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Allergic diseases, including asthma, rhinitis and eczema, represent a major health burden worldwide.
Mainstay treatments are allergen avoidance where feasible and pharmacotherapy for symptom relief. For
selected patients, allergen-specific immunotherapy (SIT) offers the prospect of long lasting clinical efficacy.
SIT involves the administration of allergen extract using a standardized regimen, usually subcutaneously or
increasingly sublingually. However, application of this potentially curative treatment is restricted, largely due
to the risk of serious adverse events, especially in asthmatics and for potent allergens such as peanut, seafood
and latex. New insights into immunological mechanisms underlying effective SIT and molecular
characterization of allergens and their recognition by the immune system suggest strategies for refinement
of SIT. Selective targeting of allergen-specific T cells, especially regulatory T cells, is likely to be pivotal for
efficacy. Recombinant allergens lacking IgE reactivity and small T cell epitope-based peptides are being
trialled clinically with evidence of efficacy without serious IgE-mediated adverse reactions. Adjuvants, either
co-administered or incorporated into a recombinant allergen vaccine to target tolerogenic dendritic cells may
also increase efficacy. The safer sublingual route of allergen administration is attracting interest and different
allergen forms may be optimal for inducing tolerance by this route. Defined allergen-derived molecules or
peptides offer ease of standardization and, coupled with appropriate targeting of immunoregulatory
mechanisms, will result in more widespread clinical use of SIT. Adjunct therapies such as anti-IgE antibody
and corticosteroids may minimize the likelihood of adverse reactions in those with severe allergic disease
who would most benefit from this treatment.
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1. Introduction

(Asher et al., 2006; Floistrup et al., 2006). The socioeconomic impact of
these diseases on the community is large, including costs of health

Allergic diseases including asthma, rhinitis/conjunctivitis and care and lost work and school hours (Masoli et al., 2004). Allergic
eczema affect up to one quarter of the population in Western diseases mainly affect atopic individuals, who have an inherited
countries at some time in their lives and the prevalence is rising genetic predisposition to synthesize specific immunoglobulin E (IgE)
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allergen-specific immunotherapy; TLR, Toll-like receptor; Tregs, regulatory T cells.
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antibodies to common environmental allergens. Major perennial
allergens are from house dust mites (HDM) and domestic pets (cats,
dogs) while the main sources of seasonal allergens are grass, tree and
weed pollens. A variety of other substances can be allergenic,
including foods and occupational materials such as natural rubber
latex. In contrast, bee venom or wasp venom allergy occurs equally in
atopic and non-atopic individuals.

Following initial exposure to allergen in susceptible individuals, IgE
antibodies are generated and bind to high affinity IgE Fc receptors
(FceRI) on blood basophils and skin and mucosal tissue mast cells. On re-
exposure to the relevant allergen, a biphasic response may be elicited
with an immediate hypersensitivity and a delayed inflammatory
component (Fig. 1). The early phase reaction is a consequence of
allergen molecules cross-linking mast cell-bound specific IgE and
activating release of inflammatory mediators including histamine,
serine proteases, leukotrienes, prostaglandins, platelet activating factor
and cytokines. The late phase response results from a further wave of
inflammatory mediators released from the recruited cellular infiltrate of
eosinophils, neutrophils, basophils, macrophages and CD4" T cells (see
review, Kay, 2001).

At sites of exposure such as the respiratory tract, allergen is initially
taken up by antigen presenting cells (APC) especially dendritic cells
(DC). In allergic individuals, specific IgE bound to low affinity IgE Fc
receptors (CD23) on DC may play a role in facilitating allergen uptake
(van der Heijden et al., 1993). Allergen-loaded DC traffic to draining
lymph nodes where they present processed allergen on their surface
as peptides in the context of major histocompatibility complex (MHC)
class Il molecules to T cells with allergen-specific receptors. Following
engagement of antigen-specific receptors and appropriate co-stimu-
latory molecules, activated T cells release cytokines which facilitate
allergen-specific B cell activation and differentiation to antibody
producing plasma cells. Activated T cells also traffic to sites of allergen
encounter and elaborate local reactions.

CD4" T cells play a central role in orchestrating the immune
response to allergen. The peripheral CD4" T cell repertoire of both
atopic and non-atopic individuals includes those with allergen
specificity, but their functional response differs between these groups
(O'Hehir et al., 1991a; Kapsenberg et al., 1992; Romagnani, 1994;
Turcanu et al., 2003). In atopic individuals the cytokine profile of
activated allergen-specific T cells is Th2-polarised with production of
interleukin (IL)-4, IL-5 and IL-13 which drive B cell immunoglobulin
class switching to IgE, recruit and activate allergic inflammatory cells
(mast cells, basophils, eosinophils) and increase mucus production by
mucosal goblet cells. In contrast, activated allergen-specific T cells
from non-atopic subjects are Thl-polarised with dominant IFN-y
secretion driving production of non-pathogenic specific IgG anti-
bodies. Factors which influence the type of immune response which
results from allergen encounter include the genotype of the
individual, antigen form and concentration, the antigen presenting
cell type and activation status, and the local cytokine milieu (Murphy
& Reiner, 2002; Gardner et al., 2003).

Mainstay treatment for allergic diseases is allergen avoidance,
where feasible, and the use of non-specific pharmacotherapy includ-
ing antihistamines, beta-2 agonists and corticosteroids for sympto-
matic relief. Severe, life-threatening anaphylactic reactions require
treatment with adrenaline. Although effective at controlling symp-
toms, administration of anti-inflammatory treatments is not without
side effects especially with prolonged use. In selected patients where
there is a clear demonstration of symptoms on exposure to the
offending allergen and documentation of allergen-specific IgE,
allergen-specific immunotherapy (SIT) to target the underlying
disease process may be instigated. This treatment is attractive as it
selectively modulates the allergen-specific immune response and is
potentially curative. This review will describe current use of SIT for
treatment of allergic diseases and consider potential allergen
formulations for improving efficacy and safety of treatment based

on insights into immunoregulatory mechanisms and the underlying
immune mechanisms in successful SIT.

2. Allergen-specific immunotherapy

In retrospect, the rationale for using allergen to treat an allergen-
induced disease as pioneered by Noon and Freeman in 1911 (Noon,
1911) seems counter-intuitive. However, inspired by other vaccination
successes of the day, these workers sought to vaccinate allergic
individuals to induce “anti-toxins” which would prevent disease.
Indeed they found that appropriate doses of allergen could induce a
state of clinical and immune tolerance to that allergen. Since this time,
subcutaneous allergen-specific immunotherapy (SCIT) has developed
as a routine therapy and best practice protocols have been defined
(Bousquet et al., 1998; Joint Task Force on Practice Parameters, 2007).
Conventional SCIT involves injection of increasing quantities of
allergen extract during an updosing phase followed by repeated
injection of allergen at a maximum tolerated dose over three to five
years in a maintenance phase (Rolland et al., 2000). Controlled trials
have demonstrated efficacy in appropriately selected patients with
venom hypersensitivity (Lerch & Muller, 1998), seasonal allergic
rhinitis/conjunctivitis (Varney et al., 1991; Calderon et al., 2007) and
mild asthma (Abramson et al., 2003). Importantly, SCIT can prevent
the development of new sensitivities in monosensitized patients (Des
Roches et al., 1997; Purello-D'Ambrosio et al., 2001) as well as the
progression to asthma in patients with allergic rhinitis (Moller et al.,
2002; Jacobsen et al., 2007). However, despite advances in standardi-
zation of allergen extracts and treatment protocols, SCIT is not
recommended for patients with moderate to severe asthma, and
immunotherapy with unfractionated extracts of potent allergens such
as natural rubber latex, peanuts and shellfish is not currently available
due to the high risk of systemic adverse events (Rolland et al., 2000).
Modification of SIT regimens, especially allergen preparations, is
required to permit more widespread use of this therapy in clinical
practice.

2.1. Current immunotherapy schedules

Conventional SCIT is administered by subcutaneous injection of
unfractionated extract in either alum-precipitated or aqueous form.
Aqueous allergen preparations allow more rapid allergen absorption
but are often highly potent. To minimize adverse reactions due to
inappropriate dosage, allergen extracts are standardized as “Bioequi-
valent Allergy Units” or by quantitation of the dominant allergen
(Joint Task Force on Practice Parameters, 2007). Although attractive
for treatment of patients with multiple sensitivities, use of mixtures of
unrelated allergens may be less efficacious and only proven mixtures
containing known amounts of each component should be used (see
World Health Organisation position paper, Bousquet et al., 1998).
During the updosing phase, a small dose of allergen extract is given
first followed by slowly increasing increments to minimize adverse
allergic reactions, particularly anaphylaxis. The standard SCIT dosage
schedule involves injections given once to twice weekly during the
induction phase followed by maintenance injections at increasing
intervals as tolerated up to monthly. Regimens are usually continued
for three to five years (Lerch & Muller, 1998; Durham et al., 1999). More
rapid dose escalations may be required for urgent treatment of
anaphylaxis and venom allergy. For these regimens, the induction
phase is completed over a period of about five days (rush) or even one
day (ultra-rush) with typically injection intervals of 1 h and treatment
is usually performed in a hospital setting due to the higher incidence
of systemic reactions (Hejjaoui et al., 1990; Nelson, 2007; Cox, 2008).
Not withstanding the regimen, all immunotherapy injections require
close medical supervision with adrenaline and adequate resuscitation
facilities available. Immunotherapy is rarely started in children before
the age of five years.
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Fig. 1. Early and late phase response to allergen exposure. In a previously sensitized individual, re-exposure to allergen results in cross-linking of allergen-specific IgE bound to mast
cells and release of inflammatory mediators including histamine, serine proteases, leukotrienes, prostaglandins and cytokines. This occurs within 5 to 15 min of exposure to allergen
and is termed the early phase response. The late phase response results from a second wave of inflammatory mediators released from activated T cells, eosinophils and basophils

attracted to the site during the early phase.

In an attempt to enhance patient acceptance and minimize the risk
of anaphylactic reactions, alternative routes for local administration of
allergen immunotherapy including nasal insufflation, bronchial
inhalation and sublingual absorption have been explored (see
reviews, Malling et al., 1998; Canonica & Passalacqua, 2003; O'Hehir
et al,, 2007). The most promising of these has been the sublingual
route, with several clinical trials demonstrating significant sympto-
matic improvement (see meta-analysis by Wilson et al, 2005).
Sublingual/swallow immunotherapy (SLIT) involves holding the
allergen solution under the tongue for a period of 2 min before
swallowing. Despite requiring doses of allergen at least 50-100 times
higher than for the subcutaneous route, there is evidence that SLIT is
safer than SCIT, including for asthma (Gidaro et al., 2005; Rienzo et al.,
2005; Calamita et al., 2006; Nelson, 2007). Treatment is usually
continued for at least two years although an ultra-rush protocol for
SLIT has also been described (Vervloet et al, 2007). The relative
clinical efficacy of SLIT compared with SCIT is not yet clear and more
well-controlled comparative studies are required (Cox et al., 2006).
The use of a tablet formulation instead of liquid should improve
reliability of dosage (Kleine-Tebbe et al., 2006; Malling et al., 2006).
SLIT is now very popular in Europe and increasingly under evaluation
in North America (Frew, 2008).

2.2. Limitations and adverse reactions with current SIT

Safe SCIT is not currently available for IgE-mediated food or latex
allergy due to the high risk of anaphylaxis. Even for routinely used
aeroallergens, local reactions occur in up to 25% of patients, and large
reactions may require a reduction in dose. Systemic adverse events are
estimated at a frequency of 1/500 injections (Frew, 1993; Nelson,
2007). Alum precipitation of allergen extract greatly improves the
safety of immunotherapy. Deaths are fortunately rare and in most
cases are associated with dosage errors, new bottles of extract,
concomitant medication use (for example beta blockers) and delayed
treatment of anaphylaxis. Symptomatic asthmatic patients are at
greatest risk of adverse reactions.

The improved safety and convenience of administration of allergen
by the sublingual route as mentioned previously is increasingly
attracting the attention of clinicians. Although not yet clear, suggested

reasons for the increased safety of SLIT are the lack of systemic
absorption of allergen from the oral mucosa (Bagnasco et al., 1997) and
a relative paucity of mast cells in the oral mucosa (Moingeon et al.,
2006). In general, adverse reactions to SLIT are only mild and self-
resolving mouth itching and swelling, and some clinical trials of SLIT
for grass pollen and HDM allergy reported no episodes of anaphylaxis
or severe systemic reactions (Gidaro et al., 2005; Passalacqua et al.,
2007). However, other studies report episodes of severe reactions
especially with more potent allergens such as latex including a case of
anaphylaxis during rush SLIT for latex allergy (Antico et al., 2006).
Clearly the development of refined allergen preparations for SIT should
not only take into account rational targeting of immunoregulatory
mechanisms but also consider the causes of adverse reactions.

3. Mechanisms of specific immunotherapy

Successful SIT reduces symptoms of allergic disease and need for
medication. Late phase responses to local allergen challenge in the skin
and nasal mucosa are decreased (Varney et al.,, 1993; Durham et al.,,
1996) and in asthmatics, non-specific airway hyper-reactivity and
bronchial response to inhaled allergen challenge are decreased (Warner
et al., 1978; Walker et al.,, 2001). Local tissue changes include reduced
recruitment of eosinophils into challenge sites (Durham et al., 1996), and
reduced release of inflammatory mediators such as eosinophil cationic
protein and platelet activating factor (Hsieh & Ng, 1993; D'Amato et al.,
1996). To understand the underlying mechanisms for these clinical and
tissue changes and to identify potential reliable monitoring assays,
many studies have examined changes in immunological parameters
accompanying clinically effective SCIT (see reviews, Jutel et al., 2006;
Larche et al., 2006; Akdis & Akdis, 2007; O'Hehir et al., 2007).
Mechanisms underlying SLIT are less well understood but emerging
evidence suggests some common immunological changes (Bohle et al.,
2007; O'Hehir et al., 2007; Dahl et al., 2008; James & Durham, 2008).

Allergen-specific IgE antibodies are the hallmark of the immune
response to allergens and an important diagnostic tool for allergic
disease. Following SCIT, allergen-specific IgE antibody levels usually
show an initial increase and then a gradual decrease over several
months or years of treatment, correlating poorly with overall clinical
efficacy (Creticos et al., 1984; Gleich et al., 1982). At the same time,
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allergen-specific IgG, and IgG4 antibody levels may increase (Muller
et al., 1989). Allergen-specific IgG antibodies are suggested to act as
“blocking” antibodies, inhibiting IgE-facilitated allergen uptake by DC
and preventing IgE-mediated allergen activation of basophils and
mast cells and consequent release of inflammatory mediators (van
Neerven et al.,, 1999; Wachholz & Durham, 2003). Specific IgA; levels
are also reported to increase with SIT (Pilette et al., 2007) and secreted
specific IgA is suggested to play a protective role at mucosal surfaces
following SLIT (Bottcher et al., 2002).

A unifying mechanism to account for the observed changes in
inflammatory cell activity and antibody responses is altered allergen-
specific T cell reactivity (Fig. 2). Changes in T cell response to allergen
correlate well with clinical improvement, and include decreases in
antigen-specific proliferation and production of IL-4, but increased
production of IL-10 and TGF-p (Jutel et al., 2006). Elucidation of the
precise mechanisms by which allergen administration during SIT
elicits these changes in T cell function will inform refined strategies for
SIT specifically targeting the T cell response to allergen.

3.1. Anergy and apoptosis

Anergy and/or deletion of allergen-specific T cells during SIT is
consistent with the decreased peripheral blood T cell proliferative

Allergen
Immunotherapy
he i T regulatory
Ear g e ] cell induction

response to allergen generally observed in SIT-treated patients (see
review, Rolland & O'Hehir, 1998). T cell anergy is defined as antigen-
induced specific non-responsiveness to subsequent challenge with
immunogenic concentrations of antigen (Lamb et al., 1983). Treatment
with high doses of antigen in the form of dominant T cell epitope
peptides (Lamb et al.,, 1983; O'Hehir et al., 1991b; Higgins et al., 1992)
or antigen stimulation in the absence of antigen presenting cells (i.e.
co-stimulation) (Mueller et al., 1989) can result in T cell anergy. Doses
of allergen given in immunotherapy regimens are estimated to be
considerably higher than those encountered naturally especially for
SLIT, and in vitro studies show that proliferation of allergic-donor
peripheral blood T cells is decreased by stimulation with higher
concentrations of allergen compared with low concentrations (Gard-
ner et al., 2004a). Evidence to support anergy as a mechanism for
decreased T cell proliferative response following SIT is antigen
specificity of the decreased response and reversal by added IL-2.
This was shown in a study of bee venom immunotherapy where there
was a decreased T cell response to the major bee venom allergen
phospholipase A; (PLA;) but no parallel change in response to control
antigens PPD and tetanus toxoid (Akdis et al., 1996). The allergen-
induced proliferative response was recovered by addition of IL-2 or IL-
15 to the in vitro cultures. Other studies have shown that IL-10 is a key
cytokine mediating the reduced proliferative response by reversing

T regulatory cell expansion
and IL-10 production

B cell production of “blocking”
IgG, antibodies and IgA

Inhibition of Th cell proliferation
and cytokine production

Direct and indirect inhibition of
mast cell, basophil and
cosinophil activation and
cytokine production

Non-responsivene ss of
allergen-specific Th cells

Deletion of allergen-specific
Th2 cells

Skewing to Thl drives production
of “blocking”IgG antibodies
which inhibit IgE-dependent mast
cell degranulation and IgE-
facilitated allergen presentation

Fig. 2. Mechanisms of successful SIT. Administration of high dose allergen during immunotherapy results in an altered T cell response. SIT can induce Treg activity with production of
IL-10 and/or TGF-p. IL-10 suppresses Th cell responses, induces IgG4 production by B cells and inhibits mast cell, basophil and eosinophil activation. TGF-p induces IgA production by
B cells and further supports Treg development. During SIT, allergen-specific Th cells can also become anergised or deleted by apoptosis, further contributing to decreased T cell
proliferation and cytokine production to allergen. Immune deviation can also occur with a shift from Th2-type to Th1-type cytokine production post SIT. IFN-vy drives B cell class
switching to IgG;. Allergen-specific IgG; and IgG4 antibodies can act as “blocking antibodies” inhibiting IgE-dependent mast cell degranulation and IgE-facilitated allergen
presentation. Strategies for refining SIT will selectively target allergen-specific T cells, and in particular regulatory T cells either directly or via the antigen presenting cell.
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the effect with anti-IL-10 blocking antibodies (Bellinghausen et al.,
1997, Akdis et al., 1998; Bohle et al., 2007).

Another consequence of the repeated high dose antigen stimula-
tion of T cells during SIT may be activation-induced cell death by
apoptosis (Kabelitz et al., 1993). This mechanism was explored in a
study of SIT for rye grass and olive tree pollen allergy (Guerra et al.,
2001). After SIT, blood lymphocytes showed an increased suscept-
ibility to undergo apoptosis when stimulated with allergen in vitro
and there was preferential apoptosis of Th2 cells. Presumably due to a
lack of IL-2 and other survival factors, peripheral blood T cells which
had been anergized by mitogen stimulation were more susceptible to
Fas-mediated apoptosis (Mollereau et al., 1997). This suggests that
anergy and apoptosis may act in concert during allergen immu-
notherapy. In support of these mechanisms, decreased T cell
proliferative response to allergen with increased apoptosis of IL-4" T
cells can be demonstrated in vitro by using higher dose stimulation
(Gardner et al., 2004a). Thus achieving high dose allergen treatment
during SIT is likely to be important for achieving efficacy, but this
should not compromise safety and other factors that influence the
quality of response should be taken into account as discussed later.

3.2. Immune deviation

Concomitantly with decreased proliferative responses, decreased
production of Th2-type cytokines is observed in allergen-stimulated T
cell cultures after SIT (see review, Rolland & O'Hehir, 1998). While all
studies have not shown increased production of IFN-y by peripheral
blood T cells, overall, there is usually a decrease in the ratio of IL-4/IL-5
to IFN-+y levels to those more typical of a non-atopic subject (e.g. Jutel
et al., 1995; Eusebius et al., 2002). It is likely that these changes are a
result of skewing the differentiation path of a naive allergen-specific T
cell rather than altering the cytokine production of a committed Th2
cell. However, short-term changes in cytokine profile favoring IFN-y
production by both CD4" and CD8" T cells can be induced in polyclonal
and monoclonal T cell populations when stimulated with high
allergen concentrations (O'Hehir et al., 1991b; Carballido et al., 1997;
Gardner et al., 2004a). Higher levels of IFN-y will contribute to
immune deviation by inhibiting Th2 IL-4 induced gene expression
(Venkataraman et al., 1999). In agreement with this mechanism,
increased expression of mRNA for [FN-y and IL-12 has been reported
in the nasal mucosa following grass pollen immunotherapy (Varney
et al., 1993). This finding would also suggest altered trafficking of
allergen-stimulated T cells during SIT as supported by in vitro studies
demonstrating enhanced expression of peripheral tissue trafficking
and adhesion molecules on IFN-y* cells following stimulation with
high concentrations of allergen (Gardner et al., 2004b).

Concurrent with skewing from Th2 to Th1 cytokine production is
increased production of IL-10 and TGF-3 following SIT (Jutel et al.,
2006). This altered cytokine profile could account for the changes in
specific antibody isotype from IgE to IgG,, IgG4 and IgA described
above but importantly, increased levels of IL-10 will play a role in
inducing T cell tolerance and in dampening down both Th2 and Th1
cytokine-mediated inflammation at sites of allergen exposure (Akdis
& Blaser, 2001). IL-10 increases are detected as early as one week after
commencing bee venom immunotherapy (Akdis et al., 1998). Of note,
both T cells and DC are sources of IL-10 with important cross-
regulatory potential (Mahnke et al., 2008).

3.3. Regulatory T cells

Regulatory T cells (Tregs) are considered the “master regulators” of
immune homeostasis (Tang & Bluestone, 2008). They play a major role
in maintaining immune self tolerance in the periphery and act as a
normal counter balance to immune defence reactions, protecting
against excessive activation and disease (Sakaguchi, 2000; O'Garra &
Vieira, 2004; Belkaid, 2007). Evidence is accumulating for a role of

Tregs in inducing tolerance in allergen-specific T cells in healthy
individuals and in allergic subjects following SIT. Tregs are defined as T
cells which suppress or dampen effector T cell proliferative and
cytokine responses to antigen. Treg function has been shown to be
largely due to induction of cytokine deprivation-induced apoptosis of
effector CD4" T cells (Pandiyan et al, 2007). While anergy and
apoptosis of allergen-specific effector T cells is evident after SIT as
described above, these observations could also be consistent with
increased Treg activity. Over the last decade there has been a wealth of
information generated on the role of Tregs in several immunopathol-
ogies and it is likely that harnessing Tregs will also be a key to
controlling allergic disease.

Several different subsets of Tregs are described. “Natural”, or
thymic-derived, Tregs are CD4" T cells constitutively expressing CD25
and surviving thymic selection by having intermediate affinity for self
peptide-MHC. They are the major regulators of self-reactive T cells in
the periphery acting largely by cell-contact dependent mechanisms
(PD1, CTLA-4, and membrane bound TGF-3) (Sakaguchi et al., 2006).
CTLA-4" natural Tregs induce the expression of indoleamine 2,3-
dioxygenase by APC and this enzyme degrades the essential amino
acid tryptophan thus inhibiting T cell activation and promoting T cell
apoptosis (Fallarino et al., 2003). Expression of the transcription factor
Foxp3 is required for natural Treg function, and Treg development and
expansion is dependent on TGF-{3 (Fontenot et al., 2003; Huber et al.,
2004). Imaging studies show TGF-B-dependent impairment of the
immunological synapse between helper T cells and APC by Treg
(Esquerre et al., 2008). Other populations of Tregs, termed “induced
Tregs”, develop in the periphery in response to repeated exogenous
antigen stimulation in concert with dendritic cell and cytokine signals
(Tang & Bluestone, 2006). Suppressor function of induced T regs is
mediated by secreted immunoregulatory cytokines including IL-10
(Tr1 subset) and TGF-3 (Th3 subset) (O'Garra & Vieira, 2004).

Evidence for a role for Tregs in controlling the immune response to
allergens comes from studies comparing allergic and non-allergic
donors. Different proportions of Th1 (IFN-y-secreting), Th2 (IL-4-
secreting) and Tr1 (IL-10-secreting) subsets were demonstrated after
short-term stimulation of PBMC with allergen in vitro between
healthy and allergic individuals, with Tr1 cells representing the
dominant subset in the healthy subjects (Akdis et al., 2004).
Interestingly, increased proportions of peripheral blood CD4"CD25*
T cells were found in children who had outgrown cow's milk allergy
compared with milk allergic children (Karlsson et al., 2004) but a clear
Treg phenotype of these cells was not demonstrated. Decreased
allergen-specific suppressive function of CD4°CD25" T cells has also
been shown by allergic patients compared with healthy subjects. Ling
et al. showed that CD4"CD25" blood T cells from atopic subjects had
reduced ability to suppress allergen-induced CD4°CD25™ T cell
proliferation and IL-5 production compared with atopic donors, and
that for hay fever sufferers this ability was further impaired during the
pollen season (Ling et al., 2004). In another study, peripheral blood
CD4"CD25" cells from birch pollen-allergic patients suppressed
influenza antigen-, but not birch pollen-stimulated proliferation,
while control donor CD4*CD25" cells suppressed both responses
(Thunberg et al., 2007). These results indicate that rather than having
reduced total Treg numbers, allergic individuals have intrinsic defects
in the ability of these cells to suppress pathogenic allergen-specific
effector T cell responses.

Analysis of T cell responses during SIT suggests that Tregs play a
role in down-regulating adverse Th2-polarized responses to allergen
(Akdis & Akdis, 2007). Increased proportions of CD4*IL-10" cells are
observed in allergen-stimulated peripheral blood T cell cultures after
HDM and grass pollen SIT compared to before treatment, with the IL-
10" cells co-expressing CD4 and CD25 (Francis et al., 2003; Gardner
et al., 2004c). The IL-10" cells also express peripheral tissue trafficking
surface markers (Gardner et al., 2004c), consistent with the observed
increase in IL-10" cells in skin biopsies of allergen-induced cutaneous
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late phase responses following wasp venom SIT (Nasser et al., 2001).
Increased Treg numbers following venom immunotherapy correlate
with a shift in the ratio of venom-specific IgG4/IgE (Pereira-Santos
et al., 2008).

Thus it is likely that as for self antigen, Foxp3*CD25'CD4" Tregs are
an essential component of the normal immune system for maintain-
ing immune homeostasis to exogenous antigens. Insight into the
mechanisms by which Tregs are induced and expanded in response to
antigen stimulation points to strategies for improving efficacy of SIT
and, in particular, for designing the most appropriate allergen
preparations. Factors associated with the local environment are
pivotal for the immune system's discrimination between innocuous
and pathogenic situations. These include the local cytokine milieu, co-
stimulatory molecules and danger signals mediated by Toll-like
receptors (TLR) and other pattern recognition receptors (PRR)
(Kapsenberg, 2003). Treg homeostasis is regulated by IL-2 (Scheffold
et al,, 2005) and IL-1, IL-6 and IL-12 produced by mature APC can
potentiate Treg responsiveness to IL-2, increasing Treg proliferation
(Kubo et al., 2004). Treg development, expansion and suppressive
function are modulated by certain co-stimulatory molecules in the
direct interaction between APC and Treg (Tang & Bluestone, 2006).
Murine studies show that engagement of CD40 and CD80/CD86
molecules induces Treg expansion while glucocorticoid-induced TNFR
family related gene (GITR) and Receptor activator of nuclear factor-«<B
(RANK) interaction prevents Treg-mediated suppression (Green et al.,
2002; McHugh et al., 2002; Yamazaki et al., 2003; Fehervari &
Sakaguchi, 2004). Human Tregs can be induced by costimulation with
Campath-1H, a humanized anti-CD52 monoclonal antibody (Wata-
nabe et al., 2006). Treg activity can also be influenced by direct
interaction with microbes and viruses via TLR. Tregs express several
TLR as do effector T cells, but TLR4, 5, 7 and 8 are expressed at much
higher levels on Treg than on effector T cells (Caramalho et al., 2003).
Triggering of Tregs via TLR induces increased expression of Foxp3 and
in particular, TLR4 and TLR5 ligand interaction enhances suppressor
function (Caramalho et al., 2003; Crellin et al., 2005). In this way, APC
activating signals such as from allergen cofactors and adjuvants which
control expression of co-stimulatory molecules in turn influence Treg
activity and determine whether the immune response is dampened or
promoted.

4. New approaches to allergen immunotherapy

Allergic diseases are the only group of immune disorders for which
antigen-specific immunomodulation is a current clinically successful
and routine treatment. Nevertheless, as discussed above, SIT is
associated with side effects which, for some allergens and for severe
asthmatics, prohibits routine use. Advances in understanding of the
factors which influence the type and magnitude of an immune
response to allergen stimulation point to new directions for improving
efficacy and safety of SIT. In particular, the form and concentration of
allergen are important as well as concurrent administration of
adjuvant molecules and adjunct therapies. APC subsets differ with
respect to PRR and may therefore be targeted selectively by use of
particular allergen preparations and adjuvants. The heterogeneity of
APC subsets and function at different sites of the body will also play a
role in determining the most effective route for allergen administra-
tion. Thus different compartments of the immune system can be
targeted in new SIT regimens.

4.1. Allergen structure and function

The major allergens of most clinically important allergen sources
have been cloned and sequenced providing an important foundation
on which to consider structural modifications for optimal immuno-
modulation in clinical practice. The Allergen Nomenclature Sub-
Committee of the World Health Organization and International Union

of Immunological Societies maintains a Protein Database which
provides a register of validated information (http://www.allergen.
org/Allergen.aspx). Allergens are organised into families with related
structure and function, but allergen variations or isoforms and cross-
reactivity between allergenic components from related species must
be taken into account when designing allergen “vaccines”. More
recently, the importance of structural biology and function of allergen
molecules is recognized in determining the response to allergen
encounter. Crystal structures have been obtained for many well
characterised allergen molecules revealing sites of IgE epitopes on
exposed outer surfaces of tertiary and quaternary structure (eg
Verdino et al., 2008). Higher order structures may also influence
allergen processing by APC and subsequent presentation of peptides
for T cell recognition.

An emerging field is the characterization of allergen sources with
respect to molecular components which bind to different PRR of APC
and even Tregs. Unpurified allergen sources contain a complex
mixture of chemical components including lipids, lipid-derived
plant hormones and polysaccharides as well as proteins and
glycoproteins (Haavik et al., 1985; Spiewak et al., 1996; Traidl-
Hoffmann et al, 2005). Analysis of these components and their
influence on the immune outcome will determine appropriate
procedures in preparing purified allergen extracts for SIT. For example
a recent study showed that the phospholipids phosphatidylcholine
and phosphatidylethanolamine from cypress pollen could be pre-
sented by CD1, stimulating the proliferation and production of IL-4,
IFN-v, IL-10 and TGF- by T cells and to a lesser extent NKT cells (Agea
et al, 2005). Whether or not these endogenous adjuvant-type
components should be retained in allergen preparations for effective
immunotherapy requires further research.

In many cases the biological function, such as enzyme activity, of
an allergen can influence immune reactivity (Stewart & Robinson,
2003; Chapman et al., 2007). For example, the protease activity of the
major HDM allergen, Der p 1, results in cleavage of surface CD23 and
CD25 receptors on B and T cells, thereby promoting Th2-type
responses (Shakib et al., 1998; Furmonaviciene et al., 2007). Enzymic
activity of Der p 1 was shown to be crucial for immunogenicity of the
allergen in murine studies (Gough et al., 2003). NAD(P)H oxidase of
pollen allergens also has Th2 adjuvant activity (Dharajiya et al., 2008).
Thus, retention of enzymic activity of allergens is not advantageous for
immunotherapy due to Th2-inducing properties. Moreover, addition
of allergens with protease activity to other allergens in mixes for
immunotherapy is not recommended due to resultant allergen
degradation (Nelson, 2007).

4.2. Hypoallergenic preparations for SIT

It is generally accepted that successful SIT is associated with
altered T cell response to allergen and that side effects from SIT are
largely IgE mediated. As discussed previously, high allergen concen-
trations can promote allergen-specific T cell anergy, deletion and
immune deviation from Th2-type to Th1-type. Thus the development
of hypoallergenic preparations which retain T cell reactivity and can be
used at high dose will permit safer but more effective application of
SIT. Approaches include chemical modification of allergen molecules,
preparation of recombinant allergens with altered critical residues for
IgE binding and synthetic peptides based on dominant T cell epitopes.

4.2.1. Chemical modification of allergens

An early approach to decreasing anaphylactic reactions in SIT was
the production of “allergoids” by chemical modification of allergens.
Clinical trials of formaldehyde- and glutaraldehyde-treated allergens
of grass pollen and ragweed showed better tolerance of the allergoids
with retained clinical and immunological efficacy (Marsh et al., 1981;
Bousquet et al., 1988; Negro et al., 1999). An alternative chemical
treatment for decreasing IgE reactivity of allergens is potassium


http://www.allergen.org/Allergen.aspx
http://www.allergen.org/Allergen.aspx

J.M. Rolland et al. / Pharmacology & Therapeutics 121 (2009) 273-284 279

cyanate treatment at neutral pH which substitutes e-amino groups of
lysine residues producing a carbamylated allergoid (Mistrello et al.,
1996; Ariano et al., 2005). Such monomeric dust mite and tree pollen
allergoids were trialled for SLIT with improved symptom and
medication scores (Passalacqua et al., 1998; Ariano et al., 2005;
Cosmi et al., 2006; La Grutta et al., 2007). Decreased allergen-specific
IgE and increased IFN-y and IL-10 production followed SLIT with dust
mite and grass pollen carbamylated allergoids (Cosmi et al., 2006;
Burastero et al., 2008). Treatment with hypoallergenic allergoids can
provide clinical benefit and immunomodulation safely but the
methods for preparation of these extracts are poorly standardized
and characterization of allergoids is difficult.

4.2.2. Recombinant allergens

More precise alteration of IgE epitopes of allergens is possible using
recombinant technologies. DNA sequences for most major allergens
are known (http://www.allergen.org/Allergen.aspx) and there are a
range of approaches for generating hypoallergenic recombinant
molecules depending on the particular features of the allergen
molecule. For allergens with predominant IgE reactivity associated
with carbohydrate moieties (eg the latex allergen Hev b 2, Yagami et al.,
2002), bacterial expression of non-glycosylated allergens provides a
first line approach, but for most allergens, site-directed mutagenesis of
critical residues for conformational IgE epitopes is the rational strategy.
For example, disruption of intramolecular disulphide bonds by
substitution of cysteine residues reduces or ablates IgE reactivity of
allergens of dust mite (Der p 2, Der f 2, Lep d 2), cow dander (Bos d 2),
Parietaria pollen (Parj 1) and natural rubber latex (Hev b 6.01) (Olsson
et al., 1998; Smith et al., 1998; Kauppinen et al., 1999; Korematsu et al.,
2000; Bonura et al., 2001; Drew et al., 2004; Rolland & O'Hehir, 2008).
For the allergens Bet v 1, Lol p 5, and Ara h 1,2 and 3, residues pivotal for
IgE binding were identified either by alanine screening, prediction
analyses or from crystal structures and targeted successfully by site-
directed mutagenesis (Ferreira et al., 1998; Singh et al., 1999; Rabjohn
etal, 2002; Swoboda et al., 2002; Spangfort, 2003; Holm et al., 2004).
Additional approaches include recombinant generation of deletion
mutants, oligomers, fragments and allergen chimeras based on
knowledge of structural properties of particular allergens (Zeiler
etal.,, 1997; Okada et al., 1998; Schramm et al., 1999; Vrtala et al., 1999;
Vrtala et al., 2000). Full immunological characterization of recombi-
nant hypoallergenic molecules is not complete in all cases and
importantly retained T cell reactivity will be essential for clinical
efficacy in SIT. Careful purification of recombinant allergens and
elimination of bacterial contaminants especially endotoxin is essential
for clinical use. An advantage of the recombinant hypoallergen
approach is that the molecule will retain multiple T cell epitopes and
thus target the polyclonal allergen-specific T cell population in
patients. Several clinical trials of recombinant birch and grass pollen
allergen-based vaccines have been undertaken with promising results
(see review, Valenta & Niederberger, 2007).

Recently the targeted delivery of allergen to the MHC class II
presentation pathway in APC using recombinant technology has been
explored as a strategy for increasing the level of allergen presentation
to T cells. This could potentially alter T cell responses more efficiently
without administering increased doses of allergen to the patient.
Fusion proteins were created consisting of a [HIS]e-tag for protein
purification, a TAT (transactivator of transcription) peptide for
converting extracellular to cytoplasmic protein, a truncated invariant
chain (Ii) peptide for protein targeting to endosomal/lysosomal
compartments and an allergen (Bet v 1, PLA,, Der p 1 or Fel d 1)
(Crameri et al., 2007). Stimulation of allergic donor PBMC with these
fusion proteins induced T cell proliferation at 10-100 fold lower dose
than seen for the control proteins not containing the TAT or li peptides.
At this concentration range, a shift in cytokine profile from Th2- to
Th1-type with concurrent IL-10 production was also observed. Thus
this recombinant approach may be ideal for the design of safe and

effective allergy vaccines and further research is warranted to validate
the effectiveness of these preparations in vivo.

4.2.3. T cell epitope based peptides

The use of short, linear peptides corresponding to T cell epitopes of
allergens is an attractive approach for targeting allergen-specific T
cells without adverse IgE mediated effects. Peptides of about 12-15
amino acids are too short to cross-link inflammatory cell-bound IgE.
Conventional approaches to mapping T cell epitopes are labour
intensive and the culturing of T cell lines and clones is technically
demanding (O'Hehir et al, 1993a). A more specific approach to
increase cloning efficiency, is to enrich for allergen-reactive T cells by
in vitro allergen stimulation of CFSE-labelled PBMC and flow
cytometric sorting of divided, CFSE', cells (Mannering et al., 2003).
Allergen-enriched T cell populations can then be mapped for peptide
specificity to determine predominant epitopes. Computer-based
programs such as ProPred (http://bic.uams.edu/mirror/propred/
index.html) have been designed to predict MHC class II binding
regions in proteins (Singh & Raghava, 2001). While such algorithms
are useful for predicting allergen T cell epitopes, in our experience
complete agreement with data generated by in vitro methods is not
observed. Another approach, yet untested for identification of allergen
T cell epitopes, is to screen T cells with random peptide libraries
(Gundlach et al., 1996; Sparbier & Walden, 1999). T cell epitopes
discovered using this method are not necessarily natural epitopes, but
are mimics or structural equivalents, and thus are termed mimotopes.
Both agonistic and antagonistic mimotopes can be selected depending
on the type of immune response required.

Although T cell epitope mapping generally reveals multiple T cell
reactive sites throughout allergen molecules (O'Hehir et al., 1993b;
Gardner et al, 2003; Larche, 2007; O'Hehir et al., 2007), sites of
dominance are apparent. Importantly, the high degree of promiscuity
observed in presentation of T cell reactive peptides in population studies
obviates the need to individually tailor peptides for particular MHC class
Il haplotypes. In one novel allergen vaccine design, covalently-linked T
cell epitope peptides were incorporated to encompass multiple T cell-
reactive sites, but it is not clear whether multiple allergen-specific T cell
populations are best targeted in vivo by such peptide constructs or by
cocktails of individual peptides. Importantly candidate peptide vaccines
must be tested for lack of IgE reactivity and biological toxicity before
clinical trial. Lack of IgE binding can be suggested by ELISA but the more
biologically relevant basophil activation assay is recommended before
testing in patients (Drew et al., 2004; Ebo et al, 2008). For several
allergens, preclinical testing has included evaluation in murine models
for down-regulation of Th2 responses. Candidate T cell peptide vaccines
to treat allergy to cat dander, ragweed and bee venom are at various
stages of clinical trial with promising results. The early finding in cat
peptide immunotherapy studies that some patients experienced short-
ness of breath within hours of peptide treatment was attributed to
cytokines released from peptide-stimulated T cells (Haselden et al.,
1999). These reactions were subsequently managed by careful updosing
(Oldfield et al, 2002). In addition to the safety benefit of peptide
immunotherapy, this approach has the important advantages of ease of
manufacture and standardization.

4.3. Adjuvants and adjunct therapies

Despite well advanced strategies for selective targeting of allergen-
specific T cells with hypoallergenic preparations as described above,
the best delivery regimens are still under evaluation and in particular
the need to target accessory cells especially APC to achieve optimal
suppression of adverse immune response is an area of active ongoing
research. Whether efficacy of SIT can be improved by co-administra-
tion of adjuvants either endogenous (as discussed above) or
exogenous, and whether safety can be improved by adjunct anti-
inflammatory therapies are areas of active research.
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4.3.1. Adjuvants

Conventional SIT uses either alum-precipitated or aqueous solu-
tions of allergen for subcutaneous delivery. SLIT preparations are
generally aqueous but tablet formulations are receiving interest for
increased safety and more reliable dosing (O'Hehir et al., 2007; Dahl
et al,, 2008; Frew, 2008). Insight into the molecular mechanisms for
antigen and adjuvant recognition by APC and subsequent intracellular
signalling points to a new generation of allergen preparations for SIT.
With any antigen and adjuvant molecule, the particular PRR used for
uptake can influence the antigen-stimulated T cell cytokine profile. An
intriguing question is whether those PRR/TLR expressed by Tregs as
described previously can be targeted with SIT allergen formulations.
Early studies on suitable SIT adjuvants focused on strategies to
preferentially drive Th1 responses for down-regulating adverse Th2
responses. An inverse correlation observed between Th1-type
hypersensitivity to Mycobacterium tuberculosis and atopy in Japanese
schoolchildren (Shirakawa et al., 1997) led investigators to explore the
use of heat-killed or live Mycobacteria to down-regulate Th2
responses to allergens. Despite promising results for prophylactic
treatment of allergic inflammation and asthma in murine models
using preparations of non-pathogenic Mycobacterium vaccae (Wang &
Rook, 1998; Yazi et al., 2008), clinical trials for treatment of allergic
asthma have been disappointing (Renz, 2004). Interestingly murine
studies showed that the beneficial effects of Mycobacterial treatment
were more related to induction of Treg responses rather than
enhanced Th1 responses (Zuany-Amorim et al., 2002). These studies
indicate that more research is required to elucidate the precise
mechanisms for driving particular types of T cell response to
microorganisms and how these may be exploited by using relevant
components as adjuvant preparations for allergy vaccines.

Bacterial cell wall components are being investigated as adjuvants
for SIT due to their immunomodulatory properties. Of particular
promise is monophosphoryl lipid A, a non-toxic lipopolysaccharide
derived from Salmonella minnesota. Monophosphoryl lipid A can
directly bind TLR4, and has been shown to activate human DC, and
induce production of IFN-y by PBMC and IL-10 and IL-12 by
monocytes (Ismaili et al., 2002; Puggioni et al., 2005). This adjuvant
is already in clinical use in the Pollinex® Quattro vaccine for pollen-
induced seasonal allergic rhinitis (Patel & Salapatek, 2006). The
vaccine is clinically well tolerated and four pre-seasonal injections
were shown to reduce rhinitis symptoms and medication use, and
blunt the elevation of allergen-specific IgE during the pollen season.
Another approach has been to create a fusion protein consisting of the
bacterial surface protein (S-layer) from Geobacillus stearothermophilus
ATCC 12980 and the birch pollen allergen, Bet v 1 (Gerstmayr et al.,
2007). This adjuvant induced IL-10 and IL-12 production by DC from
allergic individuals in vitro possibly by engagement of TLR2. The
synthetic lipopeptide Pam3CSK4, another TLR2 ligand, effectively
induced Thl-type and Treg responses in vitro, and sublingual
administration together with allergen reversed airway hyperrespon-
siveness in OVA-sensitized BALB/c mice (Lombardi et al., in press).

Microbial preparations to be avoided when designing vaccines for
allergic disease are those termed “superallergens” for their prominent
induction of Th2-type responses, for example protein A and L from
Staphylococcus aureus and Peptostreptococcus magnus, respectively
(Marone et al., 2007). Alternatively, other ‘regulatory-type PAMPS’ on
bacterial, fungi, parasites and viruses induce IL-10 or TGF-p3 produc-
tion by DC and thus promote Treg development (reviewed by Mills,
2004). Such PAMPs provide a tantalizing new adjuvant approach for
SIT development.

Considerable attention has been given to the use of bacterial
immunostimulatory DNA sequences (ISS) for immunomodulation.
CpG-rich bacterial DNA binds TLR-9 with strong Th1 adjuvant
properties, promoting IFN-y production by natural killer cells and
induction of type I interferons and IL-12 by plasmacytoid DCs (see
review, Kline, 2007). There is evidence that CpG DNA modulates

allergic responses by regulating the activity of indoleamine 2,3-
dioxygenase (Kline, 2007) and therefore generation of kynurenines,
potent immunomodulatory molecules that regulate T cell function.
Synthetic CpG-rich oligodeoxynucleotide analogues (ODN) demon-
strated impressive adjuvant effects in the treatment of anaphylaxis
(Horner et al, 2000), asthma (Broide et al, 1998) and allergic
conjunctivitis (Magone et al, 2000) in murine models. Different
types of CpG-ODN are described, differing in backbone structure,
stability and immune reactivities (Klinman, 2004). CpG-ODN could be
used in treatments for allergy either alone or in combination with
allergen as a genetic construct or co-administered. In a pilot study of
six weekly injections of a vaccine consisting of the ragweed-pollen
Amb a 1 allergen conjugated to ISS-DNA in 25 ragweed-allergic adults,
symptom scores were significantly improved compared with placebo-
treated patients in the subsequent two pollen seasons and there was
no pattern of vaccine-associated systemic reactions (Creticos et al.,
2006). Commercial preparations are under clinical evaluation for
treatment of allergic disease either alone or with SIT (Aventis:
AVE7279 and AVE0675 and Dynavax: 1018 ISS). Although it might
be expected that Th1 pathologies such as autoimmune reactions may
result from repeated clinical use of CpG DNA, such reactions have not
been observed in patients treated with ISS-ODN. Of interest is the
report that CpG-ODN packaging into virus-like-particles protects the
ODN from DNase I digestion and delivers it directly to TLR-9 in the
endolysosome without systemic side-effects (Storni et al., 2004).

4.3.2. Corticosteroid, anti-IgE and other drug co-administration

Mainstay pharmacotherapy for allergic diseases includes a panel of
anti-inflammatory and immunosuppressive agents (Barnes, 2006).
Detailed analysis of the effects of these agents on key regulatory
points of the immune response to allergen suggests the potential for
enhanced efficacy of allergen-specific treatments by using appropriate
adjunct therapies. It is generally accepted that immature DC promote
Treg expansion and function (Lutz & Schuler, 2002), and therefore T
cells can be modulated indirectly by targeting DC. By inhibiting DC
maturation through inhibition of NF-B activation, rosiglitazone, a
selective peroxisome proliferator-activated receptor-gamma (PPAR-7y)
agonist, was shown to induce Tr1 cells and to suppress allergic
inflammation in a murine model of asthma (Hammad et al., 2004).

Other drug therapies may promote suppression of adverse T cell
responses to allergen by targeting T cell receptor/CD3 signal
transduction pathways. For example, the widely used immunosup-
pressive drug cyclosporin A blocks activation of NF-AT by inhibiting its
dephosphorylation, thereby decreasing transcription of several cyto-
kine genes. In asthma patients, the anti-inflammatory effects of
cyclosporine A include inhibition of IL-5 production (Mori et al., 1995).
Glucocorticoids also target cytokine genes including IL-5 by a similar
mechanism including others (Barnes, 2006). Although cyclosporine A
side effects currently limit the use of this drug to short-term therapy
for allergic disease, glucocorticoids are mainstay chronic asthma
therapy. In addition to targeting Th2 cell effector molecules, in vitro
and in vivo studies suggest that glucocorticoid treatment may have
added benefit for asthma treatment by potentiating the immunosup-
pressive effects of Tregs through increased IL-10 production and/or
FOXP3 expression (Dao Nguyen & Robinson, 2004; Karagiannidis et al.,
2004).1,25(0H,) vitamin D3 was shown to enhance the glucocorticoid
effects on Tregs in vitro (Barrat et al., 2002).

Anti-IgE therapy is being explored as a strategy for minimising IgE-
mediated side effects of SIT especially during induction. The
humanized anti-IgE monoclonal antibody omalizumab decreases
free serum IgE as well as levels of surface FcRel and bound IgE on
inflammatory cells (Beck et al., 2004; Lin et al., 2004). Nine weeks
pretreatment with omalizumab led to a 5-fold reduction in frequency
of acute reactions after rush SIT for patients receiving ragweed for
allergic rhinitis (Casale et al., 2006). Similarly, high dose omalizumab
effectively controlled recurrent reactions during bee venom
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immunotherapy (Schulze et al., 2007; Kontou-Fili, 2008), but was
ineffective in controlling systemic reactions in another bee venom
allergic subject (Soriano Gomis et al., 2008). Further clinical studies
are ongoing to fully evaluate the role of this adjunct therapy in SIT.

Finally, drugs which disrupt T cell co-stimulation and trafficking are
potential adjunct therapies for allergy treatment. The T cell co-
stimulatory molecule CTLA-4 (CD152) is expressed late in activation
and competes with CD28 for engagement with CD80 and CDS86,
delivering inhibitory signals rather than activation as for CD28 co-
stimulation (Walunas et al., 1996). Taking advantage of this immuno-
suppressive function of CTLA-4, a chimeric fusion protein comprising the
extracellular domain of CTLA-4 and the heavy-chain constant region of
human IgG,, CTLA-4-Ig, was constructed (Abatacept, Ornecia®) and is
under clinical trial for treatment of autoimmune disorders (Kremer et al.,
2005). In vitro and murine experimental asthma models show that
CTLA-4-Ig inhibits allergen-induced CD4" T cell proliferation and IL-5
production and has therapeutic potential for mild asthma (Tsuyuki et al.,
1997; Keane-Myers et al., 1998; Jaffar et al., 1999; Deurloo et al., 2001).
Drugs interfering with chemokines and chemokine receptors to halt
trafficking of effector T cells to sites of allergic inflammation show
promise in animal models of asthma and clinical studies are eagerly
awaited (Caramori et al., 2004; Garcia et al., 2005).

5. Conclusions

Allergic diseases are a major health concern worldwide with an
allergy “epidemic” particularly affecting Western countries and the
likelihood of a secondary epidemic wave in newly developed countries
with increasing globalization. To date, allergen SIT is the only treatment
able to modify the natural history of allergic diseases. Although clinically
effective, current SIT is limited to certain allergens and selected patients
due to risks of adverse reactions. Conventional SCIT is the most
established form of SIT but increasingly SLIT is gaining popularity due
to increased safety and ease of administration and proven efficacy.
Understanding allergen structure and function and the mechanisms of
effective SIT informs the development of new treatment strategies.
Burgeoning research activity focuses on T cell epitope mapping, Treg
induction, allergen modifications, adjuvants and adjunct therapies and
hypoallergenic approaches to more potent allergens. Together these
approaches offer exciting opportunities to further refine allergen-
related approaches to immunotherapy with the goal of preventing life
threatening allergic reactions or at least substantially raising the
threshold for the induction of severe allergic reactions.
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