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Abstract
The incidence of food allergy in developed countries is rising at a rate that cannot be attributed to
genetic variation alone. In this review we discuss the environmental factors that may contribute to
the increasing prevalence of potentially fatal anaphylactic responses to food. Decreased exposure
to enteric infections due to advances in vaccination and sanitation, along with the adoption of
high-fat (Western) diets, antibiotic use, Caesarian birth, and formula feeding of infants, have all
been implicated in altering the enteric microbiome away from its ancestral state. This collection of
resident commensal microbes performs many important physiological functions and plays a
central role in the development of the immune system. We hypothesize that alterations in the
microbiome interfere with immune system maturation, resulting in impairment of IgA production,
reduced abundance of regulatory T cells, and Th2-skewing of baseline immune responses which
drive aberrant responses to innocuous (food) antigens.

Keywords
Microbiome; hygiene hypothesis; dysbiosis; atopy; bacteria

Introduction
The incidence of food allergy is on the rise. In the US, the Centers for Disease Control and
Prevention documented an 18% increase in the prevalence of reported food allergy in
children within a span of just ten years [1]. As reviewed elsewhere in this volume, genetic
variation associated with allergic responses to food accounts for only a small fraction of the
overall disease risk and cannot explain a dramatic increase in disease prevalence over such a
short time period [2–5]. The focus has, therefore, shifted toward gene-by-environment
interactions. Several hypotheses have been offered for how the environment may be
interacting with the immune system to promote allergic disease; of these, the role of the
commensal microbiota has recently come to the fore. This chapter will review the
epidemiological and experimental evidence suggesting that various environmentally driven
alterations in the microbiome are contributing to the increasing prevalence of atopy. We will
then examine some of the complex host-microbiome interactions that influence the
development of the immune system and establish a framework for understanding how these
changes can promote allergic responses to food. Finally, potential therapeutic applications
will be considered.
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The hygiene hypothesis: influence of environmental microbial exposure on
disease

The idea that microbes and microbial exposure influence the development of allergic disease
was first proposed about twenty years ago, when it was noted that children from larger
families had a lower incidence of allergic rhinitis [6]. Strachan suggested that, in large
families, younger children were more frequently exposed to infections due to the presence of
older siblings. This observation led to the “hygiene hypothesis”, which postulated that
societal efforts to reduce exposure to infectious disease early in life, including widespread
compulsory vaccination and improvements in sanitation, were also depriving the immune
system of immunoregulatory stimulation necessary for protection against allergic disease.
Further evidence for the hygiene hypothesis came from a study on the effects of an
anthroposophic lifestyle on the incidence of atopy in children [7]. The study focused on two
anthroposophic schools in Sweden at which vaccination and the use of antibiotics was
greatly restricted and exposure to childhood infections correspondingly increased. Children
at these schools were found to have reduced allergen-specific IgE in their serum and fewer
reports of atopic symptoms, supporting Strachan’s contention that exposure to infection may
protect against allergic disease. The diet associated with an anthroposophic lifestyle was also
considerably different from that of the rest of Sweden, containing a large amount of
fermented vegetables. As a possible consequence of this diet, these children were found to
have an increased proportion of lactobacilli in their intestinal microbial communities. Since
lactobacilli have been shown to be more prevalent in populations with a lower incidence of
atopic disease, this shift may be indicative of a mechanism of protection in these children
[8]. The hygiene hypothesis received additional support from studies which demonstrated
that the increasing prevalence of allergic disease is mostly restricted to industrialized nations
where the use of antibiotics and Western standards of sanitation are more prevalent than
they are in developing nations. In fact, certain developing nations have almost no cases of
food allergy [9]. Comparisons between genetically similar populations in two different
countries, such as East and West Germany after reunification or populations in Finnish
versus Russian Karelia, have shown that children living in more developed areas have an
increased likelihood of asthma and atopy [10,11]. Even within developing nations, the
prevalence of allergic disease is increased in affluent urban areas compared to rural
communities [12]. Epidemiological studies of children who live on farms also lend support
to the hygiene hypothesis. These studies showed that children who grew up on farms and
were exposed to livestock during the first year of life were considerably less likely to
develop allergies than their urban counterparts [13–16]. In keeping with the idea that
increased exposure to bacteria protects against allergic sensitization, bacterial ligands such
as endotoxin (lipopolysaccharide, LPS, from the cell wall of Gram negative bacteria) were
found at much higher levels on the mattresses and floors of farming homes than non-farming
or urban homes and their presence was negatively correlated with allergic sensitization
[17,18]. The inverse association between farm life and incidence of atopy seems to hold true
only for affluent countries, however, supporting the contention that multiple environmental
influences control allergic susceptibility [19].

Both the innate and adaptive arms of the immune system are influenced by exposure to
microbes, and each may play a role in protection against allergy. Prenatal (or neonatal)
exposure to stables or barns has been correlated with an increased expression of innate
immune receptors (TLR2, TLR4 and CD14) on peripheral blood mononuclear cells as well
as decreased atopic sensitization in school-age children [20,21]. Alterations in innate
signaling may provide protection against allergy by regulating dendritic cell function and
isotype-switching by B cells, primarily by promoting a Th1 response (with increased IFN-γ
and IL-12). Evidence for adaptive immune alteration comes from studies examining the
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concentrations of various antibody isotypes in the serum of children exposed to farm
animals [22]; these children had reduced levels of circulating Th2-dependent antibody
isotypes, including IgE, IgG1, and IgG4. Increased proportions of regulatory T cells (Tregs)
in farm children may also play a role in disease protection [23]. These data, along with the
longitudinal association studies, demonstrate an association of early life farm exposure with
decreased allergic immune responses, although the precise mechanism(s) behind these
correlations remain unclear. In an effort to gain insight into the mechanism involved and to
provide direct experimental evidence for the relationship between farm living and reduced
atopy, murine models that mimic these environmental exposures have been developed.
Individual microbial components from the farm environment were shown to provide
protection against allergic airway disease in BALB/c mice primed by OVA-alum and
sensitized and challenged with aerosolized OVA [24]. Treatment with dust extract from
homes on farms, or with components from specific bacterial strains found at particularly
high concentrations in barns, led to reduced eosinophilia and airway hyperresponsiveness in
sensitized mice [24,25]. Thus, specific stimuli in the farm environment may be uniquely
suited to interact with the immune system and provide signals that drive both innate and
adaptive immune responses away from an allergic Th2 response.

In keeping with a role for animal-associated microbes in protection against allergic disease,
studies in urban populations have demonstrated that early life exposure to pets may also
protect against the development of asthma and allergy. Some evidence suggests that
exposure at an early age induces tolerance to pet allergens and prevents the generation of an
allergic or anaphylactic response [26,27]. Neonatal exposure to household pets (particularly
dogs) correlated with increased production of IL-10 (and decreased IL-13) by circulating
monocytes and protection from atopic dermatitis [28,29]. Beyond increasing exposure to
common pet allergens, however, early life exposure to pets has also been shown to alter the
bacterial composition of house dust. A comparison of the bacterial populations present in
dust collected from homes with dogs, cats, or no pets showed that keeping pets increased
microbial abundance and diversity in these samples, particularly when animals were allowed
to move between indoor and outdoor environments [30]. Lynch and colleagues hypothesized
that pet ownership in early life protects against allergy by exposing infants to a greater
number and diversity of microbes and tested this hypothesis by conducting a longitudinal
study of children who were or were not exposed to pets during the first year of their life.
Using serum IgE levels as a measure of the likelihood of developing atopy, they showed that
exposure to pets reduced serum IgE in young children [31]. However, other cohort studies
have found that microbial products, such as endotoxin, are unchanged by the presence of
pets in the home [28,32–34] and that exposure to pets in early life does not alter the
incidence of allergic disease in later childhood [35]. While this variability in outcomes does
not invalidate this hypothesis, it does speak to the complexity inherent in examining how
environmental factors impact host microbial interactions to regulate susceptibility to allergic
disease.

The hygiene hypothesis revised: the commensal microbiome and
regulation of allergic disease

Given the wealth of data relating changes in the environment to allergic disease, it seems
clear that environmental stimuli are at the heart of the question. In its original conception,
the hygiene hypothesis suggested that reduced exposure to infectious disease was the major
environmental factor responsible for the increasing prevalence of atopy. The revised
“counter-regulatory” hypothesis suggests that a balance of microbial signals during the
development and education of the immune system is required to prevent both Th1 and Th2
driven inflammatory diseases; environmental changes that disrupt this balance are
responsible for the increased incidence of both allergic and autoimmune diseases [36]. The

Feehley et al. Page 3

Semin Immunopathol. Author manuscript; available in PMC 2013 December 28.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



commensal microbiome has moved to center stage as it has become increasingly clear that it
integrates signals from the environment and the host to impact immune homeostasis and
health.

The human intestine is colonized by a complex ecosystem of 1014 bacteria that comprise an
estimated 1500 different species [37]. These bacteria, collectively called the microbiome,
have maintained a symbiotic relationship with their hosts over millions of years of co-
evolution [38]. Given the extensive evidence that these bugs have far-reaching effects on
both the systemic and mucosal immune systems, the earlier hypotheses have been further
modified to encompass the unique role of the microbiota in the regulation of allergic disease
[39,40]. Early epidemiological studies supported the idea that the microbiota plays a central
role in the regulation of allergic disease [41–44]. A study comparing the fecal microbiota of
allergic and non-allergic children in two different countries revealed similar patterns of
colonization among allergic children including reduced lactobacilli and increased coliforms
[42]. Other evidence suggested that atopic children have reduced populations of Gram
positive bacteria prior to weaning [45]. Ongoing research is focused on exploring the precise
nature of the cross talk between the immune system and communities of bacteria in the gut.
Lifestyle changes in developed nations may be contributing to perturbations in a long-
established mutualistic relationship between gut bacteria and the host and these
perturbations may be driving the observed increases in immune-mediated diseases in the
human population [38]. Although more than fifty bacterial phyla have been identified, most
of the bacteria that comprise the human microbiota represent only six phyla [46]. The gut
microbiome of mammals is dominated by just two phyla: the Bacteroidetes (Gram negative)
and the Firmicutes (Gram positive) [47]. Mammalian species share broad similarities in the
composition of their microbiome but also exhibit considerable individual variation. In
humans, the composition of each individual’s microbiome has been shown to change rapidly
from birth through early childhood, but become fairly stable in adulthood [48]. Among their
many contributions to host physiology, commensal bacteria extract energy and nutrients
from food and produce short chain fatty acids (SCFAs) from fibers that cannot be digested
by the host [49]. Thus, when the appropriate balance of these bacteria is disrupted, there can
be considerable detriment to the host, including incomplete or improper stimulation of the
immune system, which will be discussed in detail below.

The commensal bacteria that populate mucosal surfaces exist at the interface between the
outside world and the rest of the body and are subjected to a plethora of environmental
stimuli. Some of these stimuli can disrupt the delicate homeostatic balance that the host must
maintain with its microbiota. Indeed, compelling data supports a role for antibiotic use [50],
diet [51,52], elimination of parasitic infections [53], Caesarean birth [54] and formula
feeding [55] in the regulation of the composition and diversity of the microbiota. Each of
these stimuli induces alterations to the microbiota (or “dysbiosis”). In a genetically
susceptible individual, these shifts in the microbiome away from homeostasis may promote
the development of atopy (Figure 1). Evidence for a role for environment-induced dysbiosis
in atopic disease is rapidly emerging and may provide new insights into the mechanisms
driving the increasing prevalence of atopy as well as novel therapeutic targets to prevent or
treat food allergy and other allergic diseases.

Environmental stimuli that drive dysbiosis
Antibiotics

A major environmental factor implicated in the rapidly increasing prevalence of allergic
disease is the use (and abuse) of antibiotics, particularly in infancy and childhood.
Antibiotics have broad-spectrum activities on bacterial function (such as inhibiting ribosome
function or cell wall assembly) and can act on both the beneficial members of the
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microbiome and those causing the infection for which they were prescribed. Thus, when a
course of antibiotics is administered for the treatment of an infection, it can also alter the
commensal microbiome. Work from multiple laboratories has demonstrated the profound
impact of antibiotic administration on the composition and diversity of the intestinal
microbiota, particularly with powerful “last resort” antibiotics like vancomycin [52,56–58].
Unfortunately, as antibiotic use has become more prevalent, antibiotic-resistant bacteria
have emerged and spread, compounding the problem by necessitating the more frequent use
of more potent and longer-lasting antibiotic regimens. The impact of antibiotic-induced
alterations of the microbiome on conditions such as allergy and atopy is only beginning to
be understood [59].

A full appreciation for how antibiotics influence the commensal microbiome is dependent
upon the detailed categorization of the bacteria that populate various body habitats. The
assembly of this bacterial catalog has been facilitated, in part, by the Human Microbiome
Project [60]. Most of the bacterial inhabitants of the gut are strict anaerobes and only about
10% are culturable by standard microbiological techniques. Culture independent methods of
analysis are transforming our understanding of the composition and diversity of the
intestinal microbiota. Much of the work published to date relies on the use of the 16S rRNA
gene, which is highly conserved among bacterial species in some regions and highly
variable in others. “Universal” primers target conserved regions of this gene and allow for
amplification and sequencing of species-specific hypervariable regions for bacterial
identification. New high-throughput sequencing methods allow for metagenomic and
transcriptomic studies. Instead of sequencing just the 16S rRNA gene for identification of
species present, new technologies allow sequencing of all genes present in a population and,
alternatively, all transcribed mRNAs. This information will continue to lead to great insights
into the structure and function of the microbiome.

16S rRNA gene based analysis of cecal samples obtained from antibiotic treated mice
showed that oral administration of a cocktail of multiple drugs resulted in a reduction in both
Bacteroidetes and Firmicutes while Proteobacteria, normally a minor phylum in the murine
and human intestinal microbiome, expanded significantly and enduringly [56]. When a short
course of a single antibiotic was used and mice were allowed to recover, the bacterial
communities detected were both dissimilar to the original populations and significantly less
diverse. Mucosa associated bacterial populations may be among the most vulnerable to
depletion by oral antibiotics [57]. Depletion of intestinal bacterial populations by antibiotic
treatment often induces phenotypic changes in intestinal anatomy similar to those seen in
germ free (GF) mice (discussed below) which include cecal enlargement, intestinal
hyperplasia and altered villus length and width [57,61]. Antibiotic-induced shifts in
microbial composition also affect host gene transcription, including alterations in
antimicrobial peptide secretion by intestinal epithelial cells and cytokine production by
lamina propria (LP) T cell populations [57,61]. This indicates that intestinal microbial
communities influence both hematopoietic and non-hematopoietic cells. Studies in humans
have found similarly dramatic changes in microbiome composition after antibiotic use
[50,62–65]. Pyrosequence analyses of fecal samples from antibiotic treated subjects showed
reductions in species richness that were only partially restored after cessation of antibiotic
treatment. Dethlefsen and colleagues examined gut bacterial communities in stool samples
collected before and after treatment with a short course of oral ciprofloxacin, administered at
a dose typical for treatment of urinary tract infection and other common bacterial illnesses
[50]. They found that oral ciprofloxacin treatment led to a reduced abundance of about one
third of the bacterial taxa present in the gut, as well as an overall reduction in community
diversity (both richness and evenness) [50]. The magnitude of the response of different
subjects to antibiotic treatment varied, as did the composition of the gut microbiome of each
individual. Multiple rounds of antibiotic treatment and recovery resulted in long-lasting
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changes in the composition of the gut microbiome [62]. When analyzed two months after
ciprofloxacin treatment, community composition had stabilized but was different than before
treatment. This work suggests that the effects of antibiotics are long lasting and can
contribute to prolonged dysbiosis even after the course of antibiotics has ended.

The influences of antibiotic treatment on gut microbial communities may be most
detrimental early in life when the majority of immune system education occurs. Disruptions
to key commensal bacterial populations during this window may ablate signals important for
healthy immune system development with consequences that last throughout the life of the
host and impact the later development of allergy or other diseases. Several clinical studies
demonstrate an association between antibiotic administration during the first few months of
life and the incidence of asthma and other allergic disorders [66–68]. A study of children
from anthroposophic schools in New Zealand, many of whom had never been exposed to
antibiotics, showed that children aged 5 to 10 who had received antibiotics during their first
year of life were significantly more likely to have a history of asthma and wheezing [69].
Interestingly, repeated courses of antibiotics during the first year of life were more strongly
associated with developing atopic disease later in childhood than single or no courses of
treatment. A similar study of children in East Germany found that the risk of developing
asthma increased with earlier exposure to antibiotics [70]. A meta-analysis of data from
1966 to 2006 concluded that, based on data collected in both prospective and retrospective
studies, antibiotic use during the first year of life is a risk factor for developing asthma
between ages 1 and 18 [71]. Prenatal antibiotic exposure has also been correlated with
increased allergic disease during childhood [72]. Although larger, carefully controlled
cohorts need to be studied, dysbiosis of gut bacterial communities induced by exposure to
oral antibiotics, particularly in early life, is likely to be one environmental factor that
influences allergic disease susceptibility.

Murine model studies have begun to provide insight into the mechanisms by which
antibiotic-induced alterations in the commensal microbiota regulate allergic disease [73–77].
Early work from our laboratory showed that mice unable to signal via TLR4, the receptor
for bacterial LPS, are highly susceptible to an allergic response to food. [73]. We
hypothesized that the commensal microbiota was the source of the TLR4 ligand and
demonstrated that neonatal administration of a cocktail of broad-spectrum antibiotics
induced an allergic response in TLR4 sufficient mice similar to that seen in TLR4 mutant
mice [73]. Subsequent work showed that antibiotic-treated, food allergic mice exhibit
impairments in two compartments critical for the maintenance of mucosal homeostasis [74].
Both the proportion of CD4+Foxp3+ Tregs in the colonic LP (LP) and the concentration of
fecal IgA was significantly reduced in antibiotic treated mice and correlated with elevated
levels of food allergen specific IgE and IgG1 [74]. Transfer of a conventional microbiota to
antibiotic treated mice restored the Treg and IgA compartments and blocked the allergic
response. Atarashi et al showed that vancomycin treatment depletes Clostridium species
indigenous to the proximal colon and specifically reduces the proportions of
CD4+Foxp3+Tregs in that tissue, but not at other peripheral sites [75]. Administration of a
mixture of clostridia strains to two week old SPF mice increased the proportion of
Foxp3+Tregs in the colonic LP and reduced the OVA specific IgE response induced by
intraperitioneal immunization with OVA plus alum [75]. Other work has emphasized the age
dependence of the effects of antibiotic treatment on the composition of the microbiota.
Antibiotic-treated neonatal, but not adult, mice exhibited enhanced susceptibility to allergic
airway disease. [76]. Antibiotic treatment also influences other cellular compartments;
another report showed that spontaneously elevated levels of serum IgE correlate with
increased numbers of circulating basophils in both antibiotic-treated and GF mice [77].
Challenge of antibiotic-treated mice sensitized with house dust mite antigen resulted in
increased basophil mediated Th2 responses and exacerbated airway inflammation [77].
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Taken together these studies support a role for early life exposure to antibiotics in promoting
dysbiosis and increasing susceptibility to allergic disease.

Diet
Diet strongly influences the composition of the microbiome. The modern Western diet, low
in fiber and high in fat, sugar, and processed foods, is markedly different from the diet of
our Neolithic predecessors with which our microbiome co-evolved. The significance of this
change was demonstrated in a simple but elegant study which compared the composition of
the intestinal microbiota of children in rural Africa to an age-matched cohort in urban
Europe [52]. The African children ate a plant-based diet high in fiber and low in fat and
similar to the type of diet with which our ancestors co-evolved. The European children, by
contrast, ate a Western type diet, which was high in animal fat and sugar and low in plant
polysaccharides. Analysis of the species present in the feces of these children showed a
substantial, diet-induced shift in the Bacteroidetes: Firmicutes ratio; the high plant fiber diet
favored the growth of Bacteroidetes while animal fat favored the growth of Firmicutes.
Moreover, the diet of the European children promoted a microbiota that had fewer bacteria
that could produce certain SCFAs, fiber-derived metabolites essential for healthy gut
function. The availability of SCFAs has been implicated as an important player in
modulating mucosal homeostasis. One SCFA, butyrate, is a major energy source for
colonocytes. Butyrate is associated with the maintenance of a healthy epithelial barrier
through, for example, the assembly and organization of tight junctions [78–80].
Furthermore, SCFAs are known to regulate inflammation through the G protein-coupled
receptor GPR43, which is expressed primarily by innate immune cells as well as
inflammatory cells such as neutrophils, eosinophils and activated macrophages [78]. One
study found that mice deficient in GPR43 displayed severe inflammatory responses in
models of colitis, arthritis and asthma [81]. A diet-altered microbiome may therefore lead to
inflammatory disease through the loss of bacterial taxa that can maintain high levels of
SCFAs in the gut. Indeed, GF mice have very low levels of SCFAs [82] and, like Gpr43−/−

mice, exhibit increased responses in inflammatory models [81]. These studies support the
therapeutic potential of a high-fiber diet that drives the selective expansion of bacteria that
produce high levels of SCFAs. In this respect, a few studies have looked at the effect of
including foods high in fermentable dietary fiber, such as broccoli, in mouse diets and have
found a beneficial effect on the colonic mucosal surface [83,84]. So far, direct
administration of SCFAs has already been shown to have clinical benefits in the treatment of
colitis, though further study is required to elucidate its direct effect for other inflammatory
diseases [85,86]. A reduced proportion of SCFAs has also been documented in fecal samples
of allergic children, suggesting this therapy may also treat atopic diseases [44]. Therefore,
the evidence suggests that diet is a selecting factor for certain functional members of the
microbiome which then influence the metabolic potential and downstream products that can
be derived from the host diet.

As further evidence of the complex interaction between diet, the microbiome, and disease,
diet-induced changes in the microbiome have been linked not only to dysbiosis but also to
obesity. Work from Gordon and colleagues demonstrated that both genetically driven [87]
and diet-induced obesity [51] in mice lead to alterations in the microbiota. Ob/ob mice,
which lack the leptin receptor and eat 42% more than their lean, leptin sufficient, littermates,
have more Firmicutes and significantly fewer Bacteroidetes. This phenotype was
recapitulated in a model of obesity using genetically wild type mice. When compared to
mice raised on conventional mouse chow (which is low in fat and high in polysaccharides),
mice fed a high fat (Western-like) diet had a significantly less diverse microbiota and
decreased abundance of Bacteroidetes. Most interestingly, when the microbiome of mice
with diet-induced obesity was transferred to lean GF mice, the GF mice gained significantly
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more weight than those colonized with the microbiome of chow-fed mice, indicating that the
changes in the microbiome caused by diet can actually potentiate weight gain and eventual
obesity. When obese mice were placed on diets with reduced carbohydrates or reduced fat,
their weight gain was reduced while Bacteroidetes were partially increased. This suggests
that changes in the microbiota driven by diet are reversible but can have a dramatic impact
on the health of the host. Other work demonstrated that the phylum-level shifts in microbial
composition noted when mice were switched to a high fat diet were independent of obesity,
suggesting that it was not the obese state, but the high fat diet itself, that drove the changes
observed [88]. Recent work from Chang and colleagues added an additional wrinkle to our
understanding of the relationship between diet, the microbiome and disease by
demonstrating that not all dietary fat is the same. Mice switched to a diet high in milk-
derived fat (as opposed to the lard-derived fat examined in other studies) had expanded
populations of Bacteroidetes (not Firmicutes), as well as the outgrowth of a rare
Proteobacterial species, the sulphite-reducing pathobiont Bilophila wadsworthia [89]. Novel
mechanistic insight was provided by the observation that milk fats, due to their
hydrophobicity, promote hepatic taurine conjugation (TC) of bile acids. These compounds
are a rich source of sulphur, which B. wadsworthia uses as its terminal electron acceptor
during cellular respiration. Thus, in the presence of milk fats, populations of B. wadsworthia
thrive and promote a pathogenic pro-inflammatory Th1 immune response and colitis in
genetically susceptible Il10−/− mice. Ongoing studies are elucidating how diet-induced
shifts in the composition of the intestinal microbiome are linked to human disease.
Comparatively little is known about the influence of diet on allergic disease, in particular.
There is evidence for an association between the intake of dietary fat, especially omega-3
and omega-6 fatty acids, and decreased susceptibility to allergy [90–93], but these studies
have not investigated whether the connection between dietary fat and allergy is mediated by
the microbiome.

Although, as discussed above, the composition of the intestinal microbiota is sensitive to
dietary alterations, some work suggests that, in humans, the intestinal microbiome can be
grouped into three stable “enterotypes” characterized by clusters of particular microbial taxa
[94, 95]. These enterotypes are strongly influenced by long-term dietary patterns [95]. Rapid
changes in microbial composition induced by short-term dietary modifications are not
sufficient to induce a shift in an individual’s enterotype cluster [95]. Whether this seemingly
simplistic grouping of a very complex microbial ecosystem will hold up in larger studies and
inform our understanding of disease will be a topic for future work.

Enteropathogens
Although pathogens are, by definition, not part of the commensal microbiota, they can have
profound effects on the homeostasis of the host. One group of pathogens, gastrointestinal
helminths, is particularly interesting when considering non-host regulation of allergic
disease. Gastrointestinal helminth infection elicits a Th2-biased response from the host that
is characterized by high levels of circulating parasite-induced IgE and IgG1. Much of this
response is induced at the site of initial infection in the gut and its associated lymphoid
tissue. To create a niche that allows for survival for long periods of time in the host,
gastrointestinal helminths elicit high levels of immunoregulatory mediators such IL-10 and
TGFβ [96]. The immunosuppressive capacity of helminths may also be linked to their ability
to alter the composition of the host microbiome. Murine models of helminth infection have
demonstrated a site-specific effect of infection on the microbiota of the host; the ileum of
Heligmosomoides polygyrus-infected mice contains more Clostridiaceae and
Lactobacillaceae family members than that of uninfected mice [53]. This shift in is not
necessarily detrimental but may fundamentally change the homeostasis between the host and
the microbiota, particularly because helminth infections are often chronic.
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As recently as fifty years ago, helminth infection was endemic in much of the world.
Epidemiological data suggests that, as helminth infection was being eradicated from the
populations of developed nations, allergic diseases began to rise, suggesting that these
infections provide protection against allergic disease [97]. This is somewhat surprising since
helminths and allergens are unique in their ability to induce a Th2 biased immune response
leading one to expect an exacerbation of allergic disease. Children in helminth-infected
populations were shown to have high levels of allergen-specific IgE in the absence of
symptomatic disease or positive reactions in response to skin testing. In other words, they
exhibited a Th2 response without atopy [97, 98]. One study found that children who
received anti-helminthics had greater responses to skin-prick tests but remained negative for
clinical disease, raising the possibility that helminth infection induces long-lasting residual
protection from allergic effector responses [99]. Some researchers hypothesize that very
high levels of parasite-induced IgE and IgG protect against allergy by blocking the binding
of allergen-specific antibodies to mast cells [100]. This suggests that the mechanism of
protection is passive, though other evidence suggests that there is cytokine and cell-mediated
suppression of the allergic response during a helminth infection [101].

Work in animal models of allergic disease validates the numerous associations found
between helminth infection and reduced allergy in humans. Several studies have
demonstrated a reduction in allergic airway inflammation and anaphylaxis in animals
infected with helminths including Heligmosomoides polygyrus and Schistosoma mansoni
[102–105]. Sensitization and challenge of helminth-infected mice resulted in reduced airway
constriction, fewer cellular infiltrates in the lungs (particularly eosinophils), and reduced
Th2 cytokine secretion. The protection was found to be either IL-10 or TGFβ-dependent and
mediated by either CD4+CD25+ Tregs or B cells, depending on the source of both the worm
and the allergen [101,102,104,106]. Other studies found that a similar protective effect could
be elicited by individual worm antigens or worm products [105,107]. Murine model work
from our laboratory demonstrated that gastrointestinal helminth infection protects against
allergic responses to food by promoting global immunosuppression [108]. Intragastric
sensitization of H. polygyrus infected mice with peanut plus cholera toxin resulted in
reduced antigen specific IgE and IgG1, abrogated anaphylactic responses, and reduced Th2
cytokine production upon in vitro restimulation with peanut antigen when compared to
sensitized, uninfected counterparts. Protection from allergy was shown to be at least
partially IL-10 dependent. Taken together with the other studies cited above, this work
indicates that helminth infection can stimulate a cytokine response that is
immunosuppressive and protective against anaphylactic responses to food.

Given the evidence in support of helminth mediated suppression of allergic disease in both
epidemiological studies and murine models, it comes as no surprise that helminth infection
has been targeted as a potential therapy for allergic diseases. Two trials have looked at
whether deliberate infection with helminths can treat preexisting allergy. The first, using the
hookworm Necator americanus, demonstrated that infection with a small number of larvae
marginally improved airway hyperreactivity in patients with allergic asthma analyzed 16
weeks post infection [109]. The other study examined the effect of Trichuris suis on allergic
rhinitis and reached a Phase 2 clinical trial. These authors found that infection with eggs of
this whipworm, which normally infects pigs, did not provide statistically significant
improvement in allergic symptoms but patients that received treatment took fewer
antihistamine pills [110]. Given that there have been successful studies using Trichuris to
treat inflammatory bowel disease (reviewed in [111]), improvements in the dosing or
treatment protocol may demonstrate efficacy of T. suis for the treatment of allergic disease.

Another well-known pathogen that is associated with protection from allergic disease is
Helicobacter pylori. Although H. pylori is more commonly associated with increased risk of
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stomach ulcers and cancer, considerable evidence suggests that colonization with H. pylori
early in life has beneficial effects, including protection from infection and asthma [112–
115]. Colonization of humans with this gastric commensal was, at one time, nearly
ubiquitous. Increased use of antibiotics has decreased the proportion of colonized
individuals to about 6% in developed nations [59]. Clinical studies of human patient cohorts
demonstrated an inverse correlation between colonization status and childhood asthma
[113]. Further examination of adult cohorts of asthmatic or control patients revealed a
similar correlation [115]. Certain strains of H. pylori appear to have greater protective
effects. CagA, a protein encoded in the cag pathogenicity island, is injected into host cells
through a type IV secretion system and interferes with signaling pathways. Although
invasive interaction between bacteria and host is associated with increased gastric
inflammation, adults colonized with CagA+ H. pylori had the lowest incidence of asthma
[115]. Experimental evidence for a role for H. pylori in protection against allergic disease
comes from mouse models of asthma [116]. Colonization of young mice with H. pylori,
followed by sensitization with OVA-alum and challenge with aerosolized OVA, resulted in
significantly reduced airway hyperresponsiveness and cellular infiltration in the lung tissue
and bronchoalveolar fluid compared to uninfected controls. Resolution of H. pylori infection
with antibiotic treatment eliminated the protective effects. On a cellular level, H. pylori-
infected mice had fewer mature, fully activated pulmonary dendritic cells (DCs) and
increased numbers of highly suppressive Tregs in their lungs [116]. Thus, Helicobacter
colonization early in life seems to have a beneficial effect against allergic disease despite the
risk of gastric disease later in life. Ultimately, H. pylori might be harnessed as an anti-
asthma therapy through early-life colonization followed by narrow-spectrum antibiotic
treatment to eliminate it later in life [59].

Given that the original idea behind the hygiene hypothesis related atopy to exposure to
infection, and that more recent data suggests a role for the microbiome, it is interesting to
consider how infection and the microbiome may be linked. Might certain infections
influence the composition of the microbiome and, thus, allergic susceptibility? In support of
this idea, there is evidence that infectious inflammation drastically alters the intestinal
microbiome. Murine models have demonstrated that infection with Citrobacter rodentium
and Salmonella typhimurium induces transient changes in the composition of the
microbiome and in the abundance of certain bacterial families [117, 118]. Infection with
either bacterium results in a transient reduction in the total bacterial load, which rebounds
upon clearance of the infection. Each infection causes distinct changes in the microbiome.
Citrobacter infection leads to an outgrowth of Firmicutes, specifically those in the order
Clostridiales, while Salmonella infection depletes the Eubacterium rectale/Clostridium
coccoides group. When both infections are cleared, however, the microbial communities of
previously infected mice return to their original state, with minimal remaining evidence of
the pathogen. These transient alterations in the microbiome may play an important role in
the education of the immune system and the establishment of a homeostatic balance within
the microbial communities of the gut. Moreover, acute gastrointestinal infections may act as
a trigger for the initiation of the allergic cascade.

Mode of birth and formula feeding
While antibiotic use, diet, and enteropathogen infection can modulate the microbiome
throughout the life of the host, early life events may be of particular importance for the
initial establishment of a healthy microbiome. Initial colonization occurs immediately after
birth and bacteria are therefore present in the intestines during the earliest periods of post-
natal immune system development and education [119]. The neonatal intestinal microbiome
is dominated by lactobacilli and other facultative anaerobes typically present in the vagina
[119,120]; these founder bacteria seem to function to make the intestine anaerobic and
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promote later waves of colonization with strict anaerobes such as Bacteroides and clostridia
[121]. The unique body habitats of the adult human harbor different bacterial communities
[122] and recent evidence suggests that mode of birth influences an infant’s initial bacterial
colonization. Infants born by Caesarean section are colonized with a microbiome more
closely resembling that of the skin than of the vagina [54]. The changes in composition of
the enteric microbiome attributed to Caesarean birth have been shown to persist for many
months [119]. Although the composition of the microbiome is highly dynamic throughout
childhood, mode of delivery and early colonization events have lasting effects that have
been linked to dysbiosis and disease including asthma and food allergy later in life [123–
126]. A study of allergic children showed reduced bifidobacteria colonization while healthy
children had increased lactobacilli colonization during the first few months of life [41].
Caesarean birth can also delay colonization, further exposing these neonates to infection
with pathogens [127]. Clinical studies of children born via Caesarean section provide
evidence that they have stronger, non-specific humoral responses at a young age [123] and
are more likely to develop asthma [128] and celiac disease [129].

Another factor that has been hypothesized to provide protection against the development of
dysbiosis and allergy early in life is breast-feeding [55,130]. Breast milk, especially
colostrum, transfers passive immunity in the form of IgM, IgG and IgA from mother to
infant. IgA is of particular importance in the gut because of its role in immune exclusion of
dietary antigen and in the maintenance of commensal homeostasis. Studies in mice have
shown that IgA has a profound effect on controlling both the composition and abundance of
commensal bacteria [131]. Breast milk also contains biologically active molecules including
soluble CD14 (a receptor for bacterial LPS), tolerogenic cytokines, and fatty acids including
the omega-3 and omega-6 fatty acids associated with protection against atopy as part of a
solid diet [132]. Thus, additional protection provided by breast milk during the first months
of life can influence the development of allergic disease [132], perhaps by reducing the
outgrowth of harmful bacteria and promoting the establishment of a healthy microbiome.
Clinical studies of the effect of breastfeeding on the incidence of allergic disease report
mixed effects; some reports suggest a protective role against developing atopy while others
do not [134–136]. Those that cite a protective effect suggest that the important window is
the first four months of life [135]. Analysis of the fecal microbiome of breast-fed versus
formula-fed infants showed distinct clustering patterns, confirming that different modes of
feeding profoundly influence the microbiome [55]. Interestingly, bacterial diversity was
enriched in formula-fed infants, with other cohort studies showing that this increased
diversity was associated with a higher incidence of allergic disease [137]. The effects of
formula feeding seen in this study could be reversed by supplementation with bifidobacteria,
indicating that therapeutic intervention with probiotics to prevent dysbiosis may be possible
and efficacious. Another group demonstrated that feeding human milk lysozyme to neonatal
pigs altered the composition of the microbiome and promoted the growth of protective
bacterial populations such as bifidobacteria and lactobacilli [138]. This demonstrates a
potential mechanism by which breastfeeding can directly alter the microbiome to the benefit
of the host immune system and protect against allergic disease.

The association of mode of delivery and diet with alteration of the microbiome and
increased autoimmune and allergic disease suggests that a suboptimal microbiome--one
depleted of “beneficial” bacterial taxa--can alter the profile of host homeostasis, thereby
skewing away from protective immune responses and increasing aberrant responses to
innocuous allergens.
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Food allergy as a failure of oral tolerance
The most common way to conceptualize food allergies is a loss of oral tolerance. Oral
tolerance is the process by which the immune system promotes mucosal and systemic non-
responsiveness to orally administered antigens [139]. When this process breaks down, an
aberrant immune response is mounted, typically in the form of food-specific IgE and IgG1
(mouse and human) or IgG4 (human), increased infiltration of mast cells into the intestinal
mucosa, and, frequently, anaphylaxis upon reexposure to the same antigen [140].

The mechanisms regulating the induction of oral tolerance may be more complicated than
originally appreciated. Food antigen is taken up by antigen presenting cells (APCs) in the
intestine and presented to naïve T cells in the draining mesenteric lymph node (MLN),
which are then educated not to respond to this antigen upon reexposure [141]. Under normal
conditions, food antigens are acquired in an environment that favors anti-inflammatory
responses and some T cells reactive to food antigens undergo anergy or deletion by a
mechanism similar to central tolerance [142,143]. The peripheral induction of food antigen
specific Tregs is thought, however, to be the primary mechanism by which tolerance to
dietary antigens is induced and maintained [141,143]. Some animal model studies suggested
that high doses of oral antigen induce anergy or deletion, while frequent low-dose antigen
exposure favors the induction of Tregs [143]. Mechanistic hypotheses based on antigen dose
may, however, be of limited physiological relevance [141]. Recent work supports a two-step
model of oral tolerance which focuses on the peripheral induction of food antigen specific
Tregs [144,145]. In the first step, antigen may be taken up through a variety of pathways,
including transcytosis through M cells (specialized epithelial cells present in Peyer’s patches
and other organized mucosal lymphoid structures), transcytosis through enterocytes, and
diffusion between epithelial cells [146]. Once antigen reaches the LP, it is phagocytosed by
a subset of migratory DC characterized by their expression of CD11c and CD103 [147,148].
This DC population processes the antigen and traffics to the MLN to present it to naïve T
cells. The environment of the MLN promotes and supports the induction of Tregs that
become highly effective producers of IL-10 and help to suppress effector responses by other
cells that may escape tolerization [145,149]. Importantly, secretion of retinoic acid and
TGF-β by CD103+ DC upregulates key gut homing molecules such as α4β7 and CCR9,
allowing antigen specific Tregs to traffic back to the small intestinal LP and expand.
Expansion of food antigen specific Foxp3+Tregs locally in the LP, after initial induction in
the MLN, is postulated to be the second required step in this model [144,145,147]. This
expanded LP Treg population contributes to the anti-inflammatory environment in which
APCs see antigen, further limiting the chance of generating deleterious effector responses to
food antigens. While it is not completely known what drives the expansion of Tregs in the
LP, there is evidence that it is dependent on a resident CX3CR1

+ macrophage population
[140]. Since these CX3CR1

+ macrophages do not migrate, any antigen they take up may be
passed to the migratory CD103+ DCs or may promote the expansion of newly arrived but
already-educated Foxp3+Tregs in the LP [146,148]. CX3CR1

+ macrophages may also
promote Treg survival and expansion through the production of IL-10; myeloid cells in the
LP have been shown to be an important source of IL-10 for sustained Foxp3 expression in
induced Tregs [151]. In the absence of this CX3CR1

+ macrophage population, there are
significantly fewer Tregs in the LP and oral tolerance is impaired [143]; there is also an
increase in bacterial translocation and the production of inflammatory cytokines in the
intestinal mucosa [152]. Thus, both dendritic cells and macrophages in the LP are involved
in promoting oral tolerance and regulating homeostasis in the gut. Other cells have also been
implicated in oral tolerance, albeit with less clearly defined roles and without strict
necessity. APCs in the liver been have suggested to play a role in promoting the systemic
non-responsiveness that is characteristic of, and necessary for, successful oral tolerance
[146,153]. Plasmacytoid DCs, in particular, have been implicated in inducing anergy in
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antigen-specific T cells after oral antigen administration [154,155]. Of note, the CX3CR1
+

DC subset is related to plasmacytoid DCs based on gene-expression profiling [156].

Keeping in mind the two step model of oral tolerance discussed above, we can consider how
signals from the microbiome can influence each of the steps in this model by altering the
availability of allergen, the proportion and composition of T cell subsets, the phenotype of
innate cells, or the microenvironment in which these interactions take place. Experimental
evidence discussed below will examine how bacterial subpopulations can interact with the
immune system and influence host homeostasis and tolerance to dietary antigen.

Regulation of lymphocyte homeostasis by the microbiome
Under homeostatic conditions, there is a balance between effector and regulatory cells that
insures a productive response to infection while avoiding excessive or misdirected responses
to non-infectious stimuli such as food antigens. When various environmental factors induce
dysbiosis, the balance between effector and regulatory cells can be lost [37,38]. The
profound impact of the commensal microbiota on the development and maturation of the
immune system is readily apparent in GF mice. In the absence of colonization with
commensal bacteria, secondary and tertiary lymphoid organs remain underdeveloped [157,
158], various T cell subsets are absent or underrepresented [159–161], serum antibody titers
are skewed [162], and intestinal architecture is disrupted; the cecum, in particular, is
dramatically enlarged [163]. Colonization of GF mice with a complex microbiome reverses
many of these phenotypes. Certain commensal bacteria have been shown to drive the
development and/or differentiation of particular cell types, especially Tregs versus Th17
cells [159–161, 164, 165]. There is also a body of literature demonstrating that, in the gut,
the microbiome plays a role in the induction of secretory IgA, an important neutralizing
defense mechanism at mucosal surfaces [166].

Gnotobiotic (“known flora”) mice have been employed to examine the effects of individual
bacterial species or groups of species on the development of the immune system [157].
Gnotobiotic models have shown that colonization of GF mice with certain members of the
conventional microbiome can drive the development of specific T cell subsets. For example,
segmented filamentous bacteria (SFB) induce the development of proinflammatory Th17
cells [160] that exacerbate intestinal inflammation [167] and drive systemic autoimmune
arthritis in a genetically susceptible mouse model [168]. Other work showed that
colonization with Bacteroides fragilis drives both Th1 and Th2 cell development [161]
while a cocktail of heat-resistant bacteria was found to recapitulate the balance of all T
helper subsets (Th1, Th2, Th17, and Treg) in formerly GF mice [159]. A recent study also
demonstrated that Altered Schaedler Flora (ASF), a cocktail of eight bacteria from both the
Bacteroidetes and Firmicutes phyla that has historically been considered to be mutualistic,
can specifically induce Tregs in the colonic LP without inducing proinflammatory T cells
[164]. Atarashi et al showed that Clostridium species indigenous to the proximal colon
(members of which are present in the ASF consortium) specifically induce Tregs at this site
[75]. Taken together, these studies show that particular commensal bacterial populations can
alter the profile of inflammatory versus regulatory T cells at mucosal sites, particularly in
the intestine, while also exerting systemic effects.

The simplified microbiomes of gnotobiotic mice may not, however, fully recapitulate the
complex ecosystem of an SPF microbiome. Targeted antibiotic treatment is another method
that has been used experimentally to examine the contributions of specific bacterial
populations to immune system regulation. Recent work has shown that alteration of the SPF
microbiome with antibiotics can reduce the size of the Treg compartment or favor the
expansion/recruitment of effector cells. Atarashi et al. found that in both GF and
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vancomycin-treated mice, there is a significant reduction in the CD4+Foxp3+ Treg
compartment of the colonic LP, suggesting that a vancomycin-sensitive (Gram positive)
bacterial population is required for the induction of these colonic Tregs [75]. In order to
narrow down the identity of these bacteria, the spore-forming fraction of the SPF
microbiome was extracted with chloroform and used to colonize GF free mice. Upon
colonization with these chloroform-extracted species, the Treg compartment of the colonic
LP was restored to the levels seen in unmanipulated SPF mice. The essential chloroform-
extracted microbes were identified as a mixture of Clostridium species. Administration of a
clostridia cocktail to SPF mice further increased their colonic Treg compartment and
provided protection against both immunization with OVA plus alum (a Th2-biased
response) and Dextran sodium sulfate (DSS)-induced colitis (a Th1-biased response). The
influence of clostridia on the immune system has been well documented [169]. In addition to
inducing Foxp3+ Tregs, Clostridium species drive the recruitment of intraepithelial
lymphocytes and promote the production of IgA by LP B cells, both of which may improve
immune defenses at the barrier [170,171]. Clostridiales have been shown to reside in close
proximity to the mucosa, among the folds of the proximal colon, which may provide insight
into their potent immunostimulatory ability [172]. Whether this stimulation is protective or
pathogenic, however, depends on the host context. Although Atarashi et al demonstrated
protection from allergic sensitization, other studies implicate a flagellin protein (CBir1)
from Lachnospiraceae, a specific family of clostridia, in the induction of colitis and
demonstrate an association between inflammatory bowel disease and an antigen-specific T
cell response to this protein [173,174]. This suggests that the same bacterial families may
result in differential responses depending on the genetics of the host or the environmental
context (ie. Th1 vs. Th2 inflammation). It is also noteworthy that Clostridium spp. are not
the only bacteria shown to have this immunoregulatory effect; Bacteroides fragilis
(specifically its polysaccharide A) and certain probiotic mixes of lactobacilli can also induce
Foxp3+ Tregs [165, 175–177]. A unique role for extrathymically generated, Foxp3+Tregs at
mucosal surfaces was further emphasized by Josefowicz et al [178]. They created a
knockout mouse lacking CNS-1, a TGFβ responsive element required for the development
of peripherally-induced, but not thymically-derived, Foxp3+Tregs. CNS-1 deficient mice
exhibit spontaneous Th2-biased inflammation in both the gut and the lungs, suggesting that
peripherally induced Foxp3+Tregs play a non-redundant role in the prevention of allergic,
Th2-biased inflammation at these sites.

Other work demonstrated that CD4+Foxp3+ Tregs induced in the presence of commensal
bacteria bear T cell receptors specific for the bacteria themselves [179]. Lathrop et al.
screened the endogenous colonic TCR repertoire of mice with a fixed TCRβ chain but a
fully rearranged TCRα chain; these mice generate a reduced, but polyclonal, repertoire of T
cells. An examination of Foxp3+Tregs, effector/memory T cells, and naïve T cells in these
mice showed that each compartment had distinct TCR usage. Further analysis of the TCRs
from the Treg compartment indicated that hybridomas expressing certain TCRs from the
colon were responsive to bacterial stimuli in vitro. These hybridomas were only activated by
colonic contents from mice housed in the same facility, suggesting that activation was due to
TCR-mediated recognition of specific bacterial epitopes rather than non-specific activation
by bacterial PAMPS. Finally, a TCR clone was identified that could be activated by
members of the genus Parabacteroides but not by members of the closely related genus
Bacteroides, confirming the specifity of these TCRs. Furthermore, these Tregs converted to
effector T cells under conditions that promote development of colitis. This study established
that some induced Tregs are specific for members of the commensal microbiome and that
these Tregs are important for the maintenance of homeostasis.

Recent work has demonstrated that invariant NKT cells (iNKTs) are also educated by the
commensal microbiota. Olszak et al demonstrated that an accumulation of iNKT cells in the
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lungs of GF mice was associated with an exacerbated response to sensitization in an OVA-
induced model of allergic asthma [180]. Colonization of neonatal, but not adult, GF mice
with feces from an adult SPF mouse led to reduced numbers of mucosal iNKT cells and
ameliorated allergic disease, demonstrating that early colonization events in the intestine
have a profound impact on effector cell subsets other than T cells, and have effects beyond
the site of colonization.

Food allergy and the microbiome: a working model
How does all of this data relate to the increasing prevalence of food allergy? We propose
that the cumulative effect of various environmental changes that have occurred over the past
two decades have altered the composition of the commensal microbiome in a manner that
impairs the induction of tolerance to dietary antigen. We suggest that both food antigen-
specific Tregs and those induced by the commensal microbiome are required for proper
maintenance of oral tolerance and the prevention of food allergy. In support of this model,
data from our laboratory has demonstrated that there is a significant reduction in Tregs in the
colonic LP of allergy susceptible Tlr4−/−, antibiotic treated and GF mice. Antibiotic
treatment of neonatal mice leads to reduced proportions of Tregs in the colonic LP, impaired
production of intestinal IgA, and elevated peanut specific IgE and IGg1 in response to
sensitization [73,74]. When a conventional microbiome is reintroduced to antibiotic treated
mice, the Treg and IgA compartments are restored and the allergic response is blocked,
formally demonstrating a role for the microbiota in protection against the allergic response
induced by sensitization of antibiotic treated mice. TLR4-deficient mice, which cannot sense
LPS and are thus unable to sense a large component of their microbiome, also have a
reduced colonic Treg/IgA compartment. TLR4 deficient mice have enhanced allergic
responses to food when compared to their littermate controls. GF mice, which have no
bacteria-induced colonic Tregs, are highly susceptible to allergic sensitization. Systematic
colonization of GF mice showed that only bacterial consortia that induce the production of
secretory IgA and the expansion of Tregs in the colonic LP are protected from an allergic
response to food upon sensitization with peanut plus cholera toxin. Our data therefore
supports a model in which the maintenance of tolerance to dietary antigen is reliant on
bacteria-induced Tregs and IgA (Figure 2).

Future directions: potential new therapeutic targets
The evidence presented here linking the immune system, allergy, and the composition of the
microbiome provides new insights into the causes of allergic disease and suggests potential
new therapeutic targets. Probiotics, defined as live microbial supplements that have
beneficial, non-pathogenic effects on health, have been the focus of much attention for their
potential--but often disputed--therapeutic effects. The probiotic theory, or the hypothesis
that probiotics can be consumed to repopulate the microbiome with the correct balance of
beneficial microbes, was first introduced by Metchnikoff as early as 1907 in an attempt to
account for an unexplained association between the health and long lives of Bulgarian
peasants and their daily intake of fermented milk products. Metchnikoff surmised that the
daily consumption of beneficial bacteria within fermented milk was maintaining a healthy
microbiome that improved the length and quality of life of this population [reviewed in 181].
Subsequent research has focused on lactic acid bacteria, especially Lactobacillus species,
due to their common use in the manufacture of cheese, yogurt, and other fermented food
products [182]. Interestingly, archeological evidence suggests that the technique of using
lactic acid bacteria to ferment foods has been used for thousands of years, and may have
been invented as long as 1.5 million years BCE. This would suggest that our intestinal tract
has evolved to support a daily intake of lactic acid bacteria, and would thus benefit from the
use of probiotics that could sustain this evolutionarily stable composition [183]. Probiotics
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have been shown to have positive effects against several diseases, including irritable bowel
syndrome and inflammatory bowel disease [184,185] and as a treatment for chronic
infections such as those caused by Helicobacter pylori and Clostridium difficile [186]. Here,
however, we will focus on research that has demonstrated efficacy in allergy.

The effect of probiotics on atopic eczema has been widely investigated. In one report,
pregnant women were treated with capsules containing Lactobacillus rhamnosus from 35
weeks of gestation until their infants were six months old (if the mother breastfed). Infants
began receiving the capsules between 2 and 16 days after birth and continued until two years
of age. The study found that by age two, there was a 50% reduction in eczema prevalence in
the L. rhamnosus treated group [187]. This effect was sustained at age 4 [188]. Other studies
have not demonstrated sustained protection from eczema. Kalliomaki et al found that a
similar probiotic (Lactobacillus rhamnosus GG) led to a high relative risk reduction of 49%
by age 2 but risk reduction fell to 43% by age 4 and by 36% by age 7 [189]. Another study
administered a mixture of four Lactobacillus strains with prebiotic oligosaccharides and
found a reduced risk for eczema by age 2 but no extended effect by age 5 [190]. The
disagreement between these results may be due to differences in methodology between
studies such as the duration and timing of administration, characterization of allergic
responses, or probiotic formulations. Expanded populations of lactobacilli are detected in the
gut after administration, indicating that these bacteria are able to survive passage through the
stomach and successfully colonize the gut [187,191,192]. The expanded Lactobacillus
population dwindles in size upon cessation of probiotic intake, however. Some evidence
suggests that transiently expanded populations of lactobacilli ameliorate intestinal
inflammation by replacing pathobionts in the gut [191]; other studies did not replicate these
findings [192,193].

The murine model studies cited above suggest that the predominant focus on Lactobacillus-
based probiotic formulations, to date, may provide some explanation for their limited
therapeutic efficacy. Other bacterial populations, like the Clostridiales, may be more
effective at inducing Tregs and secretory IgA that protect against allergic disease. The
translation of recent mouse model work to human disease holds great promise for the
development of novel therapeutic approaches to reshape the microbiota to prevent or treat
food allergy.

Conclusions
The experimental evidence presented in this review strongly supports a role for the
commensal microbiota in regulating susceptibility to food allergy. The commensal
microbiome exists in a dynamic relationship with its host and has profound effects on the
development and maturation of the immune system. When environmental influences alter
the microbiome and disrupt homeostasis, a state of dysbiosis can result. Experimental and
clinical evidence suggests that early life events are particularly important for the
establishment of a “healthy” microbiome. The mechanisms by which the microbiome
provides signals to the host immune system to establish immunoregulatory pathways critical
to protect against allergic disease are only beginning to be understood. Fortunately, because
the microbiome is so attuned to the external environment, many opportunities for therapeutic
intervention exist. It will be the task of current and future immunologists and clinicians to
further elucidate the complex interactions of environment, the microbiome, and host
responses to food and to use this knowledge for the treatment of food allergic disease.
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Abbreviations

TLR Toll-like receptor

Treg Regulatory T cells

SCFA short chain fatty acids

LP Lamina propria

GF germ free

APC antigen presenting cell

DC dendritic cell

MLN mesenteric lymph node

OVA chicken egg ovalbumin
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Figure 1. Why is the prevalence of food allergy increasing?
Gene-by-environment interactions are likely to be at the heart of the increasing prevalence
of allergic disease in Western countries. Environmental factors that may influence allergic
susceptibility include antibiotic use, high-fat diet, elimination of enteric pathogens, reduced
exposure to infection, and Caesarean birth and formula feeding. All of these stimuli can alter
the commensal microbiome of the host and lead to dysbiosis, which, in a genetically
susceptible individual may drive the development of atopic disease.
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Figure 2. Both allergen-specific and bacterially induced Tregs are required to prevent allergic
responses to food
In a healthy individual, dietary antigen is carried to the MLN by migratory CD103+ DC and
presented to naïve T cells to induce antigen specific Foxp3+Tregs. Secretion of retinoic acid
(RA) and TGF-β by these CD103+DC upregulates the expression of the homing molecules
α4β7 and CCR9 which allows these antigen specific Foxp3+ Tregs to migrate back to the
small intestinal LP and expand for the induction of oral tolerance. New work from our
laboratory shows that tolerance to dietary antigen also relies on bacteria-induced Tregs and
IgA. Microbiota-induced Tregs and IgA are reduced in the intestines of Tlr4−/− and
antibiotic treated mice (and absent in germ free mice). Impairment of this mucosal Treg/IgA
compartment correlates with the enhanced production of food allergen specific IgE and
IgG1 in response to sensitization. Reintroduction of a conventional microbiota to antibiotic-
treated mice restores the Treg and IgA compartments and blocks the allergic response.
Colonization of germ free mice with a microbiota containing Clostridium species induces
both Foxp3+ Tregs and intestinal IgA and attenuates allergic sensitization.
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