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Preface

Current Strategies for Allergen-Specific Immunotherapy
at its Centenary

We are celebrating this year the 100 years’ anniversary of allergen-specific
immunotherapy. In 1911 Leonard Noon published his seminal work ‘‘Prophy-
lactic inoculation against hay fever’’ describing his attempts to achieve active
immunity against ‘‘grass pollen toxin’’ by administering increasing doses of
grass pollen extract before the grass pollen season to allergic patients. Although
it was unknown at that time that allergy represents an immunological hyper-
sensitivity disease, the treatment was effective and many observations made by
Noon remained valid until today. Noon noted side effects and that initially
increased sensitivity was followed by tolerance which lasted for approximately
one year.

Today allergen-specific immunotherapy is well established as the only allergen-
specific and disease-modifying treatment for IgE-mediated allergies and has long-
lasting effects.

In fact, more than 25% of the population suffer from IgE-mediated allergies
which therefore represent a major health burden of our society, particularly
because untreated allergy often progresses to severe disabling forms of disease,
such as asthma and sometimes kills sensitized people through anaphylaxis.

The pathomechanisms of allergy are meanwhile quite well investigated and the
disease-causing allergens are characterized in great detail down to their molecular
structures. We are thus beginning to see several new strategies for allergen-specific
immunotherapy on the horizon, several of which are summarized in this issue.
It thus seems that hundred years after the first experimental attempts to ‘‘desen-
sitize’’ hayfever patients we are now capable of developing powerful and rational
forms of immunotherapy which hold promise for curing allergy sufferers and
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eventually may allow real prophylactic vaccination against allergy. It is thus quite
possible that allergy may become eradicated similar as certain forms of infectious
diseases through vaccination.

Rudolf Valenta
Robert L. Coffman
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Immunological Approaches for Tolerance
Induction in Allergy

Melanie L. Conrad, Harald Renz and Kurt Blaser

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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DC Dendritic cell
FoxP3 Forkhead box protein 3
NLR NOD-like receptor
PBMC Peripheral blood mononuclear cells
PRR Pattern recognition receptor
SCIT Subcutaneous immotherapy
SLIT Sublingual immunotherapy
TCR T cell receptor
Th T helper
iTreg Inducible T regulatory cell
TLR Toll-like receptor
Treg T regulatory cell
TR1 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 Th1 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, Th1 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 naïve T cells to an effector subset is largely dependent on
the cytokine milieu. Production of IL-12 and IFNc by cells of the innate immune
system stimulate the production of the transcription factor T-bet, Fig. 1.
This results in the differentiation of Th1 cells that principally secrete IFNc 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

Immunological Approaches for Tolerance Induction in Allergy 3



pathogens such as parasites. When a Th1 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 TGFb; these cytokines initiate Th17 cell production by activation of the
transcription factor RORct, 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 Th1 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-b 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

Fig. 1 Differentiation of T
effector subsets from an
activated CD4+ T cell
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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 (TR1) and Th3 cells, have also been identified that
can be induced in the periphery by IL-10 and TGFb exposure, respectively, Table 1.
Both tTreg cells and TR1 cells secrete large amounts of IL-10 and TGFb, whereas
Th3 cells secrete primarily TGFb (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

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, IFNa TGFb, IL-4
Markers
CD4 + + +
CD25 + + +
CTLA4 + + +
FoxP3 + / +
Main mode of action Cell contact suppression Cytokine secretion Cytokine secretion
Cytokines secreted
IL-10 + +++ +
TGF-b + + +++

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

Fig. 2 The effects of Treg
generated IL-10 and TGFb on
cells of the immune system
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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

Immunological Approaches for Tolerance Induction in Allergy 7



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 TGFb 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 TGFb 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 (Th1) and IFNc (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 TGFb, secretion of these cytokines from allergen
specific T cells in non-allergic patients acted to suppress both Th1 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 TGFb have established roles in the generation of peripheral toler-
ance, shown in Fig. 2. Originally described as a mouse Th2 factor that inhibited
Th1 cytokine secretion (Fiorentino et al. 1989), IL-10 is now known to be pro-
duced by numerous cell types such as Treg cells, Th1 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.
TGFb 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, TGFb affects T cell proliferation,
differentiation and apoptosis. Additionally, both IL-10 and TGFb have the ability
to down regulate MHC II expression and suppress costimulatory molecules on
APCs (Jutel et al. 2003). Secretion of IL-10 and TGFb 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
et al. 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 TGFb 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 TGFb 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 FccRIIB 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 IgG4:IgGtotal 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 TGFb
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 TGFb 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 TGFb 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).
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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

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

Allergen
class

Treatment Result

Natural Extract from natural sources Multiple allergens and naturally occurring
substances

Chemical Chemical—formaldehyde/
gluteraldehyde

High molecular weight allergen
polymer—linked through lysine
residues

Chemical—carbamylation Low molecular weight allergen—lysines
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
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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. 2006;
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 1 (Hoyne et al. 1993) and a cat allergen Fel d 1
(Briner et al. 1993). Clinically, the allergens Fel d 1, bee venom Api m 1 and
ragweed Amb a 1 have been heavily researched in humans. Although initial
clinical trials using Fel d 1 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 1 (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 1 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 1 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).
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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+TGFb+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 IFNc 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 Lactococcus 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 (Blümer 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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Clinical Experience with Recombinant
Molecules for Allergy Vaccination
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Abstract Numerous allergens have been cloned and produced by the use of
recombinant DNA technology. In several cases recombinant variants with reduced
IgE-reactivity have also been developed as candidates for allergen specific
immunotherapy. Only very few of these proteins have as yet been tested in the
clinic, and the major focus has been on birch and grass pollen, two of the most
common causes of IgE-mediated allergic disease. This article serves to justify the
rational for using recombinant products and reviews the progress that has been
made to date with their clinical assessment.
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The first publication describing the use of recombinant DNA technology to clone
and express an allergen appeared in 1988 (Breiteneder et al. 1988, 1989) and since
that time several hundred other allergens have been produced in recombinant form
and characterized (Allergome 2009). There have also been numerous reports on
the development of recombinant allergen variants with reduced IgE-reactivity as
candidates for specific immunotherapy (Ferreira et al. 2006; Niederberger and
Valenta 2006). The only substantial clinical studies conducted to date have been
with recombinant allergens or allergen derivatives of grass and birch pollen, two of
the most common causes of IgE-mediated allergic disease. Recombinant house
dust mite and cat allergens have also been the focus of extensive preclinical
development work. A small clinical study using recombinant Fel d 1 has already
been reported and it seems likely that the group 1 and 2 allergens of house dust
mites will soon be the subject of clinical trials. Before such products can be
granted marketing licenses and placed on the market it will be necessary to
demonstrate their clinical efficacy and safety. This article serves to justify the
rationale for using recombinant products and review the progress that has been
made to date with their clinical assessment.

1 Considerations for Optimal Allergen Specific
Immunotherapy

Allergen specific immunotherapy is a causal treatment for IgE-mediated allergic
disease, in other words the allergen responsible for sensitization and provoking
symptoms of rhinoconjunctivitis, allergic asthma etc. is administered under con-
trolled conditions in order to change the course of the immune response and
thereby ameliorate symptoms. Characterization of the cytokine profiles of allergen
specific human T cells revealed that the immune responses of healthy and allergic
subjects to common environmental allergens can be defined in terms of a delicate
balance between allergen specific T helper type 2 (Th2) and inducible type 1 T
regulatory (Tr1) cells (Akdis et al. 2004). The Th2 cells of the allergic phenotype
are associated with interleukin (IL)-4, IL-5 and IL-13, which promote IgE pro-
duction and allergic inflammation, while Tr1 cells are particularly linked with the
cytokine IL-10. Tr1 and Th3 regulatory cell phenotypes that secrete the suppres-
sive cytokines IL-10 and TGF-b, respectively have been associated with induction
of peripheral T cell tolerance in allergic subjects undergoing successful immu-
notherapy with bee venom and aeroallergens (Akdis et al. 1998; Jutel et al. 2003).
whilst low allergen doses favor a Th2 cytokine response and a switch to IgE, high
allergen doses favor induction of regulatory T cells and an enhanced Th1 cytokine
profile together with modification or down-regulation of the Th2 phenotype
(Larche et al. 2006). This is consistent with the data from studies in bee-keepers
subjected to repeated bee stings which showed that high dose allergen tolerance is
associated with clonal expansion of allergen specific IL-10-producing Tr1 cells.
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Investigations with bee venom phospholipase (PLA) specific T cell clones from
subjects either allergic, hyposensitized or immune (protected) to bee stings have
shown that both absolute and relative amounts of secreted cytokines depend on the
antigen concentration. Low antigen doses induced IL-4 production, but little or no
IFN-c, whereas significant amounts of both cytokines were obtained at higher PLA
concentrations. T-cell clones from allergic and hyposensitized individuals required
higher critical amounts of antigen for IFN-c induction, and expressed increasing
IL-4/IFN-c ratios with increasing concentrations of PLA (Carballido et al. 1992).
Therefore modulation of cytokine patterns is dependent on the dose of antigen, and
high dose is important for induction of a protective immune response. These
conclusions are supported by studies in mice (Ruedl et al. 2000) as well as by
results for allergen specific immunotherapy in man which clearly show that a
higher dose is more clinically effective (Frew et al. 2006).

Allergen specific immunotherapy is conducted using extracts of natural raw
materials containing the appropriate allergens together with numerous other pro-
teins and molecules from the plant or animal material in question. The concen-
trations of the allergens are dictated to a large extent by the raw material, and
while some allergens may be well represented others may only be present in
concentrations that are not sufficient to achieve an optimal clinical benefit. The use
of allergens or allergen variants derived through the use of recombinant DNA
technology provides an opportunity to create products which include only the
relevant allergens in concentrations suitable for achieving optimal clinical benefit.
The concentrations of all components can be declared in mass units and it will be
possible to achieve excellent product consistency.

Allergen concentration is also relevant with regard to the possibility of inducing
new sensitizations. Provided that the allergens or allergen derivatives are present
in sufficiently high concentrations in a preparation administered for subcutaneous
specific immunotherapy which by-passes the mucosa, it is unlikely that they will
favor IgE production, but rather induction of peripheral T cell tolerance. By way of
example, birch pollen allergic subjects who were sensitized predominantly to
Bet v 1 and underwent treatment with a birch pollen extract developed new sen-
sitivities to what are normally considered as minor birch pollen allergens that are
not present in anything like the same concentration as Bet v 1(Moverare et al.
2002). It is not yet clear if similar considerations apply for sublingual immuno-
therapy which has a clear booster effect on existing IgE responses (Didier et al.
2007; Dahl et al. 2008) and may well involve other mechanisms of action. These
are areas that are worthy of further investigation.

It will not be realistic to produce every protein component of an allergen extract
using recombinant DNA technology for inclusion in a therapeutic preparation.
Therefore the first objective of a clinical development program has to be the
identification of an adequate combination of proteins to achieve a clinically rel-
evant benefit for the patients. In the case of birch pollen and cat allergy it appears
that Bet v 1 and Fel d 1, respectively are sufficient, but in the cases of grass pollen
and house dust mite allergy two or more allergens will be essential. It is important
to establish these basic requirements before going ahead with studies with
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hypoallergenic variants, since in the case of an unsuccessful study it would be
difficult to decide if the result was attributable to the lack of an important allergen
or an ineffective variant.

2 Allergen Variants with Reduced IgE-Binding Activity

One of the potential risks of this causal treatment is that it may induce allergen
associated side effects, and at worst life-threatening anaphylactic reactions. This
consideration was one factor that prompted the development of hypoallergenic
derivatives produced by chemical modification of the allergen extracts (Maasch
and Marsh 1987). Such preparations are intended to minimize the risk of inducing
IgE-mediated reactions, while ensuring the possibility for administering an ade-
quately high dose to favor a therapeutic effect. The reduced IgE-reactivity mini-
mizes the potential to activate mast cells and basophils with the release of
inflammatory mediators. Furthermore, IgE antibody-dependent uptake by antigen
presenting cells, which would normally favor promotion of the allergic phenotype
with production of Th2 cytokines and allergen specific IgE (van der Heijden et al.
1993), is also excluded (Akdis and Blaser 2001). Chemically modified allergen
extracts (allergoids) have found widespread acceptance. The choice of chemical
method used to produce the allergoids determines which types of chemical resi-
dues in the proteins will be subject to modification, but it is not possible to target
specific sites within a protein. The advent of recombinant DNA technology pro-
vides the opportunity to use genetic engineering techniques to develop tailor-made
hypoallergenic molecules which may present some additional advantages for
allergen specific immunotherapy. Not only is it possible to compromise the
IgE-reactivity of the proteins, but there is also the possibility to enhance the
immunogenicity and introduce features that can influence the processing of an
allergen by the immune system.

The design features of engineered hypoallergenic variants can be precisely
defined and validated with respect to the intended specific immunotherapeutic
application. Genetic detoxification of bacterial toxins by gene mutations at sites
coding for the amino acids involved in the enzymatic sites, and thus the toxic
effects, has already been achieved (Rappuoli et al. 1995), thus providing an
alternative to the toxoids produced by chemical modification. In such cases the
choice of mutation site is relatively straight-forward, but this is often not the case
with allergens in which the IgE-binding epitopes rely principally on the confor-
mation of the protein. Several strategies have been adopted in order to impart
hypoallergenic characteristics to allergens without compromising T-cell reactivity
and immunomodulatory potential, and experience has shown that such strategies
have to be tailored to match the characteristics of each individual allergen. A
bigger challenge is often presented by the search for a molecular variant that can
be expressed and recovered in a soluble form in adequate amounts with consistent
characteristics and quality.
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It is important to define the criteria which a hypoallergenic variant has to fulfill
before the decision can be made to take it into clinical testing. A variant must have
advantages for a very large majority of potential recipients, that is to say it must
have obvious hypoallergenic characteristics for all those patients. Allergic subjects
differ widely in terms of the amounts of specific IgE antibody they produce against
a particular allergen, and furthermore the spectrum and the number of epitopes
recognized may vary. Consequently it is not sufficient to compromise reactivity of
only one of several IgE-binding epitopes in an allergen, and it is important to
screen new variants with a library of sera from allergic subjects in order to cover
all IgE-binding epitopes. It is usually not appropriate to use pool sera to assess
hypoallergenic characteristics. If only a small number of sera in the pool react
strongly with a variant their contribution would be diluted by a large number of
weak reactors. Furthermore various different methods should be used to assess the
derivatives, including solid-phase and liquid-phase immunoassays and cellular
assays such as basophil activation or histamine release. Skin or provocation testing
may then be used to confirm hypoallergenic characteristics in vivo. Ideally
hypoallergenic characteristics should be observed consistently with all test
methods. Finally, the reduction in IgE-reactivity should be sufficient to confer a
meaningful advantage.

3 Recombinant Grass and Birch Pollen Allergens

The grass Phleum pratense is a member of the sub-family Pooideae, which in turn
belongs to the family Poaceae. It shows very substantial cross-reactivity with
other members of the sub-family (Andersson and Lidholm 2003; Johansen et al.
2009) and can therefore be considered as representative of grasses found in
temperate regions. The allergens Phl p 1, Phl p 2, Phl p 5a, Phl p 5b and Phl p 6
account for a substantial proportion of the specific IgE sensitization developed
against grass pollen. Recombinant forms of these five allergens were the basis of a
preparation investigated in a double blind placebo controlled clinical trial in 62
grass pollen allergic patients suffering from rhinoconjunctivitis with or without
asthma (Jutel et al. 2005). Aluminium hydroxide adsorbates of the individual
recombinant allergens were used as a mixture and administered by subcutaneous
injection with increasing concentrations at 7-day intervals prior to the grass pollen
season, starting with 0.02 lg total protein, followed by 0.16 lg and then doubling
to 40 lg total protein (0.8 ml). The maximum dose contained 10 lg Phlp1, 5lg
Phlp2, 10 lg Phlp5a, 10 lg Phlp5b and 5 lg Phlp6. Maintenance injections were
then continued until after the subsequent pollen season, with a 50% reduction
during each pollen season, so that the total period of treatment was 18 months.

The primary outcome measure to assess clinical efficacy was a combined
symptom-medication score (SMS) derived from patients’ diaries. Diaries were
kept for 3 month periods encompassing each pollen season, and provided a record
of the nature and severity of eye, nose and chest symptoms, together with the type
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and dose of any rescue medication. A preprotocol analysis included 24 active
treatment and 25 placebo patients, and showed a 39% improvement in the active
treatment group relative to placebo (p = 0.041). Symptoms alone improved by
37% (p = 0.015) and the use of symptomatic medication decreased by 36.5%
relative to placebo. The preparation showed a favorable safety profile.

A validated rhinitis quality of life questionnaire (RQLQ) (Juniper and Guyatt
1991) registered benefits for those subjects on active treatment by comparison
with placebo during the first pollen season, and these increased still further
during the second pollen season with an overall significant benefit (p = 0.024),
providing further evidence of clinical efficacy. Significant effects were registered
in 5 of 7 domains tested, with the mean differences between active and placebo
treatment substantially in excess of a score of 0.5 that may be considered as a
level of clinical relevance. Active treatment also increased allergen tolerance as
judged in a conjunctival provocation test with a standardized 6-grass allergen
extract. The effect failed to achieve statistical significance, very probably as a
consequence of the relatively small number of patients. Taken together the
results indicate that the mixture of five allergens is sufficient to achieve good
clinical benefit.

Those subjects treated with the recombinant allergen preparation showed large
and highly significant increases in both IgG1 and IgG4 allergen specific antibody
concentrations together with a significant decrease in specific IgE. The specific
IgG1 concentration increased approximately 60-fold, peaking during the first
12 months of the study. IgG4 showed a continuing upward trend, achieving an
approximately 4000-fold increase by the end of the 18 month treatment period.
Specific IgE levels were not significantly different between groups at the beginning
of the study, but thereafter the active treatment group showed a downward trend
with values significantly less than baseline. Phl p 5a/b specific IgE antibodies were
not detected in four subjects from each group prior to the treatment, although all
reacted to Phl p 1 and other grass pollen allergens. None of these subjects
developed Phl p 5a/b reactive IgE antibodies during the study, although the 4
subjects receiving active treatment developed strong IgG4 and IgG1 Phl p 5a/b
responses indicative of either pre-existing immunity to the allergen without class-
switching to IgE or induction of immunity.This observation needs to be
substantiated and is relevant to the possible prophylactic effects of specific
immunotherapy and guarding against the development of new sensitizations.

The same five grass pollen allergens in the same relative concentrations were
formulated with total protein concentrations of 20, 40, 80 or 120 lg per maximum
dose and used in a randomized, double blind, placebo controlled dose finding study
with 10 subjects per group. Grass pollen allergic patients were treated for
approximately 3 months prior to the grass pollen season. Primary endpoint in this
study was the number of grade III and IV systemic reactions graded according to
Tryba (1994), and the main secondary endpoints the early and late phase reactions
in intracutaneous tests. Despite the fact that the 120lg dose contained 30lg of
each of Phl p 1, Phl p 5a and Phl p 5b, some of the highest concentrations tested
to date for subcutaneous immunotherapy, safety was very good and there were no
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drop-outs attributable to side effects. The use of progressive dosage increases
probably contributes to this good safety record.

The early and late phase responses after a titrated intra-cutaneous test were able
to discriminate between the different therapeutic dosage schedules with decreases
in the magnitude of the skin reactions with increasing therapeutic dose (Sprung
et al. 2009). Grass pollen specific IgG1 and IgG4 antibody responses were seen in
all active treatment groups, but not in the placebo group. The Phleum preparation
has now entered Phase III clinical testing.

One question that frequently arises is - how do the results with a recombinant
allergen compare with those for a natural allergen? A study in birch pollen allergic
subjects addressed this by comparing natural and recombinant Bet v 1 with pla-
cebo, and went one step further by including a group of subjects treated with a
whole birch pollen preparation (Pauli et al. 2008). Treatment commenced
6 months prior to the expected peak of the birch pollen season, and the Bet v 1
major allergen dose was increased progressively from 0.05 to a maximum of
15.0 lg at weekly intervals. Treatment was extended over 2 years with monthly
injections of the maximum dose. Significant reductions in rhinoconjunctivitis
symptoms were seen after one year of treatment and these were increased still
further to circa 50% in each of the three active treatment groups by comparison
with placebo. The use of rescue medication was significantly reduced by the order
of 65% in all active treatment groups. Skin test sensitivity also decreased signif-
icantly in all three active treatment groups, and interestingly the reduction in the
group treated with recombinant Bet v 1 was significantly larger than those in the
birch pollen and natural Bet v 1 groups. Marked increases in Bet v 1 specific IgG
were seen in each of the treatment groups. No new IgE sensitizations were
observed in the recombinant and natural Bet v 1 groups, but sensitivities to
Bet v 2 were induced in 3/29 subjects treated with the pollen preparation.

4 Recombinant Hypoallergenic Variants of Birch
Pollen Allergen Bet v 1

The IgE-binding reactivity of allergens such as Bet v 1 from birch pollen is very
dependent on their 3-D structure. Cleaving the cDNA and expressing the two parts
separately results in two allergen fragments (amino acid residues 1–73 and
74–159) showing random coil conformation (Vrtala et al. 1997). This loss of
conformation almost certainly accounts for the loss of IgE-antibody binding
activity. The cleavage point was chosen so as not to compromise recognized T cell
epitopes (Vrtala et al. 2001a).

The birch pollen protein has also been used as a model system to investigate the
potential of oligomerization to influence IgE-reactivity. Linking three copies of the
Bet v 1 cDNA in sequence and expression in E. coli resulted in a trimeric form of
the protein. IgE-reactivity was reduced, as judged by histamine release and skin
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testing, but circular dichroism spectroscopy showed that secondary structure was
essentially the same as monomeric Bet v 1 (Vrtala et al. 2001b). Basophil acti-
vation measured in terms of CD203c expression indicated that the trimer is
hypoallergenic, but less so than the fragments (Kahlert et al. 2003). Steric hin-
drance of the IgE-binding sites is the probable explanation for the hypoallergenic
characteristics.

Skin prick tests with concentrations of 100 lg/ml of the fragments or the trimer
in subjects with a positive response to native Bet v 1 showed that 18 of 23 and 15
of 23 subjects failed to react to the fragment mixture and the trimer, respectively
(van Hage-Hamsten et al. 1999). A similar result emerged from intradermal
testing, with 8 of 23 and 13 of 23 of the birch pollen allergic subjects failing to
react to 1 lg/ml concentrations of the fragment mixture and the trimer, respec-
tively. Clear dose response effects were seen with each of the allergen derivatives.
The Bet v 1 fragments were tested separately and both were shown to be hypo-
allergenic in nature. A second study produced very similar results (Pauli et al.
2000). However it was observed that there was a very large inter-subject variation
in the end-point of the intradermal tests, although both derivatives showed
hypoallergenic characteristics to one degree or another. It is important to realize
that such preparations are only going to offer advantages for safety and higher
dosing if those advantages apply for all patients.

The first study of allergen specific immunotherapy with recombinant prepara-
tions investigated the clinical effects, immunological activity and tolerance of a
mixture of the two Bet v 1 fragments and the Bet v 1 trimer in comparison to
placebo. The recombinant preparations were adsorbed to aluminium hydroxide
suspensions at concentrations of 100 lg/ml, and immunotherapy was conducted
with a course of 8 pre-seasonal injections of increasing concentrations from 1 to
80 lg total protein, with further injections of the maximum concentration up until
the beginning of the pollen season (Niederberger et al. 2004; Purohit et al. 2008).
The results of the study were confounded to some extent by very different pollen
counts in the three study centers and substantial counts of cross-reactive alder
pollen several weeks in advance of the birch pollen season in one of the centers.

A combined symptom-medication score and a visual analogue score failed to
reveal any significant differences between active and placebo treatments. Within-
group comparisons, excluding those subjects from the center without a substantial
pollen count, showed a significant improvement for the trimer group. Significant
decreases in nasal sensitivity to allergen were seen in the fragment and trimer
groups, but they did not differ significantly from placebo. All three study groups
showed decreased skin test sensitivity. Local injection site reactions were most
frequent in the trimer group and occurred soon after injection, whereas those in the
fragment group generally occurred after several hours. Systemic reactions were
elicited more frequently by fragments. These results together with the variations in
hypoallergenic characteristics between birch pollen allergic subjects contributed to
a decision not to pursue the clinical development of these preparations.

Withstanding the disappointing clinical data, both the fragment and trimer
preparations of Bet v 1 proved to be strong immunogens inducing Bet v 1 specific
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IgG1 and IgG4 antibody responses that peaked at the end of treatment with
concentrations in the order of 100-fold more than those at baseline (Fig. 1). IgG2
and IgA antibody responses were also documented for subjects in both active
treatment arms in one of the three study centers. Increases in Bet v 1 specific IgE
during seasonal pollen exposure were blunted in the active treatment groups by
comparison with placebo.

The serum antibodies were shown to be able to inhibit allergen induced hista-
mine release in vitro from basophils of birch pollen allergic subjects (Niederberger
et al. 2004). It was possible to show correlations between IgG1 antibody titers and
both improvement in clinical symptoms, as judged by a ten-point interval scale, and
reduction in skin test reactivity to Bet v 1.

Bet v 1 specific antibody responses were measured in nasal lavage fluids from a
randomly selected sub-group of 23 subjects at the end of the birch pollen season
following the course of immunotherapy and again 12 months after the time point
at which treatment had commenced (Reisinger et al. 2005). Bet v 1 specific lavage
fluid IgG1 levels were significantly raised at the end of the pollen season in those
subjects that had received the active preparations (10 in trimer and 3 in fragment
mixture groups) in comparison with placebo. Higher levels of IgG2 and IgG4 were
also detected, as was the case in serum, but these were not significant. There were
also no apparent differences in IgA levels. There were correlations between the
various IgG subgroup concentrations in serum and lavage fluid. At the end of the
birch pollen season there was a correlation between nasal IgG4 and reduced
specific nasal sensitivity. Perhaps not surprisingly, the nasal antibody levels mir-
rored those in serum. The reduced nasal sensitivity may be accounted for by the
inhibitory effect of the antibodies on basophil and mast cell mediator release as
was demonstrated for the serum antibodies in vitro.

The possibility that immunotherapy with the fragments and trimer might also
provide benefit for patients with birch pollen associated oral allergy syndrome
(OAS) was also considered. A sub-group of 44 patients from one study centre who

Fig. 1 Bet v 1 specific IgG4
antibody responses during the
course of specific
immunotherapy with a Bet v
1 trimer (n = 14), Bet v 1
fragments (n = 8) and placebo
(n = 20). Data from one of
three study centers (Vienna)
for blood samples collected 1:
before pre-seasonal
immunotherapy; 2: after
immunotherapy; 3: after the
birch pollen season; and 4: 12
months after the first sample.
(Purohit et al. 2008 )
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suffered from symptoms of OAS attributable to apples, hazel nuts, carrot, celery or
other plant derived foods showed various increases in IgG1 and IgG4 to major
allergens from these foodstuffs (Niederberger et al. 2007). Antibody responses in
other antibody classes appeared not to be affected. Seven of 25 actively treated
subjects reported improvements in their OAS compared with only one from 19 in
the placebo group. Two placebo and 2 actively treated subjects reported worsened
OAS.

Investigations into cytokine responses showed that treatment with trimer resulted
in significant reductions in IL-5 and IL-13 producing cells compared between pre-
and post treatment, which was indicative of a suppression of the Th2 response
(Gafvelin et al. 2005). There were also trends for decreased numbers of IL-4 pro-
ducing cells and increased numbers of IL-12 producing cells, but differences were
not significant, very probably because of the small subject numbers (8 in trimer, 10
in fragment mixture and 8 in placebo groups). The results from the various antibody
and cytokine measurements provide an encouraging basis for pursuing the further
development of hypoallergenic derivatives per se, but emphasis has to be placed on
the generation of data to provide evidence of clinical efficacy.

An alternative strategy for developing a hypoallergenic derivative came from
the observation that recombinant Bet v 1 can be induced to adopt a stable largely
random coil structure which can be clearly distinguished from the secondary
structure of the native molecule by circular dichroism spectroscopy. This folding
variant, designated Bet v 1-FV, exhibits hypoallergenic properties as judged by
immunoassay inhibition tests and basophil activation (Fig. 2) (Kahlert et al. 2008;
Weber et al. 2003). An open, randomized comparative clinical study with
recombinant Bet v 1-FV and a natural birch pollen extract was started in 2003
(Klimek et al. 2005; Narkus et al. 2009). Treatment with aluminium hydroxide
adsorbed preparations of the allergens was administered to subjects with birch
pollen rhinitis over a period of four months prior to the birch pollen season with
injections at weekly intervals. The maximum dose of the hypoallergenic recom-
binant preparation was 80 lg, approximately four-fold higher than the Bet v 1 in
the whole pollen preparation. The combined SMS for subjects receiving the
recombinant preparation was favorably less than that for the subjects receiving the
natural pollen extract, and the scores for both groups superior to those of a
reference group with only anti-symptomatic treatment (parallel control group).
A second course of preseasonal immunotherapy was administered prior to the next
pollen season, and then both groups showed similar combined symptom/medica-
tion scores (Fig. 3) (Kettner et al. 2007a; Narkus et al. 2009). Improvements in
specific nasal sensitivity, as judged by a nasal provocation test, were seen in both
study groups, and the immunogenic activity of the preparations was confirmed by
their ability to induce strong IgG1 and IgG4 antibody responses. Safety data
indicated that the preparations were comparable with respect to the occurrence of
adverse events. A subsequent double blind placebo controlled study in subjects
with symptoms of rhinoconjunctivitis, and with more than 100 subjects in
each arm, has confirmed the clinical efficacy of the recombinant preparation
(Kettner et al. 2007b). Symptoms and use of rescue medication were documented
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in a baseline year. Subjects received an 18 month course of immunotherapy
starting four months prior to the expected pollen season such that they were
established on a maximum maintenance dose of 80 lg prior to pollen exposure.
Therapy was continued through out the end of the subsequent pollen season during
which the assessment of combined symptom/medication scores, expressed as
median area under the curve, showed a significant benefit for the group treated
with the recombinant hypoallergenic preparation by comparison with placebo with
a score of 207.8 as opposed to 389.6. A sub-group of asthmatic subjects showed an
even larger reduction in combined SMS. Strong allergen specific IgG4 antibody
responses were observed in all subjects that received active treatment and no
serious drug related events occurred. Further studies with this recombinant Bet v 1
folding variant are in progress.

5 Recombinant Cat Allergen Fel d 1

A recombinant form of the major cat allergen Fel d 1 has been engineered to
include a linker sequence between the two chains of the protein (Grönlund et al.
2003). This has in turn been fused to a TAT-derived protein translocation domain

Fig. 2 Stimulation of basophils from whole blood with different concentrations of nBet v 1, rBet v
1-FV and rBet v 1-WT. Basophil activation was determined using CD203c expression. The proteins
were tested in serial dilutions in a concentration range from 0.001 to 10,000 pM ( Kahlert et al. 2008)
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and a truncated invariant chain for targeting the MHC class I pathway. This
construct, designated MAT-Fel d 1 (Modular-Antigen-Translocation-Fel d 1),
induces a shift away from a Th2 cytokine profile in cultures of human peripheral
blood mononuclear cells (PBMC)(Crameri et al. 2007). This observation is sup-
ported by studies in mice which have shown that MAT-Fel d 1 stimulates higher
IgG2a responses than Fel d 1 alone, leading to higher IgG2a:IgG1 ratios that
are indicative of a bias toward a Th1 response (Martinez-Gomez et al. 2009).
The MAT-Fel d 1 was also shown to have hypoallergenic characteristics in so far
as it failed to induce anaphylaxis in sensitized mice and the stimulation of leu-
kotriene generation by human basophils required 100-fold higher concentrations of
MAT-Fel d 1 than recombinant Fel d 1 alone (Martinez-Gomez et al. 2009).

MAT-Fel d 1 has been tested in a first clinical study involving three intra-
lymphnode injections of 1, 3 and 10 lg of the MAT-construct adsorbed to alum at
four week intervals (Senti et al. 2009). Efficacy has been assessed by provocation
testing, as to have various immunological parameters, but at the time of writing
detailed results have not been published.

6 Ragweed Amb a 1

The major allergen of short ragweed, Amb a 1, is not as yet available as a recom-
binant protein for clinical studies. A purified natural Amb a 1 in combination with
immunostimulatory sequences (ISS) has however been tested in the clinic (Creticos
et al. 2006). These ISS bind to Toll-like receptor 9 expressed predominantly on
plasmacytoid dendritic cells, and thereby mediate the down-regulation of Th2
responses. The Amb a 1 was coupled with four ISS per molecule, with the result that
immunogenicity was biased in favor of a Th1 response and the allergen showed
reduced IgE-binding reactivity, factors which would be considered beneficial for a
more effective and safer immunotherapy (Tighe et al. 2000). A pilot study with six

Fig. 3 Combined symptom-
medication scores in birch
pollen seasons following 1 or
2 years of personal
subcutaneous immunotherapy
with a recombinant Bet v 1
folding variant (Bet v 1-FV)
or a birch pollen extract
(Comparator). Boxes show
median values with 25th and
75th percentiles, error bars
the 10th and 90th percentiles,
and points the outliers
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weekly injections prior to the pollen season showed better peak-season nasal
symptom scores and improved quality of life scores by comparison with placebo
(Creticos et al. 2006). There were only transient increases in allergen specific IgG,
but seasonal increases in IgE were suppressed. A follow-up study gave disappointing
results and the clinical development program was discontinued.

7 Where Do We Go from Here?

Recombinant DNA technology offers the prospect of a new generation of products
for allergen specific immunotherapy. Products will be better defined than those
derived from allergen extracts, containing highly purified active ingredients in
defined concentrations that provide optimal clinical benefit. The advantages of
hypoallergenic variants in respect of achieving adequate dosage and safety have
already been established with chemically modified allergen extracts (allergoids),
and the development of recombinant variants promises still further benefits.
However it is clear that careful attention has to be paid to the selection of variants
that are likely to be advantageous to a very large majority of patients selected for
treatment.

The clinical development programs for products to treat some of the most
common causes of allergic diseases are now gathering momentum and there are
good grounds to believe that they will meet with success. The first products that
are likely to be introduced on the market will provide an alternative to those
derived from allergen extracts, and will be intended for the treatment of IgE
sensitizations to birch and grass pollen. The prospect of recombinant products that
are tailored to match the sensitization patterns to individual allergens from one
source is something for the much longer term.
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Allergen-Specific Immunotherapy
with Recombinant Allergens

G. Pauli and Hans-Jørgen Malling

Abstract Subcutaneous immunotherapy is a well-documented treatment of
allergic rhinitis and asthma. The major limitation is the risk of anaphylactic side
effects. The documentation of clinical efficacy is based on crude allergenic extracts
sometimes containing varying amounts of individual allergens including allergens
to which the patient may not be sensitized. The introduction of recombinant
allergens offer a possibility to use well-defined molecules with consistent phar-
maceutical quality defined in mass units. The proof-of-concept of the clinical
efficacy of recombinant allergens is based on two studies published as full articles.
One study applied a mixture of five Phleum pratense major allergens in a maxi-
mum dose of 40 lg protein. The clinical efficacy showed a significant efficacy with
about 40% reduction in disease severity. The second study compared a commercial
birch extract with both recombinant Bet v 1 and purified Bet v 1 in dosages of
15 lg allergen. The clinical effect was around 60% additional efficacy. Systemic
side effects occurred more frequently with grass allergens. A third study used
hypoallergenic fragments and a trimer of Bet v 1. The study did not show efficacy
and a rather high frequency of systemic side effects. The advantages of using
recombinant allergens for immunotherapy are obvious but more large-scale clin-
ical studies are needed before the overall value in terms of efficacy and safety can
be determined.

G. Pauli
Faculté de médecine, Université de Strasbourg, Strasbourg, France

H.-J. Malling (&)
Allergy Clinic 4222, National University Hospital, Blegdamsvej 9,
2100 Copenhagen, Denmark
e-mail: all-unit@rh.dk

Current Topics in Microbiology and Immunology (2011) 352: 43–54 43
DOI: 10.1007/82_2011_125
� Springer-Verlag Berlin Heidelberg 2011
Published Online: 15 March 2011



Contents

1 Introduction.......................................................................................................................... 44
2 Strategies for Improving Efficacy of Allergen-Specific Immunotherapy ......................... 44
3 Clinical Trials ...................................................................................................................... 45
4 Clinical Efficacy and Side Effects of Recombinant Allergens ......................................... 46

4.1 Recombinant Grass Allergen Immunotherapy........................................................... 46
4.2 Recombinant Birch Allergen Immunotherapy........................................................... 47
4.3 Recombinant Birch Allergen Derivatives Immunotherapy ....................................... 48

5 Discussion ............................................................................................................................ 49
5.1 Clinical Efficacy and Safety of Recombinant Allergens .......................................... 50
5.2 Clinical Efficacy and Safety of Recombinant Hypoallergenic Derivatives ............. 51
5.3 Future Perspectives ..................................................................................................... 52

6 Conclusions.......................................................................................................................... 52
References ................................................................................................................................. 52

1 Introduction

Allergen-specific immunotherapy has traditionally been based on the administration of
allergenic extracts containing natural allergens. These extracts are complex mixtures
of allergens, and not all are well characterized and almost no standardization between
different manufacturers exists. The development of recombinant allergens allow the
use of well-defined allergen extracts with consistent pharmaceutical quality, in defined
mass units of major allergens (van Ree et al. 2008). Non-allergenic proteins and
impurities are excluded. During the last decade the potential advantages of using
genetic engineering in improving both diagnosis and specific treatment has been
advocated (Valenta and Niederberger 2007; Vrtala 2008). Animal experiments indi-
cate that it is possible to convert important allergens into hypoallergenic derivatives
that have the potential to be safe immunotherapeutic agents as they exhibit decreased
IgE-binding capacity, contain T cell epitopes and induce IgG antibodies (Ferreira et al.
2002; Vrtala et al. 2004). However, before recombinant allergens and hypoallergenic
derivatives can be considered for immunotherapy in allergic patients their immuno-
genic properties must be evaluated in vivo. The value of a new allergenic product in
terms of efficacy and safety must be demonstrated in double-blind, placebo controlled,
randomized studies (optimally in comparative studies including natural extracts) and
by the use of appropriate statistical methods. This review validates clinical studies with
recombinant wild-type allergens as well as recombinant hypoallergenic derivatives.

2 Strategies for Improving Efficacy of Allergen-Specific
Immunotherapy

Research for candidate molecules for immunotherapy has been intense during the
last decade. Two approaches are obvious. In monosensitized patients like birch
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pollinosis, with a dominant major allergen (Bet v 1), the use of the disease eliciting
allergen only in recombinant form is applicable. In grass pollinosis with several
important allergens, the use of a cocktail of recombinant allergens is another
approach. Since the mid-1990s a lot of scientific work has focused on engineering
allergenic molecules with reduced IgE reactivity in order to improve the safety of
subcutaneous immunotherapy. As the mechanisms underlying successful immu-
notherapy is only partly understood, several approaches have been investigated. T
cell epitope-derived peptides, from a single allergen which can induce T cell non-
responsiveness as demonstrated with T cell épitopes derived from Fel d 1 (Briner
et al. 1993), from Der p 1 (Hoyne et al. 1993), from Cry j 1 and Cry j 2 (Hirahara
et al. 2001) have been investigated. Other approaches include hypoallergenic
variants with an altered tertiary structure obtained by making mutations and
deletions in allergens around B cell épitopes (IgE-binding) areas as shown for Der
f 2 (Takai et al. 1997), Bet v 1 (Ferreira et al. 1998; Holm et al. 2004), Lol p 5
(Swoboda et al. 2002), Hev b 6 (Drew et al. 2004), Par j 1 (Orlandi et al. 2004),
Ole e 1 (Mazaruela et al. 2006).

The limitations of natural allergenic extracts for subcutaneous immunotherapy
are predominantly related to the inclusion of numerous poorly defined epitopes to
which the patient may not be sensitive (but may become sensitized), a lack of or
insufficiency in important allergens, and variation in allergen potencies and ratios
(Valenta and Niederberger 2007). In terms of standardization regulatory authori-
ties have problem with defining allergenic extracts as modern drugs (Geibler
2006). Molecular biotechnology made it possible to clone allergens in the early
1990s (Valenta et al. 1991, 1992). A number of concerns were however raised as
to the applicability of recombinant allergens for both diagnosis and therapy. In
diagnosis a major problem is related to mimicking the properties of natural
allergens (an intact three-dimensional structure is critical for the IgE-binding),
which may not be important for immunotherapy (Adkis and Adkis 2009). Another
question is related to whether a limited spectrum of recombinant allergens is useful
for immunotherapy in patients with multiple sensitivities (Vrtala 2008). Based on
experiences with T-cell epitopes, the conformational structure of allergens may not
be important in immunotherapy (Norman et al. 1996; Oldfield et al. 2002).

3 Clinical Trials

Despite all the promising experimental work and the potentials (Valenta and
Niederberger 2007), the number of clinical trials with recombinant allergens is
rather limited. Only two studies (published in full length in peer-reviewed jour-
nals) have been performed with wild-type recombinant allergens, one with a
cocktail of five recombinant allergens from grasses (Jutel et al. 2005), and one with
rBet v 1 (Pauli et al. 2008), and a single study performed with hypoallergenic
derivatives of Bet v 1, including two groups treated with either a trimer or a mix of
two fragments of Bet v 1 (Purohit et al. 2008). A study using a folding variant of
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Bet v 1 published as an abstract only is not considered in this review (Klimek et al.
2005).

4 Clinical Efficacy and Side Effects of Recombinant Allergens

Clinical efficacy can be estimated by the clinical symptoms, as the primary out-
come (different symptom scores can be included, i.e., the nose, the eyes, and the
respiratory tract). As the total burden for the patients is a combination of symp-
toms and the need for rescue drugs, medications need to be taken into account to
give a complete picture of the disease-reducing capacity of immunotherapy.
Medication score giving a differentiated weight to the drugs used according to their
relative potency (corticosteroids score higher than anti-histamines) should be
included in the primary outcome. Either symptom score and medication score
could be handled individually and then combined to a common score or they could
be scored globally as a total symptom score (Canonica et al. 2007). Skin tests,
conjunctival, and nasal provocation tests are used in some studies as secondary
end-points, they are performed before therapy, after the first pollen season and/or
1 year after beginning the immunotherapy injections. Activity of an allergenic
extract used for immunotherapy may be evaluated by clinical and biological
markers: modification of cutaneous tests, modification of specific IgG (especially
IgG1 and IgG4), specific IgE. Cytokine production was evaluated in some studies.

4.1 Recombinant Grass Allergen Immunotherapy

The first study using recombinant allergens for subcutaneous immunotherapy, was
performed by Jutel et al. (2005). The study included adults (21–30 years) grass
pollen allergic rhinitics (not excluding mild asthma). A total of 64 subjects were
enrolled and 62 randomized to treatment, the ‘‘intention-to-treat’’ (ITT) popula-
tion. The ‘‘per-protocol’’ (PP) population consisted of 29 actively treated and 28
placebo treated patients. Treatment was continued for approximately 20 months
and efficacy evaluated during the second grass pollen season (defined as the 42-day
period encompassing the main pollen exposure). The immunotherapy preparation
used was a mixture of five Phleum pratense-derived allergens given in a maximum
dose of 40 lg total protein (10 lg Phl p 1, 5 lg Phl p 2, 10 lg Phl p 5a, 10 lg Phl
p 5b, 5 lg Phl p 6).

The clinical efficacy is published as both, individual score and combined score.
Based on the ITT-population, the symptom score did not reach statistical signifi-
cance. However, based on the PP-population, the median difference between
actively treated and placebo was 37% for symptom score and 37% for medication
score. The combined score showed a 39% (P = 0.44) reduction in disease severity
for actively treated patients compared to placebo. As a secondary outcome, a

46 G. Pauli and H.-J. Malling



rhinitis quality of life questionnaire (Juniper and Guyatt 1991) was used, and
differences exceeding 0.5 score was observed for the domains ‘‘total’’, ‘‘activi-
ties’’, ‘‘non-hay fever symptoms’’, ‘‘practical problems’’, ‘‘nasal symptoms’’, ‘‘eye
symptoms’’ and ‘‘emotional’’ in the ITT-population.

Active treatment induced a statistically significant increase in IgG1 and IgG4
Phleum pratense specific antibodies. Specific Phleum pratense IgE levels
decreased significantly in actively treated with no change in the placebo group. No
patients developed IgE antibodies to Phl p 5a/b despite four actively treated
patients did not had an IgE-response to this allergen before immunotherapy.

Systemic side effects were observed in 7 out of 29 actively treated (24%). These
include two cases of generalized urticaria (one with additional dyspnea), two cases
of local urticaria, one case of rhinoconjunctivitis and one with asthma.

4.2 Recombinant Birch Allergen Immunotherapy

The second study using wild-type recombinant allergen, compared treatments
performed with molecular compounds (natural and recombinant Bet v 1) with
treatments performed with a commercial birch pollen extracts and placebo (Pauli
et al. 2008). It showed for the first time that the efficacy of immunotherapy with a
molecular allergen was at least equal to treatment with allergenic extracts con-
taining natural allergens. A total of 165 subjects were screened and 147 ran-
domized to treatment after a baseline season (randomized based on minimization
taking symptom severity and degree of birch sensitization into consideration), the
ITT-population (due to 13 discontinued before receiving any treatment) consisted
of 134 adults aged 18–50 years suffering from birch pollen-induced rhinitis and
possible mild asthma. Patients were randomized to four groups receiving either
placebo, a commercial birch pollen extract, rBet v 1, or purified natural Bet v 1.
The PP-population consisted of 33 (first year); 29 (second year) placebo treated, 28
(first year); 25 (second year) receiving birch pollen extract, 27 (first year); 25
(second year) treated with rBet v 1 and 24 (first year) and 24 (second year) nBet v
1 treated patients. Treatment was continued for 2 years and efficacy evaluated
during both birch pollen seasons (defined as the period between the first and the
last day with at least 40 grains/m3/24 h). The immunotherapy schedule included
after a build-up phase monthly injection of 15 lg Bet v 1 allergen or placebo.

The clinical efficacy is published as individual daily symptom score and rescue
medication score. Based on the ITT-population, the mean difference between
actively treated and placebo was 48% for birch pollen extract, 49% for rBet v 1
and 58% for nBet v 1 with respect to symptom score and 67% for birch pollen
extract, 64% for rBet v 1 and 64% for nBet v 1 for medication score during the first
season after 6 months of treatment. Figure 1a and b shows the daily rhinicon-
junctivitis score and medication score during the first treatment season. Combining
symptom and medication scores (equivalent weight) indicate a 59% reduction in
disease severity in patients treated with birch pollen extract, 57% for rBet v 1 and
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57% for nBet v 1 compared to placebo. Statistical analysis indicate no difference in
symptom and rescue medication reduction between the three actively treated
groups. Identical results were obtained during the second birch pollen season.

Active treatment induced a statistically significant increase in IgG1, IgG2, and
IgG4 Bet v 1 specific antibodies of identical value in the three actively treated
groups. Three patients in the birch pollen extract group developed de novo IgE
antibodies to Bet v 2. No new sensitizations to Bet v 2 was observed in the r- and
nBet v 1-treated groups. Skin sensitivity (as estimated by SPT wheal diameter)
decreased to half size (identical for first and second treatment year) in actively
treated patients (no change in placebo-treated patients).

Systemic side effects were observed almost equally in all actively treated (most
mild reactions were almost as common in the placebo group). One patient in the
nBet v 1 group developed anaphylaxis with urticaria and hypotension. Local
reactions at the injection site occurred more frequently in the rBet v 1 group.

4.3 Recombinant Birch Allergen Derivatives Immunotherapy

The second study using recombinant birch pollen allergen compared treatments
performed with molecular modified derivatives of recombinant Bet v 1 compared
to placebo (Purohit et al. 2008). A total of 124 subjects were randomized to

Fig. 1 a Mean daily
rhinoconjunctivitis symptom
score during the 2004 birch
pollen season. The yellow
line represents placebo-
treated patients, the red line
rBet v 1, blue line nBet v 1
and the green line birch
pollen extract. b Mean daily
rescue medication score
during the 2004 birch pollen
season. The yellow line
represents placebo-treated
patients, the red line rBet v 1,
blue line nBet v 1 and the
green line birch pollen extract

48 G. Pauli and H.-J. Malling



treatment; the ITT-population aged 23–57 years suffering from birch pollen-
induced rhinitis and possible mild asthma. Patients were randomized to three
groups receiving placebo, rBet v 1a trimer (created by expressing three copies of
the gene in sequence) Bet v 1 fragments (two recombinant peptides that together
represent the whole sequence of Bet v 1). The ITT-population consisted of 49
placebo treated, 37 treated with rBet v 1 trimer and 38 Bet v 1 fragments treated
patients. The PP-population was reduced to 68% of the ITT-population and con-
sisted of 37 placebo treated, 28 treated with rBet v 1 trimer and 19 Bet v 1
fragments treated patients (only half of the randomized patients). Treatment
consisted of 4–5 months preseasonal injections and efficacy evaluated during a
8-week period encompassing the whole birch pollen seasons. The immunotherapy
schedule included after a build-up phase, monthly injection of 80 lg protein.

The clinical efficacy is published as a combined symptom-medication score.
Based on the PP-population, there was no difference between the trimer-group and
placebo and the mean difference between the fragments-treated and placebo was
28% (NS), during the birch pollen season.

Active treatment induced a statistically significant increase in IgG1 and IgG4
Bet v 1 specific antibodies (a 100-fold increase compared with baseline) in the two
actively treated groups. No significant difference in skin sensitivity and nasal
challenge test between the three groups, 12 month after initiating immunotherapy
was observed.

Systemic side effects related to injections were observed in both actively treated
groups. Generalized urticaria was observed in 21% of fragments-treated and 16%
of trimer-treated. One patient in the fragments-group developed anaphylaxis with
hypotension requiring epinephrine, one generalized urticaria with severe gastro-
intestinal disorders. Secondary systemic reactions occurred equally during the
build-up phase or the maintenance phase; only five adverse general reactions out of
28 appeared within 30 min.

5 Discussion

Avoidance of side effects is essential if new therapeutic products are introduced.
On the other hand using a safe immunogenic product that has no clinical efficacy is
nonsense. According to the World Allergy Organization recommendations
(Canonica et al. 2007) the magnitude of efficacy should be established as the
percentage of reduction of the global clinical scores in the active versus placebo
group. Additional efficacy inferior to the one established by antihistamines is not
considered acceptable, and consequently the minimal clinically relevant efficacy
should be at least 20% higher than placebo—and be statistically significant
(Canonica et al. 2007). Based on the three published studies, applying recombinant
allergens either as wild-type or hypoallergens that exhibit reduced activity by
genetic engineering, the magnitude of the additional efficacy (combined symptom-
medication scores) is illustrated in Fig. 2.
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5.1 Clinical Efficacy and Safety of Recombinant Allergens

In the design of the recombinant Phl p study (Jutel et al. 2005), it was planned to
include 80 patients in order to ensure a sufficient power of the study. Only 62
patients were included in the ITT-population, and although the data from the
PP-population (57 patients) just managed to show statistical clinical efficacy
(P = 0.44), the magnitude of the additional efficacy was as high as 39% (for the
ITT-population, the additional efficacy was also 39% but not significant). The
explanation for the latter may relate to a wide variation in the individual scoring of
patients. The value of the treatment is reinforced by the excellent improvement in
quality of life. The study clearly documented the general view, of pure allergens
being safer than crude extracts is not correct. Systemic reactions in 24% of the
patients is higher than that published for natural allergens (Malling 1998). The
high frequency of the systemic side effects may be related to the rather high dose
of allergens injected (40 lg rPhl p) (Bousquet et al. 1998).

The rBet v 1 study (Pauli et al. 2008) not only confirm the proof-of-concept of
the clinical efficacy of recombinant allergens, but also (for the birch system) that
recombinant allergens are as clinically effective as purified allergen and the crude
allergen extract. The magnitude already after 6 months of treatment in the order of
60% additional efficacy is very impressive (and the efficacy is consistent during the
second season). The clinical results were obtained with a rather modest dose of Bet
v 1 (15 lg), which may also be of importance in the low frequency of severe
systemic reactions (only one patient developed anaphylaxis).

Fig. 2 The magnitude of efficacy determined as the additional clinical efficacy compared to
placebo. The yellow bar represents data from Jutel et al. (2005) using a mixture of recombinant
Phleum pratense allergens. The green bars show data from Pauli et al. (2008) comparing a crude
birch pollen extract, recombinant Bet v 1 and a purified natural Bet v 1 allergen. The red bars
present the study by Purohit et al. (2008) using fragments and a trimer of recombinant Bet v 1
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5.2 Clinical Efficacy and Safety of Recombinant Hypoallergenic
Derivatives

The development plan behind the investigation of hypoallergenic derivatives of
Bet v 1 (Purohit et al. 2008) was very ambitious at a time where the potential
efficacy of rBet v 1 was not documented. However, the idea was to investigate
the potential of a safer (and effective) immunotherapy by avoiding IgE-binding
allergens in order to reduce the risk of inducing IgE-mediated side effects while
retaining the therapeutic potential. A major problem in the study is the high
number of drop-outs (in one of the centers, half of the patients were lost during
the study). Power calculation is not presented and the low number of partici-
pants in the actively treated groups is a major obstruction for demonstrating
clinical efficacy. The symptom score is reduced in both the fragments and the
trimer group (58% for fragments and 44% for trimer) but it seems that this is
caused predominantly by increasing the intake of rescue medication (almost
50% more than placebo in both the fragments group and the trimer group). Of
special interest is the finding that a molecule consisting of three consecutive
Bet v 1 molecules were completely without clinical efficacy based on the
primary outcome—the combined symptom–medication score. The authors try to
explain the deficiency of efficacy by a very low pollen count in one of the
centers, but when looking at data from the other two centers, the magnitude of
efficacy become even poorer (20% for the fragments). Looking at the immu-
nogenicity based on the increase in IgG1 and IgG4, both the fragments and the
trimer are able to stimulate the immune system. The clinical results from this
study clearly indicate that induction of IgG-antibodies alone is not responsible
for the clinical efficacy. This may be related to not differentiating between
immunoreactive IgG4 (as estimated by ELISA) and functional inhibitory IgG4
antibodies (inhibition in vitro of IgE-facilitated allergen presentation) (James
and Durham 2008).

Despite the anticipation that hyporeactive derivatives of Bet v 1 should be less
allergenic (as documented by skin and provocation testing) (van Hage-Hamsten
et al. 1999, 2002; Pauli et al. 2000) the frequency of systemic side effects is
considerably higher than that in the wild-type recombinant studies. The compar-
isons of the rate of systemic reactions by sensitivity to Bet v 1 (evaluated by skin
prick tests with different dilutions of Bet v 1 and measurement of specific IgE to
Bet v 1 at inclusion in the trial) indicated that patients who experienced systemic
side effects were not significantly more sensitive to Bet v 1 than those without
systemic side effects. Kruskal–Wallis’ test (results not published) showed no
statistically significant difference in IgE variations, nor in changes in IgG1 and
IgG4. No statistically significant difference in occurrence of allergen specific IgE
to either trimer of fragments were observed between the group with and without
side effects. This may indicate (together with the observation that most of the
side effects appeared later than 1 h after injection that these side effects were not
IgE-mediated.
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5.3 Future Perspectives

As a proof-of-concept, the clinical efficacy of recombinant allergens has been shown.
For the birch system this was to be anticipated as Bet v 1, is a very dominating allergen
responsible for the majority of the birch pollen allergen activity (Niederberger and
Pauli 1998). The study of the mixture of five different grass pollen allergens indicate
that this may be essential for obtaining clinical efficacy in grass pollen allergics.
A study using only one grass allergen would be of interest, but would likely not be
effective. From a regulatory point of view (Paul-Ehrlich) licensing a single allergen
would not represent major problems, but the idea of tailor-made mixtures of
recombinant allergens according to the patient0s sensitization profile (Valenta and
Niederberger 2007; Vrtala 2008) will be a challenge to Regulators (Pfleiderer 2006).
To further develop recombinant allergens for subcutaneous immunotherapy, we need
to see more studies with complex allergen systems and to optimize efficacy and safety,
there is an urgent need for dose-efficacy/dose-safety studies. Further investigation of
hypoallergenic recombinant molecules might improve the safety of subcutaneous
immunotherapy. An additional advantage of using defined molecules instead of crude
allergen extract-based mixtures might be an opportunity to investigate further and
more precisely the mechanisms underlying immunotherapy.

Recombinant allergens are also being applied for the sublingual mode of
administrating immunotherapy. Presently a phase III study is being conducted with
recombinant Bet v 1, and the results seem promising.

6 Conclusions

The two clinical trials performed with wild-type recombinant allergens have
demonstrated both the clinical efficacy and the immunogenic power of genetically
engineered allergens. The single study with hypoallergenic recombinant allergenic
molecules show interesting perspectives, but the final form has not been achieved
as no clinical efficacy has been achieved. The occurrence of side effects point out
the difficulty in determining the maximum tolerated doses of molecules thought to
be hypoallergenic. This cannot be predicted by previous in vitro studies or by
cutaneous tests performed in sensitized patients contrary to many hopeful ideas.
Even if the content of the extracts using modified hypoallergenic proteins are
accurately known it remains necessary to perform clinical studies assessing clin-
ical responses and adverse reaction rates related to different dosage regimens.
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Vaccine Approaches for Food Allergy

Philip Rancitelli, Alison Hofmann and A. Wesley Burks

Abstract The prevalence of food allergy appears to be increasing. Hypersensi-
tivity reactions to foods account for significant morbidity and mortality. The
current standard of care for treatment of food allergies is limited to diligent dietary
avoidance and prompt pharmacotherapy should an unexpected ingestion result in a
reaction. Complex interactions between dietary antigens, the gastrointestinal flora,
and the gut associated mucosal system drive host immune responses towards oral
tolerance or hypersensitivity. Oral tolerance is achieved by regulatory T cell
suppression of immune responses and by clonal anergy. Many novel therapies to
treat food allergies are currently under investigation. Most utilize antigen-specific
strategies in an attempt to induce oral tolerance. Oral immunotherapy (OIT) has
been the focus of much attention. Early studies had established the safety and
efficacy of OIT, but its ability to induce long-term tolerance versus a state of
desensitization remains to be firmly established. Nevertheless, recent advances in
our understanding of oral tolerance induction has increased optimism that disease-
modifying therapies for food allergies will soon be the standard of care.
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PBMC Peripheral blood mononuclear cell
FOXP3 Forkhead box P3
IPEX Immune dysregulation, polyendocrinopathy, enteropathy, X-linked
FAHF-2 Food allergy herbal formula 2
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1 Background

Food allergy is the result of complex immune-mediated responses to food proteins.
Approximately 6% of children less than 3 years of age and 4% of adults suffer
from food allergies (Sicherer and Sampson 2006). However, public perception of
food allergy is much higher (Woods et al. 2002). The prevalence of food allergy
appears to be on the rise. Evidence suggests that peanut allergy has risen sharply,
approaching epidemic proportions (Sicherer and Sampson 2007). However, there
is a paucity of well-designed prospective studies to accurately define the burden of
food allergies worldwide. Future studies incorporating double-blinded placebo-
controlled oral food challenges, the gold standard method for diagnosing food
allergies, are needed to fill this void.

Food allergy can result from multiple deviations in immune responses to food
antigens. The underlying immune mechanisms of food allergies can be classified
into three general categories: immunoglobulin E (IgE)-mediated (i.e. anaphylaxis
and urticaria), cell-mediated (i.e. protein enterocolitis), and a combination of IgE
and cell-mediated mechanisms (i.e. atopic dermatitis and eosinophilic
esophagitis). In IgE mediated food allergies, patients have a break in tolerance and
make IgE to food antigens. Upon subsequent ingestions of the food, IgE binds to
the food antigen and causes degranulation of mast cells which results in the
symptoms of anaphylaxis. Interestingly, a small number of foods account for most
food allergies (cow’s milk, egg, soy, wheat, seafood, and nuts). However, any food
is capable of inducing an abnormal immune response.
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Although a small number of foods account for most food allergies, the distri-
bution of these food allergies differ between children and adults. Adults are more
likely to have allergies to peanut, tree nuts, and shellfish while children are more
likely to have allergies to cow’s milk, egg, soy, and wheat in addition to nuts and
shellfish (Ando et al. 2007). Also in adults, food allergies are generally persistent
and lifelong. However, in children, IgE-mediated allergy to cow’s milk, egg, soy,
and wheat are typically outgrown in childhood (Ando et al. 2007). It was previ-
ously thought that allergies to these foods were outgrown by the age of 5, but
recent reports suggest that the time to outgrow these specific food allergies may be
later at age with 79% outgrowing milk allergy by age 16 (Skripak et al. 2007;
Savage et al. 2007). However, childhood allergies to peanuts, tree nuts and seafood
tend to persist into adulthood (Sicherer and Sampson 2007).

2 Immune Responses to Food Antigens and Mechanisms
of Oral Tolerance

The lumen of the gastrointestinal tract is the largest immunologic organ in the
body (Chehade and Mayer 2005). Histologically, it is characterized by a layer of
connective tissue containing lymphocytes covered by a mono-layer of epithelium
which lines the lumen. A number of local and systemic immunological changes
take place when antigens interact with host defense mechanisms in the gastroin-
testinal tract. The initial host defenses against ingested antigens are nonspecific
and include digestion, mucus barriers and secretion of nonspecific antimicrobial
peptides called defensins (Sicherer and Sampson 2008). As antigens that survive
digestion, enter the lumen of the small intestine, they are sampled by the immune
system via several mechanisms (Burks et al. 2008). Dendritic cells within the
lamina propria can extend arms between epithelial cells into the lumen of the
gastrointestinal tract and thereby bind enteral antigens. Particulate antigens from
the lumen can be presented to dendritic cells within the lamina propria by M cells
associated with Peyer’s patches. T cells and macrophages in the lamina propria
can sample soluble antigens via either transcellular or paracellular transport by
epithelial cells. Epithelial cells that express MHC class II molecules (Scott et al.
1980; Mason et al. 1981) can also present dietary antigens to T cells.

By sampling enteral antigens in the intestine, the immune system, in the
presence of other stimulatory signals, may induce an immune response to the
antigen. Secondary adaptive systemic responses to ingested antigens are charac-
terized by production of antigen specific serum and mucosal antibodies as well as
generation of antigen specific T cells. Although the gastrointestinal tract is capable
of making immune responses to foreign food proteins, with rare exceptions,
most food proteins and commensal bacteria sampled by the immune system of
the gastrointestinal tract do not stimulate immune responses. Rather, a state of
immunological tolerance usually prevails.
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Immunological tolerance or oral tolerance occurs when humoral or cellular
immune responses to a dietary antigen are suppressed following prior oral expo-
sure to the antigen (Chehade and Mayer 2005; Faria and Weiner 2005). The
mechanisms involved in oral tolerance likely evolved over time in mammals to
prevent hypersensitivity to the multitude of food and microbial antigens the
immune system encounters in the gastrointestinal tract. Oral tolerance is achieved
by regulatory T cell suppression of immune responses, by clonal anergy and by
clonal deletion. Low dose antigen exposure leads to regulatory T cell suppression,
while high dose antigen exposure leads to clonal anergy or clonal deletion
(Friedman and Weiner 1994). All three mechanisms likely work simultaneously
(Faria and Weiner 2005) to induce oral tolerance to food antigens. Food allergy
occurs when tolerance to a food is either not achieved, or when it is disrupted.

Regulatory T cells orchestrate tolerance via important suppressive cytokines
such as IL-4, IL-10 and TGF-b (Chehade and Mayer 2005); CD8+ suppressor T
cells (Bland and Warren 1986); and CD4+ helper T cells (Chen et al. 1995; Barone
et al. 1995; Garside et al. 1995). The cytokine profile associated with food allergy
was nicely demonstrated by (Beyer et al. 2002). Duodenal mucosal lymphocytes of
children with gastrointestinal illnesses related to milk were cultured with milk in
vitro. Stimulation of these lymphocytes with milk protein resulted in the pro-
duction of the TH2 cytokines IL-5 and IL-13, while IL-10 and TGF- b expression
was relatively low.

Regulatory T cells likely play an important role in the development of tolerance
when a food allergy is outgrown. In a study of children with non IgE-mediated
cow’s milk allergy, those children who outgrew their allergy had higher levels of
CD4+CD25+ T cells and reduced in vitro responses to bovine b-lactoglobulin in
peripheral blood mononuclear cells (PBMCs) than children with persistent allergy.
Interestingly, an increased in vitro response to b-lactoglobulin occurred in the
PBMCs collected from children who outgrew the allergy following removal of
CD25+ cells (Karlsson et al. 2004).

Because of the likely importance of regulatory T cells in establishing oral
tolerance, poor regulatory T cell activity is probably a contributing factor to the
development of food allergy. The transcription factor, forkhead box P3 (FOXP3),
is expressed on CD4+CD25+ regulatory T cells (Khattri et al. 2003; Fontenot et al.
2003). FOXP3 is thought to block development of both TH1 and TH2 immune
responses (Ostroukhova et al. 2004), and mutations in the gene encoding FOXP3
result in immune dysregulation, polyendocrinopathy, enteropathy, X-linked
(IPEX) syndrome (Bennett et al. 2001). Food allergy is associated with a variant of
IPEX that is caused by a deletion in the noncoding region of FOXP3 that impairs
mRNA splicing. This variant of IPEX I is also characterized by severe enteropathy
and atopic dermatitis (Torgerson et al. 2007). Because of the involvement of
mutations in FOXP3 in IPEX syndrome with food allergy, it seems possible that
children with food allergies may have disruptions in T cell regulatory activity.

In addition to T regulatory cells, tolerance may also be mediated by clonal
anergy or by clonal deletion. Anergy, or T cell nonresponsiveness, happens when
T cell receptor ligation occurs in the absence of co-stimulation by either cytokines
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such as IL-2, or by lack of CD28 interaction with CD80 and CD86 on APCs
(Appleman and Boussiotis 2003). Reactive T cells may also undergo apoptosis
through FAS–FAS ligand interactions leading to activation induced cell death
(Chen et al. 1995). Clonal deletion, or apoptosis, seem to occur in the setting of
ingestion of high doses of antigens while induction of regulatory T cells seem to
occur in the setting of low doses of antigen ingestion.

Given our current understanding of the mechanisms of oral tolerance, the
possibility of inducing oral tolerance in allergic patients seem feasible. In fact,
induction of tolerance to prevent allergy is not a novel concept. In the early 1800s,
it was reported that Native Americans consumed poison ivy leaves to reduce the
risk of contact reactions to urushiol (Dakin 1829). In the early 1900s, it was
reported (Wells 1911) that guinea pigs did not experience anaphylaxis with
injection of hen’s egg protein following ingestion of it on a regular basis. By the
mid-1900s (Chase 1946) reports showed that giving an antigen orally can suppress
immune responses by activating T cell responses. In these studies, mice that were
immunized subcutaneously responded to subcutaneous boosting with the same
antigen with robust in vitro humoral and cell-mediated immune responses. How-
ever, mice fed with the antigen and boosted subcutaneously, showed blunted
in vitro responses. Furthermore, when T cells were transferred from mice fed
orally with the antigen to naïve mice; decreased in vitro immune responses were
observed with subcutaneous immunization. The success of these animal studies
suggest that induction of oral tolerance in the allergic patient may be feasible.

3 Therapeutic Approaches

The treatment options for food allergy are relatively limited in scope despite the
success of immunomodulatory therapies for other allergic disorders. Treatment of
hayfever with immunotherapy has been a successful therapeutic approach for years
(Noon and Cantab 1911; Freeman 1930) and strong evidence supports the use of
venom immunotherapy for Hymenoptera sensitivity (Hunt et al. 1978; Golden
et al. 1980).

The current standard of care for managing food allergies is diligent avoidance
of the suspected allergic trigger and prompt pharmacotherapy if an allergic reac-
tion occurs. Accidental ingestions of known food triggers are unfortunately
common (Yu et al. 2006). Avoidance of specific foods can be arduous for many
reasons including the ubiquitous nature of common food allergens and the risk of
food cross-contamination. Food avoidance can result in dietary limitations and
nutritional deficits, especially for children who must avoid multiple foods. There
are many social implications to avoiding foods as well. As for treatment of
reactions, administration of epinephrine has associated risks, and severe reactions
might not respond to pharmacotherapy.

Because of the difficulty in following elimination diets and the danger of
accidental ingestion and reactions to foods, vaccination for food allergies would be
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an appropriate therapy for individuals unlikely to naturally develop tolerance.
Evidence suggests it might be possible to identify individuals who are less likely to
outgrow their food allergy. One group of investigators (Chatchatee et al. 2001)
demonstrated this by looking at antibody binding sites on b-casein and j-casein,
two major cow’s milk allergens, in milk allergic patients. The sera from a majority
of older patients with cow’s milk allergy recognized three of the nine IgE binding
regions on b-casein and six of the eight IgE binding regions on j-casein,
while sera from younger patients failed to recognize these epitopes suggesting
that persistent cow’s milk allergy is associated with more antigen recognition.
A subsequent study corroborated the use of epitope binding differences to predict
persistence of cow’s milk allergy (Beyer et al. 2005).

Recent interest in novel treatment approaches for food allergies has sparked a
number of therapeutic-based studies (Table 1). Allergen-specific strategies
manipulate the immune response to an allergenic food protein to induce a state of
desensitization or immune tolerance. Examples include sublingual immunotherapy
(SLIT), oral immunotherapy (OIT), immunotherapy with engineered proteins,
peptide immunotherapy, plasmid DNA immunotherapy, and immunotherapy uti-
lizing immune stimulatory sequences. The goal of these strategies is to allow
consumption of a food without any deleterious effects. Allergen non-specific
strategies target various immune mediators to dampen hypersensitivity responses
to an allergenic food protein. Examples include Anti-IgE therapy, Chinese herbal
medicine, and anti-cytokine treatments.

3.1 Allergen-Specific Strategies

3.1.1 Subcutaneous Immunotherapy

Subcutaneous allergen immunotherapy is associated with a variety of allergen-
specific immune changes. Allergen-specific IgE initially rises, but later declines as
allergen-specific IgG increases. Concomitantly, TH2 driven immune responses
change to a TH1 phenotype. Subcutaneous peanut immunotherapy was studied
(Nelson et al. 1997) in 12 patients of whom 6 were treated with peanut extract and
6 were treated with placebo. All of the treated patients, compared to patients who
received placebo, were able to tolerate more peanut protein upon a subsequent
double-blinded placebo-controlled peanut challenge. Peanut-specific IgG
increased in the treatment group which is relevant, given that allergen specific
IgG4 is postulated to act as a blocking antibody. IgG4 is known to increase during
prolonged immunotherapy and may act to bind allergen, thereby inhibiting aller-
gen binding to IgE which prevents allergic reactions. No immunological changes
were observed in the placebo group. Despite demonstrable clinical efficacy, sig-
nificant adverse effects were common and this method of immunotherapy for food
allergies was therefore abandoned.
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3.1.2 Sublingual and Oral Immunotherapy

SLIT and OIT have undergone intense scrutiny recently. These strategies aim to first
desensitize and then induce long-term tolerance in individuals with food allergies.
Most studies utilize similar protocols in which patients are given very small amounts
of antigen in a research setting with close observation for adverse effects. Patients
then regularly consume the maximum tolerated amount of antigen on a regular basis
at home. Clinical efficacy is often assessed with open or blinded food challenges, and
serological studies are performed to assess immunological changes.

The efficacy of SLIT for treatment of hazelnut allergy was recently examined
(Enrique et al. 2005). Twenty-three hazelnut allergic patients were randomized to
either the active treatment group or placebo. Following treatment, efficacy was
assessed by double-blinded placebo-controlled hazelnut challenges. The mean
amount of tolerated hazelnut inducing symptoms increased from 2.29 to 11.56 g
(P = 0.02) in the active group versus 3.49 to 4.14 g (not significant) in the placebo
group. The active group, in contrast to the placebo group, was characterized by an
increase in IgG4 and IL-10 production.

Studies have (Patriarca et al. 2003) investigated OIT as an approach for treating
an assortment of food allergies. Fifty-eight patients were treated with OIT, most
with allergy to cow’s milk (24), whole egg (13) or fish (10). Most patients (77%)
were successfully desensitized, and when compared to control patients with food
allergy, OIT patients were characterized by increased food-specific IgG4 levels and
decreased food-specific IgE levels. Other investigators (Meglio et al. 2004) treated
21 children with IgE-mediated cow’s milk allergy with OIT. Desensitization was
successful in 15 of the 21 children (71.4%). These children were able to consume
200 mL of cow’s milk daily. Three of 21 (14.3%) were able to tolerate 40–80 mL
of cow’s milk daily. However, desensitization was not possible for 3 of the 21
children due to allergic symptoms with ingestion of small quantities of cow’s milk.
A more recent study (Buchanan et al. 2007) used a 24 month OIT protocol to treat
7 children with egg allergy. At the end of treatment, 4 of the 7 children passed a
double-blinded placebo-controlled egg challenge of 10 g of powdered egg white.
The remaining 3 children were partially desensitized. However, initial desensiti-
zation did not necessarily result in induction of tolerance. Of the 4 children who
passed the initial challenge, only 2 passed a second challenge after 3 months off of
egg OIT while consuming an egg-restricted diet.

Although these studies revealed encouraging preliminary results, they did not
address the possibility of natural tolerance induction with increasing age. Another
group of investigators (Rolinck-Werninghaus et al. 2005) reported results from an
oral tolerance induction study involving 3 children with either cow’s milk or egg
allergy. After 37 to 52 week of therapy, patients tolerated either 250 mL of cow’s
milk or 4.5 g of egg protein. Per the protocol, 2 patients underwent a double-
blinded placebo-controlled food challenge following a 2 month elimination diet.
The third patient in this study discontinued maintenance daily dosing for only
2 days. All three patients developed moderate symptoms upon re-exposure to the
causal food allergen, suggesting initial tolerance was not spontaneous.
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A larger study of children with cow’s milk or egg allergy utilized the same OIT
protocol and an elimination diet control group (Staden et al. 2007). Upon follow-
up food challenge, seven of 20 (35%) children in the control group demonstrated
tolerance, compared to 16 of 25 (64%) of children showing some level of response
in the active treatment group. Nine of 25 (36%) of children treated with OIT
showed permanent tolerance, three of 25 (12%) were tolerant with regular
ingestion, and 4 of 25 (16%) were considered partial responders. Allergen-specific
IgE levels decreased significantly in both the active treatment and control groups.
These results appear to validate the use of OIT as a more effective method to
achieve oral tolerance than practicing avoidance.

In another study (Longo et al. 2008) 60 children with severe cow’s milk
allergy and high cow’s milk-specific IgE were randomized to either specific oral
tolerance induction (30) or a milk free diet (30). After 1 year, tolerance was
assessed with either observed open feeding (tolerance induction group) or
double-blinded placebo-controlled cow’s milk challenges (milk free diet group).
All children in the milk free diet group reacted upon re-exposure. Eleven of 30
(36%) of the children in the tolerance induction group became completely tol-
erant to cow’s milk, 16 (54%) were partial responders tolerating 5–150 mL, and
3 (10%) could not complete the study because of persistent respiratory or
abdominal symptoms. Specific IgE was significantly lower in half of the children
in the treatment group at 6 and 12 months, but was essentially unchanged in the
diet elimination group.

The validity of OIT studies has been strengthened by incorporating double-
blinded protocols. A new report (Skripak et al. 2008) utilized a randomized,
double blinded protocol to assess the effectiveness of OIT for cow’s milk allergy.
Nineteen children 6–17 years of age completed the study; 12 were randomized to
treatment and 9 to placebo. The median baseline dose of cow’s milk to induce
symptoms was 40 mg for both groups. Upon double-blinded placebo-controlled
challenges at the end of the protocol, the median dose to induce symptoms in the
active group was 5,140 mg compared to 40 mg in the placebo group (P = 0.003).
Milk-specific IgG levels increased significantly in the treatment group, but no
significant changes in specific IgE levels were observed in either group.

Peanut allergy has been the focus of attention for immunotherapy due to
prevalence acceleration, severity, and persistence. Investigators (Reese et al.
1999) recently reported results from an ongoing placebo-controlled peanut OIT
study. Five patients received immunotherapy with peanut protein and five
received placebo. Following the treatment phase, all children underwent an oral
challenge with peanut flour. Upon challenge, the placebo patients tolerated a
median cumulative dose of 460 mg (*1 peanut), but all patients in the active
treatment group tolerated 5,000 mg (*13 peanuts) (P = 0.008). Mean peanut-
specific IgE levels did not change significantly throughout the study period, but
titrated skin tests were significantly improved in the treatment group compared
to placebo.

These studies suggest OIT is safe and efficacious. However, important ques-
tions need to be answered prior to adopting OIT as standard therapy.
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Larger studies incorporating randomized double-blinded protocols are needed to
further assess dose and safety, in addition to the ability of OIT to induce long-term
clinical tolerance. Nevertheless, this type of treatment strategy shows great
promise, especially for those who are unlikely to become tolerant to a food
spontaneously such as those with peanut allergy.

3.1.3 Immunotherapy with Engineered Food Proteins

Immunization with altered allergenic food proteins is a concept gaining interest.
With this strategy, IgE-binding epitopes are engineered to attenuate IgE immune
responses yet permit T cell stimulation. This approach has shown promise in a
murine model of peanut allergy (Li et al. 2003). In this study, single amino acids
were altered in the Ara h1, Ara h2, and Ara h3 binding epitopes of peanut proteins.
These modified proteins were administered rectally with heat killed E. coli to C3H/
HeJ peanut-sensitized mice. Following oral peanut challenge 10 weeks later, these
mice were protected from anaphylaxis. The mice that received the largest dose
showed significantly reduced production of IL-4, IL-13, IL-5, and IL-10. Pro-
duction of IFN-c and TGF-b was significantly increased. Efficacy and safety of
these modified peanut proteins in humans remain to be elucidated.

3.1.4 Peptide Immunotherapy

Vaccination with a combination of small peptides that together extend across the
entire native allergenic protein theoretically could preserve T cell activation while
avoiding IgE-based immune responses. IgE recognizes conformational epitopes of
larger peptides and proteins while T cell receptors recognize small linear peptides
of 8 to 10 amino acids. By immunizing with small peptides, T cell activation could
occur while IgE binding would be lost. One study utilizing this strategy in a
murine model of peanut allergy suggested potential benefit (Li et al. 2001).
However, production of a validated vaccine would be difficult due to the com-
plexity of the stability and combination of multiple peptides in one vaccine
(Sicherer and Sampson 2008).

3.1.5 Plasmid DNA Immunotherapy

Vaccination with allergen-encoding bacterial plasmid DNA is an interesting
strategy. In theory, a protein endogenously produced by a host should result
in tolerance. Although this type of treatment successfully prevented peanut allergy
in AKR/J mice (Roy et al. 1999), strain-dependent variable responses have been
observed (Li et al. 1999) in other studies. Consequently, variability of response in
humans would be a valid concern.
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3.1.6 Immunotherapy with Immune Stimulatory Sequences

Yet another vaccine strategy is to use immune stimulatory sequences (i.e. CpG) to
enhance Th1 responses. A group of investigators (Kattan et al. 2003) orally sen-
sitized C3H/HeJ mice with peanut and cholera toxin, followed by either treatment
with intranasal CpG or no treatment. Upon subsequent peanut challenge, none of
the CpG-treated mice experienced anaphylaxis. In contrast, 67% of the untreated
mice showed signs of anaphylaxis. Treated mice, compared to untreated mice, had
higher body temperatures, lower levels of peanut-specific IgE, higher levels of
peanut-specific IgG2a, and lower levels of IL-5 in splenocyte supernatants. CpG
has also been used as an adjuvant with ovalalbumin in SLIT studies in sensitized
mice. Mice that received SLIT containing CpG had elevated mucosal IgA titers in
the absence of elevated IgE titers, suggesting that the addition of CpG to immu-
notherapy may promote a Th1 response.

3.1.7 Diet-Specific Tolerance Promotion

Perhaps intervening to promote development of tolerance early in life can be an
effective strategy. This idea is based on an observation that infants in Israel who
regularly consume snacks with peanut protein have a lower rate of peanut allergy
than Jewish infants in the United Kingdom who are not feed peanut containing
snacks (Levy et al. 2003). The Learning Early About Peanut Allergy Study is
investigating the possibility of early tolerance induction by enrolling 480 children
between the ages of 4 and 10 months with eczema and/or egg allergy. This cohort
of children has a 20% chance of developing peanut allergy based on previous
studies of patients with eczema and/or other food allergies. The participants will be
randomized to either avoid peanut protein until the age of 3 or to ingest about 6 g
of peanut protein per week. The development of peanut allergy at 5 years will be
compared (http://leapstudy.com/study_about.html, accessed 20 April 2009).

3.2 Allergen Non-Specific Strategies

3.2.1 Anti-IgE Therapy

Anti-IgE therapy for food allergy is a reasonable strategy to treat food allergies
because IgE plays an essential role in food-induced anaphylaxis. One dosing study
(Leung et al. 2003) used humanized monoclonal anti-IgE, TNX-901, for patients
with immediate hypersensitivity to peanut using a double-blinded placebo-con-
trolled protocol. Patients who received 450 mg of TNX-901 had significantly
increased thresholds of reaction from 178 mg (*� peanut) at baseline to 2.8 g
(*9 peanuts) (P \ 0.001) of peanut flour during oral challenge.
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However, individual responses were inconsistent and not all patients would likely
be protected from peanut induced anaphylaxis while on monoclonal IgE.

3.2.2 Chinese Herbal Medicine

Another treatment strategy for food allergy is the use of Chinese herbal medicine.
Although the primary mechanism of action of Chinese herbal medicine is not
clear, it is gaining acceptance as a legitimate treatment strategy for allergic dis-
orders based on results of animal studies. In one particular study (Srivastava et al.
2005) the effects of food allergy herbal formula 2 (FAHF-2), a combination of
specific Chinese herbs, on peanut allergic mice was investigated. Sensitized mice
were treated for 7 weeks with either FAHF-2 or placebo and then challenged at
weeks 1, 3, or 5 post therapy. All placebo treated mice exhibited signs of ana-
phylaxis and elevated plasma histamine levels following challenges. However,
FAHF-2-treated mice showed no signs of anaphylaxis or significant changes in
plasma histamine levels. Treated mice showed significantly lower serum peanut-
specific IgE levels as long as 5 weeks post therapy. Splenocyte stimulation in vitro
with peanut protein resulted in significantly lower levels of IL-4, IL-5, and IL-13
and higher levels of IFN-c in treated mice. Although mechanistically this strategy
is not well-defined, it clearly deserves further attention as a potential therapeutic
approach in humans, given the promising results seen in murine studies.

3.2.3 Cytokine Therapies

Manipulation of cytokine levels might diminish hypersensitivity responses to
foods. In one study of cytokine therapy, investigators (Frossard et al. 2007)
transfected Lactococcus lactis to secrete murine IL-10. They then administered the
IL-10 to young mice prior to oral sensitization with b-lactoglobulin. Administra-
tion of IL-10 resulted in significantly lessened anaphylaxis upon oral challenge, in
addition to dampened serum antigen-specific IgE and IgG1 production. Another
study (Ando et al. 2007) targeted TGF-b in a murine model of food allergy. Mice
that were orally fed TGF-b and ovalbumin had lower antigen-specific IgE and
IgG1 antibodies, T cell reactivity, and immediate-type skin reactivity compared to
mice fed only ovalbumin.

4 Conclusions

As our understanding of the mechanisms of food antigen processing, food hyper-
sensitivity and the development of oral tolerance continue to grow, it is logical to
explore new therapeutic approaches to treat and/or prevent food allergies. Recent
studies using novel therapeutic approaches to treat food hypersensitivity have
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shown promise. Further studies are needed to better understand the efficacy and
safety of these treatment modalities. Vaccination strategies will require further
investigation to determine whether long-term tolerance can be induced, versus short-
term desensitization. Studies should include larger numbers of patients with double-
blinded placebo-controlled protocols, and immunological changes should be further
elucidated. Clearly, the implementation of these novel treatments should be limited
to the research setting and not in clinical practice. However, remarkable progress
within the field of food allergy treatment has increased expectations that disease-
modifying therapies will be the standard of care in the not so distant future.
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Intralymphatic Immunotherapy: From
the Rationale to Human Applications

Gabriela Senti, Pål Johansen and Thomas M. Kündig

Abstract Allergen specific immunotherapy (SIT) is the only treatment of IgE
mediated allergies that is causative and has a long-term effect. Classically, SIT
requires numerous subcutaneous injections of the allergen during 3–5 years. Over
the last decade sublingual allergen applications have established as an alternative,
but treatment duration could not be shortened. This review focuses on direct
administration of vaccines in general and of allergens in particular into lymph
nodes with the aim to enhance immunotherapy. Several studies have found that
direct injection of antigens into lymph nodes enhanced immune responses.
Recently we have focused on intralymphatic allergen administration in order to
enhance SIT. Data in mouse models and in clinical trials showed that intralym-
phatic allergen administration strongly enhanced SIT, so that the number of
allergen injections could be reduced to three, and the allergen dose could be
reduced 10–100 fold. Intralymphatic injections proved easy, practically painless
and safe. In mice and men, intralymphatic immunotherapy injecting allergens into
a subcutaneous lymph node markedly enhances the protective immune response,
so that both the dose and number of allergen injections can be reduced, making
SIT safer and faster, which enhances patient convenience and compliance.
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1 Introduction

1.1 The Function of Lymph Nodes

T and B cell receptors are randomly rearranged early in lymphocyte development
generating T and B cells carrying a diverse repertoire of receptors. This allows for
specific recognition of nearly all possible antigens, but the problem is that only 1 in
107 T and B cells is specific for an antigen, so that antigens must be presented to
millions of T and B cells to elicit a response. Therefore antigens are drained into
secondary lymphatic organs, where they can be presented to high numbers of T and B
cells. Only antigens that drain into lymph nodes or are transported there elicit
immune responses, whereas antigens staying outside of secondary lymphoid organs
have little chance to meet with specific T or B cells and are poorly immunogenic.
More than a decade ago, we called this the ‘‘geographic concept of immunogenicity’’
(Kundig et al. 1995; Zinkernagel et al. 1997; Zinkernagel 2000) (Fig. 1). While the
current understanding of immune regulation by dendritic cells and T cells makes this
concept look simplistic, it remains nevertheless valid. It must never be forgotten that
the key trigger and regulator of immune response is the antigen.

The importance of antigen drainage or transport from the periphery into lymph
nodes via afferent lymph vessels has been unequivocally demonstrated by elegant
early skin flap experiments performed by Frey and Wenk (1957), and experiments
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in alymphoplastic (aly/aly) and spleenless (Hox11-/-) mutant mice confirm the
importance of secondary lymphoid organs, or neo-lymphoid aggregates (Greter
et al. 2009) in generating immune responses (Karrer et al. 1997).

1.2 Targeting Antigen to Lymph Nodes

Lymph vessels drain substances from the interstitial fluid into regional lymph nodes
with highly variable efficiency. As lymph vessels have evolved to drain pathogens
into lymph nodes, small particles sized 20–200 nm, i.e. the size of viruses, drain
from peripheral injection sites into lymph nodes quite efficiently and in a free form,
but even in this case usually only a few percent of the injected particles drain into the
lymph nodes (Manolova et al. 2008). Larger particles sized 500–2,000 nm are
mostly transported into lymph nodes by dendritic cells (DCs) (Manolova et al.
2008). Drainage from periphery to lymph nodes of non-particulate antigens,

Fig. 1 Geographical concept of immunogenicity: Left Antigens which remain localized only in
peripheral solid organs are poorly immunogenic, as pathogens with no tendency to spread
typically pose no threat to the organism. Middle Antigens draining and replicating in lymph nodes
induce a strong immune response, as such pathogens threaten to further infect the organism. Right
Antigens distributed all over the organism are poorly immunogenic, because any immune
response attempting to clear such pathogens would cause severe immunopathology
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however, can be much less efficient and only very small fractions—between
10-3 and 10-6—of the injected doses reach lymph nodes, as discussed below
and summarized in Table 1. As many of today’s vaccines and immunothera-
peutic agents are non-particulate, their direct administration into a lymph node
may therefore markedly enhance antigen presentation in the lymph node and the
immune response.

1.3 Intralymphatic Immunotherapy (ILIT) with Dendritic Cells

The vast majority of DCs injected subcutaneously or intradermally remains at the
injection site (Barratt-Boyes et al. 2000; Morse et al. 1999; De Vries et al. 2003;
Lesimple et al. 2003; Quillien et al. 2005; Thomas et al. 1999; Barratt-Boyes et al.
1997), so that intralymphatic and intranodal delivery of DC-based vaccines have
been attempted (Lesimple et al. 2006; Mackensen et al. 1999; Grover et al. 2006).
Antigen-pulsed DCs injected into the lymph node localize to the paracortex
(De Vries et al. 2003; Brown et al. 2003; de Vries et al. 2005), and clinical trials
have suggested that intralymphatic administration of DC vaccines enhanced
immune responses (Lesimple et al. 2003). In other clinical trials, however, no
advantage of intranodal delivery over intradermal delivery of DCs was found
(Brown et al. 2003; Fong et al. 2001).

1.4 ILIT with Tumor Cells

As DCs and T cells are present at very high densities in lymph nodes, costimu-
latory signals for T and B cell induction may be provided as a bystander effect.
We found that also non-professional APC, such as a fibrosarcoma cell line effi-
ciently induced antigen specific CD8+ T cell responses in lymph nodes via direct
antigen presentation on the MHC class I molecule on the fibrosarcoma (Kundig
et al. 1995; Ochsenbein et al. 2001). Intralymphatic immunization using tumor

Table 1 Intralymphatic vaccination strongly enhances unstable vaccines

Type of vaccine Dose required
s.c./intralyphatic

Stability in vivo and
drainage into lymph node

Naked RNAa [106 -
Oligopeptide (Johansen et al. 2005) 106 +
Naked DNA (Maloy et al. 2001) 103–104 ++
Protein (Martinez-Gomez et al. 2009) 103–104 +++
Live virusb 1 ++++
a TMK unpublished and (Kreiter et al. 2010), b TMK unpublished
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cells has been tried in both human cancer patients and dogs with indication of
success (Juillard and Boyer 1977; Juillard et al. 1976, 1977, 1978, 1979).

1.5 ILIT with MHC Class I Binding Peptides

We found that direct administration of MHC class I binding peptides into lymph
nodes (Johansen et al. 2005) or spleen dramatically enhanced CD8+ T cell
responses in mice, and have shown that ILIT using DNA priming followed by a
peptide boost produced the strongest CD8+ T cell responses that can be observed
in mice with frequencies of peptide specific CD8+ T cells reaching up to 80%
(Smith et al. 2009).

1.6 ILIT with Naked DNA

ILIT also markedly enhanced naked DNA vaccines in mice (Smith et al. 2009;
Maloy et al. 2001; Heinzerling et al. 2006). While experiments in dairy cows did
not reproduce our observations, however, clinical trials on ILIT using a Melan-A/
MART-1 DNA plasmid vaccine in stage IV melanoma patients generated signif-
icant immune responses correlating with tumor responses (Weber et al. 2008;
Tagawa et al. 2003).

1.7 ILIT with RNA-Based Vaccines

A recent study demonstrated that administration into the lymph node strongly
enhanced immunogenicity of mRNA vaccines (Kreiter et al. 2010). This pre-
clinical work demonstrated that intra lymph node administration of a mRNA
vaccine generated around ten-fold higher frequencies of specific T cells when
compared to subcutaneous or intradermal injection, and also when compared to
injection near to the lymph node. The mRNA was selectively taken up by lymph
node resident dendritic cells, in particular CD11c+, CD11b+, and CD11c+ CD8+

dendritic cell subpopulations, known to be efficient stimulators of T cells.

1.8 Intralymphatic Vaccination with Vaccinia Virus

Intranodal immunization with a vaccinia virus encoding multiple antigenic epi-
topes and costimulatory molecules in patients with metastatic stage III and IV
melanoma proved safe and immunogenic in the majority of patients, but did not
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prove obviously more immunogenic than intradermal administration, although this
conclusion was drawn from historical data and not from a direct comparison
(Adamina et al. 2010).

1.9 ILIT with ISCOMS

The intranasal route was compared to targeted lymph node immunization using
HIV formulated in PR8-Flu ISCOM adjuvant in rhesus macaques. Targeting the
vaccine to the lymph node was found to generate significantly stronger T and B
cell responses (Koopman et al. 2007).

1.10 ILIT with Protein-Based Vaccines

ILIT was performed with proteins very early, when researchers wanted to produce
antibodies against proteins of which they had been able to purify only very small
amounts, and were therefore looking for the most efficient route of immunization
(Sigel et al. 1983). Nanogram quantities of protein have been shown to elicit
immune responses when injected into lymph nodes (Nilsson et al. 1987).

Targeted lymph node immunization is also extensively documented to be the
most efficient means to immunize macaques against SIV. Vaccination using
envelope gp120 and core p27 was performed by targeted lymph node immuni-
zation, via the intradermal, nasal, or intramuscular route. Only targeted lymph
node immunization induced protection against the SIV challenge, whereas none of
the other routes induced a protective immune response (Lehner et al. 1996).
Similar results were obtained in macaques vaccinated with p27 alone (Kawabata
et al. 1998), with HSP70 linked either to SIVgp120 or p27 (Lehner et al. 2000),
with HSP70 conjugated to HIV gp120, SIV p27, and CCR5 peptides (Bogers et al.
2004a, b), a particulate SIVp27 protein vaccine (Klavinskis et al. 1996), or SIVp27
virus like particles (Lehner et al. 1994).

Targeted lymph node immunization also proved to be the most efficient route to
immunize cats against feline immunodeficiency using virus when using a protein-
based vaccine (Finerty et al. 2001), and the superior efficacy of lymph node
targeting was also confirmed for protein vaccines in cows (Guidry et al. 1994).

1.11 ILIT with BCG

Julliard et al. report a comparison of intralymphatic versus intradermal vaccination
with BCG, where it was found that the tuberculin test became positive more
rapidly (11–23 days) after intralymphatic than after intradermal vaccination
(45 days) (Juillard and Boyer 1977).
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1.12 ILIT with Adjuvants

ILIT may also be used to enhance adjuvants. We found that intralymphatic
administration of CpG required 100 times lower doses than subcutaneous
administration, thus avoiding unwanted systemic adverse effects of the adjuvant
(von Beust et al. 2005). This is in line with reports of better safety profiles and
enhanced efficacy of CpG when targeted to lymph nodes using particles (Storni
et al. 2004; Bourquin et al. 2008).

1.13 Inefficient Vaccines Profit the Most from Intralymphatic
Administration

For various types of vaccines we have meanwhile compared the doses required
when injected directly into subcutaneous lymph nodes to the doses required when
subcutaneously injected (Table 1). Those vaccines that are the least stable appear
to profit the most from direct intralymphatic administration. Using ILIT we could
induce specific CD8+ T cell responses even by injection of naked mRNA encoding
for lymphocytic choriomeningitis virus (LCMV) glycoprotein, which could not be
achieved even with the highest doses of mRNA by subcutaneous vaccination
(TMK unpublished), obviously because RNA in tissues is rapidly digested by
RNase. At the other end of the spectrum, we tried to enhance T cell responses by
injection of live LCMV into a subcutaneous lymph node, but found no advantage
over i.v. infection (TMK unpublished). Obviously, the virus particles efficiently
drained into the lymph nodes and replicated there.

Overall, vaccines that work only poorly by subcutaneous or intramuscular
administration profit the most from intralymphatic delivery, while vaccines that
already induce strong immune responses after s.c. or i.m. administration may not
be further enhanced (Fig. 2).

1.14 ILIT with Allergens

IgE-mediated allergies, such as allergic rhino-conjunctivitis and asthma, have
become highly prevalent, and today affect up to 35% of the population in the
western countries (Arbes et al. 2005; Verlato et al. 2003; ISAAC steering
committee 1998; Wuthrich et al. 1996). The gold standard treatment is subcu-
taneous allergen-specific immunotherapy (SCIT), the administration of gradually
increasing quantities of an allergen vaccine to an allergic subject, which is an
effective treatment for allergic rhinitis, conjunctivitis, asthma, and allergic
reactions from stinging insects (Bousquet et al. 1998; Lockey 2001; Varney et al.
1991). SCIT confers long-term benefits even after discontinuation (Durham et al.
1999; Golden et al. 1996), interrupts expansion of allergic sensitization (Pajno
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et al. 2001) and progression from allergic rhinitis to asthma (Moller et al. 2002).
From a medical perspective, SCIT is therefore superior to symptomatic treat-
ment. However, SIT involves 30–80 allergen injections and therefore doctor
visits over 3–5 years and is associated with frequent allergic side effects and
with a risk of anaphylaxis and even death (Lockey et al. 1987, 1990; Stewart and
Lockey 1992).

SIT acts by modulating the allergen-specific immune response, shifting the
balance of T-lymphocyte subsets from a Th2 towards a Th1 phenotype with
preferential IFN-c and decreased IL-4 and IL-5 production (Till et al. 2004;
Norman 2004). Also, production of allergen-specific IL-10 by CD4+ CD25+

T-regulatory cells is observed (Till et al. 2004; Vissers et al. 2004), and serum
levels and affinity of allergen-specific IgG antibodies, especially IgG4, increase
(Pierson-Mullany et al. 2000). Which one of these immunological mechanisms is
ultimately responsible for ameliorating the allergy symptoms is a matter of
debate.

In light of the above we investigated whether SCIT could be enhanced by
intralymphatic administration. In mice, we compared the immunization efficiency
of different administration routes for SIT using phospholipase-A2 (PLA2), the
major allergen of bee venom. In fact, changing from the subcutaneous route to
direct intralymphatic injection significantly enhanced the efficiency of immuni-
zation, inducing allergen-specific IgG2a antibody responses which were 10–20
times higher with only 0.1% of the allergen dose (Martinez-Gomez et al. 2009a).

Fig. 2 Inefficient vaccines profit the most from intralymphatic delivery: High-dose vaccines
which after subcutaneous or intramuscular administration already work efficiently may profit
from intralymphatic administration, as they are already ‘‘maxed out’’. Also, live vaccines are
drained into lymph nodes efficiently and may not be further enhanced by intralymphatic
administration. In contrast, inefficient vaccines, e.g. subcomponent vaccines which are not of
particulate nature and do not readily drain into lymph nodes, or low-dose vaccines, profit the most
from intralymphatic delivery
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Since allergic side effects are proportional to the allergen dose, intralymphatic SIT
should not only show enhanced efficiency, but also reduce side effects.

In mice, intralymphatic injection of allergens enhanced IL-1, IFNc, IL-4, and
IL-10 secretion when compared to subcutaneous injection, thus Th1, Th2, and
Treg responses, suggesting that ILIT did not polarize the response to the allergen,
but generated overall stronger responses (Martinez-Gomez et al. 2009a).

1.15 Biodistribution After Intralymphatic Versus Subcutaneous
Injection in Humans

Biodistribution studies in mice found 100-fold higher allergen doses in an injected
lymph node than after subcutaneous injection into the draining region (Martinez-
Gomez et al. 2009a). Similar results were obtained in humans when comparing
intralymphatic to subcutaneous injection using radiotracing. On the right
abdominal side a 99mTc labeled protein was injected directly into a superficial
inguinal lymph node under. On the left side the same dose was injected subcu-
taneously, but 10 cm above the inguinal lymph nodes. Only a small fraction of the
subcutaneously administered protein reached the lymph nodes after 4 hours and
this fraction did not increase after 24 hours (Fig. 3). After intralymphatic injec-
tion, however, the protein drained into the deep subcutaneous lymph nodes and
further into one pelvic lymph node already within 20 minutes. Thus, intralym-
phatic injection efficiently pulsed five lymph nodes with the full amount of the
protein.

Fig. 3 Biodistribution after intralymphatic administration: Biodistribution of 99mTc-labelled
human IgG after intralymphatic (left abdominal side) and subcutaneous (right abdominal side)
injections. Radio tracing was made by gamma-imaging 20 min (left panel) and 25 h (right panel)
after injection. Arrows indicate the site of injection (SCIT subcutaneous, ILIT intralymphatic)
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1.16 Clinical Trials on ILIT with Bee Venom

In a first clinical trial eight patients with bee venom allergy grade III, which would
normally receive SCIT with approx. 70 injections of 100 lg bee venom extract
each, received three injections of only 10 lg but directly into the inguinal lymph
node. In this proof-of-concept trial 7 out of the 8 treated patients were protected
against a subsequent bee sting challenge (Senti et al. manuscript in preparation).
ILIT with bee venom also proved highly immunogenic in a larger multicenter
clinical trial in 66 grade III and IV bee venom allergic patients (Senti et al.
manuscript in preparation).

1.17 Clinical Trials on ILIT to Treat Pollen-Induced Hay Fever

In a monocentric open-label trial, 165 patients with grass pollen-induced rhino-
conjunctivitis were randomized to receive either 54 s.c. injections with pollen
extract over 3 years (cumulative allergen dose 4,031,540 standardized quality
units (SQ-U)) or three intralymphatic injections over 2 months (cumulative
allergen dose 3,000 SQ-U). Patients were evaluated after 4 months, 1 year, and
3 years. Three low-dose intralymphatic allergen administrations increased toler-
ance to nasal provocation with pollen already within 4 months. Tolerance was
long lasting and equivalent to that achieved after standard s.c. immunotherapy.
ILIT ameliorated hay fever symptoms, reduced skin prick test reactivity, decreased
specific serum IgE, caused fewer adverse events than s.c. immunotherapy,
enhanced compliance, and was less painful than venous puncture. In conclusion,
intralymphatic allergen administration enhanced safety and efficacy of immuno-
therapy and reduced treatment time from 3 years to 8 weeks.

1.18 Future Direction

As ILIT brings the antigen into close proximity to DCs, intracellular translocation
sequences and sequences further targeting the allergen molecule to the MHC class
II pathway may further enhance allergen-specific immunotherapy. By fusing
allergens to a tat-translocation peptide derived from HIV and to a part of the
invariant chain we were able to target the allergen to MHC class II molecules
located in the endoplasmatic reticulum. As this circumvents the inefficient pino-
cytosis process and enzymatic degradation in phagolysosomes, immunogenicity
could be significantly further enhanced (Martinez-Gomez et al. 2009a, b; Rhyner
et al. 2007; Crameri et al. 2007). A double blinded placebo controlled trial on ILIT
using this new generation of therapeutic allergen molecules has proved the concept
(Senti et al. manuscript in preparation).
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1.19 Is ILIT Difficult or Painful?

In our hands ultrasound guided injection into a subcutaneous lymph node in the
groin area is performed within minutes, and proved practically painless. The pain
of intralymphatic injection arises solely from penetrating the skin, whereas lymph
nodes are poorly innervated. The pain of an intralymphatic injection is comparable
to the subcutaneous injections during conventional SIT. In fact, patients rated
intralymphatic injection as less painful than venous puncture (Senti et al. 2008).

In conclusion, intralymphatic SIT allows to markedly reduce both the number and
the dose of the allergen injections, thus making the treatment shorter and safer. The
procedure is practically painless and enhances patient compliance (Senti et al. 2008)
as only three injections instead of numerous injections over the years are necessary.
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allergies against insect venom, house dust mites, tree/grass pollens, or cat
dander. Subcutaneous immunotherapy is successful to reorient the immune
system and re-establish long-term tolerance. However, major drawbacks for
using this route include: repeated injections, as well as the risk of anaphylaxis.
In this context, alternative mucosal routes of administration are being consid-
ered together with the combined use of adjuvants/vector systems and recom-
binant allergens or peptide fragments. Herein, we review the current status in
the use of mucosal routes (i.e., sublingual, oral, intranasal) for allergen-specific
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mechanisms of action.

L. Mascarell � A. Zimmer � L. Van Overtvelt � S. Tourdot � P. Moingeon (&)
Research and Development, Stallergènes, 6 rue Alexis de Tocqueville,
92160 Antony, France
e-mail: pmoingeon@stallergenes.fr

L. Mascarell
e-mail: lmascarell@stallergenes.fr

A. Zimmer
e-mail: azimmer@stallergenes.fr

L. Van Overtvelt
e-mail: lvanovertvelt@stallergenes.fr

S. Tourdot
e-mail: stourdot@stallergenes.fr

Current Topics in Microbiology and Immunology (2011) 352: 85–105 85
DOI: 10.1007/82_2011_132
� Springer-Verlag Berlin Heidelberg 2011
Published Online: 12 May 2011



Contents

1 Introduction.......................................................................................................................... 86
2 Tolerance Induction by Mucosal Immunotherapy ............................................................. 87

2.1 General Comments ..................................................................................................... 87
2.2 Intranasal Immunotherapy .......................................................................................... 88
2.3 Oral Immunotherapy................................................................................................... 93
2.4 Sublingual Immunotherapy ........................................................................................ 95

3 Interest in Adjuvants and Vector Systems for Mucosal Immunization ............................ 96
4 Conclusions.......................................................................................................................... 97
References ................................................................................................................................. 98

1 Introduction

The first successful studies of allergen-immunotherapy were conducted in patients
with hay fever in 1911, by Noon et al. As of today, many double blind, placebo-
controlled (DBPC) studies have shown that subcutaneous allergen-specific
immunotherapy (SCIT) is effective in decreasing both immediate and late-phase
symptoms as well as the need for medication, when applied to a variety of type I
allergies involving either insect venom, house dust mites, grass and tree pollens, or
animal epithelia (Bousquet et al. 1998; Larche 2000; Gehlhar et al. 1999; Michils
et al. 1998; Pichler and Pichler 2001; Moller et al. 2002; Powell et al. 2007).
In terms of mechanisms, successful SCIT is often associated with a decrease in
seric allergen-specific IgE antibodies together with an increase in IgG4, including
potential blocking antibodies (Wachholz 2003; Pierson-Mullany et al. 2000).
Successful SCIT redirects allergen-specific Th2 CD4+ cells (producing IL4, IL5,
and IL13) (Durham and Till 1998; El Biaze et al. 2003) toward the Th1 type
(secreting IL12/IFNc) (Mavroleon 1998; Hamid et al. 1997; Benjaponpitak et al.
1999; Ebner et al. 1997; Secrist et al. 1993). In addition, SCIT promotes allergen-
specific CD4+ regulatory T cells (i.e., IL10-producing Tr1 or CD4+CD25+ cells)
(Robinson et al. 2004; Meiler et al. 2008). Several drawbacks currently limit the
application of SCIT. First of all, repeated injections make this treatment cum-
bersome, most particularly for children. In addition, systemic reactions to SCIT,
albeit infrequent, may occur, which include anaphylactic shocks (Medicines 1986).
In this context, tolerance induction via non-invasive mucosal routes has raised
considerable interest over the last two decades. Also, various non-mutually
exclusive immune mechanisms have been discovered including (i) the develop-
ment of active suppression via regulatory T cells, (ii) the inhibition of inappro-
priate immune responses through cellular anergy or clonal deletion, (iii) the
generation of blocking antibodies (Faria and Weiner 2005, 2006a, b).

Herein, we review the pertinence of various mucosal routes (i.e., nasal, oral,
and sublingual) of allergen administration as alternatives to SCIT. Out of these
mucosal routes, only the sublingual one has clearly been documented as
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efficacious for establishing antigen-specific tolerance in humans, in the context of
large double blind placebo-controlled (DBPC) clinical studies conducted both in
adults and children. Immune mechanisms associated with successful specific
mucosal immunotherapy are discussed in the context of new strategies based on
vectors/adjuvant molecules in order to better target antigen-presenting cells with
tolerogenic capacity.

2 Tolerance Induction by Mucosal Immunotherapy

2.1 General Comments

Increasing evidence suggests that dendritic cells (DCs) play a crucial role in the
regulation of mucosal immunity and tolerance, as a consequence of their capacity
to direct the fate of T cells. The physiology of mucosal APCs, most particularly
their capacity to support the differentiation of regulatory T cells, likely explains
why the default response is usually tolerogenic at mucosal surfaces. The level
of costimulatory molecules as well as the cytokine milieu influence the degree of
antigen-presenting cell (APC) maturation and activation, leading to systemic or
suppressive T cell responses (MacPherson et al. 2004). In most circumstances,
mature DCs (mDCs) trigger specific effector T cells, whereas immature or semi-
mature DCs (iDCs or smDCs) rather induce regulatory T cells, clonal deletion or
hypo responsiveness (Steinman et al. 2003; Hawiger et al. 2001). Most particu-
larly, iDCs continuously capture, transport, and present self-antigens as well as
micro-environmental proteins from mucosal tissues to lymphoid organs to main-
tain tolerance (Pugh et al. 1983; Liu et al. 1998; Huang et al. 2000). Recent studies
suggest that IL10-producing iDCs prime immunological tolerance through Tr1+

regulatory T cells in both mice and humans (Jonuleit et al. 2000; Menges et al.
2002).

APCs from the lamina propria of the small intestine, including CD11b+ CD11c+

DCs and CD11b+ F4/80+ CD11c- macrophages, promote the development of
extrathymic Foxp3+ Treg due to the presence of TGFb and retinoic acid (RA), i.e.,
a vitamin A metabolite highly expressed in gut-associated lymphoid tissue
(GALT) (Sun et al. 2007; Denning et al. 2007). Together, these data demonstrate
that the intestinal immune system has evolved to promote tolerance over inflam-
mation. Although the oral immune system is prone as well to induce specific
tolerance (Iwasaki and Kelsall 1999; Mascarell et al. 2008; Sun et al. 2008), it also
comprises local effector mechanisms in the form of resident mucosal CD4+ T cells
able to promote Th1, Th2 and Th17 patterns of polarization upon polyclonal
activation (Mascarell et al. 2009). In agreement with these observations, recent
data further demonstrate that the oral immune system retains the capacity to
promote protective Th1 effector responses in draining lymph nodes (Cuburu et al.
2007; Song et al. 2008), and that IL17 producing CD4+ T cells are found within the
oral cavity (Conti et al. 2009).
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2.2 Intranasal Immunotherapy

Biodistribution studies in humans of radiolabeled Parietaria judaica allergen
(Par j 1) following intranasal administration suggest that the allergen quickly
disappears from the nasal cavity, is transported to the pharynx, and then absorbed
through the gastrointestinal tract, reaching a plasmatic peak between 1.5 and 3 h
after administration (Bagnasco et al. 1997; Passalacqua et al. 2005). Interestingly,
nasal clearance is superior in allergic patients when compared to healthy volun-
teers, suggesting an IgE-mediated capture mechanism in Par j 1 sensitized patients.

Local nasal immunotherapy (LNIT) has been explored during the last three
decades, with some encouraging results, both in terms of safety and efficacy in
patients with allergic rhinitis (Canonica and Passalacqua 2003) (Table 1). Pioneer
studies using either natural biological or chemically-modified (allergoid) forms
demonstrated a significant reduction in both symptoms and requirement for
symptomatic medication in patients allergic to ragweed and grass pollens (Deuschl
and Johansson 1977; Nickelsen et al. 1981a, b; Georgitis et al. 1983). However, no
cumulative effect of LNIT could be confirmed, since the administration of aller-
goid grass extracts was ineffective in the second year of treatment (Nickelsen
et al. 1983). In addition, macronized powder forms of pollens (e.g., parietaria,
birch, and grass) or mites as well as strips coated with mite extracts have been used
in LNIT and shown to improve clinical efficacy, while reducing local side effects
in patients with rhinitis (Andri et al. 1992, 1993, 1996; D’Amato et al. 1995; Andri
and Senna 1995; Bellussi et al. 2002; Tsai et al. 2009). Some clinical studies
suggested a long lasting protective effect (i.e., up to three or four years after the
end of the treatment), most particularly on nasal symptoms (Passalacqua et al.
1997; Andri and Falagiani 2003). Adverse effects were rarely observed (Georgitis
et al. 1983) and were limited to the upper respiratory tract (Andri et al. 1992).

Regarding immunological changes associated in humans with LNIT, some
studies have shown an increase in serum or nasal IgE, IgG, and IgA antibodies,
(Deuschl and Johansson 1977; Georgitis et al. 1983; Nickelsen et al. 1981a, b)
whereas others failed to detect any differences in antibody responses (D’Amato
et al. 1995). Locally, a reduction of inflammatory cellular infiltrates together with a
decrease in histamine and eosinophil cationic protein (ECP) levels in nasal
secretions have been observed (Passalacqua et al. 1997; Andri and Falagiani
2003).

To further decipher immune mechanisms associated with intranasal immuno-
therapy, murine models of established asthma have been developed using pro-
phylactic or therapeutic intranasal treatment with either allergen extracts (from
pollen or mite), purified/recombinant major allergens (Bet v 1, Der p 1) or poly-
peptide fragments (Bet v 1, Phl p 1, and Phl p 5) alone or together with an adjuvant
(CpG-ODN, Flagelin, fungal immunomodulatory protein) or a vector system such
as probiotics (e.g., Lactobacillus plantarum). In those pre-clinical models, LNIT
reduced both airway hyperresponsiveness (AHR), cellular infiltration in lungs,
specific seric IgE, the IgG1/IgG2a antibody ratio, and IL5 production in T cells.
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It also increased allergen-specific IgA in saliva and elicited IFNc and IL10 pro-
duction by circulating CD4+ T cells (Liu and Tsai 2005; Daniel et al. 2006;
Hisbergues et al. 2007; Mousavi et al. 2008; Lee et al. 2008; Hufnagl et al. 2008).
In a murine model of birch pollen allergy, immunological tolerance to Bet v 1
correlated with an increased expression of both transforming growth factor-beta
(TGFb), and IL10, as well as the induction of Foxp3+ CD4+ T cells, thus high-
lighting an active regulatory mechanism (Winkler et al. 2006).

Altogether, LNIT appears safe and efficient in treating allergic rhinitis linked
with pollen and mite. As of today, however, LNIT efficacy has not yet been
documented in the context of large clinical studies versus placebo. Also, nasal
application of allergen extracts makes it difficult to control the exact dose
administered to patients, thus currently limiting its broad use in allergen-specific
immunotherapy.

2.3 Oral Immunotherapy

In the 1980s, oral immunotherapy (OIT) has been studied in both adults and
children with pollen-induced allergic rhinitis (Rebien et al. 1982; Taudorf and
Weeke 1983; Mosbech et al. 1987; Urbanek et al. 1990; Taudorf et al. 1987, 1989;
Moller et al. 1986; Leng et al. 1990; Litwin et al. 1997) (Table 1). A number of
these studies were performed with grass pollen allergens presented either as an
aqueous solution, or as powder or enterosoluble forms (Rebien et al. 1982; Taudorf
and Weeke 1983; Mosbech et al. 1987; Urbanek et al. 1990). Although OIT with
grass pollen was well-tolerated, it has been shown to be clinically ineffective. In
addition, no significant changes in seric allergen-specific IgG or IgE levels were
detected in comparison to placebo (Rebien et al. 1982; Taudorf and Weeke 1983).
Conversely, OIT with high doses of selected allergen aqueous extracts (e.g.,
Dermatophagoides pteronyssinus or Artemisia) (Leng et al. 1990; Giovane et al.
1994) or using encapsulated allergens (e.g., birch or ragweed pollens) (Taudorf
et al. 1987, 1989; Moller et al. 1986; Litwin et al. 1997) showed evidence of safety
and efficacy associated with a significant decrease in serum-specific IgE anti-
bodies, and an upregulation of serum-specific IgG1/IgG4 antibody levels in
allergic patients (adults and children).

OIT is currently being evaluated to re-establish the tolerance to dietary proteins
in children who have developed food allergies, such as cow’s milk and egg
allergies (Burks et al. 2008). Several clinical studies have been conducted in
children failing to outgrown those allergies with food allergens (Meglio et al.
2004, 2008; Buchanan et al. 2007; Staden et al. 2007; Longo et al. 2008). Due to
the risk of severe reactions, desensitization protocols rely upon the administration
of small incremental doses of the food allergen in order to reach amounts normally
tolerated (from micrograms to milligrams to grams) followed by a food challenge
at the end of the study protocol to evaluate efficacy. In a standardized OIT protocol
applied to cow’s milk allergy, desensitization was totally or partially successful in

Induction of Allergen-Specific Tolerance via Mucosal Routes 93



85% of cases with an acceptable safety profile (Meglio et al. 2004). In addition, a
long lasting efficacy was observed for up to 4–5 years after the end of treatment
(Meglio et al. 2008). Also, encouraging results were obtained in egg OIT
(Buchanan et al. 2007). One limitation of those studies is that they rely upon small
cohorts of patients, they often lack a control group and do not measure sponta-
neous outgrowth. For example, a randomized, placebo-controlled study of OIT for
cow’s milk and egg allergies comparing a control group (with allergen eviction)
with the tolerance induction group, concluded that both groups exhibited tolerance
to allergens, thus, pointing out that OIT for food allergy should take into con-
sideration the spontaneous rate of recovery of patients (Staden et al. 2007).
Nonetheless, a recent study of children with a severe allergy to cow’s milk showed
a significant 90% increase in tolerated milk intake, only in the group receiving the
therapy, whereas the eviction control group failed the food challenge after 1 year
(Longo et al. 2008). These studies raise questions regarding criteria for patient
selection, dose incrementation, and treatment duration.

In terms of serological changes, OIT for cow’s milk leads to a significant
decrease in food-specific IgE levels (Longo et al. 2008; Patriarca et al. 2003)
concomitantly with an increase in specific IgG4 levels (Longo et al. 2008;
Patriarca et al. 2003; Skripak et al. 2008). In the case of spontaneous re-estab-
lishment of oral tolerance to cow’s milk or egg allergens in children, allergen-
specific IgE levels also decrease significantly (Staden et al. 2007). Accordingly,
children whose allergy resolves spontaneously exhibit a reorientation of preex-
isting Th2 responses toward Th1 and regulatory T cells (Burks et al. 2008).

Oral tolerance has been further tested in human autoimmune diseases such as
type I diabetes, multiple sclerosis, rheumatoid arthritis, uveitis and thyroiditis,
using antigenic peptides as well as purified or recombinant proteins (Faria and
Weiner 2006a). Although the induction of regulatory mechanisms such as TGFb-
producing Th3 cells was observed in patients treated for diabetes or multiple
sclerosis, phase II/III trials showed no significant effect over the placebo group
(Faria and Weiner 2006b). In contrast, specific oral tolerance regimens have
demonstrated promising results in experimental animal models of autoimmune
diseases. In those experiments, high doses of antigen administered orally promote
T cell depletion or anergy (Faria and Weiner 2005), whereas low doses rather
induce suppressive mechanisms involving regulatory T cells. Such regulatory T
cells are highly heterogeneous and include Th3 cells (producing TGFb and/or
IL10), Tr1 cells (producing IL10), and CD4+ CD25+ T cells mediating their
suppressive function through cytokine secretion, or cell contact-dependent
mechanisms involving the CTLA-4 or PD-1 molecules (Faria and Weiner 2006a).
In addition, new subsets (CD4+ CD25- or CD4+ CD25+) of regulatory T cells have
been described which express latency-associated peptide (LAP), secrete TGFb and
corresponding surface receptors at the cell surface, thus mediating regulatory
functions through both soluble factors and cell contact (Nakamura et al. 2001;
Oida et al. 2003; Chen et al. 2008).

Altogether, although oral tolerance induction has been successful in a number of
animal models, the clinical efficacy of OIT remains to be firmly established in humans.

94 L. Mascarell et al.



The inability of the protein to bypass the gastrointestinal barrier remains problematic
in the oral administration of protein drugs. In order to overcome problems of low
allergen/protein bioavailability and absorption after OIT, current investigations are
focusing on novel and enhanced delivery systems for a safe oral administration of the
antigen.

2.4 Sublingual Immunotherapy

Allergen-specific sublingual immunotherapy (SLIT) has been investigated in
allergic patients since 1984 (Bousquet et al. 1999; La Rosa et al. 1999; Wilson
et al. 2003; Clavel et al. 1998; Vourdas et al. 1998; Bousquet et al. 2001; Pajno
et al. 2000; Marogna et al. 2005) (Table 1). During SLIT, the allergen extract is
applied as a solution or as a tablet and kept under the tongue for at least 1–2 min,
thus facilitating allergen capture by oral Langerhans cells (oLCs). As of today,
more than one billion doses have been administered to humans with an excellent
safety profile, demonstrating that SLIT is a valid alternative to SCIT (Khinchi
et al. 2004). SLIT is efficient in treating type I allergies to either house dust mites,
pollens (from grass, parietaria, olive, ragweed, cupressus) or cat dander in adults
and children, with a reduction of both symptoms and medication requirements. As
such, SLIT can be used in patients with rhinitis with or without mild-asthma
(Wilson et al. 2003, 2005; Olaguibel and Alvarez Puebla 2005; Calamita et al.
2006; Penagos et al. 2006; Larenas-Linnemann 2009; Passalacqua et al. 2004;
Pajno et al. 2003; Mascarell et al. 2006). Comparative clinical trials in birch
pollen-allergic adults or mite-allergic children revealed no statistical difference in
terms of efficacy between SCIT and SLIT when high-dose SLIT regimens were
used (Khinchi et al. 2004; Antunez et al. 2008). Also, long-term clinical benefits
are observed following SLIT in adults and children with rhinitis (Wilson et al.
2003). The safety and efficacy profile of high-dose immunotherapy has been
confirmed in children younger than 5 years (Baena-Cagnani et al. 2005; Fiocchi
et al. 2005). As of today, the pertinence of SLIT for tolerance induction in humans
has been definitively established by multiple DBPC phase III studies conducted in
large cohorts of patients allergic to grass pollen (Didier et al. 2006, 2009; Dahl
et al. 2006, 2008; Ibanez et al. 2007; Wahn et al. 2009; Horak et al. 2009; Malling
et al. 2009). In addition, house dust mite sublingual tablets tested in 509 adults
patients in a pivotal phase IIb/III clinical trial induced a significant decrease in
rhinitis symptoms while demonstrating a good safety profile after only 1 year of
treatment (our unpublished data).

Similarly to SCIT, SLIT reduces allergen-specific inflammatory responses
at various levels. For example, it decreases ECP and tryptase nasal secretion
(Marcucci et al. 2001, 2003; Passalacqua et al. 1998). It also enhances specific seric
IgG4 while decreasing IgE antibodies (Mascarell et al. 2006; Bahceciler et al. 2005),
thus inhibiting basophil or mast cell (MC) degranulation. SLIT elicits both Th1 and
regulatory T cells (i.e., IL10-producing Tr1 or Foxp3+ CD4+ CD25+ T cells)
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in peripheral blood or in the nasal mucosa (Meiler et al. 2008; Jutel et al. 2003;
Gardner et al. 2004; Taylor et al. 2004; Ciprandi et al. 2005; Bohle et al. 2007;
Radulovic et al. 2008; Cosmi et al. 2006).

APCs identified thus far in the lingual oral mucosa of both mice and humans,
consist of oLCs, myeloid CD11b+ CD11c-, CD11b+ CD11c+ as well as plasma-
cytoid DCs (Mascarell et al. 2008; Allam et al. 2003) with a semi-mature phe-
notype (CD40- CD80- CD86+), consistent with a tolerogenic function (Steinman
et al. 2003; Hawiger et al. 2001). Those oral APCs located at the mucosal/sub-
mucosal junction are likely involved in antigen capture during SLIT (Mascarell
et al. 2008) and represent a privileged target for tolerance induction, since they
induce IFNc and/or IL10 producing CD4+ T cells mediating suppressive functions
(Mascarell et al. 2008; Allam et al. 2008a). Also, cross-linking of high affinity
receptors for IgE (FceRI) on human oLCs induces regulatory molecules such as
TGFb, IL10, or indoleamine 2,3-dioxygenase (IDO) (Allam et al. 2003; Novak
et al. 2001). In contrast, pro-inflammatory cells, i.e., MCs and eosinophils, are
located in submucosal tissues in humans and mice (Marcucci et al. 2007; Allam
et al. 2008a), suggesting that allergen contact with such cells might be limited
during SLIT. Differences in distribution of oLCs and MCs have been observed
within the oral cavity, with the vestibular region identified as the most favorable
site for allergen application during sublingual immunotherapy, given its high oLCs
and low MCs density (Allam et al. 2008b). In mice, resident mucosal CD4+ T cells
co-localize with CD11b+ tolerogenic APCs in the lamina propria, suggesting that
the lingual immune system is organized in a similar manner to the small intestine,
another critical site for tolerance induction (Denning et al. 2007; Mascarell et al.
2008). Resident mucosal CD4+ T cells express the mucosal homing receptor aEb7
integrin CD103, also described as a regulatory marker (Suffia et al. 2005;
Allakhverdi et al. 2006).

3 Interest in Adjuvants and Vector Systems for Mucosal
Immunization

Given the dual capacity of mucosal immune systems, appropriate signalling to APCs
e.g., with immunopotentiators (i.e., synthetic or biological adjuvant molecules) or
enhanced targeting via vector systems are needed to promote tolerance over
inflammation. For example, selected strains of Lactobacilli have been shown to
enhance SLIT efficacy in a therapeutic murine model of asthma (Van Overtvelt et al.
2008). Triggering Toll like receptors (TLR) by lipid A derivatives or lipopeptides
(Pam3CSK4 and OM-294-BA-MP, respectively) as well as immunosuppressive
drugs (e.g., glucocorticoids with vitamin D3) are also effective in improving
SLIT efficacy (Van Overtvelt et al. 2008; Mascarell et al. 2007; Lombardi et al.
2008). In allergen-specific immunotherapy, the use of Th1 adjuvants to potentiate
tolerance induction is also currently under investigation. Cytosine-guanine
oligonucleotides (CpG) (Simons et al. 2004) and monophosphoryl lipid A (MPL)
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(Drachenberg et al. 2001, 2003) have been shown to be effective in ragweed and grass
pollen subcutaneous immunotherapy, respectively. The latter is also presently being
tested in sublingual immunotherapy regimens in humans.

Selected formulations can be used to present allergens in a particulate form,
thereby targeting APCs with a phagocytic property. For example, targeting oral
APCs following sublingual administration of OVA formulated within mucoadhe-
sive particles (e.g., polysaccharidic core nanoparticles or chitosan) induces the
proliferation of antigen specific suppressive T cells producing IFNc/IL10 in
draining cervical lymph nodes. Sublingual administration of OVA formulated with
such particules enhances tolerance induction in mice with established asthma, with a
dramatic reduction of both AHR, lung inflammation, eosinophils numbers in
bronchoalveolar lavages, as well as antigen-specific Th2 responses (Razafindratsita
et al. 2007; Saint-Lu et al. 2009). Other delivery systems targeting DCs are currently
being considered (Bohle et al. 2004; El Azami El Idrissi et al. 2002; Jeannin et al.
2000; Goetsch et al. 2001; Haicheur et al. 2003; Bonifaz et al. 2004; Santeliz et al.
2002; Tighe et al. 2000). For instance, the adenylate cyclase (CyaA) from Bordetella
pertussis (El Azami El Idrissi et al. 2002), the B subunit of shiga toxin (STxB)
(Haicheur et al. 2003), the outer membrane protein A from Klebsiella pneumoniae
(kpOmpA) (Jeannin et al. 2000; Goetsch et al. 2001) or the bacterial cell surface
protein of Geobacillus stearothermophilus (S-layer) (Bohle et al. 2004) target DCs
and prime efficient Th1 cellular responses. Also, anti-DEC-205 antibodies coupled
with antigen target DCs, and induce strong T cell responses in mice when admin-
istered together with anti-CD40 antibodies (Bonifaz et al. 2004). Whether or not
such delivery systems are relevant to induce allergen-specific tolerance by mucosal
routes remain to be addressed.

4 Conclusions

The development of second generation mucosal based-vaccines will benefit from a
better understanding of mucosal immune systems. The latter comprise various
subsets of tolerogenic APCs organized in a compartmentalized manner and pro-
grammed to induce Th1/Treg responses. Based on placebo-controlled clinical
studies conducted in large cohort of patients, the sublingual route is as of today the
only firmly proven mucosal route to establish tolerance in humans. Targeting the
allergen to tolerogenic mucosal DCs using vector systems, mucoadhesive particu-
late formulations or adjuvant molecules represent a promising strategy to enhance
tolerance induction. Until now, the development of allergy vaccines has been
exclusively based on natural or modified allergen extracts, but, there is a growing
interest in using recombinant allergens including native or hypoallergenic
forms, mixture of allergens or allergen-derived peptides (Niederberger et al. 2004;
Gafvelin et al. 2005; Purohit et al. 2008; Jutel et al. 2005; Muller et al. 1998; Himly
et al. 2009; Pauli et al. 2008; Verhoef et al. 2005; Larche and Wraith 2005;
Edlmayr et al. 2009). Thus, the development of relevant recombinant major
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allergens together with appropriate presentation systems suitable for mucosal
application will help to develop more efficient and safe allergy vaccines in the
future.
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T Cell Epitope-Based Allergy Vaccines

Mark Larché

Abstract Specific immunotherapy (SIT) with extracts containing intact allergen
molecules is clinically efficacious, but associated with frequent adverse events
related to the allergic sensitization of the patient. As a result, treatment is initiated
in an incremental dose fashion which ultimately achieves a plateau (maintenance
dose) that may be continued for several years. Reduction of allergic adverse events
may allow safer and more rapid treatment Thus, many groups have developed and
evaluated strategies to reduce allergenicity whilst maintaining immunogenicity,
the latter being required to achieve specific modulation of the immune response.
Peptide immunotherapy can be used to target T and/or B cells in an antigen-
specific manner. To date, only approaches that target T cells have been clinically
evaluated. Short, synthetic peptides representing immunodominant T cell epitopes
of major allergens are able to modulate allergen-specific T cell responses in the
absence of IgE cross linking and activation of effector cells. Here we review
clinical and mechanistic studies associated with peptide immunotherapy targeting
allergy to cats or to bee venom.
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1 Introduction

Specific allergen immunotherapy as a clinical intervention is approaching its cen-
tenary year. Since the inception of controlled clinical trials of this therapeutic
modality in the 1950s it has been widely demonstrated to be clinically effective and
to have a duration of action that substantially exceeds the treatment period (Durham
et al. 1999). The latter is indicative of the induction of functional immunological
tolerance, although the precise mechanisms underlying such a phenomenon remain
incompletely understood. Despite lasting clinical efficacy, current clinical practice
with whole allergen extracts requires an extended period of treatment, the generally
accepted optimum period being 3 years. The lengthy treatment period is caused, at
least in part, by dose limitations related to the frequent occurrence of predominantly
IgE-mediated adverse events. Adverse events are manifested as allergic reactions to
the treatment and range from mild local reactions to severe systemic reactions
including anaphylactic shock. A number of strategies aimed at reducing the aller-
genicity of treatment preparations whilst maintaining immunogenicity, has been
described. Physical modification of allergen molecules offers the prospect of
reducing or eliminating IgE reactivity and thus, allergenicity. Such approaches have
taken many forms including chemical modification, conjugation with synthetic
bacterial DNA motifs, point mutations in native allergen gene sequences, and the
use of allergen multimers, fragments, and peptides of various lengths. The use of
soluble synthetic peptides for the treatment of allergic disease allows the delivery of
T cell epitopes of the allergen in a tolerogenic form, whilst avoiding IgE-mediated
allergic reactions. Synthetic peptides have been evaluated in both experimental
animal models and in human clinical studies. Synthetic peptides are defined
chemical entities and can be produced and standardized to levels impossible to
achieve with allergen extracts. Furthermore, they are inexpensive to produce, easy
to purify and are stable in lyophilized form.

Early indications that peptides may be used to modulate immune responses
toward tolerant phenotypes came from in vitro studies investigating the effects of
high-dose peptide presentation between T cells. Pure populations of CD4+ helper T
cell clones were pre-treated with supraoptimal concentrations of specific peptide
and subsequently shown to be refractory to antigen stimulation (Lamb et al. 1983).
As antigen presenting cells were not present in the cultures, presentation of peptide
to T cell receptors likely occurred through binding to MHC class II molecules on T
cells and recognition of antigen in a ‘‘non-professional’’ context. Subsequent
studies have confirmed the ability of non-professional antigen presenting cells to
induce T cell tolerance (Bal et al. 1990).
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Experimental in vivo studies of peptide-induced tolerance have been reported in
a number of disease areas including allergy, autoimmunity, and transplantation.
Initial experiments demonstrated that it was possible to induce systemic tolerance
to peptides administered in incomplete Freund’s adjuvant during the neonatal
period (Gammon et al. 1986; Clayton et al. 1989). Several studies have focused on
prevention and treatment of experimental autoimmune encephalomyelitis (EAE), a
model of multiple sclerosis (MS) (Critchfield et al. 1994) (Gaur et al. 1992;
Metzler and Wraith 1993). Recently in a T cell receptor transgenic model of EAE,
MBP peptides were administered via the intranasal route leading to protection
from disease, which required deletion of effector T cells and the presence of IL-10
(Burkhart et al. 1999; Anderton et al. 1998). Peptide therapy has also been shown
to be effective in murine models of experimental arthritis (Ku et al. 1993; Staines
et al. 1996; Prakken et al. 1997), and in models of type I diabetes (Daniel and
Wegmann 1996; Bockova et al. 1997; Tian et al. 1996).

A limited number of in vivo studies of peptide therapy have been performed in
models of allergic disease. Mice primed with the major house dust mite allergen
Der p 2 were treated with peptides containing immunodominant T cell epitopes
from Der p 2. T cell and B cell (antibody) responses to the protein were down-
regulated (Hoyne et al. 1993). The dominant T cell epitope of the birch pollen
allergen Bet v 1 was administered prophylactically and therapeutically to CBA/J
mice and inhibited T cell responses without a detectable effect on antibody pro-
duction (Bauer et al. 1997). Prophylactic treatment of venom sensitized mice with
peptides from the bee venom allergen Api m4, or the hornet venom allergen Dol m
5, reduced T and B cell responses to allergen challenge (King et al. 1998). In
another study of insect venom allergy, mice sensitized to Api m 1 (phospholipase
A2; PLA2) were treated with a mixture of three polypeptides spanning the entire
molecule. Mice were protected from anaphylaxis. A significant reduction in spe-
cific IgE was observed together with an increase in allergen-specific IgG2a and a
reduced Th2:Th1 ratio (von Garnier et al. 2000). Mice sensitized to the major cat
allergen Fel d 1 were treated with two allergen-derived polypeptides that
encompassed much of the sequence of Fel d 1 chain 1. Treatment resulted in
decreased production of IL-2 and allergen-specific IgG, but no Th2-specific out-
comes were reported (Briner et al. 1993). Most recently, Campbell and colleagues
sensitized mice devoid of murine MHC class II and transgenic for the human MHC
molecule HLA-DRB1*0101, with recombinant Fel d 1 and subsequently treated
them with a single ultra-low dose (1 lg) of a Fel d 1 peptide previously shown to
bind to HLA-DRB1*0101. Treatment ameliorated allergic airways disease and
suppressed the systemic Th2 response to allergen. Tolerance induced by this single
T cell epitope was found to cross over to other T cell epitopes of Fel d 1, indicative
of the induction of linked epitope suppression. Tolerance in this model was shown
to be IL-10 dependent (Campbell et al. 2009).

Little is known about the most effective dose for induction of tolerance through
peptide therapy. In mice, tolerogenic peptide doses range from a few microgrammes
(Chai et al. 2004) to milligrammes (Karin et al. 1994). By delivering T cell epitopes
directly to dendritic cells in vivo, it has recently been shown that doses of little as
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500 pg can induce tolerance in a murine model (Kretschmer et al. 2005). Funda-
mental differences may exist in the mechanisms of low and high-dose tolerance.
High-dose protocols have been associated with clonal deletion and, to a lesser extent,
anergy of antigen-specific cells (Critchfield et al. 1994; Karin et al. 1994; Kearney
et al. 1994). Fewer studies of low dose tolerance have been performed, but both high
and low dose models appear to be characterized by the induction of T cells with
regulatory activity (Wraith et al. 2003, 2004; Apostolou and Von Boehmer 2004).

2 Clinical Studies

To date, translation of peptide immunotherapy into the clinical setting has focused
on the treatment of cat allergy and bee venom allergy. The earliest studies
employed two polypeptides from the major cat allergen Fel d 1, these peptides
having previously been evaluated in a murine model of cat allergy described
above. In a study by Norman and colleagues, an equimolar mixture of the peptides
(27 amino acids each in length; IPC-1/IPC-2) or placebo, was given in four
subcutaneous injections, over a period of 2 weeks, to 95 cat-allergic subjects
(all with allergic rhinitis to cats and some with asthma) in three dose groups (7.5,
75 and 750 lg per injection) (Norman et al. 1996). Statistically significant, albeit
modest, improvements in lung and nasal symptom scores were observed, but only
in the high-dose group. A large placebo effect was observed in common with many
allergen immunotherapy trials. Treatment was associated with a significant inci-
dence of adverse events, which occurred a few minutes to several hours after
peptide injection. Most frequently, subjects with a history of asthma reported chest
tightness and wheezing several hours after peptide administration. This phenom-
enon was later investigated and shown to be attributable to isolated late asthmatic
reactions following MHC-restricted activation of allergen (peptide)-specific
T cells in the airways (Haselden et al. 1999). Mechanistic in vitro studies
associated with the Norman study demonstrated reduced IL-4 production in
peptide-specific T cell lines following therapy suggesting a decrease in allergen-
specific Th2 responses (Marcotte et al. 1998).

Pène and colleagues evaluated the same peptides in an inhaled allergen chal-
lenge study. A reduction in allergen PD20 (provocative dose of inhaled allergen
resulting in a 20% reduction in forced expiratory volume in one second; FEV1)
was seen in both high and medium (individual doses of 75 lg up to a total dose of
450 lg–medium dose and 4,500 lg–high dose) dose groups when compared to
baseline, but not placebo (Pene et al. 1998). In mechanistic studies peripheral
blood mononuclear cells were stimulated with cat allergen in vitro, before and
after treatment, a reduction in IL-4 production was reported (in the high dose
group), in agreement with earlier findings.

In contrast to these studies that reported some clinical benefit from therapy, a third
trial found no clinical effect. In a double-blind, parallel group study, Simons and
colleagues gave weekly (total of four) subcutaneous injections, of 250 lg of the
peptide mixture or placebo, to 42 subjects with cat-allergic rhinitis and/or asthma
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(Simons et al. 1996). Treatment was associated with late onset symptoms of rhinitis,
asthma, and pruritis. No changes in early and late-phase skin responses to intradermal
allergen challenge were observed. In associated mechanistic studies, PBMC cytokine
secretion was not different between peptide-treated and placebo-treated subjects.

In the last reported study with IPC-1/IPC-2, 133 cat-allergic subjects were
treated in a multi-center study design. Each subject received eight subcutaneous
injections of 750 lg. The only positive clinical effect observed was a significant
improvement in pulmonary function, which was seen only in individuals with
reduced baseline FEV1 (Maguire et al. 1999). Furthermore, improvements in
pulmonary function were evident at only a single time point (3 weeks) after
therapy. Frequent adverse events were reported during treatment, including some
requiring epinephrine. In common with other studies using these peptides, late
onset adverse reactions (isolated late asthmatic reactions) diminished with suc-
cessive doses of peptide indicating that immunological tolerance was being
induced to the peptides. The reduction in magnitude and frequency of adverse
events through induction of peptide-specific tolerance was presumably related to
the clinical benefits reported in this series of studies.

More recently, a series of clinical studies have been performed using mixtures
of shorter peptides from Fel d 1 (Oldfield et al. 2001, 2002; Alexander et al. 2005;
Smith et al. 2004; Verhoef et al. 2005). Cat-allergic asthmatic volunteers were
challenged intradermally with whole cat dander allergen extract, before and after a
single injection of 5 lg of each of twelve peptides in saline. The peptides
encompassed approximately 80% of the Fel d 1 molecule and contained most of
the major T cell epitopes (unpublished observations). Intradermal peptide injection
significantly reduced the magnitude of the cutaneous late-phase reaction to aller-
gen challenge given approximately 2–4 weeks after baseline measurements. In
vitro mechanistic studies with PBMC demonstrated reduced allergen-specific
proliferation and a reduction in both Th1 and Th2 cytokines (Oldfield et al. 2001).

The same mixture of 12 peptides was then evaluated in a double-blind, placebo-
controlled clinical trial (Oldfield et al. 2002). Twenty four cat-allergic asthmatic
subjects with moderate to severe asthma (PC20 as low as 0.1 mg/ml histamine)
were treated with 4–5 injections of increasing dose (lowest dose 5 lg; highest dose
50 lg). Quality of life was evaluated by questionnaire (Global evaluation to cat
exposure visual analogue scale). The primary outcome measure of the study was
the size of the late-phase cutaneous reaction to intradermal challenge with aller-
gen. Secondary outcome measures included the early-phase cutaneous reaction to
allergen challenge, the allergen PD20 and the histamine PC20. Baseline measure-
ments were compared to two post-treatment follow-up evaluations; 4–8 weeks
after therapy and 3–9 months after therapy. Subjects received a total of 90 lg of
each of 12 peptides in divided incremental doses administered at 3–4 day inter-
vals. A statistically significant reduction in the magnitude of both early (second
follow-up only) and late-phase cutaneous reactions (both follow-up assessments)
to intradermal challenge with allergen when compared to placebo was recorded.
In mechanistic studies, reduced proliferative responses and reduced Th1 and Th2
cytokine production following culture with allergen were observed. The reductions
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in pro-inflammatory cytokines were associated with an increase in production of
IL-10. A recent publication (Campbell et al. 2009) also reported responses to
individual peptides measured in PBMC samples from this study. The results
showed that in addition to modulating the immune response to the vaccine
peptides themselves, peptide therapy also modulated the immune response to non-
injected peptides from the same allergen, indicative of intramolecular tolerance
(also known as ‘‘linked epitope suppression’’). Subjects treated with peptides felt
significantly better able to tolerate exposure to cats after therapy although this
improvement was not statistically significant when compared to the placebo group.
No significant improvements were observed in PD20 or PC20, however, the study
was not powered to detect such changes. No immediate adverse events were
reported in this study, but isolated late asthmatic reactions were expected (based
on the dose of peptides employed) and recorded. Retrospective analysis of the
incidence of these reactions and the induction of tolerance/improvement in
outcomes, demonstrated that the induction of an isolated late asthmatic reaction
was not required for the induction of tolerance.

In a related open-label study using a similar peptide preparation delivered at
2 week intervals and using a lower dosing regimen, a significant reduction in
airway hyperreactivity (measured by PC20) was observed (Alexander et al. 2005).
Five incremental intradermal injections were given (0.1, 1.0, 5, 10, and 25 lg).
A reduction in the cutaneous late-phase reaction to allergen challenge was also
observed in common with other related studies. Immunohistochemistry of skin
biopsy tissue obtained after allergen challenge revealed a significant increase in
the number of CD25+ cells and the number of CD4+/IFN-c+ cells after peptide
treatment, suggesting that recruitment of Th1 cells (and perhaps regulatory T cells)
to the skin may be an important mechanism. No increase in IL-10+ cells was
observed in the skin but expression of TGFb mRNA appeared to be increased but
the cellular source of this cytokine could not be determined.

A related study aimed to investigate the effect of peptide immunotherapy on
peripheral blood CD4+ responses and CD4+CD25+ suppression of allergen-
stimulated cultures in a double-blind, placebo-controlled trial (Smith et al. 2004).
Proliferative responses and IL-13 production from PBMC cultured with allergen in
vitro were significantly reduced following peptide therapy as in previous studies.
The functional regulatory activity of CD4+CD25+ cells was assessed by mixing with
autologous CD4+CD25- cells. Peptide immunotherapy did not alter the suppressive
activity of CD4+CD25+ cells in this study suggesting that naturally occurring
regulatory T cells may not play a significant role in the immunological changes
associated with peptide immunotherapy. Observations that may support this conclu-
sion were made in a recent murine study which showed no increase in Fox p 3 ? T
cells in the lungs of mice after successful peptide therapy (Campbell et al. 2009).

A potential role of antigen-specific inducible regulatory T cells was addressed
in a subsequent study by mixing CD4+ T cells (containing the putative regulatory
cells) with CD4- cells (Verhoef et al. 2005). Each population was labeled with a
different fluorescent dye (CD4+ were labeled red with PKH-26 and CD4- were
labeled green with the cell cycle-tracking dye CFSE). In an autologous culture

112 M. Larché



system, CD4+ cells from before and after peptide therapy were mixed with CD4-

cells from before and after therapy, in all possible combinations. The results
showed that antigen-specific proliferative responses of memory T cells were
reduced following peptide immunotherapy compared to baseline samples and that
CD4+ cells isolated after treatment could suppress the proliferative response of
baseline CD4- cells. These data suggest that peptide immunotherapy can induce a
population of CD4+ T cells with suppressive/regulatory activity.

3 Insect Venom Allergy

Subcutaneous whole allergen immunotherapy for insect venom allergy is highly
effective although it requires a protracted treatment period. Systemic adverse
events are common during treatment, encouraging the development of therapies
with reduced allergenicity, such as the peptide approach. Five bee venom
allergic subjects received incremental doses of three immunodominant peptides
(an equimolar mixture) at weekly (Muller et al. 1998). Ten control subjects
were treated with conventional bee venom immunotherapy to compare clinical
outcomes and mechanisms. The cumulative peptide dose was 397.1 lg. One
week after the last peptide injection, subjects were challenged subcutaneously
with 10 lg of whole Api m 1. All five subjects tolerated the challenge without
systemic allergic symptoms. One week later a wild bee sting challenge was
performed. Three out of five tolerated this challenge without reaction, the
remaining two subjects developed mild systemic allergic reactions. However,
due to the variable nature of the allergic response to bee stings, it is likely that
as many as half of these individuals would not have had a severe reaction to the
sting challenge regardless of treatment. No change was observed in levels of
allergen-specific serum IgE or IgG4 during the course of peptide therapy.
Interestingly, following subcutaneous challenge with the whole allergen 1 week
after the last peptide injection, concentrations of both isotypes increased
sharply, particularly IgG4 and a month later serum levels of specific IgG4 were
higher than IgE.

Immunodominant T cell epitopes of Api m 1 and their MHC restriction ele-
ments were determined by Texier and colleagues, by direct binding of peptides to
purified MHC class II molecules (Texier et al. 2000). Four peptides were identi-
fied, three of which were similar to those used previously for therapy by Müller
and colleagues. Following a similar treatment regimen to Müller, Tarzi and col-
leagues performed a controlled, open-label, single-blind study of peptide therapy
in subjects with mild bee venom allergy (Tarzi et al. 2005). The peptides were well
tolerated and no adverse events were observed during treatment. In mechanistic
studies, PBMC responses to purified allergen and whole bee venom were signif-
icantly reduced. Proliferative responses to treatment peptides were also reduced.
Th2 cytokine production following culture with allergen was reduced, but IL-10
production was significantly increased, confirming earlier findings in subjects
treated with cat peptides. Late-phase cutaneous reactions to both whole bee venom
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and Api m 1 were significantly reduced following allergen challenge. Allergen-
specific IgG, IgG4 and IgE levels were measured using serum samples were col-
lected before, during, and after treatment. A statistically significant, but transient,
increase in allergen-specific IgG and IgG4 during and after treatment was found.
The functional significance of such an increase, which was considerably smaller in
absolute terms than the response seen in whole allergen therapy, remains to be
determined.

Using much larger peptides (long synthetic peptides; LSP) that encompassed
the entire Api m 1 molecule, Fellrath and colleagues treated bee venom allergic
subjects with a RUSH desensitization protocol (Fellrath et al. 2003). Patients
received approximately 250 lg in incremental doses at 30 min intervals starting
with 0.1 lg. Maintenance injections of 100 lg, or in some cases 300 lg, were
given on days 4, 7, 14, 42 and 70. In the active treatment group a transient
increase in T cell proliferation to the peptides was observed, together with an
increase in IFNc and IL-10 levels, but not Th2 cytokines. Allergen-specific
IgG4 but not IgE levels increased throughout the study period, similar to whole
allergen therapy. Peptide-specific IgE was induced in some patients during the
study. No significant change in skin sensitivity to intradermal allergen chal-
lenge was observed. Peptide therapy was generally well tolerated, however,
local and disseminated erythema with hand (palm) pruritis was observed in two
subjects.

4 Mechanisms of Peptide-Induced Tolerance

Peptide-induced tolerance following intradermal (systemic route) injection, is
not replicated when peptides are administered via inhalation, despite the fact
that both routes are equivalent in their ability to induce isolated late asthmatic
reactions (Ali et al. 2004). Thus, T cell tolerance is likely to arise through
systemic presentation of peptides (which in our own studies are delivered in
saline, without adjuvant and at very low doses) to naïve T cells by non-
professional APC (such as endothelial cells, epithelial cells etc.) and ‘‘steady-
state’’ (quiescent) dendritic cells. All of these cell types are known to induce
tolerogenic T cell responses (Steinman et al. 2003). Since the peptides are
probably encountered in a non-inflammatory environment, the T cells probably
make a ‘‘tolerant’’ response that leads to the expansion of existing allergen-
specific regulatory T cells and de novo generation of more of these cells from
the naïve T cell pool. When peptides are administered by intradermal injection,
a significant amount of the injected dose is likely to pass rapidly into the
systemic circulation through the capillary bed. Once in the circulation, pep-
tides rapidly reach all tissues and bind to MHC class II molecules of the
appropriate specificity. Relatively low plasma dose and high solubility may
render peptides ‘‘tolerogenic’’. Recent studies have suggested that cross-link-
ing of IgE on the surface of antigen presenting cells (for example, by allergen)
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results in the activation of these cells and the release of cytokines which may
have a pro-inflammatory outcome (Novak et al. 2001). In contrast, the small
size of peptides does not allow them to crosslink adjacent IgE molecules and it
follows, therefore, that peptides will elicit less inflammation than whole
allergen. Thus, peptides may bind to MHC class II molecules on the cell
surface without activating the cell. Previous studies have demonstrated the
presence of a significant percentage of ‘‘empty’’ MHC class II molecules on
the surface of immature and ‘‘steady state’’ dendritic cells (Santambrogio et al.
1999a). Empty MHC molecules are also associated with active HLA-DM, a
chaperone and peptide editing protein, that loads exogenous peptides into
empty MHC class II binding grooves (Santambrogio et al. 1999b). As a result,
when peptide-loaded dendritic cells recycle through lymphoid tissue, they will
present peptides to T cells whilst in a quiescent state resulting in a tolerogenic
encounter.

5 Future Peptide Vaccine Design

In those allergens in which extensive T cell epitope mapping studies have been
performed, it is clear that most allergens contain large numbers of T cell epitopes
distributed throughout the molecule. Issues of solubility and formulation of a
mixture of peptides for immunotherapy mean that peptide vaccines are unlikely to
be able to accommodate all T cell epitopes in an allergen. Thus, critical choices
must be made regarding which epitopes are the most important. The recent
description of linked epitope suppression following peptide therapy in both human
and murine systems provides an immunological basis for how a small number of
selected T cell epitopes might confer tolerance to all epitopes in an allergen
molecule (Campbell et al. 2009). In some cases lack of solubility of linear syn-
thetic peptides precludes their presence in a vaccine, despite the fact that these
sequences do exist as processed T cell epitopes in vivo. Ideally, peptides must have
the ability to bind to diverse HLA types representing a broad cross section of the
population. They must not selectively induce Th2 cytokines that may enhance Th2
responses in vivo. If the mechanisms underlying conventional immunotherapy are
similar to that of peptide vaccination then induction of IFN-c and IL-10 (and
perhaps TGFb) is desirable. In addition, peptide should not induce IgE antibody
production but promote the generation of inhibitory IgG antibodies. These ideals
may underlie the protective effect of high-dose natural exposure to cat allergens as
reported by Woodfolk and colleagues (Carneiro et al. 2004). Cat-allergic subjects,
whilst having high allergen-specific IgE levels, also produce IgG4 which appeared
to protect from disease. This was described as a ‘‘modified Th2 response’’.
Analysis of particular peptides from Fel d1 suggested the preferential induction of
IL-10 (Reefer et al. 2004). Such peptides should be included in future clinical trials
of cat peptide vaccination to enhance vaccine efficiency.
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6 Summary

Several strategies to reduce the allergenicity of therapeutic preparations for the
treatment of allergic diseases are under development. Short, synthetic peptides
containing T cell epitopes of clinically important major allergens show markedly
reduced ability to crosslink allergen-specific IgE. In a number of clinical studies,
peptide treatment has been shown to modify surrogate markers of allergen
exposure such as; cutaneous responses to allergen challenge, bronchial hyperre-
activity (some studies), symptoms scores following nasal allergen challenge,
quality of life, and the ability to tolerate natural allergen exposure. Mechanistic
studies indicate that peptide therapy induces both immune deviation (Th2–Th1
response) and regulatory T cells capable of suppressing allergen-specific immune
responses. Limited data is available on the effects of peptide therapy on humoral
immune responses. There appears to substantially less allergen-specific IgG
induced during peptide therapy (compared to conventional allergen extract
immunotherapy). Treatment with bee venom peptides appears to induce allergen-
specific IgG4, but this may be induced by exposure to whole allergen after
treatment (in the context of IL-10-rich T cell help) rather than by direct exposure
to treatment peptides. The reduced size of peptides and relative lack of confor-
mational determinants are associated with reduced basophil activation and hista-
mine release in vitro. Intradermal delivery of short peptides has demonstrated a
substantial reduction in allergenicity compared to comparable molar doses of
whole allergen. It is expected that this reduced allergenicity will translate into a
reduced risk of IgE-mediated adverse events such as anaphylaxis. It remains to be
seen whether the clinical response to peptide immunotherapy will be of equivalent
efficacy to conventional treatment. Further peptide therapy studies and compari-
sons with existing therapy are anticipated.
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Abstract IgE-mediated allergies affect more than 25% of the population. Aller-
gen-specific immunotherapy (SIT) is an antigen-specific and disease-modifying
form of treatment. It is based on the therapeutic administration of the disease-
causing allergens to allergic patients. However, the fact that only allergen extracts
of insufficient quality are currently available and the possible occurrence of side
effects during treatment limit the broad use of SIT and prophylactic vaccination is
has not yet been performed. In the last 20 years the DNA sequences of the most
common allergens have been isolated and the corresponding allergens have been
produced as recombinant allergens. Based on the progress made in the field of
allergen characterization it is possible to improve the quality and safety of allergy
vaccines and to develop new, more effective strategies for a broad application of
SIT and even for prophylactic treatment. Here we discuss the development of
combination vaccines for allergy and infectious diseases. This approach is based
on the selection of allergen-derived peptides with reduced IgE- and T cell reac-
tivity in order to minimize IgE- and T cell-mediated side effects as well as the
potential of the vaccine to induce allergic sensitization. These peptides are fused
by recombinant technology onto a viral carrier protein to obtain a combination
vaccine which induces protective immunity against allergy and viral infections.
The application of such combination vaccines for therapy and prophylaxis of
allergy and infectious diseases is discussed.
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1 Introduction

Allergen contact and allergic inflammation can occur in different target organs
leading to mild (e.g., rhinoconjunctivitis), more severe (e.g., asthma), and sys-
temic, life-threatening manifestations (e.g., anaphylactic shock). Mild respiratory
allergy, for example, rhinitis, frequently progresses to asthma, a severe disabling
respiratory form of allergy affecting the lung. Asthma is a chronic disease char-
acterized by airway hyper-responsiveness, airway inflammation, airway remod-
eling and reversible airway obstruction. Patients with inadequately controlled
severe persistent asthma are at a particularly high risk of exacerbations, hospi-
talization and death (Demoly and Bousquet 2006; Peters et al. 2006). In this
context it should also be mentioned that asthma is triggered by a variety of other
factors such as viral infections or pollutants (Holgate 2006; Bousquet et al. 2005).

Sensitization to allergens, i.e., the production of allergen-specific IgE anti-
bodies, occurs in genetically predisposed individuals (i.e., atopic individuals)
shortly after birth and can be modulated by a variety of environmental factors
(Kulig et al. 1999; Niederberger et al. 2002; Platts-Mills 2005; Vercelli 2006; Garn
and Renz 2007). Subsequent allergen contact strongly boosts the established
secondary IgE response and clinical sensitivity in allergic patients (Yunginger and
Gleich 1973; Henderson et al. 1975; Niederberger et al. 2007). Acute allergic
inflammation is mainly due to the activation of mast cells and basophils by
IgE-allergen immune complexes whereas T cells and eosinophils play an impor-
tant role in chronic allergic inflammation (reviewed in Valenta 2002; Desreumaux
and Capron 1996).

Mast cells and basophils bind allergen-specific IgE antibodies via the high
affinity receptor for IgE, FceRI, which can be cross-linked by allergens to release
inflammatory mediators, pro-inflammatory cytokines and proteases (Bischoff
2007). These substances cause immediate allergic inflammation, tissue damage
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and attract inflammatory cells. Allergen contact also activates allergen-specific T
cells to release pro-inflammatory cytokines leading to chronic allergic inflamma-
tion (Larche et al. 2003). The presentation of allergens to T cells can be facilitated
by IgE bound to Fce Receptors on the surface of antigen presenting cells (dendritic
cells, monocytes) and B-cells or occur in an IgE-independent manner (van
Neerven et al. 2006; Haselden et al. 1999; Campana et al. 2008).

Allergen-specific immunotherapy (SIT) is the only antigen-specific and disease-
modifying treatment of allergy. It has been also demonstrated that SIT can prevent
the progression of allergic rhinitis to asthma (Moller et al. 2002).

SIT is based on the administration of the disease-eliciting allergens (reviewed
in Larche et al. 2006). This treatment has been developed exactly 100 years ago
when Noon and later Freeman injected grass pollen extract into grass pollen
allergic patients (Noon 1911; Freeman 1914). In the next chapter we review some
milestones in the development of SIT.

2 Developments in the Field of Allergen-specific Immunotherapy

Reactions to different substances were described already in the antique, but
Bostock was the first, who published in 1819 an official medical case report of hay
fever, referring to his own personal experience. Wyman and especially Blackley
identified pollen as source for allergens, demonstrated that pollen exposure can
induce allergic reactions and measured pollen exposure (Bostock 1819; Wyman
1872; Blackley 1873). Hundred years ago it was not known that allergy is an
immunologically-mediated disease but Noon injected pollen extracts into hay
fever patients based on the hypothesis that they suffered from intoxication (Noon
1911).

Between 1913 and 1959 the idea was pursued that not only administration of
pollen, but also bacterial vaccines may have beneficial effects on hay fever
(Morrey 1913). In this context it was also reported that skin reactions and systemic
reactions not only occurred on exposure to pollens and food, but also with bacterial
products, such as tuberculin which led to the presumption that bacteria may cause
allergic reactions (Walker and Adkinson 1917). Interestingly, a connection
between respiratory tract infections and asthma or asthma exacerbations was
already described 1932 (Cooke 1932). However, clinical trials with bacterial
vaccines against asthma were not performed until 1955 and failed to be effective
(Frankland et al. 1955; Johnstone 1957; Helander 1959).

SIT as introduced by Noon and Freeman continued to be a successful treatment
also for other allergen sources. A first controlled immunotherapy trial was per-
formed in 1954 and a first double-blind study in 1965. It could be shown that SIT
resulted in fewer symptoms and lower medication scores compared to control
groups (Frankland and Augustin 1954; Lowell and Franklin 1965).

The understanding of the mechanisms underlying allergy developed in parallel
to the use of SIT. In an elegant experiment Prausnitz and Kuestner demonstrated in
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1921 that allergen-specific sensitivity can be transferred to a non-allergic person
by injection of serum from the allergic individual (Prausnitz and Kuestner 1921).
This experiment indicated that serum from allergic patients contains allergen-
specific factors, later termed reagins, which combine with a non-specific tissue
component also present in healthy persons and then give rise to an allergic reaction
induced by the allergen. It took more than 40 years until the serum factor could be
isolated by K. and T. Ishizaka (1967) and was identified as immunoglobulin E
through comparison with a myeloma protein discovered by Johansson and Bennich
(1967). Based on the availability of the IgE myeloma the RAST test for measuring
IgE antibodies in sera could be developed for the diagnosis of allergic patients
(Wide et al. 1967).

Long before the characterization of ‘‘reaginic’’ IgE, i.e., in 1935, it could be
demonstrated that patients receiving SIT developed antigen-specific serum factors
(i.e., blocking IgG antibodies) that blocked allergic skin reactions (Cooke et al. 1935).

Loveless (1940) demonstrated that blocking antibodies compete with reagins
for the binding sites on allergens and Lichtenstein et al. (1968) showed that the
blocking antibodies belong to the IgG class.

Rocklin et al. (1980) proposed suppressor cells as another possible mechanism
of SIT. They detected allergen-specific suppressor cells in ragweed allergic
patients after injections with ragweed extract, but not before immunotherapy.

After introduction of the Th1/Th2 concept into human allergy (Paronchi et al.
1991) it was suggested that SIT may affect the Th1/Th2 balance (Secrist et al. 1993).

More recently the possibility has been discussed that SIT, or at least certain forms
of SIT, may induce allergen-specific immune tolerance mediated through tolero-
genic cytokines and possibly regulatory T cells (Akdis et al. 1998). The contribution
of the various mechanisms (e.g., induction of blocking antibodies, affecting the Th2/
Th1 balance and tolerogenic mechanisms) to efficacy of the various forms of SIT is a
matter of intense investigation (Larche et al. 2006). However, many recent studies
performed with purified allergens/recombinant allergens and recombinant hypoal-
lergenic allergen derivatives speak for an important role of allergen-specific IgG
antibodies in preventing allergen-induced inflammation and allergen-induced boosts
of the allergic immune response (Valenta et al. 2010).

So far, the vast majority of immunotherapy studies and the analysis of these
studies have been carried out with allergen extracts from natural sources. How-
ever, these extracts are often of poor quality. For example, the allergen concen-
trations vary between different extract preparations and contain biologic active
allergens in different concentrations as well as non-allergenic components (Focke
et al. 2008, 2009; Curin et al. 2010; Brunetto et al. 2010). The heterogeneity of
allergen extracts certainly represents a major bottleneck limiting the broad use of
SIT. It has hampered the analysis of the mechanisms of SIT and is responsible for
the sometimes poor clinical efficacy.

The efforts to improve the quality of allergen extracts have already started
early. For example, Stull et al. (1933) worked on standardization of allergen
batches and developed a measurement of protein nitrogen units for the assessment
of allergenic activity. King and Norman started to isolate the major allergen
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fractions of ragweed pollen in 1962 (King and Norman 1962). However, despite
all standardization efforts which later involved measurements of allergenic
activity, IgE binding capacity and the measurement of major allergens in the
extracts the fact remains that the composition of allergen extracts cannot be
influenced by the manufacturer.

The administration of allergen extracts to patients in the course of SIT can
cause side effects which may be mild and local but also severe, systemic and life-
threatening (Mellerup et al. 2000).

Therefore several efforts for the reduction of allergenic side effects have been
made. Seventy years ago aluminium-hydroxide-adsorbed allergen extracts were
introduced for depot vaccination, showing improved immune stimulatory as well
as reduced anaphylactic properties (Zoss et al. 1937). Already in 1969 allergen-
derived peptides were used for immunotherapy. In fact, Malley and Perlman used
the low-molecular-weight fragment of allergen extracts for SIT and induced
blocking antibodies (Malley and Perlman 1969). During 1970 and 1980 further
attempts for the reduction of side effects were made by chemical modification of
allergens (Marsh et al. 1970; Lee and Sehon 1978).

In its beginning, SIT had been typically administered by subcutaneous injec-
tion. In order to facilitate SIT and make it more convenient many attempts
have been made to administer SIT via other routes. Already in 1921 and 1922
MacKenzie, Caulfield and Touart tried to desensitize allergic patients by nasal, oral
and throat administration of pollen in form of sprays and ointments (MacKenzie
1922; Caulfield 1922; Touart 1922). However, Feinberg et al. demonstrated in a
multicenter placebo-controlled study that the oral application of high doses of rag-
weed pollen lacked efficacy (Feinberg 1940). Further attempts to give oral immu-
notherapy started in the early 1970s with controversial results until today (Laetsch
and Wuthrich 1973; Urbanek et al. 1990; Mosbech et al. 1987; Scadding and Brostoff
1986). Until today several thousand individuals have been treated in various clinical
studies with sublingual immunotherapy (SLIT) but the mechanisms of this treatment
are still unknown. There are even studies demonstrating that SLIT induces strong
boosts of allergen-specific IgE production (Durham et al. 2006). Generally, there is a
lack of studies which have investigated effects of SLIT on objective outcome
parameters such as allergen-specific skin or target organ sensitivity. Yet there is
evidence from meta-analysis for clinical efficacy of SLIT but these effects seem to be
much less than those obtained by subcutaneous SIT, although this is difficult to assess
because only few studies comparing subcutaneous SIT and SLIT have been carried
out (Radulovic et al. 2010).

3 The Impact of Recombinant Allergens on SIT

With the introduction of recombinant DNA technology into the field of allergen
characterization it has become possible to reveal the sequences and structures of
the most common allergens. A large number of the most important disease-
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eliciting allergens have been characterized down to the molecular level and
recombinant allergens mimicking the epitope complexity of natural allergen
extracts have been produced. According to the allergen-encoding DNA sequence,
recombinant allergens can be produced as highly pure proteins and used for
diagnostic and therapeutic purposes (Valenta et al. 2010).

3.1 Recombinant Wildtype Allergens

The term ‘‘recombinant wildtype allergen’’ describes a recombinant allergen,
which mimics the allergenic properties of the natural allergen derived from the
natural allergen source. It contains the relevant IgE- and T cell epitopes of the
natural allergen and hence can be used for diagnosis and therapy similar to
allergen extracts. Advantages of recombinant allergens over extracts are that they
represent well defined and highly pure proteins. When used for SIT, recombinant
allergens are expected to induce similar effects as natural allergens which has
indeed been shown in first immunotherapy studies using purified recombinant
grass pollen allergens (Jutel et al. 2005). In a SIT trial in 2006 birch pollen allergic
patients received recombinant Bet v 1a, purified natural Bet v 1 and birch pollen
extract. This study showed in a direct comparison that a single recombinant
allergen is as effective as treatment with the natural extract (Pauli et al. 2008).

Recombinant wildtype allergens carry the IgE and T cell epitopes of the cor-
responding natural allergen and upon SIT induce allergen-specific IgG blocking
antibodies and depending on the dose, route and adjuvant may induce Th1 immune
responses. Due to the presence of allergen-specific T cell epitopes, recombinant
wildtype allergens could in principle induce T cell tolerance, which may also
depend on the dose, mode and route of application. Disadvantages of recombinant
wildtype allergens are that they can induce both, IgE as well as T cell-mediated
side effects and that their administration may induce new sensitizations or boost an
existing allergen-specific IgE response.

The first allergens made by recombinant DNA technology were Dol m V
(major allergen of white-face hornet venom), Der p 1 (major house dust mite
allergen) and Bet v 1 (major allergen of birch pollen) published in the late 1980’s
(Fang et al. 1988; Breiteneder et al. 1989; Chua et al. 1988).

Recombinant allergens were first used for allergy diagnosis in 1991. Valenta
et al. tested birch pollen allergic patients’ sera for Bet v 1- and Bet v 2-specific
reactivity and revealed a similar IgE-binding pattern as with natural allergens
(Valenta et al. 1991).

The first animal models and in vivo applications in patients with recombinant
allergens were performed 1992 and 1994 (Sehon and Mohapatra 1992; Moser et al.
1994). Sehon and Mohapatra induced IgE antibodies specific for recombinant
grass pollen antigens from Poa pratensis in mice. First skin test studies demon-
strating the biological equivalence of recombinant and natural allergens from
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Aspergillus and house dust mites were carried out in 1994 (Moser et al. 1994;
Lynch et al. 1994).

Today cDNAs coding for the most common allergens have been isolated and
the corresponding recombinant allergens are available for research purposes,
diagnosis and treatment (reviewed in Valenta et al. 2010).

3.2 Hypoallergenic Allergen Derivatives

Recombinant allergens that resemble natural wild type allergens contain all relevant
IgE epitopes and therefore retain the risk of inducing IgE-mediated side effects.
Therefore modifications have been introduced to generate hypoallergenic allergen
derivatives. These new molecules should show abolished or substantially reduced
IgE-binding activity while retaining T cell reactivity and immunogenicity. Several
strategies for the modification of an allergen were developed (Valenta 2002).

In fact, the first immunotherapy trial with recombinant molecules has been
performed with genetically modified hypoallergenic derivatives of the major birch
pollen allergen, Bet v 1 ten years ago (Niederberger 2004). Patients received either
recombinant Bet v 1 fragments or a recombinant trimer of Bet v 1. Although
patients had received only one treatment course they developed a robust IgG
(IgG1, IgG2, IgG4) antibody response against natural Bet v 1, Bet v 1-related
pollen allergens from alder and hazels and food allergens (apple, carrot, celery).
The concept of recombinant hypoallergens has meanwhile been successfully
evaluated in clinical immunotherapy trials for the treatment of birch pollen allergy
up to phase III trials (Klimek et al. 2005; Rak 2009; Valenta et al. 2011).

3.3 Recombinant Hybrid Molecules

Very often certain allergens have low immunogenicity and there are allergen
sources containing several allergens which need to be included in the vaccine.
In order to address the problem hybrid allergens were generated by sequential
fusion of cDNAs encoding for different allergens. As it has been shown for grass
pollen allergy it is possible to produce recombinant hybrid molecules consisting of
the most relevant allergens either as wild type allergens or as hypoallergenic
allergen derivatives and thus to combine the relevant epitopes in one protein with
increased immunogenicity (Linhart et al. 2002, 2005, 2008).

3.4 DNA Vaccines

Hsu et al. and Raz et al. published the first papers using DNA vaccines for the
treatment of allergy in experimental animal models. The data of their studies
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performed in mice demonstrated that this approach prevents the induction of IgE
synthesis, IL-4 and IL-5 production as well as histamine release (Hsu et al. 1996;
Raz et al. 1996).

3.5 Allergen Conjugates

Another strategy concerns immunostimulation using allergen conjugates where
allergen components are fused to a foreign molecule. For example, synthetic DNA
sequences that contain CpG motifs have been linked to allergens to generate
immunostimulatory conjugates. Treatment of allergic patients with the major
ragweed allergen in a placebo-controlled study resulted in redirection of ragweed-
specific Th2 responses towards Th1 responses (Simons et al. 2004). These
responses were characterized by increased production of INF-c and decreased
production of IL-5. The injection of the CpG-Amb a 1 fusion product induced no
clinically significant systemic or local allergic reactions and showed promising
results in an immunotherapy trial (Creticos et al. 2006).

Another conjugated product with immunostimulatory activity was developed by
Bohle et al. In this study a fusion protein consisting of Bet v 1 and the bacterial
cell surface protein SbsC was recombinantly produced and displayed reduced
histamine-releasing capacity. Basophils of Allergic patients T cells exposed to
rSbsC-Bet v 1 produced INF-c and IL-10, but no IL-5 (Bohle et al. 2004).
A reduction of allergenic activity and increase in immunogenicity was observed in
murine models when the major cat allergen, Fel d 1 was conjugated to viral
particles (Schmitz et al. 2009).

3.6 T Cell Epitope Peptides

A completely different strategy, for decreasing IgE-mediated side effects which is
based on the administration of allergen-derived T cell-reactive peptides. Peptides
are short in length and have a linear structure, which lead to a reduced ability to
cross-link mast cell-and basophil-bound IgE and are therefore candidates for safe
SIT. The mechanism behind the reduction of allergy symptoms using T-cell epi-
tope containing peptides for SIT is the ability of the peptides to induce immu-
nologic tolerance. Clinical trials using peptide immunotherapy have been mainly
performed for cat and venom allergy (Ali and Larche 2005; Norman et al. 1996).
T-cell epitope derived peptide immunotherapy with reduced IgE-mediated side
effects, but it was reported that T cell epitope peptides of the major cat allergen,
Fel d 1, induced asthma and bronchial hyper reactivity several hours after
intracutaneous injection and this effect is T cell-mediated and MHC-restricted
(Haselden et al. 1999).
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These results indicate that the removal of IgE-reactivity diminishes IgE-med-
iated side effects but late phase side effects are common so attempts are currently
being made to reduce them by adequate dosing.

3.7 Allergen-Derived Peptides Lacking Allergenic Activity
to Induce Allergen-Specific Blocking IgG Antibodies

Long before the discovery of IgE antibodies it has been demonstrated that SIT
induces allergen-specific IgG antibodies which inhibit binding of allergic
patients IgE to the allergen (i.e., blocking antibodies) (Cooke et al. 1935;
Loveless 1940). Several recent studies have been performed using well defined
systems based on purified allergens and epitopes confirming that the induction
of allergen-specific blocking antibodies is a major mechanism for the efficacy of
SIT (reviewed in Larche et al. 2006; Valenta et al. 2010, 2004). Today we know
that blocking IgG not only inhibits allergen-induced mast cell and basophil
activation and thus immediate symptoms of allergy but also IgE-facilitated
allergen presentation to T cells and thus reduces chronic allergic inflammation.
Moreover, allergen-specific blocking IgG inhibits boosts of allergen-specific IgE
production by capturing allergens and thus decreases allergen-specific IgE, a
mechanisms which may be important for the long-lasting effects of SIT. We also
know now that IgE antibodies mainly recognize conformational epitopes on
allergens which require folded allergens with intact three-dimensional structure
(Valenta et al. 2010). The latter has been recently visualized by the solution of
the three-dimensional structures of complexes consisting of allergens and the
corresponding patients IgE antibodies (Niemi et al. 2007; Padavattan et al.
2009).

It is therefore possible to engineer allergy vaccines based on allergen deriva-
tives lacking fold and conformational IgE epitopes or in which amino acids nec-
essary for IgE recognition have been altered (i.e., recombinant hypoallergenic
allergen derivatives) (Valenta 2002). These molecules have been successfully
used in immunotherapy trials and showed a lack of IgE-mediated side effects
(Niederberger 2004; Klimek et al. 2005; Rak 2009; Purohit et al. 2008). However,
since hypoallergenic allergen derivatives still contain allergen-specific T cell
epitopes, these vaccines can still induce T cell-mediated side effects such as
vaccines based on non-IgE-reactive peptides containing T cell epitopes (Haselden
et al. 1999; Campana et al. 2008; Purohit et al. 2008).

Several years ago, Focke et al., have developed an approach for allergy vaccines
inducing blocking antibodies using peptides derived from surface exposed areas and
thus IgE recognition sites of allergens which lacked structure and hence IgE-reac-
tivity (Focke et al. 2001, 2004). They showed that one or few peptides are sufficient to
focus blocking IgG antibodies toward IgE binding sites on allergens. To induce
peptide-specific and thus allergen-specific IgG antibodies they used foreign (i.e.,
non allergen-derived) carrier molecules such as KLH. Following the hapten carrier
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principle described by the Nobel laureate Benacerraf robust IgG responses against
the peptide and antigens containing the peptides can be obtained using T cell help
from the carrier (Siskind et al. 1966). The big advantage of the use of allergen-
derived peptides lacking allergenic activity for the induction of allergen-specific
blocking antibodies is that by choosing suitable peptides a large portion of allergen-
sequences containing allergen-specific T cell epitopes can be eliminated so that these
vaccines hold promise of not inducing T cell-mediated side effects (Focke et al.
2010). There is more and more data accumulating that suitable peptides can be
identified for the most common allergens (e.g., grass pollen, birch pollen, house dust
mites, olive pollen, cat) (Focke et al. 2001, 2004; Kundig et al. 2006; Twaroch et al.
2011; Niespodziana et al. 2011) and that these vaccines also have strongly reduced
allergenicity i.e., they induce no or low allergic sensitization to the corresponding
allergens and thus may be useful not only for therapeutic but also for prophylactic
allergy vaccination.

Kündig et al. used the peptide approach in a phase I trial using a synthetic
16-amino-acid sequence of the allergen house dust mite Der p 1 which was
chemically coupled to ‘‘virus-like particles’’, in fact to the bacteriophage Qbeta
protein (Kundig et al. 2006). The vaccine induced IgG antibodies against Der p 1
and the virus-like particle and was well tolerated in healthy adults.

Since chemical coupling represents a poorly reproducible and cumbersome
technology which is not well suited for vaccine production according to good
manufacture practice (GMP) standards it is desirable to directly produce recom-
binant fusion proteins consisting of allergen-derived peptides lacking allergic
activity and suitable carrier molecules which are safe and eventually foster a
beneficial type of immune response.

4 Combination Vaccine against Allergies and
Infectious Diseases

In search of suitable carrier molecules for the production of recombinant fusion
proteins containing allergen-derived peptides without allergenic activity we con-
sidered pathogen-derived proteins because they may offer several advantages
(Fig. 1). First, they may offer strong T cell help for robust IgG antibody production
and thus have almost adjuvant-like activity, eventually twisting the resulting
immune response away from the Th2 bias. Second, the pathogen-derived carrier
proteins may induce anti-pathogen immunity and hence be useful for the pre-
vention of infectious diseases (Fig. 2). Finally, it may be possible to use pathogen-
derived molecules which have a proven track record of being safe vaccines in
humans. In fact, vaccination against pathogens, in particular against viruses,
bacteria and bacterial toxins is routinely applied in children for prophylactic
purposes. In a first proof of principle study we have therefore expressed a fusion
protein consisting of the capsid protein VP1 of human rhinoviruses and a peptide
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derived from the major timothy grass pollen allergen, Phl p 1 (Edlmayr et al.
2009). The intention was to design an allergy vaccine which should not induce
IgE- or T cell-mediated side effects and which may induce a protective effect
against rhinovirus infections which are known as a major cause of asthma exac-
erbations (Holgate 2006). The rationale for selecting the viral protein VP1 was that
it is involved in the interaction of the virus with ICAM 1 on epithelial cells (Greve
et al. 1989). It was thus hoped that anti-VP1 antibodies would prevent the infection
of epithelial cells by human rhinovirus. A recombinant fusion protein consisting of
VP1 and a non-allergenic peptide of the major timothy grass pollen allergen Phl
p 1 was made (Edlmayr et al. 2009). It was demonstrated that this fusion protein
lacked IgE- or T-cell reactivity, but induced Phl p 1 specific blocking antibodies in
mice and rabbits which inhibited allergic patients’ IgE binding to the complete Phl

Breeding combination vaccines for allergic and 
infectious diseases 

Viruses 
Bacteria 

Pathogens 

Identification of clinically relevant 
allergens 

Identification of antigenic structures 
inducing protective immunity 

Selection of hypoallergenic peptides 

Production of a hybrid vaccine by chemical coupling or recombinant expression 

Allergen sources 

Fig. 1 Breeding combination vaccines for allergic and infectious diseases
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p 1 allergen (Figs. 3, 4). It also blocked Phl p 1-induced immediate allergic
inflammation as demonstrated by the inhibition of allergic patients’ basophil
degranulation. The VP1-based grass pollen vaccine induced in mice mainly

Vaccination with hybrid vaccines for allergic and infectious disease 

Allergen-specific IgG response

No stimulation of allergen-specific 
T cells 

Pathogen-specific protective 
humoral immune response 

Pathogen-specific T cell response 

Blocking allergen-specific IgE– 
reactivity 

Blocking of allergen-induced 
cell activation 

Blocking of allergen-induced 
IgE production 

Elimination of the pathogen 

Protection against infection 

Fig. 2 Vaccination with hybrid vaccines for allergic and infectious disease
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2.0

VP1 

PI ISPI IS
0.0

1.0

2.0

Phl p 1 

Fig. 3 Immune responses of immunized mice. Groups of mice were immunized with Phl p 1
(left) and VP1 (right). Serum samples were taken on the day of the first immunization (PI) and in
three weeks interval. The immune sera (IS) were taken after three injections (x-axis). Phl
p 1-specific IgG1 and VP1-specific titers were measured by ELISA and are expressed as optical
value on the y-axis. The optical value corresponds to the level of IgG1 antibody in the mouse
sera. The results are shown as box plots where 50% of the values are within the boxes and non-
outliers between the bars. The lines within the boxes indicate the median values. Left: pictures of
a meadow with timothy grass (Phleum pratense) right: rhinovirus image
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VP1-specific T cell responses that shifted the Th2 response toward a mixed TH1/
TH2 response. The resulting IgG subclasses were predominantly IgG1, but also
IgG2a/b antibodies in mice vaccinated with the fusion protein.

In addition, the VP1 carrier induced IgG antibodies which prevented infection
of epithelial cells against infection by rhinovirus and exhibited an unexpected
broad cross-neutralization of several rhinovirus strains (Edlmayr et al. 2011).

Using a similar approach Niespodziana et al. produced a non-allergenic peptide
vaccine consisting of the hepatitis PreS domain (Fig. 5) fused to non-allergenic
peptides of the major cat allergen Fel d 1 and showed that this vaccine induced strong
allergen-specific IgG responses which inhibited allergic patients IgE binding to
Fel d 1 (Figs. 6, 7) (Niespodziana et al. 2011). The PreS fusion proteins could be
expressed in large amounts in Escherichia coli under well standardized conditions
and are attractive allergy vaccine candidates because PreS has been used safely for
vaccination of newborns and children in clinical trials (Schumann et al. 2007).

Phl p 1 VP1-P5
0.0

25.0

50.0

75.0

%

24.6

63.4

Fig. 4 Inhibition of grass
pollen allergic patients IgE
binding to Phl p 1 with rabbit
antibodies against Phl p 1 and
VP1-P5. Mean of percent
inhibition of patient’s
(n = 19) IgE binding to Phl p 1
by preincubation with antisera
against Phl p 1 or VP1-P5 (x-
axis). The percent inhibition is
shown at the y-axis

PreS1 PreS2 S domain  Large 

PreS2 S domain  

S domain Small (S)*

HBV envelope proteins

PreS1 PreS2 PreS domain 

*Composition of yeast derived HBVAXPRO® vaccine  

HBV-derived carrier protein

Fig. 5 Representation of the
HBV envelope proteins and
HBV-derived carrier protein.
HBV envelope is composed
of three related surface
proteins known as large (L),
middle (M) and small (S).
These three proteins are
products of the PreS1, PreS2
and S regions of the env gene.
The small (S) envelope
protein is widely and safely
used worldwide for hepatitis
B vaccination
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Fig. 6 Allergen-specific and carrier-specific IgG1 responses in mice. Groups of mice were
immunized subcutaneously with rFel d 1, PreS and PreS-2xP1 (top of the boxes). Serum
samples were taken on the day before the first immunization (PI) and after the third injection
(IS) (x-axis). rFel d 1-specific (top) and PreS-specific (bottom) IgG1 titers were determined by
ELISA and are expressed as optical values on the y-axis. The optical value corresponds to the
level of IgG1 antibody in mouse sera. The results are shown as box plots where 50% of the
values are within the boxes and non-outliers between the bars. The line within the boxes
indicates the median values

Fig. 7 Inhibition of cat
allergic patients’ IgE binding
to rFel d 1 by anti-rFel d 1
and anti-PreS-P1-P5 rabbit
IgG antibodies. Inhibitions of
cat allergic patients’ IgE
binding to rFel d 1 by rabbit
antisera (x-axis) are
expressed as percentages of
inhibition using preimmune
sera as a reference. The mean
percent inhibition for 26
patients is shown at the y-axis
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At present the preclinical evaluation of a grass pollen vaccine based on non-
allergenic peptides of the four major timothy grass pollen allergens, Phl p 1, Phl
p 2, Phl p 5 and Phl p 6, has been performed and safety skin tests and first safety
and dose-finding immunotherapy trials in allergic patients are scheduled for 2011.
According to preclinical testing, the new generation of non-allergenic vaccines
based on fusion proteins consisting of viral carrier proteins and allergen-derived
peptides has similar properties as the recombinant hypoallergenic allergen deriv-
atives but should not induce IgE or T cell-mediated side effects. It is thus hoped
that this new generation of vaccines will break the ground for the broad, conve-
nient (i.e., only few administrations) and side effect-free applicability of SIT and
eventually be useful for prophylactic allergy vaccination.
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Passive Immunization with Allergen-Specific
Antibodies

Sabine Flicker, Elisabeth Gadermaier, Christoph Madritsch
and Rudolf Valenta

Abstract The induction of allergen-specific IgG antibodies has been identified as
a major mechanism responsible for the reduction of allergic inflammation in
allergic patients treated by allergen-specific immunotherapy. Several studies
suggest that allergen-specific IgG antibodies induced by vaccination with allergens
block mast cell and basophil degranulation, IgE-facilitated allergen presentation to
T cells and IgE production. The availability of recombinant allergens and tech-
nologies for the production of recombinant human antibodies allows engineering
of allergen-specific antibodies which can be used for passive immunization
(i.e., therapy) and eventually for the prevention of allergy (i.e., prophylaxis).
This chapter summarizes data supporting the possible use of allergen-specific
antibodies for treatment and prophylaxis. Finally, concrete approaches for the
treatment and prevention of allergy based on blocking antibodies are envisioned.
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i.p. Intraperitoneal
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1 Background

The usefulness of IgG antibodies for passive immunization was demonstrated for
the first time nearly 120 years ago. Passive immunization was applied to treat
different infectious diseases, e.g., rabies, diphtheria and tetanus (von Behring and
Kitasato 1991) (Sawyer 2000). Using the technology of passive serum transfer
developed by Prausnitz and Kuestner (1921) for investigating mechanisms of
allergic inflammation, Cooke et al. discovered that allergen-specific IgG antibodies
that were induced by specific immunotherapy (SIT) were able to inhibit immediate
inflammatory responses. In fact, they could demonstrate that allergen-specific IgG
antibodies which block allergen-induced immediate allergic inflammation were
transferable by simple serum injections from a treated to an untreated patient
(Cooke 1935).

Even before it became technically possible to produce large amounts of defined
allergen-specific IgG antibodies, a few studies provided evidence for the feasibility
of using allergen-specific IgG antibodies for passive immunization. It was dem-
onstrated for immunotherapy with ragweed extract that higher allergen doses were

142 S. Flicker et al.



tolerated by patients who received combined passive and active immunotherapy
(Bernstein et al. 1979). In order to prevent side effects, bee venom-allergic patients
were pre-treated with beekeeper gammaglobulin to accept higher doses of venom
(Muller et al. 1986; Bousquet et al. 1987).

The analysis of mechanisms underlying SIT with natural allergen extracts has
been facilitated by the availability of recombinant allergens and defined epitopes.
Moreover, several immunotherapy studies have been conducted with purified
recombinant allergens, allergen-derived peptides and genetically modified aller-
gens allowing a better understanding of the importance of blocking antibodies for
successful treatment (Valenta et al. 2010; Larche et al. 2006).

2 Beneficial Role of Allergen-Specific Blocking IgG Antibodies

Allergen-specific IgG antibodies may suppress allergic immune responses and
allergic inflammation through at least three different modes of action which are
summarized in Fig. 1. First, they can inhibit immediate allergic inflammation by
competing with mast cell-bound IgE antibodies for allergen binding and thus
inhibit effector cell degranulation. A beneficial effect (i.e., reduction of degranu-
lation) may be also achieved by co-cross-linking of mast cell-bound IgE and IgG
by allergens (Fig. 1a). Second, allergen-specific IgG antibodies can compete with
IgE bound to antigen presenting cells (APC) and thus prevent IgE-facilitated
allergen presentation to T cells and thus T cell activation (Fig. 1b). Finally,
allergen-specific IgG may capture allergens before they can induce IgE production
(Fig. 1c) (Flicker and Valenta 2003; Wachholz and Durham 2004; Larche
et al. 2006).

Cross-linking of allergens by FceRI-bound IgE on mast cells or basophils is a
key event in allergic inflammation. During the last decades it has been repeatedly
shown by several clinical studies that SIT-induced allergen-specific IgG antibodies
suppress allergen-induced mast cell degranulation and thus immediate allergic
inflammation (Cooke 1935; Loveless 1940; Niederberger et al. 2004; Jutel et al.
2005; Klimek et al. 2005; Pauli et al. 2008; Purohit et al. 2008). IgG antibodies
induced by SIT with a particular allergen source or allergen may also cross-protect
against cross-reactive allergens. In this context it has been found that immuno-
therapy with birch pollen extract also protects against allergy to hazel and alder
pollen (Petersen et al. 1988). More recently, it has been demonstrated that IgG
induced by SIT with recombinant hypoallergenic derivatives of the major birch
pollen allergen Bet v 1 inhibited basophil degranulation by Bet v 1-related food
allergens (Niederberger et al. 2007a). Interestingly, SIT-induced IgG antibodies do
not need to recognize exactly the same epitopes as those which are recognized by
IgE. In fact, it has been shown that also IgG induced against new epitopes can
block IgE binding as long as these antibodies occupy parts of the IgE epitopes or
cause steric inhibition of IgE binding (Pree et al. 2007; Gadermaier et al. 2010a).
It should be also stated at this point that the ability of a ‘‘blocking antibody’’ to
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Fig. 1 Summary of the beneficial roles of allergen-specific blocking IgG antibodies. a Allergen-
specific IgG captures allergen before it can cross-link mast cell-bound IgE and thus suppresses
immediate allergic inflammation. b Allergen-specific IgG prevents allergens from being
presented by IgE-facilitated antigen presentation to T cells and thus reduces T cell activation.
c Allergen-specific IgG binds allergen and thus prevents allergens to activate IgE-producing cells
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compete with IgE for allergen recognition does not at all depend on its isotype or
subclass but only depends on its epitope specificity, affinity and titer. The latter
statement is supported by defined mechanistic experiments performed with puri-
fied antibodies and allergens and cultured effector cells (Table 1). For example,
defined human monoclonal allergen-specific IgG antibodies gained by hybridoma
techniques or combinatorial library technology have been shown to inhibit IgE
from binding to allergens and to suppress allergen-induced basophil degranulation
(Visco et al. 1996; Flicker et al. 2002; Jylha et al. 2009; Padavattan et al. 2009).
However, there is also evidence for another protective effect of allergen-specific
IgG. It has been reported that concomitant binding of IgG and IgE antibodies to the
same allergen may down-regulate effector cell responses through co-cross-linking
of IgE and IgG receptors (Malbec and Daeron 2007; Mertsching et al. 2008).
These studies have been performed mainly in murine models whereas for human
immunotherapy studies no evidence for down-regulation of effector cell activation
by co-cross-linking has been found so far (Ejrnaes et al. 2006).

Moreover, allergen-specific IgG antibodies are responsible for the reduction of
IgE-facilitated antigen presentation by preventing the binding of allergen to APC-
bound IgE antibodies resulting in decreased T cell activation. T cell activation is
crucial for the development and perpetuation of the allergic immune response, and
is also directly linked to the late-phase response as well as chronic inflammation of
the airways (Larche et al. 2006).

In 1999, it was demonstrated that IgE-mediated allergen presentation to birch
allergen-specific T cells was inhibited by IgG from sera of birch SIT patients, but
not by IgG from patients who had received grass pollen-specific SIT, suggesting
that an allergen-specific factor in their sera inhibited the IgE-mediated allergen
presentation (van Neerven et al. 1999). The inhibitory effect was shown to be
present in the IgG fraction of the birch SIT sera. This study and a follow-up study
of sera from a placebo-controlled birch SIT study demonstrated that 100- to 1,000-
fold higher allergen doses are needed to activate birch allergen-specific T cells
after SIT (van Neerven et al. 2004). Confirmation came from another study
demonstrating that blocking of allergen-IgE binding to B cells was mediated
through IgG antibodies that were induced through grass pollen SIT and more
recently by SIT with recombinant hypoallergenic Bet v 1 derivatives (Wachholz
et al. 2003; Pree et al. 2010).

Table 1 Essential features for protective antibodies

Feature References

Epitope specificity and titer Flicker and Valenta (2003), Flicker et al. (2009)
Cross-reactivity Valenta et al. (1996), Gieras et al. (2011)
Affinity Jakobsen et al. (2004, 2005), Padavattan et al. (2009),

Gieras et al. (2011)
Half-life and clearance Akilesh et al. (2007), Jeffris (2009)
Binding to Fc receptors Malbec and Daeron (2007)
Safety Presta (2006), Hansel et al. (2010)
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Thirdly, it has been shown that the induction of allergen-specific IgG antibodies
by SIT is associated with a suppression of the boost of secondary IgE production
by allergen contact. It is well-established that allergic patients exhibit strong
increases of allergen-specific IgE levels after seasonal allergen exposure
(Henderson et al. 1975; Niederberger et al. 2007b). A suppression of the rise of
allergen-specific IgE during the pollen season in patients after SIT was noted in
several studies (Mothes et al. 2003; Niederberger et al. 2004; Creticos et al. 2006).
Since allergen-specific IgG decline relatively quickly after discontinuation of SIT
it has been speculated that the suppression of IgE boosts by several courses of SIT
administered for two or more years may be responsible for the long-term effect of
SIT after its discontinuation (Gadermaier et al. 2011).

3 Isolation and Characterization of Allergen-Specific
IgG Antibodies for Therapy and Prevention

The availability of recombinant purified major allergens of high clinical relevance
provides a solid basis for the application of technologies for the isolation, char-
acterization and production of allergen-specific therapeutic antibodies (Valenta
and Kraft 1995, 2002). Phage display, combinatorial libraries and hybridoma
techniques have enhanced our ability to obtain monoclonal recombinant antibodies
(Huse et al. 1989; McCafferty et al. 1990; Winter et al. 1994).

One strategy to obtain ‘‘blocking antibodies or antibody derivatives’’ is to
isolate IgE antibody fragments–scFvs or IgE Fabs– from allergic patients
(Steinberger et al. 1996; Flicker et al. 2002; Jylha et al. 2009). Due to the lack of
the constant region, these fragments cannot bind to the FceRs and hence do not
elicit IgE-mediated effects. Another strategy is to generate IgE antibody fragments
and convert them into complete human IgG antibodies by engineering the IgE
variable region onto an IgG constant region. These antibodies combine two
important characteristics that may be relevant. They may block IgE binding to the
allergen and in addition may bind to FccRs thus mediating co-cross-linking and
silencing of effector cells or allergen uptake and clearance.

One example for a conversion of an allergen-specific IgE Fab into an IgG1 anti-
body is an IgE Fab specific for grass pollen allergen Phl p 2 obtained by combinatorial
cloning from an allergic patient. This antibody inhibited patients’ IgE binding to Phl
p 2 and Phl p 2-induced histamine release from basophils of grass pollen allergic
patients (Flicker et al. 2002; Padavattan et al. 2009). Nevertheless, it has been
observed that single IgG antibodies that were derived from allergic patients IgE did
not block polyclonal IgE binding to the allergen (Flicker et al. 2000, 2006).

Another possibility for obtaining allergen-specific monoclonal antibodies is
conventional cell cloning technology. For example, monoclonal allergen-specific
IgG antibodies have been isolated by EBV-transformation of allergen-specific B
cells of a SIT-treated patient (Visco et al. 1996; Lebecque et al. 1997; Denepoux
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et al. 2000). However, as yet no human cell line producing allergen-specific IgE
has been described.

Some essential features of allergen-specific IgG antibodies with protective
potential are summarized in Table 1. The probably most important properties that
make an IgG antibody a protective IgG antibody are epitope specificity and titer.

3.1 Epitope Specificity and Titer

It has been demonstrated that the blocking capacity of an allergen-specific anti-
body depends on its ability to occupy IgE binding sites or to bind in close vicinity
so that there is steric hindrance of IgE binding (Flicker and Valenta 2003; Gieras
et al. 2011).

In fact, SIT with allergen extracts can induce a large variety of IgG antibodies
of which certain often do not even react with allergens, others recognize allergens
but do not inhibit IgE binding and only some block IgE recognition (Flicker and
Valenta 2003). Since SIT also induces ‘‘useless’’ IgG responses it has not been
possible to associate the induction of IgG antibodies directly with clinical
improvement (Djurup and Malling 1987; Birkner et al. 1990; Bodtger et al. 2005).
Allergen-specific IgG antibodies which do not inhibit IgE binding to the allergen
(Flicker et al. 2008) have been described and there is even evidence for IgG
antibodies which may enhance IgE binding to allergens (Denepoux et al. 2000).
Both reports clearly demonstrate that there are non-blocking IgG recognizing the
wrong epitopes and it is not surprising that such antibodies have no therapeutic
effect even when they are present in molar excess. The latter may also explain why
certain allergic patients mount large amounts of allergen-specific IgG antibody
responses but nevertheless suffer from allergy. Thus simple measurements of the
allergen-specific IgG antibodies will not be sufficient surrogate markers for the
clinical outcome of SIT.

However, if allergen-specific IgG antibodies have the correct epitope specificity
and can inhibit IgE binding to the allergen, their protective effect will be greater if
their concentration and titer is high.

It has been claimed that mainly allergen-specific IgG4 antibodies are responsible
for therapeutic effects during SIT (Aalberse et al. 1983). However, several studies
demonstrate that the blocking activity of therapy-induced IgG antibodies does not
reside exclusively in the IgG4 fraction. Blocking antibodies of the IgG1 subclass
have been described (Visco et al. 1996; Flicker et al. 2002) and it has been shown
that IgG4-depleted sera retained their blocking activity (Ejrnaes et al. 2004).

Interestingly, it has turned out that the vast majority of allergens contain con-
formational IgE epitopes which are difficult to characterize because this requires
sophisticated technologies e.g., three-dimensional structure analysis. With the
application of structural biology methods first structures of complexes consisting
of allergens and specific antibodies have been solved. The birch pollen allergen,
Bet v 1, the bee venom allergen, Api m 2 (hyaluronidase) and the cockroach

Passive Immunization with Allergen-Specific Antibodies 147



allergen Bla g 2, were co-crystallized with recombinant mouse IgG Fabs
(Mirza et al. 2000; Padavattan et al. 2007; Li et al. 2008). Furthermore, the major
bovine milk allergen, b-lactoglobulin and the major grass pollen allergen Phl p 2
were crystallized in complexes with recombinant human IgE Fabs (Niemi et al.
2007; Padavattan et al. 2009). These allergen-antibody complexes gave us for the
first time insight in the molecular interaction between allergen and antibodies and
revealed the nature of conformational IgE epitopes (Niemi et al. 2007; Padavattan
et al. 2009).

3.2 Cross-Reactivity

Another important feature of an allergen-specific protective antibody is its cross-
reactivity to homologous allergens present in related species. This finding is of
great importance because IgE antibodies from allergic patients often displayed
cross-reactivity to allergens from other allergen sources (Valenta et al. 1996;
Radauer et al. 2008). So far, several monoclonal human and murine IgG blocking
antibodies were demonstrated to cross-react with homologous allergens from
related species (Visco et al. 1996; Lebecque et al. 1997; Flicker et al. 2002; Gieras
et al. 2011) and were even shown to inhibit patients’ IgE to related allergens
(Gieras et al. 2011).

3.3 Affinity

Aside from epitope specificity, the affinity of antibodies for the given epitopes is an
important factor. Affinity is perceived as the strength of binding and can be cal-
culated from the quotient of dissociation rate and association rate. Moreover, the
kinetics of an antibody/allergen complex is of great importance because the kinetics
determines the on and off rates of formed complexes. Nowadays, the determination
of the affinity and the kinetics of such complexes can be assessed by surface
plasmon resonance (SPR) (Padavattan et al. 2009). When targeting protective
antibodies applicable for passive immunotherapy high-affinity and low-dissociation
rates are preferable. Determinations by SPR revealed that Bet v 1-specific IgG
antibodies gained from allergic patients who had undergone immunotherapy had
high affinities recorded in the nM range and hence reside in the same range as Bet v
1-specific IgE gained from the same patient (Jakobsen et al. 2004, 2005).

Recently, a human monoclonal IgG antibody specific for the major grass pollen
allergen Phl p 2 has been engineered by grafting the variable domain of the
corresponding IgE onto the human IgG1 constant region. This antibody showed an
extremely high affinity to Phl p 2 and strongly inhibited allergic patients IgE
binding to the allergen as well as allergen-induced basophil degranulation
(Padavattan et al. 2009). Murine antibodies recognizing peptides derived from the
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major IgE binding site of the major birch pollen allergen, Bet v 1 also showed high
affinity to Bet v 1 (Gieras et al. 2011). Interestingly, these antibodies inhibited
patients IgE binding but were less potent in inhibiting allergen-induced basophil
degranulation.

The pairing of heavy and light chains also has an influence on the affinity and
specificity of an antibody. Affinity of antibodies can be modified by pairing the
original VH sequence with different VL sequences. Kim and Hong reported about
an enhancement of affinity of a humanized monoclonal antibody after light chain
shuffling (Kim and Hong 2007). For allergen-specific human IgE antibodies there
is some evidence that the heavy chain determines allergen-specificity (Laffer et al.
2001; Rojas et al. 2004; Christensen et al. 2009; Gadermaier et al. 2010b). It is
therefore quite possible, that the affinity of allergen-specific antibodies can be
increased by shuffling of light chains.

3.4 Half-Life and Clearance

The affinity of a therapeutic allergen-specific antibody is not only important for the
effective blocking of IgE but also affects other parameters. For example, high
affinity of a therapeutic antibody would decrease dosing and frequency of
administration, and thus reduce costs of treatment. Several reports describe
different methods for improving affinity constants of antibodies toward their
antigens. It could be shown that error-prone PCR using an excess of guanine and/
or thymine resulted in the retrieval of antibody fragments with significantly
improved binding affinities for the corresponding antigen (Persson et al. 2008).
The same authors demonstrated in a former study that the change of several
residues situated in the paratope of an antibody was critical for the strength of the
binding affinity (Persson et al. 2006). Aside from the random mutagenesis strategy
another method called ‘‘codon-based mutagenesis’’ has been described. The
principle of this targeted approach is that specifically the CDRs are mutated
(Glaser et al. 1992). Utilizing this technique Wu et al. succeeded in improving the
affinity of an anti-angiogenic antibody by greater than 90-fold (Wu et al. 1998).
It turned out that targeted mutagenesis in the CDR 3 led to the greatest affinity
improvements due to the diminished off rate of the antibodies (Finlay et al. 2009).

Besides the efforts to improve the affinity constants of antibodies for the given
antigen, many studies focus on understanding the factors that affect the phar-
macokinectics of monoclonal antibodies, a field that is summarized by the term Fc
engineering. The goal is the protection of monoclonal IgG antibodies from rapid
clearance from the body, a prerequisite for effective passive immunization. Much
effort has been made to prolong the survival of applied IgG including protection of
antibody degradation through binding to Fc-receptors, e.g., neonatal Fc receptor
(FcRn) and Fcc receptors (FccR). Several studies describe IgG stabilization by
FcRn to their serum persistence by recycling internalized IgG to the cell surface
(Ghetie et al. 1996; Akilesh et al. 2007; Roopenian and Akilesh 2007). In this
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context it turned out that human IgG1, IgG2 and IgG4 per se exhibit longer
elimination half-lives than IgG3 a fact that is attributed to the binding differences
to FcRn, as result of a single amino acid difference in the FcRn binding domain
(Ghetie and Ward 2002). In accordance, attempts to alter the human IgG1 antibody
sequences, i.e., a single mutation in the CH2–CH3 region of the Fc part, led to
affinity improvement of the human FcRn which was shown by Biacore analysis but
also by in vivo studies in cynomogulus monkeys (Yeung et al. 2009). Neverthe-
less, the authors admitted that the increase of the affinity is not always associated
with lower clearance (Yeung et al. 2009). Besides the cynomogulus monkey model
which is well-known to be appropriate for investigating the half-lives of human
IgG antibodies because the monkey FcRn binds human IgG, a human FcRn
transgenic mouse model has been developed to evaluate the pre-clinical pharma-
cokinetics of human therapeutic antibodies (Petkova et al. 2006).

Another emerging issue is that the kind of glycosylation, e.g., galactose, fucose,
N-acetylglucosamine has a strong impact on the half-life of the antibody (Jefferis
2009a). Different glycosylation patterns were easily achieved by using different
expression systems (mammalian cells, yeasts, plants, insect cells and prokaryotes).
The most widely used production cell lines for human therapeutic IgG antibodies are
currently mammalian cells because the glycosylation pattern of assembled anti-
bodies almost resembles the naturally glycosylated antibodies. Nevertheless,
recombinant antibodies produced in well-established hamster or mouse cell lines
like CHO, NSO and Sp2/0 usually have small quantities of unnatural glycoforms
bearing the risk to be immunogenic and thus be cleared quicker by forming immune
complexes (Jefferis 2009b). Therefore first efforts have been made to create
genetically modified CHO cells or as alternative, yeast lines that use human
enzymes for glycosylation to produce recombinant glycosylated human IgG anti-
bodies with high-structural fidelity with the natural IgG antibodies (Jefferis 2009b).

The route of antibody application e.g., topical administration or systemic
treatment is also discussed to influence the in vivo half-life of antibodies. It turned
out that antibody titers in the BAL fluid of naïve BALB/C mice 48 h after
intranasal instillation are hardly detectable whereas antibodies administered by i.v.
route are maintained for several months in the sera (Sehra et al. 2003).

It is further reported that complete IgG antibodies in general are beneficial
compared to antibody fragments like scFvs or Fabs due to their extended half-lives
(Presta 2008). However, if neutralizing antibodies without eliciting any Fc-mediated
effects are in favor antibody fragments became again of interest despite their short
half-life. Several attempts have been made to prolong serum half-life of antibody
fragments including linkage to polyethylene glycol (PEGylation) (Chapman et al.
1999; Constantinou et al. 2010) or linkage to albumin (Constantinou et al. 2010).
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3.5 Binding to Fc Receptors

An interesting question is whether allergen-specific IgG antibodies besides simply
competing for epitopes on allergens may exert their beneficial roles also via
binding to FccR.

In this context, it has been shown in OVA-sensitized mice that complete
OVA-specific IgG2a and not OVA-specific F(ab)2 suppressed inflammation indi-
cating that FccR-mediated mechanisms may be responsible for the repression
(Sehra et al. 2003). FACS analysis clearly showed that alveolar macrophages are
the main population responsible for the OVA capture by binding to IgG and FccR
on these cells. In parallel, a two-fold increase in INF-c-secreting T cells was
observed in IgG-treated mice (Sehra et al. 2003). However, it is also possible that
complete antibodies were more efficient simply due to their longer half-life.

Strait et al. obtained results in a murine model suggesting that besides allergen
interception by IgG antibodies (i.e., FccR-mediated cellular uptake of allergen)
also cross-linking of FceRI to the inhibitory FccRIIb through the allergen/IgG/IgE
complex contributes to the inhibitory effect of administered IgG antibodies. They
concluded that FceRI/FccRIIb cross-linking makes an important contribution when
blocking IgG levels are limited but is redundant when blocking IgG antibody
concentrations are high relative to concentrations of antigen in mice (Strait et al.
2006). Another recent report indicated that co-administration of mouse IgE and
mouse IgG prevented mast cell degranulation in BALB/c mice whereas no IgG-
dependent inhibition of mast cell degranulation was observed in FccRIIB-/- mice
(Uermosi et al. 2010).

For the human system, there is relatively little evidence that cross-linking of the
FceRI to the inhibitory IgG receptor FccRIIb indeed plays a role in inhibiting
histamine release. There are data from cultured human mast cells and basophils
(Zhu et al. 2002; Tam et al. 2004; Zhang et al. 2004) and from in vivo studies
using transgenic mice expressing human FceRa (Allen et al. 2007). By investi-
gating the inhibitory role of FccRIIb of cat allergic patients who have received
SIT, Cady et al. found evidence that FccRIIA may be involved in the inhibition of
basophil activation (Cady et al. 2010).

However, the investigation of the potential role of FccR co-cross-linking in
reducing allergen sensitivity in patients receiving immunotherapy failed to provide
any evidence for this mechanism in allergic patients (Ejrnaes et al. 2006).

The choice of the isotype/subclass of a therapeutic allergen-specific antibody
may be driven by several considerations. IgG1 antibodies are often used as
therapeutic antibodies. They have a long in vivo half-life but have been proven
to be effective in activation of ADCC and complement activation (Jefferis 2007).
Both are certainly not desired features although allergic patients develop aller-
gen-specific IgG1 in the course of SIT without showing signs of inflammation.
Most likely, allergen-specific IgG4 antibodies that just activate FccRI and
FccRIIIa depending on the allotype of the receptor and/or the glycoform of the
IgG4 antibody but do not activate complement represent the most desirable
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subclass for passive immunization against allergens (Jefferis 2007, 2009b).
In fact, allergen-specific IgG4 is the prominent subclass associated with suc-
cessful SIT, does not activate complement and can pass the placental barrier
(Flicker et al. 2009) and thus may eventually protect children from becoming
sensitized.

3.6 Safety of Recombinant Monoclonal Antibodies

Considerable efforts have been made in the last years to reduce side effects of
therapeutic monoclonal antibodies. Among the side effects, immunogenicity is a
major problem because it may lead to the development of antibodies against
administered antibodies resulting in immune complexes, hypersensitivity or
accelerated clearance of the applied antibodies. For decreasing immunogenicity of
applied non-human antibodies different strategies like humanization, ‘‘resurfac-
ing’’ (only surface-accessible framework amino acids are altered to human ones
while the CDR and buried amino acids remain from parental rodent antibody) or
SDR grafting (only a subset of CDR residues that are involved in binding of the
antibody called ‘‘specificity-determining regions’’ is altered) have been suggested
(Presta 2006). De-immunization, another technology, means the identification and
alteration of potential T cell epitopes present in the antibody without reducing the
binding affinity (Presta 2006). The availability of fully human monoclonal anti-
bodies by phage display library or transgenic mice is another possibility to produce
therapeutic antibodies with low immunogenicity. To date, just few examples of
human therapeutic antibodies exist that have passed the safety requirements
(FDA approval) and are already used in the field of oncology, psoriasis and asthma
(Corren et al. 2010; Hansel et al. 2010). The lessons learned from the other fields
may be translated to the field of type I allergy.

4 Proof of Concept Testing in Animal Models

In order to investigate the in vivo efficacy of passive administration of allergen-
specific IgG antibodies a few murine models have been established so far. It has
been shown that topical or systemic administration of allergen-specific IgG anti-
bodies reduces allergic inflammation in sensitized mice (Sehra et al. 2003; Moerch
et al. 2006; Strait et al. 2006) (Flicker unpublished data). Sera of OVA-sensitized
mice that received anti-OVA specific IgG antibodies exhibited significantly
reduced OVA-specific IgE levels, significantly reduced levels of leukocytes and
eosinophil granulocytes in BALs and significantly reduced AHR to methacholine
(Sehra et al. 2003; Moerch et al. 2006). The efficacy of a single administration of
allergen-specific IgG antibodies was confirmed by data from mice sensitized to
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three of the most important seasonal allergens, the major grass and birch pollen
allergens, Phl p 1, Phl p 5 and Bet v 1 (Flicker unpublished data).

Very few data exist so far for prophylactic treatment with allergen-specific
antibodies, i.e., administration of allergen-specific antibodies before sensitization
to allergen takes place. It has already been demonstrated in experimental animal
models and in clinical studies that prenatal induction of allergen-specific IgG
antibodies protects against allergen-induced sensitization and allergic inflam-
mation in the offspring (Glovsky et al. 1991; Jenmalm and Bjorksten 2000; Ut-
hoff et al. 2003; Polte and Hansen 2008; Polte et al. 2008; Flicker et al. 2009;
Victor et al. 2010).

It will thus be very interesting to explore if passive immunization of pregnant
mothers or new born children with allergen-specific IgG antibodies can suppress
allergic sensitization (Fig. 2).

5 Possible Application of Allergen-Specific IgG for Therapy
and Prophylaxis

With the availability of defined reagents (i.e., clinically relevant allergens) and
new technologies (e.g., combinatorial cloning technologies and large-scale pro-
duction of fully human antibodies) it should be possible to produce allergen-
specific human IgG antibodies for the clinically most relevant allergens. The
following concrete applications for allergen-specific IgG antibodies can be
envisaged. First, it should be possible to treat seasonal allergies by passive
immunization of allergic patients shortly before the beginning of the pollen season
(Fig. 2a). Since human allergen-specific IgG4 antibodies have a half-life of
approximately 21 days it is quite possible that allergic patients can be protected by
a single passive immunization for a full pollen season. Perennial allergies are
perhaps not easy to treat by passive immunization because repeated injections may
be needed, but also Omalizumab, an injected therapeutic anti-IgE is successfully
used to treat such patients (Holgate et al. 2009). It may thus well be envisioned that

(b)(a) (c)

Fig. 2 Envisaged therapeutic and prophylactic immunization with allergen-specific antibod-
ies.a Therapeutic application may protect allergic patients from symptoms in the course of
allergen contact. b Prophylactic application shortly after birth to children may protect against
allergic sensitization. c Application of allergen-specific IgG antibodies to pregnant mother may
lead to diaplacental transfer to children and protect them against allergic sensitization after birth
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passive immunization against allergens which elicit severe asthma attacks may be
an alternative to heavy immunosuppressive treatment.

Another very interesting application of allergen-specific IgG antibodies may be
prophylactic immunization (Fig. 2). There is some evidence that prenatal induc-
tion of allergen-specific IgG antibodies may protect against allergen-induced
sensitization and allergic inflammation in the offspring (Glovsky et al. 1991;
Jenmalm and Bjorksten 2000; Flicker et al. 2009). For prophylaxis, allergen-
specific IgG may be either administered to pregnant women who transmit the
protective IgG via their placenta to the children (Fig. 2c) or directly to the children
shortly after birth in order to prevent allergic sensitization (Fig. 2b).
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Cell-Based Therapy in Allergy

Ulrike Baranyi, Martina Gattringer, Rudolf Valenta
and Thomas Wekerle

Abstract IgE-mediated allergy is an immunological disorder occurring in response
to otherwise harmless environmental antigens (i.e., allergens). Development of
effective therapeutic or preventive approaches inducing robust tolerance toward
allergens remains an unmet goal. Several experimental tolerance approaches have
been described. The therapeutic use of regulatory T cells (Tregs) and the estab-
lishment of molecular chimerism are two cell-based strategies that are of particular
interest. Treg therapy is close to clinical application, but its efficacy remains to be
fully defined. Recent proof-of-concept studies demonstrated that transplantation of
syngeneic hematopoietic stem cells modified in vitro to express a major allergen
leads to molecular chimerism and robust allergen-specific tolerance. Here we review
cell-based tolerance strategies in allergy, discussing their potentials and limitations.
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1 Introduction

IgE-mediated allergic disorders are immunological hypersensitivity reactions.
Allergic immune responses occur against environmental, otherwise innocuous
antigens, known as allergens. Genetic and environmental factors influence sus-
ceptibility to allergic hypersensitivity (Akdis 2006; Vercelli 2008).

The only causative treatment available so far is allergen-specific immuno-
therapy (SIT), a vaccination strategy (Valenta 2002). Increasing doses of allergens
(mostly in the form of crude extracts) are administered to allergic individuals with
the goal to induce ‘‘desensitization’’. In this context, immunological tolerance in
allergy was suggested to be defined as persistence of efficacy after treatment
(Akdis and Akdis 2009). Numerous mechanisms have been suggested to show how
SIT alters B cell and T cell responses. Mechanisms may vary depending on
treatment protocol, route of administration and allergen preparation (Larche et al.
2006). SIT induces de novo humoral responses dominated by the production of
protective allergen-specific IgG antibodies, mainly IgG4 (Nouri-Aria et al. 2004;
Wachholz and Durham 2003). A Th2 to Th1 shift and induction of Tregs also
contribute to effectiveness (Bohle 2008). SIT is, however, associated with limited
effectiveness and considerable risks, as exemplified by anaphylactic reactions or
therapy-induced sensitization to additional allergens when crude extracts are used
(Valenta 2002). In addition to the need for more effective allergen-specific ther-
apeutic strategies, prevention of allergy by prophylactic induction of tolerance is a
major unmet need (Hamelmann et al. 2007).

Several experimental tolerance strategies have been described, with cell-based
approaches having gained particular attention in recent years. This review dis-
cusses induction of tolerance through cell therapies as a possible approach to
prevent and treat allergy.

2 Prevention of Allergy by Induction of Peripheral Tolerance

Peripheral, i.e., extrathymic, T cell tolerance is a critical mechanism of self-
tolerance and can either occur by peripheral clonal deletion (Webb et al. 1990),
anergy (Fathman and Lineberry 2007) or suppression (Sakaguchi 2005).
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Potent tolerance models relying on peripheral tolerance have been developed.
Conceptually, they suffer, however, from the drawback to have no mechanism in
place to tolerize newly developing T cells and thus their effects are usually limited
in duration (Wekerle et al. 2003).

2.1 Induction of Tolerance via the Mucosal Route

Specific non-responsiveness to inhaled and ingested allergens is a major goal in
IgE-mediated allergy. Mucosal tolerance is induced through administration of
antigens via the oral or nasal route (Faria and Weiner 2005). This phenomenon was
reported very early as protection of systemic anaphylaxis was observed upon
injection of hen0s egg protein in guinea pigs having been fed with the antigen (Wells
1911). Two primary mechanisms of mucosal tolerance have been described. Low-
dose antigen- feeding induces active suppression by generation of Tregs, high-dose
feeding regimens induce anergy (Friedman and Weiner 1994). TGFß (transforming
growth factor beta)-producing T helper type 3 (Th3) cells are a Treg subtype
specifically induced upon antigen-feeding (reviewed in Faria and Weiner 2005).
Beside T cell-mediated immunoregulation, induction of allergen-specific IgA
antibodies is a prominent mechanism of oral tolerance (Challacombe and Tomasi
1980).

Mucosal tolerance via the respiratory tract is more relevant to inhalant aller-
gens. High-dose intranasal exposure of one single dominant T cell epitope of the
house dust mite allergen Der p 1 was sufficient to induce T cell anergy toward the
whole Der p 1 allergen by linked suppression, a phenomenon prominently
described in transplantation (Hoyne et al. 1993, 1999; Qin et al. 1993). Dominant
T cell epitopes of different allergens and in different combinations have been
investigated for intranasal application, resulting in reduction of allergen-specific
IgE and IgG responses. However, allergen-specific isotypes are not completely
eliminated and only short-term follow up was reported in these models (Hufnagl
et al. 2005, 2008; Marazuela et al. 2008; Wild et al. 2007). Involvement of Tregs
and a Th2 to Th1 shift are important mechanisms in these protocols (Hufnagl et al.
2008; Marazuela et al. 2008; Winkler et al. 2006).

2.2 Induction of Tolerance by Intradermal Peptide Application

Systemic subcutaneous administration of T cell peptides of the major cat allergen
Fel d 1 (without adjuvant) successfully led to peripheral T cell tolerance in
experimental models. Translation to the clinical setting employing intradermal
administration of T cell peptides of Fel d 1, however, induced late asthmatic
reactions in some patients (Briner et al. 1993; Haselden et al. 1999; Oldfield et al.
2002). T cell responses were diminished, but humoral responses toward the full
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length allergen persisted (Briner et al. 1993). In a novel transgenic mouse model of
asthma mimicking the human situation systemic intradermal application of one Fel
d 1 immunodominant peptide in pre-sensitized mice resulted in resolution of
airway pathology through linked suppression, possibly through generation of
Tregs (Campbell et al. 2009). To allow full assessment of the potential of T cell
peptides as therapeutic vaccines, several parameters still need to be determined,
such as optimum length and dose of peptides (Larche and Wraith 2005).

2.3 Tregs as Cell-Based Therapy in Allergy

Regulatory T cells play a critical role in maintaining self-tolerance (Sakaguchi and
Powrie 2007). Numerous, incompletely defined, subpopulations of Tregs have
been described, with CD4+CD25+FoxP3+ natural Tregs arising from the thymus,
and adaptive/induced Tregs generated in the periphery playing major roles
(Feuerer et al. 2009). Tregs regulate T cell and B cell responses and also innate
immunity. Whether memory T cells are amenable to regulation by Tregs remains
controversial (Levings et al. 2001; Yang et al. 2007). The therapeutic exploitation
of Tregs has attracted enormous interest in recent years, fueled by hopes of
developing antigen-specific treatments for transplant recipients, autoimmune dis-
eases and allergies (Akl et al. 2008; Hutchinson et al. 2008; Riley et al. 2009). So
far, however, the physiology of Tregs remains incompletely understood and their
therapeutic potential largely unexplored (Schiopu and Wood 2008).

Several lines of evidence reveal a prominent role of Tregs in regulating, or
preventing, respectively allergic immune responses. A role for T regulatory type 1
(Tr1) cells in modulating allergic immune responses has been found by comparing
immune responses upon allergen exposure between healthy individuals and
allergic patients (Akdis et al. 2004). Natural high exposure of venom allergen
(phospholipase A2) induces a switch of specific Th1 and Th2 cells to Tr1 cells
(Meiler et al. 2008). Tr1 cells are of special therapeutic interest, as they are
currently under clinical investigation in bone marrow (BM) transplant recipients,
as are natural Tregs (nTregs) (reviewed in Roncarolo and Battaglia 2007;
Roncarolo et al. 2006; Schiopu and Wood 2008; Riley et al. 2009). First clinical
trials using freshly isolated or expanded donor nTregs show encouraging results in
the prevention of lethal graft versus host disease (GVHD) (Trzonkowski et al.
2009; Brunstein et al. 2011; Di Ianni et al. 2011) nTregs express the transcription
factor forkhead box P3 (FoxP3) (Miyara et al. 2009) and play an indispensable role
in maintaining self-tolerance (Sakaguchi et al. 2008). FoxP3-deficient patients
suffering from immunodysregulation, polyendocrinopathy and enteropathy
X-linked syndrome (IPEX) are affected by atopic disease, resulting in increased
serum IgE levels, eosinophilia, eczema-like skin lesions and enhanced Th2
responses. This provides clear evidence that Fox P3-expressing Tregs play an
essential role in suppression of Th2-driven immune responses in humans
(Chatila 2005).
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In experimental models in allergy, the therapeutic application of nTregs abol-
ished allergic airway inflammation (Kearley et al. 2005, 2008; Leech et al. 2007).
Transfer of nTregs resulted in reduction of allergen-specific IgE and a boost of
IgG1 immunomodulation after nasal administration of Der p 1 in an IL-10 inde-
pendent manner (Leech et al. 2007). In another model, ova-specific CD4+CD25+
T cells suppressed T cell responses in the lung but IgE responses were not altered
in a preventive approach (Kearley et al. 2005). Features of chronic allergen-
induced inflammation were resolved but established remodeling in the lung was
not reversed and humoral responses to allergen were not altered (Kearley et al.
2008). Thus, the use of natural Tregs has a suppressive effect on allergic airway
inflammation, but seems to be less effective in preventing IgE responses. Appli-
cation of FoxP3-transduced polyclonal CD4+ cells is effective in models of
autoimmunity and allo-transplantation (Chai et al. 2005; Jaeckel et al. 2005; Pilat
et al. 2010). Using polyclonal transduced Tregs together with the application of a
recombinant grass pollen allergen in preventive and therapeutic murine models,
we observed that allergen-specific IgE was not significantly reduced and T cell
responses were not suppressed (Baranyi, Pilat, Wekerle et al., unpublished data).

In summary, Treg therapy is of considerable interest for treating allergic dis-
eases. Numerous basic biological questions still need to be resolved in this new
field of investigation. Only then can the clinical potential of Treg therapy be
adequately assessed.

3 Tolerance Induction by Hematopoietic Stem Cell
Transplantation (HSCT)

Self-tolerance is mediated mostly by various subpopulations of hematopoietic cells
(von Boehmer and Kisielow 2006). Chimerism-based tolerance strategies emulate
this fundamental characteristic of physiologic self-tolerance with the aim of
inducing tolerance toward introduced, disease-causing antigens (Fehr and Sykes
2008; Wekerle and Sykes 2001). Such chimerism protocols are the only strategies
to reliably establish central tolerance, i.e., the intrathymic clonal deletion of
antigen-specific thymocytes. Thereby they provide mechanisms not only for to-
lerizing pre-existing mature T cells through peripheral mechanisms (Bigenzahn
et al. 2005; Wekerle et al. 2002), but also for continuously tolerizing the newly
developing T cells constantly arising in the thymus (Wekerle et al. 1998; Wekerle
and Sykes 2001). Moreover, chimerism is capable of inducing T cell, B cell and
NK cell tolerance (Sykes et al. 1998), and also tolerance in pre-sensitized recip-
ients (Colson et al. 2000). Tolerance induced by chimerism is thus of particular
robustness and durability.

Two types of hematopoietic chimerism can be distinguished: cellular and
molecular, with mixed chimerism being the most commonly used subtype of cellular
chimerism. Allogeneic donor BM (containing HSC) is transplanted to establish
mixed chimerism. In the case of molecular chimerism autologous (i.e., syngeneic in
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the rodent setting) HSC are transplanted after genetic modification ex vivo to express
the disease-causing antigen(s) (Bagley et al. 2002a).

Advanced experimental protocols of cellular hematopoietic chimerism have
been systematically developed for several decades. Translation to large animal
models and the clinical setting have been accomplished for transplantation toler-
ance (Fehr and Sykes 2008). Thus, chimerism-based tolerance is conceptually and
empirically an attractive tolerance strategy with demonstrated clinical potential.

3.1 Mixed Chimerism

Following transplantation of donor BM into appropriately conditioned recipients,
donor and recipient hematopoiesis co-exists ([1 \ 100% donor cells), leading to
donor-specific tolerance (reviewed in Sykes 2001; Wekerle and Sykes 2001).

Subsequent to the early observation of chimerism as a natural phenomenon in
cattle, the concept has been translated to numerous experimental models
(Billingham et al. 1953; Owen 1945). At first myeloablative recipient conditioning
was used (Ildstad and Sachs 1984), which has been extensively modified so that
substantially milder regimens have since become available (Pree et al. 2007).
Mixed chimerism was found to be preferable over full chimerism as it reduces the
risk of graft versus host disease (GVHD) and is associated with superior immu-
nocompetence (Singer et al. 1981; Sykes et al. 1988). The use of co-stimulation
blockers (mostly CTLA4Ig and anti-CD40L) as part of BM transplantation (BMT)
protocols allowed chimerism and tolerance to be induced with the mildest, least
toxic conditioning protocols developed to date (Durham et al. 2000; Pree and
Wekerle 2006; Snanoudj et al. 2006; Wekerle et al. 2000). Permanent engraftment
of conventional BM doses without recipient irradiation, remained however, an
important goal. Either unrealistic mega doses of BM (Blaha et al. 2005; Durham
et al. 2000; Wekerle et al. 2000), or recipient myelosuppression (by irradiation or
cytotoxic drugs) have been necessary (Adams et al. 2001; Blaha et al. 2003;
Koporc et al. 2008; Takeuchi et al. 2004). Co-transplantation of recipient Tregs
allowed for the first time the engraftment of conventional doses of fully allogeneic
BM without any myelosuppressive recipient conditioning (Pilat et al. 2010; Pilat
and Wekerle 2010).

The clinical potential of the mixed chimerism strategy has recently been
emphasized by two pilot trials. In the first series, patients suffering from chronic
renal insufficiency plus concomitant myeloma were simultaneously grafted with a
kidney and with BM from an HLA-identical sibling (Bühler et al. 2002; Fudaba
et al. 2006). Patients accepted the renal grafts without maintenance immunosup-
pression. In a subsequent trial, HLA-mismatched BM plus a kidney were trans-
planted into recipients with chronic renal failure (without concomitant
malignancy) (Kawai et al. 2008; LoCascio et al. 2010). Four out of five patients
became tolerant, with long-term preserved kidney graft function (reported follow
up of up to 5 years; one patient lost his graft due to humeral rejection). These
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results provide clinical proof-of-concept that transplantation tolerance can be
achieved through mixed chimerism (Pilat et al. 2009). Widespread application of
this regimen is, however, prevented by the extensive myelosuppressive host
conditioning which is required to allow even transient engraftment of HLA-mis-
matched BM and which is associated with substantial risks and toxicities.
Therefore, more advanced, milder protocols that already exist in the rodent setting
need to be translated to clinical use for routine application of the mixed chimerism
strategy to become realistic.

3.2 Molecular Chimerism

Transplantation of syngeneic HSC that have been genetically modified in vitro to
express disease-causing antigen(s) back into the same individual induces tolerance
toward the introduced antigen(s). This gene therapy has been successfully
employed in experimental models of allo- or xeno-transplantation and some
selected autoimmune diseases. Autologous HSCT has the advantage compared to
allogeneic HSCT that the risk of GVHD is avoided (Copelan 2006), and that the
lower immunological barrier would allow milder host conditioning (Bagley and
Iacomini 2003).

The safety issues associated with gene therapy, however, are a major drawback
of molecular chimerism. Retro- or lentiviral vectors currently used for gene
introduction into HSC cause substantial toxicity due to immune reactions or
oncogenesis (Baum et al. 2003; Hacein-Bey-Abina et al. 2008). Recently, progress
toward safer gene delivery has been reported (Aiuti et al. 2009; Mitsuyasu et al.
2009) and it is anticipated that acceptably safe vector systems will become
available some time in the future.

3.2.1 Introduction of Allo- and Xeno- Genes to Establish Tolerance

Major histocompatibility complex (MHC) molecules are the primary target of
immune responses in allotransplantation (Davidson and Diamond 2001; LeGuern
2007). Expression of single donor MHC class I and class II antigens can be
sufficient for inducing tolerance toward fully allogeneic donors under certain
circumstances, due to linked suppression and ‘‘infectious tolerance’’ (Frasca et al.
1997; Qin et al. 1993). Besides, certain alleles of MHC class I and II are strongly
associated with the risk of developing autoimmune disease.

Donor MHC class I or class II genes transduced into recipient cells in vitro and
transferred into recipients led to prolonged cardiac allografts survival (Madsen
et al. 1988). Similarly, swine MHC class II DRB was integrated by retroviral
transfer into murine and swine BM cells (BMC) in vitro (Emery et al. 1993; Shafer
et al. 1991). By translating this method to a porcine in vivo model, prolonged renal
allograft survival was achieved by transducing a single allogeneic MHC class II
gene into recipient BMC (Emery et al. 1997; Sonntag et al. 2001).
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In contrast, MHC class I gene transfer seems to be more difficult due to poor
peptide presentation of MHC class I peptides (LeGuern 2007). The congeneic
mouse strains B10.AKM (H-2Kk)-B10.MBR (H-2Kb)—differing in only one H-2K
allele—serve as a model of allogeneic molecular chimerism. Several studies
introducing the MHC class I (Kb) into murine BMC (Kk) showed hyporespon-
siveness and prolongation of skin allografts (Kb). In these protocols low trans-
duction efficiency at first resulted only in prolongation of skin grafts but not
durable tolerance (Bagley et al. 2000; Fraser et al. 1995; Mayfield et al. 1997). By
improving transduction efficiency of BMC by a different retroviral gene transfer
system, stable multilineage molecular chimerism and long-term skin graft toler-
ance was achieved (Bagley et al. 2002b). Mechanistically, central thymic deletion
plus peripheral mechanisms, including regulation by CD4+CD25+ Tregs, were
shown to play a role in this model (Forman et al. 2005, 2006; Kang and Iacomini
2002) and existence of molecular blood chimerism is required for durable toler-
ance (Tian et al. 2006).

In xenotransplantation (pig to human), natural xenoantibodies against the car-
bohydrate epitope Gal a-1, 3-Gal (agal) are an additional barrier. Thus both B cell
and T cell tolerance are required for long-lasting acceptance of xenografts.
Humans, Old World monkeys and Apes possess a diminished function of a1, 3-
galactosyltransferase (aGT), the enzyme producing agal (Galili et al. 1988). The
aGT knockout mouse (GT0) model (having IgG and IgM antibodies toward agal)
is used to study natural antibodies in xenotransplantation. By introduction of aGT
into syngeneic BMC B cell tolerance through molecular chimerism can be studied.
Long-term molecular chimerism and B cell tolerance were achieved even when
mice were pre-sensitized with pig cells and cardiac grafts from aGT expressing
mice were accepted in GT0 mice (Bracy and Iacomini 2000, 2002; Bracy et al.
1998, 2001; Kearns-Jonker et al. 2004; Mitsuhashi et al. 2006). Autologous
transduced BMC expressing aGT was also transplanted into rhesus monkeys and
xenoantibody production was strongly reduced after sensitization with porcine
cells (Fischer-Lougheed et al. 2006).

3.2.2 Introduction of Auto-Antigens to Establish Tolerance

Molecular chimerism has also been studied in selected autoimmune models
(Alderuccio et al. 2003). In experimental autoimmune encephalomyelitis (EAE), a
rodent model to study multiple sclerosis (Zamvil and Steinman 1990), genes
encoding for myelin oligodendrocyte glycoprotein (MOG), phospholipid protein
(PLP) , myelin basic protein (MBP) and antigens inducing EAE, were introduced
into BMC and established tolerance in EAE (Chan et al. 2008; Xu and Scott 2004;
Xu et al. 2006). In one study introduction of MBP resulted in worsening of the
disease, possibly due to insufficient MBP expression (Peters et al. 2000). Intro-
duction of one peptide epitope of MOG (MOG40–55) fused to a murine MHC
II-associated invariant chain into syngeneic BMC resulted in tolerance induction in
preventive and therapeutic models reported recently (Eixarch et al. 2009).
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In the NOD type I diabetes model autoreactive T cells respond to islet antigens
(insulin, glutamic acid decarboxylase (GAD) and others). The MHC class II region
in NOD mice encodes a single MHC class II molecule I-Ag7 (homologue to human
HLA-DQB1 lacking a charged amino acid at position 57 associated with sus-
ceptibility to develop type 1 diabetes) which confers susceptibility to spontaneous
type I diabetes (Atkinson and Leiter 1999). Induction of molecular chimerism
through transplantation of BM expressing a ‘disease-resistant’ MHC class II
molecule prevented type I diabetes in NOD mice and was sufficient to restore
normoglycemia after islet transplantation and led to central thymic deletion of
autoreactive T cells (Tian et al. 2004a, 2007a).

3.3 Hematopoietic Stem Cell Transplantation and Allergy

Cases in which BM transplanted from allergic donors induced allergies in the
recipient have been reported. In reverse, allergies have been described to be cured
in allergic recipients receiving a BMT from a healthy donor, suggesting that BMT
is an effective treatment for allergies (though of course not indicated for this
disease). No systematic, prospective evaluation of these issues, however, is
available (Hourinhane et al. 2005; Khan et al. 2009; Storek et al. 2011).

4 Induction of Tolerance via Molecular Chimerism in Allergy

Molecular chimerism is an effective strategy for tolerance toward allo- and auto-
antigens. We recently started to investigate this strategy for tolerance in allergy.
As most clinically relevant allergens have been identified and are available as
cDNAs (Valenta and Kraft 2002), and as only a limited number of allergens is
relevant in any given patient (and even geographical) region, allergies seem par-
ticularly suited for the molecular chimerism approach.

4.1 Prevention of Allergy by Induction of Tolerance
via Molecular Chimerism

In proof-of-concept studies, we developed a preventive experimental model for
induction of tolerance via molecular chimerism (Baranyi et al. 2008). A clinically
relevant grass pollen allergen, Phl p 5 (Vrtala et al. 1993), was employed as model
allergen. Phl p 5 is highly immunogenic upon subcutaneous immunization with the
adjuvant aluminiumhydroxide in wild type mice (BALB/c) (Linhart et al. 2007).
For cell surface expression on HSC Phl p 5 was fused to a signal peptide and a
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transmembrane domain and ligated into a retroviral expression vector. Syngeneic
BMC were transduced with recombinant retroviruses integrating Phl p 5 and
thereafter Phl p 5-expressing BMC were transplanted into myeloablated syngeneic
recipients. Mice transplanted with Phl p 5-transduced BM and mice of control
groups were repeatedly immunized with recombinant (r) Phl p 5 and an unrelated
allergen (rBet v 1) post BMT. BMT of Phl p 5-transduced cells resulted in stable
long-term multilineage chimerism (follow-up approximately 9 months). Trans-
duction of true HSC, already suggested by long-term multi-lineage chimerism, was
confirmed through successful transplantation of BM taken from chimeras into
secondary recipients (Down and Ploemacher 1993).

In this model durable tolerance was demonstrated by the complete absence of
Phl p 5-specific IgE, IgA and IgG antibodies throughout follow up while high
antibody responses to Bet v 1 were preserved. Tolerance at the effector cell levels
in vitro and in vivo toward Phl p 5 was also achieved. T cell tolerance toward the
introduced allergen was demonstrated by unresponsivess in proliferation assays.
These results have been confirmed by transplanting BM transduced with a distinct,
unrelated allergen (Bet v 1) (Gattringer, Wekerle et al., unpublished). Again
lasting molecular chimerism and allergen-specific tolerance were observed.
Therefore molecular chimerism is uniquely potent in establishing complete and
permanent tolerance at the T cell, B cell and effector cell levels in experimental
type I allergy (Baranyi et al. 2008, 2009).

4.2 Anticipated Impediments to Translate Molecular Chimerism
to the Clinical Setting and Possible Solutions

Safety aspects have high priority in prophylactic approaches in allergy (Kulig et al.
1999). Therefore non-toxic protocols are a pre-requisite for translation. The
experimental protocol employed in our proof-of-principle study entails several
components that cannot be applied clinically, such as retroviral gene transfer,
irradiation and others. We propose that solutions to these problems can be envi-
sioned (Fig. 1).

4.2.1 Moving to Safer Protocols

Retro- or lentiviral vector-based delivery to integrate transgenes is efficient but
associated with oncogenicity and mutagenesis (Thomas et al. 2003). The hyper-
active Sleeping Beauty DNA transposon was shown to integrate transgenes in a
robust and stable manner into CD34+ HSC reconstituted in mice and was even
successful to modify T cells before transfer in humans in a gene therapy approach
(VandenDriessche et al. 2009). Therefore DNA transposons are a potential safer
alternative for integrating genes into HSC.

In constrast to murine models, in which chimerism needs to persist in order to
maintain robust tolerance (Tian et al. 2006), transient mixed chimerism was
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sufficient for tolerance in monkey models and clinical trials (Kawai et al. 2008;
Ochiai et al. 2007). Thus, if transient chimerism suffices episomal, non-integrating
delivery can be used, or antigens can be anchored directly to the cell surface
(Belting and Wittrup 2009; Thomas et al. 2003; Yolcu et al. 2002).

In our proof-of-principle study, mice received a myeloablative dose of irradi-
ation. Reduction of irradiation resulted in lower chimerism levels, but mice were
still tolerant long-term (Baranyi, Wekerle et al., unpublished). In other models of
molecular and mixed chimerism very mild experimental protocols have already
been developed and could be translated to the allergy system in the future (Blaha
et al. 2003; Eixarch et al. 2009; Forman et al. 2005; Tian et al. 2008; Wekerle et al.
2000; Pilat et al. 2010).

Application of the co-stimulation blocker anti-CD40L (anti-CD154) turned out
to be very efficient in mixed chimerism rodent models (Wekerle et al. 1998). In a
molecular chimerism model anti-CD40L was reported to enhance BM engraftment
(Bagley et al. 2002c). Anti-CD40L is also effective in preventing sensitization to
an allergen (Linhart et al. 2007). Unfortunately, this antibody induces severe

Fig. 1 Obstacles and envisioned solutions of cell based therapy by molecular chimerism,
describing the hurdles on the way to clinical application starting with a proof-of-principle
experiment in the mouse model
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thromboembolic side effects in large animals and humans, and is therefore not
used in the clinical setting (Kirk et al. 1999; Sidiropoulos and Boumpas 2004).
Studies recently published show successful substitution of anti-CD40L by block-
ade of CD40 in murine models in allo-transplantation (Gilson et al. 2009), but
clinical applicability remains uncertain. Blocking alternative co-stimulation
pathways may also allow avoidance of anti-CD40L.

HSC engraftment requires—at least some—recipient conditioning. The trans-
plantation of mature T cells instead of HSC in a murine model of molecular chi-
merism (crossing a MHC I barrier) led to long-lasting central tolerance by re-entry of
mature T cells into the thymus (Tian et al. 2004b, 2007b, 2008). Thus, the use of
allergen-expressing mature T cells, or other hematopoietic cell populations (McCurry
et al. 2006), is an attractive alternative to be explored as a substitute for HSC.

4.2.2 Avoiding Anaphylaxis

Expression of full length allergens on transplanted BM—as in our proof-of-con-
cept studies—implies the risk of anaphylaxis, mostly in the therapeutic but also in
the preventive setting. Intracellular expression of an antigen was sufficient to
induce T cell tolerance in mice (Tian et al. 2003). Expressing dominant T cell
epitopes of allergens on the surface of HSC would conceivably avoid the risk of
anaphylaxis, provided that T cell tolerance is sufficient to induce B cell tolerance,
as it has been described (Li et al. 2008). Use of small peptides would also facilitate
fusion of several dominant T cell epitopes of various allergens to achieve pro-
tection toward several allergens at the same time.

5 Conclusion

Preventive and therapeutic tolerance strategies are an important goal for improved
medical management of allergies. Cell-based therapies are attractive candidates for
development and substantial progress has been achieved in this field at the
experimental level. Evaluation of Treg therapy has begun for certain indications
and will allow a better appreciation of its usefulness in the treatment of allergy.
Molecular chimerism is a powerful experimental approach leading to particularly
robust allergen-specific tolerance. Its development is currently at an early proof-
of-concept stage, but further progress toward clinical application in the long-term
future can be envisioned.
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