16604)and
B. breve B632 (DSM 24706)r
3 months in 40 children

VSI#3 for 12 weeks
45 patients

Mixture of 5 strains of lactic
acid bacteria and bifidobacteria
* for sixmonthsin 109 patients

Investigate the effect of two
probiotic strains on serum
production of
anti-inflammatory cytokine
interleukin 10 (IL-10) and
pro-inflammatory cytokine
tumor necrosis factor alpha
(TNF-h)

Impact of the administration
of two Bifidobacterium breve
strains on the gut microbiota
composition

Effects of a probiotic
supplement on the CD
microbiota

Evaluate the efficacy and
safetyof probiotic mixture in
CDpatients with IBStype
symptoms despite a strict
GFD.

Low production of TNFh

An increaseof Actinobacteria
and a re-establishment of the
physiological

Firmicutes/ Bacteroidetes

ratio

No effects

Improving the severity of
IBStype symptoms,
modification of gut
microbiota, by anincreaseof
bifidobacteria.

* LactobacilluscaseilLMG101/37 P-17504,L.plantarum CECH528, Bifidobacteriumanimalis subsp.lactis Bil LMGP-17502, B.breveBbr8 LMG
P-17501, B.breveBI10 LMGP-17500.

8.1.1. Administration of Pro-Biotics in Patients with CD at GFD with or without
Gluten Challenge

(@) Effectof pro-biotics associatedwith agluten-free diet

In astudy by OlivaresM et al.[51] B.longum CECT/347 was given for three months
to children with CD in combination with a GFD dietThe intervention resulted in; an
increase in the height percentile compared to placebo treatment; significant reductions in
mature T lymphocytes (CD3p), and; HLARp T lymphocytes andeductions in TNFa
compared to placebo treatment. Moreover, in the study by Klemenak M et &2], the
daily administration for three months of B. short BROZnd B632in association with the
GFDdiet in subjectswith CDled to asignificant decreasein serum TNF" |levelscompared
to the placebo group. In the study by Quagliariello A et ab3] the administration of a
mixture of 2 strains, B.short BRO3(DSM16604) and B.short B632(DSM24706) (1:1) for
three months in subjects with CD in association with GFD induced the restoration of the
physiological Firmicutes/Bacteroidetegelationship in the intestinal microbiota, andled to an
increasein members of the Actinobacteriaphylum but this increasewas not significant. In
amulticenter study, the probiotic formulation VSL# 3 wasadministered for 12 weeksin
45 subjects with CD who reported only partial improvement in symptoms despite adhering
to a strict GFD p4]. While, in the study of Francavilla R et al5F], the 6-week intervention
of amixture of 5 strains of lactic acid bacteriaand bifidobacteria: LactobacilluscaseiLMG
101/37 P-17504, Lactobacillus plantarumCECT 4528Bifi-dobacterium animalis subsp. lactis
Bil LMG P17502, Bifidobacterium shortBbr8 LMG P17501, B. shortBI10 LMG P17500, in
patients suffering from CD at GFD with symptoms, led to a decrease in pain @&gtion
and a modification of the intestinal microbiota, characterizedby anincreasein bifidobacteria
which is still detectable 6 weeks afterstopping probiotics.

(b) Effect of pro-biotics on the gluten challengein CD

In the study by Edgardo Smecuol et al5f] the administration, in subjects with CD, for
3 weeksand of Bifidobacteriuminfantis natren life in conjunction with the daily con-sumption
of 12 g of gluten led to a significant improvement in gastrointestinal symptoms compared
to the placebogroup. It is conceivablethat the observedbeneficial effect may be related to
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the modulation of innate immunity. In this regard a second study was conducted in which
the administration of B.infantis natren Life Start super strain in sub-jectswith CDat GFD
with challengeof 12 g of gluten resulted in reductions in h -defensinand in the number of
Panethcellsin duodenal biopsy samples[57].

8.1.2. Effectof Pro-Biotics in High-Risk Individuals

Subjects with positive genetics and first degree familiarity for celiac disease are-re
gardedasO AOE OE 6 8

The European multicentre Prevent CeliaDisease project investigated the possible
primary prevention of celiac disease $8]. What they wanted to test was whether the
frequency of celiac disease could be reduced by exposing children at high risk of the
diseaseto small amounts of gluten between 16 and 24 weeksof age preferably while still
breastfeeding. The intervention consisted of randomly administering participants 200 mg
of gluten mixed with 1.8 g of lactose dailjor 8 weeks. The treatment did not reduce the
risk of disease.In second study 832 infants were randomly assigned to two groupsGroup
A: gluten introduction at 6 months of age; Group B: gluten introduction at 12 months of
age. Delayed gluten introductiordid not change the risk of celiac disease among-gsk
children, but delayed gluten introduction was associated with a delayed onset of the
disease p9]. The Environmental Determinants of Diabetesn the Young (TEDDY) study
evaluated whether the intake ofL. reuteriand L. rhamnosusduring the first year of life,
could influence the developmentof CD.Thetreatment had no protective effect[60].

8.1.3. Effect of Pro-Biotics in Potential Subjects

Potential CeliacDisease(PC)is characterizedby the detection of specificantibodies
in the serum, the presence of compatible HLA, but in the absence of alterations of the
intestinal mucosa(Type 0, 1 accordingto Marsh). Patientswith PCmay or may not have
clinical symptoms|[8].

In the intervention study by HakanssonA et al.,administration of L. plantarum and
L. paracasefor 6 months in potential subjects on a normal containingjluten diet had modu
latory effects on the peripheral immune response; but it showed no effect in preventing the
progression of the disease,which developedin the sameproportion in both groups [61].

9. Pre-Biotics as Food Supplements in GFD

The glutenfree diet exposes celiacs to nutritional deficiencies. In fact, the consumption
of somenutrients, in particular fiber, iron, calciumand folic acid,is lower than normal in
patients who follow a glutenfree diet. One possible strategy for avoiding the nutritional
deficiencies in CD patients is appropriate dietary supplementation. According to the most
recent definition, proposed by the International Scientific Assdation of Pro-biotics and
Pre-biotics in 2017, pre-biotics are substrates that are used by the intestinal flora as an
energysource;thesesubstrateshaveabeneficial effecton human health [62]. Prebiotics
can havebeneficial effects on the absorption of vitamins and minerals; some of them have
been shown to improve mineral bioavailability and increase iron absorption in animal
studies[63].

To date, all interventions with pre-biotics have been tested in celiac subjects at GFD
with the aim of improving the O O A E Aukitaab status.

In a randomized clinical trial with a placebo conducted on 34 patients with celiac
diseasediagnosedaccordingto the criteria createdby the EuropeanSocietyof Gastroen
terology, Hepatology and Pediatric Nutrition (ESPGHANcriteria 2012) the administration
of 10 g per day of Sinergy 1 (oligofructosenriched inulin, ORAFTI, Tienen, Belgium)
resulted in a significant reduction ofhepcidin (regulator of iron metabolism in the interven
tion group). Nodifferenceswere found in the morphological and biochemical parameters
of the blood (for details see Table 6) [64]. Natalia Drabifska et al. observedthat patients
with GFDmay counteractthe reduction in Bifidobacteriumcountin CDchildren after the
administration of Synergyl. The addition of Synergyl modified the faecalSCFAprofile,
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andin particular, increasedthe concentration of acetates.In asecondintervention study,
the levels of 25hydroxyvitamin D [25 (OH) D], parathyroid hormone, vitamins E and A,
calcium, phosphate, magnesium, totgirotein and albumin were evaluated after admin
istration of 10 g a day of Sinergy 1 for three months. The Synergy 1 leds to an increase
in 25 (OH) D and vitamin E, but there was no difference in the levels of parathyroid
hormone, calcium, phosphate anditamin A [65,66]. The circulating amino acid (AAS)
concentrations are indicators of dietary protein intake and metabolic status. In CD, the
AAimbalanceis frequently observed.In two other papers,the integration of Sinergy1 for
three months led to an increase in urinary excretion of AA with a simultaneous increase
in the content of circulating AAs, which could be attributed to higher absorption and/or
intensified metabolism of AAs, as welas further healing of the intestinal mucosag7].
Changes in Glu concentration suggest that oligofructossriched inulin could improve the
intestinal condition and permeability, leadingto benefitsin bone metabolism,increasing
boneformation rates andreducing bone resorption rates[68].

Table 6. Effectof prebiotics in vivo study.

Read Out Effects

Reduction inserum hepcidin
concentrations,no changein blood
morphological and biochemical
parameters

(including ferritin, hemoglobinand
Creactive protein (CRP)

Reference

Evalutate the effect of
oligofructase-enriched inulin (Synergy 1)
oniron homeostasisin CDchildren GFD

Ferus, K et al.
Nutrients 2018 [63]

Evaluate theeffect of prolonged

Drabinska, N et al. Nutrients 2018 [65]

Drabinska,N Amino Acids 2018
[67]/Nutrients 2018 [66]

oligofructose-enriched inulin (Synergy 1)
administration on the characteristics and
metabolism of intestinal microbiota in CD
children GFD

Analyze the effect of the intervention on
plasma and urinry concentrations of AA

IncreaseBifidobacteriumand modified the
faecal SCFAprofile, increasing the
concentration of acetate

Synergy 1 could improve the intestinal
condition and permeability

Drabifska, N et al. Nutrients 2018 [67]

Drabinska, N et al. Bone2019 [68]

Determine the variations of
25-hydroxyvitamin D[25(OH)D],
parathyroidhormons, vitamines Eand A,
calcium, phosphatemagnesium, total
protein and albumin

Improved vitamin D and vitamin E status
in children and adolescentswith CD

Improved bone metabolism increased
bone formation rates and decreasedbone
resorption process rates. The intervention
did not lead to immunological response
changes

Effect of oligofructaseenriched inulin
(Synergy 1) on bone turnover markers
and immune response in children in CD
children GFD

Type of study: Randomizeddouble blind. Samplesize: 34 children. Follow up: 3 months. Inclusion criteria: ESPGHAN2012. Intervation:
10 g of oligofructose-enriched inulin (Synergy1) or a placebo(maltodextrin).

10. Conclusions

The few reports of in vivo trials with pro-biotics in CD indicate that they are not
ableto prevent the disease Pro-biotics only seemto be effectivein alleviating symptoms.
Theseconclusionsarein line with other reports on# O HDis@a&eand Ulcerative Colitis.
Pre-biotics alone do not seem to be very active in vivo, whereas peBintics have never
beenusedin vivo.

In vitro post-biotics in intestinal epithelial cells seem to be very effective ipreventing
gliadin and gliadin peptides effects. Poshiotics seem to be effective in many different
pathways that ultimately point to the prevention of the inflammation induced by gluten.
The use of in vitro patientderived organoids to model CD pathogersis could be a novel
tool to further study CDtreatment and prevention

It is not clear what aspectof the post-biotic inducesthis activity, although somereports
point to small protein/s produced by the bacteria. Taken all together, these data point to a
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possible application of post-biotics in the prevention of inflammation in CDpatients at risk
of the diseases.Only in vivo trials will be able to confirm this application.
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Abstract: Celiac disease (CD) is a chronic inflammatory disease caused by a genetic predisizoaition
abnormall cell mediatedmmuneresponséo theglutenin thediet. Differentenvironmentaproinflammatory
factors can influence and amplify the T cell mediated response to gluten. The aim of this manuscript was tc
study the role oenterocytes in CD intestinal inflammation and the response to different proinflammatory
factors, such as gliadin and viruses.Intestinal biopsies from CD patients orralataiming (GCBCD) or
glutenfree diet (GFBDCD) as well as biopsies from potent@D patients (Pe€D) before the onset of 4in
testinal lesions and controls (CTR) were used to investigatefL a 6 dtnRNALevels in situ. Organoids
from CD patientswereusedto testthelevelsof NF-k BERK, IL-6,andIL-1 by Westerrblot (WB), ELISA
andquantitativePCR.The Toll-like receptoligandloxoribine (Lox) andgliadin peptideP31:43 wereusedas
proinflammatory stimuli.In CD biopsies inflammation markerslll}  a r6dverd ihcreased in the enter
ocytes, also in PED before the onset dhe intestinal lesion and in GFOD. The inflammatory markers
pNFk B, p E-RR, a 6tiverd ihcreased and persistent in CD organoids; these organoids were more
sensitive to P343 and Lox stimuli compared with CTR organoids.Taken together, theseaties point
to constitutiveinflammationin CD enterocyteswhicharemoresensitiveto inflammatorystimuli suchasfood
componentandviruses.

Synopsis

Inflammationis presenin CD enterocytegvenbeforethe onsetof intestinal
lesions,evenwith a glutenfree diet.

Organoidsderivedfrom CD intestinal stem cells reproducedhe intestinal
inflammation.

CD enterocytesveremoresensitiveto proinflammatorystimuli.

Keywords: Smallintestine; PotentiaCeliac Diseasd\F-k BERK

1. Introduction

Celiac disease (CD) is an immunmeediated enteropathy triggered in genetically susceptible
individuals by a group of wheat proteins and related prolamins from cér@hls HLA-restricted
gliadin-specific intestinal T cell response plays atca role in the pathogenesis of GDCD is
known to be characterized by a combination of ghieluced symptoms, the generationGib-
associated autoantibodies, and enteropAtbyt it remains unclear why T cells are activabgd
gliadin. Studies caifucted in mice have demonstrated that mucosal inflammation due-to reo
virusinfectionmaydisruptoral tolerancto gliadin by suppressingegulatoryT cell conversiorand
promoting Th1l immunity. These results indicate that in an inflanet/ironment enriched in
cytokines, T cells tend to acquire a proinflammatory phenotype. The factors that create a proin
flammatoryenvironmenin the CD intestinecould havemultiple origins. Recentstudieshavede-
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scribedthe influenceof severaldifferentfactorsin CD, suchascellularvulnerability, the proin-
flammatoryeffectsof gluten*® andotherwheatproteins®, Westerndiet” andother environmental
triggers,suchasviruses®®thatmayprepareand/oramplify, the TC -mediated-esponséo gluten®.

Cellular vulnerability in CD has been suggested by recent studies that have shown that despit

clinical andhistologicalremissionceliacdiseasgatientsfed aglutenfreediet (GFD) havealtered
proteincompositiorof guttissuewith signsof ongoinginflammation.In fact, changesndicativeof
epithelialinflammation,minor crypt hyperplasiaandin the serumhavelow-gradeinflammation
beendemonstratedn GFD-CD intestinalbiopsiesbeforegluten challengein vivo °. Moreover,
alterations in differentiation/proliferation pathways have been found in-GBpatients before in
vivo challengewith gluten!?. Interestingly afterin vivo challengewith gluten,anincreasen the
sameproteinsthat were alteredat baselinein the GFD-CD, wasfound 1%L Nuclearfactor kap-
palight-chainrenhancenof activatedB cells (NF-k B ) major mediatorof the inflammatoryre-
sponsé?, hasbeenfoundto beincreasedn GCD-CD andGFD-CD biopsiesfrom severalifferent
genetict® andexpressiorstudied*!6. Fernandezlimenezt al. 14 showedthatthe expressiornfo3
NF-k Byenesmeasurethy RT-PCR(reattime polymerasehainreaction)wasalteredin GFD-CD
and GCD-CD comparedo control biopsiesandin culturedbiopsiesfrom CD (GCD and GFD)
patientschallengedwith gliadin. Theseresultsshowedthat genesthatwere constitutivelyupreg
ulatedin GFD patientsbelongedo the NF-k Bsignallingsystem .Interestingly,accordingto GFD
biopsies glutenchallengealsoincreasedNF-k Boathwayactivationin vitro. Similar increasesn
the activationof the NF-k Bpathwaywere observedn GFD-CD biopsiesand fibroblasts,both
derivedfrom theintestinesof CD patientsandfrom skin explantgdistantfrom theintestine) Only
biopsiesandfibroblastsfrom CD patientswere sensitiveto low dosesof gliadin peptideP3143,
which did not affect controls?’. Takentogether thesedataindicatethatin CD, a vulnerability
(probablyconstitutive)is present thatenderscellsmoresensitive tgroinflammatory stimuli.

The intestinal epithelium has assumed an emerging role in CD pathogenesis; in fact, mor
phological**” andfunctionalalterations”-*¢havebeendescribedn epithelialcellsin CD patients.
Moreover, the inflammasome pathway was increased in intestinal epithelial cells isolated from
GFD-CD biopsies aftegluten challengé®.

Gluten and, in particular, one of its undigested peptides-4B3tan induce inflammation in
culturedcells,in CD biopsieGCD andGFD) andin mice®. P3143is notpresentedo T cellsand
can induce several different effects on cells, in CD biopsies and mice, including proliferation, ac
tivation of innate immune markers and inflammatiéh Moreover, it can act synergistically with
viral ligands(PoliI:C andloxoribine)to induceinnateimmunity activationbothin vitro andin vivo
21

Therefore, the emerging role of epithelial inflammation and the proinflammatory effects of
viruses andyliadin in CD prompted us to study inflammatory markers in situ in the enterocytes of
biopsies derived from CD patients at different stages of the disease,(GED- and PotCD).
Moreover, we examined whether intestinal organoids derived from CD bi@psiesgood model
for studying inflammation and sensitivity to proinflammatory agents, such a4¢3&dd the viral
ligandloxoribine,in CD epithelium.

2. Results
2.1. In CD biopsies, the inflammatory markers IL-7/4 and IL-6 are increased in enterocytes.

Expression of IE1 B a +6 dhRNALn situ was analysed in intestinal biopsies from CD pa
tients at different stages of the disease as well as those from contiblf LMRNA was atk
control biopsies at both the level of the intestinal epithelid$ célthe crypts (Figure 1 A and E)
and of the villi (Supplemental Figure 1A). In contrastllll mMRNA was i ncreas
tients independent of the stage of the disease and almost exclusively at the level of the crypt
(Figure 1 BD; SupplementaFigure 1 BE). In particular, Ik1 3 mRNA was hi ghl
(59436 red dots/cryptp value <0.05) in CD patients fed a gluteontaining diet (GCBCD)
(Figure 1 B, E) in the acute phase of the disease and in potential patier@D)RdB.6 + 11 red
dots/crypt,p value<0,01)(Figurel C, E) beforetheonsetof lesionsof thesmallintestine who still
consumed gluten. Patients in the remission phase of the diseaseC{@Fih a gluterfree diet
also presented an increased expressfol.-1 3 i n the intestinal epi
levels,thanpatientsn the GCD-CD andPotCD groups(17.6+ 2.5reddots/cryptp value<0,001)
(Figurel D, E).
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Figure 1. IL-1p is increased in the epithelium of the crypts in CD biopsies.In situ mMRNA analysis
of IL-1 B eirt baopsiesfrom controls(CTR) (A), glutenrcontainingdiet celiacdiseasegatients(GCD-
CD) (B), Potential CD patients (RP@D) (C), and glutetiree diet celiac patients (GFOD) (D).Blue
indicateshaematoxylireosinstainingof the nuclei, andred indicateslL-1 EMRNA. Black
squareshowdifferentenlargementsf crypts.Lines indicatel0 micrometers at00X objective.

E. IL-1 fositive red dot counts in the crypts of intestinal biopsies from CD patients and

controls. At least 10 crypts/subject were counted on different slides. The numbers of subjects an
alysed are indicated. Columns reggpt the mean, and bars represent the standard deviation. Stu

dentsttest: * = p<0.05;** = p<0.01;*** = p<0.001.
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IL-6 mRNA waspresenin control biopsiesboth at the level of the crypts(Figure2 A andE) and of

the villi(Supplemental Figure 2 A), as expeéte®n the other hand, 46, similartoI-1 B ( Fi gur
was overexpressed with respect to the control in the- GODGFD-CD and PoCD groups (Figure 2
B-D).

In particular, 1-:6 mMRNA was highly expressed (42.5+£8.6 whts/crypt) in CD patients fed a glu
ten-containing diet (GCBCD) (Figure 2 B, Ep value <0,01) in the acute phase of the disease and in
potential patients (P&ED) (53.67+ 26.7 red dots/crygg;value <0,05) (Figure 2 C, E) before the on
set of lesion of the small intestine, who still consumed gluten. Patients in the remission phase of tr
disease and fed a glutéree diet (GFBCD) (Figure 2D) also presented altered expression @ iih

the intestinal epithelium, although the difference did nothrestatistical significance (30.67+ 29.01red

dots/crypt) (Figure D, E).
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Figure 2. IL-6 levels were increased in the epithelium of the crypts in CD biopsies. In situ mRNA
analysis of -6 in biopsies from controls (CTR) (A), gluteontaining diet celiac disease patients
(GCD-CD) (B), PotentialCD patients(PotCD) (C), and glutenfree diet celiac patients(GFD-CD)

(D). Blue indicates haematoxyteosin staining of the nuclei, and red indicatess INRNA. Black
squares show different enlargements of crypts. Lines indicate 10 micrometers at 100X objective.
IL-6-positive reddot counts in the crypts of intestinal biopsies from CD patients and controls. At leas
10 crypts/subject were counted on different slides. The numbers of subjects analysed are indicat
Columnsrepresenthe meanandbarsrepresent thetandard deviadh.St u d etestt *'= §<0.05;**

= p<0.01.

2.2The inflammatory markers pNF-kB, pERK, IL-1§, and IL-6 were increased and persistent in

CD organoids.

Intestinalorganoidswere derivedfrom GCD-CD and CTR intestinalbiopsiesandestedafter 1 week

of culture for the inflammatory markers pNFB , pERR, b loh paltitular, pNFk Bp (
value <0.05) and pERKp(value <0.05) were increased in CD organoids compared to CTR organoids
as evaluated by Western blot (WB) analysis (Figure-B)AQuanitative mRNA (Figure 3 E and F)
showed a marked increase in1LBp vélue <0.05) and H6 (p value <0.01) expression in CD organ
oids compared with that of CTR organoids. An ELISA of the supernatant of the organoid culture
(Figure 3 G and H) showed a rkad increase in L1 p vdlue <0.05) and K6 (p value <0.01) levels

in the CDsupernatant compared witthose of CTR supernatant.
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Figure 3 Inflammatory markers were increased in CD organoids. A. Westernblot analysisof total

proteinlysatesof organoidsfrom controls(CTR) and CD patientsfed a glutenrcontainingdiet (CD).
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Upper lines were blotted with an antiboadgainst the phosphorylated form of MFB  (-p BI}F .- Bo
tom lines were blotted with arG@APDH (glyceraldehyd@-phosphate dehydrogenase) antibody as a
loading control. Representativeimages were selected.B. Densitometric analysis of the pNF

K B/ GAP DH frdmaCiRIand CD. The numbers of organoids analysed are indicatedinG
represent the mean, and bar s ttstpr=gs0ddh CWestera st
blot analysis of total protein lysates of organoids from CTR and CD. rUines were blottedith an
antibody against the phosphorylated form of ERK (pERK). Bottom lines were blotted witfERIK
antibody as a loading control. Representative images were selected. D. Densitometric @intdigsis
pPERK/ERK bands from CTR an@D. The numbers of organoids analysed are indicated. u@uhs
representhe mean,andbarsrepresenthe standarddeviation.St u d etestt *'=9<0.05.E and

F. Quantitative PCR analysis of-IL3 a r6dnRNALlevels in CD patients compartz CTR pa
tients. The number of organoids analysed is indicated. The columns represent the mean, and bars
resent the st and dtesd* =dpeO0b. &tanddHnELISASshavhg it §° = 6d |
protein levels in the culture media of CDganoids compared to CTR organoids. The numbers-of or
ganoids are indicated. The columns represent the mean, and bars represent the standard devia

St ud etestt*'=m<0.05; ** =p<0.01.

To understand whether the inflammationntestinal organoids was a residual effect of the inflamed

intestinalenvironmentor inherentto the intestinal CD epithelium,we cultivatedorganoidsfrom CD
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and CTR patients for several wedk®om 4 to 12 weeks) and then tested them again for the inflam
matory markerspNF~k Band pERK by WB analysis(Figure4 A-C). Interestingly,the expressiorof

the inflammatory markerspNF~k B(p value <0.01) and pERK (p value <0.01)in CD organoidsre-
mainedmoreelevatedhanin CTR organoidsafterseveral weeks culture.

In intestinal organoids from inflammatory bowel disease (IBD) patients, markers of inflammation are
elevated only for a few weeks-2lw) after culture and then decrease to thellef CTR organoid$?

In Figure 4 DF, we compared the inflammatory markersphNB  and pERK i n inte:
from CD and IBD patients after 4 weeks in culture. We confirmed that in IBD, botkkpBIF a n d
pERKwereatthelevel of the controls. Onl\CD organoids showekigher levelof pNFk B vélye

<0.01) and pERK (p value <0.05), than the CTR organoids after 4 weeks in culture. Taken together,

thisindicates thain CD, contrary to IBD, inflammation is persistent.
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Figure 4. Inflammation was persistent in CD organoids. A. Westernblot analysisof the total pro-

tein lysatesof organoidsrom CD patientscultivatedfor severaweeksasindicated.Upperlineswere
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blotted with an antibody against tipdosphorylated form of Nk B (-ip Bl F. Mi ddl e |
blotted with an antibody against the phosphorylated form of ERK (pERK). Bottom lines were blottec
with anttERK antibody as a loading control. Representative images were selected. B. Densitomett
aralysis of the pNlk B/ ERK bands from CD cultivated for
of subjects analysed are indicated. Columns represent the mean, and bars represent the standard c
tion. Btest d=epr01. . Densitometric anyais of the pERK/ERK bands from CD cullti
vated for different times as indicated. The numbers of subjects analysed are indicated. Columns ref
sentthe mean, and bars representdtendard deviatior5 t u d etestt ** =sp<0.01.

D. Western blot analys of total protein lysates of organoids from CTR, ulcerative colitis (UC),
Crohn’ s disease (Cr D) and CD cultivated for
against the phosphorylated form of MFB  (-p BIF . Mi ddl e | i ne santibogly e
againstthe phosphorylatedorm of ERK (pERK). Bottom lines were blottedwith ant-rERK antibody

as a loading control. Representativémageswere selected.E. Densitometricanalysisof the pNF

KB/ ERK bands fr om CduRvatedUd® 4 we€ks.DrheanambersCob subjects an
alysedareindicated.Columnsrepresenthe mean,andbarsrepresenthe standardleviation.St ud e n't
t test: ** = p<0.01. F. Densitometric analysis of the pERK/ERK bands from CTR, UC, CrD and CD
cultivated for 4 weeks. The numbers of subjects analysed are indicated. Columns represent the me

andbars represent the dtesa*r-¢p<000dl devi ation. Stud
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2.3 3D and 2D organoids from CD patients had increased inflammatory markers compared to

those from CTR patients

Organoids are considered good models for studying inflammation and infection of the irffedtmne
examine the role of inflammation in CD, we treated CD organoids with proinflammatory agents suc
as gliadin peptide P433 and the viral ligand loxoribine (Lox), which is a specific ligand for TLR7
(Toll-like receptor 7)?%. Previous data indicated that both RBland Lox increased inflammatory
markers inCD cells (8).

To provide correct treatment fdine apical side of the intestinal cells of organoids, it is necessary to
open them up, shifting them to 2D because in 3D, the apical side of the cells is enclosed in the sph
cal organoids. Light microscopy analysis of organoids in 3D and 2D did oot ahy difference in

their dimensions. Thredimensional CD organoidsere denser than CTR organoids, as already de
scribed?>(Figure 5 A). The expression of villin and cytokeratin, differentiation markers of epithelial
cells, was similar in 3D and 2D agoids, as assessed by immunofluorescence and WB (Fidsre 5
H). Phosphorylation levels of NEB and ERK in 3D organoids- wer
ganoids,for both CD and CTR patients(Figure 5 I-N). pNF~k Bwasincreasedn both 2D (p value
<0.05) and 3D( value <0.01) CD organoids compared to CTR organoids. Additionally, pERK was
increased in both 2Dp(value <0.05) and 3Dp(value <0.01) CD organoids compared to CTR organ
oids. We confirmed that opening the organoids did not affect infl@ory marker expression (Figure

5 I-N).
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Figure 5.Markers of inflammation were increased in both 3D and 2D organoids from CD pa-

tients compared to CTR patients. A. Light field microscopy of 3D and 2D organoids from CD and
CTR. 20X objective.The black line indicates10 microns.B Immunofluorescencenagesof 3D and

2D organoids stained with ardytokeratin antibodies. 60x objective.The blaclelimdicates 5 mi
crons. C. Western blot analysis of total protein lysates from CTR and CD 3D organoids. Upper line
were blotted with an antibody against cytokeratin. Middle lines were blotted with an antibody again:
villin. Bottom lines were blotted wit GAPDH antibody as a loading control. Representative images
were selected. Densitometric analysis of the cytokeratine/GAPDH (D) and villin/GAPDH (E) band:
from 3D organoids from CTR and CD. Columns represent the mean, and bars represent the stanc
deviaions.The numbers afubjects analyseate indicated.

F. Western blot analysis of total protein lysates from CTR and CD 2D organoids. Upper lines wel
blotted with an antibody against cytokeratin. Middle lines were blotted with an antibody agamst
Bottom lines were blotted with GAPDH antibody as a loading control. Representative images wel
selected. Densitometric analysis of the cytokeratine/GAPDH (G) and villin/flGAPDH (H) bands from
2D organoids from CTR and CD. Columns represent the naeahbars represent the standard devia
tions.The numbers of subjects analysediadicated.

|. Westernblot analysisof total proteinlysatesof 3D and 2D organoidsfrom CTR and CD patients.
Upper lines were blotted with an antibody againstpihesphorylated form of Nk B (-p BIF. - L 0
er lines were blotted with anBAPDH antibody as a loading control. Representative images were se

lected.L. Densitometrianalysisof thepNFk B / G A Bdndsfrom 3D and2D organoidsfrom CTR
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and CD. The numbers of organoids analysed are indicated. Columns represent the mean, and bars
resent the st and atesd* =dpelOb;&*t=ipe0r0l. M.SNestatrebiot ahadysis of
total protein lysates of 3D and 2D organoids from CTR and CD. Upper lines were blotted with an at
tibody against the phosphorylated form of ERK (pERK). Bottom lines were blotted witBRKtan

tibody as a loading control. Representative images were selected. N. Densitometric analysis of t
pERK/ERK bands from CTR and CD. The numbers of organoids analysed are indicated. Columi
representhe mean,and bars representthe standarddeviation.St u d ¢ test: * s p<0.05;* =
p<0.01.

2.4 Organoids from CD patients were more sensitive to P31-43

CD cells responded to inflammatory stimuli such as thgliddin peptide P3%3 by increasing i
flammatory markers expressiénTo determine if there wasdifference in sensitivity between CTR
and CD organoids, we treated them with ¥31at concentrations that did not affect CTR organoids
(Figure®).

P343 concentrations of 10 pg/ ml and i#Fl@matgy ml
markers pNFk B, p E-R B, a kodn control organoids (Figure 6). We analysed pNB a n d
pERKby WB and IL-1 [and IL-6 by quantitativePCR and ELISA (Figure 6).

On the other hand, in CD organoids, the expression of the inflammatory maikkeksB and pE
increased when stimulated with P813 at 1 0 -kugvaluel<0.06, pERKp value <0.01) and

20pu g / (pHRK: p value <0.05) (Figure 6 /).



Int. J.Mol. Sci.2021, 22, x FOR PEERREVIEW 15 of 35

As measured by quantitative PCR of the total mMRNALIB a r6dFiglird. 61-N) expression in
creased in CD organoi dspvaliet<@d001bl6 p Valuel<0.05pagd 20 |
M g / (Hl beta:p value <0.0001IL-6 p value<0.001)P31-43.

ELISAs (Figure 6 GR) on CD organoid culture media revealed thafll3 pression was increased
after 1 0-43upovalual<0.0B)3wihereas 1& expression did not increase. These results indi
catethat CD enterocytesvere more sensitiveto the inflammatory stimuli of gliadin peptideP31-43

thancontrolenterocytes.
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Figure 6. Organoids from CD patients, but not from CTR patients, are inflamed by P31-43.
Western blot analysis of total protein lysates of organoids from CTR (A) and CD (B) before (NT) an

after treatmentwith low concentration®f P33+43 (10 g / (@0 p ggnd20p g / (@0 g )Upper
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lines were blotted with an antibody against the phosphorylated form-&f RF (- Bl . Bott ol
were blottedwith anttGAPDH antibodiesas a loading control. Representativenageswere selected.

C and D Densitometric analysis of the pklB/ GAPDH bands from CTR ar
treatment with P343 as indicated. The numbers of organoids analysed are indicated. Columns repr
sentthe mean,andlr s represent t he s ttestn*daps0d5 EHaadvFi\Nestarno n
blot analysis of total protein lysates of organoids from CTR (E) and CD (F) patients before (NT) an
after treatment with P343 as indicated. Upper lines were blotted vathantibody against the phos
phorylated form of ERK (pERK). Bottom lines were blotted with-&RK antibody as a loading con

trol. Representative images were selected. G and H. Densitometric analysis of the pERK/ERK bar
from CTR and CD before and afttreatment with P343 as indicated. The numbers of subjects ana

|l ysed are indicated. Columns represent the m
test: * = p<0.05; ** = p<0.014L. Quantitative PCR analysisofi{L 3 MR N A Dbrganogds feomi n
CD patients compared to CTR organoids. Thte n
test: ****= p<0.0001.M-N. Quantitative PCR analysis of & mRNA levels in organoids from CD
patients compared to CTR organoids. The mber s of organoids antal y:
test: *=p<0.05; ***= p<0.001.

O-P. ELISAshowinglk1 3 protein | evels in the cultur-e m
ganoids before (NT) and after treatment with 3las indicated. The mbers of organoids analysed
are indicated. The columns represent the tmea

test: * = p<0.05.Q andR. ELISA showingIL-6 proteinlevelsin the culture mediaof CD andCTR
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organoidsbefore (NT) and after treatment with P32 as indicated. The numbers of organoids ana

lysedare indicated. Theolumnsrepresenthe meanand bars represetite standard deviation.

2.5 Organoids from CD patients were more sensitive to Lox

CD cellsand biopsies responded to the inflammatory stimuli of-likél receptor 7 viral ligand, Lox,

by increasing the levels of inflammatory mark&#s To understand if there was a difference in sensi
tivity between CTR and CD organoids to viral ligand stlimwe treated them with Lox at concentra
tionsthat did not affect CTR organoids (Figure 7).

Il n contr ol organoi ds, 50 pM and 125 pM Lex
flammatory markers pNk B, pIE-R B a +6,dwith the exception of pERK, which was signifi
cantly increased only by 125 uM Log yalue <0.01). As before, we analysed pB and pER
WBand IL-1 B a +6 dy quahtitative PCRNdELISA (Figure 7).

On the other hand, in CD orgadsj treatment with Lox increased the expression of the inflammatory
markerspNF~k Band pERK at both 50 y M(pNFk Bp value <0.05)and 125 y M(pERK, p value
<0.05)concentrationsaccordingo WB analysigFigure 7 AH).

Stimulationwith 50 uM (p value <0.0001) and 125 pM galue <0.01) Lox increased the leveldlof

6 MRNA (Figure 7I-N) butnot IL1 B mRNA.

ELISAs (Figure 7 GR) on CD organoid culture media revealed thafllB was i ncr ease
Lox (p value <0.05) treatmenivhereas IL6 was not increased. These results indicate that CD entero

cytesweremore sensitivéhan controkenterocytes tinflammatory stimuliof differentorigins.
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Figure 7. Organoids from CD patients, but not from CTR patients, are inflamed by Lox. Western

blot analysis of total protein lysates of organoids from CTR (A) and CD (B) patients before (NT) ant
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tibody as a loading control. Representative images s@exted. G and H Densitometric analysis of
the pERK/ERK bands from CTR and CD before and after treatment with Lox as indicated. Columr
represent the mean, and bar s ttestp*r g<6.@5n*t=p<40l0e s
I-L. Quantitative PCR analysis of L mMRNA | evel s i n organoi ds
those from CTR patients. The numbers of organoids analysed is indicated. Columns represent
mean, and bars represent the standard deviatied. QuantitativePCR analysis of #6 mRNA lewv

els in organoids from CD patients compared to those from CTR patients. The numbers of organoi
analysedar e i ndi c atteg. d*= p<@Qlu-d*e p<0.0081.

O-P. ELISAshowing k1 B3 pr ot ei n | e v edosCDiormganoids eomgared tbo GTRer m
ganoids before (NT) and after treatment with Lox as indicated. The numbers of subjects analysed
indicated.The columnsrepresenthe media,andbarsrepresenthe standarddeviation.St u d #est:it ' s
*= p<0.05. QR. ELISA showing IL-6 protein levels in the culture media of CD and CTR organoids
before (NT) and after treatment with Lox as indicated. The numbers of organoids analysed- are inc

cated.The columns represetite mediaand bars represent the standdegtiation.

3.Discussion
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The mucosa of the small intestine is the primary target of CD. Gluten peptides interact with the epith
lium, cross the epithelial barrier and induce an adaptive immune response gigéamsin individuals

with MHC class Il DQ2/8 haplotypes. Only a few individuals with these haplotypes will develop CD
after exposure to gluten, indicating that other factors influence the initiation and maintenance of tt
diseaseOneof these factors add be the altereflinctionality ofthe innate epithelialesponsé?®.

In this manuscript, we described epithelial inflammation in CD biopsies usiig@L a nrédas | L
markers in patients at the acute phase of the disease-CRJ[after remission of the testinal lesion
(GFD-CD), and patients with arTiTG antibodies, who were genetically predisposed to CD-QBot

yet had normal intestinal morphology foi32years (on average) prior to the onset of the intestinal le
sion. We derived organoids from intest biopsies of GCBCD and CTR patients and tested them for
markers of inflammation, such as piXFB , p E-R B, a #6andifdund that these markers were
altered in CD organoids. In CD organoids the inflammation was persistent. Moreover, CD organoic
were more sensitivethan controlsto inflammatory stimuli such as gliadin peptideP31-43 and the

TLR7 receptor ligand Lox.

Intestinal inflammation in CD has been described by many different studies, in patients at both tt
GCD and GFD stages and before and after gluten chalféfige*318 It is now clear that in CD, sev

eral different factors, such as cellular vulnerability, the proinflammatory effects of gluten and othe
wheat proteins, Western diet and other envirental triggers, such as viruses, converge to prepare,

and/or amplify the T@nediated response to gluteh
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Moreover, changes at the mRNA and protein levels of the inflammasome pathway were found in il
testinal epithelial cells purifée from CD intestinal biopsies and analysed for gene expression. These

resultsindicatethatintestinalepithelialcells play a keyrole in smallintestinalinflammationin CD 1°

The IL-1 B a f6aytokides are important mediators of thBammatory responsand are involved

in a varietyof cellularactivities, includingcell proliferation differentiation, angpoptosis>2®

In this manuscript, we found that-IL 3  a f6devels increased in CD enterocytes, not only in the
acute phase of the disease but also in the remission phase and in potential patients before the ons
intestinal disease. Interestingly, in owiperiments, both 1 B a #6 devels Wwere altered mainly in

the epithelium in all stages of the disease. The presence of inflammation in-4GB Bobdup is par
ticularly interesting, as it indicates that inflammation of the epithelium precedes mueossalel

lings, and points tdheintestinalepithelium as key componenof the inflammatoryesponsén CD.

The possibility of growing small intestinal organoidbas given many researchera new tool to
studythe role of the intestinal epithelium in el different disease$. Organoids are a miniaturized
and simplified version of aarganproducedn vitro in three dimensions witrealistic microanatomy.
Intestinal organoids are derived from crypt stem cells. Several different groups have used organoids
study CD, revealing the presence of increased staminality, permeability, inflammasome activity, ar
innate immunity genewith respect to healthy individuat?’. Extracellular matrix (ECM) genes were
decreased in CD organoids compared to control individialBaken together, these observations in

dicatethat CDintestinalepithelialcells areconstitutively differenfrom thosan healthyindividuals.


https://en.wikipedia.org/wiki/Inflammatory_response
https://en.wikipedia.org/wiki/Apoptosis
https://en.wikipedia.org/wiki/Organ_(anatomy)
https://en.wikipedia.org/wiki/In_vitro
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In intestinal organoids from IBD, inflammation disappears after 1 week in culture and can be regaine
only upon INFa t r e a®t. Tinerefdre, in IBD, inflammation in intestinal organoidsegarded as a

residual effect of the tissue of origin. We derived organoids from the intestinal epithelium of CD pa
tients, IBD patients and healthy individuals. We confirmed the data on IBD organoids available in th

literature. In our experiments, IBb@©Ot h Crohn’s and ul cerative cc¢

flamed after 4 weeks in culture, and bothplB and pERK | evels were nc
organoids.
In contrast, in CD organoids, we found increased markers of inflammationasygiFk B , pERE

IL-1 B a r6dat thelprotein and mRNA levels. In contrast to that in IBD, inflammation in €D or
ganoids was persistent, as the levelsofgNB and pERK di d not decrea
in culture. This suggests that the afimation in CD organoids is not a residual effect of the tissue of
origin but is constitutive.

Possible constitutive alterations in CD, which appear to be independent of the stage of the disease
the gluten content in the diet, have been recently destin vivo in the literaturé?82? Interesting

ly, several cytokines related to the inflammatory pathway were increasedisk infants before
theonset otthe diseasand thentroduction of gluterio thediet (personatommunication).

Moreove, in CD biopsies and fibroblasts, increased sensitivity to inflammatory triggers such-as glia
din peptide P3#43, IL-15 andToll-7-specific viralligand Loxhave beenlescribed’21:30:31

For this reason, we treated CD and CTR organoids withdifferent environmental inflammatory
stimuli, gliadin peptide P343 and Lox. P33 and Lox, ineffective in CTR organoids, were able to

inducethe activationof NF-k BandERK andincreasdL-1 fandIL-6 levelsin CD organoidsin CD
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biopsies and in intestinal organoids, increased sensitivity to inflammatory stimuli from bacteria ha
been described [19], indicating that intestinal organoids from CD patients are more sensitive-to proi
flammatorystimuli.

In conclusion, the factors thateate a proinflammatory environment in the CD intestine can be exog
enous, such as food and viruses but can also be endogenous (Figure 8). In faade®wmflamma

tion of the CD epithelium, probably constitutive, is present even before intestmalydalntestinal
organoids reproduced this constitutive inflammation and thus represent a good model for studying e
ithelial inflammation in CD. Moreover, the intestinal epithelium in CD is more sensitive to-proin
flammatory stimuli, includinggliadin and viruses. Taken together, these observations point to-consti
tutive alterations probablygeneticor epigeneticthatrenderthe CD epitheliummore sensitiveto in-

flammatorystimuli suchasfood componentsjiruses ananicrobiota(Figure8).

Endogenous factors
Exogenous factors

(Celiac cellular phenotype)

Gliadin
ATI Genetic
Western Diet Epigenetic
Viruses
Inflammation in CD
Microbiota

tTG

TC-mediated immune response to gluten and gluten- dependent autoimmunity




Int. J.Mol. Sci.2021, 22, x FOR PEERREVIEW 24 of 35

Figure 8:Inflammation in the CD epithelium is mediated by exogenous and endogenous factors.
Inflammation in CD is induced and maintained by several different factors, both exogenous and e
dogenous, probably generated dgpecific genetic/epigenetic background. Exogenous factors; in ad
dition to gliadin, include ATIs (amylase trypsin inhibitors), other food components of the Western di
et, viruses and microbiota. Endogenous factors render cells more sensitive t@ampmotbry stimuli

from the environment. The inflamed environment allows the activation of the T cell mediated respon:

to gliadin, modified by tissue transglutaminase (tTG).
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4.Materials and Methods

Tablel. Patientcharacteristics.

Patients Rang Sex Biopsy Serum Antien-
e Age (Marsh An- domysial
(Year classifi- tiTG2 Antibody
S) cation*) (U/ml) (EMA)
Controls 10-18 M=4, 8=T0 0-1.5 Negative
(N=8) F=4
GCD-CD 3-15 M=3, 10=T3c >50 Positive
(N=8) F=5
2=T3cb
GFD-CD 5-18 F=5 3=T0 0-1.5 Negative
(N=5)
2=T1
PotCD 7-12 M=2, 3=MO 9.357 3=positiv
(N=4) F=2 e
1=T1
1=ND

TO: Normal; T1: infiltrative lesion;T3: Flatdestructive lesiofa: mild, b: moderateg: total)
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4.1 Organoids

One to two duodenal biopsies per individual were taken with standard endoscopic ERGDS during ro
tine gastroduodenoscopy and placed indgkl 10 ml isolation buffer (5.6 mmol/L NMdPQ: (Sigma
S7907; SigmaAldrich, St Louis, MO), 8.0 mmol/L K2PQ: (Sigma P5655; Sigm&ldrich), 96.2
mmol/L NaCl (Sigma S5886; Sigmaldrich), 1.6 mmol/L KCI (Sigma P5405; Sigmaldrich), 43.4
mmol/L sucrose(FisherBP2201; Thermo Fisher Scientific, Waltham, MA), and 54.9 mmol/L D-
sorbitol (Fisher BP43%00; Thermo Fisher Scientific)) in deionized water. Crypt units were {isdat
according to the protocol of Yuli Wang et &.with minor variations. Briefly, after 60 minutes, the
biopsy samples were further enzymatically digested willagenase (2 mg/ml, Sigmaldrich Milan,

Iltaly) in washing buffer (WB) containing penicillin (100 units iy streptomycin (0.1 mg m#, |-
glutamine (2 mM) and FBS (10%, vol/vol) in DMEM/F12 with HEPES on ice for 30 minutes. The
digest was filtered thrah a 70 um strainer (Falcon, Germany) and the strainer was rinsed with an ad
ditional 10 ml of WB. Crypts were collectedby centrifugationat 500xgfor 5 min. The supernatant

was discarded, the crypts were carefully resuspended in 40 pl-obldélatrigel matrix (Corning
35623 Milan, Italy) to enable thretmensional growth in 48vell plates; the plates were incubated in

a cell culture incubator at 37 °C and 5% carbon dioxide for 10 minutes to allow the Matrigel to solidi
fy. Afterwards, 300 pl ell culture medium enriched with supplements (S)was added to each well
and was replaced every second day. The organ
To cryopreserve organoids, they were washed witlttade PBS EDTA to remove Magel and col
lected by centrifugation at 500xg for 5 min. Organoid pellets were suspended in 1ml WB, 10% faec

calf serum(FCS, Biochrom, Germany),and 10% dimethyl sulfoxide, slowly frozento — 8 @C in a
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cryo freezing container (Nalgee , Ger many) , and t hen -tenmastorage.er r
For further research, the cryopreserved organoids were quickly thawed at 37 °C, transferred to 10
WB, centrifuged at 2000xg for 5 min, plated with Matrigel and cultured inSCMediumFor 2D oF

ganoids, organoids were openly seeded in six wells pretreated with Matrigel diluted 1:40-in pho

phatebufferedsaline (PBS)

4.2 Culture medium to maintain organoids (CM-S).

Mouse L-cells that expressed Wnt3a;sRondin, and noggin wer@mmercially purchased (ATCC
CRL-3276, Bio Tech Standards, Germany), and a conditioned meditWR(N) was prepared ac
cordingtotheinstructionsand protocol of the manufacturerCulture mediumwith supplement$CM-

S) was prepared using 50% conditionedVRN medium and 50% fresh primary culture media:
Advanced DMEM/F12 [Invitrogen] 1 mM NacetylL-cysteine (Sigma, Germany), 1x2Nsupple
ments (Gibco, Germany), 1 x&/® supplements (Gibco, Germany), 50 ng/ml epidermal growth fac
tor, 10 mM nicotinamidgSigma, Germany), 10 nM Leudastrin | (Sigma, Germany), 500 nM
A8301 (inhibitor for ALK4/5/7; Sigma, Germany), 10 uM SB202190 (p38 MAP kinase inhibitor;
Sigma, Germany), and 10 uM-X7632 (p160 ROCK inhibitor; Tocris, Germany) in accordance with
the prdocols of Sato et a3, VanDussen et at* and Yuli Wang et af2 The organoids were cultured
with 300 pl culture medium,which was changedevery secondor third day. After sevendays,when

the organoids had formed large circular structures, W isolated from the Matrigel matrix and
split. For each passage, the spheroid/Matrigel was scratched into 500 pL of PBS containing 0.5 r

EDTA (PBSEDTA). The spheroidsverepelletedby centrifugationat 500 g for 5 min, andthe super
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natant was discarded. The spheroids were dissociated by incubation in 200 puL of 0.25% trypsin
PBSEDTA for 60-90 sec. An additional 5 mL of WB was then added to inactivate the trypsin. The
spheroids were pelleted by centrifugation at 500 g for 5 Tiie. supernatant was carefully removed,

andthe pellet wasesuspended in Matrigel.

4.3 Fixing of organoids, OCT embedding and cryosectioning

After removing the organoid culture media, the human spheroids were washed from each Gell of a
well platewith 5 ml of 1X PBS at room temperature. The structures were fixed with 5 ml of 2%
paraformaldehyde (PFA) and 0.1% glutaraldehyde (GA) in 1X PBS for 30 minutes at room temper:
ture. After washingextensively with 5 miof 1X PBS to removehe fixing soluton, the organoid
domes were carefully removed with a scoop or spatula and placed in a 50 ml conical tube containi
20% sucrosan 1X PBS.Thetubewasleft at 4 °C overnightor for threedays,until the domesfell to

the bottom of the tube. The domes were removed from the sucrose solution and placed in a mo
containing optimal cutting temperature (OCT) compound. Several domes were placed on each mou
they were snap frozen and storedaft °C. Using a cryotome, wat the organoid block into cryosec

tionsapproximately 10 um thick.

4.4 Immunostaining

After washing the slides with 1X PBS to remove OCT for 3D organoids, the 2D organoids were opel
ly seeding in six wells pretreated with Matrigel diluted 1:40 in PB8;tissues were permeated with

0.15% Triton/1X PBSfor 15 minutesat room temperatureThe cells were washed3 timeswith 1X



Int. J.Mol. Sci.2021, 22, x FOR PEERREVIEW 29 of 35

PBS for 10 minutes each time. The slides were blocked with 3% BSA/1X PBS (blocking solution) o
10% FBS/1X PBS for 1 hour at room temperature. The primary antibodyaabit anticytokeratin
(DakoCarpinteria, Ca USA) was diluted in blocking solution overnight at 4 °C in a humidified cham
ber. Then the cells were washed 3 times with 1X PBS forihQtes each time.Alexa Fluor 546 don

key antirabbit secondary antibody (Invitrogen, Milan, Italy) was added to the organoids. The cell
were then washed 3 times with 1X PBS for 10 minutes each time, mounted with Mowiomésig

Aldrich, Milan, Italy) and observednder aZeiss LSM510 confocamicroscopgGermany)-’.

4.5 Western blot

The human spheroids were seeded in six multiwells (Corning, Milan, Italy) coated with Matrigel di
luted 1:40 in phosphate buffered saline (PBS) for 3 days. After they stienulated with P343 or
LOX for various times at 37 °C, the organoid
mM Tris—HCI [pH 8], 150 mM NacCl, 5 mM MgCI2, 1% Triton, 0.5% sodium deoxycholate, 0.1%
SDS, 1 mM PMSF, 1 mM VO4, aprotinin, andAP; all purchased from Sigma, Milan, Italy, except
for LAP, which was purchased from Roche, Milan, Italy). The cell lysates were analyse®D$SRg
PAGE with a standard running buffer ( 2 5wena M
transferred onto itrocellulose membranes using Transbolt Turbo (BioRad Milan, Italy). The
membranes were blocked with 5% nonfat dry milk and probed with rabbiERL/2 and rabbit an
ti-pY-ERK1/2, (Elabscience, Milan, Italy) mouse aBW#®PDH, (SigmaAldrich, Milan, Itdy), and
rabbit antkpY-NF-k B (Cell Signalling, Euroclene,Milan, Italy). The bandswere visualized using

ECL (GE HealthcareAmershamBuckinghamshireUJK) with exposurdimesof 2-1 0  nffheiband
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intensity was evaluated bgtegrating all the pixels of the band after subtraction of the background to

calculatethe average of the pixels surrounding baad’.

4.6 ELISA

The levels of Ik1 B a f6dverd rheasured using commercial test kits (Diaclone, Besancon Cedex

France)on cell culture supernatants.

4.7 RNAscope to detect IL-1p and IL-6 mMRNA

IL-1 B3 armd MRINA | evels were det ect edRED (Advated Satl 0 p
Diagnostics, Inc. Canada). Sample preparation, probe hybridization anddetgetion were carried

out according to the kit instructions. Positive signals were indicated bshdped red granules in the
crypts. Positive and negative probes were used as positive and negative controls-sthieeddells
were counted. Positivéasning in more than 10% of the cells was considered positive, while less than

10%or colourlesstaining was defined as negative.

Briefly, bi opsies included in paraffin were
for 5 minutes and 106 alcohol twice for 1 minute. Deparaffinized slides were incubated with hydro
gen peroxide for 10 minutes at room temperature, submerged in the target retrieval reagent for
minutes at 99°, transferred to 100% alcohol for 3 minutes and dried at rogoeré&dune over
night.Each slide was incubated with protease plus for 30 minutes at 40° and then washed 3 times w
distilled water. Slides were incubated with the appropriate probe for 2 hours at 40°, washed with wa

buffer andincubatedwith hybridizedAmp (from Amp 1 to Amp 6) accordingto the protocol.To de-
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tect the signal, slides were incubated with fast red solution, submerged in staining dishes containi

50% haematoxylin andnounted with EcoMount.

4.8 PCR

Total RNA wasextracted from organoids using a RNeasy Mini Kit (Qiagen, Milan, Italy). The mRNA
concentration was measured using a Nanodrop spectrophotometer, and the RNA quality was analy
using agarose gel electrophoresis in Tris/Borate/ethylenediaminetetraak{iERTA) buffer (TBE,
Sigma, Milan, Italy). RNA (1 pg) was reverse transcribed into cDNA using a QuantiTect Reverse
Transcription Kit (Qi agen, Mi | an, l'taly) acc
were performed witoh aDNrAo X iemptl altyes40 arcgor-di n
col (TagMan Gene Expression Assay), using a 7900 HT FastTReal PCR system. The gene-ex
pression assay used to detect thellp gene was Hs01555410_ml1 (A
Fisher Scientit Inc., Monza, Italy), and the probe was located on Chr.2: 112825836842 on
Build GRCh38; for the IL6 gene Hs00174131 _m1l (Applied Biosystems, Thermo Fisher Scientific
Inc., Monza, Italy) was used, and the probe was located on Chr.7: 22725882®2 on Build
GRCh38.The expression of each gene was normalized to the expression of an endogenous-housek
ing gene (HPRT1). Relative quantificationwas performedusing the A A Crhethod.SDS software

(ABI, version 1.4 or 2.4) was used to analffseraw déa.

4.9 Statical analysis
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GraphPad Prism 5 software (GraphPad Software, San Diego, CA, USA) was used for statistical an
yses and to construct graphical representations. Statistical analyses of the differences included ¢
d e ntttests A p value < 0.05 was considered statistically significant.-BaNed comparisons were
used for all statistical analyses. The sample size was chosen after considering the variance -of the ¢
trol samples, and the number of samples needed to dksesstent of the expected effect was-esti

matedto be 3 or 4. Thereforéhe chosen sampteze was 34, or (more often}.

4.5 Ethical Statement: The Ethical Committee of the Federico Il University of Naples approved the
protocol of this study (etbal approval: 115/09/ESPROT). Written informed consent was obtained
from all patients or from next of kin, caretakers, or guardians on behalf of the minors /child partici
pants involved in our study. The authors confirm that all methods were performezbidance with

therelevantguidelines and regulations.

Supplementary Materials: Thefollowing supportingnformation carbedownloaded at:
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study conception and writing the manuscript; MV.B. led thelysttonception, design, performance,

andwrote the textM.N led the studyconception and design and performed experiments.
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Abstract:

Celiac disease(CD) is an autoimmune diseasecharacterized by an altered immune responsestimu -
lated by gliadin peptides that are not digested and causedamage to the intestinal mucosa.

The aim of this study was to investigate whether the postbiotic of Lactobacillus Paracasei(LP) could
prevent the action of gliadin peptides on mTOR, autophagy and inflammatory response.

Most of the experiments performed were conducted on intestinal epithelial cells CaCo-2 treated
with x 1 x U P E difestabgladnEPTG) and with P31-43.Furthermore, we pretreated the CaCo-
2 with the postbiotic of LP before treatment with the previous described stimuli. In both caseswe
evaluated the levels of pmTOR, p70S6k,p4EBP-1 for the mTOR pathway, pNFkB and pERK for
inflammation and LC 3 and p62 for autophagy. For autophagy, we also used immunoflorescence
analysis. Using intestinal organoids derivated from celiac (CD) patients we have analyzed effect of
gliadin after postbiotic pretreatment of LP on inflammation marker NFKB. With theseexperiments,
we have shown that gliadin peptides are able to induce the increaseof the inflammatory response
in amore complex model of intestinal epithelial cells and that pretreatment with the postbiotic of
LP is able to prevent theseeffects.In conclusion, postbiotic pretreatment of LP could be considered
for in vivo clinical trials.

Keywords: Celiac disease,post-biotic, oganoids, inflammation , mTor, autophagy.
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1. Introduction 34

The gut is the largest immune organ in the body [1]. Approximately 100trillion bac 35

teria are associatedwith our gastrointestinal tract. The microbiota is considered a "su- 36
per-organism" and is an integral part of the gastrointestinal tract [2]. 37

Numerous functions are attributed to the microbiota in the human gut; in fact, it 38
competes(for spaceand nutrients) with potential pathogens, induces secretion of anti- 39
microbial peptides, and stimulates differentiation and proliferation through interaction 40
with intestinal epithelial cells [3, 4Jwhich in turn regulate intestinal homeostasis[5-7]. In 4
addition, they modulate the inflammatory responseinduced by nutrient excessas nutri- 42
ents are modulators of various cellular functions and may beinvolved in tissue immune 43
responseand inflammation. 44

Celiac disease(CD) is a systemic immune-mediated diseasecaused bygluten and 45
related prolamins contained in wheat, barley and rye. It occurs in genetically predis- 46
posed individuals and is characterized by a variable combination of gluten-dependent 47
clinical manifestations, presenceof specific autoantibodies in serum, positivity for HLA 48
DQ2 and/or DQ8 haplotypes and enteropathy. To date, the gluten-free diet represents 49
the only therapeutic option for these patients, who must eliminate gluten-containing 50
grains from their diet for life. 51

Microbial dysbiosis hasbeenlargely reported in CD patients [8, 9]. Activation of 52
innate immunity by gliadin peptides is animportant component of the early events of 53
the disease.In particular, the s s U O\3ghelliz peptide P31-43induces severalplei- 54
otropic effectsincluding Epidermal Growth Factor Receptor (EGFR)}dependent actin 55
remodelling and proliferation in cultured cell lines and in enterocytes from CD patients 56
and inflammation. [10, 11] 57

The mechanistic target of rapamycin (mTOR) network is an evolutionary conserved  ss

signaling hub that sensesand integrates environmental and intracellular nutrient and 59
growth factor signals to coordinate basiccellular and organismal responsessuch ascell 60
growth, proliferation, apoptosis, and inflammation [12]. Gliadin sustains mTOR inflam - 61
matory responsein celiac disease[13]More over gliadin -derived peptides are able to 62
stimulate enterocytes[14,15] causing the up-regulation of pro-inflammatory cytokine 63
expression such asthe activation of the nuclear transcription factork-B (NF-kB) pathway &4
in the small intestinal mucosa of CD patients [16]. 65

Autophagy is crucial for cytoplasmic recycling, fundamental homeostasis,and cell 66
survival[17, 18] and it is also an essentialcomponent of immune defenseagainst bacte- 67
rial pathogens such asMycobacterium tuberculosis, Salmonella enteric, and Escherichia s
coli [19-21]. Thus, triggering autophagy is essentialfor cell survival during pathogen 69
infection [22,23]. The induction of autophagy involves numerous proteins and multiple 70

signaling pathways. Microtubule -associatedlight chain 3 protein 1 (LC3, amammalian 7
homolog of yeast Atg8), a vital component of the elongation phase,is considered one of 72

the marker of autophagy [24]. p62 (also known asSQSTM1),is a marker of autophagic 73
flux, is selectively incorporated into autophagosomesand efficiently degraded by au- 74
tophagy [25]. 75

A recent interest is given by the use of prebiotics, probiotics and postbiotics to mod- 7
ify the intestinal microbiome and the major interest is focused mainly on the use of post- 77
biotics, substance released by or produced through the metabolic activity of the microor - 7s
ganism, which exerts a beneficial effect on the host, either directly or indirectly[26]. 79



Int. J.Mol. Sci.2022 23, x FOR PEERREVIEW

3 of 13

pmTOR

Tubulin

pp70S6K

Tubulin

pE4BP

Tubulin

In this paper, we analyzed the effect of the gliadin peptide P31-43 on the mTOR and

autophagy pathways and the ability of the LP CBA L74 (LP) postbiotic to prevent these
effectsin CaCo-2 cells, an intestinal epithelial cell line, and organoids from intestinal
biopsies of CD patients.

2. Results

Gliadin peptides were able to induce mTOR, p70S6Kinase and 4EBP phosphorylation

Themammalian/mechanistiargetofrapamycin(mTOR) is a serine/threonin&inasethat inte-
gratesamultitude of extracellularsignalsandintracellular cuesto drive growth andprolifera

tion.

Weinvestigatedhe effectof thegliadin peptide P3143andPTG (peptictryptic digestofglia-
din) onthe mTORand autophagpathwayin CaCa2 cells, arintestinal epithelialcellline that
is responsiveo gliadin. To determinevhethermTOR pathwayis activein CaCo2 cellsweana

lyzed beforeandaftertreatmentwith PTG andp31-43the phosphorylated/activerm of mTOR
anddownstreantargetsp70S6Kinasel (S6K1)andelF4EBinding Protein (4EBP)py Western

blot.

p-mTOR, p-S6K1andp-4EBPwereincreasedespecto untreatedcells(NT) aftertreatment
with bothp31-43andPTG. Pretreatmentith LP postbiotiowasableto preventactivationofthe

mTOR pathwayin CaCe2 cells.(Figure.1)
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100

Gliadin peptides reduced the levels of LC3 and increased the levels p62 autophagy markers 101

In presence of nutrients restriction mTOR is generally dephosphorylated and authophagy is in- 102
duced. The opposite is true in presenceof nutrients. For thesereasonswe evaluated the authophagy 103
pathway in CaCo-2 cells aftertreatment with P31-43 and PTG. 104

Authophagy markers LC3Il, and p62 protein, a protein necessaryfor autophagy progression were 105
evaluated before and after treatment with gliadin peptides, PTG and P31-43, by western blotting in 106
CaCo-2 cells. We observed a reduction of LC3II levels and an increase of p62 indicating that both 107
the PTG and P31-43canreduce the authophagy and its progression. Interestingly pretreatment with 108
post- biotic of LP for 3 h prevent effects of gliadin peptides on LC3 and p62 levels. (Figure 2A-C) 109

Moreover, these datawere confirmed also by immunofluorescence. (Figure 2 D) 110
111
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127

Pretreatment with postbiotc from LP decreased NFK-¢ and ERK phosphorylation induced by 128
treatment with P31-43and PTG 129

Both PTG and P31-43 are able to activate - %* {5 and la review]and PTG has beendescribedto 130
activate mTOR (Lavoro di Monteleone).We have tested the effect of the LP postbiotc on PTGand 131
P31-43 inflammation markers increase. For this purpose, CaCo-2 cells were pretreated with postbi- 132
otcs of LP for 1 h and after stimulated with PTG and P31-43, acBYEUD OO wOl w- %* ¢ wHDE
uated by WB. Our data showed an increase- %* phosphorylation levels after stimulation with 134
PTG and P31-43. Postbiotcs of LP was able to reduce this phosphorylation(Figure 3 A and B). Since 135
MAPKs are involved in ( f-gependent NF-f !activation [27]. Also ERK activation was increased 136
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after PTG and P31-43 treatment as shown before [15] and, again, preatreatment with postbiotcs of 137

LB prevented ERK activation (Figure 3 A and C). 138
139
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153

In CD intestinal organoids Lactobacillus paracasei decreased NFK-¢ phosphorylation and pre- 154
vented P31-43effects. 155

In other to test postbiotc LP in a more complex and physiologic cell model we have used intestinal 156
organoids derived from CD patient in the active phaseof the diseaseand control subjects.Organoids 157
were derived from intestinal staminal cells and were cultivated for 4 weeks in 3D before opening 158
them in 2D to allow treatment on the apical part of the epithelial cells. 159
Intestinal organoids from CD patients are inflamed (REFIIJMS 2021submitted) respectto controls 160
asshown in figure 4 A and B. In these condition we tested the effect of the LP post- biotic. Interest- 161
ingly the LP postbiotc was able to reduce the constitutive inflammation presentin CD organoids. 162
163
164
165
166
167

168

169
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NFkB phosphorylation in a statistical significant, this effect was already described before 199

(REF).LP postbiotc was able to prevent the increase of NFKB phosphorylation induced 200
by P31-43 onCD organoids. 201
Material and methods 202
Cell cultures and treatments 203
Human colon adenocarcinoma-derived cells (CaCao-2) obtained from Interlab Cell Line 204
Collection (Centro di Biotecnologie Avanzate, Genoa, Italy) were grown in DMEM sup- 205
plemented with 10%foetal calf serum, 100units penicillin -streptomycin/mL, and 1 206
mmol/L glutamine (All theseproducts are Gibco Invitrogen, Milan, Italy). Cells were 207
maintained in a humidified atmosphere (95%) of airand 5% C0O2at37°C. +/ 21 | Ul l208U
thetic peptide P31-43 (Inbios, >95%purity, , + # ( 1adaly$id asexpected)was ob- 209
tained by 4 O U U E U KSaribriu# AG/ Goettingen, Germany) filtration. LPSlevels were 210
below detection (<0.20EU/mg), assesseddy commercial 0 " + 1 hkyt YCémbrex Corpo- 211

ration, New JerseyUSA). P31 43 sequence:.LGQQQPFPPQQPY.Peptic- tryptic -digest 212
of A gliadin were obtained asdescribed before . The alcohol-soluble protein fraction was 213
extracted from whole flour from wheat (Triticum aestivum, variety Sagittario) and then 214

submitted to digestion aspreviously described . Prolamin peptic ¢ tryptic (PT) digests 215
indicated asPTG were freeze- dried, lyophilized, and stored at 20C until used. 216

217
Gliadin peptides were used in the following concentrations: Peptic-tryptic digests of 218
gliadin (PTG)5004 T ¥ &n@P31-43 peptide was usedat 1005 1T ¥ OO 8 219

220

221
Organoids 222
One to two duodenal biopsies per individual were taken with standard endoscopic 223
EGDSduring routine gastroduodenoscopy and placed in ice-cold 10 ml isolation buffer 224
(5.6mmol/L Na2HPO4 (Sigma S7907;Sigmat Aldrich, StLouis, MO), 8.0mmol/L 225
KH2PO4 (Sigma P5655;Sigmat Aldrich), 96.2mmol/L NaCl (Sigma S5886;Sigmat Al - 226
drich), 1.6mmol/L KCI (Sigma P5405;Sigmat Aldrich), 43.4mmol/L sucrose(Fisher 227
BP2201; Thermo Fisher Scientific, Waltham, MA), and 54.9mmol/L D-sorbitol (Fisher 228
BP439500; Thermo Fisher Scientific)) in deionized water. Crypt units were isolated ac- 229
cording to the protocol of Yuli Wang et al. 32with minor variations. Briefly, after 60 230
minutes, the biopsy sampleswere further enzymatically digested with collagenase(2 231

mg/ml, Sigmat Aldrich Milan, Italy) in washing buffer (WB) containing penicillin (100 232
units O O N bir&pomycin (0.1mg O O N hgiitamine (2 mM) and FBS(10%,vol/vol) in 233
DMEM/F12 with HEPES on ice for30 minutes. The digest was filtered through a 70 pm 234

strainer (Falcon, Germany) and the strainer was rinsed with an additional 10 ml of WB. 235
Crypts were collected by centrifugation at 500xg for5 min. The supernatant was dis- 236
carded, the crypts were carefully resuspendedin 40 pl of ice-cold Matrigel matrix (Corn- 237
ing 35623Milan, Italy) to enablethree-dimensional growth in 48well plates;the plates 238
were incubated in a cell culture incubator at 37 °Cand 5% carbon dioxide for 10 minutes 239
to allow the Matrigel to solidify. Afterwards, 300 pl cell culture medium enriched with 240
supplements (CM-S)was added to eachwell and was replaced every secondday. The 241

organoids were used for assaysor cryo-preserved at N huRCY, To cryopreserve OUT E O1 242
oids, they were washed with ice-cold PBSEDTA to re-move Matrigel and collected by 243
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centrifugation at 500xgfor 5 min. Organoid pellets were suspended in 1 ml WB, 10% 244
faecal calf serum (FCS,Biochrom, Germany), and 10%dimethyl sulfoxide, slowly frozen 245
to N WY w % tryo Bedzing container (Nalgene, Germany), and then transferred to N uk Y 246
°C for long-term storage. For further research,the cryopreserved organoids were quickly 247

thawed at 37°C, transferred to 10ml WB, centrifuged at 2000xgfor 5 min, plated with 248
Matrigel and cultured in CM-Smedium. For 2D organoids, organoids were seeded insix 249
wells pretreated with Matrigel diluted 1:40 inphosphate-buffered saline (PBS) 250
Culture medium to maintain organoids (CM-S). 251
Mouse L-cells that expressedWnt3a, R-spondin, and noggin were commercially pur - 252
chased(ATCC CRL-3276,Bio Tech Standards, Germany), anda conditioned medium (L- 253
WRN) was prepared ac-cording to the instructions and protocol of the manufacturer. 254
Culture medium with supplements (CM-S)was prepared using 50% conditioned L- 255
WRN medium and 50%fresh primary culture media: Advanced DMEM/F -12[Invitro - 256
gen] 1 mM N-acetyl-L-cysteine (Sigma, Germany), 1x N-2 supple-ments (Gibco, Ger- 257

many), 1 x B-27® supplements (Gibco, Germany), 50 ng/ml epidermal growth fac-tor, 10 258
mM nicotinamide (Sigma, Germany), 10nM Leul5-gastrin | (Sigma, Germany), 500nM 259
A8301 (inhibitor for ALK4/5/7; Sigma, Germany), 10 pM SB202190(p38 MAP kinase in- 260
hibitor; Sigma, Germany), and 10 uM Y-27632(p160 ROCK inhibitor; Tocris, Germany) 261
in accordancewith the pro-tocols of Satoet al. 33, VanDussenet al. 34 and Yuli Wang et 262

al. 32. Theorganoids were cultured with 300pl culture medium, which was changed 263
every secondor third day. 264
Bacterial growth conditions 265

To prepare the postbiotic, we cultivated L. x E U E E E UL7®in DMEM supplemented 266
with 10%fetal calf serum (FCS, GIBCO),and tur Oglutamine (GIBCO) until 109 267
CFU/ml as previously described (Sarnoet al., 2014).The bacterial culture was then cen- 268
trifuged at 3,000rpm for 10 min and the supernatant was filtered througha Y 1 Wl & O D 269

cron filter. 270
271
272
273
LC3 immunofluorescence staining 274
Cells, grown on sterile glasscoverslips, were transferred into a 24-well plate and pre- 275

treated and not with the postbiotcs for 2 h and then stimulated with PTG and P3-43for 276
1h. After fixation with 3% paraformaldehyde for 5 min at room temperature and perme- 277
abilisation with 0.2% Triton (Biorad, Milan, Italy) for 5min at room temperature, CaCo-2 278
cells were stained for 1 h at room temperature with anti-LC3Il (Cell signaling Milan It- 279
aly) antibody. Secondaryantibodies Alexa-488conjugated (Invitrogen) anti-rabbit for 280
LC3Il were added to the coverslips for 45min at room temperature. The coverslips, after 281
mounting on glassslides, were observed by confocal microscope (LSM 510Zeiss, Milan, 282

Italy), and images were analysed with AlS Zeiss software to evaluate the intensity of 283
fluorescence (FI) of the microscopic field under consideration (Lania et al 2018).Magnifi - 284
cation of the micrographs was the samefor all the figures shown (63 x objective). 285

286
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Western Blot 287

After treatments the CaCo-2 cellswere washed twice with cold PBS andresuspended in 288

lysis buffer (50 mM Tris-HCI (pH 7.4),1 mM EDTA, 1mM EGTA, 5mM MgCI2, 150 289
mMNacCl, 1% Triton, 1 mM PMSF, 1mM VO4, 100xAprotinin, and 50x LAP,all of 290
which were purchased from Sigma, Milan, Italy, exceptfor LAP, which was obtained 291

from Roche,Milan, Italy). The human spheroids were seededin six multiwells (Corning, 292
Milan, Italy) coated with Matrigel di-luted 1:40 in phosphatebuffered saline (PBS) for3 293
days. After they were stimulated with P31 43 or PTG and postbiotic were homogenized 294
in tissue homogenization buffer (50 mM Trist HCI [pH 8], 150mM NaCl, 5 mM MgCI2, 295

1% Triton, 0.5%sodium deoxycholate, 0.1%SDS,1 mM PMSF, 1mM VO4, aprotinin, 296
and LAP. The cell lysates wereanalysed using SDSPAGE with a standard running 297
buffer (25mM Tris, 192mM glycine, and 0.1%SDS)and transferred onto nitrocellulose 298
membranes (WhatmanGmbh, Dassel,Germany) using transfer buffer (25 mM Tris, 192 299
mM glycine, 0.1%SDS,and 20% methanol, all of which were purchased from Sigma- 300
Aldrich, Milan, ltaly). The membraneswere blocked with 5% nonfat dry milk and 301
probed with rabbit anti pmTOR, pp70S6k,p4EBP,LC3II (Cell Signaling, Euroclone, Mi - 302
lan, Italy), rabbit anti-pNF-f ! (ElabscienceMicrotech Napleslitaly), mouse anti 303
pERK(SantaCruz ,Milan Italy) and mouse antitubulin (Sigma-Aldrich, Milan, Italy). The 304
bands were visualized using ECL (GE Healthcare, Amersham, Buckinghamshire, UK) 305

with exposure times of 2¢ 10 min. The band intensity was evaluated by integrating all the 306
pixels of a band after subtraction of the background to calculate the average of the pixels 307

surrounding the band [35,36]. 308

309

310
Statistical analysis 311
Statistical analysis and graphics were obtained from GraphPad Prism (SanDiego, CA). 312
Mean and standard deviation of the experiment was calculated; their significance was 313
evaluated by 2 U U E 1t-@4l gctépting as significant only results that showed values of 314
p <0.05. 315

316
3. Discussion 317

In this study, we investigated the effectsof gliadin onthe mTOR/autophagy pathway 318
and inflammation in epithelial cells and intestinal organoids from CD patients. Moreover 319
we have evaluated the ability of the postbiotc Lactobacillus ParacaseiLP) to prevent these 320
effects. 321

mTOR is a tyrosine kinase that is able to regulate cell proliferation and inhibit the 322
autophagy pathway. It is regulated by signals, such asgrowth factors and nutrients, that 323
drive cell growth and proliferation [50]. The autophagy pathway is triggered when 324
MTOR is dephosphorylated / inactivated. It is a pathway closely connected with cell re- 325
generation and consistsof anauto-cell digestion processgenerally activated tovremove 326
damaged macromolecules and organelles in order to maintain cellular homeostasis[51]. 327
The activation of mTOR and the consequent deactivation of the autophagy pathway 328
causes the induction of inflammatory markers such as NFkB (REF). (Life, death, and au- 329
tophagy in cancer: NF-f ! turns upeverywherelnactivation of MTOR promotes autoph- 330
agy-mediated epithelial injury in particulate matter-induced airway inflammation) 331

CaCo-2 cells, intestinal epithelial cells derived from a colon carcinoma and respon- 332
sive to gliadin, were used to study the effects of gliadin on the mTOR and autophagy 333



Int. J.Mol. Sci.2022 23, x FOR PEERREVIEW 10 of 13

pathway. Both the P31-K+ wx 1 x UPET wWEOEwx1 xUPE1 UUaxUDPE wEE
activate mTOR and the downstream pathway by activation of the E4BP and 70S6k pro- 335
teins. Furthermore, both P31-43 and PTG are able to activate NFkB in CaCe2 cells. Sinces3s
the activation of mTOR induces a reduction of autophagy (REF), we investigated the ac- 337
tivity of P31-43 and PTG on autophagy itself.We have demonstrated that in presence of33s
PTG and P31-43there is a reduction of LC3-positive vesicle and the autophagic flux to the 339
lysosomes was decreased as demonstrated by the increaseni p62. Taken together, theses4o
data demonstrate that P31-43 and PTG induce a reduction in both autophagic vesiclesand 341
their flux to lysosomes. 342
Recentstudies have investigated the ability of probiotics to prevent the effectsof gli- 343
adin in vivo. Their effectshave beenstudied both in subjectswith celiacdisease(CD) and 344
in subjects with potential celiac disease. (Citare review probiotici). Pro-biotics seemto 345
have a good effect on CD sim-yomps when they are present, but they do not seemto have 346
effectson the intestinal lesion. 347
Takentogether, the data on probiotic effectson CD indicate that the use of probiotics 348
canacton gastrointestinal symptoms giving an ameliorative effectbut have little effecton 349
the natural history of the disease. 350
More recently, the interest of the scientific world hasfocused on postbiotcs. A post- 351
biotic is defined asa? x Ul x E of Bdhin&i®microorganisms and/or their components: 352
soluble factors secretedby live bacteria or releasedafter their lysis, including various cell 353
surfacecomponents, lactic acid, short-chain fatty acids (SCFA)and bioactive peptides that 354
confers a health benefit on the I O U (REFJ(The International Scientific Association of 355
Probiotics and Prebiotics (ISAPP) consensus statement on the definition and scopeof 356
postbiatics). 357
At the present no reports are available about the use of post-bionics in CD. For this 358
reasonin this study, we investigated the ability of LP postbiotc to prevent the effectsof 359
gliadin and P31-43 peptide on mTOR/autophagy pathways and inflammation in CaCo2 360
cells. Moreover we have used intestinal organoids from CD patients to test LP postbiotc 361
effect on inflammation in amore complex and physiologic cell model. 362
We have shown that, after pretreatment with the postbiotc of LP both the peptide 363
P31-43 and the PTG effects on mTOR activity and the downstream pathway were pre- 364
vented. Moreover also pNFkB was also reduced in presenceof LP postbiotc and PTG or 365
P31-43. 366
We investigated the activity of P31-43and PTG on CaCo-2 cells pretreated with post- 367
biotc LP on autophagy, demonstrating an increasein autophagy vesicleswith the increase 368
in the LC 3 marker and of the autophagic flux to the lysosomeswith the reduction of p62. 369
Recently, Freire R et al using intestinal organoids developed from duodenal biopsies 370
from both non-celiac (NC) and celiac (CD) patients have analyzed the role of microbiota- 371
derived molecules in modulating the I x B UT 1 @dpdnsezolyluten. Sothey selected 372
three bacterial bioproducts: butyrate, lactate, and PSA derived from Bacteroidesfragilis 373
All bioproducts exerted a global protective effect by reducing the pro-inflammatory cyto- 374
kine secretiontriggered by PTG. 375
Using intestinal organoids derived from celiac (CD) patients we have analyzed the 376
effect of P31-43 after pretreatment with LP postbiotc on inflammatory marker NFkB 377
demonstrating a reduction. The use of in vitro patient-derived organoids to model CD 378

pathogenesiscould be a hovel tool to further study CD treatment and prevention. 379
In conclusion, the LP postbiotc is able to prevent in vitro the effects of gliadin pep- 380
tides on the pathway of mTOR, autophagy and NFkB. 381

These pre-clinical studies are a good basis for activating clinical trials in celiac pa- 382
tients to prevent the pro-inflammatory effects of gliadin peptides. In particular, it would 383
be interesting to test the effect of the postbiotc for its ability to prevent diseasein potential 384
subjects,who have anti-tranglutaminase antibodies, but have not yet developed the intes- 385
tinal lesion typical of celiacdisease. 386
Currently, the only available treatment for a patient with celiac diseaseis a strict gluten- 387
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due to cross-contamination or traces of gluten in food. These risks could, in some cases,389
compromise the health and quality of life of these subjects.lt is therefore generally useful 390
to study compounds that can prevent the inflammatory effects of gliadin with the hope of 391
reducing the burden of living with celiac disease and improving long -term health out- 392
comes. 393
The Materials and Methods should be described with sufficient details to allow oth- 394
ersto replicate and build on the published results. Pleasenote that the publication of your 395
manuscript implicates that you must make all materials, data, computer code,and proto- 396
colsassociatedwith the publication available to readers. Pleasedisclose at the submission 397
stage any restrictions on the availability of materials or information. New methods and 398
protocols should be described in detail while well -established methods can be briefly de- 399
scribed and appropriately cited. 400
Researchmanuscripts reporting large datasetsthat are deposited in a publicly avail- 401
able databaseshould specify where the data have beendeposited and provide the relevant 402
accessionnumbers. If the accessionnumbers have not yet been obtained at the time of 403
submission, pleasestatethat they will be provided during review. They must beprovided 404
prior to publication. 405
Interventionary studies involving animals or humans, and other studies that require 406
ethical approval, must list the authority that provided approval and the corresponding 407

ethical approval code. 408
409
Figure legends 410
411
412
Figure 1.LP postbiotc prevent gliadin induced activation of mTOR pathway in CaCo-2 cells. 413

A. Western blot analysis of protein lysatesfrom CaCo-2 cellsuntreated (NT), treated with PTGand 414
P31-43for 30 minutes and pretreated with LP postbiotc for 1h were blotted with antibodies against 415
pmTOR, pp70S6k and p4EBP. Tubulin was used as a loading control. The autoradiographs are rep 416
resentative of three independent experiments. B. Densitometric analysis of bands from WB as in A. 417
Columns represent the mean, bars the standard deviation of the relative intensity of pmTOR, 418
pp70S6kand p4EBPrespectto total tubulin protein. Student’ st-testcompared to the untreated (NT) 419
sample, *p<0.05. 420

421

Figure 2. Pretreatment with LP postbiotc increased LC3Il espression after treatment with PTG 422
and P31-43 423

Western blot analysis of protein lysates from CaCo-2 cells untreated (NT), treated with PTG and 424
P31-43for 1h and pretreated with LP postbiotc for 2h were blotted with antibodies against LC31l 425
and p62. Tubulin was used as a loading control. The autoradiographs are representative of three 426
independent experiments. B. Densitometric analysis of bands from WB asin A. Columns represent 427
the mean, bars the standard deviation of the relative intensity of LC3Il and p62 respectto total tu- 428
bulin protein. Student’s t-test compared to the untreated (NT) sample, *p <0.05. 429

C. Immunofluorescence analysis of anti-LC3Il from untreated CaCo-2 cellsand CaCo-2 cellstreated 430
with PTG and P31-43for 1h minutes and pretreated with LP for 2h. Images obtained using a63x 431
objective (2 times digital zoom) are shown. White bar represent 5 micrometers 432

433

Figure 3. Pretreatment with LP decreased NFK-¢ phosphorylation after treatment with P31-43 434
and PTG 435

A. Western blot analysis of protein lysatesfrom CaCo-2 cellsuntreated (NT), treated with PTGand 436
P31-43for 30 minutes and pretreated with LP postbiotc for 1h were blotted with antibodies against 437
x - %*apd pERK. Tubulin was used asa loading control. The autoradiographs are representative 438
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of three independent experiments. B. Densitometric analysis of bands from WB as in A. Columns 439
representthe mean, bars the standard deviation of the relative intensity of x - %*apd pERK respect 440

to total tubulin protein. Student’s t-testcompared to the untreated (NT) sample, *p <0.05. 441

442
Figure 4 443
Inflammation in CD organoids can be prevented by LP post biotic 444

A. Western blot analysis of protein lysates from organoids from CD patients and controls, treated 445
with LP postbiotc for 3h were blotted with antibodies against NfkB. Tubulin was used asaloading 446
control. The autoradiographs are representative of three independent experiments. Number of sub- 447
jectsinvestigated was 3. B. Densitometric analysis of bands from WB. Columns representthe mean, 448
bars the standard deviation of the relative intensity of NFkB respectto total tubulin protein. Stu- 449
dent’ s t-test compared to the untreated (NT) sample, *p<0.05. 450

C. Western blot analysis of protein lysatesfrom organoids from CD patients and controls, treated 451
with P31-43 for 1h and pretreated with LP postbiotc for 2h were blotted with antibodies against 452
NfkB. Tubulin was used asaloading control. The autoradiographs are representative of three inde- 453
pendent experiments. Number of subjectsinvestigated is indicated. B. Densitometric analysis of 454
bands from WB. Columns represent the mean, bars the standard deviation of the relative intensity =~ 455
of NFkB respectto total tubulin protein. Student’s t-test compared to the untreated (NT) sample, 456
*p<0.05. 457

458
459

460

Western blot analysis of protein lysates from CaCo-2 cells untreated (NT), treated with 461
P31-43 for 30 minutes and pretreated with LP postbiotc for 1h were blotted with antibod - 462
ies against NfkB. Tubulin was used as a loading control. The autoradiographs are repre- 463
sentative of three independent experiments. B. Densitometric analysis of bands from WB 464
asin A. Columns representthe mean, bars the standard deviation of the relative intensity 465
of pmTOR, pp70S6kand p4EBPrespectto total tubulin protein. Student’st-testcompared 466
to the untreated (NT) sample, *p <0.05Data Availability ~Statement: In this section, please pro- 467
vide details regarding where data supporting reported results can be found, including links to pub- 468
licly archived datasetsanalyzed or generated during the study. Pleaserefer to suggested Data Avail - 469
ability Statementsin section? , # /ResearchData/ O O b Btbttpd)/amvww.mdpi .com/ethics. If the 470

study did not report any data, you mightadd ? - Bk x OPEEEOI 2 wi 1 U1 8 471
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