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Insect sting allergy is a common condition with a risk of life-threatening
anaphylaxis. After a severe reaction, the fear of being restung can signifi-
cantly reduce quality of life. Venom immunotherapy (VIT) is a highly effective
treatment of the underlying type I-sensitisation. This review addresses the
mechanisms of immune modulation by VIT and outlines current clinical appli-
cation. Although highly effective in the majority of patients, VIT fails in a few
individuals. It can also cause systemic allergic side effects, restricting its appli-
cation to physicians trained in the treatment of anaphylaxis. This review
discusses several new strategies to overcome these problems, which are
presently a promising focus of research. These include the use of new
adjuvants, of recombinant and genetically engineered venom allergens, as
well as vaccination with peptides.
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1. Introduction

IgE-mediated reactions to hymenoptera venom are among the most common
causes of anaphylaxis. Although lethal outcome is rare, there is an average of
0.14 — 0.45 deaths per million per year following hymenoptera stings reported for
various European countries and the US [1,2. Approximately 0.15 — 3.3% of the
general population have a history of a systemic anaphylactic reaction to honeybee or
vespid stings [1]. The species that most frequently cause allergic reactions are the
Vespidae, which comprise wasps, yellow jackets and hornets, the Apinae (honeybees)
and the Formicidae (fire ants) (3]. The severity of a systemic anaphylactic sting
reaction can vary from merely cutaneous symptoms, such as pruritus, urticaria or
angioedema, to severe cardiopulmonary problems, including bronchospasm,
hypotension and arrhythmia (3. Initially mild symptoms may unpredictably
progress to life-threatening conditions within seconds (3. The three major allergenic
proteins of wasp venom are phospholipase Al [4], hyaluronidase [4] and antigen 5 [5],
designated Ves v 1, Ves v 2 and Ves v 5, respectively, for Vespula vulgaris according to
the allergen nomenclature [6]. The most important allergens of honeybee venom are
phospholipase A2 and hyaluronidase, designated Api m 1 and Api m 2, respectively,
for Apis mellifera (7).

The idea of controlling the symptoms of what is now known as allergic disease by
gradually adapting the organism to the precipitating agent was first propagated by
L Noon and ] Freeman in 1911, who successfully treated hay fever with pollen
extracts [8,9]. The concept was soon transferred to insect venom allergy; however, as
long as whole body extracts from ground vespid or honeybees were employed,
success was very limited. After immunotherapy of vespid and bee venom allergy with
whole body extracts had been the standard of treatment for decades, a controlled
study demonstrated that it was no more effective than placebo in 1978 [10]. In the
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same study, the use of pure vespid and honeybee venom was
evaluated systematically for the first time and was shown to be
highly effective in protection from systemic anaphylactic reac-
tions [10,11]. A similar result was obtained in another study on
immunotherapy with pure honeybee venom [12). In the
following years, subcutaneous injections of increasing
amounts of these venoms became the standard of therapy for
hypersensitivity to vespid and bee stings [13]. Today, venom
immunotherapy (VIT) for allergy to hymenoptera stings
represents the most successful immunotherapy for allergic
disease and has become a model for allergen-specific
therapy [14,15]. In contrast to extracts from flying hymenop-
tera, whole body extracts from fire ants may be effective in
therapy of fire ant venom hypersensitivity [16,17]. A recent
double-blind, placebo-controlled study clearly demonstrated
the effectiveness of immunotherapy with ant venom [18]. The
production of pure hymenoptera venom is a highly labour-
and cost-intensive process, involving the insect stinging
through a membrane into a venom reservoir in the case of the
honeybee, and the dissection of the venom organ from
individual frozen insects in the case of vespids.

2. Mechanism of immunomodulation

The allergic sensitisation is based on the production of
allergen-specific IgE, which binds to Fce receptors on mast
cells and eosinophils. Antigen crosslinks the surface-bound
IgE and, via complex signal transduction pathways, induces
the release of preformed mediators stored in the mast cell
granules, which are responsible for immediate symptoms. In
addition, mast cell activation by IgE crosslinking results in the
de novo production of prostaglandins, leukotrienes and
cytokines such as tumour necrosis factor-a, IL-4, IL-5 and
IL-6, which are involved in the induction of prolonged
reactions. The production of specific antibodies of the IgE
class depends on genetic recombination of the immunoglobu-
lin heavy chain locus in B cells. This so-called ‘class switch’
recombination to IgE is thus a prerequisite for allergic sensiti-
sation and is controlled by T helper (Th) type 2 cells secreting
IL-4 and IL-13.

Although VIT and allergen immunotherapy for other
atopic conditions have been shown to be highly effective and
have been the standard of treatment for > 20 years, our
understanding of the mechanisms of immune modulation
underlying the protective effect of immunotherapy is still
incomplete. Among the effects of VIT is the induction of a
specific IgG4 response, which has long been thought to be the
prime reason for protection. Specific IgG4 binds allergen and,
thus, competes with IgE. It also binds to mast cells and
eosinophils via surface FcyRIIb. Coaggregation of these
receptors and the high-affinity Fce receptors by antigen results
in an inhibitory signal blocking mast cell degranulation [19].
In addition, specific IgG also contributes to the immuno-
modulatory effect by inhibiting IgE-facilitated antigen
presentation to T cells 20]. Although induction of specific

IgG4 is a prominent finding in the course of VIT,
correlation of IgG4 titres to VIT-induced protection has
not always been found, and it was suggested that
VIT-induced changes in antibody specificity rather than
mere IgG4 concentrations play a role for the protective
effect. Increased capacity of IgG to block IgE-allergen
binding has been observed after VIT and may show a better
correlation with protection [21].

Switching of the humoral response to IgG4 is a consequence
of the complex alterations of T cell responses occurring as a
result of VIT. Protection from anaphylaxis was shown to be
associated with immune deviation of the allergen-specific Th2
response towards a more Th1-biased response in VIT [22,23] as
well as in immunotherapy for inhalant allergy [(24-27]. Recently,
rescarch on the mechanism of allergen immunotherapy
reg) Cells,
which, over the past few years, have been identified as pivotal

focused intensely on a possible role of regulatory T (T,

regulators of immune responses. The so-called ‘natural T,
cells’ differentiate under the control of the transcription factor
foxp3 (28-30l. They are CD4-positive cells, which, unlike
conventional T cells, already express the IL-2 receptor alpha
chain (CD25) prior to activation. Natural T cells have been
shown to control T cell responses as well as innate immunity
by cell contact-dependent mechanisms and by secretion of
IL-10 and transforming growth factor-B. Allergologists
became increasingly interested in these cells, as their absence
in patients with a null mutation of the foxp3 gene results in a
complex syndrome characterised by autoimmunity, but also by
elevated IgE levels, severe atopic eczema and food allergy [31].
Another subset of T, cells designated ‘IL-10-producing T,
cells' can be differentiated in vitro or in vivo by various regi-
mens of antigen exposure, do not express foxp3 and were
shown to suppress T cell responses by the release of IL-10 [32).
Increased IL-10 production was demonstrated in skin biopsy
specimens after intradermal allergen administration in patients
receiving VIT (33, and VIT is associated with an increase in
T cells that secrete IL-10 [22,23,34,35] consistent with the induc-
tion of T, cells (36]. These results are supported by similar
findings in immunotherapy for inhalant allergens [37-40].
Among the cytokines mediating the immunomodulatory
effect of VIT, IL-10 is considered to be of particular impor-
tance [34]. IL-10 stimulated IgG4 production and inhibited
IgE production iz vitro (34], and was shown to have a role in
controlling mast cell function and homeostasis in animal
models [41,42]. In addition to the long-term effects on T cell
and humoral responses, VIT already has pronounced
protective effects detectable after completion of the first week
of rush immunotherapy, which may be explained in part by
the inhibitory effects of IL-10 and interferon-y on mast cells
and basophilic granulocytes 431. Thus, VIT may suppress
type I allergy by both direct effects on the effector cells and by
alterations of the T cell and humoral responses. However, the
elucidation of the mechanism of immunotherapy still requires
intense research, as to date our understanding of the processes
involved remains vague.
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4. Protocols

The decision to commence VIT is based on the patient’s history,
on the results of skin tests and/or on the result of laboratory
tests. In general, only patients who report sting reactions, which
are indicative of a systemic IgE-mediated anaphylactic reaction,
are eligible for specific immunotherapy [44). Even large local
reactions do not justify therapy, as these reactions are associ-
ated with a low risk of systemic anaphylaxis upon subsequent
stings [44]. Only patients who suffered at least systemic urti-
caria (with wheals occurring distant to the site of the sting)
should be subjected to further testing (45]. The presence of
venom-specific IgE is assayed for by direct determination in
serum [45] or by skin testing with venom applied first by prick-
ing of the skin with a lancet through a droplet of venom solu-
tion and, if negative, also by intradermal injections of venom
dilutions. The predictive value of the detection of specific IgE
for systemic anaphylaxis should not be overestimated, as
venom-specific IgE is found in up to 26% of the healthy adult
population and only 17% of these will show a systemic reac-
tion if restung [15]. If serum IgE and skin testing remain nega-
tive despite a history, which is suggestive of anaphylaxis,
additional in vitro tests may be useful, such as histamine or
leukotriene release, basophil activation assay, western blot or
RAST/FEIA-inhibition assays. Immunotherapy should be
offered to patients with a history of a systemic anaphylactic
reaction to an insect sting if specific IgE is detected by skin
testing or by in vitro assays. However, negative in vitro or skin
tests do not exclude venom allergy (46]. Even the somewhat
more sensitive skin test may be negative in patients who
report a systemic sting reaction. In this situation, an in vitro
assay for specific IgE should be performed. If both assays are
negative, a repeat test may be done some weeks later. Serum
tryptase levels should also be determined to detect mastocyto-
sis as a cause of non-IgE-mediated anaphylaxis upon an insect
sting. In contrast to older guidelines, absence of detectable
IgE is no longer considered a guarantee of safety (46]. There
are no clear recommendations for the management of history-
positive but IgE-negative patients, but VIT can be recom-
mended to some of these patients depending on the severity
of the initial sting reaction. In children, earlier work suggested
that the often merely cutaneous symptoms of an anaphylactic
reaction do not justify immunotherapy, as these children
should have only a low risk of developing severe, that is, more
than cutaneous, anaphylaxis following subsequent stings and
would presumably lose the allergy over time (47). However, the
same group now reported that an important fraction of
children do not ‘outgrow’ the hypersensitivity and that VIT
should be offered to children who developed a severe sting
reaction with more than cutaneous symptoms [48]. For
patients with elevated serum tryptase and/or mastocytosis,
VIT may be of particular importance, as these conditions are
associated with a high risk of severe systemic anaphylaxis [49.50].
However, some authors do not offer VIT to this group of
patients due to concerns regarding efficacy and safety [51].

Several different protocols have been established for VIT
that all follow the general scheme of an initial phase with
incrementally increasing doses and maintenance treatment.
Whereas the maintenance dose, which is in general applied
once a month, is usually 100 pg, the various protocols differ
in the duration of the initial build-up stage. The classical
regimen entails the weekly administration of increasing
doses, and the maintenance dose is reached after
4 months [44]. In various different shorter regimens, so-called
‘rush VIT’, the inidal build-up is faster and takes
~ 1 week [52,53. “Ultra rush’ protocols for VIT were
described that allow one to reach the maintenance dose after
2 days or even after 210 min [54-56]. Whereas the traditional
schedule is usually performed in an out-patient setting with
monitoring of the patients for 20 — 30 min or 30 — 60 min
after each injection (guidelines in the US and Europe, respec-
tively), hospitalisation is recommended in general during the
build-up phase for rush and ultra rush protocols in some
European countries. In contrast, these faster protocols do not
necessarily entail hospitalisation according to current guide-
lines in the US. So far, there is no reliable parameter for
monitoring the success of VIT in the individual patient since
systemic reactions can occur despite a negative skin test result
or negative specific IgE tests. Some centres offer sting
challenge tests to their patients after VIT has been stopped.
Although this test cannot definitely prove protection of the
individual patient as a result of VIT, the sting challenge can be
used as a reliable indicator of therapeutic efficacy in larger
groups of patients [57]. Discontinuation of VIT is usually
recommended after 5 years; however, in patients with elevated
serum tryptase levels and/or mastocytosis lifelong therapy is
recommended by some authors (49]. Even in patients with severe
initial reaction without elevated serum tryptase levels and/or
mastocytosis, some allergists recommend continued immuno-
therapy [44]. Some authors suggest that the decision on the dura-
tion of VIT should be based on the severity of the initial sting
reaction. They consider 2 — 3 years of VIT sufficient in the case
of mild-to-moderate initial reactions and recommend longer
therapy for patients who had experienced severe anaphylaxis
and who persistently show positive skin test results [s8].

5. Adverse effects

Local reactions with erythema, swelling and pruritus occur in
most patients and can usually be controlled by premedication
with antihistamines and by topical application of cortico-
steroids. However, VIT can also trigger the systemic allergic
reaction that it is meant to prevent [59]. In a multi-centre
study compiling data for different VIT regimens, anaphylactic
side effects of wvariable intensity, including urticaria,
angioedema, hypo- or hypertension or bronchospasm,
occurred in up to 20% of the patients, a third of whom
required medical treatment [60]. However, for patients on VIT
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following the well-established rush protocols, the rate of
systemic side effects is considerably lower [52,61. Systemic side
effects occur more frequently during phases of dose increase
and are more common in immunotherapy of honeybee
venom allergy as compared with wasp venom allergy [60,62].

Concomitant medication with beta-blockers does not seem
to increase the incidence of systemic side effects of VIT, but
should be avoided in general as it may enhance allergic reac-
tions and can interfere with the effect of potentially life-saving
adrenaline injections in cases of severe anaphylaxis. A recent
study did not find an increased rate of severe side effects or
sting reactions in patients on beta-blockers during VIT Ie3].
The authors concluded that the combination of VIT and
beta-blockers can be an option for individual patients with
severe cardiovascular disease. Based on individual case reports,
angiotensin-converting enzyme inhibitors have been impli-
cated as a risk factor for severe anaphylaxis in patients receiv-
ing VIT; however, convincing evidence supporting this notion
is missing [21]. Premedication with antihistamines is effective
in reducing local and systemic side effects of VIT [61,64].
Concerns that antihistamines may constitute a safety risk
because of masking of systemic reactions, and that they might
reduce the effectiveness of VIT, have recently been settled. A
double-blind, placebo-controlled, long-term study demon-
strated a trend towards an enhancement of the effectiveness of
VIT by premedication with terfenadine [65).

6. Effectiveness

The protecting effect of VIT against anaphylactic reactions to
insect stings has been demonstrated by a large number of
independent studies. As venom allergy is a potentially fatal
condition, it is not possible to perform a prospective,
double-blind, placebo-controlled study. A recent meta-analysis
clearly showed that VIT is effective (13]. The effect of
immunotherapy must be judged in the context of the natural
course of venom hypersensitivity. An individual who has expe-
rienced anaphylaxis following a sting has a risk of 50 — 70%
for a second systemic reaction after a subsequent sting in the
first few years after the initial sting without VIT Ies).
However, this risk gradually decreases, reaching ~ 20% after
10 — 20 years. In wasp venom-allergic patients, immuno-
therapy reduces the risk of a second anaphylactic event to
2 — 8% while the patient is on maintenance therapy [57,66],
whereas this risk remains 15 — 25% in patients on bee
VIT [571. Many of the patients who still react to stings while
receiving VIT can effectively be protected by an increase of
the venom dose [67]. After therapy is discontinued, there seems
to be a slow increase of the cumulative risk for systemic
reactions. In wasp venom allergy, the risk for a systemic sting
reaction was < 10% within the first few years after discontinu-
ation of therapy [68], but approached 20% 10 years after
immunotherapy was stopped, as determined by an evaluation
of field stings [66]. Thus, the value of VIT is that it quickly

reduces the likelihood of a severe reaction to low levels during

Box 1. New strategies for venom immunotherapy.

Modern adjuvants (TLR ligands):
¢ 3-deacylated monophosphoryl lipid A
e CpG oligodeoxynucleotides

Peptides derived from venom allergens:
e Short peptides containing T cell epitopes
¢ Long overlapping peptides covering complete proteins

Recombinant venom allergens:
e Mutated allergens with reduced antigenicity
e Patient-tailored allergen cocktails

TLR: Toll-like receptor.

those first years with a high risk for untreated patients. When
therapy is discontinued, this benefit may be gradually lost,
and after some 10 — 20 years the risk may finally become
similar for treated and untreated patients [66]. In general,
however, post-treatment anaphylaxis is milder than pretreat-
ment reactions, although rare life-threatening reactions after
immunotherapy have been reported. In children, VIT has
proven particularly effective in that the protective effect is
more long-lasting as compared with adult patients [48). VIT
reduced the risk of a systemic sting reaction from 17% in
untreated children to 3% even 10 — 20 years after discontinu-
ation of therapy. VIT is less effective in patients with elevated
serum tryptase levels and mastocytosis [51].

7. Perspectives

Although immunotherapy with hymenoptera venoms is highly
effective, there is great potential for improvement. Most
importantly, VIT unpredictably fails in individual patients.
Therefore, VIT cannot definitely relieve the fear of insect
stings and does not abrogate the necessity to carry adrenaline
injectors. Furthermore, VIT still carries a low risk of severe
systemic reactions, which limits its application to physicians
trained in the management of anaphylaxis. In addition, the
large number of injections required for successful therapy
makes VIT an expensive and time-consuming procedure.
Finally, the production of pure venom preparations is highly
cost-intensive. Various novel concepts are followed to over-
come these problems (Box 1). Several new approaches under
investigation for immunotherapy of inhalant allergy have not
yet been tested for the treatment of hymenoptera venom
allergy, but may hold great potential for the improvement of
VIT (69}, as discussed in the following sections.

7.1 Modern adjuvants

Inflammatory responses mediated by innate mechanisms at
the site of antigen entry have an important impact on the
regulation of a T cell response. Adjuvants trigger local inflam-
matory responses and, thereby, enhance the adaptive immune
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responses to co-injected antigen. The finding that protection
in allergen immunotherapy is associated with altered regula-
tion of T cell responses has raised hopes that coadministration
of novel adjuvants along with allergen in immunotherapy
might potentiate a shift from allergen-specific Th2 to Thl
responses. The adjuvant effect might allow for reduced
numbers of injections and lower venom doses. Two new types
of adjuvant have gained particular attention in this context
over the past few years. A derivative of lipopolysaccharide,
3-deacylated monophosphoryl lipid A (MPL), stimulates
IL-12 production by dendritic cells and is a potent promoter
of Thl responses [70-72]. Grass pollen immunotherapy with a
mixture of allergen and MPL proved effective in the treatment
of hay fever and may be superior to conventional pollen
immunotherapy [73. MPL has not yet been tested in VIT. A
second class of adjuvant is based on the finding that particular
sequence (CpG) motifs of double-stranded DNA are
methylated in mammalian but not bacterial genomic DNA.
Unmethylated CpG motifs are recognised by a specialised
receptor, Toll-like receptor (TLR)-9 [74]. Ligation of TLR-9
by bacterial DNA or, alternatively, short synthetic oligodeoxy-
nucleotides (ODNs) containing the relevant motifs triggers
an inflammatory response [75-78]. Through the induction of
IL-12 secretion by macrophages and dendritic cells, CpG
ODNs stimulate Th1 differentiation. CpG ODNs have also
been shown to reduce IgE-production in vitro as well as
in vivo (79.80]. In mice, CpG ODN:is inhibited allergic airway
disease [81-83]. The immunomodulatory effect seems to be
significantly enhanced by direct conjugation of CpG ODNs
to the allergenic protein [84-86]. Although several studies of
CpG ODN:s in inhalant allergen immunotherapy are under

way [87], a trial investigating a possible enhancing effect of
CpG ODNs on VIT is still missing.

7.2 Recombinant allergens

The genes encoding the most important allergens contained
in honeybee and vespid venom have been identified. Several
allergens, such as bee and vespid hyaluronidases and phospho-
lipases, were successfully expressed in recombinant form in
different prokaryotic and eukaryotic cells [88). Although
recombinant allergens have not yet been tested as vaccines in
immunotherapy, this development holds great promise. In
contrast to complete venom, vaccines composed of pure
recombinant allergens do not contain ill-defined mixtures of
additional and in part toxic molecules. Moreover, availability
of recombinant allergens should allow determination of the
exact spectrum of allergens towards which a patient is sensi-
tised. Immunotherapy may then be performed with these
individual allergens only in a patient-tailored fashion [89). The
recombinant approach also allows genetic modification of the
allergenic proteins [90,91]. In order to reduce the allergenicity
of the vaccine while preserving immunogenicity, mutant aller-
gens were generated that contain the linear T cell epitopes,
but not the conformational B cell epitopes responsible for IgE
binding. Birch pollen allergen Bet v-1 engineered to meet

Roers & Hunzelmann

these requirements displayed a much reduced allergenicity,
but retained the capacity to stimulate Bet v-1-specific T cells
and induced production of blocking IgG 92-94]. Likewise, the
major honeybee venom allergen, phospholipase A2, was
mutated to reduce IgE binding, but leaving T cell epitopes
intact [95]. Furthermore, a fusion protein composed of the two
major bee venom allergens, phospholipase A2 and hyaluroni-
dase, was expressed in Escherichia coli. All T cell epitopes were
present in the fusion protein; B cell epitopes, however, were
disrupted due to incorrect folding. Following injection of the
fusion protein into mice, IgE production in response to sensi-
tisation with the native allergens was reduced [96]. So far, these
new vaccines have not been tested for efficacy in immuno-
therapy of bee venom allergy. Problems regarding production
and stability, as well as the enormous number of bee and
vespid species with considerable diversity of venom allergens,
might limit broader application of recombinant allergens.

7.3 Peptides

A different approach, which follows the same concept of
bypassing IgE-mediated effects, is the treatment with short
synthetic peptides that contain the relevant T cell epitopes,
but do not bind allergen-specific IgE [97]. In animal models of
inhalant allergy, vaccination with peptides induced peripheral
T cell tolerance [98,99]. A recent study showed that injection of
short peptides containing T cell epitopes of Fel d 1, the major
allergen in hypersensitivity to cat dander, could reduce the
cutaneous response. Of the patients receiving Fel d 1 peptides,
25% developed late asthmatic reactions to initial low doses of
the vaccine, despite tolerating higher doses of peptides [100].
For the treatment of bee venom allergy, the peptide vaccina-
tion relies on the thorough mapping of T cell epitopes of the
major honeybee venom allergen, phospholipase A2, which
had been performed earlier by different groups [101-103]. A
mixture of three peptides encompassing major phospholipase A2
T cell epitopes was used as a vaccine in five bee venom-allergic
patients with a sensitisation to phospholipase A2. Weekly
injections of increasing doses over 2 months did not cause
allergic side effects, but resulted in protection from anaphy-
laxis upon subcutaneous provocation and bee stings [104].
Another study employed three long overlapping synthetic
peptides, altogether covering the entire length of the phos-
pholipase A2 protein, in a double-blind, placebo-controlled
clinical trial in patients hypersensitive to honeybee venom. A
maintenance dose of 100 pg per peptide was given 6 times
over the 2-month duration of the study. This treatment was
well-tolerated and induced peptide-specific ex vivo T cell
hyporesponsiveness in patients with bee venom allergy [105].
Protection from systemic reactions was not reported in this
Phase I study. In a mouse model of phospholipase A sensitisa-
tion, successful immunotherapy by intranasal or intraperito-
neal administration of long overlapping peptides was
described [106,107]. The treatment resulted in full protection
from anaphylaxis, a drop in phospholipase A-specific IgE
levels, an increase in IgG2 levels (the murine equivalent of
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human IgG4) and antigen-specific T cell anergy. Larger
studies addressing clinical efficacy of these new approaches to

VIT are needed.

8. Expert opinion and conclusion

VIT is a safe and effective treatment of hypersensitivity to
hymenoptera stings and should be offered to patients who
developed systemic anaphylaxis following a sting. Major
disadvantages are the high frequency of injections and duration
of treatment required for sustained protection. In addition, due
to rare severe systemic allergic side effects, injections have to be
administered by physicians experienced in the treatment of
anaphylaxis. These factors make VIT an expensive and

time-consuming procedure. Therefore, modifications of the
therapy regimens, which would increase the effectiveness, reduce
the number of the injections required and largely eliminate
treatment failures, would represent an important improvement.
We feel that new protocols for VIT involving the coadministra-
tion of modern adjuvants, such as immunostimulatory DNA or
monophosphoryl lipid A, with conventional whole venom prep-
arations may result in a significant enhancement of therapeutic
effectiveness in the near future. However, direct head to head
comparison with existing VIT regimens in controlled studies
will have to demonstrate equivalence or superiority of these new
strategies with respect to safety, effectiveness and economic
viability. Novel vaccines based on recombinant venom proteins
still require considerable conceptual development.
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