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Abstract

Bee venom immunotherapy is the main treatment option for bee sting allergy. Its major limitations are the high percentage of
allergic side effects and long duration, which are driving the development of novel therapeutic modalities. Three general
approaches have been evaluated including the use of hypoallergenic allergen derivatives, adjunctive therapy, and alternative
delivery routes. This article reviews preclinical and clinical evidence on the therapeutic potential of these new therapies. Among
hypoallergenic derivatives, hybrid allergens showed a markedly reduced IgE reactivity in mouse models. Whether they will offer
therapeutic benefit over extract, it is still not known since clinical trials have not been carried out yet. T cell epitope peptides have
proven effective in small clinical trials. Major histocompatibility complex class II restriction was circumvented by using long
overlapping or promiscuous T cell epitope peptides. However, the T cell-mediated late-phase adverse events have been reported
with both short and longer peptides. Application of mimotopes could potentially overcome both T cell- and IgE-mediated
adverse events. During this evolution of vaccine, there has been a gain in safety. The efficacy was further improved with the
use of Toll-like receptor-activating adjuvants and delivery systems. In murine models, the association of allergen Api m 1 with
cytosine-guanosine rich oligonucleotides stimulated strong T-helper type-1 response, whereas its encapsulation into
microbubbles protected mice against allergen challenge. An intralymphatic administration of low-dose vaccine has shown the
potential to decrease treatment from 5 years to only 12 weeks. Bigger clinical trials are needed to follow up on these results.
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Abbreviations TLR Toll-like receptor

BVIT Bee venom immunotherapy Treg Regulatory T cell

CpG Cytosine-guanosine rich oligonucleotides 3D structure  Three-dimensional structure

HBV Honeybee venom

HLA Human leukocyte antigen

Ig Immunoglobulin Introduction

IL Interleukin

IFN Interferon Honeybee venom allergy is a potentially life-threatening aller-
LSP Long synthetic peptide gic reaction following a bee sting. In Europe, insect stings
MHC Major histocompatibility complex cause 48.2% of all anaphylactic reactions in adults [1]. Bee
PBMC Peripheral blood mononuclear cell venom immunotherapy (BVIT) is the only available treatment

PLGA-MS  Poly lactide-co-glycolide acid microspheres
PolyL:C Polyriboinosinic polyribocytidylic acid
SCIT Subcutaneous immunotherapy

SLIT Sublingual immunotherapy

Tyl Type 1 helper T cell
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that can protect allergic patients from subsequent sting reac-
tions. The conventional immunotherapy consists of repeated
administration of honeybee venom (HBV) extracts over 3—
5 years. It has been proven effective in 77-84% of patients
[2—6]. The efficacy of BVIT is described with the term toler-
ance. It refers to clinical unresponsiveness to bee venom aller-
gens that persists after BVIT is stopped. Several studies and
meta-analyses have found that the risk of systemic sting reac-
tions is 5-15% in the 5 to 10 years after discontinuation of
immunotherapy. In food allergy, the induced tolerance is not
equivalent to natural tolerance because it may wane with time,
whereas the natural tolerance is generally thought to be
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permanent. Also, it has been found that the underlying mech-
anisms of these conditions are distinct. Because of these dif-
ferences, the term-sustained unresponsiveness has been pro-
posed in food allergic patients as a more adequate description
of the clinical non-reactivity lasting for 1-6 months after suc-
cessful immunotherapy. The only acceptable outcome for bee
venom allergic patients is complete clinical tolerance.
Anything less than that would potentially place the patient at
risk for serious allergic reactions upon next bee sting.

To characterize the efficacy of BVIT, several immunologic
changes have been used in correlation with the severity of
symptoms upon allergen challenge. The successful treatment
is associated with reduced basophil responsiveness [7], the
rise of allergen-specific immunoglobulin G4 (IgG4), and
gradual fall of IgE [8]. The essential step in BVIT is the in-
duction of peripheral T cell tolerance with the generation of
interleukin (IL)-10-secreting regulatory T cells (Treg) [9, 10].
IL-10 suppresses immune responses to venom allergens
through various effects including immune deviation from
allergen-specific T2 towards Tyl response [11, 12], thus
leading to a class-switch from IgE to IgG4 in B cells [13,
14]. More recently, BVIT was found to induce IL-10-
secreting regulatory B cells as well [15]. It is still unknown
which of these immunologic parameters is eventually respon-
sible for the therapeutic effects of BVIT.

Immunotherapy with HBV extracts faces several impor-
tant limitations. Due to the use of native allergens, its ma-
jor disadvantage is a high risk of systemic allergic side
effects which are reported in 14 to 20% of patients under-
going treatment [4]. Bee venom extracts are available for
subcutaneous BVIT as nonpurified and purified aqueous
preparations or as purified aluminum hydroxide adsorbed
(depot) preparations. Purified aqueous preparations have
been found to cause smaller local reactions compared with
nonpurified aqueous preparations, whereas depot prepara-
tions seem to be associated with fewer local side effects in
comparison with aqueous extracts. Another constraint to
the broader use of BVIT is inconvenient therapy schedule
requiring medically supervised injections every 4 to
8 weeks during 3-5 years [16]. BVIT typically consists
of an up-dosing phase and a maintenance phase.
Currently, four different treatment schedules are used in
up-dosing phase. In a conventional schedule, the mainte-
nance dose is reached in several weeks to months. In cases
that require rapid development of tolerance, the rush or
ultra-rush methods may be applied, where maintenance
dose is reached in a few days or hours, respectively.
Cluster schedule is a modified rush protocol, in which sev-
eral injections are applied at 15- to 30-min intervals during
the first visits and maintenance dose is reached in about
6 weeks. All schedules are equally effective, whereas the
conventional regime appears to be best tolerated. Anti-
histaminic agents are used in combination with these
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methods to increase the safety. Maintenance dose is ap-
plied at 4-8-week intervals during 3—5 years to ensure a
sustained effect. The third drawback of BVIT is related to
the high percentage of treatment failures; 15.8 to 17% of
patients relapse after stopping BVIT [17, 18]. This might
be associated with differences in patient sensitization pro-
file, venom composition, and/or allergen dose, as was the
case with Api m 10, which has been found underrepresent-
ed in licensed HBV extracts and turned out to be the reason
for treatment failure in patients predominantly sensitized to
this allergen [19, 20]. To address these drawbacks, many
research efforts have been undertaken. Here we review
alternative immunotherapeutic strategies for HBV allergy
that have been developed to achieve safer, more conve-
nient, and more effective treatment. Some of the main ad-
vantages and disadvantages of these methods are summa-
rized in Table 1. The field has moved along three non-
mutually exclusive directions: (i) replacement of native
HBYV extracts with hypoallergenic allergen preparations;
(i1) adjunctive therapies; and (iii) alternative administration
routes (Fig. 1).

Replacement of Native HBV Extracts
with Hypoallergenic Allergen Preparations

To improve BVIT, first and foremost aim is to reduce the
allergenic activity of HBV. The rationale for hypoallergenic
preparations is based on the findings that the treatment effica-
cy is dose-dependent—the higher the dose, the greater the
efficacy of the treatment. By manipulating allergen structure
and IgE binding, allergenicity can be reduced and will possi-
bly allow administration of higher doses of the allergen with-
out a risk for adverse reactions. In that respect, several strate-
gies to substitute highly allergenic HBV with safer allergen
preparations have been developed.

Chemically and Heat-Treated HBV Extract

Early methods for reduction of allergenicity of HBV ex-
tract were based on chemical treatment with aldehydes,
which mask or destroy IgE epitopes by acting as protein
cross-linkers, thus generating allergen polymers termed
allergoids [39, 40]. In the later study, heat denaturation of
HBYV allergens was used for the same purpose [41].
However, for production of pharmaceutically acceptable
product, denatured allergens and high-molecular-weight
allergoids cannot be easily manufactured in a reproducible
manner. The degree of chemical derivatization of allergens
is dependent on the availability of free amino-groups in the
individual proteins and therefore the extent of the reduc-
tion of IgE reactivity can vary [42]. Moreover, due to high
molecular weight, allergoids cannot cross biologic
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membranes and thus are unable to express therapeutic ef-
fect via mucosal routes. They also displayed low immuno-
genicity in some studies probably because of the disruption
of certain T cell epitopes in allergens by aldehyde treat-
ment [43, 44]. To overcome these limitations,
carbamylated allergoids were developed. Potassium cya-
nate used for carbamylation acts by converting the charged
e-amino group of the lysine moieties into uncharged ureido
groups. These changes within IgE epitopes on allergens
result in products with decreased allergenic activity [45,
46]. In this way, the original monomeric structure of aller-
gens is retained, and the immunogenicity is preserved [47].
Monomeric allergoid from melittin-free HBV (patented by
Lofarma S.p.A) showed significantly reduced IgE-binding
activity and was able to induce HBV-specific IgG in mice
[21]. It was proven to be as efficient as unmodified venom
in preventing allergic reactions in patients upon sting chal-
lenge while causing fewer side effects.

a Hypoallergenic allergen preparations

Recombinant allergens

v

Allergoid T cell epitope peptides

Gas-filled microbubbles

Polymeric microspheres

Fig. 1 Development of alternative immunotherapies for bee venom
allergy. The research is focusing on three main areas. a Design of
hypoallergenic allergen components, whose rationale is to greatly
reduce the risk of IgE cross-linking and thus of anaphylactic reactions
by destroying IgE epitopes (dashed rectangles) using either chemical
treatment or recombinant techniques such as fragmentation, mutation,
or hybridization. b Implementation of adjunctive therapies in the form
of novel adjuvants and delivery systems to direct allergen-specitic
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Recombinant Hypoallergenic Derivatives of HBV
Allergens

To achieve better safety of BVIT, several attempts have
concentrated on the concept of a molecular approach to
allergy immunotherapy, which is based on recombinant
allergens and their hypoallergenic derivatives (Fig. 1).
An important advantage of this therapy is that it allows
the application of individual, well-characterized allergen
molecules with known biological activity [48]. The vac-
cine is thus devoid of irrelevant components and can be
tailored to the patient’s sensitization profile [49, 50]. The
evidence from clinical trials in inhalational allergies sug-
gests that recombinant allergens can replace natural aller-
gen extracts [50, 51]. In the case of HBV allergy, several
major allergens have been expressed in recombinant form
[52-54], using the expression systems capable of
performing posttranslational modifications for allergens

X

e

X’%

Mutant Unfolded Fusion allergen

geny W%,

Carrier bound mimotopes

C Alternative administration routes

Lymph node

responses towards protective Tyl-type immunity and/or to achieve
targeted delivery and controlled release. ¢ Utilization of alternative
routes to reduce systemic unwanted reactions and promote modulation
of immune responses towards tolerization by targeting delivery to the
immune cells involved in tolerance induction. All the measures are
aiming at reducing allergenicity and improving the efficacy of current
honeybee venom (HBV) extract-based immunotherapy



Clinic Rev Allerg Immunol

Fig. 2 Three-dimensional a S b

structures of recombinant HBV il g — b
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Homology model of fusion
protein containing Api m 1 and
Apim 2 (PDB ID: 1FCQ) [59]. d
Homology model of mosaic
fusion protein consisting of
rearranged fragments of Apim 1,
Apim 2, and Api m 4 (PDB ID:
IMLT) [60]. Tertiary structures of
Api m 1/2 fusion and mosaic
fusion of Api m 1, 2, and 4 were
predicted by I-TASSER [61, 62].
The figure was prepared with the
PyMOL Molecular Graphics
System, Version 2.0 Schrodinger,
LLC8

Native Api m 2

+

W

Native Api m 4

with carbohydrate epitopes [55]. Among 12 allergens
present in HBV, Api m 1 (phospholipase A2) is identified
as the major disease-causing agent recognized by specific
IgE of up to 90% of HBV-allergic patients [56, 57]. Api m
1 is, therefore, most commonly chosen as a candidate for
molecule-based immunotherapeutic approaches (Fig. 2a).
However, recombinant Api m 1 possesses a comparable
allergenic activity to that of natural allergen; hence, it
would probably elicit similar allergic side effects during
immunotherapy [63]. Hypoallergenic derivatives of Api m
1 were therefore produced and examined (Fig. 2b—d).

In a study by Akdis et al. [22], the recombinant hypoaller-
genic variants of Api m 1 were generated through disruption
of its three-dimensional (3D) structure by preventing correct
folding. This was based on the finding that the recognition of
Apim 1 by IgE depends on conformation of the allergen [64].
In cultures of peripheral blood mononuclear cells (PBMC)
from HBV-allergic patients, the unfolded Api m 1 variants
exhibited immunomodulatory effects by stimulating the pro-
duction of Tj;1-dominant cytokines and IgG4 as opposed to
the correctly folded variants which induced Ty2-type cyto-
kines and IgE secretion.

Api m 1 mutant

Mosaic fusion of Apim 1, 2 and 4

In contrast to the previous approach, site-directed mutagen-
esis is aimed at changing the epitopes of the allergen without
influencing its 3D structure. In order to obtain safe hypoaller-
genic recombinant molecules, an understanding of IgE-
reactive sites is necessary because retention of IgE reactivity
can lead to allergic reactions. This is particularly relevant for
bee venom allergens given the high incidence of adverse al-
lergic reactions with potentially fatal consequences. Buhot
et al. [23] constructed a number of Api m 1 mutants by intro-
ducing 24 single amino acid substitutions and deletion be-
tween residues 106 and 115 in an exposed surface area (Fig.
2b). The knowledge of the 3D structure and the location of T
cell epitope regions was applied to avoid local structural alter-
ation and destruction of T cell epitopes [26, 29, 65, 66]. All
mutated molecules were evaluated for IgE binding, and thus,
the contribution of individual amino acid positions to IgE
binding was determined. It was found that only the Api m 1
mutant comprising of all the mutations and a deletion exhib-
ited a strongly reduced reactivity with patients’ IgE. However,
IgG antibodies elicited upon immunization of mice with this
mutated protein did not recognize native allergen, possibly
due to significant modification of allergen topology which
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Fig. 3 Peptide immunotherapy a
for HBV allergy. a Apim 1

primary structure. T cell epitopes

are underlined (magenta and

blue); IgE epitopes are colored

10 17 24 30 40 50
IIYPGTLWCG HGNKSSGPNELGRFKHTDAC CRTHDMCPDV MSAGESKHGL,

60 70 80 90 100
TNTASHTRLS CDCDDKFYDC LKNSADTISS YFVGKMYFNL IDTKCYKLEH

(red and green). b Molecular
representation of Api m 1—
derived T cell epitope peptides. ¢
Molecular representation of Api
m 1 mimotopes (dark red and
dark green) fused to
bacteriophage M13 minor coat
protein pllI carrier (PDB ID
1G3P) [72]. The figure was
prepared with the PyMOL
Molecular Graphics System,
Version 2.0 Schrédinger, LLC

T

led to dynamic and flexible tertiary structure [67]. In addition
to the difficulties with obtaining the molecule that is function-
al upon mutation, a large number of mutants that needs to be
produced and tested to determine the best candidate render
this approach cumbersome and expensive.

In the case of multiple sensitivities, the costs of recombi-
nant vaccine would be even higher because it is likely that a
cocktail of allergen molecules would be required. Since HBV-
allergic patients are typically sensitized to several different
allergens in HBV [68], the treatment with only one major
allergen might be insufficient [69]. This issue was addressed
by Kussebi et al. [24] who produced hybrid Api m (1/2) fusion
protein containing a complete sequence of two clinically im-
portant HBV allergens, Api m 1 and Api m 2 (hyaluronidase)
(Fig. 2c). Due to the destruction of conformational B cell
epitopes of each individual allergen in the fusion molecule,
Api m (1/2) protein showed abolished IgE reactivity and sig-
nificant decrease in skin test reactivity. On the other hand, the
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Api m 1-derived T cell epitope peptides

Api m 1 plll-fused mimotopes

capacity of Api m (1/2) to induce T cell responses was pre-
served. Pretreatment of mice with Api m (1/2) fusion protein
suppressed the production of specific IgE and other antibody
isotypes upon stimulation with native Api m 1 [24]. Similar
effects were observed with another engineered fusion protein
from HBV allergens consisting of rearranged fragments of Api
m 1, Api m 2, and Api m 4 (melittin) (Fig. 2d). This mosaic
protein showed 100 to 1000 times reduced skin test reactivity
in allergic patients [25]. Hybrid allergens have appeal for pa-
tients who are sensitive to more than one allergen from bee
venom. Given that only one molecule has to be produced and
processed instead of several recombinant allergens, fusion
vaccine can reduce manufacturing costs. Moreover, the hy-
bridization may result in improved immunogenicity [70].
Even though the clinical efficacy of recombinant hypoal-
lergenic variants of HBV allergens has not been assessed yet,
studies on inhalation allergens have shown that the immuni-
zation with the whole allergen stimulates IgGs which are
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directed against all parts of allergen molecule, and, as such,
may confer different biological effects (may enhance or inhibit
allergic reaction) [71]. As a potential solution, the use of only
a minimal allergen component (immunodominant antigenic
determinant, i.e., epitope) has been proposed.

Epitope-Based Peptides

Epitope-specific treatment offers a possibility for the develop-
ment of the next generation of allergy vaccines containing
solely the necessary T and B cell epitopes or their mimetics
(mimotopes), thus eliminating undesirable side effects in-
duced by irrelevant determinants. Compared with whole aller-
gen, epitope vaccines have many advantages, including in-
creased safety, rational engineering of epitopes for increased
potency, and the ability to focus the immune response on
conserved epitopes.

Api m 1-Derived T Cell Epitope-Bearing Peptides

T cell epitope-bearing peptides are derived from allergen pri-
mary sequence (Fig. 3a). When applied in immunotherapy,
they primarily target the T cell arm of the immune response
and thus bypass IgE-mediated side effects [73]. Induction of T
cell tolerance is found to be their major mechanism of action
[74]. In initial studies, a restricted set of short T cell epitope
peptides was used (Fig. 3b). Muller et al. [27] immunized five
HBV-allergic patients with a mixture of three Api m 1—derived
T cell reactive peptides [26] over a period of 2 months. The
treatment was safe and led to the T cell hyporesponsiveness
and inhibition of Ty1 and Ty2 cytokine production in PBMCs
from treated patients. After provocation with subcutaneous
injection of native Api m 1, no allergic reactions were ob-
served in treated patients. However, upon sting challenge,
mild systemic skin allergic symptoms appeared in two pa-
tients. The reason for incomplete protection in these two pa-
tients might be a sensitization to other HBV allergens, besides
Apim 1, which was found later on in the study. This trial was
the first in-human study which validated the concept of T cell
epitope peptides and started elucidating the mechanism of
peptide-induced immune tolerance, thus laying the ground
for peptide immunotherapy in allergic diseases. Altered pep-
tide ligands are another type of short T cell epitope peptides
which were considered for therapy of HBV allergy. They are
obtained by substituting certain amino acid residues found in
contact of the peptide with T cell receptor. Peptides modified
in such a manner may influence T cell proliferation and cyto-
kine production through the delivery of antagonist or partial
agonist signal [75]. Immunization of mice with altered peptide
ligand of immunodominant T cell epitope of Api m 1 (amino
acid 81-92 in which phenylalanine at position 82 is replaced
with alanine) led to reduced IL-4 production in Api m 1-
specific T cells. This effect was ascribed to the lower binding

affinity of the altered ligand to major histocompatibility com-
plex (MHC) class I molecules compared with the native pep-
tide [76]. Aforementioned studies suggest that the short
immunodominant T cell epitope peptides of Api m 1 might
be able to suppress immune response against the entire aller-
gen in allergic patients. However, in clinical practice, due to a
great amount of heterogeneity of human leukocyte antigen
(HLA) genotype found within the population, the treatment
with short peptides will require predetermination of T cell
responses of the individual patient. This represents a major
burden in the conception of such vaccine.

As an alternative, the peptides covering a wide range of T
cell epitopes were considered to circumvent MHC class 11
restriction of human T lymphocytes. Kédmmerer et al. [65]
examined the use of long synthetic peptides (LSPs)
encompassing the entire sequence of Api m 1 with overlaps
that ensure the presence of all possible T cell epitopes. In
proliferation experiments on PBMCs isolated from HBV-
allergic patients, long 40—60-mer peptides were more
tolerogenic than the short 15-mer peptides bearing
immunodominant T cell epitopes [65, 77]. Importantly, LSPs
exhibited low IgE binding activity despite their size probably
because of the lack of original three-dimensional structure. In
a murine model of HBV allergy, intraperitoneal administration
of three Api m 1—derived LSPs induced deviation of
established T2 immune response towards Ty 1 type and effi-
ciently protected the mice against anaphylaxis after allergen
challenge. This was accompanied by the inhibition of specific
IgE and enhanced production of IgG2a (equivalent to human
IgG4) [78]. Intranasal administration of these peptides to mice
induced systemic tolerance in both prophylactic and therapeu-
tic settings [79]. Fellrath et al. [28] investigated further these
Api m 1—derived LSPs in humans, in a randomized, double-
blind placebo-controlled phase I trial on 16 HBV-allergic pa-
tients. Immunotherapy lasted 70 days and consisted of a 1-day
dose escalating protocol followed by five subsequent mainte-
nance doses of each of the LSPs. In contrast to the placebo,
active treatment induced an enhanced production of IL-10 and
immune deviation towards Ty1-type response in PBMC cul-
tures from treated patients. Allergen-specific IgG4, and not
IgE, was increased throughout the study period. The ability
of LSPs to induce allergen-specific IgG may provide a clinical
benefit to short T cell epitope peptide vaccines. However,
approximately 3 h after the peptide injection, two patients
developed systemic allergic reactions (hand pruritus and a
flash of the upper trunk). The delayed character of these reac-
tions was suggestive of late-phase side effects and might be
related to the IgE-independent stimulation of allergen-specific
T cells. As a second strategy for overcoming MHC I restric-
tion, Tarzi et al. [30] evaluated Api m 1—derived promiscuous
T cell epitope peptides with binding affinity for commonly
expressed HLA-DR molecules [29, 80] in 12 subjects with
mild HBV allergy. The peptides caused decreased skin
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sensitivity to HBV along with a suppressed proliferation of
effector T cells, reduced secretion of IL-13 and IFN-y, and
increased IL-10 production. Although this approach has
shown promise, its applicability in clinical practice is limited
because it would be laborious and time-consuming to perform
direct binding assay (HLA-typing), particularly when several
disease-causing allergens need to be covered.

Altogether, the aforementioned clinical trials gave us some
insights into the immune mechanisms underlying therapy with
Apim 1—derived T cell epitope peptides. However, due to the
small number of enrolled patients, no level of evidence can be
ascribed to any type of the peptides examined. Moreover, it is
noteworthy that described studies are of an older date (late
1990s or early 2000s) and there are no new clinical trials
scheduled.

Api m 1 Mimotopes

According to aforementioned studies in patients with bee
venom allergy as well as the studies pertaining to cat aller-
gy [81, 82] and the most recent clinical trial in birch pollen
allergy [83], late-phase side effects appeared to be a com-
mon problem in the clinical application of T cell epitope
peptides, most likely due to the activation of allergen-
specific T cells [28]. Mimotopes are short peptides that
mimic B cell epitopes of allergen and hold the promise to
overcome both IgE- and T cell-mediated side effects dur-
ing immunotherapy [84]. Mimotopes are nonallergenic be-
cause they are too short to engage receptor-bound IgE on
effector cells. On the other hand, they do not contain
allergen-derived T cell epitopes and thus could not trigger
late-phase T cell-mediated side effects. Since mimotopes
are epitope-specific, they are more likely to induce protec-
tive IgG antibodies compared with the whole allergen [71].
In a recent study, we reported the identification of
mimotopes of Api m 1 by screening phage display random
peptide libraries against anti-Api m 1 IgG antibodies [31].
Thirty-six out of 46 positive phage clones exhibited high
and specific binding for target antibodies and competed
with Api m 1 for the same paratopes, thereby confirming
to be mimetic of Api m 1 IgG epitopes. The relevance of
the selected mimotopes in HBV-allergic patients was sub-
sequently established by demonstrating their specific bind-
ing to IgE from patients’ sera. Apart from their use in
immunotherapy, mimotopes can be employed for the iden-
tification of epitopes and thus help us in understanding
which structural features of allergens are responsible for
their allergenic potential. Using selected mimotope se-
quences in combination with computational tools, we
mapped the corresponding epitopes of Api m | between
amino acids 17-24 and 119-124 (Fig. 3a, red and green).
Since mimotopes are very poor immunogens on their own
[85], in order to be considered for active immunization,
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they necessitate the assistance of a carrier or delivery sys-
tem (Fig. 3c).

Overall, the epitope-focused approach offers prospects for
effective, safe, and specific treatment of bee venom allergy but
requires further characterization of major allergens’ epitopes.
While a number of T cell epitopes have been identified, there
is scant information regarding the IgE epitopes of bee venom
allergens. Candidate epitopes must be properly designed and
engineered by taking into account genetic instability and het-
erogeneity of different patients to cover all protective epitopes
in treated population.

Adjunctive Therapies

While molecular vaccines have a better safety profile when
compared with whole HBV extracts, they are often associated
with lower immunogenicity and stability. For that reason, re-
cent efforts are aiming at enhancing vaccine efficacy by ap-
plication of specific delivery systems [86] and/or Ty 1-stimu-
lating adjuvants [87] (Fig. 1).

Allergen-Delivery Systems

Microparticulate delivery systems are used in allergy immu-
notherapy to achieve sustained release and selective targeting
of specific immune cells [88]. They exhibit these beneficial
effects by promoting the uptake of allergen in antigen-
presenting cells such as dendritic cells and macrophages
and/or by carrying immunomodulatory substances such as
Toll-like receptor (TLR) agonists [86].

Due to their role in immune responses, skin dendritic
cells have become attractive targets for allergy vaccines
[89]. Epicutaneous delivery of an allergen via a transder-
mal patch or specially developed delivery system allows
direct targeting of these antigen-presenting cells.
Microemulsions are especially useful for that purpose
thanks to their ability to increase skin hydration and disrupt
the lipid barrier of the stratum corneum, whereas thermo-
dynamical stability and the ability to solubilize both hydro-
philic and lipophilic molecules make them suitable for the
formulation of a protein containing drug delivery system
[90]. Additionally, symptoms of contact dermatitis which
frequently occur after application of dermal patches can be
avoided by using microemulsion. Kiselmann et al. [35]
incorporated Api m 1 into a stable microemulsion and ex-
plored its usage as a delivery system for epicutancous im-
munotherapy. Epidermal penetration assessment showed
that Api m 1 was released over time into deeper skin layers
and reached Langerhans cells or even dendritic cells pre-
sumably by the formation of an epidermal drug depot. In a
study by Schuppe et al., the developed microemulsion
displayed immunomodulatory and therapeutic effects in a
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mouse model [36]. The main disadvantage associated with
microemulsion method is the necessity for the high con-
centrations of surfactant and/or cosurfactant to stabilize the
droplets of microemulsion, which may cause an irritation.
Microbubbles are used in clinical practice as an imaging
contrast agent with a very good safety profile [91].
Ultrasound-mediated microbubble destruction has recently
been proposed as a novel way of drug delivery. It includes
the application of drug-carrying microbubbles to the spe-
cific area of interest and then bursting the microbubbles by
ultrasound to achieve site-specific delivery of bioactive
material. Bioley et al. [92] tested this delivery method on
a murine model of HBV allergy. A prophylactic adminis-
tration of microbubble-associated denatured Api m 1
protected mice against allergen challenge. The treatment
led to elevated levels of specific IgG and IgA, decreased
production of Ty2 type cytokines and increased frequen-
cies of Treg cells. Subsequently, administration of
microbubble-encapsulated denatured Api m 1 to mice with
established allergy yielded similar immunological changes
and protected all challenged animals [34]. Microbubbles
have good safety record as a contrast agent. However,
when used as delivery vehicles, ultrasound used for their
destruction may cause rupture of microvasculature and he-
molysis. Today, the studies and the expertise involving
administration of microbubbles are still restrained to a lim-
ited number of centers. Since microbubbles stay in circu-
lation for only a short time, the optimal dosage and timing
of microbubbles administration are the questions that re-
main open.

Trindade et al. [33] produced and evaluated poly
lactide-co-glycolide acid microspheres (PLGA-MS) with
encapsulated HBV to determine whether they can control
the delivery of venom and thus possibly allow a reduction
of a total number of injections during traditional BVIT.
Among six different types of polymer microparticles, it
was found that the 34 kDa-COOH PLGA-MS possess the
most favorable release profile with a low initial burst of
HBYV followed by slow release over time. The strong in-
teractions between positively charged HBV and negatively
charged polymers are probably responsible for the delayed
release. This formulation applied in vivo is therefore ex-
pected to constantly stimulate immune system. The prob-
lems that may arise in the manufacture of polymer micro-
particles are protein instability during microencapsulation,
storage, and release as well as the denaturation of allergen,
low encapsulation efficiency, and chemical reaction of al-
lergen with polymer. It is also difficult to optimize the
dose. In terms of immunogenicity, Gomez et al. [93]
showed that PLGA-MS containing Api m 1 were able to
provoke only a weak antibody response in mice. However,
when Api m 1 was co-encapsulated with cytosine-
guanosine rich oligonucleotides (CpG) within PLGA-MS,

it stimulated strong production of Api m 1—specific IgG2a.
The effect was further augmented by complexation of the
CpG with protamine. As this study shows, microparticles
may not be adequately immunogenic on their own and
therefore, an adjuvant (e.g., TLR agonist) is added to
achieve more potent or targeted effect.

Such synergistic action can be accomplished with the ap-
plication of microbes or their components as delivery systems
because they can concurrently deliver the therapeutic mole-
cules and stimulate an immune response [94]. Among differ-
ent candidates, bacteriophages have shown good potential as
carriers of allergen epitopes and mimotopes in animal models
[95-97]. Studies have found that bacteriophages induce more
focused IgG response against displayed epitope in comparison
with ovalbumin [98, 99]. Nonetheless, their use in humans is
restrained by strict regulation of genetically modified organ-
isms [100, 101] and an increased risk of transferring antibiotic
resistance to F pili positive intestinal E. coli [102]. Moreover,
mimotopes are often displayed in multiple copies on phage
particle and may thus cause IgE cross-linking and activation
of effector cells during allergy immunotherapy. We, therefore,
examined the application of a single minor coat protein plII
from M13 bacteriophage as a carrier of Api m 1 mimotopes
described above [31]. A representative of plll-fused
mimotopes proved to be nonallergenic in basophil activation
test. In PBMC cultures of allergic patients, which secreted
predominantly type 2 cytokines on stimulation with HBV
and Api m 1, plll-fused mimotope increased the production
of type 1 cytokine (IFN-y). This may imply a shift from Ty2
to Tyl immune response and suggests that characterized
mimotopes may serve as candidates for further immunothera-
py development.

Co-administration of Allergen with T,;1-Stimulating
Adjuvants

To further direct immune response towards long-lasting toler-
ance, adjuvants that can skew the immune response to allergen
towards Ty 1-type (e.g., TLR agonists) have been employed in
allergy vaccine instead of aluminum hydroxide with proven
Ty2-promoting effects [103]. In a mouse model of HBV aller-
gy, immunomodulatory effects of Api m 1 conjugated with
different TLR agonists were compared with aluminum
hydroxide-adjuvanted allergen preparations [32]. The study
found that TLR ligands differ in adjuvancy and Ty1-promot-
ing capacity. Polyriboinosinic polyribocytidylic acid
(Polyl:C) and lipopolysaccharide were the most potent adju-
vants. However, they stimulated both Tyl and Ty2-type im-
mune response, whereas CpG motifs and peptidoglycan were
weaker adjuvants but induced a stronger Ty 1-polarized anti-
body response. CpG motifs, Polyl:C, and 3M003
(imidazoquinoline, TLR-7 agonist) showed therapeutic poten-
tial by suppressing IgE production and preventing provoked
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anaphylaxis in mice. Even though these formulations have not
yet been tested in HBV-allergic patients, clinical trials in pa-
tients allergic to house dust mite and ragweed suggest that the
injection of allergen conjugates with CpG motifs could inhibit
the immune responses to sensitizing extracts and alleviate al-
lergic symptoms [104, 105]. Regarding clinical application of
CpG and poly(I:C), the safety concerns have been raised about
the increased risk of autoimmune diseases. The problem of
widespread stimulation of non-hematopoietic bystander cells
by poly(I:C) could be circumvented by using minimal dose of
poly(I:C) assembled on the surface of PLGA microspheres.
This holds promise to improve both efficacy and safety of
poly(I:C) as vaccine adjuvant. Similarly, the strategies used
to limit the systemic toxicity of CpG include conjugation or
coencapsulation of CpG with antigen.

Premedication with the Anti-IgE Antibody
(Omalizumab)

As a third form of an adjunctive therapy, the use of anti-IgE
antibody (omalizumab) in combination with BVIT has been
studied to determine whether it can enable desensitization in
subjects who have failed immunotherapy with conventional
protocol. Apart from one unsuccessful case study [106], in a
handful of published case reports, HBV-allergic patients who
experienced serious systemic adverse reactions to BVIT, in-
cluding patients with mastocytosis, were able to tolerate BVIT
when premedicated with the anti-IgE antibody [107-110].
Omalizumab was used as pretreatment for a couple of weeks
in some cases, while in others, it was an integral part of the
combined therapy until the end of BVIT [109] or it was
discontinued after some months and maintenance BVIT pur-
sued without any problem [111]. Because anti-IgE does not
seem to be equally effective in all patients, it is difficult to
determine the dose of anti-IgE therapy that would give a sat-
isfactory level of protection from adverse reactions for every
patient. The optimal protocol in terms of therapy duration and
dosage of omalizumab still needs to be established. Moreover,
the treatment with anti-IgE antibody is still associated with
considerable costs, which is likely to be prohibitive in many
countries.

Exploration of Alternative Administration
Routes

Administration route plays an important role in directing
the immune response to immunotherapy towards
proallergenic or tolerogenic type. The sublingual applica-
tion is advantageous for allergen immunotherapy due to
the presence of a high population of tolerogenic dendritic
cells in mucosal tissues. A trial conducted by Severino
et al. [37] assessed the efficacy of sublingually applied
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HBYV in 26 patients with large local reactions to a bee sting
during 6 months. The treatment was well tolerated and led
to more than a double reduction of the wheal size in 57% of
patients in the active group compared with the placebo-
treated control group. Since large local reactions are not
an indication for BVIT, these results must be validated in
patients with systemic reactions [112, 113].

In many countries, sublingual immunotherapy (SLIT)
is already used in clinical practice for the treatment of
inhalational allergies [114]. Generally, it has gained in-
terest thanks to the favorable safety profile and a conve-
nient home administration [115, 116]. However, although
initially seemed that the SLIT would be a better option
for patients than subcutaneous immunotherapy (SCIT),
studies reported rather poor patient adherence to SLIT,
which was found to be even lower than with SCIT
[117]. The analysis of prescription data on SCIT and
SLIT for inhalational allergies found an unsatisfactory
adherence and persistence rates into the third year of
treatment in up to 51% of adult patients and of 44.1%
in children and adolescents [118]. Approximately 70% of
them reported heavy time demands of the treatment as
the main reason for non-compliance. Therefore, an
attractive concept of intralymphatic allergen administra-
tion was recently proposed to reduce the dose and num-
ber of injections. In studies on inhalation allergies,
intralymphatic immunotherapy was found to ameliorate
patient symptoms with only 3 injections within 12 weeks
compared with SCIT which required up to 100 injections
over 3 to 5 years to induce the same effect [119]. This is
explained by geographical concept of immunogenicity,
which relies on findings that strong immune response
can be generated by antigens that reach the secondary
lymphoid organs, where the exposure to high numbers
of T and B cells can occur, whereas antigens that bypass
secondary lymphoid organs have a less chance to en-
counter specific T or B cells and thus are mostly ignored
[120]. Martinez-Gomez et al. [38] tested this approach
on a mouse model of HBV allergy and found that
intralymphatic administration of 100-fold lower doses
of Api m 1 elicited enhanced T cell responses and more
than tenfold higher production of IgG2a compared with
subcutaneous immunization. The treatment increased se-
cretion of IL-2 and IFN-y as well as IL-4 and IL-10
suggesting that, rather than polarized, an overall stronger
response was induced. In the proof-of-concept clinical
trial, seven of eight HBV-allergic patients treated with
three low-dose intralymphatic injections of HBV were
protected after sting challenge. Similar preliminary re-
sults were obtained in a multi-center trial with 66
HBV-allergic patients [119].

ILIT injections are generally painless, but intralymphatic
administration is more complex than SCIT and thus restricted
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to specialist centers. Since targeted nodes are relatively small
(0.5-1.5 cm), complex medical equipment and higher techni-
cal precision are required. Despite the use of a fine needle and
ultrasound guidance, it is sometimes difficult to penetrate the
capsule surrounding the lymph node, which may lead to inad-
equate administration of allergen. These technical aspects
should be taken into consideration when discussing ILIT.
Furthermore, it is important that the injections are given at
4-week intervals, which has been highlighted in the recent
study where 2-week injections showed no clinical improve-
ment despite the indications of immunological tolerance. The
reason for this is thought to be the short interval between
injections that does not allow enough time for the develop-
ment of antigen-specific immune responses [121].

Conclusion

Many new forms of immunotherapy for HBV allergy have
been tested in preclinical settings with quite a success. The
research approaches have evolved from initial chemical mod-
ification of allergen preparations aimed primarily at reducing
their allergenic activity to recent innovations in adjuvants and
delivery systems which together with application through al-
ternative routes are aimed at enhancing vaccine efficacy.
However, their clinical development has generally been slow.
Api m 1-derived T cell epitope peptides are the only recom-
binant derivatives of HBV allergens that have been clinically
tested thus far. They showed limited therapeutic efficacy in
several phase I clinical studies, but the research has not been
pursued further. The issues with MHC II restriction and late-
phase T cell-mediated side effects make T cell epitope pep-
tides, which originally appeared to be attractive, somewhat
less appealing. Though at the early stage of research,
mimotope technology creates an opportunity of targeted
epitope-specific therapy without the risk of T cell-mediated
adverse events. Among other clinically tested modalities, a
combination of omalizumab with BVIT was successful in
preventing severe side effects during BVIT in high-risk pa-
tients, whereas clinical trials exploring the intralymphatic ap-
plication of HBV allergens showed encouraging preliminary
results but need more data. Overall, the advances outlined in
this review need more investigation, particularly in larger clin-
ical trials, to fully ascertain their potential to improve BVIT.
Based on the conducted studies presented herein, we can say
that the knowledge-based design of epitope-focused vaccines
offers many advantages over traditional vaccines. However,
the efficacy of individual therapeutic modalities might be in-
sufficient to achieve complete clinical tolerance. Thus, we
anticipate that a combination vaccine, which consists of all
protective epitopes coupled with Ty1-stimulating adjuvants
or incorporated into delivery systems and administered direct-
ly to the specific immune cells might provide a solution to

overcome the limitations of individual methods possibly
through synergistic action.

Challenges and Future Prospects

The design of allergy therapy that has high safety, efficacy,
and the ability to induce immune tolerance in a short time has
appeared to be more complex than anticipated at the begin-
ning. This is evident by the fact that after 50 years of research
in the field (from the first allergoids” studies in the 1970s until
now), only sublingual immunotherapy and monophosphoryl
lipid A-adjuvanted allergoid vaccines are licensed. The trans-
lation of results from successful proof-of-principle reports in
animal models to well-executed human clinical trials has
proved to be particularly difficult in most of the cases.

In the next years, the allergy research field will probably
evolve in various directions. We now understand that the re-
sponse to allergy vaccine is dose and individual dependent.
The growing understanding of the molecular mechanisms of
immune tolerance is expected to be translated into more opti-
mized design of multiepitope vaccine. Future vaccine regi-
mens will cope with the diversity of immune response in the
target population. More epitope candidates and newly de-
signed vaccines are expected. The field of bioinformatics
has opened the possibilities for finding of epitopes in silico
and will be used more extensively together with experimental
methods to facilitate the design of epitope-focused vaccines.
Moreover, an increasing knowledge of the molecular mecha-
nisms of immunodominance is expected to be translated into
the identification of epitopes with increased biological activi-
ty. In terms of vehicle, additional delivery systems and routes
will probably be evaluated. Finally, the field of allergy diag-
nosis is undergoing a drastic improvement in the area of mo-
lecular testing with defined, mainly recombinant allergens
which allow high-resolution diagnosis. With the ability to de-
termine patients’ IgE sensitization profiles to individual aller-
gens and peculiar reactivity patterns to specific epitopes, it is
conceivable that we may define the patients in which a given
therapy will work as well as those who are at increased risk of
side effects during immunotherapy and thus tailor the therapy
to individual patient (personalized treatment).
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