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Use of Probiotics to Prevent Celiac
Disease and IBD in Pediatrics

Gloria Serena and Alessio Fasano

Abstract

The incidence of chronic inflammatory
diseases (CIDs) is increasing worldwide.
Their dramatic rise associated with limited
effective strategies to slow down these
epidemics calls for a better understanding of
their pathophysiology in order to decrease the
burdens on childhood. Several cross-sectional
studies have demonstrated the association
between intestinal dysbiosis and active
diseases. Although informative, these studies
do not mechanistically link alterations of the
microflora with disease pathogenesis and,
therefore, with potential therapeutic targets.
More prospective studies are needed to deter-
mine whether intestinal dysbiosis plays a caus-
ative role in the onset and development of
CIDs. Furthermore, given the complexity of
the microflora interaction with the host, it is
necessary to design a systems-level model of
interactions between the host and the develop-
ment of disease by integrating microbiome,
metagenomics, metatranscriptomics, and
metabolomics with either clinical either
environmental data.

In this chapter we will discuss the current
knowledge regarding the microbiome’s contri-
bution to celiac disease and inflammatory
bowel disease with a particular focus on how
probiotics may be used as potential preventive
therapy for CIDs.
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1 Introduction

1.1 The Potential Role of the Human
Microbiome in CIDs

In the last three to four decades, the incidence of
allergies and autoimmune diseases has been dra-
matically rising in the United States (USA) with a
significant impact on the pediatric population
(Bach 2002). The “hygiene hypothesis” suggests
that this rise is mainly due to the reduced number
of infections occurring at early age (Greenwood
1968, Strachan 1989); however, its accuracy is
continuously revised (Versini et al. 2015). Since
the inception of the Human Microbiome Project,
our knowledge about the composition and func-
tion of the human microbiome has been rapidly
expanding.

It is now well established that the microbiome
can affect many key functions of the symbiotic
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host, including gut mucosal barrier maturation
and to the development and function of the
gut-associated lymphoid tissue (GALT).

Recent studies have shown that a specific
microflora is present in both the human placenta
(Aagaard et al. 2014) and meconium (Vicario
et al. 2010), therefore suggesting that the estab-
lishment of the microbiome may occur already
during the prenatal period. This is confirmed by
in vivo animal studies showing how the maternal
commensal flora presented to the fetus during the
last trimester of pregnancy contributes to its
immune system maturation and oral tolerance
establishment (Rescigno et al. 2001). Furthermore,
research on the effect of delivery mode, maternal/
infant diet, antibiotic exposure, and surrounding
environment has suggested that all these factors
may significantly affect the early development of
the infant intestinal microbiome, in particular
within the first 3 years of life (Dominguez-Bello
et al. 2010, Azad et al. 2013). Hence, it is plausible
to infer that changes in the development of a
healthy microbiome ecosystem occurring early in
life may have lasting effects (Yatsunenko et al.
2012). Several studies have demonstrated the pro-
tective role that exposure to healthy and diverse
commensal species early in life have against CIDs
(Fig. 1). During the last decades, the need for
knowledge about human microflora composition
and function including the study of microbiome,
metagenome, metatranscriptome, and metabolome
has been made possible by the vast array of new
technologies that have become available. With the
field growing, a multi-omic systems biology
research approach in pediatrics could amplify our
understanding of many common pediatric diseases
in a revolutionary way. This would help to identify
possible targets for disease treatment, as well as for
its prevention.

2 Pathogenesis of Celiac Disease
and Inflammatory Bowel
Diseases

Celiac disease (CeD) and inflammatory bowel
diseases (IBD) are chronic inflammatory intesti-
nal conditions that overall affect between 0.5%

and 1% of the worldwide population (Reilly et al.
2012). While gluten has been recognized to be the
external trigger responsible for the onset of CeD,
the precise pathogenesis mechanisms responsible
for IBD are still unknown (Kaplan 2015). For
both conditions environmental and genetic risk
factors have been described to play a role. Devel-
opment of CeD has been strongly associated with
HLA DQ2 and/or DQ8. These specific haplotypes
of the human leukocyte antigen system contribute
to 40% of the genetic variance with 95% of CeD
patients carrying an HLA DQ2 and 5% a HLA
DQ8 (Leonard et al. 2015b). Additionally to the
HLA genotype, genome-wide association studies
(GWAS) have identified more genes associated
with CeD. Among these genes, interleukin-18
(IL18), interleukin-21 (IL21), and chemokine
receptors CCR1, CCR2, and CCR5 are involved
in immune function, while others, such as
MYO9B, PARD3, and MAG12, are associated
with defects in intestinal permeability (Leonard
et al. 2015b). Several studies in monozygotic and
dizygotic twins have provided powerful evidence
of the genetic susceptibility that contributes to the
development of IBD (Thompson et al. 1996,
Orholm et al. 2000). Nine IBD susceptibility
loci have been described, some specific for
Crohn’s disease and others related to IBD as a
whole (Lees and Satsangi 2009). Furthermore
GWAS studies have highlighted 50 loci specifi-
cally associated with IBD including genes
involved in bacterial recognition (NOD2),
autophagy (ATG16L1 and IRGM), immune
response (IL23R, IL12B, STTA3, JAK2), as
well as specific HLA loci (Lees and Satsangi
2009). Both CeD and IBD pathogeneses are
characterized by increased intestinal permeability
that contributes to the overall chronic intestinal
inflammation. In CeD patients the interaction
between gliadin peptides and G protein-coupled
receptor CXCR3 on enterocytes (Lammers et al.
2008) triggers the MyD88-dependent release of
zonulin, a potent intestinal barrier function
(Tripathi et al. 2009, Drago et al. 2006). The
consequent translocation of gliadin peptides into
the lamina propria activates the immune response
machinery. Interleukin-15 (IL15) production
from enterocytes has an apoptotic and
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pro-inflammatory effect on the epithelium
(Escudero-Hernandez et al. 2017, Maiuri et al.
2000, Malamut et al. 2010); release of
intereleukin-8 (IL8) leads to neutrophils recruit-
ment (Lammers et al. 2011, Lammers et al. 2015),
followed by macrophages activation and prolifer-
ation of intraepithelial cytotoxic lymphocytes.
After transglutaminase-induced deamidation, gli-
adin peptides are recognized in the lamina propria
by Th1 and Th17 cells (Garrote et al. 2008). This
leads to production of pro-inflammatory
cytokines such as interferon gamma (IFNγ),
interleukin-17 (IL17) and tumor necrosis factor-
alpha (TNFα), and activation of humoral immune
response with IgA and IgG anti-Ttg antibodies
production (Fasano 2011). Finally the inflamma-
tory response is exacerbated by the defective
function of T regulatory cells (Serena et al.
2017, Granzotto et al. 2009).

Contrary to CeD, the external trigger for IBD
is not known, and its pathogenesis is still unclear
(Kaplan 2015). Increasing evidence suggests the
contribution of impaired barrier function to the

disease (Chassaing and Darfeuille-Michaud
2011). IBD patients are characterized by
increased paracellular permeability and
abnormalities in tight junctions (TJs) proteins
expression and distribution. Furthermore the
abundant production of pro-inflammatory TNFα
has been associated with TJs transcription regula-
tion, and patients with ulcerative colitis have been
shown to have defective mucosal barrier structure
(Rosenstiel et al. 2007). The increased intestinal
permeability characterizing IBD patients
promotes bacterial translocation through the
intestinal mucosa (Chassaing and Darfeuille-
Michaud 2011). The interaction between com-
mensal microbes and specific epithelial receptors
triggers in susceptible individuals a chronically
active inflammation that causes the perpetuation
of the disease (Fiorucci et al. 2002). Dendritic
cells and macrophages recognize microbes
through pattern recognition receptors. Their acti-
vation stimulates pro-inflammatory signaling
cascades that lead to production of a wide range
of cytokines (IL6, IL12, TGFβ) and initiation of
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Fig. 1 Stages of immune system maturation and enhance-
ment of barrier function during the first years of life. The
initial seeding of the microbiota starts during the prenatal
stage in utero where the commensal flora present in the
maternal placenta initiates signaling with the fetal mucosa
(1). At birth the newborn is directly exposed to the mother

(via delivery and breast milk) and environment-derived
bacterial antigens. This interaction induces epithelial
cells differentiation, tight junction enhancement, and
immune cells proliferation (2). Secretory IgA (SIgA)
favor diversity in the bacteria community (3)
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adaptive immune response with proliferation of
Th1/Th17 cells and production of IFNγ, TNFα,
and interleukin-2 (IL2) (Lees and Satsangi 2009).
Patients with IBD have been shown to exhibit a
reduced number of peripheral T regulatory cells
with decreased suppressive function in the
mucosa (Eastaff-Leung et al. 2010).

Overall both CeD and IBD are multifactorial
and complex conditions in which environment
and genetic susceptibility equally contribute to
their onset and development.

3 Role of Microbiome in CeD
and IBD

3.1 Celiac Disease

CeD represents a unique model of autoimmunity in
that the genetic predisposition with HLA DQ2
and/or DQ8 (Schuppan 2000) and the environmen-
tal trigger (gluten) are known. Furthermore disease-
specific autoantibodies have been identified and
can be routinely measured. The precise moment
in which the loss of tolerance to gluten occurs can
be precisely determined by knowing when the
environmental trigger (gluten) has been introduced
in the diet and, most importantly, by frequently
screening genetically predisposed individuals for
the appearance of tissue transglutaminase (tTG)
autoantibodies (Schuppan 2000).

Dysbiosis has been associated with the develop-
ment of CeD by several groups. In vitro studies
have shown that commensal bacteria can affect the
digestion of gliadin, as well as cytokines produc-
tion and intestinal barrier function upon stimulation
with gliadin (Laparra and Sanz 2010, Lindfors et al.
2008). Numerous studies have described the micro-
bial composition and phylogenetic diversity of
fecal and small intestinal samples in CeD patients
compared to healthy controls and how these can be
related to age, disease status, and symptoms
(Wacklin et al. 2013). Additionally to alterations
in the microbiome compositions, also changes in
production of specific metabolites such as short
chain fatty acids (SCFA) in the stools have been
described in active CeD patients and associated
with the described dysbiosis (Di Cagno et al.
2011). However, the lack of standardization in

specimen collection, analysis pipelines, and
patients’ information make it difficult to compare
these studies.

Given the high HLA DQ2/DQ8 penetrance
that characterizes CeD patients, evaluating the
association between differences in the coloniza-
tion of the gastrointestinal tract and the genetic
makeup may contribute to determine the infant’s
future risk of developing CeD (Tjellstrom et al.
2013, Olivares et al. 2015). Previous studies have
shown that genetically predisposed infants carry-
ing an HLA DQ2 are characterized by an
increased abundance of Firmicutes and
Proteobacteria compared to control infants
(Sellitto et al. 2012). Similarly, at-risk infants
(first-degree relatives of CeD patients) genetically
compatible with CeD showed a reduction in
Bacteroidetes, a higher abundance of Firmicutes,
and slower microbiota during the first 2 years
after birth (Sellitto et al. 2012).

Lionetti et al. have shown that a later introduc-
tion of gluten in the infant’s diet only transiently
delays the development of CeD but do not prevent
its onset (Lionetti et al. 2014). Another study has
demonstrated that introducing small amounts of
gluten between 16 and 24 weeks does not influence
the overall incidence of CeD (Vriezinga et al.
2014). While the timing of gluten introduction
does not seem to have pathological and preventive
relevance, the effect that gluten has on altering the
host microbiome in genetically predisposed
individuals is well established. Firmicutes and
Proteobacteria phyla have been shown to change
in abundance upon introduction of gluten in the diet
(Sellitto et al. 2012). Furthermore, this same study
showed how kids that developed some kind of
autoimmunity were characterized by high levels
of lactate and high abundance of Lactobacilli spe-
cies in the stools preceding the first detection of
positive CD antibodies, therefore suggesting the
possibility of identifying biomarker predictors in
the microbiota (Sellitto et al. 2012).

3.2 Inflammatory Bowel Disease

Although the involvement of microorganisms in
the pathogenesis of IBD has been previously
suggested, data confirming the causative role of
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specific pathogens in triggering the chronic inflam-
matory cascade that characterizes IBD are still
missing. Although specific mutations in pattern
recognition receptors (PRR) have been linked to
IBD (Corridoni et al. 2014), these genetic
mutations appeared to be present only in a sub-
group of IBD patients. This finding suggests that
genetic makeup can only partially explain IBD.
Hence the hypothesis that additionally to the
genetic predisposition, other factors may contribute
to the immune dysregulation that characterizes IBD
(Barclay et al. 2008). Recent studies have shown
that an altered immune response to commensal
microflora is able to trigger IBD pathogenesis and
that this exacerbated immune response that follows
is driven, in turn, by specific genetic makeup and
dysbiosis (Khor et al. 2011, Manichanh et al. 2012,
Gevers et al. 2014, Morgan et al. 2012). Although
the lack of consistency in studies design and data
analysis makes the comparison among these stud-
ies very difficult, reduction in biodiversity and
altered abundance of different taxa (Morgan et al.
2012, Manichanh et al. 2006) are findings that have
been confirmed by the majority of research groups.
A study from Manichanh et al. performed in
Crohn’s (CH) patients reported an increased abun-
dance in Bacteroidetes and Firmicutes as compared
to control individuals. Interestingly the number of
Firmicutes’ rybotypes is reduced in CH patients
(Manichanh et al. 2006). A study looking at the
microbiome composition in CH patients and how
this relates to disease activity shows that the acute
phase of the disease is characterized by decreased
diversity of Bacteroidetes as compared to the
remission patients (Seksik et al. 2003). In addition
to the disease activity, also the site of the disease
inflammation appears to contribute to the
microbiota composition with higher Firmicutes
diversity in subjects with colonic disease and
reduced diversity in patients with affected ileum
(Willing et al. 2010). As expected, the site of sam-
pling has been shown to influence microbiome
analysis data in IBD studies. Mucosal samples
from CH patients show increased abundance of
Enterobacteriaceae and reduced diversity of
Feacalibacteria, while analysis from fecal samples
gave opposite results (Swidsinski et al. 2002,
Chassaing and Darfeuille-Michaud 2011).

Data on intestinal dysbiosis in pediatric IBD
patients are scarcer. Two unreported strains of
adhesive-invasive E. coli (AIEC) were in pediat-
ric IBD patients and were associated with
upregulation of CEACAM6 (carcinoembryonic
antigen-related cell adhesion molecule 6), tumor
necrosis factor-α, and IL8 gene/protein expres-
sion (Negroni et al. 2012). Furthermore children
with ulcerative colitis that were not responsive to
steroids appeared to have decreased fecal
microbiome diversity with abundant Firmicutes,
Verrucomicrobia, and Lentisphaerae (Michail
et al. 2012).

While the above studies are mainly descrip-
tive, Morgan et al. described the association
between microbial dysfunction metabolism and
bacterial signaling pathways suggesting a mecha-
nistic link between intestinal dysbiosis and IBD
onset (Morgan et al. 2012).

4 Possible Probiotics
Interventions to Manipulate
Microbiome and Challenges
to Their Implementation

For long time, probiotics have been considered
promising candidates for treatment and preven-
tion of CIDs such as CeD and IBD. If the causa-
tive role of dysbiosis on CIDs was confirmed, the
manipulation of microbiome composition via
probiotics in order to resupply/rebalance the gut
ecosystem should improve the overall health of
the microflora and therefore contribute to the
disease prevention. While the theory of probiotics
use is exciting, its efficacy is still under debate,
mainly due by the still uncertain idea of what a
healthy microbiota consists of. Currently, diver-
sity is considered the main characteristic for a
healthy microbiome. Several studies have shown
the association between reduced microbial diver-
sity and many diseases (Falony et al. 2016). The
use of probiotics can be challenging also for tech-
nical reasons: while most studies describe
dysbiosis at phylum level, the most commonly
available probiotics contain specific species,
therefore creating a gap between our knowledge
on microbiome and potential therapies.
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Mechanistic studies looking at how specific
probiotics may positively impact intestinal health
failed in taking in considerations the complex
biological networks that play a part in disease
development. Therefore, it is desirable for the
future research to focus on how specific
microbiota signatures may contribute to the dis-
ease development before exploring therapeutic
treatments. An example relative to what stated
above is presented by a recent phase 3 clinical
trial about NEC prevention in which data showed
the lack of efficacy in administering the probiotic
Bifidobacterium breve to premature infants
(Costeloe et al. 2016). While this probiotic was
chosen among others because it is commercially
available and because of its reported positive
nutritional outcomes, no data confirmed its
benefits in preventing NEC. A prospective
cross-sectional observational birth cohort study
describing the microbiome profile of premature
infants later affected by NEC showed no evidence
that reduction of Bifidobacteria could be
associated with NEC development, therefore
predicting the failure of the preventive interven-
tion with Bifidobacterium breve.

This work highlights the importance of
identifying the microbiome signature associated
to a specific condition before designing an inter-
ventional study. Knowledge about the
microbiome composition paired with mechanistic
understanding of how specific bacteria contribute
to the disease development would greatly help in
using probiotics in a more effective manner.

5 Use of Probiotics for CeD
and IBD Prevention and/or
Treatment

5.1 Celiac Disease

Probiotics have been used in several clinical trials
as an additional treatment to the gluten free diet
(Table 1). Probiotics, in fact, are not only potent
modulator of immune response and barrier func-
tion, but they also represent an important source
of endopeptidases to detoxify nondigestible glu-
ten epitopes (Francavilla et al. 2017, Madsen

et al. 2001). Specific Lactobacilli species have
been shown to lyse the proline�/glutamine-rich
gluten peptides reducing their immunotoxicity
and to decrease gluten concentration to less than
10 ppm (Rizzello et al. 2007). The efficacy of
Lactobacilli in digesting gluten has been proved
in vivo by challenging CD patients in remission
with probiotic predigested sweet gluten
containing baked goods. The lack of worsening
in hematological, serological parameters, and
intestinal permeability during 60 days of chal-
lenge in the participants suggested that
Lactobacilli-derived endopeptidases were able to
completely degrade gluten and annul its toxicity
for CeD patients (Francavilla et al. 2017). De
Simone Formulation, a probiotic mixture of
eight lactic acid and Bifidobacteria, has been
shown to hydrolyze completely several α2-glia-
din-derived epitopes and regulate the epithelial
barrier function by stabilizing tight junctions
(De Angelis et al. 2006, Madsen et al. 2001).
Orlando et al. have shown that Lactobacillus
rhamnosus is able to reduce the gliadin-mediated
production of polyamines, therefore restoring the
intestinal barrier function and reducing zonulin
release (Orlando et al. 2014). In a similar study
in which CaCo2 cells were stimulated with glia-
din peptides, the authors have demonstrated that
fermentation of gliadin synthetic peptides with
Lactobacillus paracasei was interfering with
their entrance in the epithelial compartment
(Sarno et al. 2014).

Additionally to the endopeptidases activities,
probiotics have been also demonstrated to reduce
the gluten-induced inflammation by modulating
the immune response. Bifidobacterium breve has
been shown to prevent intestinal inflammation in
CeD pediatric patients by inducing production of
anti-inflammatory cytokine interleukin-10 (IL10)
by Tr1 cells and reducing TNFα serum level
(Zheng et al. 2014, Jeon et al. 2012). Other two
studies conducted in children with CeD have
demonstrated that consumption of different
strains of B. breve for 3 months reconstituted the
microbiome composition by reducing the abun-
dance of Verrucomicrobia and production of
short chain fatty acids (Primec et al. 2017),
re-establishing the physiological Firmicutes/
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Bacteroides ratio and increasing the
Actinobacteria abundance (Primec et al. 2017).
Similarly, Olivares et al. have shown that admin-
istration of Bifidobacterium longum in children
with CeD triggered a reduction of peripheral
CD3+ T cells as well as decreased levels of
TNFα and fecal IgA (Olivares et al. 2018).

While the number of studies involving probi-
otic preparations as a treatment for CeD is sub-
stantial, the literature about the use of probiotic as
preventive measure in genetically predisposed
individuals is rather modest. Given the important
role that the microbiome plays in the develop-
ment of the immune system, a deeper understand-
ing on how shaping the microbiome composition
may influence the final outcome of the disease is
fundamental. Additionally the clinical trials
developed until these days do not follow the

enrolled subjects for extensive time. Further stud-
ies are deemed to better understand the long-term
effect of the use of probiotics in the contest of
CeD to better understand how to use them in a
safe and proper manner.

5.2 Inflammatory Bowel Disease

Probiotics have been considered possible thera-
peutic tools for IBD for long time (Table 1). They
can influence the microbiome composition and
function, produce antibacterial substances,
enhance barrier function, reduce intestinal perme-
ability, and modulate innate and adaptive immune
response (Orel and Kamhi Trop 2014).

Several groups have explored the potential of
De Simone Formulation as possible treatment for

Table 1 Summary of main human studies on use of probiotics for treatment of chronic intestinal diseases

Study Type of probiotic Condition Number of participants Outcome

Rizzello et al.
(2007)

Lactobacilli CD 12 +

Francavilla et al.
(2017)

Lactobacilli CD 10 +

Olivares et al.
(2018)

Bifidobacterium longum CD 127 +

Bibiloni et al.
(2005), Tursi et al.
2010

De Simone Formulation and
immunosuppressants and/or
amynosalicylates

UC 34 +

Miele et al. (2009) De Simone Formulation UC 29 +
Kato et al. (2004) Bifidobacteria-fermented milk

(BFM)
UC 20 +

Ishikawa et al.
(2003)

BFM UC 21 (11 subjects, BFM group,
and 10 subjects, control
group)

+

Oliva et al. 2012 Lactobacillus reuteri UC 40 +
Furrie et al. (2005) Bifidobacterium longum and

Bifidobacterium breve
UC 18 +

Butterworth et al.
(2008)

Lactobacillus rhamnosus GG CH
pediatric
patients

11 +

Schultz et al.
(2004)

Lactobacillus rhamnosus GG CH
pediatric
patients

11 +

Gupta et al. (2010) Lactobacillus rhamnosus GG CH
pediatric
patients

4 �

Fujimori et al.
(2007)

Bifidobacterium breve, Lactobacillus
casei, and Bifidobacterium longum

CH 10 +

Steed et al. (2010) Bifidobacteria CH 35 +
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IBD. The probiotic mixture has been shown to
significantly enhance the remission stage of
patients with ulcerative colitis (UC) when
administered in combination with immunosup-
pressants and/or amynosalicylates (Bibiloni et al.
2005, Tursi et al. 2010). Furthermore De Simone
Formulation has been also shown to be useful in
maintaining the remission stage in UC patients
both in adult and pediatric populations (Miele
et al. 2009). Kato et al. tested Bifidobacteria-
fermented milk (BFM) supplementation as a die-
tary adjunct to treat UC and concluded that the
supplementation was more effective than conven-
tional treatment (Kato et al. 2004). Similarly,
Ishikawa et al. found that BFM supplementation
triggered a reduction in the relative proportion of
Bacteroidaceae and butyrate production in UC
patients (Ishikawa et al. 2003). A prospective
randomized placebo-controlled study showed that
Lactobacillus reuteri improved the inflammation
in UC patients by increasing IL10 production and
reducing the levels of pro-inflammatory interleu-
kin-1β (IL1β), TNFα, and IL8 (Oliva et al.
2012). Similarly, also Bifidobacterium longum
and Bifidobacterium breve have been shown to
reduce inflammation in UC patients as well as
increase regeneration of epithelial cells (Furrie
et al. 2005). Treatment with Lactobacillus
rhamnosus GG significantly improved the clini-
cal activity of CH pediatric patients by enhanc-
ing barrier function (Butterworth et al. 2008) as
well as maintaining the disease remission
(Schultz et al. 2004). Other studies however did
not find the same promising results in their study
(Gupta et al. 2000). Fujimori et al. conducted an
open-label study in which patients with CH were
treated with two probiotic preparations
containing Bifidobacterium breve, Lactobacillus
casei, and Bifidobacterium longum. The study
showed an amelioration of clinical symptoms
in the cohort and concluded that high doses of
probiotics could be safely used as co-therapy for
the treatment of CH (Fujimori et al. 2007).
Finally different studies utilizing Bifidobacteria
strains have shown promising results in CH
patients with improvement of the mean histolog-
ical score and reduction of pro-inflammatory
TNFα (Steed et al. 2010).

While probiotics have great potential for future
therapeutic approaches in IBD, further studies are
necessary to ameliorate the specific conditions of
the treatment.

6 Prospective Longitudinal
Studies as Ideal Approach
to Identify Targets for Disease
Prevention Through Probiotics:
The CDGEMM Proof of Concept
Project

Different groups have reported that genetic risk
for developing autoimmune diseases is associated
with alterations in the microbiota composition
(Sellitto et al. 2012, Olivares et al. 2015). For
example, reduced abundance of Bacteroidetes
and increased Firmicutes were described in
infants at risk for CeD (Sellitto et al. 2012). The
microbiota of these infants also showed a delay in
maturation at 2 years of age (Sellitto et al. 2012)
as compared to not at-risk control group, while
the maturation was complete in not at-risk infants
at 1 year (Palmer et al. 2007). Additionally, this
same study showed that preceding the detection
of positive antibodies, the microbiome of infants
that developed an autoimmunity was
characterized by reduction in Lactobacillus spe-
cies (Sellitto et al. 2012). Similar data were con-
firmed in a later study in which differences
between the microbiota compositions at 1 month
of age were observed, with infants genetically
predisposed showing increased Firmicutes and
Proteobacteria compared to infants without a
genetic predisposition (Olivares et al. 2015).

Although extremely informative, these studies
have the limitation of having a cross-sectional
design, therefore assuming that alterations in the
microbiome are causative of the disease. How-
ever, changes in the microbiome may also repre-
sent a consequence of the disease rather than the
cause. To correct this limitation, longitudinal pro-
spective studies are needed to link the
microbiome composition and function with the
pathogenesis of CIDs.

Two longitudinal studies prospectively
screened infants, with a first-degree family
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member with CeD, from birth and found that CeD
can develop very early in life. The first study
found that 16% of infants with a first-degree
relative with CeD and carrying HLA DQ2
and/or DQ8 will develop CeD by age 5 (Lionetti
et al. 2014). The second study demonstrated that
38% of infants with first-degree relatives of CeD
patients and carrying two copies of DQ2 will
develop CeD by age 5 (Vriezinga et al. 2014).
These findings support the hypothesis that early
environmental factors may strongly contribute to
the development of CeD.

Unfortunately, the abovementioned studies did
not look at microbiome composition or function.
To date no large-scale, longitudinal studies have
defined the mechanistic contribution of the gut
microbiota in the pathogenesis of CeD. The
Celiac Disease Genomic, Environmental,
Microbiome, and Metabolomic (CDGEMM) has
been designed to answer this question. Its aim is
to understand the role that the gut microbiome
plays in early steps involved in the pathogenesis
of autoimmunity (Leonard et al. 2015a). This
study is conceptualized based on the hypothesis
that the combination of gluten and specific
microbiota in infants genetically at risk for CeD
triggers specific metabolic pathways that can epi-
genetically change the function of the immune
system leading to the loss of gluten tolerance
and subsequent onset of the autoimmune process.
The ultimate goal of the CDGEMM study is the
identification and validation of specific
microbiome and metabolomic profiles able to
predict loss of tolerance in children genetically
at risk of autoimmunity.

7 Concluding Remarks
and Future Directions

The incidence of CIDs is alarmingly rising. While
research about the function of intestinal
microbiome is expanding, therapeutic and pre-
ventive applicability are still poor. Recent studies
have evaluated the microbiota focusing on the
phylogenetic differences, different time points,
different samples types, and different analysis
tools. The focus of these studies has been mostly

on the bacterial component of the microbiome
excluding analysis on virome, fungi, and
parasites. Additional studies looking at the
mechanisms through which the microflora
interacts with the host are needed. This is the
only way we will be able to understand how to
design interventions for treatment and prevention.

The transition from descriptive to mechanistic
microbiome studies is fundamental to succeed in
translational medicine. Researchers working with
pediatric populations are the only ones that can
start this transition given the hypothesis that the
development of the microbiome during the first
1000 days of life has a lasting effect on an
individual’s future health and risk of disease.

Large-scale, multicenter, prospective, longitu-
dinal, multi-omic studies are required to design
therapeutic strategies and targeted prevention
therapies using probiotics as tool to modulate
the microbiome composition and function. Ide-
ally, data collection should start before the devel-
opment of the disease in order to understand the
role that the microbiome plays in the develop-
ment of disease.
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