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Abstract

Food allergy has become a significant public
health burden over the past decades with an
ever increasing prevalence. Many different
pathophysiologic mechanisms have been
investigated and discussed. The current con-
sensus on development of food allergies is the
alteration of clinical and immunologic toler-
ance to foods. Pre- and postnatal exposures
and other factors both in the patient and also
the environment seem to be the main drivers in
this altered immune state resulting in sensitiza-
tion to food proteins.

Food allergies can present as many different
entities. Pure IgE-mediated allergies are
IgE-mediated food allergies or pollen-food
cross-reactivities, while atopic dermatitis and
eosinophilic esophagitis represent a mixed
IgE-/cell-mediated  sensitivity to  food
allergens.

Symptoms of adverse reactions to food
allergens manifest in most organ systems,
including the lungs, gastrointestinal tract, car-
diovascular system, and the skin. Often more
than one organ system is affected with anaphy-
laxis being the most severe and potentially
resulting in death.

Clinical history, specific serum IgE testing
and skin prick testing are the mainstay in diag-
nosis of food allergies. Novel diagnostic tools
utilizing advances and availability of recombi-
nant allergens and cellular and genetic testing
are being investigated.

While novel treatment approaches that
are focusing on achievement of tolerance or
sustained unresponsiveness are being studied
on the cellular level and in clinical trials, the

mainstay of management remains strict avoid-
ance of the food allergen.

Keywords

IgE-mediated food allergy - Dual allergen
exposure hypothesis - Anaphylaxis - Sustained
unresponsiveness - Food challenge proven
food allergy

25.1 Introduction

IgE-mediated food allergy has been increasing in
the westernized world over the past decades.
Symptoms of IgE-mediated food allergy can
manifest in many organ systems, including the
lungs, gastrointestinal tract, and skin. The most
dramatic manifestation of an acute allergic reac-
tion is anaphylaxis which can lead to hypoten-
sion and organ failure and may result in death.
The cause of this significant increase is not
known and various hypotheses regarding the
underlying mechanism have been generated
over the past years. Because of the prevalence
of food allergy, the universality of food ingestion
as a basic means for growth, development, and
survival of human kind, and also the social
aspect of food ingestion, not only patients and
their families are affected by this epidemic. In an
attempt to keeping patients safe and to decrease
prevalence, recommendations regarding food
allergy touch most areas of life, from food intro-
duction in infancy, over guidelines for schools
and camps, to food processing and labeling laws.
The increased public awareness might also lead
to self-imposed food avoidances for suspected
reactions.
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Extensive research in all aspects of food
allergy is being conducted, and diagnosis, man-
agement, and treatment guidelines are being
adjusted based on novel discoveries. The main
focus remains on primary prevention and to estab-
lish therapies to achieve tolerance or sustained
unresponsiveness in affected patients.

Solid knowledge about etiology, natural his-
tory, diagnosis, and management is crucial not
only for allergists but also for other health care
providers to ensure optimal patient care and selec-
tion of appropriate testing and guidance.

25.2 Epidemiology and Natural
History

25.2.1 Prevalence and Incidence

Food allergies are one of the most common med-
ical conditions in the developed world. According
to some studies’ metrics, the prevalence of
IgE-mediated food allergy as diagnosed by oral
food challenge is as high as approximately 3—8%
of children and 1-3% of adults (Rona et al. 2007,
Osterballe et al. 2005). Using peanut allergy as an
example, epidemiologic studies reveal shared
findings of high rates of allergies among devel-
oped nations. In the USA, the National Health and
Nutrition Examination Survey (NHANES)
showed a prevalence of peanut allergy of 1.8%
of children (Liu et al. 2010). Similarly, peanut
allergy affects 1.8% of children in Canada
(Gupta et al. 2011), 2% of children in the United
Kingdom (Nicolaou et al. 2010), and even as high
as 3.0% of children in Australia (Osborne et al.
2011). While these estimates reflect a common
prevalence of peanut allergy closer to 2.0%, a
compilation of studies go on to reflect that a
food allergy of some kind likely affects up to 8%
of children and as many as 5% of adults (Sicherer
and Sampson 2014). Interestingly however,
according to a study investigating the prevalence
of food allergies documented in electronic health
records, about five times as many individuals will
report having allergies than those who have actu-
ally undergone allergy testing. Furthermore, of the
individuals who actually have undergone allergy
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testing only about half will test positive for at least
an intermediate severity of IgE response (Acker
et al. 2017). The increased rates of patient
reported allergies indicate growing concern
regarding allergic conditions in the developed
world.

Allergic disease first came to the forefront as a
public health issue in the mid-1900s with what has
been described as the “first wave” — when a peak
of almost 50% of the populations of westernized
countries reported experiencing respiratory symp-
toms of allergic rhinitis at some stage of life (Pres-
cott and Allen 2011). Over the past two to three
decades, however, a “second wave” has since
followed with food allergy becoming an impor-
tant manifestation of allergic disease. Correspond-
ingly, there has been an increase in the number of
emergency room visits and hospitalizations for
allergic conditions, namely, anaphylaxis, urti-
caria, and angioedema (Gupta et al. 2007; Lin
et al. 2005; Poulos et al. 2007). In addition to the
growing incidence of allergic conditions, there is
also a decreased likelihood with which afflicted
individuals are growing out of their allergies
(Prescott and Allen 2011). For example, studies
in Australia have shown there to not only be an
increased prevalence of IgE-mediated allergic dis-
eases but also a longer disease course associated
with allergic conditions, which subsequently
increases duration of disease burden and
healthcare costs (Longo et al. 2013).

25.2.2 Risk Factors

There are numerous risk factors implicated in the
development of IgE-mediated food allergy. Some
of these are unmodifiable risk factors, such as gen-
der and race, while others are modifiable risk fac-
tors such as vitamin D and dietary intake, hygiene,
and certain environmental exposures. Genetic
and/or endocrinologic factors may play a role in
the onset of food allergy, as boys have been found
to have higher rates of food allergies than girls,
while women have higher rates of food allergies
than men (Liu et al. 2010; Sicherer et al. 2004).
Furthermore, Asian and black children in devel-
oped nations also tend to have higher rates of
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food allergy as compared to white children
(Sicherer and Sampson 2014). Comorbid atopic
conditions, such as eczema, are associated with
higher rates of food allergy as well, and there is
also increased likelihood of developing food
allergy if a family member also has food allergies
(Sicherer and Sampson 2014). This has also been
shown in sibling and twin studies. A child has a
sevenfold increased risk of developing a peanut
allergy if a sibling has a peanut allergy (Hourihane
et al. 1996). For monozygotic twins, it has been
shown that the risk of peanut allergy is 64% higher
if the twin sibling also has a peanut allergy
(Sicherer et al. 2000).

Certain lifestyles and dietary choices also
appear to predispose to food allergy. For example,
studies using NHANES data have described a
higher risk of food allergy in children with low
vitamin D intake in the children themselves or
even in the mother during pregnancy. Similarly,
individuals who live farther away from the equa-
tor and are exposed to less ambient UV radiation
will have decreased endogenous vitamin D pro-
duction and also have higher rates of food allergy
(Osborne et al. 2012; Sheehan et al. 2009).
Hygiene and germ exposure may also play a role
in the development of food allergies, as children
born via C-section have higher rates of food aller-
gies. Conversely, children of lower birth order
who are exposed to the infections of their older
siblings as well as children who attend daycare at
a young age will have lower rates of food allergy
(Lack 2012). Other studies have described a
higher rate of shellfish allergy among inner-city
children who are more frequently exposed to the
cross-reactive proteins found in cockroaches
(Maloney et al. 2011; Wang et al. 2011).

The Learning Early About Peanut Allergy, or
LEAP, trial has triggered a fundamental change in
the concept that early food allergen exposure was
arisk factor for food allergy to the opposite under-
standing that food allergen avoidance might actu-
ally sensitize the individual to food allergens
(Fleischer 2017). In the study, infants with severe
eczema, egg allergy, or both were randomized to
consume or avoid peanut until the age of
60 months. It was found that early introduction
of peanut resulted in a decreased frequency of
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peanut allergy in this high risk group (Fleischer
2017). It is clear that an understanding of the risk
factors that predispose to allergic conditions can
provide useful information regarding possible
routes to identify and manage high risk
populations, provide them with preventative mea-
sures, and reduce morbidity, mortality, and
healthcare burdens and costs.

25.2.3 Prevention

The mainstay of prevention of known food allergy
remains avoidance of the allergic food trigger.
However, there have been recent developments
in the understanding of how to possibly lower
the risk of onset of food allergy in the first place.
For example, while data from CoFAR, the Con-
sortium of Food Allergy Research, have shown
that maternal ingestion of peanut during preg-
nancy will increase infant serum peanut IgE
levels, other studies have shown there to be a
subsequent decrease in the development of peanut
food allergy and asthma (Maslova et al. 2012).

Other data and observations have revealed
mixed effects of food allergy prevention attempts.
While exclusive breast-feeding continues to be
recommended in infants for at least the first
4-6 months of life, certain formulas have been
found to confer a protective risk against the devel-
opment of atopic disease while others have not.
Extensively hydrolyzed casein formula has been
found to be protective against the development of
eczema (but not food allergy) as compared to soy
formulas or whole milk based formulas (Des
Roches et al. 2012; Kelso et al. 2013).

Numerous studies have shown that avoidance
of allergenic foods at a young age may actually be
a risk factor in the development of food allergy
and atopy in general. Conversely, food diversity at
a young age has been shown to result in a
decreased risk of atopic sensitization later in life.
Individuals who consume more fruits, vegetables,
and a variety of home-prepared meals are less
likely to develop food allergy (Joseph et al. 2011).

Finally, more recent studies are also showing the
protective effects of optimizing the gut flora. Pre-
biotics, probiotics, synbiotics, and bacterial lysates
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have been increasingly studied and found to have a
role in the reduction of the risk of eczema. While
these studies remain inconclusive at this time, it is
possible that a better understanding of bacterial
diversity of the GI tract will identify another route
of protection against food allergy and atopic dis-
ease (Pfefferle et al. 2013; Kuitunen 2013).

25.2.4 Natural History

The natural history of IgE-mediated food allergy
diagnosed in childhood has traditionally carried a
good prognosis, particularly for milk, egg, wheat,
and soy allergies (Savage et al. 2010; Savage et al.
2007; Skripak et al. 2007). However recent stud-
ies have shown an increasing inability to tolerate
allergenic foods even with increasing age. Previ-
ously, for example, about half of children who had
a cow milk protein allergy would have resolution
of their allergy by 1 year of age, about two-thirds
would have resolution by 2 years of age, and as
high as 90% of children would have resolution by
3 years of age (Host 1994). However, more recent
studies reveal that I[gE-mediated cow milk protein
allergy has been found to persist in 21% of chil-
dren as old as 16 years of age (Skripak et al. 2007).
Similar trends are observed with other allergenic
foods, such as with egg, soy, wheat, peanut, fish,
and shellfish allergy. In all cases, it appears to be
the case that higher levels of IgE antibody confer
an increased likelihood of persistence of an aller-
gic condition into late childhood (Savage et al.
2010; Savage et al. 2007).

Attempts have been made to quantify the likeli-
hood of resolution of allergic disease based on
several factors, including serum IgE levels and
skin prick testing results. One such resource is the
Consortium of Food Allergy Research, or CoFAR,
which has generated calculators predicting milk
and egg allergy resolution based on data compiled
from a large bank of documented food allergies
(www.cofargroup.org). Similarly, resources exist
to predict the likelihood of developing food allergy
at all. It is worth noting that genetic factors play an
important role in the natural history of allergic
disease, and for this reason genetic testing has
become a promising area for further exploration
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in an attempt to identify at-risk individuals before
the onset of a severe reaction (Li et al. 2016).
Moreover, advances have already been made in
medicine’s ability to impact the prognosis of aller-
gic conditions and facilitate individuals’ abilities to
outgrow their allergies. For example, immunother-
apy has yielded promising results for allergic rhi-
nitis for years (Wood 2016). Unfortunately, the
efficacy of this therapy has remained limited in
regards to food allergies and for this reason allergen
avoidance remains the mainstay of treatment. How-
ever, with further research and advances in immu-
notherapy, it is possible that over the next several
years the success of immunotherapy in modulating
allergic rhinitis may be able to translate to food
allergies (Wood 2016).

25.3 Pathogenesis
25.3.1 Immunologic Mechanisms

All immune-mediated adverse reactions to a food
are subsumed under the term food allergy. Disease
entities that are included in this definition are
IgE-mediated immediate hypersensitivity reac-
tions, delayed cell-mediated reactions that are not
IgE mediated, as well as a mixed presentation of
both IgE and non-IgE-mediated reactions. In this
chapter, we focus on IgE-mediated food allergies.

25.3.1.1 Sensitization to Foods
Experimental mouse models have significantly
enhanced our understanding of mechanisms of
food sensitization. In general, two routes of sen-
sitization are used in mouse models investigating
food allergies — sensitization via topical/
epicutaneous exposure and sensitization via oral/
intestinal exposure.

Early models mainly employed oral sensitiza-
tion routes and it was noted that pure ingestion of
allergens usually leads to oral tolerance in mice.
To achieve sensitization via the oral route, adju-
vants such as cholera toxin or staphylococcal
enterotoxin B (SEB) were used (Ganeshan et al.
2009). As it became evident that topical/
epicutaneous sensitization plays a major role in
sensitization to food allergens, different mouse
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models employing epicutaneous sensitization
have been developed (Han et al. 2014; Leyva-
Castillo et al. 2013; Oyoshi et al. 2010; Tordesillas
et al. 2014). Tolerance is the natural response of
both mice and human to exposure with harmless
food proteins.

In the mouse model, it was shown that toler-
ance to an orally ingested antigen is mediated by
presentation to CD103" Dendritic cells. Topical
exposure to an antigen leads to tolerance via
CDI11b" and Langerhans cells.

Three different pathways leading to sensitiza-
tion via the epicutaneous route (usually with
breached integrity of the skin) and oral route
(with exogenous adjuvants to break oral toler-
ance) have been described.

IL-33 expression from both keratinocytes in
the skin and intestinal epithelial cells has been
shown to be a central cytokine in the development
of sensitization and food allergy. Allergenic trig-
gers on intestinal epithelial cells were shown to
increase OX40L expression on CD103"DCs and
thus causing a predominantly Th2 weighted
immune response (Blazquez and Berin 2008).
Similarly innate triggers on keratinocytes were
shown increase IL-33 expression leading to a
Th2 skewed immune response (Tordesillas et al.
2014). In addition to leading to a Th2 skewed
immune response, I1L-33 also stimulates group
2 innate lymphoid cells (ILC2s). The activations
and proliferation of the ILC2 lead to increased
production of IL-4 which results in suppressed
generation of T- regulatory cells (Tregs) in the
small intestine (Noval Rivas et al. 2016). 1L-33
can also act directly on mast cells and augment
activation in acute reactions to food allergens.

Similarly to IL-33, TSLP can increase OX40L
expression on dendritic cells resulting in a Th-2
skewed immune response and recruitment of baso-
phils (Leyva-Castillo et al. 2013). TSLP was also
described to exert its effect directly on basophils
(Siracusa et al. 2011) also leading to IL-4
production.

Another Th-2 inducing cytokine that plays a
major role in food sensitization and allergy is
IL-25 and its effect on group 2 innate lymphoid
cells. IL-25 leads to release of Th-2 inducing
cytokines like IL-4 from ILC2s (Lee et al. 2016).
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Recently, an additional cytokine (IL-9) in the
allergic response to food was described as a key
player. IL-9 is a growth factor for mast cells and
overexpression of IL-9 leads to intestinal
mastocytosis and increased epithelial permeabil-
ity (Osterfeld et al. 2010).

25.3.1.2 Dual Allergen Exposure
Hypothesis

This intricate interplay of genetics and environ-

ment resulting in the immunopathogenesis of food

allergy and the insight gained from murine models

is also reflected in many clinical studies.

Most studies concur that the main site of food
sensitization, especially in peanut allergy, is the
skin. Therefore, atopic dermatitis is a major risk
factor for food allergies. This has been described in
very early studies investigating the relation of food
protein in creams (Lack et al. 2003) and soaps
(Fukutomi et al. 2014). The finding that mutations
in the protein filaggrin which is essential for
maintaining the skin barrier go along with higher
rates of atopic dermatitis and also food allergies
supports this concept (Brown et al. 2011). House
dust which contained peanut protein was described
as a major risk for the development of peanut
sensitization in children with atopic dermatitis,
especially in individuals with Filaggrin mutation.

Similarly, peanut-specific T cells from peanut
allergic patients can be found in skin homing but
not in gut homing compartments.

On the other hand studies have shown that early
oral exposure to food proteins results in lower inci-
dence of food sensitization and food allergies
(Du Toit et al. 2008). This concept has been the
basis of more recent large clinical trials and has
changed recommendations regarding feeding prac-
tices and timing of food introduction (Du Toit et al.
2015; Fleischer et al. 2016). The LEAP trial, argu-
ably one of the tide changing publications in food
allergies in recent times, investigated if early intro-
duction of peanut protein into the diet of at-risk-
infants reduced the rates of peanut sensitization in
these infants. This large trial showed significant
reduction of peanut allergy in infants randomized
into the group that started ingestion of peanut
between the ages of 4 and 11 months. This effect
was sustained even after peanut was avoided for up
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to 1 year (Du Toit et al. 2016). A similarly designed
trial investigating early introduction of egg failed to
show similarly clear results (Palmer et al. 2017). It
was noted that a significant proportion of the partic-
ipants was already sensitized at the age of
4-6 months and egg was tolerated poorly in this
cohort.

This approach is also the basis of the
EAT trial. In this trial, a group of breast fed
infants was introduced to six different allergenic
foods to investigate the effect on tolerance.
This cohort did not include specifically selected
infants with eczema or prior sensitization.
The adherence to the intervention was low, but
a nonsignificant tendency could be shown for
egg and peanut introduction (Perkin et al. 2016).

As mentioned above these trials have led to a
change in recommendations. In early 2017 the
American Academy of Pediatrics revised guide-
lines regarding introduction of peanut to advised
early introduction of peanut. Infants at risk for
food allergies (atopic dermatitis or other already
diagnosed sensitization to other foods) are
advised to consult a specialist before introduc-
tion peanut into their diet (Togias et al. 2017,
Image 1).

25.3.1.3 Genetic Associations

For peanut allergy, genetic risk factors have been
identified. Mutation of filaggrin, the gene that
promotes barrier function of the skin, has been
shown to be positively correlated with peanut
allergy (Brown et al. 2011). A large US-based
study performed genome wide associations on
2759 patients and reported that the variants
HLA-DRB1 and HLA-DQB1 showed a statisti-
cally significant association with peanut sensiti-
zation (Hong et al. 2015). More recently a
multicenter analysis pooling genome-wide asso-
ciation studies from multiple countries, includ-
ing data from the above-mentioned study,
identified c110rf30/EMSY as a gene locus linked
to higher risk for both peanut allergy and food
allergy in general (Asai et al. 2017).

25.3.1.4 Hygiene Hypothesis
In 1989 the hygiene hypothesis was first postu-
lated describing an influence of family size on the
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development of atopic dermatitis and allergic rhi-
nitis (Carpenter et al. 1989). This concept of envi-
ronmental factors modulating the development of
atopy was further supported by several European
studies reporting lower rates of allergic disease in
children raised in farm environments with inges-
tion of raw milk and close proximity to livestock
(van Neerven et al. 2012; von Mutius and Radon
2008). Many additional trials have since been
conducted and report lower rates of atopic disease
in children exposed to more diverse environments
such as larger families, livestock exposure, or
daycare attendance. Savage et al. have shown
that a lack of diversity in the microbiome of
3—6 months old children is associated with a
higher incidence of reported IgE-mediated food
allergy and sensitization at age 3 years (Savage
etal. 2017).

25.3.1.5 Role of Food Processing
on Allergenic Properties

The allergenic properties of food are not fixed and
innate to the respective food but depend on many
additional physical or chemical factors. For fruits
for example, it was shown that postharvest storage
and ripening can change allergenicity to more
allergenic in the case of apples and to less aller-
genic in the case of mangoes. Thermal treatment
of foods has been reported to change allergenicity
as well. This has been described for fruits and
vegetables in pollen food syndrome where
cooking denatures the protein structure and sub-
sequently results in better tolerance of the cooked
versions of the food as compared to the raw ver-
sions. Similarly, baked milk and egg products are
tolerated by a subgroup of patients with milk and
egg allergy, which subsequently confers a higher
probability of outgrowing food allergies. The
reduced allergenicity of baked milk and egg prod-
ucts results from partial denaturation and mainly
reaction of the food with the matrix (most com-
monly the grain flour). However, other foods have
been reported to be resistant to thermal degrada-
tion, like the major peanut protein Ara h
1 (Koppelman et al. 1999).

Biochemical treatment of food to reduce allerge-
nicity is used in the preparation of hypoallergenic
baby formula. Milk is treated with proteolytic
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Image 1 Mechanism of
sensitization (Skin vs. Gut)
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enzymes resulting in degradation of the intact milk
protein. Residual small protein strands are removed
by hypofiltration.

Roasting of peanut on the other hand was
found to increase the allergenicity (Gruber et al.
2005; Vissers et al. 2011). This at least partially
explains higher rates of peanut sensitization in the
United States and certain European countries as

opposed to China, which has a similarly high per
capita consumption of peanut, however, not
roasted peanut.

To better study, the effect and allergenicity of
food proteins a mouse model was developed by
Ahrens et al. (2014).

Factors influencing sensitization versus toler-
ance are summarized in Image 2.
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Sensitization

- Increased intake of processed
foods

- Delayed food introductions

- Vitamin D deficiency

- Decreased diversity of the
microbiome
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Tolerance

- Vitamin D suffiency

- Increased diversity of the
microbiome

- Increased rates of parasitic
infections

- Increased intake of natural
and non-processed foods

Image 2 Factors influencing sensitization versus tolerance. (Adapted from Renz, H Food Allergy Primer, Nature

Reviews 2018)

25.4 IgE-Mediated Food Allergy:

Subforms

The NIAID-sponsored Expert Panel Report on
food allergy is defining food allergy “as an
adverse health effect arising from a specific
immune response that occurs reproducibly on
exposure to a given food” (Boyce et al. 2011).
Food allergy encompasses reactions based on
IgE-mediated sensitization, non-IgE-mediated
processes, cell-mediated reactions, and a mixed
presentation of IgE-mediated and cell-mediated
reactions. The Expert Panel Report categorized
celiac disease as a non-IgE-mediated disorder
and allergic contact dermatitis as a cell-mediated
disorder.

This book chapter is focusing on
IgE-mediated reactions. Non-IgE-mediated and
cell-mediated food reactions will be discussed
elsewhere.

25.4.1 IgE-Mediated Food Allergy

Reactions caused by preformed IgE antibodies to
food allergens are rapid in onset (minutes to
hours) and usually present as one or more of the
subforms discussed below.

Eight foods have been reported as the most
common food allergens in the United States
(milk, egg, wheat, soy, peanut, tree nuts, fish,
and shell fish).

Of these, milk, egg, wheat, and soy are food
allergies that are mainly present in childhood and
are usually outgrown.

Cow’s milk allergy is the most common
IgE-mediated food allergy affecting children.
It is the third most common food involved
in fatal or near fatal reactions (Bock et al.
2007). Symptoms consistent with cow’s milk
allergy are found in 5-15% of infants (Rona
et al. 2007). Cow’s milk protein is commonly
the first foreign protein given to infants in devel-
oped countries. Sensitization has been reported
to occur in infancy through cow’s milk-based
infant formula, skin contact with milk products
and even transference of cow’s milk proteins
through maternal breast milk has also been
reported. Genetic predisposition also plays a
major role in the development of cow’s milk
allergy. When making the diagnosis of cow’s
milk allergy, it is important to distinguish
IgE-mediated allergy from lactose intolerance,
which is a completely different disease process
and presents with gastrointestinal symptoms
alone.
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There are more than 25 different proteins in
cow’s milk that can all act as allergens. 80% of
those proteins are caseins and 20% are whey pro-
teins. The caseins are ;- os-, f-, and k-caseins
(Bos d 8). The most important whey proteins are
a-lactalbumin (Bos d 4) and fp-lactoglobulin (Bos
d 5) (Wal 2004).

Cross-reactivity has been described between
cow’s milk and other mammalian milk proteins.
Strong cross-reactivity has been observed
between cow’s milk and milk from sheep, goat,
and buffalo (>90%) and a weak cross-reactivity to
mare’s and donkey’s milk (5%). Thus, affected
children may react at the first exposure to goat’s
or sheep’s milk (Restani et al. 2002).

Interestingly, it has been found that about
13-20% kids with cow’s milk allergy also react
to beef. Conversely, about 92% of children with
beef allergy have been found to having a concom-
itant cow’s milk protein allergy (Martelli et al.
2002).

Based on the described cross-reactivities, other
mammalian milks should not be used as substi-
tutes in cow’s milk allergic children. Soy milk can
be used as a substitute but is not generally
recommended as there are high rates of soy milk
allergy in cow’s milk allergic children as well,
with up to 10-14% of infants with cow’s milk
allergy also having been reported sensitized to
soy. Additionally many soy- or rice-based drinks
do not have the nutritional value needed for opti-
mal growth and development (Bhatia and Greer
2008; Allen et al. 2009).

In infants under 12 months of age, extensively
hydrolyzed casein or whey based formulas are
usually well tolerated. Occasionally the use of
amino acid-based formulas is indicated.

Egg allergy is the second most common food
allergy affecting children, after milk allergy. Prev-
alence of egg allergy has been reported in up to
2.5% of children (Rona et al. 2007). Interestingly
egg allergy is the most common food allergy in
children with atopic dermatitis (Caubet and Wang
2011). The major allergens in egg were found to
be in egg white, ovomucoid, ovalbumin,
ovotransferrin, and lysozyme (Leduc et al. 1999;
Rupa and Mine 2003). Chicken egg yolk has also
been reported to cause IgE-mediated reactions;
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however, the prevalence is much lower and it is
more common in adult patients, opposite to egg
white allergy in infants and children.

Milk and egg are unique among the major food
allergens in that they can be consumed in both the
natural form and in a baked form where heating has
altered the allergenicity. The majority of young
children can tolerate milk and egg in the baked
(heat-denatured form), and it has been shown that
children who are able to consume and tolerate milk
and egg in the baked forms have higher rates of
outgrowing their milk/egg allergy will eventually
be able to consume the unaltered forms of milk and
egg later in life, (Leonard et al. 2012). A
population-based study investigating the resolution
of milk allergy has reported close to 60% of chil-
dren outgrowing their milk allergy by the age of
5 years. Factors that predicted persistence of the
allergy beyond 5 years of age included reaction to a
small amount of milk at the first exposure (less than
10 mL), having the first reaction at less than 30 days
of age and having a large skin prick test size (Elizur
etal. 2012).

Seafood allergy has increased following the
increased ingestion of seafood over the past few
decades, a spike that is thought to be likely sec-
ondary due to culinary preferences and the per-
ceived nutritional value. Seafood allergy is
typically lifelong as affected individuals generally
do not outgrow their allergy. Reactions to seafood
are not always IgE mediated, but can be elicited
by toxins as described for scombroid poisoning or
other toxins (Feng et al. 2016). An important
hidden food allergen related to reactions to fish
is the allergen derived from the nematode worm
Anisakis simplex, which may be found in fish.
The parasite was first described in the 1960s and
human infestation and infection has been
described under the term Anisakiasis. In the
1990s allergic and anaphylactic reactions to fish
in nonfish-sensitized patients, initially mainly
from Northern Spain have been reported. These
reactions were caused by sensitization to Anisakis
spp., though it is unclear if a previous infection
with the parasite leads to sensitization (Audicana
and Kennedy 2008). Contrary to what has initially
been thought, cooking or heat treatment does not
alter the allergenicity of the antigen.
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Reactions to seafood are not only elicited by
ingestion but can also be caused by handling
seafood and vapor from cooking (James and
Crespo 2007).

While usually combined due to origin from the
water and also culinary habits, fish and shell fish
are different species with unique antigens. Shell
fish can be further divided into mollusks (mussels,
etc.) and crustaceans (shrimp, lobster, etc.).
Parvalbumin is the major food allergen in fish
and has been described for Baltic cod (Gad ¢ 1),
carp (Cyp c¢ 1), chub mackerel (Sco j 1), and
Atlantic salmon (Sal s 1), (Perez-Gordo et al.
2012; Untersmayr et al. 2006). It has been
described that the primary sequence of the aller-
gens and resulting IgE binding epitopes are
unique to the individual fish, while the secondary
and tertiary protein structures are more compara-
ble across different fish. That might explain the
relatively low cross-reactivity to other fish species
of only 50%.

Tropomyosin is the major allergen reported in
shellfish (Hoffman et al. 1981). Tropomyosin is a
heat stable pan allergen described in many inver-
tebrates, including shellfish species (mollusks and
crustaceans) and also dust mites and cockroaches.
This explains the relatively high cross-reactivity
of'up to 75% or higher between different shell fish
species, dust mites, and cockroaches. In fact, anti-
gens to shrimp have been found in populations
who do not consume shellfish for religious rea-
sons (Fernandes et al. 2003). Cross-reactivity has
also been reported with Anisakis spp. and fish.

Wheat allergy is the best described grain
allergy and one of the seven most common food
allergies. Allergy to wheat can manifest as an
IgE-mediated food allergy, but wheat can also be
the trigger for reactions of another underlying
immune mechanism/disease entity like celiac dis-
ease, baker’s asthma, FPIES to wheat and exacer-
bation of atopic dermatitis with wheat ingestion
among others. IgE-mediated wheat allergy usu-
ally starts in infancy and early childhood and is
commonly outgrown by adolescence, while some
cases persist into adulthood (Keet et al. 2009).
While skin prick testing and specific IgE testing
are readily available for wheat, the interpretation
is more challenging compared to other food
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allergens. Based on different studies, challenge
decision points range from 20 to 100 kU/L
(Sampson 2001). In addition to testing, a detailed
clinical history and food challenges are crucial in
the management of wheat allergy. Patients with
wheat allergy are often sensitized to other grains;
however, testing is not always informative or
available. Food challenges are helpful in these
cases.

Soy allergy is more prevalent in infants and
young children. The prevalence of soy allergy is
thought to be about 0.7% (Zuidmeer et al. 2008).
Soy bean is a legume and among the best charac-
terized food allergens. The allergens that are
responsible for the majority of the allergic reac-
tions in infants and children are seed storage pro-
teins, Gly m 5, Gly m 6, and Gly m 8. In adults the
majority of allergic reactions to soy bean are due
to sensitization to the Bet v 1 homologue Gly m
4 (Ito 2015). For all soy components, there is a
high cross-sensitivity to other legumes noted;
however, cross-reactivity to other legumes is not
as common. Because soy bean oils and soy leci-
thin are common ingredients, in many food prod-
ucts patients require detailed instructions
regarding ingestion of these products. Processed
soy bean oil and also soy lecithin contain a min-
imal amount of soy bean protein and are generally
considered safe for patients with soy bean allergy.

Peanut allergy is the most publically
discussed food allergy with a high prevalence.
Investigations on early introduction of peanut
into infants’ diet and subsequent changes of rec-
ommendations regarding food introduction also
contribute to the strong public awareness of pea-
nut allergy (Fleischer et al. 2016; Du Toit et al.
2008, 2015, 2016).

Testing for peanut allergy is available in the
form of skin prick testing and spec IgE to whole
peanut and peanut components. Testing for peanut
by skin prick testing and specific IgE testing has a
high positive predictive value. Specific IgE
levels between 13 and 15 kU/L have a 95-99
PPV for clinical reactivity in children with sug-
gestive clinical history (Maloney et al. 2008).
Similarly, wheal sizes of >8 mm were shown to
have a 95-99% PPV in children with suggestive
history. In children younger than 2 years, a wheal
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size of <4 mm was found to be predictive of
sensitization.

Tolerance of peanut in patients with test results
above the described cutoffs is often due to sensi-
tization to the Bet v 1 homologue Ara h 8. The
peanut components Arah h 1, Arah 2, and Arah
3 are linked to systemic reactions to peanut
(Flinterman et al. 2008).

Tree nut allergy is one of the most common
causes for an acute IgE-mediated reaction to food.
A recent metaanalysis reported a prevalence of
IgE positive, challenge proven tree nut allergy of
about 2%. The rate for reported, not challenge
confirmed tree nut allergy, was up to 4.9% in the
studies included in the analysis (McWilliam et al.
2015). Hazelnut, almond, cashew, pistachio, wal-
nut, pecan, brazil nut, macadamia nut, and pine
nut are the most frequently consumed tree nuts in
the United States. Based on dietary habits and
environmental factors, the prevalence of sensiti-
zation to certain tree nuts shows great regional
diversity. Hazelnut is the most common tree nut
allergy in Europe, while walnut and cashew are
responsible for most allergic reactions to tree nuts
in the United States. Almost all of the tree nuts
have been reported to cause severe and possibly
fatal reactions. Tree nut allergy can present both
in childhood and adulthood. Both acute
IgE-mediated reactions and oral symptoms due
to cross-reactivity to the birch pollen component
Bet v 1 can be seen in adulthood and teenagers. In
children, mostly direct IgE-mediated allergy to
tree nuts is being seen. Little is known about the
clinical course; it was reported that children who
are allergic to two or more tree nuts have a lower
chance of outgrowing their tree nut allergy
(Fleischer et al. 2005).

Tree nut components and cross-reactivity have
been well studied, and IgE testing to tree nut
components is available and offered by most
major laboratories (Table 1).

25.4.2 Pollen Food Syndrome

Pollen food syndrome, also known as oral allergy
syndrome or pollen associated food allergy syn-
drome, is a relatively common manifestation of
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oral allergy symptoms caused by cross-reactivity
between food proteins and pollen. Foods that are
not of plant origin, such as milk or egg, do not
cause pollen food syndrome. Pollen food syn-
drome is noted in adults with pollen allergy, but
it is important to note that not all patients who
report symptoms of pollen food syndrome also
experience symptoms of seasonal allergy or hay
fever.

Pollen food syndrome is thought to be the most
common food allergy in adults and likely has
become more prevalent with the increase in aller-
gic sensitization to pollen in general (Sicherer
2001).

While pollen food syndrome is more prevalent
in adults, it sometimes starts in childhood. Patients
usually experience symptoms of pollen allergy first
and then go on to develop the oral component. It is
often noted that the number of fruits and vegetables
the patient reacts to increases over time, this is
especially common in children. Symptoms com-
monly persist lifelong. While allergy immunother-
apy directed against the pollen a patient is
sensitized to may alleviate the symptoms of sea-
sonal allergies, it is not guaranteed to also affect the
oral manifestation of pollen food syndrome.

It is not fully understood why some patients
develop pollen food syndrome while others who
are also sensitized to pollen do not, though a
variety of risk factors have been identified. It
was noted that sensitization to tree pollen, espe-
cially birch pollen, has been more strongly asso-
ciated with the development of pollen food
syndrome especially if the pollen-related IgE
level was significantly elevated or pollen sensiti-
zation to more than one variety of pollen was
found (90, 91). Patients are more likely to develop
pollen food syndrome if they also have symptom-
atic seasonal allergic rhinitis as opposed to sensi-
tization to pollen alone.

The development of pollen food syndrome is
also geographically associated with patients in
Northern Europe and the Northern United States,
with patients presenting commonly with birch
pollen associated symptoms. In comparison,
patients in Japan are often sensitized to cedar
and present with pollen food syndrome to tomato
(Inuo et al. 2015).
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Table 1 Major food allergens and their components and cross-reactivities. (Adapted from Tordesillas et al. 2017)

Food Allergic components Family Cross-reactivity
Cow’s milk Bosd9 AlphaSl-casein | N/A
Bos d 10 AlphaS2-casein
Bosd 11 Beta-casein
Bosd 12 k-casein
Bosd 4 Alpha-
lactalbumin
Bosd5 Beta-
lactoglobulin
Bosd 6 Bovine serum
albumin
Bosd 7 Immunoglobulin
Bosd 8 Caseins
Hen’s egg Gald 1 Ovomucoid N/A
Gald 2 Ovalbumin
Gald 3 Ovotransferrin/
conalbumin
Gald 4 Lysozyme
Gald 5 Serum albumin
Gald 6 YGP42
Fish (atlantic Cluh1,Cypcl,Gadc 1, Gad m Parvalbumin N/A
herring, carp, 1,Latc 1, Lep w I, Onc m 1, Rask
codfish, atlantic 1,Sals 1,Sarsal, Sebm 1, Thua
cod, tuna, etc.) 1, Xipgl
Onck 5 Vitellogenin
Sals2,Gadm 2, Thua?2 Enolase
Sals3,Gadm 3, Thua3 Aldolase
Crustacean Chafl,Crac1,Porp 1, Homa Tropomyosin N/A
shellfish (shrimp, 1,Pens1,Litv1,Penm 1, Mete

lobster, crab)

I,Panb 1,Penal, Penil, Porp
1,Pans 1

Crac?2,Litv2,Penm?2

Arginine kinase

Crac 5,Litv 3, Penm 3, Homa 3 Myosin light
chain
Crac4,Litv4, Penm4 SCP
Crac 6,Penm 6, Homa 6 Troponin C
Crac8,Arcs 8 Triose
phosphate
isomerase
Tree nuts Prudu4, Cora2 Profilin Components of tree nuts have been
(almond, walnut, | Pry du 3, Jugr 3, Cora 8 Nonspecific found to cross-react with certain
hazelnut, cashew, lipid transfer environmental allergens such as
pecans) protein birch pollen and Alder pollen,
Prudu 5 60S acidic resulting in one of several known
ribosomal causes of “oral allergy syndrome.”
protein certain tree nuts also have cross-
: ] reactivity with:
Jugrl,Caril, Anao3,Cora l4 2S albumin Peanut
Jugr2,Jugr6,Cari2, Anaol,Cor | 78S globulins Aniseed
all (vicilin-like) Apple
Prudu 6, Jugr4, Cora9, Cari4, 118 globulin Apricot
(legumin-like) Caraway

(continued)
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Table 1 (continued)
Food Allergic components Family Cross-reactivity
Carrot
Celery
Cherry
Coriander
Fennel
Kiwi
Nectarine
Parsley
Parsnip
Peach
Pear
Pepper
Plum
Potato
Soybean
Jugr5,Coral PR-10, Bet
v 1 family
member
Coral2,Coral3 Oleosin
Peanut Arahl Cupin, vicillin- Components of peanut have been
type 7S globulin | found to cross-react with certain
Arah?2 Conglutin environmental allergens such as
(2S albumin) birch pollen, mugwort pollen, and
Arah 3 Cupin (118 orchard pollen, resulting in one of
globulin) several known causes of “oral
- allergy syndrome.” Peanut also has
Arah5 Profilin .. o
cross-reactivity with:
Arah 6 Conglutin Tree nut
(2S albumin) Aniseed
Arah7 Conglutin Apple
(2S albumin) Cantaloupe
Arah 8 PR-10, Bet v Caraway
1 family member Carrot
Arah9 Lipid transfer Celery
protein type 1 Coriander
Arah 10 Oleosin Fennel
- Honeydew
Arah 11 Oleosin Kiwi
Arah 12 Defensin Parsley
Arah 13 Defensin Pepper
Arah 14 Oleosin Soybean
Arah 15 Oleosin iunﬂct)wer
Arah 16 Lipid. transfer \K(’);leir(r)lelon
protein type 2 White potato
Arah 17 Lipid transfer
protein type 1
Wheat Tria 14 Lipid transfer N/A
protein 1
Tria 18 Agglutinin
isolectin 1
Tria 19 Omega 5-gliadin
Tria 20 Gamma-gliadin
Tria25 Thioredoxin

(continued)
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Table 1
Food

(continued)

Allergic components
Tria 26

Tria 36
Tria 37

Tria 4l

Tria 42

Tria43

Tri a 44

Tria 45

Soy Glym 3

Glym4

Glym5

Glym6

Glym7

Glym 8

The most common manifestation of pollen
food syndrome is urticaria of the oral mucosa
with associated pruritus and mild angioedema of
the lips. Systemic symptoms are rare and have
been reported in less than 10% (Ortolani et al.
1993). It is important to note that a genuine food
allergy should be suspected in patients with aller-
gic reactions to fruits and vegetables with no
concomitant sensitization to pollen noted.

The association of pollen sensitization to the
respective fruit is detailed in Table 1.

Patients are usually instructed to avoid the food
in the form that is causing symptoms. Occasion-
ally patients report only symptoms to the peel
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Family Cross-reactivity
High-molecular-
weight glutenin
Low-molecular-
weight glutenin
Alpha
purothionin
Mitochondrial
ubiquitin ligase
activator of
NFKB 1
Hypothetical
protein from
cDNA
Hypothetical
protein from
cDNA
Endosperm
transfer cell
specific PR60
Elongation
factor 1

Profilin

PR-10, Bet v

1 family member
Beta-
conglycinin, 7S
globulin
Glycinin, 11S
globulin

Seed
biotinylated
protein

28 albumin

N/A

while tolerating the pulp. Often symptoms may
vary by season with more significant symptoms
noted during the height of the pollen season.
Heating of any form of the food commonly results
in denaturation of the protein and leads to toler-
ance; however, heating does not lead to tolerance
of the nuts that are also associated with pollen
food syndrome.

In addition patients should avoid large
amounts of the food, as, for example, in smoothies
or other drinkable preparations, since more aller-
gen than can be tolerated may be ingested and
will pass mucous membranes more quickly, pos-
sibly leading to systemic reactions. Ingestion of
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allergenic foods on an empty stomach should be
avoided, as should ingestion of the food in com-
bination with proton pump inhibitors or other
medications that increase the pH of the stomach
and lead to decreased destruction and digestion of
the food.

Diagnosis of pollen food syndrome includes a
detailed history of symptoms and past reactions.
Both skin and specific IgE testing can be helpful,
especially component testing to determine the
degree of sensitization to pollen cross-reactive com-
ponents of foods. Food challenges might be indi-
cated on a case to case basis. Patients generally are
not instructed to avoid the cross-reactive foods;
however, patients should be educated about precau-
tions and the forms of the foods that are tolerated,
i.e., apple sauce or apple pie as opposed to fresh
apple. An epinephrine autoinjector is prescribed for
patients who are at a higher risk for systemic reac-
tions, but it is not regularly indicated in patients with
simple pollen food associated oral symptoms.

25.4.3 Association Between
Aeroallergens of Animal or
Fungal Origin and Food
Allergens

Associations of environmental allergens to food
allergens of nonplant origin have to be distin-
guished from pollen associated food allergy
syndromes.

Allergic sensitization to indoor arthropods
such as dust mites and cockroaches as well as
house pets such as cats and dog and sensitization
to mold and mold spores have been linked to
associated allergic reaction to food allergens.

A cross-reactivity between Alternaria alternata
and mushroom and spinach has been reported
(Herrera et al. 2002). In addition sensitization to
mold via the respiratory tract and subsequent
ingestion of food containing mold spores has
been reported. A notable case is the reported
fatal anaphylaxis of a teenager with reported sen-
sitization to mold and penicillin ingesting a pan-
cake mix that was heavily contaminated by mold
spores, resulting in fatal anaphylaxis (Bennett and
Collins 2001). Similarly, allergic and anaphylactic
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reactions in mite sensitized patients who ingested
mite containing foods, mainly wheat containing
foods (also called Pancake syndrome), have been
reported (Sanchez-Borges et al. 2009).

Sensitization to house dust mite has also been
reported as the source of sensitization in the dust
mite- mollusk-crustacean syndrome, a rare syn-
drome where sensitization to house dust mites can
lead to anaphylactic reactions to shellfish even at
the first ingestion (Kiitting and Brehler 2001).

Furry pets are an important source of respira-
tory allergens in the United States and Europe.
Cross-reactive serum albumins from mammals
kept as pets or farm animals have been reported.
Sensitization to the serum albumin occurs by
inhalation or ingestion as they are present in all
body fluids of the animals. The associated
allergy syndrome has been termed pork-cat syn-
drome. Reactions to ingested pork meat in cat
sensitized patients have been reported. The
serum albumin is heat labile and therefore reac-
tions are more common to smoked or dried or
short cooked meats (Hilger et al. 1997). Cross-
reactivity between the serum albumin as an
inhalant allergen and ingested allergen is not
limited to cat and pork but has been described
for other mammal pairs as well as within one
animal species. Bovine serum albumin is an
important component of cow’s milk and sensitivity
to cow’s milk in some cases might result in sensi-
tivity to raw or undercooked beef. However, it is
not a general recommendation that all children with
cow’s milk allergy also avoid raw or undercooked
beef (Vicente-Serrano et al. 2007). This cross-
reactivity has to be distinguished from the delayed
food-induced anaphylaxis to mammalian meats as
described below.

The bird-egg syndrome involves primary sen-
sitization to bird aeroallergens with secondary
reactions to egg based on cross-reactivity between
the bird allergens (feathers, droppings, serum, and
meat) with the egg yolk. Interestingly, the
egg-bird syndrome is connected to egg yolk sen-
sitivity that starts in infancy with subsequent bird
aeroallergen sensitivity. This is due to the pres-
ence of alpha livetin, also known as chicken
serum albumin in dander and the egg yolk
(Popescu 2015).
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25.4.4 Delayed Food-Induced
Anaphylaxis to Mammalian
Meats

Allergy to food proteins in the cause of most food
allergies and also the forms of meat allergy
discussed above.

This entity described here involves sensitization
to the carbohydrate epitope galactose-alpha-1,3-
galactose (alpha-gal). Alpha-gal was described to
be present in the digestive tract of ticks and through
a tick bite can be expressed into the human host.
Alpha-gal as a carbohydrate moiety is present on
cells and tissues of all mammals except the higher
order primates which includes humans. Through
tick bites, humans can get sensitized to alpha-gal
and subsequent ingestion of meat of different spe-
cies including beef, pork, and lamb leads to a
delayed allergic reaction. The reaction is usually
delayed by 3—6 h after ingestion. Interestingly, a
cluster of reactions to cetuximab, a monoclonal
chimeric mouse-human IgG1 monoclonal antibody
directed against human epithelial growth factor,
was reported mainly in the South Eastern United
States. Alpha-gal was detected in cetuximab and
patients who developed allergic reactions to
cetuximab were generally sensitized to alpha-gal
before cetuximab was administered (Chung et al.
2008).

Primary IgE-mediated food allergy to individ-
ual meats has to be distinguished from alpha-gal
sensitization. Serum IgE to individual types of
meats is available as well as IgE for alpha-gal. A
detailed clinical and reaction history is also impor-
tant to aid in the diagnosis and management.

25.4.5 Food-Dependent Exercise-
Induced Anaphylaxis

The term food-dependent exercise-induced ana-
phylaxis (FDEIA) is reserved for a specific form
of anaphylaxis where ingestion of a specific food
leads to anaphylaxis if food ingestion is followed
by exercise. Ingestion of the food without subse-
quent exercise does not lead to anaphylaxis, and
exercise alone without prior ingestion of the food
also does not result in anaphylaxis, distinguishing

569

it from food allergy- and exercise-induced
anaphylaxis. Foods commonly involved in this
FDEIA are shellfish, wheat, fruits and vegetables
(celery), nuts, egg, mushroom, and meats. Rare
cases have been reported where any ingestion of
solid foods followed by exercise can result in
anaphylaxis (Morita et al. 2013). This is an
IgE-mediated process and documentation of the
presence of food directed IgE antibodies in com-
bination with a convincing clinical presentation
helps in making the diagnosis. Exercise chal-
lenges after ingestion of the suspected food
contrasted to ingestion without subsequent exer-
cise can be confirmatory.

25.4.6 Food Allergens in Medications

Food allergens can be present in certain medica-
tions or formulations as either a contamination of
a certain lot of the medication or as a component
of the medication other than the active ingredient
(usually called excipients).

If a certain lot of medication is contaminated
by a food protein, this poses a significant risk for a
food allergic patient if the contaminant is signifi-
cant enough to elicit a reaction, but the medication
should not generally be avoided in patients with
food allergies. The susceptibility to an allergic
reaction to the food component in the medication
depends on the patient’s general sensitivity to the
food allergen and the IgE level and also the
amount of allergen present in the medication.
This topic has been reviewed in detail by Kelso
in 2014 (Kelso 2014).

25.5 Mixed IgE Antibody-/Cell-
Mediated Allergies

25.5.1 Atopic Dermatitis

Atopic dermatitis is a chronic, pruritic, inflamma-
tory skin condition that belongs to the family of
atopic diseases such as food allergy, asthma, and
allergic rhinitis. It is often associated with an
increased IgE level and related atopic disorders
are more common. Patients with atopic dermatitis
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are at a higher risk for developing food allergies.
Based on the dual allergen exposure hypothesis,
patients with atopic dermatitis are at an increased
risk of being exposed to the food protein via the
skin before oral ingestion and thus at a higher risk
of becoming sensitized rather than tolerant.

Total IgE levels are often significantly elevated
in patients with atopic dermatitis. Positive testing
to food allergens is also very common; however,
many patients that are found to be sensitized do
not show clinical allergy despite positive testing.
Therefore, panels of tests for allergens that are
tolerated are not generally recommended in the
absence of clinical reactions. In individual
patients, ingestion of certain foods can exacerbate
their atopic dermatitis. Trial elimination diets and
avoidance of the suspected foods for a few weeks
should lead to improvement of the skin condition
and reintroduction should result in an exacerba-
tion of the skin lesions. Prolonged avoidance of
foods might lead to the development of acute
IgE-mediated food allergies and therefore caution
is warranted when foods are being reintroduced.

25.5.2 Eosinophilic
Gastroenteropathies

Eosinophilic gastroenteropathies (EGID) are
characterized by chronic eosinophilic infiltration
of parts of the GI tract that lead to clinical gastro-
intestinal dysfunction pathologic changes of the
gastrointestinal tissues. The pathophysiology is
poorly understood. Patients with EGID are often
also diagnosed with sensitization to food or envi-
ronmental allergens. Food triggers can often be
identified and elimination leads to improvement
of clinical, endoscopic, and histologic symptoms.
However, the pathophysiologic mechanism is not
completely understood.

25.6 Mimics of Food Allergy

Occasionally patients are seen in the allergy office
for presentations that appear to be food allergies,
but upon further investigation are found to be con-
ditions that present with similar symptoms but a
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very different underlying mechanism. A classic
example of a disease that presents like an acute
IgE-mediated reaction is scombroid fish poisoning,
a toxic reaction to histamine-like toxins in spoiled
dark fish meat. Occasionally patients present with
clear rhinorrhea that is usually linked to food inges-
tion, most commonly spicy foods. If no additional
symptoms are reported, no underlying sensitization
is found, and the reaction is linked to ingestion of
spicy or savory foods, the diagnosis of gustatory
rhinitis can be made. The auriculo-temporal syn-
drome is another example where a neurologic
response leads to increased salivation and reflexive
facial vasodilatation of the lower cheek. See also
Table 2.

25.7 Diagnosis
25.7.1 Clinical/Reaction History

The clinical and reaction history is an essential
part of the diagnostic work-up for a suspected
food allergy. A detailed history is the initial step
in the evaluation of a possible food allergy. The
main goal is to distinguish a food allergy from
another kind of reaction that is elicited by the
food, for example, the differentiation between an
acute mediated milk allergy and lactose intoler-
ance. The clinical history also helps to differenti-
ate between the different forms of food allergy, for
example, Food Protein Induced Enterocolitis Syn-
drome elicited by wheat ingestion versus an acute
IgE-mediated food allergy to wheat. And lastly,
the clinical history often helps to identify the
causing food allergen or narrow down to a few
possible culprits.

A routine clinical history for the diagnosis of
food allergy includes questions regarding the
types of food that were ingested, type of reaction
with all signs and symptoms, timing of the inges-
tion and subsequent reaction, treatment of the
reaction, and response to that treatment. In addi-
tion it is important to document any additional
allergic or atopic diseases, other food allergies,
or previous reactions to the same or other foods.

When discussing possible foods that might
have caused the allergic reaction, it is important
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to note that the seven foods discussed above are
responsible for the majority of the IgE-mediated
allergic reactions to food. However, food that the
patient consumes on a regular basis is rarely the
cause for an allergic reaction, but rather foods that
are rarely eaten and are consumed knowingly or as
a contaminant of the patient’s food.

Contributory factors, including exercise before
or after ingestion of the food, viral infections, or
use of medications that might alter the gastric
permeability, are important factors to note.

25.7.2 Signs and Symptoms

25.7.2.1 Urticaria/Angioedema
Localized or generalized urticaria is the most
common form of an allergic reaction to a food.
About 20% of cases of acute urticaria have been
reported being caused by allergic reactions to
food. In comparison chronic urticaria is rarely
caused by food allergens. Urticaria is caused by
degranulation of mast cells in the superficial der-
mis and also basophils resulting in mediator
release leading to the characteristic symptoms.
Angioedema is caused by degranulation of mast
cells in deeper layers of the dermis or subcutane-
ous tissue. Both Urticaria and Angioedema can be
the presentation of a localized reaction or be part
of a systemic reaction. Generalized flushing and
erythema of the skin can also be noted, often when
the reaction is progressing to a more systemic
form. Ocular symptoms like tearing and conjunc-
tival injection as well as pruritus are also caused
by mast cell activation and mediator release.
Acute contact urticaria can be caused by direct
skin contact with the relevant food; this is com-
monly caused by the major allergens but can also
be elicited by contact with raw meats, seafood and
raw fruits and vegetables (Table 3).

25.7.2.2 Oropharyngeal Symptoms

As described above for urticaria and angioedema,
oropharyngeal symptoms can represent a mild
localized reaction or be a prodrome or part of a
systemic reaction. Oropharyngeal symptoms as
part of the oral allergy syndrome are considered
a contact reaction to the profilins of the fruits and
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vegetables that cross-react with the pollen pro-
teins mainly of tree, grass, and weed pollen
(Refer to Sect. 4.2).

25.7.2.3 Airway Symptoms (Rhinitis/
Asthma/Laryngeal Edema)

Allergic rhinitis and asthma in general are com-
mon conditions in patients with food allergy
because of the shared underlying mechanism and
co-presentation of atopic diseases. Additionally
rhinitis, rhinorrhea, wheezing, and coughing are
common presentations of acute allergic reactions
to food allergens. Patients can also present with
laryngeal edema and voice changes. They might
report a sense of choking or difficulty swallowing
their saliva. These symptoms, especially symp-
toms involving the lungs or larynx, are usually
part of a systemic reaction and do not present as
isolated symptoms of an acute allergic reaction.

Isolated asthma exacerbations by inhalation of
foodstuff, especially flour in a condition called
Baker’s Asthma, have been described. However,
this form of occupational asthma is caused by the
irritation of the lungs by the food product and the
food can be ingested without problems.

25.7.2.4 Gastrointestinal Symptoms
Gastrointestinal symptoms such as nausea,
vomiting, abdominal pain, cramping, and diarrhea
are common features in anaphylaxis. Isolated nau-
sea can be considered a mild symptom; however,
often it progresses to more significant symptoms
as vomiting or abdominal cramping. The term
gastrointestinal anaphylaxis can be used for
severe symptoms that are limited to the GI tract.
Nausea and vomiting tend to be early signs of
anaphylaxis occurring within a few minutes to
1-2 h, while diarrhea might also present later in
the course of the allergic reaction.

25.7.2.5 Anaphylaxis

Anaphylaxis is an acute allergic reaction that is
acute in onset and can progress to death (Sampson
et al. 2006). While it is the most severe and also
most discussed presentation of a food allergic
reaction, it is relatively uncommon with a recent
meta-analysis reporting an incidence of 0.14
events per 100 patients years in patients with a
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Table 3 Clinical symptoms of an acute IgE-mediated food allergy reaction

System Symptoms

Nasopharyngeal

Respiratory

Upper GI tract Nausea, emesis

Lower GI tract Abdominal pain, colic, diarrhea
Skin

Cardiovascular
Neurologic

diagnosed food allergy (Umasunthar et al. 2015).
The rate of fatal anaphylaxis was reported to be
1.81 per one million patient years in patients with
a diagnosed food allergy.

Anaphylaxis caused by food ingestion is often
noted within minutes of ingestion and character-
ized by multiple, severe, progressive symptoms.
All symptoms and combinations of symptoms
described above can be present in anaphylaxis.
Gastrointestinal symptoms are often a leading
presentation. In addition the reaction can include
cardiovascular collapse and may result in death.
Patients sometimes describe a feeling of
impending doom at the start of the allergic reac-
tion. Cutaneous and gastrointestinal symptoms
are more common in children and development
of shock is more common in adult patients.

Early signs of anaphylaxis can be variable and
it might not be immediately obvious that the reac-
tion will develop into an anaphylactic reaction.
The reaction can then progress in a uniphasic
fashion with symptom resolution after adequate
treatment or may evolve to a biphasic or pro-
tracted reaction. Biphasic reactions are character-
ized by recurrence of symptoms within 1-4 h after
apparent resolution of symptoms. About 20% of
anaphylactic reactions progress to a biphasic reac-
tion. Protracted reactions are characterized by
persistence of symptoms for hours or even days
despite treatment.

Several factors influence the development of
an anaphylactic reaction and also the severity of
the reaction. The amount of the food that was
ingested shows a positive correlation with the
severity of the symptoms. Ingestion of fatty
foods often results in lowered absorption of the
allergen and might result in a milder reaction.

Rhinorrhea, nasal congestion, sneezing, pruritus and angioedema of the lips, tongue, gums, palate
Laryngeal edema, stridor, hoarseness, coughing, wheezing, chest tightness, dyspnea, cyanosis

Pruritus, erythema, flushing, urticaria, angioedema, eczema flare
Tachycardia, bradycardia, hypotension, cardiac arrest
Dizziness, syncope, sense of impending doom

Concomitant  ingestion of  alcohol or
non-steroidal  anti-inflammatory  drugs can
increase the gastric permeability and lead to
more pronounced or rapid symptoms. Fatal ana-
phylaxis can occur in all ages, but young patients
with food allergies are at a higher risk. Risk taking
behavior, including ingestion of the food allergen,
unavailability of the epinephrine autoinjector, or
delayed treatment with epinephrine are risk fac-
tors for death from anaphylaxis.

Diagnosis of anaphylaxis aside from reported
or observed symptoms can be difficult as no reli-
able laboratory testing exists. Histamine can be
transiently elevated and while tryptase levels can
be elevated they are often normal in food induced
anaphylaxis. Therefore, negative testing does not
exclude an anaphylactic reaction (Sampson et al.
2006).

Treatment of anaphylaxis is reviewed below
and summarized in Table 4 (Sect. 8.2).

25.7.3 Diagnostic Tests

Diagnostic testing for patients with food allergies
is a crucial step in diagnosing or confirming and
documenting a sensitization and to estimate the
risk for reaction.

The Updated Practice Parameters on Allergy
Diagnostic Testing in detail summarizes and
describes diagnostic testing for allergies.

25.7.3.1 Skin Testing

The development of skin testing in the historical
context is reviewed and summarized in the
Updated Practice Parameters. In brief, skin testing
was first described in 1867 by Charles Blackley.
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Table 4 Management of anaphylaxis. (Adapted from Boyce, JA PMID: 21310308)

Setting First line therapy

Outpatient Auto-injector:

10-25 kg: 0.15 mg epinephrine autoinjector,
IM (anterior-lateral thigh)

>25 kg: 0.3 mg epinephrine autoinjector
(anterior-lateral thigh)
Epinephrine (1:1000 solution) (IM), 0.01 mg/kg
per dose: maximum dose, 0.5 mg per dose
(anterior lateral thigh)

query ID="AUS5"/>Both auto-injector and
1:1000 solution are suitable options
Epinephrine doses may need to be repeated
every 5-15 min

Inpatient Epinephrine IM as in outpatient setting.
Can consider continuous epinephrine infusion
for persistent hypotension (ideally with
continuous noninvasive monitoring of blood
pressure and heart rate).
Alternatives routes include endotracheal or
intraosseous epinephrine

Adviceattime | Epinephrine auto-injector prescription (2 doses)
of hospital and instructions
discharge

Education on avoidance of allergen
Follow-up with primary care physician
Consider referral to an allergist

Adjunct therapies

Bronchodilator (b2-agonist): albuterol
MDI (child: 4-8 puffs; adult: 8 puffs)
Nebulized solution (child: 1.5 mL; adult: 3 mL)
every 20 min or continuously as needed

H; antihistamine: diphenhydramine

1-2 mg/kg per dose

Maximum dose, 50 mg IV or oral (oral liquid is
more readily absorbed than tablets)

Alternative dosing may be with a less-sedating
second generation antihistamine

Supplemental oxygen therapy

IV fluids in large volumes if patient presents with
orthostasis, hypotension, or incomplete response
to IM epinephrine
Place the patient in recumbent position if
tolerated, with the lower extremities elevated
Bronchodilator (b2-agonist): albuterol

MDI (child: 4-8 puffs; adult: 8 puffs)
Nebulized solution (child: 1.5 mL; adult: 3 mL)
every 20 min or continuously as needed
H; antihistamine: diphenhydramine

1-2 mg/kg per dose

Maximum dose, 50 mg IV or oral (oral liquid is
more readily absorbed than tablets)

Alternative dosing may be with a less-sedating
second generation antihistamine
H, antihistamine: ranitidine

1-2 mg/kg per dose

Maximum dose, 75-100 mg oral and IV
Corticosteroids

Prednisone at 1 mg/kg with a maximum dose
of 60—80 mg oral or

Methylprednisolone at 1 mg/kg with a
maximum dose of 60—80 mg IV
Vasopressors (other than epinephrine) for
refractory hypotension, titrate to effect
Glucagon for refractory hypotension, titrate to
effect
H, antihistamine: diphenhydramine every 6 h for
2-3 days
Alternative dosing with a nonsedating second
generation antihistamine
H, antihistamine: ranitidine twice daily for
2-3 days
Corticosteroid: prednisone daily for 2-3 days

He reported placing allergens on abraded skin to  intradermal testing. Over the following years var-
test the reactivity. This method of placing an aller-  ious clinicians furthered this concept and applied
gen on the skin was further developed by von this method to various disease contexts. Schloss
Pirquet who first established the tuberculosis rubbed food on a small abraded area on the
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forearm of children to diagnose food allergy. Later
Schick and Cooke developed an intracutaneous
method to test allergens on the skin. In the
1950s, the practice of producing a skin abrasion
for skin testing was changed because it produced
permanent skin changes and since it is custom to
prick the skin with a lancet, needle, or plastic
prick.

Skin testing is based on the principle that IgE is
bound to cutaneous mast cells. Allergen exposure
cross-links the IgE molecules and leads to Hista-
mine release (Sampson et al. 2014). The resulting
wheal and flare reaction can be measured after
approximately 15 min. The wheal and flare is
documented in millimeter (wheal mm/flare mm)
A positive (histamine) and negative (saline) con-
trol are applied and read at the same time as the
allergen extracts too assess and account for the
reactivity of the skin (Khan et al. 2012).

The size of the wheal and flare reaction
depends on the location where the test is applied
and is usually larger on the back versus the arm.
Specific devices used are known to produce a
larger reaction, and it is therefore useful to con-
tinue using the same type of prick test device to
make testing comparable. Potency of skin testing
extract depends on the age of the extract and also
the manufacturer. In the case of fruit and vegeta-
bles, testing with the fresh fruit is usually more
potent as the allergenicity is decreased during the
production of the extract.

Larger wheal and flare reaction are predictive
of a higher likelihood of reaction to the food
tested. The severity of the allergic reaction cannot
be extrapolated from the size of the skin test
reaction (Sporik et al. 2000).

The positive predictive value of skin testing is
variable for different foods used. One study
showed an excellent positive predictive value of
skin testing in children with peanut, milk, and egg
allergy; 100% of children with a skin testing larger
than 8 mm (>4 mm for children younger than
2 years old) had a positive food challenge to the
food tested (Hill et al. 2004).

Widespread skin conditions can make the
application and interpretation of skin testing diffi-
cult. In patients who have had a severe or anaphy-
lactic reaction to the food, skin testing should only
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be performed with caution and assessment of risks
and benefits. The same holds true for asthmatic
patients, especially for patients with a current
asthma flare. The skin of infants and young chil-
dren might be less responsive to skin testing, on
the other hand they might be at a higher risk of
developing severe reactions to the testing
reagents.

Several additional factors influence the respon-
siveness of the skin to skin testing. In general
there is a variable response to skin testing in the
individual patient over time. A recent anaphylac-
tic reaction might leave the skin unresponsive for
about 6 weeks after the reaction and skin testing is
usually deferred during that time period. Concom-
itant use of HIl-anthistamines, H2- receptor
blockers, phenothiazine antiemetics, tricyclic
antidepressants, higher doses of methotrexate,
topical steroids, and also omalizumab can also
render the skin less responsive or unresponsive
to allergens and histamine. If patients are unsure
about prior antihistamine use or there are other
questions about the reactivity of the skin, it is
common practice to apply only the positive (his-
tamine) and negative (saline) control to test the
responsiveness of the skin before applying all
allergens that to be tested.

The practice parameters recommend skin test-
ing to help identify foods that might be provoking
an IgE-mediated allergy, but also stress that pos-
itive skin testing alone is not diagnostic of an
IgE-mediated food allergy.

25.7.3.2 Serum Testing

Another widely available diagnostic test for food
allergy is immunoassay testing. These tests are
in vitro assays to identify IgE antibodies directed
against allergens. Historically radioallergosorbent
testing (RAST) was the most widely used test.
Today the method for detection of the allergic
antibody does not depend on marking it with
radioactivity but rather fluorescent dye. The
most common immunoassay testing today is Fluo-
rescent Enzyme Immuno Assay (FEIA). How-
ever, the term RAST is still in use and often also
reported by clinical laboratories even though the
assay used was FEIA. The result is reported in
kU/L. Most large studies in the United States use
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the ImmunoCAP FEIA from Phadia. Results
obtained from other Immunoassays are not fully
interchangeable. The laboratories also report a
class or percentage value of the test results based
on a comparison to a standard curve. However,
those values are commonly not taken into consid-
eration by allergists when interpreting these
results because of their larger heterogeneity.

Serum testing is significantly more expensive
than skin testing for food allergies, but it has
several advantages over skin testing. It is also
available to physicians who do not practice as
allergists. It can also be used in patients who are
currently or permanently not candidates for skin
testing, for either dermatologic conditions, recent
anaphylaxis, or medication use that interferes with
skin testing. The wide availability also poses a
trap and can lead to frequent and unnecessary
testing, which then can lead to unnecessary elim-
ination diets.

Serum testing alone is not diagnostic or exclu-
sive of a food allergy and other factors such as
clinical history also have to be taken into account.

About 95% predictive values to predict the
positive challenge outcome have been established
for milk, egg, peanut, tree nuts, and fish. Similar
studies for wheat and soy are not available (Mar-
tinez-Aranguren et al. 2014).

Technological advances in protein identifica-
tion and methods have led to the development of
specific IgE testing to individual protein compo-
nents of the allergenic food. Component testing is
available for pollen-related plant-derived foods
and for animal derived foods. Two different
assays exist for the measurement of component
specific IgE.

Fluorescent enzyme immunoassays are avail-
able for the detection of IgE directed against indi-
vidual protein components of the food. Testing
can be performed to components of selected
foods both plant or animal derived. This testing
results quantitative levels to individual compo-
nents and is used increasingly in daily practice to
help distinguish between patients at a high risk for
an allergic reaction and patients who are sensi-
tized but clinically tolerant to the food tested. This
test is available for protein components of most
major food allergens and other food allergens. In
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the United States component testing for certain
allergens is FDA-approved and thus usually cov-
ered by third party payers. Insurance coverage
often determines if these tests are used in the
diagnostic work-up of individual patients.

A broader screening method is the InmunoCAP
ISAC (Immune solid phase allergy chip). This test is
a protein microarray where binding to multiple pro-
teins is measured simultaneously (refer to Sect.
7.3.6). This test is a semiquantitative screening test-
ing and not used in daily practice by most allergists
(Martinez-Aranguren et al. 2014).

Peanut component testing is the most broadly
used component test which is also FDA-approved.
Interpretation of IgE binding to specific peanut
components helps in the differentiation between
patients with pollen allergy-induced symptoms
with peanut and patients with primary peanut
allergy. Peanut component testing is most helpful
in certain scenarios: “Patients who have tolerated
peanut earlier in life and subsequently have devel-
oped mild to moderate, mainly oral symptoms.
Patients with an IgE level of 25 kU/L and below.
Patients with a concomitant allergy to tree pollen,
mainly birch pollen.” It is less likely to add addi-
tional essential information in younger children
who have had anaphylactic reactions with peanut
exposure (Martinez-Aranguren et al. 2014). Sensi-
tization to the heat stable components Ara hl, Ara
h2, and Ara h3 is associated with a more severe,
systemic reaction then sensitization to the birch
(Bet v1)-related component Ara h8 (Table 1).

Testing for hazelnut components is also commer-
cially available. Testing criteria similar to peanut can
be applied to hazelnut component testing. Sensitiza-
tion to Cor al, a heat labile Bet v1 analog is usually
associated with mild oral symptoms. A study from
the Netherlands has shown that sensitization to the
components Cor a9 and Cor al4 is associated with
systemic reactions (Andrews and Banks 2014). In
Mediterranean patients, sensitization to the Lipid
Transfer Protein (LTP) Cor a8 is associated with
severe reactions (Hansen et al. 2009).

Less data are available on component testing
for other allergens like soy and wheat. Component
testing for most fruits and vegetables is not com-
mercially available and limited to research
settings.
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25.7.3.3 Trial Elimination Diets
Elimination diets are a possible step in the diag-
nosis of food allergies. At least three different
types of elimination diets exist.

Elimination diets are commonly used in con-
ditions that do not cause acute anaphylaxis to the
food in question but rather a more subtle, chronic
reaction as can be seen in patients with atopic
dermatitis or eosinophilic esophagitis.

An elimination of one or more foods from the
diet for a limited time can be used to determine if
the food is causing or exacerbating a chronic
condition. The elimination period should not
exceed more than 2—3 weeks and in small children
or the elimination of multiple common foods
should involve the guidance of a nutritionist. If
an improvement of the condition is noted, further
testing should be initiated to determine a sensiti-
zation to the food in question.

Elimination diets are one pillar in the manage-
ment of Eosinophilic Esophagitis.

Milk is the most common trigger of symptoms
in patients with Eosinophilic Esophagitis and a
trial of milk (and wheat) avoidance is a common
step in the management. These targeted elimina-
tion diets in which less than six foods are
eliminated are more successful in children then
in adults. Other empiric elimination diets as the
elimination of the six major food allergens
have been studied and shown success in up to
70% of children and adults (Straumann and
Schoepfer 2014).

A second, very different elimination diet is the
complete avoidance of all foods that are com-
monly considered antigenic and only very few
“oligoantigenic” foods are allowed in the diet.
This approach is used in chronic conditions as
atopic dermatitis or chronic hives but very rarely
(Sicherer 1999).

Diets low in histamine containing foods or
other  pseudoallergens are  occasionally
recommended in patients with chronic idiopathic
urticarial. Dietary modification in the manage-
ment of urticarial is controversial and not gener-
ally recommended (Bernstein et al. 2014).

Elemental diets are the third and most extreme
form of elimination diets. In this form the patient
avoids all proteins in the diet and receives
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nutrients via an aminoacid-based or extensively
hydrolyzed formula. This diet is an accepted step
in the management of Eosinophilic Esophagitis
and has shown success in >80% of patients
(Straumann and Schoepfer 2014). However,
extreme caution and the guidance of a nutritionist
are recommended especially in young children
and infants.

In the diagnosis of food triggers in severe
atopic dermatitis, elimination diets are sometimes
advised for 2 weeks prior to the food challenge.
This approach allows for the clearance of the
suspected allergen from the system before it is
reintroduced as the continued ingestion might
leave the skin irritated and not allow for the eval-
uation of the effect of the food because of the
already irritated skin condition.

25.7.3.4 Food Diary

Keeping a food diary that records all oral intake but
also possible skin contact to foods or cosmetics that
may contain food protein over a period of
1-2 weeks can help in the identification of potential
allergens that were overlooked by the patient and
not elicited during the detailed history.

25.7.3.5 Food Challenge Testing

Food challenge testing is considered the gold
standard test for the diagnosis of IgE-mediated
food allergy. It is mainly used in two circum-
stances, to confirm a diagnosis of a food allergy
or to check for persistence or resolution of a
known food allergy.

A food challenge is usually the gradual feeding
of a food under close supervision. The challenge
can be in an open fashion or single or double
blinded and placebo controlled as described further
below. A challenge is usually preceded by a period
of abstinence of the food. The food in question is
either avoided for therapeutic reasons as it had or is
suspected to have had elicited an acute allergic
reaction in the past or for diagnostic reasons as
the food is suspected to chronically exacerbate a
certain condition as detailed above in “Trial Elim-
ination Diets.” Several clinical factors have to be
considered when undertaking an oral food chal-
lenge. The physician will consider the risk of a
continued allergy. IgE levels or skin test sizes that
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are associated with a high likelihood of reaction or
a recent anaphylactic or other severe reaction to the
food are strong indicators of a continued food
allergy and likely positive challenge outcome and
will usually preclude the challenge.

The decision to perform a food challenge
should be made by the physician and the patient
and/or patient’s family. Several factors of patient
readiness and personal preferences should be con-
sidered. A challenge could be considered unnec-
essary if the patient has no interest including the
food into the diet or if the food is considered of
low nutritional importance or rare and exotic.
Again, personal preference of the patient and fam-
ily on the other hand might make an indication for
a challenge in this case. Foods that are considered
staple foods might be challenged even if the risk
of failing is higher because avoidance might have
nutritional and quality of life implications. A con-
cern that a failed challenge will result in higher
IgE levels and increased skin test sizes was not
found to be true when examined in a cohort of
patients undergoing a food challenge to egg, milk,
and peanut (Sicherer et al. 2016).

Three main categories of oral food challenges
exist: open, single-blind, and double-blind pla-
cebo controlled.

The open food challenge is the most common
food challenge performed in daily practice. Both
the patient and the observer know which food is
being tested and the food is administered in an
unmasked fashion. There is little concern for bias
in a negative food challenge. Symptoms noted
during the challenge can be either subjective or
objective and bias can be present in both the
patient and the provider.

In a single-blind challenge the taste, texture
and color of the food is masked. It can be com-
bined with a placebo challenge to help investigate
subjective symptoms. Single-blind challenges
help to minimize the subjective patient bias but
do not change the observer bias.

Double-blind placebo-controlled food chal-
lenges are considered the gold standard of the
oral food challenges. It is more labor and time
intensive and is usually used in research settings.
The DBPCFC aims to minimize both the patient
and observer bias.
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Certain safety precautions have to be consid-
ered before undertaking any kind of food chal-
lenge. Challenges should be performed in an
office or hospital setting depending on the antici-
pated risk. Adequate rescue equipment, medica-
tion, and trained personnel should be available.
Patients are recommended to fast 1-2 h before the
challenge and should have stopped all antihista-
mines, beta agonists and beta adrenergic blockers
or other medication that might interfere with chal-
lenge outcome or necessary resuscitation.

The physician performing the challenge will
examine the patient and consider the current state
of health and also all present co-morbidities that
will interfere with the challenge or treatment of a
reaction or that will increase the likelihood of an
acute reaction. There has been one reported fatal-
ity with an oral food challenge (http://acaai.org/
allergists-respond-death-3-year-old-boy-during-
oral-food-challenge).

25.7.3.6 Future Diagnostic Approaches
The main difference between current diagnostic
methods for food allergy and novel diagnostic
tools for food allergy is the use of more refined
technology. Current methods are mainly based on
the use of crude allergen extracts of the food. As
described above these extracts have the potential
to be cross-contaminated. The most refined and
detailed form of allergy testing that is currently on
the standard armamentarium of the allergist is
component testing as reported above.

Novel diagnostic methods are now focusing on
other sources of allergens that are sourced by
identification and cloning of the allergens leading
to less cross-contamination and contamination by
carbohydrate epitopes. These conventional diag-
nostic tests often leave the patient at an equipoise
with an oral food challenge being required to
make the final determination of clinical reactivity
to a food versus sensitization only noted in diag-
nostic tests.

Peptide and Protein Microarrays have been
developed over the past 25 years. The microarray
samples up to 5000 individual datapoints on
one single chip. Protein microarrays are used to
detect sensitization to multiple allergens
simultaneously; peptide microarrays detect
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allergen epitope recognition patterns. It has
been shown that microarray assays correlate
well with IgE levels but are less sensitive. Pro-
tein microarrays designed for the diagnosis of
food allergies exist, but no application is FDA
approved yet.

Peptide microarrays have been applied to the
definition of IgE binding epitopes in food allergy
(Lin et al. 2009; Lin and Sampson 2009). IgE
binding epitopes of various foods have been
reported (Shreffler et al. 2005; Vereda et al.
2010). However, studies investigating the corre-
lation of clinical reactivity to binding patterns are
rare. It has been shown that there is a correlation
between reaction severity and epitope diversity
with patients exhibiting a more diverse epitope
profile also showing more severe allergic
reactions to the allergen (Flinterman et al. 2008).
Another major disadvantage had been the limita-
tion to sequential linear epitopes. Recently
studies have expanded the application of microar-
ray to conformational epitopes, furthering the
development of preventative and diagnostic
methods based on this platform (Hochwallner
et al. 2010).

Basophil activation testing is one of the novel
tests that are aiming to address the diagnostic
conundrum of true allergy versus sensitization.
In basophil activation testing, the change in
expression of basophil surface protein after acti-
vation with an allergen is measured by flow-
cytometry (Knol et al. 1991). Basophil activation
testing has been used in other fields of allergy but
over the past years has also been applied to food
allergy diagnosis and prediction of challenge out-
come. Glaumann et al. investigated the basophil
allergen sensitivity and antibodies to peanut com-
ponents compared to challenge outcome of
DBPCFC to help in the diagnosis of peanut
allergy in allergic children (Glaumann et al.
2012). The authors were able to show that a neg-
ative basophil allergen threshold sensitivity
excluded peanut allergy. In addition basophil acti-
vation tests have been used in the differentiation
of patients with a clinical allergy to one food and a
noted sensitization to a cross-reactive allergen.
The basophils of the patients were activated by
the allergen they had shown clinical allergy to but

579

not by the cross-reactive allergen that was noted
be positive on component testing but did not elicit
a clinical reaction (Wallowitz et al. 2007). Baso-
phil activation testing has been used to identify
patients with a more sever phenotype. It has been
shown that patients with a current milk allergy
showed increased basophil activation compared
to patients who had outgrown their milk allergy
(Wanich et al. 2009).

25.8 Treatment/Management
25.8.1 Treatment of Mild Symptoms

Mild localized symptoms can be managed with a
trial of oral antihistamines. Liquid diphenhydra-
mine at a dose of 1-2 mg/kg or cetirizine
5-10 mg PO or other first or second generation
antihistamines can be given orally for mild
localized hives and oral pruritus. However, treat-
ment with antihistamines should not delay
administration of IM epinephrine if clinically
indicated (Andreae and Andreae 2009). Steroids
are often used as a conjunctive treatment but
usually do not have a role in management of
mild symptoms.

25.8.2 Emergency Treatment

The management of anaphylaxis has been well
characterized and studied. Both in the outpatient
and hospital settings, the foremost treatment for
anaphylaxis following elimination of exposure to
the responsible allergen is intramuscular epineph-
rine. IM epinephrine can either come as an auto-
injector with weight-range dosing or in a 1:1000
solution that is also delivered according to weight.
While epinephrine doses may need to be admin-
istered as often as every 5-15 min during an
anaphylactic event given signs of shock and vital
sign abnormalities, there are other adjunctive ther-
apies that can have a role in the management of
anaphylaxis as well. Albuterol, a bronchodilator,
can be administered in the event of airway
narrowing with or without supplemental oxygen
as indicated by blood oxygen saturations.
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Antihistamines, both first and second generation
H1 antagonists as well as H2 antagonists, can
have a role in the management of anaphylaxis as
well. Similarly, additional fluid volumes can be
administered if the anaphylactic patient presents
with orthostasis, hypotension, or an incomplete
response to IM epinephrine. To ensure adequate
blood flow to the vital organs, the patient should
also lie supine with legs elevated. In a hospital
setting, further pharmacologic measures can be
employed as well including corticosteroids, vaso-
pressors other than epinephrine, and glucagon
(Table 4).

25.8.3 Avoidance

Avoidance of allergens has been the core feature
of food allergy management to date.

On a society level, food allergy has become a
focus of attention and awareness of food allergies
has significantly increased over the past one to
two decades. In 2004 Congress mandated labeling
of the eight major food allergens on all packaged
food products by passing the Food Allergen
Labeling and Consumer Protection Act
(FALCPA). This law applies only to packaged
foods and does not regulate labeling of food aller-
gens on restaurant menus, for example. This law
also only includes the eight major food allergens
and other allergens like garlic or celery might be
labeled just under spices. For seafood finned fish
and crustaceans are labeled while squid and mol-
lusks like clam, mussels, and oysters are not
included. Other countries of the world have dif-
ferent regulations in their labeling laws. In addi-
tion the advisory statement “may contain. ..” has
not been regulated and is often used by companies
as a low cost measure against law suits following
possible food allergen exposures or contamina-
tions of the packaged food (Roses 2011).

This area of uncertainty has become an increas-
ing concern among allergy providers and food
allergic patients and their families. Studies inves-
tigating foods with advisory labeling have found
detectable levels of food proteins in about 5.3% of
foods that had the advisory labeling versus 1.9%
of foods without advisory labeling (Ford et al.
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2010). This rate was even higher (42%) in the
case of milk contamination of chocolates with
the advisory labeling “May contain milk” (Risks
associated with foods having advisory labeling
Crotty and Taylor). Until this issue is being
addressed and potentially thresholds of reactivity
are being defined it is considered safer for allergic
patients to avoid those foods. Certain situations
require a risk benefit analysis, for example, in the
case of the influenza vaccine that might contain
residual amounts of egg. The benefit of receiving
the influenza vaccine most often outweighs the
minimal risk of an allergic reaction. The most
recent statement from the committee on infectious
diseases states that all children with egg allergy
can get the influenza vaccine without further pre-
cautions (Committee on Infectious Diseases
2016).

Patients have to be aware that also alcoholic
beverages may contain common food allergens
and nonfood items such as play dough may con-
tain wheat and other arts and craft items such as
finger paint may also contain egg.

The public discussion that followed the label-
ing laws has also brought increasing awareness of
food allergies to the restaurant and hospitality
industries as well as to schools.

While some schools opt to have peanut and tree
nut free classrooms or cafeterias, most of the other
common food allergens cannot be easily excluded
from the meal plans. Therefore, education of
teachers but also cafeteria personal and school bus
drivers on food allergies including safe handling of
food, recognition and treatment of food allergy reac-
tions and implementation of avoidance measures.

Education of patients and their families on
food allergies, emergency treatment, and avoid-
ance practices is the most important aspect of food
allergen avoidance. Young children and toddlers
have to be strictly supervised. Kindergarten and
school age children will have to be instructed not
to share foods and about possible food allergens
hidden in arts and craft projects. The older the
child the more responsibility they will be able to
have regarding their food allergies, starting from
communicating with teachers, peers, and also res-
taurant staff. Teens will also be able to start carry-
ing and administering epinephrine by themselves.
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An important topic that has to be discussed with
school age children and especially teenagers is
bullying around the topic of food allergies.
Sicherer et al. have conducted extensive research
around the topic of food allergy-related quality of
life issues and mental wellbeing, including bully-
ing. It was found that children with food allergies
who are being bullied in school have significantly
lower quality of life compared to children with
food allergies who are not being bullied. Parental
awareness of the bullying does offset the
decreased quality of life significantly (133—136).
Teenagers should be encouraged to make their
friends and teachers aware of their food allergies
and signs and symptoms of possible reactions to
ensure prompt recognitions and treatment of pos-
sible reactions.

Vigilance around food allergies of all parties
involved in the patient’s life is crucial to ensure a
favorable outcome as most reactions are reported
due to lack of vigilance. Wearing medical identifi-
cation jewelry is helpful, also in older children who
become more independent. In general avoidance
and treatment plans should be in place for both
home, school, restaurants, and also travel. It was
found that during international travel communica-
tion of food allergies to restaurants can be difficult
due to the language barrier. Carrying “chef cards”
that explain the food allergy, possible cross-
contamination and also methods to prepare
allergen-free food in the local language are
recommended. Some families prefer to rent apart-
ments when traveling to be able to prepare their own
food safely. Airlines have moved away from
completely peanut free flights but might restrict
peanut distribution on certain flights if a severely
peanut allergic patient is traveling on a flight. For
infants and toddlers, parents might want to inspect
the seat for food residues in folds and crevices of the
seat and wipe down the seat and tray table to clean
possible contamination from previous passengers.

The role of the allergist in avoidance is first and
foremost in education of the patient and family as
well as making sure emergency treatment and
emergency treatment plans are well understood
and in place. Review of the indications and proper
administration of injectable epinephrine is indi-
cated at every return visit.
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25.8.4 Emerging Therapies

While avoidance is crucial and at this time the
most important step in avoiding reactions to food
allergens, affected individuals are having high
hopes for an eventual cure or state of less reactiv-
ity to food allergens. While some food allergies
are often and others are sometimes outgrown as
discussed above, there is a large percentage of
food allergic individuals who do not outgrow
their food allergies and depend on the combina-
tion of avoidance and treatment of accidental
ingestions.

Over the past decade significant advances have
been made in the investigation of treatments for
food allergies. The novel treatment approaches
can be broadly classified into two groups, food-
allergen-specific  treatments and nonfood-
allergen-specific treatments. The underlying idea
is to achieve a state of sustained unresponsiveness
to the food allergen in question. As we will dis-
cuss below, safety, tolerability, and also side
effects of the therapies have to be investigated.
The duration of therapy versus the necessity of
continued treatment to maintain tolerance is
another topic currently being investigated.

25.8.4.1 Food-Allergen-Specific
Therapies

The main goal of food-allergen-specific therapies
is to achieve tolerance to the food allergen in
question. This would enable patients to consume
the food allergen without a reaction and also
would allow for periods of avoidance without
development of a reaction upon reintroduction.
Not all patients are able to reach this state, and
while some patients do not reach the full mainte-
nance dose of the allergen, they are able to tolerate
smaller amounts of the food allergen shielding
them from reactions with accidental ingestion of
small or trace amounts. However, in this case
patients often have to continue ingesting the tol-
erated amount of the food allergen daily because
reactivity after a prolonged phase of abstinence
cannot be excluded.

Oral Immunotherapy has been shown to be
effective in both observational studies and random-
ized clinical trials. It has also received press
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coverage over the past years sparking more interest
from the food allergy patient community. http:/
www.nytimes.com/2013/03/10/magazine/can-
a-radical-new-treatment-save-children-with-seve
re-allergies.html.

The underlying concept of oral immunother-
apy is that oral exposure to a food protein does
elicit an immune system response but usually
results in oral tolerance rather than sensitization,
as described above. The induction of tolerance is
thought to be mediated by upregulation of T reg-
ulatory cells in response to small amounts of the
protein and T cell anergy or deletion in response to
large amounts of the protein (Vickery and Burks
2009). While in the first 12 months a gradual
increase in the food-specific IgE levels is seen,
those levels subsequently decrease and are
accompanied by a gradual increase of IgG4 and
IgA (Wright et al. 2016).

Different levels of tolerance can be achieved
and exact definition of those states is important for
management but also continuing research efforts.
While some patients do not tolerate the full main-
tenance dose, their reaction threshold has
increased and they are now able to tolerate larger
amounts of the allergen, with the main benefit of
protecting them from accidental ingestion of small
amounts. Up to 75% of patients receiving oral
immunotherapy are reaching this state. However,
maintaining desensitization is dependent on con-
tinued ingestion of the food. Prolonged intervals
of abstinence might result in a return of reactivity
to the food.

The main goal of the therapy is induction of
tolerance meaning achieving full tolerance even
after prolonged intervals of abstinence.

In oral immunotherapy, patients are receiving
small increasing amounts of the food, starting
with a very small dose, gradual increase until a
maintenance dose is achieved. Common protocols
have the initial and early step-up doses adminis-
tered in the clinic with the remainder of the dose
increases and the maintenance doses being taken
at home. Usually the patient is restricted from
ingesting the food included in the OIT during the
treatment phase. However, it is unclear what treat-
ment interval is required to maintain sustained
unresponsiveness. A general recommendation is
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to continue ingestion of the food indefinitely
about 1-2 times per week. It is not defined what
period of abstinence followed by proven mainte-
nance of tolerance defines achievement of com-
plete tolerance. Therefore, the term “sustained
unresponsiveness” has been coined to describe
permanent tolerance.

Most clinical trials include a period of absti-
nence and it has been shown that starting OIT at a
younger age is highly effective in achieving
sustained unresponsiveness (Vickery et al. 2017).

In addition it was noted that lower pretreatment
IgE levels and longer treatment times lead to higher
rates of sustained unresponsiveness (138, 140).

Side effects from OIT are common and have
been reported in all phases of build-up and mainte-
nance. Allergic reactions have been reported in all
clinical trials and anaphylactic reactions have also
been described. These reactions result in some par-
ticipants withdrawing from the trials. Development
of Eosinophilic Esophagitis has also been reported
and the rates and mechanism of that remain to be
studied in more detail (141-143).

The underlying mechanism bases on the con-
cept that food extracts applied under the tongue
are taken up by dendritic cells and presented to T
cells in the draining lymph nodes. Most likely this
results in an upregulation and activation of T
regulatory cells and a downregulation of mast
cells. Sublingual immunotherapy as oral immu-
notherapy has a much milder side effect profile
compared to subcutaneous immunotherapy
(Narisety et al. 2015). Protocols are similar to
OIT schedules, with SLIT having an even milder
side effect profile than OIT, with mainly oropha-
ryngeal pruritus and rare reports of anaphylaxis.

Epicutaneous Immunotherapy follows the
same basic mechanism of chronic exposure to
the allergen, in this case through application on
the skin and subsequent dissemination into the
stratum corneum. There is a concern that
epicutaneous immunotherapy might lead to sensi-
tization rather than desensitization as based on the
concepts of sensitization to food allergens
described above (145). Clinical trials have now
established the importance of applying the
epicutaneous patches to intact skin rather than
eczematous skin (Mondoulet et al. 2009). In this
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form of immunotherapy, no dose escalation is
required and the initial dose is also the mainte-
nance dose. The rate of allergic reactions is much
lower than in other forms of immunotherapy. Side
effects were mainly localized to the skin and the
resulting drop-off rate was generally low with
good adherence reported in most trials. Outcomes
of a recently reported US multicenter clinical trial
using EPIT for peanut allergy were a generally
good tolerance of treatment, good adherence, and
but only a modest response to treatment. Efficacy
of treatment was found to be higher in younger
participants (Jones et al. 2017).

Subcutaneous immunotherapy as a possible
treatment for food allergies has been investigated.
Clinical trials have shown efficacy, but they have
also documented more severe and frequent side
effects and allergic reactions to the treatment com-
pared to oral and epicutaneous immunotherapy
(Nelson et al. 1997)

Research mostly on mouse models has been
conducted using either short overlapping peptides
covering the sequence of the entire protein or a
chemically modified peanut extract (Zuidmeer-
Jongejan et al. 2015).

A more recent approach has been the develop-
ment of DNA-LAMP vaccines. The allergen is
presented to the immune system using lysosome
associated membrane proteins (LAMP). This
leads to allergen presentation and triggering not
only through the MHC class I but also the MHC
class II pathway resulting in a CD-8+ and CD-4+
T-cell response (Su et al. 2016).

Genetically modified proteins have been used
for subcutaneous and intramuscular immuno-
therapy. The underlying concept is that these
protein sequences are altered in a way that they
are not able to trigger and cross-link IgE mole-
cules and therefore do not stimulate mast cells
while still being recognized by T cells. This
should lead to more safety and a less severe
side effect profile.

25.8.4.2 Therapies Not Specific for Food
Allergens

Nonfood-allergen-specific therapies are mainly

aimed at reducing the general reactivity of the

immune system.
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IgE is the main driver of allergic reactions lead-
ing to mast cell activation and subsequent release of
histamine and other mediators of allergic reactions.

Anti-IgE treatment using omalizumab a
humanized monoclonal antibody directed against
IgE has been used as a conjunctive treatment in
many clinical trials for food-allergen-specific
immunotherapy. It has been shown to reduce
side effects of oral immunotherapy. It has not
been used as a treatment for food allergies alone.

Similarly an anti-IL-4 fully human monoclonal
antibody dupilumab has been used in patients
with atopic dermatitis and is also under investiga-
tion for patients with eosinophilic esophagitis and
food allergies.

Lietal. have extensively investigated the effect
of Chinese Herbs and mushrooms on the immune
system in patients with asthma and food allergies
(Srivastava et al. 2012; Lopez-Exposito et al.
2015). The herbal formula for food allergies that
was studied in murine models has been used in
clinical trials. It has been shown to be safe and
well tolerated with an inhibitory effect on basophil
numbers. Further clinical investigation is neces-
sary before herbal formulas can implemented as a
nonfood-specific treatment for food allergies.

25.8.5 Unproven Therapies

As discussed above the rate of patient reported food
allergy and physician diagnosed food allergy is
discordant in the westernized world. The subjective
feeling of food allergy or intolerance and the failure
to prove this allergy in standardized and validated
testing motivates a subgroup of patients to undergo
alternative testing methods to validate their symp-
toms. In addition skin testing and serum IgE testing
can only be used to diagnose IgE-mediated food
allergy and do not aid in the diagnosis of other food
intolerances or food hypersensitivities. It has been
reported that about 1 in 5 patients has pursued
alternative testing for food allergies for themselves
or their child (Ko et al. 20006).

IgG levels to a particular food have been
shown to be present if a food is ingested on a
regular basis. IGG to cow’s milk can be found in
about 98% of children at the age of 2 years (Siroux
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etal. 2017). There are no studies showing a role of
IgG in food allergies. Nevertheless, there are large
panels of IgG levels for food testing available to
patients and physicians. While these tests are
marketed as not being diagnostic for acute or
anaphylactic reactions to foods but are rather
advertised as supplying additional information
aiding in the diagnosis of chronic fatigue or irri-
table bowel syndrome, many patients interpret the
results as diagnostic for food allergies. Hence,
positive IgG levels, as are expected if the food is
ingested on a regular basis invariably, lead to
unnecessary food avoidances.

Hammond and Lieberman report and summa-
rize other unproven methods that are occasionally
used in the diagnosis of food allergies (Hammond
and Lieberman 2018).

Pulse testing has been reported by author
Dr. Arthur Coca in 1956. The underlying concept
is based on the belief that sublingual or intrader-
mal exposure to the investigated food will lead to
an increase in the pulse by 16 beats per minute if
the food tests positive. It is unnecessary to stress
that apart from the missing scientific basis of this
test, it can put patients with a true IgE-mediated
food allergy at an unnecessary risk for severe
allergic reactions. Hammond and Lieberman
reported that they were unable to identify any
scientific reports studying this test.

Provocation and neutralization tests are also
exposing the patient to the food either sub-
lingually or intradermally. Any patient reported
symptom within 10 minutes of exposure is con-
sidered a positive result. This positive test can be
followed by a Neutralization phase where the food
is given at a different dosage until the reaction
subsides. Usually no placebo is used. Again, also
this method poses a significant risk for patients
with acute IgE-mediated food allergy.

Cytotoxic testing investigates the morphologi-
cal change of leukocytes after exposure to an
allergen. When this method was first described,
changes were detected by microscopy. However,
already at that time investigators proved that there
was no correlation between test result and clinical
presentation as well as no reproducibility of the
results (Semizzi et al. 2002).
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Applied Kinesiology is another unproven
method used in diagnosing food allergy. In this test
the patient holds a vial with the allergen that is being
testing. The investigator applies light pressure to the
opposite arm, if a drop in the strength of that arm is
noted the test is considered positive. No studies have
provided a scientific basis or validity of this method.

Patch testing is an established diagnostic tool
for diagnosing contact dermatitis. At this time
there is no standardized patch testing method for
IgE-mediated food allergies. Patch testing for
mixed IgE-/cell-mediated allergies is discussed
elsewhere.

25.9 Conclusion

Food allergy is an increasingly prevalent disease
that has been recognized as a significant public
health problem in the past decades. While it is
agreed upon that prenatal and early life exposures
and interactions play a significant role in the
development of food allergies, the exact mecha-
nism and combination of factors that lead to the
development of sensitization versus tolerance is
not known. Different hypotheses to help under-
stand the context that leads to the development of
food allergies have been developed, most recently
the dual allergen exposure hypothesis. Based on
these concepts, research is being focused on pri-
mary prevention strategies to help avoid a further
increase in food allergies and also immunologic
mechanisms to develop treatment tools to achieve
desensitization or tolerance in patients that are
already affected by food allergies.
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