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Abstract
Purpose of Review During the past few decades, modified allergens have been developed for use in allergen-specific immuno-
therapy (AIT) with the aim to improve efficacy and reduce adverse effects. This review aims to provide an overview of the
different types of modified allergens, their mechanism of action and their potential for improving AIT.
Recent Findings In-depth research in the field of allergen modifications as well as the advance of recombinant DNA technology
have paved the way for improved diagnosis and research on human allergic diseases. A wide range of structurally modified
allergens has been generated including allergen peptides, chemically altered allergoids, adjuvant-coupled allergens, and
nanoparticle-based allergy vaccines. These modified allergens show promise for the development of AIT regimens with im-
proved safety and long-term efficacy. Certain modifications ensure reduced IgE reactivity and retained T cell reactivity, which
facilities induction of immune tolerance to the allergen. To date, multiple clinical trials have been performed using modified
allergens. Promising results were obtained for the modified cat, grass and birch pollen, and house dust mite allergens.
Summary The use of modified allergens holds promise for improving AITefficacy and safety. There is however a need for larger
clinical studies to reliably assess the added benefit for the patient of using modified allergens for AIT.
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Abbreviations
AIT Allergen immunotherapy
ARC Allergic rhinoconjunctivitis
BAL Bronchoalveolar lavage
BP Birch pollen
Breg Regulatory B cells
COPs Contiguous overlapping peptides
CpG ODNs CpG oligodeoxynucleotide
CTLA-4 Cytotoxic T lymphocyte-associated protein-4
DBPC Double-blind and placebo-controlled clinical trial
DRF Dose regimen finding
FcɛRI Fc epsilon receptor 1
FcγRIIb Fc gamma receptor IIb
H2R Histamine receptor 2
HDM House dust mite
IFN-γ Interferon gamma
ILC Innate lymphoid cells
ISCOMs Immunostimulation complex

LPS Lipopolysaccharides
MHC Major histocompatibility complex
PAD Peptide antigen desensitization
PD-1 Programmed death-1
PEG Polyethylene glycol
SCIT Subcutaneous immunotherapy
SLIT Sublingual immunotherapy
SPIREs Synthetic peptide immuno-regulatory epitopes
TLR Toll-like receptor
Treg Regulatory T cells
VLPS Virus-like particles

Introduction

The prevalence of allergic diseases has increased world-
wide during the last century [1–3]. Globally, more than
300 million people suffer from asthma and around 400
million—from allergic rhinitis [4]. Allergic diseases mark-
edly reduce the quality of life and they are associated with
fatigue, sleep problems, and decreased productivity [5].
Symptoms of allergy may be partially controlled by aller-
gen avoidance and pharmacotherapy. Nonetheless, many
patients suffer from ongoing symptoms despite adherence
to treatment. To date, allergen immunotherapy (AIT) re-
mains the only disease-modifying intervention offering
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long-lasting therapeutic effect [6]. However, despite the
benefits of AIT for most of the patients, there is a need
to establish new therapeutic strategies for non-responding
individuals. Novel technologies of allergen modifications
offer possibilities for the development of personalized
treatment, improved clinical outcome, and reduced side
effects of AIT [7, 8]. The usage of biomarkers for patient
selection, such as the identification of AIT responder
endotype, has also been recently focused [9, 10].
Considerable efforts have been undertaken to improve
AIT vaccines and recent guideline documents and meta-
analyses demonstrated that there is a huge unmet need to
improve in the area [11–16]. Avoidance of development
of new sensitizations is also one of the main requirements
[17]. In this review, we will focus on the possible allergen
modifications and preclinical in vitro and in vivo studies,
as well as clinical trials evaluating their safety and
efficacy.

Mechanisms of AIT

Successful AIT is characterized by the development of clinical
and immunological tolerance and modifies the response to
allergen exposure. The following cellular and molecular
events take place during allergen-specific immunotherapy:
(a) early desensitization effect (within hours after the first
injections)—reduced degranulation and activity of basophils
and mast cells, (b) induction of allergen-specific IL-10-
producing regulatory T cells (Treg) and regulatory B cells
(Breg), (c) early and continuous increase in specific IgG4
and—after several months—substantially decreased
allergen-specific IgE/IgG4 ratio, (d) reduced number of tissue
eosinophils and mast cells [18••, 19••, 20••] (Fig. 1).

It is not clear why basophils and mast cells undergo rapid
desensitization even in the presence of specific IgE and be-
come less susceptible to degranulation, which is accompanied
by decrease risk of systemic anaphylaxis. It has been

Fig. 1 Mechanisms of allergen-specific immunotherapy. One of the
initial events in the development of allergen tolerance is an induction of
allergen-specific regulatory T cells (TR1), which contribute to the control
of allergic reactions. Transforming growth factor-β (TGF-β) and
interleukin-10 (IL-10) released by Tregs suppress the effector cells of
allergic inflammation—mast cells, basophils, and eosinophils—and
inhibit seasonal increases of group 2 innate lymphoid cells (ILC2).
Additionally, these cytokines limit Th2-type immune responses and
induce immunoglobulin class switch to IgG4 and IgA. IgG4 antibodies
compete with IgE for allergen binding, decreasing IgE-facilitated antigen
presentation and limiting IgE-mediated activation of mast cells and

basophils. Effector T cell responses are suppressed by TR1 cells through
multiple mechanisms involving not only IL-10 and TGF-β, but also
cytotoxic T lymphocyte-associated protein 4 (CTLA-4), programmed
death-1 (PD-1) and histamine receptor 2 (H2R). TR1-mediated
suppression of inflammatory dendritic cells (DCs) prevents generation
of effector cells and induction of tolerogenic DCs expressing IL-10,
TGF-β, IL-27, and C1q take place. An increased frequency of allergen-
specific regulatory B cells (BR1) also contributes to allergen tolerance via
release of IL-10. Induction of IL-10-producing immature translational
Breg cells may be dependent on the help provided by CD40L-
expressing ILC3
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postulated that a key mechanism underlying this effect is re-
lated to exhaustion of effector cells’ mediators through a re-
petitive stimulation and release during the administration of
increasing doses of allergen at the early stages of AIT [21]. In
addition, early desensitization following allergen challenge
may be mediated by upregulation of histamine receptor 2
(H2R) that inhibits FcεRI-cross-linking-induced activation
and mediator release of basophils [22].

AIT is associated with induction of peripheral T cell toler-
ance characterized by generation of IL-10- and TGF-β-
producing allergen-specific regulatory T cells (TR1) that have
a potential to inhibit Th2-type responses and suppress other
effector T cells through multiple mechanisms engaging cyto-
toxic T lymphocyte-associated protein 4 (CTLA-4), pro-
grammed death-1 (PD-1) and histamine receptor 2 (H2R)
[23, 24]. Moreover, IL-10 and TGF-β produced by TR1 cells
are responsible for class-switching towards IgG4 and IgA [5,
25, 26]. Non-inflammatory IgG4 antibodies protect from al-
lergic reactions, capturing the allergen to prevent IgE-
mediated activation of mast cells and basophils.
Additionally, IgG antibodies interrupt allergen presentation
to Th2 cells [27–29]. It has been demonstrated that IgG4 pro-
duction induced upon AIT is confined to IL-10-producing B
regulatory cells (BR1) that play an essential role in peripheral
tolerance by suppressing effector Tcells, inhibiting proinflam-
matory cytokines and promoting differentiation of regulatory
T cells [30, 31]. Recently, Komlosi et al. have shown that
immunosuppressive IL-10-producing Bregs may be induced
through receiving help from CD40L-expressing group 3 in-
nate lymphoid cells (ILC3) [32].

After several months of AIT, decreased numbers of eosin-
ophils and mast cells and limited release of their mediators can
be observed. Successful AIT has a disease-modifying effect,
improves quality of life in allergic patients, as well as reduces
symptoms and medication requirement [19••].

In conclusion, mechanisms of AIT research have now a
new era with the studies on multiple omics and big data
analyses. Single cell methods and focusing on individual
allergen-specific cells will bring a huge knowledge as AIT
represents the only human allergen-specific in vivo inter-
vention. In addition, knowledge on immune tolerance de-
velopment coming from other disciplines adds significant-
ly to our understanding in AIT [33].

Structure of Allergens

Although an allergen is defined as a protein that induces the
production of IgE antibodies and elicits allergic reactions in
sensitized patients, the question why some proteins act as
allergens and others do not remains largely unanswered [34].
There are however certain associations between allergenic and
non-allergenic proteins, their structure and related-biological
functions [35••]. For example, the major allergen from house

dust mite (HDM), Dermatophagoides pteronyssinus 1 (Der p
1), is a cysteine protease, which directly penetrates the tissue
barrier (i.e. airway epithelial barriers, skin epithelium, and
mucosal barriers), whereas the other major HDM allergen,
Der p 2, has an immunoglobulin-like fold with two major
β–sheets and transports lipids or lipopolysaccharides (LPS)
[34]. Two terms that are used to describe a protein that acts
as an allergen are allergenicity and immunogenicity.
Allergenicity is determined by the interaction of the epitope
with the Fab region of its cognate antibody that mediates al-
lergic reactions [36]. The immunogenicity is the ability of an
allergen to induce a humoral and/or cell-mediated immune
response. The ideal AIT regimen facilitates induction of im-
mune tolerance by reducing allergenicity while maintaining
the immunogenicity.

Modified Allergens

The first report of the use of AIT dates back to 1911, when
Leonard Noon injected grass pollen extract into an allergic
patient, achieving clinical improvement for almost 1 year
[37]. Since then, significant progress has been made in the
field of allergen characterization and understanding of the
mechanisms driving immune tolerance. Natural allergen ex-
tracts often vary greatly in their potency and stability, which
makes them difficult to standardize. Moreover, since extracts
consist of a mixture of allergens, containing also non-
allergenic and/or toxic proteins and other molecules, sensiti-
zation to additional allergenic components has been reported
in patients receiving birch pollen [38] and grass extracts [39].
Concerns regarding patient safety and treatment efficacy are
the main reasons for the search for novel approaches for AIT.
New vaccines based onmodified allergens give hope for high-
ly effective and convenient forms of AITwith reduced risk of
side effects. Through genetic engineering of allergens, de-
creased IgE reactivity and retained T cell reactivity may be
obtained. Here, we provide an overview of the modifications
of allergens, their mode of action and efficacy in clinical trials
based on the recent findings in this area.

T Cell Epitope Peptide-Based Vaccines

The development of T cell epitope-based peptides aimed to
weaken the binding of IgE to immune-dominant T cell epi-
topes and reduce the allergic inflammation. The study of
Hoyne et al. has indicated inhibition of T cell responses and
reduction of allergic symptoms in a murine model using the
major T cell epitope of house dust mite allergen—Der p 1
[40]. T cell epitope peptide-based vaccines may contain either
allergen-derived contiguous overlapping peptides (COPs) or
synthetic peptide immuno-regulatory epitopes (SPIREs). The
advantages of these therapies include a long-lasting sustained
efficacy after only a short course of AIT [41••].
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COPs have emerged as a promising tool for the use in AIT
[42]. They are designed to encompass the complete allergen
sequence with overlaps. Such overlapping peptides recognize
potential T cell epitopes of allergens and decrease the binding
to IgE. Pellaton et al. demonstrated extremely limited IgE
binding to COPs derived from the sequence of the major al-
lergen of birch pollen (Bet v 1) in both murine and human
model in phase I clinical trial [43]. Another phase I/IIa clinical
trial indicated the promising treatment with a mixture of three
COPs termed “AllerT” which derive from the whole Bet v 1
sequence. The subcutaneous administration of AllerT elicits a
strong immune response as compared to the 3-years AITusing
purified allergens [44]. The efficacy of Bet v 1 COPs has also
been confirmed in phase IIb clinical trial, showing significant
improvement in the quality of life [45]. These findings indi-
cated that even short-period AIT using COPs might provide a
long-term immunologic memory.

SPIREs were first developed by Larché [46]. These syn-
thetic T cell tolerating peptides contain 13–17 amino acids
derived from major cat allergen Fel d 1, and have the ability
to induce a population of CD4+ T cells with suppressor/
regulatory activity in cat-allergic and asthmatic patients. A
study by Campbell et al. using a murine model demonstrated
that treatment with a Cat-SPIRE reduced eosinophil and total
cell number in bronchoalveolar lavage (BAL), recruitment of
Th2 cells to the lungs, pulmonary and systemic Th2 inflam-
matory cytokines, and proliferative responses to Fel d 1 [47].
Phase IIa clinical trial with Fel d 1 SPIREs has demonstrated
safety and caused a great reduction in the late-phase skin re-
sponse [48]. However, the recent international phase III clin-
ical trial with Cat-PAD, a mixture of seven SPIREs from Fel d
1, revealedmarked placebo effect. Although the treatment was
well-tolerated, showed highly favorable safety profile and the
study’s endpoint outcomes differed between placebo and ac-
tive group, they did not achieve their primary endpoint and the
use of Cat-PAD needs to be investigated further upon detailed
analysis of this clinical trial data (http://www.circassia.com/
media/press-releases/circassia-announces-top-line-results-
from-cat-allergy-phase-iii-study/).

In another study, Couroux et al. reported the evidence of a
long-term therapeutic effect in rhinoconjunctivitis patients
using Cat-PAD intradermally [49]. The efficacy of the
SPIREs has also been assessed in the treatment of HDM and
grass pollen allergy. Another recent clinical trial using intra-
dermally administered SPIREs derived from Cynodon
dactylon 1 (Cyn d 1), Lolium perenne 5 (Lol p 5), Dactylis
glomerata 5 (Dac g 5), Holcus lanatus (Hol l 5), and Phleum
pretense (Phl p 5), which are five different allergens from
Bermuda grass, Ray grass, Cat grass, Perennial grass, and
Timothy grass, respectively. The results demonstrated an ac-
ceptable safety profile and potential to limit ARC symptoms
after the allergen challenge [50]. Furthermore, substantial re-
duction of the symptoms and persistent effect were achieved

in the treatment with HDM-SPIREs in an exposure chamber
model [51]. Also, intradermal HDM-peptide antigen desensi-
tization (HDM-PAD) has been shown to be safe and well
tolerated [52], and has been approved for phase IIb clinical
trial.

Recombinant Allergen Derivative-Based Vaccines

Recombinant allergens are purified proteins made from
allergen-encoded DNA, designed for the development of
in vitro diagnostic tests (IgE reactivity) and in vivo allergen
sensitivity testing [53]. Compared to natural allergens, recom-
binant allergens are very specific for direct sensitization and
easy for the detection of cross-reactivity. However, they are
more expensive to produce and it is more difficult to obtain a
market authorization [54]. Recombinant allergens are pro-
duced in wild-type, chemically modified and genetically mod-
ified forms.

The study by Jutel et al. investigated the use of a mixture of
the wild-type form of five recombinant timothy grass allergens
(Phl p 1, 2, 5a, 5b, 6) in allergic rhinitis patients. The data
indicated that every patient developed strong allergen-
specific IgG1 and IgG4 antibody responses and a 36% reduc-
tion in symptoms and medication usage [55•]. Another study
on birch pollen (BP) allergy compared the safety and efficacy
of recombinant Bet v 1a, purified natural Bet v 1, and standard
BP extract with placebo in allergic patients for 2 years. The
results showed a 50% reduction of rhinoconjunctivitis symp-
toms in three different groups compared to placebo [56]. The
rBet v 1-based vaccine was safe and effective for BP allergy
and promoted a highly specific immune response. The study
fromNony et al. included rhinoconjunctivitis patients with BP
allergy who were treated with the sublingual tablet made of
pharmaceutical-grade recombinant Bet v 1. The clinical data
demonstrated a decrease in symptom scores in patients receiv-
ing sublingual rBet v 1 tablets compared to placebo [57]. Both
rBet v 1-based vaccine and rBet v 1 tablets were safe and
effective for BP-allergic patients. Since anti-Bet v1 IgE anti-
bodies recognize the homologous structure of the major soya
bean allergen, Gly m 4, Bet V 1 sensitization may be associ-
ated with food allergy. A recent study by Treudler et al. inves-
tigated the effect of AIT with cross-reactive rBet v 1 folding
variant and demonstrated a promising immunogenic effect on
specific IgE and IgG4 antibodies against Bet v 1 and homol-
ogous soya allergen; however, the clinical efficacy requires
further investigation [58].

The recombinant DNA technology and the combination of
allergen sequences and structures allow the production of ge-
netically engineered recombinant allergens in different forms
such as oligomers, fragments, mutants, mosaicmolecules, chi-
meric or allergen hybrids, and allergen-derived B cell
hypoallergens [59].
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Allergen oligomers were developed by Vrtala et al. using
the three copies of the major BP allergen, Bet v 1, covalently
linked to short oligonucleotide [60]. These recombinant Bet v
1 oligomers displayed conserved structures of B cell and Tcell
epitopes of wild-type allergen and formed high molecular
weight aggregates, which changes the presentation of IgE epi-
topes and reduces the cell surface-bound-IgE cross-linking.
Campana et al. indicated that rBet v 1 oligomers displayed a
significantly reduced allergenic activity compared with rBet v
1 wild-type and also induced a stronger release of Th1 cyto-
kines from BP-allergic patients [61]. The allergen fragmenta-
tions were first established in major BP allergen (Bet v 1)
expressed in Escherichia coli (E. coli) [62]. The 3-
dimensional structure of the Bet v 1 was separated into two
parts of the Bet v 1 cDNA representing amino acids (aa) 1-74
and 75-160 and represented no allergenicity with a random
coil conformation. Immunization of mice and rabbits with
rBet v 1 fragments induced IgG antibodies, which cross-
reacted with complete Bet v 1 and Bet v 1-related allergens
and strongly inhibited binding of IgE to these allergens [63].
Another study performed in atopic children using the hypoal-
lergenic fragment 1-55 and 52-102 of Parietaria Judaica 2
(Par j 2) [64]. This result indicates that hypoallergenic 1-55
fragment increases the release of interferon gamma (IFN-γ).
Chen et al. designed two recombinant fragments of a major
HDM allergen (Der p 2) with aa 1-53 and aa 54-129 and a
hybrid molecule (aa 54-129+1-53) by genetic engineering.
rDer p 2 derivatives (fragments and hybrid) showed reduced
IgE reactivity compared to the Der p 2 wild-type allergen. The
allergenic activity of the Der p 2 derivatives was reduced more
than 10-fold in vitro in basophil activation assays and in vivo
in skin prick testing in HDM-allergic patients [65].

Allergen mutations are aimed at replacing the original ami-
no acids with a designed amino acid sequence in order to
change its physicochemical characteristics. A study on the
Bet v 1 allergen compared amino acid substitutions in several
Bet v 1 isoallergens and homologs with an algorithm that was
developed to predict residues importance in IgE binding. A
Bet v 1 6-point mutant was first developed by site-directed
mutagenesis. It exhibited drastically reduced reactivity with
serum IgE from BP-allergic patients [66]. The site-directed
mutagenesis method offers the opportunity to study the func-
tion of different allergens [67]. A preclinical study using re-
combinant hypoallergenic carp parvalbumin, mutant Cyp c 1,
which is a major fish allergen, warranted first-in-man immu-
notherapy studies to evaluate the safety of this innovative
vaccine [68]. The result showed a reduction in allergenic ac-
tivity in vitro and a preservation of immunogenicity in vivo.

Mosaic allergens are constructed by reassembling the pep-
tides derived from the wild-type allergen. The aim is also to
produce allergen molecules that lack IgE binding. The study
from Campana et al. generated the three recombinant mosaic
proteins derived from Bet v 1 by reassembly of codon-

optimized Bet v 1 fragments, which contain the major T cell
epitopes and some peptides that displayed allergen-specific
blocking IgG antibody. Immunization with this recombinant
hypoallergenic Bet v 1 could induce IgG antibodies and in-
hibit IgE reactivity in patients compared to wild-type allergen
[69]. Seven recombinant mosaic proteins were generated by
reassembly of non-IgE-reactive peptides of Fel d 1.
Immunization of rabbits with three different mosaic allergens
which constructs of hypoallergenic peptides, Fel d 1, induced
high levels of IgG antibodies that inhibited IgE reactivity of
cat-allergic patients compared to wild-type allergen [70].

Chimeric or allergen hybrids are constructed by connecting
the genetic information of at least two different proteins. Two-
hybrid molecules derived from the two HDMmajor allergens,
Der p 1 and Der p 2, were generated and purified in E. coli.
The IgE reactivity of both hybrid proteins was significantly
reduced in vitro. Furthermore, in vivo skin prick test (SPTs) in
HDM-allergic patients confirmed that the hybrid proteins had
a significantly lower potency to induce cutaneous reactions
than the individual components. Hybrid molecules also in-
duced higher T cell proliferation responses than the wild-
type allergens. Immunization in mice with these hybrid pro-
teins induced Der p 1- and Der p 2-specific IgG and inhibited
the binding of IgE in patients [71]. Other study using two
hybrid proteins from Der p 1 and Der p 2 fragments with
and without cysteines also showed the similar result [72]. A
hypoallergenic Phl p 2, was generated by fragmentation of the
major pollen allergen (Phl p 2) sequence and reassembled with
a truncated Phl p 6 allergen. These allergen hybrids retained
the reduction of IgE reactivity in ELISA and allergenic activ-
ity in basophil activation assays. Immunization with the hy-
brid molecule demonstrated the increased immunogenicity,
which leads to higher levels of allergen-specific IgG antibod-
ies compared to the wild-type allergen [73]. The other allergen
hybrids studies showed the similar result in venom allergy and
Japanese cedar pollen allergy [74–77].

The allergen-derived B cell epitope-based vaccine rep-
resents a novel development of recombinant hypoallergen-
ic allergen derivatives that have been engineered to reduce
IgE reactivity and thus the allergenic activity of allergens
to be used for AIT with the goal to improve their safety
[78•]. The recombinant B cell epitope-based vaccine
(BM32), a recombinant hypoallergenic B cell epitope to
grass pollen allergy was constructed and evaluated in sev-
eral clinical trials [79, 80]. A hypoallergenic cat vaccine
based on Fel d 1–derived peptides fused to hepatitis B PreS
domain was generated and exhibited a strongly reduced
IgE-mediated allergenic activity [81]. In a recent study in
grass pollen allergy, the vaccine was generated using the
same strategy. The result indicated that the recombinant
hypoallergenic grass pollen allergy vaccine BM32 induces
hepatitis B-specific immune responses and protect against
hepatitis B virus infection in vitro [82].
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Allergoid-Based Vaccines

Allergoids are chemically modified allergens, which preserve
the linear epitopes recognized by the major histocompatibility
complex (MHC) and TLR. The recognition of allergoids by
MHC and TLR retain the immunogenicity and reduce the
allergenicity. The chemicals used for production of allergoids
include: formaldehyde and aluminum hydroxide (vaccines
such as Allergovit and Acaroid), glutaraldehyde and tyrosine
(Pollinex-R as tyrosine-adsorbate), glutaraldehyde and tyro-
sine and monophosphoryl lipid A (MPL) (Pollinex Quattro),
and glutaraldehyde and aluminum hydroxide (Purethal,
Depigoid or depigmented allergoid) [83]. MPL strongly in-
duces a Th1-type immune response, characterized by in-
creased allergen-specific IgG antibody levels and decreased
IgE response during allergen exposure [84]. By using a mixed
grass pollen allergoid vaccine (an aluminum hydroxide-
adsorbed allergoid preparation of 6 grass pollen allergens),
grass pollen allergoid SCITand standard SLITwere compared
and showed that allergoid SCIT was found better and cost-
effective [85]. The improvement of allergic symptoms was
observed in two studies with HDM-allergoid treated patients
[86, 87]. The efficacy, tolerability, and safety were confirmed
in a cohort of adults and children receiving subcutaneous AIT
with another alum-based allergoid for 2 years [88]. Allekotte
et al. indicated that the treatment with mite monomeric
allergoids is well-tolerated and can be considered a safe treat-
ment for patients suffering from HDM-induced ARC [89]. A
dose studywith 2000UA/day sublingualmonomeric allergoid
tablets in HDM-allergic patients was well tolerated and de-
creased the conjunctival provocation tests reaction [90].
Moreover, it has been demonstrated that grass pollen allergoid
dosage can be accelerated with safety and tolerability [91].
The newest chemically modified allergen is the mannan-
coated allergoids, which upregulate human DCs to generate
functional FOXP3 (+) Treg cells through programmed death
ligand 1. Thus allergoids conjugated to nonoxidized mannan
may be suitable for the use in AIT [92].

Adjuvant-Coupled Molecule-Based Vaccines

Aluminum Hydroxide was the first chemical molecule to be
used as an adjuvant [93]. It induces a strong Th2 response,
stimulates activation of antigen presenting cells (APCs), inde-
pendent of Toll-like receptor (TLR) signaling, but dependent
on the NLRP3 inflammasome. It is still considered the most
common and safe adjuvant for injection immunotherapy in
humans. A randomized phase II study on hypoallergenic re-
combinant aluminum hydroxide-adsorbed birch pollen aller-
gen, rBet v 1-FV, can be administered in higher doses than the
native protein without increase in adverse effects [94]. The
first DBPC SCIT-DRF with a mixture of recombinant
Phleum allergens (Phl p 1, 2, 5a, 5b, 6) in patients with

ARC/asthma revealed that eight of 50 patients had systemic
reactions grade 1 or 2, but showed no grade 3 or 4 reaction in
very high doses either [95].

Interestingly, in vivo lymph node targeting of CpG
oligodeoxynucleotide (CpG) ODNs has confirmed that CpG
ODNs could be used as vaccine adjuvants [96]. A ragweed-
pollen antigen (Amb a 1) conjugated to a phosphorothioate
oligodeoxyribonucleotide immunostimulatory sequence of
DNA, administrated six weekly injections in rhinitis patients,
induced a long-term clinical efficacy in a DBPC phase II trial
by Creticos et al. [97].

Nanoparticle-Based Vaccines

Nanoparticles (NP) for AIT are composed of virus-like parti-
cles, polymers, liposomes (VLP), and immunostimulation
complex (ISCOMs). VLPs have been developed as the drug
delivery system. In a study of HDM-allergic patients
employing VLPs consisting of bacteriophage Qβ coated with
a synthetic 16-amino-acid sequence of the allergen Der p 1
(Qβ-Der p 1) associated with CpG ODN, the authors demon-
strated improvement in rhinoconjunctivitis symptoms and bet-
ter quality-of-life score [98]. The phase I/IIa study demonstrat-
ed that subcutaneous application of HDM allergen, together
with A-type CpGODN packaged into virus-like particles, was
safe. All patients achieved practically complete alleviation of
allergy symptoms after 10 weeks of immunotherapy [99].
Another recent study examined the effect of Fel d 1 displayed
on VLPs in vitro and demonstrated that such allergen repeti-
tion on VLPs increased the immunogenicity while decreased
allergic symptoms by avoiding IgE-mediated activation of
mast cells. The data suggest that allergens displayed on
VLPs might lead to an effective AIT vaccine [100].

Polymers have been developed in recent years and partic-
ularly non-biodegradable polymers that are found ubiquitous-
ly in daily life such as bottles and plastic packaging material.
The most prominent synthetic water-soluble polymer is poly-
ethylene glycol (PEG), an aliphatic polyether that is widely
used in pharmaceutical applications. PEG is often described as
the “gold standard” for biomedical applications and obtained
this status because of its unique properties [101]. As PEG is a
non-biodegradable polymer, cleavage sites need to be intro-
duced for controlled delivery of proteins by PEG-based NP in
AIT. To this end, acid-labile PEG-macromonomers that de-
grade at pH 5 (physiological pH inside the endolysosome)
were synthesized by Pohlit et al. [102]. Encapsulation of al-
lergens into these NPs resulted in targeted delivery and induc-
tion of Tcell proliferation concurrently with allergen shielding
from recognition by IgE antibodies in human in vitro
experiments.

Liposomes are synthetic spheres made of lipid bilayers that
can encapsulate hydrophilic antigens and act as adjuvants
[103]. A DBPC study in which asthmatic patients sensitized
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to mites were randomly assigned for vaccination with Der p
extract encapsulated in liposomes or empty liposomes for
12 months demonstrated that nearly half (45.8%) of the pa-
tients revealed reduction in their allergic symptoms.
Vaccination was well tolerated, and no subcutaneous nodules
appeared [104].

ISCOMs are spherical complexes about 40 nm in size,
composed of saponin adjuvant [105]. ISCOMs are able to trap
the antigen by apolar interactions and to elicit strong humoral,
cellular, and mucosal Th1 responses after subcutaneous or
intranasal immunization [106]. Although ISCOMs have been
proposed as potential vaccine vectors in vaccination with in-
fluenza or human immunodeficiency virus, no study has yet
evaluated the effect of ISCOMs as adjuvants in allergen
immunotherapy.

Combined Treatment with Immunomodifiers

FcγRIIb is an immune tyrosine-based inhibitory motif con-
taining receptor 65. The coaggregation of FcɛRI and FcγRIIb
inhibits FcγRI signaling. One approach that has been tested is
the fusion of FcγRIIb to allergens to down-regulate down-
stream allergen-specific immune responses. In a similar ap-
proach, the fusion of allergens to human Fcγ suppressed
allergen-induced degranulation of basophils and mast cells
by cross-linking Fcγ and FcɛRI receptors [107, 108]. Fel d
1 was cloned and expressed together with HIV protein, TAT-
derived membrane translocation domain and a truncated pep-
tide of the invariant chain (modular antigen translocation-Fel
d 1) in order to intensify allergen internalization and presen-
tation to T cells by APCs. This compound was tested in a
recombinant cat allergen DBPC clinical trial using
intralymphatic allergen application. The administration of on-
ly three increasing doses (1, 3, and 10 mg) at 4-week intervals
demonstrated good clinical efficacy assessed by nasal provo-
cation challenge, very high safety profile as well strong im-
mune response measured by increased concentrations of spe-
cific IgG4 in serum [109, 110]. The combination AITand anti-
IgE (omalizumab) treatment have been investigated in several
trials. A good safety profile, a significant decline in the risk of
anaphylaxis and improved rescue medication scores were re-
ported [111, 112]. Recent clinical trials using allergen-specific
immunotherapy with modified allergens are summarized in
Table 1.

Novel Routes of Vaccine Administration

Recently, the intralymphnode and epicutaneous applications
of vaccines were examined. Epicutaneous immunotherapy is
administered directly to human skin. Senti et al. indicated that
DBPC trial in patients with grass pollen- induced
rhinoconjuctivitis is safe and efficacious in a dose-dependent
manner [114]. A recent study demonstrated that epicutaneous

allergen application boosts specific T cell responses in BP
sensitized patients [115].

Intralymphatic immunotherapy (ILIT) is administered by
direct injection of an allergen into the lymph nodes. This treat-
ment requires lower doses of antigen than other treatment
because it could be delivered to the specific immune cells.
Patients with pollen-induced rhinoconjunctivitis were ran-
domized to receive three intralymphatic inguinal injections
of active allergen and the results showed a significant reduc-
tion in allergic symptoms at the end of pollen season [116].
The tolerable doses of ILIT for grass pollen allergy were ex-
amined and the results demonstrated 3 pre-seasonal injections
during 8 weeks are a viable option for treating allergies [117].
In the pilot study of seven patients with a history of symptom-
atic allergic rhinoconjunctivitis due to grass pollen, three ILIT
injections of allergen were performed with monthly intervals.
ILIT induced allergen-specific plasmablasts and objective
measures of clinical improvement were reported [118].

Both epicutaneous and intralymphatic route of adminis-
tration showed efficacy similar to subcutaneous immuno-
therapy in grass pollen allergy, but fewer application and
lower total doses of allergen were required using these
routes.

Conclusions

There are still some major unmet needs in AITwhich are open
for improvement. From the economic point of view, allergen
immunotherapy may be beneficial for healthcare system, of-
fering improved clinical outcome at reduced costs compared
to standard pharmaceutical treatment and compensation of the
costs of illness [119, 120]. Development of novel vaccines
with less injections and curative effect will also open a new
avenue in the health economics of allergy treatment [121].
AIT products are also biological products for medicine some
of which are used in in vivo diagnostic tests, including skin
prick tests, provocation tests, intradermal tests, and
epicutaneous tests. The regulatory approaches for AIT prod-
ucts differ globally. Novel vaccines have to pass all the stages
of regulation for marketing authorizations that show several
challenges that require further consideration [119].

The studies on modified allergens reported here show
the way for promoting the safety, specificity, and high
effectiveness of allergen vaccines. The possible utility of
novel allergens has been intensively investigated through
in vitro, in vivo, and human clinical trials. Most of the
studies reveal positive impact in the treatment of allergic
subjects. This potential evidence is being applied in the
development of an ideal AIT, which aims to substantially
improve quality of life have possible usage in prevention
and end up with cure in allergic individuals [9, 122].
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