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ARTICLE INFO ABSTRACT

Keywords: Immunoglobulin E (IgE)-associated allergy is the most common immunologically-mediated hypersensitivity
Allergy disease. It affects more than 25% of the population. In IgE-sensitized subjects, allergen encounter can causes a
Allergen variety of symptoms ranging from hayfever (allergic rhinoconjunctivitis) to asthma, skin inflammation, food

Allergen-specific immunotherapy

allergy and severe life-threatening anaphylactic shock. Allergen-specific immunotherapy (AIT) is based on
Allergy vaccines

vaccination with the disease-causing allergens. AIT is an extremely effective, causative and disease-modifying
treatment. However, administration of natural allergens can cause severe side effects and the quality of natural
allergen extracts limits its application. Research in the field of molecular allergen characterization has allowed
deciphering the molecular structures of the disease-causing allergens and it has become possible to engineer
novel molecular allergy vaccines which precisely target the mechanisms of the allergic immune response and
even appear suitable for prophylactic allergy vaccination. Here we discuss recombinant allergy vaccines which
are based on allergen-derived B cell epitopes regarding their molecular and immunological properties and

review the results obtained in clinical studies with this new type of allergy vaccines.

1. Introduction

IgE-associated allergy is the most frequent immunologically-
mediated hypersensitivity disease [1]. More than 25% of the population
suffers from allergic symptoms ranging from allergic rhinoconjunctivi-
tis (i.e., hayfever), allergic asthma, allergic skin manifestations (e.g.,
urticaria, atopic dermatitis), gastrointestinal manifestations of food
allergy and severe, life-threatening systemic anaphylaxis. Several
environmental factors contribute to the development of IgE sensitiza-
tions in subjects with a genetic predisposition for atopy [2]. In contrast
to non-allergic subjects who mount a normal IgG response upon antigen
exposure, the immune system of allergic subjects is biased towards the
production of IgE antibodies [3-6]. Recently it has become possible to
use comprehensive sets of micro-arrayed allergen molecules to monitor
the longitudinal development of allergic sensitization in blood samples
obtained from children after birth until adolescence. The results
obtained for several birth cohorts have shown that allergic sensitization
occurs early in life and then leads to the establishment of characteristic
sensitization profiles which persist almost unaltered in adults [7,8].

Once allergen-specific IgE antibodies have been produced, they
become loaded to a variety of immune cells via the high (FceRI) and
low-affinity receptor for IgE (FceRII, CD23) [9,10]. Binding to these
receptors is important for the triggering of the hypersensitivity reac-

tions leading to allergic disease manifestations. When allergens cross-
link the corresponding specific IgE antibodies bound via FceRI, mast
cells and basophils become activated to release inflammatory media-
tors, cytokines and proteases which lead to immediate allergic inflam-
mation. Allergen uptake via IgE antibodies bound to FceRII and FceRI
on antigen presenting cells has been shown to be much more efficient
than non-IgE-facilitated allergen presentation for the activation of
allergen-specific T cell responses in vitro [11]. Since allergic individuals
encounter only very low doses of allergens it is conceivable that IgE-
facilitated allergen presentation is also important mechanism for the
activation of allergen-specific T cells in vivo. One must therefore
assume that this mechanism is important for T cell activation and the
release of inflammatory cytokines (e.g., IL-5) recruiting additional
inflammatory cells (e.g., eosinophils) in allergic patients. In the
majority of allergic patients, immediate inflammation induced by
cross-linking of mast cell and basophil-bound IgE antibodies is a major
mechanism responsible for allergic symptoms but also late-phase
allergic symptoms caused by T cell activation and engagement of other
innate inflammatory cells (e.g., eosinophils) contribute to allergic
symptoms [12] Allergen avoidance is possible only for certain forms
of allergy and also only to a limited extent (e.g., food allergy, certain
indoor allergen sources such as house dust mites, pets). Therefore
current forms of treatment are based mainly on the reduction of
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symptoms by pharmacotherapy neutralizing mediators which are
released from mast cells and basophils and/or targeting cells involved
in late-phase allergic inflammation (e.g., T cells, eosinophils). There are
several “biologicals” in clinical evaluation [13,14] but currently only
omalizumab, a monoclonal anti-IgE antibody which prevents IgE from
binding to its receptors is in clinical use for the treatment of severe IgE-
mediated asthma [15].

Both pharmacotherapy and biologicals only suppress allergic symp-
toms temporarily but do not affect the course of allergic disease. By
contrast, allergen-specific immunotherapy (AIT) is the only treatment
for IgE-associated allergy which prevents the progression of allergy
from mild to severe symptoms and thus has a disease-modifying effect
[16-18]. It has been also shown that AIT has long-lasting effects even
after its discontinuation [19]. AIT has been used for the treatment of
grass pollen-induced hay fever in 1911 for the first time [20]. It is based
on the administration of the disease-causing allergens in the form of a
therapeutic vaccine with the goal to modify the allergen-specific
immune response in allergic patients. The clinical effects of AIT are
accompanied by the production of allergen-specific IgG antibodies
which are thought to interfere with the recognition of allergens by
IgE antibodies and thus to suppress the allergic symptoms caused by
IgE-allergen immune complexes. Furthermore a reduction of allergen-
specific T cell activation and reduced boosts of IgE production have
been observed in AIT-treated patients [17]. Major advantages of AIT are
the disease-modifying and long-lasting effect which can be achieved by
a therapeutic vaccine benefiting from the patient's immune system
instead of administration of drugs and that AIT is usually more effective
in reducing symptoms than pharmacotherapy. Moreover, AIT has been
shown to be more cost-effective than pharmacotherapy and biologicals
[21].

However, despite these important advantages the use of AIT is
limited as compared to pharmacotherapy due to a variety of factors
(Box 1). Pharmacotherapy can be broadly prescribed to patients
suffering from different manifestations of allergy but AIT requires that
the disease-causing allergens are determined in order to prescribe the
correct vaccines. The administration of allergens in the course of AIT
may induce local and also severe and systemic side effects. Due to the
poor quality of natural allergen extracts used as sources for AIT efficacy
of treatment may be low. Since the administration of allergen extracts
can induce allergic reactions and thus side effects, AIT requires
complicated up-dosing schedules and repeated administrations which
lead to poor patient's compliance [22].

Box 1
Factors limiting the use of AIT and possible solutions to the problem
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Progress made in the field of allergen characterization now allows to
address each of the factors limiting the use of AIT (Box 1). Today most
of the relevant disease-causing allergen molecules have been identified
and can be used to decipher the molecular reactivity profiles of allergic
patients [23]. Through molecular allergy diagnosis (i.e., component-
resolved diagnosis) it is possible to identify precisely the disease-
causing allergens and to prescribe the correct allergy vaccines
[24,25]. Based on the detailed knowledge of the sequences, structures
and immunological features of allergens it has become possible to
engineer recombinant allergen derivatives and to produce allergen-
derived synthetic peptides. Using such recombinant and synthetic
allergen derivatives it is possible to improve the safety, immunogeni-
city, precision and convenience of AIT. For one of these approaches,
i.e., B cell epitope-based recombinant allergy vaccines considerable
progress has been made recently and promising results were obtained in
a series of clinical trials ([26-29]; ClinicalTrials.gov Identifiers:
NCT01538979; NCT02643641).

2. Characteristics of B cell epitope-based allergy vaccines

B cell epitope-based allergy vaccines represent a further develop-
ment of recombinant hypoallergenic allergen derivatives which have
been engineered to reduce IgE reactivity and thus allergenic activity of
allergens to be used for AIT with the goal to make them as safe as
possible [30]. Originally the reduction of IgE reactivity and allergenic
activity of recombinant hypoallergenic allergen derivatives was
achieved by disruption of their three-dimensional structure or altera-
tion of their surface (reviewed in: [31,32]). For example, conforma-
tional IgE epitopes of the major birch pollen allergen, Bet v 1, were
destroyed by fragmentation of the allergen into two fragments, each
comprising approximately half of the protein [33]. Similar effects were
obtained by mutation and reassembly to the allergens (reviewed in
[32]). The reduction of allergenic activity of recombinant hypoaller-
genic allergen derivatives was documented by reduced IgE reactivity
and low ability to activate basophils/mast cells by cross-linking of IgE
and decreased induction of immediate type skin reactions [32]. At the
same time the goal was to retain immunogenicity in order to guarantee
that the vaccine induces upon immunization allergen-specific IgG
antibodies which can block the interaction between patients IgE and
the natural wildtype allergen. The blocking antibodies thus should
protect the patient from allergic inflammation due to formation of
allergen-IgE immune complexes which activate basophils and mast cells

vaccines

overcome side effects.

synthetic peptides

effects and to increase immunogenicity

and antibody-based biomarkers are available.

sensitization potential

® Requires precise diagnosis to determine patients sensitization profile for accurate prescription of the correct vaccine Solution: Diagnosis
based on allergen molecules allows identification of the sensitization allergen sources and thus allows precise prescription of the correct

® Administration of allergens can induce side effects Solution: New technologies for production of hypoallergenic allergen-derivatives

® Poor quality of natural allergen extracts responsible for poor protection Solution: New vaccines based on defined recombinant molecules and

® Inconvenient administration schedules Solution: Hypoallergenic recombinant allergy vaccines can be engineered to reduce/eliminate side

® Biomarkers needed for monitoring effects of AIT Solution: Mode of action for most forms of AIT, in particular for new targeted AIT, known

® AIT with natural allergens may induce IgE- and thus allergic sensitization Solution: Use of recombinant allergen-derivatives with low or no
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and also T cells via IgE-receptor interactions. Allergen-specific T cell
epitopes were retained in the hypoallergenic allergen derivatives and
were thought to provide T cell help for allergen-specific IgG production
and eventually to induce also T cell tolerance [32]. When the first
recombinant hypoallergenic allergen derivatives were evaluated in
clinical immunotherapy studies in patients, it was found that they
indeed had a reduced allergenic activity and induced allergen-specific
blocking IgG antibodies leading to a reduction of allergic symptoms in
the patients [34]. However, it turned out that even when IgE reactivity
of hypoallergens was reduced or even completely abolished or when
only T cell epitope-containing peptides without IgE reactivity were
administered that patients developed late phase side effects due to
activation of allergen-specific T cells [35-38]. These findings indicated
that in addition to IgE-mediated allergic inflammation also non-IgE-
mediated, only T cell — mediated mechanisms of allergic inflammation
are operative in allergic patients which was verified by atopy patch
testing with hypoallergens [39].

In order to reduce also the side effects caused by activation of
allergen-specific T cells, B cell epitope containing vaccines were
developed [40]. The principle of construction of this next generation
hypoallergens is illustrated in the right upper corner of Fig. 1. In a first
step, the IgE binding sites of the clinically relevant and frequently
recognized allergens in a given allergen source are mapped. In the case
of respiratory allergens the IgE epitopes are usually conformational
epitopes which are recognized by IgE antibodies only in the context of
the folded allergen. It is therefore possible to identify peptides derived
from the IgE binding sites with a length of approximately 30 amino
acids which due to lack of fold do not react with IgE antibodies
[30,41,42]. These peptides can be rendered immunogenic by physical
coupling to a carrier protein as already demonstrated by the classical
work of the Nobel laureate Benacerraf who described the hapten-carrier
principle [43,44]. The physical coupling to the carrier protein can be
achieved by chemical coupling or via the production of a recombinant
fusion protein consisting of the allergen-derived peptides and the
carrier protein.

Table 1 [41,42,45-53] provides a summary of such peptide carrier-
based allergy vaccines obtained by chemical coupling of allergen
peptides to KLH or by production of recombinant fusion proteins in
which viral proteins such as the VP1 coat protein from human
rhinovirus (HRV) or the PreS domain from hepatitis B virus (HBV)
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were used [54]. The use of recombinant fusion proteins including viral
carrier proteins was found to be of advantage over chemical coupling
because the fusion proteins can be produced in a defined manner, allow
the incorporation of several different allergen-derived peptides in a
defined molarity and include a carrier protein which also induces a
beneficial antiviral immune response [28]. The use of an carrier protein
which does not contain allergen-specific T cell epitopes was intended to
reduce the activation of allergen-specific T cells and thus of late phase
side effects which actually was verified by atopy patch testing in
allergic patients and in immunotherapy trials with a grass pollen allergy
vaccine recently [26,27]. Moreover, the choice of an immunogenic viral
carrier protein also offers the advantage that even peptides/allergen
which per se are poor inducers of IgG antibodies can be rendered
immunogenic [55]. The T cell help for the induction of allergen-specific
IgG antibodies is thus derived from carrier-specific T cells without
activation of allergen-specific T cells. The fusion proteins consisting of
the viral carrier protein and the allergen-derived peptides can be
produced as recombinant proteins in Escherichia coli in large quantities
and low cost under controlled conditions (good manufacturing condi-
tions: GMP) satisfying the requirements for modern vaccines [22]. They
are well characterized regarding reduced IgE reactivity, allergenic
activity and immunogenicity and it seems that they can be engineered
for the most important allergens applying the same blue print technol-
ogy of combining non-allergenic allergen peptides with a viral carrier
protein (Table 1) [41,42,45-53]. The B cell epitope-based carrier
vaccine designated BM32, which was constructed for the treatment of
grass pollen allergy [53] has been already evaluated in several clinical
trials and is therefore the most advanced vaccine.

3. BM32, a recombinant B cell epitope-based grass pollen allergy
vaccine

The allergens in grass pollen have been characterized in great detail
regarding their sequences, molecular structures and immunological
characteristics [56,57]. The panel of recombinant timothy grass pollen
allergens shows extensive cross-reactivity with the allergens in other
grasses and it has been shown that AIT with timothy grass pollen
allergens is equally effective to AIT with grass pollen mixtures
(reviewed in: [57]). For timothy grass pollen, four major allergens,
i.e.,, Phl p 1, Phl p 2, Phl p 5 and Phl p 6, have been shown to represent
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Fig. 1. Recombinant B cell epitope-based allergy vaccines: construction and mechanisms of AIT.
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Table 1
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From prototypes to a universal tool box for generating recombinant B cell epitope-based allergy vaccines.

Allergen source Allergen Carrier Year Reference
Peptide carrier vaccines based on chemically-coupled allergen-derived peptides
Timothy grass pollen Phlp1 KLH 2001 Focke et al., FASEB J. [41]
Birch pollen Betv 1 KLH 2004 Focke et al., Clin. Exp. Allergy [42]
Olive pollen Oleel KLH 2011 Twaroch et al., J. Allergy Clin. Immunol. [45]
House dust mite Der p 2 KLH 2012 Chen et al., Allergy [46]
Alternaria alternata Altal KLH 2012 Twaroch et al., Clin. Exp. Allergy [47]
Timothy grass pollen Phlp 5 KLH 2014 Focke et al., J. Allergy Clin. Immunol. [48]
Recombinant fusion proteins consisting of allergen-derived peptides fused to viral carrier proteins
Timothy grass Phlp1 VP1 (HRV) 2009 Edlmayr et al., J. Immunol. [49]
Cat Feld1 PreS (HBV) 2011 Niespodziana et al., J. Allergy Clin. Immunol. [50]
Birch pollen Betv1 PreS (HBV) 2013 Marth et al., J. Immunol. [51]
House dust mite Der p 23 PreS (HBV) 2014 Banerjee et al., J. Immunol. [52]
Timothy grass pollen Phlp1,2,56 PreS (HBV) 2015 Focke et al., J. Allergy Clin. Immunol. [53]

Abbreviations: HRV: Human rhinovirus; HBV: Hepatitis B virus.

the most important allergens [58,59]. Accordingly hypoallergenic
derivatives for the latter four allergens were included in the grass
pollen allergy vaccine BM32. The four derivatives were constructed by
fusing peptides from the IgE binding sites of the allergens to HBV-
derived PreS in the form of recombinant fusion proteins which were
produced in E. coli [27,53]. The preclinical characterization showed
that the four fusion proteins designated BM321, BM322, BM325 and
BM326 showed almost no IgE reactivity and allergenic activity when
tested in basophil activation assays using allergic patients basophils
[53]. Furthermore, the BM fusion proteins showed a strongly reduced
ability to induce T cell proliferation and release of pro-inflammatory
cytokines in PBMC cultures of grass pollen allergic patients as compared
to natural allergens [53]. Immunization with only three injections of
BM32 induced IgG antibodies in rabbits which blocked IgE binding of
grass pollen allergic patients similar as those induced with multiple
injections of vaccines based on natural grass pollen allergen extracts
[55]. Of note, by far the highest IgG antibodies to major grass pollen
allergen Phl p 2 were induced by BM32 [55]. The lack of allergenic
activity of BM32 was confirmed in a skin test study performed in grass
pollen allergic patients [26]. In this study BM32 did not induce
immediate type skin reactions due to mast cell degranulation and also
no late phase allergic reactions due to T cell activation. A double-blind,
placebo-controlled safety and dose-finding vaccination study which was
then conducted in grass pollen allergic patients showed that BM32 was
safe and well tolerated, induced robust allergen-specific IgG responses
and reduced symptoms of grass pollen allergy upon grass pollen
exposure in a pollen chamber [27]. This study demonstrated the
immunological mechanisms underlying of vaccination with BM32 and
identified the doses which were then used in a subsequent double-blind,
placebo-controlled multicenter phase IIb study in which grass pollen
allergic patients were treated for a period of two years (ClinicalTrials.-
gov Identifier: NCT01538979). In the latter study it could be shown that
vaccination with BM32 improved symptoms of grass pollen allergy
induced by natural pollen exposure. The results of the multicenter study
were then confirmed in another phase IIb study which studied the
effects of different numbers of pre-seasonal vaccination (three, four or
five injections) (ClinicalTrials.gov Identifiers: NCT02643641). Both
clinical field trials confirmed the good safety profile of BM32, showed
that BM32 induces robust allergen-specific IgG blocking antibodies but
does not boost allergenic IgE responses and improves symptoms of grass
pollen allergy. Based on these clinical evaluation results of BM32 a final
multicenter phase III study is under planning.

4. Mechanisms underlying AIT with recombinant B cell epitope-
based allergy vaccines

Fig. 1 illustrates the mechanisms of treatment with B cell epitope-
based allergy vaccines according to the data obtained from the

preclinical characterization of these vaccines and the results obtained
in clinical immunotherapy trials with BM32. In the immunotherapy
trials BM32 was administered subcutaneously as Aluminum hydroxide-
adsorbed vaccine similar as many vaccines which are used in infectious
diseases and similar to many of the registered allergen extract-based
vaccines for subcutaneous AIT. Vaccination with BM32 was found to
induce IgG (IgGl = IgG4 > IgG2) which are directed to the IgE
binding sites on the natural allergens [27]. The allergen-specific IgG
production is supported by carrier (i.e., PreS)-specific T cell help.
Accordingly the vaccine does not only induce allergen-specific but also
PreS-specific IgG antibodies [28]. Notably, the PreS-specific IgG anti-
bodies were found to be directed against the N-terminal portion of PreS
which is involved in infection of liver cells and it was found that BM32-
induced antibodies also prevented HBV-infection of liver cells in vitro
[28].

The allergen-specific IgG antibodies induced by vaccination with
BM32 occur not only in the blood of vaccinated patients but can be
found also in different body fluids such as in nasal secretions as was
demonstrated earlier for AIT with hypoallergenic derivatives of the
major birch pollen allergen, Bet v 1 ([60], Niederberger & Valenta,
unpublished). BM32-induced allergen-specific IgG antibodies occupy-
ing the IgE binding sites of the natural allergens interfere with three
major mechanisms responsible for allergic inflammation and progres-
sion of allergic disease in patients.

First, specific IgG captures allergen before and when it intrudes into
the allergic patients mucosal surfaces and prevents the binding of the
allergen to IgE residing on mast cells and basophils. As a result,
allergen-specific blocking IgG prevents the degranulation of mast cells
and basophils and thus the liberation of allergic mediators such as
histamine, leukotrienes, proteases and inflammatory cytokines respon-
sible for immediate allergic inflammation. Thus AIT with B cell epitope-
based allergy vaccines reduces immediate allergic inflammation re-
sponsible for allergic rhinoconjunctivitis, asthma and possibly urticaria
and anaphylaxis.

Second, allergen-specific IgG prevents the boosting of secondary IgE
responses responsible for increases of allergen-specific IgE in allergic
patients. In fact it has been shown that allergen exposure induces
increases of allergen-specific IgE which leads to increased clinical
sensitivity due to loading on mast cells and basophils and up-regulation
of expression of receptors for IgE [61,62]. It has been also demonstrated
that allergy vaccines based on extracts, recombinant hypoallergens and
BM32 which induce allergen-specific IgG blunt the boosts of IgE
production due to natural allergen exposure ([34,63,64], Niederber-
ger & Valenta, unpublished). Although not yet proven, it is possible that
the blunting of IgE responses induced by allergy vaccines may be
involved in the sustained effect of AIT even after discontinuation of AIT
when blocking antibodies have already declined. Furthermore, this
effect may be responsible for the prevention of the progression of mild
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allergic symptoms (e.g., rhinitis) to severe symptoms (e.g., asthma)
because there is evidence that the progression of allergy towards
symptoms in childhood is associated with increases in allergen-specific
IgE [65,66].

Third, blocking allergen-specific IgG induced by AIT with natural
allergens, hypoallergens and BM32 has been shown to interfere with
IgE-facilitated presentation of allergen by APCs to T cells and thus
reduce T cell activation and the release of inflammatory cytokines by T
cells [27,67,68]. The reduced T cell activation may likely be responsible
for the reduction of T cell-mediated late phase allergic inflammation in
allergic patients responsible for chronic allergic symptoms such as
asthma and atopic dermatitis. It is also quite possible that the reduction
of the release of pro-inflammatory cytokines from mast cells, basophils
and T cells will lead to a reduced recruitment of eosinophils and other
inflammatory cells responsible for chronic tissue damage in allergy.

The triple effect of AIT with the B cell epitope-based allergy
vaccines on the pathomechanisms of allergy makes this new vaccine
very attractive because other forms of treatment such as pharmacother-
apy, anti-IgE therapy, T cell- and cytokine-targeting biologicals address
only single pathomechanisms without having broad causative effects.

5. Advantages of recombinant B cell epitope-based allergy
vaccines

The results obtained in the clinical studies performed with the B cell
epitope-based grass pollen allergy vaccine ([27], ClinicalTrials.gov
Identifiers: NCT01538979; NCT02643641) confirmed the high safety
profile of the vaccine which was anticipated from the preclinical studies
investigating IgE reactivity, ability to induce basophil as well as T cell
activation [53] and from the clinical safety assessment done by skin
testing in allergic patients [26]. In the course of the immunotherapy
trials patients tolerated doses of 80 and 160 microgram of the mix of
the four recombinant fusion proteins per subcutaneous injection well.
No immediate type reactions were observed and only very few mild
systemic late phase reactions occurred. Thus recombinant B cell epitope
based allergy vaccines show a very high safety due to lack of allergenic
activity (Table 2). The good safety profile should thus allow treating
very sensitive patients such as patients suffering from severe allergic
manifestations (e.g., asthma and atopic dermatitis) as well as of patients

Table 2
Advantages and possible applications of recombinant B cell epitope-based allergy
vaccines.

Advantages

« High safety due to lack of allergenic activity

« Convenient treatment with few high dose injections possible due to lack of
allergenic activity and good immunogenicity

« Can be easily manufactured under controlled conditions at low costs

« Tool box construction principle applicable to all allergen sources

+ Well-defined mechanism of action

» Molecular tests for precise prescription and biomarkers for monitoring of
treatment available

« Patient-tailored treatment based on individual prescriptions without need for
extensive clinical trials may be possible due to defined uniform mode of action of
individual components

« Suitable for prophylactic vaccination

Possible applications

« Therapeutic AIT for allergic rhinitis

« Long-term efficacy even after interruption of treatment

« PreS-based vaccines may protect also against HBV

« Therapeutic AIT for allergic asthma, atopic dermatitis, food allergy and venom
allergy due to high safety, good immunogenicity and applicability of technology
to all allergen sources

« Therapeutic AIT possible even in risky patients (e.g., pregnancy) due to high
safety

« Prophylactic vaccination in children due to lack of sensitization:
1. Prevention of progression from rhinitis to asthma
2. Prevention of progression from silent IgE sensitization to allergy
3. Prevention of IgE sensitization
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suffering from venom allergy and food allergy. Due to the high safety
profile vaccination with the B cell epitope-based allergy vaccines does
not require inconvenient up-dosing with multiple injections until the
maintenance dose is reached because patients can be treated immedi-
ately with the therapeutically effective dose. According to results
obtained in the clinical studies it is foreseen that the protective IgG
response can be built up with five injections and maintained with single
booster injections. The convenient application must be considered as
important advantage over all existing allergen-extract-based treatments
which require multiple injections in the case of subcutaneous immu-
notherapy (SCIT) or daily administration in the course of sublingual
immunotherapy (SLIT) and therefore will likely improve the poor
compliance of patients observed for current forms of AIT [69].

Another important advantage of the recombinant B cell epitope-
based vaccines is that they can be easily produced as recombinant
proteins in E. coli under GMP conditions meeting the requirements of
regulatory authorities for modern vaccines. The new technology there-
fore overcomes the severe limitations of vaccines based on natural
allergen extracts (e.g., lack of batch consistency, impurities, lack and
varying concentrations of individual allergens, degradation) [70]. Data
obtained for several important allergens from different sources indicate
that the technology of producing recombinant hypoallergenic versions
is applicable to all allergen sources [49-53]. The possibility to produce
the fusion proteins in E. coli not only circumvents problems of
eukaryotic expression (e.g., comparably low yields, expensive growth
media, possible viral infections, presence of unwanted mammalian
proteins) but is also relatively inexpensive. In addition, the carrier
proteins used for the construction of the fusion proteins determine to a
large extent the biochemical properties of the recombinant fusion
proteins which allows to apply similar purification strategies and
facilitates the standardization and quality control of the proteins.

The mechanism of action of the B cell epitope-based allergy vaccines
is mainly based on the induction of blocking IgG antibodies and thus is
well defined. The development of the blocking antibodies and their
ability to inhibit patients IgE binding to the allergens can be easily
assessed in serum samples of treated patients by available surrogate
assays [71]. Importantly, serological tests based on defined allergen
molecules are available to identify patients for treatment with the
correct vaccines [24,25]. There are therefore diagnostic kits available
for the accurate prescription of the vaccines.

At present AIT vaccines are designed to cover complete allergen
sources. This means that current vaccines are designed to cover the
complete spectrum of relevant allergens in the given source. Once the
vaccine has undergone the clinical trials necessary for registration, the
composition of the vaccine cannot be altered. Thus patient-tailored
treatment according to the individual sensitization profiles of patients is
not possible. However, the mode of action of the B cell epitope-based
allergy vaccines is very well defined and identical for each of the
components in the vaccine. It will therefore be in principle possible to
manufacture each of the individual components and to tailor the
composition of vaccines according to individual patient's sensitization
profiles without need for performing again extensive clinical studies for
each of the combinations.

Finally and importantly, as shown for BM32 it seems that B cell
epitope-based allergy vaccines do not boost IgE responses and do not
sensitize unlike allergen extract-based vaccines [27]. For example,
sublingual treatment with grass pollen allergen extracts induced an
approximately five-fold increase of allergen-specific IgE in treated
patients [72] whereas allergen-specific IgE levels in BM32-treated
patients did not change [27]. The latter feature is of particular
relevance for a possible preventive application of AIT in children
because AIT vaccines should no sensitize especially when applied in a
prophylactic setting. It therefore seems that another advantage of B cell
epitope-based allergy vaccines is that they can be also used for
prophylactic AIT without inducing IgE sensitizations and boosting of
established IgE responses.
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6. Possible applications of recombinant B cell epitope-based
allergy vaccines

Currently BM32 the grass pollen allergy is the most advanced
recombinant B cell epitope-based vaccine. It has been evaluated in
three clinical immunotherapy trials in patients suffering from grass
pollen-induced allergic rhinitis and mild asthma ([27], ClinicalTrials.-
gov Identifiers: NCT01538979; NCT02643641). As a next step, BM32
will be studied in a multicenter, double-blind, placebo-controlled phase
III study to make it available for the treatment of grass pollen allergic
patients. B cell epitope-based allergy vaccines have been also engi-
neered for the treatment of birch pollen, cat, house dust mite and
ragweed pollen allergy and underwent preclinical evaluation ([50,51],
unpublished data). These vaccines will be the next to undergo clinical
evaluation. The clinical AIT studies performed with BM32 have shown
that the vaccine not only induced allergen-specific IgG antibodies but
also antibodies specific for the HBV-derived PreS protein which in vitro
inhibited HBV infection of cultured liver cells [28,29]. Approximately
10-20% of subjects who are vaccinated with currently registered HBV
vaccines which contain only the HBV-S antigen are non-responders to
these vaccines [29]. It is therefore planned to study if vaccination with
BM32 can induce a protective immune response in subjects who are
non-responders to available HBV vaccines. Furthermore studies are
scheduled to investigate the usefulness of BM32 for therapeutic
vaccination in HBV-infected subjects.

Regarding allergy vaccination several additional important ques-
tions need to be addressed: First it will be interesting to see if BM32 and
B cell epitope-based allergy vaccines can be also used to treat safely
patients suffering from severe manifestations of allergy such as asthma
and atopic dermatitis. Furthermore, it needs to be studied if BM32 has a
beneficial long-term effect on reducing symptoms of allergy. For this
purpose, long-term studies are needed to investigate sustained effects of
the vaccine. In addition, the safety of the vaccine has to be evaluated in
a pediatric study to make it available for the treatment of grass pollen
allergic children. In this context it will be especially of interest to study
if BM32 can prevent the progression of allergic rhinitis to asthma in
children similar as has been shown in the PAT study for allergen
extract-based vaccines [18]. However, the analysis of the evolution of
the development of allergic sensitization profiles in birth cohorts with
micro-arrayed allergens has opened new exciting areas of research. In
fact it has been shown that one can identify early in childhood by IgE
serology children with clinically silent sensitizations and to predict in
those children according to their IgE reactivity profiles and levels their
likelihood of developing allergic symptoms later in life [65]. Since
BM32 was found to induce preferentially a healthy IgG response and
did not boost IgE sensitizations in the clinical studies performed so far it
appears to be well suited for studying if early treatment of children with
silent IgE sensitizations can prevent the development of allergic
symptoms later in life. Finally, one may even consider to perform early
vaccination with B cell epitope based allergy vaccines for preventive
vaccination in terms of preventing the development of IgE sensitization
[73]. Two scenarios may be considered in this context. One possibility
would be early vaccination of children. The other possibility will be to
explore if vaccination in pregnancy can induce high levels of allergen-
specific antibodies in mothers which upon transmission to the child
may prevent allergic sensitization. Data from experimental animal
models provide already experimental support for both of these pre-
ventive vaccination scenarios [74,75] and it will be very exciting to see
if the new vaccine technologies can indeed be used for specific allergy
prevention.
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