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1  |  INTRODUC TION

There has been a generational surge in immune-mediated non-
communicable chronic diseases including food allergies, obesity, 
diabetes, asthma, autism, and inflammatory bowel diseases (among 
others). The increasing prevalence of food allergies has been es-
pecially striking, in part, because allergic responses to certain 
foods, like peanuts, can be deadly.1 Reactions are unpredictable 
and can range from urticaria to life-threatening anaphylaxis. Any 
food can elicit an allergic response, but nine foods are responsible 
for the most reactions: milk, eggs, peanuts, tree nuts, soybeans, 
wheat, fish, crustacean shellfish, and sesame.2 The dominant aller-
gens for each of these foods have been characterized; what they 
seem to share is an ability to resist degradation by gut proteolytic 

enzymes.3,4 Food allergies typically present in early life and were 
once outgrown by school age. However, in recent years, many 
food allergies continue (or first appear) in adulthood. Initially re-
ported in the United States, Europe and Australia, a rising disease 
incidence is now noted worldwide.1,5 In the United States, an esti-
mated 32 million children and adults currently suffer from food al-
lergies.5,6 Like most immune-mediated diseases, there is evidence 
for genetic susceptibility to food allergies but genetics alone can-
not explain a marked generational increase in disease prevalence.7 
We, and others, have linked the rise of non-communicable chronic 
diseases in industrialized societies to lifestyle factors which lead to 
changes in the composition and function of the microbiome, that 
is, the resident commensal microbes which colonize the skin and all 
mucosal surfaces.8–12
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Summary
The increasing prevalence of immune-mediated non-communicable chronic diseases, 
such as food allergies, has prompted a deeper investigation into the role of the gut 
microbiome in modulating immune responses. Here, we explore the complex interac-
tions between commensal microbes and the host immune system, highlighting the 
critical role of gut bacteria in maintaining immune homeostasis. We examine how 
modern lifestyle practices and environmental factors have disrupted co-evolved 
host–microbe interactions and discuss how changes in microbiome composition im-
pact epithelial barrier function, responses to food allergens, and susceptibility to al-
lergic diseases. Finally, we examine the potential of bioengineered microbiome-based 
therapies, and live biotherapeutic products, for reestablishing immune homeostasis 
to prevent or treat food allergies.
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2  |  DEFINING THE MICROBIOME

Many (if not most) multicellular organisms harbor resident symbiotic 
microbes.13 Some of these host–microbe relationships are commen-
sal (from Latin: sharing a table), benefiting one species but affording 
neither help nor harm to the other, but many are mutualistic, pro-
viding important physiological benefits to both organisms. Although 
this review will focus on intestinal bacteria, the human microbiome 
includes bacteriophage, fungi, viruses, archaea and, in the devel-
oping world protozoa and helminths, that colonize multiple body 
sites.12 A preponderance of these microbes resides in the anaerobic 
environment of the lower gut in numbers that are at least equal to 
the somatic cells of their host.14,15

The history of gut microbiome research can be traced back to 
Louis Pasteur and the emergence of the field of microbiology in 
the mid-nineteenth century.16 Studies as far back as 100 years ago 
linked the gut microbiome to vitamin production and showed that 
gut microbes can provision rodent hosts with essential vitamins.17 
Seminal reports from the 1950s demonstrated that fecal material 
from a healthy individual could be transplanted to patients fol-
lowing antibiotic-mediated microbiome depletion to confer resis-
tance to bacterial pathogens.18,19 Subsequent work characterized 
the composition of the gut microbiome20 and identified its roles 
in drug metabolism21 and digestion.22 While insight into many key 
attributes of the gut microbiome had therefore emerged by 1980, 
progress in the field largely languished through the 1990s. Several 
factors led to a dramatic increase in interest in the gut microbiome 
in the early 2000s. One key development was the establishment of 
culture-independent DNA sequencing technologies and the creation 
of bioinformatic tools that enabled the characterization of bacterial 
and archaeal communities via sequencing of their highly conserved 
16S ribosomal RNA (16S rRNA) gene.23,24 Application of these tools 
showed that hundreds of site-specific resident bacteria occupy the 
skin and mucosal surfaces and display a remarkable degree of ge-
netic diversity.25,26 Around the same time, several landmark studies 
demonstrated substantial differences in microbiome composition 
across subjects and linked these compositional differences to com-
plex host phenotypes.27–29 The combination of an accessible re-
search toolkit and evidence of the microbiome's involvement in the 
regulation of health and disease laid the foundation for a dramatic 
expansion of studies in the field. Microbiome research grew rapidly 
from the late 2000s through the early 2010s, with much of the re-
search in this period applying 16S rRNA analysis to identify changes 
in microbiome composition that correlated with various host states. 
Since then, the methodological tools available have greatly improved 
and researchers have begun to develop more mechanistic insight 
into how the microbiome modulates host phenotypes. Studies that 
use 16S rRNA analysis, which only generates a crude genus-level 
approximation of the composition of the bacterial and archaeal 
microbiome, have increasingly been replaced by metagenomic ap-
proaches that comprehensively sequence available genetic material. 
Metagenomics analyses enable strain-level classification of prokary-
otes, eukaryotes, and viruses and provide direct information about 

the genetic content of microbiomes. Maturation of the field has also 
led to the advancement of metabolomics methods to track microbial 
molecules30 and the establishment of manipulable humanized ani-
mal models of the gut microbiome.31 The ability to generate and test 
hypotheses about molecular factors responsible for microbiome-
mediated host phenotypes has thus advanced considerably in recent 
years.

The gut microbiome may be best understood as an integral com-
ponent of the digestive organ. Appreciating this primary function is 
critical for understanding the host–microbe co-evolution that gave 
rise to the microbiome and the specific attributes that emerged. 
Thousands of enzymes are required to break down chemically di-
verse dietary components, including variable linkages found within 
complex polysaccharides.32 Encoding the enzymes required to digest 
these compounds would require the host to dedicate an impractical 
fraction of its genome to this process. By making the large intestine 
a near-perfect environment for microbial fermentation, evolution 
arrived at a clever solution to the digestive challenge posed by the 
chemical complexity in food. After common and chemically simple 
dietary components, such as proteins, fats, and carbohydrates, are 
digested and absorbed in the small intestines, dietary fiber (consist-
ing of plant polysaccharides and other undigested material) passes 
into the large intestines. The hundreds of species of bacteria that 
colonize the large intestines encode thousands of enzymes that 
allow them to digest the remaining contents.32,33 The impressive 
digestive capacity of the gut bacterial microbiome is illustrated by 
the observation that gut bacteria collectively encode approximately 
1000-fold more polysaccharide-degrading digestive enzymes than 
their human hosts.34

The anaerobic properties of the lower gastrointestinal tract 
reflect another evolutionary ingenuity essential for gut bacteria's 
role in digestion. The absence of oxygen in the lower gastroin-
testinal tract necessitates that bacteria forgo respiration in favor 
of fermentative metabolisms. Consequently, the collective activ-
ity of gut bacteria converts chemically diverse fiber constituents 
into fermentation products. The predominant fermentation prod-
ucts generated by this complex bacterial community comprise the 
short-chain fatty acids (SCFAs) acetate, butyrate, and propionate 
(Figure 1). These SCFAs are absorbed by the large intestines and 
used as an energy supply.35 The percent of dietary calories de-
rived from bacterial SCFAs varies between animals, but is esti-
mated to increase the energy extracted from the diet by 5%–10% 
in humans.36 In addition to being key digestive products for host 
energy assimilation, SCFAs modulate multiple host pathways and 
have been linked to numerous microbiome-mediated phenotypes. 
The fermentative pathways that generate SCFAs are differentially 
distributed across gut bacteria. Acetate is broadly produced by 
many taxa, while butyrate and propionate arise from a narrower 
subset of gut bacteria.37 Butyrate is principally produced by 
Gram-positive bacteria (particularly the Lachnospiraceae family 
of Clostridia), whereas propionate is mainly produced by Gram-
negative bacteria (including Akkermansia, Bacteroidales, and 
Enterobacteriaceae).38,39 Intestinal SCFAs therefore serve as key 
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    |  3LIGHT and NAGLER

markers of the composition and activity of the gut bacterial mi-
crobiome. Perhaps related to the gut microbiome's digestive role, 
the lower gastrointestinal tract is extremely amenable to microbial 
colonization. The host's diet determines the nature of the undi-
gested material that reaches the lower gastrointestinal tract, and 
consequently, the type of degradative activity performed by gut 
microbes. The permissiveness of the lower gastrointestinal tract to 

microbial colonization enables the microbiome to adapt to a near-
limitless number of potential host diets. If existing microbes cannot 
ferment a particular dietary component, this untapped resource 
represents a potential exclusive microbial energy source. This, in 
turn, favors colonization by new microbes that possess the capa-
bility to ferment it. The composition of the gut microbiome is thus 
tailored to maximize collective fermentative output from any given 
diet. In addition to facilitating adaptations that promote microbi-
ome activity, the permissibility of the lower gastrointestinal tract 
to microbial colonization means that the host does not discriminate 
between microbes that are comparably adapted for life in the gut. 
Consequently, stochastic or subtle events that lead to the presence 
of a particular microbe within a microbiome result in individualized 
microbiomes that collectively generate population-level variability 
in composition.

Differences in community composition and/or activity are fun-
damental drivers of all microbiome-mediated host phenotypes. 
The factors influencing differences in microbiome composition 
are not fully understood but can relate to distinctions in microbi-
ome acquisition and development. The human fetus is sterile, but 
microbes are immediately encountered upon birth.40–42 Mode of 
birth is therefore important for determining the infant's founder 
microbiome. Vaginally delivered babies are colonized by founder 
bacteria from their mother's vaginal canal and fecal stream during 
birth, resulting in the vertical transmission of microbial species 
across generations. Babies born by cesarean section were origi-
nally reported to acquire their founder bacteria from the skin of 
the mother, another person in the delivery room and even the hos-
pital setting itself.43–46 More recent work shows that transmission 
of microbes from mother to child occurs across multiple body sites 
during the first month of life and may be able to compensate for 
the loss of exposure to maternal vaginal/fecal microbes in babies 
born by cesarean section.47–49 In support of this idea, transfer of 
the vaginal microbiota (vaginal seeding) was only marginally suc-
cessful in altering the founder microbiome of cesarean section ba-
bies.50 Fecal transplant was more successful and no differences 
in the microbiomes of vaginally and cesarean section-delivered 
babies were detected after transfer of the mother's fecal microbi-
ome to cesarean section babies.51

Following birth, multiple factors result in a gradual shift in the 
composition of the microbiome with breastfeeding playing a central 
early role. Human milk oligosaccharides (HMOs) within breastmilk 
strongly modulate the microbiome through a mechanism that likely 
reflects evidence of a host–microbe co-evolutionary history. The 
human genome does not encode the enzymes required to digest 
HMOs, and consequently, this energy-rich component of the milk 
reaches the lower gastrointestinal tract undigested.52 Populations 
of bacteria, namely, Bifidobacteria, are specially adapted to digest 
HMOs and produce metabolites which promote the development 
of the immune system and prevent inflammation.53 Given this 
critical function, it is perhaps not surprising that Bifidobacterium 
spp. are consistently vertically transmitted from mother to child 
regardless of delivery mode.54 Bifidobacterial strain diversification 

F I G U R E  1  Schematic depiction of the gut microbiome's 
digestive function. Undigested dietary components, including 
complex polysaccharides and human milk oligosaccharides (HMOs), 
are fermented by distinct members of the gut microbiome. 
Absorption of microbial fermentation products, including acetate, 
propionate, and butyrate, in the lower gastrointestinal tract 
increases digestive efficiency.
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4  |    LIGHT and NAGLER

correlates with length of breastfeeding which, by 1 year of age, 
may have a more long-lasting impact on the composition of the 
infant microbiota than mode of birth.54 Although there are some 
reports of a breast milk microbiome, it is not clear how microbes 
could translocate from the mother's gut to the mammary glands. 
Other studies suggest that microbes detected in breast milk are 
most likely derived from the mother's skin or the baby's mouth 
during feeding.49,55,56

With weaning and the introduction of solid food, the infant 
microbiome continues to diversify in an ordered succession.57–61 
Early colonizers change global properties like the redox potential 
of the gut,62 and this enables colonization of specialized microbes 
that are specifically adapted for conditions present in the mature 
gut microbial ecosystem.63 The origin of microbes that colonize 
the gut after birth is not fully understood but seems to come from 
multiple different environmental sources including soil, plants, 
and animals. Studies of Amish and Hutterite populations in the 
United States showed that children from similar genetic back-
grounds who grew up on traditional farms, in close association 
with livestock, had more diverse gut microbiomes than those 
living in mechanized farms.64 In urban settings, microbes are ex-
changed in indoor (built) environments, with cohabitants sharing 
many aspects of microbiome community structure.65–67 The ex-
tent and nature of exposure to environmental sources of microbes 
is thus an important factor in microbiome development. Chance 
colonization events and lifestyle factors are both important in 
shaping the composition of the gut microbiome. Longitudinal 
profiling studies confirm that each individual's established micro-
biome is unique, analogous to a fingerprint.68 The microbial com-
munity varies in response to dietary changes or illness but tends 
to return to a set baseline.

3  |  LIFEST YLE FAC TORS IMPAC T THE 
ACQUISITION AND DIVERSIT Y OF THE 
MICROBIOME

Coincident with the rise in non-communicable chronic diseases, vari-
ous lifestyle factors of industrialized societies have collectively re-
sulted in changes in the human microbiome. As discussed above, diet 
is a major driver of diversification of the microbiome. Throughout 
history, human societies consumed much larger quantities of plant-
derived dietary fiber than are present in the 21st century Western 
diet.69 These microbiota accessible carbohydrates play a critical role 
in shaping the composition, and function, of the microbiome.10,11,70 
Immigration from a non-Western country to the United States, and 
consumption of a Western diet, is associated with a rapid loss of gut 
microbiome diversity.71 Even short-term interventions with a high-
fiber or fermented foods diet can increase gut microbial diversity 
and reduce signs of immune inflammation in the peripheral blood.72 
Other features of modern societies also impact the gut microbiome. 
Vaccine-induced reductions in infectious disease, improvements in 
sanitation, and the elimination of previously common enteropatho-
gens, like helminthic parasites, contribute to the reduced diversity of 
the industrialized gut microbiome.73–76 Urbanization and the departure 
from a traditional farming lifestyle is associated with loss of microbi-
ome diversity.64,77,78 Numerous products of industrialization may also 
contribute to observed microbiome changes. Emerging data suggest 
that environmental chemicals, including common household products 
and food additives can alter the microbiome. For example, detergents 
commonly added to soaps and toothpastes change the composition of 
the esophageal microbiome and modulate epithelial barrier function.79 
Dietary emulsifiers and even artificial sweeteners have been associ-
ated with alterations in the gut microbiome80–82 (Figure 2).

F I G U R E  2  Twenty-first-century 
lifestyle factors disrupt co-evolved 
host–microbe relationships to reduce 
commensal microbial diversity. These 
include mis or over-use of antibiotics, 
consumption of a low fiber, highly 
processed diet, cesarean birth, and 
formula feeding, urban habitats, 
reduction in infectious disease through 
vaccination, elimination of previously 
common parasites through improvements 
in sanitation and increasing exposure 
to cytotoxic environmental chemicals. 
Collectively, depletion of symbiotic 
host protective microbes contributes 
to the increasing prevalence of non-
communicable chronic diseases, including 
food allergy (adapted from ref. 9).
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    |  5LIGHT and NAGLER

Antibiotic use and misuse are the greatest modifiers of the mi-
crobiome.44,83,84 Antibiotics have, of course, been lifesaving for 
the treatment of many infectious diseases. However, most have 
broad-specificities and deplete the bacterial microbiome as col-
lateral damage.85–87 Many resident bacterial taxa recover, but 
persistent disruption of both the composition and function of the 
microbiota is also common and associated with non-communicable 
chronic diseases.88 Antibiotic administration in early life is particu-
larly damaging to the developing microbiome.44,83,84 For example, 
repetitive ear infections in infants are typically treated with the 
antibiotic amoxicillin-clavulanic acid.89 Recent work testing the ef-
fect of amoxicillin-clavulanic acid treatment showed that neonatally 
treated mice exhibited long-term depletion of key microbial metab-
olites, dysregulated airway epithelial function, and exacerbated re-
sponses to sensitization with house dust mites, despite an apparent 
rapid recovery in gut microbiota composition.90 In humans, antibiotic 
treatment in early life also correlates with the increasing prevalence 
of asthma.91 Murine model studies showed that administration of 
subtherapeutic doses of antibiotics in early life alters hormone lev-
els and induces a metabolic syndrome that leads to increased ad-
iposity.92 Widespread environmental exposures to antibiotics and 
antimicrobials may be another factor contributing to observed mi-
crobiome changes. Low doses of antibiotics were utilized for more 
than 50 years in livestock production to increase weight gain,93 
until concerns over antibiotic resistance led the FDA to ban non-
therapeutic uses of antibiotics in livestock in 2017.94 Triclosan, an 
antimicrobial impregnated in thousands of consumer products from 
toothpastes to clothes and toys, is another source of environmen-
tal exposure. The detection of triclosan in urine is associated with 
changes in gut microbiome composition,95 and correlated with an 
increased risk of both inhalant and food allergies.96

4  |  COMMENSAL MICROBES REGUL ATE 
IMMUNE RESPONSES TO FOOD

The gut-associated lymphoid tissue faces an enormous challenge 
in distinguishing the broad array of commensal microbes and in-
nocuous dietary antigens from potential pathogens and mounting 
an appropriate response to each.9 Not surprisingly, the physiologi-
cal default response to dietary antigens is systemic nonresponsive-
ness.97 Often referred to as oral tolerance, this nonresponsiveness 
can be modeled experimentally by measuring the response to pe-
ripheral immunization with antigen plus adjuvant weeks after in-
tragastric gavage of the same antigen.98 Because the mechanisms 
regulating a failure to respond are inherently difficult to study, in 
early work we examined whether tolerance to a dietary antigen was 
altered in the context of a local, mucosal infection. We chose in-
fection with the natural murine helminthic parasite, Heligmosoides 
polygyrus.99 H. polygyrus elicits a pronounced Th2-biased immune 
response, including parasite specific polyclonal IgG1/IgE antibodies. 
We found that tolerance for a Th1-dependent cytokine or antibody 
response to ovalbumin (OVA) was maintained, but Th2 responses 

to OVA were primed, in H. polygyrus-infected mice.100,101 In addition 
to creating a Th2-biased mucosal cytokine environment, helminth 
infection acted as an adjuvant for the response to a dietary antigen 
by upregulating costimulatory molecules on mucosal dendritic cells 
(DC) and promoting the proliferation of antigen-specific T cells.101 
The impact of helminth infection on immune responses to food was 
revisited recently in a preprint report employing state-of-the-art 
Labeling Immune Partnerships by SorTagging Intercellular Contacts 
(LIPSTIC) detection together with single-cell transcriptomic meth-
odologies.102 Mucida and colleagues found that the ability of spe-
cific subsets of DC to induce regulatory T cells (Tregs) in response 
to orally administered antigens was partially abrogated in helminth-
infected mice, confirming the influence of helminth infection on the 
immune response to a food. In a later study, we were surprised to 
find that helminth-infected mice were protected from an anaphylac-
tic response to food induced by sensitization with peanut plus the 
mucosal adjuvant cholera toxin.103 Helminth-mediated protection 
was IL-10-dependent, in keeping with studies which showed that, 
despite sensitization, African children in helminth endemic areas 
had high levels of circulating IL-10 and little evidence of atopy.104 
Endemic enteric helminths in the developing world have co-evolved 
with gut bacterial inhabitants and the composition of the fecal bac-
terial microbiota is altered in individuals colonized with helminths 
when compared to non-infected individuals.105 Helminth infection 
can therefore modify host immunity both directly and through its 
effects on the microbiome.

Inspired by a newly emerging consensus that the intestinal 
immune hyperreactivity in inflammatory bowel disease (IBD) was 
not primarily autoreactive but was instead directed against (and 
controlled by) resident intestinal bacteria,106,107 we asked whether 
intestinal bacteria also regulate the response to the other major 
luminal constituent—food. We showed that depletion of intestinal 
bacteria by neonatal administration of oral broad spectrum antibi-
otics increased susceptibility to allergic sensitization to peanut.108 
We later demonstrated that the antibiotic-induced reduction in 
bacterial diversity led to impaired epithelial barrier function.109 
We used gnotobiotic models to examine the barrier-protective 
capacity of various bacterial populations. We found that adminis-
tration of a consortium of mucus-associated spore-forming bacte-
ria from the Clostridia class induced an IL-22-dependent epithelial 
barrier-protective response, which decreased the concentration of 
intragastrically administered peanut protein detectable in serum 
and prevented allergic sensitization to food.109 Earlier work had 
shown that presentation of dietary antigen in gut-draining mesen-
teric lymph nodes, rich in TGF-β and the vitamin A metabolite ret-
inoic acid, induced the peripheral conversion of naive CD4+ T cells 
to dietary antigen-specific Foxp3+ regulatory T cells (Tregs).110–112 
Subsequent reports demonstrated that the induction of oral tol-
erance was a multistep process, which required that these Tregs 
acquire homing receptors which allowed them to migrate to, and 
expand in, the intestinal lamina propria.113 Studies in antigen and 
microbe-free mice confirmed that Foxp3+Tregs in the small intes-
tinal lamina propria were largely dietary antigen-specific while 
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6  |    LIGHT and NAGLER

those in the colon had specificity for intestinal bacteria.114 We 
proposed a Barrier Regulation Hypothesis of allergic sensitization 
which suggested that, in addition to the induction of food antigen-
specific Foxp3+ Tregs, a bacteria-induced barrier-protective re-
sponse was required to maintain epithelial barrier integrity and 
induce tolerance to dietary antigens.115 We showed that bacteria 
in the Clostridia class are one taxon which mediate this barrier-
protective response. They do so by inducing type 3 innate lym-
phoid cells (ILC3) to secrete IL-22, which stimulates epithelial 
production of mucus and other mediators which, together, block 
access of dietary antigen to the systemic circulation. Other work 
showed that depletion of barrier-protective taxa in mice main-
tained on a fiber-free diet resulted in the expansion of the mucin 
degrading specialist Akkermansia mucinophila, thinning of the 
mucus layer, impaired epithelial barrier function, and enhanced 
allergic responses to food.116

Remarkably, a single-cell-layered epithelium is all that sepa-
rates trillions of microbial inhabitants from the underlying intes-
tinal lamina propria and the activation of immune effector cells in 
the gut-associated lymphoid tissue.117 Most cells in the small intes-
tinal epithelium are absorptive enterocytes, in keeping with this 
tissue's central role in the processing and digestion of dietary nu-
trients. A small fraction of epithelial cells belongs to the secretory 
lineages, composed of several specialized cell types, which help to 
maintain barrier integrity: enteroendocrine cells, goblet cells, tuft 
cells, and Paneth cells.118 Enteroendocrine cells secrete hormones 
that regulate digestion, absorption of dietary nutrients, and gas-
trointestinal motility.119 Tuft cells (discussed below) “sense” the lu-
minal contents.120 Mucus produced by goblet cells forms a physical 
barrier at the epithelial surface.121 Paneth cells are a prominent 
source of antimicrobial peptides (AMPs), natural antibiotics that 
maintain the sterility of the villus crypt and regulate the composi-
tion of the microbiota.122 In addition to these components of the 
physical epithelial barrier, the maturation of the nascent immune 
system is intimately intertwined with neonatal colonization by 
commensal bacteria.115,123,124 In mice, a distinctive, microbiota-
driven weaning reaction occurs during the transition from moth-
er's milk to solid food. This initial host reaction to its resident 
microbiota is central to the development of intestinal immune ho-
meostasis; the absence of the weaning reaction leads to increased 
susceptibility to pathological responses to luminal antigens (food 
allergies and colitis) later in life.125 A physiological decrease in the 
concentration of epidermal growth factor receptor ligands in the 
mother's breast milk during the second week of life opens goblet 
cell associated passages (GAPs) and allows for translocation of mi-
crobial antigens to the lamina propria.126 Weaning is accompanied 
by a 100-fold increase in both the relative abundance and numbers 
of Clostridia and a smaller increase in Bacteroidia in the terminal 
ileum.125 Innate immune signals elicited by these changes trigger a 
transient spike in TNF-α and IFN-γ production by T cells in the ter-
minal ileum. In the presence of both bacterial SCFAs produced by 
the new colonizers and retinoic acid, microbial antigens presented 
by CD103+ DC induce the conversion of naïve T cells to a unique 

population of bacteria-induced Foxp3+RORγt+ Tregs critical to 
intestinal homeostasis.125,127 Recent work has suggested that it 
is not DC, but a novel lineage of RORγt+ antigen presenting cells 
(APC) called Thetis Cells, (with shared transcriptional features of 
thymic medullary epithelial cells and DC) that mediates tolerance 
to the gut microbiota.128 A preprint report suggests that a subset 
of Thetis Cells (TC IV) is required to induce food-specific Tregs and 
oral tolerance in early life.129

The changes in gene expression induced between weeks two 
and three (as the weaning reaction develops) reflect the differenti-
ation of Paneth and goblet cells and increased production of AMPs 
and mucus.125 Work from our laboratory also supports a critical role 
for commensal Clostridia in the establishment of epithelial barrier 
integrity. We found that commensal Clostridial flagellin and indoles 
signal through TLR5 and the Aryl Hydrocarbon Receptor (AhR), 
respectively, to elicit an IL-22-dependent gut barrier-protective re-
sponse.130 Some Clostridial taxa are motile and bear flagella, a ligand 
for TLR5, or produce tryptophan metabolites (including indoles), 
which are ligands for the AhR. We found that lysates and flagella 
from a consortium of Clostridia induced IL-22 secretion from ileal 
explants from wild-type mice but not from mice deficient in TLR5 
or MyD88 either globally or conditionally in CD11c+ APC. AhR sig-
naling in RORγt+ ILC3 was necessary for flagellin-mediated induc-
tion of IL-22. Mice with an AhR deficiency in RORγt+ cells exhibited 
increased intestinal permeability to luminal antigens, and enhanced 
susceptibility to an allergic response to food. Our data therefore 
suggest that Clostridial products regulate a continuum of responses, 
that begins with the weaning reaction, and results ultimately in a 
barrier-protective response (Figure 3).

To begin to translate our mouse model work to human disease, we 
examined the composition of the fecal microbiota in a demographi-
cally matched Italian cohort of healthy infants and infants with cow's 
milk allergy (CMA).131 We found that taxa typically detected in healthy 
4-month-old infants including Lactobacillales, Bifidobacteriales, and 
Enterobacteriales were all depleted in CMA infants, who instead ex-
hibited an accelerated maturation of their microbiota to a community 
composition more similar to what is found in adults. Treatment with an 
extensively hydrolyzed casein formula supplemented with Lactobacillus 
rhamnosus GG was associated with enhanced acquisition of tolerance 
to cow's milk and increased concentrations of fecal butyrate.131 We 
then went on to demonstrate a causal role for bacteria present in the 
healthy infant microbiota in protection against CMA.132 We developed 
a gnotobiotic model of CMA in which we transferred feces from four 
healthy and four CMA 6-month-old infants to germ free (GF) mice.132 
Groups of GF mice and mice colonized with either healthy or CMA in-
fant feces were sensitized with the cow's milk protein β-lactoglobulin 
(BLG) and the mucosal adjuvant cholera toxin. Consistent with previ-
ous reports,109,133 GF mice, devoid of any bacterial colonization, were 
highly susceptible to an anaphylactic response to food, as evidenced 
by a drop in core body temperature and production of BLG-specific IgE 
and IgG. There was also a significant reduction in core body tempera-
ture in mice colonized with fecal samples from each of the four CMA 
donors in response to BLG challenge. Sensitized CMA-colonized mice 
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    |  7LIGHT and NAGLER

produced markedly higher serum concentrations of BLG-specific IgE, 
IgG1, and mouse mast cell protease 1 (mMCPT-1) when compared to 
healthy-colonized mice. Strikingly, all of the mice that received healthy 
infant feces were protected from an anaphylactic response to BLG 
challenge; their core body temperature was significantly different from 
that measured in GF or CMA-colonized mice. The integration of dif-
ferentially abundant taxa present in the healthy and CMA microbiotas 
with the changes in ileal gene expression each induced upon coloniza-
tion of GF mice identified a single butyrate-producing Clostridial spe-
cies, Anaerostipes caccae selectively enriched in mice colonized with 

the healthy infants' microbiota.132 Mice monocolonized with A. caccae 
mimicked the effects of the healthy microbiota in protection against an 
anaphylactic response to food.132 Later in the same year, Chatila and 
colleagues.134 published similar findings suggesting that, in addition to 
Clostridia, other taxa can also protect against food allergy and that they 
do so by inducing Foxp3+RORγt+ Tregs in the mesenteric lymph node 
in a Treg intrinsic MyD88 dependent fashion. Foxp3+RORγt+ Tregs 
were required for microbiota-mediated protection in murine models of 
food allergy and were reduced in the peripheral blood of food allergic 
patients.134 The MyD88-dependent ligand was not identified.

F I G U R E  3  Commensal Clostridia are key mediators of both the weaning reaction and the establishment of homeostasis in the intestinal 
mucosa. Lactobacilli and Bifidobacteria are dominant intestinal taxa shortly after birth. During this time, suckling mice also receive 
relatively high amounts of epidermal growth factor (EGF) receptor ligands from breast milk. As breast milk EGF levels are reduced goblet 
cell-associated passages (GAPs) open to allow microbial antigens to gain access to the lamina propria (LP). Commensal Clostridia expand 
dramatically with exposure to solid food at weaning. The weaning reaction is characterized by a short-lived increase in TNF-α and IFN-γ and 
the presence of new products from the changing microbiome in the intestinal LP. These include tryptophan metabolites which interact with 
the Aryl Hydrocarbon Receptor (AhR) on various cell types, particularly type 3 innate lymphoid cells (ILC3). Some Clostridia are motile-their 
flagellin signals through TLR5 and activates dendritic cells (DC) to produce IL-23 which induces downstream secretion of IL-22 from ILC3. In 
addition, short-chain fatty acids such as butyrate interact with GPR109 on ILC3 to induce IL-22. Microbial antigens displayed by CD103+ DC 
in the presence of retinoic acid (RA) and bacterial metabolites induce the conversion of naïve T cells into Foxp3+RORγt+ regulatory T cells 
(Tregs). Between weeks 2 and 3, significant changes in gene expression contributeto the differentiation of crypts and increased production 
of mucus and antimicrobial peptides (AMPs) from goblet and Paneth cells respectively. The interactions of commensal Clostridia with their 
host therefore occur along a continuum, beginning at weaning, that ultimately leads to a bacteria-induced epithelial barrier-protective 
response critical to mucosal homeostasis.
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8  |    LIGHT and NAGLER

To broaden the fecal microbial signatures to a larger, more diverse 
group, we performed taxonomic and metabolomic analyses of samples 
from a cohort of twin pairs concordant and discordant for food allergy. 
We found that most of the bacteria differentially abundant between 
healthy and allergic twins were in the Clostridia class; the marked age 
range of the twins studied (6 months to 70 years) supported our premise 
that early-life depletion of barrier-protective Clostridia was maintained 
with aging and was associated with allergic disease.135 The small sample 
size examined was a limitation of our study, but an earlier report from 
the Consortium for Food Allergy Research (CoFAR) corroborated our 
findings in a much larger cohort.136 CoFAR collected fecal samples from 
226 children enrolled in an observational study of milk allergy.136 They 
reported that certain taxa within the Clostridia were enriched between 
ages 3–6 months in children with CMA whose disease had resolved by 
8 years of age when compared to those with persistent disease. Blautia, 
a prominent butyrate producer was selectively enriched in tolerant in-
fants in both our initial report and the CoFAR study.131,136 Differential 
abundances of various other taxa, without a unifying discernible signa-
ture, have been reported in several other studies comparing fecal sam-
ples from patients with food allergies to non-allergic controls.137–139

Although we have emphasized an allergy protective role for the 
microbiota, some evidence also suggests that populations of intes-
tinal bacteria can promote food allergy.140 The microbiomes of in-
fants from the Italian pediatric cow's milk allergy cohort described 
above were enriched for genes involved in the biosynthesis of the 
pro-inflammatory TLR4 ligand lipopolysaccharide.140,141 Intestinal 
microbial metabolites, which promote type II immunity, are less 
well studied than those which are protective. However, several 
groups have shown that microbially produced succinate induces 
type II immunity by binding to its receptor, SucnR1, on tuft cells to 
trigger the secretion of the epithelial alarmin IL-25.142–147 Although 
others have speculated that this pathway may be involved in the 
development of food allergy,148 this question has yet to be ex-
perimentally interrogated. Specific helminths and protists induce 
SucnR1-mediated type II immunity; these organisms are rare in 
industrialized societies and therefore unlikely sources of allergy-
relevant succinate. Some bacteria have been implicated in the 
induction of SucnR1-mediated type II immunity, but the broader 
factors responsible for bacterially derived succinate accumulation 
are not fully understood.145,147 Phascolarctobacterium faecium is 
known to be among the few taxa of succinate-consuming special-
ists, which metabolize succinate to propionate.149–152 Interestingly, 
in our study of the gut microbiomes of twins concordant and dis-
cordant for food allergy, we found that P. faecium was one of only 
two taxa associated with protection from food allergy.135

5  |  DE VELOPMENT OF 
MICROBIOME-MODUL ATING 
THER APEUTIC S FOR FOOD ALLERGY

Probiotics are live microorganisms that are intended to con-
fer health benefits when consumed.153 Conventional probiotic 

formulations typically include aerotolerant environmental Lactobacilli 
or Bifidobacteria strains that inefficiently colonize the gastrointes-
tinal tract. These probiotics have been studied for many years and 
have shown limited efficacy for the treatment of allergic disease, as 
reviewed elsewhere.154 We will focus here on “next generation” live 
biotherapeutic products (LBPs), which contain anaerobic gut microbes 
that colonize the gastrointestinal tract and directly change microbi-
ome composition. Driven initially by the successful treatment of C. dif-
ficile colitis by transfer of donor feces,155 there has been substantial 
academic and commercial interest in the development of LBPs to treat 
a variety of diseases. The use of donor samples has, however, been 
impossible to standardize given that every individual's microbiome is 
unique to the strain level and that different strains of a single spe-
cies can have varied functional activities.156,157 Recent clinical trials 
have shown that the transfer of selected bacterial consortia (typically 
dominated by Clostridia) appears to be safe, but engraftment comes 
with some trade-offs; pre-treatment of the recipient with antibiotics is 
often required, presumably to open a niche.158,159 Moreover, introduc-
tion of new taxa can displace others, like the health-associated bac-
terial strain Faecalibacterium prausnitzii.159 The consequences of this 
displacement are not known. Beyond the initial success with C. difficile 
colitis, the efficacy of live biotherapeutics in the treatment of other 
diseases has not been demonstrated in clinical trials to date, although 
many are in progress. Of relevance to this review, the safety and ef-
ficacy of oral–fecal microbial transplantation therapy (with antibiotic 
pre-treatment) is currently being investigated in an interventional trial 
for peanut allergy in a small group of teenagers.160

The difficulties inherent in transferring live anaerobic bacteria 
suggested that treatment with a product of these bacteria might 
be an alternative approach. As discussed above, SCFAs are prom-
inent microbial metabolites with well-documented immunoreg-
ulatory properties. Bacteria in the Clostridia class are dominant 
producers of butyrate. In keeping with its role as a vital cellu-
lar energy source for the intestinal epithelium, butyrate utilizes 
several largely non-redundant mechanisms of action to maintain 
mucosal barrier integrity. These can be grouped into three broad 
categories: (1) signaling through G protein-coupled receptors 
(GPRs), (2) regulation of gene expression, and (3) modification 
of immunometabolism. Cell surface G protein-coupled receptors 
GPR43 (Ffar2), GPR41 (Ffar3), and GPR109a, expressed on both 
the intestinal epithelium and cells of the innate immune system 
(neutrophils, DC, macrophages, and ILC), regulate mucosal immu-
nity to pathogens.161,162 Binding to cell surface GPR41/43 signals 
intracellularly through the PI3K-Akt signaling pathway to promote 
cellular activation and proliferation. Transcriptional activation is 
suppressed by histone deacetylation (HDAC), which induces a 
closed chromatin conformation. Butyrate acts as an HDAC inhibi-
tor to epigenetically regulate gene expression.161 HDAC inhibition 
by butyrate restrains pro-inflammatory cytokine expression in 
macrophages and DC163,164 and suppresses mTOR activity in mac-
rophages to “imprint” an antimicrobial program.165 Butyrate also 
enhances acetylation of the Foxp3 locus and protein to promote 
the peripheral expansion of Foxp3+Tregs.163,166,167 Conversely 
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    |  9LIGHT and NAGLER

butyrate decreases acetylation at the promoter regions of the ty-
rosine kinases required for IgE-FcεR1-mediated mast cell degranu-
lation.168 SCFAs potentiate the effector function of Th1 and Th17 
cells by increasing both protein acetylation (HDAC inhibition) and 
the activation of mTOR.169 Regulation of cellular metabolism by 
SCFAs also aids in the differentiation of IgG- and IgA-secreting B 
cells to plasma cells.170,171 Interestingly, SCFAs also suppress the 
production of IgE.161,172

Decreased production of butyrate, in particular, has been linked 
to susceptibility to allergic disease, especially in early life.173–175 
Metagenomic analysis of fecal samples from 3-month-old infants 
who exhibited allergic sensitization in early childhood revealed a 
reduced potential for carbohydrate degradation and decreased 
abundance of butyrate-producing taxa.176 The protection against 
asthma and allergy afforded by a traditional farm lifestyle mark-
edly correlated with the expansion of butyrate-producing taxa.177 
Conversely, murine model studies showed that antibiotic-mediated 
depletion of butyrate-producing taxa in early life dysregulated a 
ILC2-B1 B cell-IgE axis, leading to enhanced susceptibility to aller-
gic lung inflammation.178 Clinically, the use of butyrate has been 
restricted by its foul smell and taste and little evidence that orally 
administered butyrate can reach the lower gut where it is normally 
produced. To circumvent these limitations, we conjugated butyr-
ate to block copolymers which form micelles with butyrate in their 
hydrophobic core.179 We created neutral and negatively charged 
formulations which differentially released butyrate in distinct re-
gions of the lower gut. The unpalatable taste and smell of butyrate 
were masked in both polymer formulations. To achieve prolonged 
elevated luminal concentrations of butyrate throughout the lower 
gut we created a 1:1 mixture of the two formulations and examined 
its efficacy in protecting against an anaphylactic response to food. 
Groups of neonatally antibiotic-treated mice were sensitized with 
peanut plus the mucosal adjuvant cholera toxin. After confirming 
that a uniform allergic response had been induced, groups of mice 
were intragastrically gavaged twice a day with the mixed micellar 
formulations of butyrate (ButM). All of the mice were challenged with 
peanut extract after 2 weeks of treatment with ButM. An anaphylac-
tic drop in core body temperature, serum mMCPT-1, histamine, and 
PN-specific IgE were all significantly reduced in mice treated with 
ButM.179 To examine whether delivery of butyrate to the lower gut 
was necessary for its efficacy, we did a head-to-head comparison of 
intragastric gavage of ButM or equivalent concentrations of sodium 
butyrate. Free sodium butyrate had no effect in protecting allergic 
mice from an anaphylactic response to allergen challenge and did not 
reduce serum peanut-specific IgE and IgG1 levels, while ButM was 
highly effective.179 Fecal samples were collected before and after 
ButM treatment to examine the composition of the microbiota. We 
found that ButM treatment significantly increased the abundance 
of a major butyrate-producing taxon, Clostridium cluster XIVa. This 
was likely due to butyrate's ability to signal through the transcription 
factor PPAR-γ to shunt enterocyte metabolism toward β-oxidation, 
creating regions of localized hypoxia, which support the growth of 
obligate anaerobes.180 ButM treatment therefore resulted in both 

increased luminal concentrations of butyrate and the expansion of 
populations of butyrate-producing Clostridia.

As already mentioned, we created a robust gnotobiotic model of 
cow's milk allergy (CMA) by transferring fecal samples from healthy 
and CMA infant donors to GF mice.132 We found that mice colonized 
with the healthy infants' microbiota were protected from an aller-
gic response to food while mice colonized with the CMA microbiota 
were susceptible.132 Mono-colonization of germ-free mice with the 
butyrate-producing Clostridia Anaerostipes caccae mimicked the pro-
tective effect of the replete healthy infant microbiota and prevented 
an anaphylactic response to food.132 We were interested in explor-
ing A. caccae as a second therapeutic approach but were concerned 
that it would exhibit limited engraftment in microbially replete hosts. 
To create an ecological niche in the gut to maximize engraftment 
and butyrate production, we decided to co-deliver A. caccae with a 
prebiotic substrate, that is, as a synbiotic. A. caccae is a professional 
cross-feeder; it depends on other bacterial species to perform pri-
mary degradation of large polysaccharides and release small mole-
cules such as lactate and acetate which A. caccae can then convert 
to butyrate.181,182 We hypothesized that intentionally creating cross-
feeding relationships between A. caccae and resident bacteria by ad-
ministering a prebiotic would be an effective strategy to improve its 
efficacy. We isolated a novel strain of A. caccae from a healthy infant 
in the Italian cohort and screened multiple carbohydrate sources as 
potential prebiotics in vitro.183 We identified several, including am-
ylopectin and inulin, that increased the concentration of butyrate in 
A. caccae cultures with CMA fecal slurries but many of these starches 
and fibers were poorly soluble and not amenable to use in our gnoto-
biotic models. Ultimately, we chose the semi-synthetic disaccharide 
lactulose as the prebiotic to study in vivo. Somewhat to our surprise 
we found that A. caccae engrafted well in mice colonized with a CMA 
microbiota. Cecal butyrate concentrations were not increased, how-
ever, until the A. caccae engrafted mice also received prebiotic lac-
tulose, in support of our synbiotic approach. Importantly, we were 
able to show that treatment of CMA-colonized mice with a synbiotic 
of A. caccae and lactulose reduced the anaphylactic response to sen-
sitization with the cow's milk protein BLG.183 To evaluate the syn-
biotic in another microbial and antigenic context, we demonstrated 
that it also had efficacy in the same therapeutic model of peanut 
allergy in which we tested the butyrate micelles.179,183 Exploring the 
mechanism for the synbiotic's allergy protective effects, we found 
that treatment with A. caccae (with or without lactulose) increased 
the proportion of RORγt-expressing Foxp3+Tregs in both the ileal- 
and cecal-colonic mesenteric lymph nodes of CMA-colonized mice. 
This suggested that A. caccae treatment increased Foxp3+RORγt+ 
Tregs in the mesenteric lymph nodes by a mechanism other than 
butyrate production, since treatment with A. caccae alone did not 
increase the concentration of cecal butyrate.183 We discovered 
that the expression of the epithelial alarmin IL-25 was elevated in 
sensitized, CMA-colonized, mice and reduced in mice treated with 
the synbiotic. Tuft cells are the only cellular source of IL-25 in the 
mouse intestine.184–186 Recent work has shown that the production 
of butyrate by commensal bacteria regulates type II immunity by 
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10  |    LIGHT and NAGLER

constraining the differentiation of tuft cells.187 As mentioned above, 
butyrate's ability to act as an HDAC inhibitor to epigenetically reg-
ulate gene expression has been well documented.161 Colonization 
with butyrate-producing bacteria suppressed tuft cell expansion in 
mice treated with oral succinate. Succinate-induced tuft cell expan-
sion was also reduced in mice with an epithelium-specific deletion 
of histone deacetylase 3 (HDAC3).187 Our data therefore suggest 
that the CMA microbiota primes the epithelium for a pro-allergic 
response. The brake provided by butyrate's ability to epigenetically 
regulate the differentiation of tuft cells from crypt stem cells187 is 
impaired by the low concentrations of luminal butyrate in CMA-
colonized mice, and restored by treatment with the synbiotic, which 
blocks the progression to type II immunity.

Palforzia™, a low-dose oral immunotherapy (OIT) for peanut188 
is one of only two FDA-approved treatments for food allergies (the 
other is Xolair™, a monoclonal antibody to IgE administered by re-
peated subcutaneous injection189). Until the approval of Xolair™ this 
year, OIT has been the standard of care. OIT requires the gradual 
administration of small, increasing doses of allergen over time. The 
potential for severe adverse reactions, high drop-out rates, and the 
failure to induce allergen-specific tolerance (as opposed to transient 
desensitization) have suggested that OIT alone is not an acceptable 
long-term therapeutic solution.190 To improve the efficacy of OIT 
and mitigate adverse reactions, Moon and colleagues 191 formulated 
a gel of OVA coupled to the prebiotic fiber inulin. In a murine model 
of allergic diarrhea, the OVA/inulin gel formulation was a more ef-
fective form of prophylactic OIT than OVA alone. Formulation in 
an inulin gel slowed the transit of OVA in the small intestine and 
increased its uptake by populations of DC. Mechanistically, OVA/
inulin OIT resulted in increased frequencies of Foxp3+ Tregs in the 
mesenteric lymph nodes and small intestinal lamina propria of the 
treated mice. Treatment with the OVA/inulin gel restored the ileal 
contents to a community composition similar to what was seen in 
naive mice.191 A butyrogenic role for inulin was not described.

Paradoxically, however, other work showed that an inulin-rich 
diet can promote allergic responses.192 In mice, 2 weeks of an inulin-
rich diet altered fecal community structure and increased tissue 
eosinophilia in the gut and airways. Elevated concentrations of bile 
acids and indoles were detected in the serum of the inulin-diet mice. 
Inulin altered the production of the bile acid cholic acid, the product 
of bacterial deconjugation of host-derived taurocholic acid. Elevated 
bile acid production led, in turn to increased production of IL-33 by 
stromal cells which stimulated type 2 ILC to produce IL-5 and recruit 
eosinophils. Cholic acid was sufficient to exacerbate type 2 immu-
nity in a papain-induced model of lung inflammation.192 Other recent 
work on bile acids has begun to elucidate their immunoregulatory 
(and microbiome-modulatory) properties. Primary BAs (PBAs), such 
as cholic acid, are produced in the liver from the metabolism of cho-
lesterol and stored as taurine or glycine-conjugated bile salts in the 
gall bladder.193 PBAs are released into the duodenum after a meal 
to aid in the digestion of fats; most (95%–97%) are reabsorbed in 
the ileum. PBA deconjugation is performed by bile salt hydrolases 
(BSH), which are conserved across the major gut bacterial phyla.193 

The remaining 3%–5% of PBAs continue to the colon where intesti-
nal bacteria convert them into secondary bile acids (SBAs); virtually 
all of the BA pool in the colon has undergone bacterial modification. 
The conversion of PBAs to SBAs requires the 7α-dehydroxylation en-
zymes encoded by the bai operon.194 Interestingly, most of the small 
number of bai-expressing taxa identified to date are in the Clostridia 
class.195,196 Strikingly, although bai-expressing bacteria are rare, 
and are at low abundance, they process high concentrations (about 
1 mM197,198) of colonic PBA, thereby exerting an outsized impact on 
the overall bacterial metabolite pool. The most abundant SBA end 
products of this pathway, deoxycholic acid (DCA) and lithocholic acid 
(LCA), can undergo further modifications; DCA, LCA, and their de-
rivatives comprise 90% of the circulating BA pool in the intestine.194 
Potent immunoregulatory properties have been described for two 
modified SBA, isoalloLCA, and isoDCA.199–201 Because they act as 
detergents, many SBAs can disrupt membrane integrity to selectively 
lyse, or inhibit the growth of, populations of intestinal bacteria.193,202 
BAs therefore play an important, context-dependent, role in shaping 
the composition and function of the intestinal microbiota and may be 
amenable to therapeutic modulation.

The atopic march describes a well-known clinical phenomenon, 
whereby different site-specific manifestations of allergic disease 
occur sequentially with age at the population level.203 Longitudinal 
studies of patient populations have described a characteristic dis-
ease progression, beginning with initial clinical presentation on the 
skin (atopic dermatitis) and in the gastrointestinal tract (food allergy) 
in infancy/early childhood and a later appearance in the airways 
(asthma and allergic rhinitis) at school age.203,204 Since atopic der-
matitis in infancy is often predictive of food allergy later in child-
hood, interventions, which target the skin microbiome are also of 
interest. Some evidence suggests that the loss of barrier integrity in 
the inflamed skin of infants with atopic dermatitis promotes trans-
cutaneous sensitization to food allergens, while early consumption 
of allergenic foods induces oral tolerance.205 The skin microbiome 
is surprisingly diverse; as in the gut, commensal bacterial strains 
modulate immune homeostasis. In patients with atopic dermatitis 
pathogenic Staphylococcus aureus strains outcompete commensal 
Staphylococcus epidermidis strains to elicit local skin inflammation.206 
S. aureus secretes virulence factors which damage keratinocytes and 
impair skin barrier integrity. Bacteriotherapeutic approaches are 
being investigated as a topical therapy for atopic dermatitis.206 As in 
food allergy, the pathogenesis of atopic dermatitis involves a com-
plex interaction between genetic and environmental factors that 
are still poorly understood. Successful therapeutic interventions for 
atopic dermatitis have the potential to halt the march toward food 
allergy.

6  |  CONCLUSIONS

The commensal microbiome plays a critical role in regulating im-
mune responses to food, the other major luminal constituent. Modern 
lifestyle and environmental factors have disrupted homeostatic 
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    |  11LIGHT and NAGLER

host–microbe interactions that co-evolved for millennia. Our knowl-
edge of the microbiome has advanced rapidly, but there is still much 
to learn. A better understanding of how specific microbial populations 
protect against, or promote, immune responses to food will inform the 
development of microbiome-modulating therapeutics with the poten-
tial to prevent or treat food allergy.
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