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Vaccines for infectious diseases have improved the life of the human species in a
tremendous manner. The principle of vaccination is to establish de novo adaptive
immune response consisting of antibody and T cell responses against pathogens
which should defend the vaccinated person against future challenge with the culprit
pathogen. The situation is completely different for immunoglobulin E (IgE)-associated
allergy, an immunologically-mediated hypersensitivity which is already characterized by
increased IgE antibody levels and T cell responses against per se innocuous antigens (i.e.,
allergens). Thus, allergic patients suffer from a deviated hyper-immunity against allergens
leading to inflammation upon allergen contact. Paradoxically, vaccination with allergens,
termed allergen-specific immunotherapy (AIT), induces a counter immune response
based on the production of high levels of allergen-specific IgG antibodies and alterations
of the adaptive cellular response, which reduce allergen-induced symptoms of allergic
inflammation. AIT was even shown to prevent the progression of mild to severe forms of
allergy. Consequently, AIT can be considered as a form of therapeutic vaccination. In this
article we describe a strategy and possible road map for the use of an AIT approach
for prophylactic vaccination against allergy which is based on new molecular allergy
vaccines. This road map includes the use of AIT for secondary preventive vaccination to
stop the progression of clinically silent allergic sensitization toward symptomatic allergy
and ultimately the prevention of allergic sensitization by maternal vaccination and/or early
primary preventive vaccination of children. Prophylactic allergy vaccination with molecular
allergy vaccines may allow halting the allergy epidemics affecting almost 30% of the
population as it has been achieved for vaccination against infectious diseases.

Keywords: vaccine, vaccination, allergy, allergen, allergen-specific immunotherapy, therapeutic vaccine,
molecular allergy vaccine, IgE
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BACKGROUND

Since the classical experiment in which Edward Jenner vaccinated
for the first time with cowpox to protect against smallpox
infections in 1796 much has been achieved not only in the
field of vaccination against infectious diseases (1-3) but also
against cancer (4). With the introduction of vaccines, dramatic
drops of episodes of close to or 100% in the cases of infectious
diseases were noted demonstrating how effective vaccination can
be (4). Vaccination against infectious diseases saves millions of
lives every year and has changed living conditions completely
and eventually has made a major contribution to increased life-
expectancy (3). As far as infectious diseases and cancer are
concerned, the purpose of vaccination is to induce a strong
adaptive immunity at the antibody and T cell level against
pathogens and tumor antigens to protect the vaccinated subject.
Everybody would thus assume that vaccination is only useful
when it is necessary to create a strong immune response in
somebody lacking immunity or at least to enhance the immune
response. Accordingly, there are hardly any vaccination strategies
available for diseases which are characterized by hyper-immunity
such as autoimmune diseases. The main exception is allergen-
specific immunotherapy (AIT) for IgE-associated allergies (5).
AIT is based on the administration of the disease-causing
allergens to induce a “counter immune response” consisting of
allergen-specific IgG antibodies, which block binding of IgE to
the allergens, and alterations in the cellular immune response,
particularly a reduction of allergen-specific Th2 responses (6).

The Allergic Immune Response

Unlike non-allergic individuals, who mount normal IgG
responses upon contact with environmental antigens, allergic
patients produce IgE antibodies against allergens (7, 8). Whether
an individual develops allergen-specific IgE antibodies or not
depends on a large variety of host and environmental factors
including genetic factors predisposing for IgE production as
well as allergen exposure and adjuvant factors to just name a
few (9). IgE antibodies belong to the least abundant class of
immunoglobulins in humans (10). However, IgE can bind to
the high affinity receptor for IgE (FceRI) on mast cells and
basophils and to the low affinity IgE receptor (CD23) on B
cells and antigen presenting cells. Upon recognition of allergens
by cell-bound IgE the effector cells become activated to release
inflammatory mediators, proteases and cytokines. The activation
of inflammatory cells by IgE-allergen immune complexes thus
leads to allergic inflammation and a variety of allergic symptoms
such as allergic rhinoconjunctivitis, asthma, skin inflammation,
food allergy and life-threatening anaphylactic shock. The term
allergy has been coined by the Viennese pediatrician Clemens
von Pirquet in order to describe exaggerated immune responses
against per se harmless antigens (11). IgE-associated allergy,
also termed immediate type allergy, is the most prevalent and

Abbreviations: Ab, antibody; AIT, allergen-specific immunotherapy; APC, antigen
presenting cell; GMP, Good Manufacturing Practice; HBV, hepatitis B virus;
Ig, immunoglobulin; IL, interleukin; SCIT, subcutaneous immunotherapy; SLIT,
sublingual immunotherapy; VNP, virus-like nanoparticles.

important immunologically mediated hypersensitivity disease
affecting approximately 30% of the population (12).

The first step in the development of allergy is allergic
sensitization which is characterized by the production of
IgE antibodies against allergens shortly after birth (13). The
development of IgE sensitization in early childhood has been
studied recently in great detail in population-based birth
cohorts using micro-arrayed allergen molecules (14, 15). These
studies have analyzed in birth cohorts the development of IgE
sensitization to a large number of respiratory and food allergen
molecules by micro-array technology during the first two decades
of life (16-23). According to these studies it seems that there is
a time window early in life during which allergic sensitization
can occur (24), whereas adult allergic patients do not change
their IgE reactivity profiles any more (25). In several studies it
was observed that the percentages of sensitized children increase
during the first years of life, but it is not clear whether this is due
to the development of “new sensitizations” during the first years
or whether it is related to the ability to detect allergen-specific IgE
antibodies in serum and plasma during this period.

A recent study observed that IgE sensitization rates were
lower in children from mothers transferring higher levels of
allergen-specific IgG antibodies by cord-blood to their children
than in children whose mothers transmitted lower levels of
specific IgG antibodies (Figure 1) (26). In the latter study,
allergen-specific IgG antibodies of maternal origin could be
traced in the children up to 6 months of life. Assuming that
these IgG antibodies have a protective effect one could suggest
that the first few months in life are the most critical period
for allergic sensitization. This assumption is also supported by
other studies reporting that children born shortly before pollen
seasons became more frequently sensitized to pollen allergens
than children born directly after cessation of the pollen season
(27). In fact, the definition of the early time window during
which allergic sensitization occurs is of great importance when
considering preventive allergen-specific vaccination strategies.

Another important lesson learned from birth cohort studies is
that repeated allergen contact may be needed to boost allergen-
specific IgE production to certain levels so that clinically silent
IgE sensitization can proceed toward allergic symptoms. This is
indicated in Figure 1 by denoting that early in life IgE antibody
production without symptoms (i.e., silent sensitization) may
precede the development of allergic symptoms. In this context,
two birth cohort studies should be mentioned. Westman et al.
noted that at 4 years of life 12.5% of Swedish children had IgE
antibodies against the major birch pollen allergen Bet v 1 but
only 2.5% had allergic symptoms. This changed considerably
when the children had become 16 years of age. Then, 25.4% had
Bet v 1-specific IgE antibodies and the majority (i.e., 17.8%) had
symptoms of birch pollen allergy (17). In a birth cohort study
investigating the development of grass pollen allergy Westman
et al. had similar results. At 4 years of age the vast majority of
children with IgE antibodies against grass pollen allergens did not
yet have symptoms whereas at the age of 16 almost 50% of IgE-
positive children had developed symptoms (23). Furthermore,
progression of mild symptoms toward severe symptoms later in
childhood is common, for example progression of rhinitis toward
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FIGURE 1 | Transfer of high maternal allergen-specific IgG antibody levels may protect the off-spring from becoming sensitized and developing allergen-specific IgE
antibodies (A) whereas low maternal allergen-specific IgG levels may predispose for allergic sensitization of the off-spring (B).
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asthma, and it was found that progression of clinically silent IgE
sensitization to allergic symptoms can be predicted earlier in life
based on IgE levels against allergen molecules (17, 21).

Features of AIT

The first AIT study was performed by Leonard Noon in
1911 and demonstrated that immunization with grass pollen
allergen extract improved symptoms of grass pollen allergy (28).
In his classic paper, Noon entertains the idea of performing
active vaccination for the treatment of allergy by referring
to earlier work by Dunbar, who showed in 1903 that one
can reduce symptoms of allergy with anti-sera raised against
pollen allergens and thus showed that passive immunization
is a possible treatment approach for allergy (29). We have
summarized the development of AIT from past to presence in
a recent review article which highlights important steps (30).
They include the demonstration that the induction of allergen-
specific IgG antibodies in the course of AIT blocks IgE binding
to allergens and thus all the downstream effects of allergen-
IgE immune complexes on activating inflammatory immune
cells. The importance of the induction of allergen-specific IgG
blocking antibodies has been demonstrated already very early by
showing that passive transfer of IgG from AIT-treated patients
can suppress allergic skin inflammation (31) up to a recent
elegant study showing that passive administration of allergen-
specific recombinant IgG4 antibodies is effective for treatment
of cat allergy (32). Those forms of AIT, which robustly induce
allergen-specific IgG, as demonstrated in clinical studies, are
most commonly used and considered as effective treatment, in
particular subcutaneous AIT based on adsorbed allergens or
allergen derivatives. The induction of allergen-specific IgG is
considered as a major mechanism of AIT (5, 33) and thus AIT
can be considered as a form of therapeutic vaccination. The major
reason why AIT is not fully developed as treatment for allergy is
that current AIT is still based on natural allergen extracts which
are often of poor quality (34). Accordingly, allergen extract-
based AIT is often only partly effective (35, 36) and may induce
side effects in allergic patients because allergen administration
to an allergic subject can induce immediate and late phase
allergic reactions (37, 38). Furthermore, cumbersome treatment
schedules are needed to avoid side effects which strongly reduce
patient’s compliance (39). Therefore, molecular forms of AIT
have been developed (40, 41). Molecular AIT forms are based
on the precise knowledge of the disease-causing allergens of
which many have been characterized in great detail by molecular
cloning in the last 30 years (42).

Molecular Forms of AIT

In this section, we will discuss different molecular forms of
AIT, which could be pursued in clinical trials for preventive
allergen-specific allergy vaccination (Figure 2). Please note that
we have limited the molecular AIT forms to be considered
for prophylactic vaccination to those, which have already been
tested in clinical trials in allergic patients and for which immune
responses obtained in humans upon vaccination have been
studied (9, 41).

Folded Wildtype-Like Recombinant

Allergens

Folded wildtype-like recombinant allergens which mimic all
properties of the naturally occurring allergens are produced
for more than 30 years according to the DNA sequences
of allergens. The wildtype-like recombinant allergens contain
the IgE and T cell epitopes of the corresponding natural
allergens. It is known from subcutaneous injection AIT (SCIT)
trials performed with a mixture of recombinant grass pollen
allergens and with recombinant major birch pollen allergen
Bet v 1 that vaccination induces allergen-specific IgG antibodies
which inhibit IgE binding to the allergen (43, 44). However,
immunization with wildtype-like recombinant allergens also
induces allergen-specific IgE antibody responses leaving the
concern that they may boost allergen-specific IgE responses
if they are used for secondary preventive vaccination or that
they may even induce IgE sensitization if they are used for
primary preventive vaccination in not yet sensitized subjects.
This concern may be mitigated by the fact that studies showing
that AIT can reduce the progression of allergic rhinitis to asthma
in children were conducted by SCIT with natural allergens
(45). Results from trials using sublingual immunotherapy (SLIT)
with natural allergen extracts to prevent the progression of
clinically silent IgE sensitization to allergic symptoms have been
inconclusive (46, 47). The reason for this may have been that
SLIT approaches are rather ineffective in inducing allergen-
specific IgG responses as compared to SCIT (48). Accordingly,
SCIT with folded wildtype-like recombinant allergens may, in
principle, be considered for preventive vaccination but other
molecular AIT forms with reduced risk for allergic sensitization
may be preferred.

Recombinant and Synthetic Hypoallergens
Recombinant and synthetic hypoallergens are hypoallergenic
allergen derivatives with reduced IgE reactivity but preserved T
cell epitopes (49). Hypoallergens differ from the corresponding
wild-type allergens by modifications of their structure reducing
their IgE reactivity as compared to the wildtype allergens. Thus,
they have a reduced ability of inducing IgE-mediated allergic
inflammation. However, the primary sequence of hypoallergens
is almost unaltered in comparison to the wildtype allergens
so that sequential T cell epitopes remain preserved and they
can induce allergen-specific T cell activation. Already in the
first clinical trial which has been performed with recombinant
hypoallergenic allergen derivatives of the major birch pollen
allergen Bet v 1, it has been shown that vaccination with such
derivatives induces allergen-specific IgG blocking antibodies
(50). However, immunization with hypoallergens can also boost
allergen-specific IgE responses and due to the preservation of
allergen-specific T cell epitopes may induce late-phase, T cell-
mediated side effects in allergic patients (51).

Recombinant hypoallergenic fragments of Bet v 1 have been
recently evaluated in a double-blind, placebo-controlled clinical
study performed in non-allergic subjects for a period of 2 years
(52). It was found that vaccination with recombinant Bet v 1
fragments induced continuously growing IgG responses which
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FIGURE 2 | Molecular allergy vaccines which may be used for prophylactic vaccination and their features. Effects on IgE, IgG, and T cell responses upon
administration are indicated. From left to right: Folded, wildtype-like recombinant allergens contain allergen-specific IgE, IgG, and T cell epitopes and may boost these
responses upon immunization. Recombinant hypoallergens show reduced IgE reactivity but upon vaccination may induce allergen-specific IgE, 1gG, and T cell
responses. T cell epitope-containing peptides lack IgE and IgG reactivity and accordingly target T cells without inducing IgE or IgG responses. Virus-like nanoparticles
can be produced to contain shielded allergens lacking IgE reactivity but may induce IgG and T cell responses. B cell epitope-based peptide carrier vaccines lack
allergen-specific IgE and T cell reactivity and induce allergen-specific IgG responses without boosting allergen-specific IgE and T cell responses.

could prevent allergic patients’ IgE binding to Bet v 1. Thus,
this vaccine induced a protective IgG response. Although the
induction of allergen-specific IgE responses was noted in subjects
receiving recombinant Bet v 1 fragments, no allergic sensitization
occurred because skin tests performed with Bet v 1 remained
negative which may be attributed to the much higher induction
of blocking IgG as compared to IgE. Accordingly, recombinant
hypoallergenic allergen derivatives may be considered for
prophylactic vaccination and there is evidence that vaccination
of non-allergic subjects is safe. Yet the concern remains that also
hypoallergens may induce allergen-specific IgE responses and
thus allergic sensitization and that they may expand allergen-
specific T cell responses due to the fact that allergen-specific T
cell epitopes are preserved in these derivatives.

T Cell Epitope-Containing Peptides

Allergen-derived T cell epitope-containing peptides are relatively
short synthetic peptides of ~12-20 amino acids in length
comprising T cell epitopes without any IgE reactivity (53).
From AIT trials performed with such peptides it is known
that depending on the applied dose and regimen they may
induce T cell activation and eventually T cell tolerance (54, 55).
Due to the fact that these peptides are very short they do
not induce allergen-specific IgG blocking antibodies and hence
will be not useful for prophylactic vaccination. However, they

may be used for allergen-specific primary prevention by the
induction of T cell tolerance (56). It may be envisaged that
such peptides could be injected or even become applied by
the oral route to induce profound tolerance of the adaptive
immune system but this cannot be considered as prophylactic
vaccination which should induce protective allergen-specific IgG
antibodies. Challenges for approaches using T cell epitope-
containing peptides for primary tolerance induction are to
combine mixtures of peptides comprising all relevant allergens
and MHC diversity of the subjects to be treated and the
development of protocols for administration ensuring robust and
sustained tolerance induction.

Virus-Like Nanoparticles (VNP) Containing
Shielded Allergens

In the first type of virus-like particle approaches allergen
molecules were coupled chemically (57-59) and also by specific
linker systems to virus-like particles produced by recombinant
expression (60). This procedure yielded vaccines with reduced
allergenic activity and ability to induce allergen-specific IgG
responses. A vaccine consisting of a peptide derived from the
major house dust mite allergen Der p 1 coupled to virus-
like particles even has been subjected to clinical testing in
non-allergic subjects and was found to induce allergen-specific
IgG responses (61). However, the virus-like particle coupled
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allergens appeared as random conjugates and might even occur
as large oligomers. Thus, they were difficult to produce under
controlled conditions, which is required for clinical use and drug
development. Recently, an alternative approach for engineering
virus-like nanoparticles (VNP) was reported. In the VNPs,
allergen-encoding cDNA is fused to virus-encoding DNA (Matrix
protein, p15MA) (62) or to a glycosyl-phosphatidyl inositol
anchor acceptor sequence (63) to be expressed either inside
or outside of VNPs, respectively (64). In a mouse model of
mugwort pollen allergy (65) such particles were successfully used
for prophylactic vaccination (66) but so far there is no experience
with VNPs in clinical AIT studies in patients and this approach
therefore needs to be further developed.

Carrier-Bound B Cell Epitope-Containing

Peptide Vaccines
Carrier-bound B cell epitope-containing peptides are a further
improvement of recombinant hypoallergens (38, 67, 68). In
order to reduce side effects due to activation of allergen-
specific T cells, allergen-specific T cell epitopes were reduced
as much as possible and replaced by carrier proteins which
are not derived from allergens but from viruses. Virus-derived
proteins chosen were from rhinovirus and lastly from hepatitis
B virus (HBV) with the intention of obtaining not only T
cell help but also of eventually inducing a useful antiviral
immunity (69, 70). The currently most advanced candidate
vaccines use HBV-derived PreS protein as a carrier protein to
which non-allergenic peptides derived from the IgE binding
sites of allergens are fused (71-74). Thus, carrier-bound B cell
epitope-containing vaccines can focus blocking IgG antibodies
toward the IgE binding sites of allergens. The vaccine candidates
can be produced in consistent quality satisfying GMP standards
required for modern vaccine production because they can be
expressed as recombinant fusion proteins in Escherichia coli in
large quantities in a very cost-effective manner. Carrier-bound
B cell epitope-containing peptide vaccines have been developed
for several important allergen sources including pollen from
trees, grasses, weeds, cats, house dust mites to name a few
(68). These molecules have been characterized regarding their
structural and immunological features in vitro and in vivo in
animal models regarding their ability to induce IgG antibody
responses which can block allergic patient’s IgE binding to
the natural allergens (75). Thus, the technology seems to be
applicable to all known allergen sources. The carrier-bound B
cell epitope-containing peptide vaccine made for grass pollen
allergy, termed BM32 has been characterized best (73) and several
clinical trials have been conducted or are ongoing with BM32
(76-78). Table 1 provides an overview of the clinical studies with
BM32 or components thereof. In particular, the table displays
the clinical trial numbers by referring to the official clinical trial
database, the design of the studies and major findings made in
these studies together with references to papers describing the
clinical results.

Starting with the safety evaluation of BM32 by skin
testing (76) and in the subsequent AIT studies (77, 78), it
was confirmed that BM32, due to abolished IgE reactivity,

did not induce immediate type allergic reactions and there
were only few and mild late-phase reactions due to the
reduction of allergen-derived T cell epitopes. BM32 induced
high levels of allergen-specific IgG antibodies which inhibited
IgE binding to the grass pollen allergens and grass pollen
allergen-induced basophil activation, immediate type allergic
inflammation and allergen-induced T cell activation. Of note,
much fewer injections of BM32 were equally effective compared
to multiple injections with allergen extract-based vaccines (79).
Patients tolerated high doses of BM32 so that few (ie., 3-
5) pre-seasonal injections in the first treatment year were
sufficient to build up a strong blocking IgG antibody response
and achieving a reduction of grass pollen allergen-induced
symptoms of >25% over placebo (78). Importantly, it was
noted that the allergen-specific blocking IgG response could
be boosted to the original levels by only one booster injection
(78). Allergen-specific IgG induced in the vaccinated patients
not only reduced symptoms of grass pollen allergy but also
prevented boosts of allergen-specific IgE production upon grass
pollen allergen exposure during the pollen season, which led
to a reduction of allergen-specific IgE levels in the treated
patients (78).

Three more important observations were made in the clinical
trials with BM32: First, BM32 induced allergen-specific IgG
and in particular a continuously growing allergen-specific IgGy
response without boosting allergen-specific IgE as it is observed
for all other AIT vaccines (80). Second, BM32 did not boost
T cell and inflammatory cytokine responses specific for grass
pollen allergens and thus seems to have no priming effect
on allergen-specific T cell responses (80). Third, it was found
that BM32 induced also IgG antibodies against HBV, which
blocked the infection of in vitro cultured liver cells and thus
it seems that BM32 also protects against HBV infection (81).
For this reason there is currently another clinical study ongoing
which investigates if BM325, a component of BM32, can induce
protective HBV immune responses in subjects who have not
been vaccinated against HBV and in subjects who belong to
the 10-20% of non-responders to currently used S protein-
based HBV vaccines (Table 1; ClinicalTrials.gov: NCT03625934).
Furthermore, this trial also investigates if BM325 induces a
therapeutic anti-HBV immune response in patients with chronic
HBYV infections. This study is interesting because it has enrolled
subjects who are not allergic to grass pollen and it will thus be
possible to study if BM325 is safe in non-allergic individuals and
does not induce allergic sensitization. At present, BM32 has been
evaluated in several phase II studies and an optimal dose and
vaccination protocol has been established so that the vaccine is
ready for a phase III trial which may provide the data required
for the registration of the vaccine in Europe.

Due to the encouraging results obtained for BM32 in the
clinical studies and some unique features which identify
this vaccine as an excellent candidate for prophylactic
vaccination we are considering BM32 and carrier-bound B
cell epitope-containing peptide vaccines as suitable candidates
for prophylactic vaccination against allergy. Next, we will briefly
summarize and discuss these characteristics in light of potential
use for preventive allergen-specific vaccination.
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TABLE 1 | Clinical trials with recombinant B cell epitope-based peptide carrier vaccines.

Name of the Designation in the ClinicalTrials.gov No of Design Major findings References
study database of privately and publicly funded patients
clinical studies conducted around the world

Skin test NCT01350635 60 Interventional, non-randomized, BM32 does not induce (76)

study of open-label immediate or

BM32 late-phase allergic skin
inflammation and may
be safe for vaccination

Phase II: NCT01445002 70 Prospective, randomized, BM32 is well-tolerated; (77)

Safety and double-blind, placebo-controlled, reduced allergic

dose finding single center. Pollen exposure symptoms upon

trial of BM32 chamber provocation with grass

in subjects pollen by inducing

suffering from allergen-specific IgG

grass pollen blocking antibodies.

allergy BM32 does not boost
allergen-specific IgE
production

Phase Il field NCT01538979 181 Prospective, randomized, Injections of BM32 (78)

study of grass double-blind, placebo-controlled, induced

pollen allergy parallel-group field study. One allergen-specific IgG,

vaccine baseline year followed by 2 years improved clinical

BM32 of treatment symptoms of grass
pollen allergy over two
seasons and were
well-tolerated. The
optimal dose for BM32
was determined to be
20 pg per BM32
component/injection

Effect of NCT02643641 130 Prospective, randomized, Five injections of a mix

different double-blind, placebo-controlled, of 20 ng of each BM32

pre-seasonal mono-centric, combination of component induced

BM32 pollen chamber and field study the best blocking 1gG

dosings on antibody response

the induction compared to three and

of a protective four injections

allergen-

specific IgG

response

Study to NCT03625934 84 Double-blind, randomized, Ongoing

evaluate placebo-controlled, multicenter Besides HBV-related

induction of study. Evaluation of the effects of endpoints, the study

HBV virus VX001 (i.e., BM325) to elicit a will provide information

neutralizing protective IgG immune response in - about safety in

antibodies vaccine naive subjects, in subjects non-allergic subjects,

using VVX001 who failed to demonstrate induction of

(i.e., BM325) seroconversion after treatment allergen-specific IgG

with a licensed hepatitis B vaccine
and in patients chronically infected
with HBV

responses and IgE
sensitization capacity

UNIQUE FEATURES OF RECOMBINANT B
CELL EPITOPE-BASED PEPTIDE CARRIER
VACCINES PREDISPOSING THEM FOR
PREVENTIVE ALLERGEN-SPECIFIC
ALLERGY VACCINATION

The recombinant B cell epitope-based peptide carrier vaccine
for AIT of grass pollen allergy, BM32, has undergone extensive

evaluation in clinical studies (Table1). In the AIT studies,
patients tolerated high doses of BM32 without experiencing
severe immediate or late-phase allergic reactions. Few doses
(i.e., 3-5 subcutaneous injections) induced allergen-specific IgG
antibody responses directed toward IgE epitopes of the natural
allergens. BM32 thus can focus blocking IgG responses against
the epitopes on natural allergens involved in allergic sensitization.
Due to replacement of allergen-specific T cell epitopes by carrier-
specific T cell epitopes, BM32 showed a strongly reduced or no
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stimulation of allergen-specific T cell responses (80) and One
may therefore expect that upon preventive vaccination early in
life the vaccine will not prime T cells for allergic sensitization
but induce allergen-specific IgG. Unlike all other allergen extract-
based AIT vaccines, BM32 did not boost allergen-specific IgE
responses and it might be assumed that the vaccine will not
boost allergen-specific IgE responses when used for secondary
preventive vaccination to prevent the transition of clinically silent
sensitization toward allergic symptoms. Furthermore, it is likely
that the vaccine will not induce allergic sensitization when used
for primary preventive vaccination in non-allergic subjects. Only
few vaccinations of BM32 were needed to induce strong allergen-
specific blocking IgG response, which could be boosted by a
single injection. Thus, it should be possible to induce in mothers
or children early after birth a robust basic blocking IgG response,
which can be boosted by single injections whenever needed. It has
been shown that due to the use of the HBV-derived PreS protein
as carrier protein in BM32, the latter induced also a protective
immune response against HBV infections. Thus, the vaccine may
not only be useful for prophylactic allergy vaccination but also for
HBYV vaccination.

Recombinant B Cell Epitope-Based
Peptide Carrier Vaccines for Secondary

and Primary Preventive Allergy Vaccination
Here we consider three possible scenarios for prophylactic allergy
vaccination (Figures 3, 4), which prevent either the progression
of clinically silent IgE sensitization toward symptoms of allergy
or even allergic sensitization. Together these strategies may
allow eradicating the occurrence of severe forms of allergy
on a population basis. Pre-requisites for these approaches
are that the most important allergen molecules (i.e., most
frequently recognized allergens with high allergenic activity)
can be defined for a given population which is intended
to be vaccinated and that recombinant B cell epitope-
based peptide carrier vaccines can be formulated for these
allergen molecules.

The analysis of IgE sensitization profiles toward
comprehensive panels of micro-arrayed allergen molecules
in population-based birth cohorts has shown that a handful of
important allergen molecules can be defined for the formulation
of such prophylactic vaccines (22). For this purpose it will only
be necessary to define the molecular IgE sensitization profiles
for different populations and countries in the world with an
already existing technology of molecular diagnosis (14, 82). For
many important respiratory allergen molecules, recombinant
B cell epitope-based peptide carrier vaccines have already been
pre-clinically characterized and it seems that the technology is
broadly applicable to all types of allergens including also food
and venom allergens (68). Nevertheless, we have focused in this
article on inhalant allergies for several reasons: First, inhalant
allergies are more than 10-fold more prevalent than food allergies
and it will therefore be very difficult to conduct preventive AIT
studies because very large numbers of study subjects will be
needed to visualize if an allergen-specific preventive intervention

is effective. Second, most of the progress regarding molecular
immunotherapy strategies has been made in the field of inhalant
allergies whereas relatively few candidate molecules are available
for food allergy. Third, class 1 food allergens contain often
sequential IgE epitopes and it may be technically more difficult
to create non-sensitizing allergen derivatives for prevention.
However, the strategy described in our perspective article will be
tully applicable also for food allergy.

Since the underlying mechanisms of action of different
recombinant B cell epitope-based peptide carrier vaccines
have been shown to be identical (i.e., induction of allergen-
specific blocking IgG responses), it will be easy to formulate
the individual components separately and then mix them
by taking into account the IgE recognition profiles of the
different populations. The technology applied for BM32
currently is based on the adsorption of the four individual
components onto aluminum hydroxide followed by mixing
of the four adsorbates (73). Accordingly, such mixes can
be formulated also for other components from unrelated
allergen sources with this technology. Furthermore, it
should be possible to combine peptides from different
allergen molecules in single fusion proteins, which should
allow reducing the number of components needed for
allergy vaccines, which protect against several different
allergen sources.

However, for many countries few important allergen sources
can already be defined for prophylactic allergy vaccination. For
example, birch pollen and cat allergies dominate in Scandinavia
and Russia (17, 20, 83). A prophylactic birch pollen allergy
vaccine would require only one allergen component, i.e., the
major birch pollen allergen, Bet v 1 and a cat vaccine would
be based primarily on the major cat allergen, Fel d 1. House
dust mite allergy is by far the most important allergy affecting
more than 20% of the population in Asia, Australia and
many other parts of the world (84, 85). For house dust mites
a cocktail of only 6 important allergen molecules has been
defined, comprising Der p 1, Der p 2, Der p 5, Der p 7,
Der p 21, and Der p 23 (86, 87). In Middle and Southern
Europe and America grass pollen allergy dominates (88) and
can be approached with BM32. In the Mediterranean area olive
pollen and certain weeds such Parietaria are common requiring
hyposensitization with Ole e 1 and Par j 1 as well as Par j 2
(89, 90), respectively. In Eastern Europe and parts of the USA
ragweed dominates and mugwort pollen is important in Central
Asia (91, 92).

With the available technology of recombinant B cell epitope-
based peptide carrier vaccines it is thus immediately possible
to explore concepts of prophylactic vaccination for major
allergen source in certain of these countries/continents in
proof of principle clinical trials. However, for each of the
B cell epitope-based peptide carrier vaccines experience must
be collected in therapeutic AIT trials as an initial step
before prophylactic vaccination can be considered (Figure 5,
Table 2). Below, we will discuss three different approaches for
prophylactic allergy vaccination (Box 1: Secondary prevention,
primary prevention).
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FIGURE 3 | Secondary prevention. Prophylactic vaccination to prevent the transition from clinically silent IgE sensitization to the development of allergic symptoms.
Children showing allergen-specific IgE reactivity are vaccinated in order to induce and maintain the production of blocking allergen-specific IgG antibodies to prevent

Time

Secondary Prevention: Prevention of the
Progression of Silent IgE Sensitization

Toward Symptoms

Data obtained by longitudinal testing of children in population-
based birth cohorts with micro-arrayed allergen molecules have
shown that at the age of 4-6 years the majority of children have
only clinically silent IgE sensitizations to respiratory allergens
that later in life progress to symptoms of allergy (17, 23). IgE
levels associated with clinically silent IgE sensitization are usually
low and it seems that threshold IgE levels for silent sensitization
and symptomatic allergy can be defined (83). Furthermore, these
studies have demonstrated that allergen-specific IgE reactivity
patterns and levels measured early in life (i.e., at ages of 4-6 years)
are useful to predict the progression toward symptoms of allergy
(17, 22). Accordingly, these birth cohort studies have indicated
that one can identify children with clinically silent sensitization
at early age, who have an increased risk for becoming allergic
later in life. It is thus possible to identify children to prevent the
progression of silent IgE sensitization toward allergic symptoms
by secondary preventive allergen-specific vaccination (Figure 3).
Practically, it can be imagined that such children are identified
with serological tests detecting IgE responses to a comprehensive
panel of micro-arrayed allergen molecules and to vaccinate these
children with B cell epitope-based peptide carrier vaccines against
the relevant allergens. Proof of principle clinical studies could
be double-blind, placebo-controlled studies, in which one group
of children receives active vaccination whereas a control group
is treated with placebo. Taken into consideration the knowledge
that >3 years treatment is required to achieve long-term clinical

benefits by AIT after discontinuation of treatment (93) one
could envisage that the prototype studies would comprise 3
years of treatment and a follow-up period of another 2 years.
Already during treatment and in the follow up-period one
would record the appearance of allergic symptoms in the two
groups as clinical endpoint, safety and measure the induction
of allergen-specific IgG blocking antibodies and IgE sensitization
as immunological surrogate markers (Table 2). The advantage of
the B cell epitope-based peptide carrier vaccines is that only few
vaccinations are necessary to build up and maintain the blocking
IgG antibody response. Furthermore, it has been shown for
the grass pollen allergy vaccine BM32 that vaccination-induced
IgG reduces the boost of allergen-specific IgE antibodies during
pollen seasons (78). One may therefore hope that this will also
occur in a secondary prevention study and that allergen-specific
IgE levels will be kept below the threshold level for symptoms
whereas allergen-specific IgG is increased in vaccinated children
(Figure 3).

However, one needs to bear in mind that the approach of
secondary prevention will require continuous treatment during
life because IgE sensitization has already occurred in the target
population and upon decline of protective IgG antibody levels
allergen-specific IgE and associated symptoms may appear.

Primary Prevention by Prenatal Maternal
Allergen-Specific Vaccination

Several lines of evidence suggest that primary preventive
allergen-specific vaccination against allergy can be achieved by
maternal vaccination. First of all, it has been demonstrated in
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FIGURE 4 | Primary prophylactic allergy vaccination. (A) Pre-natal vaccination of mothers should induce the basic production of allergen-specific blocking IgG
antibodies which are then increased by a booster injection administered in the third trimester to transfer high levels of protective allergen-specific IgG to the child to
prevent allergic sensitization postnatally. (B) Early post-natal prophylactic vaccination. Children receive early postnatal allergy vaccination to build up and maintain a

protective allergen-specific IgG response to prevent allergic sensitization.

several experimental animal studies that maternal immunization
can suppress allergic sensitization of the off-spring (94-97).
Second, it was shown that that the protective effect is mainly
mediated by the transfer of allergen-specific IgG antibodies
in models of passive immunization (98-101). Third, there is

evidence from clinical experience that AIT of pregnant women
can protect the children from allergen-specific IgE sensitization
(102) and IgG; and IgG, antibodies induced in pregnant women
by AIT were found to be transmitted to the child and could
be detected in cord blood (103). Finally, a recent study has
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FIGURE 5 | Possible path toward prophylactic vaccination with molecular allergy vaccines. Shown are systematic steps toward primary prophylactic allergy
vaccination. Molecular allergy vaccines which have proven to be safe and to induce allergen-specific IgG responses without boosting IgE responses can be further
evaluated in step 1 which comprises vaccination of non-allergic subjects to demonstrate that the vaccine is safe and does not induce allergic sensitization. In step 2,
these vaccines will be evaluated for their ability to prevent the transition of clinically silent sensitization toward allergic symptoms by secondary prevention.
Furthermore, it can be studied if prenatal vaccination of mothers can prevent the development of allergic sensitization in children by blocking IgG antibodies
transferred from the mother to the child. As step 3, early postnatal vaccination may be considered to prevent the development of allergic sensitization in children.

indicated that high levels of natural maternal allergen-specific ~ responses and once they become pregnant, allergen-specific IgG
IgG antibodies may protect against allergic sensitization in the  could be boosted up with a single booster injection given in
children when they were followed up until the age of 5 yearsina  the third trimester. Such a proof of principle study could be
birth-cohort study (26). conducted as double-blind, placebo-controlled study by having
The concept of maternal vaccination is in fact quite well- a group of mothers who receives active vaccination and one
accepted in the field of infectious diseases. Maternal vaccination ~ which receives placebo. The occurrence of IgE sensitization and
is considered particularly in the field of influenza (104, 105),  of allergic symptoms in children followed up during the first
group B streptococcus diseases (106), pertussis (107), and several ~ few years (e.g., 3-5 years) would be important endpoints of
other infectious diseases as safe and effective (108-110). the study (Table 2). The transmission of allergen-specific IgG
Practically one could consider maternal vaccination with  from the mother to the child and the development of the child’s
recombinant B cell epitope-based peptide carrier vaccines once  own allergen-specific antibody responses could be measured by
it has been demonstrated that the vaccine does not induce  analyzing capillary blood samples using allergen micro-arrays as
allergic sensitization and is safe in non-allergic subjects but  reported recently (26).
induces high levels of allergen-specific IgG blocking antibodies The major hope and expectation with the approach of
(Figures 4A, 5, Table 2). There is currently no reliable marker = maternal vaccination would be that it can prevent allergic
which would safely predict if children from certain parents will  sensitization of the child without requiring further vaccination
develop allergic sensitization to a particular allergen molecule.  of the children. However, this has to be demonstrated in proof of
Therefore, proof of principle studies investigating if primary  principle clinical studies.
allergy prevention by maternal vaccination will not require pre- ) .
selection of the participating mothers. Such studies should be Primary Prevention by Early Post-natal
performed in populations in which sensitizations to certain AIIergen-Specific Vaccination
allergens are very common and suitable vaccines for these  In order to achieve primary allergy prevention by early postnatal
molecules should be available. For example, preventive studies  vaccination, immunization needs to be done before allergic
for grass pollen allergy could be performed with BM32 in Middle  sensitization has taken place. Otherwise the approach would
Europe, vaccination against birch pollen allergy could be done  qualify only as a secondary preventive approach (Box 1). Thus,
with a hypoallergenic Bet v 1 variant in Russia and Scandinavia ~ children would need to be vaccinated shortly after birth to
and preventive vaccination against house dust mite allergy in  build up a blocking allergen-specific IgG response to prevent
large parts of Asia. Such proof of principle studies could enroll  allergic sensitization. In the case of prophylactic vaccines for
women with a wish of having children by administering to them  infectious diseases the goal is to establish a specific B cell
a course of basic vaccinations to build up allergen-specific IgG ~ memory which is activated upon infection and will protect
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TABLE 2 | Possible path toward prophylactic vaccination with molecular allergy vaccines.

Step Type of study Possible study endpoints Possible favorable outcomes
Step 0 Therapeutic vaccination of Safety. Induction of allergen-specific IgG Safe
allergic patients blocking antibodies. Boosting of Induction of high levels of allergen-specific IgG without boosting
allergen-specific IgE responses. Induction of allergen-specific IgE production. No induction of clinically relevant
allergic sensitization allergic sensitization. Reduction of symptoms
Reduction of symptoms
Step 1 Vaccination of non-allergic Safety. Induction of allergen-specific IgG Safe
subjects blocking antibodies. Induction of allergic Induction of high levels of allergen-specific IgG inhibiting allergic
sensitization. Appearance of symptoms of patients IgE binding to allergens. No induction of clinically relevant
allergy allergic sensitization
Step 2 Secondary preventive Safety. | Prevention of transition of mild allergic Safe. |. Prevention of progression of mild toward severe symptoms
vaccination of sensitized symptoms toward severe symptoms. Effects II. Prevention of progression of clinically silent IgE sensitization to
children on symptoms symptoms of allergy
II. Prevention of transition of clinically silent IgE
sensitization to symptoms. Development
of symptoms
Step 2 Prenatal vaccination of Safety. Induction of allergen-specific IgG in Safe
mothers mothers. Prevention of allergen-specific IgE Induction of allergen-specific IgG in mothers. Prevention of
sensitization in off-springs allergen-specific IgE sensitization in off-springs
Step 3 Early postnatal primary Safety. Prevention of allergen-specific IgE Safe

preventive vaccination of
not yet sensitized children

sensitization. Induction of allergen-specific IgG

Induction of allergen-specific IgG capable of inhibiting IgE binding
to allergen. No induction of clinically relevant allergic sensitization.
Prevention of allergen-specific IgE sensitization

BOX 1 | Definitions relevant to approaches for allergy vaccination.

Therapeutic vaccination: Allergen-specific immunotherapy (AIT)

SCIT: Subcutaneous allergen-specific immunotherapy

SLIT: Sublingual allergen-specific immunotherapy

Secondary prevention: Prevention of progression of mild symptoms to severe
disease

Secondary prevention:
sensitization to symptoms

Prevention of progression of clinically silent

Primary prevention: Prevention of IgE sensitization

Recombinant peptide-carrier allergy vaccine: Recombinant allergy vaccine
consisting of a non-allergen-derived carrier molecule and non-allergenic
peptides derived from the IgE binding sites of the allergen.

ideally life-long. Regarding allergy, the goal is to prevent allergic
sensitization which according to birth cohort studies occurs
only early in childhood whereas allergen contact later in life
does not induce allergic sensitization. It therefore does not
seem to be important to generate B cell memory which can be
activated by allergen contact later in life but to keep protective
allergen-specific antibodies high during early life when allergic
sensitization occurs.

While there is evidence for a genetic predisposition for
becoming sensitized toward particular allergen molecules
depending on the HLA background (9, 65), there are currently
no definitive markers which would allow to safely define children
who are at risk of becoming sensitized against a particular
allergen. Accordingly, there will be no possibilities to select
children for a proof-of-principle study for primary preventive
vaccination. However, the study would need to be performed

in populations in which certain allergies are highly prevalent
as has been described for maternal vaccination. In such a
proof-of-principle study children would receive shortly after
birth a course of vaccinations with B cell epitope-based peptide
carrier vaccines made for allergens which are highly prevalent
in the population to build up an allergen-specific IgG blocking
antibody response (Figure 4B). This IgG response should be
maintained by booster injections for a period of ~3 years which
is the preferred time for AIT studies to build up sustained
IgG responses. The study should include a placebo group
receiving only adjuvant and thus would be designed as double-
blind, placebo-controlled study (Table 2). During the 3 years of
vaccination and during a follow up period of ~2 to 3 years
thereafter children would be monitored to study the development
of IgE sensitizations and allergic symptoms and to monitor
allergen-specific IgG antibody responses in addition to a careful
safety assessment (Table 2). Ideally, the study would show that
primary preventive vaccination of the children is safe, induces an
allergen-specific IgG blocking antibody response and specifically
prevents allergic sensitization.

A POSSIBLE PATH TOWARD PREVENTIVE
ALLERGEN-SPECIFIC ALLERGY
VACCINATION

In Figure 5, we suggest a possible path toward prophylactic
vaccination with molecular allergy vaccines which involves
different steps to ensure safety and demonstration of feasibility.
We argue that molecular allergy vaccines which are considered
for prophylactic vaccination should be evaluated initially in
therapeutic AIT studies in allergic patients (Figure 5, step 0).
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Such studies will provide information regarding the safety of
these vaccines in allergic patients and it can be assessed if the
vaccines induce desired allergen-specific blocking IgG responses
with low or no boosting of allergen-specific IgE responses.
Furthermore, it can be determined if the allergen-specific IgG
antibodies indeed block allergic patients’ IgE binding to the
allergens and provide a beneficial clinical effect.

In a next or parallel step to therapeutic AIT, the vaccines
should be evaluated in a clinical study in non-allergic adult
subjects to investigate if the vaccine is also safe in non-allergic
patients. In particular it has to be studied if the vaccine induces
any relevant allergic sensitization as has been done in a recently
published study (52) (Figure 5, step 1, Table 2). Allergen-specific
IgG antibodies will be tested for their ability to block allergic
patients’ IgE binding to the allergen and the kinetics of their
induction, their levels and how long they persist will be analyzed
to facilitate the planning of preventive studies.

After step 0 and 1, data should be available to plan secondary
preventive studies which are thought to investigate if vaccination
can prevent the progression of clinically silent IgE sensitization
toward allergic symptoms and/or the progression of mild
symptoms such as rhinitis toward severe ones, e.g., asthma.
These studies will benefit much from the experience collected
in the therapeutic AIT studies because they represent a logic
continuation of the therapeutic studies. In fact, it is quite likely
that secondary prevention will be much more safe and effective
than therapeutic AIT because these approaches will prevent
the occurrence of severe allergic symptoms. Thus, one has to
consider that it will be much more difficult to treat allergic
subjects with already existing severe allergic symptoms than
subjects with no or mild symptoms because side effects may
be much less frequent, if any, in the latter group of subjects.
Data from studies analyzing vaccination of non-allergic subjects
will inform about the IgE sensitization capacity of the vaccines
and hence will provide important information for secondary
preventive approaches because any boosting of IgE responses in
IgE sensitized subjects without clinical symptoms or in subjects
with mild allergy would be unintended.

Furthermore, steps 0 and 1 will be important prerequisites
for primary maternal vaccination because maternal vaccination
will be performed ultimately in mothers who are allergic or
not sensitized. Regarding vaccination of allergic mothers it is
important that the safety of the vaccine in allergic patients has
been demonstrated in AIT studies whereas for vaccination of
non-allergic mothers it will be important to know that the vaccine
does not induce relevant allergic sensitization.

Since early postnatal allergen-specific vaccination of not
sensitized children involves very young children and requires
experience with the intended vaccine regarding safety and lack
of sensitization capacity we suggest to consider it as the last step
(i.e., step 3) after therapeutic AIT studies (step 0), vaccination
of non-allergic adults (step 1), secondary preventive vaccination
of children (step 2) or maternal vaccination (step 2) (Figure 5,
Table 2). Ideally, primary preventive allergy vaccination may
already be achieved by maternal vaccination which would reduce
the need for early post-natal preventive vaccination of children.

The indicated path toward prophylactic vaccination (Figure 5,
Table 2) could be accelerated through the use of modern

molecular allergy vaccines if tested for several important allergens
in parallel. Furthermore, it will be helpful if vaccines are used
which resemble the advantageous features of the B cell epitope-
based peptide carrier vaccines and build up protective allergen-
specific IgG antibody responses. A similar mode of action of
vaccines may in fact reduce the number of clinical trials needed.

Important next steps will be to follow the path described
in Table 2 with available B cell epitope-based peptide carrier
vaccines, such as BM32, and to investigate in proof-of-principle
studies if the proposed concept for prophylactic vaccination is
indeed feasible.

CONCLUSION

Prophylactic vaccines are available for infectious diseases
but not yet for IgE-associated allergy, the most common
immune mediated hypersensitivity disease. Allergen-specific
immunotherapy (AIT) is an effective and disease-modifying
treatment for allergy. It represents a therapeutic vaccination,
which induces allergen-specific IgG antibodies blocking IgE
recognition of allergens and subsequent allergic inflammation
induced by IgE-allergen immune complexes. AIT is an
economic and the only disease-modifying treatment with
long-lasting effects even after discontinuation but currently
only 10% of allergic patients receive AIT treatment. The
broad application and further development of AIT is limited
by the poor quality of natural allergens extracts. With the
molecular characterization of the disease-causing allergens,
new forms of molecular AIT have been developed of which
B cell epitope-based peptide carrier vaccines have been
evaluated in several clinical trials and were found to exhibit
several characteristics which make them possible candidates
for prophylactic allergy vaccination. We suggest a stepwise
evaluation of these new molecular allergy vaccines in clinical
trials to develop vaccines for secondary and primary vaccination
against allergy. Secondary preventive allergy vaccination may
prevent the development of severe allergic symptoms in allergic
patients and thus may be considered more safe and effective than
therapeutic vaccination of patients suffering already from severe
allergic symptoms. Primary prevention of allergic sensitization
may be achieved by maternal vaccination inducing blocking
allergen-specific IgG antibodies that are transmitted by the
placenta and may prevent allergic sensitization in the off-
spring. Alternatively, primary preventive vaccination of not
yet sensitized children early after birth may be considered.
Preventive allergy vaccination with modern molecular allergy
vaccines may be a possible mission that holds the promise for
eradicating allergic diseases similar as has been achieved for
infectious diseases.
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