") REVIEW ARTICLE Immune Network

Check for
updates

https://doi.org/10.4110/in.2017.17.1.48 pISSN 1598-2629 - eISSN 2092-6685

Beyond Hygiene: Commensal Microbiota and Allergic
Diseases

Sung-Wook Hong"’, Kwang Soon Kim'* and Charles D. Surh'~*

' Academy of Immunology and Microbiology, Institute for Basic Science, “Department of Integrative Biosciences and Biotechnology.
Pohang University of Science and Technology, Pohang 37673, Korea

Complex communities of microorganisms, termed commensal microbiota, inhabit mucosal surfaces and profoundly
influence host physiology as well as occurrence of allergic diseases. Perturbing factors such as the mode of delivery,
dietary fibers and antibiotics can influence allergic diseases by altering commensal microbiota in affected tissues as
well as in intestine. Here, we review current findings on the relationship between commensal microbiota and allergic
diseases, and discuss the underlying mechanisms that contribute to the regulation of allergic responses by commensal
microbiota.
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INTRODUCTION

Metazoans have co-evolved with microorganisms by
establishing a trans-kingdom symbiotic relationship that
influences many physiological functions of the host,
including nutrient absorption, resistance to pathogenic
infection, immune defense, and tissue repair (1). Microbial
inhabitants, collectively called as commensal microbiota
(See Box 1) (2), are estimated to outnumber our host cells

Box 1. Classification of bacterial inhabitants

(3) and colonize nearly all the mucosal surfaces including
respiratory tracts, skin, vagina and gastrointestinal tracts (4).

Although the importance of commensal microbiota in
the development of host immune system had long been
predicted (5) and germ-free (GF) mice, an experimental
model critical for studying host-microbiota interaction,
had been developed in 1959 (6), the details of how
commensal microbiota influences many of the host’s
physiological functions is beginning to be realized only

Commensalism refers to functional relationships between two organisms where one organism benefits and the other remains unaffected. This is
in contrast to mutualism where each organism benefits or parasitism where one benefits and the other is harmed. As many species of commensal
microbiota turned out to be actually mutualistic and some commensal microbes can be pathogenic in certain circumstances influenced by
genetic and environmental factors or affected by host immune status (pathobionts), the better terms to describe “commensal” microbiota and its
relationship with host are “symbiotic”” microbiota and symbiosis, respectively.
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in recent years. In addition to their role in nutrient absor-
ption and development of the immune system in the
mucosal sites, emerging evidence strongly suggests that
commensal microbiota affects metabolic disorders such as
obesity and diabetes, behavioral or neurological disorders
like autism, Alzheimer diseases, and immune disorders
such as autoimmune/lymphoproliferative diseases and
allergy (7).

The term ‘allergy’ is derived from Greek words;
allos (other) and ergon (reaction), and means different
reaction to antigens. Currently, the definition of allergy is
immunological hypersensitivity to benign antigens that do
not typically induce any immune responses (8). Studies
of allergic patients and animal models showed that many
types of allergic diseases are mediated by allergen-
specific immunoglobulin E (IgE) and characterized by
allergic sensitization and hypersensitivity reactions upon
re-exposure. During sensitization, allergens can induce
T helper (Ty) 2 cells and subsequent production of
allergen-specific IgE. Upon the re-exposure of allergen,
allergen-bound IgEs result in degranulation of mast
cells and basophils to release many mediators, such
as histamine and platelet-activating factor (PAF), that
induce symptoms of allergic diseases (9). The prevalence
of allergic diseases is relatively low in developing or
undeveloped country and allergic patients tend to have
low Ty1, but elevated T;,2 immune response (10). Hence,
‘hygiene hypothesis’ has been introduced to propose that
the imbalance towards T2 responses, due to reduced
infectious burdens and subsequent reduction of T1
responses, causes allergic diseases (11).
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However, many allergic diseases occur in the mucosal
tissues harboring numerous species of the commensal
microbiota and are closely associated with the compo-
sitional changes of the commensal microbiota at affected
mucosal tissues or in the intestine, suggesting that
commensal microbiota plays an important role in the
pathogenesis of allergic diseases. Accordingly, alteration
of commensal microbiota by genetic and environmental
factors such as the mode of delivery (natural vs. surgical),
dietary intervention during ontogeny (breast- vs. formula-
feeding), westernized diet (high in fat and low in fiber),
antibiotics and indoor environment, are all associated with
the incidence of allergic diseases (12-15). In this review,
we summarize current understanding of the relationship
between commensal microbiota and allergy, and revise
‘hygiene hypothesis’ by incorporating commensal
microbiota as a pivotal contributing factor for allergic
diseases.

SKIN AND AIRWAY ALLERGIC DISEASES AND
DYSBIOSIS OF MICROBIOTA

With recent advances in next generation sequencing tech-
nologies, metagenomic analyses including a milestone
study by the Human Microbiome Project Consortium
have revealed that distinct communities of commensal
microbiota exist at different mucosal tissues or even at
different sites of same tissue depending on the environ-
mental features (4,16) (Fig. 1A). Furthermore, allergic
diseases are associated with microbial dysbiosis that

Host genetics

Life style
- Diet (high fat & low fiber)
- Stress, Alcohol

v Early colonization
- Natural vs. surgical delivery

Dysbiosis - Breast vs. Formula feeding
Medicine
- Antibiotics, Hygiene

PC1

PC1

Figure 1. Differences between microbial communities based on anatomic sites and factors influencing dysbiosis of commensal microbiota. (A) Each
mucosal site harbors distinct microbial community as indicated by principal coordinates plot (reproduced from (4)). Microbial populations within
skin are more variable than those at other mucosal sites. Inhabitants within nasal cavity resembles those in skin. Lung microbiota was reported to be
similar with those in oral cavity. (B) Several factors can cause perturbations of commensal microbiota, leading to the states of microbial dysbiosis,

which is associated with allergic diseases.
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is characterized by changes in microbial composition,
distribution of individual species and metabolic alterations
relative to normal microbiota in healthy individuals.
Increasing evidence suggests that allergic diseases in skin
and airways, such as atopic dermatitis and asthma, are not
only associated with dysbiosis of commensal microbiota
at affected mucosal tissues but also with dysbiosis of
intestinal microbiota (Fig. 1B).

Atopic dermatitis

Skin, the largest organ in our body, is constantly exposed
to microorganisms from external environment. Despite
the presence of both physical and chemical barrier
functions such as thick keratinized epithelial cell layers
and antimicrobial molecules, respectively, skin can harbor
specific commensal microbes beneficial for protection
from opportunistic pathogen infections. In normal skin,
Firmicutes, Actinobacteria and Proteobacteria are the
predominant phyla relative to other mucosal tissues;
e.g., Bacteriodetes predominate in the gut, but is a minor
component of skin microbiota (17). In addition, different
communities of microbes can preferentially colonize
different topographic sites of the skin characterized by
distinct environmental specifications like hair, moisture
and sebum (18).

Atoptic dermatitis (AD), or atopic eczema, is a chronic
allergic skin disease with a typical symptom of pruritic
rash. The disease often develops in infants prior to the 1
year age, affecting approximately 20% of children (19).
The role of skin microbiota in AD is better understood
than other allergic diseases, as Staphylococcus aureus
has been found to be closely associated with AD. S.
aureus is a part of normal microbiota as a pathobiont in
nasal passages: ~20% of individuals are estimated to be
long-term carriers and ~60% are intermittent carriers
(20). Metagenomic analyses of skin microbiota in AD
patients have revealed that S. aureus become predominant
in about 90% of AD patients, resulting in a dramatic
decrease of skin microbiota diversity (21). It was shown
that Staphylococcal products such as Staphylococcal
a-hemolysin (22) and extracellular vesicles form S.
aureus can modulate skin barrier functions and induce
atopic dermatitis-like skin inflammation in animal
models (22-27). Staphylococcal enterotoxins, acting as
super-antigens, can induce allergic skin inflammation by
inducing strong T cell activation (28). Staphlylococcal
d-toxin can also induce allergic skin disease by activating
mast cells (29).

These studies suggest that dysbiosis caused by predomi-
nant colonization of S. aureus are important exacerbating
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factor for the pathogenesis of AD. However, it is doubtful
whether S. aureus is the initiating factor of atopic derma-
titis. A recent study reported that infant AD patients,
unlike adult patients, do not show increased abundance of
S. aureus in affected skin lesions. However, commensal
Staphylococcus species other than S. aureus were obser-
ved to be less predominant (30). It is interesting that colo-
nization of S. epidermidis, the most frequently isolated
species in human epithelial cell layers, can impair est-
ablishment of S. aureus by producing antimicrobial
molecules (31).

Dysbiosis in intestinal microbiota has also been sug-
gested as an important contributing factor for AD patho-
genesis. Probiotic treatment, for example, has a positive
effect in ameliorating AD (32). Furthermore, several
prospective (or longitudinal) cohort studies showed
that reduced diversity of intestinal microbiota at early
life is closely associated with the increased risk of AD
(33). Abundance of specific gut microbes at species or
subspecies level, including Clostridium Perfringens,
Clostridium Difficile and Faecalibacterium prausnitzii
subspecies, which have low capacity of producing short-
chain fatty acids (SCFAs), was known to be associated
with AD. Lactobacillus paracasei on the other hand
appears to have a beneficial role, since its abundance was
associated with lower susceptibility to AD (34-36).

Allergic rhinitis

Respiratory tract is divided into upper airway and lower
airway. Upper airway includes nasal and oropharynx
area, and lower airway includes trachea, bronchi, bron-
chioles and lungs. In human nasal cavity, Firmicutes
and Actinobacteria are the major phyla, while the major
phyla in oropharynx are Proteobacteria, Firmicutes and
Bacteriodetes (37-39). It is interesting that microbiota
on the nasal cavity resembles microbiota on skin while
microbiota on oropharynx resembles microbiota in
oral cavity. In the lung, which is often mistakenly
considered as a sterile site, Bacteriodetes, Firmicutes and
Proteobacteria phyla are identified as the major phyla
(40-42). Lung microbiota is similar in composition to
those in oropharynx despite of reduced biomass (43). It is
considered that oral microbiota are the primary source of
lung microbiota.

Human studies demonstrate that microbiota in the upper
airway may differ in composition among individuals
depending on the type and status of the disease. Allergic
rhinitis is a representative disease occurring in the upper
airway. Interestingly, it was observed that unlike other
allergic diseases, microbial diversity in seasonal allergic
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rhinitis (hay fever) is not reduced, but rather increased
during allergy season (44). As in AD, S. aureus is one of
the candidate microbes associated with perennial (non-
seasonal) allergic rhinitis (45). Chronic rhinosinusitis
(CRS) was also associated with altered microbiota
in the nasal cavity with an increased abundance of
Staphylococcus, Haemophilus, and Moraxella (46-49). As
S. aureus is observed commonly in both allergic rhinitis
and AD, it is possible that the underlying mechanisms by
which S. aureus contribute to the occurrence of diseases
in upper airway might be similar to those contributing to
the pathogenesis of AD.

Asthma

Asthma is a chronic allergic disorder in airways leading
to variable and recurring airflow obstructions. Most
asthma begins in childhood with sensitization to aeroal-
lergens such as house dust mites, cockroaches, animal
dander, fungi and pollens (50). Alteration of microbial
composition in both upper and lower airway was also
observed in asthma patients. Although microbial com-
positions are different between upper and lower airway,
there appears to be distinctive outgrowth of Proteobacteria
including Haemophilus, Moraxella and Neisseria spp.
within both sites of asthma patients (41,51). Prevalence
of Proteobacteria was found in mild patients without
regular inhaled corticosteroid therapy as well as in severe
asthma patients. On the other hand, Klebsiella species
of Proteobacteria phylum were enriched with increased
severity of the disease (52). It was previously reported
that there were differences in lung microbiota between
corticosteroids sensitive and resistant group, suggesting
that heterogeneity of asthma can affect lung microbiota as
well (53,54).

Animal models for studying the role of airway micro-
biota in allergic airway diseases are limited especially
for allergic rhinitis or CRS, but several studies by using
asthma animal models revealed that the establishment of
lung microbiota at early life is important for the prevention
of asthma. Increases in bacterial load in the lungs and
shifts from a predominance of Gammaproteobacteria
and Firmicutes towards Bacteriodetes during ontogeny
are important for tolerance against allergens exposed in
airway (55). Furthermore, early microbial colonization is
required in order to control the invariant natural killer T
cells in lung, which are capable of producing IL-4 and IL-
13 and contribute to T;2-mediated asthma (56).

In comparison with allergic rhinitis, the relationship
between intestinal microbiota, especially at early life, and
asthma was relatively well defined. A recent prospective
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study showed that infants with lower abundance of
Bifidobacterium, Akkermansia and Faecalibacterium
incurred a higher relative risk of asthma by promoting
adaptive immune dysfunctions, featured by increased
proportion of IL-4" T2 cells and reduced percentage
of CD25" Foxp3" Regulatory CD4" T (Treg) cells (57).
Another study also showed that a higher risk of asthma
is associated with the lower abundance of genera such as
Faecalibacterium, Lachnospira, Veillonella and Rothia
in infants despite of similar abundance of dominant
Bitidobacterium (58). Furthermore, supplementing with
microbes abundant in healthy controls into GF mice
previously colonized with fecal microbiota from infants
of high risk for asthma reduced severity of allergic airway
inflammation (58). It was also reported that abundance of
Bifidobacterium is decreased in adult asthma patients (59).
It seems that Faecalibacterium, especially subspecies
producing SCFAs, and Bifidobacterium provides benefi-
cial effect for preventing asthma.

In line with human studies, animal model deficient of
intestinal microbiota, like GF mice (60) or mice with
altered intestinal microbiota by feeding diet containing
less dietary fiber contents (61,62), could exacerbate
allergic airway inflammation.

FOOD ALLERGY AND DYSBIOSIS OF INTESTINAL
MICROBIOTA

Food allergies, hypersensitivity responses to dietary
antigens, have been increased, especially in developed or
westernized countries over recent decades (63) and have
become major health issues. While delayed type non-IgE
mediated food allergy contributes to some of the cases,
the most common and well defined is IgE-mediated food
allergy against antigens from milk, egg, peanut, soybean,
wheat, tree nut, fish and shellfish. The etiology of
increased prevalence of food allergy is largely unknown
but data from human studies showed that changes in
microbiota at early life due to mode of delivery (natural
vs. surgical) or exposure to antibiotics even at low dose
can contribute to the increased incidence of food allergy
(Fig. 1) (64-66).

However, compared to the studies on the relationship
between intestinal microbiota and extra-intestinal aller-
gic diseases, human studies on gut microbiota and food
allergy are limited. A few studies on cow’s milk allergy
(CMA) infants showed that patients have higher total
bacteria and anaerobic bacteria (67) and also have
higher proportion of butyrate-producing Clostridium
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spp. than healthy control (68). A recent study based
on metagenomic analysis of 16S rRNA sequences
reported that CMA infants had more diverse microbiota
than control group and had a significant reduction in
Bifidobacterium whereas butyrate-producing microbes
such as Ruminococcus and Faecalibacterium were enri-
ched (69). Such butyrate-producing microbes might be
beneficial to achieve tolerance to food allergens or amelio-
rate the symptoms of food allergy, since outgrowing
infants from CMA by the treatment of hydrolyzed casein
formula supplemented with Lactobacillus rhamnosus
GG had higher fecal butyrate concentrations than allergic
infants.

Despite the ill-defined relationships between the
intestinal microbiota and food allergy in human studies,
experimental IgE-mediated food allergy animal models
could help to elucidate the role of intestinal microbiota
on the pathogenesis of food allergy and reveal several
mechanistic insights.

Induction of intestinal peripheral Treg cells

Colonization of GF mice with Clostridium species can
induce de novo differentiation of Treg cells in the laminar
propria (LP) of colon but not in the small intestine. Such
colonic peripheral Treg (pTreg) cells were proposed to

Regulation of Allergic Responses by Commensal Microbiota

suppress allergen-specific IgE responses and subsequently
prevent allergen-induced diarrhea (70,71). Clostridium
species can contribute to the generation of colonic pTreg
cells by inducing transforming growth factor-f (TGF-f3)
from intestinal epithelial cells (IECs) (70) or dendritic
cells (72).

More importantly, Clostridium species can induce
the production of SCFAs such as acetate, butyrate and
propionate by degrading dietary fibers such as starch and
cellulose (73). SCFAs produced by intestinal microbes
can enhance the generation of colonic pTreg cells and
stabilize post-translational acetylation of Foxp3 through
the inhibition of histone deacetylase by butyrate, resulting
in increased stability and suppressive functions of Treg
cells (74,75). Although it is unclear whether Clostridium-
induced pTregs in the colon directly prevent allergic
responses to dietary antigens, a subset of pTreg cells
induced by intestinal microbiota is also present in the small
intestine. These pTreg cells express RAR-related orphan
Receptor (ROR)yt and are known to inhibit mucosal T2
cell responses (76), which are important for the initiation
of IgE-mediated food allergy by promoting B cell
differentiation into IgE-producing plasma cells (Fig. 2) (77).
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Figure 2. Interplay between intestinal microbiota and immune cells in the context of IgE-mediated food allergy. pTreg cells are abundant in the small
intestine. Dietary antigens- or intestinal microbes-induced pTreg cells, distinguished from each other by RORyt expression, can suppress mucosal
TH2 cells generated against food allergens. TH2 cells can induce IgE-producing plasma cells and increase mucosal mast cells expressing IL-9 or
mediating food allergic symptoms through the degranulation of histamine, PAF and so on. IL-13 or IL-9 can increase intestinal permeability to food
allergens, while SCFAs or IL-22 induced by intestinal microbiota in colon can promote intestinal barrier functions. Certain species of intestinal
microbiota such as Bifidobacterium can induce apoptosis of mast cells, thus preventing food allergy.
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Regulation of intestinal permeability to food allergens
In addition to the capacity of intestinal microbiota to pro-
mote intestinal pTreg cells, Clostridium species can lead
to the production of IL-22 from RORyt™ type 3 innate
lymphoid cells (ILC3s) and CD4" T cells in colonic LP.
IL-22 not only ensures protection of microbial translo-
cation from the lumen to peripheral organs by mediating
production of anti-microbial peptides and mucus from
IECs (78) but also regulates epithelial layer permeability
to food allergen (Fig. 2) (79). Hence, colonization of GF
or antibiotics-treated mice with Clostridium spp. can
inhibit oral sensitization of allergen and allergen-induced
IgE responses, thereby preventing food allergy.
Interestingly, SCFAs can increase epithelial barrier
functions, measured by fluorescein isothiocyanate (FITC)-
dextran permeability assay, in a GPR43-dependent manner
(80) or through the stabilization of HIF-o particularly by
butyrate (81). Therefore, it is also possible that SCFAs
can promote barrier functions of the intestine (Fig. 2).

Modulation of hypersensitivity reactions during effector
phase

Degranulation of mast cells by allergen-mediated cross-
linking of IgE bound to FceR is necessary to provoke
hypersensitivity reactions in IgE-mediated food allergy
(77). Thus, as in the case of atopic dermatitis (29), micro-
bial modulation of mast cell activation has been shown
to regulate IgE-mediated food allergy as well. Treatment
of Prebiotic galacto- and fructo-oligosaccharides supple-
mented with Bifidobacterium breve can reduce whey-
induced food allergy by promoting the production of
Galectin-9 from IECs that subsequently neutralize aller-
gen/IgE binding on mast cells (82). A recent study also
showed that Bifidobacterium species, particularly B.
longum isolated from infants, could induce the apoptosis
of mast cells in the small intestine and ameliorate food
allergen-induced diarrhea (Fig. 2) (83).

Due to the absence of commensal microbiota, GF mice
or antibiotics-treated mice are skewed towards T2 cells
and possess high level of IgG1 and IgE in serum (84).
Oral sensitization of peanut allergen with cholera toxin
can lead to increased peanut-specific IgE responses in GF
mice relative to specific pathogen-free (SPF) mice (79).
Underlying mechanisms leading to skewed T}2 responses
and hyper-IgE syndrome in GF mice remain elusive,
however, the involvement of intestinal microbiota is
evident since colonization of diverse intestinal microbiota
specifically at early life has been demonstrated to prevent
the generation of IgE responses (85). Role of dietary
antigens on the generation of IgE responses in GF mice is
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still controversial but dietary antigens appear to contribute
to hyper-IgE syndrome in GF mice, since antigen-free
mice, GF mice raised in a condition devoid of dietary
antigens, possess much reduced level of IgE relative to
GF mice (unpublished data).

INTESTINAL IMMUNE SYSTEM: KEEPING ALLERGIC
RESPONSES UNDER CONTROL

So far, we discussed evidence suggesting that intestinal
microbial dysbiosis is tightly associated with various types
of allergic diseases. It is evident therefore that an intricate
functional interplay between intestinal immune system
and intestinal microbiota is important for shaping the
physiological outcome of individual’s allergic responses.
Several mechanistic issues for keeping allergic responses
under control by intestinal microbiota still remains to be
addressed but intestinal microbiota-mediated control of
allergic diseases seems to be relevant to the capacity of
intestinal immune system to generate tolerance, rather than
immunity, and promote intestinal barrier functions.

Intestine is the largest lymphoid organ where about
70% of immune cells in our body reside largely due to
enormous antigenic burdens, mostly derived from food
and intestinal microbiota. Under normal conditions,
dietary antigens are rendered less immunogenic through
oral tolerance mechanisms (as reviewed in (86)). Oral
administration of nominal antigen can induce pTreg
cells in mesenteric lymph nodes, which migrate into the
small intestine for further expansion and conditioning
to exert fully suppressive activity. Such pTreg cells can
be dispersed systemically to prevent hypersensitivity re-
sponses against cognate antigen at other local tissues.

Typically, the intestinal immune system is skewed
to generate tolerance against enteric antigens through
multilayered mechanisms. Mucosal antigen-presenting
cells, especially CD103" dendritic cells (DCs) and
CX,CR1" mononuclear phagocytic (MNP) cells that are
populated through small intestinal lamina propria, can
integrate intestinal environmental cues to exert tolerogenic
functions. Mucosal CD103" CD11b" DCs are known to
express more anti-inflammatory mediators, TGF-f, IL-
10, retinoic acids and indoleamine 2,3-dioxygenase, but
less pro-inflammatory cytokines, IL-6, IL-12 and TNF-q,
relative to their counterparts in secondary lymphoid
tissues. These tolerogenic mucosal DCs can sample
luminal antigens, migrate into mLNs, where they promote
the generation of pTreg cells.

Indeed, pTreg cells characterized by lower expression
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of Neuropilin-1 (Nrp-1) relative to thymus-derived Treg
(tTreg) cells are abundantly found in the small intestine
as well as in colon. Both dietary antigens- and intestinal
microbiota-induced pTreg cells (Nrp-1° RORyt and Nrp-
1 RORyt, respectively) are present in the small intestine
(76,87). Prodigious mucosal immunity against newly
administrated oral antigens could be generated in antigen-
free mice depleted of both dietary antigens- and intestinal
microbiota-induced pTreg cells, suggesting that mucosal
pTreg cells can further condition mucosal environment to
be more tolerogenic and promote oral tolerance (87).

Incidence of food allergy as well as other allergic diseases
is higher in infants than adults despite of the dominance
of beneficial Bifidobacterium species (88). Intestinal
microbiota in infants are less diverse due to the limited
energy source in breast- and formula-milk (89) and
vulnerable to exogenous perturbations such as exposure to
antibiotics. While it is controversial whether other allergic
diseases can be outgrown, most children suffering from
food allergy can outgrow their allergies by the unknown
mechanisms (90). It is possible that the exposure to
diverse dietary antigens and the surge of intestinal micro-
biota caused by the change of diets can induce pTreg
cells in the small intestine that can subsequently promote
tolerogenic intestinal environment and facilitate tolerance
to food allergens.

Interestingly, intestinal microbiota-induced Nrp-1"
RORyt" pTreg cells in the small intestine can express
suppressive mediators such as IL-10 and CTLA4 at higher
levels compared to Nrp-1" tTreg cells or dietary antigens-
induced Nrp-1° RORyt pTreg cells (unpublished data).
Furthermore, individual species of intestinal microbiota
differs its capacity to generate RORyt" pTreg cells (91),
which can possibly control mucosal T2 responses (76).
Under normal conditions, small intestinal T2 cells are
much lower than T, 1 cells expressing Tbet and IFN-y
even in GF condition (87). However, the role of dietary
antigens- or intestinal microbiota-induced pTreg cells on
the control of intestinal T2 cells against food antigens
still remains elusive.

Epithelial barrier functions are important for preventing
allergic diseases. Increasing evidence suggests that
defective intestinal barrier functions, known as “leaky
gut syndrome”, are implicated in food allergy as well as
other allergic diseases (92). Intestinal T2 responses are
not only important for the induction of food allergy by
increasing IgE-producing plasma cells but are also known
to influence epithelial barrier functions. During the onset
of food allergy, T,;2 cells can promote the generation
of IL-9 producing mast cells in the small intestine (93).
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Cytokines such as IL-13 and IL-9 are known to increase
the intestinal permeability while IL-10 can promote
barrier integrity of IECs (94). As mentioned before,
increase in IL-22 by Clostridium species in the colon
can also enhance epithelial barrier integrity in the small
intestine (79). However, further investigation is required
as the production of IL-22 by RORyt" ILC3s in the small
intestine of GF mice with increased susceptibility to food
allergy, are actually higher than those in SPF mice (95).

As mentioned earlier, Clostridium species can promote
the production of SCFAs (74), which can circulate via
bloodstream and lymph to exert immune modulation
within small intestine where sensitization of food allergen
occurs or at distal mucosal sites such as the skin and the
lung. Therefore, SCFAs-mediated immune regulation
can serve as a critical mechanistic link between intestinal
microbiota and allergic diseases associated with distal
mucosal sites. In accordance to these findings, feeding
of high-fiber diet can lead to protection against peanut
allergy induced by oral sensitization of peanut with
cholera toxin (80) and can ameliorate allergic airway
diseases induced by house dust mite (HDM) (61).
Interestingly, as SCFAs can exert regulatory effects on
multiple cell types including epithelial cells, T cells and
DCs, SCFAs-mediated regulatory mechanisms can differ,
depending on the kind of SCFAs and type of allergic
diseases. Acetate and butyrate, rather than propionate,
are important for controlling peanut-induced allergy (80)
while propionate are responsible for the protection of
HDM-induced allergic airway disease by enhancing lung
DCs with impaired capacity to mediate Th2 polarization
(61).

It was previously shown that circulatory antigens could
be taken up by small intestinal CX,CR1" MNP cells (96),
which can transfer peptide-MHCII complex to CD103"
DCs through a gap junction-mediated mechanism to
mediate oral tolerance (97). In this regard, intestinal tole-
rogenic DCs might sample circulating allergens exposed
through other mucosal sites to limit allergic responses by
the generation of allergen-specific pTreg cells, which can
be regulated by intestinal environment and intestinal micro-
biota. However, this possibility has yet to be addressed.

CONCLUSION

Role of commensal microbiota has been revisited recently
and abundant evidence suggests that the host-microbiota
interactions can actually determine the status of health
and disease. Disrupted host-microbiota interactions can

IMMUNE NETWORK Vol. 17, No. 1: 48-59, February, 2017



Regulation of Allergic Responses by Commensal Microbiota

not only influence immune disorders directed towards
self- and foreign- antigens but also affect the pathogenesis
of metabolic or neurological disorders.

Based on the advance of metagenomic analyses, human
and animal studies clearly demonstrated that allergic
diseases are associated with the dysbiosis of commensal
microbiota. However, causal relationships between
commensal microbiota and allergic disease have rarely
been elucidated. In this regard, functional metagenomic
analyses including metatranscriptomics, metaproteomics
and metabolomics can be promising for understanding
the etiology and increasing prevalence of allergic disease
over the last decades. Furthermore, identification of
novel microbial genes and molecular pathways capable
of modulating mucosal T helper responses might be
immensely helpful for in-depth understanding of the
process. Additionally, comparative metagenomics during
the onset of allergic disease can reveal inter-relationships
among microbiota at different anatomic sites.

As intestinal microbiota influences the pathogenesis of
most allergic diseases, studies on mutualistic interactions
between host immune system and intestinal microbiota
could reveal important regulatory mechanisms such
as SCFAs, which are an important links between host
immune system, diet and intestinal microbiota. However,
despite of advances in mucosal immunology, several
aspects of these tripartite interactions, such as mechanisms
for increased susceptibility to allergic disease in GF mice
with skewed Th2 responses and hyper-IgE syndrome,
need to be studied for better understanding of microbiota-
mediated immune regulation as well as for developing
effective therapeutic ways for allergic diseases.

ACKNOWLEDGEMENTS

This work was supported by Project IBS-R005-D1 from
the Institute for Basic Science, Korean Ministry of Science,
Information/Communication Technology and Future

Planning. We thank Dr. Dipayan Rudra for critical review
of this manuscript.

CONFLICTS OF INTEREST

The authors have no financial conflict of interest.

http://immunenetwork.org

Immune Network

REFERENCES

1. Rudensky, A. Y., and A. V. Chervonsky. 2011. A narrow circle
of mutual friends. Immunity. 34: 697-699.

2. Stecher, B., L. Maier, and W. D. Hardt. 2013. 'Blooming' in
the gut: how dysbiosis might contribute to pathogen evolution.
Nat. Rev. Microbiol. 11: 277-284.

3. Sender, R., S. Fuchs, and R. Milo. 2016. Are we really vastly
outnumbered? Revisiting the ratio of bacterial to host cells in
humans. Cell 164: 337-340.

4. Human Microbiome Project Consortium. 2012. Structure,
function and diversity of the healthy human microbiome.
Nature 486: 207-214.

5. Yi, P, and L. Li. 2012. The germfree murine animal: an
important animal model for research on the relationship
between gut microbiota and the host. Vet. Microbiol. 157: 1-7.

6. Pleasants, J. R. 1959. Rearing germfree cesarean-born rats,
mice, and rabbits through weaning. Ann. N. Y. Acad. Sci. 78:
116-126.

7. Schroeder, B. O., and F. Backhed. 2016. Signals from the gut
microbiota to distant organs in physiology and disease. Nat.
Med. 22: 1079-1089.

8. Johansson, S. G., T. Bieber, R. Dahl, P. S. Friedmann, B. Q.
Lanier, R. F. Lockey, C. Motala, J. A. Ortega Martell, T. A.
Platts-Mills, J. Ring, F. Thien, C. P. Van, and H. C. Williams.
2004. Revised nomenclature for allergy for global use: Report
of the Nomenclature Review Committee of the World Allergy
Organization, October 2003. J. Allergy Clin. Immunol. 113:
832-836.

9. Galli, S. J., and M. Tsai. 2012. IgE and mast cells in allergic
disease. Nat. Med. 18: 693-704.

10. Okada, H., C. Kuhn, H. Feillet, and J. F. Bach. 2010. The
'hygiene hypothesis' for autoimmune and allergic diseases: an
update. Clin. Exp. Immunol. 160: 1-9.

11. Strachan, D. P. 1989. Hay fever, hygiene, and household size.
BMJ 299: 1259-1260.

12. Halken, S., A. Host, L. G. Hansen, and O. Osterballe. 1992.
Effect of an allergy prevention programme on incidence of
atopic symptoms in infancy. A prospective study of 159 "high-
risk" infants. Allergy 47: 545-553.

13. Rottem, M., M. Szyper-Kravitz, and Y. Shoenfeld. 2005. Atopy
and asthma in migrants. Int. Arch. Allergy Immunol. 136: 198-
204.

14. van Nimwegen, F. A., J. Penders, E. E. Stobberingh, D. S.
Postma, G. H. Koppelman, M. Kerkhof, N. E. Reijmerink, E.
Dompeling, P. A. van den Brandt, 1. Ferreira, M. Mommers,
and C. Thijs. 2011. Mode and place of delivery, gastrointestinal
microbiota, and their influence on asthma and atopy. J. Allergy
Clin. Immunol. 128: 948-955.

15. Droste, J. H., M. H. Wieringa, J. J. Weyler, V. J. Nelen, P.

G5)



Immune Network

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

56

A. Vermeire, and H. P. Van Bever. 2000. Does the use of
antibiotics in early childhood increase the risk of asthma and
allergic disease? Clin. Exp. Allergy 30: 1547-1553.

Costello, E. K., C. L. Lauber, M. Hamady, N. Fierer, J. 1.
Gordon, and R. Knight. 2009. Bacterial community variation
in human body habitats across space and time. Science 326:
1694-1697.

Grice, E. A., H. H. Kong, G. Renaud, A. C. Young, G. G.
Bouffard, R. W. Blakesley, T. G. Wolfsberg, M. L. Turner,
and J. A. Segre. 2008. A diversity profile of the human skin
microbiota. Genome Res. 18: 1043-1050.

Grice, E. A., H. H. Kong, S. Conlan, C. B. Deming, J. Davis,
A. C. Young, G. G. Bouffard, R. W. Blakesley, P. R. Murray, E.
D. Green, M. L. Turner, and J. A. Segre. 2009. Topographical
and temporal diversity of the human skin microbiome. Science
324: 1190-1192.

Flohr, C., and J. Mann. 2014. New insights into the
epidemiology of childhood atopic dermatitis. Allergy 69: 3-16.
Peacock, S. J., S. de, I, and F. D. Lowy. 2001. What determines
nasal carriage of Staphylococcus aureus? Trends Microbiol. 9:
605-610.

Kong, H. H., J. Oh, C. Deming, S. Conlan, E. A. Grice, M.
A. Beatson, E. Nomicos, E. C. Polley, H. D. Komarow, P. R.
Murray, M. L. Turner, and J. A. Segre. 2012. Temporal shifts
in the skin microbiome associated with disease flares and
treatment in children with atopic dermatitis. Genome Res. 22:
850-859.

Hong, S. W., E. B. Choi, T. K. Min, J. H. Kim, M. H. Kim,
S. G. Jeon, B. J. Lee, Y. S. Gho, Y. K. Jee, B. Y. Pyun, and
Y. K. Kim. 2014. An important role of alpha-hemolysin in
extracellular vesicles on the development of atopic dermatitis
induced by Staphylococcus aureus. PLoS One 9: e100499.
Yao, Y., A. Kozman, M. Al-Hassani, C. K. Saha, Q. Yi, W.
Yao, N. Mousdicas, M. H. Kaplan, and J. B. Travers. 2010.
Identification of staphylococcal protein A in infected atopic
dermatitis lesions. J. Invest. Dermatol. 130: 2502-2504.
Abeck, D., and M. Mempel. 1998. Staphylococcus aureus
colonization in atopic dermatitis and its therapeutic
implications. Br. J. Dermatol. 139 Suppl 53: 13-16.

Niebuhr, M., H. Scharonow, M. Gathmann, D. Mamerow, and
T. Werfel. 2010. Staphylococcal exotoxins are strong inducers
of IL-22: A potential role in atopic dermatitis. J. Allergy Clin.
Immunol. 126: 1176-1183.

Hong, S. W, M. R. Kim, E. Y. Lee, J. H. Kim, Y. S. Kim, S. G.
Jeon, J. M. Yang, B. J. Lee, B. Y. Pyun, Y. S. Gho, and Y. K.
Kim. 2011. Extracellular vesicles derived from Staphylococcus
aureus induce atopic dermatitis-like skin inflammation. Allergy
66: 351-359.

Walev, L., E. Martin, D. Jonas, M. Mohamadzadeh, W. Muller-
Klieser, L. Kunz, and S. Bhakdi. 1993. Staphylococcal alpha-

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

Regulation of Allergic Responses by Commensal Microbiota

toxin kills human keratinocytes by permeabilizing the plasma
membrane for monovalent ions. Infect. Immun. 61: 4972-
4979.

Ando, T., K. Matsumoto, S. Namiranian, H. Yamashita, H.
Glatthorn, M. Kimura, B. R. Dolan, J. J. Lee, S. J. Galli, Y.
Kawakami, C. Jamora, and T. Kawakami. 2013. Mast cells
are required for full expression of allergen/SEB-induced skin
inflammation. J. Invest. Dermatol. 133: 2695-2705.
Nakamura, Y., J. Oscherwitz, K. B. Cease, S. M. Chan, R.
Munoz-Planillo, M. Hasegawa, A. E. Villaruz, G. Y. Cheung,
M. J. McGavin, J. B. Travers, M. Otto, N. Inohara, and G.
Nunez. 2013. Staphylococcus delta-toxin induces allergic skin
disease by activating mast cells. Nature 503: 397-401.
Kennedy, E. A., J. Connolly, J. O. Hourihane, P. G. Fallon, W. H.
McLean, D. Murray, J. H. Jo, J. A. Segre, H. H. Kong, and A. D.
Irvine. 2017. Skin microbiome before development of atopic
dermatitis: Early colonization with commensal staphylococci
at 2 months is associated with a lower risk of atopic dermatitis
at 1 year. J. Allergy Clin. Immunol. 139: 166-172.

Gallo, R. L., and T. Nakatsuji. 2011. Microbial symbiosis
with the innate immune defense system of the skin. J. Invest.
Dermatol. 131: 1974-1980.

Kwon, H. K., C. G. Lee, J. S. So, C. S. Chae, J. S. Hwang, A.
Sahoo, J. H. Nam, J. H. Rhee, K. C. Hwang, and S. H. Im.
2010. Generation of regulatory dendritic cells and CD4 ' Foxp3"
T cells by probiotics administration suppresses immune
disorders. Proc. Natl. Acad. Sci. U. S. A. 107: 2159-2164.
Abrahamsson, T. R., H. E. Jakobsson, A. F. Andersson, B.
Bjorksten, L. Engstrand, and M. C. Jenmalm. 2012. Low
diversity of the gut microbiota in infants with atopic eczema. J.
Allergy Clin. Immunol. 129: 434-440.

Marrs, T., and C. Flohr. 2016. The role of skin and gut
microbiota in the development of atopic eczema. Br. J.
Dermatol. 175 Suppl 2: 13-18.

Penders, J., K. Gerhold, E. E. Stobberingh, C. Thijs,
K. Zimmermann, S. Lau, and E. Hamelmann. 2013.
Establishment of the intestinal microbiota and its role for
atopic dermatitis in early childhood. J. Allergy Clin. Immunol.
132: 601-607.

Song, H., Y. Yoo, J. Hwang, Y. C. Na, and H. S. Kim. 2016.
Faecalibacterium prausnitzii subspecies-level dysbiosis in the
human gut microbiome underlying atopic dermatitis. J. Allergy
Clin. Immunol. 137: 852-860.

Bassis, C. M., A. L. Tang, V. B. Young, and M. A. Pynnonen.
2014. The nasal cavity microbiota of healthy adults.
Microbiome 2: 27.

Liu, C. M., L. B. Price, B. A. Hungate, A. G. Abraham, L.
A. Larsen, K. Christensen, M. Stegger, R. Skov, and P. S.
Andersen. 2015. Staphylococcus aureus and the ecology of the
nasal microbiome. Sci. Adv. 1: €1400216.

IMMUNE NETWORK Vol. 17, No. 1: 48-59, February, 2017



Regulation of Allergic Responses by Commensal Microbiota

39.

40.

41.

42.

43.

45.

46.

47.

48.

49.

50.

S1.

Lemon, K. P., V. Klepac-Ceraj, H. K. Schiffer, E. L. Brodie,
S. V. Lynch, and R. Kolter. 2010. Comparative analyses of
the bacterial microbiota of the human nostril and oropharynx.
MBio 1: ¢00129-10.

Erb-Downward, J. R., D. L. Thompson, M. K. Han, C. M.
Freeman, L. McCloskey, L. A. Schmidt, V. B. Young, G. B.
Toews, J. L. Curtis, B. Sundaram, F. J. Martinez, and G. B.
Huffnagle. 2011. Analysis of the lung microbiome in the
"healthy" smoker and in COPD. PLoS One 6: e16384.

Hilty, M., C. Burke, H. Pedro, P. Cardenas, A. Bush, C.
Bossley, J. Davies, A. Ervine, L. Poulter, L. Pachter, M. F.
Moftatt, and W. O. Cookson. 2010. Disordered microbial
communities in asthmatic airways. PLoS One 5: e8578.
Dickson, R. P.,, J. R. Erb-Downward, C. M. Freeman, N.
Walker, B. S. Scales, J. M. Beck, F. J. Martinez, J. L. Curtis,
V. N. Lama, and G. B. Huffnagle. 2014. Changes in the
lung microbiome following lung transplantation include the
emergence of two distinct Pseudomonas species with distinct
clinical associations. PLoS One 9: €97214.

Sze, M. A., P. A. Dimitriu, S. Hayashi, W. M. Elliott, J. E.
McDonough, J. V. Gosselink, J. Cooper, D. D. Sin, W. W.
Mohn, and J. C. Hogg. 2012. The lung tissue microbiome in
chronic obstructive pulmonary disease. Am. J. Respir. Crit
Care Med. 185: 1073-1080.

. Choi, C. H., V. Poroyko, S. Watanabe, D. Jiang, J. Lane, M.

deTineo, F. M. Baroody, R. M. Naclerio, and J. M. Pinto. 2014.
Seasonal allergic rhinitis affects sinonasal microbiota. Am. J.
Rhinol. Allergy 28: 281-286.

Shiomori, T., S. Yoshida, H. Miyamoto, and K. Makishima.
2000. Relationship of nasal carriage of Staphylococcus aureus
to pathogenesis of perennial allergic rhinitis. J. Allergy Clin.
Immunol. 105: 449-454.

Brook, I. 1981. Aerobic and anaerobic bacterial flora of normal
maxillary sinuses. Laryngoscope 91: 372-376.

Stressmann, F. A., G. B. Rogers, S. W. Chan, P. H. Howarth, P.
G. Harries, K. D. Bruce, and R. J. Salib. 2011. Characterization
of bacterial community diversity in chronic rhinosinusitis
infections using novel culture-independent techniques. Am. J.
Rhinol. Allergy 25: e133-e140.

Feazel, L. M., C. E. Robertson, V. R. Ramakrishnan, and D.
N. Frank. 2012. Microbiome complexity and Staphylococcus
aureus in chronic rhinosinusitis. Laryngoscope 122: 467-472.
Choi, E. B., S. W. Hong, D. K. Kim, S. G. Jeon, K. R. Kim, S.
H. Cho, Y. S. Gho, Y. K. Jee, and Y. K. Kim. 2014. Decreased
diversity of nasal microbiota and their secreted extracellular
vesicles in patients with chronic rhinosinusitis based on a
metagenomic analysis. Allergy 69: 517-526.

Holgate, S. T. 2012. Innate and adaptive immune responses in
asthma. Nat. Med. 18: 673-683.

Depner, M., M. J. Ege, M. J. Cox, S. Dwyer, A. W. Walker,

http://immunenetwork.org

52.

53.

54.

55.

56.

57.

58.

59.

Immune Network

L. T. Birzele, J. Genuneit, E. Horak, C. Braun-Fahrlander, H.
Daniclewicz, R. M. Maier, M. F. Moffatt, W. O. Cookson,
D. Heederik, M. E. von, and A. Legatzki. 2016. Bacterial
microbiota of the upper respiratory tract and childhood asthma.
J. Allergy Clin. Immunol. doi: 10.1016/}.jaci.2016.05.050.
Huang, Y. J., S. Nariya, J. M. Harris, S. V. Lynch, D. F. Choy,
J. R. Arron, and H. Boushey. 2015. The airway microbiome in
patients with severe asthma: Associations with disease features
and severity. J. Allergy Clin. Immunol. 136: 874-884.

Durack, J., S. V. Lynch, S. Nariya, N. R. Bhakta, A. Beigelman,
M. Castro, A. M. Dyer, E. Isracl, M. Kraft, R. J. Martin, D.
T. Mauger, S. R. Rosenberg, T. Sharp-King, S. R. White, P.
G. Woodruff, P. C. Avila, L. C. Denlinger, F. Holguin, S. C.
Lazarus, N. Lugogo, W. C. Moore, S. P. Peters, L. Que, L. J.
Smith, C. A. Sorkness, M. E. Wechsler, S. E. Wenzel, H. A.
Boushey, and Y. J. Huang. 2016. Features of the bronchial
bacterial microbiome associated with atopy, asthma, and
responsiveness to inhaled corticosteroid treatment. J. Allergy
Clin. Immunol. doi: 10.1016/j.jaci.2016.08.055.

Goleva, E., L. P. Jackson, J. K. Harris, C. E. Robertson, E.
R. Sutherland, C. F. Hall, J. T. Good, Jr., E. W. Gelfand,
R. J. Martin, and D. Y. Leung. 2013. The effects of airway
microbiome on corticosteroid responsiveness in asthma. Am. J.
Respir. Crit. Care Med. 188:1193-1201.

Gollwitzer, E. S., S. Saglani, A. Trompette, K. Yadava, R.
Sherburn, K. D. McCoy, L. P. Nicod, C. M. Lloyd, and B.
J. Marsland. 2014. Lung microbiota promotes tolerance to
allergens in neonates via PD-L1. Nat. Med. 20: 642-647.
Olszak, T., D. An, S. Zeissig, M. P. Vera, J. Richter, A. Franke,
J. N. Glickman, R. Siebert, R. M. Baron, D. L. Kasper, and R.
S. Blumberg. 2012. Microbial exposure during early life has
persistent effects on natural killer T cell function. Science 336:
489-493.

Fujimura, K. E., A. R. Sitarik, S. Havstad, D. L. Lin, S.
Levan, D. Fadrosh, A. R. Panzer, B. LaMere, E. Rackaityte,
N. W. Lukacs, G. Wegienka, H. A. Boushey, D. R. Ownby,
E. M. Zoratti, A. M. Levin, C. C. Johnson, and S. V. Lynch.
2016. Neonatal gut microbiota associates with childhood
multisensitized atopy and T cell differentiation. Nat. Med. 22:
1187-1191.

Arrieta, M. C., L. T. Stiemsma, P. A. Dimitriu, L. Thorson, S.
Russell, S. Yurist-Doutsch, B. Kuzeljevic, M. J. Gold, H. M.
Britton, D. L. Lefebvre, P. Subbarao, P. Mandhane, A. Becker,
K. M. McNagny, M. R. Sears, T. Kollmann, W. W. Mohn, S.
E. Turvey, and B. B. Finlay. 2015. Early infancy microbial
and metabolic alterations affect risk of childhood asthma. Sci.
Transl. Med. 7: 307ral52.

Hevia, A., C. Milani, P. Lopez, C. D. Donado, A. Cuervo, S.
Gonzalez, A. Suarez, F. Turroni, M. Gueimonde, M. Ventura,
B. Sanchez, and A. Margolles. 2016. Allergic Patients with

57



Immune Network

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

58

Long-Term Asthma Display Low Levels of Bifidobacterium
adolescentis. PLoS One 11: e0147809.

Herbst, T., A. Sichelstiel, C. Schar, K. Yadava, K. Burki, J.
Cahenzli, K. McCoy, B. J. Marsland, and N. L. Harris. 2011.
Dysregulation of allergic airway inflammation in the absence
of microbial colonization. Am. J. Respir. Crit. Care Med. 184:
198-205.

Trompette, A., E. S. Gollwitzer, K. Yadava, A. K. Sichelstiel,
N. Sprenger, C. Ngom-Bru, C. Blanchard, T. Junt, L. P.
Nicod, N. L. Harris, and B. J. Marsland. 2014. Gut microbiota
metabolism of dietary fiber influences allergic airway disease
and hematopoiesis. Nat. Med. 20: 159-166.

Kim, Y. G, K. G. Udayanga, N. Totsuka, J. B. Weinberg, G.
Nunez, and A. Shibuya. 2014. Gut dysbiosis promotes M2
macrophage polarization and allergic airway inflammation via
fungi-induced PGE(2). Cell Host Microbe 15: 95-102.
Branum, A. M., and S. L. Lukacs. 2009. Food allergy among
children in the United States. Pediatrics 124: 1549-1555.
Bager, P., J. Wohlfahrt, and T. Westergaard. 2008. Caesarean
delivery and risk of atopy and allergic disease: meta-analyses.
Clin. Exp. Allergy 38: 634-642.

Hirsch, A. G., J. Pollak, T. A. Glass, M. N. Poulsen, L. Bailey-
Davis, J. Mowery, and B. S. Schwartz. 2017. Early-life
antibiotic use and subsequent diagnosis of food allergy and
allergic diseases. Clin. Exp. Allergy 47: 236-244.
Sanchez-Valverde, F., F. Gil, D. Martinez, B. Fernandez, E.
Aznal, M. Oscoz, and J. E. Olivera. 2009. The impact of
caesarean delivery and type of feeding on cow's milk allergy
in infants and subsequent development of allergic march in
childhood. Allergy 64: 884-889.

Thompson-Chagoyan, O. C., J. M. Vieites, J. Maldonado, C.
Edwards, and A. Gil. 2010. Changes in faecal microbiota of
infants with cow's milk protein allergy--a Spanish prospective
case-control 6-month follow-up study. Pediatr. Allergy
Immunol. 21: €394-¢400.

Thompson-Chagoyan, O. C., M. Fallani, J. Maldonado, J. M.
Vieites, S. Khanna, C. Edwards, J. Dore, and A. Gil. 2011.
Faecal microbiota and short-chain fatty acid levels in faeces
from infants with cow's milk protein allergy. Int. Arch. Allergy
Immunol. 156: 325-332.

Bemi, C. R., N. Sangwan, A. T. Stefka, R. Nocerino, L. Paparo,
R. Aitoro, A. Calignano, A. A. Khan, J. A. Gilbert, and C. R.
Nagler. 2016. Lactobacillus rhamnosus GG-supplemented
formula expands butyrate-producing bacterial strains in food
allergic infants. ISME J. 10: 742-750.

Atarashi, K., T. Tanoue, T. Shima, A. Imaoka, T. Kuwahara,
Y. Momose, G. Cheng, S. Yamasaki, T. Saito, Y. Ohba, T.
Taniguchi, K. Takeda, S. Hori, I. I. Ivanov, Y. Umesaki, K.
Itoh, and K. Honda. 2011. Induction of colonic regulatory T
cells by indigenous Clostridium species. Science 331: 337-

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

Regulation of Allergic Responses by Commensal Microbiota

341.

Atarashi, K., T. Tanoue, K. Oshima, W. Suda, Y. Nagano, H.
Nishikawa, S. Fukuda, T. Saito, S. Narushima, K. Hase, S.
Kim, J. V. Fritz, P. Wilmes, S. Ueha, K. Matsushima, H. Ohno,
B. Olle, S. Sakaguchi, T. Taniguchi, H. Morita, M. Hattori,
and K. Honda. 2013. Treg induction by a rationally selected
mixture of Clostridia strains from the human microbiota.
Nature 500: 232-236.

Kashiwagi, I., R. Morita, T. Schichita, K. Komai, K. Saeki, M.
Matsumoto, K. Takeda, M. Nomura, A. Hayashi, T. Kanai, and
A. Yoshimura. 2015. Smad2 and Smad3 inversely regulate
TGF-beta autoinduction in Clostridium butyricum-activated
dendritic cells. Immunity 43: 65-79.

Arora, T., and R. Sharma. 2011. Fermentation potential of the
gut microbiome: implications for energy homeostasis and
weight management. Nutr. Rev. 69:99-106.

Furusawa, Y., Y. Obata, S. Fukuda, T. A. Endo, G. Nakato,
D. Takahashi, Y. Nakanishi, C. Uetake, K. Kato, T. Kato,
M. Takahashi, N. N. Fukuda, S. Murakami, E. Miyauchi,
S. Hino, K. Atarashi, S. Onawa, Y. Fujimura, T. Lockett, J.
M. Clarke, D. L. Topping, M. Tomita, S. Hori, O. Ohara, T.
Morita, H. Koseki, J. Kikuchi, K. Honda, K. Hase, and H.
Ohno. 2013. Commensal microbe-derived butyrate induces the
differentiation of colonic regulatory T cells. Nature 504: 446-
450.

Arpaia, N., C. Campbell, X. Fan, S. Dikiy, d. van, V, P. deRoos,
H. Liu, J. R. Cross, K. Pfeffer, P. J. Coffer, and A. Y. Rudensky.
2013. Metabolites produced by commensal bacteria promote
peripheral regulatory T-cell generation. Nature 504: 451-455.
Ohnmacht, C., J. H. Park, S. Cording, J. B. Wing, K. Atarashi,
Y. Obata, V. Gaboriau-Routhiau, R. Marques, S. Dulauroy, M.
Fedoseeva, M. Busslinger, N. Cerf-Bensussan, I. G. Boneca,
D. Voehringer, K. Hase, K. Honda, S. Sakaguchi, and G.
Eberl. 2015. MUCOSAL IMMUNOLOGY. The microbiota
regulates type 2 immunity through RORgammat(+) T cells.
Science 349: 989-993.

Lee, J. B. 2016. Regulation of IgE-mediated food allergy by
IL-9 producing mucosal mast cells and type 2 innate lymphoid
cells. Immune Netw. 16: 211-218.

Peterson, L. W., and D. Artis. 2014. Intestinal epithelial cells:
regulators of barrier function and immune homeostasis. Nat.
Rev. Immunol. 14: 141-153.

Stefka, A. T., T. Feehley, P. Tripathi, J. Qiu, K. McCoy, S. K.
Mazmanian, M. Y. Tjota, G. Y. Seo, S. Cao, B. R. Theriault,
D. A. Antonopoulos, L. Zhou, E. B. Chang, Y. X. Fu, and C.
R. Nagler. 2014. Commensal bacteria protect against food
allergen sensitization. Proc. Natl. Acad. Sci. U. S. A. 111:
13145-13150.

Tan, J., C. McKenzie, P. J. Vuillermin, G. Goverse, C. G.
Vinuesa, R. E. Mebius, L. Macia, and C. R. Mackay. 2016.

IMMUNE NETWORK Vol. 17, No. 1: 48-59, February, 2017



Regulation of Allergic Responses by Commensal Microbiota

81.

82.

&3.

84.

85.

86.

87.

88.

Dietary fiber and bacterial SCFA enhance oral tolerance and
protect against food allergy through diverse cellular pathways.
Cell Rep. 15: 2809-2824.

Kelly, C. J., L. Zheng, E. L. Campbell, B. Saeedi, C. C. Scholz,
A. J. Bayless, K. E. Wilson, L. E. Glover, D. J. Kominsky, A.
Magnuson, T. L. Weir, S. F. Ehrentraut, C. Pickel, K. A. Kuhn,
J. M. Lanis, V. Nguyen, C. T. Taylor, and S. P. Colgan. 2015.
Crosstalk between microbiota-derived short-chain fatty acids
and intestinal epithelial HIF augments tissue barrier function.
Cell Host Microbe 17: 662-671.

de, K. S., E. Saeland, A. D. Kraneveld, H. J. van de Kant, B.
Schouten, B. C. van Esch, J. Knol, A. B. Sprikkelman, L. B.
van der Aa, L. M. Knippels, J. Garssen, K. Y. van, and L. E.
Willemsen. 2012. Galectin-9 induced by dietary synbiotics
is involved in suppression of allergic symptoms in mice and
humans. Allergy 67: 343-352.

Kim, J. H.,, E. J. Jeun, C. P. Hong, S. H. Kim, M. S. Jang, E. J.
Lee, S. J. Moon, C. H. Yun, S. H. Im, S. G. Jeong, B. Y. Park, K.
T. Kim, J. Y. Seoh, Y. K. Kim, S. J. Oh, J. S. Ham, B. G. Yang,
and M. H. Jang. 2016. Extracellular vesicle-derived protein
from Bifidobacterium longum alleviates food allergy through
mast cell suppression. J. Allergy Clin. Immunol. 137: 507-516.
Hill, D. A., M. C. Siracusa, M. C. Abt, B. S. Kim, D. Kobuley,
M. Kubo, T. Kambayashi, D. F. Larosa, E. D. Renner, J. S.
Orange, F. D. Bushman, and D. Artis. 2012. Commensal
bacteria-derived signals regulate basophil hematopoiesis and
allergic inflammation. Nat. Med. 18: 538-546.

Cahenzli, J., Y. Koller, M. Wyss, M. B. Geuking, and K. D.
McCoy. 2013. Intestinal microbial diversity during early-life
colonization shapes long-term IgE levels. Cell Host. Microbe
14: 559-570.

Kim, K. S., and C. D. Surh. 2015. Induction of Immune
Tolerance to Dietary Antigens. Adv. Exp. Med. Biol. 850: 93-
118.

Kim, K. S., S. W. Hong, D. Han, J. Yi, J. Jung, B. G. Yang, J.
Y. Lee, M. Lee, and C. D. Surh. 2016. Dietary antigens limit
mucosal immunity by inducing regulatory T cells in the small
intestine. Science 351: 858-863.

Yatsunenko, T., F. E. Rey, M. J. Manary, 1. Trehan, M. G.
Dominguez-Bello, M. Contreras, M. Magris, G. Hidalgo, R. N.
Baldassano, A. P. Anokhin, A. C. Heath, B. Warner, J. Reeder,
J. Kuczynski, J. G. Caporaso, C. A. Lozupone, C. Lauber, J.
C. Clemente, D. Knights, R. Knight, and J. I. Gordon. 2012.

http://immunenetwork.org

89.

90.

91.

92.

93.

94.

95.

96.

97.

Immune Network

Human gut microbiome viewed across age and geography.
Nature 486: 222-227.

Garrido, D., D. C. Dallas, and D. A. Mills. 2013. Consumption
of human milk glycoconjugates by infant-associated
bifidobacteria: mechanisms and implications. Microbiology
159: 649-664.

Longo, G., I. Berti, A. W. Burks, B. Krauss, and E. Barbi.
2013. IgE-mediated food allergy in children. Lancet 382:
1656-1664.

Sefik, E., N. Geva-Zatorsky, S. Oh, L. Konnikova, D.
Zemmour, A. M. McGuire, D. Burzyn, A. Ortiz-Lopez, M.
Lobera, J. Yang, S. Ghosh, A. Earl, S. B. Snapper, R. Jupp,
D. Kasper, D. Mathis, and C. Benoist. 2015. MUCOSAL
IMMUNOLOGY. Individual intestinal symbionts induce
a distinct population of RORgamma(+) regulatory T cells.
Science 349: 993-997.

Groschwitz, K. R., and S. P. Hogan. 2009. Intestinal barrier
function: molecular regulation and disease pathogenesis. J.
Allergy Clin. Immunol. 124:3-20.

Chen, C. Y., J. B. Lee, B. Liu, S. Ohta, P. Y. Wang, A. V.
Kartashov, L. Mugge, J. P. Abonia, A. Barski, K. Izuhara, M.
E. Rothenberg, F. D. Finkelman, S. P. Hogan, and Y. H. Wang.
2015. Induction of interleukin-9-producing mucosal mast cells
promotes susceptibility to IgE-mediated experimental food
allergy. Immunity 43: 788-802.

Arrieta, M. C., K. Madsen, J. Doyle, and J. Meddings. 2009.
Reducing small intestinal permeability attenuates colitis in the
IL10 gene-deficient mouse. Gut 58: 41-48.

Sawa, S., M. Lochner, N. Satoh-Takayama, S. Dulauroy, M.
Berard, M. Kleinschek, D. Cua, J. P. Di Santo, and G. Eberl.
2011. RORgammat" innate lymphoid cells regulate intestinal
homeostasis by integrating negative signals from the symbiotic
microbiota. Nat. Immunol. 12: 320-326.

Chang, S. Y., J. H. Song, B. Guleng, C. A. Cotoner, S. Arihiro,
Y. Zhao, H. S. Chiang, M. O'Keeffe, G. Liao, C. L. Karp,
M. N. Kweon, A. H. Sharpe, A. Bhan, C. Terhorst, and H. C.
Reinecker. 2013. Circulatory antigen processing by mucosal
dendritic cells controls CD8(+) T cell activation. Immunity 38:
153-165.

Mazzini, E., L. Massimiliano, G. Penna, and M. Rescigno.
2014. Oral tolerance can be established via gap junction
transfer of fed antigens from CX3CR1(+) macrophages to
CD103(+) dendritic cells. Immunity 40: 248-261.

59





