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Just over a century ago Paul Ehrlich received the Nobel Prize for his studies of immunity.

This review describes one of his legacies, the histochemical description of the mast cell,

and the research that has ensued since then. After a long period of largely descriptive

studies, which revealed little about the biological role of the mast cell, the field was

galvanized in the 1950s by the recognition that the mast cell was the main repository of

histamine and a key participant in anaphylactic reactions. Although the mast cell was

long-viewed in these terms, recent research has now shown that the mast cell also plays a

key role in innate and adaptive immune responses, autoimmune disease, and possibly

tissue homeostasis by virtue of its expression of a diverse array of receptors and biolo-

gically active products. In addition, the responsiveness of mast cells to immunological and

pathological stimulants is highly modulated by the tissue cytokine environment and by

synergistic, or inhibitory, interactions among the various mast cell receptor systems. This

once enigmatic cell of Paul Ehrlich has proved to be both adaptable and multifunctional.
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Paul Ehrlich

Introduction

The past year was the 130th anniversary of Paul Ehrlich’s

presentation of his doctoral thesis at the Medical Faculty of

Leipzig University [1] and the 100th anniversary of his Nobel

Prize in ‘‘physiology or medicine’’ which he shared with Elie

Metchnikoff. The work and achievements of Elie Mitchnikoff

were described in the December issue of the European Journal of

Immunology [2, 3]. This review is dedicated to Paul Ehrlich.

Among Ehrlich’s accomplishments were his descriptions of the

tissue mast cell and, sometime later, the blood basophil.

Subsequent work by his students and others verified the

soundness of Ehrlich’s studies but the biological function of the

mast cell remained an enigma throughout a period when

advances were made in immunity, to which Ehrlich contributed

much, and physiological transmitters such as histamine. These

advances set the context for studies in the 1950s that culminated

in the discoveries that the mast cell was the major repository for

histamine and participated in inflammatory allergic diseases.

Nevertheless, enigmas remained. Histamine release failed to

account for all the symptoms of mast cell activation. Also, the

perceived role of mast cells in allergic conditions such as hay fever,

asthma, and anaphylactic shock begged the question as to why

evolution had endowed mammalian species with a lethal abundance

of mast cells in tissues without obvious benefits to the host. These

enigmas have been addressed in part by the realization that mast

cells play a significant role in both innate and adaptive immunities.

The downside is that the mast cell is also responsible, perhaps

aberrantly so, for certain autoimmune diseases as well as for allergic

phenomena. This review discusses these and other aspects of mast

cell function. These include the phenotypic adaptability of the mast

cell to its anatomical and pathological environment and the fact that

the mast cell is provisioned with multiple types of receptors as well

as mediators. Both characteristics now provide a reasonable expla-

nation for the multifunctional role of this cell.

Paul Ehrlich’s description of the mast cell
and basophil

In his thesis, Ehrlich discussed the chemical and histological

properties of the basic aniline dyes and then devoted one chapter
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to the histological application of these dyes in human tissues.

He described aniline-positive cells in connective tissues,

which he named ‘‘Mastzellen’’ in the belief that they had a

nutritional function because of their granules. The German

word ‘‘mast’’ denotes a ‘‘fattening’’ or ‘‘suckling’’ function. He also

noted that, although mast cells were localized around blood

vessels in connective tissues, they were not part of the

perivascular system and could be distinguished from a hetero-

genous group of cells referred to as ‘‘Plasmazellen’’ by

Waldemeyer. In particular, the granules of mast cells contained

an undefined substance that reacted metachromatically with

aniline dyes. He emphasized that identification should be

based on the metachromatic reactivity of mast cells and not

solely on their morphological appearance, a novel concept at that

time. His first published hand drawings of mast cells [4] are

illustrated in Fig. 1.

Ehrlich applied his staining techniques to blood cells and laid

the foundations of hematology by describing the affinity of

various leukocytes for specific dyes [5, 6]. He recognized cells

with basophilic granules that stained metachromatically and

surmised that these blood ‘‘mast cells’’, like their blood counter-

parts the eosinophil and neutrophils, were derived from

precursor cells in the BM. In contrast, the tissue mast cell was

derived from and resided in connective tissue. As will be noted

later, these conclusions were partially, but not totally,

correct. Apart from his observations that mast cells are abundant

in states of chronic inflammation and in tumors, which he

ascribed to the nutritional requirements of these tissues, the

function of mast cells eluded him as it did others who followed

him. An excellent account of Ehrlich’s early studies on mast cells

can be found in [7].

Subsequent studies by other workers were largely

histological and reaffirmed the soundness of Ehrlich’s work.

In the meantime, seemingly separate lines of research on the

allergic response and histamine were being pursued, whose

connections to the mast cell (and basophil) became evident 60

years later.

The allergic response and the identification
of IgE as the reaginic factor

Although the symptoms of allergic reactions were recognized

long before, the scientific era began in 1869 when Charles

Blakely in England performed the first skin test on himself to test

the idea that his hay fever was caused by pollen. He noted

that pollen did indeed cause an urticarial reaction. Portier

and Richet introduced the term anaphylaxis in 1902 to

describe the symptoms of anaphylactic shock produced by

administration of extracts of Physalia tentacles to dogs that had

survived an initial injection several weeks earlier [8]. Prince

Albert of Monaco had suggested that Richet examine the toxic

principles of Physalia while both were cruising on the Prince’s

yacht in 1901 (Fig. 2). For this and his subsequent studies,

Richet received the Nobel Prize five years after Ehrlich. Pirquet in

Vienna had, independently, coined the term ‘‘allergy’’ in 1906

after noting that some patients had more severe reactions to a

second dose of horse serum antitoxin or smallpox vaccine,

which he attributed to the formation of a pathogen-interacting

‘‘antibody’’ [9].

Concepts were further refined in 1921 when Prausnitz

passively sensitized himself by intracutaneous injection

of serum from his allergic patient, Küstner, and referred

to the transferrable factor as reagin or reaginic antibody [10].

Later, Landsteiner defined the roles of antibodies (agglutinins)

and antigen (haptens) and demonstrated that polyvalent

but not monovalent hapten could elicit allergic reactions [11].

Ishizaka and Campbell re-examined this phenomenon

much later and concluded that aggregation of two or

more antibodies in a single antigen–antibody complex on

the cell surface was sufficient to initiate passive cutaneous

anaphylaxis [12]. It was not until 1967 that the reaginic

antibody was finally identified by Ishizaka and Ishizaka

as gE-antibodies (IgE), a minor component (0.005%) of the Ig

pool [13, 14].

Figure 1. Paul Ehrlich and his sketch of the distribution of mast cells in
various tissues in Fig. 1 in [4]. This publication is available on the Paul-
Ehrlich-Institut website for Paul Ehrlich.

Figure 2. The postage stamp issued by the Principality of Monaco
commemorating the discovery of anaphylaxis. The stamp illustrates
the circumstances that resulted in the research of Richet and Portier on
anaphylaxis for which Richet received the Nobel prize. Details are
described in the text (photograph of a stamp in the author’s
possession).
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H substance and histamine

In 1910, Dale and colleagues began a series of studies on histamine

that extended over a period of 20 years [15]. They noted that the

pharmacological actions of histamine were reminiscent of the

effects of tissue extracts and resembled the symptoms of

anaphylactic shock. By 1927 they had successfully purified and

identified histamine from several organs. Meanwhile, Lewis and

his colleagues demonstrated that a substance, cautiously called ‘‘H

substance’’, with properties identical to histamine was released

from skin during injury and antigen challenge (see [16] for specific

citations). The isolation of histamine from skin by Harris [17] in

amounts that could account for the wheal-and-flare reaction left

little doubt that ‘‘H substance’’ was histamine or that histamine was

involved in reactions to injury or anaphylactic phenomena. When

Dale summarized the current state of knowledge in 1929 [15] he

stated that ‘‘We have no justification for assuming that histamine is

the only constituent which injury liberatesy’’, a prophesy fulfilled

with the later discoveries of the eicosanoids and cytokines.

Research paths coalesce and link mast cells
to histamine and anaphylaxis

The prelude was the discovery that heparin, initially isolated

from dog liver, which contains an abundance of mast cells, was

the metachromatic factor in mast cells. In 1937, almost 60 years

after Ehrlich’s description of the mast cell, Holmgren and

Wilander reported that tissues with large numbers of

‘‘Ehrlichschen Mastzellen’’ were particularly rich in heparin

[18]. Ten years later, it was shown that both histamine

and heparin were released from dog liver during anaphylactic

shock [19].

The presence of histamine in mast cells was rigorously estab-

lished in a notable series of studies by Riley and West in the period

1952–1956 (for a complete account see [20]). They first examined

pathological lesions known to be rich in mast cells such as urticaria

pigmentosa and noted a correlation between histamine content and

mast cell count [20, 21]. Solid mastocytomas in dog were found to

be as enriched in histamine as they were in heparin [22, 23]. Similar

correlations were observed in normal tissues with widely different

mast cell populations [21, 24]. These results indicated that the mast

cell was the predominant source of histamine in many tissues.

The connection to anaphylaxis was established following

reports that certain organic bases (‘‘histamine liberators’’)

elicited wheal-and-flare reactions when administered locally or

anaphylactic shock when administered systemically. Stilbamidine,

in particular, was fluorescent and Riley took advantage

of this property to identify its site of deposition as the

mast cell [25]. A polymeric compound known as compound

48/80 induced degranulation of mast cells [26] and became the

mainstay for subsequent studies. Fawcett [27] and Riley and West

[28], for example, found good correlations between serum hista-

mine and disruption of mast cells with graded doses of compound

48/80 in vivo. Shortly thereafter, Mota and Vugman reported

similar correlations in a guinea pig model of anaphylaxis [29].

The recognition that anaphylaxis was linked, at least in part, to

histamine release from mast cells raised new questions. As Dale had

noted, it seemed likely that other inflammatory factors participated

in anaphylaxis, one being a mysterious ‘‘slow-reacting substance of

anaphylaxis’’ (SRS-A). In fact, mast cells produce a surprisingly

large array of biologically active products (Fig. 3). Some, such as

histamine and various neutral proteases, are stored in granules.

Others, such as the eicosanoids and cytokines, are generated de novo

after stimulation. The diversity of these products allows the mast

cells to participate in a wide variety of biological functions (Fig. 4).

Figure 3. Examples of synergistic inter-
actions among mast cell receptors. The
figure depicts well-documented exam-
ples of receptor ligands that augment
responses to antigen either through
FceRI or, in the case of C3a, through
FcgRI. Some of these ligands enhance
primarily degranulation while others
enhance primarily cytokine production.
Yellow boxes denote receptor subtypes
involved, solid lines denote the
responses to antigen via FceRI or FcgRI,
and dashed lines indicate the ‘‘feed in’’
to these responses. The effects on
eicosanoid production have not been
systematically examined. See text for
details and abbreviations.
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Other mast cell products: the eicosanoids,
mast cell proteases, proteoglycans,
cytokines, chemokines, and antibiotic
peptides

The eicosanoids

As in other types of cells, stimulated mast cells rapidly synthesize

inflammatory lipids (collectively known as eicosanoids) from

arachidonic acid that is produced from membrane phospholipids

after activation of phospholipase A2. These include the leuko-

trienes (LT), the prostaglandins (PG), and platelet-activating

factor. All of these lipids increase microvascular permeability and

produce long-lasting wheal-and-flare responses in skin and

bronchoconstriction in lung [30].

Research on the eicosanoids began with the discovery of a

spasmogenic slow-reacting substance (i.e. SRS-A), distinct from

histamine, by Feldberg and Kellaway in 1938 [31]. SRS-A was

subsequently shown by Brocklehurst in 1960 to be generated in lung

tissue upon anaphylactic stimulation [32] and later by Austen and

colleagues in lung mast cells in an IgE-dependent manner[33, 34].

The exact nature of SRS-A remained elusive until 1979 when

Samuelsson and coworkers elucidated the structure of LTC4 as a

glutathionyl adduct of arachidonic acid [35]. It then became

apparent that SRS-A was generated from arachidonic acid through

the 50-lipoxygenase pathway and consisted of three related cystei-

nyl-LT, LTC4, LTD4, and LTB4 (reviewed in [36]). Contrary to the

situation in vivo, primary cultures of human mast cells (HMC)

produce little cysteinyl-LT in response to antigen unless first primed

with IL-4 or the combination of SCF and IL-3 or IL-5 (reviewed in

[36]). That mast cell responses can be so modified is a theme that

we will return to frequently.

The production of PG in mast cells was first reported by

Austen and colleagues in 1979 when they noted production of

high amounts of PGD2, along with smaller amounts of other PG,

in ionophore-stimulated rat mast cells [37] and later in anti-IgE-

stimulated rat and HMC [38]. Subsequent studies in many

laboratories have confirmed that mast cells can produce

substantial amounts of PGD2, which is detectable within minutes

of stimulation.

Mast cell proteases and proteoglycans

By 1960 mast cells were known to contain an enzymatically

detectable chymotrypsin-like [39] or a trypsin-like esterase

activity [40]. These enzymes were purified in the 1980s and

renamed tryptase [41] and chymase [42]. A metalloexopeptidase,

carboxypeptidase A, was also purified from lung and skin mast

cells [43]. Since 1989, all three enzymes as well as numerous

variants of tryptase and chymase have been cloned from various

sources to reveal different profiles of expression of these enzymes

among mast cells from different tissues and species [44].

The heterogeneous expression of the mast cell proteases

(designated as MCP) is best exemplified in mouse. The

major mast cell proteases in mouse are the chymases

(mMCP-1, -2, -4, -5, and -9), tryptases (mMCP-6, -7, -11,

and mTMT, a transmembrane tryptase), and carboxypeptidase

(mMC-CPA). Mast cells in mouse airway and intestinal

mucosa express mMCP-1 and mMCP-2, whereas those in skin

and peritoneum express mMCP-4, -5, and -6 as well as mMC-

CPA. These two subsets of mast cells are referred to as mucosal

and serosal (or connective tissue) mast cells, respectively.

Figure 4. Mast cell-mediated pathways
that lead to innate and adaptive immune
responses to pathogenic stimulants. The
stimuli could be IgE- or IgG-directed
antigens, complement components, TLR
ligands, alone or in combination. The
innate immune responses include
inflammatory responses to histamine
and eicosanoids and antimicrobial
effects through release of proteases and
antibiotic peptides from granules as well
as recruitment of leukocytes and macro-
phages by eicosanoids and chemokines.
Adaptive immune responses include
cytokine/chemokine-mediated recruit-
ment of naı̈ve T cells and APC to regional
lymph nodes for antigen presentation or
direct activation of T cells by TNF-a and a
costimulatory ligand called OX40L.
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The mast cell proteases in humans show evolutionary divergence

from their homologs in mouse and other rodents [44]. As in

mouse, the human proteases are differentially expressed in mast

cell subtypes. Human tryptase is present in mast cells in mucosal

tissues, whereas mast cells in skin and intestinal submucosa

contain tryptase, chymase, and carboxypeptidase. These subtypes

are designated MCT and MCTC accordingly.

The mast cell proteases are the major protein constituent in

granules and much is now known about their structure, genetic

relationships, and enzymatic properties [30, 45–48]. Although

the biologically relevant substrates are not always obvious, mast

cells confer innate protection against snake and insect venoms

[49], parasite infestation [50, 51], and bacterial peritonitis [52]

through proteolytic degradation of exogenous or endogenous

toxic peptides (Fig. 4). The proteases also contribute to the

inflammation, matrix destruction, and tissue remodeling in

allergic diseases [46].

The proteases form inactive complexes with proteoglycans

within mast cell granules. Heparin was the first proteoglycan to

be rigorously identified as a highly sulfated glycosaminoglycan

(reviewed in [45]). However, the different staining character-

istics of skin mast cells compared with mucosal mast cells or

cultured BM-derived mast cells (BMMC) [53, 54] suggested

that the latter cells contained a less sulfated glycosaminoglycan

that was subsequently identified as chondroitin sulfate E [55].

It transpired later that both types of glycosaminoglycans contain

a peptide core (hence the term proteoglycan), called serglycin,

with a segment consisting of alternating serine and glycine

residues (see [45] for details). Seven to ten heparin or

chondroitin chains are attached to serine residues of each

serglycin core to form macromolecules that regulate expression

and packaging of distinct sets of proteases [45]. This macro-

molecular arrangement leaves the mast cell proteoglycans

uniquely resistant to extracellular proteases, which may help

stabilize the proteoglycan/protease complex once it is secreted

from mast cells [56].

Cytokines, chemokines, and growth factors

In 1989 Plaut [57] and Wodnar-Filipowicz [58], along with their

coworkers, reported that stimulated mast cells produced and

released IL-3, IL-4, IL-5, IL-6, and GM-CSF. Shortly thereafter,

Gordon and Galli in 1990 reported that mast cells were a

biologically relevant source of both preformed and antigen-

inducible TNF-a [59]. The list of antigen-inducible factors in

rodent mast cell lines has much expanded since then to include

inflammatory and immunomodulatory cytokines, chemokines,

and growth factors (as listed in Fig. 3). The same is true for

HMC [60], which also contain preformed SCF that, upon release,

may then act locally as a mast cell growth factor [61]. The

biological relevance of many of these factors is unclear but it is

apparent that the pattern of cytokine gene expression varies

according to the type of stimulus and conditioning of the mast cell

by external cytokines [30].

Antimicrobial peptides

Mast cell granules in fish [62], mouse, and humans [63] also

contain antimicrobial peptides that accumulate at sites of

epithelial injury and infection [64]. The antimicrobial peptides

in fish (piscidin) and mammals (cathelicidin) are small

membrane-interacting amphipathic a-helical peptides. Their

microbial lytic activity spans a broad spectrum of pathogens

including bacteria, enveloped viruses, fungi, and protozoa.

Cathelicidin can also act as a chemoattractant for neutrophils,

another source of cathelicidin. Reconstitution studies with mast-

cell-deficient mice and mast cells derived from these and

cathelicidin-deficient mice indeed suggest that mast cells protect

against skin infection, directly or indirectly through recruitment

of neutrophils [64].

Mast cell lineage and heterogeneity

Mast cells and basophils are derived from pluripotent hemato-

poietic stem cells but their developmental pathways appear to be

different [65] although some issues remain unresolved [66]. It is

believed that HMC arise from CD341 stem cells in BM, circulate

in the blood as progenitors, and then acquire their mature

phenotype within tissues, processes regulated by SCF, IL-3, IL-4,

IL-9, nerve growth factor, and probably other factors [60]. SCF, a

mast cell growth factor, is produced mainly by stromal cells

where it expressed on the cell surface or released in soluble form

[67]. Kit (CD117), the receptor for SCF, is expressed on

hematopoietic stem cells and is retained on mast cells throughout

their development and differentiation but is down-regulated

during differentiation of other BM-derived cells including

basophils. In contrast to mast cells, basophils reach their mature

state in BM before release into blood.

The observations of Enerbäck in 1966 of two histochemically

distinct populations of mast cells [53, 68, 69] and in 1974

that one of these subsets, the mucosal mast cell, was resistant to

compound 48/80 [70] led to the concept of mast cell

‘‘heterogeneity’’. This concept that was reinforced by the differ-

ences in expression of proteoglycans and proteases in serosal and

mucosal mast cells [71, 72]. Nevertheless, these two subsets

exhibit ‘‘plasticity’’. When BMMC from normal mice were trans-

ferred to mast-cell-deficient mice, the cells retained their mucosal

cell phenotype at tissue sites that normally bear this phenotype

while adopting a serosal mast cell phenotype at sites that contain

such cells [73]. A similar change in phenotype was noted on co-

culture of BMMC with fibroblasts [74]. IL-3 and SCF were found

to be two factors driving mast cell differentiation to, respectively,

either the mucosal (i.e. chondroitin sulfate E positive) [55] or

serosal (i.e. heparin positive) [75] phenotypes.

Subsequent studies have validated the idea that mast cells are

conditioned by their cytokine environment under normal or

pathological situations [76]. The ‘‘heterogeneity’’ and ‘‘plasticity’’

of mast cells undoubtedly contribute to their multifunctional

capability in immunological and pathological processes.
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IgE, its high affinity receptor (FceRI), and
studies of FceRI-mediated responses in cell
cultures

IgE is produced following presentation of antigen by APC to Th2

cells at local lymph nodes. Release of IL-4 and IL-13 from Th2

cells induces B cells to switch production of IgM to antigen-

specific IgE by a complex process that involves additional

stringent levels of regulation [77]. IgE may sensitize mast cells

to antigen locally [78], thus minimizing systemic reactions, and

promote survival of the mast cells [79]. As noted earlier,

circulating levels of IgE are normally very low and increases are

diagnostic of severe allergic disease.

The identification of the putative receptors for IgE was

aided by the discovery of IgE-producing immunocytomas from

rats [80] and the successful culture of a rat basophilic leukemia

(RBL) tumor mast cell line in 1974 [81]. The subsequent

development of monoclonal antibody technology allowed

the preparation of mouse IgE of defined antigen specificity [82].

The original RBL cell line bound IgE but was unresponsive to

antigen. Under curious circumstances, secreting RBL cell lines

arose spontaneously [83] including the now widely used RBL-

2H3 cell line [84]. With these reagents at hand, Metzger and his

colleagues began characterizing the IgE receptor. The cardinal

features of this receptor (reviewed in [85]) were that it was

expressed in abundant numbers (3–6�106 receptors/cell) in

both normal and RBL-2H3 mast cells and bound IgE with

high affinity (KD 10�11) and specificity. Aggregation of just two or

three receptors with chemically cross-linked dimers and higher

oligomers of IgE triggered degranulation. The purified receptor

consisted of four subunits, the IgE-binding subunit a, b, and two

disulfide-linked g-subunits. These studies culminated in the

cloning of the individual FceRI subunits and expression of the full

receptor in 1989 [86]. Studies in several laboratories have since

revealed that rodent FceRI is invariably expressed as an abg2

tetrameric structure, whereas human FceRI is expressed as either

the tetramer (abg2) or a trimer (ag2) [87]. Studies with trans-

genic mice suggest that the human b-subunit functions as an

amplifier of FceRI surface expression and signaling and may thus

enhance allergic reactions in vivo (reviewed in [88]). In contrast,

an alternatively spliced truncated b-isoform (bT) inhibits FceRI

expression [89]. For this reason, it is suggested that FceRIb gene

could serve as a regulator of allergic responses. Also, poly-

morphisms within the FceRIb gene are associated with various

atopic diseases in humans although none have been directly

linked to the allergic phenotype [90].

The a-subunit is unique to FceRI. However, the b and g
subunits are shared with other Fc receptors; the b-subunit with

the low-affinity IgG receptor, FcgRIII, and the g-subunit with both

FcgRIII and the high-affinity IgG receptor, FcgRI [87]. Although

FceRI is expressed predominantly in mast cells, it is also expres-

sed, albeit at substantially lower numbers, in blood leukocytes,

dendritic cells, and Langerhans cells.

FceRI-mediated signaling processes have been examined in

most detail in rodent mast cell lines. RBL-2H3 cells were widely

used for this line of research once it was established that antigen-

induced degranulation of these cells was associated with increa-

ses in cytosolic calcium, phosphoinositide hydrolysis, and

activation of protein kinase C [91–93]. However, RBL-2H3 cells

express constitutively active Kit, which limits their usefulness

because background Kit-mediated signals enhance mast cell

signaling and function (see the following section). The develop-

ment of protocols for generation of primary cultures of mast cells

from mouse BM (BMMC) and other tissue sources [94, 95]

circumvented this and other problems associated with trans-

formed cells. Research on HMC was handicapped by the lack of

reactive human cell lines until the advent of human LAD tumor

mast cell lines [96] and protocols for generation of mature HMC

from CD341 peripheral blood cells [97]. Much has been learnt

about signaling processes and mediator release with these cell

lines and, regardless of the phenotypic and species differences, all

appear to engage the same basic signaling components when

activated via FceRI (reviewed in [98, 99]). Nevertheless, such

studies reveal signaling processes that pertain to FceRI alone.

FceRI-mediated signals and mediator release are substantially

influenced by the tissue environment in which the mast cell

resides. The same is true for other mast cell receptors and

responses. Therefore, there are inherent problems in extrapolat-

ing data from cell culture to the situation in vivo, which may vary

from one tissue or species to another and during pathological

changes in tissues.

Kit (CD117) and use of Kit/Kit ligand-
defective mice for studies of mast cell
function in vivo

Kit, a tyrosine kinase receptor, is essential not only for homing

and differentiation of mast cells in tissues but also for optimal

FceRI-mediated signaling and physiologic responses [99] and, in

this respect, is a potential target for therapy [100, 101]. The

importance of Kit is most apparent from the absence of mast cells

in mice with a deletion or inactivating mutation of Kit (W/Wv and

Wsh/Wsh) or a Kit ligand mutation (Sl/Sld). These mouse strains

have proved valuable in unmasking the biological roles of mast

cells in vivo, with certain caveats [66], as will become evident

later in this review. Activating mutations of Kit are associated

with adult onset mastocytosis in humans and mastocytomas in

dog [101, 102]. One such mutation (D816V) is found in the

corresponding codon of c-kit in the RBL-2H3, P815, and HMC-1

neoplastic mast cell lines.

TLR and innate immunity

Until the mid 1990s, mast cells were viewed primarily as

mediators of allergic reactions and as combatants of parasite

infestation [103]. In 1996, mast cells were shown to protect mice

from acute bacterial infection [104, 105]. The discovery

that the mammalian homologs of Drosophilia TLR are
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pathogen-recognizing receptors and are expressed on mast cells

indicated that mast cells could directly participate in host

defense. The primary response to TLR ligands is the production

of inflammatory cytokines rather than degranulation. The initial

reports from 2001 to 2003 focused on TLR2 and TLR4 [106–111]

but since then other functional TLR (1, 3, 6, 7, and 9) have been

discovered on mast cells (reviewed in [112]). Each of these

receptors recognizes a distinct category of microbial products

such as peptidoglycans (PGN) by TLR2, dsRNA by TLR3, LPS by

TLR4, and bacterial DNA and CpG-containing DNA by TLR9.

Some TLR rely on co-receptors, which by themselves have no

signaling capabilities. A well-studied example is the interaction of

TLR4 with CD14, which is essential for binding of LPS to a TLR4/

CD14 complex. A recent example is dectin-1, which acts as a co-

receptor for TLR2 in mast cells for the detection of fungal

zymosan [113].

Expression of TLR may vary among different subsets of

mast cells [112] and conditions although this topic warrants

more systematic investigation. For example, mast cells derived

from human cord blood lack TLR4 under certain culture

conditions but thenexpress functional TLR4 on exposure to IFN-g
or IL-4 [110, 111].

Other mast cell receptors

Receptors for complement components

The presence of complement receptors on mast cells provides

another mechanism for responding to pathogens either directly or

indirectly [114]. Complement peptides elicit histamine release

from mast cells and a wheal-and-flare reaction in skin [115]. The

relevant receptors include not only those for C3a (C3aR) and C5a

(C5aR/CD88) but also those for C3b (CR3/CD11b-CD18) and

C4b (CR4/CD11c-CD18). Together, these receptors would permit

responses to cleaved complement components such as C3a and

C5a as well as bacterial/complement complexes that contain C3b

and C4b (reviewed in [116]). C3a and C5a are potent

chemoattractants for mast cells [117]. In addition, C3a, but not

C5a, stimulates degranulation and production of the chemokines

MCP-1 (CCL2) and RANTES (CCL5) [118, 119]. A possible

scenario is that C3a and C5a recruit mast cells to sites of

complement activation and, at this location, C3a-stimulated

production of chemokines by mast cells promotes recruitment of

APC and T cells. PGN-induced recruitment of Langerhans cells to

lymph nodes, for example, is not observed in mast cell- or

complement 3-deficient mice [120].

C3a contains a C-terminal sequence that is essential for its

anaphylatoxic and chemotactic activity and an upstream

sequence that is reported to interact with FceRI and thus nega-

tively regulates FceRI-mediated signaling events, degranulation,

and TNF-a production ([121] and citations therein). Of potential

therapeutic benefit, peptide derivatives of this inhibitory motif

exhibit similar inhibitory activity even in mast cell lines that do

not appear to express C3a receptors.

Fcc receptors
Mast cells can be positively or negatively regulated through

multimeric IgG receptors (FcgR) [122]. Of these, FcgRI and

FcgRIII are activating receptors and are inducible. Expression of

FcgRI is induced by low concentrations of IFN-g [96, 123]. Cells

so treated can be stimulated through either FceRI or FcgRI to

release a similar array of mediators. Expression of FcgRIII is also

inducible and is up-regulated by co-culture of mouse BMMC with

fibroblasts. Under this circumstance, the cells can be activated by

cross-linking of FcgRIII [124] or aggregated IgG [125]. FcgRIIB is

an inhibitory receptor as described below.

Regulation of FceRI-mediated responses
through other receptors

The responses to antigen can be substantially augmented by the

presence of other stimulatory ligands (Fig. 3). Antigen-induced

cytokine production is markedly enhanced by co-stimulation with

PGE2, SCF, TLR ligands, and IL-33, whereas degranulation is

enhanced by ligands of G protein-coupled receptors such as

adenosine, PGE2, macrophage inflammatory protein 1a (MIP-1a),

and RANTES. Additive responses are observed on co-stimulation

through receptors for C3a and FcgRI (reviewed in [99, 126]). The

synergistic interactions can be quite remarkable. In the case of TLR

ligands, robust production of inflammatory cytokines is observed

with concentrations of antigen and TLR ligands that by themselves

minimally stimulate cytokine production [127].

The inhibitory receptors are receiving increasing attention

because they may provide ideal therapeutic targets for mast cell-

related disorders [128]. They include FcgRIIB [129, 130], various

members of the sialic acid-binding Ig-like lectin (Siglec) family of

receptors [131], mast cell function-associated antigen [132], and

leukocyte Ig-like receptors among others [133]. These receptors

are monomeric transmembrane proteins with either multiple

Ig-like domains (FcgRIIB, Siglecs, leukocyte Ig-like receptors) or a

C-type lectin domain (mast cell function-associated antigen) in

their extracellular segments. All have one or more ITIM in their

cytosolic domains, which, when phosphorylated, recruit phos-

phatases such as SHIP and thereby reverse activating phosphor-

ylation events [133]. In regard to function, FcgRIIB [130] and

Siglec 8 [131] negatively regulate FceRI-mediated signaling and

Kit-dependent mast cell proliferation. FcgRIIB also appears to

ameliorate the severity of experimental allergic encephalomyeli-

tis (EAE) in mice [134]. The biological relevance of other inhi-

bitory receptors in mast cells is unknown.

Induction of acquired immunity

In addition to acting as first responders to microbial agents [114],

mast cells coordinate the recruitment of immune cells within

lymph nodes to initiate adaptive immune responses [135]. Early

evidence that mast cells set the stage for an adaptive immune

response was the finding by Wang and coworkers in 1998 that

Eur. J. Immunol. 2009. 39: 11–25 HIGHLIGHTS 17

& 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.eji-journal.eu



induction of contact dermatitis in a mouse model is accompanied

by migration of mast cells to regional lymph nodes [136] and in

such a location mast cells produce MIP-1b to promote recruit-

ment of T cells [136, 137]. Later studies extended these findings

and provided additional evidence that mast cells play a critical

role in lymph node hypertrophy and the engagement of T cells

with APC upon bacterial infection [138], Leishmania major

parasite infection [139], contact dermatitis [140, 141], and IgE-

dependent cutaneous anaphylaxis [142]. The mast cell mediators

involved varied according to the experimental model and

stimulant used. TNF-a seemed to play a predominant role after

bacterial infection [138], contact dermatitis [141], and IgE

crosslinking [120]; only a partial role in the responses to the

bacterial component, PGN [120]; and no role in mast cell-

dependent lymph node hypertrophy following mosquito bites

[143]. Other mast cell mediators such as MIP-1b [136, 137], IL-1

[144], and histamine [142] have also been implicated in cell

recruitment. Mast cells also express ligands that activate

co-stimulatory molecules on T cells. One such ligand, OX40L,

has been identified as enhancing T-cell activation following

antigen stimulation [145].

The studies to date suggest that activated mast cells promote

migration of peripheral lymphocytes [138], Langerhans cells [142],

and dendritic cells [146] to regional lymph nodes and thus facil-

itate the interaction of APC with Th cells as a prelude to T-cell/

B-cell collaboration [147] or cytotoxic T-cell activation [148]

(Fig. 4). The link between mast cells and a cytotoxic T-cell response

was demonstrated in mice by topical application of a TLR7

ligand (imiquimod) as adjuvant along with an MHC-class-

1-restricted cytotoxic T-lymphocyte peptide [144]. In this model,

mast-cell-derived IL-1 and TNF-a mediated different phases

of the response, namely, inflammation, migration of Langerhans

cells, and lymph node hypertrophy. The reaction was severely

impaired in mast-cell-deficient mice but this impediment could be

bypassed by immunization of defective mice with peptide-loaded

dendritic cells.

Autoimmune diseases and hypersensitivity
reactions

In addition to FceRI-mediated allergic reactions, the detrimental

effects of mast cell activation extend to various autoimmune

diseases [149]. Early reports noted high concentrations of IgE,

degranulated mast cells, and mast-cell-derived chemoattractants

in the subepidermal skin blisters of patients with bullous

pemphigoid [150, 151]. Others have since reported that these

lesions contain high levels of histamine, eosinophils, and IgE

autoantibodies [152], which elicit lesions reminiscent of bullous

phemphigoid when injected into skin of athymic mice [153]. This

disease results from formation of autoantibodies against two

proteins, BP180 and BP230, located in the dermal-epidermal

adhesion plaques (hemidesmosomes) of skin. The disease can be

reproduced in normal but not mast-cell-deficient neonatal mice

by intradermal injection of IgG antibodies against murine BP180

or BP230 [154] except for one feature. The skin lesions are

characterized by neutrophil infiltration in the mouse model and

eosinophil infiltration in humans [152].

Rheumatoid arthritis (a Type III hypersensitivity resulting

from IgG–immune complexes) also has the hallmarks of a mast

cell-dependent disease [155]. Mast cells accumulate in arthritic

synovial fluid and their degranulation and cytokine production

correlates with severity of disease. Mast-cell-deficient mice fail to

develop the disease when injected with serum from arthritic

K/BxN mice [156, 157]. K/BxN mice spontaneously develop IgG

antibodies against glucose-6-phosphatase isomerase. The result-

ing immune complex initiates synovial inflammation that

involves the C5a complement cascade, neutrophils, cytokines

such as TNF-a and IL-1b, and Fc receptors [158]. The progression

of disease is significantly retarded in recipient FcgRIII-deficient

mice but can be reconstituted by supply of FcR-positive BM cells

[157]. Mast cells have also been implicated in a collagen-induced

arthritis in mice [149, 158] in which activation of mast cells by

IL-33 through the IL-33 receptor (ST2) plays a critical role in the

disease process [159]. IL-33 is expressed in synovial membranes

from patients with rheumatoid arthritis and expression of IL-33 is

markedly enhanced by TNF-a and IL-1b in cultures of the

patients’ synovial fibroblasts [159]. It is proposed that IL-33,

along with IgG, stimulates synovial mast cells to generate

additional cytokines and thus amplify the inflammatory response.

Mast cells have a well-documented role in the Arthus reaction,

which, like rheumatoid arthritis, is dependent on the formation

of antigen–antibody complexes. The ensuing inflammatory

response is not observed in mast-cell-deficient mice [160]

and is dependent on the activation of mast cells through

FcgRIII [161].

Mast cells appear to participate in Type IV hypersensitivity

reactions including multiple sclerosis and its experimental

counterpart, EAE in mice (reviewed in [149]). There are

numerous reports of correlations between progression of disease

and localization of mast cells since the first such observation by

Neuman [162] shortly after the description of the mast cell by

Ehrlich. Degranulation of these cells [163] and the presence of

mast cell proteases in cerebrospinal fluid [164] have also been

reported. EAE is induced by immunization of genetically

susceptible mice with myelin peptides although the causative

agent in humans is unknown. The most compelling evidence for

the involvement of mast cells in EAE is its delay in onset and

diminished severity in mast-cell-deficient mice and restoration of

susceptibility by administration of BMMC [165] apparently by

mechanism that requires expression of Fcg receptors on mast cells

[166].

Other autoimmune disorders thought to be influenced by mast

cells, but less well studied in this regard, are type 1 diabetes,

Guillain–Barré syndrome, scleroderma, ulcerative colitis,

Crohn’s disease, Sjögren’s syndrome, chronic idiopathic

urticaria, and thyroid eye disease. As reviewed in detail by others

[149, 158], the evidence to date is circumstantial and is based on

the presence of mast cells or activated mast cells in the affected

tissues.
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Non-inflammatory functions of mast cells:
immune tolerance, angiogenesis, and wound
healing

The participation of mast cells in adaptive, innate, and auto-

immunity [148, 167] is now well recognized but there is also

increasing awareness that mast cells play a positive role in non-

inflammatory processes such as immune tolerance, angiogenesis,

and tissue remodeling during wound healing [168]. However,

many aspects of the contributions of mast cells to these processes

remain unclear.

The possible participation of mast cells in immune suppression

is best illustrated in the Treg-dependent allograft tolerance model in

mice. In contrast to CD41 Th1 and Th2 cells that enable rejection of

allogeneic tissue grafts, Treg cells can suppresses rejection. The first

hint of an interaction between Treg cells and mast cells was the

report in 2001 by Zelenika and colleagues of increased expression

of specific markers of both cell types in syngeneic skin grafts or

tolerated allogeneic grafts [169]. Here, production of IL-9 by Treg

cells was thought to promote recruitment and activity of mast cells

in tolerant tissue. As reported recently, mast-cell-deficient mice

failed to develop tolerance to allogeneic grafts but did so after

inoculation with BMMC from normal mice in an IL-9-dependent

manner [170]. Although the donors and recipients were not fully

syngeneic, and therefore subject to some background rejection, the

results are enticing and could have therapeutic implications once

the mast cell factors that favor tolerance are identified. There is also

evidence for direct interaction between Treg cells and mast cells

through the OX40–OX40L connection [171]. This interaction is

reported to suppress FceRI-mediated mast cell activation in vitro

and dampen the allergic response in vivo.

An angiogenic role for mast cells has long been suspected

because of their intimate proximity to blood and lymphatic vessels,

their tendency to accumulate in hemangiomas, polyps, tumors,

and other tissues associated with angiogenesis, and their produc-

tion of FGF-2, vascular endothelial growth factor, IL-8, TGF-b,

TNF-a, histamine, heparin, and tryptase, all of which have

demonstrated angiogenic activity [172]. Much of the supporting

evidence is correlative and based on the use of pharmacologic

blocking agents such as the mast cell stabilizing compounds

cromolyn and salbutamol. Recent examples include the possible

participation of mast cells in angiogenesis in human basal cell

carcinoma through production of vascular endothelial growth

factor and IL-8 [173] and in rat cervix during pregnancy [174].

Studies based on reconstitution of mast cells in W/Wv mice and

use of cromolyn provide alternative evidence for mast-cell-

dependent angiogenesis in arthritic lesions in the K/BxN mouse

model [175] and Myc-driven cancer of pancreatic b cells in mice

[176]. The daunting challenge will be to dissect out the indivi-

dual roles of mast cells and other participating cells, as well as

their chemical mediators, in the various phases of angiogenesis.

Another process of long-standing interest is tissue regeneration

and wound healing. Kahlson proposed such a role for histamine

almost 50 years ago [177]. Since then it has been claimed that

mast cells control all phases of healing from the initial inflamma-

tory response to re-epthelialization and tissue remodeling [178].

The circumstantial evidence is that mast cells accumulate in scar

tissue, keloids, hypertrophic scars, and the edges of healing

wounds and can produce fibroblast as well as keratinocyte growth

factors in addition to angiogenic and matrix remodeling factors

[178, 179]. Wound healing models in both animal and human skin

have been widely used to study recruitment and potential roles of

mast cells but two recent examples illustrate the uncertainty in the

field at this time. Mast cell reconstitution studies in W/Wv mice

suggested that wound closure was dependent on histamine release

from mast cells [180]. In this study, wound closure was delayed in

W/Wv mice, whereas this was not the case in another study [181].

Instead, collagen remodeling appeared to be impaired during the

final phase of wound healing [181]. As with angiogenesis, many

issues need clarification before adequate assessment can be made

of the role of mast cells in wound healing.

Tumor growth

Among the specific observations of Ehrlich that still have relevance

today was the abundance of mast cells in tumors, particularly

carcinomas, where, as his student Westphal noted, mast cells

accumulate at the periphery rather than the interior of the tumor

nodules [182]. Subsequent studies provided ample evidence for

increased populations of mast cells in such tumors as mammary

adenocarcinomas, basal cell carcinomas, melanomas, neurofibro-

matosis, and Hodgkin’s lymphoma [183]. Moreover, the extent of

mast cell infiltration correlated with tumor histology and prognosis

in patients with multiple myeloma and Hodgkin’s lymphoma

[184]. Nevertheless, there are examples of negative correlations

with improved survival of patients with certain tumors and there

are theoretical reasons as to why this might be so [184].

One focus of interest is the possible involvement of mast cells

in the inflammation associated with malignancy. Depending on

the type of tumor, inflammation may exist before malignant

changes or be induced with the onset of malignancy but in either

case inflammation may be conducive to tumor growth [185]. As

noted earlier, mast cells produce growth-promoting and angio-

genic factors that may further enhance progression of tumors

[173, 176, 184, 186]. However, the connections are still unclear

because tumor-associated macrophages and fibroblasts also

produce growth and angiogenic factors.

Much of the evidence linking tumor growth, or regression, to

specific mast cell factors is circumstantial and controversial. Even

in studies with W/Wv mast-cell-deficient mice, some groups

report increased susceptibility to tumors while others found

diminished tumor growth. These discordant findings have been

attributed to variable contributions of mast cells to different

phases of tumor growth and the types of experimental models

used [187]. As is apparent from recent reviews [183, 184, 188],

research is handicapped by the correlative nature of clinical

research, the diversity of experimental models, the array of

mediators produced by mast cells, and not least the complexity of

tumor biology. Nevertheless, the evidence in total makes
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a plausible case that the mast cell can regulate tumor growth and

could be a potential target for adjuvant therapy [183] in some

but not all types of cancers [184].

Therapeutic implications

While suppression of mast cell activation is an obvious therapeutic

strategy for the treatment of allergic and autoimmune diseases,

recent findings suggest that enhancement of mast cell activity may

have therapeutic benefit in other conditions. The positive role of

mast cells in adaptive immune responses could be exploited in

vaccine adjuvant therapy [146]. The feasibility of this approach was

demonstrated by subcutaneous or nasal administration of mast cell

secretagogues (such as compound 48/80) along with vaccine

antigens, which together prevented the lethal effects of anthrax

toxin and vaccinia virus infection in mice. Imiquimod, a TLR7

agonist, has been used successfully as a mast-cell-activating

adjuvant for activation of cytotoxic T cells in mice [144]. The

potential advantage of these approaches would be the strong

cellular immune response, which is not observed with alum, the

only clinically approved adjuvant. With respect to suppression of

mast cell activation, clarification of the biology of inhibitory

receptors might provide new therapeutic opportunities, particularly

if any one subset of receptors is largely restricted to mast cells.

Concluding remarks

Just as the mast cell adapts to its tissue environment, it may have

been equally adept in evolution. Mast-cell-like cells are present in

lowly urochordates. These granulated cells contain heparin/

tryptase complexes, degranulate in response to compound 48/80,

and possibly serve as a primitive innate immune system [189].

Mast cells in fish have acquired antimicrobial peptides [62], but

not histamine [190], and in higher vertebrates, a panoply of

immune receptors as the immune system has evolved. Among

vertebrate species, the mast cell has acquired different subsets of

proteases [45] and a tendency to accumulate in specific tissues

[20] such as the liver of dog and peritoneal cavity of rat, which

may reflect the immunological challenges faced by a given

species. There is insufficient data to know whether evolutionary

pressures have produced distinct differences among mammalian

species in expression of mast cell receptors and cytokines.

Nevertheless, it is clear from these considerations that one suit

does not fit all subpopulations of mast cells and caution should be

exercised in extrapolating data from cell culture to the whole

animal or from animals to humans.

Ehrlich, having speculated on the nutritional function of mast

cells, left it to others to elucidate the actual role of these cells by

wistfully hoping that one day mast cells would be found to have

an interesting function [191]. Only in the last few decades have

Ehrlich’s hopes been largely fulfilled. Nevertheless, contemporary

reviews such as this one are probably interim accounts of the

mast cells. Although the beneficial roles of the mast cell in innate

and adaptive immune responses are increasingly clear, the

purpose of the IgE pathway, other than its detriment to host, is

still not obvious. Is it primarily a memory and amplification

mechanism for past microbial infections that were initially

handled through the TLR and complement systems? The

normally parsimonious regulation of IgE production, the specifi-

city of IgE for mast cells and basophils, and the remarkable

synergy between antigen and TLR ligands would be consistent

with such a mechanism.
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