Current Understanding of
Gastrointestinal Immunoregulation and
Its Relation to Food Allergy
PER BRANDTZAEG
Laboratory for Immunohistochemistry and Immunopathology (LIIPAT), Institute
of Pathology, University of Oslo, Rikshospitalet, N-0027 Oslo, Norway

ABSTRACT: Tolerance to food antigens induced via the gut (“oral tolerance”) appears to be a rather robust adaptive immune mechanism. However, the neonatal period is particularly critical in terms of mucosal
defense, with regard to infections and priming for allergic disease. This is
so because the intestinal barrier function provided by secretory antibodies,
as well as the immunoregulatory network, is poorly developed for a variable period after birth. Notably, the postnatal development of mucosal immune homeostasis depends on the establishment of a normal commensal
microbial flora and also on adequate timing and dose of dietary antigens
when first introduced. In this context, breastfeeding apears to exert both
shielding and positive regulatory effects. Altogether, the intestinal immune
system normally seems rather fit for tolerance induction against innocuous
antigens because most children with food allergy “outgrow” their problems, whereas airway allergy tends to persist.
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INTRODUCTION
The mucosae are bombarded immediately after birth by a large variety of
microorganisms as well as by protein antigens from the environment, the latter particularly in formula-fed infants; and the mucosal surface to be protected is enormous, probably almost 200 times that of the skin. During evolution
over millions of years, the mucosal immune system has generated two arms
of adaptive defense to handle these challenges: (i) antigen exclusion perAddress for correspondence: P. Brandtzaeg, LIIPAT, Institute of Pathology, Rikshospitalet, N0027 Oslo, Norway. Voice: +47 23 07 27 43; fax: +47 23 07 15 11.
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FIGURE 1. Schematic depiction of two major adaptive immune mechanisms operating at mucosal surfaces: (1) Immune exclusion limits epithelial colonization of pathogens
and inhibits penetration of harmful foreign material. This first line of defense is principally mediated by secretory antibodies of the IgA (and IgM) class in cooperation with various
nonspecific innate protective factors (not shown). Secretory immunity is preferentially
stimulated by pathogens and other particulate antigens taken up through thin M cells (M)
located in the dome epithelium covering inductive mucosa-associated lymphoid tissue
(see FIG. 2). (2) Penetrating innocuous soluble environmental and dietary antigens (magnitude of uptake indicated) as well as the autologous indigenous microbial flora are less
stimulatory for secretory immunity (self-limiting responses, broken arrows), but induce
suppression of proinflammatory humoral immune responses (IgG and Th2 cytokinedependent IgE antibodies) as well as Th1 cytokine-dependent delayed-type hypersensitivity (DTH). The homeostatic Th2/Th1 balance is regulated by a complex and poorly
defined phenomenon called mucosal or “oral” tolerance (see FIG. 5), which exerts downregulatory effects both locally and in the periphery. Modified from Brandtzaeg et al.5

formed by secretory IgA (SIgA) and secretory IgM (SIgM) antibodies to
modulate or inhibit colonization of microorganisms and dampen penetration
of potentially dangerous soluble luminal agents and (ii) suppressive mechanisms to avoid local and peripheral overreaction (hypersensitivity) against innocuous substances bombarding the mucosal surfaces (FIG. 1). The latter arm
is referred to as “oral tolerance” when induced via the gut against dietary
antigens1; it probably explains why overt and persistent immunological hypersensitivity, or allergy, to food proteins is relatively rare.2 Similar downregulatory mechanisms apparently operate against antigens from the
commensal microbial flora.3
Oral tolerance generally seems to be a rather robust adaptive immune function in view of the fact that more than a ton of food may pass through the gut
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of an adult every year, resulting in substantial uptake of intact antigens (some
10−5 of the intake) even in the healthy state. Nevertheless, the neonatal period
is particularly critical in terms of mucosal defense, both with regard to infections and priming for allergic disease.4 This is so because the mucosal barrier
function and the immunoregulatory network are poorly developed for a variable period after birth.5,6 Notably, the postnatal development of mucosal immune homeostasis appears to depend on the establishment of a normal
commensal microbial flora as well as on adequate timing and dose of dietary
antigens when first introduced.3,7,8
Interestingly, the postnatal colonization of commensal bacteria is important both to establish9 and regulate10 an appropriate epithelial barrier. Also,
as discussed in this review, an optimal mucosal barrier function in the neonatal period unquestionably depends on an adequate supply of breast milk, particularly in relation to mucosal infections in the developing countries.11 In the
Westernized part of the world, the value of breastfeeding is clinically most
apparent in preterm infants,12 but accumulating evidence (referred to below)
also suggests a significant role in the protection against hypersensitivity reactions to food.

MUCOSA-ASSOCIATED LYMPHOID TISSUE
Induction and Homing of Immune Cells
Lymphoid cells are located in three distinct compartments in the gut: organized gut-associated lymphoid tissue (GALT), the lamina propria, and the
surface epithelium. GALT comprises the Peyer’s patches, the appendix, and
numerous solitary lymphoid follicles,5 especially in the large bowel.13 All
these lymphoid structures are believed to represent inductive sites for intestinal immune responses. The lamina propria and epithelial compartment constitute effector sites but are nevertheless important in terms of cellular
expansion and differentiation within the mucosal immune system. GALT and
other mucosa-associated lymphoid tissue (MALT) structures (see below) are
covered by a characteristic follicle-associated epithelium (FAE), which contains membrane (M) cells (FIGS. 1 and 2). These specialized thin epithelial
cells are particularly effective in the uptake of live and dead antigens from the
gut lumen, especially when particulate in nature.14 Many enteropathogenic
infectious bacterial and viral agents use the M cells as portals of entry.
The GALT structures resemble lymph nodes with B-cell follicles, intervening T-cell areas, and a variety of antigen-presenting cell (APC) subsets, but
there are no afferent lymphatics supplying antigens for immunological stimulation. Therefore, the exogenous stimuli must come directly from the gut lumen, probably in the main via the M cells. Among the T cells, the CD4+ helper
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FIGURE 2. Schematic depiction of the human mucosal immune system. Inductive
sites are constituted by regional mucosa-associated lymphoid tissue (MALT) with their Bcell follicles and M cell (M)-containing follicle-associated epithelium through which exogenous antigens are actively transported to reach professional antigen-presenting cells
(APC), including B cells (B) and follicular dendritic cells (FDC). In addition, mucosal dendritic cells (DC) may capture antigens and migrate via draining lymph to regional lymph
nodes where they become active APCs, which stimulate T cells (T) for positive or negative
(down-regulatory) immune responses. Naive B and T cells enter MALT (and lymph nodes)
via high endothelial venules (HEV). After being primed to become memory/effector B and
T cells, they migrate from MALT and regional lymph nodes via lymph and peripheral blood
for subsequent extravasation at mucosal effector sites. This process is directed by the profile
of adhesion molecules and chemokines expressed on the microvasculature, the endothelial
cells thus exerting a “gatekeeper” function for mucosal immunity. The intestinal lamina
propria is illustrated with its various immune cells, including B lymphocytes, J chainexpressing IgA and IgM plasma cells, IgG plasma cells with a variable J-chain level (J), and
CD4+ T cells. Additional features are the generation of secretory IgA (SIgA) and secretory
IgM (SIgM) via pIgR (SC)-mediated epithelial transport, as well as paracellular leakage of
smaller amounts (broken arrow) of serum-derived and locally produced IgG antibodies into
the lumen. Note that IgG cannot interact with J chain to form a binding site for pIgR. The
distribution of intraepithelial lymphocytes (mainly T-cell receptor α/β+CD8+ and some γ/
δ+ T cells) is schematically depicted. Insert (lower left corner) shows details of a M cell and
its “pocket” containing various cell types.

subset predominates, the ratio between CD4 and CD8 cells being similar to
that of other peripheral T-cell populations.5 In addition, B cells aggregate together with T cells in the M-cell pockets, which thus represent the first contact
site between immune cells and luminal antigens.15,16 The B cells may perform
important antigen-presenting functions in this compartment, perhaps promot-
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FIGURE 3. Model for epithelial transport of J chain-containing dimeric IgA (IgA+J)
and pentameric IgM (IgM+J) by the polymeric Ig receptor (pIgR) expressed basolaterally on
secretory epithelial cells. The resulting secretory immunoglobulins (SIgA and SIgM) act in a
first line of defense by performing immune exclusion of antigens in the mucus layer at the epithelial surface (to the right). Note that although J chain (J) is often produced by mucosal IgG
plasma cells, it remains free in the cytoplasm and becomes degraded. Serum-derived or locally produced IgG is not subjected to active external transport (see FIG. 2). Free secretory component (SC) is generated when unoccupied pIgR (at the top of gland) is cleaved at the apical
face of the epithelial cell, in the same manner as bound SC in SIgA and SIgM.

ing antibody diversification and immunological memory or contributing to
tolerance induction.17 Other types of professional APCs, macrophages and
dendritic cells (DCs), are located below the FAE and between the follicles.
Pioneer studies performed in animals almost 30 years ago demonstrated
that immune cells primed in GALT are functionally linked to mucosal effector sites by an integrated migration or “homing” pathway.1 T cells activated
by microbial and other antigens in GALT preferentially differentiate to CD4+
helper cells which, aided by DCs and secretion of cytokines such as transforming growth factor (TGF)-β and interleukin (IL)-10, induce the differentiation of antigen-specific B cells to predominantly IgA-committed plasma
blasts.5,17 The germinal-center cells express small amounts of surface IgA
along with less IgM or IgG.18 Such isotype skewing reflects differentiation
to precursors for IgA-producing cells. The drive for isotype switching towards IgA, together with J-chain expression in B cells, is for unclear reasons
much more evident in Peyer’s patches than in other MALT structures.5,17 The
combination of IgA- and J-chain production is a prerequisite for generation
of SIgA antibodies (FIG. 3).
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The GALT-derived B-cell blasts proliferate and differentiate further on
their route through mesenteric lymph nodes and the thoracic duct into the
bloodstream (FIG. 2). Thereafter, they home preferentially to the gut mucosa
where they complete their terminal differentiation to IgA-producing plasma
cells. As reviewed elsewhere,5,19 this migration of lymphoid cells is facilitated by “homing receptors” interacting with ligands on the microvascular endothelium at the effector site (“addressins”), with an additional fine-tuned
level of navigation conducted by local chemoattractant cytokines (chemokines). Under normal conditions, therefore, the local microvasculature exerts
a “gatekeeper” function to allow selective extravasation of primed lymphoid
cells belonging to the mucosal immune system (FIG. 2).
Regionalization of MALT
Although GALT constitutes the major part of MALT, induction of mucosal
immune responses can also take place in the palatine tonsils and other lymphoepithelial structures of Waldeyer’s pharyngeal ring, including nasalassociated lymphoid tissue (NALT) such as the adenoids in humans17,19,20
and probably also bronchus-associated lymphoid tissue (BALT). Because
BALT is lacking in normal lungs of newborns and adults,21 Waldeyer’s ring
may represent a significant component of human MALT. Accumulating evidence suggests that a certain regionalization exists in the mucosal immune
system, especially a dichotomy between the gut and the upper aerodigestive
tract with regard to homing properties and terminal differentiation of B
cells.5,17,20 This disparity may be explained by microenvironmental differences in the antigenic repertoire as well as adhesion molecules and chemokines involved in preferential local leukocyte extravasation. It appears that
primed immune cells selectively home to effector sites corresponding to the
inductive sites where they initially were triggered by antigens. Such regionalization within the “common” or integrated mucosal immune system has to
be taken into account in the development of local vaccines.
B-Cell Homing to Mammary Glands
Lactating mammary glands are part of the integrated mucosal immune system, and milk antibodies reflect antigenic stimulation of MALT in the gut as
well as in the airways. This fact has been documented by showing that SIgA
from breast milk exhibits antibody specificities for an array of both intestinal
and respiratory common pathogens.22 The secretory antibodies are thus highly targeted against infectious agents in the mother’s environment, which are
those likely to be encountered by the infant during its first weeks of life.
Therefore, breastfeeding represents an ingenious immunological integration
of mother and child (FIG. 4). Although the protection provided by this humor-
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FIGURE 4. Integration of mucosal immunity between mother and the newborn, with
emphasis on migration (arrows) of primed B (and probably T) cells from gut-associated
lymphoid tissue (GALT) such as Peyer’s patch, via lymph and peripheral blood to lactating mammary gland. This distribution of precursors for IgA plasma cells beyond the gut
mucosa is crucial for glandular production and subsequent occurrence in breast milk of
secretory antibodies (SIgA and SIgM) specific for enteric antigens (microorganisms and
food proteins). By this mechanism, the breast-fed infant will receive relevant secretory
antibodies directed against the microflora initially colonizing its mucosae (reflecting the
mother’s microflora) and hence be better protected both in the gut and in the upper airways by SIgA and SIgM (hatched areas) in the same way as the mother’s gut mucosa is
protected by similar antibodies (hatched areas).

al defense mechanism is most readily demonstrable in populations living in
poor sanitary conditions,11,23 a beneficial clinical effect is also apparent in
the industrialized world,24 even in relation to relatively common diseases
such as otitis media and acute lower respiratory tract infections.25–27
Antibodies to various dietary antigens, such as cow’s milk proteins28 and
gluten,29 are also present in breast milk. Nevertheless, little is known about
the preferential site where soluble luminal antigens exert immune priming.
Thus, dietary proteins may be taken up mainly through the extensive epithelial surfaces covering the diffuse immunological effector tissue of the intestinal mucosa rather than by M cells and may therefore largely be transported
to the mesenteric lymph nodes. As discussed below, their fate and possible
immune-inductive or tolerogenic effects will depend on how they are handled
locally and whether they reach lymph or portal blood. 1,30,31
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POSTNATAL DEVELOPMENT OF MUCOSAL IMMUNITY
Effects of Antigen Exposure and Nutrition
In most mucosal tissues, the surface epithelium is monolayered and therefore
quite vulnerable, so the defense of this large area is a formidable task. Nevertheless, most babies growing up under privileged conditions show remarkably
good resistance to infections if their innate nonspecific mucosal defense
mechanisms are normally developed. This can be explained by the fact that
immune protection of their mucosae is additionally provided by maternal IgG
antibodies, which are distributed in interstitial tissue fluid at a concentration
50–60% of the intravascular level. In the first postnatal period, only occasional traces of SIgA and SIgM normally occur in the intestinal juice, whereas
some IgG is more often detectable; this reflects “leakage” from the highly
vascularized lamina propria, which contains maternal IgG, particularly after
34 weeks of gestation.32 On the other hand, the inductive sites of the secretory immune system, such as the Peyer’s patches, depend on exogenous stimuli
for maturation. Thus, although GALT structures generally develop in fetal
life, hyperplasia with secondary follicles containing germinal centers signifying B-cell activation does not occur until shortly after birth.33–37
Antigenic constituents of food clearly exert a stimulatory effect on the intestinal B-cell system, as suggested by the occurrence of fewer lamina propria IgA immunocytes both in mice fed on hydrolyzed milk proteins38 and in
parenterally fed babies.39 Likewise, mice given total parenteral (intravenous)
nutrition have reduced numbers of B and T cells in the gut, as well as decreased SIgA levels,40–42 and they show impaired SIgA-dependent influenza-specific immunity.43 The effect of food in the gut lumen could be direct
immune stimulation or stimulation mediated via release of gastrointestinal
neuropeptides. The indigenous microbial flora is also extremely important
for mucosal immunity as shown by the fact that the intestinal IgA system of
germ-free or specific pathogen-free mice is normalized after about 4 weeks
of conventionalization.44,45 Bacteroides and Escherichia coli strains seem to
be particularly stimulatory for the development of intestinal IgA immunocytes.46,47 The large dietary and bacterial antigen load in the gut lumen therefore explains that the greatest density of IgA immunocytes is seen in the
intestinal lamina propria, amounting to some 1010 cells per meter of adult
gut.5
In keeping with an important stimulatory effect of luminal antigens, defunctioning colostomies in children showed a 50% numeric reduction of mucosal IgA and IgM immunocytes after 2–11 months.48 Prolonged studies of
defunctioned ileal segments in lambs revealed even more strikingly a scarcity
of mucosal immunocytes; this was caused by decreased local proliferation
and differentiation of B-cell blasts and perhaps reduced homing from
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GALT.49 Accordingly, the postnatal establishment of the mucosal IgA system
is usually much faster in developing countries than in the industrialized part
of the world, a difference that seems to hold true even in undernurished children.50 However, severe vitamin A deficiency has been reported to have an
adverse effect on mucosal IgA antibody responses in rodents,51 but with no
consistent downregulation of epithelial IgA transport.52
The possibility exists that suboptimal stimulatory reinforcement of the
SIgA-dependent mucosal barrier function might contribute to the increased
frequency of certain diseases in industrialized countries, particularly allergies
and other inflammatory mucosal disorders. This “hygiene hypothesis” has
been tested in several experimental and clinical studies by evaluating the beneficial effect of probiotic bacterial preparations. Especially viable strains of
the commensal intestinal microflora, such as lactobacilli and bifidobacteria,
have been reported to enhance IgA responses, both in humans and experimental animals, apparently in a T-cell-dependent manner.53–58 Interestingly,
early colonization of infants with a nonenteropathogenic strain of E. coli has
been reported to have a long-term beneficial effect by reducing both infections and allergies.59 Likewise, a recent double-blind study of infants with a
family history of atopic (IgE-mediated) allergy reported the prevalence of
atopic eczema to be reduced by 50% at the age of two years in those receiving
the probiotic Lactobacillus GG strain daily for 6 months compared with those
receiving placebo.60 It remains to be shown whether this striking beneficial
effect was mediated via SIgA enhancement or by promotion of oral tolerance
as discussed below.

Importance of Breastfeeding and Secretory Immunity
When much of the transferred maternal IgG has been catabolized by
around 2 months of age, the infant becomes still more dependent on antibodies from breast milk for specific humoral immunity. Notably, IgA-producing
immunocytes are normally undetectable in human intestinal mucosa before 10
days of age, but thereafter a rapid increase takes place, although IgM immunocytes usually remain predominant up to 1 month.7,8,32 Adult salivary IgA levels
are reached quite late in childhood, but only a small increase of IgA-producing
cells has been reported to take place in the intestinal mucosa after 1 year.
At least 90% of all pathogens attacking humans use the mucosae as portals of entry; mucosal infections are in fact a major killer of children below
the age of 5 years, being responsible for more than 14 million deaths of children annually in the developing countries. Diarrheal disease alone claims a
toll of 5 million children per year. These sad figures document the importance of breastfeeding. Convincing epidemiological data suggest that the
risk of dying from diarrhea is reduced 14–24 times in nursed children.11,23
Indeed, exclusively breastfed infants are better protected against a variety of
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infections24–26,61 and apparently also against atopy, asthma,62–64 and celiac
disease.65 Interestingly, experiments in neonatal rabbits strongly suggest that
SIgA is a crucial antimicrobial component of breast milk.66 The role of secretory antibodies for mucosal homeostasis is furthermore supported by the fact
that knockout mice lacking SIgA and SIgM show increased mucosal
leakiness.67
The survival of the infant will to an increasing extent depend on its own
adaptive immune responses. When the mucosal immune system is adequately
developed, exocrine glands and secretory mucosae contain most of the body’s
activated B cells, which are terminally differentiated to Ig-producing blasts
and plasma cells (collectively called immunocytes).5 These cells produce
mainly J chain–containing dimers and some larger polymers of IgA (collectively called pIgA) which, along with pentameric IgM, can be actively transported through serous-type secretory epithelia,68–72 including lactating
mammary glands,73 to act in a first-line mucosal defense (FIG. 3). This transport depends on the epithelial polymeric Ig receptor (pIgR), which consists
of a transmembrane glycoprotein also known as the secretory component
(SC). The generated SIgA and SIgM antibodies reinforce the epithelial barrier function by performing immune exclusion of live and dead antigens.

Developmental Variations and Food Allergy
The postnatal mucosal B-cell development shows large individual variations, even within the same population.32 This disparity could partly reflect a
genetically determined effect on the establishment of the mucosal barrier
function. Thus, it has been proposed on the basis of serum IgA levels that a
hereditary risk of atopy is related to a retarded postnatal development of the
IgA system.74 This notion was later supported by a report showing significantly reduced IgA immunocyte numbers (with no compensatory IgM enhancement) in jejunal mucosa of atopic children.75 Also, an inverse
relationship was found between the serum IgE level and the jejunal IgA cell
population in children with food-induced atopic eczema.76 It was subsequently reported that infants born to atopic parents showed a significantly
higher prevalence of salivary IgA deficiency than age-matched control infants.77 Interestingly, Kilian et al.78 more recently found that the throats of
18-month-old infants with presumably IgE-mediated allergic problems contained significantly higher proportions of IgA1 protease-producing bacteria
than age-matched, healthy controls, thus supporting a previous report showing much less intact IgA in nasopharyngeal secretions from children with a
history of atopic allergy than from controls with episodes of acute otitis.79 In
this context it is important to note that it takes up to 3 months after birth before the IgA2 to IgA1 immunocyte ratio in salivary glands has increased to
the adult value, with approximately 33% IgA2-producing cells. 80
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Altogether, a poorly developed or enzymatically reduced SIgA-dependent
mucosal barrier function, combined with a hereditary and/or cytokine-driven
hyper-IgE responsiveness (see below) could contribute to the pathogenesis of
allergy. This notion accords with the increased frequency not only of infections, but also of atopic allergy and celiac disease seen in subjects with permanent selective IgA deficiency,81 although compensatory overproduction of
SIgM apparently may counteract the adverse consequences of their absent
mucosal IgA responses, particularly in the gut. 32,82

MUCOSAL INDUCTION OF IMMUNOLOGICAL TOLERANCE
Oral Tolerance Appears to Exist in Humans
The concept of oral tolerance has a long history, mainly based on feeding
experiments in rodents.1 An overwhelming mechanistic complexity has hampered the understanding of this mucosally induced down-regulatory or suppressive phenomenon. Identifiable experimental variables include genetics;
age, dose, and timing of postnatal feeding; antigenic structure and composition of fed protein; epithelial barrier integrity; and the degree of concurrent
local immune activation as reflected by microenvironmental cytokine profiles
and the expression of costimulatory molecules on mucosal APCs.1,83,84 Also,
rodent studies suggest that the commensal microflora is important both for
induction of oral tolerance and for reconstitution of this mechanism after its
experimental abrogation.3 This effect is probably mediated mainly through
immune stimulation of GALT as discussed above.
It seems justified to believe that that oral tolerance also operates in humans. Indirect evidence of this is provided by the fact that the vulnerable intestinal mucosa, which is separated only by a monolayered epithelium from
the enormous luminal load of live and dead antigenic material, in the normal
state exhibits no substantial IgG response5,30 and contains very few T cells
with markers of hyperactivation such as CD25 or the IL-2 receptor.85 Moreover, the systemic IgG response to dietary antigens tends to decrease in humans with increasing age,86,87 and a hyporesponsive state to bovine serum
albumin has been documented by intradermal testing in adults.88
Interestingly, experimental feeding in healthy adults with a protein to
which humans normally are not exposed, keyhole limpet hemocyanin (KLH),
did result in downregulation of the peripheral T-cell response, although stimulation of local as well as systemic humoral immunity was observed.89 Conversely, intranasal application of KLH tended to suppress both cell-mediated
and humoral peripheral immunity to this antigen.90 The mechanisms remain
unclear, however, and sequestration of specific immune cells into the antigenexposed mucosae or regional lymph nodes is one possible pitfall that is diffi-
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cult to refute because local immunity was enhanced in both studies. Such a
mechanism has been suggested in untreated celiac disease patients whose circulating T cells show decreased response to gluten compared to treated patients on a gluten-free diet.91 Nevertheless, human feeding with KLH was
recently repeated with parallel systemically immunized controls, and mucosally induced T-cell tolerance was indeed confirmed in peripheral blood
(Mayer, L. et al., unpublished observations). 84 Also notably, feeding low
doses of myelin basic protein to patients with multiple sclerosis resulted in a
higher frequency of circulating T cells with a potency for production of the
down-regulatory cytokine TGF-β compared with T cells from placebo-fed
patients.92

Putative Lympho–Epithelial Interactions
A central role of the gut epithelium in oral tolerance is suggested by the
observation that its experimental induction depends on preserved integrity of
the mucosal barrier.93,94 Suppressive effects resulting from interactions between the dominating T-cell receptor (TCR)α/β+CD8+ intraepithelial lymphocyte (IEL) subset and a normal epithelium represent one intriguing
possibility, and there is some supporting evidence to this effect 95; it is possible that luminal antigenic peptides are presented by resting enterocytes with
inadequate costimulation to IELs or subepithelial CD4+ T cells.96 Experiments in CD8-knockout mice have suggested that CD8+ T cells are crucial for
the downregulation of enterically elicited mucosal immunity but not for mucosally induced suppression of systemic antibody responses.97 Moreover, the
chief effect obtained when enterocytes have been used as unconventional
APCs in various test systems has been stimulation of CD8+ T cells with suppressor function.84,98 Human enterocytes express a ligand (gp180) that, by
interaction with the α chain of CD8, may rapidly activate the tyrosine kinase
p561ck and thereby preferentially trigger CD8+ T cells.99 Antigen presentation by major histocompatibility complex (MHC) or CD1d molecules on enterocytes in this context could theoretically leave cognate IELs, and even
CD4+ lamina propria T helper (Th) cells, in an unresponsive state or induce
an active down-regulatory potential by a deviated cytokine profile (FIG. 5).
Moreover, basolateral exosomes with MHC class II–dependent antigenpresenting capacity may be released from the gut epithelium and act as “tolerosomes,”100 either locally or at distant sites such as mesenteric lymph nodes
or the liver (FIG. 5).
The additional involvement of TCRγ/δ+ IELs in oral tolerance is also an intriguing possibility (FIG. 5) in view of the suggestion that this subset in the
mouse may act as “contrasuppressor cells,” thereby being able to release intestinal IgA responses from T-cell-mediated suppression.101 Subsequent
studies have shown that this effect probably can be ascribed to IL-10 secreted
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FIGURE 5. Schematic depiction of putative mechanisms suggested for induction of
tolerance via the gut (“oral tolerance”). Hyporesponsiveness to innocuous antigens (Ag)
gaining access to immune cells through M cells (M) in gut-associated lymphoid tissue
(GALT) or through the intestinal surface epithelium, may be explained by T-cell anergy,
clonal deletion by apoptosis, and cytokine-mediated active suppression (immune deviation), either locally or at distant sites after dissemination of absorbed Ag or transport of
Ag in antigen-presenting cells (APC) or epithelial exosomes. In the normal state, when
only low-grade activation takes place, subepithelial APCs migrate quickly to regional
lymph nodes with acquired Ag, thus prohibiting mucosal hyperactivation of T cells locally. Special regulatory T cells (Tr1 and Th3) producing the suppressive cytokines IL-10
and TGF-β appear to be important for the development of a balanced Th2/Th1 profile. A
down-regulatory tone in the gut may also be ascribed to unconventional Ag presentation
by epithelial cells (to the right) and the effect of prostaglandin E2 (PGE2) released from
the epithelium or APCs. Details are discussed in the text.

by CD4+ T cells that are controlled by γ/δ T cells operating through this
down-regulatory cytokine in low-dose tolerance.102 If this mechanism operates also in humans, the preferential expansion of intraepithelial γ/δ T cells in
the celiac lesion might contribute to the striking increase in Ig-producing immunocytes and activated lamina propria CD4+ T cells seen in untreated patients.103 However, the increase of TCRγ/δ+ IELs in celiac disease could
rather reflect that they are cytotoxic cells involved in the clearance of microorganisms or damaged epithelium to preserve the surface barrier. 1,98,104
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FIGURE 6. Schematic representation of polarized patterns of cytokines produced by
activated T helper (Th) cells. When naive CD4+ Th cells are primed by a professional
antigen-presenting cell (APC) providing adequate costimulatory signals, they differentiate into Th1 or Th2 cells. Such skewing of the immune response depends on the presence
of microenvironmental factors, including cytokines and danger signals from microbial
products interacting with APC receptors, thereby determining the expression level of various costimulatory signals. For simplicity, only the lipopolysaccharide (LPS) receptor
CD14 and Toll-like receptors (TLRs) are indicated, together with the costimulatory molecules. B7.1 and B7.2. Th1 cells produce predominantly IFN-γ, IL-2 and TNF-α, while
Th2 cells are mainly capable of IL-4, IL-5, IL-10, and IL-13 secretion. Distinct Th1 and
Th2 profiles are further promoted by inhibitory feedback loops as indicated. Abbreviations: Ag, antigen; MHC II, major histocompatibility complex class II molecules; TCR,
T-cell receptor; LPs, lipoproteins; CpG, unmethylated nucleotide motif.

Role of Costimulation by Antigen-Presenting Cells
Productive T-cell activation with appropriate proliferation and cytokine secretion requires two signaling events, one through the TCR and another
through a receptor for some costimulatory molecule (FIG. 6). Without the latter signal, the T cells mount only a partial response and, more importantly,
may be subjected to active tolerance induction83 or anergy with no capacity
for production of their own growth factor IL-2 upon restimulation.105 The required costimulation for productive immunity is provided by soluble mediators such as IL-1 and through cellular interactions, especially ligation of B7
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(CD80/CD86) on professional APCs with CD28 on the T cells.106 There is
particularly great interest in the role of DCs in shaping the phenotypes of naive T cells during such initial priming. Also, because DCs have migratory
properties, they largely determine the tissue site in which primary immune responses will take place.107,108
Immature DC subsets are found both in the circulation and in most peripheral tissues from which they, after endocytosis of antigen, generally migrate
via draining lymphatics into regional lymph nodes to perform antigen presentation. The actual expression level of various costimulatory molecules on the
matured and activated DCs during the priming process influences the differentiation of naive T cells in terms of cytokine production—that is, a Th1
(IFN-γ, IL-2, and tumor necrosis factor (TNF)-α) versus a Th2 (IL-4, IL-5,
IL-10, and IL-13) profile (FIG. 6). Interaction of the T-cell CD28 receptor
with B7.1 (CD80) appears to favor the former, and with B7.2 (CD86) the latter cytokine profile.109 This Th1/Th2 paradigm is important in relation to
atopic allergy, because IgE production as a basis for type I hypersensitivity
(atopy) is highly dependent on IL-4 and IL-13.110 Also, homeostatic crossregulation should ideally take place between the Th1 and Th2 responses.111
Considerable information exists about putative aberrant immunoregulatory
functions of nonprofessional APCs such as keratinocytes, because they lack
appropriate costimulatory molecules necessary for productive immunity.112
As alluded to above, this also applies to enterocytes (FIG. 5). Thus, both B7
and intercellular adhesion molecule-1 (CD54) are virtually absent on normal
human enterocytes.113 Low levels of B7 might actually engage the highaffinity costimulatory molecule CTLA-4 on Th cells,114 which could result
in a down-regulatory response contributing to oral tolerance. 115
In the normal state, even the subepithelial professional APCs in human gut
mucosa, which have both macrophage and DC properties, show an extremely
low level of B7 expression15,116 and might therefore ligate CTLA-4 rather
than CD28 on T cells. Also, only B7.2 (CD86) is normally detectable, and
this molecule has been shown in animal experiments to be important for lowdose oral tolerance.117 Functional characteristics of normal human lamina
propria CD4+ T cells actually do suggest that they are tightly controlled by
suppression. First, they are remarkably unresponsive to signaling via the classical TCR/CD3 pathway alone, whereas anti-CD2 (particularly together with
engagement of CD28) induces proliferation and cytokine secretion.118,119
Second, they appear to be particularly susceptible to Fas (CD95)-mediated
apoptosis, which might contribute to the limitation of clonal proliferation in
the normal gut.120 Third, they may be kept in check by prostaglandin E2 released by the gut epithelium or lamina propria macrophages.121
The fact that resident APCs from normal human gut mucosa are quite inert
in terms of immune-productive stimulatory properties122 supports the notion
that they play a central role in induction of oral tolerance. One possibility is
that, in the normal state (i.e., when subjected only to low-grade activation),
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they carry penetrating dietary and innocuous microbial antigens away from
the mucosa, thereby avoiding local hyperactivation of immune cells (FIG. 5).
Indeed, normal human intestinal mucosa shows only very low expression levels of mRNA for IFN-γ, the key cytokine of activated Th1 cells.123 The same
is true for Th2 cytokines such as IL-4 and IL-5. Moreover, animal experiments have demonstrated that intestinal APCs can be triggered by proinflammatory factors to become mobilized124 and even constitutively migrate
rapidly with acquired epithelial elements and antigens away from the intestinal mucosa.125,126 Such successful “silent” antigen clearance probably depends on relatively low doses of absorbed antigen and may result in systemic
T-cell-dependent tolerance induction (FIG. 5). Interestingly, in vivo expansion
of the intestinal APC population enhanced the induction of oral tolerance in
mice,127 whereas concurrent APC activation by immunization with cholera
toxin or treatment of the animals with IL-1 resulted in productive immunity
against the fed antigen.128
Animal studies have suggested differential effects of antigen dose and
feeding frequency on the mechanisms of tolerance induction.8 At very high
doses, both Th1 and Th2 cells were shown to be deleted following initial activation, an event apparently depending on apoptosis in Peyer’s patches.129
Anergy and clonal deletion would be antigen-specific events, in contrast to
active suppression resulting from deviation of cytokine profiles induced by Tcell stimulation locally or in regional lymph nodes or the liver130 after distant
transport of antigen in APCs or epithelial exosomes (FIG. 5). Experiments
performed to induce therapeutic tolerance via the gut in various autoimmune
disease models have relied on a bystander effect of stimulated T cells which,
through immune deviation, preferentially have secreted down-regulatory cytokines, particularly TGF-β.131 The gut has been suggested to harbor T cells
with a propensity for secretion of TGF-β (so-called Th3 cells), which appear
to be particularly resistant to apoptosis,129 but this subset has not been clearly
identified in humans. Another regulatory T-cell subset (Tr1) with a remarkable propensity for IL-10 production has been identified both in the murine
and human gut.132,133
Altogether, a complex scenario may be proposed for oral tolerance, depending on apoptosis when intestinal antigen exposure is excessive and on
anergy due to lack of costimulatory APC molecules, antigen clearance from
the mucosa, and induction of immune deviation (skewing of T-cell cytokine
profile) at lower antigen doses (FIG. 5). This scenario is further complicated
by the fact that several cytokines contributing to the local profile are produced
not only by T cells, but also by APCs and epithelial cells, for instance the
down-regulatory cytokines TGF-β and IL-10. Furthermore, it remains unclear whether the most important immunoregulatory events for oral tolerance
against dietary antigens takes place in the Peyer’s patches, in the lamina propria, or in systemic lymphoid organs.134–136
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FIGURE 7. Shift of the balance between microbial exposure and pollution as a possible cause of the increase in IgE-mediated allergy over the last decades. Infections due
to foodborne and orofecal microbes are dramatically decreased in the Westernized part
of the world, and so are other Th1-driving stimuli such as lipopolysaccharide (LPS) from
gram-negative bacteria, saprophytic mycobacteria from soil and water, and lactic acidproducing bacteria. Reduced secretion of IL-12 and IL-18 by antigen-presenting cells
(APC) is one explanation for downregulated Th1-cell responses, which are the basis for
delayed type hypersensitivity (DTH)-dependent immune defense. Consequently, there is
also less negative crossregulation of Th2 cells by IFN-γ, allowing enhanced IgE responses to protein antigens (allergens). Pollution may also directly (or indirectly via mast-cell
activation) stimulate IgE production. Modified from Brandtzaeg.138

Mucosal Homeostasis versus Allergy
It may seem paradoxical that mucosal disorders such as inflammatory bowel disease (IBD) and celiac disease appear to depend, at least initially, on putative Th1-cell-driven pathogenic mechanisms,103,137 while atopic (IgEmediated) allergy originates from Th2-cell responses110,138 which generate
the essential cytokines IL-4 and IL-13 (early phase) as well as IL-3, IL-5, and
GM-CSF (late phase). According to the hygiene hypothesis, the increasing incidence of allergy in Westernized societies over the last decades139,140 may to
some extent be explained by a reduced microbial load early in infancy,140–142
resulting in too little Th1-cell activity and therefore an insufficient level of
IFN-γ to cross-regulate optimally Th2-cell responses (FIG. 7). In this context
an appropriate composition of the commensal bacterial flora144 and exposure
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to foodborne and orofecal microbes145,146 most likely exert an important homeostatic impact, both by enhancing the SIgA-mediated barrier function (see
above) and by promoting oral tolerance through a shift from a predominant
Th2-cell activity in the newborn period to a more balanced cytokine profile
later on.147 Thus, the intestinal microflora of young children in Sweden was
found to contain a relatively large number of Clostridium sp., whereas high
levels of Lactobacillus sp. and Eubacterium sp. were detected in an agematched population from Estonia.148 Perhaps this difference could explain
the lower incidence of allergy in the Baltic countries compared with Scandinavia. Interestingly, the intestinal microflora of children in Estonia were
deemed to be somewhat similar to that of Swedish children in the 1960s. Also, the intestinal microflora of Estonian children with allergy appeared to differ from that of their healthy counterparts, particularly by containing less
lactobacilli.149 A recent Finnish study likewise reported that atopic infants
had more clostridia and tended to have fewer bifidobacteria in their stools
than nonatopic controls.150
Such observations make a good case for studying the potential clinical benefits of prebiobics and probiotic bacterial strains from the indigenous gut
flora.143,151,152 Similarly, there is some hope that immunization with mycobacterial antigens might skew the cytokine profile towards Th1 and thereby,
through cross-regulation, dampen Th2-dependent allergic (atopic) symptoms.153,154 Newborns are in fact able to mount a Th1-type immune response
when appropriately stimulated.155 Also notably, the bacterial endotoxin or
LPS receptor CD14 together with the Toll-like receptor (TLR4) on APCs, as
well as other TLRs that recognize microbial products (e.g., lipoproteins and
peptidoglycans) as danger signals or PAMPs (pathogen-associated molecular
patterns) are in this respect an important link between innate and specific immunity (FIGS. 6 and 7). This link operates via the NF-κB activation pathway
to release proinflammatory cytokines,156,157 including the Th1-inducing
IL-12 and IL-18.158,159 Even certain CpG motifs of bacterial DNA have been
shown to promote Th1-cell activity through interaction with TLR9.160–162
Subepithelial intestinal APCs most likely express TLRs, although this has not
yet been studied properly in the human gut.163 However, low levels of CD14
are normally present on these cells, and its expression is enhanced together
with that of B7.1 and B7.2 by proinflammatory factors.15,116
Altogether, it appears that the human intestinal immune system preferentially responds with a dominating Th1 profile,123 even against various food
antigens in the seemingly normal state.164 This appears to be true for T cells
also in the duodenal mucosa of children with cow’s milk hypersensitivity165
and might to some extent reflect a high expression level of the Th1-promoting
cytokine IL-12 observed for putative APCs situated below the FAE of Peyer’s
patches in children.166 The strong bias towards Th1-cell responses in the human gut could thus contribute to the fact that the majority of food-allergic
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children outgrow their problems.2 This is in contrast to respiratory atopic allergy, which tends to persist and increase in severity.167,168 Most likely, danger signals from an established intestinal bacterial flora, as well as the
environmental microbial exposure, exert an important drive towards an adequate Th1 skewing in the gut, thus counterbalancing excessive Th2 responses
(FIGS. 6 and 7). Nevertheless, allergen-specific mucosal Th2 cells have been
detected in patients with presumably cow’s milk–induced gastroenteritis. 169
Although the immune system in the airways also responds to antigen stimulation in the presence of danger signals (infection or inflammation) with a
Th1 profile,107 an increasingly prominent Th2 profile generally develops as
the basis for IgE-mediated (type I) respiratory allergy167,170 in individuals
with hereditary atopic predisposition.171,172 This skewing towards Th2-cell
responses may be influenced by the so-called “lymphoid” DC type, recently
named plasmacytoid DCs (P-DCs), which can be identified by their high level of IL-3-receptor (CD123) in allergic nasal mucosa.173 In vitro, P-DCs have
been shown to drive naive T cells towards a Th2 response with IL-4 and IL-5
production.174 Interestingly, we have been unable to detect P-DCs in the intestinal lamina propria, even in IBD and celiac disease (Jahnsen et al., unpublished observations). Therefore, the apparent inability of this DC subset to
home to intestinal effector sites might contribute to the Th1 dominance of immune responses in the human gut as a result of little cross-regulation from local Th2 responses. The paucity of human intestinal Th2 responsiveness166 is
emphasized by the fact that there is usually no detectable IgE production at
this mucosal effector site, even in adult food-allergic persons with overt atopy.175 Hence, there may be several mechanisms other than a local mucosal
Th2 response to explain gastrointestinal allergy against dietary antigens,2,176
including recruitment of mast cells armed with IgE from mesenteric lymph
nodes, type III (immune complex)-mediated reactions and type IV (delayedtype) hypersensitivity.2,138
The feeding and treatment regimens (e.g. antibiotics) to which the newborn
is subjected, and even the nutritional state, have a significant impact on its establishing indigenous microbiota as well as on gut integrity and hence may
disturb the balance of its developing mucosal immune system.144,177,178 The
role of commensal bacteria for mucosal tolerance induction in humans was
highlighted in a recent clinical trial with postnatal colonization (for 6 months)
of a probiotic lactobacillus strain60; after 2 years, a 50% reduction of atopic
eczema was observed in these children compared with placebo controls. Intestinal colonization of lactobacilli and bifidobacteria is promoted by breast
milk because of its large amounts of oligosaccharides, which have prebiotic
properties178; these microorganisms may directly enhance the Th1 profile in
the gut (FIG. 7) by inducing IL-12, IL-18, and IFN-γ.179,180 Also notably, E.
coli is a strong inducer of IL-10 secretion, apparently derived from
APCs.181,182 This has directly been shown to be an important suppressive cy-
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tokine in the gut.102 Thus, the indigenous microbiota may have an impact on
mucosal homeostasis beyond that of enchancing the SIgA system or promoting a Th1-cytokine profile that counterbalances Th2-cell responsiveness. 184
Effect of Breastfeeding on Oral Tolerance
Through avoidance of too-early local immune activation, for instance limiting the intestinal upregulation of the costimulatory B7 molecules,8,134 the
shielding effect exerted by SIgA from breast milk on the suckling’s GALT
may contribute to the establishment of oral tolerance not only against the indigenous microflora, but also against dietary antigens such as gluten. Antibodies to gluten peptides are present in breast milk,29 and breastfeeding has
in fact been shown to protect significantly against the development of celiac
disease in children unrelated to the time of solid food introduction.65 Early
exposure to cow’s milk has been suggested to be associated with predisposition to type 1 (insulin-dependent) diabetes, and investigations have particularly focused on immune stimulation by bovine serum albumin,185 βlactoglobulin,186 and insulin.187 In a recent study, short-term breastfeeding
and early introduction of cow’s milk were found to be associated with progressive signs of type 1 diabetes-related autoimmunity. 188
On the basis of such observations, it may be tentatively concluded that
mixed feeding, rather than abrupt weaning, appears to promote tolerance to
food proteins and thereby also avoidance of potentially harmful crossreactive autoantibodies. This notion is further supported by reports suggesting that cow’s milk allergy is more likely to develop in infants whose mothers
have relatively low levels of milk IgA antibodies to bovine proteins.28,189 It
is also noteworthy in this context that allergic mothers appear to have decreased levels of ovalbumin-specific IgA190 and elevated levels of Th2promoting IL-4191 in their breast milk.
On the other hand, the presence of TGF-β and IL-10 in breast milk might
contribute to its tolerogenic properties, because these cytokines exert pronounced immunosuppressive effects in the gut.183,192 The balance between
IL-10 and the Th2-promoting IL-4 might be of particular significance. Moreover, TGF-β enhances the epithelial barrier function.193 Interestingly, TGF-β
has been reported to be present at a higher level in maternal colostrum provided
for infants that did not develop atopic eczema during exclusive breastfeeding
compared to those with early-onset symptoms.194
Many recent epidemiological studies do support the view that breastfeeding protects against atopic allergy and asthma,62–64 although this is still a
somewhat controversial issue.177 Food antigens appear in breast milk, but dietary restriction during pregnancy and breastfeeding has shown no conclusive
effect on the development of atopic diseases in the child.177,178 It remains an
open question whether early exposure to small amounts of food antigens may
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actually have a positive effect on tolerance induction, especially when occurring in its natural context in the gut lumen of a suckling. 195

CONCLUSIONS
Several more or less well-defined variables influence the development of
productive mucosal immunity and oral tolerance, therefore constituting a
complex and rather enigmatic mechanistic basis for adaptive immune defense
and adverse immunological reactions to foods. An inadequate epithelial barrier against luminal antigens is an important primary or secondary event in
the pathogenesis of several mucosal diseases—being influenced by the individual’s age (e.g., preterm versus term infant), activation of the epithelium
and subepithelial elements such as APCs and mast cells (e.g., by infection,
cytokines, or neuropeptides), and the shielding effect of SIgA provided by
breast milk or produced by adaptive B-cell responses in the infant’s gut. The
consequences will depend on how fast mucosal homeostasis can be attained
or re-established after abrogation.
SIgA is the best defined effector component of the mucosal immune system, and it operates by immune exclusion against infectious agents and other
harmful substances. Breastfeeding provides the infant with this important
first-line specific defense. Breast milk also contains an array of important immunoregulatory factors and promotes colonization of lactic acid-producing
bacteria. These members of the indigenous microbiota are powerful in combating pathogenic intruders that may break oral tolerance,151,152 and they
also appear to exert a beneficial effect on the cytokine balance of the host and
thereby on the developing immunological responder phenotype. Animal experiments have indeed documented that the commensal bacterial flora are
crucial both for induction of oral tolerance and for its re-establishment after
abrogation.3 This effect not only might be mediated through immune modulation, but could also be partly explained by enzymatic activity of the indigenous flora that degrades food proteins to tolerated peptides. 196

ACKNOWLEDGMENTS
Studies in the author’s laboratory are supported by the Norwegian Cancer
Society, the Research Council of Norway, Anders Jahre’s Foundation, Rakel
and Otto Kr. Bruun’s Legacy, and the Research Fund for Asthma and Allergy.
Hege Eliassen Bryne and Erik K. Hagen are thanked for excellent secretarial
assistance.

34

ANNALS NEW YORK ACADEMY OF SCIENCES

REFERENCES
1. BRANDTZAEG, P. 1996. History of oral tolerance and mucosal immunity. Ann.
N.Y. Acad. Sci. 778: 1–27.
2. BISCHOFF, S.C., J.H. MAYER & M.P. MANNS. 2000. Allergy and the gut. Int.
Arch. Allergy Immunol. 121: 270–283.
3. HELGELAND, L. & P. BRANDTZAEG. 2000. Development and function of intestinal B and T cells. Microbiol. Ecol. Health Dis. Suppl. 2: 110–127.
4. HOLT, P.G. & C.A. JONES. 2000. The development of the immune system during pregnancy and early life. Allergy 55: 688–697.
5. BRANDTZAEG, P., I.N. FARSTAD, F.E. JOHANSEN, et al. 1999. The B-cell system
of human mucosae and exocrine glands. Immunol. Rev. 171: 45–87.
6. HOLT, P.G. 1995. Postnatal maturation of immune competence during infancy
and childhood. Pediatr. Allergy Immunol. 6: 59–70.
7. BRANDTZAEG, P. 1996. Development of the mucosal immune system in humans.
In Recent Developments in Infant Nutrition. J.G. Bindels, A.C. Goedhart &
H.K.A. Visser, Eds.: 349–376. Kluwer Academic Publishers. London.
8. BRANDTZAEG, P. 1998. Development and basic mechanisms of human gut
immunity. Nutr. Rev. 56: S5–18.
9. HOOPER, L.V., M.H. WONG, A. THELIN, et al. 2001. Molecular analysis of commensal host–microbial relationships in the intestine. Science 291: 881–884.
10. NEISH, A.S., A.T. GEWIRTZ, H. ZENG, et al. 2000. Prokaryotic regulation of
epithelial responses by inhibition of IκB-α ubiquitination. Science 289:
1560–1563.
11. ANONYMOUS. 1994. A warm chain for breastfeeding. Lancet 344: 1239–1241.
12. HYLANDER, M.A., D.M. STROBINO & R. DHANIREDDY. 1998. Human milk
feedings and infection among very low birth weight infants. Pediatrics 102:
E38 (pp. 6, electronic paper).
13. O’LEARY, A.D. & E.C. SWEENEY. 1986. Lymphoglandular complexes of the
colon: structure and distribution. Histopathology 10: 267–283.
14. HATHAWAY, L.J. & J.P. KRAEHENBUHL. 2000. The role of M cells in mucosal
immunity. Cell. Mol. Life Sci. 57: 323–332.
15. BRANDTZAEG, P. 2001. Nature and function of gastrointestinal antigen-presenting cells. Allergy 56(Suppl. 67): 16–20.
16. YAMANAKA, T., A. STRAUMFORS, H. MORTON, et al. 2001. M-cell pockets of
human Peyer’s patches are specialized extensions of germinal centers. Eur. J.
Immunol. 31: 107–117.
17. BRANDTZAEG, P., E.S. BAEKKEVOLD, I.N. FARSTAD, et al. 1999. Regional specialization in the mucosal immune system: what happens in the microcompartments? Immunol. Today 20: 141–151.
18. BUTCHER, E.C., R.V. ROUSE, R.L. COFFMAN, et al. 1982. Surface phenotype of
Peyer’s patch germinal center cells: implications for the role of germinal centers in B cell differentiation. J. Immunol. 129: 2698–2707.
19. BRANDTZAEG, P., I.N. FARSTAD & G. HARALDSEN. 1999. Regional specialization in the mucosal immune system: primed cells do not always home along
the same track. Immunol. Today 20: 267–277.
20. BRANDTZAEG, P. 1999. Regionalized immune function of tonsils and adenoids.
Immunol. Today 20: 383–384.

BRANDTZAEG: GUT IMMUNOREGULATION

35

21. TSCHERNIG, T. & R. PABST. 2000. Bronchus-associated lymphoid tissue
(BALT) is not present in the normal adult lung but in different diseases.
Pathobiology 68: 1–8.
22. GOLDMAN, A.S. 1993. The immune system of human milk: antimicrobial, antiinflammatory and immunomodulating properties. Pediatr. Infect. Dis. J. 12:
664–671.
23. HANSON, L.Å., R. ASHRAF, B. CARLSSON, et al. 1993. Child health and the
population increase. In Peace, Health and Development. L.Å. Hanson & L.
Köhler, Eds.: 31–38. University of Göteborg and the Nordic School of Public
Health, NHV Report 4.
24. WOLD, A.E. & L.Å. HANSON. 1994. Defense factors in human milk. Curr.
Opin. Gastroenterol. 10: 652–658.
25. PISACANE, A., L. GRAZIANO, G. ZONA, et al. 1994. Breast feeding and acute
lower respiratory infection. Acta Paediatr. 83: 714–718.
26. NEWMAN, J. 1995. How breast milk protects newborns. Sci. Am. 273: 58–61.
27. GOLDING, J., P.M. EMMETT & I.S. ROGERS. 1997. Does breast feeding protect
against non-gastric infections? Early Hum. Dev. 49(Suppl.): S105–120.
28. SAVILAHTI, E., V.-M. TAINIO, L. SALMENPERA, et al. 1991. Low colostral IgA
associated with cow’s milk allergy. Acta Paediatr. Scand. 80: 1207–1213.
29. JUTO, P. & S. HOLM. 1992. Gliadin-specific and cow’s milk protein-specific
IgA in human milk. J. Pediatr. Gastroenterol. Nutr. 15: 159–162.
30. BRANDTZAEG, P., K. BAKLIEN, K. BJERKE, et al. 1987. Nature and properties of
the human gastrointestinal immune system. In Immunology of the Gastrointestinal Tract. K. Miller & S. Nicklin, Eds.: 1–85. CRC Press. Boca
Raton, FL.
31. SANDERSON, I.R. & W.A. WALKER. 1993. Uptake and transport of macromolecules by the intestine: possible role in clinical disorders (an update). Gastroenterology 104: 622–639.
32. BRANDTZAEG, P., D.E. NILSSEN, T.O. ROGNUM & P.S. THRANE. 1991. Ontogeny of the mucosal immune system and IgA deficiency. Gastroenterol. Clin.
N. Am. 20: 397–439.
33. BRIDGES, R.A., R.M. CONDIE, S.J. ZAK & R.A. G OOD. 1959. The morphologic
basis of antibody formation. Development during the neonatal period. J. Lab.
Clin. Med. 53: 331–357.
34. CORNES, J.S. 1965. Number, size, and distribution of Peyer’s patches in the
human small intestine. Gut 6: 225–233.
35. SPENCER, J., T.T. MACDONALD, T. FINN & P.G. ISAACSON. 1986. The development of gut-associated lymphoid tissue in the terminal ileum of fetal human
intestine. Clin. Exp. Immunol. 64: 536–543.
36. GEBBERS, J.-O. & J.A. LAISSUE. 1990. Postnatal immunomorphology of the
gut. In Inflammatory Bowel Disease and Celiac Disease in Children. F.
Hadziselimovic, B. Herzog & A. Bürgin-Wolff, Eds.: 3–44. Kluwer Academic Publishers. Dordrecht.
37. HUSBAND, A.J. & M. GLEESON. 1990. Developmental aspects of gut-associated
immunity: a comparative review. In Ontogeny of the Immune System of the
Gut. T.T. MacDonald, Ed.: 83–116. CRC Press. Boca Raton, FL.
38. SAGIE, E., J. TARABULUS, D.M. MAEIR & S. FREIER. 1974. Diet and development of intestinal IgA in the mouse. Isr. J. Med. Sci. 10: 532–534.
39. KNOX, W.F. 1986. Restricted feeding and human intestinal plasma cell development. Arch. Dis. Child 61: 744–749.

36

ANNALS NEW YORK ACADEMY OF SCIENCES

40. LI, J., K.A. KUDSK, M. HAMIDIAN & B.L. GOCINSKI. 1995. Bombesin affects
mucosal immunity and gut-associated lymphoid tissue in intravenously fed
mice. Arch. Surg. 130: 1164–1169.
41. LI, J., K.A. KUDSK, B. GOCINSKI, et al. 1995. Effects of parenteral and enteral
nutrition on gut-associated lymphoid tissue. J. Trauma 39: 44–51.
42. JANU, P., J. LI, K.B. RENEGAR & K.A. KUDSK. 1997. Recovery of gut-associated lymphoid tissue and upper respiratory tract immunity after parenteral
nutrition. Ann. Surg. 225: 707–715.
43. RENEGAR, K.B., C.D. JOHNSON, R.C. DEWITT, et al. 2001. Impairment of
mucosal immunity by total parenteral nutrition: requirement for IgA in
murine nasotracheal anti-influenza immunity. J. Immunol. 166: 819–825.
44. CRABBÉ, P.A., D.R. NASH, H. BAZIN, et al. 1970. Immunohistochemical observations on lymphoid tissues from conventional and germ-free mice. Lab.
Invest. 22: 448–457.
45. HORSFALL, D.J., J.M. COOPER & D. ROWLEY. 1978. Changes in the immunoglobulin levels of the mouse gut and serum during conventionalisation and
following administration of Salmonella typhimurium. Aust. J. Exp. Biol.
Med. Sci. 56: 727–735.
46. LODINOVÁ, R., V. JOUJA & V. WAGNER. 1973. Serum immunoglobulins and
coproantibody formation in infants after artificial intestinal colonization with
Escherichia coli 083 and oral lysozyme administration. Pediatr. Res. 7: 659–669.
47. MOREAU, M.C., R. DUCLUZEAU, D. GUY-GRAND & M.C. MULLER. 1978.
Increase in the population of duodenal immunoglobulin A plasmocytes in
axenic mice assosiated with different living or dead bacterial strains of intestinal origin. Infect. Immun. 121: 532–539.
48. WIJESINHA, S.S. & H.W. STEER. 1982. Studies of the immunoglobulin-producing cells of the human intestine: the defunctioned bowel. Gut 23: 211–214.
49. REYNOLDS, J.D. & B. MORRIS. 1984. The effect of antigen on the development
of Peyer’s patches in sheep. Eur. J. Immunol. 14: 1–6.
50. NAGAO, A.T., M.I.D.S. PILAGALLO & A.B. PEREIRA. 1993. Quantitation of salivary, urinary and faecal sIgA in children living in different conditions of antigenic exposure. J. Trop. Pediatr. 39: 278–283.
51. WIEDERMANN, U., L.A. HANSON, J. HOLMGREN, et al. 1993. Impaired mucosal
antibody response to cholera toxin in vitamin A–deficient rats immunized
with oral cholera vaccine [published erratum appears in Infect. Immun. 61:
5431]. Infect. Immun. 61: 3952–3957.
52. STEPHENSEN, C.B., Z. MOLDOVEANU & N.N. GANGOPADHYAY. 1996. Vitamin
A deficiency diminishes the salivary immunoglobulin A response and
enhances the serum immunoglobulin G response to influenza A virus infection in BALB/c mice. J. Nutr. 126: 94–102.
53. KAILA, M., E. ISOLAURI, E. SOPPI, et al. 1992. Enhancement of the circulating
antibody secreting cell response in human diarrhea by a human Lactobacillus
strain. Pediatr. Res. 32: 141–144.
54. ISOLAURI, E., J. JOENSUU, H. SUOMALAINEN, et al. 1995. Improved immunogenicity of oral D x RRV reassortant rotavirus vaccine by Lactobacillus casei
GG. Vaccine 13: 310–312.
55. KAILA, M., E. ISOLAURI, M. SAXELIN, et al. 1995. Viable versus inactivated lactobacillus strain GG in acute rotavirus diarrhoea. Arch. Dis. Child. 72: 51–53.

BRANDTZAEG: GUT IMMUNOREGULATION

37

56. MALIN, M., H. SUOMALAINEN, M. SAXELIN & E. ISOLAURI. 1996. Promotion of
IgA immune response in patients with Crohn’s disease by oral bacteriotherapy with Lactobacillus GG. Ann. Nutr. Metab. 40: 137–145.
57. YASUI, H., J. KIYOSHIMA & H. USHIJIMA. 1995. Passive protection against
rotavirus-induced diarrhea of mouse pups born to and nursed by dams fed
Bifidobacterium breve YIT4064. J. Infect. Dis. 172: 403–409.
58. PROKESOVÁ, L., P. LADMANOVÁ, D. CECHOVA, et al. 1999. Stimulatory effects
of Bacillus firmus on IgA production in human and mice. Immunol. Lett.
(Abstr.) 69: 55–56.
59. LODINOVÁ-ZÁDNIKOVÁ, R. & B. CUKROWSKÁ. 1999. Influence of oral colonization of the intestine with a non-enteropathogenic E. coli strain after birth on
the frequency of infectious and allergic diseases after 10 and 20 years. Immunol. Lett. (Abstr.) 69: 64.
60. KALLIOMÄKI, M., S. SALMINEN, H. ARVILOMMI, et al. 2001. Probiotics in primary prevention of atopic disease: a randomised placebo-controlled trial.
Lancet 357: 1076–1079.
61. WRIGHT, A.L., M. BAUER, A. NAYLOR, et al. 1998. Increasing breastfeeding
rates to reduce infant illness at the community level. Pediatrics 101: 837–844.
62. SAARINEN, U.M. & M. K AJOSAARI. 1995. Breastfeeding as prophylaxis against
atopic disease: prospective follow-up study until 17 years old. Lancet 346:
1065–1069.
63. ODDY, W.H., P.G. HOLT, P.D. SLY, et al. 1999. Association between breast
feeding and asthma in 6 year old children: findings of a prospective birth
cohort study. Br. Med. J. 319: 815–819.
64. KULL, I., S.L. NORDVALL, G. PERSHAGEN, et al. 2001. Breast-feeding reduces
the risk of developing allergic diseases in young children. Report from the
ongoing Swedish prospective birth cohort study (BAMSE). Allergy (Abstr.)
56(Suppl. 68): 39.
65. BRANDTZAEG, P. 1997. Development of the intestinal immune system and its
relation to coeliac disease. In Coeliac Disease. Proceedings of the Seventh
International Symposium on Coeliac Disease. M. Mäki, P. Collin & J.K. Visakorpi, Eds.: 221–244. Coeliac Disease Study Group. Tampere, Finland.
66. DICKINSON, E.C., J.C. GORGA, M. GARRETT, et al. 1998. Immunoglobulin A
supplementation abrogates bacterial translocation and preserves the architecture of the intestinal epithelium. Surgery 124: 284–290.
67. JOHANSEN, F.-E., M. PEKNA, I.N. NORDERHAUG, et al. 1999. Absence of epithelial immunoglobulin A transport, with increased mucosal leakiness, in polymeric immunoglobulin receptor/secretory component-deficient mice. J. Exp.
Med. 190: 915–922.
68. BRANDTZAEG, P. 1973. Two types of IgA immunocytes in man. Nat. New Biol.
243: 142–143.
69. BRANDTZAEG, P. 1974. Presence of J chain in human immunocytes containing
various immunoglobulin classes. Nature 252: 418–420.
70. BRANDTZAEG, P. 1974. Mucosal and glandular distribution of immunoglobulin
components: differential localization of free and bound SC in secretory epithelial cells. J. Immunol. 112: 1553–1559.
71. BRANDTZAEG, P. 1975. Human secretory immunoglobulin M. An immunochemical and immunohistochemical study. Immunology 29: 559–570.

38

ANNALS NEW YORK ACADEMY OF SCIENCES

72. BRANDTZAEG, P., I. FJELLANGER & S.T. GJERULDSEN. 1968. Immunoglobulin
M: local synthesis and selective secretion in patients with immunoglobulin A
deficiency. Science 160: 789–791.
73. BRANDTZAEG, P. 1983. The secretory immune system of lactating human mammary glands compared with other exocrine organs. Ann. N.Y. Acad. Sci. 30:
353–382.
74. TAYLOR, B., A.P. NORMAN, H.A. ORGEL, et al. 1973. Transient IgA deficiency
and pathogenesis of infantile atopy. Lancet 2: 111–113.
75. SLOPER, K.S., C.G. BROOK, D. KINGSTON, et al. 1981. Eczema and atopy in
early childhood: low IgA plasma cell counts in the jejunal mucosa. Arch. Dis.
Child. 56: 939–942.
76. PERKKIÖ, M. 1980. Immunohistochemical study of intestinal biopsies from
children with atopic eczema due to food allergy. Allergy 35: 573–580.
77. VAN ASPEREN, P.P., M. GLEESON, A.S. KEMP, et al. 1985. The relationship
between atopy and salivary IgA deficiency in infancy. Clin. Exp. Immunol.
62: 753–757.
78. KILIAN, M., S. HUSBY, A. HØST & S. HALKEN. 1995. Increased proportions of
bacteria capable of cleaving IgA1 in the pharynx of infants with atopic disease. Pediatr. Res. 38: 182–186.
79. SØRENSEN, C.H. & M. KILIAN. 1984. Bacterium-induced cleavage of IgA in
nasopharyngeal secretions from atopic children. Acta Pathol. Microbiol.
Immunol. Scand. [C] 92: 85–87.
80. THRANE, P.S., T.O. ROGNUM & P. BRANDTZAEG. 1991. Ontogenesis of the
secretory immune system and innate defence factors in human parotid glands.
Clin. Exp. Immunol. 86: 342–348.
81. BURROWS, P.D. & M.D. COOPER. 1997. IgA deficiency. Adv. Immunol. 65:
245–276.
82. BRANDTZAEG, P. & D.E. NILSSEN. 1995. Mucosal aspects of primary B cell
deficiency and gastrointestinal infections. Curr. Opin. Gastroenterol. 11:
532–540.
83. NAGLER-ANDERSON, C. 2000. Tolerance and immunity in the intestinal immune
system. Crit. Rev. Immunol. 20: 103–120.
84. MAYER, L., K. SPERBER, L. CHAN, et al. 2001. Oral tolerance to protein antigens. Allergy 56(Suppl. 67): 12–15.
85. BRANDTZAEG, P., I.N. FARSTAD & L. HELGELAND. 1998. Phenotypes of T cells
in the gut. Chem. Immunol. 71: 1–26.
86. ROTHBERG, R.M. & R.S. FARR. 1965. Anti-bovine serum albumine and antialpha lactalbumin in the serum of children and adults. Pediatrics 35: 571–
588.
87. SCOTT, H., T.O. ROGNUM, T. MIDTVEDT & P. BRANDTZAEG. 1985. Age-related
changes of human serum antibodies to dietary and colonic bacterial antigens
measured by an enzyme-linked immunosorbent assay. Acta Pathol. Microbiol. Immunol. Scand. 93: 65–70.
88. KORENBLAT, P.E., R.M. ROTHBERG, P. MINDEN & R.S. FARR. 1968. Immune
responses of human adults after oral and parenteral exposure to bovine serum
albumin. J. Allergy 41: 226–235.
89. HUSBY, S., J. MESTECKY, Z. MOLDOVEANU, et al. 1994. Oral tolerance in
humans. T cell but not B cell tolerance after antigen feeding. J. Immunol.
152: 4663–4670.

BRANDTZAEG: GUT IMMUNOREGULATION

39

90. WALDO, F.B., A.W. VAN DEN WALL BAKE, J. MESTECKY & S. HUSBY. 1994.
Suppression of the immune response by nasal immunization. Clin. Immunol.
Immunopathol. 72: 30–34.
91. SCOTT, H., O. FAUSA & E. THORSBY. 1983. T-lymphocyte activation by a gluten fraction, glyc-gli. Studies of adult celiac patients and healthy controls.
Scand. J. Immunol. 18: 185–191.
92. FUKAURA, H., S.C. KENT, M.J. PIETRUSEWICZ, et al. 1996. Induction of circulating myelin basic protein and proteolipid protein-specific transforming
growth factor-β1-secreting Th3 T cells by oral administration of myelin in
multiple sclerosis patients. J. Clin. Invest. 98: 70–77.
93. NICKLIN, S. & K. MILLER. 1983. Local and systemic immune responses to
intestinally presented antigen. Int. Arch. Allergy Appl. Immunol. 72: 87–90.
94. STROBEL, S., A.M. MOWAT, H.E. DRUMMOND, et al. 1983. Immunological
responses to fed protein antigens in mice. II. Oral tolerance for CMI is due to
activation of cyclophosphamide-sensitive cells by gut-processed antigen.
Immunology 49: 451–456.
95. SACHDEV, G.K., H.R. DALTON, P. HOANG, et al. 1993. Human colonic intraepithelial lymphocytes suppress in vitro immunoglobulin synthesis by autologous peripheral blood lymphocytes and lamina propria lymphocytes. Gut 34:
257–263.
96. HOYNE, G.F., M.G. CALLOW, M-C. KUO & W.R. THOMAS. 1993. Presentation
of peptides and proteins by intestinal epithelial cells. Immunology 80: 204–
208.
97. GRDIC, D., E. HÖRNQUIST, M. KJERRULF & N.Y. LYCKE. 1998. Lack of local
suppression in orally tolerant CD8-deficient mice reveals a critical regulatory
role of CD8+ T cells in the normal gut mucosa. J. Immunol. 160: 754–762.
98. HERSHBERG, R.M. & L.F. MAYER. 2000. Antigen processing and presentation
by intestinal epithelial cells - polarity and complexity. Immunol. Today 21:
123–128.
99. LI, Y., X.Y. YIO & L. MAYER. 1995. Human intestinal epithelial cell-induced
CD8+ T cell activation is mediated through CD8 and the activation of CD8associated p561ck. J. Exp. Med. 182: 1079–1088.
100. KARLSSON, M.R., S. LUNDIN, U.I. DAHLGREN, et al. 2001. “Tolerosomes“ are
produced by intestinal epithelial cells. Submitted.
101. FUJIHASHI, K., T. TAGUCHI, W.K. AICHER, et al. 1992. Immunoregulatory
functions for murine intraepithelial lymphocytes: γ/δ T cell receptor-positive
(TCR+) T cells abrogate oral tolerance, while α/β TCR+ T cells provide B
cell help. J. Exp. Med. 175: 695–707.
102. FUJIHASHI, K., T. DOHI, M.N. KWEON, et al. 1999. γ/δ T cells regulate mucosally
induced tolerance in a dose-dependent fashion. Int. Immunol. 11: 1907–1916.
103. SCOTT, H., E. NILSEN, L.M. SOLLID, et al. 1997. Immunopathology of glutensensitive enteropathy. Springer Semin. Immunopathol. 18: 535–553.
104. GROH, V., A. STEINLE, S. BAUER & T. SPIES. 1998. Recognition of stressinduced MHC molecules by intestinal epithelial γδ T cells. Science 279:
1737–1740.
105. JANEWAY, C.J. & K. BOTTOMLY. 1994. Signals and signs for lymphocyte
responses. Cell 76: 275–285.

40

ANNALS NEW YORK ACADEMY OF SCIENCES

106. ROBEY, E. & J.P. ALLISON. 1995. T cell activation: integration of signals from
the antigen receptor and costimulatory molecules. Immunol. Today 16: 306–
310.
107. HOLT, P.G. & P.A. S TUMBLES. 2000. Regulation of immunologic homeostasis
in peripheral tissues by dendritic cells: the respiratory tract as a paradigm. J.
Allergy Clin. Immunol. 105: 421–429.
108. LANZAVECCHIA, A. & F. SALLUSTO. 2001. The instructive role of dendritic
cells on T cell responses: lineages, plasticity and kinetics. Curr. Opin. Immunol. 13: 291–298.
109. KUCHROO, V.K., M.P. DAS, J.A. BROWN, et al. 1995. B7-1 and B7-2 costimulatory molecules activate differentially the Th1/Th2 developmental pathways:
application to autoimmune disease therapy. Cell 80: 707–718.
110. CORRY, D.B. & F. KHERADMAND. 1999. Induction and regulation of the IgE
response. Nature 402: B18–B23.
111. ROMAGNANI, S. 2000. The role of lymphocytes in allergic disease. J. Allergy
Clin. Immunol. 105: 399–408.
112. NICKOLOFF, B.J. & L.A. TURKA. 1994. Immunological functions of nonprofessional antigen-presenting cells: new insights from studies of T cell
interactions with keratinocytes. Immunol. Today 15: 464–469.
113. BLOOM, S., D. SIMMONS & D.P. JEWELL. 1995. Adhesion molecules intercellular adhesion molecule-1 (ICAM-1), ICAM-3 and B7 are not expressed by
epithelium in normal or inflamed colon. Clin. Exp. Immunol. 101: 157–163.
114. CHAMBERS, C.A. & J.P. ALLISON. 1999. Costimulatory regulation of T cell
function. Curr. Opin. Cell Biol. 11: 203–210.
115. READ, S., V. MALMSTRÖM & F. POWRIE. 2000. Cytotoxic T lymphocyteassociated antigen 4 plays an essential role in the function of CD25+CD4+ regulatory cells that control intestinal inflammation. J. Exp. Med. 192: 295–302.
116. RUGTVEIT, J., A. B AKKA & P. BRANDTZAEG. 1997. Differential distribution of
B7.1 (CD80) and B7.2 (CD86) costimulatory molecules on mucosalmacrophage subsets in human inflammatory bowel disease (IBD). Clin. Exp. Immunol. 110: 104–113.
117. LIU, L., V.K. KUCHROO & H.L. WEINER. 1999. B7.2 (CD86) but not B7.1
(CD80) costimulation is required for the induction of low dose oral tolerance.
J. Immunol. 163: 2284–2290.
118. BOIRIVANT, M., I. FUSS, C. FIOCCHI, et al. 1996. Hypoproliferative human
lamina propria T cells retain the capacity to secrete lymphokines when stimulated via CD2/CD28 pathways. Proc. Assoc. Am. Phys. 108: 55–67.
119. FUSS, I.J., M. NEURATH, M. BOIRIVANT, et al. 1996. Disparate CD4+ lamina
propria (LP) lymphokine secretion profiles in inflammatory bowel disease.
Crohn’s disease LP cells manifest increased secretion of IFN-γ, whereas
ulcerative colitis LP cells manifest increased secretion of IL-5. J. Immunol.
157: 1261–1270.
120. DE MARIA, R., M. BOIRIVANT, M.G. CIFONE, et al. 1996. Functional expression of Fas and Fas ligand on human gut lamina propria T lymphocytes. A
potential role for the acidic sphingomyelinase pathway in normal immunoregulation. J. Clin. Invest. 97: 316–322.
121. NEWBERRY, R.D., W.F. STENSON & R.G. LORENZ. 1999. Cyclooxygenase-2dependent arachidonic acid metabolites are essential modulators of the intestinal immune response to dietary antigen. Nat. Med. 5: 900–906.

BRANDTZAEG: GUT IMMUNOREGULATION

41

122. QIAO, L., J. BRAUNSTEIN, M. GOLLING, et al. 1996. Differential regulation of
human T cell responsiveness by mucosal versus blood monocytes. Eur. J.
Immunol. 26: 922–927.
123. NILSEN, E.M., F.L. JAHNSEN, K.E. LUNDIN, et al. 1998. Gluten induces an
intestinal cytokine response strongly dominated by interferon gamma in
patients with celiac disease. Gastroenterology 115: 551–563.
124. MACPHERSON, G.G., C.D. J ENKINS, M.J. S TEIN & C. E DWARDS. 1995. Endotoxin-mediated dendritic cell release from the intestine. Characterization of
released dendritic cells and TNF dependence. J. Immunol. 154: 1317–1322.
125. GÜTGEMANN, I., A.M. FAHRER, J.D. ALTMAN, et al. 1998. Induction of rapid
T cell activation and tolerance by systemic presentation of an orally administered antigen. Immunity 8: 667–673.
126. HUANG, F.P., N. PLATT, M. WYKES, et al. 2000. A discrete subpopulation of
dendritic cells transports apoptotic intestinal epithelial cells to T cell areas of
mesenteric lymph nodes. J. Exp. Med. 191: 435–444.
127. VINEY, J.L., A.M. MOWAT, J.M. O’MALLEY, et al. 1998. Expanding dendritic
cells in vivo enhances the induction of oral tolerance. J. Immunol. 160: 5815–
5825.
128. WILLIAMSON, E., G.M. WESTRICH & J.L. VINEY. 1999. Modulating dendritic cells
to optimize mucosal immunization protocols. J. Immunol. 163: 3668–3675.
129. CHEN, Y., J. INOBE, R. MARKS, et al. 1995. Peripheral deletion of antigen-reactive T cells in oral tolerance. Nature 376: 177–180.
130. KNOLLE, P.A., E. SCHMITT, S. JIN, et al. 1999. Induction of cytokine production in naive CD4(+) T cells by antigen-presenting murine liver sinusoidal
endothelial cells but failure to induce differentiation toward Th1 cells. Gastroenterology 116: 1428–1440.
131. WEINER, H.L., A. FRIEDMAN, A. MILLER, et al. 1994. Oral tolerance: immunologic mechanisms and treatment of animal and human organ-specific autoimmune diseases by oral administration of autoantigens. Annu. Rev. Immunol.
12: 809–837.
132. GROUX, H., A. O’GARRA, M. BIGLER, et al. 1997. A CD4+ T-cell subset inhibits
antigen-specific T-cell responses and prevents colitis. Nature 389: 737–742.
133. KHOO, U.Y., I.E. PROCTOR & A.J. MACPHERSON. 1997. CD4+ T cell downregulation in human intestinal mucosa: evidence for intestinal tolerance to
luminal bacterial antigens. J. Immunol. 158: 3626–3634.
134. CHEN, Y., K. SONG & S.L. ECK. 2000. An intra-Peyer’s patch gene transfer
model for studying mucosal tolerance: distinct roles of B7 and IL-12 in
mucosal T cell tolerance. J. Immunol. 165: 3145–3153.
135. FUJIHASHI, K., T. DOHI, P.D. RENNERT, et al. 2001. Peyer’s patches are required
for oral tolerance to proteins. Proc. Natl. Acad. Sci. USA 98: 3310–3315.
136. ALPAN, O., G. RUDOMEN & P. MATZINGER. 2001. The role of dendritic cells,
B cells, and M cells in gut-oriented immune responses. J. Immunol. 166:
4843–4852.
137. BRANDTZAEG, P., G. HARALDSEN, L. HELGELAND, et al. 1999. New insights
into the immunopathology of human inflammatory bowel disease. Drugs
Today 35(Suppl. A): 33–70.
138. BRANDTZAEG, P. 1997. Mechanisms of gastrointestinal reactions to food.
Environ. Toxicol. Pharmacol. 4: 9–24.
139. ISAAC. 1998. Worldwide variation in prevalence of symptoms of asthma,
allergic rhinoconjunctivitis, and atopic eczema. The International Study of

42

140.
141.
142.
143.
144.
145.
146.
147.

148.
149.
150.
151.
152.
153.
154.

155.
156.
157.

ANNALS NEW YORK ACADEMY OF SCIENCES

Asthma and Allergies in Childhood (ISAAC) Steering Committee. Lancet
351: 1225–1232.
VON MUTIUS, E. 2000. The environmental predictors of allergic disease. J.
Allergy Clin. Immunol. 105: 9–19.
ROOK, G.A. & J.L. STANFORD. 1998. Give us this day our daily germs. Immunol. Today 19: 113–116.
ERB, K.J. 1999. Atopic disorders: a default pathway in the absence of infection? Immunol. Today 20: 317–322.
KIRJAVAINEN, P.V. & G.R. GIBSON. 1999. Healthy gut microflora and allergy:
factors influencing development of the microbiota. Ann. Med. 31: 288–292.
ISOLAURI, E., M.M. GRÖNLUND, S. SALMINEN & H. ARVILOMMI. 2000. Why
don’t we bud? J. Pediatr. Gastroenterol. Nutr. 30: 214–216.
HERZ, U., P. LACY, H. RENZ & K. ERB. 2000. The influence of infections on
the development and severity of allergic disorders. Curr. Opin. Immunol. 12:
632–640.
MATRICARDI, P.M., F. ROSMINI, S. RIONDINO, et al. 2000. Exposure to foodborne and orofecal microbes versus airborne viruses in relation to atopy and
allergic asthma: epidemiological study. Br. Med. J. 320: 412–417.
PRESCOTT, S.L., C. MACAUBAS, B.J. HOLT, et al. 1998. Transplacental priming of the human immune system to environmental allergens: universal skewing of initial T cell responses toward the Th2 cytokine profile. J. Immunol.
160: 4730–4737.
SEPP, E., K. JULGE, M. VASAR, et al. 1997. Intestinal microflora of Estonian
and Swedish infants. Acta Paediatr. 86: 956–961.
BJÖRKSTÉN, B., P. NAABER, E. SEPP & M. MIKELSAAR. 1999. The intestinal
microflora in allergic Estonian and Swedish 2-year-old children. Clin. Exp.
Allergy 29: 342–346.
KALLIOMÄKI, M., P. KIRJAVAINEN, E. EEROLA, et al. 2001. Distinct patterns of
neonatal gut microflora in infants in whom atopy was and was not developing. J. Allergy Clin. Immunol. 107: 129–134.
COLLINS, M.D. & G.R. GIBSON. 1999. Probiotics, prebiotics, and synbiotics:
approaches for modulating the microbial ecology of the gut. Am. J. Clin.
Nutr. 69: 1052S–1057S.
ISOLAURI, E., Y. SUTAS, P. KANKAANPAA, et al. 2001. Probiotics: effects on
immunity. Am. J. Clin. Nutr. 73: 444S–450S.
VON R EYN , C.F., R.D. A RBEIT, G. YEAMAN , et al. 1997. Immunization of
healthy adult subjects in the United States with inactivated Mycobacterium
vaccae administered in a three-dose series. Clin. Infect. Dis. 24: 843–848.
ARKWRIGHT, P.D. & T.J. DAVID. 2001. Intradermal administration of a killed
Mycobacterium vaccae suspension (SRL 172) is associated with improvement in atopic dermatitis in children with moderate-to-severe disease. J.
Allergy Clin. Immunol. 107: 531–534.
MARCHANT, A., Y. GOETGHEBUER, M.O. OTA, et al. 1999. Newborns develop
a Th1-type immune response to Mycobacterium bovis bacillus CalmetteGuerin vaccination. J. Immunol. 163: 2249–2255.
MODLIN, R.L. 2000. Immunology. A Toll for DNA vaccines. Nature 408:
659–660.
KAISHO, T. & S. AKIRA. 2001. Dendritic-cell function in Toll-like receptorand MyD88-knockout mice. Trends Immunol. 22: 78–83.

BRANDTZAEG: GUT IMMUNOREGULATION

43

158. MANIGOLD, T., U. BOCKER, P. TRABER, et al. 2000. Lipopolysaccharide/endotoxin induces IL-18 via CD14 in human peripheral blood mononuclear cells in
vitro. Cytokine 12: 1788–92.
159. MCINNES, I.B., J.A. GRACIE, B.P. LEUNG, et al. 2000. Interleukin 18: a pleiotropic participant in chronic inflammation. Immunol. Today 21: 312–315.
160. KLINMAN, D.M., A.K. YI, S.L. BEAUCAGE, et al. 1996. CpG motifs present in
bacteria DNA rapidly induce lymphocytes to secrete interleukin 6, interleukin
12, and interferon γ. Proc. Natl. Acad. Sci. USA 93: 2879–2883.
161. KADOWAKI, N., S. ANTONENKO & Y.J. LIU. 2001. Distinct CpG DNA and
polyinosinic-polycytidylic acid double-stranded RNA, respectively, stimulate
CD11c− type 2 dendritic cell precursors and CD11c+ dendritic cells to produce type I IFN. J. Immunol. 166: 2291–2295.
162. PENG, Z., H. WANG, X. MAO, et al. 2001. CpG oligodeoxynucleotide vaccination suppresses IgE induction but may fail to down-regulate ongoing IgE
responses in mice. Int. Immunol. 13: 3–11.
163. MACDONALD, T.T. & S. PETTERSSON. 2000. Bacterial regulation of intestinal
immune responses. Inflamm. Bowel Dis. 6: 116–122.
164. NAGATA, S., C. M CKENZIE, S.L. P ENDER, et al. 2000. Human Peyer’s patch T
cells are sensitized to dietary antigen and display a Th cell type 1 cytokine
profile. J. Immunol. 165: 5315–5321.
165. HAUER, A.C., E.J. BREESE, J.A. WALKER-SMITH & T.T. MACDONALD. 1997.
The frequency of cells secreting interferon-γ and interleukin-4, -5, and -10 in
the blood and duodenal mucosa of children with cow’s milk hypersensitivity.
Pediatr. Res. 42: 629–638.
166. MACDONALD, T.T. & G. MONTELEONE. 2001. IL-12 and Th1 immune
responses in human Peyer’s patches. Trends Immunol. 22: 244–247.
167. HATTEVIG, G., B. KJELLMAN & B. BJÖRKSTÉN. 1993. Appearance of IgE antibodies to ingested and inhaled allergens during the first 12 years of life in
atopic and non-atopic children. Pediatr. Allergy Immunol. 4: 182–186.
168. BRANDTZAEG, P., F.L. JAHNSEN & I.N. FARSTAD. 1996. Immune functions and
immunopathology of the mucosa of the upper respiratory pathways. Acta
Otolaryngol. 116: 149–159.
169. BEYER, K., R. CASTRO, A. BIRNBAUM, et al. 2001. Human milk-specific
mucosal lymphocytes display a Th2 cytokine profile. Allergy (Abstr.)
56(Suppl. 68): 95.
170. HOLT, P.G., C. MACAUBAS, P.A. STUMBLES & P.D. SLY. 1999. The role of
allergy in the development of asthma. Nature 402(6760 Suppl.): B12–17.
171. ANDERSON, G.G. & W.O. COOKSON. 1999. Recent advances in the genetics of
allergy and asthma. Mol. Med. Today 5: 264–273.
172. BARNES, K.C. 2000. Atopy and asthma genes—where do we stand? Allergy
55: 803–817.
173. JAHNSEN, F.L., F. LUND-JOHANSEN, J.F. DUNNE, et al. 2000. Experimentally
induced recruitment of plasmacytoid (CD123high) dendritic cells in human
nasal allergy. J. Immunol. 165: 4062–4068.
174. RISSOAN, M.C., V. SOUMELIS, N. KADOWAKI, et al. 1999. Reciprocal control
of T helper cell and dendritic cell differentiation. Science 283: 1183–1186.
175. BENGTSSON, U., T.O. ROGNUM, P. BRANDTZAEG, et al. 1991. IgE-positive
duodenal mast cells in patients with food-related diarrhea. Int. Arch. Allergy
Appl. Immunol. 95: 86–91.

44

ANNALS NEW YORK ACADEMY OF SCIENCES

176. BRUIJNZEEL-KOOMEN, C., C. ORTOLANI, K. AAS, et al. 1995. Adverse reactions to food. European Academy of Allergology and Clinical Immunology
Subcommittee. Allergy 50: 623–635.
177. ZEIGER, R.S. 2000. Dietary aspects of food allergy prevention in infants and
children. J. Pediatr. Gastroenterol. Nutr. 30(Suppl.): S77–86.
178. HOPPU, U., M. KALLIOMÄKI, K. LAIHO & E. ISOLAURI. 2001. Breast milk—
immunomodulatory signals against allergic diseases. Allergy 56(Suppl. 67):
23–26.
179. MIETTINEN, M., S. MATIKAINEN, J. VUOPIO-VARKILA, et al. 1998. Lactobacilli
and streptococci induce interleukin-12 (IL-12), IL-18, and gamma interferon
production in human peripheral blood mononuclear cells. Infect. Immun. 66:
6058–6062.
180. HESSLE, C., L.A. HANSON & A.E. WOLD. 1999. Lactobacilli from human gastrointestinal mucosa are strong stimulators of IL-12 production. Clin. Exp.
Immunol. 116: 276–282.
181. HESSLE, C., B. ANDERSSON & E. WOLD. 2000. Gram-positive bacteria are
potent inducers of monocytic interleukin-12 (IL-12) while gram-negative
bacteria preferentially stimulate IL-10 production. Infect. Immun. 68: 3581–
3586.
182. HESSLE, C., L.A. HANSON & A.E. WOLD. 2000. Interleukin-10 produced by
the innate immune system masks in vitro evidence of acquired T-cell immunity to E. coli. Scand. J. Immunol. 52: 13–20.
183. STEIDLER, L., W. HANS, L. SCHOTTE, et al. 2000. Treatment of murine colitis
by Lactococcus lactis secreting interleukin-10. Science 289: 1352–1355.
184. HOLT, P.G. 2000. Parasites, atopy, and the hygiene hypothesis: resolution of a
paradox? Lancet 356: 1699–1701.
185. KARJALAINEN, J., J.M. MARTIN, M. KNIP, et al. 1992. A bovine albumin peptide as a possible trigger of insulin-dependent diabetes mellitus. N. Engl. J.
Med. 327: 302–307.
186. DAHLQUIST, G., E. SAVILAHTI & M. LANDIN-OLSSON. 1992. An increased
level of antibodies to beta-lactoglobulin is a risk determinant for early-onset
type 1 (insulin-dependent) diabetes mellitus independent of islet cell antibodies and early introduction of cow’s milk. Diabetologia 35: 980–984.
187. VAARALA, O., M. KNIP, J. PARONEN, et al. 1999. Cow’s milk formula feeding
induces primary immunization to insulin in infants at genetic risk for type 1
diabetes. Diabetes 48: 1389–1394.
188. KIMPIMÄKI, T., M. E RKKOLA, S. KORHONEN, et al. 2001. Short-term exclusive
breastfeeding predisposes young children with increased genetic risk of Type
I diabetes to progressive beta-cell autoimmunity. Diabetologia 44: 63–69.
189. JÄRVINEN, K.M., S.T. LAINE, A.L. JARVENPAA & H.K. SUOMALAINEN. 2000.
Does low IgA in human milk predispose the infant to development of cow’s
milk allergy? Pediatr. Res. 48: 457–462.
190. CASAS, R., M.F. B ÖTTCHER, K. DUCHÉN & B. BJÖRKSTÉN. 2000. Detection of
IgA antibodies to cat, β-lactoglobulin, and ovalbumin allergens in human
milk. J. Allergy Clin. Immunol. 105: 1236–1240.
191. BÖTTCHER, M.F., M.C. JENMALM, R.P. GAROFALO & B. BJÖRKSTÉN. 2000.
Cytokines in breast milk from allergic and nonallergic mothers. Pediatr. Res.
47: 157–162.

BRANDTZAEG: GUT IMMUNOREGULATION

45

192. ISHIZAKA, S., M. KIMOTO, T. TSUJII & S. SAITO. 1994. Antibody production
system modulated by oral administration of human milk and TGF-β. Cell
Immunol. 159: 77–84.
193. PLANCHON, S.M., C.A. MARTINS, R.L. GUERRANT & J.K. ROCHE. 1994. Regulation of intestinal epithelial barrier function by TGF-β1. Evidence for its role in
abrogating the effect of a T cell cytokine. J. Immunol. 153: 5730–5739.
194. KALLIOMÄKI OUWEHAND, A., H. ARVILOMMI, P. KERO & E. ISOLAURI. 1999.
Transforming growth factor-β in breast milk: a potential regulator of atopic
disease at an early age. J. Allergy Clin. Immunol. 104: 1251–1257.
195. JOHANSEN, S., H.R. CHRISTENSEN, V. BARKHOLT & H. FRØKIÆR. 2001. Abolishment of maternally induced oral tolerance to β-lactoglobulin in adult mice
by feeding a milk-free diet from weaning. 8th International Symposium on
the Immunological, Chemical and Clinical Problems of Food Allergy. Venice,
March 11, p. 23 (abstract).
196. BARONE, K.S., M.R. REILLY, M.P. FLANAGAN & J.G. MICHAEL. 2000. Abrogation of oral tolerance by feeding encapsulated antigen. Cell. Immunol. 199:
65–72.

