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Abstract: Celiac disease (CeD) is an autoimmune disease with a strong association with human
leukocyte antigen (HLA), characterized by the production of specific autoantibodies and immune-
mediated enterocyte killing. CeD is a unique autoimmune condition, as it is the only one in which
the environmental trigger is known: gluten, a storage protein present in wheat, barley, and rye.
How and when the loss of tolerance of the intestinal mucosa to gluten occurs is still unknown. This
event, through the activation of adaptive immune responses, enhances epithelial cell death, increases
the permeability of the epithelial barrier, and induces secretion of pro-inflammatory cytokines,
resulting in the transition from genetic predisposition to the actual onset of the disease. While
the role of gastrointestinal infections as a possible trigger has been considered on the basis of a
possible mechanism of antigen mimicry, a more likely alternative mechanism appears to involve a
complex disruption of the gastrointestinal microbiota ecosystem triggered by infections, rather than
the specific effect of a single pathogen on intestinal mucosal homeostasis. Several lines of evidence
show the existence of intestinal dysbiosis that precedes the onset of CeD in genetically at-risk subjects,
characterized by the loss of protective bacterial elements that both epigenetically and functionally
can influence the response of the intestinal epithelium leading to the loss of gluten tolerance. We
have conducted a literature review in order to summarize the current knowledge about the complex
and in part still unraveled dysbiosis that precedes and accompanies CeD and present some exciting
new data on how this dysbiosis might be prevented and/or counteracted. The literature search
was conducted on PubMed.gov in the time frame 2010 to March 2024 utilizing the terms “celiac

v ou

disease and microbiota”, “celiac disease and microbiome”, and “celiac disease and probiotics” and
restricting the search to the following article types: Clinical Trials, Meta-Analysis, Review, and
Systematic Review. A total of 364 papers were identified and reviewed. The main conclusions of
this review can be outlined as follows: (1) quantitative and qualitative changes in gut microbiota
have been clearly documented in CeD patients; (2) intestinal microbiota’s extensive and variable
interactions with enterocytes, viral and bacterial pathogens and even gluten combine to impact the
inflammatory immune response to gluten and the loss of gluten tolerance, ultimately affecting the
pathogenesis, progression, and clinical expression of CeD; (3) gluten-free diet fails to restore the
eubiosis of the digestive tract in CeD patients, and also negatively affects microbial homeostasis;
(4) new tools allowing targeted microbiota therapy, such as the use of probiotics (a good example
being precision probiotics like the novel strain of B. vulgatus (20220303-A2) begin to show exciting
potential applications.
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1. Introduction

The most common genetically induced adverse reaction to food, Celiac disease (CeD)
is an autoimmune disease strongly associated with specific HLA (human leukocyte antigen)
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class I haplotypes and characterized by the production of specific autoantibodies. CeD is a
unique autoimmune condition, as it is the only one in which the environmental trigger is
known: gluten, a storage protein present in wheat, barley, and rye.

The disease affects approximately 1% of the world population and its incidence has
been progressively increasing annually by about 8% with a female predominance (1.5 times
more frequent). The global prevalence of celiac disease is 1.4% when assessed by serological
markers, and 0.7% as biopsy-confirmed. There are also important geographical variations
in prevalence, being highest in Europe and Oceania (0.8%) and lowest in South America
(0.4%) [1].

The loss of tolerance to gluten occurs only in genetically predisposed individuals and
may occur at any time after birth. The HLA class II molecules DQ2 and DQS8, expressed
on the surface of antigen-presenting cells, are the main genetic risk factors for CeD, but
genome-wide association studies (GWAS) have identified as many as 39 non-HLA risk loci,
among which we recognize genes involved in immune function which include the genes for
interleukin 18 and 21 (IL18 and IL21), for chemokine receptors (CCR1, CCR2, CCR5), and
genes associated with alteration of intestinal permeability (MYO9B, PARD3 and MAG12).
Furthermore, in 2016 new genes have been identified [2] involved in the pathogenesis of
CeD (TAGAP, IL18R1, RGS21, PLEK, and CCR9) and in particular the regions CTLA4 and
LPP were found to be associated with anti-tissue transglutaminases. Of note, these genes
also appear to be correlated with the type of bacterial colonization and the composition of
the intestinal microbiota [3-5]. However, genetic predisposition alone is not sufficient to
bring about the onset of the disease, as it requires the involvement of environmental factors.

Obviously, the only necessary single one is gluten, a heterogeneous mixture of proteins
present in wheat, barley, and rye. Gliadin and glutenin, the main components of gluten, are
responsible for the characteristic viscous-elastic consistency and cohesiveness imparted to
doughs and making them perfectly apt for leavening and bread-making.

In fact, multiple additional environmental factors also act on epigenetic program-
ming through changes in the composition of the intestinal microbial ecosystem. This is
indeed known to actively participate in the maturation of epithelial barriers and in the
gut-associated lymphoid tissue (GALT), as well as in the homeostasis of innate and adaptive
immunity and in initiation of tissue repair programs, all factors implicated in impaired
tolerance to dietary gliadin [6,7].

As is well known, treatment of CeD relies exclusively, so far, on a strict gluten-free diet
(GFD), that in the vast majority of patients is capable of reversing the immune-mediated
intestinal damage and of restoring intestinal digestive-absorption functions.

The GFD, however, needs to be nutritionally balanced and supplemented with other
cereals, micronutrients, and dietary fiber in order to avoid the nutritional deficiencies often
described in patients on GFD, in part as a result of an excessive use of ultra-processed
products [8,9].

In this review covering relevant papers from 2010 to 2024, we examined recent pro-
gresses with respect to the relationship between gluten and the oro-gastro-intestinal micro-
biota, the effect of GFD on the microbiota, and finally explore the potential mechanistic use
of precision microecological agents in the microbiota-targeted prevention and treatment
of CeD.

2. Gluten and the Pathophysiology of Celiac Disease

The main antigenic proteins of gluten consist of monomeric subunits (gliadins),
grouped into four fractions based on the molecular weight and electrophoretic response
(et, B, v, and w—of which, «, v, and w are associated with CeD) and polymeric subunits
(glutenins) with a high content of polypeptide residues rich in glutamine and proline.
Most gluten is hydrolyzed by pepsin present in the stomach into high molecular weight
immunogenic polymeric peptides rich in proline. Such peptides are not susceptible to
proteolysis by human gastric and pancreatic enzymes nor by brush-border bound pepti-
dases. Therefore, these polymeric peptides tend to accumulate in the small intestinal lumen
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where they can remain for a long time. Well-known examples of highly immunogenic
and protease-resistant peptides are the 33-mer peptide derived from «-gliadins and the
26-mer peptide derived from y-gliadins. Additionally, the P57-P89 peptide and the P31-P43
peptide are able to trigger the innate immune response, with a primary role played by
IL-2 mediating an increase in intraepithelial lymphocytes, as well as an adaptive immune
response mediated by CD4+Thl cells [8,10-12].

Furthermore, we have come to learn that various intestinal bacteria, both commensals
and opportunistic pathogens, produce a wide range of proteases that can degrade dietary
components and host proteins, impacting immune homeostasis and the inflammatory and
functional state of the host as we will further explore later [1,8,13].

A fraction of the ingested gluten peptides can then translocate from the intestinal
lumen, through the intestinal epithelial barrier, via mostly paracellular but also intracellular
pathways until they reach the lamina propria. The intestinal epithelium in physiological
conditions is mostly impermeable to macromolecules, but in celiac disease the integrity
of the intestinal epithelial barrier is compromised due to alteration of the tight junction
(T]), thereby allowing gluten peptides to more easily reach the lamina propria. Here,
tissue transglutaminase 2 (tTG2) deamidates them, thus creating negatively charged, highly
immunogenic deamidated gliadin peptides (DGPs). These show a high binding affinity with
HLA-DQ2/DQ8 molecules expressed on dendritic cells; HLA-gliadin peptide complexes
are thus formed and then presented to naive CD4+ T cells, thus enhancing a gluten-specific
T helper 1 (Th1) inflammatory response, characterized by the production of high levels of
interferon gamma (IFN-y) and interleukin (IL)-21 in the small intestinal lamina propria.
The gluten-specific CD4+ T cell response is maintained by several cytokines, and especially
IL-15 and IL-21, that synergistically promote gluten-mediated increase of IFN-y production.

Interestingly, the triggering of a gluten-specific CD4+ T cell response might be brought
about by some viral infections, as exemplified by Reoviruses, but also possibly by bacte-
rial antigens.

In summary, the pathogenetic changes observed in celiac disease include release of
pro-inflammatory cytokines, activation of IEL and the production of specific antibodies
(schematically illustrated by Figure 1). This succession of events results ultimately in
inflammatory changes in the mucosa of the small intestine leading to enterocytes’ apoptosis,
increased IEL (>25/100 enterocytes), crypt hyperplasia, and villous atrophy, all well-known
landmarks of celiac disease [12,14-16]. What then, if any, is the role of microbiota in this
series of events?

Pathogenesis of CeD

Loss of tolerance to ingested gluten occurs only in individuals expressing HLA class
II DQ2 and/or DQ8 molecules and exposed to multiple hits from environmental factors.
Among them, premature birth, delivery by caesarean section, absence of breastfeeding,
early exposure to infectious agents, and antibiotics can also act on epigenetic programming
through changes in the composition of the gut microbial ecosystem that can interfere with
the maturation of the intestinal barrier, gut-associated lymphoid tissue (GALT), and the
homeostasis of innate and adaptive immunity.

Gluten is hydrolyzed by pepsin into immunogenic polymeric peptides that accu-
mulate in the lumen of the small intestine. Not being further hydrolyzed by pancreatic
or brush border-associated peptidases, they can then translocate through the permeable
intestinal epithelial barrier into the lamina propria where tTG2 transforms them into highly
immunogenic deamidated gliadin peptides (DGP). These show a high binding affinity with
HLA-DQ2/DQ8 molecules expressed on dendritic cells. HLA-DGP peptide complexes are
presented to naive CD4+ T cells that repectively differentiate into the following:

(1) CD8+ cells, which are cytotoxic cells becoming intraepithelial lymphocytes (IEL) that
participate in enterocyte apoptosis.

(2) Thl7 inflammatory cells that, like Th1 cells, produce IL-21, IFN-y, and TNF a.

(3) Thl inflammatory cells producing high levels of IFN-y, IL-21, and TNF-a.
TNF-a stimulates the production of IL-12 and IL-15 which synergistically promote the
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increase in gluten-mediated IFN-y production thus further pushing infiltration of IEL
promoting enterocyte apoptosis, crypt hyperplasia, and villous atrophy,

Th2 cells. Through the production of IL-4 and IL-6, they stimulate the progression
of B-cells into plasma cells and the production of specific autoantibodies against
endomysium, gliadin, and transglutaminase, thus participating in intestinal damage.

Protective Factors and Targeted Microbiota Intervention

The use of a Mediterranean-type diet during the first 2 years of life has been shown
to have a protective effect in preventing the development of CeD. Such a diet is
rich in fiber and phytochemicals capable of stimulating the intestinal growth of
eubiotic commensal bacteria that produce adequate proportions of short-chain fatty
acids (SCFAs). SCFAs act by counteracting intestinal permeability (increasing mucus
turnover and increasing the expression of tight junctions) and also by modulating the
immune system. In fact, they promote homeostasis favoring Tregs that produce IL-10
and counteract both Th1 cells and the production of autoantibodies.

“Precision” probiotics are capable of several effects all blunting the inflammatory
changes seen in CeD. In fact, they fight pathogenic and inflammatory species, restore
eubiotic species producing SCFAs, produce peptidases capable of degrading immuno-
genic gliadin peptides, promote immune homeostasis through the enhancement of
Tregs, modulate the permeability of the intestinal barrier, and produce Aryl receptor
(AhR) ligands correlated with increased IL-22, intestinal stem cell proliferation, and
restoration of intestinal mucosal damage.

Postbiotics—though so far less investigated in this regard—have the potential to
improve gut barrier function by increasing tight junction expression and preventing
the inflammatory effects of gliadin.
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Figure 1. Pathophysiology of CeD and Targeted Microbiota Intervention.
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3. How the Gut Microbiota Is Made and Its Relationship with CeD

The human body is inhabited by bacteria, archaea, fungi, and viruses. Bacteria alone
amount to 100 trillion with a ratio of 1.3:1 compared to our own cells. In humans, the gut
site represents the living niche with the highest microbial concentration up to 10!? bacteria
per gram of feces.

Bacteria are divided into nine main macrogroups defined as phyla: Actinobacteria,
Bacteroidetes, Cyanobacteria, Firmicutes, Fusobacteria, Lentisphaerae, Proteobacteria, Tenericutes,
and Verrucomicrobia.

Firmicutes and Bacteroidetes are by far the physiologically predominant phyla in the gut
fecal microbiota of mature subjects as these two phyla alone constitute approximately 90% of
the entire intestinal microbial structure. However, the composition of the microbiota differs,
in every individual, based on genetics and lifestyle. Furthermore, in the various parts of
the gastrointestinal tract the microbial composition is influenced by pH, gastrointestinal
secretion, availability of energy substrate, and quantity of oxygen which determine a
progressive cranio-caudal decrease in aerobic bacterial species and an increase in strictly
anaerobic bacterial species. Consequently, the profile of the gut microbiota associated with
health and/or disease, including CeD, depends on the specific niche or sample investigated.

The intestinal microbiota plays relevant roles in human physiology: it is involved in
the differentiation of the intestinal epithelium, opposes pathogenic colonization, regulates
intestinal permeability, triggers immunity to respond to antigenic stimulation, produces
vitamins, hormones and neurotransmitters, contributes to digestion of food, modulates
the entire energy metabolism of the host, and participates in the communication of the
gut-brain axis, thus helping to maintain a state of health. It is therefore clear that the
alteration of the microbial composition, defined as “dysbiosis”, is linked to a variety of
autoimmune and inflammatory intestinal diseases including CeD [10,17].

Genetics, gestational age at birth, type of delivery, breastfeeding, lifestyle, diet, hor-
monal variations, and drug use (in particular the use of antibiotics and proton pump
inhibitors) are the main factors regulating the composition of the gut microbiota [18,19].

As we have seen, CeD has a clear genetic component; however, the risk of developing
celiac disease seems to be the result of a complex interplay between genetic predisposition
and epigenetic factors, including a direct influence of gut microbial colonization. In fact,
Sellitto et al. [20], monitoring breastfed children at risk of developing celiac disease (DQ2
haplotype carriers) for the first two years of life, found that these had a greater abundance
of Firmicutes and Proteobacteria and a delay in the stabilization and maturation of the gut
microbiota compared to controls not at risk of CeD, suggesting that the development of
gut microbiota may be influenced by genetic factors related to the risk of CeD [20] This
was also confirmed by a number of studies [21,22] through the prospective longitudinal
study CDGEMM (Celiac Disease Genomic, Environmental, Microbiome, and Metabolomic
Study), which enrolled 500 infants from the United States (USA), Italy, and Spain with the
aim of identifying the risk factors associated with the onset of CeD.

Wacklin et al. [23] showed that subjects with symptomatic CeD compared to asymp-
tomatic ones had a different gut microbial composition, suggesting that the microbiota may
also correlate with the clinical manifestations of CeD. In particular, the authors observed a
higher abundance of phylum of Proteobacteria in symptomatic subjects compared to asymp-
tomatic subjects who instead showed a more abundant increase in phylum of Firmicutes.

4. Early Environmental Factors, Microbiota and CeD

What early environmental factors can influence the development of CeD through gut
microbial modulation?

Premature birth leads to delayed colonial colonization, limited bacterial diversity, low
bacterial load, reduction of obligate anaerobic commensals (Bifidobacteria and Bacteroides),
and increase of facultative and pathogenic anaerobes (Enterobacter, Enterococcus, Escherichia,
Klebsiella, C. difficile and Staphylococus), thus favoring an intestinal microbial structure of the
inflammatory type that can facilitate CeD [24].
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Birth modality is also considered a critical determinant in the early colonization of
the neonatal gut microbiota. In fact, caesarean section involves a neonatal colonization
completely of an environmental type and maternal skin derivation, with an increase in
Enterococcus faecalis and a reduction in Bacteroides and Parabacteroides associated with an
increased risk of celiac disease [25,26].

Tanpowpong et al. [27] studied 44,539 mother—infant pairs in order to test whether
pregnancy and/or birth-related factors could be associated with CeD, documenting
173 infants (0.4%) diagnosed with CeD. The adjusted hazard ratio of cesarean section
for CeD was 1.39 (95% CI: 0.99, 1.96, p = 0.06) compared to those born vaginally.

Diet is also one of the major drivers that guide the composition of the gut microbiota
and the mode of breastfeeding is fundamental with respect to its initial structuring; in
fact, we know that direct breastfeeding is associated with maximum intestinal growth of
Bifidobacterium spp. Cenit et al. [28] observed that the continuation of breastfeeding at
the time of gluten introduction correlates with increased transmission to milk of IL-12p70,
transforming growth factor-1 (TGF)-1, secretory IgA (sIgA), and Bifidobacterium spp., with
reduced risk or delay in the development of CeD. It should be noted, however, that despite
these observations and many previous ones in the same line, large epidemiological obser-
vation studies failed to document any protective effect of breast milk on the development
of CeD in genetically predisposed children [29,30].

Numerous studies also associate early exposure to antibiotics (with a dose-dependent
relationship) with the development of chronic autoimmune and inflammatory bowel
diseases including CeD [31-34]. Especially relevant in this regard is the cohort study
conducted by Dydensborg Sander S. et al. [32], which collected data from more than
1.7 million children born in Denmark and Norway, of which 3,346 were diagnosed with
CeD, showing that exposure to antibiotics in the first year of life was positively associated
with a later CeD diagnosis.

Finally, infections can also act as triggering factors with respect to the risk of CeD, espe-
cially viral infections contracted in the first 2 years of life. Rotavirus, Enterovirus, Adenovirus
type 12, and Orthoreovirus can trigger mimicry mechanisms with respect to gliadin, while
Orthoreoviruses, through Toll-like 3 (TLR3) activation, can alter the stimulation of innate
immunity and trigger intestinal inflammation and loss of tolerance to gliadin [1,35,36].
Recently, a cumulative effect augmenting the risk of developing CeD was demonstrated
between Enterovirus and amount of gluten [37].

We will next focus on the causal role of specific bacterial groups in the pathogenesis
of CeD.

5. Gut Microbiota and the Pathogenesis of CeD

While gluten is the only necessary environmental factor, delaying its introduction into
the diet at 12 months has been shown not to prevent the onset of CeD but only postponing
its emergence [29]. However, the introduction of gluten modifies the gut microbiota of the
host at risk of CeD. In fact, gluten-rich foods modify the microbiota especially in terms of
the abundance of phyla Firmicutes and Proteobacteria [20]. In addition, recent studies show
that, even though mammals lack proteases to digest gliadin, gluten metabolism is closely
related to the microbiota of the entire oro-gastro-intestinal tract [8,10,11].

The gut microbiota can influence the digestion of gluten peptides by generating
immunogenic peptides, but also, on the contrary, by cleaving immunogenic peptides
undigested by human intestinal enzymes. These effects combine to impact the inflammatory
immune response to gluten and the loss of gluten tolerance, ultimately therefore affecting
the pathogenesis, progression, and clinical expression of CeD [18,28,38].

Compared to healthy individuals, patients with CeD have an altered composition
(quantitative and qualitative) of the gut microbiota strictly dependent on genetics, age, and
disease status. However, these changes could be both the cause and the consequence of the
inflammatory state and the immune dysregulation that characterize CeD.
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Several studies have shown a significant increase in CeD subjects compared to healthy
ones of Gram-negative bacteria and in particular of Bacteroides, E. coli, Enterobacteriaceae and
decrease of Bifidobacterium, Streptococcus, Provetella and Lactobacillu spp. [3,23,39-41].

Olivares et al. [42], following the children of the PROFICEL cohort for 5 years, con-
firmed a different composition of the fecal microbiota according to the type of breastfeeding
(breastfeeding vs formula). In both cases, they detected in infants with the highest genetic
risk for CeD an increase in enterotoxigenic species of Escherichia coli (ETEC), suggesting
a possible association between genetic susceptibility to celiac disease and the presence of
pathogenic bacteria in early life in the gut, predisposing to CeD development.

Sanchez et al. [16] found higher diversity values for patients with active CeD compared
to controls, as well as increased phylum Proteobacteria and decreased phylum Firmicutes.
Members of the Enterobacteriaceae and Staphylococcaceae, particularly the species Klebsiella
oxytoca, Staphylococcus epidermidis, and Staphylococcus pasteuri, were more abundant in
patients with active disease than in controls. In contrast, members of the Streptococcaceae
were less abundant in patients with active CeD than in controls. D’Argenio et al. [43]
showed that members of the genus Neisseria (class B-Proteobacteria), later identified as
Neisseria flavescens (CD-Nf), were significantly more abundant in patients with active
CeD than in patients on GFD and controls. Also, an increase in the relative amounts of
gram-negative bacterial genera such as Bacteroides, Prevotella, and Escherichia and reduced
amounts of protective anti-inflammatory bacteria such as bifidobacteria and lactobacilli
were confirmed in CeD patients [1,44]. In particular, these authors found significant
reductions of Bifidobacterium longum in both feces and duodenal biopsies compared to
controls, while the prevalence of B. catenulatum was higher in control biopsies than in both
active and non-active celiac patients.

What emerges from these data is that the gut microbiota, both in its commensal
and pathogenic components, could influence the pathogenesis, progression, and clinical
expression of CeD. In fact, the eubiotic microbiota, through the fermentation of dietary
fiber, produces short-chain fatty acids (SCFAs), such as acetate, propionate, and butyrate,
which are involved in a series of processes essential to the preservation of healthy gut
immunity. Among them, the maturation of the intestinal mucosa, the modulation of
mucin turnover, and the expression of tight junctions, thus ultimately modulating the
intestinal permeability, the homeostasis of the intestinal mucosa, and the proper functions
of the innate and adaptive immune system. Thus, it seems logical that a perturbation of
the eubiosis is capable of creating an inflammatory state disrupting the integrity of the
mucosal barrier and opening the way for gluten to cause—in predisposed individuals —the
development of CeD. Recently, it has been found that the gut microbiota can contribute to
the development of CeD also through the production of indole derivatives from tryptophan
metabolism that act as agonists of the aryl hydrocarbon receptors (AhR) that are under-
expressed in CeD subjects. Indole derivatives are in fact involved in the homeostasis of
the immune system and in the inhibition of the activation of the actin regulatory protein
MyolIA that modulates the functional integrity of tight junctions and the permeability of
the intestinal barrier [45,46]. In addition, the dysbiotic microbiota that characterizes CeD
is rich, as mentioned, in Gram-negative microorganisms and this leads to an increase in
lipopolysaccharides (LPS), released from the outer membrane of such bacteria; LPS increase
the permeability of the intestinal barrier thus further allowing gliadin peptides to easily
translocate from the intestinal lumen to the lamina propria, stimulating the release of IL-15,
keratinocyte grow factor and IL-8, and activating both innate and adaptive immunity.

6. The Role of Oral Microbiota

While, not surprisingly, most studies investigating the role of microbiota in CeD have
focused on the gut microbiota, the salivary microbiota (consisting of more than 700 bacterial
species) has begun to attract the interest of researchers with respect to the pathogenesis not
only of CeD, but also of other pathologies [47-49].
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There are about 10! bacteria per gram of dental plaque and 108 bacteria per milliliter
of saliva. Adults produce more than 1000 mL of saliva every day which is continuously
swallowed in the gastrointestinal tract. Therefore, oral microorganisms can become an
important reservoir of bacteria in the gut and can play an important role in maintaining the
internal stability of the gut microecosystem.

The latest research shows that oral symbiotic microorganisms participate in the im-
mune function of the oral mucosa and in preventing the invasion of pathogens. For example,
the genera Veillonella and Streptococcus promote the production of antimicrobial peptides
and the secretion of inflammatory cytokines, thus increasing the epithelial barrier function
and the oral mucosal thickness. However, other studies show that some oral pathogenic
bacteria are not only related to oral diseases such as dental caries, periodontitis, and oral
ulcers but, through intestinal ectopic colonization, they are also related to cardiovascular
disease, obesity, diabetes, rheumatoid arthritis, intestinal diseases, cancer, Alzheimer’s
disease, preterm birth, etc. [8,10,50].

Fernandez-Feo et al. [11] isolated microorganisms from oral plaque and saliva that can
be grown and are able to digest gluten: Rothia mucilaginosa HOT-681, Rothia aeria HOT-188,
Actinomyces odontolyticus HOT-701, Streptococcus mitis HOT-677, Streptococcus sp. HOT-071,
Neisseria mucosa HOT-682, and Capnocytophaga sputigena HOT-775 and some Lactobacilli
spp., in particular Lactobacillus rhamnosus. Whether this might bear future implications in
helping protect the small intestinal mucosa from the harmful effects of ingested gluten
remain clearly only speculative at this stage.

7. Gluten-Free Diet and Gut Microbiota

As is well known, the gluten-free diet (GFD) is currently the only effective and indis-
pensable treatment for CeD. While it is typically very effective, especially in pediatric age,
up to 25-50% of patients fail to show a significant clinical improvement. Hence, current
research is actively working to find alternative and additional treatments for CeD [51].

Several authors have studied GFD-induced changes in gut microbiota. Bonder
et al. [52] demonstrated consistent changes induced by GFD in terms of gut microbial
composition mainly in the Veillonellaceae family that tends to decrease together with Ru-
minicoccus bromii, and Roseburia, while families of Victivallaceae, Clostridiaceae, and Coriobacte-
riaceae increased.

Rinninella et al. [24], studying the impact of individual food components (macronu-
trients and micronutrients), salt, and food additives in different eating styles, concluded
that GFD leads to a net reduction in microbial «-diversity and a decrease in beneficial
microorganisms such as Bifidobacterium and Lactobacillus. Consequences of these changes
are the collapse of intestinal production of SCFAs, modification of intestinal pH, enhanced
intestinal permeability, and compromise of the host’s metabolic and immune functions.
They also noted a parallel increase in abundance of harmful species such as Enterococcus,
Staphylococcus, Salmonella, Shigella, and Klebsiella.

Of interest, it appears that GFD not only fails to restore eubiosis of the digestive tract in
CeD patients, but also negatively affects microbial homeostasis in healthy individuals [8].

Unfortunately, only scarce data are available on colonic or fecal microbiota in CeD
patients before initiating the GFD and then prospectively followed in order to assess changes
intervened after initiating the diet.

Furthermore, it should be noted that the Western GFD diet is based on the prevalent
use of ultra-processed and refined foods with a high fat and sugar content, as well as a low
intake of dietary fiber, folic acid, iron, calcium, selenium, magnesium, zinc, niacin, biotin,
riboflavin, pyridoxine, and vitamin D. Western GFD in a certain sense emphasizes the
shortcomings of the western diet, and this appears to be quite detrimental for CeD patients
who should instead lean toward a Mediterranean diet by increasing the use of organic,
fresh foods, respecting seasonality and foods rich in fiber, microelements and bioactive
vitamins. In this regard, it would be appropriate to increase the use of pseudocereals
such as quinoa, amaranth, and sorghum and gluten-free cereals that are rich in fiber,
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minerals, thiamine, carotenoids, flavones, tannins, proteins, and healthy fats [9]. Also,
nutraceutical supplementation, including the targeted use of probiotics, might be a winning
proposition [53].

8. Targeted Microbiota Therapy for CeD

Pecora et al. [54] reviewed all the studies reported in Pubmed on the topic from
November 2009 to November 2019. Their analysis showed that the gut microbiota may
indeed play a decisive role with respect to gluten metabolism, modulation of the immune re-
sponse, and modulation of the permeability of the intestinal barrier. The same has also been
confirmed more recently by Rossi et al. [1] and Yemula et al. [19] arguing that probiotics,
prebiotics, postbiotics, and fecal microbiota transplantation (FMT), together with the GFD,
could contribute to functionally modifying the gut microbiota. The targeted microbiota
intervention is essentially aimed at restoring the beneficial and SCFAs-producing obligate
anaerobic commensal species, capable of reducing the permeability of the intestinal barrier
and promoting immune homeostasis and counteracting pathogenic and inflammatory
species. We will now briefly review the evidence on possible therapeutic options presented
by these potential interventions. Table 1 shows clinical trials and in vitro studies testing
probiotics in the treatment of CeD. (see Table 1)

Table 1. Probiotics tested to treat Celiac Disease.

(A) Clinical Trials

Probiotics Tested to Treat Celiac Disease Clinical Trials

Lactobacillus casei BGP93, Lactobacillus delbrueckii subsp. bulgaricus SP5,
Lactobacillus paracasei LPC01 and BGP2, Lactobacillus plantarum BGP12, LP27, [55]
LP35, LP40, LP47 and SP1

Lactiplantibacillus plantarum HEAL9 and Lacticaseibacillus paracasei 8700:2 [56]
Bifidobacterium longum CECT 7347 (ES1) [57]
[58]
Bifidobacterium breve (B632 and BR03) [59]
[60]
B. longum NCC2705 [61]

Lactobacillus casei LMG 101/37 P-17504, Lactobacillus plantarum CECT 4528,
Bifidobacterium animalis subsp. lactis Bil LMG P-17502, Bifidobacterium breve [62]
Bbr8 LMG P-17501 and BI. breve B110 LMG P-17500

Lactobacillus helveticus Rosell-52, Bifidobacterium infantis Rosell-33 and

Bifidobacterium bifidum Rosell-71 with fructooligosaccharides [63]
(Lactobacillus paracasei 101/37 LMG P-17504, Lactobacillus plantarum 14D

CECT 4528, Bifidobacterium animalis subsp. lactis Bil LMG P-17502, [64]
Bifidobacterium breve Bbr8 LMG P-17501, Bifidobacterium breve BL10 LMG

P-17500)

(B) In vitro studies

Probiotics tested to treat Celiac Disease In vitro studies
L. reuteri D8 [65]

B. vulgatus (20220303-A2) [66]

9. Lactobacilli

Francavilla et al. [55] tested 18 probiotic strains of lactobacilli for peptidase activity
(aminopeptidase N, imminopeptidase, prolyl endopeptidyl peptidase, tripeptidase, pro-
lidase, prolinase, and dipeptidase), and verified that the simultaneous use of 10 strains
(Lactobacillus casei BGP93, Lactobacillus delbrueckii subsp. bulgaricus SP5, Lactobacillus para-
casei LPCO1, and BGP2, Lactobacillus plantarum BGP12, LP27, LP35, LP40, LP47, and SP1)
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provided the peptidase pool necessary to completely degrade immunogenic gluten pep-
tides including 33-mer peptide, peptide residues 57 to 68 of a9-gliadin, peptide A-gliadin
62-75, and peptides 62-75 of g-gliadin. The efficacy of lactobacilli strains in gluten diges-
tion has also been demonstrated in vivo by challenging CeD patients in remission with
administration for 60 days of bakery products containing gluten predigested by probiotics.
No worsening of serological parameters or intestinal permeability were observed during
the duration of the challenge, suggesting that probiotic endopeptidases were indeed able
to completely degrade gluten and nullify its toxicity.

Jenickova et al. [56] examined in a randomized, double-blind study the impact of Lacti-
plantibacillus plantarum HEAL9 and Lacticaseibacillus paracasei 8700:2 on the fecal metabolome
of children with CeD and found a significant change in the fecal metabolome in the inter-
vention group compared to the control group, especially in the acid and amino acid profiles.
In particular, they observed an increase in 4-hydroxyphenylacetate, which is a catabolite
of the microbial proteolysis of tyrosine with a hepatoprotective effect and antioxidant
properties, and a decrease in the concentrations of various amino acids and especially of
threonine which is a very abundant amino acid in the protein nucleus of mucin, constitutive
element of the intestinal barrier.

Hou et al. [65] showed in intestinal organoids that the L. reuteri D8 strain produced
AhR ligands correlated with increased IL-22 production, intestinal stem cell proliferation,
and restoration of intestinal mucosal damage. Since the microbiota (as we described earlier)
also participates in the production of AhR agonists involved in the regulation of the immune
system and in maintaining the functional integrity of the intestinal barrier, it is reasonable
that the microbiota could be modulated also through a diet enriched with tryptophan or
through the use of precision probiotics such as Limosilactobacillus reuteri, which is able to
produce AhR ligands [45,46].

10. Bifidobacteria

A number of studies have been performed in in vitro system as well as both in animals
and in humans with various strains of Bifidobacteria. Olivares et al. [57], from the same
group that had previously demonstrated an anti-inflammatory effects of Bifidobacterium
longum CECT 7347 in a mouse model of gliadin-induced enteropathy [58], investigated
in a double-blind, randomized placebo controlled trial the potential effects of 3-month
administration of the same probiotic in 33 children newly diagnosed with CeD. The authors
reported in the probiotic group an improvement in health status, an increase in the speed
of height growth and a reduction in several indexes of intestinal inflammation: decreased
peripheral CD3(+) T lymphocytes and slightly reduced TNF-a.

Quagliariello et al. [59] administered two strains of Bifidobacterium breve (B632 and
BRO03) to CeD children in GFD for 3 months and found an increase in Actinobacteria and the
restoration of the physiological Firmicutes/Bacteroidetes ratio compared to the placebo group.

McCarville et al. [61] analyzed the role of the B. longum NCC2705 strain, isolated from
a healthy infant, in a gluten-sensitive NOD/DQ8 mouse model, and demonstrated the
beneficial effect of the probiotic mediated by the production of a serine protease inhibitor
(serpin) that exhibits immunomodulatory properties capable of reducing inflammation
induced by gliadin exposure.

Primec et al. [60] carried out a double-blind controlled study aimed at identifying cor-
relations between fecal microbiota, TNF-a and SCFAs in healthy children and children with
CeD after administration of the probiotic Bifidobacterium breve BRO3 and B632. The effect of
probiotic administration showed a negative correlation between Verrucomicrobia, Synergis-
tetes, and Euryarchaeota which could play a role in the intestinal anti-inflammatory process.

11. Combining Lactobacilli and Bifidobacteria

Francavilla et al. [62] completed a prospective randomized study on 109 CeD patients
on GFD who nevertheless experienced symptoms compatible with irritable bowel syn-
drome (IBS). The subjects received a multistrain probiotic mixture containing Lactobacillus
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casei LMG 101/37 P-17504, Lactobacillus plantarum CECT 4528, Bifidobacterium animalis subsp.
lactis Bil LMG P-17502, Bifidobacterium breve Bbr8 LMG P-17501, and Bl. breve B110 LMG
P-17500 or placebo for six weeks. The patients on the probiotic mixture reported a reduc-
tion in IBS symptoms associated with an increase in lactic acid-producing bacteria such as
staphylococci and bifidobacteria.

Tremblay et al. [63] tested the role of a multi-strain probiotic mixture containing Lac-
tobacillus helveticus Rosell-52, Bifidobacterium infantis Rosell-33 and Bifidobacterium bifidum
Rosell-71 with fructooligosaccharides in children with CeD on GFD who had persistence of
gastrointestinal symptomatology. The children on the probiotic mixture showed signifi-
cantly reduced symptomatology compared to the placebo group.

Lastly, Lionetti et al. [64] verified the efficacy of a multispecies probiotic (Lactobacillus
paracasei 101/37 LMG P-17504, Lactobacillus plantarum 14D CECT 4528, Bifidobacterium ani-
malis subsp. lactis Bil LMG P-17502, Bifidobacterium breve Bbr8 LMG P-17501, Bifidobacterium
breve BL10 LMG P-17500) administered for 12 weeks in 96 newly diagnosed CeD children on
GFD. Children in both, the probiotic group and in the placebo group showed a significant
increase in body max index (BMI) score after 3 and 6 months of treatment, but the increase
in BMI-Z score was significantly higher and faster in the probiotic group. However, no
other differences were noted in all other clinical and laboratory parameters.

12. Postbiotics

Postbiotics, also called “ghost probiotics”, are defined as the preparation of inanimate
microorganisms and/or their components or bioactive products that confer health benefit
to the host.

Freire et al. [67] tested the role of postbiotics (butyrate, lactate, and polysaccharide
A produced by B. fragilis) on models of intestinal organoids developed from duodenal
biopsies of celiac and non-celiac patients showing that they can improve intestinal barrier
function through increased TJ expression. In addition, these microbiota-derived molecules
were able to reduce gliadin-induced cytokine secretion.

Conte et al. [68] investigated the in vitro effect on Caco-2 cells of the Lactobacillus
paracasei CBA L74 postbiotic with respect to the prevention of gliadin-induced activation of
inflammatory responses. The postbiotic was able to induce autophagy in Caco-2 cells and
prevent the inflammatory effects of gliadin.

13. Conclusions and Future Directions

As we have seen, the main conundrum in all of this is the fact that we still do not
fully understand whether the changes observed in the microbiota of CeD subjects are the
consequences or part of the causes of the disease. To unravel this mystery, it would be
appropriate to construct longitudinal studies that prospectively follow subjects at risk of
CeD for a long time, possibly from birth until the development of CeD autoimmunity and
then to the full-blown disease, and then again after the institution of a proper GFD so
that one can mechanistically link the variations in the intestinal microbial composition
with the pathogenesis and clinical expression of the disease. These modifications take
place specifically in the phase of passage from tolerance to the loss of tolerance to gluten.
The availability of such data from a large population in order to account for individual
variabilities would allow to identify the specific causal links between microbial composition
and function on one side and disease on the other, thus leading to the identification of new
targets for precise epigenetic modulation aiming at the prevention and treatment of CeD.

So far, few cross-sectional and longitudinal studies have been formulated in this
way. Sellitto et al. [20], as well as Olivares et al. [69], showed that the composition of the
microbiota of infants at genetic risk of developing CeD is different from that of non-at-risk
infants. In fact, in children at risk they observed a delay in the maturation trajectory
of the microbiota, a reduced amount of Bacteroidetes and an excess of Proteobacteria and
Firmicutes (in particular of the genre Lactobacillus) already evident before the appearance of
CeD autoimmunity.
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Subsequently, in a series of papers, Leonard et al. [4,21,22,70] published data from a
prospective observational study using the Celiac Disease, Genomic Environmental Micro-
biome, and Metabolomic study (CeDGEMM) cohort aimed at identifying the existence of a
specific microbial and metabolomic signature capable of predicting loss of gluten tolerance
in relation to environmental risk factors and genetic markers of susceptibility to CeD. The
authors demonstrated, in subjects who subsequently developed the disease, a decrease in
the abundance of anti-inflammatory microbial species (Streptococcus thermophilus, Faecalibac-
terium prausnitzii and Clostridium clostridioforme) and an increase in inflammatory species
(Dialister invisus, Parabacteroides sp., Lachnospiraceae) related and increased metabolism of
tryptophan and the metabolites serine and threonine. Of note, such dysbiosis was not
detectable in children who, despite showing the same risk factors, did not subsequently
develop the disease.

Very recently, the same “CDGEMM Team” [66] identified, isolated, cultured, and
sequenced a novel strain of B. vulgatus (20220303-A2) present only in subjects with risk
factors for CeD but who did not develop the disease. This strain, when its cell-free super-
natant was tested in a human gut organoid system developed from pre-celiac patients,
was able to mitigate the effects of gliadin exposure on intestinal epithelial homeostasis by
epigenetically reprogramming the mechanisms controlling intestinal permeability, immune
response, and cell repair phenomena. These findings raise the possibility that this unique
strain of B. vulgatus may play a protective role with respect to the risk of loss of gluten
tolerance in subjects at risk for CeD.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Rossi, R.E.; Dispinzieri, G.; Elvevi, A.; Massironi, S. Interaction between Gut Microbiota and Celiac Disease: From Pathogenesis
to Treatment. Cells 2023, 12, 823. [CrossRef] [PubMed]

2. Sharma, A.; Liu, X.; Hadley, D.; Hagopian, W.; Liu, E.; Chen, W.M.; Onengut-Gumuscu, S.; Simell, V.; Rewers, M.; Ziegler,
A.G,; et al. Identification of Non-HLA Genes Associated with Celiac Disease and Country-Specific Differences in a Large,
International Pediatric Cohort. PLoS ONE 2016, 11, €0152476. [CrossRef] [PubMed]

3. Losurdo, G.; Principi, M.; lannone, A.; Ierardi, E.; Di Leo, A. The Interaction between Celiac Disease and Intestinal Microbiota. J.
Clin. Gastroenterol. 2016, 50 (Suppl. S2), S145-5147. [CrossRef] [PubMed]

4.  Leonard, M.M.; Cambhi, S.; Huedo-Medina, T.B.; Fasano, A. Celiac Disease Genomic, Environmental, Microbiome, and
Metabolomic (CDGEMM) Study Design: Approach to the Future of Personalized Prevention of Celiac Disease. Nutrients 2015, 7,
9325-9336. [CrossRef] [PubMed]

5. Dieli-Crimi, R.; Cenit, M.C.; Nunez, C. The genetics of celiac disease: A comprehensive review of clinical implications. .
Autoimmun. 2015, 64, 26—41. [CrossRef] [PubMed]

6.  Krishnareddy, S. The Microbiome in Celiac Disease. Gastroenterol. Clin. N. Am. 2019, 48, 115-126. [CrossRef] [PubMed]

7.  Jabeen, ML.E,; Hinks, T.S.C. MAIT cells and the microbiome. Front. Immunol. 2023, 14, 1127588. [CrossRef]

8. Wu, X;; Qian, L.; Liu, K.; Wu, J.; Shan, Z. Gastrointestinal microbiome and gluten in celiac disease. Ann. Med. 2021, 53, 1797-1805.
[CrossRef]

9.  Simon, E.; Molero-Luis, M.; Fueyo-Diaz, R.; Costas-Batlle, C.; Crespo-Escobar, P.; Montoro-Huguet, M.A. The Gluten-Free Diet for
Celiac Disease: Critical Insights to Better Understand Clinical Outcomes. Nutrients 2023, 15, 4013. [CrossRef]

10. Tian, N,; Faller, L.; Leffler, D.A.; Kelly, C.P.; Hansen, J.; Bosch, J.A.; Wei, G.; Paster, B.].; Schuppan, D.; Helmerhorst, E.J. Salivary
Gluten Degradation and Oral Microbial Profiles in Healthy Individuals and Celiac Disease Patients. Appl. Environ. Microbiol.
2017, 83, e03330-16. [CrossRef]

11. Fernandez-Feo, M.; Wei, G.; Blumenkranz, G.; Dewhirst, EE.; Schuppan, D.; Oppenheim, F.G.; Helmerhorst, E.J. The cultivable
human oral gluten-degrading microbiome and its potential implications in coeliac disease and gluten sensitivity. Clin. Microbiol.
Infect. 2013, 19, E386-E394. [CrossRef] [PubMed]

12.  Akobeng, A.K; Singh, P.; Kumar, M.; Al Khodor, S. Role of the gut microbiota in the pathogenesis of coeliac disease and potential
therapeutic implications. Eur. . Nutr. 2020, 59, 3369-3390. [CrossRef] [PubMed]

13. Caminero, A.; McCarville, ].L.; Galipeau, H.J.; Deraison, C.; Bernier, S.P.; Constante, M.; Rolland, C.; Meisel, M.; Murray, ].A.; Yu,
X.B.; et al. Duodenal bacterial proteolytic activity determines sensitivity to dietary antigen through protease-activated receptor-2.
Nat. Commun. 2019, 10, 1198. [CrossRef]

14. Abadie, V;; Kim, SM.; Lejeune, T.; Palanski, B.A.; Ernest, ].D.; Tastet, O.; Voisine, ].; Discepolo, V.; Marietta, E.V.; Hawash,

M.B.F,; et al. IL-15, gluten and HLA-DQS8 drive tissue destruction in coeliac disease. Nature 2020, 578, 600-604. [CrossRef]


https://doi.org/10.3390/cells12060823
https://www.ncbi.nlm.nih.gov/pubmed/36980164
https://doi.org/10.1371/journal.pone.0152476
https://www.ncbi.nlm.nih.gov/pubmed/27015091
https://doi.org/10.1097/MCG.0000000000000682
https://www.ncbi.nlm.nih.gov/pubmed/27741160
https://doi.org/10.3390/nu7115470
https://www.ncbi.nlm.nih.gov/pubmed/26569299
https://doi.org/10.1016/j.jaut.2015.07.003
https://www.ncbi.nlm.nih.gov/pubmed/26194613
https://doi.org/10.1016/j.gtc.2018.09.008
https://www.ncbi.nlm.nih.gov/pubmed/30711204
https://doi.org/10.3389/fimmu.2023.1127588
https://doi.org/10.1080/07853890.2021.1990392
https://doi.org/10.3390/nu15184013
https://doi.org/10.1128/AEM.03330-16
https://doi.org/10.1111/1469-0691.12249
https://www.ncbi.nlm.nih.gov/pubmed/23714165
https://doi.org/10.1007/s00394-020-02324-y
https://www.ncbi.nlm.nih.gov/pubmed/32651763
https://doi.org/10.1038/s41467-019-09037-9
https://doi.org/10.1038/s41586-020-2003-8

Nutrients 2024, 16, 1882 13 of 15

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Sacchetti, L.; Nardelli, C. Gut microbiome investigation in celiac disease: From methods to its pathogenetic role. Clin. Chem. Lab.
Med. 2020, 58, 340-349. [CrossRef] [PubMed]

Sanchez, E.; Donat, E.; Ribes-Koninckx, C.; Fernandez-Murga, M.L.; Sanz, Y. Duodenal-mucosal bacteria associated with celiac
disease in children. Appl. Environ. Microbiol. 2013, 79, 5472-5479. [CrossRef] [PubMed]

Sanz, Y. Effects of a gluten-free diet on gut microbiota and immune function in healthy adult humans. Gut Microbes 2010, 1,
135-137. [CrossRef] [PubMed]

Cristofori, F.; Indrio, F.; Miniello, V.L.; De Angelis, M.; Francavilla, R. Probiotics in Celiac Disease. Nutrients 2018, 10, 1824.
[CrossRef]

Yemula, N. Gut microbiota in celiac disease. Ann. Gastroenterol. 2024, 37, 125-132. [CrossRef]

Sellitto, M.; Bai, G.; Serena, G.; Fricke, W.E,; Sturgeon, C.; Gajer, P.; White, ].R.; Koenig, S.S.; Sakamoto, J.; Boothe, D.; et al. Proof of
concept of microbiome-metabolome analysis and delayed gluten exposure on celiac disease autoimmunity in genetically at-risk
infants. PLoS ONE 2012, 7, €33387. [CrossRef]

Leonard, M.M.; Karathia, H.; Pujolassos, M.; Troisi, J.; Valitutti, F.; Subramanian, P.; Camhi, S.; Kenyon, V.; Colucci, A.; Serena, G.;
et al. Multi-omics analysis reveals the influence of genetic and environmental risk factors on developing gut microbiota in infants
at risk of celiac disease. Microbiome 2020, 8, 130. [CrossRef] [PubMed]

Leonard, M.M.; Serena, G.; Sturgeon, C.; Fasano, A. Genetics and celiac disease: The importance of screening. Expert Rev.
Gastroenterol. Hepatol. 2015, 9, 209-215. [CrossRef] [PubMed]

Wacklin, P.; Kaukinen, K.; Tuovinen, E.; Collin, P.; Lindfors, K.; Partanen, J.; Maki, M.; Matto, J. The duodenal microbiota
composition of adult celiac disease patients is associated with the clinical manifestation of the disease. Inflamm. Bowel Dis. 2013,
19, 934-941. [CrossRef] [PubMed]

Rinninella, E.; Tohumcu, E.; Raoul, P; Fiorani, M.; Cintoni, M.; Mele, M.C.; Cammarota, G.; Gasbarrini, A.; Ianiro, G. The role of
diet in shaping human gut microbiota. Best Pract. Res. Clin. Gastroenterol. 2023, 62—63, 101828. [CrossRef] [PubMed]

Namatovu, F; Olsson, C.; Lindkvist, M.; Myleus, A.; Hogberg, U.; Ivarsson, A.; Sandstrom, O. Maternal and perinatal conditions
and the risk of developing celiac disease during childhood. BMC Pediatr. 2016, 16, 77. [CrossRef] [PubMed]

Pes, G.M.; Bibbo, S.; Dore, M.P. Coeliac disease: Beyond genetic susceptibility and gluten. A narrative review. Ann. Med. 2019, 51,
1-16. [CrossRef] [PubMed]

Tanpowpong, P; Li, S.; Espinola, J.A.; Santos, L.C.; James, K.E.; Powe, C.E.; Camargo, C.A., Jr. Pregnancy- and birth-related risk
factors for the development of childhood celiac disease. Acta Paediatr. 2023, 112, 1029-1034. [CrossRef]

Cenit, M.C.; Olivares, M.; Codoner-Franch, P.; Sanz, Y. Intestinal Microbiota and Celiac Disease: Cause, Consequence or
Co-Evolution? Nutrients 2015, 7, 6900-6923. [CrossRef]

Lionetti, E.; Castellaneta, S.; Francavilla, R.; Pulvirenti, A.; Tonutti, E.; Amarri, S.; Barbato, M.; Barbera, C.; Barera, G.; Bellantoni,
A, et al. Introduction of gluten, HLA status, and the risk of celiac disease in children. N. Engl. J. Med. 2014, 371, 1295-1303.
[CrossRef]

Szajewska, H.; Shamir, R.; Chmielewska, A.; Piescik-Lech, M.; Auricchio, R.; Ivarsson, A.; Kolacek, S.; Koletzko, S.; Korponay-
Szabo, I.; Mearin, M.L.; et al. Systematic review with meta-analysis: Early infant feeding and coeliac disease--update 2015.
Aliment. Pharmacol. Ther. 2015, 41, 1038-1054. [CrossRef]

Aversa, Z.; Atkinson, E.J.; Schafer, M.].; Theiler, R.N.; Rocca, W.A.; Blaser, M.].; LeBrasseur, N.K. Association of Infant Antibiotic
Exposure With Childhood Health Outcomes. Mayo Clin. Proc. 2021, 96, 66-77. [CrossRef] [PubMed]

Dydensborg Sander, S.; Nybo Andersen, A.M.; Murray, ].A.; Karlstad, O.; Husby, S.; Stordal, K. Association Between Antibiotics
in the First Year of Life and Celiac Disease. Gastroenterology 2019, 156, 2217-2229. [CrossRef]

Fenneman, A.C.; Weidner, M.; Chen, L.A.; Nieuwdorp, M.; Blaser, M.]. Antibiotics in the pathogenesis of diabetes and inflamma-
tory diseases of the gastrointestinal tract. Nat. Rev. Gastroenterol. Hepatol. 2023, 20, 81-100. [CrossRef] [PubMed]

Olivares, M.; Walker, A.W,; Capilla, A.; Benitez-Paez, A.; Palau, F,; Parkhill, ].; Castillejo, G.; Sanz, Y. Gut microbiota trajectory in
early life may predict development of celiac disease. Microbiome 2018, 6, 36. [CrossRef] [PubMed]

Bouziat, R.; Hinterleitner, R.; Brown, ].J.; Stencel-Baerenwald, J.E.; Ikizler, M.; Mayassi, T.; Meisel, M.; Kim, S.M.; Discepolo, V.;
Pruijssers, A.J.; et al. Reovirus infection triggers inflammatory responses to dietary antigens and development of celiac disease.
Science 2017, 356, 44-50. [CrossRef]

Olshan, K.L.; Leonard, M.M.; Serena, G.; Zomorrodi, A.R.; Fasano, A. Gut microbiota in Celiac Disease: Microbes, metabolites,
pathways and therapeutics. Expert Rev. Clin. Immunol. 2020, 16, 1075-1092. [CrossRef]

Lindfors, K.; Lin, J.; Lee, H.S.; Hyoty, H.; Nykter, M.; Kurppa, K.; Liu, E.; Koletzko, S.; Rewers, M.; Hagopian, W.; et al.
Metagenomics of the faecal virome indicate a cumulative effect of enterovirus and gluten amount on the risk of coeliac disease
autoimmunity in genetically at risk children: The TEDDY study. Gut 2020, 69, 1416-1422. [CrossRef] [PubMed]

Belei, O.; Juganaru, I.; Basaca, D.G.; Munteanu, A.IL; Marginean, O. The Role of Intestinal Microbiota in Celiac Disease and Further
Therapeutic Perspectives. Life 2023, 13, 2039. [CrossRef]

Chibbar, R.; Dieleman, L.A. The Gut Microbiota in Celiac Disease and Probiotics. Nutrients 2019, 11, 2375. [CrossRef]

Marasco, G.; Cirota, G.G.; Rossini, B.; Lungaro, L.; Di Biase, A.R.; Colecchia, A.; Volta, U.; De Giorgio, R.; Festi, D.; Caio, G.
Probiotics, Prebiotics and Other Dietary Supplements for Gut Microbiota Modulation in Celiac Disease Patients. Nutrients 2020,
12,2674. [CrossRef]

Valitutti, F.; Cucchiara, S.; Fasano, A. Celiac Disease and the Microbiome. Nutrients 2019, 11, 2403. [CrossRef] [PubMed]


https://doi.org/10.1515/cclm-2019-0657
https://www.ncbi.nlm.nih.gov/pubmed/31494628
https://doi.org/10.1128/AEM.00869-13
https://www.ncbi.nlm.nih.gov/pubmed/23835180
https://doi.org/10.4161/gmic.1.3.11868
https://www.ncbi.nlm.nih.gov/pubmed/21327021
https://doi.org/10.3390/nu10121824
https://doi.org/10.20524/aog.2024.0862
https://doi.org/10.1371/journal.pone.0033387
https://doi.org/10.1186/s40168-020-00906-w
https://www.ncbi.nlm.nih.gov/pubmed/32917289
https://doi.org/10.1586/17474124.2014.945915
https://www.ncbi.nlm.nih.gov/pubmed/25294637
https://doi.org/10.1097/MIB.0b013e31828029a9
https://www.ncbi.nlm.nih.gov/pubmed/23478804
https://doi.org/10.1016/j.bpg.2023.101828
https://www.ncbi.nlm.nih.gov/pubmed/37094913
https://doi.org/10.1186/s12887-016-0613-y
https://www.ncbi.nlm.nih.gov/pubmed/27267234
https://doi.org/10.1080/07853890.2019.1569254
https://www.ncbi.nlm.nih.gov/pubmed/30739507
https://doi.org/10.1111/apa.16686
https://doi.org/10.3390/nu7085314
https://doi.org/10.1056/NEJMoa1400697
https://doi.org/10.1111/apt.13163
https://doi.org/10.1016/j.mayocp.2020.07.019
https://www.ncbi.nlm.nih.gov/pubmed/33208243
https://doi.org/10.1053/j.gastro.2019.02.039
https://doi.org/10.1038/s41575-022-00685-9
https://www.ncbi.nlm.nih.gov/pubmed/36258032
https://doi.org/10.1186/s40168-018-0415-6
https://www.ncbi.nlm.nih.gov/pubmed/29458413
https://doi.org/10.1126/science.aah5298
https://doi.org/10.1080/1744666X.2021.1840354
https://doi.org/10.1136/gutjnl-2019-319809
https://www.ncbi.nlm.nih.gov/pubmed/31744911
https://doi.org/10.3390/life13102039
https://doi.org/10.3390/nu11102375
https://doi.org/10.3390/nu12092674
https://doi.org/10.3390/nu11102403
https://www.ncbi.nlm.nih.gov/pubmed/31597349

Nutrients 2024, 16, 1882 14 of 15

42.

43.

44.

45.

46.

47.

48.

49.
50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Olivares, M.; Benitez-Paez, A.; de Palma, G.; Capilla, A.; Nova, E.; Castillejo, G.; Varea, V.; Marcos, A.; Garrote, J.A.; Polanco,
I; et al. Increased prevalence of pathogenic bacteria in the gut microbiota of infants at risk of developing celiac disease: The
PROFICEL study. Gut Microbes 2018, 9, 551-558. [CrossRef] [PubMed]

D’Argenio, V.; Casaburi, G.; Precone, V.; Pagliuca, C.; Colicchio, R.; Sarnataro, D.; Discepolo, V.; Kim, S.M.; Russo, I.; Del Vecchio
Blanco, G.; et al. Metagenomics Reveals Dysbiosis and a Potentially Pathogenic N. flavescens Strain in Duodenum of Adult Celiac
Patients. Am. J. Gastroenterol. 2016, 111, 879-890. [CrossRef] [PubMed]

Collado, M.C.; Donat, E.; Ribes-Koninckx, C.; Calabuig, M.; Sanz, Y. Imbalances in faecal and duodenal Bifidobacterium species
composition in active and non-active coeliac disease. BMC Microbiol. 2008, 8, 232. [CrossRef] [PubMed]

Lamas, B.; Hernandez-Galan, L.; Galipeau, H.J.; Constante, M.; Clarizio, A.; Jury, J.; Breyner, N.M.; Caminero, A.; Rueda, G.;
Hayes, C.L.; et al. Aryl hydrocarbon receptor ligand production by the gut microbiota is decreased in celiac disease leading to
intestinal inflammation. Sci. Transl. Med. 2020, 12, eaba0624. [CrossRef] [PubMed]

Scott, S.A.; Fu, J.; Chang, P.V. Microbial tryptophan metabolites regulate gut barrier function via the aryl hydrocarbon receptor.
Proc. Natl. Acad. Sci. USA 2020, 117, 19376-19387. [CrossRef] [PubMed]

De Angelis, M.; Vannini, L.; Di Cagno, R.; Cavallo, N.; Minervini, F; Francavilla, R.; Ercolini, D.; Gobbetti, M. Salivary and fecal
microbiota and metabolome of celiac children under gluten-free diet. Int. J. Food Microbiol. 2016, 239, 125-132. [CrossRef]
Poddighe, D.; Kushugulova, A. Salivary Microbiome in Pediatric and Adult Celiac Disease. Front. Cell Infect. Microbiol. 2021, 11,
625162. [CrossRef]

Tuganbaev, T.; Yoshida, K.; Honda, K. The effects of oral microbiota on health. Science 2022, 376, 934-936. [CrossRef]

Peng, X.; Cheng, L.; You, Y.; Tang, C.; Ren, B,; Li, Y.; Xu, X.; Zhou, X. Oral microbiota in human systematic diseases. Int. . Oral Sci.
2022, 14, 14. [CrossRef]

Lindfors, K.; Ciacci, C.; Kurppa, K.; Lundin, K.E.A.; Makharia, G.K.; Mearin, M.L.; Murray, ].A.; Verdu, E.E; Kaukinen, K. Coeliac
disease. Nat. Rev. Dis. Primers 2019, 5, 3. [CrossRef]

Bonder, M.].; Tigchelaar, E.E; Cai, X.; Trynka, G.; Cenit, M.C.; Hrdlickova, B.; Zhong, H.; Vatanen, T.; Gevers, D.; Wijmenga, C.;
et al. The influence of a short-term gluten-free diet on the human gut microbiome. Genome Med. 2016, 8, 45. [CrossRef] [PubMed]
Saviano, A.; Petruzziello, C.; Brigida, M.; Morabito Loprete, M.R.; Savioli, G.; Migneco, A.; Ojetti, V. Gut Microbiota Alteration
and Its Modulation with Probiotics in Celiac Disease. Biomedicines 2023, 11, 2638. [CrossRef] [PubMed]

Pecora, F,; Persico, F.; Gismondji, P.; Fornaroli, E; Iuliano, S.; de’Angelis, G.L.; Esposito, S. Gut Microbiota in Celiac Disease: Is
There Any Role for Probiotics? Front. Immunol. 2020, 11, 957. [CrossRef] [PubMed]

Francavilla, R.; De Angelis, M.; Rizzello, C.G.; Cavallo, N.; Dal Bello, F.; Gobbetti, M. Selected Probiotic Lactobacilli Have the
Capacity To Hydrolyze Gluten Peptides during Simulated Gastrointestinal Digestion. Appl. Environ. Microbiol. 2017, 83, €00376-17.
[CrossRef] [PubMed]

Jenickova, E.; Andren Aronsson, C.; Mascellani Bergo, A.; Cinek, O.; Havlik, J.; Agardh, D. Effects of Lactiplantibacillus plantarum
and Lacticaseibacillus paracasei supplementation on the faecal metabolome in children with coeliac disease autoimmunity: A
randomised, double-blinded placebo-controlled clinical trial. Front. Nutr. 2023, 10, 1183963. [CrossRef] [PubMed]

Olivares, M.; Castillejo, G.; Varea, V.; Sanz, Y. Double-blind, randomised, placebo-controlled intervention trial to evaluate the
effects of Bifidobacterium longum CECT 7347 in children with newly diagnosed coeliac disease. Br. J. Nutr. 2014, 112, 30-40.
[CrossRef] [PubMed]

Laparra, ].M.; Olivares, M.; Gallina, O.; Sanz, Y. Bifidobacterium longum CECT 7347 modulates immune responses in a gliadin-
induced enteropathy animal model. PLoS ONE 2012, 7, e30744. [CrossRef] [PubMed]

Quagliariello, A.; Aloisio, I.; Bozzi Cionci, N.; Luiselli, D.; D’Auria, G.; Martinez-Priego, L.; Perez-Villarroya, D.; Langerholc, T.;
Primec, M.; Micetic-Turk, D.; et al. Effect of Bifidobacterium breve on the Intestinal Microbiota of Coeliac Children on a Gluten Free
Diet: A Pilot Study. Nutrients 2016, 8, 660. [CrossRef]

Primec, M.; Klemenak, M.; Di Gioia, D.; Aloisio, I.; Bozzi Cionci, N.; Quagliariello, A.; Gorenjak, M.; Micetic-Turk, D.; Langerholc,
T. Clinical intervention using Bifidobacterium strains in celiac disease children reveals novel microbial modulators of TNF-alpha
and short-chain fatty acids. Clin. Nutr. 2019, 38, 1373-1381. [CrossRef]

McCarville, J.L.; Dong, J.; Caminero, A.; Bermudez-Brito, M.; Jury, ].; Murray, J.A.; Duboux, S.; Steinmann, M.; Delley, M.; Tangyu,
M.; et al. A Commensal Bifidobacterium longum Strain Prevents Gluten-Related Immunopathology in Mice through Expression of
a Serine Protease Inhibitor. Appl. Environ. Microbiol. 2017, 83, e01323-17. [CrossRef] [PubMed]

Francavilla, R.; Piccolo, M.; Francavilla, A.; Polimeno, L.; Semeraro, F.; Cristofori, F.; Castellaneta, S.; Barone, M.; Indrio, F.;
Gobbetti, M.; et al. Clinical and Microbiological Effect of a Multispecies Probiotic Supplementation in Celiac Patients With
Persistent IBS-type Symptoms: A Randomized, Double-Blind, Placebo-controlled, Multicenter Trial. J. Clin. Gastroenterol. 2019, 53,
el117-e125. [CrossRef] [PubMed]

Tremblay, A.; Xu, X.; Colee, J.; Tompkins, T.A. Efficacy of a Multi-Strain Probiotic Formulation in Pediatric Populations: A
Comprehensive Review of Clinical Studies. Nutrients 2021, 13, 1908. [CrossRef] [PubMed]

Lionetti, E.; Dominijanni, V.; Iasevoli, M.; Cimadamore, E.; Acquaviva, I; Gatti, S.; Monachesi, C.; Catassi, G.; Pino, A.; Faragalli,
A.; et al. Effects of the supplementation with a multispecies probiotic on clinical and laboratory recovery of children with newly
diagnosed celiac disease: A randomized, placebo-controlled trial. Dig. Liver Dis. 2023, 55, 1328-1337. [CrossRef]


https://doi.org/10.1080/19490976.2018.1451276
https://www.ncbi.nlm.nih.gov/pubmed/29672211
https://doi.org/10.1038/ajg.2016.95
https://www.ncbi.nlm.nih.gov/pubmed/27045926
https://doi.org/10.1186/1471-2180-8-232
https://www.ncbi.nlm.nih.gov/pubmed/19102766
https://doi.org/10.1126/scitranslmed.aba0624
https://www.ncbi.nlm.nih.gov/pubmed/33087499
https://doi.org/10.1073/pnas.2000047117
https://www.ncbi.nlm.nih.gov/pubmed/32719140
https://doi.org/10.1016/j.ijfoodmicro.2016.07.025
https://doi.org/10.3389/fcimb.2021.625162
https://doi.org/10.1126/science.abn1890
https://doi.org/10.1038/s41368-022-00163-7
https://doi.org/10.1038/s41572-018-0054-z
https://doi.org/10.1186/s13073-016-0295-y
https://www.ncbi.nlm.nih.gov/pubmed/27102333
https://doi.org/10.3390/biomedicines11102638
https://www.ncbi.nlm.nih.gov/pubmed/37893012
https://doi.org/10.3389/fimmu.2020.00957
https://www.ncbi.nlm.nih.gov/pubmed/32499787
https://doi.org/10.1128/AEM.00376-17
https://www.ncbi.nlm.nih.gov/pubmed/28500039
https://doi.org/10.3389/fnut.2023.1183963
https://www.ncbi.nlm.nih.gov/pubmed/37485388
https://doi.org/10.1017/S0007114514000609
https://www.ncbi.nlm.nih.gov/pubmed/24774670
https://doi.org/10.1371/journal.pone.0030744
https://www.ncbi.nlm.nih.gov/pubmed/22348021
https://doi.org/10.3390/nu8100660
https://doi.org/10.1016/j.clnu.2018.06.931
https://doi.org/10.1128/AEM.01323-17
https://www.ncbi.nlm.nih.gov/pubmed/28778891
https://doi.org/10.1097/MCG.0000000000001023
https://www.ncbi.nlm.nih.gov/pubmed/29688915
https://doi.org/10.3390/nu13061908
https://www.ncbi.nlm.nih.gov/pubmed/34206098
https://doi.org/10.1016/j.dld.2023.04.021

Nutrients 2024, 16, 1882 15 of 15

65.

66.

67.

68.

69.

70.

Hou, Q; Ye, L,; Liu, H.; Huang, L.; Yang, Q.; Turner, J.R.; Yu, Q. Lactobacillus accelerates ISCs regeneration to protect the integrity
of intestinal mucosa through activation of STAT3 signaling pathway induced by LPLs secretion of IL-22. Cell Death Differ. 2018,
25,1657-1670. [CrossRef]

Tran, T.; Senger, S.; Baldassarre, M.; Brosnan, R.A.; Cristofori, F.; Crocco, M.; De Santis, S.; Elli, L.; Faherty, C.S.; Francavilla,
R.; et al. Novel Bacteroides vulgatus strain protects against gluten-induced break of human celiac gut epithelial homeostasis: A
pre-clinical proof-of-concept study. Pediatr. Res. 2024, 95, 1254-1264. [CrossRef]

Freire, R.; Ingano, L.; Serena, G.; Cetinbas, M.; Anselmo, A.; Sapone, A.; Sadreyev, R.I; Fasano, A.; Senger, S. Human gut
derived-organoids provide model to study gluten response and effects of microbiota-derived molecules in celiac disease. Sci. Rep.
2019, 9, 7029. [CrossRef]

Conte, M.; Nigro, F; Porpora, M.; Bellomo, C.; Furone, E; Budelli, A.L.; Nigro, R.; Barone, M.V.; Nanayakkara, M. Gliadin Peptide
P31-43 Induces mTOR /NFkbeta Activation and Reduces Autophagy: The Role of Lactobacillus paracasei CBA L74 Postbiotc. Int. .
Mol. Sci. 2022, 23, 3655. [CrossRef]

Olivares, M.; Neef, A.; Castillejo, G.; Palma, G.D.; Varea, V.; Capilla, A.; Palau, F; Nova, E.; Marcos, A.; Polanco, I; et al. The
HLA-DQ2 genotype selects for early intestinal microbiota composition in infants at high risk of developing coeliac disease. Gut
2015, 64, 406—417. [CrossRef]

Leonard, M.M.; Valitutti, F.; Karathia, H.; Pujolassos, M.; Kenyon, V.; Fanelli, B.; Troisi, ].; Subramanian, P.; Camhi, S.; Colucci, A,;
et al. Microbiome signatures of progression toward celiac disease onset in at-risk children in a longitudinal prospective cohort
study. Proc. Natl. Acad. Sci. USA 2021, 118, €2020322118. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1038/s41418-018-0070-2
https://doi.org/10.1038/s41390-023-02960-0
https://doi.org/10.1038/s41598-019-43426-w
https://doi.org/10.3390/ijms23073655
https://doi.org/10.1136/gutjnl-2014-306931
https://doi.org/10.1073/pnas.2020322118

	Introduction 
	Gluten and the Pathophysiology of Celiac Disease 
	How the Gut Microbiota Is Made and Its Relationship with CeD 
	Early Environmental Factors, Microbiota and CeD 
	Gut Microbiota and the Pathogenesis of CeD 
	The Role of Oral Microbiota 
	Gluten-Free Diet and Gut Microbiota 
	Targeted Microbiota Therapy for CeD 
	Lactobacilli 
	Bifidobacteria 
	Combining Lactobacilli and Bifidobacteria 
	Postbiotics 
	Conclusions and Future Directions 
	References

