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Regulation of oral immune tolerance by the microbiome

in food allergy
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The steep rise in the incidence and prevalence of food allergy
(FA) in the last few decades have focused attention of
environmental mechanisms which act to promote disease,
chief among which is the microbiome. Recent studies have now
established the presence of pathogenic dysbiosis in FA that
could be precipitated by a variety of environmental insults,
including among others antibiotic usage and mode of delivery,
that act to subvert the immune regulatory response that
enforce tolerance to dietary antigens. A key attribute of this
dysbiosis is the loss of Clostridial bacterial species that act to
promote the formation of food allergen-specific nascent
regulatory T cells in the gut. Significantly, different
immunoprotective commensal bacteria, including members of
the Clostridiales and Bacteroidales orders act to induce the
transcription factor RORyt in nascent Treg cells via an
upstream MyD88-dependent mechanism to promote tolerance
to dietary antigens. Activation of this axis is disrupted by the
dysbiosis, and can be restored by treatment with therapeutic
microbiota. These findings highlight the potential for novel
microbiota-based approaches to the prevention and treatment
of the FA epidemic.
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Introduction

The mammalian immune system is tailored to tolerate self-
antigens while responding appropriately to foreign antigens
such as those of pathogens. However, although dietary
antigens are foreign to the immune system, a healthy
immune surveillance of innocuous dietary antigens entails
a state of immune non-responsiveness, referred to as ‘oral

L))

Check for
updates

tolerance’. In food allergy (FA), there is failure to achieve
oral tolerance to one or more foods that is associated with
the emergence of a pathogenic T-helper 2 (T'h2) response
directed against food antigens [1°]. Although allergic
diseases were well recognized in the pre-industrial era,
there has been a dramatic increase in their incidence and
prevalence in the past decades, rendering them a major
public health concern [2]. In particular, the prevalence of
FA in recent years has increased worldwide, now affecting
up to 8% of children and 3% of adults in affluent societies
[3,4]. The sudden emergence of the allergy epidemic has
sharply coincided with lifestyle changes associated with
modernity, suggesting a possible role for environmental
factors in influencing the development of allergies [2].

In 1989 Strachan provided a hypothesis to explain the
increased prevalence of allergic diseases by proposing that
improved hygiene coupled with dwindling family size
reduced the risk of childhood cross-infections that would
normally protect against allergic diseases [5]. Later studies
have modified the original hygiene hypothesis to suggest a
role foranaltered microbial florain predisposing toallergies,
reflective of the impact of an affluent life style in restricting
exposure and colonization with commensal bacteria [6].

T'he gastrointestinal tract is a niche for diverse microbial
communities that harbors an estimated 10" bacteria per
milliliter of the luminal content in the colon [7]. Early life
microbial colonization is largely influenced by the mode
of delivery (vaginal versus caesarian-section birth), diet
(breast versus formula feeding), antibiotic exposure and
probiotic intake, all of which can impact and restructure
the infant’s microbial communities [8]. Normally,
healthy, diverse communities of commensal bacteria pro-
gram favorable tolerogenic immune responses that offer
effective long-term protection against the development
of allergic and inflammatory diseases [9]. In contrast,
aberrant colonization leads to dysbiosis and enhances
the susceptibility of the host to atopic and inflammatory
diseases. In particular, dysbiosis has been implicated as
playing a critical initiating role in the pathogenesis of FA
and its persistence. Below, we will review studies that
have detailed the cellular and molecular circuitries by
which the microbiota promotes tolerance to foods, and
how dysbiosis disrupts these mechanisms to promote FA.

Role of dysbiosis in FA

There is substantial evidence for the role of dysbiosis in
the pathogenesis and course of FA in both human FA
subjects and in mouse models of FA [10]. Initial studies
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based on culturing microbes on selective media suggested
that in comparison to healthy infants, cow milk FA infants
had higher total and anaerobic bacterial counts [11].
However, there was no association of food sensitization
and culturable commensal bacteria in three European
cohorts [12]. Nevertheless, culture-based techniques
are inherently biased in favor of specific subsets of
bacteria that grow in selective media, thus side-stepping
a large proportion of the gut flora are unculturable.

Subsequent studies employing the 16S rRNA gene
sequencing have provided a clearer perspective on the
impact of dysbiosis in FA. Among a cohort of 166 infants
participating in the Canadian Health Infant Longitudinal
Development (CHILD) study, it was found that reduced
microbial diversity early in life (three months of age) was
associated with increased likelihood of food-sensitization
later in life (12 months of age). The reduction in microbial
diversity was accompanied by diminished Bacteroidaceae
species and an enriched Enferobacteriaceae species [13].
Every quartile increase in microbial diversity or richness
reduced the risk of sensitization to food by 55%, and
conversely reduced Bactervidaceael Enterobacteriaceae ratio
enhanced the risk of sensitization to food by twofold [13].

Another study from a cohort of 226 milk-allergic infants
examined the gut microbiome composition at 3—6 months
of age and corelated the persistence and resolution of milk
allergy at eight years. Infants enriched with Firmicutes and
Clostridia early in life tended to resolve their milk allergy
later in life. However, the gut microbiome composition at
older age (eight years) was similar among patients who
persisted milk allergy in comparison to those whose milk
allergy resolved, thus suggesting that early immune matu-
ration in the presence of certain commensals may harbor
long-term effects later in life [14].

The role of dysbiosis in eczema and its relationship with
FA has not been sufficiently addressed. In one study, an
analysis of Infants with eczema by 18 months showed
increased bacterial genera of Enterobacteriaceae and
Parabacteroides species in the first 26 weeks, as well as
decreased lactate-utilizing bacteria producing butyrate,
including Eubacterium and Anaerostipes taxa, with
increased lactate and decreased butyrate levels [15].
Collectively, studies on the role of dysbiosis in human
FA have remained correlative, raising the question of
whether the observed changes in fecal flora had any
impact on disease pathogenesis.

Direct evidence forarole for dysbiosis in the pathogenesis of
FA was first described in studies that employed a FA-prone
strain of mice, the 114rd""" mice, which harbor a gain-of-
function mutation in the Interleukin-4 receptor-alpha chain
(IL-4Ra) [16]. Acquisition of FA in the /472" 7" mice was
associated with a gut microbiota signature that was distinct
form that of similarly treated but FA-resistant wild-type

(WT) mice [17]. Importantly, fecal microbiota transfer
(FMT) from the 1/4ra""" to WT germ-free (GF) mice
transmitted heightened susceptibility to FA. The 1/4ra"""
microbiota-reconstituted GF mice had increased ovalbumin
(OVA)-specific IgE responses and symptoms consistent with
anaphylaxis upon oral OVA sensitization and challenge.
Interestingly, enforcing oral tolerance in //4ra""* mice by
means of therapy with OVA-specific regulatory T cells
(Tregs) suppressed allergen sensitization and restructured
the pathogenic gut microbiota. In contrast to the pathogenic
role for the dysbiotic bacteria in FA, the gut microbiota of
healthy infants is largely protective. Transfer of healthy
infant microbiome characterized by a dominance of
Bifidobacterium and Bacteroides into wild type GF mice
suppressed B-lactoglobulin specific [gG1, mast cell degran-
ulation and anaphylaxis upon 3-lactoglobulin challenge [18].

Precision microbiota therapies in FA

Building on these aforementioned studies, two new
reports further our understanding on the impact of gut
flora in influencing the development of FA. Feehley ez /.
performed FMT from four healthy infants and four cow’s
milk allergic infants in to GF mice [19°°]. Similar to the
previous findings, they found that FMT from healthy
infants suppressed the development of allergic sensitiza-
tion to B-lactoglobulin. Of note they also demonstrated
that the GF mice that received the FMT from milk-
allergic subjects failed to suppress the development of
FA. In line with these studies we have also observed that
FA subjects manifest a dysbiotic flora that fail to suppress
the development of FA in GF 1/4ra""% mice, whereas
those of heathy infants are protective even in the context
of a genetically FA prone host [20°°]. Moreover, these two
reports separately identify FA protective bacteria that are
impacted by dysbiosis. By analyzing the fecal microbiota
of GF mice colonized with healthy versus cow milk
allergic human infant fecal flora, Feehley ez 4/. identified
Anaerostipes caccae to be the most closely matching
bacteria to operational taxonomic units (OT'Us) that were
abundant in colonized GF mice, and were also associated
with a differentially expressed epithelial transcriptional
signature. Monocolonization of GF mice with A. caccae
protected against the induction of FA by suppressing
antigen-specific allergic responses and symptoms of ana-
phylaxis [19°°].

In a separate approach, by analyzing differentially
expressed OTUs in the fecal microbiota of healthy
control (HC) infants versus those with FA at different
age groups ranging from 1 to 30 months of age, we
identified dysbiotic changes involving up to 77 OTUs
in the microbiota of FA infants [20°°]. Interestingly, most
of these changes were maintained when milk allergic
subjects were excluded, indicating that the dysbiosis is
a common feature across subjects with different FA. The
dysbiosis in FA was determined to be pathogenic,
evidenced by the failure fecal flora of FA infants to
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protect GF 17/4r4""° mice from developing FA, whereas
those of HC infants did. Similarly, the fecal flora of
FA-resistant wild-type mice but not that of the FA-prone
114ra""" mice protected against FA when transplanted
into GF /4ra""" mice. Thus, dysbiosis is an essential
feature of FA across mammalian species and plays a
critical role in disease pathogenesis.

Of the OTUs affected by the dysbiosis, several were
commensals of the order Clostridiales that were decreased
in the FA infants at one or more age group. In particular,
we identified one Clostridiales species, Subdoligranulum
variabile, to be underrepresented in the FA infants age
one year and older irrespective of the food allergens they
are reactive to, suggesting that deficiency may act as a
switch to promote FA [20°°]. Importantly, treatment
of conventional (bacteria sufficient) 114727 with
S. variabile protected against their development of FA
by suppressing antigen-specific allergic responses and
attributes of anaphylaxis [20°°].

Together, these reports extend our understanding of the
impact of microbial flora in regulating immune response
to food antigens, they also raise an important translational
question of whether the gut microbiota can be harnessed
in treating and preventing FA.

Host gene-microbiota interactions mediating
immune tolerance in FA

Commensals play an essential role in mediating immune
tolerance at the mucosal interface by promoting a number
of immunoregulatory mechanisms, most notably the
generation of regulatory T (Treg) cells [21-23]. In the
gut, nascent induced Treg cells specific for dietary anti-
gens are derived upon the interaction of naive CD4"
T cells with antigen-presenting classical dendritic cells
(cDC) that express the surface marker CD103, MHCIT",
and CCR7", consistent with a migratory cDC phenotype
[24]. The mechanisms by which commensals promote
tolerance in FA have been explored in a series of studies.
Commensals of the order Clostridiales and Bacteroidales
drive the differentiation of induced Treg (i'Treg) cells
expressing the transcription factor RORvyt, which have
been implicated in maintaining mucosal tolerance in the
gut [25,26]. In particular, induction of RORyt" Treg cells
in the draining lymph nodes of the small intestine appears
critical to establish tolerance to luminal antigens in the
gut [27°°]. However, different outcomes have be
described as a consequence of Treg cell-specific deletion
of floxed Rorc allele, encoding Roryt, using a Foxp3-
driven Cre recombinase [25,26,28°%29]. Sefik ez al. have
reported dysregulated Th17 cell responses in the
Foxp3©Rorc™* mice in models of inflammatory bowel
disease [25]. In contrast, Ohnmacht ¢/ «/. found that
deletion of Rorec in Treg cells resulted in dysregulated
Th2 responses [26]. In our own studies, several lines of
evidence indicated that deficiency of RORyt" Treg cells
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directly contributes to the pathogenesis of FA [20°°].
First, Both FA human subjects and 7/4ra"""’ mice had
decreased RORyt™ Treg cells in circulation, and the latter
also in the mesenteric lymph nodes and the small intesti-
nal lamina propria. Instead, there is the emergence of Th2
cell-like reprogrammed Treg cells that fail to suppress
allergen-specific T cell responses [30,31°], and which
contribute to disease pathogenesis by secreting IL.-4 to
promote allergen-specific IgE responses and mast cell
expansion [30]. Furthermore, the dysbiotic flora of FA
infants ineffectively induced RORvyt" Treg cells when
transplanted in GF 1/4r4"7" mice as compared to those of
HC infants. Significantly, we found that therapy with
small consortia of Clostridiales and Bacteroidales species, or
monobacterial therapy with §. variabile, protected against
the development of FA in the [/474"7%° mice and
suppressed established disease by inducing RORyt Treg
cells [20°°]. Deletion of Rorc in Treg cells in otherwise
FA-resistant wild-type mice precipitated their suscepti-
bility to FA, while its deletion in //4ra" 7 mice abrogated
the efficacy of the consortia in protecting these mice
against FA. Collectively, these results established a causal
relationship between the induction by the commensal
microbiota of protective RORyt™ Treg cells and
protection against FA, and also established the failure
of this mechanism as a critical link in the development of
FA in human infants.

The mechanisms operative in the generation by the
commensal microbiota, including the Clostridiales and
Bacteroidales consortia, of protective RORyt™ Treg cell
proceeded via a Treg cell-specific common upstream
pathway involving the Myeloid differentiation primary
response 88 (MyD88), an essential signal transducer of
several innate immune cytokines (IL.-1, IL-18, 11.33) and
the Toll-like receptor signaling pathways. Deletion of
MyDS8S in Treg cells abrogated the protective effect of the
consortia, thus establishing a MyD88-RORvyt signaling
axis operative in nascent Treg cells in the gut
that mediates tolerance induction by the commensals
in FA [20°°] (Figure 1). The activation of this axis
implies antigen-independent mechanisms (such as
TLLR activation) that would promote the differentiation
of RORvyt" Treg cells specific for commensal bacterial,
including those that are potentially pathogenic
(pathobionts), as well as dietary antigens. Further studies
would be required to delineate the contribution to the
RORyt™ Treg cell T cell receptor repertoire of dietary
and bacterial antigen specificities.

It has been previously established that MyD88 in Treg
cells regulates the IgA response to gut commensals and
dietary antigens [32,33], which in turn plays an essential
role in engendering host—-microbiome symbiosis [34].
Consistent with the disruption of the commensal
microbiota-Treg cell MyD88-RORyt" axis in FA, we
found that FA infants and mice had decreased secretory
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(Left) Under homeostatic conditions, antigen presenting cells (classical CD103* dendritic cells) promote the formation of nascent dietary antigen-
specific iTreg cells. Further signals delivered by the commensal microbiota via MyD88 in nascent iTreg cells drive the expression of ROR-vyt, which
may regulate tolerance to dietary antigens by a range of mechanisms, including inhibition of antigen-specific helper T 2 (Th2) cell responses,
suppression of pathogenic Th2 cell-like reprogramming of Treg cells and of mast cell activation, and the production of barrier-protective cytokines
such as IL-22. (Right) Under conditions of FA, dysbiosis compromises the differentiation of naive T cells into ROR-yt* iTreg cells. Instead, there is
expansion of iTreg cells with a Th2 cell-like phenotype characterized by increased GATAS3 expression and IL-4 secretion. These pathogenic Treg
cells are unable to suppress mast cell activation or Th2 cell expansion, leading to a dysregulated FA response with dietary allergen-specific IgE

responses and a compromised barrier integrity.

IgA binding to gut bacteria and, remarkably, increased
IgE binding. These findings suggest that FA allergy
entails a broader breakdown in oral tolerance than
hitherto appreciated, involving impaired tolerance to
both dietary and bacterial antigens, underlied by the
disruption of a healthy commensal-host symbiotic inter-
action with a disease promoting pathogenic dysbiosis.

The nature of the signals delivered by the microbiota to
promote tolerance to dietary antigens remains unclear.
Short chain fatty acids (SCFA) products of the commensal
bacteria, including acetate, propionate and butyrate, have
previously been proposed to suppress FA by eliciting
protective mucosal Treg cell responses and enhancing
intestinal barrier integrity [35-38]. SCFAs bind to
G-protein coupled receptors (GPCRs): GPR43 or Free
fatty acid receptor 2 (FFAR2), GPR41 (FFAR3) and
GPR109A with varying affinities. In one model of FA,

treatment with SCFA ameliorated the allergic response,
while global deletion of Gpr43 rendered mice susceptible
to FA induction [38]. However, in FA 147" 7% mouse
model, the mice were not deficient in SCFA, and treat-
ment with SCFA did not induce RORvyt" Treg cells nor
did it protect the mice from developing FA. Furthermore,
there was no correlation between the production by
bacterial consortia of SCFA and their effectiveness in
treating FA in mice [20°°]. These results suggest that
the role of SCFA in the recruitment of Treg cells to the
mucosal interface and in the consolidation of their
phenotype may be distinct from processes governing
the differentiation of Treg cells. Overall, the contribution
of SCFA to the pathogenesis of FA requires further
investigation.

In addition to targeting genetic circuits in Treg cells, the
microbiota may act on other cell types, including
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epithelial cells, innate lymphoid cells (ILC), dendritic
cells and macrophages, to promote tolerance and to
reinforce barrier integrity. For example, colonization of
GF mice with a Clostridial consortia protects mice from
allergic sensitization by inducing I1.-22 from type 3 IL.C.
IL-22 promotes epithelial barrier integrity and thus
curtailing the leakage of food antigens into the blood
stream [39]. A more recent study demonstrated that
the fecal microbiota of healthy infants differentially
upregulated a number of genes in epithelial cells,
including Fbpl, encoding the gluconeogenic enzyme
fructose-bisphosphatase 1, relevant to the maintenance
of a healthy flora [19°°]. In contrast, colonization with flora
of cow milk allergic infants downregulated 7gf6r3 and
Ror2, relevant to epithelial cell repair. An integrative
analysis of microbe-driven host genetic changes in differ-
ent cell lineages will allow better understanding of how
dysbiosis disrupt oral tolerance and promotes FA.

Finally, it remains unclear why certain bacteria from
different orders such as Clostridiales and Bacteroidales have
the same effect of protecting against FA. One possibility
is that they act synergistically i vivo to activate the
MyD88-ROR~yt axis in nascent Treg cells, possibly by
producing distinct metabolites unrelated to SCFA.
Another possibility is that the strategy of evolving redun-
dant symbionts may act to ward-off the evolution of some
of those bacteria into potentially pathogenic ones (patho-
bionts) under inflammatory conditions. Whether such
pathobionts act to promote FA remains to be established.
The future identification of the proximal mechanisms/
metabolites by which different bacteria activate the
MyD88-ROR~yt axis may provide further insights into
this interesting issue.

Conclusions and feature directions

The recent advances in FA studies have placed the
microbiome at the center stage of disease pathogenesis
and thus establish a framework for commensal-host
genetic circuit interactions relevant to tolerance
induction and its breakdown in FA. Particularly rele-
vant to understanding disease pathogenesis is a better
definition of the very early dysbiotic changes conducive
to disease onset in infants. It is also unknown at
this stage whether the dysbiosis observed in classical
[gE-mediated FA in infants is mirrored in adult onset
IgE-dependent FA, as well as non-IgE dependent
forms of FA, including eosinophilic esophagitis and
food-related allergic colitis. Also, whether allergies to
individual foods (or food allergen groups) display
distinct albeit overlapping dysbiotic features remains
to be determined. More globally, the observation of an
aberrant immune response to the microbiota in FA,
characterized by decreased IgA and increased IgE
binding, raises critical questions regarding its role in
promoting disease pathogenesis.
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The recent studies by Feehley ¢z @/. and Abdel-Gadir ez al.
also highlight the potential of using precision microbiota
therapies in FA [19°°,20°°]. So far, the use of therapeutic
bacterial probiotics as adjuvants to oral immunotherapy has
been very limited, and when so employed marred by the lack
of clear evidence of synergy [40]. These constraints are
related in no small measure to the lack of standardized
criteria to choose optimal therapeutic microbiota in FA.
"The identification of a requisite role for ROR+yt induction
in the protection against FA by microbial therapies now
provides one such critical measure. Importantly, the nature
of the signals emanating from the commensal bacteria to
promote MyD88-dependent differentiation of nascent gut
Treg cells into the RORyt" variety remains unclear.
Harnessing microbial small molecule products and/or
metabolites capable of replicating protection provided by
the intact organism would provide a new class of therapeutics
for the treatment of FA and related disorders.
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