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ABSTRACT

Rational A true increase in prevalence of coeliac
disease (CeD) has been witnessed worldwide. This ‘on-
the-rise’ epidemiological trend for CeD is shared with
other immune-mediated disorders and could be due to
environment-driven gut microbiota perturbances.
Objectives To summarise recent evidence regarding
possible relationships between microbiota disturbances
and CeD onset, with a specific focus on pathogenesis and
possible biotic-based therapeutic interventions.

Methods A literature search was launched on 20 August
2024 using Google Scholar, PubMed, EMBASE, Scopus
using keywords as follows: celiac disease AND microbiota;
celiac disease AND microbiome; celiac disease AND
prebiotics; celiac disease AND probiotics; celiac disease
AND symbiotics; celiac disease AND postbiotics.

Results A total of 1779 articles were retrieved from two
authors' blinded search, of which 1297 were duplicates.
206 articles were excluded by abstract as they were
commentaries, letters, case series. A final set of 276
articles was suitable for the scope of our review and,
after carefully reading the full-text articles, only 131

were considered valuable for the review and included as
references for the review.

Conclusions While there is extensive literature on
microbiota alterations and CeD, lack of clarity remains
regarding whether the changes observed in the microbiota
of individuals with CeD are effects of the condition or if
and how they play a role in its onset. Limited evidence
points towards the utility of specific probiotic strains to
reduce symptoms, decrease inflammation, support growth
in children and overall enhance recovery in CeD.

INTRODUCTION
Coeliac disease (CeD) is a systemic immune-
mediated disease elicited by the ingestion
of gluten and related prolamins in human
leucocyte antigen (HLA)-DQ2 and HLA-DQS8
positive individuals who lose immunological
tolerance towards those dietary peptides.'

Prevalence ranges between 1% and 2% in
western countries and there is an increasing
trend of diagnoses worldwide.”

Besides increased awareness and more
frequent testing, there is also evidence that
there is a true increase in prevalence which
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WHAT IS ALREADY KNOWN ON THIS TOPIC

= In the last decades, an increased prevalence for
coeliac disease (CeD) has been witnessed, and this
trend is shared with other immune-mediated disor-
ders, suggesting underlying environment-driven gut
microbiota perturbances.

WHAT THIS STUDY ADDS

= This scoping review summarises up-to-date evi-
dence regarding possible relationships between mi-
crobiota disturbances and CeD onset, with a specific
focus on pathogenesis and possible biotic-based
therapeutic interventions.

HOW THIS STUDY MIGHT AFFECT RESEARCH,
PRACTICE OR POLICY

= While there is extensive literature on microbiota al-
terations and CeD, lack of clarity remains regarding
whether the changes observed in the microbiota of
individuals with CeD are causes or consequences
of the condition. This knowledge gap calls for more
data from ongoing prospective studies with mul-
tiomics approaches. Moreover, as regards possible
biotic-based therapeutic interventions in CeD, a shift
towards personalised compounds aiming to balance
alterations induced by genetics and personal envi-
ronmental exposures will be needed to truly inter-
cept disease in its early stages or to complement the
gluten-free diet for symptom control or enhanced
mucosal recovery.

could be due to environment-driven gut
microbiota perturbances.

The scope of this review is to summarise
recent evidence regarding possible relation-
ships between microbiota disturbances and
CeD onset, with a specific focus on patho-
genesis and possible biotic-based thera-
peutic interventions. A literature search was
launched on 20 August 2024 using Google
Scholar, PubMed, EMBASE, Scopus using
keywords as follows: celiac disease AND
microbiota; celiac disease AND microbiome;
celiac disease AND prebiotics; celiac disease
AND probiotics; celiac disease AND symbi-
otics; celiac disease AND postbiotics. A total
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of 1779 articles were retrieved from 2 authors' blinded
search, of which 1297 were duplicates. 206 articles were
excluded by abstract as they were commentaries, letters,
case series. A final set of 276 articles was suitable for the
scope of our review and, after carefully reading the full-
text articles, only 131 were considered valuable for the
review and included as references for the review.

Microbiota’s functions in human health
The human body harbours about 10-100 trillion micro-
bial cells, and the microbial microbiome has a set of genes
of approximately 3.3 million active genes compared with
approximately 23000 human genes.

Gut microbiota ideally establishes a symbiotic relation-
ship with its host and plays an essential role in gut devel-
opment and maturation.

Microbial composition and quantity vary along the
gastrointestinal (GI) tract. Specifically, there is a gradual
increase in number and species diversity from the
duodenum to the colon, with a progressive increase in the
proportion of Gram-positive to Gram-negative bacteria.”

The bacterial components of human gut microbiota
consist of five major phyla: Firmicutes, Bacteroidetes,
Actinobacteria, Proteobacteria and Verrucomicrobia.?

Although bacteria are the best-characterised compo-
nent of the gut microbiota, other micro-organisms exert
an important role such as viruses, fungi, parasites and
archaea.”™

Drivers of microbiota trajectories and CeD

Recent evidence underlined that gut microbiota develop-
ment may start in utero,” and it matures in the first 2-3
years of life. It is primarily influenced by maternal diet
and mode of delivery.

After the first few years of life, the microbiota becomes
more stable and ‘adultlike’ in its composition."” Diver-
sity and composition vary between individuals and within
individuals over time, being strongly influenced by several
environmental conditions such as diet, antibiotic expo-
sure, among others."!

Genetics

The gut microbiota of CeD patients is influenced by
genetic factors. A reduction of Bifidobacteria is seen
also in breastfed infants with a high genetic risk (HLA-
DQ2)." Sellitto et al revealed that infants with high-risk
genetics exhibited an increased prevalence of Firmicutes
and Proteobacteria,'” while another study found that taxa-
related SNPs were linked to the Firmicutes and Proteo-
bacteria phyla,'* whose abundance has been shown to be
altered in CeD patients."” ' However, the importance of
the association between genetic factors, microbiota and
CeD development was mitigated by the prospective ABIS
study (All Babies In Southeast Sweden).'” Although they
identified core microbes correlated with the presence or
absence of HLA haplotypes, the gut microbiota patterns
in infants with subsequent development of CeD seemed

to be more associated with external environmental factors
rather than HLA.

Delivery mode

Caesarean section is associated with a decreased abun-
dance of Bacteroides vulgatus, Bacteroides dorei and folate
biosynthesis pathway along with an increased abundance
of hydroxyphenylacetic acid metabolism in the infant.
These patterns have been reported to be associated with
impaired immune function'® and inflammatory condi-
tions such as type 1 diabetes mellitus and ulcerative
colitis," suggesting that they could also predispose infants
to develop other autoimmune conditions. An Italian
multicentre registry identified a higher rate of C-section
births for CeD patients and showed that emergency C-sec-
tion seems to be associated with an earlier onset of CeD
compared with vaginal delivery or elective CS.*” However,
a recent review of available meta-analyses on non-genetic
factors for CeD has shown no impact of delivery mode
on disease risk.?" It is more likely that it might work in
concert with other perinatal factors leading to ‘multi-
ple-hit’ microbiota perturbations.

Fetal and infant feeding

Maternal diet during pregnancy has been proposed to
influence the risk of autoimmune diseases, including
CeD. Although the The Environmental Determinants of
Diabetes in the Young (TEDDY) study found no relation-
ship between maternal consumption of gluten during late
pregnancy and subsequent risk of CeD in the offspring,*
a recent study demonstrated that higher fibre intake and
lower gluten consumption during pregnancy were associ-
ated with a lower risk of CeD in the offspring.”

The relationship between breastfeeding and CeD is
not clear, with contrasting data. Some studies analysed
the possible association between breastfeeding and CeD,
finding alterations of gut microbiota in children fed with
formulas.”* * Few retrospective studies> " have described
a potential protective effect of breastfeeding on the
development of CeD; however, other retrospective and
prospective studies did not corroborate this protective
effect.® This apparent discrepancy may be explained
by the fact that breastfeeding per se may not be solely
responsible for establishing a protective microbiota
profile, being influenced by other lifestyle factors that
may affect the clinical outcome if not properly analysed.
Olivares et al demonstrated that Clostridium perfringens
and Clostridium difficile are specifically associated with the
formula feeding pattern.”

Vitamin D

The role of vitamin D in modulating the immune system
is known. Its deficiency or insufficiency has been linked to
an increased rate of autoimmune diseases, also through
microbiota disruptions.37 Although one study hypoth-
esised a potential association between vitamin D and
increased risk of CeD,38 these data were not confirmed in
other settings.” *
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Medications

Several studies have evaluated the potential association
between antibiotics and CeD. Some found an increased
risk of CeD after antibiotic exposure, in particular in the
first years of life,*"™* while others showed no association
between CeD onset and antibiotic exposure.** * Gut
microbiota becomes more stable by 3 years of age46 and
antibiotic exposure during this crucial period of micro-
biota engraftment could alter immunological matura-
tion.”” Specifically, Marild et al reported in a Swedish
register-based study that antibiotic exposure up to 3 years
before the diagnosis was associated with the risk of devel-
oping CeD at all ages.” Additionally, a cohort of more
than 14000 children demonstrated a significant antibiotic
dose-dependent relationship for CeD and other chronic
conditions, which was stronger in girls than in boys.49

The prospective Celiac Disease Genomic Environmental
Microbiome and Metabolomic (CDGEMM) study showed
that zonulin levels, a biomarker of gut permeability,
increase in children who developed CeD months ahead
of the onset of the disease but not in control subjects.”
This study also showed that antibiotic exposure influ-
enced zonulin levels in cases but not in controls, with the
greater the number of antibiotic exposures, the greater
the increase in zonulin before disease onset. Conversely,
antibiotic exposure during prenatal life does not seem to
be a potential risk factor for developing CeD.” %

The relationship between the use of proton pump inhib-
itors (PPIs) and CeD pathogenesis also points towards
possible microbiome interference.” Some studies found
that the use of PPIs could exert an influence on the gut
microbiome by modulating the inflammatory response in
the mucosa and promoting the development of CeD in
susceptible individuals.”* This hypothesis is supported by
the study of Freedberg et al which showed that high-dose
PPI treatment significantly affected certain taxa and was
associated with an increase in genes involved in bacterial
invasion of epithelial cells.”

Altered microbiota and CeD immune activation

Several studies have demonstrated the possible associa-
tion between alterations of gut microbiota and develop-
ment of CeD. Broadly, some studies suggest an increase
of Bacteroides, which exert a potential proinflammatory
action, and a decrease of Bifidobacteria, which could
have a protective role against inflammation.”*"*

A recent study™ showed that Bifidobacterium angu-
latum was significantly increased in duodenal mucosal
samples of children with CeD. However, other studies” "
showed no significant differences in the gut composi-
tion of bacteria between CeD patients versus healthy
controls. A recent study evaluated the gut microbiota
of CeD children at diagnosis compared with healthy
controls and demonstrated a dominance of Enterobac-
teriaceae and subdominance of Bacteroidetes/Strepto-
coccus in duodenal samples of CeD patients, and a lower
abundance of Bacteroides-Prevotella, Akkermansia and
Staphylococcaceae in stool samples of CeD patients.” In

addition, this study suggests proinflammatory microbiota
imbalances are linked with CeD symptoms as patients
with abdominal pain showed an increased number of
Bacillaceae and Enterobacteriaceae, while patients with
diarrhoea had reduced abundance of Clostridium cluster
and Akkermansia and an increase in Bacillaceae and
Fusobacterium.

Specific bacterial species/strains could have a patho-
genetic role in the development of CeD. Escherichia coli
clones isolated from CeD patients carry more virulent
genes such as specific fimbriae and haemolysins than
the species isolated from controls.”” The increased prev-
alence of pathogenic bacteria could cause a proinflam-
matory environment that favours mucosal permeability
and alters immune function. For example, using a mouse
mode of CeD, Bifidobacterium longum CECT 7347 was
found to decrease the synthesis of proinflammatory cyto-
kines and histological damage,”" as well as to ameliorate
the immunogenicity of some gliadin peptides in mouse
models.” A different strain of B. longum—NCC2705—was
shown to produce a serine protease inhibitor and has
immunomodulatory characteristics, that is, capable of
attenuating the histological damage induced by gliadin in
animal models of CeD such as DQ8-positive NOD mice.”

Information about gut microbiota composition in CeD
is based on the analysis of duodenal or faecal samples.
Studies based on faecal samples only are also limited by
the fact that they provide qualitative and quantitative
information that is not immediately comparable. Addi-
tionally, given the evolving fields of technologies used
in the analysis during the last decades, the detection
has been limited to the most represented bacteria, with
very little information about their cooperation and their
conjunct metabolic effect. Lastly, almost all of them are
affected by small sample sizes which allow highly indi-
vidual microbial profiles to greatly bias results and give
rise to contradictory findings.

The CD-GEMM study was launched in 2014 to solve
these controversies and to identify environmental factors
leading to the loss of immune tolerance in CeD. Its anal-
ysis relies on shotgun metagenomic sequencing, allowing
functional characterisation of the microbiota rather than
plain taxonomic assignment available by 16S rRNA ampl-
icon sequencing.”

In a recent study from this cohort, the CD-GEMM
research team analysed the impact of both genetic and
environmental risk factors on the development of the gut
microbiota.”

Children at high genetic risk, born by C-section, with
early exposure to antibiotics and formula-fed presented
an increased abundance of Ruminococcus gnavus and
Lachnospiraceae, showing that HLA genetics in combina-
tion with other early environmental exposures influence
the microbiota towards inflammation in children at risk
of CD even before food weaning. The trajectory of the
microbiota composition in children at risk of CeD in the
months preceding seroconversion and CeD diagnosis was
also assessed in the CD-GEMM cohort75; in this substudy,
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Table 1 List of available interventional studies on prebiotics, probiotics and postbiotics in coeliac disease
Number of patients Treatment
Authors Composition/strains Study design (paediatric or adult) duration Outcome/findings

Smecuol et al'?®

Olivares et al''*

Klemenak et a/''®

Quagliariello et a/''®

Pinto-Sanchez et al'®!

Ferus et al'®

Drabinska et al'?’

Hakansson et a/''®

Primec et al'”

Francavilla et a/'??

Freire et al'?®

Ali et a/'®

Conte et al'*®

Lionetti et a/'"®

Ramedani et al,
20242

Nikoloudaki et a/'?®

BMI, body mass index; GCD, gluten-containing diet; GFD, gluten-free diet.

Bifidobacterium infantis
natren life start strain
super strain

Bifidobacterium longum
CECT 7347

Bifidobacterium breve

BRO03 and B. breve B632

B. breve strains (B632
and BRO3)

Bifidobacterium infantis
Natren Life Start super
strain

Oligofructose-enriched
inulin (synergy 1)
(prebiotic)

Oligofructose-enriched
inulin (synergy 1)
(prebiotic)

L. plantarum HEAL9
paracasei 8700:2

B. breve BR03 (DSM
16604) and B. breve
B632 (DSM 24706)

5 strains of Lactobacilli
and Bifidobacteria

Microbiota-derived
bioproducts (postbiotic)
(butyrate, lactate, and
polysaccharide A)

Clostridium butyricum
and Bifidobacterium

Postbiotic Lactobacillus
paracasei (LP) CBA L74
and patient-derived
organoids

5 strains of Lactobacillus

and Bifidobacterium

B. longum, L.
acidophilus and L.
plantarum

Lactobacilli and their
cytoplasmic extracts,

Bacillus sp. and bacterial

protease

Double-blinded
placebo-controlled

Double-blinded,
placebo-controlled

Double-blinded,
placebo-controlled

Double-blinded,
placebo-controlled

Double-blinded
placebo-controlled

Double-blind
placebo-controlled

Double-blind
placebo-controlled

Double-blinded,
placebo-controlled

Double-blinded,
placebo-controlled

Double-blind
placebo-controlled

Intestinal organoids
from CD and non-
CD patients

Randomised, open
study

Intestinal organoids
from CD and
patients

Double-blinded
placebo-controlled

Observational, open

Double-blind
placebo-controlled

22 adults, GCD 3 weeks
33 children, GFD 3 months
49 children, GFD 3 months
40 children, GFD 3 months
41 adults, GCD (5 on 3 weeks
GDF)

34 children, GFD 3 months
34 children, GFD 3 months
78 children, GCD 6 months
40 children, GFD 3 months
109 adults, GFD 6 weeks
11 adults (5 non-CD, N/A

6 CD)

170 children, GFD 28 days
6 Children (3 CD and N/A

3 non-CD patients)

96 children, GFD 12 weeks
Wheat dough was 6hours
fermented with a

probiotic mixture

Health volunteers on 42 days

GCD

Symptom improvement,
no change in intestinal
permeability

Reduced numbers of
Bacteroides fragilis group and
the content of slgA in stools—
increased growth percentiles

Decreased production of
proinflammatory cytokine
TNF-a in children with CD on
GFD.

Increase Actinobacteria,
re-establishment of the
Firmicutes/Bacteroidetes ratio

Reduced duodenal mucosa
Paneth cell counts and
expression of o-defensin-5

Decrease in serum hepcidin
concentration

Increase in Bifidobacterium
count in the stool, increase in
faecal acetate and butyrate
levels

Significant increase in serum
25-OH D and vitamin E

Reduced serum IgA-anti-
transglutaminase, down
regulatory effects on activated
CD4+cells

Modulated the production of
serum TNF-o and stool SCFA

Improved IBS-like symptoms
and an increase in gut
microbiota bifidobacteria

Improved epithelial barrier
(increasing tight junction
expression) and reduced
gliadin-induced cytokine
expression, such IL-15 and
IFNy

Improvement in stool
consistency and frequency

Induction of autophagy in
Caco-2 cells and prevention
of gliadin effect

Faster increase in BMI

Reduced immunogenic
properties of gluten

Much lower amounts of
residual gluten in the stools
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specific bacterial strains and specific metabolic pathways
were differentially identified in subjects progressing
towards CeD onset from those who did not, such as a
reduction of Streptococcus thermophilus, Faecalibacterium
prausnitzi, Clostridium clostridioforme and an increase of
Dialister invisus, Parabacteroides sp., Lachnospiraceae,
tryptophan metabolism, and metabolites serine and
threonine. In further work, using an organoid macro-
phage co-culture system together with a unique novel
strain of B. vulgatus found only in atrisk children from
the CDGEMM study who did not develop CeD (control
subjects), this unique strain of B. wvulgatus was able to
mitigate gliadin-induced toxicity on the epithelium and
immune activation secondary to an epigenetic repro-
gramming of the cell turnover, inflammation and barrier
function pathways.”

A recent prospective cohort study from Sweden (ABIS)
investigated the contributory role of gut microbiota and
microbial metabolites in CeD onset, showing that CeD
progressors have a distinct gut microbiota composition,
that is, a significant decrease of Bacteroides, Prevotella
and Holdemanella and an increase of Dialister.”” The
major targets of the mucosal immune response in CeD
progressors are protective commensals such as Copro-
coccus, Bifidobacterium bifidum and Clostridium.”  B.
bifidum is specifically targeted by IgA in healthy children.
It is known that these species have the ability to regulate
immune response by inducing IgA response, indirectly
suggesting a potential immunoregulatory interplay.” *

Virome, viral infections and GeD onset

The virome is influenced by several environmental
factors, such as the mode of delivery, breastfeeding and
viral GI infections.®’ In particular, infections of adeno-
virus, enterovirus, rotavirus and reovirus in early life have
been associated with an increased risk of CeD onset.*>™’

TEDDY study is a prospective study that investigated
the association between environmental exposure and
the development of CeD in children with familial predis-
position to type-1 diabetes mellitus and genetic HLA
compatible for CeD onset.* The differential risk of infec-
tions at different ages suggested that there could be a
time-window effect before and after 1 year of age. This
is a vulnerable period because it is the time when breast-
feeding is stopped and maternal-fetal transplacental
IgG antibodies decrease, causing transient immunode-
ficiency. These data paralleled previous results from a
Norwegian study finding that frequent enterovirus infec-
tions between one and 2 years of age were associated with
higher risk of CeD.* In this Norwegian cohort, this risk
was even higher if children received a high gluten intake,
suggesting a cumulative effect of these environmental
factors.

It could be speculated that enteroviruses may induce an
interferon l1-mediated activation of the immune system as
it is caused by reovirus,” * with overactivation of tissue
transglutaminase enzyme amplified by high gluten intake.
However, the TEDDY study could not show any effect of

these viruses on virome, probably due to the rapid clear-
ance of viruses from the stools after the infections.

A recent study by El Mouzan et al examined the virome
using metagenomic sequencing in mucosal and faecal
samples from children with new-onset CeD and controls.”
They found alterations of virome composition in both
faecal and mucosal samples in cases compared with
controls. However, only faecal samples showed a signifi-
cant difference with an increase of human polyomavirus 2,
Enterobacteria phage mEpX1 and Enterobacteria phage
mEpX2 in children with CeD compared with controls; at
the same time, they also found a decrease of Lactococcus
phages ul36 and Streptococcus phage Abc2. A separate
study on gut virome and CeD identified Human_endog-
enous _retrovirus_K virus as marker of specific CeD gut
microbiome both on mucosal and faecal samples.”’ This
virus has a potential role in the modulation of immune
system, and it could be related to autoimmune disorders,
including CeD.”

Fungal dysbiosis and CeD
Few studies have investigated the role of fungi in CeD
pathogenesis. El Mouzan et alanalysed mucosal and faecal
samples through metagenomic sequences in a cohort of
children with new-onset CeD.” In particular, children
with CeD showed an increased abundance of Tricholo-
mataceae, Saccharomycetaceae and Candida; conversely,
they showed less abundance of Pichiaceae, Pichia kudri-
avzevii and Pneumocystis jirovecii compared with controls.

Saccharomyces cerevisiae has been shown to be
increased in patients with CeD at diagnosis and reduced
in patients with CeD on a gluten-free diet (GFD).”**

Several studies suggest that Candida albicans may
be related to CeD progression” " because it could
stimulate the formation of antibodies against tissue
transglutaminase.”

Although fungal dysbiosis in children with CeD is
described, the functional role of fungi and their influ-
ence on CeD still need to be clarified.

Probiotics, prebiotics and postbiotics in GeD management

Probiotics aim to reverse a condition of dysbiosis to eubi-
osis, thus modulating both the intestinal and systemic
immunity.” """ Some probiotics seem beneficial since
they release endopeptidases with the ability to degrade

gluten peptides.'’ '
Prebiotics are represented by insoluble dietary
fibres (eg, inulin, fructo-oligosaccharides, galacto-

oligosaccharides) which represent nutrients for benefi-
cial commensal bacteria, especially Bifidobacteria.'"*
Postbiotics (also known as ‘non-viable probiotics’) are
modernly defined as functional, biologically active mole-
cules that are derived from the bacterial metabolism
of food matrices, not requiring living bacterial cells for
their action in the intestinal lumen. Among them are
metabolites secreted by bacteria such as enzymes, cell
wall fragments, short-chain fatty acids (SCFAs) but also
exopolysaccharides. Several experimental data document

Valitutti F, et al. bmjnph 2025;0. doi:10.1136/bmjnph-2024-001100
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their pleiotropic properties such as immunomodulatory,
antibacterial, anti-inflammatory and antioxidant activi-
ties, 105 106

All available interventional studies on biotics in CeD
have been summarised in table 1.

There is a wide documentation that numerous strains
of Lactobacilli and Bifidobacteria with documented
proteolytic/peptidolytic activity are crucial for gluten
digestion.'”” Other benefits of probiotics in CeD patient
derive from their ability to improve the epithelial barrier
function, that is, by promoting production of metabo-
lites such as SCFA that prevent intestinal oxidative stress
and inflammation.'® ' Moreover, several probiotics can
antagonise the adherence of pathobionts to the epithe-
lium.'? Probiotics, mainly Bifidobacterium strains,
have also been shown to downregulate mRNA expres-
sion of proinflammatory markers and promote anti-
inflammatory cytokines.'"' ''* However, in the future,
other species might also be considered for clinical
trials, as a specific strain of B. vulgatus has been recently
witnessed to counteract the increased permeability in an
organoid model of CeD.”

Clinical trials have been conducted in adult and paedi-
atric patients with CeD aimed at studying the effects of
probiotics on different outcomes: (1) the modulation
of immunological variables or gut microbiota profiles
underlying CeD; (2) improvement of symptoms and signs
of altered GI function, despite a correctly performed
GFD and (3) pattern of nutritional and growth recovery
in patients starting a GFD.

The effects of two oral probiotic strains of Bifidobacteria
on both proinflammatory (TNFa) and anti-inflammatory
(IL-10) serum cytokines have been tested in children with
CeD on GFD diet.'"” Remarkably, 3 months after starting
the trial, only the group on probiotics showed a signifi-
cant decrease in the TNFa levels.

Olivares et al conducted a double-blind randomised
placebo study in children with new-onset CeD on
GFD to evaluate the effect of administration of B.
longum CECT 7347.'" There was an increase in
growth percentiles and a marked decrease in periph-
eral CD3" T lymphocytes and TNF-0. concentration
in children on probiotics compared with those who
received placebo. Noticeably, B. longum ingestion led
to a significant reduction of faecal Bacteroides fragilis
species and of faecal IgA content.

In a randomised placebo-controlled study in children
with compatible HLA genetics and positive serum autoan-
tibodies for CeD, on a gluten-containing diet, the effect
of two Lactobacillus strains was evaluated on peripheral
immunity markers.'”” Interestingly, subjects on probi-
otics showed a reduction of the serum levels of IgA-anti-
transglutaminase as well as down regulatory effects on
activated CD4+cells.

Quagliariello et al evaluated the effect of two Bifido-
bacterium breve strains on the microbiota profile of CeD
children on GFD, showing a reduction of the Firmicutes/
Bacteroidetes ratio in treated CeD patients.'®

In a double-blinded placebo-controlled trial, two strains
of B. brevewere able to modulate the production of TNF-o
and SCFA, highlighting their anti-inflammatory effect.'!”

In a randomised open study, children with a recent
CeD diagnosis on a GFD received a mixture of Clostridium
butyricum plus Bifidobacterium: patients who received
these strains showed an improvement in stool frequency
and consistency.'"®

Recently, Lionetti et al have evaluated the usefulness of
a probiotic mix (five strains of Lactobacilli and Bifidobac-
teria) in children with CeD starting a GFD, highlighting
a faster and higher increase in body mass index-z score in
the treatment arm.'"”

In a double-blinded placebo-controlled trial in adults
with CeD still on gluten-containing diet, Bifidobacte-
rium infantis NLS-SS strain given for 3 weeks promoted a
symptomatic improvement, scored on a Gastrointestinal
Symptom Rating Scale, but intestinal permeability was
not modified."” The same strain was studied in patients
with active CeD, both on GFD and on gluten-containing
diet'" while B. infantis NLS-SS reduced duodenal mucosa
Paneth cell counts and expression of a-defensin-5 in CeD
patients, only GFD was effective in decreasing duodenal
mucosa macrophage count.

Francavilla et al showed the efficacy of a mixture of five
strains of Lactobacilli and Bifidobacteria in a randomised
placebo-controlled trial in adults with CeD and on a GFD
for 22 years for controlling IBS-like symptoms/signs,
although with no improvements in terms of quality of
life.'*

The potential ability of a probiotic mixture to metab-
olise and digest gluten-derived peptides has recently
been studied in healthy volunteers. A placebo-controlled
randomised trial on several strains such as Lactiplanti-
bacillus plantarum DSM33363, Lactiplantibacillus plan-
tarum DSM 33364, Lacticaseibacillus paracasei DSM33373,
Limosilactobacillus reuteri DSM33374, Bacillus mega-
terium DSM33300, Bacillus pumilus DSM33297 and
Bacillus pumilus DSM33355 showed that gluten content
in the stools was markedly lower in subjects on probiotics
than in those on placebo.'*

The attempt of some other probiotic strains (B. longum,
Lactobacillus acidophilus and Lactiplantibacillus plantarum)
to hydrolyse gluten into low molecular weight peptides
has been recently witnessed.'**

The number of studies on the effectiveness of prebi-
otics in modifying the microbiota of CeD patients as well
as in influencing both digestive symptoms and variables
related to nutritional status and growth, are very few
compared with the reports on the use of probiotics.

Ferus et al evaluated the efficacy of a prebiotic product
(oligofructose-enriched inulin), in addition to GFD,
on iron homeostasis, demonstrating some theoretical
benefits in CeD patients with iron-deprived anaemia.'®
This finding echoes previous data on animal models
with anaemia showing the effectiveness of prebiotics in
modulating the expression of proteins involved in iron
absorption.'*
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In another randomised study, the same prebiotic led
to an increased Bifidobacterium count and a better fat-
soluble vitamins profile.'?’

The use of postbiotics in clinical practice is even more
limited, especially in immune-mediated disorders, such as
CeD or inflammatory bowel disease. However, some data
on cellular or animal models are beginning to emerge.
Freire et al evaluated on intestinal organoids, derived
from duodenal biopsies of CeD and non-CeD patients,
the effects of microbiota-derived bioproducts in modu-
lating the epithelium’s response to gliadin.'®® The authors
analysed the effect of butyrate, lactate and polysaccharide
A. Remarkably, microbiota-derived bioproducts increased
and reduced gliadin-induced cytokine expression, such as
IL-15 and IFNY.

Conte et al used Caco-2 cells to study the effects of
the postbiotic Lactobacillus paracasei (LP) CBA L74 on
different immunoinflammatory pathways related to the
CeD pathogenesis.'” The Caco-2 cells were treated with a
peptic-tryptic digest of gliadin (PTG) and P31-43, before
and after pretreatment with the postbiotic LP. Both the
P31-43 peptide and PTG were able to activate mTOR,
a tyrosine kinase able to regulate cell proliferation and
inhibit the autophagy pathway, but this activation was
prevented when a pretreatment with these postbiotics was
provided.'”

Other postbiotic products have been evaluated on
epithelial inflammation and barrier function. Martorell et
alhave studied the properties of a heat-treated (HT), non-
viable, B. longum strain, CECT-7347, a strain known for its
anti-inflammatory properties and its abilities to improve
intestinal integrity.'”’ The authors used the nematode
Caenorhabditis elegans and HT-29 cell cultures as eukary-
otic model systems. HT-CECT-7347 was protective against
oxidative stress and showed noteworthy properties such
as reduction of acute inflammatory responses, mainte-
nance of the epithelial barrier integrity and inhibition of
bacterial colonisation.

CONCLUSIONS

In conclusion, while there is extensive literature
describing and investigating the microbiota and CeD,
the central issue remains the lack of clarity regarding
whether the changes observed in the microbiota of indi-
viduals with CeD are effects of the condition or if and how
they play a role in its onset. Only long-term longitudinal
data which track atrisk individuals from birth through
the development of CeD autoimmunity and into the full
manifestation of the disease can clarify this. Gathering
extensive data from a prospective longitudinal cohort
with samples before and after disease development, such
as the ongoing CD-GEMM cohort, may help accommo-
date individual differences, thereby enabling the identi-
fication of specific links between microbial makeup and
disease onset, and perhaps offering therapeutic targets
for preventing CeD.

As regards biotic intervention in patients diagnosed
with CeD on a GFD, limited evidence points towards the
utility of strains to reduce symptoms, decrease inflam-
mation, support growth in children and overall enhance
recovery. However, small sample sizes of the conducted
studies and few strains tested limit the generalisability of
the findings. Given the individual differences in the intes-
tinal microbiota, it is likely that personalised biotics that
aim to balance alterations induced by genetics, personal
environmental exposures (eg, antibiotic exposure, diet,
built environment) and other factors will be needed to
truly target and intercept disease.
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