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Abstract The science of food allergy has been rapidly evolv-
ing before our eyes in the past half century. Like other allergic
disorders, the prevalence of food allergies has dramatically
increased, and coupled with the increased public awareness of
anaphylaxis due to food allergy, this has driven an explosion
in basic and clinical research in this extremely broad subject.
Treatment of food allergies has evolved and practices such as
food challenges have become an integral part of an allergy
practice. The impact of the increase of food allergy has driven
package labeling laws, legislation on emergency treatment
availability in schools and other public places, and school
policy. But to this day, our knowledge of the pathogenesis of
food allergy is still incomplete. There are the most obvious
IgE-mediated immediate hypersensitivity reactions, but then
multiple previously unidentified conditions such as eosino-
philic esophagitis, food protein-induced enterocolitis syn-
drome, milk protein allergy, food-induced atopic dermatitis,
oral allergy syndrome, and others have complicated the diag-
nosis and management of many of our patients who are unable
to tolerate certain foods.Many of these conditions are not IgE-
mediated, but may be T cell-driven diseases. The role of T
regulatory cells and immune tolerance and the newly discov-
ered immunological role of vitamin D have shed light on the

variable clinical presentation of food allergy and the develop-
ment of new methods of immunotherapy in an example of
bench-to-bedside research. Component-resolved diagnostic
techniques have already begun to allow us to more precisely
define the epitopes that are targeted in food allergic patients.
The development of biological modulators, research on geno-
mics and proteomics, and epigenetic techniques all offer
promising avenues for new modes of therapy of food allergy
in the twenty-first century.
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Background

Food allergies affect approximately 3.5–4.0 % of the world’s
population [1]. Immediate-type food allergies are mediated by
the production of IgE antibodies to specific proteins that occur
naturally in allergenic foods. A distinction should be made
between chemicals that are immunogenic and those that are
allergenic. The diversity of the human immune response en-
compasses mechanisms that allow for the development of
antibodies to any protein; thus, all proteins and many other
molecules are potentially immunogenic. Not all proteins are
allergenic. In a type 1 immediate hypersensitivity reaction,
allergenicity is defined as the ability to stimulate the produc-
tion of IgE antibodies that will provoke a clinical reaction [2,
3]. Because of the roles of genetics and a predominant host-
related factor in the development of food allergies, one man’s
foodmay truly be another man’s poison. Individuals with food
allergies react adversely to the ingestion of foods and food
ingredients that most consumers can safely ingest [4].
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In addition to type 1 hypersensitivity reactions, there are
other forms of immunological responses to foods. Immuno-
logical reactions to foods are classified into three main types
based on the underlying immune mechanism and clinical
manifestations. The first, already mentioned, are the immuno-
globulin E (IgE)-mediated reactions, which can present with
varying severity (e.g., from hives to anaphylaxis), but usually
occur within 30–60 min after ingestion of the food. In addi-
tion, non-IgE-mediated reactions to food (cellular, delayed
type IV hypersensitivity) occur in such diseases as celiac
disease and food protein colitis or enterocolitis [5, 6]. Finally,
there can be a mixture of the two aforementioned mecha-
nisms, i.e., a mixed “IgE/non-IgE” immune-mediated mecha-
nism. The pathogenic mechanisms behind this group of dis-
eases are unclear. Examples of diseases with mixed mecha-
nisms include eosinophilic esophagitis or gastroenteritis, atop-
ic dermatitis, and food protein-induced enterocolitis syndrome
(FPIES) [7, 8].

While new knowledge and new techniques have generated
novel and promising methods for the diagnosis and manage-
ment of food allergies, they have exposed new challenges as
well. The challenges speak to determining the role of foods in
non-IgE-mediated diseases, including eosinophilic esophagi-
tis and gastroenteritis, atopic dermatitis, and food protein
intolerances. The controversies and uncertainties that occur
around these diseases illustrate our lack of a complete under-
standing of the biochemical and molecular basis for food
“allergies.” Multiple studies have been performed over the
last few years to elucidate the mechanisms for this group of
non-IgE- or partially IgE-mediated diseases, and new tech-
niques in molecular biology have helped drive research into
newmodes of therapy. The relationships between genetics and
environment and the interaction between epigenetic regulation
of genes has helped usher in a brave new world that offers not
only new opportunities but also a completely new set of
previously unrecognized risks.

Defining the Global Prevalence of Food
Allergy—Challenges in the Definition of Food Allergy

One of the most fundamental questions in food allergy is
“How common are food allergies?” The answer to this ques-
tion can vary extensively depending on whom you talk to or
where and how the study was conducted [9]. Communities all
over the world have devoted extensive resources to determine
the prevalence of food allergies. However, the answers to
these questions are derived from a diverse array of studies in
different geographical settings and by non-standardized re-
search designs and methodologies. These inconsistencies
have made it difficult to compare the prevalence of food
allergies between different communities. Different methodol-
ogies to evaluate the prevalence of food allergies include (1)

collecting participants’ allergic or relative information by
questionnaire, telephone survey, or clinical charts; (2) skin
prick test; (3) allergen-specific IgE antibody determination;
and (4) food challenge. The indiscriminant use of these tech-
nologies often yields wildly different prevalences. Well-
defined guidelines and standardized protocols and algorithms
must be developed in order to conduct meaningful epidemio-
logical studies on food allergy. Once methods can be stan-
dardized, large population-based cohort studies can be con-
ducted to provide additional insights and with reliable data for
comparison between geographical regions.

Another common question is “Are food allergies on the
rise?” As with all atopic diseases, it appears that this is indeed
the case. However, the data on this are again difficult to
analyze because of the differences in methodology and in
study design. In spite of this, it is generally accepted that there
is an increased prevalence, even though much of the recent
attention to food allergies in the general public may be related
to a heightened awareness and better patient advocacy.

The Changing Geoepidemiology of Food Allergies

The specific foods that trigger anaphylaxis include milk, egg,
soy, wheat, peanut, tree nuts, fish, and shellfish. These foods
account for over 90 % of cases of anaphylaxis to foods.
However, the prevalence of each individual food allergy
varies between children and adults. Milk, soy, and egg allergy
is more common in children, while seafood allergy is more
common in adults. Early studies revealed that in the Western
world, the prevalence of adverse food reactions in children
ranged from 6 to 8 % [10]. A study by Young et al. [11]
performed in the UK revealed the prevalence in the general
public to be about 1–2 %. These studies were at least partially
done using double-blind placebo-controlled oral food chal-
lenges. In a meta-analysis by the RANDCorp., the prevalence
of allergy to the most common foods including egg, milk,
peanut, shellfish, and fish was conducted. While there were
marked differences in the methodology used to conduct the 51
studies reviewed, the overall prevalence of an allergy to “any”
food was 12 % when self-reported by children and 13 % in
adults in a subset of studies, but the range of prevalence
observed was widely variable—between 3 and 35 % [9]. It
is thought that the reason for this is the widely differing
methodologies used to define a food allergy.

Evidence exists for an increase in the prevalence of food
allergies, but this evidence may not always be as universally
convincing as one might believe. A study comparing peanut
allergy in 3- to 4-year-old children during two time periods
spaced 6 years apart (1989 versus 1994–1996) revealed a
modest increase in peanut allergy which was not statistically
significant (0.5 versus 1 %) [12].
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With regard to specific allergens, differences abound be-
tween different cultures, which generate different diet, expo-
sures, and lifestyles. In most studies from different global
regions, the incidence of a strictly defined peanut allergy in
pediatric studies usually ranges between 1 and 2 %, but it does
appear that rates are generally lower in people who are from
Singapore or Israel. In spite of the different methodologies, the
prevalence of food allergy is similar between geographic
regions. Some exceptions include a lower incidence of tree
nut allergy and a higher incidence of seafood allergy com-
pared to the rest of the countries surveyed [13, 14].

Overall, seafood allergy is one of the most common food
allergies, affecting more than 2 % of the US population [15],
and is associated with the majority of emergency department
visits related to severe food allergy in adults [9, 16]. Peanut
allergy is also rising in prevalence and, along with tree nuts, is
considered a high-risk food for anaphylaxis. Peanut allergy
has been the target of two recent developments in food allergy
science, diagnostic component testing and oral immunothera-
py. Some of the allergens in peanuts are lipid transfer proteins.
Lipid transfer proteins (LTPs) are ubiquitous proteins that are
found in many different plant species. These plants may
represent some of the more common and also less common
food allergies. The homozygous nature of LTPs may be partly
the reason for the extensive cross-reactivity among various
plant allergens [17–19]. Allergies to various foods have been
reviewed extensively [20–23].

While it is common knowledge that food allergies are on
the rise in westernized countries, it has also been perceived
that food allergies, like other atopic diseases, are relatively
uncommon in the underdeveloped or developing world. In
fact, this may not be true [24]. Considering Africa, for exam-
ple, recent evidence suggests that the estimated prevalence of
allergic disorders in general in African countries range from
20 to 30 % [25]. This is accompanied by increasing rates over
the past decade in the higher-income African countries. Nota-
bly, several food allergens exist in sub-Saharan Africa that do
not present in Western or industrialized countries, including
pineapple (Ghana), okra (Nigeria), and mopane worm
(Botswana). Thus, Africa, while largely still underdeveloped,
is already experiencing a rise in allergic diseases.

“Unusual” food allergies are also found among different
cultures that do not consume a Western diet. It is known that
sesame allergy is on the rise, and in various cultures, chickpea
(India), buckwheat (China and Japan), and chestnut (Korea)
may be more common among the native population in other
parts of the world.

Food Allergy and Disease Associations

The approach to the diagnosis of food allergy is fraught with
difficulties that stem from the heterogeneity of food sensitivity

as a disease. In fact, most of the patients that we see with a
suspicion of a food allergy turn out to not have an allergy at
all. Many of the adverse reactions that people suffer from as a
result of suspected food ingestion are not immunologic or
allergic reactions, but are instead a form of food intolerance
or toxin exposure. We alluded to the difficulties these present
with when trying to determine epidemiologic data using sur-
veys and patient questionnaires. The difficulties do not end
with allergy testing to foods as all forms of allergy testing for
foods carry some degree of uncertainty. The sensitivity and
specificity of both skin testing and allergen-specific IgE test-
ing of sera are too low to allow for inclusion or exclusion of
the diagnosis based on these tests alone. As a result, the gold
standard for the diagnosis, or what is required to clear a patient
of a food allergy once the diagnosis is made, is a double-
blinded placebo-controlled food challenge. But these chal-
lenges are time-consuming and labor-intensive and are inad-
equately compensated for by the insurance industry and gov-
ernment payers, so these are usually only available on a
widespread basis in major academic centers or hospital-
based practices [26].

Besides the issues of acquisition of epidemiological data
and testing for diagnostic purposes, the concern about rele-
vance extends from skin testing to challenge tests in that food
allergies are remarkably heterogeneous and, as mentioned
above, including but not limited to type 1 hypersensitivity
reactions, atopic dermatitis, FPIES, and eosinophilic esopha-
gitis. The precise or predominant pathophysiology may vary
depending on the condition. The test used to delineate the
existence or absence of a food allergy should be aligned with
the precise disease being tested. For example, if we are
attempting to delineate whether or not a patient has anaphy-
laxis to egg, performing a food challenge may be an appro-
priate method to establish the diagnosis.

On the other hand, if the patient has atopic dermatitis,
which is most likely a T cell-mediated event, then perhaps
testing that involves IgE or food challenge is not the best
method to arrive at a definitive diagnosis. Another example
relates to eosinophilic esophagitis, where food is often be-
lieved to be a trigger for the inflammation seen in the tissue.
What test should be performed to identify whether the trigger
is a true culprit? Over the years, investigators have used skin
testing, in vitro testing, and even patch testing to attempt to
identify triggers. However, the relevance of each of these tests
has yet to be completely understood. This has led to confusion
regarding the treatment of EoE with regard to food avoidance
and reintroduction.

Other mechanisms of food sensitivities lead to rare associ-
ations. In 1962, Douglas Heiner reported a case of a cow’s
milk sensitivity in which the formation of milk protein–IgG
complexes (milk precipitins) leads to pulmonary hemorrhage
and pulmonary hemosiderosis. Other manifestations include
chronic lung disease, wheezing, anemia, eosinophilia, iron
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deficiency, and failure to thrive [27–30]. Other immunological
diseases result from aberrant IgA to gluten-containing foods
or self-tissues, as in the case of celiac disease, resulting in an
autoimmune phenomenon that involves intraepithelial lym-
phocytes that secrete a cytokine profile that will lead to
chronic inflammation and the clinical features of abdominal
pain and diarrhea. The tissue damage associated with the
gluten-induced enteropathy is reversible with a gluten-free
diet [31]. A strong relationship between celiac disease and
the HLA-DQ2 and HLA-DQ8 haplotypes has been reported
[32].

Foods have also been associated with some of the classical
autoimmune diseases. A literature review of the relationship
between lupus and nutrition was performed to identify foods
which may either ameliorate or aggravate disease activity of
systemic lupus erythematosus. In this review, the authors
found that a diet high in protein, fat, or calories led to
increased disease activity, as well as consumption of zinc,
iron, and L-canavanine, which is found in alfalfa tablets.
Foods or supplements with beneficial effects included antiox-
idants such as vitamins A and E, fish oil, selenium, calcium
along with vitamin D, as well as a number of herbal products.
The limitation of this review is that there were relatively few
studies, a lack of human studies, and, in many cases, the study
design was often poor, with missing control groups [33].

The Hygiene Hypothesis

The hygiene hypothesis originated out of the Eastern Europe-
an farm studies of the 1980s in an attempt to explain why
allergies in general are more common in developed countries
when compared with underdeveloped countries. The hypoth-
esis is that cleaner living shifts the T helper cell (Th) paradigm
to a predominant Th2 skewing, leading to an increased inci-
dence of allergy. In the farm studies, those patients exposed to
farm animals during early childhood appeared to have a
decreased incidence of allergic diseases. It was postulated at
the time that it was exposure to endotoxin that appeared to
protect infants from asthma [34]. But there was conflicting
evidence against this, and those patients exposed to higher
doses of endotoxin in urban housing have an increased prev-
alence of asthma. The hygiene hypothesis has also been
attributed to food allergy [35]. More evidence then surfaced
that it was particular infections, such as hepatitis A or helmin-
thic infections, that led to a decreased incidence of atopy [36,
37]. Clearly, there is more to be learned about the relationship
between infection and atopy. One should also not forget that
some of the observations between atopy and infection can also
be extended to autoimmune diseases [38], and it also may be
possible that certain infections may protect against the devel-
opment of diseases such as type 1 diabetes or multiple
sclerosis.

Eosinophilic Esophagitis

Before the early 1990s, this disorder was virtually nonexistent.
It was originally described in patients who had recalcitrant
gastroesophageal reflux disease, who underwent endoscopy
and biopsy findings showed eosinophils which do not nor-
mally occur in the esophagus. The incidence of this disease
has increased markedly since its first description, but the role
that awareness plays in this trend is unknown. Although it was
thought that this was a disease that could be attributable to a
“food allergy,” it is not entirely clear what the pathogenesis
may be. It is clearly more than an IgE-mediated disease, and
skin testing and in vitro allergen-specific IgE testing often fail
to correlate with the clinical course. Testing for delayed hy-
persensitivity using patch testing to foods has also not yielded
promising results in determining the correct trigger.

Another unknown is the natural course of this disease as we
have, as of yet, few longitudinal studies. Does chronic eosin-
ophilia in the esophagus always lead to strictures and other
structural problems in the future? This is not entirely clear.
The manipulation of diet to improve symptoms and histolog-
ical findings has included several different approaches, vary-
ing from extreme measures such as amino acid diets to six or
seven food eliminations diets to targeting or single food elim-
ination. None of the measures is universally successful, but
the more drastic measures seem to work better, albeit with
significant consequences of their own, including malnutrition
and failure to thrive. More recently, genomic studies have
shown that a 96-gene transcriptome may be useful as a bio-
marker for the disease [39]. Other therapeutic measures in-
clude maintenance on high-dose proton pump inhibitors,
swallowing topical steroids and biological modulators that
target IL-5 [40].

Galactose Alpha-1,3-Galactose and Allergy to Meat

The occurrence of urticaria in otherwise healthy individuals
after consumption of meat has been one of the more interest-
ing and esoteric food-associated allergic diseases in recent
years. This was first reported in the mid-2000s, when a series
of patients were being treated with the biological modulator
cetuximab, a monoclonal antibody against epidermal growth
factor used for the treatment of head and neck cancers and
colorectal cancers. The report by Chung et al. [41] in the New
England Journal of Medicine identified the galactose-alpha-
1,3-galatose moiety in the Fc portion of the monoclonal
antibody as the oligosaccharide that triggered the cross-
reacting allergic reaction. It was shown that antibodies to
galactose-alpha-1,3-galactose existed prior to exposure to
cetuximab. Cetuximab is a monoclonal antibody that is pro-
duced in the mouse cell line SP2/0, and the cell line expresses
the gene for alpha-1,3-galatosyltranferase. Subsequently, it
was observed that people who were bitten by a tick known
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as the “lone star tick” also developed a hypersensitivity reac-
tion upon exposure to meat [42]. The rash was atypical of an
IgE reaction because it often was delayed. It is believed that
the delay is due to the time it takes to absorb and process the
food. It was noted that these patients also had antibodies to
galactose-alpha-1,3-galactose. The significance of the tick
bites is also not entirely clear at this time.

Component-Resolved Diagnosis in Food Allergy

Component-resolved diagnosis (CRD) or diagnostics is a
technique adapted from traditional skin or in vitro-specific
IgE testing, in which the specific allergenic proteins are used
for detection of sensitivity. Formerly used crude or partially
purified extracts have been successfully and widely used in
the diagnosis of food allergy. While there are limitations, these
techniques, in combination with food challenges, have been
effective in establishing the existence of a food allergy and
providing relevant clinical advice to patients. So what is the
benefit of testing to single allergenic proteins? In vitro CRD
testing is at present still significantly more expensive than
traditional testing with extracts. Current research has sug-
gested that the presence of antibodies to different specific
proteins within a particular food may provide insight into the

severity of an allergy or whether or not a patient would be able
to pass a food challenge. For example, in the case of peanut
allergy, it has been demonstrated that different populations
may have sensitivities to different peanut allergens. For ex-
ample, differences in sensitivity patterns in American, Swed-
ish, and Spanish patients to Ara h1, h3, and h9 may be
associated with earlier presentation of allergy to peanut (1 year
versus 2 years of age). It is also now known that Bet v1 cross-
reacts with Ara h9, and in these cases, the allergy to peanut
may have resulted from a sensitization to another food. Cor-
respondingly, there has been a higher incidence of severe
allergic reactions reported in patients with sensitization to
Ara h1, h2, and h3 compared to those sensitized to Ara h8
and Bet v1 [43–47]. Other significant component-resolved
diagnostic allergenic proteins are shown in Table 1.

T Cells in Food Allergy

The Biology of Treg Cells

Regulatory Tcells (Treg) are naturally produced in the thymus
(nTreg) or induced in the peripheral tissues (iTreg). Phenotyp-
ically, both nTreg and iTreg express CD4+CD25+ and the

Table 1 Component-resolved
diagnosis proteins in food allergy

Component-resolved diagnosis is
available to other less common
food allergens as well

Food Allergen Common name Association with food allergy

Peanut Ara h1 Vicilin Elevated Ara h1, h2, and h3 sensitivity correlates
with failed OFCAra h2 Conglutin

Ara h3 Glycinin

Ara h8 A Bet v1-homologous
allergen

Ara h8 in the absence of Ara h1, h2, h3, and h9
sensitivity correlated with passed oral food
challenge

Ara h9 Sensitivity to Ara h9 does not correlate with
successful food challenge

Hazelnut Cor a 1

Cor a 8 LTP

Brazil nut rBer 1 2S Albumin

Milk Bos d Lactoferrin Component-based allergen microarrays have been
used in the diagnosis of food allergy to milkBos d 4 α-Lactalbumin

Bos d 5 β-Lactalbumin A and B

Bos d 6 Bovine serum albumin

Bos d 7 IgG bovine

Bos d 8 Casein

Bos d 8a α-Casein

Bos d 8b β-Casein

Bos d 8k κ-Casein

Egg Gal d 1 Ovomucoid Component-based allergen microarrays have been
used in the diagnosis of food allergy to eggGal d 2 Ovalbumin

Gal d 3 Conalbumin

Gal d 4 Lysozyme

Gal d 5 Serum albumin
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transcription factor forkhead box p3 (Foxp3) and are actively
involved in the maintenance of self-tolerance and immune
homeostasis via suppressive mechanisms. Generally, Treg
exerts its suppressive function on antigen-presenting cells,
involving lymphocyte function-associated antigen-1 and
CTLA4. Auxiliary suppressive mechanisms of Treg have
been shown to involve IL-10, TGFβ, IL-35, and/or other
mediators depending on the environment and the type of
immune response [48, 49]. Secretion of retinoic acid by
CD103+ DC in the lamina propria of the small intestine
facilitates the differentiation of naive T cells to Foxp3+ cells
[50]. The establishment of iTreg cells, specific to an orally
administered antigen, accounts for induction of oral tolerance.
Food allergy, which is an increasingly prevalent disease with
potential life-threatening clinical manifestations, is considered
to result from an impaired development of oral tolerance or a
breakdown in existing oral tolerance [51].

Murine models indicate that “high-dose” tolerance in-
volves deletion of effector Tcells, whereas repeated exposures
to “low doses” of antigen are thought to be the optimal
stimulus for the development of Treg cells, which suppress
immune responses through regulatory cytokines such as IL-10
and TGF-β [52]. Recently, various types of Treg cells, includ-
ing TGF-β-producing Th3 cells, IL-10-producing Tr1 cells,
CD4+CD25+ Tcells, CD8+ suppressor Tcells, and γδ Tcells,
have been shown to have essential roles in peripheral immune
tolerance. Treg cells and IL-10 have been shown to regulate
mast cell activation by inhibiting Fcε RI expression [53, 54].
Their ability to control hypersensitivity reactions involved in
food allergy and their potential use as immunotherapy for food
allergy have become a major focus in the field.

What Is the Role of T Regulatory Cells in Food Allergies?

Tregs play a leading role in the development of homeostasis in
the immune system. The transcription factor Foxp3 is required
for CD4+CD25+ Treg cells functions, and mutations in the
Foxp3 gene are associated with severe food allergies and
atopic dermatitis [55] in patients with immunodysregulation
polyendocrinopathy enteropathy X-linked syndrome. In these
patients, the numbers of CD4+CD25+FOXP3+ regulatory T
cells are extremely low in the peripheral blood, and the
CD4+CD25+ T cells that are present exhibit little regulatory
function [55].

A recent study was conducted to determine the role of
Tregs in the pathogenesis of atopic diseases by comparing
the frequency and activation markers of Tregs in peripheral
blood mononuclear cells between 20 children with atopic
diseases and 50 healthy children. They found that the percent-
age of Tregs in allergic patients was significantly decreased in
comparison to healthy controls. The frequency of Tregs in
patients with symptoms of atopic dermatitis and/or food aller-
gy was significantly lower than in patients without these

symptoms. Furthermore, there is an association between Tregs
and the IgE serum concentration [56]. Studies on the role of
Tregs in asthma have not reached much consensus. Some
studies have reported decreased Treg activity in patients with
active allergic airway disease [57, 58], whereas others have
reported no differences between asthmatics and controls [59].
It should be noted that most human studies on Tregs have
relied on peripheral blood mononuclear cells, which do not
necessarily reflect the immunological microenvironment of
the target tissues.

Immunologically, food allergy is the result of impaired
development or a breakdown of oral tolerance. Fortunately,
not all food allergies persist for life. Some outgrow their food
allergies or regain their tolerance, whereas others remain
susceptible. About 85 % of children allergic to foods such as
cow’s milk, egg, wheat and other cereal grains, and soy
“outgrow” (develop tolerance) their allergy, whereas only
15–20 % of children allergic to peanut, tree nuts, fish, and
shellfish will show spontaneous tolerance. The reason why
some food allergies can be outgrown whereas others are not is
unclear, but may involve characteristics of linear versus con-
formational epitopes.

Several studies have specifically addressed the role of
regulatory Tcells in the resolution of milk allergy. For exam-
ple, Karlssoon et al. [60] showed that in vivo oral milk
challenges increased the number of CD4+CD25+ putative
regulatory cells inmilk-tolerant but not milk-reactive children.
In another study, Shreffler et al. [61] investigated various
groups of patients with IgE sensitization to milk who were
either reactive to all forms of milk, tolerant to extensively
heated milk, or tolerant to all forms of milk. The frequency
of casein-specific CD4+CD25+CD27+ cells was significantly
higher in those who were heated-milk-tolerant than other
groups. The casein-specif ic T cells were of the
CD4+CD25+CD27+FOXP3+ phenotype. Furthermore, deple-
tion of CD25+ cells before in vitro proliferation stimulation
significantly enhanced casein-specific effector T cell expan-
sion, implicating the presence of T regulatory cell activity.
Using Treg depletion in a T cell proliferation study, Sletten
et al. [62] reported that casein-induced Treg are involved in
the development of tolerance in cow’s milk allergy. Although
these data suggest of a role for regulatory Tcells in the natural
history of milk allergy, understanding the mechanisms of the
natural resolution of other food allergies will provide an
understanding of common immune pathways that could be
targeted therapeutically in those with persistent food allergy.

In an animal study, Balb/c mice were given high-dose beta-
lactoglobulin by gavage feeding to induce tolerance [63].
Systemic sensitization and elicitation of the allergic reaction
were totally inhibited in the beta-lactoglobulin-tolerant mice.
Moreover, a high percentage of CD4+CD25+Foxp3+ was
detected in the lavage of these mice, and in vivo depletion of
CD25+ cells greatly increased the levels of beta-lactoglobulin-
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specific IgG1, IgG2, and IgE [63]. These data highlighted the
contribution of Treg cells in inhibiting the elicitation of food
allergic reactions to beta-lactoglobulin [63].

In another model of bovine beta-lactoglobulin allergy in
C3H/HeOuJ mice, Kanjarawi et al. [64] reported that consti-
tutive CD4+CD25+ regulatory T cells are important in allevi-
ating clinical signs of immediate hypersensitivity to beta-
lactogobulin. Furthermore, depletion of Treg cells resulted in
more severe symptoms of systemic anaphylaxis together with
enhanced levels of the mucosal mast cellprotease-1 upon oral
β-lactoglobulin challenge. On the other hand, CD4+CD25+

regulatory T cells are required in maintaining tolerance and
regulating the intensity of an IgE response, but are not critical
in preventing sensitization in a model of peanut allergy [65].

Alternation in TGFbeta signaling pathway can affect T
regulatory cell maturation and immune homeostasis. Patients
with Loeys–Dietz syndrome are strongly predisposed to de-
velop allergic disease, including asthma, food allergy, eczema,
allergic rhinitis, and eosinophilic gastrointestinal disease, due
to an autosomal dominant disorder caused by mutations in
TGFbetaR1 and TGFbetaR2 [66]. Thus, maintenance of Tregs
via the TGFbeta signaling pathway is a reasonable target for
food allergy research. Based on its immunomodulatory prop-
erties, probiotics have been sought as a candidate in therapeu-
tic approach in food allergies. Dietary supplementation of a
probiotic, VSL#3, to peanut-sensitized mice was effective in
ameliorating anaphylaxis and Th2-mediated inflammation via
TGFbeta-induced FoxP3 Treg cells in a C3H/HeOuJ mouse
model of allergic sensitization to peanut [67].

The Role of T Reg Cells in the Treatment of Food Allergies

Recently, the mechanism and significance of Treg cells to
install oral tolerance was elegantly demonstrated in an oval-
bumin model of food allergy. It was found that Treg cells, after
their generation in lymph nodes, is necessary for Treg cells to
home to the gut and to undergo local expansion to establish
oral tolerance [68]. Yamashita et al. [69] demonstrated that
oral tolerance to ovalbumin can be induced by the transfer of
Tregs. Specifically, they showed that in the transfer model,
anaphylaxis secondary to ovalbumin intake can be suppressed
by transferring either whole mesenteric lymph node cells or
Tregs from ovalbumin-treated mice. Furthermore, the levels
of IL-4 and IL-10 mRNA expression were decreased, but IL-9
mRNA expression increased in the Treg-recipient mice [69].
With these exciting discoveries on the significance of Treg in
modulation hypersensitivity reactions to food allergens and
promising data in animal studies, translation of our under-
standing of Treg cell-induced tolerance to clinical manage-
ment of food allergy should be on the foreseeable horizon.

A number of studies on the effects of dietary supplements
on food allergy have implicated the contribution of Treg in
modulating the food allergy response. In a randomized,

double-blind, placebo-controlled study of the sublingual im-
munotherapy in patients with hazelnut allergy, an increase in
specific IgG4 and IL-10 levels was present only in the exper-
imental group, but not the placebo-treated group [70], hence
suggesting the possibility of immunoregulation through Treg
cells producing IL-10. This principle has also been demon-
strated to be successful in studies using food allergy animal
models. For example, mice fed a fish oil diet were reported to
have reduced acute allergic symptoms in a murine model for
cow’s milk allergy by suppressing the humoral response and
enhancing local intestinal and systemic Treg responses when
compared with mice fed with a control diet [71]. Oral feeding
of Bifidobacteria as a probiotic suppressed the skewed Th2
response and increased the number of Treg in both spleen and
intestines and improved intestinal barrier function in an oval-
bumin mouse model of food allergy [72]. Schiavi et al. [73]
successfully shifted the pathogenic Th2 response to a Th1/
Treg response by using a mixture cocktail of eight probiotic
strains in a murine model induced by oral sensitization with
shrimp tropomyosin. Co-culturing of the probiotic mixture
with spleen cells frommice sensitizedwith shrimp tropomysin
led to a significant reduction of the Th2 cytokine profile upon
allergen re-stimulation through suppression of IL-5 and IL-13
production and promoted the secretion of Treg/Th1 cytokines
such as IL-10 and IFN-γ [73]. These data suggest that mod-
ifying the commensal gut flora via a Treg-mediated mecha-
nism is capable of inhibiting a Th2 cytokine response.

To examine the role of B lymphocytes in the regulation of
food allergy, Liu et al. [74] investigated the role of a subpop-
ulation of tolerogenic B cells (CD5+CD19+CX3CR1+) in the
generation of Treg cells and in the suppression of food allergy-
induced intestinal inflammation in mice. Co-culturing of
t o l e rogen i c B ce l l s w i th Th0 ce l l s gene ra t ed
CD4+CD25+Foxp3+ Tregs. Furthermore, adoptive transfer
with the tolerogenic B cells suppressed the food allergy-
induced intestinal Th2 pattern inflammation in mice. Their
data highlighted the potential of CD5+CD19+CX3CR1+

tolerogenic B cells to induce Tregs in the intestine and sup-
press food allergy-related Th2 pattern inflammation in mice.

The Immunotherapy of Food Allergies

The current standard of care in food allergy is elimination of
the triggering food from the diet and accessibility to epineph-
rine. Immunotherapy is a promising treatment approach. There
is no accepted use of subcutaneous immunotherapy for food
allergies, but recently, studies have indicated that oral immu-
notherapy to peanut or cow’s milk may be of benefit. On the
other hand, no oral immunotherapy product for food allergy
has been approved for clinical use in the USA [75]. While
desensitization tomost foods seems feasible, it remains unclear
whether a permanent state of tolerance is achievable [76].
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There have been many clinical trials on the use of oral
immunotherapy to treat peanut allergy, but a 2012 Cochrane
Database meta-analysis of oral immunotherapy for peanut
allergy revealed only one randomized controlled trial [77]. A
similar analysis of oral immunotherapy for milk allergy re-
vealed that most trials were of small numbers and adverse
events were common. Long-term tolerance was not demon-
strable in most studies [78]. Oral immunotherapy for peanut
allergy has been shown to provide prolonged unresponsive-
ness in children, but for only 1 month after withdrawal of the
immunotherapy that had been administered for a 5-year period
[79].

A more recent larger study of milk oral immunotherapy in
280 “low-risk” patients showed that a three-round oral induc-
tion therapy regimen every 4 weeks increased the patients’
tolerance for milk with minimal side effects [80]. An early
study of seven patients with egg allergy was successful in
desensitizing to egg protein [81, 82]. The concept was sub-
jected to a larger trial published in 2012 on the successful
desensitization to egg using oral immunotherapy in 40 chil-
dren compared to 15 placebo subjects. There are ongoing
trials on oral immunotherapy for egg allergy [83]. There are
fewer data on oral immunotherapy to other foods. However, a
study investigating the benefit of using anti-IgE therapy in
conjunction with milk or peanut rapid oral immunotherapy
suggests that anti-IgE may reduce the incidence of adverse
events [84–86]. Another study found decreased specific Tcell
response to egg after oral desensitization when performed in
conjunction with omalizumab. Other observations included a
decrease in allergen-specific CD4+ T cells, an increase in
specific IgG4, and a decrease in specific IgE levels [87].

Traditional Chinese Medicine in the Treatment of Food
Allergies

The use of herbal medicines that are derived from traditional
Chinese medicine and other cultures is being investigated for
composition, efficacy, safety, and mechanism of action in
many allergic or atopic diseases [88–91]. Chinese herbal
medications have been used for centuries to treat various
ailments. Perhaps the most well-known and well-studied herb-
al formulation used in the treatment of food allergies are food
allergy herbal formula FAHF-1 and FAHF-2. In 2001, Li et al.
[92] reported that FAHF-1 could block peanut anaphylaxis in
a murine model of peanut allergy. The mice were treated
beginning at 1 week following sensitization to peanut and
the therapy continued for 7 weeks. Mice were then challenged
to peanut. The authors found that FAHF-1 blocked peanut
anaphylaxis, decreased Th2 cytokine synthesis, and abrogated
histamine release after peanut challenge. A follow-up study
using FAHF-2 (which has two fewer herbal components than
FAHF-1) showed similar results, with elimination of peanut
anaphylaxis in a mouse model following peanut challenge

associated with a reduction in the synthesis of Th2 cytokines
[93].

It should be mentioned that many of the individual com-
ponents in FAHF-1 and FAHF-2 themselves have been shown
to have immune effects. Most have not been studied in the
clinical setting, and efficacy and safety profiles are still not
well understood. Hopefully, further research will answer these
questions and provide an additional mode of therapy for
patients with food allergy.

Vitamin D and Food Allergy

Allen et al. [94] reported in 2013 that there is a higher
incidence of food allergies the further removed the population
is from the equator. They hypothesized that this was due to an
insufficiency in vitamin D. Their study of a population sample
of 5,276 one-year-old infants showed that there was a higher
incidence of allergies to peanut and egg in patients with
vitamin D levels ≤50 nmol/l (adjusted odds ratios of 11.51
and 3.79, respectively). These findings were independent of
eczema status. The mechanism by which vitamin D affects
food allergy is not completely clear, but it has been shown that
vitamin D can induce T regulatory cells to secrete IL-10, thus
reducing the activity of Th2 cells [95]. The effect of inhibition
of 25-OH-vitamin D1-α-hydroxylase on skin barrier perme-
ability leads to epicutaneous sensitization to food allergens
[96], which can lead to the proliferation of intestinal mast
cells, which then leads to an increased intestinal barrier per-
meability. This can then lead to food-induced anaphylaxis
[97].

In another study from Germany, maternal and cord blood
vitamin D levels were found to be positively associated with
the risk of food allergies in the first 2 years of life. Maternal
vitamin D levels were correlated with a higher incidence of
sensitization to foods under 2 years of life. Higher cord blood
levels also correlated with reduced cord blood Treg cell num-
bers [98]. This result is in direct contradiction to the implica-
tions of the previous study, further illustrating that the rela-
tionship between vitamin D and the immune system is more
complex than we understand at present.

It has also been suggested that vitamin D deficiency corre-
lates with an increased incidence of atopic dermatitis. In a
case–control study of 29 children between 2 and 12 years old,
vitamin D levels were found to be lower in patients with atopic
dermatitis compared to controls [99]. It is also generally
accepted that in about one third of cases of moderate to severe
atopic dermatitis in children, a food allergy can lead to a flare-
up in disease activity. It is still poorly understood how these
two observations may be connected.

In addition to food allergies and atopic dermatitis, vitamin
D has also been shown to play a role in the regulation of
cytokine expression in many other diseases, including heart
disease and autoimmune diseases [100–103].
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Summary

Because of the complexities of food reactions, and because
probably only 10 % of all reported food sensitivities are
mediated through an immunological pathway, establishing
the diagnosis and developing a management and treatment
plan become extremely challenging. In some patients, lack of
an understanding of the immunological or non-
immunological basis of the diseases adds complexity to this
task. Because of the heterogeneity of food allergy, and the
challenges of finding a single, easily targetable mechanism in
any particular patient, the diagnosis and treatment may be a
matter of trial and error.

Until we learn more about the pathophysiology of food
allergies and the mechanisms of action of the treatment mo-
dalities that we utilize, our strategies will continue to be more
of an art than a science. Guidelines put forth by various
reputable institutions from all continents seem to change from
year to year according to the accumulation of new data.
Perhaps this is to be expected as food allergies depend on host
genetics, epigenetics, and environmental exposures. It is the
balance between standardization of treatment and personal
medicine that will drive future versions of these recommen-
dations, but it is likely that the heterogeneity of the disease will
preclude the development of a single unifying algorithm for
the treatment of food allergies [104].
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