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Preface

Among several emergencies in allergy, anaphylaxis is probably the most dramatic and
life-threatening reaction giving rise to a considerable number of fatalities, some of which
often go unrecognized. It is important to stress this life-threatening character of an aller-
gic reaction in a time when allergic diseases are regarded by some as minor complaints or
just ‘impairment of feeling well’ The dangerous character of this type of allergy is based
not only upon the dramatic clinical symptomatology when it occurs, but also on the fact
that affected individuals — once having survived an episode - are seemingly healthy and
tend to neglect the risk of a future episode. Furthermore, there is the problem of ‘hidden
allergens’ which makes it almost impossible for a person suffering from food anaphylaxis
for example to avoid the allergen in daily life since declaration rules are leaky but also
inadvertent or false contaminations may occur or even transfer of allergen from another
individual to the patient - for example by a kiss!

As spectacular as these events are sometimes referred to in the yellow press, as negli-
gent many doctors and also scientists as well as patients are behaving in spite of this poten-
tially life-threatening risk. I would like to tell a very personal episode: When I came back
from my post-doctoral fellowship at Scripps Clinical Research Foundation in La Jolla to
the Munich Dermatology Department in 1978, I started the allergen-specific immuno-
therapy with purified insect venom extracts which had just been so successfully tried in
the historic double-blind, placebo-controlled trial by the group of Lawrence Lichtenstein
in Baltimore. Since then, I have treated several thousand patients successfully and given
many lectures on the topic, sometimes ad meam nauseam - I felt I can no longer listen to
myself telling the same story. In spite of this, in my rather close circle of acquaintances, one
day a 35-year-old young man who was aware of the problem he had with insect stings with
minor flush episodes or itching palms, but had not taken this seriously, died when he was
mountain climbing in the Karwendel mountains in Bavaria. This ‘shock’ motivated me to
continue to ‘preach’ like the voice in the wilderness. It just shows you that it is important to
bring the message and the scientific progress to the people.

This was also the main motivation to put together this book, because for some time
- since the last Novartis Foundation Symposium volume 2004 - not so much has been
comprehensively compiled on this topic.

I am very grateful to the excellent group of authors who have contributed to this book,
to Dr. Franz and Dr. Grosber, as well as to Mr. Nold, Ms. Smit and Mr. Jappert from Karger
Publishers who were of tremendous help in the editing process. May this book be widely
distributed not only among allergists but among all doctors dealing with patients poten-
tially affected in order to prevent anaphylactic reactions, but also in order to correctly
treat these patients both in the acute phase as well as in the long-term management.

Johannes Ring
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Charles M. Richet on Anaphylaxis

A Facsimile (1904)

Richet CM: De l'anaphylaxie ou sensibilité croissante des organismes a des doses
successives de poison. Arch Fisiol 1904;1:129-142.1

! Despite intensive research neither the editor nor the publisher could locate the copyright holder of this
article. The publisher would be pleased to hear from anyone whose rights unwittingly have been
infringed. All legal claims as customary and appropriate will be compensated upon receipt of relevant
notification.
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History and Epidemiology

Ring J (ed): Anaphylaxis. Chem Immunol Allergy. Basel, Karger, 2010, vol 95, pp 1-11

History and Classification of Anaphylaxis
Johannes Ring - Heidrun Behrendt - Alain de Weck

Department of Dermatology and Allergy Biederstein, ZAUM - Zentrum Allergie und Umwelt, Helmholtz
Zentrum Miinchen/Technische Universitat Miinchen, Munich, Germany, and Universidad de Navarra, Pamplona,
Spain

Abstract

Anaphylaxis as the maximal variant of an acute systemic hypersensitivity reaction can involve sev-
eral organ systems, particularly the skin, respiratory tract, gastrointestinal tract and the cardiovascu-
lar system. The severity of anaphylactic reaction is variable and can be classified into severity grades
I-IV. Some reactions are fatal. Most frequent elicitors of anaphylaxis are foods in childhood, later
insect stings and drugs. The phenomenon itself has been described in ancient medical literature, but
was actually recognized and named at the beginning of the 20th century by Charles Richet and Paul
Portier. In the course of experiments starting on the yacht of the Prince of Monaco and continued in
the laboratory in Paris, they tried to immunize dogs with extracts of Physalia species in an attempt to
develop an antitoxin to the venom of the Portuguese man-of-war. While Charles Richet believed that
anaphylaxis was a ‘lack of protection; it has become clear that an exaggerated immune reaction,
especially involving immunoglobulin E antibodies, is the underlying pathomechanism in allergic
anaphylaxis besides immune complex reactions. Non-immunologically mediated reactions leading
to similar clinical symptomatology have been called ‘anaphylactoid’ or ‘pseudo-allergic’ — especially
by Paul Kallos - and are now called ‘'non-immune anaphylaxis’ according to a consensus of the World
Allergy Organization (WAO). The distinction of different pathophysiological processes is important
since non-immune anaphylaxis cannot be detected by skin test or in vitro allergy diagnostic proce-
dures. History and provocation tests are crucial. The intensity of the reaction is not only influenced
by the degree of sensitization but also by concomitant other factors as age, simultaneous exposure
to other allergens, underlying infection, physical exercise or psychological stress or concomitant
medication (e.g. B-blockers, NSAIDs); this phenomenon has been called augmentation or summation
anaphylaxis. Copyright © 2010 S. Karger AG, Basel

In spite of the dramatic increase in prevalence of allergic diseases over the last decades,
allergy is often not taken seriously because symptoms of e.g. hay fever are regarded
as ‘mild’ or ‘bagatelle’ in the general public. This rather superficial opinion has to be
contradicted not only due to the serious impairment in quality of life going along
with many allergic diseases, but also with regard to mortality due to severe respira-
tory disease and a variety of life-threatening emergencies in allergy like fatal asthma
attack, laryngeal edema, severe serum sickness with vasculitis and nephritis, bullous



Fig. 1. Hieroglyph from the
tomb of pharaoh Menes show-
ing the sting of a'kheb’ wasp
or hornet (Arenberg et al. [1]).

drug eruptions like toxic epidermal necrolysis or anaphylaxis, which undoubtedly
represents the most acute life-threatening condition in allergy [2, 3, 13, 21, 31, 38].

History

The phenomenon of anaphylaxis itself is old and has been described in ancient Greek
and Chinese medical literature, mostly in connection with the consumption of cer-
tain foods which was called ‘idiosyncrasy’ by Hippocrates or has been mentioned by
Titus Aurelius Lucretius in his famous Opus De natura rerum: Quod ali cibus est, aliis
fuat acre venenum [see 36]. The first documented anaphylactic patient might have
suffered from Hymenoptera venom anaphylaxis as we can read in hieroglyphs from
the tomb of pharaoh Menes in old Egypt, who supposedly died in 2641 BC on a jour-
ney in the Atlantic Ocean trying to get ashore on an island when he was stung by a
‘kheb; an insect that was most likely a wasp, a hornet or honeybee (fig. 1) [41]. It has
to be mentioned that there is a controversy whether the hieroglyph actually shows a
hippopotamus and not a wasp [47].

The first description of an unusual reaction to bee stings can be found in a Latin arti-
cle by Udalricus Staudigelius (Ulrich Staudigl), a Benedictine monk in the monastery
Andechs in Bavaria, who in 1699 described long-lasting severe local reactions after bee
stings which recurred after some weeks (De curiosis post apum ictus symptomatibus).
The history of insect sting allergy has been described in a very acribic article by Ulrich
Miiller [Allergo Journal 2009;18:342-352]. The first medical case description of actual
insect sting anaphylaxis comes from France by Dr. Desbrest in 1765, when a 30-year-
old villager was stung during gardening by a bee in the eyelid; he collapsed and died

2 Ring - Behrendt - de Weck



Fig. 2. Stamp from the
Principality of Monaco cele-
brating 100 years anaphylaxis
discovery.

soon thereafter. There were several case reports in the 19th century of fatal insect sting
reactions in Europe and the USA [13]. The first description of experimental anaphy-
laxis seems to be that of Francois Magendie [23] who described in 1839 that rabbits
injected with egg albumin often died after the second or third injection. Generally,
these reactions were regarded as ‘toxic’ and attributed to poison of animals.

This was also the motive and opinion of Charles Richet and Paul Portier when they
did their classical experiments in 1901 on the yacht ‘Princess Alice IT’ of the Prince of
Monaco and later on in the laboratory in Paris (fig. 2). Richet, who was professor of
physiology and had done research in several areas including psychosomatic medicine,
pulmonology and infectious diseases, had been invited by Prince Albert I of Monaco
to join a cruise to the Cape Verde Islands and was accompanied by the assistant Paul
Portier. They tried to isolate the toxin from actinia extracts, especially found in the
tentacles of Physalia physalis, the Portuguese man-of-war. They immunized some
pigeons and dogs either with the toxin attenuated by heat or with non-lethal smaller
doses of toxin. After certain periods of incubation (one to several weeks) another
injection was administered using a stronger dose in order to see whether the ani-
mal was immunized (i.e. should tolerate the toxin). The opposite occurred and was
described very precisely in the 1902 notebook of Paul Portier when the dog ‘Neptune’
who had received a dose of 0.05 cc/kg of actinotoxin on January 14, and 0.1 cc/kg
on January 22 with minor symptoms of itching and some ‘dyspnoea’ received 0.12
cc/kg on February 10. Already some seconds after the injection, the animal became
very sick, the respiration gasping, the animal produced vomiting of mucus and blood,
bloody defecation, stupor and died within 25 min. Richet, when notified by Portier,
recognized immediately that this surprising phenomenon was new (‘Cest un phé-
nomene nouveau, il faut le baptiser!’). In trying to find a name, he wanted to express
‘lack of protection’ and should have used ‘aphylaxis’ (Greek a privativum = negation);

History and Classification of Anaphylaxis 3



however, for euphonic and rhythmic reasons, he preferred ‘anaphylaxis’ [33], a term
which rapidly spread all over the world. For its description, Richet won the Nobel
Prize in 1913, although he still believed it to be a condition of ‘lack of protection’
against a poison. However, Richet humbly wrote in his Nobel award address: “The
discovery of anaphylaxis is not at all the result of deep thinking but of simple observa-
tion, almost accidental. It had no other merit than that of not refusing to see the facts
which presented themselves before me completely evident’ [41].

This discovery, describing an obvious disadvantage through immunization - since
earlier immunization was only connected with a positive and desired effect of protec-
tion against pathogenic organisms by Louis Pasteur, Robert Koch or E. von Behring —
subsequently led to the creation of the term ‘allergy’ by Clemens Freiherr von Pirquet
in 1906 [29].

Later on, researchers realized that similar symptoms can be elicited in animals not
immunized or by the injection of histamine and were called ‘anaphylactoid reactions’
(Behring 1916, Hanzlik 1920, Lorenz 1977 [quoted in 36]).

The direct histamine release evoked by several substances (e.g. codeine, dextran in
certain rat strains or gelatine blood substitutes) led to the development of the concept
of ‘pseudo-allergic reactions’ by Paul Kallos [10].

Only at the beginning of the 21st century a consensus of several task forces in
Europe and in the World Allergy Organization (WAO) came to the new nomencla-
ture, where anaphylaxis is defined by the clinical symptomatology independent of the
pathophysiology; so, we have to distinguish between an allergic anaphylaxis and a
non-immune anaphylaxis (formerly pseudo-allergic reaction) [18].

Pathophysiology of Anaphylaxis

After the discovery by Prausnitz and Kiistner in 1921 that the individual hypersen-
sitivity, namely an allergic reaction to fish, could be transferred by serum from one
individual into another non-allergic individual [39], this activity in the serum was
called reagin and in the 1960s characterized as immunoglobulin E antibodies by the
groups of K. and T. Ishizaka in Baltimore and Johansson and Bennich in Uppsala
[41]. IgE-mediated anaphylaxis is the major pathomechanism of allergic anaphylaxis.
It has been shown that bridging of IgE molecules by bi- or plurivalent allergens (two
or more IgE-binding epitopes per molecule) on the surface of basophils and mast
cells is the triggering event in anaphylaxis. In the case of drugs and chemical elicitors
of anaphylaxis, apparently univalent elicitors are, however, also encountered [9].

There are also other immunological mechanisms, especially via IgG or IgM anti-
bodies with immune complex formation, which can lead to similar clinical conditions
[20, 34, 42] as has been shown in dextran anaphylaxis (table 1). Triggering of mast
cells and basophils leads to release of various vasoactive mediators, among which his-
tamine was the first recognized in 1908 (fig. 3, 4) [6].

4 Ring - Behrendt - de Weck



Table 1. Pathophysiology of anaphylactic reactions

Immunoglobulin E-mediated (type I)

1gG or IgM immune complex reaction

Non-immune hypersensitivity via direct mediator release or direct activation of plasma-protein
systems

Fig. 3. Mast cell in different
stages of secretion (from
Heidrun Behrendt).

Fig. 4. Microcirculatory stasis
in the rabbit omentum during
anaphylactic shock (from [11]).

History and Classification of Anaphylaxis



Table 2. Prevalence of symptoms in anaphylactic reactions according to Przybilla
and Rueff [see 18]. A meta-analysis of 1,865 cases from 14 publications (Liebermann)
and 865 own patients with insect venom anaphylaxis

Symptom Percentage
Urticaria, angioedema 85-90
Flush 45-55
Dyspnea, wheezing 45-50
Swelling of upper airways 50-60
Vertigo, syncope, hypotension 30-35
Nausea, vomitus, diarrhea, cramps 25-30
Loss of conscience 22
Rhinitis 15-20
Headache 5-8
Substernal pain 4-6
Pruritus on unaltered skin 2-5
Cerebral cramps 1-2

Apart from this clear-cut immunologically mediated pattern, other mechanisms
leading to release of vasoactive mediators or activation of relevant plasma protein
systems (coagulation, complement, kallikrein-kinin) can elicit anaphylaxis-like or
pseudo-allergic symptoms [10, 11, 36]. It always has to be kept in mind that the term
‘pseudo-allergic’ or ‘non-immune’ anaphylaxis is negatively defined, that means that
it is not possible to detect immunological sensitization in the serum or at the cellular
level or in the skin test. Possibly, with advanced technology these reactions may be
turned from pseudo-allergic into true allergic reactions when the detection of sensi-
tization may be successful.

Clinical Symptomatology

Anaphylaxis most commonly starts with symptoms on the skin or the respiratory tract
(table 2). The symptomatology is variable; there is no obligatory involvement of all organ
systems. A major characteristic of anaphylaxis is the rather rapid onset of symptoms
after contact with the elicitor. The interval varies between a few seconds or minutes until
1 or 2 h, partly dependent upon the route of application (rapid onset after intravenous
allergen exposure) and degree of sensitization. Experience in insect sting anaphylaxis in

6 Ring - Behrendt- de Weck



Table 3. Classification of anaphylactic reactions according to severity of clinical symptoms [35]

Grade Symptoms
skin abdominal respiratory cardiovascular
pruritus
flush
urticaria
angioedema
Il pruritus nausea rhinorrhea tachycardia (A >20 beats/min)
flush cramping hoarseness blood pressure change
urticaria dyspnea (A >20 mm Hg systolic)
angioedema (not mandatory) arrhythmia
11 pruritus vomiting laryngeal edema shock
flush defecation bronchospasm
Urticaria diarrhea cyanosis
angioedema (not mandatory)
% pruritus vomiting respiratory arrest cardiac arrest
flush defecation
urticaria diarrhea

angioedema (not mandatory)

over 800 patients shows that 90% of symptoms start within the first 30 min and the more
rapidly the symptoms occur, the more severe the reaction will end [31, 48].

According to the different intensity of clinical symptoms, several attempts have
been made to classify anaphylaxis according to severity, the most common scales
have been published by Mueller [26] and Ring and Messmer [35] (table 3).

Symptoms of anaphylaxis comprise mainly: (1) The skin (itch, flush, urticaria,
angioedema) and the neighbouring mucous membranes. Itchy palms, paresthesias
in the pharynx or genital mucosa are often the first symptoms. (2) The respiratory
tract (sneezing, rhinorrhea, hoarseness, dysphonia, laryngeal edema, cough, bron-
chospasm, respiratory arrest). (3) Abdominal symptoms (nausea, cramps, vomitus,
defecation, also miction and uterus cramps occur). (4) Cardiovascular symptoms
(tachycardia, blood pressure changes - not necessarily hypotension, but also tran-
sient-type hypertension has been observed as first symptom - arrhythmia, shock,
cardiac arrest). Primary cardiac manifestation in anaphylaxis has been observed as
measured by ECG changes (T-flattening, supraventricular arrhythmia, AV block) and
marked changes of central venous pressure are common. During anaphylaxis, myo-
cardial infarction may occur [5, 7, 24, 30, 45, 49].

Prodromi of anaphylaxis comprise metallic ‘fishy’ taste, anxiety, sweating, head-
ache, disorientation. Autopsy cases have shown few specific findings; sometimes
there is inflation of the lung and pulmonary edema with peribronchial eosinophilic
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Table 4. Differential diagnosis of anaphylactic reactions (according to Przybilla)

Cardiovascular disease

Vagovasal syncope

Other forms of shock (hemorrhagic, cardiogenic, septic)
Cardiac arrhythmia

Hypertonic crisis

Pulmonary embolus

Capillary leak syndrome

Neuropsychiatric diseases

Hyperventilation

Panic fear attacks

Globus hystericus

Anaphylaxis factitia

Hoigné syndrome

Epileptic cramps

Apoplectic insult

Other conditions of coma in patients with loss of consciousness (metabolic, traumatic)

Respiratory disease
Vocal cord dysfunction
Foreign body or tumor in tracheal or bronchial obstruction

Intoxication

Scombroid fish poisoning

Drugs

Alcohol or substances with disulfiram effect (e.g. mushrooms, griseofulvin, sulfonyl urea)

Pathological mediator secretion
Mastocytosis

Mast cell or basophil leukemia
Carcinoid syndrome

Thyroid carcinoma
Pheochromocytoma

Hereditary angioneurotic edema with C1 esterase inhibitor

infiltrates. Hemorrhage in the gastric mucosa as well as hepatosplenomegaly are
sometimes reported [31, 49]. In immune complex anaphylaxis fibrinoid deposits in
the lung have been observed [42]. Differential diagnosis of anaphylaxis includes a
variety of conditions shown in table 4. Usually, the symptoms of anaphylaxis disap-
pear within hours [12], however protracted courses or biphasic courses have been
reported (a second wave of symptoms after 6-20 h) [44].

Fatal anaphylaxis occurs mostly due to bronchial obstruction or cardiac arrest, but
also disseminated intervascular coagulation as well as adrenalin overdose [2, 7, 21,
31]. When anaphylactic reactions are survived, long-lasting sequels are rare. However,
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Table 5. Elicitors of anaphylactic reactions

Drugs (all forms!)

Foods

Additives

Insect venoms

Occupational agents (e.g. latex)

Aeroallergens

Contact urticariogens

Seminal fluid

Echinococcal cysts

Cold, heat, UV radiation

Exercise

Summation (infection, stress, exercise, other allergen concomitant exposure, medication as
-blockers, NSAIDs, ACE inhibitors)

Idiopathic (?)

morbidity can result from myocardial or cerebral infarction or venous thrombosis
[27]; anaphylaxis during pregnancy can lead to death or damage of the newborn.

Management of Anaphylaxis

Regarding the management of anaphylaxis, differentiation should be made between
the acute treatment of an anaphylactic reaction [see chapter by Ring et al., section:
Treatment and Prevention, p. 201] and the management of a patient who has under-
gone an anaphylactic episode.

All patients who have survived an anaphylaxis have to undergo allergy diagnosis!
Three aspects have to be considered in the diagnostic procedure: (1) determination of
the eliciting agent; (2) description of the relevant pathomechanism (e.g. IgE or non-
immune), and (3) offering of a compatible alternative (especially with drug allergy).

Allergens and Elicitors
Another way to classify anaphylactic reactions regards the eliciting agents; the

most common elicitors of anaphylaxis are drugs, insect venoms, foods, additives,
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aeroallergens (table 5). The spectrum of elicitors is very broad, e.g. anaphylaxis has
been described to ethanol [cf. 36]. In a recent large series of 601 US patients, food was
considered the cause in 22% and drugs in 11% but in most cases the cause of anaphy-
laxis remained undetermined [48]. Epidemiological reviews indicate that penicillins
[17] and insect stings are still the most frequent causes of anaphylaxis [28]. Rare cases
of passive transfer by IgE antibodies via blood transfusion have been described as
well as attempted suicide (penicillin-allergic nurse). In belletristic literature, murder
attempts by eliciting anaphylaxis can be found. Also a psychosomatic condition ‘ana-
phylaxis factitita’ exists in the sense of Miinchhausen’s syndrome. When no elicitor
can be found, the term ‘idiopathic’ anaphylaxis is used [2, 16, 35, 40, 50].

The route of application can be either by oral intake, parenterally or via the air or
direct skin contact (contact anaphylaxis) [37]. In spite of great progress in experi-
mental and clinical allergology, anaphylaxis still represents a major problem both for
researchers and clinicians.
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Epidemiology of Anaphylaxis

Margitta Worm

Allergie-Centrum-Charité, Klinik fiir Dermatologie und Allergologie, Berlin, Germany

Abstract

Anaphylaxis is the most severe manifestation of a mast cell-dependent reaction. It is a rare disease
and most recent data indicates a continuous increase of affected individuals. Limitations regarding
the incidence of anaphylaxis are the lack of a unique definition and the fact that patients are often
seen by different medical specialties (e.g. emergency doctors, allergists or other clinicians). However,
based on the published data it can be summarized that the most frequent causes of anaphylaxis are
food, venom and drugs, and their frequency as an elicitator depend on age. Risk factors for anaphy-
laxis include age, the presence of other allergic or cardiovascular comorbidities — and gender. More
data throughout different countries are needed to monitor the elicitating factors and identify
patients at risk. Copyright © 2010 S. Karger AG, Basel

Published data on the epidemiology of anaphylaxis has been continuously increas-
ing worldwide within the last 2 years. One reason is that anaphylaxis has been more
recognized by allergists but also the common community due to the onset of deaths
even in small children.

In principal, data on the epidemiology of anaphylaxis will help to identify causes,
risk factors and circumstances of the reaction. It will support the medical community
to develop measures for the protection of affected patients. A true incidence of ana-
phylaxis has not been established, reasons are diverse study designs and the fact that
there has been no universal consensus as to the definition of anaphylaxis [1].

Sources of Information on the Epidemiology of Anaphylaxis

Whenever data on the epidemiology of anaphylaxis is published it will need to be con-
sidered how the data was obtained (table 1). This might affect for example the rank-
ing of elicitating factors. Until now, data has been published including the analysis of
hospital and emergency department admissions [1-6], emergency medical services
data [7], visits to allergists offices [8], surveys of databases and patient populations [9,
10], and analysis of epinephrine autoinjector prescriptions [11].



Table 1. Data regarding the epidemiology of anaphylaxis [according to 47-51]

Author Year Country Frequency

Emergency department-based data

Brown et al. 2001 Australia 0.09%
Bellou et al. 2003 France 0.037%
Pastorello et al. 2001 Italy 0.03%
Helbig et al. 2004 Switzerland 0.02%

Population-based data

Sheikh et al. [51] 2008 England 7.9 per 100,000 persons/year
Decker et al. [48] 2008 USA 49.8 per 100,000 persons/year
Limitations

The data on the epidemiology of anaphylaxis are widely varying estimates on the fre-
quency of this condition. The findings are based on diverse study designs and are
often not comparable. A clear conclusion from the data published so far is difficult.
One major reason is that there is no universal consensus regarding the definition of
anaphylaxis. The International Classification Codes (ICD) recording anaphylaxis are
imprecise and do not properly reflect the epidemiological needs.

Causes of Anaphylaxis

The most frequent causes of anaphylaxis are food, insect venom and drugs [1-13].
The exact frequency of the causes depends on age, geographical regions and expo-
sure, but is also highly dependent on the source of the data, e.g. emergency rooms
vs. allergists. In a recent study among practicing doctors in Germany, venom was
for example referred to as a common cause of anaphylaxis if the data was obtained
from general practitioners and dermatologists, whereas drugs were the most com-
mon cause if radiologists and oncologists were asked [14].

Food
Food allergy is common in the general population and depending on the study its

prevalence varies between 2 and 4% [15]. The rates are much higher if self-reported
symptoms are accounted. Food allergy is more frequent in children than in adults
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[16]. The most frequent elicitators of food allergy in children are peanuts and tree
nuts [17]. In France the prevalence of food allergy has been estimated to be 3.2% [18].
Furthermore, in this study, food was identified as the most common cause of ana-
phylaxis. Here the major identified food allergens besides peanuts and tree nuts were
shellfish, wheat and lupine flour [18].

Data from the recently established anaphylaxis registry in German-speaking coun-
tries (ANA-Net) is in line with these previously reported data [13]. Here food allergens
were among the most frequent causes of anaphylaxis in children (fig. 1), again with
peanuts and tree nuts being the most common causes. Among adults, food allergy is
the third most frequent cause of anaphylaxis (fig. 2). In addition, food allergens may
account as a cofactor in the context of anaphylaxis. In exercised-induced anaphylaxis,
food allergens are the most frequent elicitators. Among many possible food allergens
which may account for exercise-induced anaphylaxis, it has been shown recently that
the allergenic component w-5 gliadin from wheat is a frequent cause [19]. As this
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sensitization can now be measured by determination of specific IgE, the diagnostic
workup for this clinical entity has been significantly improved [20].

These data suggest that due to an increase of food allergy and in particular tree
nut and peanut sensitization, the risk for anaphylaxis has been increased at the same
time.

In population-based studies from the USA, self-reported peanut allergy in chil-
dren rose from 0.4% in 1997 to 0.8% in 2002 [21]. In the UK, prevalence rates for
peanut allergy are in excess of 1%. Data from England points in the same direction
with a twofold increase in reported peanut allergy.

Recent data from Australia underlines the role of food allergens in causing fatal
anaphylaxis in young individuals [22]. 112 fatalities were recognized between 1997
and 2005, and among these, 7 were attributed to food anaphylaxis in the age group
of 5-35 years. Five individuals had severe reactions previously and all of these had
active asthma. Peanut was the offending allergen in 3 cases. Six had eaten food
prepared outside the usual residence. Overall a total of 5,007 food-induced anaphy-
laxis hospital admissions between 1994 and 2005 with two age peaks — one in 0- to
4-year and the other one in the 15- to 29-year age group. An age-dependent role
of gender was identified: in the age group of <15 years male subjects outnumbered
female subjects (1.5:1), whereas female subjects outnumbered male subjects (1.4:1)
>15 years. Again, this study also describes peanut as the most common allergen
(23%), followed by fish (18%), crustaceans (16%), tree nuts (16%), eggs (9%) and
milk (8%).

Drugs

Drug allergies rival food allergies in respect to frequency. Among the most frequent
causes, antibiotics, NSAIDs, but also radiocontrasts and various other agents admin-
istered during the perioperative period are the most common causes [1].

The Australian study identified drugs as the most common cause of anaphylaxis
fatalities [22]. Of 105 non-food-induced anaphylaxis cases, 64 were drug-induced.
Most deaths occurred in adults 55 to >85 years of age with similar numbers of male
and female subjects [22].

Subgroup analysis showed that all penicillin-induced deaths occurred between
60 and 74 years, whereas cephalosporin-induced deaths occurred between 35
and 74 years of age. Significant comorbidities included ischemic heart disease
or dysarrhythmia, obstructive airway disease, mastocytosis and hypogammaglo-
bulinemia.

There were a total of 3,019 drug-induced anaphylaxis hospital admissions
between 1998 and 2005 reported from Australia [22]. Again, in prepuberty cases,
males were more frequently affected and females outnumbered male subjects in
the age groups >15 years. The age-specific hospitalization rates were highest for
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the 55- to 84-year age group (3.8/100,000). In an evaluation of severe anaphylactic
episodes, all with circulatory symptoms, performed in Switzerland, the frequency
of drug reactions almost doubled that of reactions due to food. Approximately half
of the drugs were NSAIDs and antibiotics were the second most frequent drug
offender [23].

The data from the anaphylaxis registry in German-speaking countries also indi-
cate that drugs are frequent elicitators of anaphylaxis in adults [13]. They account
for the second most frequent cause if patients are registered who consult an allergist
(fig. 2). Within this group, antibiotics but also NSAIDs are the most common causes.
However, a high underreporting rate must be taken into consideration. In a recent
questionnaire study, we were able to identify that not only radiologists but also oncol-
ogists frequently see patients experiencing anaphylactic reactions to contrast media
and/or chemotherapeuticals [14].

Insect Venom Anaphylaxis

Depending on the country’s climate, 50-90% of the interviewees remember being
stung by a Hymenoptera insect at least once in their lives [24]. The prevalence of
sensitization is estimated between 10 and 30% in the adult population [25]. The
prevalence of Hymenoptera sting-induced anaphylaxis varies worldwide. European
epidemiological studies report a prevalence of systemic reactions between 0.5 and
7.5% [25]. In the USA the prevalence rate of systemic reactions among adults has
been reported to range from 0.5 to 3.3% [26]. The frequency of anaphylactic shock
has been reported in 0.6-42% of cases and is generally lower in children. In analyses
of the latest population-based studies of anaphylaxis due to any cause [27-33], insect
sting-induced anaphylaxis is responsible for 7.3-59% of the total number of cases
reported. Emergency department studies indicate lower numbers with percentages
ranging from 1.5 to 34%. These broad variations are due to the fact that the expo-
sure of individuals to e.g. bees or wasps depends on the climate and outdoor activity
behavior of a population. In Germany approximately 20 persons die from an anaphy-
lactic reaction every year due to an insect sting.

The risk of systemic reactions is determined by previous reaction severity: the more
serious the initial reaction, the greater the risk of recurrence. The estimated risk of a
systemic reaction with a recent history of anaphylaxis is 40-60% reacting to a future
sting. Bee venom-allergic patients are at a greater risk of a systemic reaction on their
next sting than those with wasp venom allergy. The relative risk for life-threatening
sting reactions in the Mediterranean area is about three times higher for hornet stings
than for honeybee or wasp stings [25]. Preexisting cardiovascular diseases are in par-
ticular risk factors for severe and fatal sting reactions. Frequently prescribed drugs in
these patients are f-blockers and ACE inhibitors, which may account for an increased
severity of such reactions.
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Table 2. Predisposing factors of anaphylaxis

A Risk factors for food-induced anaphylaxis:

Children and young adults

Active allergic asthma

Peanut allergy

Ingestion of food prepared outside of the subjects residence

Delayed administration of adrenaline

B  Risk factors for drug-induced anaphylaxis:

Age of 55-85 years

Presence of respiratory and cardiovascular comorbidities

Antibiotics and anesthetic agents

C  Riskfactors for insect sting-induced anaphylaxis:

Age of 35-84 years

Male sex

Finally, patients suffering from mastocytosis have a higher risk of developing
severe anaphylaxis after an insect sting [34]. In venom-allergic patients with mastocy-
tosis, elevated baseline serum tryptase levels were found to be associated with severe
anaphylactic reactions to stings [35].

Biphasic Anaphylactic Reaction

Anaphylactic reactions may exhibit a biphasic pattern. Different studies indicated a
wide variation regarding the incidence of biphasic reactions. These range from 3 to
20% regarding the incidence of biphasic reactions. The time from the initial symp-
toms to the onset of the secondary reaction varied from >1 up to 47 h [36].

Age

As mentioned above, age may account as a risk factor for anaphylaxis (table 2).
Whereas food allergy and fatal anaphylaxis occur more frequently in younger age
groups, drugs as causes for anaphylaxis increase continuously throughout life [22].
A recent study analyzing the population-based deaths from anaphylaxis in Florida
indicated that among 89 registered deaths, 28 were related to drugs [37]. The annual
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death rate for anaphylaxis in Florida was 5.02/10 million. The relative risk of death
from anaphylaxis was 14.09 for individuals >65 years old and 6.38 for individuals
35-64 years old.

Atopy

The role of atopy in anaphylaxis has not completely been resolved. On the one hand
there is for example no evidence of a higher risk of severe reactions in venom-
allergic patients. A recent study by Sturm et al. [38] indicated that patients with
high total IgE levels predominantly developed mild to moderate reactions. By con-
trast, atopy may increase the risk and severity of systemic reactions in beekeepers
and their family numbers [39]. On the other hand, atopy and in particular allergic
asthma are risk factors for food allergy and therefore are also important risk fac-
tors for food-induced anaphylaxis. This is most likely also true for exercise-induced
anaphylaxis, but also non-IgE-dependent anaphylaxis induced by NSAIDs or con-
trast media.

The role of atopy among drug-induced anaphylaxis depends probably on the elici-
tating drug; here clearly more data are needed.

Geography

A distinct effect of geographical location on the incidence of anaphylaxis was sug-
gested by two studies, one from England [40] and one from the USA [11]. The US study
assessed epinephrine autoinjector prescriptions and found a north (Massachusetts) -
south gradient for anaphylactic episodes. In the northern part of the USA, 11.81
prescriptions per 1,000 persons and in the southern part, 3 prescriptions per 1,000
persons were found. Interestingly, the rate of prescriptions was inversely related to
sunlight exposure and it was postulated that relative vitamin D deficiency may play
a role in increasing the incidence of anaphylaxis. The study from England analyzed
the emergency admissions and they determined up to 25 emergency admissions per
100,000 in the south whereas in the north the rate was less than 15 per 100,000 emer-
gency admissions. These results are somewhat contradictory and indicate that factors
which are associated with geography will need to be identified.

Gender
The impact of gender on the onset of anaphylaxis is age-dependent. In children, boys

predominate whereas after puberty this relationship reverses (fig. 3). Similar observa-
tions have been described for allergic asthma but not atopic eczema previously [41].
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Fig. 3. Onset at anaphylaxis related to gender: (a) children and adolescents (n = 135) and (b) adults
(n=734).

The incidence of anaphylaxis is significantly higher in adult women and this attributes
for the overall increased incidence of anaphylaxis in women. The exact contribution
of biological and sociological factors for these observations is not completely delin-
eated so far. Estrogens have been shown to promote the mediator release of mast cells
and basophils [reviewed in 42]. In addition, it has been shown that sex hormones can
affect the sensitization and elicitation of allergic reactions. In general, estrogens can
enhance humoral immunity and antibody synthesis, while androgens and progester-
one seem to suppress immunity and inflammation [reviewed in 42]. Recent data from
epidemiological studies indicate that sex is a risk factor for food allergy, which plays
an important role as a trigger factor for anaphylaxis [43].

Socioeconomic Status

Areas with a higher socioeconomic status seem to be related to an increased number of
anaphylactic reactions [44-46]. Data from Canada and Wales indicate that prescriptions
for epinephrine autoinjectors were higher in populations of relative wealth, whereas
these findings could not be explained by access to medical care or other factors.

References

»1 Lieberman P: Epidemiology of anaphylaxis. Curr ®4 Smit DV, Cameron PA, Rainer TH: Anaphylaxis
Opin Allergy Clin Immunol 2008;8:316-320. presentation in a emergency department in Hong

»2 Anthony E Brown T, McKinnon D, Chu K: Kong: incidence and predictors of biphasic reac-
Emergency department anaphylaxis: a review of 142 tions. ] Emerg Med 2005;28:381-388.
patients in a single year. J Allergy Clin Immunol P5 Kiratiseavee S, Ranesg S: Evaluation of pediatric
2001;108:861-866. patients admitted with adverse food reactions to an

»3  Kane KE, Cone DC: Anaphylaxis in the prehospital inner-city pediatric ED. ] Allergy Clin Immunol
setting. ] Emerg Med 2004;27:371-377. 2007;119:S114.

Epidemiology of Anaphylaxis 19



»6

»7

>3

»9

»10

> 12

13

»14

» 15

» 16

17

> 13

»19

20

Mulla ZD, Simon MR: Hospitalizations for anaphy-
laxis in Florida: epidemiologic analysis of a popula-
tion-based dataset. ] Allergy Clin Immunol 2007;
119:S32.

Poulos LM, Waters AM, Correl PK, et al: Trends in
hospitalizations for anaphylaxis, angioedema, and
urticaria in Australia, 1993-1994 to 2004-2005. J
Allergy Clin Immunol 2007;120:878-884.

Webb LM, Lieberman P: Anaphylaxis: a review of
601 cases. Ann Allergy Asthma Immunol 2006;97:
39-43.

Furlong T, Stivers T, Munoz-Furlong A, Sicherer
SH: A registry of self-reported seafood allergy:
demographic and allergic characteristic of the first
1,000 registrants. ] Allergy Clin Immunol 2005;115:
S62.

Bohlke K, Davis RL, DeStefano F, et al: Epidemiology
of anaphylaxis among children and adolescents
enrolled in a health maintenance organization. J
Allergy Clin Immunol 2004;113:536-542.

Camargo CA, Clark S, Kaplan MS, et al: Regional
differences in EpiPen prescriptions in the United
States. J Allergy Clin Immunol 2007;120:131-136.
Clark S, Camargo CA Jr: Epidemiology of anaphy-
laxis. Immunol Allergy Clin North Am 2007;27:145-
163.

Hompes S, Kirschbaum J, Scherer K, Treudler R,
Przybilla B, Henzgen M, Worm M: Erste Daten der
Pilotphase des Anaphylaxie-Registers im deutsch-
sprachigen Raum. Allergo J 2008;7:550-555.

Worm M, Hompes S, Vogel N, Kirschbaum J,
Zuberbier T: Care of anaphylaxis among practising
doctors. Allergy 2008;63:1562-1563.

ZuberbierT, Edenharter G, Worm M, Ehlers I,
Reimann S, Hantke T, Roehr CC, Bergmann KE,
Niggemann B: Prevalence of adverse reactions to
food in Germany - a population study. Allergy
2004;59:338-345.

Roehr CC, Edenharter G, Reimann S, Ehlers I, Worm
M, Zuberbier T, Niggemann B: Food allergy and
non-allergic food hypersensitivity in children and
adolescents. Clin Exp Allergy 2004;34:1534-1541.
Sicherer SH, Munoz-Furlong A, Sampson HA: Pre-
valence of peanut and tree nut allergy. Clin Immunol
2003;112:1203-1207.

Kanny G, Moneret-Vautrin DA, Flabbee J, Beau-
douin E, Morisset M, Thevenin F: Population study
of food allergy in France. J Allergy Clin Immunol
2001;108:133-140.

Jacquenet S, Morisset M, Battais F, Denery-Papini S,
Croizier A, Baudouin E, Bihain B, Moneret-Vautrin
DA: Interest of ImmunoCAP system to recombi-
nant omega-5 gliadin for the diagnosis of exercise-
induced wheat allergy. Int Arch Allergy Immunol
2008;149:74-80.

»20

»21

»22

»23

»24

»25

26

»27

» 28

»29

»30

>3]

»32

»33

»34

Beyer K, Chung D, Schulz G, Mishoe M, Niggemann
B, Wahn U, Sampson HA: The role of wheat
omega-5 gliadin IgE antibodies as a diagnostic tool
for wheat allergy in childhood. J Allergy Clin Imm-
unol 2008;122:419-421.

Sicherer SH, Sampson HA: Peanut allergy: emerg-
ing concepts and approaches for an apparent epi-
demic. J Allergy Clin Immunol 2007;120:491-505.
Liew WK, Williamson E, Tang ML: Anaphylaxis
fatalities and admissions in Australia. ] Allergy Clin
Immunol 2009;123:434-442.

Helbling A, Hurni T, Mueller UR, Pichler WIJ:
Incidence of anaphylaxis with circulatory symp-
toms: a study over a 3-year period comprising
940,000 inhabitants of the Swiss Canton Bern. Clin
Exp Allergy 2004;34:285-290.

Antonicelli L, Bilo MB, Bonifazi F: Epidemiology of
Hymenoptera allergy. Curr Opin Allergy Clin Imm-
unol 2002;2:341-346.

Bonifazi F, Jutel M, Bil6 BM, Birnbaum J, Muller U;
EAACI Interest Group on Insect Venom Hypersen-
sitivity: Prevention and treatment of Hymenoptera
venom allergy: guidelines for clinical practice. All-
ergy 2005;60:1459-1470.

Golden DB: Patterns of anaphylaxis: acute and late
phase features of allergic reactions; in Bock G,
Goode ] (eds): Anaphylaxis. Novartis Found Symp
257. Chichester, Wiley, 2004, pp 1-101.

Mullins RJ: Anaphylaxis: risk factors for recurrence.
Clin Exp Allergy 2003;33:1033-1040.

Peng MM, Jick H: A population-based study of the
incidence, cause, and severity of anaphylaxis in the
United Kingdom. Arch Intern Med 2004;164:317-319.
Bohlke K, Davis RL, DeStefano F, et al: Vaccine
Safety Datalink Team. Epidemiology of anaphylaxis
among children and adolescents enrolled in a health
maintenance organization. J Allergy Clin Immunol
2004;113:536-542.

Thong BY, Cheng YK, Leong KP, et al: Anaphylaxis in
adults referred to a clinical immunology/allergy cen-
tre in Singapore. Singapore Med ] 2005;46:529-534.
Mehl A, Wahn U, Niggemann B: Anaphylactic reac-
tions in children - a questionnaire-based survey in
Germany. Allergy 2005;60:1440-1445.

Yang MS, Lee SH, Kim TW, et al: Epidemiologic and
clinical features of anaphylaxis in Korea. Ann
Allergy Asthma Immunol 2008;100:31-36.

De Swert LE, Bullens D, Raes M, Dermaux AM:
Anaphylaxis in referred pediatric patients: demo-
graphic and clinical features, triggers, and therapeu-
tic approach. Eur ] Pediatr 2008;167:1251-1261.
Brockow K, Jofer C, Behrendt H, Ring J: Anaphylaxis
in patients with mastocytosis: a study on history,
clinical features and risk factors in 120 patients.
Allergy 2008;63:226-232.

Worm



»35

»36

»37

»33

»39

» 40

>4

>4

»43

Ruéff F, Placzek M, Przybilla B: Mastocytosis and
Hymenoptera venom allergy. Curr Opin Allergy
Clin Immunol 2006;6:284-288.

Smit DV, Cameron PA, Rainer TH: Anaphylaxis
presentations to an emergency department in Hong
Kong: incidence and predictors of biphasic reac-
tions. ] Emerg Med 2005;28:381-388.

Simon MR, Mulla ZD: A population-based epide-
miologic analysis of deaths from anaphylaxis in
Florida. Allergy 2008;63:1077-1083.

Sturm GJ, Heinemann A, Schuster C, et al: Influence
of total IgE levels on the severity of sting reactions
in Hymenoptera venom allergy. Allergy 2007;62:
884-889.

Miiller UR: Bee venom allergy in beekeepers and
their family members. Curr Opin Allergy Clin
Immunol 2005;5:343-347.

Sheikh A, Alves B: Age, sex, geographical and socio-
economic variations in admissions for anaphylaxis:
analysis of four years of English hospital data. Clin
Exp Allergy 2001;31:1571-1576.

Siroux V, Curt E Oryszczyn MP, Maccario J, Kauff-
mann F: Role of gender and hormone-related events
on IgE, atopy, and eosinophils in the Epidemiological
Study on the Genetics and Environment of Asthma,
bronchial hyperresponsiveness and atopy. J Allergy
Clin Immunol 2004;114:491-498.

Chen W, Mempel M, Schober W, Behrendt H, Ring
J: Gender difference, sex hormones, and immediate
type hypersensitivity reactions. Allergy 2008;63:
1418-1427.

Soost S, Leynaert B, Almquist C, Edenharter G,
Zuberbier T, Worm M: Risk factor of adverse reac-
tions to food in German adults. Clin Exp Allergy
2009;39:1036-1044.

Prof. Dr. Margitta Worm
Allergie-Centrum-Charité, Klinik fiir Dermatologie und Allergologie
Charité Platz 1, DE-10117 Berlin (Germany)

Tel. +49 30 450 518 105, Fax +49 30 450 518 919
E-Mail margitta.worm@charite.de

Epidemiology of Anaphylaxis

» 44

»45

» 46

» 47

» 48

» 49

50

»s51

Simons FE, Peterson S, Black CD: Epinephrine dis-
pensing patterns for an out-of-hospital population:
a novel approach to studying the epidemiology of
anaphylaxis. ] Allergy Clin Immunol 2002;110:647-
651.

Simons FE, Peterson S, Black CD: Epinephrine dis-
pensing for the out-of-hospital treatment of ana-
phylaxis in infants and children: a population-based
study. Ann Allergy Asthma Immunol 2001;86:622—
626.

Rangaraj S, Tuthill D, Burr M, Alfaham M: Child-
hood epidemiology of anaphylaxis and epinephrine
in Wales: 1994-1999. J Allergy Clin Immunol 2000;
109:S75.

Moneret-Vautrin DA, Morisset M, Flabbee ], Beau-
douin E, Kanny G: Epidemiology of life-threatening
and lethal anaphylaxis: a review. Allergy 2005;60:
443-451.

Decker WW, Campbell RL, Manivannan V, Luke A,
St Sauver JL, Weaver A, Bellolio MF, Bergstralh EJ,
Stead LG, Li JT: Etiology and incidence of anaphy-
laxis in Rochester, Minnesota: a report from the
Rochester Epidemiology Project. J Allergy Clin
Immunol 2008;122:1161-1165.

Simons FE, Sampson HA: Anaphylaxis epidemic:
fact or fiction? J Allergy Clin Immunol 2008;122:
1166-1168.

Pumphrey RS: Fatal anaphylaxis in the UK, 1992-
2001; in Bock G, Goode ] (eds): Anaphylaxis.
Novartis Found Symp 257. Chichester, Wiley, 2004,
pp 116-128.

Sheikh A, Hippisley-Cox J, Newton J, Fenty J: Trends
in national incidence, lifetime prevalence and
adrenaline prescribing for anaphylaxis in England. |
R Soc Med 2008;101:139-143.

21



Mechanisms

Ring J (ed): Anaphylaxis. Chem Immunol Allergy. Basel, Karger, 2010, vol 95, pp 22-44

T-Cell Response to Allergens
Cevdet Ozdemir® - Mibeccel Akdis® - Cezmi A. Akdis®

2Marmara University, Division of Pediatric Allergy and Immunology, Istanbul, Turkey, and PSwiss Institute of
Allergy and Asthma Research (SIAF), Davos, Switzerland

Abstract
Anaphylaxis is a life-threatening IgE-dependent type 1 hypersensitivity reaction in which multiple
organ systems are involved. The existence of allergen exposure and specific IgE are the major con-
tributors to this systemic reaction. The decision of the immune system to respond to allergens is
highly dependent on factors including the type and load of allergen, behavior and type of antigen-
presenting cells, innate immune response stimulating substances in the same micromilieu, the tis-
sue of exposure, interactions between T and B lymphocytes, costimulators, and genetic propensity
known as atopy. Antigen-presenting cells introduce processed allergens to T-helper lymphocytes,
where a decision of developing different types of T-cell immunity is given under the influence of
several cytokines, chemokines, costimulatory signals and regulatory T cells. Among Th2-type cytok-
ines, interleukin (IL)-4 and IL-13 are responsible for class switching in B cells, which results in produc-
tion of allergen-specific IgE antibodies that bind to specific receptors on mast cells and basophils.
After re-exposure to the sensitized allergen, this phase is followed by activation of IgE Fc receptors
on mast cells and basophils resulting in biogenic mediator releases responsible for the symptoms
and signs of anaphylaxis. Since the discovery of regulatory T cells, the concepts of immune regula-
tion have substantially changed during the last decade. Peripheral T-cell tolerance is a key immuno-
logic mechanism in healthy immune response to self antigens and non-infectious non-self antigens.
Both naturally occurring CD4+CD25+ regulatory T (Treg) cells and inducible populations of allergen-
specific, IL-10-secreting Treg type 1 cells inhibit allergen-specific effector cells and have been shown
to play a central role in the maintenance of peripheral homeostasis and the establishment of con-
trolled immune responses. On the other hand, Th17 cells are characterized by their IL-17 (or IL-17A),
IL-17F, IL-6, tumor necrosis factor-a, and IL-22 expressions, which coordinate local tissue inflamma-
tion through upregulation of proinflammatory cytokines and chemokines. This chapter is mainly
focused on antigen presentation pathways and allergen-specific T-cell responses.

Copyright © 2010 S. Karger AG, Basel

The terms ‘allergy’ and ‘atopy’ are in close proximity of our lives in the new mil-
lennium since our lifestyles have enormously changed. Encounters with various new
molecules in air, water and diet, living in a more polluted world with less exposure to
infections, and infectious agents are supposed to be the major causative factors added
to the genetic propensity of developing IgE antibodies responsible for symptoms and



signs of allergic disorders [1]. Clinical manifestations are allergic rhinitis, allergic
asthma, food allergy, allergic skin inflammation, ocular allergy as a single or com-
bined disease and anaphylaxis [2].

Allergens are almost always proteins, but not all proteins are allergens.
Understanding what makes a protein an allergen is essential to develop strategies for
immune intervention [2]. For a protein antigen to display allergenic activity, it must
induce IgE production, which must lead to a type 1 hypersensitivity response upon
subsequent exposure to the same protein [3]. Biochemical properties of the allergen,
stimulating factors of the innate immune response around the allergen substances
at the time of exposure, stability of the allergen in the tissues, digestive system, skin
or mucosa, and the dose and time of stay in lymphatic organs during the interaction
with the immune system are all possible confounding factors causing an antigen to
become an allergen [2]. Foods (especially peanuts and tree nuts), medications (also
allergen immunotherapy injections), insect venoms and latex constitute the major
allergens causing anaphylaxis [4, 5]. Early detection of the responsible allergen is a
requisite and an important prognostic factor in controlling allergic diseases and ana-
phylaxis [6].

Dendritic cells (DCs) are complex cell populations that differ in their anatomic
location, antigen recognition, processing machinery, and migratory capacity. DCs
stay as sentinels that take up exogenous antigens and transmit the information into
immune system by migrating to draining lymph nodes, and presenting the processed
antigens to T cells resulting in T-cell differentiation and activation [7, 8]. Content of
micromilieu and several cytokines and other cofactors released from DCs are essen-
tial for the differentiation of naive T cells into T-helper (Th)1, Th2, Th9, Th17 effec-
tor T-cell subsets [9]. Expansion of allergen-specific Th2 cells results in production
of interleukin (IL)-4 and IL-13, which induce immunoglobulin class switching to IgE
and clonal expansion of naive and IgE+ memory B-cell populations. In the presence of
IL-4 also differentiation of naive T cells into Th2 takes place (fig. 1). When IgE bound
to FceRI (high-affinity receptor for IgE) on mast cells and basophils crosslinks with
the specific allergen, release of vasoactive amines (such as histamine), lipid mediators
(such as prostaglandin D, platelet-activating factor, leukotriene C, (LTC,), LTD, and
LTE,), chemokines (CXC-chemokine ligand 8 (CXCL8), CXCL10, CC-chemokine
ligand 2 (CCL2), CCL4 and CCL5) and other cytokines (such as IL-4, IL-5 and IL-13)
occur, which are responsible for the signs and symptoms of immediate phase of the
allergic reactions [3].

Allergen Recognition by the Immune System
Pathogen-Associated Molecular Patterns and Pattern Recognition Receptors

Recent investigations have greatly increased our understanding of immunological
mechanisms involved in the pathogenesis of allergic disease [10-12]. Presentation

T-Cell Response to Allergens 23



5“'\/ IFN-y
IL-12R
© =
IL-6R
IL-6
IL-12 TGF-B
TGF-B
IL-10
.
IL-4
TGF-B
Fig. 1. Differentiation of T IL-4
cells: content of micromilieu
and several cytokines and @
other cofactors released from IL-4R
DCs are essential for the differ- IL-4
entiation of naive T cells into @ IL-5
T-helper (Th)1,Th2,Th9, Th17 IL-13
effector T-cell subsets.

of allergens by antigen-presenting cells (APCs) or by other means and initiation of
allergen-specific immune response represents the first step in sensitization to aller-
gens. New allergens and their cross-reactivities are continuously being identified
and types of immune response to them are demonstrated [13, 14]. Allergic inflam-
mation results from the activation of tissue migrating hematopoietic and resident
non-hematopoietic cells. This coordinated activation leads to increased production
of a variety of soluble factors including chemokines and cytokines. Direct or indirect
effects of the innate immune response are decisive in the development of adoptive
immunity to allergens [15]. In principle, it is not only the protein allergen, but the
adjuvants in the surrounding of the allergens are decisive for the type of the immune
response [16, 17].

Mammals execute host defense against pathogens through two different types of
immunity: innate and adaptive immune responses [18]. APCs and lymphocytes act
as important contributors in the imminent relationship between these two systems.
Innate immunity is designed to recognize small molecular motifs that are unique and
essential for the survival of pathogens, which do not exist in mammalians termed
as pathogen-associated molecular patterns (PAMPs) [19-21]. PAMPs are recog-
nized by pattern recognition receptors (PRRs) that are expressed by DCs. Among the
well-known PRRs, TLRs are the best-characterized group that recognize bacteria or
viruses [22, 23]. TLR3, TLR7, TLRS, and TLR9 recognize viral RNAs and bacterial
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DNA [24]. TLR3 is expressed on the surface of airway epithelial cells [25]. Moreover,
TLR engagement on DCs polarizes T-cell response and while TLR2 and TLR4 may
favor both Th1 and Th2 responses, and TLR9 induces the development of regula-
tory T cells [26]. Toll is a type I transmembrane receptor containing extracellular leu-
cine-rich repeat (LRR) motifs and cytoplasmic Toll/IL-1 receptor homology domain
(TIR) [27]. TLRs activate nuclear factor (NF)-kB and other signaling pathways such
as mitogen-associated protein (MAP) kinases, signal transducer and activator of
transcription (STAT)-1 through the adapter protein MyD88, TIR containing adaptor
protein (TIRAP), TIR containing adaptor inducing interferon (IFN)-p (TRIF) and
TRIF-related adaptor molecule (TRAM) [26, 28-30].

PAMPs and various tissue factors can prime DCs to produce T-cell-polarizing fac-
tors [21]. IL-12 is a pro-inflammatory cytokine that induces IFN-y and promotes the
development of Th1-cell differentiation [31]. Other Th1-polarizing factors are IFN-a
and IFN-B [32] and cell-surface expressed intracellular adhesion molecule (ICAM)-1
[33]. On the other hand, it has been shown that NF-«B inducing kinase (NIK), which
is known to regulate B-cell maturation and lymphoid organogenesis, is important for
the induction of Th17 cells [34].

TLR signals in DCs increase expression of major histocompatibility complex
(MHC) proteins and T-cell coreceptors, resulting in greater T-cell activation with
Thl bias [35, 36]. TLR signals in mast cells increase their release of IL-5 and in
airway epithelial cells enhance airway generation of proallergic cytokines [36, 37].
Multiple bacterial TLR ligands such as unmethylated CpG motif-containing DNA
and lipopolysaccharides have also been shown to stimulate production of IL-12 in
host cells and consequently downregulate Th2 responses in animal models of allergy
[38-40]. Nevertheless, at the slowly developing adaptive immunity site, antigen spec-
ificity in an evolved response of both T and B lymphocytes takes part. T lympho-
cytes are responsible for cell-mediated immune responses, where B lymphocytes are
for humoral immune responses [41]. Exosomes are vesicles of 30-100 nm produced
by inward budding of endosomal compartments and are released by a range of dif-
ferent cell types. Exosomes from APCs carry immunorelevant molecules like MHC
class I and II and costimulatory molecules and thus are suggested to have a role in
immune modulation. Recently, exosomes were isolated from supernatants of B-cell
lines derived from patients with birch pollen allergy [42]. They showed expression of
MHC, costimulatory molecules like CD86, tetraspanin proteins such as CD81, and
CD19. Furthermore, B-cell-derived exosomes bound Bet v 1-derived peptides and
subsequently induced a dose-dependent T-cell proliferation, and IL-5 and IL-13 pro-
duction. These results demonstrate that exosomes from B lymphocytes are an immu-
nostimulatory factor in allergic immune responses. Overall, antigenic recognition
has major contributions in directing immune response into either innate or adaptive
responses. This is the most important step and is essential for an intact immune
response in addition to a true discrimination of self and non-self, which is essential
for a healthy immune response.
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Dendritic Cell Subsets

The immune response to foreign proteins strongly depends on the efficiency and
selectivity of antigen uptake by DCs. DCs play roles in the induction of protective
T-cell immunity, as well as in tolerance induction. After contact with antigens, DCs
mature and migrate from peripheral tissues to the T-cell areas of secondary lymphoid
organs, where they produce regulatory cytokines and prime naive T lymphocytes [43].
The two distinct DC subsets that have been recognized in humans are myeloid DCs
(mDCs) and plasmacytoid DCs (pDCs) [44]. mDCs express TLR2-TLR6 and TLR8
and can produce IL-12 in response to the bacterial and viral stimuli, whereas pDCs
express TLR7 and TLR9 and have the ability to produce large amounts of type 1 IFNs
in antiviral immune responses [43, 45-47] It has been suggested that pDCs directly
suppress the potential of mDCs to generate effector T cells [48]. It was reported that
pDCs could stimulate the formation of Treg cells, possibly in an inducible costimula-
tor (ICOS)-L-dependent way [46, 48]. Depletion of pDCs from the lungs has abol-
ished tolerance to inhaled antigens [48, 49]. On the other hand, the two distinct DC
populations that have been identified in inflamed epidermis of atopic dermatitis are
the classical Langerhans’ cells and the inflammatory dendritic epidermal cells (IDEC)
[50]. The IDEC population clearly induces a Thl profile, while the Langerhans’
cell population rather induces a Th2 type of T-cell response [51]. Concerning DCs
and LCs, the expression of IgE FceRI and its increase on the surface of these cells is
strongly related to distinct type of inflammatory status [52].

C-kit (CD117) is a receptor tyrosine kinase, which has role in maintenance and
survival of hematopoietic stem cells and mast cells. Stem cell factor (SCF) is the ligand
for c-kit. The effect of c-kit on DCs is through the expression of IL-6 and Jagged-2,
the ligand of Notch, which is known to regulate Th-cell differentiation, promotes Th2
and Th17 responses but not Th1 response [53]. Engagement of Notch at the surface of
T cells with jagged on DCs and T cell receptor (TCR) with MHC-II-coupled antigen
induces priming of Th cells [54].

Dendritic Cell/T-Cell Interaction

As the T lymphocytes cannot directly recognize antigens, a need for the specialized
introduction of antigenic materials is essential, mostly for the peptide fragments
(epitopes) that are generated by proteolytic degradation of antigens via highly special-
ized APCs [55]. DCs, monocytes, macrophages and B cells act as professional APCs,
whereas fibroblasts, thymic epithelial cells, thyroid epithelial cells, glial cells, pancre-
atic P cells and vascular endothelial cells present the antigens non-professionally [56].
Antigenic peptide presentation to T cells is coupled to MHC molecules on the cell
surface (fig. 2). Out of three classes, the two MHC molecules, class I and II, are impor-
tant contributors in this recognition [57, 58]. When an intracellular pathogen like a
virus invades a host cell, intracellular antigens are produced by viral replication. The
host is capable of digestion of these viral associated proteins into small peptides via
specialized enzyme complexes termed as proteasomes [55]. Sometimes endogenous
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Fig. 2. Antigens (allergen) captured by the DCs, which reside as sentinels in the skin and mucosal
surfaces, are processed and presented to T cells. PRRs recognize PAMPs and direct the immune dif-
ferentiation on either the innate or adaptive side. Presentation to T-helper cells occurs via MHC-II-
coupled peptide complexes along with costimulatory signals known as CD80/CD86-CD28 and
CD40-CD40L, OX40-OX40L and ICOSL-ICOS interactions.

self proteins and tumor-associated antigens can also be digested in the same manner.
Then peptides were moved to endoplasmic reticulum where MHC class I molecules
are coupled to be presented on the cell surface. The role of MHC class I is to present
antigens to CD8+ cytotoxic T cells. Almost all host cells can express MHC class I.
MHC class I coupled antigenic material expression means a signal for destruction
of the host cells is given, which leads to clearance of intracellular antigens due to
infected, cancerous, damaged or dysfunctional cells [59, 60]. Modular antigen trans-
location (MAT) molecules have been engineered by protein transduction domain
technology. MAT vaccines are composed of three modules: (i) a protein translocation
domain to deliver cargo molecules to immune cells, (ii) a truncated invariant chain
addressing the delivered cargo molecule to the MHC class II compartment, and (iii)
an antigen of interest. MHC class II molecules are targeted to endocytic compart-
ments by the invariant chain (li) that is degraded upon arrival in these compartments.
MHC II acquires antigenic fragments from endocytosed proteins for presentation at
the cell surface, and the strength of the immune response directly depends from the
efficacy of the presentation. Direct targeting of the MHC class II pathway results in
an increased antigen presentation and as a consequence thereof in robust protective
humoral immune responses. MAT vaccines induced a strong proliferation of PBMCs
at a low concentration and induced a Th2/Treg cell shift in the cytokine profile. Also
in allergic mouse models, MAT vaccines are highly efficient in desensitizing mice and
protect them from anaphylactic shock [61].
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DCs have a significant impact on the development of allergic response because
they play a role in differentiation of naive T cells. DCs are generated in the bone
marrow and migrate as precursor cells into peripheral tissues, particularly to antigen
entry sites like skin and mucosa in an immature form, where they stay as sentinels
ready to capture antigens [62]. Understanding the importance of DCs in Th-cell acti-
vation and polarization is pivotal to ascertain developmental mechanisms of aller-
gic disorders. Antigens and several tissue factors can activate DCs, which induce the
maturation process. Expression of CC-chemokine receptor 7 (CCR-7) is increased
which is an important homing molecule controlling the lymph node entry of naive
T cells and of activated mature DCs [21, 63, 64]. This step is followed by migration
of DCs to local draining lymph nodes where naive T cells are primed in an antigen-
specific manner.

T-Cell Activation Signals

The immune system behaves in a different way to extracellular pathogens than bac-
teria and parasites. Initially, capture of exogenous pathogens by dendritic cells results
in phagocytosis, which is then followed by migration to local lymph nodes through
chemotactic signals where DCs mature and lose their phagocytic capacity and
improve the antigen presentation capacity of T cells. In T-cell activation, several sig-
nals are essential for the differentiation of naive T cells to cytokine-producing effector
Th cells.

Signal 1 is the interaction of MHC-II-coupled peptides with TCR [65]. TCR is a
heterodimer consisting mainly of aff chains and also dy chains, which are the members
of the immunoglobulin superfamily [66]. Each chain has complementarity determin-
ing regions (CDRs) that are amino acid sequences found in the variable domains of
antigen receptor. CDRs recognize processed antigens and MHC [66]. However, signal
1 itself is not sufficient for the entire activation. Signaling through the TCR must be
accompanied by costimulatory signals. In the absence of costimulation, T-cell activa-
tion results in T-cell anergy [67].

Signal 2 is mediated by triggering of CD28 by CD80 (B7.1) and CD86 (B7.2)
that are expressed by DCs after ligation of PRRs [21, 67]. This costimulatory signal
through CD28 is required for T-cell activation resulting in increased IL-2 production,
which is the T-cell growth factor [68]. This also induces upregulation of CD40 ligands
on T cells, which bind to CD40 on the DCs. CD28 costimulation upregulates ICOS
for a costimulation by DC expressed ICOS ligand [69]. Aims to modulate antigen
presentation through intracellular targeting of the MHC II presentation pathway is a
recent issue in allergy vaccine development [61].

CD28 is critical for initiating T-cell responses, whereas CD40 ligand (CD40L) is
required for sustained Th1 responses. The importance of CD28 and CD40L in T-cell
activation and tolerance induction were evaluated in TCR transgenic T cells lacking
either CD28 or CD40L. It has been reported that the absence of CD28 resulted in
defective Th2 responses, whereas CD40L-/- T cells are defective in Th1 development

28 Ozdemir - Akdis - Akdis



[70]. The importance of CD28 came out when the phase I clinical trial with the
humanized monoclonal superagonist of the CD28, TGN1412, resulted in an unex-
pected cytokine storm with multiorgan failure in 2006 in the UK [71].

Effector T-Cell Subsets

Th1 and Th2 Cells

Activated effector T cells play an essential role in allergy and asthma. Formerly, sub-
sets of CD4+ Th lymphocytes were categorized as Th1 and Th2 based on their dis-
tinct cellular functions and cytokine secretion capacities [72]. Although originally
interpreted within the framework of a binary Th1/Th2 paradigm, our knowledge of
the pathogenesis of atopic diseases has broadened to incorporate the contribution of
Treg cells and the newly described proinflammatory Th17 cell lineage. The commit-
ment of peripheral T-cell clones to undergo differentiation into one of those lineages
is shaped by self-reinforcing transcriptional circuitries that center on key transcrip-
tional regulators: T-box expressed in T cells (T-bet), (Th1), GATA-3 (Th2), forkhead
box p3 (FOXP3, Treg cells), and retinoid-related orphan receptor yt/retinoid-related
orphan receptor a (Th17). Counter-regulation between the three effector subsets has
been continuously proposed [11, 73-75]. The activation of T-bet as a key transcription
factor of Th1 cells inhibits both Th2 cell-mediated eosinophil recruitment and Th17
cell-mediated neutrophil recruitment into the airways [76]. An association between a
specific T-bet haplotype and allergic asthma in children is demonstrated [77].

A predominant Th2 profile in atopic diseases might be the result of an increased
tendency to activation and apoptosis of high IFN-y-producing Thl cells [78]. Thl
cells, particularly their high IFN-y-producing fraction, and CXCR3+ T cells showed
significantly increased apoptosis in atopic individuals. During their in vitro differenti-
ation, significantly high apoptosis in Th1 cells was observed in atopic individuals com-
pared to non-atopic individuals [78]. Th1 cells are implicated in cell-mediated defense
against intracellular microorganisms and in promotion of memory IgG responses,
and are characterized by IL-2, IFN-y and tumor necrosis factor-B cytokine profiles.
Th1-cell differentiation occurs in the presence of IL-12, IL-18 and IL-17. These cells
can efficiently contribute to the effector phases in allergic diseases by exerting their
roles in apoptosis of the epithelium in asthma and atopic dermatitis [79, 80].

The proinflammatory cytokines IL-4, IL-5, and IL-13 are clustered on chromosome
5q with GM-CSF in close proximity, and each of these cytokines has been implicated in
the pathogenesis of IgE and eosinophilia-associated inflammations. Th2 cells engage
in immunity to parasites, secrete IL-4, IL-5 and IL-13, and predominantly mediate IgE
responses and allergic inflammation [3, 81] (fig. 3). Monocytic chemotactic protein 1
(MCP-1) and OX40 ligand are the Th2-polarizing factors that have been defined [82].
During priming, Th2 polarization is critically dependent on the presence of IL-4. It
has been shown that OX40 ligation upregulates IL-4 production which promotes Th2
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polarization with the resultant IL-4, IL-5 and IL-13 production [82]. Thymic stromal
lymphopoietin (TSLP) as a novel growth factor, found to promote the proliferation and
differentiation of committed B-cell progenitors and can replace the activity of IL-7,
which is essential in supporting B-cell development. TSLP is produced by epithelial
cells and has master roles at the epithelial cell and DC interface of allergic inflamma-
tion [83]. TSLP has been suggested to activate human mDCs to induce inflammatory
Th2 responses [84]. TSLP is also elevated in asthma and triggers DC-mediated activa-
tion of Th2 inflammatory responses [85]. TSLP-induced DCs mature and migrate into
the draining lymph nodes to initiate the adaptive phase of allergic immune response.
TSLP-induced DCs express OX40L, which triggers the differentiation of allergen-spe-
cific naive CD4+ T cells to inflammatory Th2 cells [86]. It has also been reported that
apoptosis-resistant DCs have the capability to generate antigen-specific Th2 cells in
vitro and in vivo and induce IgE responses in vivo compared to freshly isolated DCs,
independently of the sensitization status of the host [87]. IL-25 (IL-17E), a member
of the IL-17 family of immunoregulatory cytokines, has been implicated in the reg-
ulation of Th2-type immunity. Blocking IL-25 in an experimental model of allergic
asthma prevented AHR and reduced IL-5 and IL-13 production, eosinophil infiltra-
tion, goblet cell hyperplasia, and serum IgE secretion [88].

T-Helper-17 Cells

In 2006, another subset of Th cells was recognized, known as Th17 cells [89]. These cells
have been described to exert major functions in induction of tissue inflammation and
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host protection against extracellular pathogens [74, 90]. Th17 cells are distinct from
Th1 and Th2 cells with IL-17-producing capacity and mediate a variety of autoimmune
diseases [91]. IL-17 family cytokines (IL-17A to F) induce various signaling molecules
and have crucial functions in immune regulation. Most notably, IL-17 coordinates local
tissue inflammation through upregulation of proinflammatory cytokines and chemok-
ines [89, 92]. Differentiation of Th17 (IL-17A- and IL-17F-producing) cells is induced
by IL-6, IL-21, IL-23, and transforming growth factor (TGF)-B [9]. The reciprocal
interaction present between Treg cells and Th17 cells has suggested that induction of
Treg cells can suppress autoimmunity or induction of Th17 cells can start tissue inflam-
mation [93]. IL-17 act as a recruitment and survival factor for macrophages and coor-
dinate granulocyte influx in allergic airway inflammation models [94, 95]. The role of
Th17 cells in tissue inflammation has been shown by improvement in joint destruction
that has been observed in an experimental arthritis model after neutralization of IL-17
with IL-17 receptor IgG1 Fc fusion protein [96]. Among IL-17 family members, IL-17F
(IL-25) has specific functions in promoting a Th2-type response [97]. IL-25 induces
eosinophilia, increases serum IgE and IgG1 and also upregulates tissue expression of
IL-4, IL-5, and IL-13 [98, 99], so it can be classified in the Th2 group.

T-Helper-9 Cells

A distinct population of effector T cells that promote tissue inflammation has been
described without suppressive functions [9]. This population is termed as Th9 cells
and exerts IL-9 and IL-10 secretion capacities. IL-4 and TGF-p promotes an IL-9-
producing subset, Th9 cells, which have roles in mucus production and tissue inflam-
mation [100, 101].

Regulatory T Cells

Although pathogenesis of both autoimmune and allergic disorders had initially been
committed to a dysbalance between Th1 and Th2, in 1995 a new population of T cells
with suppressive roles which are termed as regulatory T cells was described [102]
(fig. 4). These cells are characterized by their IL-10 and TGF-P secretion capacities.
The Treg cells cause an abolished allergen-induced specific T-cell proliferation and
suppressed Th1- and Th2-type cytokine secretion. In addition, Treg cells directly or
indirectly suppress effector cells of allergic inflammation such as mast cells, baso-
phils and eosinophils [103, 104]. Moreover, Treg cells can potently suppress IgE pro-
duction while simultaneously increasing production of non-inflammatory isotypes
IgG4 and IgA, respectively [103]. Subsets of Treg cells with distinct phenotypes and
mechanisms of action include the naturally occurring thymus-selected CD4+CD25+
FOXP3+ Treg cells and the inducible type 1 IL-10-secreting Treg cells (TR1 cells)
[105]. Additionally, subsets of CD8+ T cells, yd T cells, DCs, IL-10-producing B cells,
natural killer (NK) cells and resident tissue cells, which might promote the generation
of Treg cells, could contribute to suppressive and regulatory events [106]. Both natu-
rally occurring and inducible Treg cells have been extensively studied to understand
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the mechanisms of peripheral tolerance development and induction of either Thl or
Th2 immunity [107].

Treg cells have both direct and indirect impacts on effector cells of allergic inflam-
mation and potently suppress IgE production [104, 108, 109]. It is essential to delineate
interaction between Treg cells and DCs to understand the mechanisms of peripheral
tolerance to allergens. It has recently been reported that Treg cells compete with naive
T cells in a physical manner by creating aggregates around DCs in vitro and inhibit
their maturation [110]. It was also shown that Treg cells downregulate the expres-
sion of CD80/CD86 on DCs [110]. Naturally occurring Treg cells highly express cyto-
toxic T-lymphocyte antigen-4 (CTLA-4). CD28 and CTLA-4 signaling are required
for T-cell priming leading to IL-4 cytokine production, B-cell activation, and IgE
secretion during both immune responses [111]. CTLA-4 is a CD28 family member
that binds CD80/CD86 as CD28 but with a higher affinity. In contrast to stimulatory
effects of CD28, CTLA-4 inhibits T-cell activation [112, 113]. The polarizing signals
that are mediated by various soluble or membrane-bound factors, such as IL-12 that
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promote the development of Th1l and CC-chemokine ligand 2 (CCL2) for Th2 cells,
are regarded as signal 3 [21].

The immune regulatory role of T-cell-derived IL-10 in allergic disease has been
extensively studied. In this context, functionally different properties of other cells that
produce IL-10 are being investigated. It was suggested that controlling alternatively
activated macrophages in Th2-driven inflammatory processes might be a novel target
for immune intervention. Compared with healthy control subjects, the percentage of
IL-10-producing monocytes was significantly increased in atopic patients [114]. IL-10-
secreting monocytes were isolated by using an IL-10 secretion assay, and analysis of
these sorted cells revealed that IL-10-secreting monocytes preferentially differentiate
into suppressor of cytokine signalling 3 (SOCS3) expressing alternatively activated
macrophages, which perpetuate Th2 immune response [114]. Whether IL-10-released
from macrophages directly plays a role in lung inflammation or is released to keep the
level of the inflammation in low levels remains to be investigated. IL-10-treated DCs
are potent suppressors of the development of AHR, inflammation, and Th2 cytokine
production; these regulatory functions are at least in part through the induction of
endogenous production of IL-10 [115]. In human cells and mouse models, IL-10 has
been repeatedly shown to suppress not only allergic inflammation, but also to play
a role in transplantation tolerance, tumor cell tolerance, and suppression of autoim-
munity. IL-10 inhibits CD28 and ICOS costimulations of T cells via Src homology
2 domain-containing protein tyrosine phosphatase (SHP)-1 [116]. IL-10 receptor-
associated tyrosine kinase Tyk-2 acts as a constitutive reservoir for SHP-1 in resting T
cells, and then tyrosine phosphorylates SHP-1 on IL-10 binding. SHP-1 rapidly binds
to CD28 and ICOS costimulatory receptors and dephosphorylates them within min-
utes. In consequence, the binding of phosphatidylinositol 3-kinase to either costimu-
latory receptor no longer occurs, and downstream signaling is inhibited. Accordingly,
spleen cells from SHP-1-deficient mice showed increased proliferation with CD28
and ICOS stimulation in comparison with wild-type mice, which was not suppressed
by IL-10. Generation of dominant-negative SHP-1-overexpressing T cells or silencing
of the SHP-1 gene by small inhibitory RNA both altered SHP-1 functions and abol-
ished the T-cell-suppressive effect of IL-10. In conclusion, the rapid inhibition of the
CD28 or ICOS costimulatory pathways by SHP-1 represents a novel mechanism for
direct T-cell suppression by IL-10 [116]. Supporting these findings, Src homology 2
domain-containing inositol 5-phosphatase 1 inhibits allergic responses as a negative
regulator of cytokine and immune receptor signaling. Its deficiency leads to a sponta-
neous development of allergic-like inflammation in the murine lung [117].

In addition to IL-10, TGF-f is a key cytokine in immune tolerance. It was investi-
gated whether orally administered TGF-f, such as TGF-f in human milk, retains and
exerts its activity in the intestinal mucosa and can induce immune tolerance to dietary
antigens. In a relevant mice model the oral administration of TGF-f increased activa-
tion and response in TGF-B-related responsive elements and increased serum TGF-f3
levels [118]. BALB/c mice treated orally with OVA and TGF-P showed augmented
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reduction of OVA-specific IgE and IgG1 antibodies, T-cell reactivity, and immedi-
ate-type skin reactions when compared with the mice treated orally with OVA alone
[118]. The data suggest that oral administration of TGF-§ might become a potential
strategy to prevent allergic diseases, such as food allergy.

T Cells in Allergen-Specific Immunotherapy

Allergen-specific immunotherapy (allergen-SIT) is the only curative treatment
modality for the treatment of allergic disorders targeting to induce a tolerant state,
which is essential for a healthy immune response. Development of peripheral
T-cell tolerance is characterized mainly by the generation of allergen-specific Treg
cells, which suppress proliferative and cytokine responses against the major aller-
gens [104, 119-121]. In allergen-SIT, peripheral T-cell tolerance is initiated by the
autocrine action of increasing levels of the anti-inflammatory cytokines IL-10 and
TGF-pB, produced by antigen-specific Treg cells [103, 122, 123]. Although earlier
studies emphasized a switch from Th2 cells to Th1 cells in the course of allergen-
SIT, recently, it was shown that allergen-SIT increased the expression of mucosal
and peripheral T-cell IL-10 and TGF-f levels [124-127]. The role of Treg cells in
the induction of allergen-specific tolerance was supported by the demonstration
of local FOXP3+CD25+ T cells in the nasal mucosa and their increased numbers
after immunotherapy [128]. A gradual decrease in IgE levels can be observed over
months or years in allergen-SIT [129]. On the other hand, analysis of the IgG sub-
types induced by allergen-SIT has shown increases in allergen-specific IgG4 and
IgG1, with 10- to 100-fold increases in their serum levels [130, 131]. IL-10 is a
potent suppressor of both total and allergen-specific IgE, while it simultaneously
increases IgG4 production. Thus, IL-10 not only generates tolerance in T cells; it
also regulates specific isotype formation and skews the specific response from an
IgE- to an IgG4-dominated phenotype [104].

Treg Cells in Suppression of Effector Cells

The effector cells of allergic inflammation are directly or indirectly under the influ-
ence of Treg cells [7]. Even in early phases of allergen-SIT, responsiveness and thresh-
olds for activation of mast cells and basophils are increased [132, 133]. Following
bee venom allergen immunotherapy, histamine release was decreased in response
to stimulation even after the first days of injections [124]. Treg cells directly inhib-
ited the FceRI-dependent mast cell degranulation through cell-cell contact involv-
ing OX40-OX40 ligand interactions between Treg cells and mast cells, respectively.
Mast cells showed increased cyclic adenosine monophosphate levels and reduced
Ca** influx when activated in the presence of Treg cells [134]. On the other hand, it
has been reported that in vivo depletion or inactivation of Treg cells caused enhance-
ment of the anaphylactic response [9, 134]. IL-10 plays a role in homeostatic mecha-
nisms of mast cell numbers and functions in peripheral tissues by regulating mast cell
maintenance and proliferation [135]. IL-10 was shown to reduce proinflammatory
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cytokine release from mast cells [136]. In addition, IL-10 downregulates eosinophil
function and activity, and suppresses IL-5 production by human resting ThO and Th2
cells [137].

T-Cell/B-Cell Interaction, IgE Production

Priming of Th2 cells results in the production of Th2 cytokines (such as IL-4 and
IL-13) that are responsible for the somatic recombination process by which the class
of immunoglobulin is switched from IgM to IgE in B cells [3]. In Th-cell/B-cell inter-
action costimulatory signals between CD40L and CD40 as well as CD28 and CD80/
CD86 are also necessary. Interaction of IgE with its receptors, known as FceR on
mast cells and basophils, is the key process in allergic immune response. Based on
affinities, Fce receptors are classified as FceRI and FceRIL. The high-affinity recep-
tor, FceRlI, is previously thought to be present on only mast cells and basophils of
humans and rodents. However, demonstration of FceRI on Langerhans’ cells, eosino-
phils and epidermal cells highlighted the role of IgE-mediated antigen presentation
of this receptor [138-140]. Low-affinity receptor, FceRII (also known as CD23), has a
widespread cellular distribution and is expressed on B cells, some T cells, eosinophils,
macrophages, monocytes and platelets of humans [141-145]. Both types of IgE Fc
receptors are thought to play a role in IgE-mediated antigen presentation [146-149].
IgE-facilitated antigen presentation enhances especially very low doses of allergen to
CD4+ T cells [148-150]. Binding of allergen with its specific IgE antibody bound on
FceRI of the mast cells and basophils causes release of preformed mediators from
secretory granules that include histamine, tryptase and proteases. Also, release of
newly generated lipid-derived mediators such as leukotrienes and platelet-activating
factor as well as cytokines and chemokines responsible for the symptoms and signs of
allergic disorders as well as anaphylaxis takes place [151], as described elsewhere in
other chapters.

B cells also have impact on T-cell differentiation. B-cell antigen presentation plays
an important role at promoting Th2 responses and pathophysiology during allergic
disorders. It has been shown that B-cell -/- mice and in mice selectively deficient in
MHC II on B cells had decreased Th2 cytokines IL-4 and IL-5 [152]. Also in another
study it has been reported that B-cell-derived exosomes can present allergen peptides
and activate allergen-specific T cells to proliferate and produce Th2 cytokines IL-5
and IL-13 [42].

In addition to binding of FceRII at the surface of B cells, IgE also binds FceRI at the
surface of DCs and monocytes. This process increases the uptake of allergen by DCs
and the subsequent presentation to specific Th cells, which drive the late phase of the
allergic inflammation [3, 144].

IgE can be an important target for the treatment of allergic diseases. One of the
promising developments in the area of allergy treatment is monoclonal antibody ther-
apy against different molecular targets [153]. Omalizumab is a humanized monoclo-
nal anti-IgE antibody acting by reducing serum levels of free IgE and downregulating
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of IgE receptors on circulating basophils and DCs [154]. Until today, three Cochrane
analyses about omalizumab have been performed [155-157]. These analyses have
determined the efficacy of omalizumab compared with placebo in patients with
allergic asthma [155-157]. Omalizumab was also reported to be effective in patients
with moderate-to-severe allergic asthma and in patients with allergic rhinitis [158].
Its impacts on effector cells, such as nasal and bronchial eosinophils, bronchial mast
cells, T and B cells, have promising results opening an area of extensive research.
Although recommendations have been released by task forces for some omalizumab-
associated anaphylaxis cases [159], its usage in the treatment of unprovoked anaphy-
laxis in mastocytosis patients and pretreatment before rush immunotherapies has
revealed hopeful results [160, 161].

IL-10 and Treg Cells in Suppression of IgE

IL-10 is a potent suppressor of allergen-specific IgE, whereas it induces IgG4 produc-
tion [103]. It has been shown that IL-10 decreases € transcript expression, thus down-
regulating IgE production, while enhancing y4 transcript expression and increasing
IgG4 production [162]. This alteration in the isotypes of immunogloblins is marked
especially in allergen-SIT trials [103]. Also, supporting evidence has been released
on Treg cell subset/B-cell interaction experiments through GITR/GITR-L interac-
tion, IL-10 and TGF-p [163]. On the other hand, demonstrating the induction of
IgG4 and suppression of IgE in healthy individuals has recently showed the direct
influence of Treg cells on B cells [108]. Moreover, neither IL-10-secreting Tr1 cells
nor CD4+CD25+FOXP3+ Treg cells have been shown to exert any influence on IgA
production.

T Cells in Late-Phase Reactions

Type 1 hypersensitivity reaction is followed by a late-phase allergic reaction, which
appears 6-12 h after allergen exposure in which allergen-specific T cells migrate and
are reactivated and clonally expand under the influence of chemokines and other
cytokines at the site of allergen exposure. Eosinophils constitute the major percentage
of the cellular infiltrate, where Th1 cells, mast cells and basophils also contribute to
this phase of reaction [3]. This phase is also a cellular-driven process with migration
and infiltration of eosinophils, basophils, macrophages and T cells. These effector
cells release additional inflammatory mediators and cytokines that elicit continu-
ance of the inflammatory response. A chronic late-phase response due to continuous
allergen exposure is thought to be responsible for the persistent, chronic signs and
symptoms [164]. After a successful allergen-SIT course, hyperreactivity levels to non-
specific stimuli, which seem to reflect underlying mucosal inflammation decreases
in correlation with clinical improvements [165]. DC recruitment and activation are
also important contributors of late-phase reactions which have been shown to be
augmented by TSLP [166]. Platelets also have an impact on late-phase reactions. It
has recently been suggested that platelets play important roles through chemokines
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that attract leukocytes to the skin and by forming platelet-leukocyte complexes via
P-selectin [167].

Conclusion

Understanding the mechanisms enrolled in the development of anaphylaxis, the sys-
temic life-threatening IgE-mediated type 1 hypersensitivity reaction is essential for
developing strategies for treatment and prevention from the reaction. Capture and
recognition of antigens need specialized APCs with highly distinctive features acting
for introduction to the immune effector cells, especially to T lymphocytes. Recent
developments in T-cell subsets, particularly the extension of the knowledge on recip-
rocal regulation and counterbalance between Thl and Th2 cells to Th17 and Treg
cells, has increased our knowledge in mechanisms of immunoregulation. Allergen-
specific strategies for targeting immune responses have significantly evolved and new
insights into the mechanism of immunoregulation are leading to novel approaches
for allergen-SIT vaccine development. Many different elements behave synergistically
in directing the immune system into the Th2 profile in atopic individuals, whereas
IL-4 and IL-13 exert an important role in class switching in B lymphocytes with the
resultant IgE production. Allergen-specific IgE molecules bind to mast cells and baso-
phils via specialized receptors where they stay ready for a subsequent exposure. Upon
challenge, a specific allergen release of mediators as well as cytokines happens which
causes symptoms and signs of anaphylaxis. All APCs, T and B lymphocytes, mast cells
and basophils as well as several cellular elements play a synchronized active role in
this sequential process of allergy.
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Abstract

Anaphylaxis is a severe systemic allergic response that is rapid in onset and potentially lethal, and
that typically is induced by an otherwise innocuous substance. In IgE-dependent and other exam-
ples of anaphylaxis, tissue mast cells and circulating basophilic granulocytes (basophils) are thought
to represent major (if not the major) sources of the biologically active mediators that contribute to
the pathology and, in unfortunate individuals, fatal outcome, of anaphylaxis. In this chapter, we will
describe the mechanisms of mast cell (and basophil) activation in anaphylaxis, with a focus on IgE-
dependent activation, which is thought to be responsible for most examples of antigen-induced
anaphylaxis in humans. We will also discuss the use of mouse models to investigate the mechanisms
that can contribute to anaphylaxis in that species in vivo, and the relevance of such mouse studies to
human anaphylaxis. Copyright © 2010 S. Karger AG, Basel

Anaphylaxis is a catastrophic, rapid in onset, and sometimes fatal acute allergic reac-
tion to what typically is an otherwise innocuous substance; no one who has witnessed
(or survived) an episode of anaphylaxis is likely soon to forget it. In humans and other
mammals, anaphylaxis can be induced when certain unfortunate subjects previously
sensitized to an allergen (i.e., an antigen that can induce an allergic reaction) are later
exposed to even very small amounts of that allergen. The most common allergens
include foods (e.g., peanuts), drugs (e.g., f-lactam antibiotics), natural rubber latex
or components of insect venoms [1, 2]. Because anaphylaxis can be induced by aller-
gens derived from intrinsically innocuous substances, such as components of peanuts
or other foods, it represents arguably the most grotesque example of a pathological
imbalance between the cost and benefit of an acquired immune response.

Our understanding of anaphylaxis has advanced substantially since the original
description of this phenomenon in the scientific literature over 100 years ago. There
is now little reasonable doubt that the IgE-dependent activation of mast cells and
basophils is the key event underlying most examples of allergen-induced anaphylaxis
in humans [3-5]. IgE binds to the high-affinity IgE receptor, FceRI, expressed on the



surface of mast cells and basophils. Aggregation of FceRI by binding of FceRI-bound
IgE to bivalent or multivalent allergen activates downstream events that lead to the
secretion of three classes of mediators: (1) the extracellular release of preformed
mediators stored in the cells’ cytoplasmic granules, including vasoactive amines (in
humans, histamine), neutral proteases, proteoglycans and some cytokines and growth
factors, by a process called degranulation; (2) the de novo synthesis of pro-inflamma-
tory lipid mediators, such as prostaglandins and leukotrienes; and (3) the synthesis
and secretion of many growth factors, cytokines and chemokines [6]. Thus, FceRI
aggregation induces the rapid and sustained release of mast cell and basophil media-
tors, which in turn induces the pathophysiologic consequences of anaphylaxis.

This chapter highlights the mechanisms responsible for mast cell activation dur-
ing anaphylactic responses to environmental substances. In addition to discussing
in detail the activation of mast cells and basophils by IgE and antigen, we also will
describe how mouse models have been used to analyze the importance of various
proteins, cells, mediators and activation mechanisms in the expression of anaphylaxis
in that species.

Use of Mouse Models to Study Anaphylaxis

Laboratory mice represent a powerful model organism for studying the pathogenesis
of anaphylaxis; it is now possible rather easily to manipulate the mouse genome and
study the influence of specific genetic pathways on biological processes and diseases.
Moreover, despite the obvious anatomical and physiological differences between mice
and humans, it has been argued that the mouse and human immune systems are suf-
ficiently similar that many basic observations made about models of anaphylaxis in
mice are likely to apply to humans [4]. However, as summarized in table 1, there are
some differences (as well as many similarities) between mice and humans that must
be kept in mind when considering the relevance of mouse models to human ana-
phylaxis. For example, FceRI complexes are expressed on more cell types in human
beings compared to mice [4, 7-9], and both IgE and IgG1 antibodies can make major
contributions to anaphylaxis in mice whereas it has been more difficult to implicate
antibody isotypes other than IgE in the pathogenesis of allergen-induced anaphylaxis
in humans [1, 4, 5, 10].

The in vivo relevance and biological importance of in vitro observations about
mast cell function, as well as the contributions of mast cells towards the expression of
particular biological responses (such as various models of anaphylaxis) in vivo, can
be assessed using c-kit mutant mice (e.g., WBB6F,-Kit"/"* or C57BL/6-Kit"sh/W-h
mice) that virtually lack mast cell populations. Mice with mutations of c-kit [6, 11] or
mutations that affect KIT expression [12-14] have other abnormalities of phenotype
besides a mast cell deficiency. However, the mast cell deficiency of these mice can be
selectively repaired by the adoptive transfer of genetically compatible, in vitro-derived
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Table 1. Key concepts about the roles of mast cells in systemic anaphylaxis in mice and humans

- Itis generally accepted (based on clinical and in vitro studies) that mast cells (and basophils), IgE
and FceRl are involved in most cases of allergen-induced anaphylaxis in humans. However, it is
difficult to define the exact roles and relative importance of mast cells, basophils, and other
potential effector cells (e.g., monocytes/macrophages, dendritic cells) in either IgE-dependent
or IgE-independent human anaphylaxis. Unlike in mice, we neither have access to mast cell- or
basophil-deficient humans nor can we genetically manipulate human subjects to produce such
phenotypes.

- In mice, in vivo studies with mutant mice, in vitro studies with mutant cells, and in vitro and in
vivo studies with pharmacological agents show that anaphylaxis can occur through an IgE/
FceRI-dependent or IgG/FcyRIll-dependent pathway, or can result from the activation of both
pathways. The IgE/FceRI-dependent pathway critically involves mast cells, whereas the IgG/
FcyRIll-dependent pathways can involve basophils and/or macrophages (probably reflecting
the details of the models being investigated). While mast cells are not required for mice to
express IgG/FcyRlll-dependent anaphylaxis, mast cells can influence certain pathophysiological
features of such responses.

— While it had been thought that, in mice, only mast cells and basophils expressed FceRl, it has
been shown that FceRl can be expressed by certain dendritic cells as well. In rats, it has been
reported that certain rat nerve cells may express FceRl. In humans, FceRl is also expressed on
monocytes/macrophages, Langerhans’ cells, dendritic cells, eosinophils (although typically in
very low numbers on the cell surface), and on other cell types (e.g., some FceRI expression has
been reported on neutrophils, platelets, and on bronchial smooth muscle cells, although the
clinical significance of such findings is not yet clear). It is possible that other cell types may also
be found to express FceRl.

- In mice and humans, it is possible that mast cells and basophils contribute to the
pathophysiology of anaphylaxis both via direct effects on end organ targets and also by indirect
effects, including the ability of mast cells and basophils to influence the responsiveness of such
target cells to mediators generated in subjects with anaphylaxis.

— Itremains to be determined whether, and, if so under what circumstances, IgG-mediated
anaphylaxis exists in humans.

- Theroles of potential effector cells other than mast cells and basophils (e.g. monocytes/
macrophages, dendritic cells) in IgE-dependent and IgE-independent anaphylaxis in mice and
humans remain to be determined.

— There may be substantial variation both within and among species (e.g., in mice vs. humans) in
the expression of various proteins, receptors and/or ligands that influence the activation of mast
cells (or basophils or other potential effector cell types), or that can regulate the responsiveness
of end organ target cells (e.g., bronchial or gastrointestinal smooth muscle cells, vascular
endothelial cells) to potential mediators of anaphylaxis derived from mast cells.

- Inhumans, it is not known why some patients develop anaphylactic reactivity to certain
antigens whereas others, including those who bear IgE antibodies reactive with the same
antigens, do not.
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mast cells from congenic wild-type mice or various transgenic or mutant mice, or
from mouse embryonic stem cells, or by using mast cells that have been transduced
with short hairpin (sh)RNA to reduce expression of proteins of interest [12, 14, 15].
These ‘mast cell knockin mice’ are now widely used to assess the contributions of
mast cells or specific mast cell products in diverse biological responses in vivo, and
they have proven extremely beneficial for dissecting the mechanisms of anaphylaxis.
Two groups recently reported the generation of mast cell-specific ‘Cre’ mice [16, 17].
Given that mutation of c-kit affects a variety of cell lineages and c-kit mutant mice
have a number of other phenotypic abnormalities (in addition to lacking mast cells),
it is likely that mice with confirmed mast cell-specific Cre expression and mice with
inducible mast cell-specific Cre expression will also become powerful genetic mod-
els for investigating the contributions of mast cells or mast cell-specific products to
health and disease.

Anaphylaxis is a systemic reaction involving multiple organ systems in humans
[10]. In mice, models of systemic anaphylaxis also can induce rapid and potentially
reversible hypotension, hypothermia, and decreased mobility [4]. Although it is not
clear to what extent antibody isotypes other than IgE contribute to the expression of
anaphylaxis in humans [1, 4, 5, 10], it is well known that either IgE or IgG antibodies
acting via FceRI or FcyRIII, respectively, can induce potentially fatal systemic ana-
phylactic reactions in mice [4]. The elicitation of antigen-specific fatal anaphylaxis in
mice that virtually lack mast cells [18], IgE [19], or the IgE-binding a chain of FceRI
[20], provided evidence for the existence of IgE-independent, but IgG-dependent,
anaphylaxis in mice. The IgE-dependent mechanism, which is mediated mainly by
mast cells, histamine, and, to a lesser extent, platelet-activating factor (PAF), requires
smaller amounts of antibody and antigen than the IgG-dependent mechanism [4].
Although clinical observations indicate that most cases of allergen-induced anaphy-
laxis in humans likely reflect activation of the IgE-dependent pathway (in that the
disorder can be induced by small amounts of allergen and, at least in the case of pea-
nut allergy, the threshold of sensitivity to the allergen can be ameliorated significantly
in subjects treated with anti-IgE), it is possible that the IgG-dependent pathway may
account for disease in some subjects repeatedly exposed to large quantities of allergen
(which, in rare instances, may even be anti-IgE antibody itself) [1, 4, 5] or in subjects
in which little or no allergen-specific IgE can be detected by skin testing or based on
measurements in vitro [1].

The relatively large amount of antigen required to initiate IgG-dependent anaphy-
laxis in mice is consistent with the much lower affinity of FcyRIII for IgG than FceRI
for IgE. Moreover, whereas antigen binds directly to FceRI-bound IgE on mast cells,
antigen/IgG immune complexes must form in the blood and lymph prior to binding
FcyRIII [4]. For years, the macrophage was thought to be the main source of PAF and
perhaps other mediators that are responsible for IgG-dependent systemic anaphy-
laxis in mice [4]. However, recent lines of evidence strongly implicate basophils as an
important source of PAF, and as the cell type most responsible for a fatal outcome in
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some models of IgG-mediated anaphylaxis in mice [21]. It is important to remember
that the conclusions of all studies of models of anaphylaxis in mice (or other species)
are based on the characteristics of the anaphylaxis models investigated. While there is
very strong evidence that basophils play a critical role in models of active anaphylaxis
to Penicillin V or 2,4,6-trinitrophenol (TNP)-BSA in C57BL/6 mice [21], it is possible
that macrophages (as well as additional cell types that can produce PAF or other bio-
active mediators) contribute to the pathology observed in other models of anaphy-
laxis, such as those studied by Finkelman and colleagues [reviewed in 4], and/or in
models of anaphylaxis induced in other strains of mice. Moreover, mast cells can also
contribute to some of the pathological feature of IgG-immune complex-dependent
anaphylaxis in mice [22].

The route of antigen administration can alter the speed of antigen access to the cir-
culation and, thus, the systemic symptoms in anaphylaxis models. For example, aller-
gen ingestion typically induces anaphylaxis that includes gastrointestinal symptoms,
such as diarrhea [4]. These ‘intestinal anaphylaxis’ models in mice are dependent on
IgE-induced mast cell activation, and the release of PAF and serotonin (rather than
histamine) [1, 4].

Although human anaphylaxis is a systemic reaction, the mouse model of passive
cutaneous anaphylaxis (PCA) has been used extensively to enhance our understand-
ing of mechanisms which also may contribute to systemic anaphylaxis. Unlike sys-
temic anaphylaxis in the mouse, PCA appears to be entirely dependent on mast cells
[4, 6]. While IgE appears to be the primary antibody isotype that mediates PCA reac-
tions in actively immunized mice, activation of FcyRIII by a fraction of IgG1 antibod-
ies (called anaphylactic IgG1) can also mediate PCA reactions in mice [4].

IgE-Dependent Anaphylaxis: FceRl Signaling

In both humans and rodents, FceRI is expressed on the surface of mast cells (and
basophils) as a heterotetrameric receptor (affy,) composed of an a subunit, a four
transmembrane-spanning  subunit, and two identical disulphide-linked y subunits
[7-9, 23]. Murine FceRI expression once was thought to be restricted to the surface
of mast cells and basophils [7, 8], however viral infection (Sendai virus) induces
expression of trimeric (ay,) FceRI complexes on lung dendritic cells in mice [24]. In
humans, trimeric (ay,) FceRI complexes can be expressed on eosinophils (although
typically at very low numbers), monocytes and macrophages, Langerhans’ cells, and
dendritic cells (myeloid and plasmacytoid) [7, 8]. FceRI has also been detected on
human platelets and neutrophils, but the subunit composition on these cell types
remains to be defined [7]. Finally, a few reports have described evidence that certain
non-hematopoietic cells, including bronchial smooth muscle cells in humans and
some nerve cells in rats, may express FceRI [9]. The clinical significance of such find-
ings remains to be determined.
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The two extracellular immunoglobulin-related domains of the FceRI a subunit bind
to the Fc portion of a single IgE molecule [7, 8]. Monomeric IgE binds to FceRI at a very
high affinity (1 x 10'° m~!), and this interaction has a low dissociation rate [7], thus FceRI
binds IgE and retains it for long periods, setting the stage for an immediate response
upon subsequent exposure to antigen. The FceRI p and y chains each contain an immu-
noreceptor tyrosine-based activation motif (ITAM) that becomes tyrosine phosphory-
lated after receptor aggregation (fig. 1). While the { chain is an important amplifier of
IgE and antigen-induced signaling events and FceRI cell surface expression, the y sub-
units are indispensible for initiating signaling events downstream of FceRI [7].

Critical to understanding the mechanisms of anaphylaxis is defining the intracel-
lular signaling pathways that regulate mast cell mediator release. Many researchers
deserve credit for elucidating important components of this pathogenetic pathway
and a number of excellent reviews on mast cell signaling via FceRI have been pub-
lished recently [2, 7, 25, 26]. This section focuses on some new developments that
employ genetically-altered mice and/or in vivo models of anaphylaxis to elucidate
aspects of the positive or negative regulation of signaling initiated by FceRI.

Proximal Signaling Events

Like all immunoreceptor family members, FceRI lacks intrinsic tyrosine kinase
activity. IgE and antigen-induced crosslinking of FceRI initiates a complex series of
phosphate transfer events via the activation of non-receptor Src, Syk and Tec family
protein tyrosine kinases (fig. 1). The Src family kinase Lyn, which associates with the
FceRI B subunit in mast cells, transphosphorylates neighboring FceRI ITAMs after
receptor aggregation [7, 26]. Once phosphorylated, the B chain ITAM binds to the
SH2 domain of additional Lyn molecules, while the phosphorylated y chain ITAM
recruits Syk to the receptor complex, where it is activated by both autophosphoryla-
tion and phosphorylation by Lyn [2, 7, 15, 26].

Lyn and Syk then phosphorylate several enzymes (e.g., phospholipase Cy [PLCy])
and adaptor molecules (e.g., linker for activation of T cells [LAT] 1 and LAT?2 [also
known as NTAL or LAB]). Phosphorylated adaptor molecules coordinate the assembly
of membrane-localized signaling networks containing additional adaptor molecules
including Grb2, Gads, Shc, SLP-76 and Vav, the guanine nucleotide exchange factor
SOS, and signaling enzymes, including PLCy, to regulate mast cell activation (fig. 1).
For example, recruitment and activation of SLP-76, Vav, Shc, Grb2 and SOS culminate
in the activation of the small GTPase, Ras, which activates the MAPK cascade, leading
to the activation of transcription factors important for cytokine production and for the
activation of PLA,, which then initiates the generation of arachidonic acid metabolites.

In addition to Lyn, a second Src family kinase, Fyn, associates with the FceRI  chain
and is activated after FceRI aggregation [26]. Fyn phosphorylates the adaptor Gab2
to activate the phosphatidylinositol-3-OH kinase (PI3K) pathway; the SH2 domain-
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Fig. 1. Simplified scheme of early FceRl-mediated signaling events. Antigen- (Ag-) induced crosslinking of FceRIl induces
activation of Lyn and Fyn; Lyn phosphorylates FceRI ITAMs (grey) and activates Syk following ITAM binding of Syk, and Fyn
phosphorylates the adaptor Gab2 to activate the PI3K pathway. Lyn and Syk phosphorylate many adaptor molecules (e.g.,
LAT and NTAL) and enzymes, which regulate activation of the Ras, PLCy, PI3K and other pathways. Grb2 and SOS activate the
Ras/Erk pathway, which regulates transcription factor activation and arachidonic acid metabolism (through PLA, activation).
PLCy can either be activated through the coordinated function of LAT/Gads/SLP-76/Vav and Btk (left side of figure) or inde-
pendently of LAT through a PI3K/Btk-dependent pathway (right side of figure). PLCy activation regulates classical PKC activa-
tion (through DAG generation) and calcium responses (through the generation of IP;). IP; binding to the IP;R triggers Ca?*
release from the ER; STIM1 couples ER Ca?* store depletion with the activation of CRAC channels, leading to the influx of
extracellular Ca?* and activation of the Ca?* release activated current (/czac). The PI3K product, PI(3,4,5)P5, is an important
lipid mediator that regulates the activity of various enzymes, e.g., Btk, Akt, and PDK1 and (via PDK1) PLD and SK, and the
formation of other lipid mediators, e.g., DAG and S1P (which regulates extracellular Ca?*influx). The IKK complex consists of
two catalytic subunits, IKKa/IKK1 and IKKB/IKK2, and a regulatory subunit, NEMO/IKKy; this complex phosphorylates IkB to
activate the transcription factor NFkB. IKKB/IKK2 also phosphorylates SNAP23 to facilitate SNARE complex formation (not
shown). Arrows indicate the contributions of these signaling pathways toward mast cell degranulation, arachidonic acid
metabolism, and cytokine/chemokine/growth factor production. Note: some arrows do not indicate direct interactions or
targets. Bcl10 = B cell ymphoma 10; Btk = Bruton’s tyrosine kinase; Ca* = calcium; CaM = calmodulin; CRAC = Ca?* release
activated calcium channel; DAG = diacylglycerol; Gab2 = Grb2-associated binding protein 2; GADS = Grb2-related adaptor
downstream of Shc; ER = endoplasmic reticulum; Erk = extracellular signal-regulated kinase; Icgac = Ca?* release activated
current; IkB = inhibitor of kB; IKK = IkB kinase; IP; = inositol 1,4,5-trisphosphate; IP;R = IP; receptor; ITAM = immunoreceptor
tyrosine-based activation motif; LAT = linker for activation of T cells; MALT1 = mucosa-associated lymphoid tissue lymphoma
translocation protein 1; NEMO = NFkB essential modulator; NFAT = nuclear factor of activated T cells; NFkB = nuclear factor
kB; NTAL = non-T-cell activation linker; PI3K = phosphoinositide 3-kinase; PI(3,4,5)P; = phosphatidylinositol 3,4,5-trisphos-
phate; PKC = protein kinase C; PL = phospholipase; RasGRP = Ras guanyl nucleotide-releasing protein; S1P = sphingosine 1
phosphate; SK = sphingosine kinase; SLP-76 = SH2-domain containing leukocyte protein of 76 kDa; SOS = son of sevenless
homolog; Sph = sphingosine; STIM1 = stromal interaction molecule 1.
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containing p85 regulatory subunit of PI3K binds to phosphorylated Gab2, which
allows the associated p110 catalytic subunit to phosphorylate phosphatidylinositol
4,5-bisphosphate [PI(4,5)P,] to generate the important second messenger, PI(3,4,5)
P; (PIP;) (fig. 1). Thus, Fyn functions as a positive regulator of FceRI-mediated mast
cell activation because PIP; is essential for many aspects of mast cell responsive-
ness. In addition to Fyn and Gab2, RasGRP1 was recently identified as a positive
regulator of FceRI-mediated PI3K activation [27]. PI3K activation was diminished
in RasGRP1 knockout mouse bone marrow-derived cultured mast cells (BMCMCs),
and these cells exhibited decreased IgE and antigen-induced degranulation, as well
as impaired release of the cytokines TNF, IL-3, and IL-4 (but not IL-6). Moreover,
RasGRP1-deficient mice failed to mount a passive systemic anaphylactic response
upon systemic administration of DNP-HSA 24 h after injection of a monoclonal anti-
DNP IgE antibody. It has been proposed that RasGRP1 activates PI3K through N-Ras
following membrane recruitment of p85 by Gab2 (fig. 1) [27].

In addition to its signal-initiating activity described above, Lyn can also nega-
tively regulate FceRI-induced signaling events, including Fyn activation [26]. A third
Src family kinase, Hck, plays a positive regulatory role in FceRI-induced mast cell
degranulation and cytokine release via Lyn-dependent and Lyn-independent mecha-
nisms (both of which are dependent, at least in part, on phosphorylation of the FceRI
B chain) [28]. The Lyn-dependent mechanism involves Hck-mediated suppression
of Lyn’s negative regulatory kinase activity (i.e., Lyn activity and the phosphorylation
of various Lyn targets, for example, the phosphatase SHIP, were increased in Hck™/-
BMCMCs) [28]. Based on these findings, the authors proposed a hierarchical rela-
tionship among the Src family kinases downstream of FceRI; Hck negatively regulates
Lyn, which negatively regulates Fyn [28]. However, additional studies are required to
understand more fully the interplay among Src family kinases downstream of FceRI.

Calcium Regulation

Calcium influx plays a central role in mast cell activation events, such as IgE and anti-
gen-induced degranulation. Several proteins and channels that regulate calcium entry in
mast cells have been identified to date. One of the key enzymes that positively regulates
FceRI-induced calcium entry in mast cells is PLC-y, which hydrolyzes P1(4,5)P, to form
soluble inositol-1,4,5-trisphosphate (IP;) and membrane-bound diacylglycerol (DAG)
[6, 7, 15, 25, 26]. IP; binding to its receptor in the endoplasmic reticulum (ER) rapidly
induces the first stage of calcium (Ca**) mobilization, the transient release of Ca®* from
ER stores, which in turn induces prolonged influx of Ca** through store-operated cal-
cium release-activated calcium (CRAC) channels in the plasma membrane (fig. 1).

The recent identification of STIM1, a sensor of ER Ca®* concentrations that couples
depletion of ER Ca?* stores with activation of CRAC channels, and CRACM1 (also
known as Orail), the pore-forming subunit of the CRAC channel, has increased our
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understanding of CRAC currents at the molecular level [7, 15]. Investigators using
STIM1-deficient mice showed that STIM1 is required for FceRI-induced Ca?* influx,
degranulation, NF-kB and NFAT transcription factor activation in mast cellsand IgE-
dependent anaphylaxis in vivo [29]. Others used CRACM1-deficient mice to show
that CRACML1 is required for FceRI-induced degranulation, lipid mediator synthesis
and cytokine release in mast cells and IgE-dependent allergic responses in vivo [30].
These studies demonstrate conclusively that the second stage of FceRI-induced Ca**
mobilization, the influx of Ca’* mediated by STIM1 and CRACM], is essential for
mast cell activation in vitro and in vivo [29, 30].

The rate of Ca?* influx through store-operated channels is also dependent on the
membrane potential, which is regulated by calcium-activated non-selective cation
channels, such as TRPM4 (transient receptor potential cation channel, subfamily M,
member 4). TRPM4 activates a cation current that depolarizes membrane potential
and limits the driving force for Ca?* entry through CRAC channels in mouse BMCMCs
[31]. FceRI-induced degranulation, leukotriene release and TNF production (but not
that of IL-6), is increased in TRPM4-deficient BMCMCs and TRPM4-deficient mice
exhibited more severe acute (but not late-phase) inflammation during IgE-mediated
PCA responses [31]. This work indicates that TRPM4 is a negative regulator of FceRI-
induced calcium influx in mast cells in vitro and in vivo.

The tyrosine kinases Lyn, Fyn and Syk positively regulate IgE and antigen-induced
calcium influx in mast cells [26]. The exact mechanism(s) by which Fyn contributes to
calcium influx remain(s) undefined, however the Fyn-mediated generation of sphin-
gosine 1-phosphate (S1P), a recently recognized mediator of anaphylaxis, likely repre-
sents one such mechanism [2, 26]. The sphingosine kinases (SK) SK1 and SK2 convert
sphingosine to S1P in a PIP;-dependent manner downstream of activated FceRI (fig.
1). SIP acts both intracellularly and extracellularly to regulate mast cell degranula-
tion. Intracellular S1P positively regulates IgE and antigen-induced Ca®* influx (and
degranulation) independently of PLCy and IP;. Following secretion from the cell,
extracellular S1P mediates its functional effect on mast cells by binding to the S1P1
or S1P2 surface receptor, thereby inducing cytoskeletal rearrangement or enhancing
degranulation, respectively. In mouse models of anaphylaxis, increased circulating
S1P is associated with increased in vivo mast cell responsiveness (i.e., there is a close
correlation between the levels of S1P and histamine in the plasma following anaphy-
lactic challenge) [2, 26]. Although S1P can act in an autocrine manner to activate mast
cells, the generation of S1P from other sources (such as endothelial cells or platelets)
likely represents an important source of S1P following anaphylactic challenge [2, 26].

Membrane Fusion Events
Downstream of early FceRI-induced signaling events (such as Ca?* influx), the final

stages of mast cell degranulation require membrane fusion events. The exocytosis of
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mast cell granules, also called secretory granules, is regulated by Rab GTPases and
membrane fusion proteins called SNAREs (soluble N-ethyl-maleimide-sensitive fac-
tor [NSF] attachment protein receptors) [32, 33]. SNARES are divided into t-SNAREs,
localized on the target membrane (e.g., syntaxins and soluble NSF attachment pro-
teins [SNAPs]) and v-SNAREs, localized on the vesicle membrane (e.g., vesicle-asso-
ciated membrane proteins [VAMPs]). Murine rodent and human mast cells express
VAMP-2, -3, -7 and -8. Two groups recently showed that FceRI-induced exocytosis is
reduced in VAMP-8-deficient mouse mast cells [34, 35]. One group reported that this
defect is limited to a distinct subset of secretory granules that contain serotonin and
cathepsin D [34]. However, in this study, VAMP-8-deficient mast cells did not display
any defects in the regulated exocytosis of granules containing histamine [34]. By con-
trast, the other group showed that FceRI-induced B-hexosaminidase and histamine
release in vitro was reduced by approximately 50% in the absence of VAMP-8 [35].
Moreover, they showed that VAMP-8-deficient mice had reduced concentrations of
blood histamine during passive systemic anaphylaxis [35]. Although these groups
used different VAMP-8-deficient mice, the reason for the discrepancies in their find-
ings remains to be determined. Another study reported that inhibition of syntaxin 4,
SNAP-23, VAMP-7 or VAMP-8, but not VAMP-2 or VAMP-3, blocked FceRI-induced
histamine release in primary human mast cells [36].

The t-SNARESs syntaxin 4 and SNAP23 regulate FceRI-induced exocytosis from
mast cells [15, 32, 33], and the phosphorylation of SNAP23 (on Ser120 and Ser95)
has been shown to modulate exocytic events [15]. IkB kinase p (IKKf, also termed
IKK?2), one of two catalytically active subunits of the IKK complex, phosphorylates
SNAP23 on Ser120 and Ser95 [37]. Although the IKK complex is best known for
its role in activating the transcription factor NFkB, the IKKB-mediated phospho-
rylation of SNAP23 upregulates FceRI-induced degranulation in vitro in an NFxB-
independent manner [37]. Moreover, in mouse mast cells, IKKP plays a critical
role in enhancing IgE-mediated acute local or systemic anaphylaxis reactions in
vivo independently of NF«B [37]. Conversely, the IKKp-mediated enhancement
of cutaneous late phase reactions in vivo (which are promoted by the release of
pro-inflammatory cytokines) occurs in an NFkB-dependent manner [37]. These
results suggest that IKKB may have additional substrates that allow this kinase to
regulate NFkB-independent mast cell activation events, such as SNARE complex
formation.

Negative Regulation of FceRI-Dependent Mast Cell Activation

Several intracellular regulators can diminish FceRI-induced signaling events. These
negative regulators include the tyrosine phosphatase SHP-1 (SH2-containing protein
tyrosine phosphatase-1) and the lipid phosphatases SHIP (SH2-containing inositol 5’
phosphatase), SHIP2 and PTEN (2, 7, 26] (fig. 2). Some signaling molecules initiate
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Fig. 2. Negative regulation of FceRl-mediated signaling events. FceRIl aggregation activates a num-
ber of proteins that can negatively regulate the positive signaling pathways activated downstream
of this receptor. For example, Lyn, which initiates both activating and inhibitory signals, negatively
regulates Fyn activity (by phosphorylating Csk-binding protein, which allows Csk to negatively regu-
late Fyn activity) and, thus, Gab2 phosphorylation. Other negative regulators include c-Cbl (which
facilitates the ubiquitination of FceRl, Lyn and Syk), the tyrosine phosphatase SHP-1 (which dephos-
phorylates Syk), the lipid phosphatases SHIP and (not shown) SHIP2 (which catalyze the hydrolysis of
PI(3,4,5)P; to PI(3,4)P,) as well as PTEN (which catalyzes the hydrolysis of PI(3,4,5)P; to PI(4,5)P,),
RasGAP (which enhances the intrinsic GTPase activity of Ras), RabGEF1 (which enhances FceRl inter-
nalization and can bind to GTP-bound Ras), and RGS13 (which binds to the p85a subunit of PI3K and
disrupts its association with Gab2 and Grb2 in mice). Antigen- (Ag-) induced coaggregation of FceRI
with FcyRIIB inhibits FceRI-induced signaling events and mast cell activation via Lyn-mediated phos-
phorylation of the FcyRIIB ITIM (grey) and the subsequent recruitment of SHIP (which binds to the
phosphorylated ITIM) and DOK1 (which is activated by SHIP). Csk = C-terminal Src kinase; DOK1 =
docking protein 1; Gab2 = Grb2-associated binding protein 2; ITAM = immunoreceptor tyrosine-
based activation motif; ITIM = immunoreceptor tyrosine-based inhibitory motif; NFKB = nuclear fac-
tor kB; PI3K = phosphoinositide 3-kinase; PKC = protein kinase C; PLD = phospholipase D; PTEN =
phosphatase and tensin homolog; RabGEF = Rab5 guanine nucleotide exchange factor; RasGAP =
Ras GTPase-activating protein; RGS = regulator of G protein signaling; SHIP = Src homology 2 (SH2)
domain-containing inositol 5’-phosphatase; SHP-1 = SH2 domain-containing tyrosine phos-
phatase-1; SK = sphingosine kinase.

both activating and inhibitory signals; for example, Lyn phosphorylates FceRI ITAMs
(an activating signal) as well as inhibitory receptor immunoreceptor tyrosine-based
inhibitory motifs (ITIMs), the latter of which leads to recruitment of inhibitory sig-
naling molecules, such as SHIP. Other signaling molecules can negatively regulate
FceRI-induced mast cell activation events by altering the rate of FceRI internaliza-
tion (e.g., one function of RabGEF1 is to enhance FceRI internalization [38]) or the
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levels of FceRI expressed on the mast cell surface (e.g., Rabaptin-5 deficiency mark-
edly diminished expression of FceRI on the mast cell surface by diminishing receptor
surface stability [39]).

The number of lipid phosphatases that can negatively regulate PIP; levels highlights
the importance of the PI3K pathway and intracellular PIP; levels in regulating mast
cell activation events. Both SHIP and SHIP2 dephosphorylate PIP; at the 5" position to
generate PI(3,4)P,, whereas PTEN directly opposes PI3K function by dephosphorylat-
ing PIP; at the 3’ position to generate PI1(4,5)P, (fig. 2). Mast cells derived from SHIP
knockout mice demonstrate increased FceRI-induced PIP; levels, degranulation and
cytokine production [6]. Similarly, the downregulation of SHIP2 or PTEN by silenc-
ing RNA strategies in mouse or human mast cells, respectively, resulted in enhanced
FceRI-mediated degranulation and cytokine release [26]. While calcium influx was
increased in the absence of SHIP or PTEN, it was normal in SHIP2-deficient mast
cells; the authors propose that the enhanced responsiveness in the SHIP2-deficient
cells was due to increased activation of Rac and enhanced microtubule polymeriza-
tion [40]. Interestingly, it was recently shown that small-molecule activators of SHIP
can inhibit PI3K-mediated phosphorylation events (including phosphorylation of the
serine/threonine kinase Akt on Thr308) in vitro and the administration of these com-
pounds in vivo was protective in a mouse model of acute cutaneous anaphylaxis [41].
These findings suggest that it will be worthwhile to investigate whether the activation
of these negative regulatory phosphatases may represent an effective strategy for the
treatment of anaphylaxis or other inflammatory disorders.

Intracellular PIP; levels can also be modulated by altering PI3K activity. In mice,
RGS13 (regulator of G protein signaling [RGS] 13) was identified as a novel negative
regulator of FceRI-induced degranulation (but not production of the cytokines TNE,
IL-6 or IL-13) in vitro and IgE-dependent passive cutaneous and systemic anaphy-
laxis in vivo [42]. RGS proteins typically inhibit G protein-coupled receptor (GPCR)
signaling events through GTPase-accelerating protein (GAP) activity on G, subunits.
Although GPCR signaling can amplify FceRI-mediated responses through activation
of PI3Ky, RGS13-mediated inhibition of FceRI-induced activation occurs indepen-
dently of RGS13’s GAP activity [42]. Instead, it was proposed that RGS13, which is
upregulated following antigen stimulation, binds to the p85a subunit of PI3K and dis-
rupts its association with an FceRI-activated signaling complex containing Gab2 and
Grb2 in mice [42] (fig. 2). The same group recently reported that RGS13 can inhibit
a number of GPCR-mediated biological responses in human mast cells; depletion of
RGS12 in the human mast cell leukemia line, HMC-1, by RNA interference enhanced
adenosine-, SIP-, C5a- and CXCL12-induced signaling events and increased the
migration of these cells in response to a CXCL12 gradient [43]. Reduced expression
of RGS13 in LAD2 human mast cells lead to enhanced degranulation in response to
S1P, but not to the GPCR ligand, C3a. Moreover, in contrast to the results obtained
in mouse BMCMG s, FceRI-induced degranulation was not enhanced following
the depletion of RGS13 in LAD2 cells [43]. The authors propose that dysregulated
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signaling components in the LAD2 cells might mitigate the loss of RGS13 [43]; how-
ever, studies in primary mast cells will be required to assess whether RGS13 is also
a negative regulator of PI3K activity downstream of FceRI in normal human mast
cells.

In addition to negative intracellular regulators, signaling events initiated by FceRI
and other ITAM-containing immunoreceptors can be negatively regulated by their
coaggregation with ITIM-containing receptors. Each of these receptors contains at
least one cytoplasmic ITIM (I/VxYxxL) that becomes phosphorylated after coaggre-
gation with FceRI and attenuates immunoreceptor-induced signaling events through
the recruitment of specific SH2-containing phosphatases (i.e., SHP-1, SHP-2, SHIP
or SHIP2). Mast cells express several such inhibitory receptors, including FcyRIIB,
gp49B1, MAFA and PIR-B [5-7].

The low-affinity IgG receptor, FcyRIIB, was the first identified ITIM-containing
receptor. Both IgE- and IgG-dependent anaphylaxis are exacerbated in FcyRIIB-
deficient mice [4]. FcyRIIB is an attractive therapeutic target for mast cell activation
events because it recruits SHIP following coaggregation with FceRI in vivo [44] (fig.
2). Indeed, an IgG-IgE fusion protein designed to inhibit FceRI signaling by coag-
gregating FceRI with FcyRIIB blocks mast cell activation in vitro and, when admin-
istered in vivo, inhibits PCA and passive systemic anaphylaxis in mice through the
activation of SHIP and SHP-1/2 [45].

Factors Modulating (or ‘Tuning’) FceRI-Dependent Mast Cell Functional Activation
Effects of IgE on Surface Levels of FceRI, Survival and Mediator Production

Several lines of evidence indicate that IgE can contribute to the intensity of anaphy-
laxis by mechanisms beyond simply sensitizing or priming mast cells (and basophils)
to undergo activation and to release mediators when the cells encounter the antigen
for which that IgE has specificity. IgE also has the ability, independently of its anti-
gen specificity, to enhance significantly the effector function of these cells. The best
understood mechanism by which this occurs is via the IgE-dependent enhancement
of FceRI surface expression, which reflects the stabilization of FceRI on the mast cell
surface by occupancy with IgE. It has long been noted that there is a strong positive
correlation in humans between levels of circulating IgE and levels of surface expres-
sion of FceRI on blood basophils [46-48]. In 1985, using RBL (rat basophil leukemia)
cells, two groups reported that the presence of IgE in the media could cause a modest
increase in the number of FceRI expressed on these cells, by inhibiting the elimina-
tion of the receptor from the cell surface [49, 50]. Subsequently, two groups [51, 52]
reported that this IgE-dependent enhancement of FceRI surface expression can be
quite striking, quantitatively, in non-neoplastic in vitro-derived [51, 52] or in vivo-
derived [52] mouse mast cells, and that this phenomenon has significant functional
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consequences. These include enhancing the capacity of the mast cells to bind more
IgE [51, 52], thereby potentially rendering the cells sensitive to an expanded panel
of unrelated antigens, lowering the antigen concentration necessary to activate the
cells [52], increasing the amounts of mediators released by the cells at a given con-
centration of antigen [51, 52], and, at least in mouse mast cells, permitting the cells to
release an additional product (i.e., IL-4) that may not be detectably released by cells
that express lower amounts of the receptor [52].

It is now clear that the basic findings regarding the IgE-dependent enhancement of
FceRI surface expression, and its functional consequences, which were first identified
in the mouse system, also occur in humans [23, 52]. The implications of these find-
ings are that subjects with high levels of IgE, and therefore with high levels of FceRI
expression on the surface of mast cells and basophils, may have key effector cells of
anaphylaxis (i.e., mast cells and basophils) that are primed to be more exquisitely sen-
sitive to antigen, and to release larger amounts of mediators in response to allergen
challenge, than are those in subjects with lower levels of IgE.

Moreover, it has been reported that IgE, again in the absence of known specific anti-
gen, can enhance the survival of mouse mast cells and, in some cases, induce mouse
or human mast cells to release mediators [5, 23, 53]. In such settings, it appears that
the IgE antibodies themselves can induce FceRI aggregation. How they can do this
(apart from the trivial explanation that some IgE preparations may contain dimers or
aggregates of IgE) is not fully understood. For one of the monoclonal mouse IgE anti-
bodies with this property (SPE-7, produced by Sigma), this may reflect the molecule’s
ability to assume at least two distinct isomeric conformations in its antigen-binding
site, one of which can bind the known antigen and the other of which can bind, albeit
with a lower affinity, a structurally and chemically distinct antigen [54]. The extent
to which these findings can be generalized to other rodent or human IgE antibodies
remains to be determined. The same is true with respect to the clinical implications
(if any) of the ability of IgE to enhance mast cell survival and/or secretory function in
the absence of the antigen for which that IgE is known to have specificity.

Variation in the Mast Cell’s Responsiveness to Activation

Evidence has been presented that mast cells can exhibit variation in their intrinsic
responsiveness to various activating stimuli, and in some cases may actually secrete
products in the absence of known mast cell stimuli. For example, mast cells derived
from mice lacking certain proteins that negatively regulate mast cell activation (e.g.,
SHIP, RabGEF1, etc.) or mast cells in which certain proteins that negatively regulate
mast cell activation (e.g., PTEN) were knocked down by silencing RNA strategies,
exhibit increased sensitivity to activating stimuli, and/or release substantially larger
amounts of mediators once stimulated; in some cases, such cells exhibit evidence of
activation even in the absence of known stimuli [6, 26]. These findings suggest that
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naturally occurring variations in levels of expression of such proteins (and/or of pro-
teins that positively regulate secretion) within the population, or genetic variations
(i.e., polymorphisms, mutations, etc.) that alter the structure and/or function of such
proteins, also may contribute to variation in the secretory phenotype of mast cells
in different individuals and thereby influence their susceptibility to the development
(and/or the severity) of anaphylaxis, allergic inflammation or other mast cell-associ-
ated responses. Indeed, deficiencies in a positive signaling molecule downstream of
FceRI (i.e., Syk) have been reported in ‘non-releaser’ basophils (that do not degranu-
late in response to FceRI crosslinking) [55] whereas deficiencies in a negative signal-
ing molecule (i.e., SHIP) have been reported in ‘hyper-releasable’ basophils derived
from highly allergic donors [56].

Further highlighting the effects of genetic background and variability on mast
cell degranulation and anaphylactic responses, one recent study comparing FceRI-
induced mast cell activation events in mast cells derived from Lyn knockout mice
on two pure genetic backgrounds (C57BL/6 vs. 129/Sv]) showed that Lyn deficiency
enhanced degranulation in 129/Sv] BMCMC:s but inhibited this response in C57BL/6
cells (perhaps at least in part because these Lyn-deficient BMCMC:s also had reduced
expression of Fyn) [57]. Prior to this study, it had been reported that Lyn knock-
out mice or mast cells exhibit increased [58, 59], decreased [60], or normal [61] IgE
and antigen-induced responses when compared to wild-type, thus making it difficult
to define Lyn’s role in FceRI-induced signaling events; however, these studies used
mast cells derived from mice on different genetic backgrounds (C57BL/6 mice or
mixed background 129/Sv] x C57BL/6 mice). In human mast cells, the silencing of
Lyn expression enhanced FceRI-induced degranulation [57] indicating that, like in
129/Sv] BMCMC:s, Lyn was a negative regulator of FceRI-induced signaling events in
the human mast cells that were examined in that study. Although it seems likely that
genetic factors may influence the induction and severity of anaphylaxis, few studies
have examined the role of genetic factors in human anaphylaxis.

Endogenous Products that Modulate Responses to Aggregation of FceRI

Adding another layer of complexity to the regulation of mast cell activation levels in
vivo is the observation that activated mast cells can respond to, and in some cases pro-
duce, a myriad of mediators that may serve to amplify FceRI-induced responses. For
example, stem cell factor (SCF), the ligand for KIT, both can enhance FceRI-dependent
activation of mouse or human mast cells and, under certain circumstances, can directly
induce mast cell degranulation [6, 25, 62]. Thus, elevated SCF levels and/or activat-
ing KIT mutations (such as those that occur in mastocytosis) may exacerbate mast
cell-driven reactions. Indeed, patients (both adult and children) with extensive skin
disease associated with mastocytosis are at increased risk to develop severe anaphy-
laxis [63]. Moreover, it was recently reported that cases of idiopathic anaphylaxis are
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often associated with mastocytosis [64], suggesting that the activating KIT mutations
in mastocytosis may also exacerbate IgE-independent mast cell-driven reactions.

In addition to KIT, GPCRs expressed by mast cells may contribute to the modu-
lation of mast cell activation, via either autocrine or paracrine mechanisms [2, 25].
Ligand binding induces a conformational change in GPCRs, which in turn promotes
the exchange of GDP for GTP on Ga subunits of heterotrimeric G proteins (Gafy)
and the concurrent dissociation of the now active GTP-Ga subunit and Gy com-
plex. These G protein components stimulate downstream effectors, such as PLC}
and PI3KYy, to mediate GPCR-induced mast cell degranulation or to enhance IgE and
antigen-induced mast cell activation [25].

The GPCR ligand adenosine represents a potentially important autocrine signal
for the activation of mast cells. IgE and antigen-mediated mast cell activation induces
the release of adenosine, which, through the A3 adenosine receptor expressed on
mast cells [65], activates PI3Ky and results in a transient increase in PIP; levels that
can initiate a sustained calcium influx and mast cell degranulation. Signaling via
PI3Ky also is required for optimal enhancement of cutaneous vascular permeability
during IgE-dependent passive systemic anaphylaxis in vivo, although this may reflect
the PI3Ky-dependent signaling from GPCRs that are activated by ligands other than
adenosine that also are released during this immune response [65, 66]. Mast cells
also express the A2B adenosine receptor. Based on pharmacological studies, this
receptor was thought to mediate pro-inflammatory effects of adenosine in HMC-1
cells [67]. However, mice lacking this receptor display increased sensitivity to IgE-
mediated PCA and passive systemic anaphylaxis [68], suggesting that the A2B recep-
tor functions as a negative regulator of mast cell degranulation in vivo in the mouse.
Interestingly, a recent pharmacological analysis of A2B receptor-deficient mouse
BMCMCs proposed that the exaggerated antigen-induced degranulation observed in
these cells may be completely unrelated to the adenosine signaling function of A2B
receptors [69]. Moreover, these investigators showed that genetic ablation of the A2B
receptor abrogated the adenosine-dependent stimulation of IL-13 and VEGF (but not
IL-6) secretion following the FceRI-dependent activation of these cells, offering fur-
ther support for a pro-inflammatory role of adenosine signaling via A2B receptors in
mouse BMCMCs.

While the findings in mice are of interest, it is important to note that there are four
known mammalian adenosine receptors and that the pattern of adenosine receptor
expression on mast cells (as well as other immune cells and/or structural cells), and
the regulation of their expression by such cells (e.g., during inflammatory responses),
which can represent major determinants of adenosine responses, vary substantially
among species [70-72]. For example, it is thought that adenosine-induced broncho-
constriction is mediated by adenosine A1 and A2B receptors in rats and mice, A3
receptors in rats, guinea-pigs and mice, and A2B receptors in humans [72].

Other GPCRs that positively influence FceRI-induced mast cell activation events
include the receptors for prostaglandin E, (the EP3 receptor), S1P (the SIP2 receptor),
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and the complement component C3a (the C3aR) [2, 26]. For example, it is known that
peanut proteins can activate complement to produce the anaphylatoxin C3a, which
can synergize with IgE-induced mast cell activation to exacerbate anaphylaxis [4].
Finally, it is likely that signaling via other receptors expressed on the mast cell surface,
such as Toll-like receptors (TLRs) [6], may have effects that can alter mast cell respon-
siveness to signaling via the FceRI. Of note, many of these ligands, including C3a, S1P
and various TLR ligands (LPS, etc.), can also activate mast cells independently of IgE
and antigen.

Taken together, these findings indicate that in addition to responding to external
factors (such as dose of foreign antigen), FceRI-induced mast cell activation events
can be ‘tuned’ by a number of genetically-determined or microenvironmental host
factors that may importantly influence the responsiveness of mast cells and therefore
the features or severity of anaphylaxis. How differences in genetic makeup influence
mast cell responsiveness in human anaphylaxis remains to be defined; so does the
pathological relevance of the ability of the various factors described above to enhance
FceRI-dependent mast cell activation. A recent review discusses the mechanisms by
which the diverse groups of receptors listed above may influence the signaling path-
ways initiated downstream of FceRI [25]. Finally, in addition to factors which can
directly influence mast cell activation, it is important to recognize that a number of
agents, such as IL-4 and IL-13 (produced by T cells and basophils), as well as nitric
oxide (produced by endothelial cells and other cell types), can exacerbate anaphylaxis
at the target cell level by increasing responsiveness to mast cell mediators such as PAF,
histamine, and serotonin [4].

Other Immune and Non-Immune Mechanisms of Anaphylaxis

Although clinical observations indicate that anaphylaxis in humans is usually trig-
gered through a mechanism involving IgE, responses clinically indistinguishable from
IgE and allergen-induced anaphylaxis can also be triggered by other immune and/
or non-immune mechanisms [reviewed in 1]. Other potential immunologic mecha-
nisms in anaphylaxis include activation of the complement or coagulation system,
immune complexes, and platelet or T-cell activation [1, 10]. However, it is not clear
whether any of these mechanisms critically require mast cells or basophils for their
expression. For example, the immune complex, complement-mediated activation of
anaphylaxis in humans (which can occur, for example, following the administration
of blood products) is dependent on the generation of the complement components
known as anaphylatoxins (C3a and C5a). These anaphylatoxins can directly increase
vascular permeability (causing hypotension or shock) and enhance smooth muscle
contraction (causing bronchoconstriction and respiratory impairment), as well as
induce mast cell and/or basophil degranulation [73]. Complicating matters further, it
is likely that many anaphylactic triggers act through more than one mechanism [1].
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Even though current definitions of anaphylaxis characteristically include the term
‘allergic reaction, it is clear that responses that are clinically indistinguishable from
IgE and allergen-induced anaphylaxis can be induced by non-immunological mecha-
nisms [1, 10]. Non-immunologic mechanisms that trigger such anaphylaxis include
exercise, exposure to cold air or water, and certain medications (such as opioids, van-
comycin, and COX-1 inhibitors) [1, 73]. The exact mechanisms by which these non-
immunologic factors activate mast cells remain to be fully elucidated, e.g., some of
them may (e.g., opioids) or may not (e.g., hyperosmolarity) involve the activation
of specific receptors. It also is not yet clear to what extent mast cells or basophils
contribute to the pathophysiology of anaphylaxis in such settings. Although the clin-
ical diagnosis and acute treatment of anaphylaxis do not depend on which of the
many different potential effector mechanisms initially triggered the disorder, a better
understanding of the effector mechanisms leading to mast cell (and basophil) activa-
tion in anaphylaxis may offer novel targets for therapeutic intervention and may also
provide valuable information for long-term risk reduction [1].

Concluding Remarks

Although there has been impressive progress towards understanding the mechanisms
of anaphylaxis, a number of important questions remain unanswered. One of the big-
gest challenges is to understand why only some individuals, among the many who
bear IgE antibodies reactive with potential environmental triggers of anaphylaxis,
develop this kind of reactivity. Some subjects who develop anaphylaxis upon chal-
lenge with a small amount of the offending allergen can have relatively low levels of
total or allergen-specific IgE and/or relatively weak skin test responses to the aller-
gen. By contrast, some patients who have developed IgE reactive with the same kinds
of allergens that induce anaphylaxis in others (such as components of bee or wasp
venom) do not develop anaphylaxis upon challenge with that allergen [74].

It is well known that some patients who have severe allergic diseases have
extremely high levels of total IgE, and patients with certain parasite infections can
have even higher IgE levels. The immunological specificity of IgE and allergen-
dependent mast cell activation in each of these settings of course depends on which
allergens are recognized by allergen-specific IgE. However, high total IgE levels, by
having effects that increase levels of FceRI expressed on the mast cell surface, can
make mast cells more potent effector cells. Moreover, the consequences of chronic
allergic inflammation in target organs may also predispose such patients to experi-
ence extremely severe responses, and to die, when they do develop anaphylaxis.
This may explain, at least in part, why young people with severe asthma appear to
be particularly susceptible to fatal or near-fatal food-induced anaphylaxis [10, 75].
So, why are some of the individuals who develop IgE antibody-associated immune
responses predisposed to anaphylaxis, whereas others are not (despite the suffering
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they endure as a result of the local signs and symptoms of their IgE-associated aller-
gic disorders)?

The answers(s) to this question might be complex, involving genetic and/or epige-
netic contributions [76], as well as the nature of the allergen (e.g., many more subjects
develop IgE specific for components of honeybee venom than exhibit anaphylaxis
upon being stung [74]). Other contributory factors may include the ratio of allergen-
specific to total IgE, the number of IgE-binding epitopes recognized by the individual’s
IgE, and/or extent of engagement of negative regulatory mechanisms that can dimin-
ish the responses of mast cells and other effector cells that are activated by IgE and
allergen, and many others [1, 4, 10]. For example, in mice, high allergen-specific IgG
levels may inhibit IgE-induced anaphylaxis without inducing immune complex- and
FcyRIII-mediated anaphylaxis [77]. Furthermore, it has been shown that other cells,
such as dendritic cells, can express FceRI, and the role of these cells in IgE-dependent
human anaphylaxis remains relatively unexplored. Accordingly, we certainly are not
proposing here that the ‘key’ to understanding why some individuals develop ana-
phylactic reactivity to certain allergens necessarily represents some constellation of
features of that subject’s mast cells (and/or basophils). However, we do think that it
would be interesting to know whether individual variation in aspects of the regulation
of mast cell (or basophil) phenotype, signaling or function might represent some of
the (potentially many) factors that can contribute to the susceptibility of some indi-
viduals to develop this inappropriate and potentially catastrophic immune response.
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Abstract

Anaphylaxis is a term that implies symptoms that are present in many organs, some of which are
potentially fatal. The pathogenic process can either be IgE-dependent or non-IgE-dependent; the
latter circumstance may be referred to as anaphylactoid. Bradykinin is frequently responsible for the
manifestations of IgE-independent reactions. Blood levels may increase because of overproduction;
diseases such as the various forms of C1 inhibitor deficiency (hereditary or acquired) or hereditary
angioedema with normal C1 inhibitor are examples in this category. Blood levels may also increase
because of an abnormality in bradykinin metabolism; the angioedema due to ACE inhibitors is a
commonly encountered example. Angioedema due to bradykinin has the potential to cause airway
obstruction and asphyxia as well as severe gastrointestinal symptoms simulating an acute abdo-
men. Formation of bradykinin in plasma is a result of a complex interaction among proteins such as
factor XlI, prekallikrein, and high molecular weight kininogen (HK) resulting in HK cleavage and lib-
eration of bradykinin. These proteins also assemble along the surface of endothelial cells via zinc-
dependent interactions with gC1qR, cytokeratin 1, and u-PAR. Endothelial cell expression (or
secretion) of heat-shock protein 90 or prolylcarboxypeptidase can activate the prekallikrein-HK com-
plex to generate bradykinin in the absence of factor XIl, however factor Xl is then secondarily acti-
vated by the Kkallikrein that results. Bradykinin is destroyed by carboxypeptidase N and
angiotensin-converting enzyme. The hypotension associated with IgE-dependent anaphylaxis may
be mediated, in part, by massive proteolytic digestion of HK by kallikreins (tissue or plasma-derived)
or other cell-derived kininogenases. Copyright © 2010 S. Karger AG, Basel

Diseases that are known to be mediated by bradykinin include the various forms of
C1 inhibitor deficiency, hereditary angioedema (HAE) with normal C1 inhibitor, and
angioedema caused by angiotensin-converting enzyme (ACE) inhibitors. Common to
all of these are symptoms of angioedema, in the absence of urticaria, that can include
laryngeal edema or tongue and/or pharyngeal edema that are sufficiently severe so as
to cause airway obstruction, and potentially, asphyxia. These bradykinin-dependent
disorders can also include gastrointestinal symptoms reminiscent of an acute abdo-
men with severe pain, nausea, vomiting, or diarrhea due to edema of the bowel wall.
Acute anaphylaxis can include all of the above symptoms, however the most com-
mon cutaneous manifestation is urticaria. Anaphylaxis may also be associated with



profound hypotension and bradykinin may contribute to this manifestation. In this
chapter I will review those disorders that can cause accelerating airway obstruction
and then discuss the possible role of bradykinin in IgE-dependent or IgE-independent
anaphylactic-like episodes.

Introduction

The plasma kinin-forming system consists of three essential proteins that interact in
a complex fashion once bound to certain negatively charged inorganic surfaces, or to
macromolecular complexes formed during an inflammatory response, or to proteins
along cell surfaces. These are coagulation factor XII (Hageman factor, HF), prekal-
likrein, and high molecular weight kininogen (HK). Once factor XII is activated to
factor XIIa it converts pre-kallikrein to kallikrein and kallikrein digests HK to liberate
bradykinin. Factor XIIa has a second substrate in plasma, namely coagulation fac-
tor XI and activation of surface-bound factor XI by factor XIIa initiates the intrinsic
coagulation pathway. Thus the interactions of all four of these proteins are known as
contact activation and the formation of bradykinin is therefore a cleavage product
of the initiating step of the cascade [1]. There is also a tissue pathway [2] by which
bradykinin is generated in which there is intracellular conversion of prokallikrein to
tissue kallikrein by enzymes that are as yet not well characterized. Tissue kallikrein is
secreted into the local milieu where it digests low molecular weight kininogen (LK)
to generate lysyl-bradykinin (kallidin) and an aminopeptidase converts kallidin to
bradykinin. The bradykinin that is produced by either pathway is then degraded by
plasma enzymes as well as enzymes that are active along the surface of endothelial
cells (particularly pulmonary vascular endothelial cells) to lower molecular weight
peptides. The major plasma enzyme is carboxypeptidase N [3]. This removes the
C-terminal arginine from bradykinin to yield an 8-amino-acid peptide (des-arg-9
bradykinin) [4]. The second kininase in plasma is termed kininase II and is identical
to ACE [5]. This latter enzyme predominates along the pulmonary vascular endothe-
lial cell surface. Bradykinin is thereby rapidly degraded within one or two circulation
times. This enzyme removes the dipeptide phe-arg from the C-terminus of bradykinin
to yield a heptapeptide and a second cleavage removes ser-pro to leave a pentapeptide
[6]. Bradykinin acts on the B2 receptor on the surface of endothelial cells to cause
vasodilatation and to increase vascular permeability. Other vasodilators such as nitric
oxide are produced secondarily as a result of B2 receptor stimulation [7]. Des-arg-9
bradykinin, the product of carboxypeptidase N, is active dominantly on B1 receptors
[8]. These latter receptors, in contrast to B2 receptors, are not constitutively produced
but are induced as a result of inflammation due to the presence of cytokines such as
interleukin-1 and tumor necrosis factor-a [8, 9]. The heptapeptide and pentapeptide
products of kininase II (ACE) are inactive. Additional enzymes that may contribute
to bradykinin degradation are encephalinase and aminopeptidase P; any inhibition of
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Fig. 1. Pathways for formation and degradation of bradykinin.

these enzymes or polymorphisms that affect their concentration or activity may have
a role in angioedema formation due to ACE inhibitors. A schematic diagram of the
formation and degradation of bradykinin is shown in figure 1.

Proteins

Factor XII circulates as a single chain zymogen that is devoid of enzymatic activity. It
has a molecular weight of approximately 80 kDa on sodium dodecyl sulfate gel elec-
trophoresis, is synthesized in the liver, and circulates in the plasma at a concentration
of 30-35 pg/ml. Factor XII is capable of autoactivating once it is bound to initiating
surfaces [10] as a result of a conformational change that renders bound factor XII to
become a substrate for factor XIIa [11]. Further cleavages can occur at the C-terminal
end of the heavy chain to produce a series of fragments the most prominent of which
is a 30-kDa species termed factor XIIf [12]. These fragments lack the ability to bind
to the surface and therefore are unable to convert factor XI to XIa, but continue to be
potent activators of prekallikrein. Thus, formation of factor XIIf allows bradykinin
production to continue in the fluid phase until the enzyme is inactivated and the
reactions can therefore proceed at sites distant from the initiating surface.
Prekallikrein is also a circulating proenzyme which requires proteolytic cleavage
to generate an active protease. On sodium dodecyl sulfate gels it has two bands at 88
and 85 kDa and the heterogeneity observed is not reflected in its amino acid sequence
[13]. Thus it appears likely to be due to two variant glycosylated forms that are pres-
ent in everyone. Activation of prekallikrein by factor XIIa or factor XIIf is the result
of cleavage of a single arg-Ile bond within a disulfide bridge such that a heavy chain
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Table 1. Physiochemical properties of proteins of the contact activation cascade

Protein Factor XII Prekallikrein Factor XI HK
Molecular weight, daltons (calculated) 80,427 79,545 140,000 116,643
Carbohydrate (w/w) 16.8% 15% 5% 40%
Isoelectric point 6.3 8.7 8.6 4.7
Extinction coefficient, E'* 280/nm 14.2 1.7 134 7.0
Plasma concentration, pg/ml 30-45 35-50 4-6 70-90
nmol/l (average) 400 534 36 686

of 56 kDa is disulfide linked to light chains of either 33 or 36 kDa. Thus the heteroge-
neity is reflected in the light chain and the light chain also contains the active site of
the enzyme [13]. Prekallikrein circulates in plasma bound to HK in a 1:1 bimolecular
complex [14] through a site contained in the prekallikrein heavy chain. It has been
shown that 80-90% of prekallikrein is normally complexed in this way and it is the
prekallikrein/HK complex that binds to surfaces during contact activation. The sur-
face binding site is located within the light chain of cleaved HK.

HK circulates in plasma as a 115-kDa non-enzymatic glycoprotein with a concen-
tration of 70-90 pg/ml [14, 15]. It forms non-covalent complexes with both prekal-
likrein and factor XI. The attachment of prekallikrein (or factor XI) to HK occurs
within the C-terminal region of HK corresponding to the light chain that forms after
cleavage to release bradykinin [14, 16-18]. The isolated light chain (after reduction
and alkylation) derived from cleaved HK possesses the same binding character-
istics as the whole molecule. HK therefore functions as a coagulation cofactor and
this activity resides in the light chain [17-19]. During contact activation kallikrein
cleaves HK at two positions within a disulfide bridge. The first is at a C-terminal
arg-ser bond followed by cleavage at the N-terminal lys-arg bond to release the nona-
peptide bradykinin (arg-pro-pro-gly-phe-ser-pro-phe-arg). The two chain disulfide
linked kinin-free HK results, consisting of a heavy chain of 65 kDa disulfide link to a
light chain of molecular weight 46-49 kDa [19-23]. The physiochemical properties of
these proteins as well as factor XI are shown in table 1.

Mechanisms of Bradykinin Formation (Contact Activation)
The various interactions of the constituents required for the formation of bradykinin

are shown in figure 2. The initiating step is a slow autoactivation of factor XII [10].
However, once this has occurred and prekallikrein is converted to kallikrein, there is
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Fig. 2. A diagrammatic representation of the plasma kinin-forming cascade indicating the steps
inhibitable by C1 INH. All functions of factor Xlla and kallikrein are affected. The lower figure indi-
cates that further digestion of factor Xlla by kallikrein and plasmin generates factor XIl fragment
(XIIf), which is an initiator of the complement cascade. Both factor XlIf and C1 are inhibited by C1
INH.

a positive feedback in which the kallikrein generated rapidly activates factor XII to
factor XIIa. This reaction is much more rapid than autoactivation is, thus the majority
of the factor XIIa generated is due to kallikrein. The presence of a surface plus this
reciprocal interaction leads to a tremendously rapid activation of the cascade. It has
been calculated that if one molecule each of factor XIIa and kallikrein are present per
milliliter in a mixture of factor XII and prekallikrein at plasma concentration, the
addition of an initiating surface will lead to a 50% conversion of factor XII to factor
XlIa in 13 s [11]. The addition of the cofactor HK (which was not included in the
aforementioned kinetic analysis) accelerates these reactions even further. The surface
appears to provide a local milieu in the contiguous fluid phase where the concentra-
tions of reactants are greatly increased [24].

One function of HK is to present the substrates of factor XIIa in a conformation
that facilitates their activation [25, 26]. More difficult to explain is the effect of HK
on the rate of factor XII activation in plasma since HK does not interact with fac-
tor XII, nor does it augment the activity of kallikrein. This effect seems to be largely
indirect. First, HK is required for efficient formation of kallikrein in surface-acti-
vated plasma [26, 27]. Second, since kallikrein can disassociate from surface-bound
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HK it can interact with surface-bound factor XII on an adjacent particle thereby dis-
seminating the reaction [25, 28]. As a result the effective kallikrein/factor XII ratio
is increased in the presence of HK [25]. Finally, in plasma, HK can displace other
adhesive glycoproteins such as fibrinogen from binding to the surface [29]. In this
sense, HK, like factor XII and prekallikrein, is also a coagulation cofactor because
it is required for the generation of kallikrein (a factor XII activator) as well as the
activation of factor XI.

Cell Surface Assembly of the Plasma Kinin-Forming Cascade

All the components of the bradykinin-forming cascade have been demonstrated
to bind to endothelial cells. Schmaier et al. [30] and van Iwaarden et al. [31] first
described binding of HK to human umbilical vein endothelial cells (HUVEC) in a
zinc-dependent fashion. Binding is seen with both the heavy and light chain of HK
[32, 33], thus a complex interaction with cell membrane constituents seemed likely.
Since prekallikrein binds to HK within the circulation, the complex is brought to the
surface of the endothelial cell by virtue of HK binding. When factor XII interaction
with HUVEC was studied, it was found to bind with characteristics strikingly similar
to those seen with HK including a similar requirement for zinc [34]. We subsequently
demonstrated that HK and factor XII can compete for binding at a comparable molar
ratio suggesting that they compete for binding to the same receptor sites.

Three endothelial cell binding sites for HK and for factor XII have been described
thus far. These include gC1qR (the receptor for the globular heads of the Clq sub-
component of the first component of complement) [35, 36], cytokeratin 1 [37, 38],
and the urokinase plasminogen activator receptor (u-PAR) [39]. They exist as bimo-
lecular complexes consisting of gClqR-cytokeratin 1 and cytokeratin 1-u-PAR, as
well as uncomplexed gClqR [40]. HK binds preferentially to gCl1qR-cytokeratin 1
(as well as to free gC1qR) while factor XII binds primarily to u-PAR [K. Joseph and
A. Kaplan, unpubl. observations] within the cytokeratin 1-u-PAR complex. gC1qR
binds specifically to the light chain of HK and not to the heavy chain. Cytokeratin 1
represents a major site of interaction for the HK heavy chain although it is capable of
binding the light chain as well. However, light chain binding to gC1qR appears to pre-
dominate because of the affinity of the interaction as well as the much larger number
of gC1qR-binding sites.

Affinity chromatography using factor XII as ligand leads to purification of
u-PAR rather selectively, with only trace quantities of cytokeratin 1 or gC1qR pres-
ent [K. Joseph and A. Kaplan, unpubl. observations]. It is of interest that none of
these three proteins possesses a transmembrane domain but u-PAR has a phos-
phatidylinositol linkage within the cell membrane. Nevertheless, each of them has
been isolated from purified cell membranes and they have been demonstrated to
exist within the cell membrane by immunoelectron microscopy [41] presumably
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bound to other membrane constituents. A summary depicting these interactions is
shown in figure 3.

Kinin Formation at the Surface of Endothelial Cells

An alternative pathway for activating the cascade has recently been demonstrated in
which factor XII is absent from the reaction mixture [42-45]. Two different groups have
isolated two different proteins, each of which seems to activate the HK-prekallikrein
complex. One is heat-shock protein 90 [46] and the other is a prolylcarboxypeptidase
[47]. Neither protein is a direct prekallikrein activator as is factor XIla or factor XIIf
because each activator requires HK to be complexed to the prekallikrein. In addition,
the reaction is stoichiometric, thus the amount of prekallikrein converted to kallikrein
equals the molar input of heat-shock protein 90 (or prolylcarboxypeptidase). These
proteins can be shown to contribute to factor XII-independent prekallikrein activa-
tion and antisera to each protein have been shown to inhibit the process. When whole
endothelial cells are incubated with normal plasma or factor XII-deficient plasma,
the rate of activation of the deficient plasma is very much slower than that of the nor-
mal plasma, the latter being factor XII-dependent [45]. Under normal circumstances
(with factor XII present), formation of any kallikrein will lead to factor XIIa forma-
tion even if the process were initiated by one of these cell-derived factors.

Angioedema
C1 inhibitor deficiency causes angioedema as a result of excessive bradykinin pro-

duction. Thus the pathways and control mechanisms for bradykinin formation and
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degradation are variables that one must consider in any patient with angioedema.
Activated factor XII as well as factor XIIf are inhibited by C1 INH [48, 49], thus
absence of C1 INH facilitates factor XII autoactivation, which augments the ability
of factor XIla to convert both prekallikrein to kallikrein and factor XI to factor XIa.
It is estimated that over 90% of plasma inhibition of factor XIla and factor XIIf is due
to C1 INH [49]. The next enzyme in the cascade is kallikrein and it is inhibited by C1
INH and a,-macroglobulin in approximately equal proportions [50]. Minor inhibi-
tors of kallikrein are antithrombin IIT and a,-antitrypsin. Thus if there is any stimulus
for activation of the plasma bradykinin-forming cascade, in the absence of functional
C1 INH, there is a marked augmentation of bradykinin formation with angioedema
as the result. Urticaria is not seen in patients with C1 INH deficiency, but an episode
of swelling may begin with a rash resembling erythema marginatum. Hereditary C1
inhibitor deficiency, the most common and best studied presentation of HAE, is an
autosomal dominant disorder resulting in low plasma levels or synthesis of a dysfunc-
tional C1 inhibitor. A new form of HAE with normal C1 inhibitor may be due in some
families, to a mutant factor XII. Acquired C1 INH deficiency is caused by depletion of
functional C1 INH as a result of binding to active enzymes or the presence of antibody
to C1 INH, with synthesis being insufficient to maintain a normal level. Disease asso-
ciations include lymphoma, connective tissue disorder, or autoimmune processes.

C1 Inhibitor Deficiency

Causes and Inheritance

C1 inhibitor deficiency is an important cause of angioedema, which may involve
almost any portion of the body. Sometimes local trauma to an extremity can initiate
an exaggerated local swelling or a more generalized episode of swelling. However, a
triggering event may not be immediately evident, so that swelling appears to occur
spontaneously. C1 inhibitor deficiency can be familial (in which there is a mutant
C1 inhibitor gene) or it can be acquired. Both the hereditary and acquired forms of
C1 inhibitor deficiency have two subgroups. For the hereditary disorder, type 1 HAE
is typically an autosomal dominant disorder in which a mutant gene leads to mark-
edly depressed C1 inhibitor levels [51]. Type 2 HAE is also inherited as an autosomal
dominant disorder and has a mutation that leads to synthesis of a dysfunctional pro-
tein; the C1 inhibitor protein level may then be normal or even elevated [52]. The
acquired form of C1 inhibitor deficiency also has two forms. In the first type, there
is an association with either a B-cell lymphoma or connective tissue disease in which
there is sufficient consumption of C1 inhibitor to cause angioedema [53-55]. The
second form of acquired C1 inhibitor deficiency is an autoimmune disorder in which
there is a circulating IgG antibody directed to C1 inhibitor itself [56-58]. A posi-
tive family history, the presence of a lymphoma, or an underlying connective tissue
disease would each suggest C1 inhibitor deficiency when swelling is a manifestation.
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The presence of visceral involvement in any patient with angioedema (in the absence
of hives) is suggestive. The most severe complication is laryngeal edema, which had
been a major cause of mortality in this disorder. Patients can also have abdominal
attacks lasting 1-3 days, consisting of vomiting, severe abdominal pain, and guarding
in the absence of fever, leukocytosis, or abdominal rigidity. This may nevertheless be
difficult to differentiate from an acute surgical abdomen. However, the attacks are
self-limited and caused by edema of the bowel wall [59].

Molecular Genetics

HAE is transmitted as an autosomal dominant disorder due, in most instances, to
alterations of the C1 INH gene. Its prevalence is 1/50,000 [60]; however, there is a
high incidence of de novo mutations accounting for close to 25% of cases. Thus there
may not be a family history to guide evaluation of such patients and it is therefore
reasonable to obtain a C4 and C1 INH determination in any patient presenting with
recurrent angioedema in the absence of urticaria.

Point mutations and deletions or insertions are scattered along the entire C1 INH
gene. Missense mutations are found along the entire coding sequence, with the excep-
tion of the 100 amino acid long N-terminal segment that is highly glycosylated and
has little homology with other plasma proteinase inhibitors. Amino acid substitu-
tions seen in type I HAE often affect intracellular transport of C1 INH (as do other
mutations in type I disease) with impairment of protein secretion. Amino acid sub-
stitutions, rather than deletions, insertions, stop codons, or frameshift mutations,
characterize type II disease in which there is secretion of a dysfunctional protein (i.e.
plasma protein levels may appear normal but a large fraction of the secreted protein
is dysfunctional). Here the mutations cluster about the reactive site of C1 INH at
Arg444 (the protein is cleaved by the enzyme to which it will bind, exposing a reac-
tive site that in turn covalently binds the active site serine of the enzyme, thereby
inactivating it). These are sites of spontaneous deamination of methylated cytosines
of a CpG dinucleotide which account for most of the type II mutations. It is important
to note that in types I and II HAE, there is one normal gene, thus CIINH synthesis
should theoretically be at 50% of normal. Yet in type I HAE, the total C1 INH protein
is often much less (angioedema typically occurs at levels of 25% or less), and in type
IT disease normal and dysfunctional proteins circulate side by side. Further depletion
of the normal gene product may occur because of hypercatabolism, that is, turnover
as a result of binding to plasma proteases [61] or suppression of normal C1 INH pro-
tein (transinhibition) by the mRNA or abnormal protein of the dysfunctional allele
[52, 62]. An intermediate phenotype encompassing features of type I and II abnor-
malities may be seen in which an amino acid substitution leads not only to decreased
secretion of the protein but it is also dysfunctional. A very rare recessive form of the
disease may be seen with mutations in the promotor region of the gene or within the
first intron. Homozygosity is required to lower the C1 INH level sufficiently to cause
clinical symptoms.
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Diagnosis

Patients with HAE have measurable levels of the activated first component of comple-
ment (C1) although this protein generally circulates as an unactivated enzyme. The
serum level of C4 is diminished, even when the patient is free of symptoms, and is
virtually undetectable during an attack [63]. A C4 determination is therefore the sim-
plest way to screen for the hereditary disorder. Rocket immunoelectrophoresis for C4
cleavage products such as C4b is a very sensitive assay, more so than C4 quantitation
[64]. It should be noted that 5% of patients have a normal C4 level, so that assays of
total and functional inhibitor still need to be done if suspicion of C1 inhibitor defi-
ciency exists. Levels of C2, the other substrate of C1, are usually within normal limits
when the patient is asymptomatic, but the concentration is also diminished during
an attack of swelling [65]. When a diminished C4 level is obtained, a direct assay of
the protein, C1 inhibitor, should always be performed. A diminished or absent level
of C1 inhibitor protein would confirm the diagnosis; 80-85% of patients with HAE
have this type form of the disorder (type I). However, 15-20% of patients will have
a mutant form of C1 inhibitor protein that renders it functionless (type II). Thus an
assay for functional C1 inhibitor is necessary to confirm the diagnosis.

Pathogenesis

The pathogenesis of the swelling appears to involve the plasma kinin-forming path-
way and bradykinin is now accepted to be the cause of the swelling. The lesions are
not pruritic, and administration of antihistamines has no effect on the clinical course
of the disease. Complement activation is undoubtedly occurring, perhaps even dur-
ing quiescent periods to lead to a low level of C4, but the vasoactive consequences of
augmented complement activation that occur during attacks of HAE do not appear to
be the cause of the swelling. Figure 2 is a diagrammatic representation of the plasma
kinin-forming cascade, also indicating the various enzymatic steps including the sites
of inhibition by C1 inhibitor.

Factor XIIa converts prekallikrein to kallikrein and kallikrein cleaves HK to gener-
ate bradykinin. There is also an important positive feedback in the system in which
the kallikrein generated rapidly converts unactivated factor XII to activated factor XII,
and the rate of this reaction is hundreds of times faster than the rate of autoactiva-
tion [11]. Therefore, much of the unactivated factor XII can be cleaved and activated
by kallikrein. C1 inhibitor inhibits all functions of factor XIIa and it is one of two
major plasma kallikrein inhibitors. Thus all functions of kallikrein are also inhibited,
including the feedback activation of factor XII, the cleavage of HK, and the activation
of plasma pro-urokinase [66] to lead to plasmin formation. C1 inhibitor also inhibits
the fibrinolytic enzyme plasmin, although it is a relatively minor inhibitor compared
to a,-antiplasmin or a,-macroglobulin.

Fields et al. [67] first demonstrated evolution of bradykinin in HAE plasma even
if an initiating surface is absent indicating seemingly spontaneous activation of the
kinin-forming cascade in the absence of this control protein. This work also disproved
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an earlier theory that a kinin can be generated by activation of complement and con-
cluded that bradykinin is the pathogenic peptide. Curd et al. [68] made a similar
observation regarding bradykinin formation in HAE plasma and demonstrated kal-
likrein-like activity in induced blisters of patients with HAE [69]. Patients with HAE
appear to be hyperresponsive to cutaneous injections of kallikrein [70], although it
is difficult to control for these observations since any trauma is likely to activate the
kinin cascade locally. Elevated levels of bradykinin and cleaved kininogen have been
observed during attacks of swelling [71-73]. There is also evidence that C1 activation
observed in patients with HAE may also be dependent on factor XII [74]. Thus, a fac-
tor XII-dependent enzyme may be initiating the classic complement cascade. Plasmin
is capable of activating Cls and may represent one such enzyme [75]. Ghebrehiwet
et al. [76, 77] demonstrated that Hageman factor fragment (factor XIIf) can directly
activate the classic complement cascade by activating C1. This may represent a criti-
cal link between the intrinsic coagulation-kinin cascade and complement activation.
More recent data support these earlier observations, favoring bradykinin as the criti-
cal pathogenic peptide for HAE and also acquired C1 INH deficiency. One unique
family has been described in which there is a point mutation in C1 INH (Ala*?*>Val)
leading to inability to inhibit the complement cascade but normal inhibition of fac-
tor XIIa and kallikrein [78, 79]. No family member of this type II mutation has had
angioedema. In recent studies, plasma bradykinin levels have been shown to be ele-
vated during attacks of swelling in patients with hereditary and acquired forms of C1
INH deficiency [80]. Local bradykinin generation has been documented at the site of
the swelling [73] and swelling seen in a rodent model of C1 INH deficiency is pre-
vented by treatment with a bradykinin B2 receptor antagonist [81].

The role of fibrinolysis also needs to be considered a part of the pathogenesis of
the disease, since antifibrinolytic agents such as e-aminocaproic acid and tranexamic
acid appear to be efficacious. As shown in figure 3, kallikrein converts plasminogen
to plasmin. Although kallikrein, factor XIa, and even factor XIIa (not shown) have
some ability to activate plasminogen directly, the plasma pathway via the pro-urokinase
intermediate appears to be the major plasma factor XII-dependent fibrinolytic mecha-
nism. However, bradykinin stimulation of endothelial cells releases tissue plasminogen
activation and plasmin may also be formed by this mechanism. Among the functions
of plasmin are the activation of Cls, the ability to cleave and activate factor XII just as
kallikrein can [82], and digestion of C1 inhibitor [83]. Each of these would serve to aug-
ment bradykinin formation and further deplete the levels of C1 inhibitor. Thus, the for-
mation of plasmin may, in this fashion, contribute to the pathogenesis of the disease.

Acquired C1 Inhibitor Deficiency
An acquired form of this disease has been described in patients with lymphoma who

have circulating low molecular weight IgM and depressed C1 inhibitor levels. This
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entity has an unusual complement utilization profile because Clq levels are low and
C4, C2, and C3 are depleted. The low C1q level differentiates this condition from the
hereditary disorder [53-55]. The depressed C1 inhibitor level may be caused by deple-
tion secondary to C1 activation by circulating immune complexes or C1 interaction
with a tumor cell surface antigen. For B-cell lymphoma, the most common associated
malignancy, C1 fixation and C1 inhibitor depletion are caused by an anti-idiotypic anti-
body bound to immunoglobulin on the surface of the B cell [84]. Other B-cell disorders
associated with C1 INH depletion are acute and chronic lymphocytic leukemia, mul-
tiple myeloma, Waldenstrom’s macroglobulinemia and essential cryoglobulinemia.

Patients with connective tissue disorders such as systemic lupus erythematosus or
carcinoma [85, 86] can present with acquired C1 inhibitor deficiency and, like patients
with the hereditary form, will respond to androgen therapy, which enhances C1 inhib-
itor synthesis. A second form of C1 inhibitor deficiency results from the synthesis of
an autoantibody directed to C1 inhibitor itself [56, 87]. These patients also have low
levels of C4, C1q, and C1 inhibitor protein and function, and no family history. This
form of acquired C1 inhibitor deficiency appears to be increasingly recognized. Under
normal circumstances, C1 inhibitor is a substrate for the enzymes it inactivates: the
active enzyme cleaves Cl1 inhibitor, which exposes the active site in the inhibitor. The
cleaved C1 inhibitor then binds stoichiometrically to the enzyme and inactivates it.
When antibody to C1 inhibitor is present, the C1 inhibitor is cleaved but is unable to
inactivate the enzyme [58, 88, 89]. Thus, cleaved, functionless C1 inhibitor circulates
and unopposed activation of the complement- and kinin-forming cascade takes place.
Plasmin is one of the enzymes that is capable of cleaving and inactivating C1 inhibi-
tor, and local C1 inhibitor degradation by plasmin may be a critical event in the loss
of protease inhibition during inflammation. In a more general sense, this observation
may also explain the efficacy of antiplasmin agents such as e-aminocaproic acid or
tranexamic acid in the treatment of C1 inhibitor deficiency states.

Treatment
Prophylactic treatment of C1 INH deficiency consists of C1 INH replacement infu-
sions, androgens (danazol, stanozolol, oxymethalone) or antifibrinolytic agents. Acute
treatment employs C1 INH replacement (where available), fresh-frozen plasma, and
placement of an airway when significant airway obstruction is evident. Abdominal
attacks require IV fluid, analgesics, and ‘watchful waiting’

This year new agents have reported for the treatment of acute episodes including
a B2 receptor antagonist (icatibant) [90, 91] and a kallikrein inhibitor (ecallantide)
[92]. These provide a physiologic approach which targets the kallikrein-kinin cascade
and might eventually become available in preparations that can also be employed for
prophylaxis. Treatment of acquired C1 inhibitor deficiency requires, first, treatment
of the underlying disease, if one has been identified, plus treatment with the afore-
mentioned drugs, which is essentially the same as that for treatment of the hereditary
disorder. Androgenic agents are typically employed. Treatment of type 2 acquired C1
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inhibitor deficiency with an autoantibody directed to C1 inhibitor is indeed more dif-
ficult because the ability to replete C1 inhibitor is significantly compromised.

Other Hereditary and Non-Hereditary Angioedemas

Other hereditary forms of angioedema do not relate to C1 inhibitor deficiency, but all
of them are rare. Binkley and Davis [93] reported an estrogen-dependent but familial
form of angioedema associated with pregnancy or with ingestion of estrogenic com-
pounds. The disorder appears to have dominant inheritance, and was initially thought
to be present only in women because of the hormonal dependence. Recent studies of
large families with the disorder have revealed occasional males who have symptoms
[94]. Peripheral angioedema is very common and gastrointestinal episodes are seen as
well. Laryngeal edema, although possible, seems less frequent compared to C1 inhibi-
tor deficiency. Some families have a mutant form of factor XII which when activated,
has enhanced activity [95]. Thus, bradykinin may be the mediator and therapy with
newer agents that target the kallikrein-kinin system will be of interest.

One of the most prominent causes of non-HAE is the use of ACE inhibitors and
this is now the most common cause of angioedema seen in emergency rooms. The
angioedema is due to increased bradykinin levels (without urticaria) because the
destruction of bradykinin by ACE is then impaired and blood levels gradually rise.
It can occur at any time, but is most common within the first few months of therapy;,
and is particularly common in blacks [96]. There may be polymorphisms of other
inhibitors or changes in end-organ responsiveness to bradykinin that determine who
becomes symptomatic [97]. These agents are not only employed for treatment of
hypertension but are also indicated for congestive heart failure, diabetic neuropathy,
and scleroderma renal disease. ACE is identical to kininase IT and destroys bradyki-
nin by removing the C-terminal phe-arg dipeptide, followed by removal of ser-pro,
leaving the inactive pentapeptide arg-pro-pro-gly-phe [98]. With drug inhibition
of ACE, the primary mechanism for bradykinin degradation is eliminated (fig. 1)
and bradykinin levels increase. Like C1 inhibitor deficiency, swelling of the tongue,
pharynx, and even larynx can be severe, requiring intubation for treatment of airway
obstruction. In contrast to patients with C1 INH deficiency, urticaria is occasionally
seen accompanying the angioedema, although the angioedema predominates. The
reason for this difference is unclear and may relate to a different site of bradykinin
action within the skin, or even a concomitant IgE-mediated reaction to the drug.

Kinins and Anaphylactic-Like Reactions
Anaphylaxis that is IgE-dependent is most commonly associated with reactions to

foods, drugs, and insect venoms. Anaphylactic-like reactions that are not dependent
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on IgE antibody (anaphylactoid) include reactions to ACE inhibitors, NSAIDS, and
radiocontrast dyes, as well as hypotensive episodes associated with hemodialysis. The
properties of bradykinin, including the ability to increase vascular permeability, con-
tract gastrointestinal and uterine smooth muscle, and vasodilate to cause hypoten-
sion, lead to manifestations of many of these severe reactions. Many of the membranes
employed for hemodialysis have been shown to activate the factor XII-dependent
pathway of bradykinin formation which appeared to correlate with hypotensive epi-
sodes [99]. In the past, albumin preparations contaminated with factor XIIf caused
hypotension upon infusion [1000] and recently, heparin preparations contaminated
with oversulfated monopolysaccharides caused anaphylactic-like reactions with
hypotension as a major manifestation [101]. All the evidence points to bradykinin
as the mediator of these active reactions. However, rigorous studies of the bradyki-
nin-forming cascade in IgE-dependent anaphylaxis in general are lacking (with one
exception) and there are no inhibition studies employing bradykinin receptor antago-
nists. The exception is a study of induced anaphylaxis to bee venom [102] in which
severe anaphylaxis was associated with complete digestion of plasma HK. Bradykinin
was not measured directly but release of amounts in the micromolar range appears
likely, and the partial thromboplastin time was not measurable (essentially infinite)
indicating proteolytic digestion of critical coagulant proteins of the intrinsic coagula-
tion pathway.
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Abstract

For more than 100 years since the discovery of basophils by Paul Ehrlich, the functional significance
of this rare leukocyte as compared to mast cells has remained an enigma. Studies on basophils have
long been hampered by their rarity (less than 1% of peripheral blood leukocytes) and the lack of use-
ful analytical tools such as model animals deficient only in basophils. Recent studies have now
defined previously-unrecognized roles for basophils in both allergic responses and immune regula-
tion, and markedly changed our image of basophils, from a neglected minority to a key player in the
immune system. We have recently demonstrated that basophils and mast cells play distinct roles in
systemic anaphylaxis in mice. Basophils are dispensable for IgE-mediated systemic anaphylaxis
unlike mast cells. Instead, basophils play the major role in IgG-mediated systemic anaphylaxis. In
vivo depletion of basophils protects mice from anaphylactic death. Upon capture of IgG-allergen
complexes, basophils release platelet-activating factor that increases vascular permeability, leading
to anaphylactic shock. Thus, there are two major, distinct pathways to allergen-induced systemic
anaphylaxis: one mediated by basophils, IgG and platelet-activating factor, and the other ‘classical’
pathway mediated by mast cells, IgE and histamine. Copyright © 2010 S. Karger AG, Basel

Biology of Basophils

Basophils represent less than 1% of peripheral blood leukocytes. They have often been
regarded as a lesser relative to mast cells, because basophils share several features with
mast cells, including the presence of basophilic granules in the cytoplasm, the surface
expression of high-affinity IgE receptor FceRI, and the release of chemical media-
tors such as histamine in response to various stimuli [1-3]. Therefore, basophils are
traditionally analyzed as a surrogate of the less accessible tissue-resident mast cells
in clinical settings to assess the allergen sensitization in allergic patients. However,
the lineage relationship between basophils and mast cells remains to be clarified. In
humans, basophils appear to have a closer lineage relationship with eosinophils than



with mast cells [4]. By contrast, common precursors for basophils and mast cells have
been identified in mice [5].

In spite of the above-mentioned similarities between basophils and mast cells, they
differ in many other aspects [1, 2]. Basophils complete their differentiation within the
bone marrow, and mature basophils circulate in the peripheral blood and do not usu-
ally infiltrate into peripheral tissues unless inflammation takes place. Mast cells origi-
nate from hematopoietic cells in the bone marrow as do basophils, but they mature in
peripheral tissues after their bone marrow-derived precursors enter the circulation and
migrate into peripheral tissues. Mature mast cells reside in peripheral tissues and do not
usually circulate in the peripheral blood. The lifespan of basophils is very short (several
days), in contrast to that of mast cells (weeks to months). Basophils do not proliferate
once they terminally differentiate whereas mature mast cells keep potential to expand
in response to various stimuli. These differences between basophils and mast cells,
including distinct anatomical localization, suggest their differential roles in vivo.

In 1970s and 1980s, basophils were extensively studied in the context of a delayed-
onset, cutaneous hypersensitivity, termed ‘Jones-Mote hypersensitivity’ in humans
[6] or ‘cutaneous basophil hypersensitivity (CBH)’ in guinea pigs 7, 8], as well as the
acquired immunity against blood-feeding ticks [9, 10]. CBH can be elicited in guinea
pigs by immunization of proteins with incomplete Freund’s adjuvant or without adju-
vant, followed by the skin test with the proteins 7 days later [7]. CBH is character-
ized by erythema with slight thickening that reaches its maximal intensity 24 h after
the antigen challenge, and disappear within 48 h. Importantly, basophils constitute as
much as 80% of the dermal infiltrates in guinea pig CBH [8]. Similar basophil-rich
skin reactions were detected in the tick-feeding sites of guinea pigs that had already
experienced the tick infestation and showed the acquired resistance to the tick feed-
ing [9]. Treatment of guinea pigs with anti-basophil serum before the second tick
infestation eliminated basophils at tick-feeding sites and abolished the tick resistance
[10], demonstrating that basophils play a critical role in the acquisition of tick resis-
tance. Unfortunately, the studies of basophils in the CBH reaction and the tick resis-
tance faded since then, and have not expanded further.

Compared with extensive investigation on mast cells and advances in our under-
standing of mast cell functions, the in vivo roles of basophils are far less studied and
defined. This could be due to the difficulty of collecting sufficient numbers of baso-
phils for analysis and the lack of animal models suitable for in vivo analysis of baso-
phil functions. Mouse basophils have been notoriously difficult to identify due to
their few basophilic granules in contrast to their human counterparts [11], leading
to the erroneous conclusion that basophils may not exist in mice. Recent identifica-
tion of cell surface markers expressed in mouse basophils, such as CD49b (DX5),
CD123 (IL-3Ra), CD200R3 and CCR2, together with FceRI, has made it possible to
relatively easily detect and isolate basophils in mice by using flow cytometry [12-14].
However, mice suitable for functional analysis of basophils, such as those deficient for
only basophils, have not yet established.
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For many years, basophils were thought to release only preformed histamine and
newly-synthesized leukotriene C4 in response to a variety of stimuli [3, 15]. However,
this view was largely changed after the discovery in the early 1990s that basophils
readily generate large quantities of T-helper 2 (Th2) cytokines such as IL-4 and IL-13
in both human and mice [12, 15-17]. These cytokines are the key regulators in con-
ditioning the immune response to the Th2 type [18]. Therefore, basophils were sug-
gested to be involved in mediating allergic diseases and protective immunity against
parasites. Nevertheless, further studies on basophil functions have long been ham-
pered by the lack of suitable animal models, as mentioned above.

Newly Identified Roles for Basophils

Recent studies using new analytical tools have defined previously unrecognized
roles for basophils in both immune regulation and allergic responses including IgG-
mediated systemic anaphylaxis [19-23]. These studies have highlighted that basophils
and mast cells have distinct roles in immune and allergic responses [24, 25]. Before
we discuss in detail the role for basophils in anaphylaxis, we quickly look through
their newly identified roles in immune regulation and chronic allergic inflammation.

Basophils Drive Th2-Cell Differentiation through Secretion of Th2 Cytokines and
Antigen Presentation
Effector T cells of the Th2 phenotype produce cytokines such as IL-4,IL-5and IL-13, and
play a pivotal role in many allergic responses. It is well established that IL-4 has an essen-
tial role in driving differentiation of naive T cells to Th2 cells. IL-4 can be produced by a
panel of hematopoietic cells, including T cells, natural killer T cells, mast cells, basophils
and eosinophils. Thus, the cellular source of ‘initial IL-4" necessary for Th2-cell differ-
entiation has often been a matter of debate [24]. Basophils are a good candidate for this,
since they have been shown to readily secrete large quantities of IL-4 in vitro in response
to a variety of stimuli in an IgE-dependent or -independent manner [12, 15-17]. When
co-cultured in vitro with basophils, antigen-stimulated naive T cells differentiated into
effector cells of the Th2 phenotype [26, 27]. When IL-4-deficient basophils were used for
the co-culture, little Th2-cell differentiation was induced, indicating the importance of
IL-4 produced by basophils in driving Th2 differentiation. The in vivo relevance of this
tinding was suggested by the observation that mice deficient for interferon-regulatory
factor (IRF2) had an increased number of basophils and showed accelerated Th2 dif-
ferentiation in vivo as compared with wild-type mice [26]. This was also the case in mice
that continuously received exogenous IL-3 [27]. However, it remained to be determined
whether basophils and naive T cells indeed meet each other under physiological condi-
tions in lymph nodes, in which Th2 differentiation is thought to take place.

Medzhitov and colleagues [21] recently demonstrated that when protease allergens
such as papain are subcutaneously administered, basophils actually migrated to the
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draining lymph nodes, just before Th2 cells differentiated in the lymph nodes. Of note,
the pretreatment of mice with MAR-1, a monoclonal antibody specific to FceRla, that
depletes basophils when administered in vivo, abolished the papain-induced Th2 dif-
ferentiation in the draining lymph nodes. Both IL-4 and thymic stromal lymphopoi-
etin (TSLP) produced by papain-stimulated basophils were involved in the Th2
differentiation in vivo. Mast cells were dispensable for the differentiation. Thus, baso-
phils have an essential and non-redundant role in the development of Th2 responses
to protease allergens [21]. In addition, recent studies have uncovered that basophils
can function as antigen-presenting cells, and therefore promote the Th2 responses
even in the absence of dendritic cells [28-30].

Basophils Enhance Humoral Memory Response

Mack et al. [13] previously reported that basophils can function as antigen-capturing
cells and trap soluble antigens through antigen-specific IgE that is bound to FceRI on
their surface. They have recently demonstrated that basophils had the antigen-cap-
turing ability even 6 weeks after the first immunization with antigens and increased
humoral memory responses by producing IL-4 and IL-6 upon re-exposure to the anti-
gen that had elicited the production of specific IgE in the primary immune response
[22]. Importantly, the in vivo depletion of basophils using MAR-1 before the sec-
ond immunization with antigens resulted in decreased humoral memory responses,
including lower serum titers of antigen-specific IgG, compared to untreated mice.
Conversely, adoptive transfer of antigen-reactive basophils from antigen-sensitized
mice conferred on naive mice a memory-type immune response following the first
immunization with antigens. Antigen-stimulated basophils provide support for B-cell
proliferation and antibody production, through the secretion of IL-4 and IL-6, in the
presence of CD4 T cells that are also stimulated with basophils.

The clinical relevance of this finding was suggested by the observation that mice
were more susceptible to sepsis following infection with Streptococcus pneumoniae
when basophils were depleted before the second vaccination with pneumoccocal
antigen [22]. Antigen-specific IgG antibodies produced after the second vaccination
were significantly lower in the basophil-depleted mice than in control mice. Thus,
basophils are important contributors to humoral memory immune responses.

Basophils Initiate IgE-Mediated Chronic Allergic Inflammation

The recruitment of basophils into the sites of allergic inflammation is often observed.
However, no definitive evidence has long been provided that basophils are crucially
involved in the pathogenesis of chronic allergic disorders. We have recently identi-
fied in a mouse model that basophils play an important role in the development of
IgE-mediated chronic allergic inflammation in the skin as an initiator rather than an
effector of inflammation [19, 20]. A single subcutaneous administration of antigens
in the ear skin induced three waves of ear swelling in antigen-specific IgE transgenic
mice or in normal mice that had been passively sensitized with antigen-specific
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IgE [19]. The first two waves were typical immediate-type skin reactions, that is,
the early-phase ear swelling within 1 h after the antigen challenge followed by the
late-phase ear swelling 6-10 h later. The third one was delayed-onset ear swelling,
starting on day 2 post-challenge and peaked on day 4. This was much more intense
than the first and second ones, and the ear thickness became twice the basal level.
Histopathological analysis revealed the massive infiltration of inflammatory cells
including eosinophils in the skin lesions, indicating IgE-mediated chronic allergic
inflammation. Of note, the immediate- and late-phase responses were mast cell-
dependent as expected while the delayed-onset ear swelling was elicited even in the
absence of mast cells and T cells. Adoptive transfer of cells from wild-type mice into
FceRI-deficient mice, that could not mount the delayed-onset response, identified
basophils as cells responsible for IgE-mediated chronic allergic inflammation [19].

Of note, basophils accounted for only ~2% of infiltrates in the skin lesions while
eosinophils and neutrophils were predominant. We have recently established a
CD200R3-specific monoclonal antibody Bal03 that selectively depletes basophils
when administered in mice [14, 20]. The basophil depletion with Bal03 prior to the
antigen challenge completely abolished the development of IgE-mediated chronic
allergic inflammation. Importantly, the Bal03 treatment during the progress of the
dermatitis showed a therapeutic effect on the inflammation and resulted in decreased
numbers of eosinophils and neutrophils in the skin lesions, concomitantly with the
elimination of basophils from the site of inflammation. This indicated that baso-
phils function as an initiator or mediator of the recruitment of proinflammatory cells
such as eosinophils and neutrophils, rather than an effector of inflammation [20].
Therefore, it would be worthwhile to reassess the role of basophils in human allergic
disorders even when the frequency of basophils is low in affected tissues.

A Crucial Role for Basophils in Anaphylaxis

Basophils have been considered to make some contribution to systemic anaphylaxis,
because they can release histamine and leukotriene C4 in vitro in response to various
stimuli, including IgE-mediated ones. Indeed, basophils are clinically utilized to check
the sensitization status of allergic patients by incubating them in vitro with suspected
allergens. Activation of sensitized basophils with allergens can be detected by the
degranulation assay or the flow cytometric analysis using CD203c and CD63 as activa-
tion markers. However, it remains to be determined to what extent basophils contribute
to systemic anaphylaxis, particularly IgE-mediated ones, as compared with mast cells.
Given the fact that basophils represent less than 1% of peripheral blood leukocytes and
do not usually reside in peripheral tissues, it is uncertain that basophils make a great
contribution to IgE-mediated systemic anaphylaxis as do mast cells. In this regard, we
have recently demonstrated that basophils are dispensable for IgE-mediated anaphy-
laxis but play a crucial role in IgG-mediated anaphylaxis in the mouse model [23].
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Fig. 1. Two distinct pathways of systemic anaphylaxis: (a) in the classical pathway, mast cells, IgE
and histamine play important roles, and by contrast (b) in the alternative pathway, basophils, IgG
and PAF play the major roles.

Systemic Anaphylaxis in the Absence of Mast Cells and IgE

It is well documented that mast cells and IgE are critically involved in systemic ana-
phylaxis (fig. 1a) [31-33]. In individuals sensitized with a given allergen, allergen-
specific IgE antibodies are produced by B cells, circulate in the peripheral blood and
bind to the IgE receptor FceRI on the surface of mast cells in peripheral tissues. The
re-exposure to the same allergen triggers the activation of mast cells by allergen-
induced cross-linking of IgE-FceRI complexes on their surface. The mast cell activa-
tion results in the release of chemical mediators such as histamine (fig. 1a), that in
turn act on various cells including vascular endothelial cells and bronchial smooth
muscle, leading to anaphylactic responses such as hypotension and dyspnea. It has
been believed that basophils may also be involved in systemic anaphylaxis through
the similar mechanism.

Few prospective studies of induced anaphylaxis have been performed in human
subjects to understand the molecular basis of systemic anaphylaxis, because of the
potentially rapid, life-threatening outcome. Accordingly, various models of anaphy-
laxis have been established in laboratory animals, particularly mice, and extensively
studied to clarify the underlying mechanisms. Such studies revealed that the classical
pathway utilizing mast cells, IgE and histamine cannot explain all cases of anaphylaxis.
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Mice deficient for either mast cells or IgE still develop systemic anaphylaxis [34, 35],
indicating that an alternative pathway(s) exists [31, 36]. Of note, mice deficient for
FceRI could elicit systemic anaphylaxis whereas those deficient for FcRy could not
[37-39]. Since FcRy-deficient mice lack not only FceRI but also stimulatory IgG
receptors, these results suggested that IgG instead of IgE is involved in the alternative
pathway of systemic anaphylaxis. In accord with this, passive sensitization with aller-
gen-specific IgG, particularly IgG1 subclass, conferred on mice the ability to develop
systemic anaphylaxis [37, 38]. The experiments using blocking antibodies indicated
that the low-aftinity IgG receptor FcyRIII is mainly involved in IgG-mediated systemic
anaphylaxis [39]. Thus, beside the classical pathway mediated by mast cells, IgE and
FceRI, the alternative pathway mediated by non-mast cells, IgG and FcyRIII exists to
induce systemic anaphylaxis [36]. However, the identity of non-mast cells involved in
the alternative pathway remained elusive, although macrophages were demonstrated
as responsible cells in a mouse model of IgG-mediated anaphylaxis [39].

A Crucial Role for Basophils in IgG-Mediated Systemic Anaphylaxis

Our finding that basophils play an essential role in IgE-mediated chronic allergic
inflammation distinctively from mast cells prompted us to examine whether baso-
phils also play a non-redundant role in systemic anaphylaxis. To identify cells respon-
sible for IgG-mediated systemic anaphylaxis and to clarify its molecular mechanism,
we have established a simple model of IgG-mediated penicillin anaphylaxis [23], in
that mice were passively sensitized with intravenous injection of penicillin V (PenV)-
specific IgG1 monoclonal antibody and then challenged with intravenous injection of
PenV-conjugated bovine serum albumin (PenV-BSA). This protocol induced typical
anaphylactic manifestations including a drastic drop (-4 to —6°C) in body tempera-
ture in both mast cell-sufficient and -deficient mice although the latter mice showed
slightly less depression in temperature. This was also true for mice sensitized with
another IgGl with different specificity. Thus, mast cells are dispensable for IgG-
mediated systemic anaphylaxis even though they have some minor contribution to it,
consistent with previous reports [37, 38]. By contrast, mast cells are essential for the
induction of IgE-mediated systemic anaphylaxis.

We next surveyed possible candidate cells responsible for IgG-mediated anaphy-
laxis by analyzing their ability to capture the allergen-IgG1 immune complexes on
their cell surface in vivo. The low-affinity IgG receptor FcyRIII does not efficiently
bind free monomeric IgG while it shows high affinity to IgG-antigen immune com-
plexes or IgG aggregates. Therefore, we reasoned that in order to elicit an acute reac-
tion, cells responsible for anaphylaxis should quickly capture immune complexes
which are formed in the circulation soon after allergens enter the bloodstream and
bind circulating, allergen-specific IgG. Flow cytometric analysis of cells isolated from
mice immediately after the allergen challenge revealed that basophils bound the
greatest amount of allergen per cell among other cells [23] (fig. 1b, 2a), suggesting
basophils are a good candidate for responsible cells.
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Fig. 2. IgG-mediated systemic versus local anaphylaxis. a lgG-mediated systemic anaphylaxis. When
allergen-IgG immune complexes are formed in the circulation, basophils immediately capture them
through IgG receptors on their surface and are activated to release PAF, that in turn act on vascular
endothelial cells, leading to increased vascular permeability. b Passive cutaneous anaphylaxis. When
allergen-lgG immune complexes are formed in the skin, they stimulate tissue-resident mast cells to
release chemical mediators such as histamine, leading to local inflammation.

To clarify the role for basophils in IgG- and IgE-mediated systemic anaphylaxis,
we eliminated basophils in vivo before the allergen challenge by treating mice with
the basophil-depleting antibody Bal03. The basophil depletion ameliorated IgG-
mediated systemic anaphylaxis in both mast cell-sufficient and -deficient mice [23].
By contrast, depletion of macrophages, natural killer cells or neutrophils showed no
significant effect on IgG-mediated anaphylaxis in our experimental setting. Notably,
the basophil depletion had no apparent impact on IgE-mediated systemic anaphy-
laxis. These results clearly indicated that basophils are dispensable for IgE-mediated
anaphylaxis but play the major role in IgG-mediated one (fig. 1b, 2a). We further
examined the role for basophils in a more realistic setting, namely active systemic
anaphylaxis, in that mice were immunized with PenV-conjugated ovalbumin and 2
weeks later challenged with intravenous injection of PenV-BSA. This protocol for
active anaphylaxis induced severer anaphylaxis compared with passive anaphylaxis,
and all mice examined, including mast cell-deficient mice, died from anaphylactic
shock. Of note, the basophil depletion with Ba103 before the allergen challenge pro-
tected mast cell-deficient mice from anaphylactic death [23], highlighting the impor-
tant role for basophils in the induction of not only passive but also active systemic
anaphylaxis. Intriguingly, the basophil depletion did not protect mast cell-sufficient
mice from death. This suggests that both basophils and mast cells make the critical
contribution to active systemic anaphylaxis, most likely through distinct mechanisms:
IgG-mediated ones utilized by basophils and IgE-mediated ones by mast cells.
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IgG1-mediated local anaphylaxis can be induced in mice, by intradermal injec-
tion of IgG1 and then intravenous injection of corresponding allergens [40] (fig. 2b).
This passive cutaneous anaphylaxis (PCA) is also FcyRIII-dependent [41] but can-
not be elicited in mast cell-deficient mice [42], indicating that mast cells are mainly
activated in the IgG-mediated PCA unlike in the IgG-mediated systemic anaphylaxis.
Indeed, peritoneal mast cells degranulate when incubated ex vivo with allergen-IgG
complexes [41]. By contrast, little or no morphological evidence of degranulation of
mast cells was detected in the peripheral tissues during IgG1-mediated passive sys-
temic anaphylaxis unlike in IgE-mediated ones [38]. The different modes of action
between local and systemic anaphylaxis could be attributed to the difference in the
route of antibody delivery and the anatomical localization of mast cells and basophils.
In PCA, antibodies are directly delivered into the skin tissue, and therefore immune
complexes are formed locally in the skin lesions, leading to activation of tissue-res-
ident mast cells but not circulating basophils (fig. 2b). By contrast, in systemic ana-
phylaxis, antibodies are delivered into the bloodstream, and thereby form immune
complexes in the circulation with intravenously administered allergens, leading to
activation of circulating basophils rather than tissue-resident mast cells (fig. 2a).

Basophils Release Platelet-Activating Factor Instead of Histamine to Induce IgG-
Mediated Systemic Anaphylaxis

What kind of chemical mediators are involved in IgG-mediated systemic anaphy-
laxis that is elicited by basophils? Cyproheptadine, an antagonist of histamine and
5-HT, showed little or no inhibitory effect on IgG-mediated passive anaphylaxis in
contrast to its prominent effect on IgE-mediated ones. On the other hand, antago-
nists of platelet-activating factor (PAF) almost completely inhibited IgG-mediated
systemic anaphylaxis [23]. Thus, PAF in place of histamine is the major chemical
mediator in IgG-mediated systemic anaphylaxis unlike in IgE-mediated ones. PAF is
released by a wide variety of cells, including mast cells, eosinophils, basophils, neu-
trophils, endothelial cells, monocytes and macrophages. When stimulated ex vivo
with allergen-IgG1 immune complexes, basophils released much higher amounts of
PAF as compared to other types of cells. PAF released from activated basophils acted
on human umbilical vein endothelial cells to induce morphological changes [23].
These results strongly suggested that upon stimulation with allergen-IgG immune
complexes, basophils release PAF, that in turn stimulates endothelial cells to increase
vascular permeability, thereby leading to systemic anaphylaxis (fig. 1b, 2a). When
intravenously administered in mice, both PAF and histamine can induce a drastic
drop (-5°C) in body temperature as observed in allergen-elicited, IgG-mediated
systemic anaphylaxis. Of note, the amounts necessary for inducing such tempera-
ture drop greatly differ between two reagents: 100 ng of PAF was sufficient whereas
as much as 3 mg of histamine was needed. We estimated that 100 ng of PAF can
be released from 3 x 10° basophils, which is close to the total number of basophils
per mouse. Taken together, basophils can induce systemic anaphylaxis through the
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release of the potent vasoamine PAF (30,000 times more potent than histamine) upon
stimulation with immune complexes, even though they represent less than 1% of leu-
kocytes in the body [23].

Previous studies reported that macrophages played the major role in a model of
IgG-mediated active systemic anaphylaxis [39]. In this model, mice were first immu-
nized with goat anti-mouse IgD antiserum that induced large production of IgE and
IgG antibodies specific to goat IgG, and then challenged with intravenous injection
of goat IgG to elicit systemic anaphylaxis. The anaphylaxis could be induced even in
mast cell-deficient or FceRI-deficient mice, and the PAF antagonist completely inhib-
ited it. The pretreatment of mice with gadolinium chloride, that is known to inacti-
vate macrophages, also abolished the anaphylaxis [39], suggesting that macrophages
induce IgG-mediated systemic anaphylaxis through release of PAF. It remains to
be clarified what determines cells responsible for IgG-mediated anaphylaxis, either
basophils or macrophages. In addition to the difference in the allergens and immuni-
zation protocols, the genetic background of mice might be one of the determinants;
our model utilizes C57BL/6 mice because many genetically engineered mice have this
background while the other model utilizes BALB/c mice. If the difference between our
and the other models is indeed based on the genetic background of mice examined,
it would be important to clarify the underlying molecular mechanisms to understand
the possible difference in the susceptibility to and the severity of anaphylaxis among
individual human subjects with different genetic backgrounds.

Possible Roles for Human Basophils in Anaphylaxis

An important question is whether the alternative pathway mediated by basophils, IgG
and PAF is also operative in humans. We know from the mouse studies that higher
amounts of both allergens and antibodies are needed to elicit I[gG-mediated systemic
anaphylaxis than IgE-mediated ones. The exposure to large quantities of allergens
followed by production of substantial amounts of specific IgG is very rare in the com-
munity setting, but may occur in clinical settings such as administration of thera-
peutic antibodies including recombinant monoclonal antibodies. Notably, several
case reports indicated human anaphylaxis that occurred in the apparent absence
of detectable allergen-specific IgE in serum or in the absence of increase in serum
tryptase levels [43, 44]. IgG but not IgE antibodies specific to allergens were detected
in some individuals who showed systemic anaphylaxis in response to medicines such
as protamine, dextran, and recombinant human-mouse chimeric IgG monoclonal
antibodies [43, 45-47]. It has been shown that human basophils can release PAF in
response to various stimuli [48]. A recent study demonstrated that serum PAF levels
are significantly higher in patients with anaphylaxis than in patients in the control
groups and are correlated with the severity of anaphylaxis [49]. Therefore, it would be
worthwhile to reassess the possible involvement of basophils and PAF in human cases
of anaphylaxis, particularly those with high serum titers of IgG but not IgE specific to
a relevant allergen.
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Perspective

Basophils have often been considered to be minor and possibly redundant ‘circulating
mast cells. As discussed above, recent studies have uncovered novel roles for basophils

in both allergic responses and regulation of acquired immunity that are distinct from
those played by mast cells. Basophils are one of the major players in IgG-mediated
anaphylaxis, and function as initiators rather than effectors in IgE-mediated chronic
allergic inflammation, even though they account for less than 1% of leukocytes in the
body. Therefore, basophils and their products might be promising therapeutic targets
for immunological disorders. The pretreatment of patients bearing a high risk of ana-
phylaxis with PAF antagonists together with antihistamine before medications might

be beneficial for the prevention of anaphylaxis.
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Abstract

Human heart mast cells (HHMC), by elaborating vasoactive mediators, cytokines and chemokines,
are the main primary effector cells of anaphylaxis. Mast cells have been identified perivascularly,
close to myocytes and in the arterial intima in human heart tissue. Mast cells isolated from human
heart tissue (HHMC) of patients undergoing cardiac transplantation express high-affinity receptors
for IgE (FceRl) and C5a receptors. Activation of HHMC in vitro with anti-IgE or anti-FceRl induced the
release of preformed mediators (histamine, tryptase, chymase, and renin) and the de novo synthesis
of LTC, (=18 ng/10°¢ cells) and PGD, (=18 ng/10° cells). Complement is activated and anaphylatoxin
forms during anaphylaxis. C5a causes rapid release of histamine and tryptase from HHMC. These
cells are activated in vitro by therapeutic (general anesthetics, protamine, etc.) and diagnostic agents
(radiocontrast media, etc.) which can cause anaphylactoid reactions. Low concentrations of hista-
mine and cysteinyl leukotrienes given to subjects undergoing diagnostic catheterization caused sig-
nificant systemic and coronary hemodynamic effects. These results indicate that HHMC probably
have a role in anaphylactic reactions. Copyright © 2010 S. Karger AG, Basel

Systemic anaphylaxis is the most dramatic and potentially fatal manifestation of
immediate hypersensitivity, accounting for more than 500 deaths annually [1]. Despite
these alarming findings, there is surprisingly limited interest and little information on
how the cardiovascular system is involved in fatal and near-fatal allergic diseases.

Pathological observations indicate that lesions of the cardiovascular system can
be a cause of death in patients with anaphylaxis [2]. Myocardial lesions might be the
anatomical basis for the irreversible cardiac failure occasionally associated with sys-
temic anaphylaxis [3]. There is compelling evidence that the heart is directly and/or
indirectly involved in several forms of anaphylaxis in man [1, 4, 5].

Systemic anaphylaxis in man is frequently accompanied by electrocardiographic
alterations: ischemic ST waves, arrhythmias and atrial fibrillation [6-11]. Anaphylactic
reactions after insect stings can lead to coronary spasm or acute myocardial infarc-
tion [12, 13]. Myocardial infarction can also occur as a consequence of idiopathic



anaphylaxis [14]. In addition, patients with systemic anaphylaxis may present pro-
found myocardial depression presumably because of the negative inotropic eftects of
mast cell-derived mediators [15].

In this article we will describe the possible roles of cardiac mast cells and their
mediators during anaphylactic reactions in man and will briefly review the cardiovas-
cular effects of mast cell-derived mediators in vivo.

Human Heart Mast Cells

We have identified mast cells around blood vessels and between myocardial fibers in all
sections of human hearts [16, 17]. These cells are also seen in normal and atherosclerotic
human arterial intima [18-21]. In situ electron microscopy of cardiac mast cells revealed
a small percentage (about 5%) of activated, i.e. partially degranulated mast cells [16, 22].
This is clinically relevant because it implies that immunologic and non-immunologic
stimuli can activate HHMC to release vasoactive and proinflammatory mediators [23].

Mast cells are frequently found close to coronary vessels (see fig. 1) suggesting that
circulating antigens, autoantibodies (anti-IgE, anti-FceRI, etc.), drugs (general anesthet-
ics, protamine, etc.), and diagnostic agents (radiocontrast media, etc.) can easily reach
perivascular HHMC. Activated mast cells can in turn release vasoactive substances
(histamine, cysteinyl leukotrienes, PGD,, PAF, etc.) that can affect blood vessels.

Patella and coworkers [16, 17, 24] established an elegant technique to isolate and
partially purify mast cells from heart tissue of patients undergoing heart transplanta-
tion and victims of traffic accidents. We used this technique to study in vitro various
aspects of HHMC biology. We compared the cardiac mast cell density, the concentra-
tion of mast cell-derived mediators (histamine and tryptase) and the immunologic
and non-immunologic release of mediators from mast cells isolated from failing
hearts from patients with idiopathic dilated (DCM) and ischemic cardiomyopathy
(ICM) undergoing heart transplantation, and from controls without cardiovascu-
lar disease (CH) who had died in accidents [25]. Cardiac mast cell density and the
histamine and tryptase contents of DCM and ICM hearts were higher than in CH.
Immunologic activation of HHMC induced significantly greater release of media-
tors (histamine, tryptase and LTC,) in patients with failing hearts than in CH. The
increase in cardiac mast cell density and the greater release of mediators suggest that
anaphylactic reactions might be particularly severe in patients with certain underly-
ing cardiovascular diseases.

Preformed Mediators Synthesized by HHMC
The histamine content of isolated HHMC (=3 pg/cell) was comparable to lung paren-

chymal and skin mast cells. The mean tryptase content of HHMC (=24 pug/10° cells)
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Fig. 1. Electron micrograph of
a mast cell in human heart tis-
sue. The cytoplasm contains
numerous secretory granules.
The mast cell is adjacent to a
coronary blood vessel, sur-
rounded by collagen fibers
and close to a myocyte. Uranyl
acetate and lead citrate
stained. Orig. magnif. 10,000x.

was lower than skin mast cells (=35 ug/10° cells) and higher than lung mast cells
(=10 pg/10° cells). IgE-mediated activation of HHMC caused tryptase release paral-
lel to histamine secretion [16].

Using the immunogold technique and a polyclonal anti-chymase antibody [26], we
showed that HHMC contain chymase as well as tryptase [16]. Interestingly, human
chymase generates angiotensin II from angiotensin I, acting as an angiotensin-con-
verting enzyme [27]. Supernatants of HHMC challenged in vitro with anti-IgE can
convert angiotensin I into angiotensin II, suggesting that chymase released from
immunologically challenged HHMC also plays a role in the homeostatic control of
blood pressure. The activation of HHMC and release of chymase may therefore serve
to control blood pressure during anaphylaxis.

Levi and Silver’s groups [28] have shown that mast cells are an additional source
of renin and constitute a unique extrarenal renin-angiotensin system; they found
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that the human mast cell line HMC-1 expressed renin. We have extended their
observation by demonstrating that HHMC also contain renin [Marone, unpubl.
observation]. These findings imply that the release of renin from activated car-
diac mast cells can trigger local formation of angiotensin II. In a subsequent study
they reported in the Langendorff-perfused guinea pig heart system that mast cell
activation released renin, promoting local angiotensin formation, which was asso-
ciated with arrhythmias [29]. These studies provided an elegant demonstration
that cardiac mast cells contain renin which, when released, activates a local renin-
angiotensin system, promoting norepinephrine release and cardiac arrhythmic
dysfunction.

Recent evidence from our laboratory shows that the supernatants of HHMC acti-
vated by anti-IgE can convert a synthetic substrate of big endothelin to endothelin
1. The latter observation is particularly important because endothelin 1 is a potent
bronchoconstrictor in allergic subjects [30].

Lipid Mediators de novo Synthesized by HHMC

Immunologically challenged HHMC synthesize prostaglandin D, (PGD,) (=18
ng/10% cells) de novo through cyclooxygenase activity [16, 17]. The knowledge is
useful because PGD, is a potent coronary constrictor [31], meaning that the in vivo
release of PGD, from HHMC can cause coronary vasoconstriction in man. Activation
of HHMC with anti-IgE or anti-FceRI induced the de novo synthesis of cysteinyl leu-
kotriene (LTC,) (=18 ng/10° cells).

These studies showed that immunologically activated HHMC release PGD, and
LTC,. Interestingly, intravenous and intracoronary injection of traces of LTC, and
LTD, may have several cardiovascular and metabolic effects [32].

Cytokines Synthesized by HHMC

Immunologic responses mediated by cytokines have been implicated in the patho-
genesis of heart failure in a variety of diseases [33]. Studies are beginning to focus
on the presence and the possible roles of cardiac mast cell-derived cytokines. TNF-a
is present in mast cells of human coronary atheromas [34]. We have ultrastructur-
ally located the granule-associated stem cell factor (SCF) in HHMC of patients with
dilated cardiomyopathy [25]. SCF is the principal growth, differentiating, chemotac-
tic and activating factor for human mast cells [35, 36]. This raises the possibility that
SCF released by HHMC is an autocrine factor that contributes to mast cell hyperpla-
sia in dilated cardiomyopathy.

Cytokines influence several cardiovascular functions through a variety of mecha-
nisms [33, 37, 38]. Additional studies are necessary to clarify the roles of cytokines
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Fig. 2. Effects of increasing
concentrations of anti-IgE on
histamine secretion from
eleven preparations of HHMC
from patients undergoing 0 . . . . .
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and chemokines in anaphylactic reactions and the cardiac mast cells contribution to
their production.

Immunologic and Non-Immunologic Stimuli that Activate HHMC in vitro

IgE cross-linking on HHMC can be induced by antigen, anti-IgE or anti-FceRI. Figure
2 shows the effects of increasing concentrations of anti-IgE on histamine release from
HHMC from several donors. Activation of HHMC by anti-IgE and by a monoclo-
nal antibody against an epitope of the a-chain of FceRI may be clinically important.
Histamine-releasing autoantibodies against IgE (anti-IgE) or against the a-subunit of
FceRI are present in the circulation of some patients with bronchial asthma, atopic
dermatitis and chronic urticaria [39, 40].

Complement is activated and anaphylatoxin forms (C3a and C5a) during car-
diac [41] and systemic anaphylaxis [42], and complement deposition has been
documented in infarcted areas of the human heart [43]. There is also experimental
evidence that C5a causes several cardiovascular derangements directly or through
the release of vasoactive mediators [44, 45]. We found that C5a caused rapid, dose-
dependent histamine release from HHMC [16]. Interestingly, C5a does not activate
human lung mast cells, whereas human skin mast cells (HSMC) are responsive to it
[17], suggesting that these are the only mast cells possessing C5a receptors. HHMC
are also responsive to SCF [46]. SCF is found in the secretory granules of HHMC and
is released after their immunologic activation [47].

HHMC can also be activated by a variety of non-immunological stimuli. Some have
clinical relevance because they might explain certain adverse effects observed in vivo
when these compounds are used for diagnostic (contrast media, etc.) or therapeutic
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purposes (general anesthetics, protamine, etc.) [24]. For example, protamine, used
to neutralize heparin and certain general anesthetics (propofol and atracurium) can
cause histamine release from HHMC [24]. Radiocontrast media, injected into the
coronary arteries for diagnostic purposes, can also activate HHMC in vitro [24]. The
close proximity of HHMC to coronary blood vessels and the presence of mast cells
in human coronary atheromas [20, 21] suggest that intracoronary injection of high
doses of contrast media can activate mast cells and induce the in vivo release of vaso-
active mediators. This activation may well explain some of the cardiac effects of these
agents particularly in patients with underlying cardiovascular diseases [25, 48, 49]. In
a multicenter study of 20 patients who experienced immediate reactions to the injec-
tion of radiocontrast media, the concentrations of plasma histamine and tryptase rose
[50]. Three of these patients had cardiac arrest.

Role of HHMC in Systemic and Cardiac Anaphylaxis

Levis [44, 51] group has provided convincing evidence that the heart is directly
involved in experimental anaphylaxis through the release of chemical mediators from
cardiac mast cells. There is evidence of cardiac involvement in human anaphylaxis
too [42] and this has been attributed to mediators originating from the lung and
reaching the heart. However, there are mast cells around coronary arteries and in
human coronary atheromas, particularly in patients with ischemic heart disease [20,
21]. Therefore, the local release of vasoactive mediators by cardiac mast cells can con-
tribute to cardiovascular derangements during anaphylaxis. In addition, complement
activation and C5a formation have been documented during anaphylaxis in man [42].
The in vitro immunologic activation of human heart tissue and of isolated mast cells
induces the release of preformed and de novo synthesized chemical mediators [16, 17,
52]. HHMC have FceRI and IgE bound to their membrane surface and C5a receptors.
Therefore it is likely that IgE- and C5a-mediated activation of these cells plays some
part in systemic and cardiac anaphylaxis in man.

HHMC can also be directly activated by agents injected intravenously for thera-
peutic (general anesthetics, protamine, etc.) or diagnostic purposes (radiocontrast
media, etc.), which can cause non-IgE-mediated anaphylactic reactions in vitro [24,
53] and in vivo [50]. Therefore, the release of vasoactive mediators from perivascular,
intimal and interstitial cardiac mast cells may well be involved in anaphylactic reac-
tions related to these agents.

Cardiovascular Effects of Histamine Infusion in Man
In collaboration with our colleagues in the Division of Cardiology at the University

of Naples Federico II, we investigated the effects of mast cell-derived preformed

Cardiac Mast Cells and Anaphylaxis 103



(histamine) and de novo synthesized mediators (LTC, and LTD,) on peripheral and
coronary hemodynamics in man. In a first study, histamine (0.4 pg/kg/min) infused
in patients with normal left ventricular (LV) function undergoing diagnostic cardiac
catheterization [54] induced significant drops in systolic, diastolic, and mean aortic
pressure, systemic vascular resistance, LV end-diastolic pressure, and stroke index.
There were also significant rises in heart rate, cardiac output, and LV/dP/dt,,,,, with
small changes in mean pulmonary vascular resistance. Histamine significantly raised
plasma epinephrine and norepinephrine. All hemodynamic changes started 1-2 min
after beginning the infusion and reverted to normal within 5 min after the infusion. In
1 subject there was a transient progression from first- to third-degree atrioventricular
block, with prompt recovery of 1:1 atrioventricular conduction at the end of the infu-
sion. Thus, exogenous histamine in man causes significant transient hemodynamic
changes, mainly systemic hypotension, tachycardia, and increased LV performance.
These changes can be partly attributed to the related increase in sympathoadrener-
gic activity, although it cannot be excluded that histamine has some direct cardiac
effect.

Effects of Activation of the H, Receptor on Coronary Hemodynamics in Man

We examined the effects of selective activation of histamine H, receptors on coronary
hemodynamics in two groups: patients with atypical chest pain and normal coronary
arteries, and patients with vasospastic angina [48]. Selective H, receptor stimulation
was achieved by infusing histamine intravenously (0.5 pg/kg/min) for 5 min after
pretreatment with cimetidine to antagonize the H, receptors. Heart rate was kept
constant (100 beats/min) by coronary sinus pacing.

In the first group, mean aortic pressure and coronary vascular resistance (CVR)
dropped, while coronary blood flow (CBF) and myocardial oxygen consumption
remained unchanged during histamine infusion. No patient in this group developed
angina during histamine infusion. By contrast, 40% of the second group developed
angina during histamine infusion, with a decrease in CBF and an increase in CVR.
Circumflex coronary arterial spasm was angiographically demonstrated in 1 of these
patients during histamine-induced angina. These findings suggest that stimulation
of the H, receptor in subjects with normal coronary arteries reduces CVR, probably
because of vasodilation of small coronary resistance vessels. This response is also seen
in approximately 60% of patients with vasospastic angina. However, in a considerable
proportion of these patients (40%), H, receptor activation can cause vasoconstriction
of large-capacitance coronary arteries.

These findings may have practical implications in patients taking H, receptor-
blocking drugs. In fact, they support the hypothesis that the endogenous release of
histamine, which is a feature of anaphylactic reactions arising during therapeutic
or diagnostic interventions [24, 53], may precipitate coronary spasm in a subset of
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patients with vasospastic angina. This is substantiated by the finding that premedica-
tion with an H,-receptor antagonist increases the risk of heart block in patients who
develop anaphylaxis [55].

Studies have now started to clarify the role of histamine H, and H, receptors in
the cardiovascular manifestations of anaphylaxis. However, histamine can activate
H; and H, receptors [56, 57]. Levi and coworkers [58-60] identified H; receptors as
inhibitory heteroreceptors in cardiac adrenergic nerve endings. This suggests a mech-
anism by which endogenous histamine can activate norepinephrine release in nor-
mal and ischemic conditions [61, 62]. The functional identification of H; receptors in
the human heart [59] means that these receptors might be directly and/or indirectly
involved in the cardiovascular manifestations of anaphylactic reactions.

Hemodynamic Effects of Cysteinyl Leukotrienes in Man

In a third study the time course of the effects of intravenous and intracoronary injec-
tions of cysteinyl leukotrienes on metabolic parameters and systemic and coronary
hemodynamics was examined in patients with normal coronary arteries [32]. LTD, (3
nmol, injected into the left coronary artery) induced an early (20 s), transient fall in
mean arterial pressure paralleled by rises in heart rate and plasma levels of epineph-
rine and norepinephrine, all of which had returned to baseline by 10 min. CVR rose
at 10 and 15 min and myocardial oxygen extraction at 15 min. Thus, small doses of
cysteinyl leukotrienes may induce both an early, transient fall in mean arterial pres-
sure, with secondary sympathoadrenergic activation, and a later increase in small
coronary arteriolar resistance.

Cysteinyl leukotrienes exert potent biological effects through the activation of
at least two classes of receptors, CysLT, and CysLT,. High levels of CysLT, mRNA
were recently detected in the human atrium, ventricles and coronary artery, while
CysLT, mRNA was barely detectable [63]. Although it is not clear which receptor was
involved in these cardiovascular and metabolic effects, our findings may contribute
to a better understanding of the cardiovascular changes occurring during anaphylaxis
associated with leukotriene release.

Conclusions

Anaphylaxis is the most dramatic and potentially catastrophic manifestation of aller-
gic disorders. It can affect virtually any organ including the cardiovascular system.
Cardiovascular collapse and hypotensive shock in anaphylaxis have been attributed to
peripheral vasodilation, enhanced vascular permeability and plasma leakage, rather
than any direct effect on the myocardium. However, there is increasing experimental
and clinical evidence that the human heart is a site and target of anaphylaxis.
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Mast cells are present in the normal human heart and even more abundant in dis-
eased hearts [16-18, 25, 47]. Within heart tissue, mast cells lie between myocytes and
are in close contact with blood vessels. They are also found in the coronary adventitia
and in the shoulder regions of coronary atheroma [20, 21]. The density of cardiac
mast cells is higher in patients with dilated and ischemic cardiomyopathy than in
accident victims without cardiovascular diseases [25]. Importantly, in some of these
conditions there is in situ evidence of mast cell activation [16, 34].

HHMC activation by circulating antigens, autoantibodies (anti-IgE, anti-FceRI, etc.),
therapeutic (e.g. protamine, general anesthetics) or diagnostic substances (e.g. radiocon-
trast media) injected intravenously explains some of the anaphylactic reactions caused
by these agents. HHMC have FceRI and C5a receptors, which could explain the direct
involvement of cardiac mast cells in systemic and cardiac anaphylaxis. The increases in
cardiac mast cell density and release of vasoactive mediators in patients with dilated car-
diomyopathy [25] might also have clinical implications given the marked cardiovascular
effects of histamine, cysteinyl leukotrienes and PGD, [31, 32, 48, 49, 54].

A series of studies have started to shed light on the cardiovascular and metabolic
effects in man caused by such mast cell-derived mediators as histamine and cystei-
nyl leukotrienes. For instance, exogenous histamine caused a transient fall in blood
pressure, a rise in heart rate and cardiac output, and small changes in pulmonary
vascular resistance [54]. However, in 1 patient there was a progression from first- to
third-degree atrioventricular block. In patients with normal coronary arteries, his-
tamine caused dilation of the small-resistance coronary arteries, which is not com-
pletely mediated by H, receptors [48, 49]. In contrast, in a significant percentage of
patients with vasospastic angina activation of H, receptors can cause vasoconstriction
of large-capacitance coronary arteries [48].

Interestingly, these studies provided the important information that the hemody-
namic effects of mediators depend on both the underlying cardiovascular conditions
and the pharmacologic treatment (e.g. H, blockade).

Cysteinyl leukotrienes can induce an early, transient fall in arterial pressure associ-
ated with sympathoadrenergic activation, plus a late rise in small coronary arteriolar
resistance [32]. Using specific antagonists of CysLT, and CysLT, [63] it will be pos-
sible to assess the each receptor’s contribution to the cardiovascular effects of these
vasoactive mediators.

In conclusion, these in vitro and in vivo studies clearly indicate that the human
heart can be viewed as both a site and a target in anaphylaxis.
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Abstract
It is known that patients with mastocytosis have an increased risk of anaphylaxis. This also appears
to be the case with patients with evidence of a clonal mast cell disorder resulting in the monoclo-
nal mast cell activation syndrome (MMAS) who do not express the full mastocytosis phenotype.
Most patients with mastocytosis are recognized by their characteristic skin lesions. An increased
level of baseline serum mast cell tryptase is also an indicator for a possible clonal mast cell disorder
including mastocytosis. Other markers for mast cell clonality and for mastocytosis include abnor-
mal immunostaining of mast cells with CD25 and CD2, clustering of mast cells in tissues, abnormal
mast cell morphology, and the presence of a mutation in the proto-oncogene c-kit encoding for
the mast cell growth receptor KIT. As recognition depends on an understanding of mastocytosis,
and this disease should be considered in patients with recurrent anaphylaxis, we describe the fea-
tures of mast cell clonality, MMAS and mastocytosis, and review recent findings.

Copyright © 2010 S. Karger AG, Basel

Mast cells express high-affinity IgE Fc receptors (FceRI) on their surface, contain
cytoplasmic granules which are major sources of histamine and other inflammatory
mediators, and are activated to release and generate these mediators by IgE-dependent
and non-IgE-dependent mechanisms [1]. Disturbances either in the release of mast
cell mediators or in mast cell proliferation are associated with clonal mast cell dis-
orders including monoclonal mast cell activation syndrome (MMAS) and mastocy-
tosis respectively, which are in turn associated with some cases of anaphylaxis [2].
Molecular mechanisms have been identified which may link increased releasability
of mast cell mediators and conditions leading to increased mast cell numbers [3].
Patients with mastocytosis have an increased risk to develop anaphylaxis [4, 5] and
those with anaphylaxis may suffer from unrecognized mastocytosis or may display
incomplete features of the disease [6-8].



Description

Mastocytosis is a disorder characterized by increased numbers of mast cells in the skin,
bone marrow, gastrointestinal tract, liver, spleen, and lymph nodes [9, 10]. The preva-
lence is unknown; the incidence has been roughly estimated to be 3-7 new patients
per million per year [9]. Most cases are sporadic with only a limited number (50—
100) of cases with mastocytosis reported to pass from generation to generation [11].
Mastocytosis presents at any age, although most cases occur during the first 2 years of
life (childhood-onset) or after puberty (adult-onset) [9]. Mastocytosis in childhood
often is self-limited and involves only the skin, whereas the course in patients with
adult-onset disease is normally chronic and includes systemic involvement.

Pathogenesis

The most important survival and growth factor for mast cells is the KIT ligand stem
cell factor (SCF) [12]. The hypothesis of early studies, that SCF might be elevated in
skin lesions associated with mastocytosis [13], however, was not confirmed by later
studies on SCF levels in skin and blood, at least for adult patients [14].

Rather, it is now thought that an associated and early event in the evolution of
mastocytosis is the occurrence of an activating mutation in c-kit, the gene for KIT [10,
15]. KIT is a transmembrane tyrosine kinase growth receptor expressed on mast cells.
Ligation of KIT by SCF promotes dimerization of the receptor and subsequent intrin-
sic tyrosine kinase activation. The resulting phosphorylated tyrosine residue serves
as a docking site for intracellular signaling pathways leading to mast cell proliferation
and activation.

In 1995, Nagata et al. [16] identified a point mutation consisting of a substitution
of valine for aspartic acid in the catalytic domain of c-kit (D816V) in the periph-
eral blood of patients with mastocytosis and predominately myelodysplastic features.
Subsequently, the same mutation was identified in adult patients with different forms
of mastocytosis in tissues where mast cells are abundant, such as bone marrow, skin
and spleen [17]. It is now believed that more than 90% of adults with mastocytosis
have the D816V mutation, if bone marrow mononuclear cells are examined [17]. In
a subset of patients, primarily those with more severe disease, the clone expands suf-
ficiently to be detected in peripheral blood [16].

Thus, mastocytosis appears connected with the presence of activated KIT, at least
in adult patients. The huge variance of symptomatology and disease severity among
patients with mastocytosis, however, appears to depend on secondary or coexist-
ing factors [2]. For example, a gain of function polymorphism in the gene for the
IL-4 receptor a chain (Q576R) has been reported to be associated with less extensive
mast cell involvement [18]. As early addition of IL-4 to human mast cell cultures
decreases mast cell number by downregulating KIT expression, the hypothesis is that
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the polymorphism in the IL-4 receptor results in increased IL-4-induced signaling,
limiting the mast cell proliferation by KIT.

In children, the D816V c-kit mutation, and other less common mutations in c-kit,
such as V560G, D816Y, D816F, D816H, E839K, R815K, D820G, V533D, V559A,
del419, K5091, F522C, and A533D, have been detected occasionally in biopsies of
lesional skin or bone marrow, mainly in those with more severe forms of mastocy-
tosis [2, 15]. However, overall c-kit mutations are untypical in children with infant-
onset maculopapular cutaneous mastocytosis (MPCM) [2]. Thus, in many children,
mastocytosis appears to have a different basis from that in most adults.

Previous studies have revealed that activation of KIT markedly potentates
FceRI-mediated mast cell degranulation [19]. In a study in human mast cells, it was
sought how these pathways were linked and how upstream signals produced by
FceRI and KIT were integrated to produce these downstream synergistic responses
in mast cells [3]. It was shown that linker of activation of T cells 2 (LAT2) has a
role both in antigen-mediated and KIT-enhanced degranulation. Using knock-out
mice deficient in specific tyrosine kinases, it was demonstrated that FceRI employs
the tyrosine kinases Lyn and Syk for LAT2 phosphorylation, whereas KIT directly
phosphorylates LAT2 [3]. There was evidence for a role of LAT2 in regulating
PLCyl-dependent calcium mobilization in mast cells. Further, phosphoinositide
3-kinase appeared to be a critical player in the amplification pathway utilized by
KIT activation for the potentiation of antigen-mediated responses. These insights
provide the molecular basis for the observation that in mastocytosis, where an acti-
vating mutation of KIT exists, elevated KIT signaling may further potentate mast
cell activation.

Clinical Features

Cutaneous Involvement

MPCM is the presenting feature in most children and the majority of adult patients
with systemic mastocytosis [9]. This form has also been termed urticaria pigmen-
tosa. The classical lesion of MPCM is a hyperpigmented macula or slightly elevated
papula. In adults, the mean diameter of the lesions is 3 mm [20]. Lesions occur in
a symmetric and disseminated distribution; the trunk and thighs tend to have the
highest density of lesions (fig. 1a). In some patients the lesions are few and not easily
recognized (fig. 1b). When mechanically irritated, the lesions develop an edematous
wheal. This reaction is referred to as Darier’s sign. In children, lesions of MPCM are
larger (mean diameter of 5 mm), and tend to be more hyperpigmented. The trunk
is the most affected site. In addition, MPCM may have other clinical presentations
that are less typical [10, 21]. Thus, MPCM may be telangiectatic and lack pigment
(telangiectasia macularis eruptiva perstans), plaque-like (multiple mastocytomas) or
nodular [10, 22].
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Fig. 1. Typical MPCM (urticaria pigmentosa) is the most common form of cutaneous mastocytosis.
a In adults, lesions consist of numerous small red-brown macules and slightly elevated disseminated
papules. b In less obvious cases, however, lesions are few or less well recognizable and may be over-
looked.

Mastocytomas and diffuse cutaneous mastocytosis are further manifestations of
cutaneous mastocytosis (CM) [9]. Solitary mastocytomas are common in children.
Most are present at birth or develop in infancy. These lesions are flat or mildly ele-
vated, well demarcated, solitary yellowish red-brown plaques or nodules, typically
2-5 cm in diameter. Diffuse cutaneous mastocytosis is a rare disorder character-
ized by diffuse mast cell infiltration of large areas of the skin that presents in infants
in the first year of life. Severe edema and leathery indurations of the skin leads to
accentuation of skin folds (pseudo-lichenified skin) and a peau-dorange-like appear-
ance. Systemic complications include hypotension and gastrointestinal hemorrhage.
Infants and young children with considerable mast cell infiltration of the skin some-
times exhibit blister formation in the first 3 years of life. MPCM and other forms of
CM have been classified in a consensus nomenclature (table 1) [10].

WHO Classification of Systemic Involvement

Whereas in children internal organ involvement (systemic mastocytosis, SM) is unusual,
MPCM in adults is associated with SM in the majority of cases [10]. WHO criteria for
SM consist of the major criterion of multifocal mast cell infiltrates in the bone marrow or
other extracutaneous organ(s) and four minor criteria (table 2) [21]: 25% or more of mast
cells in non-cutaneous biopsy sections with spindle-shaped or abnormal morphology, or
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Table 1. Classification of cutaneous forms of mastocytosis [adapted from 10]

Maculopapular cutaneous mastocytosis/urticaria pigmentosa

Subvariants

Typical urticaria pigmentosa

Plaque-form

Nodular

Telangiectasia macularis eruptiva perstans

Diffuse cutaneous mastocytosis

Mastocytoma of skin

Table 2. Criteria for the diagnosis of systemic mastocytosis' [adapted from 10]

Major criterion

Multifocal dense infiltrates of mast cells in bone marrow and/or other extracutaneous organs

Minor criteria

More than 25% of the mast cells in the bone marrow smears or tissue biopsy sections are spindle
shaped or display atypical morphology

Detection of a codon 816 c-kit point mutation in blood, bone marrow, or lesional tissue

Mast cells in the bone marrow, blood, or other lesional tissue expressing CD25 or CD2

Baseline total tryptase level persistently >20 ng/ml

" One major and one minor, or three minor criteria are needed for the diagnosis of systemic
mastocytosis.

>25% of mast cells in bone marrow aspirate smears are immature or atypical; detection
of a c-kit mutation at codon 816 in non-cutaneous organ(s); mast cells in extracutaneous
organs co-expressing KIT with CD2 and/or CD25, and a baseline serum total tryptase
persistently of >20 ng/ml. If at least one major and one minor, or at least three minor cri-
teria for SM are fulfilled, the diagnosis is made. If the major criterion is absent and bone
marrow mast cells are KIT+ and/or CD2+ and/or CD25+ in the presence of mediator-
related symptoms, the findings are consistent with a clonal mast cell disorder MMAS
[10]. Criteria defining the mast cell burden, involvement of non-mast cell lineages and
aggressiveness of disease subclassify SM in subvariants (table 3) [21].

In children, CM is normally the only manifestation, and resolves in more than
50% of such cases during puberty [23]. Most adults fall into the indolent systemic
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Table 3. WHO classification of mastocytosis [adapted from 10]

Cutaneous mastocytosis (CM)

Indolent systemic mastocytosis (ISM)

Subvariants:

Isolated bone marrow mastocytosis

Smouldering systemic mastocytosis

Systemic mastocytosis with an associated clonal hematologic non-mast cell
lineage disease (SM-AHNMD)

Aggressive systemic mastocytosis

Subvariant:

Lymphadenopathic mastocytosis with eosinophilia

Mast cell leukemia

Mast cell sarcoma

Extracutaneous mastocytoma

mastocytosis (ISM) category [4, 17]. Although progression of skin involvement may
occur, the disease tends to remain stable over many years and evolution of disease
into more severe forms is uncommon [10]. Most adults with CM show focal or diffuse
accumulations of mast cells in the bone marrow [9, 10]. Osteoporosis is not uncom-
mon, and in occasional cases, osteopenia, sclerosis, cystic lesions and, in severe dis-
ease, pathologic fractures are reported [9, 10]. Patients with extensive disease may
exhibit hepatomegaly, splenomegaly or lymphadenopathy caused by accumulation
of mast cells in these organs. Anemia, thrombocytopenia and eosinophilia are less
common.

Patients in the more aggressive categories are less likely to exhibit involvement of
the skin and have a less favorable prognosis [10]. Those patients may have a defin-
able hematological disorder such as a myelodysplastic syndrome, myeloproliferative
disorder, acute leukemia, or a malignant lymphoma. In aggressive mastocytosis and
mast cell leukemia, the clinical course is determined by the rapidity of the increase in
mast cell numbers.

Mast Cell Mediator-Induced Symptoms

Some patients with mastocytosis report flushing, shortness of breath, palpitations,
nausea, diarrhea, hypotension or even syncope [9, 24]. Lethargy and fatigue last-
ing several hours may follow. Gastrointestinal complaints are common in patients
with SM [9, 24]. Abdominal pain is the most frequent symptom, followed by nausea,
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diarrhea, and vomiting. Diarrhea is not generally related to gastric hypersecretion
and has been attributed to altered intestinal secretion, structural mucosal abnormali-
ties, and hypermotility [25]. These symptoms are believed to result in part from an
excess release of mast cell mediators.

Patients sometimes describe recurrent spontaneous episodes with a single symp-
tom or a combination of symptoms, and where findings sometimes resemble anaphy-
laxis. The presence, frequency and severity of these symptoms cannot be predicted
by the degree of organ involvement, although such symptoms are considerably more
frequent with systemic disease [25]. Severe or protracted anaphylaxis may occur in
patients with extensive disease, and even fatal reactions have been described [26].
Those episodes may be IgE-mediated, as following a bee sting in a sensitized individ-
ual; although anaphylaxis in a patient with MMAS or SM may occur in the absence of
demonstrable allergic sensitivity.

Mastocytosis and Anaphylaxis

Frequency of Anaphylaxis in Patients with Mastocytosis

The cumulative prevalence of anaphylaxis in adults with the diagnosis of mastocy-
tosis has been reported to be as high as 49%, and thus is considerably higher than
expected in the general population [4]. In another study, the frequency of anaphylaxis
in adults with mastocytosis was reported to be 22% [5]. In children with CM, the
prevalence was significantly lower and was reported to be 6 and 9%, respectively [4,
5]. One difference between these studies was the definition of anaphylaxis, for which
there is yet no universal agreement. In addition to different patient populations, in
the first study, anaphylaxis was more broadly defined according to World Allergy
Organization criteria as a severe, life-threatening generalized or systemic hypersensi-
tivity reaction [27]. In the second study, anaphylaxis was diagnosed only when more
than one organ system symptoms were present or if there was a laryngeal edema [5],
according to the recommendations of a consensus symposium [28]. In adults, those
with SM had an increased risk for anaphylaxis as compared to patients with CM only
[4]. In children, the risk to develop anaphylaxis was restricted to those with extensive
skin involvement and high serum levels of tryptase [4].

Clinical Features of Anaphylaxis

The most frequent symptoms of anaphylaxis in patients with mastocytosis are
decreased blood pressure and tachycardia. Also observed are dizziness, dyspnea,
flushing, nausea and diarrhea [4]. Severe reactions are typical for patients with mas-
tocytosis. In 55 patients with insect sting allergy and confirmed mastocytosis, 81%
of patients experienced severe anaphylaxis with shock or cardiopulmonary arrest,
whereas clinical reactions of this severity occurred in only 17% of 504 patients with-
out evidence for mastocytosis and normal tryptase levels [29]. In another study in
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patients with mastocytosis, where the severity of anaphylaxis was rated, 60% reported
severe symptoms and 43% experienced loss of consciousness [4]. In addition, there
are reports of fatal anaphylactic reactions in patients with mastocytosis [26]. The risk
for anaphylaxis appears not to be strictly associated with the mast cell load. For exam-
ple, we care for patients with the smouldering variant of SM, which is characterized
by a high mast cell load and highly elevated serum tryptase levels, and where we have
yet to have a report of anaphylaxis.

Elicitors of Anaphylaxis

As in patients without SM, in patients with mastocytosis the most frequent reported
elicitors of anaphylaxis are insect venoms, drugs and foods [4, 5]. Atopic diseases and
the prevalence of allergy in patients with mastocytosis are similar to the prevalence in
the general population [5]. Specific IgE antibodies were commonly found in patients
with insect venom allergy, but not to drugs and foods [5, 7]. Foods were implicated
in the onset of an anaphylactic episode by some patients with mastocytosis, but this
was not confirmed following clinical evaluation. Specific IgE to relevant foods is sel-
dom found [5]. There is insufficient evidence to conclude that histamine in foods can
elicit systemic reactions in patients with mastocytosis. The hypothesis that patients
with reduced levels of diaminooxidase (a histamine-degrading enzyme) may expe-
rience anaphylaxis following histamine intake is not supported by the observation
that diaminooxidase levels were no different in patients with mastocytosis with and
without anaphylaxis [4].

Some drugs reported to elicit anaphylaxis in patients with mastocytosis [4, 5], such as
opiates (including morphine and codeine) and muscle relaxants, may in some instances,
directly activate mast cells in some, but not all, patients. Severe anaphylactoid reactions
as well as coagulopathy have been reported in a few patients with mastocytosis undergo-
ing general anesthesia, or following upper gastrointestinal endoscopy [9]. Other phar-
maceutical agents, such as aspirin (acetylsalicylic acid) and other NSAIDs and alcohol,
are described to elicit pseudo-allergic reactions in a subset of patients with mastocytosis
and have been reported to be augmentation factors for IgE-mediated allergic reactions.
Antibiotics (such as betalactams) and radiocontrast media are also associated with epi-
sodes of anaphylaxis in some patients with and without mastocytosis [4].

Hymenoptera venom is a prominent trigger of systemic reactions. Severe and fatal
reactions have been described in patients with mastocytosis [9, 30, 31]. In few cases
with urticaria pigmentosa and Hymenoptera venom anaphylaxis, no sensitization
could be detected by means of skin tests and determination of specific IgE antibodies
[32]. However, larger series found evidence that these systemic reactions are normally
IgE-mediated insect sting allergies [7, 33].

Physical factors, such as heat, mechanical stimulation and exercise, may some-
times lead to mast cell degranulation and whealing in the skin, but rarely provoke
systemic anaphylaxis [4, 26]. Patients do report that these and other factors in com-
bination (such as exercise, heat and alcohol) may elicit anaphylaxis in summation.
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In one study, 26% of anaphylactic reactions were reported to have developed after a
combination of elicitors [4]. In other patients with mastocytosis, anaphylaxis remains
idiopathic despite an extensive search for an allergic basis.

Diagnosis

Mastocytosis is recognized in most patients because of the presence of characteristic
cutaneous lesions [10]. A positive Darier’s sign and/or histological examination of the
skin using metachromatic stains, or by immunohistochemistry using antibodies to
mast cell tryptase, helps confirm the diagnosis of cutaneous disease.

Different forms of precursor and mature forms of mast cell tryptase have been
described, namely a-, B-, y-, and §-tryptase [34]. The monoclonal antibodies prepared
against tryptase used in the assay commercially available (Phadia, Uppsala, Sweden)
recognize mature and precursor forms of a- and P-tryptases only, whereas the other
forms are either not recognized or not present in human mast cells. This is clinically
relevant, because a/p-tryptase precursors seem to be continuously secreted by human
mast cells, their level in the serum probably providing a measure of systemic mast cell
involvement, whereas mature tryptase, presumably P-tryptase, is stored in secretory
granules and is released only during granule exocytosis, with levels thereby reflecting
mast cell activation.

Thus, whereas biochemical demonstration of elevated serum levels of total (a/f-)
mast cell tryptase (>20 ng/ml) raises the suspicion of SM, in CM, tryptase levels tend
to be within the normal range. Particularly in adults with CM and elevated serum
tryptase, bone marrow biopsy and aspiration should be considered for staging of dis-
ease and for exclusion of associated hematological abnormalities. The most sensitive
method to support the diagnosis of SM in the bone marrow aspirate is to identify
the co-expression of CD2 and/or CD25 in CD117 (KIT)-positive mast cells by flow
cytometry or by immunohistochemical analysis of bone marrow biopsies [35, 36].
In addition, a c-kit mutational analysis should be performed [37]. The D816V point
mutation is best detected in bone marrow tissues, where the number of malignant
mast cells is high. The diagnosis of SM and determination of the subcategory is made
according to WHO criteria [21]. In patients with SM, the size of the liver and spleen
may be evaluated by ultrasound or CT. Bone density is determined by the DXA
method because of the risk of osteoporosis.

If patients have experienced anaphylaxis, the identification of any possible elicitor
is important to help avoid further episodes. With skin tests and specific IgE antibod-
ies combined with history, a relevant allergy may be detected. Cellular tests monitor-
ing basophil histamine release or basophil activation may be helpful in some patients
who resist diagnosis by standard means [26, 31].

Mastocytosis may present as anaphylaxis [9]. Sometimes the diagnosis of MPCM
is made during the course of the evaluation of an anaphylactic episode. Thus in all
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patients with anaphylaxis, a skin examination should be performed to exclude CM
[26]. Basal serum tryptase level should be determined. As serum tryptase levels may
stay elevated for several hours after severe anaphylaxis, it is important to repeat the
determination after some days. In cases with anaphylaxis and basal tryptase values
>20 ng/ml, a bone marrow biopsy to exclude SM may be warranted. This examination
may also be considered in patients with recurrent anaphylactic episodes even without
clearly elevated tryptase levels. There have been cases with idiopathic anaphylaxis in
whom the diagnosis of SM was made by bone marrow biopsy [26, 32].

The activating D816V KIT mutation and other minor criteria for the diagnosis of
mastocytosis have been reported in some patients with anaphylaxis who do not meet
the full diagnostic criteria for mastocytosis [8]. In a report on 12 patients with unex-
plained anaphylaxis, who neither exhibited urticaria pigmentosa nor the characteris-
tic bone marrow biopsy finding of multifocal mast cell aggregates for SM, 5 patients
had evidence of one or more minor criteria for mastocytosis [6]. The D816V KIT
mutation was found in all 3 patients in CD25+ bone marrow cells where the analysis
was performed. This report and others led a consensus conference to conclude that
if the major criterion for the diagnosis of mastocytosis is absent and bone marrow
mast cells are KIT+ and/or CD2+ and/or CD25+ in the presence of mediator-related
symptoms, the diagnosis should be MMAS [10].

In a later study, the incidence of a clonal mast cell disorder (either mastocytosis or
MMAS) was assessed in 44 subjects with a serum baseline total tryptase level >11.4
ng/ml who were among 379 patients with a prior systemic immediate hypersensitiv-
ity reaction to a Hymenoptera sting. Resultant data indicated that the majority of
these patients had an underlying clonal mast cell disorder, either SM or MMAS, by
assessing the bone marrow for mast cell granulomas, spindle-shaped mast cells and
mast cells expressing surface CD2 or CD25, and the serum for an elevated tryptase
level [7]. These results demonstrate the presence of an aberrant mast cell popula-
tion carrying clonal markers in patients diagnosed with idiopathic or Hymenoptera
venom anaphylaxis. In patients with anaphylaxis and increased serum tryptase lev-
els, a BM examination may thus be indicated for the diagnosis of a clonal mast cell
disease.

Therapy

There is no cure for mastocytosis and treatment remains largely symptomatic [2, 9,
10]. All patients with mastocytosis should be informed about the disease, includ-
ing prognosis and complications. Therapy for mastocytosis encompasses avoidance
of trigger factors, targeting symptoms of mast cell mediator release and therapy of
skin lesions. Cytoreductive forms of treatment are only indicated in patients with
aggressive mastocytosis, or an associated hematological disorder, including mast cell
leukemia.
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Table 4. Triggers for mast cell mediator release'

Mechanical irritation of the skin (rubbing, scratching, friction)

Heat (e.g. hot shower), cold, sudden change of temperature

Physical exercise

Insect stings (e.g. bee and wasp stings)

Drugs (radiocontrast media, drugs used in general anesthesia, codeine morphine,
dextromethorphan, aspirin, and other analgesics)

Infection

Alcohol

" Note not all patients with mastocytosis have reactions provoked by all factors. For example, many
patients with mastocytosis tolerate radiocontrast media, anesthesia, morphine, dextrometorphan,
aspirin, and other analgesics. When in question, patients should undergo graded challenges to
determine sensitivity.

Avoidance of Trigger Factors and Treatment of Anaphylaxis

Specific information on trigger factors and signs of mast cell degranulation, poten-
tially leading to anaphylactic reactions, should to be provided. A list of trigger factors
known to induce symptoms in patients is given in table 4 [9]. Not all patients with
mastocytosis have reactions provoked by all factors. For example, many patients with
mastocytosis tolerate radiocontrast media, anesthesia, morphine, dextrometorphan,
aspirin, and other analgesics. When in question, patients should undergo graded
challenges to determine sensitivity.

It has been stated that adults with mastocytosis as well as children with bullous
lesions and with more severe involvement, and especially those with previous reac-
tions, are at increased risk for anaphylaxis [4]. Thus, we recommend that patients at
risk carry an emergency kit for self-medication which includes epinephrine and, as
warranted, an antihistamine and a corticosteroid [38].

Patients with mastocytosis also have to be considered at increased risk when
administered iodinated contrast media, when undergoing general anesthesia, or dur-
ing endoscopic procedures. Protocols aiming at ameliorating these reactions employ
premedication with H;- and H,-antihistamines, sometimes corticosteroids depend-
ing upon the procedure, and availability of means of resuscitation [26]. In 22 children
with mastocytosis, the frequency and adverse reactions to routine anesthesia was
assessed [39]. In 29 anesthetic procedures, including 24 cases with general anesthesia,
these procedures were tolerated with the exception of 2 cases with flushing and 4 cases
with nausea and/or vomiting even without specific premedication. Thus, as long as
the anesthetist is informed about the patient and regular stabilizing medications are
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continued, at least in children, a premedication may not be routinely necessary before
general anesthesia.

Diet should be modified only in cases where foods have been proven to elicit symp-
toms. Patients with mastocytosis and Hymenoptera venom exposure are at risk for
severe anaphylaxis. Thus, specific immunotherapy should be considered in patients
with Hymenoptera venom allergy and then administered under close supervision
[31]. The majority of patients with mastocytosis reportedly tolerate immunotherapy
without significant side effects and appear protected following this approach [33, 40].
However, there does appear to be some increased risk for adverse reactions during
initiation of immunotherapy, as well as for therapy failures [31, 33]. An increased
maintenance dose of insect venom has been reported to carry better success rates by
sting provocation [41]. Also, in the light of 2 fatal cases of anaphylaxis after discon-
tinuation of SIT in patients with mastocytosis [30], lifelong immunotherapy should
be considered [26].

In rare cases, initiation of specific immunotherapy with insect venom leads to
recurrent anaphylaxis, even with antihistamine premedication. In those cases, co-
medication with omalizumab (anti-IgE) has been reported to induce tolerance. In a
case of recurrent anaphylaxis to induction of specific immunotherapy, the injection
of 300 mg of omalizumab between 4 days and 1 h reportedly led to tolerance [42].
This approach also appears worthy of consideration in patients with both idiopathic
recurrent anaphylaxis and mastocytosis who do not respond to standard antimedia-
tor therapy, as has been described in 2 atopic patients with ISM [43]. Most patients
with mastocytosis and idiopathic anaphylaxis, however, are sufficiently controlled
by standard antimediator therapy with antihistamines with or without low-dose
corticosteroids.

Therapy of Mast Cell Mediator-Induced Symptoms

Recommendations for the treatment of mastocytosis have been published [10]. In
brief, non-sedating H,-antihistamines are the agents of choice for pruritus and asso-
ciated wheal and flare of skin lesions. For prophylaxis of recurrent episodes of ana-
phylaxis or persistent pruritus, antihistamines should be administered daily. Gastric
acid hypersecretion, peptic ulcer disease, and reflux esophagitis may be managed
with H,-receptor blockers and/or proton pump inhibitors. Cromolyn sodium may be
helpful for gastrointestinal symptoms, particularly in children. Anticholinergics may
be tried to control diarrhea. Systemic corticosteroids are used restrictedly in cases of
malabsorption or ascites. Calcium, vitamin D and bisphosphonates are the drugs of
choice for osteoporosis.

Therapy of Skin Lesions

Application of topical corticosteroids under occlusion, or UV therapy (PUVA, UVA1)
has been reported to lead to dermatologic improvement in patients with CM [9].
Both are effective in reducing pruritus and urtication, but relapse typically occurs
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a few months after therapy is discontinued. The benefits of these forms of therapy
have to be weighed against the potential for inducing side effects. Thus, topical corti-
costeroids should be considered primarily for the treatment of localized skin lesions,
such as mastocytomas causing flushing or blistering. Topical treatment with the raft
modulator miltefosine has been tried as a novel therapeutic option for mastocytosis
[44]. However, twice daily application of miltefosine solution led to irritation rather
than reduction of skin swelling and skin numbers, possibly due to the presence of
potentially irritating alkanol propandiol as a vehicle.

Therapy of Aggressive Forms of Mastocytosis

Patients with SM-AHNMD are managed using therapy appropriate for the associ-
ated hematological disorder [2, 10]. Chemotherapy has not been shown to produce
remission or to effectively prolong survival in patients with mast cell leukemia, and is
not indicated in the management of ISM, as it may lead to bone marrow suppression
without improving the symptoms of mastocytosis. A partial response to interferon-
yp, often in combination with corticosteroids, has been reported in some patients
with aggressive disease [2]. Cladribine (2-cholorodeoxyadenosine) has been reported
to reduce the mast cell burden in case reports and may be used in aggressive masto-
cytosis [2]. It should be considered however that cladribine can induce pancytopenia,
and has an unknown potential oncogenicity. Splenectomy may be performed in the
management of patients with aggressive mastocytosis and hypersplenism leading to
portal hypertension.

Newer therapeutic approaches being investigated target neoplastic mast cells bear-
ing CD25, or inhibit tumor necrosis factor (thalidomide, lenalidomide) [2]. Bone
marrow transplantation is under investigation, although results to date have been dis-
appointing or have to be reproduced [2].

The tyrosine kinase inhibitor imatinib is not generally indicated in patients with
typical D816V mutations in KIT, as steric conformations of the receptor interfere
with the action of the drug [45]. The drug has been reported to reduce mast cell load
and symptoms in patients with mutations in c-kit at other sites [46]. Other tyrosine
kinase inhibitors, such as dasatinib, PKC412 and AMN 107, inhibit KIT with muta-
tions at codon 816. Data available indicate a somewhat limited effect of these drugs
on aggressive mast cell disease and/or significant toxicity [2]. It has been proposed
that a multiple drug approach using combination therapy with targeted agents that
have different mechanisms of action be considered [2].
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Abstract
The application and development of new in vitro techniques aims to enable a diagnosis to be
reached while incurring no risk for the patient, a situation which is particularly desirable in the case
of severe reactions like anaphylaxis. The in vitro diagnosis of anaphylaxis includes, among other
aspects, the serial measurement of mediators which are released in the course of an anaphylactic
reaction such as tryptase, histamine, chymase, carboxypeptidase A3, platelet-activating factor and
other products from mastocytes. The detection of agents which trigger the anaphylactic reaction
can be made with the use of serologic methods: serum-specific IgE or with cellular tests which mea-
sure the release of basophil mediators (leukotrienes, histamine) or with the analysis of the expres-
sion of basophil markers, a technique known as the basophil activation test. These techniques offer
interesting alternatives in the diagnosis of anaphylaxis. The basophil activation test provides impor-
tant advantages in patients with anaphylaxis to -lactams, non-steroidal anti-inflammatory drugs,
neuromuscular blocking agents and drugs where there is no technique to measure specific IgE.
Copyright © 2010 S. Karger AG, Basel

The application and development of new in vitro diagnostic techniques aims to enable
physicians to reach an allergy diagnosis with no risk for the patient. This is particu-
larly desirable in the case of serious reactions such as anaphylaxis, by confirming the
existence of an anaphylactic reaction and differentiating between individuals which
present with sensitization but no clinical symptoms following exposure to the aller-
gen from those that show a serious clinical reaction.

In general, the in vitro diagnosis of anaphylaxis includes, amongst others, the serial
measurement of mediators such as tryptase, as well as other mediators such as hista-
mine, chymase, carboxypeptidase A3, platelet-activating factor and other products of
mastocytes. The identification of the allergens triggering such reactions occupies an
important place in this chapter on the in vitro diagnosis of anaphylaxis and together
with the determination of specific IgE or the quantification of basophil activation
markers following their activation by the allergen using flow cytometry or the pro-
duction of mediators following cell activation offer us interesting alternatives in the
diagnosis of anaphylaxis.



Over the last decade, new perspectives have been opened up with the use of natural
purified and/or recombinant allergens for the molecular diagnosis of allergy which will
provide us with precise information for the diagnosis of clinical reactions experienced
by patients and which are particularly applicable to the diagnosis of anaphylaxis.

Diagnosis of Anaphylactic Reaction
Mediators in Anaphylaxis

The latest consensus on the definition and management [1] of anaphylaxis agrees on
the lack of universally accepted diagnostic criteria and reliable laboratory biomarkers
to confirm the clinical impression. Sometimes it is not feasible to obtain the samples
within the optimum time frame. Moreover, in spite of a correct collection of samples,
histamine and/or tryptase are within normal levels. Hence, new markers should be
explored and further research into the role of selected mediators is urgently needed.
Recently however, studies from animal models have shown promising results. In this
chapter we will seek to review our current knowledge on confirmed or putative mark-
ers for the in vitro diagnosis of anaphylaxis.

Histamine

Histamine is a critical mediator in anaphylactic reactions. It is a diamine produced by
decarboxylation of the amino acid histidine in the Golgi apparatus of mast cells and
basophils. Once secreted, it is rapidly metabolized by histamine methyltransferase [2].
Plasma histamine levels are elevated in anaphylaxis, reaching a concentration peak at
5 min and declining to baseline by 30-60 min [3]. Therefore, histamine samples for
assessing an anaphylactic reaction should be obtained within 15 min of the onset of
the reaction. Urinary metabolites of histamine may be found for up to 24 h.

Tryptase
Tryptase is a serine esterase with a molecular weight of 110-130 kDa. Tryptase binds to
heparin or other proteoglycans through its cationic groove. Heparin-stabilized tetram-
ers of tryptase are stored in mast cell granules [4]. It is the principal component of
mast cells secretory granules accounting for as much as 25% of cell protein. Basophils
are the only other cell type that also contain tryptase but in a much lower amount [5,
6]. Tryptase is secreted as a larger active proteoglycan complex that limits tissue diffu-
sion allowing detection of tryptase in fluids for a longer period than histamine.
Tryptase is at the present moment the main clinical marker for anaphylaxis and
mastocytosis. There are two major human mast cells tryptases, a- and B-tryptase,
encoded by two genes located at chromosome 16. The haploid genotype for tryptase
is Pa or . 25% of individuals are a-tryptase-deficient; a-tryptase shows a 90% amino
acid sequence identity with B-tryptase.
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ao/B-Protryptases are spontaneously secreted by resting mast cells. Mature
B-tryptase is stored within mast cell granules and is secreted upon mast cell activa-
tion. The main biological substrate of tryptase has not been fully described. There is
no direct evidence of a role for tryptases in the pathogenesis of asthma and allergic
inflammation. It may act by spreading a degranulation signal from mast cell to mast
cell.

Two immunoassays have been developed to measure tryptase in human fluids, one
that measures mature o/p-tryptases, i.e. total tryptase, available commercially, and
one developed by Schwartz et al. [7] that measures both mature -tryptase and imma-
ture a/p-tryptases. This distinction is of clinical relevance since immature tryptases
reflect mast cell burden whereas mature tryptases indicate mast cell activation. Thus,
for the diagnosis of anaphylaxis it would be extremely important to be able to differ-
entiate between acute anaphylaxis and increases in tryptase due to increase in num-
bers of mast cells as happens in mastocytosis. Total tryptase would be high in both
conditions, whereas mature tryptase will be only high in anaphylaxis but negligible in
mastocytosis.

In healthy subjects, mature tryptase levels in serum and plasma are undetectable
(<1 ng/ml) whereas total tryptase levels range from 1 to 15 ng/ml. Gender or haplo-
type does not affect amounts of total tryptase.

After an anaphylactic reaction induced by Hymenoptera sting [8], B-tryptase lev-
els in circulation are maximal between 15 and 120 min. For that reason, sampling is
recommended 60-120 min after the reaction. The levels of tryptase correlate with
the blood pressure drop, thus reflecting the severity of the reaction. There are also
reports that indicate that elevated tryptase levels postmortem serve as an indicator
of premortem anaphylaxis [9]. However, high serum tryptase levels in a postmor-
tem specimen by itself might be insufficient for the diagnosis of anaphylaxis since
tryptase could increase non-specifically. Interestingly, tryptase levels are much higher
with venom-induced anaphylaxis than with food-induced anaphylaxis. This might be
the reason why after anaphylaxis induced by food allergens even with severe clinical
symptoms, often mature tryptase is not elevated [9]. This may be because mast cells
are not the effector cell in such reactions.

Finally, it is worth mentioning that tryptase levels do not differentiate between
immunologic and non-immunological mast cell activation and do not contribute to
the identification of the cause of the anaphylactic reaction. To date, very few media-
tors [10] apart from histamine and tryptase have been investigated as markers for
anaphylaxis. Recent studies also include other mediators that we will only examine
briefly. A more extensive review can be found elsewhere [2, 11].

Chymase

As is the case with tryptase, chymase is also stored in mast cell granules. This media-
tor can activate the angiotensin system converting angiotensin I to angiotensin II.
With this action it compensates the intravascular loss of volume and the permeability
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increase that occurs in an anaphylaxis reaction. This is why angiotensin-converting
enzyme inhibitors could inhibit this compensatory effect and may predispose at-risk
patients to anaphylaxis. The first report of the usefulness of chymase [12] was based
on the examination of 8 autopsy cases with anaphylaxis and 104 control cases with-
out anaphylaxis. Chymase was detected in all 8 cases with anaphylaxis while it was
detected in only 2 of the 104 controls. The authors found a significant correlation
with tryptase. Moreover, chymase was quite stable in serum.

More recently, the same group [13] found positive chymase staining in lung mast
cells from postmortem samples after fatal anaphylactic drug reactions.

Mast Cell Carboxypeptidase A3

Mast cell protease A3 is less well characterized than tryptase and chymase in terms
of physiological substrates. It is involved, among its other functions, in angiotensin
metabolism.

Platelet-Activation Factor

This mediator, apart from aggregating platelets and stimulating many cells types, is a
very potent mediator in allergic reactions causing bronchoconstriction with a 1,000
times more potency than histamine. It is able to increase vascular permeability and
cause chemotaxis and degranulation of eosinophils and neutrophils [14-16].

Finally, other mediators such as leukotrienes and prostaglandins may also play a
role. Denzlinger et al. [17] first reported an increase in urinary leukotriene E, in ana-
phylactic reactions. This has been recently confirmed [18], along with an increase in
9a,113-PGF, concentrations during anaphylaxis.

Diagnostic Tools for the Identification of Anaphylaxis-Triggering Allergens

The detection of reactions mediated by specific IgE to agents triggering anaphylaxis
may be achieved by means of serological methods: serum-specific IgE, or by means
of cellular tests which determine the release of basophil mediators (leukotrienes and
histamine) or by means of the analysis of basophil expression markers, a technique
known as the basophil activation test (BAT).

The principle underlying the BAT is that the attachment of the antigen to the IgE
present on the surface of the basophil leads to the activation of the basophil and the
release of its mediators (histamine, leukotrienes, prostaglandins, etc.) and the expres-
sion on its membrane of molecules such as CD63, CD203c or others which are mark-
ers of basophil activation. The basophils are identified with monoclonal antibodies
marked with fluorochromes and anti-IgE and anti-CD63 receptors [for a complete
review, we suggest readers read references 19-22].

We will now provide an overview of the results obtained using these technologies
for the most common elicitors of anaphylaxis.
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Drugs

B-Lactam Antibiotics

The B-lactams (penicillins and their derivatives) are the drugs which most frequently
cause IgE-mediated anaphylactic reactions. Diagnosis is based on skin tests. To date,
the best validated in vitro diagnostic methods are specific IgE and BAT. As for the
determination of specific IgE using ImmunoCap (Phadia AB, Uppsala, Sweden), the
sensitivity of the technique in the diagnosis of immediate reaction to -lactams with
positive skin test ranges, according to the study, from 37 to 54% with a specificity of
between 83 and 100% [23, 24].

In patients allergic to 3-lactams with negative skin tests but positive oral challenge
tests, the sensitivity of the technique is 42% according to a study carried out by Blanca
et al. [24]. In everyday clinical practice a drop in the sensitivity of CAP to B-lactams
has been observed in recent years as a result of changes in the type of p-lactam cur-
rently consumed, with a tendency towards greater use of aminopenicillins and cepha-
losporins, which entails a change in the pattern of specificities recognized by the IgE.
This means that the haptens currently available in ImmunoCap, benzylpenicillin,
penicillin V and amoxicillin, may give false-negatives because of this change. Thus,
it is a proven fact that the antigenic determinants of f-lactams in in vitro tests are
inadequate for the evaluation of patients with immediate reactions to these drugs
and consequently it is necessary to broaden the number of antigenic determinants in
which cephalosporins should also be included [20].

As for the results obtained with BAT for B-lactams, this technique provides four
important advantages as compared to the determination of specific IgE: (a) greater
specificity: 93% for BAT vs. 86% for specific IgE. (b) Greater sensitivity: depend-
ing on the technique used sensitivity for BAT ranges from 48 to 50% vs. 37 to 44%
for CAP [23, 25]. (c) The ability of BAT to diagnose sensitization to cephalosporins,
where sensitivity ranges from 50 to 77% in the cases studied [23, 25]. (d) Detection of
patients sensitized to 3-lactams with negative skin tests and negative in vitro specific
IgE, thus avoiding the use of potentially dangerous challenge tests. In this type of
patient, sensitivity ranges from 14% [25] to 33% [26] (fig. 1-5).

Neuromuscular Blocking Agents (NMBA)

NMBAs are the main agents triggering anaphylactic reactions during anesthesia, both
by means of IgE-mediated reactions and anaphylactoid reactions. Commercially, sux-
amethone is the only NMBD for which the possibility exists of determining specific
IgE using ImmunoCap (c202, Phadia AB), with a low sensitivity which ranges from
30 to 60% depending on the study [27-30]. Non-commercial prototypes currently
exist which include morphine, rocuronium and pholcodine with high levels of sen-
sitivity (60-80%) and specificity (93-100%) [31]. These excellent results have meant
that an important part of studies published on BAT and drug-allergic reactions have
focused on the analysis of this type of drug. Since the first validation study in this area
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carried out by Abuaf et al. [27] in which the sensitivity of BAT was 64% in patients
with immediate reactions due to NMBA, with a specificity of 94%, similar data have
been repeated in subsequent studies [28] which have even reported even higher
sensitivities for this technique (up to 92%) when the reactions are studied within 3

130 Sanz-Gamboa - Garcia-Figueroa - Ferrer



1000 1 Gate 1 10001 Gate2
Lymphocyte selection ] Basophil selection: cells with
800 goo 4  high-affinity IgE receptors
z o
& 600 £ 600 4
% S ]
© ©v 4
& @ ]
2 400 2 400
<) ]
w B
200 200 E
R1 ] R2
0+ 0 t+—F—+rrrmr——rr
0 200 400 600 800 1,000 100 10’ 10 103 104
Side scatter A-IgE FITC
Fig. 3. Flow cytometry analysis. CellQuest software. The fluorescence of 50,000 cells is measured.
Negative control Positive control Ag-specific response
Anti-IgE
10 1.6% 104 g 10
84% 75%
o 103 L, 103 L, 103
e e o
@ 102 Q102 B 102
a o 8
Y 10t Y 10t 100
100 100 100
100 10! 102 103 104 100 10" 102 103 104 100 10" 102 103 104
A-IgE FITC A-IgE FITC A-IgE FITC

Fig. 4. CellQuest software. Analysis of CD63-expressing cells.

years of their occurrence [29, 31]. Furthermore, with this type of drugs, BAT even
proves useful to determine the existence or not of cross-reactivities between different
NMBAs and thus is able to indicate the suitable agent in subsequent anesthesias to
avoid further reactions.

Non-Steroidal Anti-Inflammatory Drugs (NSAIDs)
Within this group of drugs there are two types of reaction:

(1) Reactions not mediated by IgE but produced by a pharmacologic reaction
predominantly by the NSAID inhibitors COX-1 and -2 which can cause respiratory,
skin or both types of reaction or severe anaphylaxis. These are the most frequent
types of reaction. To date, only BAT has been validated as an in vitro diagnostic
test with contrasted usefulness. In the best argued study [32], sensitivity of the test
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using only two NSAIDs (acetylsalicylic acid and diclofenac) was 58% with an excel-
lent specificity of 93%, which makes it the in vitro test of choice for this type of
disorder.

(2) Allergy mediated by selective IgE to certain types of NSAIDs by which symp-
toms are caused exclusively by a specific group of NSAIDs and no cross-reactivity
exists with the other groups of anti-inflammatories. In a study carried out with 26
methimazole-allergic patients with IgE-mediated reactions [33], 14 of which devel-
oped anaphylaxis, BAT showed a sensitivity of 42% with an optimum specificity of
100%. No other validated in vitro test exists to date for the diagnosis of this disorder
and so it represents an essential aid to diagnosis.

Other Drugs

In relation to specific IgE, the range available drugs is limited. The reliability of spe-
cific IgE determination is good in IgE-mediated reactions to chlorhexidine [34] and
also in immediate reactions to tetanus toxoid [35]. BAT has been shown to be useful
in the diagnosis of many other allergic reactions caused by drugs, which are less fre-
quently responsible for immediate allergic reactions with an immunologic basis and
which in many cases progress to anaphylaxis and for which no specific IgE is available
as an in vitro diagnostic aid, such as omeprazole, hyaluronidase, patent blue, etc. [for
a complete review, see 19].
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Latex

The determination of specific IgE constitutes an effective method in the diagnosis of
latex allergy, with similar results between different commercial immunoassays with
levels of sensitivity between 73 and 86% and a specificity of 97% [36, 37].

As far as BAT is concerned, it has been validated by different authors in the diag-
nosis of latex allergy [36-38] with sensitivity and specificity values near to or higher
than 90%. Furthermore, BAT is capable of diagnosing latex-allergic patients with neg-
ative skin tests and/or negative specific IgE (BAT positive in the 13 patients studied)
and ruling out the existence of latex allergy in non-allergic patients with false-positive
specific IgE (20/24 patients) [37].

In any case, BAT is the in vitro technique with the best sensitivity and specificity val-
ues without exposing the patient to any kind of risk. The use of natural purified and/or
recombinant allergens allows the pattern of sensitization of different groups of patients
to be established and the diagnostic yield of both techniques to be increased [39].

Anisakis Allergy

The usual diagnostic methods, both skin tests and specific IgE with whole Anisakis
extract, have a good sensitivity but a low specificity to such a degree that in 22% of blood
donors specific IgE to the parasite is detected [40] and at least 20% of patients with acute
urticaria have positive skin prick tests with whole Anisakis extract [41].As for BAT with
whole Anisakis extract, Gonzalez-Muioz et al. [42] report a sensitivity of 96% with a
specificity of 96%, which are clearly higher values than those from specific IgE.

In our experience, BAT with whole Anisakis extract has a sensitivity approach-
ing 100% (with the great majority of the patients studied with anaphylaxis) but with
a specificity lower than 70% in patients with acute urticaria with positive skin prick
tests and specific IgE with whole Anisakis extract. However, the use of purified aller-
gens native to this parasite (Ani s 1 and Ani s 3) [43] allows a diagnosis to be made in
over 90% of patients with immediate allergy to this parasite with a specificity of 100%
including among the controls the patients with acute urticaria mentioned above. On
the basis of these data, it can be stated that native purified allergens allow a precise
diagnosis of Anisakis allergy to be made.

Insect Venom Allergy
Within 1 year of the reaction, between 70 and 90% of patients have specific IgE posi-
tive to venoms while only between 10 and 20% of people with a negative history have

positive test results. The predictive value of skin tests and the determination of spe-
cific IgE is not high in that between 55 and 76% of people with positive specific IgE
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do not react clinically to a new sting. In contrast, some of the people (between 0
and 28%) with negative IgE do experience a reaction. The negative controls that have
positive specific IgE have a risk of suffering reactions following a sting of between 19
and 39%.

One limitation of serum-specific IgE is that given the cross-reactivity between
different Hymenoptera venoms, and also due to the presence of anti-carbohydrate
antibodies, it is frequent to find several simultaneous positive results in patients with
non-identified insect stings, a situation which makes diagnosis of the same difficult.
In these cases, RAST inhibition and the release of histamine occasionally provide data
on the venom involved and when this is not the case, it is advisable to administer
immunotherapy against both [44].

In patients presenting with insect venom allergy, BAT offers sensitivity and speci-
ficity values similar to those of CAP. In wasp venom allergy, where the majority of
patients have been studied, sensitivity in the different studies ranges from 80 to 100%
with specificity values of 100% [45]. In bee venom allergy, the number of patients
studied is much lower but the sensitivity values are 100%. In these patients BAT pro-
vides added advantages such as its ability to specify the diagnosis in those patients
with discrepancies between skin tests and specific IgE, sting by an unknown insect
and double positive results in skin tests and/or IgE [46-48]. It may also be useful to
determine the success of immunotherapy treatment in these patients [49].

Foods

Although the gold standard in the diagnosis of food allergy is challenge with the food
in question, especially within a double-blind placebo-controlled paradigm, in the case
of patients who have suffered anaphylaxis the risk involved with re-exposure counter-
indicates its use, at least in normal clinical practice. In such cases, the etiologic diag-
nosis of food allergy is based on the demonstration of the existence of IgE antibodies
against the food in question. This demonstration may be carried out in vivo using
skin prick tests and in vitro using cellular or serologic techniques by quantifying the
levels of specific serum IgE of the food responsible. However, occasionally in highly
sensitized patients, skin tests may trigger generalized reactions and as a result in the
most serious cases determination of specific serum IgE may be the method of choice
to show IgE sensitization as a clearly positive result makes the use of other techniques
unnecessary [50].

To date, no studies have been published on the sensitivity and specificity of the
determination of specific IgE against foods in series of patients experiencing ana-
phylaxis as a manifestation of their food allergy. However, in general it is assumed
that the determination of specific IgE against animal foods offers better results than
the determination of specific IgE against plant foods, both in terms of sensitivity and
specificity.
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Several studies show that the patients with suspected food allergy in whom clinical
reactivity is confirmed in the challenge test have specific IgE concentrations against
the respective foods which are greater than those in whom the test was negative [51].
However, the possible relationship between specific IgE concentration against a food
and the severity of the reaction remains controversial. No such correlation was found
in a European study in patients with soy allergy [52] (children and adults, 97% with
another associated atopic disease: 33% atopic dermatitis, 66% asthma and 67% rhi-
noconjunctivitis) or in the study by Flinterman et al. [53] in which no correlation
was found in peanut-allergic children. In contrast, Hourihane et al. [54] found that
in adults, and to a lesser degree in children, IgE levels to peanut did correlate with
the severity of the reaction observed during challenge with low doses of this food.
Similarly, Peeters et al. [55], in a series of adults allergic to peanut, reported that
those who reacted at low doses in the challenge had higher IgE levels to peanut than
those who reacted at high doses. In any case, the considerable overlap of IgE levels in
patients with different clinical expressions of food allergy limits the predictive useful-
ness of severe reactions.

The allergenic molecules capable of triggering a systemic anaphylactic reaction
share certain physical and chemical properties such as being stable to acid pH and
the action of digestive proteolytic enzymes. This stability is common among whole
food allergens which are capable of both sensitizing and inducing symptoms via the
digestive route, thus giving rise to the so-called type 1 food allergy [56]. Most of the
food allergens from animal foods belong to this category, such as a-lactalbumin,
B-lactoglobulin, casein and bovine milk albumin, ovalbumin, ovomucoid, egg
ovotransferrin and lysozyme, fish and amphibian parvalbumins, and shellfish tro-
pomyosins. Given their great stability, other members of this category include plant
allergens belonging to the superfamily of the prolamines (cereal prolamines, 2S seed,
legume and nut albumins and the ubiquitous lipid transport proteins (LTPs) and the
cupins (7S and 118 seed, legume and nut globulins). Especially in plant foods, it is
common that in the same food source both whole allergens are present as well as cross-
reactivity allergens which sensitize via the airborne route and are generally labile to
peptic digestion, thus making systemic clinical reactions unlikely. Therefore, in these
food allergies the detection of specific IgE against purified allergens is of prognostic
interest as far as the risk of severe reactions is concerned. Thus, for example, sensiti-
zation to LTP in patients allergic to rosaceae [57, 58], to w->5 gliadin in patients aller-
gic to wheat [59] and to class 1 chitinases [60] in patients with latex-fruit syndrome is
associated with a high risk of severe reactions. In the case of legumes, seeds and nuts,
sensitization to storage proteins (2S albumins and 7S and 118 globulins) is a frequent
cause of anaphylaxis. In contrast, sensitization exclusively to homologs of Bet v 1 and/
or prophyllins in the same food sources entails a low risk of a systemic reaction.

To date, few studies have been published on food-induced anaphylaxis which
have used BAT as a diagnostic method. In these, whole extracts have been used in
the isolated cases of anaphylaxis due to grape [61] and aubergine [62] with positive
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results. However, native and/or recombinant allergens are those which have shown an
excellent diagnostic yield. Thus, in the largest published case series of food-induced
anaphylaxis, BAT was capable of diagnosing sensitivity to Pru p 3 from peaches in 7
of the 8 patients studied, with sensitivities and specificities approaching 100% [63].
These same positive results with native extracts have been confirmed in isolated cases
of allergies to citrus fruits [64] and lychees [65]. Overall, there have been few studies
published on the use of BAT in food allergies and as a result further studies will need
to be performed to confirm the usefulness of this technique in the diagnosis of such
allergies.

Diagnosis by Components. Microarrays to Determine Specific IgE

Knowledge of the reactivity of IgE to different allergenic molecules from a particular
biological source, which is achieved by means of the application of the so-called diag-
nosis by components, makes it possible to predict if the risk of certain cross-reactivity
patterns of known molecular basis exists or not. In this way, diagnosis by purified
natural or recombinant allergenic components has passed from being a research tool
to form part of the diagnosis of the etiology of food allergy in general [66] and of the
diagnosis and prevention of food-induced anaphylaxis.

Microarray technology was first developed for DNA studies in basic biology but
now has a real use in in vitro molecular diagnosis of allergic reactions. The combi-
nation of this technology with the availability of purified allergens (recombinant or
natural) and the possibility of coupling and fixing them to microarrays makes the
determination of specific IgE with this methodology a very useful tool in the in vitro
diagnosis of allergic reactions to different allergens. Given that it allows several hun-
dred allergens to be analyzed at once with a minimum amount of sample (about 50 pl
of serum), its possible application in the in vitro diagnosis of allergies is very interest-
ing, especially in children. A single analysis allows different fluorescences to be ana-
lyzed in parallel thus making it feasible to quantify specific IgE and IgG, for example,
in the same assay, as has been reported by Flinterman et al. [67]. Another great ben-
efit of this technique is that it facilitates screening in those subjects in which the use
of skin tests is not advisable, as is the case in patients with severe atopic dermatitis,
dermographism or patients generally with severe reactions.

There is a clear advantage to using molecular components in the form of puri-
tied recombinant or natural allergens which allow greater diagnostic accuracy (lower
number of false-positives and false-negatives) as well as greater standardization
when compared to the use of conventional allergen extracts, avoiding some problems
related to the purity of the content of the allergenic and non-allergenic molecules or
with the contamination of such extracts or the poor stability of the same [68]. Their
application in the diagnosis of allergy to egg and milk, where the majority of ana-
phylactic reactions occur in children, has recently been evaluated by Ott et al. [69]
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in a study undertaken with a large sample of 130 children diagnosed using skin tests,
specific IgE using conventional techniques (CAP FEIA, Phadia AB), and a challenge
test. These authors found that by analyzing the major allergens of egg and milk pres-
ent in the microarray (ISAC™, VBC Genomics Bioscience Research, Vienna, Austria),
they obtained results similar to those obtained with conventional techniques but with
more information (greater number of allergens), and a smaller amount of blood.
According to these authors, microarray-based IgE quantification was accurate in pre-
dicting clinical reactivity to allergenic proteins.

This technique could allow us to establish the values predicting the severity of symp-
toms derived from the sensitization to LTP or to tropomyosins, as has been reported
in some recently published studies in which recognition patterns were studied using
molecular components in food-allergic patients as related to the severity of the clini-
cal picture [70]. The diagnosis of anaphylaxis relies mainly on the clinical picture. An
in vitro test for diagnosis is urgently needed. We now have at our disposal more tools
to investigate the cause. We should also explore novel mediators. In the mean time,
studies on the performance of known markers should be carried out in order to allow
us to evaluate the risk of anaphylaxis and to avoid the use challenge tests.
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Abstract

Insect venoms applied by stings of social Hymenoptera, like honey bees, vespids or ants are —
together with foods and drugs — the most frequent elicitors of anaphylaxis in humans. Besides tax-
onomy, the biology of the responsible social Hymenoptera is important: guidelines based upon its
knowledge allow to reduce the risk of further stings in patients with a history of venom anaphylaxis.
Epidemiology of venom anaphylaxis has special aspects with regard to prevalence, fatality and natu-
ral history. An estimated 200 individuals die every year in Europe from anaphylaxis following
Hymenoptera stings. Most of the relevant venom protein allergens have been identified and many
of them have been expressed in recombinant form. Proof of venom sensitization is based on skin
tests with venoms and serum venom-specific IgE antibodies as standard diagnostic tests. Allergen-
specificimmunotherapy with Hymenoptera venoms is highly effective and therefore recommended
for all patients with a history of Hymenoptera sting anaphylaxis and positive diagnostic tests with
the respective venom. Frequent cross-reactions to venoms of different Hymenoptera species may
cause difficulties in identifying the responsible species and the selection of the respective venom for
immunotherapy. Copyright © 2010 S. Karger AG, Basel

Insect venoms, together with foods and drugs, are the most frequent elicitors of ana-
phylaxis in men. The insect venom is applied by stings which must have occurred for
more than 100,000 years, since human beings exist. Conflicts between stinging insects
and humans occur while fighting for food, like honey or foods consumed outdoors, or
while venomous insects feel threatened by human beings, most often near their nests.

Taxonomy and Biology of Responsible Insects

Venoms causing anaphylaxis or other allergic reactions originate almost exclusively
from social Hymenoptera, most often honey bees and vespids (fig. 1) [1], occasionally
from bumble bees [2], in America [3] and in Australia [4], also from ants. Stings by
other insects like mosquitoes, bedbugs, fleas, horse flies and midges can very rarely
also cause systemic allergic reactions. These are however not due to venoms but to



Order Hymenoptera

|
Suborder Apocrita

Legion Aculeata

/\

Superfamily Apoidea Vespoidea Scolioidea
Family Apidae Vespidae Myrmicidae Formicidae
Subfamily ~ Apidae Bombinae Vespinae Polistinae Myrmicinae Formicinae
Genus Apis Bombus Vespula  Dolichovespula Vespa Polistes Myrmecia Solenopsis Pogono- Formica
myrmex
|
Species Apis Bombus Vespula D. media V.crabro P.dominulus M. pilosula S. invicta P. rugosus F.rufa
mellifera  terrestris germanica D. saxonica V.orientalis P. gallicus & others & others & others & others
&others  &others vulgaris D. maculata P. exclamans
maculifrons D. arenaria P. fuscatus
& others D. sylvestris & others

Fig. 1. Taxonomy of Hymenoptera.

salivary proteins, since these insects sting, or better bite, to suck blood and not to
defend themselves [5]. Exceptionally, anaphylaxis has also been reported following
stings by venomous arthropods like scorpions or arachnids and bites by ticks, which
all are of course not insects.

We will concentrate in this chapter on venoms of social Hymenoptera which are
certainly responsible for more than 99% of insect sting-induced anaphylaxis.

Apidae

The domesticated honey bee (Apis mellifera) (fig. 2a) is the most important species of
this family. It is cultured by man all over the world for production of honey and pol-
lination of fruit trees. In contrast to bumble bees and vespids, not only the queen, but
the whole bee hive survives during winter. Stings may therefore occur exceptionally
also on warm sunny winter days, but are most frequent in spring and early summer.
The risk of exposure is highest near bee hives, while gardening, or when walking
barefoot on a lawn. After stinging, the sting usually stays in the skin. Bumble bees
(Bombus spp.) (fig. 2b) are also social Hymenoptera and usually build their nests in
the ground. They are increasingly used as pollinators in greenhouses and occasion-
ally cause anaphylaxis in greenhouse workers [2]. Bumble bees are much larger than
honey bees, more hairy and most species have distinct yellow or white bands on their
abdomen. After stinging, the sting usually does not stay in the skin.
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Fig. 2. Species of Hymenoptera responsible for systemic allergic reactions: (@) honey bee (A. mellif-
era), (b) bumble bee (Bombus spp.), (c) wasp, in the USA yellow jacket (Vespula spp.), (d) European
paper wasp (P. gallicus), (e) European hornet (V. crabro), and (f) Australian jack jumper ant (M. pilo-
sula) [by courtesy of Dr. S.G. Brown, Perth, Australia].

Vespidae

The family Vespidae is divided in subfamilies Vespinae and Polistinae, which are dis-
tinguishable by differences at the junction of thorax and abdomen: The abdomen
becomes thicker rapidly after the waist in Vespinae but only gradually in Polistinae
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(fig. 2¢, d). Vespinae include the genera Vespula, Dolichovespula and Vespa (fig. 1).
While only the queen survives winter, vespid populations reach their maximal size
only in summer and stings occur most often in summer and fall. After vespid stings,
the sting does not stay in the skin as a rule. It may however stay when the insect is
crushed during stinging, and according to one report more often in Vespula maculi-
frons than in other vespids [6].

The most important species of the genus Vespula, in Europe called wasps, are
Vespula vulgaris and V. germanica (tig. 2c). In America they are called yellow jack-
ets and besides V. vulgaris and V. germanica also V. maculifrons, V. squamosa and V.
pennsylvanica are of importance. Vespula build their nests most often underground,
but also under the roofs or in attics or window shutters. In contrast to honey bees,
Vespula are prevalent also in urban areas. They like human food and stings most often
occur while eating outdoors, under trees with fallen fruits, around garbage bins and
of course near their nests.

In the genera Dolichovespula, D. maculata and D. arenaria, the American hornets,
are the most prevalent species in the USA; in Europe, D. saxonica, D. media and D.
sylvestris are important. Dolichovespula usually build their nests above ground, either
hanging freely in tree branches, or in attics or window shutters. In contrast to Vespula,
Dolichovespula has not much interest in human foods and stings therefore occur
mainly near their nests.

Vespa crabro, the European hornet, and V. orientalis are the most important species
of the genus Vespa in Europe, Asia and Africa, and V. crabro has also been imported
in the USA. These species are much larger than other vespids (fig. 2e). They build
their nest mostly above ground, in hollow tree trunks or in birds’ nest boxes. Stings
occur almost exclusively near the nests.

Among the subfamily Polistinae, P. annularis, P. exclamans and P. fuscatus are the
most important species in southern US states, P. dominulus and P. gallicus (fig. 2d) in
southern and Mediterranean areas of Europe. Occasional members of these species
are however also observed in regions with a temperate climate. Because Polistes build
their nest mostly around or on human buildings, stings may occur frequently, espe-
cially in southern countries of Europe and southern US states.

Ants (Formicidae, Myrmicidae)

In South and Central America as well as in southern US states, the fire ants
(Solenopsis invicta) are often responsible for allergic sting reactions [7]. Fire ants
build their mounds in playgrounds, gardens and fields. The sting does not stay in
the skin of the victim. Besides local wheal-and-flare reactions, later pustule forma-
tion is characteristic of fire ant stings. Occasional allergic reactions have also been
reported on stings by Pogonomyrmex, the harvester ant, and to other ant species all
over the world [7]. In Southern Australia several species of Myrmicinae, especially
the jack jumper ant Myrmecia pilosula (fig. 2f), are an important cause of allergic
sting reactions [4].
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Table 1. Allergens of Hymenoptera venoms

Venom Allergen Function/ MW Major/ Cloned and Expressed as Glycosylated
name kDa minor sequenced recombinant  (n sites)
A.mellifera Apim1 phospholipase A, 16 major yes yes yes (1)
Api m2 hyaluronidase 43 major yes yes yes (4)
Apim3 acid phosphatase 45 major?  yes yes yes (4)
Api m4 melittin 29 minor available as no
synthetic
peptide
Api m5 dipeptidylpeptidase* 102 minor yes yes yes
Api mé 7.9 minor yes yes no
Api m7 CUB serine protease 39 major? partly partly yes
V. vulgaris Ves v1 phospholipase A, 335 major yes yes no
Sigr;i::;:;ca, Ves v2 hyaluronidase 45 minor yes yes yes (4)
V. maculifrons) ~ Vesv3 dipeptidylpeptidase** 100 minor yes yes yes
Ves v5 antigen 5 23 major yes yes no
S.invicta Soli1 phospholipase A, 37 major yes
Soli2 14 minor yes
Sol i3 antigen 5 24 major yes
Soli4 13.4 minor
M. pilosula Myr p1 pilosulin 1 6.1 major
Myr p2 pilosulin 3 5.6 minor
Myr p3 pilosulin 4.1 8.2 minor

25.6 major?

89.8 major?

* allergen C; **Vmac 3.

Allergens in Hymenoptera Venoms (table 1)

Hymenoptera venoms are composed of biogenic amines and other low molecu-
lar weight substances, of basic peptides and of proteins. Injection of venom by
Hymenoptera stings has toxic effects, due to biogenic amines, peptides and pro-
teins: biogenic amines such as histamine cause pain, are vasodilatory and increase
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vascular permeability, allowing the spread of the venom through the body of the vic-
tim, as do some of the enzymes, like hyaluronidase. Biogenic amines and peptides are
mainly responsible for the local wheal-and-flare reaction after Hymenoptera stings.
Cyototoxic and hemolytic effects after multiple, several hundred to over 1,000 stings,
with systemic tissue damage, especially renal failure, are caused by basic peptides
and phospholipases and responsible for severe toxic and sometimes fatal reactions.
Allergic reactions on the other hand can occur after a single sting and are due to spe-
cific IgE antibodies, mainly to proteins, occasionally also to peptides. Major allergens
are defined as inducing specific IgE antibodies in at least 50% of patients with allergy
to the respective venom [1].

Venom collection is done by electrostimulation in honey bees [8] and by venom sac
extraction in vespids [9]. While electrostimulation results in pure venom, venom sac
extracts may be contaminated by some body proteins. The amount of venom injected
by a sting varies from 50 to 140 pg dry weight for the honey bee, but was estimated
to be much lower in vespids: 1.7-3.1 ug for Vespula, 2.4-5 pg for Dolichovespula, and
4.2-17 ug for Polistes [10].

Allergens in Apid Venoms (table 1)

Definite major allergens in bee venom are phospholipase A, (Api m1), a 16-kDa
glycosylated enzyme which cleaves fatty acids at the 2 position of phosphatidylcho-
line and makes up for 10-15% of dry weight of bee venom [9, 11], and hyaluroni-
dase (Api m2) a 43-kDa glycoprotein, which by cleaving hyaluronic acid increases
permeability of connective tissue and makes up for about 1% of dry weight [12].
Specific IgE antibodies have also been identified against acid phosphatase (Api m3)
[13], the peptide melittin (Api m4), a 39-kDa-serine protease (Api m7) [9], a 7.9-
kDa protein (Api m6) [14], and the high molecular weight protein allergen C (Api
mb5), recently identified as dipeptidylpeptidase of 102 kDa [15, 16]. Except for melit-
tin and Api m6, all these allergens are glycosylated. Part of the specific IgE antibod-
ies to bee venom are directed to carbohydrate epitopes, so-called cross-reacting
carbohydrate determinants, which are not species-specific, occur also in vespids,
other insects and in plants, but not in mammals, and probably are of little clini-
cal relevance [17, 18]. The significance of the heavily glycosylated higher molecu-
lar weight proteins protease, hyaluronidase, acid phosphatase and allergen C may
therefore be overestimated.

Bumble bee venom contains also a phospholipase A, with partial identity to bee
venom phospholipase A, and a protease, but no melittin. Instead there are several
small peptides called bombolitins [9]. There is limited cross-reactivity between honey
bee and bumblebee venoms [2].

Allergens in Vespid Venoms (table 1)

Major allergens in all vespid venoms are phospholipase A}, a 33.5-kDa enzyme which
digests cell membranes (Ves vl for V. vulgaris) and antigen 5 (Ves v5), a 23-kDa
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protein, maybe a neurotoxin. While antigen 5 is non-glycosylated, the situation is
unclear for phospholipase A, which is not related to phospholipase A, of bee venom.
Hyaluronidase is also present in vespid venoms but most likely is not a major aller-
gen in the family of Vespidae. A dipeptidylpeptidase of 100 kDa (Ves v3), earlier
called Vmac 3, with partial identity to Api m5, has been described recently [15, 16].
Sequence identity between different species of the major allergens antigen 5 and
phospholipase A, is high (above 80-90%) within the genera Vespula, Dolichovespula
and Vespa, but lower (around 70%) between these genera. It is even lower between
these three genera and Polistes. Within the genus Polistes there is limited sequence
identity and cross-reactivity between the European (P. dominulus, P. gallicus) and the
American species (P. fuscatus, P. exclamans), because a protease, rather than phospho-
lipase A, and antigen 5, seems to be the major allergen in European Polistes venoms
[9]. Hyaluronidase (Ves v2) is a minor allergen in vespids, is glycosylated and shows
considerable sequence identity with bee venom hyaluronidase. Part of the cross-reac-
tivity between bee and vespid hyaluronidase is however also due to specific IgE to
carbohydrate epitopes [17, 18].

Allergens in Ant Venoms (table 1)

The venom of the American fire ant S. invicta consists of 90-95% water-insoluble
n-alkyl and n-alkenyl piperidine alkaloids, which are responsible for early wheal-and-
flare and later pustule formation characteristic of fire ant stings, but are not allergenic
[5]. The allergens are present in the aqueous phase which contains 10-100 ng/sting
of a mixture of four proteins: Sol i1, a 37-kDa phospholipase A,, cross-reacting with
specific IgE from vespid venom-sensitive patients; Sol i2, a 14-kDa protein, is not
related to other known Hymenoptera venom allergens; Sol i3, a 24-kDa protein, is a
member of the antigen 5 family of vespid venom proteins, but in spite of a 40-50%
sequence identity does not exhibit significant cross-reactivity with these, and Sol i4 is
a 13.4-kDa protein. Sol il and Sol i3 are major allergens [9].

The venom of the Australian jack jumper ant M. pilosula has only been analyzed
for its allergen composition in recent years. Besides three low molecular weight aller-
gens, Myr pl, Myr p2 and Myr p3 (table 1), six higher molecular weight allergens of
22.8-89.9 kDa have been identified by Western blot [19]. Myr p1, a 25.6- and a 89.9-
kDa protein could be major allergens.

Recombinant Venom Allergens

A number of allergens from both honey bee and vespid venoms have been cloned
and expressed by either Escherichia coli or baculovirus-infected insect cells (table 1):
phospholipase A, [20], hyaluronidase [21], acid phosphatase [13] and Api m6 [14]
from honey bee venom, as well as antigen 5 [22], phospholipase A, and hyaluroni-
dase [23] from vespid venom, and dipeptidylpeptidases from both bee and Vespula
venoms [15, 16]. Their reactivity with human-specific IgE antibodies to the respec-
tive allergens has been documented [11-16, 22, 23] and their specificity is superior
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to natural purified venom proteins or whole venoms. Recombinant species-spe-
cific non-glycosylated major allergens like Api m1 and Ves v5 are helpful in dis-
tinguishing between cross-reactivity and true double sensitization in the frequent
Hymenoptera venom-allergic patients with double positivity to both honey bee and
Vespula venoms [24].

Clinical Presentation of Anaphylaxis to Hymenoptera Venoms

The symptoms of anaphylaxis following Hymenoptera stings are the same as in
anaphylaxis from other causes: cutaneous involvement with flush, urticaria and
angioedema; respiratory symptoms include dyspnea, wheezing, cough, hoarseness;
gastrointestinal tract involvement is characterized by abdominal pain, vomiting and
diarrhea, and cardiovascular symptoms are dizziness, palpitations, arrhythmia, drop
in blood pressure, collapse and unconsciousness. The interval between sting and
symptoms lies between minutes and half an hour as a rule and is thus usually shorter
than in anaphylaxis induced by food or oral medication [1, 25].

Severe or even fatal anaphylaxis to Hymenoptera stings occur most often in
elderly patients with preexisting cardiovascular disease [26], not in children or
young adults with preexisting asthma, as in food allergy [27]. This is partly explained
by the fact that atopy is not more frequent in Hymenoptera venom-allergic patients
than in the whole population [1, 25], whereas most patients with severe food-
induced anaphylaxis are atopic and suffering from asthma. Interestingly, venom
allergy is associated with atopy more frequent in venom-allergic beekeepers, where
it was found in about 50% as compared to only 13% in non-venom-allergic bee-
keepers. It is suggested that during work in bee hives, sensitization may often occur
by inhalation of bee dust containing venom proteins in atopic, but not in non-
atopic beekeepers [28].

Epidemiologic Aspects

Prevalence of anaphylaxis from Hymenoptera stings in various countries and areas is
dependent on climatic and environmental factors and may vary considerably (table
2). A warm and dry climate favors the development of most Hymenoptera species
resulting in a higher risk of stings and thus a higher lifetime prevalence, as found
e.g. in Mediterranean countries as compared to Great Britain or Scandinavia [25].
In large urban areas, vespid venom anaphylaxis - especially caused by Vespula spp.
- is definitely more frequent than bee venom anaphylaxis, while the latter prevails in
agricultural, especially fruit-growing areas, like in California or in Switzerland [1].
Lifetime prevalence of venom anaphylaxis is of course increasing with age and thus
significantly higher in adults [29] than in children [30].
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Table 2. Prevalence of anaphylaxis to Hymenoptera stings [1, 25]

Author Country Population age Number Percent with history of
questioned anaphylaxis to venoms
Settipane 1972 USA boy scouts 2,964 0.8
11-16 years
Golden 1989 USA adult 269 33
Bjornsson 1995 Sweden adult 1,815 1.5
Strupler 1995 Switzerland adult 8,322 35
Kalyoncu 1996 Turkey mostly adult 786 7.5
Grigoreas 1997 Greece soldiers 480 3.1
Incorvaia 1997 Italy conscripts 701 2.7

Fatal reactions to Hymenoptera stings are rare: they range from 0.09 to 0.48 per
million inhabitants and year [31, 32]. However, the true number may be underesti-
mated: in one study, specific IgE antibodies to Hymenoptera venoms were detected in
23% of postmortem serum samples from patients who died outdoors from unknown
reasons [33]. Between 1961 and 2004, 140 fatal Hymenoptera sting reactions were
registered by the federal administration for statistics in Switzerland with about 7.5
million inhabitants, resulting in an average annual fatality rate of 3.18. If these data
are extrapolated to Europe with a population of around 500 million, the annual death
rate in Europe would amount to about 200.

The natural history of Hymenoptera venom anaphylaxis, that is the risk to develop
anaphylaxis again when re-stung, has been analyzed in several prospective studies
(table 3) [35-37], and in placebo or whole-body extract treated controls of prospec-
tive studies on venom immunotherapy [38-40]. It is higher in patients with a his-
tory of severe as compared to mild systemic anaphylactic reactions, and in honey bee
than in vespid venom-allergic patients — most likely because of the smaller and less
constant amount of venom applied by vespids [10, 41]. A short interval between two
stings increases the risk of anaphylaxis [25], but severe anaphylaxis may occur again
even after intervals of 10-20 years or more.

Diagnosis
History

After a painful sting the elicitor of Hymenoptera venom-induced anaphylaxis is
usually clear. However the identification of the responsible species is often difficult.
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Table 3. Natural history of Hymenoptera venom allergy

Author Previous Patients Re-exposure Percent with systemic reaction to re-exposure
reaction n
I bee orvespid  bee vespid ant
Re-exposures in untreated patients
Blaauw any systemic 88 challenge 35 50 23
1985 [35] mild 30 31 10
severe 58 60 33
Van der any systemic 324 challenge 51 25
Linden mild
1994 [36]
bee 17 53 (0%
severe)
vespid 94 20 (0%
severe)
severe
bee 35 51 (40%
severe)
vespid 178 28 (14%
severe)
Re-exposures in control groups of controlled studies
Hunt severe 23 challenge 61
1978 [38] systemic
Muller severe 12 field sting 75
1979 [39] systemic
Brown severe 29 challenge 72
2003 [40] systemic

Photos as shown in figure 1, the season and the environment of the sting, as well
as whether the sting stayed in the skin may be helpful (see section: Taxonomy and
Biology of Responsible Insects).

Skin Tests and Specific IgE Antibodies

The sensitivity of these tests is very high: in the first year after sting anaphylaxis more
than 90% of patients have a positive result with both tests; with an increasing interval
from the last sting reaction the positivity rate decreases, more rapidly for specific IgE
than for intracutaneous skin tests, but even 5 years after the reaction the majority of
patients still have positive results [1, 24, 25]. The specificity of both skin tests and
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serum venom-specific IgE is however limited: 10-20% of patients without a history of
systemic sting reactions have positive tests. Of course they may have been sensitized
after the last sting. However, according to one study, only 17% of these history-neg-
ative test-positive individuals reacted when re-stung [29]. Moreover, more than 50%
may have double positive tests with honey bee and vespid venoms [24]. As mentioned
above, cross-reactivity based on the protein structure of venom allergens is limited,
but cross-reacting carbohydrate determinants of plant origin may well be responsible
for part of these false-positive results.

Other Tests

Cellular tests like the CAST (cellular antigen stimulation test), measuring the leu-
kotriene mediator release from basophils after allergen exposure [42], or the BAT
(basophil activation test), analyzing the appearance of activation markers like CD63
on the surface of basophils following allergen exposure [43], may be more specific.
However, convincing data in relation to re-exposures are still missing, and these tests
are expensive.

Sting provocation tests are often considered to be the gold standard, although they
are less reliable in vespids than in honey bees [35-37, 41, 43]. They are commonly
used to assure the efficacy of venom immunotherapy, but are generally considered as
unethical in untreated patients with a history of venom anaphylaxis.

Prevention and Emergency Treatment

All patients with Hymenoptera venom anaphylaxis should receive oral and written
information about the biology of the responsible insects and how to avoid further
stings [1, 45]. During the flying season of Hymenoptera they must carry emergency
medications, including an adrenaline autoinjector for self-application, and must be
instructed about their use in case of a re-sting. Emergency treatment of anaphylaxis
to Hymenoptera stings is the same as for anaphylaxis to other elicitors and is dis-
cussed in more detail by Ring et al. (see section: Treatment and Prevention).

Immunotherapy

Efficacy and Safety

While in anaphylaxis caused by other frequent elicitors like food and drugs, allergen-
specific immunotherapy is not established, immunotherapy with Hymenoptera ven-
oms has been shown to be effective in three prospective controlled trials (table 4)
[38-40] and also in a number of studies where patients were submitted to a sting chal-
lenge with the responsible insect during venom immunotherapy (table 5) [44]. While
over 90% of vespid venom-allergic patients are fully protected and do not develop any
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Table 4. Efficacy of venom immunotherapy: controlled prospective studies

Author, Immunotherapy Number Re-exposure Systemic reaction p verum vs.
year with re-exposed by at re-exposure (%) control
Hunt venom 19 challenge 1(5)
1978 [38] (bee or Vespula)
whole- 11 challenge 7 (64) <0.01
body extract
placebo 12 challenge 7 (58) <0.01
Muller bee venom 12 field sting 3(25)
1979 [39
[39] whole- 12 field sting 9(75) <0.03
body extract
Brown antvenom 35 challenge 1(3)
2003 [40
1401 placebo 29 challenge 21(72) <0.0001

Table 5. Efficacy of venom immunotherapy: Result of sting challenge on maintenance immuno-
therapy [1, 41, 44]

Author, year Immunotherapy with Number Systemic reaction
venom of challenged after challenge (%)

Hoffman, 1981 honey bee, adults 25 5(20)

Urbanek, 1985 honey bee, children 66 4 (6)

Mller, 1992 honey bee, adults 148 34 (23)
Vespula, adults 57 5(9)

Chipps, 1980 mostly Vespula, children 42 1(2)

Golden, 1981 mostly Vespula, adults 147 4(3)

systemic allergic symptoms when re-stung, the full protection rate lies only between
75 and 90% in bee venom-allergic patients. Most of the not fully protected patients
do however develop only minor systemic allergic symptoms which are definitely less
severe than before treatment. Moreover, an increase of the maintenance dose from the
usual 100 pg per injection to 200 ug leads to full protection in most of these patients
[46]. Allergic side effects to immunotherapy injections may occur and are more fre-
quent in honey bee than in Vespula venom-allergic patients [41-45]. Antihistamine
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Table 6. Protocols for venom immunotherapy [51]

Conventional Ultra-rush

week amount of day min amount of
venom, ug venom, ug

1 0.01 1 0 0.1

2 0.1 30 1

3 1 60 10

4 2 90 20

5 4 150 30

6 8 210 50

7 10

8 20 8 0 50

9 40 50

10 60

1 80 21 0 100

12 100 49 0 100

Afterwards 100 pg monthly for 1 year, then every 6 weeks from year 2 to 5.

premedication during the dose increase phase of venom immunotherapy has been
shown to reduce local and systemic allergic side effects significantly in a number of
placebo-controlled double-blind studies [47, 48].

Indications

The indication for venom immunotherapy is based on a history of systemic aller-
gic reactions to Hymenoptera stings and positive diagnostic tests, skin tests and/or
venom-specific serum IgE antibodies [45, 49]. In the presence of only mild systemic
allergic reactions, limited to the skin, immunotherapy is not generally recommended:
in the USA not for children, in Europe not for children and adults, unless they are
heavily exposed and had repeated such reactions.

Contraindications are the same as for immunotherapy for inhalant allergy, but
are relative in nature because of the life-saving potential of venom immunotherapy.
Elderly patients, especially with preexisting cardiovascular disease, are at a high risk
to develop severe or even fatal anaphylaxis [26]. Therefore, venom immunotherapy is
often recommended in patients over 50-60 years of age. Since B-blocker treatment is
associated with a significantly increased survival rate in patients with coronary heart
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disease and chronic heart failure, venom immunotherapy on -blockers may be indi-
cated for venom anaphylaxis in such patients [50].

Immunotherapy Protocols and Duration
The usual starting dose lies between 0.01 and 0.1 pg of the venom, the usual mainte-
nance dose is 100 pg. The dose may be increased according to conventional protocols
with weekly injection, or with rush or ultra-rush protocols [45, 49, 51] (table 6). Rush
and especially ultra-rush protocols have the advantage of providing rapid protection,
but may be associated with more frequent allergic side effects. After reaching main-
tenance dose, the recommended interval between injections is 4 weeks in the first
year and 6 weeks from the second year. An increase of the maintenance dose to 200
ug or even more is recommended in beekeepers, who often are stung by more than
one bee at the time, and in patients with incomplete protection when re-stung during
venom immunotherapy [46]. The recommended treatment duration is at least 3-5
years. Even longer treatment is indicated in patients with a history of very severe reac-
tions [26, 50], and in those with concurrent mastocytosis or elevated baseline serum
tryptase levels [51, 52].

After stopping venom immunotherapy, most patients remain protected, but
relapses may occur, especially after repeated re-exposures [45, 49].
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Abstract

Hypersensitivity reactions to radiocontrast media (RCM) are unpredictable and are a concern for
radiologists and cardiologists. Immediate hypersensitivity reactions manifest as anaphylaxis, and an
allergic IgE-mediated mechanism has been continuously discussed for decades. Non-immediate
reactions clinically are exanthemas resembling other drug-induced non-immediate hypersensitivi-
ties. During the past years, evidence is increasing that some of these reactions may be immunologi-
cal. Repeated reactions after re-exposure, positive skin tests, and presence of specific IgE antibodies
as well as positive basophil activation tests in some cases, and positive lymphocyte transformation
or lymphocyte activation tests in others, indicate that a subgroup of both immediate and non-
immediate reactions are of an allergic origin, although many questions remain unanswered. Recently
reported cases highlight that pharmacological premedication is not safe to prevent RCM hypersen-
sitivity in patients with previous severe reactions. These insights may have important consequences.
A large multicenter study on the value of skin tests in RCM hypersensitivity concluded that skin test-
ing is a useful tool for diagnosis of RCM allergy. It may have a role for the selection of a safe product
in previous reactors, although confirmatory validation data is still scarce. In vitro tests to search for
RCM-specific cell activation still are in development. In conclusion, recent data indicate that RCM
hypersensitivity may have an allergic mechanism and that allergological testing is useful and may
indicate tolerability. Copyright © 2010 S. Karger AG, Basel

Radiocontrast media (RCM) are highly concentrated solutions of triiodinated ben-
zene derivatives used for performing diagnosis and treatment of vascular disease and
enhancement of radiographic contrast [1, 2]. However, adverse reactions after RCM
administration are common [3]. The frequency and mechanisms of hypersensitiv-
ity reactions differ between monomeric and dimeric as well as between ionic and
non-ionic types of RCM. Mild immediate reactions have been reported to occur in
3.8-12.7% of patients receiving ionic monomeric RCM and in 0.7-3.1% of patients
receiving non-ionic RCM [4-6]. Severe immediate adverse reactions to ionic RCM
have been reported in 0.1-0.4% of intravenous procedures, while reactions to non-
ionic iodinated RCM are less frequent (0.02-0.04%) [4-7]. Fatal hypersensitivity



Adverse reaction to RCM

Pharmacological toxicity | Hypersensitivity Unrelated event
Immediate reaction Non-immediate reaction
<1h 1hto 10 days
Pharmacological Unknown or T-cell-mediated or
effect IgE-mediated unknown
N A N
Organ toxicity Anaphylactic Exanthematous Unspecific symptoms

symptoms skin eruption

Fig. 1. Classification of adverse side effects after RCM administration [adapted from 2].

reactions are estimated to occur in 1-3 per 100,000 RCM administrations [7]. The
frequency of reported non-immediate reactions varies greatly [8]. Skin exanthe-
mas (‘skin rash, skin eruptions’) accounting for the majority of the RCM-induced
non-immediate hypersensitivity reactions have been reported to affect 1-3% of
RCM-exposed patients [9, 10]. There seems to be a higher incidence of exanthemas
associated with dimeric non-ionic RCM [11]. The main risk factors for immediate
as well as non-immediate hypersensitivity reactions are a previous hypersensitivity
reaction [10, 12]. However, an immediate reaction is not a risk factor for developing a
non-immediate reaction and vice versa.

Classification of Adverse Reactions to Radiographic Contrast Media

Not all symptoms after RCM exposure do resemble a hypersensitivity reaction. Toxic
reactions related to the toxicity of RCM, unspecific reactions of unknown origin and
or factors unrelated to RCM, such as chronic idiopathic urticaria, may occur (fig. 1)
[3]. Hypersensitivity reactions to RCM may both present either under the clinical
picture of anaphylaxis with the potential to result in fatalities or as delayed occurring
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exanthemas, not unlike those to other drugs. They have been classified in regard to
the time interval between administration and the first appearance of symptoms as
immediate, when they occur within 1 h after RCM administration, or non-immedi-
ate, when they occur 1 h up to 10 days after iodinated RCM injection [3]. In the last
years, positive skin tests have been described in case reports and in a recent multi-
center study in patients with RCM hypersensitivity [13-22]. In addition, laboratory
data in favor of an allergic mechanism has been published [19, 23-25]. The present
review will be focused on our present understanding of the mechanisms of immedi-
ate and non-immediate hypersensitivity reactions to RCM and how this translates
into recommendations concerning diagnostic procedures.

Clinical Presentation of Radiocontrast Media Hypersensitivity

Immediate RCM hypersensitivity reactions manifest as anaphylaxis. Pruritus and urti-
caria, sometimes angioedema, occur in the majority of patients with immediate reac-
tion [4]. For other frequent reactions, such as heat sensation, nausea, and vomiting,
however, it remains questionable if these reactions represent real hypersensitivity or
rather toxic reactions. Gastrointestinal symptoms such as abdominal pain and diarrhea
may also occur. More severe reactions involving the respiratory and cardiovascular sys-
tems present with dyspnea, bronchospasm, and/or a sudden drop in blood pressure.
Hypotension may be associated with a loss of consciousness (anaphylactic shock) and
with reflex tachycardia [4]. The onset of immediate hypersensitivity reactions is very
rapid. About 70% of reactions occur within 5 min after injection, and 96% of severe or
fatal reactions manifest within 20 min [4, 13]. Several grading systems for the severity of
hypersensitivity reactions have been published. The classification system published by
Ring and Messmer [26] is helpful for scoring the severity regardless of the mechanism.

The typical clinical manifestation of a non-immediate RCM reaction is a maculo-
papular exanthema. It occurs from some hours to several days after the RCM admin-
istration (table 1) [10, 13]. Other skin reactions are erythema, urticaria, angioedema,
fixed drug eruption, macular exanthema, erythema exsudativum multiforme, scaling
skin eruption, pruritus and pompholyx [1, 10]. More untypical presentations, such
as a graft-versus-host reaction, a symmetrical drug-related intertriginous and flex-
ural exanthema (SDRIFE), or a drug-related eosinophilia with systemic symptoms
(DRESS) have been described. Thus, RCM appear not different from other drugs,
such as penicillins, in their ability to cause a wide spectrum of exanthemas. Non-
immediate RCM hypersensitivity reactions usually have a mild to moderate sever-
ity and are self-limiting [13]. Rare cases of severe reactions have been reported such
as cutaneous vasculitis, Stevens-Johnson syndrome, toxic epidermal necrolysis and
papulopustular eruptions [3]. Systemic symptoms with more immediate-type mani-
festations such as hypotension, fever, abdominal pain, dyspnea and biphasic reactions
do not appear common and have only been rarely reported [3, 22].
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Table 1. Clinical manifestations of immediate and non-immediate hypersensitivity reactions to

RCM

Immediate reactions Non-immediate reactions
Urticaria Exanthema (mostly macular or
Angioedema/facial edema maculopapular drug eruption)
Abdominal pain, nausea, diarrhea Urticaria, angioedema

Rhinitis (sneezing, rhinorrhea) Erythema multiforme minor
Hoarseness, cough Fixed drug eruption

Dyspnea (bronchospasm, laryngeal edema) Stevens-Johnson syndrome
Respiratory arrest Toxic epidermal necrolysis
Hypotension, cardiovascular shock Graft-versus-host reaction
Cardiac arrest Drug related eosinophilia with systemic

symptoms (DRESS)

Symmetrical drug-related intertriginous and
flexural exanthema (SDRIFE)

Vasculitis

Pathophysiology of Imnmediate Reactions

The mechanisms of the allergy-like reactions to RCM are still a matter of specu-
lation (table 2). Anaphylaxis to RCM has been discussed to be due to a direct
membrane effect possibly related to the osmolality of the RCM solution or the
chemical structure of the RCM molecule (pseudo-allergy) [2], an activation of the
complement system [27], a direct bradykinin formation [28], or an IgE-mediated
mechanism [3].

A higher histamine release after incubation of high-osmolal ionic monomeric
RCM as compared to low-osmolal nonionic RCM has been reported [29]. On the
other hand, Stellato et al. [29] reported heterogeneity of human basophils and human
mast cells isolated from lung, skin and heart concerning their ability to release his-
tamine and tryptase after incubation of RCM. For mast cells, they found no correla-
tion between osmolality of RCM and histamine release. Similarly, an activation of
the complement system has been described with a decrease of CHj, in the presence
of RCM in vitro [30]. In vivo, the anaphylatoxins C3a and C4a were reported to be
increased in a fraction of patients with immediate life-threatening reactions to RCM,
without significant differences between RCM-intolerant and -tolerant patients [31].
The increase has been attributed to a secondary activation of the complement system
by tryptase. In other studies, complement activation has also been demonstrated in
patients who did not develop immediate reactions [32]. These concepts regarding
direct histamine release, complement activation and bradykinin formation remain
controversial as long as pathologic changes are reported for reactors as well as for
non-reactors [32].
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Table 2. Arguments for an immunologic mechanism of RCM hypersensitivity

Con

Pro

No sensitization phase

Preclinical sensitization to environmental cross-reactive
substance

Immediate hypersensitivity

Repeated reactions do not
always recur and do not
always increase in severity

Previous reaction is a strong risk factor for subsequent
reaction, some case reports with increasing severity

No increase of plasma leukotrienes
after RCM administration

Mast cell mediator release correlates with severity of
reaction, positive basophil activation test to RCM in
patients

Only anecdotal reports of RCM-
specific IgE antibodies

Low levels of IgE antibodies to ioxaglic acid in one study

Low affinity of IgE to RCM

Specific IgE to RCM higher in reactors than in controls in
one study

RCM are not able to form haptens

Positive skin tests in patients but not in controls in
optimal concentrations

Non-immediate hypersensitivity

Con

Pro

No sensitization phase

Preclinical sensitization to cross-reactive substance
possible, Pl concept

RCM are not able to form haptens

Pl concept

Not all patients show positive
skin tests

Positive skin tests in patients but not in controls in
optimal concentrations

Atypical manifestations
reported

Maculopapular exanthema and time course resembles
drug allergy

Repeated reactions do not
always recur or increase in severity

Previous reaction highest risk factor for subsequent
reaction, several case reports with breakthrough reactions

Histopathology shows T-cell pathology and T-cell
activation in acute reaction and in skin test

Enhanced frequency in IL-2-treated patients

Positive lymphocyte transformation test and
lymphocyte activation tests

Demonstration of RCM-specific T cells

Generation of RCM-specific T-cell lines and
T-cell clones

Classification and Pathophysiology of Radiocontrast Media Hypersensitivity 161



The evidence that immediate hypersensitivity reactions may indeed be caused by
an IgE-mediated allergic mechanism is also mainly indirect. However, some data sup-
port the concept that a subgroup of reactions may be IgE-mediated:

Immediate hypersensitivity reactions to RCM are associated with histamine release
from basophils and mast cells [27], and extensive mast cell activation in vivo associ-
ated with clinical symptoms has been demonstrated by Laroche et al. [31]. Patients
with hypersensitivity reactions after contrast medium exposure had increased plasma
levels of both histamine and tryptase, and levels correlated with severity. Also other
investigators have reported high levels of tryptase in connection with severe or fatal
reactions [21, 33].

In some countries such as Japan, pretesting with intravenous injection of 0.5-1 ml
of RCM as a means of predicting severe or fatal reactions had been performed. This
approach had been abandoned after severe cardiovascular reactions to these minute
amounts RCM were described [34]. The possibility to react to low amounts of aller-
gen is regarded to be typical for IgE-mediated reactions.

Several groups have reported positive skin test results for patients with severe
immediate reactions to either ionic or non-ionic RCM [13]. Some of these patients
were shown to react not only to the culprit contrast medium but also to other RCM
[13]. The frequency of positive skin tests has also been investigated in a European
multicenter study in patients with RCM hypersensitivity and in 82 controls [13]. The
intradermal test (IDT) remained negative in 96.3% of controls, but was positive in
26% of patients. The relatively high percentage of skin-test-positive patients may have
been be fostered by a selective recruitment of patients with typical features of RCM
hypersensitivity and involvement of allergy departments experienced in drug hyper-
sensitivity. The percentage of positive skin test results was up to 50% in patients that
could be tested within 2—-6 months after the reaction.

Positive basophil activation tests were reported in patients with immediate RCM
hypersensitivity reactions, which may be regarded as another indirect indication for
an IgE-mediated allergy [35].

It has been tried to demonstrate contrast medium-specific IgE for decades by
immunoassays. Only few groups reported specific IgE antibodies and those only in
low levels and, due to methodological problems, only to the older ionic products
coupled to a solid phase. Laroche et al. [31] studied specific IgE to the ionic RCM
ioxaglate and ioxitalamate in 20 patients with immediate reactions and reported
significantly higher levels as compared to control patients. Mita et al. [25] reported
ioxaglate-specific IgE in 43% of (16/34) of patients with a history of reaction to this
RCM, in 20.6% (14/68) of patients who reacted to ioxaglate when serum was sampled
in the next 24 h, but in none of the 10 RCM-tolerant controls. It has to be noted
that RCM-specific IgE was not much higher as compared to controls, usually less
than 2-fold higher than the cut-off level. In addition, the dissociation constant Ky,
(18.7 mm) was very low, which may be regarded as an argument against specificity.
Unfortunately, assays for the modern non-ionic RCM have not been described, as it
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is extremely difficult to bind non-ionic RCM to a solid phase, limiting research in
this field.

All this evidence taken together indicates that not all immediate hypersensitiv-
ity reactions to RCM may be pseudo-allergic reactions, and that diagnostic testing
may be of value. In those patients with negative skin tests, the mechanism involved
remains unknown. Patients can react to a RCM on first exposure and the reaction
does not always recur. This has been seen as an important argument against an aller-
gic mechanism. The lack of a clear sensitization phase, however, is similar to the situ-
ation described in anaphylaxis to muscle relaxants [36], where it has been discussed
that these previously non-exposed patients may have already been sensitized. The
chemical structure(s) responsible for the possible sensitization remain unknown. On
the other hand, the positive immediate skin tests reported by several investigators, the
fact that up to 50% of patients had a positive skin test when tested 2-6 months after
the reaction, the detection of RCM-specific IgE antibodies in sera from immediate
reactors to ionic RCM as well as the positive basophil activation test in immediate
reactors with positive IDTs to the implicated non-ionic RCM support the concept of
an IgE-mediated mechanism at least in a subgroup of patients (table 2).

Pathophysiology of Non-Immediate Reactions

During the past decade, a lot of data on the pathogenesis of non-immediate reac-
tions induced by RCM has indicated that the majority of these reactions are T-cell-
mediated reactions (table 2):

The most common clinical picture of non-immediate RCM reactions is a macu-
lopapular exanthema, which resembles other drug-induced T-cell-mediated hyper-
sensitivity reactions. The reported onset of skin eruptions 2-10 days after the first
exposure to a RCM and 1-2 days after re-exposure to the same substance is typical for
an allergic drug reaction with a sensitization phase.

The histopathology of such exanthematous reactions and of positive skin test sites
provides further evidence for a T-cell-mediated mechanism [19, 24]: mostly a dermal
lymphocyte-rich infiltrate accompanied by intraepidermal spongiosis and sometimes
hydropic degeneration of the basal cell layer have been reported [37]. Positive skin
test site biopsies show a perivascular infiltrate consisting mainly of CD4+ and CD8+
(CD45RO+) T cells [19, 24]. The dermal perivascular mononuclear cell infiltrate in
most patients with maculopapular exanthemas shows CD4 lymphocytes exceeding
CD8 T lymphocytes, a moderate expression of CD25 and expression of HLA-DR and
CLA [24]. Eosinophils are common. Skin biopsies obtained at the site of the positive
skin tests to the culprit RCM showed similar results to those seen in the initial acute
phase biopsy, with high expression of CD69 in lymphocytes [18, 24, 38].

There is an enhanced frequency of RCM-related side effects in interleukin-2-
treated patients, which is indicative of a T-cell-mediated pathology. Interleukin-2 has
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been reported to reduce the threshold for T-cell activation and to increase the pos-
sibility for clinical symptoms.

Previous reactors are at high risk for a new reaction. In many cases reported,
re-administration of the culprit contrast medium to patients with a previous non-
immediate exanthema resulted in a repeat reaction [1]. In some (but not all) cases,
a more severe reaction with subsequent RCM exposure has been described. After
provocation tests, a re-appearance of the exanthemas after intravenous administra-
tion of the culprit contrast medium has been reported in patients with previous con-
trast medium-induced eruptions [1].

Numerous positive delayed skin tests in patients with contrast medium-induced
non-immediate skin reactions have been reported when the patients were tested with
the culprit contrast medium [summarized in 1]. In a large European multicenter
study, 37% of patients with non-immediate reactions were positive in delayed IDTs
and/or patch tests [13]. The majority of the patients also reacted to the culprit con-
trast medium and also to other, structurally similar RCM. Notably, in more than 30%
of those skin test-positive patients a RCM had been administered for the first time.
Thus, there is a lack of a sensitization phase. Again it may be hypothesized that these
previously non-exposed patients may have already been sensitized. Different patterns
of RCM cross-reactivity indicate that several chemical entities could be involved. No
positive skin tests have been obtained with other contrast medium excipients, such as
ethylenediaminetetraacetic acid (EDTA), and only rarely patients have been found to
react to inorganic iodide.

The presence of contrast medium-specific T cells in patients with non-immediate
exanthematous skin eruptions has been demonstrated. Peripheral blood mononuclear
cells (PBMCs) from patients show an enhanced in vitro proliferation when the cul-
prit contrast medium is added to the culture (mainly in the range 10-100 mg iodide/
ml) [19]. Flow cytometric analysis demonstrated increased T-lymphocyte activation
markers (CD69, CD25 and human leukocyte antigen D-related) and skin homing
receptors (cutaneous lymphocyte-associated antigen, CLA) in CD4+ lymphocytes,
and perforin expression was increased in the CD8+ cytotoxic lymphocytes [24]. The
early T-cell activation marker CD69 was expressed in about 0.5-3% of T cells after
incubation with RCM [23]. The precursor frequency of peripheral RCM-specific T
cells was estimated between 0.05 and 0.6% by CFESE staining assays [23]. It has thus
been speculated that the reactive cell population consisted of a few drug-specific T
cells and a higher number of cytokine-activated bystander T cells amplifying the reac-
tion [39]. High levels of cross-reactivity between different RCM were also found in
vitro by CD69 upregulation and lymphocyte proliferation, in patient PBMCs as well
as in generated T-cell lines and T-cell clones from patients with RCM hypersensitiv-
ity [23]. The in-vitro experiments confirm the principal presence and importance of
drug-specific T cells in selected non-immediate reactions to RCM.

An argument against an immunologic reaction in non-immediate hypersensitivity
reactions has been the lack of a hapten. Non-ionic RCM are chemically non-reactive
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Table 3. Recommended skin test concentrations for RCM

Test Concentration’ Readings

immediate reaction non-immediate reaction
Skin prick test undiluted 20 min 20 min, 48 h, 72 h?
Intradermal test 1/10 diluted 20 min 20 min, 48 h, 72 h?
Patch test undiluted 20 min, 48 h, 72 h?

! Undiluted RCM with an iodine concentration of 300-320 mg/ml.
2 If the patient notices a positive reaction (pruritus, erythema) at the skin test site at other time
points, additional readings may be performed (e.g. after 24 or 96 h).

and unable to bind covalently to proteins. Recently it has been shown that drugs are also
able to stimulate T cells non-covalently in a HLA-restricted pattern [40]. This concept
has been termed the p-i concept (pharmacological interaction of drugs with immune
receptors) and requires neither drug metabolism nor protein processing. This model
would also explain the cross-reactivity observed between different compounds.

Diagnosis

Immediate Hypersensitivity Reactions
As immediately after the reaction, elevated plasma histamine and serum or plasma
tryptase levels of histamine and tryptase have been found [31, 34], an anaphylaxis
may be confirmed by blood samples for histamine analysis drawn as soon as possible
after the reaction and for tryptase drawn 1-2 h after onset of symptoms [31]. Tryptase
values have to be compared to baseline levels.

The further allergologic workup is recommended to be performed between 2 and
6 months after the reaction (table 3) [13]. A skin prick test should be performed with
undiluted RCM. Afterwards, IDTs with RCM (300-320 mg/ml) diluted 10-fold in
sterile saline and reading after 20 min are recommended [13]. As cross-reactivity is
frequent, a panel of several different RCM should be tested in an attempt to find a
skin test-negative product, which might be tolerated in future RCM examinations.

Unfortunately there is no commercial assay for routine measurement of serum lev-
els of RCM-specific IgE antibodies. The reliability of other in vitro tests, such as the
basophil activation test, has not yet been established. Results from individual patients
indicate that the basophil activation test may be helpful [36]. However, at the moment
it is only added on an experimental scientific basis. Provocation is not generally rec-
ommended, as intravenous applications of as low as 0.5-1 ml RCM have led to severe
anaphylaxis [41].
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Non-Immediate Hypersensitivity Reactions

Hematology and clinical chemistry should be considered in more severe exanthema,
as systemic involvement has been described [1]. A skin biopsy may sometimes be
needed for differential diagnosis.

The further allergologic workup is recommended should be performed within
6 months after the reaction [13]. Both delayed IDTs and patch tests are frequently
positive, when read after 48 and 72 h (in case of local pruritus or erythematous
plaques optionally at other time points, e.g. 24 h, 96 h). Since some patients tested
positive with only one of these tests, it is recommended to use both tests in parallel
to enhance test sensitivity (table 3). Patch tests should be conducted with undiluted
RCM, whereas 10-fold diluted products in physiologic saline had been recommended
when performing delayed IDTs. IDTs and late readings with undiluted RCM may be
discussed in non-severe reactions to increase sensitivity, however this has not been
evaluated in a sufficient number of controls. A panel of several different RCM should
be tested to identify skin test-negative substances.

RCM-related T-cell activity may be assessed in vitro by lymphocyte transforma-
tion test [19, 24]. In addition, CD69 upregulation (lymphocyte activation test) was
observed in patients with a positive lymphocyte transformation test [24, 39]. These
tests appear to be a promising tool to identify drug-reactive T cells in the peripheral
blood of patients with RCM-induced drug-hypersensitivity reactions. However, the
sensitivity and specificity remain unknown and, therefore, these tests cannot be rec-
ommended for routine use yet, but further research on the specificity and sensitivity
is indicated.

Provocation tests with progressive increase of the injected RCM dose over sev-
eral days has been done to confirm negative skin test results [17]. Safe re-admin-
istration of a skin test-negative RCM has so far only been published for individual
case reports and in a series of 15 patients with non-immediate skin eruptions [17].
In this study, however, non-serious skin symptoms after exposition of the dimeric
agents iodixanol (n = 4) or ioxaglate (n = 1) were described despite negative skin
tests for these agents. Thus, it remains unknown if false-negative skin tests are a
phenomenon for all RCM or specific for dimeric RCM. Skin test results are cur-
rently validated in a European multicenter follow-up study by provocation tests
and re-exposure data. Until further results are available, a positive skin test to a
given RCM dictates that this RCM should not be chosen for a future exposure, but
a negative test does not necessarily guarantee tolerance. Here, graded provocation
tests are helpful, depending on the time course of the primary reaction: e.g. 1/10
of the full dose on day 1, 1/2 of this volume on day 2 and the full dose on day 3
at the radiology department [17]. Due to the potential risk involved, provocation
tests should be performed only in centers with experience to perform monitor-
ing and emergency treatment. Noteworthy, a previous non-immediate exanthema-
tous reaction does not pose a higher risk for a subsequent immediate anaphylactic
reaction.
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Prevention

In patients with bronchial asthma or previous RCM-induced immediate adverse
reaction, radiologists routinely administer non-ionic RCM because of their lower
incidence of total reactions [42]. If a patient with a previous immediate hyper-
sensitivity reaction to a RCM needs a new contrasted examination, the culprit
preparation should be avoided. Skin tests (skin prick test and IDT) with RCM and
reading after 20 min are recommended [1]. In case of a positive reaction, a skin
test-negative product should be chosen by testing a panel of several different RCM
[13]. The value of skin tests and in vitro tests for selection of a safe, alternative
RCM in patients with previous immediate reaction still has to be further defined.
The use of premedication in patients at high risk of immediate RCM reaction is
becoming more and more controversial [43, 44]. Corticosteroids and H;- and
H,-antihistamines are the most frequently used agents [45, 46]. There are differ-
ent protocols and administration routes. However, severe reactions still develop in
patients who receive corticosteroid premedication [47, 48]. The recurrence rate of
RCM reaction after corticosteroid administration has been estimated to be almost
10% [47]. It has been concluded that in unselected patients, the usefulness of pre-
medication is doubtful [43]. Sufficient data supporting the use of premedication
in patients with a history of allergic reactions are lacking. Physicians dealing with
these patients should not rely on the efficacy of premedication [43].

Patients with previous non-immediate skin exanthemas to RCM are at risk for
developing new eruptions upon re-exposure to the RCM [1]. Another RCM should be
chosen if re-exposure is required. However, due to frequent cross-reactivity between
different RCM, a change of product is no guarantee against a repeat reaction. Patch
tests and delayed IDT are recommended to confirm an allergic reaction to the culprit
RCM [13]. In case of positive skin tests, the substances that are able to elicit test reac-
tions should be avoided. It has not yet been proven whether skin testing is a suitable
tool for the selection of an alternative RCM that can be safely used. At present, the
administration of skin test-negative RCM in previous reactors should be done with
caution since cases of reaction have been observed after administration of skin test-
negative dimeric RCM in 5 patients [17]. A fractionated provocation test may be indi-
cated. In current practice, steroid prophylaxis is often given in patients with previous
serious non-immediate adverse reactions. An intensive immunosuppressant protocol
used intramuscular 6-methylprednisolone (40 mg daily) and oral cyclosporine (100
mg twice daily) 1 week before and 2 weeks after each of four angiograms in a patient
with two previous episodes of maculopapular reactions after RCM administration,
the last despite steroid premedication [16]. However, no studies have so far been con-
ducted to establish the optimum pretreatment regimen. Repeated non-immediate
reactions, including a case of TEN, have been reported despite corticosteroid pre-
medication [16, 49]. There is not enough data to support the safety of pharmacologi-
cal prevention in patients with non-immediate reactions to RCM.
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Abstract

Aspirin and other non-steroidal anti-inflammatory drugs (NSAIDs) are often incriminated in hyper-
sensitivity reactions leading to anaphylaxis. Two populations are at the high risk of developing such
reactions: patients with asthma and those with urticaria. In a subset of asthmatics, NSAIDs that
inhibit cyclooxygenase-1 (COX-1) precipitate non-allergic, hypersensitivity reactions, characterized
by violent attacks of dyspnea. These patients suffer from a distinct clinical syndrome, called aspirin-
induced asthma (AIA), which includes chronic eosinophilic rhinusinusitis and persistent asthma. In
patients with chronic idiopathic urticaria, and less commonly in patients without chronic urticaria,
NSAIDs usually acting through inhibition of COX-1 can induce or exacerbate skin eruptions. While
alterations in eicosanoid biosynthesis characterized both AIA and aspirin-triggered urticaria, other
patients may rarely manifest IgE-mediated reactions. Copyright © 2010 S. Karger AG, Basel

Aspirin and other non-steroidal anti-inflammatory drugs (NSAIDs) are often incrim-
inated in hypersensitivity reactions. The incidence of anaphylaxis due to NSAIDs
varies depending on whether or not asthmatic subjects are included. It is generally
agreed that NSAIDs are the second most common offenders next to antibiotics. Of
the miscellaneous mechanisms operating, a non-immunological one, that dependent
on the pharmacological actions of NSAIDs, is the most common. Two populations
are at high risk: patients with asthma and those with urticaria.

Historical Note

No drugs have been a more faithful companion to man throughout his history than
salicylates, the forebears of aspirin. About 3,500 years ago the Ebers Papyrus recom-
mended the application of a decoction of leaves of myrtle to the abdomen and back
to get rid of rheumatic pains. Hippocrates championed the juices of the poplar tree
and willow bark to treat fever and labor pains. These plants and trees are abundant
in compounds derived from salicylic acid, which gets its name from them (in Latin
salix is a willow tree). For thousands of years on all continents they have helped to
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inflammatory drugs.

relieve pain, bring down fever and reduce inflammation [1]. In 1899 the laboratories
of pharmaceutical firm Bayer brought a simple synthetic derivative of salicylic acid
onto the market — aspirin (acetylsalicylic acid). It has since become the most popular
drug in the world. The phenomenal success of aspirin has stimulated the production
of many drugs that act in a similar way. They are called non-steroidal anti-inflam-
matory drugs - NSAIDs (fig. 1). Despite the diversity of their chemical structures,
these drugs all share to some extent the same therapeutic properties (table 1). In
varying doses they alleviate the swelling, redness and pain of inflammation, reduce
a general fever and cure a headache. More than that - they also share to a greater or
lesser extent a number of similar side effects. The diverse actions of those drugs are
based on a single biochemical intervention. In 1971, John Vane and his colleagues [2]
discovered that aspirin and similar drugs inhibit cyclooxygenase (COX), the enzyme
which generates prostanoids. This mode of action has been generally accepted, which
does not exclude the possibility of other pharmacological effects of rather secondary
importance.
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Table 1. Chemical classification of common NSAIDs

Salicylic acid derivatives

Aspirin, sodium salicylate, choline magnesium trisalicylate, salsalate, diflunisal,
salicylsalicylic acid, sulfasalazine, olsalazine

p-Aminophenol derivatives

Acetaminophen (paracetamol)

Indole and acylacetic derivatives

Indomethacin, sulindac, etodolac

Heteroaryl acetic acid derivatives

Tolmetin, diclofenac, ketorolac

Arylpropionie acids

Ibuprofen, naproxen, flurbiprofen, ketoprofen, fenoprofen, oxaprozin

Anthranilic acids (fenamates)

Mefenamic acid, meclofenamic acid

Enolic acids

Oxicams (piroxicam, meloxicam, tenoxicam), pyrazolidinediones

Alkanones

Nabumetone

Sulfoanilide compounds

Nimesulide

Benzotriazines

Azopropazone

Pyrazolone derivates

Phenylbutazone, oxyphenbutazone, dipyrone, antipyrine (phenazone)

Three years after introduction of aspirin into therapy, Hirschberg in Poznan, now
in Poland, described the first case of a transient, acute angioedema/urticaria, occur-
ring shortly after ingestion of aspirin. Reports of anaphylactic reactions to aspirin
soon followed. The other major type of adverse reaction, acute bronchospasm, was
described in the second decade of the 20th century. In 1920, Van der Veer reported
the first death due to aspirin. The association of aspirin sensitivity, asthma and
nasal polyps was first recorded by Widal in 1922. This clinical entity, later named
‘the aspirin triad” was popularized in 1968 by Samter and Beers [3], who presented a
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perceptive description of this syndrome. In the 1970s the link between precipitation
of asthmatic attacks and inhibition of arachidonic acid COX by aspirin and other
NSAIDs was discovered [4]. In the following decades, other alterations in arachi-
donic acid metabolism were observed in aspirin-sensitive patients. For a history of
aspirin hypersensitivity, especially the early decades of research, the reader is referred
to a review [5].

Classification

In some adult patients with asthma or chronic idiopathic urticaria, NSAIDs can elicit
or aggravate symptoms of the disease. Thus, two most common clinical presentations
of aspirin hypersensitivity are: aspirin-induced asthma (AIA) and aspirin-triggered
urticaria/angioedema. They should be clearly differentiated from other adverse reac-
tions to NSAIDs with allergic background, which are limited to a single drug, or the
drugs with very similar structure.

Aspirin-Induced Asthma

The term refers to a distinct clinical syndrome characterized by aggressive and con-
tinuous inflammatory disease of the airways with chronic eosinophilic rhinosinus-
itis, asthma and often nasal polyposis [6-8]. Aspirin and other NSAIDs that inhibit
COX-1 exacerbate the condition, precipitating violent asthmatics attacks. This is a
hallmark of the syndrome. The prevalence of aspirin hypersensitivity in the general
population ranges from 0.6 to 2.5%, but is much more frequent in adult asthmatic
subjects where it reaches 10-15%, although it is often underdiagnosed.

AJA runs a characteristic clinical course [9]. It is more frequent in women than
men, and is unusual in children, beginning in adulthood, on average at the age of 30
years. Rhinorrhea and nasal congestion are usually the first symptoms, subsequently
complicated by polyposis. Asthma and aspirin hypersensitivity develop 2-15 years
later. Once developed, aspirin intolerance remains through life, although sporadic
disappearance of intolerance has been reported. Asthma, characterized by blood
and nasal eosinophilia, runs a protracted course despite avoidance of analgesics. In
about half the patients, the course of asthma is severe, necessitating use of systemic
corticosteroids.

The accurate diagnosis of AIA can be established by oral, inhaled, nasal or intra-
venous placebo-controlled provocations tests with increasing doses of aspirin [10],
There is no reliable in vitro test. Oral challenges are most commonly performed,
because the oral route mimics natural exposure and the test does not require special
equipment, except simple spirometry. The threshold dose of aspirin which provokes
a 20% fall in FEV, (positive reaction) will vary with individual patients, depending
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also on control of asthma. In case of positive reaction, the symptoms are relived by
inhalation of 2-4 puffs of short-acting 3,-agonist until FEV returns to normal value.
If more severe reactions are observed oral or intravenous corticosteroids (40 mg of
prednisolone or equivalent) are administrated. Very severe, anaphylactic reactions
(which are most unusual, if the protocol of the test is observed) require immediate
intervascular injection of epinephrine. Treatment of adverse respiratory reactions due
to aspirin challenges has been reviewed in detail elsewhere [10].

The clinical range of adverse reactions to aspirin and NSAIDs is large and to a
certain extent is mimicked by the provocation tests which should be carried out in the
specialized centers. On average, the reactions occur 30 min to 3 h after oral admin-
istration of the drug. In case of parenteral administration (including ocular drops)
it becomes much shorter and the symptoms may develop within a minute. In light
cases the reaction will be limited to sporadic urticarial eruptions, or conjunctivitis or
rhinitis. In other patients, shortness of breath may occur leading to an open asthmatic
attack. Anaphylactic shock is fortunately not common but has been well documented;
the bronchial obstruction then becomes very tight and its opening even in the hands
of experienced physician in setting of intensive care unit could be very difficult; fatal
cases have been reported.

A non-allergic mechanism underlying precipitation of asthmatic attacks by aspi-
rin in hypersensitive patients was proposed over 30 years ago [4]. It was founded on
pharmacological inhibition of COX of arachidonic acid and explained a cross-reac-
tivity between different NSAIDs varying in chemical structure. This COX theory was
confirmed by several studies [11] and was further refined following discovery of the
second COX isoenzyme — COX-2. At least two COX isoenzymes, COX-1 and COX-2,
are coded by separate genes. Their role in inflammation, asthma and anaphylaxis has
been reviewed previously [12].

Cross-reactions with aspirin and NSAIDs are of practical importance. Typically,
ATA patients are sensitive to all NSAIDs that preferentially inhibit COX-1 (table 2).
Acetaminophen (paracetamol), a weak inhibitor of COX-1, is regarded as a rela-
tively safe therapeutic alternative for almost all patients with ATA. High doses of the
drug (=1,000 mg) have been reported to provoke mild, easily reversed bronchos-
pasm in some AIA patients [13]. Some rare, well-documented cases of coexistence
of aspirin and paracetamol sensitivity have been described. However, according to
a recent meta-analysis, less that 2% of asthmatics are sensitive to both aspirin and
paracetamol [14].

Meolxicam and nimesulide, known as preferential inhibitors of COX-2, are usu-
ally well tolerated by AIA patients when given at low doses. Higher doses can elicit
reactions.

Highly selective COX-2 inhibitors — coxibs (rofecoxib, celecoxib, or less popular
— valdecoxib, etoricoxib parecoxiband lumiracoxib) — were found to be well toler-
ated in a series of placebo-controlled clinical trials [8]. However, rofecoxib and val-
decoxib have been withdrawn from the market because of an increased incidence
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Table 2. Universal cross-reactions occur between aspirin and the
following NSAIDs which preferentially inhibit COX-1

Generic name Brand name
Indomethacin Metindol

Piroxicam Feldene
Metamizole Pyralgin

Sulindac Clinoril

Tolmetin Tolectin

Ibuprofen Rufen, Motrin, Advil
Naproxen Naprosyn
Fenoprofen Nalfon
Meclofenamate Meclomen
Mefenamic acid Ponstel
Flurbiprofen Ansaid

Diflunisal Dolbid

Ketoprofen Orudis, Profenid, Ketonal
Diclofenac Voltaren, Cataflam
Ketoralac Toradol

Etodolac Lodine
Nabumetone Relafen

Oxaprozin Daypro

of cardiovascular complications. Occasional patients, who are extremely sensitive to
aspirin, may develop hypersensitive reactions to celecoxib and other coxibs [15]. In
some cases this may be attributable to IgE-mediated reactions.

Prevention and Treatment

Once diagnosed, patients with AIA should avoid aspirin and any other NSAIDs
strongly inhibiting COX-1; their education is of utmost importance. They should
receive a list of contraindicated and well-tolerated analgesics (table 2). Even topical
administration (intravascular or by iontophoresis) of a NSAID may cause an asthma
attack and should be avoided.
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Paracetamol, coxibs and codeine are usually safe choices for acute pain.
Azapropazone and choline magnesium trisalicylate, which are very weak inhibitors
of COX-1 and COX-2, are also well tolerated by a large majority of AIA patients. The
same applies to nimesulide and meloxicam, although the small degree of residential
COX-1 inhibition displayed by these compounds may be enough to trigger reactions
at high doses or in highly sensitive patients. Therefore, it is prudent to administer the
first dose of these drugs in a physician’s office.

In general, treatment of the asthma underlying NSAIDs sensitivity should follow
standard asthma guidelines. This type of asthma is often severe and frequently high
doses of inhaled corticosteroids and daily doses of oral corticosteroids are necessary.
A special treatment option is a chronic desensitization to aspirin [8]. Desensitization
and aspirin maintenance is routinely used in some centers for treatment of chronic
rhinusinusitis with nasal polyposis. It is the only available procedure which allows
ATA patients with ischemic heart disease to use aspirin. During the state of desen-
sitization to aspirin, not only aspirin but almost all strong NSAIDs are tolerated, so
desensitization and NSAID maintenance could be used for treatment of rheumatic
disease or chronic pain syndromes.

Aspirin-Sensitive Urticaria/Angioedema

Some patients with chronic idiopathic urticaria develop wheals and even angioedema
after aspirin or NSAIDs. In others, aspirin causes an obvious increase in the underly-
ing urticaria. The reaction may occur in just 15 min or up to 24 h following aspirin
ingestion, but on average it develops within 1-4 h. Most cases resolve within a few
hours, but in severe reactions bouts of multiform skin eruptions, covering most of the
body, may continue for 10 days after aspirin intake [8, 16, 17].

Patients with chronic idiopathic urticaria, who develop cutaneous reactions in
response to aspirin, display certain similarities in eicosanoid profile with AIA. The
mechanism of the reactions is often related to COX-1 inhibition [18]. Therefore, aspi-
rin and all drugs that inhibit COX-1 should be avoided in patients who already have
had cutaneous reactions to NSAID. Coxibs are usually well tolerated, although occa-
sional adverse reactions have been reported [19, 20]. For treatment of the reactions,
antihistamines are usually sufficient, but in more severe cases adrenaline and corti-
costeroids may be warranted.

Hypersensitivity to Pyrazolones
Pyrazolone derivatives are analgesic substances that have been known for a long time.

The use of antipyrine (phenazone) and aminopyrine was sharply curtailed after their
bone marrow toxicity was reported. Other derivatives, however, like phenylbutazone,
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metamizole, sulfinpyrazone and propyphenazone are widely used and can be obtained
without prescription in many countries. They are not infrequently a cause of adverse
reactions ranging from urticaria, angioedema or asthma to anaphylactic shock. These
reactions, based on their mechanism, can clearly be separated into two groups [21,
22]. In the first group, which corresponds to AIA: (1) metamizole, aminophenazone,
phenylbutazone and sulfinpyrazone as well as several other COX-1 inhibitors, includ-
ing aspirin, precipitate bronchoconstriction; (2) skin tests with pyrazolone drugs are
uniformly negative, and (3) all patients have chronic rhinosinusitis and/or asthma [21,
22]. In the second group the reactions are of an allergic type, most likely IgE-mediated
[22, 23] and can be life-threatening: (1) They are limited to a single pyrazolone drug
or two drugs chemically closely related (e.g. metamizole and aminophenazone); this
strict clinical specificity is corroborated by results in experimental animals [24]. (2)
Skin tests with the incriminated drug are frequently positive. (3) Other pyrazolones
(e.g. phenylbutazone or sulfinpyrazone in case of allergy to metamizole), aspirin and
other COX-1 inhibitors can be taken with impunity. (4) Chronic bronchial asthma is
present only in about one-fourth of the patients. These allergic reactions may have a
genetic predisposition [25]. Azapropazone, a benzotriazone misclassified originally
as a pyrazolone, rarely if ever, is the cause of the above pseudo-allergic or allergic
reactions [8].

Allergic Anaphylactic Reactions to NSAIDs

Though pharmacological inhibition of COX-1 is the most frequent background
mechanism for adverse reactions to aspirin and other NSAIDs, in a few subjects the
reactions could have allergic or pseudo-allergic explanations. The average prevalence
to the single NSAID-induced anaphylactic reaction varies from 0.1 to 3.6% of subjects
who take NSAIDs intermittently or chronically for acute pain. Most drug-induced
anaphylaxis episodes are attributed to diclofenac, naproxen, ibuprofen, ketorolac,
paracetamol and pyrazolone derivates [8]. Such patients can be challenged with aspi-
rin and structurally different NSAIDs without adverse effects. In cases of anaphy-
lactic shock to celecoxib [26, 27] a suspicion was raised of cross-sensitivity between
sulfonamides and the sulfur moiety of celecoxib. However, in another case report no
allergy to sulfamethoxazole was found [27].

NSAIDs can induce a number of other adverse reactions, including bleeding dis-
orders, anemia, thrombocytopenia, erythema nodosum, erythema multiforme, fixed
drug eruptions, toxic epidermal necrolysis, Stevens-Johnson syndrome, leukocytocla-
sitc vasculitis, recurrent fever with exanthema and, of course, the well-known gastric
cytotoxicity.
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Abstract

The incidence of hypersensitivity reactions to anesthetics is estimated 1 in 13,000 anesthetics up to
1 in 3,180. The rate of mortality ranges between 3 and 9%. 90% of reactions appear at anesthesia
induction. Cardiovascular collapse and bronchospasm are more frequent in IgE-dependent reac-
tions. The leading causes are neuromuscular blocking agents (50-70% of cases). IgE-dependent
reactions are predominant. Previous sensitization by other compounds containing quaternary ions
is suspected. Cross-reactions are frequent. Latex allergy is the second cause, followed by antibiotics
and B-lactams in general. The incidence of anaphylaxis to vital dyes and chlorhexidine increases.
Anaphylaxis to intravenous hypnotics, plasma substitutes, aprotinin, protamine and other drugs can
occur. Any suspected hypersensitivity reaction during anesthesia must be extensively investigated
to confirm the nature of the reaction, to identify the responsible drug, to study cross-reactivity in
cases of anaphylaxis to a neuromuscular blocking agent and to provide recommendations for future
anesthetic procedures. Tryptase assay at the time of the reaction has to be implemented by thor-
ough investigations carried out weeks later: prick tests and intradermal tests, quantification of spe-
cific IgE to compounds containing quaternary ammonium ions, histamine release test or cytometric
analysis of basophile activation. Copyright © 2010 S. Karger AG, Basel

Anaphylaxis during general anesthesia (GA) is a severe event that can culminate in
death [1-3]. The frequency of anaphylactic reactions varies considerably between
countries and is poorly appreciated through the ICD codes. Current knowledge
is supported by reports of large series that reflect an active policy of systematic
investigation of anaphylactic reactions during GA and further potentiated by the
fact that data are being gathered through specialized networks for peroperative
anaphylaxis such as GERAP in France. The peroperative situation is characterized
by the constant contact of the patient with latex (gloves essentially), and the huge
number of drugs that are currently used not only for general and locoregional
anesthesia but also to prevent infections (antibiotics, disinfectants), to search for
sentinel lymph nodes in breast cancer, make the vessels visible (iodinated con-
trast media), adding drugs for extracorporeal circulation, biological glues, numer-
ous antalgic and non-steroidal anti-inflammatory drugs, etc. The simultaneous



or successive use of different administration routes (intravenous, intraperitoneal,
intramuscular, subcutaneous, intrathecal) and the handling with latex gloves of
peritoneum or of genital mucosa also have to be kept in mind. It can be agreed
that anesthetists are the medical practitioners most likely to see severe anaphylactic
reactions. In close parallelism, hospital departments of allergy are more and more
involved in the diagnosis of peroperative anaphylaxis and both specialities have to
share decisions in the field of drug allergy, and to conduct preventive strategies in
high-risk patients.

Epidemiology

The reality of the risk of an allergic reaction occurring during anesthesia is established
on the basis of the more than 15,000 cases of peroperative hypersensitivity reactions
published in the literature during the past 30 years. Most reports on the incidence of
anaphylaxis originate in France, Australia, New Zealand, the UK, Spain and Norway.
They reflect an active policy of systematic clinical and/or laboratory investigation of
hypersensitivity reactions, or result from the analysis of drug-related adverse event
databases. Based on these reports, the estimated incidence of all immune and non-
immune-mediated immediate hypersensitivity reactions was 1 in 5,000 to 1 in 13,000
anesthetics in Australia, 1 in 4,600 in France, 1 in 1,250 to 1 in 5,000 in New Zealand,
and 1 in 3,500 in England [1, 4-7]. The incidence is on the increase in France: 1 in
3,180 [8]. The expected mortality rate ranges between 3 and 9% [1-3].

Specific Clinical Features of Anesthesia Induced Anaphylaxis

They differ to some extent from signs and symptoms that occur during anaphylaxis
not associated with anesthesia. Early subjective symptoms such as malaise, pruritus,
sensation of heat, and dizziness are absent in the anesthetized patient. Cutaneous
signs in a completely wrapped patient may escape the attention of the anesthetist. The
increase in heart rate, a decrease in blood pressure and an increase in airway resis-
tance may be initially misinterpreted as a result of a pharmacological dose-related
effect of the drugs, or of excessively light anesthesia. Many differential diagnoses have
to be considered (table 1).

Anaphylaxis may occur at any time. 90% of reactions appear at anesthesia induc-
tion, within minutes or seconds after the intravenous injection of a neuromuscular
blocking agent (NMBA) or an antibiotic. A later occurrence suggests an allergy to
latex, volume expanders or dyes. Particles from gloves, which accumulate in the uterus
during obstetrical maneuvers, can be released into the systemic blood flow following
oxytocin injection. Anaphylactic reactions to antibiotics can follow the removal of a
tourniquet during orthopedic surgery.
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Table 1. Differential diagnosis of perioperative anaphylaxis

Overdose of vasoreactive substance Malignant hyperthermia
Asthma Myotonias and masseter spasm
Arrhythmia Hyperkaliemia

Myocardial infarction
Pericardial tamponade
Pulmonary edema
Pulmonary embolism
Tension pneumothorax
Venous embolism
Sepsis

Hereditary angioedema
Mastocytosis

Table 2. Clinical signs observed in case of IgE-mediated reactions compared with non-lgE-medi-
ated reactions [9]

Clinical signs IgE-mediated reactions: Non-IgE-mediated
491 cases reactions
Cutaneous symptoms 326 (66.4%) 206 (93.6%)
Erythema 209 151
Urticaria 101 177
Edema 50 60
Cardiovascular symptoms 386 (78.6%) 70 (31.7%)
Hypotension 127 50
Cardiovascular collapse 249 12
Cardiac arrest 29 -
Bronchospasm 129 (39.9%) 43 (19.5%)

Initial features are mostly pulselessness, difficulty in ventilation, desaturation, and a
decreased end-tidal CO,. Cutaneous symptoms are observed in 66-70% of patients in
case of IgE-mediated reactions but in more than 90% in non-IgE-mediated reactions.
On the contrary, cardiovascular collapse and bronchospasm are more frequent in IgE-
dependent reactions (table 2). Severe anaphylaxis may be a primary cardiac arrest [9].

Clinical manifestations show striking variations of intensity in different patients,
ranging from mild hypersensitivity reactions to severe anaphylactic shock and death
(table 3). However, IgE-mediated reactions are usually more severe than non-IgE-medi-
ated reactions [9]. In addition, IgE-mediated reactions to NMBAs have been shown to
be more severe than reactions to other substances like latex in some series [9].

In mild cases restricted to a single symptom, spontaneous recovery may be
observed. In most cases, after adequate treatment, clinical signs regress within an
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Table 3. Grade of severity for quantification of immediate hypersensitivity reactions (according to
the classification from the French Society for Anesthesiology)

Grade  Symptoms

I Cutaneous signs: generalized erythma, urticaria, angioedema

Il Measurable but not life-threatening symptoms
Cutaneous signs, hypotension, tachycardia
Respiratory disturbance: cough, difficulty to inflate

M Life-threatening symptomes: collapse, tachycardia or bradycardia, arrhythmias,
bronchospasm

v Cardiac and/or respiratory arrest

hour without sequelae. However, in some cases, severe bronchospasm can resist to
treatment, with a risk of cerebral anoxia or death.

Population at Risk

The potential severity of anaphylaxis during anesthesia underscores the interest of
developing a rational approach to reduce its incidence by identifying potential risk
factors before surgery. Recommendations concerning the identification of population
at risk of peroperative anaphylaxis, who would benefit from preoperative investiga-
tion, have been proposed [10].

Patients at risk have been defined as follows: (a) Patients who are allergic to one of
the drugs or products likely to be administered or used during the anesthesia proce-
dure and for which the diagnosis had been established by a previous allergy investiga-
tion. (b) Patients who have shown clinical signs suggesting an allergic reaction during
a previous anesthesia. (c) Patients who have presented the clinical manifestations of
allergy when exposed to latex, whatever the circumstances in which this occurred.
(d) Children who have had multiple operations, especially those with spina bifida,
because of the high frequency of sensitization to latex and of the high incidence of
anaphylactic shock caused by latex in such patients [11]. (e) Patients who have expe-
rienced clinical manifestations of allergy to avocado, kiwi, banana, chestnut, buck-
wheat, etc., because of the high frequency of cross-reactivity with latex.

Causal Agents
The overall distribution of the various causal agents is very similar in most reported series.

NMBAs represent the most frequently involved substances with a range of 50-70%, fol-
lowed by latex (12-16.7%) and in recent reports antibiotics (15%) [1-7] (table 4).
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Table 4. Substances responsible for IgE-mediated hypersensitivity reactions in France. Results from seven consecutive
surveys [9] (% values)

1984-1989 1990-1991 1992-1994 1994-1996 1997-1998 1999-2000 2001-2002

n=3821 n=2813 n=1,030 n=734 n =486 n=518 n =502
NMBAs 81.0 70.2 59.2 61.6 69.2 58.2 54
Latex 0.5 12,5 19.0 16.6 12.1 16.7 223
Hypnotics 11.0 5.6 8.0 5.1 3.7 34 0.8
Opioids 3.0 1.7 35 2.7 14 1.3 24
Colloids 0.5 4.6 5.0 3.1 2.7 4.0 2.8
Antibiotics 2.0 2.6 3.1 83 8.0 15.1 14.7
Other 2.0 2.8 2.2 2.6 29 13 3.0
Total 100 100 100 100 100 100 100

NMBAs: Immune-Mediated Hypersensitivity Reactions Are Predominant

Most of them are IgE-dependent reactions. Epitopes have been shown to be quater-
nary ammonium ions [12]. Since the structure of NMBAs includes two substituted
ammonium ions per molecule, this bivalency could explain the immediate bridging
of two adjacent membrane-specific IgEs not requiring a previous binding to a pro-
teinic carrier [13]. However, the IgE recognition site of the molecule also depends
on the molecular structure adjacent to the ammonium ion, and that accounts for the
heterogeneity of the cross-reactivity among patients [13, 14]. Indeed, the patterns of
cross-reactivity vary considerably between patients. Cross-reactivity to all NMBAs is
relatively unusual, but seems to be more frequent with amino steroid NMBAs than
with benzylisoquinoline-derived NMBAs.

Differences regarding the relative risk of allergic reactions between NMBAs have
been recognized in large epidemiologic surveys. Suxamethonium appears to be more
frequently involved, and pancuronium and cis-atracurium have the lowest inci-
dence of anesthetic anaphylaxis in large series [1, 3, 6, 9, 11]. A trend concerning
an increased frequency of allergic reactions to rocuronium was initially reported in
Norway and France but not in USA [15].

To explain the possible differences observed regarding the risk of allergic reac-
tions with the different NMBAs, it has been suggested that the flexibility of the
chain between the ammonium ions as well as the distance between the substituted
ammonium ions might be of importance in the elicitation of mediator release [16].
Suxamethonium is a linear flexible chain.

In 15-50% of cases, IgE-mediated anaphylaxis to a NMBA has been reported at the
tirst known contact with a NMBA [1, 3, 14]. This suggests a possible cross-reaction
with IgE antibodies generated by previous contact with apparently unrelated chemi-
cals: drugs, such as pholcodine, cosmetics, disinfectants and industrial materials [14,
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17, 18]. The predominance of females, more than 65% in all large series, remains
unexplained.

Non-Immune-Mediated Hypersensitivity Reactions

The rate of non-IgE-mediated immediate hypersensitivity reactions usually var-
ies between 20 and 50% [1-7, 9]. They are assumed to result from direct non-spe-
cific mast cell and basophil activation, which causes direct histamine release [19].
Histamine release is predominantly found with the use of the benzylisoquinolines
d-tubocurarine, atracurium and mivacurium, and the aminosteroid rapacuronium.
Severe bronchospasm related to rapacuronium administration has been reported in
children and adults. It might be related to the higher affinity of rapacuronium for M2
versus M3 muscarinic receptors [20]. Rapacuronium has been withdrawn from the
market in the USA.

Latex. Allergy to natural rubber latex is the second most common cause of ana-
phylaxis during anesthesia in the general population. In children subjected to numer-
ous operations, particularly those suffering from spina bifida, it is the primary cause
of anaphylaxis [11]. The relative frequency of allergy to latex has rapidly increased,
rising from 0.5% before 1980 to 20% in France in 2002. A low rate has been reported
in countries where a strategy aimed to reduce latex exposure was implemented [6].

Antibiotics. Antibiotics are commonly administered peroperatively. At the present
time, allergy to B-lactams represents 12-15% of the peroperative reactions observed
in France [9]. Vancomycin, which is increasingly used for prophylaxis, has been
incriminated in some cases. The ‘red man syndrome’ is due to non-specific histamine
release induced by a rapid intravenous administration [21].

Hypnotics. Common hypnotics are thiopental, propofol, midazolam, etomidate,
ketamine and inhaled anesthetics. The incidence of hypersensitivity reactions with
thiopental is rare. Recently, thiopental was involved in less than 1% of allergic reac-
tions in France [9]. Ever since Cremophor EL, used as a solvent for some non-barbitu-
rate hypnotics, has been avoided, many previously reported hypersensitivity reactions
have disappeared. In the last French surveys, reactions to propofol accounted for less
than 2.5% of allergic reactions, and reactions to midazolam, etomidate or ketamine
appear to be really rare [9]. Finally, no immune-mediated immediate hypersensitiv-
ity reaction involving isoflurane, desflurane or sevoflurane has been reported despite
their wide use.

Opioids. Reactions to morphine, codeine phosphate, meperidine, fentanyl and its
derivatives are uncommon. Because of their direct histamine-releasing properties,
especially regarding morphine and codeine, distinction between anaphylaxis and non-
immune-mediated histamine release is not always easy. Only 12 cases were recorded
in the last 2 years’ epidemiologic survey in France, 9 of them being related to mor-
phine administration [9].

Local Anesthetics. Local anesthetics used in anesthesiology are currently amide
derivatives (lidocaine, mepivacaine, prilocaine, bupivacaine, levobupivacaine,
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ropivacaine). Inadvertent intravascular injection leading to excessive blood con-
centrations of the local anesthetic, or systemic absorption of epinephrine that was
combined with the local anesthetic, are by far the most common causes of adverse
reactions produced by these drugs. They have been involved in less than 0.6% of the
peroperative reactions [9].

Colloids. The overall incidence of reactions has been estimated to less than 0.22%.
Gelatins and dextrans are more frequently incriminated than albumin or hetastarch.
Evidence for IgE-mediated adverse reactions to gelatin has been reported. Adverse
reactions to dextrans were estimated to 0.275%, when it was 0.099% for albumin and
0.058% for hydroxyethyl starch solutions, and 0.03% for gelatin solutions [22, 23].

Dyes. Vital dyes have been used for many years in a variety of clinical situations.
Patent blue V (also called E131, Acid blue 3, Disulfine blue) and Isosulfan blue (also
called Patent blue violet or Lymphazurine), belong to the group of triarylmethane
dyes and are the most commonly used [24]. Reports of IgE-dependent anaphylaxis
arise. Anaphylactic reactions involving methylene blue seems to be very rare, how-
ever, several reports of sensitization to both Patent blue and methylene blue have pre-
viously been reported.

Aprotinin. Aprotinin is a naturally occurring serine protease inhibitor, has found
widespread applications either by the intravenous route or as a component of biologi-
cal sealants, because of its ability to decrease blood loss, and, as a consequence, trans-
fusion requirements. Anaphylactic reactions are mediated by IgG and IgE antibodies.
The risk of anaphylactic reactions has been estimated between 0.5 and 5.8% when
used intravenously during cardiac surgery, and at 5 for 100,000 applications when
used as a biologic sealant [25]. Patients previously treated with this drug present an
increased risk and any new administration should be avoided for at least 6 months
following an initial exposure [25].

Other Agents. Allergic reactions to chlorhexidine have been observed after inser-
tion of central catheters impregnated with this antiseptic, or after intraurethral use
or topical application [26]. Only rare cases of anaphylaxis following topical use of
povidone-iodine have been reported.

Protamine. Protamine, whose use to reverse heparin anticoagulation has increased
over the last two decades, has also been incriminated. Reactions may involve a num-
ber of mechanisms including IgE, IgG and complement. The incidence of anaphy-
lactic reactions is estimated at 0.19% (retrospective studies) and 0.69% (prospective
studies), respectively [27].

Investigation of an Allergic Reaction

Any suspected hypersensitivity reaction during anesthesia must be extensively inves-
tigated using combined per- and postoperative testing to confirm the nature of the
reaction, to identify the responsible drug, to detect possible cross-reactivity in cases
of anaphylaxis to a NMBA and to provide recommendations for future anesthetic pro-
cedures. The diagnostic strategy is based on a detailed history including concurrent
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morbidity, previous anesthetic history and any known allergies, and on a combina-
tion of investigations performed both immediately and days to weeks later. Biological
investigations include mediators release assays at the time of the reaction, quantifi-
cation of specific IgE, immediately or 6 weeks later, skin tests, and other biological
assays such as histamine release tests or basophile activation assays.

Histamine and Tryptase during Peroperative Anaphylaxis

Histamine concentrations are maximal almost immediately, decrease thereafter with
a half-life of about 20 min, and should be assayed within the first hour of a reaction.
The sensitivity of this test for the diagnosis of anaphylaxis was estimated at 75%, the
specificity at 51%, the positive predictive value at 75% and the negative predictive
value at 51%. Tryptase reaches a peak in the patient’s serum 30 min after the first clin-
ical manifestations. Its half-life is 90 min, and the levels usually decrease over time.
In a recent series, the sensitivity was estimated at 64%, specificity at 89.3%, positive
predictive value at 92-95%, and negative predictive value at 54.3% [9].

Skin Testing

Intradermal or prick tests are usually carried out 4-6 weeks after a reaction. Skin tests
to NMBAs may remain positive for years later. Ideally, testing should be carried out
by a professional experienced in performing and interpreting tests with anesthetic
agents [28]. Detailed recommendations for skin and intradermal test dilutions of
anesthetic drugs including NMBAs have been proposed by the French Societies for
Anesthesiology and Allergology. They have been confirmed by a prospective study
conducted in 120 healthy volunteers tested with all NMBAs available [29].

The estimated sensitivity of skin tests for muscle relaxants is approximately 94-97%.
Sensitivity for other substances varies. It is good for synthetic gelatins, -lactams, but
poor for barbiturates, opioids and benzodiazepines dyes, and chlorhexidine.

Specific IgE Assay. Two radioimmunoassays are available in France using a quater-
nary ammonium compound coupled to Sepharose [30, 31]. The sensitivity of these
tests was equivalent at 88%, the specificity reaches 90%. A morphine-based immu-
noassay has been proposed in Australia [14]. More recently, Ebo et al. [32] investi-
gated a rocuronium ImmunoCAP and set the sensitivity at 85%, the specificity being
absolute, provided an assay-specific decision threshold is applied. An ImmunoCAP
(Phadia A) is available.

Mediator Release Tests and Basophile Activation Test. Leukocyte histamine release
tests were positive in 65% of the allergic patients, for a threshold corresponding to
specificity at 100%. The concordance between LHR test and QAS-RIA was 64% [33].
Despite a very good specificity, their diagnostic application remains limited because
of the heavy experimental conditions and insufficient sensitivity. They are therefore
not used as routine diagnostic tests. Once fully validated, the basophil activation test
using flow cytometry will probably represent an interesting diagnostic tool for NMBA
anaphylaxis and for cross-sensitization studies [34].
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Conclusion

Peroperative anaphylaxis remains a significant adverse event during anesthesia which
remains underestimated because it is underreported. NMBAs, latex and antibiotics
are the most frequently involved drugs but all other drugs used by the anesthetist
are at risk of anaphylaxis. Because no premedication can effectively prevent an aller-
gic reaction, any suspected hypersensitivity reaction must be investigated to confirm
the anaphylaxis and to identify the eliciting drug. The possession of a warning card
(or wearing of a warning bracelet) is strongly encouraged. A thorough pre-anesthetic
history is the most important tool for screening at-risk subjects. Particular attention
must be paid to patients who have already experienced such a reaction during anes-
thesia, those alleging an allergy to muscle relaxants, or those at risk of latex sensiti-
zation. In these cases, the choice of the safest possible anesthetic agents should be
based on a rigorously performed allergy assessment and the conjugated expertise of
the allergists and the anesthetists.
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Abstract

Local anesthetics (LA) are common elicitors of adverse reactions and the clinical symptoms often cor-
respond to anaphylaxis with tachycardia, hypotension and subjective feelings of weakness, heat or
vertigo. The pathomechanism of immediate hypersensitivity reactions to LA is largely unknown -
they are commonly regarded as ‘pseudo-allergic’ or ‘non-immune type’anaphylaxis. Immunologically
mediated reactions have rarely been observed with positive skin prick tests. Other ingredients in LA
preparations have to be considered as elicitors, e.g. preservatives like benzoates or sulfites or latex
contaminants in injection bottles. Practical management of patients with a history of LA reaction
includes a careful allergy history, skin-prick and intradermal tests. Undiluted LA solutions may elicit
false-positive intradermal test reactions. If prick and intradermal tests are negative, the procedure of
subcutaneous provocation testing is applied in a placebo-controlled manner. When patients are con-
stantly reacting to placebo, a regimen of ‘reverse placebo provocation’with injection of a LA (verum)
is applied while the patient is informed about receiving placebo in order to ‘rule out psychosomatic
involvement’ With this regimen it is possible to eliminate anxiousness and fear, and the patient has
proof that he has tolerated the respective LA substance. Copyright © 2010 S. Karger AG, Basel

Since the introduction of cocaine (methylbenzoylecgonine) into medicine for topical
analgesic effects, local anesthetics (LAs) have been a major progress in the history of
medicine [1]. They are widely used with an estimate of more than 5 million injec-
tions every day worldwide, and although they are generally well tolerated, a certain
number of patients suffer from adverse reactions to these substances [2]. The preva-
lence of these phenomena is not well established. Estimates range from 0.1 to 1% [3].
Larger studies show a much lower figure. In the UK, 70 million lidocaine applica-
tions have been registered for dental procedures, while only 249 cases of adverse reac-
tions were reported [4]. The reason for this discrepancy may be seen in the fact that
many of these adverse reactions are primarily regarded as ‘autonomic’, ‘vagovasal’ and
are neglected without further diagnostic steps taken. Sometimes patients are labeled
‘allergic’ without diagnostic testing; there is some confusion among physicians and
patients with regard to LA hypersensitivity.
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Fig. 1. Chemical structure of ester- and amide-type LAs.

In this chapter it will be stressed that patients suffering from such adverse reac-

tions after application of LAs should undergo an allergy diagnostic work-up in order

to give save recommendations for future treatments [5].

Chemical Structure

LAs are small molecular weight chemicals with a lipophilic group (aromatic ring),
and a hydrophilic (amine) group and a linkage between both groups. Regarding the
chemical structure, they are roughly classified as ester or amide compounds, based
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Table 1. Ester and amide-type LAs

Ester-type LA Amide-type LA
Chloroprocaine Dibucaine (= cinchocaine)
Cocaine (methylbenzoylecgonine) Etidocaine
Procaine Levobupivacaine
Proparacaine Lidocaine (= lignocaine)
Tetracaine Mepivacaine
Benzocaine Prilocaine
Articaine Ropivacaine
Bupivacaine Sameridine

Tonicaine

Table 2. Adverse reactions to LAs: etiopathophysiology

Toxicity (cardiovascular, CNS)

Type | allergy (IgE): rare

Type IV allergy (contact allergy, local and systemic)

Pseudo-allergic (non-immune anaphylaxis)
(psychoneurogenic, autonomic, vagovasal)

Hypersensitivity to other ingredients (e.g. latex, preservatives)

Pharmacologic effect of other ingredients (e.g. adrenaline)

on the nature of the intermediate linkage (fig. 1). While the ester compounds are the
more classical substances, newer agents are mostly of the amide-type and can be fur-
ther subgrouped into aminoacylamides (e.g. lidocaine, mepivavacaine, bupivacaine,
xylocaine) and aminoacylamides (e.g. dibucaine, procainamide) (table 1).

Clinical Symptomatology

Clinical symptomatology as experienced by patients undergoing immediate-type
reactions to LAs comprise urticaria [6], angioedema [7], dyspnea, vomiting, chill,
tachycardia, arrhythmia, sensation of heat, loss of consciousness, headache, vertigo,
nausea and other subjective symptoms. The majority of the reactions start within the
first 30 min after the injection. In around 20% of the patients, reactions may occur
only after 2 h. From the clinical symptomatology it is often very difficult to differenti-
ate various pathomechanisms, namely true anaphylaxis from autonomic vagovasal
reactions, especially when skin symptoms are lacking. Adverse reactions to LAs can
be caused by very different pathomechanisms (table 2).
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Toxicity

LAs are powerful pharmacologic agents acting directly on the peripheral nerve, but
also on the central nervous system (CNS) and the cardiovascular system. Toxic reac-
tions occur after a too high dosage which can happen after large area infiltration LA or
after incidental intravasal application of the agent. The typical symptoms are speech
disturbance, disorientation, difficulty in focusing the eyes, apprehension, localized
muscle twitching, drowsiness or lethargy, sometimes accompanied by a drop in blood
pressure, respiratory rate and heart rate. Cardiac toxicity induces a comparable effect
to the action of quinidine, with a direct depressive effect on the myocardium and
slowing of conduction impulses at the AV node. Lidocaine has been used as an antiar-
rhythmic for decades.

The well-known adverse reaction formerly often observed after intramuscular
injection of clemizol penicillin in the treatment of syphilis with anaphylaxis-like
symptoms plus CNS involvement in the absence of immunological sensitization to
penicillin was called the Hoigné syndrome or embolic-toxic reaction, and might be
explained by intravasal application of LA with subsequent toxic effects [8].

Pharmacologic Effect

LAs are not often used as a single substance, but are mixed preparations with adrena-
line and preservatives. This has to be differentiated by the diagnostic procedure [9].
Pharmacologic effects of adrenaline (paleness, tachycardia, hypertension, feeling of
fear) have to be differentiated from anaphylactic reactions to the LA substance [10].

Hypersensitivity Reactions

IgE-Mediated Anaphylaxis

True IgE-mediated anaphylactic reactions to LAs are extremely rare [11-13]. Only sin-
gle cases have been reported in the literature with positive prick tests [14, 15]. A case ofa
positive open patch test in a patient suffering from contact urticaria after topical applica-
tion of lidocaine, pilocaine mixture (Emla cream) might represent a true IgE-mediated
allergy [16]. The majority of immediate-type reactions are non-immune in nature.

Contact Allergy (Type IV Reactions)

True allergic reactions to LA are not uncommon in the form of contact allergy [17, 18]
(typeIV) against topically applied LA in suppositories, creams and ointments [1]. A mix-
ture of several caines is part of the international standard patch tests for contact allergy
testing [19]. The symptomatology of type IV reactions differs from the above-mentioned
anaphylactic type. Local redness and itching usually appear at the site of injection which
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may spread and lead to papulovesicular eruptions. Rarely, after LA injection a systemic
contact allergic reaction (hematogenous contact dermatitis) may develop [20-22].

In a study performed by Ruzicka et al. [23], 104 patients with positive patch tests
to LAs and a history of contact dermatitis were tested with LA in a prick test and in
an intradermal setting. All prick tests remained negative. There were 9 persons posi-
tive for procaine in the intradermal test and 3 positive for butanilicaine. There was no
correlation to history in the patients with skin tests and no correlation between patch
test results and results of the intradermal test [23].

Non-Immune Anaphylactic (‘Pseudo-Allergic’) Reactions

The majority of immediate-type adverse reactions to LA seem to be non-immune in
nature, earlier called pseudo-allergic [24]. Following the new nomenclature of the
World Allergy Organization, these reactions should now be called ‘non-immune ana-
phylaxis’ [25].

Contrary to other elicitors of non-immune anaphylactic reactions (radiocon-
trast media, neuromuscular blocking agents, non-steroidal anti-inflammatory drugs
(NSAIDs)) where there are at least hypothetical concepts regarding the pathomecha-
nism of these reactions via increased mediator release (e.g. histamine release, shift
in arachidonic acid metabolism from prostaglandins towards leukotrienes, etc.) [26],
there is almost no literature regarding the pathomechanism of these reactions after
LA application.

We proposed the term ‘psychoneurogenic’ for the mechanism of these reactions,
since the direct action on the nerve might elicit a reflex cascade via the CNS and
then lead to the above-mentioned symptoms. Why these reactions only occur in cer-
tain individuals, maybe due to pharmacogenomics and specific hyperexcitability of
peripheral nerves, remains open for speculation. There is a high degree of psychoso-
matic involvement in such reactions.

Results of Skin Test and Provocation Test Procedures

In the diagnostic work-up, allergists usually start with a skin-prick test, followed by
an intradermal test, and soon continuing with subcutaneous provocation testing (see
below). In a very detailed study performed by Gall et al. [27], 177 patients suffering
from 197 anaphylactic reactions after LA application were investigated with a skin-prick
test, intradermal test and subcutaneous provocation testing with the suspected agents.
They found a total number of 14 positive provocation reactions, three going along with
objective symptoms (urticaria twice, local erythema once, and systemic dermatitis after
24 h) and subjective symptoms (as mentioned above) in 11 patients. Five of the patients
also reacted to preservatives in the LA preparations (sulfites, benzoates) [27]. Table 3
shows the results of subcutaneous provocation testing in several studies in the litera-
ture. There seem to be surprisingly little positive reaction, however, unfortunately, the
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Table 3. Specificity of subcutaneous provocation with LA: posi-
tive test with causative agent (literature review)

0/90 de Shazo and Nelson [31] 1979
1/25 Le Sellin et al. [2] 1986
0/59 Chandler etal.[11] 1987
0/35 Escolano et al. [12] 1990
0/26 Fisher and Graham [9] 1984
0/50 Incaudo et al. [13] 1978
3/143 Gall et al. [27] 1996
0/108 Astarita et al. [38] 2001
1/236 Berkum et al. [34] 2003
1/36 Wohrl et al. [5] 2006
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medication [from Ring, 1986].

authors did not comment on the frequency of placebo responses in their patients, but
rather subtracted people with placebo reactions which may lead to confusion.

Psychosomatic Involvement
It is obvious and a well-known clinical experience that psychosomatic influence is

extremely common in LA reactions. Figure 2 shows the example of a patient who,
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Table 4. Reverse placebo provocation: procedure and patient
information [from Ring, 1985]

Subcutaneous provocation Information
SCP with LA 1 ‘one LA’
SCP with LA 2 ‘another LA’
SCP with NaCl ‘another LA’
SCP with LA 1 ‘NaCl’

SCP with LA 1 LA

while undergoing a dental procedure, released a significant amount of histamine in
the plasma without any actual drug application; just the simple strain of the situation
induced a histamine release which can be compared to a mild anaphylactic reaction
in true IgE-mediated allergy [28].

Reverse Placebo Provocation

Since some of our patients also react to placebo after intradermal or subcutaneous
provocation testing, and since they are often in desperate need of a LA for an impend-
ing surgical or dental procedure, we developed the regimen of reverse placebo provo-
cation (RPP) (table 4) where the patient is informed at the beginning of the diagnostic
work-up that placebo injections will be included in the regimen and everything will
be blinded, but at the end fully explained. The RPP is then started by injecting one LA
(verum) and explaining to the patient that he is receiving placebo (‘to rule out psy-
chogenic involvement’). When the patient has tolerated the true LA under the label
of placebo, it is crucial to give a friendly and exact open explanation embedded in a
serious conversation. The patient must never get the feeling of having been fooled or
tricked! After that, on the basis of this mutual understanding, a final open provoca-
tion with the same LA substance the patient had just tolerated is performed and usu-
ally tolerated without reaction.

With the principle of RPP we are able to take away fear and anxiety by proving to
the patient that he has tolerated the drug. If we would have stopped after ‘placebo-
positive, the patient would be left frustrated, would feel that he was not taken seri-
ously and would be anxious before the next LA application.

In 12 patients with a history of severe anaphylactic reactions induced by LAs, RPP
was performed: only 3 patients showed mild reactions to LA at doses of 0.3 and 0.5 ml,
while they were tolerating the higher doses of 1.0 and 2.0 ml. Nine patients who toler-
ated the drug were informed of the actual procedure, were re-challenged openly and
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showed no reaction. The results of placebo provocation strongly support the concept
of the involvement of psychoneurogenic reflex mechanisms in the pathophysiology
of these reactions. In very severe cases there may be an overlap to panic-fear attacks.
Close cooperation with psychologists or psychosomatic medicine is recommended.

Diagnostic Work-Up

The diagnostic work-up in patients with a history of LA anaphylaxis uses the classical
steps [29]:

History. This includes the severity grading of the clinical reaction, the time of
administration and onset of symptoms, the concomitant use of other drugs, foods or
compounds (latex), previous history of drug allergy, atopy in the personal or family
history, other underlying conditions such as mastocytosis or C1 esterase inhibitor
deficiency. The actual preparation in its galenic identity should be stored or at least
listed.

Skin Test. Usually a battery of LAs is tested in the skin-prick test which is almost
always negative. Then the intradermal test is performed with a 1:10 dilution of the
substances. Undiluted LA preparations may commonly lead to false-positive reac-
tions [30-32] in a rather high percentage of patients.

Subcutaneous Provocation Testing. When prick and intradermal tests are negative,
subcutaneous provocation testing is started using 0.1 ml of the undiluted LA solu-
tion followed by 0.2, 0.5, 1.0 and 2.0 ml into the extensor side of the patient’s upper
arm at 30-min intervals. For most of the patients it is possible to find a tolerable LA
which is recommended for future applications [33] (table 3). In a long-term follow-
up, Wasserfallen and Frei [32] found in 28 patients undergoing skin and subcutane-
ous provocative testing that over 3 years in 19 cases re-exposure to a tolerated LA was
well tolerated without untoward reaction.

In vitro Diagnosis. Unfortunately, there is no reliable in-vitro allergy diagnostic test
available for routine use. Gall et al. [27] had used a self-made radioallergosorbent test
with coupled LA to polystyrol discs, however, all the patients were negative. In-vitro
cellular diagnostic assays have not been described as useful until now.

The field of anaphylactic reactions to LAs is difficult; there is still a need for
research regarding the pathophysiology, but also for maybe more efficient and less
risky diagnostic procedures.

Conclusion
LA preparations are common elicitors of adverse reactions, i.e. ca. 0.1-1% of appli-

cations in dental and other procedures. The clinical symptoms often correspond to
anaphylactic reactions with tachycardia, hypotension, and subjective feelings such as
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weakness, heat or vertigo. LA preparations also are well-known contact sensitizers
eliciting allergic contact dermatitis when used in topical preparations.

The pathomechanism of immediate hypersensitivity reactions to LA is largely
unknown; they are commonly regarded as ‘pseudo-allergic’ or ‘non-immune’-type
reactions in the literature [29, 34]. Rarely, immunologically mediated reactions have
been observed with positive skin-prick tests. After intramuscular application ‘embo-
lic-toxic’ reactions can be observed due to intravasal application of the LA or other
ingredients in LA preparations (e.g. epinephrine). Among the group of non-immune
anaphylactic reactions, LA reactions are probably not caused by direct mediator
release (e.g. histamine) or activation of complement or other systems; they can be
classified as ‘psychoneurogenic’ reactions whereby the immediate pharmacologic
action of the agent on the nerve is eliciting a reflex phenomenon with vagovasal com-
ponent [35]. Other ingredients in LA preparations also have to be considered as elici-
tors, e.g. preservatives like benzoates or sulfites [36, 37] or latex [35] contaminants in
injection bottles with latex closure. The chemical structure of LA seems to have little
influence with regard to immediate-type hypersensitivity reactions [38, 39]. However,
it plays an important role in type IV contact sensitivity where LA with ester groups
seems to be stronger contact sensitizers than those with amide groups [40].

Practical management of patients with a history of LA reaction includes a careful
allergy history (cofactors, other elicitors of anaphylaxis), skin-prick tests and intra-
dermal tests with a battery of LAs [41]. Undiluted LA solutions may elicit false-pos-
itive immediate-type test reactions in up to 20%. Sometimes patients already react
to the intradermal test with systemic symptoms. If prick and intradermal tests are
negative, the procedure of subcutaneous provocation testing is started with increas-
ing doses of the LA in a pure solution (ampoules without preservatives) [42]. We start
with 0.1 ml with dose increments of 0.2, 0.5, 1.0 and 2.0 ml in the exterior side of the
upper arm at 20-min intervals. The test has to be performed in a placebo-controlled
manner. Some patients are constantly also reacting to placebo [43]. In this case we
perform the regimen of RPP with injection of a LA substance (verum), while the
patient is informed to receive a placebo injection in order to ‘rule out psychosomatic
involvement. When the patient has tolerated this verum injection under the label of
‘placebo;, it is crucial to explain the findings in an open and respectful way. The patient
never must get the feeling of having been ‘deceived. However, with this regimen we
are able to eliminate anxiousness and fear, since we have proven to the patient that he
has tolerated this LA substance. Most of the patients will then tolerate the selected LA
in future applications.
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Abstract

Anaphylaxis is the maximal variant of an acute life-threatening immediate-type allergy. Due to its
often dramatic onset and clinical course, practical knowledge in the management of these reactions
is mandatory both for physicians and patients. It has to be distinguished between acute treatment
modalities and general recommendations for management of patients who have suffered from an
anaphylactic reaction. Acute treatment comprises general procedures like positioning, applying an
intravenous catheter, call for help, comfort of the patient as well as the application of medication.
The acute treatment modalities are selected depending upon the intensity of the clinical symptoma-
tology as they are categorized in ‘severity grades. First of all it is important to diagnose anaphylaxis
early and consider several differential diagnoses. This diagnosis is purely clinical and laboratory tests
are of no help in the acute situation. Epinephrine is the essential antianaphylactic drug in the phar-
macologic treatment. It should be first applied intramuscularly, only in very severe cases or under
conditions of surgical interventions intravenous application can be tried. Furthermore, glucocorti-
costeroids are given in order to prevent protracted or biphasic courses of anaphylaxis; they are of
little help in the acute treatment. Epinephrine autoinjectors can be used by the patient him/herself.
Histamine H,-antagonists are valuable in mild anaphylactic reactions; they should be given intrave-
nously if possible. The replacement of volume is crucial in antianaphylactic treatment. Crystalloids
can be used in the beginning, in severe shock colloid volume substitutes have to be applied. Patients
suffering from an anaphylactic episode should be observed over a period of 4-10 h according to the
severity of the symptomatology. It is crucial to be aware or recognize risk patients as for example
patients with severe uncontrolled asthma, or under B-adrenergic blockade. When bronchial symp-
toms are in the focus, inhaled 3,-agonists can be tried, also for laryngeal edema. The use of com-
bined H;- and H,-antagonists has been recommended for prophylaxis prior to application of
potentially anaphylaxis-eliciting drugs (e.g. radiographic contrast media). Patients who have sur-
vived an anaphylactic reaction have to be thoroughly examined and an allergy diagnosis has to be
performed with regard to the eliciting agent and the pathogenic mechanism involved. In cases of
clear-cut IgE-mediated anaphylaxis, allergen-specificimmunotherapy is available for some allergens
and helpful as for example for insect venom anaphylaxis. Furthermore, patients should be trained



with regard to the nature of anaphylaxis, the major eliciting agents and the principles of behavior

and coping with the situation including the handling of epinephrine autoinjectors and the applica-

tion of antianaphylactic medication. Educational programs for anaphylaxis have been developed.
Copyright © 2010 S. Karger AG, Basel

In the management of anaphylaxis — the most severe manifestation of immediate-
type allergy — acute treatment modalities have to be distinguished from general man-
agement recommendations. The steps of acute treatment of anaphylaxis are based on
recommendation which differ between countries and are condensed in national or
international guidelines [1-7]. Many of the recommendations are empiric in nature
and not very much evidence-based. Due to the dramatic phenomenology and often
‘hectic’ circumstances, there are few controlled trials evaluating the efficacy of classic
anaphylactic treatment [8-12].

In the following the most important steps and drugs in the acute treatment will be
discussed as they appear in various recommendations. Currently a general evalua-
tion of worldwide existing recommendations is being prepared by the World Allergy
Organization (WAO) [13]. The acute treatment modalities are selected according to
the intensity of the clinical symptomatology as they are categorized in various ‘sever-
ity scales’ [14-21] (also see chapter by Ring et al., section: History and Classification
of Anaphylaxis, p. 1).

Basic General Treatment Modalities

When a patient develops anaphylaxis, prior to applying medication, some general
management aspects have to be considered: positioning, call for help, intravenous
catheter, and medication preparation. Anaphylaxis often occurs in a waiting room
while the patient is sitting on a chair [22], and antianaphylactic treatment is started
in this position. It is crucial to first put the patient into a supine position, with free
airways. If cardiovascular symptoms are central, the legs may be slightly elevated.
When bronchospasm is the main clinical feature, upright positioning of the thorax
is to be preferred. It is important to apply an intravenous catheter in the early state
while circulation is still active and give volume. At the same time or immediately after
these first steps, help should be called and possible necessary medication should be
prepared [3, 18, 23]. When the anaphylactic episode is elicited by an intravenously
applied medication, this infusion has to be stopped [24, 25].

Among the antianaphylactic drugs, epinephrine (adrenaline) is the essential sub-
stance. In the acute treatment of the anaphylaxis in addition to the classical ABC
(airway, breathing, circulation) rule for cardiopulmonary resuscitation [26, 27], one
can apply the AAC rule (antigen off, adrenaline, cortisone) [18]. Other drugs play-
ing a role in the treatment of anaphylaxis include antihistamines (H,-antagonists),
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Table 1. Basic rules in the management of an acute anaphylactic reaction

— Diagnosis and exclusion of differential diagnoses of anaphylaxis

- Stop exposure to the eliciting agent (‘allergen off!)

— Place the patient into the right position (supine in cardiovascular reactions, thorax upright when
bronchoconstriction is the major symptom)

- Callfor help

- Inject epinephrine intramuscularly (0.01 mg/kg, maximum 0.5 mg in adults, 0.3 mg in children)

- If there are breathing difficulties give oxygen (6-8 I/min), by facemask

- Introduce an intravenous catheter and apply volume (crystalloid solutions like saline or Ringer’s)

- Monitor patient’s heart rate, respiration and blood pressure

- Ingrade IV start cardiopulmonary resuscitation

corticosteroids, 3,-agonists, possibly glucagon or vasoactive peptides (vasopressin) as
well as intravenous fluids for volume replacement [28-30].

When cyanosis occurs, oxygen should be supplemented by a facemask or by an
oropharyngeal airway with a flow rate of about 7 liters/min. When indicated or when
there is a ventilatory insufficiency, intubation should be performed to support breath-
ing. Patients who are vomiting should be positioned adequately in order to avoid
aspiration (table 1).

Epinephrine (Adrenaline)

Epinephrine is the essential antianaphylactic drug. Despite its long-time use - it was
discovered over a century ago — there are few evidence-based clinical trials evaluat-
ing the therapeutic benefit [8, 9, 11, 12]. Epinephrine as an a,-adrenergic agent has
a strong vasoconstrictive effect in most organs of the body and acts at the same time
bronchodilatorily relieving laryngeal obstruction and mucosal edema.

While epinephrine is usually well tolerated in young and healthy individuals, there
may be problems in elderly patients with cardiac arrhythmia or previous myocardial
infarction episodes [31-33]. Pharmacological effects of epinephrine include rapid
rise in blood pressure, pallor, anxiety, tachycardia, headache and tremor as well as
vertigo. Most commonly these effects occur after intravenous injection or after over-
dosing epinephrine. Cardiac arrhythmia or pulmonary edema may develop in serious
cases [33, 34].

The initial dose of epinephrine which is generally recommended is 0.01 mg/
kg, possibly increased to a maximum of 0.5 mg in adults and 0.3 mg in children,
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Table 2. Medication needed in the treatment of acute anaphylactic reactions

Epinephrine (adrenaline): Epinephrine is available as solution in ampoules 1:1,000 (containing 1
mg/ml), this can be used for intramuscular injection. For intravenous injection dilute further
1:10 for slow intravenous injection, better infusion! There are epinephrine autoinjectors
containing 0.15 mg (children) or 0.3 mg (adults) epinephrine

- Histamine H;-antagonists: For intravenous infusion diphenhydramine, dimetindene and
clemastine are available. There are no controlled studies for the new non-sedating
antihistamines in the treatment of anaphylaxis

- Histamine H,-antagonists such as cimetidine or ranitidine can be helpful when combined with
H,-antihistamines

- B,-Adrenergic agents: 3,-Agonists can be used as aerosols when airway reactions are
predominant

- Additional medication: Additional medication to be used rarely under special circumstances
include: Glucagon, atropine derivatives, dopamine, vasopressin (these drugs should be given by
experienced physicians in the adequate setting)

respectively. The best recommended route of application is the intramuscular injec-
tion into the mid-anterolateral thigh. Single epinephrine dosage may be repeated in
5- to 15-min intervals when the symptomatology continues. In severe cases (grade III
or IV) with manifest shock or cardiac/respiratory arrest, intravenous infusion has to
be performed: here the epinephrine solution has to be diluted (usually 1:10 from the
commercially available preparations), so that 0.1 mg/1 is slowly infused (table 2).

Rarely, epinephrine can be injected directly intracardially in grade IV reactions.
Subcutaneous epinephrine injection has been recommended over many decades,
however it is current understanding that this should be avoided, since the necessary
distribution in the body is not well achieved. Since epinephrine is mostly injected by
the intramuscular route, the safety of this drug has considerably increased [9, 11, 12,
35, 36].

A major progress in the field is the availability of epinephrine autoinjectors which can
be used by the patient him-/herself as a self-medication. Different devices are available
which either trigger the injection needle just by pressure on the thigh or which have to
be triggered by pressing on a button (like a pencil). The handling of these devices has to
be explained and practiced with the patients (see ‘Management, Education’) [37-40].

Glucocorticosteroids
In many countries, glucocorticosteroids are administered as first drug because of their

well-known antiallergic effects. However, the onset of action of corticosteroids takes at
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least from 30 min to some hours. They therefore are not really active in the very acute
phase. However, they exert a beneficial effect in preventing late-phase, or bi-phasic or
protracted reactions (see ‘Classification’) [18, 19]. Corticosteroids, when given, should
be administered in an adequate dose of 3-5 mg/kg in a bolus intravenous injection [41].

Antihistamines

H,-Antagonists

Antihistamines are the best studied drugs with regard to controlled trials or animal
experiments [42-50]. H,-antagonists such as dimetindene, clemastine or diphenhy-
dramine have been available for more than half a century and are standard treatment
in mild anaphylactic reactions (grade I). In many patients just developing urticaria
or angioedema, adequate positioning, application of an intravenous catheter together
with an infusion of fluids and intravenous antihistamines is sufficient when close
monitoring for blood pressure, heart rate and breathing is available.

Not all grade I reactions necessarily progress to more severe anaphylactic symp-
tomatology. There is maybe one cause for disagreement between various recom-
mendations in different countries, since in some countries only cardiovascular
involvement is a prerequisite for the diagnosis ‘anaphylaxis, while other authors also
include generalized skin symptoms as first degree of anaphylaxis which may develop
into more severe forms, but need not necessarily do so. It is not possible to predict
the clinical outcome of an acute urticaria or angioedema! Therefore, antihistamines
have their definite place in antianaphylactic management [51]. Unfortunately, only
classical antihistamines with sedating side effects are available for intravenous injec-
tion. Adequate control trials showing efficacy of modern non-sedating antagonists
in anaphylaxis are still missing. Nevertheless, in some countries and by some doctors
these modern non-sedating antihistamines as tablets or fluids are recommended for
self-medication (‘emergency kits’ for patients).

H,-Antagonists

H,-antagonists alone, such as cimetidine or ranitidine, have a modest effect on cuta-
neous flush reaction and maybe also on the heart [14, 52]. However, when applied
they should be given together with H,-antagonists. There are some studies showing
a beneficial effect of combined H,- and H,-antagonist treatment or pretreatment in
anaphylaxis [46, 53].

Volume Replacement
Volume replacement is crucial in antianaphylactic treatment. It should be started with

crystalloid solution (saline or Ringer’s solution). However, in severe shock, higher
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Table 3. Technical supplies required for adequate treatment of anaphylaxis

Infusion equipment

Oxygen

Facemasks (also for different ages)

Bag/valves/masks

Volume solutions (0.9% saline, Ringer’s lactate, HES)

Airway equipment (pharyngeal airway, laryngeal mask, supplies for intubation)

Pulse oximetry

Automatic defibrillation equipment

quantities (2-3 liters) of colloid volume substitutes have to be applied. Here hydroxy-
ethyl starch (HES) solutions are preferred, since gelatin or dextran preparations have
been shown to elicit anaphylactic drug reactions in a certain number of patients [54,
55]. There is still a debate whether hyperoncotic HES solutions (<30,000 MW) are
superior to the isoosmolar HES preparations (table 3) [56].

Additional Drugs

Glucagon. In patients taking p-adrenergic blockers, the response to epinephrine is
impaired. Glucagon may reverse this effect and should be given to those patients
[57].

Anticholinergic treatment (atropine derivatives) may sometimes be indicated, espe-
cially in patients with pronounced bradycardia.

Vasoactive Peptides. More recent studies show a beneficial effect of vasopressin
which should be evaluated further in clinical trials [58].

General Management of Patients Having Undergone an Anaphylactic Reaction

It is crucial not only to perform adequate treatment of the acute anaphylactic reac-
tions, but to give clear reccommendations for the future to every patient having under-
gone an anaphylactic reaction (table 4) [24, 53, 59-65]. Patients who have survived an
anaphylactic reaction have to be thoroughly examined and allergy diagnosis has to be
performed with regard to the eliciting agent and the pathogenic mechanism involved
[18, 66-77]. In cases of clear-cut IgE-mediated anaphylaxis, allergen-specific immu-
notherapy is available for some allergens and helpful as for example for insect venom
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Table 4. Management of patients having suffered from and survived from anaphylactic reaction

Observation according to intensity of clinical symptomatology (4-24 h)

Preliminary ‘allergy emergency card’ with suspected elicitor

Perform allergy diagnosis (after 3-4 weeks including in vitro diagnosis, skin test and if necessary

provocation tests)

Educate patients in handling the situation of an anaphylactic reaction and the necessary

medication including the handling of autoinjectors

Prescribe an‘emergency set’for self-medication

If possible, refer patient to allergen-specific immunotherapy (e.g. insect venom anaphylaxis)

Give individually tailored avoidance recommendations

Follow-up of the patient after 6 and 12 months

anaphylaxis [18, 78-87]. Furthermore, patients should be trained with regard to the
nature of anaphylaxis, the major eliciting agents and the principles of behavior and
coping with the situation including the handling of epinephrine autoinjectors and the
application of antianaphylactic medication. Educational programs for anaphylaxis
have been developed.
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Abstract

Epinephrine (adrenaline) is universally recommended as the initial drug of choice for the treatment
of anaphylaxis. No other medication has similar life-saving pharmacologic effects in multiple organ
systems, including prevention and relief of both upper and lower airway obstruction, and of shock.
Failure to inject epinephrine promptly contributes to anaphylaxis fatalities. It is most effective when
given immediately after the onset of anaphylaxis symptoms. The initial recommended adult dose is
0.3-0.5 mg, injected intramuscularly in the anterolateral aspect of the mid-thigh. Injected by other
routes, epinephrine appears to have a less satisfactory therapeutic window; for example, onset of
action is potentially delayed when it is injected subcutaneously, and risk of adverse effects poten-
tially increases when it is injected intravenously. The possibility of randomized, controlled trials of
epinephrine in anaphylaxis should be considered. For ethical reasons, these trials will not be pla-
cebo-controlled. They might involve comparison of one epinephrine dose versus another, or one
route of epinephrine administration versus another. For first-aid treatment of people with anaphy-
laxis in the community, novel epinephrine formulations are being developed. These include epi-
nephrine autoinjectors that are safer and easier to use, and epinephrine formulations that can be
administered through non-invasive routes. Copyright © 2010 S. Karger AG, Basel

For nearly a century, epinephrine (adrenaline) has been the cornerstone of the acute
management of anaphylaxis [1-6], a sudden-onset multi-systemic allergic reaction
that can cause death. The World Health Organization lists epinephrine as an essential
medication for anaphylaxis [7]. Where national guidelines are available for the acute
management of anaphylaxis, they universally recommend injection of epinephrine as
the initial medication of choice [8].

In this review, we will describe the pharmacologic activity of epinephrine in ana-
phylaxis, the evidence base for its use, epinephrine dosing and routes of administra-
tion, epinephrine autoinjector use in first-aid treatment, reasons for failure to inject
epinephrine promptly, reasons for occasional apparent lack of response, and future
directions in epinephrine research.



Table 1. Pharmacologic activities of epinephrine’ relevant to anaphylaxis

Strength of recommendation for use as initial B (adults and children)
treatment of first choice in anaphylaxis? C (infants)
Pharmacologic effects at a,-receptor

T vasoconstriction

T peripheral vascular resistance
7T blood pressure

I mucosal edema, e.g. in larynx
at 3;-receptor

T heart rate

* force of cardiac contraction
at 3,-receptor

T bronchodilation

T vasodilation

{ release of pro-inflammatory mediators

Potential undesirable pharmacologic effects anxiety, fear, pallor, tremor, restlessness,
when given in usual doses by any route palpitations, headache

" Epinephrine is widely used in clinical medicine for its multiple pharmacologic effects; particularly
for its potent vasoconstrictor effects. For example, in a dilute solution of 1:100,000, it provides a sur-
gical tourniquet and facilitates a blood-free operating field. It is administered by nebulizer and face
mask for post-intubation croup and for viral croup.

2 Strength of recommendation A: based on a meta-analysis or at least one randomized controlled
trial. Strength of recommendation B: based on at least one well-designed study, including case con-
trol and comparative studies. Strength of recommendation C: based on expert reports or opinion
(levels of evidence and strength of recommendation. Oxford (UK): Centre for Evidence-Based
Medicine. Available at: http://www.cebm.net/levels_of evidence.asp (accessed December 8, 2008).

Pharmacologic Activity

Epinephrine is an endogenous catecholamine, and a direct-acting sympathomi-
metic a-adrenergic and -adrenergic agonist [5, 6, 9]. It has cyclic adenosine mono-
phosphate-mediated pharmacologic effects on many target organ systems (table 1).
Through a;-adrenergic receptors, it increases vasoconstriction and peripheral vas-
cular resistance, leading to a decrease in mucosal edema and an increase in blood
pressure. These a,-adrenergic properties give it a life-saving advantage over all other
medications used in anaphylaxis. Through B,-adrenergic receptors, it is a power-
ful cardiac stimulant, and increases both the rate and force of cardiac contractions.
Through B,-adrenergic receptors, it has bronchodilator and vasodilator effects, and
also decreases the release of mediators of inflammation such as histamine and tryptase
from mast cells and basophils. Its effects on the vasculature and on down-regulation
of mediator release are bidirectional. Achieving high epinephrine concentrations
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rapidly in plasma and tissue appears to be critically important, because low con-
centrations potentially cause vasodilation, decreased blood pressure, and increased
mediator release [5, 9].

Therapeutic Window

Epinephrine has a narrow benefit-to-risk ratio. Along with its therapeutic effects,
when administered in recommended doses by any route, it potentially causes tran-
sient anxiety, fear, restlessness, palpitations, pallor, tremor, and headache. Although
usually perceived as adverse effects, such symptoms indicate that a pharmacologi-
cally active dose of the medication has been absorbed. The desirable pharmacologic
effects of epinephrine cannot be separated from the undesirable pharmacologic
effects [10].

With regard to epinephrine’s potential adverse cardiac effects, it is important to
remember that in anaphylaxis, the heart is a target organ. Mast cells located between
myocardial fibers, in perivascular tissue, and in the arterial intima are activated
through IgE and other mechanisms to release chemical mediators of inflamma-
tion, including histamine, leukotriene C,, and prostaglandin D,. Coronary artery
spasm, myocardial injury, and cardiac dysrhythmias have been documented in
some patients before epinephrine has been injected for treatment of anaphylaxis,
as well as in patients with anaphylaxis who have not been treated with epinephrine
(11, 12].

Serious adverse effects of epinephrine potentially occur when it is given in an exces-
sive dose, or too rapidly, for example, as an intravenous bolus or a rapid intravenous
infusion. These include ventricular dysrhythmias, angina, myocardial infarction, pul-
monary edema, sudden sharp increase in blood pressure, and cerebral hemorrhage.
The risk of epinephrine adverse effects is also potentially increased in patients with
hypertension or ischemic heart disease, and in those using 3-blockers (due to unop-
posed epinephrine action on vascular a,-adrenergic receptors), monoamine oxidase
inhibitors, tricyclic antidepressants, or cocaine. Even in these patients, there is no
absolute contraindication for the use of epinephrine in the treatment of anaphylaxis
(1,5, 6].

Epinephrine: Evidence Base for Use in Anaphylaxis

The current evidence base for the injection of epinephrine in the initial acute treat-
ment of anaphylaxis includes: clinical experience during nearly a century of use,
observational studies, epidemiological studies, fatality studies, and randomized
controlled trials in people at risk for anaphylaxis although not actually experienc-
ing it at the time of the study. Moreover, the pharmacology of epinephrine has been
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extensively studied in vitro, and in randomized controlled trials in animal models of
anaphylaxis.

Epinephrine, like glucocorticoids, H,-antihistamines, and other medications used
in the initial acute management of anaphylaxis, was introduced before the era of pro-
spective, randomized controlled trials and evidence-based medicine [13]. A recent
Cochrane Systematic Review did not identify evidence from randomized controlled
trials to support the efficacy of epinephrine in the emergency management of anaphy-
laxis; however, it noted that: (1) based on current evidence, the benefits of injecting
appropriate doses of epinephrine likely far outweigh the risks, and (2) anesthetists,
who treat anaphylaxis relatively often and usually have sophisticated monitoring in
place before, during and after the event, universally report a rapid and predictable
response to epinephrine [14].

Given the unexpected occurrence of anaphylaxis, the rapidity with which symp-
toms evolve after exposure to the trigger, and the observation that delay in epineph-
rine injection is associated with fatality [15, 16], randomized controlled trials of
epinephrine in anaphylaxis will not be easy to conduct; however, it is time to consider
the possibility of performing such trials. Future directions with regard to studies of
the optimal dose and optimal route of administration of epinephrine in anaphylaxis
that do not involve a placebo control will be outlined at the end of this review [17].

Epinephrine Dosing

Epinephrine is administered by a variety of different routes in anaphylaxis, except for
the oral route, which is not feasible because of rapid inactivation of epinephrine in the
gastrointestinal tract by catechol-O-methyltransferase and monoamine oxidase [9].
The initial intramuscular epinephrine doses of 0.3-0.5 mg currently recommended
for adults with anaphylaxis are low compared with the doses required for resuscita-
tion following cardiac arrest [1, 2, 4, 18].

Rationale for Intramuscular Injection
In anaphylaxis, epinephrine appears to have an optimal benefit-to-risk ratio when it
is administered promptly by intramuscular injection [1-6].

In randomized, controlled, appropriately-blinded trials conducted in children at risk
for anaphylaxis but not actually experiencing it when the study was being performed,
the time to peak plasma epinephrine concentrations, accompanied by prompt phar-
macologic effects, was 8 + (SEM) 2 min after intramuscular injection of 0.3 mg in the
anterolateral aspect of the mid-thigh (in the vastus lateralis muscle) [19]. In contrast,
after subcutaneous injection of a similar dose in the deltoid region of the arm, the time
to peak plasma epinephrine concentrations was significantly longer, 34 + 14 min (range
5-120 min). The total amount of epinephrine eventually absorbed did not differ signifi-
cantly in the two groups. Faster absorption of epinephrine after intramuscular injection

214 Simons - Simons



in the thigh compared to subcutaneous injection in the arm was also documented in a
randomized, blinded, placebo-controlled, six-way crossover study in adults [20].

It is not surprising that intramuscular injection of epinephrine into the vastus lat-
eralis produces a prompt peak plasma epinephrine concentration, because of the large
size and excellent vascularization of this muscle. It is also not surprising that subcu-
taneous injection of epinephrine potentially leads to delayed absorption, because of
the potent a,-adrenergic agonist vasoconstrictor effects in the skin and subcutaneous
tissue, as evidenced by skin blanching at the injection site [19, 20].

Rationale for Intravenous Injection

In an anesthetized, ventilated canine model of anaphylactic shock defined as hypoten-
sion with blood pressure maintained at 50% of baseline, epinephrine infusion pro-
duces an improvement in blood pressure, associated with positive inotropy [21].

Anaphylactic patients with impending shock, for example, those with incontinence,
sudden loss of hearing or vision, dizziness, or collapse, and those with profound or
persistent hypotension, require slow intravenous infusion of a dilute epinephrine
solution [0.1 mg in 1 ml (1:10,000)]. Continuous hemodynamic monitoring and dose
titration by trained and experienced healthcare professionals are essential. Maximum
infusion rates of 5-15 pug/min are recommended in adults [2, 18, 22].

In healthcare settings, the risk of harmful effects is higher with intravenous epi-
nephrine than with epinephrine administered through other routes of injection [2,
6]. Dosing errors have been attributed to the common practice of using ratios such as
1:10,000 to express the epinephrine concentrations; therefore, use of mass concentra-
tion such as 0.1 mg in 1 ml is recommended [23].

Rarely, patients are refractory to epinephrine treatment [24], and require other
potent vasopressors [1, 2, 18, 22]. In those patients who are refractory to epineph-
rine because they are taking a f-adrenergic blocker, glucagon should be administered
intravenously [5, 18].

Epinephrine Autoinjector Use in First-Aid Treatment

Optimal use of epinephrine autoinjectors for first-aid treatment of anaphylaxis in
community settings is hampered by several issues. In most countries, these include
the availability of only two pre-measured epinephrine doses and only a few different
needle lengths, and the need to replace outdated autoinjectors at 12- to 18-month
intervals due to degradation of the epinephrine solution they contain.

Dilemmas in Dosing

Physicians face a dilemma with regard to prescribing an optimal epinephrine dose in
an autoinjector for first-aid treatment of people at risk for anaphylaxis in a commu-
nity setting, because only two pre-measured epinephrine doses, 0.15 and 0.3 mg, are
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currently available to treat everyone, and people range in size from small infants to
large or overweight adults [10, 25].

For infants or young children, to facilitate precise dosing of 0.01 mg/kg, additional
pre-measured doses of epinephrine would be ideal. Currently, for children weighing up
to 22.5 kg (the average body mass for a 7-year-old), an epinephrine autoinjector dose
of 0.15 mg (a 1.5-fold underdose for a 22.5 kg child) is recommended [5]. The deci-
sion to prescribe a 0.3-mg dose (a 1.3-fold overdose for a 22.5 kg child) is often guided
by the presence of one or more of the following: history of a previous life-threatening
reaction; concurrent diagnosis of asthma (which increases the risk of fatality); known
history of peanut, tree nut, milk, egg, fish, or shellfish trigger for anaphylaxis; poor
access to emergency medical services; or, living in a chaotic or dysfunctional family
setting. It should be noted that the absence of a history of a previous life-threatening
reaction does not eliminate the possibility of such a reaction in the future [5].

For overweight adolescents and adults, autoinjectors containing a 0.5-mg dose
of epinephrine are needed; however, this dose is not available in most countries.
Moreover, in many overweight people, attempts to inject epinephrine intramuscu-
larly from most currently available autoinjectors are likely doomed to failure, because
the attached needle is too short to penetrate the poorly vascularized adipose tissue
layer over the vastus lateralis [26].

Lack of appropriate dose options and needle length options should not deter phy-
sicians from prescribing epinephrine autoinjectors for the first-aid out-of-hospital
treatment of anaphylaxis.

How Many Epinephrine Doses Are Needed?

Up to 20% of anaphylaxis episodes in adults, and up to 6% of episodes in children, are
biphasic or protracted, and involve recurrent or persistent symptoms without any ongo-
ing or additional exposure to the anaphylaxis trigger. Administering too little epineph-
rine too late during treatment of the initial symptoms of an anaphylaxis episode is one
of the factors reported to increase the risk of biphasic or protracted anaphylaxis [27].

Retrospective studies involving a review of emergency department records [28],
or a cross-sectional survey [29], indicate that 16-19% of people who require an ini-
tial dose of epinephrine in food-triggered anaphylaxis in community settings subse-
quently required a second dose.

Currently, many physicians advise their patients at risk for anaphylaxis in the com-
munity to carry two epinephrine doses with them at all times [30]. In school settings,
it has been proposed that one epinephrine autoinjector should be available for each
child at risk, along with several extra autoinjectors available as back-up for all chil-
dren at risk [31].

Although a 5- to 15-min interval between epinephrine injections is often recom-
mended, this interval has not been established in randomized controlled trials, and
consequently remains somewhat controversial; in reality, the optimal time interval
depends mainly on the clinical response to the initial epinephrine dose [1, 2].
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Stability of Epinephrine Solution

Epinephrine is an inherently unstable chemical in aqueous solution, even at a low
pH and in the presence of an antioxidant such as sodium metabisulfite, up to 1 mg/
ml. With the passage of time, the epinephrine dose gradually decreases due to deg-
radation into inactive compounds. If the expiry date has passed, the epinephrine
dose correlates inversely with the number of months or years past that date, and
will likely be lower than the dose stated on the label even if the solution appears
clear and colorless. Nevertheless, if this is the only source of epinephrine available
for injection, it should be used in preference to not administering epinephrine at
all [32].

Alternative Routes of Epinephrine Administration for First-Aid Treatment

Although epinephrine autoinjectors are widely dispensed for first-aid treatment of
anaphylaxis in some countries, they are neither available nor affordable in many oth-
ers [33]. In these situations, physicians sometimes equip patients at risk for anaphy-
laxis in the community with an epinephrine ampule and a disposable 1-ml syringe.
Some physicians also recommend this approach for infants, for whom, as noted pre-
viously, no appropriate epinephrine dose is available in an autoinjector formulation.

People without professional medical training have difficulty in drawing up medi-
cations from an ampule rapidly and accurately. In a prospective study, 18 parents, 18
resident physicians, 18 general duty nurses, and 18 emergency department nurses
were asked to draw up an infant epinephrine dose from a 1-ml ampule. Although the
parents received detailed instructions in a relaxed supportive atmosphere, the doses
they drew up varied 40-fold and were usually incorrect; moreover, it took them 142
+ 13 s (range 83-248) to get the epinephrine into the syringe, in contrast to 52 £ 2's
(range 30-83) for physicians, 40 + 2 s (range 26-71) for general duty nurses, and 29 +
0.09 s (range 27-33) for emergency department nurses [34].

Some physicians recommend epinephrine metered-dose inhalers as an alterna-
tive to epinephrine autoinjectors. While a few inhalations might relieve mild or
moderate respiratory symptoms, for relief of life-threatening airway obstruction or
shock, adults need to inhale 20-30 puffs and children need to inhale 10-20 puffs,
which is hard to do [35]. Epinephrine metered-dose inhalers contain chlorofluoro-
carbon propellants. For environmental reasons, they might not be manufactured in
the future.

Reason for Failure to Inject Epinephrine Promptly
Physicians often face dilemmas with regard to prescribing epinephrine and giv-

ing advice about how to use it to those at risk, or the caregivers of children at risk.
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Published clinical scenarios outline the available options in making these decisions
[36]. It is impossible to predict the outcome of a future anaphylaxis episode with cer-
tainty based on the history of a previous episode [37]. Therefore, when in doubt, err-
ing on the side of caution is generally advised: prescribe one or more epinephrine
autoinjectors, and advise the person at risk or the caregiver of a child at risk to inject
epinephrine promptly in an anaphylaxis episode [36].

Many people who have experienced anaphylaxis in the community and are there-
fore at risk for recurrence have never received a prescription for an epinephrine auto-
injector from an emergency department physician [38, 39] or from their primary
care physician. Some of those who have received a prescription for an epinephrine
autoinjector do not follow through and get it filled [40]. Even if they do get the epi-
nephrine autoinjector dispensed, they may fail to carry it with them at all times [41].
Adherence to instructions to carry epinephrine can be improved with regular input
from a healthcare professional [42]; however, healthcare professionals need to mas-
ter the complexities of epinephrine autoinjector use [43] before instructing others.
People who have survived a mild anaphylaxis episode that was not treated at all, or
was treated only with an antihistamine or an asthma puffer, sometimes fail to inject
epinephrine because they erroneously assume that their subsequent reactions will
also be mild [44].

Reasons for Occasional Lack of Response to Epinephrine

Rarely, anaphylaxis progresses so rapidly that the initial first-aid dose of epinephrine
which, as noted previously, is low relative to the initial epinephrine dose of 1 mg used
in resuscitation, is ineffective even if given promptly. More commonly, anaphylaxis
progresses because epinephrine is given too late, or administered in a suboptimal
dose for the patient’s body mass (weight), or through a suboptimal route [5].

Context of Epinephrine Use as First-Aid Treatment

Preparedness for first-aid treatment of anaphylaxis in the community involves not
only a prescription for epinephrine autoinjectors, but also an Anaphylaxis Emergency
Action Plan, appropriate medical identification, and anaphylaxis education.

Anaphylaxis Emergency Action Plan

Epinephrine autoinjectors should be prescribed in the context of a written Anaphylaxis
Emergency Action Plan that is developed with the input of the person at risk for ana-
phylaxis, or the caregiver(s) of the child at risk [45]. The Plan should remind the
person at risk about the common symptoms and signs of anaphylaxis, stress the
importance of prompt epinephrine injection, and clearly state that H,-antihistamines
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and asthma puffers are not life-saving in anaphylaxis [45, 46]. The Plan should also
emphasize that Emergency Medical Services should be called immediately after epi-
nephrine injection, and the person with anaphylaxis should be transported to the
nearest hospital, for monitoring and further treatment as necessary. Randomized
controlled trials of Anaphylaxis Emergency Action Plans are needed [47].

Medical Identification

People known to be at risk for anaphylaxis should wear up-to-date medical identifica-
tion such as a bracelet or other jewelry, or carry an Anaphylaxis Wallet Card listing
their confirmed trigger factor(s), relevant co-morbidities such as asthma, and con-
current medications [45].

Anaphylaxis Education

At-risk people and the caregivers of children at risk should have access to anaphy-
laxis education in the form of individualized instruction or small group sessions with
a healthcare professional, or an online program with a self-evaluation component.
These sessions should provide basic information about prevention of anaphylaxis
episodes in the community by trigger avoidance, and immunomodulation, where
relevant, as well as about recognition of anaphylaxis and emergency preparedness
for anaphylaxis recurrence. Ideally, they should provide an opportunity for super-
vised practice with an epinephrine autoinjector trainer until technique is perfected,
and for regular review of technique with a healthcare professional. Supervised prac-
tice with an actual epinephrine autoinjector (not a trainer) has been recommended.
Randomized controlled trials of anaphylaxis education programs have not yet been
performed [45].

Future Directions

There are no new medications available for the acute treatment of anaphylaxis [17].
Epinephrine, with its multiple relevant life-saving pharmacologic actions, is likely to
remain the initial drug of choice in anaphylaxis for the foreseeable future.

There is universal agreement that prompt injection of epinephrine is fundamen-
tally important in the initial acute management of anaphylaxis; therefore, placebo-
controlled trials of epinephrine in anaphylaxis are clearly unethical; indeed, underuse
of epinephrine in anaphylaxis treatment in emergency departments remains a con-
cern [48]. Nevertheless, it might be possible to conduct randomized, controlled trials
comparing two different dosages of epinephrine, for example, the two initial intra-
muscular doses of 0.3 versus 0.5 mg that are commonly recommended for adults, or
two different routes of administration, for example, intramuscular versus subcutane-
ous injection. In all patients in such trials, other standard-of-care treatments should
be initiated promptly. These include supplemental oxygen, airway management,
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intravenous fluids, and positioning the patient comfortably with lower extremities
elevated. Continuous monitoring of blood pressure, cardiac rate and rhythm, oxygen
saturation, and other relevant outcomes should be performed [17].

For treatment of anaphylaxis in the community, obvious limitations of currently
available epinephrine autoinjectors include not only the restricted range of pre-
measured doses and of needle lengths as discussed previously, but also the weight
and bulkiness that potentially leads to reluctance to carry them, and the intrinsic
design flaws that potentially lead to needle-stick injuries [49]. Autoinjectors that
have improved safety features and are easier to use, are currently being developed.
In addition, several research groups are developing new needle-free epinephrine
formulations, including those that might be suitable for sublingual administration
[50].

Ongoing epinephrine research relevant to human anaphylaxis is critically impor-
tant. In its absence, the use of epinephrine in anaphylaxis treatment in the 21st cen-
tury will continue to be based mostly on clinical experience, or worse, on expedience,
instead of on clinical science.
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