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Abstract

Immunoglobulin E-mediated allergies affect more than 25% of the population. Allergen exposure
induces a variety of symptoms in allergic patients, which include rhinitis, conjunctivitis, asthma,
dermatitis, food allergy and life-threatening systemic anaphylaxis. At present, allergen-specific
immunotherapy (SIT), which is based on the administration of the disease-causing allergens, is the
only disease-modifying treatment for allergy. Current therapeutic allergy vaccines are still
prepared from relatively poorly defined allergen extracts. However, with the availability of the
structures of the most common allergen molecules, it has become possible to produce well-defined
recombinant and synthetic allergy vaccines that allow specific targeting of the mechanisms of
allergic disease. Here we provide a summary of the development and mechanisms of SIT, and then
review new forms of therapeutic vaccines that are based on recombinant and synthetic molecules.
Finally, we discuss possible allergen-specific strategies for prevention of allergic disease.
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Introduction

Immunoglobulin E (IgE)-mediated allergy is the most common immunological
hypersensitivity disease [1]. The prevalence has been continuously rising over the last
decades, and currently, more than 25% of the population are affected [2, 3]. Local symptoms
of allergy are observed in the skin and respiratory and gastrointestinal tracts, and systemic
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manifestations include life-threatening anaphylactic shock [4]. If allergy is not properly
diagnosed and treated, it tends to progress to severe and chronic disabling disease; for
example, a clinically silent state of IgE sensitization without symptoms can progress to
symptomatic allergy, and mild forms of allergic rhinitis can develop into severe forms of
asthma [5, 6].

In individuals with a genetic predisposition towards allergy (i.e. atopic individuals),
postnatal exposure to harmless environmental antigens (i.e. allergens) induces the
production of allergen-specific IgE antibodies, a process that is termed allergic sensitization
[7]. Allergens can be derived from various allergen sources (e.g. pollen, house dust mites,
pets, moulds, food and insects) and are mainly proteins or glyco-proteins [8]. Recurrent
allergen exposure boosts the production of allergen-specific IgE antibodies that bind to their
receptors on immune cells that are essential players in allergic inflammation [9, 10]. Cross-
linking of IgE antibodies that are bound to the high-affinity receptors for IgE (i.e. FceRl) on
mast cells and basophils by invading allergens gives rise to degranulation within a few
minutes and release of inflammatory mediators, proteases and pro-inflammatory cytokines
[11, 12]. This immediate allergic inflammatory response is the cause for the majority of
allergic symptoms. The activation of T cells and the consequent production of pro-
inflammatory cytokines can lead to chronic allergic inflammation and late-phase reactions.
The chronic allergic inflammatory response requires the presentation of allergens by
antigen-presenting cells and may be strongly enhanced by IgE-facilitated allergen
presentation [13].

Pharmacological treatment in allergy mainly focuses on the mitigation of allergic
inflammation and thus only represents a symptomatic form of therapy that does not modify
the allergen-specific immune response. By contrast, allergen-specific immunotherapy (SIT)
modifies the allergen-specific immune response and the course of disease and has been
shown to have long-lasting effects [14].

Milestones in the development of SIT

Allergen-specific immunotherapy is based on the repeated administration of disease-causing
allergens with the aim of modifying the allergen-specific immune response in patients so
that higher doses of the allergen can be tolerated. Originally, allergy was considered not as
an immunologically mediated hyper-sensitivity disease but rather as a reaction against a
toxin. Based on this idea, in 1903, Dunbar immunized animals with “pollen toxins’ to
generate antisera that he found could neutralize the suspected toxic effects in patients [15].
These finding may be considered as an early indication that SIT represents a vaccine. Details
of further milestones in the development of SIT are shown in Table 1.

The experiments of Dunbar inspired Noon [16] to vaccinate patients allergic to grass pollen
with this toxin. It was found that this treatment reduced allergic symptoms and the
sensitivity to grass pollen in the vaccinated patients, and thus, Noon [16] had conducted the
first SIT in allergic patients. In 1927, Black [17] reported the first attempt to use oral
immunotherapy as a possible alternative to injection immunotherapy. A few years later, in
1935, Cooke et al. [18] published a seminal paper: using passive serum transfer, they
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showed that SIT induced an allergen specific serum factor that prevented allergen-induced
skin sensitization. Injection of aqueous allergen extracts caused frequent systemic and often
severe side effects. The finding that allergens remained at the injection site as a result of
adsorption of allergen extracts onto aluminium hydroxide, thus reducing systemic side
effects, was a major improvement for the safety of SIT [19]. In 1940, Loveless [20]
identified the allergen-specific serum factor described by Cooke and colleagues as allergen-
specific 1gG-blocking antibodies that unlike the disease-causing allergen-specific IgE were
stable at 56 °C. Frankland and Augustin [21] reported results from a controlled SIT trial
using crude allergen extracts and purified allergenic proteins, thus introducing the principles
of controlled clinical trials into clinical SIT research. To reduce side effects in the course of
SIT, both Marsh et al. and Lee and Sehon developed procedures for the chemical
modification of allergen extracts and obtained modified allergen extracts with low allergenic
activity [22, 23]. In 1986, Scadding and Brostoff [24] demonstrated that sublingual
immunotherapy was a possible alternative to injection SIT for tolerance induction in allergic
patients. An important advance for diagnosis of allergy and SIT was the elucidation of
allergen structures and sequences by molecular cloning techniques and the production of
recombinant allergens from the late 1980s [reviewed in 25]. Allergen sequences became
available, avoiding the need for cumbersome purification of allergen components from
natural allergen extracts. A new phase in the development of SIT began with the ability to
produce synthetic peptides, pure recombinant allergens and hypoallergenic allergen
derivatives for SIT [25]. With the aim of inducing T-cell tolerance, allergen-derived T-cell
epitope-containing synthetic peptides were administered to allergic patients in
immunotherapy trials approximately 10 years later [26]. Two clinically important findings,
the long-term effects of immunotherapy after discontinuation of treatment and the
prevention of disease progression, especially from rhinitis to asthma in children, were
published in 1999 and 2002, respectively [27, 28]. The study by Durham et al. has been a
milestone with respect to long-term clinical efficacy of SIT. They reported that vaccination
with grass-pollen allergens for 3—4 years induced prolonged clinical remission accompanied
by a persistent alteration in immunological reactivity. This finding raised the question of
whether SIT should be considered earlier in the course of allergic disease to prevent
progression [27]. In the Preventive Allergy Treatment (PAT) study, children with seasonal
allergic rhinoconjunctivitis were randomly assigned either to receive SIT for 3 years or to an
open control group. The results of the study demonstrated that a 3-year course of SIT in
children with allergic rhinoconjunctivitis significantly reduces the risk of developing clinical
asthma and improves bronchial hyper-reactivity [28]. These findings were confirmed in the
10-year follow-up of the PAT study [29].

The results from the first SIT trials with purified recombinant hypoallergenic birch pollen
allergen molecules and recombinant grass-pollen allergens were published in 2004 and
2005, respectively [30, 31]. These studies were important because they highlighted the
transition from SIT with ill-defined allergen extracts towards SIT with pure allergen
components. In 2006 it was reported that SIT with purified natural ragweed allergen
conjugated to immunostimulatory CpG sequences may offer another possibility to reduce
side effects and activate the innate immune system [32]. Today many unanswered questions
remain [33] but following experimental research into defined allergen molecules, epitopes
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and modified allergens, clinical trials with these molecules are now being performed. It is
hoped that this development may lead to highly effective, convenient forms of SIT with few
side effects that will change current treatment of allergy fundamentally from only symptom-
reducing pharmacotherapy to disease-modifying, patient-tailored treatment [34, 35].

Mechanisms of SIT

The availability of pure recombinant allergens and allergen-derived peptides, epitopes and
structures has also allowed the mechanisms of SIT to be re-investigated [reviewed in 25].
The elegant experiments by Cooke and colleagues and the follow-up experiments by
Loveless demonstrated that SIT induces allergen-specific 1gG antibodies in allergic patients;
these antibodies inhibit the binding of IgE to the allergen, IgE-mediated mast cell and
basophil degranulation and hence immediate allergic inflammation [18, 20]. Studies using
recombinant allergens and defined allergen epitopes for analysis, as well as SIT trials
performed with purified recombinant allergens and recombinant hypoallergenic allergen
derivatives, have confirmed that a major mechanism of SIT is the induction of allergen-
specific IgG-blocking antibodies [14, 25, 36, 37]. Moreover, it has been demonstrated that
allergen-specific blocking 1gG can also inhibit IgE-facilitated allergen presentation by
antigen-presenting cells to T cells and thus suppress allergen-induced T-cell activation [13,
38, 39]. Of interest, it has been demonstrated in several studies that allergen-specific IgE
production is boosted to a lesser degree in patients who develop allergen-specific 1gG
antibodies, compared with patients who are naturally exposed to allergens. It may therefore
be assumed that the maintenance of allergen-specific 1gG levels in patients by SIT can also
reduce allergen-specific IgE production in the long term [30, 32, 40].

It has also been found that SIT can alter the balance from allergen-specific T helper (Th)2 to
allergen-specific Thl immunity and that it may induce the secretion of immunoregulatory
cytokines, such as interleukin (IL)-10, and T regulatory cell responses [14, 41]. Furthermore,
SIT has been shown to affect other inflammatory cells such as mast cells, basophils,
eosinophils and antigen-presenting cells [14]. Thus SIT has a profound immunoregulatory
effect that may also explain why it can modify the course of allergic disease and why it may
have long-lasting effects even after discontinuation of treatment. It is important to note that
SIT is a highly allergen-specific form of treatment that only affects allergy caused by the
allergens included in the vaccine, and eventually cross-reactive but not immunologically
unrelated allergens [42].

Molecular and new approaches for SIT

Box 1 provides an overview of molecular and other new approaches for SIT.

T-cell epitope-containing peptides

One approach to target allergen-specific T cells in SIT has been the use of allergen-derived
synthetic peptides containing T-cell epitopes. These peptides comprise linear sequences
representing small allergen fragments that bind to the receptor of allergen specific T cells
and show no reactivity with IgE antibodies. The T-cell epitope-containing peptides are thus
characterized by a markedly reduced ability to cross-link allergen-specific IgE, which results
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in reduction in IgE-mediated adverse side effects. SIT has mainly been performed with
peptides from the major cat allergen Fel d 1 and venom allergens [26, 43-47]. The first
clinical trials demonstrated no relevant clinical improvement and many patients reported
late-phase adverse events that were most probably T cell mediated [43]. Further
developments (e.g. shorter peptides and lower doses) showed promising results and clinical
trials are currently ongoing [46, 48]. The treatment is thought to induce T-cell tolerance
through regulatory T cells that secrete the immune regulatory cytokine I1L-10 [49]. Possible
drawbacks of T-cell-based epitope vaccines are the diverse T-cell epitope repertoire
rendering treatment with just one or a few peptides difficult, the high rate of systemic side
effects and the failure to induce allergen specific blocking 19G.

Recombinant hypoallergens

To overcome the IgE-mediated side effects observed with allergen extracts, recombinant
hypoallergenic allergens were developed. Recombinant hypoallergens are made by
recombinant expression in various organisms, mainly Escherichia coli. They are
characterized by a strongly reduced IgE reactivity that is obtained by a variety of molecular
biological manipulations such as the introduction of mutations into the allergen sequence,
production of larger nonallergenic fragments, reassembly of sequences, oligomerization and
deletion of sequences [for review see 7, 25, 35]. Most of allergen-specific T-cell epitopes are
preserved in the hypoallergens as the manipulations mainly affect the IgE-binding sites and
leave T-cell epitopes intact. The first SIT trial with recombinant hypoallergens was already
initiated about 10 years ago. This was a double-blind placebo-controlled trial in which
patients with an allergy to birch pollen were treated with hypoallergenic derivatives of the
major birch pollen allergen Bet v 1 adsorbed onto aluminium hydroxide [30, 50-53]. The
advantage of recombinant hypoallergenic molecules is their strongly reduced allergenic
activity allowing administration of higher doses than the natural allergen. However, they
may still induce T-cell-mediated side effects [53]. Vaccination with recombinant
hypoallergenic Bet v 1 derivatives showed clinical efficacy with no IgE-mediated side
effects or clinically relevant de novo sensitization [30, 52]. The therapy-induced allergen-
specific IgG antibodies inhibited allergic patients’ IgE binding to Bet v 1 and were
associated with reduced nasal sensitivity to birch pollen [50, 53]. Furthermore, they reduced
allergen-induced boosts of IgE production and IgE-facilitated allergen presentation to T cells
[30, 53, 54]. A recombinant hypoallergenic version of Bet v 1 has been successfully
evaluated in SIT trials up to phase Il [34, 55]. The beneficial effects of SIT with
recombinant hypoallergenic allergen derivatives seem to be mainly mediated by the
induction of allergen specific 1gG that inhibit binding of IgE to the allergen, allergen-
induced effector cell degranulation, IgE-facilitated allergen presentation and boosts of IgE
production (for review see [56]). Because recombinant hypoallergens contain allergen-
specific T-cell epitopes, they may be used to induce tolerance in T cells and may also be
useful for prophylaxis of allergy [7, 57].

Recombinant wild-type allergens for SIT

Following the first trial with recombinant hypoallergens of Bet v 1 [30], clinical
immunotherapy trials have been performed with recombinant wild-type allergens from grass
and birch pollens [31, 58]. Recombinant wild-type allergens are defined as recombinant
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allergens that mimick the fold and IgE and T-cell reactivity of the corresponding natural
allergens. Accordingly they can induce similar types of side effects as natural allergens but
have the advantage that they can be produced with defined quality and quantity in
reproducible production processes and thus allow the formulation of vaccine batches with
consistent properties and potencies. Furthermore, they can be produced as hybrid molecules
incorporating the epitopes of several allergen molecules, which facilitates vaccine
production and increases immunogenicity [59-61]. That recombinant allergen-based
vaccines can replace allergen extract-based vaccines has been shown in a study of
subcutaneous immunotherapy (SCIT) comparing wild-type recombinant Bet v 1 with
standard birch pollen vaccine and natural purified birch pollen allergen (nBet v 1) [58]. All
actively treated groups demonstrated clinical improvement accompanied by marked
increases in Bet v 1-specific 1gG levels. These levels were higher in the recombinant Bet v 1
(rBet v 1)-treated group than in the standard birch pollen vaccine- and nBet v 1-treated
groups. Thus the rBet v 1-based vaccine was shown to be safe and effective in treating birch
pollen allergy [58]. SIT with recombinant major grass-pollen allergens has also been
evaluated in a clinical trial [31]. In line with previous studies, induction of allergen-specific
IgG antibodies against natural grass-pollen allergens and clinical efficacy were observed. In
the future, it is likely that recombinant allergen-based vaccines will also be generated for
other allergen sources such as venom and food allergens. The great advantage of
recombinant allergen-based vaccines is that patients are treated with well-defined molecules
that fulfil current quality standards for vaccine production. There are also ongoing studies
investigating the use of recombinant wild-type allergens for sublingual immunotherapy
(SLIT); however, currently this treatment is performed with ill-defined natural allergen
extracts [62, 63]. Studies are also focusing on the mechanisms underlying SLIT, which at
present remain unclear [64].

CpG-conjugated and other coupled allergens

Another approach in the development of SIT has been to combine allergens with
immunomodulatory components. One such component is immunostimulatory DNA
sequences containing CpG motifs that activate the innate immune system through toll-like
receptors (TLRs). CpG motifs are thought to interact with TLR-9 and to inhibit Th2 immune
responses. A small placebo-controlled SIT study, in which the major ragweed pollen
allergen Amb a 1 was combined with CpG, has been performed [32]. The vaccination
induced allergen-specific blocking 1gG antibodies, and reduced the seasonal boost in IgE
production. Furthermore, compared with the placebo group, the active treatment group had
lower seasonal symptom scores. However, a recently initiated clinical trial was discontinued
as no significant differences were found between the actively and placebo-treated patients.

Another approach to using coupled allergens has been tested for peptides of the major house
dust mite allergen Der p 1, which were conjugated to virus-like particles from the
bacteriophage Qbeta. Immunization of healthy subjects by subcutaneous administration of
the conjugate induced Der p 1-specific 1gG antibodies [65]. It was also shown that the
coupling to virus-like particles reduced the allergenic activity of the major cat allergen Fel d
1 [66]. Using Fel d 1 as a model allergen in a murine model of cat allergy, it was also
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demonstrated that covalent coupling of vitamin D3 to Fel d 1 improved the effects of SCIT
[67].

One problem with the approach of chemical coupling of allergens or allergen peptides is that
it may be difficult to establish reproducible production processes following good
manufacturing practice and that these processes may need to be adapted individually for
each allergen.

New routes for SIT

Since the first clinical trial was published in 1911, SIT has been performed successfully as
SCIT. However, other routes, in particular mucosal routes, have also been tested. As
discussed previously, by the late 1920s Black had demonstrated oral administration of
allergen extracts; Scadding and Brostoff later reported sublingual allergen administration
[17, 24]. There were several reasons for the search for alternative routes for SIT such
increasing the convenience of administration and eventually allowing self-administration,
reducing side effects and targeting different immune mechanisms (e.g. mucosal tolerance).
However, oral immunotherapy has not become common practice because it was found to be
much less effective than SCIT. Currently, the possibility of oral immunotherapy for the
treatment of various forms of food allergy such as cow’s milk and peanut allergy is being
investigated [68-70]. Yet these studies are limited by the use of crude natural allergen
extracts and a recent meta-analysis of studies in the area of cow’s milk allergy noted several
disadvantages of the treatment such as severe side effects. Furthermore, the underlying
mechanisms are less clear than for SCIT and evaluating the effects objectively can be
difficult [70]. There have currently been attempts to use defined recombinant hypoallergenic
food allergens for SCIT [71]. In this context it would be interesting to use such defined
molecules in parallel for oral immunotherapy to compare the two types of SIT with regard to
underlying mechanisms and effects. Novel approaches based on transgenic allergen-
expressing food or lactic acid bacteria have also been tested in animal models [72, 73].
These approaches would need to be tested in allergic patients for safety, because they carry
the risk that allergens transported by these vehicles through the gut may escape digestion
and subsequently induce systemic anaphylactic reactions. The latter risk may be overcome
by oral adminstration of hypoallergenic allergen derivatives instead of allergenic wild-type
allergens.

At present there are several allergen extract-based preparations on the market for SLIT, but
the immunological mechanisms of SLIT are still unclear. SLIT is based on the sublingual
administration of allergens in the form of drops or tablets. This treatment seems to have
effects on antigen-presenting cells and T cells but induces unfavourable increases in the
level of allergen-specific IgE and only low levels of allergen-specific blocking IgG [74, 75].
Furthermore, it has been noted that many SLIT trials have not been performed according to
international recommendations for SIT studies and that less than 30% of the studies have
shown unequivocal clinical efficacy [76]. Few studies have directly compared SCIT and
SLIT; in such studies the efficacy of SLIT was found to be much lower than that of SCIT
[77, 78]. SLIT generally requires daily self-medication bearing thus the risk of unattended
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side effects that are less common than with SCIT; but even severe systemic side effects have
been reported for SLIT [79].

Intralymphatic SIT (ILIT) has also been investigated as a possible route for therapy. ILIT
was originally tested in the 1970s for cancer immunotherapy [80]. Through injection into a
lymph node, it is hoped that ILIT will enhance the development of protective immunity [81].
Clinical trials conducted to date have demonstrated that ILIT may be clinically effective
after only a few injections and induces allergen-specific 1gG as with SCIT [82, 83]. In an
attempt to further improve ILIT, a recombinant allergen with a modular transporter antigen
molecule was used and this was shown to also stimulate regulatory T-cell responses [83].
Whether ILIT is more effective than SCIT still needs to be demonstrated, and a limitation of
ILIT is that it requires the technique of intralymphatic injection.

Finally, there have been several recent attempts to administer allergens via the skin.
Epicutaneous SIT is based on administration of allergens using patches that are mounted
onto the skin. Several technologies for patch administration are currently being tested and
data from animal studies and clinical trials are already available [84-87]. Whilst there is
some evidence to support a clinical effect, further data regarding the immunological
mechanisms and objective clinical parameters are needed. In addition, whether epicutaneous
SIT induces allergen-specific 1gG has not been investigated.

Genetic immunization

Two studies performed in murine allergy models were the first to indicate that vaccination
with allergen-encoding DNA may represent a new approach for SIT [88,89]. It has been
demonstrated that genetic immunization induces allergen-specific Th1l immune responses
that may prevent allergic sensitization and eventually ongoing allergic immune responses
[90, 91]. The advantage of using allergen-encoding DNA instead of allergen for vaccination
is, however, out-weighed by the concern that genetic immunization may induce an
uncontrolled production of allergens in treated subjects and thus may cause side effects [92].
To overcome this problem, genetic vaccination with DNA coding for hypoallergens has
been considered as an alternative approach [93]. Furthermore, RNA immunization that gives
rise to only transient allergen production has been considered as a possible alternative [94].
The latter approach may also be useful for prophylactic treatment.

Carrier-bound B cell epitope-containing peptides

The concept of carrier-bound B cell epitope-containing peptides is a further development of
recombinant hypoallergenic allergen derivatives that should eliminate late, T-cell-mediated
side effects [95]. Carrier-bound allergen peptide vaccines are composed of an allergen-
unrelated carrier protein which, according to the peptide carrier principle described by
Siskind et al., [96] provides T-cell help for the production of antibodies against the peptides
covalently linked with the carrier. Because carrier molecules without allergen-specific T-cell
epitopes can be chosen, it is possible to reduce the presence of allergen-specific T-cell
epitopes in the vaccine. This may be a major advantage compared with treatment with T-cell
epitope containing peptides, recombinant wild-type allergens or recombinant hypoallergens,
which contain allergen-specific T-cell epitopes and therefore can lead to activation of
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allergen-specific T cells and thus T-cell-mediated side effects. The allergen-derived peptides
are selected from the IgE-binding areas on allergen surfaces to induce allergen-specific
blocking 1gG antibodies against the IgE-binding sites [97, 98]. As IgE antibodies
preferentially recognize conformational IgE epitopes, it possible to identify peptides that are
part of the IgE-binding sites but do not react with IgE antibodies and hence do not induce
IgE-mediated allergic reactions. Vaccines based on carrier-bound allergen peptides should
therefore allow the elimination of both IgE- and T-cell-mediated side effects, whereas they
induce robust allergen-specific 1gG antibodies which block IgE binding to the allergen as
well as IgE-mediated allergic reactions.

The first proof of principle studies using allergen peptides chemically coupled to a carrier
molecule were performed in in vitro and in animal experiments [97, 98]. Carrier-bound
allergen peptide vaccines have been made as recombinant fusion proteins which can be
produced in E. coli in large-scale and under-defined conditions suitable for state of the art
vaccine production [99, 100]. The use of viral-derived carrier proteins may offer the
additional advantage of vaccines that induce protective IgG antibodies both against the
allergen and against infectious diseases [101]. Hypoallergenic allergen-derived peptides
suitable for the production of carrier-bound peptide vaccines have been identified for several
important respiratory allergens, and it thus appears that the technology is generally
applicable to many important allergen sources [102-104]. Because of the hypoallergenic
nature of the carrier-bound peptide vaccines, it is hoped that SCIT can be performed with
only a few injections, approximately four per year, without need for cumbersome up-dosing
schemes requiring multiple treatments. A grass-pollen allergy vaccine based on carrier-
bound peptides of the four major grass-pollen allergens (Phl p 1, Phl p 2, Phl p 5 and Phl p
6) has been successfully evaluated in a safety skin test study in allergic patients; in addition,
a phase Il study of SCIT has been completed and a multicentre phase I1b study is starting
(see http://clinicaltrials.gov: Clinical trial numbers: NCT01350635; NCT01445002; NCT
01538979, respectively).

Prophylactic SIT approaches

SIT has not yet been used as a prophylactic vaccine to prevent the development of allergic
sensitization. It is clear that prophylactic treatment would be a major step forward because it
would not be limited to the treatment of allergic patients but would also prevent allergies
and hence stop the currently exploding allergy epidemic. However, the application of SIT
for the prevention of allergic sensitization requires the availability of suitable technologies.

First, it is important to determine which allergens should be included for prophylactic
treatment. At present we have suitable diagnostic tests that allow population-wide testing of
sensitization against more than 100 individual allergen molecules to establish and monitor
regional allergen profiles (Fig. 1, top) [105, 106]. These tests are based on micro-arrayed
allergen molecules that allow IgE reactivities to be assessed with small serum volumes
against a multitude of allergens using chip technology (Fig. 1; top). Allergen component-
based testing has already provided interesting insights into regional differences in allergen
recognition [107, 108] and relatively complete molecular sensitization maps are likely to
become available soon through extensive population testing with chip technology. Based on
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these results it should be possible to identify the allergen components for which prophylactic
strategies need to be developed.

Besides the definition of the relevant allergen molecules, the currently used crude allergen
extracts, which comprise ill-defined mixtures of allergenic and nonallergenic components,
present another major technical barrier to the further development of SIT [109-111].
Furthermore, natural allergen extracts exhibit high allergenic activity that often causes side
effects and it has been reported that SIT with allergen extracts can induce IgE sensitization
to new allergens [112]. If natural allergen extracts are used for prophylactic treatment, there
is a considerable risk that IgE-mediated sensitization will be induced because the allergens
that are present in natural extracts are in native conformation, have high allergenicity (i.e.
potential to induce allergic sensitization) and hence may induce IgE responses against
naturally occurring allergens. Therefore, to reduce the risk of sensitization against naturally
occurring allergens during prophylactic treatment, modified allergen derivatives should be
preferred for vaccination. In addition, approaches may be chosen to prevent allergen-specific
immune response such as allergen-specific tolerance induction for early postnatal treatment
in those subjects who have not yet been sensitized (Fig. 1).

Several types of allergen modifications are currently available for specifically targeting the
immune system [25]. Allergen-derived T-cell epitope-containing peptides can be
synthesized for each allergen for which the sequence is available. These peptides do not
induce allergen-specific IgE or 1gG antibody responses but allow targeting of allergen
specific T cells via the T-cell receptor and therefore can be used to induce selective T-cell
tolerance [49] (Fig. 1; middle part, right). Recombinant hypoallergenic allergen derivatives
harbour most of the allergen-specific T-cell epitopes within one or a few molecules and
hence can also be used for induction of T-cell tolerance [7]. Furthermore, they can be used
for vaccination because they induce allergen specific IgG antibodies and low allergen-
specific IgE responses (Fig. 1; middle part, middle). Carrier-bound B cell epitope-containing
peptides lack most of the allergen-specific T-cell epitopes and therefore are less useful for
induction of T-cell tolerance [95]. However, they induce robust allergen-specific 1gG
responses without activating allergen-specific T cells, and their capacity for inducing IgE
responses against natural allergens is lower than that of recombinant hypoallergens. These
derivatives should therefore be well suited for vaccination approaches because of a very low
risk of inducing allergic sensitization.

Another important aspect for prophylaxis is the determination of the time window of allergic
sensitization so that preventive interventions can be performed before sensitization has
occurred.

From the analysis of birth cohorts that have been assessed for the development of allergic
sensitization, we are beginning to gain an understanding of the development of allergic
sensitization. Of interest, it has been shown that allergy to food allergens precedes allergy to
respiratory allergens [113]. Nevertheless, population studies have shown a relationship
between the month of birth and the development of seasonal pollen allergies [114],
suggesting that allergic sensitization to respiratory allergens also occurs in the first months
of life. It is therefore possible that allergic sensitization mainly occurs shortly after birth.
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The precise analysis of the period during which new sensitization occurs is currently one of
the research topics of the EU-funded research programme MeDALL (http://medall-fp7.eu/
[115]) in which the development of allergic sensitization against more than 170 micro-
arrayed allergen molecules will be analysed in serum samples from several birth cohorts
using chip technology. The results of a recent analysis of samples from adult allergic
patients and nonallergic subjects over a period of 10 years using chips containing almost 100
different micro-arrayed allergen molecules indicate that de novo allergic sensitization to new
allergen molecules in allergic adults does not occur during the natural course of allergy (C.
Lupinek, K. Marth, R. Valenta, unpublished observations).

There are basically two scenarios for prophylactic intervention depending on the time
window during which allergic sensitization can occur. If confined to a very short period
immediately after birth, prenatal interventions and/or very early postnatal interventions may
be considered. Experimental data from animal models have elegantly demonstrated that the
transmission of allergen-specific blocking 1gG antibodies via the placenta and breast milk
can suppress allergic sensitization [116, 117]. It should therefore be possible to induce
allergen-specific 1gG responses in mothers, through SIT with hypoallergens or carrier-bound
B cell epitope-containing peptides, which are then transmitted to the child. Indeed it has
been shown that SIT-induced 1gG is transmitted through the placenta and there is evidence
that SIT performed in pregnant mothers can prevent allergy in the child [118, 119].
Alternatively, passive immunization through administering allergen-specific 1gG to mothers,
which could be transmitted via the placenta or breast milk to the child, may be considered
[120]. Another possibility is to add allergen specific IgG to the child’s diet in the early
postnatal period.

Several possibilities may be considered for early postnatal treatment. First, early tolerance
induction using T-cell epitope-containing allergen peptides or recombinant hypoallergens
may be given via mucosal routes (e.g. oral tolerance) or by injection [121]. Second, peptides
and/or hypoallergens could be presented on the surface of haematopoetic stem cells to
induce tolerance as has been shown in experimental animal models [122-124]. Third, viral-
like particle-or experimental cell-based forms of prophylaxis may be considered [125-128].
These approaches would focus on the robust induction of early T-cell tolerance so that no
allergic immune response could develop. An alternative strategy would be the early
postnatal induction of allergen-specific 1gG by vaccination with hypoallergenic allergen
derivatives or carrier-bound B cell epitope-containing peptides with the goal to prevent
allergic sensitization. Early immunomodulation may also be achieved by genetic
immunization using for example preventive RNA vaccination [94].

These mentioned strategies have already been tested in experimental animal models and
may now be evaluated in first clinical studies in humans. An initial important step will be to
demonstrate in nonallergic adults that the interventions do not induce allergic sensitization
or other harmful reactions. Once safety and lack of allergenicity have been assessed, trials in
subjects at risk of developing allergic sensitization, such as children of highly atopic parents,
may be considered. Another way to advance prenatal vaccination may be to continue SIT
with therapeutic vaccines with an extremely high safety profile (i.e. lack of side effects)
during pregnancy and perform controlled studies to analyse whether such treatment can
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prevent allergic sensitization in the offspring. It is clear that many difficulties still need to be
overcome in developing prophylactic SIT strategies, and the design of clinical studies
exploring the risks, feasibility and benefits of such approaches will be affected by technical
as well as ethical issues. However, we are now at a stage where we have the knowledge to
manipulate the immune system and techniques to generate the new vaccines so that we can
start to explore the possibilities for prophylactic SIT in an effort to stop the allergy
pandemic.
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Table 1
Overview of milestonesin the development of SIT
M 1903 Pollen-specificanti-sera neutralize pollen-induced allergic reactions Dunbar [15]
1911 Subcutaneous injection of grass-pollen extractin allergic patients Noon[16]
reduces allergic symptoms
1927  Oraladministration of pollen extract for SIT Black [17]
1935 Demonstration thatSITinduces an allergen-specific serum factor that Cookeetal [18]
inhibits allergic reactions
1938 Adsorption of allergens onto aluminium salts for SIT Sledge [19]
1940 BlockingIgG antibodies compete with ‘reagin’for specificallergen Loveless etal [20]
1954 Controlled SIT study Frankland and Augustin [21]
1970 Chemical denaturation of allergens to reduce their allergenic activity (‘allergoids’) Marsh et al. [22]
1977 Couplingto polyethylene glycol renders allergens nonallergenic and tolerogenic Lee and Sehon [23]
1986 Sublingualimmunotherapy for tolerance induction Scadding and Brostoff [24]
1996 Useofsyntheticallergen-derived T-cell epitope-containing peptides for SIT Norman etal. [26]
1999 Long-termclinical effects after discontinuation of SIT Durham etal. [27]
2002  SIT prevents the progression towards severe allergy (rhinitis—asthma) Moller et al. [28]
2004 First SITwith recombinant hypoallergenic allergen derivatives Niederberger et al. [30]
2005  First SIT trial with recombinant wild-type allergens Jutel etal. [31]
2006 SITwith purified allergen conjugated to immunostimulatory DNA sequences Creticos etal. [32]
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