
Introduction

Mast cells play a central role in allergic
reactions through high-affinity IgE receptor

(FcεRI)–mediated responses. Crosslinking of
the FcεRI on mast cells activates multiple sig-
naling pathways that lead to degranulation, de
novo synthesis of arachidonic acid metabolites,
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and production of various cytokines and
chemokines (1). Beyond this classical role of
mast cell activation in allergic reactions, recent
studies have expanded our understanding of the
involvement of mast cells in the defense against
bacteria (2) and parasites (1,2) and the patho-
genesis of experimental allergic encephalo-
myelopathy (3), rheumatoid arthritis (4), and
congestive heart failure (5).

The number of mast cells in inflamed tissue
can be regulated by proliferation, migration,
and survival (and apoptosis). The number of
tissue mast cells in healthy individuals is
stable, but this homeostasis is disturbed by a
number of pathophysiologic conditions: their
numbers increase in inflamed tissues in aller-
gic diseases, such as allergic rhinitis (6) and
allergic asthma (7). Thus, our improved knowl-
edge of the proliferation, migration, and sur-
vival (and apoptosis) of mast cells will provide
a conceptual framework that may lead to the
development of novel strategies for a better
management of allergic diseases. In this review
we focus on the factors that regulate mast cell
development, migration, and survival.

Development of Mast Cells

Mast Cells Arise from Multipotent
Hematopoietic Progenitors 
in the Bone Marrow

During the first 100 yr after Paul Ehrlich
discovered them, mast cells were believed to
be a component of connective tissue that was
derived from undifferentiated mesenchymal
cells (8). However, Kitamura and co-workers
(9) demonstrated that mast cells arise from
multipotent hematopoietic progenitors in bone
marrow: WBB6F1-W/Wv mice are devoid of
mast cells, but mast cells develop if the mice
receive bone marrow cells from a normal lit-
termate (9,10). Mast cells normally do not
mature before leaving the bone marrow but
circulate through the vascular system as

immature progenitors that then complete their
development peripherally within connective or
mucosal tissues. A cell population was identi-
fied in murine fetal blood that fulfills the cri-
teria of progenitor mastocytes (11): the cells
were defined by the surface phenotype of
Thy-1loKithi, contained cytoplasmic granules,
and expressed RNAs encoding mast cell–asso-
ciated proteases but lacked expression of
FcεRI. Thy-1loKithi cells generated function-
ally competent mast cells at high frequencies
in vitro but lacked developmental potential for
other hematopoietic lineages. When trans-
ferred,this population reconstituted the peri-
toneal mast cell compartment in W/Wv mice.
More recently, Chen et al. identified a cell
population, identified as Lin–Kit+Sca-1–Ly6c–

FcεRIα–CD27–β7+T1/ST2+, as mast cell prog-
enitors (MCPs) in adult mouse bone marrow
(12): these cells give rise to mast cells in cul-
ture and could reconstitute the mast cell
compartment when transferred into mast
cell–deficient mice. This study also suggests
that these MCPs are derived from multipoten-
tial progenitors (MPPs), but not from common
myeloid progenitors (CMPs) or granulo-
cyte/macrophage progenitors (GMPs) (Fig.
1A). The culture conditions used by these
authors indicate that even hematopoietic stem
cells (HSCs) can quickly develop into mast
cells, suggesting the possibility that circulat-
ing HSCs may also serve as a source of
recruited mast cell precursors in infection or
other settings. However, Arinobu et al. iden-
tified a cell population (Lin–Kit+FcγRII/
IIIhiβ7hi) as bipotent progenitors for the
basophil and mast cell lineages (termed
BMCPs) in mouse spleens, which can be gen-
erated mainly from GMPs in the bone marrow
(13). They also identified basophil progenitors
(BaPs; Lin–CD34+FcεRIαhiKit–) in the bone
marrow and mast cell progenitors (MCPs;
CD45+Lin–CD34+β7hiFcεRIαlo) in the intes-
tine. Importantly, CCAAT/enhancer-binding
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protein α (C/EBPα) was shown to play a crit-
ical role in the fate decision of BMCPs, being
expressed in BaPs but not in MCPs. Therefore,
this study established the close developmen-
tal relationship as well as the distinct differ-
ence in their relation between basophils and
mast cells (Fig. 1B). The relation between the

MCPs described by these groups as well
as CD34+CD13+Kit+ cells characterized by
Jamur et al. (14) remain to be examined.

Tissue mast cells in humans also differenti-
ate from committed progenitor cells that arise
in the marrow compartment from pluripotent
hematopoietic progenitors (15). Human mast
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Fig. 1. Two models of mast cell–related hematopoiesis. (A) The model by Chen et al. (12) proposes that
MCPs derives mainly from MPPs. (B) Another model described by Arinobu et al. (13) proposes that intgerin
β7-expressing GMPs in the bone marrow are the major source of BMCPs, a population of bipotent progen-
itors for basophils and mast cells, which are supposed to go through the circulation to the spleen. BMCPs
expressing C/EBPα will differentiate to basophils, whereas BMCPs without C/EBPα expression become
MCPs. In this scheme, lineal linkages between LT-HSCs and MPPs in the bone marrow are not shown. LT-
HSCs, long-term hematopoietic stem cell; ST-HSC, short-term hematopoietic stem cell; MPP, multipoten-
tial progenitor; CLP, common lymphoid progenitor; CMP, common myeloid progenitor; MEP,
megakaryocyte/erythrocyte progenitor; MK, megakaryocyte.



cell progenitors circulate as mononuclear
leukocytes lacking characteristic secretory
granules (16), express CD13, CD33, CD38,
CD34, and Kit, but rarely HLA-DR (17–19).
Although our understanding of the develop-
mental path of mast cells has been advanced
substantially, a lot should be learned: for
instance, how are fetal blood MCPs related
with adult MCPs? Do we know all the stages
from hematopoietic stem cells via MCPs to
mature mast cells? How are the known prog-
enitors related with subtypes of mast cells
such as mucosal and connective tissue–type
mast cells in mice and tryptase-positive vs
tryptase/chymase-positive mast cells in hu-
mans? Can we define mast cells at each devel-
opmental stage with a set of cell surface
markers like T or B cell subsets?

Mast Cell Development and Growth
Are Crucially Regulated by the Survival 
and Developmental Factor, Stem Cell Factor

Stem cell factor (SCF, also known as Kit
ligand) binds its receptor, Kit, on their target
cell that has an intrinsic protein-tyrosine
kinase domain in its cytoplasmic region. SCF
and Kit signaling are essential for the devel-
opment of murine mast cells: both the W and
Sl mice, which have mutations in the chro-
mosomal loci coding for Kit and SCF, respec-
tively, have profoundly deficient numbers of
tissue mast cells (20,21). SCF is also a pivotal
growth factor that promotes the development
of human mast cells. Cultures of single
CD34+ cells have shown that SCF acts as a
proliferative rather than a survival factor in
mast cell development from human cord-
blood hematopoietic progenitors (22).

SCF-Mediated Mast Cell Development 
is Regulated by a Variety of Factors Including
Cytokines and Growth Factors

Table 1 lists the growth factors and cyto-
kines that are involved in mast cell growth and

differentiation in rodent and human systems.
Mast cells can be developed at high efficiency
by culturing mouse bone marrow cells in IL-
3–containing media. The resulting cells,
termed bone marrow–derived mast cells
(BMMC), are usually more than 95% pure
populations of immature mast cells and have
been extensively used in the research of mouse
mast cell biology. IL-3 also stimulates the pro-
liferation of BMMCs and the survival of con-
nective tissue mast cells (23,24).Although IL-3
and granulocyte-macrophage colony-stimulat-
ing factor (GM-CSF) share the common recep-
tor β-chain (CD131), GM-CSF inhibits mast
cell development in both mouse (25) and
human systems (26). By contrast, the role of IL-
3 on the development of human mast cells is
controversial. IL-3 is not required for the devel-
opment of human cord blood–derived mast
cells in the presence of low oxygen concentra-
tions (27), but it can enhance SCF-dependent
mast cell development at low cell densities
(e.g., in methylcellulose culture) at normal
oxygen concentrations (28). IL-3 at 1 ng/mL
can enhance the growth of mast cell colonies
without inducing granulocyte or macrophage
(GM) colonies. At the concentrations above 5
ng/mL, however, IL-3 induces a substantial
number of GM colonies (28).

Numerous studies have been carried out on
the effects of Th2 vs Th1 cytokines on mast
cells because of the notion that mast cells are
the prominent effector cells of allergy and
allergic pathology is mainly controlled by
Th2 T cells and Th2 cytokines. IL-4 pos-
sesses mast cell growth factor activity in mice,
and can promote phenotype switching to con-
nective tissue-type mast cells in the presence
of IL-3 (29). In contrast, IL-4 was reported to
inhibit SCF-dependent differentiation of
human mast cells (30–33), but other reports
claimed that IL-4 and SCF synergistically
enhance the proliferation of human intestinal
mast cells (34) and have no effect on lung mast
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cells (33). These results suggest that SCF-
induced mast cell proliferative or develop-
mental responses are differentially modulated
by IL-4, depending on the microenvironment
(probably a cytokine milieu) or the subtype of
mast cells.

BMMC contain high steady-state levels of
mouse mast cell protease (mMCP)-5 tran-
script but undetectable levels of mMCP-1,
mMCP-2, or mMCP-4 transcripts. Although
IL-9 alone has no effect on BMMC prolifer-
ation, IL-9 + SCF enhances the long-term via-
bility of BMMC (35). Furthermore, IL-9 +
SCF stimulates mouse BMMC to undergo a
phenotypic change by inducing accumulation

of mMCP-1 and mMCP-2 transcripts, result-
ing in the mucosal phenotype. In contrast, in
BMMC, IL-4 suppresses IL-9-induced accu-
mulation of mMCP-1 and mMCP-2 tran-
scripts, IL-10-induced accumulation of
mMCP-1 and mMCP-2 transcripts, and SCF-
induced accumulation of mMCP-4 transcript,
but not IL-3-induced accumulation of mMCP-
5 transcript. IL-3 also suppresses IL-9-
induced accumulation of mMCP-1 and
mMCP-2 transcripts. Because of their coun-
terregulatory actions on the steady-state levels
of the transcripts that encode three late-
expressed serine proteases (e.g., mMCP-1,
mMCP-2, and mMCP-4) in mice, IL-4 and
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Table 1. Factors That Affect Mast Cell Development

Cytokine Receptor Effects on mouse MCs Effects on human MCs

SCF Kit 1. Directly stimulates proliferation 1. Directly stimulates proliferation of 
of committed progenitors committed progenitors

2. Induces granulation and connective 2. Induces granulation and connective 
tissue proteases (20,21) tissue proteases (22)

IL-3 IL-3R 1. Directly stimulates proliferation 1. Directly stimulates proliferation of 
of uncommitted progenitors uncommitted progenitors

2. Directly promotes granule assembly 2. No promotion of granule assembly 
(23,24) (18,27,28)

IL-4 IL-4R 1. Cofactor for proliferation Depends on the MC subtype or cytokine
2. Promotes connective tissue phenotype (29) milieu (30–33,135)

IL-5 IL-5R Not clearly characterized Cofactor for proliferation (19,37)

IL-6 IL-6R Induces MC development in combination Cofactor for proliferation or inhibition 
with TNF-α (43,44) (19,27,33,37,45)

IL-9 IL-9R 1. Cofactor for proliferation Cofactor for proliferation (37,38)
2. May induce mucosal proteases (35)

IL-10 IL-10R 1. Cofactor for proliferation Not clearly characterized
2. May induce mucosal proteases (36,44)

IFN-γ INF-γR Inhibits proliferation (39) Inhibits proliferation (37,40)

NGF NGFR 1. Cofactor for proliferation Inhibit apoptosis in the presence of SCF 
2. Promotes connective tissue phenotype (45,47)

of granule (46)

TGF-β TGF-βR Inhibits proliferation (48) Inhibits proliferation (44)

GM-CSF GM-CSFR Inhibits proliferation (25) Inhibits proliferation (26)

TPO TPOR Not done Induces MC development (22)



IL-3 both inhibit the final stages of differen-
tiation and maturation of mast cells (35). IL-
10 alone fails to support the growth of mast
cell lines and mast cell progenitors (36). Nev-
ertheless, it dramatically enhances their
growth when combined with IL-3 or IL-4.
Moreover, IL-4 + IL-10 support the prolifer-
ation of mast cells as well as IL-3 does. In the
human system, Th2 cytokines, such as IL-5
(19,37) and IL-9 (37,38), stimulate SCF-
dependent proliferation of mast cells from
cord-blood cells, bone marrow, and peripheral
blood cells.

In stark contrast to Th2 cytokines, the Th1
cytokine IFN-γ suppresses SCF-mediated
differentiation of mast cell progenitors from
murine (39) and human bone marrow (40),
human peripheral blood (40), and human
cord blood cells (37). IFN-γ induces apopto-
sis in mouse mast cells in a Stat1-dependent
manner (41). IFN-γ hyperresponsiveness
results in inflammatory disease and death in
mice lacking the regulatory protein suppres-
sor of cytokine signaling (SOCS)-1. Bone
marrow cells from SOCS-1-deficient mice
cannot give rise to viable mast cells in IL-3 +
SCF, with profound apoptosis occurring as
the cultures matured. However, bone marrow
cells lacking both SOCS-1 and IFN-γ survive
normally. Consistent with this in vitro defect,
SOCS-1–/– mice demonstrated a 67%
decrease in peritoneal mast cell numbers rel-
ative to wild-type mice, a deficiency that is
reversed in SOCS-1/IFN-γ KO mice. Impor-
tantly, IFN-γ treatment of a patient with mas-
tocytosis showed symptomatic improvement
that abated as the patient developed anti-IFN-
γ antibodies (42).

In the murine system, although TNF-α
and IL-6 are not the mast cell growth fac-
tors, these cytokines can induce mast cell
development (43). The development of
homogeneously pure metamastocytes from
uncommitted mouse bone marrow cells has

also been reported using a combination of
SCF, IL-6, and IL-10 (44). Regardless of
the source of mast cell progenitors, e.g.,
bone marrow, peripheral blood, cord blood,
or fetal liver, appropriate culture condi-
tions give rise to pure populations of human
mast cells by 8–10 wk or more. Both SCF
and IL-6 are used as growth factors for such
long-term cultures. IL-6 exhibit mast cell
growth–promoting (19,37) and anti-apop-
totic (33,45) activities in cultures of cord
blood–derived mononuclear cells and
CD34+ cells. IL-6 family cytokines, such as
IL-11 and leukemia inhibitory factor (LIF),
are capable of supporting the survival of
hematopoietic stem cells by upregulating
the signal transducers and activators of
transcription (Stat) 3 expression via gp130
signaling molecule, but a study has demon-
strated that IL-6 directly modulates SCF-
dependent mast cell development of CD34+

cord blood cells via gp130 (27). Although
IL-6 inhibits mast cell growth and decreases
Kit expression, it increases cell size, hista-
mine content, and frequency of chymase-
positive mast cells (27).

Nerve growth factor (NGF) stimulates the
differentiation and proliferation of mouse
BMMC in the presence of IL-3 (46). By con-
trast, NGF has no effect on human mast cell
survival (45) or mast-cell growth promoting
activity (47) in the absence of SCF. However,
NGF and SCF synergistically suppress human
mast cell apoptosis (47).

TGF-β1 inhibits both IL-3-dependent
growth of mouse mast cells (48) and SCF-
dependent growth of human intestinal mast
cells (49). Thrombopoietin (TPO) can support
the growth of hematopoietic progenitors,
especially multipotent progenitors, in combi-
nation with other cytokines, including SCF,
IL-3, and Flt3 ligand (50,51). TPO stimulates
an early stage of mast cell development in
concert with SCF (22).
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Signaling Molecules and Transcriptional
Systems That Are Critical for Mast Cell
Development

As described above, SCF and Kit signaling
play a central role in the development of mast
cells in both mice and humans. SCF binding to
its receptor, Kit, induces the dimerization or
oligomerization of Kit leading to the activation
of its intrinsic kinase activity. Signaling mol-
ecules, including Grb2-associated binder 2
(Gab2) and phosphatidylinositol-3 kinase
(PI3K), become tyrosine-phosphorylated and
activated, and tyrosine-phosphorylated adap-
tors recruit interacting molecules to nucleate
signaling complexes to activate multiple sig-
naling pathways, including PI3K, phospholi-
pase C, protein kinase C, the Ras–MAPK
cascade, and the Jak–Stat pathway (Fig. 2).
For an in-depth insight SCF/Kit signaling, the
reader is referred to recent reviews (52,53).
Mastocytosis is characterized by accumulation
of mast cells in various organs and release of
mast cell mediators. Abnormalities in SCF/Kit
signaling have been implicated in mastocyto-
sis: activating mutations in Kit have been
reported in a variety of patients with mastocy-
tosis. Direct and indirect evidence shows that
these mutations promote ligand (i.e., SCF)-
independent autophosphorylation of the mutant
receptor (53).

A number of signaling molecules and tran-
scription factors have been identified that
appear to be critical for mediating the
SCF/Kit signal for mast cell development.
Members of the PI3K family have important
functions in the immune system. Studies of
several gene-manipulated mice have shown
that the development of gastrointestinal, but
not dermal, mast cells is dependent on sig-
naling mediated by class IA PI3Ks (reviewed
in ref. 54). Class IA heteromeric PI3Ks con-
sist of a catalytic subunit (p110α, p110β,
p110δ) and a regulatory subunit (p85α, p85β,

p55γ) (55,56). Mice lacking p85α (57), mice
expressing a catalytically inactive form of
p110δ, p110δD910A/D910A (58), mice with a
mutation in the p85α-binding site of Kit
(59,60), and mice with Gab2 deficiency all
lack gastrointestinal mast cells and have
impaired bacterial clearance in acute septic
peritonitis (57,61). However, whereas SCF-
mediated signaling is affected by p85α or
Gab2 deficiency, FcεRI-mediated signaling is
not. On the contrary, p110δD910A/D910A mast
cells are impaired in IgE+Ag-mediated
degranulation and cytokine production (58).
In contrast to cells deficient in class IA
enzymes, cells deficient in the class IB
enzyme p110γ exhibit no developmental
defects (62–64), although G protein–coupled
receptor (GPCR)–mediated amplification of
FcεRI-mediated degranulation is severely
impaired. Stat5 is also required for normal
mast cell development and survival both in
vitro and in vivo (65): Stat5–/– mice lack mast
cells in skin, stomach, and spleen and have
only few mast cells in the peritoneal cavity.
Stat5 deficiency dramatically reduces sur-
vival and proliferation of developing mast
cells (generated in SCF + IL-3 in vitro).
Stat5–/– mast cells survive poorly in SCF or
IL-3 alone and their apoptosis under such cul-
ture conditions is associated with reduced
expression of Bcl-2 and Bcl-XL and mito-
chondrial damage. Further, Stat5–/– mast cells
exhibit delayed G1-to-S cell cycle progres-
sion. Stat5 is the most ubiquitously activated
member of the Stat family, used not only by
SCF, but also by IL-2, IL-3, IL-4, IL-5, IL-7,
IL-9, IL-15, GM-CSF, erythropoietin, TPO,
prolactin, and growth hormone, some of
which were discussed above as regulators of
mast cell development. SCF stimulation
results in activation of Jak2 in mast cells
(66,67). Jak2 constitutively associates with
Kit and becomes transiently activated in
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response to SCF (68). After SCF stimulation,
Stat1, Stat5A, Stat5B, and Stat6 associate
with Kit and become tyrosine-phosphorylated
(69,70). SCF also induces serine phosphory-
lation of Stat3 (69). Interestingly, Jak3 was
shown to be essential for IL-4– and IL-

9–induced proliferation and survival of
murine mast cells (71).

RasGRP4 also appears to be placed down-
stream of Kit. RasGRP4 is a recently identi-
fied guanine nucleotide exchange factor for
the Ras family with a diacylglycerol-binding
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Fig. 2. Kit signaling pathways in mast cells. This figure summarizes signaling proteins activated by Kit.
Filled boxes of Kit indicate split kinase domains. Abbreviations: APS, adaptor containing PH and SH2
domains; Grb, growth factor receptor-bound protein; JAK, Janus kinase; JNK, c-Jun NH2-terminal kinase;
MEK, mitogen-activated protein kinase kinase; ERK, extracellular regulated protein kinase; MITF, microph-
thalmia transcription factor; PI3K, phosphatidylinositol 3-kinase; PLCγ, phospholipase Cγ; SCF, stem cell
factor; SFK, Src family kinases; Shc, SH2-containing transforming protein C1; SHP, SH2 domain-contain-
ing phosphatase; Stat, signal transducers and activators of transcription.



C1 domain and Ca2+-binding EF hand motif
(reviewed in ref. 72). Importantly, this protein
is specifically expressed in mast cells and
their progenitors unlike other family members
(RasGRP1-3). SCF-dependent Kit activation
induces phospholipase C enzymes to
hydrolyze phosphatidylinositol 4,5-bisphos-
phate to DAG and inositol 1,4,5-trisphos-
phate. Binding of DAG to the C1 domain
recruits RasGRP4 to the plasma membrane
(73). Then RasGRP4 activates Ras. On the
other hand, Ca2+ binding to the EF hand motif
inhibits the ability of RasGRP4 to activate H-
Ras, therefore suggesting that increased Ca2+

levels and reduced DAG levels probably cat-
alyzed by DAG kinases may dampen
RasGRP4-mediated activation signals. Al-
though RasGRP4 seems nonessential to the
proliferation or survival of mast cells, it seems
necessary for both mast cell granule develop-
ment and expression of prostaglandin (PG) D2

synthase (74). It is known that the Kit controls
PGD2 expression in mast cells by regulating
the levels of the synthase that converts PGH2

to PGD2 (see below for PGD2 synthase regu-
lation by MITF).

A basic-helix-loop-helix leucine zipper
transcription factor called microphthalmia
transcription factor (MITF) is essential for
mast cell development (reviewed in ref. 75).
Although mast cell numbers in the skin are
less severely defective in mi/mi (approx
30% of control mice) than in W/WV or Sl/Sld

(approx 1% of control mice) mice, MITF
mutations result in both intrinsic and extrin-
sic defects in mast cell development (76):
when bone marrow cells from MITF mutant
(B6-Mitfmi-vga9/Mitfmi-vga9) mice were trans-
planted to irradiated WBB6F1-KitW/KitW-v

mice that possessed normal tissue environ-
ment, mast cells of B6-Mitfmi-vga9/Mitfmi-vga9

origin did not developed: when bone
marrow cells from WBB6F1-+/+ mice were
transplanted, the number of developing mast

cells was significantly lower in B6-Mitfmi-

vga9/Mitfmi-vga9 than in WBB6F1-KitW/KitW-v

recipients. MITF regulates the expression of
Kit, granzyme B, several mast cell-specific
proteases (mMCP-2, -4, -5, -6, -7, and -9) in
mice as well as expression of PGD2 syn-
thase (77). MITF also controls the tran-
scription of SgIGSF, a recently identified
member of the immunoglobulin superfam-
ily. SgIGSF mediates the adhesion of
BMMC to NIH/3T3 fibroblasts. Transfec-
tion of SgIGSF can improve the survival of
B6-Mitfmi-vga9/Mitfmi-vga9 BMMC in the peri-
toneal cavity in B6-Mitfmi-vga9/Mitfmi-vga9 and
WBB6F1-KitW/KitW-v mice (78). MITF-inter-
acting proteins include PKC/Hint (79) and
PIAS (80), repressors of MITF transcrip-
tional activity. In NIH 3T3 cells stimulated
via gp130 receptor, transfected MITF is
phosphorylated at S409 (81). Such phospho-
rylation of MITF leads to PIAS3 dissociation
from MITF and its association with Stat3.
Activation of mouse melanoma and mast
cells through gp130 or Kit receptors induced
the mobilization of PIAS3 from MITF to
Stat3. Thus, the MITF-PIAS3-Stat3 network
of interactions is mediated by IL-6 and SCF.

The zinc-finger transcription factor GATA-
1 is expressed in erythroid cells, megakary-
ocytes, eosinophils, and mast cells, and is
involved in their development as well as in
cell type–specific gene expression (82).
GATA-1 protein is expressed in peritoneal
mast cells and BMMCs after culture in the
presence of IL-3 and SCF (83). GATA-1-neg-
ative mast cells derived from fetal liver have
histochemical staining profiles similar to
those of wild-type mast cells (84), whereas
targeted deletion of the GATA-1 gene pro-
moter decreases the amount of heparin in con-
nective tissue–type mast cells (83). The
phenotype of GATA-1low mice lacking the first
enhancer (DNA hypersensitive site I) and the
distal promoter of the GATA-1 gene shows
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defects in mast cell development, including
the presence of morphologically abnormal
alcian blue+ mast cells and apoptotic
metachromatic mast cell precursors in con-
nective tissue and peritoneal lavage fluid, and
of numerous cells committed to erythroid,
megakaryocytic, and mast cell developments
in bone marrow and spleen (85). These obser-
vations are consistent with the role of GATA-
1 in mast cell maturation. Furthermore,
GATA-1 recognizes critical elements in the
promoters of mast cell carboxypeptidase A
(86), FcεRI α- and β-chain genes (87–89),
and expression of the α- and β-chains are
lower in mast cells in GATA-1 knockdown
heterozygous mice (90). GATA-2 protein is
also expressed in mast cells (83). GATA-2 is
required for mast cell development but dis-
pensable for the differentiation of erythroid
cells and macrophages (91).

The Ets family transcription factor PU.1 is
also essential for mast cell generation (92).
PU.1–/– hematopoietic progenitors can be
expanded in IL-3 and differentiate into mast
cells or macrophages upon restoration of
PU.1 activity. However, in the absence of
GATA-2, PU.1 promotes macrophage, but not
mast cell, differentiation. Re-expression of
GATA-2 in such progenitors enables mast cell
generation. Therefore, PU.1 and GATA tran-
scription factors antagonize each other’s func-
tion in the development of distinct lineages of
the hematopoietic system. Overexpression of
PU.1 in mouse bone marrow hematopoietic
progenitors (93) or differentiated BMMCs
(94) induces monocyte-specific gene expres-
sion, causes monocyte-like morphological
change, and confers T cell-stimulatory activ-
ity, indicating that differentiated mast cells
still maintain potential to display monocytic
features. These studies may point to the sim-
ilar regulatory role for PU.1 in the distinct dif-
ferentiation of MCPs vs BaPs as well as
monocyte/macrophages vs granulocytes: high

concentrations of PU.1 are required for
macrophage differentiation whereas low con-
centrations of PU.1 promote granulocytic dif-
ferentiation (95). PU.1 activity is antagonized
by C/EBPα, a transcription factor essential
for neutrophil development (96). C/EBPα
expression is low in MCPs unlike BaPs (13).
Therefore, the relative PU.1 activity can be
higher in MCPs and monocytes/macrophages
than in BaPs and granulocytes.

The above discussions collectively indi-
cate that Kit activation by SCF is critically
important for mast cell development. This
interaction initiates activation of tyrosine
kinase activity of Kit and recruits down-
stream lineage-restricted effectors, such as
RasGRP4 and MITF, as well as less restricted
signaling molecules, such as Gab2 and PI3K.
Several transcription factors are responsible
for the transcriptional and/or post-transcrip-
tional control of mast cell–specific genes
and for the eventual differentiation of mast
cells. Many factors that influence mast cell
development discussed in the preceding sec-
tion interact directly or indirectly with Kit
signaling pathways.

Migration of Mast Cells

Critical signals for homing and recruitment
of mast cells to various tissues are also pro-
vided by SCF binding to Kit. Under various
experimental conditions, the membrane-
bound SCF and/or its soluble isoform is
chemotactic for mast cells and their progeni-
tors; SCF not only elicits adhesion of mast
cells, but also facilitates their proliferation
and sustains their survival, differentiation,
and maturation.

Integrins are also involved in the accumu-
lation of mast cells in inflamed mucosal tis-
sues. In the mouse, large numbers of mast
cell–committed progenitors reside in the
small intestine and are constitutively recruited
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by a mechanism involving the α4β7 integrin
(97), an adhesion molecule that is also crucial
for T cell homing to the gut. This constitutive
homing mechanism may reflect a unique
requirement for mast cells in intestinal
mucosal immune responses, especially in the
host defense against helminths. Additionally,
human mast cell progenitors express α4β1,
which mediates their adhesion to activated
endothelial cells under flow conditions (98).

Chemokine receptors expressed by mast
cell progenitors and mature tissue mast cells
are most likely involved in directing the prog-
enitors from the circulation into the tissue
where they mature. Mature mast cells express
a set of chemokine receptors that is somewhat
different from those expressed by their prog-
enitors, and their expression pattern also dif-
fers between mast cell subtypes. Human mast
cell progenitors derived in vitro from cord
blood express several chemokine receptors,
including CXCR2, CCR3, CXCR4, and
CCR5, and respond to the corresponding lig-
ands in vitro (37). A role for CCR3 in mast
cell homing has been identified in CCR3-defi-
cient mice (99). Increased numbers of intraep-
ithelial mast cells are found in the trachea of
the mutant mice after sensitization and aller-
gen challenge in allergic airway inflammation
model, suggesting that CCR3 may be
involved in the egress of mast cells, but not in
the recruitment of their progenitors. Mast cell
localization within the airway smooth muscle
bundle is an important determinant of the
asthmatic phenotype. This can be explained
by the function of another chemokine recep-
tor, CXCR3, the most abundantly expressed
chemokine receptor on human lung mast cells
in the airway smooth muscle in asthma: it is
expressed by 100% of these mast cells as
opposed to only 47% of mast cells in the sub-
mucosa (100). Migration of human lung mast
cells is induced by airway smooth muscle cul-
tures predominantly through activation of

CXCR3. Importantly, CXCL10 (a ligand of
CXCR3) is preferentially expressed by asth-
matic airway smooth muscles in bronchial
biopsy specimens and ex vivo cells compared
with airway smooth muscles from healthy
control subjects (100).

Antigen works not only as a stimulant for
the release of allergic mediators from IgE-
sensitized mast cells, but also as a chemotac-
tic factor for the mast cells (101). Both p38
mitogen-activated protein kinase (MAPK)
activation and Rho-dependent activation of
Rho-associated coiled-coil-forming protein
kinase (ROCK) may be required for FcεRI-
mediated cell migration. Crosslinking of
FcεRI (with IgE+Ag) activates sphingosine
kinases 1 and 2 (SphK1 and SphK2), leading
to the production and secretion of sphingosine
1-phosphate (S1P) (102). S1P activates its
receptors S1P1 and S1P2, the only S1P recep-
tors expressed in mast cells. Transactivation
of S1P1 and Gi signaling are important for
cytoskeletal rearrangement and migration of
mast cells toward antigen, while S1P2, whose
expression is upregulated by FcεRI crosslink-
ing, is required for maximal degranulation
and inhibition of mast cell migration toward
antigen (103). SphK1 interacts with Lyn and
is recruited to the FcεRI on the plasma mem-
brane via this interaction (104). More
recently, Olivera et al. showed that Fyn is
required for FcεRI-induced activation of
SphK1 and SphK2, subsequent S1P forma-
tion, and migration toward antigen and SCF
(105). The defect in migration in Fyn-defi-
cient BMMCs toward antigen or highly
cytokinergic (HC) IgEs (see below) was con-
sistent with an earlier study by Kitaura et al.
(106). Inhibition or downregulation of SphK1
impairs motility and degranulation. Surpris-
ingly, overexpression of SphK1 in rat
basophilic leukemia (RBL)-2H3 mast cells
also impairs degranulation and migration
toward antigen (103). This appears to be due
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to restricted formation of S1P at the plasma
membrane, resulting in activation, subsequent
internalization, and desensitization of S1P
receptors. Serum starvation, which signifi-
cantly reduces membrane-associated SphK1
activity, restores S1P receptor functions.

Highly cytokinergic (HC, see below) IgE
molecules can efficiently activate mast cells in
the absence of antigen. In addition to antigen
that can attract IgE-bound mast cells, HC IgEs
alone can promote the migration of mast cells
in the absence of antigen (106). IgE- and
IgE+Ag-mediated migration involves an
autocrine/paracrine secretion of soluble fac-
tors including adenosine, leukotriene B4, and
several chemokines (106). Secretion of these
factors depends on two tyrosine kinases, Lyn
and Syk, and they are agonists of G pro-
tein–coupled receptors and signal through
PI3K-γ, leading to mast cell migration (106).
Therefore, the homing and recruitment of
mast cells to various tissues may be exquis-
itely regulated by a variety of factors, includ-
ing integrins, chemokines, and chemokine
receptors.

Survival of Mast Cells

SCF is Crucial to Sustain Mast Cell Survival
Bcl-2 family proteins are critical for the

regulation of survival and death in a variety of
cell types including mast cells. The reader is
referred to recent reviews on these proteins
(107,108). They can be classified as prosur-
vival (or antiapoptotic) and proapoptotic
members: the prosurvival members include
Bcl-2, Bcl-XL, Bcl-w, Mcl-1, and A1/Bfl-1,
while the proapoptotic members include Bax,
Bak, and Bok, which share three regions of
homology (BH1–BH3) with their prosurvival
relatives; BH3-only proteins, including Bad,
Hrk, Bim, Bid, Puma, Noxa, and Bmf, share
only the BH3 domain. Analysis of Bax-defi-
cient BMMCs indicates that Bax is involved in

the induction of mast cell apoptosis (109).
BH3 domain-only molecules activate mul-
tidomain proapoptotic members (Bax and
Bak) to trigger a mitochondrial pathway, in
which mitochondria releases cytochrome c
(110,111). Bcl-2 and Bcl-XL can sequester
BH3-only molecules in stable complexes, pre-
venting the activation of Bax and Bak (110).

Mast cell treatment with SCF increases
the levels of the prosurvival members Bcl-2
and Bcl-XL (112,113). Whereas SCF does
not affect the expression of A1/Bfl-1, this
prosurvival protein is crucial for FcεRI acti-
vation-induced mast cell survival (114). Fol-
lowing SCF stimulation, Kit signaling
results in the activation of PI3K and its
downstream target Akt (also known as pro-
tein kinase B). Akt promotes cell survival
through phosphorylation-mediated inactiva-
tion of the BH3-only protein Bad (115–117),
but the relevance of this process to the sur-
vival of hematopoietic cells remains unclear.
Thus, bad–/– mice have normal numbers of
immune cells (118). Another Akt target
involved in survival/apoptosis is Forkhead
family transcription factors (119,120). When
Forkhead proteins, such as FOXO1a/FKHR,
FOXO3a/FKHRL1, and FOXO4/AFX, are
phosphorylated by active Akt, they are
exported from the nucleus, and thus tran-
scription of their target genes is inhibited
(119,121). One of the transcriptional targets
of FOXO3a is Bim (122). Bim is essential
for growth factor deprivation–induced mast
cell apoptosis (123). Bim deficiency or Bcl-
2 overexpression delays or even prevents
growth factor deprivation–induced mast cell
apoptosis. SCF prevents mast cell apoptosis
induced by growth factor withdrawal by
actively preventing Bim expression via phos-
phorylation/inactivation of FOXO1a and
FOXO3a. SCF also promotes phosphoryla-
tion of Bim by PI3K and mitogen-activated
protein kinase/extracellular regulated protein
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kinase (MEK/ERK)–dependent pathways.
Phosphorylation of BimEL on Ser69 through
the MEK/ERK pathway has recently been
described as promoting proteasome-depen-
dent degradation of Bim (124,125), thus rep-
resenting an additional mechanism by which
SCF promotes protection from Bim-medi-
ated apoptosis in mast cells.

The Fate of Mast Cells upon FcεRI Activation
Depends on the Relative Levels of Pro- 
and Anti-apoptotic Bcl-2 Family Members

Stimulation of IgE-sensitized mouse mast
cells with antigen can promote their survival
under certain conditions (126). The reader is
referred to a recent review on FcεRI stimula-
tion effects on mast cell survival (127).
Crosslinking of FcεRI with IgE+Ag prevents
apoptosis of MC9 mast cells by an autocrine
mechanism, producing IL-3, IL-4, and GM-
CSF (128). Although secretion of endogenous
IL-3 and GM-CSF is not sufficient for MC9
survival, IL-4 renders the cells reactive to these
cytokines. IgE+Ag can induce enhanced
expression of FLIP, a caspase-8 inhibitor, and,
consequently, a resistance to Fas-induced
apoptosis (129). Among other factors, the
signal strength via the FcεRI seems most crit-
ical for determining the cell fate: for instance,
1–10 ng/mL of DNP21–BSA, which is subop-
timal for histamine release and IL-6 produc-
tion, can promote the survival of anti-DNP
IgE-sensitized cells, but 100–1000 ng/mL of
the same antigen cannot (106). On the other
hand, 10–100 ng/mL of DNP3–BSA can pro-
mote the cell survival (106). Therefore, weak
stimulation via the FcεRI, i.e., IgE + low anti-
gen concentrations, IgE + anti-IgE, and
monomeric IgE (see below), can promote sur-
vival. Activation of mast cells through the
FcεRI results in strong induction of A1 mRNA
and protein (114). A1-deficient mast cells
release granule mediators similar to the wild-
type control, but the mutant cells do not survive

allergic activation, revealing the importance of
A1 for mast cell survival. Furthermore, A1-
deficient mice that had been sensitized and
provoked with allergen contained a lower
number of mast cells than littermate controls
(114). On the other hand, Bim is essential for
growth factor deprivation–induced mast cell
apoptosis (123). Bcl-XL and Bim are both
induced upon FcεRI activation. Taken to-
gether, these findings suggest that the fate of
mast cells upon FcεRI activation depends on
the relative levels of pro- and anti-apoptotic
Bcl-2 family members.

Monomeric IgE Binding to FcεRI Enhances
Mast Cell Survival Mainly by an Autocrine
Production of IL-3

Mouse IgE molecules display a wide spec-
trum of heterogeneity in the ability to induce
the production and secretion of IL-6 and
TNF-α, with HC IgEs at one extreme end and
poorly cytokinergic (PC) IgEs at the other
(130). Anisotropy data suggest that more
extensive receptor aggregation occurs with
HC IgEs than with PC IgEs (130). Mouse
mast cell survival and growth are promoted by
the binding of both HC and PC IgEs to FcεRI
(131,132). HC IgE-mediated survival is pre-
dominantly mediated by high production of
IL-3, as evidenced by severe impairment of
survival by IL-3 neutralization or deficiency.
The upregulation of Bcl-XL and Bcl-2 by IgE
is abrogated in IL-3–/– BMMCs (133). Down-
stream of IL-3R signaling, Stat5 was shown to
be important for mast cell survival (65). These
results indicate that IL-3 plays a crucial role
in HC IgE-induced mast cell survival (and
other functions) in an autocrine manner by
inducing the Bcl-XL and Bcl-2 via Stat5.
Taken together, these results suggest that IgE-
mediated gene expression in mast cells is reg-
ulated by at least two mechanisms:
IL-3-dependent as well as IL-3-independent
mechanisms. The relative importance of the
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IL-3-dependent versus the IL-3-independent
mechanism appears to depend on the IgE
phenotype, i.e., HC and PC IgEs. In addition
to Stat5-dependent expression of Bcl-XL and
Bcl-2, sustained ERK activation seems impor-
tant for mast cell survival (134). Sustained
ERK activation by active MEK induces
BMMC survival. HC IgE-induced survival
requires Lyn and Syk, whereas Fyn, Gab2,
and the PI3K-Akt pathway are dispensable.

Conclusions

SCF is the crucial factor for the develop-
ment, proliferation, and maturation of mast
cells, and many factors modulate SCF-medi-
ated mast cell development. In addition to the
SCF/Kit system, some integrins and chemo-
kine receptors expressed in mast cells regulate
mast cell homing and recruitment. While SCF

is crucial for mast cell survival, FcεRI aggre-
gation induced by monomeric IgE or IgE+Ag
can also enhance mast cell survival. The mech-
anism of mast cell development, migration, and
survival is not fully understood, but recent
advances in research in this field have led to the
discovery of several molecules that regulate
these processes that can be considered as
potential therapeutic targets. Further basic and
translational research will lead to better under-
standing and hopefully better treatment of
allergic and other diseases.
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