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Food allergy is an atopic disease that is caused by the immune system targeting
harmless food antigens that can result in life-threatening anaphylaxis. As humans and
microbes have co-evolved, inevitably commensal microbes have a tremendous impact
on our health. As such, the gut with its enormous microbial richness reflects a highly
tolerogenic environment at steady state, in which immune cells are educated to react
in a well-calibrated manner to food and microbial antigens. Recent evidence indicates
that the susceptibility to food allergy is critically linked to microbial dysbiosis and can
be transmitted by microbial transfer from humans to mice. Experimental work and
epidemiological studies further point toward a critical time window in early childhood
during which the immune system is imprinted by microbial colonization. Particularly,
Foxp3-expressing regulatory T cells turn out to be key players, acting as rheostats for
controlling the magnitude of food allergic reactions. An increasing number of bacterial
metabolites has recently been shown to regulate directly or indirectly the differentiation
of peripherally induced Tregs, most of which co-express the RAR-related orphan
receptor gamma t (RORyt). Genetic ablation provided additional direct evidence for
the importance of RORyt+ Tregs in food allergy. Future strategies for the stratification
of food allergic patients with the aim to manipulate the intestinal microbiota by
means of fecal transplantation efforts, pre- or probiotic regimens or for boosting oral
immunotherapy may improve diagnosis and therapy. In this review some of the key
underlying mechanisms are summarized and future directions for potential microbial
therapy are explored.

Keywords: intestinal microbiota, food allergy, regulatory T cells, Foxp3, oral tolerance, anaphylaxis, bacterial
metabolites

INTRODUCTION

The enormous collection of microorganisms living in and on us is collectively referred to as
microbiota. Bacteria, archaea, eukaryotes, and their associated viruses compose a highly complex
microbial ecosystem (1). The microbiota has co-evolved during the evolution of all multicellular
organisms and has become a de facto and even necessary “organ” in all modern vertebrates,
fulfilling basic functions like the provision of nutrients and essential vitamins (2, 3). Today, there is
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strong evidence that correct physiological functioning of
this organ is dependent on a harmonious host-microbiota
relationship (4).

On the other hand, vertebrates have evolved complex innate
and adaptive immune functions, responsible for detecting,
containing, and eliminating a large array of microbial pathogens
(5, 6). Even some of the simplest forms of multicellular
organisms, such as hydrozoans, exhibit innate immune pathways
responsible for the recognition, and maintenance of certain
bacterial associations (7). The discrimination between beneficial
and pathogenic microorganisms poses a major challenge for the
immune system that we are only beginning to understand.

Humans are no different in this respect: we have been
surrounded by a great number of microorganisms for the
majority of human history co-evolving with our microbiota
(1). Today, abundant evidence indicates that the microbiota is
essential for the correct functioning of human physiology (8).
However, recent human development has shifted our relationship
with microorganisms in a short time period, evolutionarily
speaking, and these rapid changes were not accompanied by the
necessary adaptations to our changing microbiota (Figure 1).
Improvements in our way of life have extended our life
spans, through medicine, sanitation, and industrialization of our

food production system. With these changes, a large array of
microbial infections is no longer a death sentence for humanity.
Simultaneously, there was a marked increase in prevalence
of several immune-related disorders, such as Crohn’s disease,
asthma, and food allergies (9). This relationship was already
noticed in the late 1980’ and early 1990%, eventually being
named the Hygiene Hypothesis: we removed the infections,
but in the process, the immune system lost something as
well (10).

Today, we understand that not the removal of pathogens itself,
as initially proposed, has an effect on our immune responses,
but the processes that eliminated dangerous pathogens have also
eliminated other microbial and fungal bystanders and eventually
multicellular parasites such as helminths (e.g., Ascaris, Trichuris,
or Schistosomes) from our microbiota, breaking a beneficial
relationship selected over eons of evolution (11). Eventually,
modern humans and particularly those living in developed
countries have irretrievably lost certain ancient microorganisms
that have been instrumental to set up a healthy host-microbial
homeostasis (12). If this homeostasis cannot adequately be
reached during colonization in childhood, an enhanced risk
of atopic diseases including food allergy may be one long-
term consequence.

&

\

FIGURE 1 | lllustration of changes in life style factors having an impact on the intestinal microbiome. Humans have shifted very quickly from an ancestral to a modern
way of living, evolutionarily speaking. These changes have impacted the balance between the intestinal microbiota and the immune system.
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ALTERATION OF THE GUT MICROBIOTA IN
FOOD ALLERGIC PATIENTS

Some studies have directly related food allergies and the gut
microbiome in patients (13, 14). Still, the current understanding
for the implication of the microbiota in human allergies is
mostly based on epidemiological studies including birth cohorts.
The current use of bacterial 16S rRNA sequencing, as well
as metagenomic sequencing, allows the characterization of
the microbial composition of both the environment and the
intestinal microbiome. Several large cohort studies conducted in
children raised in a traditional farming environment revealed
a protective effect of this environment and this has been
positively correlated to bacterial and fungal diversities found in
these environments (15-19). Similarly, distinct communities of
bacteria have been found in stool samples of neonates which
preceded later signs of allergic asthma (20). Importantly, such
communities led to an enhanced allergic lung inflammation
after transplantation into germfree mice that provided direct
evidence for the underlying causality. In another study,
analysis of stool samples from neonates revealed three different
microbial patterns one of which being associated with multiple
sensitizations to various allergens: such microbiomes showed
lower relative abundance of Bifidobacterium, Akkermansia, and
Faecalibacterium and increased levels of the metabolite 12,13-
dihydroxy-9Z-octadecenoic acid (12,13-DiHome), which has
been confirmed to aggravate allergic lung inflammation in
murine models (21, 22).

In prior studies, the amount of exposure to conserved
bacterial products such as Lipopolysaccharide (LPS) from the
environment has already been negatively correlated to atopic
sensitization and this was associated with reduced production
of cytokines by peripheral blood leukocytes (16). Another more
recent large cohort study tracked the intestinal microbiome
composition within the first years of life. Although initially
intended for observing the microbiome’s influence on the
incidence of diabetes, the cohort provided the opportunity
to show HLA matched class risks in geographically distinct
locations (23). Despite the initial non-allergic focus of the study,
it found that growing up with a comparatively modern lifestyle
is associated with an increased risk of atopy and autoimmune
manifestations. Children from Finland showed a relatively high
sensitization rate toward typical allergens such as milk and
egg, Russian children only showed a relatively low frequency
of sensitization and Estonian children were intermediate.
Fecal samples of Finish and Estonian children showed a
relative high abundance of Bacteroides, while Russian children
had a higher abundance of Bifidobacterium. Interestingly,
metagenomic analysis revealed that LPS synthesizing gene
clusters were among the most differentially expressed pathways
between the three groups. The authors then demonstrated
that the origin of the LPS (Bacteroides spp. vs. E. coli)
leads to a structural difference with a strong effect on the
immunostimulatory capacity of these variants on primary
human peripheral blood monocytes (23). This revealed how
the structural variation of a single component sensed by
pattern recognition receptors (PRRs) due to differences of

microbial compositions early in life may contribute to enhanced
sensitization rates and thus risk of food allergy in children. It is
possible that much more structural variations of such microbial
determinants sensed by the PRRs of the immune system exist and
educate the microbiota-host homeostasis in children.

MECHANISTIC INSIGHTS FROM MURINE
MODELS

While human studies are often limited due to being correlative,
murine models provide a defined system for the determination
of the mechanistic basis of the microbiota’s impact on health
and disease in the host. However, it has to be acknowledged that
there are profound differences between the digestive system and
microbiota of humans and mice as reviewed in (24).

Experimental evidence from murine models has shown
that the intestinal microbiota protects the host from allergic
inflammation by: (I) contributing to the establishment of
antigen-specific oral tolerance, (II) preventing excessive
inflammation, (III) impacting on various aspects of host
physiology, such as intestinal barrier function, degradation
of xenobiotics, production of metabolites, and, (IV) directly
contributing to the development of both the innate and adaptive
immune system, such as basophil hematopoiesis (25).

Mice housed under germ-free conditions or treated with
broad-spectrum antibiotics gave the first direct hints that the
microbiota is essential to maintain a balanced (and thus a non-
type 2 immunity prone) immune system. Such mice typically
show elevated serum Immunoglobulin E (IgE) levels while
all other immunoglobulins are downregulated (25-27). The
microbiota maintains IgE at basal levels which requires microbial
exposure during early live (28). In the absence of microbial
colonization during this time window, Th2-skewed follicular
helper T cells (Tfh) may develop that support class-switching
to IgE in B cells which is directed against food antigens (29).
A recent study has identified a special subset of allergen-
specific Tth cells that secrete IL-4 and particularly IL-13 which
are instrumental to induce anaphylactic IgE (30). Interestingly,
another study found expression of RAG proteins in B cells within
the intestinal lamina propria exclusively around the time of
weaning (31). As the positive and negative selection of B cells is
thought to occur primarily in the bone marrow these results point
toward another step of B cell education in response to microbial
colonization. This could be particularly important in the case of
food allergy as IgE specific for both bacteria and food antigens
has been found in patients and mice with food allergy (32).

Antibiotic treatment in mice can also result in exaggerated
basophil-mediated Th2 cell responses and allergic inflammation,
indicating that the microbiota directly restrains the size of
circulating basophil populations by limiting the proliferation
of bone marrow resident precursor populations (25).
Recolonization of germfree mice with specific bacterial strains
(such as Clostridia mixtures) leads to decreased allergen-specific
IgE and reduced susceptibility to anaphylactic reactions in a
model of peanut allergy (33). Recolonization with Clostridia in
this model also reduced the uptake of the allergen by affecting
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the intestinal barrier permeability. This effect can be mimicked
by genetically limiting intestinal barrier integrity, e.g., through
knockout of the transcription factor retinoic acid receptor-
related orphan receptor gamma t (RORyt). RORyt is a major
regulator of intestinal IL-22-producing immune cells such as
ILC3s or y8 T cell subsets known to enforce the intestinal
barrier (33, 34). Still, permeability in the intestinal tract is most
likely not the only decisive factor as exposure to intestinal
microbes generally leads rather to a Thl- and Th17-dominated
immune response.

Furthermore, transplantation of gut microbiota samples from
children with food allergy into germfree animals led to more
severe anaphylactic reactions when such xenotransplanted mice
were challenged with allergen in a food allergy model (32, 35).
This provides direct evidence that a human intestinal microbiota
from allergic children can confer this susceptibility to another
species, representing a key step in understanding the underlying
causality. Other barrier sites apart from the intestine also show
exaggerated allergic reactions in the absence of microorganisms.
For example, germfree mice or very young mice with incomplete
colonization show an increased Th2 immunity and worsened
allergic lung inflammation, supporting the beneficial role of the
microbiota also in the lung (27, 36).

THE MICROBIOTA AND TREGS

Regulatory T cells (Tregs), characterized by the expression of
the transcription factor Foxp3, and Trl cells, characterized by
the expression of immunoregulatory cytokines such as IL-10
in the absence of Foxp3, are critical for regulating immune
responses, dampening inflammation and for general homeostasis
of barrier surfaces (37, 38). The microbiota can directly impact
on the frequency of Tregs, as oral administration of murine
and human Clostridia strains transferred into germfree mice
leads to a drastic increase in Treg frequencies within the colon
(39, 40). Surprisingly, germfree mice do not harbor less Tregs
in the small intestine which may be due to an altered de-
differentiation process of Tregs at this site (41). Similar to the
intestinal microbiota, colonization of the skin was shown to
recruit Tregs during a specific time window and these Tregs are
most likely specific for such commensal microbes (42).

Two types of Tregs can be distinguished according to the
origin of differentiation: Thymic-derived Tregs (tTregs) that
are selected within the thymus probably due to recognition
of self-antigens, and peripherally induced Tregs (pTregs) that
differentiate in peripheral organs from naive T cells. In the
intestine, microbial colonization is responsible for inducing the
differentiation of pTregs (43). Preventing pTreg differentiation
by knocking out the CNS1 (conserved non-coding sequence 1)
region next to the Foxp3 promotor revealed that these immune
cells prevent a spontaneous type 2 immune bias at mucosal
sites (44). Dietary antigens from solid foods are also tolerized
by inducing a population of short-lived pTregs in the small
intestine where uptake of nutrients including food allergens most
likely takes place (45). Interestingly, germfree animals raised in
the absence of macronutrients revealed that in the absence of

both dietary and microbial antigens (and therefore the majority
of intestinal pTregs), the adaptive intestinal T cell response
is heavily skewed toward a Thl-dominated response whereas
the absence of microbes alone heavily skews the intestinal T
cell responses toward a Th2-dominated and therefore pro-
food allergy immune response (45). Therefore, immunological
tolerance of dietary antigens is of pivotal importance but the
intestinal microbiome most likely is a key driver in preventing the
Th2-skewing after recognition of dietary antigens and limiting
the susceptibility toward food allergy. We and others have
demonstrated that microbiota-induced pTregs share features
with intestinal Th17 cells, such as the expression of the
transcription factor RORyt (46, 47). Their induction can be
mediated by a diverse range of bacterial species and the lack of
RORyt+ Tregs leads to exacerbated Th2 and Th17 pathology in
the intestine (46, 47). Noteworthy, RORyt+ Tregs have also been
detected upon oral exposure to food antigens using transgenic
T cells recognizing an epitope from chicken ovalbumin (45, 46).
Due to the highly artificial nature of such T cell receptor (TCR)
transgenic T cell transfer approaches and the observation that
germfree mice raised in the presence of solid food and thus food
antigens still show a dramatic reduction in RORyt+ Tregs, the
relevance of this observation remains to be investigated in more
physiological conditions.

In order to exploit the induction of pTregs by the microbiota
for therapeutic purposes, the underlying mechanisms for this
induction needs to be understood on a molecular level. Recent
evidence indicates that bacterial metabolites, such as short-chain
fatty acids (SCFAs) (48, 49) and cell surface polysaccharides from
typical commensals, such as Bifidobacterium bifidum, are capable
of inducing pTregs (50), further confirming the impact of the
microbiota on this cell population. More recently, secondary bile
acids were shown to induce Foxp3 expression in naive T cells
either directly or in a dendritic cell-dependent manner (51-53).
In particular, Isodeoxycholic acid producing bacteria increased
colonic RORyt+ Tregs in vivo, which was not observed when
transplanting bacteria unable to generate this secondary bile
acid (53).

Furthermore, RORyt+ Tregs have been shown to have a
protective role in a model of food allergy, and the expression
of RORyt is indispensable for this function (32). The same
group reported that RORyt-expression in Tregs can also be
detrimental for allergic inflammation of the lung, as it may
drive the expression of pro-inflammatory cytokines in different
conditions (54). These studies relied on an elegant murine model
of enhanced signaling via the interleukin 4 receptor (IL-4R). It
is based on a point mutation within the intracellular domain
of the IL-4R that has also been found in a subset of patients
with food allergy (55). As a consequence, intestinal Tregs start
to (over-)express the transcription factor Gata3 and secrete the
cytokine IL-4, making this Treg population rather a pathogenic
driver of food allergy than an immune regulator (56). Such type 2
prone Tregs are less stable but most likely their differentiation
is independent from microbiota effects, as Gata3+ Tregs can
be found in germfree animals and Gata3 and RORyt expression
are usually mutually exclusive (46, 57). Still, transplantation of
fecal samples from IL-4R mutated mice subjected to food allergy
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FIGURE 2 | Basic principles of host-microbiota interaction relevant for food allergy. The scheme indicates major bacterial molecules from various bacterial sources
that have been linked to (RORyt+) Treg induction and protection from sensitization and/or food allergy. Protective microbial factors may include but are not limited to
variants of lipopolysaccharide (LPS) from different bacterial species, cell surface polysaccharides from typical commensals such as Bifidobacterium bifidum (CSGG,
Cell-surface B-glucan/galactan polysaccharides), short chain fatty acids (SCFA) and secondary bile acids that all act directly on T cells or on accessory cells such as
dendritic cells (DC). Microbiota-dependent RORyt+ Tregs are thought to protect against excessive accumulation of T cells secreting type 2 cytokines such as
interleukin 4 (IL-4) and interleukin 13 (IL-13). Ultimately, a tight restriction of B cells secreting IgE specific for food and bacterial derived antigens, which is thought to be
mediated by T follicular helper cells (Tfh), must be achieved to prevent systemic reactions, such as anaphylaxis. Regulation of the intestinal microbiota may be
accomplished through bacterial coating by host or maternally-derived luminal IgA and controlled barrier function.

can confer the enhanced Th2 skewing and allergic reactions to
wildtype animals suggesting that excessive IL-4R signaling also
has a strong impact on the microbiota (58). In other contexts,
Gata3 expression in Tregs has been proposed as a general
hallmark of Tregs residing within different tissues as compared
to secondary lymphoid organs making it questionable whether
Gata3+ Tregs can generally be considered pathogenic in patients
without mutations in the IL-4R pathway (59).

Altogether, the discovery of different Tregs subsets with
unique functions offers a cellular and molecular link to how
microbial compositions may modulate the risk for allergic

inflammation (Figure 2). Whether these microbial effects act
directly on T cells, and how much other cellular players known
to regulate T cell fate, such as dendritic cells, contribute
to microbiota-mediated effects remains a matter of current
investigation (53, 60).

DISCUSSION

Current treatment for food allergies mainly comprises rescue
medication treatment after exposure and allergen avoidance.
Desensitization can only be achieved with specific oral
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immunotherapy (OIT), however it is a lengthy process of
several years and full remission only occurs in up to 50% of the
subjects who have undergone OIT for milk, egg and peanut and
adverse reactions are common (61). Treatment options utilizing
a preventive effect of the microbiota have been few and limited
to probiotics and fecal microbial transplantations (FMTs) with
no clear overall effective results (62). The integration of RORyt+
Treg frequencies for patient stratification and assessment of
OIT and FMT effectiveness could lead to better success rates
in the future. As more and more bacterial strains and bacterial
metabolites have been identified to regulate RORyt4 Treg
homeostasis, more patient-tailored treatment options may be
developed. For instance, colonization of mice and humans with
certain Clostridiales taxa has already been linked to protection
from food allergy, yet the efficacy of a therapeutic application
in humans remains to be investigated (32, 35). Furthermore,
the clinical application of microbe-based therapeutics may be
complicated by several factors including the variability of the host
microbiome composition in FMTs, stably imprinted intestinal
microbial ecosystems, unforeseen side effects on host physiology
and the impossibility to reprogram existing long-lived immune
cells (e.g. T-and plasma B cell populations). However, not only
microbe- but also parasite-derived molecules may be used in the
future for the treatment of food allergies as particularly helminth
parasites have been part of our intestinal microbiota over
long periods of human evolution. Currently, such treatments
are already tested for therapeutic purposes in allergic airway
inflammation models and it has already been established that
they can act on several cell types, including myeloid cells, and on
the differentiation/proliferation of Tregs (63-65).

In general, RORyt+ Tregs may serve as an indicator for
the patient’s microbiota in a “dysbiotic” state and the respective
patient being at elevated risk of allergic or other inflammatory
diseases (66). Still, the assessment of this cellular parameter is
currently not possible in clinical settings and exemplifies the
medical need for the identification of surrogate measurements.
As long as the microbiota host interaction and the metabolic
pathways of certain species remain only partially understood,
the interventions to manipulate the microbiota will remain
largely unspecific, and the potential of such microbiota-based
therapies are limited. Ultimately, the exploitation of metabolic
pathways and other RORyt+ Treg-stimulating agents by
changing microbial compositions to enhance oral tolerance and
protect from sensitization and food allergy is nevertheless highly
attractive. Many questions in this regard remain unanswered,
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