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Clinical
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Experimental
Allergy

Correspondence:

Cecilia Berin, Pediatric Allergy and
Immunology, Icahn School of
Medicine at Mount Sinai, One Gustave
L. Levy Place, Box 1198, New York, NY
10029, USA.

E-mail: cecilia.berin@mssm.edu

Cite this as: M. C. Berin, Clinical &
Experimental Allergy, 2015 (45) 1483—
1496.

tolerance to foods.

can range in severity from mild skin reactions to severe and life-threatening anaphylaxis,
and there are no validated tools to predict severity of reactions. A greater understanding
of the pathogenesis of food allergy is needed to develop prevention and treatment strate-
gies for food allergy. In the last few years, there have been significant developments in
the field of food allergy that have led to new ideas about food allergy prevention, diagno-
sis, and treatment. This review will discuss these recent advances in the food allergy field
as well as identify gaps in our knowledge about the immune mechanisms of allergy and

Introduction

Food allergy is defined as ‘an adverse health effect aris-
ing from a specific immune response that occurs repro-
ducibly on exposure to a given food’ [1]. Within this
definition are (1) IgE-mediated food allergies including
food-induced anaphylaxis, immediate gastrointestinal
hypersensitivity, acute urticaria, and oral allergy syn-
drome, as well as (2) non-IgE-mediated food allergies
including food protein-induced enterocolitis syndrome
(FPIES) and (3) eosinophilic gastrointestinal disorders
(EGID). This review will focus on the pathogenesis of
IgE-mediated food allergy, and readers are referred to
recent reviews on the pathogenesis of FPIES [2] and
EGID [3]. Recent findings from clinical and translational
studies, as well as animal models that shed light on
immune mechanisms responsible for the development
of tolerance or allergy to foods, will be discussed.

Immune profile of food allergy in humans

Food-specific antibodies

IgE-mediated food allergy is by definition associated
with the presence of allergen-specific IgE antibodies,
which are measured in serum or inferred by a positive

skin prick test (SPT) to allergen. Sensitization does not
equal clinical allergy, and presence of IgE by either SPT
or measurement in serum is not diagnostic. Thresholds
have been identified for levels of peanut, milk, and egg-
specific IgE measured by ImmunoCAP that are 95% pre-
dictive of clinical reactivity [4] although there have been
differences in 95% predictive threshold values between
different study populations [5, 6] and across different age
groups [7]. Furthermore, threshold values identified using
clinic populations have been shown to have limited pre-
dictive value when applied to general populations [8].
Diagnosis of allergy to some foods, such as peanut, is
enhanced by measurement of IgE to specific allergens or
components. For example, IgE against the major peanut
allergen Ara h 2 has greater specificity for peanut allergy
than peanut-IgE [9]. In contrast, mono-sensitization to
Ara h 8, a homolog to the birch pollen allergen Bet v 1, is
associated with tolerance to peanut [10]. IgE antibodies
differ in affinity, a measure that is not reflected by stan-
dard quantification of IgE. In addition, the polyclonality
of the antibody response will influence the likelihood
that IgE will be cross-linked by allergen. Using a peptide
microarray approach, the diversity of epitope recognition
within the major peanut allergens Ara h 1, Ara h 2, and
Ara h 3 was found to correlate weakly with peanut-speci-
fic IgE levels, but serum with high epitope diversity
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induced greater levels of basophil activation than serum
with low epitope diversity [11]. Increased epitope diver-
sity within an allergen increases the probability that the
allergen will be recognized by two IgE molecules on the
effector cell, leading to cross-linking and degranulation.
Peptide microarray technology has been used to assess
both epitope diversity and affinity of the IgE response to
foods, and both of these measures are associated with
clinical reactivity [11, 12]. Peptide microarray is cur-
rently a time-intensive research approach, and there is a
need to translate this into a high-throughput standard-
ized assay and to compare sensitivity and specificity
against diagnostic gold standards (double-blind placebo-
controlled food challenge) before its diagnostic potential
can be realized. In addition to affinity and polyclonality,
Shade et al. [13] recently demonstrated that glycosyla-
tion of IgE at a single residue in the constant domain 3 is
essential for maintaining appropriate structure of IgE,
allowing binding to FceRI and activation of mast cells. It
is not known whether there are natural variations in the
glycosylation at this site (asparagine-394) that could
contribute to differential capacity of IgE to activate aller-
gic effector cells. Carbohydrate-dependent binding of IgE
to galectin-3 (formerly known as IgE-binding protein)
was shown to vary between different donors, with a sub-
set of the bulk polyclonal IgE within each individual
demonstrating binding [14]. Thus, there may be varying
proportions of antigen-specific IgE with biological activ-
ity.

Skin prick tests are a functional measure of the aller-
gen-specific IgE-mast cell unit that as a bioassay would
be expected to be more informative than measurement
of allergen-specific IgE in serum. However, SPT
responses have to date not been found to be much more
predictive than serum levels of specific IgE [15]. Basophil
activation tests (BAT) have been used in research to
monitor responses to allergen immunotherapy and more
recently have been shown to have utility in predicting
clinical reactivity to peanut. Santos et al. [16] showed in
a cohort of 104 children undergoing oral food challenge
(OFC) to peanut that BAT had a significantly better
predictive value compared to other tests including pea-
nut-IgE, Ara h 2-IgE, and SPT. This was particularly true
when using a subset of patients with inconclusive pea-
nut-IgE and SPT results, leading the authors to propose a
stepwise approach of using standard IgE or SPT results
as a first step, followed by BAT. Another interesting
development was the recent finding by the same authors
that BATs were predictive of severity of reactions and
allergen threshold dose upon OFC [17]. However, it was
previously reported that parameters including BAT were
not significant predictors of severity of reactions to pea-
nut [18], although a number of immunologic parameters
were significantly correlated with threshold dose-trigger-
ing symptoms. Both threshold dose and reaction severity

are measures that could be of major interest to patients
in understanding the risk of reactions. Because of these
conflicting results, further studies are needed to assess
the true predictive capacity of BAT for severity of reac-
tions to peanut, to determine whether the BAT has pre-
dictive value for other common food allergies, and to
develop these tests for use outside of the research labora-
tory. BAT does not take into account important factors
such as resistance to digestion or absorption across the
gastrointestinal epithelium that may contribute to sever-
ity of reactions, and also may be variable within individ-
uals over time.

Antibody isotypes other than IgE do not discriminate
between allergic and tolerant individuals. Although a
food-specific antibody response is often comprised of
multiple isotypes including IgA and IgG, the presence
of food-specific IgG or IgA is not indicative of inappro-
priate immune reactivity and can be found in healthy
individuals. IgG4 and IgA responses to foods are ele-
vated in response to allergen immunotherapy for the
treatment of food allergy and correlate with clinical
protection [19, 20]. There are also reports that IgE/IgG4
ratios may be more predictive of clinical reactivity to
extensively heated forms of egg than IgE levels alone
[21, 22], suggesting a protective role for IgG4 antibod-
ies in homoeostatic tolerance to foods.

Food allergen-specific T-cell responses

Food allergy, like other allergic diseases, is associated
with a Th2-skewed allergen-specific T-cell profile. This
has been demonstrated with increasing levels of techni-
cal sophistication, starting from initial observations
with allergen-specific T-cell lines, to the identification
of proliferating cells after days in culture with allergen
[23], to the identification of allergen-specific T cells by
MHC Class II tetramers containing Ara h 1 epitopes
[24]. T-cell responses to peanut, egg, and milk are asso-
ciated with a Th2 profile in allergic individuals [25, 26].
T cells producing IL-9 have also been recently described
as increased in individuals with peanut allergy, and to
be produced by cells distinct from those producing
other Th2 cytokines including IL-5 [27]. The frequency
of peanut-specific T cells is at least tenfold less in
healthy compared to allergic individuals [24, 25].
Although the food allergen-specific response of healthy
individuals has been described as Th1, the frequency of
IFN-v-producing T cells is not higher in healthy com-
pared to allergic individuals [25]. The critical difference
between food allergic individuals and healthy controls
is the presence of Th2 or Th9 cells in allergic individu-
als. Th2 cells contribute to food allergy through promo-
tion of IgE class-switch by B cells. IL-9 is a growth
factor for T cells and can enhance mucin production
from epithelial cells, but is perhaps best known as a

© 2015 John Wiley & Sons Ltd, Clinical & Experimental Allergy, 45 : 1483-1496
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factor driving tissue recruitment and activation of mast
cells. Therefore, together these allergen-specific Th2/
Th9 cells promote development of the effector arm (the
components of the immediate hypersensitivity reaction)
of food allergy. Although there are not many studies
quantifying allergen-specific regulatory T cells, the
frequency of these cells has not been shown to be dif-
ferent in allergic vs. tolerant controls [28]. However,
resolution of milk allergy has been shown to be associ-
ated with an increase in allergen-responsive Tregs [29].

Dendritic cells

Food allergens such as peanut and tree nut allergens
have stimulatory effects on innate immune cells,
including dendritic cells (DCs) [30-32]. These allergens
can activate cells through pattern recognition receptors
such as DC-SIGN, and change the phenotype of the DC
leading to Th2 cytokine production in responder T cells.
In addition to these innate responses, human DCs
express the high-affinity IgE receptor FceRl, and can
acquire allergen for presentation through IgE-facilitated
uptake [33]. This mechanism of uptake alters the phe-
notype of the DC, again promoting a Th2-skewed
response from T cells [34]. Therefore, once sensitization
has occurred, presentation via IgE-facilitated uptake
may reinforce the Th2-biased immune response to that
food. Reduction of serum IgE with omalizumab (anti-
IgE antibody) reduces IgE on the surface of DCs and
alters facilitated presentation to T cells [35]. Allergen
immunotherapy is associated with changes at the level
of the DC. DCs obtained post-immunotherapy induce
less Th2 response than DCs obtained pre-immunother-
apy [36], and promote the development of Tregs [37].
These results highlight the central role of DCs in pro-
gramming the T-cell response to foods.

Immune mechanisms of allergic reactions to foods

Type I hypersensitivity responses triggered by cross-
linking of IgE bound to the surface of mast cells and
basophils underlie the adverse reactions to foods in
IgE-mediated food allergy. In mice, depletion experi-
ments have shown that mast cells are the primary cells
that contribute to peanut-induced anaphylaxis [38, 39],
although minor contributions from mast cell-indepen-
dent pathways have also been demonstrated [39, 40].
Depletion of basophils has a relatively minor effect on
anaphylaxis severity in mice [39, 40], while anaphy-
laxis is abolished in the absence of mast cells. Studies
in human subjects treated with omalizumab (anti-IgE)
have suggested a role for basophils in food allergy.
Omalizumab induces more rapid suppression of baso-
phils than mast cells, and prevents symptoms during a
peanut OFC prior to having a significant suppressive

effect on mast cells as measured by skin prick testing
[41]. This was used to argue for a role of basophils in
food-induced reactions. However, mast cells are a
heterogeneous population of cells, and it is possible that
mucosal mast cells were effectively suppressed by
omalizumab prior to cutaneous mast cells. To more
conclusively test the role of mast cells and basophils in
anaphylaxis, better markers of cell type-specific activa-
tion are needed so that in vivo activation of cells during
allergen challenges can be monitored. Histamine and
platelet-activating factor (PAF) are the main mediators
of anaphylaxis in mice [42] and are also elevated in
patients presenting in the emergency room with ana-
phylaxis [43]. Antihistamines are a standard first-line
treatment for mild reactions to foods, demonstrating
the role of this pathway. Low levels of PAF acetylhy-
drolase, the enzyme that inactivates PAF, were found in
patients with fatal peanut-induced anaphylaxis [44].
IgG-mediated anaphylaxis has also been demonstrated
in mice [45]. Myeloid cells are activated by allergen—
IgG complexes and can trigger anaphylaxis in mice
through the release of PAF. Under more physiologic
conditions (either oral or low-dose systemic allergen
challenge), IgE-mediated pathways predominate in mice
[40, 46]. IgG-mediated activation of neutrophils in vitro
has been demonstrated using human blood [47]. There
is no evidence at this time that IgG-triggered immune
activation contributes to food allergy in humans
although this has not yet been carefully studied.

An assessment of symptoms upon challenge identifies
the skin as the most common site of food allergy mani-
festations (hives in > 90% of OFC), followed by the gas-
trointestinal tract (vomiting, diarrhoea, abdominal pain)
and the respiratory tract (wheezing, coughing) [48].
Challenge with peanut caused respiratory reactions
more commonly than other food allergens, while
peanut and egg were the most common triggers of gas-
trointestinal symptoms. The immune mechanisms
responsible for these organ-specific manifestations of
food allergy are not understood. It is surprising that
gastrointestinal manifestations are not more common
given that it is the first site of contact with the food
allergen. Allergens that are readily absorbed across the
gastrointestinal tract in an intact form are more likely
to trigger systemic reactions in mice [49]. The food
matrix, heating, processing, and fat content are factors
that can influence the development of reactions to
foods by altering the uptake of the foods across the
mucosal barrier [50, 51].

Mechanisms of sensitization to foods

Sensitization to foods is an abnormal response to expo-
sure to innocuous antigens, and we do not yet have a
good understanding of why sensitization occurs in

© 2015 John Wiley & Sons Ltd, Clinical & Experimental Allergy, 45 : 1483-1496
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some individuals. Genetics plays an important role,
similar to other atopic disorders. But the rapid increase
in prevalence of food allergy among children suggests
that there may be important environmental or lifestyle
factors playing a role in susceptibility to food allergy.
Changes in diet and our microbial environment, as well
as other environmental factors, may all contribute to
this increasing prevalence of food allergy. The evidence
for each of these factors is outlined below.

Oral tolerance

The default response to antigens delivered to the
gastrointestinal tract is active immune tolerance, as first
described by Wells and Osborne in 1911 [52]. Oral tol-
erance is defined as systemic immune non-responsive-
ness to antigens first encountered by the oral route.
Although oral tolerance is defined experimentally (as a
suppressed response to immunization following antigen
feeding), it has also been demonstrated to occur in
humans [53]. Oral tolerance is an active immune
response that can be transferred to a naive animal
through the transfer of regulatory T cells. Feeding of
antigen generates antigen-specific regulatory T cells,
including Foxp3* Tregs [54, 55] as well as latency-asso-
ciated peptide (LAP)"Foxp3~ Tregs commonly referred
to as Th3 cells [56]. Both of these Treg subsets suppress
through TGFp-dependent pathways [54, 55]. Regulatory
T cells generated in the presence of IL-10, and charac-
terized as producing high levels of IL-10, low levels of
IL-2, and no IL-4, were termed Tr1 cells and shown to
suppress the development of colitis induced by naive
T-cell transfer into severe combined immunodeficiency
(SCID) mice [57]. Tr1 cells are important for the sup-
pression of inappropriate immune responses to the
commensal microbiota, but have not been shown to
play an important role in tolerance to foods [58].

Tregs are generated in the gastrointestinal tract by a
specialized population of DCs that acquire antigen in the
lamina propria and deliver it to the mesenteric lymph
nodes (MLN) [59]. CD103" DCs in the MLN of mice and
humans preferentially induce Tregs through the produc-
tion of TGFp, retinoic acid (RA), and the enzyme IDO
[60-63]. Although a subset of mononuclear phagocytes
can reach through the epithelium of the lamina propria
to capture antigens directly from the lumen, these cells
are transcriptionally similar to macrophages and do not
migrate in the steady state [64, 65]. They do, however,
transfer antigen to CD103" DCs that then migrate to the
MLN [66], demonstrating a division of labour between
antigen sampling and presentation. Antigen can also pass
through goblet cells via ‘goblet cell-associated antigen
passages’, after which they are taken up by CD103" DCs
[67]. The passage of antigens through goblet cells is
particularly interesting as the intestinal mucin MUC2, a

goblet cell-derived mucin protein, was recently shown to
promote the development of oral tolerance [68]. MUC2
binds to CD103™ DCs via a receptor composed of galec-
tin-3, FcgammaRIIb, and Dectin-1 and drives expression
of TGFP, RA, and IL-10 [68], factors critical for the
induction of iTregs in the MLN. Mice lacking MUC2 were
impaired in the development of oral tolerance, while
exogenous delivery of mucin with antigen restored the
development of tolerance in MUC2-knockout mice.
Intestinal factors driving tolerance also include Csf2
(GM-CSEF), which is produced by innate lymphoid cells
(ILC3 cells) of the gastrointestinal tract [69]. Intestinal
macrophages produce IL-1f in response to signals from
the commensal microbiota, which in turn drives Csf2
expression by ILC3 cells. Csf2, such as MUC2, promotes
the development of oral tolerance by driving a regulatory
phenotype of CD103" DCs, and by that mechanism
enhances the development of iTregs. In summary, under
steady-state conditions, the mucosal immune system is
primed to generate regulatory responses to antigens in
the absence of pathogenic signals that can function as
adjuvants. In mice, the default response to fed antigens is
tolerance, and adjuvants such as cholera toxin (CT) or
staphylococcal enterotoxin B (SEB) are commonly used
to break tolerance and generate sensitization [70, 71].
Translating this to human disease has led to two
hypotheses. The first is that oral exposure is inherently
tolerizing and that sensitization to foods occurs because
of exposure to potent allergens through other non-
tolerogenic routes. This hypothesis is depicted in Fig. 1.
The second is that exogenous factors suppress the tolero-
genic environment of the gut (by directly altering the
mucosal immune system or indirectly through modula-
tion of the intestinal microbiota), leading to sensitization.

Site of sensitization

Skin exposure has been proposed to be a driving factor
in sensitization to foods, particularly in sensitization to
peanut. It has long been recognized that there is a
unique communication between the skin and the gas-
trointestinal tract in the context of food allergy. The
most common manifestations of food allergy affect the
skin, leading to acute hives or exacerbating eczema.
Eczema in early life is also a significant risk factor for
the development of food allergy [72]. In 2003, it was
reported that the use of skin creams containing peanut
oil in infants with a history of eczema was significantly
associated with peanut allergy (with an odds ratio of
6.8) [73]. The use of wheat-containing soaps has also
been identified as a risk for wheat allergy [74].
Increased household consumption of peanut was found
to be a risk factor for peanut allergy [75]. Maternal
consumption of peanut during pregnancy and breast-
feeding was significantly associated with peanut allergy

© 2015 John Wiley & Sons Ltd, Clinical & Experimental Allergy, 45 : 1483-1496
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Fig. 1. Immune mechanisms of tolerance and sensitization to foods. The default immune response to oral exposure to foods is tolerance. GM-CSF
produced by innate lymphoid cells (ILC3) and Muc2 produced by goblet cells acts on CD103* DCs to promote a tolerogenic phenotype (increased
expression of TGEP and retinoic acid) CD103" DCs acquire antigen via goblet cells or mononuclear phagocytes (MP) that extend dendrites into the
intestinal lumen. DCs traffic to the mesenteric lymph node (MLN) and generate Tregs, that can suppress sensitization throughout the body. Expo-
sure to food antigens on the skin in the presence of damage, decreased barrier function (filaggrin mutations) or the bacterial toxin SEB drive sen-
sitization by acting on dermal DCs and basophils that contribute to the generation of Th2 cells and T follicular helper (Tfh) cells that support IgE
class-switching. Sensitization suppresses the generation of Tregs in the intestine in part through IL-4 production by mucosal mast cells. SEB,

staphylococcal enterotoxin B.

[75, 76], but significance was lost after adjustment for
household peanut consumption. In contrast, the signifi-
cant association of household peanut consumption with
peanut allergy remained after adjustment for maternal
consumption. Household consumption of peanut was
later reported to be correlated with peanut present in
household dust, and the amount of peanut antigen
found was biologically active as shown in BATs [77].
Several groups have now shown that food antigens can
be readily detected in household dust [78, 79]. When
studying T-cell responses to peanut in allergic individu-
als, the proliferative capacity was found to reside in the
subset expressing the skin-homing molecule CLA [80],
but not in the subset expressing the integrin B7, a
component of the intestinal homing molecule «4p7.
Homing capacity of lymphocytes is believed to reflect

the initial site of priming, and therefore, these data
were used to argue for primary sensitization occurring
through the skin. CCR4, another skin-homing molecule,
has been identified as highly expressed on Ara h 1-
specific T cells [24]. Thus, a growing body of work
strongly suggests that the skin is a likely site of sensiti-
zation, at least to peanut.

Another important factor in sensitization beyond
exposure is the immune milieu of the skin. As previ-
ously described, eczema is a risk factor for food allergy.
Mutations in filaggrin, a protein that contributes to skin
barrier function, have been shown to be associated with
peanut allergy and sensitization [81, 82]. Recently, it
was shown that the elevated risk of peanut allergy by
exposure to peanut in household dust was present only
in those with filaggrin mutations [83]. There are likely

© 2015 John Wiley & Sons Ltd, Clinical & Experimental Allergy, 45 : 1483-1496
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many other factors that contribute to the barrier and
immune milieu of the skin beyond filaggrin. Experi-
mental models in mice support the concept that the
skin functions as a primary site of sensitization to
foods. Mice with filaggrin mutations have increased
susceptibility to sensitization when allergen is applied
topically [84]. Tape stripping, which models excoria-
tions in atopic dermatitis and induces inflammation,
also promotes sensitization to allergens applied topi-
cally [85, 86]. Peanut and tree nut allergens have
intrinsic adjuvant activity in the skin that promote sen-
sitization when applied topically without tape stripping
or adjuvant, while other allergens such as soya or milk
require adjuvant [87, 88]. This suggests that skin expo-
sure as a risk factor for food allergy may be allergen-
dependent. The epidemiologic data supporting a role for
skin sensitization has primarily focused on peanut
allergy.

Sensitization through the skin is dependent on
epithelial-derived Th2-promoting cytokines. Thymic
stromal lymphopoietin (TSLP) is central to sensitization
induced by damage, either through tape stripping [86]
or application of the Vitamin D3 analog calcipotriol
[89]. TSLP is elevated in the skin of patients with atopic
dermatitis [90]. In mice, skin TSLP drives sensitization
by acting directly on skin DCs [91]. TSLP has also been
shown to drive basophil accumulation into inflamed
skin, and depletion of basophils suppresses sensitization
to topical antigen [89, 91]. In the absence of overt dam-
age, IL-33 and its receptor ST2 have been shown to
play a critical role in sensitization to peanut through
the skin, also via skin DCs [87]. In addition to adjuvant
activity provided by damage or intrinsic to the aller-
gens themselves, bacterial toxins including Staphylo-
coccus enterotoxin B (SEB) can drive sensitization to
bystander antigens by the induction of T follicular
helper cells and Th2 cells in an IL-1-, IL-6-, and ST2-
dependent pathway [87]. Clearly, multiple immune
pathways relevant to eczema can drive sensitization to
food allergens found in peanut and egg. Figure 1 sum-
marizes the major pathways involved in site-specific
induction of tolerance and sensitization to foods.

There are several implications of this model of
immunopathophysiology of food allergy for prevention.
The first is that exposure to allergens through the oral
route, proposed to be inherently tolerizing, would pre-
vent food allergy. This was first suggested by the obser-
vation that the rates of peanut allergy were very low in
populations that practiced early introduction of peanut
into the diet [92]. This year, the findings of the LEAP
study were published and convincingly demonstrated in
a cohort of 530 infants at increased risk for peanut
allergy that early oral peanut introduction (at age
4-11 months) had a significant protective effect on the
development of peanut allergy [93]. This clinical study

clearly shows that oral exposure to peanut is tolerizing
in infants with elevated risk for peanut allergy. Very
early exposure to cow’s milk (in the first 2 weeks of
life) was reported to be protective for milk allergy in a
large (> 13 000 infants) population-based prospective
study from Israel [94]. Early introduction of egg into
the diet of infants with moderate-to-severe eczema at
4 months of age also showed a trend towards reduction
of egg allergy although the trial was terminated early
and was therefore underpowered [95]. At 4 months of
age, many (36%) infants were found to be already
sensitized to egg, and 31% of infants randomized to
receive egg had an allergic reaction to egg powder.
Sensitization occurring so early in life presents a chal-
lenge to oral tolerance as a prevention strategy. In
addition to early oral introduction of allergens, inter-
ventions aimed at improving the barrier function of the
skin may be effective for the prevention of allergy to
peanuts or other foods. The use of emollients from birth
onwards was recently shown to prevent the develop-
ment of eczema in two studies [96, 97]. The proportion
of infants with positive sensitization to egg (measured
using an allergen microarray rather than standard
ImmunoCAP approaches) was not significantly different
between groups who did or did not receive skincare
intervention, although the rates of sensitization were
higher in those with eczema [97].

Sensitization to foods by the oral route

Although there is compelling evidence that sensitization
to peanut may occur through skin exposure, there is
also likely contribution of the mucosal immune system
in food allergy. Cow’s milk is most often the earliest
food introduced into the diet, and milk allergy is the
most common allergy of early childhood. Eigenmann
et al. [98] demonstrated that T cells from milk-allergic
donors stimulated with milk antigen in vitro upregu-
lated the gut-homing marker a4p7, which was not seen
with the control antigen tetanus or in milk-tolerant
controls. This is suggestive of gastrointestinal immune
priming to milk. Therefore, it is likely that sensitization
may occur in the gastrointestinal tract to some foods.
Further evidence supporting an oral route of sensitiza-
tion comes from the finding that antacid treatment of
mice and humans increases the level of sensitization to
food antigens [99, 100].

Mice are orally sensitized to foods by co-administra-
tion of adjuvants, commonly bacterial toxins such as
CT or SEB. Administration of CT promotes IL-33 pro-
duction from the intestinal epithelium and drives a
migration of DCs from the lamina propria to the MLN
[101]. Normally, tolerogenic CD103* DCs increase their
expression of 0X40L, which is responsible for driving
Th2 polarization [102]. Recently, it was shown that oral

© 2015 John Wiley & Sons Ltd, Clinical & Experimental Allergy, 45 : 1483-1496
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administration of peanut and CT led to activation and
degranulation of the resident intestinal population of
eosinophils, which was responsible for driving DCs from
the small intestine to the MLN [103]. Eosinophil peroxi-
dase, a major degranulation product of eosinophils,
altered the expression of co-stimulatory molecules and
cytokines by mouse and human DCs. Uric acid, a
metabolite produced upon cellular injury, is also ele-
vated in mice fed with peanut and CT and contributes
to sensitization through its adjuvant activity [104].
Therefore, tissue damage may also be a driving factor
in sensitization through the gastrointestinal tract, simi-
lar to the skin.

In addition to activation of pathways that promote
sensitization, adjuvants may work by suppressing regu-
latory pathways. Ganeshan et al. [71] found that sensi-
tization of mice to ovalbumin using SEB was associated
with a suppressed mRNA expression of TGFf in spleen
cells. Administration of anti-CTLA-4 antibody has been
used to suppress the function of Tregs during oral sen-
sitization with CT. It was found that suppression of
CTLA-4 enhanced sensitization when CT was present,
but did not turn a tolerance response into sensitization
[105]. In very interesting recently published findings,
Noval Rivas et al. [106] elegantly demonstrate that sen-
sitization via the oral route is a result of an interaction
between IL-4 signalling and Tregs. Mice that carry a
gain-of-function mutation in the IL-4 receptor, but not
wild-type mice, develop sensitization to OVA when fed
with OVA and SEB and develop anaphylaxis upon OVA
challenge. These susceptible mice have a defect in Tregs
in the intestine at baseline that is magnified after sensi-
tization. Mast cells producing IL-4 suppress the genera-
tion of Tregs in the intestine [107]. Furthermore, Tregs
in these susceptible mice deviate into IL-4-producing
cells with reduced suppressive capacity. Transfer of
Tregs from wild-type mice can restore tolerance in
these mice. These data show that the balance between
Th2 and Treg pathways is critical for maintenance of
intestinal homoeostasis, and also help to explain why
tolerance is difficult to achieve once a Th2-biased
immunity has already been established.

Role of microbiome

The increasing prevalence of food allergy documented
in countries including the US and UK suggests an
important contribution from environmental or lifestyle
factors. The hygiene hypothesis, as originally proposed
by Strachan to explain the increasing prevalence of
allergic rhinitis [108], is likely also related to food
allergy. The hygiene hypothesis has evolved over time,
from focusing on infectious episodes in childhood to
examining the sustained influence of commensal micro-
biota [109]. Having older siblings and living in a home

with pets are two factors associated with a lower risk of
food allergy [110]. Pet ownership was recently elegantly
tied to differences in the microbial composition of
house dust [111], and transfer of microbiota or a single
protective organism Lactobacillus johnsonii to mice was
able to suppress experimental airway disease [112].
There are mixed reports about the impact of mode of
birth (vaginal birth vs. Caesarean section) on suscepti-
bility to food allergy [113, 114]. Mode of delivery
clearly influences the microbial colonization of the
infant, with Caesarean-born infants having an intestinal
colonization reflecting the mother’s skin microbiota
[115, 116]. In addition to mode of delivery, early-life
nutrition is another critical element determining the
make-up of the infant intestinal microbiota [116].

The commensal microbiota provides a brake that sup-
presses IgE production. Germ-free mice have elevated
levels of IgE, and reconstitution of germ-free mice with
a normal microbiota in early life but not in adulthood
suppresses IgE [117, 118]. Cahenzli et al. [118] demon-
strated that diversity of colonization was necessary for
suppression of IgE and prevention of food allergy in
mice. Two recent human cohort studies have identified
a reduced gastrointestinal microbial diversity in early
life as being associated with the development of food
allergy or food sensitization [119, 120]. It is not clear
whether microbial diversity is in itself protective, per-
haps by leading to increased diversity of the regulatory
T-cell repertoire, or whether less diverse commensal
populations lack critical protective species. There is evi-
dence for some bacterial species having a protective
effect in the context of food allergy. Atarashi et al.
[121, 122] identified Clostridium species that could
drive Treg expansion in the large intestine, and found
that administration of either mouse or human Clostrid-
ium species could suppress the development of intesti-
nal symptoms in a model of food allergy. Similarly,
Stefka et al. [123] identified that the protective capacity
of the microbiota in the prevention of peanut anaphy-
laxis in mice was conferred by Clostridium species.
Microbial-induced protection from food allergy was
associated with elevated Tregs, IgA, and epithelial bar-
rier function. A number of different bacterial species
have been shown to drive Treg expansion in the gas-
trointestinal tract [124], and this may be due to their
ability to generate Treg-inducing short-chain fatty acids
such as butyrate and propionate [125]. Data from
human studies have shown an increased abundance of
Clostridial cluster I, the core genus of the family
Clostridiaceae [119] in children with food allergy.
Although this appears to contradict the regulatory role
of Clostridia species in food allergy, the immunoregula-
tory properties are likely strain specific.

In addition to microbes that may prevent food
allergy, Noval Rivas et al. [126] demonstrated that
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susceptibility to food allergy in mice was transmissible
by the microbiota. As previously described, mice har-
bouring an activating mutation in the IL-4 receptor are
susceptible to oral sensitization by feeding OVA and
SEB. These susceptible mice have a different microbial
signature upon sensitization, and transfer of this ‘sus-
ceptible and sensitized’ microbiota to germ-free mice
renders the recipients susceptible to food allergy. It is
clear that there is a dynamic crosstalk between the
mucosal immune system and the microbiota. In design-
ing human studies, it will be important to examine the
microbiota in early life prior to the development of sen-
sitization to provide greater evidence for causality of
microbial changes leading to food allergy. Secondly, it
will be important to address the role of the commensal
microbiota at other sites, particularly the skin given its
likely role as a site of sensitization to foods.

Role of nutrients and dietary factors

The mucosal immune system is shaped not only by the
microbiota, but also by the exposure to dietary compo-
nents. Epidemiologic studies have shown that an
increased dietary diversity in early life is protective
against the development of food allergy [127]. This, like
microbial diversity, may be protective by increasing the
diversity of the Treg repertoire in the gastrointestinal
tract. Alternatively, there may be dietary components
that confer increased or decreased risk for the develop-
ment of food allergy. A third possibility is that a
diverse diet drives a diverse intestinal microbiota [116,
128], and therefore indirectly promotes a regulatory
tone in the intestine. There is relatively little informa-
tion from either epidemiologic studies or mouse models
to identify specific components of the diet that alter
risk of food allergy development. Vitamin D deficiency
was reported as associated with peanut sensitization
(but not milk or egg sensitization) in a US cohort study
of 3136 children and adolescents [129]. Stronger evi-
dence for a role of Vitamin D in food allergy comes
from Allen et al. [130], who found that low levels of
Vitamin D (< 50 nmol/L) were associated with OFC-pro-
ven allergy to peanut and egg in an Australian cohort
of 577 one-year-old infants. This finding was restricted
to the subset with Australian-born parents (n = 271)
and was not observed in the subset of infants with for-
eign-born parents. The vitamin D hypothesis is also
supported by reports of association between food
allergy or epinephrine prescriptions with season of birth
[131] and geographical latitude [132, 133] (factors
involved in exposure to UV light and regulation of
vitamin D levels). Fall birth is associated with increased
risk of food allergy. Although several factors may con-
tribute to this increased risk, including viral infection
as a contributor to priming, the increased risk was only

observed among Caucasians, in whom vitamin D levels
are more readily regulated by UV exposure [131]. In
addition, impact of season of birth was limited to those
with a history of eczema, implicating an interaction
between UV exposure and the immune or barrier func-
tion of the skin. UV radiation promotes the generation
of antigen-specific regulatory T cells and may prevent
the development of sensitization via the skin [134]. In
addition to vitamin D deficiency, high folate levels in
early life have been described to be associated with
higher rates of food sensitization [135]. High-fat diet
influences both the mucosal immune system and the
composition of the microbiota [136], and obesity has
been shown to be a risk factor for food sensitization
[137]. Experimental models of food allergy or oral
tolerance in mice have identified protective roles for
vitamin A [138], polyunsaturated fatty acids [139], and
aryl hydrocarbon receptor ligands [140], the latter being
produced by cruciferous vegetables such as broccoli,
cauliflower, and cabbage.

The first dietary intake of the infant is most commonly
breastmilk. Breastmilk contains antibodies, cytokines,
oligosaccharides, anti-microbial proteins, and fatty acids.
Infants receiving breastmilk vs. formula have significant
differences in their gastrointestinal microbial composition
and immune response [141]. There is a lack of conclusive
data on the protective role of breastfeeding in food allergy
in human cohorts [142]. In the context of food allergy,
mothers may restrict breastfeeding when infants show
early symptoms, which can make results more difficult to
interpret. The lack of conclusive findings may also be due
to differences in the composition of breastmilk that are
not reflected in studies that look merely at the presence or
absence of breastfeeding. Lower levels of cow’s milk-
specific IgA as well as low cytokine levels that may con-
tribute to the maturation of the infant mucosal immune
system have been identified in breastmilk of mothers of
infants who develop cow’s milk allergy, compared to
mothers of non-milk-allergic controls [143, 144].

Genetics of food allergy

In addition to environmental risk factors, there is a
strong genetic contribution to susceptibility to food
allergy. Sicherer et al. [145] found a concordance rate
of peanut allergy of 64.3% in monozygotic twins com-
pared to 6.8% in dizygotic twins. Using a candidate
gene approach, Howell et al. [146] found significant
differences between HLA Class II DRB1, DQB1, and
DPB1 genotype frequencies in peanut-allergic cases vs.
controls in a UK-based study. Madore et al. [147] also
identified association of HLA genes with peanut allergy
in a case—control Canadian study. A recent GWAS
study utilized a US-based birth cohort of 1315 children
and 1444 parents to identify variants in HLA-DQ and
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HLA-DR that conferred increased risk of peanut allergy,
but not milk or egg allergy [148]. Variants were associ-
ated with modifications in methylation status of the
genes. In contrast to the results above, two studies
using siblings[149] or twins [150] discordant for peanut
allergy did not identify HLA variants associated with
peanut allergy, although HLA DRB1*0803 was more
frequent in families with peanut allergy compared to a
reference population [149]. Variants in HLA genes may
alter the epitopes of peanut that are presented to T cells
and may select for epitopes that are better able to
induce Th2-skewed responses, although clearly addi-
tional susceptibility factors appear to be required.

In addition to HLA genes, filaggrin mutations are
associated with increased risk of peanut allergy or
peanut sensitization [81]. Filaggrin is a protein that
contributes to the barrier function of the skin, as out-
lined previously. Filaggrin mutations also contribute to
the risk of eczema, but independently increase the risk
of peanut allergy. In addition to skin expression, filag-
grin is expressed in the oral mucosa, and there are
mixed reports of filaggrin expression in the oesophagus,
such that filaggrin mutations could potentially con-
tribute to sensitization upon oral exposure [151, 152].

Natural resolution of food allergy

Different food allergies have different rates of resolu-
tion, with milk and egg allergy being commonly out-
grown [153, 154] while peanut and tree nut allergy
are outgrown in a minority (10-20%) of cases [155].
Most milk- and egg-allergic children will tolerate
extensively heated forms of milk [156] and egg [157],
respectively, and these children resolve their allergy
more rapidly than those who react to extensively
heated forms of milk or egg [158, 159]. Baked-milk-
tolerant children have a greater frequency of milk-
specific Tregs [28], suggesting an active process of
immune tolerance. Similarly, individuals who have
outgrown a non-IgE-mediated milk allergy have an
increased frequency of milk-specific Tregs after an oral
milk challenge [29]. When following the natural his-
tory of a cohort of egg-allergic children, 49% had
outgrown their egg allergy at a median age of
72 months [153]. Factors predictive of outgrowth
included low baseline egg-specific IgE levels and reac-
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