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KEY POINTS

e The microbiome is vital for normal immune cell function and development.

o Alterations in the microbiome, or dysbiosis, is associated with celiac disease, as well as
many other diseases.

e The microbiome is an important target for therapeutic potential in celiac disease.

e Prebiotics and probiotics are being studied as potential therapies in celiac disease, but
further studies need to be done to elucidate their role.

INTRODUCTION

The human gastrointestinal tract is a complex and dynamic environment, sheltering a
vast number and variety of commensal microorganisms.” This balanced microecosys-
tem provides a natural defense against invasion of pathogens. Recently, much
research has focused on the role of the human microbiome in health and disease,
and the ability to harness the power of the human microbiome for treatment of these
diseases.

Celiac disease (CD) is a complex multifactorial disorder involving both genetic and
environmental factors. For many years, the only securely established genetic factors
contributing to CD risk were various genetic variants located within the HLA region
(those encoding the HLA-DQ2/DQ8 heterodimers).? With the introduction of
genome-wide association studies and the immunochip study, an additional 39 non-
HLA regions of susceptibility have been associated with CD development, some of
which share with other autoimmune diseases.® Interestingly, most of the chromosome
regions associated with CD predisposition contain genes with immune-related func-
tions, and some CD susceptibility genes play a role in bacterial colonization and
sensing. Studies also have shown an altered expression of nonspecific CD-risk genes
involved in host-microbiota interactions in the intestinal mucosa of patients with CD,

Disclosure Statement: No financial disclosures.

Digestive and Liver Diseases, Columbia University, 180 Fort Washington, New York, NY
10032, USA

E-mail address: Sk3222@cumc.columbia.edu

Gastroenterol Clin N Am 48 (2019) 115-126
https://doi.org/10.1016/j.gtc.2018.09.008 gastro.theclinics.com
0889-8553/19/© 2018 Elsevier Inc. All rights reserved.

Downloaded for Anonymous User (n/a) at Columbia University from ClinicalKey.com by Elsevier on March 23, 2020.
For personal use only. No other uses without permission. Copyright ©2020. Elsevier Inc. All rights reserved.


mailto:Sk3222@cumc.columbia.edu
http://crossmark.crossref.org/dialog/?doi=10.1016/j.gtc.2018.09.008&domain=pdf
https://doi.org/10.1016/j.gtc.2018.09.008
http://gastro.theclinics.com

116

Krishnareddy

such as those of toll-like receptors and their regulators.” Disturbances in the host-
microbiota interaction and shifts in the immune balance in subjects with CD might
propagate the inflammatory response by gluten, which is pathognomonic to CD.°

NORMAL COLONIZATION AND ITS IMPACT ON HUMAN DEVELOPMENT

Initial colonization of the infant gut by microbes sets the stage for the lifelong, relatively
stable adult microbiome. Infants rely on colonization to complete development of the
immune system and gastrointestinal tract. The first days and weeks of life represent a
crucial window of opportunity for shaping the development of the gastrointestinal tract
and immune system, as well as the future adult microbiome. “Normal colonization”
likely affords protection of developing childhood and adult diseases. The evidence
of the contribution of the microbiome to healthy immunity and defense against multiple
diseases is growing, as the list includes many nonintestinal diseases, such as obesity,
food allergies, and diabetes mellitus, in addition to intestinal-related autoimmune dis-
orders, such as inflammatory bowel disease and CD.

In vaginal birth, the infant is inoculated as he or she passes through the birth canal.
This inoculum is a mixture of gram-negative and gram-positive bacteria, aerobes, and
anaerobes. This initial colonizing species has been shown to be important in establish-
ing a “pioneer microbiome” that in turn educates the developing immune system and
provides favorable conditions for colonization by subsequent microbes.®

Beneficial infant colonization is dependent on the maternal microbiota, which in turn
is influenced by maternal genetics, environmental exposures, and diet before and dur-
ing pregnancy as well as during breast-feeding. Once the infant has been inoculated,
compounds already present in the infant gut as well as from breast milk act as prebi-
otics and encourage growth of commensals. Priming for microbial colonization begins
in utero. The vernix caseosa, the waxy skin coating of a fetus, is shed into the amniotic
fluid as the fetus approaches term. While still in utero, the fetus swallows amniotic fluid
containing pieces of vernix. The vernix is made up of short-chain fatty acids (SCFAs)
and lipids. Although these SCFAs and lipids are indigestible by human enzymes, they
provide a rich medium for growth of bacteria. These prebiotics continue to be admin-
istered to the infant in the case of breast-feeding. Colostrum contains especially high
concentrations of human milk oligosaccharides (HMOs), which are indigestible by hu-
man enzymes, but like the vernix SCFAs, promote growth of intestinal microbes.” The
HMOs selectively promote growth of commensals, such as Bifidobacterium longus
subspecies infantis, and suppress growth of pathogens, like Escherichia coli and Clos-
tridium perfringens. Furthermore, growth of these bacteria on HMOs alters their activ-
ity, making Bifidobacterium infantis more bound to intestinal epithelial cells, which
then affords a stronger barrier promoting an anti-inflammatory effect.? These prebi-
otics give commensals an advantage over pathogens in the developing infant gut,
which helps prevent newborn enteric infections, as well as laying the foundation for
a strong immune system.®

NORMAL COLONIZATION MAINTAINS HOMEOSTASIS OF THE IMMUNE SYSTEM

The microbiota play a role in shaping the architecture of the immune system (such as
Peyer patches), the development of specific immune cell populations (such as regula-
tory T cells) and the balance between immune cell types. The 2 features of the gastro-
intestinal immune architecture most affected by microbiota are the mucous layer and
gut-associated lymphoid tissue (GALT), which includes Peyer patches.'®

The mucous layer maintains spatial segregation between the bacteria-rich gut
lumen and the intestinal epithelium. This bacteria-free zone (approximately 50-pm
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thick) protects against otherwise continuous immune stimulation and inflammation.
This segregation serves to augment the barrier function of the epithelial layer, which
is only 1 single cell thick.!" Intestinal microbes provide the stimuli for maintenance
of the mucous layer. Germ-free animals have thinner mucous layer than conventional
animals, with specific members of the microbiome contributing to production of mu-
cous, such as Akkermansia muciniphila and Lactobacillus species.'?

The innate immune system maintains the sterility of the mucous layer. Intestinal
epithelial cells produce antibacterial Regllly in an MyD88-dependent manner. Regllly
is an antibacterial C-type lectin that targets gram-positive bacteria. Regllly knockout
mice exhibited increased adaptive immune activation, increased fecal immunoglob-
ulin (Ig)A and increased Th1 cells in the lamina propria. These increases were depen-
dent on the intestinal microbiota. This physical segregation of the microbiota from the
intestinal epithelium is an example by which the innate immune system maintains
tolerance of the intestinal microbiota by limiting contact with the adaptive immune
system.™®

A healthy microbiome further protects the host by forming its own protection against
colonization, a phenomenon known as colonization resistance. As mentioned previ-
ously, microbes stimulate the mucous layer and also stimulate the epithelium to
secrete antimicrobial peptides into the mucous layer, providing a barrier against path-
ogens.'* Commensals themselves can produce substances to prevent infections,
such as acetate production by Bifidobacterium, which protects again enterohemor-
rhagic E coli 0157:H7."®

In addition to the microbiome’s effect on the physical barrier promoting immune
tolerance, the microbiota also stimulates the formation of GALT. It has been shown
that germ-free animals have dramatically reduced germinal centers in the GALT,
and reduced secretory IgA."®"7 IgA produced by the GALT acts in an immunomodu-
latory manner. Intestinal dendritic cells sample the intestinal lumen; when they come in
contact with bacterial polysaccharide A (PSA), a component of the commensal Bac-
teroides fragilis, they then stimulate the adaptive immune response to secrete IgA,
locally. This locally produced IgA then coats the bacterial antigen, resulting in
decreased activation of the innate immune response.'® In this way, GALT functions
as a self-contained immune system, recognizing bacterial antigens and stimulating
the immune response, but the response is contained to the mucosal compartment,
thereby avoiding systemic inflammation. A study done in Swedish infants showed
that increased diversity of Bifidobacterium species is associated with increased
IgA, ™ which has been linked to protection against allergy and autoimmunity.2®

These data support the role of the initial microbiome and “beneficial” bacteria in
regulating the adaptive and innate responses.

MICROBIOTA BALANCE AND IMMUNE RESPONSES

The rapid colonization after birth shifts the perinatal immune system of that of hyper-
stimulation to that of tolerance. In this system, the neonatal gut allows colonization by
microbes and a specific population of CD71+ erythroid cells dampens the innate im-
mune response.?’ In addition to anti-inflammatory signals from the host, these signals
also come from the colonized microbiota. SCFAs produced by host bacteria affect
regulatory T-cell (Treg) populations.’® Butyrate (a commonly produced SCFA) in-
creases the differentiation of progenitor cells to become T, cells, and SCFAs, in gen-
eral, specifically expand the population of colonic T,eq cells.??

The microbiota also plays a key role in regulating the balance between populations
of CD4+ helper T cells, Th1 and Th2 cells. During the perinatal period, the immune
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system is skewed toward a Th2 cytokine milieu; however, persistence of this Th2 envi-
ronment has been associated with atopic diseases. This shift is caused by a bacterially
derived carbohydrate. Gut dendritic cells protruding through the intestinal epithelium
sample commensal B fragilis from the gut lumen; this sampled PSA is transported to
the systemic immune system where it restores the balance between Th1 and Th2
cells.?® It has been considered that the onset of CD is mediated by a skewed Th1
response. Although the exact cause of this skewed response is unknown, it can be
suggested that the balance of these CD4+ cell subsets depends on a balanced
microbiome.?*

Similarly, Th17 cells, which are mostly proinflammatory cells that protect against
infection at the mucosal surfaces, are also regulated by the microbiota, specifically,
Th17 cells are induced by segmented filamentous bacteria (SFB).?° In mice, SFB
act via major histocompatibility complex class Il (MHC-II) on intestinal dendritic cells
to increase differentiation of CD4+ T cells into Th17 cells in the lamina propria.®
These Th17 cells, which have been shown to have critical functions in host defense
against bacterial pathogens and the inflammatory response to deamidated gliadin
peptides, are important in the pathogenesis of CD.2”

Through appropriate colonization and the resulting “education” of the gastrointes-
tinal immune system, infants develop more optimal gut function. This early priming
of the immune system is critical for later life. Dysbiosis is abnormal colonization, or
the imbalance of microbes inhabiting a certain part of the body. The 4 known cate-
gories promoting intestinal dysbiosis are (1) abnormal microbial exposures, (2) disrup-
tions in diet, (3) antibiotic usage and other medications, and (4) influence of host
genetics.

Abnormal microbial exposures can occur at time of delivery, such as cesarean
versus vaginal delivery. A study done in 2010 showed that infants born via vaginal de-
livery closely resembled their mother’s vaginal microbiota, whereas those born via ce-
sarean delivery reflected the microbes present in the infant’s environment (including
Staph).® Infants born via cesarean specifically lack presence of and diversity within
the Bacteroidetes phylum. Although it is unclear if this is the cause of increased CD
seen in children born via cesarean, this association has been made.?%2° Many studies
have focused on the association between microbial colonization and disease later in
life, such as obesity, asthma, and allergy, and have found that the timing of coloniza-
tion is also important. These data demonstrate the importance of a “window of oppor-
tunity” for microbial education of the developing immune system, which results in
persistent alteration in systemic gene expression and, potentially, persistent changes
in microbial populations.3%-"

A possible second window of development for the intestine and immune system,
especially regarding oral tolerance, is the exposure to dietary antigens. Data regarding
the timing of antigen introduction to reduce likelihood of an autoimmune or allergic re-
action are not uniform. In the case of CD, it is often stated that gluten should not be
introduced before 4 months of age and not after 6 months of age. However, a small
study done showed that the delayed introduction of gluten from 6 months to 12 months
resulted in a decrease in the incidence of CD, as well as the development of anti-
gliadin IgG antibodies.?®

The effects of antibiotics and infections on the intestinal microbiome provide further
evidence for the importance of a diverse microbiome in maintaining homeostasis,
particularly in the perinatal period. A recent study in mice demonstrated that early anti-
biotic usage had a lasting effect on immunity and metabolism, even though changes in
the microbiome were transient. Mice treated with antibiotics early in life were seen to
have elevated fat mass and decreased expression of immune-related genes despite
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normalization of the microbiome.®" In children and adults with HLA predisposition for
CD, a gastrointestinal infection increased the risk of CD autoimmunity by 33%.%2
Another study done looking at the role of viral infections and initiation of Th1 cells,
identified reovirus as a possible trigger for both the altered immune response seen
in CD, as well as a factor in gliadin antigen tolerance.*® These data highlight the impor-
tance of not only initial colonization but maintenance of “healthy” microbes in prevent-
ing disease development.

Studies of the role the microbiome in CD are evolving, and as with most studies of
the microbiome, most studies have shown descriptive data, but lack cause and effect.
Indeed, although CD is prevalent in both adults and children, most of the microbiome
data in CD comes from studies done in children.®*~3" Studies characterizing the micro-
biota of adult patients with CD began only in 2012, and a single study of both children
and adults reported a slight difference in the percentages of the main phyla between
subjects and also a more diverse profile in duodenal biopsy specimens from adults.>®
The Firmicutes are the most abundant bacteria in adults with CD, whereas Proteobac-
teria are present mainly in children with CD. Other phyla shared between adults with
CD and children with CD belong to the Bacteroidetes and Actinobacteria. Regarding
bacterial genera, adults with CD harbor larger numbers of Mycobacterium spp and
Methylobacterium spp, whereas Neisseria spp and Haemophilus spp are more abun-
dant in children with CD. Although these studies have given us information about the
general makeup of the microbiome of patients with CD, they do little to answer the
questions if these changes precede disease onset, if they are a consequence of
inflammation, or if the changes seen in the microbiome are associated with changes
in immune cell phenotype. Future studies need to focus on causality, and possibly a
specific bacterial group that could be pathogenic or protective in this group of pa-
tients, and that could be targeted for treatment.

Although it is unclear whether the altered microbiome is a cause of or consequence
of disease, it is hypothesized that gram-negative bacteria in genetically susceptible in-
dividuals may contribute to the loss of gluten tolerance. If modified bacteria are a result
of disease, the disrupted mucosa inundated with immature enterocytes could lead to
conditions favoring gram-negative instead of gram-positive bacterial colonization.
Although this theory has not been proven, early studies have shown a propensity to-
ward higher gram-negative colonization in duodenal samples of pediatric patients with
CD compared with healthy controls, in which case the dysbiosis seen seems to be of
importance.®® CD offers a unique disease in which to study the microbiome, as many
other factors can be controlled for, including genetic makeup, environment, and trig-
gers, as these are all known, and the effect of the microbiome on disease pathogen-
esis can be further explored. Also, because the genetic makeup can be determined
before a subject acquires CD, it is possible to do longitudinal studies in these patients
and observe the change in microbiome to see if the alterations noted are a cause of or
consequence of disease.*%4°

MICROBIOME AS A THERAPEUTIC TARGET

Although research into the effects of dysbiosis on the host abounds, the effects of the
host on the microbiome are more limited. In a study done by Olivares and col-
leagues,*' infants carrying the HLA-DQ2 haplotype influence the early microbiota
composition, underlying the importance of host factors on microbial composition.
Genetic studies contribute to the concept recently described by Hooper and col-
leagues,*? that the host exerts inside-out control over the microbiota, whereas the
microbiota also exerts outside-in programming of host immunity and metabolism.
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This cross-talk among the microbiota, host genetics, nutrition, immunity, and meta-
bolism is initiated in infancy and continues throughout life. The window of opportunity
to establish host immunity, and therefore inside-out control of the microbiome,
depends on appropriate infant colonization through prenatal maternal exposures,*®
delivery mode,° breast-feeding,** and judicious use of antibiotics.

Although dysbiosis has been clearly associated with the development of autoimmu-
nity, treatment strategies are still in their infancy. Ideally, in the future, treatments will
be tailored to the cause of dysbiosis and will reflect knowledge of microbial-gut ho-
meostasis. Once dysbiosis has already occurred, 2 main categories of treatment exist:
(1) nutritional changes to encourage growth of normal endogenous microbes and (2)
direct administration of live microorganisms.

To date, a gluten-free diet (GFD) is the only therapy for patients with CD; a GFD re-
duces symptoms and restores the well-being of the individual and heals the mucosal
damage.*® Several studies have compared the gut microbiota of patients with CD on
and off a GFD and healthy controls. In patients with CD, even after following a GFD (for
at least 2 years), the duodenal microbiota was not completely restored and showed a
less abundant bacterial richness compared with healthy and untreated subjects, with
a persistent imbalance of the ratio of potentially harmful/beneficial bacteria.®®
Species-specific analysis has shown that although E coli and Staphylococcus counts
are restored after a GFD, Bifidobacterium counts remain lower in the feces of patients
on a GFD compared with controls. A targeted study on Bifidobacterium composition
from patients with CD on both a gluten-containing and a GFD and from healthy con-
trols showed a correlation between the levels of total Bifidobacterium and Bifidobac-
terium longum species in the fecal and tissue samples. Moreover, a generalized
reduction in these bacterial populations was found in patients with CD as compared
with healthy children overall.*®

Few studies have followed the same patients pre and post GFD to test the effect of
gluten on the microbiome in the presence of CD. An ltalian study showed that the
Lactobacillus community was lower before than after a GFD and lower in patients
with CD than in healthy controls. There was also a lower ratio of Bifidobacterium to
Bacteroides and Enterobacteriaceae as compared with healthy controls.*® Additional
information comes from a study that evaluated the effect of a GFD on healthy subjects
using fluorescence in situ hybridization and quantitative polymerase chain reaction.®
In this study, it was noted that the GFD leads to a decrease in B longum, Clostridium
lituseburense, Lactobacillus, and Faecalibacterium prausnitzii and an increase in
Enterobacteriaceae and E coli strains. This was thought to be due to reduced produc-
tion of proinflammatory and regulatory cytokines due to a generalized reduction in the
total luminal bacterial load of the large intestine caused by the GFD. The main finding
was that a GFD influenced gut microbial composition and immune activation (as
measured by cytokine production) regardless of the presence of disease, and these
effects were directly related to reduction in polysaccharide intake.

These studies show that a GFD only partially restores fecal microbiota balances in
patients with CD. The reason is still unclear, although some suggest that genetic influ-
ences in those predisposed to CD affect the colonization of the microbiome, which
persists despite a GFD; furthermore, because gluten has a prebiotic action, its
absence in the GFD induces a different gut microbiota even in healthy individuals.*”

In theory, probiotics represent a tempting fix to complex dysbiosis: identify the
missing bacteria and replace them; in practice this has proved more difficult. Prebi-
otics are substances that induce the growth or activity of microorganisms (eg, bacteria
and fungi) that contribute to the well-being of the host. Dietary prebiotics are typically
nondigestible, fiber compounds that stimulate the growth of advantageous bacteria,
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although they do not target a specific bacterial group. Several foods are rich in prebi-
otics, including raw garlic, leeks, chicory root, and whole wheat (although not relevant
to patients with CD). However, the ideal daily serving is not agreed on. Current
research is ongoing as to the possibility of altering gluten-free products with prebi-
otics. Some early evidence has suggested that adding prebiotic inulin-type fructans
to gluten-free breads can provide benefits for patients with CD, as these are ingredi-
ents that can increase calcium absorption and possibly other nutrients as well.*®

Although prebiotics refer to the nutritional components found in food sources, pro-
biotics are microorganisms that are believed to provide health benefits when
consumed.*® Live probiotic cultures are available in fermented dairy products and
probiotic-fortified foods. Tablets, capsules, powders, and sachets also contain the
bacteria in freeze-dried formulations. According to the Food and Agriculture Organiza-
tion/World Health Organization, a probiotic is defined as a“live microorganism, which
when administered in adequate amounts confers a health benefit on the host.”*° Pro-
biotics have been found to be effective in some diseases, such as irritable bowel syn-
drome and pouchitis, but effects in other diseases, such as CD, have been less than
conclusive. Some probiotics have been found to digest or alter gluten polypeptides.
De Fallani and coworkers analyzed the potential role of the specific probiotic prepara-
tion VSL#3 (a cocktail of 8 strains that belong to the species Bifidobacterium breve, B
longum, B infantis, Lactobacillus plantarum, Lactobacillus acidophilus, Lactobacillus
casei, Lactobacillus delbrueckii bulgaricus, and Streptococcus thermophiles) in
decreasing the toxic properties of wheat flour and found that VSL#3 was highly effec-
tive in hydrolyzing gliadin peptides. However, this ability was not noted with other pro-
biotic preparations.®' Specific Lactobacillus and bifidobacterial strains have been
found to improve gut health. De Palma and collaborators®? evaluated in vitro immuno-
modulatory properties of Bifidobacterium bifidum strain IATA-ES2 and B longus strain
ATCC15707 versus B fragilis strain DSM2451, E coli strain CBL2, and Shigella spp on
peripheral blood mononuclear cells under the effects of gliadin. This study found that
B bifidum and B longum were able to induce lower levels of interleukin (IL)-12 and
interferon (IFN)-y production compared with E coli and Shigella. These bacteria
were more likely to induce production of proinflammatory cytokines, which in turn
contribute to development of disease. Lindfors and colleagues®® found that Bifidobac-
terium lactis exerted a protective effect on epithelial cells against cellular damage
induced by gliadin incubation. Recently, a study using a gliadin-induced enteropathy
animal model was developed to observe whether B longum CECT 7347 could provide
beneficial effects. The administration of this probiotic enhanced villus width and enter-
ocyte height, which partially restored alterations in animals sensitized with IFN-y and
fed gliadin. It also decreased the levels of proinflammatory cytokines such as tumor
necrosis factor-a (TNF-a) and increased levels of anti-inflammatory IL-10.54

Another study evaluating the effect of B longum CECT 7347 for 3 months in addition
to a GFD in children newly diagnosed with CD showed a decrease in CD3 T cells,
improving symptoms, and greater height percentile in those on a probiotic and GFD
compared with those on the diet alone.®®

Studies evaluating the role of probiotics and CD in humans are scarce. In a random-
ized, double-blind, placebo-controlled study, B infantis and its effects on gut perme-
ability, occurrence of symptoms, and the presence of inflammatory cytokines in
untreated patients with CD were evaluated. In this study, it was noted that probiotic
administration was unable to modify gut barrier function; however, there was a marked
improvement in digestion and a reduction in constipation. Abdominal pain and
diarrheal symptom scores were also diminished, although not significantly. There
was no difference in inflammatory markers.%®
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A study in children, studying the effect of Bifidobacterium breve BRO3 and B632 on
serum cytokine production, showed a decreased production of proinflammatory cyto-
kine production after administration of probiotics compared with diet alone. The effect
on proinflammatory cytokine TNF- o was seen only while receiving the probiotic,
whereas anti-inflammatory cytokine IL-10 levels were undetectable throughout the
study period, suggesting that continuous probiotic supplementation is necessary
and intermittent administration does not affect microbial milieu.

Alternatively, members of the Firmicutes phylum, specifically lactobacilli, are
thought to play a role in CD pathogenesis as well. A study identified a significant
lack of Lactobacillus in symptom-free children with CD. Thus, the investigators iso-
lated 5 different lactobacilli in the stool of healthy children, and proposed Lactobacillus
rhamnosus and Lactobacillus paracasei as potential targets.>”

Although preliminary research has suggested a possible role for probiotics in the
treatment of CD, the relatively poor regulation of these supplements makes this treat-
ment relatively hard to monitor. A study done testing 22 of the top-selling probiotics,
labeled gluten-free, and using chromatography to check for presence of gluten
showed that 12 (55%) of the 22 probiotics contained more than 20 ppm of gluten,
the acceptable cutoff for labeling a food product as gluten-free.>8:5°

To date, the evidence regarding the use of probiotics in patients with CD is still insuf-
ficient to justify their use in clinical practice, and until the Food and Drug Administration
places stricter regulations on these supplements, their use can be considered
dangerous for patients with CD. The recent evidence that probiotics do not alter the
fecal microbiome of healthy subjects adds to the question of their applicability to wide-
spread use.®°

SUMMARY

In recent years, as evidenced by the growing number of publications, an increasing
amount of attention has been paid to the microbiome in health and disease. Although
most publications on the microbiome in CD have been conducted using different
models, study populations, and small sample sizes, most of the studies have seen dif-
ferences in the populations of Bifidobacterium and Lactobacillus in the gut microbial
concentrations of patients with CD. In addition, patients with CD seem to have an
increased number of gram-negative bacteria, specifically Proteobacteria. In vitro
data have suggested that dysbiosis in CD can lead to modification of the mucosal bar-
rier, and persistent immune activation or sensitization to activation by gliadin causing
clinical symptoms. Additional studies dissecting out the role of the microbiome in im-
mune cell activation and T-cell priming will help further clarify the role of the micro-
biome in autoimmune disease pathogenesis and possibly the role of microbiome
manipulation as treatment for CD.

As far as the GFD diet is concerned, it is currently the only accepted treatment for
patients with CD. However, as evidenced by several studies, with regard to the micro-
biome, complete “normalization” is not achieved with this diet. In this setting is where
probiotic therapy might be beneficial. Treatment with Bifidobacterium and/or Lactoba-
cillus might be helpful in restoring altered gut microbiota and dampening immune acti-
vation, although further studies are needed to understand the dosing and proportion in
which these bacteria need to be given for this to be achieved.

Finally, if considering the microbiome as a possible environmental activator for CD
pathogenesis, it is possible to consider probiotics as a modulator of risk in those with
high-risk factors, such as the DQ2 or DQ8 phenotype. In these subjects, probiotic
administration might have a role in primary prevention; however, no study has been
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conducted using probiotics for this purpose, so much research needs to be done in
this area before any conclusions can be made.

REFERENCES

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

Kau AL, Ahern PP, Griffin NW, et al. Human nutrition, the gut microbiome and the
immune system. Nature 2011;474(7351):327-36.

Green PH, Cellier C. Celiac disease. N Engl J Med 2007;357(17):1731-43.
Sharma R, Young C, Neu J. Molecular modulation of intestinal epithelial barrier:
contribution of microbiota. J Biomed Biotechnol 2010;2010:305879.

Kalliomaki M, Satokari R, Lahteenoja H, et al. Expression of microbiota, Toll-like
receptors, and their regulators in the small intestinal mucosa in celiac disease.
J Pediatr Gastroenterol Nutr 2012;54(6):727-32.

Stappenbeck TS, Hooper LV, Gordon JI. Developmental regulation of intestinal
angiogenesis by indigenous microbes via Paneth cells. Proc Natl Acad Sci
U S A 2002;99(24):15451-5.

Dominguez-Bello MG, Costello EK, Contreras M, et al. Delivery mode shapes the
acquisition and structure of the initial microbiota across multiple body habitats in
newborns. Proc Natl Acad Sci U S A 2010;107(26):11971-5.

Mackie RI, Sghir A, Gaskins HR. Developmental microbial ecology of the
neonatal gastrointestinal tract. Am J Clin Nutr 1999;69(5):1035S-45S.
Jakobsson J, Stridsberg M, Zetterberg H, et al. Decreased cerebrospinal fluid se-
cretogranin Il concentrations in severe forms of bipolar disorder. J Psychiatry
Neurosci 2013;38(4):.E21-6.

Koenig JE, Spor A, Scalfone N, et al. Succession of microbial consortia in
the developing infant gut microbiome. Proc Natl Acad Sci U S A 2011;
108(Suppl 1):4578-85.

Rautava S, Luoto R, Salminen S, et al. Microbial contact during pregnancy, intes-
tinal colonization and human disease. Nat Rev Gastroenterol Hepatol 2012;9(10):
565-76.

Deplancke B, Gaskins HR. Microbial modulation of innate defense: goblet cells
and the intestinal mucus layer. Am J Clin Nutr 2001;73(6):11315-41S.

Everard A, Belzer C, Geurts L, et al. Cross-talk between Akkermansia muciniphila
and intestinal epithelium controls diet-induced obesity. Proc Natl Acad Sci U S A
2013;110(22):9066-71.

Vaishnava S, Yamamoto M, Severson KM, et al. The antibacterial lectin Reglll-
gamma promotes the spatial segregation of microbiota and host in the intestine.
Science 2011;334(6053):255-8.

Gareau MG, Sherman PM, Walker WA. Probiotics and the gut microbiota in intes-
tinal health and disease. Nat Rev Gastroenterol Hepatol 2010;7(9):503-14.
Fukuda S, Toh H, Hase K, et al. Bifidobacteria can protect from enteropathogenic
infection through production of acetate. Nature 2011;469(7331):543-7.

Cebra JJ, Periwal SB, Lee G, et al. Development and maintenance of the gut-
associated lymphoid tissue (GALT): the roles of enteric bacteria and viruses.
Dev Immunol 1998;6(1-2):13-8.

Ibnou-Zekri N, Blum S, Schiffrin EJ, et al. Divergent patterns of colonization and
immune response elicited from two intestinal Lactobacillus strains that display
similar properties in vitro. Infect Immun 2003;71(1):428-36.

Peterson DA, McNulty NP, Guruge JL, et al. IgA response to symbiotic bacteria
as a mediator of gut homeostasis. Cell Host Microbe 2007;2(5):328-39.

Downloaded for Anonymous User (n/a) at Columbia University from ClinicalKey.com by Elsevier on March 23, 2020.

For personal use only. No other uses without permission. Copyright ©2020. Elsevier Inc. All rights reserved.

123


http://refhub.elsevier.com/S0889-8553(18)30084-0/sref1
http://refhub.elsevier.com/S0889-8553(18)30084-0/sref1
http://refhub.elsevier.com/S0889-8553(18)30084-0/sref2
http://refhub.elsevier.com/S0889-8553(18)30084-0/sref3
http://refhub.elsevier.com/S0889-8553(18)30084-0/sref3
http://refhub.elsevier.com/S0889-8553(18)30084-0/sref4
http://refhub.elsevier.com/S0889-8553(18)30084-0/sref4
http://refhub.elsevier.com/S0889-8553(18)30084-0/sref4
http://refhub.elsevier.com/S0889-8553(18)30084-0/sref5
http://refhub.elsevier.com/S0889-8553(18)30084-0/sref5
http://refhub.elsevier.com/S0889-8553(18)30084-0/sref5
http://refhub.elsevier.com/S0889-8553(18)30084-0/sref6
http://refhub.elsevier.com/S0889-8553(18)30084-0/sref6
http://refhub.elsevier.com/S0889-8553(18)30084-0/sref6
http://refhub.elsevier.com/S0889-8553(18)30084-0/sref7
http://refhub.elsevier.com/S0889-8553(18)30084-0/sref7
http://refhub.elsevier.com/S0889-8553(18)30084-0/sref8
http://refhub.elsevier.com/S0889-8553(18)30084-0/sref8
http://refhub.elsevier.com/S0889-8553(18)30084-0/sref8
http://refhub.elsevier.com/S0889-8553(18)30084-0/sref9
http://refhub.elsevier.com/S0889-8553(18)30084-0/sref9
http://refhub.elsevier.com/S0889-8553(18)30084-0/sref9
http://refhub.elsevier.com/S0889-8553(18)30084-0/sref10
http://refhub.elsevier.com/S0889-8553(18)30084-0/sref10
http://refhub.elsevier.com/S0889-8553(18)30084-0/sref10
http://refhub.elsevier.com/S0889-8553(18)30084-0/sref11
http://refhub.elsevier.com/S0889-8553(18)30084-0/sref11
http://refhub.elsevier.com/S0889-8553(18)30084-0/sref12
http://refhub.elsevier.com/S0889-8553(18)30084-0/sref12
http://refhub.elsevier.com/S0889-8553(18)30084-0/sref12
http://refhub.elsevier.com/S0889-8553(18)30084-0/sref13
http://refhub.elsevier.com/S0889-8553(18)30084-0/sref13
http://refhub.elsevier.com/S0889-8553(18)30084-0/sref13
http://refhub.elsevier.com/S0889-8553(18)30084-0/sref14
http://refhub.elsevier.com/S0889-8553(18)30084-0/sref14
http://refhub.elsevier.com/S0889-8553(18)30084-0/sref15
http://refhub.elsevier.com/S0889-8553(18)30084-0/sref15
http://refhub.elsevier.com/S0889-8553(18)30084-0/sref16
http://refhub.elsevier.com/S0889-8553(18)30084-0/sref16
http://refhub.elsevier.com/S0889-8553(18)30084-0/sref16
http://refhub.elsevier.com/S0889-8553(18)30084-0/sref17
http://refhub.elsevier.com/S0889-8553(18)30084-0/sref17
http://refhub.elsevier.com/S0889-8553(18)30084-0/sref17
http://refhub.elsevier.com/S0889-8553(18)30084-0/sref18
http://refhub.elsevier.com/S0889-8553(18)30084-0/sref18

124

Krishnareddy

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Sjogren YM, Tomicic S, Lundberg A, et al. Influence of early gut microbiota on the
maturation of childhood mucosal and systemic immune responses. Clin Exp Al-
lergy 2009;39(12):1842-51.

Bottcher MF, Haggstrom P, Bjorksten B, et al. Total and allergen-specific immuno-
globulin A levels in saliva in relation to the development of allergy in infants up to
2 years of age. Clin Exp Allergy 2002;32(9):1293-8.

Elahi S, Ertelt JM, Kinder JM, et al. Immunosuppressive CD71+ erythroid cells
compromise neonatal host defence against infection. Nature 2013;504(7478):
158-62.

Smith PM, Howitt MR, Panikov N, et al. The microbial metabolites, short-chain fatty
acids, regulate colonic Treg cell homeostasis. Science 2013;341(6145):569-73.
Mazmanian SK, Liu CH, Tzianabos AQO, et al. An immunomodulatory molecule of
symbiotic bacteria directs maturation of the host immune system. Cell 2005;
122(1):107-18.

Maiuri L, Ciacci C, Ricciardelli I, et al. Association between innate response to
gliadin and activation of pathogenic T cells in coeliac disease. Lancet 2003;
362(9377):30-7.

Ivanov II, Atarashi K, Manel N, et al. Induction of intestinal Th17 cells by
segmented filamentous bacteria. Cell 2009;139(3):485-98.

Goto Y, Panea C, Nakato G, et al. Segmented filamentous bacteria antigens pre-
sented by intestinal dendritic cells drive mucosal Th17 cell differentiation. Immu-
nity 2014;40(4):594-607.

Fernandez S, Molina IJ, Romero P, et al. Characterization of gliadin-specific Th17
cells from the mucosa of celiac disease patients. Am J Gastroenterol 2011;
106(3):528-38.

Decker E, Engelmann G, Findeisen A, et al. Cesarean delivery is associated with
celiac disease but not inflammatory bowel disease in children. Pediatrics 2010;
125(6):€1433-40.

Sellitto M, Bai G, Serena G, et al. Proof of concept of microbiome-metabolome
analysis and delayed gluten exposure on celiac disease autoimmunity in genet-
ically at-risk infants. PLoS One 2012;7(3):e33387.

Cani PD, Possemiers S, Van de Wiele T, et al. Changes in gut microbiota control
inflammation in obese mice through a mechanism involving GLP-2-driven
improvement of gut permeability. Gut 2009;58(8):1091-103.

Cox LM, Yamanishi S, Sohn J, et al. Altering the intestinal microbiota during a crit-
ical developmental window has lasting metabolic consequences. Cell 2014;
158(4):705-21.

Kemppainen KM, Lynch KF, Liu E, et al. Factors that increase risk of celiac dis-
ease autoimmunity after a gastrointestinal infection in early life. Clin Gastroenterol
Hepatol 2017;15(5):694-702 e5.

Bouziat R, Hinterleitner R, Brown JJ, et al. Reovirus infection triggers inflamma-
tory responses to dietary antigens and development of celiac disease. Science
2017;356(6333):44-50.

De Palma G, Nadal I, Collado MC, et al. Effects of a gluten-free diet on gut micro-
biota and immune function in healthy adult human subjects. Br J Nutr 2009;
102(8):1154-60.

De Palma G, Nadal |, Medina M, et al. Intestinal dysbiosis and reduced
immunoglobulin-coated bacteria associated with coeliac disease in children.
BMC Microbiol 2010;10:63.

Downloaded for Anonymous User (n/a) at Columbia University from ClinicalKey.com by Elsevier on March 23, 2020.
For personal use only. No other uses without permission. Copyright ©2020. Elsevier Inc. All rights reserved.


http://refhub.elsevier.com/S0889-8553(18)30084-0/sref19
http://refhub.elsevier.com/S0889-8553(18)30084-0/sref19
http://refhub.elsevier.com/S0889-8553(18)30084-0/sref19
http://refhub.elsevier.com/S0889-8553(18)30084-0/sref20
http://refhub.elsevier.com/S0889-8553(18)30084-0/sref20
http://refhub.elsevier.com/S0889-8553(18)30084-0/sref20
http://refhub.elsevier.com/S0889-8553(18)30084-0/sref21
http://refhub.elsevier.com/S0889-8553(18)30084-0/sref21
http://refhub.elsevier.com/S0889-8553(18)30084-0/sref21
http://refhub.elsevier.com/S0889-8553(18)30084-0/sref22
http://refhub.elsevier.com/S0889-8553(18)30084-0/sref22
http://refhub.elsevier.com/S0889-8553(18)30084-0/sref23
http://refhub.elsevier.com/S0889-8553(18)30084-0/sref23
http://refhub.elsevier.com/S0889-8553(18)30084-0/sref23
http://refhub.elsevier.com/S0889-8553(18)30084-0/sref24
http://refhub.elsevier.com/S0889-8553(18)30084-0/sref24
http://refhub.elsevier.com/S0889-8553(18)30084-0/sref24
http://refhub.elsevier.com/S0889-8553(18)30084-0/sref25
http://refhub.elsevier.com/S0889-8553(18)30084-0/sref25
http://refhub.elsevier.com/S0889-8553(18)30084-0/sref26
http://refhub.elsevier.com/S0889-8553(18)30084-0/sref26
http://refhub.elsevier.com/S0889-8553(18)30084-0/sref26
http://refhub.elsevier.com/S0889-8553(18)30084-0/sref27
http://refhub.elsevier.com/S0889-8553(18)30084-0/sref27
http://refhub.elsevier.com/S0889-8553(18)30084-0/sref27
http://refhub.elsevier.com/S0889-8553(18)30084-0/sref28
http://refhub.elsevier.com/S0889-8553(18)30084-0/sref28
http://refhub.elsevier.com/S0889-8553(18)30084-0/sref28
http://refhub.elsevier.com/S0889-8553(18)30084-0/sref29
http://refhub.elsevier.com/S0889-8553(18)30084-0/sref29
http://refhub.elsevier.com/S0889-8553(18)30084-0/sref29
http://refhub.elsevier.com/S0889-8553(18)30084-0/sref30
http://refhub.elsevier.com/S0889-8553(18)30084-0/sref30
http://refhub.elsevier.com/S0889-8553(18)30084-0/sref30
http://refhub.elsevier.com/S0889-8553(18)30084-0/sref31
http://refhub.elsevier.com/S0889-8553(18)30084-0/sref31
http://refhub.elsevier.com/S0889-8553(18)30084-0/sref31
http://refhub.elsevier.com/S0889-8553(18)30084-0/sref32
http://refhub.elsevier.com/S0889-8553(18)30084-0/sref32
http://refhub.elsevier.com/S0889-8553(18)30084-0/sref32
http://refhub.elsevier.com/S0889-8553(18)30084-0/sref33
http://refhub.elsevier.com/S0889-8553(18)30084-0/sref33
http://refhub.elsevier.com/S0889-8553(18)30084-0/sref33
http://refhub.elsevier.com/S0889-8553(18)30084-0/sref34
http://refhub.elsevier.com/S0889-8553(18)30084-0/sref34
http://refhub.elsevier.com/S0889-8553(18)30084-0/sref34
http://refhub.elsevier.com/S0889-8553(18)30084-0/sref35
http://refhub.elsevier.com/S0889-8553(18)30084-0/sref35
http://refhub.elsevier.com/S0889-8553(18)30084-0/sref35

36.

37.

38.

39.

40.

4.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

The Microbiome in Celiac Disease

De Palma G, Capilla A, Nadal I, et al. Interplay between human leukocyte antigen
genes and the microbial colonization process of the newborn intestine. Curr Is-
sues Mol Biol 2010;12(1):1-10.

Nadal |, Santacruz A, Marcos A, et al. Shifts in clostridia, bacteroides and
immunoglobulin-coating fecal bacteria associated with weight loss in obese ad-
olescents. Int J Obes (Lond) 2009;33(7):758-67.

Nistal E, Caminero A, Herran AR, et al. Differences of small intestinal bacteria
populations in adults and children with/without celiac disease: effect of age,
gluten diet, and disease. Inflamm Bowel Dis 2012;18(4):649-56.

Collado MC, Donat E, Ribes-Koninckx C, et al. Specific duodenal and faecal bac-
terial groups associated with paediatric coeliac disease. J Clin Pathol 2009;62(3):
264-9.

Noval Rivas M, Burton OT, Wise P, et al. A microbiota signature associated with
experimental food allergy promotes allergic sensitization and anaphylaxis.
J Allergy Clin Immunol 2013;131(1):201-12.

Olivares M, Neef A, Castillejo G, et al. The HLA-DQ2 genotype selects for early
intestinal microbiota composition in infants at high risk of developing coeliac dis-
ease. Gut 2015;64(3):406-17.

Hooper LV, Littman DR, Macpherson AJ. Interactions between the microbiota and
the immune system. Science 2012;336(6086):1268-73.

von Mutius E. Maternal farm exposure/ingestion of unpasteurized cow’s milk and
allergic disease. Curr Opin Gastroenterol 2012;28(6):570-6.

Perez PF, Dore J, Leclerc M, et al. Bacterial imprinting of the neonatal immune
system: lessons from maternal cells? Pediatrics 2007;119(3):e724-32.
Guandalini S, Assiri A. Celiac disease: a review. JAMA Pediatr 2014;168(3):
272-8.

Collado MC, Donat E, Ribes-Koninckx C, et al. Imbalances in faecal and
duodenal Bifidobacterium species composition in active and non-active coeliac
disease. BMC Microbiol 2008;8:232.

Di Cagno R, Rizzello CG, Gagliardi F, et al. Different fecal microbiotas and volatile
organic compounds in treated and untreated children with celiac disease. Appl
Environ Microbiol 2009;75(12):3963-71.

Capriles VD, Areas JA. Effects of prebiotic inulin-type fructans on structure, qual-
ity, sensory acceptance and glycemic response of gluten-free breads. Food
Funct 2013;4(1):104-10.

Rijkers GT, de Vos WM, Brummer RJ, et al. Health benefits and health claims of
probiotics: bridging science and marketing. Br J Nutr 2011;106(9):1291-6.
Food and Agriculture Organization of the United Nations WHO. Guidelines for the
evaluation of probiotics in food. Geneva (Switzerland): World Health Organiza-
tion; 2002.

Fallani M, Young D, Scott J, et al. Intestinal microbiota of 6-week-old infants
across Europe: geographic influence beyond delivery mode, breast-feeding,
and antibiotics. J Pediatr Gastroenterol Nutr 2010;51(1):77-84.

De Palma G, Cinova J, Stepankova R, et al. Pivotal advance: Bifidobacteria and
Gram-negative bacteria differentially influence immune responses in the proin-
flammatory milieu of celiac disease. J Leukoc Biol 2010;87(5):765-78.

Lindfors K, Blomqvist T, Juuti-Uusitalo K, et al. Live probiotic Bifidobacterium lac-
tis bacteria inhibit the toxic effects induced by wheat gliadin in epithelial cell cul-
ture. Clin Exp Immunol 2008;152(3):552-8.

Downloaded for Anonymous User (n/a) at Columbia University from ClinicalKey.com by Elsevier on March 23, 2020.

For personal use only. No other uses without permission. Copyright ©2020. Elsevier Inc. All rights reserved.

125


http://refhub.elsevier.com/S0889-8553(18)30084-0/sref36
http://refhub.elsevier.com/S0889-8553(18)30084-0/sref36
http://refhub.elsevier.com/S0889-8553(18)30084-0/sref36
http://refhub.elsevier.com/S0889-8553(18)30084-0/sref37
http://refhub.elsevier.com/S0889-8553(18)30084-0/sref37
http://refhub.elsevier.com/S0889-8553(18)30084-0/sref37
http://refhub.elsevier.com/S0889-8553(18)30084-0/sref38
http://refhub.elsevier.com/S0889-8553(18)30084-0/sref38
http://refhub.elsevier.com/S0889-8553(18)30084-0/sref38
http://refhub.elsevier.com/S0889-8553(18)30084-0/sref39
http://refhub.elsevier.com/S0889-8553(18)30084-0/sref39
http://refhub.elsevier.com/S0889-8553(18)30084-0/sref39
http://refhub.elsevier.com/S0889-8553(18)30084-0/sref40
http://refhub.elsevier.com/S0889-8553(18)30084-0/sref40
http://refhub.elsevier.com/S0889-8553(18)30084-0/sref40
http://refhub.elsevier.com/S0889-8553(18)30084-0/sref41
http://refhub.elsevier.com/S0889-8553(18)30084-0/sref41
http://refhub.elsevier.com/S0889-8553(18)30084-0/sref41
http://refhub.elsevier.com/S0889-8553(18)30084-0/sref42
http://refhub.elsevier.com/S0889-8553(18)30084-0/sref42
http://refhub.elsevier.com/S0889-8553(18)30084-0/sref43
http://refhub.elsevier.com/S0889-8553(18)30084-0/sref43
http://refhub.elsevier.com/S0889-8553(18)30084-0/sref44
http://refhub.elsevier.com/S0889-8553(18)30084-0/sref44
http://refhub.elsevier.com/S0889-8553(18)30084-0/sref45
http://refhub.elsevier.com/S0889-8553(18)30084-0/sref45
http://refhub.elsevier.com/S0889-8553(18)30084-0/sref46
http://refhub.elsevier.com/S0889-8553(18)30084-0/sref46
http://refhub.elsevier.com/S0889-8553(18)30084-0/sref46
http://refhub.elsevier.com/S0889-8553(18)30084-0/sref47
http://refhub.elsevier.com/S0889-8553(18)30084-0/sref47
http://refhub.elsevier.com/S0889-8553(18)30084-0/sref47
http://refhub.elsevier.com/S0889-8553(18)30084-0/sref48
http://refhub.elsevier.com/S0889-8553(18)30084-0/sref48
http://refhub.elsevier.com/S0889-8553(18)30084-0/sref48
http://refhub.elsevier.com/S0889-8553(18)30084-0/sref49
http://refhub.elsevier.com/S0889-8553(18)30084-0/sref49
http://refhub.elsevier.com/S0889-8553(18)30084-0/sref50
http://refhub.elsevier.com/S0889-8553(18)30084-0/sref50
http://refhub.elsevier.com/S0889-8553(18)30084-0/sref50
http://refhub.elsevier.com/S0889-8553(18)30084-0/sref51
http://refhub.elsevier.com/S0889-8553(18)30084-0/sref51
http://refhub.elsevier.com/S0889-8553(18)30084-0/sref51
http://refhub.elsevier.com/S0889-8553(18)30084-0/sref52
http://refhub.elsevier.com/S0889-8553(18)30084-0/sref52
http://refhub.elsevier.com/S0889-8553(18)30084-0/sref52
http://refhub.elsevier.com/S0889-8553(18)30084-0/sref53
http://refhub.elsevier.com/S0889-8553(18)30084-0/sref53
http://refhub.elsevier.com/S0889-8553(18)30084-0/sref53

126

Krishnareddy

54.

55.

56.

57.

58.

59.

60.

Laparra JM, Olivares M, Gallina O, et al. Bifidobacterium longum CECT 7347
modulates immune responses in a gliadin-induced enteropathy animal model.
PLoS One 2012;7(2):e30744.

Olivares M, Castillejo G, Varea V, et al. 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(1):30-40.

Smecuol E, Hwang HJ, Sugai E, et al. Exploratory, randomized, double-blind, pla-
cebo-controlled study on the effects of Bifidobacterium infantis natren life start
strain super strain in active celiac disease. J Clin Gastroenterol 2013;47(2):
139-47.

Lorenzo Pisarello MJ, Vintini EO, Gonzalez SN, et al. Decrease in lactobacilli in
the intestinal microbiota of celiac children with a gluten-free diet, and selection
of potentially probiotic strains. Can J Microbiol 2015;61(1):32-7.

Nazareth S, Lebwohl B, Voyksner JS, et al. Widespread contamination of probi-
otics with gluten, detected by liquid chromatography-mass spectrometry. Gastro-
enterology 2015;148:528.

Vanderpool C, Yan F, Polk DB. Mechanisms of probiotic action: implications for
therapeutic applications in inflammatory bowel diseases. Inflamm Bowel Dis
2008;14(11):1585-96.

Kristensen NB, Bryrup T, Allin KH, et al. Alterations in fecal microbiota composi-
tion by probiotic supplementation in healthy adults: a systematic review of ran-
domized controlled trials. Genome Med 2016;8(1):52.

Downloaded for Anonymous User (n/a) at Columbia University from ClinicalKey.com by Elsevier on March 23, 2020.
For personal use only. No other uses without permission. Copyright ©2020. Elsevier Inc. All rights reserved.


http://refhub.elsevier.com/S0889-8553(18)30084-0/sref54
http://refhub.elsevier.com/S0889-8553(18)30084-0/sref54
http://refhub.elsevier.com/S0889-8553(18)30084-0/sref54
http://refhub.elsevier.com/S0889-8553(18)30084-0/sref55
http://refhub.elsevier.com/S0889-8553(18)30084-0/sref55
http://refhub.elsevier.com/S0889-8553(18)30084-0/sref55
http://refhub.elsevier.com/S0889-8553(18)30084-0/sref55
http://refhub.elsevier.com/S0889-8553(18)30084-0/sref56
http://refhub.elsevier.com/S0889-8553(18)30084-0/sref56
http://refhub.elsevier.com/S0889-8553(18)30084-0/sref56
http://refhub.elsevier.com/S0889-8553(18)30084-0/sref56
http://refhub.elsevier.com/S0889-8553(18)30084-0/sref57
http://refhub.elsevier.com/S0889-8553(18)30084-0/sref57
http://refhub.elsevier.com/S0889-8553(18)30084-0/sref57
http://refhub.elsevier.com/S0889-8553(18)30084-0/sref58
http://refhub.elsevier.com/S0889-8553(18)30084-0/sref58
http://refhub.elsevier.com/S0889-8553(18)30084-0/sref58
http://refhub.elsevier.com/S0889-8553(18)30084-0/sref59
http://refhub.elsevier.com/S0889-8553(18)30084-0/sref59
http://refhub.elsevier.com/S0889-8553(18)30084-0/sref59
http://refhub.elsevier.com/S0889-8553(18)30084-0/sref60
http://refhub.elsevier.com/S0889-8553(18)30084-0/sref60
http://refhub.elsevier.com/S0889-8553(18)30084-0/sref60

	The Microbiome in Celiac Disease
	Key points
	Introduction
	Normal colonization and its impact on human development
	Normal colonization maintains homeostasis of the immune system
	Microbiota balance and immune responses
	Microbiome as a therapeutic target
	Summary
	References




