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100 million days per year. One can only imagine what could be achieved in that huge
amount of time. This is the number of days people with allergies miss at work or in
school in Europe within one year, because they do not feel well. Not counting the
days when they are physically present, but not quite up to their tasks.

The burden of allergic diseases is high. Not only the symptoms of the diseases
itself, such as running and blocked nose, sneezing, itchy skin and others, but also the
accompanying impairment in terms of sleeplessness, abandonment of certain
activities and food, anxiety of an allergic shock, as well as time-intensive and
expensive treatments decrease the quality of life of the patients. Many patients
develop mental health issues such as anxiety and depression. Often not only the
patients themselves, but also their families suffer under these circumstances.

In 2025, according to estimations, every second inhabitant of the European Union
will have to deal with some form of allergy: that makes more than 225 million
people. Knowing about the increasing prevalence of allergic diseases, we work for
understanding the mechanisms and developing effective prevention and manage-
ment of allergies. This book aims at providing the current knowledge about allergic
diseases to a large number of scientists, practitioners and also the people concerned.

In it, the knowledge and expertise of 65 leading scientists of the field from
8 different countries is brought together to take a close look at all aspects of allergies.
What is known about their history, their different forms, the mechanisms of their
development, about risk factors, diagnosis, disease management and — above all —
about ways to prevent them are all collected in this single volume. It presents the
‘state of the art’ and also gives an overview of basic science beyond mere textbook
knowledge. It maps what is established as well as what is still to be explored,
hopefully in the near future, in order to lighten the burden for all the people suffering
and prevent further increases in the prevalence of allergies.

This volume covers large ground.

Part I of this book explains the historical and epidemiological background of
allergies. In the chapter on the History of Allergy, Ring starts with the first
descriptions of allergy in antiquity, in the Middle Ages and in Renaissance. The
chapter continues with the beginnings of allergology in the early 19" century and
finally describes the developments in diagnosis, therapy and in understanding the
pathophysiological mechanisms of allergic diseases in the 20" century. Genuneit
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and Standl then summarize our knowledge on the Natural course and risk factors of
allergic diseases in the 21* century from an epidemiological perspective.

Although the mechanisms at work when allergies develop or are triggered are not
yet fully known — at least on the molecular level — the chapters of Part II describe
some of the general mechanisms that have been identified as important. Knol and
Gilles take a close look at the four types of hypersensitivity reactions that underlie
the overreacting immune systems and bring this distinction that has been developed
more than 60 years ago in line with actual findings. Biedermann et al. concentrate on
the barrier function of the skin and stress the importance of its integrity which is
protected by complex measures such as wound repair or anti-infective immune
reactions. New methods, e.g. new sequencing technologies also offer fascinating
new insights. Schwierzeck, Hiilpiisch and Reiger use these for analyses of various
microbiomes. In their article they explain research methods and report findings
concerning alterations of the microbiome of the skin, the lung and nasopharynx
that correlate with allergic diseases.

Part I1I then turns towards the various faces of allergic diseases and new forms of
medical treatment. Papadopoulos et al. offer an up-to-date view on asthma,
presenting up-to-date information on epidemiology, definitions, diagnosis and treat-
ment options. Miiller clarifies the peculiarities of allergic conjunctivitis. Traidl et al.
give attention to the pathogenesis and pathophysiology of atopic eczema, focusing
especially on new therapeutical possibilities offered by targeted treatments, e.g. the
IL-4R alpha specific monoclonal antibody dupilumab. Maurer et al. outline the
classification, diagnosis and management of urticaria. Pfiitzner et al. discuss the
actual possibilities of Allergen Immunotherapy (AIT) and Wang fathoms the
possibilities of precision medicine to treat chronic sinusitis.

Part 1V of this book focuses on the treatment of various forms of allergic diseases
with different environmental triggers. The first chapter of Part IV focuses on food
allergies. Food as one relevant environmental trigger can cause allergic reactions,
most commonly in the case of cow’s milk, hen’s eggs, fish, shellfish, peanuts,
soybeans, tree nuts or wheat. Bohle and Werfel describe the different mechanisms
and types of allergic reactions to food and the possibilities of treatment. The
treatment options are exemplified by peanut and apple allergy. Another relevant
trigger can be drugs. Mockenhaupt addresses adverse allergic reactions to drugs and
focuses on manifestations on the skin. Also, the exposition to allergens at the
workplace can lead to a higher risk for allergies in certain occupations. For example,
bakers can become allergic against wheat flour proteins or other cereals, which can
lead to baker’s asthma. In the article by Raulf on Occupational Respiratory Allergy
the important knowledge on the diagnosis and management of occupational allergies
is summarized. In the following chapter, Giminez Arnau and Jodo Luis present an
overview on contact dermatitis and emphasize the relevance of patch testing in this
context.

Part V now attends to the expressions of allergic diseases on the molecular level.
Ferreira examines the role of B cells in the development of allergies as well as in the
induction of tolerance with the help of AITs. Ohnmacht und Eyerich offer detailed
insight into different kinds of Th- and Treg-cells and the roles they play in the
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process of allergic inflammation. Martin and Esser in turn explain progress that has
been made in understanding the cellular and pathomechanisms underlying the
allergen-induced inflammation processes, findings clearing the way for new ways
to treat allergies.

Some factors increase the risk for the development of allergic diseases. Those risk
factors are described in Part VI of this handbook. There is a genetic component in
allergies. Haider et al. summarize the current knowledge on Genetics of Asthma and
Allergic Diseases. Identifying the specific asthma genes is connected with
difficulties, but there are several approaches to disentangle the genetics of asthma
and allergy, e.g. based on the definition of allergy subtypes. However, genetics only
cannot explain the increase of allergies in the last decades. Environmental factors
play an important role in this context. This is why understanding the epigenetic
mechanisms, which are explained by Potaczek et al., have the potential to improve
treatment and prevention of allergic diseases. Air pollution is one of the environ-
mental factors that are linked to morbidity and mortality. Schikowski describes how
air pollution affects our health and what we know about the effect of indoor and
outdoor pollution on allergic diseases. The increasing prevalence and incidence of
allergic diseases is often referred to lifestyle changes. But not only the behaviour and
lifestyle, but also social and environmental structures are changing. Heuson
describes how climate change and globalization both increase the exposure to
allergens and therefore might increase the risk of allergies. As the exposure to
allergens and the prevalence of allergic diseases follow a social gradient, also ethical
questions are asked and implications for allergy policies are given.

Part VII now addresses diagnostic possibilities concerning different types of
allergies. First, the diagnostic procedure in type-1 allergy is depicted by Treudler
and Simon. Mahler and Uter then precisely explain the processes and problems
applying and analyzing epicutaneous patch tests, recurring to best practice
recommendations developed within current guidelines.

The prevention of allergic diseases is a main public health goal. Therefore, Part
VIII focuses on the primary (Landgraf-Raulf & von Mutius), secondary and tertiary
prevention (Fieten et al.). As there are promising results on the effect of nutritional
interventions for the prevention of atopic diseases, Szklany et al. provide an over-
view on this topic. Last but not least, it is important to educate patients. Patient
education can improve the quality of life and decrease symptom severity. Traidl et al.
reflect the positive effects of patient education programmes for atopic eczema. Not
only patients with atopic eczema, but also patients with other chronic conditions,
such as allergic asthma, could benefit from the implementation of education and
training programmes.

Allergy research is characterized by enormous success in the recent years.
Therapies have improved the lives of many patients. Still allergic diseases do not
have the attention and the assessment they deserve. Many patients still trivialize their
illness and patient centred care could be improved, also by creating regulations
where helpful and necessary. In the course of climate change the numbers of allergic
patients will increase. For example, the pollen season on the whole becomes longer,
the number of pollen in the air increases, even pollen itself becomes more allergic.
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We have to go on to search for solutions to achieve resilience in the face of the
changes that will affect our lives. And to search for answers for the many questions
that are still to be answered. What exactly turns a person into an allergic person, a
certain substance into an allergen? A recent study discusses the possible evolution-
ary value of the allergic phenotype: being allergic might protect against parasitic
infections, accelerate wound healing, protect against venoms or possibly even
tumours. Many mechanisms still are not exactly known.

Further research is needed. We need studies that explain the mechanisms of the
different types of allergic inflammation to different allergens, the underpinning
mechanisms of chronification or the pathomechanisms that lead to the disease,
especially ones that translate the results into the complex and sustainable disease
management. We need studies that examine hypersensitivity reactions, personal
thresholds to allergens and understanding in space and time why a sensitization
moves into allergic disease. We need to know which environmental factors or
psychosocial factors increase the risk to become allergic and the development of
the disease, and we need to distribute this information as best we can. We need to
know more about food allergies and intolerances, about allergic diseases of the
intestinal tract, more about hypersensitivities against pharmaceuticals, more about
allergic rhinoconjunctivitis, about its progression and possible therapies. Our list is
not at its end here.

At the end of these introductory thoughts, it remains to say “Thank you” to all
who contributed to this large compendium and helped this cornerstone of allergy
research to materialize.

We progressed this far, part of the journey still lies ahead.

Augsburg, Germany Claudia Traidl-Hoffmann
Berlin, Germany Torsten Zuberbier
Hanover, Germany Thomas Werfel
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Abstract

Allergy has shown a dramatic increase in prevalence in the last decades. How-
ever, allergic diseases are probably not new. Asthma and eczema have been
described in ancient societies like Egypt, China and in the Greco-Roman culture.
In the middle-ages descriptions of hay fever can be found in Persian-Arabian
literature (called “rose fever”). Scientific allergology started in the nineteenth
century with descriptions of hay fever and experimental studies showing pollen as
elicitors. Milestones in the twentieth century comprise the description of anaphy-
laxis, the creation of the terms “allergy” and “atopy”, the Prausnitz-Kiistner test
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and finally the discovery of IgE and the development of the Radio-Allergo-
Sorbent-Test (RAST) for routine detection of specific IgE antibodies. Progress
in cellular immunology led to the description of T-cell subsets Th1 and Th2. Mast
cell and basophil research progressed since the first description to histamine
release studies. Leukotrienes were detected. Pharmacotherapy started in the
early twentieth century with adrenaline (epinephrine) followed by antihistamines
and cortisone. Allergen-specific immunotherapy was introduced. Epidemiologic
studies pointed to a role of environmental pollutants as allergy enhancing factors
and protective influences from farm environment. Through the progress in exper-
imental allergology and immunology targeted therapeutics have been developed
for various atopic conditions.

Keywords

Allergy - Biologics - History - Immunoglobulin E - Immunotherapy - Mast cells -
Pollen

Allergy has been called the “epidemic of the 21st century”, however, allergic
diseases are not new — although they have increased in prevalence dramatically in
the last 50 years. Let us shortly reflect upon the historical developments of allergic
diseases, improvements in understanding of pathomechanisms and discoveries in
diagnosis, treatment and prevention.

1 Allergy in Antiquity

Allergic diseases have been described in early medical literature in various cultures
like Egypt, China, Indigenous America and in the Greco-Roman culture. Many
names found in these scriptures like “asthma”, “eczema” or “idiosyncrasy” are still
in use today (Samter 1969; Simons 1994; Bergmann and Ring 2014; Schadewaldt
1983).

In Egypt we find descriptions of asthma and asthma therapy in the Papyrus Ebers.
It remains open whether the first documented allergic individual really was pharaoh
Menes who supposedly died in 2611 BC after a sting of a wasp (Avenberg et al.
1980).

In old China certain plants were used against asthma and runny nose like Ephedra
distachya — from which the active substance was isolated in 1878 as ephedrine.

Hay fever itself is not described in the work of Hippocrates, however asthma is
mentioned several times and also in the “Corpus Hippocraticum” collected by his
pupils. One of the best descriptions was given by Aretaeus from Cappadocia as well
as Dioscurides (Bergmann and Ring 2014). The term eczema appeared around
600 AD used by Aetius from Amida alluding to the welling up of a soup in a kettle
(ek = out, zeo = live). The first mentioning of food allergy is often quoted as a line
in “de natura rerum” by Titus Lucretius Carus
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Table 1 Allergic diseases

b . 2,641 BC Pharaoh Menes Anaphylaxis
Ele}rl;;(:gn(gzgtg;g 2014) 460 BC H?ppocr.ates Cheese idiosyncrasy
200 BC Dioscurides Asthma
70 BC Lucretius Food allergy
600 Aetius Amida Eczema
900 Al Rhazes Rose fever
1783 Phoebus Hay fever
1819 Bostock Autobiography “Hay fever”
1870 Blackley Pollen, skin test
1872 Quincke Angioedema
1891 Brocq Neurodermite
1902 Richet/Portier Anaphylaxis

“quod alii cibus est
alii fuad acre venenum”

(what is normal food for some can be deadly poison for others) (Table 1).
The best documented probably first atopic individual with a positive family history
was emperor Octavianus Augustus who was suffering from symptoms of hay fever.
(catarrhus at spring winds), asthma (tightness of chest) and eczema (multiple
itchy skin lesions to be scratched with an instrument) (Fig. 1). Furthermore in the

he Image
of Augustus

Suetonius,
Vita Caesarum
LCatarrhus and tight

chest at spring
winds....itchy skin
lesions scratched
with instrument...”

Grandson Claudius:
rhinonconjunctivitis,
Great grand
nephew
Britannicus:

Horse allergy

(Ring, Hautarzt
1981)

Fig. 1 Emperor Octavianus Augustus (from Ring J, Hautarzt 1985)
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Julian Claudian emperor family also Emperor Claudius and Britannicus have been
described to be affected by allergic symptoms (Ring 1985).

2 History of Allergy in Middle Ages and Renaissance

The Greco-Roman tradition with the scriptures of Hippocrates and Galen was kept
alive in the middle east in the Persian-Arabic medicine from where it returned to
Europe in Latin translations via South Italy and Spain. In those scriptures we find
early mentioning of “rose fever” — with a similar symptomatology as hay fever by Al
Rhazes and Ibn Sina (Avicenna). They also described a disease very similar to
urticaria which was called “Essera”. Moses Maimonides, personal physician of
Sultan Saladin, wrote in depth about asthma and asthma therapy (Avenberg et al.
1980). In the seventeenth and eighteenth centuries more and more descriptions of
asthma and seasonal symptoms of the nose can be found (van Helmont 1648).

3 Beginning of Scientific Allergology in the Nineteenth
Century

It may be no co-incidence that the first scientific description of the most common
allergic disease, namely hay fever, comes from England where industrialisation
started. It was given by the physician John Bostock who described his own disease
at a meeting of the Royal Society (Bostock 1819). Later in the century Charles
Blackley was the first to show that pollen were the causal agent in hay fever, also
doing the first skin and conjunctival provocation tests together with pollen
measurements in the air (Blackley 1873).

Wyman demonstrated that autumnal catarrh was elicited by ragweed (Wyman
1875). Henry Hide Salter gave the first classic description of asthma in the second
half of the nineteenth century (Salter 1864).

First progress was made in elucidating pathophysiology of diseases by the
description of different inflammatory cells using new stainings developed by Paul
Ehrlich (Ehrlich 1879) especially for eosinophils and mast cells. Charcot and Von
Leyden discovered needle-like crystals in the sputum of asthmatics in the last decade
of the nineteenth century (Charcot and Robin 1853; Leyden 1872). Curschmann
described typical spirales (Curschmann 1882). Atopic eczema was more closely
described as “Neurodermite” or “Prurigo diathésique” (Besnier 1892; Wallach et al.
2004). In 1895 the first patch test for contact allergy against mercury was performed
by Josef Jadassohn (Jadassohn 1896). Drug reactions were recognised as iodoform
exantherma (Neisser 1884).
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4 Milestones in the Twentieth Century

The progress in experimental allergology started with a famous observation by
Charles Richet and Paul Portier who wanted to immunise dogs against physalis
venoms. They had started experiments on the yacht of the prince of Monaco (Fig. 2)
to be continued in Paris. After repeated injections of the toxin the dog “Neptune” —
who was supposed to be protected due to the vaccination — died under dramatic
circumstances (Portier and Richet 1902). Richet in observing this phenomenon
wanted to call it “Lack of protection” in contrary to “protection” (“phylaxie”). The
correct word would have been “aphylaxis”, however Richet’s temperament preferred
the more rhythmic term “anaphylaxis” which soon conquered the world; Richet
received the Nobel Prize in 1913, but still did not understand the pathophysiology of
the phenomenon believing it to be a lack of protection against a venom rather than a
hyperreactivity.

In 1906 the term allergy was born in the Munich Medical Weekly (July 24, 1906)
(Fig. 3) by the Viennese paediatrician Clemens von Pirquet who wanted to describe
more precisely different phenomena observed during immune reactions proposing a
word for the “altered state” which the organism finds out in acquaintance with any
organic living or lifeless poison. “For this general concept of altered responsivity I
suggest the term allergy” (von Pirquet 1906). Pirquet had become aware of untoward

1901 DECOUVEQTE

MO MO NAC &

Fig. 2 Postal stamp in memory of the first description of anaphylaxis by researchers Richet and
Portier doing experiments on the yacht of the prince of Monaco (from Ring 2010)
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Fig. 3 Photograph of the article “allergy” from 1906 with the portrait of the author Clemens von
Pirquet on the cover of the Muenchener Medizinische Wochenschrift 1986 for the 80th anniversary

reactions induced by immunity in his studies with diphtheria antitoxin and the
occurrence of serum sickness together with Bela Schick.

Maurice Arthus studied experimentally induced skin reactions by repeated
injections of non-toxic materials into the skin of rabbits (Arthus 1909), later called
“Arthus phenomenon” and classified as Type III by Coombs and Gell (Coombs and
Gell 1963). In experimental work Alexandre Besredka published studies on anaphy-
lactic shock in animals which he tried to prevent by antianaphylactic vaccinations
(Besredka and Steinhardt 1907); he believed that the brain was involved in anaphy-
lactic shock.

Contrary to experimental allergy in animals, classical allergic diseases like hay
fever would occur in humans without obvious active sensitisation — namely, “spon-
taneously”. Also they tended to occur quite often within families. This phenomenon
led the American researchers Arthur Fernandez Coca and Robert Anderson Cooke to
define this state of altered reactivity by the term “atopy” (Coca and Cooke 1923).

In 1915 Coca founded the scientific “Journal of Immunology”. Cooke, who was
allergic himself and almost died from a serious anaphylactic reaction after diphtheria
antitoxin, founded an out-patient clinic in New York for treatment of allergic
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individuals. He also described “blocking antibodies” helping to find an explanation
for the effects of immunotherapy.

The notion of close connection of various diseases of respiratory mucosa and skin
and beyond was taken up by Kdmmerer with his “allergic diathesis” (Kdmmerer
1926 and by Wise and Sulzberger (1933). Karl Hansen regarded hay fever and
asthma as similar to anaphylaxis and used the term “shock fragment” (Hansen 1941).

After it had become clear that serum sickness developed after a certain period of
application of foreign proteins and after reports of transfer of the hypersensitive state
by blood transfusion the search for “anaphylactic bodies” in the blood began. The
seminal experiment was done in Breslau (Wroclaw) by Karl Prausnitz who injected
himself serum of his fish-allergic assistant Heinz Kiistner. On the next day he
injected a fish extract near the injection site of Kiistner’s serum which led to an
immediate swelling and redness (Prausnitz and Kiistner 1921); thus, the transferabil-
ity of allergy through serum was proven and the method used for decades was called
Prausnitz-Kiistner-Test.

The idea was taken up for animal experiments by Zoltan Ovary introducing
“passive cutaneous anaphylaxis” (PCA) in animals — usually guinea pigs in order
to better measure the wheal and flare reaction after the allergen application together
with the serum followed by a dye (Evans blue) (Ovary 1999).

Human skin tests were started as scratch by Charles Blackley, then intensified
with the intradermal method by Clemens von Pirquet, and standardised scratch test
by Oscar Menderson Schloss. The most commonly used “Prick Test” was first used
by Pirquet with a “drill” puncture to scarify the skin under a drop of tuberculin. The
Prick test which is used today was developed by Helmtraud Ebruster at the Depart-
ment of Dermatology in Vienna (Ebruster 1959). Major progress using different
devices and standardised needles was provided by Morrow Brown in England
(Brown et al. 1981; Brown 1992).

Provocation Tests were already done by Charles Blackley but later on by Alfred
Wolff-Eisner as “ophthalmo test” (Wolff-Eisner 1906, 1907) and by Noon and
Freeman. Later provocation tests became the routine by William Duke (Duke
1925) and Erich Urbach (Urbach 1933).

In 1925 the brothers Simon and Charles Leopold developed an inhalation tech-
nique for allergens for experimental settings (Leopold and Leopold 1925). In 1956
Gronemeyer and Fuchs published on the “Inhalation-Pneumometrie-Test”
recommending it as routine method for allergy diagnosis in asthma (Fuchs et al.
1956).

In the understanding of allergy pathophysiology two major breakthroughs
occurred in the second half of the twentieth century, namely by the detection of
immunoglobulin E as well as the discovery of new vasoactive mediators of
inflammation.
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5 Discovery of Inmunoglobulin E

Since Prausnitz and Kiistner had shown the transferability of immediate hypersensi-
tivity by serum there was an intensive search to elucidate the nature of these
so-called reagins. With modern biochemical methods (e.g. electrophoresis and
antibody detection tests) one expected to find the reactivity among the
gammaglobulin fraction. Two groups independently from each other pursued the
search, namely the group around Kimishige and Teruko Ishizaka in Denver
purifying small amounts of what they called “gamma E-globulin” from sera of hay
fever patients (Ishizaka et al. 1966).

In Uppsala SGO Johansson together with Hans Bennich studied a myeloma
protein from a patient with multiple myeloma with so far unknown characteristics;
they called it “IgND” after the initials of the patient (Johansson 1967). They found
that 60% of patients with allergic asthma had IgND; they also were able to develop a
radio-immuno-assay for [gND antibodies against common allergens like pollen or
house dust mite giving the basis for the Radio-Allergo-Sorbent Test (RAST) used for
decades to measure specific IgE antibodies. Via an activity of the World Health
Organization (WHO) the groups came together and shared reagents so that in 1968 a
new immunoglobulin class “IgE” was officially declared in Lausanne (Bennich et al.
1968).

6 T-Cell Immunology

Only in the 50es of the twentieth century it became apparent that lymphocytes were
not only able to become neoplastic in lymphocytic leukaemia but have a central
function in providing immune responses. The progress in immunology is closely
connected to the discovery of more and more new subpopulations of lymphocytes
starting with.

T and B cells at the beginning; T stands for thymus and B for Bursa fabrici in
birds.

B cells will transform to plasma cells and produce and secrete antibodies. T cells
are in the centre of the immunological reactivity and produce a variety of different
cytokines characteristic for the respective subpopulations. The first subpopulations
detected were T helper and T suppressor cells; among helper cells Th1 and Th2 cells
were then differentiated at the end of the 80s. The subpopulations could only be
distinguished by the cytokines secreted and not by morphological markers. Th1 cells
produce interferon gamma and interleukin 2 thus activating macrophages. In contrast
Th2 cells produce interleukin 4, interleukin 5 and interleukin 13 (Mosmann and
Coffman 1989) enhancing IgE production in atopic conditions. It became clear that
Th2 was the predominant allergy enhancing immune response while Th1 responses
were prevalent in organ-specific autoimmune disorders or chronic inflammatory
diseases.

In the following decades a multitude of cytokines and T cells subpopulations has
been described with characteristic functions relevant for physiology and
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pathophysiology (Romagnani 1991). More important and of special interest was the
search for the so-called suppressor cells (Tada et al. 1991) which were supposed to
mediate immunological tolerance but could not be characterised molecularly so that
they almost were forgotten. Yet they survived and were “redetected” in the 90s by
Sakaguchi in Kyoto naming them “regulatory T cells” characterised by expression of
interleukin 2 receptor (CD 25) (Sakaguchi et al. 1995).

While these regulatory T cells have a beneficial effect in allergic or autoimmune
diseases, they are able to prevent normal immunosurveillance in malignant neopla-
sia. One of the major progresses in modern cancer therapy is the development of a
monoclonal antibody against the CTLA 4 marker of regulatory T cells leading to
prolonged survival in patients with metastatic malignant melanoma.

One of the mechanisms of allergen-specific immunotherapy (ASIT) is the induc-
tion of regulatory T cells thus re-establishing normal homeostasis between different
T-cell subpopulations (Norman and Lichtenstein 1978; Ring and Gutermuth 2011).

7 Mast Cells, Basophils and Histamine

Since the discovery and first description of mast cells by Paul Ehrlich in 1877 (the
name was given because of the stuffed granules looking like “gemistet”’, German for
“stuffed”) it took some decades until they were recognised as carriers and producers
of histamine (Riley and West 1952) together with basophil leukocytes in the blood.
Also the discovery of several mast cell populations in the periphery or in the bone
marrow was a major step forward. Histamine as main mediator of mast cells was
recognised as the substance closely mimicking or mediating the effects of anaphy-
laxis (Dale and Laidlaw 1910). In 1964 Lichtenstein and Osler showed that specific
allergen was able to stimulate histamine release from human leukocytes, namely
basophils (Lichtenstein and Osler 1964).

After the discovery of IgE and IgE receptor it became clear that mast cells and
basophils were carrying a highly specific IgE receptor. Only in 1971 IgE-sensitised
mast cells were demonstrated to release histamine after allergen challenge in perito-
neal mast cells. Activated mast cells were shown to release a variety of protein and
cytokines as well as low molecular weight vasoactive mediators such as histamine,
leukotrienes defined as principle of the long known “slow reactive substance of
anaphylaxis” (Samuelsson 1983) or platelet activating factor (PAF). Mast cells can
be activated not only by allergen but also chemically, e.g., with substance 40/80 and
variety of other stimuli and pathways (Austen and Brocklehurst 1960). For the
clinical variants of conditions looking like anaphylaxis but without evidence for
immunological sensitisation Paul Kallos used the term “pseudo-allergic reactions”)
(Bergmann and Ring 2014) (Table 2).
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Table 2 Milestones in understanding allergic phenomena and diseases (quoted in Bergmann and

Ring 2014)
Skin and provocation tests, pollen as elicitors Blackley 1873
Mast cell Ehrlich 1877
Patch test Jadassohn 1895
Anaphylaxis Richet, Portier 1902
Local anaphylaxis Arthus 1905
Serum sickness vPirquet, Schick 1905
Allergy vPirquet 1906
Hay fever similar to anaphylaxis Wolff-Eisner 1906
Antiserum against pollen (‘“Pollantin”) Dunbar 1910
Histamine effects similar to anaphylaxis Dale, Laidlaw 1910
Prophylactic inoculation Noon, Freeman 1911
Serum transfer of humoral hypersensitivity Prausnitz, Kiistner 1921
Atopy Coca, Cooke 1923
Ephedrine (from ma Huang) Shen, Schmidt 1924
Triple response to histamine Lewis 1927
Climate chamber without dust Storm van Leeuwen 1928
Allergic diathesis Kammerer 1928
Antihistamine (Phenergan) Bovet, Staub 1937
Blocking antibodies Loveless 1940
Shock fragment Hansen 1941
Cortisone Kendall, Hench 1949
Passive cutaneous anaphylaxis (PCA) Ovary 1952
Histamine in mast cell granules Riley, West 1953
1. Placebo-controlled trial ASIT Frankland 1954
Bronchial provocation in routine Fuchs, Gronemeyer 1956
Immune complexes Dixon 1958
Penicillin-allergy (Hapten bivalent) DeWeck, Levine 1960
Farmer‘s lung Pepys 1961
Type I — IV pathogenic immune reactions Coombs, Gell 1963
Histamine release from basophils Lichtenstein, Osler 1964
Immunoglobulin E Ishizaka 1966
Johansson 1967
House dust mites Vorhoorst, Spieksma 1967
Cromoglycate Altounyan 1967
Contact allergy (mouse) Macher, Chase 1969
Lymphocyte transformation in allergy Halpern 1977
Pseudo-allergic reaction Kallos 1978
Leukotrienes (as SRS-A) Samuelsson 1979
IgE receptor Metzger 1984
Th1-Th2-concept Mossman 1987
Interleukin 4 Coffman 1988
Allergotoxicoloy Behrendt 1987
Recombinant allergens Tovey, Kraft 1989

(continued)
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Table 2 (continued)

Leukotriene antagonists Piper 1987
Calcineurin inhibitors topical Stiitz, Meingassner 1995
Anti-IgE Heusser 1996
Filaggrin mutation in atopic eczema McLean, Irvine 2007

8 Eosinophils

Since the discovery of eosinophils they have been connected not only with allergic
diseases but also with an element of protection. For decades there was a debate
whether eosinophils are “good” or “bad”, “friends” or “foes” (Simon and Simon
2007).

There is no doubt that eosinophils exert proinflammatory effects in various
allergic disorders; there is a new appearance of gastrointestinal eosinophil pathology
with regard to diseases like eosinophil esophagitis or eosinophil gastroenteritis
which seem to be increasing in prevalence. On the other hand, eosinophils also
have beneficial effects in defence reactions and play a role in tissue remodelling. Due
to the development of monoclonal antibodies against interleukin 5, the major
eosinophil promoting cytokine, there is new hope for a variety of diseases with
clear beneficial effects in eosinophil asthma, hypereosinophilic syndrome and other
conditions with enhanced eosinophil activation (Renz et al. 2021).

9 Histamine and Antihistamines

In 1907 Windaus and Vogt identified histamine chemically, in 1910 Ackermann
isolated histamine as metabolite from bacterial histamine fermentation (Windaus and
Vogt 1907).

Henry Dale then did the seminal experiments showing the pharmacological
effects mimicking symptoms of anaphylaxis (Dale and Laidlaw 1910). In 1937
Daniel Bovet developed the first antihistamine (Bovet and Staub 1937). In 1942
the first substance dimethylethylene diamine (brand name Antergan) was on the
market (Halpern 1942). Histamine acts via several receptors H1, H2, H3, H4, H1
being the most important in allergy. H2 is mostly responsible for histamine effects in
the stomach or gastrointestinal tract but also in small vessels in the skin. The
discovery of histamine H2 receptors was rewarded with a Nobel Prize to James
Black (Black et al. 1972) and H2 antagonists have been proven helpful in decreasing
acid secretion and preventing peptic ulcers.

H3 receptors are found in the brain and play a role in vigilance. H4 receptor is
expressed on immune cells and may be involved in itch sensation. For allergic
disorders H1 antagonists are central. While the first generation (mepyramine,
dimetindene, clemastine, etc.) had marked sedative side effects, this was improved
for the second generation of antihistamines starting with terfenadine and loratadine
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and especially for the “third generation”, namely metabolites like fexofenadine,
levocetirizine, and desloratadine.

10 Epidemiology of Allergy

Allergic diseases have increased in prevalence in the twentieth century, leading to
prevalence rates of around 20% of persons affected with an atopic disease (asthma,
hay fever, eczema) in the population. This increase occurred first in the so-called
Western countries in the Northern hemisphere, but in the new millennium it became
a global phenomenon observed in all continents. The most marked increase in
allergy prevalence occurred in the Northern hemisphere in the decades 1960 to
1990 together with significant changes in life style like reduction of rural
environments together with increased traffic exhaust exposure and urbanisation
(Behrendt et al. 1999). Climate change with increasing pollination periods may
contribute to the increased allergy prevalence. The reasons for this increase are
explained namely by 2 hypotheses:

1. Decrease of early life immune stimulation through reduced rate of infections and
improved hygiene (“hygiene hypothesis”) (Strachan 1989) and.

2. Increase of environmental pollutants in the atmosphere — especially of fine
particles (“Pollution hypothesis”) (Behrendt et al. 2014).

Early studies showing associations between pollutant exposure and allergy came
from Japan (Miyamoto and Takafuji 1991) and from comparison of former East and
West German school children (Kriamer et al. 1999).

In alpine farmers in Austria, Switzerland and Bavaria it was found that farmers’
children were suffering less frequently from allergy than non-farmers’ children in the
same area (Gassner 1985; Von Mutius et al. 2000). Similar findings came from
studies in specifically selected, mostly religious, conservative communities with
very traditional life style (e.g. anthroposophical families in Stockholm or Amish in
the USA) (Fagerstedt et al. 2015; Ober et al. 2017).

Although the exact pathophysiological mechanisms involved are not completely
established, it is generally accepted that civilisation in the sense of “Western life-
style” is associated with development and exacerbation of allergic diseases
(Behrendt et al. 2014; Behrendt and Ring 2021).

11 Pharmacotherapy

Pharmacotherapy of allergic diseases starts with catecholamines especially ephed-
rine already used in old China. The breakthrough occurred with the introduction of
adrenaline (epinephrine). Adrenaline was discovered in the adrenals in 1893; first
therapeutic experiences were gained with adrenal extracts. The purification of the
active principle “Epinephrine”, “Suprarenin” or “Adrenaline” was done between
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Table 3 Allergy treatment recommendations in textbooks before 1950

¢ Abstinence (avoidance)

Peptones

Vaccines (bacterial, tuberculin, etc.)

Desensitisation

Non-specific desensitisation (histamine, histaminase, etc.)

Sympathikomimetics (ephedrine, amphetamine, adrenaline, etc.)

Parasympathicolytics (belladonna, atropine, hyoscyamus, stramonium-powder, etc.)

Opiates (opium, codeine, cocaine, etc.)

Antihistamines

Expectorants (iodide, etc.)

Hormones (insulin, pituitary and adrenal extracts)
Gold salts

Vitamins and calcium

Hypnotics (urethane, ether, tribromoethanol)

X-ray treatment (thorax, spleen)

Surgery (cervical sympathectomy, ganglion, etc.)

Miscellanea (aspirin, whisky, etc.)

1901 and 1905, in 1906 the chemical structure was identified by Josef Friedmann
(Friedmann 1906).

By the demonstration of several specific adrenergic receptors it became clear that
for allergy and asthma especially the Beta 2 adrenergic receptor is important with the
respective agonists as treatment principles. Adrenaline itself still has a central role in
the pharmacotherapy of anaphylaxis (Ring et al. 2018).

The tremendous progress in allergy therapy is apparent, when we look at the
treatment options for allergic diseases found in the textbooks before 1950 (Table 3).

12 Allergens

It took a long time — after the discovery of pollen as elicitors of hay fever by Blackley
in 1873 (s above) and the detection of house dust mites as active principle in house
dust (Voorhorst et al. 1964) — until the molecular nature of allergens was elucidated
in codfish (Elsayed and Aas 1970) and house dust mite (Tovey et al. 1989) and birch
pollen (Breiteneder et al. 1992; Kraft and Sehon 1993).

In the field of drug allergy, from where the first patch test for contact allergy
originated (Jadassohn 1896), the major breakthrough came by understanding molec-
ular mechanisms of bivalent bridging of IgE on the surface of mast cells and
basophils in the example of penicillin allergy (DeWeck 2008).
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13 Allergen-Specific Inmunotherapy (ASIT)

Early attempts to influence allergic diseases by a kind of vaccination date back into
the nineteenth century. In the first decade of the twentieth century several reports had
been published using distinct procedures and connected the names Wolf-Eissner,
Dunbar and others (Ring and Gutermuth 2011).

The breakthrough came with the study of Leonard Noon and John Freeman
observing clear-cut improvement of hay fever symptoms in patients after “prophy-
lactic inoculation” (Noon 1911).

The first clinically controlled trial for allergen-specific immunotherapy was done
by Frankland and Augustine in 1953 (Frankland and Augustine 1954). From then on
progress in immunotherapy occurred through better purification and standardisation
of allergen extracts, introduction of adjuvants and modification of allergens. Today
there is no doubt that allergen-specific immunotherapy has been proven effective in a
variety for allergic diseases and against a variety of allergens (Norman and
Lichtenstein 1978). However, there are still many allergic diseases and many
allergen elicitors where there is no ASIT routinely available; this holds especially
true for allergic diseases of the skin and food allergy.

In spite of tremendous progress in the field of allergology and immunology as
well as in the clinical specialties of pneumology, dermatology and otolaryngology
there are still many problems in everyday life for the millions of people suffering
from allergic diseases. With the development of biologics, e.g. targeted molecules to
specifically block relevant cytokines or factors in the signal transduction cascade of
the allergic inflammation, there is a silver streak of hope on the horizon that the life
of allergic patients may be profoundly improved in the near future.
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Abstract

The prevalences of allergic diseases, asthma, atopic dermatitis, allergic rhinitis
and lately food allergy have been increasing over the last decades. It has been
suggested that the prevalence of allergic diseases has reached a plateau in high
income countries, while it is still on the rise in low and middle income countries.
Generally, allergic diseases more often set on in childhood than in adulthood and
affected children contribute more to the rise in allergic disease prevalence than
affected adults. Epidemiological evidence suggests that not all atopic dermatitis
and asthma cases are attributable to atopic sensitization. Indeed, mainly genetic
association studies have prompted the unravelling of barrier dysfunction as a
mainstay in the patho-mechanisms leading to atopic dermatitis and to asthma with
atopic sensitization secondary to this dysfunction. Epidemiological research on
risk and protective factors for allergic disease, acting against the background of
genetic susceptibility, has produced an enormous body of evidence. Prominent
observations are the ‘sibling effect’ and the ‘farm effect’ which gave rise to the
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‘hygiene hypothesis’ and later the ‘biodiversity hypothesis’. Future epidemiolog-
ical research is required to evaluate and refine these hypotheses in light of the
paradigm shift from atopic sensitization to barrier dysfunction with ever increas-
ing options for environmental characterization, currently, e.g., ‘omics’--
techniques in microbiology and metabolism, and with ever increasing options
for phenotyping of allergic techniques, including, e.g., high-resolution time series
of symptoms using, e.g., sensing technologies.

Keywords

Comorbidities - Epidemiology - Natural history - Risk and protective factors -
Time trends

The prevalences of allergic diseases, asthma, atopic dermatitis (also called atopic
eczema), allergic rhinitis and lately food allergy have been increasing over the last
decades (Campbell and Mehr 2015; Platts-Mills 2015; Prescott and Allen 2011). It
has been suggested that the prevalence of allergic diseases has reached a plateau in
high income countries, while it is still on the rise in low and middle income countries
(Asher et al. 2006; Lundbick et al. 2016). Generally, allergic diseases more often set
on in childhood than in adulthood and affected children contribute more to the rise in
allergic disease prevalence than affected adults.

Allergic rhinitis and asthma are the most common allergic diseases estimated to
affect 400 million and 360 million people worldwide, respectively (Greiner et al.
2011; GBD 2015 Chronic Respiratory Disease Collaborators 2017). Allergic rhinitis
often occurs in childhood and adolescence with prevalences varying by country,
ranging from 10-30% in adults and up to 40% in children (Pawankar et al. 2013).
The prevalence of asthma is likely lower, around 4% of adults self-report a doctor’s
diagnosis and around 10% of children suffer from asthma symptoms (Pearce et al.
2007; Papi et al. 2018). Notably, among children with asthma symptoms, asthma is
more severe in low and middle income countries compared to high income countries
(Lai et al. 2009). Atopic dermatitis is estimated to affect 10-20% of the population,
with about 60% of cases occurring in the first year of life (Weidinger and Novak
2016). It is assumed that there is a high remission rate until late childhood, but recent
research indicates that remission rates are lower than previously anticipated
(Margolis et al. 2014; Weidinger and Novak 2016).

The estimation of allergic disease prevalence is difficult, because perception of
symptoms, diagnostic labelling, and management of these diseases might vary
between countries. Moreover, there’s no consensus on how to define or
operationalize, for instance, asthma in epidemiological studies (Van Wonderen
et al. 2009). The International Study on Asthma and Allergies in Childhood
(ISAAC) is a worldwide study investigating the prevalence and severity of allergic
diseases in children using standardized methodology (Asher et al. 1995), thereby
allowing global comparisons. It was established in 1991 and has become the largest
worldwide collaborative research project ever undertaken, involving more than
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100 countries and nearly two million children. The ISAAC website (http://isaac.
auckland.ac.nz) provides ample information including details on all phases of
ISAAC and a database of over 500 ISAAC publications. In adults, the European
Community Respiratory Health Survey (ECRHS) involved surveys of asthma and
allergic rhinitis prevalence in adults aged 20—44 years in 48 centres in 22 European
countries (Burney et al. 1994). The ECRHS website (http://www.ecrhs.org) is a
good primer for information on the ECRHS investigations and also provides a list of
over 200 ECRHS publications.

The prevalences of atopic eczema, asthma, and allergic rhinitis reported in
epidemiological studies change sequentially with age across childhood, which has
been coined “atopic march” (Hill and Spergel 2018). One hypothesis is that these
changes are a consequence of a cascade of symptoms within individual patients,
starting with eczema, progressing to asthma, and then to rhinitis. This has been
challenged by studies showing that only 3% of the total study population and only
about 12% of all children affected by atopic dermatitis experience this cascade of
symptoms (Belgrave et al. 2014). Another matter of ongoing debate is the impor-
tance of concurrent atopic sensitization and its importance in disease development
and progression. ISAAC Phase Two data has documented international variation in
the association of allergic markers (specific and total Immunoglobulin E, IgE, and
skin prick tests, SPT, with symptoms of allergic diseases (Weinmayr et al. 2010)).
Already two decades ago, epidemiological evidence suggested that the population
based proportion of asthma cases that are attributable to atopic sensitization is
usually less than one half (Pearce et al. 1999). Similarly, epidemiological studies
question the causal role of atopic sensitization in atopic dermatitis and show marked
variation of the association between the two across studies (Williams and Flohr
2006). Indeed, mainly genetic association studies have prompted the unravelling of
barrier dysfunction as a mainstay in the patho-mechanisms leading to atopic derma-
titis and to asthma with atopic sensitization secondary to this dysfunction (Williams
and Flohr 2006; Weidinger and Novak 2016; Martinez and Vercelli 2013).

Epidemiological research on risk and protective factors for allergic disease, acting
against the background of genetic susceptibility, has produced an enormous body of
evidence. A multitude of narrative expert reviews such as those cited in this section
of this book provide good level of insight. Another approach has been the (system-
atic) overview of systematic reviews in allergy epidemiology (Genuneit et al. 2017a;
Genuneit et al. 2017b). Figure 1 shows the wealth of systematic reviews in allergy
epidemiology and which topics have been investigated alongside which diseases. Of
note, some diseases like urticaria and anaphylaxis have received much less attention
than other allergic diseases. Moreover, some topics have been predominantly
investigated in relation to some allergic diseases only, e.g. virtually all systematic
reviews on air pollution deal with asthma but only a small portion of them with
allergic rhinitis, another respiratory allergic disease. Conversely, dietary and micro-
bial factors have been addressed with several allergic diseases in a much more
balanced way.

Looking at the results of this overview for systematic reviews on asthma epide-
miology, specifically, Fig. 2 depicts the broad range of factors that have been
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Fig. 1 Interrelations between indexed allergic diseases and topics form a systematic overview of
systematic reviews in allergy epidemiology (Genuneit et al. 2017a). Bubble diameter is proportional
to the number of systematic reviews with the respective index term. Line thickness is proportional to
the number of systematic reviews dealing with the connected index terms. Colours are arbitrary:
disease terms are shaded in grey, topics are shaded from blue/green to red, and lines are coloured
corresponding to the topics

suspected or implicated in asthma development. The figure is seemingly dominated
by systematic reviews on genetic factors which may be easier to conduct than those
on other factors. Clearly, studies of migration from countries with low asthma
prevalence to countries with high asthma prevalence prove the importance of
environmental factors because prevalence is lower in immigrants than in natives of
the host country and rises to a similar proportion with increasing length of residence
(Cabieses et al. 2014). Moreover, the onset of the ‘epidemic’ of allergic diseases in
western societies and their rising prevalence during urbanization suggest that
non-genetic factors associated with such lifestyle may play a causal role in allergic
disease development. Prominent epidemiological observations are the °‘sibling
effect’ (Strachan 1989) and the ‘farm effect’ (von Mutius and Vercelli 2010)
which gave rise to the ‘hygiene hypothesis’ (Strachan 2000) and later the ‘biodiver-
sity hypothesis’ (Haahtela 2019). Future epidemiological research is required to
evaluate and refine these hypotheses in light of the paradigm shift from atopic
sensitization to barrier dysfunction with ever increasing options for environmental
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Fig. 2 Topics indexed along with asthma. Bubble diameter is proportional to the number of
systematic reviews with the respective index term (based on all 421 systematic reviews on allergy
epidemiology represented in Fig. 1, including non-asthma systematic reviews). Line thickness is
proportional to the number of systematic reviews dealing with the connected index terms. Colours
are arbitrary, covering the spectrum from blue to red in clockwise order

characterization, currently, e.g., ‘omics’-techniques in microbiology and metabo-
lism, and with ever increasing options for phenotyping of allergic techniques,
including, e.g., high-resolution time series of symptoms using, e.g., sensing
technologies.
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Abstract

Hypersensitivity reactions are overreactions of the immune system clinically seen
as allergic and autoimmune diseases. Gell and Coombs originally described four
different types of hypersensitivity reactions almost 60 years ago, and their
description still applies in large parts. However, some modifications and
extensions have been included in original definition. Especially in allergic
diseases, it became clear that often, multiple types of hypersensitivity reaction
can occur simultaneously. This improved insight is not only important for a better
understanding of hypersensitivity disorders, but is especially of importance for
improved diagnostics and directing therapeutic interventions.
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1 Introduction

In many inflammatory diseases an overreacting immune system is the underlying
pathomechanism. Both cellular and humoral players interact in different manners to
cause tissue damage. Most (but not all) of these reactions are directed against
harmless or self-antigens and are referred to as hypersensitivity reactions. It was in
1963 that Philip Gell and Robert Coombs (Gell and Coombs 1963) developed a
classification of four different types of hypersensitivity reactions. Although many
immunological processes, including MHC-restriction, role of cytokines, and even
IgE (Bennich et al. 1968), have been discovered in the almost 60 years thereafter,
this simple classification is still used. The four types of hypersensitivity reactions do
not only describe the immunological pathomechanism for allergy, including drug
allergies, but also for many autoimmune diseases, such as systemic lupus
erythematosus (SLE), rheumatoid arthritis, myasthenia gravis, and response to
infectious agents, such as poststreptococcal glomerulonephritis. Both for diagnostics
and for therapeutic interventions, it is important to recognize the relevant type of
hypersensitivity reaction in a specific disease. In this chapter the immune players,
and their interactions, in the type I-IV hypersensitivity reactions will be described. In
addition, the limitations and challenges of the Gell and Coombs’s classification in
allergic disease will be discussed, taken our recent insights into account. Finally, we
will take a closer look into hypersensitivity reactions involved in chronic atopic
diseases and viral infections.

2 Immune Players in Type |, lI, lll, and IV Hypersensitivity
Reactions

The Coombs and Gell’s classification divides hypersensitivity reactions into four
pathophysiological types, namely the immediate (type I), cytotoxic (type II),
immune complex-mediated (type III), and delayed hypersensitivity (type IV)
reactions. The different pathophysiological mechanisms lead to varying latency
periods for the four classes: type I allergic symptoms appear already after a few
seconds to minutes; symptoms of type II reactions appear after minutes to hours;
signs of type III reactions set in after a few hours; and finally, for type IV reactions, a
long latency of 2-3 days is typical. Of note, the sensitization phase preceding all
hypersensitivity reactions takes much longer and might have occurred many years
before. The sensitization phase will not be discussed here.

Type I hypersensitivity reactions refer to the acute allergic reaction that takes
place after an allergen challenge. The most important humoral player is allergen-
specific immunoglobulin E (IgE), which is induced in a T helper-2 milieu associated
with diseases of the atopy spectrum, such as allergic rhinitis, allergic asthma, food
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allergies, atopic dermatitis, and anaphylaxis. Allergen-specific IgE is bound via its
Fc-tail to high-affinity Fc receptors (FceRI) on mast cells in tissue and basophils in
blood. Allergen binding to multiple IgE molecules on mast cells and basophils,
so-called IgE crosslinking, will activate these cells and result in degranulation and
immediate release of several pre-formed inflammatory mediators, including hista-
mine, leukotrienes, and prostaglandins (Kay 2001). This leads to itch and edema at
the site of allergen exposure, which accounts for the well-known allergic symptoms,
i.e. itch (allergic rhinitis, conjunctivitis, atopic dermatitis), sneezing and runny nose
(allergic rhinitis), redness of eyes (allergic conjunctivitis), abdominal pain and
diarrhea (food allergy), wheeze and difficulty breathing (asthma), or sudden loss in
blood pressure (anaphylaxis). In addition, mast cells and basophils will release
inflammatory cytokines and chemokines. These can be prestored, such as TNF-a,
or newly sensitized, such as IL-4, IL-13 and RANTES/CCL-5 (Varricchi et al.
2018). The cytokines and chemokines regulate the so-called delayed allergic
response after mast cell and basophil activation that starts about 8 h after the initial
early response and is also more prolonged. In this late phase response, a marked
cellular infiltrate is found at the site of mast cell degranulation, including T cells,
eosinophils, basophils, and macrophages as the most prominent cells. These are not
part of the type I hypersensitivity response and we will come to them later.

The type 1I, cytotoxic, hypersensitivity reaction is mainly driven by IgG as well as
IgM antibodies, which bind to specific structures on the body’s own cells. The most
common pathomechanism in type II hypersensitivity reactions is the opsonization of
the antigen-bearing cell with antibodies, followed by phagocytosis or destruction.
This can be via two mechanisms: either via antibody-dependent cellular cytotoxicity
(ADCC) involving mostly neutrophils, macrophages, and NK cells or via classical
(antibody-mediated) complement activation. Some examples of type II hypersensi-
tivity driven diseases are autoimmune hemolytic anemia with erythrocyte membrane
proteins as target antigens, autoimmune thrombocytopenic purpura with platelet
membrane proteins as target antigens, or pemphigus vulgaris with proteins of
epidermal intercellular junctions as target antigens.

Not all type II hypersensitivity reactions necessarily result in direct cell death. In
some instances, binding of an autoreactive antibody to a cellular receptor can also
change its function, either by activating or by blocking it. In this case, the resulting
pathophysiology is triggered by the altered receptor function. An example for such a
type II hypersensitivity reaction is myasthenia gravis, where the acetylcholine
receptor is targeted by autoantibodies, which inhibits binding of acetylcholine to
the receptor, resulting in muscle weakness. Another example is Graves’ disease, in
which autoantibody binding to the thyroid-stimulating hormone (TSH) receptor
leads to chronic receptor stimulation and hyperthyroidism. Because the receptor
binding antibodies are different from the antibodies mediating cell death, these
reactions are now also classified as type V hypersensitivity reactions (Basu and
Banik 2018).

Type Il hypersensitivity reactions are, like type II reactions, mediated by IgG or
IgM antibodies. In contrast to type II, however, the antibodies are now part of larger
order antigen-antibody complexes, the so-called immune complexes. Immune
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complexes are a normal system to remove antigens from the circulation. However, in
the situation of access antigen, too many and relatively large immune complexes can
form micro-precipitates on the endothelium of small vessels, e.g. in microvascula-
ture of the skin and kidneys. These precipitates ultimately cause tissue damage and
vessel obstruction via local complement activation, initiation of the clotting cascade,
and attraction of inflammatory cells, i.e. neutrophils, macrophages, and platelets. In
systemic lupus erythematosus (SLE), immune complexes are directed against self-
DNA and nucleoproteins released after cell death, leading to nephritis, arthritis, and
vasculitis. Poststreptococcal glomerulonephritis is caused by streptococcal cell wall
antigens and often occurs after the primary infection has been cleared. Pneumonitis
can be caused by antigens forming local immune complex precipitates from pigeons
and hay dust or mold spores causing pigeon-breeder’s lung or farmer’s lung,
respectively.

Type 1V, delayed type, hypersensitivity (DTH) reactions are unique in that
antibodies do not play a primary role, although often elevated antibody levels,
secondary to disease development, can be detected. Central in DTH responses are
T lymphocytes that kill antigen-displaying cells or secrete cytokines, mainly TNF-a,
IFN-y, and IL-17. Type IV hypersensitivity reactions are part of the pathophysiology
of many classical autoimmune diseases in which self-reactive T cells recognize auto-
antigens, e.g. myelin basic protein in multiple sclerosis or glutamate decarboxylase
and islet-specific glucose-6-phosphatase catalytic subunit-related protein in type
1 diabetes. Even in many well-known autoimmune diseases the relevant T cell
antigen is not clearly known yet, as for example in rheumatoid arthritis, where
autoreactive T cells might target collagen or citrullinated self-proteins.

Some well-known examples of DTH reactions typically referred to as “delayed-
type allergic responses” or “allergic contact dermatitis” involve the skin. The
antigens that are recognized in allergic contact dermatitis are typically small
molecules, such as nickel ions, acrylates, or topical antibiotics, which form haptens,
i.e. covalent complexes of the molecules with cellular proteins that make up the
antigenic surface. After about 48 h an induration with redness and swelling at the site
of challenge is seen. Histopathologically, at 48—72 h, a perivascular mononuclear
infiltrate in the dermis is found consisting of macrophages and CD4" T cells. If a
DTH reaction is very severe or becomes chronic, a granulomatous inflammation can
develop locally. To test for allergic contact dermatitis, an epicutaneous test (“patch
test”) is performed, in which the suspected allergen is applied within a carrier (e.g.,
Vaseline) to the skin by means of a “Finn Chamber” which is then covered by a
patch. After 48 and 72 h, the doctor reads the result. Local erythema, swelling, and
edematous papules, indicative for contact dermatitis, are mainly the result of
infiltrating antigen presenting cells (APCs), phagocytes, and T cells as well as
localized apoptosis of hapten-displaying cells.

Apart from the skin, also the airways are occasionally the target of DTH reactions,
as in some forms of occupational asthma, e.g. to epoxy chemicals. DTH reactions of
the airways are usually secondary to DTH reactions of the skin, and sensitization to
contact allergens is thought to occur mainly via the skin. Therefore, patch tests can
usually help to diagnose DTH reactions even if they affect the lung. Ultimately, a
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bronchial challenge has to be performed in addition to confirm that the contact
allergen is indeed the asthma trigger.

3 Limitations and Challenges of the Gell and Coombs's
Classifications

When looking in detail into players of the immune system and mechanisms involved
in different diseases it becomes clear that many diseases do not strictly follow one
specific type of hypersensitivity reaction but combinations of different types, mostly
in different phases of the disease. This is also the case in many allergic diseases, as
exemplified below.

In drug allergy many different types of hypersensitivity reactions can occur
(Coombs and Gell 1968; Descotes and Choquet-Kastylevsky 2001) . Most common
are the type I reactions, driven by drug-specific IgE antibodies, and type IV
reactions, driven by drug-specific T cells. These can even occur simultaneously in
the same patient (DiFonzo et al. 1999). Even for an individual drug the response per
patient can be composed of each of the four types of hypersensitivity reactions.
Penicillin reactions can develop in immediate hypersensitivity due to pre-formed IgE
antibodies, following a typical type I reaction pattern, in hemolytic anemia due to
type Il reactions and in serum sickness-like reactions due to immune complexes as in
type I hypersensitivity. In addition, a late onset skin rash due to a DTH reaction can
be the result of type IV hypersensitivity to penicillin. Other antibiotics may also
trigger different types of hypersensitivity reactions (Vervloet et al. 1999).

4 Challenges in Allergic Inflammatory Reactions

In allergic diseases it has become clear that, especially in the more chronic phases of
disease, the typical type I hypersensitivity mechanisms do not really apply. Impor-
tant indications for this came from intervention studies. In development of cat
allergen peptide immunotherapy is became clear that the late phase allergic reactions
after peptide injections were independent of IgE and were major-histocompatibility
complex (MHC) restricted. This indicates that APCs and T cells were sufficient to
induce the allergic inflammatory reactions (Haselden et al. 1999). By attempts to
treat allergic diseases with an anti-IgE antibody (omalizumab) it became clear that
even long-term depletion of IgE has only limited effects; in allergic asthma, only
about one third of patients responded to the IgE blockade with life-transforming
effects, such as being able to withdraw from corticosteroids. One third had clinically
less beneficial outcomes, and another third experienced no response to anti-IgE
treatment at all (Holgate 2012). In atopic dermatitis the blockade of IgE by
omalizumab has not extensively been examined. It seems that, overall, there is
even less clinical benefit of IgE depletion in atopic dermatitis, although one cannot
rule out that this might be due to the pharmacological limitation of omalizumab to
block high IgE serum levels (Wang et al. 2016). The limited effects of omalizumab
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in treating allergic asthma and atopic dermatitis are indicative of the complex
immune dysregulation other than IgE as the primary pathogenic mechanism.

Other intervention studies have shown that blockade of the Th2 cytokines IL-4
and/or IL-13 might have more pronounced effects. This is demonstrated by blocking
IL-4 and IL-13 binding to the shared IL-4-receptor-o chain by dupilumab in atopic
dermatitis. Effects are significant, they are not related to IgE levels and occur well
before IgE levels have been reduced in serum (Beck et al. 2014). Further results
indicate that the main pathomechanism at play in chronic atopic dermatitis is most
probably mediated by cytokines derived from infiltrating Th cells of diverse subsets
and are largely independent of IgE-mediated responses.

Even classical DTH reactions have been observed in atopic dermatitis patients
with IgE sensitizations after applying patch tests with the relevant allergen to the
skin (Mitchell et al. 1982). The results of these experimental challenge studies stress
the role of skin resident APCs and T cells. In a somewhat challenging statement one
might hypothesize therefore that in chronic allergic inflammatory reactions, IgE is
only an indicator of the Th2 activity.

Does this mean that in allergy the role of IgE is very limited? This is certainly not
the case. IgE-allergen interactions are still crucial in the acute allergic reaction, as
can be seen, e.g., in food allergic reactions or anaphylaxis. In addition, there is an
important extra role of IgE, which, apart from its Fc-mediated binding to mast cells
and basophils, is related to binding via its Fc-part to Fce-receptors on antigen
presenting cells (van Neerven et al. 2006). In atopic dermatitis patients it was
demonstrated that IgE was not only bound to dermal mast cells but also to epidermal
Langerhans cells (Bruijnzeel-Koomen et al. 1986). The function of allergen-specific
IgE on antigen presenting cells is to facilitating allergen uptake, processing and
presentation to T cells. Binding of IgE to FceRs makes the antigen presenting cell
approximately 100-fold more sensitive to pick up minute amounts of allergens and
present this to T cells (Mudde et al. 1990). Overall, there is evidence that, at least in
atopic dermatitis, immune players from both type I (IgE) and type IV hypersensitiv-
ity (antigen presenting cells and T cells) are involved in the pathogenesis (Leung
2000). Thus, while it is clear that in chronic allergic diseases, such as atopic
dermatitis, the MHC class Il-restricted presentation of allergen-derived peptides to
T cells by APCs is crucial, there is still a difference to “classical” DTH reactions.
Here, the reactive T cells are cytotoxic and/or Thl cells, producing mainly IFN-y,
whereas in chronic atopic diseases, the T cells are mainly Th2 and will release 1L-4,
IL-5, and IL-13 (Kay 2001). To include this reaction type in the Gell and Coombs’s
classifications, Pichler introduced therefore an additional hypersensitivity reaction,
namely Type IVb, which is related to eosinophilic inflammation and a Th2 response,
characterized by IL-4, IL-5, and IL-13 (Pichler et al. 2010).
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5 Hypersensitivity Reactions to Viruses

In the light of the present coronavirus pandemic, there is another emerging aspect of
the concept of hypersensitivity, namely hypersensitivity to viruses. Hypersensitivity
to a pathogenic microbe appears anachronistic at first glance, since the very function
of the immune system is to defend the host against microbial infections.

However, several pathogenic viruses are known to trigger hypersensitivity
reactions directed against the virus itself. The best-known phenomenon of hypersen-
sitivity against viruses is antibody-dependent enhancement (ADE) (Lee et al. 2020).
ADE is dependent on virus-specific antibodies, usually of IgG isotype, which
classifies it as a type II hypersensitivity reaction (or type III, if larger immune
complexes are involved). It is mediated via IgG-FcyRlla interactions, and the IgG
antibodies involved are often non-neutralizing types. Apart from mediating
enhanced phagocytosis of IgG-opsonized virus particles, engagement of FcRs can
trigger the activation of downstream effector functions, such as ADCC or excess
cytokine secretion, which in turn causes immune pathology. ADE has been
demonstrated for Ebola virus (Takada et al. 2001) and HIV infection (Robinson Jr
et al. 1988), but it is also observed with many other viruses, whether macrophage-
tropic or not, including respiratory viruses such as RSV (van Erp et al. 2019) and
Influenza virus (Ochiai et al. 1992). Finally, the “cytokine storm” associated with
severe COVID-19 could be indicative of ADE via enhanced immune activation.
Higher antibody titers against SARS-CoV-2 appear to be associated with more
severe COVID-19 (Zhao et al. 2020), whereas strong T cell responses are found
across all, asymptomatic, symptomatic, and severe cases (Mathew et al. 2020;
Sekine et al. 2020). However, whether ADE is indeed associated with SARS-
CoV-2 infection is still subject to research, and more dedicated in vivo studies are
needed (Fig. 1).

6 Conclusion

Hypersensitivity reactions are responsible for various immune pathologies,
i.e. autoimmunity and allergy. However, they can also be the unwanted by-product
of protective anti-microbial immune responses, which is why they also have to be
considered when confronted with immediate or long-term clinical complications
after viral and bacterial infections.

The classification of hypersensitivity reactions by Gell and Coombs has been of
great importance in our understanding the interactions of different immune players
with external- and auto-antigens. However, since this original classification our
knowledge of the inflammatory diseases involving hypersensitivity reactions has
increased tremendously, mainly due to experiences gained from treatments with
biologicals that selectively inhibit individual immune players. This has increased our
understanding of the limitations and challenges of the Gell and Coombs classifica-
tion. The current modified Gell and Coombs classification of hypersensitivity
reactions is of help not only in diagnostics, but also in selecting treatment options.
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Abstract

The skin barrier provides us with several lines of protection from outside hazards.
Its most outward layers, the stratum corneum and the epidermis seal our body
with an acidic, dry, and rather cool surface, hostile to microbes. Yet, there are also
fine-tuned interactions between the mostly commensal microbiota on top of the
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skin surface, with underlying epidermal cells as well as the immune system, to
preserve a healthy steady state and to initiate repair processes when necessary.
We take a concise look at the recent insights on the inner workings of this
complex barrier.

Keywords

Immunity - Microbiome - Skin barrier - Staphylococcus

1 Introduction

The skin is one of the largest organs of our body and constitutes the first defense line
against environmental aggressors. Perhaps the most important function of the skin is
to form a barrier, which protects human and animal beings from chemical, physical,
and microbial havoc. Compromised integrity of this barrier, e.g. by trauma or
infection, leads to often severe pathologies, which are counteracted by complex
measures like wound repair or anti-infective immune reactions.

2 Factors Shaping Epithelial Barriers

2.1 Building Up the Frontline: Stratum Corneum Proteins, Lipids,
and pH

The barrier function of the skin largely depends on the uppermost epidermal layer,
the stratum corneum. During cornification, keratinocytes from lower skin layers are
transformed into anucleated flattened corneocytes which are embedded in a highly
organized lipid matrix. They get surrounded by an insoluble protein structure, the
cornified envelope (CE), which serves as a scaffold for the attachment of lipids
(Candi et al. 2005). Besides proteins like involucrin or loricrin, filaggrin (FLG) is
particularly important for CE formation. During cornification, proFLG is
dephosphorylated and proteolyzed into small FLG monomers. These bind to keratin
intermediate filaments and cause their aggregation into tight bundles promoting the
collapse of the cell into a flattened shape (Candi et al. 2005; Sandilands et al. 2009).
Corneocyte caspase-14 degrades FLG to free amino acids, a natural moisturizing
factor crucial for maintaining epidermal hydration (Kezic et al. 2009; Hoste et al.
2011). Epidermal lipids are essential for skin barrier function as they embed the
corneocytes in the stratum corneum. The sebaceous glands create the skin’s water-
lipid mantle that limits transcutaneous water and electrolyte loss (Feingold 2009).
Ceramides, cholesterol, and free fatty acids are equally abundant epidermal lipids
(Pappas 2009). The stratum corneum is acidified to pH 4 to 6, e.g. by generation of
free fatty acids by secretory phospholipase A2 or active proton transport to the
extracellular compartment (Panther and Jacob 2015), inhibiting growth of patho-
genic microbes such as Staphylococcus aureus and Candida albicans (Feingold
2009) (Fig. la). Atopic eczema (AE) is among the most frequent chronic
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Fig. 1 The skin barrier. (a) The stratum corneum barrier. The cornified envelope (CE) serves as a
scaffold for the attachment of lipids, which are partially hydrolyzed by secretory phospholipase A2
(PLA,) to free fatty acids that contribute to the low skin pH. Caspase (CASP) 14 degrades CE
filaggrin to free amino acids that retain moisture. The overall cool, salty, dry, and low pH skin
surface is a hostile habitat for microbial life. (b) The nucleated epidermis barrier. Different types of
junction proteins and desmosomes seal the intercellular space between epidermal cells while also
enabling the exchange of selected molecules. (¢) The skin microbiome. Bacteria, their phages, and
yeasts populate the skin surface. Formation of biofilms protects them from antimicrobial immunity.
Skin microbes are continuously shed of by desquamation. (d) Skin Immunity. Microbes are sensed
by toll like receptors (TLR), leading to antimicrobial peptide secretion and immune cell recruitment.
Langerhans cells (LC) maturate naive T helper (TH) cells, aided by dendritic cell (DC) antigen
presentation and mast cells (MC): orchestrating the immune response. Created with BioRender.com

inflammatory skin diseases, affecting 10-20% of children and 2-5% of adults in
industrialized countries (Yamazaki et al. 2017). It is clearly associated with
dysregulation of FLG, ceramides, and skin acidity (Jungersted et al. 2008).
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2.2 Equally Important: Barrier Proteins of the Nucleated
Epidermis

Tight junctions (TJs) are close contacts between the plasma membranes of neigh-
boring epithelial and endothelial cells. They mainly regulate the paracellular perme-
ability (Gruber et al. 2015). TJs form complex structures of interacting
transmembrane proteins including claudins (Cldn), occludin (Ocln), as well as
cytoplasmic plaque proteins like zona occludens proteins. The transmembrane
proteins allow passive selective diffusion of ions and small hydrophilic molecules
along concentration gradients. Cldn proteins are indispensable for the formation of
intramembrane strands and determine tissue-specific permeability properties. They
consist of two extracellular loops which determine the junctional ion selectivity
(Cummins 2011). In pre-clinical animal studies, the knockout of Cldn-1/5/7/18 is
associated with tissue dysfunction, e.g. water imbalance, inflammation, or cancer.
The knockout of Cldns such as Cldn-2, —15, or —19 leads to metabolic disorders
(Tsukita et al. 2019). An impaired skin barrier function has also been found in the
context of altered adherens junction formation and desmosomes. Gap junctions
(GJs) form conduits between adjacent cells and allow the passage of ions and
small molecules, enabling direct intercellular communication. They are composed
of connexin protein subunits that homo- or heterodimerize on the plasma membrane
to form connexons (Proksch et al. 2008). Their importance in barrier function is
highlighted by patients with missense mutations that cause Vohwinkel syndrome
(connexin 26) or the Clouston syndrome (connexin 30) (Richard 2005) (Fig. 1b).
Keratins are major structural proteins in keratinocytes. Lending structural stability
and flexibility to keratinocytes they maintain the integrity of the skin (Proksch et al.
2008; Chamcheu et al. 2011).

3 Epithelial Microbiome and Its Interactions
3.1 Healthy Skin Microbiome

The human skin is populated by diverse commensal microbiota, including bacteria,
archaea, eukaryotes (fungi, mites), and viruses. Host factors such as age or gender
shape the skin ecosystem and thereby microbiota composition (Schommer and Gallo
2013). Distinct skin ecological niches are colonized by different microbial
communities. Despite the constant exposure to environmental factors, adult skin
microbiota remain relatively stable overtime. Ribotyping (see also I1.4.1.
Microbiome of Barrier Organs in Allergy - Who runs the world? Germs!
Microbiome sequencing and analysis) of bacteria from various clinical niches
revealed at least 19 phyla (prominently Actinobacteria, Firmicutes, Proteobacteria,
and Bacteroidetes) and around 204 genera, of which Propionibacteria,
Corynebacteria, and Staphylococci were most abundant. The abundance of each
genus is strongly influenced by the ecological characteristics of the local niche.
Propionibacteria and Staphylococci predominate on sebaceous sites (e.g., forehead)
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while Corynebacteria prevailed on moist sites (e.g., armpit), although Staphylococci
are also represented. The microbiome of dry sites (volar forearm) is most diverse,
with a greater prevalence of f-Proteobacteria and Flavobacteriales (Grice et al.
2009). In contrast, fungi contribute less than 1% of skin microbiome members.
Malassezia colonizing sebaceous regions (ears, forehead) contribute more than 90%
to the fungal skin microbiome (Oh et al. 2014). Low numbers of Demodex mites
populate healthy skin as well (Balato et al. 2018). Metagenomics studies identified a
large viral population of the skin, mainly composed of Propionibacterium and
Staphylococcus specific bacteriophages (Hannigan et al. 2015) (Fig. Lc).

3.2 Host-Microbiome Interactions

The microbial inhabitants of human skin have co-evolved with their host to form
relationships that can range from mutualistic over saprophytic to pathogenic. This
depends largely on host status and microbiota composition (Christensen and
Briiggemann 2014). Most microbes profit from homeostasis, while training cutane-
ous immunity and otherwise protecting their host from invading pathogens in turn
(Schommer and Gallo 2013; Meisel et al. 2018). The skin controls the growth of its
residents by physically limiting microbial penetration but also through its constant
desquamation leading to their removal. Additionally, low temperature, pH, dryness,
and saltiness prevent growth of many microorganisms (Oh et al. 2014).

3.3 The Microbiome in Skin Disorders

Many studies have linked microbiome alterations with skin diseases like AE,
psoriasis, or acne. However, it is often still controversial whether skin dysbiosis is
a result or cause of such illnesses (Lynch et al. 2016). Therefore, current human
microbiome studies aim to gather large datasets to better understand the role of the
microbiome and ultimately to develop new therapeutic strategies (Nelson et al.
2010). Microbial dysbiosis may result from genetic predisposition, current infections
or antibiotic therapy, resulting in aberrant immune responses that compromise the
epithelial barrier integrity and allow penetration of microbial antigens. Prolonged
antigen exposure may further dysregulate immune responses, eventually resulting in
chronic inflammation (Balato et al. 2018). Reduced microbiome diversity and
S. aureus colonization are observed in over 90% of AE patients (Grice and Segre
2011). S. aureus penetrating the epidermis induces the release of several Th2
cytokines and secretion of serine proteases like kallikreins, degrading filaggrin and
desmoglein-1, thus further compromising skin barrier integrity (Williams et al.
2017). Other Staphylococci, e.g., S. epidermidis also increase on AE lesions,
repressing other genera (Kong et al. 2012). Psoriasis, another skin inflammatory
disorder is characterized by increased keratinocyte proliferation, cutaneous immune
infiltration, angiogenesis, and hyperkeratosis (Schommer and Gallo 2013). In con-
trast to AE, an increased alpha-diversity is observed on psoriatic lesions, with
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increased Firmicutes and decreased Actinobacteria, especially Propionibacteria
(Langan et al. 2019) (see also I1.4.3. Microbiome of Barrier Organs in Allergy -
Who runs the world? Germs! The skin microbiome and allergy).

4 Skin Immunity and Tissue Repair

The immune barrier of the skin orchestrates the defense against invading pathogens
and is in constant dialogue with commensal microbiota (Skabytska et al. 2016;
Eyerich et al. 2018).

4.1 Innate Immunity

The skin senses microbial signals by different pattern recognition receptors like toll
like receptors (TLRs), resulting in distinct patterns of gene expression and activation
of various immune responses (Meisel et al. 2018). This way, expression of innate
factors such as IL1a, or secretion of antimicrobial peptides (AMPs) like cathelicidins
and p-defensins by keratinocytes and sebocytes is regulated (Chen et al. 2018).
Furthermore, pathogens such as S. aureus trigger their subsequent elimination by
attracting neutrophils (Yamazaki et al. 2017). Besides, yeast commensals such as
Malassezia are able to induce a type 17 response orchestrating antifungal immunity
and exacerbating skin inflammation (Sparber et al. 2019). A recent study analyzed
the impact of microbiota on skin transcriptomes of mice and identified a total of
2,820 differentially expressed genes mainly involved in host innate immunity and
epidermal differentiation (Meisel et al. 2018). On the other side, many skin residents
have evolved strategies to evade host defenses. S. epidermidis biofilm associated
polysaccharides protect it from soluble factors and phagocytosis (Christensen and
Briiggemann 2014). Resistance to AMPs is also mediated by various proteases or
AMP inhibitors.

Epidermal antigens are presented to T cells by Langerhans cells (LCs), a skin
exclusive antigen presenting cell type. Maturated LC maturate naive Th cells to
various Th subtypes depending on the surrounding milieu. They mount effective
CDS8™ T cells responses to viral infections and also are essential for hypersensitivity
reactions that drive expulsion of leishmania as well as contact dermatitis. They are
also responsible for mounting allergic reactions to lipid antigens via nonconven-
tional MHC molecule CD1a presentation (Kim et al. 2016). Dermal dendritic cells
(dDCs) complement the LCs by presenting dermal antigens. They provide immune-
surveillance against invading pathogens and are able to secrete amounts of TNF-o
but are also assumed to contribute to the genesis of psoriasis (Matejuk 2018). Mast
cells (MC) are mainly located in the upper dermis. Well known for their detrimental
role in Th2 autoimmunity and allergy, they are increasingly appreciated as
orchestrators of adequate inflammatory responses (Fig. 1d). Upon infection, they
initiate recruitment of neutrophils, DCs, and T cells, but also exert direct antimicro-
bial action, e.g., by release of MC protease or NETosis (Dudeck et al. 2019).
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Recently, anti-tumor activity by LPS-activated MC recruiting T cells via the release
of CXCL10 was shown (Kaesler et al. 2019).

4.2 Adaptive Immunity

Much is still to learn about how skin bacteria modulate adaptive immunity. We know
that S. aureus influences T cell numbers and functionality by directly inducing Th
cell paralysis (Kaesler et al. 2016) or by superantigen mediated Treg proliferation
(Ou et al. 2004). With simultaneous activation of the IL4 receptor, S. aureus derived
TLR2-ligands were shown to induce AE chronification (Kaesler et al. 2014). Other
commensals, e.g. S. epidermidis, act immunoregulatory as well, by inducing DC
IL10 secretion (Volz et al. 2018) or CD17A+ CD8+ T cells strengthening the
epithelial barrier (Naik et al. 2015). Recent evidence suggests a narrow neonatal
window of opportunity during which commensals can permanently shape skin
immunity (Scharschmidt et al. 2015). Yet another way, how the skin microbiota
induces immunoregulation is the induction of myeloid derived suppresser cells by
TLR2/6-binding lipopeptides, typical DAMPs of Gram* bacteria (Skabytska et al.
2014). Furthermore DAMPS of commensal bacteria via nonclassical MHCI presen-
tation induce T cells with a immunoregulatory and tissue repair signature (Linehan
et al. 2018).

5 Summary

There is still much to learn about the inner workings of our skin. Skin immunity and
wound healing are far from completely understood, and a comprehensive investiga-
tion of the skin’s microbiome has just begun. Nevertheless, our current insight shows
a multi-facetted organ, confining us from the environment.
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Abstract

Over the last few decades, allergic diseases have been steadily increasing world-
wide, a phenomenon that is not yet completely understood. Recent evidence,
however, suggests that alterations in the microbiome may be a contributing
factor. The microbiome refers to all microorganisms in a habitat including
bacteria, fungi, and viruses. Using modern sequencing technologies, we are
now capable of detecting and analyzing the human microbiome in more detail
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than ever before. Epidemiological and experimental studies have indicated that a
complex intestinal microbiome supports the development of the immune system
during childhood, thus providing protection from allergic diseases, including
food allergy. The microbiome becomes an important part of human physiology
and forms dynamic relationships with our various barrier systems. For example,
bacterial dysbiosis is a hallmark of atopic eczema and correlates with disease
progression. Similarly, the lung and nasopharyngeal microbiome is altered in
patients with asthma and allergic rhinitis. While these results are interesting, the
underlying mechanisms are still unclear and need to be investigated with func-
tional studies. This review gives a short overview of the terminology and methods
used in microbiome research before highlighting results concerning the lung,
skin, and intestinal microbiome in allergic diseases.

Keywords

Allergy - Microbiome - Sequencing

1 Microbiome Sequencing and Analysis

The interest in microbiome research is blossoming. Bacteria co-inhabit the human
body in a 1:1 ratio of human to bacterial cells, most of which live with us as
commensals (Khan et al. 2019). However, the effect of the microbiome on human
health is immense. As early as 1989, Strachan proposed the hygiene hypothesis
stating that household size inversely correlates with atopic diseases, which sparked
interest in bacterial community structures (Strachan 1989). Later, Haahtela further
evolved this theory into the biodiversity hypothesis, linking a low bacterial biodi-
versity to diseases like atopic eczema (Haahtela et al. 2013). As up to 20-60% of
bacteria colonizing the human body are non-cultivable there is a need for culture-
independent approaches in microbiology (Pei et al. 2004). In 2005, time and costs
for sequencing were significantly reduced when the first sequencer performing
massive parallel sequencing became commercially available, thus openening the
field for non-experts performing microbiome research (Shendure et al. 2017).

The term microbiome refers to all genes of microorganisms in one habitat
including bacteria, archaea, lower and higher eukaryotes, and viruses. However,
when we talk about the microbiome we often refer to only the collection of bacterial
genes found in a certain habitat (Marchesi and Ravel 2015). The 16S rRNA gene has
a total length of 1,500 base pairs (bp) and consists of highly conserved nucleotide
sequences, characterised by 9 hypervariable regions (Chakravorty et al. 2007; Janda
and Abbott 2007). Since amplicon read length is limited (restricted until now to an
amplicon size of <300 bp), only parts of the 16S rRNA gene are sequenced (Cruaud
et al. 2017). The variable region chosen for 16S rRNA gene sequencing will depend
on the sequenced habitat and the colonizing bacteria, since discrimination down to
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species level is possible in different variable regions depending on the bacterial
family (Walker et al. 2015).

Whereas the gut microbiome has already been investigated for two decades via
16S sequencing, new low biomass environments like skin, lung, and placenta
microbiome demand for new gold standards and identification of contaminants
(Goffau et al. 2018; Kong et al. 2017). Dry skin, for example, only harbors
approximately 10° bacterial cells per cm” compared to 10" bacterial cell/mL
colon content (Bibel and Lovell 1976; Sender et al. 2016). General considerations
when performing any microbiome research include study design, sampling and
storage, sample processing, primer choice and sequencing.

Beyond the experimental design, however, the bioinformatic processing of
genetic information may also be a source of bias (Sinha et al. 2015). Generally,
the sequences are clustered into Operational Taxonomic Units (OTUs), according to
sequence similarities of 97%. A relatively new approach is the formation of
amplicon sequence variants (ASV), which do not set a threshold but rather take
single nucleotide differences into account (Callahan et al. 2017). These clusters are
subsequently identified and annotated to taxonomy using public available databases.
Different databases do not perform equally well, which can be explained by the size,
curation, and last update of the database; best results were obtained with Ezbiocloud
(Park and Won 2018). Thereafter, quality controls to remove PCR errors such as
chimera amplicons and singletons need to be performed.

Finally, the samples can be analyzed. Classically, the alpha-diversity (diversity
within a sample), beta-diversity (diversity between samples, determined by a dis-
tance Matrix), and the taxonomy are analyzed (Bray and Curtis 1957; Lozupone and
Knight 2005). Alpha diversity looks either at the richness (who is there) or the
evenness (their distribution). Simpson and Shannon take both into account (Jost
2007; Wagner et al. 2018).

Alternatively, metagenomics can be performed which offers more genetic and
functional information by looking at all genomes from a certain habitat
(Ranganathan et al. 2019). Ever since 2008, the human microbiome project (HMP)
by the US National Institutes of Health (NIH) has been characterizing the
microbiome of healthy individuals including nose, mouth, skin, gut, and urogenital
tract via 16S NGS, as well as metagenomics. The wide breadth of analysis covers not
only healthy individuals, but also those with conditions such as preterm birth,
inflammatory bowel diseases, and prediabetes (The Integrative Human Microbiome
Project 2019).

Beyond the microbiome, the mycobiome, which refers to the fungal community
in a habitat, and the virome, which represents the viral community of RNA and DNA
viruses, both have to be considered in the equation of human health. So far, however,
both fields are still understudied. The mycobiome is analyzed via either internal
transcribed spacer (ITS) regions or RNA (18S, 5.8S and 28S rRNA). Most critical in
mycobiome research are reliable databases for the taxonomic classification of the
fungi and the primer selection for amplification (Jo et al. 2017). The virome faces
challenges like low biomass, inadequate bioinformatic tools for the analysis, and a
lack of curated databases. However, it is even more challenging due to a lack of
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common markers for viruses and a high heterogeneity (Zou et al. 2016). The human
virome could have a direct effect on the host-health, or by altering the microbial
composition of the host.

2 The Microbiome in Early Childhood and Allergy

Pioneers of pediatrics, such as Theodor Escherich, have been fascinated with the
bacteria that colonize the human intestine in newborns. Theodor Escherich
investigated meconium and demonstrated that bacteria will colonize a child’s intes-
tine within 3—24 h after birth. In addition, he demonstrated that bacterial colonization
is influenced by breast feeding (Escherich 1989). While these early studies explored
the bacterial composition using conventional culture methods, many of the key
findings remain valid today. Since it has become clear that genetics alone cannot
explain the steady increase of childhood allergies in industrialized countries,
scientists have directed their attention to the microbiome as an influencing factor
for the development of allergic diseases (Huang et al. 2017). Thus, microbiome
studies have become part of a modern view on David Strachan’s hygiene hypothesis.

The colonization of a child’s intestine is comparable to the assembly of a new
community of microorganisms. The origin of these microorganisms is the maternal
microbiome as well as the environment. For this reason, key factors that influence
the intestinal microbiome after birth depend on mode of delivery and diet (Béckhed
etal. 2015). The first bacteria that colonize the neonatal intestine are more facultative
anaerobes than obligate anaerobes (Koenig et al. 2011). The genera Bacteroides,
Bifidobacterium, and Escherichia dominate the intestinal microbiome of infants
delivered via vaginal birth. These bacteria are acquired during the passage through
the birth canal. Conversely, newborns delivered by cesarean section show an
intestinal microbiome that includes bacteria species associated with the skin and
mucosa, e. g. Haemophilus species and staphylococci. Gradually, these differences
seem to decrease over the first months of life as the intestinal bacterial communities
assemble and stabilize (Chu et al. 2017).

There is increasing evidence that a complex intestinal microbiome is essential for
shaping the immune system during infancy and protects from the development of
allergic diseases (Gomez de Agiiero et al. 2016). Interestingly, germ-free mice show
reduced IgA levels but higher IgE levels, as compared to control animals (Cahenzli
et al. 2013; Herbst et al. 2011). Additional data suggest that there is a critical time
window when bacterial colonization is protective (Cahenzli et al. 2013). While these
results are based on animal models, they fit with epidemiological observations
(Metzler et al. 2019).

Prophylactic antibiotic administration and no vaginal contact during cesarean
delivery impact the composition of the microbiome after birth (Chu et al. 2017).
Several studies have investigated the association between mode of delivery and the
development of allergic diseases. One study recruited 2,917 children and followed
them up to 8 years of age. Here, cesarean section significantly correlated with
asthma, especially if both parents were allergic themselves. The risk for
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sensitization, however, was only increased if parents were not allergic (Roduit et al.
2009). Despite inconsistent results, an experimental pilot study recently proposed
“vaginal seeding” after cesarean delivery (Dominguez-Bello et al. 2016). Detailed
analysis during the first week after birth showed that newborns inoculated with their
mother’s vaginal fluids developed a microbiome that resembled the one of children
born via vaginal delivery. However, “vaginal seeding” is still experimental as
sufficient data regarding the safety and patient benefit is lacking.

The PASTURE (Protection against Allergy-Study in Rural Environment) birth
cohort study prospectively collected data to investigate the association between
prenatal and postnatal exposure and the development of allergic diseases. Among
the environmental factors investigated was also antibiotic consumption. 1,133 chil-
dren from rural areas of five European countries (Austria, Finland, France, Germany,
and Switzerland) were included and observed for the first 6 years of their life (von
Mutius and Schmid 2006). Prenatal exposure to antibiotics was significantly
associated with food allergy and atopic eczema (AE) in the first year of life (Metzler
et al. 2019). A dose-response relationship between the number of antibiotic courses
early in life and AE was also detected, suggesting a time window where antibiotics
are a risk factor for developing allergic diseases. Children with three or more courses
of antibiotics in their first year of life showed a seven-fold increase in risk to develop
AE, up to the age of four.

3 The Skin Microbiome and Allergy
3.1 Key Bacterial Species and Fungi in the Skin Microbiome

Our largest organ, the skin, is not only a physical barrier but is, in fact, home to a
complex microbiome which dynamically interacts with both this barrier and the
human immune system (Eyerich et al. 2018; Naik et al. 2012). Depending on the
skin environment, which varies depending on the body region, the skin harbors
different bacteria (Costello et al. 2009). Moist skin areas, e.g. armpits, are mainly
colonized by staphylococci and corynebacteria. Propionibacteria are typically found
on sebaceous skin regions such as forehead and back. Their best-known representa-
tive, Cutibacterium acnes, is able to metabolize triglycerides, thus maintaining the
skin’s acidic pH value. The skin microbiome is influenced by internal factors such as
age and gender, but also external factors including personal habits, psychological
stress, and environmental factors (UV radiation and humidity) (Harter et al. 2019).

Furthermore, most body surfaces are colonized with fungi, the most common of
which are genera Malassezia, Candida, Aspergillus, and Penicillium.

3.2 Skin Microbial Analyses: New Findings for AE

Dysbalance in the skin microbiome is a hallmark of AE. Exposure to bacteria not
only leads to the maturation of the innate and adaptive immune response, but
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commensals like Staphylococcus epidermidis, Staphylococcus hominis, and Staphy-
lococcus lugdunensis are also capable of inducing production of antimicrobial
peptides (AMPs) in human keratinocytes. For example, commensals inhibit the
growth of Staphylococcus aureus via antimicrobial substances or antibiotics them-
selves, which are regulated by quorum sensing mechanisms (Naik et al. 2012;
Williams et al. 2019; Zipperer et al. 2016). Cultivation-based studies have already
found that S. aureus, in particular, plays arole in AE. A flare in AE is correlated with
an overgrowth of S. aureus, resulting in a lower skin microbiome diversity and
changes in the barrier layers and the immune system (Altunbulakli et al. 2018; Kong
et al. 2012). However, it remains unclear whether microbial changes are a cause or
consequence of the disease. Modern sequencing-based microbial analysis is limited
to the identification of microorganisms on a species level, yet for pathogenicity and
functionality (such as that of S. aureus), identification to strain level is important. It
has been demonstrated that clonal expansion of S. aureus strains occurs in AE
patients with severe symptoms (Byrd et al. 2017).

Additionally, more Malassezia DNA was detected in lesional skin mainly in
sebaceous regions such as head and neck, and a connection with disease severity was
established. More detailed investigations have shown that different strains occur in
healthy people and patients. This indicates that at least one pathogenic strain is
involved in the deterioration of AE and skin inflammation (Glatz et al. 2015).

Nowadays, the role of viruses, such as the human papilloma virus (HPV),
polyomavirus, bacteriophages, or herpes viruses, is also investigated in AE (Traidl
et al. 2018). Bacteriophages are characterized by a high variability and can serve as
vectors for the adaptation of their host bacteria (Hannigan et al. 2017).

4 The Lung Microbiome and Allergy

In general, the focus of respiratory microbial research is on the nasopharynx, the
uppermost and most accessible section of the respiratory system. The nasopharynx is
not only easier to sample, but is also the most likely site of contact between inhaled
material and epithelial cells. This constant contact and exchange with the environ-
ment influences the composition of the respiratory microbiome, especially in healthy
individuals (Dickson et al. 2015). The microbiome of the nasopharynx differs
significantly from the lower respiratory tract (below the glottis), but there are
nevertheless certain similarities, especially regarding the oral flora (Marsh et al.
2016). However, the different airway sections are more similar than inter-individual
variation (Dickson and Huffnagle 2015). For a long time it was thought that the lung
was sterile in a healthy state, but today it is known that the lung is only sparsely
populated with about 2,000 genomes per cm?, and that the limitation of a low
microbial density is a fundamental prerequisite for maintaining health (Hilty et al.
2010). In healthy people, bacteria of the genera Prevotella, Streptococcus,
Veillonella, Neisseria, Haemophilus, and Fusobacterium dominate the lung
microbiome, which is subject to constant change. In respiratory diseases such as
asthma and allergic rhinitis, reduced diversity and higher proportion of
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proteobacteria in the nasopharynx was associated with allergic rhinitis in a study
with newborns, whereas Corynebacterium spp. were associated with healthy babies
(Le Ta et al. 2018). In asthma patients, various studies have observed a dysbiosis in
the lung microbiome (Hooks and O’Malley 2017). For example, it was shown that in
the sputum of asthma patients the phylum Proteobacteria was increased, and also the
diversity of the samples of asthma patients was higher compared to those of healthy
study participants (Marri et al. 2013). In addition to the bacterial microbiome of the
respiratory tract, viruses and fungi also play a role. The latter may be relevant since
fungal spores can make up a high proportion of the air we breathe (Pashley et al.
2012). Fungal spores in the air and a sensitization against certain fungi lead to
increased IgE levels in atopic individuals and are associated with allergic asthma.
Nevertheless, it is still unclear whether and how dysbiosis of the mycobiota plays a
role in allergic asthma (Kozik and Huang 2019).

5 The Intestinal Microbiome and Allergy

The intestinal microbiome is a complex ecosystem containing approximately 2,000
bacterial species. In addition, the human intestine is also colonized with fungi and
viruses. However, only recent studies have started to focus on the intestinal
mycobiome and virome (Lim et al. 2015; Zuo et al. 2019). Future studies will be
necessary to investigate how intestinal viruses and fungi influence our immune
system.

Our intestinal immune system faces the challenge to discriminate harmless
antigens derived from food or commensals from pathogens. An abnormal immune
reaction to food proteins and the failure to establish oral tolerance results in food
allergy. Several studies based on mouse models have connected the development of
food allergies to the intestinal microbiome. In one of those studies germ-free mice
were reconstituted with microbiome samples of healthy infant donors or infants
suffering from cow’s milk allergy. Then the animals were sensitized and challenged
with a milk-derived protein. Germ-free control animals and mice that had received
the microbiome of milk-allergic infants developed a significantly stronger allergic
reaction than reconstituted control animals (Feehley et al. 2019). Microbiome
analysis was used to compare the stool samples of healthy children to those suffering
from milk allergy. Samples of healthy children were enriched in bacteria of the
Lachnospiraceae family. Interestingly, colonizing germ-free mice with a bacterial
species from this family were also protective. A study using a mouse model for
peanut allergy showed similar results. Here, monocolonization with Clostridium
spp. protected the animals from sensitization to food allergens. The study also
showed that reconstitution induces interleukin-22 (IL-22) production, IgA secretion,
and the expansion of regulatory T lymphocytes (Treg), which could synergistically
promote oral tolerance (Stefka et al. 2014). Other studies have connected bacterial
metabolites to food allergy. Some bacteria species such as Bifidobacteria convert
dietary fiber into small chain fatty acids (SCFAs). Experiments in mouse models
suggest that SCFAs protect animals from food allergy by promoting Treg function
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(Lyons et al. 2010). Another concept is the so-called gut-lung axis, suggesting that
the intestinal microbiome can affect pathologies in the lung via bacterial metabolites
or influence on the immune system (Schroeder and Béckhed 2016). For example,
neonatal mice treated with the antibiotic vancomycin had an increased inflammatory
response in an asthma model (Russell et al. 2012). As antibiotic therapy influences
the intestinal microbiome, the results of these studies suggest that increased antibi-
otic consumption during early childhood might increase the risk of allergic disease
by altering the intestinal microbiome during a time when immune tolerance is
established.

6 Microbiome and Therapy

There are numerous clinical approaches to influence the microbiome with pre-, pro-
and symbiotics. Early clinical studies have shown that topical application of the
bacterium Roseomonas mucosa can reduce the symptoms of AE and reduce the need
for steroid therapy (Myles et al. 2018). A double-blind, placebo-controlled
randomized trial using the probiotic Lactobacillus rhamnosus in combination with
peanut oral immunotherapy in food allergic children showed that co-administration
was associated with reduced responses in skin prick tests and reduced peanut-
specific IgE levels (Tang et al. 2015). Despite these encouraging results, many
underlying molecular mechanisms of the microbiome remain poorly understood.
Researching whether, or how, the microbiome can be altered, and whether this
change is beneficial to the patient, is therefore an important goal in microbiome
research. Due to the multifactorial nature of allergic diseases, manipulation of the
microbiome as therapy or prevention can only be part of a multi-modal treatment
approach to allergic diseases.

Skin Respiratory tract
Healthy Bacteria Bacteria
microbiome — Corynebacterium spp. —  Streptococcus spp.
(commensals) — Staphylococcus spp. — Neisseria spp.
— Dermabacteraceae — Haemophilus spp.
— Micrococcus spp. Anaerobic bacteria
— Cutibacterium acnes —  Prevotella spp.
Fungi — Veillonella spp.
— Malassezia spp. —  Fusobacterium spp.
— Candida spp. Fungi
— Aspergillus spp. — Candida spp.
—  Penicillium spp.
Spatial Body region specific microbiome Microbiome of the nasopharynx
distribution (i.e., skin regions rich in sebaceous differs significantly from the lower
glands: Cutibacterium acnes) respiratory tract
Dysbiosis Atopic eczema Asthma and allergic rhinitis
T Staphylococcus aureus T Proteobacteria
T Malassezia spp. T Microbiome diversity

(continued)
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Abstract

Asthma is a result of heterogenous, complex gene—environment interactions with
variable clinical phenotypes, inflammation, and remodeling. It affects more than
330 million of people worldwide throughout their educational and working lives,
while exacerbations put a heavy cost/burden on productivity. Childhood asthma
is characterized by a predominance of allergic sensitization and multimorbidity,
while in adults polysensitization has been positively associated with asthma
occurrence. Despite significant improvements in recent decades, asthma manage-
ment remains challenging. Recently, a group of specialists suggested that the term
“asthma” should be preferably used as a descriptive term for symptoms. More-
over, type 2 inflammation has emerged as a pivotal disease mechanism including
overlapping endotypes of specific IgE production, while type 2-low asthma
includes several disease endotypes. Optimal asthma control requires both appro-
priate pharmacological interventions, tailored to each patient, as well as trigger
avoidance measures. Regular monitoring for maintenance of symptom control,
preservation of lung function, and detection of treatment-related adverse effects
are warranted. Allergen-specific immunotherapy and the advent of new targeted
therapies for patients with difficult to control asthma offer diverse treatment
options. The current review summarizes up-to-date knowledge on epidemiology,
definitions, diagnosis, and current therapeutic strategies.

Keywords

Allergy - Asthma - Asthma treatment

1 Definition

Both “allergy” and “asthma” have been challenging to define. The current definition
of asthma, according to most recently published guidelines, incorporates persistent
and/or recurrent symptoms, such as wheeze, cough, and difficulty in breathing,
associated with reversible airflow obstruction and airway hyperresponsiveness
(GINA report 2017). In addition, diagnostic guidelines highlight the importance of
using objective measurements to support asthma diagnosis, including assessment of
lung function by spirometry and/or impulse oscillometry, airway
hyperresponsiveness (AHR) by bronchoprovocation tests, and inflammation by
exhaled fractional nitric oxide (NICE, GINA, etc.) (Papi et al. 2018). Nevertheless,
asthma is a result of heterogenous, complex gene—environment interactions with
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variable clinical phenotypes, inflammation, and remodeling. Recently, a group of
specialists suggested that the term “asthma” should be preferably used as a descrip-
tive term for symptoms, without taking into account the distinct underlying patho-
physiologic mechanisms, which are linked to fundamentally different patterns of the
disease between subjects (Pavord et al. 2018). Instead, identification of well-defined,
measurable, and potentially modified/cured treatable traits, i.e. airflow limitation,
airway inflammation, etc. are proposed as realistic management targets. On the other
hand, clear definitions for allergy and consequently “allergic asthma” have been
proposed (Johansson et al. 2004); however, they are not uniformly followed and
different approaches have been used in the literature. Recently, there have been
proposals for re-scoping the definition (Ring et al. 2018). Particularly in regard to
asthma, overlapping endotypes of specific IgE production or “type-2” cytokine
expression can be classified in different ways: “allergic asthma” may include asthma
triggered by allergens, or asthma mediated through an immune mechanism, or
asthma in which IgE antibodies play a central role. In most cases, these subgroups
overlap, they are however not identical, explaining part of the discrepancies in
relation to epidemiology, diagnosis, and/or treatment responses.

2 Epidemiology

Asthma affects more than 330 million people worldwide throughout their educa-
tional and working lives, while exacerbations put a heavy cost/burden on productiv-
ity (Vos et al. 2012). The prevalence of self-reported asthma varies considerably
between countries, ranging from 0-2% in China up to 21% in Australia, with a mean
rate of 4.5% globally (To et al. 2012). More pronounced variations were recorded in
the International Study of Asthma and Allergies in Childhood (ISAAC) study for
children and teenagers, with an overall prevalence of 10% in the European Union
and North America (European Respiratory Society 2013). Although data from
epidemiological studies present conflicting data, it is well accepted that asthma
prevalence is increasing steadily in developing countries that adopt a more
westernized lifestyle, while same trends are noted in several European countries
and Australia (Anandan et al. 2010; European Respiratory Society 2013).

Due to heavy economic and morbidity burden of chronic respiratory diseases, a
public health policy document towards the Council of the European Union including
initiatives regarding early detection, prevention, efficient care, and new therapeutic
targets for allergic diseases and asthma was released (Samolinski et al. 2012).

Childhood asthma is characterized by a predominance of allergic sensitization
and multimorbidity more so in males, although this gender pattern begins to reverse
at adolescence (Gabet et al. 2016). Recently, an overview of systematic reviews in
allergy epidemiology identified asthma as the most commonly reviewed allergic
disease (Genuneit et al. 2017). During the last two decades, major increases have
been recorded with respect to allergic sensitization in children, potentially resulting
in enhanced allergic asthma prevalence in the forthcoming years (Ronmark et al.
2009). In addition, indoor allergen exposure, allergic multimorbidity, and/or



72 N. G. Papadopoulos et al.

polysensitization have been strongly associated with asthma development and per-
sistence (Murray et al. 2001). In several pediatric cohort studies, co-existence of
other allergic diseases was significantly associated with increased asthma risk later in
life (Gough et al. 2015). Causal network analysis in school-aged children has shown
that allergen sensitization, allergic inflammation, and rhinitis activity explained over
half of the variance in asthma severity (Liu et al. 2016).

In adults, the prevalence of allergic asthma has increased from 1996 to 2006 and
further to 2016, while the prevalence of non-allergic asthma has remained stable
(Backman et al. 2017). In addition, polysensitization has been positively associated
with asthma occurrence (Toppila-Salmi et al. 2015), while more recently adult-onset
asthma was positively associated with the number of allergic multi-morbidities in a
dose-dependent manner, more so in younger ages (Toppila-Salmi et al. 2019).

The importance of exposure to specific environmental factors on asthma and
allergy development, i.e. indoor allergens, dampness, mold, has also been
demonstrated in special population settings such as immigrants and farming
communities (Radhakrishnan et al. 2019). More recently, the importance of in
utero and/or early life exposures on asthma and sensitization occurrence has been
documented (Lundback et al. 2016).

3 Mechanisms

The link between asthma and inflammation has been established for more than
50 years now (Mosmann et al. 1986). The currently considered “classical”
immunopathogenic concept in asthma was based on the recognition of CD4" Th2
cells as the cardinal cells of adaptive immune response, contributing to eosinophilic
airway inflammation by the induction of interleukins (IL)-4, IL-5, IL-13 in response
to specific allergen stimulation (Kuruvilla et al. 2019). IL-4, which acts as a
regulatory cytokine upstream from Type 2 effector cytokines, binds to the IL-4R a
receptor, thus modulating ThO differentiation to Th2 and T-regulatory proliferation
upon signaling (Gandhi et al. 2017). IL-5 orchestrates eosinophil development,
maturation, and activation in the bone marrow, as well as subsequent mobilization
and survival, while also modulates the development and function of mast cells and
basophils (Rosenberg et al. 2007). Moreover, 1L-13 has a multifunctional role in
asthma pathogenesis, including B-cell isotype switching, mucus hypersecretion,
goblet cell hyperplasia, subepithelial fibrosis, and AHR (Akdis et al. 2016). This
concept evolved resulting in the classification of asthma into T2 high (eosinophilic)
and Th2 low (non-eosinophilic) endotypes (Sterk and Lutter 2014). These Th2 high
and low phenotypes may show differential responses to available therapies, while
patients with non-Th2-driven asthma may be less responsive to steroids. Subsequent
studies have shown significant heterogeneity and impact of various inflammatory
pathways on the asthma endotypes. Recently, asthma nomenclature has acknowl-
edged that cytokines in Th2 high endotype are secreted by numerous cell types
including invariant T cells, natural killer cells, eosinophil/basophil progenitor cells,
Thl cells under certain conditions, and Type 2 innate lymphoid cells (ILCs)
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(Robinson et al. 2017). As a result, type-2 inflammation has emerged as a pivotal
disease mechanism, while type 2-low asthma includes several disease endotypes,
each affecting relatively small subgroups of patients.

A novel subset of innate immune cells has been described, named innate lym-
phoid cells (ILCs). Three clusters of ILCs have been described: ILC1 and ILC3
mainly produce interferons and IL-17/IL-22, respectively. ILC2 induces large
amounts of CD4"Th2 like ILs, such as IL-4, IL-5, and IL-13, further activating
mast cell, basophil, and eosinophils, as well as IgE antibody production, resulting in
allergic airway inflammation (Annunziato et al. 2015; Halim et al. 2012). ILC2 lacks
antigen-specific receptors; however, they are activated by mediators deriving from
epithelial cells in response to proteases, such as interleukin IL-33, [L-25, and thymic
stromal lymphopoietin (TSLP), termed alarmins (Peebles and Aronica 2019). In
specific, IL-33 not only plays a major role in cytokine production by ILC2, but also
induces antigen-specific IL-5% CD* T cells, independent of IL-4, and promotes
pro-allergic inflammatory properties of CD4 T cells (Morita et al. 2017). In asth-
matic patients, levels of IL-33 and TSLP were inversely associated with lung
function as assessed by spirometry (Momen et al. 2017), while increased IL-25
mRNA expression from airway brushings was significantly associated with bron-
chial hyperresponsiveness and eosinophilic activation (Cheng et al. 2014). More-
over, viral IL-33 and IL-25 ILC2 responses have been identified as major
determinants and potential therapeutic targets during virus-induced asthma
exacerbations, which constitute the most important element of asthma morbidity
(Andreakos and Papadopoulos 2014; Jackson et al. 2014).

Another important pathway in asthma pathogenesis includes CD4 Th17 cells that
produce IL-17A and IL-17F. These in turn induce the production of cytokines and
chemokines promoting the chemotaxis and survival of neutrophils in the airway and
the lung (Veldhoen 2017). Studies in animal models and clinical settings have shown
that IL-17A increases Th2-mediated airway responsiveness and inflammation and
airway smooth muscle proliferation, while significant correlation is noted with
respect to asthma activity (Barlow et al. 2011; Chang et al. 2012).

In addition, another class of lipid mediator, eicosanoids, mainly prostaglandins
(PG) such as PGD2, cysteinyl leukotrienes (LTs), and thromboxanes are also
involved in asthma pathogenesis (Kytikova et al. 2019). These are generated through
metabolism of arachidonic acid, deriving from the cell membrane of degranulated
mast cells and basophils, and promote smooth muscle constriction and inflammation
that propagate allergic responses. PGDP2 is the major mast cell and eosinophil
derived prostanoid and has positively been associated with the level of asthma
control, number of exacerbations and markers of Th2 inflammation (Fajt et al.
2013). Currently studies are underway evaluating the role of PGD2 antagonists on
uncontrolled asthma management (Erpenbeck et al. 2016).

Cysteinyl LTs are formed mainly from eosinophils, basophils, mast cells,
macrophages, and basophils, following specific stimuli, such as IgE, IgG complexes,
endotoxin, and phagocytosis (Sirois 2019). Binding of LTs on their respective
receptors induces bronchoconstriction, mucus secretion, airway edema, thus increas-
ing pulmonary resistance and decreasing lung compliance.
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Recent advances in lipidomics technology have identified and described the
biological actions of a newly identified bioactive metabolome with pro-resolving
capacities, such as maresins, lipoxins, resolvins, and protectins (Serhan and Levy
2018). These are known to contribute to homeostasis, following inflammation in the
airway diseases and are now studied as new immune-resolvent therapies (Kytikova
et al. 2019).

Mechanisms of persistence and remodeling in allergic asthma are largely unex-
plored. In vitro and in vivo studies have emphasized the importance of atopy and
allergic inflammation in the induction and perpetuation of respiratory allergic
diseases. Early in vitro models demonstrated that infections by human rhinovirus
(hRV), which are the main triggers of asthma exacerbations, modulate epithelial
responses by delaying epithelial repair (Bossios et al. 2005). Moreover, hRV
infections promote airway remodeling by inducing angiogenesis, mediated through
vascular endothelial growth factor (VEGF), an effect also enhanced in the presence
of atopy (Psarras et al. 2006), while similar responses were observed for other
pro-fibrotic factors, such as fibroblast growth factor 2 (Skevaki et al. 2012) and
transforming growth factor (TGF)-p (Bielor et al. 2017). In clinical settings, it was
shown that hRV-induced asthma exacerbations are more prevalent in the presence of
high IgE titers to relevant allergens, indicating the important role of the host’s atopic
status  (Soto-Quiros et al. 2012). Moreover, the duration of airway
hyperresponsiveness, an indirect marker of asthma severity and inflammation, is
significantly prolonged only in atopics presenting an increased number of colds,
possibly contributing to perpetuation of inflammation and persistence of asthma
symptoms (Xepapadaki et al. 2005). Based on the above, the hypothesis that
repeated, acute infection-mediated events may reprogram the innate, adaptive
and/or regulatory immune responses towards a chronic inflammation pattern has
been evaluated in the context of an EU-funded project, PreDicta (www.predicta.eu).
Data from the PreDicta childhood cohort indicate that a differential humoral
response exists in asthmatic and healthy controls, resulting in altered protection to
different RV species (Megremis et al. 2018).

More recently, the complex role of airway and gut microbiome has been acknowl-
edged in the development and severity of asthma (Sullivan et al. 2016). Studies have
shown that the type of colonization during early life is strongly associated with
asthma diagnosis in the preschool years (Bisgaard et al. 2007), while the airway
bacterial burden is closely related to asthma phenotypes, disease activity, and airway
hyperresponsiveness (Durack et al. 2017). In addition, the role of virome is also
explored in asthma pathogenesis and exacerbations (Megremis et al. 2018).

4 Diagnosis

Current diagnostic algorithms emphasize the importance of an accurate history and
physical examination, but as equal important the use of objective confirmatory tests
for assessing lung function, airway inflammation, and hyperresponsiveness [https://
www.nice.org.uk/guidance/ng80]. Incorporation of objective assessments has been


http://www.predicta.eu
https://www.nice.org.uk/guidance/ng80
https://www.nice.org.uk/guidance/ng80

A Current Perspective of Allergic Asthma: From Mechanisms to Management 75

shown to minimize misdiagnosis in a significant proportion of children and adults
and avoid inappropriate asthma prescription medications (MacNeil et al. 2016).
Alternatively, effort independent lung function tests such as impulse oscillometry
are currently tested in specialized centers with positive results (Knihtila et al. 2018).
Nevertheless, certain limitations must be considered: interpretation of lung function
results varies even among specialists, while there is a lack of lower “normal” value
limit at different ages. Moreover, children usually preserve normal lung function,
irrespective of severity (Teague et al. 2018), while positive bronchodilation response
might only be documented during asthma attacks and for limited time periods
(Konstantinou et al. 2013). Additionally, in mild asthmatics, airway obstruction is
often not present during investigation by spirometry, thus leading to diagnostic
uncertainty (Schneider et al. 2009). Several factors such as variability of disease
activity and airflow limitation, lack of positive bronchodilation responses in spirom-
etry and the complexity of asthma phenotypes contribute to asthma over and under-
diagnosis (Saglani and Menzie-Gow 2019).

AHR is a cardinal pathophysiological feature of asthma, and its measurement is
an important tool in asthma diagnosis. In specialized centers, an indirect bronchial
provocation test, with pharmacological and non-pharmacological agents can be used
to assess hyperresponsiveness (Nair et al. 2017a). Direct cholinergic agents have
been primarily used to exclude an asthma diagnosis, with a reasonable certainty
while indirect challenges show significant correlation with the underlying eosino-
philic inflammation and potentially exercise induced bronchoconstriction
(Comberiati et al. 2018). It should be noted that AHR is highly dynamic depending
on disease activity and persistence (Xepapadaki et al. 2005), exposure to specific
triggers and allergens and treatment, although a certain element reflecting smooth
muscle function represents a more stable component (Leuppi 2014).

5 Phenotypes

The complexity of the asthma syndrome has led to the necessity of classifying
patients according to observable characteristics with no necessary direct relationship
to underlying disease process; these categories are named “phenotypes” (Skloot
2016). Current approaches on asthma stratification primarily rely on identifying
phenotypes, since the level of understanding required to establish distinct mechanis-
tic pathways (endotypes) has, in general, not yet been achieved. The primary target
of stratification is to facilitate personalized management as indicated by individual
characteristics (Chung 2015). Commonly described asthma phenotypes are based on
(a) inflammatory profiles such as allergic and non-allergic or more recently T2 and
non-T2 asthma, (b) triggers: virus, exercise, and/or allergen induced asthma
(c) epidemiology such as early and late onset, transient or persistent
(d) comorbidities, such as obesity related asthma (Bacharier et al. 2008; Wenzel
2012).

By contrast, the term “endotype” is used to describe distinct disease entities
which may be present in clusters of phenotypes, but each is defined by a specific
biological/molecular mechanism (Stokes and Casale 2016). The most commonly
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used classification, based on cellular profiles, is eosinophilic and neutrophilic
asthma. Certain limitations when phenotypes and endotypes are used need to be
considered. Prospective studies showed that there is significant transition between
phenotypes and endotypes, both in children and adults, suggesting that repeated
measures to assess biomarkers’ fluctuations are required (Kupczyk et al. 2014; Oksel
et al. 2019). Moreover, in clinical settings, where subjective sub-types are identified
using predefined or hypothesized criteria, significant overlap has been observed
between phenotypes, whereas less obvious or rare patterns may be missed
(Xepapadaki et al. 2018).

More sophisticated approaches like machine learning and latent class analysis
have been used in order to incorporate several pathophysiological characteristics
deriving from large, longitudinal datasets into phenotypes, thus revealing new
categories/trajectories in asthmatic subjects (Saglani and Custovic 2019). However,
conclusions drawn from cross-sectional analyses of longitudinal data might not
accurately reflect longitudinal trajectories within individuals.

In order to determine endotype clusters that drive the airway inflammation,
complex technologies, such as the omics in the context of U_BIOPRED and
SARP study, combined with gene expression data have been used (Jarjour et al.
2012; Lefaudeux et al. 2017). However, the effect of several other factors, such as
environmental, infectious, and therapeutic, on endotype manifestation, needs to be
addressed. Moreover, lack of data replication from the aforementioned studies and
overlap/instability in time represent the major limitations (Bush 2019).

6 Biomarkers

Any objectively measured process that relates to disease diagnosis, response to
therapy, and monitoring can be defined as biomarker (Biomarkers Definitions
Working Group 2001). The first key question is whether simple and single bio-
marker assessments are adequate, since asthma phenotypes, i.e. the eosinophilic and
non-eosinophilic are quite unstable. Several biomarkers have been proposed for
monitoring type 2 airway inflammation, e.g. eosinophil counts or levels of eosino-
philic cationic protein in sputum, tryptase levels in nasal fluid; however, these have
not been included in clinical algorithms yet (Amat and Labbe 2018). Below we
provide data for the most studied/promising biomarkers in asthma management.

6.1 Exhaled Fractional Nitric Oxide (FeNO)

Measurement of the fraction of exhaled nitric oxide has been established as a
non-invasive marker of airway inflammation, which can easily be assessed even in
preschoolers. High levels of FeNO are typically considered as a marker of airway
eosinophilic inflammation and are associated with asthma control deterioration
(Pijnenburg 2019). A recent systematic review and meta-analysis showed that
FeNO measurements, with a suggested cut-off value of 50 ppb has a high specificity
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for asthma diagnosis and concurrently predicts positive inhaled corticosteroid
responsiveness (Karrasch et al. 2017). Although it is still debated whether FeNO
could be used for ICS dose adjustment and asthma management (Turner 2015), the
most recent NICE guidelines have incorporated FeNO determination into the asthma
management algorithm, based on recent evidence that such a strategy prevents
severe asthma exacerbations (Ferraro et al. 2018).

6.2 Sputum and Blood Eosinophils

Currently, assessment of sputum eosinophils is only indicated in the management of
severe adult asthmatics, but not for diagnostic purposes. Several limitations, such as
challenges in obtaining and analyzing the sample, especially in children, limit its
usefulness in clinical practice (Westerhof et al. 2015). Recent data show moderate
correlation of sputum eosinophils and other non-invasive markers such as exhaled
nitric oxide, blood eosinophils, total serum IgE, suggesting that no single biomarker
can accurately predict asthma diagnosis (Korevaar et al. 2015). Respective data in
children are even more scarce.

On the contrary, assessment of blood eosinophils is an easy point-of-care test, in
all clinical settings and has been used as a marker of steroid and anti-eosinophilic
monoclonal antibody responsive patients. In children several factors have to be
considered such as the elevated eosinophil count in the healthy state, thus altering
the cut-off normal limit, the impact atopy per se and steroid treatment have on
peripheral eosinophil count and the disease activity (Aldrimer et al. 2013; FitzGerald
et al. 2018; Ullmann et al. 2013). Recently, the utility of blood eosinophils in
predicting steroid responsiveness has been documented in preschoolers with asthma
(Fitzpatrick et al. 2016).

6.3 Exhaled Breath Condensate

Exhaled breath condensate collection is an easy non-invasive technique, where
several biomarkers can be assessed such as pH, markers of oxidative stress (includ-
ing hydrogen peroxide), microRNA profiles, lipoxins, cytokines, and leukotrienes
(Konstantinidi et al. 2015). Although initially pH reductions have been associated
with asthma activity and symptom exacerbation, subsequent studies did not verify
those findings. Moreover, H,O,, a marker of oxidative stress, has been associated
with the level of asthma control and lung function indices such as FEV1, but only in
adults (Davis and Montpetit 2018). The biggest issue remains a lack of
standardization regarding EBC collection, preservation, processing, and analysis,
thus the method is still only used in research (Bannier et al. 2019).
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6.4 Exhaled Breath Temperature

Exhaled breath temperature (EBT) reflects the loss of heat in the airways and has
been proposed as a non-invasive method to detect inflammatory processes in the
airways because of increased blood flow within the airways (Popov et al. 2017).
Studies involving either adults or/and children demonstrated that EBT is increased in
patients with uncontrolled asthma (Ntontsi et al. 2018). We have previously showed
that EBT values increase during a virus-induced asthma exacerbation and such
increase correlated well with other markers of inflammation (Xepapadaki et al.
2010). Current devices include microsensors and provide accurate, simple, and
acceptable non-invasive and user-friendly way of assessing EBT.

6.5 Serum Periostin

Periostin is induced by IL-4 and IL-13 in airway epithelial cells and lung fibroblasts
and serves as a surrogate marker of Th2 inflammation both in animal and human
studies (Blanchard et al. 2008). Serum periostin in asthmatic patients correlates well
with blood eosinophil count, serum IgE, and eosinophilic cationic protein levels
(Matsumoto 2014). With regard to treatment, periostin is a useful biomarker for
responsiveness to inhaled corticosteroid therapy and may help identify patients as
suitable candidates for anti-IL.13 treatment (Hanania et al. 2015).

6.6 Volatile Organic Compounds

VOCs are products of metabolic activity taking place in the body; hence, they
directly reflect the current state of cells, tissues, and the microbiome — providing a
rich source of valuable information about the health of an individual. VOCs repre-
sent a highly innovative biomarker, since they have been studied only recently for
asthma diagnosis and monitoring (Rufo et al. 2016).

Studies showed that increased VOCs levels can discriminate asthmatics from
patients with other respiratory diseases and healthy controls. Moreover, significant
correlations were noted in studies, with respect to severity of airway obstruction and
airway inflammation and potentially as predictors of asthma exacerbations (van Vliet
et al. 2017).

7 Asthma Management

The goals of asthma management and treatment may be divided into two domains:
asthma control and reduction of future risk related to the complications of the disease
itself and the medications used. The achievement and maintenance of good asthma
control involves reduction of asthma-related daytime and nighttime symptoms,
optimization of lung function, infrequent use of short-acting b2-agonists (SABAs)
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as rescue inhalers and maintenance of normal daily activities. Minimization of the
risk of asthma-related mortality, asthma exacerbations, suboptimal lung develop-
ment (for children) or function (for adults), and adverse effects of the medications
used in the treatment of asthma is another important consideration when managing a
patient with asthma. As a chronic condition, asthma management requires continu-
ous assessments, adjustments of treatment, and reviews of response (Selroos et al.
2015). Patient’s preferences and practical issues should also be taken into account.
Therefore, all international guidelines recommend a stepwise approach in treating
patients with asthma, i.e. “stepping-up” treatment when asthma control is not
achieved or maintained for sufficient time and “stepping-down” treatment when
there is good asthma control and ideally no exacerbations. Of note, treatment
adherence, inhaler technique, and comorbidities should always be assessed before
changes in the treatment plan are made.

As new evidence stemming from well-designed research is accumulating, there
are modifications in the recommended treatment strategies. The recent report by the
Global Initiative for Asthma (GINA) published in 2019 stressed the importance of
using an inhaled corticosteroid-containing controller medication either on an
as-needed basis or regularly in adults and adolescents with asthma (GINA report
2019). An increase in ICS dose or the addition of other medications are the preferred
next steps. In addition, SABAs are no longer the preferred reliever medication. In
children 6-11 years old, daily low-dose ICS is the preferred initial treatment and the
addition of other medications or an increased ICS dose may be considered further
on. In younger children (<5 years), the diagnosis of asthma remains challenging. In
this age group, there is currently lack of understanding regarding the role of the
different phenotypes and endotypes as well as the association of preschool wheeze, a
hallmark of pediatric asthma, with later development of asthma (Papadopoulos et al.
2019). ICSs in escalating doses are the preferred controller medications in these
patients (GINA report 2019).

Therefore, the medications used to treat asthma may be divided into two
categories: controller and reliever medications and are summarized below.

7.1 Controller Medications

7.1.1 Inhaled Corticosteroids

Inhaled corticosteroids constitute the current gold standard of maintenance treat-
ment, being the most effective anti-inflammatory medication for most patients with
asthma across all age and disease severity groups. The device types include
pressurized metered-dose inhalers (pMDIs) with or without a spacer, dry powder
inhalers (DPIs), and nebulizers and the choice of the most appropriate device in
clinical practice depends on the level of patient’s respiratory function, age,
preferences, and ability of device handling. Optimal inhaler technique, which
requires proper education and regular reevaluation, as well as treatment adherence
are considered the most important factors in reducing the risk of asthma
exacerbations and controlling symptoms. However, in a recent systematic review
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investigators concluded that although there are interventions which may improve
inhaler technique in some circumstances, the evidence is inadequate to discern
which are the most effective interventions for clinicians to use and what is the
measurable impact on clinical outcomes (Normansell et al. 2017). The relative
efficacy of ICSs has been examined in numerous RCTs. Fluticasone administered
either at the same or at half the daily dose of budesonide or beclomethasone led to
slight improvements in some measures of lung function, and this effect applied to all
drug doses, age groups, and device types (Adams et al. 2007). No difference was
observed with regard to asthma exacerbations, b2-agonist use or asthma symptoms
(Adams et al. 2007). Guidelines recommend a daily low dose of ICS in adults and
children with persistent asthma. No clinically significant differences in lung func-
tion, risk of asthma exacerbation, use of rescue medications, or symptom control
were observed between patients who received a low or moderate and a high initial
starting dose of ICS (Powell and Gibson 2004). Dose escalation or the addition of
another controller medication are the two options available for patients who fail to
achieve asthma control. On the other hand, the evidence is sparse regarding the
optimal timing of stepping down the dose of ICSs in adult patients with well-
controlled asthma (Crossingham et al. 2017). The administration of ICSs at the
beginning of an exacerbation in school-aged children with asthma and preschoolers
with recurrent wheezing has been the focus of various studies and review articles.
Children with intermittent ICS use did not differ significantly in their risk of oral
corticosteroid use or other serious health events compared to those with regular ICS
use. However, daily ICS use resulted in improved markers of lung function, asthma
control, and airway inflammation (Chauhan et al. 2013). A major concern about
corticosteroids is their potential adverse effects and although ICSs have fewer and
less severe unfavorable reactions, the fact that they are usually administered for long
time periods increases the risk of systemic effects, especially in children and the
elderly. Inhaled corticosteroids have both local (e.g., oral candidiasis, hoarseness)
and systemic (e.g., adrenal suppression, cataracts, osteoporosis) adverse effects. It
appears that ICS use is associated with a small decrease in linear growth velocity in
children and this effect follows a dose-response curve (Pruteanu et al. 2014; Zhang
et al. 2014). Of note, the presence of comorbidities such as allergic rhinitis or atopic
dermatitis may further increase the cumulative dose of corticosteroids via different
routes of administration. Therefore, patients using high ICS doses for prolonged
periods should regularly be monitored for early detection of adverse effects.

7.1.2 ICS/LABA Combination

Long-acting b2-agonists (LABAs) approved for use in patients with asthma include
salmeterol, formoterol, and the ultra-long acting (24 h duration of action) vilanterol.
Indacaterol and olodaterol are currently approved for use in patients with COPD.
They are recommended in combination with ICS, as the next step of treatment in
patients aged >5 years with inadequately controlled asthma while receiving a
low-to-medium dose of ICS (GINA report 2019). The combination of ICS and
LABAs reduced the risk of asthma exacerbations and improved lung function and
asthma symptoms compared to the same dose of ICS in adults with asthma



A Current Perspective of Allergic Asthma: From Mechanisms to Management 81

(Ducharme et al. 2010). On the contrary, the addition of a LABA to ICS in children
has not been shown to be associated with a reduction in exacerbations requiring
systemic steroids compared to ICS monotherapy, but it improved other measures of
asthma control (Chauhan et al. 2015). The therapeutic option of a single inhaler both
as controller and reliever medication, referred to as “Single Inhaler Therapy” (SiT)
or “Single Maintenance and Reliever Therapy” (SMART) has gained popularity in
recent years due to its convenience and the potential of improved treatment adher-
ence. In adults and adolescents, the combination of budesonide and formoterol as
SiT decreased the risk of asthma exacerbations requiring systemic steroids or
hospital admission compared to higher ICS dose/LABA combination inhalers and
as-needed SABA (Kew et al. 2013). Three recently published RCTs examined the
use of budesonide/formoterol combination as needed in adults and adolescents with
mild asthma (Bateman et al. 2018; O’Byrne et al. 2018; Beasley et al. 2019). Similar
exacerbation rates were observed in the as-needed budesonide/formoterol and the
budesonide maintenance/as needed SABA (albuterol or terbutaline) groups, but
daily budesonide offered superior asthma symptom control. Compared to albuterol
or terbutaline used as needed, patients who received budesonide/formoterol as
needed experienced fewer exacerbations and had improved asthma symptom con-
trol. Of note, budesonide/formoterol combination resulted in lower glucocorticoid
exposure. Based on the aforementioned RCTs, GINA now recommends as-needed
ICS/formoterol as the preferred reliever medication in all levels of asthma severity in
adults and adolescents (GINA report 2019). LABAs should not be administered as
monotherapy in patients with asthma due to concerns about increased morbidity and
mortality. However, accumulating evidence from the current use of fixed-dose
combination inhalers has been reassuring and the US Food and Drug Administration
concluded that ICS/LABA combination is not associated with an increased risk of
serious asthma-related adverse events compared to ICS monotherapy (FDA Drug
Safety Communication 2018).

7.1.3 Leukotriene Modifiers

Leukotriene modifiers include three leukotriene receptor antagonists (LTRAs)
(montelukast, zafirlukast, pranlukast) and one 5-lipoxygenase inhibitor (zileuton).
Availability varies across countries worldwide, but montelukast is by far the most
frequently used agent, while zafirlukast is used to a smaller extent in the USA.
Leukotriene modifying agents are administered in patients with mild asthma as an
alternative to ICS and in patients with more severe disease, as an alternative to an
increase in ICS dose or to the addition of LABAs (GINA report 2019). In adults and
adolescents with predominantly mild persistent asthma, administration of LTRAs as
monotherapy was superior to placebo in reducing the risk of asthma exacerbations
and in improving measures of asthma control and quality of life (Miligkos et al.
2015). However, LTRAs are generally considered less effective than ICS treatment
in both adults and children. LTRA monotherapy resulted in more asthma
exacerbations requiring oral corticosteroids and worse outcomes in lung function,
asthma symptoms, and quality of life (Chauhan and Ducharme 2012). The addition
of LTRAs to ICS compared with the same, an increased or a tapering dose of ICS in
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adults and adolescents with asthma was assessed by Chauhan and colleagues.
LTRAs as add-on treatment compared with the same dose of ICS reduced the risk
of an asthma exacerbation requiring oral corticosteroids by half and improved most
measures of lung function and asthma control, whereas no statistically significant
difference was observed for any outcome measure when LTRAs were compared to a
higher or a tapering dose of ICS (Chauhan et al. 2017). LTRAs as second-line
treatment in adults and children aged >6 years were inferior to LABAs in lung
function tests and resulted in a statistically significant, though comparable, increase
in asthma exacerbation risk (Chauhan and Ducharme 2014). In preschool children
with asthma or recurrent wheezing, maintenance treatment with LTRAs appears less
effective than ICS (Castro-Rodriguez and Rodriguez-Martinez 2018). The safety
profile of LTRAs in the published RCTs is comparable to either placebo or active
drugs (Chauhan and Ducharme 2012; Miligkos et al. 2015). The advantage of once-
or twice-daily oral dosing and the theoretical good response in patients with specific
characteristics (e.g., concomitant allergic rhinitis, young children) constitutes leuko-
triene modifying agents a useful therapeutic option mainly in patients who are
unwilling or cannot tolerate ICS.

7.1.4 Long-Acting Muscarinic Antagonists

Long-acting muscarinic antagonists (LAMASs) are currently indicated for the treat-
ment of difficult-to-control asthma as add-on medications to ICSs and as an alterna-
tive to the combination of ICS/LABA. Tiotropium, administered via a mist inhaler,
has been approved for use in patients with asthma aged >6 years. The combination
of tiotropium/ICS reduced the risk of asthma exacerbations and improved lung
function compared to the same ICS dose in 5 RCTs of 2,563 adult patients with
asthma, though the evidence for other important measures of efficacy remains
inconclusive (Anderson et al. 2015). The addition of tiotropium to ICS did not
reduce the risk of asthma exacerbations compared to the addition of salmeterol or
formoterol to ICS in around 2,000 adult patients with asthma, but it conferred small
though statistically significant improvements in some measures of lung function
(Kew et al. 2015). Tiotropium administration as an add-on treatment to the combi-
nation of ICS/LABA has also been investigated in adults with asthma, showing
small added benefits (Kew and Dahri 2016).

7.1.5 Biologicals

Several targeted therapies are currently available and there are more under develop-
ment for patients with uncontrolled asthma, despite optimal treatment with inhalers.
Omalizumab was the first monoclonal antibody directed against IgE that received
marketing authorization approval approximately 15 years ago and as adjunctive
treatment to ICS it has been shown to reduce the exacerbation rate and improve
symptom control and quality of life in children >6 years old and adults with severe
uncontrolled asthma (Normansell et al. 2014). In addition, the potential of concur-
rent treatment of other coexisting allergy-associated conditions, such as allergic
rhinitis and severe food allergy, renders omalizumab as an appealing therapeutic
option (Humbert et al. 2019). Three more monoclonal antibodies directed against
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IL-5 or the IL-5 receptor are approved for use in adults, adolescents (reslizumab,
benralizumab), and children >6 years old (mepolizumab) with severe eosinophilic
asthma. All of these treatments are able to reduce the number of severe
exacerbations, and improve lung function and other markers of asthma control
compared to placebo (Pavord et al. 2012; Ortega et al. 2014; Castro et al. 2015;
Bleecker et al. 2016; FitzGerald et al. 2016). Of note, both mepolizumab and
benralizumab have shown oral corticosteroid-sparing effect in patients relying on
systemic corticosteroids to control their asthma (Bel et al. 2014; Nair et al. 2017b). In
early 2019, another monoclonal antibody directed against the IL-4 receptor,
dupilumab, was approved for adolescents and adults with moderate-to-severe eosin-
ophilic asthma or dependent on oral corticosteroids. Patients who received
dupilumab experienced on average fewer severe exacerbations and demonstrated
improved lung function and asthma control compared to placebo, with the most
prominent effect observed in patients with high eosinophil count at baseline (Castro
et al. 2018). In oral corticosteroid-dependent patients, dupilumab administration
resulted in significantly reduced use of oral steroids compared to placebo (Rabe
et al. 2018). Although the available evidence is limited, no clinically significant
adverse events have been observed to date and therefore the aforementioned
biologics constitute an important therapeutic option for patients with severe uncon-
trolled asthma characterized mainly by Th2 inflammation. However, there remains a
substantial group of patients with non-Th2 inflammation who do not respond
adequately to standard treatment and may also fail current targeted therapies.
Various other agents directed against other interleukins (e.g., brodalumab,
tezepelumab, RGN3500), inhibitors of prostaglandin D2 receptor (fevipiprant),
and inhibitors of the proto-oncogene receptor tyrosine kinase — KIT (imatinib) are
currently evaluated in phase 2 or 3 trials and the early promising results remain to be
replicated (Corren 2019).

7.1.6 Systemic Corticosteroids

Systemic corticosteroids remain the mainstay of therapy of moderate to severe
asthma exacerbations. However, patients with uncontrolled asthma despite optimal
treatment and adherence may require regular administration of oral corticosteroids.
Long-term corticosteroid therapy is associated with clinically significant and poten-
tially serious adverse effects, and their routine use should be avoided.

7.1.7 Other

Controller medications with limited use nowadays include theophylline and
cromones (nedocromil and cromoglycate). Theophylline is an oral bronchodilator
with inferior efficacy to ICSs (Dahl et al. 2002) or LABAs (Tee et al. 2007) and
increased risk of adverse effects, including life-threatening cardiovascular and
neurologic toxicity (Cooling 1993). Cromones are inhaled medications with a
favorable safety profile, though they are considered less effective than low-dose
ICS in both adults and children with asthma (Guevara et al. 2006; Sridhar and
McKean 2006).
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7.2 Allergen Inmunotherapy

Allergen immunotherapy (AIT) is a procedure inducing tolerance to a specific
allergen, by repetitive administration of the implicated allergen and there is increas-
ing need for treatment modalities, which will benefit patients with allergic asthma. In
2019, the European Academy of Allergy and Clinical Immunology (EAACI)
published a practice guideline for the use of house dust mites (HDM) AIT as
add-on treatment for HDM-driven allergic asthma in children and adults (Agache
et al. 2019). The currently available routes of administration evaluated in the
guideline included the subcutaneous (SCIT) and the sublingual (SLIT) immunother-
apy. HDM-SCIT is recommended for children and adults with controlled
HDM-driven allergic asthma as an add-on treatment to decrease symptoms and
medication use, though the absence of solid evidence regarding the exacerbation
rate and markers of asthma control and lung function precluded any recommendation
about these important outcomes (Agache et al. 2019). Likewise, HDM-SLIT drop
preparations are recommended for children with controlled HDM-driven allergic
asthma as an adjunctive treatment to control symptoms and decrease drugs utiliza-
tion (Agache et al. 2019). Based on moderate quality evidence, the guideline
recommends the use of HDM-SLIT tablets for adults with controlled or partially
controlled HDM-driven asthma as an add-on treatment to regular pharmacotherapy,
to reduce the risk of exacerbations and improve asthma control (Agache et al. 2019).
Due to lack of safety data in patients with uncontrolled asthma, HDM-AIT is
contraindicated in those patients. Overall, AIT has shown significant benefits in
selected patients with allergen-triggered asthma (Dhami et al. 2017). However, the
increased risk of publication bias and adverse events as well the amount of clinical
(e.g., different kinds of allergens, monosensitized vs. polysensitized patients) and
methodological heterogeneity (e.g., absence of validated symptom assessment tools)
observed in the published systematic reviews reduces generalizability of the
conclusions (Abramson et al. 2010; Dhami et al. 2017).

7.3 Reliever Medications

Rapid-acting b2-agonists were until recently the preferred treatment option for
patients with acute respiratory symptoms, including short-acting agents such as
salbutamol, terbutaline and the long-acting b2-agonist, formoterol. Traditionally,
short-acting b2-agonists (SABAs) were prescribed to every patient with a diagnosis
of asthma to be used on an as-needed basis in order to relieve symptoms due to
bronchospasm. In addition, for patients with intermittent asthma (i.e., asthma
symptoms less than twice a month, no nighttime awakening in the past month and
no exacerbation in the previous year) SABAs were the only recommended medica-
tion (GINA report 2018; NAEPP EPR3 on the Diagnosis and Management of
Asthma 2007). However, the fact that patients with even mild asthma may have
severe exacerbations or progressive loss of lung function and the observed overcon-
sumption of SABA by a significant proportion of patients caused a paradigm shift in
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recent guidelines (GINA report 2019). In summary, SABAs are not any more
considered as the best choice as single inhalers for patients with intermittent asthma
and they are currently not the preferred reliever medication for all other patients.
Formoterol, due to its rapid onset of action compared to other LABAs, is now
recommended in combination with ICS as needed in patients with either intermittent
or persistent disease (GINA report 2019). Ipratropium, an anticholinergic agent, is
frequently administered in patients with acute asthma in the hospital setting, though
the presence of incremental benefit to SABA therapy is questioned (Vezina et al.
2014).

7.4 Non-pharmacological Interventions

As with every chronic condition, a variety of factors interplay and contribute to a
disease flare-up. Therefore, in addition to pharmacological treatments, there are
other strategies to be considered where relevant, though strong evidence for most
of them is lacking. These include but are not limited to smoke, allergen or occupa-
tional exposure avoidance, medication avoidance (e.g., NSAIDs), adoption of a
healthy lifestyle (e.g., healthy diet, normal weight, regular physical activity), and
vaccinations, especially for the prevention of pneumococcal disease and influenza.
Bronchial thermoplasty is indicated for cautiously selected adult patients with
difficult-to-control asthma despite adequate pharmacotherapy and it involves treat-
ment of the airways with radiofrequency pulses.
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Abstract

Conjunctivitis is a frequent disease of the eye with the typical clinical sign being
the “red eye” and comprises a very heterogeneous group with different causes. In
general, infectious conjunctivitis must be strictly differentiated from
non-infectious conjunctivitis. Allergic conjunctivitis is a subtype of
non-infectious conjunctivitis and imposes as an acute, intermittent or chronic,
inflammation which is most frequently caused by airborne allergens. The leading
clinical sign is chemosis, and patients typically complain about itching. Allergic
conjunctivitis is often a reaction to topical and systemic drugs or cosmetics as
well as animal hairs from cats and/or dogs. Allergic conjunctivitis is
sub-classified into the following forms: seasonal allergic conjunctivitis (also
termed: hay fever conjunctivitis), atopic conjunctivitis, vernal conjunctivitis,
upper limbal (kerato-) conjunctivitis, and conjunctivitis associated with various
oculomucocutaneous syndromes. In each form, there are distinctive features in:
clinical appearance, generating agent(s), as well as treatment as listed here.
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Conjunctivitis is a frequent disease of the eye. It affects everyone at least once in
his/her lifetime. The typical clinical sign of conjunctivitis is the “red eye” which
results from an increase of blood filling the conjunctival vessels (hyperemia).
Conjunctivitis may also be accompanied by symptoms such as secretion and
chemosis (swelling of the conjunctiva). The secretion is either watery, mucous, or
purulent and chemosis is usually mild to moderate. During allergic conditions
chemosis can manifest as a massive protrusion to such a degree that the affected
patient is unable to close his eye lids. The presence or absence of chemosis as well as
the type of secretion is distinctive and helps identifying the different causes of
conjunctivitis (Grehn 2012).

Infectious conjunctivitis should be strictly distinguished from non-infectious
conjunctivitis. However, in some cases non-infectious conjunctivitis can be
superinfected by infectious agents. In the case of primarily infectious or secondarily
superinfected conjunctivitis, effective therapy must include antibiotic, antiviral
and/or antimycotic drugs based on the clinical findings and microbiological results.
However, any “overtreatment” (e.g., topically administered antibiotics when not
indicated) may substantially complicate any type of conjunctivitis because the
antibiotics themselves as well as the preservatives in eye drops or ointments can
induce or complicate allergic reactions.

Within the group of non-infectious conjunctivitis, two major types may be
differentiated: unspecific conjunctivitis and allergic conjunctivitis. Unspecific con-
junctivitis most often results from lack of tears (“dry eye syndrome”) or other forms
of dyslacrimia. Other less frequent causes include various external conditions such
as extensive exposure of the eyes to smoke, dust, heat, cold, wind, and ultraviolet
light or other physical eye issues. Moreover, multiple other conditions can lead to
unspecific conjunctivitis. These conditions include lid anomalies, uncorrected
refractive errors, disorders of binocular vision, as well as stress, lack of sleep, and
strenuous overnight work. A relatively frequent cause of unspecific conjunctivitis is
overworn contact lenses or the use of dirty and otherwise compromised contact
lenses. All these causes of unspecific conjunctivitis are often termed ‘“allergic,”
which is misleading because the immune system is not activated in any of these.

In contrast to the aforementioned type, true allergic conjunctivitis is an acute,
intermittent or chronic, non-infectious inflammation which is most frequently caused
by airborne allergens (Ono and Abelson 2005). Allergic conjunctivitis is a type-I-
hypersensitive reaction. Patients with multiple allergies are especially prone to the
development of allergic conjunctivitis. In contrast to other forms of conjunctivitis,
patients with allergic conjunctivitis often complain about itching. In addition,
chemosis is the leading clinical sign. The appearance of chemosis is usually trans-
parent with either little or no watery discharge. Allergic conjunctivitis is often a
reaction to topical and systemic drugs or cosmetics. Animal hairs (cats, dogs) can be
another source for allergic reaction. In case of animal “hair-induced” allergic
conjunctivitis the causing agent for allergic reaction are not the hairs themselves,
but instead the animal’s saliva that is adhered to the hairs (Friedlaender 1998).
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Allergic conjunctivitis is sub-classified into the following forms. If possible, for
each form the distinctive features in clinical appearance, causing agent(s), as well as
treatment are listed.

(a) Seasonal allergic conjunctivitis (hay fever conjunctivitis)

Seasonal allergic conjunctivitis is an allergic reaction to pollen and other plant
derived allergens. It is most prevalent at the time of blooming for grasses and
plants and is, therefore, most common during spring and early fall. Seasonal
allergic conjunctivitis is typically accompanied by a watery rhinitis with patients
experiencing intensive tearing and sneezing. In addition, chemosis and foreign
body sensation are frequent symptoms. Whenever possible, the patients should
get general desensitization against the causing grasses and plants. Local therapy
includes astringent eye drops, and in extreme cases local steroids may be used for
a limited time. For recurrent cases, prophylactic treatment with eye drops
containing chromoglycinacid, lodoxamid, or olopatadin (preferably without con-
serving agents) is helpful to prevent exacerbation of seasonal conjunctivitis,
because these agents inhibit mast cell degranulation (Anderson 2001).

(b) Atopic conjunctivitis, (kerato-) conjunctivitis eccematosa, and phlyctaenulosa

Atopic conjunctivitis is particularly found among atopic children and results from an
allergy against bacterial toxins, dust, mites, or animal dandruff. It is often found
in children who are undernourished or living in less hygienic conditions. The
symptoms are typically present throughout the entire year. The conjunctiva is
affected with little knots which may also be found on the cornea and can lead to
corneal scarring. During the acute phase, the patients are largely affected by
bright light and by intensive tearing. Conjunctivitis phlyctaenulosa is often
associated with tuberculosis which must be first ruled out, and then in acute
phases, local antibiotics and steroids are administered. In case of corneal scarring,
a keratoplasty might become necessary, but should only by carried out when no
acute inflammation is present.

(c) Vernal Conjunctivitis

Vernal conjunctivitis is a bilateral severe allergic reaction which affects mainly boys
and male teenagers. It can either occur isolated or with a general atopic condition
such as asthma, eczema, or general seasonal allergies. Vernal conjunctivitis is
exacerbated often during springtime. In this disease, an IGE-associated immune
reaction plays a major role. There are three clinical types: tarsal or conjunctival,
limbal, and a type in which corneal complications are most prevalent. In case of
the conjunctival or tarsal type the upper tarsus shows square, flat, gray to reddish
appearing paving-stone like papillae, where in the limbal type the pericorneal
conjunctiva is hypertrophic with a grayish color, and in 3—11% of cases corneal
ulcers develop. For all three types, steroid eye drops are helpful, and to prevent
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reoccurrences, eye drops containing chromoglycinacid, lodoxamid, or olopatadin
should also be administered in the disease-free interval. The latter eye drops
should also be used continuously as a prophylaxis. This reduces recurrent exacer-
bation of vernal conjunctivitis and, thus, less or no corticosteroid eye drops are
necessary in the acute phase.

(d) Upper Limbal (Kerato-) Conjunctivitis

Upper limbal keratoconjunctivitis is a chronic inflammation associated with thyroid
diseases and mostly affects women.

(e) Oculomucocutaneous Syndromes

A group of rare but especially severe and complicated forms of allergic conjunctivi-
tis are associated with the so-called oculomucocutaneous syndromes (e.g.,
Stevens-Johnson syndrome, Lyell syndrome, ocular cicatrizing conjunctival
pemphigoid). The name “oculomucocutaneous syndromes” indicates that the
manifestation of these potentially life-threatening diseases is not confined to the
eye but affects various other mucous tissues (ear, nose, throat, and others) as well
as the skin.

Stevens-Johnson syndrome, also termed “erythema exudativum multiforme” leads
to a toxic hyperergic membranous conjunctivitis. Its characteristic features are the
development of chemosis and subsequently the formation of a symblepharon.
Stevens-Johnson syndrome is a severe and life-threatening allergic reaction to
different systemically administered drugs, mostly antibiotics. ~Another
oculomucocutaneous syndrome is the Lyell syndrome, also named “toxic epidermal
necrolysis,” which is ophthalmologically characterized by an allergic membranous
conjunctivitis and the development of a symblepharon. The skin of the affected
patients often resembles a generalized burn injury. The third very rare form in this
group of oculocutaneomucous syndromes is the ocular cicatrizing conjunctival
pemphigoid. This is a severe chronic autoimmune disease of the cornea that mostly
affects elder women. In this disease, the conjunctiva grows across the corneal
limbus, and in the final stage of the disease, the entire cornea becomes covered
with a pannus, and the eyelids stick to surface of the eye. Thus, the development of a
symblepharon is characteristic. A biopsy of the conjunctiva would show
immunglobulins in the basic membrane of the conjunctiva and the complement.

In summary, conjunctivitis comprises a very heterogeneous group of different
causes for the patient’s “red eye.” The specific case history of the patient as well as a
careful interview of the symptoms is crucial in sub-classifying the exact form. This is
especially true for allergic conjunctivitis. Any unspecific treatment attempts in
allergic conjunctivitis, e.g. antibiotics if not indicated, often complicate the disease
substantially and can lead to chronic cases which may burden the patients for many
weeks or even months.
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Atopic eczema (AE) is a chronic inflammatory disease hallmarked by intense
pruritus and eczematous lesions. It depicts one of the most common skin diseases
affecting a major part of children and several percentages of adults.
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Both pathogenesis and pathophysiology are based on complex orchestrated
interactions of skin barrier defects, immunological changes, the environment, and
an abundance of other contributing factors. Frequently, AE displays the starting
point for other allergic diseases such as allergic asthma and rhinoconjunctivitis.
Additionally, the risk of developing food allergy is increased. Furthermore, the
disease is accompanied by a susceptibility to bacterial, fungal, and viral
infections. The development of new therapies received great impetus by an
ample research of the pathophysiological mechanisms, leading to a new era in
the treatment of severe atopic eczema due to targeted treatments, e.g. the IL-4R
alpha specific monoclonal antibody dupilumab.

This article provides an overview of the causative and pathophysiological
characteristics, the clinical and diagnostic aspects as well as current and future
therapeutical possibilities focusing allergic aspects contributing to the course of
the disease.
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Atopic eczema - Atopy - Pathophysiology - Type 2 immune response

1 Introduction

Atopic eczema (AE), also known as atopic dermatitis, depicts one of the most
common chronic inflammatory skin diseases affecting nearly one in five individuals
in industrialized countries (Weidinger and Novak 2016; Flohr and Mann 2014;
Werfel et al. 2016). The disease was first described by Robert Willan in 1808 and
characterized in detail by Ernest Henri Besnier in 1892 (Besnier 1892). The term
“atopic” classifies AE as a disease belonging with allergic asthma, allergic
rhinoconjunctivitis, and food allergy to the spectrum of atopic diseases, first
described in 1922 by the allergists Arthur F. Coca and Robert A. Cooke (1923).

Regarding the disease prevalence, an increase has become apparent in the last
decades, especially in industrialized countries. As in most countries, over 20% of the
children are affected at least during a period of their lives. In adulthood the
prevalence ranges from 1 to 10% considering distinct regional variations and
based on the definition of AE in the data collection (Flohr and Mann 2014; Dizon
et al. 2018). Around 60% of all cases manifest within the first year and additionally
85% before the age of five; however, AE can emerge lifelong (Garmhausen et al.
2013; Vakharia and Silverberg 2019; Abuabara et al. 2019). Large birth cohort
studies revealed that most of the children affected by AE have a mild disease
severity; however, moderate to severe AE can persist into adulthood in individual
cases, particularly in children early and severely affected and that are sensitized to
various allergens in infancy and early childhood. Register studies are needed to
investigate the persistence of AE beyond the youth (Bieber et al. 2020).

Combined with other allergic diseases, AE impacts the socioeconomics heavily
(Chung and Simpson 2019). However, the intense burden is reported not only for the
economy but also for the life quality, especially in patients with severe AE, as, e.g.,



Atopic Eczema: Pathophysiological Findings as the Beginning of a New Era. . . 103

levels of anxiety and depression are higher in those patients (de Bruin-Weller et al.
2020).

2 Pathogenesis and Pathophysiology

The pathogenesis of AE is orchestrated by a complex interaction between genetic
predisposition and the environmental aspects (Gilles et al. 2018).

2.1 Genetics

The genetic burden depicts a major factor for developing AE, which is emphasized
by a concordance of 80% in monozygous twins and 20% in heterogenous ones.
Genetic analyses of AE patients have revealed a multitude of different mutations,
especially in genes of barrier proteins and immunological pathways. In 2015,
Paternoster et al. identified additional 10 risk loci maximizing the number to
31, e.g. in the filaggrin gene, in cytokine molecules and receptors like IL-13 and
IL6R, and in signaling proteins as STAT3 (Paternoster et al. 2015). However, less
than 20% of the estimated heritability can be explained by the identified susceptibil-
ity loci (Weidinger and Novak 2016). The most prominent risk factors are loss-of-
function mutations in the filaggrin gene. This gene encodes a protein which is
essential not only for a functional skin barrier but also for the homoeostasis of the
epidermis. A filaggrin loss-of-function mutation increases the risk for AE by a factor
of 3.12-4.78 (Irvine et al. 2011; van den Oord and Sheikh 2009). Noteworthy,
roughly 60% of mutation carriers in the whole population do not develop AE
(Weidinger and Novak 2016; Irvine et al. 2011).

2.2 Environment

The impact of environmental and social factors is underlined by investigations
showing an increased risk due to treatment with antibiotics in pregnancy and early
childhood (Penders et al. 2014), smaller families and classes of higher socioeco-
nomic status (Ofenloch et al. 2019), and a reduced diversity of the microbiota in the
gut (Wang et al. 2008). Additionally, indoor (Kim et al. 2015; Kwon et al. 2015; Lee
et al. 2011) and outdoor air pollution (Huang et al. 2015) as well as psychosocial
stress may contribute to an increased risk for AE (Gilles et al. 2018). Concerning the
development of allergies, the skin exposure with peanut proteins in household dust
may elevate the risk of developing a peanut allergy in children with AE or those
carrying a filaggrin loss-of-function mutation (Brough et al. 2015).
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23 Pathophysiology

Pathophysiologically, these aspects, combined with a complex interaction of skin
barrier defects and an inadequate immune response, are assumed to lead to the
clinical picture of AE (Weidinger and Novak 2016). The immunological hallmark
of AE lesions is a Th2 polarized inflammation infiltrate. Type 2 skewing of Th cells
and other immune cells (cytotoxic T lymphocytes, innate lymphoid cells) are
induced by different factors. Keratinocytes produce augmented amounts of thymic
stromal lymphopoietin (TSLP) in AE skin priming naive T cells toward Th2 via
dendritic cells (Oyoshi et al. 2010). Furthermore, pollen, which can penetrate the
disrupted skin barrier easily, contribute to a type 2 cytokine milieu, among others by
inhibiting IL-12 production (Aglas et al. 2018; Traidl-Hoffmann et al. 2005).

Concerning the skin, different abnormalities are reported in AE: an increased
transepidermal water lass (TEWL) (Flohr et al. 2010), changes in lipid composition
and stucture (Ishikawa et al. 2010; Janssens et al. 2012), and elevated activity of skin
serine proteases (Weidinger and Novak 2016; Voegeli et al. 2009). Further, changes
of the skin microbiome are present, especially a reduced skin microbiome diversity
and augmented amounts of Staphylococcus aureus (S. aureus) colonizing the surface
(Reiger et al. 2019). Recently, it was shown that the abundance of, Staphylococcus
aureus (S. aureus) correlates with the expression of skin barrier proteins, revealing
the importance of the skin microbiome in the pathophysiology of AE (Altunbulakli
et al. 2018). However, not just the skin microbiome, but also the gut bacteria seem to
contribute to the pathophysiology of AE. Bifidobacterium counts are lower in AE
patients and, additionally, Faecalibacterium prausnitzii subspecies are highly related
to AE (Watanabe et al. 2003; Song et al. 2016; Reiger et al. 2020). Several studies
revealed that the aberrations of the gut microbiome precede the onset of AE. It is part
of ongoing research to which extension the altered gut microbiome contributes to the
development of the disease and a Th2 skewing of cutaneous inflammation.

The immunological hallmarks of AE led to a dichotomic subgrouping into an
intrinsic (“non-allergic”) and extrinsic (“‘allergic”) form of the disease. The latter was
defined by an increased total IgE in serum, detectable allergen-specific IgE
antibodies against aero- and food allergens, and association with IgE mediated
clinical reactions and other atopic diseases (Novak and Bieber 2003; Johansson
et al. 2001). Contrarily, 16-45% of adult patients with AE reveal neither specific
sensitizations nor elevated total IgE and thus suffer from the intrinsic form (Schmid-
Grendelmeier et al. 2001). Notably, in infants (age 0-2 years) the prevalence of the
intrinsic form approaches 60% (Park et al. 2006), suggesting that normal total IgE
and lack of allergen-specific IgE antibodies, respectively, may only be present in the
inception of the disease. Therefore, this dichotomic approach has become blurred
and the concept of the differentiation of endotypes of the disease has risen (Eyerich
et al. 2019; Czarnowicki et al. 2019).

Besides IgE against environmental allergens, a multitude of IgE reactive to self-
proteins was described under the term “autoallergy” (Hradetzky et al. 2014; Roesner
and Werfel 2019). Autoallergic phenomena appear specific in AE and may contrib-
ute to the inflammation (Hradetzky et al. 2015). T cells reactive to autoallergens
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produce, besides the common type 2 cytokines IL-4 and IL-13, type 1 inflammation
proteins such as IFN-y and other cytokines such as IL-17 and IL-22 (Hradetzky et al.
2014; Roesner et al. 2016).

Interestingly, not just a type 2 polarized inflammation can be detected in AE
lesions, but Thl cytokines are upregulated in subacute and chronic lesions of adult
patients as well (Werfel et al. 1996). In the lesional skin of children, Brunner et al.
showed additionally to the Th2 profile an increase of Th17 and Th22 cytokines
(Brunner et al. 2018). Additionally, alterations can be detected concerning different
ethnical backgrounds, as the Asian AE can be hallmarked, besides a Th2 profile, by a
pronounced Th17 inflammation providing some characteristics known from psoria-
sis (Noda et al. 2015).

In conclusion, a myriad of different aspects concerning genetics, immunology,
environment, and skin barrier and their interaction have been identified to contribute
to the complex picture of AE’s pathogenesis and pathophysiology so far.

3 Clinical Symptoms

The clinical manifestations of AE are diverse. In addition to scratch induced
excoriations and crustae caused by pruritus, the disease is characterized by inflam-
matory lesions with epidermal involvement “eczematous” skin lesions. In most
patients these lesions do not occur before the age of two months (Weidinger and
Novak 2016). The distribution pattern of lesions on the integument varies with age,
leading to the differentiation of three phases: In infancy eczematous lesions are
predominant in the face and capillitium and, furthermore, frequently combined with
exudative crusted erosions, which are associated with superinfections caused most
prominently by S. aureus (Alexander et al. 2020). The diseases hallmarks in child-
hood are focused at the cubital and popliteal folds being less exudative than in
infants (Traidl and Werfel 2019). In the adulthood, the accented areas are symmetri-
cal around the head, neck, and flexure folds (Fig. 1a, b) (Coors 2016). Furthermore,
acute lesions are accompanied by oozing, as chronic AE lesions provide the picture
of lichenification, meaning coarsening of the skin markings (Finlay et al. 1980).

The disease is characterized by recurrent flares induced by a multitude of factors,
e.g. stress or bacterial skin infections. Double-blinded, placebo-controlled studies
revealed an exacerbation of the disease due to aeroallergens and food allergens in
sensitized patients (Werfel et al. 2015; Wassmann-Otto et al. 2018).

4 Diagnosis

Due to the fact that laboratory markers are not available, the diagnosis of AE can
only be based on clinical features. The diagnostic criteria of Jon M. Hanifin and
Georg Rajka published in 1980 are still the basis for the diagnosis and most
frequently used in clinical trials (Vakharia et al. 2018; Hanifin and Rajka 1980).
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Fig. 1 Skin manifestations of AE and histological abnormalities. (a) Typical head and neck
involvement in an adult male AE patient. (b) Flexural papules with scratch excoriations and
lichenification. (c) AE affecting the hand characterized by intense pruritic, eczematous lesions.
(d) Histological changes of AE: The biopsy reveals parakeratosis, moderate acanthosis, spongiosis,
and an assorted infiltrate with several eosinophils and melanophages (Image d is kindly provided by
PD Dr. med. V. Schacht)

The major criteria involve pruritus, eczematous lesions (Fig. 1c) on the disease
and age typical spots, a chronic or relapsing course of disease, and a personal or
family history of atopic diseases. Additionally, 23 minor criteria exist, such as
elevated total IgE or the Dennie-Morgan infraorbital fold (Braun-Falco et al.
2005). Both exemplary minor criteria represent the allergic aspect of the disease,
as they can be found in patients with allergic rhinoconjunctivitis as well. The
diagnosis of AE can be made based on at least three major criteria accompanied
by three minor criteria (Hanifin and Rajka 1980). In 1994 the U.K. Working Party
published their refinement of the Hanifin and Rajka criteria containing a minimum of
criteria for the AE diagnosis (Williams et al. 1994). Therefore, a detailed history
combined with the skin inspection and an IgE measurement is the key point for the
diagnosis. Additionally, the latter is important, as sensitizing against aero- and food
allergens can lead to flares of the AE (Werfel et al. 2015; Wassmann-Otto et al.
2018). Whilst food allergies in young AE children, e.g. to hen’s egg, milk, and
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wheat, depict the most common ones, in adults cross allergy to, e.g., nuts due to
sensitization against aeroallergens are more prevalent (Wassmann and Werfel 2015).
Consequently, there is a shift from food allergens to aeroallergens from young to
adult AE patients, which is, however, not obligate, since some adult patients with AE
can still suffer from food allergies and some young children can already develop
inhalant allergies. Several double-blinded, placebo-controlled studies emphasized
the deteriorative effect of allergens to sensitized patients measured by clinical skin
scores as SCORAD and EASI (Werfel et al. 2015; Breuer et al. 2004; Werfel and
Kapp 1998).

Histological analysis of skin biopsies showing spongiosis, mild acanthosis,
orthokeratosis, and a lymphohistiocytic infiltrate with eosinophils and several
melanophages can complete the diagnosis. Dermatohistopathology is, however, of
minor importance for the diagnosis of AE compared to other clinical features in clear
presentations of symptoms (Fig. 1d).

Different scores are suitable for measuring the clinical severity of AE: Eczema
Area and Severity Index (EASI), Patient-oriented Eczema Measure (POEM), and
Severity Scoring of Atopic Dermatitis (SCORAD) index (Schmitt et al. 2007).
Regarding the SCORAD, besides the distribution of the affected body surface,
erythema, edema/papulation, oozing/crusts, excoriations, lichenification, and xerosis
are assessed for objective scores, while the extent of pruritus and sleeplessness are
measured as subjective parameters. The EASI score focuses on the objective
parameters such as erythema, edema and papulation, lichenification, and excoriation
allocated with the four areas head, upper extremities, body, and lower extremities
(Kunz et al. 1997). To focus on subjective parameters of the disease, the Patient-
Oriented Eczema Measures for Eczema (POEM) is frequently used. All three scores,
SCORAD, POEM, and EASI, are currently applied in clinical trials.

5 Comorbidities and Complications: From Allergy
to Infections

As mentioned before, AE depicts one of the four diseases of the atopic circle.
Gustafsson et al. investigated the development of other atopic diseases of AE
affected children. 94 children were examined for seven years, revealing that nearly
90% of the patients experienced an improvement of the skin manifestations; how-
ever, 43% developed allergic asthma and 45% allergic rhinoconjuncitivits
(Gustafsson et al. 2000). Interestingly, an early onset of AE is associated with an
increased risk of a sensitization against aeroallergens. Additionally, 5,729 patients
born in 1961 were followed up until 2004 by Martin et al. (Martin et al. 2011). It was
shown that manifesting an AE before the age of seven increases the risk to develop
an allergic asthma in adulthood and that the disease persists beyond childhood when
developing an asthma as a child. It is hypothesized that the barrier defects, which are
caused, among others, by the insufficient expression of filaggrin, allow a sensitiza-
tion against aeroallergens. The German multicenter allergy study (MAS), observing
1,314 newborns until the age of twenty, showed an increased risk of developing
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Fig. 2 Infectious complications of AE patients. (a) Staphylococcal superinfection of AE lesion. (b)
Eczema herpeticum: grouped scattered erythematous erosions and vesicles presented in a young
female AE patient

allergies and allergic disease if at least two closer family members suffer from AE,
another atopic manifestation or an increased IgE in the cord blood (Lau et al. 2002).
Interestingly, eczema was still present in 10% of all young women and 4 % in young
men at the age of 20 in members of this atopic birth cohort (Gough et al. 2015).

In conclusion, AE often depicts the first step of an allergic burden, followed by
allergic rhinoconjunctivitis and allergic asthma as well as food allergy. This devel-
opment is called “atopic march.”

Additionally, AE patients are prone to viral and bacterial infections. Bacterial
infections with especially group A Streptococcus inducing impetigo contagiosa (see
Fig. 2a) and S. aureus superinfections are common in those subjects.

Concerning viral susceptibility, disseminated clinical manifestations of herpes
simplex virus (HSV), molluscum contagiosum virus (MCV), human papillomavirus
(HPV), and vaccinia virus can appear. Most prominently, the spread of herpes
vesiculae known as eczema herpeticum (EH) (see Fig. 2b) can be accompanied by
systemic symptoms such as fever and malaise and may lead to life-threatening
complications when HSV affects the brain (herpes encephalitis) and liver (herpes
hepatitis) (Traidl et al. 2018, 2021; Seegriber et al. 2020).

These viral disseminations affect around 7-10% of AE patients (Beck et al.
2009). Noteworthy, AE is defined as a contraindication for the vaccination with
vaccinia virus due to the viral susceptibility (Grabenstein and Winkenwerder 2003).
Additionally, not only skin affecting viral diseases but also extra dermal diseases are
more prevalent in AE, as high-risk HPV is more common in AE in cervical cytology
(Morgan et al. 2015).

Beside somatic comorbidities, a high number of studies focused on psychiatric
comorbidities in AE patients. Schmitt et al. analyzed large cohorts of patients,
investigating the prevalence of attention-deficit/hyperactivity disorder (ADHD) in
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600,000 German children and adolescents. They showed that the prevalence in AE
patients was significantly increased with 5.2% compared to 3.4% in healthy
individuals (Schmitt et al. 2009). An increased prevalence of ADHD in AE was
confirmed by a couple of other independent studies from different countries. Further
prospective data revealed that infants with AE suffer from an elevated risk for mental
health problems at age 10. Importantly, despite clearing after the age of two years,
AE may cause persistent emotional and behavioral complications (Schmitt et al.
2010). There is a significant correlation of earlier use of antihistamines and ADHD
symptoms (OR 1.88; 95%-CI: 1.04-3.39) (Schmitt et al. 2018). However, not just
ADHD, but also depression (1.81; 95% CI, 1.33-2.46), anxiety (1.77; 95% ClI,
1.36-2.29), conduct disorder (1.87; 95% CI, 1.46-2.39), and autism (3.04; 95% CI,
2.13-4.34) were found to be significantly increased in AE (Yaghmaie et al. 2013).
Additionally, AE is associated with an increased prevalence of suicidal ideation in
children and adults (OR 4.32; 95% CI, 1.93-9.66).

6 Therapy

Based on the chronic relapsing character of the disease, the treatment of AE can be
challenging.

The use of moisturizers displays the basis of all therapeutical concepts for AE. As
most cases of AE are mild, moisturizers supported by topical steroids, calcineurin
inhibitors and, only approved in the USA, topical phosphodiesterase 4 inhibitors are
sufficient to control the disease. Additionally, a proactive use, meaning a long-term,
low-dose intermittent application of topical steroids or calcineurin inhibitor twice per
week even if no active lesions are visible, has proven to reduce exacerbations (Berth-
Jones et al. 2003; Wollenberg and Ehmann 2012). Furthermore, AE patients should
be educated regarding the benefit of topical and systemic treatments and the avoid-
ance of trigger factors of the disease. Controlled studies revealed not just an increase
of the quality of life by patient education intervention but also a significant disease
improvement in children, adolescents, and adults taking part in structured patient
education programs for AE such as Arbeitsgemeinschaft Neurodermitisschulung
(AGNES) or Arbeitsgemeinschaft Neurodermitisschulung fiir Erwachsene (ARNE)
(Heratizadeh et al. 2017; Staab et al. 2006). As AE is more prevalent in children,
educational concepts training children and their caregivers are of importance (for a
differentiated view on this topic, see: Handbook of Experimental Pharmacology on
Allergy: Patient/Relative Education).

However, for chronic or frequently recurrent moderate to severe forms of AE
topical treatment alone may be insufficient. For those patients, additional systemic
therapy is needed. Until 2017, systemic steroids and ciclosporin were the only
approved therapy options in AE (Schmitt et al. 2017). The off-label use of other
immune suppressive treatments, e.g. methotrexate, mycophenolate mofetil, or aza-
thioprine was rare. With the approval of dupilumab, a human monoclonal IgG4
antibody targeting the a-chain of the IL-4 and IL-13 receptor, the first biological is
available for the treatment of AE. It has a comprehensive label by the EMA as it
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“[...] is indicated for the treatment of moderate to severe atopic dermatitis in adult
patients who are candidates for systemic therapy” (European Medicines Agency
2018). In the dupilumab phase III studies 1,379 patients with moderate to severe
atopic dermatitis were treated with 300 mg subcutaneous every week, every other
week or placebo (Simpson et al. 2016). The primary endpoint of total or nearly
complete remission after 16 weeks was achieved by 36-38% of the patients in the
intervention groups intervention groups. An EASI-75, meaning an improvement of
the EASI score compared to baseline of at least 75%, was prevalent in 44-51% of
patients after 16 weeks of treatment with dupilumab. Data from the German registry
on adult patients with AE (“TREATgermany”) recently confirmed comparable
efficacy of dupilumab in the “real world.” (Abraham et al. 2020) In comparison,
the EASI-75 of ciclosporin after 12 weeks was shown to be around 34% in this
registry before (Schmitt et al. 2017). The most common adverse event of dupilumab
is conjunctivitis. Interestingly, this is a disease specific side effect, as it is not
observed in the dupilumab studies in asthma or polyposis nasi patients (Castro
et al. 2018; Bachert et al. 2016). It should be mentioned that the risk of eczema
herpeticum is reduced under the treatment with dupilumab probably due to its
positive effect on the overall skin condition (Fleming and Drucker 2018).

Of note, dupilumab depicts just the beginning of a new era of innovative
treatment options for moderate to severe AE patients who cannot be treated suffi-
ciently with topical applications and phototherapy. Besides monocloncal antibodies
against major type 2 inflammation associated cytokines, e.g. IL-13, IL-22, and
IL-31, other molecules are targeted such as OX-40 and TSLP by antibodies or
small molecules (Honstein and Werfel 2020). Additionally, cytokine receptor
associated kinases, namely Janus kinases, are inhibited by several promising drugs
leading to the interruption of different cytokine pathways. Most recently, the hista-
mine (H) 4 receptor was identified as a potential target and positive effect concerning
the disease severity on blocking the receptor was revealed in a clinical proof of
concept trial with nearly 100 patients with AE (Schaper-Gerhardt et al. 2018; Werfel
et al. 2019).

7 Resume and Outlook

The research of AE has received great impetus over the last decades. The improved
understanding of the pathophysiology, the involved cells, and cytokines in addition
to the increasing prevalence led to a multiplicity of different new therapy options in
the pipeline. In the last years it has become more and more clear that the disease,
besides the quite uniform clinical manifestation, consists of different disease
endotypes. It will be important to use the new and upcoming research techniques
to identify different endotypes of the disease and provide a tailored therapy for the
individual patient. Due to the rising prevalence of allergies and the connection of AE
with atopic comorbidities an all-embracing therapeutical approach is needed.
However, even more important is a preventive view on the disease. Especially the
intervention in early childhood in high-risk infants seems to be fundamental.
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In conclusion, AE is a disease with a high socioeconomic and individual impact
and can be accompanied by a multitude of comorbidities and complications. A
sufficient treatment, especially with new therapeutically possibilities, is needed.
Therefore, further research is important to have the ability to tailor the treatment to
the patient’s endotype.
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Abstract

Wheals and angioedema are the signature signs of urticaria, and itch is the key
symptom. Urticaria, in most patients, is acute and resolves within days (acute
urticaria, AU). Chronic urticaria (CU) can be of long duration and results not only
in severely impaired quality of life but also has a socioeconomic impact due to
work productivity impairment. In some patients with CU, the wheals and
angioedema are induced exclusively by defined and definite triggers (chronic
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inducible urticaria, CIndU). In most patients with CU, wheals and angioedema
develop unprompted, spontaneously (chronic spontaneous urticaria, CSU). The
management of CU aims for the complete control and absence of its signs and
symptoms. This is achieved, in most patients, by prophylactic treatment until
spontaneous remission occurs. Modern, second-generation H1-antihistamines are
the first-line therapy, with the option of updosing to fourfold, and omalizumab is
used when this fails.

Keywords

Angioedema - Chronic - Hives - Inducible - Itch - Mast Cell - Pruritus -
Spontaneous - Urticaria - Wheals

1 Definition

Urticaria is a mast cell-mediated condition characterized by itchy wheals,
angioedema, or both (Church et al. 2018; Zuberbier et al. 2018). The wheals in
patients with urticaria are short-lived transient superficial itchy skin swellings.
Initially pale in color (Fig. 1), they progressively take on a reddish hue and develop
a surrounding flare (erythema, Fig. 1) and then resolve fully over the course of
minutes to hours without obvious subsequent skin alterations. Wheals in patients
with urticaria are usually itchy, but may also come with skin burning, pain, or
stinging. Angioedema is a rapid swelling of the dermis and subcutis or of the
mucosa and submucosa (Fig. 1). Angioedema in patients with urticaria most com-
monly occurs in the face (lips, eyes), and it does not occur in the gastrointestinal tract
or the airways.

2 Classification

Urticaria is commonly classified, based on its duration, as acute and chronic. In acute
urticaria (AU), wheals and/or angioedema occur for less than 6 weeks. In chronic
urticaria (CU), wheals and/or angioedema occur for more than 6 weeks (Zuberbier
et al. 2018). Urticaria is further subclassified as spontaneous or inducible. In patients
with spontaneous urticaria, acute or chronic, the development of wheals and
angioedema is unprompted and unpredictable. In patients with inducible urticaria,
wheals and/or angioedema occur only in response to specific and definite triggers
acting on the skin (Magerl et al. 2016) (Fig. 2). These triggers can be physical
stimuli, in forms of physical urticaria, or urticariogens, for example in contact
urticaria and aquagenic. The triggers of physical urticaria include skin exposure to
cold and heat (cold urticaria, heat urticaria), friction, pressure and vibration (symp-
tomatic dermographism, pressure urticaria, vibratory angioedema), and ultraviolet or
visible light (solar urticaria). In patients with cholinergic urticaria, symptoms are
triggered by exercise or passive warming (e.g., hot showers, exercise, spicy food).
Some patients have more than one subtype of urticaria, for example chronic sponta-
neous urticaria (CSU) together with symptomatic dermographism.
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Fig. 1 Wheals and angioedema in urticaria. (a) Wheals at an early stage of development in a
patient with chronic spontaneous urticaria. (b) Wheals of several hours duration in a patient with
chronic spontaneous urticaria. (¢) Angioedema in a patient with chronic spontaneous urticaria. (d)
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3 Epidemiology

Urticaria is a very common condition, experienced by virtually everyone, at one
point during his or her life, as acute urticaria or after touching urticariogenic plants
such as stinging nettles or animals, for example jellyfish (Fig. 1). The lifetime
prevalence of acute spontaneous urticaria is estimated to be up to 20% (Maurer
et al. 2011a; Zuberbier et al. 2010). Urticaria, in patients with acute spontaneous
urticaria, rarely progresses to CSU. Acute inducible urticaria is rare. CSU, which is
held to be at least twice as common as CIndU, has an estimated point prevalence of
1%, in both children and adults (Maurer et al. 2011a; Balp et al. 2018). CSU can
occur at any age and often starts between the 20th and the 40th year of life. Women
are affected twice or three times as often as men (Maurer et al. 2011a; Siebenhaar
et al. 2018).

4 Pathogenesis

Urticaria is a mast cell-driven disease, i.e. in all patients with urticaria, the wheals
and angioedema are due to the degranulation of skin mast cells and the effects of
histamine and other proinflammatory mediators released by this process (Church
et al. 2018). Skin mast cells are mainly localized around cutaneous blood vessels and
sensory nerves (Siebenhaar et al. 2018), in both the upper papillary dermis and the
deep dermis and subcutis. When mast cells are triggered to degranulate, they
discharge cytoplasmic granules. These granules contain histamine, proteases, and
other mediators of inflammation that activate sensory skin nerves (itch, skin burning,
pain), dilate skin blood vessels (erythema, hyperthermia), and induce plasma extrav-
asation (edema and influx of basophils, neutrophils, eosinophils, and other immune
cells). The action of histamine on its H; receptor plays a crucial role in the develop-
ment of urticaria signs and symptoms. Following their degranulation, skin mast cells
produce and secrete prostaglandins, leukotrienes, and platelet activating factor as
well as several cytokines. These mediators, together with infiltrating immune cells,
are held to contribute to the inflammatory response induced by degranulation and to
prime the skin including skin mast cells for subsequent whealing and angioedema
formation.

In patients with CSU, the degranulation of skin mast cells is not due to classical
allergic activation, i.e. the binding of environmental allergens to specific IgE bound
to cell surface IgE receptors. Instead, mast cells are degranulated by autoantibodies
including IgG autoantibodies to IgE or its receptor, FceRI, (Grattan et al. 1991; Hide
et al. 1993) and IgE autoantibodies directed against autoantigens (autoallergens)
such as thyreoperoxidase (TPO) (Altrichter et al. 2011; Sanchez et al. 2019),

Fig. 1 (continued) Wheals induced by scratching of the skin, in a patient with symptomatic
dermographism. (e¢) Wheals induced by skin contact with a stinging nettle (contact urticaria). (f)
Wheals with pronounced erythema, in a patient with cholinergic urticaria
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Fig. 2 Provocation and threshold testing in patients with chronic inducible urticaria. FricTest® (a—
¢) is a dermographometer used for provocation testing and threshold testing in patients with
symptomatic dermographism. The instrument has four pins of different lengths (b). Provocation
tests with FricTest ® (Moxie, Berlin, Germany) are done by placing the four pins on the skin and
then moving them horizontally across the skin test site. By stroking with these four pins, the skin is
exposed to four defined trigger strengths (c¢). The test result is positive, when an itchy wheal
develops at the provocation site within 10 min. In patients with severe symptomatic
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double-stranded DNA (Hatada et al. 2013), or interleukin-24 (Schmetzer et al.
2018). Additional signals that are held to have important effects on mast cells in
CSU include complement components such as C5a (Ferrer et al. 1999) and
neuropeptides, for example substance P (Metz et al. 2014; Vena et al. 2018), some
of which may act via the receptor MRGPRX?2, which has been reported to be
upregulated in skin mast cells of patients with CSU (Fujisawa et al. 2014) and can
be induced by interleukin-33 (Wang et al. 2019).

5 Clinical Picture
5.1 Acute Spontaneous Urticaria

Acute spontaneous urticaria (AU) resolves within a few days to several weeks. The
causes of AU include viral infections of the upper airways (the common cold) or
gastrointestinal tract, [gE-mediated food allergy, and the intake of non-steroidal anti-
inflammatory drugs such as ibuprofen, diclofenac, and acetylsalicylic acid. In many
patients with AU, the cause cannot be identified. The clinical picture is variable in
patients with AU, ranging from a few transient wheals to severe angioedema of
several days’ duration with hundreds of simultanecous and sometimes confluent
wheals that affect large body areas and come with systemic impairment.

5.2 Chronic Spontaneous Urticaria

Wheals and angioedema can occur together or alone in patients with CSU. About
50% of CSU patients develop both, wheals and angioedema. About 40% and 10% of
patients experience solely wheals and solely angioedema, respectively (Maurer et al.
2011a). CSU is of long duration in most patients and shows spontaneous remission
in virtually all patients. About 50% of patients with CSU are affected for more than
10 years (van der Valk et al. 2002), and the average duration of CSU ranges from 4 to
7 years. In most patients with moderate or severe CSU, wheals and/or angioedema

Fig. 2 (continued) dermographism, all four pins of Frictest® induce a positive response (d). In
patients with mild symptomatic dermographism, only the longest pin results in a positive response
(e). In (d) and (e), numbers indicate the four pins with 1 = the longest pin and 4 = the shortest pin;
+, positive response; —, negative response. A pen-shaped dermographic tester with a spring-loaded
tip is also used to assess trigger thresholds in patients with symptomatic dermographism (F, HTZ
Limited, Vulcan Way, New Addington, Croydon, Surrey, UK). (g) shows three positive skin
provocation test results induced by scratching with the dermographic tester set to three different
trigger strength. The TempTest® cold and heat provocation instrument (H, Courage & Khazaka,
Koln, Germany). (i) Positive test result in a patient with cold urticaria tested with TempTest®. (j)
The see-through assessment template is placed on the test reaction to assess the trigger threshold,
i.e. the highest temperature that produces a wheal. (k) Temperature threshold of 27°C determined
by TempTest® in a patient with cold urticaria and high disease activity
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occur every day or almost every day (Weller et al. 2011). Disease activity can change
markedly over time in the same patient, with periods of weeks and months in which
no symptoms occur and other times in which disease activity is high. In some
patients, unspecific triggers such as stress or infections can sporadically lead to the
exacerbation of CSU.

5.3 Chronic Inducible Urticaria

In patients with CIndU, wheals and angioedema are induced by specific triggers,
such as cold in cold urticaria and scratching in symptomatic dermographism. These
triggers are definite triggers, i.e. exposure to the relevant trigger always induces
wheals and/or angioedema, and wheals and/or angioedema only occur after trigger
exposure. This makes CIndU a more predictable disease than CSU in terms of its
clinical picture. In terms of its duration, CIndU is as unpredictable as CSU. There
are, currently, no biomarkers or other indicators that can predict, in individual
patients, the duration of their CIndU. Like CSU, CIndU goes into remission in all
or almost all patients after several years (Maurer et al. 2011a). CIndU is often of
longer duration as compared to CSU. The wheals in patients with CIndU are often of
shorter duration than the wheals in patients with CSU.

In patients with CIndU, high frequency trigger exposure and a low trigger
threshold result in high disease activity, i.e. wheals and/or angioedema develop
often and are severe. Trigger thresholds, i.e. the sensitivity to symptom-inducing
triggers, are rather constant in most patients with CIndU. The signs and symptoms of
CIndU typically occur where the skin is exposed to the relevant trigger. Skin sites
such as the hands and the face, which are exposed to cold and friction and UV light
more often than other skin sites, are more commonly affected. Systemic reactions
including anaphylaxis may occur and are held to be due to the effects of histamine
and other mediators released by skin mast cells after trigger exposure.

6 Diagnostics
6.1 Acute Spontaneous Urticaria

Patients with ASU, in most cases, do not need a diagnostic workup with the
exception of taking the patient’s history. The disease is self-limited, and diagnostic
test, when performed, often fails to identify the cause. There is one exception to this
rule: In patients where ASU is suspected to be due to an allergy, based on the
patient’s history, an allergy to food for example, allergy tests and patient education
can help to avoid subsequent exposure to the causative allergen.
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6.2 Chronic Spontaneous Urticaria

In patients with CSU, the diagnostic workup can have several aims such as the
exclusion of a severe inflammatory condition and of differential diagnoses, the
search for the underlying cause and relevant aggravators, the evaluation of disease
activity, impact, and control, the assessment of comorbidities, and the characteriza-
tion of predictors of the course of the disease or the response to treatment. Physicians
should be clear, in their communication with patients, which diagnostic tests are
done and why.

In all patients with CSU, the erythrocyte sedimentation rate and/or C-reactive
protein should be measured, and a differential blood count should be done. This is to
rule out severe inflammatory conditions including autoinflammatory differential
diagnoses.

Patients with long-standing CSU and/or high disease activity may benefit from
tests that are aimed at the investigation of the underlying cause or of relevant
aggravators. This search should be based on clues from the patient’s history, and it
should focus on common causes of CSU such as autoimmunity and autoallergy as
well as common aggravating conditions such as chronic infections, stress and
intolerance to food components.

Autoimmunity and autoallergy are harmful responses of the body to itself, and
they involve IgG autoantibodies and IgE autoantibodies, respectively (Maurer et al.
2018a). Both have been linked to CSU and are held by many to be the underlying
cause in most patients with CSU. Autoimmune CSU (aiCSU) does not come with
distinct clinical features, but high disease activity, angioedema, poor response to
antihistamines and omalizumab therapy, and autoimmune comorbidities have been
described to be more frequent in patients with aiCSU. Also, elevated levels of anti-
TPO and ANA and low levels of IgE have been reported to be more common in
patients with aiCSU. The tests performed for aiCSU include the autologous serum
skin test, cellular activation tests such as the basophil histamine release test or the
basophil activation test, and assays for IgG autoantibodies to IgE or FceRIL
Autoallergic CSU (aaCSU) comes with IgE autoantibodies to autoallergens such
as thyreoperoxidase (TPO) (Altrichter et al. 2011; Sanchez et al. 2019), double-
stranded DNA (Hatada et al. 2013), or interleukin-24 (Schmetzer et al. 2018). Like
aiCSU, aaCSU does not come with distinct clinical features. High normal or elevated
total IgE levels and a fast and good response to omalizumab treatment have been
reported to be linked to aaCSU (Kolkhir et al. 2017a; Kolkhir et al. 2017b; Maurer
etal. 2011b). As of now, tests to diagnose aaCSU, i.e. assays for IgE autoantibodies
or total auto-IgE, are not commercially available.

Bacterial infections, for example of the gastrointestinal tract by Helicobacter
pylori or chronic ear nose or throat infections, as well as viral infections can
aggravate CSU. However, most studies indicate that eradication of Helicobacter
pylori has no discernible effect on CSU beyond that of standard CSU therapy (Curth
et al. 2015; Kim et al. 2019). Still, it may not be irrelevant, as one recent study
showed that inflammation linked to Helicobacter pylori infection can lead to reflux
and that patients who are successfully treated for reflux, but not those who are not,
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can experience remission of their CSU (Zheleznov et al. 2018). Many patients with
CSU suspect that their condition is due to what they eat and drink, and food
intolerance, for example to preservatives or to naturally occurring aromatic
compounds, has been linked to CSU in about one out of three patients (Magerl
et al. 2010; Zuberbier et al. 1995). In a small study with 45 CSU patients and
45 healthy controls, stress has been described to aggravate CSU and to contribute to
high levels of disease activity (Varghese et al. 2016). Assessing patients with CSU
for the relevance of these known aggravators can help with the management of their
disease.

The diagnostic workup, in all patients with CSU, should aim to assess and
monitor disease activity, impact on quality of life, and disease control (Weller
et al. 2015). The urticaria activity score, UAS, is the gold standard for measuring
disease activity in patients with CSU (Mlynek et al. 2008). The UAS is based on the
daily documentation, usually once daily for seven consecutive days (UAS7), of the
number of wheals and the intensity of pruritus during the previous 24 h (Hawro et al.
2018; Hollis et al. 2018). It uses a 0-3 point scale for wheals (0 for none, 1 for <20,
2 for 20-50, and 3 for >50) and a 0-3 point scale for pruritus (0 for none, 1 for mild,
2 for moderate, and 3 for intense). The sum of the daily totals of these wheal and itch
scores is the value of the UAS7, it ranges from 0 (no disease activity) to 42 (maxi-
mum disease activity). The UAS does not assess angioedema. Thus, in patients with
CSU with angioedema, with or without wheals, the angioedema activity score
(AAS) should be used to assess disease activity (Weller et al. 2013).

In addition to the activity of their disease, patients with CSU should be assessed
for the impact of the disease on their lives including its effects on their quality of life.
The CU-Q,oL (Chronic Urticaria Quality of Life Questionnaire) and the AE-QoL
(Angioedema Quality of Life Questionnaire) are disease-specific instruments to
assess the impairment in quality of life in patients with CSU who have wheals and
angioedema, respectively (Baiardini et al. 2005; Mlynek et al. 2009; Weller et al.
2012, 2016).

The guideline-recommended tool for assessing disease control in patients with
CSU is the urticaria control test (UCT) (Weller et al. 2014). The UCT consists of
four items, and it has a defined cut off for “well-controlled” (12 points or
more) vs. “poorly controlled” CSU (11 points or less).

The diagnostic workup of patients with CSU should include their evaluation for
comorbidities. Autoimmune diseases, for example, are well recognized to be more
common in patients with CSU (Kolkhir et al. 2016, 2017a, b, c). There is increasing
evidence that mental disorders are also more prevalent and under-recognized. Some
comorbidities including mental disorders and CIndU add to the burden of CSU and
to the impairment of quality of life in patients with CSU (Staubach et al. 2011).
Concomitant CIndU and autoimmune thyroid disease have been linked to longer
CSU duration and progression from ASU to CSU. In some cases, CSU has been
reported to show remission or improvement after the treatment of comorbid malig-
nancy, infections or hyper- and hypothyroidism (Kolkhir et al. 2017¢c, 2018a;
Larenas-Linnemann et al. 2018). For all of these reasons, patients with CSU should
be assessed for comorbidities.
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Finally, it is useful to assess patients with CSU for predictors of the course of their
disease and for their response to treatment. Higher age at onset of CSU, being
female, long CSU duration and aspirin/NSAID hypersensitivity have been reported
to be linked to severe CSU and a long time to spontaneous remission. In addition,
comorbidity of CIndU and the occurrence of angioedema may point to longer CSU
duration, whereas a positive autologous serum skin test appears to be linked to
higher disease activity (Sanchez et al. 2019). Patients with CSU, who are
non-responders to antihistamine treatment, have higher C-reactive protein levels as
compared to responders (Kolkhir et al. 2018b). Serum autoreactivity as assessed by
basophil histamine release or autologous serum skin testing and low levels of IgE
and failure of IgE to increase after the start of treatment have been reported to predict
poor or slow treatment responses in patients treated with omalizumab (Ertas et al.
2018; Marzano et al. 2018; Nettis et al. 2018; Weller et al. 2018a).

6.3 Inducible Urticarias

The diagnostic workup, in patients with CIndU, should exclude differential
diagnoses, aim to identify and characterize the relevant elicitation trigger(s), and
evaluate disease activity, impact and control (Magerl et al. 2016). A search for
underlying causes is not recommended as these are currently not known.

In symptomatic dermographism, formerly also called urticaria factitia or
dermographic urticaria, scratching of the skin is the relevant wheal-inducing trigger.
Provocation tests are done by stroking the skin with a smooth and blunt object such
as a closed ballpoint pen or, preferably, a dermographometer (Magerl et al. 2016;
Schoepke et al. 2015). Two types of dermographometers are available: (1) FricTest®
(Moxie, Berlin, Germany, Fig. 2) is used for simultaneous testing of four defined
trigger strengths. (2) A pen-shaped dermographic tester with a spring-loaded tip is
used to test individual triggers strengths (HTZ Limited, Vulcan Way, New
Addington, Croydon, Surrey, UK, Fig. 2). Both of these dermographometers are
used for provocation testing by placing them on the skin and then moving them
vertically across the skin test site. The test result is positive, when an itchy wheal
develops at the provocation site within 10 min. Positive provocation tests should be
followed up by threshold testing (Magerl et al. 2016) (Fig. 2). Patients with symp-
tomatic dermographism should be monitored for their disease activity, response to
treatment, and control of the disease by threshold testing and use of the UCT at every
visit.

In delayed pressure urticaria, skin exposure to vertical pressure is the relevant
trigger, e.g. pressure from the shoulder straps of heavy bags, tight shoes, or
prolonged sitting. Patients with delayed pressure urticaria typically develop ery-
thematous angioedema-like swellings, not wheals, and these swellings develop
hours after exposure to pressure with a delay of 4-8 h, rather than fast. Also, these
swellings typically persist for several hours, in some patients for several days.
Provocation and threshold testing for delayed pressure urticaria is done with
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weighted rods or a dermographic tester, and the test result is considered to be
positive when a red palpable swelling is present 6 h after testing.

In vibratory angioedema, skin exposure to vibration is the relevant trigger, and
this results in cutaneous swellings that occur within minutes after exposure at
exposed skin sites. Provocation testing can be done with a laboratory vortex mixer.

In cold urticaria, skin exposure to cold is the relevant trigger. Patients with cold
urticaria show itchy wheal and flare type skin reactions or angioedema at exposed
skin sites, typically within minutes after cold contact (cold air, cold liquids or
objects). Provocation testing is done with a melting ice cube in a thin plastic bag,
and the test is considered positive when the test site shows a palpable wheal. Patients
with cold urticaria should be evaluated for their individual temperature and/or
stimulation time thresholds, for example by using a TempTest® instrument (Cour-
age & Khazaka, Koln, Germany) (Magerl et al. 2015, 2016; Maurer et al.
2018a, b, ¢, d) (Fig. 2). Threshold measurements and use of the UCT at every visit
allow patients and physicians to monitor disease activity, the therapeutic response,
and disease control.

In heat urticaria, wheals develop within minutes and resolve within a few hours at
skin areas exposed to heat. Provocation testing for heat urticaria is done by applying
temperatures of up to 44°C to the skin, for example by TempTest® or metal/glass
cylinders filled with hot water. Patients with heat urticaria show whealing after
provocation testing and should be assessed for their temperature thresholds to
determine and monitor disease activity.

In solar urticaria, exposure to UV and/or visible light is the relevant trigger, and
skin responses are characterized by itchy wheals that occur within minutes at
exposed skin sites. Provocation testing for solar urticaria is done with solar
simulators or monochromators, and the test result is positive when a palpable
wheal develops. Patients should be threshold tested for their lowest urticaria-
triggering dose of radiation.

In cholinergic urticaria, sweating is the relevant trigger and results in itching and
whealing, typically within minutes and for less than 1 h. Provocation testing for
cholinergic urticaria is done by first subjecting patients to moderate physical exercise
to make them sweat. When this test is positive, patients are exposed in a second test
to a warm bath, which also leads to whealing in cholinergic urticaria patients, but not
in patients with exercise-induced anaphylaxis. Threshold testing is done by pulse-
controlled ergometry to assess disease activity, together with the cholinergic urti-
caria activity score, CholUAS (Altrichter et al. 2014). Disease control and impact are
assessed by use of the UCT and the cholinergic urticaria quality of life questionnaire
(CholU-QoL), respectively (Ruft et al. 2018).
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7 Therapy
7.1 Acute Spontaneous Urticaria

In the management of ASU, the therapeutic goal is to control and prevent the
development of urticarial lesions until the condition resolves by itself. Future
exposure to known and circumventable elicitors should be avoided. Patients with
minimal or mild ASU may not require treatment or respond to an oral non-sedating
H;-antihistamine, which should be used until the recurrence of wheals subsides. In
patients with moderate and severe ASU, the dose of the H;-antihistamine may need
to be increased up to fourfold the standard dose, and the addition of an oral steroid
should be considered.

7.2 Chronic Spontaneous Urticaria

In CSU, the aim of treatment is to stop the reoccurrence of wheals and/or
angioedema. In most patients, the use of prophylactic medication rather than
attempts to eliminate suspected causes or aggravators is the strategy of choice.

The first-line symptomatic treatment for CSU is a second generation,
non-sedating H;-antihistamine (Zuberbier et al. 2018). The response to this treat-
ment should be monitored by the use of the UAS and/or AAS as well as the UCT. In
patients where this does not prevent the occurrence of wheals and angioedema and
does not control the disease after 2-4 weeks, the dose of the non-sedating
H;-antihistamine should be increased to up to four times the standard dosage. This
is more effective than standard-dosed antihistamine treatment, and it is safe and well
tolerated with antihistamines that are non-sedating at higher than standard doses
(Gimenez-Arnau et al. 2009; Stacvska et al. 2010; Weller et al. 2018b). Patients who
fail to achieve control of their CSU with a higher than standard-dosed
H,-antihistamine are treated with add-on omalizumab, best given at 300 mg every
4 weeks. The efficacy and safety of omalizumab in the treatment of patients with
CSU has been demonstrated in clinical trials and real life (Gimenez-Arnau et al.
2016; Zhao et al. 2016). Multiple mechanisms have been suggested to contribute to
the therapeutic effects of omalizumab in patients with CSU as well as for the
heterogeneity of their clinical responses experienced by patients (Chang et al.
2015; Gericke et al. 2017; Metz et al. 2017a, 2019). Patients with complete control
of their signs and symptoms should be assessed for spontaneous remission of their
CSU every 6—12 months.

7.3 Chronic Inducible Urticaria
The management of CIndU aims to control the disease, completely, and to prevent

the induction of wheals and angioedema for as long as it takes, i.e. until spontaneous
remission occurs. To this end, patients should be advised to monitor trigger
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thresholds and to document the activity, impact, and control of their CIndU, to avoid
or mitigate relevant triggers, and to use prophylactic medication. All CIndU patients
should know that modifying or stopping the exposure to relevant triggers can help,
and they should be made familiar with strategies to do so. Patients with DPU, for
example, should avoid, if possible, tight fitting shoes, if wearing them results in
swelling of their feet, and give preference to soft and loose-fitting ones. Importantly,
CIndU can have devastating effects on patients’ quality of life when trigger
thresholds are low and trigger avoidance interferes with daily routines and a normal
daily life.

In patients with CIndU, a second-generation non-sedating H;-antihistamine at
standard and higher than standard dose is the first-line and the second-line treatment,
respectively (Maurer et al. 2018b; Dressler et al. 2018). Higher than standard
antihistamine doses are more effective than standard-dosed treatment, and they are
often needed to prevent whealing and angioedema and to achieve disease control
(Abajian et al. 2016; Krause et al. 2013; Magerl et al. 2012). Omalizumab, although
off label, is the recommended treatment for patients with antihistamine-resistant
CIndU, based on controlled trials and clinical experience (Maurer et al. 2017, 2018d;
Metz et al. 2017b). In patients with CIndU who fail to respond to omalizumab
treatment, other therapies that have been reported to be of benefit should be
considered. Examples include cyclosporine A or antibiotic treatment with doxycy-
cline for cold urticaria (Gorczyza et al. 2017), UVB light therapy for symptomatic
dermographism (Borzova et al. 2008), the humanized interleukin-5 antagonist
monoclonal antibody reslizumab (Maurer et al. 2018c) or anti-TNFo (Magerl et al.
2007) in delayed pressure urticaria, and afamelanotide, a synthetic peptide and
analogue of a-melanocyte stimulating hormone, for solar urticaria (Haylett et al.
2011).

In some types of CindU such as solar urticaria, cold urticaria, and cholinergic
urticaria, desensitization to the eliciting trigger is possible. But this treatment is often
not tolerated well and patient compliance is poor. Patient compliance, however, is
crucial for this treatment to be successful, because daily exposure of the patients to
their specific trigger (e.g., daily cold showers in patients with cold urticaria) is
needed to achieve and maintain the depletion of urticaria-eliciting mediators and
the protection from trigger-induced wheals and angioedema.
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Abstract

During the last decades a substantial increase of allergic diseases has been noticed
including allergic asthma and rhinoconjunctivitis as well as food allergies. Since
efficient avoidance of airborne — and often hidden — food allergens is not possible,
allergen immunotherapy (AIT) is the only causative treatment with the goal of
inducing allergen tolerance in affected individuals. Efficacy as well as safety of
AIT significantly depends on how the allergen is presented to the immune system,
meaning both the route and the form of its application. Here, new ways of
allergen administration have lately been explored, some of which are auspicious
candidates for successful implementation in the therapeutic management of
immediate-type allergies. While the first oral AIT has been approved recently
by the FDA for the treatment of peanut allergy, further interesting routes of
allergen application include either epicutaneous, intradermal, intranasal, or
intralymphatic delivery. Besides, rather the immunologically relevant peptides
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instead of whole allergen may be administered to develop tolerance. In this
chapter, we will describe these new and promising avenues of allergen applica-
tion in the field of AIT. In addition, we will discuss their potential for future
treatment of IgE-mediated allergic diseases enhancing therapeutic efficiency
while further minimizing the risks of adverse events.

Keywords

Allergen immunotherapy - Allergy - EPIT - ILIT - OIT

Abbreviations

AIT Allergen immunotherapy
APC Antigen-presenting cell

Breg cells Regulatory B cells

EPIT Epicutaneous immunotherapy
IDIT Intradermal immunotherapy
ILIT Intralymphatic immunotherapy
LNIT Local nasal immunotherapy
OIT Oral immunotherapy

SCIT Subcutaneous immunotherapy
SLIT Sublingual immunotherapy

Th cell T helper cell
Treg cells Regulatory T cells

Allergen immunotherapy (AIT) describes the establishment of immune — and hereby
clinical — tolerance to an allergen, achieved by different cellular and humoral
immune responses. Mechanisms involved in the induction of tolerance are, e.g.,
the promotion of both regulatory T (Treg) and B (Breg) cells, a diminished T helper
(Th) 2 cell reactivity and the production of allergen-blocking IgG antibodies (Shamji
and Durham 2017; Wambre 2015; Mobs et al. 2008). This requires successful
delivery of allergen to antigen-presenting cells (APC) capable of initiating an
immunoregulatory cross-talk between various T and B cell subsets. Depending on
the specific circumstances of how and where to the allergen is applied, it can be
recognized and taken up by different APC, encompassing either epidermal
Langerhans cells (in skin or mucosa), cutaneous dermal or lymphatic follicular
dendritic cells (Kashem et al. 2017), potentially influencing the outcome of tolerance
induction. Potential routes of AIT comprise subcutaneous and sublingual allergen
transfer, both of which are well-established and routinely used. In addition, allergen
can be administered via oral, epicutaneous, intradermal, nasal, and intralymphatic
routes, which have been and still are the focus of intense investigation for their
therapeutic potential (Fig. 1). In the following, we will highlight and discuss these
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novel approaches, several of which may serve as promising alternatives for future
AIT applications in routine practice.

Due to its easy accessibility, the skin constituted the primary venue for delivery of
foreign antigens to elicit an immune response, with Edward Jenner performing the
first successful vaccination in 1793 by scratching cowpox virus into the skin.
Subsequently, the outer epithelium encompassing its deeper layers have been
explored and utilized in various ways for the therapeutic application of antigens,
not only to establish a protective immune response against infectious pathogens but
later on also to induce tolerance against allergens. Here, in 1911 Leonard Noon
described the treatment of patients suffering from hay fever by subcutaneous inocu-
lation of increasing doses of grass pollen extract (Noon 1911). Inspired by his and
John Freeman’s work, who in 1930 published the first rush protocol of grass pollen
AIT (Freeman 1930), injection of allergens into the subcutis became the conven-
tional form of AIT, also termed subcutaneous immunotherapy (SCIT). Nevertheless,
very soon after Noon’s pivotal report, other routes of allergen application have been
explored aiming

— to optimize the efficiency of allergen uptake and presentation to the immune
system,

— to minimize the risk of systemic side effects by inadvertent vascular delivery, and,

— to establish a convenient, less cumbersome way of delivering the allergen,
preferably by self-administration.

For example, as an alternative method topical application of allergens on scarified
skin was reported showing clinical efficacy in patients with pollen or animal dander
allergy, respectively (Vallery-Radot and Hangenau 1921; Blamoutier et al. 1959).
Another, more gentle approach was studied by application of the allergen onto
slightly rubbed skin (Pautrizel et al. 1957). In 1986, sublingual administration
(SLIT) was proven to be an effective, non-invasive and safe treatment route of
house dust mite allergy (Scadding and Brostoff 1986). While initially viewed with
skepticism whether SLIT might be as efficacious as SCIT, by now it has been
established as an appropriate alternative of allergen delivery in patients suffering
from IgE-mediated respiratory allergies like allergic rhinoconjunctivitis and bron-
chial asthma (Muraro et al. 2018).

As research efforts continued to investigate further routes of allergen application,
both clinical studies and animal models have been performed to improve the efficacy
and/or safety of AIT. This is exemplified by new forms of treatment including oral
immunotherapy (OIT), epicutaneous immunotherapy (EPIT), intradermal immuno-
therapy (IDIT), local nasal immunotherapy (LNIT), and intralymphatic immuno-
therapy (ILIT), which we will present here in more detail.



AIT: New Avenues in Allergen Immunotherapy 139

1 Oral Immunotherapy (OIT)

OIT aims to convey protection against anaphylactic reactions to food allergens by
inducing allergen tolerance through controlled ingestion of incremental doses of the
respective aliment (Wood 2017; Freeland et al. 2017). First reported in 1908 by
successful treatment of an egg-allergic child (Shofield 1908), numerous observa-
tional and controlled studies of different OIT approaches, both in adults and chil-
dren, have been presented since then with a broad variety of currently performed
clinical trials (Tordesillas et al. 2017a). In general, OIT comprises three phases
starting with an initial 1-2 day (rush OIT) dose escalation step to achieve a minimal
dose, which is expected to be safely consumed without an increased risk of systemic
reactions (Scurlock 2018). This is followed by a build-up phase of several months
increasing the amount of applied allergen every (other) week until the target dose
(usually between 300 and 4,000 mg of food protein) is reached. Thereafter, the
maintenance phase continues, which entails the steady consumption of the attained
allergen dose for months to years. The objective is to not only build up a state of
desensitization, defined as a transient tolerability of the aliment which has to be
constantly renewed by regular allergen intake. Rather, the ultimate goal is to achieve
sustained unresponsiveness meaning a long-term allergen tolerance which lasts even
when OIT is discontinued.

Most of the studies investigating the immunological or clinical effects of OIT
have been performed with cow’s milk, hen’s egg, and peanuts. Both animal and
pre-clinical trials have demonstrated pronounced immune alterations associated with
the development of food tolerance, namely a loss of allergen-specific Th2 cells,
presumably as a result of either Th2 cell anergy or deletion (Tordesillas and Berin
2018; Ryan et al. 2016). While Treg cells are seen as a central player in mediating
allergen tolerance, their significance in OIT is controversially discussed (Tordesillas
et al. 2017a). Alterations in different subsets, for example Foxp3* TGF-B- or IL-10-
secreting Treg cells, have been observed in OIT-treated patients (Syed et al. 2014;
Smaldini et al. 2015), however, others have failed to certify their appearance
(Bedoret et al. 2012; Ryan et al. 2016). This might be due to a more local activity
at the intestinal side of allergen contact and/or a generally rather transitional role of
Treg cells in promoting AIT-specific immunoregulatory processes (Chinthrajah et al.
2016; Mobs et al. 2012). Furthermore, OIT-induced Treg cells may be established on
a Th2 cell-like phenotype being rather instable and prone to lose their regulatory
capability, which also might explain why food tolerance quite often vanishes after
stopping treatment (Noval Rivas et al. 2015). Humoral immune mechanisms have
been reported as a delayed decline of allergen-specific IgE (both in peripheral blood
and on the surface of effector cells like basophils) and the development of memory B
cells producing IgG (namely IgG4) and IgA antibodies, which steadily increase
during treatment and can compete with IgE for allergen binding (Tordesillas et al.
2017a; Chinthrajah et al. 2016). It has been shown that OIT-induced IgG antibodies
display a high rate of somatic mutations suggesting enhanced allergen affinity
compared to IgE and that this antibody subclass can block basophil and mast cell
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activation by binding to the inhibitory FcyRII receptor (Hoh et al. 2016; Burton et al.
2014).

From the beginning of this century, a variety of clinical OIT studies have been
performed mainly with egg, milk, or peanuts, but a few of them also with other foods
like wheat, tree nuts, or fish, and most of these studies have been conducted in
children and adolescents (Wood 2017; Scurlock 2018). Randomized, placebo-
controlled trials have shown that desensitization can be achieved in about 70 to up
to 90% of the participants (with a range of 30-100%), reaching tolerated doses of
around 1-4 g. However, many will lose their tolerance after stopping OIT with only
around 30-40% showing sustained unresponsiveness. Nevertheless, there have been
studies with even 90% still being protected when off OIT, as has been demonstrated
in very small children of 9-36 months of age successfully treated with peanuts
(Vickery et al. 2017). Thus, the management of adverse reactions is still a major
challenge in OIT. About 50% of the patients are affected and drop-out rates of
10-20% (in some studies even up to one third of the participants) are very common
(Wood 2017, Scurlock 2018). Most of them represent local events like abdominal
pain, but systemic reactions are also not uncommon. While the majority of
symptoms are rather moderate including urticaria, wheezing, and vomiting, severe
anaphylaxis may be possible. Predisposing risk factors are asthma and allergic
rhinitis as well as concurrent co-factors like illness, physical stress, or menses.
However, for patients with a high risk of food anaphylaxis, OIT represents a very
promising therapy to achieve tolerance at least against inadvertent ingestion of the
eliciting allergen. Notably, in 2020 the first OIT product has been approved by the
Food and Drug Administration in the USA for treatment of peanut allergy in
4-17 years old patients (https://www.fda.gov/news-events/press-announcements/
fda-approves-first-drug-treatment-peanut-allergy-children; Table 1).

2 Epicutaneous Immunotherapy (EPIT)

EPIT describes the induction of allergen tolerance by topical application of allergens
on intact or pre-treated skin (Esposito et al. 2018; Bird et al. 2018). Early reports
about its employment date back up to 100 years ago administering the allergen onto
either (non-bleeding) scarified or simply rubbed skin (Vallery-Radot and Hangenau
1921; Pautrizel et al. 1957; Blamoutier et al. 1959). Pre-clinical studies in peanut
sensitized animals have demonstrated its efficacy by prevention of esophageal
inflammation or food anaphylaxis applying the allergen onto intact skin of piglets
or mice, respectively (Tordesillas et al. 2017b; Mondoulet et al. 2017). Mouse
experiments also shed light onto the responsible immune mechanisms showing a
delayed allergen uptake over 48 h by epidermal dendritic cells, which migrated to
local lymph nodes (Dioszeghy et al. 2011). Both humoral and T-cellular effects have
been noticed in peanut-allergic EPIT models encompassing the synthesis of allergen-
specific IgG2a antibodies (without effecting IgE levels), a diminished Th2 cell
response and the induction of TGF-f-secreting Treg cells. Interestingly, this Treg
cell subset expressed homing receptors not only for the skin but also for the intestinal
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allergic effector organs enabling them to execute local immunoregulatory functions
(Tordesillas et al. 2017b; Dioszeghy et al. 2017). The decisive role of these Treg
cells, which display a CTLA-4-dependent immunosuppressive activity, was
demonstrated by both abrogation of the protective effect after depletion of CD25*
cells and its conveyance to peanut-allergic mice through adoptive cell transfer.

Clinical studies include double-blind, placebo-controlled EPIT trials in patients
(both adults and children) suffering either from allergic rhinoconjunctivitis or food
allergies (Esposito et al. 2018). In three studies with grass pollen-allergic adults, the
skin was pre-treated either by tape stripping or by abrasion of the corneal layer to
enhance the epidermal uptake of allergen. Grass pollen extract solved in either
petrolatum or glycerin was administered at weekly intervals for 8 or 48 h under a
patch, at dosages of 3—30 pg of the major grass pollen allergen Phl p 5 (Senti et al.
2009; Senti et al. 2012b; Senti et al. 2015). Significant changes were observed for
allergen-treated individuals by a reduction of clinical symptoms assessed by visual
analogue scale during pollen season, but not by nasal provocation test or a decreased
consumption of symptomatic medication. Clinical effects were dose-dependent
requiring single allergen dosages of 21-30 pg (cumulative dose of 126 to 252 pg).
In another trial with children, patches with 11.25 pg of Phl p 5 were applied at
weekly intervals (cumulative dose of 135 pg) for 24 h onto intact skin. Here, a
significant improvement in rhinorrhea, nasal obstruction, dyspnea, and ocular tear-
ing was noticed in verum-treated subjects. In contrast, ocular itching rather increased
in the verum group, while the use of anti-allergic drugs reduced (Agostinis et al.
2010). Whereas in the children’s study no local or systemic events were observed,
the majority of EPIT-treated adults reported local reactions, mostly eczema at the
patch test area (in up to more than 70%). The frequency of local reactions was related
to both allergen dosage and duration of application. Systemic events included
pruritus, rhinitis, conjunctivitis, and even asthma, most frequent in patients with
abraded application sites.

EPIT trials treating food hypersensitivity utilized patches containing dry powder
of allergen, which were placed onto intact skin. Serving as a condensation chamber,
the epidermal water loss was herein captured leading to allergen solubilization and
hydration of the stratum corneum, thereby promoting epidermal penetration without
mechanical skin disruption. While a study in a small number of children treated for a
short time of 3 months with single allergen dosages of 1 mg skimmed cow’s milk
(cumulative dose of 36 mg) failed to demonstrate a significant effect compared to
placebo (Dupont et al. 2010), a larger trial in peanut-allergic patients aged
6-55 years showed an increase in tolerated peanut protein [from <300 mg
(corresponding to roughly one peanut kernel) to up to >1,000 mg or 10 times
baseline amount, verified by oral food challenge] in about 50% of patients treated
with 250 pg of peanut protein daily over 52 weeks (Sampson et al. 2017). The
highest response rate was noticed in children <12 years old (53.6% compared to
19.4% in the placebo group). Peanut-specific IgG4 antibodies increased fivefold. A
second study in 4-25 years old subjects yielded similar results, again with the
highest success among younger children (Jones et al. 2017). In general, treatment
with EPIT was tolerated well, with local skin reactions occurring as the most
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frequent side effect and absence of systemic adverse events. However, patients with
severe peanut anaphylaxis were excluded from participation in these studies. For
comparison, a recent published phase III trial of OIT in patients with severe peanut
allergy reacting already at doses of <100 mg peanut protein yielded protection in
67% of individuals tolerating at least 600 mg protein. Notably, protection was only
realized in patients between 4 and 17 years, but not in adults (Palisade Group of
Clinical Investigators 2018).

3 Intradermal Immunotherapy (IDIT)

Already in 1926, successful treatment of allergic rhinitis was reported by intradermal
grass pollen injection (Philipps 1926). Based on this observation and the finding that
low-dose intradermal allergen inoculation — as it is known from conventional SCIT —
suppresses allergen-induced cutaneous late-phase responses (Rotiroti et al. 2012), a
double-blind, randomized phase II trial of IDIT with grass pollen extract was
conducted. However, seven pre-seasonal injections of extract containing 7 ng of
the major grass pollen allergen Phl p 5 did neither result in improvement of clinical
symptoms nor in reduction of symptomatic medication (Slovick et al. 2017). Instead
a Th2-priming effect was noticed associated with a trend for worsening of nasal and
asthmatic symptoms compared to placebo-treated patients. Another IDIT study
treating cat-allergic subjects with peptides encompassing different T cell epitopes
of the major cat allergen Fel d 1 at first yielded promising results. Here, the authors
could show a significant reduction of nasal and ocular symptoms evaluated by a cat
allergen challenge in an environmental exposure chamber (Patel et al. 2013).
However, a clinical phase III trial failed to demonstrate efficacy due to an equally
high response rate in the placebo group of nearly 60% reduction of the combined
total rhinoconjunctivitis score (https://www.circassia.com/wp/wp-content/uploads/
2016/06/CIR-PR-17_CATALYST-results-final.pdf). Similar results were obtained
by IDIT with peptides of the major house dust mite allergen Der p 1 (https://www.
circassia.com/wp/wp-content/uploads/2017/04/CIR-PR-20_HDM-SPIRE-results-
final.pdf). Even though different reasons have to be considered for these failures,
they have essentially terminated the current interest in IDIT. Besides, intradermal
allergen application carries the unpleasant side effect of (sometimes very painful)
large local swellings, up to 10 cm diameter, which — although substantiating the
immunogenic potential of IDIT — hampers treatment adherence of the patients
(Slovick et al. 2017).

4 Intralymphatic Inmunotherapy (ILIT)

ILIT describes a very recently proposed concept of allergen delivery transferring the
allergen directly into lymphatic tissue by injection into a lymph node, instead of
choosing a peripheral route. Increased efficacy in initiating an immunoregulatory
response is assumed due to allergen uptake and presentation by follicular dendritic
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cells in an immunogenic environment densely populated by T and B lymphocytes
(Senti et al. 2011). Thereby, the encounter of allergen-specific T and B cells is highly
probable. Methodically, this is achieved by ultrasound-guided administration of the
allergen extract into an inguinal lymph node, usually for a total of three injections in
intervals of 4 weeks (thus requiring only 2 months of treatment). Human and animal
studies mostly have demonstrated immune responses similar to what is known from
conventional immunotherapy. Especially the induction of (Foxp3*) IL-10-secreting
T cells associated with increased production or affinity maturation of allergen-
specific IgG4 antibodies, which at least partly were able to block allergen binding
by IgE, has been observed in relation to this route of allergen administration (Senti
et al. 2012a; Freiberger et al. 2016; Hylander et al. 2016; Kim et al. 2017).

From 2008 until 2019, eight clinical ILIT trials have been performed, either as
placebo-controlled or open studies in patients suffering from allergic
rhinoconjunctivitis, with the majority conducted in subjects with grass or birch
pollen, but also house dust mite, cat, or dog allergy (Kim et al. 2017; Senti et al.
2019). Except for one trial, all proved to be clinically effective. One of them even
showed a long-term benefit for up to 3 years analyzing 58 ILIT-treated individuals
(Senti et al. 2008). However, most of these studies were executed in small numbers
(between 7 and 21 patients) assessing a wide variety of evaluation methods, like
different forms of symptom or use-of-medication scores, quality-of-life
questionnaires, and nasal provocation tests. One study utilizing a combined score
of symptoms and rescue medication — considered as gold standard of testing — failed
to show clinical improvement in grass pollen-allergic patients (Witten et al. 2013). It
has been proposed that shortening of the injection intervals down to 2 weeks might
have been the reason compromising the formation and affinity maturation of
IgG-producing allergen-specific memory B cells (Senti et al. 2019), although pro-
found immunological changes like synthesis of allergen-specific IgG4 (as well as
IgE) and secretion of IL-10 (as well as IL-4) were noticed (Witten et al. 2013). In
terms of safety aspects, injections were mostly tolerated very well, both locally and
systemically, even though anaphylactic reactions are possible (Kim et al. 2017).

5 Local Intranasal Immunotherapy (LNIT)

In contrast to the former AIT routes, which aim at treating distant organ or systemic
allergic reactions, LNIT focusses on establishing allergen tolerance on the side of
allergen application, i.e. the nose as the effector organ in allergic rhinitis
(Passalacqua and Canonica 2006). Indeed, clinical benefit is limited to improvement
of local symptoms. Introduced in 1951, clinical efficacy of LNIT has been
demonstrated in multiple studies conducted mostly in adults since the seventies of
the last century (Passalacqua and Canonica 2006; Ascione et al. 2003). Allergens
comprised mainly out of various pollen extracts, initially applied as aqueous
solutions, which proved to be effective but also resulted in inconvenient local
adverse reactions. Utilization of dry powder pump sprays consisting out of granules
of 40-50 pm diameter, which were homogeneously deposited at the nasal mucosa,
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led to substantially better tolerability. Notably, systemic side effects are virtuously
absent underlining the solely stationary impact (Passalacqua et al. 2003). This is
further underscored by immunological data revealing local but not systemic produc-
tion of allergen-specific IgG and IgA antibodies, in conjunction with a decreased
allergen-specific T cell response (Giannarini and Maggi 1998; Piazza and Bizzaro
1993). However, obviously, this also implies that allergic unresponsiveness is rather
short lasting and dependent on continuous allergen application (Passalacqua and
Canonica 2006, Ascione et al. 2003). Thus, LNIT has to be constantly re-applied
(either pre-seasonally or persistently) to ensure a long-term clinical benefit in
patients suffering from either seasonal or perennial allergic rhinitis.

6 Conclusion

Over the last decades new avenues of allergen transfer, in addition to the well-
established methods of subcutaneous injection and sublingual application, namely
SCIT and SLIT, have been thoroughly investigated exploring their therapeutic
potential, immunological mechanisms, clinical efficacy, and safety aspects
(Table 1). Among these, OIT has recently been approved for treatment of peanut
allergy in children and adolescents underlining the particular potential of this therapy
in the treatment of food allergy, which could not be addressed by the so far
established methods of AIT. Clinical studies have shown high efficacy of food
tolerance induction, however, current limitations are an early loss of tolerance in
many patients when off therapy and a high rate of adverse reactions, mostly in the
form of abdominal pain. In contrast, EPIT, which has been also investigated for the
treatment of food hypersensitivity (in addition to allergic rhinoconjunctivitis), is
characterized by a good safety profile and the ease of application. However, thera-
peutic effects have been modest so far requiring further improvement in providing a
topical allergen delivery system, which releases enhanced amounts of allergen into
the skin while causing little or no irritation. Future applications might especially
target individuals suffering from severe anaphylaxis with a high risk for strong
adverse reactions at even low-level allergen exposure, with children probably
showing the best response. Another interesting approach is ILIT, which has shown
promising results in treating allergic rhinoconjunctivitis, albeit mostly in small
numbers of patients. A significant advantage seems to be the low number of
injections needed to achieve prolonged allergen tolerance, possibly through direct
targeting of the immunoregulatory lymphatic tissue, with a reasonable safety profile.
However, this requires appropriate technical experience in ultrasound-guided aller-
gen administration into the (inguinal) lymph nodes. In comparison, LNIT can be
easily performed by the patient him- or herself for the treatment of allergic rhinitis
without obvious risks for pronounced adverse events. However, unlike SLIT as a
routinely used form of mucosal AIT, it shows only temporary benefit necessitating
its long-term, regular administration.

In summary, there are several interesting alternative routes of allergen adminis-
tration, which are characterized by distinct features in regard of their immunological
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action, responsive allergic diseases or individuals, and potential side effects. Here,
refinements are needed to target current limitations in terms of therapeutic efficacy
and/or clinical safety. This also requires the conduction of well-designed multi-
center randomized, double-blind, placebo-controlled studies in large number of
patients, in particular addressing questions of optimal allergen dosages and compo-
sition, treatment schedules, targeted groups, of how to achieve long-term tolerance
and of biomarkers indicating potential therapeutic responses and to expected
unwanted side effects.
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Abstract

Chronic rhinosinusitis (CRS) is a clinical syndrome stemming from persistent
inflammation of the sinonasal mucosa. Phenotypically, it is traditionally and
widely described according to the presence or absence of polyps. While this
distinction is simple to use, it has little bearing on prognosis and treatment, for
CRS is essentially an inflammatory disease resulting from dysregulated interac-
tion between a multitude of host and environmental factors. Allergy is merely one
of them and, like many of the proposed aetiologies, has been subject to much
debate which will be discussed here. As our understanding of CRS continues to
evolve, previous so-called conventional wisdom about phenotypes (e.g. CRS
with nasal polyps is associated with Type 2 inflammation) is being challenged,
and new phenotypes are also emerging. In addition, there is growing interest in
defining the endotypes of CRS to deliver precise and personalised treatment,
especially pertaining to the development of biologics for the group of severe,
difficult-to-treat CRS patients. A proposed model of precision medicine tailored
to management of CRS will also be introduced to readers, which can be continu-
ally modified to adapt to new discoveries about this exciting condition.

Keywords

Allergy - Chronic rhinosinusitis - Endotype - Precision medicine

1 Introduction

Chronic rhinosinusitis (CRS) in adults is defined as symptoms of sinonasal inflam-
mation (nasal obstruction/congestion/blockage, nasal drainage, facial pain/pressure/
fullness and decreased or loss of sense of smell) for more than 12 weeks,
accompanied by objective evidence (nasoendoscopy showing purulent discharge,
nasal polyps or oedema; or radiological imaging showing inflammation or mucosal
changes within the sinuses). Conventionally, CRS is broadly categorised into two
groups based on phenotype, which is the presence or absence of nasal polyps [CRS
with nasal polyposis (CRSwNP) and CRS without polyposis (CRSsNP) respec-
tively]. This classification is simple and widely adopted, but imprecise as it does
not reflect the underlying pathophysiology, implicate management or prognosticate
outcome. This is especially so when considering the complex pathophysiology of
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CRS, which is a dysregulated interaction between host and environmental factors.
This phenotype-based classification also does not discern from conditions with
distinctive phenotypes such as Non-Steroidal Anti-inflammatory Drug (NSAID)-
Exacerbated Respiratory Disease (N-ERD) that would otherwise fall under the
umbrella group of CRSwNP.

As such, there are attempts to move towards defining CRS by endotype: molecu-
lar mechanisms that drive the disease process. In recent years, the terms eosinophilic
CRS/type 2 CRS and non-eosinophilic CRS/non-type 2 CRS are gaining
prominence in the literature to indicate underlying T-helper 2 (Th2)- or T-helper
1 (Thl)-driven inflammation, respectively, due to the observation that eosinophils
are reliable biomarkers for Th2 disease (Fokkens and Reitsma 2019). Another
emerging method of defining CRS endotypes is via cluster analysis, an impartial
statistical tool that has the ability to analyse a variety of molecular markers to
uncover groups that share similar characteristics, which are subsequently correlated
with phenotypes and treatment outcomes (Cao et al. 2019).

The challenge in defining endotypes of CRS lies in the heterogeneity of the
disease due to the multitude of factors that contribute in varying degrees to inflam-
mation of the sinonasal mucosa. In keeping with the theme of allergy in this
publication, this chapter will explore the role of allergy in CRS and discuss the
phenotypes that have purported associations with allergy; it must be emphasised that
allergy is only one of several factors involved in this complex disease. The pharma-
cologic management of CRS is presented using a model of precision medicine that
escalates treatment options according to disease severity.

2 Role of Allergy in Chronic Rhinosinusitis

The link between allergy and CRS is incompletely understood. From a pathophysi-
ologic standpoint, an association between IgE-mediated allergy and some subgroups
of CRS is possible due to a shared Th2-mediated inflammation. There is some
evidence of this link via systemic or local mechanisms. In sensitised individuals,
allergens are processed by antigen-processing cells which activate antigen-specific
effector T-helper cells that in turn release inflammatory cytokines. These cytokines
include IL-5, which is a potent chemoattractant for eosinophils. Eosinophils migrate
to nasal mucosa via adhesion molecules and chemotactic signals, where inflamma-
tory mediators are released. Increased expression of adhesion molecules and chemo-
tactic cytokines that recruit inflammatory cells has been demonstrated in CRS
patients and may be the mechanism by which aeroallergens exacerbate CRS
(Jahnsen et al. 1995). Elevated levels of Th2 cytokines, total and allergen-specific
IgE, and eosinophilic inflammation in nasal polyp tissue have been identified in both
atopic and CRSwNP patients (Bachert et al. 2001). Increased eosinophils have been
demonstrated in bilateral maxillary sinus mucosa after unilateral nasal allergen
challenge (Baroody et al. 2008).

It is also possible for the allergic process to be limited to the nasal cavity without
systemic involvement. Some CRS patients demonstrate IgE production in sinonasal
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mucosa in the absence of systemic hypersensitivity — a local mechanism termed local
allergic rhinitis (AR) or entopy. Entopy is confirmed with a positive response to a
nasal allergen provocation test. However, the mechanism by which allergens are
introduced to the sinus cavity is unclear, for inhalation tends not to bring allergens
into unoperated sinuses. In the presence of nasal polyps, the middle meatus is often
obstructed and further reduces the entry of aeroallergens.

From a clinical perspective, the data linking allergy with CRS have been
conflicting. A comprehensive systematic review of 24 articles evaluating the associ-
ation between allergy and CRS reported nearly equal numbers of studies supporting
or refuting this relationship (Wilson et al. 2014). While some studies reported a
significant relationship between CRSwNP and perennial allergens, others observed
that the presence of allergy did not correlate with polyp size, symptom scores, rate of
recurrence or post-operative corticosteroid consumption. Furthermore, while aller-
gen avoidance and allergen immunotherapy (AIT) relieved rhinitis symptoms, they
failed to make significant impact on sinonasal disease per se.

Taken together, these findings suggest that IgE-mediated allergy may be a
disease-modifying factor in CRS, but a direct cause-effect relationship has not
been clearly established. The European Position Paper on Rhinosinusitis and Nasal
Polyps (EPOS 2020) states that the evidence for allergy as a cause of CRS is weak
and is better viewed as an overlapping issue that contributes to sinonasal inflamma-
tion (Fokkens et al. 2020). The International Consensus Statement on Allergy and
Rhinology: AR (ICAR:AR) concludes that the aggregate grade of evidence linking
allergy to CRSsNP and CRSwNP is grade D (Orlandi et al. 2016). However, some
studies have noted that certain CRS subtypes, specifically allergic fungal
rhinosinusitis (AFRS) and central compartment atopic disease (CCAD), appear to
be more strongly associated with atopy, albeit not without controversy.

2.1 Allergic Fungal Rhinosinusitis

AFRS is a form of non-invasive fungal sinusitis with nasal polyposis and is
recognised as a distinctive phenotype of CRSwNP. Bent and Kuhn described their
original diagnostic criteria for AFRS in 1994 based on analysis of 15 patients and is
still widely quoted today (Bent and Kuhn 1994). These features are: (1) Type
1 hypersensitivity to fungi, (2) nasal polyposis, (3) characteristic CT findings
(increased density of material within sinus cavities, expansion or erosion of
paranasal sinus bony walls), (4) eosinophilic mucin without fungal invasion, and
(5) positive fungal stains.

The preciseness and utility of this diagnostic criteria have been richly debated.
Systemic fungal-specific IgE and total IgE levels were not found to be significantly
different between patients with AFRS, AR with fungal allergy and CRS without
eosinophilic mucin (Pant et al. 2005). The same study also noted that in most AFRS
patients, the fungal species to which IgE was elevated often did not match the fungal
species identified in the eosinophilic mucin. In addition, elevated fungal-specific
1gG3 levels, not IgE, distinguished AFRS from control groups, suggesting a role for
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humoral immunity. Moreover, there was no strong evidence for fungal AIT or anti-
fungals in the management of AFRS (Gan et al. 2014). Consequently, the argument
for type 1 hypersensitivity as a criterion is weakened. Nasal polyposis is a broad
phenotypic description that also applies to non-AFRS subtypes of CRS. Eosinophilic
mucin — a tan-brown, tenacious mucous with the consistency of peanut butter or axle
grease, consisting of eosinophils and Charcot-Leyden crystals (breakdown products
of eosinophils) — is a common finding in eosinophilic CRS without fungal allergy.
With highly sensitive techniques of fungal detection, fungi can be found in virtually
all normal and CRS patients, and not just AFRS patients (Braun et al. 2003). Ergo,
the only feature amongst the Bent-Kuhn criteria that remains unique to AFRS
appears to be characteristic CT findings.

Several other notable features which do not belong to any diagnostic criteria for
AFRS have been reported. AFRS tends to affect young, immunocompetent
individuals. Bony erosion and intraorbital or intracranial extension, but with preser-
vation of the periorbita and dura, respectively, are encountered more frequently
compared to other CRS subtypes and are more likely to be seen in males than
females. Unilateral sinus involvement is seen in about half of AFRS patients on
imaging, as compared to bilateral involvement in all eosinophilic mucin CRS
patients (Ferguson 2000). The incidence of co-morbid asthma and aspirin sensitivity
is significantly lower in AFRS patients compared to those with eosinophilic mucin
CRS. AFRS also reportedly has a geographical predilection for areas with warm and
humid climates, such as the southern United States, along the Mississippi Basin and
southern Australia (Collins et al. 2003; Ferguson et al. 2000). However, the inci-
dence of AFRS is not significantly increased in other countries with similar climates,
such as Malaysia (Goh et al. 2005), Thailand (Aeumjaturapat et al. 2003) and India
(Chakrabarti et al. 2015).

Due to ambiguity of the role of fungus and fungal allergy in the pathogenesis in
CRS, several modifications of the terminology have been proposed. These include
“allergic fungal sinusitis-like”, “non-allergic fungal eosinophilic sinusitis”, eosino-
philic fungal rhinosinusitis” and “eosinophilic mucin rhinosinusitis” to accommo-
date various permutations of the presence/absence of fungal allergy and fungal
hyphae in eosinophilic mucin. The wide variety of opinions probably reflects that
the understanding of this disease process remains elusive. Nonetheless, it is clear that
this subgroup of CRSwNP is associated with thick tenacious mucous, recurrent nasal
polyposis and requires aggressive treatment with surgery and corticosteroids. Type 1
hypersensitivity or an altered immune response to fungi, eosinophilic inflammation
and environmental factors may contribute to its pathophysiology to a variable extent.

2.2 Central Compartment Atopic Disease

CCAD is the relatively “new kid on the block™ in the CRS phenotype family. It is
considered to be a form of IgE-mediated airway inflammation related to antigen
contact in the central compartment of the nasal cavity. This entity was first described
in 2014, when it was observed that isolated middle turbinate polypoid oedema had a
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high positive predictive value for inhalant allergy (White et al. 2014). The term
CCAD was subsequently coined in 2017 due to the recognition that this allergic
oedema may extend to the superior turbinate and superior septum, resulting in
polypoid disease affecting mainly the central structures of the nasal cavity (Brunner
et al. 2017; DelGaudio et al. 2017; Hamizan et al. 2017). The aetiology for
involvement of these areas is postulated to be related to nasal airflow, which is the
highest in the central areas of the nose and presumably prone to higher
concentrations of allergen deposition (Wang et al. 2012). Another hypothesis relates
to differences in embryologic origin. The middle turbinate arises from the ethmoid
bone whereas the inferior turbinate develops from the lateral cartilaginous capsule,
which may explain the relative sparing of the inferior turbinate by polyps.

In CCAD, nasal congestion or obstruction was the predominant complaint in
nearly all patients. About half of these patients had allergic symptoms, of whom a
significant proportion (83-100%) who underwent allergy workup had positive
allergy tests (Brunner et al. 2017). House dust mites were the main allergens,
followed by grass pollen. Perennial allergens, rather than seasonal ones, were
implicated as chronic inflammation was thought to be a requirement to continually
drive this condition. Treatment of AR in CCAD patients pre-operatively did not
appear to significantly relieve nasal symptoms. Patients seemed to respond well to
functional endoscopic sinus surgery (FESS), post-operative topical steroid rinses and
treatment of allergies. There is currently no data on the outcome of AIT.

Radiologically, central soft tissue thickening of the middle turbinate, superior
turbinate and septum with relative sparing of the roof and lateral sinus cavities is
seen on computed tomography. This pattern of sinonasal involvement in CCAD is
different from that of other CRSwNP subtypes, which tend to have diffuse sinus
disease with relatively little involvement of central compartment structures.

Being a newly described entity, the understanding of this disease is still in its
infancy. The current data on CCAD are limited to descriptive case series by the same
group of authors, with lack of control groups and long-term data, which is expected
with any novel finding. Further research, including from other centres worldwide, is
needed to better understand its disease characteristics, pathophysiology, treatment
options and outcome.

3 Management of CRS

The four tenets of the healthcare model of precision medicine are patient participa-
tion in his care, prediction of treatment success, prevention of disease progression or
complications, and personalised care. By adapting this model of precision medicine
for CRS, treatment can be stratified into three levels based on severity of disease
(Xu et al. 2019). The pharmacotherapy adopted at levels 1-3 is summarised in
Table 1.



Precision Medicine in Chronic Rhinosinusitis: Where Does Allergy Fit In? 157

Table 1 Pharmacologic management of CRS

Management

Intervention

Level 1: Initial pharmacotherapy

Saline irrigation

Topical
corticosteroids
(INCS)

Oral
corticosteroids

Non-macrolide
antibiotics

Low-dose long-
term macrolide
antibiotics

High volume nasal
saline irrigation as an
adjunct to other
medical therapies

Recommended for
CRS, (especially
CRSwNP) before and
after FESS

Recommended for
short-term
management of
CRSwNP. Lack of
evidence for CRSsNP

Indicated in acute
exacerbations or
presence of purulent
discharge

Option for patients
with CRSsNP

Level 2: Post-FESS pharmacotherapy

Topical
corticosteroids
(INCS)

Topical
corticosteroids:
irrigation

Oral
corticosteroids

Low-dose long-
term macrolide
antibiotics

Recommended for
CRS after FESS

An option after FESS

Improves post-
operative endoscopic
scores in CRS and
recurrence rates in
CRSwNP

May be beneficial after
FESS to reduce
recurrence of polyps

Benefits

Improves symptom
scores. Well tolerated.
No risk of systemic
adverse effects. Low
cost

Improves symptom and
objective scores.
Reduces polyp
recurrence

Significant short-term
improvement in
symptom & objective
scores. Duration of
improvement may last
8-12 weeks when used
with INCS

Reduces purulent
discharge, but not for
routine management of
CRS

Improves symptom and
objective scores,
especially in patients
with normal IgE levels

Improves symptom and
objective scores.
Reduces polyp
recurrence

Unable to statistically
confirm therapeutic
improvement with
present evidence

Significant short-term
improvement in
symptom & objective
scores. Duration of
improvement may last
8-12 weeks when used
with INCS

Reduced polyp burden
in post-FESS patients

Harm

Local irritation,
headaches, ear pain.
Low risk of infection
from contaminated
rinse bottles
Epistaxis, nasal
irritation, headache

Gastrointestinal
symptoms, transient
adrenal suppression,
insomnia. Risks
increase with
prolonged treatment

Gastrointestinal
symptoms, potential
for resistance

Medication
interactions, mild
adverse events,
potential for severe
cardiovascular
complications

Epistaxis, nasal
irritation, headache

No evidence of adrenal
suppression but cannot
be excluded

Gastrointestinal
symptoms, transient
adrenal suppression,
insomnia. Risks
increase with
prolonged treatment

Mainly gastrointestinal
symptoms. Potential
for severe
cardiovascular
complications

(continued)
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Management Intervention Benefits Harm
Anti- An option instead of, or | Improved symptom Rare neuro-psychiatric
leukotriene in addition to INCS scores, comparable to events, elevated liver
therapy INCS. May have enzymes

limited benefit as an

adjunct to INCS
Immunotherapy | An option in CRS Theoretically reduces Local irritation,

Level 3: Biologics

patients with
demonstrated allergy

triggers and symptoms
of CRS

anaphylaxis, cost

Anti-IgE: Approved for severe Reduced symptom, Injection site reaction,
omalizumab allergic asthma, endoscopic scores headache,
chronic spontaneous nasopharyngitis,
urticaria. Under phase cardiovascular
3 trial for use in CRS complications
Anti-IL5: Approved for severe Reduced symptom, Headache, injection
mepolizumab eosinophilic asthma. endoscopic scores site reaction,
Under phase 3 trial for hypersensitivity
use in CRS reactions. Rebound
eosinophilia and
exacerbation of asthma
after cessation of
treatment
Anti-IL5: Approved for severe Reduced symptom, Oropharyngeal pain,
reslizumab eosinophilic asthma. endoscopic scores increased blood
Under phase 3 trial for creatine
use in CRS phosphokinase,
myalgia

Anti-IL4/-IL13:

FDA approved for

Improved symptom,

Injection site reaction,

dupilumab treatment of CRSwNP smell, endoscopic and conjunctivitis, herpes
radiologic scores simplex virus
reactivation,
hypersensitivity, serum
sickness
3.1 Level 1 Management

Level 1 management is applied at the time of diagnosis of CRS. First-line treatment
is initiated, which includes nasal saline douching, anti-inflammatory medication,
culture-directed antibiotics in the presence of purulent nasal discharge and treatment
of AR, if present.

At this stage, it is prudent to recognise phenotypes of CRS that will not respond
well to conventional treatment. One such phenotype is N-ERD, a clinical syndrome
characterised by a triad of hypersensitivity to NSAIDs including aspirin, asthma and
nasal polyposis. The underlying pathophysiology is NSAID-induced inhibition of
cyclooxygenase-1, resulting in depletion of prostaglandin E2 and downstream
activation of inflammatory cells such as mast cells, eosinophils, basophils and
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platelets. The nasal polyps of N-ERD is more resistant to the usual pharmacologic
and surgical treatment and should be managed by experienced otolaryngologists. In
addition, NSAID hypersensitivity and asthma must be addressed in concert.

3.1.1 Nasal Saline Irrigation
Nasal saline irrigation is strongly recommended as an adjunct to other medical
therapies for CRS. Its favourable safety profile, lack of systemic absorption and
low cost make it widely acceptable for many patients. Saline irrigation improves
symptoms and quality of life (QoL) outcomes in CRS patients who do not undergo
surgery (Bachmann et al. 2000). Large volume isotonic saline irrigation appears to
have better outcomes than low volume saline nasal sprays. Isotonic and hypertonic
saline solutions have similar effects on patient symptoms and QoL scores.
Adbverse effects of saline irrigation are uncommon. Nasal burning and ear plug-
ging can occur with isotonic saline irrigation. Pain and nasal drainage has been
associated with hypertonic saline irrigation. Bacterial contamination of saline irriga-
tion bottles has occurred as early as 1 week after use, with the rate of contamination
increasing with duration of device use. Although there is no clear evidence linking
this to poor sinus outcomes, cleaning after every use and 3-monthly replacement of
saline irrigation bottles is recommended (Psaltis et al. 2012).

3.1.2 Topical Corticosteroids

Intranasal corticosteroid sprays (INCSs) are the mainstay of treatment for CRSsNP
and CRSwNP due to inflammation being a major driver of CRS. The mechanism of
action is a combination of anti-inflammatory effects and suppression of the produc-
tion of pro-inflammatory mediators, cell chemotactic factors and adhesion
molecules. The use of INCS is well studied especially in CRSWNP and is proven
to improve symptom scores, polyp size, polyp recurrence and nasal airflow com-
pared to placebo (Wei et al. 2013).

The commonest adverse effects of INCS are epistaxis, local irritation and head-
ache. There is no evidence of systemic immunosuppression. In fact, the safety profile
of second-generation INCS (e.g. fluticasone propionate, mometasone furoate,
fluticasone furoate) is particularly favourable, with systemic bioavailability of less
than 1% (Sastre and Mosges 2012).

3.1.3 Oral Corticosteroids

Oral corticosteroids are recommended in the short-term management of mild
CRSwWNP or eosinophilic CRS with limited disease burden. Short courses
(7-14 days) of oral corticosteroids have been shown to improve nasal obstruction,
olfaction, nasal endoscopy scores and reduce eosinophil count (Hissaria et al. 2006).
The efficacy of such short oral corticosteroid courses, followed by maintenance with
INCS, lasts 8 to 12 weeks following completion of the oral steroid course. Oral
steroids have also been shown to significantly improve the quality of the surgical
field, reduce blood loss and operative time when given prior to FESS (Pundir et al.
2016).



160 X. Xu et al.

Patients with non-eosinophilic CRS do not respond to oral corticosteroids as well
as those with eosinophilic CRS. The commonest adverse effect of oral
corticosteroids is gastrointestinal effects. Other potential side effects include tran-
sient adrenal suppression, mood changes, insomnia, hyperglycaemia, raised intraoc-
ular pressure, avascular necrosis of the hip and osteoporosis. Longer-term or
frequent use of corticosteroids for CRSwWNP is not recommended and carries an
increased risk of harm.

3.1.4 Oral Non-macrolide Antibiotics

Culture-directed antibiotics, or broad-spectrum antibiotics such as amoxicillin-
clavulanate in the absence of culture results, are recommended during an acute
exacerbation of CRS. The American Academy of Otolaryngic Allergy (AAOA)
recommends reserving antibiotics for patients with evidence of purulent sinus
drainage (Marple et al. 2009). Non-macrolide antibiotics are not recommended in
routine management of CRS due to risks of gastrointestinal adverse effects, the
theoretical development of antimicrobial resistance and lack of evidence for benefits.
However, surveys of otolaryngologists indicated that more than 90% use antibiotics
as part of medical management, which may be due to conventional association of
CRS with bacterial infection (Dubin et al. 2007).

3.1.5 Oral Low-Dose Macrolides (>12 Weeks)

Macrolides have anti-inflammatory, immunomodulatory properties when
administered in low daily doses. They decrease production of pro-inflammatory
cytokines including IL-8, inhibit neutrophil recruitment and reduce nasal fibroblast
proliferation in way that corticosteroids cannot. The use of long-term (12 weeks or
more) low-dose macrolides has been shown to benefit patients with lower airway
inflammatory diseases, such as asthma, chronic obstructive pulmonary disease and
cystic fibrosis. They may have a role in the treatment of CRSsNP, which is
traditionally associated with predominantly non-eosinophilic inflammation.

There are two placebo-controlled randomised trials that compared the effects of
12 weeks low-dose macrolides in non-operated CRS patients versus placebo. One
reported that patients with CRSsNP who were treated with roxithromycin, especially
those with normal serum IgE, had significant improvement in disease-specific QoL,
nasoendoscopy scores, saccharine transit time and IL-8 levels compared to placebo
(Wallwork et al. 2006). These benefits were not sustained following cessation of
treatment. However, the other study did not observe any significant benefits of
azithromycin over placebo in terms of subjective or objective measures in patients
with CRSsNP and CRSwNP (Videler et al. 2011). A systemic review of these two
studies concluded that there was no clinically significant improvement in disease-
specific QoL measures with long-term low-dose macrolides for CRS (Pynnonen
et al. 2013).

One randomised controlled trial (RCT) compared 12 weeks low-dose
clarithromycin with 12 weeks INCS in CRSsNP patients prior to FESS (Zeng
et al. 2011). It reported significant reduction in total symptom scores, overall burden
scores, mucosal swelling and nasal discharge scores in both groups, seen as early as
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4 weeks after commencement of treatment. However, there were no significant
differences in symptom or endoscopic scores between both groups at any time
point post-treatment.

Therefore, the evidence for the benefits of long-term low-dose macrolides in the
treatment of pre-operative CRS is unclear. The EPOS 2020 recommends reserving
long-term macrolides for CRSsNP patients, especially those with normal serum IgE,
in whom INCS and saline irrigation have failed to improve symptoms (Fokkens et al.
2020). The ICAR: Chronic Rhinosinusitis (CR) states that macrolides are an option
for patients with CRSsNP, without making a differentiation for pre- or post-FESS
patients (Orlandi et al. 2016). There is no evidence for the use of low-dose long-term
macrolides in the management of pre-FESS CRSwNP patients.

The commonest side effects of macrolides are gastrointestinal disorders, such as
mild diarrhoea and abdominal discomfort. In non-CRS studies, macrolides are
associated with ototoxicity, liver dysfunction, ventricular arrhythmia and cardiac
arrest.

3.1.6 Allergy Testing and Avoidance

The EPOS 2020 management scheme for CRSsNP and CRSwNP recommends
taking a history for allergic symptoms and if positive, to do allergy testing (Fokkens
et al. 2020). The ICAR:CR guidelines state that allergy testing and treatment are
optional in CRS, as there are theoretical benefits of identifying inflammatory triggers
and the risk of harm is low (Orlandi et al. 2016).

If there is suspicion of CCAD, allergy testing is warranted due to the purported
association of this condition with atopy. In AFRS, a positive allergy test to fungal
allergens is part of the Bent-Kuhn criteria, but fungal-specific AIT has not been
conclusively down to significantly affect the outcome.

3.2 Level 2 Management

Level 2 management is instituted for severe CRS that is suboptimally managed with
level 1 care. The aim is to prevent disease progression and complications. At this
stage, surgery is often necessary, along with requisite post-operative
pharmacotherapy.

3.2.1 Surgery: Functional Endoscopic Sinus Surgery
Surgery is generally indicated when symptoms persist despite medical therapy or
when complications of CRS arise. Once polypoid changes have occurred, INCS is
unlikely to resolve the remodeling that has occurred. The principles of FESS are
mucosal preservation, widening of the natural sinus drainage pathways to relieve
sinus outflow obstruction, decrease the inflammatory burden and improve post-
operative topical drug delivery to the sinuses.

Attempts have been made to determine the appropriate duration or courses of
medication before surgical intervention is warranted. However, the definition of this
so-called maximal medical therapy is vague and is probably inappropriate, as it
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implies that all medical treatment options should be exhausted before exploring
surgery as an option. Chronic inflammation in sinonasal mucosa leads to epithelial
remodelling, a process that results in poorly proliferating basal cells that fail to form
a proper epithelial barrier (Zhao et al. 2017). These changes are not reversed by
steroid treatment and are unlikely to revert to a functional respiratory epithelium by
the time some of these patients undergo FESS.

3.2.2 Surgery: Adenoidectomy

Whilst not commonly encountered in adults, adenoid hypertrophy deserves brief
mention here due to its association with AR, mainly in children. Treatment of
adenoid hypertrophy plays a role in paediatric CRS but generally not adult CRS.
Adenoids are reservoirs for bacteria and adenoid cultures have a high correlation
with lateral nasal wall cultures. A meta-analysis of nine studies investigating the
efficacy of adenoidectomy in paediatric CRS patients who failed medical therapy
noted significant improvement in caregiver-reported symptoms of sinusitis (Brietzke
and Brigger 2008).

In the American Academy of Otolaryngology — Head and Neck Surgery Founda-
tion (AAO-HNSF) Guidelines Task Force for paediatric CRS, there was strong
consensus for adenoidectomy as a first-line surgical procedure for children with
CRS up to 6 years old. Less consensus was arrived at for children aged 6-12 years
old (Brietzke et al. 2014). There was no consensus reached on whether
adenoidectomy was effective for those aged 13 years and older due to lack of
supporting evidence.

3.2.3 Post-FESS: Intranasal Corticosteroid Sprays

A strong recommendation is made for INCS following FESS to control post-
operative mucosal inflammation. Topical nasal steroid sprays following FESS
minimises mucosal inflammation and optimises clinical outcomes. A systemic
review and meta-analysis of 11 RCTs comparing the use of INCS with placebo in
post-FESS patients noted significant improvement in the INCS group in terms of
endoscopic scores at 6 and 12 months, symptoms scores and recurrence rate of
polyps (Fandino et al. 2013).

The limitation of INCS is that it provides good nasal cavity contact but poor sinus
delivery. Topical steroids from nasal sprays are well-distributed to the septum,
inferior turbinate, and head of the middle turbinate, but less so to the middle and
superior meatus (Lam et al. 2013).

3.2.4 Post-FESS: Topical Corticosteroids - Irrigation

Nasal irrigation of corticosteroids has been thought to deliver topical steroids more
effectively to post-operative sinuses compared to INCS. The efficacy of topical
corticosteroids, commonly budesonide, in nasal saline irrigation for post-operative
patients with CRSwNP or eosinophilic CRS is reported in several studies (Kanowitz
et al. 2008; Snidvongs et al. 2012). Large volume irrigations (>100 ml) achieve
significantly more optimal drug delivery to post-operative sinuses than low volume
delivery devices. A literature review of 11 articles on topical corticosteroid
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irrigations concluded that large volume corticosteroid irrigations improved QoL by
symptom control and objective clinical findings when used in tandem with complete
sinus surgery (Grayson and Harvey 2019).

Nasal irrigation of corticosteroids has been recommended as part of first-line
therapy in management of post-FESS CRS based on level 1 evidence of their benefit
over INCS (Grayson and Harvey 2019). The ICAR:CS states that non-standard
delivery of topical corticosteroids, such as via nasal irrigation, is an option in post-
FESS CRSwNP patients, based on aggregate evidence grade B (Orlandi et al. 2016).
There is no evidence on the efficacy of topical corticosteroid irrigation in
non-eosinophilic CRS. There is also no evidence to suggest systemic absorption.

3.2.5 Post-FESS: Oral Corticosteroids
In the immediate post-operative period, a short course of oral corticosteroids
minimises mucosal inflammation during the healing period and improve olfaction.
In AFRS, an RCT on 24 patients reported that tapering doses of oral corticosteroids
over 12 weeks resulted in significant subjective and objective improvement of
patients with AFRS and prevented early recurrence (Rupa et al. 2010).
Subsequently, just as patients with asthma on inhaled corticosteroids may need
oral corticosteroids as “rescue” medication during periods of exacerbation, CRS
patients may likewise require short courses of oral corticosteroids to manage
exacerbations of eosinophilic airway inflammation when locally-delivered
corticosteroids do not suffice.

3.2.6 Post-FESS: Oral Low-Dose Macrolides (>12 Weeks)

There are two RCTs comparing low-dose macrolides versus placebo in post-FESS
patients. One RCT reported that 12 weeks low-dose erythromycin had statistically
significant improvement in nasoendoscopy scores compared to placebo (Haxel et al.
2015). Moreover, CRSsNP patients showed a tendency towards improved
parameters compared to CRSwNP patients. The other RCT reported that 12 weeks
low-dose azithromycin resulted in significantly improved symptom scores and
percentage change in scores after treatment compared to placebo; however, this
improvement was not clinically significant (Amali et al. 2015). A systematic review
on the pooled data from these two studies concluded that symptom and endoscopic
scores in the macrolide group did not significantly differ from that of the placebo
group (Lasso et al. 2017).

One RCT compared 24 weeks low-dose clarithromycin and INCS, 12 weeks
low-dose clarithromycin and INCS, and INCS alone in CRSwNP patients who had
undergone FESS (Varvyanskaya and Lopatin 2014). This open-label study found
that both macrolide groups had significant improvement in symptom,
nasoendoscopy and imaging scores, rhinomanometry and saccharin transit time
compared to INCS alone. It concluded that long-term low-dose macrolides may
have a role in controlling eosinophilic inflammation and preventing early relapse of
nasal polyps after FESS. Therefore, long-term low-dose macrolide is an option for
patients with CRSsNP based on aggregate grade B of evidence (Orlandi et al. 2016).
It may also be beneficial when used with INCS in CRSwNP patients after FESS.
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3.2.7 Post-FESS: Anti-fungal Therapy

A small number of studies with small sample sizes have looked at anti-fungal
treatment in patients who fulfil the Bent and Kuhn criteria of AFRS. In an RCT of
24 AFRS patients, post-operative oral steroids combined with oral itraconazole and
INCS resulted in significant improvement in subjective and objective scores, and
reduced early recurrence of disease compared to itraconazole and INCS alone (Rupa
et al. 2010). Another RCT compared oral followed by topical steroids for 6 months
with oral itraconazole alone for 6 months post-operatively in 60 AFRS patients, and
noted that the oral itraconazole group had better symptom relief and endoscopic
clearance of disease (Rojita et al. 2017). However, a Cochrane review of topical and
systemic anti-fungal therapies in all CRS patients, including AFRS, failed to dem-
onstrate any clear benefit due to low quality of evidence (Head et al. 2018).

3.2.8 Post-FESS: Anti-leukotriene Therapy

Cysteinyl leukotrienes are inflammatory mediators produced by eosinophils and
mast cells through breakdown of arachidonic acid. The cysteinyl leukotriene path-
way promotes bronchoconstriction, mucous profusion and oedema, and is
upregulated in several conditions of the airway such as CRSwNP, asthma and
AR. Cysteinyl leukotrienes inhibitors are commonly prescribed as adjuncts in
treatment of asthma and AR due to their steroid-sparing, anti-inflammatory
properties.

There is moderate evidence suggesting that leukotriene antagonists (LTAs) such
as montelukast and zileuton are effective adjuncts when used in combination with
topical and/or oral steroids to treat CRSwWNP. A systematic review on the use of
LTAs in CRSwNP reported improved symptoms compared to placebo, but no
significant difference when compared to INCS (Wentzel et al. 2013). The review
concluded that LTAs had limited benefits as adjunctive therapy, but could be
considered in patients who were unable to tolerate or did not respond to INCS.
Montelukast alone did not appear to be as effective as INCS in preventing polyp
recurrence following FESS.

There are no studies evaluating LTAs in the treatment of CRSsNP. The adverse
effects of LTAs are generally low. There are rare reports of rashes, neuro-psychiatric
events and tremors with montelukast. Zileuton has been associated with elevated
liver enzymes.

3.2.9 Allergen Inmunotherapy (AIT)

AIT modifies the basic allergic mechanism by inducing desensitisation and an
anergy state. While AIT is recommended in the treatment of AR, its role in the
management of CRS is uncertain. Currently, there is no clear evidence that AIT
alleviates CRS, including AFRS, although it may improve superimposed rhinitis
symptoms. A systemic review of patients with atopic CRS and had undergone AIT
noted that symptom scores and objective endoscopic findings improved with AIT
when used as an adjunctive treatment, particularly in the post-operative period
(DeYoung et al. 2014). However, the evidence to support the use of AIT was deemed
weak due to the small number and low quality of studies.
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A systematic review of AIT in AFRS noted that AIT appeared to reduce mucosa
inflammation, but the evidence was weakened by small sample sizes, lack of
standardised control groups and inclusion of other medical treatments (Gan et al.
2014). The EPOS 2020 noted that subcutaneous AIT improved short-time outcomes
in AFRS, but the long-term benefits were unclear (Fokkens et al. 2020). The ICAR:
CS stated that AIT had an equal degree of benefit and harm and was thus an option in
post-operative refractory AFRS based on aggregate grade C of evidence (Orlandi
et al. 2016). The role of AIT in CCAD has not been investigated currently, but has
been described as a treatment option.

3.3 Level 3 Management

Level 3 management is reserved for severe, uncontrolled or refractory CRS. At this
level, endotype-driven treatment in the form of biologics is implemented. At present,
omalizumab and dupilumab are approved in the European Union for treatment of
CRSwNP, whereas only dupilumab is approved by the Food and Drug Administra-
tion (FDA) for treatment of CRSwNP in the United States. The list may continue to
evolve with emerging evidence from further phase 3 studies on other biologics.

3.3.1 Anti-IlgE
IgE is a key atopic inflammatory mediator responsible for mast cell activation. It is
significantly elevated in inflammatory airway conditions such as CRS and asthma.
Omalizumab is a humanised monoclonal antibody that blocks IgE from binding to
its receptor that is located on mast cells and basophils. It is approved in the United
States for treatment of severe allergic asthma and chronic spontaneous urticaria. It is
additionally approved by the European Commission recently as add-on treatment
with INCS for the treatment severe CRSwWNP for whom INCS does not provide
adequate disease control based on the outcome of two randomised phase 3 trials
(Gevaert et al. 2020).

Adverse effects with omalizumab include headache, injection site reactions,
nasopharyngitis and cardiovascular complications, including deep vein thrombosis
and myocardial infarction.

3.3.2 Anti-lL-5

IL-5 is a type 2 cytokine and key mediator in eosinophil growth, recruitment and
activation. Mepolizumab and reslizumab are humanised monoclonal antibodies that
bind to and block the function of circulating IL-5, thus preventing binding of IL-5 to
its receptor. Both are approved in the European Union and the United States for the
treatment of severe eosinophilic asthma. Two randomised, double-blind, placebo-
controlled trials reported that mepolizumab significantly reduced nasal polyp size,
improved symptom scores and reduced the need for sinus surgery (Bachert et al.
2017; Gevaert et al. 2011). Elevated nasal IL-5 levels at baseline were noted to
predict positive responsiveness to reslizumab. Both biologics are currently
undergoing phase 3 clinical trials to determine their efficacy in treating CRSwNP.
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Mepolizumab is generally well tolerated, with adverse effects of headaches,
injection site reaction and hypersensitivity reactions. Rebound eosinophilia and
exacerbation of asthma after cessation of treatment have been reported. Common
side effects associated with reslizaumab are oropharyngeal pain, raised blood creatine
phosphokinase and myalgia.

3.3.3 Anti-IL-4/-IL-13

IL-4 and IL-13 are key regulators of the type 2 inflammatory pathway in airway
disease responsible for Th2 cell differentiation, IgE synthesis, recruitment of
eosinophils and mast cells which contribute to airway remodeling. Dupilumab is a
humanised monoclonal antibody that binds specifically to IL-4Ra, inhibiting signal-
ing of both IL-4 and IL-13. It is approved in the European Union, the United States
and Japan for moderate-to-severe atopic dermatitis in adults. Dupilumab is recently
approved in the United States and European Union for the treatment of inadequately-
controlled CRSwNP based on two pivotal trials, the 24-week SINUS-24 and
52-week SINUS-52 that are part of the Phase 3 LIBERTY clinical trial (Bachert
et al. 2019; Han et al. 2019). Two-weekly administration of dupilumab with
mometasone furoate nasal spray was compared with placebo injection plus
mometasone furoate nasal spray. At 24 weeks, both trials demonstrated significant
improvement in nasal congestion, nasal polyp score, sinus opacification and sense of
smell compared to placebo. In the 52-week SINUS-52 trial, patients continued to do
well throughout the treatment period. Dupilumab has been associated with injection
site reactions, conjunctivitis, serum sickness and ocular and orofacial reactivation of
herpes simplex virus.

4 Conclusion

CRS is an umbrella term that encompasses a spectrum of sinonasal inflammatory
conditions, of which the causes are diverse and often overlapping. This concept
should be reflected in the management of CRS, which is moving away from a simple
CRSsNP/CRSwNP approach towards one that is directed against the underlying
inflammatory mechanism. Despite an overlap of immunologic pathways and
symptoms, there is lack of definitive conclusion about the association between
atopy and nasal polyposis due to conflicting data in the literature. Well-designed,
prospective studies with transparent inclusion and exclusion criteria could shed
additional light on this relationship.
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Abstract

IgE-mediated food allergies affect both children and adults and are associated
with dramatic decreases in the quality of life. In the majority of cases, food
allergens have to be avoided which may be difficult, particularly in patients
who suffer from life-threatening symptoms following the ingestion of minimal
doses of food allergens. Several novel therapeutic approaches have been studied
during the recent past and are summarized in this review. Therapies with novel
therapeutic monoclonal antibodies, innovative allergen-specific immunotherapies
using subcutaneous, sublingual, or epicutaneous routes, and oral

B. Bohle (D)

Department of Pathophysiology and Allergy Research, Center for Pathophysiology, Infectiology
and Immunology, Medical University of Vienna, Vienna, Austria

e-mail: barbara.bohle @meduniwien.ac.at

T. Werfel
Division of Immunodermatology and Allergy Research, Department of Dermatology and Allergy,
Hannover Medical School, Hanover, Germany

© Springer Nature Switzerland AG 2021 173
C. Traidl-Hoffmann et al. (eds.), Allergic Diseases — From Basic Mechanisms

to Comprehensive Management and Prevention, Handbook of Experimental

Pharmacology 268, https://doi.org/10.1007/164_2021_496


http://crossmark.crossref.org/dialog/?doi=10.1007/164_2021_496&domain=pdf
mailto:barbara.bohle@meduniwien.ac.at
https://doi.org/10.1007/164_2021_496#DOI

174 B. Bohle and T. Werfel

immunotherapies leading to increases of individual thresholds of tolerable foods
upon their continuous ingestion showed promising results which may change
future management strategies in moderate to severe food allergy.

Keywords

Allergen-specific immunotherapy - Apple - IgE-mediated food allergy - Peanut

1 Introduction

According to the position paper from the European Academy of Allergy and Clinical
Immunology (EAACI) food allergy is an immune-mediated non-toxic adverse
reaction to foods including immunoglobulin (Ig)E-mediated immediate hypersensi-
tivity reactions, delayed non-IgE-mediated reactions, and disorders with
contributions from both IgE-mediated and non-IgE-mediated immune pathways
(Fig. 1) (Bruijnzeel-Koomen et al. 1995).

The most common form of food allergy is mediated by IgE antibodies and reflects
an immediate-type (“type 1 hypersensitivity”’) reaction, i.e. acute onset of symptoms
after ingestion or inhalation of foods. During the phase of sensitization the immune
system produces IgE antibodies directed against food allergens which bind to the
high affinity receptor FceRI expressed on the surface of mast cells and basophils.
Following re-exposure to the respective food allergen, cross-linking of surface-
bound IgE antibodies triggers the release of preformed mediators, such as histamine,
tryptase, and tumor necrosis factor. These mediators cause the acute phase of allergic
symptoms which appear within a few minutes up to 2 h after contact with the
offending food. The allergic reactions may be confined to the site of contact with
the food, such as the oral allergy syndrome (OAS) which comprises pruritus,
tingling, and angioedema of the lips, tongue, palate, and throat, occasionally also a
sensation of tightness in the ears or in the throat, or both. Apart from the gastroin-
testinal tract (nausea, laryngeal edema, stomach cramps, vomiting, flatulence,

[
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Fig. 1 Classification of adverse reactions to foods according to the pathophysiology (Bruijnzeel-
Koomen et al. 1995). Adverse reactions to foods comprise toxic and non-toxic reactions. The latter
reactions are either non-immune-mediated or immune-mediated. IgE-mediated reactions constitute
primary and secondary food allergies
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diarrhea) allergic reactions may manifest in the skin (urticaria, angioedema) and/or
the respiratory tract (rhinoconjunctivitis, bronchospasm). Anaphylaxis, the maxi-
mum variant of an IgE-mediated allergic reaction, is a life-threatening condition
which affects two or more organ systems.

In addition to the release of preformed mediators, I[gE-induced activation of mast
cells triggers the de novo synthesis of agents, e.g. leukotrienes, prostaglandins, and
cytokines. These mediators start the recruitment of neutrophils, eosinophils, and
basophils which are involved in the allergic late-phase reaction. Thus, mast cells are
generally regarded as central players in both, allergic immediate and late-phase
reactions because they attract and activate inflammatory cells (Galli 2016). Beyond
this, allergenic food proteins activate special subsets of T lymphocytes which are
involved in T-cell B-cell interactions and the induction of specific antibodies and
also contribute to the late-phase inflammation in sensitized individuals. In fact, they
can cause late-phase reactions independently from earlier IgE-mediated mast cell
activation. For example, patients with milk allergy may develop isolated late asth-
matic reactions after the ingestion of milk (Papageorgiou et al. 1983). Moreover,
patients suffering from birch pollen-related food allergy may develop a worsening of
atopic eczema after symptom-free ingestion of the offending food (Bohle et al. 2006;
Wassmann-Otto et al. 2018). Nevertheless, the general prevalence of biphasic
reactions after food ingestion is low (Jarvinen et al. 2009).

2 Primary and Secondary Food Allergy

IgE-mediated food allergy can be further classified into primary and secondary food
allergy on the basis of the affected patients (children or adults), clinical appearance,
the disease-eliciting food allergens, and the underlying immune mechanisms
(Fig. 1).

Primary food allergy starts in early life and often represents the first manifestation
of the “atopic syndrome,” a term summarizing all clinical manifestations connected
to the atopic constitution. The eight most common allergenic foods include cow’s
milk, hen’s egg, fish, shellfish, peanuts, soybean, tree nuts, and wheat. Often,
primary food allergens do not only elicit allergic reactions in the gastrointestinal
(GD) tract but cause or influence urticaria, atopic dermatitis as well as bronchial
obstruction. With a few exceptions (peanut and fish) most children outgrow primary
food allergy within the first 3—6 years of life.

In primary food allergy, sensitization typically occurs via the oral route. Usually,
oral tolerance is the default response to ingested antigens in food which has been
demonstrated in animal models (Commins 2015) and humans (Husby et al. 1994).
The latter study has reported that daily administration of 50 mg of the neoantigen
keyhole limpet hemocyanin (KLH) per os to adult volunteers for 10 days prior to
subcutaneous immunization with KLLH induced systemic T-cell tolerance and higher
titers of KLH-specific antibodies compared to the non-fed control group (Husby
et al. 1994). The induction of oral tolerance is an active process and involves the
generation of regulatory T (reg) cells, the suppression of T helper (Th)2 cells, a
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decreased production of IgE and increased IgA and IgG4 production, suppression of
effector T-cell migration to tissues, induction of IL-10-producing DCs, and suppres-
sion of basophil, eosinophil, and mast cell activation (Sampson et al. 2018).
Recently, a new subset of regulatory innate lymphoid cells (ILC) has been identified
in the intestine that inhibits inflammation (Wang et al. 2017).

Oral tolerance protects from inappropriate immune responses to the plethora of
foreign antigens in food normally encountered in the gastrointestinal tract. Primary
food allergy may be regarded as a failure to establish or to maintain oral tolerance
against innocuous antigens. The fact that the immunosuppressive intestinal environ-
ment is controlled by a complex network of immunological interactions between
epithelial cells, antigen-presenting cells, and lymphocytes makes it difficult to
unravel the precise mechanisms that trigger food allergy. A dysfunction of any of
the steps of the complex interplay may cause disease in susceptible individuals.
Moreover, the establishment of immune homeostasis depends on windows of oppor-
tunity during which innate and adaptive immunity are coordinated by antigen-
presenting cells orchestrated by microbial products and dietary constituents. In
particular, the neonatal period is critical for the induction of the necessary homeo-
static mechanisms because the mucosal epithelial barrier and the immunoregulatory
network are poorly developed in newborns. Although the precise reasons for a
failure to develop oral tolerance in allergic patients still remain to be elucidated,
various factors that damage the epithelial barrier have been considered to promote
allergic sensitization (Lozano-Ojalvo et al. 2019). Growing evidence suggests that
allergy development is influenced by the composition and metabolic activity of
certain microbiota in the gut (Stephen-Victor and Chatila 2019). A reduced micro-
bial diversity early in life (3 months of age) accompanied by diminished
Bacteroidaceae species and an enriched Enterobacteriaceae species could be
associated with an increased likelihood of food-sensitization later in life (12 months
of age) (Azad et al. 2015). Moreover, children with milk allergy displayed an altered
composition of their microbiome and if enriched with Firmicutes and Clostridia
species in early life tended to resolve their milk allergy at the age of 8 years
(Bunyavanich et al. 2016). The relevance of the gut microbiome was further
underlined by the transfer of food allergy through transfer of microbiota from food
allergy-prone mice to wild-type animals (Noval Rivas et al. 2013). Commensals of
the order Clostridiales and Bacteroidales drive the differentiation of Treg cells
which have been implicated in establishing tolerance to luminal antigens in the gut
(Esterhazy et al. 2019). Thus, dysbiosis of the gut microbiome seems to contribute to
the development of food allergy.

In addition to sensitization via the oral route, the clinical evidence for sensitiza-
tion to food allergens through the skin is growing. A dysfunction of the skin barrier
has been considered to explain the association between atopic dermatitis and food
allergy. For example, peanut protein levels in household dust and positive peanut
skin prick tests showed an exposure-response relationship (Brough et al. 2018). The
effect was even more prominent in children with severe atopic dermatitis and in
patients with associated skin barrier defects (e.g., with filaggrin loss-of-function
mutations), underlining that environmental exposure through an impaired skin
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Table 1 Secondary food allergy

Primary

allergen source | Possible cross-reaction to Risk

Birch pollen Stone-fruits, kiwi, tree nuts, celery, carrot, soy, peanut, fresh fig, | Very
high

Ficus Fig (fresh and dried), occasionally also kiwi, papaya, banana High

benjamina

Bird feathers Egg yolk High

Mugwort Celery, carrot, chamomile, honey, lychee, mango, spices Moderate

pollen (caraway, anise, curry, coriander, cumin)

Profilin Melon, banana, tomato, pepper, mango Moderate

Rubber latex Kiwi, avocado, banana, pepper, fig Moderate

House dust Crustaceae Low

mite

Cat dander Pork Very low

barrier is a plausible route for sensitization and allergy development. Similar to
peanut allergy, eczema was strongly associated with egg allergy development and
the association increased with increasing eczema severity as recently described on
the pan-European EuroPrevall birth cohort on more than 12.000 infants (Grimshaw
et al. 2020). Here past or current eczema was significantly associated with egg
allergy (adjusted odds ratio, 9.21; 95% CI, 2.65-32.04). Interestingly, increasing
eczema severity was associated with an increasing likelihood of egg allergy and egg
allergy started with an average 3.6 £ 0.5 months after eczema. Occupational
exposure to proteins of animals and plants present in aerosolized foods during
food processing frequently induces IgE-mediated reactions (Jeebhay et al. 2019).
Respiratory sensitization as initiator of food allergy was also reported for adult bird
owners exposed to millet in bird food who developed severe anaphylactic reactions
when ingesting food containing millet (Bohle et al. 2003a). However, it is still an
open question whether the non-oral sensitization process is associated with a
dysbiosis of the microbiota in the lung and skin.

In 2009, the carbohydrate galactose-a-1,3-galactose (a-Gal) was first reported to
cause delayed allergic reactions to red meat (Commins et al. 2009). Today, the
“a-Gal syndrome” is established as a common form of food allergy affecting adults
and children (Platts-Mills et al. 2020). In stark contrast to other food allergies the
a-Gal syndrome is not induced by a protein but a carbohydrate and characterized by
a delayed onset of allergic reactions after consumption of red meat (Levin et al.
2019; Hodzic et al. 2019). Furthermore, this atypical form of food allergy is
considered to be initiated by tick bites (Cabezas-Cruz et al. 2019).

Secondary food allergy is the most abundant food allergy in adolescent and adult
individuals but also affects children (Werfel et al. 2015). This food allergy is a
consequence of primary sensitization to a non-food allergen, e.g. certain allergens in
pollens, house dust mites, animal dander, or rubber latex (Table 1). Clinically, the
majority of the individuals develop hypersensitivity reactions to food after the
manifestation of the primary allergy. Immunologically, the food proteins themselves
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are not able to initiate IgE-production but are recognized by IgE antibodies initially
produced against a non-food allergen. This humoral cross-reaction which is often
due to structural homology of both proteins then results in immediate allergic
reactions to the food.

The risk to develop secondary food allergy depends on the sensitizing allergen.
For example, individuals allergic to birch pollen and the major allergen Bet v 1 in
particular are at high risk to experience allergic reactions to foods which contain Bet
v 1-homologous proteins. Table 1 provides an overview on typical secondary food
allergies, the sensitizing allergen source, and the risk to develop food allergy.

Already in 1948 it has been observed that birch pollen-allergic patients may
develop oral symptoms to hazelnuts (Juhlin-Dannfelt 1948). In the late 1970s
research has started to investigate the cause for the clinical observation that a high
percentage of birch pollen-allergic patients develop allergic reactions to certain
foods, most often tree nuts and stone-fruits (Hannuksela and Lahti 1977; Eriksson
et al. 1982; Dreborg and Foucard 1983). Birch pollen-related food allergy (BPRFA),
and apple-induced BRPFA in particular, evolved into a broadly used disease model
to elucidate the pathophysiology of secondary food allergy. One important reason
for this development was the availability of Bet v 1 as recombinant protein
(Breiteneder et al. 1989) allowing its detailed structural and immunological charac-
terization (Gajhede et al. 1996; Mogensen et al. 2002; Spangfort et al. 2003; Radauer
et al. 2008; Jahn-Schmid et al. 2005). In 1995, recombinant (r) Mal d 1, the Bet v
1-homolog in apple, became available (Vanek-Krebitz et al. 1995) and represented a
stable substitute for the very labile natural protein which is easily destroyed when
isolated from apples (Vieths and Schoning 1996). Recently, rtMal d 1 was success-
fully applied to solve its 3-dimensional structure, composed of a seven-stranded
antiparallel beta-sheet and three alpha-helices forming a large internal cavity, and
confirmed the high structural similarity with Bet v 1 and other cross-reactive food
allergens from the pathogenesis-related (PR) protein family 10 (Ahammer et al.
2017; Fernandes et al. 2013).

Recombinant Bet v 1 and Mal d 1 served as essential tools for the characterization
of epitopes involved in IgE cross-reactivity of both proteins (Holm et al. 2001; Ma
et al. 2006; Klinglmayr et al. 2009). Notably, most relevant IgE epitopes on these
allergens are conformational, i.e. they depend on proper protein folding resulting in
the correct 3-dimensional structure. In experimental settings, gastrointestinal
enzymes rapidly degrade Mal d 1 and other Bet v 1-homologous food allergens in
fragments which are not recognized by IgE antibodies from individuals with BPRFA
(Schimek et al. 2005). The destruction of their 3-dimensional structure by gastroin-
testinal proteases may imply that Bet v 1-related food proteins do not reach the
gut-associated lymphoid tissue (GALT) in their natural conformation. The demon-
stration of the rapid gastrointestinal degradation of Bet v 1-homologous food
proteins also provided an explanation for the fact that BPRFA usually manifests as
OAS. However, in the case that the proteolytic activity of gastrointestinal proteases
is impaired, e.g. by the rise of the gastric pH, birch pollen-related foods may induce
more severe, anaphylactic reactions (Schulten et al. 2011). In this respect, the
consumption of soy-based foods and particularly of soy drinks containing the Bet
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v 1-homolog Gly m 4 has been defined as risky for birch pollen-allergic individuals
(Kleine-Tebbe et al. 2002; De Swert et al. 2012; Kosma et al. 2011; Treudler et al.
2008). Severe systemic reactions may occur because drinking soy milk enhances the
gastric pH, thereby hindering the proteolytic activity of pepsin and enabling the
absorption of non-digested IgE-reactive Bet v 1-related food allergens (Schulten
et al. 2011). To make individuals at risk aware of these rare but serious
complications, BPRFA should be reliably diagnosed.

Recombinant Bet v 1 and Mal d 1 also allowed the first demonstration of T-cell
cross-reactivity between an aeroallergen and a food protein (Fritsch et al. 1998). In
contrast to the conformational epitopes recognized by IgE antibodies, T cells are
activated by linear peptides resulting from allergen degradation by antigen-
processing cells prior to loading onto MHC-class II molecules. Based on the
knowledge of the amino acid sequences of Bet v 1 various distinct T-cell epitopes
could be identified (Jahn-Schmid et al. 2005). Several of the corresponding regions
in the amino acid sequences of Bet v 1-related food proteins displayed sufficient
homology to activate Bet v 1-specific T cells (Bohle et al. 2003b, 2005; Kitzmuller
et al. 2015; Zulehner et al. 2017). In particular, T cells specific for the highly
conserved immunodominant epitope Bet v 1;45_15¢ were shown to respond to
various Bet v 1-related food allergens (Jahn-Schmid et al. 2005). Moreover, gastro-
intestinal degradation of Bet v 1-related food allergens resulted in fragments which
were still able to induce proliferative and cytokine responses of Bet v 1-specific T
cells (Schimek et al. 2005). Similarly, heat-treated Bet v 1-homologous allergens
still displayed T-cell-stimulating activity despite lacking IgE-reactivity due to the
destruction of conformational IgE epitopes by thermal processing (Bohle et al.
2006). T lymphocytes are important key players in late eczematous reactions, and
Bet v 1-specific T-cell responses have been detected in the lesional skin of birch
pollen-allergic patients (Reekers et al. 1999). Together, the detailed in vitro analysis
of the cellular cross-reactivity between Bet v 1 and its homologs in foods explained
how ingestion of birch pollen-related food can cause the exacerbation of skin lesions
in birch pollen-allergic patients with atopic dermatitis (Wassmann-Otto et al. 2018)
and why these cutaneous late-phase reactions may also occur after symptom-free
consumption of cooked birch pollen-related foods (Bohle et al. 2006). Consequently,
(cooked) birch pollen-related food may represent an underestimated provocation
factor for a subgroup of birch pollen-allergic patients with atopic dermatitis.

In the past decades, the clinical and immunological insights about birch pollen-
related food allergy accumulated and markedly contributed to a better understanding
of the pathophysiology of secondary food allergy. It is expected that the immune
processes of less common secondary food allergies are similar, e.g. those associated
with respiratory allergy to mugwort pollen, natural latex, or house dust mites
(Table 1) (Werfel et al. 2015).
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3 Immunotherapy for Food Allergy

More than 17 million people suffer from food allergy in Europe, out of which 3.5
million are younger than 25 years. Food allergies significantly impair the quality of
life (QoL), affecting both work and leisure time which has also a negative economic
impact for the society in general. A recent questionnaire-based study revealed that
food allergic adolescents are affected more than younger children (based on parental
report) in terms of QoL including emotional, dietary, and social aspects (Miller et al.
2020).

Upon diagnosis of food allergy performed by taking the patient’s history, proven
IgE-mediated sensitizations, and showing their clinical relevance by elimination
diets and subsequent challenge tests, usually a therapeutical long-lasting elimination
diet is indicated (Muraro et al. 2014). That means that currently, food allergies are
mostly managed by strict avoidance of the allergenic food and if severe, the
provision of an emergency plan and medications, e.g. self-injectable epinephrine,
for the treatment of accidental ingestions. In addition, patients need to be educated as
most fatal reactions occur when foods are consumed or prepared outside the home.
Proper information also includes the family, close relatives, friends, and caregivers,
in particular when children are concerned. This complex situation demands for
effective treatment strategies for food allergy.

As for respiratory allergies, allergen-specific immunotherapy (AIT) is an option
to treat food allergy because it alters the disease-eliciting pathophysiology and thus,
has long-term clinical benefit (Pajno et al. 2018). The major goal of AIT is to achieve
sustained unresponsiveness, which is defined as the ability to ingest an offending
food without symptoms regardless of long avoidance periods or irregular consump-
tion. The redirection of the allergic response requires the repetitive administration of
increasing doses of the food allergen in order to modify the IgE-mediated immune
response. Prior to becoming tolerant, patients are desensitized, a process which
strictly depends on the regular exposure to the allergenic food. Nevertheless, when
the regular food exposure is withdrawn, allergic symptoms to the offending foods
return. Up to now, the indications for AIT of food allergy are still poorly defined and
standardized protocols how to perform AIT with foods are lacking. The latter
together with a high risk of adverse reactions currently implies that AIT with food
allergens are not yet to be implemented into normal clinical practice but can only be
performed at specialized centers with expert staff and adequate equipment. There-
fore, strategies for improving the safety and efficacy of AIT for food allergy are
needed. First attempts to cure primary food allergy by conventional subcutaneous
AIT had to be abandoned due to an unacceptable risk of severe anaphylactic
reactions. To increase the safety of AIT with food allergens other routes than
subcutaneously, e.g. sublingually, epicutaneously and orally, have been assessed.
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3.1 Sublingual Allergen Immunotherapy (SLIT)

The food protein is delivered under the tongue, held for 2 min and then swallowed.
SLIT has been tested with milk, peanut, hazelnut, and peach (Burks et al. 2015;
Enrique et al. 2008; Fernandez-Rivas et al. 2009; Keet et al. 2012; Kim et al. 2019).
SLIT has a very good safety profile; however, SLIT with native foods may not be the
most effective method to induce clinically significant desensitization or sustained
unresponsiveness. Therefore, SLIT may be considered for patients with severe
allergy who cannot tolerate oral immunotherapy (OIT). Studies comparing SLIT
and OIT suggest that SLIT may have a role not only as a stand-alone therapy, but
also as an initial desensitizing therapy to mitigate side effects, followed by OIT for
maximum desensitization effect.

3.2 Epicutaneous Immunotherapy (EPIT)

Repeated epicutaneous application of an allergen to intact skin has an acceptable
safety profile and is relatively well tolerated (Fleischer et al. 2019; Jones et al. 2017).
Primarily mild cutaneous reactions including local erythema or eczema at applica-
tion sites, and pruritus and flares of atopic dermatitis may occur. Depending on the
food allergy, the daily allergen doses vary from 100-500 pg. In 2015 it was
concluded that the efficacy of EPIT is similar to SLIT (Chiang and Berin 2015).
Correspondingly, EPIT may be applicable prior to OIT to increase the safety of OIT
dosing.

3.3 Oral Immunotherapy (OIT)

OIT involves the consumption of a daily maintenance dose of 300—4,000 mg of food
allergen typically mixed in some food vehicle. The majority of studies have focused
on single-allergen OIT with milk, egg, or peanut (Longo et al. 2008; Skripak et al.
2008; Jones et al. 2016; Vickery et al. 2017). Protocols differ, but several trials have
shown that most patients who tolerate OIT can be successfully desensitized; how-
ever, sustained unresponsiveness is rarely achieved (Scurlock and Jones 2018). OIT
is associated with high rates of adverse reactions with mild abdominal pain being the
most common symptom. However, unpredictable more severe reactions may occur
even to a previously tolerated dose, particularly during up dosing. To prevent
systemic reactions, pretreatment with omalizumab has been proposed. This fully
humanized monoclonal antibody selectively binds to IgE. Adjuvant therapy with
omalizumab has been extensively used in severe peanut allergy, milk allergy, egg
allergy, and multiple food allergy with significant clinical improvements observed in
both adults and children (Andorf et al. 2019; Gunawardana and Durham 2018).
Nevertheless, some patients relapse after 2—4 months of suspending omalizumab
which may suggest that a longer maintenance therapy with omalizumab is needed
(Loh and Tang 2018). Standard protocols as well as information on the optimal



182 B. Bohle and T. Werfel

duration of adjuvant therapy with omalizumab are still missing. As a consequence,
this therapeutic approach has not been incorporated in the most recent EAACI
guidelines where a case-by-case evaluation has been proposed (Pajno et al. 2018).

4 Novel Treatment Options for Primary Food Allergy: Peanut
Allergy as an Example

Over the last decade, much emphasis has been laid on the development of therapies
for primary food allergy and studies have progressed most quickly for the treatment
of peanut allergy (Kim et al. 2020). Peanut allergy is a common example of primary
food allergy which may cause severe, life-threatening allergic reactions (Capucilli
et al. 2020). Moreover, peanut allergy is rarely outgrown and frequently carried into
adulthood. Consequently, the risk of accidental anaphylaxis to ingested traces of
peanuts poses a significant burden on the quality of life of peanut-allergic individuals
and their families (Shaker and Greenhawt 2019).

The number of therapeutic antibodies directed to molecules being involved in
allergic inflammation increases. Recently a phase Ila study was performed with anti-
IL-33 antibody in 20 peanut-allergic individuals. More than 70% of the treated group
but none of the placebo group tolerated 275 mg of peanut protein, which was the
food challenge outcome in the study, after 15 days (Chinthrajah et al. 2019a).

As conventional subcutaneous AIT induced fatal reactions (Nelson et al. 1997),
other routes of allergen administration have been applied for the treatment of peanut
allergy. SLIT with peanut displayed a good safety profile and induced desensitiza-
tion in the majority of subjects, however, to a lower absolute threshold than peanut
OIT (Kim et al. 2020; Zhang et al. 2018). Peanut EPIT was studied in two phase
2 studies and revealed promising results with high adherence rates and an excellent
safety profile. However, a large phase 3 follow-up study did not meet the primary
endpoint (Waldron and Kim 2020). OIT has been an emerging experimental treat-
ment for peanut allergy although different studies have shown varying results
(Vickery et al. 2017; Varshney et al. 2011; Tang et al. 2015; Narisety et al. 2015;
Anagnostou et al. 2014; Jones et al. 2009; Bird et al. 2015; Chinthrajah et al. 2019b;
Investigators PGoC et al. 2018; Blumchen et al. 2019). OIT rarely achieves tolerance
but may increase an individual’s reaction threshold to the offending food. It has been
estimated that an increase of the peanut threshold from a baseline of <100 mg peanut
protein to 300 mg reduces the risk of experiencing an allergic reaction by 95% for
most packaged foods that may contain traces of peanut (Baumert et al. 2018). A
similar model using European consumption and peanut contamination data
suggested that the increase in peanut threshold achieved with AIT may result in
>99% risk reduction for most potential sources of peanut cross-contact (Remington
et al. 2018). Still, recent systematic reviews and meta-analyses of the efficacy and
safety of OIT in peanut allergy concluded that the treatment regimens require further
improvement to reduce the considerable risk of allergic and anaphylactic reactions
while clinical efficacy remains unsatisfactory (Chu et al. 2019; Grzeskowiak et al.
2020).
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Peanuts contain 16 allergens and have strong allergenic potential (Palladino and
Breiteneder 2018). Given the risks of administering intact food allergen to highly
allergic patients, research efforts have focused on the development of methods to
render allergens into less IgE-binding variants while maintaining their potential to
induce tolerance. Along these lines, the vaccine EMP-123 contains the dominant
peanut proteins, Ara h 1, Ara h 2, and Ara h 3, which had been modified by amino
acid substitutions at major IgE-binding epitopes to reduce their allergenic activity.
The rectal administration of these mutated recombinant peanut proteins encapsulated
in heat-killed Escherichia coli to promote induction of Th1 immunity appeared safe
and potentially effective in a mouse model (Li et al. 2003). The results of a first phase
1 study conducted to assess the safety of EMP-123 in peanut-allergic individuals
were published in 2013 (Wood et al. 2013). Here, EMP-123 was rectally applied to
10 peanut-allergic adults over 10 weeks from 10 pg to 3,063 ng, followed by three
biweekly doses of 3.063 mg (Wood et al. 2013). Although peanut skin test titration
and basophil activation were significantly reduced post-treatment, peanut-specific
IgE and IgG4 levels pre- and post-treatment did not significantly change. Further-
more, the rectal administration of EMP-123 led to unexpectedly frequent and
sometimes even severe allergic reactions.

HAL-MPEI is an aluminum hydroxide-adsorbed chemically modified peanut
extract for subcutaneous administration (van der Kleij et al. 2019). This vaccine
contains chemically modified (reduction and alkylation) Ara h 2 and Ara h 6 and
partly modified Ara h 1 and Ara h 3 with reduced IgE-binding activity. A double-
blind, placebo-controlled phase 1 study included 17 peanut-allergic subjects
randomized to receive 15-20 weekly incremental subcutaneous doses of
HAL-MPEI or placebo. Side effects were more prevalent in subjects receiving
HAL-MPEI1 and included early systemic reactions and grade I late systemic
reactions. HAL-MPEI-treated participants showed increased IgG and IgG4 levels
for peanut, Arah 1, Arah 2, Ara h 3, and Ara h 6 as well as a trend toward reduced
basophil histamine release. These results were promising and possible efficacy of
HAL-MPEI is now followed up.

Another novel experimental approach to treat peanut allergy are DNA vaccines.
They are based on a bacterial plasmid vector expressing the gene for the protein of
interest. Inclusion of the sequence for lysosomal-associated membrane protein-1
(LAMP-1) in DNA plasmids enhances the immunogenicity of the antigen and
promotes Th1-like responses. ASP0892 is a DNA plasmid vaccine comprising Ara
h 1, Ara h 2, Ara h 3, and LAMP-1, intended for intradermal or subcutaneous
administration (Li et al. 2015). So far, mice were sensitized to peanut and then
treated with intradermal Ara h 1,2,3-LAMP-Vax or control vector for 4 weeks. After
peanut challenge, the vaccine-treated mice displayed 70% lower peanut-specific IgE
(p < 0.05) and increased peanut-specific IgG2a (p < 0.02), had lower symptom
scores, higher core body temperature, and lower plasma histamine level after
challenge (Li et al. 2015). A phase 1, randomized placebo-controlled trial of
ASP0892 for intradermal or intramuscular administration in adults recently
completed enrollment (NCT02851277). There is an ongoing trial evaluating intra-
dermal administration in adolescents (NCT03755713).
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5 Novel Treatment Options for Secondary Food Allergy:
Apple Allergy as an Example

Up to 60% of food allergies in older children, adolescents, and adults are linked with
an inhalant allergy (Werfel et al. 2015). IgE antibodies raised against aeroallergens
and cross-reactive with homologous proteins in foods are the immunological basis
for this type of food allergy. Correspondingly, successful treatment of respiratory
allergy was expected to concomitantly benefit secondary food allergy. In fact, AIT
exists for many aeroallergens. AIT with birch pollen is clinically effective in
approximately 70% of the treated individuals. However, the therapeutic success of
AIT with birch pollen on BPRFA fell short among the expectations. Some studies
reported the amelioration of mucosal symptoms to apple after successful therapy of
pollinosis (Kelso et al. 1995; Asero 1998, 2003, 2004; Bolhaar et al. 2004).
However, others reported limited curative effects and in some cases even the onset
of BPRFA during AIT (Herrmann et al. 1995; Modrzynski et al. 2002; Bucher et al.
2004; Hansen et al. 2004; Mauro et al. 2011). The varying results from the different
trials may be explained by varying protocols and birch pollen-containing vaccines
that had been applied. Moreover, these studies relied on prick-to-prick tests, food
challenges, or both with fresh apples. These test methods cannot guarantee the use of
constant amounts of Mal d 1 for challenges at different time points because its
content depends strongly on the cultivar, stage of maturation, and storage conditions
(Sancho et al. 2006; Matthes and Schmitz-Eiberger 2009). Moreover, Mal d 1 is
easily destroyed during preparation of the test meals because this protein is
extremely susceptible to acidic conditions and proteases (Skamstrup Hansen et al.
2001). Nevertheless, a limited curative efficacy of AIT with birch pollen on BPRFA
was also the outcome of a randomized placebo-controlled trial evaluating the clinical
effects on the associated hazelnut allergy (van Hoffen et al. 2011). The therapeutic
efficacy of birch pollen-AIT on BPRFA could also not be improved by SLIT, i.e. the
administration of allergen directly at the site of food-induced clinical reactions
(Kinaciyan et al. 2007). As a consequence of these studies, it has been speculated
that higher doses of the primary allergen than those sufficient to improve respiratory
symptoms may be required to reduce secondary food allergy. Along these lines, a
hypoallergenic Bet v 1-folding variant of which higher doses can be subcutaneously
injected without an increased risk for IgE-mediated side effects (Kahlert et al. 2008)
was employed in a double-blind placebo-controlled trial to assess its effects on
soy-induced BPRFA (Treudler et al. 2017). Food-induced clinical symptoms before
and after treatment were monitored with challenge meals containing consistent
levels of soy allergen (Treudler et al. 2016; Holzhauser et al. 2017). This first
multicenter component-based trial demonstrated a tendency but no significance of
clinical improvement of soy allergy in the treated group compared to the placebo
group. In summary, the evidence for a limited curative effect of AIT with the primary
sensitizing allergen on secondary food allergy has grown over the past years.

To evaluate OIT as treatment option for secondary food allergy, the clinical
effects of daily intake of gradually increasing amounts of fresh apple for an average
time interval of 20 weeks were assessed in birch pollen-allergic individuals with
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apple allergy (Kopac et al. 2012). Desensitization was achieved in 17 out of
27 patients. Notably, this transient tolerance was neither accompanied by reduced
skin reactivity to apple nor enhanced allergen-specific IgG4 levels and referred to
treatment-induced exhaustion of local mast cells (Kopac et al. 2012).

Recently, a first sublingual study using rMal d 1 for treatment of secondary food
allergy was performed (Kinaciyan et al. 2018). This single center, double-blind
placebo-controlled trial included 60 birch pollen-allergic patients with apple allergy
randomized into three groups for the daily sublingual application of placebo or 25 pg
of either tMal d 1 or rBet v 1 for 16 weeks [ClinicalTrials.gov no NCT01449786 and
EudraCT no 2011-001221-24]. 70% of the individuals who received SLIT with
rMal d 1 displayed a significant longitudinal improvement of allergic reactions in
standardized sublingual challenge tests with the recombinant apple allergen
(Kinaciyan et al. 2016). This clinical improvement differed significantly from both
the placebo and rBet v 1-treated group and was accompanied by a significant
reduction of skin reactivity to rMal d 1. However, the maintenance of tolerance to
apples was not evaluated for a longer time period. Therefore, no conclusion on the
induction of tolerance can be drawn. On the other hand, participants who received
the same regular dose of rBet v 1 experienced a similar extent of treatment-emergent
OAS during the course of treatment as those treated with rtMal d 1 (Kinaciyan et al.
2018). Thus, despite the exhaustion of sublingual mast cells by rBet v 1, no
desensitization to the highly cross-reactive tMal d 1 was achieved. In summary,
the results of the pilot studies of OIT with apple and SLIT with rMal d 1 indicate that
secondary food allergy can be reduced by regular administration of the secondary
food allergen.

Successful tolerance induction has been associated with a modulation of allergen-
specific cellular and humoral responses (Bohle et al. 2007; Layhadi et al. 2019).
Correspondingly, SLIT with rMal d 1 induced a downregulation of rMal d 1-specific
Th2 responses (Kitzmuller et al. 2019) and significantly increased rMal d 1-specific
IgG4/IgE ratios (Kinaciyan et al. 2018). Thus, in contrast to OIT with unknown
doses of Mal d 1, daily sublingual administration of 25 pg of rtMal d 1 resulted in the
modulation of the allergen-specific immune response. One hallmark of AIT is the
induction of allergen-specific blocking IgG antibodies, essentially IgG4, that com-
pete with IgE for allergen binding and thereby prevent effector cell activation
(Shamji et al. 2012). These antibodies are referred to as IgE-blocking antibodies.
In basophil activation test, sera collected from individuals who received SLIT with
rMal d 1 displayed the ability to inhibit Mal d 1-induced activation of basophils
(Acosta et al. 2020). This result is indicative of the presence of IgE-blocking
antibodies. The involvement of IgE-blocking antibodies in the reduction of allergic
symptoms was recently shown as the administration of two monoclonal blocking Ab
specific for distinct conformational epitopes of the major cat allergen Fel d 1 suc-
cessfully reduced allergen-induced nasal symptoms in cat-allergic patients (Orengo
et al. 2018). Similarly, the reduction of Mal d 1-induced OAS could be associated
with the presence of IgE-blocking antibodies in post-SLIT sera (Acosta et al. 2020).
These results provide evidence that sublingual administration of a recombinant
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secondary food allergen induced IgE-blocking antibodies as demonstrated for SLIT
with respiratory allergens.

In summary, equal sublingual doses of 2 homologous and highly cross-reactive
allergens resulted in different clinical and immunologic responses. The parallel
analysis of all parameters induced by either allergen allowed a direct comparison
of the effects of SLIT with the primary allergen and the secondary food allergen.
SLIT with a standardized dose of rBet v 1 had a limited benefit on the secondary
food allergy. This limited improvement matched previous results of a yearlong SLIT
with birch pollen extract demonstrating that apple allergy improved in 33%, wors-
ened in 33%, and remained unaffected in 33% of the participants with improved
birch pollinosis (Kinaciyan et al. 2007). In another trial, birch pollen SLIT improved
apple allergy in only 1/11 individuals but induced food allergy in 3/11 individuals
(Hansen et al. 2004). Regarding BPRFA as the best studied example of secondary
food allergy, these findings finally confirm that the clinical success of therapy with
the primary sensitizer is limited.

6 Concluding Remarks

IgE-mediated food allergies commonly lead to gastrointestinal, cutaneous, respira-
tory, and/or cardiovascular symptoms. They affect both children and adults and are
often associated with significant decreases in QoL. The major tools to draw the
proper diagnosis of IgE mediated food allergy are: (1) taking the patient’s history,
(2) show specific IgE-mediated sensitizations, and (3) proof their clinical relevance.
Food allergens usually have to be avoided which may be difficult particularly in
those patients who suffer from life-threatening symptoms upon ingesting minimal
doses of food allergens. A couple of novel therapeutic approaches have been studied
during the last years and are summarized in this review. Therapies with novel
therapeutic monoclonal antibodies, innovative allergen-specific immunotherapies
using subcutaneous, sublingual, or epicutaneous routes, and oral immunotherapies
leading to increases of individual thresholds of tolerable foods upon their continuous
ingestion showed promising results which may change future management strategies
in moderate to severe food allergy.
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Abstract

Allergy or hypersensitivity to drugs often affects the skin and sometimes also
mucosa. While immediate type reactions show a rather homogeneous pattern,
delayed type reactions reveal a high variability. In both cases it may not always be
easy to differentiate drug reactions from non-drug-induced skin conditions.
Furthermore, the different types of cutaneous adverse reactions may be difficult
to distinguish in the beginning. This accounts predominately for delayed hyper-
sensitivity reactions that can occur after a variety of medications and present with
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manifold lesions. Most of these cutaneous adverse reactions are mild, but some
are severe with high morbidity and mortality. In the clinical setting, it is important
to recognize the signs that point to a more severe condition early on in order to
initiate appropriate management. In addition, it is crucial to identify the poten-
tially culprit medication on the basis of a detailed medication history and by
evaluating the relevant exposure times of certain drugs that differ substantially
between the various reaction types. After the acute stage of the adverse reaction is
managed successfully, further allergologic testing may be undertaken to confirm

M. Mockenhaupt

the offending drug.
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Abbreviations

AGEP Acute generalized exanthematous pustulosis

BSA Body surface area

DRESS  Drug reaction with eosinophilia and systemic symptoms
FDE Fixed drug eruption

GBFDE  Generalized bullous fixed drug eruption

ICU Intensive care unit

MPE Maculopapular exanthema

SCAR Severe cutaneous adverse reactions

SDRIFE  Symmetrical drug-related intertriginous and flexural exanthema
SJS Stevens-Johnson syndrome

TEN Toxic epidermal necrolysis

1 Introduction

A variety of skin reactions toward drug ingestion or application are known, which
differ in clinical pattern and pathogenesis. Some reactions follow the classical
allergic pathway as described by Coombs and Gell, others reveal a different,
sometimes unknown mechanism. Urticaria and angioedema may be manifestations
of drug hypersensitivity, either IgE-mediated (immediate or type I hypersensitivity)
or non-IgE-mediated through direct mast cell activation. Whereas this clinical
pattern of immediate hypersensitivity reactions is rather homogeneous, that of
delayed cutaneous hypersensitivity reactions (type IV hypersensitivity) is very
heterogeneous in terms of lesions, severity, and time course. Some of these delayed
drug reactions can be explained through sensitization, for others the mechanism

remains unclear (Brockow et al. 2019).
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Cutaneous reactions to drugs are common, affecting 2-3% of hospitalized
patients, and are a significant cause of outpatient morbidity. It is estimated that
1 in 1,000 hospitalized patients has a serious cutaneous drug reaction (Bigby 2001).

The following chapter will present the various types of drug reactions with focus
on delayed and severe hypersensitivity. However, immediate type reactions will be
briefly discussed as well.

2 Clinical Reaction Types
2.1 Urticaria and Angioedema

Urticaria is characterized by an eruption of hives (wheals), which are erythematous,
circumscribed, raised, pruritic lesions, often with central pallor. Individual lesions
may enlarge, coalesce with others, and typically disappear within a few hours.
Angioedema is caused by swelling of the deeper dermis and subcutaneous tissue
that may be accompanied by urticaria in up to 50% of cases. Angioedema may be
disfiguring if it involves the face and lips, or life-threatening if laryngeal edema or
tongue swelling leads to airway obstruction.

Antibiotics, esp. penicillins and cephalosporins, are common causes of
IgE-mediated drug allergy. However, the infection requiring antibiotic treatment
may also induce urticaria.

Other drugs may induce urticaria/angioedema due to direct mast cell activation by
a non-IgE mediated mechanism. Most frequently implicated are opiate analgesics
like morphine or codeine. The concomitant use of opiates and vancomycin may
increase the risk of the so-called red man syndrome, which can be observed after
rapid infusion of vancomycin. It is induced by direct mast cell activation and may
also present with urticaria (Kanani et al. 2018).

Nonsteroidal anti-inflammatory drugs (NSAIDs) can trigger urticaria/
angioedema through direct mast cell activation but also through other mechanisms
such as abnormalities of the complement cascade (inherited and acquired
abnormalities of complement metabolism) and increased activity of vasodilatory
kinin pathways. Angioedema (in the absence of urticaria) has been reported to occur
in 2 to 10 of 10,000 new users of angiotensin-converting enzyme (ACE) inhibitors
and typically affects mouth and tongue (Stone and Brown 2017). The assumed
mechanism is an impaired bradykinin degradation by ACE leading to elevated
blood levels of the vasoactive peptide bradykinin.

Despite the name “immediate reaction type” eruptions like urticaria and/or
angioedema can also occur accelerated, i.e. hours after exposure, or delayed,
i.e. days after exposure.

Anaphylaxis is the most severe and potentially life-threatening form of immediate
type I hypersensitivity and includes pruritus, urticaria, angioedema, laryngeal
edema, wheezing, nausea, vomiting, tachycardia, and sometimes even shock.
Drugs are not the most common cause of anaphylaxis but have been reported as
the third frequent trigger (Simons et al. 2013).
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2.2 Exanthems

The most frequent cutaneous reactions to drugs are exanthems of various kinds.
They represent more than 75% of all drug eruptions. They are described as
morbilliform or macular and/or papular eruptions (Bigby 2001; Ardern-Jones and
Friedmann 2011). Many frequently prescribed and commonly used medications
have been reported as the cause of such cases. Furthermore, it is well known that
certain antibiotics, e.g. aminopenicillins, have a higher risk to induce an
exanthematous eruption in the presence of a viral infection. In addition, many viral
infections show an exanthem and parainfectious eruptions are also frequent. There-
fore, the differential diagnosis may be difficult.

23 Multiforme-Like Drug Reaction

This eruption is frequently misdiagnosed as erythema (exsudativum) multiforme (E
(E)YM) or Stevens-Johnson syndrome (SJS). It presents with targetoid lesions that
may be confluent (Fig. 1c). The histopathology reveals rather dermal than epidermal

Fig. 1 Various types of cutaneous adverse reactions. (a) Acute generalized exanthematous
pustulosis (AGEP). (b) Drug reaction with eosinophilia and systemic symptoms (DRESS). (c)
Multiforme-like drug eruption. (d) Fixed drug eruption (FDE) with local blisters. (e) Generalized
bullous fixed drug eruption (GBFDE)
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changes, which have been called “the dermal type of EM.” Mucosal involvement, if
present, is mild and skin blisters may occur due to edema but not due to apoptosis
like in EM or SJIS/TEN (Roujeau and Mockenhaupt 2019).

Whereas EM minus or majus (with hemorrhagic erosions of mucous membranes)
is most frequently (if not always) induced by infection (typically herpes simplex
virus or mycoplasma pneumoniae), multiforme-like drug eruption is induced by
medication, e.g. NSAIDs and diuretics and has also been observed in the context of
targeted therapies (Ziemer et al. 2007).

24 Lichenoid Eruption

The violaceous or hyperpigmented, flat-topped, pruritic papules that typically affect
the ankles and the volar surface of the wrists in lichen planus may also be seen in
lichenoid drug eruptions. This type of reaction usually develops months or even
years after beginning of drug use. It may spread over the entire body, but typically
spares the mucosa. Beta-blockers, ACE inhibitors, methyldopa, penicillamine, quin-
idine, antimalarials, and thiazide diuretics have been reported as the most frequent
causes (Inoue et al. 2017). Recently, TNF-alpha inhibitors, tyrosine kinase
inhibitors, and further targeted therapies have also been observed to induce lichenoid
reactions, some with bullous lesions that may imitate Stevens-Johnson syndrome
(SJS)/toxic epidermal necrolysis (TEN) (Reschke et al. 2019). The mechanism of
this reaction pattern remains unknown.

25 SDRIFE

Symmetrical drug-related intertriginous and flexural exanthema (SDRIFE), previ-
ously also called baboon syndrome, is an infrequent type of drug-induced eruption
(Hausermann and Bircher 2007). It typically occurs a few hours to a few days after
the initiation of the offending drug. The eruption presents as a well-demarcated
V-shaped erythema in the gluteal-perianal or inguinal-perigenital area, often with
involvement of intertriginous folds. Systemic symptoms are not present. In some
cases, SDRIFE may resemble a specific pattern of fixed drug eruption, whereas in
other cases pustules may occur in the intertriginous areas, which may spread like in
AGEP (Brockow et al. 2019; Hausermann and Bircher 2007). Amoxicillin, ceftriax-
one, penicillin, clindamycin, and erythromycin have been reported as inducing
agents in up to 50% of cases. lodinate contrast media, pseudoephedrine, acetyl
salicylic acid, mitomycin C, phenothiazines, valacyclovir, and many other drugs
have also been implicated (Thyssen and Maibach 2008).
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2.6 Fixed Drug Eruption

Fixed drug eruption is a distinctive reaction characterized by erythematous and/or
edematous plaques with a grayish-violaceous center or bulla in the acute stage and
by a dark pigmentation in the chronic phase (Fig. 1d). Affected sites include mouth
(lips and tongue), genitalia, face, and acral areas (Brockow et al. 2019). The defining
features of this eruption include postinflammatory hyperpigmentation and recur-
rence of lesions at exactly the same sites with re-exposure of the drug (Brahimi et al.
2010).

Patients with generalized bullous fixed drug eruption (GBFDE) can be
misdiagnosed as having SJIS/TEN, but in GBFDE mucosal involvement is usually
absent or mild and the clinical course is favorable with resolution within 2 weeks
after drug discontinuation (Fig. 1e) (Cho et al. 2014). The reaction occurs typically
after 1—2 days of taking the inducing medication. Drugs frequently involved include
NSAIDs, antibacterial agents, such as sulfamethoxazole, tetracyclines, dapsone,
barbiturates, paracetamol (acetaminophen), and metamizole (Mahboob and Haroon
1998).

2.7 Acute Generalized Exanthematous Pustulosis

Acute generalized exanthematous pustulosis (AGEP) is a rare disorder characterized
by the sudden occurrence of erythema and superficial pustules accompanied by
fever. The cutaneous eruption typically starts in the face or intertriginous areas and
spreads within a few hours. Small, non-follicular pustules arise on edematous
erythema with burning and/or itching and the histopathology reveals spongiosis
and subcorneal agglomeration of granulocytes (Fig. la). A scoring system was
developed that helps to confirm the diagnosis of AGEP or rule it out (Table 1)
(Sidoroff et al. 2001).

The time between beginning of drug use and reaction onset is remarkably short
with 1—2 days for most of the inducing drugs. However, for other medications the
onset of symptoms may be delayed for 1-2 weeks (Momin et al. 2009). Antibiotics,
particularly penicillins and macrolides, are thought to play a role in 80% of cases
(Sidoroff et al. 2007).

2.8 Drug Reaction with Eosinophilia and Systemic Symptoms

Drug reaction with eosinophilia and systemic symptoms (DRESS) — in Japan also
referred to as drug-induced hypersensitivity syndrome (DIHS) — is a severe reaction
characterized by fever (38 to 40°C), malaise, lymphadenopathy, skin eruption, and
organ involvement. The latter includes affection of liver, kidney, lung, heart, as well
as the presence of hypereosinophilia and/or atypical lymphocytes. A diagnostic
scoring system was designed to enable confirmation or exclusion of DRESS.
However, it is important to apply it correctly and e.g. only count points for liver
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Table 1 Diagnostic score for AGEP (Sidoroff et al. 2001)

Morphology

Pustules

Typical +2
Compatible (with disease) +1
Insufficient 0
Erythema

Typical +2
Compatible (with disease) +1
Insufficient 0
Distribution pattern

Typical +2
Compatible (with disease) +1
Insufficient 0
Post-pustular desquamation

Yes +1
No/insufficient 0
Course

Mucous membrane involvement

Yes -2
No 0
Acute onset (<10 days)

Yes 0
No -2
Resolution (<15 days)

Yes 0
No -4
Fever >38°C

Yes +1
No 0
PNN > 7,000/mm’

Yes +1
No 0
Histology

Other disease -10
Not representative/no histology 0
Exocytosis of PNN +1
Subcorneal and/or intraepidermal non-spongiform pustules or NOS pustules with +2

papillary edema or subcorneal and/or intraepidermal spongiform pustules or NOS
pustules without papillary edema

Spongiform subcorneal and/or intra-epidermal pustules with papillary edema +3

NOS not otherwise specified, PNN polynuclear neutrophils
Final score for AGEP: <0 points: excluded (not AGEP); 1-4 points: possible; 5—7 points: probable;
8-12 points: definite case of AGEP
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Table 2 Diagnostic score for DRESS (Kardaun et al. 2007)

Score -1 0 +1 +2 Min | Max
Fever > 38.5°C No | Yes —1 0
Lymphadenopathy No/U Yes 0 +1
Eosinophilia 700-1,499/pl | >1,500/pl | O +2
Eosinophils 10-19.9% >20%

% eosinophils if WBC < 4,000

Atypical lymphocytes No/U Yes 0 +1
Skin involvement No | No/<50% | >50% -2 +2
Skin rash (% body surface) No |U Yes

Rash suggests DRESS U

Histology suggests DRESS

Organ involvement® No/U Single organ |2 or more |0 +2
Liver Yes

Kidneys Yes

Lungs Yes

Muscle/heart Yes

Pancreas Yes

Others Yes

Resolution > 15 days No | Yes -1 0
Laboratory 0 +1
Hepatitis A,B, C

EBV, CMV

Mycoplasma, chlamydia

ANA

Blood culture

If none positive and > 3 negative Yes

Total score —4 +9

U unknown/unclassifiable, Min minimum, Max maximum (score points), WBC white blood cells,
EBV Epstein-Barr virus, CMV Cytomegalovirus, ANA antinuclear antibodies

Final score for DRESS: <2 points: excluded (not DRESS); 2-3 points: possible; 45 points:
probable; >5 points: definite case of DRESS

“After exclusion of other explanations; 1 organ = 1, 2 or more organs = 2

involvement, if the liver enzymes are twofold elevated on at least 2 different dates
(Table 2) (Kardaun et al. 2007). The skin eruption is extensive and covers at least
50% of the body surface area (BSA), sometimes even >90% (Fig. 1b). In such a state
of erythroderma or exfoliative dermatitis, the skin eruption may lead to further
complications, such as chills, fluid and protein loss (Ushigome et al. 2013).

In most cases, the reaction begins 2—6 weeks after the initiation of the inducing
drugs. Aromatic antiepileptic agents (carbamazepine, lamotrigine, oxcarbazepine,
phenobarbital, phenytoin), allopurinol, antibacterial sulfonamides including
sulfasalazine, and vancomycin are the most frequent causes of DRESS (Kardaun
et al. 2013).
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29 Stevens-Johnson Syndrome/Toxic Epidermal Necrolysis

Stevens-Johnson syndrome/toxic epidermal necrolysis (SJS/TEN), nowadays
summarized as or called epidermal necrolysis (EN) due to common pathogenesis
and causes, is a severe, often life-threatening condition with extensive morbidity and
mortality. EN is characterized by epidermal necrosis and sloughing of skin and
mucous membranes (Fig. 2 a—e). The amount of skin detachment related to the BSA
distinguishes SJS from TEN: detachment is limited to less than 10% in SJS (Fig. 2a)
and exceeds 30% in TEN (Fig. 2b) whereas detachment between 10 and 30% defines
SJS/TEN-overlap (Table 3) (Bastuji-Garin et al. 1993; Mockenhaupt and Roujeau
2019).

EN is frequently caused by medications. However, approximately 25% of all
cases and 50% of pediatric cases are not drug-induced. Most of these may be
triggered by infection, predominantly viral respiratory infection and flu-like illness
(Mockenhaupt and Roujeau 2019).

The time latency between beginning of drug use and reaction onset varies
between 4 days and 4 weeks for different culprit agents. Allopurinol, certain

Fig. 2 Stevens-Johnson syndrome (SJS)/toxic epidermal necrolysis (TEN). (a) Confluent macules
with blister formation in SJS. (b) Extensive skin detachment in TEN. (c¢) Eye involvement with
conjunctivitis and blepharitis. (d) Hemorrhagic erosions of lips and oral mucosa. (e) Erosions of
genital mucosa in a young man
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Table 3 Consensus definition of SIS/TEN (Bastuji-Garin et al. 1993)

TEN on large
EM SJIS/TEN TEN with erythema (without
Criteria majus SJS overlap maculae spots)*
Skin <10% <10% 10-30% >30% >10%
detachment
(%)
Typical + - - - -
target
lesions
Atypical Raised Flat Flat Flat —
target
lesions
Maculae — + + + —
Distribution | Mainly | Widespread | Widespread | Widespread | Widespread

limbs

EM erythema multiforme, SJS Stevens-Johnson syndrome, TEN toxic epidermal necrolysis
“Recently these cases are thought to be forms of generalized bullous fixed drug eruption (GBFDE)

antiepileptic drugs (carbamazepine, lamotrigine, phenobarbital, phenytoin),
antibacterial sulfonamides, nevirapine, and oxicam NSAIDs have been shown to
carry the highest risk for EN (Mockenhaupt et al. 2008).

AGEP, DRESS, SJS/TEN, and severe cases of GBFDE are referred to as severe
cutaneous adverse reactions (SCAR). They are rare, but potentially life-threatening.
All age groups may be affected, but elderly patients more frequently.

3 Management of Cutaneous Adverse Reactions
3.1 General Considerations

Most drug reactions are of milder nature, but some are severe and prone to
subsequent complications. In the beginning, it can be difficult to differentiate a
benign rash from a severe condition. Therefore, the patient should be followed
closely and clinical and laboratory investigations may have to be performed repeat-
edly. Whenever a severe reaction is suspected, basic investigations are
recommended, such as assessment of internal organ involvement and comorbidity
status through full blood count (FBC), urea and electrolytes (U&E) including
magnesium/phosphate/bicarbonate, liver function tests (LFT), coagulation studies,
glucose, chest X-ray, HIV, ESR, CRP (Ardern-Jones and Mockenhaupt 2019).

To confirm the diagnosis and exclude differential diagnoses, samples for myco-
plasma serology, swabs from lesional skin for virology and bacteriology should be
performed when appropriate. Furthermore, a skin biopsy (lesional skin or just
adjacent to a blister) should be taken for routine histopathology and in blistering
eruptions also direct immunofluorescence to exclude bullous autoimmune disease
(Ziemer and Mockenhaupt 2011).
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Furthermore, photographs of the skin eruption should be taken to show the
specific features and the extent of involvement (Mockenhaupt and Roujeau 2019).

Whenever a skin eruption is considered as being drug-induced, the potentially
culprit agent should be identified and withdrawn. The group of SCAR reveals
various timelines for onset of symptoms after beginning of drug use with the longest
typically seen in DRESS (2-8 weeks) and the shortest in AGEP and GBFDE
(1-2 days for most cases), whereas in cases of EN the offending drug is typically
started 4-28 days before reaction onset (Fig. 3) (Cho et al. 2014; Mahboob and
Haroon 1998; Sidoroff et al. 2007; Kardaun et al. 2013; Mockenhaupt et al. 2008).

The skin eruption of DRESS may be identical to that of a typical benign
maculopapular eruption, however, distinct in the systemic features. In addition to
the more delayed onset, DRESS usually shows a more florid and extensive eruption,
often associated with facial swelling. The mortality of DRESS is mainly due to organ
failure (e.g., of the liver) and has been reported as 2-6% (Kardaun et al. 2013).
However, long-term morbidity after the acute stage can arise as a consequence of
viral reactivation (HHV6/7; EBV; CMV) or induction of autoimmune phenomena
(Ushigome et al. 2013).

The occurrence of a non-follicular pustular eruption should point to AGEP.
However, numerous small pustules may also be seen in DRESS, but they are mainly
follicular. AGEP typically presents as a rapidly arising erythema on which pustules
appear, often localized on head, neck, and upper torso and/or predominantly in the
body folds. Fever and neutrophilia are present and generalized pustular psoriasis is
the main differential diagnosis (Sidoroff et al. 2001; Paulmann and Mockenhaupt
2019).

Blisters leading to epidermal detachment within a skin eruption considered as a
hypersensitivity reaction are a key indicator of EN (Bastuji-Garin et al. 1993;
Mockenhaupt and Roujeau 2019), but GBFDE should also be considered (Cho
etal. 2014). EN, however, is associated with severe hemorrhagic erosions of mucous
membranes (typically lips, oral mucosa, eyes, nose, genitalia, and bronchi).
Although GBFDE also induces full-thickness epidermal necrosis histologically,
the margins of erythematous areas are much more clearly defined than in EN,
where detachment can be induced by trauma or friction in skin areas that may not
appear affected (positive Nikolsky sign). Furthermore, mucosal involvement is
limited and typically does not affect the ocular surface. In addition, mild mucositis
may occur as well in DRESS and AGEP (Paulmann and Mockenhaupt 2019).

3.2 Specific Treatments

In AGEP systemic features of fever and neutrophilia are evident, but in most cases
they resolve quickly when the culprit drug is withdrawn. Topical or oral
corticosteroids may be considered in the acute stage, especially for inflamed or
itchy areas of skin. The pustules resolve with a typical post-pustular desquamation,
for which emollients can be helpful. Internal involvement, which is reflected by
elevation of liver and kidney parameters, has been observed in up to 20% of mainly
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Table 4 SCORTEN (Bastuji-Garin et al. 2000)

Factor Score Weight/score value®
Age >40 years 1
Malignancy Yes 1
Body surface area detached (day 1) >10% 1
Tachycardia >120/min 1
Serum urea >10 mmol/l 1
Serum glucose >14 mmol/l 1
Serum bicarbonate <20 mmol/l 1
Possible score 0-7

“The higher the total score value, the poorer is the prognosis of the patient

elderly patients. However, these elevated values are of transient nature and resolve
without specific treatment (Hotz et al. 2013).

Therapy in cases of DRESS should be adjusted to the individual presentation of
clinical features and various specialists should be involved accordingly. There is
consensus among experts that treatment with corticosteroids is beneficial, topically
applied in mild cases, but systemically administered in most cases of DRESS
(Funck-Brentano et al. 2015). A dose of 1-2 mg/kg of prednisolone per day is
recommended, but the duration of treatment has to be adjusted for each patient. It
has been shown that patients who experience reactivation of HHV6/7 (also
EBV/CMV) may have a prolonged and complicated course of their disease with
repeated flare-ups. Therefore, the corticosteroid dose may have to be tapered very
slowly in cases with viral reactivation (Shiohara and Kano 2017). For cases resistant
to steroid therapy, successful use of ciclosporin and other immunosuppressants has
been reported, whereas IVIG did not proof beneficial (Kirchhof et al. 2016; Joly et al.
2012).

EN can rapidly progress and has the highest mortality of all types of SCAR.
Mortality increases with the amount of skin detachment and age of the patient. A
useful measurement of prognosis is the “severity score of EN” called SCORTEN
(Table 4) (Bastuji-Garin et al. 2000). It should be applied within 24 h after admis-
sion, but an analysis of daily scores over the first 5 days revealed that prognostic
correlation was best on day 3 (Guégan et al. 2006). Patients with extensive skin
detachment should be managed in an intensive care unit (ICU) or burn center, but the
precise threshold will be dependent upon local practice. UK guidelines suggest that
ICU transfer is appropriate at >10% (Creamer et al. 2016), whereas in Germany the
assessment is based on evaluation of the overall medical status and may not be
required until detachment of the BSA reaches 30%.

Higher room temperature with increased humidity and pressure relieving
mattresses are helpful. Trauma to the affected skin should be minimized, and
supportive care includes fluid replacement, nutrition, and analgesia (Mockenhaupt
and Roujeau 2019; Creamer et al. 2016). Management of skin detachment may either
be conservative (local disinfection and anti-adhesive gauze dressings) or surgical
(removal of necrotic or loose skin and the so-called burn-bath). The most common
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complication of EN is sepsis secondary to infection most often acquired through
catheters and central venous lines. Prophylactic antibiotics are not recommended due
to the risk of masking septicemia. Instead, regular microbiological swabbing from
multiple sites of the skin and catheters may identify potential pathogenic bacterial
organisms, which then can be treated appropriately (Mockenhaupt and Roujeau
2019).

Adequate treatment of affected mucous membranes should involve the relevant
specialist with expertise in management of EN. This seems to be of major impor-
tance for eye involvement and it has been shown that early intervention with
amniotic membrane grafting provides better outcomes (Sharma et al. 2000).

Immunomodulating therapy in EN has been discussed controversially for
decades. However, some larger studies could identify a positive effect of short-
term steroid use on disease outcome, which was not seen for intravenous
immunoglobulins (IVIG) (Schneck et al. 2008; Zimmermann et al. 2017). In recent
years different studies and systematic reviews came to the conclusion that
ciclosporin A has beneficial effects in terms of disease progression and outcome
(Valeyrie-Allanore et al. 2010; Gonzalez-Herrada et al. 2017; NG et al. 2018).

A randomized controlled trial comparing the TNF-alpha inhibitor etanercept and
systemic corticosteroids revealed a better outcome for etanercept. However, this
study included mainly mild cases, the steroid therapy was done for as long as
3 weeks, suggesting a higher risk for complications in that group, and the clinical
results were not statistically significant (Wang et al. 2018).

Supportive care in GBFDE is essentially the same as that in EN, but
immunomodulating treatments have not been evaluated in studies. The majority of
cases are less progressive and show a more benign clinical course, but a mortality
comparable to that of EN with the same amount of skin detachment has been
observed in one study. However, cases of GBFDE with fatal outcome concerned
mainly patients who were substantially older and who had a previous event
(Lipowicz et al. 2013).

4 Allergologic Testing in SCAR

If the inducing agent has been readily identified by taking a thorough and detailed
medication history, no further testing is needed. The drug must be avoided lifelong.
In some cases of SCAR the drug history is so complicated that it is impossible to
identify the offending medication with any probable likelihood. Causality assess-
ment should be performed by an expert in drug reactions, but one of the problems is
that such specialists are often involved weeks, months, or even years after the acute
event. As described above, the clinical reaction type with the typical exposure
window of inducing medication is of major importance for evaluation of causality.

Skin tests, especially patch test, have been demonstrated to be useful in delayed
hypersensitivity reactions. A patch test can also be safely performed in severe
reactions, but the correct positive outcome seems to be highly variable. In EN, for
example, it provided informative results in no more than 23% of cases. In AGEP and
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DRESS the rate of correct positive patch test results was substantially higher but
differed between various substances (Barbaud et al. 2013). Allopurinol, a frequent
inducer of both DRESS and EN, is not illegible for patch test due to its low lipophilic
potency and thus poor skin penetration. This supports the fact that extensive
knowledge and specific expertise are required for skin testing in the field of drug
reactions (Ardern-Jones and Mockenhaupt 2019). Intradermal testing is routinely
used to investigate IgE-mediated drug allergy, when prick test was negative, and is
also recommended for use in milder cutaneous adverse reactions. Because severe
and even fatal reactions have been reported even when only small doses were
applied, intradermal testing in cases of SCAR needs to be done with caution
(Brockow et al. 2019; Phillips et al. 2019).

In vitro testing for investigation of SCAR seems to be the ideal approach, but
many available tests, e.g. lymphocyte proliferation assay (LPA; syn. lymphocyte
transformation test, LTT) and drug-induced cytokine assay (IFN-y, ELISpot) remain
experimental and are not yet used in routine practice. Furthermore, interpretation of
the results is often difficult (Trubiano et al. 2018; Porebski 2017).

In recent years a strong association between various HLA-alleles and certain
types of SCAR has been identified. Such associations are specific for certain
reactions, drugs, and ethnicities. HLA tests are not designed for identification of
the culprit drug in adverse reactions but may decrease the risk of SCAR in
individuals before taking the decision for certain drug therapy. Thus, the number
of carbamazepine-induced EN cases in Hong Kong was substantially reduced when
patients tested positive for HLA-B*15:02 were not administered carbamazepine
(White et al. 2018).
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Abstract

Occupational allergies are among the most common recorded occupational
diseases. The skin and the upper and lower respiratory tract are the classical
manifestation organs. More than 400 occupational agents are currently
documented as being potential “respiratory sensitizers” and new reported causa-
tive agents are reported each year. These agents may induce occupational rhinitis
(OR) or occupational asthma (OA) and can be divided into high-molecular weight
(HMW) and low-molecular weight (LMW) agents. The most common occupa-
tional HMW agents are (glycol)proteins found in flour and grains, enzymes,
laboratory animals, fish and seafood, molds, and Hevea brasiliensis latex. Typical
LMW substances are isocyanates, metals, quaternary ammonium persulfate, acid
anhydrides, and cleaning products/disinfectants. Diagnosis of occupational respi-
ratory allergy is made by a combination of medical history, physical examination,
positive methacholine challenge result or bronchodilator responsiveness,
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determination of IgE-mediated sensitization, and specific inhalation challenge
tests as the gold standard. Accurate diagnosis of asthma is the first step to
managing OA as shown above. Removal from the causative agent is of central
importance for the management of OA. The best strategy to avoid OA is primary
prevention, ideally by avoiding the use of and exposure to the sensitizer or
substituting safer substances for these agents.

Keywords

Baker’s asthma - High-molecular weight agents - Low-molecular weight agents -
Occupational allergic asthma - Occupational hypersensitivity pneumonitis -
Occupational rhinitis - Prevention

1 Introduction

Occupational allergy refers to those disorders or conditions that are caused by
exposure to sensitizers in the work environment. For years occupational allergies
have been among the most frequently recorded occupational diseases (Blanc et al.
2019). The classical manifestation organs of occupational allergic diseases are the
skin and the upper and lower respiratory tract. The allergic diseases that may be
contracted as a consequence of exposure to sensitizing workplace-related agents are
rhinitis, conjunctivitis, asthma, eosinophilic bronchitis, hypersensitivity
pneumonitis, allergic contact dermatitis, and occupational anaphylaxis. The term
“work-exacerbated” allergy is used when the disease is not directly caused by the
occupational exposure, but workplace-related stimuli lead aggravating pre-existing
rhinitis, asthma, or cough. Occupational skin diseases (OSDs) are the second most
common occupational diseases worldwide and comprise irritant contact dermatitis
(ICD), allergic contact dermatitis (ACD), contact urticaria, and protein-contact
dermatitis (Raulf et al. 2017). The most common form is the so-called acute-toxic
contact dermatitis, which results from the direct action of acids, alkalis, or other
aggressive chemicals. The second most common cause of occupational skin diseases
is allergic contact dermatitis.

In the case of allergy manifestation on the lower respiratory tract as occupational
asthma is estimated that 9—15% of all asthmatic diseases in adults have occupational
(partial) causes. The prerequisite for the manifestation of an allergic reaction is that
sensitization to a specific substance (allergen) has taken place. This means that the
immune system has to be introduced to the allergen in a first phase. This sensitization
phase runs imperceptibly. Only after the immune system has formed certain cells
and/or antibodies that recognize the antigen immediately upon re-contact, an allergic
reaction can take place. The main topic of the article concerns on occupational
respiratory diseases and additionally some aspects of occupational hypersensitivity
pneumonitis (HP) are presented.
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2 Different Faces of Occupational Respiratory Allergy: Risk
Factors and Workplace Exposure

Inhalation of wide variety of workplace agents can cause the development of
sensitizer-induced occupational airway diseases. Both the upper and the lower
respiratory tract can be affected. Based on the united airway disease model which
has been proposed to describe a unique disease with manifestation in different sites
of the respiratory system, a strong interaction between the occupational rhinitis
(OR) and occupational asthma (OA) exists (Moscato et al. 2009). In occupational
setting, it has been demonstrated that a majority of the patients diagnosed with OA
also suffer from OR, particularly when high-molecular weight (HMW) agents are
involved. Symptoms of OR like nasal congestion, sneezing, rhinorrhea, and/or
itching have been reported to develop before those of OA. OA refers to de novo
asthma or the recurrence of previously quiescent asthma induced by either sensitiza-
tion to a specific substance, which is termed allergic or sensitizer-induced OA, or by
exposure to an inhaled irritant at work, which is termed irritant-induced OA (Fig. 1).
In addition to OA work-related asthma also includes work-exacerbated asthma
which is worsened, but not caused, by work exposures (Lau and Tarlo 2019).

The damage to the bronchial system or the upper airways depends on the
properties of the substances, e.g. their water solubility and also factors like the
individual responsiveness (susceptibility) of the employees. The concentration of
the substance (intensity) and the duration of exposure are also decisive factors. The
exposure to respiratory sensitizers is usually through aerosols (dusts, mist, fumes) or
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Fig. 1 Causes of work-related rhinitis or asthma
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gases. Most of the allergens tend to attach themselves to tiny dust particles (<10 pm)
and, thus, get transported easily through air. These tiny particles rarely sediment and
can manage to reach deep into the airways during inhalation.

More than 400 occupational agents are currently documented in the scientific
literature as being potential “respiratory sensitizers” and new reported causative
agents are reported each year (Quirce and Bernstein 2011; Raulf et al. 2018; Tarlo
et al. 2017). These agents may induce OR or OA, which can be divided into high-
molecular weight (HMW) and low-molecular weight (LMW) agents. The mecha-
nism by which HMW agents, which are proteins or glycoproteins, induce OR or OA
is thought to be IgE-mediated similar to that known to cause allergic rhinitis or
allergic asthma in the general population. The most common occupational HMW
agents are proteins or glycoproteins found in flour and grains, enzymes, laboratory
animals, fish and seafood, molds (fungi), and Hevea brasiliensis latex. Exposures
commonly encountered are in farming, laboratories, office buildings, health care
facilities, and food processing and harvesting environments (Kelly and Poole 2019).
Regardless of these common workplace-related allergy triggers, it would appear that
almost any protein that becomes airborne and inhaled might be a potential cause of
occupational asthma. Typical LMW substances are isocyanates, persulfate salts,
metals, quaternary ammonium persulfate, acid anhydrides, cleaning products/
disinfectants, and medicinal drugs. These substances are usually encountered in
painting, industrial, health care, cleaning, and hairdressing work (Kelly and Poole
2019). The pathogenesis of OR or OA caused by LMW agents remains poorly
understood but may include both immunologic and non-immunologic mechanisms.
An IgE-mediated mechanism has been documented for a few LMW agents such as
anhydride acids (used as hardeners in epoxy reins in chemical plants and in powder
paints), complex platinum salts (used in platinum refineries or the production of
catalysts), and reactive dyes (used in textile manufacture). It is generally assumed
that the allergenicity of these LMW or their metabolites results from a mostly
covalent interaction with some carrier proteins to build a hapten-carrier complex,
because most of them have highly reactive and functional groups (Enoch et al. 2012;
Maestrelli et al. 2009). Diisocyanates, characterized by highly reactive NCO groups,
are important inducers of occupational asthma especially in industrialized countries.
Besides IgE-mediated allergic asthma, isocyanate exposure may also induce irritant
asthma, hypersensitivity pneumonitis, and possibly accelerated lung function
decline (Pronk et al. 2007). A still existing and in the tendency rising problem
represents the occupational exposure to cleaning agents and the resulting increasing
frequency of occupational asthma attributed to cleaning agents (Carder et al. 2019;
Folletti et al. 2017; Siracusa et al. 2013). Adverse health effects can occur from the
individual use of such products and from the mixing or joint application of different
products, whether accidental or deliberate. It is attempted to use a “Quantitative
Structure Activity Relationship” (QSAR) model to predict the respiratory sensitizing
potential of the LMW components of the cleaning agents (Carder et al. 2019).

Several studies have consistently demonstrated that in addition to the inherent
sensitizing potency of a given agent (Tarlo and Lemiere 2014) the intensity of
workplace exposure to airborne allergens (wheat and rye flour, laboratory animal
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allergens, enzymes (e.g., a-amylase, detergent enzymes)) is a major determinant of
risk of developing occupational asthma and allergy and for HMW sensitizing agents
atopy clearly modifies the risk. Smoking is not an effect modifier for the association
between allergen exposure, sensitization and allergic asthma especially for
HMW-induced allergy. Therefore, the reduction and avoidance of exposure is highly
recommended if symptoms of the upper and lower airways have occurred. Informa-
tion on exposure-response relationships can be used for risk assessment and will be
the input of standard setting procedures in different countries (Raulf et al. 2014).

3 Diagnosis of Occupational Respiratory Allergy

Diagnosis of occupational respiratory allergy is made by a combination of medical
history, physical examination, positive methacholine challenge result or bronchodi-
lator responsiveness, determination of IgE-mediated sensitization to HMW allergens
(by skin prick testing and/or serologically specific IgE-measurement, and possibly
basophil activation testing to LMW chemicals (Vera-Berrios et al. 2019) and HMW
allergens). Occupational asthma should be suspected in every adult with new-onset
asthma. Therefore, the diagnosis including the question about the occurrence of the
respiratory symptoms in connection with the workplace is important. Typically,
remission or improvement occurs during weekends and holidays. Rhinitis often
accompanies or precedes lower respiratory symptoms, especially when high-
molecular-weight agents incite the asthma. Although a thorough clinical and occu-
pational history must be obtained, a compatible history alone is insufficient for
diagnosis and has a low positive predictive value. If the patient with asthma-like
symptoms is not at work, the specific inhalation challenge (SIC) in the laboratory
under controlled conditions to the suspected occupational agents is considered the
gold standard. The accuracy of the diagnosis can be improved by the measurement of
sputum eosinophils before and after challenge (Quirce et al. 2010). Additionally
measurement of the fractional exhaled nitric oxide (FeNO) should be regarded as an
additional criterion for the interpretation of SIC with occupational agents, because an
increase of FeNO after SIC is highly predictive of occupational asthma (Engel et al.
2018). If the patient is working, serial monitoring of peak expiratory flow (PEF) at
work and away from work is also a useful option (Tarlo and Lemiere 2014). In some
cases the assessment of eosinophilic airway inflammation by sputum cell count
analysis before and after exposure to the offending agent may contribute to an
increased diagnostic accuracy for OA (Racine et al. 2017; Engel et al. 2019). If
specific inhalation challenge in the laboratory and/or PEF monitoring at work is not
possible and occupational asthma is strongly suspected from history, a combination
of objective evidence of asthma plus a positive skin test or the verification of specific
IgE by serological tests to the suspected agent has a high predictive value for
occupational asthma (van Kampen et al. 2008).
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4 Examples for Relevant Respiratory Occupational Allergies

Table 1 lists some workplaces/industries and the typical allergen sources. Baker’s
asthma is one of the oldest recognized occupational diseases described by
Bernardino Ramazzini, the father of occupational medicine, in about 1700 and in
Western countries it still one of the most common forms of occupational respiratory
disease. Case reports from the beginning of the twentieth century established the
concept of baker’s asthma as an allergic disease because of the observed combina-
tion of positive skin tests to flour extracts and respiratory symptoms suggestive of
asthma (Brisman 2002). Most studies published later indicate that wheat (Triticum
aestivum) flour proteins are allergens for 60—70% of symptomatic bakers (Quirce
and Diaz-Perales 2013), although other cereals like rye, barley, oats, and corn and
non-cereal sources such as buckwheat, soybean flour, or lupine flour, enzymes (like
a-amylase, cellulose, xylanase), insects (like flour moth (Ephestia kuehniella), flour
beetle (Tribolium confusum) may be involved because a bakery is a complex
environment with a huge amount of potential sensitizers (Brisman 2002). Based
on the importance of wheat flour exposure in bakeries, diagnosis of baker’s asthma is
based on a consistent clinical history, skin prick testing and/or specific IgE antibody
tests and inhalation wheat challenges. Nonetheless, this allergic disease is often
misdiagnosed, with significant legal, economic, and health consequences for the
affected worker. Although specific inhalation challenge with wheat flour is consid-
ered as gold standard, it is often difficult to perform (Raulf 2018). Additionally,

Table 1 Examples of workplaces and their typical occupational allergens

Workplace/trade and industry
Agriculture/farming
Bakery/mills

Food processing industry

Animal feed production
Pharmaceutical industry

Laboratory animal facilities/life
science faculties of universities

Health care facilities
Veterinary clinics/practice

Laundry detergent industry
Wood processing

Waste handling/compost plants
Offices/schools/day care centers

Allergen source

Cow dander, pollen, storage mites

Wheat flour, rye flour, different other grain flours, soy
flour, a-amylase, xylanase, storage mites, insects, molds,
spices

Several cereals, plants, vegetables, fruits and spices,
seeds, mushrooms, seafood (shellfish and fish), raw
coffee beans, farm products (eggs), food additives,
enzymes, food contaminants (e.g., mites, insects, molds)
Soy, phytase

Enzymes, gum arabic

Mouse, rat (urine, dander)

Disinfectants, natural rubber latex

Cat, dog, guinea pig, rabbit, horse, cow (dander, urine,
etc.)

Enzymes: protease, cellulase, lipase, amylase

‘Wood dust, mold

Molds, bacteria

House dust mites, ubiquitous allergens (e.g., from cat,
dog, mouse)
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wheat skin prick test extracts are not well characterized and demonstrate a low
diagnostic sensitivity (van Kampen et al. 2013a, b). So far 28 Triticum aestivum (Tri
a) allergens are listed in the WHO/IUIS Allergen Nomenclature database (www.
allergen.org), but several studies have shown that in patients with baker’s asthma the
IgE reaction profiles to Triticum aestivum proteins often differ remarkably between
individual sera and no major allergen could be identified (Sander et al. 2001, 2011,
2015).

In addition to bakeries also other workplaces with food processing activities
where animal and vegetable high-molecular-weight proteins of food were generated
in aerosolized form are responsible for a significant number of occupational rhinitis
and/or occupational asthma (Jeebhay et al. 2019). Dust particulate or aerosols
produced during food processing that are readily inhaled and can act as primary
sensitizers in the airways cause a distinct form of respiratory food allergy, usually
without any symptoms upon ingestion. The allergenicity of a food protein, allergen
exposure levels, and atopy are important risk factors. Exposure assessment, includ-
ing allergen determination, is a cornerstone for establishing preventive measures.
Especially workers in the seafood-processing industries have an increased risk to
develop occupational asthma, contact urticaria, and protein-contact dermatitis. Dur-
ing processing activities the workers inhale of airborne seafood particulate matter
containing allergens (Bonlokke et al. 2019; Jeebhay and Lopata 2012; Lopata and
Jeebhay 2013).

In the 1980s and 1990s in health care facilities where powdered natural rubber
latex (NRL) gloves were used NRL allergy reached epidemic proportions in highly
exposed populations. In addition to direct skin contact with latex-derived products,
the other important route is the inhalation of airborne latex (Hevea brasiliensis)
proteins (Raulf 2014). The increased recognition of NRL allergy, the enhanced
research on allergen characterization and sensitization mechanisms, education
about this allergy in health care facilities combined with the introduction of
powder-free gloves with reduced protein levels have been associated with a decline
in the number of suspected cases of NRL allergies in the late 1990s. For example, in
contrast to wheat allergy in patients suffering from baker’s asthma where no major
allergen could be identified, Hevea brasiliensis latex-sensitized patients, e.g. health
care workers, recognized major allergens and available recombinant single latex
allergens are useful tools in the diagnostic procedure. Therefore, NRL allergy is a
very good example, on the one hand, for a “new allergy” that suddenly arises with
tremendous health and economic implications and on the other hand for an allergy
which becomes a history in a relatively short time period based on successful
primary prevention strategies by strict allergen avoidance (Raulf 2014; Vandenplas
and Raulf 2017).

Dust of green coffee beans is known to be a relevant cause for occupational
allergic respiratory disorders in coffee industry workers and therefore proteins from
Coffea arabica play a role as occupational allergens (Manavski et al. 2012).

IgE-mediated sensitization and allergy to some wood dusts has been described in
case reports (Kespohl et al. 2012) and obeche (Triplochiton scleroxylon) wood dust
an endochitinase 38 kDa has been characterized as allergen. This allergen was
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assigned with the official name Trip s 1 and has been included in the nomenclature
list of the International Nomenclature Committee of Allergens (WHO/IUIS)
(Kespohl et al. 2005). Especially for the wood allergens (Kespohl et al. 2010) but
also for other plants (e.g., like latex) the presence of cross-reactive carbohydrate
determinants (CCDs) can negatively influence the specificity of the in vitro diagnos-
tic test. Therefore, it is necessary to exclude glyco-epitopes (with low clinical
relevance) responsible for IgE-binding.

Allergy to furred animal is also common in occupational settings, because
allergen exposure to furry mammals is found not only in households, where mostly
cats and dogs are kept as pets, but also in professional settings, e.g. in farms,
laboratory animal facilities, veterinary clinics, and in public places like schools,
day care centers, or public transportation vehicles which also represent workplaces
for some people (Zahradnik and Raulf 2017). Mammalian allergens belong to few
protein families: lipocalins (pheromone binding proteins), serum albumins,
secretoglobins, prostatic kallikreins, and latherins. With the exception of serum
albumin these allergens are usually present in urine, saliva, and animal dander
(Hilger et al. 2017). Laboratory animal allergy (LAA) is an important occupational
disease and commonly observed among technicians, animal caretakers, physicians,
and scientists who work in laboratory animal facilities at universities, research
institutes, and pharmaceutical companies (Jones 2015; Zahradnik and Raulf 2017).
Rodents like mice and rats frequently used in animal research are the most common
causes of LAA. Urine is the main source of allergenic proteins in both mice and rats,
but allergens can be found in dander, hair, saliva, and serum. The major allergens in
mouse and rat are lipocalins (Jones 2015). According to a current study LAA can be
prevented in modern research units using a multifaceted approach including individ-
ually ventilated cages to contain aeroallergen exposure and the judicious use of
appropriate respiratory protection (Feary et al. 2019). Dairy farming is a main branch
of the agricultural sector in many countries and cattle farmers are occupationally
exposed to a variety of bioaerosols of which some components are considerable risk
factors for airway diseases. Among them, the lipocalin Bos d 2 is known to be a
major respiratory allergen (Bohlandt et al. 2016). Clinical symptoms of the exposed
workers can reach from asymptomatic sensitization, rhinitis up to severe asthmatic
attacks with lung function impairment leading to a high rate of initial employment
disabilities. Due to the passive transport of allergens through work wear, bovine
allergens are also detectable in the homes of farmers sometimes at relatively high
concentrations (Bohlandt et al. 2016; Zahradnik et al. 2011), although these levels
are still much lower than those measured in the stables.

In addition to the mentioned high-molecular-weight (glycol-)protein allergens,
polyisocyanates are low-molecular-weight cross-linking agents inducing a broad
spectrum of occupational diseases from asthma, reactive airway dysfunction syn-
drome (RADS) or irritant-induced asthma, hypersensitivity pneumonitis, dermatitis,
and pulmonary edema. In many industrialized countries isocyanates represent the
most commonly identified cause of occupational asthma. They are highly reactive
chemicals used in external coatings and paints or especially the aromatic isocyanates
are used to produce flexible foams, adhesives, e.g. in the automobile industry.
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Although many efforts to address the pathogenesis of diisocyanate-OA have been
made, its nature is heterogeneous in which various immunologic and
non-immunologic mechanisms are involved. In only few exposed and symptomatic
workers isocyanate-specific IgE-antibodies could be detected.

5 Management and Prevention of Occupational Respiratory
Allergy

Accurate diagnosis of asthma is the first step to managing occupational asthma as
shown above. Of central importance for the management of occupational asthma is
the removal from the causative agent: ideally the removal of the culprit agent; but if it
is not possible, this may require changes in the work process or ultimately the
removal of the worker from the workplace (Lau and Tarlo 2019). The best prognosis
for clearing of asthma has been associated with an early diagnosis and early removal
of the trigger, especially if mild asthma is present at the time of diagnosis. The advice
to completely avoid the causative sensitizing agent at work can sometimes be
achieved relatively simply by changing the material used at work or the formulation
of the agent. If this is not feasible, the patient needs to be moved to a different
work area or to a different company or job, leading potentially to significant
socio-economic impact. Under special circumstances if complete avoidance of
exposure to the culprit is not possible reduction of exposure is possible, by installa-
tion and use of technical ventilation and/or the use of respiratory protective equip-
ment but not as effective as complete avoidance of exposure.

Primary prevention is the best strategy to avoid occupational asthma, ideally by
avoiding the use of and exposure to agents with sensitizing potential or substituting
safer substances for these agents (a good example is the ban of powdered latex
gloves). Since rates of sensitization are generally greater with higher exposure,
obligatory exposure limits for sensitizing chemicals would be expected to reduce
the frequency of sensitization. But the relationship is complex if for some of the
agents no linear dose-response curves exist there is no consensus of clear exposure
thresholds protecting all workers. But environmental control and exposure assess-
ment are cornerstones of prevention strategy. However, due to the lack of standard
procedures and equipment for e.g. of occupational allergen exposure quantification,
reduction of allergen exposure using appropriate risk management and exposure
control strategies is advocated to be best practice.

6 Hypersensitivity Pneumonitis Induced by Occupational
Antigens

Hypersensitivity pneumonitis (HP) of exogenous allergic alveolitis (EAA) is an
immunologic lung disease resulting from lymphocytic and frequently granuloma-
tous inflammation of the peripheral airways, alveoli, and surrounding interstitial
tissue which develops as the result of a delayed non-IgE-mediated allergic reaction
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caused by repeated inhalation of antigens (allergens). HP is often triggered by
occupational exposure (occupational hypersensitivity pneumonitis (OHP)) (Quirce
et al. 2016). A variety of organic materials including animal (especially avian
antigens) and plant proteins, fungi/yeasts, bacteria and low-molecular chemical
compounds (e.g., acid anhydrides, isocyanates, and metals) are typical
HP-inducing antigens. Although agents capable of inducing HP are found in a
number of workplaces, HP is an orphan disease and only a minority of exposed
individuals develop the disease. Farmer’s lung (Sennekamp et al. 2012), humidifier’s
lung, machine worker’s lung, woodworker’s lung are typical forms of OHP. Several
other forms and inducers are documented only in case reports. According to the
EAACI position paper (Quirce et al. 2016) the possibility of OHP should be
considered in all cases of interstitial lung disease of unknown etiology and in patients
with relapsing respiratory and flu-like symptoms that are work-related. The reason
for this is that OHP manifests with a variable spectrum of clinical and radiologic
findings that may mimic a wide range of lung diseases. Establishing the diagnosis of
HP and the causal role of the workplace is based on a combination of diagnostic tests
and requires a multidisciplinary approach. Identification of the offending agent/
source of exposure is crucial for establishing a diagnosis of OHP and providing
evidence of a causal relationship between the disease and the work environment. An
increased serum level of sIgG is one criterion in the diagnostic procedure of HP and
crucial for the detection of the triggering antigen for successful avoidance of further
exposure (Raulf et al. 2019). Only few antigens causing OHP are well characterized
and further diagnostic tools for serological determination of specific IgG and antigen
preparations to perform inhalation challenge tests need to be developed and
standardized. Conversely, smoking has been consistently associated with a lower
prevalence of specific IgG antibodies to organic antigens and clinical HP as com-
pared to nonsmokers (Dalphin et al. 1993). The cornerstone of treatment is early
removal from exposure to the eliciting antigen, although the disease may show an
adverse outcome even after avoidance of exposure to the causal agent. If a worker in
a company is diagnosed with OHP, the co-workers in the work area of the person
concerned should be examined promptly. This will allow the early identification and
treatment of any other workers who may be affected or ill. In addition, this offers the
opportunity to take appropriate preventive measures for safety and health at work.
These include technical, organizational, and personal measures (TOP strategy) and
occupational hygiene.
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Skin lesions caused by allergic contact dermatitis are an important occupational
and environmental disease. Patch testing is the gold-standard procedure used to
diagnose allergic contact dermatitis.
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The present chapter summarizes aspects of patch testing for the diagnosis of
contact allergy: important working definitions, relevance of treating contact
dermatitis, materials, technique, test result and interpretation, and special consid-
eration regarding individual factors which influence the patch test outcome or
necessitate special attention.

Performing and interpreting patch tests requires know-how. Knowing how to
perform them and the particularities of specific cases is essential to correctly
interpret the results. A correct evaluation and diagnosis will significantly impact
the natural history of the disease and significantly improve the quality of life of
the patient.

Keywords

Contact dermatitis - Eczema - Patch test

1 Introduction

Contact dermatitis is an inflammatory skin reaction to direct contact with noxious
agents in the environment (Johansen et al. 2015). It is known for millennia through
different names, with reports dating back to the first century AD, when Pliny the
Younger noticed individuals experiencing severe itching when cutting pine trees
(Fisher et al. 2008). Nowadays, it is a clinically defined entity and a very common
skin disease, responsible for 4—7% of all dermatology consultations and with a point
prevalence of 15.2% in teenagers and 18.6% in adults (Kostner et al. 2017; Waard-
van der Spek et al. 2013).

There are three types of contact dermatitis (Johansen et al. 2015; Nosbaum et al.
2009):

e Allergic contact dermatitis — It is an immune-mediated type IV hypersensitivity
reaction. After a sensitization phase, where the immune system learns to recog-
nize a low molecular weight allergen, an allergen-specific T-cell sets in motion an
effector phase, which results in the clinical manifestation (usually an eczematous
reaction) (Nosbaum et al. 2009; Tan et al. 2014).

 TIrritant contact dermatitis — It is a preferentially eczematous reaction in the skin in
response to exposure to substances which induce: (1) direct cytotoxic effect on
the keratinocytes, or (2) biological epidermal changes, in a dose-dependent way,
resulting in the disintegration of the epidermis and inflammation (Fullerton and
Serup 1997). It encompasses a large spectrum of reactions: subjective irritant
reaction (pruritus sine materia), acute irritant reaction (erythema, oedema,
inflammation, infiltration and vesiculation; the appearance may vary and is
often indistinguishable from acute allergic contact dermatitis), chronic irritant
reaction (dryness, fissuring and hyperkeratosis develop in reaction to cumulative
and repeated exposure) and chemical burn (Fisher et al. 2008; Nosbaum et al.
2009).
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* Mixed contact dermatitis — There is a simultaneous allergen-specific T-cell driven
reaction and an inflammatory response of the skin to irritant agents. Frequently
the irritant and allergic reaction are caused by different substances (Fisher et al.
2008).

2 The Importance of Diagnosing Allergic Contact Dermatitis

Contact dermatitis is a disease with a significant burden on many levels. Currently, it
is the fifth most prevalent skin disease in the USA and has a very high economic cost
(Lim et al. 2017). In 2013 in the USA, the estimated direct annual medical cost for
contact dermatitis was of 1,529,000,000$; a value that surpasses that of other
common skin diseases, like connective tissue diseases (1,375,000,000$), acne
(846,000,000%), psoriasis (737,000,0003), urticaria (467,000,0003), and atopic der-
matitis (314,000,0008$) (Table 1) (Lim et al. 2017).

However, the burden of contact dermatitis goes beyond the number and severity
of skin lesions (Skoet et al. 2003). Subjective psychosocial factors, which are a
consequence of the former, can cause significant distress and disability to a patient:
recalcitrant symptoms such as pain and itch, difficulty in fulfilling personal and
familial responsibilities, restraints on leisure activities, absenteeism from work or
school, impaired social contact and time-consuming treatments (Skoet et al. 2003;
Swietlik and Reeder 2016). These subjective factors, however, do not necessarily
correlate with the severity and extent of the skin lesions (Skoet et al. 2003; Swietlik
and Reeder 2016). For example, contact dermatitis of the hands may involve less
than 5% of the body surface area, but often leads to significant distress and disability
(Swietlik and Reeder 2016). For this reason, the indirect costs associated with
contact dermatitis are, also, significant (Table 1) (Lim et al. 2017).

By virtue of its subjectivity, self-reported questionnaires are needed to assess the
impact on the quality of life (Skoet et al. 2003). There are several validated
questionnaires which can be used in skin diseases, some specifically designed to
evaluate the quality of life in patients with contact dermatitis: DLQI, DSQL,
Skindex, SF-36, Fragrance Quality of Life Index and the Contact Dermatitis Specific
Questionnaire (Skoet et al. 2003; Ramirez et al. 2017). All of these have been used to
evaluate patients with contact dermatitis (Skoet et al. 2003; Swietlik and Reeder

Table 1 Comparison of prevalence and costs of six frequent cutaneous diseases. Adapted from
Ref. (Lim et al. 2017)

Prevalence (%) Direct costs Indirect costs
Contact dermatitis 4.17 1,529,000,000% 699,000,000$
Connective tissue diseases 0.37 1,375,000,000$ 122,000,000$
Acne 1.63 846,000,000 398,000,000$%
Psoriasis 0.51 737,000,000% 113,000,000%
Urticaria 0.72 467,000,000$ 163,000,000$

Atopic dermatitis 0.99 314,000,000$ 128,000,000$
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2016; Ramirez et al. 2017; Braunberger et al. 2016). The Fragrance Quality of Life
Index specifically was evaluated in a large multicentric European study and showed
that fragrance positive patients had a significant impairment in their quality of life,
and it was higher than that of fragrance negative patients (after adjusting for age, sex
and eczema severity) (Bennike et al. 2019).

With these metrics, two reviews — by Ramirez F et al. and by Skoet R et al. —
combined the existing data on contact dermatitis (Skoet et al. 2003; Ramirez et al.
2017). All 10 studies showed that patients had a baseline reduction of the quality of
life (mean DLQI scores ranged from 3.6 to 8.0) and that hand involvement, specifi-
cally, had a considerable impact on the quality of life (Skoet et al. 2003). The high
DLQI scores were also predictive of the development of psychiatric comorbidities
like anxiety and depression (Skoet et al. 2003).

Fortunately, evaluation and early diagnosis of contact dermatitis was associated
with an improved quality of life (Skoet et al. 2003). In all studies, patch testing
improved the quality of life outcomes. Even patients with no positive patch tests
showed improvement (Ramirez et al. 2017). This suggests that all patients benefit at
least in two ways: (1) by receiving general advice about skin management and
barrier protection and (2) by resuming the use of products that they previously
avoided because of concerns and by reduction of anxiety (Ramirez et al. 2017).

In summary, when screening patients for allergic contact dermatitis, physicians
have many different aims:

* To confirm/exclude that an allergic reaction is the cause of the skin lesion(s);

* To identify an exacerbating factor of a dermatitis, which would prevent from
effectively treating it;

¢ Alleviate the patient’s symptoms, provide individualized advice and improve a
patient’s quality of life.

* To identify which allergenic substances more frequently trigger allergic contact
reactions, in order to prevent future widespread sensitizations;

3 When to Refer Patients for Patch Testing?

Because an allergic contact dermatitis can manifest itself in different ways (eczema-
tous lesions, granulomas, polymorph erythema, pigment or purpuric skin eruption)
or can simply be an exacerbating factor of another skin disease, it is important to
know when to suspect and test for contact dermatitis (Tennstedt 2009). In addition,
even when a patch test is positive for an allergen, it is essential to determine if that
sensitization is relevant (Johansen et al. 2015).

Patch testing should be performed in the following cases:

e All patients in whom contact allergy is suspected (i.e., history of reaction to a
specific cream) or needs to be excluded, regardless of age or anatomical site of
dermatitis (Johansen et al. 2015; Beattie et al. 2007).
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* Patients with a non-eczematous dermatitis that may represent a contact allergic
reaction: erythema multiforme-like; lichenoid eruptions; psoriasis (of the hands);
sarcoidal, granulomatous or lymphomatous reactions; photosensitive reactions;
pigment or purpuric skin eruptions; ulcerations or erosions; exanthemas;
erythroderma; and contact urticaria (Johansen et al. 2015; Tennstedt 2009).

» Patients with a pre-existing eczematous dermatitis: atopic dermatitis, seborrheic
dermatitis, nummular eczema, stasis dermatitis, peri-ulcerative dermatitis,
dyshidrotic eczema, chronic eczema, hand eczema, feet eczema, face and neck
eczema (especially if it affects eyelids and lips) (Johansen et al. 2015; Tennstedt
2009; Beattie et al. 2007).

* Patients with a pre-existing dermatitis which does not improve with treatment,
initially improves but then exacerbates, or presents a change in the pattern of the
dermatitis (Beattie et al. 2007; Fonacier 2015).

» Patients with mucous membrane reactions (conjunctivitis, stomatitis, or vulvitis)
or suspected reaction to implants (Johansen et al. 2015; Tennstedt 2009; Beattie
et al. 2007).

» Patients with a dermatitis related to occupational exposures (Johansen et al. 2015;
Lazzarini et al. 2013).

» Patients with delayed type drug hypersensitivity reactions (Johansen et al. 2015).

4 How to Perform Patch Tests?

To determine if a patient has an allergic contact dermatitis, the standard procedure
for diagnosis is the patch test: the process of applying contact allergens to the skin
under occlusion and visually grading the skin inflammatory response (Johansen et al.
2015). Briefly, the allergens are placed in patch test chambers and then placed on the
upper back of the patient. This anatomical placement offers a wide flat surface for
good occlusion, is less often affected by skin diseases and is not regularly exposed to
sun (Johansen et al. 2015). The allergens remain in occlusion for 48 h, after which
the chambers are removed, and the first reading is performed. A second reading is
performed after 96 h (and sometimes a third on the 7th day) (Fig. 1) (Johansen et al.

+ R

Fig. 1 Schematic of how to perform and place the patch tests
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Fig. 2 Positive patch testing assessed after 5 days. (a) A three + reaction characterized by
erythema, infiltration and vesicles. (b) Positive reactions with erythema, one + and with infiltration
two ++, induced by different concentrations of Limonene and Linalool hydroperoxides

The morphology of the reaction (erythema, infiltrate, papules and vesicles) is
evaluated by the ICDRG criteria, to determine if the reaction is positive (Fig. 2)
(Johansen et al. 2015). This determination and differentiation from false-positive
reaction is crucial, because it will have prognostic implications for the patient and
determine if avoidance of specific substances is warranted (Johansen et al. 2015).

A false-positive is a positive reaction in the absence of contact allergy to the
tested substance (Le Coz and Sasseville 2009). It can range from isolated erythema
to an exuberant reaction like a purpuric reaction, pustules, pus containing vesicles or
necrosis (Le Coz and Sasseville 2009). A false positive can be due to: (1) an irritant
reaction to the tested substance (uncommon with standardized extract preparations)
(Le Coz and Sasseville 2009); (2) damaged skin or active dermatitis on the patch test
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site. In these cases, the threshold to develop an irritant reaction is very low and it is
possible to develop generalized positive reactions to many allergens, a condition
known as “angry back” (Le Coz and Sasseville 2009); (3) use of an excessive
amount of testing material; (55) and (4) close proximity of allergens being tested
(Le Coz and Sasseville 2009).

Contrary to false-positives, in false-negative reactions, there is no evident reac-
tion despite the existence of contact allergy (Le Coz and Sasseville 2009). In these
cases, the consequences of not identifying the culprit substance are more severe,
because we risk the patient’s continued exposure to the culprit agent and multiple
recurrences (Le Coz and Sasseville 2009). False-negatives can occur due to:
(1) excessive dilution of the tested substance (Le Coz and Sasseville 2009), (2) too
early reading (some substances like corticosteroids, epoxy resin, metals and some
drugs may only provide positive results after 7 days) (Le Coz and Sasseville 2009),
(3) absence of the culprit allergen for testing (Le Coz and Sasseville 2009), (4) insuf-
ficient occlusion/poorly placed test strips (Le Coz and Sasseville 2009), (5) concom-
itant treatments/diseases that suppress the positive response (Le Coz and Sasseville
2009).

The existence of these false-reactions is the main reason for having specific
recommendations in specific populations (Le Coz and Sasseville 2009).

5 Assessing the Relevance of Positive Patch Test Reactions

Reading patch test results cannot be limited to scoring them as positive or negative.
Finding a positive or negative result has no meaning if it is not linked in some way
with the medical history of the patient. This interpretation is the most challenging
aspect of patch testing.

The physician needs to take into account: the past and present clinical history,
exposure patterns of the individual, the dermatitis/lesions which were the cause of
the consultation and the morphology and location of the lesions.

Briefly, after determining if the reaction is a true positive, the patient should be
assigned to one of the following categories:

* Positive patch test with current/present relevance — When the exposure to
the positive allergen putatively explains the patients’ current lesions, which
were the cause of the consultation. There should be a history of eliciting/worsen-
ing of the dermatitis in contact with the allergen, and the distribution pattern of the
lesions should be compatible with the allergen exposure.

¢ Occasionally, the reaction will be caused by a chemically related substance and
the chemical relationship between the molecules will help to understand the
cross-reactivity patterns. Hence, an allergen might not itself be found relevant
or present in a patient’s clinical history; but it cross-reacts with the actual culprit.

* Positive patch test with past relevance — When the exposure to the positive
allergen putatively explains a past clinical disease, not directly related to the
current symptoms. Re-exposure thus poses a risk of recurring symptoms.
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* Positive patch test without clinical relevance — When the patient has repeated
exposure to the positive allergen, without developing any clinical symptoms. The
positive patch test indicates that the patient is sensitized to the allergen; in other
words, the patient’s immune system recognizes that specific allergen. However,
regulatory mechanisms stop the immune system from developing a clinical
reaction and the allergen is, thus, tolerated and does not elicit clinical
manifestations. When the allergen begins to elicit a reaction, it goes from contact
sensitization to contact allergy.

A subsequent evaluation of the patient after instituting eviction of the offending
allergens can help confirm the diagnosis.

6 Patch Testing in Special Conditions

It is important to always try to perform patch tests on patients not influenced by
confounding factors. However, in real-world conditions, not all patients can be
healthy adults, without confounding or influencing factors. In these cases, a medical
evaluation of the case is mandatory, to determine if postponing the tests is necessary.
In the literature, there are different populations whose characteristics may influence
patch test results. They can be organized into four different groups (Fig. 3):

[ Patients with age restrictions ——- Children

'+ Elderly

Patientswith an altered | = e
{ — Active dermatitis on the patch test area

patch test area

I Tattoos on the patch test area

I+ Scars on the patch test area

 Vitiligo
Patients with an altered z 7
: 3 Immunosuppression Secondary to diseases
immunologic status |
Secondary to drugs or
treatments

Especial Cases in Patch testing

Other immunomodulatory
effects secondary to drugs

[ Pregnancy and lactation

Fig. 3 Special consideration cases in patch testing
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6.1 Children

Allergic contact dermatitis was thought to be a rare condition in children for many
years (Johansen et al. 2015; Waard-van der Spek et al. 2013; Beattie et al. 2007). In
recent years, contact sensitization in children has been increasingly recognized
(Belloni Fortina et al. 2015; Worm et al. 2007; Jacob et al. 2014, 2017; Waard-
van der Spek et al. 2015). Recent reports point to a prevalence of allergic contact
dermatitis of 13.3-23.3%, and some reports show an incidence of positive patch tests
as high as 67% in children suspected of having an allergic contact dermatitis
(Johansen et al. 2015; Waard-van der Spek et al. 2013; Beattie et al. 2007; Belloni
Fortina et al. 2015, 2016). Data on adolescents are very similar to adults with respect
to prevalence and causal agents (Johansen et al. 2015; Belloni Fortina et al. 2015).
Children up to 12 years of age show some particularities (Belloni Fortina et al. 2015;
Worm et al. 2007; Jacob et al. 2014, 2017; Waard-van der Spek et al. 2015). In this
group age, the most frequently encountered sensitizations vary between Europe and
North America, but include: nickel sulphate, cobalt chloride, potassium dichromate,
neomycin sulphate, Myroxylon pereirae, PPD, Kathon CG, fragrance mix, lanolin
alcohols, colophony, compositae mix, propylene glycol, turpentine, bufexamac,
bacitracin, budesonide, tixocortol-21-pivalate, carba mix, cocamidopropyl betaine,
disperse blue 124/106, formaldehyde, quaternium 15 (Belloni Fortina et al. 2015;
Worm et al. 2007; Jacob et al. 2014, 2017; Waard-van der Spek et al. 2015)
(Table 2).

Patch tests are considered safe in children and are recommended when allergic
contact dermatitis is suspected or needs to be excluded (Johansen et al. 2015; Fisher
et al. 2008; Kostner et al. 2017; Waard-van der Spek et al. 2013; Nosbaum et al.
2009; Tan et al. 2014; Lim et al. 2017; Skoet et al. 2003; Swietlik and Reeder 2016;
Ramirez et al. 2017; Braunberger et al. 2016; Bennike et al. 2019; Tennstedt 2009;
Beattie et al. 2007; Fonacier 2015; Lazzarini et al. 2013; Le Coz and Sasseville 2009;
Belloni Fortina et al. 2015; Worm et al. 2007; Jacob et al. 2014, 2017; Waard-van
der Spek et al. 2015). The technique is the same as in adults; however, it needs to
account for a few factors:

* Children move and have greater mobility, requiring stronger adhesive to maintain
the patch tests in place (Johansen et al. 2015).

* Smaller back may require a reduction of the baseline series (Johansen et al. 2015).

¢ Some allergens included in the adult baseline series have little relevance of
exposure in children (e.g., epoxy resin) and may not need to be tested regularly
in children under 12 (Belloni Fortina et al. 2015; Worm et al. 2007; Jacob et al.
2014, 2017; Waard-van der Spek et al. 2015).

* There is a concern that testing with some allergens, especially if they have little
relevance of exposure, can induce sensitization or cause a too intense positive
reaction (e.g., PPD) (Belloni Fortina et al. 2015; Worm et al. 2007; Jacob et al.
2014, 2017; Waard-van der Spek et al. 2015; Belloni Fortina et al. 2016;
Spornraft-Ragaller et al. 2011, 2012). With regard to PPD, some authors suggest
reducing the concentration to as low as 0.05% to compensate for the extreme
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Table 2 Recommended allergens to be tested in children according to Refs. (Waard-van der Spek
et al. 2015; Jacob et al. 2014)

Recommended allergens to be tested as standard series in children proposed by EAACI
Nickel sulphate

Thiuram mix

Colophony

Mercaprobenzothiazole

Fragrance mix I

Fragrance mix II

Mercapto mix

Kathon CG

Sesquiterpene lactone mix

Additional allergens to be tested according to clinical history

Allergen Relevant exposure history

p-Tert-butylphenol formaldehyde resin Rubber containing shoe allergens, bras,
sports gear

Potassium dichromate Shoe allergens

‘Wool alcohols Skin care products or cosmetics

p-Phenylenediamine (PPD) Henna tattoos, hair dye

Disperse blue 124/106 Clothing dyes

Tixocortol pivalate Topical corticosteroids

Budesonide Topical corticosteroids

Bufexamac Bufexamac

Neomycin Neomycin

Dibromodicyanobutane (methyldibromo Skin care products or cosmetics

glutaronitrile)

Compositae mix Plants

Lyral Skin care products or cosmetics

patch test reactivity to this allergen in children (Johansen et al. 2015; Spornraft-
Ragaller et al. 2011, 2012).

Considering all these facts, some authors suggest that children should be tested
with a reduced baseline series, adding specific allergens when there is relevant
exposure story (Table 2) (Belloni Fortina et al. 2015; Worm et al. 2007; Jacob
et al. 2014, 2017; Waard-van der Spek et al. 2015).

6.2 Elderly

There is no evidence nor any studies that suggest that patch testing in the elderly may
be harmful or is unreliable.
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6.3 Patients with Generalized Dermatitis or Dermatitis
on the Patch Testing Area

A commonly encountered clinical situation is a patient with active, often severe,
dermatitis on the sites of application of the patch tests (Owen et al. 2018). This
scenario is usually an indication to postpone testing to a future date, as patch testing
on actively inflamed skin may lead to both false-positive and false-negative reactions
(Owen et al. 2018). In addition, the patient may experience immense discomfort
from the adhesives used (pruritus and pain), increased heat and sweat, and exposure
to potentially irritating reagents being tested (Owen et al. 2018).

This can affect the evaluation of patients with common skin diseases, like acne,
lichen planus, pityriasis, atopic dermatitis, and others which frequently affect the
upper back. The existence of an active dermatitis on the sites of application of the
patch tests is a reason to postpone the tests (Johansen et al. 2015). Whenever
possible, the dermatitis should be treated, and the tests performed at a later date.

The existence of an active dermatitis on the sites of application of the patch tests is
a reason to postpone the tests (Johansen et al. 2015). Of all, atopic dermatitis
deserves special mention.

Atopic dermatitis is a chronic relapsing inflammatory skin disease, and two main
questions are still debated when patch testing these patients: (1) do atopic dermatitis
patients have altered prevalence or increased risk for contact sensitization, and
(2) are patch tests results influenced by atopic dermatitis (Hamann et al. 2017).

With respect to the first point, there are arguments to support both cases. In favour
of a decreased risk of contact sensitization is the fact that atopic dermatitis is
primarily a Th2-driven disease and contact dermatitis is Th1-driven (Rundle et al.
2017). In addition, some experimental studies have found an increased elicitation
threshold in patients with atopic dermatitis (Hamann et al. 2017). On the other hand,
some suggest there is an increased risk of contact sensitization because the skin of
patients with atopic dermatitis has a nearly twofold increased skin absorption of
chemicals, including irritants and contact allergens (Hamann et al. 2017). This is
especially significant because these patients are exposed daily to innumerous
substances, in creams and lotions, as part of their regular skin care routine and
recommended treatment plans (Hamann et al. 2017).

Epidemiologic studies on the prevalence of contact sensitization have shown
mixed results (Belloni Fortina et al. 2016; Hamann et al. 2017; Rundle et al. 2017;
Mortz et al. 2015). A recent meta-analysis showed no significant association
between atopic dermatitis and contact sensitization, with atopic dermatitis
individuals having similar rates of contact sensitization as those of individuals
without atopic dermatitis (Hamann et al. 2017). Even if the prevalence of contact
dermatitis is the same as in the general population, it is still a high prevalence and
clinicians should consider patch testing in this population (Hamann et al. 2017).
Special attention should be paid to the agents who are in frequent contact with
topical corticosteroids, antiseptics, antibiotics, fragrances and preservatives (Rundle
et al. 2017).
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Pertaining to the influence of atopic dermatitis on patch tests result, many studies
show that clinically relevant sensitizations can be uncovered by patch testing these
patients (Johansen et al. 2015; Belloni Fortina et al. 2016; Hamann et al. 2017;
Rundle et al. 2017). However, the reading and interpretation of the results must be
prudent. Patients with atopic dermatitis have a hyper-reactive skin, with a lower
irritancy threshold, which may lead to higher rates of irritant or false-positive
reactions (most commonly with metals, fragrances, formaldehyde, and lanolin)
(Johansen et al. 2015; Owen et al. 2018). This raises concerns, as even the unaffected
skin of patients with atopic dermatitis has been shown to have barrier dysfunction
and potentially be more predisposed to develop irritation reactions (Rundle et al.
2017). Paradoxically, in this altered skin, positive reactions may display weaker
reactions and be misdiagnosed as an irritant reaction (i.e., false-negative) (Owen
et al. 2018). In light of all these and other factors, a consensus report was published
on how to perform patch tests on patients with atopic dermatitis (Chen et al. 2016).

In summary, atopic dermatitis in not a contraindication for patch testing, in fact,
these patients should absolutely be tested (Johansen et al. 2015; Owen et al. 2018;
Hamann et al. 2017). If complete clearing of the patch test area cannot be achieved,
then the patch test should still be performed, because relevant sensitizations can still
be uncovered. Whenever possible, after the patient improves and the patch testing
area clears, the tests should be repeated to confirm the results. However, reading and
interpretation of the results should be performed by skilled experienced physicians.

6.4 Tattoos, Scars and Vitiligo on the Patch Test Area

Patch tests should always be performed in as healthy a skin as possible (Johansen
et al. 2015). Therefore, physicians should avoid placing the strips on scars and
tattoos, which may alter skin reactivity and/or conceal the reaction (Johansen et al.
2015).

There is some evidence that allergic contact dermatitis can cause vitiligo, with
vitiligo areas appearing at the site of positive patch tests (e.g., testing with PPD) (Lee
et al. 2014; Jappe et al. 2005; Kwok et al. 2011). This is also supported by the
improvement seen with the corresponding allergen avoidance (Lee et al. 2014; Jappe
et al. 2005; Kwok et al. 2011). However, there is no data on patch test reactivity
performed of skin with vitiligo. The general recommendation of avoiding altered
skin should be followed, but it is not an absolute contraindication.

6.5 Immunosuppression, Secondary to Disease

There are many highly prevalent diseases that cause various degrees of immunosup-
pression or immune dysfunction: HIV, diabetes, auto-immune diseases and primary
immune deficiencies. However, very little data exist on their impact on patch testing.

Concerning HIV, a few reports show these patients can have relevant positive
patch test results, even in severely immunocompromised patients with AIDS (Curr
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and Nixon 2006; Mufioz-Pérez et al. 1999; Bellegrandi et al. 1999; Smith et al. 1997,
Viraben et al. 1994). However, the frequency of contact dermatitis and whether the
infection impacts patch tests results is not known. A single report of 26 HIV patients
with dermatitis and/or itching showed positive tests in 31% and the finding was
clinically relevant in 19% (Bellegrandi et al. 1999).

Diabetic patients have been reported to have contact dermatitis, particularly
related to their medical devices (Herman et al. 2018; Passanisi et al. 2018; Peeters
et al. 2017; Jolanki et al. 2001). But, like HIV, the prevalence is not known, nor the
impact of diabetes on patch tests results. A single report — which analysed 13,315
patients patch-tested between 1985 and 2003 — found that 229 (1.7%) had type
1 diabetes and 60 (26%) of the 229 had positive patch results (Engkilde et al. 2006).
The same report found an inverse correlation between type 1 diabetes and contact
dermatitis (Engkilde et al. 2006). Another report suggests that DPP-4 inhibitors may
increase the risk of contact dermatitis (Tasic et al. 2011). However, more information
is needed. Currently, there is no recommendation that these patients need to be
systematically tested, unless there is a suspicion of contact dermatitis.

Auto-immune diseases, type I diabetes and contact dermatitis follow a Th1 profile
and it is not known if this impacts skin reactivity or disease risk. Patients with
autoimmune diseases can develop contact dermatitis (Dermendzhiev et al. 2018;
Niedziela and Bluvshteyn-Walker 2012; Trindade et al. 2004; Kosboth et al. 2007).
One report, in a small sample, found that patients with discoid lupus had a higher
frequency of contact dermatitis than healthy controls (Giiner et al. 2013).

There are no studies regarding primary immune deficiency patients.

Transplant patients usually have an immunosuppression induced by drugs, which
will be discussed ahead.

In all these situations, more studies are needed. Currently, no formal
contraindications exist for patch testing these patients and, if suspected, contact
dermatitis should always be tested.

6.6 Immunosuppression, Secondary to Drugs

There are many different classes of drugs that modulate the response of the immune
system. Given that many of the patients referred for patch testing have some sort of
dermatitis, it is not unusual for them to be taking an immunosuppressing drug. The
relative impact of each on patch testing is a matter of current debate, complicated by
the lack of placebo-controlled studies (Johansen et al. 2015).

* Anti-histamines and Cromoglycate — These drugs do not influence the results of
the patch tests and can be used whilst performing them (Johansen et al. 2015).
Anti-histamines may provide symptom relief to some patients with positive
reactions.

» Topical corticosteroids — They only affect patch testing if they are applied to the
patch testing area (Johansen et al. 2015). Small studies have demonstrated this
(Johansen et al. 2015; Smeenk 1975; Sukanto et al. 1981; Green 1996). They
modulate the positivity of these tests in several ways: immunosuppressive effect,
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vasoconstrictor effect and epidermal rebound phenomena (Johansen et al. 2015).
According to current practice, not applying topical corticosteroids for 7 days prior
to testing is considered adequate, although there are no controlled studies
concerning this (Johansen et al. 2015).

* Systemic corticosteroids — Systemic corticosteroids have been shown to suppress
patch test reactivity. Earlier studies in the 50s, 60s and 70s strongly indicated it, but
lacked procedural consistency (Sulzberger et al. 1952; O’Quinn and Isbell 1969;
Feuerman and Levy 1972; Condie and Adams 1973). In recent years, a multicentre
study demonstrated that prednisone (20 mg/day) reduced the number and intensity
of the reaction of positive patch tests compared to placebo (Anveden et al. 2004).
This effect seemed to be avoided if the dose was of only 10 mg/day of prednisone
(Olupona and Scheinman 2008). Other corticosteroids are less studied, but a study
with betamethasone (2mg/day, equivalent to 16.7 mg of prednisolone) for 6 months
revealed a reduction on positive reactions of 42.8% (Verma et al. 2016a). This is a
higher rate than the one was observed with the 20 mg/day of prednisone, suggesting
that a specific corticosteroid may impact patch tests in more ways than that which
can be determined by simple dose equivalency with prednisone.

e Other immunosuppressants (cyclosporine, azathioprine, methotrexate,
mycophenolate mofetil, tacrolimus, dupilumab, rituximab, infliximab,
adalimumab, etanercept, and others) — like corticosteroids, these drugs have the
capacity to inhibit the immune system and, possibly, the reaction responsible for
eliciting a positive result (Patel et al. 2018). Some are used and effectively treat
allergic contact dermatitis (Patel et al. 2018). However, very little is known of the
actual effect these drugs have on patch tests. Some data show positive results can
still be found in patients taking these drugs, but the rate of false negatives is not
known (Wee et al. 2010; Rosmarin et al. 2009; Pigatto et al. 2008; Verma et al.
2016b; Puza and Atwater 2018). While it is best to patch test when patients are off
immunosuppressants, immunosuppressive therapies should not be an absolute
contraindication to patch testing.

* Cancer and chemotherapy — Skin conditions are very frequent in cancer patients
(Phillips et al. 2018). In a study where 412 cancer patients with skin complaints
were evaluated by dermatologists, 645 diagnoses were reached (Phillips et al.
2018). Across all diagnoses, the specific conditions of herpes zoster (4%) and
contact dermatitis (3%) occurred most frequently (Phillips et al. 2018). Despite
this indication of the frequency of contact dermatitis in cancer patients, there are
no studies on the effect of active chemotherapy on patch tests results.

In summary, anti-histamines and cromoglycate can be taken and have no effect on
patch testing. Topical corticosteroids, if being applied to the patch testing area,
should be suspended for 7 days prior to testing. If a patient is taking systemic
immunosuppressants (corticosteroids, cyclosporine, etc.), whenever possible, they
should suspend them and wait for a period of five half-lives of the specific drug
before patch testing. If it is imperative to continue the treatment, it is recommended
to reduce its dose to the minimum possible dose and proceed with patch testing.
There is the risk of false-negative reactions. However, many positive relevant
reactions can still be found. Whenever possible, after the patient weans off the
medication, the tests should be repeated.
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6.7 Patients Under Inmunomodulatory Drugs or Treatments

Some treatments are also known to modulate the immune system, without inducing
immunosuppression:

» Retinoids — They can be used to treat certain forms of eczema, like hand eczema
(Johansen et al. 2015; Kostner et al. 2017). However, there are no reports
assessing their effect on the positivity of patch tests (Johansen et al. 2015).
Topical retinoids are known to be irritant and it is strongly advised that patients
refrain from applying topical retinoids to the patch test area (Fullerton and Serup
1997; Greenspan et al. 2003). There are no data on systemic retinoids.

* UV radiation — Ultra-violet radiation has a known immunomodulatory effect on
the skin (Johansen et al. 2015). It induces a reduction in epidermal Langerhans
cells numbers; UV-B temporarily reduces the ability to elicit an allergic reaction;
and UV-A, in combination with psoralen, causes a reduction of patch test
reactions (Johansen et al. 2015).

» Patients are advised not to have a suntan or use a sunbed 2—4 weeks before patch
testing (Fonacier 2015).

* Omalizumab — There are no reports which suggest that patch test reactivity is
altered by omalizumab.

e Allergen immunotherapy — Some reports suggest that subcutaneous immunother-
apy can induce contact allergy to aluminium in the form of granulomas (Verma
etal. 2016a; Patel et al. 2018; Wee et al. 2010; Rosmarin et al. 2009; Pigatto et al.
2008; Verma et al. 2016b; Puza and Atwater 2018; Phillips et al. 2018; Fullerton
and Serup 1997; Greenspan et al. 2003; Vogelbruch et al. 2000; Garcia-Patos
et al. 1995; Castelain et al. 1988). However, this fact failed to be demonstrated in
a larger study (Netterlid et al. 2013). No studies exist to indicate that patch test
reactivity is altered during immunotherapy.

6.8 Pregnancy or Lactation

Patch testing during pregnancy or lactation is not known to be harmful, but most
physicians postpone testing as a general precaution (Johansen et al. 2015). There is
no reason to suspect patch testing will have any deleterious effect on the pregnancy
or baby (Johansen et al. 2015). However, in most cases, there is no urgent need for
immediate testing and testing can be postponed a few months.

7 Applying the Recommendations to Clinical Practice

All patients have unique characteristics. Taking into account all the previous aspects
is necessary in order to arrive at a correct diagnosis. Figure 4 offers a summary of all
the steps:



J. Marcelino and A. M. Giménez-Arnau

242

FINVAIIIH DONISSISSY

Adae
[ENUP NOLIM  UOREZRISUIS 5] A3l w
“swodwis [eajuy Aue
a5nea jou saop wafsaje ay) o1 aunsodxy o
FINVATIIY
TWIINMD  LNOHLIM  NOLLDYIH  JALLISOd

"suo|sa)

WaN3 01 palel Apdaulp Jou ‘suoisa)|

ey 1sed supepdxa ualuage ansod ay) -
IDNVAIITY LSWd HLIM NOLLDVIY JALLISOd

“aunsodxa uadliaje ayl yum ajquedwos ag
PInoys suopsa) ayl jo waned vounguIsig
ualiaj|e ay yym 131000
ul speuwssp syl jo BupuasiomBunpEp
o Moasly B 3q pnoys  asayl W
“USEYNSUOD AL PAIBATIOL LBIYM SUDISI|
wauny suedes ualsaje aansed Ay .
FINVAIIIH
LNISIH/LNIHEND HLIM NOLLIYIY JAILISOd

SNOLLIYIH JAILISOd 3NYL ONININEZLI0

")N5aL ULuoD

01 1531 vonedydde uado Jeadas Japsuoy o

“|epatew Sunsay panIpIRpURIS-UOU JO 35 O
‘suaiiaje Auew

0} suopIeas anysod pazeaualfodnn  ©
"ayis 3594 yned

U3 UD sPIEULap aARdE Jo upys pafieweg o

41 IAILISOd IS4 HITISNOD

‘SIS0 SO SAISAN
Bupueiuos snd ‘sapnisnd ‘sia0(n ‘vondeas
sundind eyl SUSMEAS  JUBIagNXg O
“(ewapiia
paieos]) adJepns upgs Ayl jo Bujpjupm
oufauy  pue  suiiew  pafpa-dieys ©
“(uonoeas opuaassap) suipeas Jare|
e aanedau ing ‘uopdeas aspsod [ep)
“NOILIVIY LNYLIHH
FALSOd 40 JALSIDONS SILSIHILIVHYHD

o

“azepns
upgs a4l go Buipupmfups o uepeaju)
“Buipeas yaes yum Jupsa

yned up (opuassan) uepsea Buseasu o
INOILIVEY JIDHITIY

NSO 40 FAILSIDONS SIULSIHILIVHVHD

-1

535V T123dS ONY 51531 HOLYd 143d

3unsd) yored 0} sdais ¢ *Big

DNLLSAL HMYd

“SUD|IEPUIWILLIOORS

|esoual Mmooy ‘eiep uamiynsy) & Adelsyloways pue U)W
“SUDIIEPUILIIOIAS

H € hdesay ualiagy .
‘SUSREPUALILICIA]

|esauad mojjo) ‘elep wepnsul & s3|Fo|o|q JaYl0 puR QEWNZ|FWD e

“Bujisal yned 2U0jaq ${9M -7 PIGUNS IO UEIUNS PIOAY & UOHEIPEI AN«
“SUB[IEpUBLILOIaS |esaUaE 35N ‘Sploupias JWaisAs U BIED JUBRIYNSU|

"BAUE 3533 y3ed UO PIPIOAR B PINOYS SPIOURAI [E3d0] & SPIOUNAY
“SUOME
anpedau-as|e) §o ¥ gl 51 asay) Bunss yned yum paasosd pue asop
ajgrssed WNWUW 343 03 aanpas ‘paddols aq jouued Snup ayl § “Bnup
@Y1 Jo sanl-j|ey any jo pouad e saqye 1531 yaed pue sBnup dois “a|gissod

I e (ma | P 11403) NWAEAS .

“Bupisay 01 Jousd SARD £ 158 18 PIOAY & SPIOIAISONLICD [Endo) e

“Bupsay yxed uo

|jesaual  mojoy  ‘elep

| ON & | D pue AUY .
sonya

‘SUD[IEpUBLILOa) |[e1aual moj|o) ‘BIEp JUBPIYNSY]  w
SINIILY INVIdSNYHL

'SAIINIIDEHI0 ANNINI AHYINIEG 'S3SYISIO INNWWIOLNY "S3138VIa ‘AIH

“SUO[EPUSILIOIAI [Biauad MOJj04 "UD(s [BUOIS3| PIOAY  «
O9NIUA ‘SHYDS ‘SOOLLVL
‘sanysod a5(e) JO YSU PASEAIIU) jO BIEMBY
“panajyae 5| Buueap Jalye S1|NEaL ULU0Y "PRIAA0IUN 3G ||NS
Aew juenajas se 51531 3yl wiopad ‘ajgpsod Jou 5| Bupeap ae|dwod §| e
“eaue 1531 yaed jo Supeap (un Supsay yaed Suidepp Japsuod e
SLLLLYINGIO 2401y
“suonEpUALIWOIa) [eiauad mojod
Al¥3gna
“PAISAY UBYM (Jdd JO UDIIBIILAOUGD 3INPaY =
‘Juen3|as uaym sualiaje aypads Bulppe ‘sa|ias aujjaseq paInpal as) .
“angaype RBuons a5 .
NIHANHD
ssased epeds o
“§2aM T PUE Y96 ‘Yl 18 sBUIpEa) pue YRl Jo) UoNI0 O
“eq saddn swaped uo sduis yaied aselg o
‘siaqueyd uy suafiaje aselg o

Hod

ANV NC d IN3ILvd

‘uepaeal Auspsuasiadiy adiy pateag «

SUO(IIBA) AUBIGLUBW SNCONY «
‘saunsodxa

|evopiednazo 01 PR S[UIEULEQ =

SIRULISP SNOMEWAZIF =
SHOPLLDP SNOIEWATIN-UON =
“ARID]|B 1IRIUCS O UOINESNS o

“Bupsay yoied Jop smepipuey  ©
swiened ansedxy o
hioisy [eaunp o



Contact Dermatitis: Overcoming Challenges of Specific Patients,. . . 243

8 Conclusion

For the moment, patch tests remain the gold standard for the diagnosis of allergic
contact dermatitis. Knowing how to perform them and the particularities of specific
cases is essential to correctly interpret the results. A correct evaluation and diagnosis
will significantly impact the natural history of the disease and significantly improve
the quality of life of the patient.
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Abstract

B cells are key players in the mechanisms underlying allergic sensitization,
allergic reactions, and tolerance to allergens. Allergen-specific immune responses
are initiated when peptide:MHCII complexes on dendritic cells are recognized by
antigen-specific receptors on T cells followed by interactions between
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costimulatory molecules on the surfaces of B and T cells. In the presence of IL-4,
such T-B cell interactions result in clonal expansion and isotype class-switching
to IgE in B cells, which will further differentiate into either memory B cells or
PCs. Allergic reactions are then triggered upon cross-linking of IgE-FceRI
complexes on basophils and mast cells, leading to cell degranulation and the
release of pro-inflammatory mediators.

Mechanisms underlying effective allergen-specific immunotherapy (AIT)
involve the induction of Tregs and the secretion of blocking IgG4 antibodies,
which together mediate the onset and maintenance of immune tolerance towards
non-hazardous environmental antigens. However, the importance of regulatory B
cells (Breg) for tolerance induction during AIT has gained more attention lately.
Studies in grass pollen- and house dust mite-allergic patients undergoing SCIT
reported increased frequencies of IL-10+ Breg cells and a positive correlation
between their number and the improvement of clinical symptoms. Thus, Breg are
emerging as biomarkers for monitoring tolerance to allergens under natural
exposure conditions and during AIT. Further research on the role of other anti-
inflammatory cytokines secreted by Breg will help to understand their role in
disease development and tolerance induction.

Keywords

Adaptive immunity - AIT - Antibody - B cells - Breg

1 Introduction

B cells play an essential role in type I allergy. In this chapter will be described how B
cells contribute to the development of allergic sensitization, to the effector phase via
the secretion of high-affinity IgE antibodies but also how they participate in immune
tolerance during allergen exposure (Fig. 1).

2 The Contribution of B Cells in the Development of Allergic
Sensitization

The development of type I allergies or immediate hypersensitivity reactions are
characterized by two phases (van Ree et al. 2014). First, an asymptomatic phase,
called sensitization, occurs upon first encounter with a specific allergenic source.
Subsequent exposures to the same allergen can then trigger the effector phase, which
corresponds to the manifestation of the disease.

The sensitization process is orchestrated by the interplay of various immune cells
resulting in the induction of effector type 2 T helper cells (Th2) and an enhanced
production of Immunoglobulin E (IgE), the hallmarks of the allergic sensitization.
During this phase, antigen-presenting cells (APC), mainly dendritic cells (DCs), take
up and process allergens. Activated DCs then migrate to the draining lymph nodes to
present antigenic peptides in complex with major histocompatibility class II
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(MHCII) molecules to allergen-specific naive CD4+ T cells. In the presence of an
efficient co-stimulation and the appropriate local microenvironment, provided by the
cytokine IL-4, they differentiate into Th2 cells that express characteristic cytokines
including IL-4, IL-5, and IL-13 (van Ree et al. 2014). Th2 cells then circulate in the
blood or reside in specialized T cell zones of peripheral lymphoid organs (spleen and
lymph nodes) where they become specialized follicular T helper cells (Tth) waiting
to encounter their specific antigen.

During sensitization, allergens are also recognized by B cells, which are
lymphocytes expressing cell surface antigen-specific immunoglobulins (Ig), also
called B-cell antigen receptors (BCR) (LeBien and Tedder 2008). During their
development in the bone marrow, B cells undergo a structured rearrangement of
their immunoglobulin gene segments in order to generate a huge repertoire of BCR
recognizing over a billion different antigenic epitopes (Gould and Wu 2018). Fully
developed B cells express the isotype IgM and IgD on the cell surface and migrate
into lymphoid follicles of peripheral lymphoid tissues for antigen surveillance
(Pieper et al. 2013; LeBien and Tedder 2008).

The binding of the specific antigen to the BCR of a naive immature B cell triggers
the activation of specific intracellular signaling pathways, internalization of the
antigen-BCR complex, and the subsequent presentation of antigenic peptides in
the MHCII groove at the cell surface. The antigen-activated B cell is concomitantly
guided towards T cell zones in order to facilitate the meeting with the cognate Tth
cell (Cyster and Allen 2019). The communication between both cells involves a cell-
to-cell contact via the interaction of the peptide:MHCII complex and the antigen-
specific T cell receptor as well as through the interaction of the costimulatory
molecules CD40 and CD40 ligand (CD40L) and OX40L and OX40 on the B cell
and T cell surfaces, respectively (Akiba et al. 1999). In addition, a soluble factor,
IL-4, provided by the Th2-like Tth cells drives the switching to IgE. IL-4 acts via the
type I IL-4 receptor and triggers the activation of the STAT6 signaling pathway
(Dullaers et al. 2012; van Ree et al. 2014). In consequence, these signals result in
clonal expansion and isotype class-switching into IgE-expressing B cells, which will

Fig. 1 (continued) allergen-specific naive T cells (ThO) and induce their polarization into type
2 effector T cells (Th2). Allergen-loaded B cells interact with cognate Th2 cells, which triggers their
activation and differentiation into IgE-secreting plasma cells (PC) or memory B cells. Allergen-
specific IgE binds to the high-affinity receptors FceRI on mast cells and basophils in tissues and
blood circulation, respectively. During allergen challenge (in red), the cross-linking of IgE-FceRI
complexes triggers cell degranulation and release of pro-inflammatory mediators such as histamine,
lipid mediators, cytokines, and chemokines and leads to manifestation of allergic symptoms. The
concomitant upregulation of FceRI, interleukin 4 (IL-4) and CD40 ligand (CD40L) leads to an
enhanced and sustained allergic immune response. Regulatory B cells (Breg) are key players in
natural- and allergen-specific immunotherapy (AIT)-induced immune tolerance (in green). Breg
cells secrete allergen-specific IgG4 antibodies that compete with IgEs for allergen binding. Through
the secretion of IL-10, Breg cells display a pleiotropic immunoregulatory function. IL-10 can block
the function of effector T cells (Teff) either directly or indirectly; on the one hand via the induction
of regulatory T cells (Treg), and on the other hand by the inhibition of antigen-presenting cells.
Finally, IL-10 can inhibit degranulation and activation of mast cells
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differentiate into either plasma or memory B cells (Janeway et al. 2001). The
mechanisms underlying this choice are still under investigation; however, studies
have reported that the isotype of the BCR can influence the differentiation path, in
which the IgE BCR promotes a spontaneous preferential differentiation into plasma
cells (PCs) (Cyster and Allen 2019).

The defined state of a sensitized individual is then when the secreted allergen-
specific IgEs have primed mast cells in tissues and basophils in the blood circulation
by binding to their high-affinity receptors, FCeRI.

2.1 Plasma Cells in Type | Allergy

The differentiation of B cells into PCs can occur in two ways, depending on the
duration of allergen exposure. After a short contact with the allergen, activated B
cells can differentiate into short-lived PCs that produce low-affinity IgE antibodies
(Roth et al. 2014). Mouse studies have shown that under certain conditions, the
production of IgEs of low affinity can be sufficient to induce allergic reactions and
occurs in extra follicular areas of the draining lymph nodes (Jimenez-Saiz et al.
2017; Wu and Zarrin 2014). However, in case of a persisting antigen exposure, the
sustained B cell activation gives rise to follicles followed by the formation of
germinal centers (GCs), which are sites of intense B cell proliferation, selection,
maturation, and death in secondary lymphoid tissues. In GCs, B cells initially
continue to proliferate as plasmablasts and then undergo important maturation
steps leading to high-affinity IgE-secreting PCs and memory B cells (Tedder;
Medina et al. 2002; Oracki et al. 2010; Klein and Dalla-Favera 2008). In fact, the
huge variety of antigen specificity is determined by the two variable domains of the
heavy and light chains of the immunoglobulin whereas the function is determined by
the isotype of the constant (C) region of the heavy chains; C epsilon (Ce) being the
heavy chain in IgE (Pieper et al. 2013). Three major modifications occur at the
genetic level of differentiating B cells, which aim to further diversification of their
BCR:

* Firstly, point mutations, termed somatic hyper-mutations, mediated by cytidine
deaminase (AID), occur in the variable regions of the expressed immunoglobulin
gene in order to increase the affinity of the antibody to its respective antigen
(Geha et al. 2003).

¢ Secondly, in a process called affinity maturation, B cells expressing a BCR with
high affinity are selected for proliferation and survival by competing with follic-
ular dendritic cells for antigen presentation to Tth cells (Gould and Wu 2018).
Mutations that improve Ig’s affinity facilitate the efficient activation of the B cell,
whereas cells bearing lower affinity Igs undergo apoptosis. The GCs are therefore
a site of both, high B cell death and proliferation (Janeway et al. 2001; Vinuesa
et al. 2010).

e Thirdly, selected B cells undergo class-switch recombination, also driven by
AID, in order to change the isotype of the expressed Ig while retaining antigen’s
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specificity. In regard to IgE responses, the synergistic effect of CD40L-mediated
co-stimulation and IL4 triggers the genetic rearrangement in the genomic locus of
the heavy chain to replace the constant C region of IgM (Cp) by the constant
region of IgG (Cy) and subsequently of IgE (Ce); the IgE gene being located
downstream of the IgG gene (Geha et al. 2003).

The final differentiation process is controlled by different TFs (e.g., the B cell
specific activating protein and the positive regulator domain I-binding factor 1) and
associated with phenotypic changes (Roth et al. 2014; Dullaers et al. 2012). Even
though PCs still respond to differentiation and survival signals provided by T cells,
such as IL6 and CD40L, they become unable to express MHCII, making them
incapable of presenting antigens to T cells (Saunders et al. 2019). Once their
differentiation is completed, PCs can home into different immune compartments.
PCs that reside in secondary lymphoid organs behave as short-lived PCs. In contrast,
PCs that migrate through the circulation back to the bone marrow and the lamina
propria of inflamed tissues survive in niches as long-lived resident cells, thus,
representing a form of IgE memory (Moutsoglou and Dreskin 2016; Roth et al.
2014).

IgE-secreting PCs are key players of type I allergic reactions due to their capacity
to secrete large amounts of high-affinity and isotype switched IgE antibodies (IgE
proteins represent 10-20% of all synthetized proteins in a PC) (Medina et al. 2002).

2.2 Memory B Cells in Type | Allergy

The humoral immune memory is mostly characterized by the generation of memory
B cells, which are quiescent, antigen-experienced, long-lived B cells originating
from GCs and persisting long after antigen challenge in order to act in the surveil-
lance for antigen in the circulation and mucosal tissues. Under basal conditions,
memory B cells express surface Ig antibodies but secrete them at low rate. Upon
antigen re-exposure, they can mount a rapid and high-affinity secondary humoral
immune response that is more efficient than the primary response (Saunders et al.
2019; He et al. 2017).

Despite the importance of IgE in the pathogenesis of type I allergies, the
mechanisms underlying the generation of IgE memory are still unclear and inten-
sively studied. Most studies support the existence of a memory for IgE-mediated
allergic responses in mice and humans and claim that this memory is attributed to
IgG1l+ memory B cells that can, upon activation, differentiate into IgE-secreting
plasma cells by de novo class-switching to IgE (Talay et al. 2012; He et al. 2013). In
fact, isotype class-switching towards IgE seems to be a sequential procedure in
which a B cell undergoes a successive isotype switch from IgM to IgE via one or
more intermediate isotypes (IgG1 and IgG4). Since, after a primary response, 1gG
precursor cells are selected after somatic hyper-mutations and persist for weeks in
the GCs, the sequential de novo switching generates IgE antibodies of high affinity
(Gould and Wu 2018; He et al. 2013).
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Alternatively, IgE class-switching can occur directly from an IgM precursor cell
resulting in a low IgE affinity and B cell apoptosis during selection in the GC, which
was observed in IgG1-deficient mice that upon repeated immunizations developed
IgE-secreting PCs derived directly from IgM precursor cells. The cells failed to
produce high-affinity IgEs although the levels were comparable to those of wild type
mice, suggesting that IgG1 cells are essential for the generation of high-affinity IgE
influenced by Th2 conditions (Erazo et al. 2007).

The existence of IgE memory B cells is still a matter of debate. Although IgE+
memory B cells have been reported in human, their functionality and cell fate remain
unclear (Talay et al. 2012; Gould and Wu 2018). In mice, IgE memory B cells are
very rare and the reason might be the transiency of GCs containing IgE-expressing B
cells that quickly disappear during the primary response. Indeed, IgE BCRs are
expressed at low levels compared to IgG BCRs, which reduces the ability of these
cells to capture and present antigens and, thus, might explain the poor competition
ability of IgE B cells within GCs (Cyster and Allen 2019).

3 The Contribution of B Cells in the Effector Phase of Type
| Allergy

3.1 B Cell-Derived IgE

In the absence of disease, IgE is present in very low concentrations in the serum (the
lowest of all five isotypes), has a short half-life and, because of its highly active and
rather invasive biological nature, the expression of IgE is tightly regulated (Wu and
Zarrin 2014). IgE antibodies normally serve to protect the host from parasitic
infections such as helminths as well as to neutralize venoms and toxins, preventing
tissue damages of the host. Individuals mounting a protective IgE response have
elevated serum IgE levels but they remain below IgG levels indicating a well-
regulated IgE synthesis. In contrast, when the IgE response is inappropriately
initiated in response to allergen exposure, these antibodies become deleterious in
the pathogenesis of allergic disorders.

3.2 IgE Binding to FceRIl: Mediator Release Function

During the sensitization phase, IgE antibodies secreted by PCs enter the circulation
and, due to their small size (190 kDa), diffuse easily into periphery such as blood
circulation and mucosal tissues. There, IgE molecules bind via their constant region
to the high-affinity receptor, FceRI, on the cell surface of circulating basophils and
tissue-resident mast cells. Such sensitized immune cells react sensitively to allergens
even when the concentration of circulating IgE is low (Dullaers et al. 2012).

Upon re-exposure, the specific allergen binds to the variable regions of adjacent
cell-bound IgE molecules resulting in physical cross-linking of IgE-FceRI
complexes. This interaction triggers activation of downstream signaling pathways
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leading to cell degranulation and release of pro-inflammatory mediators. The early
release of pre-synthesized mediators (e.g., histamine, serine proteases,
carboxypeptidase A, and proteoglycans) is responsible for the immediate phase
reaction of the allergic immune response that develops within minutes. Four to
eight hours thereafter, newly sensitized lipid mediators such as arachidonic acid
products (e.g., leukotrienes and prostaglandin), as well as cytokines and chemokines
(e.g., IL-4, IL-5) are released in the delayed phase reaction that is accompanied by
the recruitment of additional inflammatory cells (such as eosinophils). The resulting
effects are inflammation, vasodilation, increased permeability, smooth muscle con-
traction, and further tissue damages (van Ree et al. 2014).

The manifestations of IgE responses are very variable regarding the magnitude,
the localization, and the type of clinical symptoms (e.g., sneezing, itching, coughing,
eczema). They usually develop at the entry sites as local reaction (the skin, in the
mucosal tissues of the airways, and in the gut) whereas a strong IgE response
associated with a massive mast cell degranulation can cause a potentially lethal
systemic reaction, called anaphylaxis (Gould and Sutton 2008).

3.2.1 Amplification of the IgE Response

Once initiated, the IgE response can be further amplified at the site of inflammation
by the recruitment and activation of other immune cells expressing FceRI such as
basophils, mast cells, and eosinophils. The binding of allergens to the related
IgE-FceRI complex on these cells enhances the expression of FceRI on the cell
surface resulting in a positive feedback-loop that increases the sensitivity to the
allergen. Moreover, it induces the expression of CD40L and the secretion of IL-4.
Therefore, like Th2 cells, these cells can drive class-switching of B cells to IgE, thus,
enhancing the allergic response (Gould and Sutton 2008).

3.2.2 IgE Binding to CD23: FAP and Epitope Spreading

IgE also binds to the low-affinity receptor, FceRII (or CD23), which is expressed on
antigen-activated B cells as well as other immune cells (dendritic cells, epithelial
cells, and eosinophils) (Dullaers et al. 2012). Binding of allergens to the IgE-CD23
complex improves the antigen-presenting capacity of B cells by ameliorating their
aptitude of allergen internalization and presentation to T cells, hence maintaining the
activation of the immune system (Gould and Sutton 2008; Acharya et al. 2010).
Indeed, this process called CD23-mediated “facilitated antigen presentation” (FAP)
is known to be as efficient as the antigen presentation by dendritic cells via FcyR,
and much more effective than BCR-mediated internalization by B cells (Wypych
et al. 2018)

Activated B cells expressing CD23 can bind other pre-existing circulating IgE via
their constant region and thus, present unrelated allergens to cognate T cells regard-
less of the specificity of the B cell’s own BCR. This phenomenon, called epitope
spreading, leads to an enhanced allergic sensitization as well as to the simulta-
neously development of allergic reactions towards several allergens (Gould and
Sutton 2008).
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3.2.3 IgE Binding to CD23: Allergen Transport into Mucosal Tissues
An additional role for CD23 is the transport of free and allergen-bound IgE across
the epithelial barrier into the underlying mucosa (Acharya et al. 2010). In a process,
called transcytosis, IgE secreted into the gut lumen was found to bind food-derived
allergens, which were further delivered to immune cells from the mucosal gastroin-
testinal tract, to trigger food allergic reactions (Gould and Sutton 2008).

3.3 B Cell-Derived IgG in Type | Allergy

As previously mentioned, an IgE response is usually associated with IgG production;
IgG1 and IgG4 production in humans, and with IgG1 production in mice. These IgG
antibodies are playing a significant role in allergy. However, in contrast to IgE, they
are involved in protection and regulation of type I allergic reactions by contributing
to immune tolerance, which will be discussed in detail below.

4 B Cells in Natural and Allergen-Specific Inmunotherapy
(AlIT)-Induced Tolerance

Many advances have been achieved in the field of allergy research over the last
centuries such as the successful implementation of biomarkers (either cellular,
humoral or functional) for the interpretation of clinical outcomes and treatment
efficacy, the development of hypoallergenic vaccine candidates, and the characteri-
zation of hundreds of allergenic molecules and sources. Still, up to now AIT
represents the only treatment option for allergic diseases providing a long-term if
not permanent relief of symptoms. The underlying cellular mechanism enabling an
effective AIT depends on the onset and maintenance of immune tolerance towards
non-hazardous environmental antigens mainly via inducing Treg cells and the
secretion of allergen-specific IgG4 blocking antibodies. At present, limited informa-
tion is available concerning the role of regulatory B cells (Breg) in induction of
immune tolerance in course of AIT but gains more attention by the day. Here, we
describe the involvement of B cells in allergen tolerance and in AIT with special
focus on Breg, an immunosuppressive subset of B cells.

4.1 Altered Antibody Secretion Profile Induced by AIT

The production of antibodies is a crucial function of plasma cells, hence inevitably
associated with the induction of allergen tolerance by AIT mostly characterized by a
10- to 100-fold increased secretion of serological, allergen-specific IgG blocking
antibodies (Jutel et al. 2005; Reisinger et al. 2005). A successful AIT is usually
accompanied by a decreased IgE/IgG4 ratio. Besides this common feature,
AlT-induced changes in allergen-specific IgE levels seem to vary greatly among
studies. Depending on treatment duration, many studies report an early increase in
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allergen-specific IgE levels followed by a later decline (Shamji et al. 2019b; Huber
et al. 2018; Vizzardelli et al. 2018). The increase in the concentrations of specific
IgG1 and IgG4 antibodies mainly results in a competition with IgE for the allergen
and, consequently, in a decreased degranulation and activity of mast cells and
basophils. Besides the competitive function of IgG4, it has other remarkable features
rendering it an anti-inflammatory antibody such as a low binding affinity to Fcy
receptors on immune cells and an incapability to induce complement activation (van
der Neut Kolfschoten et al. 2007). However, the question how antibody subclass
levels are correlating with clinical outcome, as determined by provocation tests or
the scoring of symptoms, remains a matter of discussion. An indicator and broadly
accepted biomarker for treatment efficacy is the blocking capacity of serum-derived
antibodies able to inhibit IgE-facilitated allergen binding (Kouser et al. 2017; Shamji
and Durham 2017). In addition to serological blocking effects, recently, nasal fluids
of SCIT-treated grass pollen allergic patients were found to possess an increased
IgG-associated inhibitory activity compared to untreated patients. The magnitude of
this local blocking activity even exceeded by 27% the serological inhibitory capacity
(Shamji et al. 2019b). Accordingly, the nasal Phl p 1- and Phl p 5-specific 1gG4
levels were increased in the SCIT group. A not negligible aspect when summarizing
AlT-induced alterations of the humoral antigen-specific immune response is the
potential of de novo sensitizations induced as a side effect of extract-based vaccines
serving as source for multiple other allergenic proteins (e.g., minor allergens), which
can induce allergen-specific IgE within the patients.

4.2 Allergen-Specific Breg Cells

When discussing the role of B cells in allergen tolerance, either induced by AIT or
pre-existing in a non-allergic/healthy subject, allergen-specific Breg cells seem to
exert an extraordinary function. By secreting anti-inflammatory cytokines (mainly
IL-10) and the direct as well as indirect suppression of effector T cells, Breg cells are
able to skew the inflammatory allergic immune response towards an immunosup-
pressive, tolerant response. Although several review articles discussing the role of
Breg cells in allergic diseases are available, studies addressing these aspects are
rather limited and urgently needed.

4.2.1 Phenotype of Breg Cells

By definition, Breg cells are classified either upon their functional properties or by
their phenotype, based on the expression of distinct cell surface molecules and signal
transduction-associated proteins such as CD19, CD62L, MHC-II, Fas ligand, T cell
immunoglobulin and mucin domain, and programmed death ligand 1 (van de Veen
2017). Functional-based classification mainly refers to the secretion of immune-
modulatory cytokines such as IL-10, TGF-p, and IL-35 (Layhadi et al. 2019; Shamji
et al. 2019a). An involvement of Breg cells was described for autoimmune and
infectious diseases, as well as for malignancies and organ transplantations (Wortel
and Heidt 2017), where their main function, in general, is to suppress effector CD4+
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and CD8+ T cells and, in parallel, to promote the induction of immune-regulatory
Tregs. In allergy research, Breg cells were mostly investigated in the context of
allergies to bee venom, foods, grass pollen, and house dust mite (Berthelot et al.
2013; Boonpiyathad et al. 2017, 2019; Noh et al. 2010). Allergen tolerance was
primarily described to be associated with IL-10-producing Bregs of either the B
regulatory 1 (Brl) or B10 subset (Noh et al. 2010; Shamyji et al. 2019b; van de Veen
2017). Therefore the focus herein will be on these two subtypes. In human, IL-10-
secreting Brl cells were identified to be CD19+ CD25hi CD71hi CD73—, whereas
B10 cells have a CD19+ CD24hi, CD27+ cell phenotype (Wortel and Heidt 2017;
Berthelot et al. 2013; Iwata et al. 2011; van de Veen et al. 2013). The general
abundance of Brl-like cells in human is relatively low and they encompass approxi-
mately 0.6% of peripheral blood B cells, although this number can increase up to 5%
since, especially, CD24hi CD27+ cells were found to occasionally differentiate into
Brl cells (Berthelot et al. 2013). However, until now, no Breg-specific transcription
factor has been identified.

4.2.2 Function of Breg Cells

With regard to allergic diseases, five major functions can be attributed to Breg cells
in mediating allergen tolerance, which are (1) the cytokine-mediated independent or
(2) the direct suppression of effector T cells (including T follicular helper cells),
(3) the suppression of dendritic cell maturation, (4) the induction of Treg cells, as
well as (5) the secretion of anti-inflammatory antibodies (Lin et al. 2019; Achour
et al. 2017; Palomares et al. 2017; Samitas et al. 2010). Most of these functions can
be allocated to the immunosuppressive activity of the cytokine IL-10, a key regulator
of inflammatory immune responses able to restrict and terminate the responsiveness
of effector T cells. Via induction of a signaling cascade that involves the associated
IL-10 receptor and the transcription factor STAT3, T cell proliferation and cytokine
secretion are downregulated (Schulke 2018; Saraiva and O’Garra 2010; van de Veen
et al. 2013). Breg-secreted IL-10 also affects other critical effector cells involved in
the acute and late-phase allergic reactions. Mast cell degranulation and cytokine
release induced by cross-linking of antigen by FceRI-bound IgE were inhibited by
IL-10-secreting Breg both, in vitro and in vivo conditions (Kim et al. 2015). In
addition to the IL-10 secretion, which decreases the activity of tyrosine kinases in
mast cells by activating the JAK/STAT3 pathway, a direct cell-to-cell contact
through CD40/CDA40L interaction was required to facilitate this suppressive func-
tion. Noteworthy, the direct cell-to-cell contact further enhanced the secretion of
IL-10 by Breg. This study also demonstrated the suppression of IgE-mediated
anaphylactic reactions by Breg cells in an IL-10-dependent manner (Kim et al.
2015). Furthermore, IL-10 prevents antigen-presenting cells such as DCs from
maturation resulting in a diminished signal transduction to Th cells and thus, an
intensification of the suppressive effect on effector T cells (Schulke 2018). In
general, the most important function of IL-10 is to initiate a crucial regulatory
feedback-loop for mediation of anti-inflammatory responses via differentiation of
naive T cells into Treg cells. B10 and other IL-10-producing Breg cells can induce
the differentiation of IL-10-secreting type 1 regulatory T cells (Trl) and Foxp3+
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Treg cells (Pennati et al. 2016; Mielle et al. 2018). Besides the undeniable crucial
role of IL-10 secreted by Breg cells, it should be stated that Breg cells secreting other
anti-inflammatory cytokines such as IL-35, TGF-p, TSP-1, and IDO exist as well
(van de Veen 2017). However, their involvement in allergic diseases has not been
fully investigated yet.

In contrast to the IL-10-mediated indirect suppression of effector T cells, by
expressing Fas ligand Breg cells have the potential to induce apoptosis in effector T
cells, thus mitigating allergic Th2 response by direct cell contact (Tian et al. 2001;
Lundy and Klinker 2014). Finally, the secretion of anti-inflammatory IgG4 blocking
antibodies by Breg cells able to compete with IgE for the allergen is an exceptionally
important aspect in mediating allergen tolerance. Noteworthy, human IL-10-secret-
ing Brl cells were found to represent the main source for the production of
phospholipase A,-specific IgG4 antibodies in bee venom-tolerant subjects (van de
Veen et al. 2013).

4.2.3 The Role of IL-10-Producing Breg in Natural Tolerance

When discussing the role of Breg cells in the context of allergic diseases and the
onset and maintenance of natural tolerance, the comparison between tolerant
subjects and allergic patients becomes evident. Noh et al. investigated the frequency
of allergen-specific Brl cells in milk-allergic and milk-tolerant subjects, which were
selected by double-blind, placebo-controlled food challenges (Noh et al. 2010). The
study showed that the abundance of Br1 cells increased upon allergen stimulation in
the milk-tolerant group (around 9%) and decreased in the allergic group (10%),
implying a superordinate regulatory role of Brl in the maintenance of tolerance in
healthy individuals. In parallel, the level of non-IL-10-producing Breg undergoing
apoptosis increased upon allergen stimulation in the milk allergy group, whereas
remained unaltered in the tolerant group, indicating the presence of at least a second
functional-active Breg subset relevant for allergen tolerance that is not secreting
IL-10. Noteworthy, in this study the frequency of IL-10-producing Breg cells
exceeded the number of IL-10-secreting T cells (Noh et al. 2010). In a study
comparing bee venom-allergic patients with tolerant beekeepers, the authors
observed that allergen-specific IgG4 was mainly produced by Brl cells, secreting
high levels of IL-10, and subsequently resulted in the suppression of CD4+ T cell
proliferation. This suppressive effect could be reversed by blockage of the IL-10
receptor, implying an essential role for IL-10 in the suppression of effector T cells.
Beekeepers, possessing natural tolerance towards bee venom, showed an increased
IL-10 and IgG4 expression by Brl cells, whereas in allergic patients the frequency of
IL-10+ B cells was in general very low (van de Veen et al. 2013).

4.2.4 Induction of IL-10-Producing Breg During AIT

For allergic patients, who are suffering from symptoms resulting from the exposure
to an allergen that is not tolerated by their immune system, the most meaningful
therapeutic action would be the reconstitution of allergen tolerance by AIT. There-
fore, the contribution of Breg in the induction of allergen tolerance during AIT, and
the question to what extent the thereby induced state of tolerance would reflect
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natural tolerance need to be further assessed and discussed. In this respect, van de
Veen et al. investigated the induction of circulating allergen-specific IL-10+ Breg in
bee venom-allergic patients during AIT. The authors observed a steady increase in
the frequency of allergen-specific IL-10+ and IgG4+ B cells, which were presum-
ably Brl cells, in both, treatment-induced tolerant (from 1.8-2.9% to 5.5-13.9%)
and naturally tolerant subjects (non-allergic beekeepers), when compared to the
untreated group (van de Veen et al. 2013). Although the IgE/IgG4 ratio in patients’
sera was significantly reduced upon AIT (100-fold), mainly because of the increase
of IgG4, still a highly significant difference remained between the IgE/IgG4 ratio of
patients undergoing AIT compared to tolerant beekeepers (tenfold), which can
mostly be ascribed to the higher IgE baseline levels that remained unaltered during
the patients’ therapy. In a follow-up study by Boonpiyatha et al. a striking similarity
regarding the allergen-specific B cell response, including IL-10+ Brl cells, IgG4+
memory cells and plasmablasts, was observed between AIT patients before or after
treatment and beekeepers before or during beekeeping season, respectively
(Boonpiyathad et al. 2017). In summary, although in both groups a high similarity
was achieved, AlT-induced allergen-specific tolerance seems not to completely
restore the immunological conditions observed in natural tolerance. Whether high
dose exposure to bee venom, as it is the case in non-allergic beekeepers, can be
interpreted as natural “inherited” tolerance rather than an altered variant of immuno-
therapy is also a matter of debate.

In a recent study, increased frequencies of two distinct populations of IL-10+
Breg cells were observed by monitoring the allergic immune response in and out of
pollen season in grass pollen allergic patients undergoing SCIT. In contrast,
untreated patients had a significantly lower number of Breg that did not change in
and out of season (Shamyji et al. 2019b). In another study, a correlation between Breg
number and the improvement of clinical symptoms was also observed during grass
pollen AIT (Zissler et al. 2018). These findings strongly support a beneficial
regulatory effect of treatment-induced Breg in grass pollen allergic patients.

In the context of another respiratory allergy, the frequency of IL-10+ Breg was
significantly increased in house dust mite-allergic patients who responded well to the
treatment, as shown by the treatment-induced improvement of clinical symptoms,
compared to non-responders (Boonpiyathad et al. 2019). Noteworthy, the induction
of allergen-specific B10 during AIT and the associated improvement of symptoms in
asthmatic, house dust mite-allergic patients were observed to be significantly
enhanced by the concomitant daily administration of oral probiotics (Liu et al.
2016). Taken together, Breg cells could potentially be regarded as biomarkers for
monitoring treatment efficacy in respiratory allergies.

4.2.,5 The New Breg-Treg Paradigm in AIT

The present paradigm indicates that tolerogenic antigen-specific Breg cells are being
induced early during AIT (early treatment/up-dosing phase) and functionally active
prior to the onset of allergen-specific Treg cells. In course of the proceeding AIT
(late-treatment/tolerance-mounting phase), allergen tolerance is maintained by Treg
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cells, which seem to completely take over this function from Breg cells (Zissler et al.
2018; Berthelot et al. 2013).
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Abstract

T helper (Th) and regulatory T (Treg) cells represent important effectors of
adaptive immunity. They mediate communication between the immune system
and tissue sites and thereby coordinate effective defense against environmental
threats or maintain tolerance, respectively. Since the discovery of two prototypic
T helper cells, Th1 and Th2, additional phenotypic and functional distinct subsets
have been described ranging from Th17, Th22, Th9, and T follicular helper cells.
The same holds true for regulatory T cells that represent a family with function-
ally distinct subsets characterized by co-expression of the transcription factors
T-bet, Gata3, or RORyt. Here, we summarize the current knowledge on differen-
tiation and function of T helper and regulatory T cell subsets and discuss their
lineage stability versus plasticity towards other subsets. In addition, we highlight
the direct and indirect contribution of each subset to the pathology of allergies and
indicate novel therapies for specific targeting the effector functions of T helper
and regulatory T cells.

Keywords

Allergy - Plasticity - Regulatory T cells (Treg) - T helper cells (Th cells)

New technologies analyzing single cells on the molecular level coupled to modern
bioinformatics nowadays revealed a plethora of T cell flavors and cell states.
Importantly, such analysis confirmed a very early observation by Mosmann and
Coffman who found already in 1986 two different CD4+ T cell populations that have
been instrumental for our understanding of allergic inflammation, T helper (Th) 1
and Th2 cells. Today it has become clear that the dichotomy between Thl and Th2
cells must be extended to other T cell subsets such as Th17, Th22, follicular helper T
cells (Tth), and regulatory T cells (Tregs) and is mirrored within the innate lymphoid
cell compartment (LINK TO INNATE CHAPTER). Furthermore, plasticity and
imprinting of phenotypes on the epigenetic level complicates a precise
standardization of all T cell states across tissues and potential cell fates. Neverthe-
less, grouping according to phenotypes is still useful to reveal conserved T cell
functions and links to disease endotypes not only for scientific purposes but also for
treatment regimens of patients sharing certain disease phenotypes. This chapter
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provides an overview on currently known adaptive T helper (Th) cell populations
and regulatory T (Treg) cells, their differentiation, general function and plasticity as
well as their direct or indirect involvement in allergic inflammation.

1 Th2 Cells: The Prototype of an Adaptive T Cell Driving
Allergic Inflammation

The term allergy is inevitably associated with one T cell subtype — the Th2 cell. It
was first described together with Thl cells in 1986 by Mosmann et al. (1986) and
defined as IL-4, IL-5, and IL-13 producing T cell. Only a few years later, CD8+ T
cells have been discovered that could be subdivided accordingly into a type 1/type
2 subset (Kaech and Cui 2012). On the innate branch of the immune system, Th2
cells find their counterpart in type 2 innate lymphoid cells (ILC2) with similar
functional features, but without recognition of MHC-displayed antigens and differ-
ent developmental cues (Ishizuka et al. 2016).

1.1 Differentiation of Th2 Cells

The generation of Th2 cells from naive precursors critically relies on the cytokine
IL-4 (Fig. 1). Binding of IL-4 to its receptor on naive T cells induces the phosphory-
lation of STAT6 that in turn enhances the expression of the master transcription
factor Gata3 (O’Shea and Paul 2010). Deletion of Gata3 in CD4+ T cells inhibits the
capacity of these cells to differentiate into Th2 cells (Zhu et al. 2004) and in addition
reduces their proliferative capacity (Zhu et al. 2004). Gata3 orchestrates type
2 differentiation by binding to in total 623 genes. Among those, Gata3 binds to the
IL-4 enhancer leading to increased IL-4 secretion and further STAT6 mediated
transcription of Gata3. This opens a positive feedback loop and ensures maintained
de novo generation of Th2 cells (Agarwal et al. 2000). This feedback loop is further
supported by the T cell growth factor IL-2 that leads to translocation of
phosphorylated STATS into the nucleus and consecutive induction of IL-4 and
IL-4 receptor gene expression (Liao et al. 2008). IL-2 thereby enhances the autocrine
and paracrine responsiveness of developing Th2 cells to IL-4 and supports the
maintenance of the Th2 pool. Th2 cells also secrete IL-5 and IL-13 that are not
involved in the differentiation process, but are exclusively regulated by Gata3
(Yamashita et al. 2002). Whereas Gata3 is with no doubt the master regulator of
type 2 differentiation, other factors have been identified that support type 2 develop-
ment. Here, Dec-2, Tcf-1, Gfi-1 or Ikaros either induce positive regulators or inhibit
differentiation programs into other subsets (e.g., Thomas et al. 2010). Unexpectedly,
Th2 cells also developed in IL-4Ra/IL-4 deficient mice after, e.g., prolonged allergen
exposure or Leishmania major infection (Grunewald et al. 2001) highlighting the
existence of IL-4 independent Th2 differentiation pathways. Here, the Notch path-
way with Rbpj, Notch 1, and Notch 2 has been proven to be sufficient for the
induction of Gata3 and Th2 cell development in absence of IL-4 (Amsen et al. 2009).
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Fig. 1 Overview on CD4+ T cell subsets, their differentiation, phenotype and function. Distinct
CD4+ T cell subsets fulfill (first ring) specific tasks in the human immune system (second ring) and
during allergic inflammation (third ring). They are equipped with a specific repertoire of cytokine
and chemokine receptors (fourth ring) and secrete subset-specific cytokines. Signals from cytokine
receptors are transmitted from the cytoplasm (fifth ring) into the nucleus via STAT proteins. Here,
they induce the expression of subset-specific transcription factors (sixth ring) that in turn initiate the
differentiation program towards the indicated subset. Inhibitory and stabilizing/activating
interactions are highlighted with red or green lines, respectively. Th: T helper cell; Treg: regulatory

T cell; Tth: follicular T helper cell; IL: interleukin; parts of the figures were obtained from vecteezy.
com

Despite the already existing profound knowledge on Th2 cell development, this
finding points to a probably redundant system of naive T cell differentiation even in
the absence of signature factors. However, we are just at the start to understand this
complex system.


http://vecteezy.com
http://vecteezy.com
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1.2 Function of Th2 Cells During Allergic Inflammation

The cytokines of Th2 cells, IL-4, IL-5, IL-13, and IL-31 are critical mediators of
allergic inflammation. Both, IL-4 and IL-13 cause the proliferation and differentia-
tion of B cells to plasma cells that preferentially secrete IgE antibodies. Furthermore,
both induce mucin hypersecretion in the airway, which ultimately leads to airway
obstruction. In epithelial cells, both cytokines lead to the reduction of filaggrin
expression and decreased levels of anti-microbial peptides and thereby to a sustained
damaged epithelial barrier in the skin that consequently results in a dysbiosis and
colonization with Staphylococcus aureus (Eyerich et al. 2009a) (LINK TO AE
CHAPTER). IL-5, on contrary, enhances secretion of IgA antibodies by plasma
cells and is the most important factor for eosinophil maturation, survival, and their
recruitment into tissues. With the release of their preformed granules, eosinophils
contribute to the allergic symptoms by mediating tissue toxicity, oxidative stress,
and activation of mast cells and basophils (Wynn 2015). In addition to these effector
functions, IL-4 and IL-13 can also promote the type-2 differentiation of other cells
such as macrophages (M1/M2, ref) and epithelial cells (E1/E2) (Zissler et al. 2016).

1.3 Heterogeneity of Th2 Cells Is Reflected by Their Diverse
Function

The prototypic Th2 cell produces IL-4 and IL-13; however, during the last years it
appeared that this prototype comes in different flavors, e.g. with co-production of
IL-5, IL-17, and IFN-y (Fig. 2). Consequently, these different phenotypes have
different functions during inflammation. High-level IL-5 producing Th2 cells has
been identified in allergic asthma and depletion of this subset was accompanied by
reduction of eosinophils in the lungs of mice and improved airway
hyperresponsiveness (Upadhyaya et al. 2011).

In steroid resistant airway inflammation, another Th2 subset that co-produced
IL-4 and IL-17 has been identified (Raymond et al. 2011). These IL-4 + IL-17+ T
cells were more pathogenic than classical IL-4+ Th2 or IL-17+ Th17 cells and lead
to mixed and augmented infiltration of eosinophils, neutrophils, macrophages, and
lymphocytes into the lung. IL-4 + IL-17+ double-positive T cells have been also
described in human skin inflammation where IL-4 inhibits the anti-microbial defense
of IL-17 and thereby might contribute to the microbial dysbiosis of atopic eczema
skin (Eyerich et al. 2009a). Finally, interferons induced by systemic viral infections
are able to reprogram committed Th2 cells into IL-4 and IFN-y coproducing T cells
that can be essential to prevent viral persistence and associated immunopathology
(Hegazy et al. 2010).
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Fig. 2 Functional diversity of the main CD4+ T cell subsets towards other subsets. Naive T cells
differentiate into seven main subsets, Th1, Th2, Th9, Th22, Th17, Tth, and Treg (dark gray line).
These subsets are either terminally differentiated and their phenotype is quite stable (phenotypes in
outer ring) or present with a functional diversity and phenotypic features (cytokine and transcription
factor expression) of other subsets. These phenotypic diverse subsets develop either from naive T
cells in presence of cytokines or microorganisms and often in a tissue- and disease-specific context
or by conversion of already differentiated T cells

1.4 Therapeutic Targeting of Type 2 Cells in Allergic Diseases

The importance of type 2 cytokines in allergic inflammation is impressively
demonstrated in recent studies in which the IL-4 receptor alpha chain and thus the
efficacy of IL-4 and IL-13 is blocked with a monoclonal antibody (dupilumab). This
new therapy is already approved for moderate to severe atopic eczema, while recent
studies are investigating efficacy in asthma and eosinophilic esophagitis. For the first
time, this biological achieved a 75% improvement in the symptoms of atopic
dermatitis in approximately 50% of the study patients — a breakthrough in this
difficult-to-treat disease (Simpson et al. 2016). Furthermore, Mepolizumab and
Reslizumab (both targeting IL-5) and Benralizumab (targeting the IL-5 receptor)
are approved for treatment of asthma. Neutralization of the central mediator of itch,
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IL-31, reduced pruritus in two phase two studies II of atopic eczema patients, but did
only moderately improve disease severity. Other cytokines such as IL-13
(Tralokinumab, Lebrikizumab), TSLP (Tezepelumab), or IL-33 (REGN3500,
ANBO020) and the surface marker of a Th2 subset, CrTh2 (Fevipiprant), are currently
evaluated in clinical trials (Eyerich et al. 2019; Wollenberg et al. 2019).

In conclusion, the Th2 cell is the prototypic adaptive immune cell involved in
allergic inflammation. By secretion of cytokines, Th2 cells have many effector
functions in diverse organs leading to barrier disruption, infiltration of immune
cells with consecutive tissue inflammation, and instruction of B cells to secrete
IgE. Targeting the effector cytokines of Th2 cells has revolutionized the treatment
of atopic eczema and will hopefully continue its triumphal therapeutic path in other
allergic diseases (LINK TO AE CHAPTER).

2 Th9 Cells: The Sibling of Th2 Cells

IL-9 has long been considered a Th2 cytokine until 2008 a T cell population that
produced IL-9 independently of IL-4, IL-5, or IL-13 was described. According to its
lead cytokine, this T cell subset was called Th9 (Veldhoen et al. 2008). Only a little
later, the CD8+ T cell counterpart was described (Visekruna et al. 2013). In addition
to IL-9, Th9 cells also secrete IL-3 and IL-21 (Kaplan et al. 2015) (Fig. 1). In fact,
there is a close connection between Th2 and Th9 cells, since Th2 cells can differen-
tiate into Th9 cells by administering TGF-f, which is why both populations belong
to the class of type 2 cells (Veldhoen et al. 2008). Moreover, the tight functional
associations between IL-9 and other type 2 cytokine secreting cells are further
mirrored in ILC2s which are under some conditions even the dominant IL-9 produc-
ing cell type (Wilhelm et al. 2011).

2.1 Differentiation of Th9 Cells

In contrast to other T cell subsets, no specific transcription factor has been identified
for Th9 cells so far and it seems that the differentiation of this subset depends more
on a combination of factors that interact during the developmental process. The most
critical cytokine in generation of Th9 cells is TGF- combined with the signaling
cascades induced by IL-2/STATS and IL-4/STAT6. As both STATS and STAT6
mediate Th2 development, the main function of TGF-f is to block this differentiation
path. In addition, TGF-P induces a bunch of transcription factors such as Smad2,
Smad3, Smad4, and PU.1 that all bind to the promoter of IL-9 and enhance its
expression. PU.1, furthermore, builds a complex at the IL-9 promoter with the
histone acetyltransferase GcnS leading to enhanced transcriptional activity and
probably maintained IL-9 expression (Goswami and Kaplan 2012). STATS also
directly binds the IL-9 promoter and supports PU.1 function, whereas IL-4 and
STATG6 block Foxp3 induction by TGF-f and thereby the development of Tregs. Just
recently, Foxol, a transcription factor regulating cellular fitness and growth (Newton
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et al. 2018), has been shown to be involved in Th9 development by enhancing IL-9
expression (Malik et al. 2017).

2.2 Functions of Th9 Cells During Allergic Inflammation

Owing to their close relationship, Th9 and Th2 cells share many functional features.
Naturally, Th9 cells are important for defense against helminths and immunity
against tumors. Here, IL-9 induces activation of mast cells and goblet cell hyperpla-
sia with consecutive increased mucus production and worm expulsion (Licona-
Limon et al. 2013). IL-9, furthermore, increases the response of mast cells against
tumor cells (Purwar et al. 2012). Further anti-tumor activity of Th9 cells is mainly
dependent on IL-3 and IL-21 that enhance the survival of antigen presenting
dendritic cells in the tumor environment and the cytotoxic activity of NK cells,
respectively (Park et al. 2014; Vegran et al. 2014). These beneficial functions,
however, can turn pathologic if they are not properly controlled and lead to auto-
inflammation. As IL-9 is able to activate mast cells and eosinophils and induces
mucus production and bronchial hyperresponsiveness (Kaplan et al. 2015), Th9 cells
are prone to influence the pathogenesis of allergic diseases. So far, Th9 cells have
been described in asthma, allergic rhinitis, chronic rhinosinusitis, atopic dermatitis,
allergic contact dermatitis, and food allergy. Higher numbers or Th9 cells have been
detected in blood of allergic asthma and atopic eczema patients as well as in patients
sensitized to house dust mite (Jia et al. 2017). Furthermore, IL-9+ cells are increased
during the pollen season in nasal mucosa and reduced after immunotherapy (Nouri-
Aria et al. 2005) highlighting their responsiveness to therapeutic regimens. Beyond
the description of presence of Th9 cells in disease, the transfer of Th9 cells in mouse
studies confirmed their involvement in asthma pathogenesis (Yao et al. 2011).
Interestingly, transfer of the CD8+ T cell counterpart, the Tc9 cells, was without
effect. Only a co-transfer of a sub-pathogenic number of Th2 cells led to the
development of asthmatic symptoms (Visekruna et al. 2013) indicating a close
interaction of Tc9 (and presumably Th9 cells) with Th2 cells leading to the aggra-
vation of allergic symptoms.

23 Targeting of Th9 Cells in Allergic Diseases

So far, no therapy targeting IL-9 or Th9 cells has been approved. A humanized
monoclonal antibody targeting IL-9 (MEDI-528) has been tested in a Phase Ila trial
in 36 patients with mild asthma, but did not show improvement of lung function.
Co-administration of MEDI-528 with the current treatment did also fail to show
efficacy (Oh et al. 2013). However, in a small study with nine mild to moderate
asthma patients with exercise induced bronchoconstriction (EIB), MEDI-528 had a
positive effect on EIB (Parker et al. 2011). With respect to the high heterogeneity of
asthma patients, the small clinical trial cohorts investigated so far and the promising
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results from mouse models, the treatment with MEDI-528 might be effective in a
subgroup of patients and needs further investigation in the future.

In conclusion, Th9 cells and IL-9 are increased in allergies arguing for a patho-
genic role of these cells. The identification of functional differences between Th9
and Th2 cells as well as the identification of disease endotypes that might respond to
targeting of IL-9 needs clarification.

3 Th1 Cells: Anti-type 2 or Pro-inflammatory?

Thl cells are characterized by the secretion of their lead cytokine IFN-y and the
expression of T-bet as master transcription factor (Fig. 1). Whereas their general
function is to detect intracellular pathogens and to kill infected as well as tumor cells,
their role in allergy is controversial — it ranges from anti-allergic by inhibiting Th2
development to aggravating by the induction of apoptosis recruitment of immune
cells to the inflamed peripheral tissue.

3.1 Differentiation of Th1 Cells

Development of Th1 cells critically depends on IL-12 and IFN-y. IL-2 induces via
STATS the expression of IL-12 receptor beta (IL-12Rb) that renders naive T cells
responsive to IL-12. IL-12 in turn activates STAT4 and leads to expression of the
master transcription factor of Th1 cells, T-bet. T-bet then enhances the expression of
IL-12Rp and IFN-y that in turn stabilizes T-bet expression via STAT1 (Schulz et al.
2009). Therefore, Th1 differentiation depends on two feedback loops that sustain the
phenotype — the IL-12/STAT4/T-bet and the IFN-y/STAT1/T-bet loop. Interest-
ingly, Thl differentiation can also happen independently of IL-12 and IFN-y
in vivo during infection with some bacteria, viruses, or parasites indicating that
products of microorganisms might be sufficient to induce efficient Thl mediated
inflammation (Szabo et al. 2003). According to IL-4-independent Th2 differentia-
tion, the Notch pathway is also involved in IL-12-independent Thl development.
Here, Toll-like receptor ligands such as LPS or CpG-containing DNA interact with
dendritic cells and upregulate Delta-like ligands that bind to Notch on naive T cells
and activate the Th1 differentiation process efficiently in environments that lack or
only have limited amounts of IL-12 (Amsen et al. 2009).

3.2 Functions of Th1 Cells During Allergic Inflammation

The role of Th1 cells in allergic diseases is controversial and ranging from anti-type
2 to pro-inflammatory. On the one side, it is well established that once the Thl
differentiation program is initiated differentiation towards Th2 is inhibited by the
action of T-bet (Djuretic et al. 2007). In addition, IFN-y, by activation of STATI,
inhibits de novo differentiation of Th2 cells, proliferation of Th2 effector cells and
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eosinophil recruitment into the lung. Furthermore, IFN-y inhibits class switching to
IgE and induces IgG antibodies instead that might neutralize allergens and facilitate
Fcy receptor mediated endocytosis (Sehra et al. 2003). Interestingly, IFN-y produc-
ing T cells are increasing after 3 years of allergen-specific immunotherapy, which
may be related to the restored balance of Th1/Th2 cells (Zissler et al. 2018). On the
other side, one finds an increased IFN-y production in severe asthma and atopic
dermatitis especially in chronic lesions (Eyerich and Novak 2013). By its capacity to
induce apoptosis in target cells, e.g. mucus producing cells, T cells, or eosinophils,
IFN-y might be beneficial during allergic inflammation. However, apoptosis is a
pathogenic event during allergic contact dermatitis and definitely leads to aggrava-
tion of tissue pathology. Through its differential effects on immune and epithelial
cells (Zissler et al. 2016), IFN-y contributes to the increased recruitment of effector
cells into the tissue and their activation, which not only aggravates an allergic
reaction, but can also lead to a chronic course.

3.3 Treatment of Allergic Diseases with Recombinant IFN-y

As Thl cells are, except in allergic contact dermatitis, underrepresented in allergic
inflammation, targeting of IFN-y is not of use. However, due to the potential
beneficial effects of IFN-y, administration of this cytokine has been considered as
therapeutic option. Indeed, several clinical trials have been performed with atopic
eczema patients treated with recombinant IFN-y showing improvement of skin
lesions and also allergic comorbidities such as asthma, allergic rhinitis, and ocular
symptoms with relatively little side effects (Brar and Leung 2016). The observation
of Czarnowicki et al. (2015) that skin homing T cells of young children produce
lower levels of IFN-y compared to adults combined with a high variance in lesional
IFN-y levels in adult patients indicates that recombinant IFN-y therapy should be
only considered in a personalized and endotype-based approach.

In conclusion, Thl cells counteract Th2 mediated pathology and enhancing their
activity during acute allergic reactions in clearly type 2 mediated pathogenesis might
be beneficial, however, associated with inflammatory side effects.

4 Th17 Cells: Aggravating, But Only in Certain Disease
Endotypes

The existence of Th17 cells was first described in 2005 and not only led to the
questioning of the previously valid T cell division into Th1 and Th2, but also paved
the way for the discovery of further T cell subtypes. Th17 cells are characterized by
expression of the master transcription factor RORyt and secretion of IL-17A,
IL-17F, IL-21, and IL-22. (Fig. 1) On the innate arm of the immune system IL-17
family members as well as IL-22 are constantly expressed by ILC3s residing
predominantly in the lamina propria of the gut. The main function of Th17 and
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ILC3 cells is defense against extracellular bacteria and fungi at epithelial barrier
organs.

4.1 Differentiation of Th17 Cells

Differentiation of Th17 cells critically relies on the presence of IL-6 that induces
STATS3 and in turn activates expression of RORyt and consecutively production of
IL-17 (Zhou et al. 2007). The contribution of TGF-f has been controversially
discussed. As TGF-f is able to inhibit expression of IL-4 and IFN-y by negatively
regulating T-bet and Gata3 expression, it was identified as important factor during
the differentiation process of Th17 cells (Harrington et al. 2005). While two reports
noted that TGF-f might be dispensable for the development of human Th17 cells
(Acosta-Rodriguez et al. 2007; Wilson et al. 2007), others have identified a delicate
balance between TGF-p and IL-6 that decides about the fate of naive T cells to
develop either into Th17 cells or Tregs. Here, high levels of TGF-f combined with
low levels of IL-6 favor Treg differentiation whereas vice versa high levels of IL-6
prevent expression of Foxp3 and thereby favor Th17 differentiation (Yang et al.
2008). The controversial role of TGF-f has been at least in part solved by work of
Ghoreschi et al. that described phenotypic and functionally different subsets of Th17
cells, pathogenic (IFN-y+) and non-pathogenic (IL-10+) T cells, that develop in
absence or presence of TGF-p, respectively (Ghoreschi et al. 2010). IL-6 further-
more induces IL-21 expression via STAT3 that leads to an autocrine upregulation of
IL-23 receptor expression and responsiveness of developing Th17 cells to IL-23.
Both IL-21 and IL-23 are dispensable for the differentiation process, but however,
foster the development of the pathogenic phenotype with an enhanced secretion of
IFN-y via STAT3 (Lee et al. 2009). IL-1p represents another part of the Thl7
differentiation cocktail as it induces RORyt and IL-17 even independent of IL-6 or
IL-23 and as it counteracts the inhibitory role of IL-2 on RORyt and IL-23 receptor
expression (Acosta-Rodriguez et al. 2007; Kryczek et al. 2007).

4.2 Function of Th17 Cells During Allergic Inflammation

The primary function of Th17 cells is to protect epithelial barriers from invading
bacterial and fungal pathogens. Here, type 17 cytokines induce a bunch of anti-
microbial peptides, pro-inflammatory cytokines, and chemokines in epithelial cells
that either directly kill pathogens or recruit immune cells such as neutrophils to the
site of invasion to assist in clearance of invaders (Stockinger and Omenetti 2017).
However, Th17 are not much famous because of their protective, but because of their
detrimental role in autoimmune diseases such as multiple sclerosis, rheumatoid
arthritis, and inflammatory bowel disease (Stockinger and Omenetti 2017). Evidence
that IL-17 producing T cells play a role in the allergic diseases is found in studies of
asthma, allergic rhinitis, allergic contact dermatitis, food allergy, and atopic derma-
titis. However, IL-17 is not present in all patients, but seems to be associated with
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endotypes characterized by an increase in neutrophilic granulocytes and is associated
with a more severe phenotype (Al-Ramli et al. 2009). Next to the recruitment of
neutrophils, IL-17 acts on airway smooth muscle cells and induces their contraction
as well as migration (Al-Alwan et al. 2012; Kudo et al. 2012). Thereby, IL-17 is
involved in the development of airway hyperresponsiveness and increased mucus
production mediated by goblet cell hyperplasia and tissue remodeling and prone to
impact on the pathogenesis of asthma (Oda et al. 2005). By its ability to strengthen
the epithelial defense against microorganisms, IL-17 is always found in places with
an increased risk of pathological colonization such as gut, lung, or skin. However, in
the case of an intrinsically disturbed barrier, as observed in atopic eczema, presence
of Th17 cells appears to be counterproductive and aggravating through the increased
recruitment of neutrophils and the subsequent tissue inflammation. In addition, the
per se beneficial function of IL-17 in anti-microbial defense is dramatically reduced
in a type 2 mediated environment as IL-4, IL-5, and IL-13 counteract the induction
of anti-microbial peptides in epithelial cells allowing the establishment of epithelial
dysbiosis (Eyerich et al. 2009a).

4.3 Targeting of Th17 Cells in Allergic Diseases

Targeting the development and effector functions of Th17 cells has a longstanding
history in the field of tissue inflammation and autoimmunity, however, not in the
field of allergy. TNF-a inhibitors such as Etanercept and Infliximab have been used
off-label to treat atopic eczema patients and were either not effective or showed
contradictory results (Jacobi et al. 2005). In asthma, TNF-a inhibitors are no longer
followed due to a high risk of developing side effects (Eyerich et al. 2019).
Ustekinumab, an antibody targeting the IL-12p40 subunit and thereby affecting
IL-12 and IL-23, has been used to treat atopic eczema with no effect (Khattri et al.
2017). Clinical trials to block IL-17 or the IL-17 receptor have so far shown no
promising effects in the context of asthma therapy (Busse et al. 2013; Kirsten et al.
2013). However, these studies have not focused on IL-17+ asthma patients and it
remains to be seen how this specific subgroup of patients might benefit from the
inhibition of IL-17.

In conclusion, the contribution of Th17 cells to allergic diseases seems to be
rather pro-inflammatory/aggravating than protective, but in general their part in the
complex network of allergic inflammation has to be critically evaluated in a disease-
and tissue-specific manner.

5 Th22 Cells: Contributors to the Chronic Phase of Allergic
Inflammation

Th22 cells joined the T helper family in 2009 (Duhen et al. 2009; Eyerich et al.
2009b) and are together with Th17 cells referred to as type 3T cells. Th22 cells are
characterized by secretion of their name-giving cytokine IL-22 and co-produce
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TNF-a but no other subtype specific cytokines such as IL-4, IFN-y, or IL-17
(Eyerich et al. 2009b) (Fig. 1).

5.1 Differentiation of Th22 Cells

Whereas some factors important for differentiation of Th22 cells are known, the
detailed mechanisms and master transcription factor/s are not well understood so far.
Especially the developmental processes that dissect IL-22 producing Th17 cells from
Th22 cells are yet unknown.

Th22 cell develop in a micromilieu containing IL-6 and TNF-a. IL-6 activates
STAT3 that in turn initiates the transcriptional profile of Th22 cells. Interestingly,
addition of IL-1p to the cocktail leads to development of IL-22 producing Th17 cells.
Addition of TGF-p completely abrogates Th22 development (Duhen et al. 2009).
While the differentiation conditions are known, there is still some speculation about
the master transcription factor of Th22 cells (Trifari et al. 2009). So far, the aryl
hydrocarbon receptor (Ahr) represents the only identified transcription factor, how-
ever, it only plays a major role in the regulation of IL-22 production, thus in the
maintenance of the phenotype, but does not regulate the de novo differentiation of
Th22 cells from naive T cells (Effner et al. 2017). Also the plasticity of Th22 towards
other subsets, e.g. Th17 or Thl cells as well as the fact that the existence of Th22
cells in mice has been not proven beyond doubt hampers the detailed understanding
on their developmental paths.

5.2 Functions of Th22 Cells During Allergic Inflammation

Since mouse models with a specific knockout of Th22 cells do not exist, the function
of these cells must be evaluated according to the effects of their lead cytokine IL-22.
Since the IL-22 receptor is expressed exclusively on epithelial cells, IL-22 is a
cytokine that plays an important role in the immune system’s instruction of tissue
cells. IL-22 stimulates the proliferation and migration of epithelial cells while
preventing their differentiation and reducing their sensitivity to apoptosis (Wolk
et al. 2004). In addition, IL-22 stimulates the production of anti-microbial peptides
and stimulates the defense of pathogens at the interfaces of the organism. Taken
together, these effects cause regeneration and preservation of the epithelial barrier
(Eyerich et al. 2009b). Models of asthma, inflammatory bowel disease, pancreatitis,
hepatitis, and bacterial infection hence have demonstrated a protective effect of
IL-22 during inflammation (Sabat et al. 2014). However, if this per se positive
function is dysregulated, it may contribute to the pathogenesis of various diseases,
such as psoriasis that — due to massively dividing keratinocytes — can be regarded as
an overactive wound healing reaction. Since no specificity for classical aerosol- or
food-derived allergens has been identified for Th22 cells so far, this T cell subset
probably might play a more indirect pathologic role in the field of allergy. In allergic
rhinitis and atopic eczema, expression of IL-22 in tissue correlates with elevated
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serum IgE levels (Farfariello et al. 2011). Interestingly, IL-22+ T cells are present in
high numbers in chronic lesions of atopic eczema, which, with a marked thickening
of the epidermis (acanthosis), often resemble those of psoriasis. While type
2 cytokines such as IL.-4 and IL-13 inhibit Filaggrin expression and thereby induce
a damage to the skin barrier, recruitment of IL-22+ T cells may be a compensatory
effect to fight against microorganisms such as Staphylococcus aureus that now have
the possibility to colonize deeper areas of the skin. IL-22 attempts to counteract this
colonization by inducing anti-microbial peptides, which, however, are less potent in
a type 2 dominated microenvironment (Eyerich et al. 2009a). In addition, IL-22
enhances keratinocyte proliferation and tries to restore the barrier, however, due to
reduced Filaggrin expression barrier integrity is disrupted which cannot be restored
by IL-22. Thus, a vicious circle of inefficient pathogen defense and the construction
of a further disturbed epithelial barrier is built up. Th22 cells have been also
identified in human asthma and here, IL-22 counteracts the pro-inflammatory
functions of IFN-y (Pennino et al. 2013). Whereas this points towards an anti-
inflammatory role, the fact that depleting IL-22 in human atopic eczema patients
with an IL-22-specific antibody (Fezakinumab) has beneficial effects, however,
points to a more inflammation-enhancing involvement of Th22 cells during allergic
inflammation (Brunner et al. 2019).

53 Therapeutic Targeting of Th22 Cells in Allergic Diseases

As no Th22-specific marker has been identified so far, IL-22 represents the only
possibility to target the function of Th22 cells. Here, one study has been performed
in 60 moderate-to-severe atopic eczema patients that received Fezakinumab, an
IL-22 blocking antibody, over a period of 20 weeks. Especially severely affected
patients (SCORAD >50) with high lesional baseline IL-22 expression significantly
improved under therapy (Brunner et al. 2019). However, additional studies are
needed to validate the effectiveness in other cohorts and to identify the subset of
patients that might be responsive.

In conclusion, Th22 cells represent a distinct T helper lineage characterized by
IL-22 secretion that is primarily involved in maintaining epithelial barriers. In
allergic inflammation, IL-22 has been described as a pro- or anti-inflammatory
cytokine highlighting that IL-22 function has to be considered with respect to the
local and disease-specific environment.

6 Follicular T Helper (Tfh) Cells: Drivers of Antibody
Production

Tth cells represent a subpopulation of T cells that is found in the germinal centers of
secondary lymphoid organs. Here, they stimulate B cells to proliferate and differen-
tiate into antibody-producing plasmablasts. Tth cells are characterized by the secre-
tion of IL-21, the master transcription factor Bcl-6 and the expression of CXCRS,
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PD-1, Icos, CD40L, Btla-4, Sap and CD84 on their cell surface (Vinuesa et al. 2016)
(Fig. 1). Interestingly, there is also a circulating counterpart in the blood, which also
expresses CXCRS5 and can stimulate B cells to produce antibodies and it is assumed
that these cells represent resting memory Tth cells (Locci et al. 2013). Circulating
Tth cells can be classified into a Th1-like, Th2-like, and Th17-like phenotype based
on their produced cytokines and transcription factors.

6.1 Differentiation of Tfh Cells

Tth cells differentiate as all T cells in secondary lymphoid organs, but in contrast,
stay there as educated effector T cells to instruct B cells. The process of differentia-
tion can be subdivided in three phases. During the priming phase presentation of
high doses of antigens or high-affinity T cell receptors (TCRs) on naive T cells
favors Tth development in the T cell zone of lymph nodes (Tubo et al. 2013). IL-6
acting via STAT3 induces the expression of the master regulator Bcl-6 as well as
IL-21. Together, IL-6 and IL-21 sustain Bcl6 expression and maintain the Ttfh
phenotype (Nurieva et al. 2008). In addition, CXCRS is expressed at the cell surface
whereas CCR7 is downregulated licensing Tth cells from the primary stage to
migrate to the T-B-cell border (Hardtke et al. 2005). In the second stage, T cells
closely interact with B cells via their TCR and the newly induced surface molecules
Icos, CD40L and Sap which stabilizes Bcl6 expression and allows entry into the B
cell follicle where the differentiation process is finished (Choi et al. 2011).

6.2 Functions of Tfh Cells During Allergic Inflammation

The primary function of Tth cells is to help naive B cells to produce IgM and IgG
antibodies. Therefore, Tth cells are an important part of humoral defense against
pathogens. If, however, germinal center responses are not terminated after pathogen
clearance, autoimmune responses might occur. Tth cells have been described in the
pathogenesis of lupus and inhibition of IL-21 function by specific antibodies could
improve auto-inflammation in a lupus mouse model (Choi et al. 2017). The evidence
on the contribution of Tfh cells and especially the involvement of IL-21 in the
pathogenesis of allergic diseases is still quite poor and in some cases contradictory.
Th2-like Tth cells preferentially induce IgE antibodies and an increase of circulating
Th2-like Tth cells has been demonstrated in patients with allergic rhinitis or food
allergy (De Bruyne et al. 2015; Kamekura et al. 2015), but still the exact functional
role of Tth cells in allergic events and the potential of anti-IL-21 therapy remains to
be clarified.
So far, Tfh cells cannot be specifically targeted.
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7 T Helper Lineage Stability Versus Plasticity or Multiple
Functional Identities

The discovery of Th17 cells challenged the Th1/Th2 paradigm and the fact that their
lead cytokine could be co-produced with cytokines of other T cell subsets such as
IFN-y, IL-4, and IL-10 highlighted that our view on T cell phenotypes might be over
simplified. Nowadays plasticity is a well-recognized, but often not fully understood
process in T cell development and function. In general, three kinds of plasticity have
to be distinguished — the first during a meta-stable phase of T cell development, the
second where polarized T cell subsets exhibit a phenotypic plasticity towards
another subset under certain environmental circumstances, and third the complete
reprogramming of a fully differentiated T cell into another subset. All these kinds of
plasticity are regulated by a variety of factors such as cytokines, TCR and cytosolic
signaling, metabolism and finally can be manifested on epigenetic level. As T cell
plasticity alone could fill a book chapter, we would like to refer to some brilliant
reviews in the field and just extract the common notion of T helper cell plasticity
(DuPage and Bluestone 2016; Sallusto 2016; Sallusto et al. 2018) (Fig. 2).

Cytokines are probably the most important factor to induce plasticity in T helper
cells. IL-4, for instance, has the capacity to induce Gata3 and subsequent IL-4
expression in Thl cells (Fig. 2). Vice versa, IL-12, the differentiation factor for
Th1 cells, induces T-bet and IFN-y production in Th2 or Th17 cells (Hegazy et al.
2010). Polarized Tth cells can be pushed towards a Th1, Th2, or Th17 phenotype in
presence of IL-12, IL-4 or IL-6, respectively, whereas the cytokines driving Tth
differentiation IL-21 and IL-6 are able to induce IL-21 expression in Th1, Th2, and
Th17 cells (Lu et al. 2011). TGF-f has been shown to reprogram polarized Th2 cells
towards the Th9 phenotype and also induces Foxp3 expression in Th17 cells (see
below) (Veldhoen et al. 2008).

In addition to cytokines, microorganisms can alter the phenotype of polarized and
developing T helper cells. Mycobacterium tuberculosis or Candida albicans fosters
the development of T cells that co-produce IFN-y and IL-17, whereas Staphylococ-
cus aureus induces IL-17 and IL-10 double-positive cells (Zielinski et al. 2012).
IL-17 and IL-4 double-positive T cells have been described in allergic asthma and
atopic dermatitis (Eyerich et al. 2009a; Wang et al. 2010) which highlight their
potential contribution to disease pathology.

The remaining question is, however, if T helper cell plasticity is the exception or
the rule. There is growing evidence that plasticity is highest early in the differentia-
tion process and nearly lost in terminally differentiated T helper cells (Messi et al.
2003). The fact that plasticity allows flexible responses to invading pathogens in
different tissue environments and that plasticity of Thl cells towards IL-4 or IL-10
secreting cells may reduce detrimental tissue damage argues for a more general
principle than for an exception. However, understanding this plasticity will be the
challenge for the next years in T cell research.
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8 Foxp3+ Regulatory T Cells (Tregs): Mediators of Tolerance

The existence of a T cell subpopulation with regulatory function has long been
suspected but only after the identification of the master transcription factor Foxp3 a
role in immune regulation could unambiguously be demonstrated by gene knockout
in mice resulting in a “scurfy” phenotype and severe autoimmune syndromes in
various tissues (Fontenot et al. 2003; Hori et al. 2003). Deficiency or mutations in the
Foxp3 gene have also been observed in humans and cause the so-called IPEX
(Immune dysregulation Polyendocrinopathy Enteropathy X-linked) syndrome
(Bennett et al. 2001). Both in mice and humans, elevated levels of IgE and Th2
cells could be readily detected in the absence of Foxp3+ Tregs leading to the idea
that Foxp3+ Tregs play also a key role in preventing Th2-mediated diseases includ-
ing allergy (Lahl et al. 2009).

8.1 Treg Origin and Oral Tolerance

Initially, thymic differentiation was considered as the main site of Foxp3+ Treg
origin (tTregs) and it is estimated that around 80% of Tregs in lymphoid organs such
as spleen and lymph nodes are thymus-derived (Shevach 2018). Noteworthy, in
recent years it became evident that mucosal sites such as the gastrointestinal tract can
equally favor the differentiation of peripherally-induced Tregs (pTregs). While
tTregs have been selected on cognate recognition of self-antigens to prevent auto-
immune reactivity in the periphery pTregs are supposed to provide immune toler-
ance to harmless foreign antigens including allergens (Curotto de Lafaille et al.
2008). In the intestinal tract this phenomenon has been referred to as oral tolerance.
Indeed the highest frequencies of Foxp3+ Tregs in mice can be found at this site
(Atarashi et al. 2011) but this does not exclude that similar mechanisms are in place
at other barrier organs such as the skin or lung.

The most dramatic role of oral tolerance could be deduced from the LEAP study.
In this study, it was investigated whether children at high risk developing food
allergy to peanuts benefit from an early-on allergen avoidance regimen — which was
the main guideline at the time for such high-risk children. Contrary to the
expectations, children consuming a defined amount of peanut during their first
years of life showed a greatly reduced probability to get sensitized to peanut
allergens at 5 years of age when compared to the peanut-avoidance group (Du Toit
et al. 2015). Thus, enforcing oral tolerance in early childhood presumably through
the induction of antigen-specific Tregs might be one way to reduce the risk of
developing sustained food allergy later in life. Importantly, murine studies have
shown recently that intestinal Treg induction in response to microbial colonization
requires to happen in a critical time window in childhood in order to prevent future
exacerbated inflammation in the intestinal tract (Al Nabhani et al. 2019). This
observation fits well with the observation that children grown up on rural farms
with exposure to farm dust are protected from allergic disorders later in life (Stein
et al. 2016).
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Foxp3+ Tregs can also be detected in the peripheral blood of humans and the
development of new techniques has enabled to even assess the frequency of antigen-
specific Tregs. Surprisingly, most Tregs in peripheral blood lymphocytes of healthy
persons are directed against particle-associated antigens of typical lung-penetrating
allergens such as pollen (Bacher et al. 2016). Therefore, it has been suggested that in
allergic persons a deviation of the TCR repertoire of differentiating Th2 cells must
have occurred and Treg-mediated control of allergen-reactive T cells is no longer in
place.

8.2 Differentiation of Tregs

High levels of IL-2 together with TGF-p are necessary and sufficient to drive the
differentiation of Tregs from naive T cells. IL-2 derived from conventional T cells
promotes the phosphorylation of STATS which in turn directly regulates Foxp3
expression (Burchill et al. 2007). Furthermore, IL-2 binding to the high-affinity IL-2
receptor (CD25) together with a constant TCR stimulus has a key role in the
maintenance and function of mature Tregs (Levine et al. 2014; Vahl et al. 2014).
TGEF-p in turn is known to favor Treg differentiation in combination with IL-2 while
it can also drive Th17 differentiation in the presence of IL-6 (Korn et al. 2008). In
fact a small cell population (Tr17) of FOXP3 and IL-17 co-expressing cells was
described that occur early on in allergen-specific immunotherapy (Zissler et al. 2018)
that may represent cells that are in transition from Th17 into Tregs. Treg themselves
do not secrete IL-2 but rely at least partially on an inactive TGF-3 form that needs to
be cleaved by integrin avf8 on the surface of Tregs (Worthington et al. 2015).
Peripherally-induced Tregs rely on classical antigen presentation by bona-fide anti-
gen presenting cells such as CD103+ DCs (in the gut) or F4/80+ tissue macrophages
(in the lung) both secreting high levels of TGF-f and retinoic acid, an important
vitamin A metabolite known to increase pTreg differentiation and maintenance (Hall
et al. 2011). Given the prominent role of IL-2, current trials are underway
investigating the potential of a low dose IL-2 therapy to boost Treg function (Bonnet
et al. 2016).

As discussed above Foxp3 is the main transcription factor responsible for the
imprinting of a tolerogenic function on developing T helper cells. Foxp3 in conjunc-
tion with additional transcription factors directly regulate a number of genes known
to contribute to the tolerogenic function of Tregs (Gavin et al. 2007; Samstein et al.
2012). Due to the importance of the Foxp3 gene locus also non-coding regulatory
elements next to the Foxp3 promoter region (CNSI1-3; “conserved non-coding
sequence”) have been investigated (Zheng et al. 2010). Interestingly, Foxp3 binds
to CNS2 which needs to be maintained completely demethylated in mature Tregs in
order to ensure Treg lineage stability; therefore, this region initially has been termed
TSDR (Treg-specific demethylated region) (Polansky et al. 2008). In vitro differen-
tiation of Tregs often fails to achieve complete demethylation of CNS2 impeding
Treg-mediated immune therapies in various contexts (Floess et al. 2007). The CNS1
region — while being dispensable for thymic Treg differentiation — has been found to
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be critical for the differentiation of peripherally-induced Tregs in vivo (Josefowicz
et al. 2012).

In the intestinal tract, peripheral Treg differentiation relies to a large extent on the
colonization by commensal microbes with a prominent role for the genus Clostrid-
ium (Atarashi et al. 2013). Importantly, colonization with mixtures of Clostridium
clusters was sufficient to limit a Th2 immune response after injection of a prototypi-
cal Th2-differentiating adjuvants (Atarashi et al. 2011). Mechanistically, fermenta-
tion products such as short chain fatty acids (SCFA) are able to directly boost Treg
accumulation in a GPR43-dependent manner (Furusawa et al. 2013; Smith et al.
2013). SCFA and here especially butyrate are thought to act via inhibition of
HDACS (histone deacetylases) to enable proper histone acetylation at the Foxp3
promoter region as well as CNS1 and CNS3 regions (Furusawa et al. 2013; Smith
et al. 2013).

8.3 General Functional Mechanisms of Tregs

Murine models including those for lung- and food allergy have shown clear evidence
for an immune regulation by Foxp3+ Tregs through a variety of mechanisms but it is
not always clear whether these mechanisms are also active in patients with allergic
diseases. Among the best-understood mechanisms are the release of inhibitory
cytokines IL-10, IL-35, and TGF-B or cytolytic molecules (granzyme A and B)
and the down modulation of antigen presenting cell function via CTLA-4 or LAG-3.
Additionally, deprivation of homeostatic cytokines for T cell activation (IL-2) via
high CD25 expression and degradation of nucleotides via CD39 and CD73 expres-
sion on the surface of Tregs contribute to the overall regulatory capacity of Tregs.
Very often it is however not always possible to reveal the precise mechanism how
Tregs exert their function and various pathways may cooperate. Along the same line,
whether only antigen-specific Foxp3+ Tregs are active during on-going inflamma-
tory conditions or whether non-specific Tregs present in the same organ fulfill
bystander suppressive functions possibly related to other aims such as preserving
tissue function and integrity remains to be thoroughly investigated.

8.4 Functional Mechanisms of Tregs in Allergic Diseases

All of the above mechanisms can be attributed to Treg-mediated tolerance to
allergens or to the regulation of the severity of the allergic reaction. Most promi-
nently, Treg-derived IL-10 has been shown to have a critical and non-redundant role
in the regulation of allergic airway inflammation (Rubtsov et al. 2008). Nevertheless,
Tregs might also induce IL-10 production by local CD4+ T cells and potentially
even other subpopulations (Kearley et al. 2005). IL-10 is a very potent immunosup-
pressive cytokine and is able to regulate a number of key players involved in the
allergic reaction such as Th2 cells, dendritic cells, mast cells, and eosinophils. TGF-f
in turn has been shown to be required for the protective role of Tregs in the context of
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oral allergen exposure (Mucida et al. 2005). However, beyond such generic mecha-
nism about Treg-mediated immune regulation, more sophisticated ways of immune
regulation have been described. This includes both regulation of innate and adaptive
immune effector cells.

In terms of innate immune effector cells, direct interaction between Tregs and
mucosal mast cells via OX40-OX40L interaction is able to block mast cell degranu-
lation and release of preformed granules (Gri et al. 2008). This interaction also
reduces IL-4 release by mast cells after crosslinking of FceRI-bound IgE and thereby
the amplification of Th2 cells and the IgE response — two critical parameters for food
allergy. Treg-mediated control of mast cells might therefore be one important control
point where Tregs regulate innate immune cells with a critical effect on adaptive
immunity and allergic disease. Besides mast cells, Tregs have been shown to
regulate the expansion and cytokine production of murine innate lymphoid cells
type 2 (ILC2s) both in vitro and in vivo (Noval Rivas et al. 2016; Rigas et al. 2017).
Reciprocally, ILC2-derived IL-4 may limit the induction of pTregs at least in food
allergy prone mice with a mutation in the i/4r gene (Noval Rivas et al. 2016). Finally,
Tregs generally are able to down modulate the expression of CD80/CD86 on DCs
via CTLA-4, LAG-3, and LFA-1 and thereby prevent the priming of differentiating
Th2 cells (Liang et al. 2008; Onishi et al. 2008).

Besides these innate cellular targets, Tregs are able to control adaptive and
therefore rather antigen-specific T cell immune responses. In animal studies adoptive
transfer of Tregs prior to allergen challenge of sensitized mice has been shown to
result in reduced airway hyperresponsiveness and inflammation (Kearley et al.
2005). Along the same line, depletion of CD25+ T cells prior to delivery of house
dust mite led to elevated levels of IgE and eosinophils (Lewkowich et al. 2005).
Furthermore, antigen-specific Tregs induced via oral administration of the allergen
have been shown to be necessary and sufficient to prevent development of a
Th2-dominated allergic response (Mucida et al. 2005). In a follow-up study it has
been shown that peripherally-induced Tregs are required to prevent the allergen-
specific sensitization but not IL-5 production and associated tissue eosinophilia
frequently observed under chronic allergic conditions (Curotto de Lafaille et al.
2008). Thus, allergen-specific Tregs are most likely constantly induced from naive T
cells in the periphery of non-allergic individuals and are required to prevent de novo
sensitization. Whether such Tregs need to acquire additional features to efficiently
function as allergy-preventing cells remains to be discovered.

8.5 Regulation of Treg Function by Transcription Factors of Other
T Helper Lineages

Even though Foxp3 has been identified as the key transcription factor for Treg
stability and function, several studies in recent years have highlighted a role of
master transcription associated with other T helper lineages including T-bet, RORyt,
and Gata3. Expression of these transcription factors varies according to anatomical
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location and is often restricted to non-lymphoid tissues. This implies a role of Tregs
beyond immune regulation in normal tissue function and repair.

8.6 T-bet Expressing Tregs

Co-expression of master transcription factors from other T helper lineages has been
first observed for T-bet in Foxp3+ Tregs. Mechanistically, exposure of Treg cells to
IFN-y leads to co-expression of T-bet and Foxp3 and these T-bet+ Tregs were
particularly potent in the suppression of Thl-dominated immune responses (Koch
et al. 2012). One explanation for this potency may be the concomitant upregulation
of the chemokine receptor CXCR3 enabling T-bet+ Tregs to migrate along the same
gradient as Thl cells and to locally suppress Thl cells and CD8 T cells very
efficiently (Koch et al. 2009). However, while such T-bet+ Tregs become stable
even under non-permissive conditions and become essential to control Thl-driven
pathology, the T-bet expression in Tregs itself becomes needless with time (Levine
etal. 2017). In line with this observation, mice lacking T-bet in Tregs do not develop
autoimmune features (Yu et al. 2015). Additionally, Notch signaling within Tregs is
involved in the fine-tuning of such T cells at the border of Thl to Treg cells
(Charbonnier et al. 2015). In summary, T-bet expression may be important to imprint
the initial identity of this Treg subset but becomes redundant once the function has
been successfully imprinted. Whether T-bet-expressing Tregs exert a specific func-
tion in non-lymphoid tissues or during allergic disorders remains currently unknown.

8.7 ROR~yt Expressing Tregs

As Tregs and Th17 cells share the need for a TGF- signal for their differentiation
from naive T cells both populations have been extensively compared. Indeed, it has
been observed that T cells expressing Foxp3 and RORyt exist both in vitro and
in vivo and that both transcription factors physically interact with each other
(Lochner et al. 2008; Zhou et al. 2008). Initially, it was considered that RORyt
+Foxp3+ cells constitute an intermediate or transient cell state of differentiating T
cells that will diverge into Th17 and Treg cells according to respective cytokine
environments (Zhou et al. 2008). Indeed, plasticity among Th17 cells and Tregs has
been described in both directions during rheumatoid arthritis (Komatsu et al. 2014)
and resolution of inflammation (Gagliani et al. 2015). Noteworthy, RORyt+ Tregs
can be found at high frequencies within the intestinal lamina propria and appear at
least under steady conditions relatively stable (Yang et al. 2015). Several lines of
evidence including the absence of thymic Treg markers Helios and Neuropilin-1
indicate that RORyt+ Tregs differentiate locally from naive T cells and are not of
thymic origin (Ohnmacht et al. 2015). As these cells depend on the presence of
commensal microbes it has been proposed that RORyt+ Tregs differentiate locally
and especially the gut-associated lymphoid tissues (GALT) are required to actively
tolerate the intestinal microbiota (Ohnmacht et al. 2015). Indeed, RORyt+ Tregs play
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a key role to prevent hyperactivation of the immune system in response to commen-
sal microbes in a variety of intestinal inflammation models (Ohnmacht et al. 2015;
Xu et al. 2018). By contrast, tolerance to food antigens is mostly achieved by the
induction of another Treg subset lacking both Helios and RORyt expression (Kim
et al. 2016). Given that germfree mice (and sometimes even mice with a dysbiotic
microbiota) have (1) a general type 2 immune bias at steady state (Cahenzli et al.
2013), (2) are prone to develop more severe allergic reactions (Stefka et al. 2014),
and (3) often fail to induce oral tolerance to dietary antigens (Kim et al. 2016) RORyt
+ Tregs may be a central player in the host-microbiome axis to regulate or prevent
allergic disorders.

There has been a strong interest to understand why RORyt+ Tregs do not start to
produce the same cytokines as Th17 cells. Apparently, these Tregs rely on the
presence of a transcriptional regulator called Blimp1 to suppress IL-17 production
(Ogawa et al. 2018). Given that microbial dysbiosis is considered as one of the main
risk factors to develop food allergies, insufficient induction of RORyt+ Tregs by
dysbiotic microbiomes has been considered as one potential mechanism how intes-
tinal Th2 cells escape from Treg-mediated control: First, RORyt+ Tregs are able to
control intestinal Th2-mediated immune responses (Ohnmacht et al. 2015). In
humans, patients with the Hyper-IgE syndrome due to heterozygous dominant-
negative STAT3 mutations show a severe deficiency in CCR6+ Tregs most likely
reflecting RORyt+ Tregs (Kluger et al. 2014). Second, transfer of fecal maters from
children with food allergy to mice raised under germfree conditions induces a more
severe allergic and anaphylactic reaction upon allergen challenge (Feehley et al.
2019) and this is correlated with a reduced induction of RORyt+ Tregs in both mice
and humans (Abdel-Gadir et al. 2019). However, RORyt+ Tregs have also been
shown to become pathogenic during house dust mite-induced allergic airway inflam-
mation in mice with enhanced IL4R signaling because under these conditions such
cells start to secrete IL-17 cytokines in the lungs and contribute to allergic exacerba-
tion (Massoud et al. 2016). Overall, RORyt+ Tregs can be considered now as one
central player acting as a critical link between the commensal flora and immune
dysregulation including allergies (Ohnmacht 2016).

8.8 Gata3 Expressing Tregs

An initial in vitro study revealed that overexpression of Gata3 prevents the
subsequent upregulation of Foxp3 in differentiating T cells (Mantel et al. 2007). In
experimental and clinical trials anti-IL4 was therefore investigated as
pro-tolerogenic adjuvant in the context of allergen-vaccination (Chaker et al. 2016;
Russkamp et al. 2019). After this observation it was noted, however, that Tregs
within non-lymphoid tissues such as skin or gut surprisingly harbor a substantial
fraction of Gata3+ Tregs (Schiering et al. 2014). In contrast to RORyt+ Tregs,
Gata3+ Tregs develop in the absence of commensal microbes (Ohnmacht et al.
2015). Signaling of the alarmin IL-33 and also the cytokines IL-4 and IL-2 in Tregs
have been shown to induce Gata3 expression in Tregs and it has been suggested that
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Gata3 is necessary to maintain a stable Treg phenotype to allow for Treg accumula-
tion under strong inflammatory conditions (Delacher et al. 2017; Schiering et al.
2014). Indeed, ablation of Gata3 alone or in combination with T-bet selectively in
Tregs leads to autoimmune features in mice (Yu et al. 2015). Importantly, enhanced
IL-4R signaling in Tregs in combination with food allergy models can lead to the
production of type 2 cytokines by Gata3+ Tregs making this Treg subpopulation a
potential target for immune therapy (Noval Rivas et al. 2015). Indeed, neutralization
of IL-4 in vivo can prevent to some degree the accumulation of Gata3+ Tregs during
allergen immune therapy (AIT) (Russkamp et al. 2019), but the relevant contribution
of Gata3+ Tregs to the production of type 2 cytokines during the inflammatory
conditions of different allergies beyond IL-4 receptor mutations remains to be
explored. Currently, it is still unclear whether the developmental origin of Gata3+
Tregs coincides with the TCR specificity: Whereas thymic Tregs presumably have
been selected on the basis of cognate self-antigens and might further acquire Gata3
expression within tissues, Treg differentiation starting from naive T cells upon
recognition of allergens in the periphery should have a non-overlapping TCR
repertoire.

This concept is further highlighted by the fact that Gata3 expression under
non-allergic conditions seems to be one hallmark (among others) of a general tissue
Treg fingerprint (Delacher et al. 2017). Type 2 immunity has been implicated in
physiological tissue function and repair processes (Gause et al. 2013) and it is
tempting to speculate that Gata3+ tissue Tregs fulfill a related function under
non-allergic conditions, e.g. by regulating epithelial stem cell function within hair
follicles, or providing help to regeneration of muscle and lung epithelial cells after
pathogen-induced injury (Ali et al. 2017). During allergic inflammation, tissue
damage occurs frequently and Gata3+ Tregs may ensure unwanted T cell reactivity
against neo self-epitopes in the inflamed tissue. Thus, targeting Gata3+ Tregs
themselves may come at a high risk to interfere with normal tissue function particu-
larly under tissue stress conditions. However, the production of cytokines by Gata3+
Tregs is clearly able to contribute to aggravation of allergies at least in murine
models. This necessitates uncovering the molecular mechanisms how Gata3+ Tregs
in tissues prevent the production of type 2 cytokines at steady state and conversely,
which genetic pathways or environmental conditions interfere with this regulation.

8.9 Other Treg-Associated Co-factors Necessary to Regulate Th2
Immunity

A number of genetic elements or gene products have been found necessary to
prevent spontaneous differentiation of Th2 cells. Early on it was noticed that
Foxp3 exerts its regulation by co-opting a network of pre-existing transcriptional
regulators that are also used by other T helper lineages. For instance, IRF4 deletion
in Tregs results in the unregulated differentiation of Th2 cells and plasma cells
(Zheng et al. 2009). Another important effector molecule comes from the observa-
tion that patients with the Wiskott-Aldrich syndrome (WAS) suffer frequently from
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severe food allergy. Interestingly, mice lacking WASP expression in Tregs do
recapitulate this observation as frequent sensitization to common food antigens
and uncontrolled Th2 responses after induction of food allergy can be observed in
such mice (Lexmond et al. 2016). In addition the already mentioned deficiency of
CNSI1 with the accompanied deficiency in pTreg differentiation results in a sponta-
neous, age-dependent Th2-dominated inflammation at mucosal sites (Josefowicz
et al. 2012). This phenomenon might reflect the inadequate response to microbial
colonization due to deficiency of RORyt+ Tregs. A similar scenario has been
recently found in the absence of the transcriptional regulator Rbpj because Treg-
specific ablation results equally in accumulating Th2 cells and high IgE levels with
time (Delacher et al. 2019). Additionally, functional impairment of Tregs to control
DC function has also been shown to result in Th2-driven inflammation: For instance,
the protein kinase CK2 has been shown to enable Tregs to suppress IRF4+ PD-L2+
DCs required for the differentiation of pulmonary Th2 cells in vivo (Ulges et al.
2015). Conversely, deletion of a critical signaling molecule called TRAF6 in DCs
has been shown to impair the de novo generation of Tregs in the intestinal tract in
turn inducing a strong Th2-dominated inflammation in such mice (Han et al. 2013).
Finally, also the deletion of known effector mechanisms from Tregs such as CTLA-4
can result in the systemic accumulation of Th2 cells and high IgE levels (Wing et al.
2008).

All of the above-described examples do not yet reflect a role of these mechanisms
directly in allergic disorders as some of these inflammatory responses are probably
rather driven by autoimmune reactivity. Nevertheless, environmental parameters
with an impact on the regulation of such key regulation nodes in Tregs or rare single
nucleotide polymorphisms (SNPs) in these genes of allergic patients could favor
and/or enhance the risk to develop allergic disorders.

9 Conclusion and Outlook

The last two decades in T cell research did not only challenge the outdated Th1/Th2
paradigm, but also revealed a plethora of new T cell subsets that now offer huge
possibilities to better understand the sometimes very heterogeneous phenotypes
during allergic inflammation. Besides the fact that we need to understand more
about the contribution of each single subset to different disease entities, it will be
of outermost importance to not only reduce the function of a T cell subset to secreted
cytokines, but also develop a more comprehensive approach evaluating the role of
these cells under certain disease- and tissue-specific environments, understand their
interaction with resident epithelial cells and their interplay with innate counterparts.
This should give insights into T cell functions ultimately on a single level that can be
therapeutically targeted to prevent pathology in one specific organ or disease
endotypes. This will help to estimate the risk of side effects in treatment of allergic
diseases and will be the basis for stratified, T cell-targeted therapeutic regimens in
the future.
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Abstract

Allergies are highly prevalent hypersensitivity responses to usually harmless
substances. They are mediated by the immune system which causes pathologic
responses such as type I (thinoconjunctivitis, allergic asthma, atopy) or type IV
hypersensitivity (allergic contact dermatitis). The different types of allergy are
mediated by effector and memory T cells and, in the case of type I hypersensitiv-
ity, B cells. A prerequisite for the activation of these cells of the adaptive immune
system is the activation of the innate immune system. The resulting inflammation
is essential not only for the initiation but also for the elicitation and maintenance
of allergies. Great progress has been made in the elucidation of the cellular and
molecular pathomechanisms underlying allergen-induced inflammation. It is now
recognized that the innate immune system in concert with tissue stress and

S. F. Martin (<) - P. R. Esser (D<)
Allergy Research Group, Department of Dermatology, Faculty of Medicine,
Medical Center — University of Freiburg, University of Freiburg, Freiburg, Germany

Forschergruppe Allergologie, Klinik fiir Dermatologie und Venerologie, Freiburg, Germany
e-mail: stefan.martin @uniklinik-freiburg.de; philipp.esser@uniklinik-freiburg.de

© Springer Nature Switzerland AG 2021 297
C. Traidl-Hoffmann et al. (eds.), Allergic Diseases — From Basic Mechanisms

to Comprehensive Management and Prevention, Handbook of Experimental

Pharmacology 268, https://doi.org/10.1007/164_2021_482


http://crossmark.crossref.org/dialog/?doi=10.1007/164_2021_482&domain=pdf
mailto:stefan.martin@uniklinik-freiburg.de
mailto:philipp.esser@uniklinik-freiburg.de
https://doi.org/10.1007/164_2021_482#DOI

298

S. F. Martin and P. R. Esser

damage responses orchestrates inflammation. This should enable the develop-
ment of novel mechanism-based anti-inflammatory treatment strategies as well as
of animal-free in vitro assays for the identification and potency classification of
contact allergens.

Keywords

Allergy - Contact dermatitis - Inflammation - Innate immune response - Skin -
Stress response

Abbreviations

ACD Allergic contact dermatitis

ASC Apoptotic speck protein

CHS Contact hypersensitivity

DAMPs  Damage-associated molecular patterns
DNFB 2,4-Dinitrofluorobenzene

FITC Fluorescein isothiocyanate

ICD Irritant contact dermatitis

ILC Innate lymphoid cell

Keapl Kelch-like ECH-associated protein 1
ko Knockout

MAMPs  Microbe-associated molecular patterns
NLRP NOD-like receptor protein

Nrf2 Nuclear factor erythroid 2-related factor 2
PAMPs  Pathogen-associated molecular patterns
RAG Recombination activating gene

ROS Reactive oxygen species

TLR Toll-like receptor

TNCB 2.4,6-Trinitrochlorobenzene

Trm Tissue-resident memory T cell

1 Introduction

Allergic contact dermatitis (ACD) is an inflammatory skin disease caused by low
molecular weight organic chemicals and metal ions. The eczematous lesions are
caused by contact allergen-specific T cells in concert with cells of the innate immune
system and skin cells (Nassau and Fonacier 2020). The prevalence of contact
dermatitis is high. 20-27% of the general population are sensitized to at least one
contact allergen of the European Standard Series (Diepgen et al. 2016; Alinaghi et al.
2019). As an occupation-related skin disease it is of great importance, not least due
to the difficulty to treat chronic ACD. Nickel is still the most important contact
allergen worldwide and it affects many occupations (Ahlstrom et al. 2019). Irritant
contact dermatitis (ICD) is induced by chemicals which damage the skin barrier such
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as detergents (Bains et al. 2019). It also involves an inflammatory response with
participation of the innate immune system but without activation of the adaptive
immune system. Both forms of contact dermatitis disturb the batrier function of the
skin. This is an important pathogenic factor not only due to alteration of the
permeability of the skin but also due to the activation of innate immune signalling
(Jakasa et al. 2018).

ACD is a prevailing problem with new contact allergens emerging every year
(Johansen and Werfel 2019). This indicates that the methods for hazard identifica-
tion and risk assessment such as the Local Lymph Node Assay and its in vitro
alternatives (Ezendam et al. 2016) are not perfect. One problem is the use of single
substances for testing. Some potential contact allergens are weakly immunogenic
and therefore show up as negative in the current tests. However in mixtures as found
in finished products weak allergens can become highly immunogenic due to aug-
mentation effects (Pedersen et al. 2004; Bonefeld et al. 2011). The presence of other
immunogenic substances such as other weak contact allergens or irritants may lead
to additive or synergistic pro-inflammatory effects (Martin 2014; Bonefeld et al.
2017). Therefore testing of mixtures and formulations should be considered in future
testing strategies. Such measures should improve the prevention of ACD.

Atopic diseases such as rhinoconjunctivitis, allergic asthma or food allergy are
often driven by IgE-mediated hypersensitivities. IgE reacts mostly to protein
allergens but sometimes also to carbohydrates. Atopic diseases are on the rise and
currently affect 20% of the population. Allergy and ACD are eventually mediated by
the adaptive immune system, i.e. T- and B cells or T cells, respectively. For their
initiation and maintenance both forms of hypersensitivity require the innate immune
system. Here we discuss mechanisms of innate immune responses in allergies with a
focus on ACD. Furthermore, we discuss the critical contribution of stress responses
to inflammation and provide an outlook regarding potential new treatment strategies
based on the mechanisms of inflammation in allergy.

2 Innate Immune Mechanisms and Tissue Stress Responses

Inflammation is required for the initiation of adaptive immune responses. Inflamma-
tion opens the constitutive break on the immune system, a prerequisite for the
initiation of T- and B cell responses. A key element of inflammation is the activation
of the innate immune system. Moreover, tissue stress and damage responses con-
tribute significantly to inflammation. Innate immunity relies largely on the triggering
of pattern recognition receptors (PRRs) such as Toll-like receptors (TLRs),
NOD-like receptors (NLRs), RIG-I like receptors (RLRs) and C-type lectin receptors
(CLRs) and on the cGAS-STING pathway. Ligands for these receptors are derived
from pathogen- or microbe-associated molecular patterns (PAMPs, MAMPs) or
from endogenous cellular sources or from the extracellular matrix (damage-
associated molecular patterns, DAMPs). In addition, danger signals such as reactive
oxygen species (ROS) or extracellular ATP often resulting from tissue stress and
damage contribute to inflammation. There are different types of inflammation which
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are important for the polarization of T cell responses (Annunziato et al. 2015; Rankin
and Artis 2018). Type 1 inflammation is characterized by IL-12 that drives the
polarization of T cell responses towards IFN-y producing innate lymphoid cells
1 (ILC1) and CD4+ Thl and CD8+ Tc2 cells. Type 2 inflammation involves IL-25,
IL-33 and TSLP and IL-4, IL-5 and IL-13 producing ILC2 and Th2 and Tc2 cells.
Type 3 inflammation is driven by IL-23 and involves IL-17 and IL-22 production by
ILC3 and Th17 and Tcl17 cells. This simplified classification does not describe
exclusive patterns. Mixed patterns can also be found.

In order to induce a contact allergen-specific T cell response, an inflammatory
response must be induced by contact allergens in the skin. Many studies have been
performed in the contact hypersensitivity (CHS) model, the mouse model for contact
dermatitis (Martin 2013; Gaspari et al. 2016), addressing cellular and molecular
mechanisms and exploring potential novel mechanism-based treatment strategies.
The effector T cell responses to experimental contact allergens such as
2.,4.,6,-trinitrochlorobenzene (TNCB) or 2.4,-dinitrofluorobenzene (DNFB) are pre-
dominantly Tcl responses with an involvement of Tcl7 cells. For fluorescein
isothiocyanate (FITC) type 1 or type 2 responses can be induced depending on the
protocol. Regulation of CHS is mediated by regulatory T cells (Treg) and by NKT
cells (Vocanson et al. 2009; Martin et al. 2010; Goubier et al. 2013).

Much progress has been made in our understanding of the mechanisms underly-
ing innate immune responses in ACD (Kaplan et al. 2012; Honda et al. 2013; Martin
2015; Brys et al. 2019). The emerging picture highlights the central importance of
the innate immune response and the resulting inflammation not only in the sensiti-
zation but also in the elicitation phase of ACD.

3 Innate Immune Cells in ACD

The skin contains various types of resident immune cells (Ho and Kupper 2019).
Among these are dermal mast cells. Their participation in CHS has been shown
recently by the use of new mouse models that allow specific permanent or condi-
tional mast cell removal (Dudeck et al. 2011). These studies have shown the
induction of type 1 inflammation with a rapid activation of mast cells by contact
allergens such as DNFB or FITC and their subsequent release of histamine. As a
consequence there is blood vessel dilatation and an influx of neutrophils. In contrast
to human ACD where sensitization is clinically inapparent, sensitization of mice for
CHS results in an inflammatory response that manifests as a slight, mast-cell
dependent ear swelling reaction peaking at around 6 h after contact allergen applica-
tion. Neutrophil recruitment may be further supported by the secretion of the
neutrophil-attracting chemokines CXCL1 and CXCL2 by mast cells and monocytes
(De Filippo et al. 2013).

Mast cell-derived TNF-a contributes to the expansion, migration and the T cell
priming efficiency of DCs cells as shown by mast cell-specific TNF depletion (Suto
et al. 2006; Dudeck et al. 2015). DNFB-induced CHS was significantly reduced in
mice lacking mast cell-derived TNF. Interestingly, DCs engulf and take up
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exocytosed mast cell granules. This promotes their maturation and lymph node
migration. The basis for this seems to be due to the release of the granule content
after uptake. This releases mediators, among them mast cell-derived TNF-oa (Dudeck
et al. 2019).

Mast cells can also have a regulatory role in CHS (Gimenez-Rivera et al. 2016).
Repeated application of the contact allergen oxazolone in a chronic CHS model
showed increased ear swelling responses in mast cell deficient C57BL/6-KitW-sh/
W-sh (Sash) and also in mast cell-depleted (MCPT5-Cre + iDTR+) mice compared
to wildtype mice. This correlated with an accumulation of tissue-resident antigen-
specific CD8+ T cells producing pro-inflammatory cytokines such as IFN-y and
IL-17 in the repeatedly challenged skin sites that was significantly higher than the
accumulation observed in wildtype mice. Local mast cell reconstitution prevented
this effect. It was further shown that mast cells control the recruitment of CD8+ T
cells into the skin and most likely also their development in the draining lymph
nodes. As one potential mechanism it was proposed that mast cell proteases degrade
IL-15 which is required for Trm maintenance and which was elevated in the
challenged skin. In contrast, TGF-p and IL-7 which are also required for Trm were
not elevated.

A pathogenic role for neutrophils in CHS has been demonstrated. Neutrophils
rapidly infiltrate contact allergen challenged skin. Depletion of neutrophils by
antibodies before sensitization or before challenge abrogated CHS responses and
neutrophil-deficient mice also had reduced CHS (Weber et al. 2015). Interestingly,
the challenge dose of the hapten correlates with the number of infiltrating neutrophils
and this, in turn, determines the number of infiltrating T cells and the severity of ear
swelling (Engeman et al. 2004). In this study, increased levels of neutrophil-
attracting chemokine CXCL1 was detected when the challenge dose of DNFB was
increased. This finding is explained by the fact that the higher challenge dose causes
stronger skin inflammation in general.

Recently, it was reported that neutrophil cathepsin G plays a role in the bias
towards CD8+ effector T cells in CHS (Kish et al. 2019). CD4+ Th1/Th17 cells are
usually not induced. In this study, cathepsin G released from neutrophils reduced
IL-12 produced by DCs and thereby prevented the generation of Th1/Th17 cells. The
lack of cathepsin G resulted in increase in IL-12 levels and the induction of both
hapten-reactive CD8+ effector cells and CD4+ IFN-y producing T cells.

Innate lymphoid cells (ILCs) are a heterogeneous group of cells that are found in
lymphoid and non-lymphoid tissues (Vivier et al. 2018). They can be differentiated
into different subsets according to their phenotype and function. Currently, there are
five major subsets: ILC1, ILC2 and ILC3 which functionally resemble Th1, Th2 and
Th17 cells, respectively, LTi (Ilymphoid tissue inducer) cells and NK (natural killer)
cells. ILCs are mostly tissue-resident and enriched especially in barrier tissues such
as the skin. They are sentinels that maintain tissue homeostasis and serve to prime
and boost adaptive immune responses (Vivier et al. 2018). Their role in allergic
diseases such as asthma has been recognized (Morita et al. 2016; Kortekaas Krohn
et al. 2018). In atopy, ILC2s are activated by skin derived IL-25, IL-33 and TSLP.
They promote the allergic response by production of IL-4, IL-5 and IL-13. IL-17A
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and IL-22 producing ILC3s have been associated with psoriasis and they may play
an effector role in ACD.

A role for ILCs in ACD has been shown. Kim and colleagues described lineage-
negative IL-10 producing ILCs that express CD45, CD127 and Sca-1 (Kim et al.
2016). These so-called ILC10 were increased in the axillary and inguinal lymph
nodes and ear skin in oxazolone-induced CHS. It was speculated that ILC10 have a
regulatory role in CHS. Another study using antibody-mediated ILC depletion or
mice deficient for [LC2 revealed a regulatory role in CHS. When CHS to TNCB was
induced in mice depleted of ILCs after sensitization or deficient for ILC2s the ear
swelling response was increased (Rafei-Shamsabadi et al. 2019). There was an early
increase of Eomes+ NK cells expressing IFN-y and TNF-a in the ear skin peaking at
24 h after hapten challenge, the peak of inflammation, and a delayed increase of IL-5
and IL-13 producing ILC2 at 48-72 h, the resolution phase of CHS. These data
indicate a clear pro-inflammatory role of NK cells and a regulatory role of ILC2 in
Tc1/Thl driven CHS. A role for IL-10 producing ILC was not observed. Up to now
the role of ILC1s in ACD has not been formally demonstrated but it is likely that they
are involved in the initiation of the immune response to contact allergens (Kim
2015). Interestingly, in FITC-induced CHS which is Th2-driven, ILC2 have a
regulatory role. It remains to be shown how these cells are activated in CHS but it
is likely that the innate immune system is responsible.

The role of NK cells has been studied in the CHS model. NK cell depletion of WT
mice does not alter CHS. However, NK cells can mediate CHS in the absence of T
cells and B cells as shown in RAG2—/— mice (O’Leary et al. 2006; Paust et al.
2010). This CHS is abrogated in RAG2—/— x IL-2Ry knockout mice which lack
T- and B-cells and also NK cells. Surprisingly, NK cell-mediated CHS is antigen-
specific with a memory-like response which can be elicited months after sensitiza-
tion. Peng et al. reported that the cell type which is responsible for this hapten-
specific memory-like CHS response are liver-resident CD49 + DXS5- NK cells (Peng
et al. 2013). These NK cells seem to become primed by hapten-bearing APCs in the
liver. The priming occurs very rapidly, and ear swelling can be observed as fast as
30 min after challenge (Majewska-Szczepanik et al. 2013) with a small increase of
NK cell numbers in the challenged ear skin of wildtype and RAG—/— mice (O’Leary
et al. 2006). Peng et al. detected only very few CD49 + DX5- NK cells in the skin.
CXCRG6 expression by liver-resident NK cells is required, most likely for their
persistence in the liver where CXCL16, the ligand for CXCR®6 is produced (Paust
et al. 2010). Moreover, the absence of CHS after transfer of liver mononuclear cells
from IFN-oR knockout or IFN-y or IL-12 knockout mice suggests that the liver NK
cells are dependent on IFN-«a signalling and require IFN-y or IL-12 or must produce
it. It was shown that the formation of hapten-specific NK cell memory requires the
NLRP3 inflammasome in macrophages (van den Boorn et al. 2016).

A study using the pro-hapten monobenzone, that is selectively metabolized to the
full hapten in melanocytes by tyrosinase revealed that a CHS response was induced
in wildtype mice that was NK cell-dependent and antigen specific and was mediated
by liver-resident CD49b + NKI1.1+ NK memory cells which expressed LY49 C-I
and CD18 (van den Boorn et al. 2016). Monobenzone sensitization of wildtype mice
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and challenge 4 weeks later resulted in CHS. It was demonstrated that monobenzone
induced the migration of tissue-resident monocytes to the draining lymph nodes
where they primed NK cells. This required ASC, NLRP3 and IL-18 in the
monocytes. Activation of the NLRP3 inflammasome was independent of P2X7R.
The NK memory cells were cytotoxic to the melanocytes and caused vitiligo-like
skin depigmentation in RAG2 ko mice after repeated application. CHS induced by
oxazolone was mediated by T cells. NK cells were dispensable for CHS induction.

Interestingly, it was noted that the NK cell-mediated and conventional, T-cell
mediated CHS are different in several aspects including histology (Rouzaire et al.
2012). Up to now the mechanism for the induction of CHS by memory-like NK cells
as well as the basis for the antigen specificity in T cell-independent CHS remains
unclear.

4 Pattern Recognition Receptors and Danger Signals in ACD

The PRRs TLR2 and TLR4 are often involved in allergic and autoimmune reactions.
As cell surface TLRs they are predestined to monitor changes in the extracellular
environment by detection of PAMPs and DAMPs. Contact allergens cause tissue
stress and damage. This includes the degradation of hyaluronic acid (Esser et al.
2012), biglycan (Esser et al. 2018) or release of HMGB1 (Galbiati et al. 2014). These
DAMPs play a role in TLR2/4-mediated inflammation. In this context, further
danger signals such as ROS and ATP are involved in the orchestration of the skin
inflammation in CHS. ROS and contact allergens themselves by covalent modifica-
tion of Keapl trigger the antioxidant phase 2 response. Keapl is a cytosolic sensor
for oxidative and electrophilic stress. Specific cysteine residues can be oxidized or
modified by contact allergens and also by drugs. This results in the release and
nuclear translocation of the transcription factor Nrf2 which then activates genes for
the antioxidant response (Mussotter et al. 2018; Helou et al. 2019a). Experiments in
Nrf2 knockout (ko) mice have shown that the level of oxidative stress determines the
sensitization threshold. Nrf2 ko mice can be sensitized to fragrance allergens which
are weak allergens that fail to sensitize wildtype mice (El Ali et al. 2013). Further-
more, Nrf2 regulates the accumulation of neutrophils in the skin (Helou et al. 2019b,
p- 201). It was shown that neutrophil recruitment is significantly enhanced in Nrf2
deficient mice. This was due to increased oxidative stress associated with increased
production of neutrophil-attracting chemokines CCL2, CCL4 and CCL11. Interest-
ingly, CD36 expression on macrophages and neutrophil efferocytosis were also
decreased. These findings show an important role for the regulation of oxidative
stress by Nrf2 with regard to the neutrophil involvement in the innate inflammatory
response in CHS.

The NLRP3 inflammasome is also crucially involved in ACD. Mice deficient for
the adaptor protein ASC or the PRR NLRP3 have a dramatically reduced CHS
response (Sutterwala et al. 2006). It was shown that contact allergens such as TNCB
induced a rapid release of ATP from cells in the skin (Weber et al. 2010). ATP
triggers P2X7R which is important for the activation of the inflammasome. Mice
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lacking P2X7R fail to develop CHS. The inflammasome via activation of caspase-1
processes pro-IL-1p and pro-IL-18 to the mature and bioactive cytokines. The
pro-forms are produced, e.g., after TLR2/4 activation. The role of IL-1f was
demonstrated by blocking experiments. Injection of the IL-1R antagonist Anakinra
before sensitization abrogated CHS (Weber et al. 2010).

The innate immune response triggered by contact allergens involves the same
mechanisms as triggered by infectious agents. The coupled activation of TLRs and
the NLRP3 inflammasome is a prototypic innate immune response pattern in type
1 inflammation in general, seen both in infectious and sterile immune responses such
as autoimmunity, inflammatory diseases of the skin and other organs and adverse
reactions to drugs such as acetaminophen (Woolbright and Jaeschke 2017) or
abacavir (Toksoy et al. 2017). Which TLRs and which cell types are involved
depends on the inflamed tissue. PAMPs and DAMPs trigger this response. Addi-
tional pro-inflammatory factors are danger signals generated in response to cellular
stress such as ROS, extracellular ATP, etc. These contribute to the activation of the
“TLR/inflammasome module”.

It turns out that for different contact allergens there are variations of these
mechanisms. This may be small variations of the common theme, e.g., the participa-
tion of other cell types, other TLRs, other inflammasomes, etc. due to a different
spectrum of danger signals and DAMPs generated or released from stressed cells or
from the extracellular matrix. There may also be greater differences such as a bias
towards type 2 inflammation or mixed type 1/type 2/type 3 inflammation. In fact,
recent profiling studies show allergen-specific patterns of gene expression (Dhingra
et al. 2014; Leonard and Guttman-Yassky 2019).

5 Stress Responses in ACD

It is becoming clear how important tissue stress and damage are as promoters of
inflammation. Production/release of danger signals from stressed and damaged cells
is not the only consequence. Many DAMPs are released in response to cellular
stress, and cellular stress responses can activate pro-inflammatory signalling. The
Keap1/Nrf2-dependent antioxidant phase 2 response is triggered by ROS and
electrophilic chemicals such as contact allergens. Another stress response is trig-
gered by un- or misfolded protein in the endoplasmic reticulum or in mitochondria.
This so-called unfolded protein response (UPR) plays a role in many diseases where
protein homeostasis is disturbed and modulation of the UPR holds great potential for
therapies (Hetz et al. 2019; Gonzalez-Teuber et al. 2019). Examples are neurode-
generative diseases such as Parkinson’s or Alzheimer’s and autoimmune diseases
such as diabetes, and the role of the UPR in immune responses has been recognized
(Janssens et al. 2014). It is possible that the UPR also plays a role in contact
dermatitis due to the generation of misfolded proteins due to protein oxidation by
ROS or covalent modification or complex formation by contact allergens. Recently,
it was demonstrated that the contact sensitizer DNFB activates the UPR in THP-1
cells and primary human monocyte-derived DCs. DNFB-induced rapid ROS
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production which was required for the activation of the PERK-eIF2a-ATF4 branch
of the UPR (Luis et al. 2014). Pre-treatment with the antioxidant N-acetylcysteine
abrogated the UPR activation. DNFB also induced transcriptional upregulation of
the genes for [L-8, CD86 and IL-1 in a biphasic manner. HMOX1 upregulation was
explained by an interaction of ATF4 with Nrf2 which is important in the regulation
of HMOX1 expression. Furthermore DNFB modulated autophagy-related genes via
ATF4. These findings show a role of the UPR in the activation of DCs and a cross-
talk with other pathways involved in the regulation of cellular homeostasis such as
the antioxidant phase 2 response and autophagy.

It is increasingly clear that inflammation involves both the innate immune system
and cellular stress responses. Cross-talk between innate immune responses and
tissue stress and damage responses is seen at different levels including the regulation
of innate inflammatory responses via NF-kB or the NLRP3 inflammasome.

6 Innate Immunity and ILCs in Type 1 Allergy

Type 1 allergies (immediate type) such as rhinoconjunctivitis, allergic asthma, food
allergy and atopy affect about 20% of adults in Germany (Bergmann et al. 2016).
They are mediated by Th2 cells and the prominent effector cytokines are IL-4, IL-5,
IL-9 and IL-13 which promote IgE production by B cells and attraction of
eosinophils. As in contact dermatitis the activation of the innate immune system
precedes the adaptive immune response. The role of PRRs and other components of
the innate immune system in allergy is highlighted in great detail in a recent review
(Maeda et al. 2019). The overall findings so far indicate a contribution of essentially
all molecular pathways of innate immunity either in the initiation, progression or
modulation/regulation of and protection from different types of allergic diseases
(Maeda et al. 2019; Pivniouk et al. 2019).

The type of inflammation is different in type I compared to type IV allergies.
Type I allergy is associated with the early production of IL-25, IL-33 and TSLP by
epithelial cells. IL-33 and TSLP can synergistically activate [LC2s and promote their
secretion of IL-5 and IL-13. They also act on DCs to promote their activation and
DC2 polarization. This precedes DC migration to the lymph nodes where epitopes of
the allergen are presented to T cells. OX40L is induced on the DCs which also
produce IL-4. The resulting T cell response is polarized to a Th2 phenotype.

7 Therapeutic Options

The knowledge about the mechanisms of inflammation in allergy holds great
potential for therapies. More specific anti-inflammatory therapies beyond topical
immunosuppressive therapy with, e.g., corticosteroids or tacrolimus can be
envisioned for the treatment of ACD. Ideally topical therapies should be developed
in order to use the advantage of the skin as target organ. This may help to avoid or
reduce unwanted systemic effects. In the CHS model it has been shown that
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pharmacological inhibition of the innate immune response is efficient in presenting
sensitization and elicitation of the ear swelling response to TNCB (Weber et al.
2010; Esser et al. 2012). Injection of hyaluronidases, P2X7R antagonist KN-62, the
IL-1R antagonist Anakinra prevented subsequent sensitization with TNCB.
Anakinra also prevents elicitation in sensitized mice (our unpublished data). Topical
antioxidant application was also efficient. Further strategies to be explored include
blocking of TLRs (Joosten et al. 2016) and inhibition of the inflammasome
(Swanson et al. 2019), e.g., by using glyburide, an inhibitor of the NLRP3
inflammasome which is used in the treatment of diabetes. Blocking the UPR also
holds great potential (Hetz et al. 2019). The fact that these mechanisms are operating
not only in the sensitization phase but also in the elicitation phase makes them
attractive candidates for the treatment of established ACD. Their role in chronic
ACD has not been studied, yet, in part due to the lack of appropriate preclinical
mouse models. Combination therapies may be most efficient. By targeting several
mechanisms simultaneously they may prevent compensatory upregulation and allow
for reduction of the dose of the respective drugs helping to minimize side effects.

8 Conclusion

The progress made in the understanding of the pathomechanisms of type I allergies is
paralleled by the development of novel therapeutic approaches (Simon 2018).
Nowadays biologics are in the clinic that target effector cytokines. Antibodies to
the target cytokine, to its receptor or neutralizing soluble receptors are being used. In
addition small molecule drugs are used to interfere with signalling pathways such as
JAK/STAT (Tan et al. 2016; Kaufman and Alexis 2018; Eyerich et al. 2019). An
optimistic vision for future treatment strategies is the use of combinations of anti-
inflammatory drugs and biologics that should not only neutralize the effector
cytokines but also interfere with the generation, maintenance and tissue residency
of the pathogenic T cells. The exciting research on mechanisms of resolution of
inflammation may provide supporting therapeutic pro-resolution strategies
(Fullerton and Gilroy 2016). In addition enforcing immune regulation, e.g., by
shifting the balance towards Treg and by the potential conversion of effector T
cells into Treg (Guo et al. 2019; Akamatsu et al. 2019) should promote the
re-establishment of tolerance.
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Abstract

Asthma genes have been identified through a range of approaches, from candidate
gene association studies and family-based genome-wide linkage analyses to
genome-wide association studies (GWAS). The first GWAS of asthma, reported
in 2007, identified multiple markers on chromosome 17q21 as associates of the
childhood-onset asthma. This remains the best replicated asthma locus to date.
However, notwithstanding undeniable successes, genetic studies have produced
relatively heterogeneous results with limited replication, and despite considerable
promise, genetics of asthma and allergy has, so far, had limited impact on patient
care, our understanding of disease mechanisms, and development of novel
therapeutic targets. The paucity of precise replication in genetic studies of asthma
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is partly explained by the existence of numerous gene—environment interactions.
Another important issue which is often overlooked is that of time of the assess-
ment of the primary outcome(s) and the relevant environmental exposures. Most
large GWASs use the broadest possible definition of asthma to increase the
sample size, but the unwanted consequence of this is increased phenotypic
heterogeneity, which dilutes effect sizes. One way of addressing this is to
precisely define disease subtypes (e.g. by applying novel mathematical
approaches to rich phenotypic data) and use these latent subtypes in genetic
studies.

Keywords

Allergic diseases - Asthma - Birth cohorts - Gene-environment interactions -
GWAS - Longitudinal data - Machine learning - Phenotypes

Asthma is a complex multifactorial disorder caused by a variety of different
mechanisms which result in multiple clinical phenotypes (Pavord et al. 2018;
Saglani and Custovic 2019). Although asthma does not show classical Mendelian
inheritance (Jenkins et al. 1997), it has a strong genetic component, and a familial
aggregation has been described in numerous studies. Twin studies have confirmed
higher concordance of asthma in monozygotic than in dizygotic twins and estimated
the heritability to be in the region of 60-70% (Duffy et al. 1990). The evidence to
date suggests that the genetic component of asthma likely derives from numerous
genes with small to moderate effects (Ober and Yao 2011).

1 Genetics of Asthma: From Candidate Genes
to Genome-Wide Association Studies

“Asthma genes” have been identified through a range of approaches, from candidate
gene association studies (Simpson et al. 2012) and family-based genome-wide
linkage analyses (Daniels et al. 1996) to genome-wide association studies
(GWAS) (Moffatt et al. 2007, 2010; Demenais et al. 2018). Results of the first
genome-wide linkage study for asthma were published in 1996 (Daniels et al. 1996),
suggesting six potential loci, one of which (chromosome 11q13) has been reported
previously in a candidate gene association study (Lympany et al. 1992). The first
lung-specific asthma candidate gene (ADAM33) was identified by positional cloning
in 2002 (Van Eerdewegh et al. 2002), and the first GWAS of asthma was reported in
2007 (Moffatt et al. 2007), identifying multiple markers on chromosome 1721 as
associates of the childhood-onset asthma. Since then, a number of other loci were
identified using these techniques, including (but not limited to) GPRA (Laitinen et al.
2004), HLA-G (Nicolae et al. 2005), PHF'11 (Zhang et al. 2003), DPP10 (Allen et al.
2003), CYFIP2 (Noguchi et al. 2005), etc. Genome-wide association studies have
identified many risk alleles and loci (some of which have been replicated in
worldwide populations (Kim and Ober 2019)), including novel candidate genes
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such as CHI3LI (Ober et al. 2008) and DENNDIB (Sleiman et al. 2010). Overall,
the evidence suggests that there may be multiple genes underlying the linkage peaks
(e.g. in the region 5q31-33 lie ADRB2, IL4, IL13, SPINKS, CD14, LTC4S, CYFIP2
and TIM1I, and 1721 locus includes genes ORMDL3, GSDMB, CDHR3, GSDMA
and GSDML (Kim and Ober 2019; Zhang et al. 2019; Das et al. 2017; Ober 2016)).
Each of these has relatively small effect or may be associated with different asthma
endotypes. A comprehensive review which summarised the results of 42 GWASs to
date of asthma, different asthma phenotypes and asthma-related traits has been
published recently (Kim and Ober 2019) and provides an excellent summary of
the many risk alleles and loci which were replicated in different populations. The
most widely replicated asthma locus in GWASs is 17q12-21, followed by 6p21
(HLA region), 2q12 (ILIRLI/ILISRI), 5922 (TSLP) and 9p24 (IL33) (Kim and Ober
2019). However, it is important to highlight the under-representation of ethnically
diverse populations in most GWASs (Kim and Ober 2019). To mitigate against this,
large consortia have been formed, which combine the results of multiple ethnically
diverse GWASs in order to increase the overall power to identify asthma-
susceptibility loci. Examples include the GABRIEL (Moffatt et al. 2010), EVE
(Torgerson et al. 2011) and TAGC (Demenais et al. 2018) consortia, and the value
of diverse, multi-ethnic participants in large-scale genomic studies has recently been
shown in the Population Architecture using Genomics and Epidemiology (PAGE)
study (Wojcik et al. 2019). The largest GWAS to date in asthma was performed by
the Trans-National Asthma Genetic Consortium (TAGC) in 23,948 cases and
118,538 controls, revealing 18 loci that reached genome-wide significance
(Demenais et al. 2018).

2 Genetics of Asthma and Allergic Diseases: Inconsistent
Findings

However, despite undeniable successes, it is of note that genetic studies have
produced relatively heterogeneous results with limited replication (Ober and Yao
2011; Ober and Hoffjan 2006). Furthermore, a “precise replication”, namely the
identical association of the specific single nucleotide polymorphism (SNP) with the
same phenotype, is rare (Hirschhorn et al. 2002). In asthma literature, the whole gene,
rather than a specific (SNP) is often used as a unit of replication, and the finding of any
association between the genetic variant of interest with any asthma-related phenotype
is sometimes considered as evidence of replication (even if the association is in the
opposite direction in different populations (Ober and Hoffjan 2006)). Even for the
best replicated asthma genes (e.g. those on chromosome 17q21), there is at least one
negative finding, the risk alleles/SNPs are occasionally not consistent, and the effect
size is relatively small (with odds ratios often in the region of 1.1-1.2) (Ober and
Hoftjan 2006). Finally, only a relatively small proportion of the estimated heritability
of asthma (and other atopic phenotypes such as IgE (Granada et al. 2012) and eczema
(Paternoster et al. 2012)) has been explained. For example, although the estimated
heritability for total IgE is ~60% (Strachan et al. 2001), a relatively large study of its
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genetic determinants explained less than 1% of the variance (Maier et al. 2006).
Similarly, two meta-analyses of GWASs for lung function identified several novel
genome-wide significant loci (Hancock et al. 2010; Repapi et al. 2010), but these
accounted for only 3% of the variation in lung function, with most of the variance
remaining unexplained (Weiss 2010; Artigas et al. 2011). Overall, despite consider-
able promise, genetic studies of asthma and allergic diseases have so far had limited
impact on our understanding of disease mechanisms and development of novel
therapeutic targets, or on patient care.

One part of the explanation for the paucity of precise replication of genetic studies
of asthma discussed in this chapter is the existence of numerous gene—environment
interactions (Custovic et al. 2012; Ober and Vercelli 2011). Another important
consideration is the heterogeneity of asthma (including considerable differences in
the response to treatment, severity, age of onset and factors triggering symptoms),
which has long been recognised and is a subject of a considerable debate. This
culminated in the notion that asthma is not a single disease underpinned by similar
pathophysiological mechanisms and genetic architecture leading to different clinical
manifestations (“phenotypes”), but rather an “umbrella” diagnosis for a complex
conglomerate of several different diseases (“endotypes’”) (Anderson 2008; Lotvall
et al. 2011), each caused by both distinct and overlapping mechanisms and with
different genetic associates, but with similar symptoms and clinical presentation
(Custovic et al. 2019). One of the consequences of the use of an aggregated
definition (such as “doctor-diagnosed asthma”) in genetic studies is that important
signals may be diluted by phenotypic heterogeneity (Custovic et al. 2015, 2019).

3 Gene-Environment Interactions

Asthma and allergic diseases are rarely purely genetically or environmentally driven
and usually develop through complex interactions whereby environmental factors
modulate the risk in genetically susceptible individuals (Ober and Yao 2011;
Custovic et al. 2012; Vercelli and Martinez 2006). The concept that the same
environmental exposure may have different effects among individuals with different
genetic predisposition has been tested in studies which assessed the interaction
between genes and the susceptibility to environmental factors (reviewed in Custovic
et al. 2012). One of the most replicated gene—environment interactions which we
will use as an exemplar is the relationship between endotoxin (lipopolysaccharide or
LPS) and polymorphism in CDI4 gene (Simpson et al. 2006). Endotoxin is a
component of the exterior cell wall of gram-negative bacteria, and in the broad
context of the “hygiene hypothesis” (Schaub et al. 2006; von Mutius 2007), expo-
sure to endotoxin and other microbial products which are sensed by “danger signal”
innate immunity receptors (e.g. the toll-like receptors, TLRs) serves to mould and
calibrate the maturation of immune competence that is typically developmentally
compromised during early life (Stein et al. 2016; von Mutius and Vercelli 2010).
However, similar to many other environmental factors, contradictory findings have
been reported on the relationship between endotoxin exposure and atopic
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phenotypes, with endotoxin in some studies conferring a protective effect (Braun-
Fahrlander et al. 2002; Gereda et al. 2000), an increase in risk (Nicolaou et al. 2006),
or having no effect (Bottcher et al. 2003). Endotoxin (LPS) is recognised by a
cascade of receptors and accessory proteins, which include LPS binding protein,
CD14 and the Toll-like receptor 4 (TLR4)-MD-2 complex (Park and Lee 2013). An
association between a functional variant in the promoter region of the CDI4 gene
(—159C/T, 1s2569190) (Baldini et al. 1999) with allergic phenotypes has been
reported in several populations (reviewed in Simpson and Martinez 2010). Initial
studies from Tucson reported that T allele was protective (Baldini et al. 1999), but
subsequent studies in Germany found no association (Kabesch et al. 2004), and a
study among Hutterites reported the opposite finding (i.e. that the T allele confers
increased risk (Ober et al. 2000)). Given that CD14 is a part of the pattern recogni-
tion receptor complex for endotoxin, we tested the hypothesis that the effect of
endotoxin exposure on allergic sensitisation may differ in individuals with different
variants in CD14 SNP 152569190 (—159C/T) (Simpson et al. 2006). The results have
indicated that high endotoxin exposure is protective, but only in children who are
C-allele homozygotes (Simpson et al. 2006). In contrast, there was no association
between endotoxin exposure and sensitisation among T-allele homozygotes. These
findings may explain the disparities in genetic association studies of this SNP and
atopic phenotypes in different settings around the world (Simpson and Martinez
2010). For example, if this genetic variant is studied in isolation, in populations
exposed to low level of endotoxin (such as Tucson), the T allele would confer
protection (Baldini et al. 1999), while in those with high endotoxin exposure (such as
a farming community of Hutterites) (Ober et al. 2000), the same allele (T) would
confer the increase in risk. Finally, in populations with a range of exposures, there
would be no clear association between genotype and outcome (Kabesch et al. 2004).
Similar results which confirmed interaction between this polymorphism in CDI4
and endotoxin exposure have been reported in several independent populations
(Eder et al. 2005; Williams et al. 2006; Zambelli-Weiner et al. 2005).

A further example of the opposite effect of environmental exposure(s) among
individuals with different genetic predisposition is the finding that the association
between early-life day-care attendance and development of asthma during childhood
may depend on a variant in 7LR2 gene (Custovic et al. 2011). Day-care (likely a
marker of high exposure to microbial agents) was found to be protective among
T-allele carriers for TLR2 SNP rs4696480, whilst among AA homozygotes day-care
attendance appeared to increase the risk. Thus, the relevance of the TLR2 gene was
uncovered only when the relevant environmental exposure (day-care attendance)
was identified and taken into account. Day-care appeared protective in the analysis in
the whole population (Nicolaou et al. 2008), but the apparent protective effect is a
consequence of a much larger number of children with the T allele in the population,
who outnumbered AA homozygotes by a factor of almost 4:1, thereby concealing
the fact that in a subgroup (AA homozygotes), day-care attendance actually
increased the risk of disease (Custovic et al. 2011). These two examples indicate
that if genotypes which interact with environmental exposures are studied in isola-
tion, irrespective of the size of the population studied, associations can be missed.
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Context dependency in terms of interactions with environmental exposure has
also been shown for genes with an important and consistent main effect. For
example, as outlined above, chromosome 17q21 locus is recognised as a major
genetic risk locus for childhood-onset asthma (Moffatt et al. 2007; Stein et al. 2018;
Hernandez-Pacheco et al. 2019) (in particular among children experiencing virus-
induced wheezing in early infancy (Caliskan et al. 2013)). However, recent studies
have shown that genetic polymorphism in ORMDL3 which confers the risk of
asthma (GG genotype in SNP rs8076131) is amenable to environmental protection
through exposure to farm animal sheds and presence of older siblings, whilst no
protective effect of these exposures was observed for the insusceptible genotype
(rs8076131 AA/GA) (Loss et al. 2016). Similarly, 17q21 variants have been shown
to interact with the environmental tobacco smoke (ETS) exposure (Marinho et al.
2012; Blekic et al. 2013) and early-life pet ownership (Blekic et al. 2013). These
findings suggest that stratified prevention strategies informed by individual genetic
predisposition may be possible.

Another example of the susceptibility genotype which may interact with environ-
mental exposures is filaggrin (FLG). FLG loss-of-function mutations cause impaired
skin barrier and are associated with atopic dermatitis (AD) (Sandilands et al. 2007),
and a range of other allergic conditions (Marenholz et al. 2006; Weidinger et al.
2008; Henderson et al. 2008a) and allergic sensitisation (Henderson et al. 2008a).
However, certain environmental exposures may modify this association. For exam-
ple, cat exposure in early life was found to increase the risk of AD in children with
FLG loss-of-function mutations, with no effect cat ownership among those without
FLG mutations (Bisgaard et al. 2008). In a study on peanut allergy, we have shown
that early-life environmental exposure to peanut allergens measured in dust samples
from homes increases the risk of peanut sensitisation and peanut allergy in children
who carry FLG mutations, with no significant effect of exposure in children without
FLG mutations (Brough et al. 2014). Our subsequent study has shown that FLG loss-
of-function mutations also modify the impact of exposure to inhalant allergen such
as house dust mite (HDM) and cat on the development of allergen-specific
sensitisation, in that the impact of Der p 1 and Fel d 1 exposure on allergen-
specific sensitisation was considerably higher among children with FLG loss-of-
function mutations compared to those without (Simpson et al. 2020). In contrast to
mite and cat exposure, the risk of sensitisation to any allergen was lower among
children with FLG mutations who were exposed to dog in their home in infancy
(Simpson et al. 2020). These findings may partly explain the differences in the
effects of cat and dog ownership on allergic diseases and suggest that cat ownership
may be a marker of high cat allergen exposure, while the protective effect of dog
ownership (which extends to asthma and sensitisation to other allergens (Ownby
et al. 2002)) may be mediated via changes in external or host microbiome (Sitarik
et al. 2018). This study raises another important issue which is often overlooked in
genetic studies of allergic diseases — that of time, and of a potentially crucial
importance of longitudinal analyses. It confirmed previous observations that the
association between early-life environmental exposures and allergic sensitisation
changes with time (Thuoma et al. 2018) and raised questions about the current
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approach to replication in genetic and gene*environment studies, suggesting that the
timing of the assessment of outcomes may have a critically important impact on the
results (Simpson et al. 2020).

It is likely that the impact of many (if not most) environmental exposures which
influence the risk of allergic diseases is modified by the genetic predisposition. For
example, ETS exposure increases the risk of wheezing (Murray et al. 2004),
accelerated decline of lung function and increased asthma severity and morbidity
(Strachan and Cook 1998), as well as the reduced responsiveness to inhaled
corticosteroids (ICS) (Chalmers et al. 2002). However, not all exposed individuals
develop symptoms, suggesting that some may be more susceptible to the effects of
tobacco smoke (possibly due to genetic variation). Interaction has been
demonstrated between tobacco smoke exposure and several asthma candidate
genes, such as glutathione S transferases (Panasevich et al. 2010; Palmer et al.
2006; Rogers et al. 2009), TNF-a (Wu et al. 2007) and the p,-adrenoreceptor
(ADRB2) (Wang et al. 2001), as well as other genomic loci (5q (Colilla et al.
2003), 1p, 9q (Colilla et al. 2003) and 1q43-q44, 4q34, 17p11, 5pl5, 14932 and
17q21 (Dizier et al. 2007; Meyers et al. 2005)). Similarly, variability in response to
environmental HDM exposure in relation to HDM sensitisation has been attributed
to the /L4 gene promoter polymorphism C-590T (Liu et al. 2004). However, it
should be noted that there are conflicting data on specific gene—environment
interactions. For example, Reijmerink et al. found a significant effect modification
by in utero ETS exposure of ADAM33 polymorphisms on lung function and the
development of AHR in children (Reijmerink et al. 2009), whereas Schedel et al.
(Schedel et al. 2006) were unable to detect any interactions between passive smoke
exposure (in utero or during childhood) and ADAM33 variants.

4 Heterogeneity of Asthma and Allergic Diseases

The clinical presentation of wheezing and asthma varies widely over the life course,
and the extent to which phenotypic variation signals differences in disease aetiology
remains unclear. Most large GWASs use the broadest possible definition of asthma
(e.g. parentally or patient-reported “doctor-diagnosed asthma”). As there is no
universally accepted operational definition, this may lead to the under- or over-
estimation of cases in genetic studies. For example, a study by Van Wonderen et al.
(2010) found that the choice of “case” definition has a large impact on the estimate of
asthma prevalence in early life. The authors identified 60 different “case” definitions
for diagnosing childhood asthma in 122 published articles from cohort studies. They
then chose four common definitions and applied them to a single cohort, to find that
prevalence estimates varied considerably from 15.1% to 51.1%.

Another factor which may impact upon the power to detect associations is
misclassification of controls. For example, we have recently shown that the choice
of the definition a ‘“control” has major implications for detecting an association
between AD and FLG genotype (Nakamura et al. 2019). By using different
definitions of controls (“strict” and “moderate”) (Nakamura et al. 2019), we have
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demonstrated that although the sample size was reduced by approximately one-fifth
when moving from the moderate to strict definition (as fewer children fulfilled the
more stringent criteria), the power to detect genetic association increased by ~50%
from 0.58 to 0.85 by having a “purer” control as a comparator for AD cases. These
findings confirm that bigger is not necessarily always better in genetic studies of
common complex heterogenous phenotypes (Schoettler et al. 2019). Further consid-
eration for defining cases and controls is the co-morbidity of allergic diseases. Twin
studies have estimated pairwise genetic correlations of asthma, AD, and allergic
rhinitis to be greater than 0.5, suggesting that there are specific risk variants for each
disease, but also shared genetic risk variants between diseases (Ferreira et al. 2017).
Consequently, if for example in genetic studies of asthma one includes in the control
group non-asthmatic individuals who have other allergic diseases (e.g. allergic
rhinitis or AD), genetic signals may be weakened. Ferreira has demonstrated that
using a strict definition of controls, where individuals do not experience any allergic
disease, has the potential to increase the power, confirming that tighter definition
of both cases and controls could strengthen findings on the genetic architecture of
diseases (Ferreira 2014). To account for this, we suggest that genetic studies of
allergic diseases should investigate and publish the sensitivity of their findings based
on different definitions of cases and controls.

5 Can Focus on Disease Subtypes Improve Genetic Studies?

Deep phenotyping has the potential to identify new risk loci. A recent comparatively
small GWAS which used a specific subtype of early-onset childhood asthma with
recurrent, severe exacerbations as an outcome identified a novel gene, Cadherin
Related Family Member 3 (CDHR?3) as an associate of this specific subtype, but not
of doctor-diagnosed asthma (Bgnnelykke et al. 2014). This important discovery was
made in a considerably smaller sample size (1,173 cases and 2,522 controls), but
using a much more precise asthma subtype than was available in large international
consortia which did not detect this association. For example, the previously men-
tioned largest asthma GWAS to date (TAGC) had almost 40-fold higher sample size
(Demenais et al. 2018), but reported no significant association between CDHR3 and
“asthma”, likely due to phenotypic heterogeneity inherent in the definition of
asthma. Mechanistic studies that followed have suggested that CDHR3 may be a
receptor for Rhinovirus C, identifying this as a potential therapeutic target (Bochkov
et al. 2015). A major implication of this study is that with careful phenotyping,
smaller sample sizes may be adequately powered to identify larger effect sizes than
those in large GWASs with “looser” outcome definitions.
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6 Gene Discovery Using Phenotypes of Allergic Disease
Derived by Data-Driven Techniques

As highlighted previously, an unwanted consequence of increasing sample size in
large GWAS:S is increased phenotypic heterogeneity, which may dilute effect sizes.
One way of addressing this is to derive subtypes of asthma and allergic diseases,
which should ideally be homogenous. Whilst there are abundant studies using
longitudinal data to characterise allergic diseases into data-driven phenotypes, a
fertile yet under-investigated area of research is the investigation of genetic markers
of these disease subtypes (Belgrave et al. 2017).

Over the past two decades, there has been a growth in the number of studies using
data-driven classification techniques to identify subtypes of asthma. One such
approach is latent trajectory modelling, in which repeated measurements of observed
symptoms are modelled to identify more homogeneous sub-populations within the
larger heterogeneous population (Oksel et al. 2018a, b; Prosperi et al. 2014). By
incorporating the temporal evolution of observed symptoms across the life course,
investigators have been able to capture the phenotypic heterogeneity of asthma based
on the timing and persistence of symptoms in a hypothesis-neutral way, and to
identify sub-groups with consistent patterns of disease that were not known a priori
(reviewed in Oksel et al. 2018b; Deliu et al. 2017; Deliu et al. 2016; Howard et al.
2015). Latent modelling approaches have been extensively used to identify and
validate longitudinal trajectories of childhood wheeze (Henderson et al. 2008b;
Granell et al. 2016; Belgrave et al. 2013; Savenije et al. 2011), severe exacerbations
(Deliu et al. 2019), atopy (Lee et al. 2017; Havstad et al. 2014; Garden et al. 2013;
Lazic et al. 2013), asthma (Deliu et al. 2017; Howard et al. 2015; Weinmayr et al.
2013) and lung function (Belgrave et al. 2014a, 2018) and to evaluate their
associations with environmental risk factors. Even though these studies have been
instrumental in elucidating the heterogenous nature of allergic diseases, there has
been a paucity of research into the genetic associations of such phenotypes.
ALSPAC investigators explored associations between genes in the 17q21 locus
and symptom-based longitudinal wheezing phenotypes derived by latent class
analysis (Henderson et al. 2008b). Their findings suggested that SNPs near
ORMDL3, GSDML and 1KZF3 were associated with persistent and intermediate-
onset wheeze (characterised by onset before age 30 months), but not with early
wheezing that resolved or with late-onset wheezing, indicating that the timing and
pattern of symptoms in early life may have differential genetic associations (Granell
et al. 2013). A further study related the same wheezing phenotypes to the genetic
prediction scores based on 10-200,000 SNPs ranked according to their associations
with physician-diagnosed asthma and found that the 46 highest ranked SNPs (which
included SNPs in ORMDL3/GSDMB, ILIRLI, ILISRI and IL33) predicted persis-
tent and intermediate-onset wheezing phenotypes more strongly than doctor-
diagnosed asthma (Spycher et al. 2012). Furthermore, SNPs below the stringent
genome-wide significance threshold were associated with bronchial hyper-
responsiveness and atopy. Combining data from ALSPAC and PIAMA cohorts,
Savenije et al. (2014) found that intermediate-onset and late-onset wheeze (both
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highly associated with allergic sensitisation) were associated with several IL/RLI
and /L33 polymorphisms. The study suggested that allergic sensitisation, through the
IL33-IL1RLI1 pathway, may be a risk factor for the development of wheeze and
subsequent asthma.

A recent study took this approach one step further by investigating the relation-
ship between the polygenic risk score comprising 135 SNPs which were found to be
associated with allergic diseases in a previous GWAS (Ferreira et al. 2017), and
eight latent classes of allergic diseases which were derived using machine learning
techniques applied on the longitudinal patterns of the development of eczema,
wheeze and rhinitis (Belgrave et al. 2014b). The authors found strong evidence for
differential genetic associations across the different developmental profiles of
eczema, wheeze and rhinitis, with pooled polygenic risk score heterogeneity
P-value of 3.3 x 10~'*. SNP 1561816761 (a protein truncating variant in FLG
gene) and SNP rs921650 (within an intron of GSDMB on chromosome 17q21.1),
which have previously been identified as having disease-specific effects (Ferreira
et al. 2017), were differentially associated with distinct disease profiles. The FLG
locus was associated with all profiles that included eczema, but the association was
much stronger for the classes with co-morbid wheeze and rhinitis. In contrast, the
GSDMB locus was associated with all profiles which included wheeze (including
transient wheezing), but with no additional risk of co-morbid conditions. These
studies suggest that the investigation of genetic associates of more holistic
phenotypes which take into account temporality and co-occurrence of different
symptoms may provide evidence of heterogenous aetiological pathways which are
masked by the umbrella case definitions in genetic studies. Ultimately, the case is
strengthening for reforming the taxonomy of atopic diseases away from traditional
symptom-based diagnostic criteria to incorporate advances in data analysis
techniques, as well as molecular and genetic medicine.

7 Integration of Data

There is a paucity of studies which have collected measurable data which
dynamically influence the susceptibility to asthma, which would allow large-scale
hypothesis-neutral GWAS using derived multinomial probabilistic phenotypes as an
outcome. Gathering such data at a sufficient scale may be impractical due to the cost
and complexity of externally validating findings of clinical importance in different
populations. There may also be a risk of diluting genetic effects due to differences in
exposure to environmental factors, which are difficult to control for, and variations in
genetic backgrounds.

We propose that an integrated approach to understanding the mechanisms of
asthma and allergic diseases (including genetics) through harnessing the power of
different data sources may translate into a better understanding of causal
mechanisms, more accurate diagnoses and more personalised treatment (Haider
and Custovic 2019). The proliferation of new types of data, namely biomarkers
from “omics” technologies and systems biology, coupled with advances in
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computational power introduces new opportunities for the integration of different
data sources to understand complex diseases more holistically (Canonica et al.
2018). More specifically, triangulation from different sources may help to elucidate
the directionality of relationships between variables at a very individual level by
modelling the complex interdependencies between multiple dimensions
(e.g. genome, transcriptome, epigenome, microbiome and metabolome) thereby,
moving away from associative to a more causal analysis. Pecak et al recently
developed a catalogue of 190 potential asthma biomarkers from 73 studies covering
13 omics platforms (including genomics, epigenomics, transcriptomics, proteomics)
(Pecak et al. 2018). They identified 10 candidate genes linked to asthma (for
example, IL3, IL13, GATA3) that were present in at least two omics levels, thus
demonstrating the potential for prioritising specific biomarker research and the
development of targeted therapeutics.

8 Conclusions

The existence of numerous gene—environment interactions (many of which remain
to be described (Vercelli and Martinez 2006)) and the use of aggregated phenotypes
which are probably comprised of a number of different diseases with distinct
pathophysiological mechanism make reproducible studies aiming to understand
the mechanisms of allergic disorder difficult, if not impossible. Understanding the
potential causes of heterogeneity in phenotyping may enable the identification of
genetic associations in a more consistent way. We propose that one of the ways
forward is to precisely define disease subtypes (for example, by applying novel
mathematical approaches to rich phenotypic data) and use these latent subtypes in
genetic association studies. Understanding of gene—environment interactions, which
typically use simple binary definitions of outcomes, could also be enriched by taking
a multinomial approach by exploring whether such interactions vary by disease
subtype membership. The triangulating of genetic data with deep phenotyping,
environmental and omics data may help to identify the underlying pathophysiology
of allergic diseases more holistically and inform the development of personally
tailored therapeutic targets, as well as the genotype-specific strategies for prevention
(Custovic and Simpson 2004).
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Abstract

There has been a substantial increase in the incidence and the prevalence of
allergic disorders in the recent decades, which seems to be related to rapid
environmental and lifestyle changes, such as higher exposure to factors thought
to exert pro-allergic effects but less contact with factors known to be associated
with protection against the development of allergies. Pollution is the most
remarkable example of the former, while less contact with microorganisms,
lower proportion of unprocessed natural products in diet, and others resulting
from urbanization and westernization of the lifestyle exemplify the latter. It is
strongly believed that the effects of environmental factors on allergy susceptibil-
ity and development are mediated by epigenetic mechanisms, i.e. biologically
relevant biochemical changes of the chromatin carrying transcriptionally-relevant
information but not affecting the nucleotide sequence of the genome. Classical
epigenetic mechanisms include DNA methylation and histone modifications, for
instance acetylation or methylation. In addition, microRNA controls gene expres-
sion at the mRNA level. Such epigenetic mechanisms are involved in crucial
regulatory processes in cells playing a pivotal role in allergies. Those include
centrally managing cells, such as T lymphocytes, as well as specific structural and
effector cells in the affected organs, responsible for the local clinical presentation
of allergy, e.g. epithelial or airway smooth muscle cells in asthma. Considering
that allergic disorders possess multiple clinical (phenotypes) and mechanistic
(endotypes) forms, targeted, stratified treatment strategies based on detailed
clinical and molecular diagnostics are required. Since conventional diagnostic
or therapeutic approaches do not suffice, this gap could possibly be filled out by
epigenetic approaches.

Keywords

Allergic rhinitis - Allergy - Asthma - Atopic dermatitis - Atopy - DNA
methylation - Environment - Epigenetics - Histone acetylation - MicroRNA

Abbreviations

A. lwoffii Acinetobacter lwoffii
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APCs Antigen-presenting cells
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CB Cord blood

DEPs Diesel exhaust particles
DNMT DNA methyltransferase
DUBs Deubiquitinating enzymes

FOXP3 (FOXP3)

Forkhead box protein 3 (gene)



Epigenetic Mechanisms in Allergy Development and Prevention

GATA3
HATSs
HDACis
HDACs
HDMs
HMTs
HRVs
IFN-y (IFNG)
IgE

IL

ILCs
MAP
MBD
MeCP2
miRNA
NECs
N02
NOSI1-3
PAHs
PBMCs
PKC{
RISC
RORC2 (RORYT)
SAM

GATA binding protein 3
Histone acetyltransferases
HDAC inhibitors

Histone deacetylases

Histone demethylases

Histone methyltransferases
Human rhinoviruses

Interferon-y (gene)
Immunoglobulin E

Interleukin
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Mitogen-activated protein
Methyl-CpG binding protein
Methyl-CpG binding protein 2
microRNA

Nasal epithelial cells

Nitrogen dioxide

Nitric oxide 1-3 synthase genes
Polycyclic aromatic hydrocarbons
PB mononuclear cells
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RNA-induced silencing complex
RAR related orphan receptor C, isoform 2
S-adenosyl-1-methionine

SCFAs Short-chain fatty acids

SO, Sulfur dioxide

TBX21 T-box 21 (T-bet)

TET1 (TETI) Tet (10-11 translocation) methylcytosine
1 (gene)

TFs Transcription factors

Th T helper

Tregs Regulatory T cells

1 Epigenetic Mechanisms

1.1 Epigenetics

333

dioxygenase

The term “epigenetics” was originally used to refer to the complex gene—environ-
ment interactions participating in higher organisms in processes related to the
development, differentiation, and maturation of cells, tissues, and organs. Nowa-
days, it refers rather to functional, inheritable or acquired, modifiable, biologically
relevant biochemical changes of the chromatin carrying the information but not
affecting the nucleotide sequence of the genome (Handy et al. 2011). “Classical”
epigenetic changes comprise DNA methylation and histone modifications (Harb
et al. 2016; Kabesch et al. 2010). Actively participating in several other processes
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Fig. 1 Schematic representation of major epigenetic control mechanisms of gene expression,
i.e. DNA methylation, histone modifications, and microRNA-mediated gene silencing. Methylation
of a cytosine within the so-called CpG islands (5'-cytosine-phosphate-guanine-3’) located in a
promoter region of a respective gene leads to downregulation of its transcription. Histone
modifications exert varying effects on transcription, depending on their biochemical character.
Silencing by microRNAs occurs at the mRNA level; microRNA binds to a target mRNA molecule,
which blocks translation. Me methylation, Ac acetylation, P phosphorylation

as well, for example response to damage and DNA repair, classical epigenetic
modifications are best known for their effects on the accessibility of certain genomic
loci to transcription enzymes, regulating the expression of the respective genes,
either in response to environmental impacts or as an important element of cellular
homeostasis, activation or differentiation programs (Brook et al. 2015; Potaczek
et al. 2017). In addition to classical epigenetic mechanisms, also some RNA
molecules such as microRNAs (miRNAs) contribute to the post-transcriptional
control of gene expression (Fig. 1) (Perry et al. 2015a; Pileti¢ and Kunej 2016).

Environmental influences can be inherited between generations, most simply just
by shared familial environment or other cultural influences. However, transmission
of environmental experiences can also employ epigenetic mechanisms by two
different types, i.e. transgenerational or intergenerational. Transgenerational inheri-
tance occurs when the environmental factor directly affects the epigenetic patterns of
germ cells of the parent or the fetus. The true intergenerational inheritance starts
from the generation, whose germ cells have not been exposed to the relevant
environmental factor (Mgrkve Knudsen et al. 2018).
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1.2 DNA Methylation

In mammals, DNA methylation is pivotal for a normal development and is related to
multiple crucial processes such as aging, X-chromosome inactivation, genomic
imprinting, repression of transposable elements, and carcinogenesis (Hackett and
Surani 2013; Li and Zhang 2014). Biochemically, DNA methylation is a covalent
transfer of a methyl group onto the CS5 position of cytosine to form 5-methylcytosine.
This typically occurs at cytosine nucleotides belonging to CpG dinucleotides,
so-called CpG sites, i.e. DNA sequences where a cytosine nucleotide (C) is directly
followed by a guanine nucleotide (G) (Jin et al. 2011; Moore et al. 2013). Several
CpG sites sometimes cluster to form “CpG islands,” which are typically located in
regulatory elements influencing gene transcription, such as promoters or enhancers
(Smith and Meissner 2013). The biochemical reaction of DNA methylation is
catalyzed by a family of DNA methyltransferases (DNMTs) that represent enzymes
transferring a methyl group from S-adenosyl-1-methionine (SAM) to the C5 position
of the cytosine. DNMT1 targets hemimethylated dsDNA, which preserves the
maintenance of DNA methylation patterns during DNA replication. DNMT3A and
DNMT3B in turn target hemimethylated and unmethylated dsDNA thus creating de
novo DNA methylation (Jurkowska and Jeltsch 2016; Moore et al. 2013; Smith and
Meissner 2013).

Low DNA methylation levels in a promoter region are often, but not necessarily,
associated with a higher transcriptional activity or at least a (higher) potential of the
respective gene to become expressed, whereas high DNA methylation levels in the
CpG island(s) of a promoter are usually associated with lower gene expression up to
full gene silencing (Kabesch et al. 2010; Pileti¢ and Kunej 2016). DNA methylation
is thought to affect gene expression by influencing protein interactions with the
affected gene sites. First, methylation of the CpG islands at the binding sites of
specific transcription factors (TFs) is simply an obstacle for them to interact with the
target DNA and thus hinder subsequent transcription. Second, there are indirect
effects of the methylated CpGs mediated by the recruitment of proteins able to
specifically bind methylated DNA such as methyl-CpG binding protein 2 (MeCP2)
and other methyl-CpG binding domains (MBDs). These proteins secondarily recruit
histone deacetylases (HDACSs), histone methyltransferases (HMTs), and other bio-
logically active molecules increasing chromatin compactness and hence are
associated with gene repression (Della Ragione et al. 2016; Fasolino and Zhou
2017; Kim et al. 2009; Pileti¢ and Kunej 2016).

1.3 Histone Modifications

There are several types of histone modifications, of which acetylation, methylation,
phosphorylation, and ubiquitination have been most widely studied and found to be
most important in the context of the regulation of chromatin structure and transcrip-
tional activity. In addition to their contribution to epigenetic modulation of gene
expression, histone modifications are also involved in other biological processes,
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e.g. histone phosphorylation is best known for its role in DNA repair processes in
response to cell damage (Bannister and Kouzarides 2011; Healy et al. 2012; Rossetto
et al. 2012; Swygert and Peterson 2014).

Similarly to DNA methylation, posttranslational histone modifications do not
change the nucleotide sequence of DNA but alter the availability of specific
segments to the enzymatic machinery responsible for transcription. Biochemical
reactions of histone modifications are generally catalyzed by specific enzymes that
act mostly at amino acids such as lysines or arginines as well as serines, threonines,
tyrosines and others positioned at the N-terminal tails of histone proteins (Morera
et al. 2016; Swygert and Peterson 2014).

The acetylation status of the histones is controlled by two groups of enzymes
exerting directly opposite effects, histone acetyltransferases (HATs) and HDACs.
HATS catalyze the transfer of an acetyl group from acetyl-CoA to the terminal amino
group of lysines in the histone tails. Addition of the negatively charged acetyl groups
neutralizes a positive charge from the histones, which weakens the interaction
between histones and negatively charged phosphate groups of the DNA. As a result,
chromatin becomes less condense thereby increasing its accessibility to the tran-
scriptional machinery. By contrast, removal of acetyl groups from histone tail lysine
residues catalyzed by opposing HDACs reestablishes a positive charge on histones
thus strengthening histone—DNA interaction. This leads to higher condensation of
the chromatin associated with repression of gene expression. In conclusion, histone
acetylation marks are generally permissive (Alaskhar Alhamwe et al. 2018;
Angiolilli et al. 2017; Hull et al. 2016; Marmorstein and Zhou 2014).

In contrast, histone methylations maybe either transcriptionally permissive or
repressive depending on the number of methyl groups added and the position of the
targeted amino acid residues in the histone tail. Trimethylation at lysine 4 of histone
H3 (H3K4me3) is related to transcriptional activation, whereas trimethylation at
lysine 27 of the same histone (H3K27me3) is associated with transcriptional repres-
sion. Histone methylation is conducted by HMTs and histone demethylation by
histone demethylases (HDMs). HMTs, being more specific than HATs and usually
targeting a specific lysine residue, are capable of transferring up to three methyl
groups from the cofactor SAM to a lysine or an arginine residue (Hyun et al. 2017,
Kaniskan et al. 2018; Morera et al. 2016). Opposite to histone acetylations, histone
methylations do not influence the electrostatic charge of histones but exert indirect
effects through the effect on the recruitment and the binding of different regulatory
proteins to chromatin instead.

Two types of enzymes with opposing modes of action control the histone
phosphorylation status, i.e. phosphokinases adding phosphate groups and
phosphatases removing them. The three best known functions of histone
phosphorylations comprise chromatin condensation related to mitosis and meiosis,
repair of DNA damage, and regulation of transcriptional activity. Histone
phosphorylations establish a platform for the crosstalk between other histone
marks, which ultimately leads to the altered chromatin status and its consequences
(Bannister and Kouzarides 2011; Rossetto et al. 2012). Histone ubiquitination,
another important histone modification, is conducted by histone ubiquitin ligases
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and can be removed by ubiquitin-specific peptidases, so-called deubiquitinating
enzymes (DUBs). While histone 2A monoubiquitination (H2Aub) is more fre-
quently related to gene silencing, monoubiquitination of histone 2B (H2Bub) is
rather associated with transcription activation. Similarly to histone
phosphorylations, histone ubiquitinations also interact with other types of histone
modifications (Cao and Yan 2012; Weake and Workman 2008; Zhang et al. 2017).

The epigenetic enzymes described above represent either “writers” that are the
enzymes adding epigenetic marks to histone tails, such as HATs, HMTs,
phosphokinases, and ubiquitin ligases, or “erasers” removing histone marks, includ-
ing HDACs, HDMs, phosphatases, and DUBs. There is, however, a third group of
the so-called “readers,” comprising proteins containing bromodomains,
chromodomains, or Tudor domains. These molecules can recognize the epigenetic
marks created by writers as well as determine their functional effects. In addition,
certain enzymes with primary activities different from epigenetic reading, for exam-
ple some HATs, also possess bromodomains (Falkenberg and Johnstone 2014;
Fujisawa and Filippakopoulos 2017).

1.4 MicroRNA

Some post-transcriptional control elements, such as miRNA molecules, also own
epigenetic functions. They contribute to the epigenetic control of gene expression at
various levels of the genome, for instance through their ability to target other
epigenetic regulators, such as DNMTs or HDACs (Ha and Kim 2014; Kala et al.
2013).

miRNAs are about 22 nucleotides long noncoding RNA molecules. They dem-
onstrate high abundancy in the genome; above 2,500 mature human miRNAs have
been identified. In humans, mainly but not exclusively introns of both noncoding and
coding transcripts encode canonical miRNA molecules. Transcription of miRNAs
from genomic dsDNA occurs typically through RNA polymerase II. Subsequently,
the immature transcripts undergo processing by two enzymes of the RNase III-type,
namely Drosha and Dicer, operating in the cell nucleus or in the cytoplasm,
respectively. Typically, only one strand of the mature miRNA becomes then
incorporated into the RNA-induced silencing complex (RISC). Within RISC,
miRNA is responsible for the specific recognition of and interaction with the
respective target mRNA. RISC-bound mRNA molecules become degraded or their
translation is suppressed in other ways, for instance by reducing the performance of
the ribosomes. The level of complementarity between the miRNA and the targeted
mRNA determines the magnitude of the silencing effect (Eulalio and Mano 2015;
Pileti¢ and Kunej 2016; Zhang et al. 2019).

The post-transcriptional regulation of gene expression by miRNAs was suggested
to participate in buffering fluctuations in gene expression resulting from random
intracellular modulations or from environmental influences as well as to contribute
to the fine-tuning of transcriptional programs within bigger regulatory networks
(Potaczek et al. 2017; Vidigal and Ventura 2015).
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1.5 Epigenetic Crosstalk

Gene expression is ultimately governed by the cooperation of various epigenetic
mechanisms that interact to induce or repress transcription (Moore et al. 2013; Tiffon
2018). This crosstalk involves all three major epigenetic mechanisms, including
DNA methylation, histone modifications, and miRNA-associated silencing. Multi-
ple relevant interactions have been reported. For instance, MBDs recognize
methylated DNA and then recruit HDACs and HMTs, which remove acetyl and
add methyl groups to the histone tail, respectively. Conversely, histone
modifications can affect DNA methylation, too. For example, having recognized
unmethylated histone H3 lysine 4, DNMT3-like factor stimulates de novo DNA
methylation by recruiting DNMT3A and DNMT3B and enhancing their activity
(Ben-Porath and Cedar 2001). Furthermore, DNA methylations and histone
modifications regulate the expression not only of protein-encoding genes but also
of genes encoding miRNAs. On the other hand, certain miRNA molecules control
the expression of important protein regulators of the classical epigenetic
mechanisms, such as DNMTs or HDACs (Moore et al. 2013; Sato et al. 2011).

2 Epigenetics and the Etiology of Allergic Disorders
2.1 Clinical Picture

Allergic diseases represent a wide spectrum of disorders caused by hypersensitivity,
i.e. an inadequate reaction of the immune system to otherwise harmless environmen-
tal substances then called allergens. They can be roughly divided into (1) allergic
conditions underlain by type I hypersensitivity where immunoglobulin E (IgE) plays
a pivotal role and (2) those whose etiology is not associated with IgE. IgE-dependent
allergic diseases include allergic asthma with the main manifestations occurring in
the respiratory tract, allergic rhinitis (AR) or hay fever with the involvement of the
upper airways, the extrinsic form of atopic dermatitis (AD) or eczema affecting skin,
allergic conjunctivitis affecting eyes, and food allergy with the major local clinical
symptoms appearing in the gastrointestinal tract (Gandhi et al. 2016; Potaczek et al.
2017). IgE-independent allergic disorders comprise contact dermatitis, intrinsic form
of atopic dermatitis, non-allergic forms of asthma, and non-IgE-mediated food
allergy. In fact, although it is still under debate and beyond the scope of this chapter,
some of the latter diseases either do not have a real allergic background or their
allergic mechanisms are not diagnostically covered by currently available methods,
for instance local mucosal IgE or IgE to yet unknown allergens (Potaczek and
Kabesch 2012). This heterogeneity is directly reflected by multiple described
phenotypes, i.e. clinical presentations, of some allergic diseases, probably best
known although still not fully characterized for asthma, AD, and
AR. Furthermore, this heterogeneity gets even more complex when it comes to the
characterization of the disease-underlying molecular mechanisms called endotypes
(Czarnowicki et al. 2019; Miethe et al. 2018; Tomassen et al. 2016).
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2.2 Mechanisms

Despite substantial mechanistic differences between particular allergic disorders and
their various phenotypes, some core mechanisms involved in their etiopathogenesis
have been described, at least among IgE-associated conditions. Those are underlain
by (chronic) allergic inflammation with acute episodes leading to a clinical picture
corresponding to the exacerbation of the respective allergic disease. Several types of
cells are involved, including barrier cells such as epithelium, antigen-presenting cells
(APCs), T cells, and B cells. Epithelial cells are not only a simple mechanical barrier
between the organism and the environment and thus first-contact cells for environ-
mental components including allergens but they also integrate innate and adaptive
immune mechanisms. Their mediators secreted in response to contact with allergens
contribute to the stimulation of APCs, e.g. dendritic cells, which themselves involve
the whole adaptive immunity machinery by their activation of allergen-specific T
cells (Gandhi et al. 2016; Lambrecht and Hammad 2015). The latter directly
represent effector cells but, most importantly, they further orchestrate adaptive
immune responses, €.g. by involvement of B cells responsible for synthesis of
allergen-specific IgE molecules. T cells managing the adaptive immunity are
CD4™ T helper (Th) cells of different subpopulations. Depending on the set of
cytokines they secrete, and thus the functional role they play, Th cells can be divided
into Thl (e.g., interferon-y — IFN-y), Th2, Th17 (interleukin-17 — IL-17), and
regulatory T cells (Tregs; e.g., IL-10). Th2 cytokines include IL-4, IL-5, IL-13,
and IL-9, the latter thought nowadays to be produced mostly by a separate subpopu-
lation of the so-called Th9 cells (Garn 2018; Suarez-Alvarez et al. 2012). Th2 or
better “type-2” (see further) cytokines play a crucial role in allergic or “type-2”
inflammation. In brief, IL-4 induces differentiation of further Th2 cells and produc-
tion of IgE by B cells, IL-13 activates mast cells, stimulates hyperplasia of goblet
cells and mucus production as well as airway hyperresponsiveness (AHR), IL-5
activates eosinophils, while IL-9 contributes to proliferation of mast cells and mucus
production (Potaczek et al. 2017). Direction of T cell differentiation is strictly
regulated by the cytokine milieu, which determines the synthesis of the so-called
master TFs preferentially expressed in one or the other T cell subpopulation. For
example, in the presence of IL-4, naive CD4" T cells express GATA binding protein
3 (GATA3), which determines their differentiation towards Th2 cells. Of impor-
tance, expression of master TFs and lineage-specific cytokines is strictly regulated
by epigenetic mechanisms. Other master regulators include T-box 21 (TBX21,
traditionally called “T-bet”) for Th1 cells, RAR related orphan receptor C, isoform
2 (RORC2, traditionally called “RORYT”) for Th17 cells, and forkhead box protein
3 (FOXP3) for Tregs (Pepper et al. 2017; Suarez-Alvarez et al. 2012). Th9 cells lack
a single lineage-defining master regulator and their differentiation depends on the
collective action of several TFs, which a kind of matches their specificity (Kaplan
2017). Th cytokines can be produced also by innate lymphoid cells (ILCs) that are
innate immune cells belonging to the lymphoid linage but missing antigen specific
receptors like in B or T cells. For example, ILC2s secrete Th2 cytokines, which are
therefore referred to as “type-2” cytokines (Lambrecht and Hammad 2015).
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23 Etiologic Model

There is no single locus explaining the genetic susceptibility to allergies. In other
words, they have a polygenic character. Indeed, multiple susceptibility genes have
been identified, some of which in a very consistent way. One remarkable example is
chromosome 1721 harboring ORMDL3 and several other genes, which are
associated with childhood asthma and have been replicated in multiple independent
studies (Toncheva et al. 2015). Total serum IgE levels represent in turn a quantitative
allergy-related trait the susceptibility loci for which have been identified in a
replicated manner (Sharma et al. 2014). Still, in spite of this progress, it turned out
to be impossible to explain the dramatic increase in the incidence and the prevalence
of allergic disorders over the last several decades. One remarkable exemplification of
this statement is the observation made in East Germany (the former German Demo-
cratic Republic). The incidence of allergic diseases in this region increased dramati-
cally within only 20 years after the reunification of Germany, although the genetic
profile of the population remained identical (Krdmer et al. 2015). Thus, it became
clear that other factors instead of genetics need to play a very important role here.
Indeed, multiple epidemiologic studies robustly demonstrated strong associations of
the explosion in allergies with westernization of the lifestyle and other rapid envi-
ronmental changes. Those include both, an increase in “bad” factors, such as
different kinds of pollution related to urbanization and industrialization, and a
decrease in “good” factors, including living in natural environments and/or eating
traditional diets (Fig. 2) (Garn and Renz 2007; Renz et al. 2011). Thus, on the
epidemiological as well as molecular levels, allergies represent a kind of a prototypic
example of gene—environment interactions-related disorders, the underlying
mechanisms of which involve a variety of epigenetic mechanisms (Harb et al.
2016; Turner 2017).

An important feature characterizing the epigenetic effects of diverse environmen-
tal exposures is the existence of a time window, within which such factors exert their
crucial effects on biological features. In the case of allergies these are the in utero and
neonatal (first year of life) developmental periods. This “window of opportunity”
would be the best time for the “good” factors to exert their major protective effects,
while “bad” influences would increase the risk of disease development, the most
within the “window of susceptibility” or “vulnerability” (Ho et 