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Celiac Disease (CeD) is a chronic small intestinal immune-mediated enteropathy caused by ingesting dietary
gluten proteins in genetically susceptible individuals. CeD is one of the most common autoimmune diseases,
affecting around 1.4% of the population globally. The only acceptable treatment for CeD is strict, lifelong adherence
to a gluten-free diet (GFD). However, in some cases, GFD does not alter gluten-induced symptoms. In addition,
strict adherence to a GFD reduces patients’ quality of life and is often a socio-economic burden. Therefore, dietary
and non-dietary interventions are investigated. This entry concentrates on the recent research on the degradation
of gluten through enzymes, the modulation of the microbiome, and the different types of “biotics” strategies, from
probiotics to the less explored “viromebiotics” as possible beneficial complementary interventions for CeD

management and other less understood gluten-related disorders beyond the GFD.

celiac disease (CeD) gut microbiota dietary therapies probiotics Viromebiotics

Prebiotics postbiotics Gluten gliadin

| 1. Enzymes as a Nutritional Supplement Therapy for CeD

Several proteases and peptidases have been proven to degrade gluten in vitro and/or in vivo 2 As
aforementioned, mammalian gastrointestinal proteases partially digested immunogenic gluten sequences B4,
Therefore, the detoxification of gluten can theoretically be achieved by proteolytic fragmentation by oral enzymatic
therapy. The idea is to inactivate gluten peptides in the human gastrointestinal tract by peptidase supplementation,
thereby minimizing the amount of gluten peptides reaching the small intestine. The gluten-hydrolyzing enzymes
produced by the Rothia mucilaginosa were have been identified as two structurally closely related subtilisins &,
Previously, some of us reported the significant hydrolysis of wheat gliadin by Peptidase S9, isolated from the B.
tequilensis strain €. Several gluten-detoxifying peptidases have been isolated from probiotic preparations

involving lactobacilli & other microorganisms B2, and germinating cereals 19,

The withdrawal or modification of celiac peptides during food processing using enzymes is already commercialized.
For example, a dietary supplement based on Aspergillus niger-Prolyl endopeptidase (PEP) can degrade gluten at a
particular stage. However, it is not currently a treatment for CeD because it does not entirely break down gluten,
and the resulting accumulation of gluten peptides in the duodenum has not been determined L. Another

commercialized product is based on caricain, a proteolytic enzyme obtained from the papaya plant and papain.
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Previous studies have reported that caricain has the potential specificity to target gluten amino acid sequence and
helps reduce gluten concentration during food processing 12[3 However, to date, all the commercialized

enzymatic cocktails are not prescribed for CeD patients.

Other prolyl endopeptidases (PEPs) isolated from Myxococcus xanthus and  Flavobacterium
meningosepticum showed the ability to hydrolyze toxic gliadin peptides significantly. However, the presence of
immunopeptides has not been determined 41567 pEPS from Sphingomonas capsulate, showed complete
hydrolysis of immunogenic gluten peptides after mixing with barley cysteine endoproteases 819 Another
interesting PEP is latiglutenase, in which experiments in subjects receiving 900 mg of latiglutenase led to
improvements (p-values) in the severity of symptoms relative to placebo-dosed subjects for week 12. The reduction
in symptoms trended higher for more symptomatic patients 29, However, previous randomized phase 2 trials were
conducted with latiglutenase (IMGX003, formerly ALV003) (ClinicalTrials.gov, NCT03585478), and they reported
contradictory findings regarding its effect on villous atrophy and clinical symptoms, showing only 88% gluten
hydrolysis efficiency (2122 Nowadays, a phase | clinical study is being conducted to evaluate the bacterial
endopeptidase TAK-062 that simultaneously targets proline and glutamine peptide motifs in the stomach
(ClinicalTrials.gov Identifier: NCT05353985). TAK-062 is a second generation of the engineered endopeptidase
kuma030 23, When healthy individuals ingested TAK-062 before a complex meal containing 1-6 g gluten, it was
observed that after 20-65 min post-TAK-062 ingestion, 97-99% of the gluten was degraded as a measure in
aspirate samples from the stomach [24]. The calculated remaining gluten showed a median amount of up to 38 mg.
This is the first glutenase that showed this high gliadin hydrolysis efficiency in vivo. This has a potential clinical
relevance since amounts as low as 10 mg of gluten may be able to trigger the immunological cascade 231261, vet,
these data showed the high efficiency of TAK-062, and further studies in CeD patients are in progress to test the

efficiency of Tak-062 in degrading inadvertent gluten exposure (ClinicalTrials.gov Identifier: NCT05353985).

| 2. Human Microbiota and Dysbiosis in CeD

During the co-evolution of humans and microbes, thousands of bacterial species have colonized the human body.

The vast amount of microbial presence in the host’s body is termed “normal flora,” “microbiota,” or “microflora” &
(281291 The microflora consists of bacteria accompanied by fungi, archaea, viruses, and protozoans B2 Thjg
colonization occurs at birth, covering every human body surface, including the ear, oral cavity, respiratory tract,
genitourinary tract, and gastrointestinal (GI) tract 233l The GI tract is loaded with a plethora of molecules

providing nutrition to microbes, facilitating heavy colonization of harmful and beneficial microbes.

The indigenous gut bacteria maintain themselves and protect the host against freshly ingested microbes, including
pathogens. It is an essential immune mechanism in the host, referred to as the “barrier effect” or “colonization
resistance” [4l33l |ndigenous microbes present in the gut microflora were also reported to regulate the

development of the structure and morphology of the Gl tract.

Each healthy individual has a unique gut microbiota [8l. The two major bacterial phyla are Firmicutes (Bacillota)

and Bacteroidetes (Bacteroidota), which are 90% of the whole gut microbiota BZ. The Firmicutes species is
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composed of = 200 different genera, and Clostridium genera are 95% of the Firmicutes phyla. Bacteroidetes
consist of predominant genera such as Bacteroides and Prevotella. Actinobacteria, Proteobacteria, Fusobacteria,
and Verrucomicrobia are the next most numerous phyla, which are reported in a “healthy gut microbiota

composition” (28],

Recently, many findings have reported that gluten metabolism is closely related to the Gl microbiota B24d4L The
detailed mechanisms of microorganisms that play a protective role in CeD pathogenesis are broad. They comprise
the metabolism of the triggering antigen (e.g., gliadin), increased intestinal barrier permeability, and inflection of
innate and adaptive immune responses 2l In 2016, Caminero et al. reported that the bacteria in the human Gl
tract could hydrolyze gluten in vivo and efficiently reduce its immunogenicity [43l. Faecalibacterium
prausnitzii, Roseburia intestinalis, and Eubacterium hallii demonstrated a capability to restore and improve
intestinal permeability 44, Furthermore, orally administered bacteria, Lactococcus lactis, has been reported to
induce antigen-specific tolerance in an experimental animal model ¥2. Moreover, gluten hydrolyzing actions by
dental plaque bacteria were reported 8], showing that the host's indigenous bacteria could be able to degrade

gluten.

Interestingly, microbial dysbiosis has been identified in patients with active CeD, which was exquisitely reviewed by
Girvoban A. et al. in 2017 44, Their main conclusion was that both duodenal and colonic dysbiosis are associated
with CeD. They reported that the most frequent Gram-negative bacterial species isolated from CeD patients
were: Bacteroides spp., Salmonella spp., Shighellaspp, Klebsiella spp., Neisseria spp., and Prevotella spp.
Although CeD is associated with a decrease in the number of Gram-positive bacteria, pathogenic Gram-positive
species, such as Clostridium spp., Staphylococcus spp., and Actinomyces spp., were isolated from CeD patients.
Of note is that bacterial virulence features are considered higher in CeD patients. Among them, it was reported that
a peculiar Neisseria flavescens strain was identified in adults affected by CeD 14849 ysing the 16S rRNA
technigue for duodenal and oropharyngeal samples from celiac patients and control subjects. This Neisseria
flavescens strain, isolated from the CeD patients, induced an immune-inflammatory response in human and murine
dendritic cells, both in CaCo-2 cells and in ex vivo duodenal mucosal explants of control subjects, thereby
suggesting that it could play a role in CeD 48, Leonard et al. reported that intestinal dysbiosis is associated with
CeD onset in infants. They performed a prospective metagenomic analysis of the gut microbiota of infants at risk of
CeD to track shifts in the microbiota before CeD development. The cross-sectional analysis at CeD onset identified
an altered abundance of six microbial strains of B. longum and several metabolites between cases and controls but
no change in microbial species or pathway abundance 28, One of the main findings was the dysregulated
interaction between the genus Bifidobacteria and butyrate-producing bacteria Faecalibacteriumprausnitzii,
and Clostridium clostridioforme which could be critical in the development of CeD. Additionally, they reported new
microbes (e.g., Porphyromonas sp.), pathways (e.g., high mannose—typeN-glycan biosynthesis), and metabolites
(e.g., serine) that can be CeD-specific biomarkers. In another study, it was found that the stool microbiota of
children with CeD active showed a significant abundance of Bacteroides-Prevotella, Akkermansia,
and Staphylococcaceae compared with healthy controls. Interestingly, at the symptom level, the authors found a
significantly increased mean relative abundance of Bacillaceae and Enterobaeriaceae in patients with abdominal

pain. Meanwhile, those patients with diarrhea had a significantly reduced mean relative abundance, particularly
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of Akkermansia. The main conclusion was that CeD active patients’ microbiota differed from controls, where a pro-
inflammatory microflora was found. Following the microbiota of such patients in GFD could shed light on the role of

gluten in the observed disbalance 2.,

| 3. Probiotics

Probiotics are live microorganisms that have demonstrated beneficial effects on human health after being
administered in adequate amounts by restoring the composition of the gut microbiome to prevent gut microbiota
dysbiosis and improve immunity [BLB253154] | this regard, probiotic bacteria are constantly being studied, and
their applications are also being considered in promising adjuvant treatments for various intestinal diseases,
including CeD 3581 Most of the probiotic bacteria belong to the genus Lactobacillus and Bifidobacterium. They
are considered “Generally Recognized As Safe” (GRAS) by the United States Food and Drug Administration
(USFDA) 7. However, some researchers reported that several Bacillus sp. also fulfill the essential probiotic
characteristics, such as resistance to antibiotics as well as acid, bile salt, and sodium chloride tolerance, and
produce a group of antimicrobial peptides with a broader inhibition spectrum 8. Probiotic Lactobacillus sp.
and Bacillus sp. isolated from different sources are mainly used as probiotic candidates because they are generally
safe and cost-effective B2, Both of these species are usually found in abundance in the upper Gl tracts of both
humans and animals. De Angelis et al. reported the formulation of commercial enzymes with microbial consortia
of Lactobacillus and Bacillus, named consortia |: Lactobacillus (Lp.) plantarum, (Lc.) paracasei, Bacillus
subtilis, Bacillus pumilus, and consortia Il: Lp. plantarum, Lc. Paracasei, Limosilactobacillusreuteri, Bacillus
megaterium, B. pumilus, showed hydrolysis of gluten to non-immunogenic and non-toxic peptides under Gl
conditions. These findings state that both microbial consortia can detoxify immunogenic gluten peptides and may

be used to improve the intestinal digestion of CeD and gluten-sensitive patients 52!,

A curative measure of probiotics can help by preventing and treating conditions like IBD (e.g., Crohn’s disease and
ulcerative colitis), autoimmune diseases (e.g., rheumatoid arthritis), CeD and lactose intolerance, IBS, vaginal
infections (e.g., candida or thrush), and atopic dermatitis 89, Probiotic consumption also helps to reduce diarrhea
and allergies. Probiotics found in dairy and meats reduced low-density lipoprotein (LDL) levels, killed the bacteria
that caused tooth decay, and lessened the harmful effects of gingivitis. Probiotics also stimulate, modulate, and
regulate the host’'s immune response, gastrointestinal hormone release, and brain-behavior through bidirectional
neuronal signaling (8162 probiotics have physiological functions that improve the host environment's health,
regulate microbes, and are also supportive in combating obesity and being overweight 3. There are some
examples where probiotic prophylaxis was given to patients with severe acute pancreatitis and the probiotics
caused significantly more severe side effects 84, Thus, the exact mechanisms of the health-promoting effects of
probiotics remain elusive. However, it would be of great significance to explore membrane and extracellular
proteins/enzymes and other biomolecules of probiotics 82, These bacteria produce diverse compounds such as
organic acids, enzymes, bacteriocins, antimicrobial compounds, exopolysaccharides, secreted low-calorie
sweetening molecules, and nutraceuticals 8. Probiotics are now a rising field for food manufacturers with

remarkable growth potential. As it involves the ingestion of live probiotic bacterial cultures, it enhances the
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intestinal microflora. The importance and success of probiotics in the overall market will depend on the
effectiveness of the probiotic strain or cultures used. The food products which contain probiotics and prebiotics

affect the functionality of the foods, which results in the enhancement of the microflora that promotes gut health 7.

| 4. Prebiotics

Prebiotics are defined as a substrate that is selectively utilized by host microorganisms to confer a health benefit,
for example, by stimulating one or more groups of gut-friendly microbes, mainly Bifidobacterium and Lactobacillus.
Examples are substances in foods such as garlic, onions, artichokes, and others. Eating adequate amounts of
these dietary foods might be necessary to have the beneficial “bifidogenic” effect. Another alternative is to take a
prebiotic supplement to achieve the most favorable levels. In addition, prebiotics are resistant to hydrolysis by
digestive enzymes and are not absorbed in the upper part of the gastrointestinal tract, reaching the large intestine
where they stimulate certain microorganisms’ growth 88, Different compounds have been tested to determine their
function as prebiotics. Fructo-oligosaccharides (FOS), galacto-oligosaccharides (GOS), and trans-galacto-
oligosaccharides (TOS) are the most common examples of prebiotics. The fermentation of prebiotics by gut

microbiota produces short-chain fatty acids (SCFAs), including lactic acid, butyric acid, and propionic acid 2,

| 5. Synbiotics

Synbiotics are a combination of probiotics and prebiotics. These synbiotics contain probiotics, which are beneficial
bacteria, and prebiotics, which are indigestible products for improving the growth of beneficial bacteria. In the
sense that a product in which a prebiotic is specifically added favors the wanted probiotic’s growth. For example,
fermented dairy products such as yogurt are synbiotic food products. The most common synbiotics include FOS
and Bifidobacteria; inulins and Lactobacillus; and Bifidobacteria, and Lactobacilli with FOS 97 Wilms et al.
reported that synbiotic dietary strategies might be used to improve intestinal barrier functions. They reported that
when 20 healthy adult individuals were supplemented with synbiotic supplementation Ecologic® 82S + 10 g Fructo-
oligosachharides P6(FOS P6) every day for two weeks, the individuals reported increased stool frequency. The
intestinal permeability under basal and indomethacin-induced stressed conditions was determined, showing that
these synbiotics neither affect the intestinal permeability, immune function, or gastrointestinal symptoms under

basal or indomethacin-induced conditions [Z2],

| 6. Postbiotics

Postbiotics are products secreted by living bacteria or released after their lysis, for instance, molecules such as
SCFAs, lactic acid, and bioactive peptides, among other metabolites. It can also be extended to protein
compounds, hydrogen peroxide (H,0O,), bacteriocins, organic acids, exopolysaccharides, and enzymes 374
When postbiotics are administered in adequate amounts, they help improve the host’s health. Nevertheless, to

date, the exact mechanisms of improvement have not yet been completely unfolded. The advantage of using
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postbiotics rather than probiotics concerns higher stability and safety: postbiotics do not contain any living bacteria

and hence harbor no risk of microbial infection and translocation (22!,

Postbiotics have been used in in vitro experiments in Caco-2 cells to analyze their ability to prevent gliadin and
gliadin peptides’ effects on Caco-2 cells. Sarno et al. reported that postbiotics CBA L74, supernatant
from Lactobacillus paracasei, could reduce gliadin peptides’ entrance into Caco-2 cells 8. In this direction,
recently, Conte et al. investigated the beneficial postbiotic effect from Lactobacillus paracasei CBA L74, both in
Caco-2 cells and in vitro on CeD organoids after stimulation with pepsin-trypsin gliadin (PTG) digest or the
cytotoxic 13-mer gliadin peptide. The postbiotic prevented the gliadin-induced activation of the inflammatory
response as measured by activation markers NfkB and ERK phosphorylation and activation of mTOR signaling,
and it was capable of inhibiting the gliadin-induced reduction of the autophagy pathway. Hence, Lactobacillus
paracasei CBA L74 postbiotics decreased the gliadin-induced inflammatory response and stimulated autophagy,
which has an important role in intestinal homeostasis [ZZ. Another selected report from Freire et al. used an in vitro
model of organoids from non-celiac individuals and celiac patients to study the pathogenesis of CeD. In this study,
they also investigated the effects of three postbiotics, butyrate, lactate, and polysaccharide A from B. fragilis. They
found that these molecules could modulate the intestinal responses to gluten. The authors showed an increase in
paracellular permeability that was already present at baseline in CeD organoids. In particular, butyrate and
polysaccharide A could restore CeD barrier function through increased expression of the tight junction sealing
molecule claudin-18. Likewise, incubation of the CeD organoids with gliadin induced immune activation (expression

of IL-15 and IFN gamma) that was decreased by butyrate and lactate [Z8],

| 7. Viruses

Numerous publications exist on the human microbiome and the place of the corresponding dysbiota in specific
human chronic conditions. The community of viruses in the gastrointestinal tract is named virome, and its role in

health and disease is a fascinating new area of research (7.

The knowledge about the ecology of gut viruses is limited yet. Still, gut viruses outnumber microbes in a ratio of
10:1 89, The microbiome cannot maintain a homeostatic equilibrium without the gut phageome (a collection of

bacteriophages).

The gastrointestinal virome biodiversity changes along with the human life cycle. With aging, the phage load
decreases, while the abundance and complexity of the microbial populations increase substantially. It seems that
intestinal bacterial composition and diversification occur at the expense of the virome communities B, In humans,
viral dysbiosis in IBD has been reported, so it is not a surprise that children with CeD, which is also an
inflammatory enteropathy, show a statistically significant viral dysbiosis by metagenomic analysis. In this sense, it
was found recently that viral dysbiosis in children newly diagnosed with CeD before starting the GFD B2 |t was
already reported that the lower initial diversity of the human gut virome leads to a more pronounced effect of the

GFD on its composition 3], showing the impact of the GFD on the dynamics of the gut virome.
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Some phages have been proposed as new prebiotics and are undergoing clinical trials to prove safety, tolerability,
and efficacy. In a short intervention of 28 days, phages did not globally disrupt the microbiota. However, in
response to the intervention, specific populations were altered as the members of the butyrate-producing genera
increased. The authors concluded that bacteriophages could selectively reduce target organisms without causing

global gut microbiome disruption 4!,

In this direction, it has been hypothesized that phage therapy may represent a new strategy for treating CeD. Their
role could be to select microbes that digest gluten or lack glutenase capacity, thus modifying the luminal gluten
load or modifying the transglutaminase activity. Lerner et al. have presented different potential interventions (2],
Studies with functional analyses to define the relationship of bacteriophages to bacteria and to clarify the role of
viruses in CeD might lead to the development of additional treatment options. A funded proof of concept project
focusing on altering human gut microbes to treat gluten-related disorders is how advancing in this direction. The
project’s objectives include engineering Bifidobacterium-targeting templated bacteriophages capable of infecting B.
longum to express a gluten-degrading enzyme from Sphingomonas capsulata and the introduction of the
glutenase-expressing phage into a B. longum in an in-vitro biofilm model 8. The technology readiness levels
(TRLs) is a validated method of 9 stages to estimate the maturity of technologies BZ. The use of viruses for
therapeutic interventions in gastroenterology is currently in stage 1, when the basic principles are observed. Any
actual clinical application of viruses in CeD therapy is still quite far away, but it is worth investigating what is going

on and monitoring the advent of potential “viromebiotics”.
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