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Abstract

Patients suffering from allergies due to stings of Hymenoptera like Apis mellifera, Vespula
vulgaris and Polistes dominula can experience severe to fatal anaphylactic reactions. Be-
sides emergency treatment, venom immunotherapy (VIT) is the only curative treatment.
VIT products are available from different manufactures and treatment efficacy is very
high compared to other forms of allergen-specific immunotherapy. Nevertheless, thera-
peutic failures can be observed and possibly originate from different venom extraction or
work-up techniques. To reduce the cost resulting from unnecessary treatment with more
than one venom and to avoid the chance of de novo sensitization, the identification of
the insect causing the systemic reaction has to be unambiguous. Not all patients can
correctly identify the causative insect and, moreover, diagnosis by skin testing is not al-
ways straightforward. Therefore, serum specific immunoglobulin E (sIgE) levels to crude
insect venom can be determined in routine diagnosis. In the past, this was shown to have
several disadvantages, as single allergens can be underrepresented in venom extracts due
to low biologic availability or stability, thus patients sensitized to those allergens might be
missed. Furthermore, patients with clinically irrelevant sIgE reactivity to cross-reactive
carbohydrate determinants (CCDs), might be tested (false) positive to the venoms of Apis
mellifera and Vespula vulgaris. However, double-positive sIgE diagnostic test results can
also originate from homologous proteins in the venoms of Apis mellifera, Vespula vulgaris
and Polistes dominula.
The introduction of single venom allergens for routine diagnosis by recombinant techniques
advanced molecular and component-resolved diagnosis of insect venom allergy. Since the
beginning of the new millennium, many Apis mellifera and Vespula vulgaris venom al-
lergens have been identified. Additionally, marker allergens were identified and produced
without CCD-reactivity, thus patients showing double-positive diagnostic test results to
Apis mellifera and Vespula vulgaris venom extracts can be diagnosed with high sensitivity
and specificity. Discriminating marker allergens are missing for the diagnosis of patients
with suspected Vespula vulgaris and Polistes dominula venom allergy. As both species
coexist in the Mediterranean regions of Europe, double-positive tested patients or patients
sensitized to both species are frequently observed. As Polistes dominula is invading north-
ern regions due to climate changes, venom allergy to stings of this species is most likely
to spread in the same manner.
In the first part of this thesis, the available and already identified Vespula vulgaris and
Polistes dominula major venom allergen, antigen 5, was used together with the homologues
from other related allergy-relevant Hymenoptera species to demonstrate the present di-
agnostic challenges. In the next part, the state-of-the-art diagnostic and therapeutic
options for Hymenoptera venom allergy were reviewed. Additionally, a previously un-
known Polistes dominula venom allergen, the dipeptityl peptidase IV, was identified and
demonstrated to be a major allergen. Furthermore, the generation of recombinant venom
allergens was employed to generate tools to study the composition of available therapeutic
venom extracts used for the treatment of Apis mellifera venom allergy. Thereby, a possible
reason for treatment failures of Apis mellifera venom allergic patients was demonstrated
by the lack and instability of allergens in some therapeutic venom preparations.
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Zusammenfassung

Stiche von Hymenopteren wie Apis mellifera, Vespula vulgaris oder Polistes dominula kön-
nen schwere bis tödliche anaphylaktische Reaktionen in allergischen Patienten auslösen.
Neben der Notfallbehandlung, ist die Immuntherapie mit Insektengift die einzige kura-
tive Therapiemöglichkeit und gereinigte Gifte sind hierfür von verschiedenen Herstellern
erhältlich. Trotz der sehr guten Wirksamkeit, im Vergleich zu anderen allergenspezifis-
chen Immuntherapeutika, können Therapieversager beobachtet und möglicherweise durch
unterschiedliche Methoden der Giftextraktionen oder der Aufarbeitung erklärt werden.
Um die Kosten durch die Behandlung mit mehr als einem Gift zu senken und mögliche
de novo Sensibilisierungen zu vermeiden, ist eine korrekte Identifizierung des allergieaus-
lösenden Insekts nötig. Da nicht alle Patienten das Insekt identifizieren können und die
Diagnose mit Hilfe von Hauttests ebenfalls nicht immer eindeutig ist, kann das spezifische
Immunoglobulin E (sIgE) gegen Insektengiftextrakt routinemäßig bestimmt und herange-
zogen werden. In der Vergangenheit konnte allerdings gezeigt werden, dass eine Messung
gegen einen Allergenextrakt mehrere Nachteile hat. Einzelne Allergene können aufgrund
geringer biologischer Verfügbarkeit oder Stabilität im Extrakt unterrepräsentiert sein. Pa-
tienten mit Sensibilisierungen gegen diese Bestandteile werden eventuell diagnostisch nicht
erfasst. Außerdem können klinisch irrelevante sIgE-Werte gegenüber den Giften von Apis
mellifera und Vespula vulgaris aufgrund von kreuzreaktiven Kohlenhydrat-Determinanten
(CCDs) die Diagnose beeinträchtigen. Allerdings können doppel-positive sIgE-Werte auch
aufgrund von homologen Proteinen in Giften von Apis mellifera, Vespula vulgaris und
Polistes dominula beobachtet werden.
Die Einführung von rekombinanten Einzelallergene für die Routinediagnostik hat die
Molekulare oder Komponenten-aufgelöste Diagnostik vorangetrieben. Seit Anfang des
neuen Millenniums wurden mehrere Allergene aus dem Gift von Apis mellifera und Vespula
vulgaris identifiziert und konnten rekombinant sowie ohne CCD-reaktivität produziert und
teilweise als Spezies-spezifisch bzw. Markerallergen bestimmt werden und helfen somit bei
der Diagnose von Patienten mit doppelt-positiven sIgE-Ergebnissen mit hoher Sensibilität
und Spezifizität. Markerallergene für die Diagnose von Patienten mit vermuteter Allergie
gegen das Gift von Vespula vulgaris oder Polistes dominula sind bisher nicht bekannt.
Doppel-positive Testergebnisse oder eine Sensibilisierung gegen beide Spezies wird in
mediterranen Gegenden Europas häufig beobachtet, da beide Spezies nebeneinander beste-
hen. Aufgrund des Klimawandels dringt die Polistes dominula in nördliche Gegenden ein
und eine Allergie aufgrund von Stichen dieser Spezies könnte sich gleichermaßen ausbre-
iten.
Im ersten Teil dieser Arbeit wurde das aus dem Gift von Vespula vulgaris und Polistes
dominula bekannte Majorallergen, das Antigen 5, zusammen mit den Homologen aus
dem Gift verwandter und allergie-relevanter Spezies genutzt, um diagnostische Tücken
aufzuzeigen. Im nächsten Teil wurden der aktuellste Stand der Insektengiftdiagnostik und
-therapie in einen Review zusammengefasst. Darüberhinaus wurde ein bisher unbekan-
ntes Allergen, die Dipeptidylpeptidase IV, im Gift der Polistes dominula nachgewiesen
und als Majorallergen identifiziert. Außerdem wuden rekombinante Giftallergene genutzt
um Werkzeuge zur Untersuchung von Therapiepräparaten, die zur Therapie von Allergien
gegen das Gift von Apis mellifera verwendet werden, herzustellen. Dabei wurde fest-
gestellt, dass verschiedene Allergene in manchen Therapiepräparaten, möglicherweise auf-
grund ihrer Instabilität, fehlen, was manche Therapieversager erklären könnte.
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Part I

Introduction



Evolution equipped vertebrates with a specialized network of proteins and cells to fight
off foreign intruders like viral particles or bacteria, called immune system. In some cases,
the immune system is activated by harmless environmental particles or food components.
This hypersensitivity reaction is generally known as allergy and is mostly experienced as
itchiness of the eyes or skin and mucus overproduction in nose or the lungs, leading to
difficulties in breathing. Systemic reactions to harmless particles can eventually lead to
death in severe cases. The term allergy originates from works of Clemens von Pirquet
in 1906. He observed a divergent reactions of an individual immune reactions, in most
cases more sensitive, to foreign (greek: ὰλλος, allos) substances used for vaccination, like
tuberculin. This was only the case, if the individual encounters the agent for the second
time. At the same time he also used the term allergen to name the foreign substance able
to induce this reaction (von Pirquet, 1906).

Patients experiencing hypersensitivity reactions to venoms of species out of the order of
Hymenoptera, like honeybees (Apis mellifera), yellow jackets (Vespula species) or paper
wasps (i.e. Polistes species) can experience severe and in some cases fatal reactions after
a sting. The only available treatment, able to prevent anaphylactic insect sting reactions
is VIT, whereby patients are treated by repetitive injections with increasing amounts of
venom. In order to choose the right venom for treatment, clinicians are dependent on
different diagnostic approaches. Besides skin testing, the determination of serum im-
munoglobulin E (IgE) against crude venom is used for allergy diagnosis. Very recently,
single venom components have been introduced to improve serological tests and have
launched the field of molecular or component-resolved diagnosis. Several venom compo-
nents, the so called marker allergens, are currently commercially available to facilitate the
discrimination of Apis mellifera and Vespula vulgaris venom allergy, but distinguishing
venom components are missing for the diagnosis of Polistes dominula venom allergy.
This work will demonstrate the lack of venom components to correctly discriminate
Polistes dominula venom-allergic patients from patients allergic to Vespula vulgaris venom
and present newly identified Polistes dominula venom components useful for an improved
Hymenoptera venom allergy diagnosis. Additionally, recombinantly produced honeybee
venom allergens were used to generate tools to analyze therapeutic venom extracts, un-
covering putative reasons for several treatment failures.
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1 The Immune System and Immunological Hypersensitivity
Reactions

The human body can protect itself against foreign pathogens and parasites not only
through physical barriers but also with the help of a specialized immune system. On
the one hand, the human body is equipped with an unspecific system, providing a fast
but undirected immune response called innate immunity. On the other hand, the adap-
tive immunity enables the body to specifically react against almost all foreign structures
with the help of stochastically newly built receptors. Adaptive immunity also includes
the generation of long-term responses to pathogens, also called immunological memory. If
the adaptive immune system reacts inappropriate to foreign structures or structures of the
own organism, this can lead to a malfunction, namely hypersensitivity and auto-immunity,
respectively (Murphy et al., 2017).

1.1 Immune System

The skin, mucosal sites, the intestinal tract and other areas are protected from harmful
microbes such as bacteria, fungi or parasites, viruses, toxins and cancer cells by the cells
and proteins of the immune system. The immune system is able to detect pathogens
with two complementary systems: The innate (humoral) immunity, that reacts against
conserved pathogenic structures and the adaptive (cell-mediated) immunity that can, as
the name suggests, adapt its tools to be able to react against unknown foreign structures
and additionally memorizes previous encounters of pathogens to react even faster upon
re-infection (Murphy et al., 2017).

1.1.1 Innate Immunity

Cells of the innate immunity patrol the body and detect foreign substances, dead cells and
antibody complexes bound to unfamiliar structures and promote their clearance. Upon
encountering a pathogen, preformed molecules like antimicrobial enzymes and peptides,
able to destroy the bacterial cell wall, are released. Furthermore, antibodies, glycoproteins
and plasma proteins from the complement system target pathogens to be lysed, but also
coat (opsonize) foreign intruders. This opsonization enables phagocytes, cells that ingest
and clear particles of different sizes and origin, to recognize those foreign substances. If
this mechanism fails, cells of the innate immunity can also be activated by different inborn
pattern recognition receptors (PRRs), detecting pathogen-associated molecular patterns



1.1 Immune System

(PAMPs) that are typical for microbes. The most prominent phagocytes are macrophages.
Neutrophils are other important phagocytes, additionally able to release preformed pro-
teins and enzymes that are stored in granules to help in the elimination of pathogenic
bacteria or fungi. Once activated, cells of the innate immune system produce cytokines,
small proteins responsible for cell-cell signaling, and chemokines, proteins able to attract
further cells, and induce inflammation. Parasites that are to big to be phagocytosed are
destroyed by eosinophils, cells with preformed proteins stored in granules, toxic for many
tissues. Additionally, T lymphocytes like natural killer (NK) and T cells are important
effector cells of the innate immune system, able to kill and fight off tumor cells or cells
infected by bacteria or viruses. Other important phagocytes are dendritic cells. Moreover,
dendritic cells have the ability to link the innate with the adaptive immune system by
their antigen-presenting capacity. This enables them to digest pathogens or molecules de-
rived thereof in order to present small parts (peptides) to the cells of the adaptive immune
system (Murphy et al., 2017).

1.1.2 Adaptive Immunity

When pathogens adapt their structures to evade the innate immune system, the adaptive
immune system starts to develop tools that react specifically with structures (antigens)
either on the surface or contained in the pathogens. This antigen-dependent immune acti-
vation implies a delay between the exposure to the antigen or pathogen and the maximal
immune response, as effector cells and molecules have to be generated. The generation of
antigen-specific responses also allows the body to develop a memory against pathogens,
which is one of the most important features of adaptive immunity. Important cells in
this process are the antigen-presenting cells (APCs), like dendritic cells, as well as T
and B cells. T and B cells share an important feature called somatic recombination and
hypermutation. Somatic recombination is a process leading to the rearrangement of im-
mune receptor-encoding genes from gene fragments, which makes it possible to generate
receptors and molecules capable of binding almost every structure in a stochastic manner.
Different selection mechanisms are needed during T and B cell development to permit
these cells to correctly recognize foreign antigens in the presence of self-antigens.

T Cells
T cells arise from bone marrow from hematopoietic stem cell precursors, stem cells that
give rise to blood cells. The name T cell originates from the fact that these cells mature in
the thymus. The most essential feature of T cells is the T cell receptor (TCR). The TCR
is build by a heterodimer of two different subunits, both containing variable regions for
the recognition of different peptides presented by antigen-presenting cells (APCs). The
TCR heterodimer, mostly composed of an α and a β subunit, associates with the cluster
of differentiation (CD)3 molecule and the protein ζ, both used for intracellular signal-
ing. The TCR heterodimer is encoded by different gene segments that are joined together

4



1.1 Immune System
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Figure 1 Peptides Presented to Naive T Cells and T Cell Subsets Relevant for Insect Venom Allergy. Peptides are
presented in a complex with major histocompatibility complex (MHC) molecules. Important cluster of differenti-
ation (CD)4+ T helper cell subsets for insect venom allergy are T helper cell type 1 (Th1), T helper cell type 2
(Th2) and regulatory T cells (Tregs) cells. APC, antigen-presenting cell; T-bet, T-box transcription factor TBX21;
Gata-3, GATA binding protein 3; Foxp3, forkhead-box protein 3; IFNγ, interferon γ; IL, interleukin; TGFβ, tumor
growth factor β.

during the maturation of T lymphocytes. The TCR complexes are only able to recognize
foreign peptides that are presented on major histocompatibility complex (MHC) molecules
(Abbas et al., 2015).
There are two different classes of MHCs molecules, which are expressed by different cell
types throughout the body and each molecule induces different immune responses. MHC
class I molecules are expressed on almost all nucleated cells and present peptides from
antigens that were encountered intracellularly. In most cases, intracellular encounters
with foreign antigens arise from tumors or viral and bacterial infected cells. Consequently,
the α polypeptide chain of MHC class I molecules has a recognition site for CD8 cytotoxic
T cells. CD8 positive cells (CD8+) have the function to destroy infected cells by releasing
molecules and enzymes that lyse target cells or induce apoptosis (Murphy et al., 2017).
MHC class II molecules are exclusively expressed on specialized cells, able to ingest ex-
tracellular intruders and present the peptides of digested proteins, such as dendritic cells,
macrophages and B cells. In contrast to MHC class I, MHC class II molecules have a
binding site for CD4, hence peptides presented by cells expressing MHC class II molecules
activate CD4+ T helper cells. CD4+ T helper cells activate of macrophages, that in turn
eliminate extracellular microbes and additionally help B lymphocytes to generate anti-
bodies against the antigen (Murphy et al., 2017).
CD4+ T helper cells show a high plasticity and can be grouped into different subsets
according to their cytokine expression profile and/or differentially expressed transcription
factors. An overview of different CD4+ T helper cells, their cytokine expression profiles
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and expressed transcription factors is given in Figure 1. T helper cell type 1 (Th1) and
T helper cell type 2 (Th2) are the most studied T helper cell subsets. The key cytokine
of Th1 cells is interferon γ (IFNγ) and the key transcription factor is T-box transcription
factor TBX21 (T-bet) (Glimcher, 2007). Th1 cells help to activate macrophages and in-
duce immunoglobulin G (IgG) production in B cells. Th2 cells mainly produce interleukin
(IL)-4, IL-5 and IL-13 as key cytokines and are regulated by the transcription factor GATA
binding protein 3 (Gata-3) (Georas et al., 2005). They mediate the defense mechanisms
in the fight against helminths by the activation and recruitment of eosinophils and mast
cells. IL4 additionally leads to a class switch of antibody subtype in B cells to IgE. Th2
cells also play a central role in allergic diseases. Another important subset of T cells are
the regulatory T cells (Tregs). This subpopulation limits, controls and suppresses immune
responses. The key cytokines expressed in Tregs are IL-10 and tumor growth factor β
(TGFβ). Tregs are regulated by the transcription factor forkhead-box protein 3 (Foxp3)
(Hawrylowicz et al., 2005).

B Cells
B cells arise in the bone marrow from hematopoetic stem cells percursors and, in contrast
to T cells, are able to recognize free and unprocessed antigens. For this purpose, B cells
produce unique antigen-receptors that are generated by somatic hypermutations. Upon
binding to an antigen, B cells migrate to the next lymph node. Here, the co-stimulation
by T follicular helper cells (Tfh) initiates the process of affinity maturation. During the
subsequent and tightly regulated steps, the antigen receptor is sequentially modified in or-
der to improve its affinity. The activation is regulated by several cytokines and B cells can
undergo differentiation either to memory B cells, generating a long lasting antigen memory
or to plasma cells, releasing a soluble form of the antigen-receptor, called immunoglobulin
(Ig) or antibody (Warrington et al., 2011). Mature B cells produce antibodies of the sub-
classes IgM and IgD. Depending on the antigen stimulation, cytokine microenvironment
and the interaction with T cells, an additional gene rearrangement can lead to isotype
class-switching and the subsequent production of antibodies of the subclasses IgG, IgA or
IgE (Looney et al., 2016).
The overall structure of an antibody is “Y”-shaped, with two identical heavy chains and
two identical light chains, each consisting of a constant C-terminal region and one variable
N-terminal region (Figure 2). Heavy and light chains are connected by disulfide bridges.
The only difference to the corresponding B cell receptor is the missing transmembrane
region, anchoring the antibody to the cell membrane. Gene rearrangements of the vari-
able region enables the antibody to bind to almost all antigens. The constant region
(also called fragment crystallizable region (Fc) region) enables the antibody to bind to
its specific receptor, in order to fulfill effector functions such as activation of complement
or effector cells. The producers of antibody molecules are plasma cells that arise from
(class-switched) B cells (Murphy et al., 2017).
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Variable Region

Fc Region

Light Chain

Heavy Chain

Figure 2 Structure of an Antibody Molecule. An antibody molecule consists of two identical heavy chains and two
identical light chains, each consisting of a constant C-terminal region and one variable N-terminal region. Heavy
and light chains are connected by disulfide bridges. Fc, fragment crystallizable.

1.2 Allergic Diseases

In some individuals the immune system, especially the adaptive immunity, reacts inap-
propriately to harmless substances, including but not limited to antigens of environmental
origin such as pollen or food and antigens released during animal stings or bites. Mal-
functions of the innate or adaptive immune system, leading to illness or disease, are
categorized into three groups. If the body reacts inappropriate to self-antigens, this is
designated autoimmunity. In the case of an ineffective immune response, this is termed
immunodeficiency. An overreactive immune response is called hypersensitivity reaction or
allergy. Hypersensitivity reactions were categorized into four groups by Gell and Coombs.
Type I hypersensitivity reactions are IgE-driven allergic reactions, including allergic rhini-
tis and allergic asthma and are also called immediate hypersensitivity reactions or allergy.
Type II reactions are cytotoxic or antibody-dependent hypersensitivity reactions. In this
case, the cause of inflammation are antibodies (IgG and IgM) that bind to the patient’s
own cell-surface molecules. The immune complex disease or type III hypersensitivity re-
action occurs, when serum antibodies (IgG) bind to soluble proteins in the blood and the
formed immune complexes are deposited in the tissue. Subsequent complement activation
and immune cell recruitment then causes local damage. Type IV hypersensitivity reac-
tions are also called delayed or cell-mediated hypersensitivity reaction. In this case, T cells
induce inflammation when they recognize a previously identified antigen (Gell et al., 1963;
Rajan, 2003).

Immunoglobulins E and G in Allergy
The immunoglobulin type E was first described in one of the works of Ishizaka et al., 1967
and parallel in works of Johansson, 1967. The IgE antibody has the same overall structure
as other antibody isotypes and has three constant region of the heavy chain (Figure2).
The Fc region of IgE can bind two different receptors, the high affinity IgE receptor
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Fcε-receptor I (FcεRI) and the low affinity IgE receptor CD23. CD23 is expressed on
mature B cells, activated macrophages, eosinophils, follicular dendritic cells and platelets
(Gould et al., 2008). The FcεRI is expressed as tetrameric molecule on basophils and
mast cells, as trimer on APCs such as dendritic cells and Langerhans cells as well as
on eosinophils, monocytes, platelets and smooth muscle cells. Cell signaling is executed
upon cross-linking of receptor bound IgE by an antigen (Figure 4; Kraft et al., 2007). The
evolutionary biological function of IgE and the induced Th2 response is to fight of helminth
infections (Pearce et al., 1991). In patients sensitized to otherwise harmless antigens (in
this case allergens), IgE is the key molecule responsible for the typical symptoms of allergy
following allergen contact (Section 1.2.2; Wedemeyer et al., 2000; Galli et al., 1999).

In contrast to IgE (< 1µg/mL) (Amarasekera, 2011), IgG antibodies are highly abundant
in human serum (13.5mg/mL) (Abbas et al., 2015) and exist as four different sub-types
(IgG1-4). The induction of IgGs is part of the natural exposure to daily allergens, espe-
cially to those taken up through the gastrointestinal tract. Therefore, the composition of
IgGs depends on the individual diet and environment. Elevated IgG is found in patients
suffering from autoimmune inflammatory diseases like rheumatoid arthritis or systemic lu-
pus erythematosus (Scott-Taylor et al., 2017). Depending on the Fc region of the different
IgG subtypes, they can bind different Fcγ-receptors. The different receptors are catego-
rized according to their affinity to the respective immunoglobulins. FcγRI, expressed on
macrophages, neutrophils and eosinophils, binds IgG with the highest affinity and acti-
vates the cells for phagocytosis. FcγRIIA and B are also expressed mainly on phagocytes,
bind IgG with lower affinity and also signal for cell activation and phagocytosis. FcγRIIB
is expressed on myeloid cells including macrophages, neutrophils and mast cells and is the
only IgG receptor on B cells. It binds IgG (preferably IgG4) with low affinity and has
an inhibitory signaling function and might play a role in immunotherapy by its ability to
dampen the immune system (Abbas et al., 2015; Murphy et al., 2017). IgG induced by
immunotherapy can cross-link the FcεRI with FcγRIIB via the allergen and inhibit the
FcεRI activation signaling (Kraft et al., 2007). IgG4 is the most important IgG-subclass
antibody and is thought to arise by a class-switch of B cells induced by allergen-specific
immunotherapy (AIT). In conclusion IgG4 is thought to be anti-inflammatory and able
to block allergen induced allergic reactions (Flicker et al., 2003; Wachholz et al., 2004;
Scadding et al., 2010; Möbs et al., 2012).

1.2.1 Patophysiology of Allergy

The priming of the immune system towards an allergic reaction, including the production
of IgE, is also termed sensitization. Sensitiziation occurs when harmless antigens reach
the immune system either through the gastrointestinal tract (foods and drugs), epithelial
tissues in nose, lung and skin (airborne allergens) or by injection (insect venoms and
drugs). At the respective contact site, the antigens are taken up by APCs and captured
by B cells via their receptors. Once taken up by APCs and transported to the next draining
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Figure 3 Mechanisms of Allergic Sensitization. Antigens are taken up by antigen-presenting cell (APC), presented
in a complex with major histocompatibility complex (MHC) molecules to naive cluster of differentiation (CD)4+ T
helper cells. Additional stimuli in the microenvironment lead to the activation of naive T helper cells and to their
differentiation into T helper cell type 2 (Th2) cells which secrete interleukin (IL)-4 and IL-13. IL-4 leads to a class
switch of B cells towards immunoglobulin E (IgE) producing plasma cells. Gata-3, GATA binding protein 3; IgM,
immunoglobulin M.

lymph node, the antigen is processed and peptides thereof are presented on MHC class
II molecules to naive CD4+ T cells (Hammad et al., 2008). Specific T cells recognize the
presented peptides and additional stimuli in the microenvironment, in particular IL-4, lead
to the activation of the naive CD4+ T helper cells and to their differentiation into Th2 cells
(Rotmagnani, 1998). These Th2 cells secrete IL-4 and IL-13, that in turn contribute to
allergen sensitization and support a class-switch of B cells towards IgE producing plasma
cells (Shimoda et al., 1996; Geha et al., 2003) and the generation of allergen-specific
memory B cells (Niederberger et al., 2002) (Figure 3). The mechanisms and reasons why
some individuals do and some do not develop Th2 skewed cells and IgE against otherwise
harmless antigens are barely established. Besides possible genetic (Vercelli, 2008) and
co-stimulatory factors (Romagnani, 2000), western lifestyle, including reduced microbial
burden and thus toll-like receptor (TLR) stimulation is supposed to skew the balance
between Th1 and Th2 cells (Romagnani, 2004). Furthermore, it might not only be the
balance between Th1 and Th2 cells, but also the disbalance of regulatory mechanisms
through Tregs might play a role in the establishment of allergy, especially in developed
countries (Yazdanbakhsh et al., 2004; Romagnani, 2007).

1.2.2 Clinical Manifestation of Allergy

In sensitized individuals, the re-exposure with an allergen leads to an immediate type I
hypersensitivity reaction, induced by the cross-linking of the FcεRI on mast cells and
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Figure 4 Mast Cell and Basophil Activation by Cross-Linked IgE on FcεRI. IgE, immunoglobulin E; FcεRI, Fcε-
receptor I.

basophils. Allergen-specific IgE, bound on FcεRI, is cross-linked by the allergen and in-
tracellular signaling is induced by the intracellular located immunoreceptor tyrosine-based
activation motif (ITAM) on FcεRI (Marshall, 2004). The biologically active products, pre-
formed and stored in granules, are released directly upon activation and include biogenic
amines such as histamine, lipid mediators, enzymes, cytokines and chemokines (Galli et
al., 2005; Gilfillan et al., 2006; Kraft et al., 2007; Rivera et al., 2006; Dvorak, 2005) (Figure
4). The acute allergy symptoms are vasodilation, increased vacular permeabiliy, contrac-
tion of smooth muscle cells, increased mucus secretion, conjunctivitis and asthma (Wills-
Karp, 1999) and are the consequences of released histamine, proteoglycans, prostaglandins,
leukotrienes and serine proteases like tryptases and chymases (Stevens et al., 2007; Pejler
et al., 2007; Caughey, 2007; Boyce, 2005). Allergen-specific T cells, activated by peptides
of the allergen presented by APCs, release cytokines like tumor necrosis factor α (TNFα),
IL-5, IL-7, IL-10 and IL-13. The recruited T cells, neutrophils, monocytes, eosinophils,
mast cells and basophils conttribute to inflammation as part of the late-phase allergic
reaction (Kraft et al., 2007; Rivera et al., 2006; Galli et al., 2008a; Holgate et al., 2008).
The inflammation can become chronic and cytotoxic proteins designed to kill parasites
lead to tissue damage, typically observed in chronic allergic asthma (Galli et al., 2008b;
Marone et al., 2005).
Particularly, allergic reactions upon the ingestion of food or as a consequence of insect
stings can become systemic. These generalized reactions are also called anaphylaxis and
include cutaneous urticaria, angioedema, pruritus, flush, nephropathy, central and periph-
eral neurologic syndromes, idiopathic thrombocytopenic purpura, rhabdomyolysis, vas-
cular or respiratory symptoms, bradycardia, arrhythmia, angina, myocardial infarction,
abdominal cramps, gastrointestinal tract, uterine smooth muscle contraction, unconscious-
ness and/or respiratory and cardiac arrest (Golden, 2015).
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1.2 Allergic Diseases

1.2.3 Therapy of Allergic Diseases

Currently available treatments of allergic diseases either address clinical symptoms (phar-
macotherapy) or aim to induce long-lasting allergen tolerance (allergen-specific immunother-
apy (AIT)).

Pharmacotherapy
Standard symptomatic treatment of allergic rhinitis or asthma includes systemic admin-
istered H1-antihistamines which block the action of histamine released by mast cells and
basophils (Del Cuvillo et al., 2006). Corticosteroids can be used either systemically or
locally to prevent the activation of inflammatory cells by suppressing the expressions of
cytokines, chemokines and adhesion molecules (Barnes et al., 2003) and β-adenoreceptor
agonists are used for smooth-muscle relaxation in asthmatic patients (Holgate et al., 2008).
Furthermore, leukotriene modifiers or receptor antagonists are available (Grayson et al.,
2003; Nathan, 2003). Several novel treatment modalities are used in research, clinical
trials or already in the clinics and include inhibitors of Th2 cell transcription factors like
Gata-3 (Holgate et al., 2008; Bosnjak et al., 2011), monoclonal blocking antibodies for
IL-4, IL-4-receptor, IL-13 and IL-5 (Bagnasco et al., 2016; Menzella et al., 2015) or the
administration of typical Th1 cell-inducing cytokines like IFNγ, IL-12 and IL-10 (Bosn-
jak et al., 2011). Monoclonal antibodies targeting IgE decrease free IgE and are able to
treat severe cases of asthma (Bosnjak et al., 2011). Additionally, anti-IgE treatment has
been shown to reduce side-effects during AIT in several case reports (Galera et al., 2009;
da Silva et al., 2013; Palgan et al., 2014; Ricciardi, 2016). Severe anaphylactic reactions
observed in venom and food allergic patients can only be treated by emergency medication
like adrenaline/ephinephrine auto-injectors as well as anti-histamines and corticosteroids
taken orally or administered intravenously by emergency doctors. Therefore and to im-
prove quality of life in patients at risk of severe reactions, AIT and VIT is favoured.

Allergen-Specific Immunotherapy
Allergen-specific immunotherapy (AIT) exists in two different forms, either as subcuta-
neous immunotherapy (SCIT) or sublingual immunotherapy (SLIT). However, immunother-
apy for venom allergy (VIT) is only administered subcutaneously. The therapy can be
divided into two different phases, the up-dosing and maintenance phase. Immunotherapy
is induced with the administration of low doses of allergen extract, which is increased until
the maximum or maintenance dose is reached. In most cases, this maintenance dose is
given in intervals of one to six weeks (depending on the formulation) for a total duration
of three to five years (Burks et al., 2013). During the up-dosing, an increase and during
maintenance a decrease of IgE has been observed, but this cannot be correlated to clinical
symptoms (Akdis et al., 2011). It is thought, that during early stages of immunotherapy,
the FcεRI on mast cells and basophils is desensitized (Novak et al., 2012) and later on the
fine balance of Th1 and Th2 allergen-specific T cells (Akdis et al., 2004) is shifted towards
IL-10 producing Tregs (Francis et al., 2003; Radulovic et al., 2008; Wambre et al., 2012).

11



1.3 Allergy Diagnosis

These cells are able to suppress Th2 and Th1 cells not only due to the release of IL-10
but also TGFβ, cytotoxic T-lymphocyte-associated protein 4 (CTLA-4) and programmed
cell death protein 1 (PD-1) (Akdis et al., 2004). Additionally, a reduced activation of
mast cells, basophils, decreased histamine release, downregulation of IL5 and eosinophil
function as well as a dampened inflammation has been observed during AIT (Akdis et al.,
2015; Pierkes et al., 1999; Schandené et al., 1994). Furthermore, during AIT a switch from
IgE to IgG4 producing B cells with a regulatory phenotype, characterized by IL-10 and
TGFβ secretion, has been observed (van de Veen et al., 2016). These regulatory B cells
are able to suppress T cell proliferation (van de Veen et al., 2013) and induce additional
Tregs (Kessel et al., 2012; Lee et al., 2014). IgG4 is thought to be anti-inflammatory and
able to block allergen induced allergic reactions (Möbs et al., 2012; Scadding et al., 2010;
Wachholz et al., 2004; Flicker et al., 2003). AIT appears to be protective for up to 12
years, but the immune system probably needs to be continuously exposed to allergens
(Meiler et al., 2008; Burks et al., 2013).

1.3 Allergy Diagnosis

Allergy diagnosis starts with a thorough anamnesis of the patient by the clinician, not
only for the diagnosis but also to determine the relevant allergen source. Hereby, it
is important to evaluate the time and symptoms of allergic reactions. Moreover, the
frequency, duration, seasonality and effects upon the avoidance can give hints to the
allergen source (Rusznak et al., 1998). If the inducing allergen or allergen source cannot be
identified by the patients’ history, different diagnostic methods are available. A complete
overview of allergy diagnosis is given in the latest practice parameter update of Bernstein
et al., 2008. Methods for the diagnosis can be divided into two groups, namely the in vivo
provocation testing, including different kinds of skin tests and organ challenges and in
vitro testing, including cellular tests as well as the measurement of sIgE levels in serum.

1.3.1 In vivo Allergy Diagnosis

In vivo provocation testing includes skin testing but also nasal, conjunctival, oral and
bronchial provocation tests (Bernstein et al., 2008). For skin prick testing, commercially
available allergen solutions are used, applied onto the cleaned skin and brought under
the outer layer of the skin with a commercially available prick device. For more sensitive
testing, diluted allergen solutions are injected into the skin (intracutaneous or intradermal
skin testing). Besides being more sensitive, intracutaneous skin testing can lead to more
false-positive test results and implies a higher risk for anaphylactic reactions. To interpret
the results of skin testing, the size of the wheal and erythema is measured in millimeter
and graded according to available diagnostic tables (Bernstein et al., 2008).
Organ challenge testing is only suggested, if all non-invasive allergy diagnostic tests turn
out negative, despite convincing history of allergic reactions, to confirm allergy diagnosis
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or to evaluate the efficacy of therapy (Agache et al., 2015; Bernstein et al., 2008). The
site of organ challenge depends on the history of allergic reactions (Bernstein et al., 2008).
In vivo allergy testing includes challenges of the conjunctiva, bronchi and nasal mucosa.
Different formulation of allergens or extracts are applied in increasing concentrations to
the selected organ (Abelson et al., 2003; Akerlund et al., 2005). Itching, tear volume,
mucus production, hyperemia or erythema, edema, nasal and lung function tests serve
as subjective and objective measurements of the allergic reaction (Friedlaender, 2004;
Nathan et al., 2005; Agache et al., 2015). Additionally, it is also possible to measure
inflammatory cells, mediators, cytokines and locally produced sIgE (Leonardi et al., 2000;
Monteseirín et al., 2004; Ciprandi et al., 2005). Another, more physiologic organ challenge
was introduced in 1987 as allergen exposure unit or challenge chambers (Horak et al.,
1987) and is mostly used in academic settings or research facilities to asses the efficacy of
anti-allergic treatments or basic research questions. Challenge chambers are additionally
approved for phase II and phase III clinical trials (Agache et al., 2015). Provocation tests
with suspected foods that induce allergic reactions are still gold standard for food allergy
diagnosis (Agache et al., 2015). Challenges with drugs are only advised, if skin or in
vitro tests cannot support the diagnosis and if there are no possible alternative drugs to
substitute (Agache et al., 2015). Sting challenge tests with living insects are not used
for the primary diagnosis of insect venom allergy because of the high risk and negative
predictive value. Nevertheless, they are used to determine if VIT has been successful when
the maintenance dose was tolerated repeatedly (Agache et al., 2015).

1.3.2 In vitro Diagnosis and Molecular Allergology

In the same year of the discovery of IgE and its importance in allergy (1967), the first
measurement of IgE, called radio-allergosorbent test (RAST) was published (Wide et
al., 1967). Since then, technical improvements including the World Health Organization
(WHO) 75/502 international human IgE reference serum, made quantification of the re-
sults possible. Since then sIgE values are calculated as international kilo units per liter
(kIU/L) (Bernstein et al., 2008). Direct (laboratory) or indirect (skin prick test) mea-
surements of sIgE have to be evaluated with caution, as the simple presence of sIgE only
demonstrates sensitization to the specific allergen (source) which does not necessarily have
to be of clinical relevance (Tourlas et al., 2016).
Allergens can originate from various sources including, fungi, insect venoms, animal ep-
ithelia, foods, plant products like pollen and drugs. Most of the allergen sources consist of
more than one single protein and in 1986 a sub-committee out of the International Union
of Immunological Societies (IUIS) decided on an international nomenclature to name those
allergens. To name an allergen, the abbreviation of its source (3-4 letters of the genus),
followed by a space, the first letter of the species name and an Arabic numeral (Marsh et
al., 1986). An example would be Der p 1, the first allergen described from the house dust
mite Dermatophagoides pteronyssinus. At the beginning, new allergens of the same source
were given consecutive numbers, but as newer findings categorized several allergens into
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protein families that have similar sequences and structures, homologous allergens within
a taxonomic order or family are assigned corresponding numbers (Radauer et al., 2014).
In the past, single allergens were prepared from natural sources to be able to measure
their sIgE reactivity. As this costly preparation was not feasible for routine measure-
ments, only new technologies like recombinant protein production made it possible to use
single allergens. Since then, the use of single allergen molecules for diagnosis was termed
“component-resolved diagnosis (CRD)” (Valenta et al., 1999). With increasing numbers of
identified allergens, several databases have emerged (Mari, 2005) and a recently published
handbook, the “Molecular Allergology User’s Guide” from the European Academy of Al-
lergy and Clinical Immunology (EAACI), gives a profound overview of the state of the art
techniques and allergens (molecules) used for component-resolved diagnosis (Matricardi
et al., 2016b).
These developments made it possible for researchers and clinicians to gain an extended
knowledge and important additional information about the sensitization profiles of pa-
tients by the use of molecular allergen testing next to sIgE measurements to allergen
extracts. On the one hand, CRD profits from increased test sensitivity, in the case of
under-represented or missing allergens in extract based tests. On the other hand, the
measurement of sIgE to single allergens can give additional information concerning sen-
sitization profiles of the patients, implying the potential to identify patients at risk for
severe reactions, uncover cross-reactivity and possibility determine the primary sensitiza-
tion (Kleine-Tebbe et al., 2015). Nevertheless, there can always be divergent test results
when extract based and single allergen based IgE measurements are compared. This is
probably due to the fact, that not all molecules present in the extracts are known or avail-
able for single allergen testing, important allergens are under-represented, cross-reactive,
or lacking in the allergen extracts (Matricardi et al., 2016a). Due to these discrepancies
and a 10% higher cost of allergen molecule based sIgE measurements, both in vitro meth-
ods to determine sIgE will co-exist and have to be balanced in order to limit the resources
of public health systems (Matricardi et al., 2016b). Examples of situations where CRD
is superior to extract based sIgE diagnosis are given for insect venom allergy diagnosis in
section 1.4.3.
Due to the availability of monoclonal antibodies against IgG subclasses (Lowe et al., 1982;
Jefferis et al., 1992), specific immunoglobulin G (sIgG)-subtype serum levels to allergen
extracts and molecular allergens can be measured in a similar manner (Movérare et al.,
2017).

1.3.3 Cellular Tests

Cellular allergy tests reside somewhere between in vitro determination of sIgE and organ
challenges and can therefore also be considered as ex vivo challenge tests. One important
and easily accessible mediator of allergic inflammation are blood basophils (see section
1.2.2). In order to measure basophil activation, whole heparinized blood or washed leuko-
cytes are incubated with allergens (Diamant et al., 1982). Hereby, stimulation with buffer
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alone and an anti-FcεRI or anti-IgE antibody serve as negative and positive controls (Hoff-
mann et al., 2015). The activation can be measured by the up-regulation of cell surface
markers or the release of inflammatory mediators, like histamine and leukotrienes. In the
case of food allergy diagnosis, basophil activation tests seem to be able to replace incon-
venient oral food challenges, which can cause severe allergic reactions (Perry et al., 2004).
Additionally, basophil activation testing can even be more accurate than skin testing and
measurements of sIgE (Santos et al., 2014; Santos et al., 2015). For inhalant allergens,
measurements of sIgE and skin testing are mostly sufficient (Khan et al., 2012) and ba-
sophil activation testing can only be advantageous, if there is no detectable sIgE and
skin test results are negative (Gómez et al., 2013). Nevertheless, studies with crude al-
lergen extracts and modified or recombinant allergens could show good correlations with
nasal and bronchial provocation tests (Hoffmann et al., 2015). Moreover, some studies
could show, that basophil activation tests can probably be used to monitor the efficacy
of allergen-specific immunotherapy for birch- and grass-pollen allergy (Nopp et al., 2009;
Ceuppens et al., 2009; Lalek et al., 2010; Schmid et al., 2014). Noteworthy, basophils
of 6-17% of patients studied do not respond to positive controls or allergen stimulation,
most probably because of differences in intracellular signaling pathways (Hoffmann et al.,
2015; Knol et al., 1992; Kepley et al., 1999).
The chemical detection method of histamine in various body-fluids was published in 1959
(Shore et al., 1959). Later, antibody based detection methods were developed and shown
to be more sensitive, easier to use and automatable (Chevrier et al., 1986; Hammar et al.,
1990). Additionally, histamine release of allergen-stimulated basophils was correlated to
clinical symptoms, skin test results and sIgE levels in serum (Lichtenstein et al., 1964)
and could be used as a novel tool to measure clinical relevant hypersensitivity. Equally,
leukotriene C4, a mediator of inflammation can be used to determine the level of basophil
activation (Moneret-Vautrin et al., 1999) and is measured in supernatants of stimulated
basophils with the help of antibodies.
The membrane protein CD63, present in the same secretory lysosomal granule containing
histamine, was identified in 1991. Upon basophil activation, CD63 is transported to the
cell membrane and the amount of CD63 on the cell surface correlates well with histamine
release (Knol et al., 1991). Up-regulated CD63 can be analyzed by flow cytometry (Haus-
mann et al., 2011; Eberlein et al., 2015) and has been shown to correspond to the result of
IgE activated basophil degranulation (MacGlashan, 2010). CD63 has been clinically ver-
ified as basophil activation markers in several studies (Sainte-Laudy et al., 2000; Sturm
et al., 2004; Erdmann et al., 2004; Eberlein-König et al., 2006b; Ocmant et al., 2007;
Abuaf et al., 2008). For the interpretation of basophil activation tests, basophil reactivity
and sensitivity are important parameters. Basophil reactivity indicates the number of
basophils that respond to allergen stimulation, whereas basophil sensitivity correlates the
allergen concentration to basophil activation (Hoffmann et al., 2015). Basophil sensitivity
measurements require the measurement of several allergen concentrations and a plotted
curve of reactivity versus allergen concentration. By this, the concentration where 50% of
basophils respond (EC50) can be determined. By inversion and multiplication by 100, the
CD-sens value gives results easier to interpret. Higher CD-sens values, stand for higher
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Figure 5 Taxonomy of Allergy-Relevant Species of the Order of Hymenoptera (Sayers et al., 2009). “Apis mellifera”
by Carnat Joel, “Buff-tailed bumblebee” by Jonas Myrenås, “Common Wasp (Vespula (Paravespula) vulgaris)” by
Martin Cooper, licensed under CC BY 2.0. “Polistes dominula” by Ferran Turmo Gort, licensed under CC BY-
NC-SA 2.0. “Red Imported Fire Ant (Solenopsis invicta)” by stevenw12339, licensed under CC BY-NC 2.0. All
pictures were cropped and rearranged to create this overview.

basophil sensitivity to the allergen tested (Johansson et al., 2005). A different way of
interpretation is the generation of allergen dose-response curves or the area under dose
curve (AUC) (Patil et al., 2012). Basophil activation testing is elaborative and costly, thus
not used in clinical routine diagnosis. Nevertheless, basophil activation tests can increase
test sensitivity in difficult to diagnose patients and safety in patients where challenge tests
cannot be avoided otherwise (Hoffmann et al., 2015).

1.4 Insect Venom Allergy

A prominent example of a type I hypersensitivity reaction is the adverse reaction to insect
stings. Stings from insects out of the order of Hymenoptera can lead to severe and in
the worst case fatal systemic reactions in allergic patients. The only curative treatment
is venom immunotherapy, but accurate diagnosis including the identification of the insect
causing the allergic reaction has to be unequivocal. Therefore, clinicians rely on various
diagnostic options besides standard skin testing with venom extracts. Serum and cellular
tests have improved in the last years, as the composition of different venoms has been
investigated in detail and several allergens, which can be of immense help for diagnosis,
became available in pure form by recombinant techniques.
An overview of allergy-relevant species of the order of Hymenoptera, including their tax-
onomy, is given in Figure 5. In the US, wasp species like Vespula vulgaris (yellow jacket),
paper wasp (Polistes) species like Polistes annularis, honeybees (Apis mellifera) (Golden
et al., 2017) and africanized honeybees (Apis mellifera scutellata) (Schumacher et al.,
1992; Moffitt, 2003) as well as imported fire ants (Solenopsis invicta and Solenopsis rich-
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teri) (Freeman et al., 1992; Kemp et al., 2000; Steigelman et al., 2013) are important
elucidators of allergic reactions. In contrast, allergy-relevant Hymenoptera in Europa are
Apis mellifera and wasp species like Vespula vulgaris (yellow jacket) (Worm et al., 2014;
Sturm et al., 2017). Paper wasps, like Polistes dominula are more relevant in the Mediter-
ranean area (Biló et al., 2005). The invasive species Polistes dominula, historically known
to be domestic in south Europe (Höcherl et al., 2015), started to populate the US from the
north-east to the west coast in the 1970s and 1990s, respectively (Cervo et al., 2000) and
South Africa since 2008 (Eardley et al., 2009). Furthermore, as a consequence of global
warming, it is very likely that Polistes dominula will continue to spread into previously
colder climate zones and Polistes dominula venom allergy could also become relevant in
northern areas of Europe. Another example of venom allergy spreading due to climatic
changes are reports of allergic sting reactions to yellow jacket venom in Alaska (Freeman,
2008; Demain et al., 2009).
In addition, non aggressive bumblebees (Bombus terrestris) is an important trigger of oc-
cupational allergic reactions, as these insects are used for pollination in green houses in
Spain and the Netherlands (Cruz et al., 2012; de Groot, 2006; Van Vaerenbergh et al.,
2015b). An overview of ant species of the superfamily Formicidae relevant for allergic sting
reactions is given in a review by Potiwat et al., 2015. In summary, the frequency of sting
reactions and the responsible Hymenoptera species depend on geographic, environmental
and ecological factors (Golden et al., 2017).

1.4.1 Clinical Manifestation and Therapy of Insect Venom Allergy

In contrast to pollen, that have to pass mucosal barriers, the allergens of insect venoms are
injected into the skin and reach the blood as well as cellular and protein components of
the immune system fast and easy. The normal response to stings of Hymenoptera includes
transient pain, swelling and itching at the site of the sting and are caused by irritative
and toxic venom components (Golden, 2015). Large local reactions (LLRs), edema, ery-
thema and pruritus with a diameter bigger than 10 cm are part of slight hypersensitivity
reactions that peak at day one or two and resolve three to ten days later. LLRs are cell
mediated (Severino et al., 2009) and/or IgE-dependent (Wright et al., 1990). Earlier work
showed, that LLRs are independent of IgE (Mauriello et al., 1984), but this could also be
due to higher detection limits at that time. As LLRs are part of mild allergic reactions
to venoms and the chance of severe future sting reactions is low (Mauriello et al., 1984;
Schuberth et al., 1982; Graft et al., 1984; Abrecht et al., 1980; Fernandez et al., 2005;
Pucci et al., 2015), there is no recommendation for VIT for those patients (Valentine et
al., 1990; Golden et al., 2017). Severe hypersensitivity reactions to insect venom include
systemic or generalized reactions (SR) also termed anaphylaxis. The clinical features of
anaphylaxis were discussed in Section 1.2.2. Systemic reactions usually start ten to 30
minutes after the causative sting. However, in case of an underlying disease like mast cell
disorders, they can even arise faster. Sometimes the onset of systemic reactions is slower
(one to four hours after the sting) and normally less life threatening in this case (Golden,
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2015). In the event of a severe systemic reaction, the median time until cardiorespiratory
arrest and subsequent death occurs is fifteen minutes after the sting (Pumphrey, 2000).
The risk factors for severe hypersensitivity reactions include older age, male sex, medica-
tion of hypertension, diagnosed vespid allergy and preceding stings with systemic reactions
(Ruëff et al., 2009). Another risk factor is mastocytosis, a mast cell activation disorder
caused by the presence of too many mast cells, or elevated serum tryptase concentration
independent of mast cell disorders (Haeberli et al., 2003). However, if the serum tryptase
concentration is above a certain threshold (191µg/L, or below 6.1µg/L) the risk of severe
reactions declines (Niedoszytko et al., 2014).
The risk to re-experience a systemic reaction after a subsequent sting without therapy is
56% (Reisman, 1992) and the only available pharmacotherapy of systemic insect venom
hypersensitivity is the prescription of adrenaline or epinephrine auto-injectors for emer-
gency use as well as orally administered anti-histamines and corticosteroids. The only
currently available curative therapy is venom immunotherapy (VIT).

Venom Immunotherapy
The first VIT was reported in 1925 by Braun, who administered a bee abdomen extract
to a patient (Braun, 1925). Later on, clinicians realized that venom treatment in place
of the usual whole body extract increases VIT efficiacy (Fackler et al., 1956). However,
this increased efficacy was published almost 20 years later and only in case report studies
(Lichtenstein et al., 1974; Busse et al., 1975). Only few years after these case reports,
the first randomized controlled study in 1978 showed the efficacy of VIT, if whole venom
extracts were used for therapy (Hunt et al., 1978). Today, venom extracts are available as
aqueous (or lyophilized) extracts and depot preparations adsorbed to aluminium hydrox-
ide from different manufactures. All therapeutic extracts are purified by standard proce-
dures. Nevertheless, it has been shown, that different products might differ in composition
or allergen activity (Blank et al., 2011; Frick et al., 2016). Venom immunotherapy guide-
lines published by the American Academy of Allergy, Asthma and Clinical Immunology
(AAAAI) and the EAACI only suggest the treatment of patients with a history of sys-
temic reactions when the hypersensitivity reaction is diagnosed by skin test, sIgE (Golden
et al., 2017) and/or basophil activation test (Sturm et al., 2017). Both guidelines do not
recommend the treatment of patients that only experience LLRs.
The general treatment protocols include an up-dosing phase with increasing amounts of
venom, until a maintenance phase is reached, which is continued for three to five years
(Golden et al., 2017; Sturm et al., 2017). Injections are given subcutaneously, on the ex-
tensor side of the upper arm, above the olecranon (Pfaar et al., 2014). For the up-dosing,
clinicians can choose between the conventional protocol (8-16 weeks), rush protocols with
durations of two to three days, ultra-rush protocols taking four to eight hours or clus-
tered/modified rush protocols with two to three injections every 30 minutes every three
to seven days (Golden et al., 2017; Sturm et al., 2002; Ludman et al., 2015). All proto-
cols except the ultra-rush protocols have proven to be safe and tolerable by the majority
of patients (Brown et al., 2012). When the maintenance dose of 100µg venom extract
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(corresponding to the dry weight of two honeybee or five wasp stings (Schumacher et al.,
1994; Hoffman et al., 1984)) is reached, protection is already achieved (Goldberg et al.,
2010; Goldberg et al., 2011). Nevertheless, to gain full protection, the treatment has to
be continued for further three to five years (Golden et al., 2017; Sturm et al., 2017) but
intervals can safely be extended from monthly injections to injections every six to eight
weeks (Cavallucci et al., 2010). In some patients, for example patients with additional
mastocytosis, treatment is recommended to be continued life-long (Przybilla et al., 2011).
Severe side-effects of VIT are experienced by 14.2% and 2.8% of patients treated with
Apis mellifera and Vespula vulgaris venom, respectively (Boyle et al., 2012). LLRs are
experienced by 11.5-15.2% of patients undergoing VIT (Mauriello et al., 1984). If severe
reactions are observed during the initiation of VIT a change of the up-dosing protocol
(Goldberg et al., 2003) or use of omalizumab as discussed earlier is recommended. The
effectiveness in preventing future anaphylactic sting reactions is about 75-98% (Golden,
2007) and the efficacy of VIT was shown to be higher in Vespula vulgaris than Apis mel-
lifera venom allergy (Müller et al., 1992). The analysis of seven controlled clinical studies
showed a reduction of systemic reactions in response to future stings and an improved
quality of live in two non-blinded studies (Boyle et al., 2012). In the case of treatment
failures, it has been shown that an increase of the maintenance dose can be benificial
(Przybilla et al., 2011). In order to avoid de novo sensitizations by treating patients with
the wrong therapeutic extract (Juarez et al., 1992), diagnosis of insect venom allergy has
to be as precise as possible.

1.4.2 Epidemiology

There is a vast number of epidemiological studies concerning the prevalence of insect
venom hypersensitivity in the general population and in children. The prevalence of
systemic reactions due to any kind of insect sting in children has been reported to be
0.34% (Novembre et al., 1998), 0.8% (Jennings et al., 2010) or up to 2.5% (Graif et al.,
2006). The prevalence of mild systemic reactions in children ranges from 3.4% (Jennings
et al., 2010) to 6.5% (Graif et al., 2006) and LLRs occur in 5.8% (Jennings et al., 2010)
or 11.5% (Graif et al., 2006) of the studied children population. Data from the European
Anaphylaxis Registry showed that 19 to 20.2% of anaphylactic reactions occur as a result
of insect stings in children (Grabenhenrich et al., 2016; Worm et al., 2014).
In the general adult population, the prevalence of reported systemic reactions is 1.2%

(Onbaşı et al., 2008), 2.3% (Fernandez et al., 1999; Navarro et al., 2004), 2.8% (Fernandez
et al., 2005), 3.3% (Bokanovic et al., 2011) or even up to 8.9% (Nittner-Marszalska et al.,
2004). LLRs occur in 4.6 to 31.5% of adults in the studied populations (Fernandez et al.,
1999; Navarro et al., 2004; Nittner-Marszalska et al., 2004; Fernandez et al., 2005; Onbaşı
et al., 2008; Bokanovic et al., 2011). The risk of developing a severe systemic reaction in
children and adults who experienced LLRs is only 5 and 7%, respectively (Graft et al.,
1984; Golden et al., 2004). A study of the general population showed, that only 2.8%

were allergic to insect venoms, whereas the prevalence of food allergy (4.7%), asthma

19



1.4 Insect Venom Allergy

(8.6%) and hay fever (14.8%) was higher (Bergmann et al., 2016). The evaluation of
the European Network of Severe Allergic Reactions showed that 48.2% of anaphylactic
reactions in adults occurred after insect stings. Of those, 70.6% were caused by yellow
jacket, 23.4% by honeybee and 4.1% by hornet stings (Worm et al., 2014). To estimate
the per year incidences of anaphylaxis due to insect stings, emergency department visits
were evaluated in different countries and ranged from 1.5 to 8.7 per 100 000 inhabitants
(Diniz et al., 2016; Beyer et al., 2012; Harduar-Morano et al., 2011). The incidence of
fatal reactions range from 0.03 to 0.48 deaths per 1 000 000 inhabitants per year (Bilò
et al., 2008) but the estimated deaths due to insect stings might be underestimated, as
post-mortem serum samples contained venom-specific IgE in many cases (Schwartz et al.,
1988).
The sensitization, meaning the mere presence of sIgE to at least one common allergen, is
found in the serum of 48.6% of adults and the sensitization to insect venom components
is existent in 22.6% (Haftenberger et al., 2013). Nevertheless, it has also been shown, that
there is no difference in the frequency of insect venom allergy in the population with or
without predisposition of hypersensitivity reactions to other allergen sources (Pastorello
et al., 1988; Settipane et al., 1972).

1.4.3 Venom Allergens and the Diagnosis of Hymenoptera Venom Allergy

The AAAAI and EAACI regularly publish updated guidelines for the diagnosis and ther-
apy of Hymenoptera venom allergy. The first guideline from the AAAAI was published in
1999 and the last update was released in 2017 (Portnoy et al., 1999; Moffitt et al., 2004;
Golden et al., 2011; Golden et al., 2017). Guidelines from the EAACI were published as
early as 1987 and the recent updated version appeared online in 2017 (Bousquet et al.,
1987; Müller et al., 1993; Biló et al., 2005; Sturm et al., 2017). The evaluation of the
clinical history includes previous sting reactions, their time course, severity, as well as
symptoms and treatment, together with the assessment of individual risk factors. The
severity of sting reactions is often under- or overestimated, as fear, panic, exercise, heat,
alcohol, underlying cardiorespiratory disease or stings that happened long time ago can
affect the experience or memory of venom stings (Golden, 2015). It is additionally benefi-
cial, if the insect causing the reaction can be identified, but this is difficult for most of the
patients and clinicians, as there are many insects with similar phenotype (Baker et al.,
2014; Baker et al., 2016). In conclusion, if the sting reaction has been severe as well as
under special circumstances like frequent exposure, further tests are needed to prove the
sensitization to the insect venom that caused the allergic reaction (Golden et al., 2017;
Sturm et al., 2017). These tests include skin tests, the determination of sIgE in serum
and/or basophil activation tests.
The gold standard and starting point of insect venom allergy diagnosis is skin testing.
Commercially available venom extracts are used for skin prick testing and for higher sen-
sitivity, dilutions of skin prick test solutions are used for intradermal skin testing. Skin
testing is a safe procedure (Bilò et al., 2011) and systemic reactions are rare. Venom ex-
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tracts are commercially available, depending on geographical regions, for Apis mellifera,
Vespula species (spp.), Polistes spp. and Dolichuvespula spp. and are highly purified by
dialysis in Europe but not in the USA. Test extracts for Apis mellifera are standardized
according to the content of phospholipases A2 and extracts for Vespula vulgaris to the
content of hyaluronidases (Bernstein et al., 2008). For the diagnosis of imported fire ant
venom allergy, commercially available extracts are composed of whole-body extracts even
though studies showed a higher skin test sensitivity with venom preparations (Strom et
al., 1983; Butcher et al., 1988). Ideally, skin testing is performed again after six weeks,
if the first skin test results are negative shortly after the sting reaction (Goldberg et al.,
1997; Ludman et al., 2015). Of note, 10 to 30% of patients with a history of systemic
reactions and positive sting challenges show negative skin test results (Kontou-Fili, 2002)
and several other studies showed test variability due to differences in commercially avail-
able venom extracts (Jeep et al., 1992). On the other hand, 15% of a population without
having a history of sting reactions were tested positive in skin tests with venom extracts
(Golden et al., 1997). Thus, in the case of negative skin test results and a history of an
allergic sting reaction, determination of venom-sIgE is recommended (Golden et al., 2017;
Sturm et al., 2017), even though test sensitivity is a little lower than intradermal skin
testing (Ludman et al., 2015). Before the late 1970s, whole insect body extracts (Müller,
2002) were used to determine sIgE in the serum of patients. Later, it has been shown, that
the sensitivity can be increased by using venom extracts and even more by using natural
or recombinant single allergens (Vachová et al., 2016). Additionally, single recombinant
allergens are also used to spike venom extracts used for in vitro diagnosis (Vos et al.,
2013). Nevertheless, the assertion of in vitro sIgE diagnosis is limited, since other studies
showed sensitization to venom allergens in 15, 16.4 or even 22.6% of the studied individ-
uals (Fernandez et al., 1999; Haftenberger et al., 2013; Mosbech et al., 2016). However,
only 31% (Mosbech et al., 2016) or 5.3% (Sturm et al., 2014) of sensitized individuals
examined in the study, have had previous sting reactions. On the other hand, sIgE could
only be detected in 38 or 57.6% of patients with a history of an allergic sting reaction
(Fernandez et al., 1999; Mosbech et al., 2016). Nontheless, the increasing knowledge of
venom components and the use of component-resolved diagnosis continuously improves in
vitro diagnostic sensitivity and specificity (Blank et al., 2011; Köhler et al., 2014).

Another limitation of in vitro insect venom diagnosis is the possibility of double-positive
sIgE results with Apis mellifera and Vespula vulgaris venom. In addition to true allergy
to both venoms and cross-reactivity of homologous allergens, it has been shown, that this
can be the result of sIgE directed against the insect specific glycan structure (Hemmer et
al., 2001). When the sIgE against the glycan structure on venom proteins (glycosylation)
was identified, this glycosylation was also termed cross-reactive carbohydrate determinant
(CCD). Even though it has been shown, that sIgEs to CCDs are highly affine (Jin et al.,
2008), they do not seem to have any clinical relevance (Altmann, 2016). In fact, up to 75%
of double-positve in vitro test results to Apis mellifera and Vespula vulgaris venom are
caused by IgE against CCDs (Jappe et al., 2006). To prove the presence of CCD-reactive
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IgE antibodies, sIgE to CCD markers like MUXF3, horseradish peroxidase, bromelain
or ascorbate oxidase can be measured (Jappe et al., 2006). Nevertheless, this does not
exclude clinically relevant sensitization to both venoms. However, those patients can
profit from the test specificity of component-resolved diagnostic approaches. Here, venom
allergens are produced by recombinant techniques either in Escherichia coli (E. coli)
without glycosylation or Spodoptera frugiperda (Sf9) insect cells with glycosylation that
lacks CCD-reactivity (Seismann et al., 2010a). The absence of CCDs was also observed
in venom preparations of a mix of analyzed Polistes species (Blank et al., 2013a).

Insect Venom Allergens
As the knowledge of the insect venom composition is crucial for the improvements of insect
venom allergy diagnosis, there has been a vast amount of research analyzing the protein
components of different venoms in the last years. The dry weight of Apis mellifera venom
injected in one sting is around 140µg (Schumacher et al., 1994) and the protein content
was shown to be 59µg (Hoffman et al., 1984; Schumacher et al., 1994), whereas the amount
of protein emitted by a sting of Vespula and Polistes species is only 1.7 to 3.1 and 17µg,
respectively (Schumacher et al., 1994). In addition to various, mostly enzymatic active
proteins, venoms consist of low molecular substances, for example biogenic amines like
histamine, (basic) peptides and toxins (Habermann, 1972). The best characterized venom
up to date is the venom of Apis mellifera. With the help of genomic data (Weinstock
et al., 2006) and intensive mass spectrometry analyses (Peiren et al., 2005; Van Vaeren-
bergh et al., 2014) various proteins have been identified. Even seasonal changes in venom
components have been discovered (Van Vaerenbergh et al., 2013). Recently, the genomic
data of Polistes dominula was published (Standage et al., 2016) but proteomic data of
venom proteins are still missing. Additional genomic data of further important members
of the superfamiliy of Vespoidea is available for Polybia paulista (dos Santos et al., 2010),
Solenopsis invicta (Wurm et al., 2011) and Polistes canadensis (Patalano et al., 2015).
Also very recently, the proteome of Bombus terrestris has been unraveled with the help of
available genomic data (Sadd et al., 2015; Van Vaerenbergh et al., 2015b). An overview
of identified proteins with proven IgE-reactivity is given in Tables 1 and 2.

Table 1 Overview of Hymenoptera venom allergens currently listed in the WHO/IUIS Allergen Database
(www.allergen.com) of species which have not been made available for routine diagnosis. MW, molecular weight in
kDa determined by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) separation. Adapted
from Ollert et al., 2015.

Allergen Name/Function MW [kDa]

Bumblebee (Bombus pennsylvanicus, B.
terrestrist)

Bom p 1t Phospholipase A2 16
Bom p 4t Protease 27
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Table 1 (Continued) Overview of Hymenoptera venom allergens currently listed in the WHO/IUIS Allergen
Database.

Allergen Name/Function MW [kDa]

White-faced hornet, yellow hornet
(Dolichovespula maculata, D. arenariaa)

Dol m 1 Phospholipase A1 34
Dol m 2 Hyaluronidase 42
Dol m 5a Antigen 5 23

Australian jumper ant (Myrmecia pilo-
sula)

Myr p 1 7.5/5.5
Myr p 2 Pilosulin-3 8.5/2.4
Myr p 2 Pilosulin-4.1

American paper wasps (Polistes annu-
laris, P. exclamanse, P. fuscatus f, P. met-
ricusm)

Pol a 1e Phospholipase A1 34
Pol a 2 Hyaluronidase 38
Pol e 4 Protease 33
Pol a 5e,f,m Antigen 5 23

Polybia wasp (Polybia paulista, P.
scutellariss)

Poly p 1 Phospholipase A1 34
Poly p 2 Hyaluronidase 33
Poly p 5s Antigen 5 23

Fire ants (Solenopsis invicta, S. gemi-
natag, S. richteri r, S. saevissimas)

Sol i 1 Phospholipase A1 18
Sol i 2g,r,s 14
Sol i 3g,r,s Antigen 5 26
Sol i 4g 12

Hornets (Vespa crabro, V. magnificama,
V. mandariniam)

Vesp c 1m Phospholipase A1 34
Vesp ma 2 Hyaluronidase 35
Vesp c 5ma,m Antigen 5 23

An important group of allergens in the venoms of the superfamily of Vespoidea and Apoidea
are proteins with phospholipase activity. Phospholipases in the venom of species out of
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the superfamily of Vespoidea are phospholipases A1, whereas phospholipase A2 activity is
only documented in the venoms of Apis mellifera, Bombus pennsylvanicus and B. terrestris
(superfamily of Apoidea) (Habermann, 1972; Hoffman et al., 1996; Hoffman et al., 2001).
The amino acid sequence of phospholipases A2 (Api m 1 and Bom p 1) were identified
(Kuchler et al., 1989; Hoffman et al., 1996) and show 53.7% sequence identity.
Proteins with phospholipase A1 activity have been identified in the venom of Polistes
annularis (GenBank AF174527, GenBank Identifiers are given in the case of otherwise
unpublished results), P. dominula (GenBank AY566645), P. exclamans (Hoffman, 1985b),
P. gallicus (Pantera et al., 2003), Dolichovespula maculata (Soldatova et al., 1993; Hoff-
man, 1994), Polybia paulista (GenBank EF101736), Solenopsis invicta, Vespa mandarinia,
Vespula squamosa (Hoffman et al., 2005), Vespa crabro (GenPept P0CH87), Vespula ma-
culifrons (Hoffman, 1994) and V. vulgaris (King et al., 1996).
Hyaluronidases comprise another large group of allergens in the venom of stinging insects
and were identified in the venom of Dolichovespula maculata (Lu et al., 1995), Polistes
annularis (GenBank AF174528), Vespa magnifica (An et al., 2012), Vespula maculifrons
(GenPept P0CH89), Polybia paulista (dos Santos et al., 2010) and Apis mellifera (Gmachl
et al., 1993). Two hyaluronidase isoforms are present in the venom of Vespula vulgaris
(King et al., 1996; Kolarich et al., 2005).
Melittin, a lytic peptide, represents 50% of the honeybee venom dry weight (Habermann,
1972) but homologous peptides have not yet been shown to have sIgE-reactivity in the
venoms of other species. Similarly, proteins in insect venoms with acid phosphatase ac-
tivity were only identified in Apis mellifera venom (Hoffman, 1977; Hoffman et al., 1977).

A protein named antigen 5, first found in the venom of Vespula maculata, V. arenaria,
V. vulgaris, V. maculifrons and V. germanica (King et al., 1978; Hoffman, 1993b) has no
known biological function, but was speculated to be a presynaptic toxin, because of its
similarity to a neurotoxin from the hornet Vespa mandarinia (Abe et al., 1982). Further-
more, antigens 5 were found in the venom of Dolichovespula maculata, Vespula squamosa,
Polistes exclamans (Hoffman, 1985a), D. arenaria, P. annularis (Lu et al., 1993), Solenop-
sis invicta (Hoffman, 1993a), P. gallicus (Pantera et al., 2003) and Vespa magnifica (An
et al., 2012). Until recently, antigens 5 were only found in species of the superfamily
Vespoidea, but a homologous protein was found in the venom of Apis mellifera which is
only expressed in winter, thus it seems to have no relevance for honeybee venom allergy
(Van Vaerenbergh et al., 2013).
Other identified allergens include the antigen C, which was already identified as Apis
mellifera allergen by Hoffman et al., 1977 and has later been described as dipeptidyl pep-
tidase IV not only in the venom of Apis mellifera but also of Vespula vulgaris (Blank et
al., 2010). A protease inhibitor (Kettner et al., 2001), a carboxyesterase and carboxypep-
tidase, both unpublished (GenBank EU564833 and FJ765738) and two major royal jelly
proteins (Blank et al., 2012) were only identified in the venom of Apis mellifera. A pro-
tease with CUB domain was identified in the venom of Apis mellifera, Polistes dominula
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(Winningham et al., 2004) as well as Bombus pennsylvanicus and B. terrestris (Hoffman
et al., 1996; Hoffman et al., 2001). Shared between the venoms of Apis mellifera and
Vespula vulgaris are the vitellogenins (Blank et al., 2013a) and the carbohydrate-rich pro-
tein, also called icarapin because of its instability, was only identified in the venom of
Apis mellifera (Peiren et al., 2006). Later on, nine different isoforms of this carbohydrate
rich protein were identified in a more detailed proteome analysis (Van Vaerenbergh et al.,
2015a).

Table 2 Overview of Hymenoptera venom allergens currently listed in the WHO/IUIS Allergen Database
(www.allergen.com) of species, where single allergens are available for routine diagnosis. Allergens available for
routine diagnosis are set bold. CRP, carbohydrate-rich protein; DPP IV, dipeptidyl peptidase IV; MRJP, major
royal jelly protein; MW, molecular weight in kDa determined by SDS-PAGE separation; % Sensitization, percentage
of allergic patients sensitized to the single allergen. Adapted from Ollert et al., 2015.

Allergen Name/Function MW [kDa] % Sensitization

Honeybees (Apis mellifera, Apis ceranac, Apis dorsatad)
Api m 1c,d Phospholipase A2 16 72.2 (Köhler et al., 2014)
Api m 2 Hyaluronidase 39 47.9 (Köhler et al., 2014)
Api m 3 Acid phosphatase 43 50.0 (Köhler et al., 2014)
Api m 4 Melittin 3 22.9 (Köhler et al., 2014)
Api m 5 DPP IV 100 58.3 (Köhler et al., 2014)
Api m 6 Protease inhibitor 6 26 (Michel et al., 2012)
Api m 7 Protease 39
Api m 8 Carboxylesterase 70 46 (unpublished)
Api m 9 Carboxypeptidase 60
Api m 10 CRP/Icarapin 50-55 61.8 (Köhler et al., 2014)
Api m 11.0101 MRJP 8 65 15 (Blank et al., 2012)
Api m 11.0201 MRJP 9 50 34 (Blank et al., 2012)
Api m 12 Vitellogenin 200 44 (Blank et al., 2013b)

European paper wasps (Polistes dominula, P. gallicusg)
Pol d 1g Phospholipase A1 34
Pol d 4 Protease 33
Pol d 5g Antigen 5 23

Yellow jackets (Vespula vulgaris, V. flavopilosa f, V. germanicag, V. maculifronsm,
V. pensylvanicap, V. squamosas, V. viduavi)

Ves v 1m,s Phospholipase A1 34 55 (Binder et al., 2002)
Ves v 2.0101m Hyaluronidase 38 74 (Binder et al., 2002)
Ves v 2.0201 Hyaluronidase (inactive) 38 74 (Binder et al., 2002)
Ves v 3 DPP IV 100 57 (Blank et al., 2010)
Ves v 5f,g,m,p,s,vi Antigen 5 23 84 (Binder et al., 2002)
Ves v 6 Vitellogenin 200 39 (Blank et al., 2013b)
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The Role of Insect Venom Allergens for Diagnosis
Apis mellifera phospholipase A2 (Api m 1) was one of the first allergen produced by
recombinant expression techniques (Dudler et al., 1992) and used for routine allergy diag-
nosis (Müller et al., 1995a; Müller et al., 1997). Soon, it was recognized that recombinant
allergens like Api m 1 and Vespula vulgaris antigen 5 (Ves v 5) can increase in vitro test
specificity and help in the diagnosis of possibly double sensitized patients with reactivity
to the venoms of Apis mellifera and Vespula vulgaris (Müller et al., 2009; Mittermann
et al., 2010; Hofmann et al., 2011b). However, a controversial discussion started, whether
recombinant or native Api m 1 has the better test specificity (Sturm et al., 2011; Korošec
et al., 2011), concluding with same reactivity of both proteins in the selected patient pop-
ulations (Jakob et al., 2012). At that time CCD-reactivity was only a little concern, as
recombinant allergens were produced in insect cells which have been proven to produce
glycosylated proteins without CCD-reactive structures (Seismann et al., 2010a). Neverthe-
less, Hofmann et al. raised the idea, that even more recombinant allergens are needed for
a correct discrimination of Apis mellifera and Vespula vulgaris venom allergy (Hofmann et
al., 2011a). In a subsequent study, where the Apis mellifera venom allergens recombinant
Api m 1, recombinant hyaluronidase (Api m 2), recombinant acid phosphatase (Api m 3),
recombinant dipeptitdyl peptidase IV (Api m 5) and recombinant icarapin (Api m 10)
together with synthetic melittin (Api m 4) were used, sIgE to one or more allergens could
be detected in 94.4% Apis mellifera venom allergic patients (Köhler et al., 2014).
Vespula vulgaris and Apis mellifera hyaluronidases (Ves v 2 and Api m 2) were discussed
in a similar manner concerning their relevance for insect venom allergy diagnosis. After
identification and recombinant expression of Api m 2 (Gmachl et al., 1993) and Ves v 2
(King et al., 1996), studies have shown that Vespula vulgaris venom contains an addi-
tional inactive hyaluronidase isoform (Kolarich et al., 2005) which is even more frequent
(Kolarich et al., 2007). Studies of the native Vespula vulgaris venom hyaluronidase as well
as the recombinant inactive hyaluronidase isoform showed that only very few (10-15%)
allergic patients show sIgE-reactivity to these hyaluronidases (Jin et al., 2010; Seismann
et al., 2010a). Additionally, structural studies of Apis mellifera and Vespula vulgaris
hyaluronidases showed differences in topology and electrostatic surface potentials, sug-
gesting only little sIgE cross-reactivity in the serum of Apis mellifera and Vespula vulgaris
venom allergic patients (Hemmer, 2008; Skov et al., 2006).
Apis mellifera venom acid phosphatase was identified, cloned and expressed in insect cells
by Grunwald et al., 2006 and identified as major allergen, with sIgE-reactivity in 50% of
allergic patients (Köhler et al., 2014). sIgE to the carbohydrate-rich Apis mellifera venom
protein (icarapin, Api m 10) was shown to be present in approximately 50-70% patients
(Blank et al., 2011; Köhler et al., 2014; Frick et al., 2016), confirming its role as a major
allergen. Additionally, Api m 10 was demonstrated to be underrepresented in some Apis
mellifera venom extracts used for VIT (Blank et al., 2011) and that therapeutic treatment
failures can be correlated with a predominant sensitization to Api m 10 (Frick et al., 2016).
Even though melittin (Api m 4) is the major component in the venom of Apis mellifera
(Habermann, 1972; Paull et al., 1977), it is an allergen of minor clinical relevance and
sIgE is only detected in the serum of 22.9% of allergic patients (Köhler et al., 2014).
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Similarly, the Apis mellifera protease inhibitor (Api m 6) and protease (Api m 7) were
identified as allergens of minor clinical relevance (Kettner et al., 2001; Michel et al., 2012;
Winningham et al., 2004). Only < 50% of allergic patients react to the Apis mellifera
venom carboxyesterase (Api m 8) and carboxypeptidase (Api m 9), but these results were
only submitted to the WHO/IUIS allergen database. Furthermore, the major royal jelly
proteins 8 and 9 (Api m 11) also represent minor allergens (Blank et al., 2012). Vitel-
logenins were identified in the venom of Apis mellifera and Vespula vulgaris (Api m 12
and Ves v 6) and are of minor clinical relevance but show cross-reactivity in Apis mellifera
and Vespula vulgaris venom allergic patients (Blank et al., 2013a).

Molecular allergology also improved the diagnosis of Vespula vulgaris venom allergic pa-
tients and the discrimination of patients sensitized to the venom of Vespula vulgaris and
Apis mellifera. Following the identification and recombinant production of Vespula vul-
garis venom phospholipase A1 (Ves v 1) (King et al., 1996) a different study found that
the basophils of Vespula vulgaris venom allergic patients could be stimulated by natural
Ves v 1 in 50% of the cases (Binder et al., 2002). Measuring sIgE-reactivity against re-
combinant Vespula vulgaris antigen 5 (Ves v 5) (Lu et al., 1993; Monsalve et al., 1999)
together with Ves v 1 increased test sensitivity to over 90% in Vespula vulgaris venom
allergic patients double-sensitized to the venoms of Apis mellifera and Vespula vulgaris
(Seismann et al., 2010b). This was also confirmed by an additional study (Müller et al.,
2012) but it has also been shown, that measuring IgE-reactivity against Ves v 1 and
Ves v 5 only, still misses up to 8% of a tested patient population (Korošec et al., 2012).
Furthermore, the addition of recombinant Ves v 5 to Vespula vulgaris venom extract is
able to increase sensitivity of in vitro extract based diagnosis 96.8% (Vos et al., 2013).
As described before, antigens 5 were found in various species out of the family of Vespoidea
and their cross-reactivity is known since more than 30 years (Hoffman, 1985c). Partially
known antigen 5 sequences showed sequence similarity and studies with polyclonal mouse
antibodies confirmed this cross-reactivity of antigens 5 from similar Vespoidea species
(King et al., 1987). Complete knowledge of antigen 5 amino acid sequences for several
Vespula and one Vespa species showed high sequence similarity, the most probable cause
for immunologic cross-reactivity (Hoffman, 1993b). The in vitro observed cross-reactivity
with Polistes dominula and Vespula vulgaris venom extracts (Caruso et al., 2007) is of
particular interest, as these insects live alongside in the south of Europe and allergy to
Polistes dominula venom is frequent in these regions (Severino et al., 2006). Nevertheless,
it has been shown that venom extract cross-inhibition experiments could correctly identify
60% of tested patients (Caruso et al., 2007). In accordance to that, measurements of sIgE
against Ves v 5 and Pol d 5, in combination with Pol d 1 and Ves v 5 are claimed to iden-
tify the most probable sensitizing insect and discriminate between Polistes dominula and
Vespula vulgaris venom allergy (Monsalve et al., 2012; Caruso et al., 2016). Nevertheless,
the probability of double sensitization cannot be excluded in a reliable manner.

27



1.4 Insect Venom Allergy

In conclusion, the study and identification of allergenic proteins in venom extracts can
aid in insect venom in vitro diagnosis in many cases, especially when potential double
sensitizations are observed either between venoms of Apis mellifera and Vespula vulgaris
or Polistes dominula and Vespula vulgaris. Following these findings, many allergens were
introduced for various diagnostic test systems in the past years, including the spiked
Vespula vulgaris venom extract (Vos et al., 2013). As of 2017, these single allergens are
Api m 1, 2, 3, 4, 5, 10, Pol d 5 (Pol d 1 is only available on a semi-quantitative system)
and Ves v 1 and 5. All venom allergens available for routine diagnosis are marked in bold
in Table 2.

Basophil Activation Test for the Diaognosis of Insect Venom Allergy
Since the finding, that in vitro activation of basophils by allergens can be measured either
by the release of mediators or by detection of up-regulated cellular markers, a vast amount
of studies evaluated the use of basophil activation tests for the diagnosis of Hymenoptera
venom allergy. Over the years, all studies could demonstrate a sensitivity between 67-
75% in a pediatric population and 75-100% in a general population of Apis mellifera and
Vespula vulgaris venom allergic patients. The specificity of basophil activation tests in the
studied patient population was between 84-100% (Sainte-Laudy et al., 2000; Platz et al.,
2001; Binder et al., 2002; Lambert et al., 2003; Sturm et al., 2004; Erdmann et al., 2004;
Eberlein-König et al., 2006b; Eberlein-König et al., 2006a; Sainte-Laudy et al., 2007; Ebo
et al., 2007b; Scherer et al., 2008; Ott et al., 2011; Žitnik et al., 2012). Furthermore, the
basophil activation test can be used in addition to other in vitro diagnostic methods to
discriminate between Apis mellifera and Vespula vulgaris venom allergy (Eberlein-König
et al., 2004; Ebo et al., 2007a; Eberlein et al., 2012). Additionally, 60% of intradermally
negative tested patients could be diagnosed by basophil activation (Korosec et al., 2009)
and 81% of 21 patients without detectable sIgE were shown to have positive basophil
activation tests (Korošec et al., 2013). However, some basophil activation tests with
whole venoms have to be discussed with care, because they can be positive in the case
of sIgE against CCDs (Mertens et al., 2010). In the same manner, basophil activation
tests of patients suffering from systemic mastocytosis have to be discussed thoroughly.
On the one hand, insect venom allergy diagnosis in those patients can be improved by
basophil activation testing (González-De-Olano et al., 2011; Bidad et al., 2014b; Bidad
et al., 2014a), but on the other hand, this finding could not be reproduced in similar
patient populations (Bonadonna et al., 2012; Rietveld et al., 2016). Equally, the basophil
activation test cannot be used to predict the severity of a sting reaction, as study results
cannot be validated with sting challenges due to ethical concerns (Eberlein et al., 2012).
Until today, recombinant allergens for basophil activation tests were only used for research
purposes and in the identification of novel allergens (Seismann et al., 2010b; Blank et
al., 2010; Blank et al., 2011). Nevertheless, the diagnostic specificity could possibly be
increased by using a panel of recombinant allergens in addition to natural venoms, as it
was shown for the diagnosis of Vespular vulgaris venom allergy (Balzer et al., 2014).
The guidelines for diagnosis and therapy of Hymenoptera venom allergy therefore only
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recommend the use of basophil activation tests if other diagnostic methods fail to detect
the sensitization, despite of a convincing history of systemic sting reactions (Golden et al.,
2017; Sturm et al., 2017).

Monitoring of Venom Immunotherapy
So far, there are no in vitro tests available that predict the safe endpoint of venom im-
munotherapy. Sting challenges are used in some centers to determine the induced tol-
erance (Van Halteren et al., 1997; Ruëff et al., 1996; Ruëff et al., 2014) and a negative
sting challenge has been shown to increase the health-related quality of life in patients
at risk for severe sting reactions (Koschel et al., 2014). Additionally, there is no risk of
re-sensitization due to the challenge stings (Golden et al., 1996). Even though the out-
come of venom immunotherapy could be predicted in 95% of patients (van Halteren et al.,
1996), another study showed low reproducibility of sting challenges (Franken et al., 1994).
The only advance in this field is a good outcome of a first study trying to standardize and
replace live stings by challenges with a micro-syringe (Cortellini et al., 2012). Neverthe-
less, several studies using basophil activation tried to investigate the outcome of venom
immunotherapy by this non invasive in vitro method. A first study identified several
cellular basophil markers to show baseline activation in Vespula vulgaris venom allergic
individuals and these markers were shown to decrease after immunotherapy (Siegmund et
al., 2000). Several other studies either found no change in basophil activation (Erdmann
et al., 2004; Brown et al., 2004), a decrease of basophil sensitivity when activated with
submaximal stimulating concentrations (Peternelj et al., 2008; Kucera et al., 2010; Žitnik
et al., 2012; Čelesnik Smodiš et al., 2014; Trabado et al., 2016; Sainte-Laudy et al., 2016)
or lower blood basophil counts (Mikkelsen et al., 2010) after or during successful venom
immunotherapy. A similar study found, that the per cell amount of released histamine
of activated basophils decreased at maintenance therapy (Nullens et al., 2013). Overall,
basophil activation tests differ too much between individuals to be predictive (Neis et al.,
2011) but they have been shown to predict side-effects of therapy (Kosnik et al., 2005).
Studies using the measurements of skin test sensitivity or sIgE and sIgG/sIgG4 are less
conclusive, due to the low number of treatment failures of venom immunotherapy (Keat-
ing et al., 1991). Nevertheless, most of the studies detect the increase of sIgG4 and sIgE
antibodies at the beginning of treatment and during maintenance injections whereas the
sIgE titers start to decrease during maintenance therapy (Urbanek et al., 1986; Golden
et al., 1996; Van Halteren et al., 1997; Lerch et al., 1998; Ruëff et al., 2004; Neis et al.,
2011; Eržen et al., 2012). Even though not statistically significant, some studies sug-
gest that the decreasing sIgE and increasing sIgG/sIgG4 concentrations can predict the
safe outcome of immunotherapy (Urbanek et al., 1986; Van Halteren et al., 1997) and
low induction of sIgG/sIgG4 or the missing decline of sIgE can predict a higher risk of
treatment failure (Golden et al., 1992; Golden et al., 1996). Tests measuring the blocking
capacity of immunoglobulins, either conducted with cells (IgE-facilitated antibody bind-
ing (FAB) (Shamji et al., 2006)), or in vitro (enzyme-linked immunosorbent facilitated
antigen binding (ELIFAB) (Shamji et al., 2013)), could show increased blocking capacity
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during venom immunotherapy, but this blocking capacity was not persistent after several
years of therapy (Varga et al., 2009; Möbs et al., 2015).
For skin test sensitivity the same observations can be made. In most of the studied pa-
tients, skin test sensitivity decreases after (successful) venom immunotherapy and the
chance of experiencing systemic sting reactions after completing venom immunotherapy
was higher in patients where skin test sensitivity did not change (Müller et al., 1995b;
Lerch et al., 1998; Golden et al., 1998; Graft et al., 1998).
Several groups studied changes on cellular level before and after venom immunotherapy.
The most prominent observed changes were a shift from T helper (Th)2 (IL-4 secreting
T cells) to Th1 (IFNγ secreting T cells) and an increase of IL-10 production either by
regulatory T cells or regulatory B cells (Schuerwegh et al., 2001; Mamessier et al., 2006;
Neis et al., 2011; Boonpiyathad et al., 2017) and lower T cell proliferation upon allergen
stimulation (Neis et al., 2011). The only clinical correlation of those studies was a faster
change on cellular levels in patients that had less severe sting reactions (Mamessier et
al., 2006).The same observation has been made in non-allergic beekeepers after multiple
stings (Meiler et al., 2008). Moreover, an increase of allergen-specific memory B cells and
IgG4 switched memory B cells was observed (Boonpiyathad et al., 2017). Together, these
cellular data could be promising, yet difficult to obtain biomarkers of tolerance induction
after venom immunotherapy. Nevertheless, no study has tried to correlate these markers
with the outcome of immunotherapy until today.
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2 Aim of the Study

Increased knowledge of Apis mellifera and Vespula vulgaris venom components, notably
improved molecular or component-resolved diagnosis. Nevertheless, a review of the liter-
ature shows that the venom of Polistes dominula has not been studied in this detail. It is
additionally known, that in the Mediterranean regions of Europe, Polistes dominula and
Vespula vulgaris live alongside, hence double-sensitization to both species is often observed
in the clinics (Severino et al., 2006; Caruso et al., 2007). Until now, there is no valuable
diagnostic test to discriminate between sensitization to venoms of Polistes dominula and
Vespula vulgaris. The only option to identify the insect that is most probably inducing
the allergic sting reaction, is the determination of sIgE against crude venoms or antigens 5
(Ves v 5 and Pol d 5) together with additional and complicated cross-inhibition experi-
ments (Caruso et al., 2007; Monsalve et al., 2012; Caruso et al., 2016).
The first aim of the presented study, was to analyse and demonstrate the diagnostic cross-
reactivity between the venoms of Polistes dominula and Vespula vulgaris by the structural,
comprehensive and extended analysis of antigen 5 cross-reactivity. Therefore, the anti-
gens 5 of the yellow jacket Vespula vulgaris (Ves v 5) and European paper wasp Polistes
dominula (Pol d 5) as well as of the American paper wasp Polistes annularis (Pol a 5), the
hornet Vespa crabro (Vesp c 5), the white-faced hornet Dolichovespula maculata (Dol m 5),
the fire ant Solenopsis invicta (Sol i 3) and the wasp Polybia scutellaris (Poly s 5) were
produced as recombinant proteins in insect cells. Insect cell expression was mediated by
virus infection of Spodoptera frugiperda (Sf9) insect cells with recombinant baculovirus.
Genes for antigens 5 were cloned from venom gland complementary deoxyribonucleic acid
(cDNA) or synthetic genes and recombinant baculovirus was generated by co-transfection
of antigens 5 encoding plasmids together with the baculovirus DNA. His-tagged antigens
5 were isolated from cell culture supernatants by nickel affinity chromatography. Purified
antigens 5 were used to analyze sIgE in serum of Vespula vulgaris and Polistes dominula
venom allergic patients from Germany and Spain by enzyme-linked immunosorbent assay
(ELISA). Additionally, the recombinant antigens 5 were used for basophil activation tests
in a group of Vespula vulgaris venom allergic patients.
Furthermore, it was aimed to improve Polistes dominula venom allergy diagnosis by de-
tailed analysis of Polistes dominula venom components. Therefore, crude Polistes domin-
ula venom was separated by isoelectric point and/or size and single protein bands or
spots, together with crude venom, were analyzed by mass spectrometry. A newly iden-
tified venom component, together with its homologues from Apis mellifera and Vespula
vulgaris venom was produced recombinantly in insect cells as described before. The new
Polistes dominula venom protein was analyzed for its clinical relevance by measuring sIgE
reactivity (ELISA) and by basophil activation test from Polistes dominula and/or Vespula



vulgaris and/or Apis mellifera venom allergic patients.
Besides the diagnostic discrimination of Apis mellifera and Vespula vulgaris venom allergic
patients, molecular allergology can be used to evaluate the efficacy of venom immunother-
apy (VIT) in great detail. In this manner, serum sIgE levels in a group Apis mellifera
venom allergic patients was analyzed during the course of VIT to all available allergens
(Api m 1, 2, 3, 5 and 10). Hereby, sensitization to Api m 10 was identified as risk for
treatment failure (Frick et al., 2016) and analysis of treatment products could probably
explain this failure by missing Api m 10 in some of the available products (Blank et al.,
2011; Frick et al., 2016). In this study, detailed analysis of therapeutic products were
aimed. Therefore, recombinant Apis mellifera allergens were expressed in Sf9 cells and
used for the generation of polyclonal antibodies. These antibodies were then used for
Western Blot analysis of all therapeutic products available in Germany.
An overview of the aim of this study is given in Figure 6.

Component-Resolved 
Analysis

Improved Diagnosis and Therapy of Insect Venom Allergy

Review of literature

Extensive study of the 
cross-reactivity of veonm antigen 5 
from seven different Hymenoptera 

species

Component-resolved analysis of 
therapeutic products used for venom 

immunotherapy

Identification of novel Polistes 
dominula venom allergens

Figure 6 Schematic Overview of the Aim of the Study.
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2.1 Application of recombinant antigen 5 allergens from seven
allergy-relevant Hymenoptera species in diagnostics.

Schiener, M., Eberlein, B., Moreno-Aguilar, C., Pietsch, G., Serrano, P., Mcintyre, M.,
Schwarze, L., Russkamp, D., Biedermann, T., Spillner, E., Darsow, U., Ollert, M., Schmidt-
Weber, C. B., and Blank, S. (2017a). Allergy, 72, 98–108. doi:10.1111/all.13000

2.1.1 Summary

The cross-reactivity of the major allergen, antigen 5, known to be present in the venom
of species of the superfamily of Vespoidea was analyzed in two groups of Hymenoptera
venom allergic patients. Therefore, the antigens 5 of the seven most allergy-relevant species
Vespula vulgaris (Ves v 5), Vespa crabro (Vesp c 5), Polistes dominula (Pol d 5), Polistes
annularis (Pol a 5), Dolichovespula maculata (Dol m 5), Solenopsis invicta (Sol i 3) and
Polybia scutellaris (Poly s 5) were cloned from cDNA or synthetic genes, expressed in
Spodoptera frugiperda (Sf9) cells, devoid of CCD-reactivity and purified by affinity chro-
matography. Specific immunoglobulin E (sIgE)-reactivity in the serum of venom allergic
patients to the recombinant allergens was analyzed by ELISA. Patients were chosen on
the basis of clinical history, skin testing and extract based sIgE measurements and divided
into Vespula vulgaris venom allergic patients from the south of Germany (Munich) and
patients sensitized to the venom of Polistes dominula from the south of Spain (Córdoba).
Furthermore, basophil activation tests were implemented in a subgroup of Vespula vulgaris
venom allergic patients.
Analysis of amino acid sequences and structural models of all antigens 5 revealed high
sequence homology and suggested similar B cell epitopes, thus high cross-reactivity in
patient’s serum was expected. This cross-reactivity was confirmed by the presence of
cross-reactive sIgE against one or more allergy-irrelevant antigen 5 in the serum of 30 to
75% of allergic patients. Basophil activation tests in the subgroup of Vespula vulgaris
venom allergic patients showed similar cross-reactivity. Nevertheless, highest basophil
activation sensitivity was observed with recombinant Ves v 5 in many cases.

2.1.2 Individual Contributions

I generated the recombinant baculoviruses, expressed and purified all allergens and per-
formed the ELISA for sIgE determination (Figure 1 and 2). Patient recruitment and
basophil activation tests were performed with the help of cooperation partners at the
Department of Dermatology and Allergy, Technical University Munich and Hospital Uni-
versitario Reina Sofía, Córdoba, Spain. Data was analyzed and the manuscript was written
with the help of my direct supervisor Simon Blank and supervisor of this thesis Carsten
Schmidt-Weber.

https://dx.doi.org/10.1111/all.13000


2.2 The high molecular weight dipeptidyl peptidase IV Pol d 3 is a major
allergen of Polistes dominula venom.

Schiener, M., Hilger, C., Eberlein, B., Pascal, M., Kuehn, A., Revets, D., Planchon, S.,
Pietsch, G., Serrano, P., Moreno-Aguilar, C., de la Roca, F., Biedermann, T., Darsow,
U., Schmidt-Weber, C. B., Ollert, M., and Blank, S. (2018). Sci. Rep. 8 (1), 1318.
doi:10.1038/s41598-018-19666-7

2.2.1 Summary

In order to expand the panel of known Polistes dominula venom allergens, crude venom
was analyzed by separation of protein components by isoelectric point and/or size and
subsequent mass spectrometry. The band of the protein with a size of around 100 kDa

was de novo sequenced and the amino acid sequences of six peptides were obtained. A
database search of the peptides, identified the protein as dipeptidyl peptidase IV and the
protein was cloned from Polistes dominula venom gland cDNA. Recombinant baculovirus
of dipeptidyl peptidases IV from Polistes dominula and additionally of Apis mellifera
(Api m 5) and Vespula vulgaris venom (Ves v 3) was generated. All three proteins were
expressed in Sf9 cells and purified by affinity chromatography. Specific immunoglobulin E
(sIgE) reactivity was measured to Polistes dominula venom dipeptidyl peptidase IV in
serum of Polistes dominula venom sensitized patients from the area of Córdoba (Spain)
by ELISA. Thereby, Polistes dominula venom dipeptidyl peptidase IV was determined
to be a major allergen, as sIgE was found in the serum of around 66% of sensitized pa-
tients and the allergen was registered as Pol d 3 at the IUIS/WHO allergen database.
The analysis of sIgE of Pol d 3 and the homologous dipeptidyl peptidases IV Api m 5
and Ves v 3 demonstrated cross-reactivity in serum of Apis mellifera, Vespula vulgaris or
Polistes dominula sensitized patients. Additionally, basophil activation tests with the re-
combinant allergens in Apis mellfera, Vespula vulgaris and/or Polistes dominula sensitized
patients confirmed the observed cross-reactivity. Additionally, the analysis of clinical data
obtained by skin testing, sIgE measurements to crude venom and antigens 5 correlated
well with the data generated by sIgE measurements to Pol d 3 and basophil activation
profiles by stimulation with Pol d 3.

2.2.2 Individual Contributions

I analyzed crude Polistes dominula venom (Figure 1). Mass spectrometry data were
obtained in cooperation with the Luxemburg Institute of Health. I designed primers,
cloned the protein and generated recombinant baculovirus, expressed, purified recombinant
proteins and analyzed sIgE reactivity by ELISA (Figure 3 and 5). Basophil activation tests
were conducted by cooperation partners in Munich (Germany) and Barcelona (Spain). I
analyzed the data, designed the figures and wrote the manuscript with the help of my
direct supervisor Simon Blank and my supervisor Carsten Schmidt-Weber.

https://dx.doi.org/10.1038/s41598-018-19666-7


Part III

Discussion



This thesis demonstrates the application of component-resolved approaches and how it
can improve the diagnosis and therapy of Hymenoptera venom allergic patients. In the
first part of this thesis, a component-resolved diagnosis concept was used to point out
and analyze the limitations in the diagnosis of Polistes dominula venom allergy. Double-
positive diagnostic test results with Polistes dominula and Vespula vulgaris venom are
frequently observed due to cross-reactive homologous venom allergens, in regions where
these species coexist. The only recombinant Polistes dominula venom allergen available
for routine diagnosis, the antigen 5, together with six additional allergy-relevant antigens
5 from other Hymenoptera species, were used in the first part of this thesis for a detailed
analysis of venom cross-reactivity between insects out of the superfamily of Vespoidea
(Section 2.1). The next part of the thesis aimed at the improvement of current available
Polistes dominula venom allergy diagnosis, by extending the panel of available venom
allergens for component-resolved diagnosis (Section 2.2). In the last part, a component-
resolved approach was used to analyze the composition of licensed venom preparations
used for Apis mellifera venom immunotherapy. The results of this study imply a possi-
ble explanation for the infrequently observed treatment failures of Apis mellifera venom
allergy (Blank et al., 2017). An overview of the different parts of this thesis is given in
Figure 7.

Component-Resolved 
Analysis

Improved Diagnosis and Therapy of Insect Venom Allergy

Allergen-specific immunotherapy of Hymenoptera venom allergy – 
also a matter of diagnosis.

Component-resolved 
evaluation of the content of 

major allergens in therapeutic 
extracts for specific 

immunotherapy of honeybee 
venom allergy.

Application of recombinant 
antigen 5 allergens from 
seven allergy-relevant 

Hymenoptera species in 
diagnostics.

The high molecular weight 
dipeptidyl peptidase IV Pol d 

3 is a major allergen of 
Polistes dominula venom

Review of literature

Extensive study of the 
cross-reactivity of veonm antigen 5 
from seven different Hymenoptera 

species

Component-resolved analysis of 
therapeutic products used for venom 

immunotherapy

Identification of a novel Polistes 
dominula venom allergen

Figure 7 Schematic Overview of the Results of this Study Together with the Titles of Published Articles.
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The available literature covering the current knowledge of venom immunotherapy (VIT)
and the importance of molecular allergy diagnosis was reviewed and published as part
of the “Special Focus on Allergen Immunotherapy” in the journal “Human Vaccines &
Immunotherapeutics” (Schiener et al., 2017b), together with the analysis of Apis mellif-
era venom immunotherapy products (Blank et al., 2017). The analysis of antigens 5 of
seven different Hymenoptera species was published in “Allergy”, the official journal of the
European Academy of Allergy and Clinical Immunology (EAACI) (Section 2.1) and the
newly identified Polistes dominula venom allergen Pol d 3 was published in “Scientific
Reports“, an open access journal belonging to the Nature publishing group (Section 2.2).
An overview of published articles is given in Figure 7.

2.3 Unsolved Problems of Polistes dominula Venom Allergy Diagnosis

Specific immunoglobulin E (sIgE) based diagnosis of Hymenoptera venom allergy is fre-
quently hampered by double-positive test results to more than one venom (Hoffman et al.,
1980; Egner et al., 1998). In many cases, clinically irrelevant sIgE against cross-reactive
carbohydrate determinants (CCDs) is the cause of false double-positive test results (Hem-
mer et al., 2001; Jappe et al., 2006; Altmann, 2016). Many insects like Apis mellifera and
Vespula vulgaris produce glycosylated proteins with CCD epitopes, thus in vitro diagnos-
tic discrimination between the sensitization to one or both venoms is often difficult. After
several venom components were identified and made available by recombinant techniques
in E. coli or Spodoptera frugiperda insect cells, cells that have been shown to produce
proteins devoid of CCDs, sIgE could be measured against single components (component-
resolved diagnosis) (Valenta et al., 1999; Seismann et al., 2010a) without interference by
CCDs. However, double-positive test results can additionally be explained by sIgE an-
tibodies directed against homologous protein epitopes, as described for example for the
homologous hyaluronidases (Api m 2 and Ves v 2), dipeptidyl peptidases (Api m 5 and
Ves v 3) as well as the vitellogenins (Api m 12 and Ves v 6) (Hemmer, 2008; Blank et al.,
2010; Blank et al., 2013b). Nevertheless, if venom extract-based sIgE diagnosis does not
allow the identification of the insect causing the allergic sting reaction, molecular diagnosis
using recombinant and species specific marker allergens have a notable potential to assist
in the diagnosis of Apis mellifera and Vespula vulgaris venom allergy.
Polistes dominula and Vespula vulgaris live alongside in Mediterranean regions of Europe.
Sensitization to one or both venoms is frequently observed but cannot be analyzed in de-
tail, because the only commercially available Polistes dominula venom allergen (antigen 5,
Pol d 5) cross-reacts with the homologous Vespula vulgaris antigen 5 (Ves v 5) (Caruso
et al., 2007; Severino et al., 2006). Nevertheless, it was suggested, that time consum-
ing, expensive, challenging to interpret and rarely used cross-inhibition experiments and
subsequent sIgE measurements can detect primary venom sensitization in most patients
(Caruso et al., 2007). Additionally, the determination of the level of sIgE against antigens 5
(Ves v 5 and Pol d 5) and the phospholipases A1 (Ves v 1 and Pol d 1), of which Pol d 1 is
not available for the most commonly used assay platforms, was shown to be sufficient for a
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correct diagnosis in many cases (Monsalve et al., 2012). In order to extend the knowledge
of antigen 5 cross-reactivity, a comprehensive analysis of serum sIgE reactivity and cellular
activation by antigens 5 was implemented in this study. Recombinant techniques and the
therefore availability of correctly folded allergens without CCD-reactivity made it possi-
ble to analyze the antigens 5 of seven allergy-relevant Vespoidea species, namely Vespula
vulgaris, Vespa crabro, Polistes dominula, Polistes annularis, Dolichovespula maculata,
Solenopsis invicta and Polybia scutellaris in two different patient groups. One patient
group was from the south of Germany (Munich) hence exclusively sensitized to the venom
of Vespula vulgaris. The other patient group was from the south of Spain (Córdoba) and
sensitized to the venom of Polistes dominula. The sensitization to the venom of Polistes
dominula can be excluded in the patient group from Germany, as this species is not present
in this area. Due to the coexistence of Polistes dominula and Vespula vulgaris, allergic
sensitization to the stings of both insects cannot be excluded in the Spanish patient group.

The analysis of amino acid sequences of all antigens 5 revealed high sequence homology,
ranging from 45 to 85%. Structural models of the allergens showed similar protein epi-
topes of all antigens 5, suggesting shared B cell epitopes. Taken together, this hints to
high cross-reactivity of all examined antigens 5 in diagnostic tests and this observation
could be confirmed by the presence of cross-reactive sIgE in the serum of 30 to 75%

Polistes venom and Vespula vulgaris venom allergic patients, determined by positive sIgE
to allergy-irrelevant antigens 5. Moreover, cross-inhibition experiments with Pol d 5 and
Ves v 5 could confirm diagnosis or give hints to the insect causing the allergic reaction,
in cases where diagnosis was not clear. Taken together, the study of antigens 5 clearly
demonstrates the drawbacks of component-resolved diagnosis in this case. Nevertheless,
antigens 5 are an important group of allergens in the superfamily of Vespoidea and the
major content of the venoms of most species. Additionally, Ves v 5 is not only used to
spike the Vespula vulgaris venom extract to increase diagnostic test sensitivity (Vos et
al., 2013), but it is also used in component-resolved diagnosis as discriminating allergen
(among Ves v 1) for the diagnosis of Vespula vulgaris and Apis mellifera venom sensi-
tized patients. Interestingly, sIgE reactivity of the potentially hypoallergenic Poly s 5,
the antigen 5 of Polybia scutellaris, was observed in almost 60% and 70% of Vespula
vulgaris and Polistes dominula venom allergic patients, respectively (Vinzón et al., 2012).
This observed difference could originate from the different expression systems used. In
this study, insect cells were used for recombinant protein production, whereas the yeast
Pichia pastoris was used to produce Poly s 5 by Vinzon et al.. The putative differences
in protein folding or glycosylation of Poly s 5 recombinantly produced in these two ex-
pression systems could possibly explain the observed differences by different IgE epitope
accessibility. This underlines, that insect venom allergens produced in insect cells seem
to be the most authentic way to obtain allergens for component-resolved diagnosis for
routine measurements. Additionally, basophil activation experiments with the antigens 5
in a subgroup of Vespula vulgaris venom allergic patients showed the highest basophil
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activation with recombinant Ves v 5 in many cases. This demonstrated, that basophil
activation testing could possibly be used in the future to discriminate allergy to stings
of Vespula vulgaris and Polistes dominula more accurately, but further experiments, also
in a group of Polistes dominula venom allergic patients and bigger patient groups are
needed to confirm this. The analysis of antigen 5 sIgE cross-reactivity in the groups of
Vespula vulgaris and Polistes dominula venom allergic patients, together with the review
of available literature on this topic clearly demonstrates the need for additional Polistes
dominula venom allergens for routine diagnosis of venom allergy.

2.4 Improved Polistes dominula Venom Allergy Diagnosis

The recent insights into Apis mellifera venom components remarkably improved specificity
and sensitivity of in vitro venom allergy diagnosis (Köhler et al., 2014). Contradictory,
the only known Polistes dominula venom allergens are the phospholipase A1 (Pol d 1), a
protease (Pol d 4) and the antigen 5 (Pol d 5). All these allergens have been shown to
be cross-reactive in diagnostic tests (Monsalve et al., 2012, Section 2.1 and unpublished
results observed during this thesis). Moreover, the only commercially available allergens
for allergy diagnosis are Pol d 5 for the most commonly used assay systems and Pol d 1
for a semi-quantitative sIgE detection platform. To expand the panel of Polistes dominula
venom allergens and to possibly increase the diagnostic test sensitivity and specificity com-
parable to Apis mellifera venom allergy diagnosis, Polistes dominula venom was analyzed
thoroughly in this study. Peptides, found in the venom of Polistes dominula, separated
by size and/or isoelectric point, were de novo sequenced by mass spectrometry. Peptide
sequences were used to search the database of the published genome and predicted pro-
teins of Polistes dominula (Standage et al., 2016). De novo sequenced peptides of a protein
found at around 100 kDa were identified to be part of the secreted dipeptidyl peptidase IV.
Additional peptides of this protein were also found by mass spectrometry in whole Polistes
dominula venom (unpublished data). The dipeptidyl peptidase IV was successfully cloned
from Polistes dominula venom gland cDNA and was obtained by baculovirus mediated
expression in insect cells. Furthermore, using the recombinant Polistes dominula venom
dipeptidyl peptidase IV to measure sIgE (ELISA), showed sIgE reactivity in around 66%

of Polistes dominula venom sensitized patients from the area of Córdoba and Barcelona,
Spain, suggesting the protein to be a major allergen. Additionally, Polistes dominula
venom dipeptidyl peptidase IV was able to activate the basophils of Polistes dominula
venom sensitized individuals from Barcelona, Spain. Therefore, Polistes dominula venom
dipeptidyl peptidase IV was registered at the IUIS/WHO allergen database as Pol d 3.
The allergen number was chosen according to the homologous dipeptidyl peptidase IV
from Vespula vulgaris (Ves v 3) venom (Blank et al., 2010). Additional analysis with
the recombinant dipeptidyl peptidases IV from all three species (Pol d 3, Api m 5 and
Ves v 3) showed sIgE-based cross-reactivity in three patient groups consisting of either
Apis mellifera, Vespula vulgaris and/or Polistes dominula venom allergic patients. This
analysis provides an additional molecular explanation of the observed Vespula vulgaris and
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Polistes dominula venom cross-reactivity. Moreover, the cross-reactivity between Polistes
dominula and Apis mellifera (Grant et al., 1983) could be explained on molecular level for
the first time. Nevertheless, basophil activation profiles correlated well to clinical data ob-
tained by skin testing and sIgE measurements to crude venoms and antigens 5, indicating
the usefulness of basophil activation tests with recombinant allergens in clinical practice.
In conclusion, the newly identified Polistes dominula venom allergen can possibly improve
in vitro venom allergy diagnosis not only in component-resolved analyses of serum sIgE
but also in diagnostic basophil activation tests with recombinant allergens.

The identification of yet another enzyme in the list of Hymenoptera venom components
underlines the relevance and importance of studies investigating the role of enzymatic ac-
tivity and putative molecular mechanisms of enzymatic allergens and proteins in allergy
sensitization or immunotherapy. Reports of the immunologic activity of Apis mellifera
venom and Apis mellifera phospholipase A2 (Api m 1) showed contradictory mechanisms,
probably depending on route of exposure and allergy models. On the one hand, Apis mel-
lifera venom has been shown to enhance the generation of Foxp3 expressing Tregs capable
of effector cell suppression (Caramalho et al., 2015). On the other hand, active phospho-
lipase A2 was shown to induce a Th2 immune response, characterized by the expression
of IL-4, IL-5 and IL-13 in mice (Palm et al., 2013). Then again, the intratracheally ap-
plication of phospholipase A2 in an allergy mouse model showed a reduced Th2 response
(Jung et al., 2016). A human in vitro study additionally suggested that Apis mellifera
venom phospholipase A2 generates lipid neoantigens. These neoantigens, presented to T
cells, might possibly enhance the generation of allergy (Bourgeois et al., 2015).
Similar studies of Hymenoptera venom dipeptidyl peptidase IV (Api m 5) still have to
be conducted. Nevertheless, human membrane anchored dipeptidyl peptidase IV or its
soluble form, CD26 and sCD26, respectively, are elaborative discussed molecules in T cell
immunology. Besides sequence identity between human and Hymenoptera venom dipep-
tidyl peptidases IV in the range of 32%, they possess similar peptidase activity (Blank
et al., 2010, Section 2.2) and might trigger the same immunologic mechanisms as hu-
man (s)CD26. CD26 is present on CD4+ and CD8+ T cells and the peptidase activity
is supposed to activate and inactivate proteins by cleaving dipeptides at the N-terminus.
Additionally, CD26 has inhibitory as well as co-stimulatory functions, like the induction
of IL-10 production and the induction of Tregs (Klemann et al., 2016; Hatano et al., 2015).
In this manner, CD26 was shown to be anti-inflammatory and less CD26 expression on
T cells was observed in psoriasis and atopic dermatitis patients (Bock et al., 2001). On
the other hand, elevated sCD26 and CD26 expression on T cells was found in patients
with allergic asthma (Nieto-Fontarigo et al., 2016) and patients with autoimmune diseases
(Hatano et al., 2015).

Taken together, component-resolved approaches are not only able to identify novel Hy-
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menoptera venom allergens, but the knowledge of enzymatic active proteins in venoms
might also be able to explain immunologic mechanisms of sensitization or immunother-
apy. Further studies should be made regarding enzymatically active venom components
in order to elucidate their contribution to allergic sensitization. Moreover, active enzymes
present in Hymenoptera venoms like dipeptidyl peptidase IV, able to modulate T cell
responses, might also influence efficacy of venom immunotherapy.

2.5 Component-Resolved Analysis of Apis mellifera Venom Immunotherapy
Products

Component-resolved Apis mellifera diagnosis revealed the carbohydrate-rich protein icara-
pin, Api m 10, to be part of the sensitization profile in 50 to 70% of Apis mellifera venom
allergic patients (Blank et al., 2011; Köhler et al., 2014; Frick et al., 2016). With the avail-
able Apis mellifera allergens in hand, it was possible to generate monoclonal or polyclonal
antibodies against these proteins. The analysis of therapeutic products used for Apis mel-
lifera venom immunotherapy with these antibodies revealed that Api m 3 and Api m 10
are underrepresented in some of the analyzed products used for venom immunotherapy
(Blank et al., 2011). This fact could not fully be interpreted, until it was published very
recently, that a predominant sensitization to Api m 10 increases the risk of treatment
failures. Similarly to the former study, this study also showed a lack of Api m 10 in some
therapeutic products used for venom immunotherapy (Frick et al., 2016). In order to
generate highly sensitive antibodies for extended component-resolved analyses of available
therapeutic products, the panel of available recombinant proteins produced for this thesis
was extended. Subsequently, the Apis mellifera venom allergens Api m 2, 3 and 10 were
produced and polyclonal antibodies were generated by the immunization of rabbits. Ad-
ditionally, a recombinant anti-Api m 5 antibody was available (Blank et al., 2010). All
antibodies were able to specifically detect low amounts of the corresponding allergen down
to 4µg total crude venom. Analyses of therapeutic venom preparations showed that some
products or batches lack detectable Api m 3, Api m 5 and/or Api m 10. Additional anal-
ysis of recombinant Api m 10, dissolved crude venom and dissolved therapy preparations
with and without the addition of human serum albumin found the instability of Api m 10
to probably be responsible for its absence in some products. Nevertheless, human serum
albumin, present in all therapeutic venom products, was shown to stabilize Api m 10
over the course of more than four weeks. Taken together, component-resolved analyses of
therapeutic products used for venom immunotherapy might be able to explain treatment
failures and make a step towards personalized immunotherapy. Additionally, the results
of such analyses can be used by companies to further improve therapeutic products and
give advice on the correct use and storage.
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2.6 Summary and Conclusion

In conclusion, the work of this thesis demonstrated the successful use of component-
resolved approaches for an improved management of Hymenoptera venom allergy. First,
it was shown that the only available allergen for Polistes dominula venom allergy diagno-
sis, the antigen 5 (Pol d 5) is highly highly cross-reactive (Section 2.1 and Schiener et al.,
2017a). Even though, some studies suggest to use the amount of sIgE detected against the
different species-specific antigens 5 and phospholipases A1 or cross-inhibition experiments
of sIgE in the serum of suspected Polistes dominula or Vespula vulgaris venom allergic pa-
tients (Caruso et al., 2007; Monsalve et al., 2012), these techniques are costly and hard to
include in routine diagnosis. Therefore, it was aimed to analyze the unknown components
of Polistes dominula venom, in order to expand the posibilities of component-resolved
diagnosis in the case of Polistes dominula venom allergy diagnosis. This thesis therefore
suggest an improved in vitro venom allergy diagnosis by the expansion of the available
venom allergens with the introduction of the newly identified dipeptidyl peptidase IV
(Pol d 3) (Section 2.2 and Schiener et al., 2018). Nevertheless, it was also shown that
the novel allergen Pol d 3 is cross-reactive with the dipeptidyl peptidases IV, known to be
present in the venom of Apis mellifera and Vespula vulgaris. Most probably, the expanded
panel of Polistes dominula allergens used for component-resolved diagnosis will increase
sensitivity and specificity in the same manner as it was demonstrated in the work of Köhler
et al., but the interpretation of test results will still be difficult due to the present cross-
reactivity (Köhler et al., 2014). However, mass spectrometric analysis of crude Polistes
dominula venom conducted in the course of this thesis revealed additional proteins (un-
published results). For some of these proteins, there are no known homologues in the
venom of related insect venoms. In the future, these proteins need to be investigated and
might serve as marker allergens in the discrimination between sensitization to the venoms
of Polistes dominula and Vespula vulgaris. The analysis of commercially available and
novel identified venom allergens clearly demonstrate the power and pitfalls of component-
resolved diagnosis. Nevertheless, it also demonstrates that it might be possible to improve
the diagnosis of Polistes dominula venom allergic patients, as the known information of
venom components is still not complete.
By the use of component-resolved approaches in the analysis of therapeutic products, this
thesis also demonstrates its power to explain and possibly increase the efficacy of venom
immunotherapy. With the knowledge of venom components, in this case components
of Apis mellifera venom, and the possibility to produce these allergens as recombinant
and highly pure proteins, the generation of specific antibodies against these allergens is
possible. These antibodies can then be used to analyze commercially available therapy
products. In the case of the analyzed therapy products used for the treatment of Apis
mellifera venom allergic patients, it could be demonstrated that some products lack one
or more allergens (Blank et al., 2017). These missing allergens have previously shown to
be major and important allergens (Blank et al., 2011; Köhler et al., 2014; Frick et al.,
2016). Additionally, one allergen that is missing in some available therapeutic products
(Api m 10) has previously been shown to be the reason for treatment failure in patients

43



2.6 Summary and Conclusion

sensitized to Api m 10 (Frick et al., 2016). Similar studies might be needed to standardize
and improve all available venom immunotherapy products. Furthermore, tools like specific
antibodies that are generated by component-resolved approaches can (and should) be used
by companies during the necessary manufacturing processes needed to generate therapeu-
tic venom preparations, starting from crude venoms to final products. In this manner, the
management of Hymenoptera venom allergic patients can benefit from improvements of
component-resolved approaches not only in diagnosis but also in therapy.
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