
REVIEW ARTICLE

B cells and the microbiota: a missing connection in food allergy
Evelyn Campbell1,2, Lauren A. Hesser3 and Cathryn R. Nagler 2,3

Food allergies are a major public health concern due to their widespread and rising prevalence. The increase in food allergy is
partially due to Western lifestyle habits which deplete protective commensal microbiota. These microbial perturbations can result in
adverse host–microbe interactions, altering the phenotype of various immune cells and instigating allergic sensitization. Although B
cells are critical to allergic pathology, microbial influences on B cells have been somewhat overlooked. Here, we focus on direct and
indirect interactions between bacteria and B cells and how such interactions regulate B-cell phenotype, namely antibody
production (IgA, IgE, IgG1, and IgG4) and regulatory B-cell (Breg) function. Understanding how microbes modulate B-cell activity in
the context of food allergies is critical to both tracing the development of disease and assessing future treatment options.
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INTRODUCTION
Food allergies are becoming an increasingly common problem
across the globe,1 particularly in industrialized countries, including
the United States. Over 32 million Americans are currently affected
by food allergies,2,3 including ~8% of US children.2 This rapid
increase in prevalence within a single generation has led to the
examination of environmental impacts on food allergy risk. Many
twenty-first century lifestyle practices directly affect the micro-
biome, defined as the compilation of microorganisms including
bacteria, fungi, and others that colonize the body’s external
surfaces. There is evidence that environmental factors which alter
the composition of the microbiome in early life, including
antibiotic use, Cesarean birth, and high-fat low-fiber diet, are
responsible, in part, for the rise in food allergies.4,5 The human
immune system is in constant communication with the microbiota
on the skin, in the gut, and on other mucosal surfaces. It stands to
reason that detrimental alterations to the microbiota, collectively
termed dysbiosis, could be related to aberrant immune responses
to food antigens. However, the specific mechanisms linking
dysbiosis and food allergies are still unclear.
Food allergies as discussed in this review are characterized by

type 2 immune responses to a food antigen and the production of
immunoglobulin E (IgE) antibodies, although it should be noted
that not all allergies are IgE-mediated.6 There are eight foods
responsible for the majority of food allergies: eggs, milk, peanuts,
tree nuts, soy, wheat, fish, and shellfish.6 Allergies to these foods
are quite variable in average age of onset, resolution, and
severity.7 For example, milk allergies often begin during infancy,
but most will resolve during childhood. In contrast, peanut
allergies often do not begin until childhood, but are known for
their severity and commonly persist throughout the lifetime.
Sensitization to food allergens often occurs first upon ingestion,

but there is growing evidence for the influence of disrupted skin
barriers on allergic sensitization.8 In the gut, food allergens interact
with or cross the intestinal epithelium, stimulating production of

alarmins including IL-33 and IL-25.9 These alarmins initiate a type 2
microenvironment, mediated by type 2 innate lymphoid cells
(ILC2s), which produce cytokines such as IL-13, IL-4, and IL-5. Local
dendritic cells (DCs) residing mainly in Peyer’s patches are primed by
these cytokines, while picking up and processing food antigens. DCs
present these antigens to naïve lymphocytes either in the Peyer’s
patches or after migrating to mesenteric lymph nodes (MLN).
Antigen-specific CD4+ T cells activate GATA-3 to become type 2
helper cells (Th2) and further expand production of type 2 cytokines.
Similarly, in these conditions B cells are licensed to undergo class-
switch recombination (CSR) to IgE.10 In addition to IgE, other
antibody classes such as IgA and IgG are now gaining recognition
for their potential involvement in food allergies.
This review will primarily discuss microbial regulation of

antibody production and B-cell function in the context of food
allergy. When we consider the relationship between the humoral
response and the microbiota, IgA is often the first thing to come to
mind. IgA is able to bind to commensal bacteria and modulate the
abundance and diversity of gut microbiota,11–14 just as the gut
microbiota modulates the abundance and specificity of IgA.15

Through this reciprocal relationship, IgA contributes to home-
ostasis in a multitude of ways, and the absence of IgA in the gut
may be as relevant to food allergies as the presence of IgE.16 In
fact, germ free (GF) mice, devoid of any microbiota, exhibit low
levels of IgA and, interestingly, high levels of IgE.17 This raises the
question of whether and how bacteria regulate CSR to these two
opposing immunoglobulins, and how this could relate to allergic
responses. Without adequate signals from commensal microbiota,
do mature IgA- or IgG-producing plasma cells (PCs) undergo
further CSR to begin producing IgE? While this review will mainly
discuss antibody-producing PCs, many other B-cell types may be
relevant to the induction and long-term maintenance of food
allergies including long-lived PCs or memory B cells.
Another subset of B cells which may be relevant to the

prevention of or recovery from food allergies is regulatory B cells
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(Bregs). Bregs, like their more commonly known regulatory T-cell
(Treg) counterparts, produce IL-10 and have other immunosup-
pressive functions. Bregs are beginning to gain recognition for
their involvement in food and airway allergies,18–20 and gut-local
Bregs may be induced by the commensal microbiota to effectively
prevent local inflammatory pathology.21

Overall, it is well known that B cells, and particularly IgE derived
from these cells, are critical in regulating the allergic response to
food. Separately, commensal bacteria have been identified for
their roles in protecting against the development of food allergies.
In this review we will discuss the evidence for microbial
modulation of B-cell phenotype in the context of food allergy,
particularly Ig class switching and induction of regulatory B cells
(Fig. 1).

Protective responses of IgA
IgA is the predominant immunoglobulin at mucosal surfaces,
including the gastrointestinal tract,5 and the protective role of IgA
in multiple disease pathologies has been demonstrated in
numerous reports.22–24 Individuals with IgA deficiency, a common
genetic immunological disorder that affects 1 in 700 Caucasians,
have an altered gut microbiota compared to healthy controls, as
well as increased susceptibility to allergy, celiac disease, and
autoimmune diseases.14 By coordinating host–microbial interac-
tions, IgA plays crucial immunoregulatory roles at the mucosa
through several means such as facilitating mutualistic relation-
ships with the commensal microbiota.23 quelling virulence of
pathogens,24 and promoting beneficial immune responses.22

Further understanding of the exact mechanisms by which IgA
promotes intestinal health must be acquired to tap into its
possible therapeutic properties.

Host–microbial symbiosis mediated by IgA. IgA and commensal
bacteria share a reciprocal relationship that contributes to the
overall immune status of the host. Robust induction of IgA is

dependent on bacterial antigens, as demonstrated by the
observation that GF mice produce negligible IgA systemically
and have fewer IgA+ PCs in the small intestine compared to
specific pathogen free (SPF) mice.13,25 In fact, different strains of
the same bacterial species can significantly influence the
production of IgA in vivo,26 demonstrating the intricate nuances
of microbial regulation of IgA. Furthermore, IgA can modulate the
composition of the microbiota, and reduced concentrations of
intestinal IgA correlate with decreased bacterial community
diversity.14,27 Ruminococcaceae species have been reported to
be overrepresented in IgA-deficient patients, and some data
suggests that these bacteria are also enriched in food-allergic
human infants.27–29 While these studies seem promising in
identifying specific taxa that are regulated by IgA, a lack of
consistency in sequencing methods and analyses makes it difficult
to compare results across studies. Since decreased bacterial
diversity and dysbiosis are associated with food allergy, asthma,
and other atopic diseases, maintenance of the homeostatic
host–microbiota relationship by IgA has significant immunological
implications which require further investigation.
IgA produced in the small intestine lamina propria by PCs is

oligomerized via interactions with joining-chain (J-chain) to form
dimeric secretory IgA.30 Secretory IgA binds to the polymeric
immunoglobulin receptor (pIgR) located on the basolateral side of
the epithelium. The pIgR-IgA complex is endocytosed into the
epithelial cell where pIgR is enzymatically cleaved, forming the
remaining protein that is referred to as the secretory component,
which stabilizes and protects secretory IgA from proteolytic
degradation by bacterial enzymes in the lumen.31 Once secretory
IgA is discharged to the apical side of the epithelium, it can
interact with bacterial epitopes, such as lipopolysaccharide (LPS),
flagellin, and capsular polysaccharides by Fab-dependent and
Fab-independent mechanisms. While Fab-dependent mechanisms
rely on the antigen-binding variable region of IgA, Fab-
independent mechanisms mediate antigen binding through other

Fig. 1 The trilogy of food allergies. Individually, both the microbiota and B cells are known to play a role in allergic inflammation to dietary
antigen. However, there has been a lack of appreciation of how the microbiota influences B-cell phenotype and vice versa. Specifically,
bacterial antigens and metabolites stimulate IgA production, regulate IgE production, and induce expansion of Bregs. Conversely, IgA
production and type 2 inflammatory responses can also affect bacterial community dynamics. In this review, we discuss how this relationship
may contribute to food allergies.
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parts of IgA, including glycosylated sites on secretory compo-
nent.32 Fab-dependent and Fab-independent binding by IgA
averts bacteria-induced inflammation by preventing epithelial
translocation and damage through multiple mechanisms includ-
ing steric hindrance, immune exclusion, disruption of
ligand–receptor interactions between bacteria and host epithelial
cells, and alteration of bacterial gene expression and metabo-
lism.33 These mechanisms mediate controlled antigen sampling
and immunological education in early life.
Neonatal acquisition of passive IgA from breast milk prevents

translocation of aerobic bacteria from the gut lumen to the MLN,
shapes the composition of the intestinal microbiota, and regulates
epithelial gene expression, which can influence susceptibility to
intestinal inflammation later in life.22 IgA may play a crucial role in
the “weaning reaction,” a key period of immunological develop-
ment around weaning age, which is induced based on the
neonatal microbiota, components in breast milk, and the
transition to solid foods.34 Several vital immune responses occur
during this time, including the maturation of peripherally induced
Tregs, which has been shown to be required for protection from
chemically induced colitic and allergic intestinal inflammation
later in life.34 Like the maturation of Tregs, induction of IgA+ PCs
during this time period could have long-lasting protective effects.
Conversely, the absence of a normal weaning reaction may be a
result of early life perturbation of the microbiota. Early microbial
disturbances along with exposure to pathogens during this crucial
neonatal timeframe could result in adverse immune responses,
including sensitization against food antigens that could last
through adulthood. This may explain why mice and human infants
that have reduced IgA-coated bacteria are more susceptible to
allergic sensitization prior to or just following weaning.16,35 Thus,
the beneficial interactions between IgA and the microbiota can
have important implications for immune education and health.

IgA induction by bacterial and dietary antigens. The microbiota
can induce IgA production via T-cell-independent (TI) and T-cell-
dependent (TD) mechanisms.11 These two pathways of IgA
induction, TI and TD, result in the generation of antibodies that
typically have low affinity and polyreactivity or have high affinity
and specificity, respectively.15

TI induction of IgA is mediated by innate-like B-1b cells,11,15

which exhibit no memory and produce low-affinity, polyreactive
IgA, allowing for broad neutralization of microbial epitopes.13

Interactions between the commensal bacteria and host cells drive
this broad IgA production, which has various immunological
implications. In Peyer’s patches, which are inductive sites for IgA in
the small intestine, retinoic acid production by DCs following
microbial stimulation is likely one of the main drivers of CSR from
IgM to IgA.36 Short-chain fatty acids (SCFAs), such as acetate and
butyrate, fermented from dietary fibers by the gut microbiota,
have been shown to contribute to the induction of tolerogenic
DCs and intestinal IgA secretion through G-protein coupled
receptors (GPCRs) and enhance tolerance to food antigens.37–39

However, a recent study has shown that SCFAs can act as histone
de-acetylation inhibitors that impair IgA production and other
antibody responses.40 Despite this, the current literature supports
the notion that bacteria can initiate a generally protective
polyclonal IgA response that helps to maintain homeostasis and
resolve enteropathology. More studies will be needed to define
the immunological contexts in which IgA is beneficial for intestinal
health.
While the microbiota is required for normal IgA production, not

all bacteria are equally capable of inducing it. Members of the
Clostridia class, many of which produce SCFAs, are potent inducers
of intestinal IgA, can decrease access of luminal food antigens into
systemic circulation, and protect from allergic sensitization to food
allergens41 (Table 1). By contrast, GF mice that are monocolonized
with Bacteroides uniformis, an abundant intestinal microbe that

does not produce SCFAs, poorly induce intestinal IgA and are not
protected against sensitization to food.41 Bacterial proteins
stimulate the epithelial cell lining of the intestine to produce
secreted factors such as A proliferation-inducing ligand (APRIL),
which regulates IL-10 and IgA production from PCs.42–44

Lactobacillus rhamnosus (LGG) produces a protein called p40 that
can increase the expression of April in the small intestine
epithelium and induce IgA production in vivo.42,43 Consumption
of formula to which LGG has been added as a probiotic has been
associated with accelerated acquisition of tolerance in cow’s milk
allergic (CMA) infants and children.28,45,46

TD induction of IgA largely elicits a specific response to antigen
by B2 cells. T-follicular helper (Tfh) cells in Peyer’s patches interact
with IgM+ naive B2 cells and promote class switching to produce
IgA via IL-21, retinoic acid, and CD40/CD40L interaction, which are
specifically initiated by communication with bacteria.47,48 Com-
mensal bacteria, including pathobionts, elicit IgA with specificity
for particular bacterial epitopes.49 IgA against specific bacterial
antigens may assist in bacterial clearance and prevent transloca-
tion across the epithelium, and IgA can mark colitogenic,
proinflammatory bacteria that contribute to intestinal inflamma-
tion.50,51 This may have implications for intestinal inflammatory
responses resulting from allergic sensitization toward dietary
antigen. Recently, Zhang et al. showed that the induction of high
affinity, peanut-specific intestinal IgA is dependent on sensitiza-
tion with a microbial-derived adjuvant (i.e. cholera toxin) and help
from CD4+ T cells, which does not include Tfh cells or T-follicular
regulatory cells.52 As deficiency of IgA is associated with increased
prevalence of atopic disease,53,54 these findings suggest that
intestinal IgA may protect against allergic inflammation.
Studies examining the quantities of dietary antigen-specific IgA

have mainly focused on monomeric serum IgA, but the potential
of serum IgA for regulating responses in the gut lumen is not clear.
Food-specific IgA has been detected at elevated levels in the
serum of infants that become allergic later in life,55 as well as in
mice that have been sensitized to peanut plus a mucosal
adjuvant.52 Yet, others have shown that egg white-specific IgA2
is lower in the serum of allergic children than healthy controls, and
only children that recover from the allergy show increased egg
white-specific IgA2 over time.56 Furthermore, consumption of an
antigen-free diet results in the reduction of both serum IgA and
the frequency of food antigen-specific Tregs in the small intestine
that are important for driving oral tolerance.57 These discrepancies
suggest that measurement of serum IgA may not be useful as an
indication of sensitization. Moreover, secretory IgA influences a
more local and immediate response to intestinal perturbations
and inflammation which is likely to be more relevant to food
allergy pathology. Although the mechanisms are not fully
elucidated, it is clear that IgA interacts with both bacteria and
food antigens within the lumen of the gut, and this is likely to be
important for maintaining intestinal homeostasis that suppresses
allergic inflammation (summarized in Fig. 2).

IgE Induction and contributions to allergy
IgE as a regulator of allergy. IgE is the canonical mediator of
allergy. Individuals that are sensitized to food antigens produce
antigen-specific IgE antibodies, which bind FcεRI receptors on
mast cells, basophils, or eosinophils.58 Upon re-exposure to the
allergen, cell-bound antibodies are cross-linked by the antigen,
causing the effector cells to degranulate and release histamine,
eicosanoids, and many other mediators of allergic symptoms.58

Classically, type 2 cytokines IL-13 and IL-4 prompt B-cell CSR to
IgE,10 but tissue damage and many other factors in the local milieu
may also heighten the effect of these cytokines.
Type 2 immune responses are well characterized for their

protective and necessary roles in both helminth infection59,60 and
wound healing,61 yet the same has not been shown for IgE. It has
been hypothesized that the near-eradication of helminth infections
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in modernized countries may be related to the rapid rise in the
prevalence of allergy.62 Some studies have characterized beneficial
functions of IgE in viral and parasitic infection or toxin exposure,
but overall, there is minimal evidence for the “good-side” of IgE.63

Serum IgE concentrations are used as a clinical diagnostic test
and are reported to have ~95% sensitivity, but can have as little as
50% allergen specificity.64 In addition, serum IgE concentrations
often do not correlate directly to the persistence or severity of an
allergic response upon re-exposure to the allergen (i.e., a person (or
mouse) with low allergen-specific IgE can have a severe allergic
response, while another individual with high levels of allergen-
specific IgE has no response).6,65 Recently, differences in IgE
glycosylation patterns have been observed between healthy and
peanut-allergic individuals. Shade et al. demonstrated that IgE from
peanut-allergic individuals is decorated with sialic acid, which may
be functionally relevant to the antibodies’ capacity to potentiate an
allergic response.66

Quantifying IgE against a specific allergenic component, e.g. the
peanut antigen Ara h 2, may be a better indicator of allergic
severity than IgE against total peanut antigens.67 The same need
for component specificity has been shown for cashew, hazelnut,
wheat, and other allergens.67–69 Others demonstrate that quantify-
ing the diversity of the antibody repertoire against cow’s milk
proteins is a good indicator of severity and persistence of milk
allergy.70,71 Allergen component-specific IgE assays are clinically
available, and analyses of antibody repertoire or glycosylation
patterns may improve the accuracy of food allergy diagnostics.
Efforts are underway to prevent circulating IgE from inducing

allergic responses. Omalizumab, a monoclonal antibody against
IgE, is an FDA approved treatment for allergic asthma.72

Omalizumab is now also being tested in clinical trials in
combination with oral immunotherapy to improve safety and

efficacy in reducing the allergic response to food.73,74 Recent work
has also shown that administration of soluble FcεRI can inhibit
circulating IgE and reduce the severity of IgE-mediated anaphylaxis
in mice.75 While IgE-blocking treatments are exciting and can be
quite effective, they do not address the root cause of aberrant IgE
production.
The factors that initiate IgE production are still unclear, as are the

tissues in which this occurs. Classically, IgE+ PCs reside mainly in
the bone marrow or lymphoid tissues76 and circulate in low
frequency in the blood of allergic individuals.77 New evidence for
local regulation suggests that some IgE may originate in the
gut.78,79 Hoh et al. show that subjects with peanut allergy have
many clones of peanut-specific antibodies (IgE and other isotypes)
in biopsy samples from the stomach and duodenum, while healthy
subjects do not.78 More distal regions of the gastrointestinal tract,
like the ileum, were not analyzed in this study but would be
interesting to examine in future studies. Analysis of clonal
relationships between peanut-specific antibodies from the sto-
mach and duodenum suggest that the majority of IgE clones are
likely derived from antigen-experienced B cells that have under-
gone local class switching from IgG or IgA to IgE.78,80 There are two
pathways of CSR to IgE: either a direct switch to IgE or indirectly
through IgA and IgG.81–83 The indirect method of CSR to IgE results
in much higher affinity IgE than the direct method,83 as IgE+ B cells
are excluded from germinal centers and therefore do not undergo
somatic hypermutation (SHM).84 It is likely that B cells which have
undergone SHM with an IgG B-cell receptor (BCR) and then
switched to IgE would produce antibodies with higher affinity.83 It
will be interesting to learn how (and where) these pathways of CSR
resulting in IgE are regulated in vivo.
In mice, IgE is the last gene in the immunoglobulin locus and it is

not possible for IgE+ B cells to undergo further class switching.

Table 1. Microbial stimulation of host humoral responses in the context of food allergy.

Species or taxon Antigen or metabolite Response Potential role: protective
(+) or pathogenic role (−)

Ref.

Clostridia SCFAs IgA production, tolerogenic DCs, IL-22, + 37–40

41

Breg IL-10 production 132

Lactobacillus rhamnosus GG p40 Stim. APRIL/BAFF in epithelial cells,
increase IgA

+ 42, 43,

45, 46

Lactobacillus Lactate Enhance epithelial integrity + 25, 112*

Gram-negative bacteria Lipopolysaccharide (LPS) CSR to IgG1 (with IL-4), 0 95

141B cell IL-10 production

Motile bacteria Flagellin IgA; +/− 107

Antigen-specific IgE; 102*,
103, 104*

IL-10+ DCs and Tregs 108

Tritrichomonas spp. or
#Nippostrongylus brasiliensis

Succinate Increase Tuft cell number and IL-25
production, ILC2 expansion and type 2
cytokine production

− 113

Escherichia coli TLR2/4 stimulants, e.g. high
potency LPS

Activate IL-10 producing B10 cells; IgA
coating in Crohn’s disease

?/+ 141

51*

– Ahr agonists e.g. HIAA Increase Breg IL-10 production ?/+ 132*

134*

Staphylococcus aureus Enterotoxins Specific IgE − 88*,
90*, 91*

Chlamydia pneumonia – Specific IgE − 89*

Many bacterial or helminth taxa, or their specific antigens or metabolic byproducts, have been characterized for their ability to elicit immune responses. These
immune responses can be protective (+) or pathologic (−) in the development of allergy, although not all have been studied thus far in this context. Other
effects are either neutral in the context of allergy (0) or have thus far only been studied in models of other immune diseases but may have a role in allergy (?).
*Denotes data obtained in relation to pathology other than food allergy. #Denotes a species of helminth. All other taxa are bacteria.
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However, in humans, the gene for IgE is flanked by IgA1 and IgA2,
which suggests that it may be possible to further class-switch IgE+

B cells to a potentially tolerogenic IgA2 isotype.78 Understanding
the local regulation of CSR will be vital to manipulating and
preventing aberrant IgE. Further studies are needed to examine the
roles of IgE+ memory B cells and PCs, as well as their sites of
induction and accumulation in specific mucosal tissues.

Direct regulation of IgE by the microbiota. Is there a role for
bacteria in the regulation of IgE? Some evidence for this possibility
comes from the observation that GF mice have elevated basal
levels of systemic IgE even in the absence of sensitization.17

Feeding GF mice a specialized antigen-free diet is sufficient to
reduce circulating IgE.85 These findings are in agreement with the
hypothesis that dietary antigen-specific IgE in food-allergic
individuals is related to depleted or dysbiotic gut microbiota. In
the absence of commensal bacteria, a corresponding decrease in
bacteria-specific IgA may skew toward increased production of
IgE. Antibacterial IgE has been examined, particularly in patients
with asthma. The microbiota of patients with allergic asthma
is often dysbiotic compared to healthy subjects, and this dysbiosis
is partially characterized by the presence of atypical, potentially
pathogenic bacteria.86,87 IgE against many of these atypical
bacteria has been characterized in the serum of individuals with
allergic asthma (summarized in Table 1).88–91

Others have also studied whether controlled colonization with
specific consortia of bacteria can reduce circulating IgE in GF mice.
Wyss et al. demonstrated that GF mice colonized with complex
consortia composed of a larger number of diverse species have
reduced circulating IgE compared to those colonized with only a
few species.92 However, their most complex controlled consor-
tium, which contained 12 different species, could not fully reduce
circulating IgE to concentrations comparable to SPF mice.92

Colonization with the feces of microbially replete SPF mice is
sufficient to lower circulating IgE levels in GF mice, but this
colonization must occur within a narrow window around weaning
in order to have an effect.17 This provides further evidence for the
role of microbiota during the weaning reaction34 and that this is a
critical period of immune development.
We recently demonstrated a causal role for the healthy infant

microbiota in protection against food allergy. We showed that GF
mice colonized with feces from healthy infants were protected
from the induction of allergen-specific IgG1 and IgE as well as
release of mast cell protease (mMCPT-1) following sensitization
with the cow’s milk allergen β-lactoglobulin (BLG).93 Conversely,
mice colonized with the feces of CMA infants retained high levels
of BLG-specific IgE and IgG1 and exhibited potent allergic
responses, similar to GF mice.93 We then identified a single
bacterial species in the healthy infant microbiota that was
sufficient to reduce the allergic response, including decreasing
BLG-specific antibodies in monocolonized mice.93 These findings
suggest that the production of both bulk and food antigen-
specific IgE may be related to a lack of signals derived from
commensal bacteria, which are present in healthy infants and
SPF mice.
One way in which bacteria may interact directly with B cells is

through stimulation of toll-like receptors (TLRs). Unlike most
T cells, B cells express a variety of TLRs that recognize bacterial
molecules. TLR stimulation or BCR cross-linking by bacterial
antigens can activate B cells and induce immunoglobulin class
switching in a T-cell-independent manner.94 LPS, a component of
many Gram-negative bacterial cell membranes, binds TLR4 and
can induce CSR to IgG1 in the presence of IL-4.95 We previously
showed that TLR4-deficient mice develop a systemic allergic
response after sensitization with peanut plus cholera toxin,
including elevated peanut-specific IgE, compared to TLR4-
sufficient mouse strains.96 This was the first evidence for bacterial
regulation of an allergic response to food. However, it is thus far
unknown exactly which cell type(s) are involved in TLR4 signaling
in the context of food allergy. Healthy human B cells generally
express low levels of TLR4, but expression is increased in patients
with Crohn’s disease.97 In addition, asthmatic patients with high
circulating levels of IgE exhibit higher percentages of TLR4+

macrophages compared to those with normal levels of circulating
IgE.98 These patterns have not yet been examined in food-allergic
patients, but stimulation with IL-4 in addition to anti-Igμ and anti-
CD40 significantly increases TLR4 mRNA and surface protein
expression in human B cells in vitro,97 providing some evidence
for synergy between type 2 responses and TLR4 regulation on
B cells.
There is also some data suggesting that the physiological and

immunological responses that are associated with food allergy
could alter the composition of the gut microbiota. Gut pathology
can physically disrupt the microbial community, as is the case in
diarrhea (which can be a symptom of food allergy). Mild osmotic
diarrhea in mice alters mucus structure, induces innate and
adaptive immune responses, and diminishes several bacterial
taxa.99 Type 2 immune signaling also seems to alter the microbial
community (directly or indirectly), as is the case for IL4RaF709 mice,
which have a gain-of-function mutation in the IL-4 receptor
resulting in constitutively active IL-4 signaling. These mice have a
unique, dysbiotic microbial signature as compared to wild-type
mice.100 Sensitizing these mice with ovalbumin plus cholera toxin
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Fig. 2 Microbial antigens and products are able to influence B-cell
phenotype. We focus on microbial regulation of three unique B-cell
subsets: IgA+ plasma cells, IgE+ plasma cells, and Bregs. Bacterial-
derived antigens and SCFAs directly interact with B cells to induce IgA
production through GPCR signaling and possibly other pathways or act
indirectly through intestinal epithelial cells or DCs in T-cell-dependent
and -independent pathways. TLR agonists, such as LPS and flagellin, can
regulate IgE production. The microbial metabolite succinate also
promotes production of type 2 cytokines, which favors IgE CSR. SCFAs,
AhR ligands, and TLR agonists may also stimulate immunosuppressive
Bregs. Tolerogenic responses by IgA+ plasma cells and Bregs promote
intestinal homeostasis and may help to dampen allergic inflammation
(blue arrows), while secreted IgE mediates allergic symptoms and
contributes to anaphylaxis (red terminator).
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further alters the microbiota.100 However, these studies are limited
due to lack of littermate controls, which are necessary to
normalize founder microbial communities across experimental
groups. Subsequent studies show that treatment of SPF mice with
therapeutic bacteria, identified from healthy infants, effectively
prevents the allergic response in these dysbiotic SPF IL4RaF709

mice as well as GF mice.35 While this is interesting evidence for the
role of gut bacteria in regulating the allergic response, it remains
unclear why the bacterial community, particularly in the IL4RaF709

mice, changes upon sensitization and which mechanisms are
regulating the microbiota.

Innate mechanisms of microbiota-immune interactions in food
allergy
The intestinal epithelium is in constant contact with the
microbiota and acts as a barrier between the gut lumen and the
lamina propria. Intestinal epithelial cells express many pattern
recognition receptors including TLR5 which recognizes the protein
flagellin, the major component of flagella on motile bacteria.101

There is evidence that flagellin could either exacerbate or
suppress allergy and allergic asthma,102–104 possibly due to
differences in the tissue or manner of exposure. Flagellin
influences several immuno-protective responses in the gut
including IL-22 production105,106 and long-term production of
flagellin-specific IgA.107 Antigen-flagellin fusion protein constructs
have been explored as mucosal vaccines to prevent food allergy,
and have shown that TLR5 signaling in DCs elicits IL-10 production
and reduction of antigen-specific IgE.108,109

Alterations to the cell-type composition or integrity of the
intestinal epithelium likely also contribute to the onset of allergy.
A bacteria-induced IL-22 response is critical to the maintenance of
epithelial barrier function.4 GF and antibiotic-treated mice
produce low levels of IL-22 in the ileum, and the detection of
intact peanut protein in the serum after intragastric administration
suggests that their barrier function has also been compromised.41

A large body of work has asked what makes some food proteins
more allergenic than others, and it seems that resistance to
degradation by digestive enzymes may be a key factor in
allergenicity.110,111 Intact, undigested food antigens which pene-
trate the intestinal barrier could directly bind BCRs, initiating or
perpetuating the allergic response.4,110

In addition, many cell types which make up the intestinal
epithelium are responsive to bacterial metabolites. For example,
lactate derived from Bifidobacterium or Lactobacillus species
increases the number of intestinal stem cells, Paneth cells, and
goblet cells in the ileum, which aid in protection from drug-
induced intestinal injury.112 Butyrate and acetate, bacterial-
derived SCFAs, signal through GPCRs (namely GPR43) on epithelial
cells, resulting in protection from food allergy by a variety of
pathways, as discussed.37 Conversely, succinate, a metabolite
produced by bacteria and helminths, also affects the composition
of the intestinal epithelium by expanding Tuft cells, which
produce IL-25 and induce downstream ILC2 expansion and
production of IL-13 and IL-5.113 Overall, interaction between
commensal bacteria and the intestinal epithelium is likely to have
many downstream effects on the development of food allergy.

Opposing roles of IgG subclasses in allergy
IgG antibodies play unique roles in allergy. IgG1 is recognized for
functional, “proinflammatory” roles, including in the context of
allergy. In mice, IgG1 (like IgE) can elicit allergic anaphylaxis by
binding effector cells and prompting release of proteases,
including platelet activating factor.114–116 IgG1 serves as an
additional marker of the allergic response, and food antigen-
specific IgG1 and IgE often show similar expression patterns in
mouse models of allergy.41,52,93 IgG1 has been measured in the
saliva of children with allergies117 and the serum of adults who
experience anaphylaxis but do not exhibit increased IgE,115

demonstrating that IgG1 may be critical to non-IgE-mediated
allergy. Though it may play a more minor role compared to IgE,
IgG1 can contribute to inflammatory responses that are induced
by allergens.
In contrast to IgG1, another subclass, IgG4, may play protective

roles in allergy in humans.118 Unlike other classes of IgG,
IgG4 seems to be a unique “anti-inflammatory” antibody class
that is produced mainly by Bregs.119 IgG4 was first measured in
high abundance in the serum of beekeepers that became tolerant
to bee venom,120 and now is recognized in food-allergic patients
following oral immunotherapy,121,122 treatment with the anti-IgE
antibody omalizumab,123 or both.124,125 IgG4’s inability to fix
complement contributes to its low inflammatory capacity.126,127 It
also binds receptors FCγR1 (CD64) and the inhibitory receptor
FCγRIIb,128,129 and in doing so can reduce the activity of mast
cells.130 This weak receptor binding and cellular activation
capacity is likely due in part to the fact that IgG4 is often
monovalent.127 IgG4 can bind free allergen in the serum
(competing with IgE), effectively flagging the antigen for clearance
from the blood without eliciting a full cellular response. This
antigen competition between IgG4 and IgE may be a critical
mechanism of reducing the allergic response, particularly in the
case of immunotherapy. While IgG4/IgE ratios may have some
accuracy in predicting the allergic response to food,131 not all
evidence agrees.132 A better understanding of the exact role(s) of
IgG subclasses in food allergy, both protective and pathogenic,
will give greater insight into complex interactions which occur
during the allergic response.

Microbial influences on regulatory B cells in food allergy
Induction of Tregs has been a topic of great interest in the
treatment of food allergy. However, B cells, specifically Bregs, also
have immunosuppressive functions in numerous inflammatory
and disease models, including food allergies.18,19,133–135 Bregs are
diverse in ontogeny and can arise from multiple B-cell subsets,
including B1a cells, marginal zone B cells, and PCs.21,136 Because of
this plasticity, consistent surface markers and transcription factors
have not yet been identified to distinguish Bregs from other B cell
subsets. Bregs produce several immunosuppressive cytokines
including IL-10, TGFβ, and TSP1 which assist in their function to
repress T-cell mediated inflammation, enhance Treg function,
induce tolerogenic DCs, and alter the phenotype of other local B
cells.19 In addition, surface markers such as FasL and PD-L1, which
have immunosuppressive effects in T cells, are often upregulated
in Bregs.137,138 This diversity in surface markers and cytokines
produced by Bregs may be attributed to inflammatory signals
specific to the local environment along with other stimuli, such as
TLR agonists and metabolites derived from the microbiota.
Examination of Breg phenotypes in allergic airway and food

allergy models showcases utilization of similar suppression
mechanisms in these different atopic diseases. In allergic airway
models, IL-10-secreting CD9+ B cells and CD19+ B cells are critical
for dampening type 2 inflammation and inducing Tregs,
respectively.18–20,134 Models for food allergy have shown that
TSP1-secreting CD19+ and TGFβ-secreting CD5+ CD19+ CX3CR1+

Bregs in the small intestine are critical for conferring protection
from allergic sensitization to dietary antigen.18,20 TSP1 production
from Bregs is required to induce tolerogenic TGFβ-secreting DCs,
which are known to suppress inflammatory responses in the
gut.139,140 In addition, Bregs can produce TGFβ themselves
which acts directly on helper T cells to suppress activation
and increase Treg differentiation.19 IL-10 production by CD5+

Bregs in the MLN suppresses allergic responses to cow’s milk
casein by inducing local Foxp3+Tregs.20 While there are various
types of Bregs, these studies show many ways that tissue-resident
Bregs can enact similar mechanisms to promote tolerogenic
responses by secreting effector cytokines that act on other
immune cells.
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Bacterial signals can also influence Breg phenotype, potentially
through interaction with TLR agonists or SCFAs. GF mice have
lower numbers of total B cells in the colon tissue compared to SPF
mice, and colonization of GF mice with feces from SPF mice
increases B-cell number and total IL-10 in the colon.141 TLR
interaction with various commensal bacteria can differentially
prime Bregs to produce IL-10. A recent study by Mishima et al.
shows differing capacities of various bacterial lysates to induce IL-
10 in GF and SPF B cells from the MLN; lysates from E. coli elicited
the highest IL-10 yield.141 Another study by Maerz et al.
demonstrated that monocolonization with E. coli promotes
increased IL-10 production by B10 cells and aids in protection
from dextran sodium sulfate-induced intestinal damage, while
monocolonization with Bacteroides vulgatis does not.142 Both of
these studies claim that immunosuppression induced by Bregs is
dependent on bacterial signaling through TLR2 and/or TLR4.
However, these experiments were not littermate controlled, so
founder bacteria in these mice may be significantly different
across litters and groups, confounding results. Nonetheless, these
claims align with previous work showing that Finnish and Estonian
infants have increased susceptibility to allergy and autoimmune
disease compared to their Russian counterparts, which corre-
sponds with an increase of Bacteroides species in the first year of
life.143 Structural variations in LPS from Bacteroides species
compared to that of E. coli result in decreased immunogenicity
of Bacteroides, which may prevent the induction of microbial-
induced tolerogenic responses in Finnish and Estonian infants.143

The role of Bregs in this study was not investigated, but it is
interesting to consider the contribution of TLR signaling in
promoting tolerogenic functions of Bregs, especially during early
life education of the immune system. Bacterial-derived AhR
agonists and SCFAs, particularly butyrate, can also influence IL-
10 production in Bregs. Mechanistically, butyrate can increase the
quantity of the serotonin-derived metabolite 5-hydroxyindole-3-
acetic acid (5-HIAA), which binds to the Aryl Hydrocarbon receptor
(AhR).133 AhR acts a transcriptional regulator for Bregs, increasing
production of IL-10 and suppression of proinflammatory cytokines
TNFα and IL-6.135

Various microbial-derived cues from the local environment are
important for shaping Breg phenotype. These stimuli, whether
they originate from bacterial metabolic products or bacterial
antigens, can be redundant in promoting Breg function (i.e., IL-10
production), but this redundancy allows many members of the
microbiota to promote immunosuppression via Bregs. Thus, it is
intuitive that lack of a microbiota or treatment with antibiotics
would reduce Bregs and their suppressive capabilities.133 Further
studies are needed to elucidate the role of bacterial metabolites in
promoting oral tolerance through Bregs.

CONCLUSION
As demonstrated in numerous reports within the literature, there
are strong links between B-cell phenotype, composition of the
microbiota, and allergic sensitization to dietary antigens (Fig. 2). It
is widely known that those who are suffering from genetic or
drug-induced IgA deficiency have increased susceptibility to
allergic diseases, including food allergies, and have an altered,
intestinal microbial community.14,27 Microbial antigens or meta-
bolic products, such as TLR agonists or SCFAs, can alter the
production and repertoire of secreted immunoglobulins via
epigenetic, transcriptomic, and metabolic pathway modulations.
Examination of innate immune cell pathways and their influences
on allergic inflammation and B-cell phenotype may be another
possible avenue to consider. In allergic airway models, TLR ligands
of bacterial origin have been shown to have differential effects on
various adaptive and innate immune cells, including B cells, and
play a role in IgE secretion and allergic inflammation.102,104 This is
likely relevant in the context of dietary allergic sensitization, as we

have already seen that signaling through innate pathways by
Clostridia-derived ligands confers protection.41 One conundrum
that remains is the opposing roles that B cells play in food allergy
pathology. B cells can both propagate sensitization to food
allergens and dampen inflammatory responses, and studying the
influences of the microbiota adds another layer of complexity. Do
the direct and indirect effects of the microbiota on B cells
contribute to food allergy? Or are changes in microbial community
structure a byproduct of B-cell phenotype in an allergic context?
The crux of these questions is whether dysbiosis is causative or
correlative with allergic sensitization to dietary antigen. Future
studies that address these questions will be pivotal to both
understanding and eventually treating the food allergy epidemic.
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