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A B S T R A C T

Several studies conducted in animal models for immunologically-mediated hypersensitivity diseases have shown
that oral administration of antigens early in life can prevent the development of specific humoral and cellular
immune responses and thus hypersensitivity reactions to the respective antigens. Such data were also obtained in
models for Immunoglobulin E (IgE)-associated allergy, the most common hypersensitivity disease affecting more
than 25% of the population. Based on data obtained in animal models for allergy several clinical intervention
studies have been conducted in children to study if oral administration of materials containing allergens or
allergen-derived peptides early in life can prevent the subsequent development of allergy. In this article we argue
that oral tolerance induction could be a potent way to prevent allergy and may be even improved regarding
efficacy provided that well-defined allergen molecules and/or allergen-derivatives were used in optimized dose
regimens and periods of intervention. The knowledge regarding the molecular and immunological character-
istics of allergens which has been achieved in the last decades is a prerequisite for such a treatment. In fact,
defined recombinant allergens/allergen derivatives and allergen-derived synthetic peptides from the most
common allergen sources are now available for targeted intervention. Moreover, molecular allergy diagnosis
allows deciphering the disease-causing relevant allergens for different regions in the world allowing composing
cocktails of tolerogens according to the needs of populations from different parts of the world. Furthermore, it is
suggested to use defined allergen molecules and epitopes in the analysis of clinical tolerance studies. This will
allow understanding if clinical unresponsiveness is due to true immunological tolerance or to other mechanisms
such as induction of blocking antibodies or cellular immunomodulation. Using molecularly defined tolerogens it
can now be explored if oral tolerance induction is a powerful strategy to prevent IgE-associated allergy.

1. Introduction

IgE-associated allergies affect more than 25% of the population
worldwide [1]. Allergic symptoms include a plethora of symptoms such
as allergic rhinoconjunctivitis, bronchial asthma, skin allergy, food al-
lergy and life-threatening anaphylaxis. The hallmark of allergy is the
production of IgE antibodies against harmless antigen (i.e., allergens)
(Textbox 1) which can bind to inflammatory cells such as mast cells,
basophils, eosinophils and antigen presenting cells via specific Fcε re-
ceptors [2]. A subsequent contact with allergen then leads to the acti-
vation of these cells and the consecutive release of inflammatory
mediators, cytokines and/or presentation of allergen to specific T cells

which causes immediate and late phase allergic inflammation. Allergen-
specific IgE responses as well as T cell responses are therefore crucial
for the development of allergic symptoms in sensitized patients. Soon
after the discovery of IgE antibodies [3,4] serological tests, especially
the radioallergosorbent test RAST, [5] were established which allowed
the detection of allergen-specific IgE antibodies in allergic patients.
Thus it became possible to identify allergenic molecules in the various
allergen sources by their specific reactivity with IgE antibodies from
patients and, after purification, to determine their allergenic activity in
cellular assays and by in vivo provocation testing [6]. A major break-
through regarding the characterization of the disease-eliciting allergen
molecules was the introduction of molecular cloning technologies for
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the isolation and characterization of allergen-encoding cDNAs which
allowed to produce the most relevant allergen molecules as re-
combinant proteins. Soon after the isolation of the first allergen-en-
coding cDNAs, recombinant allergens became available to characterize
the allergen-specific immune response in allergic patients in great detail
and to develop new forms of allergen-specific diagnostics and im-
munotherapies based on defined allergen molecules or derivatives
thereof [6]. In contrast to many other hypersensitivity diseases (e.g.,
autoimmune diseases, transplant rejection) where the disease-trig-
gering antigens and the operative pathomechanisms are not fully
known, IgE-associated allergy is a paradigmatic disease for exploring
therapeutic and preventive antigen-specific strategies because most
identified allergens are well characterized.

1.1. Why IgE-associated allergy could be prevented by oral tolerance

It has been shown in classic experiments that systemic exposure to
antigens early in life when the immune system develops can induce a
state of immunological tolerance which is characterized by the inability
to form any adaptive effector (i.e., specific humoral or cellular) immune
response [7]. Many of these classic experiments have been conducted in
the field of transplantation immunology showing that transfer of cells
from a foreign donor to a recipient soon after birth can induce tolerance
against transplants from the donor [8,9]. In a series of elegant experi-
ments carried out in experimental animal models it has been shown that
hematopoetic stem cells can be transduced to express transplant anti-
gens, autoantigens and allergens to induce long-lasting tolerance in the
host [10–13]. Likewise it has been shown that feeding of antigens early
in life can induce a similar form of immunological tolerance char-
acterized by a loss or strong reduction of humoral and cellular immune
responses against the fed antigen [14,7]. Oral tolerance induction
(Textbox 1) has therefore been considered as possible intervention for
immunological hypersensitivity diseases such as autoimmune disease
and allergy but it turned out that the treatment cannot fully abolish an
immune response which has already started. Therefore oral tolerance
has limitations when it comes to its use for therapy of an already es-
tablished hypersensitivity disease [15]. However, oral tolerance in-
duction should be considered as a preventive intervention early in life
before and during the development of the adaptive immune system. It
requires a precise knowledge of the disease-causing antigens and the
possibility to produce these antigens in large quantities and in a form
which induces tolerance instead of sensitization. These prerequisites are
fulfilled in the case of IgE-associated allergy because the molecular
structures of most of the disease-causing allergens are known.

1.2. Animal studies to induce oral tolerance for prevention and treatment of
IgE associated allergy: what can we learn from them?

Already in 1911 Wells & Osborne published a study showing that
feeding of guinea pigs with cornmeal before sensitization prevented
them from death upon subsequent challenge with zein protein [16]. A
similar finding was reported for delayed type hypersensitivity in 1946
[17]. Guinea pigs which were fed with dinitrochlorobenzene did not
develop reactions to the hapten when it was painted on their skin.
Table 1 [14,18–47] and [48] provide an overview of studies in which
pre-feeding of animals with antigens, allergen extracts, allergens or
allergen-derived T cell epitope-containing peptides prevented or re-
duced subsequent production of IgE, IgG and/or T cell responses in-
duced by sensitization. A comprehensive general overview of the his-
tory of oral tolerance induction is given by Rezende &Weiner in this
issue [49]. Among the studies in Table 1, the study published by David
in 1977 is quite informative because it has investigated several para-
meters of oral tolerance induction for prevention of allergic sensitiza-
tion [19]. In this study rats were fed ragweed pollen extract or control
antigens before sensitization and the effects of this treatment on sub-
sequent allergic sensitization was measured by assessment of IgE anti-
body formation and the development of anaphylactic reactions. Speci-
fically the influence of the age when the feeding was started, the
duration of feeding and the effects of terminating feeding were in-
vestigated. The study demonstrated that early and frequent feeding is
important to achieve immunological tolerance. Furthermore, animals
could be sensitized when feeding was stopped long enough. Another
important finding was that after feeding, antigen was present systemi-
cally in the animals indicating that similar mechanism of tolerance may
be operative in oral tolerance induction as compared to tolerance in-
duced by exposing antigen via stem cells or by systemic administration
[50,51]. The studies summarized in Table 1 also show that oral toler-
ance induction for prevention of allergic sensitization is possible in
different animals (e.g., rats, mice, dogs) and for different antigens (e.g.,
experimental antigens such as ovalbumin, albumin, food allergens, re-
spiratory allergens). Most of the early studies were conducted with
experimental antigens without clinical relevance for patients but with
the characterization of allergens which are clinically relevant for al-
lergic patients, also defined pollen allergen molecules (e.g., birch pollen
derived Bet v 1, cypress pollen-derived Cry j 1, Cry j 2) [41–44] as well
as house dust mite allergens [40] were studied. Another aspect to
consider is how allergic sensitization is induced in experimental animal
models. Since a robust induction of allergic sensitization can be best
achieved by immunization with Alum-adsorbed allergens, there are

Textbox 1
: Definations

Allergen: An antigen which induces IgE-associated allergy in susceptible individuals.
Oral tolerance (OT): Inhibition of specific immune responses by oral pre-administration of an antigen. OT thus induces immunological

tolerance.
Oral allergen-specific immunotherapy (OIT): Administration of allergen via the oral route to allergic patients to reduce clinical

symptoms upon subsequent allergen encounter. OIT thus induces clinical tolerance.
Sublingual immunotherapy (SLIT): Administration of allergen by the sublingual route to allergic patients to reduce clinical symptoms

upon subsequent allergen encounter. SLIT aims to induce clinical tolerance.
Clinical tolerance: Reduction or lack of clinical reactions towards an antigen.
Immunological tolerance: Lack of adaptive immune response towards a particular antigen used for tolerance induction while

maintaining reactivity to others.
Hypoallergen: Modified allergen-derivative, often produced by recombinant expression, with reduced allergenic activity that can

induce protective antibody responses in allergic patients upon immunotherapy with reduced risk of IgE-mediated side-effects.
Carrier-bound B cell epitopes: Non-allergenic peptides derived from the IgE binding sites of allergens which are linked to an unrelated

carrier protein for immunotherapy of allergic patients with reduced risk of inducing IgE- and T cell-mediated side effects.
T cell epitope-containing peptides: Allergen-derived peptides, often made by chemical synthesis, that contain T cell epitopes of the

allergen but have no IgE-binding capacity.
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fewer studies having investigated oral tolerance in animals which have
been sensitized only by respiratory or oral allergen administration.
Interestingly, one study reports that the mode of secondary antigen
challenge had different effects on the quality of tolerance during the
neonatal period and indicates that tolerance induction may be possible
even in 6–8 week old mice [52].

Of particular interest is a study published in 1994 because it showed
that feeding with recombinant major house dust mite allergen Der p 1
as well as with T cell epitope-containing peptides of Der p 1 could
decrease Der p 1-specific T cell responses [40]. When reviewing the
studies in Table 1 it becomes apparent that oral tolerance induction has
attracted the interest of the food industry because the ability of hy-
drolyzed food antigens, in particular of milk hydrolysates to induce
tolerance to complete coẃs milk allergens has been studied
[30,32,33,37,38]. In fact, coẃs milk hydrolysates with reduced IgE
reactivity and allergenic activity are used in the diet of coẃs milk al-
lergic children and the hope seems to be that these formulas may
contain T cell-reactive milk peptides capable of inducing oral tolerance
when used as an early diet [53,54]. However, a major problem in such
an approach is that due to extensive hydrolization and use of selective
formulas (e.g., whey proteins) the T cell epitope repertoire of the in-
dividual coẃs milk allergens varies and thus does not guarantee oral
tolerance induction against all relevant coẃs milk allergens. Another
interesting aspect of the studies displayed in Table 1 is that in certain
studies the authors have developed vehicles to deliver the tolerogens.
For example, Lactococcus lactis strains producing lactoglobulin [35] or
genetically modified rice expressing cypress pollen allergens [45,46]
have been produced to induce oral tolerance but the risk of such an
approach is the uncontrolled release of unknown quantities of intact
allergens in the gut. Another interesting finding was that protection of
the coẃs milk allergen ß-lactoglobulin in biodegradable particles al-
lowed to reduce the antigen dose for oral tolerance induction [33] but
again the release of uncontrolled amounts of intact allergen in the gut
remains as a possible concern of such an approach.

The important role of T cells for preventive oral tolerance against
allergens becomes apparent because several studies demonstrate that
oral tolerance can be induced by feeding of T cell epitope-containing
peptides [40] and that tolerance induction can be suppressed with
drugs inhibiting T cell function [23]. Even in the animal models oral
tolerance induction is not always complete in terms of abolishing an-
tibody, T cell, cytokine, effector cell activation and symptoms. Fur-
thermore, the review of the studies in Table 1 indicates that the detailed
mechanisms of oral tolerance induction are not fully elucidated even in
the animal models and may include central tolerance, regulatory/im-
mune suppressive cytokines, regulatory T cells or Th3 cells.

1.3. Oral tolerance in clinical trials in humans: true immunological
tolerance or “only” clinical tolerance?

Oral administration of allergens for treatment and prevention of

allergy has been and is used in several clinical studies. Three articles in
this issue are focused on oral immunotherapy of allergy (OIT) and one
on sublingual immunotherapy (SLIT) [55–58]. OIT and SLIT are forms
of allergen-specific immunotherapy (AIT) which aim to reduce allergic
symptoms in patients who are already allergic (Textbox 1). Interest-
ingly OIT is mainly, if not exclusively conducted for food allergies and
in particular for allergies to foods containing allergens that are quite
resistant to digestion in the gastrointestinal tract such as milk, egg and
peanut allergens. A few early studies conducted with respiratory al-
lergens which are easily degraded in the GI tract have yielded negative
or inconclusive results [59–62], presumably due to the fact that the
allergens were degraded and hence did not induce systemic immune
responses required to modulate the allergic immune response and thus
to reduce clinical sensitivity. Thus OIT seems to be effective only for
few allergen sources. Another major problem of OIT is the induction of
often severe side effects due to allergic reactions to the administered
allergens [63,64]. The assessment of immunological effects of OIT
conducted with food allergens demonstrate that OIT is usually accom-
panied by an induction of allergen-specific IgG antibodies, by altera-
tions of allergen-specific T cell and cytokine responses and by sup-
pression of allergen-induced mast cell and basophil activation which
mainly seems attributable to the induction of allergen-specific IgG an-
tibodies which block allergen-induced cross-linking of IgE on allergic
effector cells [65]. As a result of these immunological alterations a state
of clinical tolerance can be observed in treated patients which is ac-
companied by the patients ability to tolerate higher doses of allergen.
Accordingly the term “clinical tolerance induction” seems appropriate
to capture the effects of OIT (Textbox 1). However, OIT does not induce
true immunological tolerance which should be accompanied by a lack
or reduction of allergen-specific antibody, T cell and cytokine responses
as it is observed in the classical models of oral tolerance induction in
the animal studies described in Table 1 (Fig. 1). By contrast, OIT leads
to increases of allergen-specific IgG blocking the IgE-allergen interac-
tion and alterations of T cells and cytokine responses. Both im-
munological alterations obviously lead to a reduction of clinical
symptoms but the mechanisms are entirely different (Fig. 1, right part).
The discrimination of true immunological tolerance from clinical tol-
erance becomes an even more important issue if one reviews so-called
oral tolerance studies conducted in infants or children (Table 2)
[66–80]. Most, if not all of these studies are conducted with the goal to
prevent the development of food allergies. The major endpoints of al-
most all of the allergy prevention studies are clinical endpoints mea-
suring “clinical tolerance” of the respective food allergens in terms of a
reduction of clinical symptoms, the ability of consuming the food and/
or a reduction of the risk of developing symptoms of food allergy
(Fig. 1). Several of these intervention studies provide evidence that
early introduction of food allergens may reduce the risk of developing
food allergies [67–69,71,72,74,75,79,80] similar as is observed in
certain populations in which certain food antigens are introduced early
in the diet [81]. However, the immunological mechanisms underlying

Fig. 1. Signs of true immunological tolerance versus clinical toler-
ance.
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this clinical tolerance remain unclear because only few studies in-
vestigated immunological endpoints and those which did, did not find
signs of true immunological tolerance such as abolishment or reduction
of adaptive immune response towards the administered food allergens
[66,73]. It should be also mentioned that several studies report no ef-
fects of early food allergen intake on the development of food allergies
[70,73,76–78] and it is difficult to say what factors were responsible for
the different outcomes. In most of the oral prevention studies the intake
of food allergens did not start before month 4 raising the question if this
time of intervention is not too late to induce true immunological tol-
erance considering the results from the animal studies which indicate
that early intervention is critical for a successful induction of true oral
tolerance [19]. In line with this thinking are the results of the German
Infant Nutritional Intervention (GINI) studies in which children were
fed hydrolyzed coẃs milk formulas immediately after birth which led to
reduced allergic manifestations even after prolonged observation of the
children until 6 years of age [67,68,71] but these studies have not in-
vestigated immunological parameters and if the effect of intervention
was antigen-specific. The early study by Platts-Mills regarding cat al-
lergy actually has shown that early cat exposure in childhood does not
induce immunological tolerance but rather a protective IgG responses
[82]

Another early prevention study which was performed for celiac
disease (CD) [73], a T cell-mediated hypersensitivity reaction to wheat,
has performed a detailed analysis of immunological and clinical para-
meters. This study is interesting because it has investigated children
who were genetically predisposed for developing CD. The major out-
come of the study was that children who were fed gluten early at 4
months of age as well as children who were exposed to gluten later (i.e.,
after 6 months) developed at similar frequencies CD at the age of 3. The
only difference between the groups was that the group of children who
were fed gluten as early intervention developed gluten-specific immune
responses earlier than the children without early feeding. This study
thus demonstrates that feeding of intact food antigens at the age of 4
months does not induce immunological tolerance but rather an early
sensitization. Whether the lack of immunological tolerance induction in
this study was due to the fact that the intervention was too late, or due
to the feeding of intact antigen capable of inducing an immune response
remains an open question. In the case that serum samples from studies
summarized in Table 2 were still available it would be interesting to
subject these serum samples to a detailed analysis of antibody responses
towards a comprehensive panel of defined food allergens and their
epitopes as well as to other allergens to obtain more knowledge re-
garding the immunological effects of the interventions. Chip tests
containing comprehensive panels of micro-arrayed allergens and their
epitopes have been successfully used to analyze antibody responses in
birth cohorts with small volumes of serum and thus would be available
for further data mining in the intervention cohorts [83,84].

2. Recombinant allergens, allergen derivatives and synthetic
peptides: defined tools for oral tolerance in allergy

Since the publication of the first DNA sequences of important al-
lergens in the late 1980ties [85–87], the molecular structures of the
clinically most relevant allergens have been revealed and IgE and T cell
epitopes recognized by allergic patients have been mapped [6]. Using
recombinant expression and synthetic peptide chemistry it has become
possible to produce allergen-derivatives with defined immunological
properties for targeting the immune system by specific mechanisms
(Fig. 2) [88]. The term “recombinant allergen” or “recombinant wild-
type allergen” defines a recombinant allergen which has been made to
resemble the IgE and T cell epitopes of the corresponding natural al-
lergen [89,90]. Such recombinant allergens are used for diagnostic
purposes and replace natural allergens which often contain impurities
or consist of mixtures of isoallergens with different properties. Upon
administration, recombinant wildtype allergens can in principleTa
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stimulate allergen-specific IgE, IgG and T cell responses. Wildtype al-
lergens are extremely well-defined in terms of structure and can be
administered in defined quantities. They can be used for oral tolerance
induction because they resemble the epitope spectrum of the natural
allergens but it is possible that they can induce also an unwanted IgE
sensitization.

The term “hypoallergen” defines an allergen derivative which
usually is produced by recombinant expression and has been modified
from the original allergen by reducing its IgE reactivity and allergenic
activity (i.e., its ability to induce IgE-mediated allergic reactions in a
sensitized individual) (Textbox 1). Hypoallergens are made to preserve
the T cell epitope repertoire of the corresponding natural allergen and
upon administration can induce allergen-specific IgG antibodies but
also to some extent IgE responses [91–94]. Recombinant hypoallergens
can therefore be considered as eventually superior candidate molecules
for oral tolerance induction over wildtype allergens because of their
reduced IgE reactivity and reduced ability to induce IgE responses
(Fig. 2).

Carrier-bound B cell-epitope-containing allergen peptides are made
by grafting non-allergenic peptides from the IgE binding sites of aller-
gens to carrier proteins which are not allergen-derived [95–99]
(Textbox 1). Thus the presence of allergen-derived T cell epitopes is
reduced in these derivatives (Fig. 2). They have been shown to have a
profoundly reduced allergenic activity and upon administration induce
allergen-specific IgG responses blocking IgE binding to the allergens
without inducing IgE responses by receiving T cell help from the non-

allergenic carrier protein [97]. The carrier-bound B cell-epitope-derived
peptides seem to be optimal for therapeutic allergen-specific im-
munotherapy because of their reduced allergenic activity and ability to
induce protective allergen-specific IgG responses but the absence/re-
duction of allergen-specific T cell epitopes makes them less suitable for
oral tolerance induction.

Synthetic peptides containing allergen-derived T cell epitopes can
be produced by synthetic peptide chemistry to resemble allergen-spe-
cific T cell epitopes of the natural allergens (Fig. 2) (Textbox 1). Due to
the short length these peptides usually lack secondary structure and
thus show no IgE reactivity [98,100,101]. Upon administration T cell
epitope-containing peptides can target allergen-specific T cells but do
not induce allergen-specific IgG or IgE responses. The lack of induction
of allergen-specific IgG responses may in fact have been responsible
why T cell peptide-based AIT has not been clinically effective (http://
www.circassia.com/media/press-releases/circassia-announces-top-
line-results-from-cat-allergy-phase-iii-study/) but these peptides should
be useful for oral tolerance induction and should bear a low risk of
inducing allergic sensitization upon administration. Major advantages
of the listed candidate molecules for oral tolerance induction are that
they can be produced in defined qualities, amounts and with defined
properties to target the immune system in a highly specific manner.
These features are important for performing precise investigations in
experimental animal models and for their use in clinical trials which
require the use of highly defined drug products that are manufactured
under GMP (Good manufacturing practice) conditions.

Fig. 2. From undefined allergen source-derived materials to defined
tolerogens: Recombinant allergens, allergen-derivatives and allergen-
derived synthetic peptides.
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3. Towards a systematic and molecular approach for oral allergen-
specific tolerance

3.1. Defining the optimal combination of allergens and allergen-derivatives
for oral tolerance: grasping regional variations of sensitization profiles with
micro-arrayed allergens

Since the first demonstration that recombinant allergens can be used
for diagnosis of allergy and for identifying allergic patients molecular
sensitization profiles in 1991 [102], innovative technologies for deci-
phering allergic patients sensitizations patterns have been developed. In
2002 the first study was published demonstrating that comprehensive
panels of allergen molecules can be immobilized on chips to allow si-
multaneous testing towards a broad variety of allergens with a few
microliters of serum or plasma [103]. In the meantime the allergen
micro-array technology has become not only an important tool for
routine allergy diagnosis [104,105] but has also been used to in-
vestigate IgE reactivity profiles in birth cohorts and populations from
different parts of the world [83,84]. Data from birth cohorts demon-
strate that the IgE reactivity profiles of allergic patients are established
in the first few years of life [106–112].

Once they are established they seem to remain unaltered in adult
patients. In fact a study testing sera from adult allergic patients col-
lected over a period of ten years for IgE reactivity to almost 100 al-
lergen molecules showed that the IgE reactivity profiles did not change
over the ten years observation period [113] Depending on the local
environment allergic patients acquire IgE sensitizations against certain
allergen molecules which are prevalent in the region where they are
born and grow up. This has been noticed already very early when the
prevalence of IgE recognitions of patients from northern, middle and
southern parts of Europe were tested for IgE reactivity to recombinant
birch pollen allergens [114]. One recent study even demonstrated that
changes in the local vegetation caused by a governmental replanting
program or by natural change of flora changed the molecular sensiti-
zation profiles of the population within two generations [115]. Using
the micro-array technology it is thus possible to determine the key al-
lergens for different parts of the world (Fig. 3) and to establish a
“shortlist” of the most relevant allergens. For example, it was found that
sensitization to clinically relevant pollen allergens was rare in the
Philippines whereas sensitization to house dust mite and pet allergens
was very common [116]. Different sensitization profiles were found in
Middle Europe as compared to Northern Europe regarding sensitization

to house dust mite allergens which were frequently recognized in
Middle Europe and rarely in Northern Europe [117,118]. Furthermore,
different sensitization profiles to various plants pollen allergens were
found in a study investigating IgE reactivity profiles to micro-arrayed
pollen allergens in different parts of France [119]. In the course of the
European MeDALL research project [1] scientists have tested serum
samples from birth cohorts from different parts of Europe using the
micro-array technology and are currently working on the establishment
of a molecular allergen map for Europe which will allow to define the
key molecules for tolerance induction. Similar analyses are currently
performed also for other regions of the world [120] so that we can
expect that a quite complete world-wide map of molecular sensitization
profiles will become available soon.

The detailed knowledge of the relevant allergens in different parts of
the world will be very useful to design tolerogenic allergen mixtures for
the different populations. Furthermore, the fact that sensitization to
certain allergen molecules is highly prevalent in certain countries will
be extremely helpful for the design of clinical studies investigating the
effects of tolerogenic candidate molecules in humans. For example,
approximately 25% of the population in Scandinavia (e.g., Sweden,
Finland) and Russia are sensitized to the major allergen of birch pollen,
Bet v 1 [108]. The high prevalence of Bet v 1 sensitization will thus
greatly facilitate clinical trials for tolerance induction in these countries
because Bet v 1 can be used as model allergen to study tolerogenic
strategies aiming to suppress Bet v 1-specific sensitization and immune
responses.

3.2. The possible importance of formulating the tolerogen

As summarized in Table 3, different strategies have been used in
experimental animal studies to facilitate oral tolerance induction
[24,25,30,32,35,41,45,46]. For example, cholera toxin has been sug-
gested as an “adjuvant” to facilitate tolerance induction but it has also
been used to induce allergic sensitization [24,41]. It is thus possible
that it promotes allergic sensitization rather than tolerance induction.
Another vehicle for transporting tolerogens via the oral route is to use
milk or hydrolyzed milk preparations which have the potential ad-
vantage that the tolerogen can be administered in a “natural formula-
tion” already early in life, if not immediately after birth [25,30,32]. In
fact, data from experimental animal studies indicate that it is important
to administer the tolerogen continuously and already early in life [19].
Other investigators have thought about engineering bacteria or

Fig. 3. Defining the relevant allergens for different regions in the
world using micro-arrayed allergen molecules.
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preparing transgenic food to express allergens for oral tolerance in-
duction [35,45,46]. While the technology bypasses the expense of
purifying recombinant allergens and could prolong the exposure to al-
lergen it will be very difficult to control the amount of expression of the
allergen in the transgenic organism. Expression of the allergen by ge-
netic engineering in other organisms as well as encapsulation of aller-
gens into microspheres [33] may reduce the amount of allergen which
is needed for tolerance induction but on the other hand may bear the
risk that large amounts of intact allergen enter the body and eventually
induce allergic sensitization. It may therefore be important to combine
optimal allergen derivatives and formulation strategies to obtain a safe,
convenient and effective form of oral tolerance induction.

3.3. Defining the time window for oral tolerance induction

Data from birth cohorts have shown that allergic sensitization de-
velops early soon after birth and is characterized by an initial sensiti-
zation to food allergens followed by sensitization to respiratory aller-
gens which typically reflects the course of allergen encounter [121].
Infants are first exposed to large amount of food antigens followed by
repeated exposure to respiratory allergens in much lower quantities
[122]. Using micro-arrayed allergens it has become possible to analyze
the evolution of allergic sensitization in birth cohorts in great detail to
the level of the individual allergen molecules [1,19,84,105–112]. The
birth cohort studies indicate that allergic sensitization develops in the
first few years of life and then leads to an established IgE reactivity
profile which does not seem to change in adults [113] (Fig. 4). In this
issue Westman et al. [107] provide an overview of birth cohort studies
in which the molecular sensitization profiles have been measured in
children in a longitudinal manner. According to the results of these
studies it appears important to make attempts for oral tolerance

induction early in life because when children are growing up they
quickly establish their allergen-specific immune responses (Fig. 4). The
birth cohort studies demonstrate that certain children seem to acquire
“additional” IgE sensitizations up to puberty because IgE antibodies
against certain allergens become detectable in follow up blood samples
against which no specific IgE reactivity was detected in a blood sample
taken earlier. This would indicate that there is plasticity in the devel-
opment of the allergic immune response up to the period of puberty
suggesting a relatively long window of opportunity for oral tolerance
induction (Fig. 4). However, it is also possible that in such children
sensitization has occurred already much earlier but has not yet reached
the threshold for detecting specific IgE antibodies in early blood sam-
ples. In fact, allergen-specific IgG antibodies are already detectable a
few months after birth when maternal IgG has disappeared from the
circulation of the child (Hochwallner & Valenta, unpublished observa-
tions) which would suggest that allergen-specific immune responses
develop in the first months of life. If this is correct, oral tolerance in-
duction must be performed immediately after birth and continued
during the first months of life (Fig. 4). The assumption that oral toler-
ance induction must take place very early to become effective and to
lead to true immunological tolerance is also supported by experimental
animal studies (Table 1). Data obtained in these studies indicate that
oral tolerance induction is most effective if it is performed very early in
life. Also data from clinical studies for inducing oral tolerance (Table 2)
point in this direction. The clinical studies show that it is possible to
induce to some extent “clinical tolerance” (Table 3) in children. How-
ever, a limitation of these studies is that they lack to a large extent a
detailed investigation of the development of the allergen-specific im-
mune response in the study subjects and it is therefore difficult to say if
indeed immunological tolerance has been achieved. It is therefore dif-
ficult to say if the outcome of these studies could be improved by

Table 3
Vehicles used for tolerogens in animal studies.

Vehicle Tolerogen Possible advantage Reference

Cholera toxin subunit B Ovalbumin rBet v 1 Mucosal adjuvant, lower amounts of allergen necessary [24,41]
Milk Ovalbumin Hydrolyzed milk protein Easy manufacturing and application, less risk of sensitization by using peptides [25,30,32]
Lactococcus lactis ß-lactoglobulin Adjuvant favoring Th1 responses, Protection of antigen against intestinal proteases, no

antigen purification necessary
[35]

Transgenic plant food Cry j 1 and Cry j 2-derived peptides expressed in
rice seeds

No antigen purification necessary, simple administration, less risk of sensitization by
using peptides

[45,46]

D,L-PLG microspheres ß-lactoglobulin Protection of antigen against intestinal proteases [33]

r, recombinant; D,L-PLG, poly DL-lactide-co-glycolide.

Fig. 4. Defining the time window for oral tolerance induction in al-
lergy.
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certain measures such as earlier and more frequent administration or by
using defined allergen molecules. We would therefore argue that there
is a need for more clinical studies investigating some very basic para-
meters using well-defined allergen model systems.

3.4. How to study true oral allergen-specific tolerance in clinical studies

If one follows a slightly modified definition of oral tolerance given
in the article by Rezende &Weiner in this issue [49] (i.e., oral tolerance
can be defined as an inhibition of specific immune responsiveness to
subsequent administration of proteins to which an individual has been
previously exposed via the oral route), one would suggest that an im-
portant endpoint of clinical studies investigating oral-allergen-specific
tolerance is if subjects fed with allergens or allergen derivatives do not
mount allergen-specific immune responses. This would include lack of
production of allergen-specific IgE, T cell and cytokine responses but
strictly speaking also lack of the production of allergen-specific IgG
responses as shown in experimental animal studies (Table 1). This
consideration is of importance when it comes to the design of clinical
studies. Only a certain percentage of the general population develops
allergen-specific IgE responses and of those only a limited number ex-
periences allergic symptoms upon encounter to the corresponding al-
lergen [108,111]. Therefore, if one chooses “absence of clinical symp-
toms towards a given allergen” as endpoint for a prospective clinical
study one must enroll a very large number of subjects to achieve the
statistical power of getting meaningful results for the comparison of the
active intervention group (i.e., the subjects who receive the tolerogen)
and those who receive only placebo. In this context it must be noted
that many of the previously conducted studies were not conducted in a
blinded manner and did not include a real placebo group for compar-
ison. The inclusion of a placebo would require that the active tolerogen
represents a well-defined substance (e.g., a purified natural or re-
combinant allergen molecule, allergen-derived peptides or allergen-
derivatives) which cannot be discriminated from a placebo by the
subjects participating in the study. Furthermore, one must consider that
the development of clinical symptoms may also take considerable time
in children and does not occur in all children at the same time which
makes it very difficult to plan the optimal duration for the study and to
obtain results in a reasonable period of time. It should therefore be
considered to investigate in pilot studies immunological endpoints such
as the development of allergen-specific IgE and T cell responses. Since
food allergies are very rare forms of IgE-associated allergies [123,124]
it is very difficult to perform adequately powered studies if one starts
with a very early intervention because only few subjects will develop
food allergies in a population. It will therefore be interesting to study
oral tolerance induction for frequently recognized respiratory allergens.
For example, more than 25% of the population in Scandinavia and
Russia develop birch pollen allergy and the major allergen of birch, Bet
v 1, is the culprit allergen for birch pollen allergic patients [108,125]. It
should thus be relatively easy to study oral tolerance induction for the
prevention of birch pollen allergy in such populations because one can
focus on one major allergen molecule (i.e., major birch pollen allergen,
Bet v 1) and to study Bet v 1-specific IgE and T cell responses as end-
points. Due to the high prevalence of birch pollen allergy in such po-
pulations one would require relatively small numbers of subjects in the
active and in the placebo group to achieve statistical power. The
number of subjects in pilot studies might even be more reduced if one
considers the development of Bet v 1-specific IgG responses as a study
endpoint because it has been shown in cohort studies that virtually
every person, allergic or non-allergic, develops Bet v 1-specific IgG
responses upon natural exposure to birch pollen [119]. If in such trials
immune responses towards multiple antigens to which the individuals
are exposed, for example with micro-arrayed allergens, it will be pos-
sible to study how selective tolerance induction is. The latter is inter-
esting because it is argued that linked-immunological suppression is
only possible when antigens are covalently linked [126] whereas others

consider by-stander suppression as a possible mechanism [127].
We therefore suggest to conduct clinical studies investigating the

development of true immunological tolerance by OT by using defined
allergen molecules to which subjects in a given population are highly
exposed and to take immunological endpoints into consideration.

4. Conclusion and outlook

Oral tolerance (OT) induction has been shown to be extremely
powerful for inducing antigen-specific non-responsiveness by pre-
feeding of the antigen. It seems to be most effective as a very early
intervention soon after birth but is less powerful in a therapeutic set-
ting, when specific immune responses have already been established.
Here we argue that OT could be ideally suited for the prevention of
allergic diseases because most of the important allergen molecules have
been characterized and can be produced for OT as pure molecules or in
the form of defined derivatives with favorable immunological proper-
ties for OT. At the same time, new molecular tests are available which
allow to measure allergen-specific immune responses such as IgE sen-
sitization in small blood samples to study the effects of OT.
Experimental animal studies are needed to investigate the parameters
for optimal OT with defined allergen molecules such as the time,
duration, mode, frequency of application, dose and formulation to
create a solid basis for subsequent clinical studies. Clinical OT studies
can be performed in populations where allergic sensitization to certain
allergens is very common. The prevalence of sensitizations to defined
allergen molecules in populations can be determined by multiallergen
tests based on micro-arrayed allergens. The analysis of immunological
endpoints in clinical studies will help to clarify if the intervention has
induced true immunological tolerance or other types of immune mod-
ulation. Furthermore, assessment of immunological endpoints will be
useful to conduct meaningful pilot trials in smaller numbers of subjects
before large, expensive and long clinical trials are performed. Such pilot
studies will show if OT can be a powerful tool for the prevention of
allergy.
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