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Abstract

The interest in the intestinal micrab& of humans has increased the last 20 years both by
clinicians and biologistand significant advances have been achieved with regard to its composition
and functios. The gut microbiotais involved in a range of complex interactions with the host and
strongly contribudsto thema i nt enance of t.lke thibreasdndakeratoesanitieh s
gut microbiota have been involved the pathogenesisf some diseases or in thgrogression.
Therefore, several studies have b&susedon the manipulation dhe gut microbbota composition

in order to promote the health of the hoBtobiotics, with their long history of safety and
effectiveness against harmful microorganis@au® astratey not only to maintain or resta the
correct balance in the microbial population ko intestinal tract, but algo prevent or treat a range

of disease conditions.

The aim of the work proposed in thishesis wasto explore the possibility of probiotic
supplementation for the prevention/treatment of diseases of different origin in hamértbe
related study of the intestinal microbial environment.

The first step was to review the studies concerning the uBdidbbacterium breveas probiotic in
paediatric diseases. Secondly, the effectiveness of a probiotic formulation consistuagstriains

of B. brevewas evaluated in paediatric subjects in order to prevent orsineatgastrointestinal
tractrelated disordersncluding coeliac diseaséMoreover, the same probiotic formulation was
assessed in obese paediatric patients to evdheagdfect orthe progression of the disease.

As the emerging role of gut microbiota in neurological diseases, a brunch of this work focused on
the evaluation of intestinal microbial environment in amyotrophic lateral sclepadisnts
compared to healthcontrols and on the effects of a probiotic administration on the disease
progression.

The last part of thisvork was dedicated to the investigatinat onlyof gutbacterial communityf
preterm infantsbut also orbacteriophagene considering that emggng evidences have shown that
viruses seem to play a fundamental role in shaping the gut bacterial composition.

The technical approach in thesteidiesconsisted mainly to correlate microbial data, obtained with
the integrated approadi gPCR plus nexgeneratio sequencing, and clinical datallected by the
medical staff.

The results obtained in this thesis firstly evidenced differences in gut microbial composition of
healthy controls compared to that of diseased subjeaseliac ancamyotrophiclateral sclerosis
patients. The probiotic approach was effective in restoring the microbial composition in the former,
whereas, in the latter, the influence was focused only on some microbial ggagondly, the
probiotic interventionwas foundeffective in improving the glyco-insulinemic profile in obese
children and in preventing gastrointestidéordersin healthy newborns. Thirdly, the study of the
bacterial ad phage composition in preterm infasisggestedh transkingdominterplay between
bacteria and virusesith a reciprocal influence on their composition.

Keywords: gut microbiota, probiotics, humanlisease, healflpaediatrics, infants, coeliac disease,
obesity, ALS, preterm
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INTRODUCTION

1. GUT MICROBIOTA
1.1 Thepower of the Superorganism

The human microbiotas the whole population of microorganisms that colonize the human, body
including bacteria, fungi, archaea, viruses and protozdamstablishesa symbiotic relationship

with the host contributing to metabolic activitiétss genome, whiclis more than 100 timelsrger

thant h e human genome, i gDel dChi¢riconet @l., Z012)Tler hmrban o me 0
mi crobiota and therbastsmonssi hoeethefigupbab
the interactions between two integrated genomes, the human genome, genetically inherited from
parents, and the human microbiome, acquirethfthe environment after birth (Lederberg, 2000).

The Human Ntrobiome Project (HMP) has been carried out over ten yate/o phases to
provide resources, methods, and discoveaiesut interactions between human health and their
microbiomes.

As the majority of humamicrobiota resides in the gasirtestinal trag in the last twenty years the

gut miciobiota haglrawnthe interesof the scientific communityin contrast to théduman genome,

the gut microbiome is more flexible and can be modulated by external factors. Alteration of the
normalcomposition of gut microbiota can affect the host metabolism giramnsists of functions
encoded by bothuman genome and microbionEhese two genomésave towork in harmony to
maintain the healtlstatusof the host (Jia et al., 2008). This superorg@@nconceptonstitutes a

new andcomplete view on human organisms for managing health and we(Blkae & Shen,

2010).

1.2 Normal gut microbiota composition

In the human gastnatestinal tract there are substantial differences in terms of composition and
amount of microbes ranging from *1€ells per gram of contents in theesophaguand stomach to

10'2 cells per gram of contents in the colon and distant gdtd(Har a & Shanahar
Streptococcuss the predominant genus in the distesophagysiuodenum and jejunum (Pei et al.,
2004; Justesen et al., 1984). The gedabcobacteris dominant in the stomach (Andersson et al.,
2008).

The large intestine hosts more than the 70% of all human microbtodapredominant phyla in a
healthy gut microlmta are Firmicutes and Bacteroidetedollowed by Actinobacteria and
VerrucomicrobiaAs traditionally beneficial bacteria belong to Firmicutes and potentially harmful
bacteria to Bacteroidetesdhet Firmicutes/Bacteroidetes (F/B) ratio is considergohameter to
determine a dysbiosis condition (Ley e al. 2006).

Some bacterial groups resulted more abundant in the lumerBaicteroides Bifidobacterium
StreptococcusEnterococcusClostridium Lactobacillus Ruminococcusthe generahat are also
detected in the mucus layer a€dostridium Lactobacillus Ruminococcusand Akkermansia
(Swidsinski et al., 2005).

The MetaHit Consortium proposed models basedlifferent microbial clugrizations, which are
stable over geography and gender, but resporddifferent way to external perturbations, such as
diet and drugs; these clustenre namedienterotyped (Arumugam et al. 2011)lhese hag been
classified into 3 groups (Hollister et al., 2014#nterotype 1, whichhas high abundance of
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Baderoides is characterized by a saccharolytic potential, extrapolating energy from dietary
carbohydratesenterotype 2, which has higibundance oPrevotellg is characterized by bacterial
degraders of mucin glycoproteins that constitute the gut mucosal Eterotype 3, which has

high abundance dRuminococcusis also associated to mucin degradation and membrane transport

of carbohydrates.

Mi crobi ol ogi salsabéen fadudecam bacterinophdges,swhich, livinthatexpense of
bacteria establishinga fpr-gdeayo@rr el ati onship and being Ve
have an important role in shaping the biodiversity of the gut ecosystem. The first metagenomic
analysis of an uncultured viral community from humaacés using partial shotgisequencing
revealed a large diversity of phages in gut microbitsta community contained about 1200 virus
genotypes and the recognizable viruses were mostly siphophages (Breitbart et al 2003). In healthy
aduts bact eri ophagesd ¢ onommembearsyof teeoondsri Caudaviralesoasd | y
family Microviridae. These bacteriophages typically maintain a stthtasover time(Reyes et al.,

2010; Minot et a., 2011 Although there are some evidences that shifts in the enteric bacteriophage
communitycaonposi ti on are associated wit Normeanettalndés d
2015) the role of bacteriophages in human disorders has to be still elucidated.

1.3 Factors shapingthe gut microbiota

1.3.1 Age

The gut microbial colonization starts soon after birth, but there is emerging evidence that the infant
gut is colonized evem utero (DominguezBello et al, 2010). In support of thighere are some
studies that detected bacteria in the placenta (Aageira., 2014; Rodriguez e al., 2015).
Moreover, Gosalbes et al. (2013) reported the main bacterial genera present in the meconium:
EscherichiaShigellg EnterococcusLeuconostoclactococcusandStreptococcus

However, the first external factor that mgsinfluences the gut colonization is the mode of the
delivery. Guts of hfant©born by vaginal delivery are mostly populated by bacteria deriving from
the maternal vaginal microbiotagsuch as members belonging ticactobacillus and Preovotella
genera(Makie et al., 1999). In those born by caesarean sedtienintestinal colonization starts
from microorganisms deriving from the maternal skin microbiota, as members belonging to
StreptococcusCorynebacteriumand Propionibacteriumgenera (DomingueBello & al., 2010;
Makie et al. 1999); in addition, they are characterized by a depletBadteroidescolonization in
favour of facultative anaerobes, suchCisstridiumspecies (Jakobsson e al., 2014; Salminem et al.,
2004).

Since the positive oxidatiomduction potential of the neonates' intestine at birth, facultative
anaerobes bacteria remain predominant during the first few days of aifmng them,
Staphylococcuspp., Enterobacteriaceae, dieptococcuspp. are most commonly isolated from
newbon faeces.Then,strict anaerobes, such as members oBifidobacterium Bacteroidesand
Clostridiumgenerabecome predominafDi Gioia et al., 2014).

The gut microbiota biodiversity increases rapidly during the first years of life tewarddult gut
microbiota setting. During childhood and in teens, hormonal and sexual maturation, social
behaviour adultlike diet continue to affect, although to a lesser extent, the gut microbiota
(Putignani et al., 2014).



In adulthood, thegut microbiod composition is relatively stabldyut it is still subjeced to
perturbation by life event{®ethlefsen et al., 2011).

The microbial divesity and functionality decreaskiring the senescende. subjects aged over 65,
the microbial community shifts, with an increased abundance of Bacteroadgikglum leveland
Clostridium cluster IV at genus level (Claesson ét 2011). The centenarian microbiota also
exhibits alterations, such as an inase of facultative anaerobes and a decrease of butyrate
producers Biagi et al., 201D In addition, some metabolic functions result compromised,
particularly the shorthain fatty acid (SCFA) production and amylolysis activity are reduced,
althoughprotedytic activity is increased@Biagi et al., 2013).

1.32 Diet

Diet exerts a large effect adhe gut microbiota. After the mode of delivery, the earliest influence on
gut microbiota depends on the type of feeding. Many studies deteetednarked differences in

the intestinal microbiota composition of breastd formulafed infants. The bioactive compounds
present in breast milk contribute to the nutrient digestion and adsorption, immune protection and
antimicrobial defence(Albenberg et b, 2014; Brown et al., 2AB). Among these, human milk
oligosaccharides (HMOs) provide a selective growth for bifidobacteria (Zivkovic et al., 2011);
consequently, the abundanceBifidobacteriumspp. is much higher in brea®d infants compared

to formua-fed ones (Yu et al., 2018ezirtzoglou et al., 2011)n addition, these bacteria are also
able to ferment dietary oligosaccharidasd modulate the expression ofAlgnd IgEby the host
immune system@uwehand et al., 2002Even thoughBacteroidescan also digest HM§) the
abundance oBifidobacteriumremains higher in breaftd infants, thushowinga competition
between these two organismdawourof Bifidobacterium(Jandhyala et al., 2015).

Moreover, undernourished infants, having an immatgue microbiota, show dyshkss and,
particularly,a higher amount oEnterobacteriacea@au et al., 2015)A study carried out by De
Filippo et al. (2010)demonstrated that rural African children, with a diet dominated by starch,
fibers and plant polysa¢arides, revealed a gut microbiota that is abundant in Actinobacteria
(10.1%) and Bacteroidetes (57.7%)n the other side of the worlgh European children, whose
diet is rich in sugar, starch and animal protethese bacterial phyla resulted reduced to 6.7% and
22.4% respectively. In addition, some SCFAs producergresgotellg resulted exclusive tthe
African children microbiota.

Diet continues to be one of the most influent factor that affects intestina@ccomposition also
during adulthood. Commonlyhe intake of dietarfibre impacts on the microbiota diversity and the
dominant species. Aliet rich in fruits, vegetables arfibres is linked to a high richness and
diversity of gut microbiota, as welhigh levels of bacteria able to metabolize insoluble
carbohydrates, @&uminococcuysRoseburiaand Eubacterium(Walker et al., 2011). An interesting
correlation betweenthe consumption of fruits, vegetablaad fibreswithin a Mediterranean diet
and highlevels of SCFAs has beéound (De Filippis et al., 2015).

Different dietary pattern can also affect the gut microbiota by influencing the production of specific
metabolites. Diet rich in animal proteins and fat has been strongly associated to a consistent
production of trimethylamine fxide (TMAO) from L-carnitine and phosphotidylchojin
particularly, a significantly correlation was found between TMAO anBuiminococcugDe
Filippis et al.,, 2015).Noticeably high levels of TMAOIin blood, negatively affémg the

5



cholesterol metabolisnare associated with an increased risk of cardiovascular disgWilgssn et

al., 2014).

Intestinal microorganisms are able to metabolize some dietary fats, even if most of them are
absorbed in the small intestine (Scottagt 2013. Conjugated linoleic acid (CLA) has been
naturally found in red meat and dairy product
the intestinal microbesMcintosh et al., 2009; Gorissen et al., 2DIlhe presence of CLANd
theirisomers has been correlated with some bacterial grougsudy carried out by Devillard et al.

(2009) evidenced high levels aimenic acid, belonging to CLAn faecal samples of individuals
showing a prevalence of Bacteroidetgut microbiota

1.3.3 Antibiotics

Antibiotic treatmentgesult in several short and lotgrm implications in gut microbial balance,
including reduced richness and diversiBarticularly, the impact of antibiotics on the intestinal
microbiota of newborns results in the redantiof themajor anaerobic bacteria with a consequent
overgrowth of enterococci and Enterobacteriaceae (Fouhy et al., 2db2¢over, atibiotic
treatments in earlife may cause aconsistentdepletionof lactobacilli and bifidobacteria counts
(Bennet etal., 2002; Mangin et al., 2010).

Clindamiycin, clarithtromycin, metronidazole and ciproflaxin hawenfluenceon the microbiota
compositionthat depends on the duration of the treatnfi@etnberg et al., 2003dakobsson et al.,
2010;Dethlefsenetal.,11) . A <c | i ni c ailactamrthermapy indudingvampicillin, h a t
sulbactam and cefazolin affects the gut microbial composition and metalolidbsed in cellular
functions (Ferrer et al., 2014). A study conducted by Ge et al., (2017) on mdmsnevidenad
that microbiota depletion associated to antibiotic treatments sffextondary bile acid and
serotonin metabolism in the colon, leading to a reduced intestinal peristalsis.

1.4 Role of the gut microbiota in health

The gut microbiotaxerts a mutualistic relationship with the host providing substantial metabolic,
i mmunol ogical and protective functions for th

1.4.1 Metabolic function

The intestinal microbiota is able to exert a wide range of metabolic activities tleaahamportant

impact on host health.

Gut microorganisms mostly derive their nutrients and energy from dietary carbohydrates.

Bacteroides Roseburia Bifidobacterium Fecalibacteriumand someEnterobacteriaceamembers

are able to ferment indigestible oligosaccharides producing SCFAs, as butyrate, propionate and

acetate, which constitute energy sources for the hestg adsorbed by the epithelial cells

(Macfarlane et al., 2003; Sartor et al., 20@}FAs also lay a protective role for the hostcetic

acid has been demonstrated to modulate cell turnover reducing the risk of inflammatory disease

(Hooper 2004; Comalada et al., 200énd butyrate can prevent the accumulaticof toxic by

products Bourriaud et al.2002)

The gut merobiota is also crucial for the synthesis of essential vitan8pscifically, lactic acid

bacteria play a key role in the production of vitamin B12, which cannot be synthetized by animals,

plants or fungi (Martens et al., 2002). Moreover, it has been demonstrated that bifidobacteria are
6



main producers of folate, atamin involved in DNA synthesis and repair processes (Pompei et al.,
2007). Further vitamins, whichre synthetized bgut microbiota, include vitamin K, riboflavin,
biotin, nicotinic acidpanthotenic acid, pyridoxine and thiamii&ll, 1997).

The gut microbiota also possesses an efficient protein metabolizing function contributing to the
human proteinases activities.-histidine is converted to histamine by the bacterial enzyme
histamine decarboxylase, encoded by the bactedaeh gene(Thomas et al.2012) the glutamic

acidis converted o-anono butyric acid (GABA) by the glutamate decarboxylases, encoded by the
bacterialgadBgene (De Biase et al., 2012).

Members belonging tdBacteroidesgenus are able to produce C¢,Awhich are able to have
antidiabetic, antiobesogenic, hypolipidemic and immunomodulatory propeBaesliGi Feitoza et

al., 2009;Devillard et al., 2007; Devillard et al., 2009). Some specieBaaseroides intestinaljs
Bacteroides fragilisand Escherichiacoli, have to be shown to deconjugate and dehydrate the
primary bile acic that are not reabsorbed to the ileamato convert them into secondary bile acids
(Fukiya et al., 2009). In addition, it has been proven that gut microbiota modulates host energy
influencing serum levels of pyruvic acid, citric acid, fumaric acid and malic acid, which are
considered indicator of a Higenergy metabolism (Velagapudi et al., 2010).

Intestinal microorganisms are also involved in the biotransformation of poliphenols assumed with
thediet to active compounds that are then absorbed by the portal vein and transported to tissues and
organs. @e of this mechanisms is the conversion of inactive flavones to the aglycon equol, which
possessntiandrogenichypolipidemicand neuroprotectiveffects (Marin et al., 2015).

1.4.2 Protective function

The intestinal microbiota maintains the integritytloé gut barrier and the structure of the intestinal
tract. The attachment of pathogens to the surface of the intestinal epithelium is a crucial initial step
for infectionoccurring As a defence mechanism, the epithelium produces mucus and antimicrobial
molecules to inhibit pathogen invasiorhel gut microbiotaontributes taantagonize these attacks
through secretion of antimicrobial molecules, competition for nutrientseantbgical sites and
mucosal immune system stimulation (Jankowska et al., 2008).

Segmented filamentous bacteria (SFB), a class of anaerobiClestddiumrelated sporeforming,
areintimately attached to thepithelialsurfaceof the mammalian gastrointestinal tract and actively
interact with immune system (Jepson et al., 1993; Sufhatial., 2015).Germ free (GF)mice
possesan extremely thin adherent colonicuaus layer, bytwhen exposedo bacterial products
(peptidoglycan or LPS), the thickness of the adherent mucus ilyestoredresemblingthat of
normalmice This mayindicate a contribution dhe gut microbiotdao mucus productio(Petersson
etal., 2011).

In addition, SCFA, especially acetatgroducedby bifidobacteriaact on thentestinalepithelium
during a bacteriainfection to inhibit the translocation of S toxin that is produced Iy

coli 0157:H7(Fukuda et al., 2011).

Moreover colonic bacteria can control the proliferation and differentiation of epithelial cells,
contributing to the cellular turaver in the intestinal crypts (Hooper 2004).



1.4.3 Immunomodulatiorfunction

The coevolution of the immune system with the gut microbiota has led to the deeelopf
molecular and cellular mechanisms, which contribute to mairgagsondition of homeostasis.
Studies onGF mice demonstrated that tltestinal microbiota is a key contributor to the proper
structuring of inductive sites where intestin
nodes, lymphoid follicles and colonic patches, are localized (Macpherson and Harris,St00d).
other studies demonstrated th@F mice have an immatuiatestinal immune system, showing
hypopl asti c undesdeveldped gyassaciatbddysiphoid tissues (GALT) ardluced
circulating CD4+ T and plasma cells (Hooper et al., 2012).

Members of tk Reglll family of Gtype lectins, whictbind to peptidoglycans of bacterial wahd
areexpressed in Paneth celladabsorptive enterocytebavebactericidalproperties Particularly,

the expression oReg llIg/HIP-PAP, which has been documented to tpod the host from
foodborne enteropathogersich as Listeria (Brandl et al., 2007; Sanos et al., 2@0€9gpendent

on thegut microbiota (Cash et al., 2006)

The gut microkes, in combination with CD8+ T cellsooperate to regulatbe systemicnumberof
plasmacytoids qDC9, a subgroup of demidic cells that constitute the preeminent antigen
processing anepresenting cells of the immune systéfajiwara et al., 2008).

The gut microbiota is also able to interact with some classes dikoleceptos (TLRS), expressed

on different immune cells, which are involved in themuneresponse and can recognize microbial
molecules. Specifically, TLR9 binding ligands derived from the microppéys an important role

in balancing T regulatory and T effector cell immune responses and indefetce for
Encephalitozoon cunicylia microsporidian parasite that causes diarrheal, respiratory and
neurological diseases in immunocompromisasjects (Hall et al., 2008).It has also been
demonstrated that gut microbiota stimulafgstective T cell responses to oral infection from
Toxoplasma gondthrough TLR 2, 4 and @Benson et al., 2009).

Theintestinal microbiotas essential in driving the differentiation of Treg cells, which produce anti
inflammatory cytokines, such ds-10 andTGF-b. In addition, themicrobiota, inducinglx1 cell
differentiation is involved in theestablishment of a propealance betweenyl and H2 immune
responseswhich is cruciaffor the development of thenmune tolerancéMcLoughlin, and Mills,

2011) if anappropriate immune tolerance is not established in early life and maintained throughout
life, thethis riskto developinflammatory, autoimmunendallergic diseases high (McLoughlin,

and Mills, 2011)

Moreover, the interagin between some commensal bacteria and enterocytes casretpylaie the
excessive release of cytokines from immature intestinal cells induced by pathogens in early life,
contributing toa correct activity othe innate immune response (Cencic and Landgeri610).
Bacteroides fragilisa member of théealthy human gut microbiota, expresses several capsular
polysaccharides, including polysaccharide A (PSA), which has been shown important
immunomodulatory functions in mouse modelscofitis reducingthe proinflammatory cytokines
IL-23 and IL:17 levels and increasinthe antiinflammatory cytokine IE10 levels (Mazmanian et

al., 2008)


https://www.sciencedirect.com/topics/immunology-and-microbiology/intestine-flora
https://www.sciencedirect.com/topics/immunology-and-microbiology/transforming-growth-factor-beta
https://www.sciencedirect.com/topics/immunology-and-microbiology/cell-differentiation
https://www.sciencedirect.com/topics/immunology-and-microbiology/cell-differentiation
https://www.sciencedirect.com/topics/immunology-and-microbiology/immune-tolerance
https://www.sciencedirect.com/topics/medicine-and-dentistry/allergic-disease

2. DYSBIOSIS IN DISEASES

It has been well established that a functional and balanced micraotabutes tothe health
statusof the host; on the other harghme diseases are known to be associatedandicrease of
beneficial bacteria and increase of harntfoésin the gut microbiota. The number and typology of
diseases for which an unbalanced gut microbial compositas been observed as a causative or
consequential agent is increasing.

2.1 Dysbiosis in gastrointestinal tractrelated disorders

Inflammatory bowel diseag#éBD) is a group ofnflammatoryconditions of theolonandsmall
intestine Crohn's diseas@gD) andulcerative colitiSUC) constitute the most prevalent forms of
IBD( Tal | ey an #I3). Medddion@frFirmicBt®s and an increase of Bacteroidetdweat
phylum level and a general increase of facultative anaersbelsas Enterobacteriacedeve been
documented inthe gut microbiota of IBD patients (Hansen et al., 20B@ticularly, a reduction of

a major member of FirmicuteBaecalibacterium prausnitzihas been associatdd a higher risk of
postoperative recurrence of ileebmpliances INCD patients(Sokol et al., 2008). Other studies
evidenced the prevalence Bf coli and Mycobacterium paratuberculosia gut microbiota of CD
patients suggesting an implication of these species in the pathogenesis of the disease (Darfeuille
Michaud et al., 2004; Rosenfeld and Bressler, 20R0Wwork focused on a cohort of newly
diagnosed paediatric CD patients found increased abundance of Enterobacteriaceae,
Pasteurellaceae, Veillonellaceae, and Fusobacteriaceae, and decreased abundance in
Erysipelotrichales, Bacteroidales, and Clostridiatesnpared to healthy controls (Geversaég

2014).

UC patientshave been showed lower biodiversity in gut microlmta as wella reduction of
anaerobic bacteria,  such asBacteroidesEscherichia EubacteriumLactobacillus
andRuminococcuscompared to healthy contro(©tt et al., 2008). In addition, Machiels et al.
(2014) evidencedlower counts ofF. prausnitzij also observed in CD patients, aRdseburia
hominis,both weltknown butyrateproducing bacteria of the Firmicutes phylum, in dabjects
compared to healthy controls.

Patients with irritable bowel syndrome (IBSkvealed an altered microbial composition
characterized by aigher abundance irProteobacteriandFirmicutes and a lower abundance in
ActinobacterieandBacteroidetesompared tdiealthy controls; within Firmucutes, Lachnospiracae
family and Lactobacillusgenus were found more abundant in IBS patients (Carroll et al., 2010;
Krogius-Kurikka et al., 2009).

Coeliac disease is a chronic gastrointestinal tract disorder showing daatdalgesmall intestine,

which are hypothetically linked to an autoimmune response caused by gluten ingesgeoetic
predisposed subjectR¢illy and Fasano, 20)2Some authors evidenced an intestinal dysbiosis in
coeliac patients with active disease characterized by a remarkable reduction in Gram positive
bacterial population faecal specimens facilitating the colonization of potentially harmful Gram
negative bactea within the mucosal surfadge€ollado et al., 2009; Di Cagno et al., 2011)
particular, data obtained from duodenal biopsies revealed a reduction in the number of
biydobacteria and c¢ ha hygbDesaturingyGraglipne Gal Elasctrophdssst r i b
(DGGE) within theBi y d o b a gehus(Kaidal eh al., 2007; Carmen and Hernandez, 2007).
addition, celiac subjects showed significantly reduced countof members belonging to
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Clostridium genus and~. prausnitziiin comparison with healthy controli&vels of IgA coating

the BacteroidesPrevotellagroup were found significantly reduced in aeliac subjectsevidencing

the effects of the disease on the immunitary responsmbiota interactionNDe Palma et al.,

2010).

Patients with colon rectal cangevhichis the third most commonly diagnosed cancer among both
men and women in the United Sta(8segel et al.2017), showd significantly higher abundance of
Proteobacteria and lower abundance of Bacteroidetes compared to controls; at the genus level,
increased abundance Biorea and Faecalibacteriumand lower proportions oBacteroidesand
Coprococcusavebeen detected in patients comgxhito controls (Shen et al., 2010).

Imbalance in the gut microbiota composition has been suggéstgday a role also in the
pathogenesis of infant colic, a common disord
have a reducedécalbacterial diversity and stabilitgompared to the healthy onelsey also show

a higher prevalence @ram negative bacteria, especially coliforms, and a reduced abundance of
beneyci al bacteria, such as |l actobacilli and
Among infant diseases, necrotizing enterocolitis (NEC) is probably the most devastating one and
affects the intestine afostly premature infantsAlthough the exact cause is unknown, the critical
elements are thought to be an immature gastrointestinal tract mucosal barrier, an inappropriate pro
inflammatory response aralteredbacterial colonization (@ud and Walker, 2001Ratients with

NEC show an increase in abundancegaihmaproteobacteriand a decrease in other bacteria
species, especially bifidobacteria (Wang et al., 2009; Arboleya et al., 2012).

2.2 Dysbiosis in metabolic disorders

The gutmicrobiotg considering its rolén hostmetabolism and its ability to harvest energy from
food, is a significant factom the risk of metabolic disease

A dysbidic condition associated to a hyperlipidic diet can promote a chronic inflammatory
response contribuig to the pathogenesis of obesity (Sun et al., 206%).mouse models have
provided invaluable insights into the link between gut microbiota and body iamatation in the
host. GF mice develop less body fat than conventional mice, despite increasing their food intake
and decreasing their metabolic rate (Backhed et al., 2007). Furthefatamg@ce colonised with an
6obmser obi ot ad i s o}l ales db/ob mxeavealpdan greatercpartehtage
increase in body fat than thoselonizedwi t h mi 6t ebhot ad (Turnbaugh e
Some human studies have shown the interaction between gut microbiota and the increase of body
fat. Le Chatelieret al. (2013) evidenced that obese subjects showincgbamterial richnessvere
characterised by high adipose profilehigh insulin resstance, dyslipidemia and higtates of
systemic inflammationThe significant differences in bacterial richness betwebese and lean
groups in this study were based on 46 gené&mong them,Bacteroides Parabacteroides
RuminococcusCampylobacterDialister, PorphyromonasStaphylococcuand Anaerostipesvere

more dominant in obese subjects, whif@ecalibacterium Bifidobacterium Lactobacillus
Butyrivibrio, Alistipes AkkermansiaCoprococcusandMethanobrevibactewere more prevalent in

lean subjectsConsequently, also functions associdiethe gut microbiota result compromised in
obese subjects. In facthe same study reveala reduction inbutyrateproducing bacteriaa
reduction in hydogen and methane productjoard increase in mucus degradatiom obese
subjects. An interestingprospective follomup study by Kalliomaki et al.2008 highlighted th&a
alterations of the intestinal microbiota in the early stage of life were also associated to a higher risk
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to develop overweight or obesity during life. In particular, bifidobacteoahtsin faecal samples
from infants were higher in children remainingormal weight than in children becoming
overweight, whereaStaphylococcus aureusuntswere higher in children becoming overweight
than in children remaining normal weight.

Besides genetic predisposition and environmental factors, alteration in gobimiarcomposition
seenedto have a certain impact on type 1 diabetes onset. High level of Bactesoidtt respect

to Firmicutes were found in children, who develofbid pathologylater in life (Giongo et al.,
2011).Furthermore, butyrate producers,FeecalibacteriumandRoseburia and mucin degraders,
as Prevotellaand Akkermansiawere found in greater proportions in healthy controls compared
with type 1 diabetigatientsand have been described as protectivensgahis disease (Brown et
al., 2011; Murri et al., 2013).

Increased body weight recognizedas the greatest risk factor of type 2 diabetes, aside from genetic
and lifestyle factorslt has been demonstratétht patients withthis pathologyhavean alteéed gut
microbial profile, marked by decreased butypteducing bacteria such &s intestinalisand F.
prausnitzii (Qin et al., 2012). Moreovethe gut microbial profileof type 2 diabetigatientsis
characterized by the presence agportunistic patbgens such a8acteroidescaccae various
ClostridialesE. coli and Desulfovibrio(Qin et al., 2012)

2.3 Dysbiosis inCentral Nervous Systen(CNS)-related disorders

The gut microbiota is able to affect the CNS through a complex bidirectcmmamunication

system which constitutes the gtltrain axis and involvesdia erent mechanismssuch as the
alteration in circulating |l evels of i(Rhigamenmat o
al., 2009) Dysbiosismayimpact on theggut-brainaxisleading to dysfunction in this interaction that

may be implicated in the development and prognosis of neurological dis#ase&nown that

enteric infections can cause anxiety, depression, and cognitive dysfun@fitomice display
alterations in sessresponsively central neurochemistry, atehaviourghatcan be interpreted as
anxiolytic (Neufeld et al., 2011).

Although the pathogenesis of autism remains still obscure, it has been demonstratdughet a
numberof speciedelongingto the Clostridiumgenus (10 times more&haracterizéhe qualitative
composition of fecal samples of autistic child(&onget al., 2004Parracho et al., 2005\ more

recent study carried out by Strati et al. (2017) demonstrateddhatipated autistic indidualsare
characterized by high levels of bacterial taxa belongingstherichia/ShigellandClostridium

cluster XVIIl The same authors concluded thisbthe mycobiotamay contributen thedeveloping

of this disease, athe relative abundance ttie fungal genu€andidahas been foundhore than

double inautistic subjectsvith respect to healthy contrq(Strati et al., 2017)

A studythat examined the gut microbiatathete c e s of Par ki nsonés di sea
a low abundance of PBvotellaceae, and a positive correlation between the level of
Enterobacteriaceand the worst motor phenotype (Schepesjet a] 2015.

A recent study in China observed that the abundance of Lachnospiraceae was reduced by 42.9% in
patients with PD, wheas the abundance of Bifidobacteriaceae was enriched in patients with PD,
not identifying a significant difference in the overall microbial composition among different PD
motor phenotypes, but an association between specific taxdifearént PD motor pheotypes (in

et al, 2019.
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A recent study regarding microbiotammat i ent s wi t h AAD3 $hewedthatrthe s d i
composition of gut microbiota was different between patients and healthy controls. Several bacteria
taxa in AD patients were different from those in controls at taxonomic levels, such as Bacteroides,
Actinobacteria, Ruminococcus, Lachnospiraceaad Selenomonadales, suggesting that gut
microbiota is altered in AD patients and may be Iagd in the pathogenesis of AlZl{uang et al,

20138.

Emerging avangarde preclinical and clinical studies are focusing on the relationship betgeen
microbioe and amyotrophic | ateral sclerosis (ALS
dia erences between patients and controls in in the number of microbial species and in the
abundance of uncultured Ruminococcaceae. Rowin et al. (2017) basides signsf intestinal
inflammation,a lower microbial diversity in the gut microbiota of diseased subjects compared with
controls, in particular loweRuminococcuspp.levels.
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3. PROBIOTICS
3.1 Probioticsasfitherapeutic microbiologyo

The term fAprobiotico means #dfor l'ifeo and it
beneyci al effects for humans and ani mal s. I n
United Nations (FAO)/ Worl d Heabhsh iDrganimia&t io
which, when administered in adequate amountseconf a heal t h bEhiegtdewnnitt

has been revised in 2014 by the International
including intheterm probioticfi mioarganismfor whichthereares c i e evidengeaf safetyand
efycaoyWyo excluding Alive cultures associated

evidence of @il étala20i4hThebfiestnirguitian af the healthy potential of sem
selected bacteria is attributed to Eli Metchnikoff, the Russian Nobel Prize working at the Pasteur

Il nstitute at t he begi nni nThe poolongatidnef lifiea gL 968 ht u
highlightedthe health benefits of lactic acid bacteria related to ferment milk produesconcept

of using microorganisms to treat or prevent targeted disémsesapidly evolvednspiringa new

branch of applied microbi ol og )Spiklen and WVersalavic, it h e
2008) Sincethe hostandthe gut microbiota establish an intimate symbiotic relationship that is
fundament al for t he mai nt enance of t he hos

microorganisms may represent a key determindgnthe general health status and diseases
susceptibility.

Probiotics that have been largely studied in hunmaagly include species of theactobacillus

Bi y do b a Streptococausand Saccharomycegenera.Probiotics exert their action on the
intestinal environmentaffecting the entire health status of the hesth different mechanisms,
which have been largely exposed by Fuller (1991):

1 antagonism against pathogens with the productioantibacterial molecules, competition
for nutrients, especially carbohydrates and polysaccharides, competition for binding to
specific receptors on intestinal epithelium;

9 alteration of microbial metabolism bincreasing the activity of useful enzymend
decreasing the activity of some enz\giiget can be dangerous for the host;

9 stimulation of the immune systemwith different mechanisms such as byincreasing
antibody and ardinflammatory cytokineslevels, and inducing macrophages and natural
killer cells(MacDonald and Monteleone, 2005).

A probiotic formulation carcontain justone strain,a mixture ofdifferent strains of the same
species oit can bea multistrain and multspecies mixture thaacting with a synergic effect, may
enhance the effectives® of each single strain (Chapman et al., 2011; Timmerman et al., 2004).

3.2 Probotics in gastrointestinal tractrelated diseases

Several investigations have focusedlo@application ofprobioticsin these disorderdlany studies

have shown t he Hacwhagillos reuteri oaef df the mast used probiotics in
infants, for the prevention and treatment of infant gastrointestinal disorders, inclkwling
regurgitation, vomit, constipatiofindrio et al.,2014; Chau et al., 2015Jhis species has been
demonstrated to improve symptoms and reduce the number of anaerobic Gram negative bacteria,
Enterobacteriaceae and enterococci in colicky infé8tsino et al., 2010; Savino et al., 2015)
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Furthermorel. reuteri ATCC 55730has been found to beffective in children with distal active

UC improving mucosal npammati on and modul ating mucosal
invol ved i n t he (Oa et all, 2012)Ppsdive raffetts were also saxiated to
Lactobacillusand Saccharomycestrains administered within r@hydration therapy for infectious
diarrhoean children(Allen et al., 2011)Bi y d o b as<ttreaiimuan pr oved their e
rotavirusdiarrhoeain hospitalized chilcen (Grandy et al., 2010; Vandenplas et al., 20444l in
pretermandlow birth weightinfants highlighting clinical positive effects fothe treatment oNEC
(Khailova et al., 2009; Underwood et al., 201Rarticularly, BifidobacteriumbreveYIT4010 has

been proven to be effective in reducing abdominal symptoms, improving weight gain and
establishing a correcmicrobial colonizationin order to prevent infection in preterm infants
(Kitajima et al., 1997; Li et al., 2004).

The contribution oprobiotics in inducing or prolomgg a remission condibn in patients with IBD

has been demonstratedscaldaferri et al. (2013) reviewed thatactobacillus GG and
Saccharomyces boulardiave been effective as adjuvant to standard thei@pihe maintenance

of remission in CD and UC. Several studies proved the efficacy of V@3Lg®biotic formulation

of four strains ofLactobacillus(Lactobacillusparacasej Lactobacillusplantarum Lactobacillus
acidophilus and Lactobacillus delbrueckii subsp bulgaricug, three strains oBifidobacterium
(Bifidobacteriumlongum Bifidobacteriuminfantis and B. brevé and one strain oBtreptococcus
salivarius subsp.thermophils, in UC patients. Bibiloni et al(2005) showed that 6 weeks
administration with tiis probiotic mixture improved UC remission and response in patients not
responding to traditional therapy. VSL#3 efficacy was also tested in a study conducted on children
with newly diagnosed UQMiele et al., 2009)The same probiotic mixturdeas also ben approved

for the preventiorand the maintenance of remission of pouchitis and the efficacy is stated also in
referral European guideline¥¢erappan et al., 2012; Floch et al., 2011).

McFarlandand Dublin (2008jeviewed 20 trials on probiotic treatmsmf IBS, revealing a general
improvement ofsymptoms. Particularlytwo different studies demonstrated the effectiveness of
mixture ofL. plantarumandB. breveand VSL#3 inreducinglBS-associated pai(Saggioro, 2004;

Kim et al., 2003).

As reviewed byCristofori et al. (2018¥lespite the encouraging data deriving frionvitro studies,

few in vivo data are available on probiotics supplementation in patients wvéfiac disease. The
administration ofB. infantis revealed an improvement of gastrointesti symptoms and an
amelioration of the inflammatory state adetiac subjects (Smecuol et al., 2013; PiStnchez et

al., 2017). Olivares et al2014 showed that the administration Bf longunresulted in a reduction

of Bacteriodes and Enterobactegacand an increase of harmless to potentially harmful bacteria
ratio in gut microbiota of @eliac subjects, as well as an improvement of the inflammatory profile.
Recently, aclinical trial conducted by Francavilla et aR0OL8 evidenced an improvement of
gastrointestinal symptoms together with a significant increase of bifidobademiang from a
treatment with a mixture bifidobacteria and lactobacilli strains administeraestliiac subjects with

IBS symptoms.
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3.3 Probotics in metabolic diseases

Currentin vitro andin vivo studies demonstrated that probiotics can haveaddasity and anti
inflammatory effects and the ability to improgé/caemicprofile and modulate serum lipids (He
and Shi, 2017)However only a small number of studies focagion human intervention were
carried out to anabg the effects of a probiotic administration on body fat and wedghtong these,
Minami et al.(2015) demonstrated the positive role Bf breveB-3 administration resultingh a
significant decrease of ¢hfat mass and an amelioration of blood parameter in adults with a
tendency for obesityA treatment withLactobacillus gasseri2055 has been proveio reduce
abdominal adiposity and body weight in subjects with high body mass index (BMI) and abdominal
visceral fat area (Kadooka et al., 20M$L#3 administration in overweight subjects contributed to
the improvement in lipid profile, insulin sensitiwand decrease in-@active protein (CR), which

is a general marker for inflammation and infect{®ajkumar et al., 2014)Iwo different studies
evidenced a decrease of liver aminotransferase activity in patients with obesity related non
alcoholic faty liver disease (NAFLD) administered with a mixture bf bulgaricus and
Streptococcushermophilusand withL. rhamnosugespectively (Loguercio et al., 2005; Vajro et
al., 2011). The administration d@. longumfor the treatment of noealcoholic steatoepatitis
(NASH) led to a significant improvement of liver histology pattern (Malaguarnera et al., 2012).
Asemi et al. (2013) evidenced that multispecies probiotic supplementatioluding L.
acidophilus L. casej L. rhamnosusL. bulgaricus, B. breveB. longum S. thermophilusin type 2
diabetic patients prevented a rise in fasting plasma glucose anddeswdtdecreasef CRPand an
increase in plasma total glutathiomé)ich is note to have antixidant effectsijtahed et al. (2012)
showed thatprobiotic yogurt containingL. acidophilus La5and Bifidobacterium lactiBb12
influenced glycaemic levels reduéng fasting blood glucose and glycatédthemoglobinand
improved the antioxidant status type 2 diabetic patient®\n improvement of the inflammatory
statushas been detected in patients with type 2 dialsatedsNAFLD supplemented with a multi
strain probiotic mixture comprising strains belonging tdBifidobacterium, Lactobacillus
Lactococcusand Propionibacteriumgenera ascoadjuvant of thestandard antidiabetic therapy
(Mykhal 6chyshyn et al ., 2016)

Several studieseviewed by Kobyliak et al. (2016¥ported that ditary intervention with yagt
containing probiotics Enterococcus faeciumS. thermophilesL. acidophilus B. longum L.
plantarumand/orB. lactig significantly reducdotal serum cholesterol and LBtholesterol and
improve the LDL:HDL cholesterol ratidA significant reduction in total and LDtholesterolhas
also beerattributed to the intake df. gasseriand inulin among hypercholesterolemic patients (He
and Shi, 2017).

3.4 Probiotics in neurological diseases

As mood andehaviourdisorders may be caused édghemical imbalance in the braia probiotic
administration can improve the productiand the delivery of neuroactive compounds acting on the
brain-gut axis and restoring the stability omervous systemMany investigations assessed the
potential of probiotics in preventing symptoms or alleviating conddibs aganst neurological
diseasesalthough the possible role of probioticssimme other neurologicdisorders, whose onset

is obscure, as ALS, has to be stillaluatedand a pioneer study in this sense has been conducted
within my PhD work
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The administration of. caseiShirotain chronic fatigue patients resulted in increase of lactobacilli
and bifidobacteria in the gut microbial population and in decrease of anxiety symptoms (Rao et al.,
2009). In additionL. brevisSBC8803 supplementation in males with poor qualitysleepwas
foundto restore the sleep tone (Nakakita et al., 2016).

Probioticsshowedpositive effects in neuroinflammatory and daoimune disordersThe treatment

with a probiotic mixture consisting of. acidophilus L. casej Bifidobacterium bifidum, L.
fermentumwere shown to improve cognitive functions in AD patients (Akbari et al., 20T56®

same formulation was effective also in multiple sclerosis patients in improving mental health
condition (Kouchaki et al., 2017).

Probiotics can alsoassume the ol e of Apsychobioticso. The fii
given by Dinan et al (2013)ia live microorganism that, when ingested in adequate amounts,
produces a health benefit in patients surfigifrom psychiatric hilliness A probiotic formulaton
containingL. acidophilus L. caseiand B. bifidumadministered in patients with major depressive
disorders has been shown a general improvement of clinical piGikieasheh et al., 2016)
Moreover, the supplementation bf rhamnosuddHNOO1 has beedemonstrated to be effective in
lowering postpartum depression and anxiety scores in wonseipplemented fronl4-16 weeks
gestation to 6 monthzostpartum(Slykerman et al., 2017).

3.5 Probiotics in other diseases

As already outlined in the previous paragh, probiotics canshow their beneficial effectan
inflammatory diseasesr conditions, such as pestirgery, apparentiyot related to the gastro
intestinal tract

An improvement of the inflammatory stistwas observeth psoriasis patients receivirgy infantis
35624 supplementation, in children with mild and moderate atopic dermatitis reciving
plantatumIS-10506, in adults with atopic dermatitis receivingacidophilusL-92, as reviewed by
Kiousi et al. (2019). A formulation containirigy breveM-19V andB. longumBB536 administered
to both mothers and newborns has been demonstrated to be effective in reducing the risk of
developing eczema and atopic dermatitis in infants (Enomoto et al.,. 2014)

The administration oL. caseiShirota in knee ostarthritis patients led to a reduction of the
inflammatory stais(Lei et al., 2017).

Supplementation witlB. breve as single strain or in association with otlspeciesto children
subjected to surgical proceduteggs been observed to redube incidence of infectiopreventing
or correcting abnormal microbiablonisationsn gut microbiota (Mizuno et al., 201&anamori et
al., 2001; Kanamori et al., 20110

Moreover, he administration oB. breveYakult was found to be effective in redog febrile
episodes in canc@eediatricsubjectyWada et al., 2010).
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OBJECTIVES

My PhD work was supported by the EU project FOODgarsovative Food Product Development
Cycle: Frame for Stepping UResearch Excellence of FINS, GA 692276). The go&@DDstars

was to develop ideas for new, safe and innovative products for the food and nutraceutical industry
that can improve the health status of healthy and didgatients.

The gut microbiota, aalready elucidated in the previous part of this thesis, establishes a symbiotic
relationship with the host since birth contri
well known that alterations of the normal microbial composition aigated in the pathogenesis

of some diseases; however, there are some disorders, whose aetiology is still obscure, in which the
role of gut microbiota has not been fully clarified. As the gut microbiota is involved in several
healthpromoting functionsmanipulation of its composition can have a positive influence on
disease progression and patient health status. However, the effectiveness of some probiotic
formulations, although already assessenh ivitro and/or in animal studies, needs to be validated
humans.

Therefore, the main aimof the work proposed in this thesis was to explore the possibility of
probiotic supplementation for the prevention/treatment of diseases of different origin in humans.
The specific objectives of the work are:

- to studythe gut microbiota of aeliac paediatric subjects and evaluate the effect Bf hreve
supplementation on the disease progression;

- to evaluate the effect dB. brevesupplementation for the prevention of functionaiestinal
disorders in newborns;

- to evaluate the effect @. brevesupplementation in the progression of obesity in children;

- to study the gut microbiota of ALS patients and evaluate the effect of lactic acid bacteria
supplementation on the disease progression;

- to study the gut bacteriand bacteriophage population of preterm infants and how their
composition is influenced by antibiotic treatments.

A brief outline of the rationale and activities performed within this work described and
schematized below.

V Several Bifidobacterium species are largely used as probiotics for their capability of
reaching and colonizing the gastrointestinal tract and their documented history of safety. Among
them, the specidsifidobacterium breveoriginally isolated from infant faecegpresents onef the
most used probiotics in infants and children. The first step of this work was to review the
applications ofB. brevestrains mainly for the prevention/treatment of paediatric pathologies,
starting fromin vitro and mice model assessment of efficaxyhe clinical useRaper 1)

V Several studies, as reviewed in Paper 1, demonstrated the effic&&yboéve, for the
treatment of different infant diseasdzarticularly in vitro studies evidenced the potential of 2
strains ofB. breve B632 and BR03, as probiotics. These two strains revealed also to be effective in
colonizing the gut of healthy newborns and in decreasing total faecal coliforms. The following step
was to evaluate if this formulation was also effective in preventingeating paediatric diseases
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(Paper 2 3, 4, 5). B. breveB632 and BR03 are nosommercialized as a probiotic formulation,
named Bifibaby ®, by Probiotical S.p.A., Novara.

Infantile functional gastrointestinal disorders are common in the first months of life. Although the
aetiology of these disorders has not been fully claritieel,gut microbiota and the type of feeding
have been suggested to play a role in the pathogeokghese condition®aper 2 evaluated the
effects ofB. breveB632 and BRO3administered both to breafstd and bottldfed newborns in
shifting the counts of targetedeical microbial groups and preventing functional gastrointestinal
disorders in a coltbof healthy newborns.

Coeliac disease has also been associated to an altered composition of the intestinal microbiota,
evidencing a remarkable reduction in Gram positive bacterial population in duodenakeead f
specimens and facilitating the colortiba of potentially harmful Gram negative bactesighin the

mucosal surface. Until now only few studies have been focused on the administration of
bifidobacteria in oeliac subjectsPaper 3and4 evaluated the impact of the administrationBof

breve B632 and BRO3on the gut microbiota composition, the inflammatory status, in particular
TNFU | e veechl SCFAsimadliacfmediatric subjects compliant to a glutee diet. At the

same time, these parameters were also compared to those of bebjéuys.

Obesity isa chronic and multifactorial condition and it is associated with a high risk of developing
chronic comorbidities, especially in childhood. The involvement of gut microbiota in the excess of
adiposity and the increase of body fat bagn largely documented in studies carried out on mice
models and humans. However, the impact of a manipulation of the gut microbiota through
probiotics in obesity and its associated comorbidities has been scarcely invesiggied.5
assessed the effica of dietary supplementation with. breveB632 and BR03 on the clinical and
metabolic profile and on the main gut microbiota groups in obese children and adolescents on a diet
therapy.

V The imbalance of the intestinal microbial environment can have an impact also in disorders
not directly related to the gastrointestinal tract, such as neurological diseases, affectingdpthingut
axis. The circulating levels of inflammatory cytokines #mel production of neurotoxins, which can
be compromised in a dysbiosis condition, constitute some of the mechanisms involved in ALS
pathogenesisPaper 6 is the first prospective longitudinal study addressing the microbiota
composition in ALS patients andatchechealthycontrols and considering the impact of a probiotic
supplementation on the gut microbiota and disease progression.

V The last part of my work was dedicated to a preliminary study of gut microbiota of preterm
infants, subjected to perinataintibiotic treatments of different duration, finalized at the
development of targeted probiotic treatmenBapger 7). Particularly, the whole bacterial
composition of the intestinal tract as well as the related bacteriophage community were assessed in
order to reach a global knowledge of the gut microbiome and phageome that characterize
prematurity.
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Abstract: The human intestinal microbiota, establishing a symbiotic relationship with the host,
plays a significant role for human health. It is also well known that a disease status is frequently
characterized by a dysbiotic condition of the gut micr@bidt probiotic treatment can represent

an alternative therapy for enteric disorders and human pathologies not apparently linked to the
gastrointestinal tract. Among bifidobacteria, strains of the spdgigdobacterium breveare

widely used in paediatric&. breveis the dominant species in the gut of brdastinfants and it

has also been isolated from human milk. It has antimicrobial activity against human pathogens, it
does not possess transmissible antibiotic resistaais, it is not cytotoxic and it has immuno
stimulating abilities. This review describes the application8.obrevestrains mainly for the
prevention/treatment of paediatric pathologies. The target pathologies range from widespread gut
diseases, inclling diarrhoea and infant colito meliac disease, obesity, allergic and neurological
disorders. Moreover3. brevestrains are used for the prevention of side infections in preterm
newborns and during antibiotic treatments or chemotherapy. With thisngmtation, we hope to
increase knowledge on this species to boost the interest in the emerging discipline known as
Atherapeutic microbiology. o

Keywords: Bifidobacterium breveprobiotics; paediatrics; therapeutic microbiology
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1. Introduction

The use of microorganisms to treat or prevent targeted diseases was conceived at the end of the
last millennium. This concept has rapidly evolved giving rise to a new branch of applied
mi crobiology known as At hedunmapcganismcandmgutenicrobdiotao | o
establish an intimate symbiotic relationship
health, the administration of beneficial microorganisms may represent a key determinant of the
general health status amliseases susceptibility. The choice for the most suitable species for a
certain pathology requires extensive studies, lootiitro andin vivo. Moreover, it is known that
strains belonging to the same species may express different funations [2]. It has also been
demonstrated that blending different microbial strains, species or even genera, may lead to a final
effect that is not predicted by results from using each single microorganism. Several
Bifidobacterium species are largely used as probmtior their capability of reaching and
colonizing the gastrointestinal tract and their documented history of safety. Among them,
Bifidobacterium breveoriginally isolated from infant faecesepresents one of the most used
probiotics in infants. The multiple studies in whiBhbrevestrains have been successfully used in
diseased humans, especially children and newborns, witness the potentiality of strains belonging to
this species for the gvention or treatment of human diseases. The aim of this review is to show the
various applications d8. brevefor preventing and treating paediatric diseases starting from in vitro
and mice model assessment of efficacy to the clinical use. To the tmstlafowledge, this work
represents the first collection of works focused on the application in paediatrics of strains belonging
to theB. brevespecies and is aimed to shed light on the role ofBHidobacteriumspecies in the
scenari o ofi ¢t bleiralpegyi @ Moreover, thB.brevpaper
used both as a single strain and combined with other microorganisms with a final short outcome of
its application in adulthood.

2. The Human Intestinal Microbiota

The human intestial microbiota is a complex ecosystem that includes not only bacteria but
also fungi, Archaea, viruses and protozoans; bacteria concentration increases from the stomach and
duodenum throughout the intestinal tract and in the large intestine it rise$lita®CFU/g of
lumen content [3]. It has been estimated that at least 1800 genera and a range 08689000
bacterial species, depending on whether species are conservatively (97% OTUSs) or liberally (99%
OTUs) classified, can be found in the large integudne

The symbiotic mutualistic relationship that the gut microbiota establishes with the host exerts
several beneficial roles, the main of which are the maintenance of the gut epithelial barrier, the
inhibition of pathogen adhesion to intestinal surfates,modulation and proper maturation of the
immune system, the degradation of otherwise -agigestible carbon sources such as plant
polysaccharides and the production of different metabolites including vitamins and short chain fatty
acids (SCFAs) [5]. Funermore, intestinal microorganisms seem to be responsible for a
bidirectional interaction between the gut and the Central Nervous System (CNS) via-tinaigut
axis [6]. Dysfunction in this interaction may be implicated in the development and prognosis of
some neurological diseases, including autism [7], multiple sclerosis [8] or Parkinson disease [9].
Because of this symbiotic relationship, t he
which consist of not only the microbial cells but also themagees, that is, the microbiome and the
related microproteome and micrometabolome [10]. The microbiome represents more than 100 times
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the human genome (1,000,000 genes vs. 23,000 genes) [10]. Indeed, the gut microbiome is
influenced by external factors, $uas diet, health status and xenetabolome. These factors shape

the individual intestinal mi crobiota that C ¢
organism.

Recently, the realization of globebllaborative projects has enriched the knowleglgeut the
gut microbiota, such as the MetaHit project [11], the Human Microbiome project [12] and the
MyNewGut project [13]. Moreover, the large amount of data from high throughput gene sequencing
technology has allowed us to gain deeper insights inthepcos i t i on of the Aty
microbiota. The two principal bacterial phyla af@micutes and Bacteroidetes followed by
Actinobacteria Proteobacteriaand Verrucomicrobia Fungi and Archaea constitute approximately
1% of the species of the intesi microbiota [14,15]. The predominant fungal phyla are
Ascomycotaand Basydiomicota some of the most abundant genera, thatSagcharomyces
Debaryomycesnd Kluyveromycesare found in food, confirming the influence of diet habits also
on the fungal ntestinal population [16]. From the 80s some archaeal species belonging to
Methanobrevibactegenus have been identifielllethanobrevibacters the only genus detected in
the gut probably due to the use of 16S primers not having sufficient resolutioncfaea. Within
this genus, the speciesd6 composition depends
microbiota [17,18].

Mi crobiologistsdo attention has been also fo
expense and being vehicles of genetic transfer, could have an important role in shaping the
biodiversity of the gut ecosystem. The first metagenomic analysis wheultured viral community
from human faeces using partial shotgun sequencing suggested a large diversity of phages in gut
microbiota [19]. The same authors investigated the viral community in the infant intestine using
metagenomic sequencing: 72% of tihetected viral community resulted to be siphoviruses and
prophages and over 25% resulted to be phages that infect lactic acid bacteria; faecal viral sequences
were not identified in breast milk, suggesting a-datary initial source of viruses [20]. Tleatire
viral community composition changed dramatically between the first and the second week of age
[ 20], remaining then stable during hostods | if

Gut colonization begins at birth, although recent evidences suggest the existence of an
intrauterinetransmission of maternal bacteria to the foetus [22]. The first colonizer are facultative
anaerobegStaphylococcuspp., Enterobacteriaceaeand Streptococcuspp.), followed by strict
anaerobes, such as member8ibidobacterium Bacteroidesand Clostridium genera [23,24]. The
mode of delivery exerts a strong influence o
Children born by natur al delivery have an in
vaginal one, characterized hwactobaillus and Prevotellaspp., while children born by caesarean
section develop a micr obi &tteptocaccysgorynebacteiusandt h a t
Propionibacteriumspp.) [25]. In addition, the type of feeding has a crucial role on the colonization
of microbial groups in the gut. Indeed, the gut microbiota of forffedainfants contains a higher
amount ofEscherichia Veillonella EnterococcusindEnterobactermembes andthe concentration
of Lactobacillus and Bifidobacteriumis lower with respect to in breafdd infants [26]. The
abundance of these genera can be due to a more acidic pH in the colon efeldre#dants [27].

The prevalence of bifidobacteria in betfed infants is also due to their capability of fermenting
oligosaccharides (referred to as human milk oligosaccharides, HMO) [28]. Diet continues to exert a
crucial influence in the gut microbiota composition also in adulthood: De Filippis et akl@éjed
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an association between pldrased diet and a prevalence Lafchnospiraand Prevotellaand a
positive correlation betweeRuminococcusand omnivore diet. Animébased diets increase the
abundance of biléolerant microorganismA(istipes Bilophila and Bacteroide¥ and decreases the
levels ofFirmicutes[30].

The use of antibiotics influences the gut microbiota composition, determining a significant
decrease of the microbial diversity in the digestive tract [31,32]. However, the microbiota is a
resilient system and tends to return to the-peatment state within 1 to 2 months after the end of
the administration [33]. Moreover, the use of perinatal antibiotics, such as in the intrapartum
prophylaxis, influences the establishment of a normal gut melr@omposition and function, in
particular reducing the levels of bifidobacteria and increasing potential pathogéeB6][34

It is well established that a functional and balanced microbiota reflects a healthy condition of
the host; on the other hand, amhealthy status may be associated with a compromised gut
microbiota displaying a decrease of beneficial bacteria and increase of harmful ones.

3. Probiotics with a Special Emphasis oBifidobacterium breve

AProbiotico means 0 fisedrto nemefbacteriaassatiatedtwithibeneficial r r
effects for humans and animals. In 2001 the Food and Agriculture Organization of the United
Nations (FAO)/World Health Organization (WHO)
when administered inadeggt e amounts confer a health benef
has been revised in 2014 by the International Scientific Association for Probiotics and Prebiotics,
including in the term probiotic @ mieofsaetyarglani s
efficacyo and excluding #dAlive cultures assoc
evidence of a health benefito [38].

Probiotics that have been largely studied in humans include species lddiobacillusand
Bifidobacteriumgenera. Probiotic administration in the first stage of life results to be more effective
in prevention and treatment of disorders, leading to a correct microbial colonization when the gut
microbiota is still in a period of establishment. Several studies $stamen the beneficial effects of
Lactobacillus reutetione of the most used probiotics in infants, for the prevention and treatment of
infant gastrointestinal disorders, including colics, regurgitation, vomit, constipati®dJB9This
species has beeremhonstrated to improve symptoms and reduce the number of anaerobic Gram
negative bacterianterobacteriacea@and enterococci in colicky infants [42,43]. Furthermdre,
reuteri ATCC 55730 was effective in children with distal active ulcerative colitis)(ld@proving
mucosal inflammation and modulating mucosal expression levels of some cytokines involved in the
bowel inflammation [44]Lactobacillusand Saccharomycestrains L. caseiCG, L. reuteriATCC
55730 and a strain &. boulardi) exerted positiveffects as supplement for rehydration therapy for
infectious diarrhoea in children by reducing the duration and stool frequency [45].

Several data are available for the use of bifidobacteria as probiotics for therapeutic purposes in
infants [46]. As an exmple,Bifidobacteriumstrains belonging to thanimalis (BB-12 strain) and
longum species proved their efficacy against acute rotavirus diarrhoea in hospitalized children,
particularly by increasing the immune response and decreasing duration of d&g&8]. [In
addition, administration dBifidobacterium bifidunandB. animalisstrains in preterm and low birth
weight infants demonstrated clinical positive effects for treatment of necrotizing enterocolitis
(NEC) [50'52].
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Among the different species loeiging to theBifidobacteriumgenus Bifidobacterium breves
the dominant one in breafd newborns [53] and one of the most used in infants. The spcies
brevewas firstly described by Reuter [54], who isolated from brésbtinfant faeces and named
seven species @ifidobacterium includingB. parvulorumandB. breve The two species were then
combined under the name Bf breve[55]. B. brevestrains are atsfound in the vagina of healthy
women [54]. Their presence in extrady environments is a consequence of faecal contamination
and the species is a useful indicator of human and animal faecal pollutioB [B8gve like other
Bifidobacteriumspecies, pssess an array of enzymes for the utilization of different carbohydrates.
These enzymes, useful to adapt and compete in an environment with changing nutritional
conditions, are inducible in the presence of specific substrates. Amongst them, glycosidases,
neuraminidases, glucosidases, galactosidase are included as well as extracellular glycosidases tha
degrade intestinal mucin oligosaccharides and glycosphingolipids B57revealso possess a
gl ucos i daDB-ficosiase activity, ubeful for theiligation of fucosilated HMO [58]B.
breveis included in the list of Qualified Presumption of Safety (QPS) biological agents [59].
Furthermore, recent studies have shown that human milk, traditionally considered as sterile,
contains commensal, mutualseand/or potentially probiotic bacteria for the infant gut. Among the
different Bifidobacteriumspecies found in human milB. brevestrains have been detected with
DNA-based techniques and also isolated and characterized [60]. These bacteria from Hkiman m
rapidly colonize the newbornés gut, protect
maturation of the immune system [60].

Early studies by Akiyama et al. [61] showed tBatbreveadministration soon after birth was
effective in developing normal intestinal microbiota and, furthermdse breveshowed a stronger
affinity for immature bowel than other species, sucB.adesngum evidencing its strong capabilities
as probiotic. These achievements stimulated the development of furthers stuatiegave new
insights to the importance of this species as probiotic in infants.

Aloisio et al. [62] screened 4Bifidobacteriumstrains for their capability of inhibiting the
growth of gut pathogens including coliforms isolated from colicky infanke most interesting
strains belonged to thB. brevespecies, namely B632 strain (DSM 24706), B2274 strain (DSM
24707) and B7840 strain (DSM 24708). In addition to the antimicrobial activity against coliforms
and other pathogenic bacteria, the strainsnditlpossess transmissible antibiotic resistance traits
and were not cytotoxic for gut epithelium, which are importantregeisites for their use as
probiotics.B. breveB632 was also able to stimulate the activity of mitochondrial dehydrogenases of
macrgphages and the production of-@, linked to a considerable activation of macrophages and
endothelial cells in inflammatory condition. The potentiaBofbreveB632 as probiotic was also
evidenced by Simone et al. [63]: it was able to inhibit the growtBnderobacteriaceaé an in
vitro gut model system stimulating the intestinal microbiota ofnao®th colicky infant, supporting
the possibility to move to an in vivo study. Another strainBofbreve BR03 (DSM 16604),
revealed to be effective, as waB B632, in inhibiting the growth of . coli biotypes [64]. Mognha
et al. [65] also underlined the validity of these tBiobrevestrains (B632 and BR03) in am vivo
study. The administratioaf both strains for 21 consecutive days as an oily suspe(dady dose
of 100 million live cells of each strain) to healthy children was effective in obtaining gut
colonization and in decreasing total faecal coliforms.

A biotechnological approach could improve the gastric transit survival, gastrointestinal
persisgence and therapeutic efficacy of the stiairbreveUCC2003, isolated from infant stool, via
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the heterologous expression of the listerial betaine uptake system gene, BetL [66]. In addition to the
improved capability of colonizing the intestine of inocathmice, the strain was also able to reduce
Listeria proliferation in the organs of the infected mice. Although the introduction of genes from
pathogens into probiotic cultures is unlikely to meet approval from regulatory authorities, this study
underlinal that probiotic characteristics can be susceptible to improvements. Future perspectives
include the obtainment of BetL homologues from Generally Recognized as Safe (GRAS) organisms
and natural selection of probiotic cultures with elevated expressioriohsimologues.

B. brevestrain Yakult (BBGO1) is another widely used probiotic strain. It was one of the first
B. brevestrain shown to possess the ability to modulate the intestinal microbiota by reducing the
count of several pathogenic bacteria, sueEampylobacterCandidaand Enterococcuspp., after
oral administration [67,68]. This strain has also displayed anArdattive activity against Shiga
toxin-producingE. coli (STEC) 0O157:H7 in infected mice [69].

For its valid properties as probiotiB, brevehas also found a notable place in food technology
in the fermentation of milk. In this regard, the positive effects associatBd boevefermented
soymilk has been reported in several studies, demonstrating to improve lipid metabolism, alcohol
metabolism and mammary carcinogenesis in mice modei§ 210

Moreover, a strain oB. brevehas been included in a widespread of commercial high
concentrated probiotic preparation, known as VSL#3, which contafis10& viable lyophilized
cells of diffeent bacterial species that are usual component of human gut microbiota. Specifically,
the formulation contains four strains lbactobacillus(L. paracaseilL. plantarum L. acidophilus
andL. delbrueckiisubsp bulgaricug, three strains oBifidobacterium(B. longum B. breveandB.
infantis) and one strain ofStreptococcus salivariusubsp.thermophilus VSL#3 exhibited an
immunomodulatory capacity in in vitro studies by increasing the production einflathmatory
cytokines and inhibiting the producti@f proinflammatory cytokines [73].

4.B. breveEffectiveness in Mice Models

The strong evidence of the immune modulating capabilityBofbreve strains has been
consolidated and well documented in a large number of animal models studies, whichbasssthe
for human clinical trials.

The oral administration d. breveYIT4064 strain, isolated from faeces of a healthy bréabt
infant, in mice immunized orally with an influenza virus was able to increasénfinénza virus
IgG levels in serum, thuprotecting mice against infection. The authors concluded that the oral
administration of this straimay enhance antigespecific IgG against various pathogenic antigens
taken orally and induce protection against various viral infections [74]. This cmmchygas also
supported by the study of Yasui et al. [75] that proved that the same strain stimulatefiusmiza
virus hemagglutinin IgA by Peyer's patch cells in response to addition of hemagglutinins. These
antibodies may reach the mucosal tissuemruent influenza virus infection.

B. breveUCC2003 possessed a cell surface exopolysaccharide (EPS) able to play an important
role in immunomodulation in B cell response. Administration for 3 consecutive days 6fEEPS
breve strains in mice infected witlCitrobacter rodentiuma diarrheagenic pathogen related to
humankE. coli, is effective in reducing the pathogen colonization, differently from mice fed with
EPS B. breve[76]. EPS was involved in the production of a biofilm the gut epithelium [77]
preventing the attachment Gf rodentium
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Natividad et al. [78] illustrated the relationship betw@&:rbreveNCC2950 and regenerating
(REG) Il proteins, molecules belonging to the family ofy@e lectins, which are expressedtie
intestine and involved in maintaining gut homeostasis. The group REGlIlwas measur ed
ileum and colon of gerAree (GF) mice, mice colonized with specific pathogen free (SPF)
microbiota and with a low diversity microbiota (altered SchaedibeaifASF). Monocolonization
with the probioticB. breveNCC2950 but not with the commendal coli IM83, significantly
induced REGIHO expr essi on.

B. breveMRx0004, isolated from faeces of healthy humans, possessed a protective action in a
severe asthmaondition [79]. The study remarked an important decrease of neutrophil and
eosinophil infiltration in lung bronchoalveolar lavage fluid in a mouse model of severe asthma after
the probiotic treatment. This result, together with the demonstrated redutpoo-inflammatory
cytokines and chemokines involved in neutrophil migration, showed Bhdireve MRx0004
effectiveness in reducing the abewentioned inflammation condition paves the way for next
generation drug for management of severe asthma.

Many B. brevestrains played an important role in prevention and treatment of various allergy
conditions. Oral administration &. breveM-16V, isolated from faecal sample of a healthy infant,
in ovalbumin (OVA}immunized mice significantly reduced the serum lea total IgE, OVA
specific IgE and OVAspecific IgG1l andex vivo production of Il-4 by the splenocytes [80].
Schouten et al. [81] showed that an intervention with a synbiotic formulation, comBisbrgve
M-16V and a GOS/FOS mixture, was protectigmaiast the development of symptoms in mice
orally sensitized with whey. The promising effect was confirmed by Kostadinova et al. [82]
demonstrating the partially prevention of s k-
probiotic administrationi n  c ombi nat i o factoglobulid desiyee peptidas and @
specific blend of shortand longchain fructeoligosaccharides in mice. Particularly, the treatment,
besides increasing the cecal content of propionic and butyric acid, determinedeasenair IL22
expression, which plays an antimicrobial role in the innate immunity response and of the anti
inflammatory cytokinelk1 0 i n t he Peyer 6s patches. This ou:
demonstrated that the administration of Biebreve Yakult strain increased the number of1D-
producing CD4 T cells in the large intestine of murine models and an increased production of
acetic acid [69].

B. brevewas also involved in protective mechanisms against obesity; the orally administration
of B. breveB-3 in a mouse model with digtduced obesity could suppress the increase of body
weight and epididymal fat, with improved serum levels of total cholesterol, fasting glucose and
insulin and act by regulating gene expression pathways involviga@idrmetabolism and response
to stress in the liver [84,85].

Increasing evidence suggests that a bl microbiome axis exists, although its role in
cognition remains relatively unexplored [6,86]. Bifidobacteria were found to improve the
behaviourabeficits and to possess a potential action on stedated disorders in model mice [87].

B. brevestrains potential has also been investigdtadthe capability of conferring beneficial
effects on neurological diseases. Savignac et al. [88] showed that 6 weeks fe&libgeoEl1205

strain resulted in positive effects on compulsive behaviour in marble burying test, anxiolytic effects
in the devated plus maze and reduced body weight gain in model mice, contributing to a general
amelioration of anxiety and metabolism. Kobayashi et al. [89] showed that oral administradion of
breveAl, isolated from faeces of human infants, prevented cogrdgeéine in Alzheimer disease
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(AD) model mice, with a reduction of neural inflammation; they observed that the probiotic
provided ameliorations in both working memory and lkb&igm memory. Furthermore, they found
an increase of plasma acetate levels dtfter probiotic treatment and the neural inflammation
reduction can be considered as a consequence of this increaseBdieeweeadministration, since
SCFAs have been shown to have immune modulatory functions in model mice [90]. This evidence
suggests thaB. breve A1 has therapeutic potential for preventing cognitive impairment in
Alzheimer disease and the necessity to move to a clinical intervention to evaluate the effects on
diseased humans.

B. breve supplementation can affect the metabolism of fattydsac Among them,
ei cosapentaenoi c aci d -liboemcAarid metalbolization, isl @ressengat |
constituent of the cell membrane, plays an important role in brain and nervous system development
and in inflammatory response [91]; docosa®ic acid (DHA), which derives from EPA
metabolization, is one of the major3npolyunsaturated fatty acids (PUFA) in the brain and is
essential for a correct development of foetal encephalon [92]. Some studies revealed that human
commensal microorganisnage able to synthetize bioactive isomers of conjugated linoleic acids
(CLA) from free linoleic acid [93]; CLA was proven to possess antiatherosclerotic, antidiabetic and
immunomodulatory properties [94,95]. Wall et al. [96] demonstrated that oral adatioistfor 8
weeks to different animals (pigs and mice)BofbreveNCIMB 702258, a CLA producer strain, in
combination with linoleic acid as substrate, increased the concentration of the predominant CLA
isomer found in naturec9, t11) in the liver. Furtermore, this supplementation in mice increased
EPA and DHA levels in the adipose tissue and reduced proinflammatory cytokines tumour necrosis
factorU ( TUNF and -ont@®fFMNdreowrel s. The same authors
administration witthe sameB. breves t r a i 4inolenit dcid,dhe precursor of EPA, resulted in
an increase in the liver EPA and brain DHA concentrations in mice. These results outline Bhat the
brevestrain is a notable candidate for the treatment of inflammatorynaantbdegenerative being
able to modulate the hippocampal expression of hianved neutrophic factor (BDNF), a
neurotrophin involved in development of the nervous system [97,98]. Particularly, the probiotic
treatment reduced the expression of BDNF eRdnwhich has been described as being highly
responsive and increased by stress [99].

5. B. breveApplication in Clinical Trials in Paediatrics

The use ofB. brevestrains for treatment and prevention of human diseases have been
increasingly expanding in the last decade. Being bifidobacteria the most abundant bacterial group in
infant gut, most of the studies are focused on paediatric subjects. Figure 1 sumrharizesnt
applications oB. breven paediatric diseases.

Therapeutic and protective role for human healtB.dfrevestrains both as single strain or as a
mixture of two strains of the same species has been demonstrated. As already mentioned, several
resarchers account for the improved efficacy of msfiecies and muistrain formulations that
acting with a synergic effect, may enhance the effectiveness of each single strain [100,101].
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prematurity

Allergies

Constipation

Figure 1. Paediatric diseases in which an amelioration of symptoassbeen obtained
uponB. brevestrains administration.

5.1. Preterm Infants and Necrotising Enterocolitis (NEC)

A consistent number of preterm infants, especially those of very low birth weight, are subjected
to episodes of systemic infection caused by antibiotic resistant bacteria and fungi that can lead to
chronic diseases and brain injuries [102,103]. These episodes can result from a combination of
factors, including immature gastrointestinal tract mucbsatier and undeveloped gastrointestinal
tract immune system, which may predispose premature infants to bacterial translocation, causing
systemic infection and necrotising enterocolitis (NEC) [104,105]. In addition, preterm infants have
revealed an altereahicrobiota composition, resulting in almost undetectable bifidobacteria counts
during the first and second week of life, differently for those at termi [ll@&. This observation
has allowed the formulation of the hypothesis that a bifidobacteria treatoatd lead to a
reintegration of beneficial bacteria in the intestinal environment and a reduction of bacterial
translocation to other districts, stimulating researches in this sector. One of the first study that
investigated the effects of B. brevesypplementation in preterm neonates reported that the strain
YIT4010, administered as a suspension of distilled water containing 0.5badt@rial cells for 28
days, was able to colonize efficiently the intestinal tract, to reduce abnormal abdominal symptoms
and to improve the weight gain [109]. A later study compared the effects of the administration of a
B. brevestrain a few hours aftebirth and 24 h after birth; the supplement was prepared by
dissolving 1.6 x 19cells in 0.5 mL of 5% glucose solution and administered twice a day for all the
duration of hospitalization [110]. In newborns administered with the probiotic soon after birth
bifidobacteria were detected significantly earlier and the numbEnt&robacteriaceaat 2 weeks
after birth was significantly lower, compared to the infants treated 24 h after birth demonstrating
that a very early probiotic intervention may contribtibethe establishment of a beneficial gut
microbiota and the prevention of infectious diseases [110].
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A more recent work proved the suitability Bf breveM-16V administration for routine use in
preterm infants in order to control the gut microbiota wation and shift it towards a healthy
profile [111]. Moreover, a retrospective cohort study was performed with the purpose of evaluating
whether the supplementation with the same probiotic to preterm neonates would reduce the risk of
NEC [112]. NEC repreents the most lifthreatening pathology of preterm neonates with incidence
and mortality of 1012% and 4045%, respectively. It is characterized by gastrointestinal
dysfunction progressing to pneumatosis intestinalis, systemic shock and rapid deaéndrcases
[113,114]. NEC is categorized into 3 different stages based on the severity of the disease, from
stagel, a suspicion for disease, to std{fle corresponding to a severe progression of the disease
[115]. Although the pathogenesis of this coimditremains obscure, some important prevention
strategies have been adopted, such as the use of antenatal glucocorticoids, early preferential feeding
with breastmilk, prevention and treatment of infections [116]. Since preterm infants have shown an
intestnal reduction of total bifidobacteria and a predominance of facultative anaerobes, some of
which potentially pathogens, until the 20th day of life, it has been suggested that a major etiological
factor for NEC could be an altered microbiota compositidtvY[1Therefore, a probiotic treatment
can be an additional strategy for NEC prevention-wegkB. breveM-16V supplementation (3 x
1°CFU/ day) has been associated W)ibvery&owbirthwer
weight infants born before 3deeks; the incidence in those born before 28 weeks resulted lower but
not statistically significant [112]. Satoh et al. [118] had already demonstrated the efficBcy of
breveM-16V administration in preventing NEC in extremely low and very low birth vierdants:
the probiotic was daily supplemented at a dose of 1%CHU dissolved in breast milk or breast
mixed with formula milk several hours after birth and continued until discharge from hospital
(achievement of body weight 2300 g or gestational aig87 weeks); the treatment led to a
significant reduction of infection and mortality rate.

Various studies suggested that an overproduction of SCFAs in the intestinal environment can
lead to mucosal injuries, which may evolve in NEC in premature infdi$,120]. Wang et al.

[121] demonstrated that a 4 wedksbreveM-16V supplementation (1.6 x 4@ells suspended in

0.5% glucose solution) was associated with a reduction of butyric acid levels in very and extremely
low birth weight newborns. Since butyracid increases the 48 secretion in enterocytes, condition

that may lead to neutrophihvasion, a known hallmark of NE@. breveadministration can be
considered protective against NEC onset.

Immediately after delivery, some physiological changes@alby in the immunologic system,
occur in newborns in order to adapt themselves to the new environBietreve M-16V,
administered at POcells in 0.5 mL of 5% glucose solution starting several hours after birth, can
increase the transfo-bfi)ngignaWwshi haptetebfin (1
has a relevant importance as it is known to induce oral tolerance, exartflamimatory effects,
express mucosal IgA and promote epithelial cell proliferation and differentiation [123]. A further
study investigated the preventive effects of the sBiaevestrain against infections and sepsis in
extremely and very low birth &ght newborns. The probiotic consisted on a frekkx
preparation with a dose of 4@FU dissolved in breasor formulamilk; the development of
infection and sepsis resulted significantly lower in the supplemented group compared with-the non
supplemated one [124], highlighting once more the efficacy oBabrevetreatment in the
prevention of developing infections, sepsis and NEC.
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According to Braga et al. [125] the combined us&obreveYakult andL. caseiwas able to
reduce the occurrence of KEand was associated with an improvement in intestinal motility in
newborns. The intervention started at the second day of life and continued for 30 days, provided
caseiand B. brevemixed to human milk in a daily dosage of 3.5 x’ Hdd 3.5 x 18 CFU,
respectivel y. The number ol wadl EeQuceat oporf probiotie d C
treatment.

5.2. Gastrointestinal Disorders

A disorder that affects up to 30% of newborns in the first months of life is infant colic. It is
characterizedby paroxysmal, excessive and incontrollable crying without identifiable causes [126]
representing a serious problem for the family and, in many cases, it can cause disorders later in life
[127,128]. The aetiology remains obscure but an unbalanced iatesticrobiota has been
suggested to play a role in the disease pathogenesis. Several studies support the use of probiotics a:
therapeutic or preventive agent against colics but very few clinical trials have been performed on
bifidobacteria application. A mture of B. brevestrains (BR03 and B632), whose probiotic
potential, as already highlighted in section 3, has been extensively demonstraied, was
prepared as oily suspension and administered at a daily dosage of 5 drops cont8i@RYy bd
eachstrain to 83 infants, involving both breast and betlé subjects [129]. Preliminary results
showed that administration was effective in reducing minutes of daily crying. The clinical trial was
then completed (155 infants, 130 breastd 25 bottl€ed), as described in Aloisio et al. [130]; the
B. breve mixture was able to prevent gastrointestinal disorders in healthy fedagtfants,
principally by reducing 56% of daily vomit frequency, decreasing 46.5% of daily evacuation over
time and improving siol consistency. The strength of this study is the interrelation among a
prolonged probiotic treatment, several clinical and anthropometric parameters (e.g., crying time,
stool frequency, colour and consistency, regurgitation, vomits, weight, lengthcineadference
of newborn, delivery mode, type of feeding, gestational age) and main gut microbial groups.
Epidemiological data have shown the predisposition of neonates born by caesarean section to
develop obesity later in life [131,132]. However, Belreve supplementation in infants born by
caesarean section [130] resulted in a lower eafchyrowth in weight, thus allowing the authors to
speculate a protective effect of the probiotic strains against the risk to develop metabolic
disturbance later infie.

Another common disease in childhood related to the intestinal tract is functional constipation, a
chronic condition characterized by infrequent defecation (less than three times per week) and more
than two episodes of faecal incontinence per week [183 pathogenesis, undoubtedly
multifactorial, has not a wetlefined aetiology. It has been shown that, despite intensive medical
and behavioural therapy, 25% of patients developing constipation before the age of 5 years continue
to have constipation upts beyond puberty [134]. A pilot study showed the beneficial effects of 4
weeks treatment witlB. breveYakult (BBG-01) in constipated children: daily administration of
10%10° CFU led to a significantly increase in defecation frequency and amelioratistoa
consistency, frequency of episodes of faecal incontinence and abdominal pain [135]. There is a
debate of whether it is more effective the use of single strains or an association of them for
constipation treatment; however, the mentioned study dstrawed that the intake of only oBe
breve strain is even effective. Giannetti et al. [136] investigated the effects deriving from the
administration of a mixture of 3 bifidobacteria, namBlyinfantisM-63, B. breveM-16V andB.
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longum BB536, in childen suffering from irritable bowel syndrome (IBS). IBS is a functional
bowel disorder characterized by chronic abdominal pain, discomfort, bloating and altered bowel
habits including diarrhoea or constipation [137]. The daily dose was abbaelifor eah strain
administered as bacterial powder and the treatment lasted 6 weeks. The bifidobacteria mixture
intake resulted in a significant decrease in prevalence and frequency of abdominal pain and an
improvement of the quality of life, assessed by an irg@aradministered validated questionnaire.

The commercial formulation VSL#3, already described in Section 3, was used in several
clinical studies targeted to different diseases in paediatrics resulting in an amelioration of the health
status of children stéring from IBS [138]. In this randomized, douddénd, placebecontrolled,
multicentre trial, patients were treated with one sachet (twice in tho48 2ars old) of probiotic
mixture containing 4.5 x T®bacteria for 6 weeks. The preparation wasatiffe in improving the
overall perception of symptoms, the severity and frequency of abdominal pain, abdominal bloating
and family assessment of life disruption, leading to a general improving of quality of life in children
suffering from IBS.

Miele et al.[139] carried out the first paediatric, randomized, plaestratrolled trial using
VSL#3 for the treating of ulcerative colitis (UC). This disorder belongs to the chronic inflammatory
bowel disease (IBD) category, has a prevalence of about 100 casé&®@901children [140] and
occurs as diffuse mucosal inflammation in the colon; it is characterized by periods of remission and
relapse episodes, not all the patients tolerate the existing treatment to induce remission for their
adverse effects and in 280% of paediatric patients failure of the treatment occurs [141]. Since the
pathogenesis, beside genetic susceptibility, is linked to compromised immune response and
alteration in gut microbiota composition, the idea beyond the study was that 1 year of VSL#3
administration might improve the health status of patients. Subjects with an average age of 10 were
supplemented with a weighiase dose of probiotic (4.5 x'#01.8 x 162 bacteria per day); treated
patients showed a significantly higher rate of remission compared to placebo and a significantly
lower incidence of relapse within 1 year of follayp. According to the authors, this success may be
related to the use of a mixaof various probiotics, which might have a strong synergic action and
to the high bacterial concentration of viable cells contained in the mixture. Furthermore, the
probiotic preparation showed to be safe and well tolerable by children with a diagnd€is of

The efficacy of VSL#3 in paediatric diseases was also evaluated by Dubey et al. [142], who
conducted a doublblind, randomized, placebwmontrolled trial treating acute rotavirus diarrhoea in
children. VSL#3, containing a total of 9 x °l@acteria/dos and administered for 4 days,
significantly reduced, already on day 2, mean stool frequency and improved stool consistency; these
results were also reflected in the lower volume of oral rehydration salts administered in children
who received the probioticThe functional role of VSL#3 was investigated by Sinha et al. [143],
who focused on the prevention of neonatal sepsis in low birth weight infants, one of the infections
which evolves more rapidly in this paediatric category. The mixture, containfigat@ria/dose,
was administered for 30 days. VSL#3 intake in low birth weight was associated with-a non
significant 21% reduction in the risk of suspected sepsis; nevertheless, in {p@gplof infants
weighing 1.%1.99 kg, the reduction of the risk ofispected sepsis was statistically significant,
differently from newborns weighing 2.2.49 kg. The results of the study allowed to conclude that
the intervention may be useful for the most vulnerable subjects of low birth weight.

As infant feeding has a ucial role in developing infant gut microbiota and consequently
intestinal immunity, fermented formula milk containing probiotics or prebiotics has been
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developed. This approach is aimed at protecting infants from various gastrointestinal disorders by
moduating gut microbial composition. The first study that evaluated the effects of a fermented
formula milk with B. breve C50 andStreptococcus thermophill365 on the incidence of acute
diarrhoea in healthy infants was a randomized, dehle, placebecortrolled multicentre study,

which involved 971 subjects belonging to three different areas of France [144]. The trial was
planned to occur in a high risk predicted period for diarrhoea incidence in France (from October to
January) and the supplementatiostéal 5 months. Although no reduction in the incidence and
duration of diarrhoea episodes were observed after the intervention, a lower number of dehydration
cases, a lower number of medical consultation cases with fewer oral rehydration solution
prescriptons and changes of formula were registered. These outcomes can be considered as
indicators of probiotic positive effects on the severity of the disease. According to the authors, these
results may be related to the bifidogenic and immunomodulatory pregpesti fermentation
products contained in formulailk.

5.3. Meliac Disease

The efficacy of the probiotic mixture containify breveB632 andB. breveBR03 was also
shown in children affected byoeliac disease. In this case, the strains were administsed
lyophilized powder at a daily dosage of TLFU of each strain for 3 months inatiac children on a
gluten free diet (GFD). A preliminary important outcome obtained from the intervention was the
reduction of prenflammatory cytokine TNRJ i n  bnples @fdoeliscahildren on GFD [145].
The gut microbiota composition was also studied with Next Generation Sequencing (NGS)
technology. Unexpectedly, the intervention did not cause changes at the level of the genus or
phylum to which the administered w6 ot i cs bel ong but the probio
for the increase dfirmicutesand the restoration of the physiologi€atmicutes/Bacteroidesgatio
that was altered inceliacs with respect to healthy subjects. Moreover, the interventitoredghe
normal amount of.actobacillaceaanembers, reaching almost the same values of healthy subjects
[146]. Besides modulating inflammatory condition and gut microbiota compositioroatiac
children, B. breve supplementation influenced the SCFAs peofacetic acid had a negative
correlation withVerrucomicrobia Euryarcheotaand particularlySynergiseste§l47]. Although
Synergisesteis a minor phylum in human faeces (abundance of 0.01%) of healthy subjects, it was
found to have a considerable rdte human health because of its negative correlation with-ONF
that may indicate an antflammatory role [148,149]. In the study of Primec et al. [147], the
Synergisestepghylum clearly confirmed its animflammatory role negatively correlating witligs
inflammatory acetic acid after three months of probiotic treatment.

5.4. Paediatric Obesity

Another pathology in which the gut microbiota may play a notable role is obesity. Although it
is acceptedhat obesity results from disequilibrium between energy intake and expenditure, it is a
complex disease and not completely understood. Nowadays, obesity prevalence is spreading
especially among children and adolescents and it can be considered a woejoidedeic. Obesity
has been associated with a chronic inflammation that may conduct to insulin resistance [150,151].
Recently, obesity has been associated with a specific profile of the gut microbiota characterized by
lower levels of bacteria belonging Bacteroidesand Bifidobacteriumgenera compared to that of
lean individuals [152]. In addition, bifidobacteria were shown to be higher in children maintaining
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normal weight at 7 years old than in children developing overweight and their administration was
able to reduce serum and liver triglyceride levels and to decrease hepatic adiposity [153,154]. The
mixture of B. brevealready mentioned (BR03 and B632) was used in a -oss doubleblind
randomized controlled trial in order to-establish metabolic dmeostasis and reduce chronic
inflammation in obese children [155]. Although the study is stilgomg, preliminary results
related to the part previous the cras®r demonstrated thatB breveadministration in obese
children is promising: 8 weeksetitment seems to ameliorate glucose metabolism and could help in
weight management by reducing BMI, waist to height ratio and waist circumference [155].

5.5 Allergies

There are increasing evidences that the intestinal microbiota plays an important tfude in
development of allergic diseases, in particular, low bifidobacteria levels appear to be associated
with atopic dermatitis [156]; in the previous section, the potentid.dbrevein preventing and
treating allergy conditions was reported and this espive role has been confirmed in clinical
studies.B. breveM-1 6V revealed to be effective in the
infants with atopic dermatitis [157B. breve added to the casehydrolysed milk formula at the
dosage of 5 x TOCFU or 15 x 18 CFU per day, increased the proportion of bifidobacteria in the
gut microbial composition and ameliorated allergic symptoms by interacting with the immune
system and no remarkable dose dependent differences were detected [157]. Theicsynerget
combination of probiotics and prebiotics, known as synbiotic, seems also to be promising in atopic
dermatitis treatment. In this regard, Van der Aa et al. [158] studied the effects of a synbiotic mixture
on atopic dermatitis in formuled infants; thdormulation consisted dB. breveM-16V at a dose
of 1.3 x 18 CFU/100 mL and a mixture of 90% shattain galactooligosaccharides (scGOS) and
10% longchain fructooligosaccharides (IcFOS), 0.8 g/100 mL added to formula milk. Although the
formulation, administered for 12 weeks, had no effect on atopic dermatitistgenesignificantly
modulated the composition and the metabolic activity of gut microbiota, leading to a decrease of
pH, high lactate and low butyric levels resembling the metabolic profile of Hezhstfants [159].

The same synbiotic mixture has damstrated to reduce the prevalence of astlikeasymptoms
and the prevalence of asthma medications use after the fulfilmentydar followup [160].

The effects of a formulation containing. breve M-16V and B. longumBB536 for the
prevention of allagies in infants enrolling both mothers and newborns was studied [161]. The
formulation was provided as powder daily doses containing 5 €EQ/g of each strain. Pregnant
women begun the supplementation 4 weeks before the expected date of deliveryreavabtiras
received the probiotic mixed to water, breast formulamilk starting 1 week after birth and
continuing for 6 months. The study revealed that prenatal and postnatal supplementation with a
bifidobacteria mixture reduced the risk of developingesea and atopic dermatitis in infants. NGS
anal yses of newbornsdéd faecal sampl es showed
microbial phyla Actinobacteria BacteroidetesProteobacteriq of allergic and nosallergic infants
at 4 months of agédowever, these differences were lost at 10 months of age, highlighting that the
microbiota of early stages is particularly important in regulating allergies upset in infants.
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5.6. Surgical Procedures

Surgical procedures can also alter gut microbiota composition and functions and disrupt
intestinal barrier function, inducing the patient in a condition at risk for infection [162]. A probiotic
therapy may be functional for patients improving the immuno&dgunction of the intestine and
competing against harmful bacteria infection. A pilot study demonstrated that daily administration
of B. breveYakult BBG-01(1C freezedried cells per day) to children younger than 15 years 7 days
before surgery until dcharge from hospital, simultaneously to intravenous antibiotics
postoperatively treatment, reduced the incidence of bacteria in blood samples. Moreover, the
intestinal microbial composition was improved by increadgigdobacteriumspp. and reducing
potential pathogens such alostridium difficile Pseudomonasind EnterobacteriaceaeHigher
concentrations of faecal acetate and lower faecal pH levels were detected in children who received
the probiotic 2 weeks after surgery [163]. Improvement of intdséimaronment resulting from a
perioperative supplementation with the same strain was also observed in neonates undergoing
surgery for congenital heart disease [164]. Daily dosage of 3 €H0 of B. breveYakult (BBG-

01) was administered starting 1 wdafore surgery and ending 1 week after the operation; infants
who received the probiotic supplement showed significantly higher bifidobacteria levels and lower
EnterobacteriaceaeStaphylococcuand Pseudomonasevels in faecal microbiota compared to
infants not receiving the supplement. Moreover, probiotic treated infants exhibited significantly
higher concentration of total organic acids levels compared tdreated ones, in particular acetic
acid increased immediately and 1 week after surgery; furtihresnthe faecal pH tended to decrease
with the probiotic intervention.

Kanamori et al. [165] documented in a casport the efficacy of a synbiotic therapy,
consisting in a combination ofB. breve Yakult (BBGO01l), L. casei Shirota and
galactoolicosacchates as prebiotic components, in a newborn with short bowel syndrome resulting
from a consistent bowel resection performed soon after delivery. Patients affected from this
pathology are subjected to an intestinal bacteria overgrowth due to their diletthe{166]; this
condition can lead to a bacteria translocation in other districts inducing catheter sepsis,
compromised carbohydrates fermentation resulting in high level of lactate, with consequent acidosis
[167] and a possible incontrollable growthiofestinal pathogens. One year of synbiotic therapy,
consisting in 3 g of bacteria (1 x %LBacteria/g per each strain) and 3 g of prebiotic per day,
improved the nutritional state, prior compromised, by increasing the intestinal motility and
suppressedt intestinal pathogen overgrowth, in particitarcoliandCandidaspp.

The same synbiotic combination was used as a therapy for refractory and repetitive
enterocolitis [168]; this disorder often occurs in paediatric surgery patients and the severayype
be fatal. The 7 recruited patients, having short bowels as a result of surgical resection and suffering
from repetitive enterocolitis, were administered with 1 g of probiotié &@teria/g) 3 times daily
for 36 months. All patients had an altered gut microbial composition prior to the therapy
characterized by low levels of anaerobic bacteria and high levels of resident pathogenic bacteria. In
spite of the frequent antibiotic tim@ents to which patients were exposed, the long synbiotic
administration was effective in highly increasing bifdobacteria and lactobacilli levels, which were
almost undetectable before the supplementation and incrementing faecal SCFAs, inducing a more
normal ecosystem profile in the intestine. Moreover, most of patients accelerated their body weight
gain and showed increased serum rapid turnover, with a general amelioration of their health status.
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With the developing of therapies and surgeries in the éefgerinatal and foetal cares, neonate
survival outcomes have extraordinary increased; newborns that are subjected to these interventions
need prolonged intensive care periods, which include use of antibiotics, respiratory care and
restriction of enteraldeding. All these factors may affect the normal microbial gut colonization
leading to severe infection and malnutrition [169]. A synbiotic therapy, incluBingreve as
already observed, could be effective in preventing or correcting an abnormal nhicobdezation
in intensive care newborns. The same synbiotic therapy, largely and positively tested, ingluding
breveYakult, L. caseiShirota and galactooligosaccharides, was applied to newborns with diagnosis
of severe congenital anomalies [169]. Theoduct contained £010'° bacteria/g and was
administered immediately after birth via a nasogastric tube, as soon as intestinal feeding was
possible, first at a dose of 0.12 g per day in four equal dose and then, when the amount of milk
increased, at 3 ger day in three equal doses. As results of the therapy, none of patients manifested
enterocolitis, they showed an improvement in their clinical course and reached a body weight gain
equivalent to that of normal infants. This last outcome has been hypethés be linked to the
potential metabolic activity of the administered probiotics to promote liver lipogenesis and fat
storage in the peripheral fat tissue contributing to the growth observed in these infants despite the
congenital disorders [170].

5.7.Coadjuvant in Chemotherapic Treatment

A condition in which the use of probiotics may have a reliving effect is chemotherapy. The
cancer itself and the druperapy inducing bone marrow suppression lead to an
immunocompromising state in which an infectioosuld be fatal. Since the main source of
infection is endogenous intestinal harmful bacteria [171], a probiotic treatment can certainly benefit
the patientds state by not only competing agsé
also by stinulating gut immunity, producing organic acids and improving transepithelial resistance
[172]. A study conducted in 2009 evaluated the effe&.dfreveYakult (BBG-01) strain in cancer
paediatric subjects, administered with® 1fdeezedried cells, corn tarch and hydroxipropyl
cellulose in 1 g of formulation. The administration was found to be effective in reducing febrile
episodes, which may be the only sign of infection and the use of intravenous antibiotics by
stabilizing the intestinal microbial comgition [173].

An overview in chronological order dB. breveapplications as a single strain and as a
component of a muklstrain/multispecies formulation is reported in Table 1 and Table 2,
respectively.
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Table 1. Overview of B. brevestrains applications im vitro studies, mice model and
paediatric trials.

B. breve

: Reported effect(s) References
strains

Strong antimicrobial activity against pathogens,
B. breve stimulation of mitochondrial dehydrogenase activity ¢

B632 macrophages, stimulation of proinflammatory cytokin: [62]
production inin vitro study
B. breve Inhibition of the growth of 4. colibiotypes inin vitro [64]
BRO3 study
Reduction of total faecal coliforms in healthy childrer [65]
Reduction of pranflammatory TNFU i n bl oo [145]

of coeliac children
Reduction of minutes of daily crying in healthy infant:  [129]

B. breve Restoration of the healthy percentage of main gut [146]
B632 +B. microbial components inoeliac children
breve Improvement of glucose metabolism and weight [155]
BRO3 management in obese children

Reduction of daily vomit frequency, daily evacuation
improvedstool consistency, protection against develop  [130]
metabolic disturbance in healthy infants

Modulation of faecal SCFAs profile iroeliac children [147]
Anti-infective activity against Shigxin-producingE. [69]

coli in mice model
Reduction of febrile episodes and use of intravenou

antibiotics in cancer paediatric subjects
Improvement of composition and metabolic activity of (
microbiota and reduction of incidence of bacteria in blc ~ [163]
B. breve in paediatricsurgery subjects
Yakult Increased defecation frequency, improvement of sto
(BBG-01) consistency, frequency episodes of faecal incontiner  [133]
and abdominal pain in constipated children

Stimulation of antinflammatory IL.-10-producing CD4+T

cells in mice mod|
Improvement of composition and metabolic activity of
microbiota in paediatric surgery infants with congeniti  [164]

heart disease
Stimulation of antinfluenza virus hemagglutinin IgA

[173]

[83]

B. breve producti on by Pmiceeaodéls [75]

YIT4064 Stimulation of antigetspecific IgG production against [74]
pathogenic antigens in mice model

B. breve Reduction ofCitrobacter rodentiungut colonization in [76]

UCC2003 mice model

B. breve Inductionof REGItO expression ir 78]

NCC2950 REGIII-U in witro study

Reduction of pranflammatory cytokines and lung

B. breve . . R A
MRX0004 neutrophil and eosmo_phll infiltration in severe asthm [79]
mice model
B. breve Improvementofab r gi ¢ sympt oms a [157]
M-16V milk hypersensitivity in infants
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Immunomodulation activity by increasing TERF1 |

preterm infants [122]
Reduction of infections and mortality for NEC in [118]
extremely and very low birth weight infants
Reduction of faecal butyric acid in extremely and ver [121]
low birth weight infants
Reduction of total IgE, OVAspecific IgE and OVA [80]
specific IgG in mice model
Protection against developing of whey allergy sympto [81]
in model mice
Reductionof infections and sepsis incidence in extrem: [124]
and very low birth weight infants
Improvement of composition and metabolic activity of ( [158]
microbiota in infants with atopic dermatitis
Reduction of asthmbke symptoms prevalence and
asthmamedication use prevalence in infants with atop ~ [160]
dermatitis
Shifted gut microbiota towards a healthy profile in [111]
preterm infants
Low incidence of NEC (C
weight infants [112]
Partially protection againskeveloping skin reaction due
to cowds mi |l k aachlcoatengoy hutyrat 82]
and propionate and increased antimicrobiaPfL
expression in mice model
B. breveB-  Suppression of epididymal fat and body weight gain | [84,85]
3 mice model withdiet-induced obesity '
B. breve  Amelioration of anxiety condition and general metaboli [88]
1205 in mice model
B. breve  Prevention of cognitive decline in Alzheimer disease ¢ [89]
Al reduction of neural inflammation in mice model
B. breve Increased CLA isomec9,t11), EPA and DHA in adipos
NCIMB tissue and reduced proinflammatory cytokines in mic [96]
702258 model
Reduced abdominal symptoms and improved weight ¢ [109]
B. breve in preterm infants
YIT4010 Establishment dbeneficial gut microbiota and preventic [110]

of infections in preterm infant
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Table 2 Overview of applications d3. brevestrains combined to other bacterial strains in

paediatric trials.

B. br_eve Pr(_)blotlc Reported effect(s) References
strains mixture
B. breveM-16V , :
Reduction of developing eczema anc
B. longum ) U [161]
atopic dermatitis in infants
BB536
B. breveM-
B. breveM-16V , : .
16V : . Reduction of abdominal pain prevalent
B. infantisM-63 : )
and frequency, improvement of qualdfy [134]
B. longum life in IBS children
BB536
Improvement of composition and
metabolic activity of gut microbiota anc
of overall health status in infants with [165,168]
B. breveYakult
. short bowel syndrome
B. breve L. caseiShirota . L ‘
Prevention okenterocolitis, improvemen
Yakult : " )
of body weight and clinical course in [169]
(BBG-01) . ) : .
infants with congenital disorders
B. breveYakult Reduction of NEC incidence and
' L ; improvement of intestinal motility in [125]
. casei .
infants
B. breveC50 Reduction of number of dehydratlon
B. breve : cases and medical consultation cases
S.thermophilus i . . [144]
C50 children exposed to risk of developinc
065 )
acute diarrhoea
Reduction of stool frequency and
improving of stool consistency in [142]
children wth acute rotavirus diarrhoea
Manifestation of high rate of remissior
and low incidence of relapse in UC [139]
B. breve children
X VSL#3 Improvement of symptoms, severity ar
DSM 24732 : . :
frequency of abdominal pain and bloati
. e ) [138]
and family assessment of life disruptio
in IBS children
Reduction of the risk of suspected sep:
in most vulnerable very low birth weigh  [144]

infants

6. B. breveAdministration in Adults: A Short Outcome

The use oB. brevehas been largely investigated paediatric scenery and its therapeutic role

has been strongly supported by significant and solid outcomes; its use is not limited to paediatric
supplementation but it is also involved in improving health condition in briefly outlined.

Minami et al. [13] investigated the use d. breveB-3 at a daily dosage of 5 x %0
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CFUl/capsule for 12 weeks in adults with a tendency for obesity. A significant decrease of the fat
mass and an amelioration of blood parameters were observed, in particular a sigefigetidn of

gl ut amyl t r a-6Pp @ priarked assdeto €valuate liver injury
protein Greactive (hCRP), a marker used to evaluate the inflammatory reaction, were detected.

and +‘sghsitivity



Interestingly, a significant negative correlation betw the value of fat mass and -1,5
anhydroglucitol, a marker that closely reflect siertn glucose status and glycaemic variability,
was recorded suggesting the potential rolB.dfrevein the improvement of diabetes.

Ishikawa et al. [175] showed thefadts of one year dB. breveYakult treatment, in association
with galactooligosaccharides as prebiotic, in patients diagnosed with UC. The probiotic, containing
10° CFU/dose of freezdried powder, was administered immediately after every meal 3 tinh@g a
and the prebiotic, at a dosage of 5.5 g, was administered once a day. The synbiotic intervention
improved the endoscopic score by decreasing the values of severity mucosa damage [176] and
reduced the level of myeloperoxidase, which is secreted by ophils and macrophages
accumulated in the inflamed lesions and positively correlated with the disease severity [177].
Regarding gut environment results, the synbiotic treatment significantly re@acdroidaceae
countsand faecal pH, which may be conrextto an increment of faecal SCFAs.

An interesting relationship was evaluated by Kano et al. [178]: since a Japanese 2007 survey
evidenced that women who suffer from abnormal bowel movements also showed skin disorders,
they conducted a doubl#ind, placelb-controlled, randomized trial to investigate the effects of
probiotic and prebiotic fermented milk on skin of healthy adult women. The fermented milk
contained galactooligosaccharides, polydextrd3e,breve Yakult, Lactococcus lactisand S.
thermophilusat a daily dose of 6 x 1§) 5 x 16° 5 x 13° CFU/100 mL of milk, respectively. The
synbiotic intake, which lasted 4 weeks, resulted to prevent hydration level decreases in the stratum
corneum. The intervention increased cathepsliked.protease actiwt which can be considered as
an indicator of keratocyte differentiation, as proteolysis of cathepsin L activates transglutaminase 3,
which plays an important role in thetratum corneum formation [179]. Moreover, the
administration reduced phenol levets serum and urine and since the production of phenols is
inhibited at low intestinal pH, an increase of intestinal organic acid levels might be occurred after
the treatment.

The probiotic preparation VSL#3 has been extensively used for the treatment ah IBD
adulthood. Brigidi et al. [180] investigated the effects of 20 days VSL#3 administration in patients
with diarrhoea predominaBS or functional diarrhoea; the probiotic intake caused changes in gut
microbiota composition with a significantly increasfetotal lactobacilli, total bifidobacteria argl
thermophiluswhich are component of VSL#3. The treatment led also to an improvement of some
enzymes functions, whose actions are compromised in IBD, by reducing urease activity, whose
products usually &®w pathogenic bacteria to survive in the gastrointestinal tract and contribute to
mucos al ti ssue dama g e-galadodidase Jactivatyn whiclbiy involved in thea s i r
metabolism of unabsorbed carbohydrates. Pronio et al. [182] confirmedditeerole of VSL#3
upon treatment of patients undergoing ileal pouch anal anastomosis for ulcerative colitis. The
probiotic intervention reduced signs and symptoms of inflammation inducing a significant
expansion of cells associated to an improvementhef inflammatory condition of the pouch
mucosa. An interesting microbial outcome was evidenced by Kihbacher et al. [183]: the UC
remission maintained by VSL#3 administration was accompanied by a higher bacterial diversity
actually not related to the praic intake. However, the increase of bacterial diversity may
represent a therapeutic mechanism that supports the VSL#3 activity in maintaining UC remission.
Bibiloni et al. [184] showed that 6 weeks administration with the probiotic mixture improved UC
remission and response in patients not responding to traditional therapy. Since VSL#3 has been
demonstrated to maintain remission in UC patients intolerant or allergiant@ripsalicylic acid (b
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ASA), known also as mesalazine [185], Tursi et al. [186] destnated the efficacy on UC of
another therapeutic combination: VSL#3, in association with balsalaz48&A5prodrug, was
shown to be significantly superior to balsalazide alone and to mesalazide in the treatment of active
mild-to-moderate UC. One of thel points of the study is the low dosage of balsalazide used (2.25
g/day), usually not effective in reducing UC symptoms and inducing remission. Therefore, the low
dosage appeared to be effective only in combination with VSL#3. In this regard, a mote recen
study, involving a larger number of patients, highlighted the superior ability of VSL#3 to improve
relapsing mildto-moderate UC when added to standard UC treatment with respect to patients on
standard treatment only, confirming the potential synergitoracexerted by standard UC
pharmacological treatments and VSL#3 [187]. The reason for this synergic action may be a
combined effect of the chemotherapic on the disease and of the probiotic on the gendraihgell

of the host. Clinical studies proved this probiotic mixture was particularly effective in the
treatment of IBD, improving abdominal pain duration and distention severity score in patients
suffering from IBS [188]. Moreover, it was effective in clinical condition of diarrhgreglominant

IBS subjects [189,190].

7. Conclusions

This review has outlined the large number of cases in wBidirevestrains, mainly as single
strains but also in combination with othi&fidobacteriumspecies ot.actobacillusstrains, are used
for therapeutic and prevention purposes and/or to prevent further complications of the disease in the
paediatric sector. The analysis of the outlined results allows to conclude that, wherias or
animatmodel study are performed with a large numifedifferentB. brevestrains, clinical studies
are performed with a restricted number of strains (maBlybreve YIT4010, M-16V, the
associations B632/BR03 and Yakult BE)X%). Therefore, there is the opportunity of expanding the
potentialities of the shins used in clinical studies on the basis of the positive results obtained in
precl i ni cal studies and, therefore, more oppor
mi crobiology. o0 A second i nt er es tentragsociat®rpoétbet o0 u
B. breveadministration with traditional chemotherapeutic treatment. This is particularly important
in the treatment of very serious diseases in which stopping the traditional therapies may be
considered risky for the patient. Theopiotic can act as a supplement to prevent complication and
improve the general health status of the patient. We are all confident that the improvement in the
Aitherapeutic microbiologyo sector wil/l be a g
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Abstract

Infantile functional gastrointestinal disorders are common in the first months of life. Their
pathogenesis remains unknown although evidences suggest multiple independent causes, including
gut microbiota modificationgreeding type, influencing the comptosn of intestinal microbiota,

could play a significant role in the pathogenesis. Previous studies supported probiotic
supplementation success against colics, however maaaipbacillusspp. were tested.he aim of

this study was to evaluate the effeetress against functional gastrointestinal disorders of a
Bifidobacteriumbrevebased probiotic formulation including in the study both breastfed and-bottle
fed subjects.

268 newborns were enrolled within 15 days from birth. 155 of them effectively entberedudy

and were randomized in probiotic and placebo group, receiving the formulation for 90 days. The
probiotic formulation consists of a 1:1 mixture of 2 strainsBobreve preparedin an oily
suspensioand administered in a daily dosage of 5 drops containiht@ED of each strain.

Absolute quantification of selected microbial groups in the faeces was performed using gPCR.
Anthropometric data, daily diary minutes of crying, number of regurgitations,itwoamnd
evacuations, and colour and consistency of stools were evaluated before and after treatment.

The study confirmed the positive role of breast milk in influencing the counts of target microbial
groups, in particular the bifidobacteria communkityp. adverse events upon probiotic administration
were reported, suggesting the safety of the product in this regigenrevecounts increased
significantly in all administered newborns (p<0.02). The study demonstrates that a 3 months
treatment withB. breve strains in healthy breaséd newborns helps to preveminctional
gastrointestinal disorders, in particular reducing 56% of daily vomit frequency (p<0.03), decreasing
46.5% in daily evacuation over time (p<0.03) and improving the stool consistency (gtpee

Bristol Stool chart instead of type 5) in those at term (p<0.0001) with respect to those in placebo.
Moreover, a significant reduction (8,65 vs 7,98 LogCFU/g of feces, p<0.0B)frafgilis in the
bottlefed group receiving the probiotic formulatiaras observed.

Keywords: probiotic, Bifidobacterium breveinfant colic, functional gastrointestinal disorders,
breastfeding, bottlefeeding, microbiota

57



1. Introduction

Infant colic is a common disorder in the first 3 months of childhood that affects up to 30% of
newborns and is characterized by paroxysmal, excessive, incontrollable crying without identifiable
causes (1). Wessel et al. (2) gave the first definition af disorder as a condition of crying or
fussing that lasts more than three hours per day, more than three days per week. For a clinical
purpose, the Rome IV consensus groupr€8gntly revised the diagnostic criteria including the age
of newborn (< 5 mont), giving less important to the amount of crying considering instead the
prolonged and unsoothable character of the crying episodes as well as irritability that cannot be
prevented or resolved by caregivers. Symptoms, such as flushing of the face,smetdughs
flexion and flatulence, begin in the second week of life, in both breastfed and fdedutdants,
and usually resolve spontaneously over t{dje
Infant colic represents a serious problem for the family, because caregivers have difficulties
dealing with these incontrollable crises often resulting in stress and concerns; a prospective
European multicenter study carried out by Vik et(8).revealed that infantile colic and prolonged
crying are associated with high maternal depressionesc@imilarly, regurgitation, vomit and
constipation frequently require a pediatrician visit during the first 6 months of life and are often
responsible for feeding changes, and use of medical treatments Korgover, several
consequences were assodiate the presence of colics in the early stage of life: children with a
history of colics have a higher prevalence of functional gastrointestinal disorders later in life (8) and
children with migraine were more likely to have experienced infantile codin those without
migraine (7). Therefore, an effective preventive strategy against functional gastrointestinal disorders
IS envisaged.
Despite forty years of research, thetiology of colic crises and other functional gastrointestinal
disorders has not ba fully clarified. It has been suggested that a number of behavioral factors
(psychological and social), nutritional factors (food hypersensitivity or allergy), intestinal
dysmotility and low grade intestinal inflammation can contribute to its occurr@)@g Being a
typical disorder of the gastrointestinal tract, it is not surprising that imbalance in the gut microbiota
composition has been suggested to play a role in the pathogenesis of these conditions. The gut
microbiota has a very close relation wihe host contributing to the normal human physiology: it
can provide a barrier for colonization of pathogens, synthesize vitamins and other beneficial
compounds and stimulate the immune sys{@®). The neonatal period is a crucial stage for
gastrointeshal colonization, a balanced composition of the gut microbiota resulting in a positive
effects on the host healfhl). Colicky infants have a reduced fedslcterial diversity and stability,
compared to the healthy ones. They also show a higher prewabéiféram negative bacteria,
especially coliforms, and a reduced abundance of beneficial bacteria, such as lactobacilli and
bifidobacteria(12).
Diet has a dominant role in shaping the gut microbiota, therefore the type of feeding in newborns
has a certai impact on the assessment of the intestinal microbial groups. Remarkable differences
were shown by Lee et gl13): Actinobacteria was the predominant phylum in breastfed newborns,
followed by Firmicutes and Proteobacteria; in contrast, in forffedainfants, the proportions of
Actinobacteria and Firmicutes were similar, followed by Proteobacteria. In addition, the gut
microbiota of formulafed infants contains a significant amount of the genEseherichia,
Veillonella, Enterococcuand Enterobacter wheeas the content dfactobacilluswas low. The
same work reports that the main genera in both braadtformulafed infants isBifidobacterium
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but the proportion resulted significantly higher in breastfed infants. The study of Mazzolél4) al.

also siowed a reducedifidobacteriumspp. count in mixeded infants (fed with at least 50%
formula milk) with respect to breastfed. On the contrary, a differential representation of the genus
Bifidobacterium was not detectedn breastfed infants compared to formigal, although
differences in the gut microbiota were observed in the two gr{iLi)s Moreover, these studies
detected lower bacterial richness and diversity in breastfed, probably for the presence of unique
oligosaccharides in breast milk, which serve as selective metabolic substrates for a limited humber
of gut microbeg16).

Feeding type, influencing the composition of intestinal microbiota, could play a significant role in
the pathogenesis of infant colic although after the first year of life these differences §t&)lost

recent study focused on colicky and mmiicky formulafed infants, performed using FISH as
bacterial counting technique, revealed a lower concentration of total bacteria and a higher
abundance of Enterobacteriaceae in colicky forafedbinfants(18).

Several studies support the use of probioticshasapeutic or preventive agents against various
diseases, in particular enteric disorders but also human pathology which are not apparently linked to
the microbial gut composition, such as allergies and autoimmune digé8s23) A treatment

with probidics, whose beneficial effects on the gut microbiota disorders and on human health are
well known, may have a protective effect from gastrointestinal disorders including colics and
reduce the symptoms associated, leading to a correct microbial coloninagiarty infancy, when

the gut microbiota is still in a period of adjustment.

Many studies have focused on the administratiobagtobacillus reuterDSM 17938 as probiotic

for the prevention or reduction of symptoms of functional gastrointestinal dispidcluding colic,
regurgitation, vomit and constipation with successful reg6l31,22) In particular, Savino et al.

(23) evidenced a lower number of anaerolidcam negative bacteria, enterobacteriaceae and
enterococci in colicky newborns that rees L. reutericompared to no treated babies. However,
otherLactobacillusspecies, such ds delbrueckiisubsp.delbruekiiDSM 20074 and.. plantarum

MB 456, have shown inhibitory activity against gasming coliforms and they have the potential

of being used in the management of infant co(@4). Differently, the administration of
bifidobacteria for the treatment of these intestinal disorders remains scarcely investigated, although
their role in the healthy newborn gut microbiota has been demonsasatediewed by Di Gioia et

al. (25). A previousin vitro study described the capability of some strains belonging to
Bifidobacteriumgenus, includingifidobacteriumbrevestrains, of inhibitingn vitro the growth of
pathogens typical of the infant gashtestinal tract including coliforms isolated from colicky
newborng(26). Other studies demonstrated the efficacy 8f hreve,for the treatment of different

infant diseases: Li et al. (27) showed the usefulness in promoting the colonizaBdiredxfeand

the formation of a normal intestinal biota in low birth weight infants, Wada et al (28) described
beneficial effects of this species in immunocompromised pediatric patients on chemotherapy.
Moreover, recent studies have evidenced the effectivene®bodve to reduce the risk of
necrotizing enterocolitis in preterm infants (29, 30). In addition, as not deeply explained in the
manuscript, the two strair3.breveB632 and BR03 have been investigated for their capability of
colonizing human intestine, stulating the immune response, competing against pathogens and
their safety assessments have been also demonstrated (26, 31, 32). A recent study also showed the
capability ofB. brevestrains, used as probiotic for children witteliac disease, to act astegger”
element for the increase of other beneficial bacterial genus or phylum, like Firn{@3ites
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The aim of this study was to describe the effectivenessBofbaevebased probiotic formulation
administered both to breafgtd and bottldfed newbaons in: 1) shifting the counts of targeted fecal
microbial groups; 2) the prevention of colic symptoms and functional gastrointestinal disorders in a
cohort of healthy newborns.

2. Materials and Methods
2.1. Study design and samples collection

This was aoubleblind, randomized, placebwontrolled clinical trial NCT03219931 ppproved by

the Ethical Committee of the Maggiore della Carita Hospital (CE 63/Mi3¢ newborns were
enrolled at theDepartment of Medical Sciences, Division ddeBliatrics, Universy of Piemonte
Orientale nA. Avogadroo in a period from Nov
recruited at birth and enrolled within 15 days from birth during the first visit (TO). Informed consent
was obtained by parents at the enrolment, iro@ance with the local Ethics Committee and
Helsinki criteria. Patients were asked to perform a second visit (T1) after 90 days of treatment. The
number of newborns assessed for eligibility (268), randomized (155) and allocated to the placebo or
probiotic group is shown in Figure 1. They were recruited if healthy within 15 days from birth and
born adequate for gestational age. Exclusion criteria were: 1) twin neonates; 2) treatments with any
type of drug within the enrolment; 3) treatments with probio#@lgssmoking mothers; 5) family
history for congenital diseases; 6) history of prolonged jaundice. No specific dietary restrictions
during lactation were recommended to the mothers, with the exception of other products containing
probiotics. Patients werendomized using a computgenerated allocation sequence in Placebo or
Probiotic group (1: 1). The study personnel and parents were masked to the study group allocation.
The original idea of the study was to recruit an equal number of Heghand bottlded newborns

but, considering the difficulties in the enrolment in betdd ones, we decided to go on with a
different number of newborns belonging to the two groups (Figure 1).

The Probiotic group received a commercial probiotic formulation Bifibaby®kotical S.p.A.,
Novara, ltaly) containing®. brevefor 90 days (T1) and the Placebo group received a placebo
formulation for the same period. Probiotic formulation was a 1:1 mixture of 2 stBirnmeve

BR0O3 OSM 16604)andB. breveB632 (ODSM 24706)preparedn an oily suspensigradministered

in a daily dosage of 5 drops containing OFU of each strain. Placebo was prepared with the same
excipients without probiotic strains usiag identical form of package.
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Figure 1. Study flow diagram.
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2.2. Clinical monitoring

Delivery and birth data were collected during the first visit. Anthropometric data (weight, height,
head circumference) and type of feeding information were collected at both the first (TO) and
second visit (T1).

Parents were asked to record on a daily diary minutes of inconsolable crying according to a
validated questionnaire (34). They also recorded daily number of regurgitations, vomits, and
evacuations, and colour and consistency of stddise. Bristol Stool Fom Scale for children was

given to parent§35). Colic was diagnosed according to teme IV consensus group (3).

Parents were also asked to report any adverse event (in particular constipation, vomit, allergic
reactions, illness), treatments, number gme of infections, or abdominal pain occurred during the
trial period. The adherence was monitored by biweekly phone calls, counting empty vials, and
checking daily dairies.

2.3. Stool samples collection

Faecal samples of newborns were collected twiceemmlment (TO) and at the end of the
intervention with probiotic/placebo (T1). The analysed groups were therefoadiotic TO,
Placebo TO, Probiotic T1, Placebo TEpecal samples were frozen immediately after collection at
180 °C, in numbered screegoped plastic containers, until they were processed for DNA
extraction. Researchers performing DNA extraction and molecular analyses (QPCR) were blind to
the group identity of patients (Probiotic or Placebo group).
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2.4. DNA extraction from faecal samples

DNA was extracted from 200 mg of faeces (preserve8tC after collection) using the QlAamp
DNA Stool Mini Kit (Qiagen, West Sussex, UK) with a slight modification of the standard
protocol: an supplementary incubation at 95 °C for 10 min of the stmaple with the lysis buffer

was added to enhance the bacterial cell ruptBé@ Extracted DNA was stored a80 °C. The

purity of DNA was determined by measuring the ratio of the absorbance at 260 and 280 nm
(Infinite®200 PRO NanoQuant, Tecan, Mannedad8witzerland) and the concentration was
evaluated by Qul® 3.0 Fluorometer (Invitrogen, Life Technologies, CA, USA).

2.5. Absolute quantification of selected microbial groups using quantitative PCR (qPCR)

Quantification of selected microbial groups pesies usually monitored in studies related to infants
(36,37) i.e.Bidobacteriunspp.,Lactobacilluspp.,Bacteroides fragiligroup (comprisinghe most
abundant species in human fragilis, B. distasonisB. ovatus, B. thetaiotaomicrpB. vulgatu3,
Bifidobacterium breve, Clostridium difficile, Escherichia ca@hnd total enterobacteria, was
performed with reatime PCR on DNA extracted from stool samples. The assays were carried out
with a 20 €L PCR amplificati on ®rbregntMasteg Mic ont a
(Applied Biosystems, Foster city, CA, USA) optimized concentrations of primers (Table 1 and 2),
moleculargrade 0 and 2 €L DNA obtained from faecal s
B. breveanalysis was performed using a TagMasmsay containing 126L of Uni ver s al
master mix (Applied Biosystems, Foster city, CA, USS90nM of each primers and 100 nM of
probe | abeled withcatrhbeoxyd |l nepoesctceirn dy@B 6t he
(Applied Biosystems, NieuwerkerkdalJssel, The Netherlands). The number of PCR cycles was
40.

The primer concentrations were optimized through primer optimization matrices wwell4@ate

and estimating the best ORn ratio. The different primers were also checked for their specificity
utilizing the database similarity search program nucleeatigdeotide BLAST(38). Moreover, to
evaluate the specificity of amplification, analysis of product melting curve was pedafter the

last cycle of each amplification. The data obtained from the amplification were then converted to
obtain the number of bacterial (Log CFU/g faeces) in accordance with the rRNA copy number
available at the rRNA copy number datab&3®). Standad curves were constructed using 16S
rRNA PCR products of type strains of each target microorganism; the standard microorganisms
used wereBifidobacterium breveReO2, Lactobacillus plantarumATCC 14917, Bacteroides

fragilis DSM 2151 ,Bifidobacterium brevé&632 DSM 20213Clostridium sporogeneATCC 319,

E.coli ATCC 8739. PCR products were purified with a commercial DNA purification system
(NucleoSpin® Extract Il kit, MACHEREWAGEL GmbH & Co. KG, Germany) and the
concentration measured spectrophotometsicatli260 nm. Serial dilutions were performed angl 10

10° 1%, 1, 1¢F, 10’ copies of the gene per reaction were used for calibrafiample reactions

were conducted in triplicate, with a negative control per each reaction.
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Table 1 Primer sequences and qPCR conditions used in the different assays.

Microorganism target ~ Primer Sequen&) (506 Amplicon References
length(bp)

Escherichia coli EcoF GTTAATACCTTTGCTCATTGA 340 (40)
EcoR ACCAGGGTATCTAATCCTGTT

C. difficile Cdiff-F TTGAGCGATTTACTTCGGTAAAGA 114 (42)
Cdiff-R TGTACTGGCTCACCTTTGATATTCA

Bifidobacteriumspp. Bif-F TCGCGTCYGGTGTGAAAG 243 (42)
Bif-R CCACATCCAGCRTCCAC

Lactobacillusspp. Lac-F GCAGCAGTAGGGAATCTTCCA 349 (43)
LacR GCATTYCACCGCTACACATG

B. fragilis group Bfra-F CGGAGGATCCGAGCGTTA 92 37)
Bfra-R CCGCAAACTTTCACAACTGACTTA

B. breve F_IS GTGGTGGCTTGAGAACTGGAT AG 118 (44)
R_IS CAAAACGATCGAAACAAACACTAAA
P_IS TGATTCCTCGTTCTTGCTGT

Enterobacteria EntF ATGGCTGTCGTCAGCTGT 385 (45)
EntR CCTACTTCTTTTGCAACCCACTC

Table 2 gPCR amplificatn protocols and primer concentrations

Initial Annealing t
Taget Bacteria denaturation Denaturation (°C) N. cycles Fw Rev
E.coli
EcoF/EcoR 95°Ci 20sec 95°C-3sec  60°C- 30 sec 40 400 nM 400 nM
C.difficile
Cdiff-F/Cdiff-R 95°Ci 20sec 95°C-3sec  60°C- 30 sec 40 250 nM 250 nM
Bifidobacteriumspp.

BifTOT-F/BIfTOT-R 95°Ci 20sec 95°C-3sec  60°C- 35sec 40 200 nM 300 nM
Lactobacillusspp

Lac-F/LacR 95°CT1 20sec 95°C-3sec 63.5°C-30sec 40 200 nM 200 nM
B. fragilisgroup

Bfra-F/Bfra-R 95°Ci 20sec 95°C-3sec  60°C-30sec 40 300 nM 300 nM
B. breve

F IS/IR_IS 95°Ci 20sec 95°C- 3 sec 60°C- 30 sec 40 400 nM 400 nM
Enterobacteria

EntF/EntR 95°Ci 20sec 95°C-3 sec 60°C- 35sec 40 200 nM 300 nM

2.6. Statistical analysis

Data were expressed as mean +SD. Skewed variables were log transformed. Daily data were
divided in 9 categories representing the mean of 10 consecutive days (from 0 to 90 day).

According to the primary outcome, a sample of 58 individuals per group hasb@mated to be
sufficient to demonstrate a difference between placebo and probiotics of 0.70 Log CFU/g of
Bifidobacteria with a SD of 1.6, a 90% power, and a significance level of 95%, and-autnate

of 20% according to published data already aé during the protocol desigl2). According to

the secondary outcome, a sample of 55 individuals per group has been evaluated sufficient to reduce
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of 30% the proportion of gastrointestinal disorders (colic, regurgitation, vomit, constipation) with
an estimated prevalence of 40%, according to literafliyé).

Data of microbial counts were subjected to Shapiro test and Bartlett test in order to verify the
normal distribution of data and homogeneity of variances. The baseline characteristics were
compard wi th a Fisherds exact test -festcategbei
t-test when appropriate for continuous variables. A-wvay repeated measure ANOVA was
performed to evaluate the time effect, the treatment effect and the fiteraffects (model 1) on

the dependent variables (minutes of crying, stool characteristics, episodes of vomits and
regurgitation, microbial counts). Sum of squares type Il was used. The following covariates were
also subsequently introduced: sex, typelelivery (vaginal, caesarean, operative), IAP, gestational
age, neonatal weight (model 2). Model 3 also included the type of feeding during the 90 days
(breast bottle, mixedfeeding). Furthermore, in model 2 and 3, weight, length, and head
circumferenceavere also corrected for the corresponding variable at birth. All the statistical analyses
were performed using R Statistical Software and SRB3Windows version 17.0 (SPSS Inc.,
Chicago, IL, USA).

3. Results
3.1. Baseline characteristics of enrolled newis

At birth, 268 newborns were assessed for eligibility and accepted the study. One hundred and ten
did not enter the study because failed to present to the enrollment visit (56), refused the study that
day (49) or were excluded due to antibiotic treattseafter birth (5). The 158 subjects were
assigned randomly to placebo or probiotics. Three of them were lost at the-tipllawd were
excluded (Figure 1). Of the 155 newborns who entered in the protocol, 130 were breastfed (59
placebo, 71 probiotics) dn25 were bottlded (14 placebo, 11 probiotics). 81 were males, and 74
females. Moreover, 139 neonates born by vaginal, 10 by cesarean, and 6 from operative delivery.
All the enrolled mothers were healthy without suffering of chronic diseases. Fiftedrersot
received an intrapartum antibiotic prophylaxis (IAP). Three mothers have an episode of flu during
the study (2 subjects in the breastfeeding group and 1 subject in the formula feeding group). No one
mother was treated with antibiotics during lactation

Table 3 represents clinical data and microbiological fecal counts at baseline in the two groups of
allocation (placebo and probiotic neonates). Ordgtobacillusspp counts were higher in the
placebo group than in the probiotic group at baseline.

Because it is well known that feeding modulates gut microbial composition as well as clinical
presentation also in neonates, we investigated if breast bottlefed babies were different at
baseline. Supplementary Table 1 represents clinical data am@biniogical fecal counts at
baseline in the two groups (breast fed and bétteneonates). Crying time (p<0.05) and stool
frequency were higher (p<0.04) and regurgitation episodes were less frequent (p<0.05) in breastfed
infants.Total enterobacteria §0.004),E. coli (p<0.03), and. fragilis group (p<0.01xounts were

lower in breastfed than in bottfed newborns, also when corrected for confounders (sex,
gestational age, neonatal weight, type of delivery, IAP and days of life at the entry date).

64

\



Table 3 Auxological characteristics of the whole cohatrbaseline (TO) according to the allocation

treatment.

Placebo Probiotic
Gender (M/F) 34/39 47/35
Gestational age (weeks) 39.1+1.2 39.3£1.0

Neonatal weight (g)
Length(cm)

Head circumference (cm)
Delivery (V/C/O)

Days of life
Breast/Bottle-feeding
Daily crying (min)

Stool frequency
Regurgitatiorepisodes

Vomit episodes

3307.9+397.5
50.1+2.0
34.2+1.4
63/7/3
10.6+1.9
59/14
25.5+28.8
3.8+1.8
1.7+1.8

0.1+0.2

3298.5+362.7
50.1+1.7
33.9+1.1
76/3/3
10.4+2.4
71/11
28.8+37.7
4.1+1.9
1.6x1.4

0.2+0.4

Data are expressed as meant8bBbreviations: C: cesarean; O: operative; V: vaginal.

3.2.Microbiological results in whole cohort after probiotic and placebo administration

Table 4 shows the averagerude microbial count obtained from the two groups of samples:

probiotic and placebo. This analysis showed a significant increag bfevecounts after 3
months. The other microbial group did not show any significant difference.
Following this first evaluation and considering the different sample dimension of-taaddbottle

fed newborns as well as differences of baseline microbial counts in these two groups, an analysis

separating breastfed from botfied newborns was carried out.
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Table 4. Mean counts (Log CFU/g of faeces) of different microbial groups analyzed in stool

samples of the whole cohort

Target Probiotic TO Probiotic T1 Placebo TO Placebo T1
Bifidobacteriumspp 7.00£1.41 7.51+0.88 6.88+1.14 7.29+1.06
B. breve 4.45+1.85 6.40+£1.31* 4.54+1.5 5.33%£1.5
Enterobacteria 6.54+1.23 6.38+1.14 6.02+1.4 6.5+1.02

E. coli 6.72+1.93 7.2+1.36 6.35+2.07 7.42+1.24
Lactobacillusspp 6.56+1.28 5.60+1.23 6.22+1.06 5.28+1.48
B. fragilisgroup 7.44+2.14 7.62+1.97 6.79+2.19 7.23+2.00
C. difficile 2.66+1.48 2.82+1.50 2.60+1.32 3.06+1.58

*significant changes attest (p<0.02)

3.3. Data evaluation of probiotic treatment on breastfed newborns

At baseline, the placebo group had less stool frequency (p<0.03) andeiotgevbacteria counts

than the probiotic one (p<0.01), also when corrected for confourskxsdestational age, neonatal
weight, type of delivery, and days of life at the entry date). The marginal means for stool frequency
and enterobacteria counts a®2+0.4 vs 4.3+0.3 (p<0.01), and 5.86+0.36 vs 6.01+0.38 Log
CFUlg, (p<0.03), respectively.

The compliance to the treatment was high. All the parents answered to the phone calls. 98.7% of
them brought back correctly the empty vials. No adverse events egoedead. Three infants (1 in
placebo and 2 in probiotic) received simethicone for several days (less than 30 days) due to
regurgitations.

After 90 days, 100 (43 in placebo, 57 in probiotics) of the 130 neonates were still breastfed. In the
remaining 30 indnts, 7 were bottled (5 in placebo, 2 in probiotic), and the other 23 were in
mixed feeding (11 in placebo, 12 in probiotic).

Clinical data.Considering clinical data, minutes of crying (p < 0.005) decreased over time without
an effect of treatment also the corrected models.

The number of the evacuation decreased over time (p<0.0001), with an effect of treatment in those
born after 40 weeks of gestational age (p<0.03). Stool consistency was more type 5 at the Bristol
Stool Chart (p < 0.03) over tim&hildren born after 40 weeks of gestational age has more
frequently type 6 at the Bristol Stool Chart in those in probiotics (p<0.0001).

Episodes of regurgitation decreased constantly over time (p<0.01) in the probiotic groups diversely
by placebo groupaccordingly to different type of feeding (p<0.03, Figure 2).

66



Figure 2. Number of daily regurgitations. Probiotic group (continuous line) and placebo group (dotted line).
Breastfed newborns (A); Bottle-fed newborns (B); Mixed-fed newborns (C). Data are expressed as marginal
mean + SEM. Data are significant in interaction (p<0.04; model 3). The residuals are not homogenous across
the groups.
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Episodes of vomits decreased significantly with time in the probiotic group but not in the placebo
group (p<9.03). Moreover, during the 90 days the prevalence of colic infants was similar in the
placebo (4 subjects, 6.8%) and probiotic group (6 subjects, 8.5%).

Interestingly, also auxological variables were modified. Infants in probiotics had a lower inarease i
weight during the study in those born with a cesarean delivery (p<0.03; Figure 3), and in those still
breastfed or switched to bottled during the study (p<0.005). Diversely, infants in probiotics had a
higher increase in head circumference in thostesfed or with a mixeedeeding (p<0.01).
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Figure 3. Weight variation in 90 days. Probiotic group (grey bar) and placebo group (black bar). Newborns
born by vaginal delivery (A); Newborns born by cesarean delivery (B); Newborns born by operative delivery
(C). Data are expressed as marginal mean + SEM. Data are significant in interaction (p<0.03; model 2). TO:
baseline. T1: after 90 days of placebo/probiotic.
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Table 5 describes marginal means of model 1. Supplementary Table 2 describes also corrected
models.

Microbial data Total Enterobacteria (p < 0.00Bifidobacteriumspp (p < 0.001) and. coli(p <

0.001) changed within time, but the significance was lost when corrected for confouders.
difficile did not change.

In those treated with probiotic8&. fragilis group members decreased within time in those born
vaginally, whereas increased in the other infants (p <0.04). MoreBvdmeveincreased within

time in those treated with the probiotics (p< 0.04). Microlgimlal data are reported in Table 6.
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Table 5.Clinical and anthropometric variations in the breastgroup obtained with multivariable
analysis of repeated measure. All values are expressed as marginal means * standard error.

Target Probiotic TO Probiotic T1 Placebo TO Placebo T1
Crying(min) 25.4+4.5 19.3+2.9 32.1+5.6 20.5+3.7
Stool frequency 4.3+0.2 2.1+0.1 3.9+0.2 2.0£0.1
Stool color 6.0+0.1 5.7+0.1 6.0+0.1 6.0+0.1
Stool consistency 5.840.1 5.7+0.1 6.0£0.1 5.6+0.1
Regurgitations 2.0+0.2 1.6+0.2 1.8+0.2 2.0+0.3
Vomits 0.25+0.05 0.11+0.06* 0.10+0.05 0.20+0.07
Weight () 3310.9+43.7 3465.6+57.4 3321.5+48.0 3452.2+62.9
Length (cm) 50.1+0.2 51.5+0.2 50.2+0.2 51.5+0.2
HC (cm) 33.9+0.1 34.9+0.1 34.3+10.1 35.0+£0.1

Abbreviation: HC, head circumference
*significance in interaction (time*treatment) effect (p<0.03)

Table 6. Mean counts (Log CFU/g of faeces) of different microbial groups analyzed in stool
samples of breastfed newborns. All values are expressed as marginal means + standard error.

Target Probiotic TO Probiotic T1 Placebo TO Placebo T1
Bifidobacteriumspp 7.11+0.38 7.91+0.27 6.59+0.34 7.78+0.24
B. breve 4.64+0.50 6.10+0.47* 4.40+£0.48 5.86+0.46
Enterobacteria 6.01+0.38 6.55+0.35 5.86+0.36 6.46+0.34
E. coli 6.70+0.57 7.46+0.51 6.40+0.54 7.06+0.48
Lactobacillusspp 6.22+0.33 5.55+0.33 6.28+0.29 6.27+£0.35
B. fragilisgroup 6.34+0.64 7.33+£0.61 6.31+0.61 6.45+0.58
C. difficile 2.70+0.42 2.89+0.48 2.82+0.37 3.01+0.42

*significance in interaction (time*treatment) effect (p<0.04)
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3.4.Data evaluation of probiotic treatment on bottéxl newborns

At baseline, placebo group had lésectobacillusspp counts than probiotic one (p<0.008). When
corrected for confounders€x, gestational age, neonatal weight, and days of life at the entry date),
the statistical significance was lost, wher8adragilis group counts were higher in the probiotic

group (marginal means a6e62+0.53 vs 8.62+0.67 Log CFU/g, p<0.02).

Clinical data. Considering clinical data in both crude and corrected analysis, no changes were
detected in minutes of crying, stool frequency and consistency, episodes of vomits or regurgitations.
No infants had colic in both groups. Weight (p<0.0006), length (d30dhd head circumference
(p<0.005) increased with time without an effect of the treatment.
Microbial data Total enterobacteria arkl colidid not change over tim8ifidobacteriumspp (p <

0.02) andC. difficile increased (p < 0.04) with time withoat

treat ment 6s

effect

with probiotics,B. fragilis group (p <0.03) decreased aBdbreveincreased (p <0.03), respectively

with time. Microbiological data are reported in TaBle

Table 7. Mean counts (Log CFU/g of faeces) of different microbial groups analyzed in stool
samples of bottléed newborns. All values are expressed as marginal means + standard error

Target Probiotic TO Probiotic T1 Placebo TO Placebo T1
Bifidobacteriumspp 6.80+0.36 7.56+0.36 6.79+0.30 7.35+0.30
B. breve 4.20+0.35 6.42+0.37 * 4.11+0.31 5.09+0.33
Enterobacteria 7.30+0.41 6.97+0.34 6.75+0.36 7.14+0.30
E. coli 7.91+0.95 7.38+0.62 6.67+0.66 7.51+0.54
Lactobacillusspp 6.81+0.29 6.00+0.35 6.05+0.26 6.39+0.31
B. fragilisgroup 8.65+0.61 7.98+1.84 * 7.56+0.56 8.33+0.51
C. difficile 2.54+0.44 3.16+0.52 2.59+0.39 3.35+0.46

*significance in interaction (time*treatment) effect (p<0.03)

4. Discussion

The use of bifidobacteria as probiotics in infants is established for some enteric diseases, the most
common of which is diarrhea (25). However, althoughvitro studies support the use of
bifidobacteria against gdsrming coliforms (26), no clinical tals have been performed up to now

on their use against infant colics. This work was focusedthe evaluation of the effects on
functional gastrointestinal symptoms, including coliok,ntegration of the infant diet with B.
brevebased probiotic formation.
The study has clearly showvtine capability of the administerd&] brevestrains to survive to gastric
transit and to reach the neonatal intestine. In fact, alth@ighevewas detected in all fecal
samples, a significant increase was shown up@mnsadministration In agreement with Lee et al.
(13), a reduction of.actobacilluscounts was observed in all groups of newborns over time and this

70



is particularly evident in the probiotic treated group. This could be related to a high ability of
Bifidobacteriumspp. to influence gut microbiota composition, by enhancing the blooming of some
species and reducing others, as observed in other studies redgifdiogacterium administration

(25).

Feeding type is known to have a crucial role in shigie infant intestinal microbiota (25, 4&ur

study shows that, at the enrolment, wheh57days of breasr bottlefeeding had already been
done, some differences were present in the groups with different feeding type: total enterobacteria
andE. cdi counts were higher in bottled than in breadied newborns, also when corrected for
confounders. In addition, higher counts Bf fragilis were found in bottlded infants at the
baseline, in agreement with the higher risk of infection generally wéden nonbreast fed infants

(47). This higher count was also evident after treatment, both in the probiotic and the placebo
group, confirming the absolute importance of the starting feeding type in shaping the gut microbiota
and,in particular, in reducig Gramnegative bacteria amount. However, in betdd infants, the

mean counts dB. fragilis were higher at the end of the treatment in the placebo group with respect
to the probiotic one, thus indicating a possible positive effect dBthmeveadmnistration at least
before weaningThe increase oB. breveis also observed in breastfed newborns not treated with
probiotic and this, as already mentioned before, once more highlights the positive role of breast
milk in shaping the bifidobacteria commityn also considering thaB. breveis one of the most
abundant species in the newborn @¢8). This increase is also supported by the presence of
peptides and oligosaccharides in the human milk that provide the stimulation of the growth of
bifidobacteria (49).

In addition to the microbial data, this study aims at monitoring the typical gasttmiates
symptoms of colics, i.e. regurgitation, vomit and constipation, all of them difficinandle
problems for caregivers. Results obtained from the applied models showed a decreased number of
evacuations and an enhancement of stool consistency istfeceanewborns after 90 days of
probiotics. In addition, bottléed newborns showed an improvement of stool color. These data
suggested an improvement in the gastrointestinal transit which can be attributed to the probiotic
intake. Moreover, the number cégurgitations and episodes of vomit was reduced after probiotic
treatment. Similar results have already been demonstrated with a supplementatiogutdri (6).

The reduction of these symptoms is particularly important because they also reduce paxettal

and related consequences.

The reduction in regurgitation and vomit was not shown in the group of bedtleewborns. This

result can be affected by the small size of the b&tlegroup of newborns. The study was not
designed to evaluate differees between the two feeding regimens and authors are aware that the
bottlefed group was underpowered to reach the clinical outcomes. However data related to the
different feeding should be analyzed separately due to the unexpected significant differences
microbial composition at baseline. On the other hand, those {beglastt the recruitment who
switched to bottler mixedfeeding had an improvement with reduction of regurgitation episodes.
This is an important achievement also considering that theuof newborns bottleed since the
beginning of life is generally low as, usually, a starting feeding with mother milk is applied (50).

In this study, daily infant crying time did not show any difference between probiotic and placebo
groups in spite othe improvement of the gastric transit due to the probiotic administration. This
result is contrasting with other reports in literature. Several causes could be considered, first of all
the inaccuracy of the count of minutes of crying throughreglbrtdiaries, although validated, in
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particular for such a prolonged time. Analysis of any existing tool to monitor daily crying have been
demonstrated to be inaccurate, difficult or not validated for a prolonged time of observation (51).
Moreover, we evaluatetthe effects over 3 months, whereas the majority of the studies are related to
probiotic treatment no longer than 4 we€ks52) Moreover, other confounding factors may have a

role after the second months of life, in particular, if we consider the @ffica the other gastro
intestinal parameters. Furthermore, the prevalence of colic infants was similar but very low in both
placebo and probiotic groups. This is a consequence of considering in the study healthy newborns.
Studies including only colic infas are needed in the future.

The main unexpected and interesting result of the study was related to the auxological parameters.
Clinical trials on the effect of probiotics on neonatal growth parameters are scarce. In our
population, infants born by cesaresection had a lower catap growth in weight if treated with

the probiotic. This result is of crucial interest in planning further intervention studies. Gut
colonization by environmental microorganisms occurs during or immediately after the birth,
wheras, in infants delivered by cesarean section, gut colonization is delayed and often altered, in
particular modifyingBifidobacteriumand Lactobacilluscounts (25). Increasing epidemiological

data suggested that children born by cesarean section haveeased risk to develop obesity later

in life (53,54) How the genetic background and the environment affect mechanisms that control
appetite, weight regulation and metabolic disorders linked to overweight, and the immune education
is poorly understood. Geation, delivery, postnatal nutrition (lactation and weaning) have been
identified as critical periods to program the nutritional and hormonal control of the offspring. Some
Authors suggest that the sudden modification of the initial conditions may tdiseuphysiological
process predisposing to certain dised58s57) and alterations in the precocious colonization have

a role(53,54) Our data suggest that a treatment V@tlbrevestrains in the first 3 months of life is

able to influence the microlim composition and this is associated with a concomitant lower weight
gain in the population at higher risk of metabolic disturbances in later life. Other authors failed to
show changes in weight in neonates treated with other prob{6@¢S8) Differenes should be
secondary to the strains or, more probably, to the timing of the treatment being our protocol
designed on three months, differently from the majority of the studies which followed infants for 1
months. In our study, the effect on weight wasoagted to an increase in head circumference.
These data suggest that the probiotic treatment protects against a growth failure, as recently
demonstrated for a mui§itrain probiotic containing bifidobacteria in very low birth weight children
exposed tomtibiotics (59).

The main limitation of this study is related to the small sample size of the-taattlgopulation.
However, this is a consequence of the inclusion criteria (healthy neonates) in a condition in which
breastfeeding must be the first cho{68). Furthermore, although we used a validated questionnaire
for daily infant crying, the other questionnaires used to record other gastrointestinal symptoms are
not validated. On the contrary, the strengths of our study are a treatment prolonged ftiramore

four weeks, the inclusion of neonates not exposed to antibiotics, the evaluation of many
confounders, in particular regarding birth and changes in feeding over time.

In conclusion, our study demonstrates that the adminisirédevestrains can r&ch the intestine

of healthy probiotic newborns, preventing functional gastrointestinal disorders and reducing the
precocious weight gain, at least in the absence of antibiotic interferences. No adverse events were
reported, suggesting the safety of thedurct in this regimen. Prospective longitudinal evaluations
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should be useful to further investigate if a precocious short treatment in this critical window has
also advantages later in life.
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Supplementary Materia

Supplementary Table 1. Auxological characteristics of the whole cohat baseline (TO)
according to the type of feeding.

Breastfed neonates Bottle-fed neonates

Gender (M/F) 64/66 17/8
Gestational age (weeks) 39.24+1.1 39.1+1.2
Neonatal weight (g) 3315.7+367.4 3236.4+432.7
Length (cm) 50.2+1.8 49.7+1.6
Head circumference (cm) 34.0£1.3 34.0+£1.3
Delivery (V/C/O) 119/6/5 20/4/1
Days of life 10.5x2.2 10.6x2.2
Daily crying (min)* 29.2+36.3 19.6+£18.6
Stool frequency* 4.1+1.8 3.4+1.8
Regurgitation episodes* 1.6+1.3 21425
Vomit episodes 0.1+0.4 0.1+0.3
Bifidobacteriumspp (Log CFU/g) 6.97+1.33 6.79+1.11
B. breve(Log CFU/q) 4.68+1.73 4.15+1.14
Enterobacteria (Log CFU/g)* 6.07+£1.31 6.99+1.37
E. coli(Log CRJU/g)* 6.15+1.85 7.21+1.41
Lactobacillusspp (Log CFU/qg) 6.48+1.18 6.38+£1.02
B. fragilisgroup (Log CFU/g)* 6.75+2.25 7.9612.07
C. difficile (Log CFU/q) 2.58+1.45 2.57+1.45

Data are expressed as meant8Bbreviations: C: cesarean; O: operative; V: vaginal.

*significant di f f etesteandcAANEOVA {corrbcted flsex \Vgestatohad age, t
neonatal weight, type of delivery, and days of life at the entry)
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Supplementary Table 2. Clinical and anthropometric variations obtained with multivada
analysis of repeated measure.

Model 1 Model 2 Model 3
time treatment Interaction time treatment Interaction time treatment Interaction
Crying(min) F: F:0.236 F:0.788 F:0.63 F:1.330 F:1.330 F:0.56 F:0.144 F:0.442
4,218 5 3
p<
0.005
Stool F: F:0.334 F:0.699 F:0.57 F:0.228 F:2.423 F:0.82 F:0.048 F:2.513
frequency 60.72 0 p=0.06% 1 p<0.04
2
<
0.0001
Stool color  F: F:0.082 F:1.323 F:0.84 F:0.002 F:2.292 F:0.37 F:0.045 F:1.988
2.41 4 p<0.0¥ 4 p<0.04
<
8.03
Stool F: F:0.082 F:1.323 F:1.03 F:1.375 F:4.308 F:2.21 F:0516 F:3.983
consistency 2.410 5 p<0.00E 0 p<0.00E
p<0.01 p<0.01
Regurgitatio F: F:0.062 F:1.792 F:0.99 F:0.583 F:0.240 F:0.98 F:0.096 F:2.000
ns 2.212 P:0.076 9 3 p<0.04
p<0.01
Vomits F: F:0477 F. 3.061 F:0.48 F:4.351 F:2.177 F:0.17 F:0.718 F:2.000
1.035 p<0.03 6 p<0.01 p<0.02 8 p<0.04
Weight (g) F: F:0.001 F:0.183 F:27.0 F:3.431 F:3.428 F:30.4 F:2.630 F:5.597
25.96 42 p<0.03 78 p<0.005
7 p<0.00 p<0.00
p<0.0 01 01
00
Length (cm) F: F:0.065 F:0.005 F:24.2 F:0.248 F:1.106 F:24.8 F:0.089 F:0.356
92.39 72 78
1 p<0.00 p<0.00
p<0.0 01 01
00
HC (cm) F: F:1.601 F:2.399 F:20.1 F:0.030 F:0.137 F:23.0 F:0.002 F:4.532
70.63 72 09 p<0.0F
1 p<0.000 p<0.000
p<0.00 1 1

01

Abbreviation: HC, head circumference.

Model 1. A twoway repeated measure ANOVA was performed to evaluate the time effect, the
treatment effect and the interaction effects on the dependent variables (minutes of crying, stool
characteristics, episodes ajniits and regurgitation, clinical characteristics).

Model 2. Model 1 plus the following covariates: sex, type of delivery (vaginal, caesarean,
operative), IAP, gestational age, neonatal weight

Model 3. Model 1 plus the following covariates: sex, type olivdey (vaginal, caesarean,
operative), IAP, gestational age, neonatal weight, feeding during the 90 days (otbest mixed
feeding).

Significant interactions in model 2 and 3: a: time*treatment*gestational age*sex; b:
time*treatment*sex* type of delery; c: time*treatment*gestational age; d: time*treatment*type of
feeding at visit 2; e: time*treatment; e: time*treatment* type of delivery
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Abstract

Coeliac disease (CD) is associated to alterations of the intestinal microbiota. Although several
Bifidobacteriumstrains showed aninflammatory activity and prevention of toxic gliadin peptides
generationn vitro, few data are available on their efficacy when administered to CD subjects. This
study evaluated the effect of administration for three months of adiopplement based on two
Bifidobacterium brevestrains (B632 and BRO03) to restore the gut microbial balance in coeliac
children on a gluten free diet (GFD). Microbial DNA was extracted from feces of 40 coeliac
children before and after probiotic or placeddministration and 16 healthy children (Control
group). Sequencing of the amplified W3 hypervariable region of 16S rRNA gene as well as Q
PCR of Bidobacteriumspp., Lactobacillus spp., Bacteroides fragilisgroup Clostridium sensu
stricto and enterobateriaere performed. The comparison between CD subjects and Control group
revealed an alteration in the intestinal microbial composition of coeliacs mainly characterized by a
reduction of theFimicutes/Bacteroidetesatio, of Actinobacteriaand Euryarcheota Regarding the
effects of the probiotic, an increaseAsftinobacteriawas found as well as a-establishment of the
physiologicalFirmicutes/Bacteroidetesatio. Therefore, a-Bhonth administration dB.brevestrains

helps in restoring #healthy percentage of main microbial components.

Keywords: coeliac disease, gluten free diet, probidaifidobacterium breventestinal microbiota,
gPCR, Next Generation Sequencing
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1. Introduction

Coeliac disease (CD) is a chronic gastrointesttredt disorder showing damages at the small
intestine which aréypothetically linked to an autoimmune response caused by gluten ingestion in
genetically predisposed subjects. CD in Europe and North America is estimated to affect about 1%
of the populationpalthough its incidence in western countries is increasing in the last d¢t&jes

CD is usually chronic but the lifelong adherence to a ghrees diet (GFD) keeps the disease under
control: the small intestine returns to its physiological condition and subsequent tests for CD
specific autoantibodies are negatifg4]. Even if the adherence to a GFD is the only effective
solution against CD, patients risk to suffer from an unbalanced nutritrdage and difficulties to
adhere to the strict GFD are frequently reported.

The gut microbiota has a very close relation with the host contributing to the normal human
physiology. Itcan provide a barrier for colonization of pathogens, synthesize vdaamad other
beneficial compounds and stimulate the immune system. Environmental factors can lead to a
disturbance of the microbiota composition, disrupting microkatst mutualism and shifting from

a condition of homeostasis to a diseassociated prdé [5]. In the last decade, CD has been
associated to an altered composition of the intestinal microbiotateeaegh studies reported in

|l iterature show that there is not6].8meduthorsact e
evidenced an intestinal dysbiosis in @Btients with active disease characterized by a remarkable
reduction in Gram positive bacterial population in duodenal and faecal specimens facilitating the
colonization of potentially harmful Gram negative bactemi#hin the mucosal surface of CD
patierts [719]. In particular, data lstained from duodenal biopsies revealed a reduction in the
number of bifidobacterifil0] and changes in species distribution within Bitdobacteriumgenus

have been evidenced by PCRSGE[11]. Moreover, symptom free CD patients adherent to a GFD

at least for two years did not completely restore the microbatgosition and this condition can

lead to a different metabolomics profil@]. Bacteria belonging to thBifidobacteriumgenus are

well known for their health promoting properties and for their capability of stimulating cells to
produce immune molecules and modulating the physiology ofaggdciated lymphoid tissue
(GALT) [12]. In particular,in vitro studies have been focused on the capability of bifidobacteria to
increase the 10 secretion when emcubded with mononuclear cells and faecal samples from
CD patients[13]. Moreover, aBifidobacterium lactisstrain and a probiotic product containing
Lactobacillusand Bifidobacteriumstrains resulte@ffective in reducing gliadin induced epithelial
permeability through prevention of the toxic gliadin peptide generation duringro digestion

[14i 16].

Despite the encouraging data on the potential of probiotic strains, particularly bifidobacteria,
studies m patients with CD remain still very scarce. Until now only few studies have taken into
account the direct administration of bifidobacteria in subjects affected bys@Bcuol et al[17]

studied the effects dBifidobacterium infantis natren life stastrain in untreated CD patients or
rather on a gluten containing diéwthors found thaBifidobacteriumadministration may alleviate
symptoms of untreated CD but it could not modify intestinal permeability. A second [4i8idy
evaluated the administration 8ffidobacterium longumCECT 7347 in children on a GFD with
newly diagnosed CD and it revealed a reduction of CD3+ T lymphocytes andJTNE ue t o
probiotic ingestion. To date no studies on CD considered the administratBifidabacterium
brevestrainsalthough his species has proved very successful in several paediatric trials regarding

necrotizing enterocolitis, immunodeficiency and constipgti®n21].
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This work is aimed at the assessmenthaf impact of the administration of tvRifidobacterium
brevestrainson the gut microbiota composition of coeliac patients compliant to a GFD and, at the
same time, it evaluates the difference in the intestinahc@dtion of coeliac subjects on a GFD for
several years with respect to healthy subjects.

2. Materials and Methods

2.1 Study design and samples collection

The study was a doubldinded placebo controlled intervention including 40 patients affected by
CD and 16 healthy children for the Control group recruited at a single centre, Department of
Paediatrics, University Clinical Centre Maribor in a period fromtoBer 2013 to June 2014.
Children with CD, aged between 1 to 19 years, were positive to serologic markers for CD and
positive for small bowel biopsy, according to ESPGHAN criteria for [22]. More details about
patients and inclusion/exclusion criteria of the recruiting process are available in Klemenak et al.
[23]. The study was registered ahttps://www.clinicaltrials.gov (registration number:
NCT02244047). Patients affected by CD have been randomly allocated into two groups: 20 in the
Probiotic group and 20 in the Placebo group. The Probiotic group of patients received an
experimental formulatin containingB. brevefor three months and the Placebo group received a
placebo formulation for the same duration. Probiotic formulation was a mixture of 2 sBains,
breve BRO3 OSM 16604)and B. breveB632 OSM 24706)(1:1), administered as lyophilized
powder in a daily dosage of 4QGFU of each strain. Placebo was prepared with the same excipients
without probiotic strains using an identical form of package. Each package of 2 g powder was
mixed with fluids and ingestkin the morning breakfast for three months.

Faecal samples of CD patients were collected twice, on enrolment (TO) and at the end of
intervention with probiotic/placebo (T1). Members of Control group were sampled only once.
Faecal samples were frozen imnaely after collection at 80 °C, in numbered screvapped

plastic containers, until they were processed for DNA extraction. Researchers carrying out DNA
extraction and molecular analyses (QPCR and sequencing) were blind to the group identity of
patientgControl, Probiotic or Placebo group).

2.2 DNA extraction from faecal samples

DNA was extracted from 200 mg of faeces (preserve@@tC after collection) were used using

the QlAamp DNA Stool Mini Kit (Qiagen, West Sussex,UK) with a slight modificabbrihe
protocol: an additional incubation at 95 °C for 10 min of the stool sample with the lysis buffer was
added to improve the bacterial cell rupt{2é]. Extracted DNA was stored &80 °C. The purity of
extracted DNA was determined byeasuring the ratio of the absorbance at 260 and 280 nm
(Infinite®200 PRO NanoQuant, Tecan, Mannedorf, Switzerland) and the concentration was
estimated by Quli® 3.0 Fluorometer (Invitrogen, Life Technologies, CA, USA).
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2.3 Preparation of DNA libraries for lllumina MiSeq sequencing

The sample subjected to sequencing belonged to the following groups: 20 Probiotic group TO, 20
Probiotic group T1, 20 Placebo group TO, 20 Placebo group T1 and 16 Control group (Figure 1).
They were processed to amplify aneqaence the \\¥4 region of the 16S rRNA gene. The
amplicons, approximately 460 bp in length, were generated using the forward and reverse primers,
respectively:

506 TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCTACGGGN
50 GTCTCGTGGGCTCGGAGATGAGTGATAAGHUBSGGTATCTAATC
already used if25].

Each 25 pl PCR reaction contaoh 12.5 pl of HiFi HotStart ReadyMix (KAPA Biosystems,
Woburn, MA), 5 pl of each primer (0.2 uM) and microbial DNA (5 ng/ul). PCR amplification was
performed using the following program: heated lid at 110 °C, 95 °C for 3 min followed by 25 cycles
at 95 °Cfor 30 s, 55 °C for 30 s, 72 °C for 30 s, followed by a final elongation step at 72 °C for 5
min. PCR products were cleaned using the AMPure beads XP purification system (Beckman
Coulter, UK) following Illlumina 16S Ribosomal RNA Gene Amplicon instructiolisimina
sequencing adapters and dimdlex barcodes were added to amplicons using the Nextera XT index
kit (lllumina, San Diego, CA). The following program was utilized for the second PCR
amplification: 95°C for 3 min followed by 8 cycles of 95°C for8®5°C for 30 s and 72°C for 30

s and a final elongation at 72°C for 5 min. A further clean up protocol using AMPure beads XP
purification system (Beckman Coulter, UK) is performed. Amplicons were quantified using the
Qubit® 2.0 Fluorometer (Invitrogen)na pooled equimolar to 4 nM. The pool was denatured with

0.2 M NaOH, further dilution with hybridization buffer to 20 pM and combined with denatured
30% PhiX. Samples were sequenced on the lllumina MiSeq platform at the Fundacion FISABIO
(Valencia, Spainjacility using a 2x300 nucleotide paired reads protocol. Sequencing raw data were
deposited at European Nucleotide Archive (ENA) and received the following ID: PRJEB14943.
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Figure 1: Summary of inclusion/exclusion criteria adopted for samples selection. Samples who
showed the right DNA quantification level have been sequenced. *Inclusion criteria are
summarized in Klemenak et §23]. **Analysis was performed at the beginning of the study (TO)
and after 3 months of treatment (T1).

2.4 Bioinformatics and statistical analyses of NGS experiment

Several bioinformatics pipelines have been used to analyse the amount of data produced during this
project. The first step of analysis was represented by quality controls of the generated raw data,
which are essential to be confident of the quality ofakgerimental results. For this purpose, the
FastQC 0.11.4 software (Babraham Bioinformatics) was used for a rapid visualization of sequences
quality, then with the prinselite.pl script sequences have been trimmed according to various
quality criteria: frst of all sequences with less than 50 bp were eliminated, then remaining reads
were analysed with a slidingindow approach of 20 bp, within this range each sequence with a
mean quality lower than 20 was remo\26)].

After that, the fastgoin tool from the edools suite[27] was used to join forward and reverse
sequences. The last quality control step was represented by the elimination of chimeric sequences
using the Usearch toghttp://drive5.com/usearch/Once highquality doublestranded reads were
obtained, they were aligned to the 16S reference sequences database at the RDP database project t
identify the microbial community with thBRDP classifier too[28]. RDP classifier outputs have

been then processed through severabRware packages, suchasgan reshape2 RDPutilsand
phyloseqin order to estimate various biodiversity indexes and to perform the principle statistics
analyses on taxonomic profiles. Finally, data have been normalized and the function exactTest() of
the edgeRpackage was used to evaluate the effective microbial differentiation among the studied
groups[29].
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2.5 Absolute quantification of selected microbial groups using quantitative PCR (qPCR)

Quantification of selected microbial groups Bedobacteriumspp.,Lactobacillusspp.,Bacteroides
fragilis group (comprising the speciés fragilis, B. distasonisB. ovatus, B. thetaiotaomicroB.

vulgatug, Clostridium sensu strictor cluster | and total enterobateria, was carried out with real
extracted
¢ o n %t Green Mastgr Mik QAppdied Biosysterfish s t

ti me PCR

amplf i cati on mixtur e
optimized concentrations of primers (TableLand 2DHmo | ecul ar
Cc 0 n ¢ ehe primartconcentrations

from

f aecal

on DNA

sampl es at a

from

faecal

grade

were optimized through primer optimization matrices in amfl plate and evaluating the best

Ct/DRn ratio. The different primers were also checked for their specificity using the database

similarity search program nucleotieicleotide BLAST [30]. Moreover, to determine the

specificity of amplification, analysis of product melting curve was performed after the last cycle of
each amplification. The data obtained from the amplification were then transformed to obtain the
number of bacterial Log CFg/faeces according to the rRNA copy number available at the rRNA
copy number databag81]. Standard curves were constructed using 16S rRNA PCR product of

type strains of each target microorganismRAoducts were purified with a commercial kit DNA
purification system (NucleoSpin® Extract Il kit, MACHERENAGEL GmbH & Co. KG,
Germany) and the concentration measured at 260 nm. Serial dilutions were performet] 46% 10
104 1%, 1, 10 copies ofthe gene per reaction and were used for calibration.

Data of microbial counts were subjected tede$t in order to evidence significant differences
between treated and Control group of subjects.

Table 1 Primer sequences and qPCR conditions used in fileeetht assays.

Target

Pri mer

s egwe Amplicon

References Annealing

microorganisms lengh (bp) T

Bifidobacteriumspp.

BITOT-F TCGCGTCYGGTGTGAAAG 243 [32] 55°C

BiTOT-R CCACATCCAGCRTCCAC

Lactobacillusspp. [33] 60 °C

Lac-F GCAGCAGTAGGGAATCTT 349

Lac-R GCATTYCACCGCTACACA

B. fragilisgroup

Bfra-F CGGAGGATCCGAGCGTTA 92

Bfra-R CCGCAAACTTTCACAACTGAC [34] 58 °C

Enterobacteria

Eco 1457F CATTGACGTTACCCGCAC 195 [35] 63 °C
AAGC

Eco 1652R CTCTACGAGACTCAAGCT

Clostridiumcluster |

CI-F1 TACCHRAGGAGGAAGCC, 232 [36] 52°C

CI-F2 GTTCTTCCTAATCTCTACC
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Table 2 gPCR amplification protocols and primer concentrations

Target N _ _ _ Fw  Rev

microrgansims Initial denaturation  Denaturation Annealing Cycles M M

Bifidobacteriumspp.

BiTOT F/BITOT-R 95°Ci 20 s 95°Ci 30s 60°Ci 30s 40 200 300

Lactobacillusspp.

LAC-F/LAC-R 95°Ci 20 s 95°Ci 30s 63.5°Ci30s 40 200 200

Bacteroides fragiligroup

Bfra-F/BfraR 95°Ci 20 s 95°Ci 30s 60°Ci 30s 40 300 300

Enterobacteria

EcoF/EcoR 95°Ci 20 s 95°Ci 30s 60°Ci 30s 40 400 400

Clostridiumcluster |

CI-F1/CLE2 95°Ci 20 s 95°Ci 30s 60°Ci 30s 40 200 200
3. Results

3.1 Metagenomic analysis

The V3V4 region of 16S rDNA gene was sequenced from 96 DNA samples using the Illumina
MiSeq platform. A total dataset of 4,348,432 filtered higlality joined reads (excluding the
undetermined sequences) was thus generated, about 46,259 sequence®lpemdidima mean

quality between 30 and 35. Two samples were excluded from the whole dataset because they did
not pass the established quality threshold.

Massive sequencing revealed the presence of six phyla (5 belonging to Bacteria and 1 to Archaea)
with a relative abundance higher than 1%, which wemmicutes, Bacteroidetes, Proteobacteria,
Actinobacteria, Verrucomicrobiaand Euryarchaeota The obtaind phyla had a different
distribution among the five groups of examined subjects as highlighted in the heatmap (Figure 2), in
particular in thé=irmicutesandBacteroidetephyla.
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Bacteroidetes

Proteobacteria

Verrucomicrobia

Actinobacteria
O 1-10%
@ 10-20%
B 20-30% Euryarchaeota

B 30-40%
B 40-50%
B 50-60%
B 50-70%
W 70-80%
W 80-90%
W 90-100%

Control
Probiotic_T1
Probiotic_TO
Placebo_T1
Placebo_TO

Figure 2: Hierarchically clustered heatmap: Sample groups are reportadumn, while phyla are
reported in row.

In particular, theFirmicutesphylum showed the highest representativeness in the Control group
(accounting for 66/0% of the total microbial community), whereas it reache@®% in Probiotic

T1 and 4650% in therest of CD patients (Probiotic TO, Placebo TO, Placebo T1 groups).

On the other hand, thBacteroidetephylum was more abundant within CD subjects-4P0%)

than in the Control group subjects {20%). The other phyla were more evenly distributed among
groups, with the only difference foProteobacteria and Verrucomicrobia that were more
represented in the Placebo group (2006). Moreover the hierarchical cluster analysis combined
to the heatmap, pointed out that the Probiotic T1 group occupied an idiatenposition between

the Control group and the rest of CD individuals, being thus considered as an outlier with respect to
the other disease clusters because of its closer relationship with control subjects.

From the comparison between the CD subjectstae Control group microbiota emerged a marked
difference in the ratio of Fimicutes/Bacteroidetes.Figure 3 shows values of ratio
Fimicutes/Bacteroidetesalculated for each group of subjects. CD subjects had a ratio values lower
than the Control group tis meaning a high proportion &acteroidete§Gram negative) with
respect toFirmicutes (Gram positive). The administration of the probiotic for three months was
found to increase the ratio value due to the higher lev@roficutesphyla tharBacteroidetes
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Figure 3: The Firmicutes/Bacteroidetesatio

Following the data normalization procedure and assignation of statistical significance described in
the material and method section, several comparisons between pair of groups were pénformed
order to identify which phyla could distinguish the microbiota of Control group from that of CD
patients not assuming the probiotic formulation, and from Probiotic T1 (Figure 4).
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Figure 4: Relative abundance of the three phyla that show a statisiticaficance difference

among CD, Control and Probiotic T1. CD group is composed by Probiotic TO , Placebo TO and
Placebo T1 samples. The * indicates p<0.01. Supporting information on relative abundance and p
values in Table S2h.

Statistical analysesonfirmed thaFirmicuteswere significantly lower in CD subjects not receiving

the probiotic formulation compared to Controls and Probiotic group (p<0.01). Similar results were
found for Actinobacteriathat were underrepresented in the CD group and isedeafter the
administration of bifidobacteria, although not reaching the abundance found in the controls. A
further discernment regarded tBairyarchaeotaphylum belonging toArchaeathat was almost
exclusively present in the Control group. The same aiglyas repeated comparing the microbial
composition of the Control group with the Probiotic groups before and after the probiotic
administration (respectively Probiotic TO and Probiotic T1) (Figure 5). The comparison highlighted
an increase in the relavabundance dfirmicutes(p <0.01) andActinobacteria due to the effect

of probiotic administration. On the other hand it was possible to observe a slight decrease of the
abundance dProteobacteriavhile theEuryarchaeotghylumkept unchanged after theeatment.

The same comparison was carried out at the family taxonomic level. Withhirthieutesphylum,

two families, which are poorly represented in the Probiotic TO group, showed instead a higher level
in both the Probiotic T1 and the Control groupactobacillaceaeand Gracilibacteraceae In
particular both bacterial families showed a significant different abundance between Probiotic TO
and Probiotic T1 groups, whereas no differences were observed between Probiotic T1 and Control
groups. In contrast, Probiotic T1l subjects demonstratedigh percentage of unclassified
Deltaproteobacteridgamilies. Moreover this analysis enabled to identify Mhethanobacteriaceae

family as almost exclusively present within the Control group (Figure 6).
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Figure 5: Significant differences in phyla relatiedundance among Control, Probiotic TO and
Probiotic T1 groups. The * indicates p<0.01. Supporting information on relative abundanee and p
values Table S2d.
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Figure 6: Statistical significant differences in families relative abundance among Control, Probiotic
TO and Probiotic T1 groups. The * indicates p<0.01. Supporting information on relative abundance
and pvalues in Table S2&
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T h edivérsity indices (Observe@haol and Shannon) were computed for all OTUs founded in

the five groups of samples as reported in Figure 7. No significant changes in OTUs composition
among the studied groups were observed. Particularly, the observed raw biodiversity, as well as the
Chadl index, were slightly higher in the control samples than in all the other groups, but the
differences were not significantEven the Shannon index indicated similar trends among all
groups, with a mean value of about 3. This similarity among groupsustheif confirmed by the
application of Wilcoxon test on these indices, which indicated the totally absence of significant

differences.
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Figure 7: Udiversityindices among the studied groups.

3.2 Quantification of selected microbial groups in faecadamples

gPCR analysis was carried out in order to obtainatteolute quantification of selected microbial
groups as a supplementary information able to complete the microbial profile of the examined
subjectsFaecal samples were collected and DNA exédat two sampling times for CD subjects,

on enrolment (Probiotic TO + Placebo TO) and at the end of the three months intervention with
probiotic or placebo (T1), and once for healthy individuals (control group). Quantification regarded
specific microbialgenera typical of the human g@tifidobacteriumspp.,Clostridium sensu stricto
Bacteroides fragilisgroup (comprising the most abundant species in humanB.i.&agilis, B.
distasonis B. ovatus, B. thetaiotaomicrpB. vulgatu3, and larger microbial groupactobacillus

group which include Lactobacillus, Pediococcus, Leuconostand Weisella species, total
enterobacteria comprehensives of a larger numb@rarh negative intestinal bacteria. The average

microbial counts obtairtkare shown in Table 3.
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Quantification ofBifidobobacteriunspp. evidenced a slightly higher value in the subjects affected

by CD at TO with respect to the control group, although this difference was not significant. The
comparison between subjects beloggto the probiotic group before and after the treatment
showed that the administration of the probiotic formula contaiBifigobacterium brevéed to a

slight increase of bifidobacteria counts from 7.64 + 1.01 to 8.06 + 0.98 Log CFU/g of faeces.
Lactolacillus spp. group analysis revealed that healthy subjects (Control group) had a higher
presence of members of this group compared to CD patients, which on the contrary, showed a great
heterogeneity in the distribution (Figure 8). ANOVA test revealed that difference was
statistically significant (P< 0.01). The opposite trend was found for membBectdroides fragilis

group showing a higher median in CD subjects compared to healthy subjects, as shown in the box
plot (Figure 9).The box plot relativea healthy subjects is shorter than the other one and it also
shows a higher median value but a narrower distribution of the data. ANOVA test revealed that the
difference is statistically significant (P < 0.01). CD patients showed more than 8. 70HALY/g d

faeces oBacteroides fragiliggroup bacteria. No significant differences were recorded concerning
changes in the levels 8facteroidesiue to treatment with probiotics.

With regard to enterobacteria, they were more abundant in the control group arpa®
patients: 8.29 +0.80 and 7.10 +1.24 CFU/g respectively. This trend can also be outlined from the
graphs reported in Figure 10 which clearly shows that the median value of control group is higher
than CD groups, the latter showing a lower level membacteria with a higher heterogeneity.
Furthermore, after the three months of probiotic treatment it was possible to observe a decreased
level of enterobacteria in Probiotic T1 (Figure 10 and Table 3). Regdtdiirsridium sensu stricto

its quantificaion was lower than the other microbial groups (values from 5.83 to 6.19 Log CFU/g

of faeces). No statistical differences resulted from the comparison between control and CD patients
and between Probiotic and Placebo groups.

Table 3Mean counts of different microbial groups analyzed in stool samples expressed as Log
CFUlg of faeces

Target Log no. CFU/g of faeces
Probiotic group Placebo group Control group
TO T1 TO Tl TO
Bifidobacteriumspp 7.64+1.01 8.06+0.98 7.82+0.80 7.74£0.73 7.26+0.92
Lactobacillusspp 6.87+1.08 6.92+0.95 7.21+0.80 7.04+0.97 7.84+0.58
B. fragilis group 8.73+0.79 8.71+0.77 8.74+0.76 8.84+1.03 7.46+1.47
Enterobacteria 7.10£1.24  6.75%1.29 7.25+£1.81 7.63+1.48 8.29+0.80
Clostridiumsensu stricto 5.97+0.96 5.83+0.87 6.17+0.95 6.19+0.81 5.86t0.80
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Figure 8: Box plots showing gPCR analysisladctobacillusgroup expressed in log CFU per gram

of faecal sample relative to CD group and Control group. CD group is composed by Probiotic TO
Placebo TO and Placebo T1 samples. Statistical difference between the two ghealpsgmf <

0.01)
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Figure 9: Box plots showing gPCR analysis Bécteroides fragiligroup expressed in log CFU per
gram of faecal sample relative to CD group and Control group. CD group is composed by Probiotic
TO , Placebo TO and Placebo T1 samples. Statistical difference betveemvotgroups (values of
<0.01).
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Figure 10: Box plots showing qPCR analysis of total enterobacteria expressed in log CFU per gram
of faecal sample relative to CD group and Control group. CD group is composed by Probiotic TO
Placebo TO and Placefid samples. Statistical difference between the two groupal(es of <

0.01).

4. Discussion

This work was focused on the characterization of the major changes occurring in the intestinal
microbiota of CD patients on a GFD and on the evaluation of the effects that the administration of
two B. brevestrains (B632 and BR03) may have on these patient
In the last few years a particular attention has been paid on the correlation between gut microbiota
composition and CD. Several studies demonstrated an incre@arnnnegative bacteria, mainly
belonging to théacteroidetephylum, at the expense oficroorganisms of théctinobatceriaand
Firmicutesphyla in subjects with active dised3¢8,10] in agreement with the results registered in
other chronic inflammatory gastrointestinal diseases such as inflammatory bowel {&dase
However these differences did not allow to identify a coeliac microbiota signature directly linked to
CD [6].
Although data regarding the health promoting properties of bifidobacteria and more in general of
probiotic microorganisms are well documented, their role in the treatment of CD has been scarcely
investigated. The two strains administered in this w8rklreve B632 and BR03, are known to
possess antnflammatory activity stimulating intestinal celis vitro to produce IL6 and IL 10,
respectively{38,39]and have been prenusly characterized for safety issues such as the absence of
transmissible antibiotic resistance traits and toxicity towards gut epithelial cells. In addition, the two
strains in combination showed a great capability of colonizing the gueaithy childen [40]. In
relation to CD, a preliminary important outcome obtained from the administration of the described
probiotic formulation to © patients was the reduction of grdlammatory cytokine TNF6 i n
blood samples of CD subjects on a GFD after three months of treatment, as reported in Klemenak et
al. [23].
The first interesting evideecthat emerges from the present study is the absence of a severe
intestinal dysbiosis in CD patients ainersiy GFD
similarity indices and the absence of statistically significant differences in OTU variabilite
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analysed cohort of CD patients with respect to the Control group. On the contrary, literature data
related to active disease patients 4aoiherent to a GFD showed the presence of extensive changes
in the microbial compositiof8]. Therefore, the strict adherence to the GFD patrtially recovers the
intestinal equilibrium status.

However, theresults obtained in this study showed a significant quantitative difference in some
microbial groups by gPCR and by metagenomic analysis in CD patients with respect to the Control
group. The elaboration of the microbial relative abundance dlatained by Illumina MiSeq
sequencing were able to clearly separate CD subjects from the Control group ones. The lower
number ofBacteroidetephylum in CD patients with respect to the Control group was supported by

B. fragilis group quantification by gPCR and it is consistent with the results of another study on CD
patients on GFJ7]. The obtained results are also in agreement with the observation that CD
subjects present an imbalance in FienicutegBacteroidetesatio, usually lower in CD patients,

and this ratio is not completely restored in patients under a [BED Moreover the probiotic
administration induced an evident increasd-mmicutesabundance while maintaining a similar
percentage oBacteroidetesthus resulting in a higher value of tRemicutegBacteroidetesatio.

In addition, the Control group microbiota seems to be characterized by a higher percentage of
Actinobacteria and Euryarchaeota The association between CD disease status and a lower
presence oActinobacteriahas already been descrigd@]. Particularly interesting although not yet
described n the literature is the result regarding tBeryarchaeotaphylum, which is highly
represented in the Control group, but almost absent in the coeliac subjects. The same applies for the
Methanobacteriaceadamily. This evidence could conceivably be linked to differences in the
dietary habits of the two groups of subjects. Recent research works focugadyanchaeota
highlighted their ability to promote polysaccharide degradation and absorption of fdiy tacs

they seem to play a role in energy extraction from degradation of organic compéBhdarain is

the most common source of polysaccharides in modern human populations, thus the important
reduction of archaea microorganisms within coeliac group on GFD is linked to their different
nutritional status, in particular to the compliance of the GFD and the consequent lower
polysaccharide intake.

Focusing on the effects of the administration of Bhdorevestrains on microbial composition, an
increase of members of thctinobacteriaphylum (NGS) ad bifidobacteria (QPCR) have been
detected in the CD subjects after three months of probiotic supplementation, although the increase
was not statistically significant. One of the possible reason could be the short duration of the
treatment, furthermore is already known that, after the weaning period, the microbiota is resilient

to change$44]. The treatment with thB. brevestrains has therefore not caused major changes at
the level of the genus or phylum to which the probiotic belongs, as it might have been expected, but
the intake of the probiotic has nevertheless acted as a "trigger" ntldarethe increase of
Firmicutesand the restoration of the physiologi¢atmicutes/Bacteroidetesatio. By reaching the
microbial family level of analysis, it was possible to get more details on the effect of probiotic
administration, allowing to readhe conclusion that twBirmicutesfamilies (actobacillaceaeand
Gracilibacteraceag changed their relative abundances upon probiotic treatment (Probiotic T1
group), particularlyLactobacillaceadhat reached almost the values that characterized theaContr
group. Other studies have also observed a lower presenkactifbacillaceaein CD patients,
indicating a close relationship between this pathological condition and the bacterial[g§milllyis

means that the probiotic has restored the normal amouluaictdbacillaceaanembers belonging to
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these fanlies within the treated individualdt remains to be explained why the administration of
such aBifidobacteriumstrain have affectetlactobacillaceaespecies. This could be related to a
high ability of Bifidobacteriumto deep influence gut microflora composition, by enhancing the
blooming of some species and antagonizing others probably by the effect of the production of
metabolites such as acetic api®]. In particular, there are glences thaBifidobacteriumsupport
Lactobacillaceaedevelopmeni46]. Moreover it is highly probable that the decrease of -TNF
observed within treated individuals, is clgséhked to the increase of lactobacilli, with their anti
inflammatory function promoted by the administratiorBdfdobacterium47,48]

In conclusion,the present study demonstrated that three months administratibrefestrains

could make the intestinal microbiota of coeliac patients more similar to that of healthy individuals,
restoringthe abundance of some microbial communities that characteazgpicalphysiological
condition.
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Supplementary Materials

Table S1.Description of the study groups at the begin of intervention

Placebo groug Probiotic group Control group

No. patiens 20 20 16
Sex (M/F) 8/12 6/14 7/9
Age (year) 10.53+3.87 10.23+3.18 8.80%+5.12

Time on GFD (year) 7.16 +4.98 5.43 +3.40 -
Compliance to GDF 80 % 90 % -

Table S2.p-values among groups

domain phylum CD - Control  CD - Probiotic T1  Control - Probiotic T1
Archaea Euryarchaeota  0.000079 n.s. 0.00009
Bacteria Actinobacteria 0.0036 n.s. n.s.
Bacteria Firmicutes 0.0022 0.0022 n.s.

Table S3.Mean values of relative abundance with standard deviation.

Phylum CD Control  Probiotic T1
Euryarchaeota 0.01+0.003 0.4+0.5 0.011+0.02
Actinobacteria 413 815 6.25+4

Firmicutes 47+15 55+17 54+18

Table S4.p-values among groups

Domain Phylum Control i Control i Probiotic TO 1
Probiotic TO Probiotic T1 Probiotic T1
Archaea Euryarchaeote 0.0000195 0.00009 n.s.
Bacteria Actinobacteria 0.0021 n.s. n.s.
Bacteria  Firmicutes 0.0003926 n.s. 0.000536
Bacteria Proteobacteric 0.0031 0.0018 n.s.

Table S5.Mean values of relative abundance with standard deviation

Phylum Control  Probiotic TO  Probiotic T1
Euryarchaeota 0.4+0.5 0.018+0.03 0.011+0.02
Actinobacteria 815 4,843 6.25+4

Firmicutes 55+17 48.2+17 54+18
Proteobacteria 1246 6.23+5 5.134+4.8
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Table S6. p-values among groups

Domain Phylum Contr_ol - Contr_ol - Probi_oti_c TO-
Probiotic TO Probiotic T1 Probiotic T1
Archaea Euryarchaeota 0.0000195 0.00009 n.s.
Bacteria Actinobacteria 0.0021 n.s. n.s.
Bacteria Firmicutes 0.0003926 n.s. 0.000536
Bacteria Proteobacteria 0.0031 0.0018 n.s.

Table S7. Mean values of relative abundance with standard deviation

family Control Probiotic TO Probiotic T1
UnclassDeltaproteobacteria 0.0001+0.00065 0.02+0.005 0.152+0.0039
Lactobacillaceae 0.028+0.0035 0.005+0.00065 0.019+0.006
Gracilibacteraceae 0.0008+0.00005 0.003+0.00022 0.0123+0.0048
Methanobacteriaceae 0.363+0.1 0.01+0.002  0.0095+0.0008
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Abstract

Background & AimsCoeliac disease (CD) is an immunediatedsystemic disease, caused by
ingestion of gluten in genetically predisposed individuals. Gut microbiota dysbiosis might play a
significant role in pathogenesis of chronic enteropathies and its modulation can be used as an
intervention strategy in CD as welh this study, we aimed to identify correlations betwesetdl
microbiota, serum tumor necrosis factdr ( JONalRd fecal shorchain fatty acids (SCFAS) in
healthy children and children with CD after administration of probiBifddobacteriumbreve

BRO3 and B632.

Methods A doubleblind placebecontrolled study enrolled 40 children with CD (CD) and 16
healthy children (HC). CD children were randomly allocated into two groups, of which 20 belonged
to the placebo (PL) group and 20 to the Probiotic (§up. The PR group received a probiotic
formulation containing a mixture of 2 strair8, breveBR03 (DSM 16604) and. breveB632

(DSM 24706) in 1:1 ratio for 3 months. Subsequently, for statistical analysis, bloochenad f
samples from CD children fioenrolment TO and after 3 months, at the end of intervention with
probiotic / placebe T1) and HC children were used. The HC group was sampled only once (TO).

Results Verrucomicrobia Parcubacteriaand some yet unknown phyla Bfcteriaand Archaea
may be involved in the disease, indicated by a strong correlation to-UTNFkewise,
Proteobacteriastrongly correlated with aécal SCFAs concentration. The effect of probiotic
administration has disclosed a negative correlation betWeemcomicrobiasome unknown phyla

of Bacterig SynergistetesEuryarchaeotaand some SCFASs, turning them into an important target
in microbiome restoration procesSynergistetegand Euryarcheotamay have a role in the anti
inflammatory process in healthy human gut.

Condusions Our results highlight new phyla, which may have an important relation to disease
related parameters, CD itself and health.

Keywords coeliac disease; childrerBifidobacterium breveintestinal microbiota; TN&} short
chain fatty acids.
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Introduction

Diagnostic rates ofoeliacdisease (CD) are rising, leading towards an estimated global prevalence
of about 1941]. Ingestion of wheat and other gluteantaining cereals causes a specific damage to
the small intestinal mucosa, a typical pathology of CD, which is considered an autoimmune
enteropathy?].

The role of susceptibility genes in the pathogenesis of CD has been de$8rijedtHowever,
additional environmental factors are involved, as orb/% of CDrelated gene carriers eventually
develop the disead®]. Epidemological and clinical data suggest a role of various environmental
factors in the pathogenesis of CD, such as infections, early feeding prd@jcemntibiotic
administration, mode of delivery and breastfeedifjgin addition, alterationf gut microbiota may

also play an important role in the disease development. Whether it is a cause or a consequence of
the disease, remains uncl¢8r 10]. Due to inconsistent findings concerning both active and non
active disease phadéli 15], CD still | acks a di shougmsome v e
bacterial species may associate with the dis¢g8e Moreover, micrbial metabolites such as
shortchain fatty acids (SCFAs) play an important role in triggesponse relationship between host
diet, microbiota and homeostasis in many pathological conditions, also i[17GCIL3] However,
changes in theaécal SCFAs pattarare a reflection of complex mechanisfh8] and studies about

their relationship and effects on CD are sc§2€g.

Application of probiotics in clinical practice has been frequently used due to their
immunonodulatory[21,22] and microbdta modulation effect§23i 26], demonstrated in several
inflammatory and autoimmune diseases. Moreover, the effeBifidiobacteriumstrains on gut
microbiota composition and their applications as probiotics in infants have been ref2&lvadd

their administration in oné-vivo study [25] has revealed an impact dAirmicutesabundance,
resulting in an increase dfirmicutes / Bacteroidetemtio. Furthermore, its immunomodulatory
characteristics have been descrilreditro [28] andin-vivo [29i 32]. Severaln-vitro studies have
shown that Bifidobacterium strains decrease levels of grnflammatory cytokines, such as
interferon gamma (IFd ) , t umour necr ol andintérlaukin D(H2)[a3A3Blha (T
Moreover, a decrease in TNFlevel after administration oBifidobacteriumstrains has been
reportedin-vivo [30,31] In fact, TNFUsecretion, triggered by an increased productf IFN-0 i n
CD, plays an essential role in inducing damage and inflammation of intestinal 26354

Our aim was to study the effects Bifidobacteriumbreve BRO3 and B632 administration on
children with CD and to determine statistically significant correlations betvassalfmicrobiota
composition analysed by next generation sequencargyrs TNFU and fecal SCFAs levels. To

our knowledge, this is the first study on correlations between these parameters with the aim to
evaluate their potential significance in CD pathogenesis.
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Material and methods
Study design and sample collection

Theresearch study was a douliénd placebecontrolled intervention involving 40 children with

CD (CD) and 16 healthy children (HC), who were enrolled at the DepartmendediaRics,
University Clinical Centre Maribor in a period from October 2013 to A@del. The research was
registered at https://www.clinicaltrials.gov (registration number: NCT02244047).

A selection of HC as control group was based on a clinical examination, excluding any clinical
disorder or any acute and chronic illness status. Nond@fwas on medication or antibiotic
therapy for at least one month preceding the research study. HC were children, matching on age and
gender and consuming a regular (gluten containing) diet.

All invited CD children, aged from 1 till 19 years, were pregigudiagnosed with positive
serologic markers for CD and had positive small bowel biopsy. Their CD diagnosis were
established on ESPGHAN criteria for B8,39] The children were consuming glutéee diet
(GFD) (different time periods half ayear to 15 years). Children with acute or chronic illness and
children on permanent medication or antibiotics for at least one month preceding the research study
were excluded. CD children were randomly allocated into two groups, of which 20 belonged to t
placebo (PL) group and 20 to the Probiotic (PR) group. The PR group received a probiotic
formulation containing a mixture of 2 strair3, breveBR03 (DSM 16604) andB. breveB632

(DSM 24706) in 1:1 ratio for 3 months. Probiotic and placebo packagésiroeoh 2 g of probiotic
culture or placebo in a powder form. A daily dosage of each probiotic strain WaBolhy
Forming Unit (CFU) / g of powder. In both groups, cytokine analysis, analysis for CD serological
markers (EMA, tTG) and clinical examinatiovere performed (on enrolment (T0), at the end of
intervention with probiotic / placebo (T1) and on follow U@ months after intervention period
(T2)). A more detailed information about probiotic administration and inclusion / exclusion criteria
of partcipating children has been described befd03.

Blood samples of CD children were collected 3 times (at TO, T1 and T2). The HC group was
sampled only once (T0). Please refer to the article of Klememnad [30] for more details.
However, for statistical analysis, samples from perid@sand T1 were collected (see section
Statistical analysis of NGS, SCFAs and Tllifesults.

Faecalample of CD children were collected twice, on TO and T1. The HC group was sampled only
once (T0). Please refer to the detailed descriptidaexfalcolledion in Primecet al.[20].

Researchers carrying out DNA extraction, molecular (NGS) and HPLC analysiscaisamples

were blind to the children group identity (HC, PR and PL).

DNA extraction

DNA extraction from 200 mg ofaéces, which was preserved-80 °C, wasaccomplished with the

Ql Aamp DNA Stool Mi ni Kit ( Qi agen, We s t Su
instructions. A slight modification was performed, in order to improve the bacterial cell rupture
[40]. A detailed protocol was described in Quagliarieli@l [25].
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Preparation of DNA Libraries for Nexgeneration Sequencing (NGS; Illlumina MiSeq Sequencing)

Samples of the following 5 groups of children were subjected to sequencing: 20 PR group TO and
20 PR goup T1, 20 PL group TO and 20 PL group T1 and 16 HC group TO. Libraries were
prepared for amplification of V¥4 region of the 16S rRNA gene, using forward and reverse
primers [41], respectivel y:
TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCTACGGGNGGC
GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGACTACHVGGG
Their approximate length was 460 bp. A detailed NGS protocol was described in Quageaaéllo

[25].

SCFA analysis

SCFAs were derivatized and analysed by revphsese HPLC. Acetic, propionic and butyric acid
were quantified and results were expressed in umol / g of wet wegted. For derivatization
procedire and HPLC analysis of SCFAs please refer to the article of Peinat¢20].

TNFUdetection

After centrifugation, serum samples for TNFdetection were collected and stored&Qa °C until

analysis. Quantification was performed using a sphdse enzymdabelal chemiluminescent

i mmunometric assay, according t o t he manuf a
Healthcare Diagnostics). A more detailed information about the blood sampling procedure and
further TNFUdetection is described in the article okifienaket al [30].

Bioinformatics and statistical analyses of NGS experiment

In bioinformatics and statistical analyses, the generated raw data has been checked for quality
levels, length and elimination of chimeric sequences in order to obtain reliable -dtablged

reads for the 16S reference sequence database alignmentRibdlsemal Data Project (RDP).
Finally, RDP outputs were processed and further statistically andBzgth 44].

Statistical analysis of NGS, SCFAs and TMlfesults

Patients were grouped according to the treatment and disease, i.e. probiotic group (PR; PR group
TO, PR group T1), placebo gro@pL; PL group TO, PL group T1), healthy controls (HC group TO)

and CD patients (CD group T0). The CD group TO consisted of all CD patients at TO (PR and PL
group, both TO0). Results from SCFAs (i.e. acetic, propionic, butyric acid and total SCFAS),
microbial phylum abundance and TNFanalysis from 6 groups were statistically correlated for
placebo and probiotic groups at the beginning and at the end of probiotic intervention.

Obtained data were analysed using IBM SPSS Statistics 22.0 software (IBM ImankrNew

York). Age differences between study groups were analysed usinganametric KruskalWallis

H test. Correlations between two continuous variables were determined ushpgraoretrical
Spearman correlation after Shapidlk test of data distbution normality. Where indicategh
value of O 0.05 or O 0.01 was considered stat
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Results and discussion
NGS analysis

DNA was extracted out of 96adcal samples and was sequenced using the Illumina MiSeq
apparatus. Sequencing runsngrated 4,348,432 joint reads with high quality pass filter with
average of 46,259 sequence reads per sample with quality scores between 30 and 35. Two samples
were excluded from further analysis due to low quality r¢a8k A detailed microbial profile of

each group is shown in Supplementary Tables fla

Characteristics of study groups used for statistical analysis of correlations

Basic characteristics of children whose parameters were used for statistibais of correlations
are summarized in Table 1. Three samples were excluded due to low quality reads in NGS and
insufficient data.

Table 1. Cohort used for the correlation assessment.

PR group PL group HC group
P value
(n=20) (n=19) (n=14)
Age,Years | 9.15+4.35| 10.53+5.05| 10.14 +6.01 0.709
Sex, M/F 4/16 6/13 5/9 /

Statistical analysis of correlations
1. Correlation values at TO in CD patients

The CD patient group was analysed at the enrolment day (TO). Fig. 1 shows the results of
statstically significant correlation values. TNFhad a positive correlation ¥errucomicrobia(} =
0.404,p = 0.013) and a negative one Rarcubacteria(} = 0.396,p = 0.015). Moreover, a strong
positive association and a high statistical significapce 0.532,p = 0.001) between TN and
unclassifiedBacteriagroup and a positive correlatiop € 0.396,p = 0.003) between TNE and
unclassifiedArchaeagroup was found, indicating th&ferrucomicrobiaand some yet unknown
phyla, belonging t@acteriaandArchaea may be involved in an increased production of TR

CD patients, whiléParcubacteriaindicated a negative association with TNIFVerrucomicroba is
commonly encountered in the colonic microbipty but is relatively less than 10% abundpti].
Parcubacteriais a largely unknown phylum, with representatives found in anoxic environments
[46]. Indicated correlations could play an important role in the pathogenesis of the disease.
Proteobacteriacorrelated positively with acetic and propionic agid=(0.452,p = 0.004 and =
0.331,p = 0.045, respectively), which resulted in a positive correlation bet®Reseobacteriaand

total SCFAs Y = 0.380,p = 0.017). Proteobacteriais the mgor gutresident phylum of Gram
negative bacteria and includes a wide variety of pathogens, including members of
Enterobacteriaceadéamily. Furthermore, the phyla has been found characteristically increased in
duodenal andaecalmicrobiota of CD patientgl6,26,47 50]. Increased values of acetic, propionic
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acid and total SCFAsn CD have been suggested befdg®,51i 53], describing them as a
consequence of microbiota dysbiosis in the disease. Tjellgt@&mn[53] even described acetic acid

as a potential prmflammatory agent. Positive correlation data obtained in our studies indeed
indicate thatProteobacteriamay be responsible for an increased acetic and propionic acid
production in CD. Proteobacteria BacteroidesPrevotella group Bacteroidetes and
Bifidobacteriumspp. have been already described as acetate and propionate pr¢ddicens
contrast, butyric acid has been proposed to originate mostly from the metabollEmicites

[18]. From theArchaeagroup, Euryarchaeotgphylum also had a positive correlatign£ 0.351,p

= 0.029) to acetic acidcuryarchaotaphylum is the most commonly foudchaeain the human
ecosystem, contributing to less than 10% of the total microbiota popul&BgrEuryarcheotais
known to netabolize nutrients and other microbial metabolites to end products such as acetate. This
results in an increase of total SCFAs concentration and energy harvgggingrill now, the
potential relationship betwedturyarcheotaand acetic acid has not been linked to CD.

CD GROUP TO

_

POSITIVE CORRELATION

NEGATIVE CORRELATION

0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04 0.045 0.05

B SCFAs/Proteobacteria H PA/Proteohacteria AA/Euryarchaeota H AA/Protecbacteria

B TNF-a/Unclassified Archaea 8 TNF-a/Unclassified Bacteria B TNF-a/Verrucomicrobia B TNF-o/Parcubacteria

Fig. 1. Statistically significant correlations in the CD group at TO. Céeliac disease; TO:
enrolment day; AA: acetic acid; PA: propionic acid; SCFAs: shiin fatty acids; TN&t tumor
necrosis factor alpha.
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2. Correlation values at TO in healthy children (HC)

Fig. 2 shows the results of statistically significant correlatrafues in the HC group at TO.
Members of theFirmicutes phylum are mostly Granpositive bacteria, an abundant group
comprising 80% of the intestinal microbiq#b] in healthy subjects and tend to decraassumber

in CD patientg16]. Not surprisingly, proinflammatory TNBhad a strog negative association and
a high statistical significance & 0.660,p = 0.010) toFirmicutesand a negative correlation to
Euryarchaeotg} = 0.654,p = 0.011). Apparently, the later relationship may play an important role
only in the HC population, as it was not identified in the CD groupSHergistetes evidently a
minority phylum in humanaeces with an abundance of 0.0§8%]. Regardless of the low quantity,
the phylum appears to be relevant for humanth¢aB] and its negative correlatiop € 0.658,p =
0.011) to TNFUmay indicate an important astiflammatory factor in healthy population.
Furthermore, acetic acid had a positive correlatipn=(0.569, p = 0.034) to Candidatus
Saccharibacteriaa group oBacteriastill under investigation for its potential role muman health
[59]. Lentisphaeraenegatively correlatedj (= 0.556,p = 0.039 andj; = 0.584,p = 0.028,
respectively) with butyric acid and total SCFAs. This phylumBaefteriais closely related to
Verrucomicrobia but its activity and role in hosicrobiota still needs to be determiriéd].

HC GROUP TO

POSITIVE CORRELATION

NEGATIVE CORRELATION

o

0.01 0.02 0.03 0.04 0.05

W AA/Candidatus Saccharibacteria m SCFA/Lentisphaerae m BA/Lentisphaerae = TNF-a/Euryarchaeota m TNF-a/Synergistetes  TNF-a/Firmicutes

Fig. 2. Statistically significant correlations in the HC group at TO. HC: healthy children; TO:
enrolment day; AA: acetic acid; BA: butyric acid; SCFAs: stutwin fatty acids; TN tumour
necrosis factor alpha.
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3. Effect of probiotics on correlation valuesthe PR group at T1

Significant correlations after probiotic administration are presented in Fig. 3. No significant
correlations have been found in the PR group on the enrolment day (TO). However, several
significant correlations emerged in the sameugrafter 3month treatment with the probiotic (PR
group T1).

TNF-Uis so far known for its important role in piaflammatory conditions. In fact, its appearance

as an inflammatory mediator in CD patients have been already desi@1@&d] However, in the

work of Klemenak et al. (2015), the administration of both probiotic str&@nbréveBR03 (DSM

16604) and. breveB632 (DSM 24706)) revealed a decrease in FTWA/ PR group after 3 months
compared to PL grouprhe baseline TN levels in both groups were similar to the ones in HC
group. As both groups (placebo and probiotic, respectively) had a compliance to GFD of 81% and
91%, the researchers concluded that the reduction inddeurred because of the coimdtion of

B. brevestrains and GFD. MoreoveQuagliariello et al. (201&eported that the-8honths probiotic
administration in PR group affected the abundanceiohicutes phylumby increasing their
percentage, while keeping similar percentageBatteroidetesthus resulting in an increase of
Firmicutes / Bacteroidetesatio. The ratio in CD subjects is normally lower, usually because of
lower percentage ofirmicutes or higher percentage oBacteroidetes.In relation to both
parameters, an interesting observation has been found by evaluating the correlation results between
TNF-Uandphylum FirmicutesAfter 3 months of probiotic administration, TNIFhad a negative
correlation { = 0.468,p = 0.038) toFirmicutes which is in concordance with the article of
Klemenak et al. (2015and Quagliariello et al. (2016)revealing a decrease in TNFand re
establishment of thEirmicutes / Bacteroidetestio, respectively, upon probiotic treatment. Acetic
add correlated negativelfy = 0.502,p = 0.024;; = 0.498,p = 0.026 and = 524,p = 0.018) with
Verrucomicrobia unclassified group ddacteriaandEuryarchaeotarespectively. Moreover, acetic

p = 0.006). The Synergistetes phylunalearly confirmed a negative association with -pro
inflammatory acetic acid, previously seen in healthy subjects and may play an important role in
antrinflammatory process too, however in this case as a consequence of a probiotic administration.
Verrucomicobia had also a negative correlatign£ 0.486,p = 0.030) to butyric acid, but the later
negatively correlated to unclassifid@hcteria (} = 0.498,p = 0.026). SCFAs had a negative
correlation toSynergisteteand unclassified group &acteria(} = 0.496,p = 0.026 and = 0.517,

p = 0.020, respectively). Identified correlations between the mentioned SCFAs and phyla are
largely unknown, but they may play a role in the microbiome restoration as a result of probiotic
administration.

112



PR GROUPT1

POSITIVE CORRELATION

NEGATIVE CORRELATION

o

0.01 0.02 0.03 0.04 0.05

@ SCFAs/Unclassified Bacteria B SCFAs/Synergistetes BA/Unclassified Bacteria B BA/Verrucomicrobia AA/Euryarchaeota

AA/Unclassified Bacteria AA/Synergistetes B AA/Verrucomicrobia TNF-o/Firmicutes

Fig. 3. Statisticdy significant correlations in the PR group at Tl as a result of probiotic
administration. PR: probiotic group; T1: aften®nth treatment; AA: acetic acid; BA: butyric acid;
SCFAs: shorchain fatty acids; TNFE tumour necrosis factor alpha.

4, Effect d placebo on correlation values in the PL group at T1

When comparing PL group at TO and T1 (Fig. 4 and Fig. 5, respectively), the phylum

ProteobacteriaandVerrucomicrobiaconfirmed again its important role in CD, already observed in

CD group TO. In bothPL groups (TO and T1)Proteobacteriapositively correlated to acetic,

propionic acid and total SCFAs (betwegn= 0.574,p = 0.010 and; = 0.505,p = 0.027).

Furthermore Verrucomicrobiahad a strong positive association and a high statistical signiicanc

to TNFUin PL group TOf = 0.780,p = 0.000135) and continued to positively correlate to TNF

in PL group T1 4 = 0.495,p = 0.037). HoweverParcubacteriaagain confirmed its important role

in CD, while revealing a strong negative association and a high statistical significan6e500,p

= 0.010) to TNFUin PL group TO. Surprisingly, no statistically significant correlation between the

two parametersds been found in PL group T1. Moreover, although not expecting any particular

differences between the PL group TO and the PL group T1, the results in PL groupnafteth3

placebo treatment revealed some new statistically significant correlationsUTisiéF a negative

correlation { = 0.507,p = 0.032) toBacteroidetesind a positive correlation &€ 0.507,p = 0.032)

to DeinococcusThermus Furthermore, acetic acid negatively correlated 0.521,p = 0.022) to

the group of unclassifieBacteria Propiorc acid had a negative € 0.471,p = 0.042) correlation

to Synergisteteand butyric acid had a positive correlatipn=(0.498,p = 0.030) toProteobacteria.

Microbiota composition is continuously changing as a result of the complex interplay between

ervironmental factors, such as diet, psychological factors and the host itself. Since there has been a

3-month difference between TO and T1, microbiota shift was likely to occur even in the PL group.
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PL GROUP TO

POSITIVE CORRELATION

NEGATIVE CORRELATION

(=]

0.01 0.02 0.03 0.04 0.05

B TNF-a/Parcubacteria B SCFAs/Proteobacteria m PA/Protechacteria m AA/Proteobacteria B TNF-c/Verrucomicrobia

Fig. 4. Statistically significant correlations in PLogp at TO. PL: placebo group; TO: enrolment
day; AA: acetic acid; PA: propionic acid; SCFAs: shatain fatty acids; TNft tumour necrosis
factor alpha.
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PLGROUP T1

POSITIVE CORRELATION

NEGATIVE CORRELATION

0 0.01 0.02 0.03 0.04 0.05
W SCFAs/Proteobacteria BA/Proteobacteria ® PA/Proteobacteria
B AA/Protecbacteria TNF-a/Deinococcus-Thermus B TNF-a/Verrucomicrobia
% PA/Synergistetes B AA/Unclassified Bacteria O TNF-a/Bacteroidetes

Fig. 5. Statistically significant correlations in PL group at T1 as a result of pladafioistration.
PL: placebo group; T1: after@onth treatment; AA: acetic acid; BA: butyric acid; PA: propionic
acid; SCFAs: shoithain fatty acids; TNft tumour necrosis factor alpha.
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Conclusions

Many physiological changes related to CD have beera@relescribed (Fig. 6). However, the
complexity of the disease is puzzling with many questions still open. Besides classically
documented microbiota changes in femicutesphylum, our results have shown that additional
phyla such a¥errucomicrobia Parcubacteriaand some yet unknown phyla belongindacteria

and Archaea Kingdom may also play an important role in @Blated pathology. Moreover,
Proteobacteriaseems to be responsible for the increaseexddl SCFAs in the disease. In healthy
subjeds, Synergistetesind Euryarcheotaare present in a minor relative abundance in the human
gut system, but they may be additional phyla neXitmicutescontributing to antinflammation.
Probiotic administration has clearly revealed a negative relatpistweenFirmicutesand pre
inflammatory TNFU. Moreover, probiotic effect has exposed some new phyla, particularly
Synergisteteswhich negatively correlated to acetic acid and total SCFAs, suggesting a potential
role in microbiome restoration. Nevertéss, alterations of microbiota in CD subjects may not be
considered exclusively as a consequence of the disease itself, but rather as a part of a complex
relationship between many causative factors, including those of diet and psychological nature.

Alteration in SCFAs

Alteration in microbiota Alteration in immunological

parameters

Verrucomitrobia
Unclassified

Firmicutes
Proteobacteria
Actinobacteria
Bacteroidetes

Fusobacteria

Bacteria
Unclassified
Archaea
Parcubacteria
Euryarcheota

Fig. 6. Schematic representation of the main physiological changes related to CD (shown in black).
Potential alterations in microbiota related to CD are shown in red. AA: acetic acid; PA: propionic
acid; SCFAs: shotthain fatty acids; IFM : i nt er f; @MFdIntumgua nesrasis factor
alpha; IL-10: interleukin 10; IE15: interleukin 15.
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Supplementary Materials

Supplementary Table 1la. Midrial profile of NGS results in PR group TO.

CHILDREN
PHYLA, %
1] 2] 3] 4|5 6] 7] 8] 9 |[10[11][12]13]14]15]16]17]18]19]20
Bacteroidetes | 31.1| 83 | 318|424 7.4 [ 100|307 6.2 | 548|579 161582 604] 177200 476]227] 7.0 [ 160 07
Firmicutes 494 | 689|550 248651 ] 634 405|771 | 224 290 682|283 212 | 2457 [ 49.1 | 367 | 330 s05] 580 755
Actinobacteria | 3.0 [135| 05 | 0.4 |191] 26 |98 |21 |21 |28 |33 |05 01|29 |136|07 44|23 ]43 |58
Proteobacteria | 9.9 | 16 | 36 | 55| 15 | 83 |01 |42 |147] 27 [ 65 [ 3.1 [124] 195[ 29 [ 08 | 7.9 | 42 [ 141 13
Cyanobacteria/ | | 551 00 | 0.0 |00 |00 |0o]o01|00|o01]00|00]|0o]01|oo]o00]o01]|00]00]01
Chloroplast
Verrucomicrobia | 2.8 | 7.3 | 00 [227] 05 |119]| 16 |01 |22 |05 |01 |14 |41 | 1402 [107|174]310] 2.3 | 103
Candidatus 00 |o0o|oo|oo]o1]|oo|loo|lo1]|oo|oo|o1|oo|oo]o2]|o0|loo|oo|o1]|o0]o00
Saccharibacteria
Planctomycetes | 0.0 | 0.0 | 0.0 | 0.0 | 0.0 | 0.0 | 0.0 | 0.0 | 0.0 | 0.0 | 0.0 | 0.0 | 0.0 | 0.0 | 0.0 | 0.0 | 0.0 | 0.0 | 0.0 | 0.0
Deil N
einococeus 00|00)]|00|00|co|oo|ocoloo|oo|o0o|oo]|o0o]|oo]|oo]|oo]|oo|oo|oo]oo]o0
Thermus
Acidobacteria 00 |00 |00 | 00|00 |00 |00 |0O]| 00| 00|00 |0O0O|00O] 00|00 |0O]| 00| 00| 00|00
Fusobacteria 00 |00 |00|00O|00|O00O|OO|0O]|O00O ]| 01|00 |00O|00]00O|0O|0O]|O00O]|00]00]|O00
Parcubacteria 00 |00 |00| 00| 00| 00|00 |00O|00]| 00|00 |0OO|00]|00O|0O|00]|O00]|00]00]|O00
Lentisphaerae 00 |00 | 00| 00| 00| 00|00 |00]| 00| 00|00 |0OO|00]O00O|0OO|0O]|O00O]|O00]00]|00
Synergistetes 00 |oo |00 |o0|o0 |01 |00 |0O]|00 |00 ]|00|11]|00] 00|00 |00]|00]|00]01]|00
Chlamydiae 00 |00 |00]00]00]|00|00|00]00]00]00|00][00]00]|00|00]|00]|00]00]|00
Armatimonadetes | 0.0 | 0.0 | 0.0 | 0.0 | 0.0 | 00 | 0.0 | 0.0 | 00 | 00 | 00 |00 |00 | 00 |00 | 00 | 00 | 00 | 00 | 0.0
Microgenomates | 0.0 | 0.0 | 0.0 | 0.0 | 0.0 | 0.0 | 0.0 | 0.0 | 0.0 |00 | 0.0 | 0.0 |00 | 0.0 | 0.0 | 0.0 | 00 | 0.0 | 0.0 | 0.0
Tenericutes 00 |00 |00|00]|00| 00|00 |0O]|00]| 00|00 |00|00] 00|00 |00]|O00]|00]00]|O00
Spirochaetes 00 |00 |00| 00| 00| 00|00 |00O|00]| 00|00 |0OO|00]|00O|0O|00]|O00]|00]00]|O00
Elusimicrobia 00 |00 | 00| 00| 00| 00|00 |00]|00]| 00|00 |0OO|00]o00O|0OO|0O]|O0O]|O00]00]|O00
unclass_Bacteria | 2.3 | 02 | 53 | 25 | 38 | 16 | 47 | 59 | 1.0 | 40 | 3.4 | 45 | 1.0 | 75| 1.9 | 1.9 | 21 | 24 | 32 | 3.8
Euryarchaeata | 0.0 | 0.0 | 0.0 | 0.0 | 0.0 | 0.0 | 0.0 | 0.0 | 0.0 | 0.0 | 0.0 | 0.0 | 0.0 | 0.0 | 0.0 | 0.3 | 00 | 0.0 | 0.0 | 0.0
Crenarchaeota | 0.0 | 0.0 | 0.0 | 0.0 | 0.0 | 00 | 0.0 | 0.0 | 00 | 00 |00 |00 |00 | 00|00 |00 |00 | 00| 00|00
unclass_Archaea | U1 | 0.0 | 0.2 |01 |0l |01 |01 |02 |00 01|01 |0o1|00]|02] 01|01 |01]01]0L]01
Supplementary Table 1b. Microbial profile of NGS results in PR group T1.
CHILDREN
PHYLA, % 1] 2 ]3] 4|5 6] 7] 8] 9 |[10]11]12]13[18]15]16]17 18] 193] 20
Bacteroidetes 309 | 280 256 [439] 307 [ 307 [ 293 46 [ 535536339 262 165] 534 [ 323] 556 297 [ 190 3.7 [ 398
Firmicutes 63.1] 436665176 591|554 474 884342296625 524756 444 a58]394]472]775[812]553
Actinobacteria 27 [140| 04 |07 |42 |13 |06 | 42|23 [114)27 17566 |04 |32 03|74 16|100]04
Proteobacteria 18 | 17|73 |72 |36 |124]219| 22 |54 ]|35|04 |25 0909|7327 103182742
Cyanobacteria/ | 5 | o1 |00 |01 00|00 |02]|03|00]|00]01|00]00]00o|00]0o|01]00]04]02
Chloroplast
Verrucomicrobia | 1.0 | 126] 00 [303] 20|00 |04 |01 |31 |18 |03 |11 |00 09 [107] 1751000000
Candidatus 00 |00 |0vo|oo|oo|oo|[oo]|oo|oo|oo|o1]oo]|or|oo|oo]|oo]|o1]|oo]|o00]o00
Saccharibacteria
Planctomycetes | 0.0 | 0.0 | 0.0 | 0.0 | 0.0 | 0.0 | 0.0 | 00 | 0.0 | 0.0 | 0.0 | 00 | 00 |00 | 0.0 | 00 | 0.0 | 00 | 0.0 | 00
Deinococcus-Thermus | 0.0 | 0.0 | 0.0 | 0.0 | 0.0 | 0.0 | 0.0 | 0.0 | 0.0 | 0.0 | 0.0 | 0.0 | 0.0 | 0.0 | 0.0 | 0.0 | 0.0 | 0.0 | 0.0 | 0.0
Acidobacteria 00 |00 |00 |00 |00 |00 |00]|00|OD|0O|00]|00]|00|0O|0O]|O0O]|00]|o00]|o00]|00
Fusobacteria 00 |00 |00 |00 |00|00|00]| 00|00 |00|0D]|00]|01|00|00]|00]|00]|00]|O00]O00
Parcubacteria 00 |00 |00 |00 | 00|00 |00 |00 |00 |00 |00 ]| 00|00 |00|00]|0C0O]|00]|00]|00]00
Lentisphaerae 00 |00 |00 |00 |00 |00 |00]|00]|00]|00|00]|00]00|00|00]|00]00]00]|O00]00
Synergistetes 00 |00 |00 |00 ]| 00|00 |00|00|O4 |00 |00]|01]|00|00|00]|00]|00]O00]|O00]|O00
Chlamydiae 00 |00 |00 |00 | 00|00 |00 ] 00|00 |00]|00]|00]00|00]|00]00]|00]00]|00]|00
Armatimonadetes | 0.0 | 0.0 | 0.0 | 00 | 00 | 0.0 | 0.0 | 0.0 | 0.0 | 0.0 | 00 | 00 |00 |00 | 0.0 | 00 | 0.0 | 0.0 | 0.0 | 00
Microgenomates | 0.0 | 0.0 | 0.0 | 0.0 | 0.0 | 00 |00 |00 | 00 |00 |00 |00 |00 |00 |00 |00 |00 | 00| 00|00
Tenericutes 00 |00 0000 ]00]00]|00]00]00]00]00]00]00]|00]00]00]00]00]00]00
Spirochaetes 00 |00 |00 |00 ] 00|00 |00]00|00|00|00]00]00|00]|00]|00O]|00]00]|00]|00
Elusimicrobia 00 |00 |00 |00 | 00|00 |00]|00]|0D|0O|00]|00]|00|00O|00]|O00]|00]O00]|O00]|O00
unclass_Bacteria | 0.1 | 0.0 | 0.1 | 0.1 | 0.1 |01 |01 |00 ] 00|00 |01 |01 |01]00]|05]|01]01]|00]00]|00
Euryarchaeota 00 |00 |00 |00 | 00|00 |00]|00]|0D|00|00]|00]|00|00|00]|02]00]00]|o00]00
Crenarchaeota 00 |00 |00 |00|00|00O|00O]|0O0]|0OD|0O|O0D]| 00|00 |0O|0O]|O0O]|00]|00]|O00]O00
unclass_Archaea | 0.0 | 00 | 0.0 | 0.0 | 0.0 | 0.0 | 0.0 | 0.0 | 00 |00 | 0.0 |00 | 00 |00 |00 | 0.0 | 00 | 00 | 0.0 | 0.0
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Supplementary Table 1c. Microbial profile of NGS results in PL group TO.

CHILDREN
PHYLA, %
1] 2| 3| 4|5 |6 ] 7] 8] 9 |10]11]12]13]18]15]16]17] 18] 010
Bacteroidetes S48 | 2.7 | 33.7 | 425 | 55.2 | 1.0 | 54.8 | 23.6 | 56.6 | 20.0 | 49.6 | 42.2 | 32.0| 1.2 | 10.7 | 10.4 | 33.4 | 4.7 | 5.4
Firmicutes 36.0 | 57.2 | 453 | 47.0 | 30.2 | 64.7 | 25.6 | 54.5 | 40.2 | 77.1| 22.4 | 49.5 | 64.0 | 95.8 | 22.2 | 20.0 | 55.4 | 13.5 | 88.9
Actinobacteria 16 | 42 |195| 46 | 06 | 25 | 0.4 |193]| 08 | 20 | 06 | 1.8 | 22 | 22 | 03 | 1.8 | 6.8 | 55 | 53
Proteobacteria 54 |347| 12 | 36 | 35 |308|190| 09 | 23 | 06 |23.0] 65 | 09 | 06 | 1.9 | 2.8 | 3.8 | 233 | 03
Cyanobacteria/ 00|10 |00 10|00 00| 00|00|00]|00|o00]|o0o|oo|loo|oo|o1]|o00]|o02]|o0
Chloroplast
Verrucomicrobia | 2.1 | 0.1 | 0.0 | 03 | 103| 00 | 0.0 | 1.4 | 0.0 | 00 | 43 | 0.0 | 0.8 | 0.0 | 64.0|64.4| 0.4 |52.7| 0.0
SHC'Z’;,';T::Z:‘::M 00| 0o |[o0o]|oo|oo|oo|o00|o01|00]|00|00]|00|0o|o00]|o00|o0co0]|o00]oco0]oo0
Planctomycetes 00| 00| 00] 00| 00| 00| 00| 00]00]00]|00]|00]|00]|00]|00]00]00]00]o00
Deinococcus-Thermus | 0.0 | 0.0 | 0.0 | 0.0 | 0.0 | 00 | 0.0 | 0.0 | 0.0 | 00 | 00 | 0.0 | 0.0 | 0.0 | 0.0 | 0.0 | 0.0 | 0.0 | 0.0
Acidobacteria 0.0 | 00| 00]00]|00]| 00| 00| 00| 00]|00]|00]|00]|00|00]|00]00]o00]o00]o00
Fusobacteria 00|00 |00 00| 00|00 |00|00]|00]|00]| 00| 00| 00| 00]|00]04]00]00]o00
Parcubacteria 00| 00| 00| 00| 00| 00| 00| 00| 00]|00]|00]|00]|00]|00]|00]00]00]o00]o00
Lentisphaerae 00| 00| 00] 00| 00| 00| 00| 00| 00]|00]|00]|00]|00]|00]|00]00]00]o00]o00
Synergistetes 00| 00| 00]00]|00]00]00|00]|00]|O00]|00]|00]|00]|00]00]00]00]00]|o00
Chlamydiae 00| 00| 00]00]|00]|00]|00]|00]|00]|00]00]|00]|00]|00]00]00]00]00]o00
Armatimonadetes | 0.0 | 0.0 | 0.0 | 0.0 | 0.0 | 00 | 0.0 | 0.0 | 0.0 | 0.0 | 0.0 | 00| 00 | 00 | 0.0 | 0.0 | 0.0 | 0.0 | 0.0
Microgenomates | 0.0 | 0.0 | 0.0 | 0.0 | 0.0 | 00 | 0.0 | 0.0 | 0.0 | 0.0 | 0.0 | 0.0 | 00 | 0.0 | 0.0 | 0.0 | 0.0 | 0.0 | 0.0
Tenericutes 00| 00| 00| 00| 00| 00| 00| 00| 00]|O00]| 00| 00| 00]|00]|00]00]00]o00]o00
Spirachaetes 00|00 | 00]00]|00]|00|00|00]|00]00]00]|00]|]00]|00]00]00]00]00]o00
Elusimicrobia 00|00 |00]00]| 00|00 |00|00]|00]|00] 00| 00| 00| 00]|00]00]00]00]o00
unclass_Bacteria | 0.0 | 0.1 | 0.1 | 0.0 | 0.2 | 0.0 | 00 | 01| 01 | 01| 00| 00] 0.1 ]| 00| 00| 01| 00| 00| 0.0
Euryarchaeota 00| 00| 00| 00|00 00| 01| 00| 00]|O00]|0O0O]| 00| 00| 00]|00]00]00]o00]o00
Crenarchaeota 00| 00| 00]00]|00]|00]|00]|00]|00]|00]|00]|00]|00]|00]|00]00]00]00]o00
unclass Archaea | 0.0 | 0.0 | 00 | 0.0 | 0.0 | 0.0 | 00 | 00| 00 |00 |00 | 00] 00| 00| 00| 00| 00| 00| 00O
Supplementary Table 1d. Microbial profile of NGS results in PL group T1.
CHILDREN
PHYLA, % 1| 2] 3145 |6 7] 89 |10]11]12]213]23]21]16]17]18]19
Bacteroidetes 257 | 1.1 [147]37.4| 226589595 356|715 218572 [51.7| 1.8 [209] 16 [ 1.0 [72.4[ 129 424
Firmicutes 60.8 | 49.0 | 28.7 | 45.9 | 55.2 | 36.3 | 32.4 | 52.4 | 26.0 | 24.6 | 35.0 | 42.7 | 85.0 | 54.3 | 28.8 | 51.9| 26.1| 9.1 | 73.2
Actinobacteria 74 | 1.7 |51 | 70| 21 | 1.7 |00 | 83 | 03 | 10| 02 |08 | 18| 07 | 03 | 07 | 06 | 0.2 | 213
Proteobacteria 13 |47.2|514| 81 | 2.5 | 31 | 53 | 31 | 1.8 | 160] 7.1 | 45 | 85 | 08 | 03 |453] 0.7 | 03 | 06
Cyg:;;‘::;:::/ 00|o00|o0o0]|11)00|00|o00|o00|0co]|o00|00|o00|27]|00]|0c0]|00]|o00]o00l]oo0
Verrucomicrobia | 4.9 | 0.0 | 0.0 | 0.4 |166| 0.0 | 1.7 | 0.2 | 0.1 |363]| 03 | 0.0 | 0.0 | 32 |689] 1.0 | 0.0 | 77.4| 01
Saci:’;ﬂggi‘::ﬂ_u 00| 00|o0o]|oco|oo|oo|oo|oo|co|oo|oo|o1|oo|oo]|oco]|oo]|oo]ool]oo
Planctomycetes 00| 00| 00| 00| 00| 00| 00]|00]| 00| 00| 00| 00| 00]00]00]00]|00]|00]| 00
Deinococcus-Thermus | 0.0 | 0.0 | 0.0 | 0.0 | 0.0 | 0.0 | 0.0 | 0.0 | 0.0 | 0.0 | 0.0 | 0.0 | 0.0 | 0.0 | 0.0 | 0.0 | 0.0 | 0.0 | 0.0
Acidobacteria 00| 00]00]00]|00]|00|00]|00]00]|00]|00]|00]|00]00]00]00]|00]|00]|00
Fusobacteria 0000|0000 00| 00|00 ]|O01]00]|00]|00|00]|00]|00]00]00]|00]|00]00
Parcubacteria 00| 00| 00| 00| 00| 00| 00]|00]|00]|00]|00]|00]|00]00]00]00]|00]|00]| 00
Lentisphaerae 00| 00| 00| 00| 00| 00| 00| 00]|0O]| 00| 00| 00| 00]00]00]00]|00]|00]|o00
Synergistetes 00| 00]00]00]|00]|00]|00]|00]00]|00]|00]|00]|00]00]00]o00]|00]|00]|00
Chlamydiae 00| 00|00 00|00 | 00| 00]|00] 00| 00| 00| 00| 00]00]00]00]|00]|00]|00
Armatimonadetes | 0.0 | 0.0 | 0.0 | 0.0 | 0.0 | 0.0 | 0.0 | 0.0 | 0.0 | 0.0 | 0.0 | 00 | 00 | 00 | 0.0 | 0.0 | 0.0 | 0.0 | 0.0
Microgenomates | 0.0 | 0.0 | 0.0 | 0.0 | 0.0 | 0.0 | 00 | 0.0 | 0.0 | 0.0 | 0.0 | 00 | 00 | 00 | 0.0 | 0.0 | 0.0 | 0.0 | 0.0
Tenericutes 00| 00]00]00]|00]|00]|00]|00]00]|00]|00]|00]|00]00]00]o00]|00]|00]|00
Spirochaetes 00| 00|00 00|00 ]| 00| 00]|00]00]|00]|00]|00]|00]00]00]00]|00]|00]|00
Elusimicrobia 00| 0.0 | 00| 00| 00| 00| 00]|00]| 00| 00| 00| 00| 00]00]00]00]|00]| 00|00
unclass_Bacteria | 0.0 | 0.0 | 0.0 | 00 | 06 | 0.1 | 0.1 |02 |01 | 01| 02| 00] 0101|0100 o0L]o01]o02
Furyarchaeota 00| 00| 00|00| 00| 00| 01| 00| 00| 00| 00| 00| 00]|00]00]|00]|00]|00]|o00
Crenarchaeota 00| 00]00]00]|00]|00|00]|00]00]|00]|00]|00]|00]00]00]00]|00]|00]|00
unclass_Archaea | 0.0 | 0.0 | 0.0 | 00 | 00 | 0.0 | 00 |00 |00 | 00| 00| 00 ] 00| 00|00 00| 00]00] 0O
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Supplementary Table le. Microbial profile of NGS results in HC group TO.

CHILDREN
PHYLA, % 1 2 3 4 5 6 7 8 9 |10 ] 11 |12 | 13| 14 [ 15
Bacteroidetes 559 (215|156 06 | 5.7 |183|53.9|175[3207| 6.4 [ 185 8.2 | 28.7] 5.0 | 103
Firmicutes 376|423(733 9.4 | 712|583 317|739 594|714 [ 575|77.4 | 186 | 67.0 | 806
Actinobacteria 232159 0220392192040/ 94 |187]125] 3.0 |114] 76
Proteobacteria 32 [328| 16 [89.7] 25 |121]108] 25 [ 49 [ 70 [ 19 |13 |21 ] 12 ] 12
Cyg:;;’r’:;:::“/ 00|11|05]00]|02]|15|01|00|o00]|00]|00]|01]|o0]01]00
Verrucomicrobia 09 [o1|30|oo0]loo]oo]10]|38|oo|os]|23]02]475]150] 02
Candidatus 00 | 0o |oo|o0o|loo|oo|o1|loo|o1]|oo]|o1]|oo]|oo]|o01]o01
Saccharibacteria
Planctomycetes 00 |00 |[o00|oo]oo oo |oo]oo|loo|oo|ooloo]|oo][o00]o00
Deinococcus-Thermus pojloo|J]OO|OO}|0OO]|]0OO| OO} 00|00 | 00| 00|00 ]|00]|O00]| 00
Acidobacteria 00|01 |o00|o0|]oo|o0o|o0o|oo|oo0|00|00|00]|00]00]O00
Fusobacteria 00|00 |o0O|oOO|oOO|OO|OO|OO|OO|OO|OO|O0O]|00]|O00]O00
Parcubacteria 00 |00 [oo]ooJoo|oo|oo]oolooloolooloo|oo][oo] o0
Lentisphaerae 00 |00 |o00|oo]oo|oo|oo]o1]loo|oo|oo|oo]|oo][o00]o00
Synergistetes 00 |00 |00 |o0]oo|o0o|o0o|o1|loo|oo|oo]|oo]|o00][o00]00
Chlamydiae 00 |00 |00 |o00|o0o|o0o|o0|oo|oo|oo|oo|oo]|o00][o00] 00
Armatimonadetes 00|00 |00 |oO0O|oO|0O|0O|0OO|OO|0OO|0OO]|O0O]|O00]|O00]O00
Microgenomates 00|00 |00 |OO|OO|OO|OO|OO|OO|0OO|0OO|O0O]|00]|O00]O00
Tenericutes 00|00 |00 |oo]oo oo |oo]oo[oo[oo[oo[oo]|oo][o00]o00
Spirochaetes 00 |00 |[o00|oo]oo oo |oo]oo|loo|oo|ooloo]|oo][o00]o00
Elusimicrobia 00 |00 |00 |00 |o00|00|00|o00O|0O|0O|00O]|O00]|00][00] 00
unclass_Bacteria 00|00 |o0|o0o|]oo|o1]o3|o1|oo|o1|o1|o0]|o01]|o02]00
Euryarchaeota 00|00 |00 |oO0O|o0O|04]|01]|00|01|39|09|03]|00]00]00
Crenarchaeota 00 |00 [oo]ooJoo|oo|oo]oolooloolooloo|oo][oo] o0
unclass_Archaea 00|00 |00|oo]oo|oo|oo]oo|oo|[oo|oo|oo]|oo0][o00]o00
Supplementary Table 1f. Microbial profile of NGS results in CD group TO
CHILDREN
PHYLA, % 1] 2]3]34]s 7 ] 8 | o |10 ] 11|12 |13 ] 14 |15 |16 ] 17 | 18 | 13 | 20
Bacteroidetes | 31.1| 8.3 | 318 | 424 | 7.4 | 109 | 39.7 | 6.3 | 548 | 579 | 16.1| 582 | 604 | 17.7 | 309 | 476 | 32.7| 7.9 | 160] 0.7
Firmicutes 404 | 689 | 550 | 248 | 65.1 | 634 | 405 | 77.1 | 244 | 290 | 682 | 283 | 212 | 45.7 | 49.1| 367 | 240 | 505 | 580 | 755
Actinobacteria | 3.0 | 135] 05 | 0.4 |191] 2.6 | 9.8 | 21 | 21 | 2.8 | 33 | 05 | 01 | 20 | 126]| 0.7 | 44 | 23 | 42 | 58
Protechacteria | 9.9 | 16 | 36 | 55 | 15 | 83 | 0.1 | 42 | 147 2.7 | 65 | 3.1 |124|195] 20 | 08 | 7.0 | 42 | 141 13
Cy:’;:’:;::;“/ 00|00|00|[0o|oo|oo|loo]|o1]|oo|o1]|o00|0o|oo]o1]|0o|loo]o1]00]00]o01
Verrucomicrobia | 2.8 | 7.3 | 0.0 | 227| 05 | 119| 1.6 | 01 | 22 | 05 | 01 | 1.4 | 41 | 1.4 | 02 | 107| 174| 210] 2.2 | 1023
Saft:a!lﬂaﬁ:Zi:zria 00]|00]o0o0|oo|o1|oo|oo|o1|oo|oo]|ot]oo|oo|o2]|00]|o0o|oo]01]|00]00
Planctomycetes | 0.0 | 0.0 | 0.0 | 0.0 | 0.0 | 0.0 | 0.0 | 0.0 | 0.0 | 0.0 | 0.0 | 0.0 | 0.0 | 0.0 | 0.0 | 0.0 | 0.0 | 0.0 | 0.0 | 0.0
DE;‘:::::S' 00 |00|o0o0|oo|oo|oo|oo]|oo|oo|oo|oo]|oo]oo|oo|oo|oo]oo]oo|oo]|oo
Acidobacteria 00 | 00|00 ]|00]|00|00|00]|00|00|00]|00]|00]|00]00]|O00]|00]00]00]|00]D00
Fusobacteria 00 | 00| 00|00 |00| 00|00 |00 |00 |O0L]|00]|00|00]|0O]|O00|00]|00]00]|00]o00
Parcubacteria 00| 00| 00|00 |00| 00|00 |00|0D|00]|00]|00]|00]|0O]|O00|00]|00]00]|00] D00
Lentisphaerae 00| 00]|00|00|00|00|00|00]|00|00]|00]|00|00]|00]|00|00]|00]00]|00]O00
Synergistetes 00| 00]00]|00|00]|o0zZ|00|00|00|00]|00]|11]|00]|00]|00|00]|00]|00]|O0L]o00
Chiamydiae 00| 00]00|00]00]|00|00]|0O|00|00]|00]|00]|00]0O0]|O00]|00]00]00]|00] 00
Armatimonadetes | 0.0 | 0.0 | 0.0 | 0.0 | 0.0 | 0.0 | 0.0 | 0.0 | 0.0 | 0.0 | 00 | 00 | 0.0 | 0.0 | 0.0 | 0.0 | 0.0 | 0.0 | 0.0 | 0.0
Microgenomates | 0.0 | 0.0 | 0.0 | 0.0 | 0.0 | 0.0 | 0.0 | 0.0 | 0.0 | 0.0 | 0.0 | 0.0 | 00 | 0.0 | 00 | 0.0 | 0.0 | 0.0 | 0.0 | 0.0
Tenericutes 00 | 00| 00| 00|00 |00 |0D]|00]|0OD|00]|00]|00|00]|0O]|O00]|00]00]00]|00] D00
Spirochaetes 00| 00]00]|00|00]|00|00]|00]|00]|00]00]|00]|00]00]|00]|00]00]00]00]00
Elusimicrobia 00|00 00|00 |00 |00 |00|00]|00]|00]00]|00|00]|00]|00|00]|00]00]|00]00
unclass_Bacteria | 23 | 02 | 53 | 2.5 | 38 | 1.6 | 47 | 59 | 1.0 | 40 | 3.4 | 45 | 1.0 | 75 | 1.9 | 19 | 21 | 24 | 32 | 38
Euryarchaeota | 0.0 | 0.0 | 0.0 | 0.0 | 00 | 0.0 |00 | 00 | 0.0 |00 | 0.0 | 0.0 |00 |00 | 00 | 03 | 00 | 0.0 | 0.0 | 0.0
Crenarchaeota | 0.0 | 0.0 | 0.0 | 0.0 | 0.0 | 0.0 | 0.0 | 0.0 | 0.0 | 0.0 | 00 | 00 | 0.0 | 0.0 | 0.0 | 0.0 | 0.0 | 0.0 | 0.0 | 0.0
unclass_Archaea | 0.1 | 00 |02 |01 |01 ] 01 |01]02]00|0l]o01|01|00]02] 0L |0L]01]01]|0L]o01
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Supplementary Table 1§licrobial profile of NGS results in CD group TO (continued).

CHILDREN
PHYLA, % 21 | 22 | 23 | 24 | 25 | 26 | 27 | 28 | 29 | 30 | 31 | 32 | 33 | 34 | 35 | 36 | 37 | 38 | 39
Bacteroidetes 548| 27 | 337 | 425|552 19 | 548|236 566|200 496|422 32.0| 1.2 | 107 | 104|334 47 | 5.4
Firmicutes 36.0|57.2| 453 | 47.9|302 | 64.7 | 25.6| 545 | 40.2| 77.1| 224 [ 49.5 | 64.0| 95.8 | 22.2 | 20.0| 55.4 | 13.5 | 88.9
Actinobacteria 16 |42 |195| 46 |06 | 25 [ 04 [193] 08|20 06| 18|22 2203|1868 55] 52
Protecbacteria 54 |347]| 12 | 26 | 35 |208|190[ 09 | 22 | 06 [230| 65| 09 06 | 1.9 | 2.8 | 3.8 | 233 03
Cyanobacteria/ 00| 10| 00|10 |00|o00|o0o]|oo|oo|oo|oo|oo|oo]|oo|ooa|lo1|o0]|o02]00
Chloroplast
Verrucomicrobia 21|01]|00|02|103|00 00| 14|00 00| 43| 00| 08| 00]|640|644| 04 |527] 0.0
SHi;';ij,::;::ﬁa 00|o0o0|oofoo|oo|loo]|oo|ot|oo]|oo|loo|oo|oco|oo|oo|o0o|o0]o00]oc0
Planctomycetes 00| 00|00 |00]00]|00]00]00|00]00]00]|00]00]00]00]00]00]00]00
Deinococcus-Thermus | 0.0 | 0.0 | 0.0 | 0.0 | 0.0 | 00 | 00 | 0.0 | 00 | 00 | 0.0 | 00 | 00 | 0.0 | 0.0 | 00 | 0.0 | 0.0 | 00
Acidobacteria 00| 00|00 |00]00|00]00]|0D|00]00]|00]|00]|00]|00]00]00]|00]00]|00
Fusobacteria 00 ] 00]00|00]00]|00]00]00]|00]00]00]|00]00]00]00]04]|00]00]00
Parcubacteria 0.0 | 00| 00|00 ] 00| 00]00]00|00]00]|00]|00]|00]|00]00]00]|00]00]|00
Lentisphaerae 00| 00|00 |00]00|00]00]|0D|00]00]|00]|00]|00]|00]00]00]|00]00]|00
Synergistetes 0.0 | 00 | 00 |00 ] 00|00 00|00 |00 ]00]00]|00]00]00]00]00]00]00]|00
Chlamydiae 00| 00| 00|00 ] 00| 00|00 |00 | 00|00 |00]|00]|00]|00]00]00]|00]00]|00
Armatimenadetes 0.0 | 00 ] 00|00 ] 00| 00|00 00| 00]00]|]00]|00]00]|00]00]00]|00]00]00
Microgenomates 00| 00| 00|00 |00 |00]|00]|0D| 00|00 ]|0D]| 00| 00| 00]00]00]|00]00]| 00
Tenericutes 00| 00|00 |00|o00|00|0O0O]0D| 00| 00|00 | 00]00]|00]00]00]|00]00]00
Spirochaetes 00| 00|00 |00]o00|00]00O]0D|00]00]|00]|00]00]00]00]00]00]00]00
Elusimicrobia 0.0 | 00| 00|00 |00 |00] 00|00 | 00]00|00]|00]|00]|00]00]00]|00]00]|00
unclass_Bacteria 00|o1|o1|o0]o2 |00 ]o0]or|o1]ol|oo| 00| o0l|o0]00]|0l|00]00]|00
Euryarchaeota 00| 00|00 |00]o00|00]01]00|00]00]|00]|00]|00]|00]00]00]|00]00]|00
Crenarchaeota 00| 00|00 |00]00|00]00]0D|00]00]|00]|00]|00]|00]00]00]|00]00]00
unclass_Archaea 00| 00|00 |00]o00|00]00O]0D|00D]00]|00]|00]00]|00]00]00]|00]00]00
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Paper 5

Efficacy of the treatment with Bifidobacterium breveB632 and BR03
in paediatric obesity: a crossover double blind randomized
controlled trial.

This work has been conducted anllaboration with the Department of Health Sciences
(University of Piemonte Orientale, Novara), Department of Translational Medicine
(University of Piemonte Orientale, Novara), Interdisciplinary Research Centre of
Autoimmune Diseases (University of Pien®®rientale, Novara), R&D Biolab (Novara),
CPO Piemonte.

This paper has not been completed yet and it needs finalization prior to
publication
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Abstract

Studies show that lean and overweight individuals have a different gut microbiota composition that
can be involved in pathogenic mechanisms linked to obesity. Few studies have been done in
humans, in particular ingediatrics, to evaluate how the manipulation of the gut microbiota through
probiotic administration could impact on obesity and its assmtiedmorbidities. The objective of

this study is to clarify iBifidobacteriumbreve B632 andBifidobacteriumbreveB0O3 are able to
rescue the metabolic homeostasis in obese children. This is aoesysdouble blind randomized
clinical trial concluded 0100 obese children and adolescentd&6years). The subjects, to whom

an isocaloric diet in the Mediterranean style and physical activity were applied, were randomly
treated with a probiotic formulation consisting of 3¥10FU of B. breveB632 andB. breveB03,

or placebo once daily for 8 weeks. After avdek waskout period, individuals were subjected to
crossover; those who has previously taken the probiotic were given the placebo and vice versa for
8 weeks. Clinical, biochemical and faecal samplesewhen analysed.

After the first 8 weeks of treatment, subjects receiving the probiotic supplement showed
significantly lower valuesof basal insulin, HOMAR and acetic acid and significantly higher
values of ISI compared to the placebo one. In aidithe probiotic group showed a more marked
reduction of glycaemia at 0 and 120 min after OGTT, BMI, BMdcore and waist circumference

and an increase iBifidobacteriumspp. andB. brevecounts with respect to the placebo one.
However, the positive éion of the probiotic intervention on body composition, ghesulinemic
metabolism and gut microbial profile documented after the first 8 weeks of treatment, was not
observed in the second phase of the study.

The treatment withB. breve B632 andB. breve BO3 can significantly ameliorate glucose
metabolism, influencing the body composition and the gut microbiota of obese children and
adolescents following a diet therapy. The confirmation of these data with further analyses, could
have a crucial impact ohe care strategies foagdiatric obesity.

Keywords: paediatric obesity, gut microbiota, probiotidifidobacterium breveBMI, glycaemia,
insulin
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Introduction

Paediatric obesity represents one of the greatest public health challenges of'tbenfiry. In

2016, according to the World Heart Organization (WHO), 124 million children and adolescents
aged 519 and 671 million adults were estimated obese. Moreover, data from 2018 collected by the
WHO showed that 213 million children and 1.9 billiafulis are in an overweight condition.

Childhood obesity tends to persist even in adulthood, associated with a high risk of developing
chronic comorbidities, such as diabetes mellitus, cardiovascular, respiratory, and osteoarticular
pathologies, psychosocial and cancer disorders including tlbs¢éhe colon, breast and
endometrium (Reilly and Kelly, 2011). In addition, the sesmt@nomic impact deriving from
obesity has an important relevance. The burden of disease attributable to excess weight is
responsible for about 4 million deaths worldwi@@BD 2015 Obesity Collaborators, 2017).
Moreover, healthcare costs aimed at treating physical and psychosocial complications and indirect
costs, deriving from reduced productivity and absence from work, resulted increased (Dee et al.,
2014). The WHO MembeStates with the Action Plan on Childhood Obesity 20020 (February

2014) have adopted the common goal of developing information, social, environmental and political
interventions of health and physical activity education for obesity prevention.

Obesiy is a chronic and multifactorial condition characterized by an excessive development of
adipose tissue, attributable, particularly in childhood, to tissue hyperplasia with an increase of
adipocytes (Bray, 2004). Several complications are attributableettigiric obesity: hypertension
(Genovesi et al., 2010; Lo et al., 2014), dyslipidemia (Patricia et al., 2014), alterations of the glucan
metabolism (Haemer et al., 2014), endocrine disorders (Li et al., 2017; Anderson et al., 2014; Rojas
et al., 2014), akred respiratory physiology (Valerio et al., 2018; Fiorino and Lee, 2009; Santamaria
et al., 2012), gastroenteric disorders (Hardy et al., 2016; Davies et al., 2012; Koebnick et al., 2012),
orthopedic disorders (Aversano et al., 2016; Bbalbaku et al.2015; Stolzman et al., 2015),
psychosocial disorders (Sagar and Gupta, 2018; Fox et al., 2016). The imbalance between caloric
intake and energy expenditure is characterized by a complex relationship between multiple genetic,
environmental and behaviouralctors (Ang et al., 2013).

Some studies conducted on murine models highlighted the connection between the excess of
adiposity and the gut microbiota. Backhed et al. (2004) showed that the total body fat -dfegerm

(GF) mice was 40% lower than conventbmice, although their food consumption was higher.
Moreover, they documented that the transplantation of the intestinal microbiota in GF mice induced
an increase in adiposity after 2 weeks 60%. In other experiments, the colonization of gnotobiotic
lean mce with gut microorganisms from genetically obese mice (ob / ob), compared to those from
lean mice, resulted in a higher ability to extract calories from food and a significantly higher
increase in body fat (Davis, 2016).

Also human studies have shownsthinteraction, evidencing alterations in microbial gut ecology.
Ignacio et al. (2016) from the analysis of 84 faecal samples of overweight, obese and lean children
showed that the body mass index (BMI) was positively correlated Bétieroides fragilisard
Lactobacilluslevels and negatively correlated wiBifidobacteriumlevels. Nadal et al. (2009)
described a significant reduction dElostridium histoliticum Clostridium coccoidesand
Eubacterium rectaland in an increase dacteroidesand Prevotellain overweight and obese
adolescents following a calorfrestricted diet in association with physical activity. Santacruz et al.
(2009) observed an increase B. fragilis and Lactobacillus levels and a decrease of
Bifidobacterium longunandC. coccoidesvith nutritional and physical interventions. In addition, a
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prospective followup study by Kalliomaki et al. (2008) highlighted that alterations of the intestinal
microbiota in the early stage of life were also associated to a higher risk to developighiew

obesity during life. In particular, the number of bifidobacterisagthl samples during infancy was
higher in children remaining normal weight than in children becoming overweight, whereas
Staphylococcus aurewscovery was higher in children dmming overweight than in children
remaining normal weight.

The gut microbiota contributes to the extraction of energy from foods through the production of
short chain fatty acids (SCFAs). SCFAs are able to stimulate the hepatic lipogenesis by promoting
the expression of ChREBP and SREBPproteins that control the activity of enzymes ac€iyA
carboxylase and the fatty acid synthase (Backhed et al., 2004).

A dysbiotic gut microbiota, associated to a hyperlipidic diet, can promote a chronic inflammatory
response that may contribute to obesity pathogenesis (Sun et al., 2018). One of the mechanisms
involved is the modulation of the lipoprotein lipase (LPL) activity, via the suppression of its
antagonist enzyme, the Fastihgluced Adipose Factor (FIAF). Thimechanism potentially
stimulates host weight gain by impairing triglyceride metabolism and promoting fat storage (Sun et
al., 2018, Parekh et al., 2014). A dysbiotic microbiota also contributes to the accumulation of body
fat by inhibiting the AMPK (Adeasine Monophosphat&ctivated Protein Kinase), an enzyme
involved in the oxidation of fatty acids in the livendin the skeletal muscle (Parekh et al., 2014).

An interesting study conducted by Vrieze et al. (2012) demonstrated that after the infusion of
microbiota from lean donorg)jsulin sensitivityof obese recipients ineased together with levels of
butyrateproducing intestinal microbiota.

Several studies on animal and human models highlighted the positive effects on the weight status
and metabolic disorders associated to probiotic treatments. However, it must bsizeatptieat the
randomized controlled trials that have been conducted on obese adult subjects are few, and even
less in @ediatric patients, and shegrm.

In a multicentre, randomized, placebontrolled study the administration bactobacillus gasseri

for 12 weeks led to a reduction of visceral and subcutaneous fat by 4.6% and 3.3%, respectively,
1.4% decrease in body weight and 1.5% in BMI (Kadooka et al., 2010). Beneficial effects of
lactobacilli on obesityelated metabolic disorders are suggestedhe ability to reduce fasting

blood glucose, HbAlc levels and insulin resistance in patients with type 2 diabetes mellitus
(Razmpoosh et al., 2016; Mazloom et al., 2013). The commercial probiotic formulation VSL#3 was
shown to be effective in improvingpld profile, insulin sensitivity and inflammatory parameters
(Rajkumar et al., 2014). Moreover, some clinical trials revealed promising effects of probiotics in
improving liver function, fat metabolism and insulin resistance in patients with obesigdrela
alcoholic fatty liver disease (Vajro et al., 2011; Mykhalchyshyn et al., 2013).

Some works evidenced a potential astiesity property associated #®. breve strains. The
treatment wittB. breveB-3 revealed significantly lowered fat mass and impobblood parameters
related to liver functions and inflammation in adults with a tendency for obesity treated (Minami et
al., 2015) . Aloisio et al. (2018) showed that the administratioB.dbreveB632 and Br03 in
children born by caesarean sectionhigh risk to develop obesity later in life (Magne et al., 2017,
Kuhle et al., 2015), led to a lower catch growth in weight, reducing the risk of metabolic
disturbances later in life.

The manipulation of the microbiota by probiotic supplementation pssible, safe and well
tolerated approach to obesity, but it is necessary to conduct further studies about targeted probiotics,
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treatment duration and size of study populationaedpatric subjects to better understand the effects
deriving from a probiat intervention.

This study aims to assess the impact of dietary supplementation &. trevestrains, B632 and

BRO3 in obese children and adolescents on a dietetic therapy, on the clinical and metabolic profile
and on gut microbiota composition.

Materi als and methods
Study population

One hundred obese children and adolescents were recruited at the Auxology and Endocrinology
Section of the &ediatric Clinic of the Charity Major Hospital of Novara, from November 2013 to
October 2017. The study was apprdvey the Intercompany Ethics Committee (CE165/13) and
registered on Clinical Trial (NCT03261466).
The inclusion criteria were:
1 Age between 6 and 18 years
1 BMI compatible with obesity according to IOTF (International Obesity Task Force) criteria
(Cole and_obstein, 2012)
1 HOMA-IR (Homeostatic Model Assessment for Insulin Resistance).5 or insulin >
15pU/mli
f Puberty stage 02 according to Tanner stagi
The exclusion criteria were:
1 Contraindications such as allergy to the components afrtige
1 Obesity derived from genetic (Prader Willi syndrome, Down syndrome), metabolic
(LaurenceBiedl syndrome) and endocrine (Cushing's syndrome, hypothyroidism) diseases
1 Hepaticgastrointestinal chronic disorders
1 Ongoing therapy for chronic systemic dises
1 Previous administration (3 months earlier) with antibiotics, probiotics or prebiotics

Phase 1

Subjects were randomized into 2 homogeneous groups by number and sex with a 1:1 ratio to
probiotic or placebo treatment for 2 weeks. At the time of recrumitjman isocaloric diet in the
Mediterranean style was recommended witF68%6 of carbohydrates, 2Z80% of fats and 15% of
proteins as recommended by the Endocrine Society Guidelines (Holick et al., 2011) and by the
Italian Standards for Care Obesity of thalian Obesity Society. Furthermore, all patients were
given general indications on physical exercise, i.e6@0ninutes of daily aerobic activity and a
sport practice at least2Atimes a week.

Phase 2

After a 4week waskout period the individuals wersubjected to a crosser; those who has
previously taken the probiotic were given the placebo and vice versa for 8 viregkd)( The
general recommendations on diet and physical activity were not modified.
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Fig. 1. Studydesign of the placebeontrolled crossover clinical trial

Probiotic treatment

Bifibaby ® (Probiotical S.p.A., Novara, Italy), containing the two bacterial stifainsreveB632
(DSM 24706) and. breveBR0O3 (DSM 16604) prepared in an oily suspension, admsinistered

at a daily dosage of 15 drops containing 3 £ C&U. The placebo was composed of the same
amount in weight of malt dextrin.

Patients underwent anamnestic evaluation, cliracblogical examination and blood tests at the
time of recruitmen{T0), at the end of the first 8 weeks of treatment (T1), after 4 weeks ofauash
(T2) and after the secondveek treatment (T3). A random number generator (Lehmer generator)
was used to randomize patients to probiotic treatment or placebo.

Clinical moritoring

Auxological evaluation (TO, T1, T2, T3)
At each visit, the patients were subjected to the following assessments:

1 Height, measured with the Harpenden statimeter with approximation to the nearest 0.5 cm
and classification according to the Italiamgth curves (Cacciari et al., 2006).

1 Weight, measured with manual scale with approximation to the nearest 0.1kg and
classification according to Italian growth curves (Cacciari et al., 2006).

1 BMI (kg / m2)

9 Calculation of the BMI percentile by sex and agwl classification according to the IOTF
curves (Cole and Lobstein, 2012) and according to the Italian growth curves (Cacciari et al.,
2006).

9 Calculation of the BMI Zscore with the L, M, S method according to the model proposed
by Cole and Lobstein (20)2nd using the Italian growth curves (Cacciari et al., 2006).

1 Waist circumference, measured with a flexible meter applied in the area between the ribs
and the iliac crest, in an upright position, at the end of a normal expiration, with registration
at0.m.
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Biochemical Evaluation (TO, T1, T2, T3)
After at least 12 hours of night fasting the subjects were subjected to the evaluation of:

T Basal gl ycaemi a glycgemignceaaesnu rae d0 6af taenrd 120 mi n
from the Oral Glucose Tolerance Test (OGTT) (1.75 g / kg of glucose per os at time 0 ',
maximum dose 75 Q)

T Basal i nsulin | evels (insulin 06) and insu
OGTT

1 HOMA-IR, calculated from calculated from the parameters obtained by the OGTT

1 The insulin sensitivity (ISI) defined by the Matsuda Index, calculated from the parameters
obtained by the OGTT

1 Triglycerides, total cholesterol, LDL cholesterol, HDL cholesterol

f IL-6 (pg/ mL), IL-10 (pg / mL), TNFU(pg / mL)

1 LPS(ng/mL)

Glycaemiainsulin levels, HDL and LDL cholesterol and triglycerides were measured with Siemens
Advia 2400® (Healthcare Diagnostics, Deerfield, USA).

The plasma levels of K6 and Il-10 were measuredsing Human Interleukin ELISA kit (Thermo

Fisher Scientific, Waltham, USA); TNB wer e was det ec tlekd (EMSAt h Hu
Thermo Fisher Scientific, Waltham, USA). Plasma LPS levels were measured using the -Enzyme
linked Immunosorbent Assay Kit for popolysaccharide (Thermo Fisher Scientific, Waltham,
USA). The blood samples were collected from fasting subjects, centrifuged at 3000 rpm for 15
minutes in refrigerated conditions (+ 4 ° C) and storee@t® C until the time of analysis and
processed aording to standard procedure.

Gut microbiota analysis

DNA extraction from faecal samples

DNA was extracted from 200 mg of faeces (preserve8@tC after collection) using the QlAamp
DNA Stool Mini Kit (Qiagen, West Sussex, UK) with a supplementarybation at 95 °C for 10

min of the stool sample with the lysis buffer, to enhance the bacterial cell rupture (Aloisio et al.
2014). Extracted DNA was stored-20 °C. The purity of DNA was determined by measuring the
ratio of the absorbance at 260 and 280 (Infinite®200 PRO NanoQuant, Tecan, Mannedorf,
Switzerland) and the concentration was evaluated by Qubit® 3.0 Fluorometer (Invitrogen, Life
Technologies, CA, USA).

Absolute guantification of selected microbial groups using guantitative PCR (qPCR)

Quantfication of selected microbial groups, i.eBidobacterium spp., Lactobacillus spp.,
Bacteroides fragilisgroup (comprising the most abundant species in huBariragilis, B.
distasonis B. ovatus, B. thetaiotaomicrorB. vulgatu$, B. breve and Escherichia coliwas
performed with gPCR on DNA extracted from stool samples. The assays were carried out with a 20
eL PCR amplification mixt ur®GreenoMaster iMixi(Apgied1 0 ¢
Biosystems, Foster city, CA, USA) optimized concerdres of primers, molecular grade® and

2 ¢eL DNA obtained from faecal sBa brgpdamalysis avds a C
performed using a TagMan assay containing 12.
Biosystems, Foster city, CA, W&, 300nM of each primers and 100 nM of probe labeled with the
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Nieuwerkerk a/d 1Jssel, The Netherlands). 40 PCR cycles were performed. Primers and PCR

conditions are repted inTable 1and2.
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Table 1 Primer sequences and gPCR conditions used in the different assays.

Microorganism target Primer Sequen¥ &) (50 Amplicon References
length(bp)
E. coli EcoF GTTAATACCTTTGCTCATTGA 340 Malinen et al, 2003
EcoR ACCAGGGTATCTAATCCTGTT
Bifidobacteriumspp. Bif-F TCGCGTCYGGTGTGAAAG 243 Penders et al., 2005
Bif-R CCACATCCAGCRTCCAC
Lactobacillusspp. LacF GCAGCAGTAGGGAATCTTCCA 349 Rinttila et al., 2003
Lac-R GCATTYCACCGCTACACATG
B. fragilis group Bfra-F CGGAGGATCCGAGCGTTA 92 Penders et al., 2006
Bfra-R CCGCAAACTTTCACAACTGACTTA
B. breve F_IS GTGGTGGCTTGAGAACTGGAT AG 118 Haarman et al., 200&
R_IS CAAAACGATCGAAACAAACACTAAA
P_IS TGATTCCTCGTTCTTGCTGT
Table 2 gPCR amplification protocols and primer concentrations
Initial Annealing t
Taget Bacteria denaturation Denaturation ((®) N. cycles Fw Rev
E.coli 95°Ci 20sec 95°C-3sec 60°C-30sec 40 400 nM 400 nM
Bifidobacteriumspp. 95°Ci 20sec 95°C-3sec  60°C-35sec 40 200 nM 300 nM
Lactobacillusspp. 95°Ci 20sec 95°C-3sec 63.5°C-30 sec 40 200 nM 200 nM
B. fragilis group 95 °Ci 20 sec 95°Ci 3sec 60 °Ci 30 sec 40 300 nM 300 nM
B. breve 95 °Ci 20 sec 95°Ci 3sec 60°C1 30 sec 40 300 nM 300 nM

The primer concentrations were optimized through primer optimization matrices wwell4@ate
and estimating the best Ct/Rn ratio. The different primers were also checked for their specificity

using the databasgmilarity search program nucleotiteicleotide BLAST Altschul e al., 199
Moreover, to evaluate the specificity of amplification, melting curve analysis was performed after
the last cycle of each amplification. Collected data were then converted to obtain the number of
bacterial (Log CFU/g faeces) in accordance with the rRidBy number available at the rRNA
copy number database (Lee et al., 2009). Standard curves were constructed using 16S rRNA PCR
products of type strains of each target microorganism; the standard microorganisms used were
breve ReO2,L. plantarumATCC 1497, B. fragilis DSM 2151,B. breveB632 DSM 20213C.
sporogeneTCC 319,E. coli ATCC 8739. PCR products were purified with a commercial DNA
purification system (NucleoSpin® Extract Il kit, MACHERENAGEL GmbH & Co. KG,
Germany) and the concentration reei@ed spectrophotometrically at 260 nm. Serial dilutions were
performed and 1) 1, 1¢%, 1, 1P, 10’ copies of the gene per reaction were used for calibration.
Sample reactions were conducted in triplicate, with a negative control per each reaction.
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Short Chain Fatty Acids (SCFA) analysis

The faecal samples analysed belonged to the phase 1 of the stuil) (FOGas Chromatographic
analysis with Flame lonization Detector (FID) was performed. Stool samples were weighed (1 g),
suspended in 5 ml of diled water and homogenized with a horizontal stirrer for 5 minutes. The
samples were acidified with HCI (5 M) to a pH ~ 2 and subsequently centrifuged (4000 rpm x 20

mi n) . 980 eL of supernatant was added to 20
content (acetic acid, propionic acid and butyric acid) was determined using the Hewlett Packard
5890 Series Il gas chromatograph equipped wit

SPBTM 30m x 0.25mm x 0.25 mm capillary column. The results wereessed using a Hewlett
Packard 3396 Series Il integratdiafijgerman and Nagengast, 1996

Statistical analysis

Tests for normality and equality of variance (Shapiro and Levene tests) were perfStatistical
significance was evaluated with em@ay ANOVA; two-way repeated measure ANOVA comparing
different variancecovariance models was used to evaluate-tim@ment interactions.df-normal
and norhomoscedastidata were analysed by ngarametric KruskalWallis test.

Results

Among the 10Gubjects recruited, 10 (7 probiotic and 3 placebo) did not adhere to phase 2 of the
study and 9 (5 probiotic and 4 placebo) did not complete the phase 1. No adverse events occurred
during the study and the compliance with the treatment was adequate.

Clinical, metabolic and microbial characteristics at the time of recruitment (TO)

There were no significant differences between the probiotic and the placebo group at the time of
recruitment except foE. coli count, which was higher in the placebo group. Theiaal and
metabolic characteristics of the population, divided into the probiotic group the placebo group at
TO, are shown iTable 3.

Table 3. Clinical and metabolic characteristics of the probiotic and the placebo group at the time of
recruitment (T0).BMI: body mass index; WC: waist circumference; HONRA homeostatic model
assessment for insulin resistance; ISI: insulin sensitivity index; HDL: high density lipoprotein; LDL: low
density lipoprotein; IL6: interleukin 6; I-10: interleukin 10; TNFJ :  durungecrosis factor alpha; LPS:
lipopolysaccharide. All data are expressed as mean + standard deviation

Variable Probiotic group (T0) Placebo group (T0)
Age (years) 12.07 £ 2.57 11.74 £ 2.84
BMI (kg/m2) 30.55 + 4.66 30.86 + 5.40
BMI z-score (kg/m2) 2.32+0.48 2.43 £0.54
WC (cm) 95.52 + 15.95 94.63 + 10.83
Glycaemia0 6 ( mg/ dl ) 87.9+7.07 88.82 + 6.51
Glycaemial 206 ( mg/ d | 112.37 +20.38 109.33 + 20.35
I nsulin 06 (mlUZ2372+11.01 25.20 +13.18

I nsulin 306 ( ml 123.93+79.86 126.39 +95.88
HOMA -IR 5.18 £251 5.56 * 3.06

ISI 2.81+159 2.71+£1.35
Total cholesterol (mg/dl) 142.04 + 29.46 145.25 + 26.82
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HDL cholesterol (mg/dl) 40.09 £9.04 41.75 + 8.13
LDL cholesterol (mg/dI) 84.27 £ 24.56 86.92 + 22.84
Triglycerides (mg/dI) 88.37 £50.12 82.90 + 36.03
IL -6 (pg/dl) 2.32+£1.50 2+0.9

IL -10 (pg/dI) 4.27 + 4.63 451+4.73
TNF-U (pg/ dl) 10.68 + 4.64 11.03 £ 4.54
LPS (pg/dl) 1.94 + 0.67 1.96 = 0.69
E. coli (Log CFU/g) 6.09 + 1.06 6.62 £ 0.84
B. fragilis (Log CFU/Q) 8.89 +0.84 9.07 £ 0.96
B. breve(Log CFU/qg) 4.09 + 1.06 4.37 +£0.97
Bifidobacteriumspp. (Log 8.17 £ 1.17 8.18 £0.98
CFU/qg)

Lactobacillusspp. (Log CFU/qg) 5.91 +0.87 572+ 1.17

Clinical, metabolic and microbial characteristics in the phase XTID

For all the subjects, BMI (28.84 + 4.77 vs 29.54 + 5.29 kg/m2), Bidtare (2.05 £ 0.58 vs 2.22 +
0.61 kg /m2), waist circumference (91.7 N 12.
25.77 £ 24.13 mUl /l), HOMAR (4.03 £ 2.5 vs 5.73 + 5.6,.-10 (3.78 + 3.46 vs 4.39 + 5.15 pg /

mL) and the faecal concentration lodctobacillusspp. (5.82 £1,04vs 5.72 + 1.22 Log CFU/qQ)

(Table 4) were reduced at T1. At T1 the probiotic group showed significantly lower values
insulin 00 ¢2587+25.13MIUL0.<QFigv2A) and HOMAIR (4.03 + 2.50

vs 5.73 £ 5.60, p <0,03Fi(g. 2B) and significantly higher values of 1§3.64 + 1.98 vs 2.86 + 1.60,

p <0.04) Fig. 2C) compared to the placebo one. In addition, the probiotic grooywesh a more
marked reductioglycaemia0 OFig.(2D) 1 Ei@. 2E), (n BMI (Fig. 3A), BMI Z-score Fig. 3B),

waist circumferenceHig. 3C), although not statistically relevant, with respect to the placebo one.
No differences were detected in the insuli0l® (data not shown) . Rega
Bifidobacterium spp. andB. breve counts increased more, although not with a statistical
significance, in the probiotic group with respect to the placebokige3A and3B, Table 5.

No significant diffeences were observed in inflammatory chemokines, lipidic profile and in the
other bacterial groups (data not shown).

At T1 the analysis of SCFA showed a significant reduction in acetic acid (0.25 + 0.48 vs 0.24 +
0.48 ppm, p <0.01)Hig. 5), 2methylbutanatodimethyl (0.14 + 0.16 vs 0.08 + 0.16 ppm, p <0.01),

and 3methylbutanoatodimethyl (0.2 £ 0.23 vs 0.09 + 0.17, p <0.01) (data not shown) in the
probiotic group compared to the placebo one.
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Clinical, metabolic and microbial characteristics in the phase 2T82

Compared to the time of recruitment (TO), the study showd® aafter the wash out, significant
changes in some parameters; in particular, reduction in BMI (p <0.01) and Bbtrég (p <0.05),

and increase in ISI (p <0.05) ahdctobacilluscounts (p €.05) were detected. In addition, for all

the subjects, basal insulin (p <0.0001) and HONRA(p <0.01) increased, while LDL cholesterol

(p <0.0001) (data not shown) akdcoliconcentration were reduced (p <0.007).

After the waskout, significant differences were observed at the new baseline (TO + T2) for the
following parameters in the two groups: BMI (p <0.0001), waist circumference (p <0.0001),
glycaemia0 6 ( p < @Qlycaerhidl@®@10)6, (p <0. 000@000Q1), HOM&IRI(pn n 06
<0.0001), ISI (p < 0.0001), total cholesterol (p <0.0001), HDL cholesterol (p <0.0001), LDL
cholesterol (p <0.0001), triglycerides (p <0.0001)}6li(p <0.0001), IE10 (p <0.0001) and faecal
concentration oB. fragilis (p = 0.0038) (d&a not shown). Analysing the trend over time of all
subjects at phase 2, a significant reduction in BMI (p <0.0001), waist circumference (p <0.02),
i nsul i n 00 ninhgeaseot sGtisficallasmuificaanin HOMA-IR were observed. From

T2 to T3it was possible to observe a slightly decrease of BMtd@re Fig. 3B), an increase of
glycaemial 6Fig.(2D) and a reduction aflycaemial 2 ®ig. QE) in the probiotic group, while the
placebo one remained quite stable for these parameters. Moreovecrease of ISI only in the
probiotic group was detectedri§. 2C). Bifidobacteriumspp. counts showed an increase in the
probiotic group with respect to the placebo one, although not signifieant4A), while B. breve
counts decreased in both gropfy. 4B). No significant differences in any of the other variables
examined were observed between the probiotic and placebo group.

Table 4.Mean counts (Log CFU/g of faeces) of different microbial groups analyzed in stool samples of the
whole cohort of sbjects during the intervention.

Target TO T1 T2 T3

E. coli 6.40+0.96 6.16+1.11 6.27+1.17 6.17+1.17
B. fragilis 8.96+0.93 8.93+0.87 9.00+0.89 9.02+0.95
group

B. breve 4.28+1.00 4.46+0.86 4.56+0.78 4.37+0.99
Bifidobacterium 8.17+1.08 8.18+0.98 8.06+1.00 8.27+0.90
spp.

Lactobacillus 5.82+1.04 5.72+1.22 6.02+ 1.12 5.68+0.98
spp.
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Table 5.Mean counts (Log CFU/g of faeces) of different microbial groups analyzed in stool samples of
subjects during thimtervention with probiotic or placebo.

Target Probiotic  Placebo Probiotic Placebo Probiotic Placebo Probiotic Placebo
T0 TO T1 T1 T2 T2 T3 T3
E. coli 6.09 + 6.62+ 6.04 + 6.25+ 6.37% 6.49+ 595+ 6.33+
1.06 0.84 1.13 1.10 1.19 1.16 1.28 1.07
B. fragilis group  8.89 % 9.07+ 887+ 898+ 9.00z 9.03+ 8.87% 9.14 +
0.84 0.96 0.92 0.83 1.07 0.65 1.00 0.91
B. breve 4.09 + 437+ 449+ 441+ 453% 448+ 446+ 425+
1.06 0.97 0.71 0.99 0.86 0.66 1.22 0.63
Bifidobacterium  8.17 % 8.18+ 831+ 8.08+ 821+ 7.89+ 8.49+ 7.99 +
spp. 1.17 0.98 0.82 1.09 0.99 1.00 0.86 0.89
Lactobacillus 591+ 5,72+ 5.74% 570+ 594+ 6.07+ 551+ 5.82 +
spp. 0.87 1.17 1.48 0.98 1.16 1.09 0.95 1.00
Discussion

According to the WHO, paediatric obesity represents one of the major public health challenges of
the XXI century, whose prevalence has tripled over the last 40 years. For the onset and
development of excess weight, to which genetic, environmental andidefsh factors contribute

(Ang et al.,, 2013), an emerging role has been defined by the intestinal microbiota. In various
experiments on animal and human models the positive effects of probiotic adminigiratdl,
adiposity, glyceinsulinemic and lipid metabolism and on the inflammatory response are
documented (Amara and Shibl, 2015; Mar kowi ak
effect ofB. breveadministration on obese children.

In obese subjects the microbiota is characterizedeyced levels of bifidobacteria (Ley et al.,
2005, Kalliomaki et al., 2008). Moreover, the protective action on the microbiota balance, with
consequent benefits to the host, has been documented especially for some $radwbatterium

and Lactobacilus (Brusaferro et al., 2018). As bifidobacteria are present in abundance in the
intestine of newborns, not showing any antibiwésistance, it was hypothesized that their
annihilation by early antibiotic therapy in the first months or years of lifedcbelone of the many
factors implicated in the recent association of antibiotic therapy in the first two years of life to
paediatric obesity (Saari et al., 2015). Furthermore, Mogna et al. (2012) highlighted the antagonistic
ability of the two strains usdd this studyB. breveBR03 andB. breveB632, against 4 pathogenic
strains ofE. coli. The intervention in our study was conducted for 8 weeks, according to some
studies reviewed by Koutnikova et al. (2019) showing a potential colonization by probiotics
administered for a period of the same duration of treatment.

Clinical, metabolic and microbial characteristics in the phase XTID

Both in the probiotic and the placebo group at the end of the first 8 weeks there was an
improvement of some biometric dices, with a reduction of BMI, BMI Bcore and waist
circumference; probably, these effects are associated to the isocaloric dietary regime to which
subjects adhered. In various experiments carried out on overweight and obese children and
adolescents, itvas evident that the nutritional intervention in association or not with physical
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activity is correlated to a decrease of weight, body fat percentage and BMI (Santacruz et al., 2009;
Miller et al. 1997; Garaulet et al., 2000; Sondike et al., 2003).

The prdiotic administration evidenced a slight improvement in the auxological parameters, in
accordance with several experiments that support the positive effects of bifidobacteria on body
weight and visceral adiposity both in animal and human models (An &04all, Minami et al.,

2018; Stenman et al., 2016). However, the absence of statistical significance between the probiotic
and the placebo group could depend on several factors, including the different genetic profiles, the
age of the enrolled subjects, tth@se of probiotic used, the duration of the treatraedtthe correct
adherence to the associated diet therapy. Regarding theiggdimemic metabolism, a reduction

of I nsul i n -MRoéwasaabskrvedd @ NbAth groups, suggesting the positive dietary
contribution in improving insulin resistance. Similar positive effects are documented in individuals
subjected to a nutritional intervention. The caloric restriction in several studies conducted on obese
subjects with type 2 diabetes mellitus was corrdlatgth a significant decrease in insulin
resi st anc e-pancieatic cel dusceod, improved glycaemic control, decreased total
cholesterol and blood pressure, with a consequent reduction of risk to develop cardiovascular
disorders (Umphonsathien at., 2019; Sellahewa et al., 2017; Norén and Forssell, 2014). An
important outcome of the present study is that the probiotic administration led to an improvement in
the insulin metabolism, particularly in HOMIR and ISI. The significant reduction of HOMIR

is in agreement with a recent study that evidenced the positive effect on this parameter deriving
from B. animalissubsplactis CECT8145 supplementation in obese adults (Pedret et al 2018). The
same effect, associated with an increase of ISI, vemsfalind in mouse model with high fat diet
induced obesity administered wigh breveB03 (Kondo et al 2010). The significant increase of IS
observed in our study is in accordance with Rajkumar et al (2014), who highlighted the
improvement of ISI in oveveight adults supplemented with VSL#3 (Rajkusmar et al 2014).

Regarding the lipid profile, no significant differences were observed between the probiotic and the
placebo group. The effect on lipid metabolism is controversial in the literature (Wang26tL8l).,

The administration wittB. breveB03 in murine models with diehduced obesity and adults at risk

of obesity was associated with an improvement of total cholesterol, triglycerides and HDL levels
(Minami et al., 2018). In the study by Guardamaghale(2014), the administration in children

with primary dyslipidaemia wittB. animalissubspecietactis MB2409,B. bifidumMB109B andB.
longumsubspecietongumBL04 for 3 months induced a significant reduction of triglycerides and
LDL cholesterol. A gnificant improvement in total and LDL cholesterol has also been shown with
the supplementation @&. lactisHNO19 to 51 subjects suffering from metabolic syndrome (Bernini

et al., 2015). However, the effect of probiotic administration on lipid metabokparted in the
literature is still to be explored. No alteration of lipid parameters was observed with the daily intake
of a probiotic yogurt fermented witB. lactisandL. acidophilus(Ataie-Jafari et al., 2009; Ivey et

al., 2015) and in association tiiB. animalis subsp.lactis BB-12 supplementation (Lee et al.,
2007).

Regarding the effect on inflammatory cytokines, no significant differences between the probiotic
and the placebo groups were found, thus suggesting, differently from other studidgserinatas

no effect of the probiotics on the inflammatory status. TheBwbrevestrains used in our study
showed, instead, an amtiflammatory effects with a significant decrease of TMF i n t he st u
Quagliariello et al. (2016) and Klemenak &t(@015) conducted on celiac children. Similar results
were also observed for other bifidobacteria, Belactis HNO1, B. longumsubsp.infantis RO033
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and B. bifidum R0O071, whose administration to patients with metabolic syndrome induced a
decrease of p-inflammatory cytokines, leading to an improvement of the inflammatory profile
(Ejtahed et al., 2011; Wang et al., 2007).

No significant differences in plasma LPS levels were found between the probiotic and the placebo
group. In contrastin vitro studies on intestinal epithelial cells HA9 showed a dos#gependent
capacity of some bifidobacteria, in particulBr bifidum to exert antinflammatory effects
inhibiting the NFkB pathway activated by LPS (Riedel et al., 2006; Khokhlova et al., 2012). A
negative correlation between bifidobacteria and the systemic toxicity induced by LPS has also been
documented in various obese and/or diabetic murine models administered Bwith
pseudocatenulatuBECT 7765 (Moy&aPérez et al., 2015; Cano et al., 2013; Cani et al., 2007) and

in rats with colitis after administration witB. adolescenti$M38 (Lim and Kim, 2017). However,
considering that LPS may differ for structural characteristics and immundge(iiédgensen,

2009; Wang and Quinn, 2010), the two administered probiotics could have promoted the growth of
bacteria not producing LPS or producing molecules that determined a reduced bacterial virulence
and less susceptibility to activate the host inmataunity

With regard to the gut microbiota, beside the incread@fafobacteriumspp. andB. brevecounts

due to the administration of the probiotic, no substantial alterations were found in the other analysed
groups. This observation highlights the essity of a deeper microbiological analysis, which is at
present in progress, with the Next Generation Sequencing (NGS) technology.

From the evaluation of SCFAs, after 8 weeks of treatment, a significant reduction of acetic acid and
two methyl esters ofuiyric acid (2methylbutanoatodimethyl andrethylbutanoatimethylacetic

acid) emerged in the probiotic group compared to placebo one. In the literature, a positive
association between bifidobacteria and the levels of SCFAs has been highlighted, hypgthesiz
that the metabolites produced by bifidobacteria are used by other commensal microorganisms with
consequent protective effects towards the intestinal barrier and the host (Belenguer et al, 2006;
Riviere et al.,, 2016; De Vuyst and Leroy, 2011; Riviéreakt 2015; Falony et al., 2009a).
Considering our study, however, it should be noted that the dispersion of the SCFAs was very high
at the baseline, suggesting a high ibelividual variability in the gut environment of the study
population. The NGS ahgsis of the gut microbiome in progress will allow a deeper analysis of the
microbial composition biodiversity that can be correlated to the SCFAs results.

Clinical, metabolic and microbial characteristics in the phase 2T82

The study evidenced a sifjpant difference of the clinical and metabolic characteristics of the
study population after the-wteek waskout period; it is possible to hypothesize that both the diet
and the probiotic treatment contributed in a certain way to these differences petsigtted in spite

of the washout.

The positive action oB. breve BRO3 andB. breve B632 on body composition and glyco
insulinemic metabolism, documented after the first 8 weeks of treatment, was not observed in the
second phase of the study. Therefares possible to hypothesize that the benefits on paediatric
obesity of the 2 bifidobacteria species used occur at a certain state of the disease. However, a
possible contribution of the diet to the failure to find positive effects in this second ghidse o
study cannot be excluded. At the time of recruitment an isocaloric diet was recommended, but the
adherence to it was not assessed through a specific questionnaire.
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Concerning the microbial gut composition, no significant changes were detectedgtihdata
scattering observed between the two groups probably hampers the statistical significance output. It
is possible to speculate that the wide interpersonal diversity of the microbial profiles may determine
the different response capacity to bothlpotic treatment and dietary intervention. The intestinal
microbiota composition tends to fluctuate especially during childhood, being influenced by multiple
factors (diet, antibiotics, psyckahysical stress, integrity of the immune system and digestive
functions) and remains relatively stable in physiological conditions in adulthood (Falony et al.,
2016). Moreover, it is possible that a probiotic treatment of 8 weeks did not impact enough on gut
microbiota of this kind of patients, therefore a prolongetrivention should be considered, as
reported in other studies conducted on obese individuals (Minami et al., 2015; Minami et al., 2018,
Stenman et al., 2016). Again, the metagenomic analysis with NGS will allow a better understanding
of the microbiota poglation composition and the differences between the two groups, as well as the
possible effects of the combined nutritional and probiotic intervention on the microbial groups that
have not been analysed with gPCR in the study. In addition, the anal{d-sfin the phase 2 of

the study, which is ongoing, will provide further information about the effectiveness of the probiotic
intervention.

Conclusions

The treatment wittB. breveBR03 andB. breveB632 in obese children and adolescents on a diet
therapydetermined a significantly positive effect on glyiosulinemic parameters, whereas the
influence on the body composition and gut microbiota, although present, was not significant.
Metagenomic studies, which are ongoing, will allow us to characterizehbke \gut microbiota of

the subjects in the study, providing further information on the ability to respond to both probiotic
treatment and nutritional intervention and additional correlations with clinical parameters.
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patients and mat ched controls with the aim
suppl ementation on the gut microbiota and di s

Study design

This study was primaril ywude siagned valy da oprousap
composition in a population w@wfonALS| pgtoept of
subjects matched for sex, age, origin and eat
The patiemtsamweommi 4 dck, i n acdotubdlel odd, nchewno c q
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receive a supplement or placebo in order to v
respect to the progression of thentasease and
The study has been approved by the Ethic Com
Hospital (CE 107/ 14). Al l participants provi
enroll ed at the Tertiar yr cAnh SJ aCrenareyr 2 Onl 6N oavrnad aS
We enrolled 50 sporadic ALS patients with a d

Escorial] 1, d4gededlBato 75 years, within 3 years
percent ages0(%%VQOW excluded patients with perc
nasogastric tubei,nvtarsa cvhee ovt eomtyi loart i maan f or mor e
understand informed consent.

We also excluded patients ases cOinte ol snalwi ¢ ms
gastrointestinal, I nfl ammatory, aut oi mmune, C
who have taken drugs or antibiotics that may
to recruitmerntv.edPatoindrnthauouec riluzole treat me
treat ment s. Al l patients were screened for t
related to ALS (SOD1, cCc90O0rf72, TARDP, FUS). Al
neur ol ogi cal evaluation that includedRéWwesedm
(ALSHRRRS scor e, spirometry with the measur emen!|
(BMI') with a dietary assessmant méent kobwt hbea
feeding, chewing, swall owi-mqr;bitdch ewenveg hgth.t | oss

After one observation mont h,-blpantdi etnrt esa twreernet re
suppl ement or to placebo.t ticheed i r et muwlratuipo nr ef

(Group A) and the second one an equal dese o
based formulation for the other three months
code for adjlecptast,i einntwestSugator s, clinical and

group assignment .

The fwplownsidered monthly monitoring for siby
was assessed Ritslcorlee AuUSFmRIDar xyal cntbitenthes
nutritionist calculation of BMI

Stool samples were collected from ALS patieni
mont hs (T2) and from healthy controls (H) at
Af ter DNA extract iDONMA ffrraom 9ptadalens ammlnaels ,cont r
PCRDenaturing Gradient -DGedE)Elaencatdeytsglcsdo eesims cf¢ ©
from patients (TO, T1, T2) and controls (TO0)
communi apaiwvgered from the same samples via Nex
after ampli f-V&anteginomfoft he6 ¥3r DNA.

Probiotic Suppl ement

The probiotic formulation is a mixture of fi
daily @GbsapgpescoccuSTHMSVMdIPRL4E6QRB/ doasle@ obaci | |
fer menRLIODSM 19187 PCFU/ kloalked; o b ac ielcllisib ddeellbbrruue ¢ k i
LDDODSM 22186t obaci |l ILPOLIpMG-ERR ARGmMt obaci | | us ¢
LS0i3BDSM 22776%CF2/ gt rild@ihn/sdopsreobi ot i ch ofcordnaud iad n e
patented and produicNav atyal Pr.lo bTihoet i cchad i cSeP Ao f t |
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considering the resul ts of previous studi es
pat hogens s nf hammataonrtyi properties and positi
physiol og[ilthk8l]] barrier

DNA extraction from fecal sampl es
St ool sampl e8B0wWArCe unttodedcanat ysis. Tot al genor
Ql Aamp DNA Stool Mi ni Ki t (Qi agen, We s t Sus

instruction with a slight modibi @&& bi[elndhode tatnh &
additional treat mahtdr wechh Mytaoasket a&sypgumaitt B 7
extracted DNA was evaluated measuring the rat
PRO NanoQuant, Mannedor f , Switzerl and) and th
3.0 Fluorometer (lnvitrodenUSKA)fe Technol ogi e

Absolute quantification of selected microbial

Absolute qubacti 6 bsamiil foindbsoobfag@led s tuni ds tt mr | (i
C. bad.athyist®.] idutc@um pguenfCr.iomtbg ¢ & m@.m t)d:tsacrhier i ¢ hi
col iEnterobacteriaceae and total yeasts was p

Master Mi x (Applied Biosystems, Foster [ @0t vy,
23pftandard curves were constructed using 16S
mi croor®Bna2stiih data transformed to obtain the |
feces according to] 2%]er r RdlAalcopgchembar the
genes daloaulla®bt9e9 6 r ecords for Bacteria accord
numblex6, 2 7]

For yeast s, not being available the rRNA copy
was performed, before the conversion in Log C
PCHRGGE

PC®GGE analysis was performed before the enr
and 38 diseased subjects recruited in order |

and yeast popul ations. DNA iwas -VY@mep |¥i@fi ioend od s ilrt
and the D1 region of 26S r DNA] 28 oA baancat | eyrsiias
obtained amplicons was peff8r @i ag dhecmDicha
appar atRmsd (LBaiboor at ori es, Hesr cwd rees , n cCrAma | U S&Ae)d. &
|l adder with PCR products o®ditmiilnedi tfireoan &mad wa
among DGGE profiles were carried out wusing th
Lat em, Bel gi um)e,d Ky otulpe men meidghwi t h t he aritht
clustering algorithm based on the Dice coef fi

Preparation of DNA Libraries for 11l 1l umina Mi$S
DNA samples were subjgect EBEWedtWEililommionhatdhheqld&rs
amplified and sequenced. One sample was excl
threshol d. The amplicons, approximately 460 L
reverse pri mevel y:-COTeAS@@GCGCGNBGC-A8CAGand- 56
GACTACNVGGGTAT-BEABILICChe assays were performed |
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protocol with p2BETheodsddquwendiomg process was
(Next Generation Sequdnai mdg Xioviesi, em)d,i pewlo,2 »

Bi oinformatic and statistical anal ysi s

Resulting 2200 bpapsi rwed e as $ S retdh eu s i snegg ukeln,
processing was performa@&hdsCmhmigmpa,4 pMEd wedrr n g 1 q 4
fieéring based on a quality score of >25 and r
|l ength threshol ds. Denoi sing, chi mera detect]
(OTUs) (97% i dentity) wer e pé¢r3fATrunesle quuse nncge sU
aligned wus[ihghdPytNASAInomy assignment waSSU drReetfer

dat abase [&tBpaogde veéitsity indices analysis was
particutiapt theorsec_diversity analysis.pyo; t he
carried out with the scribgtvémakeypwpbogemy .uyf
Chao, Observed OTU and DI vehsli ¢y t was e @i
awei ghted_ _un[i3.fFlacdé met hod

FoUWdi versity indices comparison, t hfe dnaotranmsaeltist

checked; statistical si-gayf AblONApYy Waesp eatad di alr
ANOVA comparing dovheranctevaoidahese wasr eas enéd nt
i nteractiooma. -Momoshwendastrne dammared d-Wawlet hs Kt a ¢

Fobidi versity i ndices compari son, dat a resul t
reported,; t he software perfor med 100 random
recorded the pr oibsabphyiltoyg etnheatti csaampyl edilf f er ent
Monte Carl o significance test. MPivaltuestwawasadij
according to the Bonferroni correction for th
F/' B ratioavaluleds ewlerass d ndi cator of[ 3l8]Jsbi osi s,
Data of mi crobi al C esutnutdse nwe rtee s¢ u btjoe ce weidd etnoc e
bet we®npatLi ents and healthy control at basel.]

the study period.

Resul ts

Subjects

Bet ween January 2016 and September 2017 400
ALS Centre in Navaratsl t{a2lBy. makFiefst)y and 50 mat c
were enroll ed. The mean age at entry was 60.
53.60 (SD 15.34) in the control group.

Af t emoondé observation per iy dasAdiSg med itemtrse oveeir

(n=25) or probiotics (n=25). The demographic
shown in Tabl e 1.Tahned cweirnei ccad mpfaeraatbuirees have r
Group A and GihoapdBTadl so at

Two patients enroll ed i n the study and with

Dementia showed the GGGGCC hexanCObebtiRde exp
One patient died for the pdiogcessionedfthdest
conclusion of t hei rpegiixdmamtdh svefrcel Idow ument ed
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TablCGd ini cal features of ALS patients at
Clinical feGroup AGroup B

Number (sex25 (M 125 X3V

Age (SD) 60.36 (59.12 (10.86)

Weight (kg,70.10 (64.89 (13.28)

BMI (SD) 24.82 (22.12 (5.17)

Spinal onse20 (80%)222 (85 %)

Di sease dur26.32 (20.69 (18.75)

(mont hs, SLC

FVC% ( SD) 81.48 (84.(1158. 44)

ALSF-RS(SD) 36.56 (3B5.81 (5.81)

The values are expressed as mean (SD).
ALS functional R-vaaliueg: smncoatl es traetviissteidc.al |y
Basetharacteristics

PC®GGE

The cluster analysis of the 16S

Fig. la. The fingerprint of the i

detectabl e

and 2 healthy) forming a unique group

maj or clusters were obtained: one

Fig. la) and one -cllaursgteerr sc.ontthaei nfiinrgst3 osnueb ( Gr o
subjects, the second one including 20

di seased patients <consihdye rperdo fiinl etsh el sa nmallyasriist,)
the third one containing 14 diseased

Yeast profil es, obtained from the cl

mu c h simpl er t han those eodl |IEubmaact eurnieagqui( Vo g

di seased/ healthy

patterns
positions,

profiles
showed!| tsvberds,staoacor cgiurbg
e ac h hcyo nepnods eddi soef a sbeodt hs unbejael ctt s .
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Fi gGutl bacteria and yeasts praUJPiGIMAs dathdlhagelaimma nall
profiles of eubacteria. Three main cluster groups
healthy subjects (H) and HBP GMA rdeesnednrtosg rdains eaansde dD GsC
total yeadts aind hleé asletatsyed( ( D) subjects.

gPCR

DNA quantification after extraction from the

DNA concentration in patients compared with

bacteria watsl ynodi fsfigmarfti ciam t he t wo @lrowutprsi. diAu
cluster | and yeasts and &.swehiefdeéaectedhigh

with respect to control s; EntePo®&¢t e Nioacse ga i
di fferencesBiweirdeo bfaotidaedrtiounsmp | (| ussb |l e 2) .

I n addition, hi gher vRalsuiegsnioffi cRAVW@% ya ncdo r ALeS AR S
of yeasts i wP<OheOmiamodbd0oda, gmedspeamnitveloy)yel
with the BMI

157



TablDENAR concentration and mean counts of the anal)
ALS patients (case) and healthy control s.

Samp Mean ( P-val ue
DNA casel55.50 0.02
cont 210.10
Tot al b a case 10. 36 ( 0.90
cont 10. 34 (
Lact obsagxp case 5.44 ( 0.09
cont 5. 77 (
Bi fi dobagpg case 7.30 ( 0.514
cont 7.43 (
E. coli case 6.60 ( 0 .40
cont 6.0 (1
Clostcldbs! case 5.72 ( 0.01
cont 6.39 (
Enterobac case 8.51 ( 0.05
cont 7.96 (
Total ye¢ case 5.78 ( 0.02
cont 6. 07 (
The DNA concentration is expressed as ng/ 200 mg c

t he rPevladtueed i s reportedP¢OBOBded values indicate

NGS analysis

A total dat aset ofquh3, %92, bigdke awlrtacread ahiagh s
V3V4 region of 134 DNA sampl es, obtaining abo
gual ity i nR38.heFirgangea 3and 2b show the major pl
in healthy and edinsoeraes erde psruebsjeencttast.i vleh phyl a we
i n both groups, whi ch s howedn; a ar enli gthiewe peebr
Actinobacteria and Verrucomicrobia was det ec
respectively) t tcoemmaaéd hy one (2.6 and 3. 6%,
Cyanobacteria phyl umPwGkr®5)siigmitihe adits gahed he
control vofne2%,0.r3¢% pectively) (Fig. 2c) .

Il n addition, t heAdhda ati omaad pgridsenlt:edFiignur e S1la

family | evel bet ween the two groups. Some f al
di seased group, even t hough not of statisti
belgomg to Cl ostri &i ag,r oRigpgt eCooriidoablaecst eSS4 4 ceace,
Lactobacill aceae. On the other hand, the hea
Veill onel |l aceae, Promicromonosporaceae and Pe
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Thef fderence in the Cyanobacteria phylum is r
hi gher abundance i n ALS patients o< 0 G&as ) r am
significantly different amount wiad i aaclesaoe , f osuut
Clostridiales Ambiguous taxa and COs®3) dwlhaee
Clostridiales Family B<IO.rOe5s)ul(tFeidg .hi2gdh)e.r i n pa
At the genus | evel (Addrct obiati d df hGboogt retrcaorEd g 8 r
some genera belonging tRuUNMunmicnlpocsoterciadciéuane n @i n ©
adundant in patients. I n additi on,Esgeéereearna hb al
Shi g,elAlk&)er maBsbact eeliiugmgmou@Pdor i paRitfeirdobacter
Pseudof | avaondi fotalcteror gener a bel onging to Pr e\

specifically Rumi nococcaceace NK4AR214, gmauopal
annot dtnegde sgagamidmaonreanber s of the family Hungate
al so more abundant i n ALS patients. Genera b
(Lachnospiraceae_ EubacterRarms u,tf lenind hlessanodube
Subdogmanbuwlt h bel onging to Ruminococacceae, W
heal thy <control group. Two genera belonging

di seasedP<dQuldj59ct sal(l t he other di f f earteinscteisc ad
signiP=i0camufmboni cl)ostridium

Di fferences in the microbial community biodi\
observed by cal dahmdtiivreg stihte .v alkdéev@irfad & yi)nd e |
abndance of sequences for eR<bh. OU,i washe i lgec
group with respect to diddavedssubpj eatdscefi go

PD whole tree, were not signblUpsantSli gndiPftant
<0.05) in the Chaol index were also dRtecdled.
Scor e. Patients were classified in High Funct
Functi onal Rat kn®35Scdlhe (stRRS$)sti cal anal ysi s

bet ween the group of heal b-tdiyv earndi tLyF RWba sp aa li sec
di ffées@n@5) bet ween healthy controls and ALS
shoav cl ear di vi sion between the two groups (
individual, especially for healthy subjects,
significantbddivefer égcessuhuthg dk clt st vaenadd <HEeRER Fghr.yc
Mor eover, within the diseased group at the ba
LFRB<(Q. 05) , Eabbictel agrhyup ivgeeshsmor e abundant [
to LFRS. Pati epasswionhdC9dOnbti2dexfer in all e
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FigGu bacteri al characteristics at the baseline

subj ®Rdalsati ve abundance of the maRel ataicuv e rfa athimepahny
main bacterial prepli & ferPe@dc8®phéked Gyaopbacteria be
di seased (D) subjects; data are expd8aseéedriaal aps
classified at family | eviiO. 9B 9 wibreg weiegn ihfeiad & ty d
subjexitfsf.erredc@B8Ji(vaer sity Chaol index betweerd dise
Di fferPefc68d{(versity Chaol index in ALS -Pasc¢calhes
values (HFRS OgRGqg A LiFRBh-a<is edm5t)$.ingy among individua
subjects=red, ALS subjects=blue).

Probiotic/ placebo swpmelcamentation in ALS su

gPCR

No Adverse Events (AEs) attributed to probiot
such as diarrhea or gastrointestinal sympt oms
The same microbi al groups analyzed at dh&2bas
(6 mont hs) , (Addi tional file 1: Table S1). N o
counts, although at T1 a | ower bacteri al coun

DNA concentration extradteed aflr dmc2@@smg , ofal tt &

160



with the progression of the disease. A signif
with respect Pt0. 0T, GAdoduipt iB n(@ l file 1: Tabl e
signidi fcfamtences were observed for the singl
P=0.0&k) iobl Group B patients with respect to t
the probiotic for 6 mont hs. No i sigg ntihfei catca
ti me/treat ment i nteracti &kn. FQKs e(r%)e da ncdh aBiMle s c
bet ween the two groups.

NGS analysis

Fig. 3 shows the relative abundance at the pbr
treaamenhe di fferent times. A |l arge variabil:/
of Cyanobacteria decreased over ti me I n bot
significantly. Euryarchaeota and oAt iorf o bpaacttieern
received the probiotic formulation after an i
to the other groups. Mor eover, some 1individua

(Bd%) with respeadte ptecr dtemd | bya ol itrhee it r eat ment .
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At t he ivellumconsidering time as the only v

treatment, the analysis showed a significant
and a significant increase ofl owmiet lofr & shpee onta j to
and 4b) . The phylum of Spirochaetae was pres
pl acebo formulation followed by the probiotic
over ti me.

Al | gr oups woefr ei ncdoinvpiadrueadl sconsi dering the Firm
No statistically significant differences were
highest in T2 Group B.

At t he family l evel, t he mo ®tr o irdegpcreeasee,nt ¢ @ |
Rumi nococcaceae, Lachnospiraceae and Ri kene
Bifi dobacteriaceae transitorily increased aft
groups, although notesimganindacsadntiyg. aBhcpat 0id
Group A (Fig. 4d) . Bacteroidaceace, together
significantly changed over time, not consider
i ncriemmsRi kenel |l aceae r el at i vneo natbhusn dparnocbei owai sc at:
449) ; mor eover, Group A T2 had considerabl e hi
t o Group B T2 (4. 82 %) (Additi onaf P ¢évotle:l |
Christensenell aceae and Clostridiales vadi nBB
Clostridiaceae 1 decreased in both groups af
di fference from the walswd] eacstso ci(aAtdald t it @mn alhe
Lachnospiraceae only diminished in Group A. R
ALS groups, decreasing at T1 and then increa
reduction wasougetBecatedTli;n iGh any case the abu
|l nterestingly, the Verrucomicrobiaceae | evels
RegarUdiiveersity indices, a significant decr eas:s

in AbLSepas between three (T1l) and si x months
suppl ementation but only time as a variable

significantly |l ower in ALS subja&sdlsi we thT2a) ,sp
to healthy controls (Fig. 4i). No difference
Thedi versity analysis showed significant diff
baseline. Pat i eeamb st sssbpecocbiedtito theat ment (T2

di fferences compared to the previous placebo
observed between the group receiving the ©pro
recreg vtihe probiotic for 6 mbdiwer iTRQy Gwas pn @
di fferent subgroup-Rngcpaéejehowever, ALBERBeal't
di fferent both from the HFR®.)&md LFRS groups
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Di fferPeAc®8) (in Tenericutes relative abundance a
treatbhmeérdtf erPeOn.cOebs) (i n Bacteroidetes relative abund
the type ocfF/ Br eraattmeonti n -t hea tdiefnfdeR epimabtuiptsiemea b un d e
Bacteroidaceae in ALS patients c oeabBsiifdfeerrPenfigc 8t5h e( i tni
Bacteroidaceae relative abundance wWiDiliifremrebom@35) fo
in relative abundance of other families belongi ng
treatgberntf erPe@dc@es) (in Rikenellaceae relative abunc
the type ohfDitffeatethdcidserisnty iindeR<OobBSerwdd hDmU t
considering thigitfyfpa Baicetsir adé mmeabs PsOv.e5)0OTddonsi de
healthy subjects (H) and patients at T2 subgroupe
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Tablbedi3ver sity comparisons between different group

Group 1Group P-val ue
TO All TI1Gr ou 0.008
TO All T2 Gr ¢ 0.024
TO All T1 Gr 0.001
TO All T2 Gr 0.001
Tl GrouT2 Gr ¢ 0.002
Tl GrouT2 Gr ¢ 0.005
T1 GrouT2 Gr ¢ 0.001
Tl GrouT2 Gr ¢ 0.001
T1 GrouTl Gr ¢ 0.047
T2 GrouT2 Gr ¢ 0.0a

H T2Zr ou 0.0012
H T25r ou 0.001

The rRJalteads were calcul ated with Monte Carl o per
signiPfvealakned .(003) , based on the Bonferroni correct

Di scussi on

Prcel i nical studies demonstrated that gut mi cr
[ 10,ahd] an association between repeated anti bi
reporteld3.@]sTowdlhle best of our knowledge, only

mi crobiota ¢fl2ALBdpaeicening i nformhts wmj) ent hrew
reaching a definitive conclusion on gut dyshbi
the microbiota with disease progression. The
of subjects enradsé edormtcrcolrdmaghoad. aFicfty phen
characterized ALS patients and 50 matched hea
possi ble modifications of the microbiota c¢omg
mul tiple analysis during a six months period;
formul ation to ALS patients; 4) the microbiot
approach thabGGE,cING&Se sanRICRHPCR.
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B a sned i

The significantly | ower DNA amount in ALS pat
reduced bacteri al count but can be ascribed,
significantly higher iith demlndthybe oaxclolded HioR
may influence the amount of total DNA, due to

with respect|[ 4®m] ALS patients
DGGE bacteri al proé&ril abilsihntowebotah grraheal t hy

comparison does not show a <cl ear shi ft i n th
patients with respect to the healthy onems. Th
of the F/ B ratio, consider ed byl.Xloweyv eru,t-htohr es
UPGMA analysis of DGGE profil es, mai nly base
wedefined cluster division, except for some s
anal ysi s oalcloonwceldu dues tthat di fferences in the p
healthy and diseased individual $/didwe rexii tst a@al
with Chaol indekdi vichresideycrveass eparnt ilcadlatriy ar
patients witi Isecwer. AODBER®f or e, the patients
| ower-i nditwviadual di versity. Furthermore, t he

resulted significantilydiddddleft@@nvecosnsyderansngs
PCoA analysis. Thi s di fference was -RIl sscoewei
suggesti ngndtihvaitduianlt edri ver sity is not related t
t he icntrroilresiof the disease in determining the
On the contrary, the DGGE yeast profiles did

| ower yeast |l evel s were detected in prttiwasgs
higher in patients with a | ower degree of dis

beneficial[] 4cldmmensal s

From the NGS analysi s, Balcd emmstdedalesn cdhanrdt Fp hry
[ 42h both healthy and diseased subjects. Acti
pati et shi ghler abundance of Actinobacteri a a
Coriobacteriaceace, Lact-bbgrcolbpabedoengBagt ¢ooil
some Clostridiales groups (Clostridialwesr evad

previously reported [i©ha3]Jmaj or depressive disor

A very interesting result of our study iIs the

significantl y motriee natbsu ncdoammpta riend AtLS @ant r ol s.

f ami y and genus | evel. These data are in agr

fundament al role in the pathogenesis ofheneur

Cyanobacteria hypothesis emerged from studies
[

[
r
[
I
a
o]
protein f@amatnhoyaldaadiannoi ne ( BMAA) , derived from
responsi ble for a disease coApId exomminrea dt wintgl
dementia (A#49%] BMANA was found to originate fr
resident i n speci@ydasdmicaonrdan & soii tda a nmaog rsi foife d
t hrough animals (flyi ngMurocxhe set palg.s, damemrst)r a
concentrated in human brains of patl] €9thse wi t
mechani sm of action of BMAA may be | inked to
exposure to excitatory ami noaci ds (gl ut amat e
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resulting in excessive intraosséfuéenat!|l gamoti am
[ 594] Further mor e, Cyanobacteria are responsil
influence ALS origin and progression such as
mus cul[atbymedr ocystins that[ 5a58&ndt oxoaulfaorri n b
cytoskel gtha®urd armagwel ts support the role of ne

of Cyanobacteria i n t he pat hogenelasct odbfac AL E
Bi fi dobarc@deoariiubmaat er k nown t o metabolize gl ut a
patients. HiOglhen b ametAdnSt paaft i ent s was al so pr e
all 1.3 can hypothesize that the increased rel a
attempt by the mi crobiota to el iminate an

enharemd of this protective mechanism through
compl ementary therapeutic strategy.

Anot her I mportant resul t of our study 1is
intestinal bact er iian tthhaet ipninauyn oi mopdourltaatnito nr oolfe st
The role of innate and adaptive i mmune respor
wel | KWreaowmn.comi crobia phyl um, Verrucomi crobi act
bel ongisngf ami Ityhhi are higher i n ALS patients,

pati[eOAk&er nhaanss ibaeen correl ated t o pr eiengpua nanaito
of egseni nvol vepr eisren&m@athidgealh | Breceptor signal i
compl ement and cp@a@elnateihoing hc aasntoaudnets o f t his 1

contribute to t he I nfl ammatory condition I
Veill onel |l aceae in ALS patient smdulhtainplief 7stcolnetr
Veil l onell aceae areCphpgltogaheemhcahduyceé¢lodtgdl
Therefore, the | ower abundance of Veill oneac
mai nt enance of i mmune homeostasi s. The high
Enterobact erCiacgeadbafdebedshalgiedilna ossrmaptcentr ik
intestinal[ G2n,Téh3almmabhcoerase in faecal Enteroba

patients with major depressive dderoirwderdosmfeilcca
factor (BDNFY4i,®5fhe bl ood

Di fferent trends wer e shown for S 0me f al
Clostridiaceae, the significantly | ower amoun
bel onging to t hGlsosttacamisyt,erasl wied | Ala% patient s
results previously [rlediofrft ede notyl yRo wihne afne pgaylo.s t
(synonymous of Clostridium Family XI) were oV
guts of <col orelcéa@®@hi tascen phei €hobstriales pr
children with neurodevel opmenttalund ydsféudrn cdt8iffasn s
Members of Eubact erEiusdbcaedae,r i gumo gepl ti tgaeonds! af RO mi
princRwpmildygan@obdol i ggreammreulayum whi ch are invol ve
plant cellulose and 6l®éwmecelfolbodetonbeéhkeowest
in controls Their depletion can be associate
(SCFAs) and, consequgupt pbyovi.enaalt eswett m@l yh,0ostth

RuminococALS patients is in agreemenf l.Wheh t|
Eubacterigmouwd,i gwmisch we found more abundant
equol , an estrogen derived f r[oGudheea i me il abealuic
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known to have a neufFjopreteceé] vehasei bibat§ger ohe

against the progression of the disease, as sh
| ower disability.

The higheCi tlrowalcpadfi ents may al so be invol ver
genus, | @i patoebra cruodachnatsi ubneen demonstrated to e
similar to emtdercop ®&trrod@emaodion & @lv.e rr,o diemfte cutm o
in mice induces <colitis and dysbhnode rstndihmear a
reduction in the abundance and [o¥dMeabkr di 9ér
Pseudofonigemuwd,ormore abundant i n ALS p[afrd]lent
Therefore, this data can be | iablbédsimoaagsbosaht
[ 7.5]

Fol lupgwand Probiotic intervention

This session of the study was designed to mo
clinical proigyreassa omndft d henal yze the influen
on the dysbiosis and the <clinical par ameters
for their capability of counteragtlii pn@anrpda tdhao g
stral@wsd of inhibitdimdgltaammatefryd6rkgtoki mes
Previoupp7Bhweli esggested that probiotic bacter
i mbal ance, can be considered as delivery vel
possi ble therapeutic/ prediendasves.st@uwrt egesulnt
substanti al alterations in the gut mi crobi al
probiotic treatment and no significant altera
Ri kenell gceaoamef aorhi It he most represented micro
Bacteroidales, significantly increased with t
abundance was significantly higheweatad2c&nol
that the duration of the probiotic treat ment
since Ri kenell aceace me mber s ar ¢ 7,1]ntvhoil ¥y egpr ob
administration may be able to affect SCFAs pr
significant, in botkrgupups,(Fbagt Ad) | cenalyl yc c
probiotic treatment has a more marked influen
short i ntervention. An opposite trend was o |
Bact er oiddeaclreesa stehda,t al t hough not significantl vy,
intervention. The decrease cannot probably be
progression of the di s[leXaJse, as already obseryv
The admilna cstt elr ®ddir lali s may have acted agains
(Christensell aceae, Clostridial eshnwasdgiim aB886
agreement with a number of sladt elsstdiehsicos ba gne
Cl ost sipeéicu s, especially against cyt otsmxneci t

Clostmsitdipii@8Through direct armd mi mdist e@att i ant io¢
coul d @lIrestemitdiiwunrh eici®@fl foideil | e

The decrease ofs Lalchhoobpenaobaer Wa8dddD]i mnf eruedn tel
Rumi noccoccaceae showed a fluctuating trend
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foll owing 3 months regardless the treat ment.
groups showing diffdrdneseaspd2mwabpehbheal thy an
The Verrucomiecarsoeb i aacletaheo udgehc rnot signi ficant, C
| iterature studies relatedosodoinpdieBmmobinc i nntma
showed that Verrucomicrobi Bicfeiae o baa odtl sembdarat m | cl uul se
suppl emed®alpadi wnt h s[t3u,dBbegsr eddnorROD the 1 ncrease
may be implicated in the pathogenesis of neur
formul a experi mented i n t his study may be
Verrucomi cr oibniiascteecaree di ff oaedn® conti nuous mont hs.
Further more@,r olbi ontoinct hadmi ni stration may have
potentially har mfEul ,&ddoris ttchied shtiossrt ,1 ,s uecnht earso b a c |
by gPCR anal ysfi st otTdale ywantts al so decreased
showing that the probiotic formulation had no
Some changes were observed considering only t

the progression of the disease. Bacteroidetes
changed the most with ti me. The significant i
represent a protective mechiamgsmheéoprcognésesiaac
Bacteroidetes, representing a | arge part of
i mportant functions, ceddh mediabhedstriemploatiesn
wel | as i d earmd/i@r, mwt ageni[c8.6clompounds met abol
The decrease of Cyanobacteria in both groups

correlation between Tenericutes and [c8ajhe fi
significant decrease of this phylum after 3 m
reduced fiber digestion and, thereboref ®@wheod
Further anal yses, i ncluding SCFAs investigat:i
Tenericutes and diet in ALS progression.

I n addition, Uttheer=idtuyx,ti oal ool ated as observ
t rtemeent but on the di seddalseweprsodryes si ad.soTlsd gme
with spinal onset at T2 in comparison with he
onset may aifrfcicii duheel imitrthewense sy o bBFdiewedrds iatl)
bet ween the different gr ouiprsdimaiyd bael awuarrii it lei
to highlibdhtvtetbdhatytbbkBanged upon the probiotic
bobh treat ments at T2 with respect to the bac
probiotic treatment can have a remarkable 1 nf
relevant changes, none ofi d¢amhmebiintterlvieadi werss ib
closer to that of healthy subjects and influe
This is the first study that <c¢learly shows t
atients by applgwirmgisnonedlhoalrod ogerey .riThi s app
i ni cal studi es i ncorporating different gen
haracterize the microbiota changes as a nov
epnesea preliminary clinic probiotic applica
n very few works mainly performed in ani mal

btained in contrasting pptemamnidal Ityhupat mhogersi
mi crobi al strategy to ameliorate the health s

O O =~ O O
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can be applied in multicentric studies, Creat
centers toictreoshti anovsetlr amegi es f or attenuatin

However, our study has | imitations. Firstly,

therefore, the restricted group siszZ2zguathcT hganmn
Second!l yi,ndihei dmalr avari ability both in patien
not been considered in the study. Thirdl vy, t

criteria ai med adt, thheenccel iami caanlal ysi s of phenot

Conclusions

The results that we obtained, besides increas
show that ALS is associated to tahy hiiddi viind uahle
patients with | ow disability and full vital f
gut mi crobi al alteration. We have demonstrat e
changes durinhnbettdeseasesandfcan influence its
such as Cyanobacteria may facilitate the path
cytokines and bacteri al metabolites pradgacttnisd

the progression of the disease.
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Figure S1.Gut bacterial families and genera characteristics at base)iRelaive abundance of microbial
groups at family level in the healthy group (H) and diseagedp (D); families with a relative abundance

less than 0.002 are omitted for the sake of clarity. b) Relative abundance of microbial groups at genus level
in the healthy group (H) and diseasgaup (D); genera with a relative abundance less than 0.083 ar
omitted for the sake of clarity.

Total yeasts

Log CFU/g feces

T0 T T2

Treatment = Group A T Group B |

Figure S2. Fecal yeast gPCR counts during the interveniidre graphic was conceived as mean plot
reporting also the standard errors.
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Table S1.DNA concentration and mean counts of the analyzed micrgioalps by gPCR in stool samples
of ALS patientgduring the intervention

Time Group A Group B P-value
n. Mean(SD) n. Mean(SD)
DNA TO 24  153.58(120.16) 26 157.27(119.65) 0.91
T1 16 132.44(70.37) 13 120.61(56.88) 0.63
T2 13 90.99(54.9) 12 116.5(52.42) 0.25
Total bacteria TO 24 10.33(0.86) 26 10.38(0.87) 0.91
T1 16  10.46(0.71) 13 10.15(1.13) 0.38
T2 13 10.45(0.48) 12 10.67(0.64) 0.34
Lactobacillusspp. TO 24  5.4(1.54) 26 5.48(0.96) 0.54
T1 16  5.61(1.34) 13 5.21(1.27) 0.36
T2 13 5.33(1.28) 12 5.47(0.78) 0.94
Bifidobacteriumspp. TO 24  7.07(1.82) 26 7.52(1.43) 0.42
T1 16  7.73(0.95) 13 7.47(1.85) 0.98
T2 13 6.78(1.91) 12 7.79(0.89) 0.24
E. coli TO 24 6.64(1.17) 26 6.55(1.11) 0.78
T1 16  6.04(1.9) 13 6.23(1.65) 0.77
T2 13 5.66(1.95) 12 6.93(0.92) 0.05
Clostridiumclusterl TO 24  553(1.3) 26 5.88(1.76) 0.27
T1 16  5.48(1.41) 13 5.72(1.36) 0.63
T2 13 4.97(1.16) 12  5.61(0.81) 0.12
Enterobacteriaceae TO 24  8.55(0.78) 26 8.48(0.82) 0.76
T1 16 8.13(1.83) 13 8.08(1.97) 0.95
T2 13 7.71(2.07) 12 8.75(0.56) 0.11
Total Yeasts TO 24  5.66(1) 26 5.89(0.6) 0.32
T1 16  5.48(0.97) 13 5.32(1.24) 0.84
T2 13 5.04(1.09) 12 5.8(0.7) 0.03

DNA concentrations are expressed as ng DNA/200 nigezfes and the mean counts as Log CFU/g of feces,
the related Pvalue is reported. Bolded values indicate P < 0.05.
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Table S2.Relative abundance of the main families for each group of subjects.

Families TO T1 T2 TO T1 T2
Healthy | Group A Group A Group A Group B Group B Group B

Methanobacteriaceae 0.637 0.394 0.184 0.804 0.782 1.572 0.517
Actinomycetaceae 0.009 0.009 0.006 0.015 0.011 0.010 0.009
Bifidobacteriaceae 2.073 1.191 2.191 1.257 4.486 4.147 5.817
Promicromonosporaceae 0.287 0.169 0.152 0.452 0.208 0.2583 0.175
Coriobacteriaceae 0.223 0.378 0.439 0.989 0.476 0.498 0.722
Bacteroidaceae 24.109 24.114 29.404 32.328 16.085 25.195 25.240
Bacteroidales S24 group 1.038 1.328 0.590 0.246 3.451 1.742 2.498
Porphyromonadaceae 5.318 5.262 8.682 8.685 5.820 7.763 4.580
Prevotellaceae 8.086 5.896 3.682 1.910 8.310 9.881 6.514
Rikenellaceae 5.965 4.851 8.732 12.249 7.22 7.144 4.823
Bacteroidales; uncultured bacteriun 0.080 0.094 0.074 0.048 0.164 0.388 0.177
Bacteroidales;Other 0.007 0.007 0.021 0.007 0.009 0.010 0.004
Gastranaerophilales;uncultured 0.173 0.351 0.019 0.102 0.114 0.088 0.013
bacterium

Lactobacillaceae 0.048 0.142 0.068 0.034 1.091 0.036 0.045
Streptococcaceae 0.362 0.609 0.266 0.212 0.286 0.213 0.217
Christensenellaceae 2.462 2.816 2.016 1.225 2.908 3.118 2.393
Clostridiaceae 1 0.248 0.163 0.108 0.025 0.307 0.200 0.070
Clostridiales vadinBB60 group 0.104 0.265 0.198 0.061 0.365 0.130 0.270
Defluviitaleaceae 0.015 0.012 0.024 0.012 0.032 0.019 0.011
Clostridiales;Family XIlI 0.146 0.225 0.533 0.212 0.156 0.195 0.104
Lachnospiraceae 11.484 10.518 9.020 7.588 10.443 7.980 9.167
Peptococcaceae 0.114 0.111 0.105 0.105 0.139 0.256 0.108
Peptostreptococcaceae 0.443 0.250 0.109 0.104 0.266 0.153 0.092
Ruminococcaceae 20.908 23.617 18.248 22.755 21.137 17.813 21.021
Clostridiales;Other 0.018 0.012 0.015 0.008 0.019 0.019 0.012
Thermoanaerobacteraceae 0.050 0.039 0.065 0.040 0.031 0.017 0.022
Erysipelotrichaceae 0.887 1.102 0.310 0.558 0.637 0.515 0.402
Acidaminococcaceae 2.265 1.643 1.666 1.230 1.836 2.237 2.085
Veillonellaceae 4.250 1.347 2.837 1.448 2.390 0.886 1.206
Fusobacteriaceae 0.002 0.007 0.011 0.016 0.005 0.007 0.029
Victivallaceae 0.005 0.015 0.002 0.011 0.014 0.007 0.025
Rhodospirillaceae 0.129 0.304 0.474 0.506 0.056 0.227 0.202
Oxalobacteraceae 0.020 0.044 0.016 0.023 0.021 0.047 0.058
Desulfovibrionaceae 0.680 0.817 0.543 0.525 0.368 0.445 0.526
Enterobacteriaceae 1.717 1.656 2.463 0.752 3.025 1.243 3.190
Pasteurellaceae 0.345 0.029 0.026 0.008 0.036 0.027 0.032
Synergistaceae 0.128 0.327 0.304 0.159 0.071 0.118 0.398
Mollicutes RF9; uncultured 0.016 0.035 0.002 0.022 0.075 0.004 0.029
bacterium

Mollicutes; NBEtn;Ambiguous taxa | 0.012 0.012 0.002 0.004 0.049 0.008 0.005
Opitutae vadinHA64; uncultured 0.022 0.042 0.006 0.001 0.051 0.039 0.055
bacterium

Verrucomicrobiaceae 3.557 7.937 4.409 1.067 5.562 3.643 5.994
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Data are expressed as percentage of relative abundance; families with a relative abundance less than 0.001%
are omitted for the sake of clarity.
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Paper 7

Study of the intestinal bacteria and bacteriophage composition in
preterm neonates

This work has been conducted in collaboration with the Neonatal Intensive Care Unit
(NICU) of Azienda Ospedaliertniversitaria of Modena (ltaly) and the Department of
Food Science of the University of Copenhagen (Denmark)

This paper bBs not been completed yet and it needs finalization prior to
publication
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Abstract

Prematurity in infancy is a clinical condition that exposes newborns to the risk of infections that can
result in the development afecrotizing enterocolitis and latenset sepsis. Therefore, preterm
infants often require antibiotic therapies at birth and during the hospitalization that can affect the
correct establishment of the gut microbiota. Recent results highlighted the potential of
bacteriophages in driving theedelopment of gut microbiota, suggesting a transkingdom interplay
between bacteria and viruses.

The aim of this study was to investigate the gut bacteria and bacteriophage composition in preterm
neonates, who have been treated with perinatal antibioicctrmme nt s of di ff er ent
>72h). Stool samples were longitudinally collectathin the first 48 hours after birth, and at 15, 30

and 90 days of life. Total bacterial genome and phageome were extracted. V3 region of 16S rDNA
and the total phapme were sequenced using the MiSeq Illlumina facilities. Absolute quantification

of selected microbial groups by gqPCR was also performed.

Changes in bacterial composition, especially for Enterobacteriac&igjobacterium
Streptococcusand Veillonella, and in bacteriophages composition, especially Fahexavirus
Lambdavirusand Lubbockviruswere detected over time. The biodiversity of the bacterial and
bacteriophages community increased simultaneously, but at 90 days, the alpha diversity diverged,
probably for the establishment of microbial groups that did not support the development of
bacteriophages. Some typical disease conditions of prematurity, as respiratory distress, sepsis and
cardiac malformation affected the microbiota composition, in paati®. fragilis, Bifidobacterium
andPeduovirus

The biodiversity of bacterial and bacteriophages communities were also differently influenced by
the short Q 7 2 dr prolonged ¥72h) perinatal antibiotic therapy, although not with a statistical
significarce. In addition, the longer duration of the perinatal antibiotic treatment reduced, although
without statistical significance, the diversification of two of the more representative members of the
infant gut, Bifidobacteriumspp. andBacteroides fragilisgroup, and decreased bacteriophages
integrase counts, favouring potentially lytic phages.

These findings on gut microbiome and phageome and their interplay may help to design a targeted
microbial approach for the correct development of gut microbiota imatree infants and prevent
disease onset later in life.

Keywords: preterm infants, gut microbiota, bacteriophages, microbial biodiversity, antibiotics
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Introduction

The gut microbiota, impacting aseveral biological processes, such as host metabolism, immune
defence and protection against pathogens, establishes a symbiotic relationship with the host
contributing to the normal human physiology (Wopereis et al., 2014; Morais et al., 2017; Clarke et
a., 2014). The neonatal period is a crucial stage for the correct gastrointestinal colonization that has
an i mpact on the individual s health status a
Infants born prematurely have a gut microbiota with reduced diyeasid lower levels of
Bi y d o b aandBaateroidesompared to fulterm infants Barrett et al., Korpela et al., 2018).
The typical gut colonization sequence in healthy infants, consisting of the predominance of
facultative anaerobes firstly and stramaerobes secondly, seems to be compromised in prematures.
In this regard, Gibson et al. (2016) demonstrated that at 1 and 2 months from delivery the gut
microbiota of preterm infants hosts a higher abundance of Enterobacteriaceae and
Staphylococcaceaghich are facultative anaerobes, and a lower abundance of Clostridiaceae and
Bidobacteriaceae, which are strict anaerobes, together with Streptococcaceae and Lachnospiraceae
with respect to that of fullerm infants. The same authoevidenced higher abuadce of
multidrugresistant members of the gendtacherichia Klebsiella and Enterobacter commonly
associated with nosocomial infection, in the preterm infant@uoson et al., 2016)
Moreover, preterm infants, requiring parental feeding and respiratory support for their
underdeveloped gastrointestinal tract and respiratory system and being vulnerable to infections,
often need antibiotic therapies. It is known that perinatal antibiotigzact on the normal
development of the gut microbiot&duhy et al., 2012). Gibson et al. (2016) documented that
preterm infants exposed to antibiotics showed a significantly reduced species richness. An altered
and underdeveloped intestinal microbiotart af f ect the hostodés I mmuni
risks of developing necrotizing enterocolitis (NEC) and late onset sepsis (Lid8grivood and
Sohn, 201Y.
Bacteriophages, other inhabitants of the human and animal intestinal tract, living at bacteria
expense and being vehicles of genetic transfer, can have an important role in shaping the
biodiversity and therefore the functionality of the gut ecosystem. Our knowledge of their role in
shaping the microbial community of infarnits however, limited, ah only recently we gained a
better understanding of this microbial community. Breitbart et al. (2008) investigated the
bacteriophage community in the infant intestine using metagenomic sequencing: 72% of the viral
community detected resulted to be siphosés and prophages and over 25% resulted to be phages
that infect lactic acid bacteria. The virome is highly dynamic during infancy: in the first months of
life, the majority of bacteriophages belongs to Caudovirales; subsequently, the bacteriophage
viromedecreases in richness and shifts towards a Microvhildaeinated community over the first
2 years of life (Reyes et al., 2015; Lim et al., 2015). This shifting trend between the first and second
week of age was also confirmed by microarray experimemestiart et. al 2008).
Bacteriophages can alter the bacterial structure through a piigdatorrelationship, and
particularly frequent in the infant gut is the bifidobatéifidoprophages predatqrey interplay
(Norman et al., 2015; Rodrigudslera ¢ al., 2009; Lugli et al., 2015). Moreover, ealifg
bacterial colonization is correlated with a contraction of bacteriophages community (Lim et al.,
2015).
Some authors support an intestinal microbial model in which changes in the phageome may
contribue to intestinal inflammation and bacterial dysbiosis, speculating that bacteriophages may
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play a role in diseases not only related to the intestinal tract (Norman et al. 2015). Gut bacteria and
their genomantegrated prophages are able to coexist in aipastate under normal physiological
conditions, but the induction of prophages in response to various environmental stresses, such as
antibiotics, leads to an increased number of lytic phages followed by the lysis of symbiotic bacteria
resulting in distdbed balance of the gut microbiota (Allen et al., 2011).

Only two studies reported some preliminary information about the bacteriophages population in gut
microbiota of prematures. LaTuga et al. (2011) performed a metagenome analysis on two newborn
faecalsamples revealing the presence of both sisgknd, including bacteriophages S13, phiX174,

and alpha 3, and double strand DNA viruses, inclu@taphylococcu®hage K, a Caudovirales
species with &taphylococcublost; a rare human adenovirus C seqgaemas also identified. These
results are in accordance with Sharon et al. (2013), who, reconstructing genome sequences of
intestinal microorganisms of a premature infant, observed a rapid change in the gut phage
population as shown by the marked shiftsha relative frequency of phages associated with some
Staphylococcus epidermidisrains during gut colonization.

Bacteriophage investigation can provide potential informative signatures of the whole gut
microbiota community and gut microbial responseslifterent disturbances (Reyes et al., 2010),
such as antibiotics, and their role in preterm infants should be more extensively investigated.

The aim of this study was to investigate the whole bacterial composition of the intestinal tract of
extremely pregrm infants as well as the related bacteriophage community. Particularly, the effects
deriving from perinatal antibiotic therapies of different duratior2p or >72h) on these microbial
communities were studied.

Materials and methods
Study Design anBarticipants

We conducted a prospective observational cohort study involving 23 preterm infants admitted to the
Neonatal Intensive Care Unit (NICU) of Azienda Ospedalléniversitaria of Modena (ltaly).
Informed consent was obtained prior to enrolmennfgarents of each case included in the study.

In order to assess faecal microbiota profiles, 23 preterm infants were longitudinally sampled within
the first 48 hours (TO) after birth, and at 15 (T1), 30 (T2) and 90 (T3) days of life. Infants received
ethe a short (O 72 hours) or a prolonged cour s
criteria were: major malformations, gestational age over 28 weeks or the administration of
probiotics.

From August 2017 to September 2018 stool swabs werectmlldrom the diapers of NICU
patients and subsequently stored8&rC.

Analysis of intestinal bacterial composition

Total DNA extraction

Meconium and faecal samples were subject to DNA extraction using QIAamp DNA Stool Mini Kit
(Qiagen, West Sussex, JK wi t h a sl ight modiycation of th
i ncubation at 950C for 5 mi Aerwds added ¢o ershanoeothe s a
bacterial cell rupture. The purity of DNA was determined by measuring the ratio of the absorbance
at 260 and 280nm (Ilnynite R 200 PRO Nano Qu
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concentration was evaluated by Qubit R Fldorometer (Invitrogen, Life Technologies, CA,
USA).

Library preparation for V3 16S rDNA sequencing
DNA samples were subjected to 16S ribosomal RNA gene Mi@egd high throughput
sequencing (lllumina, San Diego, CA, USA). The V3 region (~190bp) of@8erRNA gene was

ampliyed using pri mers compati bl e wi t h Ne>
50TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGACWEBGTACGG
and NXt 518 R:

50GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGAGTTACCGCG
(Integrated DNA Technologies Leuven, Bel gi um) . PCR reaction
pol ymerase, 5 el of PCRBI O buffer (PCR Biosys
e M), 5¢l of gieln®mg /ce | DN A -frferwiaternfar @ towlavelane of 25pl.

Cycling mnditions applied were: 95°C for 2min; 33 cycles of 95°C for 15s, 55°C for 15s, and 72°C
for 20s; foll owed by ynal step at 72AC for 4
ensure that a 250p PCR product was obtained for each sample, excegtimegcontrol. To

i ncorporate primers with adapters and indexe
pol ymer ase, 5 ¢l of PCRBI O buffer, 2 ¢ | corres
PCR product, and nucleafee water foratotalvolum of 25¢l . Cycling cond

1 min; 13 cycles of 95AC for 15s, 55AC for 20
fragments with adapters and tags were puriy
Genomic, CA, USA). Priortd i brary pooling, clean construc
Fluorometer (Invitrogen, Carlsbad, CA, USA) and mixed in approximately equal concentrations to
ensure even representation of reads per sample. Each sample was represented with approximately
30ng DNA. Subsequently, 250p pairended MiSeq (lllumina, CA, USA) sequencing was
performed according to the instructions of the manufacturer.

Absolute quantification of selected microbial groups using quantitative PCR (QPCR)
Quantiycati on ia groupsadualcmoaitdrednm studies kelated to infants (Aloisio

et al., 2014; Aloisio et al., 2018), i.8jdobacteriumspp.,Bacteroides fragiliggroup (comprising

the most abundant species in hunanfragilis, B. distasonisB. ovatus B. thetaiot@micron B.
vulgatug, Clostridium cluster | and Enterobacteriaceae, was performed with qPCR on DNA
extracted from stool sampl es. The assays were
containing 10 pL of Fast SYBR R Green Master Mix (AppliedSstems, Foster city, CA, USA)
optimized concentrations of primersaples 1, 3, molecular grade #D and 2 uL DNA obtained

from faecal samples at a concentration of 2.5 ng/uL. The primer concentrations were optimized
through primer optimization matrices in a-#@ll plate and estimating the best Ct/1Rn ratio. The

di fferent primers were also checked for thei

program nucleotidaucleotide BLAST (Altschul et al. 1990Mor eover , t o eval uat
of ampliycation, anal ysi s of product mel ting
ampliycation. The data obtained from the ampl

bacterial cells (Log CFU/daeces) in accordance with the rRNA copy number available at the

rRNA copy number database (Lee et al. 2009). For total bacteria, the average of the 16S rRNA
genes calculated on 10996 records for bacteria according to rrDB was used as the rRNA copy
number (rrndb.umms.med.umich.edu). Standard curves were constructed using 16S rRNA PCR
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products of type strains of each target microorganism; the standard microorganisms used were
breveReO2,B. fragilis DSM 2151,Clostridium sporogeneATCC 319 ancE. coli ATCC 8739.

PCR products were puriyed with a commerci al C
kit, MACHEREY-NAGEL GmbH & Co. KG, Germany) and the concentration measured
spectrophotometrically at 260 nm. Serial dilutions were performed ahd0300*1¢,1¢,10

copies of the gene per reaction were used for calibration. Sample reactions were conducted in
triplicate, with a negative control per each reaction.

Table 1 Primer sequences and qPCR conditions used in the different assays.

Microorganism target  Primer Sequen®&) (56 Amplicon References
length(bp)

Bifidobacteriumspp. Bif-F TCGCGTCYGGTGTGAAAG 243 Rinttila et al., 2004
Bif-R CCACATCCAGCRTCCAC

B. fraglisgroup Bfra-F CGGAGGATCCGAGCGTTA 92 Penderet al., 2006
Bfra-R CCGCAAACTTTCACAACTGACTTA

Clostridiumcluster | CI-F TACCHRAGGAGGAAGCCAC 232 Songet al., 2004
CI-R GTTCTTCCTAATCTCTACGCAT

Enterobacteria EntF ATGGCTGTCGTCAGCTCGT 385 Leseret al., 2002
EntR CCTACTTCTTTTGCAACCCACTC

Total bacteria Eub338F ACTCCTACGGGAGGCAGCAG 200 Guoet al.,2008

Eub518R ATTACCGCGGCTGCTGG

Table 2 gPCR amplification protocols and primer concentrations

Taget Bacteria derJQiﬂ?;tion Denaturation Ann((i?:l)ing t N. cycles Fw Rev
Bifidobacteriumspp. 95°Ci 20sec 95°C-3sec 60°C-35sec 40 200 nM 300 nM
B. fragilisgroup 95°Ci 20sec 95°C-3sec 60°C-30 sec 40 200 nM 200 nM
Clostridiumcluster | 95°Ci 20sec 95°C-3sec 60°C-30 sec 40 200 nM 200 nM
Enterobacteria 95°Ci 20sec 95°C-3sec  60°C- 35sec 40 200 nM 300 nM
Total bacteria 95°Ci 20sec 95°C-3sec  60°C- 35sec 40 200 nM 300 nM

Data elaboration

Several bioinformatics pipelines were used to analyse the amount of sequencing data. Sequences
read processing was performed using QIIME suitols (Caporaso et al. 2010), including quality
yltering based on the removal of mi smatched
USEARCH version 7 (Edgar, 2010) was applied for chimera detection and clustering into
operational taxonomic units [@); OTU sequences were aligned using Pynast (Caporaso et al.
2010) and taxonomic assignment was determined using the SILVA SSu Ref database release 111.
The nonparametric Kruskdwal | i s was used to calcul ate grou
andANOSIM and PCoA were used for beta diversity.

gPCR data were subjected to Shapiro and Levene tests in order to verify the normal distribution and
homogeneity of variances. Statistical significance was evaluated wittwatyyQANOVA. Non
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normal and nofhomogedastic datasets were analysed Witanri Whitney Wilcoxon, Kruskalk
Wallis and Dunndés Multiple Comparison Tests

Analysis of intestinal bacteriophages

Viral particles genome extraction

The procedure firstly consisted of isolating, purifying and concentrating viral particles from faecal
samples by sequential centrifugation and filtration processes according to the protocol optimized by
CastroMejia et al. (2015). Viral genome was extratctasing the QIAamp® Viral RNA kit
(Qiagen, West Sussex, UK), including an additional treatment with nuclease 1% to remove possible
external DNA residuals. The phageome was then subjected to multiple displacement amplification
(MDA), using the GenomiPhi V&it (GE Healthcare, lllinoisYSA). The products were cleaned
with Genomic DNA Cl 4@kt (Zg§mo Resaacchyvire,rCalifomin, BJSA

foll owing the manufacturerdéds instructions. Tt
Fluorometer.

Library preparation for metagenome sequencing

The phageome was prepared for sequencing using the Nextera XT DNA Library prepkitatio
('l umina, San Diego, CA, USA) following the
using the AMPure beads XP puriycation system,
pooled in an equimolar mode. DNA samples were subjectadnetagenome analysis by MiSeq

based high throughput sequencing (lllumina, San Diego, CA, USA).

Data elaboration

The composition of extracted metaviromes was determined using the MetaVir web server (Roux et
al., 2014). Composition and relative abundanceeggted by Metavir were converted into OTU

tables and subsequent analyses were performed using QIIME suite of tools (Caporaso et al. 2010).
The differences in the relative abundance of phHaga were assigned using eway ANOVA;

cluster richness analysigill be carried out with UCLUST pipeline (Edgar et al. 2010). The-non
parametric Kruskdwa |l | i s was wused to calculate group s
ANOSIM and PCoA were used for beta diversity.

Results and discussion

Intestinal bacteriakomposition

Sequencing data

A total of 84 DNA samples were subjected to the sequencing process and an average of 12 040
sequences per sample was generated. As showfiginlA, at TO, T1 and T2 Firmicutes,
Proteobacteria and Bacteroidetes resulted the afmsdant phyla. Compared to TO, Proteobacteria
significantly increased at T1 and TRig. 1D) and Bacteroidetes decreased, particularly atFI@. (

1C); as evidenced irfrig. 1A, the prevalence of Proteobacteria reduced at T3 in favour of the
increase oFirmicutes, Actinobacteia~{g. 1B), which were significantly higher at T3 with respect
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to the other timepointd={g. 1B), and Fusobacteria, for which the increase at T3 with respect to TO
and T1 resulted statistically significant (p<0.05, data not shown).

Infants were grouped for the degree of bronchopulmonary dyspBBi2){ MS group showed a
moderatésevere conditiomnd NM group did not manifest the disease or had a mild form. At T3,
significantly lower levels of Firmicutes members, which include mber of beneficial bacteria,

and significantly higher levels of Proteobacteria, which include potentially harmful bacteria, were
found in MS group with respect to NNFi¢. 1E and1F). This trend may evidence an alteration of
gut microbiota composition thahifts in favour of potentially harmful bacteria when the BPD is
moderate/severe and of beneficial ones when the manifestation is mild or absent.

Fig. 1 Gut bacterial relative abundance at phylum level in faecal samples collected at different timep&jnts

Actinobacteria relative abundance at different timepoints (B). Bacteroidetes relative abundance at different

timepoints (C). Proteobacteria relative abundance at different timepoints (D). Firmicutes relative abundance at T3 in

moderate/severe (MS) ahabsent/mild (NM) BPD (E). Proteobeacteria relative abundance at T3 in moderate/severe
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FromFig. 2it is possible to appreciate a high intedividual variability in microbial composition

that isprobably linked to the influence of environmental factors in the very first days of life, such as
antibiotic therapies, type of feeding, respiratory support. The general high prevalence of
Proteobacteria reflected the high abundance of Enterobacteriateated at family levelRig. 2),

which notably fluctuated over time, significantly increasing at T2 and decreasing Bigl 34).

The trend of Actinobacteria was confirmed by BifidobacteriaceaeB#ibbacteriumone, which

were reduced at T1 and T2damcreased at T3(g. 2, Fig. 3B. These bacterial groups usually
prevail in the gut microbiota at this period of infancy (Benno et al., 1984; Magne et al., 2006). The
first bacteria encountered in the majority of healthy infants are facultative amnaéRdteni and
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Duerden, 1981; Mackie et al., 1999); in our case, as shoWwiyir, the presence of some strictly
anaerobes (i.e. Bifidobacteriaceae, Clostridiaceae, Akkermansiaceae) was also evident in some
samples at TO. It is possible that the condibbprematurity, the frequent feeding and the antibiotic
exposure could create an environment favourable to the growth of these bacterial groups. However,
they tended to decrease at T1 and T2 and then to prevail at T3.

Other significant changes wembserved for other genel@ig. 3), including some pathogens
responsi bl e o Enteraba&ctersncreaded at N8 evith: respect to TEig. 30);
Enterococcusand Staphylococcusiere more abundant within the first 15 days of IFegy( 3D and

3E); Streptococcusnd Veillonellawere higher at T3 with respect to the other timepoiRig. 3F

and3G).

Moreover, the trend observed on BPD manifestation at phylum level was confirmed at genus level.
Escherichia belonging to Proteobacteria and resultsignificantly higher in MS infants with
respect to NM oned~(g. 3H), may be considered an indicator for the severity of this disease. On
the contraryClostridium belonging to Firmicutes and resulting less abundant in MS infaigs (

31), may be conskred a protective factor for this condition.

Fig. 2.Gut bacterial families relative abundanicepreterm infants during the study.
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Fig. 3.Enterobacteriaceae relative abundance at different timepoints @iidobacteriumrelative abundance at
different timepoints (B)Enterobacterrelative abundance at different timepoints (Enterococcuselative abundance
at different timepoints (D).Staphylococcuselative abundance at different timepoints (EfStreptococcuselative
abundance at different timepoints (F)/eillonellarelative abundance at different timepoints (GEscherichiaelative
abundance at T3 in moderate/severe (MS) and absent/mild (NM) BPLCCig$ridiumrelative abundance at3 in

>

80

Enterobacteriaceae
40
1 1 1 1 1 1

0.04
1

Enterococcus
0.02
L

o

04
|

Veillonella
0.2
L

0.0
|

moderate/severe (MS) anabsent/mild (NM)BPD (It F € A Y RAOIF GSa L¥F ndnp
* B * *
———— < ! — pp— '
e e S E © — 5 ] ’
‘ : 3 ° —_ 3
‘ | 8 ° | g 9 o
e ‘ g Q ' 8 & ° °
! g ° ° £ ] s
— z 0 ¢ TN —
i i o o L g 2 o T T T T
—— e —t— o T T T o
T T T T T0 m T2 T3
10 T n L&} L N L o
* F r & 1
D — E o * ) .$ E3 I|
8 o o 9 0
° § o 2 o —_
8 8 ‘O_ o 8 8 T i
_'l_ 0 , 36 o ° % o | o |
! -3 BE o i o
gl o —— R ———— 5 8 | 2 . =
o T T T T o T T T P T T T T
T T n T3 T0 T 12 T3 70 T v T3
| *
% , H T3 * T3
T T A _V_‘ o = —'—I
o O | E N 4 !
4 0 _— £ o J o \
i [ 4 ° -
§ £ o
o 0 '5 g 7 ° 3 g 1
= ] 7] i —v—‘ = i
2 Yo —N
T T T T o ™ T T o T T
0 T 7 n

Alpha diversity increased over time, as showfio 4A and4B. The calculation of observed OTU

BPD

MS

NM

BPD

index showed significantly higher values at T3 with respect to T1 and-ig2 4A); the same
results were also evidenced for Shannon index, in addition to other significant differences (TO vs T2
p<0.05; TO vs T3 p<0.05)(g. 4B). Therefore, the increase of alpha diversity occurred after 30

days, whereas Morowitz et al. (2011) oh®er an increase after -l days of life, with respect to
the lower values detected at-18 days from birthafter an antibiotic treatment in the first 7 days of
life. However, our study considered 23 prematures, showing high intervariability and, kebst li

different nursing treatments. In this regard, a further calculation of Shannon index was performed

consi

on newbornsKig. 4C). No significant differencewere evidenced between the two treatments. The

der i

ng

t he

di

fferent

dur at i

on odondactec

per

trend in the Shannon index of the group receiving the shorter treatment (a) was fluctuating with
respect to that of the group subjected to the longer one (b), which increased with time. Therefore,
the prolongd antibiotic therapy at birth controlled the development of the microbiota determining a

slow and gradual increase of its biodiversity.
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Fig. 4 Alpha diversity calculated with Observed OTU index over time (A). Alpha diversity calculated with Shannon
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The alpha diversity results are in accordance with thedvetasity ones based on the PCoA (Bray
Curtis distance), which showed the dispersion of samples over Eige §). It is possible to
observe a division between most of the TO samples and the other groups. This trend was confirmed
by the ANOSIM test thatwedenced significant differences between TO samples and the other
groups (TO vs T1p<0.05 T2, T3 p<0.05). These results showed that the gut microbiota of

prematures within the first 90 days of life continually evolves and the increase of thivieesaty
is significant already at 15 days of life.
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Fig. 5.Beta diversity (Bragurtis distance) over time illustrated with PCoA.
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Absolute quantifications of the intestinal microbial groups analysed increased over time, as
expected, showinglso significant differences, especially in enterobacteriaceae and total bacteria
counts Fig. 6C and6E). These results evidenced the dynamism of gut microbiota also in infants
born prematurely, although they are subjected to treatments and nursingupesdbet can slow

down their microbial community development.

No substantial differences were detected between the two antibiotic treatments investigated (a:

O72h; b: >72h), but

significant

vari

ati

ons 0]

instead, except fdB. fragilis group Fig. 6F, 6G, 6H, 61, 61), demonstrating that the effects of the

time impacted more than the treatment on the microbial groups analysed. However, the box plots
showed more heterogeneous values for the shorter treatament (O7 2 h) , wi
one (b: >72h), for which the shorter box plots evidenced homogeneous values. Thus, the longer
treatment may tend to control the development of certain bacterial groups, which resulted less
affected by the shorter theraprhis trend resulted particularly evidentBifidobacteriumspp. and

B. fragilis group countsKig. 6F and 6G). Therefore, it can be hypothesized that these bacterial
groups, which are two of the more representative members of infant gut after 1 weégkiéDet

al., 2014), may contribute in maintaining the stability of alpha diversity detected by Shannon index

in the group receiving the longer treatment (b: >72h).
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Table 3.Mean counts (Log CFU/g of faeces) of differaidrobial groups analysed by gPCR

Bifidobacterium | B. fragilis group Enterobacteriaceae | Clostridium Total bacteria
Spp. cluster |
O72h >72h |O72h >72h |07 2h >72h O72h>72h | O7 2 >72h
TO | 3,72+ 5,00+  3,40% 365+ 394+ 380+ 323+ 4,08+ 6,00+ 649+
1,80 1,47 | 0,95 0,76 1,54 1,74 0,60 0,60 1,11 1,48
Tl 459+ 582+ 4,16+ 473+ | 589+ 576+ 399+ 431+ 7,72+ 7,94+
1,55 1,41 1,52 1,71 1,60 1,74 1,77 1,01 0,85 1,03
T2 | 555+ 559+ 468=% 450+ 6,21+ 562+ 462+ 4,07+ 824+ 761+
1,99 1,69 1,76 1,69 1,53 1,48 1,63 0,64 0,99 0,76
T3 |8,07+ 791+ 517+ 526+ | 6,74+ 6,57 579+ 579+ 854+ 828+
1,96 1,04 | 2,67 1,61 0,93 1,09 1,97 1,55 0,63 0,58

Grouping infants for the presence of LOS, at T2, those not manifesting the sepsis showed
significantly higher levels oBifidobacteriumspp., suggesting a possible protective role against this
pathology Fig 7A). This was also evident in infants subgrouped for the type of antibiotic treatment,
underling that the LOS had a major impact Bifidobacteriumspp. counts with respect to the
antibiotic therapy Fig 7B). Even if not significant differences attributable to the antibiotic
treatment in total bacteria were detected, within infants not manifesting LOS, those receiving the
shorter antibiotic ther apynts(ohtotal fagetidyith respett tos i g n
the group subjected to the longer one (b: >7H#g {C). These preliminary outcomes may favour

the use of an antibiotic therapy with a duration of less than 72h.

Fig. 7 gPCR counts (Log CFU/g faecedifidobacterum spp. at T2 in subjects divided in those with LOS (LOS) and

those without LOS (no LOS) (A), in subjects grouped for the manifestation of LOS (LOS or no LOS) and the type of
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Also the clinical manifestation of PDAp#étent ductus arteriosyisevealed an influencen some
microbial groupsKig. 8). Particularly,Bifidobacteriumspp. counts at T2 were significantly higher

in infants not manifesting the malformation, suggesting a potential protective role of this beneficial
bacterial groupKig. 8A). EnterobacteriaceaandB. fragilis counts at T1 and T3 respectively were
significantly higher in PDA infantsH{g. 8B and8C). These differences may be linked to an altered
blood systemic circulation and, consequently, to a reduced oxygen supply to the enteric system,
affecting the normal function of the intestinal tract and the microbial population.

Fig. 8.gPCR counts (Log CFU/g faeceBififlobacteriumspp. at T2 (A), enterobacteriaceae at T1 (B) Bnfragilis
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In addition,B. fragilis counts showed to be influenced by respiratory clinical features as well as the

generaEscherichiaand Clostridium Considering the exposure to antenatal steroids, which is well

known to decrease the incidence of neonatal respiratory distress syndrome in premature infants

(Liggins and Howie, 1972; Crowley, 2002), the quantificatiorBoffragilis at T1 and T2 were

lower in infants for which the steroids administration was absent or not completed with respect to

those for which it was completedig. 9A and 9B). It should be considered that infants were

subjected to a complete therapy because of the gravity of theatespidistress, on the other hand

the therapy was interrupted or not carried out in infants that recovered. Moreover, regarding BPD,
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B. fragilis counts were higher at T3 in MS infants with respect to NM gréign ©C). Therefore,
B. fragilisdemonstrated to be affected by a compromised respiratory system in preterm newborns.

Fig. 9.gPCR counts (Log CFU/g faeced.dfagilisgroup at T1 (A) and T2 (B) in subjects grouped for the antenatal
steroids administration (completed vs absent/nainapleted). gPCR counts (Log CFU/g faeceB) &riagilisgroup at
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Intestinal bacteriophages composition

A total of 60 DNA samples were sequenced and an average of 1708 reads per sample was
generated Fig. 10 shows a rich bacteriophages community, whose members belonged almost
totally to Caudovirales order.

Fig. 10 Gut bacteriophages genera relative abundaimcpreterminfants during the study.

Some bacteriophages resulted significantly higher at TO with respect to the other timepoints (some
unknown members of SiphoviridaBahexavirusand Lamdavirus,Fig. 11A, 11Cand11E), while

some others increased over tinkRogenblumvirusand Lubbockvirus,Fig. 11B and 11D). These

shifts may be driven by fluctuations of the bacterial composition. As evidencddgbyl1E,
Lambdavirus was strongly present at TO and dropped at the following timepoints, when
Enterobacteriaceaeesulted dominant. It is possible that in the perinatal period the presence of
Lambdavirudimited the increase of its host and in the following phases it was not able to control
the Escherichiapopulation. Nevertheless, no relevant changeBscherichiarelative abundance

were evidenced.

Moreover, the significantly lower levels &eduovirusin infants not developing NEC at T&i¢.

11G), may be linked to a protective mechanism in which this bacteriophage is able to limit bacteria
responsible of the NECnset.
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