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Preface

This book includes eight chapters organized into four sections.

Chapter 1 introduces the topic. Chapter 2 discusses the basics of molecular allergy
and the importance of a molecular biological approach in clinical allergy, especially
in food and pollen allergies. Chapter 3 reviews the aerobiological approach and

the contribution of aerobiology in the diagnosis and treatment of pollen allergy.
Chapter 4 discusses food allergies, including cow’s milk and egg food allergies. It also
highlights new therapeutic methods for treating allergies (e.g., oral-sublingual route
immunotherapy modalities) and preventive methods such as early administration

of some foods. Chapter 5 is about anaphylaxis, which is one of the most serious
complications of food allergies. The diagnostic description of anaphylaxis is always
debatable and diagnosing anaphylaxis is challenging, especially in infants. Chapter 6
discusses allergen-specific immunotherapy, in which different therapeutic modalities
(oral, sublingual, epidermal, intralymphatic, etc.) as well as different commercial
preparations have been developed, especially for food and pollen allergies. Chapter 7
examines the novel treatment approach of mesenchymal stem/stromal cells, which

is being tested for allergic diseases such as atopic dermatitis and chronic urticaria.
Finally, Chapter 8 discusses the management of various allergic diseases during the
COVID-19 pandemic.

I would like to thank the staff at IntechOpen, especially Author Service Managers
Jasna Bozic and Dominik Samardzija for their assistance throughout the publication
process.

Oner Ozdemir, MD

Research and Training Hospital,

Division of Pediatric Allergy / Immunology,
Sakarya University Medical Faculty,
Sakarya, Tiirkiye
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Chapter1

Introductory Chapter: Allergic
Disease — New Developments
in Diagnosis and Therapy

Oner Ozdemir

1. Introduction

In today’s world of the allergy epidemic, this book will discuss primarily the
changes and developments in the diagnosis and treatment of well-known allergic
diseases in light of recent literature. Today, with the developing of technology,
diagnosing allergic diseases is much more than just skin-prick tests and specific IgE
examinations. Many things now require diagnosis at the molecular level and more
appropriate diagnosis and proper treatments [1, 2].

2. Aim

In our book and in this brief section, we gave priority to the topics, which we
encounter very often in the allergy outpatient clinic and the current developments in
this field.

3. New developments in diagnosis and therapy of allergic diseases

Nowadays, the basic knowledge of molecular allergy is increasing very rapidly. The
molecular biological approach is most useful today in the study of food allergies and
cross-reactive allergens [3-5]. In light of the innovations in the literature on molecular
allergy, the reflection of this from laboratory tests to bedside clinical practices is
becoming more important every day.

Also, an aerobiological approach and the contribution of aerobiology in the diagnosis
and treatment of pollen allergy are one of the developing areas. An aerobiological approach
will not only give a more accurate diagnosis but will also help detect and treat more accu-
rately the actual pollen to which the person may be allergic [6].

Food allergies, which are increasing day by day, are like a new challenge to our
civilization. While we were talking about food allergies that disappeared at an earlier
age and were not so stubborn and difficult to treat until recently, we can talk about
food allergies that are more resistant to treatment, disappear at a later age, and gener-
ally it appears as multiple food allergies [7, 8]. In the past, cow’s milk and egg food
allergies were the most common and well-known types of food allergies that were
relatively easy to treat. Again, apart from diet therapy, immunotherapy modalities
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that are tried by oral-sublingual route against various foods are very popular today. To
reduce the frequency of food allergy development, early administration of some foods
has also come to the fore today [9].

Again, the frequency of anaphylaxis, which is one of the serious problems in
food allergies, and the chance of it appearing in the clinic is like the increase in the
incidence of all other allergic diseases. Recently, there have been some changes in
the definition of anaphylaxis, the diagnosis of which has always been controversial.
Apart from hypotension, after exposure to certain/known allergens, the appearance
of respiratory symptoms (e.g., laryngomalacia, and bronchospasm) was also accepted
as anaphylaxis [10, 11]. Apart from the difficulties in diagnosing anaphylaxis, infant
anaphylaxis is a difficult issue in its own right. As it is so difficult to evaluate and
decide on anaphylaxis-related symptoms and signs in infants [12, 13], there has been
no recent change in this treatment.

It is known that all allergic diseases occur through immune mediation. Again,
although allergic diseases generally have a common immunopathogenesis, there may
be minor variations specific to the individual disease. Allergen-specific immuno-
therapy is one of the most developed topics in allergy recently. Apart from the use of
molecular allergy and aerobiological methods when planning immunotherapy [4],
different methods have been developed as I mentioned above when talking about food
allergy. In addition, application with other methods (oral, sublingual, epidermal,
intralymphatic, etc.,) other than the classical method, the subcutaneous route, is
partially becoming common in food as well as pollen allergies. Again, apart from
orally administered liquid preparations, tablet-like and home allergen-specific immu-
notherapy applications are becoming widespread, especially for pollen and dust mite
allergies [14, 15]. Various companies have preparations for this purpose, especially in
European Union countries.

Besides allergen-specific immunotherapy, the use of mesenchymal stem/stromal
cells is available today as trial treatments in many autoimmune, chronic diseases, even
in COVID-19 other than allergic diseases. It has been first tried in mice, especially in
atopic dermatitis, and its success has been reported [16]. It is very new to be tested for
allergic diseases such as atopic dermatitis and chronic urticaria. Although this form of
treatment looks promising, trials are new, and the chances of success are still low. But
if it is successful, it may appear more frequently in the future as a radical and preven-
tive treatment option [17].

4, Conclusion

I hope that the issues described in the light of the current information in this book
will change the diagnostic and therapeutic approaches of allergists and lead to better
and more accurate results for the patient.

I would be very glad that our book will be useful to all our readers...
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Chapter?2

Fundamentals of Molecular
Allergy: From Bench to Bedside

Henry Veldzquez-Soto and Maria C. Jimenez Martinez

Abstract

This chapter describes the fundamentals of molecular allergy diagnosis and
raises the concept of allergens, allergenic components, and recombinant allergens.
In addition, the authors review quality aspects related to the laboratory methodol-
ogy. In the last part of the chapter, the different singleplex and multiplex platforms
currently used for molecular diagnosis are compared. Finally, the diagnostic sys-
tems’ challenges, strengths, and pitfalls are discussed to understand their clinical
impact. Undoubtedly, this chapter will be handy for the background knowledge for
health personnel, allergists/immunologists, and clinical laboratory personnel to
guide the selection of diagnostic tests for allergy as well as their interpretation and
therapeutic approach.

Keywords: molecular allergy, laboratory tests, allergens, allergy diagnostic

1. Introduction

Allergies are one of the most prevalent diseases affecting almost one billion people
worldwide [1]. The traditional approaches for identifying allergen-specific IgE have
undergone a revolution as a result of the growing need for the best diagnostic tech-
niques, technological advancements, and understanding of allergen structure and
obtention. These technical and scientific advances are the fundamentals of molecular
diagnosis and precision medicine in allergy [2, 3].

2. Principles of laboratory testing for molecular allergy

Immunoglobulin E (IgE) is one of the five immunoglobulin isotypes described
in humans and is considered to mediate hypersensitivity type I reactions and be the
main soluble molecule involved in allergy pathology [4]. This immunoglobulin has
historically been recognized as a biomarker for allergic processes. Due to its feasibil-
ity to detect and measure in serum samples, several laboratory methods focus on the
identification of total IgE (tIgE), and specific IgE (sIgE) [5].

Measurements of tIgE and sIgE are based on antigen-antibody reactions. For tIgE
detection, an anti-IgE antibody (detection antibody) will bind to the fragment crys-
tallizable region in the immunoglobulin E. For sIgE, the serum sample is incubated
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with the allergen-coated surface before incubation with the detection antibody,
thus allowing allergen-specific IgE to be detected. Finally, the reaction is detected
according to the platform methodology: radiation, colorimetry, fluorometry, or
chemiluminescence [6-8].

2.1 Units and equivalences

Serum IgE is usually found in very low concentrations ranging <1pg/mL. Most
immunoassay systems now use a total calibration curve that is associated with the
World Health Organization (WHO) IgE standard and reported in arbitrary units; for
better comprehension, tIgE is reported in IU/ml or kIU/L, which is equivalent to 2.4
ng/ml; [9] while sIgE is reported in KUA/L (kUA/L kilo mass units of allergenspecific
antibody per unit volume) [10].

2.2 Methodologies for tIgE and sIgE determination

The evolution of methods for IgE diagnostic comprises methods like Radio-
Immuno-Sorbent-Test (RAST), Paper-Radio-Immuno-Sorbent-Test (PRIST), and
Enzyme-Linked Immuno-Sorbent-Assay (ELISA), gave rise to more reliable, safe,
and automatized methods. A deeper revision of these methodologies could be

found in [6].
2.3 Current methodologies used for sIgE determination
2.3.1 Engyme-linked-immuno-sorbent assay (ELISA)

ELISA protocols are based on colorimetric reactions. Allergen is bound to the
plate, then the sample of the patient containing IgE is incubated, allowing it to react
with the allergen, forming the first antigen-antibody complex. Then a secondary
antibody linked to an oxidizing enzyme binds to the previously formed complex,
and by addition of the substrate, the color begins to develop. Finally, the plate is read
in a spectrophotometer to detect the absorbance, which is proportional to the sIgE
concentration (Figure1) [11].

2.3.2 Immunoblot

For immunoblot-based methods, antigens are bound to a polymeric membrane
acting as the solid phase, allowing IgE to interact with the different allergens. Then a
phosphatase alkaline-linked secondary antibody is added to the reaction. Finally, the
substrate precipitates leaving colored marks in the spots where patient’s IgE reacted
with allergen (Figure1) [12].

2.3.3 Chemiluminescence

The method for chemiluminescence platforms is very similar to ELISA. Alkaline
phosphatase, which is linked to the secondary antibody, produces chemilumines-
cence signals when it reacts with its substrate, the phosphate ester of adamantyl
dioxetane. In this method, the intensity of chemiluminescence is proportional to
sIgE concentration (Figure 1) [13].
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Figure 1.
Fundamentals of current methods for IgE detection. Different techniques are used to determine tIgE and sIgE in
patients’ samples; all of them are based on Ag-Ab reaction.

2.3.4 Fluoro-engyme-immunoassay (FEIA)

In FEIA techniques, the secondary antibody is coupled to galactosidase, which
reacts with 4-methylumbelliferyl pgalactoside to generate fluorescence proportional
to the amount of specific IgE in the sample (Figure 1) [14].

3. Singleplex platforms for IgE determinations
Singleplex platforms permit the determination and quantification of tIgE or
sIgE. In the case of sIgE determinations, these instruments identify one allergen per

reaction.
Singleplex devices usually include the following components: [2, 14]

13



Allergic Disease - New Developments in Diagnosis and Therapy

1. An allergen platform in solid or liquid phase.

2. A reaction container in which human serum or controls are exposed to anti-IgE
detection reagent.

3. Calibration, data acquisition, processing, and analysis systems.

3.1 ImmunoCAP Phadia by ThermoFisher

It was the first automated platform using FEIA as the operating principle, showing
high concordance with RAST in its results. Phadia 250 has a processing capacity of 60
tests per hour and allows the use of native and recombinant allergenic components
which are grouped within the ImmunoCAP line, such as grass pollens, weed pollens,
tree pollens, microorganisms, animal proteins, and mites, among others [15, 16].

3.2 Immulite by Siemens

Immulite is an IgE detection platform based on chemiluminescence. This equip-
ment determines a variety of allergens from animals, drugs, food, grasses, insects,
mites, mold, parasites, trees, and weeds, among others. It also includes a panel of 26
recombinant allergenic components. Immulite 2000 is capable of processing up to
200 results per hour and with a sensitivity of up to 0.1 kU/L [17, 18].

3.3 Hytec 288 by Hycor Biomedical

Hytec 288 is an immunoassay instrument based on ELISA. This platform offers
the determination of single allergens and allergen mixture from drugs, food, grasses/
weeds, animal proteins, among others. This equipment could perform up to 288 tests
per run [19].

These three platforms are the leaders in the global market and exhibit excellent
analytic sensitivity, precision, reproducibility, and linearity in total and allergen-
specific IgE assays, but some variability in allergen-specific IgE quantitative
estimates [16, 19].

4. Multiplex platforms for IgE determinations

Multiplex immunoassays allow for the identification of IgE sensitization reper-
toires against a diverse set of allergens. In contrast to singleplex platforms, the results
are semiquantitative and not interchangeable. Characteristics of both platforms can
be seen in Table 1.

4.1 Immuno solid-phase allergen chip (ISAC), by Thermo Fisher

The immuno solid-phase allergen chip (ImmunoCAP-ISAC) was the first multi-
plex platform designed and approved for IgE identification. This platform is based
on the FEIA on-chip methodology, which can identify up to 112 allergenic compo-
nents from 48 different allergen sources in approximately 4 hours. The ISAC system
employs ISAC standardized units (ISU-E) ranging from 0.3 to 100 ISU-E, equivalent
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Singleplex Multiplex

Results Quantitative Semi quantitative

Allergens tested per run Depends on platform Upto178

Test result time 60 per hour- 200 per hour for 4h for whole panels
individual tests

Cost Cheap (if testing for few allergens) Expensive

Personnel Laboratory Technician High-trained Laboratory

Technician
Table 1.

Comparison between singleplex and multiplex platforms.

to 0.3-100 kUa/L, to categorize sIgE concentration into four groups: undetectable or
very low (0.3 kUA/L), low (0.3 to 13 kUA/L), moderate to high (13 to 153 kUA/L),
and very high (153 kUA/L) (Figure 2) [11, 20].

4.2 EUROLINE by Euroimmune

Euroline is a semiquantitative based immunoblot instrument. It provides pre-
coated membranes for detecting sIgE from various allergen sources. These precoated
membrane panels are tailored to the clinically relevant allergens in the regions where
these are commercialized. Interestingly, this platform offers reagents for diminishing
cross-reactive carbohydrate determinants (CCD), improving sensitivity. The number
of allergens detectable in one membrane varies depending on the panel in use (8-45
allergens). The results can be obtained in a lapse of approximately two hours [21].

4.3 Allergy Explorer (ALEX) by Macro Array Diagnostics
The Allergy Explorer platform was the first to use an ELISA-based methodology

to determine tIgE and sIgE levels for 117 extracts and 178 recombinant allergens at

Allergen coated chip Method

Allergen
component

Anti-lgE

g
(Patient
serum)

Figure 2.
Immuno solid-phase allergen chip (ISAC). Multiplex immunoassay based on FEIA methodology.
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the same time. This device can block the determination of clinically irrelevant sIgE
directed against CCD. The platform has manual and automated processing formats,
with the capacity to analyze up to 50 patients in an approximate time of 4 hours.
ALEX contains pre-designed panels by a group of symptoms or group of allergens,
such as grass pollens, dander allergens, epithelium of animals, mites and cockroaches,
molds, and yeasts.

The results of the tests are presented graphically, including the allergen’s name,
the specific allergen component or extract, the biological function, and the reported
sIgE concentration in kUA/L. The final report includes a demonstration of pos-
sible cross-sensitization as well as interpretation and medical follow-up recom-
mendations for the treating physician. ALEX employs a classification based on the
concentration of sIgE obtained: Negative or uncertain (0.3 kUA/L), low (0.3to 1
kUA/L), moderate (1-5 kUA/L), high (5-15 kUA/L), and very high (> 15 kUA/L)
(See Figure 3) [22].

These three instruments evaluate the eight most common allergen families: Bet
v 1-related protein (PR-10); Venom group 5 allergen family; Cupin Superfamily;
EF-hand domain (Ca++ binding proteins); Expansin C-terminal domain; Lipocalin;
Profilin; and Prolamin superfamily [20-22].

Although evaluated in different allergic diseases with patients sensitized to dif-
ferent allergens its performance, sensitivity and specificity have been reviewed and
tested by different authors (Table 2) [8, 23, 24].

5. Allergens, allergenic extracts, and allergen components.

As mentioned above, laboratory diagnosis relies on antigen-antibody reactions,
with the allergen defining the IgE specificity. Therefore, it is essential to emphasize
the concepts of allergen, source, and obtention methods.

5.1 Allergens

Allergens are any molecule that binds to IgE antibodies [25]. Allergens are immu-
nogenic antigens that induce a robust Th2 response, characterized by high IL-4 and
IL-13 production with secretion of IgE [26].

Alkalyne ——

ﬂ = phospatase - labeled
antihuman IgG

+—IgE

«— Allergen —
component

Figure 3.
Allergy Explorer (ALEX). Multiplex immunoassay based on ELISA technique.
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ALEX ISAC EUROLINE
Allergens or components 117-178 112 Upto45
tested per run
Test result time 4h 4h 3h (time optimized), 3.5h

(time/volume optimized),
14-26 h (volume/time
optimized)

Sensitivity 93%* 86%** 31-88.9%***
Specificity 100%* 100%** 70-96.7%***
Methodology ELISA Fluorescence Blot

"Evaluated in tree nut allergy.
Systematic review.
Compared to skin prick test.

Table 2.
Comparison of multiplex platforms.

5.2 Allergen extracts

Allergen extracts (AEs) are complex mixtures of allergenic and nonallergenic
molecules, including proteins, lipids, saccharides, nucleic acids, lipids, low molecular
weight metabolites, pigments, and salts. AEs are obtained from natural sources such
as pollens, animals, and insects, using physical methods (grinding) or chemical
methods (solvents). Based on their intended application, allergen extracts should be
characterized and subjected to quality control. As a result, validated assays must be
developed to ensure the presence of relevant allergens for diagnostic or therapeutic
applications (Figure 4) [27, 28].

5.3 Allergen components

Allergen components are isolated proteins derived from a purified extract of a
specific allergenic source. These allergens, whether native or recombinant, are gener-
ally homogeneous and subject to stringent quality control [14].

Recombinant allergens are the most effective approach for obtaining allergen
components. These highly pure allergens are produced by biotechnology; the process
begins with cDNA obtention from mRNA through reverse transcription. Then, the
cDNA may be modified (point mutations, chimeras/hybrids, fragmentation, oligo-
merization) to obtain the most accurate allergen molecule. Subsequently, the cDNA
is inserted into expression vectors, usually E. coli. or P, pastoris, to express the protein
and obtain the recombinant allergen. The allergen is then isolated, purified, evalu-
ated, and validated for its usage in diagnostic platforms or to be used as a hypoaller-
genic allergens for immunotherapy (Figure 5) [29].

5.4 Structural importance of allergens
5.4.1 Proteins

Proteins constitute the vast majority of allergens, but only a few allergens bind
IgE antibodies in the serum of most allergic patients. These molecules are known as
“major allergens.” A major allergen is defined as an antigen that binds to IgE in 50%
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Figure 4.

Oégtention of allergen extracts and allergen components from allergenic sources. Different techniques are used to
obtain allergen extracts from diverse allergen sources. Most allergen extracts contain sensitizing allergen, allergen-
derived materials, non-allergenic components, and contaminants. Following the obtention of allergen extracts,
allergen components are isolated and purified, and protein chavacterization is performed.

or more of clinically allergic patients’ serum. Other antigens that account for less than
half of IgE binding are known as “minor allergens.” Identifying major allergens has
aided in understanding the immune response during allergic reactions, sensitization
in atopy, and diagnostic applications.

5.4.2 Carbohydrates

Specific IgE antibodies for oligosaccharides are present in some patients, these
antibodies cause numerous cross-reactions in vitro, given the designation cross-
reactive carbohydrate determinants (CCDs). However, in recent years, oligosaccha-
ride epitopes have been implicated in allergic sensitization, acute allergic reactions,
and not just cross-reactions; consequently, characterization and discovery of glycan
allergens have been a challenge. Currently, there are about approximately 20 oligosac-
charides found in pollens, venoms, nematodes, worms, and ticks that are distributed
in five glycans groups and have been shown to be significant for allergic disease [30].
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Figure 5.

Obtention of recombinant allergens. Recombinant allergens are obtained by isolating the mRNA from the
allergenic source. Then transcribed into cDNA and inserted in bactevia or yeasts to allow its expression. Finally,
clinical validation is needed to be used for diagnosis in vitro or in vivo.

5.4.3 Major groups

Group A. Cross-reactive carbohydrate determinants. Most CCDs are N-glycans,
characterized by a basic structure of two GlcNAc with two or three terminal mannose
residues. Allergens with these glycans are Ole e 1, Api g 5, Bla g 2 [30, 31].

Group B. Mammalian non-human oligosaccharides. The glycan structures
described in this group are the disaccharide galactose-alpha-1,3-galactose, and
the monosaccharide N-glycolyl neuraminic acid. These glycans are related to
anaphylaxis and could be fond in red meat, tick bites, and some monoclonal
antibodies [32, 33].

5.4.4 Minor groups

Group C. Oligosaccharides with O-linkage. O-glycans are oligosaccharides
attached to serine or threonine residues on a protein and sometimes to tyrosine,
hydroxylysine, or hydroxyproline. Examples of allergens expressing O-glycans are
Artv 1, Amb a 4 [32].

Group D: Oligosaccharide Epitopes expressed on Schistosomes and
other Helminths. These oligosaccharides have a single terminal galactose or
N-acetylgalactosamine residue (GalNAc), keeping a molecular similarity to CCDs.
Their clinical significance is still under study since alpha-1, 3-fucose epitope could be
implicated with a paradoxical protective effect in asthmatic patients [34].

Group E. Short-chain galactooligosaccharides (GOS). GOS are usually produced
by bacterial beta-galactosidase and occur naturally in milk processed with prebiotics.
They are typically a chain of 2 to 6 galactose molecules attached to glucose and have
been recognized in allergic reactions [30, 32].

5.4.5 Lipids

Lipid antigens are much less understood than carbohydrate antigens, they have
been shown a direct effect on allergenic potential and cause allergic responses. For
example, lipids delay the enzymatic digestion of Arah 8 allowing this molecule
to reach the intestinal immune system and favoring sensitization. Conversely,
lipid-associated allergens such as Der p 2, Der p 5, and Der p 7 have been related to
increased asthma symptoms and severe allergic reactions [35]. Thus, the application
of sIgE determination against lipids is limited.
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6. Interpretation, clinical applications, and limitations for molecular
allergy

Even though the first cases of pollen-induced hay fever were documented in the
early 1800s, it was not until 100 years later that a relationship to a serum factor called
reagin was discovered (IgE) [4]. In the mid-1960s, allergy diagnosis was primarily
relied on skin testing, and allergen extracts were far from standardized. However,
developing recombinant allergens and starting allergen cloning between 1988 — 1995
created new opportunities for studying and diagnosing allergy disorders [29, 36, 37].
Molecular allergy is the practical application of these advances, allowing us to manage
patients with high accuracy, and leading into the era of precision medicine.

6.1 Singleplex vs. multiplex immunoassays

As previously discussed, singleplex assays allow detection of IgE antibodies
specific to the allergens identified in the patient’s clinical history. A multiplex
platform, in contrast, enables defining a person’s IgE reaction to the whole range of
allergens arrayed on a chip.

The main benefit of the singleplex immunoassays is that it measures the allergen-
specific IgE antibody level in kilounits per liter (kUA/L) based on a total IgE calibra-
tion system that can be traced back to a human reference preparation from the WHO.
The assay has high precision and reproducibility, reporting values as low as 0.1 kKUA/L
(range, 0.1-100 kUA/L), without interference of allergen-specific IgG antibodies.

Compared to multiplex immunoassays, singleplex assays have fewer allergen
molecules available, give an incomplete IgE reactivity profile with just one or a few
tests, are more expensive if more than one measurement needs to be taken, and need
a larger amount of serum [38]. In contrast, multiplex assays are semiquantitative
and provide a comprehensive IgE pattern using only a small volume of serum, which
could be useful in the evaluation of polysensitized patients; but are only available in
laboratories with high-end machinery with highly trained personnel, delaying results
by days or weeks (Table 3) [39, 40].

Molecular immunoassays have some advantages over in vivo assays, such as the
ability to be performed regardless of extensive skin disease or medications used,
minor pain or anxiety- provoking in children, little patient cooperation required, and
no risk to the patient. The fact that the whole allergen of a fresh allergen is more sensi-
tive than purified allergen components is one of the limitations of molecular diagnosis
compared to iz vivo evaluation, this is particularly important if the goal is to perform
allergen-specific immunotherapy [39, 40]. In contrast, advances in molecular allergy
have enabled the development of vaccines based on recombinant DNA technology
and synthetic peptide chemistry that could be monitored with sIgE or sIgG determi-
nations throughout treatment [41].

6.2 Clinical allergy vs. sensitization

The majority of allergens, but not all, are sensitizing, which is defined as the
capacity to induce allergen-specific IgE antibodies. Non-sensitizing allergens can
only cause allergic symptoms if the individual has been sensitized to a cross-reactive
allergen [3]. Cross-reactivity defines an antigen attribute intrinsically related to
the allergen molecular characteristics that determine immune recognition by IgE.
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Singleplex immunoassays Multiplex Inmunoassays
Number of allergens Limited, selected according to Complete profile of
clinical history. allergens, useful in

polysensitized patients.

Preferred for cross- reactivity suspicion No Yes
Preferred for immunotherapy selection No Yes
Preferred for patients with well-known Yes No

sensitization history

Cross-reactive carbohydrate determinants No Yes
(CCDs) evaluation

Table 3.
Variables to consider when the molecular diagnosis is selected for the clinician: Singleplex vs. Multiplex
instruments.

Identification of cross-reactivity is critical to detect patients with a high risk of
anaphylaxis for example in peanut and tree nuts or seeds allergy. Other cases of
cross-reactivity are latex and food, that is, banana, avocado, kiwi, and chestnut; and
cross-reactivity between shellfish and insects due to chitins, specifically tropomyosin
in dust mites

The precise point at which a sensitizing allergen causes clinical symptoms is
determined by several factors such as quantity, exposure route, antigen structural
characteristics, genetics, microbiota, innate or adaptative immune interactions, and
microenvironment, among others. Thus, identifying an IgE-mediated mechanism is a
critical step that directs avoidance measures and suitable pharmacological treatment.
However, positive skin tests or specific IgE assay results do not always indicate that
an allergen is causing symptoms; the clinical significance of allergen exposure and
its relationship to symptoms must be established by examining the patient’s medical
history.

6.3 Allergen extracts vs. recombinant allergens

Although diagnostic assays based on purified recombinant allergens are becoming
more popular, extracts from natural allergen sources continue to be widely used. The
composition of an allergenic extract has a significant influence on the results of any
IgE-based immunoassay.

Allergen extracts used in some platforms are made up of a variety of allergens,
some of which have little or no clinical significance, such as carbohydrate epitopes
in peanut or timothy grass pollen, which might result in false positive findings [38].
The use of allergenic extracts allows to precisely detect the specificity of the IgE ina
patient’s sample, but also permits the evaluation of only clinically relevant compo-
nents from allergenic sources.

In the other hand, protein characterization of allergens has been fundamental to
understand IgE cross-reactivity data in the absence of allergen-antibody complexes.
Some of the benefits of recombinant allergens include increased diagnostic accuracy,
the ability to distinguish genuine sensitization from cross-reactivity, the ability to
evaluate the type and risk of an allergic reaction, and the ability to select patients and
suitable allergens for immunotherapy [29, 42].
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7. Conclusions

Personalized therapy based on genetic, immunologic, and functional endotyping,
defined as the examination of a biological or pathological process, including thera-
peutic response through biomarkers determination, is part of the new treatment
advances for allergy patients known as precision medicine. As previously discussed, a
correct diagnosis is critical in these therapeutical approaches. In the case of molecu-
lar allergy, the choice of testing is influenced by several variables, including test
accessibility, clinical history, technical constraints, type of allergen, immunoassay
accuracy, single or multiplex platforms, and most importantly, the clinical question
that the analysis pretends to resolve.

Finally, despite molecular diagnosis is an excellent tool for selecting the appropri-
ate allergens for immunotherapy, minimizing potential test-related complications,
evaluating polysensitization with difficult interpretation, and possibly predicting
clinical outcomes. Unfortunately, the high cost, access limited in low-income coun-
tries, restricted availability due to regulatory affairs in others, and a lack of sufficient
clinical studies with recombinant allergens keep molecular allergy out of reach for
routine use, but with a promising future once these limitations are overcome.
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Chapter 3

Aerobiology in the Clinics of Pollen
Allergy

Franziska Zemmer and Fatih Ozkaragoz

Abstract

Diagnosis and treatment of pollen allergies is facilitated by the cooperation
between the allergist and the aerobiologist. The selection of relevant allergens for
in vivo diagnosis, the interpretation of results, the timing of trials, and treatments
should be related to the local pollen season, abiotic variables, and the patient history.
Meteorological aspects and flowering dynamics of plants condition the course of the
pollen season each year. Pollen forecasting integrates weather data with long- and
short-term pollen data. Crowdsourced patient symptoms are used to delineate pollen
threshold loads in the forecast. Integrating aerobiological expertise warrants the suc-
cess of allergy diagnostics and treatment.

Keywords: Pollen allergy, diagnostics, allergenicity, aerobiology, forecasting, pollen
thresholds

1. Introduction

With the establishment of skin testing to diagnose for allergy, botanical knowledge
on allergenic pollen sources became essential. The synergistic cooperation between
allergists and botanists from those years shall be illustrated with an example from
Ankara (Turkey), where in 1967 the botanist Kamil Karamanoglu and allergist Kemal
Ozkaragéz issued lists of allergenic plants, the way their pollen is carried (by wind or
insects), their form of growth, and where and in which plant communities they grew [1].
Based on that knowledge, clinical trials were commenced to investigate the allergenic
potential of pollen [2] based on the Thommen’s postulates [3]. Subsequently, the first
Turkish pollen calendar was published for Ankara [4].

Nowadays, pollen information is issued regularly by competent monitoring intu-
itions as preventive measure for the allergic population in many countries. According
to biogeographic peculiarities, the vegetation cover differs from region to region
giving rise to varying types of pollen allergens. Which allergens to use in test batteries
grounds on the knowledge of the allergenic pollen flora of the area. Immunotherapy,
the only treatment that may lead to longer-lasting relief of the burden, can only be
successful by considering the geographic circumstances of the patient. That means to
work with relevant and good quality pollen data, have information on the course and
intensity of the pollen season, and be able to interpret this information. The aerobiol-
ogists’ point of view on immunotherapy and the implementation of clinical trials has
been elaborated, and standards for aerobiological tasks in clinical trials proposed [5].
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This to prevent harm to patients, increase the quality and success of the trial, and to
obtain comparable results (ibid).

Electronic health technology (eHealth) and mobile applications (mHealth) are, on
one hand, a popular way to convey pollen information to the public. Registered users, on
the other hand, provide data on their symptoms, which can be used to improve forecast-
ing, monitor public allergy morbidity, and be part of studies on pollen allergy [6]. Pollen
threshold loads for symptom development, for example, can be assessed this way along
with aerobiological data [7].

In this chapter, we elaborate, firstly, on the allergist’s perspective on the choice of
allergens, emphasizing the need for diagnostics without harming the patient, and
when serum-specific IgE testing is adequate. We delineate limitations of allergy tests
and explain why not every pollen type causes an allergic response.

Secondly, we convey the aerobiologist’s perspective on pollen forecasting, the role
of pollen threshold loads obtained with crowdsourced patient symptoms, and support
this with an example from Istanbul.

2. The allergists’ perspective

Skin testing has been used to diagnose allergic disorders for more than 50 years.
Back in the mid-twentieth century, pricking the skin with a solution of the allergen
using a lancet was the only method but today there are several test devices capable
of results that are more reliable and reproducible. Skin testing continues to be the
main test to confirm an IgE-mediated immunologic reaction. Not only skin testing
is the best indicator of the underlying allergic pathology, but it also remains to be
the most inexpensive test with rapid results making it practical in office setting.
The binding of specific IgE on tissue mast cells to the offending allergen is the
unique attribute of skin testing. Alternatively, the patient can be challenged with
the allergen by directly applying it to the mucous membranes, nose, bronchi, or
even eyes, but the extra advantage of such procedures does not justify the risk and
inconvenience. Allergen skin testing has been shown to exhibit reliable correlation
with such mucosal challenges [8].

It is crucial, however, that the physician ordering or interpreting these tests be cogni-
zant of the dynamics that can affect the outcome. Some important considerations as to
when these tests are indicated and how they should be interpreted are outlined here.

2.1 Choosing the allergens with clinical relevance

Allergy testing without a clear indication or random testing for arbitrarily chosen
allergens is not acceptable. The selection of allergens should be determined based
on the patient’s exposure history and correlated with their symptoms. The relevant
allergens should be based on the medical history, age, and the environment, geogra-
phy of the patient. Knowledge on the average and the course of the pollen seasons of
the patient’s geography is essential in this regard [9]. The tested allergens should be
able to predict and/or confirm the clinical disease.

Most clinicians would order these tests for two main reasons: (1) the planning of
avoidance of the allergen and (2) specific immunotherapy. Interdisciplinary col-
laboration among allergists, aerobiologists, and atmospheric scientists is important to
identify the relevant allergens in the environment connecting the time of exposure to
symptoms.
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2.2 Allergen sensitivity without allergy

The test results should be validated by associating the exposure to allergens under
natural conditions or controlled challenges with the particular allergen. There may
be skin sensitivity without symptoms which may not have any validity to the current
clinical problem of the patient. Routine use of arrays of skin tests or usual annual
tests without a definite clinical indication is unwarranted. Nevertheless, some asymp-
tomatic skin sensitization may be a risk factor for future organ sensitivity; hence,
some clinicians would still value this coincidental sensitivity to monitor the patient
for future development of clinical allergy. In a prospective trial of 15 asymptomatic
patients with positive skin prick test to birch, 60% were later reported to develop true
clinical allergy [10]. But we must be aware of the cascade effect in medicine which
was brilliantly outlined by James Mold [11] referring to the detrimental process that
once triggered proceeds to the inevitable conclusion of unnecessary tests, patient
and/or physician anxiety ending up with wrong treatments, adverse effects and/or
morbidity and not to mention the uneconomic medical expenses. Healthcare provid-
ers must guard against the vortex of this domino effect leading to the collision course
of such preventable events. End result of such actions are infants being deprived
of essential nutrients, needless anxiety for patients and caregivers, inappropriately
prescribed more expensive medications possibly leading to antibiotic resistance, etc.
Preventing cascade effects should be a part of the education curriculum of physicians
and providers. This is not only important in the field of allergy and immunology but
all specialties of medicine, especially in the technology era of healthcare services
where more is unfortunately considered better.

2.3 Serum-specific IgE testing

In vitro serum IgE testing is sometimes safer than skin testing in patients with
cardiovascular disease, or when severe anaphylactic reactions are expected. We also
prefer to perform serum in vitro testing for patients who are unable to withhold
their antihistamines or other medications interfering with tests. Another common
medication that is problematic for skin testing is Omalizumab, which also interferes
with many immunoassays, except the InmunoCAP method, which usually remains
accurate [12]. Skin testing on infants less than a year old may be challenging and
results may not reflect true sensitivity [13]; thus, we prefer serum-specific IgE
tests for infants as young as 6 to 8 weeks of age which only requires capillary blood
collection [14].

On the flip side, caution is advised for commercial remote practice laboratories
performing such serum tests. Some laboratories bypass the clinician and per-
form serum IgE tests based on the history submitted by the patients and start
immunotherapy according to these ambiguous serum IgE test results. As with the
skin tests, the interpretation of specific serum IgE levels require the same meticu-
lous clinical history, physical examination, and, in some instances, challenges with
natural or laboratory exposure to allergens. This, obviously, is not the typical prac-
tice of commercial laboratories [11]. The serum-specific IgE level per se may not
reflect the clinical sensitivity due to the fact that clonality and affinity of the IgE
antibody plays a role in translation of serum IgE production to clinically relevant
allergic sensitization [15]. Thus, it is important to understand that, although an
IgE-mediated immunological response is necessary to develop allergic disease, it is
not sufficient.
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2.4 Limitations of allergy tests

False-positive allergy test results may occur. Some tree pollens share cross-reactive
carbohydrate determinants with other pollens or, for example, honey bee venom [16].
It is also not uncommon for a pollen-sensitive patient to be living in another area, not
exposed to the same pollen. The co-sensitization should be differentiated from cross-
sensitization when testing with extract reagents with common epitopes. Another
reason for getting negative reading on allergy tests is the fact that the pathogenesis
of the organ sensitization may not involve IgE-mediated pathways. Alternative
immunologic pathways or non-immunologic pathways may be at play. The clinician
should be in close contact and consult other specialties as well, to fully understand the
scope of the organ symptoms. Also, patients who experienced an anaphylactic event
may have false-negative skin test results for up to 2-3 weeks after the episode. In vitro
testing serum-specific IgE levels are not affected and can be performed in the post-
anaphylactic situation where testing cannot be postponed.

Serum-specific IgE test can also display false-positive or -negative levels based on
the binding affinity/avidity of the offending allergen to the solid-phase system used
for testing. The circulating levels of cross-reactive peptides and specific antibodies
of another class, e.g. IgG or the high levels of nonspecific serum IgE levels, may also
affect the readings. We do not perform IgG or IgG subclass antibody tests for food or
other allergies. They have no clinical relevance. There have been reports of monitor-
ing IgG4 during venom immunotherapy, but this is not validated [17].

2.5 Notall pollens are created equal

Most pollen types do not cause allergies and the ones that cause allergies do so in
different potencies. Not all pollen types elicit an allergic response or in immunologic
terms have the recognition moieties, the epitopes, that bind to specific receptors
on B or T cells. Allergenicity is usually elicited by the peptidic epitopes. The glycan
moieties of these glycoproteins affect the immunogenicity of these peptides. Glycans
are in variable proportions in different pollens affecting allergenicity. Even when they
do have these epitopes, the conformational shape of the pollen structure may limit the
three-dimensional spatial alignment of the allergen to the IgE antibody binding sites.
These are some of the factors that will alter the allergenicity of pollen intrinsically at
the biochemical level.

Environmental factors also have effects on the allergenicity of pollen. Pollutants
such as heavy metals, ozone, sulfur dioxide, nitrogen dioxide, and diesel exhaust
particles may affect the allergenicity [18], by activating the immune system, referred
to as the adjuvant effect [19]. Extended pollen seasons linked to climate change were
recognized as factors for, not only increased pollen production but also increased
allergen content of their grains [20, 21].

3. The aerobiologists’ perspective
3.1 Forecasting
We see them in newspapers, on weather apps, and on specific pollen apps: warn-

ings on allergenic particles currently airborne in a certain region. Issuing pollen fore-
casts is the inherent chore of an aerobiologist. Trained technicians count meticulously
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every pollen grain captured on a slide on a number of vertical or horizontal transects
under a light microscope at a magnification of 400 x so to cover at least 10% of the
slide’s surface to estimate the concentration of airborne pollen per cubic meter air

per day [22]. This procedure, where pollen is sampled with a volumetric Hirst-type
device on a weekly basis, and evaluated retrospectively, falls under the norm CSN

EN 16868 [23]. Issuing warnings based on retrospective data makes forecasting
essential. The longer the time series of daily or possibly bi-hourly data, the better

will be the forecast. Curves of mean pollen concentrations for each pollen type help
to assess the variability within years. For allergy pollen warnings, the aerobiologist
uses weather forecasts, past year’s data and ideally observes the phenology of plants
shedding allergic pollen [24, 25]. Models like SILAM (System for Integrated modeling
of Atmospheric composition) [26] and COSMO-ART (Consortium for Small-scale
Modeling Aerosols and Reactive Trace gases) [27] can provide additional information
to incorporate in pollen warnings in Europe.

3.2 Pollen threshold loads

Although forecasts are useful to help patients avoid exposure when levels are high,
pollen and weather data alone do not bear the information, whether or not there is an
actual risk for the allergic population to suffer symptoms of allergy. It has been shown
that allergy morbidity to a specific pollen type may change over the pollen season
[7, 28, 29]. With the inclusion of patient’s symptom data, a dose-response relationship
between exposure and symptoms can be estimated and the accuracy of pollen load
thresholds determined. The focus hereby can be on the allergenic pollen type itself,
for example, grasses [28, 30], ragweed [7, 31], or birch [32].

There are several ways to obtain patient symptoms, as reviewed in [33]. Practicable
are, for example, questionnaire-based daily surveys for prospective clinical trials [29].
Items may include a four-point symptom scale (0 = zero; 1 = mild; 2 = moderate; and
3 = severe) related to the eyes, nose, bronchi, and medication use [ibid]. Additionally,
general health is assessed on a ten-point scale [31]. Study participants may send their
data to the research-coordinator daily or weekly. This way to gather symptom data is
laborious but allows for the control of missing or hampered data [31]. The number of
patients in exposure studies, however, is often limited in size ranging from 12 to 430
in 26 studies as reviewed in a Finnish study [34].

Another way to obtain self-reported patient data on symptoms is by means of elec-
tronic pollen diaries. Examples of crowdsourced data include the Dutch Allergieradar.
nl, established in 2009 to “improve the hay fever forecasts and to decrease the amount
of hay fever symptoms patients experience” [35]. The Europe-wide active pollendi-
ary.com [36] coordinated by the Medical University of Vienna follows the same aim.
Pollen data from adhering pollen monitoring networks and single stations are fed
into the EAN (European Allergy Network). Registered users are encouraged to log
their symptoms regularly over the hay fever period. The service is also available as an
application “Pollen” that, as the website, provides personalized symptom forecasts
based on previous five records [37]. The application is currently available in Austria,
Germany, Switzerland, Sweden, Spain, Great Britain, and South Tyrol [38]. As
emphasized in [37], the expertise of the aerobiologist is a pillar to generate personal-
ized pollen information. The symptoms recorded translate into a 3-day allergy risk
forecast for the respective region, where a sampling device is located. This personal-
ized forecast includes, besides pollen and weather data, other risk factors for respira-
tory allergy like ozone, sulfur dioxide, nitrogen dioxide, and particulate matter.
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3.3 The power of crowdsourced data

The development of pollendiary.com is a result of yearlong collaboration between
a network of aerobiologists, data scientists, and sound management. Quality assur-
ance is a main concern to avoid potential harm to hay fever sufferers due to inaccurate
forecasts [39]. An evaluation of nine free applications showed that the accuracy of
the grass pollen load forecast was 50% of six apps when compared to the actual grass
pollen concentration in the location [39]. Web-based applications are an easy way
to self-empower hay fever sufferers and to monitor symptom development in the
allergic population. The number of hay fever morbidity data obtained between 2009
and 2019 by means of pollendiary.com across Europe was 240.000, with 190.000 logs
from Germany and over 32.000 from Austria [6]. The solid number of crowdsourced
data on symptoms enables the aerobiologist to provide more accurate forecasts. As
a matter of fact, regional pollen concentrations alone cannot be a measure for the
pollen allergenicity experienced by the population in a certain area. It is known that
pollen concentrations do not exactly correlate with the allergen content in the air,
as shown for ragweed in Turkey [40] or olive in Spain [41]. Pollen potency, the ratio
between pollen and allergen concentrations per cubic meter, varies considerably in
time and space [42, 43]. The origin of the allergen content in the air is at present not
predictable as linked to ruptures of pollen that release micronic allergenic particles at
varying weather conditions and altitude, resuspensions, long range transport via air
currents, and the allergen content in the plants of origin [42]. Thus, the inclusion of
locally experienced symptom data in pollen warnings is essential to issue the correct
threshold loads for a particular region.

3.4 An example from Istanbul

The assessment of local thresholds is a pressing issue in allergology [44]. They
are unique in each biogeographic area, as factors like pollen sources, their allerge-
nicity, climate, pollution, and the genetic fingerprint at individual and population
level are determining factors for symptom thresholds [33]. Crowdsourced symptom
data, pollen, weather, and pollution data can be included in models that display the
dose-response relationship experienced by the allergic population. Standardized
pollen data as in the EAN and a uniform method for symptom data collection as in
pollendiary.com allows for the calculation of threshold levels, for example, with
nonlinear regression models [7, 45]. Anti-allergic medication can be an indicator for
allergy morbidity. Here we show preliminary results of a study conducted with data
(n = 725) from the European part of Istanbul (Figure1).

In Istanbul anti-allergy medication use started at about 4 p/m?, and increased
linearly till about 11 p/m”. Subsequently, the bending of the curve [46] suggests that
the threshold for moderate medication use has been reached. Between 18 p/m® and
30 p/m® medication use was the most intense. After that it decreased to remain at a
moderate level at >= 50 p/m”>. As few as about 4 p/m’ caused morbidity that patients
sought to mitigate with drugs. In Istanbul the non-linear relationship in the dose-
response curve illustrates that symptoms do not necessarily aggravate at a grass pollen
concentration higher than 25-30 p/m’. Longer time series of data with more users
than the ones presented here would yield more solid results. Promoting the use of
an electronic hay fever symptom diary should be an integral part of a public pollen
information system.
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Figure 1.

Pr%liminary effect curve of pollen concentrations (p/m’) (2014—June 2016) in Istanbul on medication use with
thresholds. The green line denotes the start of medication use in unit increase in the log (y) abundance by unit
increase in x. The yellow line denotes the threshold for moderate medication use. The red line marks the saturation
threshold for intense medication use. The blue line marks zero effect. Note the velationship between the confidence
intervals and the data logs.

4, Conclusions

Aerobiological expertise plays an integral role in the clinics of allergic disease in
the qualitative forecasting of the pollen season to support the allergist in the assess-
ment of morbidity and the timing of treatment. Cooperation between the allergist
and the aerobiologist help select the most relevant allergens for in vivo diagnosis,
improve the interpretation of results, and select the most appropriate immunotherapy
regimen tailored for the patient.
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Abstract

People need to eat and digest food, and if they encounter a food allergy it is a real
problem. Moreover, some people have a lifelong sensitization to certain products with
the threat of anaphylaxis. This chapter considers different aspects of food allergies,
allergenicity of dietary allergens, the significance of the gut microbiota and intestinal
epithelium integrity, detailed processes of food sensitization, clinical phenotypes
and management of food allergies, and, finally, mechanisms of oral tolerance.
Fortunately, the gastrointestinal tract possesses robust tolerogenic mechanisms, in
particular, the beneficial gut microbiota, as well as the autonomous enteric nervous
system, which taken together with the gut immune cells and molecules may be called
the enteric neuroimmune system (ENIS). The dual-allergen exposure hypothesis pos-
tulates that early oral exposure to food allergens induces tolerance, whereas exposure
at non-gastrointestinal sites results in food sensitization and allergy development. In
addition, a series of food allergic episodes does not look like a typical atopic disease
and is a known exception to the rule conceived by evolution. However, the prevalence
of food allergies is continuously growing, including severe cases, and it is a paradoxi-
cal problem in the face of evolution. This challenge is inherent to our civilization and
will be resolved, thanks to new knowledge and technologies.

Keywords: food allergens, enteric neuroimmune system, intestinal epithelium,
food sensitization, dual-allergen exposure hypothesis, oral tolerance, AIT

1. Introduction

The term “food allergy” is used to denote an adverse immunologic response to
a food protein (allergen) and differ it from so-called “food intolerance” caused by
digestive enzyme insufficiency [1]. It is estimated that 3-4% of adults and 5% of
children under four years of age in industrialized and westernized countries suffer
from food allergies with a broad range of polymorphic signs and symptoms. More
extensive data suggest that food allergies account for even up to 10% of affected [2].
The prevalence of food allergies is continuously growing, including severe anaphy-
laxis caused by selected food allergens like peanuts in separate atopic individuals that
can repeat for their lifetime in about 80% of them and maybe fatal [3, 4]. By contrast,
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food intolerance does not engage the immune system and does not lead to anaphy-
laxis, but it affects more than half the world’s human population.

Nevertheless, a food allergy in isolation does not look like a typical atopic
disease and it is rather not a chronic atopic disease but a series of discrete allergic
episodes. The gastrointestinal tract is normally a specific target organ unlike
the other target organs because food components have to be used for growth and
metabolism in children and renewal of the body in adults. Evolution created the
gut as a tolerance zone but not a place of immune responses to nutrients. Of course,
there is an enormous number of various microbes of the microbiota inhabiting the
gut, and the immune system has to control the possible danger of opportunistic
microbiota and pathogenic microbes, which can enter the gastrointestinal tract
with food. Yet why does the immune system fight against some food proteins that
lead to the disease? Undoubtedly, it is a violation of the rules conceived by evolu-
tion [5]. However, food allergies are becoming yet another problem for healthcare
professionals worldwide. Furthermore, it is accompanied by a buildup of metabolic
syndrome, obesity, type 2 diabetes mellitus, and chronic gastrointestinal diseases,
which appear to be associated with food expansion, changed dietary behavior and
preferences, new food products unknown to human natural history, instability of
the gut microbiota, and, possibly, hidden food allergies based on local persistent
inflammation in the gut.

Along with global changes on the planet, such as climate change, the loss of
biosphere balance, a decrease in species biodiversity, SARS-Cov-2 pandemic and pos-
sible new pandemics, threat of vital resources insufficiency required for the survival
of mankind, and an increase in the prevalence of food allergies represent a new
challenge for our civilization and human evolution.

2. Food allergens and their allergenicity

Food allergens are a small portion among all dietary proteins. The term “aller-
genicity” describes the characteristic features of food allergens, which enable the
sensitization, allergic inflammation, and clinical food allergies.

The well-known “Big Eight” of food allergens exhibits the strongest allergenicity
and causes about 90% of all food-allergic cases. The “Big Eight” includes peanut,
tree nuts, soy, wheat, cow’s milk, hen’s eggs, fish, and crustacean shellfish (see
Figure 1). Allergens in cow’s milk, hen’s eggs, and wheat often lose their allergenicity
when babies grow and acquire allergen tolerance. However, allergies to peanuts, tree
nuts, fish, and crustacean and mollusk shellfish usually persist over a lifetime and
have a high correlation with anaphylaxis [1, 3, 6].

In total, there are three classes of food allergens.

Class 1 food allergens (cow’s milk, peanut, hen’s eggs, etc.) are canonical oral
allergens that cause sensitization through the gastrointestinal tract and display severe
clinical signs.

Class 2 food allergens (e.g., carrot, celery, apple, melon, and kiwi) are cross-reactive
dietary allergens with aero-allergens that trigger sensitization through the unified
airway and exert less severe cross-reactions termed “oral allergy syndrome” [1, 7].

Class 3 food allergens (e.g., small food proteins less than 10 kDa, additives, con-
taminants, and colorants like tartrazine) with no capacity of cross-reactivity cause
sensitization through the unified airway or skin and frequently result in occupational
allergies [8].
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Figure 1.

The “Big Eight” of food allergens. The food allergen group “Big Eight” includes cow’s milk, hen’s egg, wheat
products, soy, peanut, and peanut-containing products, tree nuts, fish, and shellfish. The most frequency of tree
nut allergy is attributed to hagelnuts, cashews, pistachios, and almonds. There are many classifications of the
shellfish among them we can highlight a division of shellfish into predominant as food allergy triggers crustaceans
like shrimps, crabs, and lobster, and slightly less culprit mollusks like oysters, clams, snails, and octopus.

The allergenicity of food nutrients, which are proteins, glyco- or lipoproteins,
including novel and genetically modified food ingredients, is evaluated by many
techniques such as mass spectrometry, serological assays, cell experiments, animal
models, bioinformatics analysis, etc. [9-11].

Factors affecting food protein allergenicity are divided into three groups depend-
ing on (1) allergen itself, (2) biogenic cofactors, and (3) the immune system of the
body (Table1) [12, 13].

In addition, food allergens generally have to be recognized as heat-stable and heat-
labile molecules. Heat-stable allergens are resistant to heat and acid and can cause
systemic reactions. In contrast, heat-labile allergens are highly sensitive to heat and
acid and may lead to cross-reactivity if they get into the body as pollen particles [14].

The nomenclature of food allergens [15] corresponds to the rules of the established
antigen nomenclature, by which the order of letters is as follows: at the beginning, the
first three letters of the genus name; next, the first letter of the species name; then the
Arabic numeral of when this food allergen was identified among other allergens in
this species; and after a period (.), the digits related to isoallergens. For example, an
allergen of peanut, Avachis hypogaea, may be designated as Arva h 1.0101.

In atopic individuals, food allergens induce IgE antibody production by plasma
cells due to type 2 helper T (Th2) cell-dependent B-cell adaptive responses, or Th2
pathway. Since 1978 [16] until the present day, the main characterization of aller-
gens, including food allergens, is still defined by their IgE-binding frequency, which
enables the division of them into major (more than 50% IgE-binding), or minor
(less than 50% IgE-binding) [17]. However, this classification has become outdated
because the new molecular era in allergology has already begun [18]. In the transition
period of allergology natural history, two allergen generations are used by allergists
for the diagnosis and allergen-specific immunotherapy (AIT):

1.natural standardized allergenic extracts, and.

2.artificial biotechnologically engineered allergenic molecules [17].
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Factors of allergen itself Biogenic Factor of the immune system
cofactors

Primary amino acid sequence of allergenic Presence of Hereditary predisposition to atopy;

epitopes; molecular weight lower than 70 kDa; molecular patterns ability to promote the production

small isoelectric point (charge); and adjuvants in of elevated levels of high-affinity

degree of protein fold; oligomerization; food allergen-specific IgE;

amount of allergenic epitopes and their route of exposure;

proximity to each other; involving innate immunity;

concentration; impaired orogastrointestinal

dose; epithelial barrier;

low hydrophobicity; influence of the gut microbiota;

solubility in water; sialylation of IgE;

interaction with lipids; abundance in food; decreased enzyme secretion; and

high stability and resistance to the extremes of deficiency in sIgA

food processing,

denaturation and proteolysis by digestive
enzymes; and presence of intrinsic allergen
biologic activities

Table1.
Allergenicity factors of food allergens.

The best technique for the determination of specific IgE concentrations produced
by food allergens is component resolved diagnosis (CRD) [19], which currently exists in
three modifications:

1. singleplex assays (ImmunoCAP, Thermo Fisher Scientific/Phadia, Uppsala,
Sweden) assess one allergen at a time; they are much cheaper and do not provide
potentially unnecessary information [20];

2. multiplex (ImmunoCAP Immuno Solid-phase Allergen Chip [ISAC]) has been
the preferred version for the last decade allowing simultaneous determination
toward many IgE molecules [20];

3. customized allergen profiles (Euroline; Euroimmun, Liibeck, Germany) are
an intermediate option, which combines allergen extracts and a set of the most
relevant related allergenic molecules to evaluate the cross-reactivity, genuine
sensitization, and risk profile [21].

The CRD enables an increase in the analytic sensitivity and diagnostic specificity
and a decrease in potential risks, possible cross-reactivity versus primary specific
sensitization. Novel CRD modifications and new technologies for the determination
of sensitization are in development.

The Basophil activation test (BAT) as a functional assay displays the opportunity
to indirectly detect the presence of allergen-specific IgE. After stimulation of
blood basophils with an allergen and negative and positive controls, the cells are
stained with antibodies linked to a fluorochrome, which allow the visualization of
cells and the measurement of biomarkers CD63 and CD203c using a flow cytom-
eter. BAT and the outcome of oral food challenges have a high correlation with food
allergies [22, 23].
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Skin prick testing (SPT) [24] and the more rarely used atopy patch tests [25] keep on
being used as iz vivo methods operated by allergists worldwide. Despite revolutionary
and promising molecular methods such as CRD, allergic skin testing has to be con-
sidered as an additional, more selective, third-line diagnostic approach reserved for
specific cases, such as polysensitized allergies [26].

3. The intestinal barrier and gut microbiota
3.1 The gut epithelium

The gastrointestinal tract normally represents a potent barrier for various harm-
ful substances, allergens, pathogenic microbes, and parasites, and serves as a transit
border through which input and output transport of biomolecules, water, and simple
chemicals proceeds. The epithelial lining, a one-layer columnar epithelium with
microvilli, linked with glycocalyx on the luminal surface contains many cell lineages
among which absorptive enterocytes and colonocytes are predominant. The use of
transcriptomic technology, single-cell RNA-sequencing, enabled a revisal of gut
epithelium structure and description of the full landscape of cell lineages among
conventional cell types (see Figure 2) [27, 28].

Absorptive early, intermediate, and mature (1) gut epitheliocytes and (2) intestinal
stem cells are reported to be the most numerous, whereas interepithelial (IEC) cells
such as (3) transit amplifying cells, (4) bastophin 4 (BEST4+)-positive epitheliocytes,
and (5) goblet cells, are shown to be in medium quantities. The remaining IEC, (6)
Paneth cells, (7) tuft cells, (8) enteroendocrine (EEC) cells, (9) M cells, and (10)
intraepithelial lymphocytes are identified as rare and very rare cell lineages [27, 29].

Functions of gut epitheliocytes include well-regulated absorption of nutrients and
water and the barrier obstacle formation for its own microbiota, pathogenic microbes,
and allergens due to adhesive interepithelial complexes composed of desmosomes,
adherens junctions, and tight junctions [30]. Some known proteins, claudin, aquapo-
rin, aquaglyceroporin provide these epitheliocyte functions [27]. Almost every week,
a new epitheliocyte regenerates from stem cells in-built in the epithelial monolayer.
However, cells of the epithelium can become a “gate” for food allergens and contrib-
ute to allergic inflammation. There are four routes for allergen uptake and entry into
the submucosa [29]:

1. paracellular transport of allergen due to epithelium leak;

2.allergen transcytosis by M cells;

3. goblet cell-associated allergen passages (GAP);

4.direct luminal allergen uptake by long outgrowths of dendritic (DC) cells;

The simple columnar intestinal epithelium is well suited for dietary allergen
delivery through GAPs since it enables fast access for allergens in a direct manner to
lamina propria DCs [31]. In addition, epitheliocytes (1) constitutively express the

low-affinity FceRII (CD23) by which allergens can transcytose via the epithelium
in the submucosa [29], and (2) express the pattern recognition receptors (PRR) like
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Figure 2.

The gut epithelium and subepithelial region. The gut epithelium landscape is currently revised due to new
transcriptomic technology, the single-cell RNA-sequencing. Absorptive enterocytes in the small intestine and
colonocytes in the large intestine ave prevalent cell lineages. In total, the gut epithelium consists of epitheliocytes
and stem cells, and many interepithelial cells perform the main function to protect the subepithelial region
and internal environment against invaders and allergens. However, under certain conditions, food allergens
can penetrate the epithelial barrier using one or some of four voutes: (1) due to impaired epithelium integrity
or leak; (2) via specialized M cells; (3) by GAP; and (4) due to uptake by long dendrites of DC. GAP—goblet
cell-associated allergen passage, DC—dendpritic cell, Tha—type 2 helper T cell, Tfh—follicular dendritic cell,
FDC—follicular dendritic cell, ILC2, and ILC3—group 2 and group 3 innate lymphoid cells, TDC—tolerogenic
dendritic cell, pTreg—peripheral vegulatory T cell, TLR—Toll-like receptors.

Toll-like receptors (TLRs) sensing food allergens and allergen-associated molecular
patterns (AAMP) [32, 33].

BEST4+ epitheliocytes, a new cell lineage, are just identified [27]. Enhanced
BEST4 expression on BEST4+ epitheliocytes appears to be associated with dietary
consumption of sugar and fat [27].

Goblet cells, a predominant cell lineage among IECs, related to secretory cells,
are the primary contributor to an additional obstacle for undesirable invaders before
the epithelial barrier by secretion of high-molecular-weight glycoprotein complexes
[27, 34]. In addition, they promote the process of GAP formation [35], while the
GAP function may be present at other mucosal sites different from the gut. Intestinal
goblet cells can perform a critical role in the capture of luminal allergens due to the
GAP formation [29]. Interestingly, during interactions with DCs, goblet cells transfer
these dietary allergens to DCs, which may, conversely, acquire opposite tolerogenic
properties becoming tolerogenic CD103+ DCs and taking part in the proliferation of
peripheral regulatory T (pTreg) cells [29, 31].
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Paneth cells are rare, well-characterized columnar secretory cells, mainly located
at the base of the small intestine crypts. In gut inflammation, they have also been
revealed within the stomach and colon epithelium. The paneth cells release from their
acidophilic granules many antimicrobial factors of neutrophil-like profile, such as
a-defensins, lysozyme, IL-1p, IL-17A, TNF, etc., to provide the crypts with a sterile
condition, control intestinal microbiota, and contribute to the inflammatory process
[36]. The paneth cells have not yet been reported to play a role in food allergies,
however, an indirect effect, through the luminal microbiota, which is regulated by
these cells, is possible [29].

Tuft cells are less well studied in comparison with other ILCs. Tuft cells are able
to be overactivated in relation to helminth and protist invasion, take part in promot-
ing group 2 innate lymphoid (ILC2) cells and Th2 pathway, recognize pathogen-
associated molecular patterns (PAMP) via expressed TLRs, and secrete acetylcholine,
IL-25, eicosanoids, enzymes, etc. [27, 29, 37]. The ability of tuft cells to communicate
with neurons is a subject for future research. There is minimal evidence for their role
in food allergies, including the direct effect on food-induced anaphylaxis [29].

EECs produce over 30 neuropeptides, such as calcitonin-gene-related peptide
(CGRP), vasoactive intestinal peptide (VIP), substance P, and gastrointestinal
hormones [38, 39], which operate not only within the gut but communicate in the
gut-brain axis [27]. Neuropeptide W secreted by EEC is known to upregulate food
intake [28]. So far, there is no evidence of a functional link between EECs and IgE-
mediated food allergies [29].

“Microfold” (M) cells are localized to the lymphoid follicle-covered epithelium
and specialized for the uptake of particulate allergens from the lumen facilitating
transcellular transport to DCs for allergen processing, allergen uploading on Class
I HLA molecule grooves, and presenting to lymphocytes [27, 29, 30]. Taking into
consideration the main function of M cells, it is obvious that M cells may perform an
essential role in the immunopathogenesis of food allergies [29].

Conventional dendritic cells 2 (DC2s) of which outgrowths pass through the
intestinal epithelium can show different phenotypes [29, 40]. At least, some of them
exhibit protolerogenic properties to promote pTregs differentiation, which is impor-
tant for oral tolerance. So far, in the gut, DC subsets are still insufficiently studied in
humans, therefore, this information mainly comes from mouse models.

Intraepithelial lymphocytes are CD8aa + y8T cells promoting allergen transcytosis
when allergens are complexed with FceRII (CD23) expressed by epitheliocytes to get
into the subepithelial region [29, 41].

3.2 The gut subepithelial region

The underlying mucosal immune systemss cells are located in the lamina propria,
compressible, and elastic region, where the nourishment and functioning of the
epithelium and containing immune cells, nerve fibers, glial cells, and other cells take
place (see Figure 2).

Peyer’s patches, isolated follicles, and the appendix are lymphoid aggregates of the
intestine, whereas the scattered lymphoid elements not organized in similar aggre-
gates are available in the esophagus and stomach. In the aggregated lymphoid follicles,
there are B-cell areas where follicular dendritic (FDCs) cells and follicular helper T
(Tth) cells promote advanced B-cell-mediated immune response. Plasma cells pro-
duce end-products: secretory IgA (sIgA), IgG, and IgE if sensitization occurs. Some
allergen-specific DCs migrate via draining lymphatics to mesenteric lymph nodes,

47



Allergic Disease - New Developments in Diagnosis and Therapy

where they also trigger advanced B-cell-mediated responses. T-cells are disposed
outside the lymphoid follicles in so-called T-cell zones [5].

Cell types of the subepithelial region in addition to those mentioned above are as
follows: (1) DC subsets like conventional (myeloid) dendritic (cDC) cells subdivided
into ¢cDC1 and cDC2, plasmacytoid dendritic (pDC) cells, tolerogenic dendritic
(TDC) cells, and inflammatory dendritic cells, (2) ILC2 and ILC3, (3) mucosal,
Peyer’s patch, lamina propria, and muscular macrophages (M2), (4) mast cells and
basophils, (5) eosinophils, (6) neutrophils, (7) enteric glial cells, (8) fibroblasts, and
other cells.

TDCs express integrin ag (CD103+), complexed with molecule f; to form agf;
receptor for E-cadherin and essential for homing of new T cells in the gut and then to
draining lymph nodes to promote pTregs differentiation [42, 43]. They also express
integrin ayf;. The inflammatory DC subset generated from monocytes participates in
many types of inflammatory processes, including allergic inflammation [44].

ILC2 and ILC3 are located in the submucosa in separation. ILC2 is known as cell
activated by epitheliocyte-derived alarmins and neuromedin U and those take part
in forwarding the Th2 pathway and allergic inflammation [45]. ILC3, which is more
heterogeneous, activated by glial cells and VIP maintains the gut epithelium integrity
due to IL-22, as well as regulates lymphoid follicle formation and oral tolerance [46].

Mucosal macrophages (M2) located close to epithelium are responsible for the
survival and differentiation of epitheliocytes, intestinal stem cells, and IECs, preser-
vation of epithelial barrier integrity, repair in its disruption, and surveillance for the
gut microbiota. The other macrophage subtypes, lamina propria macrophages, Peyer’s
patch macrophages, and muscular macrophages related to M2 phenotype suppress all
potential immune responses [4, 47].

Mast cells are leading cells of allergic inflammation. They are heterogeneous and
exist as three mast cell subsets: cells expressing tryptase and chymase (MCrc, or
“connective-tissue” cells), mast cells expressing only tryptase (MCr, or “atypical, or
mucosal” cells), and the rare mast cells expressing only chymase (MC¢) [48]. Food
allergen binds to produce IgE antibodies, which interact with FceRI on mucosal mast
cells. Mast cells respond, increasing the fluid secretion, smooth muscle contraction,
peristalsis, vomiting, and diarrhea due to three portions of pro-inflammatory media-
tors. There is also the IgE-independent alternative activation pathway of mast cells
provided through the Mas-related G-protein-coupled receptor—MRGPRX?2 [49]. It
leads to the same effects as classical pathway.

Basophils and mast cells share the capacity of degranulating in a rapid manner
and releasing histamine, but they differ in their precursors, the ability to synthesize
inflammatory eicosanoids, and a particular set of cytokines and chemokines [50].
Mast cells and basophils are upregulated by IL-9 and IL-33 [51]. During recent
years, new research facts concerning non-canonical functions of mast cells are accu-
mulated, for example, participation in extracellular trapping, communication with
the CNS, and less understood roles in tumorigenesis [50].

Eosinophils, analogous to mast cells, are related to main cells of allergic inflamma-
tion [52]. However, eosinophils and IL-5 likely play not such significant roles in food
allergies in comparison with allergic inflammatory processes in different target organs
[23, 53]. However, eosinophils are undoubtedly leading cells in another separate
allergic pathology, eosinophilic esophagitis [54]. The cells have two types of gran-
ules, primary and specific/crystalloid, which contain galectin 10 (Charcot-Leyden
crystals), major basic protein, eosinophilic cationic protein, eosinophilic peroxidase,
enzymes, cysteinyl leukotrienes, histaminase, etc. Most of these factors release
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during degranulation, affect parasites in a toxic manner, and participate in allergic
inflammation [55].

Neutrophils, a prevalent cell lineage among leukocytes, have long been underes-
timated as cells, which actively participate in allergic inflammation during the late
phase [56]. They contain 200 granules of three types, larger azurophilic, smaller
specific, and tertiary granules rich in a large number of pro-inflammatory mediators.
In allergic asthma the Th2-low/Th17/neutrophylic endotype has been already identi-
fied, but, in food allergies, it must be described in the near future because the gut is
not only a tolerance zone but the barrier target organ that is a deterrent border for a
huge amount of various luminal microbes.

Enteric glial cells modulate the interactions between neurons and the immune
system and maintain along with ILC3 the epithelial barrier integrity [57, 58]. Glial
cells appear to orchestrate the mutual enteric neuroimmune system (ENIS).

3.3 The gut microbiota

Starting at delivery, then during childhood and all lifetime, microbiota,
or microbiome, settles the gut and other barrier organs, changes its composition
depending on the microenvironment, and continuously affects vital processes,
preventing or promoting pathologic conditions. In this regard, microbiota is heteroge-
neous and can be divided into two large groups, a beneficial tolerogenic (immunoreg-
ulatory) microbiota and potentially harmful inflammatory opportunistic microbiota
[59]. The tolerogenic microbiota fulfills dietary fiber fermentation and produces
seven short-chain fatty acids: butyrate, propionate, acetate, formate, isobutyrate,
valerate, and isovalerate, which are essential factors along with pro-tolerogenic
neurotransmitters and neuropeptides for the proliferation and maturation of TDCs
and pTreg cells and for the enterocytes and colonocytes regeneration due to the
renewal of intestinal stem cells and inhibition of the Th1, Th2 and Th17 lymphocytes
activity [60, 61]. Interestingly, the many bacteria of the first group synthesize neuro
molecules, serotonin, GABA, opioids, dopamine, required for the immunoregulation
in the gut and interaction with the immune and nervous systems [62, 63]. Conversely,
inflammatory microbes are prone to promote the maturation of Thl and Th17, share
features with both pathogens and symbionts, and cause pathological processes under
particular conditions. These two groups antagonize with each other and compete
for nutrients; therefore, the role of the immune system is complex and maybe even
paradoxical because it has to provide a differential approach to the gut microbiota.

Tolerogenic microbiota must meet the following criteria [5]:

1. producing metabolites that promote the allergen tolerance maintenance system
at the level of the whole body at all times,

2.antagonizing with the other microbes, which may cause gastrointestinal inflam-
mation and food allergies, and

3.dynamic, positive changes depending on the flux microenvironment.

In children, the gastrointestinal tract’s immaturity may play a role in the increased
prevalence of gastrointestinal dysbiosis and food allergies seen in the first four years
of life. In general, in children and adults, the main function of the gastrointestinal
tract is to process ingested food into a form that can be absorbed and exploited for
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energy and growth, and simultaneously prevent the multiplication of undesirable
microbiota in the gut. The intake of food proteins normally enables the local and
systemic immune unresponsiveness in a process termed oral tolerance [2]. Dysbiosis
in children is promoted by unfavorable factors, such as cesarean delivery, lack of
breastfeeding, early-life-antibiotic exposure, and a low-fiber/high-fat diet. Allergen
tolerance breakdown may be the end-effect of dysbiosis [64]. Adults develop dys-
biosis due to diseases, genetic and epigenetic background, unhealthy diet, including
a decrease in dietary fibers, vitamins, trace elements, and an increase in fat, sugar,
and salt, use of junk foods, tobacco, and alcohol, as well as unhealthy lifestyle, lack of
environmental sanitation, immobility, etc.

The communities of microbes comprising the gut microbiota are complex and
dynamic from birth to adulthood. Factors affecting the diversity and growth of the
gut microbiota show that the microbiota can dramatically influence the outcome of
immune responses in the gut, including penetration of food peptides (allergens).
Furthermore, this circumstance appears to be the leading cause of IgE-dependent
food allergies to start or not [29, 65]. The tolerogenic microbiota is, on the other hand,
a strong factor in oral tolerance maintenance at any age [66-69]. However, the ratio
of continuous tolerance versus food allergy episodes remains disputable, particularly
why most individuals do not get sensitized during their lifetime at all [70].

In non-atopic adults, the IgE-dependent food allergies must not occur, but IgG-
mediated food allergies may appear at any age if gastrointestinal disorders are avail-
able. There are also food allergic reactions, the previously so-called “pseudo allergy”
IgE-mediated food allergic reactions may present in different tissues, such as skin,
gastrointestinal, respiratory and genitourinary tracts, and allergens penetrate the
body in the same ways [1, 23]. However, there is not yet a full clarification why food
allergies occur in only some atopic persons but not in all.

4. Enteric neuroimmune system (ENIS)

The gastrointestinal tract is a container of processing food components, digestive
enzymes, metabolites, enormous microbiota, immune cells, neurons, glial cells, and
immune- and neuron-derived molecules [5].

The gut is innervated by three types of peripheral nervous system counterparts
under the general regulation of the central nervous system (CNS): (1) the somatosen-
sory nervous system, (2) the vegetative nervous system subdivided into (i) sympa-
thetic and (ii) parasympathetic divisions, and (3) the unique self-contained nervous
system, termed the enteric nervous system (ENS) [71].

Sympathetic innervation of the gut is provided by efferent neurons, which
are present in the cut-associated lymphoid (GALT) tissue, and act through p,ARs
expressed on most immune cells secreting preferentially protolerogenic neurotrans-
mitter norepinephrine (NE). In the gastrointestinal tract, norepinephrine diminishes
enzyme secretion, food digestion, ENS activity, gut motility, and peristalsis.

Parasympathetic innervation of the gut is achieved with cholinergic neurons,
which operate using preferable pro-immunogenic neurotransmitter acetylcholine
(ACh) via a7nAchRs expressed on the epithelium’s cells and immune cells, promoting
the gut inflammatory process, mucus secretion by goblet and other secretory cells,
and intestinal peristalsis. However, acetylcholine enables re-switching via vagus-
splenic synapse with the sympathetic nervous system and displays temporary pro-
tolerogenic activity termed the cholinergic anti-inflammatory pathway [72]. Notably,
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cholinergic preganglionic-postganglionic neuron synapses are located in ganglia
placed in close proximity to the innervated intestine, whereas adrenergic pregan-
glionic fibers form synapses with postganglionic fibers in the symphathetic trunk
ganglia [57]. Both sympathetic and parasympathetic neurons are extrinsic for the ENS
because their cell bodies reside in the ganglia outside the gut. The sensory fibers of the
somatosensory nervous system are mainly carried by the vagus nerve [73], the major
parasympathetic nerve.

The ENS is closely linked with the immune system representing, in fact, the
mutual enteric neuroimmune system (ENIS). In terms of evolution, ENIS is commit-
ted to implement some vital functions, in part controversial, but strictly required for
human life as follows:

* food intake, digestion, and nutrient absorption for engagement in metabolic
processes in the body;

* cooperation with the gut tolerogenic microbiota and maintenance of its
constancy;

* containment of the inflammatory microbiota if re-activated,;

* defense against pathogenic microbes entering with food;

* autoimmune and allergen tolerance maintenance;

* preservation of intestinal epithelium integrity and control of its permeability;

* synthesis of cytokines, chemokines, growth factors, neuro molecules, hormones,
vitamins, etc.;

* output of feedback signals to the CNS;
* clearance of the body.

The ENIS is composed of a huge number of intrinsic neurons and interneurons,
structured in two plexuses, submucosal (disposed between the circular muscle
layer and epithelium) and myenteric (located between the longitudinal and circular
muscle layers), non-neuronal cells like glia, and neuro molecules affecting the gut
and gut functions [57, 58, 73]. Submucosal plexus neurons control gut secretions,
food component absorption, and local blood flow, whereas myenteric plexus neu-
rons modulate smooth muscle effects [57, 58]. The ENS, immune cells, and intes-
tinal microbiota secrete many neurotransmitters and neuropeptides among which
NE, ACh, serotonin, dopamine, GABA, CGRP, [74, 75], as well as VIP, substance
P, and neuromedin U (NMU) are the most significant for the gut (see Table 2 and
Figure 3) [76].

Neurotransmitters and neuropeptides serve as the main instrument by which
the ENIS controls the homeostasis and all functions in the gut. As you can see in
Table 2, neuro molecules are presented as predominantly protolerogenic or predomi-
nantly pro-immunogenic, and some of them can exert ambivalent activity. In healthy
conditions, the summarized potential of neurotransmitters and neuropeptides in
the gut is protolerogenic and anti-inflammatory, but in food allergies, conversely,
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Neurotransmitters Some Origin source Prevalent activity References
and neuropeptides receptors in relation to oral
tolerance
Norepinephrine (NE) AR; Sympathetic neurons, Protolerogenic [57,58,73,
oAR adrenal medulla, neurotransmitter 74,76-79]
lymphocytes, NK
cells, monocytes,
macrophages, EEC
Acetylcholine (ACh) a’/nAchR; Parasympathetic Pro-immunogenic [57,71,76,
M1AchR- neurons, EEC, neurotransmitter 78, 80]
M4AchR lymphocytes,
monocytes
Serotonin 5-HT;- Central and Protolerogenic [72,74,77,
(5-hydroxytryptamine) 5-HT, enteric neurons, neurotransmitter 81, 82]
enterochromaffin
tissue, EEC
Dopamine D;-Ds Sympathetic neurons, Predominantly [72,74,77]
lymphocytes, DCs, pro-immunogenic
macrophages, neurotransmitter
neutrophils as well as can exert
protolerogenic
activity
y Aminobutyric acid GABA,- Neurons, T cells, Protolerogenic [74,77]
(GABA) GABAp macrophages, EEC neurotransmitter
Calcitonin-gene-related CLRs Sensory neurons, T Predominantly [57, 71,
peptide (CGRP) cells, B cells, EEC, the protolerogenic 76-79]
thyroid gland neuropeptide as
well as can exert
ambivalent activity
Vasoactive intestinal VPAC1- Parasympathetic Predominantly [57,58, 71,
peptide (VIP) VPAC2 sensory neurons, EEC, protolerogenic 73,76-79,
the gut neuropeptide as 83]
well as can exert
ambivalent activity
Substance P NK1R- Sensory neurons, Pro-immunogenic [57,72,78,
NK3R microglia, neuropeptide 79]
lymphocytes, DCs,
macrophages,
eosinophils
Neuromedin U (NMU) NMUR1- Parasympathetic Pro-immunogenic [57, 58,73,
NMUR2 sensory neurons, EEC neuropeptide 76,78, 79]

Table 2.
The most significant neurotransmitters and neuropeptides in the gut.

it is prone to allergen tolerance breakdown and allergic inflammation [5]. Some
facts of how neuro molecules influence the human immune cells in the gut allergic
inflammatory process are continuously accumulated. However, our knowledge of
neuronal-gut immune cell units as a new neuroimmunology paradigm comes mainly
from mouse models [58, 84].

NE inhibits ILC2 activity, Th2 pathway [57, 73, 76, 78], and induces anti-inflam-
matory M2 phenotype of muscular macrophages [58, 73, 74].
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Enteric neuroimmune system (ENIS). The ENS as a part of combined ENIS forms two plexi, submucosal

and myenteric, and contains intrinsic neurons and nerve fibers of sympathetic, parasympathetic, and
somatosensory nervous systems of which cell bodies ave located outside the ENS. Most sensory fibers are carried
by the parasympathetic fibers. Some secreted in the ENIS neuro molecules exert pro-immunogenic effects, in
particular, ACh upregulates mucus production, GAP formation, and mast cell degranulation; SP inhibits pTreg
proliferation; NMU triggers ILC2 activation and Th2 pathway. In contrast, NE displays protolerogenic activity
downregulating ILC2 and Th2 cells, and upregulating M2 polarization of muscular macrophages. CGRP

and VIP show ambivalent and even paradoxical effects, for example, CGRP acts on ILC2 in a controversial
manner concerning cytokine production, but downregulates M cell development. VIP promotes Th2 pathway
and, simultaneously, pTreg cell proliferation and along with glial cells epithelium integrity. ENIS—enteric
neuroimmune system, ENS—enteric nervous system, ACh—acetylcholine, SP—substance P, NMU—neuromedin
U, NE—norepinephrine, CGRP—calcitonin-gene-velated peptide, VIP—vasoactive intestinal peptide, GAP—
goblet cell-associated allergen passage, DC—dendpritic cell, Tha—type 2 helper T cell, ILC2 and ILC3—group

2 and group 3 innate lymphoid cells, p Treg—peripheral regulatory T cell, TLR—Toll-like receptors. Pro-
immunaogenic effects are noted in green, and protolerogenic effects are noted in red.

ACh causes goblet cells to secrete mucus, form GAP [76] and amplifies the degran-
ulation of mast cells [80].

Glial cells via neurotrophic factors cause ILC3 to produce IL-22 for the mainte-
nance of the gut epithelium integrity [57, 58].

CGRP acts on ILC2 in a paradoxical manner inhibiting IL-13 secretion and activat-
ing IL-4 synthesis [76], but, in total, CGRP downregulates Th2 pathway of immune
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response responsible for allergic inflammation in the gut [79], including CGRP effect
due to M cell downregulation [76].

VIP stimulates IL-22 production by ILC3 [76], and proliferation of pTregs [83],
but, on the other hand, promotes Th2 pathway, migration, and survival of Th2
cells [78, 83].

SP upregulates DCs migration, Thl pathway [72], and inhibits pTreg proliferation
in the gut [79].

NMU activates ILC2 and causes them to produce IL-5 and IL-13 [73, 76, 79] that
upregulates Th2 pathway of immune response and allergic inflammation.

Most mechanisms of allergic inflammation cannot be explained only by the
participation of immune cells and immune-derived molecules. Food allergies are such
a case. Since allergic inflammation disrupts homeostasis not only in the gut and other
target organs but also in the whole body, neuronal control is extremely necessary.
Neuro molecules produced by neurons and non-neuronal cells display short-term life
but long-term effects in relation to a place of allergic inflammation and beyond. So
far, although numerous studies of neuroimmune interactions in food allergies are the
subject of discussion, our comprehension is still incomplete. Taking into account the
significance of the subject, this knowledge may become a novel source of updated
therapeutic approaches to food allergies in the near future.

5. Sensitization to food allergens and allergic inflammation

There are oral, skin, and respiratory routes of entry of environmental allergens,
including food allergens, into the body [1]. Although modern experimental and
clinical studies support a role for skin exposure to dietary allergens, which initiate the
sensitization and initiation of the Th2 pathway B-cell response, the oral route remains
important for food allergies [30].

Experimental studies are reported to highlight the significant role of IECs in
the facilitation of dietary allergens to penetrate the epithelial barrier and trigger
IgE sensitization [30]. When allergens appear in front of the epithelium, they use
any of four transcytosis routes (see Figure 2 in unit 3) [29] to get into the subepi-
thelial region rich in various cells, including those required for triggering allergic
responses. Accordingly, the gut epitheliocytes generate as a “danger signal” par-
ticular cytokines called alarmins, IL-25, IL-33, and thymic stromal lymphopoietin
(TSLP), upregulating three types of cells: ILC2, allergen-presenting DCs, and Th2
cells. Activated ILC2 produces IL-5, IL-9, and IL-13 influencing over eosinophils and
mast cells. Food allergens are engulfed by DCs, processed, uploaded on class I HLA
molecule grooves, and as allergen/HLA II complexes presented to lymphocytes,
which are activated after recognition and involved in clonal expansion and matura-
tion. Differentiated Th2 cells upregulate the Th2-mediated B-cell response with IgE
end-production and memory B and memory T cells formation [3]. Memory about
the current allergen becomes lifelong. The whole process proceeds in the lymphoid
follicles as well as draining lymph nodes. Interestingly, intestinal epitheliocytes can
constitutively turn into allergen-presenting cells like DCs and present allergens to
lymphocytes [23].

Th2 pathway activation is called “the type 2 cytokine storm,” which stimulates
expansion of the main cells of allergic inflammation, mainly mast cells and basophils.
Th2 cells produce IL-4, IL-5, IL-9, IL-13, and IL-33, which promote allergic inflam-
mation. Notably, IL-5 does not play a leading role in food sensitization, in contrast
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to responses to other allergens, in distinct target organs [23]. IL-33 is reported to be
essential for the maturation of mast cells [51]. Another immunoregulatory T-cell
subset, Tfh cells, secretes IL-21, IL-4, and IL-13, important for IgE class switching
due to recombination and somatic mutations in B cells, maturing plasma cells and
growing allergen-specific IgE affinity. The degree of involvement of Th9 cells in food
sensitization is disputed [85].

Since protolerogenic neurotransmitters and neuropeptides are prevalent in the
ENIS, food allergens cannot easily overcome the system of allergen tolerance main-
tenance. However, if it occurs, allergic inflammation commences, and clinical food
allergies develop [5].

Allergic inflammation is an immunopathological process, which proceeds in three
phases: (1) early phase, (2) late phase, and (3) chronic allergic inflammation [56]. The
early phase usually gets started within 2-3 h after uptake of a causative food allergen
depending on absorption in the gut or less if in the oral cavity and includes the release
of normally preformed mediators of mast cells [50] and basophils, such as histamine,
serotonin, chemotactic peptides for neutrophils and eosinophils, and enzymes
(chymase and tryptase). These mediators affect the nerve cells causing smooth
muscle contraction, mucus production by goblet cells, increased capillary perme-
ability, recruitment of neutrophils and eosinophils. In some cases, mast cells release a
wide range of chemicals in greater quantity than usual, causing reactions collectively
known as anaphylaxis in multiple body areas, including the unified airway, cardiovas-
cular system, brain, etc. Frequently, it may be a life-threatening condition [86].

The late phase in food allergies develops in 6-9 h and later. Two groups de novo
produced after activation of mast cells and basophils neoformed and neosynthesized
mediators consist of cysteinyl leukotrienes (LTCy4, LTD,, and LTE,), prostaglandin
D, (PGD,), platelet-activating factor (PAF), pro-inflammatory cytokines, chemo-
kines, growth factors, nitric oxide, and C3 and C5 components of complement [87].
These biomolecules act on surrounding tissues promoting the inflammatory process.
Endothelial cells express those adhesion molecules, which facilitate the involvement
and activation of neutrophils, eosinophils, inflammatory DCs, and monocytes from
the blood into the site of the allergic inflammation. The eosinophils release various
inflammatory molecules, including major basic protein, eosinophilic cationic protein,
IL-5, etc. The involved Th2 cells secrete cytokines among which I1-4, IL-13, and IL-33
are the most potent and affect plasma cells, promoting IgE isotype switching. So, the
events acquire long-term potential [5].

The process becomes chronic allergic inflammation after repeated exposures to food
allergens and continuous recruitment of inflammatory cells releasing numerous pro-
inflammatory mediators. In food allergies, in the gut, local persistent allergic inflam-
mation is inherent though clinical signs may manifest only from time to time.

6. Food allergies as particular atopic conditions

The natural history of food allergies contains attempts to explain why this type
of allergy occurs. Some hypotheses have been proposed and are still being dis-
cussed [2, 88].

The hygiene hypothesis and “old friends” hypothesis. The absence of exposure to
microbes and allergens in early childhood may increase predisposition to allergic
sensitization due to the underdevelopment of the immune system promoting Th2
polarization rather than Th1.
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The dual-allergen exposure hypothesis. In infants, if the skin barrier function is
impaired, exposure to environmental food allergens causes allergen sensitization
through the skin rather than via oral route. Food allergies are likely generated as
a combination of both skin and gut exposure to food allergens, with a preferable
tendency towards sensitization through the skin route. Proponents of the hypothesis
attempt to put the idea of early introduction of allergenic food for susceptible babies
into practice [6, 89].

The vitamin D hypothesis. Vitamin D (cholecalciferol) is a recognized immuno-
modulatory and protolerogenic substance of which deficiency may lead to possible
risk factors for food allergies. Low concentration of vitamin D is reported to increase
the risk of peanut allergy, decrease the differentiation of pTregs, and activate Th2
polarization.

The microbiota hypothesis. The presence of particular bacterial strains, their metabo-
lites, and some dietary substrates may promote the development of food allergies.

However, so far there is insufficient evidence to confirm or prove all these concep-
tual interpretations [2].

Food allergies are characterized by polymorphic clinical signs, which may mani-
fest in any body system, particularly in such target organs as the gut, skin, unified
airway, and genitourinary tract. They include swelling of the lips, tongue, or larynx,
hives, skin rash and itching, bronchospasms, difficulty swallowing, feeling sick or
vomiting, abdominal pain, or diarrhea, angioedema, etc. Swelling of the larynx may
be life-threatening due to shortness of breath and even respiratory arrest.

Food allergies are reported to develop in different phenotypes such as classic,
cross-reactive, aerosolized, and a-Gal syndrome (mammalian meat allergy), among
which basic atopic sensitization due to IgE overproduction is predominant [90].
Besides phenotypes, food allergy endotypes, persistent, transient, local and systemic
reactions, and drugs/exercise/alcohol-induced forms are described [90].

According to [91, 92], there are the following phenotype groups of food allergies:

1.IgE-mediated group (classically, of type I hypersensitivity by Gell and Coombs
[93]), which includes acute urticaria and angioedema, allergic asthma, delayed
food-induced anaphylaxis to mammalian meat, oral allergy syndrome, gas-
trointestinal allergic immediate reaction, and food anaphylaxis; this group is
subdivided into (1) primary (with sensitization to Class 1 food allergens) and
(ii) secondary food allergies (with hypersensitivity to Class 2 food allergens, for
example, oral allergy syndrome);

2.Mixed group: atopic dermatitis and eosinophil-associated gastrointestinal
inflammatory disease;

3.CD4+ T-cell-mediated group (classically, of type IV hypersensitivity by Gell and
Coombs [93]) that includes celiac disease [41], food protein-induced entero-
colitis syndrome (FPIES) [94], food protein-induced proctocolitis, and food
protein-induced enteropathy.

In general, IgE-dependent food allergies are prevalent according to the classification.

It is fitting to highlight that phenotype is a recognizing feature of a disease, such as
morphological, physiological, or biochemical property, or behavior, with no implica-
tion of a cell/molecular mechanism. Endotype represents a different physiological or
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pathological approach, which involves and uncovers cell and molecular mechanisms
of a disease and response to therapy. Both phenotype and endotype are dependent on
genotype and epigenetic modifications as well as environmental factors [2, 90, 95].

In the opinion of Chong et al. [86], most food allergy studies are devoted to either
not persistent cases of food allergies or anaphylaxis. So far, such phenotypes as oral
allergy syndrome (or pollen food allergy syndrome) [1, 7, 96], sporadic mild or mod-
erate food allergies, and not truly life-threatening and really severe life-threatening
anaphylaxis may be considered relatively studied [86]. Eosinophilic esophagitis [54]
based on a high level of eosinophilic inflammation is a separate, strong genetically
associated allergic disease [91]. Also, other rarer food allergy conditions than preva-
lent IgE disorders are outside of the scope of this chapter.

The cross-reaction if oral allergy syndrome occurs can be explained by the
structural similarity of allergens, which may be found in both pollens and food. The
list of cross-reactions is large and continuously expanding. Common examples are
sensitization to birch, elm, and alder linked with food allergy to apple, peach, cherry,
tomato, carrot, etc., and hypersensitivity to ragweed associated with a food allergy to
watermelon, banana, zucchini, cucumber, etc. In addition, allergy to grass is associ-
ated with hypersensitivity to honey, orange, melon, etc. [6]. Chitinases are a group of
allergens often found in plant food (wheat, rice, tomato, raspberry, grape, banana,
coffee, etc.), latex (hevein), arthropods like house dust mites (HDM), and insects
(silkworm). Accordingly, chitinases develop cross-reactivity syndrome and may even
lead to anaphylaxis [97]. Most people can become tolerant of the cross-allergy if food
products containing heat-labile allergens have been baked, cooked, and roasted.

There is currently no explanation for why life-threatening anaphylaxis occurs in
only some atopic individuals among those who are allergic to food allergens [51, 98].
Genetic and epigenetic factors in food anaphylaxis are of high interest and are directly
and indirectly involved in IgE-mediated food sensitization. Genetic background plays
a significant role in the manifestation of most atopic diseases, whereas epigenetics
matters greatly through three epigenetic mechanisms: DNA methylation, covalent
posttranslational histone modifications, and micro-RNA-mediated gene silencing.
Therefore, it may be essential for the interactions between various susceptibility
genes, epigenetic modifications, immunologic processes, nerve impulses, and envi-
ronmental factors [99]. However, explicit monogenic mutations linked with only
anaphylaxis have not been found, but separate facts about some mutations causing
anaphylaxis-like conditions and metabolic disturbances have continuously been
accumulating [91]. It is likely that patients prone to more severe food allergies and
also poorer outcomes in oral AIT have a specific phenotype [86], which is not yet
confirmed by fundamental research findings.

In general, the series of prerequisites why life-threatening anaphylaxis occurs
in only some individuals among those who are sensitized to food allergens is as

follows [5]:
* polygeneous hereditary predisposition to atopy;
* individual hypersensitivity to selected allergens;
* dose and pathway of allergen entry specific for a patient;

* repeated penetration of the same allergen, which already caused anaphylaxis;
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Criteria Food anaphylaxis Drug- orinsect venom-
induced anaphylaxis
Common manifestation age Children All ages
Prevalent signs and symptoms Respiratory Cardiovascular
Predominant route of allergen Oral, skin, or respiratory Parenteral
penetration
Common onset time Within 2 hours after exposure to Rapidly
allergen
Death cause Respiratory arrest Cardiac arrest
Mast cell tryptase as biomarker [100] Moderate positive or negative Positive
Table 3.

Peculiarities of food and nonfood-velated anaphylaxis ([86], modified).

* acquired genetic alterations and epigenetic modifications promoting the weak-
ness of the allergen tolerance maintenance system;

* peculiarities of forming memory T and B cells to food allergens [3].

Anaphylaxis in food allergies is observed more often than in drug- and insect
venom-induced cases and shows some particular features important for differential
diagnosis (see Table 3).

Food allergies frequently coexist with other atopic diseases, such as atopic der-
matitis, allergic rhinitis, and allergic asthma. In comparison with children without
food allergies, children sensitized to food allergens are two to four times more likely
to suffer from asthma, particularly poorly controlled asthma [101]. Intake of snails
in patients allergic to HDM can exacerbate the course of severe asthma, and airborne
allergens such as wheat, fish, and seafood may result in so-called “food-induced
asthma” [102]. Children co-sensitized to food and aero-allergens suffer from more
severe clinical signs of allergic rhinitis [103].

However, a food allergy in isolation does not look like a typical atopic disease and
it is rather not a chronic atopic disease but a series of discrete allergic episodes. That
is because the gastrointestinal tract is a specific target organ unlike the other target
organs being a zone allergen tolerance; therefore, food allergies may be a known
exception to the rule conceived by evolution [5].

7. Diagnosis and management of food allergies

The diagnosis of a food allergy is very complex, requiring a detailed past medical
history (or allergy anamnesis), physical examination, CRD [19, 104], BAT [22], SPT
[24], and repeated visits to an allergist. Allergic skin tests, particularly SPT, occupy a
central place in the diagnosis of food allergies. However, if a skin test is not suitable
for revealing the food sensitization, a specific IgE determination is recommended
[92]. An oral food challenge (or controlled food provocation test) may be administered,
which an allergist conducts in the allergist’s office taking into consideration the risk of
an unpredictable severe allergic reaction like anaphylaxis. Nevertheless, the oral food
challenge currently represents the “gold standard” diagnostic test due to the difficulty

58



Food Allergies: New Challenges of Our Civilization
DOI: http://dx.doi.org/10.5772/intechopen.106627

of food allergy diagnosis [105]. In relation to all diagnostic allergy tests, the main rule
is that they must be used in combination, be guided by the medical history and be
clinically relevant [92].

Treatment management of food allergies [106] consists in educating the patient
about allergen avoidance, prescribing pharmacotherapy [92], biologics [106, 107],
and AIT [108-111]. Urgently in anaphylaxis, an epinephrine auto-injector must
be used. Once the diagnosis of food allergy is confirmed, strict elimination of the
causative food allergen from the nutrition is absolutely necessary during lifespan; this
allergen source can be replaced with another food product or, at least, if a causative
allergen is heat-labile, be processed by baking, roasting, or boiling. Treatment of acute
food reactions involves the prescription of epinephrine, antihistamines, glucocortico-
steroids, and bronchodilators. Biologics can be applied as monotherapy or as adjuvant
therapy to AIT.

AIT is a single method in IgE-mediated food allergies, which is disease-modified,
well-documented, effective, and high-level medicine-based treatment option lead-
ing in allergen tolerance establishment [23, 92, 112]. In food allergies four routes
of AIT were historically used: subcutaneous, sublingual, oral, and epicutaneous.
Unfortunately, research into subcutaneous AIT in food allergies displayed severe
systemic adverse effects, therefore many observations had been discontinued.
Nevertheless, the subcutaneous route with peanut allergoid exhibited better toler-
ability [113]. Sublingual AIT displayed clinical efficacy and good tolerability but to a
smaller extent than those in oral AIT, however, in a study with the use of standardized
birch pollen extract better efficacy was described [114]. Epicutaneous AIT in patients
with peanut allergies is currently undergoing a clinical trial.

Nowadays, research into the oral route of AIT in food allergies is actually at the
cutting-edge. At the beginning of AIT (the up-dosing period) the daily oral admin-
istration of small but gradually increasing amounts of food allergen is conducted
under medical supervision. The causative allergen is in-taken with food, and physical
activity is avoided 2 hours after [115]. After completion of the up-dosing period,

a daily maintenance dose may be in-taken at home. The oral route of AIT induces
desensitization, irrespective of whether achievement of persistent tolerance is not
yet evident. In the course of oral AIT, mild and moderate adverse reactions may be
frequent, for example, mouth or throat itching and swelling, abdominal pain, but
the risk of anaphylaxis and eosinophilic esophagitis remains. In 2020, Food and
Drug Administration (FDA) approved the first licensed oral AIT product for peanut
allergy—Palforzia® [116]. However, Palforzia® cannot be used in untreated or
uncontrolled asthma and existing problems related to the esophagus and the gut.
The European Academy of Allergy and Clinical Immunology (EAACI) prepared the
guidelines on AIT for IgE-dependent food allergies. Trials have found substantial
benefits for cow’s milk, hen’s egg, and peanut allergies, but a better adverse effect
profile and high efficacy for oral AIT with cow’s milk and hen’s egg have not yet been
confirmed. However, low-dose AIT may be useful in children with severe cow’s milk
allergy [117], but allergens has to be administered with caution to patients with a
history of anaphylaxis [118]. AIT with food allergens should be exclusively performed
in clinical centers with significant experience in such immunotherapy that patients
should frequently visit during the up-dosing period. Patients must also make an
informed decision about the therapy [119]. The dual-allergen exposure hypothesis is a
precise reproduction of one of the mechanisms by which food allergies may develop;
therefore, the hypothesis has been studied and discussed most extensively [119].
Furthermore, it is based on fundamental immune tolerance theory [120], which, if
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clinically experienced can be a good rationale for food allergy prevention using the
approach of early introduction of food allergens in babies.

Prevention of food allergies by early introduction of food has been disputed. Some
researchers suggest that the early introduction of peanut, cooked eggs, cow’s milk,
sesame, white fish, and wheat in exclusively breastfed infants at the age of 3 months
with a hereditary risk of developing food allergies would reduce the prevalence of
food allergy by the age 3 [6]. The idea of early introduction of allergenic food corre-
sponds to the dual-allergen exposure hypothesis [89, 121], but, so far, it did not show
clinical efficacy in relation to all those food allergens [88, 122].

Since food allergy patterns are different in distinct countries, for example, wheat
allergy is prevalent in Japan and Thailand, whereas shellfish hypersensitivity is
predominant in Singapore and the Philippines, the study of early introduction of
potentially allergenic food has to be continued in children at high risk [123, 124]. In
fact, the early introduction of food allergens during food intake is a natural induction
of allergen tolerance, while AIT is an artificial medical approach.

Natural recovery from food sensitization is possible in infants depending on the
allergen source, for example, cow’s milk, hen’s eggs, and wheat. Reverting a food
allergy to allergen tolerance is the main purpose of AIT and is characterized by a loss
of Th2 cells and an increase in Th1 cells, the simultaneous induction of blocking IgG
antibodies, and suppression of inflammation’s effector cell functions [23].

8. Oral tolerance

The logical completion of the chapter is a reference to oral tolerance, a state, which
has to be recovered if a food allergy occurs. Simultaneously, oral tolerance enables the
discussion of all questions related to food allergies and connected to food allergies as a
challenge at present time.

This health condition is an organ-specific form of allergen tolerance, which is,
in turn, a particular form of immune tolerance. However, there is not any separate
oral tolerance since it exists in terms of combined allergen tolerance. In general,
tolerance represents an antipode to active immune responses, which leads to the
production of effector T cells and immunoglobulins participating in an “immune
battle” against “non-self” or “former self”. When an invader is defeated, the
immune response has to complete the turning into tolerance. If tolerance does not
develop, many types of pathology may manifest. Food allergies are a particular case
because food proteins, glycoproteins, and lipoproteins are not dangerous invaders
at all, and the immune response to them occurs by error. However, food allergies
exist exhibiting a growing prevalence, and can become life-threatening, therefore,
from an evolutionary viewpoint, oral tolerance maintenance has to be a solution to
the challenge.

Oral tolerance must meet the following main criteria:

1.a potent allergen tolerance maintenance system in the gut,

2.balance in the intestinal microbiota with a significant amount of useful tolero-
genic microbes, and.

3.integrity of the gastrointestinal barriers.
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Oral tolerance depends on multiple factors, which can maintain or destabilize it
under the daily penetration of food proteins, instability in the gut microbiota, chang-
ing signals from neuro molecules, and continuous trafficking of pro-inflammatory
cells and molecules. The dual-allergen exposure hypothesis confirms a classical pos-
tulate of immune tolerance since the time of Burnet [121] that tolerance depends on
age. If atopy predisposed babies before 3 months of age begin to consume peanuts
this diet could decrease the risk of a peanut allergy after 12 months. In contrast, when
such infants do not consume peanuts the likelihood of food allergy increases in the
near future [6, 43]. Another important factor for oral tolerance breakdown is a high
continuous dose of food allergens to which exposure may be available because of food
intake and dietary preferences are daily and permanent.

In addition, impaired epithelial barrier integrity of the mouth predisposes
a person to food allergies, in particular profilins-containing allergens, such as
vegetables, fruits, seeds, and plant-based products [125]. Frequently disregarded
mouth pathologies appear to present the prerequisites for food allergy manifestation
confirming the existence of the oral route for rapid penetration of food allergens,
which some researchers prefer to consider only as supplementary and even rare.
Meanwhile, a healthy oral cavity is very significant in terms of food allergy preven-
tion. Inflammatory processes in the gut result in increased epithelial permeability,
facilitate food components to meet the submucosal immune cells and, under a
deficiency of tolerogenic activity, trigger a Th2 pathway adaptive response or other
IgE-independent pathogenetic mechanisms of food allergies [2, 23, 29, 88]. In sections
3 and 4, we described the high significance of the tolerogenic microbiota and ENIS in
oral tolerance maintenance.

In the face of food allergies and inflammatory processes in the gut, evolution
created the natural system of long-lasting oral tolerance maintenance enforced by the
following components [5]:

* TDCs, including intestine-specific CD103+ TDC [4, 42];

* allergen-specific FoxP3 + pTreg cells [126, 127], as well as type 1 regulatory T
(Tr1) cells and type 3 helper T (Th3) cells [128-130];

* regulatory B (Breg) cells [127, 128] and blocking antibodies;
* Peyer’s patch and lamina propria M2 macrophages [4, 47];

* immunosuppressive cytokines: IL-10, transforming growth factor  (TGF-p),
and IL-35 [5, 42, 43];

* pro-tolerogenic neurotransmitters and neuropeptides [5, 73, 79];

* tolerogenic microbiota [59-63].

Intestinal CD103 + DCs commonly endocyte food allergens penetrating through
the epithelial barrier in readiness to promote Th2 pathway, however, metabolic
products of tolerogenic microbiota, such as short-chain fatty acids and retinoid acid

assign tolerogenic properties to these DCs turning them into CD103 + TDCs. TDC
migrate into the mesenteric lymph nodes where they induce naive T cells to mature
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into FoxP3 + pTreg cells using TGF-p and retinoid acid [4] and tolerize allergen-
specific effector lymphocytes, making them anergic. Mature pTregs using expressed
chemokine receptor CCR9 and integrin a4f7 arrive in the gut subepithelial region and
along with TDC contribute to allergen tolerance to food allergens.

TDC and pTreg cells [42, 126, 131-133] play a general role in oral tolerance acting
in a synergic manner to provide (1) the synthesis of IL-10, TGF-p, IL-35, and enzymes
producing toxic for effector lymphocytes derivates like kynurenines; (2) expression
of coinhibitory molecules, such as PD-1, CTLA-4, BTLA, and LAG-3 [134] known as
antagonists of costimulatory molecules required for immune response forwarding; (3)
competition with proliferative lymphocytes for the essential growth factor IL-2 [132];
(4) inhibition of Thl, Th2, Th17, and Th22 pathways [132] and many inflammatory cells
like ILC2; (5) activation of follicular regulatory T (Tfr) cells [135], which downregulate
Tth cells. Subsets of pTregs are Trl and Th3 cells specialized for the mucosal barrier
sites acting in a pTreg-like manner using the same mechanisms. Tr1 cells are known as
FoxP3™ IL-10-secreting Tregs [130], whereas Th3 cells are recognized as FoxP3™ TGF-
p-secreting Tregs [129]. In addition, there are pTreg subsets functionally directed to
certain helper T cell subpopulations [129, 132] and memory pTregs [126, 127, 132].

B cells also generate a regulatory subset called Bregs. Breg cells contribute to oral
tolerance secreting protolerogenic cytokines like IL-10, TGF-f, and IL-35, which
upregulate IgG, production and downregulate IgE synthesis by plasma cells [136].

Peyer’s patch and lamina propria M2 macrophages originate from circulating
monocytes and exert tolerogenic properties by secretion of IL-10 and synergistically
functioning along with pTregs [4].

IL-10 is the most potent immunosuppressive cytokine. In terms of the effects of
TDC, pTregs, and other above-mentioned cells with tolerogenic properties, IL-10
inhibits the Th1 and Th2 pathways, expression of costimulatory molecules on aller-
gen-presenting cells and lymphocytes, and activity of many inflammatory cells [42].
More or less, TGF-p and IL-35 display the analogous properties as IL-10.

GABA and serotonin are the most potent protolerogenic neurotransmitters in the
ENIS with very rare exceptions, whereas neuropeptides CGRP and VIP can exhibit
ambivalent effects depending on the microenvironment (see Table 2 and Figure 3 in
Section 4). Nowadays, research into the influence of neuro molecules over oral toler-
ance is currently at the cutting-edge.

In the ENIS framework, the tolerogenic microbiota implements a unique role [61]
in deterrence of the opportunistic bacteria growth and generation of metabolites and
neuro molecules for TDCs and pTregs proliferation without which the gut and the
whole body cannot exist since there are many other forms of gastrointestinal activity
and gut-based vital functions.

In summary, oral tolerance to food and its loss occurs from a complicated interaction
between the allergens in the food, the microbiota inhabiting the gut, intestinal epithe-
lium integrity, immune and non-immune cells in the GALT, and protolerogenic neu-
rotransmitters and neuropeptides found in the ENIS. If oral tolerance breaks down, the
state may be recovered using the therapeutic approach called AIT with food allergens.

9. Conclusions

Food allergies are characterized by some routes of food allergen penetration and
polymorphic clinical signs, which may manifest in anybody system, not only through
the gut and in the gut. Normally, the intestine is a zone of tolerance in contrast with a
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place of immune responses to nutrients because evolution created the gastrointestinal
tract as a container for food digestion, inhabitance of tolerogenic microbiota, and
source of neuro molecules, hormones, and cytokines derived from the enteric neuro-
immune system (ENIS).

The gut epithelium is a complex barrier membrane between the intestinal lumen
and subepithelial region rich in cells and molecules of the ENIS. Single-cell RNA-
sequencing, a transcriptomic technology, allowed to describe the novel composition
of epitheliocytes and interepithelial cells, which were unknown in past [27, 28].
Nowadays, research on neuroimmune regulation of the gut has acquired a particular
significance [76]. Nevertheless, food allergies caused by global changes on the planet
and the new living environment for mankind are a violation of the rules conceived by
evolution [5] and challenges for human civilization.

Allergen-specific immunotherapy (AIT) with food allergens can become an effi-
cient approach for therapeutic management of this increasing pathology. Researchers
have begun to describe the molecular structure of food allergens and have performed
chip-based assays for many allergens. A study of the structure of culprit food aller-
gens has allowed engineering synthetic and recombinant vaccines for AIT [1]. In addi-
tion, the idea of early introduction of allergenic food in infants, which corresponds
to the dual-allergen exposure hypothesis [89, 121], is, in fact, another perspective
approach for food allergy prevention [6, 123, 124].
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Anaphylaxis in Infants
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Abstract

Anaphylaxis is an extremely dangerous systemic hypersensitivity reaction that
develops rapidly and can be fatal. Infants make up the most difficult group of patients
with anaphylaxis, given the first episode of reaction occurring at an early age, there
are age-related difficulties in interpreting complaints, unpredictability of clinical
symptoms, prolonged process of diagnosis, and prescribing the appropriate treat-
ment. These factors determine the risk of fatal outcomes, even in case of nearly
healthy infants. For this group of patients, such problems as lack of available diagnos-
tic tests, limited standard doses of epinephrine autoinjectors, the absence of predic-
tors of occurrence, and severity of systemic allergic reactions are still relevant. This
chapter presents the available information on the prevalence of anaphylaxis, the most
common triggers, diagnosis, clinical symptoms, severity, and treatment in infants.

Keywords: anaphylaxis, anaphylactic reaction, trigger, allergen, children, food allergy,
infants, molecular diagnostics, specific IgE, tryptase

1. Introduction

Anaphylaxis is an extremely dangerous systemic hypersensitivity reaction that
develops rapidly and can be fatal [1]. More than 120 years have passed since the phe-
nomenon of anaphylaxis was first described, but there are still numerous difficulties
and questions related to the management of patients with this diagnosis. Physicians’
attention to the problem of anaphylaxis has revived over the last 20-30 years, due
to the increased prevalence of systemic reactions to various triggers (food allergens,
medications, latex, physical exercise, etc.). Infants make up the most difficult group
of patients with anaphylaxis, given the first episode of reaction occurring at an early
age, there are age-related difficulties in interpreting complaints, unpredictability of
clinical symptoms, prolonged process of diagnosis, and prescribing the appropriate
treatment. These factors determine the risk of fatal outcomes, even in the case of
nearly healthy infants. For this group of patients, such problems as lack of available
diagnostic tests, limited standard doses of epinephrine (adrenaline) autoinjectors,
the absence of predictors of occurrence, and severity of systemic allergic reactions
are still relevant. This chapter presents the available information on prevalence of
anaphylaxis, the most common triggers, diagnosis, clinical symptoms, severity, and
treatment in infants.
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2. Prevalence

Data on prevalence and incidence of anaphylaxis in infants are limited, and the
younger the child, the less reliable information is available regarding the problem, but
anaphylaxis occurs even in two-week-old infants [2-4]. Results of the epidemiological
studies are variable, largely due to dissimilar methodologies; for example, analysis of
referrals to allergy clinics or emergency departments will differ from the evaluation of the
international anaphylaxis registry database or medical records review (epinephrine auto-
injector prescription, epicrisis, and ICD code) or general survey of respondents. There
are some features of the definitions used in various clinical and epidemiological studies
in infants (0-36 months). The term “infants” is usually used for children during the first
2 years of life; in some studies, “infants” refer to children under the first 12 months of life
(which is additionally reported); “toddlers” refer to children between 12 and 36 months
of life; some researchers randomly select age periods (e.g., from O to 4 years).

According to numerous studies that analyzed medical documentation databases,
the incidence of anaphylaxis in infants during the first 4 years of life was 3-4 times
higher than in other age groups. In the city of Alcorcon (Spain), the peak incidence
of anaphylaxis was found in children under 4 years old and amounted to 313.58 per
100,000 person-year between 2004 and 2005 [5]. The figures were three times higher
than in older age groups. In Australia, there were reports about an increase in hospi-
talizations due to anaphylaxis from 4.1 to 19.7 per 100,000 person-year in children
under 4 years old [6].

A number of studies report that anaphylaxis in infants ranges from 25% to 34% of
all pediatric anaphylaxis cases, and the incidence is slightly higher in boys (56-69%)
than in girls [7-11]. According to Huang et al. [12], the share of patients <1 year of life
was 3.1% out of 192 children with anaphylaxis admitted to emergency department.
According to our research conducted in Russia at the pediatric allergy department,
more than half of patients (58%) with food-induced anaphylaxis had their first reac-
tion episode between the age of 8 months and 2 years [13].

In recent years, there has been an increase in the prevalence of the disease in
infants, especially food-induced anaphylaxis. Motosue et al. [14] reported a 129%
increase in the number of admissions to emergency departments due to anaphylactic
reactions in infants during the first 5 years of life between 2005 and 2014. In the state
of Illinois (USA), there was a 29% annual increase in the number of referrals and
admissions to intensive care units due to food-induced anaphylaxis in infants aged
0-4 years in 2008-2012 [15]. For instance, the incidence of food-induced anaphylaxis
in this age group totaled 11.9 cases per 100,000 person-year in 2008 and increased to
30.5 cases per 100,000 person-year in 2012.

The foregoing data demonstrate the vulnerability of infants to increasing preva-
lence and risk of anaphylaxis. It is of paramount importance to consider that most of
the data are underreported and cannot fully reflect the real epidemiological pattern,
since many episodes of anaphylactic reactions in infants occur for the first time and
some of them are overlooked.

3. Triggers

Food is the main trigger of anaphylaxis in infants. In older children, food-induced
allergy causes at least 50% of all anaphylactic reactions, and in younger patients, it is up to
70-90% [7, 16, 17]. According to the study conducted in New Zealand, the retrospective
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analysis of 10-year medical records of patients with ICD-9 code T78.0 (anaphylactic
shock due to adverse food reaction) and T78.2 (anaphylactic shock unspecified) showed
that incidence of food-induced anaphylaxis in patients under the age of 2 made up 50.5
per 100,000 person-year and significantly exceeded its rate in the total group of children
(16.2 per 100,000 person-year) [18]. Colleagues in Singapore also demonstrated that the
highest percentage of food-induced anaphylaxis cases occurs in infants under 2 years old
(up to 90%), and the rate drops to 73% in children aged 2-11 [19].

Country Authors Study type Number Age Triggers
N First Second Third
place place place
Russia Esakova Retrospective N=46 0-2years Cow’s Hensegg  Fishor/and
etal.,2014  analysis of medical milk (15,2%) seafood
[13] records in tertiary (56,5%) (13,1%)
hospital
China Jiang et al., Retrospective N=134 0-2 years Cow’s Hen’s egg Wheat
2021 [17] analysis of medical milk (21,4%) (20,7%)
records in tertiary (32,9%)
hospital
Korea Jeonetal, Retrospective N=338 0-2 years Cow’s Hen’s egg Walnut
2019 [7] analysis of milk (21,9%) (8,3%)
medical records (43,8%)
in 23 secondary or
tertiary hospitals
France Pouessel Retrospective N=61 <12 Cow’s Hen’s egg Wheat
etal., 2020 analysis of cases months milk (20%) (7%)
[20] recorded by the (59%)
allergy vigilance
network
USA Rudders Retrospective N=61 0-2 years Cow’s Peanut Hen’s egg
etal.,2011  analysis of medical milk (31%) (31%)
[8] records in ED (40%)
USA Koetal, Retrospective N=448 <12 Hen’s egg Peanut Cow’s milk
2020 [21] analysis of medical months (34%) (22%) (16%)
records in ED
Turkey Topal Retrospective N=23 <12 Cow’s Hen’s egg Walnut
etal,2017  analysis of medical months milk (21%) (9%)
[13] records in ED (61%)
Turkey Kahveci Retrospective N=160 <12 Cow’s Tree nuts Hen’s egg
etal,2020  analysis of medical months milk (16,6%) (15,4%)
[22] records in hospital (51,4%)
Australia Andrew Retrospective N=127 <12 Hensegg  Treenuts Cow’smilk
etal,,2018  analysis of medical months (37,9%) (31%) (30,9%)
[23] records in EMS
Spain Alvarez- Retrospective N=127 <12 Cow’s Hen’s egg Fruits or
Perea analysis of medical months milk (22%) fish
etal., 2018 records in ED (67%) (6%)
[24]
Table 1.

The most significant triggers of food anaphylaxis in infants.
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Virtually any food can cause anaphylaxis in infants, but the most significant
triggers in patients during the first years of life are cow’s milk and hen’s egg (Table1).
According to our data obtained in Russia, cow’s milk (56.5%) and hen’s egg (15.2%)
were the most common allergens to cause food-induced anaphylaxis in infants <2
years of age [13]. It distinguishes them from older children because in this age group,
tree nuts (29.4%), fish/seafood (26.5%), and fruit (23.5%) are the dominant triggers.
Similar results are seen in studies from other countries. In the comparative study con-
ducted in China, food allergens, such as cow’s milk (32.9%), eggs (21.4%), and wheat
(20.7%), were the most common triggers of anaphylaxis in infants <2 years of age,
whereas in preschool (3-6 years) and school-aged children (7-12 years), fruits and
vegetables (31.6% and 35.9%, respectively) were the major allergens [17]. In France,
cow’s milk (59%), hen’s egg (20%), wheat (7%), and peanuts (3%) are the most fre-
quent causes of anaphylaxis in infants <1 year of age [20]. According to Rudders et al.
[8], cow’s milk, peanuts, and hen’s egg are the main triggers of anaphylactic reactions
in infants <2 years of age in the United States, which is consistent with findings from
another American study based on retrospective analysis of intensive care units’ data
covering the period between 2016 and 2018 [21]. Colleagues in Turkey also report
that above 50% of food anaphylaxis cases in infants <1 year of age are associated with
the consumption of cow’s milk [11, 22]. In Australia, the most common trigger of
anaphylaxis is hen’s egg (39%) [23], in Spain, unlike in most countries, the top three
allergens, along with cow’s milk and eggs, include fruit and fish (9%) [24].

Sensitization to some allergens can occur at an early age when they are passed to a
child in breast milk. So, anaphylaxis can occur both during breastfeeding (less com-
mon) and when the product is first consumed [25, 26]. Two cases of anaphylaxis in
the form of urticaria, vomiting, cough, and wheeze have been described in exclusively
breastfed infants during the first year of life and took place after the consumption of
fish by the mother [26, 27]. Specific IgE to several types of fish was detected during
the pediatric examination. In 1988, Lifschitz et al. [28] described a one-month-
old patient with an anaphylactic reaction after consuming breast milk, which had
been collected earlier before the child was found to be hypersensitive to cow’s milk
proteins; at that time, the mother was not following a dairy-free diet. In infants,
anaphylactic reactions to various formulas, partially highly hydrolyzed, are possible
[29]. Anaphylaxis can be induced by a high-hydrolysis formula not only in infants
<1year of age, a case of anaphylaxis after 3 years of milk elimination in a 5-year-old
child during a provocation test with high-hydrolysis formula, sIgE level to cow’s milk
was 371 UA/mL (ImmunoCAP, Sweden) [30]. Cases of anaphylaxis after the first use
of partial hydrolysate formula have been described in children who were previously
exclusively breastfed with the exclusion of cow’s milk protein by the mother [31].

Typically, cow’s milk is the first foreign protein introduced into a child’s diet, so it
is one of the most frequent triggers of food anaphylaxis in infants. Pouessel et al. [20]
reported that in 28 (46%) of 61 cases of anaphylaxis caused by cow’s milk, the first
episode of anaphylactic reaction was noted when this allergen was first consumed
after cessation of breastfeeding. There are reports of anaphylaxis in infants with
cow’s milk allergy after the first consumption of goat’s milk and soy-based formula
[32]. Moreover, anaphylactic reactions in infants are possible even to less tradition-
ally accepted products for this age: rare fruits and vegetables [33], seeds (pumpkin,
sesame, and mustard) [34], different types of meat (e.g., caribou, whale) [35], bee
products [36], etc.

One of the most difficult and unpredictable situations is anaphylaxis to hidden
allergens, which sometimes are not mentioned in the product composition. Zurzolo
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et al. [37] conducted a survey involving 198 respondents with food allergies, who
retrospectively evaluated the development of anaphylaxis after consuming packaged
food that did not contain the allergen in question. The share of such anaphylactic
reactions amounted to 7%. Sometimes parents themselves do not properly read the
labels, which leads to repeated episodes of anaphylaxis. For example, there was a case
at our clinic, when a girl suffering from food allergy since an early age had an episode
of anaphylaxis after the first consumption of peanut sticks at the age of 1.5. As for
clinical symptoms, pronounced swelling of the neck, breathing difficulties, sweating,
pallor, cyanosis, and repeated vomiting were noted. After the first episode of anaphy-
laxis, the child’s parents tried to avoid food that might contain peanuts. But despite
all efforts, 6 months later the child had another episode of anaphylactic reaction after
eating bread, which contained trace amounts of peanuts, but the parents did not
consider that. Such cases are far from isolated.

We should not forget the possibility of accidental non-oral contact of the child
with the causative product. For example, inhalation of aerosolized food particles dur-
ing cooking and skin contact with allergens. According to our observation, the rate of
patients with anaphylactic reactions caused by skin contact or inhalation of allergen
amounts to 16.4% [38]. The predominant triggers of anaphylaxis caused by skin con-
tact are fish/seafood allergens (46%) and cow’s milk (33%), and the most common
triggers of anaphylaxis caused by inhalation are fish/seafood allergens (89%).

Anaphylactic reactions to drugs occur in a small percentage of cases in infants.
The most common triggers of drug-induced anaphylaxis in children are antibacterial
drugs, as per Xing et al. Ref. [39] analysis of 91 cases of drug-induced anaphylaxis
in children showed that the share of reactions to antibiotics amounted to 53%. Topal
et al. [11] described one patient with anaphylaxis to antibacterial drug in a group of
children under one year of age. Nonsteroidal anti-inflammatory drugs are in second
place in terms of incidence of anaphylaxis induction. Gabrielli et al. [40] showed that
antibacterial drugs triggered 37.3% of drug-induced anaphylaxis in children (mean
age 3.8 years old), while nonsteroidal anti-inflammatory drugs caused 21.6% of cases.

Various medications contain residual amounts of a food allergen and can cause
anaphylaxis in infants. There is a report of an 11-month-old infant with atopic
dermatitis and allergy to cow’s milk proteins who had anaphylaxis episode 15 min-
utes after consuming bacilor (Lyocentre Laboratories, Aurillac, France) containing
Lactobacillus rhamnosus [41]. Prick test with bacilor was positive.

Vaccination poses a threat of anaphylaxis in infants. Most vaccinations occur in the
first two years of life, so there is no anamnestic data regarding tolerability and risk of
adverse reactions. A population-based study reported an anaphylaxis rate of 1.31 cases
per 100,000,000 doses for all age groups [42]. Vaccines contain not only immunogenic
determinants but also trace amounts of various components that may be allergens.
Therefore, sensitization, which can induce anaphylaxis by vaccination, may develop
before the use of the vaccine or during the first and subsequent injections. The most
significant inducers of anaphylaxis include hen’s egg allergens, antimicrobial agents,
and gelatin. For example, hen’s egg protein is present in significant amounts (pg/ml)
in yellow fever, influenza, varicella, rabies, measles, and mumps vaccines, and this
amount may be sufficient to develop anaphylactic reactions in patients with anaphy-
laxis to hen’s eggs [43]. Antimicrobial agents, neomycin, streptomycin, kanamycin,
and polymyxin B may be present in trace amounts in live virus vaccines, so patients
with a history of anaphylactic reaction to these antibacterial agents should not receive
vaccines containing these components [44]. As a stabilizer, gelatin is contained in
high concentrations in the yellow fever vaccine (up to 72 mg/0.5 ml dose) and in some
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influenza vaccines (up to 250 mg/0.5 ml dose). Therefore, these vaccines may provoke
anaphylaxis in patients highly sensitive to this component [45].

It is important that the presence of allergic diseases in the history of an infant is
not necessarily a prerequisite for anaphylaxis. According to Pouessel et al. [20], 89%
of children with food anaphylaxis in the first year of life had no previous food allergy;
according to our observation, the proportion of such patients is up to 25% [13].
Among the cofactors that increase the risk of anaphylaxis in infants, Pouessel et al.
[20] identified intake of proton pump inhibitor (esomeprazole) and acute respiratory
infection at the time of anaphylactic reaction occurrence.

4. Clinical symptoms and diagnosis
4.1 Clinical criteria for diagnosis

In most cases, anaphylaxis in infants is typical and develops within a few seconds-
minutes, usually within 2 hours after contact with the allergen, but regression of
symptoms may develop gradually. Biphasic and protracted anaphylaxis are extremely
rare in infants. The proportion of biphasic anaphylaxis is reported to be about 3-5%
in infants with anaphylaxis <2 years of age [7]. There are isolated reports of biphasic
anaphylaxis in infants. Lee et al. [46] described this form of anaphylaxis in two
children aged 1 and 2 years. Pouessel et al. [20] described a case of the biphasic ana-
phylactic reaction of a 9-month-old child after consumption of a hen’s egg; initially,
there were symptoms in the form of vomiting, abdominal pain, and diffuse skin rash,
which disappeared without any therapy, but 4 hours later the symptoms resumed and
required epinephrine injection. Protracted anaphylaxis in infants is extremely rare.
In our clinical practice, we observed an 8-month-old child with respiratory failure,
angioedema, and generalized urticaria after the first consumption of three pine nuts.
The child had repeated injections of epinephrine and artificial ventilation for 3 days.

To diagnose anaphylaxis, regardless of patient age, the 2005 clinical criteria of
the Second National Institute of Allergy and Infectious Disease/Food Allergy and

Criteria ~ Characterization of symptoms Characterization of symptoms
[NIAID/FAAN, 2005] [WAOAG, 2020]
1 Acute onset of an illness (minutes to several hours) Acute onset of an illness (minutes to several

with involvement of the skin, mucosal tissue, or both  hours) with simultaneous involvement of the
(e.g., generalized hives, pruritus or flushing, swollen  skin, mucosal tissue, or both (e.g., generalized
lips-tongue-uvula) hives, pruritus or flushing, swollen

And at least one of the following: lips-tongue-uvula)

. . And at least one of the following:
a. Respiratory compromise (e.g., dyspnea,

wheeze-bronchospasm, stridor, reduced PEF, a. Respiratory compromise (e.g., dyspnea,
hypoxemia); wheeze-bronchospasm, stridor,

b. Reduced BP or associated symptoms of end- reduced PEF, hypoxemia);

organ dysfunction (e.g., hypotonia [collapse], b. Reduced BP or associated symptoms of
syncope, incontinence). end-organ dysfunction (e.g., hypotonia
[collapse], syncope, incontinence);

c. Severe gastrointestinal symptoms
(e.g., severe crampy abdominal pain,
repetitive vomiting), especially after
exposure to non-food allergens.
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Criteria ~ Characterization of symptoms Characterization of symptoms
[NIAID/FAAN, 2005] [WAOAG, 2020]
2 Two or more of the following occur rapidly after Acute onset of hypotension® or
exposure to a likely allergen for that patient (minutes ~ bronchospasm™ or laryngeal involvement**
to several hours): after exposure to a known or highly probable
a. Involvement of the skin-mucosal tissue allergen™* for that Patient (minutes to .
(e.g., generalized hives, itch-flush, swollen se\'/er'al hours), even in the absence of typical
lips-tongue-uvula); skin involvement.
ps-tong
b. Respiratory compromise (e.g., dyspnea,
wheeze-bronchospasm, stridor, reduced PEF,
hypoxemia);
c. Reduced BP or associated symptoms (e.g.,
hypotonia [collapse], syncope, incontinence);
d. Persistent gastrointestinal symptoms (e.g.,
crampy abdominal pain, vomiting).
3 Reduced BP after exposure to known allergen for
that patient (minutes to several hours):
a. Infants and children: low systolic BP (age
specific) or greater than 30% decrease in
systolic BP*;
b. Adults: systolic BP of less than 90 mm Hg or
greater than 30% decrease from that person’s
baseline.
PEF, Peak expiratory flow; BE, blood pressure. PEF, Peak expiratory flow; BE, blood pressure.
*Low systolic blood pressure for children is defined as *Hypotension is defined as a decrease in systolic
less than 70 mm Hg from 1 month to 1 year, less than (70 BP greater than 30% from that person’s baseline,
mm Hg1[23age]) from 1to 10 years, and less than 90 or
mm Hg from 11 to 17 years. i. Infants and children under 10 years: systolic BP
less than (70 mm Hgp [2 x age in years])
ii. Adults and children over 10 years: systolic BP
less than<90 mmHg.
** Excluding lower respiratory symptoms
triggered by common inhalant allergens or food
allergens perceived to cause “inhalational”
reactions in the absence of ingestion.
***Laryngeal symptoms include stridor, vocal
changes, and odynophagia.
**An allergen is a substance (usually a protein)
capable of triggering an immune response that
can vesult in an allergic reaction. Most allergens
act through an IgE-mediated pathway, but some
non-allergen triggers can act independent of IgE
(e.g., via divect activation of mast cells).
Table 2.

Clinical criteria for diagnosis of anaphylaxis (anaphylaxis is highly likely when any one of the following criteria

is fulfilled).

Anaphylaxis Network (NIAID/FAAN) [47] and the new 2020 clinical criteria of
World Allergy Organization Anaphylaxis Guidance (WAOAG) [1] are used (Table 2).
The distinctive feature of WAOAG criteria is the possibility of diagnosing anaphylaxis
if an isolated potentially life-threatening bronchospasm or laryngeal involvement
symptoms develop in response to allergen exposure. Such an approach helps to
increase the verification rate of anaphylaxis diagnosis since isolated cases of acute
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life-threatening allergic reactions deserve special attention according to most stud-
ies [48, 49]. According to our practice, the 2020 criteria are particularly relevant in
pediatric or intensive care units providing emergency medical treatment.

Evaluation of anaphylaxis symptoms in infants in terms of existing criteria is
often challenging, as it requires knowledge of the relevant nosology and clinical
experience. In addition to the acknowledged symptoms of anaphylaxis, such as skin
manifestations, problems with respiratory and cardiovascular system, gastrointesti-
nal disorders, and behavioral reactions typical for infants are described by parents in
many ways: “falling asleep,” “goes limp,” etc. Symptom descriptions can sometimes
be influenced by national colloquialisms that are difficult for the physician to under-
stand. For example, in Russia, parents sometimes describe their child’s falling asleep
with the term “to nod off,” which is not at all associated with this symptom in other
languages. Some children with anaphylaxis have rarer symptoms, such as hoarseness
of voice, dysphonia, salivation, constant crying, and weeping. Studies covering the
diagnosis of anaphylaxis in infants are sparse, but even based on the few data, some
age-dependent features of the clinical pattern of anaphylaxis can be traced. It is highly
likely that there is a connection between the trigger, shock organ involvement, and
the severity of the reaction.

4.2 Clinical presentation and differential diagnosis of anaphylaxis in infants

Skin and mucous tissue manifestations are the most common for anaphylaxis in
infants. According to most studies, the incidence of these anaphylaxis symptoms can
be as high as 98-100% [11, 13]. This group of symptoms includes urticaria (usually
generalized), erythema (more often multiforme), angioedema, and contact urticaria
(infrequent, e.g., after contact with allergen). Retrospectively, photographs and
questions to parents about skin manifestations are helpful: how quickly the rash
appeared after exposure; how long the rash lasted; whether the rash was similar to
the previous episodes; whether there was itching and other sensations; and where the
rash was located. It is necessary to find out whether the child had a fever at the time
the symptoms appeared, whether there were any other symptoms typical for infec-
tious diseases, at what time of the day the rash appeared, etc. These questions will
help to objectify clinical symptoms and rule out diseases not associated with systemic
reactions (e.g., viral exanthem, mastocytosis, various forms of contact dermatitis).

Respiratory tract symptoms, along with skin manifestations of anaphylaxis in
infants, more often rank second in incidence. However, in several studies, the incidence
of respiratory symptoms of anaphylaxis in infants varies considerably and ranges from
48 to 98% [7, 8,11, 17, 20, 21, 50]. Respiratory signs of anaphylactic reactions in infants
include cough, stridor, wheeze, difficulties with inhalation and/or exhalation, rhinor-
rhea, and oropharyngeal symptoms (dysphonia, hoarseness/loss of voice, problems
with swallowing). Several comparative studies demonstrated a significantly lower
incidence of wheeze, cough, and dyspnea symptoms of anaphylaxis in infants com-
pared with the older age group [7, 20, 22]. According to our data collected Russia, cough
was observed in 73% of cases of food-induced anaphylaxis in infants [13]. However,
cough associated with food intake can be due to many causes (e.g., introduction of
complementary food of denser consistency, regurgitation, aspiration), which should be
considered when evaluating this symptom in the diagnosis of anaphylaxis.

Gastrointestinal tract symptoms are particularly typical for the clinical picture
of anaphylaxis in infants. As observed by Topal et al. [11], in children in the first
year of life, the frequency of gastrointestinal symptoms in the form of persistent
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vomiting reaches 30.4%, which, for example, is half as frequent (14.8%) in children
over 1-year-old. Pouessel et al. [20] note that the rate of gastrointestinal anaphylaxis
symptoms in infants <1 year of age is 49%, yielding only to skin and mucous mem-
brane manifestations. According to the results of our investigation conducted in
Russia among infants <1 year of age, in case of anaphylactic reactions after consump-
tion of cow’s milk, the frequency of gastrointestinal system involvement amounted to
53% and was many times higher, in comparison with the group of patients older than
1-year-old (11%) [51]. Such data emphasize the relevance of gastrointestinal symp-
toms as an important clinical criterion for the diagnosis of anaphylaxis in infants.
However, the differential search should consider that vomiting and abdominal pain
are quite common in infants and may be associated with refluxes, constipation, infec-
tions, acute surgical diseases, non-IgE-mediated allergic diseases, etc.

Cardiovascular symptoms in anaphylaxis are less common in infants. According to
our observation and most studies, their incidence varies from 7 to 21% [8, 11, 20, 51].
One reason for the variability in the incidence of these symptoms is the frequent absence
of blood pressure monitoring, and perhaps this examination is the most infrequent in
such patients [52]. According to a study conducted at the pediatric emergency depart-
ment in New York, only 12.5% of patients under 3 years of age had their blood pressure
measured, compared with 90% of children above 3 years old [12, 53]. According to the
study of Turkish colleagues, blood pressure in anaphylactic reactions was measured in
only 21.7% of first-year infants, compared with 54.3% of patients older than 1 year of age
[11]. The observed low incidence of cardiovascular anaphylaxis in this group of patients
is often related to the lack of appropriate equipment, the necessary size of the tonometer
cuff, and the difficulties with measuring blood pressure if the child is anxious. It should
be emphasized that it is important not only to measure blood pressure once but also to
monitor this indicator. In infants, hypotension is a late clinical sign indicating decreased
tissue perfusion and decompensated shock, so it is crucial to diagnose anaphylaxis and
start treatment, to recognize the earliest cardiovascular symptoms of shock: pallor,
marbling, skin cyanosis, lethargy, hypotension, tachypnoea, increasing tachycardia (in
the absence of crying) [54].

Thus, there are a number of circumstances that significantly complicate the diag-
nosis of anaphylaxis in the group of young children: the first episode of anaphylaxis,
the presence of not clearly expressed and quickly disappearing symptoms, infants
cannot describe symptoms and actively present complaints, so a number of subjective
manifestations (itching, pain, sensations, etc.) cannot be assessed, the presence of
nonspecific symptoms (crying, screaming, etc.) is extremely difficult to interpret,
there are technical difficulties of objectification and monitoring. In this situation, the
doctor’s attention should be focused on finding out the contact with the suspected
allergen, usually food in the case of infants.

Standardized criteria are used to assess the severity of anaphylactic reactions [55].
It is determined by the most affected organ system, but it is extremely difficult in
the case of infants. Information about fatal anaphylaxis in the pediatric population is
extremely limited and variable, and in general incidence does not exceed 1% [56]. Von
Starck et al. [57] for the first time describe the fatal outcome of food-induced ana-
phylaxis of a boy aged 1.5 years. The child suffered from atopic eczema and had three
episodes of generalized allergic reactions after eating several spoonfuls of mashed
peas. After that, a provocation test with this product was carried out in the hospital,
during which angioedema, cyanosis, and collapse developed. The boy died despite
resuscitation. There are no reliable data on specific risk factors predisposing to fatal/
almost fatal anaphylaxis in infants.
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4.3 Laboratory diagnosis

Currently, there are no universal laboratory markers that can diagnose anaphylaxis
with high probability, but some markers may be useful to confirm the diagnosis and
determine the trigger. Practically applicable nonspecific tests include the determina-
tion of tryptase concentration in blood in the time interval from 15 minutes to 3
hours after the first symptoms of anaphylaxis and the dynamics after the anaphylaxis
episode (basal tryptase level). It should be considered that the normal level of total
tryptase among children <6-9 months of age is higher than among older children,
adolescents, and adults. Thus, the average level of tryptase among children <3 months
of age with hereditary predisposition to allergy is 14.2 + 10.2 mg/1, while among
healthy children it is 6.13 + 3.47 mg/1 [58]. With age, there is a gradual decrease in the
level of tryptase, and only by 9-12 months of life, it reaches normal reference values
(3.85 + 1.8 mg/1), which can be objectively interpreted. Data from one study demon-
strated elevated levels of p-tryptase in the blood of deceased patients diagnosed with
sudden infant death syndrome (SIDS) [59]. Therefore, the authors suggest the pos-
sibility of undiagnosed anaphylaxis cases in infants disguised as SIDS. The results of
another similar study were mixed [60]. Importantly, in the presence of an appropriate
clinical pattern, low or normal tryptase levels do not exclude the diagnosis of anaphy-
laxis; this marker is most informative for drug, perioperative, and insect anaphylaxis
and to a lesser extent for its other types.

To detect sensitization and to trigger anaphylaxis, the determination of specific
IgE immunoglobulin using the ImmunoCap test system and the immuno solid-phase
allergy chip (ISAC) is optimal in most cases, and these methods are highly informa-
tive. When performing allergy testing in infants, it should be borne in mind that even
minimal detectable sensitization can be significant for the development of anaphy-
laxis. According to our observation, almost all patients with food-induced anaphy-
laxis, including infants, were able to detect sensitization to allergen; its level varied
greatly (from threshold (>0.35 kU/L) to maximum (>100 KU/L) (ImmunoCap,
Phadia, Sweden) and did not correlate with the severity of reactions [13]. A certain
degree of correlation was found only between specific IgE levels >100 KU/L to fish/
seafood allergens and inhalation hypersensitivity inducing anaphylaxis by inhaling
the allergen (e.g., cooking and cutting fish) [38, 61]. Jeon et al. [7] demonstrate that
more than 90% of children with anaphylaxis to hen’s egg <24 months of age and all
children >2 years of age had sensitization to this allergen above DDP (95% decision
points). However, specific IgE levels in cow’s milk exceeded DDP only in less than half
of the children with anaphylaxis to this allergen. Therefore, in case of negative allergy
tests, but with a convincing history of anaphylaxis, it is necessary to repeat allergy
testing over time. According to the research, the ISAC platform can be particularly
useful in identifying triggers in patients with idiopathic anaphylaxis [62].

5. Treatment

Treatment of anaphylaxis in infants is completely based on the recommendations
and principles of therapy of anaphylactic reactions in older patients (Figure 1) [58].

In case of anaphylaxis, treatment should begin immediately with a written proto-
col. It is necessary to stop receiving any suspected trigger (e.g., food and medication);
evaluate blood circulation, skin, airway, breathing, age, and body weight; call the
emergency medical service for help. Place the infant supine or semi reclining in a
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Written protocol of emergency treatment
Stop receiving suspected trigger
Assess blood circulation, skin, airway, breathing, body weight
Call the emergency medical service

'

Place the infant supine or semirecliningin a position in the arms of a parent/adult

l'

Inject epinephrine intramuscularly in the mid-outer thigh in a dose of 0.01 mg/kg or user
autoinjector (0.1 mg or 0.15 mg)

‘

When available and/or if indicated, provide:
High-flow supplemental oxygen (8-10 L/min) through infant face mask
Intravenous access, infusion of 0.9% saline initially at a dose of 10 to 20 ml/kg for 5-10 minutes
Monitor blood pressure, pulse, respiratory rate, and, if possible, oxygenation (pulseoximetry)

#

If indicated perform cardiopulmonary resuscitation with chest compression at a rate of 100 per
minute and a depth of 4 cm with minimal interruptions and start taking rescue breaths at a rate
of 15-20 per minute

Figure 1.
Algorithm for the treatment of anaphylaxis in infants, data from Simons et al. [58].

position in the arms of a parent/adult (not upright over the shoulder) and immedi-
ately inject epinephrine intramuscularly in the mid-outer thigh. Anaphylaxis is an
absolute indication for the administration of epinephrine (the first-choice drug), the
recommended initial dose is 0.01 mg/kg intramuscularly. If there is no effect from
the first dose, second administration is possible after 5-10 min. It is important that
infants with anaphylaxis can remain pale despite 2-3 doses of epinephrine, so persis-
tent pallor in itself is not a sign of poor treatment effectiveness and an indication for
an increase in the dose of epinephrine, it should be interpreted taking into account
blood pressure and other symptoms monitoring. In addition, more than 2-3 doses of
epinephrine in infants can cause hypertension and tachycardia, tachycardia may be
mistakenly interpreted as a continuing cardiovascular symptom of anaphylaxis [63].
When injecting epinephrine (especially when using an autoinjector) into an infant,
it is necessary to fix the limb, this avoids traumatization and ensures the correct
administration of epinephrine. After the injection of epinephrine, it is impossible to
verticalize the patient’s position (e.g., to sit down or get up), because this can lead to
a fatal outcome within a few seconds. Most countries have registered autoinjectors
for children weighing more than 15 kg in two fixed doses of epinephrine: 0.15 mg
and 0.3 mg. Most infants weigh less than 10-15 kg; however, autoinjector containing
the third dose of epinephrine - 0.1 mg was approved in November 2017 by Food and
Drug Administration in the USA, but so far it is not available everywhere, which
makes it difficult to administer the dose prescribed in the protocol for this category
of patients. Using an epinephrine autoinjector with a dose of 0.15 mg for infants
weighing 7.5 kg provides up to 200% of the recommended dose at a rate of 0.01 mg/
kg [64, 65]. However, administering epinephrine via autoinjector presents less risk
than using epinephrine syringes and ampoules, where dosing errors and delays

in administration increase the potential risk, especially in the absence of medical
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training. Another widely debated issue is the needle length of existing autoinjectors
because it is not always suitable for intramuscular injection in infants. According to
Kim et al. [66] who performed an ultrasound assessment of the distance from the
surface to the thigh bone in 53 children (mean age 18.9 months, mean body weight 11
kg), it was found that using the existing autoinjector length of 12.7 mm (autoinjec-
tor 0.15 mg) in 43.1% of patients could lead to intraosseous infusion. Thus, there

are quite significant difficulties for physicians when prescribing epinephrine to
infants, which significantly reduces the frequency of its use. According to Fleischer
etal. [67], only 29.9% of patients in the first 2 years of life use epinephrine to relieve
symptoms of severe anaphylaxis. The researchers note that the reasons caregivers do
not prescribe epinephrine are difficulty in recognizing the severity of anaphylaxis,
lack of epinephrine, and problems associated with administering it. Similar findings
were reported by colleagues in France, where only % of patients under 1 year of age
with food-induced anaphylaxis had injections of epinephrine, in none of these cases
autoinjectors were used [20]. Research in Korea and Turkey demonstrated a higher
rate of epinephrine administration in children under 12 months of age (46.8% and
40.6%, respectively) [7, 22]. According to our observation conducted in Russia, the
frequency of prescribing epinephrine in infants to relieve symptoms of anaphylaxis
10 years ago did not exceed 7%; currently, there is a positive trend of higher incidence
of prescribing epinephrine (21%) [13, 68].

Depending on the severity of the detected symptoms and the level of medical
capabilities according to the indications additionally provided: high-flow oxygen supply
through a facial infant mask (8-10 L /min); intravenous access and infusion of 0.9%
saline initially at a dose of 10 to 20 ml/kg for 5-10 minutes. It is mandatory to monitor
blood pressure, pulse, respiratory rate, and, if possible, oxygenation by using pulse
oximetry. In the absence of a monitor to measure blood pressure, the pulse is counted
manually every 2-5 minutes. You should be ready to perform cardiopulmonary resus-
citation with chest compression at a rate of 100 per minute and a depth of 4 cm with
minimal interruptions and start taking rescue breaths at a rate of 15-20 per minute [58].

The use of other adjuvant medications (H1-antihistamines, glucocorticosteroids,
colloidal solutions, etc.) and additional therapeutic and diagnostic manipulations
(oxygen support, measurement of blood pressure, resuscitation, etc.) to control the
symptoms of anaphylaxis in infants is performed as per indications while respect-
ing the advised doses of drugs, the algorithm of first aid in case of anaphylaxis in
elderly patients. Although no adjuvant medication replaces epinephrine, antihista-
mines and glucocorticosteroids continue to be the predominant drugs by frequency
of use in controlling the symptoms of anaphylaxis. Importantly, first-generation
Hil-antihistamines in common doses can cause sedation and conceal several symp-
toms, which may impede the diagnosis of anaphylaxis. In addition, their parenteral
use can lead to a respiratory arrest in young children, as well as lower blood pressure,
which justifies their use in anaphylaxis only when blood pressure is normal [69, 70].

In cases of anaphylaxis or suspected anaphylaxis in infants, admission to the inten-
sive care unit and symptom monitoring for at least 24 hours is necessary. This recom-
mendation is critically important for patients with severe or prolonged anaphylaxis
(e.g., repeated doses of epinephrine or intravenous infusions are required), includ-
ing in the anamnesis; if the patient has concomitant diseases (e.g., severe asthma,
arrhythmia, mastocytosis); if the patient lives away from medical care; if anaphylaxis
has developed in the evening or at night.

After a case of anaphylaxis, the patient should be prescribed epinephrine (auto-
injector or syringe and ampoule) and clear recommendations should be given for its
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administration. Moreover, currently, there are absolute and relative indications for
prescribing self-injectable epinephrine in childhood, including children, who have not
yet experienced anaphylaxis, but have a high risk of anaphylaxis, [71, 72]. Table 3. In
our experience, among the absolutely presented indications for prescribing self-inject-
able epinephrine in infants, the most relevant are as follows: any history of anaphylaxis
(including idiopathic anaphylaxis); food allergy and coexisting persistent asthma;
previous cardiovascular or respiratory reaction to a food, especially in combination
with gastrointestinal and skin/mucosal tissue symptoms. Among the relative presented
indications for prescribing self-injectable epinephrine in infants, the most relevant

are as follows: any reaction to small amounts of food (e.g., airborne food allergen or
contact only via skin); history of only a previous mild reaction to peanut or a tree

nut; high sensitization to specific food triggers known to be associated with severe/
fatal reactions (e.g., peanut, tree nut, seafood, and milk); remoteness of home from
medical facilities; certain comorbidities (asthma, mastocytosis). There are no absolute
contraindications to administering epinephrine in children, because children usually
do not suffer from any serious concomitant diseases, such as coronary heart disease or
cardiac arrhythmias. If an infant with anaphylaxis has a high risk of tachyarrhythmias,
the doctor should weigh the risks and benefits and take into account that epinephrine
in anaphylaxis can save lives. Data from a number of studies [73-75] demonstrate that

Absolute indications [71] Relative indications [71]
* Previous cardiovascular or respiratory reaction to a food, * Any reaction to small amounts of food
insect sting, or latex (e.g., airborne food allergen or contact

* Exercise-induced anaphylaxis only via skin)

History of only a previous mild reaction
to peanut or a tree nut

* Idiopathic anaphylaxis

* Child with food allergy and coexistent persistent asthma*
*This is an opinion-based indication extrapolated from data
emerging from retrospective studies.

Remoteness of home from medical
facilities

Food allergic reaction in a teenager

Examples of factors that may indicate the need to prescribe epinephrine for persons “at risk” of
anaphylaxis [72]*

Reaction history
* Reaction to trace allergen exposure.
* Repeat exposures likely.

* Specific food triggers are known to be associated with severe/fatal reactions (e.g., peanut, tree nut,
seafood, and milk).

¢ Generalized urticaria from insect venom.

Certain comorbidities:

¢ Asthma

¢ Use of nonselective p-blockers.

Additional factors:

* Initial reaction details unclear, possible anaphylaxis.

* Those living in a remote area away from medical care/access.
An at-risk person can be, for example, one with a confirmed allergy to food or insect venom who has not experienced
anaphylaxis. Note: the first episode of anaphylaxis can be fatal.

Table 3.
Indications for prescribing self-injectable epinephrine, data from Muraro A et al. [71], Sicherer S et al. [72].
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up to 20% of patients with anaphylaxis need a second dose of epinephrine; in addi-
tion, one dose may not be enough to prevent the fatal outcome of anaphylaxis in some
patients. In this regard, as a rule, the patient (the patient’s parents) is recommended to
have two epinephrine autoinjectors, this is due to a number of factors: the possibility
of a misfire, remote residence from emergency medical care, a large body weight of the
child (e.g., >45 kg), lack of effect from the first dose of epinephrine in the anamnesis,
biphasic anaphylaxis, etc.

Allergy examination should be performed on all children with suspected ana-
phylaxis at allergy clinics with experience in the management of such patients.
Information about anaphylaxis, and its causal factors (food, medication, insect sting,
etc.) should always be available and accompany the patient, for example, indicated on
a special medallion, bracelet, or clothing (e.g., t-shirts). Adults (parents, caregivers,
teachers, etc.) surrounding the child with a history of anaphylactic reactions should
be thoroughly informed about the diagnosis of anaphylaxis, the features of the clini-
cal picture of its development, and a plan of emergency action, including mandatory
administration of epinephrine. Particular attention should be paid to the exclusion of
repeated episodes of anaphylaxis. In the group of infants <1 year of age, these reac-
tions can be associated not only with misleading food labels and accidental contami-
nation with allergen but also with deliberate attempts to expand the child’s diet and
introduction of previously excluded products to which children have been sensitized.
Nowadays, there are training sessions on anaphylaxis (schools, online training, etc.)
that help to significantly reduce anxiety in the family, because the presence of a child
with this diagnosis provokes a state of fear for his life, due to the inability to provide
timely treatment.

6. Conclusions

Thus, for young children, there are features of the triggers’ spectrum and clinical
manifestations of anaphylaxis, which should be considered when making a diagnosis,
and to improve the existing clinical criteria of anaphylaxis in future. The development
and availability of new types of autoinjectors for safe administration of epinephrine
to small patients and the development of new therapeutic strategies for anaphylaxis
are essential. The search for potential specific markers/predictors of anaphylaxis,
applicable in routine practice to allow timely diagnosis of anaphylaxis and forma-
tion of a risk group before the development of a life-threatening situation, which is
especially important for children in the first years of life, is relevant.
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Abstract

Immunotherapy is a treatment for patients with type I-mediated allergic diseases.
Molecular forms of allergen-specific immunotherapy (AIT), based on inducing
immunological tolerance characterized by increased IL-10, TGF-f, and IgG4 levels,
and Treg cell are continuously emerging to improve the efficacy of the treatment,
shorten the duration of protocols, and prevent any side effects. This review covers
the recent progress in AIT and routes of antigen administration. Classical immu-
notherapy uses allergen extracts obtained from natural sources. Limitations of the
uses of these extracts, such as sensitizations with nonspecific agents, can be avoided
using purified components, hypoallergenic recombinant proteins, and vaccines
based on peptides (epitopes). However, these molecules have low immunogenicity
requiring new carriers or more effective adjuvants. Vaccines based on carrier-bound
B-cell epitope-containing peptides and the constructions of allergens coupled to
virus-like particles (VLPs) are under evaluation. The possibility of vaccinating with
DNA encoding the allergen to obtain an allergen-specific Thl and IgG response is in
development and the success of messenger ribonucleic acid (mRNA) vaccines against
severe acute respiratory syndrome Coronavirus 2 must encourage as well the re-
exploration of mRNA vaccine platform for innovative AIT.

Keywords: allergen-specific immunotherapy, vaccine, allergen, routes of
administration, safety of immunotherapies

1. Introduction

Epigenetic factors and changes in the population’s lifestyle are some of the factors
that have contributed to the increase in IgE-mediated allergies worldwide. Data
from the World Health Organization reveal that about 30% of the world popula-
tion suffers from allergies in all age groups. Due to this increase and the effect that
allergic diseases have on people’s quality of life, a treatment, or even a cure, has been
a priority among researchers, doctors, and society [1, 2]. Allergic reaction episodes
are usually controlled with medication; however, the only treatment that acts on the
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immunological cause of the disease is allergen-specific immunotherapy (AIT) [2].
AIT is used to treat various forms of allergic diseases involving type I hypersensitiv-
ity, as it can modify TH2-driven immune responses by reducing symptoms after
exposure to the allergen [3, 4].

Upon receiving a dose of immunotherapy containing the allergen, a shift from the
allergenic TH2 inflammatory profile to the TH1 inflammatory profile and the genera-
tion of regulatory immune cells occurs. Decreased levels of mast cells, basophils,
and eosinophils are seen in the mucosa and an increase in the production of allergen-
specific regulatory T and B cells (Treg/Breg) occurs [5].

The generation of regulatory T cells (Treg) is the key event for the development of
immune tolerance. Immune tolerance occurs in a peripheral and specific way, where
the first is initiated by the secretion of IL-10 and TGF-p by allergen-specific Treg cells
during continuous exposure and the second is associated with the increase in cells
that present CD3+, CD25+ markers, and FOXP3+ in the nasal mucosa [6].

Essential features of AIT suggest that it has many advantages for the treatment of
allergy because it works on a specific type of allergen and thus leads the individual’s
immune system to establish an immune response against the one who caused the
disease [7, 8]. Furthermore, allergy vaccines can be produced relatively quickly and
inexpensively compared to treatments with biological agents. Another advantage is
that, unlike treatments with an anti-inflammatory profile, AIT can stop the progres-
sion of both mild allergy (rhinitis) and more severe forms such as asthma, modifying
the natural course of the disease [9-11]. However, some aspects need to be considered
for the success of immunotherapy. The first is that AIT is in the group of precision
medicine treatments, where the allergens causing the disease need to be identified
so that the correct vaccine is administered. The second aspect is the need to produce
effective and safe vaccines against different allergens to be co-administered, thus
causing polysensitization. Furthermore, thirdly, the administration of AIT can cause
side effects in patients [12, 13].

Molecular allergy diagnostics (MA) is currently the most helpful patient selec-
tion method for prescribing allergen-specific immunotherapy (AIT). Component-
resolved diagnosis (CRD) was established in 1980 as a new concept in allergy
diagnosis. The CRD identifies a specific IgE toward natural or recombinant allergens
rather than raw allergen extracts to determine a patient’s sensitization at the molecu-
lar level [14]. More than 130 allergen molecules are commercialized. For more precise
identification of the allergen, assays such as singleplex-ImmunoCAP, ImmulLite, and
HyTech or many allergens per sample depot in microarrays (multiplex platform-
ImmunoCAP ISAC-ThermoFisher Scientific/Phadia) can be employed [15, 16]. On
the other hand, allergy Immunoproteomics can be an excellent ally for identifying
unknown allergens. Proteomics has become critical to identify and structurally char-
acterize allergens, including in vitro diagnostics, allergen discovery, and the analysis
of biologicals proposed for AIT [11, 17].

Concerns about patient safety and treatment efficacy are the main reasons
for the search for new approaches to AIT, so we have brought together several
strategies that have been proposed to improve the effectiveness and safety of
immunotherapies.

1.1 Technologies in the development of AIT—Molecular Approaches to AIT

The first to work with allergen-specific immunotherapy (AIT) was Noon [18],
injecting grass pollen extracts into allergic patients. In this study, Noon was able to
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observe a reduction in symptoms and greater allergen tolerance for almost 1 year.
Later, in 1935, Cooke and his team [19], after successful clinical trials, demonstrated
that AIT induces allergen protection through specific IgG antibodies that can suppress
allergen-induced skin inflammation.

Allergen-specific immunotherapies (AIT) use allergen extracts obtained from
natural sources. Characteristically, the active products in AIT are a combination of
allergens with other proteins extracted from biological sources (egg, pollen, and
mites), used without alteration or treated with aldehydes, and then formulated with
or without an adjuvant [5]. The new proposals to produce AIT rely on recombinant,
synthetic proteins, or DNA, instead of using natural extracts of allergens in their
formulation. After identifying the genomic sequence of interest or the allergen itself,
these are extensively tested through in vitro assays and animal models to obtain
information about their allergenicity and immunogenicity [20].

The molecular era of AIT employs native recombinants, hypoallergenic recom-
binants, peptides containing short, and nonreactive IgE T-cell epitopes, followed by
hypoallergenic recombinant peptides, as AITs needed to improve immediately in two
aspects: specificity and safety [21].

A summary of each of the molecular approaches currently used for AIT will be
presented below.

1.1.1 Native vecombinants

The use of native recombinants offers advantages over natural allergen extracts
as they are well defined and contain relevant epitopes. Although, native recombi-
nants cause immediate and late-phase side effects like natural allergens because of
preserved IgE reactivity and T-cell epitopes. Thus, the preparation of AIT with these
recombinants requires the maintenance of dosing schedules and multiple mainte-
nance injections. However, the high quality of the vaccine (low cost and reproducibil-
ity) is the main advantage over natural extracts [22].

After producing the first recombinant allergens, it was demonstrated through in
vitro experiments that the characteristics and the high proportion of epitopes resem-
bled the allergen extracts [23]. Two other critical AIT studies also demonstrate this: in
the survey by Jutel et al. [24], a mixture of 5 recombinant grass pollen demonstrated
that a recombinant allergen vaccine can be an effective and safe treatment to improve
the symptoms of allergic rhinitis. Clinical benefit is associated with modification of the
specific immune response with IgG4 production and reduction of IgE antibodies con-
sistent with the induction of IL-10-producing regulatory T cells. And the study by Pauli
etal. [25] showed the efficacy of an AIT with native recombinants for the treatment of
birch allergic rhinoconjunctivitis, concluding that the vaccine was safe and effective in
the treatment of birch pollen allergy and induced a highly specific immune response.

1.1.2 Hypoallergenic recombinants

Recombinant hypoallergenic derivatives are characterized by having a reduced
reactivity to IgE. Several techniques have been developed to reduce IgE reactivity,
including fragmentation, oligomerization, mutation, and sequence reassembly
[26]. Hypoallergens do not cause immediate side effects. However, after immu-
nization, they induce specific IgG antibodies. Allergen-specific T-cell epitopes
remain preserved in these molecules and may lead to late-phase T-cell mediated
side effects [21].
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In this sense, a clinical study with patients not allergic to birch pollen was carried
out for 2 years. Three injections were administered subcutaneously with a monthly
interval of a vaccine containing hypoallergenic recombinants obtained from the
mentioned allergen. Vaccine administration also took place before the period of the
first birch pollen season, with a booster dose later given before the next birch pollen
season, thus allowing better monitoring of vaccination in the face of seasonal expo-
sure to the allergen. It was observed that most patients immunized with the hypoal-
lergenic recombinant vaccine induced levels of IgG antibodies against the allergen Bet
v 1, which suggests that these antibodies act by blocking the IgE interaction with the
allergen Bet v 1 [27].

Another model of recombinant hypoallergens is peptides containing transporter-
linked B cell epitopes, where the presence of allergen-specific T cell epitopes is
reduced to decrease allergen activity further, thus increasing safety. The use of carrier
molecules on these peptides facilitates their production and increases their immuno-
genicity and ability to induce blocking IgG antibody responses [21, 28].

1.1.3 Carrier-bound B-cell epitope-containing peptides

A complement to hypoallergenic recombinants is the construction of peptides
containing B cell epitopes linked to a transporter [28]. Vaccines containing B cell epi-
topes are composed of small peptides that cannot react with IgE, being obtained from
allergens, specifically from the sites where the interaction with this antibody occurs.
With the transporter, they offer patients a good IgG response that works by blocking
the binding of the allergen to IgE [8].

These vaccines are produced from the fusion of recombinant proteins by expres-
sion in a bacterial system, using Escherichia coli, where the fused proteins are deliv-
ered in large quantities and quality [29]. Another essential characteristic of vaccines
obtained from B cell epitopes is the reduction of their allergenic potential, since small
fragments are used, which allows for the administration of higher doses, as well as
their immunogenic potential, which makes it possible to administration of approxi-
mately three doses throughout the year, thus contributing to patient adherence to the
treatment of allergic diseases [8].

BM32 is a B-cell epitope-based vaccine built to treat grass pollen allergy that has
already been evaluated in several clinical trials and is the most advanced vaccine [30].

An important allergen from peanuts is Ara h 2. A fusion protein of the S-layer
protein, SIpB from Lactobacillus buchneri CD034, and the Ara h 2-derived peptide
AH3a42 was produced. This peptide comprised immunodominant B-cell epitopes as
well as one T-cell epitope [31].

A study was carried out with Der p 1, a potent mite allergen responsible for caus-
ing respiratory allergies, for obtaining a fusion protein of a tetanus toxoid molecule
with two copies of a peptide with hypoallergenic characteristics, previously identi-
fied through bioinformatics tools. After getting the protein DpTTDp, mice were
immunized to assess the allergenic potential and production of IgG antibodies. It
was observed in this study that the protein DpTTDp induced relevant levels of IgG
antibodies, which act by inhibiting the interaction with IgE of patients allergic to
mites, making it a candidate for a vaccine based on B cell epitope for the treatment of
allergies to mites [32].

Another similar study was carried out with Salsola kali pollen, an allergen that
triggers allergic rhinitis in dry and desert areas worldwide. A hypoallergenic vaccine
based on B-cell epitopes was designed and called Sal k 1-KLH, composed of a peptide
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derived from the allergen Sal k 1 conjugated to the keyhole limpet hemocyanin
transporter molecule. This study showed that the vaccine produced high IgG levels
in immunized mice that block IgE interaction but did not show a T cell lymphocyte
response compared to the extract and the recombinant [33].

1.1.4 Peptides containing T cell epitopes

Peptide-based immunotherapy (PIP) has been considered a safe strategy for
epitope-based vaccines. Peptides must contain T cell epitopes. Peptides cannot bind
IgE but bind to major histocompatibility complexes. Successful trials involve Japanese
cedar pollen, grass pollens, ragweed, cat allergen Fel d 1 [34], honeybee venom, and
house dust mite [35]. The role of innate immune cells in allergen immunotherapy
that confers immune tolerance to the sensitizing allergen is unclear. The efficacy of
immunotherapy is underscored by the induction of tolerance (T helper cell type 2
anergy Treg cell upregulation of immune deviation) and modification of innate and
adaptive immune responses. It is speculated that they can induce [36].

Through epitope mapping studies, it is possible to identify which protein sequence
is related to the induction of immunological tolerance and which does not participate
in the inflammatory process triggered by the allergen. This is because peptides based
on allergen epitopes have essential characteristics used in the clinical field to bind to a
variety of class Il HLA molecules [37].

An in silico study was carried out with the aeroallergen Zea M 1, a corn pollen
allergen responsible for causing allergic reactions. The study aimed to evaluate the
epitopes that had the potential to compose a vaccine based on the combination of
B and T cell epitopes. After identifying B and T cell epitopes through prediction
analyses, it was observed that the T cell epitope (AEWKPMPSW) presented an ideal
and stable fit to the binding groove of the MHC I complex from B cells. The epitope
KVPPPGPNITTNY remained conserved among homologous allergens and showed
more significant potential for the vaccine [38]. The vaccine strategy based on T-cell
epitopes is also being investigated for food allergies. First, the peptides were synthe-
sized, and the T cell epitopes were mapped through assays of the proliferation of T
cell responses in allergen-sensitized mice. Subsequently, the animals were treated
with synthetic peptides and evaluated for antibody and cytokine levels. It was found
in animals a reduction in symptoms and levels of cytokines and antibodies manifested
in the allergic process, as well as a shift in response to a Thl pattern and the produc-
tion of IgG2a antibodies, which are characterized as adequate immunotherapy to treat
allergy to shrimp [36, 39].

1.1.5 Allergens coupled to immunomodulatory compounds

Vaccines proposed a 100 years ago, and still used today, employ crude extracts
and attenuated viruses. After identification of the allergens structures, AIT began
to use recombinant proteins and epitope-peptides. However, highly refined antigens
and derived peptides present low immunogenicity and often lead to the stimula-
tion of weak and short-lived immunity, not activating all facets of the immune
response, requiring adjustment of new immunostimulatory adjuvants to enhance
immune responses induced by poorly immunogenic antigens. There are only a few
adjuvants approved for human use. Alum, various aluminum salts, and the first
and most commonly used adjuvant were the only human vaccine adjuvant for more
than nine decades until 2009 [40]. Alum is not compatible with mucosal vaccines
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and is unsuitable for aluminum intolerant individuals. In 2009, the Food and Drug
Administration (FDA) approved AS04, a combination of alum and monophosphoryl
lipid A (MPLA), for human use [41]. From 2016 to 2018, the FDA approved three
more adjuvants (i.e., MF59/AS03, CpG 1018, and AS01b). The first, MF59/AS03 is a
squalene-based oil-in-water emulsion used in influenza vaccines [42]. The adjuvant
CpG 1018 is a short synthetic oligonucleotide, agonist of TLR9 that is being used in
a vaccine against hepatitis B. moreover, AS01b is a combined adjuvant containing
MPLA and saponin QS-21 in a liposomal formulation that induces strong humoral
immune responses and cellular and has been approved by the FDA for use in
Shingrix® against herpes zoster and by the European Medicines Agency (EMA) for
use in Mosquirix® against malaria [40].

Studies have found that CpG oligodeoxynucleotides are helpful as adjuvants in
inducing Thl-type immune responses, demonstrating their immunomodulatory
activity in a murine model of asthma, as they improve the function of antigen-pre-
senting cells and increase the generation of vaccine-specific humoral and cellular
immune responses [43]. Based on this technology, a randomized, double-blind,
placebo-controlled, phase 2 trial of a vaccine based on ragweed pollen antigen
(Amb 1), conjugated to an immunostimulatory DNA phosphorothioate oligode-
oxyribonucleotide (AIC), was done in 25 adults allergic to the pollen of this plant.
In this work, the vaccine (with a regimen of 6 weeks) offered long-term clinical
efficacy in treating ragweed allergic rhinitis [44].

A powerful strategy for safe development of AIT is the covalent conjugation
of allergens to toll-like receptor (TLR) agonists. Méndez et al. [45], synthesized
two families of ligands, an 8-oxoadenine derivative as a ligand for TLR7 and a
pyrimido[5,4-b]indole as a ligand for TLR4, both conjugated to a T-cell peptide
from Pru p 3, one of major allergen from Prunus persica (Peach). These conju-
gates interacted with dendritic cells, inducing their specific maturation, T cell
proliferation, and cytokine production in peach-allergic patients. In addition, they
increased the frequencies of Treg cells in these patients and could induce IL-10
production [45].

1.1.6 Virus-like particle-coupled allergens

The construction of allergens coupled to virus-like particles (VLPs) started from
a similar principle to that described for allergens coupled to immunomodulatory
sequences. In this technique, the allergen molecules are chemically coupled or specific
binding systems to virus-like particles through recombinant expression [46]. This
technology has shown reduced allergenic activity in vaccines and good immunoge-
nicity. The impediment to its use, on the other hand, is the difficulty in producing
the vaccines in a replicable way due to the uncontrollable coupling process [21]. A
sophisticated approach to engineering virus-like nanoparticles (VNPs) has been
demonstrated by Kueng et al. [47]. This work showed that the cDNA encoding the
allergen was coupled to the DNA encoding the virus.

In a preclinical trial of allergy to mugwort pollen (also known as a queen of grass,
field chamomile, or fireweed), these particles were used successfully for prophylactic
vaccination [48]. Virus-like particles (VLPs) are safe platforms for inducing protec-
tive antibodies, and several VLP-based vaccines are commercially available, including
cat allergens. In a previous study, a vaccine composed of Qf-derived VLPs coupled
to the cat allergen Fel d 1 was highly immunogenic and capable of inducing IgG
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antibodies in mice. Immunization of Fel d 1 sensitized mice with protected Qp-Fel d 1
against anaphylaxis after challenge with Fel d 1 allergen [49]. A recent study showed
that the allergens displayed in QB-VLP are immunogenic but not reactogenic and do
not activate human mast cells. VLP could constitute a platform to deliver allergens

to allergic patients immunogenically and effectively but safely. Storni et al. [50]
tested peanut allergy vaccine candidates based on the immunologically optimized
VLP derived from cucumber mosaic virus (CuMVtt). They demonstrated that the
inactivated, VLP-coupled allergen reduced systemic and local allergic symptoms after
challenge with the whole allergen extract (composed of about 12 allergenic proteins),
demonstrating that immunization against a single allergen protected against a
mixture of allergens could be a hope for patients allergic to many components of an
extract from a single source [50].

1.1.7 Nucleic acids encoding allergens

Publications from three decades ago showed that nucleic acid constructs (plasmid
DNA or mRNA) could be injected into mice, resulting in the encoded protein made in
situ. An initial study demonstrated that plasmid DNA encoding virus antigens could
result in the generation of immune responses, so efforts were directed toward the use
of plasmid DNA in vaccines [51].

Nucleotide vaccines are vectors that encode antigens and retain adjuvant-like
activity by stimulating innate immune responses that contribute to adaptive responses
[52]. Some questions were raised on whether a DNA vaccine could initiate an autoim-
mune disease since anti-DNA antibodies are a hallmark of autoimmune diseases. The
results demonstrate that there is safety in using these vaccines and that this incorpo-
ration does not occur [51].

DNA vaccination presents the ability to rapidly induce strong CD4 and CD8 T
cell and antibody responses. Several animal models for allergic diseases have dem-
onstrated that DNA vaccination can induce a Thl type immune response, which
could counterbalance the Th2 response. Immunomic Therapeutics, Incs research
group developed novel allergy immunotherapy based on LAMP technology to treat
pollen-induced allergies. Lysosomal Associated Membrane Protein 1 (LAMP-1
or LAMP) is a lysosomal residential protein. It has been shown that the inclusion
of LAMP in the DNA plasmids significantly enhanced both cellular and humoral
responses in vaccinated animals. The LAMP-Vax platform utilizes an up-to-date
targeting approach, which should avoid therapy-induced side effects caused by
high amounts of free allergen. Alternatively, the synthesized allergen-LAMP
fusion protein is directly shuttled into the lysosomal compartment, circumventing
the patient’s exposure to the native allergen. Instead of inducing tolerance, this
therapy is designed to reverse the allergenic IgE/TH?2 response toward an IgG/TH1
response [53].

Cryj1and Cry j 2 proteins are the 2 major allergenic components in Japanese
red cedar (JRC) pollen and cause pollinosis (JCP) in 30-35% of the Japanese popu-
lation. Su et al. [54] demonstrated that DNA plasmids encoding LAMP fused with
Cryj1and Cryj 2 proteins elicited a strong Th1 response in mice. After repeated
allergen exposure, vaccinated mice were well protected, as indicated by a minimal
level of allergen-specific IgE production. The safety and immunological effects of
an investigational DNA vaccine encoding CryJ2-LAMP were evaluated by Phase
IA and IB clinical trials. Results indicated that CryJ2-LAMP DNA vaccine is safe
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and has the potential therapeutic potential for JRC and/or Mountain Cedar (MC)
sensitive subjects.

Studies in Phase 1 trials to evaluate the safety, tolerability, and immune
response in adolescents or adults allergic to peanut allergens employing multi-
valent peanut-LAMP-1 DNA vaccine, including Arah 1, Arah 2, and Arah 3, are
promising [55].

1.1.8 IgG blocking antibodies specific to recombinant allergens

To obtain vaccines defined for passive immunization, specific blocking antibodies
for human allergens are necessary. The first published studies where these allergen-
specific antibodies were reported appeared more than two decades ago [21]. A com-
binatorial library to obtain IgE was constructed from peripheral blood mononuclear
cells of an allergic patient to grass pollen where, for the first time, the Fabs regions of
IgE specific for human allergens were isolated [56]. An IgE Fab specific for the major
grass pollen allergen (Phl p 2) was converted into recombinant human IgG, and this
blocked the Phl p 2 induced basophil degranulation, thus demonstrating its therapeu-
tic potential [57].

Bi-specific antibodies were created so that an IgG-specific recombinant allergen
could block the entry of allergens through the respiratory epithelium. It was possible
to demonstrate the immobilization of allergen-specific IgG blocking antibodies using
IgG specific for ICAML1 in respiratory epithelial cells, thus preventing the entry of
allergens and opening up possibilities for topical treatment using blocking antibod-
ies [58]. The idea of passive immunization from allergen-specific recombinant IgG
antibodies is exciting and is undoubtedly a possible approach for allergen sources that
contain mainly a significant allergen that can be blocked with one or a few mono-
clonal antibodies. This approach will be beneficial for seasonal allergies, as a pre-
seasonal immunization can effectively protect the patient during seasonal exposure to
the allergen [21].

1.1.9 Cell-based therapy

This technology for formulating a safer immunotherapy is based on the classic
studies of hematopoietic stem cell transfer from one mouse strain to another strain
with different MHC origins early in life [21]. From that study, Baranyi et al., [59]
demonstrated that rats received such cells that express the allergen could not be sen-
sitized against the corresponding allergen. Furthermore, even using a sensitization
protocol with aluminum hydroxide adsorbed allergens, it was not possible to induce
allergen-specific T cells, antibodies (of any isotype, including IgE), or allergic
immune responses, indicating that a robust lifetime tolerance was achieved, which
depend on mechanisms of central tolerance rather than peripheral regulation.

This technique has an immunomodulatory treatment, uses a protocol for cell
transduction — which can be dangerous — and needs to be applied early in life, prob-
ably immediately after birth. However, a cell-based treatment shows that a robust,
lifelong, allergen-specific immune tolerance is achievable [21].

The cell-based allergen-specific prevention approach is highly experimental,
warranting further investigation in clinical trials, as major safety hurdles can be
overcome [21].
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2. Routes of administration

Other approaches are being sought to try to reduce the risks of side effects and
have a safer AIT and with that alternative routes of administration have been studied.

Subcutaneous immunotherapy (SCIT) is the route of administration with the most
well-established underlying mechanisms and has been in use since 1911. Already the
Sublingual immunotherapy (SLIT) has been considered due to its ease of use and
reduced side effects [21].

The appropriate candidates for AIT are mainly children with allergic asthma. The
use of molecular diagnosis techniques [component-resolved diagnostics (CRD)]
increases the effectiveness of AIT since it allows physicians to identify better whether
children with allergic respiratory symptoms are sensitized to major allergens or cross-
reactive molecules [60].

A review by Tsaburi [61] and colleagues gives us an understanding of the use of
SCIT and SLIT in the treatment of children with allergic asthma. Studies have shown
a significant decrease in asthma symptoms and also a preventive effect at the onset
of the disease. And while SLIT safety profile appears better, some results suggest
that SCIT efficacy is better with an earlier onset than SLIT in children with allergic
asthma. Furthermore, there is no effective SLIT for significant allergens such as food
and aeroallergens [62, 63].

Another approach to improving AIT is oral immunotherapy (OIT). This pathway
has been tested primarily for allergens from food sources that are resistant to diges-
tion, such as milk, egg, peanuts, and wheat, while not being used for other allergen
sources [21].

Clinical studies show that the advantages of OIT are associated with the induction
of specific IgG antibodies, which can block the IgE-allergen interaction as well as
in SCIT. It was also described that oral immunotherapy induced changes in cellular
immune responses, which could lead to clinical oral tolerance [64].

Intralymphatic Immunotherapy (ILIT) is a new application approach that has
been developed within subcutaneous immunotherapy (SCIT). The proposal for this
route of administration is the large amount of immune system cells that lymph nodes
present, and a direct exposure of the allergen to these cells will induce a protective
IgG response and faster immunomodulation [65].

A recent review by Senti et al. [66] provides an excellent overview about intralym-
phatic AIT, ultrasound-guided injection of allergen extracts into lymph nodes. However,
there are no studies comparing the immunological and clinical responses of ILIT and
SCIT using vaccines of the same allergen, making it difficult to confirm whether intra-
lymphatic immunotherapy induces faster and stronger responses than subcutaneous.

ILIT has an acceptable safety profile, but its disadvantage is the need to use an
ultrasound device for vaccine application in lymph nodes. Furthermore, few studies
have been carried out so far when compared to other routes [67].

Epicutaneous immunotherapy (EPIT) assumed that applying allergens through
the non-vascularized epidermis would induce fewer systemic side effects [21].

Another critical point is that EPIT does not use a needle, being considered espe-
cially suitable for children. Furthermore, this type of immunotherapy uses high doses
of allergen and, despite showing some improvement in seasonal symptoms, it does
not show considerable benefit in terms of local side effects when compared to subcu-
taneous immunotherapy (SCIT) [68].
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Routes for Advantages Disadvantage References
administration

SCIT—subcutaneous Best mechanisms Severe side effects rares but [18, 61, 63]
injection documented applicable for possible; Injection needed

most allergen sources

SLIT—sublingual Clinical efficacy Less effective than SCIT [61, 62]
application in form demonstrated in studies Mechanisms are less well

of drops or tablets defined than for SCIT

under the tongue by cumbersome treatment with
self-administration low compliance applicable /

available only for few allergen
sources

OIT—Oral Effective for food allergey High rate of side effects [64]
administration and

swallowing

ILIT—Ultrasound- Experimental AIT form Ultrasound-guided injection [65-67]
guided injection Clinical efficacy partly shown needed Advantage over SCIT

into subcutaneous not demonstrated

lymphnodes

EPIT—epicutaneous Experimental AIT form Clinical efficacy not [68]
administration on demonstrated

stripped skin

Table1.
Routes for administration of AIT, showing the advantages and disadvantages of each route.

Table 1 brings together all the proposed administration routes, showing the
advantages and disadvantages that each one presents.

3. Conclusion

Allergen-specific immunotherapy has been applied for over a 100 years. This
review emphasized the fundamental importance of accurately identifying the
structure of allergens and their dominant epitopes, as well as choosing adjuvants.
For the market establishment or acceptance new molecular AIT preparations would
be the demonstration of clear added value, e.g., shortened therapy duration and
superior effectiveness or tolerability. Despite the development of new approaches
to allergen-specific immunotherapy, licensing any vaccine for the clinic proved
complicated. Currently, allergen-specific immunotherapy with extracts of natural
allergens is the only universally approved treatment for allergic patients. Isolated
treatments are made with purified allergens to avoid adverse effects caused by the
allergenicity of natural extracts. The latest generation of allergy vaccines based on
T-cell epitopes and B-cell epitopes linked to carriers has the potential to transform
AIT as it can prevent side effects, allowing the administration of doses to induce
strong allergen-specific IgG responses and provide patients with sensitized with
lasting effects.

AIT, like other therapies, has advantages and disadvantages in its use, but with
new technologies and molecular strategies much has been sought so that safer
AIT is developed and better routes of administration are developed, revolution-
izing traditional immunotherapy-based in natural allergenic strata. Since success

106



Current Developments in Allergen-Specific Immunotherapy: A Brief Review
DOI: http://dx.doi.org/10.5772/intechopen.106280

of COVID-19 vaccine allergen DNA and mRNA vaccination has been gaining
prominence.

We hope that more people will benefit from this preventive way of controlling
allergic diseases.

Abbreviations

AIT Allergen-specific immunotherapy
CRD Component-resolved diagnosis
EPIT Epicutaneous immunotherapy
FDA Food and Drug Administration
ILIT Intralymphatic Immunotherapy
LAMP Lysosomal Associated Membrane Protein
LTP Transfer protein of lipids

MA Molecular allergy diagnostics
MPLA Monophosphoryl lipid A

OIT Oral immunotherapy

PIP Peptide-based immunotherapy
SCIT Subcutaneous immunotherapy
SLIT Sublingual immunotherapy

TLR Toll-like receptor

VLPs Virus-like particles
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Mesenchymal Stem/Stromal Cells
in Allergic Disease Management
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Abstract

Allergic diseases are a clump of disorders caused by protective or harmful immune
responses to specific exogenous stimulations. To date, the worldwide prevalence of
allergic diseases has caused considerable perplex to patients and guardians physically
and mentally. Despite the significant advances in preclinical investigation and clinical
practice, yet the effective treatment strategies for allergic diseases are far from satisfac-
tion. State-of-the-art renewal has highlighted the involvement of mesenchymal stem/
stromal cell (MSC)-based cytotherapy for various allergic disease management includ-
ing atopic dermatitis, pediatric asthma, allergic rhinitis, and urticaria, which largely
attributes to the unique immunomodulatory properties and mode of action via auto-
crine and paracrine, direct- or trans-differentiation. In this chapter, we mainly focus
on the latest updates of MSC-based investigations upon allergic disease administration
as well as the concomitant prospective and challenges, which will provide overwhelm-
ing new references for MSC-based cytotherapy in regenerative medicine.

Keywords: mesenchymal stem/stromal cells, allergic diseases, exosome,
immunomodulation, allergic rhinitis, cytotherapy

1. Introduction

Allergic diseases, including atopic dermatitis, pediatric asthma, allergic rhinitis,
and urticaria, have been recognized as one of the most prevalent chronic diseases and
affected more than 300 million individuals all over the world and thus, have garnered
public health attention worldwide over the past decades [1]. To date, a variety of
factors (e.g., IL-6, IL-8, IL-25, IL-33, INF-y) and noxious stimuli (e.g., microbiota,
helminths, human milk immunological composition) in the environment have been
involved in the occurrence or progression of allergic diseases [2, 3]. Of note, immuno-
modulation has been acknowledged as the core strategy for allergic and autoimmune
diseases.

Despite the diversity in the pathogenic mechanism of governing the progression,
a variety of key elements involved in allergic diseases have been identified such as
immune cells (e.g., mast cells, T cells), antibodies, cytokines, epigenetic and genetic
determinants [1, 4, 5]. For instance, of the aforementioned pathogenic factors, mast
cells with inflammatory mediator expression have been recognized playing a key role
in various allergic reactions and autoimmune processes [6, 7].
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For decades, integrated prevention and intervention strategies have been devel-
oped for the remission of allergic diseases. For example, the European Academy of
Allergy and Clinical Immunology (EAACI) guidelines for allergen immunotherapy
(AIT) have been reported in preparations for the administration of allergic disease by
Dhami and colleagues [8]. Meanwhile, JAK/STAT inhibitors, together with relevant
small-molecule cytokine antagonists such as CRTH2 inhibitors and PDE4 inhibitors,
have been tested in a spectrum of allergic diseases [9]. Additionally, current advances
have also suggested the probiotics and prebiotics in the treatment or prevention
of allergic diseases during the prenatal period [10-12]. For example, Tang et al.
reviewed that prebiotic-supplemented formulas might be an effective alternative
for preventing atopic eczema in infants with high probability of developing allergic
disease [10, 13].

2. The overview of MSCs

Mesenchymal stem/stromal cells (MSCs) are cell populations with unique
hematopoietic-supporting and immunoregulatory properties, which are cur-
rently recognized as the uppermost counterparts for regenerative medicine in
the field [14]. Since the first isolation from bone marrow, MSCs with various
origins have been identified including adult tissues and perinatal tissues such as
adipose-tissue-derived MSCs (AD-MSCs), dental-pulp-derived MSCs (DPSCs)
[15], fetal-liver-derived MSCs (FL-MSCs), amniotic-membrane-derived MSCs
(AMSCs), amniotic-fluid-derived MSCs (AF-MSCs), umbilical-cord-derived MSCs
(UC-MSCs) [16, 171, placenta-derived MSCs (P-MSCs) [18], supernumerary teeth-
derived apical papillary stem cells (SCAP-Ss) [15]. Meanwhile, current progress also
highlighted the large-scale generation of MSCs from human pluripotent stem cells
(hPSCs) including human embryonic stem cells (hESCs) and human induced PSCs
(hiPSCs) as well [19-21].

2.1 Biofunctions of MSCs

As mentioned above, MSCs are heterogeneous populations with advantaged proper-
ties, which thus have been largely recognized as the dominating stromal cells in the
hematopoietic microenvironment and the splendid “seed” cells for cellular therapy [22].
Not until the year of 2006, the International Society for Cellular Therapy (ISCT) released
minimal guidelines for MSC definition including the fibroblast-like plastic-adherent
cells, high percentage of subsets with mesenchymal-associated biomarker expression
(CD73, CD90, CD105), whereas minimal expression of hematopoietic-associated (CD31,
CD34) or immune-related (HLA-DR) surface markers and multi-lineage differentiation
potential toward adipocytes, osteoblasts, and chondrocytes [23]. Of the biofunctions,
immunomodulation is of great importance for the translational purposes of MSCs and
the derivatives in tissue engineering and regenerative medicine via simultaneously
inhibiting and stimulating the immune system and secreting immunosuppressors [24].

To date, MSCs have been extensively explored in multiple intractable and recur-
rent diseases such as acute-on-chronic liver failure (ACLF) [25], acute myocardial
infarction (AMI) [26], acute myelogenous leukemia (AML) [27], refractory wounds
[28], atopic dermatitis (AD), Crohn’s disease (CD) [18], graft-versus-host disease
(GvHD) [16], coronavirus disease 2019 (COVID-19)-associated acute lung injury and
acute respiratory distress syndrome (ALI/ARDS) [29, 30].
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2.2 Regulatory mechanisms of MSCs

Generally, MSCs function mainly via serving as constructive microenvironment
for hematogenesis, secretion (autocrine, paracrine), immunomodulation, and dif-
ferentiation [31-34]. For instance, the orchestration of multiple pathways (e.g., TGF-p,
PPAR-y2, and the Smad3-SOX9-CREB/p300 axis) in MSCs is critical for in vitro differ-
entiation toward the mesodermal lineages [35, 36]. Instead, Lépez-Garcia and Castro-
Manrreza verified the TNF-a and IFN-y in mediating the immunoregulatory capacity
of MSCs in the modulation of the immune response [37]. Interestingly, Montesinos and
colleagues verified the regulatory effect of TNF-a and IFN-y for the enhanced expres-
sion of ICAM-1 and microvesicle release of BM-MSCs when exposed to an inflammatory
environment [38]. As to bone-marrow-derived MSCs (BM-MSCs), Zhang et al. dem-
onstrated the hyperactivation of JAK-STAT signaling in AML patients compared with
those in healthy donors [27].

3. MSCs for allergic disease management

As an intractable autoimmune disease with complex pathogenesis, allergic diseases
have caused heavy economic and psychological burden to the patients and their
families, and in particular, those with relapse and resistance against drugs. For the
purpose, autogenous and allogeneic MSCs with unique bidirectional immunomodula-
tory property have caught the attention of pioneering investigators in the field. To
date, MSCs have been involved in various subtypes of allergic disease management
with considerable efficacy such as allergic rhinitis, allergic dermatitis, allergic asthma,
and urticaria.

3.1 MSCs for allergic rhinitis management

Allergic rhinitis (AR), a well-described disease entity with extra-nasal mani-
festations, is considered as a major and increasing chronic inflammatory disease in
the respiratory tract [39-41]. The pathogenesis of AR is associated with inflamma-
tory mediators (e.g., IgE) and sensitized mast cells in the submucosa of the upper
aerodigestive tract, which is also involved in various upper airway diseases includ-
ing otitis media, chronic laryngitis, oral allergy syndrome, and obstructive sleep
apnea [40, 42-44]. Clinically, although with certain disadvantages such as repeated
attacks and adverse reaction, a series of desensitizing drugs including nasal gluco-
corticoids and antihistamines, together with acupuncture, are currently in use for
allergic rhinitis treatment [39, 45-47].

Recently, Zheng et al. investigated the outcomes of 70 patients with allergic
rhinitis with the administration of azelastine hydrochloride and montelukast
sodium and found that clinical symptom score (e.g., nasal itching, runny nose, and
nasal congestion) and serum levels of proinflammatory factors (e.g., hsCRP, IL-6,
and IL-8) revealed preferable improvement compared with those 67 patients with
azelastine hydrochloride alone [48]. Simultaneously, Xiong et al. recently reported
the ameliorative effect of Chinese herbs (e.g., Guominjian) upon AR by utilizing the
anti-inflammatory, anti-allergic, and immunomodulatory effects [49]. However, the
spectrum of AR and the complex immunopathology further affect the efficacy of
antiallergic drugs including antihistamines and mast cell stabilizers and thus, limit
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the treatment with the concomitant corticosteroid. Moreover, the recurrence of AR
has been considered difficult to handle by current drug therapy.

Of note, pioneering clinicians have turned to MSC-based remedy for further
improvement in the management of AR based on the immunomodulatory proper-
ties. For example, two interventional studies (NCT05167552, NCT05151133) have
been registered according to the Clinicaltrials.gov website, and a total number of 78
participants are being enrolled for further treatment with various doses (low dose,
0.5 x 10° cells/kg; moderate dose, 1.0 x 10° cells/kg; high dose, 2.0 x 10° cells/kg) of
hUC-MSC infusion (Table1).

3.2 MSCs for atopic dermatitis management

Atopic dermatitis (AD), also regarded as atopic eczema, is a relapsing inflamma-
tory skin condition and a chronic heterogeneous skin lesion worldwide among child-
hood, infancy, and even adulthood, and in particular, among those families with a
history of allergic diseases [50-52]. To date, a variety of pathogenic factors associated
with the environmental, immunologic, and genetic elements have been identified for
the intrinsic and extrinsic subtypes of AD such as food allergies, respiratory diseases,
autoimmune disorders, and inflammatory skin infections [50, 53]. For example, the
well-established ingredients including dysbiosis of skin microbiota, epidermal barrier
disruption, overactivation of the helper T cell subsets (e.g., Thl, Th2, Th17, Th22),
together with increased immunoglobulin E (IgE) and eosinophils in blood, have been
demonstrated in association with the pathogenesis of AD [54, 55]. Of the disease
progression, the impaired skin barrier is considered as the initial step during the
development of AD, which is adequate to cause further allergic sensitization and skin
inflammation [56]. Simultaneously, AD is deemed to the initiation phase of relevant
atopic disorders such as food allergy and allergic asthma and rhinitis, which is contin-
uous for ages and maintains the relapsing-remitting status in numerous patients [57].

Therewith, despite the current pharmacological and nonpharmacological treat-
ment modalities in relieving misery in patients with moderate to severe AD, the
efficacy or persistence is still unsatisfactory on account of the indeterminacy and
complexity of the underlying pathogenesis [1, 52]. Strikingly, Kim et al. reported
the safety and certain improvements of AD inpatients with an overall response rate
of 55% at week 12 with a high dose of hUC-MSC (5 x 10) administration through
local subcutaneous injection [58]. Similarly, our group further reported the real cure
of an elderly patient rather than partial remission by conducting a single round of

Conditions NCT no. Status Phases Enroll Location
Allergic rhinitis NCT05167552 Not yet recruiting P1, P2 60 —
NCT05151133 Recruiting P1 18 China
Allergic dermatitis NCT02888704 Completed P1 13 Korea
NCT03252340 Active, not recruiting 11 Korea
NCT04179760 Recruiting P1, P2 92 Korea
NCT04137562 Recruiting P2 118 Korea
Urticaria NCT02824393 Completed Early P1 10 Turkey
Table 1.

MSC-based clinical trials upon atopic diseases.
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intravenous injection of hUC-MSCs without recrudesce during the 14-month’s follow-
up. Overall, the aforementioned proof-of-concept studies ulteriorly highlighted the
feasibility upon AD patients with refractory AD-associated symptoms.

3.3 MSCs for allergic asthma management

Allergic asthma, known as a “syndrome” with over 300 million individuals world-
wide, which also has become a dominating burden in Westernized societies [59].

Generally, allergic asthma is caused by a complex interplay between environ-
mental stimulus and genetic and factors [60, 61]. As a chronic airway inflammatory
disease, patients with allergic asthma reveal multifaceted clinical manifestations such
as intermittent attacks of airway hyper-reactivity, breathlessness, coughing, and
wheezing. As to adult asthma, an initial exposure to allergen triggers Th2 cell-depen-
dent immune response that regulates the production of IgE and cytokines in the lungs
[60]. Distinguishing from the characteristics of ILC2s in chronic allergic diseases, IgE
sensitization has been considered acting as a crucial role in the progression of allergic
diseases [60, 62, 63]. Collectively, the environmental and genetic factors orchestrate
the complexity and challenges of allergic asthma posed for the further development
of novel remedies for effective treatment and prevention of allergic asthma.

State-of-the-art updates have suggested the therapeutic effect of MSCs or MSC-
derived exosomes (MSC-Exo) in the management of allergic asthma in preclinical and
clinical investigations [64-66]. For instance, Boldrini-Leite et al. took advantage of
the ovalbumin-induced allergic asthma mice model for the remodeling of the inflam-
matory process and pulmonary symptoms and confirmed the potential of BM-MSCs
to modulate lung inflammatory processes and tissue repair. Recently, Huang et al.
found that the mitochondrial dysfunction and asthma pathophysiology in the asthma
animal model were efficiently rescued by MSC injection, and the levels of relevant
gene expression were reversed as well such as interleukins (e.g., IL-4, IL-5, IL-13,
IL-25, IL-33) and mitochondria genes (e.g., COX-1, COX-2, Cytb, ND-1) and inflam-
matory factors (e.g., INF-y) [65]. Similarly, de Castro et al. demonstrated the efficacy
of human adipose tissue—derived MSCs (hAD-MSCs) and the extracellular vesicles
upon experimental allergic asthma by airway remodeling. In detail, C57BL/6 female
mice with experimental allergic asthma manifested reduced eosinophils in lung
tissue, collagen fiber content in lung parenchyma and airways, levels of Tgf-p in lung
tissue, and CD3"CD4" T lymphocyte counts in the thymus [67]. Interestingly, Abreu
and colleagues verified the enhanced therapeutic effect of MSCs upon allergic asthma
by pretreatment with eicosapentaenoic acid (EPA) [68]. Moreover, serum from
asthmatic mice has been proved with potentiated efficacy of MSCs in experimental
allergic asthma [69]. Taken together, MSCs of different origins alone or in combina-
tion with relevant remedies reveal rosy prospective in allergic asthma management.

3.4 MSCs for urticaria management

Urticaria, including the immunological and nonimmunological subtypes, is a
series of common skin disorder occurring in 0.5-5% of the general population that
affects individuals of all ages and results from many different stimuli, which com-
promise quality of life and affect individual performance physically and mentally
[70-73]. Generally, urticaria acts as a hypersensitivity reaction with mast cell activa-
tion due to the stimulation of T lymphocytes and/or antibodies. Instead, nonim-
munological urticarias with mast cell activation are involved in immunomodulation
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(e.g., Toll-like, complement, proinflammatory factors) or toxicity of xenobiotics
(e.g., haptens, drugs). Therewith, the variations in the pathophysiological mecha-
nisms further result in the great heterogeneity of clinical symptoms and the variable
remedies [72, 74].

Urticaria exhibits multifaceted clinical manifestations such as intensely pruritic
wheals, edema of the interstitial or subcutaneous tissue. In details, distinguishing
from the acute urticaria, chronic urticaria, including chronic spontaneous urti-
caria (CSU) and chronic inducible urticaria (e.g., cold urticaria), is regarded as a
difficult-to-treat skin disease and results in the major impact on quality of life in
patients according to the European guideline on the management of urticaria, which
describes a multidisciplinary approach for urticaria administration [75-77].

Being obscure in fully elucidating the underlying etiopathogenesis as well as
the limitation in urticaria management, pioneering scientists and clinicians turned
to MSC-based cytotherapy for developing more efficient treatment options [73].

Of note, Ozgiil Ozdemir and colleagues employed autologous AD-MSCs for the
administration of 10 refractory CSU patients and noticed the immunomodulatory
effect upon CD4" T cell subsets and cytokine expression profiling. For instance, the
Th2 subset and pro-inflammatory factors (e.g., TGF-p1, IDO, PGE2, anti-FceRI)
revealed a significant decrease in urticaria patients with MSC injection after 2 weeks
[73]. Collectively, despite the minimal literatures in the field, the findings suggested
that MSCs might be an alternative and effective strategy for treatment-resistant CSU
patients in clinical practice [73].

4. Clinical trials of MSC-based remedy for allergic diseases

In the recent years, MSC-based cytotherapy has attracted the attention of a
certain number of biologists and clinicians in the field for allergic disease manage-
ment. According to the Clinicaltrials.gov website of National Institutes of Health
(NIH), a total number of seven clinical trials have been registered worldwide (up
to May 24th, 2022) including four trials in Korea (NCT02888704, NCT03252340,
NCT04179760, NCT04137562), one trial in China (NCT05151133), one trial in
Turkey (NCT02824393), and one trial unknowable (NCT05167552) (Table1).

The interventional studies conducted by clinical investigators are designed to
explore the safety and effectiveness of MSC-based treatment for relevant disease
treatment including two trials for allergic rhinitis, four trials for allergic dermatitis,
and one trial for urticaria (Table 1). Of the aforementioned clinical trials, two were
not yet recruiting, three were recruiting, four were completed, and two were com-
pleted (Table 1). Meanwhile, we further noticed that all of the registered clinical
trials were in the Phase 1 and Phase 2 stages (Table 1).

5. Conclusions

MSCs and the concomitant derivatives have emerged as advantaged and alterna-
tive sources for allergic disease management. MSC- or MSC-exo/small secretory
vesicles (sEVs)-based cytotherapy has supplied overwhelming new tissue engineering
platforms to sequentially ameliorate disease manifestations and improve the clinical
outcomes of patients with relevant allergic diseases. However, the lack of standard-
ized methodology and evaluation criteria (e.g., safety, effectiveness, biodistribution)

120



Mesenchymal Stem/Stromal Cells in Allergic Disease Management
DOI: http://dx.doi.org/10.5772/intechopen.105763

in the preparation of good manufacturing practices (GMP)-grade MSCs for clinical
purposes hinders the development of MSC-based tissue engineering and regenerative
medicine. Therefore, further understanding of the aforementioned aspects of MSCs
will benefit clinical applications and the industrialization of MSC-based cytotherapy
in future.
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Appendices and nomenclature

MSCs mesenchymal stem/stromal cells

EAACI the European Academy of Allergy and Clinical Immunology
AIT allergen immunotherapy

AR allergic rhinitis

AD atopic dermatitis

IgE immunoglobulin E

hAD-MSCs human adipose tissue-derived MSCs

EPA eicosapentaenoic acid
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CSU chronic spontaneous urticaria
UC-MSCs Umbilical-cord-derived MSCs
P-MSCs placenta-derived MSCs

AD-MSCs adipose-tissue-derived MSCs
DPSCs dental-pulp-derived MSCs
FL-MSCs fetal-liver-derived MSCs

AMSCs amniotic-membrane-derived MSCs
AF-MSCs amniotic-fluid-derived MSCs
UC-MSCs umbilical-cord-derived MSCs
P-MSCs placenta-derived MSCs

hPSCs human pluripotent stem cells
SCAP-Ss supernumerary teeth-derived apical papillary stem cells
ISCT the International Society for Cellular Therapy
hESCs human embryonic stem cells
hiPSCs human induced PSCs

MSC-exo MSC-derived exosomes

sEVs small secretory vesicles

GMP good manufacturing practices
AML acute myelogenous leukemia

CD Crohn’s disease

GvHD graft-versus-host disease
COVID-19 coronavirus disease 2019

ALl acute lung injury

ARDS acute respiratory distress syndrome
AMI acute myocardial infarction

ACLF acute-on-chronic liver failure
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Chapter 8

Perspective Chapter: Management of
Allergic Diseases during Pandemic

Oner Ozdemir and Emine Aylin Yilmaz

Abstract

Over the recent time period, pediatric allergy clinics across the world have
markedly changed their practice because of the COVID-19 pandemic. Nowadays,
clinics are not inclined to accept a patient demanding a new procedure / therapeutic
modality during pandemic. All allergic diseases require continuous management
and treatment, and their socioeconomic burden has been increasing worldwide. In
this chapter, the aim is to focus on allergic diseases management during pandemic.
During this time, patient follow-up, patient management, and diagnostic tests are real
challenges. Limited face-to-face consultations and as much as use of telemedicine are
currently seen as the major issues in the allergy practice. Face-to-face examination
and treatment should be preferred only in vital situations. During COVID-19
pandemic, patient education, which is the most important step in the treatment of
allergic diseases, has started to be done online. The prevailing opinion in the allergy
community is that the treatment should not be interrupted, or dose reduction
should not be made. According to the guidelines, it is appropriately recommended to
carefully calculate the profit and loss of the treatment on a case-by-case basis.

Keywords: allergic diseases, allergy, pandemic, COVID-19, SARS-CoV-2

1. Introduction

Throughout the World, admission to the hospital was restricted during the
pandemic, except for emergencies. Over the recent time period, pediatric allergy
clinics across the world have markedly changed their practice because of the
COVID-19 pandemic. All allergic diseases require continuous management and
treatment, and their socioeconomic burden has been increasing worldwide [1]. On
top of it, the prevalence of allergic diseases has been dramatically increasing in the
world [1]. In this chapter, the aim is to focus on the management of allergic disor-
ders, disease by disease, during pandemic.

2. Allergic rhinitis

Allergic rhinitis is a very common disease that impairs quality of life if left
untreated. Although the prevalence of allergic rhinitis is between 10% and 58,5%
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worldwide, it varies widely [2]. Allergic rhinitis is an immunoglobulin E (IgE)
mediated allergic disease. Allergic patients manifest with symptoms of rhinitis and
conjunctivitis, nasal itching, rhinorrhea, nasal congestion, cough, postnasal drip, and
sneezing [3]. According to the guidelines, the diagnosis must be confirmed by a skin
test and laboratory.

The allergic rhinitis treatment is composed of three major categories:
environmental control measures or allergen avoidance, pharmacological treatment,
and specific allergen immunotherapy.

Intranasal corticosteroid therapy for these patients can be questionable. But there
is no evidence that such therapy can cause immunosuppression. Considering the
frequency of hospitalization and mortality in allergic rhinitis patients, it has been
observed that these allergic diseases do not pose a risk for COVID-19 [4]. Current
therapy cessation is not recommended [3].

3. Anaphylaxis

The lifetime prevalence of anaphylaxis is estimated at 0,05-3% in USA and
Europe [5]. Anaphylaxis is a potentially life-threatening, severe allergic reaction.
The patient or medical doctor should not refrain from administering epinephrine
as soon as they suspect anaphylaxis. During the pandemic, the average number of
daily admissions to the emergency department has reported a significant drop. The
severity of anaphylaxis symptoms is the main determinant of hospital admission. In
particular, the number of food-related anaphylaxis may have decreased as a result
of the closure of restaurants. The management of anaphylaxis during the pandemic,
the most important point is to be able to immediately administer epinephrine. The
use of epinephrine autoinjector as soon as possible is critical in reducing the severity
of anaphylaxis symptoms. After that, patients should be monitored for treatment
and symptoms (e.g., hypotension, wheezing, shortness of breath, vomiting, and
swelling). Although applications to the emergency departments have decreased
during the pandemic, it should not be delayed for a patient with anaphylaxis to
present or be taken to the emergency department.

4, Asthma

Asthma is a chronic disease usually characterized by chronic reversible obstructive
airway inflammation. The fluctuating clinical symptoms are shortness of breath,
wheezing, chest tightness, and cough [3].

Asthma prevalence rates vary by country and by age [6]. During pandemic,
performing spirometry and reversibility tests have been canceled in the beginning
[7]. Later, various organizations formulated operational measures for resuming the
functioning of pulmonary function test laboratories [8].

Asthmatic patients have to be managed carefully. T-helper 2 polarization might
impair the efficient antiviral immune response [9, 10]. Asthmatic patients also have
a greater susceptibility to respiratory viral infections, which may be a trigger for
exacerbations [11, 12]. It is critically important to keep the disease under control in
asthma patients [13, 14]. Discontinuation of therapy may exacerbate the underlying
disease, which may adversely affect the clinic in patients infected with COVID-19.
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Many publications recommend that the inhaled steroid dose be maintained at the
same dose. However, opinions have been presented that systemic (orally/parenterally
administered) corticosteroid therapy could be risky [7].

According to the ARIA-EAACI statement, “If you stop or modify your treat-
ment, you run the risk that your allergic disease, particularly your asthma control,
could become worse, causing you to need rescue medications or be admitted to the
hospital.” [5]. Continuation of anti-IgE (omalizumab) and other biological therapy
(mepolizumab, enralizumab, etc.) is recommended during the follow-up of patients
with severe asthma [15, 16].

In order to reduce the risk of SARS-CoV-2 transmission, it is preferred to treat
the asthma attack at home with metered dose inhaler (MDI), and avoiding nebulizer
treatment in the emergency services [7, 17].

When the COVID-19 pandemic emerged, concerns were also raised regarding
the safety of allergen immunotherapy. Current studies demonstrated adherence by
clinicians to national and international position papers and guidelines of allergen
immunotherapy during the COVID-19 pandemic worldwide. Besides, several
surveys/research have shown good tolerability of allergen immunotherapy for both
subcutaneous and sublingual-oral forms [18].

Fortunately, the hospitalization frequency and time are not significantly increased
in asthmatic patients more than in non-asthmatic patients since the pandemic asthma
management becomes more complicated.

5. Atopic dermatitis

Atopic dermatitis prevalence is estimated up to 15-20% in the pediatric population
and 1-3% in adults worldwide [19]. Focusing on atopic patients, the treatment
plan (dosage, drug frequency) is not changed (not recommended to step down
medication). It is also known that in patients with atopic dermatitis, the skin barrier
is generally disrupted. For this reason, it is recommended to moisturize the skin
frequently to avoid exacerbation of complaints.

There is no evidence that patients with barrier defects have a higher risk of
SARS-CoV-2 infection or skin complications during COVID-19 [3]. Considering the
frequency of hospitalization and mortality in atopic patients, it has been observed
that these allergic diseases do not pose a risk for COVID-19. However, classic
immunosuppressants or systemic glucocorticoids are not recommended in patients
with severe atopic dermatitis due to broad immunosuppressive effects [3, 20, 21].

6. Food allergy

Food allergy can result in a life-threatening anaphylactic reaction. The prevalence
of food allergy is generally higher in children than in adults, with a rate of 1-10% [22].

The visits of food-allergic children should be limited to those that are
unequivocally needed on a clinical basis. During the pandemic, oral food challenges
could be performed in just selected cases [23]. It is recommended to continue the
current food diet. In preschool-aged children, accidental food allergic reactions were
rarer. Since the food choice is made by the caregiver at preschool-aged, food allergy
reaction is less common.
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7. Urticaria- Angioedema

Roughly 15-23% of adults have experienced at least one acute urticaria episode
at some time in their lifetime, and the prevalence of chronic urticaria in adults is
estimated at 0,5-5% [24].

During the pandemic, the approach to urticaria patients differed from
other allergic diseases. Because urticaria is one of the most common cutaneous
manifestations of COVID-19. These patients were treated with oral antihistamines
as well as oral steroids [25]. There was an increase in the frequency of admission to
hospital with urticaria. There are many cases of urticaria associated with COVID-19
in the literature [12]. This situation should not be overlooked before the patient is
evaluated as urticaria and treatment are started. Further evaluation and possible
allergy tests and diagnostic procedures were canceled during pandemic. Only patients
who needed hospital treatment that could not be postponed were hospitalized.

Immediate (type I) hypersensitivity reactions develop within 4-6 hours after
COVID-19 vaccination and are mediated through Ig E-dependent mediator release. In
the case of COVID-19 vaccines, polyethylene glycols and cross-reactive polysorbate
80 have been held responsible to be the triggering factors for immediate reactions.
Type I reactions may range from mild, with urticaria-angioedema only, to life-
threatening with anaphylaxis [26]. The most common reaction was urticaria followed
by various skin rashes, that is, morbilliform, pityriasis rosea-like eruption, bullous
drug reactions, fixed drug eruption, etc.

Acute urticaria only after any mRNA or CoronaVac vaccination should not
be contraindicated for revaccination. Anaphylaxis to the first dose may be a
contraindication to succeeding mRNA vaccination; however, various mild or
nonimmediate allergic reactions are not. Type I allergic reactions after dose 1 of
mRNA vaccine may contribute to unfinished vaccination. Allergists should be
prepared to guide these kinds of subjects to preclude partial vaccination [27, 28].

Patients with urticaria were treated mainly with oral antihistamines. Oral steroids
can also be used in therapy. Low-dose systemic steroids with antihistamines have been

Allergic disease type Treatment/follow-up recommendations

Allergic rhinitis Intranasal corticosteroid cessation or interruption is not recommended [4, 5].

Anaphylaxis The most dangerous life-threatening allergic disease is anaphylaxis and
epinephrine administration is highly recommended as soon as anaphylaxis is
suspected.

Asthma Medication cessation may lead to asthma exacerbations [5, 13]. It is reccommended

to continue biologic therapy with anti-IgE or anti-IL-5 in patients with severe
asthma [15, 16]. Many publications recommend that the inhaled steroid dose be
maintained at the same dose. However, opinions have been presented that systemic
(orally/parenterally administered) corticosteroid therapy is could be risky [8].

Atopic dermatitis It is not recommended to step down medication [20, 21]. Frequent skin moistening
is reccommended.

Food allergy It is recommended to continue the current food diet.

Urticaria - Angioedema Urticarial patients were treated mainly with oral antihistamines. Oral steroids can

also be used in therapy [25, 29].

Table 1.
Recently recommendations on allergic diseases.
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reported to effectively manage severe urticaria in patients [29]. Table 1 summarizes
the approach to allergic diseases during the COVID-19 pandemic.

8. COVID vaccine side effects in allergic diseases

Due to the “SARS-CoV-2” that started in 2019, there has been a challenging global
pandemic process. One of the most effective public health interventions modern
medicine has to offer is vaccination. No fatal cases have been reported in vaccine-
related allergic reactions. According to a large population-based study, the frequency
of vaccine-related allergic reactions is 1.31 (95%CI, 0.90-1.84) cases per million
vaccine doses [30]. COVID-19 vaccines can cause a wide range of adverse effects from
lymphadenopathy to pain at the injection site [31], but the allergic reaction mecha-
nism, immediate or delayed, is unknown [32]. Side effects such as axillary tenderness,
lymphadenopathy, nausea, vomiting, erythema/swelling/pain at the site of injection,
fever, joint pain, chills, myalgia, headache, and fatigue are considered as mild reac-
tions [31]. Both vaccines have rarely had serious side effects, including anaphylaxis.
According to meta-analysis, the allergic reaction incidence is reported to be higher
with the Moderna vaccine [31]. Besides, the excipients that are held responsible for
allergic reactions are inactive ingredients that boost the immune response and prevent
contamination [30]. Given the importance of the vaccine in fighting this public health
crisis, understanding the allergic reactions to the US Food and Drug Administration
(FDA) approved vaccines is pivotal [30]. On the other side, the Moderna vaccine has
advantages over the Pfizer vaccine in terms of transport and storage [31].

Table 2 summarizes the COVID-19 vaccine’s properties and schedule.

Pfizer/BioNTech vaccine Moderna vaccine
Type mRNA (BNT162b2) mRNA (mRNA-1273)
Dose Each dose contains 30 ug (0.3 mL) Each dose contains 50 ug (0.5 mL)
Injection number/Period 2 shots, 21 days apart 2 shots, 28 days apart
Age group 6 months of age and older 6 months of age and older
Effectiveness 95% preventative 94.5% preventative
Mechanism of immunity Into host cells to allow expression Into host cells to allow expression
of the SARS-CoV-2 S antigen. of the SARS-CoV-2 S antigen.

Table 2.
The COVID-19 mRNA vaccination schedule [31].

9. Conclusion

During pandemic, patient management, follow-up, and diagnostic tests are the
real challenge. Limited face-to-face consultations and as much as the use of telemedi-
cine is currently seen as the major issues in the allergy practice. Face-to-face examina-
tion and treatment should be preferred only in vital situations [33]. The treatment
of allergic patients should not be interrupted, or dose reduction should not be made.
According to the guidelines, it is recommended to carefully weigh the benefits and
losses of the management on a case-by-case basis [34].
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