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Purpose of review

The rise in the prevalence of food allergy over the past decades has focused attention of factors that may
impact disease development, most notably the gut microbiota. The gut microbial communities play a crucial
role in promoting oral tolerance. Their alteration by such factors as Cesarean section delivery, diet and
antibiotics may influence disease development. This review highlights recent progress in our understanding
of the role of the gut microbiota in the development of food allergy.

Recent findings

Food allergy is associated with alterations in the gut microbiota or dysbiosis early in life that may be
predictive of disease persistence versus tolerance acquisition. Evidence for the benefits of adjunct therapy
with probiotics for the prevention of food allergies and for potentiating oral immunotherapy remains
circumstantial, with further studies needed to validate its use. Studies in murine models of food allergy
suggest that microbial therapy with protolerogenic bacteria such as certain Clostridial species holds
promise in future applications for prevention or therapy of food allergy.

Summary

Progress in understanding the role of dysbiosis in food allergy and the factors that promote its
development, such as antibiotic therapy, diet, modes of infant delivery, and environmental exposures, offer
windows of opportunity for both preventive and therapeutic interventions to stem the rising tide of the food
allergy epidemic.
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INTRODUCTION

Food allergy is a major public health concern,
whose prevalence has grown dramatically over the
past decade. Food allergy now affects 6% of children
under 5 years, as well as 3% of teens and adults, and
peanut allergy has tripled in prevalence during the
same period in children under the age of 18 years,
from 0.4% in 1997 to 1.4% in 2008 [1,2].

The rise in food allergy prevalence, and that of
other atopic diseases such as asthma and eczema,
suggests an important role for environmental fac-
tors in early childhood. Originally, the hygiene
hypothesis postulated by Strachan in 1989 proposed
that increased cleanliness, decreased family size and
decreased childhood infections could lead to an
increase prevalence of allergic diseases [3]. Since
then, it has been modified to propose that the
modern Western life style and environment limits
general microbial exposure in early infancy hence
affecting microbial gut colonization, which leads to
alteration in the natural development of immune
tolerance which subsequently leads to allergic dis-
eases [4]. There is an estimated 1013 to 1014 bacteria
populating the gut, consisting of at least 400 species.
© 2016 Wolters Kluwer 
The structure of microbial community is affected
by factors such as diet, probiotic intake, antibiotic
treatment, and environmental exposures such
as pets, farming environment [5

&

]. The role of intes-
tinal viruses and bacteriophages are much less
understood [6,7]. The inherent plasticity of the
intestinal microbiota suggests that unfavorable
early alterations affecting gut microbial commun-
ities promote underlying dysbiosis, which raises the
host’s susceptibility to allergic and inflammatory
responses.

Several studies have shown that factors that
impact gut microbial colonization and composition
early in life influence the development of atopic
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KEY POINTS

� Several factors impact the developing gut microbiome
in early life, including diet, mode of delivery, antibiotic
treatment, and pet and environmental exposures.

� Experimental food allergy is associated with dysbiosis
that may contribute to disease pathogenesis.

� Dysbiosis has also been noted in some human studies
on food allergic subjects, although its reproducibility
and role in disease pathogenesis remains to
be established.
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disease [8–11]. Environmental exposure to more
diverse microbial communities, or to certain bac-
teria in those diverse microbial communities, may
protect against the development of atopy [12–15].
In contrast, factors that may adversely affect
microbial communities include increased rate of
birth by Cesarean section, formula feeding, drugs
such as antibiotic and gastric acidity inhibitors and
low fibers/high fat diet, controlled light, humidity,
and temperature of indoor environment [16,17].
Cesarean section delivery is associated with domi-
nance of skin-derived bacterial populations in the
gut microbiota [18]. Living in farm environments, in
contact with a more diverse pool of microbes,
reduces the risk of developing asthma and allergy
[19–23]. Similarly, exposure to a larger number of
pets in the first year of life is associated with pro-
tection against atopic disease [24], and is associated
with more diverse environmental microbiota in
house dust samples compared to that of individuals
unexposed to pets with fur [25].
EVIDENCE IN MURINE STUDIES THAT GUT
MICROBIOME AFFECTS ALLERGIC
DISEASE

Substantial evidence exists that a ‘healthy’ intestinal
microbiota facilitates the development of immune
tolerance [26,27]. Earlier studies showed that gut
associated lymphoid tissues (GALT) including
Peyer’s patches are poorly developed or absent in
germ-free mice [28,29]. It has been shown that
introduction of Bacteroides fragilis into the lower
gut of germ-free mice can lead to a redevelopment
of GALT and induction of tolerance if performed in
the neonatal period [30]. Inability to establish
and maintain immune tolerance early in life
increases the host’s risk of developing allergic and
inflammatory diseases [31]. For example, mice
raised in a sterile environment cannot be tolerized
to antigens given orally [32], and have reduced
 Copyright © 2016 Wolters Kluwe
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immunoglobulin A (IgA) [33] and reduced inter-
leukin (IL)-10 producing T regulatory (Treg) cells
[34]. Furthermore, the presence of segmented fila-
mentous bacteria (SFB) and Clostridium species,
particularly clusters IV and XIVa, promotes the
development of IL-17 producing T cells and Treg

cells, respectively [35,36]. Atarashi et al. [37] isolated
17 strains within Clostridia clusters XIVa, IV and
XVIII from human feces and demonstrated in mice
that these strains affect TR differentiation and func-
tion in the colon. Our own studies in a food allergy-
prone mouse model with a gain of function
mutation in the IL-4 receptor alpha (IL-4Ra) chain
(Il4raF709 mice) established that acquisition of
food allergy is associated with a gut microbiota
signature that is distinct from that of food allergy-
resistant mice, including changes in relative abun-
dance of taxa of different bacterial families, such as
Lachnospiraceae, Lactobacillaceae, Rikenellaceae,
and Porphyromonadaceae. Furthermore, the gut
microbiota of food allergic but not those of tolerant
mice transmitted susceptibility to food allergy when
transferred into germ-free mice [38]. Enforcement of
oral tolerance in food allergic mice by means of
allergen-specific Treg cell therapy was associated
with restructuring of the gut microbiota away from
the disease-associated signature. Stefka et al. [39]
found that neonatal exposure to antibiotics alters
the commensal gut microbiota and enhances food
allergen sensitization. Colonization with a Clostridia
consortium consisting primarily of Clostridium
clusters XIVa, XIVb and IV protected against sensit-
ization to peanut [39].
EVIDENCE OF GUT DYSBIOSIS IN
HUMANS WITH FOOD ALLERGY

Several factors complicate analysis of dysbiosis in
subjects with food allergy. Comparison in-between
studies is difficult, as there have been considerable
heterogeneity in study design, sample size and
age at time fecal collection, methods of analysis
of gut microbiome, geographic location among
others. Nevertheless, evidence of gut dysbiosis in
food allergy is evolving with time, aided by
increasing availability of very sensitive tech-
niques. Earlier studies relying on bacterial cultures
showed that infants allergic to cow’s milk had
higher total bacteria and anaerobic counts [40].
There was no association between culturable
bacteria and food sensitization by 18 months of
age in three cohorts of European infants [41].
Kendler et al. [42] found no association
between culturable gut bacteria and sensitization
to food including milk, casein, egg, peanut,
and hazelnut.
r Health, Inc. All rights reserved.
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A recent study by Azad et al. [43
&&

] found that, in
166 infants participating in the population-based
Canadian Healthy Infant Longitudinal Develop-
ment (CHILD) study, 12 (7.2%) became sensitized
to 1 or more common food allergens at 1 year of age.
Food sensitization was defined as a food-specific
wheal size of 2 mm or greater compared to the
one elicited by the negative control. 16S rRNA
sequencing was performed by Illumina MiSeq on
stool samples collected at 3 and 12 months of age.
The authors found that gut microbiota richness but
not diversity at 3 months of age was statistically
significantly lower in food-sensitized patients com-
pared with control infants, though this difference
did not persist at 1 year of age. Enterobacteriaceae
were overrepresented and Bacteroidaceae were
underrepresented in the fecal samples at 3 and
12 months in sensitized patients. Each quartile
increase in richness at 3 months was associated
with a 55% reduction in risk of sensitization to food
at 1 year, while each quartile increase in Enterobac-
teriaceae/Bacteroidaceae ratio was associated with a
two-fold increased risk of sensitization.

Bunyavanich et al. [44
&&

] have compared gut
microbiome composition differences in infancy in
patients with cow’s milk allergy whose allergy to
milk either persisted or resolved by the age of 8
years. 16S rRNA sequencing was performed on Illu-
mina MiSeq platform. In subjects who were sampled
at age 3–6 months and later became tolerant to
milk, there was an enrichment of Firmicutes phylum
and Clostridia class in their infant gut microbiome.
Bacteroidetes and Enterobacter were characteristic
of subjects whose milk allergy did not resolve by
age 8 years. This was not noted when samples were
taken in older patients age 7–12 or 13–16 months.
Although there was a trend toward increased bac-
terial diversity mostly in subjects sample at age 3–6
months shown recently that in patients whose milk
allergy resolved by age 8 years, gut microbiome
composition. The authors speculated that either
the gut microbiome in early infancy shapes the
course of food allergy, or that cofounders obscure
difference in gut microbiome in older age groups.
Fatty acid metabolism was decreased in subjects who
were sampled at age 3–6 months and whose milk
allergy resolved.

A major limitation for all of these studies
included that the number of patients with sensitiz-
ation or food allergy was small, not allowing for
robust statistical analysis of the effect of potential
confounding variables, such as Cesarean delivery,
diet, antibiotic intake, number of siblings, infec-
tions, and pets [45]. In addition, several studies have
focused on sensitization to food, rather than evalu-
ating patients with a history of an allergic reaction
 Copyright © 2016 Wolters Kluwer 
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to food or a confirmatory food challenge coupled
with a documented by skin and/or serum immuno-
globulin E (IgE) food-specific testing.
MECHANISMS OF FOOD ALLERGY
PROMOTION BY GUT DYSBIOSIS

The commensal gut microbiota target different
cellular components of the innate and adaptive
immune compartments to promote oral tolerance.
One mechanism by which the commensal micro-
biota influence the outcome of the allergic response
is by modulating the innate lymphoid cells (ILC).
Colonization of germ-free mice with consortia of
Clostridial taxa protects from oral allergen sensitiz-
ation by inducing IL22þ ILC type 3 (ILC3) at the
intestinal mucosa [39]. IL-22 promotes mucosal
integrity, preventing seepage of protease-resistant
allergens through the intestinal mucosal barrier
[39].

The commensal microbiota also target the adap-
tive immune response to promote tolerance, in part
by directly acting on Treg cells through their toll-like
receptors (TLRs). Commensal microbiota promote
the differentiation of induced Treg (iTreg) cells from
naı̈ve CD4þ T cells by a Treg cell intrinsic, TLR- and
MyD88-dependent mechanism [46

&

,47]. Studies in
mice have revealed that food antigens normally
elicit iTreg cell responses in the gut, and that this
process is defective in antibiotic-treated mice and in
food allergic mice [46

&

,48,49
&&

]. Therapy with food
allergen-specific iTreg cells suppresses the food aller-
gic response and reverse the dysbiosis in experimen-
tal mouse model of food allergy [38,49

&&

]. TLR/
MyD88 signaling in Treg cells also enables further
iTreg cell differentiation into T follicular helper
cells (TFH) in the Peyer’s patches and lamina propria,
which act to support local IgA production [46

&

,50].
In turn, luminal IgA shapes the intestinal micro-
biota and supports commensalism [51

&

]. Another
target of the commensal microbiota is the B cells
[52]. Depletion of the commensal flora by antibiotic
treatment of mice is associated with the develop-
ment of T helper type 2 (Th2) cell-type allergic
responses and higher serum IgE levels [52]. Th2
cell-type allergic immune responses were held in
check by MyD88-dependent microbial sensing by
B cells, which suppressed the IgE responses [52].

Another mechanism by which the commensal
flora promote tolerance is through the production
of short chain fatty acids (SCFAs), generated
by bacterial fermentation of dietary fibers. SCFA
act on T cells via a G-protein-coupled receptor
(GPR43) and protect mice from intestinal inflam-
mation by expanding colonic Treg cells [53]. SCFAs
also promote the generation of intestinal iTreg cells
Health, Inc. All rights reserved.
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from naı̈ve CD4þ T cells by T-cell intrinsic epige-
netic mechanisms [54,55]. Butyrate, a SCFA known
as an histone deacetylase inhibitor, increases Foxp3
protein acetylation conferring thereby increased
stability and enhanced suppressive function on
de-novo generated intestinal iTreg cells [55]. A high
fiber diet protects against allergic airway inflam-
mation by altering the composition of the flora,
leading to increased Bacteroidetes and decreased
Firmicutes abundances, and resulting in increased
circulating levels of SCFAs [56].
ROLE OF PROBIOTICS IN FOOD ALLERGY
TREATMENT AND PREVENTION

The role of probiotics in the treatment and preven-
tion of allergic diseases in general and food allergy
in particular remains inconclusive. Probiotics
are defined by the World Health Organization as
‘live micro-organisms that when administered in
adequate amount, confer a health benefit to the
host’. The use of probiotics in atopic conditions
stems from the possibility that by protecting against
colonization with pathogenic bacteria, probiotic
may protect intestinal barrier and decrease suscepti-
bility allergens. The pharmacokinetics and the dos-
age required for adequate implantation and gut
colonization with probiotic bacteria has not been
well quantified [57]. Studies on prevention of
eczema or food hypersensitivity lead to conflicting
outcome. For example, a prospective randomized
trial in infants with cow’s milk allergy found that
those who were randomized to receive extensively
hydrolyzed milk formula (EHMF) supplemented
with Lactobacillus GG (LGG) acquired tolerance to
cow’s milk evaluated by a double-blind placebo-
controlled food challenge faster than those who
were only consuming or EHFM [58]. On the other
hand, in a double-blind placebo-controlled trial
with 119 infants with cow’s milk allergy fed either
EHF alone, or EHF supplemented with Lactobacillus
casei and Bifidobacterium lactis CMA infants fed EHF
plus probiotics acquired tolerance to cow’s milk at
the same rate as infants given EHF alone [59]. In a
different study, children considered at high-risk for
developing atopic disease were fed standard infant
formula or a nonhydrolyzed fermented infant
formula containing heat-killed Bifidobacterium breve
C50 and Streptococcus thermophilus 065. There was no
statistically significant difference in the incidence of
cow’s milk allergy between the two groups based on
history and oral milk challenge. However, infants
fed the fermented formula with heat-killed probi-
otics were more likely to have negative skin prick
tests to milk [60]. A recent systemic review and
meta-analysis of 17 randomized-controlled trials,
 Copyright © 2016 Wolters Kluwe
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involving 2947 infants showed that when probiotics
were administered either only prenatally or only
postnatally, no effects of probiotics on atopy and
food hypersensitivity were observed. When admin-
istered especially to pregnant mothers prenatally
and postnatally to the child, pooled analysis indi-
cated that probiotics could reduce the risk of atopy
and the risk of food sensitivity defined as positive
skin or food IgE testing [61

&

]. Taken together,
these studies suggest that probiotics may modulate
development of allergic sensitization to foods as
measured by allergy skin prick testing, but the
administration probiotic does not necessarily trans-
late into food allergy prevention per se. Further
evaluation of LGG as a therapeutic modality in food
allergy is warranted. Differences in these studies
may be related to the study design, the dose and
duration of probiotic intake as well as the type of
probiotic (s) administered.

A recent double-blind randomized placebo-
controlled trial evaluated the effect of 18 months
of daily Lactobacillus rhamosus CGMCC combined
with peanut oral immunotherapy (OIT) on sus-
tained unresponsiveness. 82% of subjects in the
peanut OIT/probiotic were noted to have possible
sustained unresponsiveness after interrupting OIT
for 2–5 weeks after interruption. The study, how-
ever, did not have a peanut OIT arm or probiotic arm
alone [62]. A prior multisite study on peanut OIT
studies without probiotics have shown that the
rate of sustained unresponsiveness was �50%, after
at least 4 weeks of OIT interruption [63]. It is there-
fore cannot be excluded that the elevated rate of
sustained unresponsiveness compared with other
studies was at least in part secondary to a shorter
duration of interruption of therapy in some
patients. The effect of probiotic therapy on gut
microbiota community structure in these patients
was not evaluated.
CONCLUSION

The role of the intestinal microbiota in the
development of immune tolerance to food is
increasingly appreciated. Although there is a sub-
stantial evidence in murine models that gut micro-
biome plays a major role in food allergy and
tolerance, human studies have led to inconsistent
findings. Larger studies, preferably longitudinal
birth cohort with more homogenous designs are
needed to further evaluate for the presence or
absence of a defined dysbiotic food allergy signa-
ture. In addition, larger interventional trials in
infants are required to evaluate the role of differ-
ent probiotic in prevention or treatment of
food allergy.
r Health, Inc. All rights reserved.
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