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Abstract

with specific examples on airway and food allergies.

Allergies are hypersensitive reactions that affect over 25% of the world population. Extensive studies have been
directed to define patho-immunological mechanisms of allergy and the molecular characteristics of allergens. The
emerging B cell and T cell epitope database has greatly facilitated the development of epitope-based immunotherapy
that aims at modulating patients’immune responses towards a specific allergen. Modifications on the B cell epitopes
reduce the affinity of allergens towards IgE while inducing immuno-tolerance as in traditional therapies utilizing
native allergens. T cell epitope-based immunotherapy is considered as a safe form of therapy since the small peptide
fragments cannot form cross-links with IgE. In this review, current strategies in mapping B cell and T cell epitopes are
discussed. Furthermore, current progress in the translation of epitope into potential immunotherapies is illustrated
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Introduction

Allergy is a type I hypersensitivity disease prominently influences
the quality of life. Allergens can strike one through the administration
of drugs, insect sting, and ingestion of food or simply inhalation,
making patients hard to strictly avoid these molecules. Allergen specific
immunotherapy for grass pollen allergy has been put into clinical trials
since 1950s and demonstrated satisfactory therapeutic effects [1]. It
therefore paves the way for extensive researches on designing different
allergen specific immunotherapy and unveiling the underlying
mechanisms of these therapies.

Defining the immunological mechanisms leading to allergy is
crucial in designing allergen-specific immunotherapy. Sensitization
of allergic individuals to allergens is initialized upon presentation of
the allergen-derived peptides by the antigen presenting cells (APCs)
through the major histocompatibility class II molecule (MHC class
II) to naive T cells, which are then activated and differentiated into
type 2 T helper cells (Th2) (Figure 1). Cytokines such as IL-4 and IL-
13 from Th2 cause a class switch in B cells to produce IgE antibodies
specific to the particular allergen. When the individual is exposed to
the same allergen again, IgE are massively produced, cross-link with
the allergen and high affinity receptor (FceRI) on mast cells and induce
degranulation. Mediators such as histamine and leukotriene are
released, resulting in inflammation and other associated anaphylactic
responses [2].

Molecular characteristics of allergens, in particular the identification
of T cell and B cell epitopes, constitute important information for
the design of therapeutic regimens. T cell epitopes refer to the short
peptide fragments activating Th2 via MHC class II molecules while B
cell epitopes, or IgE-binding epitopes, refer to the regions recognized
by IgE on the allergen. With the identification of B cell epitopes at the
molecular level, hypo-allergens possessing reduced allergenicity can
be constructed through the introduction of point mutations on these
IgE-binding regions [3,4]. The lack of IgE reactivity reduces the risk of
these hypo-allergens to form cross-links with IgE and thus prevents the
development of allergic side effects during treatment [5]. Meanwhile,
since the T cell epitopes are conserved, these hypo-allergens are
immunogenic and thus offer therapeutic effects. Alternatively, the
employment of T cell epitopes in immunotherapy is believed to be

a potential strategy since small peptide fragments are incapable to
form cross-link with IgE but yet immunogenic to modulate immune
responses [6].
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Figure 1: Pathogenesis of allergy

Upon exposure to the allergen, the APCs uptake the allergen and process
it. Allergen-derived peptides are presented through MHC class Il molecule
to naive T cells, which are then activated and differentiated into Th2. The
release of cytokines such as IL-4 and IL-13 from Th2 causes a class
switch in B cells to produce allergen-specific IgE antibodies. Upon second
exposure to the same allergen, IgE are massively produced, cross-link with
the allergen and FceRI on mast cells and induce degranulation. Release of
mediators such as histamine and leukotriene results in inflammation and
other associated immediate anaphylactic responses.
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Figure 2: Role of regulatory T cells in immunotherapy

Regulatory T cells (T ) and the associated cytokines interleukin 10 (IL-10)
and transforming growth factor-B (TFG-B) are proposed to play roles in
modulating allergic responses. They directly suppress APCs while induce
T,.,-inducing dendritic cells (DCs), suppress Th2, inhibit IgE production,

stimulate 1gG blocking antibodies and IgA antibodies production, and
suppress proliferation of effector cells.

Although the precise mechanisms by which epitope-based
immunotherapies mediating anti-inflammatory responses are not yet
thoroughly defined, they generally share similar modulating abilities
on T cell and B cell responses [7]. At T cell level, the ratio of Th1 to Th2
cytokines increases following immunotherapy, suggesting a restoration
in Th1/Th2 balance [8]. Regulatory T cells are also stimulated in the
course and are believed to play an important role in modifying the
disease through the secretion of IL-10 and TGF-f [9] (Figure 2). At B
cell level, immunotherapy suppresses IgE production whilst stimulates
allergen-specific IgG that can compete with IgE for the allergen and
thus serve as blocking antibodies [10].

B cell Epitope-Based Immunotherapy
Mapping of B cell epitopes

Mapping of B cell epitopes is a major strategy in defining molecular
characteristics of allergens. Apart from designing epitope-based
therapies, epitope mapping could also help to examine the cross-
reactivity between phylogenetic closely related organisms [11]. Based
on the molecular structure of the allergen and whether the epitopes are
linear or conformational, different strategies have been developed for
epitope mapping [12].

Commonstrategies include the use of inhibition assays [13]
and overlapping peptides [14], but these methods are limited to the
mapping of linear epitopes and the resolution is poor. Nuclear magnetic
resonance (NMR) is useful in mapping conformational epitopes, but
high purity of the allergen and monoclonal antibodies are needed
[15]. Mapping of mimotopes is more frequently used nowadays, and it
requires powerful computer algorithms to help elucidate the epitopes
[16,17]. As computer technology is becoming more sophisticated, pure
in silico methods have also been used, but requires further validation
by bioassays [18,19].

Applications of B cell epitopes in therapy

Severe side effects due to anaphylaxis are one of the major obstacles
in immunotherapies [20]. By targeting and blocking the B cell epitopes,
these side effects can be reduced by inhibiting IgE cross-linking with

the goal of eliminating the subsequent allergic responses. Identification
of B cell epitopes is therefore the cornerstone of a successful therapy.
With the advancement of bioinformatics, B cell epitopes of most of
the major allergens such as peach Pru p 3 [21], latex Hev b 2 [22],
shrimp Pen a 1 [14], fish Sco j 1 [23], cow’s milk a-lactalbumin [24],
hazelnut and walnut 118 globulin [25], timothy grass pollen Phl p 2
[26], peanut Ara h 2 [27], and egg white ovalbumin [28] have been
identified and “tailored” modifications of amino acid residues in the
epitope resulting in reduced IgE affinity can easily be achieved by site-
directed mutagenesis. Today, based on the B cell epitope data, major
efforts are directed to develop a safe and consistent therapeutic effect
by manipulating these epitopes.

Earlier studies were carried out aiming to delete cysteine residues
in the allergen to disrupt binding and thus the conformation [29].
It was shown that in the dust mite allergen Lep d 2 the two cysteine
residues at the positions 72 and 77 are solely responsible for IgE
binding. Although deleting them could disrupt the IgE binding region,
this method can hardly be utilized for clinical use as it may cause a
drastic change to the conformation. T cell epitopes might be lost and
there are risks of sensitization to this new mutant [30].

The IgE binding regions of the major Parietaria pollen allergens
(Par j 1 and Par j 2) were identified by Colombo et al. [31]. Based
on this result, Bonura et al. [32] demonstrated the use of PCR-based
site-directed mutagenesis to design hypo-allergen hybrids with three
substitutions of critical amino acids for IgE binding using the Par j 1
and Par j 2 as a model. The altered Par j 1 and Par j 2 were then used to
form a head-to-tail dimer (PjEDloop1) and the therapeutic effect of the
dimer was investigated. It was found that PJEDIloop1 had a significant
decrease of binding ability to human IgE, and was able to induce IgG1
that could be potential blocking antibodies of the native allergens.
PjEDloopl still maintained an intact T cell epitope, which retained its
capacity in splenocyte proliferation, and this might be the key to the
success of using hypo-allergen to induce T cell tolerance/anergy.

Another study using the castor bean allergen Ricc1and Ricc3asa
model investigated the therapeutic potential of using peptides of altered
IgE binding epitopes. Felix et al. [33] identified six IgE binding regions
in Ric ¢ 1 or Ric ¢ 3. All six IgE epitopes contained two or more glutamic
acid residues. Deus-de-Oliveira et al. [3] utilized a dicarboxylic amino
acid-specific chemical, the Woodward’s Reagent K (WRK), to modify
the carboxylic groups of glutamic acid into a ketoketenimine group. It
was observed that the altered epitopes had a significant reduction in
their ability to stimulate mast cell degranulation. This study provides a
new approach for developing allergy therapies.

Tropomyosin is a well-studied pan-allergen among crustaceans
and mollusks [34], while tropomyosins from vertebrates have not been
reported to be allergenic [35] despite their relatively high sequence
homology ranging from 51-58% [36]. Reese et al. [4] constructed a
hypo-allergen VR9-1 by converting 12 critical amino acidslocated in the
five IgE epitope regions in the shrimp tropomyosin Pen a 1 previously
mapped [14] into homologous sequences of the non-allergenic
vertebrate tropomyosin. Results showed that VR9-1 exhibited reduced
allergenic potency up to 90-98% in a humanized rat basophil leukemia
cells (RBL) assay. However, when the humanized RBL were challenged
with VR9-1 at higher concentrations, the mediators released were
at about the same level as the native Pen a 1. The authors attributed
this to the minor IgE epitopes, where under high concentration they
would also become prominent and stimulate mediator release. Hence
enthusiasm for its clinical applications is markedly reduced.
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Wallmann et al. [37] demonstrated the use of a single mimotope
mimicking the IgE epitope of the timothy grass pollen allergen
Phl p 5 is able to down-regulate inflammation in a mouse model of
allergic acute asthma. Vaccination with mimotope conjugated with
keyhole limpet hemocyanin resulted in the decrease of Th2 cytokines,
eosinophil counts and mucus production in mice with induced acute
allergic asthma. Using these IgE epitope mimics devoid of T cell
epitopes specifically targets B cells alone, aiming to induce IgG blocking
antibodies that recognize the native allergen as a therapeutic measure.
As this approach does not involve T cells, side effects related to over-
stimulation of T cells can be avoided.

Utilizing the knowledge on B cell epitopes, extensive efforts were
directed to design hypo-allergenic counterparts (Table 1). This allows
the conservation of conformational structure and T cell epitopes of the
allergen, thus achieving therapeutic effect by stimulating regulatory
T cells but not resulting in severe side effects as in conventional
immunotherapies [38]. The use of mimotope opens a new pathway for
allergy treatment by specifically targeting at B cells devoid of T cells
epitopes [39]. It has the advantage of reducing possible late-phase
hypersensitive response due to T cell stimulation. However, in some
cases such as the shellfish allergen tropomyosin, mapping of a single
dominant IgE epitope might be difficult due to its simple dimeric
alpha-helix structure which allows extensive exposed regions for IgE
binding. This might remain to be a major obstacle in utilizing B cell
epitopes as a treatment in some allergens. Nevertheless, B cell epitopes
are relevant targets to reduce immediate hypersensitive response by
lowering IgE affinity and thus mediator release by cross-linking of IgE
on mast cells. Further efforts are needed to design immunotherapies
that are persistent and long-lasting based on B cell epitopes.

T cell Epitope-Based Immunotherapy

The use of T cell epitope-based peptides is one of the therapeutic
strategies to induce immuno-modulation effects. Delivery of T cell
epitopes induces tolerance whilst these small-sized peptides virtually
lack secondary or tertiary structures, and thus exhibit no or low
IgE reactivity, making them a safe candidate in allergen-specific
immunotherapies. It was proposed that immuno-tolerance is most
likely to be induced by this type of treatment through the recruitment
of Th1 and/or presentation of these peptides by non-professional APCs
that activate regulatory T cells [40].

Mapping of T cell epitopes

Similar to the screening of linear B cell epitopes, T cell epitopes
can be revealed by proliferation response of the T lymphocytes
upon stimulation by overlapping synthetic peptides that span the
whole amino acid sequence of the target allergen. For example,
peripheral blood mononuclear cells (PBMCs) from 18 peach allergic
patients and peach allergen (Pru p 3) specific T cell lines from nine
patients were cultured and analyzed for proliferation response in the

presence of 17 overlapping peptides that spans the entire sequence
of Pru p 3 [41]. Each peptide is of 10-amino acid residues long with five
overlapping amino acids. One immunogenic T cell epitope, Pru p 365-380
(NAAALPGKCFVSIPYK), was identified.

Apart from using human cell lines, T cell epitopes are also
derived from animal studies. In a Balb/c model of OV A sensitization,
splenocytes were used for peptide stimulation [42] and proliferation
was measured by the degree of conversion of WST-1 tetrazolium
salt by the metabolically active T cells. Data from proliferation and
cytokine (IL-4 and IFN-y) production demonstrated the presence of
four T cell-recognizing regions on OVA. These T cell epitopes are
each of 12 amino acids long and are found on OVA regions A39R50
(AMVYLGAKDSTR), S147R158 (SWVESQTNGIIR), K263E274
(KLTEWTSSNVME) and A329E340 (AAHAEINEAGRE) respectively.

To reveal the peptide sequences naturally presented by APCs and
MHC class II molecules, the major birch pollen allergen Bet v 1 was
digested by the endolysosomal extracts of dendritic cells (DCs) from
four birch pollen allergy patients [43]. This resulted in the elution of 27
Bet v 1-derived peptides that were of 14-28 amino acids long. 18-mer
peptides were first synthesized according to the natural DCs-derived
peptide sequences to stimulate T cell epitope-specific T cell lines.
Another 50 overlapping 12-mer peptides spanning the full length of
Bet v 1 were also used as stimulants for Bet v 1-specific T cell lines.
Sequences of the peptides that triggered strong proliferation were
compared to the peptides generated by endolysosomal degradation as
well as to known Bet v 1 T cell epitopes. The high resemblance suggests
the reliability of traditional T cell epitope mapping assays.

Applications of T cell epitopes in therapy

Cat allergy: Studies on T cell peptide-based immunotherapy (PIT)
concerning catallergy are extensive. A preliminary study was conducted
on cat allergy patients on the effects of PIT as early as in 1993 [44]. 95
cat allergy patients with positive skin prick test to cat hair, no previous
immunotherapy experiences and showed at least two airway symptoms
upon exposure in a cat room were included in the study. They were
randomly divided into four groups, each with 22-26 patients, and
received either peptide or placebo treatment (control). Patients in the
treatment groups were subcutaneously injected with two 27-amino acid
peptides IPC1-KRDVDLFLT-GTPDEYVEQVAQYKALPV and IPC2
KALPVVLENARILKNCVDAKMTEEDK-E) comprising multiple
T cell epitopes of the major cat allergen Fel d 1. The three treatment
groups received different peptide doses (7.5 ug, 75 pg and 750 pg) and
all groups were exposed in a room inhabited by live cats for 60 minutes
after the course for allergy symptoms assessment. Patients receiving the
highest peptide dose showed reduction in nasal (itchy nose or throat;
runny watery nose; nasal congestion or stuffiness) and lung symptoms
(wheezing in chest; tightness of chest and/or constrictive sensation in
throat; shortness of breath). Ex vivo analysis also showed reduction

Allergen Modification Effects Remarks Reference

Lepd2 Deletion of 2 cysteine molecules Significantly reduced IgE affinity Disrupted allergen conformation [29]

Parj1/Parj2 Substituted 3 critical amino acids Reduced IgE affinity, induction of IgG blocking Efficacy tested with a dimer of the [31]

antibodies, stimulate T cell proliferation mutants

Ricc1/Ricc 3 Alteration of glutamic acid residues in Significant reduce in ability to induce mast cell [3]
epitope degranulation

Pena1 Substituted 12 critical amino acids in 5 Reduced mediators release in a humanized RBL |Maximal release of mediators under [4]
epitope regions assay high concentration of mutants

Phlp 5 Single mimotope peptide of an IgE Down-regulated inflammatory response, reduced |No T cells involvement [37]
epitope Th2 cytokines

Table 1: Summary of different B cell epitope modification strategies and effects of modification for different allergens.
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in IL-4 production from T cell lines generated from peptide-treated
patients compared to that generated from placebo-treated group [45],
further suggesting the applicability of PIT in treating cat allergy.

Allergic symptoms arose between ten minutes and six hours after
injection of the IPC1 and IPC2 were reported, possibly due to the
cross-linking of IgE with these long peptides. A later study in 2002
employed 12 overlapping short peptides (16-17 amino acids long) in
PIT, knowing that none of the 40 cat allergy patients developed IgE-
dependent early allergic responses after injection of these peptides
[46]. Intradermal injections of increasing dose of peptides and at a
final concentration of 90 pg inhibited both early and late reactions
when patients were exposed to cat and Fel d 1. Reduction in IL-4
production and enhancements in IL-10 level were observed in the
peptide-treated group. Follow-up analysis provided evidence for the
recruitment of Th1 as well as CD4* T cell with suppressing/regulatory
activity after such PIT, suggesting the possible underlying mechanism
leading to allergic inflammation down-regulation [47,48]. A more
detailed assessment on the cat allergen-induced nasal and bronchial
reactions, and asthma/rhinitis quality of life was later performed in
order to confirm the clinical efficacy of this PIT [49]. 16 patients with
a history of both early- and late- phase asthmatic reactions upon cat
exposure were divided into two groups and subjected to peptide or
placebo blind treatments. 12 patients with only early-phase asthmatic
reactions were also included for peptide treatment in an open manner.
Patients who received active treatment were injected with increasing
doses of peptide (total 291 pg) by intradermal injection. Patients in
the open study showed significant reduction in the number of sneezes,
weight of nasal discharge and nasal blockage scores when challenged
with 0.1 ml of cat allergen solution spray while patients in the blind
active treatment group showed improvements in several Quality of Life
outcomes (e.g. non-nose/ non-eye symptoms, nasal problems etc.).
With these promising results, a peptide vaccine containing only ten
of the above Fel d 1-derived peptides was already put into a phase Ila
clinical trial to determine the safe and well-tolerated dosage for future
clinical applications [50].

Egg allergy: Translation of T cell epitopes into PIT for clinical
application has been extensive in cat allergy and bee venom allergy
[51,52] but is limited regarding such application on food allergies. T
cells epitopes have been mapped in a number of food allergens including
the cow’s milk allergen asl-casein [53], peanut allergen Ara h 2 [54],
peach allergen Pru p 3 [41], egg allergen ovalbumin (OVA) [42] and
egg-white allergen ovomucoid (Ovm) [55]. However, investigations on
the feasibility of these epitopes being utilized in PIT and the possible
clinical outcome were restricted to egg allergy to date.

Using an animal model, three 15-mer peptides, each comprising
one immunodominant T cell epitope of OVA, were injected
subcutaneously in a single or cocktail manner to OVA-sensitized
BALB/c mice [56]. After a high-dose OVA challenge following active
PIT, significant attenuation in systemic anaphylactic symptoms, serum
histamine concentrations, OVA-specific IgE and Th2-associated
cytokine levels were exhibited in the cocktail-treatment group. The
peptide treatment groups also had significantly higher levels of the Th1-
assoicated cytokine IFN-y, suggesting a restoration of Th1/Th2 balance
upon PIT. Furthermore, significant augmentation in both TGF-p and
FOXP3 expressions in intestine of the cocktail-treated group implies
that PIT is capable of promoting T _ - associated responses.

Similar therapeutic efficacy assessment was performed on the use
of Ovm T cell epitope-based therapy [57]. Sensitized BALB/c mice
were orally treated with the single 15-mer immunodominant peptide,

referring to AA157-171 on Ovm, or multiple peptides (157-171),. Both
single and multiple peptide treatment groups exhibited similar Th1/
Th2 balance restoration and T —assoc1ated response up-regulation
profile as reported in the Yang etal’s study on OVA PIT [56]. These
promising results shed light on the great applicability of PIT in food
allergies.

Economic Impact of Allergy and Immunotherapy

Allergy is a malady that can lead to severe anaphylaxis or even
death. Immunotherapy is currently one of the best ways to gain a long-
term cure. Presently, some medical organizations in the United States
already provide sublingual and subcutaneous allergy immunotherapy
(SLIT and SCIT respectively) [58]. The cost of SLIT depends on the
number and amount of allergens included in the treatment, ranged
from US$ 960 (10 allergens, 0.6 ml each) to US$ 2100 (25 allergens, 1
ml each). On the other hand, the cost of SCIT varies from US$ 260 to
US$ 2600 per year depending on the number of weekly allergy injection
visits. Although the expenses of immunotherapy might be enormous,
most patients are more than willing to pay to seek for a long-lasting
cure.

Apart from improving living quality, patients gain economic
advantages from immunotherapy as well. In a long-term study by
Ariano et al. [59], 30 Parietaria pollen allergy patients were included.
20 patients received SCIT while 10 patients received anti-allergic drugs
treatment only. They were evaluated before and after the treatment for
their number of specialists’ visits, desensitizing injections and boxes of
anti-allergic drugs. A 15% cost reduction was observed in the second
year and a significant reduction (80%) was found three years after
stopping immunotherapy.

Conclusions

Conventional allergen-specific immunotherapies using allergen
extracts could induce unwanted side effects such as systemic
anaphylactic response. Despite the risk of having severe side effects,
allergen-specific therapies have the advantage over allergen non-
specific therapies such as anti-IgE or gene silencing in that they
would not disturb our immune system by using artificial materials or
manipulation but rather take advantage of the regulatory properties of
the natural immune system to achieve curative effect. By specifically
targeting B cell or T cell epitopes, or both, undesired side effects can
be highly reduced or even ideally eliminated and the treatments can
have a longer lasting effect. The major limitations in the past were
the difficulties in identifying precise epitope regions and thus the
earlier allergen-specific immunotherapies can only make use of native
allergen extracts that have a higher risk of having unwanted side effects.
Moreover, the crude extracts are hardly quantitatively or qualitatively
standardized for allergenic active components. With the advancement
of bioinformatics technology, sophisticated ways of mapping B cell and
T cell epitopes have been developed. Preliminary studies also provide
robust evidence in the therapeutic effects of B cell or T cell epitope-
based treatments. The application of B cell and T cell epitopes will
certainly lead us into a new era of immunotherapy. However, allergen-
specific immunotherapies still have certain limitations. Epitope regions
might be different for different individuals. It remains a challenge in
developing a universal therapy that covers all the different epitopes
from a pool of patients with heterogeneous clinical history. Moreover,
an individual might be sensitized to more than one allergen and
the epitope regions of many minor allergens are yet to be defined.
Nevertheless, allergen-specific immunotherapies hold the hope for
the future as it offers a more “natural” way of gaining therapeutic
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effect compared to non-allergen specific immunotherapies. With the
increasing knowledge in T cell and B cell epitopes and perhaps future
technological advances in engineering these epitopes and modulation
of their immune responses, allergen-specific therapies can become the
most promising therapeutic regimen for allergy.
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