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Abstract Allergies are characterized by a hypersensitive
immune reaction to originally harmless antigens. In
recent decades, the incidence of allergic diseases has
markedly increased, especially in developed countries.
The increase in the frequency of allergic diseases is
thought to be primarily due to environmental changes
related to a westernized lifestyle, which affects the
commensal microbes in the human body. The human
gut is the largest organ colonized by bacteria and con-
tains more than 1000 bacterial species, called the “gut
microbiota.” The recent development of sequencing
technology has enabled researchers to genetically inves-
tigate and clarify the diversity of all species of com-
mensal microbes. The collective genomes of commensal
microbes are together called the “microbiome.” Al-
though the detailed mechanisms remain unclear, it has
been proposed that the microbiota/microbiome, especial-
ly that in the gut, impacts the systemic immunity and
metabolism, thus affecting the development of various
immunological diseases, including allergies. In this re-
view, we summarize the recent findings regarding the
importance of the microbiome/microbiota in the devel-
opment of allergic diseases and also the results of
interventional studies using probiotics or prebiotics to
prevent allergies.
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Introduction

Allergies are characterized by a hypersensitive immune
reaction to originally harmless antigens. In recent de-
cades, the incidence of allergic diseases, such as asthma,
allergic rhinitis, atopic dermatitis, and food allergies, has
markedly increased, especially in developed countries,
and the burden of allergic diseases, not only on patients,
but also on family members and society, is rising.
Although both genetic and environmental factors influ-
ence the etiology of allergic diseases, the increase in the
frequency of allergic diseases is thought to be primarily
due to environmental changes related to a westernized
lifestyle.

Factors associated with a Western lifestyle affect
commensal microbes in the human body. The human
gut is the largest organ colonized by bacteria (~1014)
and contains more than 1000 bacterial species [1],
called the “gut microbiota.” The recent development of
sequencing technology has enabled researchers to genet-
ically investigate and clarify the diversity of all species
of commensal microbes [2]. The collective genomes of
commensa l mic robes a re toge the r ca l l ed the
“microbiome.” Recent studies have documented the
characteristics of the microbiome in the gut and skin,
as well as the lungs, which have historically been con-
sidered to be sterile. Although the detailed mechanisms
remain unclear, it has been proposed that the microbio-
ta/microbiome, especially that in the gut, impacts sys-
temic immunity and metabolism [3], thus affecting the
development of various immunological diseases, includ-
ing allergies. In this review, we summarize recent find-
ings regarding the importance of the microbiome/
microbiota in the development of allergic diseases and
the results of interventional studies using probiotics or
prebiotics to prevent allergies.
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New concept of the hygiene hypothesis

The prevalence of allergic diseases has increased significantly
in recent years. Although genomewide association studies
have identified genetic risk factors for the development of
allergic diseases, such as genetic variations at the IL1RL1 loci
or IL13 loci [4], the recent rise in the rate of allergic diseases
cannot be explained only by genetic factors, as such factors do
not change that rapidly.

The “hygiene hypothesis,” which has been proposed to
explain the increase in allergic diseases in Western countries,
argues that infection and/or exposure to microbial compo-
nents, such as that encountered in farm work [5], in early
childhood inhibits the development of allergic diseases [6].
This hypothesis is based on the concept of the Th1/Th2model,
as microbial components, such as LPS, are strong activators of
the induction of Th1 immunity. In utero acquired immunity in
the fetus is skewed to Th2 immunity in order to prevent a Th1-
type immune response to the mother leading to miscarriage. In
nonatopic infants, the capacity to produce Th1 cytokine inter-
feron γ in response to allergens increases after birth, while the
Th2 response to allergens is rapidly suppressed during the first
year of life. In contrast, atopic infants exhibit continued fetal
allergen-specific Th2 responses with a decreased ability to
produce interferon γ during infancy [7]. This model, however,
is now considered to be insufficient to explain the hygiene
hypothesis. In fact, there are conflicting reports as to whether
treatment with the Mycobacterium bovis Bacillus Calmette-
Guérin (BCG) vaccine, a strong activator of Th1 immunity, in
early life inhibits the development of asthma [8]. In inner city
communities, domestic endotoxin exposure is positively as-
sociated with wheezing in children 2 years of age [9]. More-
over, the Th1/Th2 model does not explain the recent increase
in the prevalence of autoimmune diseases, most of which are
Th1-mediated, in association with the decrease in the rate of
infectious diseases [10].

The counter-regulatory model [11] is another explanation
for the hygiene hypothesis in which a decrease in regulatory
immune responses, such as IL-10 production, to inflammatory
processes in both Th1 and Th2 immunity results in an in-
creased incidence of both allergies and autoimmune diseases.
Recently, it has been shown that a healthy microbiota plays a
critical role in the maturation of the regulatory immune sys-
tem, and changes in human ecology in recent decades, includ-
ing improvements in sanitation leading to cleaner water, social
changes leading to smaller families, the increased use of
preterm antibiotics, the lower rate of breast-feeding, and the
widespread application of antibiotics, have been documented
to affect the composition of gut microbiota. The “microbiota
hypothesis” is explained by the counter-regulatory model and
states that the disruption of mucosal regulatory immune re-
sponses caused by the perturbation of microbiota due to
Western lifestyle factors leads to the development of both

Th1- and Th2-mediated diseases. Consequently, this hypoth-
esis is considered an alternative interpretation of the evidence
supporting the hygiene hypothesis.

Establishment of microbiome/microbiota in healthy
children

It was previously thought that the fetus remains under sterile
conditions, with the colonization of microbes starting after
birth. However, recent reports have demonstrated the exis-
tence of bacteria in umbilical cord blood and the placenta in
healthy neonates, suggesting the prenatal transfer of microbi-
ota from mother to child in utero [12–14]. Microbes are
present in the amniotic fluid [15] and thus in the meconium,
even in Cesarean-born infants [16]. As the microbial DNA
present in amniotic fluid and the placenta is associated with
changes in the TLR-related gene expression in the fetal intes-
tines [14], the immune system of the fetus may be influenced
by intrauterine exposure to microbes.

During delivery, microbes colonize the infant from the
maternal vaginal microbiota and colonic microbiota, the larg-
est sources of the initial gut microbiota in the newborn.
Cesarean-born infants are deprived of this natural exposure
and consequently exhibit an increased risk of atopy and aller-
gic diseases due to immature microbiota-derived development
of the immune system [17].

The composition and temporal pattern of the gut microbi-
ota vary widely from infant to infant in the first year of life,
after which the idiosyncratic microbiome in each infant con-
verges toward a profile characteristic of the gut microbiota
observed in adults [18]. Early selective culture-based assess-
ments have shown that the initial gut microbiota contains
facultative anaerobic bacteria, mainly Staphylococcus,
Streptococcus, Enterococcus, and Enterobacteriaceae spe-
cies. Due to the initial abundance of oxygen in the neonatal
gut, the growth of anaerobes is prevented. However,
Bifidobacterium, Bacteroides, and Clostridium species have
been isolated in the first week of life, after facultative
anaerobes begin to consume oxygen [19].

Recently, breast milk has been proposed to be a major
source of bacterial diversity in the neonatal gut. Breast-fed
infants generally exhibit greater diversity of Bifidobacterium
species than formula-fed infants [20, 21]. Moreover, the di-
versity of the gut microbiota increases during lactation [22].
Weissella, Leuconostoc, Staphylococcus, Streptococcus, and
Lactococcus are predominant in the colostrum, whereas oral
cavity microbes, such as Veillonella, Leptotrichia, and
Prevotella, are prevalent in mature milk samples.

Colonization of microbes on the skin also begins shortly
after birth. Staphylococci and streptococci dominate early
colonization on the skin; however, with age, the levels of
Staphylococcus and Streptococcus decrease, while the levels
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of less frequent genera increase. In adults, Propionibacterium
species dominate sebaceous areas, while Staphylococcus and
Corynebacterium species dominate moist areas [23].

The process underlying the establishment of the lung
microbiome is unclear, compared to that observed in the gut
or skin, due to difficulties in obtaining lower airway samples,
such as bronchial lavage fluid, from infants. The composition
of the lung microbiota in infants has been studied only in
patients with cystic fibrosis, and the lung microbiome is
thought to develop in accordance with the gut microbiome
during infancy [24].

Impact of the microbiome/microbiota on allergic diseases

Epidemiological studies have shown that infants who develop
allergies display an altered commensal population in the gut,
called dysbiosis, early in life [25, 26]. A birth cohort study in
the Netherlands was recently conducted to evaluate early life
exposure to antibiotics and the subsequent development of
allergic sensitization in infancy (KOALA study [27, 28]).
Antibiotic intake was evaluated with respect to both maternal
antibiotic use during breast-feeding and infant oral medica-
tion. Consequently, antibiotic exposure via breast-feeding was
not found to be associated with sensitization at 2 years of age.
On the other hand, the presence of a specific bacterium,
Clostridium difficile, in the feces of 1-month-old infants was
identified as being significantly associated with a higher risk
of allergic sensitization at 2 years of age [26], as also observed
in mice [29]. These findings indicate that a healthy gut
microbiome/microbiota plays a protective role in the develop-
ment of allergies. Interestingly, both germ-free [30, 31] and
antibiotic-treated [32] mice, as well as mice monocolonized
with Escherichia coli or lactobacilli, exhibit susceptibility to
sensitization to allergens [33], thus suggesting that it is neces-
sary to have a complex microbiota in order to prevent
allergies.

Forkhead box P3 (Foxp3)+ regulatory T cells (Tregs) are a
subset of T cells engaged in sustaining immunological self-
tolerance and suppressing excessive immune responses dele-
terious to the host. These cells are generated in the thymus
(tTreg) and periphery (pTreg), including the gut, and recent
studies have shown that pTregs, but not tTregs, play a critical
role in controlling mucosal Th2 inflammation in the gut and
lungs [34]. It has been shown that certain gut bacteria [29, 35]
and a symbiosis factor (polysaccharide A) from Bacteroides
fragilis promote pTreg induction [36]. Although the detailed
mechanisms remain unclear, differences in the innate immune
response, such as TLR2 signaling [36], between pathogenic
bacteria and commensal bacteria are thought to be important
for inducing pTregs in the gut.

Another subset of T cells, the induction of which is largely
altered by the gut microbiota, is Th17 cells. Th17 cells are a

subset of helper T cells that secrete IL-17, IL-17F, and IL-22.
It has been clarified that the Th17-mediated neutrophil-pre-
dominant phenotype of asthma results in more severe disease
that is less responsive to steroids. In the steady state, Th17
cells are abundant in gut-associated tissues, where they accu-
mulate only in the presence of commensal microbiota, indi-
cating the importance of microbes in the induction of Th17
cells in the gut [37]. Interestingly, the population of Th17 cells
in the small intestinal lamina propria differs within the same
strain (C57BL/6) between commercial vendors [38]. The au-
thors further compared the intestinal microbiota between
C57BL/6 mice obtained from different vendors and found
that a segmented filamentous bacterium (SFB), which induced
Th17 cells in the intestinal lamina propria, was of significantly
greater relative abundance in mice with more Th17 cells [39].

Microbiota also affects other types of immune cells asso-
ciated with Th2-type immune responses. Basophils are baso-
philic granulocytes, which represent <1 % of peripheral blood
leukocytes. Although both basophils and mast cells possess
the high-affinity IgE receptor, FcεRI, and the capacity to
release histamine by cross-linking FcεRI, it has been recog-
nized that basophils have distinct roles from mast cells in the
pathogenesis of allergies. For example, basophils stimulate B
cells to secrete IgM and undergo class switching [40]. In
addition, recent studies have documented the role of basophils
in initiating Th2 cell differentiation via IL-4. In mice,
commensal-derived signals have been found to influence ba-
sophil development by limiting the proliferation of resident
bone marrow precursor populations [32]. Consequently, the
depletion or deletion of bacterial communities, as associated
with an elevated serum IgE level, increases the circulating
basophil population, thereby exaggerating the Th2 cell re-
sponse and allergic inflammation [32].

Impact of the microbiota/microbiome on atopic
eczema/dermatitis

Atopic eczema/dermatitis is an inflammatory, chronically re-
lapsing, intensely pruritic skin disease that often occurs in
families with atopic diseases (atopic dermatitis, bronchial
asthma, and/or allergic rhino-conjunctivitis) [41]. Atopic
eczema/dermatitis is the result of an initial process called
atopic march and constitutes a strong risk factor for the devel-
opment of the following allergic diseases.

In early birth cohort studies using the culture method,
atopic eczema in infants has not been found to be associated
with the presence of any particular gut commensal microbes
[42]. However, a birth cohort study of the diversity of the gut
microbiome in infants using high-throughput 16S-based mo-
lecular microbiology demonstrated that infants with IgE-
associated eczema during the first 2 years of life have a lower
level of diversity among the total microbiota, the bacterial
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phylum Bacteroidetes and the genus Bacteroides at 1 month,
but not 1 week or 12 months of age, supporting the findings of
previous reports showing low diversity of the gut microbiota
to be associated with an increased risk of subsequent atopic
disease [43–45].

Staphylococcus aureus colonization in the skin has been
shown to be associated with atopic dermatitis using culture
methods [46]. The skin microbiome in patients with atopic
dermatitis contains increased Staphylococcus species, includ-
ing both S. aureus and Staphylococcus epidermidis, during
flare-ups [47]. However, it remains unclear whether the shift
in the skin microbiome causes the flare-up or is induced by the
effects of atopic dermatitis.

Impact of the microbiota/microbiome on food allergies

A food allergy is defined as “an adverse health effect arising
from a specific immune response that occurs reproducibly on
exposure to a given food” [48]. The proteins in foods and/or
gut commensal microbes are non-self antigens, although they
should not be targets of the immune system. The purpose of
immunological tolerance, called “oral tolerance,” is to prevent
an immune reaction. One mechanism underlying the develop-
ment of food allergies is thought to be the failure of oral
tolerance. It has also been clarified that gut microbiota plays
a critical role in oral tolerance in mouse models. Gnotobiotic
mice transplanted with gut microbiota from healthy infants
primarily composed of Bifidobacterium and Bacteroides ex-
hibit less sensitization and allergic reactions to cow’s milk,
compared to germ-free mice, suggesting the protective effects
of these bacteria against the development of food allergies
[49]. In contrast, the gut microbiome in food allergy model
shows a specific gut microbiome signature characterized by
increased levels of Lachnospiraceae, Lactobacillaceae,
Rikenellaceae, and Porphyromonadaceae [50]. This disease-
associated microbiome is capable of transmitting susceptibil-
ity to food allergies and is restorable by enforced tolerance via
the infusion of allergen-specific Tregs [50]. To our knowl-
edge, there is only one human study comparing the gut
microbiome between infants with food allergies and healthy
infants. The authors found that infants with food allergies have
a specific gut microbiome signature [51].

Impact of the microbiota/microbiome on asthma

Asthma is a chronic lung disease characterized by airway
hyperresponsiveness that causes recurrent episodes of wheez-
ing, breathlessness, chest tightness, and coughing. Significant
evidence suggests that the Th2 cytokines, IL-4, IL-5, and IL-
13, play an important role in inducing the pathophysiological
features of asthma.

The lungs were previously considered to be sterile accord-
ing to culture-based assessments. However, recently devel-
oped culture-independent techniques have demonstrated this
to be not accurate. Asthmatics have a higher burden and
greater diversity of microbiome in the lungs than healthy
individuals [52]. In detail, compared to healthy individuals,
both asthmatic adults and children exhibit increased levels of
Proteobacteria, particularly Haemophilus species, in the lung
microbiome. In contrast, Bacteroides, especially the
Prevotella species, are more frequent in healthy individuals
than either asthmatic adults or children [53]. However, the
association between disruption of the lung microbiota and
asthma is a chicken-and-egg problem, and further studies
focusing on the effects of the lung microbiota are needed.

Studies using mouse models have clarified that aller-
gic airway inflammation is regulated by the gut microbi-
ota. In an ovalbumin-induced allergic airway inflamma-
tion model, germ-free mice show a significantly higher
degree of airway hyperresponsiveness and Th2-mediated
lung inflammation [54].

Effects of probiotics and prebiotics on allergic diseases

Probiotics are defined as “live microorganisms which, when
administered in adequate amounts, confer a health benefit on
the host.” Although this definition excludes beneficial micro-
organisms originally not found in food, probiotics can now be
found in food as well as nutritional supplements, drugs, and
medical foods [55]. Most of the probiotics used today belong
to the genera Lactobacillus and Bifidobacterium [56], and the
effects of these probiotics are attributed to their ability to
reverse increased intestinal permeability and an unbalanced
gut microbiota, improve the intestine’s immunologic barrier
function, and decrease the generation of proinflammatory
cytokines associated with local and systemic allergic inflam-
mation [57]. Following the publication of a randomized
placebo-controlled trial in Finland showing the preventive
effects of Lactobacillus GG on the development of infantile
eczema [58], a number of analyses of the efficacy of probiotics
in preventing allergic diseases, especially eczema, were con-
ducted. However, evidence confirming the efficacy of this
treatment is lacking due to study limitations, such as differ-
ences in the initial supplementation period, duration of treat-
ment, strain, length of follow-up period, and host factors [59].
Although several meta-analyses have shown the administra-
tion of probiotics both prenatally and postnatally to be effec-
tive in preventing eczema [60–62], a meta-analysis demon-
strated that this effect was only significant for lactobacilli, not
a mixture of various bacterial strains [63]. In addition, the use
of probiotic treatment to prevent the development of wheezing
in early childhood and/or the onset of asthma failed to de-
crease the incidence of these diseases [64–66]. Moreover,
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there are few studies of the preventive effects of probiotics in
cases of allergic rhinitis [67] or food allergies [68]. Conse-
quently, the latest Cochrane review concluded that further
research is needed before the routine use of prebiotics can be
recommended to prevent allergies [69].

Prebiotics are defined as “a selectively fermented in-
gredient that allows for specific changes, both in the
composition and/or activity in the gastrointestinal micro-
biota, that confers benefits upon host well-being and
health” [70]. Human milk contains prebiotics, and the
presence of these substances in the gut enhances the
proliferation of certain probiotic bacteria, particularly
bifidobacteria species. Commercially available prebiotics
include fructool igosaccharides, inul in, galacto-
oligosaccharides, and soybean oligosaccharides [71]. Sev-
eral randomized controlled trials have reported that prebi-
otics have an effect in preventing eczema [72–76]. How-
ever, it remains uncertain whether prebiotic supplements
have a preventive effect on the development of other
allergic disorders.

Synbiotics refers to a combination of probiotics and prebi-
otics. Previous studies have found that treatment with
synbiotics significantly changes the gut microbiota [77, 78],
although it does not result in positive preventive effects
against the development of infantile eczema [66, 79].

Do the benefits of probiotics require live organisms [80]?
Several reports have demonstrated that heat-killed lactobacilli
strains improve the Th1/Th2 balance and inhibit IgE produc-
tion in mice [81–83], thus suggesting that dead probiotics
continue to have the capacity to modify immunological re-
sponses. Hence, further studies regarding the application of
dead probiotics to prevent allergic diseases are needed.

Future perspectives

Various studies have revealed that the microbiome/microbiota
plays an important role in the pathogenesis of allergic dis-
eases. However, it remains unclear how differences in age,
region, dietary intake, or other environmental factors, such as
allergen exposure or infection, affect this role. Rapid and low-
cost sequencing of the microbiomewould allow researchers to
analyze the impact of the microbiome under specific condi-
tions. In addition, further studies clarifying the detailed mech-
anisms of immunological modulation induced by the
microbiome and probiotics/prebiotics may help to develop
novel therapeutic targets to prevent or cure allergic diseases.
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