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Abstract The normal gastrointestinal (GI) mucosa is
equipped with mast cells that account for 2-3% of lamina
propria cells under normal conditions. Mast cells are
generally associated with allergic disease, and indeed, food
allergy that manifests in the GI tract is usually mast cell
dependent. On the other hand, mast cells have a number of
physiological functions in the GI tract, namely regulatory
functions such as control of blood flow and coagulation,
smooth muscle contraction and peristalsis, and secretion of
acid, electrolytes, and mucus by epithelial cells. One of the
most intriguing functions of intestinal mast cells is their
role in host defense against microbes like bacteria, viruses,
or parasites. Mast cells recognize microbes by antibody-
dependent mechanisms and through pattern-recognition
receptors. They direct the subsequent immune response by
attracting both granulocytes and lymphocytes to the site of
challenge via paracrine cytokine release. Moreover, mast
cells initiate, by releasing proinflammatory mediators,
innate defense mechanisms such as enhanced epithelial
secretion, peristalsis, and alarm programs of the enteric
nervous This initiation can occur in response to a primary
contact to the microbe or other danger signals, but
becomes much more effective if the triggering antigen
reappears and antibodies of the IgE or IgG type have
been generated in the meantime by the specific immune
system. Thus, mast cells operate at the interface between
innate and adaptive immune responses to enhance the

Contribution to the Special Issue of Seminars in Immunopathology
(SIM) “The GIT immune system”.

S. C. Bischoff (b<)

Department of Nutritional Medicine & Immunology,
University of Hohenheim,

70593 Stuttgart, Germany

e-mail: bischoff.stephan@uni-hohenheim.de

defense against pathogens and, most likely, the commen-
sal flora. In this respect, it is important to note that mast
cells are directly involved in controlling the function of
the intestinal barrier that turned out to be a crucial site
for the development of infectious and immune-mediated
diseases. Hence, intestinal mast cells perform regulatory
functions to maintain tissue homeostasis, they are
involved in host defense mechanisms against pathogens,
and they can induce allergy once they are sensitized
against foreign antigens. The broad spectrum of functions
makes mast cells a fascinating target for future pharma-
cological or nutritional interventions.
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Mast cells: not only an allergy cell

Mast cells (Fig. 1) are tissue cells typically located at
strategically important locations involved in host defense
against the environment such as mucosal surfaces [1]. The
intestinal mucosa consists of approximately 2—-3% of mast
cells within the lamina propria in healthy individuals [2]. In
the course of intestinal diseases, this amount can augment
up to tenfold. Until recently, the function of intestinal mast
cells was not clear. It has been generally accepted that mast
cells are of relevance in gastrointestinal (GI) diseases such
as food allergy or parasitosis, but more recently, it became
clear that mast cells regulate multiple tissue functions of
central importance for normal gut function [3-5].
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Fig. 1 Human mast cells isolated from intestinal tissue

Mast cells have been established as key effector cells of
allergic inflammation [6, 7]. They are located in tissues that
form the large host barriers such as skin, respiratory and
intestinal mucosa, and blood vessels, the classical sites of
allergic disease; they express the high-affinity IgE receptor
and bind IgE on their surface. Furthermore, they release
histamine and other mediators upon crosslinking of surface-
bound IgE by allergen. All these events are known to be of
central relevance in the pathophysiology of allergic dis-
eases, and therefore, mast cells can be indeed interpreted as
directors of allergic responses [7-9]. However, considering
the multiple functions of mast cells including regulation of
epithelial and endothelial cells, fibroblasts and muscle cells,
neurons, and, most recently, T regulatory cells, this cell
type must do more than just mediating allergic reactions.
Indeed, recent research findings indicate that mast cells are
involved in multiple regulatory processes. They maintain
tissue homeostasis, they mediate danger signals, and they
have been proposed to participate in wound healing
processes.

The broad spectrum of functions might explain why
mast cells can be involved in so many different GI
pathologies beyond allergy. It is further reflected by the
fact that mast cells can exert a large array of different
effector functions by releasing preformed mediators from
their granules such as proteases, histamine, and heparin, or
by releasing de novo synthesized mediators upon activation
including lipid mediators and cytokines (Fig. 2). These
mediators render mast cells to regulate either local tissue
functions or host defense by either acting as innate immune
cells or by interacting with the specific immune system or
by inducing and regulating inflammation. A number of
mediators released by mast cells are molecules mediating
innate immunity such as tumor necrosing factor a (TNFx)
and leukotriene B4 (LTB4; recruitment of neutrophils),
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interleukin (IL)-5 (recruitment of eosinophils), and chemo-
kines (endothelial regulation, chemotaxis).

In the following chapter, the versatile functions of
intestinal mast cells, both under normal conditions and in
allergic as well as nonallergic disease, will be described. As
much as possible, the explanations will focus on the human
situation that might differ from findings in rodents;
however, rodent data will be included if human data are
lacking. Indeed, the differences between human and rodent
are particularly striking in case of mast cells, as shown
before [5].

Biology of human mast cells
Mast cell origin

Human mast cells develop from myeloid-cell progenitors
under the influence of particular growth factors such as
stem cell factor (SCF) and IL-4, cytokines that also regulate
the development of mast-cell subtypes [10-12]. The
relationship between human mast cells and other leukocyte
lineages is not clear as yet. Human mast cells have been
described as the tissue equivalents of basophil granulocytes,
because both cells contain basophilic plasma granules,
release histamine, and express the high-affinity IgE recep-
tor; however, the definition of a cellular relationship based
on growth-factor responsiveness during development or on
cellular markers is limited [13-16]. Morphological and
functional analyses, which are probably more relevant, have
indicated that human mast cells are more closely related to
monocytes and macrophages, whereas basophils share
properties mainly with eosinophils. Gene expression and
mutation studies have shown that mast cells can still have
monocytic features [17] and that human mast cells and
basophils do not derive from a common bilineage-restricted
committed progenitor [18]. This is supported by the
observation that although both human mast cells and
basophils have functional SCF receptors, the mutation of
the gene can be found only in mast cells in mastocytosis
patients [19]. By contrast, murine mast cells seem to be
closer to human basophils in terms of functional properties,
whereas human mast cells obviously form a separate cell
type lacking a full equivalent in rodents. This notion is
supported by the fact that some murine mast cell popula-
tions as well as human basophils respond well to IL-3,
whereas human mast cells either lack the IL-3 receptor or
hardly respond to it [20-22]. This is true not only for cell
development but also for the regulation of mature mast cells
by cytokines [23].

The factors regulating the development of particular
human mast cell subtypes such as tryptase-positive mast
cells (MCr) or tryptase/chymase-double-positive mast cells
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Fig. 2 Human mast cell mediators. Mediators of human mast cells
comprise small molecules acting mostly as proinflammatory mole-
cules (histamine, leukotriene B4 and C4, prostaglandin D2), cytokines
(IL interleukins, TNFo tumor necrosis factor alpha, TGF-3 trans-
forming growth factor beta, F'GF basic fibroblast growth factor, MCP-
1 monocyte chemotactic protein 1, MIP macrophage inflammatory

(MCrc) are poorly defined. Own studies suggest that IL-4
preferentially promotes the development of MCt found
predominantly in lung and intestinal mucosa, whereas
coculture of human mast cells with human endothelial cells
promotes the MCrc phenotype typical for skin and cardiac
mast cells [24, 25].

Effector functions

Mast cells exert their biological functions almost exclu-
sively by humeral functions. There are a few reports about
mast cell phagocytosis and other nonhumoral mast cell
functions, but typically, mast cell functions are restricted to
the release of mediators. The array of mediators released by
human mast cells is enormous and further explains how
mast cells can be involved in so many different physiolog-
ical and pathophysiological functions (Fig. 2).

The mast cell mediators can be classified into small
molecule mediators (histamine, serotonin), protein media-
tors (cytokines, proteases), lipid mediators (leukotrienes,
prostaglandins), and proteoglycans (heparin, etc.). Some of
the mediators are stored in granules (histamine, proteases,
proteoglycans, small amounts of TNF«x) and therefore can
be released within seconds or a few minutes; others are
newly synthesized within minutes to hours upon stimula-

protein, VEGF vascular endothelial growth factor), proteases (tryp-
tases, chymase), and proteoglycans (heparin, chondroitin sulfate). The
mediators placed above the dotted line are mediators synthesized de
novo upon stimulation of the cells; those below the dotted line exist
also preformed in cytoplasmatic granules. The major biological effects
of each mediator are indicated

tion of the cells (lipid mediators, most cytokines) and often
need RNA transcription. On the other hand, the mediators
stored in plasma granules are also synthesized de novo once
the cell becomes stimulated for mediator release.

Mast cell regulation

The classical and possibly most effective mast cell stimulus
is crosslinking of cell surface-bound IgE by allergen in
sensitized individuals. This mechanism first described
shortly after the discovery of IgE in the late 1960s of last
century is central in type I hypersensitivity reactions. It can
be simulated by different ways in vitro by using anti-IgE or
anti-IgE receptor antibodies, but is likely of no importance
in healthy individuals. Our knowledge about human mast
cell regulation under normal conditions is poor.

An important group of mast cell regulators are growth
factors and cytokines that either promote mast cell
development from progenitor states, or act as regulators of
mediator release, or do both. The first and still unique mast
cell growth factor described in the literature is SCF, the
ligand of c-kit, a protease expressed on the surface of all
human and rodent mast cells. SCF, either membrane bound
or in its soluble form, promotes mast cell development,
survival of mature human mast cells, and adhesion to
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extracellular matrix (ECM) proteins [24-26]. In addition,
SCF can regulate human mast cell mediator release by
either enhancing IgE-dependent mediator release or by
directly inducing mediator release in mast cells kept in a
SCF-deprived milieu [27, 28]. The mechanisms of SCF
effects in human mast cells have been identified to a large
extent. Binding of SCF induces autophosphorylation of its
receptor Kit and subsequently activation of several signal-
ing molecules including PI3K and mitogen-activated
protein kinase [26, 29]. In mast cells derived from human
CD34+ peripheral blood cells, SCF was found to phos-
phorylate STATS and STAT6 as well as the transmembrane
adaptor non-T cell activation linker (NTAL) suggested to
link Kit and FceRI signaling leading to an enhanced IgE-
dependent degranulation [30, 31]. More recently, the same
group found that of Btk activated via Lyn is another key
regulator of a Kit-mediated amplification pathway that
augments IgE-mediated mast cell activation [32, 33].

More recently, IL-4 has been described as a human
mast cell regulator. In contrast to SCF, IL-4 does not
affect mast cells by itself, but acts synergistically with
SCF on mast cell survival, proliferation, and IgE-
dependent mediator release. IL-4 markedly enhances
human mast cell proliferation and IgE-dependent media-
tor release [24, 34, 35]. Moreover, it changes the cytokine
profile released by mast cells by reducing proinflammatory
cytokines such as TNFa and IL-6 and in turn enhancing
Th2 cytokines such as IL-5 and IL-13 [36, 37]. The IL-4
priming of human mast cells for enhanced proliferation and
mediator release is associated with an increased activity of
extracellular signal-regulated kinase (ERK) and c-Fos, the
downstream target of ERK and component of the transcrip-
tion factor AP-1 [37]. Interestingly, the enhancing effects of
IL-4 were reversible [37] and restricted to mature human
mast cells, whereas 1L-4 exerts opposite effects in maturat-
ing human mast cells [35]. Considering that IL-4 also
induces the development of Th2 cells and IgE switch in B
cells, this cytokine turns out to be a key cytokine in the
pathogenesis of allergic inflammation.

Our knowledge on IgE-independent triggers of human
mast cells other than cytokines is poor. Obviously, the list
of IgE-independent mast cells agonists varies between
human and rodent mast cells and also between human mast
cell from different body sites. Human mast cells challenged
to interferon (IFN)y express FcyRI at sufficient quantity to
become activated for mediator release upon FcyRI aggre-
gation [38, 39]. This mechanism could be of relevance for
the otherwise poorly understood IgE-independent allergic
reactions as well as for nonallergic mast cell activation
during type III hypersensitivity reactions or infections.

Mediators such as C3a, C5a, substance P and other
neuropeptides, IL-8, NGF, SCF, bacterial products, and UV
light have been suggested; however, most of these
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mediators only affect human skin mast cells and not
mucosal mast cells [40, 41]. In contrast, human mucosal
mast cells do not respond to such triggers; however, if
primed by cytokines such as SCF and IL-4, they start to
express NK-1 and can respond to substance P with
mediator release [41, 42]. Possibly, costimulatory mast cell
signals other than IL-4 have to be considered in this respect.
Recently, MIP-1o has been identified as amplifier of IgE-
dependent mediator release in rodent mast cells [43]. It is
yet unclear if this finding holds true also for human mast
cells and if such priming agents like IL-4 or MIP1« render
mast cells responsive to otherwise inactive IgE-independent
triggering agents like neuropeptides or anaphylatoxins.
Nevertheless, these reports show that not only T cells but
also mast cells require the cooperation of two signals for
optimal activation, an antigen-dependent signal such as the
T cell receptor or IgE bound to the cell surface and a
costimulatory molecule, e.g., CD80 in T cells or SCF/IL-4
in mast cells.

During the last few years, important progress has been
made in understanding mast cell regulation by the discov-
ery of several inhibitory mechanisms that might balance the
agonistic activities of mediators discussed before. The
inhibitors include not only ligands of immunoreceptor
tyrosine-based inhibition motif-containing receptors such
as FcyRIIB, gp49B1, SIRP«, the human analogs LIR-5,
and LILR B4 but also the anti-inflammatory cytokines
transforming growth factor (TGF)-1 and IL-10, CD200,
intracellular signal molecules like NTAL or RabGEF1, and
several other molecules such as retinol, (32-adrenoceptor
agonists, and ECM proteins binding to CD63 [5]. Most of
the data derive from in vitro experiments or from animal
models. Therefore, the in vivo relevance of such findings
for humans in health and disease cannot be judged
definitively so far. However, some of the findings could
be recently extended to the human system, e.g., CD200R is
expressed and functional in human cord blood-derived mast
cells [44]. TGF-31 was found to inhibit the SCF-dependent
growth of human intestinal mast cells and to change the
mediator profile released upon FceRI aggregation by
reducing histamine, leukotriene, and TNFx release while
selectively enhancing prostaglandin D2 generation [45].
Also, mast cell inhibition by IL-10 and (32-adrenoceptor
agonists was shown in human mast cells [46].

Physiological functions of intestinal mast cells
Mast cells and the GI barrier
The major function of the intestine is digestion and

absorption of nutrients and the absorption of water and
electrolytes to provide the body with liquids and fuels
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necessary for survival. Large part of this job is done in the
small intestine which is therefore equipped with a macro-
and microfolded mucosa forming a huge surface of several
hundreds of square meters. This mucosal barrier must be
permeable to meet the absorptive functions and on the same
time must protect the host against invasion of microbes and
toxins with pathogenic capacities (Fig. 3). This “dilemma”
of opposing functions is even more pronounced in the large
intestine hosting in addition a remarkable bacterial flora
consisting of about 10'* bacteria of at least 500 different
species, mostly unknown species belonging to anaerobic
strains that cannot be cultured so far. The function of this
flora, the composition of which seems to be determined in
early life and remains stable like an individual “fingerprint”
during life, is still a matter of debate [47].

The intestinal barrier consists of multiple defense system
such as epithelial functions (mucus production, secretion,
defensin release, etc.), innate and adaptive immune func-
tions, and the enteric nervous system (ENS; Fig. 4). The
impact of intestinal barrier disturbances is emphasized by
observations that the breakdown of a single defense system
is sufficient to initiate substantial diseases. For example, it
was shown recently that an impairment of the production of
single defensin is associated with Crohn's disease and
ulcerative colitis, respectively [48]. Possibly, such impair-
ments of the intestinal barrier could be of importance not
only for inflammatory bowel diseases (IBD) but also for
other inflammatory reactions such as food allergy, celiac
disease, and even irritable bowel syndrome. In addition, the
sudden and substantial disturbance of the intestinal barrier
can induce more acute diseases such as sepsis and septic
shock.

There is now overwhelming evidence that not only
infection but also chronic or acute stress, inflammation, and
alcohol exposure enhance mucosal permeability by a mast
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Fig. 3 Challenge of the human intestine with food antigen, toxins,
and bacteria
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Fig. 4 The intestinal barrier. The intestinal barrier is a functional unit
that separates the gut lumen (environment) from the tissue (host). The
shape of the barrier varies at different sites of the intestine depending
on other functions the intestine has to achieve; however, the basic
composition of the barrier remains similar and comprises the epithelial
layer and epithelial secretion products, the innate and the adaptive
mucosal immune system, and the enteric nervous system

cell-dependent mechanism [49—53]. Using rodent models, it
could be demonstrated that mast cell proteases are directly
responsible for the increase of epithelial paracellular
permeability and for redistributed expression of tight
junctions during parasitic infection and stress [51, 52].
Interestingly, stress led to an enhanced release of mast cell
mediators (histamine, tryptase) in the proximal small
intestine both in healthy controls, but to a larger extent in
patients with mast cell-associated diseases such as food
allergy [54]. The circumstances that mast cells are in close
contact with epithelial cells and nerve endings underline the
hypothesis that mast cells are involved in regulating
mucosal permeability and intestinal barrier function.

By increasing mucosal permeability, mast cell can
contribute to an ongoing inflammatory process, indepen-
dent of whether the process was initiated by allergen or
bacteria. The increased mucosal permeability would lead to
an enhanced influx of both potential allergens and
potentially harmful microbes into the intestinal tissue. A
major and, to a large extent, specific mast cell mediator is
histamine, which plays an important multifunctional role at
the intestinal barrier. Histamine acts through four known
histamine receptors. Activation of histamine receptors
HR1 and HR2 affects the function of blood vessels
(dilatation and increased permeability), smooth muscles
(contraction), and epithelial cells (mucus production). A
recent human study demonstrated that HR1 and HR2 are
upregulated in patients with food allergies within the
intestinal tract [55]. Furthermore, histamine acts as an
immunomodulator, e.g., in human alveolar macrophages, in
which histamine inhibits the release of TNF by triggering
the enhanced release of the anti-inflammatory cytokine IL-
10 [56]. Histamine also affects epithelial cells, dendritic
cells, T lymphocyte, and B lymphocyte. Histamine pro-
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motes THI1 cell activation through HR1 and suppresses
both TH1 and TH2 cell activation through HR2 [57].

Interaction between mast cells and epithelial cells

It has become clear in recent years that the role of mast
cells in the GI mucosa is not only restricted to react to
antigens but also involves the active regulation of the
barrier and the transport properties of the intestinal
epithelium. Mucosal mast cells respond to both IgE/
antigen-dependent and non-IgE-dependent stimulation by
releasing bioactive mediators into adjacent tissues where
they induce physiological responses. Studies in models of
hypersensitivity and stress have provided evidence that
changes in mucosal function are due to either direct action
of mast cell mediators on epithelial receptors and/or indirect
action via nerves/neurotransmitters [58].

Using chamber experiments revealed that histamine at
low concentrations (0.1 mM) causes transepithelial ion
transport alterations such as an increase in short-circuit
current (Isc) that is similar to that induced by antigen
derived from Trichinella spiralis. Diphenhydramine
(0.01 mM) inhibits the epithelial electrical responses to
histamine by 100% and to antigen by 60—70%. Indometh-
acin (0.01 mM), in combination with diphenhydramine,
completely blocks the antigen-induced rise in Isc suggest-
ing that histamine and eicosanoids such as PGD2 and LTC4
are mediating the effects on epithelial cells [59]. Interest-
ingly, the same set of mast cell mediators regulates
epithelial mucus secretion in the respiratory and intestinal
mucosa [60].

As known from mastocytosis studies, enhanced activa-
tion of intestinal mast cells causes diarrhea, further
emphasizing the regulatory effects of mast cell mediators
on intestinal epithelial function [61]. Likely, diarrhea
induced by enhanced mast cell activation is part of the
mucosal defense system that protects the host against
microbes, toxins, and other harmful substances.

Interaction between mast cells and nerves

The ENS, by constantly monitoring the behavior of the
intestine, forms a major part of the intestinal mucosal
defense system. Information input processed by the ENS is
derived from local sensory receptors, the central nervous
system, and immune/inflammatory cells including mast
cells. Specific IgE or IgG antibodies attach to the mast cells
and enable the mast cell to detect sensitizing antigens when
they reappear in the gut lumen. Should the sensitizing
antigen reappear, mast cells detect it and signal its presence
to the ENS. The ENS interprets the mast cell signal as a
threat and calls up from its program library secretory and
propulsive motor behavior that is organized to eliminate the
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threat rapidly and effectively. Operation of the alarm
program protects the individual, but at the expense of
symptoms that include cramping abdominal pain, fecal
urgency, and diarrhea [62].

Mast cells use paracrine signaling such as histamine,
proteases, and lipid mediators for the transfer of chemical
information to the neural networks of the ENS. Apart from
such humoral mediators, adhesions molecules such as cell
adhesion molecule-1 and SgIGSF/SynCAM seem to be
involved in mast cell-nerve interactions [63]. Mast cell
signaling to extrinsic nerve fibers can result in visceral pain
or extrinsic reflexes contributing to disturbed motor and
secretory function of the intestine. Whether mast cells also
contribute to the regulation of intestinal peristalsis under
normal conditions is not clear as yet.

Morphological and functional studies, especially studies
concerning physiological stress, have provided evidence
that apart from the interaction between the enteric nervous
system and mast cells, there is also a functional communi-
cation between the central nervous system and intestinal
mast cells. Psychological factors trigger neuronal pathways,
which directly or indirectly affect mucosal mast cells [64].
Thus, mucosal mast cells, which are able to detect noxious
and antigenic threats and to generate or amplify signals to
the other cells, are assigned a rather central position in this
complex network of intestinal immune system and the
ENS.

Mast cells and host defense against microbes

Human mast cells are capable of recognizing a large
number of so-called pathogen-associated molecular patterns
and other bacterial products by toll-like receptors (TLRs).
The expression of TLRs varies slightly between mast cells
of different origin, and in particular, the responsiveness of
mast cells to different TLR ligands may differ substantially
[4, 65, 66]. For example, mast cells generated from sterile
environments such as bone marrow, cord blood, or
peripheral blood respond quite well to different TLR
ligands such as lipopolysaccharide, peptidogycan, yeast
zymosan, whereas mast cells derived from primarily
unsterile sites such as intestine and, to some extent lung,
respond less efficiently to such stimuli (own unpublished
observations). Possibly, this difference reflects a kind of
tolerance mast cells acquire at sites constantly challenged
with bacterial products such as the intestine. Interestingly,
the quality of response of mast cells to TLR ligands is
different to that induced by allergens and other nonbacterial
triggers. Whereas allergen induces primarily degranulation
and release of proinflammatory mediators such as histamine
and eicosanoids, bacterial products hardly induce such
mediators but cytokines needed for the initiation of innate
and adaptive immune responses [65].
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Apart from TLR ligands, other products of infectious
agents may serve as mast cell triggers. For example, we
could show that Escherichia coli alpha hemolysin induces
calcium influx in human intestinal mast cells leading to the
release of histamine, sulfidoleukotrienes, and proinflamma-
tory cytokines [67]. Furthermore, the type 1 fimbrien
protein, FimH, or cholera toxins have been described as
mast cell triggers [68, 69]. Most recently, glucopeptides
derived from parasites were characterized that are capable
of activating mast cells [70, 71].

The role of mast cells in host defense against parasitic
infections has been established many years ago. Infections
with, e.g., T spiralis or Nippostrongylus brasiliensis are
accompanied by a substantial mast cell accumulation [52,
72, 73]. It is not clear whether this mast cell accumu-
lation is triggered by the infectious agents or by the
subsequent Th2 response [74]. Mast cell proteases (e.g.,
MCP-1 in mice) were found to be crucial mediators of
immune responses against such helminths. A mutation
in the MCP-1 gene in a mouse model is associated with
a significantly delayed expulsion of Trichinella and
Nippostrongylus [72, 75].

The biological significance of mast cell activation by
FceRI aggregation outside allergy has been repeatedly
questioned; however, the definitive answer is still lacking.
The most intriguing hypothesis in this respect is possibly
the antiparasite hypothesis suggesting that FceRI aggrega-
tion through crosslinking of IgE directed against parasites is
a mechanism of parasite recognition initiating an antipar-
asite immune reaction and that mast cell products including
Th2 cytokines are key mediators required for host defense
against parasite infection [74]. This hypothesis is confirmed
by rodent disease models which revealed that antiparasite
IgE is generated following a parasite infection and that
blocking mast cell mediators or mast cells itself leads to an
impairment of host defense against parasites [76]. Of the
mast cell mediators, IL-5 (for eosinophil recruitment) and
IL-13 (for B and Th2 cell immunity) seem to be of
particular importance [36, 76, 77]. Similar mechanisms
have been anticipated in humans albeit direct prove of their
existence is lacking. In contrast to findings in rodents,
human mast cells are not a source of IL-4, as stated before
[24, 36]. The IL-4 expressed in early phases of parasite
infections in humans likely derives from basophils (and in
later states from Th2 lymphocytes), as suggested by in vitro
and rodent in vivo studies [78, 79]. The fact that worm
antigens can induce IL-4 production in human basophils
and that IL-4 is needed to optimize Th2 cytokine
production (namely IL-5 and IL-13) in human mucosal
mast cells strongly argues for a role of IL-4 in parasite
infection [24, 70]. Recently, in vivo studies using the
mouse 7. spiralis infection model showed that antagonizing
the Th2 milieu by IL-18 promotes intestinal parasite

survival whereas IL-18 knockout animals are highly
resistant to Trichinella infection [80]. These findings further
argue for a protective role of mast cells and Th2 immune
responses against parasites in the intestine. On the other
hand, a cytokine milieu shifted too much toward Th2
cytokines could permit otherwise harmless infections that
require Thl immune responses for defense, to initiate
severe inflammatory reactions [81].

The protective role of mast cells in bacterial infection
arose from studies employing mouse models of Klebsiella
pneumoniae-dependent lung infections and septic peritoni-
tis using mast cell-deficient and normal mouse strains [82,
83]. In the mast cell-deficient models, lack of mast cell-
derived TNFoa and leukotrienes impaired neutrophil
recruitment, bacterial clearance, and host survival [82—
84]. Apart from neutrophil recruitment to the infection
side, mast cell-derived TNFo« induced hypertrophy of
draining lymph nodes and T cell recruitment at sites of
infection with E. coli [3, 85]. More recently, a novel TNF-
independent pathway for mast cell-mediated lymph node
hypertrophy and Langerhans cells migration was demon-
strated by peptidoglycan derived from Staphylococcus
aureus. In contrast to the activation of mast cells through
TLR and Myd88, this mechanism depended on comple-
ment components [86]. Based on such findings, it has
been suggested that mast cells provide a link between
innate and adaptive immunity.

Most of such data come from rodent mast cells, whereas
limited data exist describing the interactions of human mast
cells with bacteria [5]. However, mast cell accumulation
was observed in patients with Helicobacter pylori-associated
gastritis and Shigella infection, respectively [87, 88]. Mast
cell mediators such as lipid mediators or chymase were
significantly higher in patients with acute infectious
diarrhea (cholera and shigellosis) and in H. pylori-
associated gastritis [87—-89]. During the in vitro ingestion
of a pathogenic E. coli by human mast cells production of
TNF-alpha, CC chemokine ligands (CCL-1/1-309, CCL-
19/MIP-3beta, and CCL-18/MIP-4), carcinoembryonic
antigen-related cell adhesion molecule 1, the integrin
CD49d, and CD80 were upregulated. Most interestingly,
coincubation of human mast cells with E. coli down-
regulate FceR I expression and FceR I-mediated mast cell
degranulation [90].

In recent studies, the role of mast cells as intermediary
between innate and adaptive immune system during
bacterial infections was further unraveled. For example,
mast cells are able to regulate the migration, maturation,
and activation of dendritic cells [3, 91] through the release
of TNF«, IL-13, and granulocyte-macrophage colony-
stimulating factor after stimulation with TLR ligands [4,
56]. Bacterial antigens are presented to T cells via the major
histocompatibility complex (MHC) 1 or MHC II pathway,
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the latter one requiring IFNy that causes a dose-dependent
induction of MHC class II molecules in mast cells. An in
vitro study showed that presentation of staphylococcal
enterotoxin B through the MHC class II pathway by human
mast cells directly activates CD4+ T cell hybridomas [92].

Even more recently, evidence accumulated showing that
human mast cells might be involved also in host defense
against viruses, particularly against double-stranded RNA
viruses recognized by TLR3. Earlier, it has been suggested
that mast cells interact with virus through chemokine
receptors [93]; more recently, TLR3 came into focus. In
rodents, mast cells express TLR3, and stimulation of mast
cells through TLR3 using polyl:C leads to the recruitment
of CD8+ T cells [94]. Human mast cells also express TLR3,
and in vitro studies revealed that TLR3 stimulation causes a
decreased adhesion of the cells to ECM proteins and a
decreased mediator release in response to IgE/antigen, but
an increase in IFNvy production suggesting also a role of
human mast cells in host defense against viral infections
[95, 96].

Mast cells and regulation of immune tolerance

Contrary to the proinflammatory role of mast cells in
allergic disorders, the results obtained in a recent study
performed in rodents established that mast cells are
essential in peripheral tolerance induction dependent on
CD4+ CD25+ Foxp3+ T regulatory cells (Tregs) [97]. In
this study, high levels of IL-9, a mast cell growth and
activation factor, are produced by activated Tregs, and
IL-9 production seems important in mast cell recruit-
ment to and activation in tolerant tissue. Thus, IL-9
represents the functional link through which activated
Tregs recruit and activate mast cells to mediate regional
immune suppression. Although analogous data in the
human system are lacking, these findings opened a new
door in understanding the versatile function of mast
cells under physiological conditions.

Interestingly, it could be shown that helminth infection
protected the host from developing allergic diseases by yet
unknown mechanisms being at least independent of an
induction of a Thl response and of competition with IgE
binding sides on the surface of mast cells and basophils [98,
99]. It is tempting to speculate that mast cell mediators are
involved in this protection; however, such findings need
approval in humans. Moreover, coincubation of human
mast cells with E. coli downregulate FceR T expression and
FceR I-mediated mast cell degranulation [90].

Whether allergen-specific immunotherapy (SIT) is relat-
ed to such mechanism remains to be determined. The
mechanisms by which allergen-SIT has its effects include
the modulation of T cell and B cell responses and related
antibody isotypes as well as effector cells of allergic

@ Springer

inflammation, such as eosinophils, basophils, and mast
cells. The balance between allergen-specific Tregs and Th2
cells appears to be decisive in the development of allergic
and healthy immune responses against allergens. The
induction of a tolerant state in peripheral T cells represents
an essential step in allergen-SIT [100]. Possibly, mast cells
can be involved in the induction of allergen-specific Tregs,
as shown in the rodent model, provided that particular
environmental factors such as bacterial or helminth prod-
ucts are present at appropriate concentrations. A better
understanding of mechanisms of mucosal tolerance may
enable novel treatment strategies.

Other physiological functions of intestinal mast cells

Mast cells have been implicated in other physiological
functions such as wound healing and regulation of fibrosis,
regulation of blood flow and coagulation, protection against
neoplasm, and tissue homeostatis [101-103]. However,
since most of such data have not been clearly confirmed for
the intestinal mucosa, the details will not be discussed in
detail here (Fig. 5).

Mast cells and food allergy
Intestinal allergic disease—what is that?

Intestinal allergic disease is defined as an adverse reaction to
allergen, in most cases to food, caused by an individually
occurring immunologic hypersensitivity against food antigen.
This definition clearly separates food allergy from other forms
of adverse reactions to food not mediated by immunologic
mechanisms such as intolerance reactions caused by enzyme
deficiencies or toxic reactions caused by contaminating
microbes or chemicals. Since adverse reactions to food are
common in the general population—about 20-30% seems to
be afflicted—the rather small subgroup of patients suffering
from true food allergy needs to be identified by validated
diagnostic means. According to recent epidemiologic data, 1/4
of children and 1/10 of adults with adverse reactions to food
have true food allergy based on immunologic mechanisms,
either IgE-mediated or other forms. Accordingly, the preva-
lence of food allergy is 3—8% in small children and 1-3% in
teenagers and adults [7, 104-106]. The fact that food allergy
is preferentially a disease of the early years of life is related to
our current understanding of the mechanisms of food allergy
closely related to the integrity of the GI barrier. The GI
mucosa is the site of sensitization and challenge, but not
necessarily the shock organ. Actually, any organ can be
involved, but in most cases, symptoms manifest at the level of
the skin, the GI or respiratory mucosa, or a combination
thereof. About 1/2 of the children and 1/3 of the adults with
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food allergy show with GI symptoms such as nausea and
vomiting, diarrhea or blood in stool, or just abdominal pain
[7].

Basis of any allergic reaction is an adequate antigen
exposure, an abnormal immune response, a genetic predispo-
sition, and an “acquired” predisposition, e.g., an impaired
mucosal barrier, which might be of particular relevance for
food allergy, but possible also other forms of allergic diseases
[7, 107]. Food allergens (mostly proteins) are to a large
extent, but by far not totally degraded during passage
through the stomach and the intestine. Studies showed that
about 2% of the food proteins ingested daily (about 50—
100 g/day) reach the intestinal mucosa in intact form. This is
necessary to establish a mucosal immune response, which
normally leads to the generation of immunologic tolerance
provided that the mucosal barrier is intact. Such an immune
response is observed in all individuals and can be recognized
by the generation of food-antigen-specific T cells (memory
cells) and food-antigen-specific IgA and IgG production.

Mast cell functions in allergy

The best characterized hypersensitivity reaction to food is
the IgE-mediated type I reaction according to Coombs

peripheral nervous system

[108]. Type I reactions, which are also taken as a basis for
many cases of bronchial asthma, seasonal rhinitis, and
atopic skin diseases, are divided into an immediate phase
and a late phase occurring facultatively some hours after the
immediate phase. The immediate phase is characterized by
the IgE-dependent activation of mast cells and basophils
and the release of proinflammatory mediators from these
cells such as histamine, proteases, leukotrienes, and
cytokines. This reaction requires a preceding sensitization
phase in which the specific immune system is challenged
with allergen in a way that leads to the production of
sufficient amounts of specific IgE. This IgE is bound to the
surface of mast cells and basophils because they express the
high-affinity IgE receptor. Once the cell is “loaded” with
specific IgE, a second challenge can lead to crosslinking of
surface-bound IgE. This is an activation signal for the cells
which in response start to degranulate and release mediators
like histamine and protease from their granules within a few
seconds. At the same time, the cells start to synthesize
mediators leading to a more sustained release of mediators
such as eicosanoids and cytokines.

The late phase is characterized by the infiltration of the
tissue with further inflammatory cells such as neutrophils,
eosinophils, and lymphocytes. These cells are attracted by
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mediators such as TNF«, IL-5, IL-4, and IL-3 release by
mast cells and basophils upon IgE-dependent immediate-
type activation. The role of mast cells in this clinically more
important late phase reaction, as well as in hypersensitivity
reactions other than type I reactions, such as type IV
hypersensitivity reactions also occurring during allergic
reactions, has been clearly documented (Fig. 6). Especially
type IV hypersensitivity reactions to food proteins can be
expected, due to the presence of food antigen-specific T
helper cells and cytotoxic T cells [7, 107]. Most impor-
tantly, human mast cells induce the recruitment and local
activation of eosinophils by expressing factors such as IL-5
upon IgE-dependent activation and induce the recruitment
of neutrophils by releasing IL-8 and TNF«x. The latter one
has been shown in vitro for both human and murine mast
cells, as well as in murine disease models [109, 110]. In

comparison to mouse mast cells, however, the amount of

TNF produced by human mast cells on a per cell basis is
small, compared with monocytes, and the portion that is

preformed and stored in granules is even smaller, although
it is consistently detectable [3]. Nevertheless, human mast
cells, even by releasing small quantities of preformed TNF,
might be responsible for the discrete neutrophil infiltration
typically seen at sites of allergic inflammation.

In vitro studies indicate that human mast cells also
participate in regulating lymphocyte functions in the course
of allergic inflammation. Upon IgE crosslinking, mast cells
produce IL-13, a cytokine that supports the production of
allergen-specific IgE by B cells. The release of IL-13 can be
further increased by the presence of IL-4, which is known
to shift the cytokine profile produced by human mast cells
away from proinflammatory cytokines such as TNF, IL-1,
and IL-6, to TH2 cytokines including IL-13 [36]. Human
mast cells can also regulate T cell functions, for example
through PGD2, which almost exclusively derives from
activated mast cells and is released during allergic reactions
[111]. Recently, exciting new functions of PGD2 have been
identified that indicate a particular role for PGD2 at the
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Fig. 6 Role of mast cells in intestinal allergy. Mast-cell activation by IgE
crosslinking with allergen requires substantial access of allergen into the
intestinal mucosa, e.g., following impairment of the mucosal barrier, and
input from the adaptive immune system to become effective. Not only the
synthesis of specific IgE by B cells regulated by IL-4 and IL-13 derived
from Th2 cells and basophils but also mast cell priming by IL-4 for
enhanced mediator release is required for full mast-cell activation. The
subsequent release of mast-cell mediators leads to an “early reaction”,
consisting classically of a “wheal and flare” reaction of the mucosa. Other
mast-cell mediators, such as IL-3, IL-5, IL-8, TNF neurotrophin 3 (NT3),
and proteases contribute to the initiation of a facultative “late-phase”
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reaction by recruiting and activating eosinophils (E£o), neutrophils (Neu),
and T helper 2 (Th2) cells and by interaction with tissue cells such as
nerve cells, smooth muscle cells (SM), endothelial cells (EC), and the
epithelium. Ongoing dysregulation of such cell types not only causes
symptoms of allergy but also organ dysfunction including loss of barrier
function and, subsequently, enhanced bacterial translocation. This
enables nonspecific triggers to access mast cells, dendrite cells type 2
(DC2), and other cells. Such triggers, such as bacterial products or Ig
(fragments) like monomeric IgE and light chains, might perpetuate the
inflammatory process, even in the absence of allergen (modified from
Bischoff [5])
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onset and for the perpetuation of asthma in young adults.
The lipid mediator evokes airway hypersensitivity and
chemotaxis of T cells, basophils, and eosinophils through
interaction with two receptors, the prostanoid DP receptor
(PTGDR) on granulocytes and smooth muscle cells, and
CRTH2 (chemoattractant receptor-homologous molecule
expressed on TH2 cells) on TH2 cells [112, 113].
Furthermore, gene-mutation analyses have identified
PTGDR as an asthma-susceptibility gene [113]. Apart from
PGD2, other human mast-cell mediators such as LTB4,
CCL3 and CCL4, OX40 ligand, and TNF are involved in
recruiting T cells and triggering T cell-mediated adaptive
immune responses, including memory induction, which
enhance and perpetuate allergic reactions [5]. However,
mast cells, at least under normal conditions, are not a
relevant source of IL-4. It has been repeatedly claimed that
mast cells, in addition to TH2 cells, produce IL-4; however,
well-performed in vitro studies using mature human mast
cells from nonallergic individuals, as well as mouse in vivo
studies, could not confirm such findings [24, 36, 79].
Instead, TH2 cells and basophils seem to be the relevant
sources of IL-4 in humans, whereas mast cells, if at all,
might contribute to local IL-4 production under allergic
conditions [114]. This fits with the recent in vivo finding in
mice that basophils are crucial for the induction of IgE-
mediated chronic allergic inflammation, for which T cells
and even mast cells were dispensable [115].

Inflammatory mediators derived from mast cells und
eosinophils are primarily responsible for the clinical
symptoms of patients with food allergies. These patients
have an increased level of histamine (or methyl histamine),
tryptase, eosinophilic cationic protein, IL-5, and TNFx in
serum, urine, intestinal lavages, and stool samples [7, 116].
Histological examinations show that mast cells and eosi-
nophils degranulate in the intestinal mucosa after localized
provocation testing and that they release mediators such as
cytokines [117]. Not only is the specific immune system
involved in immunological hypersensitivity reactions but
also the innate immune system. The characterization of key
molecules belonging to the innate immune defense mech-
anism, such as defensins, mucin, or synactin and their
possible mutation in people with allergies, is therefore of
the utmost importance for the understanding of the
mechanisms and the development of new therapy concepts
[61]. Disorders of the innate immune system can also be
responsible for deviations of the specific immune system,
which lead, for example, to an overproduction of specific
IgE.

Clinical studies have shown that IgE is produced locally
in the respiratory and GI mucosa. This might explain why
serum IgE evaluations and skin tests do not closely
correlate with mucosal allergic reactions in the intestines.
In atopic patients, the increased IgE levels are closely

related to IL-13, whose gene is attributed to a polymor-
phism, which is associated with atopy. The IgE-induced
allergic immune response can therefore be divided into
three phases: the clinically silent sensitization phase,
usually during infancy or childhood; the symptomatic
effector phase, which is composed of an acute and a
facultatively delayed reaction; and the chronic organ-
destroying phase, which can be the outcome of reoccurring
delayed reactions [7].

More recently, it became evident that mast cells
stimulated by IgE crosslinking also trigger local nerve
responses resulting in pain and diarrhea [52, 118]. It has
become apparent in recent years that the ENS plays a role
in regulating allergic inflammatory cells such as lympho-
cytes, mast cells, and eosinophils. The morphologic—
functional association between immune cells and nerve
cells has mainly been described for mast cells and, in some
cases, has been extended to include eosinophils. It should
be emphasized that not only is the gut-associated lymphoid
tissue (GALT) innervated but conversely that the ENS is
also regulated in a crucial manner by mediators derived
from mucosal immune cells [52]. Such neuroimmune
interactions may explain the frequent psychological and
functional accompanying symptoms, which characterize
many patients with allergic and other chronic bowel
disorders.

A delayed development of the protective IgA system
within the GALT in the postnatal phase or a particularly
pronounced switch to IgE-producing B lymphocytes is
associated with an enhanced risk for the development of
allergic diseases. IgA synthesis is induced mainly by TGF-
[3 from Th3 cells and external triggers, while IgE synthesis
is dependent on CD40 ligands, as well as the cytokines IL-4
and IL-13, which are produced by the Th2 cells and
inflammatory cells (mast cells, basophils) [107]. In contrast,
Thl cytokines such as IFNy inhibit the activity of Th2
cells, which explains how a controlled Thl-dominant
immune response, triggered, for example, by certain
bacterial products, can contribute to restricting a primary
preexistingTH2 response in the bowels and thus prevent an
overproduction of IgE. Such procedures support the
“hygiene theory” claiming that high hygiene standard, in
particular, during the early years of life may support the
development of not only immunologic diseases such as
allergy including food allergy but also to other immuno-
logical diseases such as rheumatic arthritis, type 1 diabetes
mellitus, and chronic inflammatory intestinal disorders
[119, 120].

The hygiene hypothesis

Allergic diseases develop on the basis of complex gene—
environment interactions. The prevalence of allergies is
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steadily increasing and seems to be associated with modern
lifestyle. Therefore, it was hypothesized that high living
standards and hygienic conditions are correlated with an
increased risk for the development of an allergic disease.
This so-called hygiene hypothesis states that due to reduced
exposure to microbial components, the proposed allergy-
preventing potential of these factors is no more present in
sufficient qualities and/or quantities, which leads to an
imbalance of the immune system with a predisposition to
the development of allergic disorders [121].

Meanwhile, several epidemiological studies were con-
ducted supporting this concept and generating novel ideas
for the underlying mechanisms that were then followed up
by use of well-defined animal models and human studies.
The current view of cellular and molecular mechanisms
responsible for these phenomena includes changes in the
fine balancing of Thl, Th2, and Treg responses which are
triggered by altered or missing innate immune cell
activation. In fact, proper activation of cells of the innate
immune system by bacterial, viral, or parasitic antigens has
been demonstrated to play a crucial role in early shaping of
the immune system and suppression of the development of
Th2-driven allergic immune responses. These processes
start already in utero and prenatal as well as early postnatal
developmental stages seem to represent a certain “window
of opportunity” for allergy-preventing environmental influ-
ences [121].

In the meantime, the hygiene hypothesis has been
extended to a variety of immunologic disorders including
type 1 diabetes, inflammatory bowel disease, multiple
sclerosis, and other chronic inflammatory disorders. The
use of probiotics, prebiotics, helminths, or microbe-derived
immunoregulatory vaccines might therefore become a
valuable approach to disease prevention [122]. Based on
the Darwinian medicine, which uses knowledge of evolu-
tion to cast light on human diseases, some of the organisms
that are important for the “Hygiene” or “Old Friends”
hypothesis might be identified. Moreover, the Darwinian
approach might point to the potential exploitation of these
organisms or their components in novel types of prophy-
laxis with applications in several branches of medicine
[123].

The vitamin hypothesis

Spiegl et al. [124] showed that basophils express retinalde-
hyde dehydrogenase-2 (RALDH?2) and thus are a new and
unique cellular source of retinoic acid (RA) known to be an
important regulator of immune cell functions. In humans,
RA derived from vitamin A (retinol and its esters), which is
either uptaken from animal food or, as 3-carotenes (pro-
vitamin A), from plant food. Retinol and its active
metabolites, RA and retinal, have major biological effects
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on cell growth and differentiation, reproduction, vision
system, and immune regulation. In particular, RA regulates
major immune functions such as immune defense against
infections, inflammation, epithelial barrier functions, and
lymphocyte function and trafficking to the gut through the
nuclear receptors retinoic acid receptor and retinoid X
receptor [125—128]. The clinical relevance of these findings
is strengthened by the observation that vitamin A deficien-
cy severely compromises host defense and vitamin A
supplementation can balance such deficiencies [129].

Metabolism of retinol to retinaldehyde is not tissue-
restricted whereas further metabolism of retinaldehyde to
RA is the limiting step and tissue-restricted as the most
effective enzymes identified are tissue specific [130]. The
origin of locally elevated RA levels in postembryonic
mammals is basically unknown. Allergen-dependent baso-
phil activation induces low levels of RALDH2, whereas IL-
3 not only induces RA receptor activity but also strongly
induced the expression of RALDH2 as well as the
generation of RA [124]. However, at particular tissue sites,
other cells than basophils might contribute to RA forma-
tion. Recent studies indicate that dendritic cells from mouse
mesenteric lymph nodes constitutively express RALDH2
mRNA and produce RA, which regulates the function and
gut-homing properties of T and B cells and may be
involved in intestinal tolerance induction [126—128]. More-
over, intestinal mucosa and Peyer’s patches dendritic cells
express the low efficiency RA-synthesizing enzyme
RALDHI1 suggesting that RA formation at this site may
also depend on high local vitamin A concentrations from
food.

Similar suggestions have been made for vitamin D3, the
active form of which is generated locally by dendritic dells
and T cells and induces CCR10 in naive T cells, thereby
attracting them to the skin [131]. Thus, vitamins might
sense the local immune system by directing lymphocytes to
different sites, e.g., the skin (vitamin D metabolites) or the
GI mucosa (vitamin A metabolites). Locally produced food
metabolites program T cell homing and offer a new
mechanism explaining why hypersensitivity reactions occur
at different body sites.

At present, one can only speculate on the consequences
of such findings. Basophil-derived RA polarizes naive
human T cells to produce Th2 cytokines, namely IL-4,
and induces the expression of the adhesion receptors CD38
and o4/37-integrin that may guide them to mucosal sites of
inflammation. IL-4 induced by basophil-derived RA in T
cells promotes mast cell activation which in turn enhances
their production of IL-3 shown to be a major trigger for RA
formation in basophils [24]. Therefore, RA generation
might be an important missing link in the communication
between basophils, mast cells, and T cells, between innate
and adaptive immunity that results in Th2 immune
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responses (Fig. 7). On the other hand, several important
questions need to be addressed in future: Is RALDH2
expression enhanced in allergic patients? What are the local
factors regulating RALDH2 expression in basophils or
dendritic cells? Is mucosal RA synthesis dependent on the
vitamin A status that needs to be measured by accurate
means? Additional epidemiologic and basic studies are
needed to further support this attractive “vitamin hypothe-
sis”, beside the widely accepted “hygiene hypothesis”, as a
new explanation for the rapid increase in allergy and
autoimmune diseases in industrial countries [132].

Other approaches

Any impairment of the GI barrier, either because of
immaturity in early life or acquired during later life,
promotes the development of food allergy and, possibly,
other forms of allergy, because oral tolerance cannot be
established or maintained. Common causes for an acquired
impairment of the GI mucosa are infections (bacterial,
viral), toxins (e.g., bacterial toxins such as Clostridium
difficile), malperfusion, or disturbances of the GI flora (e.g.,
caused by treatment with antibiotics). Interestingly, such
conditions are known to be associated with the onset of
food allergy suggesting a causal link between such events.

This might explain why FA is most common in
newborns and small children in whom the GI barrier is
not fully maturated yet. Once these children become elder,
most of them loose spontaneously their allergy, most likely
because of maturation of the GI barrier and this establish-
ment of host defense and tolerance induction. The situation
is more complex in adults, but possibly similar mechanisms

could play a role. Interestingly, not only allergy, but also
other chronic inflammatory diseases such as IBD and RA
increase under such conditions. Therefore, it is tempting to
speculate that an impaired GI barrier caused by particular
environmental conditions and life style factors may lead to
the increased occurrence of immune-mediated chronic
diseases including food allergy [7, 107]. Based on such
considerations, new intervention tools are envisioned such
as immunotherapy, nutrition therapy, and probiotics.

Subcutaneous immunotherapy has been used not only in
pollen-allergic individuals but also in individuals with
pollen-associated food allergy with variable success [133].
More recently, first data were published on sublingual
immunotherapy (SLIT) using hazelnut extract in patients
with hazelnut allergy. The trial showed a significant
improvement of hazelnut tolerance after verum SLIT
compared to control SLIT suggesting a potential of SLIT
therapy in FA [134, 135]. However, more studies are
needed to confirm these promising results. Alternatively,
oral tolerance induction was examined by oral administra-
tion of steadily increasing doses of food allergen up to 3—
5 g food protein (40-60 steps in 2-3 month). Several
reports suggested effectiveness, but not a single randomized
controlled trial is available to confirm the results [133].
Therefore, the value of this approach cannot be estimated
finally at the moment, and in particular, the long-term
effectiveness needs to be confirmed [136]. In summary,
immunotherapy could become a valuable additional tool to
treat FA by a causal approach; however, more clinical data
and data how to perform it are required.

Instead of immunotherapy using classical allergen
extracts, the development of new treatments tools such as
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Fig. 7 The “vitamin hypothesis” explanation for allergy increase.
High vitamin A uptake might favor the development of allergy, in
particular if TGF-f3 levels are low, by the enhanced generation of
retinoic acid in basophils, since RA induces the production of Th2
cytokines and inflammation. Normal vitamin A uptake together with

normal TGF-f3 causes protection against allergy, whereas vitamin A
deficiency leads to low numbers of T regulatory cells (7regs) and
subsequent inflammation and infection. For more details, see text
(modified from Bischoff [132])
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tolerogenic peptides, recombinant epitopes for desensitiza-
tion, and DNA vaccination with allergen DNA might help
to improve the effectiveness of future immunotherapy. In
addition, methods have been developed for the genetic or
chemical modification of antigen structures of food aller-
gens, with the aim of reducing the allergen potential [137].
Finally, anticytokine antibodies or cytokine-receptor antag-
onists against Th2-cytokines, such as IL-4 and anti-c-kit-
antibodies functioning as new antimast cell medicaments
[138, 139], are currently examined for their potential in FA
treatment.

Studies have been recently published, according to
which probiotics, e.g., Lactobacillus rhamnosus GG or
Lactobacillus casei species, are capable of reducing the
incidence of allergies in children from high-risk families, or
in adolescents with manifest allergy. For example, the
prevalence of food-induced atopic dermatitis can be
reduced by approximately 50% through treatment with
lactobacillus GG, during and immediately after pregnancy,
as surveys 2 and/or 4 years after birth of the children have
shown [140]. However, these exciting data could not be
confirmed in recent follow-up studies from other research
groups [141-143].

Mast cells in nonallergic GI diseases
Celiac disease

Celiac disease is a malabsorptive disorder caused by
intolerance to gluten and is characterized by a remodeling
of the intestinal mucosa including villus atrophy, crypt
hyperplasia, and net increase of mucosal volume. Changes
of the number of mucosal mast cells in celiac mucosa have
been reported since 25 years, suggesting that the mast cell
activity could have a pathogenetic role in gluten enterop-
athy. As compared to controls, the histamine content
increased by 80% and MMC numbers by about 60% in
the celiac mucosa [144]. The role of mast cells in celiac
disease is emphasized by submucosal challenge experi-
ments with gliadin in patients with celiac disease and
controls. A significant increase in the number of CD4+
lymphocytes in the lamina propria and a decrease in the
number of mast cells (as a result of prior mast cell
degranulation) were observed after submucosal challenge
with gliadin [145].

IBD
Histological studies revealed that mean mast cell numbers
do not differ between patients with IBD and controls.

However, a reduced mast cell number was found in
toluidine blue-stained sections of actively inflamed tissue
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areas (143£16/mm?, versus 206+18/mm? in noninflamed
tissue). Immunohistochemical studies using antibodies
against the granule proteins tryptase and chymase suggest
that this decrease in mast cell numbers is due to mast cell
degranulation [2]. Corresponding results were obtained
from experiments in dogs with IBD. They had significantly
more cells positive for IgE protein and more mast cells in
the GI mucosa than healthy dogs [146]. The increased
numbers of cells positive for IgE and mast cells in dogs
with IBD suggest hypersensitivity, e.g., to bacterial or
dietary-derived antigens in the intestinal lumen.

Not only markedly increased numbers of mast cells were
observed in the mucosa of the ileum and colon of patients
with IBD but also substantial changes in mast cell
expression of TNFalpha, IL-16, and substance P. Moreover,
elevated histamine and tryptase levels were detected in
mucosa of patients with IBD, suggesting that mast cell
degranulation is involved in the pathogenesis of IBD [147].
In patients with ulcerative colitis, tryptase-, substance P-,
and serotonin-immunopositive mast cells were found in
higher amounts than in control specimens in close
apposition to the basal lamina of the glands among the
epithelial cells and in other layers of the gut wall [148].
However, little is known about the actions of histamine,
neurotransmitters, tryptase, chymase, and carboxypeptidase
in IBD.

The triggers for mast cell activation in IBD are largely
unknown. Possibly, stress factors might play a role, since
stress enhances mucosal mast cell degranulation [118].
Recently, it was reported that MC c-kit immunostaining
was significantly reduced—at both baseline and post stress
samples—in IBD patients compared to controls; however,
MC c-kit immunostaining was independent of stress-
induced MC degranulation [149].

IBS

Our current understanding of the pathogenesis of irritable
bowel syndrome (IBS) is changing fundamentally. In
previous times, IBS was defined by a particular set of
symptoms and exclusion of any known GI disease such as
infection, IBD, celiac disease, food allergy, or malignant
disease. Now, there is increasing evidence for the notion
that IBS reflects a kind of subclinical inflammatory process
of unclear origin [150].

Indeed, histopathologic data demonstrate low-grade
mucosal inflammation in a subset of patients with IBS.
This inflammatory infiltrate is mainly represented by
increased numbers of T lymphocytes and mast cells lying
in the lamina propria. The close apposition of immunocytes
to gut nerves supplying the mucosa provides a basis for
neuroimmune cross-talk, which may explain gut sensori-
motor dysfunction and related symptoms in patients with
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IBS. A previous gastroenteritis (due to Campylobacter
Jejuni, Salmonella, Shigella, E. coli, and, likely, viruses) is
now an established etiologic factor for IBS (hence, post-
infectious IBS). Other putative causes, such as undiagnosed
food allergies, genetic abnormalities, stress, or bile acid
malabsorption, may also promote and maintain a low-grade
mucosal inflammation in IBS. The identification of muco-
sal inflammation in IBS has pathophysiologic implications
and paves the way for novel therapeutic options [118, 150].

Possibly, mast cells are responsible for even more GI
pathologies of unclear origin accompanied by symptoms
such as diarrhea. For example, in chronic intractable
diarrhea, colonic or duodenal biopsy specimens may appear
unremarkable on routine hematoxylin—eosin staining, but
increased mast cells may be demonstrated by immunohis-
tochemistry for mast cell tryptase, with the novel term
mastocytic enterocolitis describing this condition [151].
Consequently, a number of mast cells, eosinophils, and
intraepithelial lymphocytes in duodenal biopsies have been
proposed as novel disease markers in subjects with IBS and
functional dyspepsia, since intraepithelial lymphocytes
were significantly increased in IBS constipation. Mast cells
were significantly increased in IBS, while eosinophils were
significantly increased in functional dyspepsia [152].

Thus, duodenal mast cell hyperplasia is linked to IBS.
However, the mechanisms that induce mast cell hyperplasia
and mast cell mediator release in IBS need to be defined. It
is tempting to speculate that changes in GI motility and
visceral hypersensitivity that are traditionally thought to
play a crucial role in symptom generation might be directly
related to the novel additional factors identified by recent
studies as the emerging factors of IBS pathogenesis. These
factors include GI infections, low-grade infiltration, and
activation of mast cells in the intestinal mucosa with
consequent release of bioactive substances, altered seroto-
nin metabolism, and modification of small bowel and
colonic microflora [153]. However, more studies are
required to put all these puzzle pieces together.

Mastocytosis

More than 20 years ago, Cherner et al. [154] prospectively
evaluated in 16 consecutive patients with systemic masto-
cytosis (SM) a variety of GI functions and examined how
they relate to the occurrence of GI symptoms. They
reported duodenal ulcer or duodenitis (nine patients),
hypersecretion of gastric acid (six patients), impaired small
intestinal absorption (five patients), and increased plasma
histamine concentrations in all patients that correlated with
the basal acid output. In contrast, mean fasting plasma
concentrations of motilin, substance P, and neurotensin
from six patients did not differ significantly from controls,
whereas gastrin and vasoactive intestinal peptide were

significantly less than in controls. GI symptoms, consisting
of abdominal pain or diarrhea, occurred in 80% of patients.
GI transit, however, remains unchanged.

More recently, Jensen [155] reported that as much as 70—
80% of patients with SMs are found to have GI symptoms.
The most common symptom is diarrhea that occurs in 43%
of patients (mean, range 14—100%). A review of gastric acid
studies reveals that a proportion of patients develop gastric
acid hypersecretion because of the hyperhistaminemia,
which can result in ulcer disease that in turn can cause
dyspeptic pain, small intestinal mucosal damage, and
malabsorption as seen in Zollinger—Ellison syndrome.
Hepatomegaly, portal hypertension, splenomegaly, and asci-
tes occur frequently in patients with systemic mastocytosis.

The diagnosis is based on histological and immuno-
histological examination of GI tissue specimens using
antibodies directed against tryptase, CD117, and CD25. SM
is characterized by the accumulation of neoplastic mast cells
in bone marrow and other organs such as the GI tract. GI
symptoms are common in both SM and cutaneous mastocy-
tosis, also named urticaria pigmentosa, and are usually
caused by the release of histamine and other inflammatory
mediators. Occasionally, neoplastic mast cells may also
directly infiltrate the GI tract [156—158].

Several studies have suggested that enumeration of the
mast cells in GI biopsies may help establish the diagnosis
of SM. However, mast cells have been reported to be
increased in various inflammatory diseases, and mast cell
density has not been systematically evaluated in other GI
disorders. Recently, expression of CD25 by mast cells in
bone marrow has been shown to be specific for SM and can
be indeed used to confirm the diagnosis. Also aggregates or
sheets of mast cells are only seen in SM. Thus, quantitation
of mast cells can be helpful to diagnose SM in GI mucosal
biopsies [157-159].

Other diseases

Apart from their role in allergy and host defense against
microbes, mast cells have been suggested to be involved in
several other pathologies. Some of these pathologies are
related to inflammation and immune reactions, whereas in
others, such a link is less clear. The experimental evidence
for a mast cell involvement in such diseases is mostly based
on rodent studies and at best partially confirmed for the
human system. Of particular interest are evidences suggest-
ing that mast cells could play a role in tumor development.
It has been established that cancer is related to inflamma-
tion induced by chronic infection, autoimmune reactions, or
other forms of tissue irritation [160]. Studies in mast cell-
deficient mice revealed that mast cells could promote the
development of epithelial tumors in the colon by yet
unknown mechanisms [161]. Possibly, this effect is related
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to angiogenesis known to be affected by mast cells [162,
163].

The role of mast cells in autoimmune diseases such as
inflammatory arthritis is just starting to become unraveled
[164-166]. Likely, mast cell accumulation and activation in
such processes is related to IgE-independent pathways
involving for example interactions with bacteria as dis-
cussed before. The role of mast cells could be both supply
of inflammatory mediators and recruitment of T cells for
adaptive immune responses, and thus, it is not surprising
that the anti-c-kit antibody Imatinib has been proposed as
new therapy in rheumatoid arthritis [167].

The role of mast cells in vascular diseases is more
difficult to understand. Of course, mast cells are of
relevance for anticoaglation by releasing tryptase and
heparin although the regulation of this process is largely
unclear [168]. Of particular interest is the pathophysiolog-
ical function of mast cells in arterial plaque erosion and
rupture that can be induced by the local release of mast cell
mediators such as heparin proteoglycans, chymase, and
cytokines affecting the function of endothelial cells and
smooth muscle cells [169]. Moreover, mast cells can
contribute to hypertension further promoting coronary
events such as plaque rupture by two ways. First, mast cell
chymase acts as an enzyme converting angiotensin I to
angiotensin II, analogous to or even more effective than
endothelial cell-derived angiotensin-converting enzyme,
and secondly, mast cells, beside kidney cells, are a source
of renin, which cleaves angiotensinogen to angiotensin I
[170, 171]. It is not surprising that mast cell inhibition and,
in particular, chymase inhibition have been suggested as
new therapeutic strategy in heart disease and heart
transplantation [172].

The list of regulatory and pathophysiological functions
of mast cells is steadily increasing and involves new areas
such as pregnancy, during which mast cells seem to
regulate uterus contraction [173], or central nervous system
diseases like multiple sclerosis [174], migraine [175], or
neuroendocrine disorders and behavioral stress [176]. Some
of these issues just start to be discovered by mast cell
researchers; they sound exiting but are still preliminary with
regard to clinical consequences.

Future directions

Mast cell research increased our understanding of the
pathophysiology of allergic and nonallergic GI diseases.
Consequently, mast cell research aims to define new
therapeutic targets to improve treatment options for mast
cell-associated GI diseases. Most anti-allergic drugs cur-
rently available do not target mast cells directly but rather
receptors of mast cell mediators such as histamine or
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sulfidoleukotrienes. One exception is sodium cromoglycate
thought to act as mast cell stabilizer by modulating cell
membrane properties and thereby reducing mast cell
releasability. The compound was found to be effective for
treatment of allergic diseases like allergic rhinitis, conjunc-
tivitis, and gastroenteritis in about 50% of individuals,
when administered for several weeks. This drug is almost
free of adverse effects suggesting that it acts rather
specifically on mast cells for unknown reasons [177].

More recently, anti-SCF receptor drugs have been
developed such as STI571 (Imatinib, Glivec®) that inhibits
tyrosine kinases such as c-kit, the SCF receptor, PDGFR
activation pathways as well as arginine kinase. Although
well established in the treatment of CML, GIST and other
neoplastic diseases, and, more recently, hypereosinophilic
syndrome, its role for treatment of allergic diseases is
unclear. Animal studies suggested that STIS71 might
ameliorate allergic asthma as well as delayed type hyper-
sensitivity reactions [178, 179]; however, prove of this
concept in humans is lacking so far. Possibly, other c-kit
tyrosine kinase inhibitors other than STI571 or c-kit
independent mast cell inhibitors, e.g., by targeting the IL-
4 dependent proliferation and hyperresponsiveness of
human mast cells, need to be developed for a more
successful antimast cell therapy in allergy. Such treatment
strategies as well as the antiprotease therapy suggested for
asthma treatment [180] might have implications beyond
classical type I hypersensitivity reactions.

Of particular interest is the development of new antimast
cell drugs apart from Imatinib and sodium cromoglycate, or
receptor antagonists of mast cell mediators. If we could
target effectively and selectively human mast cells in a safe
manner, this would not only enhance our understanding of
human mast cell biology but also provide a new and highly
exiting option for the treatment of allergic and nonallergic
GI diseases associated with mast cells such as IBD, IBS,
etc. Possibly, not only the classical pharmacologic approach
should be considered but also, e.g., nutrients such as retinol
and many others which might modulate mast cell functions
[181, 182].
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