CHAPTER 7

Development of Immunological
Tolerance to Food Antigens

Bengt Bjorkstén

KEY CONCEPTS

exposure.

other signs of impaired immune regulation.

significant role in tolerance induction.

Oral tolerance to ingested antigens is an active immunological process, mediated through two primary effector
mechanisms, low doses favoring the induction of regulatory T-cells, and high doses promoting antigen driven tolerance.

Early T-cell responses are subject to a broad range of regulatory mechanisms which are dictated by the concentration,
frequency, and route of allergen exposure as well as age and developmental status of the individual at the time of

Genetic risk of allergy is associated with delayed postnatal maturation of immune regulation.
Interaction with microbes, especially the normal gut microbiota, is the principal environmental signal for postnatal

maturation of T-cell function. Oral tolerance, for example, does not develop in germ-free animals and they also have

Immunological interaction between the mother and her offspring, during gestation and through breast milk, may play a

Introduction

The prevalence of allergic diseases has increased progressively
since the 1960s, in particular in First World countries, and the
rises appear to be continuing in many countries. The most
prominent increases have occurred in allergy to inhaled anti-
gens. However, there is evidence to suggest that at least some
forms of food allergy are also increasing. The most notable
example is peanut allergy, which was previously rare in many
countries. The increase may be due to altered dietary habits
in previously unexposed populations coupled with changes
in processing procedures resulting in increased allergenicity of
peanut antigens, but the issue remains unresolved.

This chapter focuses primarily on the underlying immu-
nological mechanisms governing host responses to ingested
antigens. The focus will initially be on what has been
learned from basic studies in animal models, what has been
deduced from extrapolation of these systems to immuno-
competent human adults, and then what is known of the
immunology underlying sensitization to dietary versus
inhalant allergens during childhood.
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Immunological tolerance to dietary
antigens in experiment animals: the
phenomenon of oral tolerance

The first formal description of experimental oral tolerance
(OT) dates back to the work of H.G. Wells in 1911 [1]. His
studies in the guinea pig involving repeated feeding of egg
white protein (ovalbumin; OVA) are prototypical of several
generations of subsequent laboratory research viz. repeated
antigen feeding of immunologically naive animals elicited
initial “hypersensitivity” responses which in some animals
resulted in fatal anaphylaxis, but in the majority the symp-
tomatology was transient and was followed by permanent
unresponsiveness to the antigen. We now recognize the
initial hypersensitivity manifestations as a hallmark of the
“Th2 default” response of the mucosal immune system to a
soluble protein antigen [2], and the ensuing state of (anti-
gen specific) unresponsiveness as indicative of the subse-
quent onset of immunological tolerance (i.e. OT).

It is recognized that most aspects of the adaptive immune
response may be experimentally downregulated by anti-
gen feeding, in many cases via a single dose. The range
of susceptible immunological phenomena include cellu-
lar immunity measured as delayed-type hypersensitivity
(DTH [3-5]), contact sensitivity [6], cytotoxic CD8+ T-cell
responses [7,8], production of cytokines [9], and antibody



secretion [10]. There is some evidence that local secretory
IgA responses to the eliciting antigen may be preferentially
“spared” in this tolerance induction process via generation
of IgA T-helper cells in gut associated lymphoid tissues dur-
ing tolerogenesis [11]. This may be part of a generalized
mucosal protection process, since IgA antibodies would
prevent antigen penetration through the gut wall and thus
limit the scope for allergic sensitization.

Many host and environmental factors have been identi-
fied as partial determinants of susceptibility to OT induction.
Prominent among host factors are hormonal balance [12],
genetic background [13], and in particular postnatal age.
A transient temporal window defining increasing suscepti-
bility to sensitization to dietary antigens is operative in the
mouse during the early postnatal period [14-16]. This seems
to be due to poorly developed immune regulation, both at
the levels of T-regulatory and antigen-presenting cells (APC)
[17,18]. Host immune competence is a key feature underly-
ing efficient OT, as demonstrated by the fact that administra-
tion of cytotoxic immunosuppressants seriously compromises
the process [4].

Additional exogenous factors which interfere with OT
induction include inflammatory adjuvants [19], low dose
irradiation [3], and changes in host microbial flora [20,21].

The type and dose of antigen are also important factors in
the induction of OT. While tolerance can be readily induced
to all thymus-dependent soluble protein antigens, replicat-
ing and particulate antigens tend to induce active immunity.
The inflammatory response elicited by replicating antigens
bypasses OT mechanisms, and this can be mimicked with
inert soluble protein antigen by coupling to adjuvants and/
or microbial toxins [22,23]. The tolerogenic dose range for
some antigens can also in some situations be within the
immunogenic range for others, as shown in recent stud-
ies contrasting cow’s milk whey proteins and OVA [18].
It is also noteworthy that while OT can be induced over a
wide range of dosages and using varying feeding frequency
regimes, continuous exposure leads to the most profound
tolerance [24,25]. Furthermore, very low doses below the
tolerogenic range can in some circumstances prime animals
for subsequent immune responses [26].

Antigen presentation and processing
in oral tolerance induction

Several pathways are operative in sampling and process-
ing of ingested antigen, and it is possible that the particular
pathway which is dominant within an individual immune
response may ultimately determine the nature of ensuing
immunity. There are three principal pathways for sampling
of antigens from the luminal surface of the gut: between
lining epithelial cells, through the epithelial cells them-
selves, or via M-cells with subsequent delivery into Peyer’s
patches (PP). In each situation, distinct populations of
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potential APC will be encountered, and it is not clear what
the contribution of each is in the OT process.

The full range of known professional APC have been
identified throughout the gut wall and associated lymphoid
tissues, comprising dendritic cells (DC), macrophages, and
B-cells [27]. Many sites contain multiple APC populations.
For example, at least three populations of DC with APC activ-
ity have been defined in PP [28-30], one of which has been
proposed to selectively prime T-cells for IL-10 production [28].

Gut-derived DC are currently the focus of intense interest,
as potential candidates for generation of the rate-limiting
tolerogenic signal(s) in the OT process. In other organ sys-
tems, DC are recognized as the ultimate regulators of the
immune response [17,31]. These cells are the most potent
APC for activation of T-cells in primary immune responses,
and they are increasingly being implicated in regulation
of tolerance to self-antigens and to exogenous antigens.
Administration of the growth factor F1t3L to mice markedly
expands the numbers of DC in the intestine and associated
lymphoid tissues, and at the same time increases susceptibil-
ity to OT induction [32].

An additional antigen presentation pathway which may
also contribute to OT development involves the direct
absorption into the circulation of breakdown products
of ingested antigens (i.e. low molecular weight peptides)
which are potentially tolerogenic [33,34].

Cellular mechanisms governing
the induction and maintenance of
oral tolerance

There are two primary effector mechanisms of OT. The first
mechanism involves the induction of regulatory T-cells that
mediate active suppression and the second is caused by
clonal anergy. Low doses of antigen favor the generation
of regulatory T-cell driven tolerance, whereas high doses of
antigen promote antigen driven tolerance [35].

The initial evidence that OT is an active process came from
studies involving adoptive transfer of OT to naive recipients
via CD8+ splenocytes from tolerant donors [36]. However,
this maneuver failed in many laboratories until careful stud-
ies revealed that several apparently distinct mechanisms
are operative at the two extremes of the antigen exposure
dose-response curve [35]. At one end of the spectrum, high-
dose oral antigen exposure leads to functional elimination of
antigen-specific T-cells via either deletion or anergy induction.

An alternative to deletion is T-cell anergy induction, in
which antigen-response cells are functionally paralyzed. This
also occurs in the high-dose range, most likely via aberrant
antigen presentation by MHC class II-bearing APC which lack
key costimulator molecules, such as CD80/CD86 [37]. These
anergized cells do not apoptose and instead persist at the
periphery. They presumably maintain their surface antigen
receptors, but lose the capacity to clonally expand and secrete
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the tfull repertoire of cytokines following encounter with anti-
gen. In particular, in some model systems cytokine secretion
by anergized T-cells appears limited to IL-10. Consistent with
the potential importance of this mechanism, evidence exists
in some models of OT for the presence of tolerized T-cells
whose ability to respond to antigen iz vivo can be restored by
exogenous IL-2 [38]. Further supporting evidence has been
provided in transgenic mice [39].

In contrast, exposure of animals to low dose oral antigen is
proposed to induce a form of “low zone tolerance” involving
active antigen-specific suppression of immunity which can in
some systems be adoptively transferred by CD8+ T-cells, and
by CD4+ T-cells in others [40]. However, it should be noted
that OT induction proceeds normally in CD8-knockout mice
[7], suggesting that the role of these cells may be restricted to
maintenance, rather than induction of OT. There is additional
evidence to suggest that a subset of TcR~/6 T-cells may also
participate in the OT process [41].

Currently, much of the OT literature is focused on CD4+
T-regulatory cells and the cytokines they secrete. Two prin-
cipal subtypes have been identified (i.e. Th3 cells which
secrete TGF3 with or without IL-10 [42,43], and Trl cells
which secrete IL-10 [42]). IL-4 has also been implicated in
the OT inducing activity of Th3 cells; however, its role may
be restricted to that of a non-essential growth factor [44]
given that IL-4-knockout mice can still generate OT [45].

TGFj3 has many roles in the control of epithelial growth
and differentiation and in local control of secretory IgA
production in the gut [46]. This may explain the selective
preservation of secretory IgA antibody production dur-
ing systemic OT induction [47]. Additionally, TGF3 has a
number of potent immunosuppressive etfects [46], includ-
ing those targeted at APC functions. IL-10 is recognized as a
powertul anti-inflammatory and immunomodulatory agent
which plays a critical role in local homeostasis in the gas-
trointestinal mucosa, particularly via its damping effects on
Th1 activity [27,48].

One interpretation of these findings is that many of the
mechanisms defined experimentally may represent redun-
dancies. However, it is more likely that each constitutes one
component of a multi-layered integrated regulatory process,
each of which is operative as dictated by prevailing conditions
of antigen dosage and exposure frequency [18]. An intriguing
additional possibility is that some of the T-regulatory popula-
tions may in fact be partially anergized T-cells, which despite
functional downregulation have conserved their ability to
secrete certain cytokines, such as IL-10 and TGFf.

Oral tolerance in humans: How
well do mouse models mimic the
human situation?

As noted above, the baseline “default” response of labora-
tory mice appears biased toward a Th2-like cytokine profile,

admixed with TGF3 production [2]. This Th2 default is also
consistent with the pioneering studies of Wells in guinea
pigs [1], wherein the first manifestations of immunological
reactivity in a subset of his test animals during feeding was
what we now recognize as anaphylaxis. However, this Th2
bias is clearly a transient state in most situations, given the
fact that the hallmark of successfully induced OT is toler-
ance in the IgE antibody class.

Selective priming of T-cells in PP for production of IL-4
and TGFj is a hallmark of this bias toward baseline Th2 in
murine immune responses to oral antigen [49,50]. These
cells migrate to peripheral sites and function as T-regulators
to dampen Th1l immunity [51]. Such studies have not been
performed in man. However, studies indicate that unlike the
murine situation, the immunological milieu in human gut
associated lymphoid structures such as PP is strongly Thl
biased [52], at least in adults. Thus, freshly isolated T-cells
from the human gut lamina propria produce high levels of
IFN~ relative to IL-4, IL-5, and IL-10 [53,54], and high lev-
els of IL-12 production are observed in human PP [52,55].
This difference between mouse and humans may be a
direct reflection of the markedly differing levels of microbial
stimulation in humans versus specified pathogen-free mice
housed under controlled conditions and fed exclusively ster-
ilized food [52]. Under extreme conditions (i.e. in germ-free
mice) OT does not even develop [20].

While these observations suggest significant differences
between human immune responses to oral antigens and those
seen in mice under experimental conditions, it is clear from
several lines of evidence that the fundamental process of OT
nevertheless occurs in man. Notably, feeding of keyhole lim-
pet hemocyanin to immunologically naive volunteers selec-
tively downregulated subsequent cellular immune responses
to the antigen [56,57]. Furthermore, prospective studies have
shown transient IgE antibody production to foods to be com-
mon during the first 2 years of life and then downregulated
[58]. Also deliberate parenteral immunization of volunteers
with the common dietary antigen bovine serum albumin
elicited little or no antibody production [59]. Additionally,
clinical trials aimed at amelioration of autoimmune disease by
autoantigen feeding have provided varying levels of clinical
effects [60], and have also provided evidence of the induction
of Th3 responses in blood lymphocytes which are comparable
to those reported in murine model [43].

Comparative studies on T-cell responses of PP-derived
T-cells (PPT) versus peripheral blood T-cells (PBT) from nor-
mal subjects indicated consistent lymphoproliferation in PPT
in response to the dietary antigen {3-lactoglobulin (BLG), in
contrast to low/non-responsiveness in PBT [55]. Moreover,
the peripheral blood mononuclear cell responses were domi-
nated by Th1 cytokines [55], mirroring the overall Th1-biased
milieu of gut associated lymphoid tissues [49]. This apparent
OT at the periphery with the concomitant presence of antigen-
specific IFN~-secreting T-cells in lymphoid compartments



draining the intestinal mucosa, mimics precisely the situation
reported for mice fed repeated doses of OVA [9], and may be
indicative of the contribution of locally activated regulatory
T-cells in the maintenance of systemic tolerance. It is clear that
more fundamental studies are needed on human immune
responses to dietary antigens, and in particular on the poten-
tial interactions between these and parallel responses to
microbial stimuli provided by the local commensal flora.

Food allergy in humans: the clinical reality

Dietary antigen-induced enteropathies are believed to be
central to the pathogenesis of a broad range of chronic
inflammatory diseases in humans, including IgE-mediated
food allergy, celiac disease, inflammatory bowel disease,
and other enteropathies. The discussion below will focus on
allergic-like manifestations of aberrant immunity to dietary
antigens, in particular issues relating to the initiation of die-
tary allergies in early life. From a clinical point of view it is
important to appreciate that similar clinical symptoms may
be induced by immune reactions, various biochemical intol-
erances and toxic reactions. Thus, various food intolerances
caused by non-immunologically mediated mechanisms are
often erroneously called “food allergy”. For example, the
majority of adults in the world are lactose intolerant. Drink-
ing milk may induce symptoms that may be interpreted as
evidence of food allergy.

Allergy to food antigens in an infant is often the first mani-
festation of atopy and may be the forerunner of subsequently
developing IgE-mediated allergy to inhalant allergens. IgE-
mediated food allergy and atopic dermatitis in infancy may
thus be the first steps in the “atopic march” [61-63]. In most
instances, clinical tolerance to the food develops within the
first 3 years of life; however, the atopic march continues with
manifestations of allergic asthma and subsequently allergic
rhinoconjunctivitis. The reasons for this switch from the gas-
trointestinal to the respiratory tract are unknown.

Clinical tolerance does not develop equally to all food
allergens. For unknown reasons, IgE-mediated allergy to
cow’s milk and egg are uncommon after the age of 4 years,
while allergy to soy protein tends to last for a longer time
period, peanut allergy usually for many years, and celiac dis-
ease is regarded as a lifetime condition which will relapse at
any age if the individual is exposed to gluten for some time.

The resolution of clinically manifest food allergy is accom-
panied by the development of tolerance to food antigens.
This process has mostly been studied for allergens caus-
ing IgE-mediated reactions, while less is known regard-
ing, for example, the kinetics of immune responses to
antigens involved in the pathogenesis of celiac disease and
other enteropathies. Prospective studies, in which immune
responses to food antigens have been studied through the
first several years of life, show that transient IgE antibody
responses to, for example, egg and cow’s milk are common
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in healthy non-atopic infants [62]. In contrast, the IgE anti-
body responses are of higher magnitude and more prolonged
in infants who develop food allergy and/or who will manifest
respiratory allergy later during childhood. Indeed, high lev-
els of IgE antibodies to egg or milk in an apparently healthy
infant predict the appearance of respiratory allergy some
years later [61-63].

Cellular mechanisms underlying

control of T-cell immunity to dietary
antigens in humans: lessons from studies
on responses to aeroallergens

As noted above, studies on antibody production indicate
that immune responses against environmental allergens are
initiated very early in life in most individuals. These obser-
vations have prompted detailed investigations in many labo-
ratories on the nature of underlying T-cell immunity during
this life phase. The salient findings are reviewed below.

Firstly, it is clear that T-cells responsive to both dietary
and inhalant allergens, as measured by lymphoproliferation
and cytokine secretion, are present in cord blood from vir-
tually all subjects [64-67]. Additionally, T-cell cloning and
subsequent genotyping studies indicate that the responsive
cells are of fetal origin and exhibit a Th2-polarized and/or
ThO cytokine profile [68]. It has been suggested [65,67]
that these T-cells may have been primed by processed anti-
gen crossing the placenta, perhaps bound to maternal IgG.
Evidence showing the presence of detectable levels of aller-
gen in complex with IgG antibodies in cord blood supports
this suggestion [69]. However, it is also feasible that these
T-cell responses may be directed against cross-reacting anti-
gens or anti-idiotypic antibodies.

Secondly, it is evident that these early T-cell responses
are subject to a variety of regulatory mechanisms post-
natally, which are driven by direct exposure of the infant
immune system to incoming environmental allergen. Given
the experience from animal models, it is likely that a broad
range of regulatory mechanisms will be involved, which are
dictated by the concentration, frequency and route(s) of
allergen exposure, the age and hence developmental status
of the individual at the time of exposure, and potentially by
allergen structure (e.g. susceptibility to proteolytic degrada-
tion). The relevant immunoregulatory mechanisms involved
are likely to span the full range from classical low zone tol-
erance (essentially Th1/Th2 cross-regulation) through to
high-zone tolerance phenomena (anergy and/or deletion
via apoptosis), and will inevitably include important, but as
yet uncharacterized contributions from recently described
subsets of T-regulatory cells which appear to participate in a
wide range of immunological control mechanisms.

Cross-sectional and prospective studies indicate that
in atopic children, consolidation of Th2-polarized immu-
nity against inhalant allergens is initiated in early infancy
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[64,70,71] and may be completed by the end of the pre-
school years in children who develop clinically manifest
allergy [72], or even earlier [64]. In contrast, in infants who
develop allergic manifestations, low level Thl responses are
established [64]. Prospective studies from Estonia, with a
low, and Sweden with a high prevalence of allergy, indicate
that the regulatory mechanisms are established more rapidly
and that also other mechanisms may be operative [64,73,74].
This is suggested by the observation that during the first
2 years of life, the incidence of positive skin prick tests was
similar to that in recent studies from Western Europe, while
at 5 years the prevalence was only 3%. At the same time
the prevalence of circulating IgE antibodies to milk or egg
increased to 36% and 47% to inhalant allergens. The dis-
crepancy between positive skin prick tests and circulating IgE
antibodies is interesting in a country with a low prevalence
of atopic allergy, as well as Thl-dependent type I diabetes
and a lifestyle similar to that prevailing in Scandinavia some
30-40 years ago. The findings may also suggest that clinical
tolerance to a food does not exclude the presence of IgE anti-
bodies and possibly other indicators of Th2 immunity. It is
possible that a traditional lifestyle is associated with an early
induction of a general regulation of T-cell immunity. This
notion is supported by the close correlation globally between
the prevalence of wheezing and type I diabetes [75].

In contrast to what appears to be positive selection for
different forms of active T-cell immunity against inhalant
allergens during infancy, the majority of subjects manifest
active downregulation of T-cell responses to dietary aller-
gens such as egg, as demonstrated by diminishing lym-
phoproliferative responses and by a progressive reduction
in the number of egg-specific T-cell epitopes recognized
in vitro [70,71]. This finding suggests the operation of control
mechanisms akin to high-zone tolerance (anergy/deletion)
in the mouse, although additional regulatory pathways may
operate in parallel.

Microbial stimulation in the
gastrointestinal tract as a potential
modulator of human oral tolerance

Genetic risk for allergy is associated with delayed postnatal
maturation of T-helper cell function [76]. Both the cloning
frequency of CD4+ T-cells and the capacity of cloned CD4+
T-cells to secrete IFN~ and IL-4 were reduced in infants with
positive atopic family history (AFH+) and the reduction
was most marked in IFN~, indicating an overall Th2 bias in
T-cell function in this group [76]. Several groups have since
reported similar findings in cord blood, both in countries
with a high- and low-allergy prevalence [64,77-80]. It is rec-
ognized that T-cell function in fetal life is constitutively Th2
based, as part of a set of control mechanisms to limit poten-
tial damage to the placenta via toxic Thl cytokines [81,82],
and the more pronounced Th2 bias in AFH+ children may

reflect inappropriate persistence of one or more of these con-
trol mechanisms after birth [83].

It is also recognized that interaction with microbes, espe-
cially the normal microbial flora of the gastrointestinal
tract, is the principal environmental signal for postnatal
maturation of T-cell function (in particular the Th1l compo-
nent) [84,85]. Recognition of these signals is mediated by a
series of Toll-like receptors expressed on cells of the innate
immune system, and other receptors such as CD14, and it
is noteworthy that a polymorphism in the CD14 gene has
been associated with high IgE levels [86].

International studies have drawn attention to the wide
variations in allergy prevalence between different coun-
tries [87-89], and a variety of evidence suggests that these
changes have been particularly pronounced over the last
30-40 years [90,91]. Variations in patterns of microbial col-
onization of the gastrointestinal tract, linked with lifestyle
and/or geographic factors, may be important determinants
of the heterogeneity in allergy prevalence throughout the
world [84]. Ongoing cohort studies are focusing in detail on
this complex question. These suggestions are supported by
observations that germ-free mice do not develop tolerance in
the absence of a gut flora [20,21] and by the demonstration
of differences in the composition of the gut flora between
infants living in countries with a high and a low prevalence
of allergy [74,92] and between healthy and allergic infants
[93-96]. Although all the studies confirm such differences,
no particular protective or potentially harmful bacterial spe-
cies can be identified so far. In the three prospective studies
[94,96,97] and one cross-sectional study [93], the presence
of bifidobacteria was associated with less allergy, while the
presence of Clostridium difficile has been linked to allergy. The
administration of lactobacilli to mothers or their infants was
recently reported to be associated with less atopic dermatitis
during the first 2 years of life [96] but there was no reduc-
tion in respiratory allergies at 4 years of age [98].

Maternal influences

There is a close immunological interaction between the
mother and her offspring, not only during pregnancy as
already discussed, but also as long as the baby is breast-
fed. Human milk contains numerous immunological com-
ponents, including IgA and other antibodies, various
chemokines [99] as well as cytokines, mainly with anti-
inflammatory and IgA stimulatory properties, such as TGF-(3,
IL-8, and IL-10 [100]. It is well established that human milk
often contains food antigens that may induce IgE antibody
formation. Less is known regarding the immunological con-
sequences of introducing foreign antigens while the infant
is still breast-feeding. As indicated by studies of immunity to
infectious agents, it is possible that this represents a mecha-
nism by which immune responses are modulated [101]. In
the early 1990s, there was a pronounced increase in the



incidence of celiac disease among Swedish infants [102].
Prior to the increase in celiac disease, gluten was gradually
introduced while the baby was still breast-fed. Then, gluten
was avoided for the first 6 months. When the national rec-
ommendations were changed back to gradual introduction
of gluten while the babies were still partly breast-fed, the
incidence of celiac disease dropped rapidly.

Very recent studies with probiotics suggest that the
maternal influences may be more pronounced in tolerance
induction than previously appreciated. There are now at
least three studies trying to prevent food allergy and infan-
tile eczema with lactobacilli [96,103,104]. In the study with
a negative outcome [104], the bacteria were given only to
the babies, while in the two studies with some protective
effect [96,98,103] they were also given to the mothers dur-
ing the last month of gestation.

Concluding remarks

The development of immunological tolerance to food anti-
gens is a complex process and depends on an intense inter-
action between the host and the environment, including
microbial stimulation. It is intriguing that microbial stimu-
lation, in particular via the gastrointestinal tract, has also
been implicated as an etiological factor in respiratory aller-
gic diseases. This suggests that microbial stimuli exert effects
beyond the mucosal tissue microenvironments adjacent to
sites of exposure, and presumably can influence systemic
precursor compartments such as bone marrow and thymus.
The underlying mechanism(s) are likely to include stimula-
tion of functional maturation of cells within the innate and
adaptive immune systems during the early postnatal period,
a process which may ultimately determine the overall effi-
ciency of immune/tolerance induction during early life, with
major flow-on effects into adulthood. A full understanding
of the underlying mechanisms may open new venues for the
prevention by modification of the gut microflora, not only of
food allergy, but also conceivably of respiratory allergies.
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