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Abstract: The improvement of the knowledge of the pathophysiological mechanisms underlying
the tolerance and sensitization to food antigens has recently led to a radical change in the clinical
approach to food allergies. Epidemiological studies show a global increase in the prevalence of
food allergy all over the world and manifestations of food allergy appear increasingly frequent also
in elderly subjects. Environmental and nutritional changes have partly changed the epidemiology
of allergic reactions to foods and new food allergic syndromes have emerged in recent years. The
deepening of the study of the intestinal microbiota has highlighted important mechanisms of
immunological adaptation of the mucosal immune system to food antigens, leading to a revolution
in the concept of immunological tolerance. As a consequence, new prevention models and
innovative therapeutic strategies aimed at a personalized approach to the patient affected by food
allergy are emerging. This review focuses on these new perspectives and their practical
implications in the management of food allergy, providing an updated view of this complex
pathology.
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1. Introduction

Food allergy (FA) is an adverse reaction to a specific food antigen, normally harmless to the
healthy population, which is mediated by immunological mechanisms and arises in an individual
susceptible to that specific allergen [1,2].

FA, therefore, differs from adverse reactions caused by toxins or pathogens contained in the
food, as well as from the so-called food intolerances, which exhibit the same symptoms but
recognize different pathogenetic mechanisms. Intolerances are defined as nonimmune reactions,
mediated by toxic, pharmacological, metabolic, and undefined mechanisms. Milk intolerance due to
the deficiency of the enzyme lactase, normally present in the brush border of the intestinal mucosa,
and adverse reactions to foods characterized by a high histamine content or histamine-liberating
substances, such as strawberries, chocolate, alcoholic drinks, and fermented cheeses, are examples of
nonimmune mediated food intolerances [3]. In the past, FAs and intolerances were often confused
with each other, due to their clinical similarity. Moreover, the same food is often responsible for both
intolerance and allergy, rendering diagnosis difficult.

What distinguishes FA from other adverse reactions to foods is, therefore, the underlying
pathogenetic mechanism: FAis an adverse reaction arising from a specific immune response that
occurs reproducibly on exposure to a certain food. Moreover, based on the specific
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immunopathogenetic mechanism, it is possible to distinguish immunoglobulin E IgE-mediated FAs
from non-IgE-mediated and mixed reactions to foods [4].

In this review, we specifically deal with IgE-mediated FAs, as major advances in knowledge of
pathogenic mechanisms, as well as in diagnosis and therapy, have recently been made especially in
this field.

2. Epidemiology

FA is very common worldwide and is becoming a major public health problem. Although
precise epidemiological data are lacking, it is clear that the prevalence of FA has increased
significantly in the last two decades in Western countries, where rates of up to 10% have been
documented among preschool children [5,6]. It is estimated that over 220 million people worldwide
suffer from FA [3,7-10]. However, making precise estimates is not easy due to the multiplicity and
variable severity of clinical presentations, the difficulty in making objective diagnoses because of the
strong psychological influences on the subjective perception of disease, and finally the complexity of
the diagnostic tools. More than one-third of parents report food hypersensitivity reactions in their
children, but the prevalence of objectively diagnosed and verifiable FA in the first year of life
actually varies from 6% to 10% and drops to 2% to 5% in adulthood.

FA mainly affects children [11] but an increasing number of elderly subjects also have
symptoms of FA [12]. Age-related gender differences are reported in FA [13]. For a long time, FA has
been considered an almost exclusively pediatric disease because in the majority of cases it begins in
childhood and tends to disappear with growth. However, the current exponential growth of the
adult and elderly population, especially in Western countries, and the environmental and lifestyle
changes, have profoundly changed the epidemiology of FA with a growing increase even in
advanced age. Moreover, FA in aging exhibits peculiar clinical features and immunopathogenetic
mechanisms, increasing the diagnostic complexity [14].

The exponential growth of FA and the significant variability of the geographical distribution are
the result of the influence of environmental factors and lifestyles on genetic predisposition [15,16].
The highest prevalence of FA has been observed in Australia, reaching 10% of the infant population
[17,18].

FA includes a wide spectrum of clinical manifestations, from mild forms with organ
localization, to serious and potentially fatal forms with systemic involvement. Almost half of
patients with IgE-dependent FA have experienced at least one serious anaphylactic reaction,
especially in childhood and adolescence [11,19]. The variability of clinical expressions and the
complexity of the underlying immunological mechanisms contribute to making diagnosis often
difficult and complicate the studies on the epidemiology of FA [20-30].

Although each type of food may constitute a potential allergen, the list of foods responsible for
the great majority of cases, especially the most clinically severe formes, is relatively short [3,10,24]. In
industrialized countries the foods most frequently responsible for allergies in children are
cow’smilk, eggs, wheat, fish and shellfish, peanuts, walnuts, and soybeans. However, in 80% of
cases, children with IgE-non-dependent FA recover within three years of life [31]. Fish and seafood,
peanuts and nuts, and fruit and vegetables are the prevalent causal allergens in adults. Furthermore,
in relation to the eating habits, different foods may also be responsible for allergic sensitization in
other countries. For example, school-age Mexican children more often exhibit hypersensitivity
reactions to chocolate, strawberries, crustaceans, and eggs [32], while sensitization to nuts and
peanuts is more common in Chile [33], to chili, walnuts, chocolate, milk, and prawnsin El Salvador
[34], and to fruits, vegetables, and seafood in Colombia [35,36].

A growing prevalence of FA has been recently shown in developing countries. Incidence rates
similar to those of Western countries have been reported in China and Africa. The economic growth
of countries such as China and the expansion of the phenomenon of globalization point to a future
increase of FA prevalence. Interestingly, children of Asian or African origin born in the West are at
greater risk of developing FA than Caucasian children, suggesting the importance of the
genome-environment-lifestyle interaction in the determinism of this pathology. Interestingly,
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Panjari et al. showed that among children of Asian origin born in Australia the prevalence of allergy
to nuts is double, while Asian children who immigrated to Australia at 5 years of age are protected
[37], confirming epigenetic and environmental impacts on disease development. Such
epidemiological studies on the geographical distribution and prevalence of FA are essential for a
better understanding of its pathogenesis and above all for the planning of possible preventive
interventions [38]. For example, the increase in FA observed in Australia has been linked to effective
anti-skin cancer campaigns, which, while on the one hand, have decreased melanoma cases through
a decreased exposure to ultraviolet rays, on the other, they have led to an increase in FA and
osteoporosis due to the resulting high rates of vitamin D deficiency, which is known to counteract
both diseases. In this case, prevention programs based on correct dietary supplementation with
vitamin D could be useful for both FA and osteoporosis [39—41].

3. Clinical Presentation and Natural History

The clinical manifestations of FA are highly variable and the natural history can change from
patient to patient, as well as the expression of biomarkers and the response to various therapeutic
approaches. Understanding the natural history of FA is essential to successfully plan
patients’'management. The natural history of FA is different in children and adults [4]. Most FAs
begin within the first two years of life, but the type of the causative allergens affect the natural
history, as well as the risk of systemic reactions [1]. Allergic reactions to cow’s milk and eggs usually
disappears with age, while allergy to peanuts, nuts, and seafoods more often persists even into
adulthood; moreover, around 30% of patients develop more than one type of allergic sensitization
over time [42]. Fruit sensitization appears belatedly,exhibiting various cross-reactivities, which give
rise to peculiar clinical manifestations, such as pollen—food allergy syndrome [43,44].

Clinical manifestations of FA can affect various organs and systems, including skin, gut and
respiratory, and cardiovascular and nervous systems; moreover, symptoms variously embrace
eachother, giving rise to complex disease pictures. Interestingly, in patients affected by FA, the skin
may be one of the most common target organs, with clinical manifestations including pruritus and
urticaria, but also an important site of primary sensitization to food allergens, so that atopic
dermatitisisconsidered a risk factor for the development of FA [45]. Recently, a clinical-pathogenetic
classification has been proposed, in which different phenotypes (clinical presentation) and
endotypes (underlying pathobiological mechanism) are recognized, that share a fair degree of
overlap [46]. Clinical expressions are extremely variable, ranging from mild and localized
manifestations of hypersensitivity to foods, such as oral itching, to serious, systemic, and often fatal
reactions, such as anaphylactic shock [20].

Environmental factors can favor the triggering of a FA and the severity of its clinical
manifestation [47]. Several facilitating factors could trigger allergic reactions following the ingestion
of a food allergen, including exercise, alcohol, and drugs, such as antacids and non-steroidal
anti-inflammatory drugs (NSAIDs), menses, and infections.For example, urticaria or anaphylaxis
can be triggered following physical exercise performed by the patient within 2 to 4 h from the
ingestion of the culprit foods (food-dependent exercise-induced anaphylaxis (FDEIA)). In this
particular allergic phenotype, which mainly affects the female sex and is frequent in adolescents and
young adults, the food responsible is mainly wheat, although milk, soy, celery, and seafood are also
implicated.

It has been suggested that physical exercise, as well as the other facilitating factors, both
increases the gastrointestinal absorption of food allergens and lowers the threshold for mastcell and
basophil degranulation in sensitized individuals [48,49]. The great majority of patients with
wheat-dependent exercise-induced anaphylaxis (WDEIA) have serum IgE specific for omega-5
gliadin and only in a minority of cases for high molecular weight glutenin (HMW-glutenin) [50].

The alpha-galsyndromeisan unusualform of IgE-mediated in which the sensitizing allergenis
galactose-alpha-1,3-galactose contained in the tissues of most mammals. The reaction to ingestion of
red meat (anaphylaxis, hypotension, urticaria, angioedema) occurs late (from 3 to 6 h) compared to
the classic immediate reactions [51-53]. This syndrome is mainly described in the United States,
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Australia, and Germany but also in increasing numbers in other countries, and sensitization is
thought to arise following a tickbite, mostly “Amblyomma americanum” or “Lone star”. Alpha-gal
IgE positive patients are at risk of anaphylactic shock following exposure to a biologic used as
antiblastic agent in second-line therapy of recurrent colorectal, head, and neck cancers. It is a
chimeric mouse-human monoclonal antibody against the epidermal growth factor receptor because
of the presence of alpha-gal on the mouse-derived Fab portion of its heavy chain [54,55].

Local or systemic manifestations of FA may arise even following exposure to inhalant allergens
as a consequence of structural homology between plant pollen and food allergens or following
exposure to aerosolized food proteins (FA with aerosol sensitization) [56]. This latter phenotype is
more frequent in patients who work in the food industry (occupational allergies) and is
characterized by prevalent respiratory symptoms (asthma and rhinitis), anaphylaxis, and urticaria.
The most common causal foods include wheat and other cereals, shellfish, and vegetables [57,58].

The oral allergic syndrome (OAS), more common in adults and adolescents, presents symptoms
mainly affecting the oropharynx, and depends on a polysensitization to inhalant and food allergens
(pollen—food allergy syndrome). Rawapple, peanuts, almonds, hazelnuts, and other fruits of the
Rosaceae family are commonly implicated in patients with allergy to birch, while banana, kiwi, and
melon are the eliciting foods in patients allergic to ambrosia, and melon and tomato are responsible
for symptoms ingrass allergy patients. In this phenotype, the IgE against pollen cross-reacts with
homologous proteins in plant foods [59]. The responsible IgE are initially directed against pollen,
which, if inhaled, induces rhinitis. The contact of the rawfruit, for example peach or apple, with the
oral mucosa immediately triggers itching, oral burning, and angioedema of the lips, tongue, and
palate [60]. These are mostly cross-reactions with thermolabile food epitopes and, consequently, in
skin diagnostic tests, it is better to use rawfruit or vegetables (puncture by puncture) [61].

The latex—food allergy syndrome is observed in up to 50% of patients with latex allergy. These
patients have hypersensitivity to several vegetable foods, such as banana, kiwi, avocado, tomato,
potato, chestnut, peach, and pepper [50,62]. Latex allergy, very common in industrialized countries
in the 1990s due to the widespread use of latex gloves and other devices, is now decreasing thanks to
the growing use of alternative materials.

4. FA Diagnostics

A precise and accurate diagnosis is essential for a personalized management of patients with
FA. In this context, more sophisticated and accurate diagnostic tests, including component-resolved
diagnostics and the epitope reactivity, can allow more targeted diagnosis, more precise prognostic
evaluations, and better choice of the therapeutic approach. Clinical history, prick tests, specific
serum IgE searching, elimination diets, and subsequent oral food challenges are important FA
diagnostic tools [60]. The oral food challenge (OFC) is an essential test for the diagnosis of FA. It can
be performed as either open or single-blind food challenge, or better as double-blind
placebo-controlled food challenge (DBPCFC). This latter is considered the diagnostic gold standard
of FA [63]. It is, however, a complex test that puts the patient at risk of serious anaphylactic reactions
[64]. Other tests useful to predict the risk of serious anaphylactic reactions, such as molecular or
component-resolved diagnostics (CRD) and the basophil activation test (BAT), have been developed
in recent years and can be utilized to plan personalized treatment based on the patient’s molecular
and clinical profile [65].

BAT uses the suspected allergen in vitro to stimulate the patient’s basophils. Various surface
markers expressed on human basophils, such as CD63, CD69, and CD203c, have been used to
demonstrate basophil activation. Among them, CD203c, together with CD63, is considered to be the
most reliable activation marker. The activation-linked molecule CD203c is an ectoenzyme located
both on the plasma membrane and in the cytoplasmic compartment of basophils. Cross-linking of
the high-affinity IgE receptor Fc epsilon RI (FceRI) by an allergen or anti-IgE antibody results in a
rapid upregulation of intracellular CD203c molecules to the cell surface and is accompanied by
mediator release. In contrast to CD63, resting basophils show some degree of constitutive CD203c
expression on their plasma membrane, whereas CD63 expression is closely related to basophil
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degranulation. Similar to CD63, basophil CD203c expression rapidly increases after allergen
challenge in sensitized individuals. These molecules are, therefore, useful targets for flow
cytometry-based tests to analyze sensitized individuals and patients with type I allergy[66]. In fact,
the increase in membrane expression of these markers can be detected by flow cytometry, and the
result expressed as basophil fluorescence intensity and percentage of positive cells [67]. This test
allows a judgment on the degree of allergen-specific reactivity and on the risk of serious reactions to
provocation tests [68].

The CRD defines allergic sensitizationat the molecular level using recombinant or purified
allergens. It differs from standard tests because it recognizes the responsible molecular epitopes, i.e.,
the molecular component of the food allergen against which specific IgEs are directed. CRD is used
in clinical practice to improve diagnostic accuracy, discriminate true allergic sensitization from
cross-sensitization phenomena, and stratify the clinical risk associated with specific sensitization
profiles [69]. Foods, as well as allergenic extracts, contain numerous cross-reactive allergenic
components. Skin prick test and radio-allergo-sorbent test (RAST) for specific IgE with standard
extracts can only indicate sensitization to a food. The CRD allows instead to determine the
individual profile of allergic molecular reactivity and also to formulate a prognostic judgment
[70,71]. For example, allergic reactions to fruit and vegetables can depend on primary sensitization
or cross-reactivity with inhalant allergens. Usually, labile allergens, such as pathogenesis-related
(PR) proteins and profilins, are responsible for cross-reactivity, triggering mild clinical
manifestations, such as oral reactions, while allergens resistant to both heat and proteolysis, such as
storage and lipid-transfer proteins (LTP), are responsible for systemic reactions [72-75]. For
example, apple contains thermolabile allergenic molecules (epitopes) belonging to the family of
PR-10 (Mal d1) and profilins (Mal d4), but also thermostable LTP (Mal d3). LTP Mal d3 sensitization
is associated with 7-folds greater risk of anaphylaxis than Mal d 1 (Bet v 1 homologous). Mal d3
sensitization is, therefore, considered a marker of mild reactions to fresh fruit and vegetables caused
by cross-reactivity with plant pollen (birch) [59]. Peanut allergy is associated with different clinical
pictures, and a molecular approach can, therefore.be very useful. Ara h2 is one of the main peanut
proteins associated with serious clinical reactions, while Ara h8 is a homologue of labile birch pollen
(Bet v1) not responsible for significant clinical reactions [76,77]. In addition, the CRD also allows us
to predict the persistence of a FA. Children with prolonged egg allergy have elevated IgE levels
against the sequential epitopes Galdl and Gald2. These children do not tolerate even cooked egg
[78-81].

5. Pathophysiology of FA Phenotypes

The immunological mechanisms underlying both local and systemic manifestations of
IgE-mediated FA are type I hypersensitivity responses to specific food allergens. During the phase of
allergic sensitization, the first contact with the allergen occurs, which determines an initial
immunological response, leading to the breaking of tolerance followed by the production of specific
IgEs. The first contact usually takes place orally, but other ways of sensitization are also possible. For
example, sensitization can occur through altered skin, as in atopic dermatitis, or by food protein
aerosols (inhalation route). In the case of pollen—food allergy syndrome, the patient is sensitized to
inhaled pollen allergens that cross-react with food allergens [82]. Once produced, IgE anchors to the
high-affinity receptor for their Fc fragment on the membrane of tissue mastcells and circulating
basophils, whose cytoplasm contains vasoactive substances and mediators of anaphylaxis, such as
histamine [61]. So these cells become sensitized and at a second contact with that allergen they
activate and degranulate, releasing the anaphylactic mediators in the tissues and in the blood flow.
This is the elicitation phase of the allergic reactions that underlie the various clinical manifestations
(early phase reaction) [83]. Following effector cells degranulation, the “de novo” production of other
immunological mediators also occurs, including platelet activation factor (PAF), leukotrienes, and
cytokines such as interleukin (IL)-4, IL-5, and IL-13, which together contribute to the allergic
inflammation.
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In addition to such immediate phase, there is also a late phase of the IgE-mediated allergic
reaction, different from the delayed cellular hypersensitivity reactions. Several chemotactic
mediators released in the tissues during the early phase reaction attract other inflammatory effector
cells that activate and chronicize inflammation through the production of further inflammatory
mediators [84].

Although the early and late phases of allergic inflammation are closely related, the signaling
pathways and mediators involved in each of them are different, corresponding to different
anatomo-clinical manifestations. The symptoms of the early phase are essentially functional, acute,
and rapidly reversible, while in the late phase they are more slowly reversible. The initial phase
mainly involves histamine and PAF released by mastcells and is under the control of regulatory T
lymphocytes (Treg). If the allergen enters the bloodstream, additional activation pathways can also
be mediated by basophils and neutrophils [85]. Specific inflammatory cytokines, including tumor
necrosis factor (TNF)-alpha and Th2 cytokines suchas IL-9, IL-31, and IL-33, underly late tissue
inflammation [86,87].

If the allergen is spread systemically, histamine- and PAF-induced symptoms affecting organs
other than the gastrointestinal system, including skin (urticaria) and lung (asthma), may also occur.
Serotonin or 5-hydroxy-tryptamine and PAF play central roles in acute gastrointestinal
manifestations, such as with diarrhea. Systemically distributed allergens react not only with
mastcells but also with circulating sensitized basophils, eliciting a severe life-threatening systemic
reaction characterized by multiple organ and system involvement, hypotension, and shock [88].
Finally, following repeated exposure to the food allergen, allergic inflammation is perpetuated and
mastcells increase in tissues, forming the background of persistent gastrointestinal manifestations
[74].

6. Tolerance Disruption

Currently, tolerance to food antigensis no longer considered a condition of anergy or lack of
response of the immune system, but an antigen-specific recognition of food epitopes. Tolerance to
foods is an active process induced by oral exposure to food antigens and also supported by
breastfeeding through maternal transfer of immune complexes. It, therefore, develops early in life,
involves various immune and nonimmune cells, and can be reprogrammed, for example, by
inflammatory stimuli, with the consequent onset of allergic reactions [74].

FA, therefore, arises in some individuals with atopic predisposition in which tolerance for food
antigens is not established or is interrupted, due to an altered functioning of the gut immune system
[89,90]. Dendritic cells (DCs) play central roles in tolerance determinism because, through the
processing and presentation of food antigens, they promote the differentiation of naive T cells into
forkhead box P3 (Foxp3) positive Treg cells that produce cytokines suppressing allergic reactions,
such as growth factor-beta (TGF -f) and IL-10, through a retinoic acid-dependent mechanism [91].
Chemokine receptor CX3CR1 + macrophages also express IL-10 and induces the expansion of
Foxp3+ Treg lymphocytes of the lamina propria of the intestinal mucosa by inhibiting sensitization
to specific food allergens.

CX3CR1+ macrophages can capture food antigens directly from the intestinal lumen by
insinuating dendritic extensions between epithelial junctions (periscopic mechanism). CD103+ DCs
transport the captured antigens to Peyer’s patches and mesenteric lymphnodes and drive the
homing of B lymphocytes secreting mucosal IgA in the gut, thus contributing to the maintenance of
a specific immune tolerance [92]. IgGs, in particular, specific IgG4, can inhibit the initiation as well as
the effector phases of allergic responses, thus also contributing to the acquisition of oral tolerance to
food antigens [2].

The disruption of the physiological tolerance to food antigens is mainly triggered by danger
signals leading to pro-inflammatory cytokine production from intestinal epithelial cells (IECs) [93].
Danger signals, through pathogen-associated molecular patterns (PAMPs) or damage-associated
molecular patterns (DAMPs), activate a series of epithelial pathways that result in the production of
inflammatory cytokines, such as IL-25 and IL-31, which impact on the antigen presenting cells
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(APCs), giving them a functional pro-inflammatory phenotype [22]. Other cytokines, including
thymic stromal lymphopoietin (TSLP) and IL-33, reprogram the APCs,transforming them into cells
capable of shifting the differentiation of naive lymphocytes towards IL-4 and IL-13, producing Th2
cells rather than Tregs, with consequent allergic sensitization [94,95]. Inflammation, favored by the
age-related gut barrier and digestive function impairment, as well as by the chronic inflammation
that characterizes senescence, plays a central role in the breakdown of tolerance to food antigens in
the elderly [14,96,97].

The Th2 cell priming, favored by mucosal DCs induced by food allergens, leads to the
production of IL-4, which in turn drives allergic responses, including the expansion of eosinophils
and mastcells in the gut mucosa and the isotypical switch in local B cells towards IgE production,
further expanding the Th2 lymphocyte pool. Moreover, tolerogenic Treg lymphocytes are
suppressed, reprogrammed, and transformed into pro-allergic IL-4-producing cells [98,99]. Among
the other cell types involved in tolerance disruption, innate lymphoid cells of type 2 (ILC2), similar
to Th2 lymphocytes but lacking specificity for the antigen, and IL-9-producing cells (Th9 cells),
which are mucosal mastcells capable of producing various inflammatory cytokines and capable to
suppress the function of Tregcells, have been recently recognized [2,100]. All of them increase the
vicious circle which leads, through an autocrine loop, to the increase in the intestinal mastcell pool
[20,92,101].

Interestingly, both damaged skin or gut barrier dysfunctions may contribute to FA
development. In particular, the normal tolerogenic response to food antigens of the intestinal
mucosa can be by-passed through skin exposure to food allergens, thus promoting allergic
sensitization [102]. Skin DCs, induced by inflammatory cytokines, promote allergic Th2 immune
responses rather than tolerogenic responses to antigens. Th2 cells in the skin are also induced by skin
DCs to express gut homing receptors [103]. Skin barrier defects due to mutations of filaggrin, an
essential protein for the skin barrier integrity, predispose to the onset of FA. Barrier function deficits
can, therefore, facilitate allergic sensitization to food antigens [82,83].

7. Beyond Immune Cells

It is now acknowledged that both innate and adaptive immune cells and epithelial cells
cooperate for the maintenance of the immunological homeostasis at the mucosal barriers. In this
complex signaling network, the role of the microbiota in establishing and maintaining food tolerance
is increasingly emerging.

Epithelial cells, which constitute a first defense barrier against the external environment, play a
central role in allergic sensitization and immunological responses to environmental agents.
Damaged skin epithelial cells release inflammatory cytokines, such as TSLP, IL-25, and IL-33, that
induce cutaneous DCs and other cell types to shift immune responses from tolerance to
hypersensitivity. Furthermore, the cytokines derived from tissues, in particular IL-33, also intervene
in determining allergic sensitization and in triggering reactions, through the activation of ILC2,
which in turn produce IL-4 and IL-13 [2]. IL-25, IL-33, and TSLP, derived by damaged epitheliocytes,
function as alarmins and are involved in sensitization and maintenance of allergic reactions. These
cytokines facilitate the onset and development of allergic responses to foods and are, therefore,
becoming targets to treat in the management of FA [2]. In particular, IL-33 is an alarmin that also acts
as a Th2 cytokine, promoting allergic reactions [104,105]. The Th2 cytokine-driven inflammation
compromises the integrity of the epithelial junctions and induces specific epigenetic modifications of
the epitheliocytes. Several other signals are capable of initiating allergic sensitization, including
bacterial toxins and the same food components that can influence innate immunity cells, such as
NKT cells. For example, the allergenicity of peanuts is enhanced by their lipidic components that are
able to inhibit IL-10 production and induce inflammatory responses, facilitating allergen transfer
and consequent sensitization. Furthermore, the intestinal and cutaneous microbiomes influence the
functions of the respective epithelial barriers.

The intestinal microbiota variously influences the delicate balance between immunological
tolerance and allergic sensitizationin the gut [83].
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The microbiota is central to maintaining a state of tolerance towards food antigens [10]. The
immune system can be shaped and remodeled by both antigens and microorganisms [106,107].
Through the initial encounter with microbes, the immune system learns to mount long-lasting,
balanced responses. The microorganisms that colonize the intestine and the skin impact on the
maturation of the immune system and influence tolerance to food [108]. Environmental factors, diet,
and drugs, including antibiotics and H2 receptor antagonists, can increase the risk of FA by inducing
dysbiosis. On the contrary, healthy infants likely harbor protective microbes in the gut [84]. FA
susceptibility is influenced by both commensal microbiota and their metabolites. Therefore, through
microbiota composition, environmental factors influence the FA risk.

Components of bacteria from the maternal intestine are already in the placenta and early
colonization of the newborn’s intestine also occurs during vaginal delivery [109]. Babies born by
cesarean section and those born through vaginal delivery show differences in immune
responsiveness. Environmental conditions, number of family members, and coexistence with pets
are among the multiple factors responsible for peculiar bacterial exposures [93]. Bacterial
colonization is also variously influenced by the type of diet. For example, there are differences in the
composition of the microbiota between breastfed and non-breastfed babies. Changes in the
composition of the intestinal and skin microbiota are associated with FA and a protective effect of
probiotics has been demonstrated [110,111]. Clostridia species from the human gut microbiota
attenuate allergic responses and inhibit FA development by promoting Treg cell generation or,
alternatively, by inhibiting the systemic absorption of major food allergens [110]. B regulatory cells
Breg promotion and tolerance induction by Clostridium butyricum in association with
immunotherapy have also been demonstrated [111-114]. The gut microbiota composition can drive
the development of either resistance or susceptibility to FA in the host. Allergic infants exhibit a gut
microbial community dominated by Firmicutes phylum, Ruminococcaceae, and Lachnospiraceae.
The predominance of the Clostridiales species Anaerostipescaccae is associated to the expression of
regulatory genes in the gut epithelium. Therefore, the microbiota, mainly Clostridiastrains, exert
protective effects against FA through the induction of antigen-experienced Foxp3+ Treg
lymphocytes [112]. However, Treg lymphocytes are highly heterogenous and each cell subset differs
in its regulatory activity. For example, Treg cells expressing IL-4 and GATA-3 are
Th2-reprogrammed cells with reduced suppressive activity which are increased in FA. On the
contrary, Foxp31 Treg lymphocytes expressing the transcription factor retinoic acid-related orphan
receptor gamma-t (RORgamma-t)1, which are induced by vitamin A and influenced by the intestinal
microbiota, effectively inhibit Th2-skewed immune reactions underlying FA. This cell population,
therefore, plays a critical role in maintaining tolerance to foods [115]. Bacteroidales and Clostridiales
strains inhibit FA by inducing RORgamma-t1 Treg lymphocytes, which enhance IgA and suppress
both GATA-31 Treg cells and IgE. The immune-modulating and anti-allergic effects of gut
microbiota is also mediated by metabolites generated from their dietary fiber fermentation,
including short chain fatty acids (SCFAs), which regulate the pool of gut Treg cells. In addition to
gut microbiome, also the skin microbiome may modulate FA susceptibility: Staphylococcus aureus
skin colonization increases the risk of developingsensitization to various food allergens in childhood
[82].

Figure 1 illustrates the main mechanisms by which the breakdown of tolerance to food antigens
can occur.
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Figure 1. Main mechanisms by which the breakdown of tolerance to food antigens can occur. A
disrupted skin barrier can provide a pathway for the breakdown of tolerance and, through the
pro-inflammatory action of epithelial cells, mastcells, and innate type 2 lymphoid cells (ILC2), in
addition to cytokines, such as IL-33, promotes the sensitization to food allergens. Cytokines from
damaged epitheliocytes and Th2-oriented dendritic cells shift lymphocyte differentiation towards a
Th2 phenotype and inhibit T regulatory cells (Treg). Th2 cytokines drive the isotypic switching of B
lymphocytes, leading to the production of allergen-specific IgE that anchor to the surface of mastcells
and basophils and also induce eosinophil differentiation and homing.

8. Current Hypotheses of Food Allergy Development: Environmental Impact and Gut Microbiota

Several hypotheses, variously integrated among them, have been formulated to explain the
pathogenesis of FA. Since vitamin D has well-recognized immunoregulatory and tolerogenic
functions, its deficiency has been considered among the possible risk factors for FA development
[40]. Even the dietary habits of Western countries and low fruit and vegetable intakes would favor
allergic sensitization. The low exposure to microorganisms and the decrease in infections in early
childhood would constitute a determining risk factor for the development of allergies through an
imbalance of the immune responses in favor of the Th2 lymphocyte profile rather than Th1l (hygiene
hypothesis). Environmental exposure to food allergens in early childhood through an altered skin
barrier, in the absence of early oral food intake, by allowing skin exposure in the absence of the
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tolerogenic signals delivered from the gut following food ingestion, would favor allergic rather than
tolerogenic responses [20]. Since tolerance to food epitope is usually established early in the life, a
critical period ranging from intrauterine development to the first two years of life (the first 1000
days) has been identified. During this period, also knownas “window of opportunity”, the
individual’s susceptibility to develop allergies is established [20,116]. Treg environment at the
maternal-fetal interface is protective for the fetus and maternal factors contribute to induce tolerance
to allergens in neonates [117,118]. Awareness of the lasting effects of environmental factors on the
immune system in this very early period of life has profoundly conditioned the prevention strategies
for FA. In the past it was recommended to avoid as long as possible the introduction of potentially
allergenic foods into the diet of children at greater risk of allergies [119-121], butin recent years most
of the guidelines in this regard have been radically changed [3,122-125]. The new dietary
recommendations and practical guidelines for the prevention of FA have, therefore, been updated
based on the results of recent studies [126,127] demonstrating that the practice of excluding food
allergens from children’s diet has contributed to the significant FA increase of the last years. On the
contrary, regular consumption of food antigens since early childhood elicits protective sustained
immune responses. Accordingly, a sustained consumption of major allergenic foods, such as
peanuts, is now recommended from the first months of life. In particular, based on the results of
LEAP and EAT trials, a reduction in the risk of peanut allergy could be obtained if peanut is
introduced between the ages of 4 and 11 months. In addition, current FA guidelines advocate early
introduction of peanut between the ages of 4 to 6 months to infants who are considered at high risk
of developing a peanut allergy, introduction of peanut-containing foods to children with mild to
moderate eczema around 6 months of age and to children with no eczema or food allergy freely into
the diet, in accordance with family preferences and cultural practices[6].There are currently no
precise guidelines for early introduction of egg and milk in the diet of infants at risk, although egg
introduction at 4 to 6 months and cow’s milk within the first 14 days of life are suggested [128]. The
early introduction of food allergens into the diet could, therefore, representa promising prevention
strategy [129-134]. Furthermore, the maternal consumption of common food allergens (mainly milk
and peanuts) during pregnancy and a greater food diversity in childhood diet could be further
useful tools for reducing allergic risk [117,118,135].

Finally, the currently most investigated hypothesis is that the altered microbiota compositionis
a risk factor of FA. In particular, it has been suggested that some bacterial strains, as well as
microbial diversity, support Treg lymphocyte maturation, favoring tolerance to food antigens. On
the contrary, the indiscriminate use of antibiotics could facilitate the onset of allergies by destroying
the microbiota diversity [95,110]. In addition to the presence of specific bacterial strains, also dietary
substrates and their metabolites, such as short chain fatty acids, could influence the development of
food allergic sensitizations. It has been suggested that diets rich in fiber may influence the balance
between the different commensal bacterial strains in the gut microbiota [115,136].

9. Novel Treatment Strategies

Based on the recent discoveries on the immunological mechanisms underlying FA and the
biotechnological progress in personalized diagnostic and prognostic evaluation, the therapeutic
approach is substantially changing. As a result, new management of FA is taking shape by the
achievement of safe and effective therapies against key molecular targets and pathogenetically
relevant signal pathways [137,138].

9.1. Specific Immunotherapy

Currently, specific immunotherapy strategies to desensitize FA patients, are proposed (FAIT)
[139,140]. Food allergy immunotherapy (FAIT) is aimed to achieve a permanent unresponsiveness to
food allergens or at least to increase the threshold dose of food necessary to trigger an allergic
reaction. Overall, specific immunotherapy, therefore, aims to guarantee a certain degree of
protection from accidental exposure and to improve the quality of life [2,141,142]. FAIT induces
several immune changes, including the shift of allergen-specific Th2 lymphocytes towards IL-10 and
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TGE-p-producing Foxp3+ Treg cells and the increase of regulatory B-cells (Breg) that secrete IL-10,
with reduced responses upon allergen trigger and downregulation of Th2 inflammation. The
decreased reactivity of effector cells of anaphylaxis and the downregulation of their release ability
and degranulationare among the early modifications induced by FAIT. Specific IgE levels are
decreased by FAIT, whereas allergen-specific IgG4 are increased, competing with IgE to dampen the
allergic response [143,144]. In addition, FAIT also induces anergy and functional exhaustion of other
cells,probably resulting in their elimination.

Different methods for FAIT have been proposed [145,146], including oral (OIT), sublingual
(SLIT), and epicutaneous (EPIT) routes. OIT involves the ingestion of low and progressively
increasing daily doses of allergen. A liquid allergen extract is administered under the tongue in
SLIT. In the EPIT, the administration route is the skin surface through special adhesive devices
containing the allergen [147]. Although associated with the greatest number of adverse events
(mostly gastrointestinal disorders), OIT seems to be the most effective immunotherapy at the
moment. The administration of the initial doses under clinical control is recommended [20]. Some
patients who perform OIT may also develop eosinophilic esophagitis for which desensitizing
treatment is stopped [148,149]. The OIT rationale and its greater efficacy compared to other forms of
specific immunotherapy in FA is based on the fact that the ingestion of a food antigen preferentially
determines a tolerogenic active immune response rather than allergic sensitization [150]. Currently,
the OIT is recommended in cases of persistent allergy to peanuts, cow’s milk, and chicken eggs in
allergic children from 4 to 5 years of age, in which it has been shown to be able, at least during
therapy, to increase the threshold of clinical reactions [151].

Modified foods with reduced allergenicity may allow for immune modulation with less risk of
allergic reaction. Baked milk and egg diets are increasingly used in the management of milk and egg
allergy, rather than avoidance. Cow’s milk and hen’s egg IgE-dependent allergies are among the
most common FA in children. However, the majority of children allergic to egg or milk in its raw
form are able to tolerate egg and milk in baked goods. Extensive heating of milk and eggs induces
changes in the conformational structure of the epitopes, effectively destroying them, thus reducing
their allergenicity. There are evidences that baked foods might have a positive effect on the
acceleration of allergy resolution in children with cow’s milk and egg IgE-dependent. However, it is
unclear whether children who develop tolerance do so because they have ingested low levels of egg
or milk in baked products or their better prognosis is simply an indicator of a phenotype that is less
likely to be persistent. Children who tolerate baked milk and egg may have smaller skin prick test,
lower specific IgE, less basophil reactivity,and more peripheral T regulatory cells [152]. Recently, a
randomized controlled trial of baked milk ingestion did show a significant change in ability to eat
unheated milk at the end of 1 year [153]. A high-dose rush OIT protocol in which egg-allergic
children had a 5-day dose buildup followed by 5 months of eating an undercooked egg has been
well tolerated and efficacious [2,154].

9.2. Pharmacological Treatments

Adrenaline, administered early at the first clinical signs of anaphylaxis after ingestion of the
culprit food, is crucial to prevent the fatal outcome of anaphylactic reactions, reversing, in a few
minutes, hypotension, shock, and other allergic symptoms (urticaria, bronchospasm, edema,
gastrointestinal manifestations, and so on) [155]. It is, therefore, a quite specific medication as a
rescue tool to be used in particular for those patients who have been prescribed to take it. In the case
of itching and hives, antihistamines blocking specific H1 receptors could also be useful, whereas
H2receptor blockers could be used to treat gastrointestinal symptoms [156].

Unlike allergen-specific immunotherapy, which requires the administration of the culprit food,
new nonspecific therapeutic approaches targeting at the upstream events that regulate the function
of both inducer and effector cells involved in FA, as well as at the IgE production, are independent of
the allergen and aim to suppress the native and adaptive responses that drive the allergic reactions
[2]. Personalized pharmacological and nutritional interventions [157], targeted therapies with
biologics [158], including the monoclonal anti-IgE antibody omalizumab, dupilumab
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(anti-interleukin-4Ra), anti-IL-5 monoclonal antibodies (reslizumab and mepolizumab), and finally
the reconstitution of a microbiome composition capable of inducing tolerance, for example, through
Lactobacillus bifidus and Clostridium fragilis administration or through fecal transplantation
[159-161], are innovative therapeutic tools that are becoming part of the modern FA treatment
strategies.

Omalizumab, by linking the Fc region of IgE antibodies and blocking the binding of IgE to
FceRI on mastcells and basophils, prevents the degranulation of these cells and the consequent
clinical manifestations triggered by the released mediators [29,30,162]. Omalizumab, already
successfully tested in various IgE-mediated pathologies [28], is also usefully associated with the OIT
to treat FA. Before starting OIT, to obtain a reduction of the levels of free IgE and to induce a
downregulation of the FceRI expression on the surface of mastcells and basophils, patients are
treated with biweekly or monthly omalizumab injections for 8 weeks [163]. Thereafter, both
therapies are administered in association for an overlap period, until biological drug suspension
[164]. Other biologics targeting key pathogenetic cytokines are also promising in FA. Among them,
monoclonal antibodies against IL-5, namely reslizumab and mepolizumab,have been successfully
administered in the treatment of eosinophilic esophagitis [165]. These monoclonal antibodies are,
therefore, useful for preventing and treating unwanted reactions triggered by specific
immunotherapies. Dupilumab, recently approved for atopic dermatitis, has also been tested in
peanut allergy and in association with OIT. It suppresses IL-4 and IL-13 and, as a consequence, the
IgE class-switching and the activation and expansion of effector cells, thus abolishing food allergic
responses. Etokimab, an anti-IL-33 antibody, has been successfully tested in adult patients affected
by peanut allergy [2]. Designed ankyrin repeat proteins (DARPins), able to remove IgE from FceRI
binding, as well as TSLP and IL-25 targeting, may potentially represent a new alternative approach
[138]. Treatment strategies with the goal of modifying the gut microbiota are also in development.
Fecal microbiota transplantation (FMT) performed from wasper formed from healthy to allergic
subjects could be a promising therapeutic strategy. Alternatively, cocktails of protective bacterial
strains, including Clostridiales or Bacteroidales strains, such as B fragilis, could also be considered in
protection from FA. Probiotic supplementation with Lactobacillus rhamnosus GG has been utilized
during OIT for peanut allergy, and prebiotics, including oligofructose, acidic oligosaccharides, and
long-chain inulin, in combination with the prebiotic Bifidobacterium breve M-16V, have also been
administered in clinical trials for FA with some success [165-173].

10. Concluding Remarks

Tolerance is the state of healthy nonreactivity of the immune system to common and harmless
food antigens. Desensitization, on the other hand, consists of a temporary raising of the allergic
reactivity threshold and is supported by immunological mechanisms other than those involved in
the tolerance, which is the basis of permanent anallergic immune condition. Immunotherapy often
causes a state of desensitization rather than prolonged or permanent nonresponsiveness.

Thanks to the growing understanding of the immunological mechanisms underlying
desensitization to food antigens, new therapeutic strategies targeted at important immunological
checkpoints for the management of FA are in progress, and will soon arrive in clinical practice. Diet,
probiotics and prebiotic supplementation, and FMT are potential therapeutics for FA treatment and
prevention. Future FA prevention strategies could be aimed at limiting the interruption of the skin
barrier, colonizing the intestine with tolerogenic commensal bacteria, and introducing allergenic
foods early in the diet. Therapeutic immunological targets of FA could be both T-specific effector
cells for food allergens and the secreting IgE plasma cells. The expansion of allergen-specific Treg
cells is probably the most promising therapeutic strategy. However, despite the seen enormous
advances and the availability of innovative diagnostic and therapeutic tools, the management of
food allergy is still an evolving field of research.

Conflicts of Interest: The authors declare no conflict of interest



Int. ]. Mol. Sci. 2020, 21, 1474 13 of 21

Reference

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Valenta, R.; Hochwallner, H.; Linhart, B.; Pahr, S. Food Allergies: The Basics. Gastroenterology 2015, 148,
1120-1131, doi:10.1053/j.gastro.2015.02.006.

Eiwegger, T.; Hung, L.; San Diego, K.E.; O'Mahony, L.; Upton, J. Recent developments and highlights in
food allergy. Allergy 2019, 74, 2355-2367, doi:10.1111/all.14082.

Sicherer, S.H.; Sampson, H.A. Food allergy: A review and update on epidemiology, pathogenesis,
diagnosis, prevention, and management. | Allergy Clin. Immunol. 2018, 141, 41-58,
doi:10.1016/j,jaci.2017.11.003.

Iweala, O.I; Choudhary, S.K.; Commins, S.P. Food Allergy. Curr. Gastroenterol. Rep. 2018, 20, 17,
doi:10.1007/s11894-018-0624y.

Osborne, N.J.; Koplin, J.J.; Martin, P.E.; Gurrin, L.C.; Lowe, A.J.; Matheson, M.C.; Ponsonby, A.L.; Wake,
M.; Tang, M.L.; Dharmage, S.C.; et al. HealthNuts Investigators. Prevalence of challenge-proven
IgE-mediated food allergy using population-based sampling and predetermined challenge criteria in
infants. J. Allergy Clin. Immunol. 2011, 127, 668-676.

Comberiati, P.; Costagliola, G.; Sofia D’Elios, S.; Peroni, D. Prevention of food allergy: The significance of
early introduction. Medicina 2019, 55, 323, doi:10.3390/medicina55070323.

Dunlop, ]J.H.; Keet, C.A. Epidemiology of food allergy. Immunol. Allergy Clin. Immunol.2018, 38, 13-25,
doi:10.1016/j.iac.2017.09.002.

Sicherer, S.H. Epidemiology of food allergy. J. Allergy Clin. Immunol. 2011, 127, 594-602,
doi:10.1016/j.jaci.2010.11.044.

Jones, S.M.; Burks, A.W. Food Allergy. N. Engl. ]. Med. 2017, 377, 1168-1176, d0i:10.1056/NE]JMcp1611971.
Berin, M.C.; Sampson, H.A. Food Allergy: An Enigmatic Epidemic. Trends Immunol.2013, 34, 390-397,
doi:10.1016/;.it.2013.04.003.

Schussler, E.; Sobel, J.; Hsu, J.; Yu, P.; Meaney-Delman, D.; Grammer, L.C.; Nowak-Wegrzyn, A.
Workgroup Report by the Joint Task Force Involving American Academy of Allergy, Asthma &
Immunology (AAAAI); Food Allergy, Anaphylaxis, Dermatology and Drug Allergy (FADDA) (Adverse
Reactions to Foods Committee and Adverse Reactions to Drugs, Biologicals, and Latex Committee); and
the Centers for Disease Control and Prevention Botulism Clinical Treatment Guidelines Work
group-Allergic Reactions to Botulinum Antitoxin: A Systematic Review. Clin. Infect. Dis.2017, 66, S65-S72,
doi:10.1093/cid/cix827.

De Martinis, M.; Sirufo, M.M.; Ginaldi, L. Allergy and aging: an old/new emerging eealth issue. Aging Dis.
2017, 8, 162-175, d0i:10.14336/AD.2016.0831.

De Martinis, M.; Sirufo, M.M.; Suppa, M.; Di Silvestre, D.; Ginaldi, L. Sex and gender aspects for patient
stratification in allergy prevention and treatment. Int. ]. Mol. Sci. 2020, in press.

De Martinis, M.; Sirufo, M.M.; Viscido, A.; Ginaldi, L. Food allergies and ageing. Int. J. Mol. 5ci.2019, 20,
€5580, doi:10.3390/ijms20225580.

Genuneit, J.; Seibold, A.M.; Apfelbacher, C.J.; Konstantinou, G.N.; Koplin, J.J.; La Grutta, S.; Logan, K.;
Perkin, M.R.; Flohr, C. Task Force ‘Overview of Systematic Reviews in Allergy Epidemiology (OSRAE)’ of
the EAACI Interest Group on Epidemiology. Overview of systematic reviews in allergy epidemiology.
Allergy 2017, 72, 849-856, doi:10.1111/al1.13123.

De Martinis, M.; Ciccarelli, F.; Sirufo, M.M.; Ginaldi, L. An overview of environmental risk factors in
systemic sclerosis. Expert Rev. Clin. Immunol. 2016, 12, 465-478, doi:10.1586/1744666X.2016.1125782.
Caraballo, L.; Zakzuk, J.; Lee, B.W.; Acevedo, N.; Soh, J.Y.; Sanchez-Borges, M.; Hossny, E.; Garcia, E.;
Rosario, N.; Ansotegui, I.; et al. Particularities of allergy in the Tropics. World Allergy Organ. J. 2016, 9, 20,
doi:10.1186/s40413-016-0110-7.

Tang, M.L.K,; Mullins, R.J. Food allergy: Is prevalence increasing? Intern. Med. |. 2017, 47, 256-261,
doi:10.1111/imj.13362.

Muraro, A.; Agache, I.; Clark ASheikh, A.; Roberts, G.; Akdis, C.A.; Borrego, L.M.; Higgs, J.; Hourihane,
J.O.; Jorgensen, P.; Mazon, A.; et al. European Academy of Allergy and Clinical Immunology. EAACI food
allergy and anaphylaxis guidelines: Managing patients with food allergy in the community. Allergy2014,
69, 1046-1057, doi:10.1111/all.12441.

Renz, H.; Allen, KJJ.; Sicherer, S.H.; Sampson, H.A.; Lack, G.; Beyer, K.; Oettgen, H.C. Food allergy. Nat.
Rev. Dis. Primers 2018, 4, 17098, doi:10.1038/nrdp.2017.98.



Int. ]. Mol. Sci. 2020, 21, 1474 14 of 21

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Alberti, S.; Cevenini, E.; Ostan, R.; Capri, M.; Salvioli, S.; Bucci, L.; Ginaldi, L.; DeMartinis, M.; Franceschi,
C.; Monti, D. Age-Dependent modifications of Type 1 and Type 2 cytokines within virgin and memory
CD4+ T cells in humans. Mech. Ageing Dev. 2006, 127, 560-566.

De Martinis, M.; Sirufo, M.M.; Viscido, A.; Ginaldi, L. Food allergy insights: A changing landscape. Arch.
Immunol. Ther. Exp. 2020, in press.

Campisi, G.; Chiappelli, M.; De Martinis, M.; Franco, V.; Ginaldi, L.; Guiglia, R.; Licastro, F.; Lio, D.
Pathophysiology of age-related diseases. Immun. Ageing 2009, 6, 12.

Sirufo MM, Suppa M, Ginaldi, De Martinis, M.Does Allergy break bones? Osteoporosis and its connection
to allergy. Int. J. Mol. Sci. 2020, 21, 712; d0i:10.3390/ijms21030712.

Ciccarelli, F.; De Martinis, M.; Ginaldi, L. Glucocorticoids in Patients with Rheumatic Diseases: Friends or
Enemies of Bone? Curr. Med. Chem. 2015, 22, 596—603.

Ginaldi, L.; De Martinis, M. Osteoimmunology and Beyond. Curr. Med. Chem. 2016, 23, 3754-3774.

De Martinis, M.; Sirufo, M.M.; Ginaldi, L. Osteoporosis: Current and emerging therapies targeted to
immunological checkpoints. Curr. Med. Chem. 2019, doi:10.2174/0929867326666190730113123.

Sirufo, M.M.; Ginaldi, L.; De Martinis, M. Successful Treatment with Omalizumab in a Child with Asthma
and Urticaria: A Clinical Case Report. Front.Pediatr. 2019, 7, 213, doi:10.3389/fped.2019.00213.eCollection
2019.

De Martinis, M.; Sirufo, M.M.; Ginaldji, L. Solar urticaria, a disease with many dark sides: Is omalizumab
the right therapeutic response? Reflections from a clinical case report. Open Med. 2019, 14, 403-406,
d0i:10.1515/med-2019-0042.

Sirufo, M.M.; De Martinis, M.; Ginaldi, L. Omalizumab an effective and safe alternative therapy in severe
refractory atopic dermatitis. A case report. Medicine 2018, 97, €10897.

Benede, S.; Blazquez, A.B.; Chiang DTordesillas, L.; Berin, M.C. The rise of food allergy: Environmental
factors and emerging treatments. EBioMedicine2016, 7, 27-34, doi:10.1016/j.ebiom.2016.04.012.

Ontiveros, N.; Valdez-Meza, E.E.; Vergara-Jiménez MJCanizalez-Roméan, A.; Borzutzky, A,
Cabrera-Chavez, F. Parent-reported prevalence of food allergy in Mexican school children: A
population-based study. Allergol. Immunopathol. 2016, 44, 563-570, d0i:10.1016/j.aller.2016.03.003.
Hoyos-Bachiloglu, R.; Ivanovic-Zuvic, D.; Alvarez JLinn, K.; Thone, N.; de los Angeles Paul, M,;
Borzutzky, A. Prevalence of parent-reported immediate hypersensitivity food allergy in Chilean
school-aged children. Allergol. Immunopathol. 2014, 42, 527-532, d0i:10.1016/j.aller.2013.09.006.
Cabrera-Chavez, F.; Rodriguez-Bellegarrigue, C.I.; Figueroa-Salcido OGLopez-Gallardo, J.A.;
Aramburo-Galvez, ].G.; Vergara-Jiménez, M.].; Castro-Acosta, M.L.; Sotelo-Cruz, N.; Gracia-Valenzuela,
M.H.; Ontiveros, N. Food allergy prevalence in Salvadoran school children estimated by parent-report.
Int. ]. Environ. Res. Public Health 2018, 15, 2446, doi:10.3390/ijerph15112446.

Hossny, E.; Ebisawa, M.; El-Gamal, Y.; Arasi, S.; Dahdah, L.; El-Owaidy, R.; Galvan, C.A.; Levin, M.;
Martinez, S.; Pawankar, R.; et al. Challenges of managing food allergy in the developing world. World
Allergy Organ. |. 2019, 12, 100089, doi:10.1016/j.waojou.2019.100089.

Loh, W.; Tang, M.L.K. The Epidemiology of Food Allergy in the Global Context. Int. |. Environ. Res. Public
Health 2018, 15, 2043, d0i:10.3390/ijerph15092043.

Panjari, M.; Koplin, ].J.; Dharmage S.C. ;Peters, R.L.; Gurrin, L.C.; Sawyer, S.M.; McWilliam, V.; Eckert,
J.K; Vicendese, D.; Erbas, B.; Matheson, M.C.; et al.Nut allergy prevalence and differences between
Asian-born children and Australian-born children of Asian descent: A state-wide survey of children at
primary school entry in Victoria, Australia. Clin. Exp. Allergy 2016, 46, 602—-609, doi:10.1111/cea.12699.
Shroba, J.; Rath, N.; Barnes, C. Possible role of environmental factors in the development of food allergies.
Clin. Rev. Allergy Immunol. 2019, 57, 303-311, doi:10.1007/s12016-018-8703-2.

Sicherer, S.H.; Sampson, H.A. Food allergy: Epidemiology, pathogenesis, diagnosis, and treatment. J.
Allergy Clin. Immunol. 2014, 133, 291-307, doi:10.1016/j.jaci.2013.11.020.

Suaini, N.-H.A.; Zhang, Y.; Vuillermin, P.J.; Allen, K.J.; Harrison, L.C. Immune modulation by vitamin D
and its relevance to food allergy. Nutrients2015, 7, 6088-6108, doi:10.3390/nu7085271.

Ciccarelli, F.; De Martinis, M.; Sirufo, M.M.; Ginaldi, L. Psoriasis Induced by Anti-Tumor Necrosis Factor
Alpha Agents: A Comprehensive Review of the Literature. Acta Dermatovenerol. Croat. ADC 2016, 24,
169-174.

Waserman, S.; Bégin, P.; Watson, W. IgE-mediated food allergy. Allergy Asthma Clin. Immunol. 2018, 14, 55,
doi:10.1186/s13223-018-0284-3.



Int. ]. Mol. Sci. 2020, 21, 1474 15 of 21

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Wang, J.; Sampson, H.A. Food allergy. . Clin. Investig. 2011, 121, 827-835, d0i:10.1172/JCI45434.

Chong KW, Ruiz-Garcia M, Patel N, Boyle R], Turner PJ. Reaction phenotypes in IgE-mediated food
allergy and anaphylaxisAnn AllergyAsthma Immunol.2020, doi:10.1016/j.anai.2019.12.023.

Sicherer, S.H.; Leung, D.Y. Advances in allergic skin disease, anaphylaxis, and hypersensitivity reactions
to foods, drugs, and insects in 2013. ] Allergy Clin. Immunol.2014, 133, 324-334,
doi:10.1016/j.jaci.2013.11.013.

Baker, M.G.; Sampson, H.A. Phenotypes and endotypes of food allergy: A path to better understanding
the pathogenesis and prognosis of food allergy. Ann. Allergy Asthma Immunol.2018, 120, 245-253,
doi:10.1016/j.anai.2018.01.027.

Gupta, J.; Johansson, E.; Bernstein, J.A.; Chakraborty, R.; Khurana Hershey, G.K.; Rothenberg, M.E.;
Mersha, T.B. Resolving the etiology of atopic disorders by genetic analysis of racial ancestry. J. Allergy Clin.
Immunol. 2016, 138, 676699, doi:10.1016/j.jaci.2016.02.045.

Cianferoni, A. Wheat allergy: Diagnosis and management. |. Asthma Allergy 2016, 9, 13-25,
doi:10.2147/JA A.S81550.

Muiioz-Cano, R.; Pascal, M.; Araujo GGoikoetxea, M.].; Valero, A.L.; Picado, C.; Bartra, ]J. Mechanisms,
cofactors, and augmenting factors involved in anaphylaxis. Front. Immunol. 2017, 8, 1193,
do0i:10.3389/fimmu.2017.01193.

Takahashi, H.; Matsuo, H.; Chinuki, Y.; Kohno, K.; Tanaka, A.; Maruyama, N.; Morita, E. Recombinant
high molecular weight-glutenin subunit-specific IgE detection is useful in identifying wheat-dependent
exercise-induced anaphylaxis complementary to recombinant omega-5 gliadin-specific IgE test. Clin. Exp.
Allergy 2012, 42, 1293-1298, doi:10.1111/§.1365-2222.2012.04039.x.

Kuhlen, J.L., Jr; Camargo, C.A. Jr.; Balekian, D.S.; Blumenthal, K.G.; Guyer, A.; Morris, T.; Long, A.;
Banerji, A.Antibiotics are the most commonly identified cause of perioperative hypersensitivity
reactions.]. Allergy Clin. Immunol. Pract. 2016, 4, 697-704, d0i:10.1016/j.jaip.2016.02.008.

Platts-Mills, T.; Schuyler, A.J.; Hoyt, A.E.; Commins, S.P. Delayed anaphylaxis involving IgE to
galactose-alpha-1, 3-galactose. Curr. Allergy Asthma Rep. 2015, 15, 512, d0i:10.1007/511882-015-0512-6.
Commins, S.P.; Jerath MRCox KErickson, L.D.; Platts-Mills, T. Delayed anaphylaxis to alpha-gal, an
oligosaccharide in mammalian meat. Allergol. Int. 2016, 65, 1620, doi:10.1016/j.alit.2015.10.001.

Araujo, RN.; Franco, P.F.; Rodrigues H Santos, L.C.B.; McKay, C.S.; Sanhueza, C.A.; Brito, CR.N.;
Azevedo, M.A.; Venuto, A.P.; Cowan, P.J.; Almeida, I.C.; et al. Amblyomma sculptum tick saliva: a-Gal
identification, antibody response and possible association with red meat allergy in Brazil. Int. ]. Parasitol.
2016, 46, 213-220, doi:10.1016/j.ijpara.2015.12.005.

Chinuki, Y.; Morita, E. Alpha-Gal-containing biologics and anaphylaxis. Allergol. Int. 2019, 68, 296-300,
doi:10.1016/j.alit.2019.04.001.

Popescu, F.D. Cross-reactivity between aeroallergens and food allergens. World . Methodol. 2015, 5, 31-50,
doi:10.5662/wjm.v5.i2.31.

Jeebhay, M.F.; Moscato, G.; Bang, B.E.; Folletti, I.; Lipinska-Ojrzanowska, A.; Lopata, A.L.; Pala, G.; Quirce,
S.; Raulf, M.; Sastre, J.; et al. Food processing and occupational respiratory allergy —An EAACI position
paper. Allergy 2019, 74, 1852-1871, doi:10.1111/al1.13807.

Jin, Y.; Acharya, H.G.; Acharya, D.; Jorgensen, R.; Gao, H.; Secord, ].; Ng, P.K.W.; Gangur, V. Advances in
Molecular Mechanisms of Wheat Allergenicity in Animal Models: A Comprehensive Review. Molecules
2019, 24, 1142, doi:10.3390/molecules24061142.

Lukschal, A.; Wallmann, J.; Bublin, M.; Hofstetter, G.; Mothes-Luksch, N.; Breiteneder, H.; Pali-Scholl, I.;
Jensen-Jarolim, E. Mimotopes for api g 5 a relevant cross-reactive allergen, in the
celery-mugwort-birch-spice  syndrome. Allergy  Asthma Immunol. Res. 2016, 8§, 124-131,
doi:10.4168/aair.2016.8.2.124.

Werfel, T.; Asero, R.; Ballmer-Weber, B.K.; Beyer, K.; Enrique, E.; Knulst, A.C.; Mari, A.; Muraro, A.; Ollert,
M.; Poulsen, L.K,; et al. Position paper of the EAACI: Food allergy due to immunological cross-reactions
with common inhalant allergens. Allergy 2015, 70, 1079-1090, doi:10.1111/all.12666.

Chinthrajah, R.S.; Tupa, D.; Prince BTBlock, W.M.; Rosa, J.S.; Singh, A.M.; Nadeau, K. Diagnosis of Food
Allergy. Pediatr. Clin. N. Am. 2015, 62, 1393-1408, doi:10.1016/j.pcl.2015.07.009.

Bartuzi, Z.; Kaczmarski, M.; Czerwionka-Szaflarska, M.; Mataczynska, T.; Krogulska, A. The diagnosis
and management of food allergies. Position paper of the Food Allergy Section the Polish Society of
Allergology. Postepy. Dermatol. Alergol. 2017, 34, 391-404, doi:10.5114/ada.2017.71104.



Int. ]. Mol. Sci. 2020, 21, 1474 16 of 21

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

Kowalski, M.L.; Ansotegui, I.; Aberer WAI-Ahmad, M.; Akdis, M.; Ballmer-Weber, B.K.; Beyer, K.; Blanca,
M.; Brown, S.; Bunnag, C.; Hulett, A.C.; et al. Risk and safety requirements for diagnostic and therapeutic
procedures in allergology: World Allergy Organization Statement. World Allergy Organ. ]. 2016, 9, 33,
doi:10.1186/s40413-016-0122-3.

Kattan, J.D.; Sicherer, S.H. Optimizing the Diagnosis of Food allergy. Immunol. Allergy Clin. N. Am. 2015,
35, 61-76, doi:10.1016/j.iac.2014.09.009.

Macchia, D.; Melioli, G.; Pravettoni VNucera, E.; Piantanida, M.; Caminati, M.; Campochiaro, C.; Yacoub,
M.R.; Schiavino, D.; Paganelli, R.; Di Gioacchino, M. Food Allergy Study Group (ATI) of the Italian Society
of Allergy, Asthma and Clinical Immunology (SIAAIC). Guidelines for the use and interpretation of
diagnosticmethods in adult food allergy. Clin. Mol. Allergy 2015, 13, 27, d0i:10.1186/s12948-015-0033-9.
Sturm, E.M.; Kranzelbinder, B.; Heinemann, A.; Groselj-Strele, A.; Aberer, W.; Sturm, G.]J. CD203c-based
basophil activation test in allergy diagnosis: Characteristics and differences to CD63 upregulation. Cytom.
B Clin. Cytom. 2010, 78, 308-318.

Santos, A.F.; Gideon Lack, G. Basophil activation test: Food challenge in a test tube or specialist research
tool? Clin. Transl. Allergy 2016, 6, 10. doi:10.1186/s13601-016-0098-7.

Santos, A.F.; Shreffler, W.G. Road map for the clinical application of the basophil activation test in food
allergy. Clin. Exp. Allergy 2017, 47, 1115-1124, doi:10.1111/cea.12964.

Cardona, V.; Ansotegui, I.J. Component-resolved diagnosis in anaphylaxis. Curr. Opin. Allergy Clin.
Immunol. 2016, 16, 244-249, doi:10.1097/ACIL.0000000000000261.

Arasi, S.; Mennini, M.; Valluzzi, R.; Riccardi, C.; Fiocchi, A. Precision medicine in food allergy. Curr. Opin.
Allergy Clin. Immunol. 2018, 18, 438-443, doi:10.1097/ACI.0000000000000465.

Pomés, A.; Davies, ].M.; Gadermaier GHilger, C.; Holzhauser, T.; Lidholm, J.; Lopata, A.L.; Mueller, G.A;
Nandy, A.; Radauer, C.; Chan, SK; et al. WHO/IUIS Allergen Nomenclature: Providing a common
language. Mol. Immunol. 2018, 100, 3-13, doi:10.1016/j.molimm.2018.03.003.

Hauser, M.; Roulias, A.; Ferreira, F.; Egger, M. Panallergens and their impact on the allergic patient.
Allergy Asthma Clin. Immunol. 2010, 6, 1, doi:10.1186/1710-1492-6-1.

Mazzucchelli, G.; Holzhauser, T.; Cirkovic Velickovic, T.; Diaz-Perales, A.; Molina, E.; Roncada, P.;
Rodrigues, P.; Verhoeckx, K.; Hoffmann-Sommergruber, K. Current (food) allergenic risk assessment: Is it
fit for novel foods? Status quo and identification of gaps. Mol. Nutr. Food Res. 2018, 62, 1700278,
doi:10.1002/mnfr.201700278.

Chinthrajah, R.S.; Hernandez, J.D.; Boyd, S.D.; Galli, S.J.; Nadeau, K.C. Molecular and Cellular
Mechanisms of Food Allergy and Food Tolerance. ]. Allergy Clin. Immunol. 2016, 137, 984-997,
doi:10.1016/j.jaci.2016.02.004.

Woodfolk, J.A.; Commins, S.P.; Schuyler, A.J.; Erwin, E.A.; Platts-Mills, T.A. Allergens, sources, particles,
and moleculess Why do we make IgE responses? Allergol. Int. 2015, 64, 295-303,
doi:10.1016/j.alit.2015.06.001.

Price, D.; Ackland, M.L.; Suphioglu, C. Identifying Epithelial Endocytotic Mechanisms of the Peanut
Allergens Arah 1 and Ara h 2. Int. Arch. Allergy Immunol. 2017, 172, 106-115, d0i:10.1159/000451085.
Platts-Mills, T.A.E.; Schuyler, A].; Erwin, E.A.; Commins, S.P.; Woodfolk, J.A. IgE in the diagnosis and
treatment of allergic disease. |. Allergy Clin. Immunol. 2016, 137, 1662-1670, d0i:10.1016/j.jaci.2016.04.010.
Dhanapala, P.; Withanage-Dona, D.; Tang, M.L.; Doran, T.; Suphioglu, C. Hypoallergenic variant of the
major egg white allergen Gal d 1 produced by disruption of cysteine bridges. Nutrients 2017, 9, €171,
d0i:10.3390/nu9020171.

Hemmer, W.; Klug, C.; Swoboda, I. Update on the bird-egg syndrome and genuine poultry meat allergy.
Allergo. ]. Int. 2016, 25, 68-75.

Alessandri, C.; Ferrara, R.; Bernardi MLZennaro, D.; Tuppo, L.; Giangrieco, I.; Tamburrini, M.; Mari, A.;
Ciardiello, M. A. Diagnosing allergic sensitizations in the third millennium: Why clinicians should know
allergen molecule structures. Clin. Transl. Allergy 2017, 7, s13601-s136017.

Calamelli, E.; Liotti, L.; Beghetti, I.; Piccinno, V.; Serra, L.; Bottau, P. Component-resolved diagnosis in
food allergies. Medicina 2019, 55, €498, doi:10.3390/medicina55080498.

Schmiechen, Z.C.; Weissler, K.A.; Frischmeyer-Guerrerio, P.A. Recent developments in understanding the
mechanisms of food allergy. Curr. Opin. Pediatr. 2019, 31, 807-814, doi:10.1097/MOP.0000000000000806.
Johnston, L.K.; Chien, K.B.; Bryce, P.J. The Immunology of Food Allergy. J. Immunol. 2014, 192, 2529-2534,
doi:10.4049/jimmunol.1303026.



Int. ]. Mol. Sci. 2020, 21, 1474 17 of 21

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

Aalberse, R.C.; Platts-Mills, T.A.; Rispens, T. The developmental history of IgE and IgG4 antibodies in
relation to atopy, eosinophilic esophagitis and the modified TH2 response. Curr. Allergy Asthma Rep. 2016,
16, 45, doi:10.1007/s11882-016-0621-x.

Zhang, H.; Kong, H.; Zeng XGuo, L.; Sun, X.; He, S. Subsets of regulatory T cells and their roles in allergy.
J. Transl. Med. 2014, 12, 125, d0i:10.1186/1479-5876-12-125.

Ginaldi, L.; De Martinis, M.; Ciccarelli, F., Saitta, S.; Imbesi, S.; Mannucci, C.; Gangemi, S. Increased levels
of interleukin 31 (IL-31) in osteoporosis. BMC Immunol. 2015, 16, 60, d0i:10.1186/s12865-015-0125-9.
Ginaldi, L.; De Martinis, M.; Saitta, S.; Sirufo, M.M.; Mannucci, C.; Casciaro, M.; Ciccarelli, F.; Gangemi, S.
Interleukin-33 serum levels in postmenopausal women with osteoporosis. Sci. Rep. 2019, 9, 3786,
doi:10.1038/s41598-019-40212-6.

Deschildre, A.; Lejeune, S. How to cope with food allergy symptoms? Curr. Opin. Allergy Clin. Immunol.
2018, 18, 234-242, doi:10.1097/ACI.0000000000000447.

Ruiter, B.; Shreffler, W.G. Innate immunostimulatory properties of allergens and their relevance to food
allergy. Semin. Immunopathol. 2012, 34, 617-632, doi:10.1007/s00281-012-0334-8.

Nowak-Wegrzyn, A.; Szajewska, H.; Lack, G. Food allergy and the gut. Nat. Rev. Gastroenterol. Hepatol.
2017, 14, 241-257, doi:10.1038/nrgastro.2016.187.

Yu, W.; HusseyFreeland, D.M.; Nadeau, K.C. Food allergy: Immune mechanisms, diagnosis and
immunotherapy. Nat. Rev. Immunol. 2016, 16, 751-765, doi:10.1038/nri.2016.111.

Sampath, V.; Tupa, D.; Graham, M.T.; Chatila, T.A.; Spergel, ] M.; Nadeau, K.C. Deciphering the black box
of food allergymechanisms. Ann. Allergy Asthma Immunol. 2017, 118, 21-27, doi:10.1016/j.anai.2016.10.017.
Huang, Y.J.; Marsland, B.J.; Bunyavanich, S.; O’'Mahony, L.; Leung, D.Y.; Muraro, A.; Fleisher, T.A. The
microbiome in allergic disease: Current understanding and future opportunities—2017 PRACTALL
document of the American Academy of Allergy, Asthma, Immunology and the European Academy of
Allergy and Clinical Immunology. . Allergy Clin. Immunol. 2017, 139, 1099-1110,
doi:10.1016/j.jaci.2017.02.007.

Yu, L.C. Intestinal epithelial barrier dysfunction in food hypersensitivity. J. Allergy 2012, 2012, 596081,
doi:10.1155/2012/596081.

Iweala, O.I; Nagler, C.R. The Microbiome and Food Allergy. Annu. Rev. Immunol. 2019, 37, 377-403,
doi:10.1146/annurev-immunol-042718-041621.

De Martinis, M.; Franceschi, C.; Monti, D.; Ginaldi, L. Apoptosis remodeling in immunosenescence:
implications for strategies to delay ageing. Curr. Med. Chem. 2007, 14, 1389-1397.

Corazza, G.R; Ginaldi, L.; Quaglione, G,; Ponzielli, F.; Vecchio, L.; Biagi, F.; Quaglino, D. Proliferating cell
nuclear antigen expression is increased in small bowel epithelium in the elderly. Mech. Ageing Dev. 1998,
104, 1-9.

Nakajima-Adachi, H.; Shibahara, K.; Fujimura YTakeyama, J.; Hiraide, E.; Kikuchi, A.; Murakami, H.;
Hosono, A.; Nochi, T.; Wakatsuki, Y.; Shimojo, N.; et al. Critical role of intestinal interleukin-4
modulatingregulatory T cells for desensitization, tolerance, and inflammation of food allergy. PLoS ONE
2017, 12, 0172795, doi:10.1371/journal.pone.0172795.

Leyva-Castillo, ] M.; Galand, C.; Kam, C.; Burton, O.; Gurish, M.; Musser, M.A.; Goldsmith, ]J.D.; Hait, E.;
Nurko, S.; Brombacher, F.; et al. Mechanical skin injury promotes food anaphylaxis by driving intestinal
mast cell expansion. Immunity 2019, 50, 1262-1275, doi:10.1016/j.immuni.2019.03.023.

Ruiter, B.; Shreffler, W.G.The role of dendritic cells in food allergy.]. Allergy Clin. Immunol. 2012, 129,
921-928, d0i:10.1016/j.jaci.2012.01.080.

Shik, D.; Tomar, S.; Lee, J.B.; Chen, C.Y.; Smith, A.; Wang, Y.H. IL-9-producingcells in the development of
IgE-mediated food allergy. Semin. Immunopathol. 2017, 39, 69-77, d0i:10.1007/s00281-016-0605-x.
Cabanillas, B.; Brehler, A.C.; Novak, N. Atopic dermatitis phenotypes and the need for personalized
medicine. Curr. Opin. Allergy Clin. Immunol. 2017, 17, 309-315, doi:10.1097/ACI.0000000000000376.

Kim, J.E;; Kim, J.S.; Cho, D.H.; Park, H.J. Molecular mechanisms of cutaneous inflammatory disorder:
Atopic dermatitis. Int. J. Mol. Sci. 2016, 17, 1234, d0i:10.3390/ijms17081234.

De Martinis, M.; Ginaldi, L.; Sirufo M.M.; Pioggia, G.; Calapai, G.; Gangemi, S.; Mannucci, C. Alarmins in
osteoporosis, RAGE and IL-33 pathways: A Literature Review. Medicina 2020, in press.

De Martinis, M.; Sirufo, M.M.; Suppa, M. Ginaldi IL-33/IL-31 axis in osteoporosis. Int. ]. Mol. Sci. 2020, 21,
1239, doi: 10.3390/ijms21041239.



Int. ]. Mol. Sci. 2020, 21, 1474 18 of 21

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

Fu, L.; Peng, J.; Zhao, S.; Zhang, Y.; Su, X.; Wang, Y. Lactic acid bacteria-specific induction of CD4+Foxp3+
T cells ameliorates shrimp tropomyosin induced allergic response in mice via suppression of mTOR
signaling. Sci. Rep. 2017, 7, 1987, d0i:10.1038/541598-017-02260-8.

Irelli, A.; Sirufo, M.M.; Scipioni, T.; De Pietro, F.; Pancotti, A.; Ginaldi, L.; De Martinis, M. mTOR links
tumor immunity and bone metabolism: what are the clinical implications? Int. J. Mol. Sci. 2019, 20, e5841,
doi:10.3390/ijms20235841.

Berni Canani, R.; Gilbert, J.A.; Nagler, C.R. The role of the commensal microbiota in the regulation of
tolerance to dietary allergens. Curr. Opin. Allergy Clin. Immunol. 2015, 15, 243-249,
doi:10.1097/ACI.0000000000000157.

Diesner, S.C.; Bergmayr, C.; Pfitzner, B.; Assmann, V.; Krishnamurthy, D.; Starkl, P.; Endesfelder, D.;
Rothballer, M.; Welzl, G.; Rattei, T.; et al. A distinct microbiota composition is associated with protection
from food allergy in an oral mouse immunization model. Clin. Immunol. 2016, 173, 10-18,
doi:10.1016/j.clim.2016.10.009.

Blazquez, A.B.; Berin, M.C. Microbiome and food allergy. Transl. Res. 2017, 179, 199-203,
doi:10.1016/j.trs1.2016.09.003.

Garn, H; Neves, ].F.; Blumberg, R.S.; Renz, H. Effect of barrier microbes on organ-based inflammation. J.
Allergy Clin. Immunol.2013, 131, 1465-1478, doi:10.1016/j.jaci.2013.04.031.

Marrs, T.; Sim, K. Demystifying dysbiosis: Can the gut microbiome promote oral tolerance over
IgE-mediated food allergy? Curr. Pediatr. Rev. 2018, 14, 156-163, doi:10.2174/1573396314666180507120424.
Shi, Y.; Xu, L.Z,; Peng, K; Wu, W.; Wu, R;; Liu, Z.Q.; Yang, G.; Geng, X.R,; Liu, J.; Liu, Z.G.; et al. Specific
immunotherapy in combination with Clostridium butyricum inhibits allergic inflammation in the mouse
intestine. Sci. Rep. 2015, 5, 17651, d0i:10.1038/srep17651.

Shu, S.A.; Yuen, AW.T.; Woo, E.; Chu, K.H.; Kwan, H.S.; Yang, G.X; Yang, Y.; Leung, P.S.C. Microbiota
and Food Allergy. Clin. Rev. Allergy Immunol. 2019, 57, 83-97, d0i:10.1007/s12016-018-8723-y.
Bunyavanich, S.; Berin, M.C. Food allergy and the microbiome: Current understandings and future
directions. J. Allergy Clin. Immunol. 2019, 144, 1468-1477, d0i:10.1016/j.jaci.2019.10.019.

Platts-Mills, T.A. The Allergy Epidemics: 1870-2010. Allergy Clin. Immunol. 2015, 136, 3-13,
doi:10.1016/j.jaci.2015.03.048.

Fujimura, T.; Lum, S.Z.C.; Nagata, Y.; Kawamoto, S.; Oyoshi, M.K. Influences of maternal factors over
offspring allergies and the application for food allergy. Front. Immunol. 2019, 10, 1933,
doi:10.3389/fimmu.2019.01933.

Pastor-Vargas, C.; Maroto, A.S.; Diaz-Perales AVillalba, M.; Esteban, V.; Ruiz-Ramos, M.; de Alba, M.R.;
Vivanco, F.; Cuesta-Herranz, J. Detection of major food allergens in amnioticfluid: Initial allergenic
encounter during pregnancy. Pediatr. Allergy Immunol. 2016, 27, 716-720, doi:10.1111/pai.12608.

Fiocchi, A.; Assa’ad, A.; Bahna, S. Food allergy and the introduction of solid foods to infants: A consensus
document. Adverse Reactions to Foods Committee, American College of Allergy, Asthma and
Immunology. Ann. Allergy Asthma Immunol. 2006, 97, 10-20.

Wershil, B.K,; Butzner, D.; Sabra, A.; Savilahti, E.; Seidman, E.; Strobel, S.; Yamashiro, Y. Allergy and
immunologicdisease: Working Group Report of the First World Congress of PediatricGastroenterology,
Hepatology, and Nutrition. ]. Pediatr. Gastroenterol. Nutr.2002, 35, S74-S77.

Baumgart, K.; Brown, S.; Gold, M.; Kemp, A.; Loblay, R.; Loh, R.; Mitrou, D.; Mullins, R.; Peake, J.; Ruhno,
J.; et al. Australasian Society of Clinical Immunology and Allergy Anaphylaxis Working Party. ASCIA
guidelines for prevention of food anaphylactic reactions in schools, preschools and child-care centres.].
Paediatr. Child. Health. 2004, 40, 669-671.

Vale, S.; Smith, J.; Said, M.; Mullins, R.J.; Loh, R. ASCIA guidelines for prevention of anaphylaxis in
schools, pre-schools and childcare: 2015 wupdate. . Paediatr. Child. Health. 2015, 51, 949-954,
doi:10.1111/jpc.12962.

Sampson, H.A.; O'Mahony, L.; Burks, A.W.; Plaut, M.; Lack, G.; Akdis, C.A. Mechanisms of food allergy. J.
Allergy Clin. Immunol. 2018, 141, 11-19, doi:10.1016/j.jaci.2017.11.005.

Keet, C.A,; Wood, R.A. Emerging therapies for food allergy. . Clin. Investig. 2014, 124, 1880-1886,
doi:10.1172/JCI72061.

DuToit, G.; Roberts, G.; Sayre, P.H.; Bahnson, H.T.; Radulovic, S.; Santos, A.F.; Brough, H.A.; Phippard, D.;
Basting, M.; Feeney, M,; et al. LEAP Study Team. Randomized trial of peanut consumption in infants at
risk for peanut allergy. N. Engl. |. Med. 2015, 372, 803-813, doi:10.1056/NEJMoa1414850.



Int. ]. Mol. Sci. 2020, 21, 1474 19 of 21

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.
140.

141.

142.

143.

144.

Greenhawt, M.J. The learning early about peanut allergy study: The benefits of early peanut introduction,
and a new horizon in fighting the food allergy epidemic. Pediatr. Clin. N. Am. 2015, 62, 1509-1521,
doi:10.1016/j.pcl.2015.07.010.

Gupta, M.; Sicherer, S.H. Timing of food introduction and atopy prevention. Clin. Dermatol. 2017, 35,
398-405.

Fleischer, D.M. Life after LEAP: How to implement advice on introducing peanuts in early infancy. J.
Paediatr. Child. Health 2017, 53, 3-9, doi:10.1111/jpc.13491.

Ebisawa, M.; Ito, K.; Fujisawa, T. Committee for Japanese Pediatric Guideline for Food Allergy, The
Japanese Society of Pediatric Allergy and Clinical Immunology, The Japanese Society of Allergology.
Japanese guidelines for food allergy 2017. Allergol. Int. 2017, 66, 248-264, d0i:10.1016/j.alit.2017.02.001.
Muraro, A.; Werfel, T.; Hoffmann-Sommergruber, K.; Roberts, G.; Beyer, K.; Bindslev-Jensen, C.; Cardona,
V.; Dubois, A.; duToit, G.; Eigenmann, P.; et al. EAACI Food Allergy and Anaphylaxis Guidelines Group.
EAACI food allergy and anaphylaxis guidelines: Diagnosis and management of food allergy. Allergy 2014,
69, 1008-1025, doi:10.1111/all.12429.

Netting, M.J.; Campbell, D.E.; Koplin, ].J.; Beck, KM.; McWilliam, V.; Dharmage, S.C.; Tang, M.LK;
Ponsonby, A.L.; Prescott, S.L.; Vale, S.; et al. Centre for Food and Allergy Research, the Australasian
Society of Clinical Immunology and Allergy, the National Allergy Strategy, and the Australian Infant
Feeding Summit Consensus Group. An Australian Consensus on Infant Feeding Guidelines to Prevent
Food Allergy: Outcomes From the Australian Infant Feeding Summit.]. Allergy Clin. Immunol. Pract. 2017,
5,1617-1624, doi:10.1016/jjaip.2017.03.013.

Halken, S.; Larenas-Linnemann, D.; Roberts, G.; Calderén, M.A.; Angier, E.; Pfaar, O.; Ryan, D.; Agache, I;
Ansotegui, 1].; Arasi, S.; et al. EAACI guidelines on allergen immunotherapy: Prevention of allergy.
Pediatr. Allergy Immunol. 2017, 28, 728-745, doi:10.1111/pai.12807.

Nicklaus, S.; Divaret-Chauveau, A.; Chardon, M.L.; Roduit, C.; Kaulek, V.; Ksiazek, E.; Dalphin, M.L.;
Karvonen, A.M.; Kirjavainen, P.; Pekkanen, J.; et al. The protective effect of cheese consumption at 18
months on allergic diseases in the first 6 years. Allergy 2019, 74, 788-798, d0i:10.1111/all.13650.

Fisher, H.R.; DuToit, G.; Bahnson, H.T.; Lack, G. The challenges of preventing food allergy: Lessons
learned from LEAP and EAT. Ann. Allergy Asthma Immunol. 2018, 121, 313-319
doi:10.1016/j.anai.2018.06.008.

Ohsaki, A.; Venturelli, N.; Buccigrosso, T.M.; Osganian, S.K.; Lee, J.; Blumberg, R.S.; Oyoshi, M.K.
Maternal IgG immune complexes induce food allergen-specific tolerance in offspring. J. Exp. Med. 2018,
215, 91-113, doi:10.1084/jem.20171163.

du Toit, G.; Sayre, P.H.; Roberts, G.; Lawson, K.; Sever, M.L.; Bahnson, H.T.; Fisher, H.R.; Feeney, M.;
Radulovic, S.; Basting, M.; et al. Immune Tolerance Network Learning Early About Peanut Allergy Study
Team. Allergen specificity of early peanut consumption and effect on development of allergic disease in
the Learning Early About PeanutAllergy study cohort. J. Allergy Clin. Immunol. 2018, 141, 1343-1353.
Gonipeta, B.; Kim, E.; Gangur, V. Mouse models of food allergy: How well do they simulate the human
disorder? Crit. Rev. Food Sci. Nutr. 2015, 55, 437-452, doi:10.1080/10408398.2012.657807.

Albubhairi, S.; Rachid, R.Novel Therapies for Treatment of Food Allergy. Immunol. Allergy Clin. North Am.
2020, 40, 175-186, doi:10.1016/j.iac.2019.09.007.

Virkud, Y.V; Vickery, B.P. Advances in immunotherapy for food allergy. Discov. Med. 2012, 14, 159-165.
Waldron, J.; Kim, E.H. Sublingual and Patch Immunotherapy for Food Allergy.Immunol. Allergy Clin. N.
Am.2020, 40, 135-148, doi:10.1016/.iac.2019.09.008.

Henson, M.; Burks, A.W. The future of food allergy therapeutics. Semin. Immunopathol.2012, 34, 703-714,
doi:10.1007/s00281-012-0319-7.

Berin, M.C,; Mayer, L. Can we produce true tolerance in patients with food allergy? J. Allergy Clin.
Immunol.2013, 131, 14-22, doi:10.1016/j.jaci.2012.10.058.

Lanser, B.J.; Wright, B.L.; Orgel, K.A.; Vickery, B.P.; Fleischer, D.M. Current Options for the Treatment of
Food Allergy. Pediatr. Clin. North Am.2015, 62, 1531-1549, d0i:10.1016/j.pcl.2015.07.015.

Scott-Taylor, T.H.; Axinia, S.C.; Amin, S.; Pettengell, R. Immunoglobulin G: Structure and functional
implications of different subclass modifications in initiation and resolution of allergy. Immun. Inflamm.
Dis.2018, 6, 13-33, doi:10.1002/iid3.192.



Int. ]. Mol. Sci. 2020, 21, 1474 20 of 21

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

Pajno, G.B.; Fernandez-Rivas, M.; Arasi SRoberts, G.; Akdis, C.A.; Alvaro-Lozano, M.; Beyer, K;
Bindslev-Jensen, C.; Burks, W.; Ebisawa, M., Eigenmann, P.; et al. EAACI Guidelines on
allergenimmunotherapy: IgE-mediated food allergy. Allergy2018, 73, 799-815, doi:101111/all13319.
Muraro, A.; Roberts, G.; Halken, S.; Agache, I.; Angier, E.; Fernandez-Rivas, M.; Gerth van Wijk, R.; Jutel,
M,; Lau, S.; Pajno, G.; Pfaar, O.; et al. EAACI guidelines on allergen immunotherapy: Executive statement.
Allergy 2018, 73, 739-743, doi:10.1111/all.13420.

Tordesillas, L.; Mondoulet, L.; Blazquez, A.B.; Benhamou, P.H.; Sampson, H.A.; Berin, M.C. Epicutaneous
immunotherapy induces gastrointestinal LAP+ Tregs and prevents food-induced anaphylaxis. J. Allergy
Clin. Immunol. 2017, 139, 189-201.d0i:10.1016/j.jaci.2016.03.057.

Aceves, S.S. Food and aeroallergens in eosinophilic esophagitis: Role of the allergist in patient
management. Curr. Opin. Gastroenterol.2014, 30, 391-395, doi:10.1097/MOG.0000000000000088.
Williamson, P.; Aceves, S. Allergies and Eosinophilic Esophagitis-Current Updates for the Pediatric
Gastroenterologist. Curr. Gastroenterol. Rep.2019, 21, 56, doi:10.1007/s11894-019-0729-y.

Greenhawt, M.J.; Vickery, B.P. Allergist-reported trends in the practice of food allergen oral
immunotherapy. J. Allergy Clin. Immunol. Pract.2015, 3, 33-38, d0i:10.1016/j.jaip.2014.06.023.

Chu, D.K,; Wood, R.A; French, S.; Fiocchi, A.; Jordana, M.; Waserman, S.; Brozek, J.L.; Schiinemann, H.J.
Oral immunotherapy for peanut allergy (PACE): A systematic review and meta-analysis of efficacy and
safety. Lancet2019, 393, 2222-2232, doi:10.1016/S0140-6736(19)30420-9.

Upton, J.; Nowak-Wegrzyn, A. The Impact of baked egg and baked milk diets on IgE and
non-IgE-mediated allergy. Clin. Rev. Allergy Immunol.2018, 55, 118-138.

Esmaeilzadeh, H.; Alyasin, S.; Haghighat, M.; Nabavizadeh, H.; Esmaeilzadeh, E.; Mosavat, F. The effect
of baked milk on accelerating unheated cow’s milk tolerance: A control randomized clinical trial. Pediatr.
Allergy Immunol. 2018, 29, 747-753.

Perez-Rangel, I.; Rodriguez Del Rio, P.; Escudero, C.; Sanchez-Garcia, S.; Sanchez-Hernandez, ].J.; Ibanez,
M.D. Efficacy and safety of high-dose rush oral immunotherapy in persistent egg allergic children: A
randomized clinical trial. Ann. Allergy Asthma Immunol. 2017, 118, 356-364.

Keet, C. Recognition and management of food induced anaphylaxis. Pediatr. Clin. North Am. 2011, 58,
377-388, doi:10.1016/j.pcl.2011.02.006.

Simons, F.E.R.; Sanchez-Borges, M.; Thong, B.Y.; Worm, M.; Tanno, L.K;; Lockey, R.F.; El-Gamal, Y.M.;
Brown, S.G.; Park, H.S.; Sheikh, A. 2015 update of the evidence base: World Allergy Organization
anaphylaxis guidelines. WorldAllergyOrgan. |. 2015, 8, 32, doi:10.1186/s40413-015-0080-1.

Zhang, G.Q.; Hu, H.J.; Liu, C.Y.; Zhang, Q.; Shakya, S.; Li, Z.Y. Probiotics for prevention of atopy and food
hypersensitivity in early childhood. A PRISMA-compliant systematic review and meta-analysis of
randomized controlled trials. Medicine 2016, 95, €2562, doi:10.1097/MD.0000000000002562.

Bauer, R.N.; Manohar, M.; Singh AMJay, D.C.; Nadeau, K.C. The future of biologics: Applications for food
allergy. J. Allergy Clin. Immunol. 2015, 135, 312-323, d0i:10.1016/j.jaci.2014.12.1908.

Fiocchi, A.; Burks, W.; Bahna, S.L.; Bielory, L.; Boyle, R.J.; Cocco, R.; Dreborg, S.; Goodman, R.; Kuitunen,
M.; Haahtela, T.; et al. WAO Special Committee on Food Allergy and Nutrition. On behalf of the WAO
Special Committee on Food Allergy and Nutrition. Clinical Use of Probiotics in PediatricAllergy (CUPPA):
A World Allergy Organization Position Paper. World Allergy Organ. . 2012, 5, 148-167,
d0i:10.1097/WOX.0b013e3182784ee0.

Liu, M.Y,; Yang, Z.Y.; Dai, W.K;; Huang, ].Q.; Li, Y.H.; Zhang, ]J.; Qiu, C.Z.; Wei, C.; Zhou, Q.; Sun, X,; et al.
Protective effect of Bifidobacterium infantis CGMCC313-2 on ovalbumin-inducedairwayasthma and
b-lactoglobulininducedintestinal food allergy mouse models. World . Gastroenterol. 2017, 23, 2149-2158,
doi:10.3748/wjg.v23.i12.2149.

Wesemann, D.R.; Nagler, C.R. Commensal bacteria, timing and barrier function in the context of allergic
disease. Immunity 2016, 44, 728-738, doi:10.1016/j.immuni.2016.02.002.

De Martinis, M.; Sirufo, M.M.; Ginaldi, L. A “Stadium” Urticaria, Cold Urticaria Is Still a Mostly Unknown
Disease, with a Wide Spectrum of Severity Degrees and Few Therapeutic Certainties: Is Omalizumab One
of These? Reflections from a Clinical Case Report. Iran. Red. Cresc. Med. ]. 2019, 21, e84250.

Vazquez-Ortiz, M.; Turner, P.J. Improving the safety of oral immunotherapy for food allergy. Pediatr.
Allergy Immunol. 2016, 27, 117-125, doi:10.1111/pai.12510.

Fiocchi, A.; Pecora, V.; Valluzzi, R.L.; Fierro, V.; Mennini, M. Use of biologics in severe food allergies. Curr.
Opin. Allergy Clin. Immunol. 2017, 17, 232-238, d0i:10.1097/ACI.0000000000000357.



Int. ]. Mol. Sci. 2020, 21, 1474 21 of 21

165.

166.

167.

168.

169.

170.

171.

172.

173.

Ko, E.; Chehade, M. Biological therapies for eosinophilic esophagitis: Where do we stand? Clin. Rev.
Allergy Immunol. 2018, 55, 205-216, doi:10.1007/s12016-018-8674-3.

Abdel-Gadir, A.; Stephen-Victor, E.; Gerber, G.K.; Noval Rivas. M.; Wang, S.; Harb, H.; Wang, L.; Li, N.;
Crestani, E.; Spielman, S.; et al. Microbiota therapy acts via a regulatory T cell MyD88/RORyt pathway to
suppress food allergy. Nat Med. 2019, 1164-1174, doi: 10.1038/s41591-019-0461-z.

Zhao, W.; Ho, H.E; Bunyavanich, S. The gut microbiome in food allergy. Ann. Allerqy Asthma Immunol.
2019, 122, 276282, doi:10.1016/j.anai.2018.12.012.

Bunyavanich, S. Food allergy: Could the gut microbiota hold the key? Nat. Rev. Gastroenterol. Hepatol. 2019,
16, 201-202, doi:10.1038/s41575-019-0123-0.

Ho, H.E.; Bunyavanich, S. Microbial adjuncts for food allergen immunotherapy. Curr. Allergy Asthma Rep.
2019, 19, 25, doi:10.1007/s11882-019-0859-1.

Ho, H.E.; Bunyavanich, S. Role of the microbiome in food allergy. Curr. Allergy Asthma Rep. 2018, 18, 27,
doi:10.1007/s11882-018-0780-z.

Aitoro, R.; Paparo, L.; Amoroso, A.; Di Costanzo, M.; Cosenza, L.; Granata, V.; Di Scala, C.; Nocerino, R.;
Trinchese, G.; Montella, M.; et al. Gut microbiota as a target for preventive and therapeutic intervention
against food allergy. Nutrients 2017, 9, €672, doi:10.3390/nu9070672.

Brosseau, C.; Selle, A.; Palmer, D.].; Prescott, S.L.; Barbarot, S.; Bodinier, M. Prebiotics: Mechanisms and
preventive effects in allergy. Nutrients 2019, 11, 1841, doi:10.3390/nu11081841.

Khodoun, M.V.; Tomar, S.; Tocker, J.E.; Wang, Y.H.; Finkelman, F.D. Prevention of food allergy
development and suppression of established food allergy by neutralization of thymic stromal
lymphopoietin, IL-25, and IL-33. J. Allergy Clin. Immunol. 2018, 141, 171-179, d0i:10.1016/j.jaci.2017.02.046.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access

@ @ \ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).



