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Human mast cells, bacteria, and

intestinal immunity

Summary: Mast cells are versatile tissue regulator cells controlling major
intestinal functions such as epithelial secretion, epithelial permeability,
blood flow, neuroimmune interactions, and peristalsis. Most importantly,
mast cells are key regulators of the integrity and function of the
gastrointestinal barrier. At the same time, they can act as immunomod-
ulatory cells by reacting to various exogenous signals frombacteria, viruses,
and parasites through innate recognition receptors, such as Toll-like
receptors (TLRs) or through receptors of the specific immune system, such
as immunoglobulins (Igs) bound to their cell surface. This mast cell
function is enhanced by an intensive cross talk of mast cells with other cells
of the innate or adaptive immune systems. Finally, mast cells act as
inflammatory cells mediating diseases such as allergy, once they become
dysregulated because of excess of allergen, allergen-specific IgE and
cytokines, or invading microbes. The present article focuses on the human
mast cell functions in the intestine and compares the data with those
derived from animal experiments. In particular, the role of bacteria and
TLRs expression by mast cells for allergic reactions are discussed.

Keywords: mast cells, gastrointestinal barrier, bacteria, innate immunity, allergy,
inflammation

Intestinal barrier system

The major function of the intestine is digestion and absorption

of nutrients, water, and electrolytes to provide the body with

liquids and fuels necessary for survival. A large part of this job is

done in the small intestine, which is equipped with a macro-

and microfolded mucosa forming a surface of several hundred

square meters. This mucosal barrier must be permeable to meet

the absorptive functions and at the same time must protect the

host against invasion of microbes and toxins with pathogenic

capacities. This ‘dilemma’ of opposing functions is even more

pronounced in the large intestine, which hosts a remarkable

bacterial flora consisting of about 1014 bacteria of at least 500

different species, mostly unknown species belonging to

anaerobic strains that cannot be cultured. 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.
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The intestinal flora supports the host, digesting food

components, such as particular carbohydrates and fibers, that

are not digestible by the small intestine. Moreover, the flora

might protect the intestine against more pathogenic bacterial

strains, which could colonize the intestine in the absence of

a normal intestinal flora. During the first few weeks of life, the

flora becomes established, and immune tolerance against such

bacterial antigens is initiated by mechanisms far from being

understood. Recent data suggest that this tolerance must be

acquired after birth but can be impaired during later life. For

example, patients with Crohn’s disease are characterized by

a loss of T-cell tolerance against selected bacterial antigens (1).

Development of allergy could be a result of an immature or

a disturbed interaction between intestinal bacteria and mucosal

immune system in infancy or adulthood, respectively (see

below).

The intestinal barrier consists of multiple defense systems,

such as epithelial functions (mucus production, secretion,

defensin release, etc.), innate and adaptive immune functions,

and the enteric nervous system. 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 defensins is associated with Crohn’s

disease and ulcerative colitis (2). Possibly, such impairments of

the intestinal barrier could be of importance not only for

inflammatory bowel diseases 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.

The mast cell at the intestinal barrier

Mast cells are tissue cells typically located at strategically

important locations, such as mucosal surfaces, involved in host

defense against the environment. The intestinal mucosa consists

of approximately 2–3% of mast cells within the lamina propria in

healthy individuals (3). In the course of intestinal diseases, this

amount can be augmented up to 10-fold (Table 1). Until

recently, the function of intestinal mast cells was not clear. It has

been generally accepted that mast cells are of relevance in

gastrointestinal diseases such as food allergy or parasitosis, but

more recently it was shown that mast cells might have several

physiological functions in the tissues where they reside. In the

intestine, mast cells are now thought to regulate multiple tissue

functions of central importance for normal gut function

(Table 2). The broad spectrum of functions might explain why

mast cells can be involved in so many different 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, such as proteases, histamine, and

heparin, from their granules or by releasing de novo synthesized

mediators on activation including lipidmediators and cytokines

(Fig. 1). Thesemediators allowmast cells to regulate either local

tissue functions or host defense by acting as innate immune

cells, by interacting with the specific immune system, or by

inducing and regulating inflammation. A large portion of

mediators released by mast cells is molecules mediating innate

immunity, such as tumor necrosis factor (TNF) and leukotriene

B4 (recruitment of neutrophils), interleukin (IL)-5 (recruit-

ment of eosinophils), and chemokines (endothelial regulation

and chemotaxis) (Fig. 1).

Table 1. Mast cell-associated human intestinal diseases

Type of disease Examples References

Proliferative/
malignant

Mastocytosis (localized to the
intestine or generalized)

(71)

Gastrointestinal stroma tumors (72)
Gastrointestinal polyps
Gastrointestinal cancer (73, 74)

Benign Food allergy (75, 76)
Celiac disease (77)
Inflammatory bowel disease (3, 78)
Microscopic colitis (79)
Intestinal parasitosis (80)
Irritable bowel syndrome (81)

Table 2. Physiological functions of mast cells in the intestine

Physiological function References

Regulation of epithelial functions
Water and electrolyte secretion? (82, 83)
Tight junctions/epithelial barrier integrity (26–28)

Regulation of endothelial functions
Blood flow, vessel contraction
Tight junctions/endothelial permeability/edema (84, 85)
Coagulation/fibrinolysis (86)

Regulation of cell influx into tissue and cell function
Neutrophils (44, 87, 88)
Eosinophils (89, 90)
Lymphocytes (47)

Regulation of neurological functions
Intestinal peristalsis (91)
Pain mediation (92)

Regulation of tissue transformation
Wound healing (93, 94)
Fibrosis (95)

Host defense against microbes
Bacterial infection (5, 51)
Viral infection (4)
Parasitic infection (34, 35)
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To understand such processes in more detail, we need

information not only about the mediators released by mast cells

but also about the mechanisms of regulation of this cell type.

Loss of mast cell regulation is associated with pain and disease.

In the following sections, the regulation of human mast cells by

immunoglobulin (Ig) E receptor cross-linking, the major event

in type I allergic reactions, and by bacteria-derived molecules,

which play a role in host defense against bacteria and in

infection, is described. Particular emphasis is put on the possible

link between allergy and bacterial challenge because this link

might be particular to mast cells.

Recognition of microbes by human mast cells

Human mast cells are capable of recognizing a large number of

the so-called pathogen-associated molecular patterns and other

bacterial products by Toll-like receptors (TLRs) (Table 3). The

expression of TLRs varies slightly betweenmast cells of different

origin, and the responsiveness of mast cells to different TLR

ligands may differ substantially (4–7). For example, mast cells

generated from sterile environments such as bone marrow,

umbilical cord blood, or peripheral blood respond quite well to

different TLR ligands such as lipopolysaccharide (LPS),

peptidoglycan, and yeast zymosan, whereas mast cells derived

from primarily unsterile sites such as intestine and, to some

extent, lung respond less efficiently to such stimuli (unpub-

lished observations). This difference possibly 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 from

that of response induced by allergens and other non-bacterial

triggers. Whereas an allergen induces primarily degranulation

and release of proinflammatory mediators such as histamine

and eicosanoids, bacterial products hardly induce such

mediators but instead induce cytokines needed for the initiation

of innate and adaptive immune responses (6).

Apart from TLR ligands, other products of infectious agents

may serve asmast cell triggers. For example, we could show that

Escherichia coli a hemolysin induces calcium influx in human

intestinal mast cells, leading to the release of histamine,

Fig. 1. Human mast cell mediators. Mediators of human mast cells
comprise small molecules acting mostly as proinflammatory mole-
cules [histamine, leukotriene (LT) B4 and LTC4, and prostaglandin
D2 (PGD2)], cytokines [ILs, TNFa, transforming growth factor b
(TGFb), basic fibroblast growth factor (FGF), monocyte chemotactic
protein-1 (MCP-1), MIP, and vascular endothelial growth factor

(VEGF)], proteases (tryptases and chymase), and proteoglycans
(heparin and 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
cytoplasmic granules. The major biological effects of each mediator
are indicated.
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sulfidoleukotrienes, and proinflammatory cytokines. Further-

more, type 1 fimbriae and cholera toxins have been described as

mast cell triggers (8, 9). Most recently, glucopeptides derived

from parasites that are capable of activating mast cells were

characterized (10, 11).

Recognition of non-infectious antigens by mast cells

The role of mast cells in allergic reactions is well established.

Their number is mostly enhanced at sites of allergic

inflammation, and, more importantly, the release of mast cell

mediators such as histamine, tryptase, IL-5, and TNF is

enhanced. Antigen recognition typically occurs through the

allergen-specific Igs bound to the cell surface through Ig

receptors (Table 3). The best characterized and likely most

relevant mechanism of mast cell activation is cross-linking of

surface-bound IgE bound to FceRI. Apart from IgE, IgG and

even IgA might play a role. Human mast cells express receptors

for IgA (FcaR) and IgG (stimulatory FcgRI and IIa, inhibitory

FcgRIIb), either constitutively (FcgRIIa) or upon induction

(FcgRIIb and FcgRIIc), for example by interferon-g (12, 13). In
this way, mast cells form part of the specific immune system,

which is defined by specific antigen recognition through

acquired antigen recognition molecules such as Igs or T-cell

receptors. Indeed, mast cells are in close cross talk with

lymphocytes, both B and T cells. For example, mast cells are

regulated by T-cell-derived cytokines such as IL-4 (14, 15) and

IL-9 (16, 17), whereby IL-4 enhances mast cell proliferation

and effector functions at sites of inflammation and IL-9

mediates interaction with regulatory T cells for induction of

peripheral tolerance. In contrast, mast cells can produce

cytokines and mediators such as histamine, prostaglandin D2,

and interferons capable of modulating T-cell subsets (18–20).

Mast cells are thought to be involved also in the regulation of

B-cell functions, namely in the production of IgE by expressing

IL-13 (not IL-4, which is found only in human mast cells

from allergic individuals but not from healthy individuals) and

CD40 ligand (21–23).

The fact that mast cells express not only FceRI but also other

FcRs points to a role for mast cells in immune and inflammatory

diseases beyond allergy, for example mediated by IgG

complexes or even IgA. This hypothesis is supported by several

animalmodels of immune complex diseases showingmast-cell-

dependent mechanisms (24, 25). The role of IgA receptors on

human mast cells is not clear.

Abnormal mast cell activation causes impairment of the

intestinal barrier

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 cell-

dependent mechanism (26–30). Using rodent models, it was

shown that mast cell proteases are directly responsible for the

increase of epithelial paracellular permeability and for redis-

tributed expression of tight junctions during parasitic infection

and stress (28, 29). Interestingly, stress led to an enhanced

release of mast cell mediators (histamine and tryptase) in the

proximal small intestine in healthy controls and to a larger

extent in patients with mast cell-associated diseases such as

food allergy (31). Mast cells are in close contact with epithelial

cells and nerve endings, supporting the hypothesis that mast

cells are involved in regulating mucosal permeability and

intestinal barrier function.

By increasingmucosal permeability, mast cells can contribute

to an ongoing inflammatory process, independent 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 harmful microbes into the intestinal

tissue.

Table 3. Human mast cell surface molecules for recognition of
exogenous structures

Receptor
Cell type expressing
the receptor References

Innate immunity
TLR1 CBMC, PBMC, KU 812,

HMC-1, HIMC
(4, 5), UD

TLR2 PBMC, CBMC, HIMC (4, 5), UD
TLR3 HMC-1, PBMC, HIMC (4), UD
TLR4* PBMC, CBMC, HIMC (4, 7), UD
TLR5 HMC-1, PBMC,

CBMC, HIMC
(4), UD

TLR6 HMC-1, PBMC, HIMC (4, 5), UD
TLR7 HMC-1, PBMC (4)
TLR8 HMC-1, PBMC, HIMC (4), UD
TLR9 HMC-1, PBMC, HIMC (4), UD
FimH R (CD48) CBMC, HMC-1, HIMC (9, 96), UD
C3a R HMC-1 (97)
C5a R Skin mast cells, cardiac

mast cells, HMC-1
(98)

Specific immunity
FceR1 All mature mast cells (6, 21, 99–101)
FcgR1 PBMC, CBMC, HIMC (100, 102), UD
FcgR 2a PBMC, skin mast cells,

HIMC, CBMC
(12, 13, 103), UD

FcgR 2by PBMC, HIMC, CBMC (13, 103), UD
FcgR 3 PBMC (13)
MHC1 All mature mast cells (56, 104)
MHC2y CBMC, HMC-1 (57, 58)

CBMC, cord blood-derived mast cells; HIMC, human intestinal mast cells;
UD, unpublished data; PBMC, peripheral blood-derived mast cells; KU812,
human basophil line; HMC-1, human mast cell line.
*After IL-4 priming.
yAfter exposure to interferon-g.
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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 receptor (HR) 1 and HR2

affects the function of blood vessels (dilatation and increased

permeability), smooth muscles (contraction), and epithelial

cells (mucus production). A recent human study showed that

HR1 and HR2 are upregulated within the intestinal tract in

patients with food allergies (32). Furthermore, histamine acts as

an immunomodulator, for example in human alveolar macro-

phages, in which histamine inhibits the release of TNF by

triggering the enhanced release of the anti-inflammatory

cytokine IL-10 (33). Histamine also affects epithelial cells,

dendritic cells, and T and B lymphocytes. Histamine promotes

T-helper (Th) 1 cell activation through HR1 and suppresses

both Th1 and Th2 cell activation through HR2 (18).

Function of human mast cells in defense against microbes

The role of mast cells in host defense against parasitic infections

was established many years ago (29, 34, 35). Infections with

Trichinella spiralis or Nippostrongylus brasiliensis are accompanied by

a substantial mast cell accumulation (29, 34, 35). It is not clear

whether this mast cell accumulation is triggered by the

infectious agents or by the subsequent Th2 response (36).

Mast cell protease-1 was found to be a crucial mediator of

immune responses against such helminths in mice. A mutation

in the mast cell protease-1 gene in a mouse model is associated

with a significantly delayed expulsion of Trichinella and

Nippostrongylus (34, 37).

More recently, it was shown in a mast cell knockin mouse

model that Plasmodium parasites, which are delivered into the

host by mosquito bites, activate dermal mast cells and induce

a local influx of inflammatory cells. The mast cell-dependent

mechanisms were mediated by IL-10 and resulted in down-

regulation of the antigen-specific T-cell response (38). Another

study indicates that mice pretreated with IL-18 and IL-2

developed a prominent intestinal mastocytosis, which is

important for prompt parasite expulsion (39). In mast cell-

deficient and wildtype mice, degranulation of mast cells was

observed, but the intensity and duration of the Leishmaniamajor

infection were not altered in mast cell-deficient mice (40).

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 Th1 response and of competition with IgE-

binding sides on the surface of mast cells and basophils (41,

42). It is tempting to speculate that mast cell mediators are

involved in this protection; however, such findings need

confirmation in humans.

The protective role of mast cells in bacterial infection arose

from studies using mouse models of Klebsiella pneumoniae-

dependent lung infections and septic peritonitis using mast

cell-deficient and normal mouse strains (43, 44). In the mast

cell-deficient models, lack of mast cell-derived TNFa and

leukotrienes impaired neutrophil recruitment, bacterial clear-

ance, and host survival (43–45). Apart from neutrophil

recruitment into the infection side, mast cell-derived TNFa
induced hypertrophy of draining lymph nodes and T-cell

recruitment at sites of infection with E. coli (46, 47). More

recently, a novel TNF-independent pathway for mast cell-

mediated lymph node hypertrophy and Langerhans cells

migration was shown by peptidoglycan derived from Staphylo-

coccus aureus. In contrast to the activation of mast cells through

TLR and myeloid differentiation factor 88 (Myd88), this

mechanism depended on complement components (48). Based

on such findings, it has been suggested that mast cells provide

a link between innate and adaptive immunity.

Most data come from rodent mast cells, whereas limited data

exist describing the interactions of human mast cells with

bacteria (49). However, mast cell accumulation was observed

in patients with Helicobacter pylori-associated gastritis and Shigella

infection (50, 51). 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 (50–52). During the in vitro ingestion of

a pathogenic E. coli by human mast cells, production of TNFa,
CC chemokine ligands [CC ligand-1 (CCL-1)/I-309, CCL-

19/macrophage inflammatory protein-3b (MIP-3b), and CCL-
18/MIP-4], carcinoembryonic antigen (CEA)-related cell ad-

hesion molecule 1, the integrin CD49d, and CD80 were

upregulated. Most interestingly, coincubation of human mast

cells with E. coli downregulated FceRI expression and FceRI-
mediated mast cell degranulation (53).

In recent studies, the role of mast cells as intermediaries

between innate and adaptive immune systems during bacterial

infections was further unraveled. For example, mast cells are

able to regulate the migration, maturation, and activation of

dendritic cells (46, 54, 55) through the release of TNFa, IL-1b,
and granulocyte–macrophage colony-stimulating factor after

stimulation with TLR ligands (5, 7). Bacterial antigens are

presented to T cells through the major histocompatibility

complex (MHC) class I or MHC class II pathway, the latter

requiring interferon-g, which causes a dose-dependent induc-

tion of MHC class II molecules in mast cells (56, 57). An in vitro

study showed that presentation of staphylococcal enterotoxin B
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through the MHC class II pathway by human mast cells directly

activates CD4þ T-cell hybridomas (58).

Role of bacteria and TLR expression by mast cells for

allergic reactions

The prevalence of allergic diseases has doubled in the last

2 years. Currently, 10–15% of the Western population is

afflicted (59). The ‘hygiene hypothesis’ was the only conclusive

explanation for this dramatic development; however, the

underlying mechanisms remain to be elucidated (42, 60, 61).

In particular, the role of TLR signaling in the context of allergies

is far from being clear. In a few in vitro and in vivo studies, it could

be shown that TLR ligands induce a Th1-biased immune

responsiveness, which might protect the host from Th2-biased

allergic disease (62–65).

The recognition of mast cells as long-living tissue-resident

cells producing large amounts of Th1 cytokines in response to

TLR ligands could be important in the development of allergic

diseases. The study of FceRI- and TLR4-mediated reactions by

gene chip analysis indicates that a unique number of genes are

regulated by each of the activation conditions. LPS was able

to modulate an exclusive subset of genes encoding for IL-1b,
IL-10, IL-15, CCL5, and CCL8 in human mast cells, which were

not induced by FceRI cross-linking (6). Costimulation of

human and/or murine mast cells through TLR4 and FceRI or
TLR2 and FceRI is reported to augment cytokine production

(17, 66, 67). TLR2 ligands enhanced the cytokine release

induced by suboptimal amounts of antigen in murine bone

marrow-derived mast cells. Interestingly, the TLR2 ligand Pam

(4) CSK (5) but not MALP-2 suppressed antibody-induced

degranulation ofmurine bone-marrow-derivedmast cells (68).

Although most of these data need to be confirmed in human

mast cells and in human in vivo experiments, they strongly

suggest that concurrent stimulation of mast cells with allergen

and bacterial products enhances the allergic response in allergic

individuals. One could even speculate that the bacterial

challenge because of bacterial infection or just because of an

impaired gastrointestinal barrier might prime for enhanced

mast cell reactions to allergen. Such mechanisms might also

explain why bacterial challenge in non-allergic individuals

might be protective against allergy (hygiene hypothesis),

whereas bacterial challenge in allergic individuals might

aggravate allergic responses to allergen, as seen in the course

of bacterial superinfection that increases inflammatory reac-

tions in allergic individuals (69, 70).

Conclusion and outlook

Mast cells exert multiple roles in mucosal immunity. They act

as versatile tissue regulator cells controlling major intestinal

functions such as epithelial secretion, epithelial permeability,

blood flow, neuroimmune interactions, and peristalsis.

Alternatively, they act as immunomodulatory cells by reacting

to various exogenous signals from bacteria, viruses, and

parasites through innate recognition receptors, such as TLRs,

or through receptors of the specific immune system such as

Igs bound to their cell surface. This mast cell function is

enhanced by an intensive cross talk of mast cells with other

cells of the innate or adaptive immune system. Additionally,

mast cells act as inflammatory cells mediating diseases, such as

allergy, once they become dysregulated because of excess of

allergen, allergen-specific IgE and cytokines, or invading

microbes. The causes of such excess are severe genetically

Fig. 2. Role of mast cells at the intestinal barrier.
Putative mast cell functions at the intestinal barrier are
shown (for details, see text).
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determined dysregulation of the immune system, challenge

with highly pathogenic and invasive pathogens, or, perhaps

the most common cause, disturbance of the intestinal barrier

(Fig. 2).

New treatment options for such diseases (immune disorders,

infectious diseases, and allergic diseases) are offered, which

focus not only on immunomodulation and inflammation but

also on the restitution and stabilization of the intestinal barrier.

In this context, drugs like antibiotics, probiotics, and – most

interestingly – mast cell-modulating drugs have a new impact.

Based on these data, mast cells and the gastrointestinal barrier

should be recognized as new therapeutic targets.
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Bischoff & Krämer � Mast cells, bacteria, and intestinal immunity

Immunological Reviews 217/2007 335



33. Sirois J, Menard G, Moses AS, Bissonnette EY.

Importance of histamine in the cytokine

network in the lung through H2 and H3

receptors: stimulation of IL-10 production.

J Immunol 2000;164:2964–2970.

34. Knight PA, Wright SH, Lawrence CE,

Paterson YY, Miller HR. Delayed expulsion

of the nematode Trichinella spiralis in mice

lacking the mucosal mast cell-specific

granule chymase, mouse mast cell protease-1.

J Exp Med 2000;192:1849–1856.

35. Woodbury RG, Miller HR, Huntley JF,

Newlands GF, Palliser AC, Wakelin D.

Mucosal mast cells are functionally active

during spontaneous expulsion of intestinal

nematode infections in rat. Nature

1984;312:450–452.

36. Finkelman FD, Urban JF Jr. The other side of

the coin: the protective role of the TH2

cytokines. J Allergy Clin Immunol 2001;

107:772–780.

37. Lawrence CE, Paterson YY, Wright SH,

Knight PA, Miller HR. Mouse mast cell

protease-1 is required for the enteropathy

induced by gastrointestinal helminth

infection in the mouse. Gastroenterology

2004;127:155–165.

38. Depinay N, Hacini F, Beghdadi W, Peronet R,

Mecheri S. Mast cell-dependent down-regu-

lation of antigen-specific immune responses

by mosquito bites. J Immunol

2006;176:4141–4146.

39. Sasaki Y, et al. IL-18 with IL-2 protects

against Strongyloides venezuelensis infection

by activating mucosal mast cell-dependent

type 2 innate immunity. J Exp Med

2005;202:607–616.

40. Wershil BK, Theodos CM, Galli SJ, Titus RG.

Mast cells augment lesion size and persis-

tence during experimental Leishmania major

infection in the mouse. J Immunol

1994;152:4563–4571.

41. Mitre E, Norwood S, Nutman TB. Saturation

of immunoglobulin E (IgE) binding sites by

polyclonal IgE does not explain the protec-

tive effect of helminth infections against

atopy. Infect Immun 2005;73:4106–4111.

42. Wills-Karp M, Santeliz J, Karp CL. The

germless theory of allergic disease: revisiting

the hygiene hypothesis. Nat Rev Immunol

2001;1:69–75.

43. Echtenacher B, Mannel DN, Hultner L.

Critical protective role of mast cells in

a model of acute septic peritonitis. Nature

1996;381:75–77.

44. Malaviya R, Ikeda T, Ross E, Abraham SN.

Mast cell modulation of neutrophil influx and

bacterial clearance at sites of infection through

TNF-alpha. Nature 1996;381:77–80.

45. Malaviya R, Abraham SN. Role of mast cell

leukotrienes in neutrophil recruitment and

bacterial clearance in infectious peritonitis.

J Leukoc Biol 2000;67:841–846.

46. Galli SJ, Nakae S, Tsai M. Mast cells in the

development of adaptive immune responses.

Nat Immunol 2005;6:135–142.

47. McLachlan JB, et al. Mast cell-derived tumor

necrosis factor induces hypertrophy of

draining lymph nodes during infection.

Nat Immunol 2003;4:1199–1205.

48. Jawdat DM, Rowden G, Marshall JS. Mast

cells have a pivotal role in TNF-independent

lymph node hypertrophy and the mobiliza-

tion of Langerhans cells in response to bac-

terial peptidoglycan. J Immunol

2006;177:1755–1762.

49. Bischoff SC. Role of mast cells in allergic and

non-allergic immune responses: a compari-

son of human and murine data. Nat Rev

Immunol 2007;7:93–104.

50. Matsuo T, et al. Mast cell chymase expression

in Helicobacter pylori-associated gastritis.

Histopathology 2003;43:538–549.

51. Raqib R, et al. Persistence of mucosal mast

cells and eosinophils in Shigella-infected

children. Infect Immun 2003;71:

2684–2692.

52. Pulimood AB, Mathan MM, Mathan VI.

Quantitative and ultrastructural analysis of

rectal mucosal mast cells in acute infectious

diarrhea. Dig Dis Sci 1998;43:

2111–2116.

53. Kulka M, Fukuishi N, Rottem M, Mekori YA,

Metcalfe DD. Mast cells, which interact with

Escherichia coli, up-regulate genes associ-

ated with innate immunity and become

less responsive to Fc(epsilon)RI-mediated

activation. J Leukoc Biol 2006;79:

339–350.

54. Cumberbatch M, Dearman RJ, Griffiths CE,

Kimber I. Langerhans cell migration. Clin

Exp Dermatol 2000;25:413–418.

55. Steinman RM, Inaba K. Myeloid dendritic

cells. J Leukoc Biol 1999;66:205–208.

56. Grabbe J, Karau L, Welker P, Ziegler A,

Henz BM. Induction of MHC class II antigen

expression on human HMC-1 mast cells.

J Dermatol Sci 1997;16:67–73.

57. Love KS, Lakshmanan RR, Butterfield JH,

Fox CC. IFN-gamma-stimulated enhancement

of MHC class II antigen expression by the

human mast cell line HMC-1. Cell Immunol

1996;170:85–90.

58. Poncet P, Arock M, David B. MHC class II-

dependent activation of CD4þ T cell

hybridomas by human mast cells through

superantigen presentation. J Leukoc Biol

1999;66:105–112.

59. Prioult G, Nagler-Anderson C. Mucosal

immunity and allergic responses: lack of

regulation and/or lack of microbial stimu-

lation? Immunol Rev 2005;206:204–218.

60. Alfven T, et al. Allergic diseases and atopic

sensitization in children related to farming

and anthroposophic lifestyle–the PARSIFAL

study. Allergy 2006;61:414–421.

61. Eduard W, Douwes J, Omenaas E,

Heederik D. Do farming exposures cause or

prevent asthma? Results from a study of

adult Norwegian farmers. Thorax 2004;

59:381–386.

62. Eisenbarth SC, Piggott DA, Huleatt JW,

Visintin I, Herrick CA, Bottomly K.

Lipopolysaccharide-enhanced, toll-like

receptor 4-dependent T helper cell type 2

responses to inhaled antigen. J Exp Med

2002;196:1645–1651.

63. Hollingsworth JW, et al. TLR4 signaling

attenuates ongoing allergic inflammation.

J Immunol 2006;176:5856–5862.

64. Taylor RC, Richmond P, Upham JW. Toll-

like receptor 2 ligands inhibit TH2 responses

to mite allergen. J Allergy Clin Immunol

2006;117:1148–1154.

65. Velasco G, et al. Toll-like receptor 4 or 2

agonists decrease allergic inflammation.

Am J Respir Cell Mol Biol 2005;32:

218–224.

66. Masuda A, Yoshikai Y, Aiba K, Matsuguchi T.

Th2 cytokine production from mast cells is

directly induced by lipopolysaccharide and

distinctly regulated by c-Jun N-terminal

kinase and p38 pathways. J Immunol

2002;169:3801–3810.

67. Qiao H, Andrade MV, Lisboa FA, Morgan K,

Beaven MA. Fc{epsilon}RI and Toll-like

receptors mediate synergistic signals to

markedly augment production of inflam-

matory cytokines in murine mast cells. Blood

2006;107:610–618.

68. Fehrenbach K, et al. Stimulation of mast cells

via FcvarepsilonR1 and TLR2: the type of

ligand determines the outcome. Mol

Immunol 2007;44:2097–2104.

69. Abeck D, Mempel M. Staphylococcus aureus

colonization in atopic dermatitis and its

therapeutic implications. Br J Dermatol

1998;139(Suppl.):13–16.

70. Masenga J, Garbe C, Wagner J, Orfanos CE.

Staphylococcus aureus in atopic dermatitis

and in nonatopic dermatitis. Int J Dermatol

1990;29:579–582.

71. Siegert SI, Diebold J, Ludolph-Hauser D,

Lohrs U. Are gastrointestinal mucosal mast

cells increased in patients with systemic

mastocytosis? Am J Clin Pathol 2004;

122:560–565.

72. Sakurai S, et al. Myxoid epithelioid gastro-

intestinal stromal tumor (GIST) with mast

cell infiltrations: a subtype of GIST with

mutations of platelet-derived growth factor

receptor alpha gene. Hum Pathol

2004;35:1223–1230.

73. Acikalin MF, Oner U, Topcu I, Yasar B, Kiper

H, Colak E. Tumour angiogenesis and mast

cell density in the prognostic assessment of

colorectal carcinomas. Dig Liver Dis

2005;37:162–169.
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