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Abstract: This review is intended to familiarize readers with major novel directions of developing allergy vaccines, their structure, as well as
the mechanisms of forming a new immunological response in the course of the treating immunoglobulin E (IgE)-mediated allergic diseases.
Currently, science offers a huge variety of new experimental forms of recombinant allergens with reduced allergenic activity and increased
immunogenicity, or vice-versa, immune tolerance. Often, the mechanisms of their effect on the immune system are not fully understood.
Scientific publications, including reviews covering this topic, allowed us identifying top priority areas in the development of allergy
vaccines: recombinant hypoallergenic allergen derivatives, T cell epitope-based allergy vaccines, and B cell epitope-based allergy vaccines.
In addition, the review discusses use of deoxyribonucleic acid (DNA) vaccines. Immunotherapy with DNA vaccines is the newest and least
studied method of treating allergic diseases.
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Introduction

Immunoglobulin  E (IgE)-mediated reactions underlie the
pathogenesis of many allergic diseases caused by genetic disorders
and/or an influence of the damaging effect of environmental
factors on immune system functioning. Pathological process
development leads to functional and/or quantitative changes in
the ratios of interconnected cell populations in adaptive link of the
immunity. A major immunological shift is traced in the imbalance
of regulatory impacts among T-helper 1 (Th1), T-helper 2(Th2) and
Treg cells, with Th2 prevailing. Immunopathological shifts result in
changes in the ratios of cytokines IL4/IFN-y (Interleukin-4
/interferon-gamma) and I1L4/IL10 (Interleukin-4 / Interleukin-10)
with a shift towards IL4. Ultimately, these disorders lead to a
switch in the synthesis of antibodies to IgE in B cells, and the
launch  of further immunological, pathochemical and
pathophysiological stages of allergic processes, resulting in
damage to body tissues [1, 2].

Allergen-specific immunotherapy (ASIT) is the only example of
antiallergic treatment affecting pathogenetic links of the IgE-
dependent allergic process. After the completion of the treatment
course, ASIT, has a long-term prophylactic effect, possibly caused
by a change in the nature of the body immune response to the
allergen [1, 3, 4]. The mechanisms of ASIT action include very early
effects of desensitization, inhibition of migration and suppression

of the mediator release from eosinophils, basophils and mast cells
[6, 7], as well as the mechanisms of modulation of T-cell and B-cell
responses and associated antibody isotypes [3, 5].

The widespread introduction of recombinant technologies and
the production of allergen proteins opens up new opportunities
for ASIT [6, 7]. At present, using recombinant deoxyribonucleic
acid (DNA) technology, it is possible to obtain safe vaccines against
allergies. Such approaches allow overcoming the problems of
specificity and high allergenic activity associated with the use of
natural allergens [8-10].

The reviews by domestic and foreign authors consider a wide
array of approaches to development of new generation allergy
vaccines and immunization schemes based on them. In particular,
R. Valenta, M. Akdis, K. Marth and other researchers provide
information about structural features and possible mechanisms of
forming new immunological responses in the course of treating
IgE-mediated allergic diseases with contemporary allergy vaccines
[4, 9-14]. Numerous recently published studies devoted to the
success in the development and use of allergy vaccines dictate the
need for systematization, generalization and analysis of substantial
available information flow.

The goal of this review is a comprehensive analysis of

accumulated knowledge concerning major directions of
developing novel vaccines against allergy. In addition, the review
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discusses DNA vaccines used for immunotherapy, which is the
newest and least studied method of treating allergic diseases.

B- and T-cell protein epitopes

In order to navigate the huge variety of new experimental
forms of allergens and understand the mechanism of their effect
on immune system, numerous studies have been carried out to
investigate the structure of protein molecules of allergens,
primarily in order to determine the localization of B-cell epitopes
in them and decipher their conformational organization. It is
known that B-cell antigenic determinants are able to bind to
antibodies, including IgE. B-cell epitopes are usually located on the
outer surface of the allergen [15], and they can be classified into
two groups: linear and conformational. Linear epitopes are formed
by linear stretches of amino acid sequences of proteins.
Conformational epitopes are formed by sections of amino acid
sequences, located far from each other and forming a tertiary
structure by folding a protein molecule. Despite the fact that
nearly 90% of the epitopes are conformational, some of them
contain one or several linear regions. Linear epitopes of B cells are
composed of peptides that are easily synthesized in the
laboratory. Therefore, despite the fact that they are in the
minority, much attention is paid to identification of linear B-cell
epitopes [16-18]. Allergens have at least two IgE antibody-binding
epitopes that can “stitch” two membrane-bound IgEs [4]. Mature
B cells can also directly contact antigen B-cell epitopes via specific
immunoglobulins (B-cell receptors, or BCRs) located on their
surface. BCRs enable them to specifically recognize, bind, process
and present foreign allergen molecules to the Th2 cell, along with
the major histocompatibility complex (MHC) of class Il. Th activate
B cells for the synthesis of antibodies [16-19].

Alternatively, T cells have TCR receptors on their surface that,
in conjunction with MHC, are capable of recognizing foreign
antigens presented on the surface of various antigen-presenting
cells (APCs). The T-cell epitope of an allergen is a linear peptide
fragment that binds to the MHC and is subsequently recognized by
the T lymphocyte. Prediction of T-cell epitopes is aimed at
identifying the shortest peptides in the antigen able to stimulate T
cells [18, 20].

Currently, several promising trends in the development of
vaccines against allergy can be identified: hypoallergenic
derivatives of recombinant allergens, allergy vaccines based on the
T-cell epitope, and allergy vaccines based on the B-cell epitope.

Trend 1: Development of recombinant hypoallergenic
allergen derivatives

To obtain hypoallergenic derivatives of recombinant allergens,
various procedures can be used: the protein can be fragmented,
and the amino acid sequences in it can be interchanged;
mutations, aimed at certain structures of the protein, can be
carried out; hybrid proteins can be created from the fragments of
different proteins; change the spatial orientation of the protein
molecule can be changed; finally, fragments of the allergen can be
reassembled in the form of a mosaic [9-11, 13, 21]. When
vaccinated with recombinant allergens of this type, the binding of
the antigen to the reagins decreases, but the formation of IgG to
remaining unchanged peptides on the protein surface is
preserved. This is due to the fact that the body has a wide variety
of B-cell receptors, enabling immune system to normally recognize
all naturally occurring pathogens. In the course of immunization,

the specificity and affinity of the antibodies produced by the body
increase. As a result, during the immune response, blocking 1gGs
are obtained, which prevent the binding of the wild-type allergen
to the IgE of the patients with allergies [15]. The latter fact leads to
the absence or reduction of IgE-mediated reactions of the
immediate type throughout immunotherapy. Despite the fact that
hypoallergenic protein fragments lose part of their native
structure, in most studies, they are shown to induce an allergen-
specific 1gG response upon immunization, which is capable of
binding natural allergens [11-13, 21, 22]. The negative effect of
vaccination is the possibility of induction of Type IV allergic
reaction [11-13].

The genetic transformation of allergens into a hypoallergenic
immunogen can be traced using the case-study of an artificial
fusion protein derived from the allergens of European house dust
mite, Dermatophagoides pteronyssinus (Der p). This therapeutic
allergen contains the antigenic regions of the allergens Der p 1,
Der p 2, Der p 7 and Der p 10 in one molecule. Although specific B-
cell epitopes are present in the fusion protein, the position and
orientation of the epitopes in the new structure has changed,
which affects the reactivity strength with IgE. Reducing
allergenicity and increasing immunogenicity is also promoted by
the increased aggregation ability of the obtained protein. In
published studies, the experimental allergen binds IgE weaker
compared with the recombinant unmodified allergens Der p 1, Der
p 2 and the whole extract of Der p. An increase in the level of
blocking 1gGs was noted in mice upon their immunization [22].

Trend 2: T cell epitope-based allergy vaccines

So far, two main problems have hindered the use of these
vaccines:

1) The need in a large selection of various epitopes to ensure
their binding to major histocompatibility complex (MHC)
class Il proteins. MHCII molecules have a high degree of
polymorphism; in humans, they are recognized as human
leukocyte antigens (HLA), and hundreds of allelic variants
of both MHCI and MHCII molecules are known. In general,
most people have T cells that respond in vitro to multiple
epitopes within the same allergen. However, T-cell cross-
reactivity profile of each person is unique, and usually 1 or
2 epitopes dominate [18, 20];

2) The need to identify immunodominant epitopes capable of
causing the secretion of cytokines in immunocompetent
cells [18].

Both of these problems are currently resolvable. It has been
determined that different HLA molecules can bind similar amino
acid sequences of peptides. Researchers have combined HLA
molecules with comparable peptide-binding features into groups
known as HLA supertypes. There are HLA supertypes covering the
majority of the people in the population. On the other hand, there
are universal peptides able to bind to several HLA supertypes,
which are preferred when creating vaccines [18, 23, 24]. These
strategies enable the development of T-cell epitope vaccines with
high population coverage using a limited number of peptides.
Functionally, immunodominant peptides are identified in vitro by
their ability to cause proliferation and secretion of cytokines
(interferon-y, IL-10 and IL-13), and by their reduced or absent IgE
binding ability. Many studies searched for detecting the binding of
a particular T-cell epitope of an allergen to the production of a
certain interleukin. This approach can lead to a targeted distortion
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of the immune response [18, 20, 24]. At the same time, there is antibodies. With such approach towards ASIT, systemic

evidence that some CD4 T-cell epitopes stimulate specific subsets
of Th [18]. T-cell epitopes that have passed this double selection
constitute the basis for vaccine peptides. It is also possible to use
simplified methods, such as involving the vaccines based on all
available T-cell epitopes of a given allergen, but, in this particular
case, the likelihood of IgE-mediated reactions increases.

The immunological aspects of such vaccination are not fully
understood. It is acknowledged that immunization with T-cell
epitopes of allergens leads to the induction of T-cell tolerance.
Studies have noted an increase in the effects of Treg, augmented
IL10 production, an increase in the Th1/Th2 ratio, and a
subsequent long-term effect, associated with a change in the
phenotype of allergen-specific memory T cells. Although B cells
remain intact during immunotherapy, some studies admitted the
induction of allergen-specific 1gG to T-epitope vaccines. This fact
indicates the presence of preserved antibody epitopes in these
vaccines [11, 14, 20, 24-26]. Compared with ASIT and sublingual
immunotherapy (SLIT), immunization with immunodominant T-cell
epitope peptides promotes the absence of immediate IgE-
dependent reactions [11, 27, 28] and provides sustained clinical
benefits after a relatively short treatment course [26, 29]. In
connection with preserving T-cell epitopes of the allergen, there
remains the possibility of inducing Type IV allergic reaction.
Worldwide development of vaccines based on T-cell epitopes is
hampered by HLA polymorphism, since its variants differ
significantly in various ethnic groups [11, 18]. The case-study of a
recombinant T-cell epitope vaccine, evaluating a possibility of
purposefully distorting the immune response, involved five short
peptides derived from the main allergen of olive pollen. These
peptides have been identified as immunodominant T-cell epitopes.
Blood sample investigation in the patients suffering from IgE-
mediated reactions to olive pollen revealed the lack of ability of all
five peptides in various combinations to induce the activation of
basophils in vitro. Two of the studied peptides exhibited an ability
to inhibit the proliferative response to the allergen extract by 30%.
For the same peptides, in contrast to the allergen extract,
statistically significant induction of IL-10 and IL-35 secretion in the
supernatants of cultures of peripheral blood mononuclear cells
was found in allergic patients. The result proved the
immunoregulatory capability of these two peptides and indicated
that they were top preferred candidates for vaccine with an
objective of forming tolerance to allergens in patients [30].

Trend 3: B cell epitope-based and highly immunogenic
carrier-protein-based allergy vaccines

To develop such vaccines, the genetic material of
hypoallergenic peptides of B-cell epitopes is stitched with the
genetic material of non-allergenic and highly immunogenic carrier
proteins. The latter contribute to the induction of a controlled
protective humoral IgG-mediated immune response against both
the allergen and the carrier protein. As a result, a given fusion
(chimeric) protein is obtained using recombinant technologies [11-
13, 31-35]. The mechanism of the immune response in the course
of vaccination with these proteins is based on the hapten-carrier
principle. BCRs of B cells specifically recognize and bind the
remaining portion of the B-cell epitope of the allergen. The B-cell
processes and presents a fusion protein molecule to the antigen-
specific type 2 T helper cell in the form of a carrier protein peptide
in conjunction with MHCII. The latter helps the production of 1gG

anaphylactic reactions and late phase of T-cell reactivity do not
occur [4, 34, 36]. Experimental studies have shown that
immunization of mice and rabbits with such vaccines promoted
the development of specific IgG-blocking antibodies in them. In in
vitro reactions, blocking IgG antibodies are able to competitively
block the binding of the native allergen to the IgE of patients
sensitized to the allergen. Such approach in immunotherapy
enables development of combination vaccines for treatment and
prevention of both allergies and infectious diseases [32, 34, 36,
37].

The recombinant vaccine, based on B-cell epitopes (BM32), for
allergen-specific immunotherapy of allergy to Timothy grass pollen
is interesting in its structure. This vaccine is adsorbed onto
aluminum hydroxide. It contains recombinant, cross-linked,
allergen-derived proteins, composed of non-allergenic peptides of
B-cell epitopes (of four major Timothy-grass pollen allergens) and
the surface protein of human hepatitis B virus preS domain. A
randomized, double-blind, placebo-controlled ASIT study was
conducted. The two-year ASIT consisted of two courses of
injections: three pre-season injections of BM32 and a single
injection in the first year of therapy after the pollen season of
Timothy grass. Two-year ASIT induced an increase in the allergen-
specific 1gG4 response; moreover, after the second year of
therapy, it was more pronounced than after the first year. No
increase in proinflammatory cytokine reactions was observed. The
patients, treated with BM32, exhibited reduction in allergen-
specific IgE increase, induced by seasonal exposure to grass pollen,
while overall improvement of their clinical condition was noted.
Besides, BM32 vaccination did not cause a corresponding surge in
T-cell responses to native grass pollen allergens [37, 38].

Encapsulated allergens

Some vaccines, created by scientists, can hardly be attributed
to the trends described in this review. At the same time, they may
be very promising at ASIT prevention. It is possible that the
mechanism of action of these therapeutic allergens is different
from the mechanism of action of the above vaccines, although
more research is needed to understand how desensitization occurs
in each case. In these therapeutic allergens, the surface structures
of the protein are screened, which prevents the binding of the
allergen both with immunoglobulins and B cells. Such preparation
does not cause IgE-mediated allergic reactions but, rather, is
successfully captured by antigen-presenting cells (APCs) and,
therefore, is capable of causing a change in the nature of the
immune response to an allergen during immunotherapy [39, 40].

Here is just an example of a vaccine created at the M.M.
Shemyakin — Yu.A. Ovchinnikov Institute of Bioorganic Chemistry,
Russian Academy of Sciences. Recombinant proteins of American
house dust mite Dermatophagoides farinae (Der f 1 and Der f 2)
were immersed in a chitosan matrix and then formed a polymer
shell. The resulting nanoparticles of the core-shell type made it
possible to shield the recombinant proteins contained in them
from recognition by specific antibodies. Using sera from patients
with IgE-mediated allergic reactions to house dust mites, it was
proved that the resulting vaccine did not bind allergen-specific IgE
antibodies [40]. It is worth noting that convenient size of the
nanoparticles (90-140 nm) ensures their rapid and complete
phagocytosis, which is a necessary condition for both
immunogenicity and safety of the allergen. The cellular response
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to this encapsulated allergen, as measured by the proliferation of
splenocytes from immunized mice, and the change in IgG levels
are comparable with responses to the recombinant protein. Upon
completion of the experimental and clinical study, the developed
medication may be used for ASIT in higher concentrations than
native allergens, which could shorten the treatment period [39,
40].

DNA vaccines

DNA vaccination has great potential as an effective preventive
and therapeutic solution for ASIT. Compared to conventional
protein-based vaccines, DNA vaccines are more stable,
economical, easier to manufacture, and safer to handle. The
classical methods of vaccine administration are intramuscular,
intradermal, and subcutaneous injections, which are primarily
targeted to myocytes and keratinocytes, as well as APC [41, 42]. It
is believed that antigen presentation during DNA vaccination may
occur via three possible mechanisms:

1) Plasmid DNA is expressed in somatic cells (e.g., myocytes),
which, in turn, can generate and release antigen. This exogenous
antigen can be absorbed by APC and then presented in
conjunction with MHCII to CD4+ T cells;

2) APCs (e.g., dendritic cells), attracted to the injection site,
can also be transfected with plasmid DNA. The synthesized
endogenous antigens are processed in proteasomes and presented
by MHCI to cytotoxic T lymphocytes (CD8+ T cells);

3) The transfected somatic cells may undergo apoptosis. The
apoptotic bodies are captured up by APCs, and the exogenous
antigen, in conjunction with MHCII, causes a CD4+ T cell response.

DNA vaccination studies have shown that the activation of
CD8+ cytotoxic T lymphocytes is largely dependent on dendritic
cells, rather than being induced by somatic cells [41, 42, 43]. This
presentation shapes the appropriate pattern of cytokine
regulation of the immune response. In addition to the Th2
response, due to the presentation of the MHCI antigen, clonal
expansion of cytotoxic T lymphocytes also occurs. ThO cells are
transformed into Th1, producing interferon gamma and IL2. The
above immunological mechanisms with existing pronounced skew
of the Th1/Th2 ratio towards Th2 in patients with IgE-mediated
allergic reactions should contribute to the formation of a change in
the immunological response to the allergen and the synthesis of
specific 1gG [4]. However, after DNA vaccination, low antibody
production is often found in humans and large animals [42, 44].

Various methods are used to enhance the immunogenicity of
DNA vaccines [42, 44-46]. One of the methods was demonstrated
using the example of preparing a vaccine from the DNA of
immunodominant epitopes CryJ1 or CryJ2 of Japanese cedar pollen
allergens with lysosomal-associated membrane protein 1 (LAMP-
1), a resident protein of lysosomes. Incorporation of LAMP-1
lysosomal vector sequences into DNA plasmids directs the
immunogen from the proteasome pathway to the lysosomal
pathway. As a result, the allergen appears on the APC membrane
in a complex with MHCII CD4+ lymphocytes, which significantly
enhances the immunogenicity of these antigens. Targeting
proteins into lysosomes for degradation reduces the secretion of
the allergen into the extracellular space and thereby reduces the
likelihood of allergic reactions.

Immunization of mice with the Cryl-lysosomal-associated
membrane protein (CryJ-LAMP) DNA vaccine resulted in

development of high levels of specific IgG2a antibodies (anti-CryJ1
or anti-CryJ2), moderate levels of IgG1 antibodies and low levels of
IgE antibodies. Experimental results have also proven that
vaccination with CryJ2-LAMP can suppress basophil activation
and/or function, and induce CD4+ T cell memory. At the same
time, the DNA vaccine remains effective in stimulating a strong
response of CD8+ T cells, which is apparently associated with the
possibility of a partial allergen degradation in proteasomes and its
subsequent presentation by MHCI into APC. The latter contributes
to the production of high levels of interferon gamma and,
accordingly, distortion of the immune response towards Thil.
Experimental models have shown that the immunological effects
of such DNA vaccines were not associated with the classical
mechanism of ASIT action, specifically with regulatory T cells
(Tregs) and IL-10 [47]. However, some publications present the
data implying that DNA vaccine with a lysosomal-associated
membrane protein is able to induce Tregs [48].

Understanding the action mechanism of DNA vaccines in
atopic conditions would enable their wider use in the future for
the prevention of sensitization in patients with atopy to new
allergens, rather than solely for the treatment of patients with
allergic pathology [48, 49].

Conclusion

To date, the structures of most allergens causing allergic
reactions have already been discovered. This fact has allowed the
development of several novel approaches towards creation of
recombinant allergy vaccines. In experimental animal models and
in clinical trials on a limited contingent of patients, it has been
shown that the new generation of allergy vaccines, in most cases,
dramatically reduces systemic side effects, is highly effective and
safe for specific immunotherapy, and allows achieving positive
therapeutic results in a short time [37, 38, 50]. In addition,
contemporary allergy vaccines can be promising therapeutic
agents for prophylaxis in individuals predisposed to IgE-mediated
allergic diseases [11].
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