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Preface

Despite the revolutionary progresses and innovative therapeutic strategies in medical scien-
ces, mankind has encountered some newly emerging diseases and some previously known
but apparently more occurring diseases. One of the serious and immune-mediated illnesses
is food allergy. There have been frequent reports indicating the alarmingly increase of food
allergy incidence particularly in recent decades as a result of extensive ease of access and
availability of processed, enriched, or modified foods. Today, a substantial proportion of the
industrially produced foods is genetically modified to be more enriched, especially at their
protein content. Food proteins are the main cause of the immune sensitization and thereby
subsequent development of food allergy.

In light of unraveling the recent advances from an immunologic perspective in the context
of the molecular mechanisms involved in establishment of food allergy and providing a
comprehensive review yet free of unnecessary complexity and detail, supporting all aspects
contributing to the food allergy such as pathophysiology, diagnosis, management, and treat-
ment, I collaborated with a group of the eminent experts in the field of immunology, immu-
notherapy, analytic, and diagnostic methods and food technology to write a book concisely
covering the mentioned topics. I organized the chapters logically from the basics to the
deeply mechanistic viewpoint to the advanced diagnostic approaches and finally to the
managerial and therapeutic strategies. Efforts have been made on each chapter to precisely
provide the compendious yet comprehensive information on its topic. I have frequently
faced with probing questions during my research and teaching experiences particularly by
students who confused by the paradoxical functions of immune system which leads the im-
munologic responses towards the sensitization in some people, ignoring the potential food
allergens in some other people. I think this book can answer these intricacies and help the
students for understanding the exact immunological pathways involved in food allergy.
Moreover, the material covered in the book stands on its own manner of simplicity but com-
prehensiveness making it distinct from other books in this field of science. In addition, this
book benefits from a superiority of providing the most recent advances to better understand
the molecular pathways contributing to the food allergy. I have also written a brief intro
simply describing the food allergy basics, definitions, its difference with food intolerance,
and most effective treatment methods.

This book is written in an easy and readable way, appropriate for both undergraduate and
postgraduate students of biology and medicine. However, the book is also intended to pro-
vide an advanced knowledge and recent progresses in the field of food allergy appropriate
for academic researchers, immunologists, physicians, and clinical specialists. Because of its
simplicity and briefness, it can be used also as a guidebook in hospitals or laboratories, pro-
viding the most usual diagnostic and treatment methods.
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1. Introduction

Recently, a clear definition was provided by National Institute of Allergy and Infectious
Diseases (NIAID) for the food allergy in which it is defined as the usually an extreme immune
response against the specific proteins in food. The immune reactions triggered by these aller-
genic proteins are started immediately after consuming an allergic food or lately after 2-3
days. The immune response can be acute and deadly in some cases and happens in minutes,
causing angioedema, throat or tongue swelling, obstruction of respiratory airways secondary
to swelling, and rapid fall of blood pressure, which are indicative of a dangerous life-threat-
ening immune reaction called anaphylaxis. The only way to effectively control an anaphylaxis
shock is to give an epinephrine (adrenaline) shot to the patient as soon as possible. But some
common symptoms which the patients with food allergy experience after an allergen chal-
lenge are moderate, including gastrointestinal hypersensitivity, urticaria, itchy rashes, edema
in different tissues/organs, rhinitis, and chronic asthma-like reactions.

However, one should bear in mind that the food allergy is differed by its mechanism of action
and the initial factors involved in the onset of the symptoms from the food intolerance. The
food allergy is generally an IgE-mediated immune response but food intolerance is a dif-
ficulty in digesting a specific food or compound within a food. For instance, some people
cannot digest lactose, which is usually found in milk, because they have insufficient or no
activity of lactase or suffer from completely absence of the lactase, an enzyme that breaks
lactose to smaller carbohydrates. This is a typical food intolerance, which is unrelated to the
immune system and in comparison to reactions triggered by food allergy, and is character-
ized by less acute clinical manifestations such as stomach ache, headache, irritable bowel,
hives (urticaria), cough, runny nose, and feeling unwell.

Food allergy is more frequent among children than in adults by which most cases of food
allergy occur during first 5 years of life and disappear later spontaneously. It was proposed

I m EC H © 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
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that the patients, who the onset of symptoms occurs in earlier ages, are more likely to main-
tain their allergy to foods until their later ages. The cow’s milk, peanuts, and tree nuts are
three most usual causes of food allergy among children while shellfish, fruits, and vegetables
are three most common causes of the food allergy among adults. However, millions of people
involved in food allergy worldwide in which the globalization, transportation of new foods to
the nonnative countries, increased consuming of processed foods, and production of enriched
foods by food-derived proteins such as gluten or the soy proteins are the factors supporting
the increasing trend of food allergy. Based on epidemiologic studies, the overall prevalence
of food allergy varies between 1 and 10% of the population. In a survey based on tens of
thousands medical records in the USA, the prevalence of food allergy estimated 8% among
children, 3% of which experience severe immune responses. In the USA, about 12 millions
of people have a type of food allergy. Surprisingly, despite the substantial progress in our
knowledge about healthy nutrition and, therefore, noticeable improvements in the health and
hygiene standards of the food processing and enrichments, the prevalence of food allergy has
been increased continuously in recent years. In the USA, the prevalence of food allergy among
children aged 0-17 has been increased from 3.4% in 1997-1999 to 5.1% in 2009-2011, show-
ing a 50% increase in frequency. In this regard, the food allergy is not a simple and negligible
health issue by considering the fact that it can impose the heavy costs to the national health
budget. In the USA, the healthcare system pays annual $24.8 billion for the food allergy.

The pathogenesis of allergic responses in food-sensitive patients from an immunologic per-
spective is relatively well characterized in recent years but the precise primary mechanism
which initiates the immune reaction against some allergenic proteins within foods in some
people but not in others remains to be elucidated. Food allergies can be classified into three
main categories based on their primary mechanism of initiation including 1. The pathogenic
and allergic responses by which mediated by IgE production, 2. The responses which is com-
posed of the mixed IgE- and T cells-mediated reactions, and 3. The allergic reactions unre-
lated to the IgE production and mediated by allergen-specific T cells.

Generally, food allergy can be considered as the atopic disorder. Progression of atopic dis-
orders is occurred first during infancy or early childhood, clinically is being manifested as
the atopic dermatitis, in a form of a phenomenon called atopic march. The emergence of an
atopic disease (such as atopic dermatitis) in a patient has been associated tightly with the later
progression of allergic disorders such as food allergy, allergic rhinitis, and allergic asthma.
Furthermore, nonatopic illnesses such as celiac/coeliac disease or gluten sensitivity are
being initiated by the completely distinct mechanisms, although again the immune system
is involved. In fact, celiac disease or gluten sensitivity is a type of food intolerance not food
allergy in which IgE has no role in their pathogenesis but other antibodies such as IgA and
IgG does. In celiac disease, delayed cell-mediated hypersensitivity drives the immune system
reactions in small intestine after digesting a gluten-containing food by a genetically predis-
posed individual, causing the chronic intestinal inflammation and enteropathy that result
in leaky gut. However, the abnormal mixed IgE- and cell-mediated immune responses are
responsible for 14-37% cases of the food allergy, making this category the most frequent type
of the food allergy. The food allergies with the IgE as the only causative mechanism com-
prise 0.4-10% of the food-allergic cases, ranked as the second prevalent type of food allergy.
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IgE-mediated immune responses usually occur rapidly in minutes and causes severe and
acute clinical manifestations. However, this type of food allergy varies in different countries
in order to the type of the food responsible for allergenic reactions. In most of the Asian
countries, shellfish is the most frequent cause of the food allergy, whereas the wheat allergy
is infrequent. Initially, food-sensitized individuals, in their subsequent exposure to that food,
experience severe and immediate responses that are driven by IgE. Food allergen-specific
IgE molecules are attached to the specific receptors on the effector cells such as basophils
and mast cells then the allergens can bind to these receptor-bound IgE molecules, leading
the cells for degranulation and release of abundant amounts of inflammatory mediators such
as histamine, TNF-a, IL-4, and IL-13. Histamine is one of the key mediators in IgE-mediated
allergic responses, makes the capillaries permeable to the immune cells, causes the broncho-
constriction, smooth muscle cells contraction, mucus release, and urticaria and has a key role
in initiating the anaphylaxis. Mast cells contribute not only in the immediate phase of allergic
responses by mass-degranulation of their inflammatory mediators like histamine and sero-
tonin but also contribute in late-phase immune response by cytokine production, antigen
presenting, and T cell priming. After an immediate phase of allergic response against an aller-
gen food, the later phase of immune response is triggered and maintained by production of
leukotrienes and cytokines such as IL-4, IL-5, and IL-13. A broad range of organ-specific and
systemic clinical manifestations occur during an IgE-mediated allergic response against an
allergen food. The organ-specific manifestations comprise the gastrointestinal, oral, skin, and
respiratory symptoms, while the systemic manifestations include hypotension, hypothermia,
and anaphylactic reactions.

Mixed immune pathways-mediated food allergy is frequently occurred in food allergen-
sensitized individuals, characterized by atopic symptoms which are mostly the exacerbated
atopic dermatitis after exposure to an allergenic food or in some cases gastrointestinal allergic
reactions such as eosinophilic oesophagitis. The immune system in mixed food allergies acts
through both IgE-mediated pathway and cell-mediated delayed hypersensitivity. The acti-
vation of T helper 2 (T,;2) cells has a central role in triggering the delayed hypersensitivity
against allergenic foods.

The last type of the food allergy is mediated through non-IgE-related pathways, largely driven
by the action of allergen-specific T cells. In non-IgE-mediated food allergy, (initiated by aller-
gen-specific T cells), the most common clinical symptoms are more occurred within the gas-
trointestinal tract rather than in other organs such as respiratory system or skin. Generally,
infants and toddlers are involved in this type of food allergy, which results in some specific
types of enteropathy and enteric inflammation such as the food protein-induced enterocolitis
syndrome, food protein-induced proctocolitis, and food protein enteropathy, and their etiolo-
gies have been remained unknown to date.

As an alternative viewpoint, regarding the time required for onset of symptoms, the food aller-
gies can be classified into two groups including those mediated by rapid immune responses
in which the mast cells, basophils, and IgE play main role and those mediated by delayed
immune responses in which the basophils, T cells, and eosinophils are responsible for chronic
allergic inflammation and late-phase immune reactions.
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However, the mechanism by which the host’s immune system develops the tolerance (healthy
reaction) or sensitization (allergy) against a food has been partially elucidated. A subtype of
dendritic cells (DCs) classified as the CD103* DCs are the key cells concerting the immune
system tune against the food allergens, leading the immune responses either toward a tuned
(healthy) or a false response (allergy). DCs sample the food allergens thorough the epithelial
cell barrier of the gut. Other antigen presenting cells such as macrophages help the DCs for
antigen sampling. Then these antigen activated DCs migrate from the lamina propria toward
a secondary lymphoid tissue and there prime the naive T lymphocytes to differentiate into
FOXP3' regulatory T (T, ) cells. These primed and antigen-specific T, cells are main immune
cells responsible for tolerance against food allergens. In addition, CD103* DCs also involved
in triggering the naive CD4" T cell to polarize into FOXP3-, IL-10-secreting T cells which are
called type 1 regulatory T cells (Tr1 cells). Tr1 cells have also critical role in dampening the
immune response against food antigens. The DC-mediated polarized T cells contribute in
suppressing the immune reaction against food allergens and induce the IgA production by
B cells. In contrast, during the sensitization process, CD103* DCs shift the immune system
toward a cascade of responses directed by T, 2 cells. In sensitized patients, the food allergens
trigger inflammatory responses mediated by gut epithelial cells via producing the thymic
stromal lymphopoietin (TSLP), IL-25, and IL-33. These cytokines affect the DCs, empowering
them to deviate the polarization of naive T cells toward the T, 2 cells rather than the T 1 cells.
Then T2 cells induce the class-switching of B cells to produce allergen-specific IgE followed
by subsequent responses by effector cells (mast cells, basophils) which is end in the food
allergy.

There have been a series of diagnostic methods, some of them developed decades ago but
until recently have been remained reliable enough although in some cases they give false
positive or false negative result. However, the medical history and physical examination are
the first line approach for medical diagnosis of food allergy in which some disorders such as
the history of an atopic disease can guide the physician toward a proper diagnosis. In addi-
tion, a method based on step-by-step removing the nonallergic food from the dietary regi-
men until reaching the food causing the allergic response is the only fully reliable method of
identifying the original cause of the food allergy. An accurate and generally accepted variant
of the method called oral food challenge (OFC) has been developed but it could not be used
extensively thus far due to requirement of intensive laboratory resources, its time-consuming
procedures and the risk of undergoing anaphylactic reactions. The serologic tests such as
measuring the total IgE and allergen-specific IgE, skin tests such as skin prick test, intrader-
mal skin test, and atopy patch test can also help for diagnosis, though these tests indicate only
the sensitization not a clinical food allergy. There are also two novel highly accurate diagnos-
tic tests including the component-resolved diagnosis and basophil activation test although yet
are being in the developing process in research settings.

The management and treatment methods for food allergy are mostly based on avoidance
or elimination of the allergenic food from the dietary regimen. Currently, the only method
whose effect can last for long time is known as the allergen-specific immunotherapy (SIT). In
the SIT method, the allergen food is usually administered orally to the patient in a controlled
manner in order to relieve the food allergy, which is called antigen desensitization. However,
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other desensitizing immunotherapy methods are also developed and done by introducing
the allergen food to the immune system via other routes of administration like sublingual
or skin. In the sublingual immunotherapy (SLIT) method, first, a very small amount of the
allergen food is placed under the tongue, maintained for minutes then the amount of allergen
is increased gradually over the several days or weeks. The results of using SLIT or oral immu-
notherapy (OIT) have been very promising, making the immune system tolerant to the aller-
gen food in gram amounts. Other therapies mainly relied on mitigating the symptoms such
as the anti-IgE monoclonal antibodies, anti-histamines, anti-leukotrienes, and epinephrine.
For targeting the non-IgE-mediated but T-cell-dependent food allergies, there are also some
symptomatic treatments such as the steroids and anti-IL5, inhibiting the T cells activation. In
additidon, some studies suggest that the early introduction of potentially allergenic food may
prohibit or decrease the chance for emergence of food allergy. Other studies suggest also a
preventive and protective role of vitamin D against food allergy.
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Abstract

Worldwide, food-allergy-related diseases are a significant health problem. While the
food industry works on managing cross-contaminations and while clinicians deal with
treatment, laboratories must develop efficient analytical methods to ensure detection of
hidden allergens that can cause severe adverse reactions. Over the past few years, huge
progress has been made in mass spectrometry for the analysis of allergens in incurred
and processed foodstuffs, especially as regards sample preparation and enrichment
(solid phase extraction, protein precipitation and ultrafiltration). These achievements
make it possible to meet the Allergen Bureau's Voluntary Incidental Trace Allergen
Labelling (VITAL) sensitivity criteria. The present chapter details the different steps in
the development of mass spectrometry methods, from peptide selection to the valida-
tion of qualitative and quantitative methods. The chapter focuses mainly on studies
performed with incurred and processed food samples to ensure the applicability of the
methods to allergen detection in real food products.

Keywords: allergens, advances, detection, quantification, challenges, mass spectrometry,
UHPLC-MS/MS, validation

1. Introduction

Food allergies have increased significantly, affecting between 3 and 4% of adults and at
least 6% of children [1]. According to the European Academy of Allergology and Clinical
Immunology (EAACI), the prevalence of food allergy has doubled over the past 10 years
[2]. After an adverse reaction to a foodstuff, which may range from mild to severe (e.g.

I m EC H © 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
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anaphylaxis) [3, 4], allergic patients have to exclude that foodstuff from their diet. Each
year in the United States, some 100 deaths are caused by anaphylaxis due to food allergy
[5], the main culprits being allergens from peanut, tree nuts, fish, shellfish and milk [6].
Currently, there exist no treatments for food allergy, but clinical trials have been performed
to test subcutaneous immunotherapy and oral immunotherapy used to desensitize patients
[7]. The high level of adverse reactions observed in these trials has led clinicians to find
safer alternative therapies, such as sublingual and epicutaneous immunotherapy. These
approaches consist, respectively, in placing allergens (drops or tablets) under the tongue or
in using a skin patch to induce sustained protection against anaphylaxis [8]. Although they
do not treat allergic disease, they improve considerably the quality of life of highly allergic
patients and constitute a real hope for them [9, 10]. The number of potentially allergenic
ingredients that must appear on food labels differs in different parts of the world [11]. In
Europe, regulation (EU) 1169/2011 imposes indicating the following 14 ingredients: milk,
peanut, egg, soybean, fish, crustaceans, cereals containing gluten, tree nuts, celery, lupin,
mustard, sesame, molluscs and sulfur dioxide [12]. This regulation fails to take into account
the accidental introduction of allergens during production, transportation or storage, even
though allergens introduced in this manner can trigger severe reactions [13-15]. To protect
food consumers, the industry has widely used precautionary allergen labelling (PAL) (i.e.
statements such as ‘may contain’, ‘may contain traces of...”) [16]. Yet, the lack of correlation
between the presence of allergens and precautionary labelling has led customers to lose
trust in food labels [17-20]. In a study of food product recalls over a four-year period in
the European Union, the United States, Canada, Hong Kong, Australia and New Zealand,
42-90% of the recalls, depending on the country, were justified by the presence of allergens
not indicated on the label [21]. Between 2007 and 2012, the Food and Drug Administration
(FDA) recalled 732 products because of allergen contaminations [22] and allergic reactions
are due to five foods: milk, egg, peanuts, wheat and soybean (Figure 1).

The distribution of these recalls in the European Union, reported in Figure 2, shows that the
products most commonly involved in food recalls are cereals and bakery products.
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Figure 1. Number of food recalls per allergen category in the United States, Europe, Canada, and Australia between 2012
and 2015 [23-26].
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Figure 2. Percentage distribution of food allergen recalls in the European Union (according to the Rapid Alert System
for Food and Feed) [24].

The widespread use of PAL can be explained by the lack of regulatory thresholds and the
complexity of food allergen management through the supply chain. To counter this lack,
the Voluntary Incidental Trace Allergen Labelling (VITAL) system has been developed in
Australia and New Zealand to assist food producers in managing cross-contaminations dur-
ing food production [27]. This system sets allergen thresholds, based on clinical studies, for the
protection of 95-99% of the allergic population. Other referentials for allergen thresholds are
the European Academy of Allergy and Clinical Immunology (EAACI) and the Netherlands
Food and Consumer Product Safety Authority (NVWA) [28] (Table 1).

While the systems just mentioned have no regulatory value, food laboratories use them in
evaluating method sensitivity. To obtain a concentration expressed in ‘mg proteins per kilo-
gram’, a food portion size must be considered in order to compare the analytical method
with VITAL thresholds (e.g. a portion size of 50 g, Table 1). Yet while VITAL thresholds are
expressed in ‘mg proteins’, laboratories express their results in ‘mg ingredients” [29, 30] or
may refer either to soluble proteins [31, 32] or total proteins [33] per kg. To compare method
performances, a conversion factor must thus be applied (e.g. 25% proteins in whole peanuts
[34]). Moreover, VITAL action levels have been determined from clinical studies, mostly on
the basis of the allergenicity of raw ingredients, although studies have demonstrated a major
decrease in allergenicity in baked products. For example, 50-85% of allergic children are able
to tolerate baked egg [35] and a study published in 2015 found 63% to tolerate 3.8 g egg-white
protein in baked-egg products [36].

Nevertheless, the prevalence of baked product recalls confirms that laboratories must develop
sensitive methods for detecting allergens in processed foodstuffs. The most widely used
methods are based on the recognition of allergen proteins by antibodies, notably lateral flow
device methods and enzyme-linked immunosorbent assays (ELISAs) [39]. DNA-based meth-
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Food Reference dose VITAL Reference dose Reference dose Reference dose VITAL
(mg of proteins) IEAACI (mg of NVWA (mg of (mg of proteins per kg)
[27, 34, 37] proteins) [38] proteins) [28] Portion size:50 g

Peanut 0.2 0.2 0.015 4

Cow milk 0.1 0.1 0.016 2

Egg 0.03 0.03 0.0043 0.6

Hazelnut 0.1 0.1 0.011 4

Soy 1.0 1.0 0.078 20

Wheat 1.0 1.0 0.14 20

Cashew 2.0 2.0 1.4 40

Mustard 0.05 0.05 0.022 1

Lupin 4.0 4.0 0.83 80

Sesame 0.2 0.2 0.10 4

Shrimp 10 10.0 3.7 200

Fish / 0.1 / /

Table 1. VITAL (http://allergenbureau.net/vital/), EAACI (http://www.eaaci.org/) and NVWA (https://www.nvwa.nl/)
reference doses for different food allergens.

ods such as those exploiting the real-time polymerase chain reaction (PCR) [40] are also used
to detect the presence of allergens. Currently, mass spectrometry is becoming an alternative to
these methods, as heat-processing induces protein denaturation and structural modifications
that might result in non-recognition of the target protein by conformational antibodies and
thus in the case of ELISAs, lead to false negatives or at least major underestimation of allergen
content [41-44]. Mass spectrometry has the advantage of permitting simultaneous analyses
for several allergens in food, including processed food products, with high sensitivity and
specificity.

This chapter highlights the important improvements made over the last 10 years in mass spec-
trometry applied to the development of allergen detection methods. It covers and discusses
the mass spectrometry methods currently used to detect and quantify allergens in processed
food products, including their validation.

2. Detecting food allergens

2.1. Selecting marker peptides

Food allergens (except sulfites) are proteins that need to be digested by enzymes (trypsin
and chymotrypsin) so as to generate peptides suitable for routine mass spectrometry analy-
sis. Identification and selection of robust peptides are generally done first on digested raw
ingredients before analysis of digested processed ingredients in food matrices. This section
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summarizes two approaches commonly used to select marker peptides (the instrumental
approach and the in silico approach) and the specificity and sensitivity critera used.

2.1.1. Peptide selection
2.1.1.1. Instrumental peptide selection

The first approach is to identify abundant marker peptides by high resolution mass spec-
trometry (HRMS). Downstream from allergen analysis by HRMS, the generated data are
transferred into an algorithm for assigning peptides to MS/MS spectra (MASCOT, X!Tandem,
SEQUEST) [45]. For example, Sealey-Voyksner et al. analysed 12 tree nuts and peanut-raw and
roasted (176.7°C, 30 min) by time of flight (q-TOF) (Agilent 6530) spectrometry and selected
two abundant peptides per tree nut and four for peanut [46]. In a previous study, ice cream
spiked with peanuts was analysed by q-TOF (Waters Micromass II) to identify peptides of the
Ara h1 allergen [47]. In a 2012 study, Cucu et al. identified several soybean marker peptides
by matrix-assisted laser desorption ionization (MALDI-TOF/MS) [48]. The main advantage
of this approach is that global peptide and protein profiles can be analysed for the different
samples.

2.1.1.2. In silico peptide selection

Another strategy for selecting marker peptides is to retrieve target protein sequences from a
database, e.g. Uniprot (http://www.uniprot.org/), and to perform an in silico digestion with an
open access software, e.g. Skyline or MRMaid [49, 50] (Figure 3).

In silico digestion with multiple reaction monitoring (MRM) involves generating a list of
criteria that must be applied or set by the user as regards peptides, transitions and MS/MS

; SOFTWARE PROCESSING
—F h. Peptide settings
Shyline Transition settings

ﬂ MRMs design

protein/ diEsstion
protein extract ﬂ

unprocessad processed

food p 2 ; food Selection of SF“!CE'“I:

peptldc!-f transitions

Figure 3. In silico peptide selection with the Uniprot database and Skyline software.
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parameters (e.g. peptide length, charge states, fragmentation and enzyme). Then raw ingredi-
ents or incurred matrices can be analysed by ultra-high performance liquid chromatography
coupled to tandem mass spectrometry (UHPLC-MS/MS). This approach allows identification
of abundant peptides. It was used by Rogniaux et al. for the analysis of wheat varieties: several
gluten peptides were identified with a linear ion trap quadrupole mass filter in tandem with
an orbitrap (Thermo Fisher Scientific) [51].

An in silico approach also requires a complete database with available protein sequences.
Uniprot inventories, however, can be too large (e.g. >145,000 proteins for the wheat species-
Triticum aestivum), making it necessary to first select target proteins from the literature. Use
of a routine UHPLC-MS/MS instrument is the main advantage of the in silico approach for
laboratories unwilling to invest in a high-resolution mass spectrometer.

2.1.2. Specificity

BLAST: Afterthis selection, blasting must be performed to guarantee the specificity of marker pep-
tides. This step is mandatory but not always included in method development. In one study, for
example, Hoofnagle et al. selected five peptides for the detection of (3-casein in cookies: EMPFPK
(6AA), VLPVPQK (7AA), AVPYPQR (7AA), GPFPIIV (7AA) and DMPIQAFLLYQEPVLGPVR
(19AA) [52]. Only one of these peptides could be blasted, and this peptide is 100% homologous
to goat, zebu, buffalo, yak and sheep (-casein (Uniprot). In proteomics, peptide blasting should
be systematic, even though the international trade frequently introduces new food products and
although some proteins can still be missing in the different databases.

The specificity of selected fragments is also paramount. To improve specificity, the mass-to-
charge ratio (m/z) of the precursor should be lower than the m/z of the fragments. Too-small
fragments should be avoided. At least, fragments of 1 to 2 amino acids (b1, b2, y1, y2) should
be excluded, which is not always the case in published methods [53, 54].

Blanks: Matrices without allergens must also be analysed to ensure the specificity of the
selected transitions of the target peptides. As databases do not cover all possible proteins and
as new food products enter the food chain regularly, this experimental testing is crucial to
proving method specificity.

2.1.3. Identifying marker peptides in incurred foodstuffs

The advantage of using mass spectrometry is detection of allergens in industrial food prod-
ucts. For such applications, only target peptides and proteins that will be detected in incurred
and processed matrices, such as those listed in Table 2, need to be retained in the analytical
methods. Some peptides are common to the majority of published methods: FFVAPFPEVFGK
and YLGYLEQLLR (Casein aS1), and GGLEPINFQTAADQAR (ovalbumin), among others.
Target peptides detected after different extraction and purification steps in several types of
matrices constitute potential marker peptides for the detection of allergens in a wide variety
of foodstulffs.
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Authors Matrix Allergen  Protein Peptide Fragments
Heick Bread (60 min,  Milk aS1-casein YLGYLEQLLR b2,y8
etal.[53)  200°C) FFVAPFPEVFGK y8, y9
aS2-casein NAVPITPTLNR b2, y8
FALPQYLK al, y5
Egg Ovalbumin ~ HIATNAVLFFGR a2, yl10
YPILPEYLQCVK y6, y8
DILNQITKPNDVYSFSLASR a2,y8
ELINSWVESQTNGIIR y9, y10
Soy Glycinin NLQGENEGEDKGAIVTVK a2, b3
VFDGELQEGR a2,y8
SQSDNFEYVSFK y3,y10
EAFGVNMQIVR y6, y8
Peanut Arahl DLAFPGSGEQVEK a3, y9
GTGNLELVAVR y5, y6
Arah3/4 RPFYSNAPQEIFIQQGR y6, b7
WLGLSAEYGNLYR a2, yl1
Hazelnut  11S globulin  ADIYTEQVGR y6, y7
INTVNSNTLPVLR v4,y9
QGQVLTIPQNFAVAK y8, y10
ALPDDVLANAFQISR y8, y9
Walnut Jugrl DLPNECGISSQR y4,y10
QCCQQLSQMDEQCQCEGLR y3, y10
GEEMEEMVQSAR y7,y8
Almond  Prunin GNLDFVQPPR y3,y7
GVLGAVFSGCPETFEESQQSSQQGR  y6, y7
ALPDEVLANAYQISR y8, y9
NGLHLPSYSNAPQLIYIVQGR y6, b1l
Pilolli Cookie Milk aSl-casein ~ FFVAPFPEVFGK y8,y9, y10
etal. 2016  (200°C, 12 min)
56] YLGYLEQLLR y5, y6, y8
Egg Ovalbumin ~ GGLEPINFQTAADQAR y7, y10, y12
YPILPEYLQCVK b4, y8, y9
Peanut Conarachin ~ VLLEENAGGEQEER y7,y8, y12
EGEQEWGTPGSEVR y6,y8, y9

13
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Authors Matrix Allergen  Protein Peptide Fragments
Soy Glycinin SQSDNFEYVSFK y3,y10
G1-G2
FYLAGNQEQEFLK y9, y10, y11
Hazelnut 115 globulin- ADIYTEQVGR y6, y7
like protein
ALPDDVLANAFQISR y7,y8,y13
Lamberti Cookie Milk aSl-casein  YLGYLEQLLR v8,y9, y10
etal. [57] (180°C, 10 min)
FFVAPFPEVFGK y8,y9, y10
HQGLPQEVLNENLLR y11, y12
Pedreschi Cookie Peanut Arahl VLLEENAGGEQEER V9,8, y7, y6,
et al. [58] (180°C, 16 min) y4, y2
DLAFPGSGEQVEK y10, y9, y8, b4,
b3, b2
Arah2 CCNELNEFENNQR y8, y6, y5, y4
NLPQQCGLR y7,y6,y5, a2
CDLEVESGGR v8, y6,y5, y4
CMCEALQQIMENQSDR y14, y11, y10, y8,
y7,y6,y5,b2
Arah3 LNAQRPDNR ymax, y8, y7,
y5, b2
SPDIYNPQAGSLK ymax, y12, y9, y8,
y7,y5, b3
AHVQVVDSNGNR b7, y6, b5
Huschek Cookie Soy Gly m6 VFDGELQEGR 903.6/ 489.2/ 788.5
etal. [59] (190°C, 13 min)
LSAEFGLR 432.3/779.4/ 579.3
LNALKPDNR 742.4/ 629.3/ 501.2
Sesame Ses i6 ISGAQPSLR 472.3/728.4/ 671.4
AFYLAGGVPR 556.3/ 485.3/ 669.4
SPLAGYTSVIR 795.4/ 866.5/ 575.4
Lupine B-conglutin  LLGFGINADENQR 846.4/661.3/ 797 4
NTLEATFNTR 951.5/838.4/ 709.4
NPYHFSSQR 761.4/ 624.3/ 477.2

Table 2a. List of target marker peptides used to detect several allergens in bread and cookies [55-59].

2.2. Developing mass spectrometry methods

After selection of marker peptides, the developed method must be able to detect traces of
the allergen proteins in the “mg allergen proteins per kg food product’ range. The real chal-
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Authors Matrix Allergen Protein Peptide Fragments
Planque Cookie Milk aS1-Casein FFVAPFPEVFGK y6,y8, y9
etal. (180°C—18
[33,60] min), sauce HQGLPQEVLNENLLR b4, y6, y7
(95°C, 45 YLGYLEQLLR ¥5, y6, y7
min), ice
cream and aS2-casein NAVPITPTLNR b3, y8, y8
chocolate B-lactoglobulin  VYVEELKPTPEGDLEILLQK y11, y14, y16
VLVLDTDYK y5, y6, y7
LSFNPTQLEEQCHI y7, y10, y10
Egg Ovalbumin GGLEPINFQTAADQAR y10, y12, y12
LTEWTSSNVM EER y7,y8,y9
ISQAVHAAHAEINEAGR y9, y10, y11
Vitellogenin EALQPIHDLADEAISR y6,y7,y12
NIPFAEYPTYK y4,y9,y9
NIGELGVEK y5, y6, y7
YLLDLLPAAASHR y7,y7, y11
Apovitellenin ~ NFLINETAR y5,y6, y7
Peanut  Cupin NTLEAAFNAEFNEIR y7,y8, y9
RPFYSNAPQEIFIQQGR b7, y6, y10
FNLAGNHEQEFLR y5,y9, y10
TANELNLLILR y6,y7,y8
Soy Glycinin ISTLNSLTLPALR y7,y8, y9
EAFGVNMQIVR y5, y6, y7
ELINLATMCR y5, y6, y8
LITLAIPVNKPGR y7,y9, yl1
Parker  Muffin Egg Lysozyme FESNFNTQATNR Not
etal. (177°C, provided
[61] 48 min) NTDGSTDYGILQINSR
Ovalbumin ELINSWVESQTNGIIR
GGLEPINFQTAADQAR
HIATNAVLFFGR
Milk aSl-casein FFVAPFPEVFGK
HQGLPQEVLNENLLR
YLGYLEQLLR
B-lactoglobulin  LSFNPTQLEEQCHI
TPEVDDEALEK

VLVLDTDYK
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Authors Matrix Allergen Protein Peptide Fragments
Peanut  Arahl GTGNLELVAVR
NNPFYFPSR
Arah2 CCNELNEFENNQR
CMCEALQQIMENQSDR
NLPQQCGLR
Arah3 FNLAGNHEQEFLR
SPDIYNPQAGSLK
WLGLSAEYGNLYR
Gomaa  Cookie Milk aS1-casein HQGLPQEVLNENLLR best
etal. (177°C, . transitions
2014 [62] 12 min) aS2-casein NAVPITPTLNR not selected
LNFLK
ALNEINQFYQK
K-casein YIPIQYVLSR
Soy Glycinin G1 HNIGQTSSPDIYNPQAGSVTTATSLDFPALSWLR
precursor
TNDTPMIGTLAGANSLLNALPEEVIQHTFNLK
VLIVPQNFVVAAR
HQQEEENEGGSILSGFTLEFLEHAFSVDK
EGDLIAVP...DQMPR
Glycinin G2 TNDRPSIGNLAGANSLLNALPEEVIQHTFNLK
precursor
QNIGONSSPDIYNPQAGSITTATSLDFPALWLLK
Beta conglycinin DLDIFLSIVDMNEGALLLPHFNSK
alpha chain
precursor AIVILVINEGDANIELVGLK
Wheat Alpha amylase YFIALPVPSQPVDPR
trypsin inhibitor
LLVAPGQCNLATIHNVR
LTAASITAVCR
LPIVVDASGDGAYVCK
SGNVGESGLIDLPGCPR
EMQWDFVR
DYVLQQTCGTFTPGSK

Table 2b. List of target marker peptides used to detect several allergens in sauce, ice cream, chocolate, cookies and

muffins [60-62].

lenge for laboratories is to achieve this sensitivity with processed foodstuffs. To reach this
sensitivity, two factors must be considered: instrument sensitivity and optimization of sam-
ple preparation. The different strategies used to evaluate sensitivity are described below.
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Instrument sensitivity: No comparison of the sensitivities of different instruments with the
same peptide extract has yet been published for allergen analysis, although the sensitivity of
the instrument is crucial to the sensitivity of the method, as in the case of other contaminants.
One should bear in mind, however, that the most sensitive research-dedicated instrument
might not be the best choice for routine analysis (automated injection and short analytical
run).

Extraction and purification of proteins: The ideal sample preparation protocol should allow
extraction of 100% of the target compounds, the final extract used for MS analysis being as
pure as possible. Yet, the preparation of samples for food allergen analysis is difficult, because
it should be applicable to a very broad range of food matrices and because the extractability of
proteins might be altered in a processed food [63]. In addition, several modifications can occur,
e.g. asparagine deamination, the Maillard reaction and several reactions of lysine. Such modi-
fications cause a mass shift of tryptic peptides, resulting in non-recognition of several peptides
by mass spectrometry [64-66]. To improve protein extraction, different parameters can be opti-
mized: the composition of extraction buffers, the temperature, the sample-to-buffer ratio and
the presence of detergents. Furthermore, the purification step is as important as extraction in
order to concentrate proteins in and eliminate interferences from the supernatant. Purification
usually involves solid phase extraction (SPE), protein precipitation, ultrafiltration and size
exclusion chromatography (SEC), among others. Optimizing extraction and purification is a
key step in developing sensitive methods for the detection of allergens by mass spectrometry
(Table 3).

Determining the sensitivity: The sensitivity of food allergen analysis can be determined on
spiked samples (obtained by incorporating extracted proteins into a matrix after processing),
fortified samples (obtained by incorporating raw ingredients into a matrix after processing)
or processed samples (obtained by incorporating raw ingredients into a matrix before pro-
cessing). For spiked and fortified samples (‘non-processed samples’), examples of the limit of
quantification (LOQ) reached are 0.1 mg milk protein, 0.3 mg egg protein and 2 mg soy protein
per kg cookies [67] and 0.1-1.3 mg tree nuts per kg biscuit [68]. Although these studies dem-
onstrate the sensitivity of mass spectrometry, the real challenge is to reach this sensitivity in
thermally processed samples. Important improvements have been made over the last 5 years
in the detection of allergens in processed samples. Recently, developed methods allow reach-
ing an LOQ near or below the VITAL threshold (Table 1), e.g. 0.5 mg for milk protein, 3.4 mg
egg protein, 5 mg soy protein and 2.5 mg peanut protein per kg incurred cookie (180°C, 18
min, with SPE purification) [60]. In another study, the LOQs achieved were 30 mg egg (13.8
mg proteins), 20 mg milk (7.2 mg proteins), 19 mg soy (6.8 mg proteins), 20 mg hazelnut (3 mg
proteins) and 40 mg peanut (10 mg proteins) per kg incurred cookie (200°C, 12 min, with SEC
purification) [56].

As described above, the sensitivity reached for processed samples is lower than that obtained
with spiked or fortified samples. The same applies to ELISAs, which can show up to 100-fold
lower sensitivity when applied to processed food than when applied to raw food, as demon-
strated by the poor performance of several ELISAs for egg detection in cookies after process-
ing. In 2010, Dumont et al. showed that one ELISA kit was not even able to detect 1000 mg egg
powder per kg baked cookie, and four others strongly underestimated the amount of egg in
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Figure 4. Analytical results for 1000 mg spray-dried whole egg powder (National Institute of Standards and Technology
RM 8445) per kg incurred cookies, obtained with the different enzyme-linked immunosorbent assay test kits for egg
detection (A-E) (from Ref. [69]).

the samples (Figure 4 of Ref. [69]). While mass spectrometry and ELISAs show comparable
sensitivities when applied to unbaked products, mass spectrometry seems to be the method
of choice for the analysis of allergens in baked food products.

3. Quantifying food allergens

Detecting hidden allergens in food products is essential to protecting the food-allergic population.
For full transparency of allergen labelling, laboratories should also be able to quantify allergens
in order to help food manufacturers manage cross-contamination during food production [70].
However, significant signal suppressions have been observed in various food matrices, and the
level of suppression depends on the matrix considered. In one study, for example, high-protein-
content food products showed greater suppression of the peptide signal than ones with a low pro-
tein content: the determined LOQ values were 20 mg skim milk powder per kg for high-protein
foods and 5 mg skim milk powder per kg for low-protein foods [71]. The food protein content is
not the only parameter to be considered in relation to suppression of the peptide signal obtained
by mass spectrometry: factors such as the type of process, the fat content and the presence of tan-
nins also have an important influence on food allergen detection and must be taken into account.

While detecting allergens in various food products is difficult, quantifying them is even worse. In
recent years, mass spectrometry techniques have been used for quantitation in proteomic analy-
sis. Two approaches have emerged as the most relevant for food allergen quantification: label-
free quantification and the use of stable-isotope-labelled peptides or proteins [70, 72, 73]. The two
strategies are compared in Table 4 (target peptides, internal standards and calibration curves)
and discussed in relation to the AOAC guideline 2016.002 method performance requirements for
the quantification of allergens in food products, specifying a recovery between 60 and 120% and
intra-day and inter-day coefficients of variation lower than 20 and 30%, respectively [74] (Table 5).
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Parameter Target allergen

Whole egg Milk Peanut Hazelnut
Analytical range, ppm 10-1000 10-1000 10-1000 10-1000
MLQ, ppm <5 <10 <10 <10
MDL, ppm <1.65 <3 <3 <3
Recovery % 60-120 60-120 60-120 60-120
RSD, % <20 <20 <20 <20
RSD, % <30 <30 <30 <30

Reported as ppm of the target allergen in food commodity i.e. 25 ppm of “whole egg’ in cookies.

Table 5. Method performance requirements from the AOAC guideline SMPR 2016.002 for egg, milk, peanut and hazelnut
allergens in terms of analytical range, method quantification limit, recovery and intra-day and inter-day coefficients of
variation (table from Paez et al. [74]).

3.1. Label-free quantification

The label-free quantification strategy is based on comparing the peptide signal intensities of
different samples (Table 4a). Three label-free quantification possibilities are described below.

External calibration: Monaci et al. used this approach to quantify milk proteins in fruit
juice. Using a calibration curve obtained by spiking fruit juice with extracted milk pro-
teins, they found recoveries between 68 and 79% [75]. This strategy was also used to quan-
tify peanut proteins in rice crispy/chocolate snacks [76]. A significant suppression effect,
ranging from 30 to 50%, was observed for the Ara h2 peptide signal, while suppression
of the Ara h3/4 peptide signal was less than 10%. A more recent study by Mattarozzi et al.
obtained recoveries between 95 and 118% for lupin -conglutin peptide in spiked biscuits
[77]. Although less expensive than other approaches, this approach requires a calibration
curve for each matrix.

Modified synthetic peptide approach: Zhang et al. introduced an internal standard peptide
(KILDKVGINNYWLAHKALCSE) with an added asparagine residue (N) in the B-casein pep-
tide VGINYWLAHK. They obtained recoveries between 98.8 and 100.6% [78]. The use of an
internal standard allows better recovery, but adding an amino acid can change the retention
time and modify the ionization of target peptides.

Standard addition: This label-free quantification strategy consists in adding standards to the
matrices. It was used by Posada-Ayala et al. for the quantification of commercial food prod-
ucts [79]. This approach consists in adding different known quantities of extracted allergen
proteins directly to the sample to be analysed before digestion and in quantifying the tar-
get allergens with the resulting calibration curve. The recovery was not specified, but this
approach allows correcting at least for digestion and matrix effects. However, the theoretical
level of contamination in the samples must be known in order to adapt the quantities of stan-
dards to be added.
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3.2. Stable isotope labelling quantification

This strategy is based on the use of isotope-labelled (*C-, *N-, D-labelled) peptides or
proteins [80] (Table 4b). It is recommend to use a 6-Da mass difference with respect to
the amino acid for doubly charged precursors and an 8-10-Da mass difference for triply
charged precursors [52]. Although more expensive than the strategies described above, this
approach has the advantage that the unlabelled and isotope-labelled peptides show simi-
lar ionization and similar mass spectrometry response signals. For allergen quantification,
three kinds of isotope-labelled standards exist [81]: proteins [82], concatemers [83] (or long
isotope-labelled peptides) and Aqua peptides [61, 71, 75, 84] (isotope-labelled peptides)
(Figure 5).

Isotope-labelled proteins: The principle of this approach is to add a labelled protein to the
sample before extraction. Newsome et al. studied the recovery of the milk allergen a-S1 casein
in baked cookies using a labelled internal a-S1 casein, and obtained recoveries ranging from
60 to 80% [82]. Use of an internal standard allows correcting for the matrix effect and for
effects linked to different steps in the sample preparation protocol (protein extraction and
enzymatic digestion). It thus allows accurate determination of the recovery and precision for
processed samples. This ‘gold standard’ approach is really expensive, however, making its
use unrealistic for the vast majority of routine laboratories.

Isotope-labelled peptides: The principle is to add labelled peptides to the sample after diges-
tion and before the purification steps. This approach is less expensive than the use of iso-
tope-labelled proteins, and synthetic labelled peptides can easily be commercially obtained.
Huschek et al. used isotope-labelled peptides to quantify soy, lupin and sesame allergens [59].
They determined the recovery of their method by spiking wheat, cookie and bread with the
labelled peptides and obtained results between 69.4 and 112.9%. One could argue, however,
that very similar matrices were used in this study (wheat-based products) and that this type
of study should be extended to other matrices in order to validate the ability of the isotope-
labelled peptide to correct for matrix effects.

Lutter et al. quantified milk proteins in baby food, infant cereals, breakfast cereals and
rinsing water, using a calibration curve obtained by spiking 0.1% formic acid with milk
protein. The estimated recovery rates were between 16 and 66% [71] Lutter et al. In this
study, the isotope-labelled peptides were used to correct for effects related to different
steps of the analysis. While using a single calibration curve can be useful in the routine
laboratory context, the relatively low recoveries obtained in this study reveal the inability
of an isotope-labelled peptide to correct for sample-preparation-related effects. We have
compared the areas of milk, egg, peanut and soy peptide peaks for three matrices with
and without isotope labelled peptides. Our results clearly show that an isotope-labelled
peptide is able to correct for matrix effects but not for effects linked to the extraction and
digestion steps [85] planque et al.

Isotope-labelled concatemers/long isotope-labelled peptides: The isotope-labelled concate-
mer used in this technique is a chimeric protein containing all the labelled target peptides.
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Figure 5. Three types of internal standards are used for the quantification of proteins by mass spectrometry (1) isotope-
labelled protein (2) Isotope-labelled concatemers or long isotope-labelled peptides (3) isotope-labelled peptide (from Ref. [81]).

This internal standard is added to the sample before enzymatic digestion. The advantage of
this method is that a single concatemer can contain peptides belonging to different proteins
or allergens. This strategy has been used in proteomics, but it is not yet used for food allergen
quantification [86]. An emerging alternative to use of a concatemer is use of a so-called ‘long
isotope-labelled peptide’. Chen et al. compared the use of three types of internal standard:
human B-casein, isotope-labelled peptide VL [*C,, "N] PV["*C,, "N]PQK and a long isotope-
labelled peptide QSVLSLSQSKVL["C,""N] PV[*C,"N]PQKAVPYPQRQ [83]. The long iso-
tope-labelled peptide provided better recovery, due to correction for digestion-step-related
effects. The recovery based on spiked materials was between 98.8 and 106.7%. In 2016, it was

29
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shown that long isotope-labelled peptides allow recoveries of 97.2-102.5% for a-lactalbumin
and 99.5-100.3% for B-casein in the quantification of human milk [87]. This strategy is a good
compromise between isotope-labelled proteins and peptides. It allows correcting both for the
matrix effect and for digestion-step effects, unlike the use of isotope-labelled peptides.

In conclusion, these studies show that using an isotope-labelled protein or a long isotope-
labelled peptide provides better recovery than the isotope-labelled peptide approach. As
explained below in the section devoted to result validation, the recovery must be determined
with allergen-spiked samples and processed matrices in order to meet AOAC specifications.
Published methods, however, do not always meet the AOAC requirements, even with spiked
samples. For instance, Careri et al. [76] observed a suppression effect between 30 and 50% for
the Ara h2 peptide signal, and Monaci et al. [75] obtained recoveries ranging from 68 to 79%
for a-lactalbumin and {3 lactoglobulin. Altogether, these works show that internal standards
are needed for the quantification of allergens in food matrices. Currently, furthermore, the
use of a calibration curve for each type of sample is the best way to respect the AOAC guide-
line requiring a recovery between 60 and 120%.

Future studies should thus still be done to improve the quantification of allergens from a
single calibration curve with a good recovery.

4. Validating food allergen methods

While mass spectrometry methods are increasingly sensitive, there remains room for improve-
ment. Furthermore, there subsist obstacles to the harmonization of allergen detection meth-
ods in food laboratories [85]. In April 2016, the AOAC SMPR 2016.002 guideline ‘Standard
method requirements for the detection and quantification of selected food allergens” was pub-
lished. This guideline is the first to specify target limits for sensitivity and range of linearity,
target matrices and reference materials for the analysis of allergens (egg, milk, peanut and
hazelnut) in food matrices by mass spectrometry (Table 5).

To obtain comparable results among laboratories, it is crucial to adopt validation guidelines.
The AOAC guideline, however, is not sufficiently detailed, and each laboratory tends to apply
its own rules. In what follows, we compare this guideline with published methods in terms of
sensitivity, range of linearity, recovery and precision.

Sensitivity: In the AOAC guideline, the method quantitation limit (MQL) is defined as
MQL = average (blank) + 10 x s, (blank). Laboratories, however, often use other strate-
gies to determine the limit of quantification (LOQ), such as determining a signal-to-noise
(5/N) ratio which should be higher than 10 [56, 60] or estimating an LOD and an LOQ as
3s/slope and 10s/slope, respectively, where s is the standard deviation of the blank signal
(n=10) [57]. On the other hand, the sensitivity can differ from one matrix to another. For
example, in a study where cookie, ice cream and sauce were spiked with 0.5 mg milk
proteins per kg, the observed S/N ratio was 26 for the cookie matrix, 83 for ice cream and
228 for sauce [85]. This also highlights the importance of a “fit-for-purpose” description of
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an analytical method. Moreover, the sensitivities of developed methods should be deter-
mined on the same reference materials (MoniQa, LGC) to ensure (1) their capacity to reach
the sensitivity set by the AOAC guideline and (2) an appropriate comparison of method
performances.

Linearity: The range of linearity is set as 0.001 to 0.1% allergen contamination (10 mg to 1000 mg)
of allergenic ingredients per kg) and thus does not always include the MQL (e. g. an MLQ,  of
5 mg per kg). In the case of high-sensitivity methods, the coefficient of regression is determined

using a lower range of concentrations [57, 71].

Recovery: Recovery must range from 60 to 120%. Such recovery values are hard to reach for
the detection of allergens in processed samples, and recovery can only be determined by spik-
ing food matrices with allergens. Focusing on egg, milk and peanut in spiked and incurred
muffin and cereal bars, Parker et al. constructed calibration curves by spiking the matrices
with allergen proteins [61]. In the case of spiked muffin, the determined recovery was 98.6%
for egg peptide (GGLEPINFQTAADQAR), 87.7% for milk peptide (YLGYLEQLLR) and
100.2% for peanut peptide (SPDIYNPQAGSLK). When the muffins were baked for 48 min at
177°C, the recoveries were dramatically lower: respectively 45.2%, 75.2% and 70.2%.

Inter- and intra-day coefficients of variation: According to AOAC SPMR, three unknown sam-
ples should be analyzed at least seven times to determine the reproducibility of the method.
Lamberti et al. determined an intra-day coefficient of variation between 5 and 20% by performing
three independent extractions at two different concentrations and three injections per extract [57].

Guidelines for the validation of mass-spectrometry-based methods for allergen analysis
should be more precise, like the guidelines 2002/657/EC ‘Validation of residues in products of
animal origin’ and SANCO/12574/2013 ‘Residues in products of animal origin method valida-
tion procedures for pesticide residues analysis in food and feed’. In SMPR 2016.002, several
details are missing;:

* The number of target peptides that a method should include to confirm the presence of an
allergen, as well as fragment ion number and/or type.

* Criteria for the relative retention time, the ion ratio and the specificity of the method (blast,
analysis of different blank and matrices), the level of spiking for determining precision and
accuracy (for example, the LOQ, action limit and upper limit).

5. Conclusion

The major increase of the allergic population has prompted the development of numer-
ous allergen detection methods. Over the past few years, improvements in the detection
of allergens by mass spectrometry have been impressive, allowing detection of processed
allergens with high sensitivity (a few mg of proteins per kg of food). Optimization of extrac-
tion and purification steps has notably played a key role in the improvement of analytical
methods. Allergen quantification is performed mainly with labelled internal standards.
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The best approach involves the use of labelled proteins, allowing correction for effects
occurring throughout the sample preparation protocol. The high cost of labelled proteins,
however, has promoted the use of other strategies, such as methods based on long isotope-
labelled peptides and standard addition of allergens.

The validation of qualitative and quantitative MS-based methods for routine detection of
allergens is still very recent. The AOAC guideline is a first step towards the development
of methods that will allow procedure harmonization, making it possible to compare results
between laboratories. These methods should be both improved and extended to other aller-
gens in order to demonstrate their validity and robustness.
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Abstract

Plant-derived proteins are remarkable macromolecules of scientific interest because they
represent an alternative to the animal-derived proteins and petroleum-derived polymers.
Many food proteins especially those derived from animal sources could act as antigens
in humans. For instance, milk proteins extracted from cows may cause food intolerance
during infancy. Further, soybean, peanuts, tree nuts, fish, crustacean shellfish and egg
proteins may act as antigens in 90% of children. Since the GI tract is permeable to intact
antigens the oral intake of these proteins may generate gastrointestinal (50-80%), cutane-
ous (20-40%) and respiratory symptoms (4-25%). Most of these allergens are water-soluble
glycoproteins that are resistant to acids and enzymes. Usually, these proteins have a small
molecular weight (10,000-60,000 kDa), water solubility, glycosylation residues, and a rela-
tive resistance to heat and digestion. Allergenicity is less frequent in vegetable proteins
due to their less flexible and non-compact structure. Allergenicity is also related to the
resistance to proteolysis, post-translational glycosylation, presence of epitopes, and enzy-
matic proteolysis. Moreover, proteins serve as a coating material if structural modifica-
tions in the protein, either by physical, chemical or enzymatic mechanisms are conducted.
As aresult, their allergenicity is reduced, and their functional properties are enhanced.

Keywords: encapsulation agents, allergenicity, proteins, bioactive compounds, protein
derivatization

1. Introduction

A food allergy occurs once the body develops a specific and repetitive immune response to cer-
tain foods [1]. It can be divided into two major categories based on the mechanism involved:
(i) the immunoglobulin E (IgE)-mediated, such as allergy to proteins from milk, egg, peanut

I m EC H © 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
open science | open minds distribution, and reproduction in any medium, provided the original work is properly cited. [{cc) ExgIN



44 Allergen

etc. It is the most severe reaction, especially to food containing proteins, and (ii) the non-
IgE-mediated allergy such as that of gluten or celiac disease, where the allergic symptom
is triggered by ingestion of gluten from cereals namely wheat, rye and barley in their diets.
In recent years, food allergies have caused a major health alarm affecting nearly 1% of adult
population in the world and from 6 to 8% of children [2—4]. Thus, the prevalence of food aller-
gies has increased in several regions all over the world. Further, more than 170 types of foods
have been identified as potentially allergenic [5]. The animal-derived sources include eggs,
milk, fish and crustacean shellfish; whereas the vegetable-derived sources include wheat, soy
and nuts. The former group of proteins are responsible for causing more than 90% of allergic
reactions [5, 6]. Most food allergens are stable molecules that resist the effect of food process-
ing, cooking and the digestive process. These glycoproteins are characterized by their ability
to induce a pathogenic IgE response in susceptible individuals [7]. Usually, food allergens
are formed by divalent or multivalent molecules with two or more antibodies-binding sites
calls epitopes, which are responsible for interacting with immune effector molecules such
as the IgE antibodies [2—4]. Moreover, many food proteins especially those derived from ani-
mal sources could act as antigens in humans.

Currently, there is a worldwide search for new materials of natural origin that confers
the physical, chemical and sensory characteristics to food products similar to those of syn-
thetic additives applied on a daily basis. These synthetic compounds have been considered
as potentially toxic in hypersensitive people, leading to health problems, causing allergies,
hyperactivity, and cancer [8-11].

Proteins are macromolecules considered as emergents, these are versatile compounds having
a good biocompatibility, biodegradability, high nutritional value, amphiphilic properties, and
exhibit a strong interaction with several types of active compounds via hydrogen bonds, and
electrostatic interactions [12]. Further, proteins are also able to function as emulsifiers, foam-
ing and gelling agents [13-16]. Their chemical and structural versatility makes them suitable
candidates for the delivery of bioactive hydrophobic and hydrophilic ingredients from a wide
range of platforms such as particles, fibers, films and hydrogels [16].

One of the emerging and promising uses of proteins is in the microencapsulation tecnology
of different compounds in the pharmaceutical, food and cosmetic fields. This technology
is defined as a mechanical, chemical or physico-chemical process that isolates and protects
the potentially sensitive active ingredients (i.e., liquid, solid or gas) from the damaging envi-
ronment. In most cases, spherically-shaped products are obtained and the resulting particles
could be classified according to their size as capsules (1-1000 pm), microcapsules (100-1000 nm)
or nanocapsules (1-100 nm). In this process, the active ingredient is protected from the envi-
ronment by a membrane, which in turn is named as the wall or coating material. This mem-
brane controls the release and stability of the core material [17]. Nonetheless, to date, only
a few proteins have been considered to be effective coating materials for the encapsulation
of several core compounds such as vitamins, minerals, microorganisms, oils, phenolic com-
pounds, among others. These proteins are mainly obtained from animal sources rather than
plant sources. Proteins derived from milk, wheat, soy and cereals are the most widely stud-
ied for this aplication, but are considered as allergenic. For this reason, research has focused
on the search for new sources of nonallergenic proteins that allows for the modification of their
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physical structures using chemical treatments such as the Maillard, hydrolysis, acylation
or cationization reactions to improve the encapsulating capacity of the protein and in turn,
decrease their allergenicity.

2. Allergenic proteins

Proteins are macromolecules derived from plants or animals that range in size from several
thousand to several million Daltons [18, 19]. In general, proteins are composed of amino acids
linked through peptide bonds resulting in chain lengths ranging from ~50 to >100,000 amino
acids [19]. This sequence creates a characteristic three-dimensional organization (or folding)
which in turn, can be organized into four structural levels.

The primary structure of proteins is formed by the linear sequence of bound amino acids.
The secondary structure is due to the formation of hydrogen bonds between the carbonyl
(-CO-) and amino (-NH) groups forming a folded structure. The latter describes the path that
the polypeptide backbone of the protein follows in the three dimentions. The alpha and beta
helices are the most important conformations of the secondary structure. Further, the tertiary
structure describes the three-dimensional organization of all atoms in the polypeptide chain,
including the side groups, as well as the polypeptide backbone. The quaternary structure
of the protein is formed by the association between two or more proteins that exhibit a tertiary
structure, resulting in a typical functionality [19, 20].

Amino acids are amphoteric in nature and thus, react with acids or bases due to the presence
of alkaline (NH,) and acidic (COOH) groups. Currently, there are twenty common amino acids
having side chains of different size, shape, charge and chemical reactivity [19, 20]. The degree
of hydrophobicity and hydrophilicity of amino acids is one of the main determinants
of the three-dimensional structure of proteins. Amino acids such as glycine, alanine, valine,
leucine, isoleucine, methionine and proline have non-polar aliphatic side chains; whereas
phenylalanine and tryptophan have non-polar aromatic side groups. These hydrophobic
amino acids are generally found within proteins, forming the so called hydrophobic core [19].
Other amino acids have ionizable side chains such as arginine, aspartic acid, glutamic acid,
cysteine, histidine, lysine, and tyrosine; whereas asparagine, glutamine, serine, and threonine
contain non-ionic polar groups, which are often found on the surface of the protein allowing
for a strong interaction with the aqueous ambient [19].

Proteins are mainly obtained from: (i) oilseeds and protein crops such as soybeans, rapeseed,
peas, lentils, broad beans and sunflowers; (ii) cereal sources such as wheat, oats, rye, barley,
maize, rice, sorghum, millet and quinoa; and (iii) algae [21]. Vegetable proteins also possess
several advantages such as a good biodegradability and biocompatibility, have a low cost
and a high availability, and pose no health risks [22, 23].

Proteins can be classified according to their sedimentation coefficient (S), which is defined
as the rate of sedimentation per unit of acceleration of the particle in a medium. This prop-
erty varies according to the molecular weight, conformational space and behavior of the pro-
tein in the environment. However, there are four large families of plant proteins that are
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classified according to their solubility into globulins, albumins, prolamins and glutelins.
Albumin and globulins are the main constituents of plant-derived proteins [19].

Albumins are highly soluble in water and have a molecular weight ranging from 10 to 100 kDa.
This group includes mostly proteins that present structural and storage functions [24]. In
general, albumins contain high levels of lysine and sulfur amino acids, such as methionine
and cysteine, and a high amount of disulfide bridges that favor the resistance against thermal
denaturation [19, 20].

On the other hand, globulins are the main proteins obtained from vegetable sources. They
are soluble in aqueous saline solutions and are mainly composed of two fractions having
a sedimentation coefficient of 7S and 115, respectively, which in turn depend on the plant
source and culture conditions. Globulins are an important part of storage proteins, and have
a molecular weight of more than 100 kDa. They are rich in arginine, aspartic acid, glutamic
acid and their amides [19, 20].

Glutelins and prolamins are proteins soluble in basic aqueous solutions and hydroalcoholic
mixtures, respectively. Their structure has been poorly studied, but these fractions represent
agglomerates of globulins bound together by disulfide bonds and hydrophobic interactions,
resulting in a complex morphology [21].

Currently, there are 16,712 recognized protein families in the Pfam database, but only 255
(~1.13%) of them are considered as allergens. Further, only 0.16% of the top 20 families
account for ~80% of all reported cases of food allergenicity (Table 1) [25].

Further, it has been observed that the structural properties of proteins significantly affect
their functionality, including the allergenic potential [25]. A survey conducted on common
protein allergens reveals that they possess a wide range of physical characteristics, and none
of them is unique to a class of protein allergens. Nevertheless, one report suggested that
allergens tend to be ovoid in shape, although it is unclear why this should contribute

Family Source Family Source

Prolamin superfamily Plant Oleosins Plant

Tropomyosin Animal Lipocalin Animal: arthropod and mammalian
Cupin superfamily Plant Beta-1,3-glucanase Plant

Profilin Plant Papain-like cysteine protease Plant

EF-hand domain Plant, animal Thaumatin-like protein Plant

PR-10 Plant Expansin, C-term Plant: all grasses
Alpha/beta-caseins Mammal Trypsin-like serine proteases Animal: arthropod and mammalian
Hevein-like domain Plant Enolase Fungi and plants

Class I chitinases Plant Expansin, N-term Plant: all grasses except 1

Table 1. Classification of allergenic proteins according to their family and source.
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to allergenicity [26]. Further, the fact of having repetitive motifs also contribute to allerge-
nicity [26]. Many of the important allergens are exceptionally heat stable and retain their
allergenicity after heating [26]. However, there are proteins not considered as allergens that
possess any of the properties described previously [26].

Particular claims have been made regarding the contribution of intramolecular disulfide bonds
to the allergenicity of proteins. Thus, proteins from house dust mites could induce allergenicity
if disulfide bonding through site-directed mutagenesis occurs. Otherwise, allergenicity prevents
making proteins unable to bind IgE. Further, the loss of disulfide bonds may cause allergens
to lose their immunologic identities (i.e., the ability to bind pre-existing specific IgE antibody)
and hence, the ability to initiate the novo IgE production [26]. Further, the induction of IgE
antibody by wheat agglutinin could be lessened by reducing disulfide bonds with thioredoxin
[26]. However, the ability of disulfide bonds to have a qualitative contribution to the allergenic-
ity of wheat agglutinin is still unknown. A quantitative reduction of the antigenicity of a protein
could result in a reduction of the allergic response to a protein without altering its intrinsic aller-
genicity, only if the vigor of the immune response is reduced. In order to determine whether
the intrinsic allergenicity of a protein has been altered, it is necessary to assess independently
its allergenicity and its antigenicity. This may be achieved experimentally by simultaneously
measuring both the IgE (allergenic) and IgG (antigenic) response upon exposure. Further, it
seems likely that disulfide bonds influence allergenicity, in unpredictable ways. Their presence
can profoundly affect the processing and stability of antigens, and hence the release or destruc-
tion of T-cell epitopes [26]. The presence of multiple intramolecular disulfide bonds per se does
not make a protein as an allergen, nor does their absence preclude allergenicity. For instance,
ovalbumin is considered as an allergen despite of having only a single intramolecular disul-
fide bond that contributes little to its stability, whereas bovine serum albumin (BSA) having 17
intramolecular disulfide bonds is much less allergenic [26].

2.1. Allergenic animal proteins

Animal food allergens are classified into three general families such as tropomyosins, EF-hand
proteins, and caseins [27]. However, regardless of their family the ability to act as an allergen
appears to be related to relative identity with human homologues. Thus, if the protein has
a sequence identity from 54 to 63% with respect to human homologues, then it is considered
as allergenic. Nevertheless, a higher identity does not implies allergenicity [27, 28].

The family of tropomyosins is divided into four types of muscle proteins, where none of them
causes an IgE response in humans [25]. In fact, no human IgE response to tropomyosin
from birds or fish has been identified. This is expected since these sequences have an identity
with human tropomyosins greater than 63%, which is translated in the absence of allergenic
activity [27].

EF proteins form the second family of animal-derived food allergens, and they are composed
of parvalbumin [27]. Parvalbumins are divided into a- and 3-parvalbumin. The a-parvalbumin
is considered to be non-allergenic, whereas 3-parvalbumin is found in a variety of fish spe-
cies, retaining the allergenic potential and is absent in human muscle [28].
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Out of the caseins that have been shown to elicit an IgE response in humans, the rule of thumb
is the closer the sequence to the human equivalent is, the less likely an IgE response will
occur. Conversely, sensitization to BSA is the main predictive marker for the cross-reactivity
to cow’s milk that is present in 73-93% of patients with beef allergies, despite of the fact that
BSA shares 76% identity to its human homolog [27, 29].

Cow’s milk and egg allergies are some of the most common food allergies found in young
children. It is estimated that ~3.8 and 2% of children younger than 5 years old have cow’s
milk and egg allergies, respectively. These allergens are commonly found in a variety of foods
due to their technological and nutritional importance [6]. Thus, lactoglobulin is the major
allergen in cow’s milk. Milk contains more than 20 protein fractions. In the curd, four caseins
account for ~80% of milk proteins. The remaining 20% of the proteins, are globular proteins
(e.g., lactalbumin, lactoglobulin, and bovine serum albumin), and are found in whey and egg
proteins from both components (i.e., yolk and egg white) causing sensitization [30].

Parvalbumin represents the major clinical cross-reactive fish allergen. It contains heat-resistant
linear epitopes that are s sensitizing by the interaction of metal-binding domains. In addition,
other fish allergens are found in collagen and gelatin isolated from skin and muscle tissues.
On the other hand, in shellfish, crustaceans and mollusks, tropomyosin is the major allergen
that triggers allergic reactions [31].

2.2. Allergenic vegetable proteins

About 65% of plant food allergens belong to the group of prolamins, termites and the group
of proteins related to pathogenesis (PR-10) [25]. The prolamin family include storage pro-
teins, lipid transfer (LTPs), alpha-amylase/protein inhibitors and albumins from most cereal
seeds. Their 3D structure consists of a compact structure with four alpha-helices stabilized
by disulfide bridges and a central cavity used for lipid binding. However, similarity in their
third-party structures does not indicate a similarity in their amino acid sequence between
proteins in the same group. Further, prolamins from wheat are known to cause baker's
asthma and celiac disease in humans. Alpha-amylase/trypsin inhibitors from various cereals,
such as wheat, barley and rice, have also been involved in allergies. Some of the clinically
reported allergenic plant proteins belongs to the family of prolamins such as Ara h 2, Ara
h6,Sin a1, Berel, Sesi2 and Jug v 1. Non-specific LTPs are known to be the main food
allergens in the fruits of the Rosaceae family. The presence of specific IgE in LTP is considered
a significant risk factor for allergy and may serve as a diagnostic marker [25]. The most rel-
evant termite-type allergens are the 7S and 11S globulins. 7S globulins include Arahl, Jugr2
and Sesi3, whereas the 11S globulins include the Arah3, soy glycinins, Bere2, Cora9 and Fagel
[32]. The third structure of the proteins belonging to the termite group consists of a series
of antiparallel 3 leaves associated with an a-helix forming a cavity [32]. This structure is also
found in several lipocalin-like proteins involved in the transport of hydrophobic ligands,
including milk 3-lactoglobulin [32]. Further, plant prophylines share about 70% of the amino
acid sequence homology [32-34].

All gliadin and glutenin protein fractions have been described as wheat grain allergens.
The main properties of these proteins is to form a continuous viscoelastic network when flour
is mixed with water to form a dough to be used in products such as bread, pastries, pasta,
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and crackers. However, wheat gluten exhibits a low solubility in aqueous solution. This fact
limits the applications of wheat gluten in various types of food, since a good solubility is
the main requirement for use in liquid foods and beverages. Furthermore, solubility is closely
related to other functional properties of proteins such as the foaming, emulsifying, and gell-
ing ability [35]. In soybean there are eight registered proteins which could trigger an aller-
gic response. However, two of them named as [-conglycinin and glycinin represent ~70%
of the soybean proteins. As a result, the incidence of soy protein allergy is much lower than
other food allergens, such as milk or peanut proteins [36].

There are over 10 allergenic proteins identified in peanuts of which the Ara h 1, Ara h 2,
and Ara h 3 are the most abundant peanut allergens and cumulatively represent approxi-
mately half of the total protein content [37]. Furthermore, the prevalence of allergy to tree
nuts is estimated to be about half of that of peanut allergy. Tree nut allergic reactions tend
to be severe and accidental exposures are common. Walnut, cashew, almond, pecan, Brazil
nut, hazelnut, macadamia nut, pistachio, and pine nut are the most common tree nuts respon-
sible for allergy cases in the USA and Europe. Moreover, from 20 to 50% of peanut allergic
patients are also allergic to tree nuts [38].

3. Mechanism of action of allergenic proteins

The prevalence of food allergy has been steadily increasing around the world. The relevant risk
factors for food allergies are: (i) an increased use of antacids which is translated in a reduced
digestion of allergens; (ii) a reduced consumption of omega-3 polyunsaturated fatty acids
in the diet; (iii) a reduced consumption of antioxidants; (iv) genetics; (v) male gender; (vi)
race, since it is increased among asian and black children as compared to white children; (vii)
an increased hygiene; (viii) a northern climate; (ix) obesity, since this is an inflammatory state;
(x) timing and route of exposure to foods (increased risk for delaying allergens with possible
environmental sensitization); and (xi) vitamin D insufficiency [1, 39]. Most food allergens
belong to only a limited number of proteins, and around 65% of plant food allergens belong
to just four protein families, such as the prolamin, cupin, Bet v 1-like, and profiling, whilst ani-
mal food allergens can be classified into three main families named as tropomyosins, EF-hand
proteins and caseins [40]. In general, children food allergies to milk, egg, wheat, and soy typi-
cally resolve during childhood, whereas allergies to peanut, tree nuts, fish, and shellfish are
persistent. The prognosis also varies with disorder; for instance, food allergy related to eosin-
ophilic esophagitis appears to have a relatively poor chance of resolution. For instance,
the resolution rates are slow for allergies that have been commonly outgrown, such as those
to milk, egg, wheat, and soy [39].

The human body has a series of physiological barriers for protection against foreign antigens.
In the digestive system, these barriers are composed of two groups: (i) non-immunological such
as the gastric acid, pancreatic enzymes, intestinal enzymes, mucus, the membrane of the micro-
villi, the mucosal layer and intestinal peristalsis), and (ii) immunological, such as IgA, IgE,
IgM, IgG, lymphocytes, macrophages, Peyer’s patches, intestinal secretory IgA and secre-
tory IgA in breast milk [30]. Usually, when the immune system recognizes food proteins
as a foreign body, immunoregulatory mechanisms are established that lead to the acquisition
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of tolerance. Alterations in these regulatory mechanisms alter the induction of tolerance, result-
ing in food allergy [30]. An allergy reaction require a complex interaction between the pro-
tein and the immune system [26]. The National Institute of Allergy and Infectious Diseases
of the United States, identified four categories of immune-mediated adverse food reactions
such as IgE-mediated, non-IgE-mediated, mixed, and cell-mediated reactions. The most preva-
lent non-IgE-mediated reactions are eosinophilic esophagitis (EoE), the food-protein induced
enterocolitis syndrome, proctocolitis, entheropathy and celiac disease [41]. The IgE-mediated
reaction is by far, the most well established mechanism, where the antibodies bind to the high
affinity receptors of mast cells and basophils, and to the low affinity receptors on macrophages,
monocytes, lymphocytes and platelets. Thus, IgE are able to bind a specific receptor on the sur-
face of mast cells and basophils, when two or more of these captive IgE molecules bind to their
specific antigen, becoming cross-linked on the surface of the cell [26]. Once the allergens pen-
etrate the mucosal barriers and bind to the IgE of mast cells and basophils, these cells release
mediators that cause vasodilatation, smooth muscle contraction and mucosal secretion, giving
rise to the typical symptoms of immediate hypersensitivity (Annex 1) [30].

In order to crosslinking to takes place, at least two antibody molecules must bind
to the inducing allergen. An allergen must therefore contain at least two IgE binding sites,
each one contains at least 15 amino acid residues. This implies a lower size limit for pro-
tein allergens of approximately 30 amino acid residues [26]. The IgE-mediated allergic
immune response can be divided into three phases: (i) the sensitization phase in which
B lymphocytes switch to the production of specific IgE, (ii) the effector phase consist-
ing of an acute reaction and a facultative late-phase reaction; (iii) a chronic phase that
may be the result of repetitive late phase reactions. The acute reaction causes activation
of mast cells and basophils releasing histamine, leukotrienes, and other mediators known
to be responsible for the wheal and flare reaction occurring in the skin and at various muco-
sal sites including the eye, nose, lung, and gastrointestinal tract [7]. The IgE-mediated reac-
tion occur immediately or within 1-2 h of ingestion, whereas non-IgE-mediated reactions
generally have a delayed onset beyond 2 h of ingestion [42].

A limited number of foods are responsible for the majority of reactions in IgE-mediated
food allergy. For instance, allergy to cow milk, eggs, wheat, and soy are more common
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Annex 1. IgE-mediated protein hypersensitivity.
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in infants and young children, whereas seafood, peanuts, and tree nuts are the most common
causes of food allergy in adults [40]. The IgE-mediated reaction in skin includes hives and
angioedema, whereas the gastrointestinal manifestations include mouth and lip pruritus,
abdominal pain, vomiting, and diarrhea. On the other hand, a variety of respiratory tract
symptoms that generally involve IgE-mediated responses, includes rhinorrhea and wheez-
ing, whereas isolated asthma or rhinitis are unusual [42]. Further, the IgE-mediated food
allergy may cause the dietary protein-induced syndromes such as enteropathy and entero-
colitis. These in turn, cause profuse vomiting, diarrhea, dehydration and lethargy. Other
syndromes include proctocolitis, gastroesophageal reflux, infantile colic, constipation
and the Heiner syndrome [42].

4. Proteins used as coating materials: an emergent trend

There are many coating materials considered as “generally regarded as safe (GRAS)” which are
used in the encapsulation process. Most of them are derived from natural sources such as natu-
ral gels (e.g., gum arabic, alginates, carrageenan and mesquite gum), modified starches, malto-
dextrin and proteins (e.g., whey proteins, gelatin, soy, rice, sunflower and peas) [13, 18, 4349].

Animal-derived proteins are the most widely used coating materials, either alone or in com-
plexes with polysaccharides applying techniques such as coacervation and spray drying.
For instance, Chi and City [50] used whey protein to encapsulate rambutan oil by spray dry-
ing. They obtained an EE and yield of 69.9 and 28.5%, respectively using gelatin as a coating
material; whereas whey proteins rendered an EE of 73.9% and yield of 58.6%. The best yield
and EE was achieved with milk proteins instead of proteins obtained from tissues. Likewise,
several researchers have evaluated the encapsulation activity of proteins such as gelatin [19,
45, 51], sodium caseinate in combination with lactose, or maltodextrin and other protein-
carbohydrate complexes [19]. Remarkably, Rubio and his team [52] patented the process
to obtain microcapsules and nanocapsules based on free whey proteins or complex poly-
saccharides employing “Blow-spinning,” “blow-spraying,” “electrospinning” and “electro-
spraying” as encapsulation techniques. In general, animal proteins tend to be more soluble,
flexible and smaller in size at a broader pH range than proteins obtained from plant sources.
For instance, casein proteins have a molecular mass of 20 kDa, whereas the molecular mass
of soy proteins is 350 kDa. Further, animal proteins have a much faster diffusion kinetics at
the interfaces and present a greater stability in emulsions, which is the key in many encapsu-
lation processes [12, 53]. On the other hand, the large globular nature of vegetable proteins
presents a greater challenge at stabilizing the interface in an emulsion and these proteins
render a low EE. These emulsions are stabilized by increasing the viscosity of the continuous
phase instead of acting on the interface, leading to a lower entrapment efficiency of the dis-
persing compound resulting in a higher susceptibility towards oxidative and degradation
reactions. However, plant proteins exhibit several advantages that make them highly attrac-
tive in the pharmaceutical, cosmetic and food fields [12, 53]. For instance, plant proteins
reflect the current “green” and “clean” label trends, and they are not considered allergenic
as compared to the animal-derived proteins. In addition, the niche marketing restrict the use

51



52 Allergen

of animal proteins in the diet and increase their cost promoting plant proteins as ideal coating
materials from more abundant sources [12, 53].

In order to replace synthetic polymers and animal-derived products, there is a growing
interest in the industrial use of renewable resources from natural origin having unexplored
applications. Thus, natural macromolecules such as plant proteins have drawn considerable
attention due to their availability, biodegradability, renewable character and various physi-
cochemical properties that make them able to form films. The film forming ability of proteins
is based on the unfolding characteristics of the protein structure in a solvent. This unfold-
ing is favored by pH changes, addition of electrolytes, heat treatments, or solvent removal
[13, 19, 20, 43, 54-56]. The solvents used to prepare the protein solutions are mostly water,
ethanol, and rarely acetone. Proteins must be in an open or extended form in order to allow
the molecular interactions for the formation of the film to take place. Further, these inter-
actions depend on the protein structure (degree of extension) and the respective sequence
of hydrophobic and hydrophilic amino acids in the protein. Therefore, vegetable proteins are
very suitable materials for the encapsulation process of active ingredients in the food, phar-
maceutical and cosmetic fields [12, 46, 53].

4.1. Encapsulation methods with proteins

Since the encapsulation methods are diverse and complex, they are classified according to
the type of organic solvent, the energy expenditure, or application field. However, the most
common classification method is related to the production process. In this case, it could
be classified as physical, chemical or physicochemical processes [46, 57]. In general, the encap-
sulation process involves three steps: (i) the formation of a wall around the core material;
(ii) complete closure of the wall, so any possible leakage of the core is avoided; (iii) genera-
tion of a capsule, either by chemical reactions or physical treatments [58]. The particle shape
thus obtained depends on the physicochemical properties of the core, the coating material
and the technique implemented (Figure 1) [21].

The morphology (shape and structure) of the microparticles is in turn, classified into two
categories: capsules and spheres [18]. In the first case, the capsule is composed of a cluster
of particles having a liquid or solid core surrounded by a continuous solid coating, which
is generated only by chemical methods. In the second type, the sphere is formed mechani-
cally, either by a process of atomization or milling process. Whereby, the active ingredients
are finely dispersed as fine solid particles or liquid droplets within the matrix. A third cat-
egory may rise comprising more complex structures, such as multilayer capsules or multi-
layer spheres. Further, both capsule and spherical morphologies should not have defects or
pinholes to ensure a greater stability. Therefore, the presence of defects may increase the rate
of oxidation or hydrolytic degradation (Figure 1) [18, 53]. Further, microparticles might
exhibit from irregular to spherical shape. In fact, the coating material is generally adapted
to the outline of the particle having a wide variety of shapes [21].

The most common encapsulation techniques include spray drying, extrusion, coacervation, lipo-
some formation, fluid bed coating, inclusion complexes, ionic gelation, lyophilization, cocrys-
tallization and emulsification. As mentioned previously, their morphology is classified into
two major categories named as microspheres and microcapsules. Microspheres are typically
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Encapsulation technique Morphology obtained

Spray-drying Coating material
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(water insoluble)
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Figure 1. Morphology of the particles obtained by microencapsulation: (a) single microcapsule, (b) microsphere, (c)
multilayer microcapsule, (d) multilayer microspheres, and (e) irregular microcapsule.

formed by a physical process such as spray drying, fluid bed coating, extrusion, and multiple
emulsification [18, 59, 60]. On the other hand, the chemical process associated to the capsule
formation include phase separation, ionic gelation, coacervation and liposome formation [18,
44, 57]. The different methods used for microencapsulation and the resulting main features are
presented in Table 2.

The choice of the encapsulation technique for a particular process depends on: (i) the desir-
able size, biocompatibility and biodegradability of the particles; (ii) the physicochemi-
cal properties of the core and the coating materials; (iii) the intended use; (iv) the desired
release mechanism from the core; and (v) the production costs. Some of the most commonly
used encapsulation techniques which employ proteins as the coating material are described
as follows:
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Encapsulation method Particle size (um) Max. load (%) Type of process Reference
Simple coacervation 20-200 <60 Chemical [61]
Complex coacervation 5-200 70-90 Chemical [61]
Co-current spray drying 1-100 <40 Physical [21]
Counter-current spray drying 50-200 10-20 Physical [21]

Table 2. Properties of the microcapsules produced by different techniques.

4.1.1. Emulsification

The emulsification process involves the formation of colloidal systems formed by two immis-
cible liquids in which the dispersed phase is in the form of small droplets (i.e., between 0.1
and 10 pum) distributed in a continuous or dispersing phase. Emulsions are unstable if they
are allowed to stand for some time. As a result, the molecules of the dispersed phase are redis-
tributed forming a layer that can precipitate or migrate to the surface depending on the den-
sity gradient between the two phases [21]. In general, emulsions are classified according
to the continuous phase when one liquid is dispersed into another. For instance, an O/W
emulsion is formed when a hydrophobic liquid is dispersed in water or in a water-soluble
liquid. On the contrary, a W/O emulsion is formed when a water-soluble liquid is dispersed
in a hydrophobic solvent [57]. Moreover, the stabilization process of the emulsions is achieved
by three mechanisms:

i. Formation of a strong emulsifier layer or film around the individual droplets of the sus-
pended liquid;

ii. Formation of an electrostatically charged layer on the surface of the individual droplets;

iii. Viscosity increase of the dispersant medium. Thus, as the viscosity of the dispersant lig-
uid increases, the Brownian motion slows down decreasing the probability of particles
to agglomerate. As a result, the sedimentation rate of the particles or their possible floc-
culation rate is reduced.

One of the mostly widely used strategies to achieve the stabilization of emulsions is by
the incorporation of surfactants in the system. These compounds have amphiphilic (i.e.,
hydrophilic and hydrophobic) regions in their structure and hence, they have the ability
to reduce the interfacial tension between the phases of the emulsion system leading to a better
stability [62]. Polysaccharides are the most commonly used emulsifiers and are mainly repre-
sented by native and denatured starches, phospholipids and proteins. Plant protein properties
such as water solubility, amphiphilicity, the ability to self-associate and interact with a vari-
ety of substances, a high molecular weight and flexibility make them ideal for encapsulation
by emulsification followed by techniques such as spray drying, coacervation, ionic gelation
and solvent evaporation [21].

The absorption and emulsifying properties of the proteins at the interface of the colloidal sys-
tem depend on many factors such as protein structure, state of aggregation, pH, and ionic
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strength [63]. For instance, caseins, which have a random spiral conformation, tend to form
an interweaved layer; whereas whey proteins that are globular in shape usually form aggre-
gates at the interface of the colloidal system [64]. Further, bovine serum albumin, whey pro-
tein and proteins isolated from plant sources such as soybean, pumpkin seed, quinoa and peas
have been used as emulsifiers in many encapsulation systems, including W/O and W1/O/
W2 double emulsions [65-67]. Proteins could also be combined with other emulsifiers to sta-
bilize emulsions. In fact, protein-polysaccharide complexes having electrostatic interactions
between molecules of opposite charge at a certain pH and ionic strength range could stabilize
emulsions. For instance, the sodium caseinate/soybean lecithin complex is an stable emulsion
which is used to encapsulate phenolic compounds, simultaneously [68].

4.1.2. Spray drying

Microencapsulation by spray drying is the most widely known technique used to encapsu-
late food ingredients such as vitamins (C and E), fragrances, probiotic bacteria, lipids, veg-
etable oils, minerals (i.e., iron), anthocyanin pigments, milk, and foodstuffs [45, 47, 48, 60, 69].
The technique of microencapsulation by spray drying has been used since the 1950s and is
currently applied at the industrial and academic level due to its rapid speed, economy and sim-
plicity. It involves the dispersion of the active ingredient with the encapsulation material that
is pumped into a spray chamber followed by dehydration with circulating hot air at a tem-
perature between 150 and 200°C [45, 47, 48, 60, 69]. Spray drying provides a relatively high
EE as compared to other methods. The highest EE achieved with spray drying is between 96.0
and 100.0%, which is much higher than those obtained with alternative methods [18]. Several
parameters need to be controlled during the spray drying process. The inlet and outlet dry-
ing air temperatures, the feed flow of the product, the residence time and the characteristics
of the raw material are the most important factors [18]. The initial mixture needs to be in a form
of a dispersion, a solution, or an O/W emulsion having a low viscosity. The process is divided
into different stages:

i. Atomization of the feed mixture;

ii. Interaction of the liquid phase with hot air;
iii. Evaporation of the droplets;
iv. Separation of the formed microcapsules.

The ideal materials for spray drying should have a low viscosity at high concentrations, a high
solubility, have a good emulsifying and film forming ability, and hold efficient thermal prop-
erties (i.e., low effective diffusivity and low conductivity) to protect the encapsulated material
during the drying process [21]. Thus, the drying process can be carried out following three
different patterns: (i) co-current, if the solution is atomized in the same direction than the hot
air flow (Figure 2a); (ii) countercurrent, if the sprayed microdroplets move in the opposite
path than the flow of hot air (Figure 2b); and (iii) mixed, if the spray droplets move without
a defined trajectory and at a high entropy. Thus, the air flow moves in opposite and/or concur-
rent directions (Figure 2c).
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Figure 2. Spray-drying pattern types: (a) co-current, (b) counter-current, and (c) mixed.

The average particle size obtained by the atomization process varies between 1 and 100 um
for the co-current and between 50 and 200 um for the counter-current drying pattern [21].

4.1.3. Coacervation

Coacervation is a chemical method of phase separation. The term “coacervation” was intro-
duced in the colloid chemistry field by Bungenberg de Jong and Kruyt in 1929 to describe
the spontaneous separation of the liquid/liquid phases that can occur when polyelectrolytes
of opposing charges are mixed in an aqueous medium [17, 44, 70-73]. Coacervation is defined
by the International Union of Pure and Applied Chemistry (IUPAC) as the separation of a col-
loidal system into two liquid phases. Thus, coacervation is an intermediate state between
dissolution and precipitation and hence, it leads to a partial desolvation in opposition
to the exhaustive solvation associated to the process of precipitation. Therefore, any factor
that involves polymer desolvation causes the coacervation phenomenon [53]. The coacerva-
tion-triggering phenomena include temperature changes, pH modification and the addition
of an incompatible anti-solvent, salt or another polymer [18, 53]. The coacervation procedure
can be classified into two types: (i) simple or (ii) complex coacervation, depending on the num-
ber of polymers involved [18]. Complex coacervation mainly occurs by electrostatic interac-
tions between two or more solutions of opposite-charged polymers producing two immiscible
liquid phases: (i) one is the continuous phase having a low polymer concentration, whereas,
the second one is composed of the polymer rich dense phase, also named as the coacervate
phase, which in turn is used to coat a variety of active core ingredients. Usually, the coacer-
vate complexes possess the combined functional properties of each polymer involved [21].
On the other hand, simple coacervation only implies one polymer, and thus, it is not very
popular in the food and pharmaceutical fields [18, 43]. In general, the process of coacervation
involves the following steps:

i. Dispersion: A vigorous stirring of the active ingredient (liquid or solid particles) is carried
out in a solution of the polymer, or a mixture of polymers that will form the wall material;

ii. Induction: Coacervation is induced by one of the previously described phenomena.
The system of the solution becomes transparent and under the microscope the coacervate
droplets have an appearance similar to that of an emulsion;
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iii. Deposition: The adsorption of the coacervate droplets around the core material takes
place. The cloudy supernatant is clarified as the process of coacervation evolves;

iv. Coalescence: Microscopic droplets of the coacervate form a continuous layer around
the core;

v. Hardening: The system is subjected to cooling and a crosslinking agent is added to render
a stiff shell (optionally);

vi. Separation: Microcapsules are isolated by centrifugation or filtration. Thus, spherical mi-
crocapsules as small as 4 um are obtained having a large loading capacity (i.e., 90.0%).

4.2. Structural changes in proteins: a strategy to enhance their functionality

In recent years, the demand for multifunctional products has increased, and researchers need
to develop or modify techniques to improve the functionality of proteins since most of them show
no variability in their desirable functional properties [12, 19, 21]. Even though proteins are versa-
tile materials with interesting properties, it may be necessary to modify the inherent properties
such as solubility, hydrophobicity, hydrophilicity, the gelling, emulsifying, foaming and aller-
genicity. As a result, a versatile material is obtained, with less allergenicity and a wide variety
of applications in different fields [12, 19, 21]. Several modifications can be conducted in proteins
since amino acids have side chains of different sizes, shapes, charges and chemical reactivity.
The reactivity of a protein, in terms of its ability to be chemically modified will be largely deter-
mined by the composition and location of the amino acids on its three-dimensional structure.
These modifications can be made by physical (i.e., pressure and temperature), chemical or enzy-
matic methods [19]. Some of the feasible modifications of proteins are illustrated in Annex 2.

The term “crosslinking” is commonly used to describe the intra or inter-covalent bonding
of a protein. As a result, the molecular size and shape, and the functional properties may
be affected by crosslinking. Crosslinking can also be used for the stabilization and subse-
quent modulation of the release properties of the protein-based controlled release systems.
Different methods can be used for crosslinking purposes, ranging from physical to enzymatic
and chemical modifications [46, 74]. Crosslinking can be controlled by the proper reaction
mechanism, reactive groups of the protein, and type of crosslinking reagent. The num-
ber of reactive groups per protein chain, types of functional groups, and spacer length
of the crosslinking agent determine the resulting crosslinking density. The most relevant
physical modifications of proteins imply variations in temperature and pressure that lead
to structural changes or their denaturation. The main disadvantage of the heat treatment
as a crosslinking method is that the reaction is difficult to control. The denaturation process
of proteins begins when the structure itself becomes an intermediate product. As the reac-
tion progress, the structure is altered, but the secondary structure remains unchanged. Once
the chains unfold completely, the denaturation process is concluded. The magnitude of these
changes depends on the protein source and environmental conditions (e.g., pH, solvent,
presence of salts, surfactants, etc.) [75]. The more reactive the reducing sugar is the stronger
and darker the gel becomes [12, 43, 46, 56, 76].

The enzymatic modification of proteins is another useful method. Various enzymes have
the ability to crosslink proteins. Examples thereof include transglutaminase (TG), disulphide
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Annex 2. Schematic representation for the typical chemical modifications of proteins.

isomerase, peroxidase, lipoxygenase, and catechol oxidase. In a recent overview on enzy-
matic crosslinking, microbial TG, lactoperoxidase and glucose oxidase are highlighted
as the enzymes available on a sufficient large scale for industrial applications [19]. TG is
an acyltransferase that catalyzes the introduction of c-(y-glutamyl)-lysine crosslinks into pro-
teins, making TG an interesting enzyme for food grade protein crosslinking. TG has been
used to crosslink several proteins [19]. In general, caseins appear to be more susceptible
to TG-induced crosslinking than whey-proteins, possibly due to the predominantly random
structure of caseins, in contrast to the globular structure of whey proteins [19]. A less known
type of crosslinking involves the peroxidase-catalyzed reaction between the side chains of two
tyrosines, resulting in a C-C bond between the two carbons in an ortho position with respect
to the phenol group [19]. This type of crosslinking is very strong due to the intermolecular
formation of bonds. The use of co-substrates to enhance the crosslinking efficiency of peroxi-
dases reduces the amount of enzyme needed and therefore increases the cost effectiveness.
The co-substrates are phenolic compounds such as mono- and di-hydroxy benzene deriva-
tives (e.g., catechol, ferulic acid, and p-hydroxybenzoic acid) and probably act as a spacer
between the protein molecules [19].

On the other hand, the chemical modification of proteins has been the most widely studied
method among scientists. These reactions are mainly represented by deamidation, acylation,
chemical hydrolysis, and cationization reactions. There is a plethora of research conducted
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on the use of chemical agents for protein crosslinking [19]. The most widely used reagents are
bifunctional having two reactive groups that can be used to introduce inter- and/or intramo-
lecular bonds into proteins [19]. These reagents in turn, can be classified as homobifunctional
or heterobifuntional. Homobifunctional reagents (i.e., glutaraldehyde) have two identical
functional groups, whereas heterobifunctional reagents have two different functional groups.
It is difficult to control the reaction conditions (i.e., pH, ionic strength and protein:reagent
ratio) of homobifunctional reagents to ensure an intra- or intermolecular crosslinking.
On the other hand, heterobifunctional reagents can be used in a more discriminating way.
In this case, crosslinking occur in separate sequential steps, and the formation of intermolecu-
lar crosslinks can be avoided or stimulated. Tannins are complex polyphenolic substances
that can be derived from galls, but also from fruits (e.g., pomegranate) and tea. Tannic acid
(TA) is capable of complexing or crosslink proteins by forming a multiple hydrogen bonds
network [19]. Proteins can hereby be physically crosslinked and thus, become more resis-
tant to enzymatic degradation. This type of crosslinking is partially reversible. Further, some
metal ions can oxidize TA and proteins, whereas other metals could inhibit the formation
of hydrogen bonds.

All of these reactions modify the secondary or tertiary structure of the proteins using differ-
ent compounds that could form linear biopolymers, biopolymers with hydrophobic linkage
aggregates outside the structure, cationic or anionic biopolymers, or biopolymers in which
certain specific amino acids are exposed. All of these modifications allow for an effective
interaction of protein derivatives at the interface of emulsions, or with the active compound
in the core, resulting in an improved EE. On the other hand, a protein could loss its original
conformation or bonding which is responsible for its allergenicity, e.g., formation of disulfide
bonds, which are responsible for binding the IgE and hence, triggering allergenicity.

Currently, many researchers are searching for alternatives to improve the encapsulation
properties of vegetable proteins isolated from legumes (e.g., soybeans, peas, chickpeas
and lentils), sunflower seeds and cereals (e.g., oats, wheat, barley and corn) [19-21, 44, 71, 77].
The chemical and enzymatic hydrolyses, the acylation [21], cationization [21, 78] and Maillard
reactions [12, 19, 77] are the best chemical treatments to improve their functionality [12, 43].
For instance, Nesterenko et al. [46] studied native and modified soybean and sunflower seed
proteins to encapsulate a-tocopherol by spray drying. Likewise, the EE increased from 82.6%
for native soy protein to 94.8% for the modified product. Moreover, the EE of the native
sunflower seed protein was 79.7%, whereas that of the acylated proteins was 99.5%. They
concluded that the structural modification of the proteins increased the affinity between
the active ingredient and the coating material, improving the encapsulation process, hydra-
tion and net protein load. Similar results were obtained by Chen Lia et al. 2015 [76], who
encapsulated oleoresin obtained from tomato using soybean proteins conjugated with gum
arabic as the coating material. These chemical modifications produced by Maillard reactions
were conducted by heating at 60°C and at a relative humidity of 79% for 3, 6 and 9 days. They
obtained EE of 69.25, 76.47, 80.91 and 84.69% for the native and modified proteins treated
for 3, 6 and 9 days, respectively. The 3D change in the protein structure favors the stabiliza-
tion of the emulsions, the encapsulation process and improves their biocompatibility.
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Abstract

Allergies mediated by immunoglobulin E (IgE) are the most common immunological
hypersensitivity diseases. The prevalence has been continuously increasing in recent
decades, and more than 25% of the population is currently affected. Symptoms of aller-
gies can be observed in the skin and respiratory and gastrointestinal tracts, and systemic
manifestations include anaphylactic shock. If an allergy is not properly diagnosed and
treated, it tends to progress to a severe and chronic debilitating disease. Understanding
the mechanisms by which the immune system induces and controls allergic inflamma-
tion depends on knowing the structure of several allergens and identifying epitopes,
which are critical for the design of new strategies for treating allergies. Strategies for
immunotherapy will be reviewed. Allergen-specific immunotherapy has been used for
nearly a century and remains one of the few antigen-specific treatments for inflammatory
diseases. There is a strong rationale for improving the efficacy of allergen-specific immu-
notherapy by reducing the incidence and severity of adverse reactions mediated by IgE.
Approaches to address this problem, including the use of modified allergens, synthetic
peptides as vaccines, and alternative strategies for blocking IgE, will be discussed.

Keywords: IgE blocker, antihistaminic, immunotherapy

1. Allergic mechanism

An allergen is defined as a normally harmless substance, found in the environment or food,
which can produce asthma, fever, eczema, or gastrointestinal discomfort upon contact with
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a previously sensitized person. An allergy is commonly defined as an immediate or type I
hypersensitivity reaction where symptoms appear rapidly and are caused by exposure to
exogenous macromolecules known as antigens or allergens. The hypersensitivity reaction has
two phases: sensitization, when the subject is first exposed to the antigen, and the subsequent
reaction, when the subject is again exposed to the antigen [1]. The first sensitization of a body
begins with the first contact with an antigen, which induces an allergy. The allergen pene-
trates the airways of the body or other tissues and is found by antigen-presenting cells (APCs)
such as macrophages and/or dendritic cells, which encyst and proteolytically cleave the for-
eign substance. The peptide fragments generated, known as T cell epitopes, are directed to
the outer membrane of the APC by the major histocompatibility class II (MHC II) complex in
the form of a complex peptide-MHC class II [2]. The T-helper lymphocytes (Th1l and/or Th2)
recognize these exposed epitopes and together with B cells initiate the immune response.
The activation clones specific for the antigen, Th2 cells, are essential for the development of
atopic diseases, because these cells activated by contact with APCs produce cytokines and
interleukins 4 (IL-4) and 5 (IL-5). These interleukins act as signals, among other functions,
for the biosynthesis of immunoglobulin E (IgE) by B lymphocytes. An immunoglobulin, IgE,
binds to the surface of mast cells and basophils by Fc€RI receptors. A subsequent exposure
to the same antigen, the second sensitization, leads to a substantial allergic response. The
antigen-specific segments (IgE epitopes) are cross-linked to the IgE bound to the mast and/or
basophil cells after interaction with the allergen, activating intracellular messengers, and the
subsequent release of cellular mediators such as histamine and prostaglandins, which in turn
induce physiological and anatomical changes that trigger the allergic symptoms of immedi-
ate hypersensitivity [3, 4].

IgE antibodies generated in response to a specific allergen interact with this allergen and
trigger a series of intracellular reactions leading to the release of histamine and other inflam-
matory mediators. Histamine plays a key role in the allergic response. The release of hista-
mine causes the smooth muscles of the gastrointestinal and respiratory tracts to contract,
stimulates nerves, and dilates blood vessels [5, 6]. These effects of histamine include, among
other clinical manifestations, erythema, flushing, nasal congestion, pruritus, headache, hypo-
tension, tachycardia, and bronchoconstriction [5]. There are four main subtypes of histamine
receptors: H1, H2, H3, and H4. These receptors are G-protein-coupled receptors that transfer
extracellular signals via G proteins, acting as intermediates between cell-surface receptors
and second intracellular messengers [6, 7]. The H1 receptor is the main mediator subtype of
the allergic response causing allergic symptoms. In addition to its role in the immediate aller-
gic response, histamine contributes to the late allergic response by stimulating the production
of cell-adhesion molecules, class II antigens, and cytokines [6].

2. Tolerance induction

Immune tolerance can develop against any substance, and multiple mechanisms are involved.
The lack of response of immune tolerance can lead to the development of various diseases
such as:
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¢ allergies

¢ asthma

* tumors

e chronic infections

¢ transplant organ rejection

e graft versus host disease

* many autoimmune diseases [8].

The generation of regulatory T (Treg) cells initiates tolerance. Peripheral tolerance is initi-
ated by the secretion of IL-10 and TGF-f by allergen-specific Treg cells during continu-
ous exposure. The induction of allergen-specific tolerance is associated with an increase in
FOXP3+CD25+CD3+ cells in the nasal mucosa [9]. Atopic individuals have a reduced capacity
to proliferate CD25+ and CD4 Treg cells, which indicates the mechanisms of failure of toler-
ance allergens. A clonal shift occurs during tolerance fromTh1, Th2 to Th1 (Table 1). B cells
are stimulated by the action of IL-10 to produce IgG (particularly IgG4) and to suppress IgE
production, which prevents the development of allergic symptoms in the tolerogenic indi-
vidual [9-11] (Table 2).

If an allergy is not properly diagnosed and treated, it tends to progress to a severe and chronic
debilitating disease.

Many treatments have been developed to circumvent the symptoms of allergic diseases, most
of which use histamine inhibitors that mask the symptoms of the allergy. Allergen-specific
immunotherapy (ASIT), however, is the only long-term preventive and long-term treatment
for allergic diseases. ASIT involves the administration of a specific allergen, so it induces a
specific immunological tolerance to the allergen. ASIT has been used for more than 100 years,
but the mechanism of action has only recently been resolved [12].

IL-10 Inhibits the production of proinflammatory cytokines
and the activation of Th2 and Th1

TGF-3 Inhibits the proliferation and differentiation of B and T
lymphocytes

IgG4 Blocking antibody that inhibits the activation of effector

cells by affecting the binding of allergen to IgE at Fce
receptors on the membranes of mast cells and basophils

HR2 Negatively regulates Th1- and Th2-type responses; these
are G-protein-associated histamine receptors, which
regulate various immunological events due to cAMP
formation. Histamine induces the production of IL-10 by
DC and Th2 and enhances the secretory activity of TGF
in T cells

Table 1. Molecules with effector functions in allergen tolerance.
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Treg Secretors of TGF-{ and IL-10; induce Foxp3 expression,
Th2 suppression; direct, and indirect suppression of
mast cells, basophils, and eosinophils; stimulate B
lymphocytes in IgG4 production and IgE suppression

Breg Expression of IL-10 and IgG4

Eosinophils Decrease the activity of inflammatory mediator secretion
(histamine and leukotrienes) by the action of IL-10 and

Basophils TGF secreted by regulatory cells

Mast cells

Table 2. Roles of cells in allergen tolerance.

In this chapter, we will describe the most common allergy treatments using antihistamines
and emphasize the new methodologies of allergen-specific immunotherapy (ASIT) as a pro-
phylactic treatment and IgE blockade as a therapeutic treatment.

3. Approaches for allergy treatment

3.1. Antihistaminic treatment

Researchers have devoted their efforts for many years to the development of effective and
safe strategies for the treatment of allergy to alleviate the symptoms triggered by the body’s
responses to allergens [1, 13, 14]. Antihistamines are currently the most commonly used treat-
ment. These drugs are used to alleviate allergic symptoms, that is, they are based on the con-
sequences of the allergy [5]. First-generation antihistamines, or H1-receptor antagonists, may
have undesirable side effects on the central nervous system, even at therapeutic doses, due to
their ability to cross the blood-brain barrier rather than to their lack of selectivity. Side effects
include sleepiness, sedation, and fatigue that may lead to reduced cognitive, memory, and psy-
chomotor performance [7, 15]. First-generation antihistamines include doxepin, diphenhydr-
amine, pyrilamine, chlorpheniramine, hydroxyzine, promethazine, and cyproheptadine [6].

A new class of antihistamine has been developed. Second-generation H1 antagonists cannot
cross the blood-brain barrier as easily and have a greater affinity to H1 receptors, decreasing
their sedative effects compared to the first-generation drugs [7]. These antihistaminic agents
include cetirizine, ebastine, epinastine, fexofenadine, loratadine, desloratadine, levocetiri-
zine, and rupatadine. The second-generation antihistamines cause fewer adverse effects, but
some drugs, for example, levocetirizine, may cause drowsiness, and fexofenadine has a brief
effect and may require more than one daily dose. Treatment with antihistaminic drugs does
not address the cause of allergic responses but only alleviates their symptoms [7, 14, 16].

3.2. Allergen-specific immunotherapy (ASIT)

Immunotherapy was first conceived in 1911, from which a type of therapy was developed
that used allergens as a tool for the development of immunological tolerance in sensitized
individuals [17]. The term “desensitization” was replaced with “hypo-sensitization.” The
term “immunotherapy” became popular only in the 1980s and “specific immunotherapy” is a



Antihistaminic Treatment, Allergen-Specific Immunotherapy, and Blockade of IgE as Alternative Allergy Treatments
http://dx.doi.org/10.5772/intechopen.69912

commonly used term. When immunotherapy involves the direct use of allergens as immuno-
therapeutics, the appropriate term is ASIT [12]. ASIT has been used for more than a century
and remains one of the few antigen-specific treatments for inflammatory diseases.

ASIT consists of the gradual administration of doses of a specific allergen or part of that aller-
gen to reduce the sensitivity and consequently to decrease the symptomatic reactions to a
future exposure of the allergic individual to the causative natural agent [1, 18]. ASIT is a widely
used therapeutic strategy for treating allergic rhinitis, venom-induced hypersensitivity, some
drug allergies, and mild bronchial asthma [13]. The mechanisms of ASIT are not yet clear but
include modulating both T and B cell responses, thereby reducing the incidence and severity
of IgE-mediated adverse reactions [19]. Some of the immunological changes that occur dur-
ing ASIT have been elucidated [1]. ASIT increases the level of allergen-specific IgA and IgG4
antibodies and decreases the level of allergen-specific IgE antibodies. Oral, sublingual, and
subcutaneous immunotherapies are used the most in the treatment of hypo-sensitization in
various types of allergies. These three mechanisms of immunotherapies, however, are specific
to particular allergens, so the therapy is effective only for the particular allergen.

Approaches to improving ASIT include the use of modified recombinant allergens, novel
adjuvants, and alternative routes of administration. Recombinant allergens are similar to
wild-type allergens, generally equivalent in structure and properties, but with alterations in
their epitopes that do not guarantee their ability to trigger an allergic response [20].

3.2.1. Recombinant hypoallergenic peptides for immunotherapy

Valenta et al. using purified recombinant allergens and derivatives of recombinant hypoal-
lergenic allergens has identified the induction of the production of IgG-specific allergen-
blocking antibodies as one of the main mechanisms of ASIT [21]. Blocking IgG, however,
may also inhibit the presentation of antigen in APCs to antigen T cells and therefore suppress
the activation of T cells induced [22]. ASIT can also alter the balance of specific helper T cells
from a Th2 profile to an allergen-specific Thl immunity profile and can induce the secretion
of immunoregulatory cytokines such as interleukin (IL)-10, and regulatory T cells [23]. The
induction of allergen-specific tolerance is thus the essential immune mechanism of ASIT.

Recombinant hypoallergenic from variants have been produced. Linhart constructed, puri-
fied, and characterized two hybrid hypoallergenic recombinant proteins from Brassica rapa
allergens, Der p 2 (rder p 2)/1 C and rder p 2/1S [19]. Mutations in aspartic acid residues in
these allergens decreased the cross-linking of IgE in the membrane of sensitized mast cells by
decreasing the allergenic potential of the protein [24].

Patients immunized in 2016 with a variant Bet v1 (birch allergen) hypoallergen did not
develop a local allergic response, as observed by histopathological tests of skin contact. Rats
immunized with the same recombinant hypoallergen demonstrated that a profile of tolero-
genic responses with proinflammatory cytokine production was possible [25].

3.2.2. Synthetic peptides

Immunotherapy using peptides has some advantages over immunotherapies fusing recom-
binant allergens. Vaccines using peptides with T cell epitopes can induce regulatory T cells.
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The use of synthetic peptides derived from allergens containing T cell epitopes is an alterna-
tive to the production of allergen-specific T cells in ASIT. These peptides are formed from
linear sequences representing fragments of small allergens that bind to the allergen-specific
T cell receptor and do not react with IgE antibodies, which give them an advantage because
they do not trigger the classic allergic symptoms measured by IgE. The treatment may
induce T cell tolerance by the secretion of the immune cytokine regulator IL-10 from regu-
latory T cells. The diversity of T cell epitopes is a possible disadvantage of vaccines based on
T cell epitopes, making treatment with only one or a few peptides difficult. This treatment
can cause secondary systemic symptoms and lacks the ability to induce IgG blocking [2].

Vaccines for allergies based on B cell epitopes of approximately 20-40 amino acids use pep-
tides that lack the ability to bind IgE. The peptides must be covalently linked to a protein
transporter that is unrelated to the T allergens in order to render these peptides immuno-
genic, capable of inducing the production of IgG, which blocks the binding of IgE to the cor-
responding allergen. Valenta et al. demonstrated the use of carrier-linked allergenic peptides
to induce IgG antibodies to the main pollen allergen of thyme grasses, Phl p 1, and to the main
birch pollen allergen, Bet v 1. These conjugates decreased allergenic activity even more than
the recombinant hypoallergens, because the non-IgE-reactive peptides were selected from the
IgE-binding sites [21].

3.3. Allergen-nonspecific therapy
3.3.1. Anti-IgE antibodies

The new approaches for the treatment of allergic diseases have two main strategies using
nonspecific allergens [26]. The first strategy is to bind IgE to high-affinity receptors (FceRI) in
mast cells and basophils, and the second strategy is to interfere with the signaling generated
by receptor binding (FceRlI) [26, 27]. Knowledge of the pathophysiological role of IgE antibod-
ies has allowed the development of new drugs against many allergic diseases.

3.3.2. Anti-IgE receptor antibodies

A currently promising therapeutic approach has been the use of antibodies against the region
of the IgE molecule that interacts with specific IgE receptors. The interaction of IgE molecules
with high- and low-affinity receptors may be inhibited by the use of anti-IgE for reducing
the induced allergic responses, preventing the activation of mast cells and consequently the
release of allergic mediators [2, 26]. Omalizumab is a murine anti-human IgE monoclonal
antibody that binds to the same receptor site (Ce3) to which IgE binds, thereby inhibiting the
binding of IgE-to-IgE receptors [2, 8]. Omalizumab does not bind to fixed IgE in cells, because
the IgE epitope (specific fragment) against which omalizumab is targeted is already fixed to
the receptors and is therefore hidden. Anti-IgE therapy is most commonly used to treat bron-
chial asthma but is also effective for treating allergic rhinoconjunctivitis, but therapy must
begin before the pollen season [26]. The anti-IgE therapy is currently being studied for use in
food allergies, but the cost has limited its use for this purpose [1].
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3.3.3. IgE blocker

A new proposal has been studied by Deus-de-Oliveira et al. for blocking IgE-allergen
binding. The identification of the IgE-binding epitopes and the amino acids involved in
these interactions are fundamental steps. Deus-de-Oliveira et al. found that two glutamic
acid residues in the main allergens of Ricinus communis, Ric c1 and Ric c 3, are involved
in IgE binding, triggering an allergic response. They also found that the Ricinus allergens
cross-reacted with aeroallergens and food allergens from several sources. Free glutamic
acid can bind to castor-allergen-specific IgE, occupying the epitope-interaction site and
preventing the binding of the allergens in a second exposure to the IgEs fixed in the mast
cells. IgE blockade may be a safe approach for the treatment of allergy but will depend
on determining the structures of allergens and on identifying epitopes and cross-allergen
responses.

A summary of strategies for treating allergies is presented in Table 3.

Method Advantages Disadvantages
Antihistamines ¢ Alleviate the symptoms triggered by the ¢ May cause undesirable side effects on the
body’s responses to allergens central nervous system
e Effective and safe * Side effects include sleepiness, sedation

and fatigue that may lead to reduced
cognitive, memory, and psychomotor
performance

Allergen-specific * Reduces the sensitivity and conse- * Specific to particular allergens
immunotherapy quently decreases symptomatic reactions

Allergen-nonspecific ¢ Reduces the induced allergic responses ~ ® Does not bind to fixed IgE in cells because

therapy (anti-IgE preventing the activation of mast cells the IgE epitope (specific fragment) against
antibodies) and consequently the release of allergic which omalizumab is targeted is already
mediators fixed to the receptors and is therefore
masked
IgE blocker * Blockade of IgE sites involved in the * Under development

interaction with allergenic epitopes

Table 3. Summary of strategies for treating allergies.
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Abstract

This chapter is an extensive review of allergen-based diagnostic methodologies
including old techniques such as skin prick test, radio-allergo sorbent test, enzyme-
linked immunosorbent assay, and fluorescent-enzyme immunosorbent assay. Novel
technologies include functional tests by flow cytometry and molecular allergy based
on multiplex immunoassays. We also review the importance of biochemical charac-
teristics of allergens, sensitivity and specificity, cross-reaction between allergens, util-
ity, reproducibility, interpretation, and methodologies for discovery of epitopes for
diagnostic or therapeutic use.

Keywords: allergens, skin prick test, RAST, ELISA, FEIA, ISAC, FACS, BAT, flow
cytometry, antigen-antibody reaction, diagnostic

1. Introduction

Allergic diseases have been considered a worldwide health problem. The incidence and
prevalence of hypersensitivity/allergy conditions are increasing every day, affecting peo-
ple of any age, damaging a broad range of organs, and making a diagnostic challenge
for the clinician [1]. It is well known that an accurate diagnosis could affect the clinical
outcome; this is particularly important for the treatment of allergic diseases because the
identification of the causative antigen and other molecules associated with specific immu-
nological activation by allergen-based tests allows personalized medicine and precision
treatment [2].
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2. Historical perspective of allergen-based diagnostic methodologies

2.1. Skin prick test (SPT)

Skin prick testing is an essential clinical test to confirm sensitization in IgE-mediated allergic
diseases. Historically, we can found an early report in 1850, in a textbook of Henry Salter, a
physician from London’s Charing Cross Hospital who described the formation of wheals
following scratches in patients with asthma and exposed to cats [3]. In 1907, Clemens von
Pirquet reported a modification of Koch’s subcutaneous procedure based in abrasion of the
skin to evaluate tuberculin response [4]. This procedure was rapidly adopted by others as a
prototype for prick-puncture testing, and in 1909, the first case of anaphylactic response after
scarification and exposition to an allergen was reported [5]. Practical application of a stan-
dardized procedure was suggested by Schloss [6] who described a correlation of time with
clinical signs, reporting 5-15 min of erythematous reaction after abrasion of the skin in a child
with rhinitis, asthma, and eczema. Since then, several techniques to evaluate allergenic sensi-
tization have been described, e.g., intracutaneous test, [7] conjunctival test, [8] intracutaneous
test by serial dilutions [9]. Nowadays the best technique to evaluate with safety allergenic
sensitization is the SPT.

The standardized method of prick testing includes the appropriate selection of allergens, i.e.,
allergens tested are according to the country, the geographic location inside the same country,
and even with seasons [10, 11]. SPT is based on the presence of sensitized cells, mainly mast
cells in the skin, and the resulted cutaneous reactivity is used by the clinician as a surrogate
biomarker for sensitization in eyes, nose, lung, gut, and skin. During the test, positive and
negative controls must be included, a positive result is defined with a wheal 23 mm diameter
after 15-20 min; reproducible results are obtained with standardized mixtures [12, 13]. In the
early years of use, skin prick testing did not have with the entire approbation of the medical
community, and their clinical relevance was questioned [14]. That vision has changed, and in
the last years, it has been recognized a concordance between the clinical manifestations and
allergen-specific wheal size [15]. Thus, skin prick test is considered as a fundamental tech-
nique to explore allergen sensitization in patients, but if it is true, why we need other methods
to study sensitization in allergic/hypersensitivity conditions? In the following paragraphs, we
will explain applications of the most common laboratory assays used to evaluate IgE specific-
ity and the information obtained in functional allergen-based tests.

2.2. IgE and allergy

The discovery of the reaginic activity in the IgE antibody by Ishizaka in 1967 [16] developed a
revolution in the knowledge of allergy affecting not only in basic research but also in applied
research resulting in innovative diagnostic tools. It is well known that patients with allergy
have a tendency to produce high levels of IgE antibodies due to its atopic condition. Usually,
the concentration of total IgE in serum from healthy individuals ranges below 1 ug/mL. It is
worthy of note that this is a very low concentration of protein so many laboratories rather use
IU/mL or kU/L instead of pug/mL to report IgE levels, but understanding that 1 kU/L equals
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to 2.4 ng/mL [17]. Total IgE does not correlate with clinical manifestations, and is preferably
to measure specific IgE (sIgE) [18, 19]. Total IgE concentration is the addition of all the spe-
cific IgE (sIgE) to the different allergens the individual has been exposed to; in non-allergic
subjects, sIgE levels are below the limits of detection (0.35 kU/L) [20]. Thus, to identify the
triggering antigen of allergic manifestations, one of the most common laboratory test require-
ment is the determination of sIgE concentration in serum. The quantification of sIgE can be
performed through several methods based on antigen-antibody reaction, e.g., radio allergo
sorbent test (RAST), enzyme-linked immunosorbent assay (ELISA) and fluorescence enzyme
immune assay (FEIA).

3. Antigen-antibody reaction for IgE detection: general principle

Quantification of IgE is based on the antigen-antibody reaction, in which antigen is recog-
nized specifically by an antibody forming an immune complex (Figure 1). In these tests, the
antigen corresponds to serum IgE, and the antibody reacts against IgE in the serum sample.
To carry out these assays, a specific antibody for the Fc fraction of the IgE is adsorbed into a
solid phase usually in polystyrene or cellulose wells. This so-called “primary antibody” or
“capture antibody” has the function of binding to the IgE in the sample of serum; this inter-
action generates a stable bound. Then, this immune complex is measured through a second
antibody called “secondary antibody” or “detection antibody” which is coupled to a radio-
isotope (RAST) or an enzyme which allows the development of a colored (ELISA) or fluores-
cent (FEIA) substrate in an antigen-dependent manner. Simultaneously, a calibration curve
containing known concentrations of the analyte to determine is processed to extrapolate the
data of absorbance (in colorimetric methods—ELISA) or the fluorescence (in fluorometric
methods—FEIA) to a protein concentration, finally reported in pg, ng, or IU.

+ O -

Antibody Antigen Antigen-antibody complex

Figure 1. Antigen-antibody reaction. Each antibody is able to bind its specific antigen, forming antigen-antibody
complexes. Different laboratory testing techniques are based on this principle.
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3.1. Radio allergo sorbent test (RAST)

RAST was the first laboratory method developed for in vitro detection of specific IgE [21];
despite that it is no longer used and its historical importance is evident since it was the second
most used test after SPT, and gave rise to development of new methodology to facilitate sIgE
detection. The main advantage of this method over SPT lied on the safety of patient. In SPT,
the allergen is administered in the cutaneous layer of the skin, which may lead to sensitiza-
tion to new allergens or in the worst of cases it may trigger anaphylaxis. All of the previous
disadvantages were avoided with the introduction of in vitro tests like RAST.

As mentioned above, this test is based on the principle of antigen-antibody reaction. In this
method, the allergen is adsorbed covalently to a solid particle, then, the serum of a patient is
added. IgE antibodies present in the sample binds to the adsorbed allergen. After this, a wash-
ing step is needed to remove non-specific weak bindings. Next, a radio-iodinated anti-IgE
antibody is added to this reaction, and finally, the radiation detected is directly proportional
to the number of antigen-antibody complexes formed (Figure 2).

This method was validated in comparison with sIgE in pollen-sensitized individuals, finding
96% of concordance with both tests [22].

3.2. Enzyme-linked immunosorbent assay (ELISA)

ELISA is currently one of the most common immune-assays used in clinical and experimen-
tal procedures. This technique allows detection of allergy-related analytes, e.g., IgE or Th2
cytokines, and screening of different molecules. Advantages of ELISA are fast performance,
improved biosafety when compared with radioimmunoassay, low reagent cost, affordability
for the patient, and simple methodology [23].

The first step to perform an ELISA is sensitizing the plate. A solid polystyrene plate is coated
with an anti-IgE antibody directed against Fc region of the immunoglobulin (capture anti-
body). This process is achieved pre-treating the plate wells with carbonate buffers or cyano-
gen bromide allowing a better chance for adsorbing the capture antibody or antigen. Another
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Figure 2. RAST methodology. An allergen is adsorbed covalently to a solid particle, then serum of patient is added to
react with the allergen. Next, a radiolabeled anti-IgE antibody identifies the previous formed immune complexes. The
radiation generated is measured by a radiation detector.
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strategy is to radiate the polystyrene plate; this permits the breaking of a certain number
of benzene rings yielding carboxyl (COOH) and hydroxyl (OH) groups. Radiation of poly-
styrene increases the chances for hydrophilic interactions with Fc fractions of capture anti-
body. Protein A from Staphylococcus aureus is also a suitable linker for orienting and spacing
the capture antibody appropriately, optimizing the space, and homogenizing the coating. In
this step, several factors like pH and temperature could affect the proper adsorption of anti-
body or allergen. Fortunately, commercial kits contain the pre-sensitized plates. Next step is
incubation of samples (serum or plasma), although serum samples are preferred over plasma
samples since some commercial houses have documented diminishing IgE detection sensitiv-
ity in plasma samples.

Incubation let the captured antibody bind to IgE through Fc fraction (in total IgE determina-
tion) or allows the specific IgE contained in the sample bind to the allergen adsorbed in the
solid phase (in specific IgE determination). After incubation time, a washing step is performed
to remove weak and unspecific binding. Then, a second anti-Fc antibody is added to the well
to detect the immune complexes formed in the previous step. This “secondary or detection
antibody” is linked to an oxidative enzyme that acts on its substrate which once oxidized
develops a color that can be measured trough a spectrophotometer (Figure 3).

There are various enzymes and substrates commonly used in ELISA (Table 1); the biotin-
streptavidin system is the most often employed in detection methods. A washing step is fol-
lowed next to eliminate the excess of not bound antibodies. In addition to samples, control
or standard curve is processed with increasing concentrations of protein. The goal of this
standard curve is to extrapolate the absorbance obtained from samples into a curve of known
concentration through a linear regression, and obtaining an estimated concentration of the
analyte (Figure 4).

The last step consists in adding and incubating the substrate for 10-20 min and reading the
absorbance obtained after stopping the reaction. Some substrates may be read without stopping

Substrate
Enzyme (

Substrate !
Enzyme Wl Secundary antibody
h\ conjugate

II Primary antibody .
‘ \ conjugate \ &} i

Capture antibody
Direct ELISA Indirect ELISA Sandwich ELISA

Enzyme

’\

Figure 3. ELISA assays. Direct ELISA mostly used for antigen detection. Indirect ELISA mainly used for antibodies
detection. Sandwich ELISA used to detect total IgE.
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Enzyme Substrate Wavelength after stop solution (nm)
Horse radish peroxidase (HRP) 3,3',5,5'-tetramethylbenzidine, TMB 450
2,2'-Azinobis 450

(3-Ethylenbenzothiazoline-6-sulfonic
acid) diamonium salt, ABTS

o-phenylenediamine dyhidocloride, 490
OPD

Alkaline phosphatase (AP) p-Nitrophenyl phospate disodium 450
salt

Table 1. Enzymes and substrates used in ELISA assays.
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Figure 4. Absorbance-concentration standard curve. In order to determine sIgE concentration in a sample, a standard
curve is run using known concentrations of total or allergen-specific IgE. By plotting the absorbance from patient
samples into the standard curve, we can determine sIgE concentration.

the reaction. Results are read in a spectrophotometer; this equipment works emitting a light
beam that is filtered through a wavelength selector or filter; then, the filtered light will strike the
sample, which will absorb a certain amount of light and let some light pass and reach the detec-
tor. Absorbance is the negative logarithm of transmittance, so the absorbance obtained will be
proportional to the concentration of the measured antigen-antibody complexes in the samples
that may reflect and refract the light at a certain wavelength (Figure 5). Optical density (OD) is
a common term used to refer to absorbance (see Figures 4 and 5).

ELISA rapidly substituted radiolabeled methods, due to its safer and faster performance, with
a similar sensibility and specificity when compared to RAST and paper radio immuno-sor-
bent test (PRIST) for total or specific IgE quantification [24, 25].
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Figure 5. Spectrophotometer basis. A light beam is generated by a halogen lamp, and this light is filtered through a
wavelength selector. Light hits the sample and the transmittance measured is reported as absorbance units. Absorbance
is directly proportional to the amount of antibody-antigen complexes formed previously.

3.3. Fluorescent enzyme immune assay (FEIA)

Fluorescent enzyme immune assays are based on the same principle used for ELISA and
RAST, the antigen-antibody reaction, but differs in the way the read out is made. In FEIA,
the secondary antibody is linked to an enzyme that permits the activation of a fluorochrome.
The most common enzyme used in fluorometric assays is (3-galactosidase, which acts on its
substrate 4-methylumbelliferyl-B3-D-galactoside transforming it into a 4-methylumbellifer-
one. When 4-methylumbelliferone is excited at 365 nm, it emits fluorescence at 445 nm. This
fluorescence is later measured by a fluorometer [26]. Simultaneously, a standard curve is pro-
cessed to extrapolate the relative fluorescence units obtained from samples into the known
concentration curve (Figure 6).

Fluorometric assays have permitted the development of automatized systems, resulting in
improved reproducibility, diminished operator involvement, with reduction of mistakes, and
increased sensitivity and specificity when compared with other innovative methods based on
chemiluminescence [27, 28]. FEIA technology opens the possibility to screen sIgE to several
allergens at the same time and with few volume of sample [29]. Table 2 shows a comparison
between antigen-antibody reaction-based methods for quantification of sIgE.

3.4. InmunoCAP-ISAC (immuno solid-phase allergen chip)

Innovative and non-invasive techniques led to the identification of many sIgE to different
allergens at the same time, with a minimum sample volume (~50 uL), allowing test allergens
not limited to a geographical region, and without risk of sensitization, or anaphylaxis for the
patient, as has been reported for SPT [30].

ISAC is the first multiplex diagnostic tool commercially available to evaluate sIgE directed
against 112 well-characterized antigens. In fact, the allergens presented in the solid phase are
recombinant proteins ensuring specific interaction of serum IgE with higher accuracy when
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Figure 6. Fluorescence-concentration standard curve. Quantification of sIgE is measured plotting fluorescence units
obtained from samples into a standard curve.

Test RAST ELISA FEIA
Specificity Depends on antigen High High
preparation

Sensitivity High High High
Reproducibility Acceptable Acceptable High
Automatization Partially Partially Totally
Relative cost per test Low Affordable High

Shelf life of reagents Long Low Long

Health hazards for High Non or minor Non or minor

laboratory personnel

Table 2. Methods for sIgE quantification based on the antigen-antibody reaction.

compared with FEIA and SPT [31]. The assay consists of various steps. First, the sIgE from
serum samples interacts with the recombinant allergen previously adsorbed to the solid-
phase; then, a secondary anti-human IgE antibody labeled with fluorochrome recognizes
slgE-recombinant allergen complex (Figure 7). Fluorescence is measured using a biochip; and
results are scanned and analyzed in specialized software, reporting results in arbitrary units
named ISAC Standardized Units (ISU) (Figure 8) [32].
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Figure 7. Inmuno CAP-ISAC. The recombinant allergens are recognized by sIgE from serum samples; a secondary

antibody fluorescent-labeled interacts with IgE. Fluorescence is measured by a biochip and results are analyzed in
specialized software. Recombinant allergen diminishes the risk of cross-reactivity.

BIGCHIP LAYOUT METHOD RESULT
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Figure 8. ISAC biochip layout. Results are reported in arbitrary units named ISAC-Standardized Units (ISU).

ISAC multiplex assay has been proposed to guide therapeutic decisions, e.g., the discontinu-
ation of restrictive diets, the content of allergen-specific desensitization immunotherapy that
may be useful to discriminate structurally similar allergens and cross-reactivity, and even to
analyze the real sensitization profile in multi-sensitized patients to define whether they can
receive a specific immunotherapy [33].
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3.5. Western blot

Western blot combines different techniques to identify new antigens related to allergy. In this
method, the antigens are separated according to their molecular weight in a sodium dodecyl
sulfate polyacrylamide gel (SDS-PAGE), and then transferred to a polyvinylidene difluoride
or nitrocellulose membrane, which will function as the solid phase for the antigen-antibody
reaction. Then, the membrane is incubated with the patient serum, if sIgE is present in the
sample it will react against the allergens found. A secondary anti-IgE antibody coupled to an
enzyme is added (Table 1). Detection of sIgE becomes evident by the formation of bands in
two different ways:

(a) Developing color. The enzyme oxidizes the substrate and precipitates (e.g., when using a
secondary antibody conjugated to horse radish peroxidase (HRP) and 4-cloronaphthol).

(b) Releasing light. The substrate is dephosphorylated by an enzyme, releasing light (chemi-
luminescence), that is later detected by a photographic film or autoradiography (i.e.,
when using a secondary antibody conjugated to alkaline phosphatase (AP) and adaman-
tyl-1,2-dioxetane phosphate or HRP and luminol) (Figure 9). Finally, concentration can be
estimated by densitometer analysis.

Blotting tank
Proteins transferred to
nitrocelluloze sheet (bict)

-Allergen samples
e Ny Labeled
= i # = antibody
Separated
— :j Immunestaining of blot
Separation gel

Antigen bands
visualized

-—
D Autoradiography

Figure 9. Western-blot methodology. Allergen mixtures are separated in a SDS-PAGE according to the molecular size.
The separated allergens are transferred to a nitrocellulose or PVDF membrane. Then, by adding the antibodies from
the serum samples sIgE will bind to their specific antigen. An enzyme conjugate secondary antibody identifies Fce IgE.
Detection of reaginic antibodies is identified by chemiluminescence.
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This method has been useful in the identification of clinically relevant immunogenic epitopes
after enzymatic digestion of allergens and is also used to identify cross-reacting peptides [34-36].

4. Limitations of sIgE determinations: allergen cross-reactivity

Something to consider when handling sIgE quantification is the cross-reactivity of certain
allergens. Some allergens share amino acidic sequences that can be recognized by the same
IgE antibody, and this phenomenon is called “cross-reactivity.” Cross-reactivity occurs mainly
in aeroallergens and food allergens. It is considered to have a high chance of cross-reactivity
when two allergens share 35% homology in an 80-amino acid sequence or full identity in a 6-8
amino acid peptide; also, there may be a cross-reaction when the IgE is specific for carbohy-
drate moiety in the allergen. Hence, laboratory blood tests may detect antibodies to allergens
even if the patient has never been exposed to them [37].

Importantly cross-reactivity can occur between allergens from the same family like in nut
allergens or in different species of house dust mite; but also, cross-reactivity could be present
in diverse phylogenetic sources like house dust mite and shrimp, birch and apple, or fish and
chicken meat (Table 3) [38—40]. As we read in the previous section, technology innovation
through recombinant allergens and full automatization notably reduce cross-reactivity risk
when performing sIgE determinations.

Cross-reactivity Antigens involved on cross-reactivity
Birch-apple Bet v1 homologue Mal d1

Cypress-peach Pru p3 non-specific lipid transfer protein (LTP)
Celery-mugwort-spice Art v4 profilin, Art v60 kDa homologue to Api g5
Mugwort-peach Art v4 profilin, Art v3 LTP

Alternaria-spinach Altal

Mite-shrimp Der p10, tropomyosin

Cat-pork Fel d2 cat serum albumin

Bird-egg Gal d5 alpha-livetin (chicken serum albumin)

Table 3. Allergen cross-reactivity and antigens involved.

5. Functional tests

The techniques above described answer two simple requests: is the sIgE present in the sample?
So, if there, how much sIgE is present? The answer to these questions and the analysis of the
clinical history allows the allergist/immunologist to initiate treatments centered on allergen-
specific desensitization in every single patient in a personalized way. However, sometimes
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answer to these questions is not enough, and functional tests are needed to understand some
clinical manifestations, e.g. allergy to a particular drug.

5.1. Flow cytometry and fluorescence-activated cell sorting (FACS)

Early in the 1950s, Coulter developed a technology able to read size and complexity of
blood cells based on diffraction of light laying the fundamentals for automatized blood
counting used in our days. Exploiting this innovation, Bonner, Sweet, Hulett, Herzenberg
invented the Fluorescence Activated Cell Sorter (FACS) in the late 1960s to achieve flow
cytometry and cell sorting of viable cells. Becton Dickinson with Bernie Shoor introduced
the commercial cytometers in the early 1970s, utilizing a Stanford patent and the expertise
supplied by the Herzenberg Laboratory [41]. Today, isolation of cells by FACS is performed
in complete sterility, and sorted cells could be used as an adoptive transfer for therapeutical
interventions [42].

Flow cytometry detects and analyzes optical signals (angular light scatter or emitted fluores-
cence) to identify individual characteristics of cells or in biological samples. Inside the flow
cytometer, the suspended cells are conducted in a fluidic system ensuring cells travel at a uni-
form velocity in a laminar form. Here, the cells are directed to a specific point in which a laser
passes through cells. The light is diffracted in all directions, the emitted light is recovered in
filters, and photodetectors collect the detection signals. The optical detection system obtains
information about forward light scatter (FSC), side light scatter (SSC), and fluorescence chan-
nels (FL1, FL2, FL3). Then, the luminous signal is detected in photomultiplier tubes; infor-
mation recollected is digitalized that is to be analyzed by a computer system. Information
obtained is showed in histograms or dot plots. The quality of both systems (optical and flu-
idic) is critical for performance and reliability of this technique [43] (Figure 10).

Flow cytometry could be used to determine the expression of cell surface markers, to know
absolute or relative numbers of cells, to determine intracellular proteins, to quantify soluble
proteins, or combine all of these possibilities.

(a) Expression of cell surface markers. Information obtained by analysis of expression of cell
surface markers could be useful to know the cellular phenotype and some functions of
labeled cells. A few examples include the state of activation of a particular cell [e.g., CD63
on basophils after drug exposition (see the next section of this chapter for a deeper expla-
nation of basophils activation test)], to know absolute numbers of circulating cells (e.g.,
1700 CD4/uL), or combining information (e.g., patients with ocular allergy have increas-
ing percentage of circulating helper activated CD4+CD25+ T cells) [44].

(b) Determination of intracellular proteins. This procedure is useful to assess specific func-
tions of the cell. First, isolation of cells is needed prior incubation with a stimulus (e.g.,
allergens as specific stimulus). Culture or incubation conditions must be standardized to
ensure reproducibility of results. It is important to note that if studied protein is secreted
(e.g., cytokines) protein secretion must be inhibited (e.g., brefeldin-A that blocks internal
protein transport) to allow retention of proteins inside the cytoplasm. Labeling of intracel-
lular proteins is performed after cells were fixed and permeabilized with detergents (e.g.,
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Figure 10. Flow cytometer and fluorescent activated cell sorter. The figure resumes the optical and the fluidic systems
working together to analyze biophysical characteristics of cells, expression of molecules detected by monoclonal
antibodies, and sorting of cells expressing selected characteristics.

saponin). Permeabilization process ensures that monoclonal antibodies (mAbs) labeled
with fluorochromes enter into the cell and react with their specific antigens (Figure 11)
[45]. The determination of intracellular proteins has significantly contributed to the un-
derstanding of physiopathology induced by allergens (e.g., Allergen-activation induces
cytokines related to the damage of IL-25 in asthma, IL-31 in atopic dermatitis, and IL-5 in
vernal conjunctivitis) [46-48].

Quantification of soluble proteins. The determination of soluble proteins could be used
to know normal ranges of proteins in human fluids or to assess cellular functions. Multi-
plex technology has been developed to detect several proteins in the same sample, and it
is named cytometric bead arrays (CBA). The advantage of this test is the low volume of
sample letting to process a broad range of human fluids/secretions (e.g., tears, synovial
fluid, aqueous humor, and serum) and cell supernatants [49-52].

Multiple determinations of soluble proteins by flow cytometry are based in microspheres, all
of them conjugated with a specific antibody against protein we wish to determine. After bead
interacts with its antigen, a second antibody labeled with a fluorochrome is added; usually, this
secondary antibody is conjugated to phycoerythrine (PE). However, the real innovation of this
assay is that each bead is also labeled with a different fluorochrome in a range of intensity, from
low intensity to high intensity, and detected by near infrared (NIR) lasers [53, 54] (Figure 12).
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Figure 11. Determination of intracellular proteins by flow cytometry. Identification of intracellular proteins allows
studying cellular functions.
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Figure 12. Cytometric bead arrays. Multiplex technology permits determination of various soluble proteins at the same
time, and in the same sample.

Changes in intensity of fluorescence are expressed as median fluorescence intensity (MFI) and
directly correlate with concentration of protein in the sample expressed in pg/mL or ng/mL
(Figure 13).

5.1.1. Basophils activation test (BAT)

Adverse drug reactions (ADR) constitute a major health problem worldwide with high mor-
bidity and mortality rates, the incidence of fatal ADR occurs in 5% in hospitalized patients in
Europe [55]. ADR may be classified as Type A (augmentation of normal drug effects), Type B
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Figure 13. Standard-curve and median fluorescence intensity (MFI). Changes in MFI correlate with concentration of
soluble protein.

(bizarre effects), Type C (chronic effects), Type D (delayed effects), and Type E (end of drug use
effects). The most frequent ADR are Type A and are related to genetics, age, sex, and disease, and
they have low mortality and high morbidity; in contrast, Type B are 25% of ADR and are unpre-
dictable, with high mortality and low morbidity. The pathophysiological mechanisms of Type
B reactions are not well understood. Some cases are mediated by type I hypersensitivity (true
allergy), but other cases are related with the generation of reactive metabolites that react non-
enzymatically on multiple proteins to form immunogenic-drugs complexes that induce a cascade
of cell-based reactions and result in a wide range of severe clinical symptoms [56]. Due to the
complexity of ADR, only Type B reactions could be explored by basophil activation test (BAT).

Principle of this test is simple, basophils are activated in vitro by the suspicious drug; if
basophils are sensitized to the drug, they become active, upregulating on their surface two
molecules CD63 and CD203c [57]. CD63 is an intracellular lysosomal protein whose surface
expression is upregulated after activation. CD63 is also expressed on activated platelets,
degranulated neutrophils, monocytes, macrophages, and endothelium [58]. On the other
hand, CD203c is an ectoenzyme located both on the plasma membrane and in the cytoplasmic
compartment of basophils. Cross-linking of the FceRI by an allergen or anti-IgE antibody
results in a rapid upregulation of intracellular CD203c molecules to the cell surface and is
accompanied by mediator release [59] (Figure 14).
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Figure 14. Basophils activation test. (a) After activation basophils upregulate CD63 and CD203c on membrane surface.
Both CD63 and CD203c¢ are detected by antibodies conjugated to fluorochromes; (b) the histogram shows increased
expression of CD203c on gated basophils.

Reports about sensitivity and specificity for BAT indicate that determination of both, CD63
and CD203c, considerably increases the sensitivity up to 92% and specificity in a range of
86-90% [60, 61]. Today, BAT is also used to determine sensitization to several allergens such
as diverse types of pollen and house dust mites. It has been reported that BAT has the same
sensitivity but lower specificity when compared with FEIA. BAT could be used as an alterna-
tive to SPT in some patients with allergy to aeroallergens [62] and as a useful test preventing
preoperative anaphylaxis [63].

BAT assay is performed with 100 pL of peripheral blood; the drug is incubated with the
blood at 1 mg/mL, in 36.5°C of temperature and atmosphere of 5% CO, during 1 h; as an
internal control, the same volume of blood is incubated with negative or positive controls.
N-formyl-methionyl-leucyl-phenylalanine (f-MLP) is used as positive control. {-MLP is an
N-formylated tripeptide that functions as a chemotactic peptide for polymorphonuclear
(PMN) cells but is a potent activator of basophils too. After incubation, cells are labeled with
monoclonal antibodies for 30 min, and then erythrocytes are lysed and results are analyzed
by flow cytometry. To ensure that CD63 expressing cells are basophils, analyzed cells are also
labeled against CD123 and Human leukocyte antigen-DR (HLA-DR). CD123 is the IL-3Ra,
granulocytes including basophils, that constitutively express this cluster of differentiation
[64]; whereas HLA-DR is expressed on B lymphocytes, monocytes, macrophages, activated T
lymphocytes, activated natural killer (NK) lymphocytes but is absent in basophils. First, we
analyzed cells by their complexity (55C) and expression of CD123 and HLA-DR, basophils
would be CD123+HLA-DR-, and only if activated by allergen or drug-medication, basophils
would be CD63+ CD203c+ (SSC/CD123+HLA-DR-CD63+CD203c+) (Figure 15).
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Figure 15. Representative dot plot of flow cytometry analysis of a basophils activated test. Upper panel shows non-
stimulated cells. The lower panel shows stimulated cells with f-MLP. Percentage of activated basophils is showed at the
squares next to dot plots.

6. Conclusions

The analytical and functional methods described in this chapter are evolved significantly
since the first clinical report related to the identification of a triggering allergen in an asth-
matic patient. All the allergen-based diagnostic methodologies revised in this chapter are
grounded in the antigen-antibody reaction; recognizing the advantages and disadvantages of
each analytic method is essential to make adequate choices. Although the apparent simplicity
of methods is described here, some technical considerations have to be considered to avoid
human errors when performing and interpreting sIgE tests.

It is important to note that the understanding of these techniques could be easy, but to apply
them to make therapeutical decisions is not as easy. Allergic diseases are the best example of
precision medicine. In this context, the therapeutical interventions through allergen-specific
desensitization and addition of biologicals to block the function of certain molecules must be
argued not only with evidence-based medicine but also with a personalized analysis of every
single patient. Today technology is under service of science, and we have to be aware of that.
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The concept of “molecular allergy” is not only to request the laboratory technician for determi-
nations of sIgE by sophisticated methods, but also to understand these techniques and apply
all this knowledge to benefit our patients. The usage of allergen-based diagnostic methodolo-
gies must reach the patient and not only remain for investigation.
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Abstract

Therapy of allergic diseases in children implicates avoidance of allergens, standard phar-
macotherapy, and immunotherapy. Immunotherapy is the only treatment for allergic
diseases with the ability to change the natural course of the disease, thus stopping its
further progression as well as the development of new allergic diseases and new sensi-
bilizations. The objective of this chapter is to give insight into the latest data on immu-
notherapy in treating children with allergic diseases. Methods: The study involved a
search for relevant articles on the MEDLINE and PubMed up to 2017. Results: Numerous
studies have shown that the sublingual application of allergen-specific immunotherapy
is adequate, safe, and efficient in the therapy of immunoglobulin E (IgE)-mediated aller-
gic diseases of the respiratory tract in children, but there are still some questions to be
solved concerning the usage of SLIT in children younger than 5 years old, SLIT for poly-
sensitized patients, duration of SLIT, long-lasting effects of SLIT. Conclusions: In order
to improve the clinical efficacy of SLIT, we are looking for new routes of administration,
new allergens, new protocols as well as combination of SLIT with other immune modula-
tory treatments.

Keywords: allergen immunotherapy, children, asthma, allergic rhinitis

1. Introduction

1.1. Epidemiology of asthma and rhinitis

With a global prevalence of 6.9% (ranging from 3.8 in Asia-Pacific and Northern and Eastern
Europe to 11.3% in North America), asthma is one of the most common chronic diseases
in children, adolescent, and adults [1]. The prevalence rate of allergic rhinitis, asthma,
and eczema in Serbia has been investigated as a part of the International Study of Asthma
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open science | open minds distribution, and reproduction in any medium, provided the original work is properly cited. [(cc) ExgNN



102  Allergen

and Allergies Phase Three. The study included around 14,000 from 5 regional centers differ-
ent geographical and urban characteristics (children both from urban and rural areas par-
ticipated). Investigators analyzed the prevalence of allergic diseases in two age groups (the
first one preschool children aged 6-7 years old and the second one children between the age
of 13-14 years old. The prevalence of asthma was 6.59% in younger age group, whereas
the prevalence in older age group was around 5.36%. Note that 7.17% of preschool children
and 14.89% of school children were diagnosed allergic rhinitis. Overall, asthma prevalence
was 5.91%, rhinitis 11.46%, and eczema 14.27% [2]. The growing worldwide burden of aller-
gic diseases is properly defined as the “allergy epidemic.” The German epidemiological
Multicenter Allergy Study (MAS) suggested an age-related evolution of atopic and allergic
diseases, usually named “atopic march.” In fact, on epidemiological bases, infantile eczema
and food allergy usually precede the onset of allergic airway disease (rhinitis and asthma).
It is also interesting to point out that unlike other common chronic diseases such as diabetes
mellitus or hypertension, it is well established that the development of allergic diseases start
just after birth or according to some authors maybe earlier in prenatal period [3]. The inci-
dence of asthma is the highest in preschool and early school age with an improvement
in symptoms and a decrease in prevalence afterwards, but with one more pic in incidence
in adolescents’ period especially in female teenagers mainly due to hormone disturbance.
It is well known that allergic diseases are multi factorial which means that in their patho-
physiology both genetic and environmental factors are included. Atopic family history is
one of the most important risk factors for the development of asthma. MAS cohort study
analyzed the main risk factors for persistent asthma/wheeze in an early adolescent’s period.
According to the results from this huge study wheezing before the age of 3 as well as wheez-
ing after the age of 6, accompanied with early atopic dermatitis, positive family history of
atopic diseases and positive allergy tests, particular to perennial allergens represent the main
risk factors [4, 5].

Although according to birth cohort studies data we are aware that genetic burden has
an important influence in allergies development and despite lots of efforts, we have still failed
to identify responsible genes. Many factors in the environment contribute to the develop-
ment of allergies (e.g., diet, immunizations, antibiotics, pets, and tobacco smoke), but we do
not know how to modify the environment to reduce the risks [6]. According to several epide-
miological studies, a decline in microbial diversity was proposed to have an important role
in allergic epidemic, best summarized in hygiene hypothesis, and nowadays defined as “bio-
diversity hypothesis.” Identification of prenatal and early postnatal risk factors is of a great
importance for early prevention and successful intervention. Two recent studies showed that
reduce food diversity in early childhood can be associated with atopic sensitization and allergic
diseases later on. It is also suggested that high “antigen burden” in early life can be a pro-
tective factor necessary to “educate” the immune system and to prevent childhood allergic
diseases. Early allergy prevention that includes: administrations of probiotics to pregnant
mothers and to high-risk children, oral or intranasal extracts, and earlier introduction of foods
is still matter of a debate due to conflicting results [7, 8]. Despite many different options are
currently available for the diagnostic workup and management, the burden of allergic airway
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diseases still represents a major health problem in childhood. It is a very well known that
allergic diseases are multifactorial in terms that both genetic and environmental and risk fac-
tors are involved in its pathogenesis. Taking about different endo- or phenotype is very com-
mon when we analyze these diseases. Looking for a better quality of life (QOL) and disease
of overall morbidity and mortality rate seek further investigation on every single individual
risk factor that can have even the smallest impact on the disease development. Searching
for a new and more individualized treatment for allergic diseases most of current research
is focusing on the identification of biological and clinical predictive markers of allergy
and asthma onset [9].

2. Diagnostic tools and monitoring

Despite many different diagnostic tools for allergic disease it still remains a challenge espe-
cially in infants and toddlers. Skin tests represent an important diagnostic tool in workup
of many allergic diseases. These tests are mainly used for the diagnosis of inhalant aller-
gies, but nowadays there are more and more tendencies to use this kind of tests for allergies
to food, venom, occupational agents, and drugs. Skin prick tests (SPTs) and intradermal tests
still represent the cornerstone of the diagnosis of IgE-mediated (type I) allergies. They are
easy to perform, cheap and allow a fast reading, usually performed in outpatient clinics.
Performing skin prick tests needs a specific training, especially for intradermal and epicu-
taneous tests with nonstandard allergens, that are not usually performed in children pop-
ulation. Special precautions that have to be considered before performing skin prick tests
include the usage of some drugs, skin conditions and in adolescents and adults pregnancy.
Before performing in vivo skin prick tests patients are not allowed to take drugs such as anti-
histamines at least several days because it is well known that these kinds of drugs could
mask positive results of type I reactions, on the other side conditions like pressure urticaria
or dermographism are able to provoke false positive results. For that reason using positive
control histamine and negative control saline solution are crucial for results interpretations.
Skin prick tests (SPT) are one of the most important diagnostic tools in asthma and AR diag-
nosis with sensitization to inhalant allergens. They can get prompt information on sensitiza-
tion to inhalant allergens such as pollen, house dust mites, pets, to a lesser extent molds.
Recommendation for SPTs is available with more or less variation in many climate and geo-
graphical areas. As they are very cheap and easy to perform SPTs are of a great importance
especially in undeveloped or developing countries. Here, it is also interesting to mention
that in tropical areas standard SPTs battery should include typical tropical allergens such
as Blomia tropical. In southeastern and Western Europe standard allergens for preform-
ing SPTs usually include following allergen solutions: tree, ragweed, and grass pollen,
house dust mite, molds, cockroach, dogs, and cats dander. Before starting allergen-specific
immunotherapy SPTs have to be performed [10-14]. Nasal and bronchial provocation test
are indicated for patients with typical clinical symptoms and signs of allergic rhinitis and/
or asthma but with negative in vivo skin prick tests [15]. Those tests should be performed
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exclusively by a well-trained staff at the allergy departments. They are very important for
distinguishing allergic and nonallergic rhinitis as well as for the diagnosis of local allergic
rhinitis (LAR)—typical clinical history of allergic rhinitis with positive nasal provocation
test, usually with elevated eosinophils in nasal smear, but with negative skin prick or/and
in vitro allergy tests [16]. In vitro allergy tests are cornerstone of allergy diagnostic especially
in the pediatric population. All children with positive clinical history of allergic diseases
(atopic dermatitis, allergic rhinitis, and/or asthma) should be evaluated, particularly those
with positive uni- or bilateral family history of atopic diseases. Determinations of total IgE,
followed with evaluation of the allergen-specific antibody levels are precede the introduction
of allergen-specificimmunotherapy. It is also a very important to be mentioned that the inter-
pretation of the allergy tests should be strictly done in the light of clinical history of a certain
patients. Novel diagnostic tools are also capable to determine sensitization to a specific pure
or recombinant allergens that is of a great importance for individualized treatment approach.
Sometimes this kind of tests are the most relevant to confirm the diagnosis of allergy sen-
sitization. To data, the most commonly used system to determine allergen-specific IgE is
the ImmunoCAP system that are considered as a goal standard for in vitro diagnosis of aller-
gen condition. Despite great technological improvements in in vitro diagnostics of allergies,
several problems still remain. Although elevated IgE is a marker of IgE-mediated allergy,
this is not sufficient for the induction of symptoms. According to the data, more than 20%
of patients with elevated IgE are in fact asymptomatic. Elevated serum IgE level is irrel-
evant as long as it does not bind to Fcé receptors on effectors cells (mastocytes, eosinophils,
and basophils). Positive allergen-specific IgE in serum is not sufficient to confirm allergy
in all cases [17-19]. At the current state of art it is a very important to be a little bit septic about
allergy diagnostic test results only based on determination of allergen-specific serum IgE
levels and to consider clinical history, accompanied by adequate skin prick tests or provo-
cation tests, which drive the diagnosis before considering allergen-specific immunotherapy
inclusion. During the last decades, there has been a huge improvement in in vitro allergy
diagnosis due to novel approaches that include molecular components. It has been already
mentioned that allergen-specific tests are not enough sensitive and specific for allergy diag-
nosis, through the advent of molecular technology, some weaknesses, and shortcomings
of classical approach that used only natural extracts could be solved. Component resolved
diagnosis (CRD) of the specific IgE response provides more individual approach in diagnosis
of allergic patients and better selection of patients for allergen-specific immunotherapy. It is
also of a great value for monitoring of the efficacy, immunogenicity and safety of allergen-
specific immunotherapy [20, 21]. Cellular allergy testing represents one more in vitro allergy
diagnostic tool. It expands the tools of allergist to diagnose and monitor allergic diseases.
The basophil activation test (BAT) is the most common used cellular allergy tests in routine
clinical practice and in research. That test is able to document type I sensitization to a specific
allergen, as fraction of blood basophils activated by soluble allergen. Basophil sensitivity
can be used for identification the main sensitizer among cross-reacting allergens or allergen
preparation as well as for monitoring progress of allergen-specific immunotherapy and anti-
IgE therapy [22-24].
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3. Biomarkers and prediction

Determination of a certain biomarkers that are known to be important in pathophysiology
of allergic diseases can be a very useful in primary prevention, early intervention and dis-
ease course modification [25]. Currently reliable tools that can adequately predict which
children will develop asthma are still lacking [26]. Nowadays identification and determina-
tion of biomarkers in diagnosis of allergic diseases represent an important step toward better
understanding of a great number of different endotypes. Biomarkers are also very impor-
tant for increasing drug effectiveness through a more individualized therapeutic approach.
Discovering novel biomarkers or combining them with the existing one and better under-
standing of different asthma endo- and phenotypes are important goals in allergy research
improving both allergy diagnosis and treatment [27-29]. Fractional exhaled nitric oxide
FeNO is considered a very good biomarker of eosinophilic inflammation of lower airways.
Many data showed that FeNO is a reliable predictor of corticosteroids responsiveness [30].
The results form the most recent studies indicated that allergen-specific immunotherapy has
also an impact on the decrease of eosinophilic airway inflammation [31]. Periostin is a down-
stream molecule of interleukin (IL)-4 and/or IL-13 has been recently marked as a surrogate
biomarker of type 2 inflammation and tissue remodeling in bronchial asthma. It has been
shown that serum periostin can predict the efficacy of anti-IL-13 antibody (lebrikizumab)
and anti-IgE antibody (omalizumab). Sputum eosinophils are useful for estimating the effi-
cacy of anti-IL-5 antibody (mepolizumab) [32, 33].

4. Therapy of allergic airway disease in childhood

Although there are numerous studies, management of allergic disease is still a matter
of a debate. According to the data management of allergic diseases, consider avoidance
of the risk factors, treatment, and induction of tolerance. In that light the management of aller-
gic diseases depends on how easy is to avoid the triggers, whether there are multiple triggers
and how easy is to induce tolerance. The possibility to avoid certain allergen mainly depends
on the nature of that allergen. For ubiquitous allergens such as house dust mites or pollens
it is usually impossible to avoid, unlike for animal dander [34]. There are also some studies
suggest that food allergen avoidance in pregnancy, lactation, and infancy have preventive
role in the development of food allergy, and possibly other allergic diseases. The only current
recommendations to prevent allergic disease are exclusive breastfeeding at least 4-6 months
and if breastfeeding is insufficient or not possible, hypoallergenic formula for the high-risk
infants [35-37]. The most common approach used in allergic diseases treatment is symptom-
atic therapy in step management strategies. Pharmacologic therapy is tailored to the primary
symptom or symptoms and to the severity of symptoms without modifies the long-term out-
come of allergy. The optimal utilization of pharmacologic therapies varies among regions
and countries and varying preference of therapies in different populations [38, 39]. According
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to the clinical data, more targeted therapies include monoclonal antibodies against IgE
and against various proallergic cytokines (e.g., anti-IL-5, anti-IL-13, and anti-IgE). Although
expensive, these therapies are useful in the management of selected patients who are usually
unresponsiveness to standard pharmacological treatment [40].

5. History of sublingual allergen-specific immunotherapy

Although all story of immunotherapy seems to be a new one, the first routes of immu-
notherapy dates back to 1911 when two English researchers used water solution of hay
fever pollen extracts for treating hypersensitized patients. They noticed that hypodermal
inoculation of specific allergen could have some benefit. Without a sound knowledge
of basic and clinical immunology immunotherapy was pure empiric, not so widely used
treatment for decades [41, 42]. The second very important step in the history of sublin-
gual immunotherapy was the findings of a group of German researchers who showed
that sublingual route of allergen-specific immunotherapy could be equally clinical effec-
tive as subcutaneous route [4, 43]. They performed a small double-blind placebo control
crossover trail. The maximum subcutaneous tolerated dose of a house dust mite (HDM)
extract was given sublingual as drops three times daily [44]. They showed an improvement
in symptoms and improvement in nasal inspiratory peak flow. A few years later Scadding’s
and Brostoff proved a clinical efficacy of low dose sublingual immunotherapy in patients
with allergic rhinitis sensitized to house dust mites in a double-blind placebo-controlled
trial (DB-PCT) [45] whereas Italian allergist were the first one who showed clinical efficacy
of SLIT for patients with allergic rhinitis and/or asthma sensitized also to house dust mites.
Those study included both adults and children population [46]. In early 1990s, the first
commercial available sublingual immune drops were developed. Since the introduction
of sublingual immune drops, the scientific community has been seeking for improvement.
When evaluating the findings from clinical trials with sublingual immunotherapy drops,
it became clear that this therapy was more likely to be effective when administered once
daily and higher doses. Moreover, pharmacokinetic studies of SLIT showed that only
a very small proportion of liquid extracts was taken up into superficial layer of sublingual
mucosa. Searching for a way to augment local allergen uptake sublingual rapidly dissolv-
ing tablets were developed. These tablets facilitated the delivery of high concentration
of allergen in a small volume. This concept led to the clinical and commercial development
of high-dose sublingual AIT using fast-dissolving tablets [47]. Early papers with sublin-
gual allergen immunotherapy demonstrated positive results, and in 1993, the European
Academy of Allergy and Clinical Immunology was the first official organization to rec-
ognize that sublingual administration could be a “promising route” for allergic desen-
sitization. Two studies from 1999 to 2001 showed a satisfied safety profile of sublingual
route for both children and adults [48-51]. From 1998, the World Health Organization
recommended SLIT as an “a viable alternative to the injection route in adults” [52]. Wilson
Cochrane review from 2003 analyzed 49 randomized control trials (RCTs) with 4589 chil-
dren and adults affected by allergic rhinitis (with or without asthma or conjunctivitis)
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and proved clinical efficacy of SLIT over placebo [53]. To date, over 70 double-blind, pla-
cebo-controlled trails and several meta-analyses of sublingual allergy immunotherapy
drops have been reported. It is important to note that many trails with SLIT drops or tab-
lets were small and/or had an open label design. Over the last 10 years, however, several
adequately designed and powered trails have been conducted with grass pollen, as well
as with Dermatophagoides pteronyssinus (DP) in both adults and children, and have dem-
onstrated efficacy and safety with this therapeutic approach [10, 54].

6. Clinical efficacy of SLIT still matter of a debate

Although a great number of various meta-analyses and DB-PC-RCTs have showed clinical
efficacy of SLIT in children population diagnosed allergic rhinitis and/or asthma [55], due to
significant clinical and methodological heterogeneity, some issues are still a matter of debate.
One of the main issues to be solved is long-term efficacy, particularly after cessation of the treat-
ment. Results from several European clinical trials in pediatric and adult patients with grass
pollen-induced rhinoconjunctivitis have shown that grass AIT reduces daily rhinoconjunc-
tivitis symptom scores compared with patients receiving only symptomatic medications.
The proportion of days with minimal or no symptoms increase in patients on SLIT. The same
study also showed the improvement of quality of life in children on SLIT. The beneficial
effects were observed for three consecutive years of treatment as well as during the first year
following cessation period, indicating a disease modifying effect and persistence of efficacy
despite discontinuation of therapy [56-60]. Due to the fact that majority of atopic patients
are poly sensitized, one of the most important issues to be answered is SLIT efficacy in those
patients. Recent study confirmed clinical efficacy of SLIT in reducing nasal and ocular symp-
toms and the use of rescue medications, also observed no differences in clinical efficacy
in mono- and poly-sensitized patients [61]. However, the cross-protection against unrelated
allergens seems to be limited [62]. Although it passed more than a decade of proven clini-
cal efficacy of SLIT, data of long-lasting effects are still missing. Results from a 15-year-long
prospective study by Marogna et al. [63] show that long-lasting effects of SLIT are in direct
correlation with the treatment’s duration. Some study suggested that 4 years of SLIT may
be associated with more favorable effects than 3 years of treatment [64]. As the only immune
modulatory treatment for allergic diseases, preventive role of AlIT is of a great interest. Some
authors are very doubtful concerning the adherence and tolerability of the treatment par-
ticularly in the pediatric population [65], whereas the other one claimed that even 1 or 2
years of treatment is sufficient to mediate immunological response [66, 67]. The second
important issue on SLIT is long-lasting effects. After a 12 years of follow-up period Eng
et al. showed preventive effects of SLIT 6 years after the treatment termination comparing
with the standard pharmacotherapy [68]. Although the best candidates for allergen-specific
immunotherapy are mono sensitized patients Malling et al. in their study showed that desen-
sibilization with the predominant allergen in polysensitized participants can be similar effec-
tive [69]. In the light of preventive effects of immunotherapy and possibility to have impact
on further evolution of allergic diseases (atopic march), the opportunity to use this kind of
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treatmentin very young childrenis of a greatimportance, but several issues have tobe answered
[70-72]. Immunotherapy can overcome problems related to the long-term pharmacotherapy
[73], adherence and compliance to the standard treatment. Low-adherence and bad compli-
ance to a long-term pharmacotherapy, both drug (problems with the usage of inhaled drugs)
and non/drug-related factors can be overcome with the introduction of immunotherapy. All
chronic diseases have an impact on quality of life due to high score of school absenteeism,
impaired school performance, frequent emergency unit visits. Children with allergic diseases
especially those with asthma showed low physical activity performance [74, 75]. High level
of anxiety as well as higher incidence of depression and other physiological disorders can
be seen in children and adolescents with asthma, allergic rhinitis and atopic dermatitis. A
certain number of studies confirmed the impact of SLIT on all previous mentioned aspects of
quality of life [76, 77].

7. Safety and tolerability of SLIT in allergic children

Over the last 20 years, sublingual allergen immunotherapy has gained popularity based
on controlled trails that have demonstrated a favorable safety profile [78, 79]. Although
a great number of DB-PC-RCT showed clinical efficacy of SCIT since the British Committee
on Safety of Medicines in the UK reported 26 SCIT-related anaphylactic deaths between 1957
and 1986, the interest for alternative routes constantly grows. The risk of subcutaneous immu-
notherapy (SCIT)-related systemic adverse events (SAEs) still represent a major concern that
may, sometimes limit the use of this effective treatment, especially in the pediatric popula-
tion. On the other side the overall safety of SLIT has been widely proven and accepted [80].
Moreover, Nichani study showed that SLIT can be safely administered to patients who previ-
ously experienced systemic reactions in response to subcutaneous allergen immunotherapy.

According to double-blind placebo-controlled-randomized clinical trials (DB-PC-RCTs)
for allergic asthma, allergic rhinitis or allergic rhinoconjunctivitis [80-84] and real-life stud-
ies only several life-threatening and nonlife-threatening severe systemic reaction related
to SLIT are reported [50, 85-87]. Overall prevalence of systemic adverse events was lower
than 20% in DB-PC-RCT, whereas the prevalence of severe systemic reactions was between
1 and 2% of total recorded events [88-93]. Most commonly postmarketing surveys reported
mild to moderate usually self-resolved systemic reactions [94, 95]. A very important issue
concerning SLIT particularly in the pediatric population is to define risk factors for devel-
oping systemic reactions. Up to now several potential risk factors are defined: inadequate
administration conditions (use of non-standardized extracts, administration of products con-
taining a mixture of many allergens, overdosing [92]), and/or patient-related nonspecific risk
factors (include cardiovascular diseases and long-term therapy with noncardioselective beta-
blockers) that are very uncommon in children [96]. Those conditions are considered as special
precaution, but not contraindication for SLIT introduction. On the other side uncontrolled
asthma or severe asthma, oral lesion, or acute infections can represent temporary contraindi-
cation for SLIT. Although previous systemic reaction due to SCIT were considered as absolute
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contraindication for all kinds of immunotherapy, results from recent studies showed that they
do not represent risk factors for further usage of other kinds of ASIT including sublingual
[96]. Local adverse reactions are most common SLIT-related side effects although it is not very
easy to record them as it is not usually including in postmarketing analysis nor in DB-PC-RCT
[50, 85-88]. Its prevalence varies from 50 to 80% and they include oropharyngeal and gastro-
intestinal reactions such as itching, pruritus, and eczema in oral mucosa and/or diarrhoea,
vomitus, and abdominal pain [97-99].

The second issue that is also of a great importance is a matter of tolerability that can have
a great impact on overall clinical outcomes [100]. Both systemic and local adverse events may
have influence on treatment discontinuation as they are most common after the first adminis-
tration. In order to improve adherence clinicians should be well educated and trained to rec-
ognize local and systemic adverse events and to give also patients adequate explanation how
to deal with them, although SLIT has much better safety profile compared with subcutaneous
allergen-specific immunotherapy. WAO proposal on grading local adverse events can help
to achieve better tolerance and adherence [96].

8. Quality of life studies

According to many DB-PC-RCT, real-life studies and meta-analysis quality of life (QOL) is
a very important issue for children and adults with allergic diseases. As it has been already
mentioned, their quality of life is not so often satisfied particularly in school-aged period
[101]. Standard pharmacotherapy treats only symptoms but not the disease itself, nor
the quality of life. Although lots of studies proved clinical efficacy of SLIT, only a small
part of them take QOL in consideration. One of them is Ciprandi et al. study [102] that has
showed the improvement of QOL in polysensitized patients with AR and/or asthma treated
with SLIT. Bousquet et al. study of DB-PC-RCT proved that patients on SLIT had a better QOL
compared with the group of patients on placebo [103]. However, the results from the stud-
ies are controversial. While Bousquet et al. and Ciprandi et al. showed the improvement
of the QOL in SLIT groups, Khinchi et al. found no statistical significant difference in QOL
scores among three groups, that is, SLIT, SCIT, and placebo, using a 36-item short-form health
survey (SF-36) questionnaire [104].

9. Oral tolerance

The mechanism of action of the allergen-specific immunotherapy is very complicated
and still remained unexplained. For an easier understanding of the mechanism of action
of ASIT, we divided the immune response to early and late immunological response.
In the early phase of immunotherapy (induction phase) there is a decrease in the num-
ber of tissue mast cells, eosinophils and basophils followed by a decrease in the release
of their cell mediators [105]. Reduction of the number of basophils induced by the oral
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regulation of the H2 receptor leads to the inhibition of FceRI-mediated histamine sup-
pression and other mediators. In the first phase of the immune response, the synthesis
of IgG4 and IgA is increased [106]. IgG4 blocks the interaction of IgE and allergens as well
as the presentation of allergen to T cells. In the late phase, after one to several months,
the immune response from Th2 to Th1 is reoriented, as well as the increase in the number
and function of both types of T-regulatory cells (T-reg): natural (nT-reg) and inducible
(iT-reg) [107]. iT-reg originated from naive CD4* T lymphocytes and they are the most
important source of IL-10, which is an important factor in peripheral tolerance [108,
109], because it inhibits IgE production from one, and on the other hand stimulates IgG4
secretion and in this way directly inhibits the activity of allergen-specific T lymphocytes
[110]. The nT-reg cells (CD4", CD25" and FOXP3* (Forkhead box protein 3)) are thymus
origin and exhibit synergistic effects with iT-reg cells [111] exposing high levels of IL-10
and TGF-beta [112]. T-reg stimulates the proliferation and differentiation of IL-10-secreting
dendritic cells, which have a crucial role in the activation and differentiation of different
subtypes of T cells. Reducing the number of cell mastocytes, eosinophils, and basophils,
increasing IgG4 and IgA synthesis, re-orientation from Th2 to Thl, increasing the num-
ber, and function of IL-10 producing T-reg cells play a significant role in the development
of immune tolerance and long-lasting immunotherapy effect on the overall immune func-
tion and on the immune response to allergens [113-116].

10. Future perspectives

As it mentioned above clinical efficacy of immunotherapy has been proven in a great num-
ber of clinical studies but there are still some issues to be discussed. Recent studies are
more focused on the usage of recombinant allergen-based immunotherapy that will pos-
sible makes allergy vaccines more safe, convenient, and effective. Recombinant-allergen
vaccines also contain defined amounts of the allergen components, and the composition
can be tailored according to patient’s sensitizations. Both recombinant allergen-diagnostic
tests and immunotherapy lead to more personalized and stratified treatment of different
allergic entities. Recombinant allergen-based vaccines have been developed and success-
fully evaluated for several respiratory allergen sources including food allergies [117-120].
The second approach for minimizing side effects and improves compliance is the usage
of peptide immunotherapy that has been proven in many studies as effective in treating
patients with different respiratory allergies [121]. Data from the studies showed that this
kind of immunotherapy is clinical effective for months to years after a short course of treat-
ment. Some studies also investigate new routes of administration such as intralymphatic
and epicutaneous. Although it is proven as safe and efficacy, both routes require further
clinical investigation [122, 123]. Recently, scientists have exploited the immune system
to produce antibodies from single B cell clones, heralding the era of monoclonal antibod-
ies. Biological agents (biologicals or biologics) bring revolution in the treatment of many
rheumatic and immunological disorders and are currently being assessed for allergic dis-
orders. Better understanding the endotypes and phenotypes of allergic disease may lead
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to specifically targeting the responsible molecular mechanism by a biological. The mecha-
nism of biologicals implies the inhibition of a specific molecule involved in allergic inflam-
mation, without weakening immunity against viruses and bacteria. The design and use
of biologicals requires a profound understanding of the mechanisms underlying allergy.
Several biologicals are being assessed in clinical trials, including biologicals inhibiting inter-
leukin (IL)-4, IL-5, IL-9, IL-13, and immunoglobulin E, but most of them are still being tested
in clinical trials, involving patients with allergic asthma, allergic rhinitis, food allergy, urti-
caria, atopic eczema, and diseases with high eosinophil counts. It is to be expected that
biologicals will replace or reduce the use of the currently prescribed unspecific pharmaco-
therapy of allergic inflammation. Better understanding of disease endotypes, identification
of novel biomarkers, and discovery of novel biologicals are the cornerstones of the modern
approach in treating allergic diseases [124-127].

11. Conclusion

According to a great number of clinical studies, allergen-specific immunotherapy in com-
bination with asthma and anti-allergic medication is clinically effective in treating children
with respiratory allergies. Respecting the newest data, SLIT can be used not only in chil-
dren with stable asthma, but also in those with uncontrolled asthma but then in combination
with anti-IgE-omalizubam treatment. AIT in children can even bring more benefits. At first,
data suggested that SLIT reduced the usage of corticosteroids that can have deep negative
impact on child development. The second benefit is the possibility of AIT to change the natu-
ral course of allergic diseases in terms of asthma prevention in children with allergic rhini-
tis. The problem of SLIT, especially in the young population of children and adolescents, is
compliance that can be possibly overcome with the introduction of ultra-rush and rush pro-
tocols. Investigating the various effects of immunotherapy based on the developmental stage
of children and adolescents can help to identify the optimal dose, frequency, treatment dura-
tion, and age for starting to treatment. Better selection of well responders based on endotype-
driven approach is expected to increase both efficacy and safety.
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Abstract

Type I allergy is an immunoglobulin E (IgE)-mediated chronic disease. As such, dis-
ease diagnosis and identification of targeted allergens are primarily based on specific
IgE reactivity. Over the past decades, the contribution of T cells in allergy pathogen-
esis has been extensively studied. T cells are not only significant for the onset and
maintenance of allergic disease but likely also play a key role for the induction of
tolerance by allergen-specific immunotherapy (AIT). Due to the complexity of allergic
T cell responses, epitopes have only been thoroughly mapped for the most dominant
and prevalent allergens. Recently developed laboratory approaches enable us to per-
form thorough peptide screens, identifying T cell epitopes in known and novel aller-
genic targets, irrespective of their IgE reactivity. Monitoring allergen-specific T cells
and their phenotype will provide insights into disease manifestation and progression
on a molecular level.

However, performing such experiments in the clinic is not feasible. The definition of
dominant T cell epitopes will allow us to create a tool to assess allergen-specific T cells
in the context of different disease severities, such as rhinitis, asthma, and/or immuno-
therapy which will likely hold the key for improved diagnostic, biomarkers, and even
novel therapeutic approaches.

Keywords: allergy, T cells, Th2, IgE, epitope

1. Introduction

Type I allergy is an immunoglobulin E (IgE)-mediated chronic disease. As such, disease diag-
nosis and identification of targeted allergens are primarily based on specific IgE reactivity.
Specifically, clinical practices for the diagnosis of allergic disease are most commonly based

I m EC H © 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
open science | open minds distribution, and reproduction in any medium, provided the original work is properly cited. [{cc) ExgNEN



124 Allergen

on skin prick testing [1], which typically involves pricking the skin with a needle or pin con-
taining a small amount of allergen [2]. A second diagnostic test is commonly performed in
vitro for allergen-specific immunoglobulin E (IgE), which can accurately evaluate and quan-
tify the presence or absence of IgE specific for the whole allergen extract or single protein
components [3].

The importance of IgE in mediating allergic disease, especially immediate-type reactions
occurring within minutes of exposure to the allergen, is evident. However, the involvement
of allergen-specific T cells and their pathological role in mediating late-phase reactions [4, 5]
is often underappreciated. Allergenic proteins are defined based on their ability to bind IgE
and the frequency of allergic patients harboring specific IgE antibodies to a given allergen
[6, 7]. The potential of an allergenic protein to induce T cell reactivity is mostly not taken
into account when classifying a protein as an allergen. Over the past decades, however, the
contribution of T cells, specifically T helper 2 (Th2) cells, in mediating the pathogenesis of
allergy has been extensively studied [8]. Immunological studies have shown that T cells play
a key role early on, before allergic disease is even established. Susceptible individuals initially
exposed to allergen mount a dominant Th2 response, resulting in the production of type 2
cytokines, such as IL-4 and IL-13. These cytokines along with a direct physical interaction of
T and B cells occurring between CD40L expressed on the surface of the activated T cell and
CD40 constitutively expressed by B cells provide the signal for B cells to undergo antibody
class switching and produce allergen-specific IgE [9, 10], a process referred to as allergic sensi-
tization. Subsequently, IgE molecules now present in high abundance bind with high affinity
to Fce receptors expressed on granulocytes, where they are cross-linked by allergen molecules
upon reexposure, leading to mediator release and immediate-type symptoms, such as urti-
carial, allergic rhinitis, and conjunctivitis. Immediate-type reactivity is followed by late-phase
reactions, which typically occur several hours/days after exposure to allergen. During the
late-phase reaction, the affected tissue is infiltrated by Th2 cells and other inflammatory cells
including eosinophils and neutrophils, which secrete high levels of cytokines, such as IL-4
and IL-5 to promote inflammation [8].

T cells are not only significant for the onset and maintenance of allergic disease but likely
also play a key role for the induction of tolerance, which can be achieved by allergen-specific
immunotherapy (AIT) and is the only curative treatment for allergic disease to date. Due to the
complexity of human T cell responses against allergens, epitopes have only been thoroughly
mapped for the most dominant and prevalent allergens. Recently developed laboratory
approaches enable us to perform thorough peptide screens, which achieve the identification
and immunological characterization of T cell epitopes in known and novel allergenic targets,
irrespective of their IgE reactivity [11, 12]. Mapping of T cell epitopes is of high importance:
it greatly facilitates the detection, immunological analysis, and phenotypic characterization
of allergen-specific T cells in patients suffering from allergic or asthmatic disease as well
as providing a tool to monitor the efficacy of allergen-specific immunotherapy (AIT) treat-
ment. While allergen extracts can also be used to stimulate allergen-specific T cell responses,
extracts are not standardized resulting in great variability of allergen content between extract
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batches [13-15], and endotoxin content is often not monitored [16]. Further, processing and
presentation of a large number of peptides present in extract limit the abundance of peptides
that represent dominant T cell epitopes. It has been reported that allergen-specific T cells in
tissues and peripheral blood are of very low frequency [17, 18], ranging from approximately
107 to 107 CD4+ T cells, outside or within the pollen season, respectively. The rarity of these
cells poses a great challenge for immune mechanistic studies designed to probe how allergic
pathology or tolerance induction during AIT administration is orchestrated. The identifica-
tion of dominant T cell epitopes can therefore be of great importance not only to understand
the molecular entities targeted by allergen-specific T cells but also to use them as a tool to
detect, isolate, and characterize allergen-specific T cells.

The frequency of patients harboring IgE responses against a specific allergen is most often known
and used for classification of the allergen as a minor or major allergen in a respective population
[19, 20]. In contrast, T cell epitope data is only available for a small subset of allergens listed by
the International Union of Immunological Society (IUIS) database [12]. The relative lack of data
on allergen T cell epitopes is likely due to the highly complex nature of T helper cell responses
in allergic disease, which makes it a difficult system for immunological studies. Moreover, aller-
gen-specific T cells occur at a very low frequency in the peripheral blood [18], making them
hard to detect and isolate. Nevertheless, immunological studies on the allergic T cell response in
humans have become of growing importance over the last years. Accordingly, new technologies
and concepts have been developed to overcome the challenges of studying allergen-specific T
cell responses, map single epitopes, and phenotypically characterize peptide-specific T cells to
gain more insights into how T cells contribute to the pathology of allergy and asthma.

2. Challenges of T cell epitope mapping

The identification of T cell epitopes from major allergens is an important goal in allergy
research. A critical step for inducing a T cell response against an allergen is the recognition of
allergen-derived peptides. These peptides are presented to the T cell by antigen-presenting
cells (APCs), such as dendritic cells or monocytes, in the context of major histocompatibility
complex (MHC) class II molecules, which are constitutively expressed by APCs. MHC class
IT molecules are encoded by three different loci, designated HLA DR, DQ, and DP. Each of
these three loci is extremely polymorphic adding a high degree of complexity, which has to
be accounted for in the design of T cell epitope mapping strategies [21].

2.1. Overlapping versus predicted peptide

To identify T cell epitopes in allergy, the most diligent approach involves testing overlapping
peptides that span the entire sequence of the allergen of interest. For this setup, the entire
allergen sequence is broken down into short peptides, typically 12-20 amino acids in length,
overlapping by 9-12 residues. These peptides are then tested for their ability to induce T cell
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reactivity, using peripheral blood mononuclear cells (PBMCs) from allergic patients, often after
in vitro expansion with allergen or allergen extract [22, 23]. Peptides that elicit T cell reactivity,
as measured by cytokine production, proliferation, or upregulation of T cell activation mark-
ers, are reported as T cell epitopes. T cell epitope mapping using overlapping peptides is a
very thorough approach, designed to identify any possible T cell-activating region within the
allergen. However, mapping peptides for bigger allergens or even multiple allergens can add
up to a very high number of peptides to test, also increasing the amount of blood needed for
screening and the cost and effort associated. To make large-scale epitope identification more
feasible, an approach was developed that involves preselection of peptides based on their abil-
ity to bind human MHC class II molecules. MHC molecules have a relatively broad specific-
ity for peptide binding. The three-dimensional structure forms a binding cleft that can bind
peptides of varying length, typically ranging from 15 to 25 amino acids [24, 25]. The capacity
of a peptide ligand to bind MHC class II molecules can be quantitatively measured directly
by assessing its ability to inhibit the binding of a radiolabeled probe peptide to purified MHC
molecules [26]. However, such experiments are labor intensive and expensive; therefore, com-
putational tools are continuously being developed to model and predict peptide-MHC binding
[27, 28]. Using predicted peptide binding as a preselection criterion to decrease the number
of peptides to screen for T cell epitope identification is less thorough than using overlapping
peptides and may therefore increase the risk of missing T cell-reactive peptides. However, it
has been reported that it is a reliable approach to identify the vast majority of T cell epitopes
[28, 29], and it has been successfully used in several allergen systems, including Timothy grass
[11], German cockroach [30], house dust mite [31], and others [32], to perform large-scale epi-
tope identification studies. Therefore, the decision between using overlapping and predicted
peptides is likely dictated by the size and number of allergens studied as well as the amount of
cells available from the clinical cohort.

2.2. Allergen-specific T cell frequencies

Another challenging aspect of T cell epitope identification in allergy is the low frequency of
allergen-specific T cells. A study that evaluated the ex vivo frequency of T cells specific for Fel
d 1, the major cat allergen, reported that the percentage of CD4+ T cells specific for a single Fel
d 1 epitope ranged from 0.014 to 0.0003% in allergic individuals [33]. Another study, focused
on Mugwort allergy, reported an ex vivo frequency of peptide-specific T cells of 0-0.029% in
allergic cohort [34]. In a third study, performed with cells from patients allergic to Timothy
grass, the authors reported epitope-specific T cell frequencies of 0.6-0.75% of the total CD4+
T cell subset [35], with a modest increase in frequencies detected during grass pollen season.
The rarity of allergen-specific T cells poses a great challenge for epitope identification, as it will
require the T cell reactivity assay to reliably detect a few single cells that respond to the peptide
among several thousands of CD4+ T cells. In addition, a large amount of blood volume would
be required to screen a given number of peptides. To bypass this problem, in vitro expansion
cultures are performed, in which lymphocytes from allergic individuals are cultured over a
few days or weeks with allergen extract or recombinant allergen protein to which the donor is
allergic. The allergen in the culture will activate and stimulate the few antigen-specific T cells
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present in the culture, causing them to proliferate. Typically, recombinant human IL-2 is added
in limiting dilution in regular intervals after the first few days of culture to increase proliferation
of allergen-specific cells, which have upregulated their IL-2 receptor during cell activation. Over
time, allergen-specific cells, which were rare in the starting culture, become highly enriched due
to antigen-specific stimulation and proliferation. After several days, the cells can be harvested in
screened for T cell reactivity in response to restimulation with single peptides. In the presence of
allergen or whole allergen extract, allergen peptide-specific T cells will have expanded and are
now present in high abundance, making them easily detectable after restimulation with single
peptides. T cell reactivity I response to a peptide can be measured by a variety of assays, most
commonly using proliferation, cytokine production, or upregulation of activation marker as a
readout [22, 36, 37]. This method is extremely useful to expand very rare antigen-specific CD4+
populations. However, one major limitation associated with in vitro expansion culture is that it
changes the original phenotype of the cells. Therefore, it cannot be performed if an immunologi-
cal characterization of the phenotype of the antigen-specific cells is desired. Analyses designed
to investigate the genetic expression profile have to be performed on cells isolated directly ex
vivo, which is difficult due to their aforementioned rarity in the peripheral blood.

3. Immunological characterization of allergen-specific T cells

There are several approaches to isolate allergen-specific cells ex vivo for subsequent down-
stream immunological profiling using technologies, such as RNA or TCR sequencing. These
technologies have become of increasing importance in areas, such as biomarker discovery or
developing tools to monitor the efficacy of allergen-specific immunotherapy.

3.1. MHC tetramer assay

The use of MHC tetramer reagents to detect antigen-specific T cells is a well-established tech-
nique that allows detection and further downstream analysis of allergen-specific cells on a
single cell level. The tetramer molecule is made up of a fluorescently labeled, centric strep-
tavidin molecule bound to biotin-labeled MHC molecules, which are loaded with a peptide
known to be a T cell epitope to form the peptide-MHC complex (Figure 1A) [38]. The result-
ing tetramer can then be used as a reagent to bind T cells that are specific for both, the MHC
type and peptide used in the tetramer (Figure 1B). Cells that are specific and bind the tetra-
mer are now fluorescently labeled and can be detected and isolated using a flow cytometer.
There are several applications for tetramer staining all based on the premise that it allows the
detection of single antigen-specific cells, even if they occur at low frequency. In vaccinology,
tetramers are often used to track frequencies of peptide-specific T cells in the blood before and
after vaccination or boost. Similarly, in allergy, tetramers have been used to quantify numbers
of specific T cells as a variable of allergen season [35], allergen-specific immunotherapy [39],
and disease status [34, 40]. In addition, tetramer staining can be combined with other method-
ologies to perform more detailed immunological characterization of allergen-specific T cells.
Simultaneous assessment of cell proliferation, cytokine production, or activation can provide
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Figure 1. (A) Schematic representation of the structural complex of a MHC class II tetramer and (B) binding of tetramer
molecules to the peptide-specific T cell via the T cell receptor (TCR).

functional information in addition to knowing the peptide specificity and MHC restriction
of the cell. Tetramer reagents can even be used for T cell epitope mapping. This approach
involves loading empty MHC molecules with pools of mixtures of overlapping peptides from
the allergen of interest, each pool typically containing 5-10 peptides. These tetramers are then
screened with PBMC that have been cultured with the allergen of interest. Pools that posi-
tively detect T cell populations are deconvoluted into single peptides, which are loaded onto
MHC molecules individually and then analyzed to identify single epitopes. Tetramers that
return positive stainings automatically provide a population of T cells with a known MHC
restriction and antigen specificity, which can be sorted by fluorescence-activated cell sorting
(FACS) allowing downstream analysis of phenotype and genotype. This approach has suc-
cessfully been used in allergy to identify T cell epitopes [41].

MHC tetramer assays represent a revolution for the study of antigen-specific T cells, providing
an efficient way to directly visualize, quantify, phenotype, and isolate T cells of interest. Yet, this
technology is also associated with disadvantages and limitations. The construction of tetramer
reagents is not trivial and requires an advanced level of expertise. Production and purification of
high-quality MHC molecules are labor intensive, and only a subset of MHC alleles expressed by
humans is available as tetramer. Further, the use of tetramers requires existing knowledge about
the HLA restriction of the peptide of interest. In allergy, many dominant T cell epitopes are
highly promiscuous, meaning they are restricted by multiple alleles, which makes finding their
restriction more difficult. Determining the HLA restriction of given peptides can be done experi-
mentally, for example, by inhibition with locus-specific antibodies [32]. This method, however,
only identifies the restricting locus. Data from HLA-binding assays can also be a useful tool
to narrow down the possible restriction [42]. Another approach designed to determine HLA
restriction at the allele level involved the use of single HLA class II-transfected cell lines [43];
however, a large panel of cell lines is required to determine restrictions in multiple donors due
to the heterogeneity of HLA types in a given population. As an alternative to the experimental
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approaches, which are labor intensive and technically challenging, a bioinformatical predic-
tion tool was developed. This tool uses T cell response data in an HLA-typed population to
infer HLA restriction by genetic association [44]. Although this tool streamlines the prediction
of HLA restriction, it still requires experimental T cell response data and an HLA-typed popula-
tion large enough to make significant predictions possible.

The use of tetramer reagents requires preexisting knowledge about the HLA restrictions for a
given peptide as well as the HLA type of the donor sample. Acquiring this information can be
costly and labor intensive, making this approach less feasible for certain studies.

3.2. Cytokine capture assay

The isolation of antigen-specific cells based on cytokine production used to be complicated by
the fact that T cells positive for cytokine production were detected by intracellular cytokine
staining, which involved fixation and permeabilization of the cell. Fixed cells are no longer alive
and can therefore not be used for downstream applications that require live cells, and even iso-
lation of DNA or RNA from fixed cells is somewhat more complex than from live cells. A new
approach that captures cytokines on the cell surface immediately after secretion was developed
to allow detection and isolation of viable cells that secrete cytokines in response to antigen
stimulation. In this protocol, cells are pre-labeled with a “catch reagent,” a divalent complex
consisting of a CD45-specific monoclonal antibody conjugated to monoclonal antibody directed
against the cytokine of interest. The anti-CD45 antibody will bind to CD45 molecules expressed
on the T cell surface and effectively coat the cell (Figure 2). Subsequently, cells are stimulated
with antigen, and any cytokine produced will be bound to the cytokine-specific antibody conju-
gated to anti-CD45 immediately after secretion. Detection of cytokine-positive cells is achieved
by using a fluorescent-labeled detection antibody with the same cytokine specificity but recog-
nizing a different epitope from the catch reagent antibody (Figure 2). If the antigen-specific T
cell population is extremely rare, which is often the case in allergy and asthma, an enrichment
step can be performed. To further enrich antigen-specific cells before flow cytometric analysis
or isolation, microbeads conjugated to monoclonal antibodies specific for the respective fluoro-
phore used in the experiment can be used to label cells, followed by magnetic column enrich-
ment [35]. After cells are labeled and the enrichment step has been performed if desired, viable
cells can be analyzed and isolated by flow cytometry, facilitating downstream applications,
such as further culture assays or DNA/RNA extraction for sequencing analysis. A potential
limitation of this assay is the bias introduced by isolating cells based on production of a sin-
gle cytokine. Often, cytokine production in response to allergens is heterogeneous, and cells
produce different levels of different cytokines, such as IL-4, IL-5, IL-13, and sometimes IFNg.
Detection of allergen-specific cells based on production of a single cytokine will likely lead to
an underrepresentation of allergen-specific cells, since cells producing a different cytokine will
not be detected.

3.3. Cell activation assays

Another hallmark of antigen-specific T cells is the upregulation of activation markers in
response to antigen stimulation. Therefore, these activation markers can be targeted with
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Figure 2. A schematic representation of the methodology involved for a cytokine capture assay, using IL-5 as repre-
sentative cytokine.

fluorescent antibodies to detect antigen or allergen-specific cells. The challenge of this approach
is to identify activation markers that are specific and highly expressed to allow reliable
detection of allergen-specific T cells even at low frequency. One molecule that has become
very popular for such an application is CD154, also known as CD40 ligand (CD40L). CD154
is a member of the tumor necrosis factor (TNF) superfamily and found to be primarily
expressed on activated T cells, making it very specific. It acts as a co-stimulatory molecule,
binding to CD40 on antigen-presenting cells, which can lead to several downstream events
depending on the target cell type. Several studies designed to study allergen-specific effec-
tor cells in cohorts suffering from allergy, asthma, or who have been treated with AIT have
successfully applied this methodology to immunologically characterize and isolate aller-
gen-specific T cells ex vivo [37, 45]. The caveat of using CD154 as a selection marker for acti-
vated, allergen-specific T cells is that it is also typically stained intracellularly. In humans,
CD154 molecules expressed on the cell surface quickly become unstable, making a large
number of CD154 expressing cells undetectable. Therefore, this assay typically involves
fixation and permeabilization to allow intracellular staining of CD154, making downstream
applications less feasible.

As an alternative to CD154, other activation markers, such as Ox40 and CD25 have also been
used to detect and isolate antigen-specific cells after short-term antigen stimulation [46]. The
main advantage of this approach is that both Ox40 and CD25 are stably expressed on the cell
surface and therefore cells can be detected and isolated in viable form without the need of
fixation or permeabilization. However, CD25 is also strongly expressed by regulatory T cells,
irrespective of activation; therefore, gating of Ox40 and CD25 double-positive cells has to be
performed with great accuracy, and the inclusion of a third marker, such as PDL-1 may be
considered to avoid contamination of nonspecific T cells.
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3.4. Proliferation assays

The identification of antigen-specific cells based on the proliferative response to antigenic
stimulation is perhaps the most classical approach and has been widely used for several
applications including T cell epitope mapping, phenotypic characterization, T cell response
kinetics, and others. In the past, the classic method to detect cell proliferation in response to
allergen stimulation involved the addition of radioactive nucleoside, 3H-thymidine, to the
culture, which would be automatically incorporated into new strands of chromosomal DNA
during mitotic cell division. Subsequently, proliferation was assessed by measuring the radio-
activity in DNA recovered from the cell sample using a scintillation beta-counter. Though this
technology is still used in some laboratories, proliferation is now more commonly detected by
flow cytometry. One common approach is the staining of cells with a special fluorescent dye,
which is then diluted through each cell division. This decrease in the concentration of the dye
can be visualized by flow cytometry. Another approach is to stain stimulated cells with anti-
bodies targeting markers associated with proliferation, such as Ki67. The measure of prolifera-
tion in response to antigen stimulation is straightforward and inexpensive. The greatest caveat
associated with using proliferation as a readout for antigen-specific reactivity is the relatively
high rate of false positivity due to bystander activation. A study designed to directly compare
the use of tetramer staining reagents versus allergen-induced proliferation for the detection of
allergen-specific T cells found that while tetramers had a relatively low rate of sensitivity, cells
identified based on proliferation contained extremely high fractions of bystander cells [34],
making this approach more suitable if an enriched population is sufficient for the study rather
than a desire for a pure antigen-specific population.

4. Targeting T cells in allergen-specific immunotherapy

Allergy and asthma are debilitating diseases that are most commonly treated using phar-
macotherapy which are designed to improve the symptoms but not the cause of disease.
To date, the only disease-modifying therapy available is allergen-specific immunotherapy
(AIT). First administered over a century ago [47], AIT has been widely demonstrated to be a
clinically effective treatment, inducing immunological tolerance and improvement of clini-
cal symptoms beyond the time of treatment [48]. Despite its favorable duration of efficacy,
a considerable effort is invested to improve current AIT protocols. Allergen-specific immu-
notherapy with whole extract can be associated with IgE-mediated adverse reactions that
result from the patient’s allergen-specific IgE molecules being cross-linked by the allergen
present in the extract used for treatment, triggering degranulation and immediate-type reac-
tions. The occurrence of such adverse events and the need for extended treatment periods
that last several years can have a negative impact on treatment compliance. For this reason,
researchers have strived to find a treatment that targets T cells and circumvents potential IgE
reactivity. Removal of IgE epitopes, thereby eliminating the risk of IgE cross-linking, is one
obvious approach. There are a variety of methods to achieve this goal, some of which have
been evaluated in clinical trials.
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4.1. Peptide immunotherapy

One extensively pursued approach for AIT focused on T cells while omitting IgE epit-
opes is called peptide immunotherapy, where instead of using whole allergen extract,
allergic patients are treated with a mixture of short, synthetic peptides that constitute
the major T cell epitopes of the allergen the patient is allergic to. The clinical efficacy of
peptide immunotherapy has been demonstrated in several Phase IIb double-blind, pla-
cebo-controlled trials [49, 50]. A significant reduction in symptoms, measured as the total
rhinoconjunctivitis symptom score (TRSS), was observed following the administration of
only eight intradermal injections of the peptide formulation. In this study, TRSS levels
remained suppressed both at the 1- and 2-year follow-up time point [51]. The immuno-
logical mechanisms by which peptide immunotherapy induces tolerance are not yet fully
understood. However, studies have reported a downregulation of pathological type 2
cell responses and a concomitant increase in regulatory signals, such as the production
of IL-10 in the periphery. Further, significant increases in IFNg-producing Th1 cells and
CD25+ cells have been reported. The induction of IgG4-blocking antibodies, which are
believed to contribute to clinical efficacy by occupying the allergen-binding sites, thereby
preventing IgE-allergen binding, is a hallmark event during conventional AIT with aller-
gen extract. Interestingly, increased levels of IgG4 are rarely observed, probably due to
the lack of conformational B cell epitopes decreasing the likelihood of B cell stimulation
and resulting IgG production. Therefore, though modulatory events on the cellular level
appear to be broadly similar to those believed to occur during extract-based AIT, humoral
responses may be more distinct. Although peptide immunotherapy has been shown to
be clinically effective, it is also associated with challenges that need to be addressed. The
route of administration has been debated, and the clinical effects seem to be very sensitive
to dosing. Lower doses may not induce tolerance due to lack of potency for induction of
regulatory T cells, while too high dose may stimulate and expand pathogenic Th2 cells.
The selection of peptides is also a factor of consideration. Typically, mixtures used for
peptide immunotherapy include between 5 and 10 peptides. However, epitope specifici-
ties can be very heterologous in a given population, and therefore the selection may not
be straightforward. The consideration of these factors and others make the development
of peptide immunotherapy challenging at times.

4.2. Fragmented allergens

Another approach of AIT that was designed to target T cells while bypassing IgE binding
to avoid IgE-mediated side effects is the generation of fragmented allergens. This approach
was tested using the major birch pollen allergen, Bet v 1, as a model. The fragmentation of
the allergen involved its division into non-IgE-binding fragments, which retain their T cell
reactivity. Birch pollen allergic patients were then vaccinated with these hypoallergenic
derivatives in a double-blind, placebo-controlled study. This vaccination was found to reduce
cutaneous sensitivity, improve symptoms, and significantly reduce rises in birch-specific IgE
levels during season in the active group compared to placebo [52]. However, immunological
mechanisms and long-term efficacy were not evaluated.
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5. Concluding remarks

Allergic disease severity is very poorly understood. The degree of symptom manifestation,
such as asthma versus rhinitis can often not be explained by allergen-specific IgE titers. There
is a dire need for better diagnostics and biomarkers that will help us evaluate treatment
options and disease prognosis. Gaining a better understanding of the immunological events
on a cellular level may have a tremendous impact on how we treat patients in the clinic.
Monitoring allergen-specific T cells and their phenotype will provide insights into disease
manifestation and progression on a molecular level. However, performing such experiments
in the clinic is not feasible. The definition of dominant T cell epitopes will allow us to create a
tool to assess allergen-specific T cells in the context of different disease severities, such as rhi-
nitis, asthma, and/or immunotherapy which will likely hold the key for improved diagnostic,
biomarkers, and even novel therapeutic approaches.
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Abstract

Food allergens are substances that cause an overreaction of the individual immune sys-
tem of who consumes it. The importance of food allergy in the nutritional present context
is increasing, and dietary habits and nutrient availability have rapidly transformed in
function of access to consumers. There is no specific treatment for food allergies. It is
necessary to stop eating the food. Studies with the use of nuclear radiation to minimize
these effects have been performed. The absorption of electromagnetic radiation by the
biological tissues that constitute the food produces a function of electronic excitability of
the constituent molecules. An example of this reaction is with proteins leading to deami-
nation, breaking peptides, aromatic residues formation, and so on. The extent of these
reactions depends on the food conditions and substances that are contained in.

Keywords: ionizing radiation, food irradiation, food allergy

1. Introduction

The use of ionizing radiation was applied in foods given the discovery of radiation at the end
of the nineteenth century, since several researches have been carried out in several follow-ups
from this unique event for humanity.

Most of the studies on food irradiation describe about the use of technology in microbial
control, including the effective and efficient mode of pathogen control, as well as the use to
improved post-harvest products.

Mastro [1] explains that the food irradiation reduces the risk of foodborne diseases as has
already been established by many studies, and the food thus treated maintains the nutri-
tional value of macrocomponents and suffers loss of microcomponents as is the case with
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vitamins. The World Health Organization (WHO) has expressed its views on this, as well as
jointly WHO, Food and Agriculture Organization (FAO) and the International Atomic Energy
Agency (IAEA). For these international institutions, foods irradiated according to good manu-
facturing practices (GMP) are safe for consumption and suitable from the nutritional point of
view. Irradiated foods are provided for astronauts for years and are the best option for immu-
nosuppressed patients, as well as to meet the emergency food supply during natural disasters.

According to Prejean [2], food security is widely recognized as an increasingly significant
public health problem worldwide. For him, regardless of its admitted effectiveness against
foodborne pathogens, the employment of irradiation is still rare in the food industry, and
the inquiry is as to why a technology that is extremely effective and safe by any scientific test
would be greeted with such uncertainty by the food industry.

After exhaustive studies on this topic, recent research has found an alternative use for
inosinate radiation using this technology to minimize the allergenic effects of food.

The EACCI [3] defines the allergy as a hypersensitivity reaction begun by immunological mecha-
nisms. The sensitivity can be mediated by antibodies or by cells. In a large number of events, the
antibody worthy of the symptoms belongs to the IgE isotype, and the organisms may be men-
tioned as suffering from an IgE-mediated allergy. Not every allergic response connected with IgE
occurs in atopic individuals. In non-IgE-intervened allergy, the antibody may fit into the IgG iso-
type, for example, anaphylaxis caused by immune complexes holding dextran, as well as in the
classical serum disease, previously referred to as type III reaction. Both immunoglobulin E (IgE)
and immunoglobln G (IgG) can be found in allergic bronchopulmonary aspergillosis (ABPA).
Allergic contact dermatitis is representative of allergic diseases mediated by lymphocytes.

As advocated by Taylor in the early 1980s, food allergy prevention can be achieved by alter-
ing dietary factors responsible for the sensitization and phenotypic expression of the disease.
Since then, proteolytic enzyme hydrolysis of allergens and the development of recombinant
food with modified DNA have been the hope in the elimination of protein allergens when
compared to traditional processing methods [4]. However, these affirmations can be utilized
only in limited foods [5].

For now, the structural change of food proteins by radiation was studied by Kume et al. [6],
and this result revealed that ionizing radiation could modify antigenicity by the undoing or
alteration of conformational and linear epitopes in food allergens [7, 8]. Recently, the com-
plete abolition of intrinsic activity and loss of structural integrity with fragmentation and
aggregation following wide-dose irradiation have been observed in several studies [5].

Because of these questions related before, the aim of this paper is to provide some insight into
how the peaceful use of ionizing energy can contribute to improve the quality of life of people
with some type of food allergy.

2. Ionizing radiation

Harder and Arthur [9] defined radiation as either the transmission or the emission of energy
through a material medium or space in the form of particles or waves. Radiation is categorized as
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either nonionizing or ionizing. Nonionizing radiation does not have enough energy to completely
remove an electron from a molecule or an atom and is ordinarily not harmful to living organ-
isms. It consists of lower ultraviolet, visible light, infrared, microwaves, radio waves, or lower
energy electromagnetic waves emitted by power suppliers or receivers for television or radio. By
contrast, ionizing radiation does have the energy to liberate electrons from molecules and atoms
transforming them into ions. Therefore, ionizing radiation consists of not only ions and atoms but
also subatomic particles as well as electromagnetic waves on the high-energy end of the electro-
magnetic spectrum.

2.1. Gamma ray irradiation

The simplest form of irradiation is gamma ray irradiation. The origin of radiation is a radio-
active element that sends protons in the gamma ray reach of the electromagnetic spectrum.
Gamma ray photons have a higher recurrence (and hence, energy) than either ultraviolet or
X-ray photons. It can permeate a target food to a depth of diverse feet and range of microbial
contaminants anywhere within that reach. But it is simple on concept, because in addition to
radiating gamma rays, many radioactive elements also produce alpha rays (helium nuclei),
beta rays (high-energy electrons or positrons), and/or high-energy neutrons, so it is important
to choose well the source of the radiation. Alternatively, they might decay into another radioac-
tive substance that generates these other forms of radiation, but they are undesirable because
they have the potential to make the target food radioactive. Gamma rays can be contained by
immersion of the source in a sufficient quantity of water, and to prevent inadvertent gamma ray
exposure, the source must be insulated from the outside world by several feet of concrete [2, 10].

2.2. E-beam irradiation

For the same authors, E-beam irradiation, even if it uses that identical term as gamma ray
irradiation, is a fully different type of treatment. High-energy electron beams are made in
an electron gun, a larger version of the cathode ray gun discovered in devices such as televi-
sions and monitors. The electrons can be headed by a magnetic area to aim food. The term
“irradiation” is indeed a misnomer, since the food is not stated to electromagnetic radiation
or beta rays (electrons made by a radioactive source). Notwithstanding, the development has
a resembling effect to that of gamma ray irradiation. E-beam irradiation demands protection
as well, but nothing as the concrete box used in gamma ray irradiation. The drawback of the
E-beam is its small penetration depth (about an inch), avoiding its use to many foods and
restricting the amount of food that can be processed in volume.

2.3. X-ray irradiation

X-ray irradiation is a fairly new technique that matches many of the benefits of the other two
processes. As gamma ray irradiation, X-ray irradiation consists of exhibiting food to high-
energy photons with a long permeation depth. In this situation, nevertheless, bombarding a
metal film with a high-energy electron beam yields the photons, permitting the radiation to
be turned on and off. The apparatus is a more powerful version of the X-ray machines used in
medical cabinets. The device still demands heavy safeguard, though the amount of protection
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required is less than that for gamma ray irradiation. No radioactive material or byproducts
are used in, or outcome from, the process [2, 10].

3. Food radiation

The term “food irradiation” refers to any process that exposes food either to electromagnetic
radiation or to high-energy particles [2].

Briefly, food radiation is the processing of foods by expounding them to a controlled quantity
of ionizing energy for a particular number of times to attain determined technical objectives.
Food is irradiated in a particular method facility where it is subject to gamma rays, electron
beams, or X-rays. The food is strictly monitored to ensure that the precise dose or treatment
levels are performed. When used in this way, irradiation is similar to pasteurization of milk,
in that the good is left fresh but much more out of danger.

For Harder and Arthur [11], the principal lead of radiation use in food is a completely default
of direct use of chemical elements that may leave residuum in treated food, making it unas-
sured for consumption. Thus, ionizing radiation used in food attracted interest around the
world from many organizations such as the IAEA, FAO, OECD (Organization for Economic
Cooperation and Development), and WHO along with the participation of 24 countries in
studies to untangle the modifications that are consequences of the use of radiation in the food.

Food radiation is ultimately about how much energy is adsorbed by the mark food. It is
important to have a metering for what shot of radiation will be necessary independent of the
quantity of food to be irradiated. Radiation doses are calculated in kiloGray (kGy). A portion
of 1 kGy shows that the goal specimen receives 1000 J (metric units of energy, for short J) per
kilogram of sample bulk. The result of radiation on microbes is measured by a dosage called
the D-value [12].

The effectiveness of the treatment varies based on the type of radiation used (gamma ray,
X-ray, or E-beam), the intensity of the radiation, and the purpose of the use in question.

Irradiation destroys injurious bacteria and other organisms, meat, poultry, and seafood, dis-
infests spices, spreads shelf-life of fresh fruits and vegetables, and also controls budding in
tubers (e.g., potatoes) and bulbs (e.g., onions). As in illustration, a very short number of ioniz-
ing energy are worn to expunge insect pests from fruit; a little greater number is used on meat
or poultry to destroy noxious bacteria, and notably higher number is used to fully sterilize
food. Irradiation complements good manufacturing practices without compromising on food
quality or nutrition [13].

For Harder and Arthur [9], there are three different irradiation methods (radappertization, radi-
cidation, or radurization) used to inactivate microorganisms based on the severity of the process:

* Radappertization is the most severe of the three irradiation methods. With radappertization
or sterilization of food, a dose of irradiation is applied that decreases the activity and number
of living microbes (excludes viruses) to such a low level that there is no recognized method
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for detection. Doses required for radappertization are generally between 25 and 45 kGy [14,
15]. All foods—including eggs without shells in the form of egg white, yolk, or whole egg—
subjected to radappertization must be parceled in hermetically sealed packets so that there is
no recontamination of the product to the environment. Radappertization is popular for use in
meat products such as chicken fillets and turkey breast. The National Aeronautics and Space
Administration, the space agency of the United States, uses radappertization to prepare irra-
diated food for consumption of astronauts during space flights. The irradiated food products
have no microbial viability, even at room temperature, provided the package is kept intact. All
irradiated foods must have expiration dates regardless of whether the package is kept intact
or not because prolonged storage causes chemical and physical changes in these products.

* Radicidation, similar to pasteurization, is the treatment of food with a sufficient dose of
ionizing radiation to inactivate nonspore-forming bacteria in a way that the microorgan-
isms are not detected by bacteriological methods normally used on processed foods. Doses
required for radicidation are generally between 2 and 8 kGy [14, 15]. Examples of foods
where radicidation is applied include juices, fresh meats, fresh pasta, and eggs.

* Radurization is the least severe of the three processes of irradiation with dosages in the
range of 0.4-2.5 kGy. Radurization disinfects or sanitizes food and extends shelf-life by
causing a reduction in the count of viable spoilage microorganisms. Examples of where
radurization is used in foods include the following: (1) preventing the sprouting of bulbs
and tubers, (2) preventing the deterioration of fruits and vegetables by fungi, (3) killing
parasites, insects, and mites that infest food, and (4) slowing down the ripening of fruits.
The delay in ripening and the shelf-life extension in fruits like bananas are great advan-
tages as this fruit can ripen quickly without treatment. The use of radurization to delay the
fruit-ripening process provides time for food distribution and exportation.

Other uses with ionizing radiation are the structural alteration of proteins, and it is being
investigated as a means of reducing food allergies. Common food allergies in humans include
milk p-lactoglobulin, shrimp tropomyosin, and egg albumin. Subjecting food to ionizing
radiation changes the antigenicity of food by altering the physical and chemical structure of
proteins leading to distortion of the protein’s secondary and tertiary structures. Specifically,
the epitope area of the food allergen can be modified or destroyed by gamma irradiation so
that antibodies to the allergen should never be produced by the individual consuming the
irradiated food [9, 16, 17].

The Food and Drug Administration (FDA) [18] treated that for all food submitted to food
irradiation, the Radura symbol can be used to identify the process (Figure 1), which should
be placed on irradiated food packages in many countries of the world. The Radura symbol
originated from and was copyrighted by an irradiation food-processing facility located in
Wageningen, Netherlands, in the 1960s. The then president Jan Leemhorst of the company
called Gammaster recommended its use as an international label to be placed on irradiated
food as long as manufacturers implemented appropriate quality parameters. The Radura
symbol is listed in the Codex Alimentarius Standard on Labeling of Prepackaged Food. The
FDA requires that foods that have been irradiated bear the “Radura” logo along with the
statement “Treated with radiation” or “Treated by irradiation”.
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Figure 1. The Radura symbol.

3.1. Effects of food radiation

For food irradiation to be safe, radiolytic products (radiolytic products are chemicals created
by the interaction of radiation with a substance such as food) must pose no danger for human
consumers. Most of radiolytic goods are created by the radiation-rupturing molecular links
in water, leaving spare radicals that in turn either recombine into water or interact with other
chemicals. Other radiolytic products are created when complex protein molecules are broken
into smaller ones. From the standpoint of radiation chemistry, then, irradiation is no more
dangerous than cooking food, because radiolytic products formed by food irradiation are all
found naturally in non-irradiated food, and the types of compounds formed by irradiation
are identical to those formed during the cooking process [19].

Some vitamins, particularly thiamine, undergo an appreciable reduction when exposed to
radiation. But in the totality of the diet, however, FDA determined that the average person's
intake of these vitamins would be well above the recommended dietary allowance (RDA) [19].

Another situation from the food radiation is water radiolysis, or water broken by the ion-
izing radiation that forms analytes as H* and OH". From the water radiolysis, the formation
of hydrogen peroxide has great significance in irradiated foods. Like all foods containing
substances that can oxidize or reduce, many reactions can occur when foods containing water
are irradiated [11].

3.2. Consumer acceptance and marketing of irradiated foods

Although irradiation cannot prevent primary contamination, it is the most effective tool avail-
able to significantly reduce or eliminate harmful bacteria in raw product. Food irradiation has
the virtual to dramatically reduce the incidence of foodborne illness and has gained practi-
cally consentaneous aid or approbation from international and national medical, scientific,
and public welfare organizations, also from food processors and associated industry groups.
Numerous consumer studies clearly show that when given a choice and even a small amount
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of accurate information, consumers are not only willing to buy irradiated foods but also often
prefer them over food treated by conventional means [13].

4. Food intolerance and allergies

Primary food sensitivities can be cloven into immunological and nonimmunological responses.
The base of an unnatural immunological reaction after expenditure is a real food allergy or
hypersensitivity. Primary sensitivities involving immunological retroactions are more piece-
meal into IgE-mediated and non-IgE-mediated food allergies. The reactions are often noted
as immediate hypersensitivity reactions, because the symptoms occur soon after ingesting the
offending foods. Food allergens are defined as common food proteins (foods contain many
proteins, but only a few of them are allergens). As in all people, the allergens are ingested, pass
through the gut epithelium, and circulate in the blood; however, the immune system of some
individuals reacts to these food allergens by manufacturing immunoglobulin E (IgE) [20].

5. Chemical and biological properties of food allergens

For Jedrychowski and Wichers [21], most of the allergens have a protein; they are usually
glycoproteins dissolved in water and resistant to digestion. The immune system recognizes
them, and as a result, specific IgEs are produced (type I allergy) or specific T-cell antigen
receptors (TCRs) are produced (type IV allergy).

Harder et al. [11] treated the debate on the effect of radiation in proteins formed on the study
of the radiation chemistry of amino acids. Started responses with hydrated electrons are the
main route in the radiolysis of amino acids and proteins. When proteins are irradiated in the
attendance of water, all of the retroactions that are possible with amino acids are also practi-
cable with proteins holding these amino acids. With 20 component amino acids and proteins
with three reactive kinds of water radiolysis, many complicated interactions are practical.
Further, the effects are exercised by the spatial shape of the protein current, determined by
hydrogen links, disulfide links, hydrophobic links, and ionic links. Lonely, amino acids,
which are likely to attack by radicals when irradiated, are less susceptible when they are
part of the protein structure and they are more or less inaccessible to responses with radicals.
Another factor that probably contributes to the increased force compared with the protein-
isolated amino acid sequence is owing to a greater or lesser hardness of the spatial structure of
the protein; radicals created as a result of irradiation molecule are safe in the stance and have
a high chance of recombination.

The authors also said that a great proportion of radiant energy laid up in irradiated proteins
seemingly promotes denaturation, and modifies in secondary and tertiary current, before the
destruction of the amino acid components. This denaturation is much less longer than that
caused by warmth. This is because sterilizing radiation in food for much time housing com-
bines with warm treatment. Enzymes are more sensible to warmth.
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6. Application of gamma irradiation for inhibition of food allergy

According to Byun et al. [16], the amount of intact allergens in an irradiated solution can be
reduced by gamma irradiation depending upon the dose. This situation occurs because that
in the epitopes on the allergens can be structurally altered by radiation treatment and that the
irradiation technology can be applied to reduce allergenicity of allergic foods.

Kume et al. [6] observed the structural modification of food proteins by radiation, and these
results have indicated that ionizing radiation could change antigenicity by the destruction or
modification of antibody-binding epitopes in food antigens/allergens.

7. Effect of irradiation on allergenicity of different food products

Food irradiation objective is the inactivation of microorganisms and through this to prolong
the shelf-life. As side effect, this technology influences the food allergenicity.

The process of irradiating proteins with high dose besides inactivation of microorganisms
induced the production of protein aggregates and degraded fragments with reactivity to the
specific antibodies.

One example is the research that Vaz et al. [22] conducted. Studies on Sebastiania jacobinen-
sis bark lectin found that high doses of gamma irradiation (above 1 kGy) induced a signifi-
cant loss of activity of this protein. There were apparent changes in the hydrophobic surface.
Gamma irradiation caused protein misfolding and aggregation.

After these reports, other research developed within the effect of irradiation on allergenicity
of different food products thematic has been subsequently listed.

8. Eggs

For egg proteins, Lee et al. (2005) produced cakes containing layer of egg white that were
gamma-irradiated with 10 or 20kGy in study promoted by them. The ovalbumin present
decreased its allergenicity by irradiation and processing. Egg white irradiated for reducing
the egg allergy could be used for producing a safer cake [23]. And then, Lee et al. [24] treated
hen egg ovomucoid at basic pH irradiated at 10 kGy, heated at 100°C for 15 min, or both treat-
ments were applied. The combination of irradiation and heating was very effective in reduc-
ing the amount of intact ovomucoid regardless of the pH condition. For Kume and Matsuda
[7], the principle of the effect can be demonstrated in case of ovalbumin and bovine serum
albumin in solution (0.2% in 0.01 M phosphate buffer, pH 7.4). These proteins were irradiated
with a high dose of the order of 8 kGy (units for intensity characterization of ionization by
gamma irradiation). This process besides inactivation of microorganisms induced the produc-
tion of protein aggregates and degraded fragments with reactivity to the specific antibodies.
The main part of conformation-dependent reactivity, spatial antigenic structure (conforma-
tional epitope), was lost, but some antigenicity persisted.
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In their study, Kim et al. [25] was carried out to evaluate the changes in the allergenic and
antigenic properties of hen’s egg albumin (ovalbumin) with the combination of heat and
gamma irradiation treatment. They found that the ovalbumin's capacity to connect to mouse
1gG modified upon heating at 167°F and its capacity to connect to egg-allergic IgE modified
upon heating at 176°F. The ELISAs introduced that egg-allergic IgE did not identify ovalbu-
min very well when warmish at >176°F, while mouse 1gG maintained better activity under
these requirements specimen treated by irradiation followed by warming. For that, these con-
sequences demonstrate that allergies induced by ovalbumin could be effectively decreased by
the blend of warm and gamma irradiation treatment.

Lee et al. [24] in their study evaluated the effect of a treatment combining gamma radiation
and heating on the allergenic properties of hen’s egg ovomucoid under basic pH conditions.
They observed that the concentration of unimpaired ovomucoid reduced with irradiation
or warming, and the fee of the reduction was larger for a basic pH requirement than for
the physiological requirement. Ultimately, they concluded that the blend of irradiation and
heating was very effective in reducing the amount of intact ovomucoid regardless of the pH
condition. After treatment, the renovation of the pH to 7.4 did not affect the concentration of
ovomucoid. The results of this study indicate that a combination of irradiation and warming
might be an effective way for decreasing egg hypersensitivity resulting from ovomucoid.

9. Milk

Milk proteins allergen was studied by Lee et al. [26] who found that bovine alpha-casein and
beta-lactoglobulin when irradiated changed their allergenicity and antigenicity. Probably,
agglomeration of proteins was caused by the treatment.

In their study, Lee et al. [26] executed to assess the application of food irradiation technology
as a way for decreasing milk allergies. In this scientific study, bovine alpha-casein and beta-
lactoglobulin were used as milk proteins. The application of milk-hypersensitive patients’
immunoglobulin E and rabbit IgGs individually made to bovine alpha-casein and beta-lacto-
globulin, the shift of allergenicity and antigenicity of irradiated proteins was noted by com-
petitive oblique enzyme-linked immunosorbent test.

For the authors, allergenicity and antigenicity of the irradiated proteins were modified unlike
sides of the inhibition curves. The vanishing of the band on sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis and the rise of the turbidity demonstrated that solubility of
the proteins decreased by radiation, and it might be caused by agglomeration of the proteins.
These results showed that epitopes on milk allergens were structurally changed by gamma
irradiation.

10. Fish and seafood

Our research evaluated heat-stable protein that was secluded and processed with gamma
radiation at 0, 1, 3, 5, 7, and 10 kGy in a requirement of solution (1 mg/ml) and fresh shrimp
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was irradiated too. The IgE-linking fee was decreased with an increasing dose. The principal
allergenic protein was gone and the vestiges induced from coagulation showed up at a higher
molecular weight zone as evidenced by a special test. The same results were received on pro-
teins extracted from irradiated shrimp studied by Byun et al. [27].

Investigations on glutamic oxaloacetic transaminase, glutamic pyruvate transaminase, and
rhodanese of both unirradiated and irradiated chub mackerel (Rastrelliger neglectus) have
been carried out by Sofyan and Soedigdo [28]. They can be proved that glutamic oxaloacetic
transaminase and glutamic pyruvate transaminase were more susceptible toward irradiation
as compared to rhodanese. An irradiation dose of 4 kGy was able to inactivate glutamic oxa-
loacetic transaminase, glutamic pyruvate transaminase, and rhodanese for ca 50, 44, and 36%,
respectively. Evidently, transaminase- as well as rhodanese-specific activities to spoiled fish
were significantly lower (P < 0.01) than those of fresh fish. The residual glutamic oxaloacetic
transaminase-, glutamic pyruvate transaminase-, and rhodanese-specific activities in spoiled
fish were found to be about 35, 41, and 22%, respectively.

11. Wheat

Commercial gliadin powder and wheat flour were irradiated with doses between 2.2 and
12.8 kGy. Surprisingly, irradiated gliadin increased its allergenicity. Gliadin extracted from
irradiated wheat flour exhibited higher immunoreactivity than pure gliadin irradiated with
the same dose [29].

12. Conclusion

Regarding earlier explanation, we can conclude that the ionizing radiation is effective to con-
trol the allergenicity in food. But more studies are necessary to determine the chronic and
acute doses, as well as the dose rate, pH, temperature, humidity, and other parameters that
can influence the food characteristics.
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Allergy is a main problem of public health in the world. Many people in all countries
are suffering from this problem. Some diseases (i.e. allergic rhinitis, allergic asthma,
food allergy, urticaria, eczema, etc.) have allergic reaction pathophysiology, and with
control of allergic mechanisms, these diseases can be controlled and cured. The current
book entitled Allergen has focused on allergy, mechanism, diagnosis, treatment, and
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