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Abstract Allergy is the consequence of an inappropriate inflammatory immune
response generated against harmless environmental antigens. In allergic disorders
such as asthma and rhinitis, the Th2 mediated phenotype is a result of loss of
peripheral tolerance mechanisms. In cases such as these, approaches such as
immunotherapy attempt to treat the underlying cause of allergic disease by
restoring tolerance. Immunotherapy initiates many complex mechanisms within
the immune system that result in initiation of innate immunity, activation of both
cellular and humoral B cell immunity, as well as triggering T regulatory subsets
which are major players in the establishment of peripheral tolerance. Though
studies clearly demonstrate immunotherapy to be efficacious, research to improve
this treatment is ongoing. Investigation of allergenicity versus immunogenicity,
native versus modified allergens, and the use of adjuvant and modality of dosing
are all current strategies for immunotherapy advancement that will be reviewed in
this article.
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TCR T cell receptor
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T helper

iTreg Inducible T regulatory cell

TLR Toll-like receptor
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Trl Type 1 T regulatory cell

tTreg Thymus derived t regulatory cell
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1 Introduction

Allergy is based on a complex dysregulation of the immune system whereby
harmless environmental antigens trigger an inappropriate immune reaction. Clin-
ically, an allergy can manifest in many different forms including local reactions
such as asthma, rhinitis and skin inflammation, as well as systemic reactions to
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food, venom or drugs. These allergic phenotypes are complex and depend on many
factors including genetic and environmental influences, the specific organs affected
and the type and quantity of allergen (Larche 2006). Complicating matters further,
exacerbations of current allergy are not only allergen driven but can also be
brought about by infection (Tauro et al. 2008), pollutants (Riedl 2008) or
non-specific stimuli (Gelardi et al. 2009).

In general, the development of an allergic response requires first that an indi-
vidual be sensitized, a reaction involving the priming of specific CD4+ T-helper
(Th) 2 cells, the production of the cytokine IL-4, isotype switching in B cells to
produce IgE antibodies and binding of IgE antibodies to mast cells. After sensi-
tization, secondary exposure to a specific allergen engages IgE coated mast cells
which leads to mast cell degranulation and initiation of the allergic immune
response. It is during secondary exposure to allergen that the complex clinical
phenotype becomes apparent and it is well known that different mechanisms are
responsible for the initiation of particular allergic phenotypes. For instance,
patients that suffer from allergic asthma and allergic rhinitis exhibit mainly local
Th2 type reactions (Pipet et al. 2009), atopic dermatitis patients exhibit an initial
Th2 response that is converted to Thl during the chronification of the disease
(Leung and Bieber 2003; Novak et al. 2003; Werfel et al. 1996) and patients with
food, drug and venom allergies often react by systemic anaphylaxis (Sicherer and
Leung 2009). Due to the complexity of these different allergic responses, this
review will concentrate specifically on two Th2 mediated allergic disorders,
asthma and rhinitis (hay fever).

2 The Immune Response to Allergens is Regulated by T cells

Many immune mediators play important roles in the development of allergic
disease, initiating pathways that cumulate in the differentiation of particular T cell
subsets. In both healthy and diseased individuals, these subsets of effector T cells
act to coordinate the entire immune system. Classically, Th cells were divided into
two major subsets, Thl and Th2, determined by cytokine profile and effector
function. In the last 13 years however, T regulatory (Treg) cells have emerged as
very important mediators of immune homeostasis, and are now at the forefront of
research efforts. In recent years, still more T cell subtypes have been discovered
such as Th17 (Burgler et al. 2009) and Th9 (Dardalhon et al. 2008a) both of which
promote tissue inflammation.

The differentiation of naive T cells to an effector subset is largely dependent on
the cytokine milieu. Production of IL-12 and IFNy by cells of the innate immune
system stimulate the production of the transcription factor T-bet, Fig. 1.
This results in the differentiation of Thl cells that principally secrete IFNy in
response to intracellular pathogens. The Th2 cell lineage is generated in the
presence of IL-4 due to activation of the transcription factor GATA3, Fig. 1. Th2
cells mainly utilize IL-4, IL-5 and IL-13 to regulate the clearance of extracellular
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pathogens such as parasites. When a Th1l or Th2 response becomes dysregulated
it leads to exaggerated inflammatory responses that are the foundation of
autoimmunity and allergy, respectively (Dardalhon et al. 2008b).

Relatively new on the scene, Th17 cells are generated in the presence of both
IL-6 and TGFp; these cytokines initiate Th17 cell production by activation of the
transcription factor RORyt, shown in Fig. 1. Th17 cells promote neutrophilic
inflammation and appear to be responsible for eliminating both intra and extra-
cellular pathogens through the secretion of cytokines IL-6, IL-8, IL-17A, IL-17F,
IL-22, IL-26 and TNFa. Similarly to Thl cells, an overabundance of the TH17
response leads to autoimmune disease and chronic inflammation (Schmidt-Weber
et al. 2007). Finally, one of the most recent additions to the T cell subtype family is
Th9. During an allergic response, the presence of IL-4 coupled with TGF-p leads to
the differentiation of the Th9 cell which produces IL-9 and IL-10. Despite the
abundant production of IL-10, Th9 cells do not have regulatory properties and
instead act to promote tissue inflammation (Akdis and Akdis 2009; Dardalhon et al.
2008a, b; Veldhoen et al. 2008). While Th1, Th2, Th17 and Th9 subsets all generate
inflammatory responses to various mediators, Treg cells act as a safeguard against
unnecessary inflammation through immunosuppressive means. It is the complex
interplay between these subsets that determines the health status of an individual.

Treg cells are indispensable for the maintenance of immune homeostasis and
different subsets of these cells are defined by where they originate and what
cytokines they secrete. Thymus derived Treg cells (tTreg, “natural” Treg),
which were among the first lineage identified, are produced in the thymus, are
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Table 1 Characteristics of T regulatory cell subtypes

Thymus derived T regs Induced T regs

“Natural” TR1 Th3
Development
Region Thymus Periphery Periphery
Precursor CD4+ precursor CD4+CD25— CD4+CD25—
Differentiation factors ? IL-10, IFNo TGFp, 1L-4
Markers
CD4 + + +
CD25 + + +
CTLA4 + + +
FoxP3 + / +
Main mode of action Cell contact suppression  Cytokine secretion  Cytokine secretion
Cytokines secreted
IL-10 + +++ +
TGF-$ + + +++

+ indicates expression or amount of secretion, /indicates not expressed

CD4+CD25+ and express the transcription factor forkhead box protein 3 (FoxP3),
shown in Fig. 1 and Table 1 (Blaser 2008; Feuerer et al. 2009). The importance of
this cell type is best exemplified by the Scurfy mouse, in which animals that fail to
develop Treg cells acquire a rapidly fatal lymphoproliferative disease (Appleby and
Ramsdell 2008; Brunkow et al. 2001; Khattri et al. 2001). Two additional Treg
subsets, type 1 regulatory T cells (Tg1) and Th3 cells, have also been identified that
can be induced in the periphery by IL-10 and TGFf exposure, respectively, Table 1.
Both tTreg cells and Tgr1 cells secrete large amounts of IL-10 and TGF/f;, whereas
Th3 cells secrete primarily TGF (Workman et al. 2009).

Evidence for the regulatory capabilities of Treg cells is demonstrated by
functional studies showing the suppression of both autoimmune and allergic
responses by this cell type (Ozdemir et al. 2009; Walters et al. 2009). Treg cells
have a major influence on both innate and adaptive immune cell types and are
capable of suppressing the proliferation and differentiation of T cells as well as
limiting the effector functions of B cells, NK and NK T cells, macrophages and
dendritic cells (DC), shown in Fig. 2 (Ghiringhelli et al. 2005; Letourneau et al.
2009; Lim et al. 2005; Piccirillo and Shevach 2001). The role of Treg cells in the
active suppression of inappropriate or excessive inflammatory responses is known
as peripheral tolerance induction.

3 Tolerance

In order for the immune system to function properly there must be systems in place
that allow for the discrimination of self versus non-self as well as harmless versus
dangerous foreign molecules. There are several sophisticated mechanisms in the
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immune system that allow this interplay to occur including clonal deletion, anergy
and immunoregulation. Regarding self versus non-self determination, clonal
deletion (central tolerance) acts to delete self-reactive lymphocytes during
development in the bone marrow and thymus before they mature into competent
immune cells (Hogquist et al. 2005; McCaughtry and Hogquist 2008). In the
periphery, tolerance mechanisms such as anergy and immunoregulation allow
lymphocytes to distinguish between benign and harmful antigens after T cell
development (peripheral tolerance). Anergy is a state of unresponsiveness that
occurs when lymphocytes recognize an antigen in the absence of a secondary,
co-stimulatory signal. Continual recognition of antigen in the absence of
co-stimulation eventually results in the elimination of anergic lymphocytes via
activation induced cell death (Wells 2009). Immunoregulation is a second system
in the maintenance of peripheral tolerance in which Treg cells play an essential
role in the control of immune homeostasis. In the context of allergy, dysregulated
inflammatory responses are due to a failure of the immunoregulatory mechanisms
that suppress reactions to harmless substances in the periphery. Hence, inducing
peripheral tolerance to the offending allergen, possibly through the alteration of the
Treg response, is the ultimate goal of allergy treatment.
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4 Current Treatments for Allergy

Anti-inflammatory therapy and specific immunotherapy are the two present
methods used to treat allergy that work in different ways. Anti-inflammatory
therapy is an allergen unspecific treatment that involves using medications such as
antihistamines, anti-IgE, epinephrine or corticosteroids, alone or in combination,
to block the action of allergic mediators or generally suppress the immune system
(Bjermer 2008; DuBuske and Kowal 2009; Pelaia et al. 2008). Though the use of
medication is presently crucial for the control of allergy, this treatment provides
only temporary results. Treatments involving more permanent methods that affect
the underlying cause of the allergic disorder are highly desirable.

Immunotherapy differs from anti-inflammatory therapy by attempting to affect
the cause of the allergy directly by inducing peripheral immune tolerance to a
particular allergen. The earliest attempts to perform immunotherapy for allergy
were initiated approximately 100 years ago when, in 1911, Leonard Noon and
John Freeman immunized hay fever patients with subcutaneous injections of
pollen extract. Though the underlying mechanisms of allergy and immunotherapy
would not begin to be discovered for many years and the strategy was erroneously
based on the idea that grass pollen was toxic, successful outcomes were seen to last
up to one year after cessation of treatment. (Cohen et al. 2003; Noon 1955).

In the present day, allergen specific immunotherapy is recognized as a
highly specific and effective method to treat certain types of allergy. Though not
generally recommended for food or drug allergies, this therapy is proving partic-
ularly effective for patients with allergic rhinitis and allergic asthma (Abramson
et al. 2003; Calderon et al. 2007; Pipet et al. 2009). Immunotherapy treatments are
beneficial as they target the underlying cause of the disorder with long term results;
disease remission is reported to last for 3-5 years after cessation of treatment
(Durham 2008). In addition to this, immunotherapy is also extremely important in
preventing the progression of allergic disease, for instance from rhinitis to asthma,
and stopping the further development of new sensitizations against other allergens
(Des Roches et al. 1997; Jacobsen et al. 2007). Though there are many protocol
variations, the general treatment method consists of multiple administrations of an
allergen vaccine with concentrations that increase in a step-wise manner until the
maintenance dose is reached. The maintenance dose is then continued for a
minimum of three years (Didier et al. 2007; Srivastava et al. 2009). The most
common type of immunotherapy in use today, subcutaneous immunotherapy
(SCIT), acts by inducing peripheral tolerance to the allergen vaccine administered.

5 Tolerance Induction

In the process of becoming tolerant, the immune system is modified in many
different ways. Innate immune mechanisms are activated which, in turn, trigger the
generation of specific T cell subsets. The subsequent cytokine secretion from these
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activated T cells has wide ranging effects from reducing proinflammatory cell
recruitment and activation, to modulating B cell antibody and cellular responses.
Demonstrating this, many types of immune modulation have been documented
after successful immunotherapy including direct suppression of antigen presenting
cells (APC), induction of Treg subsets, altered IL-10 and TGFp cytokine levels,
suppression of mast cells and basophils and altered allergen specific antibody titres
(Akdis et al. 1998, 2007; Francis et al. 2003).

5.1 The T Cell Response and Cytokine Secretion

Of the many T cell effector subsets, Treg cells have been acknowledged as critical
players in allergy in both humans and mice. Lessons from mouse models have
established the relevance of Treg cells in experimental asthma. Adoptive transfer
of Treg cells into cockroach allergen sensitized and challenged mice resulted in
improvement of airway reactivity and airway inflammation (McGee and Agrawal
2009). Furthermore, accumulation of Treg cells in the draining lymph nodes of
mice is associated with the spontaneous resolution of chronic asthma (Carson et al.
2008). In patients with allergies such as asthma and rhinitis, accumulated evidence
also suggests a strong association between allergy and a disruption of Treg cell
function. Rhinitis patients have a decreased nasal FoxP3 expression compared with
control subjects (Van Bruaene et al. 2008) and Treg cells from allergic subjects
have a decreased ability to suppress cytokine responses in vitro (Ling et al. 2004).
Dysregulated Treg cell function is associated strongly with allergy in both mouse
models and human patients.

Considering immunotherapy, the induction of Treg cells is essential for the
generation of immune tolerance. In adult patients who received successful immu-
notherapy, the frequency of FoxP3 Treg cells was increased in the nasal mucosa
following SCIT with grass pollen allergen (Radulovic et al. 2008) and in PBMCs
following sublingual immunotherapy (SLIT) with birch pollen allergen (Bohle et al.
2007). Upregulated Treg responses were also correlated with an increase in IL-10
expression. Interestingly, a recent pediatric study measuring the outcome of SLIT for
patients treated with tree pollen allergens found correlations between FoxP3 mRNA
expression and tolerance induction as well as IL-17 mRNA expression and poor
therapeutic outcome (Nieminen et al. 2009). The fact that particular T cell subtypes
can be associated with therapeutic outcome highlights the importance of ascertaining
the mechanisms that generate T cell subtypes in successful immunotherapy.

Treg cells contribute to tolerance induction in immunotherapy both by cell—cell
interactions and cytokine secretion. Concentrating for the moment on direct
cellular interactions, cell contact suppression by Tregs is mediated by the
constitutive expression of the cytotoxic lymphocyte antigen 4 (CTLA4). CTLA4 is
a powerful suppressor of the immune response as evidenced by the lethal multi-
organ inflammation observed CTLA4 knockout mice (Waterhouse et al. 1995).
In the induction of peripheral tolerance, CTLA4 on allergen-activated Treg cells
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interacts with APCs to down modulate their expression. Illustrating this in vitro,
CTLA4+FoxP3+ Treg cells out-competed DC interactions with other T cell
subsets by forming aggregates around the DC. In addition to this, Treg cells were
shown to downregulate APCs both in vitro and in vivo through CTLA4 dependent
binding to CD80 and CD86 (Onishi et al. 2008; Wing et al. 2008).

In addition to cellular interactions, certain Treg cell subsets are known for the
production of large quantities of IL-10 and TGFf which play an important role in
tolerance induction, Table 1 (Blaser and Akdis 2004). In the normal state, healthy
individuals maintain subsets of allergen specific IL-10 secreting T cells at a higher
frequency than both IL-4 (Thl) and IFNy (Th2) secreting T cells (Akdis et al.
2004). In allergy, a marked reduction in IL-10 is noted in comparison with healthy
subjects in both mouse models and humans. Patients with asthma have lower
concentrations of IL-10 in the bronchoalveolar lavage (BAL) fluid than healthy
controls (Borish et al. 1996) and a more severe asthma phenotype is associated
with promoter polymorphisms in the IL-10 gene (Lim et al. 1998). Demonstrating
the suppressive effects IL-10 and TGFp, secretion of these cytokines from allergen
specific T cells in non-allergic patients acted to suppress both Thl and Th2
cytokine responses to dust mite and birch pollen allergens. In allergic patients
undergoing specific immunotherapy, similar immunosuppressive effects from the
CD4+CD25+ T cells were observed (Jutel et al. 2003).

IL-10 and TGFp have established roles in the generation of peripheral toler-
ance, shown in Fig. 2. Originally described as a mouse Th2 factor that inhibited
Thl cytokine secretion (Fiorentino et al. 1989), IL-10 is now known to be pro-
duced by numerous cell types such as Treg cells, Thl and Th2 lymphocytes,
B lymphocytes, DCs, monocytes, macrophages, mast cells and natural killer cells
(Ogawa et al. 2008). IL-10 is recognized for its powerful inhibitory effects on
many cell types and the literature provides numerous examples of this in both
humans and mice (Moore et al. 2001). In a mouse model of experimental asthma
IL-10 administration suppressed both IL-5 production and eosinophil recruitment
(Zuany-Amorim et al. 1995). In humans cells in vitro, IL-10 was shown to sup-
press T cell cytokine synthesis from PBMC by inhibition of CD28/B7.1 interaction
(Schandene et al. 1994) and modulate antibody production by inhibiting IgE and
enhancing IgG4 (Punnonen et al. 1993; Satoguina et al. 2005). These inhibitory
effects coupled with the strong association of IL-10 secretion with allergen tol-
erance induced by immunotherapy illustrates the importance of this cytokine.
TGFp is an essential cytokine in the maintenance of the Treg population. In mice it
is required for the proliferation and suppressive actions of Treg cells (Huber et al.
2004), as well as for the peripheral induction of CD4+CD25— cells to a
FoxP3+CD4+CD25+ subtype, shown in Table 1 (Chen et al. 2003). As a
suppressive cytokine in human immunotherapy, TGFf affects T cell proliferation,
differentiation and apoptosis. Additionally, both IL-10 and TGFf have the ability
to down regulate MHC II expression and suppress costimulatory molecules on
APCs (Jutel et al. 2003). Secretion of IL-10 and TGFf from Treg cells as well as
direct cell—cell interactions are essential for peripheral tolerance and are heavily
involved in successful immunotherapy treatment (Workman et al. 2009).
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5.2 Histamine and Histamine Receptors in Tolerance Induction

Histamine is a pharmacologically active mediator secreted from effector cells
during allergic inflammation. Of the four different histamine receptors (HR1, HR2,
HR3 and HR4), HR1 and HR2 are expressed on activated effector T cells (Jutel
etal. 2001, 2002). Human CD4+Th1 cells predominantly express the HR1 whereas
Th2 cells predominantly display the HR2. This differential expression of HR1
and HR2 results in a differential regulation of the allergic response by histamine.
(Jutel et al. 2001, 2002). In this regulatory process, histamine induces the
production of IL-10 by DCs (Mazzoni et al. 2001) and Th2 cells (Osna et al. 2001)
as well as enhancing the suppressive activity of TGFf secreted by T cells
(Kunzmann et al. 2003). These regulatory effects which suppress IL-4 and IL-13
production as well as T cell proliferation, are mediated via the HR2 mostly
expressed on Th2 cells. (Jutel et al. 2001). Thus, HR2 up-regulation on allergen
specific Th2 cells increases IL-10 and TGFf production and regulatory activity
and suppresses the allergen-stimulated Th2 response. Accordingly, histamine and
its HR2, participates in feedback- and fine-regulation of the allergic immune
response and of peripheral tolerance induction.

5.3 B Cells in Tolerance Induction

Though normally thought of as pathogenic when referring to allergy, B cells also
play a positive role in immunotherapy. Accordingly, the production of allergen
specific IgG4 during successful immunotherapy is proposed to play a major role in
tolerance induction. In certain patients, levels of IgG4 in patients reflect allergen
exposure, increase in a dose dependent manner, are highly stable during the long
immunotherapy time period and appear to protect against allergy (Peng et al. 1992;
Rossi et al. 2007). The protective phenotype associated with the emergence of
allergen specific IgG4 antibodies includes a reduction in mast cells, basophils and
inflammatory mediators, as well as prevention of IgE mediated allergen presen-
tation to T cells (Mobs et al. 2008; Strait et al. 2006). It has been proposed that
IgG4 acts as either a blocking antibody that competes for IgE binding sites (Flicker
et al. 2002; Jackola et al. 2002; van Neerven et al. 1999) or acts via the binding of
IgG4-allergen complexes to the FcyRIIB receptors on mast cells to induce a
deactivation signal (Daeron et al. 1995; Pipet et al. 2009).

In some patients treated successfully with immunotherapy, marked changes are
observed in the allergen specific antibody composition. After an initial, transient
increase in serum specific IgE, levels of this antibody decrease over months and
years of treatment (Fennerty et al. 1988; Van Ree et al. 1997). Together with
decreases in IgE levels, allergen specific IgG4 antibodies are observed to increase
throughout the treatment period (Mobs et al. 2008; Wachholz et al. 2003).
Demonstrating the clinical importance of allergen specific antibody isotypes, IgG4
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concentrations or ratios of [gG4:1gG 1 and IgE:IgG4 may be used as an indicator
of treatment efficacy and tolerance induction (Aalberse et al. 2009; Nouri-Aria
et al. 2004). However, due to large variances in antibody production in individual
patients, IgG4 antibody levels cannot be used as a predictable marker for
successful immunotherapy in the individual patient (Jeannin et al. 1994).
Future research into individual IgG4 antibody production may shed light into how
this isotype plays a role in tolerance induction and help to identify traits in
individuals that are likely to activate IgG4 production.

In addition to antibody production, B cells may also play an antibody-
independent role in the induction of peripheral tolerance. Evidence for this is seen
in a mouse model of tolerance to aeroallergens in which the presence of allergen
specific B cells in BCR transgenic mice resulted in enhancement of CD4+ T cell
tolerance to intranasally applied allergen. This regulation by B cells occurred in an
antibody-independent manner. In contrast, tolerance was not achievable in B cell
deficient mice (Tsitoura et al. 2002). Due to the antibody-independent nature of
this response, it is hypothesized that different B cell subsets may play an immu-
noregulatory role through either cytokine secretion or cell contact mechanisms.
B cells with suppressive capabilities, dubbed B regulatory cells (Breg), are
specifically induced under inflammatory conditions and are capable of contributing
to tolerance mechanisms (Mizoguchi and Bhan 2006).

B cells with regulatory capabilities were first recognized in 1974 with the
demonstration of B cell mediated suppression of delayed type sensitivity reactions
in guinea pigs (Katz et al. 1974; Neta and Salvin 1974). Though the majority of
Breg cell studies are currently investigating autoimmunity (Manjarrez-Orduno
et al. 2009) recent studies in allergy associate B cell secretion of IL-10 and TGFf
with suppressive capabilities (Mizoguchi and Bhan 2006). When stimulated in
vitro by immunotherapy extracts, human B cells secrete high amounts of IL-10,
which act to suppress IL-4 mediated IgE expression (Milovanovic et al. 2009). In a
mouse model of ovalbumin induced experimental asthma, adoptive transfer of B
cells into sensitized mice attenuated the resulting allergic airway disease through
migration to local inflammatory sites and TGFf mediated conversion of
CD4+CD45— effector T cells to CD4+CD25+FoxP3+ Treg cells (Singh et al.
2008). The involvement of Breg cells in immunotherapy provides an interesting
new avenue for exploration in allergy and immunotherapy as an additional system
that contributes to tolerance induction.

5.4 Innate Immunity and Tolerance Induction

As natural allergen extracts applied in immunotherapy may also contain compo-
nents such as lipopolysaccharide, saccharides and nucleic acids, immunotherapy
treatments can also have a non-allergen specific effect. These non-allergenic
molecules contain pathogen associated molecular patterns (PAMPs) that activate
innate immune cells through pattern recognition receptors (PRR) in the Toll-like
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receptor (TLR) or NOD-like receptor (NLR) families. Initiation of the immune
system by PAMPS generates particular antigen presenting cell subtypes which
subsequently results in co-stimulation and production of beneficial T cell subsets
such as Treg cells. The generation of Treg cells thus contributes to the suppression
of the allergic phenotype (Pipet et al. 2009). Examples of innate immune stimu-
lation in patients undergoing SCIT include IL-10 production by monocytes and
macrophages (Nouri-Aria et al. 2004), and a mouse model of oral tolerance has
identified TGFf expressing DC subsets that induce functional FoxP3+ Treg cells
from FoxP3— cells in the periphery (Yamazaki and Steinman 2009).

6 Improving Current Immunotherapy Strategies

The goal of immunotherapy is to induce peripheral immune tolerance to specific
allergens while maintaining safety and tolerability for the patient (Schmidt-Weber
and Blaser 2005). While clinical studies indicate that with strict adherence to
guidelines, SCIT is relatively well tolerated, alternative methods to induce toler-
ance while reducing the risk of adverse events and simplifying the protocol for
patient compliance, continue to be investigated (Pipet et al. 2009). A number of
considerations such as the type of allergen, the modality and the use of adjuvant all
represent potential targets for the advancement of immunotherapy.

6.1 Allergen: Immunogenicity and Allergenicity

Focusing on allergens, tolerance induction may be dependent on both the immu-
nogenicity and allergenicity of the vaccine used for immunotherapy. Immu-
nogenicity is defined as the capacity of a vaccine to induce a beneficial
immune response, whereas allergenicity is the potential to cause an allergic
reaction. The immunogenicity and allergenicity of a molecule are defined by
specific epitopes present on the macromolecule. B cell epitopes, which are spe-
cifically recognized by antibodies, are located on the three dimensional structure of
the antigen molecule whereas T cell epitopes must be first phagocytosed by an
APC and presented in the context of an MHC class II molecule on the cell surface.
T cell epitopes usually consist of 8-11 linearly arranged amino acids and are
specifically recognized by the T cell receptor. During an immune response, acti-
vation through a B cell epitope results in antibody class switching, whereas acti-
vation of a T cell epitope stimulates the production of T cell subsets that act to
regulate the immune response. While it is not known exactly how the expression of
particular epitopes shapes the immune response, it is hypothesized that the epitope
profile, and thus the particular type of allergen used in vaccination, is of great
importance in the induction of peripheral tolerance (Pomes 2008; Szalai et al.
2008).



Immunological Approaches for Tolerance Induction in Allergy 13

Table 2 Summary of the different types of allergen used for specific immunotherapy

Allergen Treatment Result
class
Natural Extract from natural sources Multiple allergens and naturally occurring
substances
Chemical Chemical—formaldehyde/ High molecular weight allergen
gluteraldehyde polymer—Ilinked through lysine
residues
Chemical—carbamylation Low molecular weight allergen—Ilysines
modified to ureido groups
Recombinant Peptide production Generation of specific T cell epitopes
only
Intact major allergen Recombinant whole protein allergen
Intact hypoallergenic allergen Recombinant whole protein allergen that

mimics naturally occurring allergen
isoforms with low IgE binding

capacity

Fragmentation Fragmentation of allergen tertiary
structure results in loss of B cell
epitopes

Amalgamation Creation of allergen dimers and trimers

using cDNA and expression plasmids

6.2 Type of Allergen

In an attempt to improve immunotherapy, many investigations have been aimed at
modifying the allergen vaccine to reduce allergenicity while maintaining the
immunogenicity and, thus, allow for successful treatment. Of the major classifi-
cations of allergens for use in immunotherapy, native, chemically modified and
recombinant allergens, summarized in Table 2, will be discussed further in this
section.

6.2.1 Native Allergens

Traditionally in immunotherapy, the allergen used for treatment is obtained from
‘native’ extracts purified from natural sources. One drawback of native allergen
use is the difficulty of standardizing production. Indeed, recent studies have found
significant concentration variances in birch pollen allergen preparations (Focke
et al. 2009) as well as the presence of unrelated allergens (van der Veen et al.
1996) which can be problematic due to the possibility of patients developing new
IgE reactivities (Moverare et al. 2002; Pauli et al. 2008). Other studies investi-
gating native allergen extracts have found contamination in the form of endotoxin
(Trivedi et al. 2003) and beta glucans (Finkelman et al. 2006), though the possible
adjuvant effects of these ‘contaminating’ molecules are not fully understood and
must be researched further. Though addressing the aforementioned concerns and
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developing a global standard for native allergen extract preparation are essential,
further research into modified and/or recombinant allergens will provide alterna-
tive concepts to improve the allergen vaccines used in immunotherapy.

6.2.2 ‘Allergoid’: Chemically Modified Allergens

One of the first attempts to modify allergen for use in immunotherapy was to
chemically modify naturally extracted allergens by treatment with dilute form-
aldehyde. Today it is known that chemical modification of an allergen with
formaldehyde or glutaraldehyde acts to create a high molecular weight allergen
polymer by linking the amine groups from exposed lysines. Creation of allergen
polymers by this method maintains immunogenicity while strongly reducing the
IgE binding capability (Kahlert et al. 2000). In addition to high molecular weight
allergen polymers produced by formaldehyde/glutaraldehyde treatment, treatment
of allergens by carbamylation produces low molecular weight allergens that can,
for example, be easily absorbed through mucosal surfaces. Carbamylation acts
by transforming the N-terminus of lysine residues to a ureido group which
functionally reduces allergenicity of the protein molecule (Mistrello et al. 1996;
Velickovic and Jankov 2008). Successful use of chemical modification of an
allergen vaccine was first performed by Marsh et al. in 1970 and allergoid
vaccines have since been successfully tested in immunotherapy in both adults
and children (Keskin et al. 2006; La Grutta et al. 2007; Palma-Carlos et al. 20006;
Williams et al. 2007).

6.2.3 Recombinant Allergens

Yet another approach for the creation of safer immunotherapy vaccines is the
production of recombinant allergens such as peptides, recombinant protein,
recombinant hypoallergenic protein, allergen fragments and oligomers. Before
discussing these alternatives, however, it must be considered whether single
recombinant allergens can indeed mimic native allergen extracts. The fact that
native allergen extracts contain a large compliment of different molecules and that
there exists a virtually limitless range of potential allergens in the environment,
engenders the question of whether a limited number of representative recombinant
allergens can induce tolerance across a spectrum (Vrtala 2008). Studies investi-
gating the diagnostic capabilities of recombinant allergens have found, for
example, that of the six main grass pollen allergens, a panel of four was able to
diagnose grass pollen allergy in all patients tested (Laffer et al. 1996; Valenta et al.
1998; Vrtala et al. 1993). Consequently, it appears that of all allergenic possi-
bilities, a few major allergens can determine the susceptibility of many.

Using recombinant technology it is possible to generate peptides containing
short, linear, allergen-derived T cell epitopes for use in immunotherapy to
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specifically target CD4+ T cells. The process involves screening for T cell
activity after stimulation with overlapping synthetic peptides that span the known
allergen molecule sequence (Akdis and Blaser 2000). Due to their small size and
lack of secondary and tertiary structures, peptide sequences have a reduced
ability to bind IgE and thus have greatly reduced allergenicity. Murine studies
have demonstrated the effectiveness of peptide immunotherapy in inducing tol-
erance to a mite allergen Der p I (Hoyne et al. 1993) and a cat allergen Fel d 1
(Briner et al. 1993). Clinically, the allergens Fel d I, bee venom Api m I and
ragweed Amb a I have been heavily researched in humans. Although initial
clinical trials using Fel d I peptide immunotherapy demonstrated positive effects
in patients with asthma, treatment also induced numerous adverse effects that
were later attributed to the peptide length and high dosage (Larche 2007). More
recent trials with Fel d 1 have managed to achieve tolerance induction with
greatly reduced adverse events through the use of shorter peptides and reduced
doses (Alexander et al. 2005; Verhoef et al. 2005), however much research is
still required to determine the optimal dosing, timing and route for peptide
immunotherapy.

The use of recombinant whole protein and fragmented allergens are also being
investigated for immunotherapy improvement. Considering for the moment whole
protein, initial clinical trials have found recombinant major grass pollen (Jutel
et al. 2005) and birch pollen allergens (Pauli et al. 2008) to be effective for
immunotherapy treatment. Moreover, comparison of clinical studies using either
recombinant allergen or native allergen extract revealed similar efficacy in both of
these treatments (Kahler et al. 1999; Pauli et al. 2008). In addition to recombinant
major allergens, there has also been recent interest in the generation of hypoal-
lergenic allergens. Hypoallergenic allergens are naturally occurring isoforms of a
particular allergen that have reduced IgE reactivity while maintaining T cell
epitope recognition. It is hypothesized that the use of recombinant hypoallergenic
isoforms can further reduce adverse events generated by immunotherapy due to the
greatly reduced allergenicity of the protein. Current research has revealed hypo-
allergenic isoforms of birch pollen Bet v I (Wagner et al. 2008) mite Blo t 12
(Zakzuk et al. 2009) and Der p 1 (Walgraffe et al. 2009) that may be beneficial for
use in future allergen vaccines.

Recombinant technology offers many techniques for the generation of new
allergen vaccines. While peptides and whole protein allergens continue to be
investigated, engineered fragments of allergen also provide a promising avenue for
exploration. Fragmentation reduces the allergenicity of a protein molecule since
during the process one or more major B cell epitopes are removed from the tertiary
structure. Illustrating this concept, Bet v I birch pollen allergen fragments have
been engineered that promote tolerogenic responses in both mice and rabbits
(Vrtala et al. 2000). Finally, just as fragments of allergen have reduced aller-
genicity, allergen multimers also contain fewer B cell epitopes. Allergen dimers
and trimers that are genetically engineered using cDNA subunits and expression
plasmids are also being studied for use in immunotherapy. Demonstrating the
functionality of multimeric allergen molecules, Bet v [ dimers and trimers
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stimulate T cell activity in PBMCs from allergic individuals, and have strongly
reduced anaphylactic activity as observed by basophil histamine release and skin
prick testing (van Hage-Hamsten et al. 1999; Vrtala et al. 1999).

The use of recombinant allergens has a great deal of potential for the
improvement of allergen vaccines. Due to the many types of recombinant tech-
nologies available, allergens can be modified in numerous ways to potentially
reduce allergenicity while inducing tolerance. Though many advancements have
been made in the creation of novel allergen vaccines, much research is still
required to reach the full potential of recombinant allergens in the clinical setting.
Through rigorous testing and understanding of the mechanisms of tolerance
induction it is possible to improve immunotherapy by the use of recombinant
allergens.

6.3 Modality: Route of Dosing

Since the discovery of immunotherapy, the subcutaneous route of application has
been the gold standard. In an attempt to counter some of the adverse reactions
that accompany SCIT, SLIT (consisting of absorption of an allergen solution or
tablet through the mucosal layers under the tongue) was developed as an
alternative. Considering that pediatric patients are a major group of candidates
for allergy therapy, SLIT is an appealing alternative due to the simpler dosing
route and the possibility of fewer clinic visits for treatment (Halken et al. 2008).
Meta-analysis of SLIT in adults revealed safety and efficacy mainly for allergic
rhinitis (Compalati et al. 2009; Wilson et al. 2005), however, due to current
controversy in the literature over the efficacy of SLIT for children, the results of
more studies must be published before conclusive decisions can be made
(Campbell 2009; Halken et al. 2008; Larenas-Linnemann 2009; van Wijk 2008).
SLIT is now accepted to be significantly safer than SCIT as there have been only
few case reports of anaphylactic reactions (Moingeon et al. 2006) however, there
is cause for caution when treating patients with SLIT that have previously dis-
continued SCIT due to adverse reactions (Cochard and Eigenmann 2009).

Though SLIT is an effective alternative to SCIT under these considerations,
generating further knowledge regarding its mechanism of action will provide
opportunities for improved second generation vaccines. Comparison of successful
SLIT and SCIT treatments reveals that though both treatments generate peripheral
tolerance via the induction of regulatory T cells, the manner of tolerance induction
is highly dependent on the draining lymph nodes at the site of antigen application.
At sites of oral immunization for SLIT, allergen is captured by Langerhans-like
DCs which subsequently upregulate the expression of adhesion and trafficking
receptors such as CCR7 and migrate to the mucosal draining lymph nodes (internal
jugular, superficial cervical and submaxillary) in the mucosa-associated axis
(Kraal et al. 2006; Moingeon et al. 2006).



Immunological Approaches for Tolerance Induction in Allergy 17

While SCIT relies on introduction of allergen to sites under the skin, SLIT takes
advantage of already existing oral tolerance mechanisms that are present to ensure
immune tolerance to food and commensal bacteria. Lymph nodes near mucosal
sites maintain a particular microenvironment that is favorable for tolerance
induction. Illustrating this, murine studies show a preferential generation of
“blocking” IgG2b antibodies and higher antibody responses in mucosal lymph
nodes than lymph nodes near subcutaneous sites of injection (Aoyama-Kondo
et al. 1992; van Helvoort et al. 2004). Though there is still much work to be done
to elucidate the mechanism of SLIT, it is hypothesized to involve B cell dependent
generation of Treg cells and subsequent T effector cell suppression, as well as a B
cell independent development of Foxp3-LAP+TGFf+Tregs (Sun et al. 2008).

In comparison with SCIT, one immediate drawback of SLIT is the need for
50-100 times higher allergen concentration which over time can greatly add to the
cost of treatment. One of the possible explanations for this is that SCIT protocols
routinely use an adjuvant as part of the vaccination regimen whereas SLIT
treatment protocols do not. The use of adjuvants for immunotherapy is important
for protocol improvement and many studies are testing adjuvants currently in use
as well as new candidate mucosal adjuvants for future immunotherapy trials
(Moingeon et al. 2006).

6.4 Adjuvant

As mentioned previously, SCIT treatment often utilizes the adjuvant aluminum
hydroxide (alum) as an adsorbant and immunostimulant. Consequently, the
emergence of novel immunotherapy techniques such as use of recombinant
allergens (which are less potent immune stimulators than allergen extracts) and
sublingual allergen application has generated a parallel search for mucosal adju-
vants that can enhance the peripheral tolerance mechanisms induced during SLIT
(Goldman 2008). In a murine model of SLIT using the allergen ovalbumin in
conjunction with the adjuvant cholera toxin B (CTB), Sun et al. found an increased
expression of FoxP3+CD25+CD4+ Treg cells in the draining lymph nodes; CTB
application also greatly reduced the amount of allergen needed to elicit this effect
(Sun et al. 2006). TLR ligands are also being studied as potential adjuvants due to
their ability to activiate IL-10 secreting DCs that are likely to promote the
emergence of Tregs. Studies by Lombardi et al. demonstrate that the application of
the TLR2 ligand, Pam3CSK4 promotes the differentiation of IFNy and IL-10
secreting CD4+ T cells both in vitro in cell culture and in vivo in a murine
experimental asthma model in which mice were treated sublingually with both
allergen and Pam3CSK4 (Lombardi et al. 2008). Due to the specialized micro-
environments of the mucosal lymph nodes and the efficacy of SLIT, the generation
of mucosal adjuvants provides a promising area for the creation of second gen-
eration SLIT vaccines.
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7 Future Perspectives

Immunotherapy is a highly effective method of treating allergies such as asthma
and rhinitis by inducing allergen specific tolerance in the periphery. Notwith-
standing, the subject of allergy prevention by non-specific tolerance induction is
also a topic of intense interest. Epidemiological findings demonstrate that certain
environmental exposures such as unhygienic contact with older siblings and
growing up in a farming environment may confer protection against certain
allergies (Strachan 1989, 2000; von Mutius and Radon 2008). Observations from
epidemiological studies lead to the formation of the hygiene hypothesis by
Strachan in 1989 which basically states that exposure to microbes either prenatally
or early in life may reduce the risk of developing allergies.

In addition to the great deal of epidemiological evidence supporting the hygiene
hypothesis (Douwes et al. 2007; Kiechl-Kohlendorfer et al. 2007; Matheson et al.
2009; Seiskari et al. 2007), proof of concept has also been shown in animal
models. In a prevention model, protective effects against murine experimental
asthma were seen with both Lacfococcus and Acinetobacter bacterial strains iso-
lated from farm sites (Debarry et al. 2007), lipopolysaccharide (Lundy et al. 2003)
and Mycobacterium vaccae (Yazi et al. 2007). Furthermore, microbes applied
prenatally were also shown to have asthma preventative effects in offspring; the
mechanism of which was demonstrated to be fully dependent on functional
maternal TLRs (Bliimer et al. 2007; Conrad et al. 2009). Though research into the
mechanisms of non-specific tolerance induction and the hygiene hypothesis is still
in its infancy, this subject will surely garner much interest in the years to come.

8 Conclusion

Allergy is the consequence of an inappropriate inflammatory immune response
generated against harmless environmental antigens. Characterized by Th2 cyto-
kine secretion and the production of allergen specific IgE antibodies, this type of
immune reaction is the result of an imbalance between different T cell subsets,
namely a reduced presence of Treg cells. Of the different methods to treat allergy,
immunotherapy is a specific, highly effective means of treating allergic asthma and
rhinitis that is shown to have long lasting effects after cessation of the therapy.
Immunotherapy acts by initiating peripheral tolerance mechanisms and thus
functions to correct the underlying pathomechanisms of allergic disease.

Though allergen immunotherapy is an effective method to treat certain aller-
gies, there is currently much interest in improving the allergen vaccines used for
treatment. Experimentation with chemical allergen modification as well as the
generation of recombinant allergen proteins and peptides represent exciting new
methods to improve treatment. Furthermore, testing of the route of allergen vac-
cine application and stimulation of the immune system by specific adjuvants may
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also reveal novel methods for allergen application. As more is learned about the
mechanisms of tolerance induction and the improvement of allergen vaccines, we
approach a better understanding of treating the underlying causes of allergy.
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