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ABSTRACT. The cross-linking by immunoglobulin E of its high-affinity receptor, FceRI, on mast cells initiates
a complex series of biochemical events leading to degranulation and the synthesis and secretion of eicosanoids
and cytokines through the action of transcription factors, such as nuclear factor-kB. The initial activation
involves the phosphorylation of FceRI 8- and y-subunits through the actions of the tyrosine kinases lyn and syk.
For the purposes of description, the subsequent events may be grouped in three cascades characterized by the key
proteins involved. First, the phospholipase C—inositol phosphate cascade activates protein kinase C and is largely
responsible for calcium mobilization and influx. Second, activation of Ras and Raf via mitogen-activated protein
kinase causes the production of arachidonic acid metabolites. Third, the generation of sphingosine and
sphingosine-1-phosphate occurs through activation of sphingomyelinase. While the early signaling events tend
to be specific for the cited cascades, there is an increasing overlap of activated proteins with the downstream
propagation of the signal. It is the balanced interaction between these proteins that culminates in degranulation,
synthesis, and release of eicosanoids and cytokines. BIOCHEM PHARMACOL 58;12:1841-1850, 1999. © 1999
Elsevier Science Inc.
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A focal point of interest in allergy research is mast cell
activation and degranulation. Although mast cells can be
triggered by a number of mechanisms, efforts have been
concentrated on IgEt-mediated mast cell activation and its
physiological consequences. This activation is elicited
through the cross-linking of allergen-specific IgE bound to
the high-affinity receptor for IgE, FceRI, on the mast cell
membrane, which results in the degranulation of the mast
cell and the release of mediators that further aggravate the
ongoing allergic process (reviewed in Ref. 1). Cytokines are
pivotal in establishing the characteristic inflammatory pro-
cesses occurring in asthma, and a number of cells, including
T cells, mast cells, and eosinophils contribute with different
quantities and kinetics of production to the cytokine pool.
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tor; PLC, phospholipase C; PKC, protein kinase C; MAP kinase, mitogen-
activated protein kinase; SCF, stem cell factor; IL, interleukin; PTK,
protein tyrosine kinase; RBL-cells, rat basophilic leukemia cell line;
ITAM, immunoreceptor tyrosine-based activation motif; ITIM, immuno-
receptor tyrosine-based inhibition motif; PIP,, phosphatidylinositol-4,5-
bisphosphate; IPs, inositol-1,4,5-trisphosphate; DAG, diacylglycerol; NF-
AT, Nuclear Factor of Activated T cells; Btk, Bruton’s tyrosine kinase; PH
domain, pleckstrin homology domain; FAK, focal adhesion kinase; FAP,
FAK associated protein; PAF, platelet-activating factor; Pyk2, proline-rich
tyrosine kinase 2; Erk, extracellular signal regulated kinase; Jnk, c-jun NH,
terminal kinase; PLA,, phospholipase A,; TNF, tumor necrosis factor;
CAP, ceramide-activated protein; and RHD, Rel-homology domain.

The observation that mast cells produce a panel of multi-
functional cytokines upon activation, together with their
strategic location and elevated numbers in asthma [2],
support the hypothesis that they are implicated not only in
the genesis of acute bronchoconstriction, but also in the
late-phase and chronic components of bronchial inflamma-
tion and airway hyperresponsiveness.

Mast cells arise from CD34" pluripotent bone marrow
precursors in vivo and circulate through the blood as
undifferentiated CD34™, FceRI™, and c-kit™ cells. Migra-
tion into tissue is followed by their differentiation, under
the influence of SCF and other locally produced cytokines,
and accompanied by the acquisition of FceRI expression. In
vitro, FceRI expression on differentiating mast cell precur-
sors is inducible in the presence of SCF, IL-3, IL-4, and IL-6
[3, 4]. On human FceRI-positive mast cells, IgE or IL-4
exposure can induce a further increase of functional recep-
tor expression through increased FceRla de novo synthesis
[5]. This amplification mechanism is likely to contribute to
the perpetuation of allergic inflammation, where IgE and
IL-4 levels are abundant, a notion supported by recent
findings on human tissue mast cells [6, 7].

FceRI EXPRESSION

FceRI belongs to the family of multi-subunit immune
response receptors that do not have intrinsic kinase activ-
ity, but associate reversibly with PTK [8, 9]. In its “classical”



1842
F;;eai cross-linked by IgE-bound allergen
/””:::;
f*}d"’: 7 membrane
%;’% é -
Ly X
Syk microfilaments Syk

FIG. 1. The initial FceRI signal. FceRI cross-linking by IgE-
bound antigen induces the recruitment of lyn, starting the
signaling cascade and involving receptor trans-phosphorylation,
the phosphorylation of the B- and y-subunits, and the activation
of syk.

form, FceRI is expressed on the mast cell as a heterotet-
ramer comprising a-, B-, and two y-chains (Fig. 1). The
binding site for IgE lies within the a-chain, which therefore
confers ligand recognition and constitutes the major extra-
cellular component of FceRI. The a-chain carries seven
N-linked glycosylation sites, which are essential for the
proper folding of the a-subunit in the endoplasmic reticu-
lum [10]. FceRI surface expression is achieved after intra-
cellular receptor assembly through y-chain-mediated mask-
ing of a retention signal on the a-chain [11].

The B- and +y-subunits are responsible for the down-
stream propagation of the signal, through the phosphoryla-
tion of their ITAMs [12, 13]. The y-dimer is essential for
receptor surface expression and signal transduction, but is
not a unique feature of FceRlI, since it is also a subunit of
other Fc receptor complexes [14-16]. The FceRI B-chain
has been ascribed an amplifying role within the signaling
pathway [17] and, in the human system, is not required for
FceRI expression. This characteristic allows for the FceRI
heterogeneity on human cells; i.e. the expression of the
complete (“classical”) aBy, complex on mast cells and
basophils and a7y, on monocytes and dendritic cells [18].

FceRI Signal Transduction

In the following we attempt to give a concise summary of
the signaling pathways activated through FceRI cross-
linking and their possible interactions. We will discuss the
pathways separately (Figs. 1-4) and then bring them
together in a summary (Fig. 5). This review is based
essentially on findings in the rat basophilic leukemia (RBL)
cell line, which is the predominant model system for studies
on FceRI signal transduction. It remains to be shown how
well the signaling cascade elicited by FceRI cross-linking on
human mast cells matches the RBL model, particularly
since results on cultured human mast cells indicate differ-
ences [19].

The Initial FceRI Signal

FceRI cross-linking is mediated through the interaction of
multivalent antigen (allergen) with receptor-bound anti-
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gen-specific IgE, which leads to the recruitment of non-
receptor tyrosine kinases (lyn, syk) to the receptor complex
(Fig. 1). A number of models have been put forward to
provide the theoretical background for the kinetics of this
initial phosphorylation, which bears some unexpected find-
ings. This concerns, in particular, the observations that (i)
FceRI phosphorylation reaches a plateau level well before
the maximum aggregation of receptors, (ii) receptor aggre-
gates formed late in the reaction do not signal as efficiently
as those formed earlier on [8, 20], and (iii) there is a
functional difference between stable and readily dissociable
FceRI cross-links [21]. The mechanisms proposed illustrate
the complex interaction of FceRI with its cellular environ-
ment and have been extrapolated from experimental evi-
dence on RBL cells using ligands of well-defined structure
and valency. First, the total receptor phosphorylation
should be viewed as a dynamic balance between constant
phosphorylation and dephosphorylation, modulated by
phosphatases [22]; second, the receptor associates with
detergent-resistant membrane domains and thus is influ-
enced by membrane lipids and the cytoskeleton [21, 23, 24];
and third, the initiation kinase lyn has a dominant role on
the FceRI signal [25].

Generally, the more we learn about FceRI signaling, the
more complex the mechanism appears. The principle of the
initial FceRI signal is well characterized. It is mediated by
the aggregation of receptors and the kinase lyn, resulting in
the phosphorylation of the FceRI B-chain ITAM, the
FceRI y-chain ITAMs, and the recruitment of syk kinase to
the y-chain ITAMs (reviewed in Refs. 9, 26, and 27). The
association of syk with the y-chain causes activation and a
conformational change [28], and, based on experimental
evidence, this is the last step common to all FceRI
downstream signals. The requirement of syk for FceRI
protein tyrosine phosphorylation and degranulation has
been demonstrated through combinatorial expression of
FceRI, lyn, and syk in fibroblasts [29] and syk reconstitution
in a syk-negative RBL cell variant [30]. Cbl, the product of
the c-cbl proto-oncogene, activated via FceRI, has been
characterised as a negative regulator of syk phosphorylation
[31].

Lyn is constitutively associated with FceRI, albeit weakly
and at low levels, and is a limiting factor in the elicitation
of the downstream signal. Upon receptor aggregation, lyn
redistributes from the low-affinity binding sites on non-
phosphorylated receptors to the high-affinity ITAM bind-
ing sites on the phosphorylated receptor units, shuttles
between receptor-aggregates, and amplifies the signal
through trans-phosphorylation [8, 20].

Nevertheless, according to a recent report, one of the
FceRI-induced signaling cascades, the activation of the
phosphatases SHP-1, SHP-2, and SHIP (see Ras pathway
Fig. 3), appears to be independent of syk activation [32, 33].
They associate with the phosphorylated FceRI B-ITAM
and contribute to the dynamic balance of FceRI phosphor-
ylation by dephosphorylating the B- and y-ITAMs (SHP-1
and SHP-2) and inositol polyphosphate (SHIP) and estab-
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FIG. 2. The PLC-inositol phosphate cascade following lyn and
syk activation and the hydrolysis of inositol phosphate. The
crucial steps of this cascade are the activation of PKCP and the
mobilisation of intracellular calcium, both of which conse-
quently activate their downstream effectors. Abbreviations:
PKC, protein kinase C; PLC, phospholipase C; PIP,, phospha-
tidylinositol-4,5-bisphosphate;  IP;, inositol-1,4,5-trisphos-
phate; DAG, diacylglycerol; Btk, Bruton’s tyrosine kinase;
FAK, focal adhesion kinase; FIP, fos-interacting protein; NF-
AT, Nuclear Factor of Activated T cells; and Ca®™, intracellu-
lar calcium concentration.

lish the link to the ras pathway through their association
with Grb2.

The Activation of Kinase Cascades

The FceRI-mediated signal resembles a “snowball” effect,
where increasing numbers of signaling molecules are acti-
vated during the downstream propagation of the signal.
Although the cascades will be described one by one in the
following (Figs. 2-4), it is important to note that they share
a number of signaling components and thus form a closely
interacting network, summarized in Fig. 5.

THE PLC—INOSITOL PHOSPHATE CASCADE. The first de-
scribed and, therefore, best characterised signaling cascade
involves syk-mediated phosphorylation of PLCy (Fig. 2)
(reviewed in Refs. 26 and 27). PLCy, in turn, catalyzes the
hydrolysis of PIP, to IP; and DAG. Inositol trisphosphate
mediates the initial release of calcium from intracellular
stores, followed by the influx of extracellular calcium,
which binds to its receptor calmodulin, while DAG acti-
vates PKC. Both events are essential for mast cell degran-
ulation and membrane ruffling [26, 34]. The calcium flux
activates the calcium/calmodulin-dependent serine-threo-
nine phosphatase calcineurin [35], which binds to the
NF-AT family of transcription factors and causes their
translocation to the nucleus (reviewed in Ref. 36; see
Secretion and De Nowvo Synthesis). The PKC family of
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serine/threonine protein kinases consists of at least 12
isoforms; not all of them are expressed in mast cells, and it
appears that they play different roles in receptor-mediated
signaling and secretion [37]. PKC-3, a calcium-independent
isozyme, directly associates with the FceRI vy-chain and
promotes the hydrolysis of inositol phosphate [38], whereas
the calcium-dependent isozyme PKC-B provides a link to
the nuclear proteins c-Fos and c-Jun [39, 40] via fos-
interacting protein [39] (see Ras Pathway). PKC regulates a
number of downstream proteins; amongst them are the
Tec-family kinases Btk and Emt. These kinases are acti-
vated enzymatically upon FceRI cross-linking and regulated
by PKC, to which they are associated via PH domains [41].
So far, reports on whether they are positively [42] or
negatively [41] regulated by PKC are conflicting. Although
their role in FceRI-mediated signaling is not yet clearly
established, two recent reports indicate that they are
crucially important [43, 44]. PKC also promotes actin
polymerization [45] and the activation of myosin [20],
probably via FAK, (pp12574K); the latter in addition
requires increased calcium levels for activation. FAK is also
responsible for the phosphorylation of FAP, which may
play a role in cell secretion [26]; paxillin, which forms a link
between receptor-mediated signals and the cytoskeleton
[26, 46]; and proline-rich tyrosine kinase 2 (Pyk2, RAFTK),
a member of the FAK family, which phosphorylates potas-
sium channels and acts as an upstream regulator of c-jun
[47, 48]. The FceRI-promoted actin polymerization and
rearrangement of actin filaments are regulated by Rho
GTPases, a family of ras-related small GTPases, in partic-
ular Racl and CDC42 (reviewed in Ref. 49). CDC42
controls cell adhesion and actin plaque assembly; Racl
binds to tubulin [50], requires phosphatidylinositol-3-ki-
nase for activation, and regulates the formation of mem-
brane ruffles. GDP/GTP exchange on Racl also can be
mediated by Vav [51] and is followed downstream by the
activation of the transcription factor NF-AT [52].

THE RAS PATHWAY. As illustrated in Fig. 3, a number of
signaling elements interact with the G-protein complex.
Three negative regulators of FceRI utilize this pathway: the
above-mentioned syk-independent tyrosine phosphatases
SHP-1 and SHP-2 [32] and the inositol-5-phosphatase
SHIP [33, 53, 54]. SHP-2 reportedly associates with the
adhesion molecule CD31 (PECAM-1) [55], which is ty-
rosine phosphorylated upon FceRI cross-linking and is
required for the transendothelial migration of leukocytes
[56]. SHIP, on the other hand, has been identified as a
“gatekeeper” for mast cell degranulation in SHIP knockout
mice, where even monomeric IgE induced mast cell degran-
ulation [57].

A molecule that requires prior activation of syk is the
hematopoietic-specific guanine nucleotide exchange factor
Vav, which controls actin polymerization via Rho GTPases
[54, 58]. Vav forms a multimeric signaling complex with
She, Grb2, and Sos [59, 60] and SLP-76 [58, 61]. This

interaction mediates the downstream activation of MAP-
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FIG. 3. The Ras pathway. A number of signaling elements can
mediate the activation of Ras and Raf, which activate MAP
kinase further downstream, and result, ultimately, in the release
of arachidonic acid and its metabolites. Abbreviations: MEK1,
MAP kinase kinase; MAP kinase, mitogen-activated protein
kinase.

kinase via Ras and Raf, in the presence of GDP/GTP
exchange [27, 59, 62]. Both Ras [63] and Raf [64] translo-
cate to the cellular membrane upon activation, and for Ras
the association with the membrane involves isoprenylation,
proteolysis, and methylation (reviewed in Refs. 63 and 65).
The above-mentioned Pyk2 [47, 48] can interact with Grb2
and thus establish a link between the G-protein- and the
PLC/inositol phosphate pathways.

Erk, Jnk, and p38 MAP kinases are downstream compo-
nents of this cascade [66] leading to nuclear import of a
range of transcription factors including NFxkB, NF-AT,
ATEF2, Elk-1 Jun, and SRF, and to activation of nuclear
proteins, e.g. c-Fos and c-Jun [62]. It is proof of the close
interaction between the FceRI signaling pathways that Erk
and Jnk activation occurs even in the presence of lova-
statin, an inhibitor of isoprenoid metabolism, which pre-
vents signaling via Ras [65, 67].

In addition, MAP-kinase activation regulates PLA, [68],
which promotes the release of platelet-activating factor and
the liberation of arachidonic acid, leukotrienes, and pros-

taglandins [69, 70].

THE SPHINGOSINE CASCADE. The connection of FceRI to
the ceramide/sphingosine pathway has been recognized
only recently, and therefore the consequences are as yet
poorly understood (Fig. 4) [71]. Earlier, this cascade was
associated with growth factor signaling and cellular differ-
entiation (reviewed in Refs. 72 and 73). It is initiated
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through the hydrolysis of sphingomyelin to ceramide plus
fatty acid and sphingosine by sphingomyelinase. Sphin-
gosine inhibits PKC [72] and PLCy1 [74], and its second
messenger sphingosine-1-phosphate mediates calcium re-
lease through its action on DAG [71, 75]. TNF and IL-1
utilize the sphingosine pathway, inducing increased cer-
amide levels, which activate CAP-phosphatase and the
serine/threonine CAP-kinase. The latter interacts with Raf
and thus forms a link to the MAP-kinase pathway and to
NFkB activation [76].

Other Molecules Associated with FceRI Signaling

The tyrosine phosphatases CD45 [77], HePTP [78], and the
newly characterized MpIIPTP [79] have been implicated in
FceRI signaling, and so have the surface receptors CD81
[80] and CD28 [81] on murine mast cells. Further, the
above-mentioned surface adhesion protein CD31 (PE-
CAM-1) [56] is phosphorylated upon FceRI aggregation,
and can associate with SHP-2 [55].

The family of ITIM-bearing receptors are generally
regarded as negative regulators of receptor-signaling via
ITAM-motifs [82], and recently the inhibition of FceRI
signaling by co-cross-linking with FcyRIIb has been dem-
onstrated on RBL cells [83].

Another group of regulatory structures is the membrane
sphingo- and glycolipids. They have been attributed a role
in cellular signaling in general [84] and in FceRI signal
transduction in particular. A number of studies demon-
strate that an antibody against the ganglioside GD;;, on
RBL cells (AA4) can act as a negative regulator of FceRI
activation [85]. The same ganglioside also has been iden-
tified as part of the detergent-resistant caveolae-like struc-
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FIG. 4. The sphingosine cascade. Sphingomyelinase catalyses
the metabolism of sphingomyelin into ceramide and sphingosine;
the latter inhibits PKC, and further downstream sphingosine-1-
phosphate mediates increased calcium flux. Ceramide, in addi-
tion, activates MAP kinase via intermediate steps. Abbrevia-
tions: CAP phosphatase, ceramide-activated protein phospha-
tase; CAP kinase, ceramide-activated protein kinase; PLA,,
phospholipase A,; and S-1-P, sphingosine-1-phosphate.
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tures, which contain the tyrosine kinase lyn [23] and thus
may play a role in the recruitment of this kinase to the
FceRI complex. Another glycolipid with regulatory influ-
ence on FceRlI signaling is the C-type lectin MAFA (mast
cell function-associated antigen), which upon clustering
inhibits the FceRI-induced RBL cell secretion [86]. Thus
far, the human homologues for GD,;, or MAFA have not
been identified.

Nitric oxide, released by activated accessory cells, di-
rectly inhibits the IgE-mediated secretory function of mast
cells [87] and, thus, could control local mast cell activation.

Mast cell adhesion to fibronectin, on the other hand,
augments the FceRI-mediated signal [88], possibly through
the activation of PKC via integrin receptors [89] and/or the
involvement of FcyR in mediating the adhesion step [90].
Similarly, IgE-induced mediator release from mast cells is
enhanced in the presence of IL-4, which also supports the
development of human mast cells [91] and the expression of
the cytokines IL-3, IL-4, IL-8, and GM-CSF [92].

Secretion and De Novo Synthesis

Gene regulation at the transcriptional level is mediated
largely by the interaction of transcription factors with
specific promoter elements. It is interesting to note that the
various signaling cascades with their numerous activated
components terminate in the activation of relatively few
transcription factors. In their activated state, transcription
factors translocate to the nucleus and interact with specific
binding sites on the gene promoters, an event that pro-
motes transcription followed by translation and the synthe-
sis of precursor proteins. Furthermore, transcription factors
do not act as single units but in groups, with the final
outcome depending on the pattern of factors activated.

NFkB and Rel proteins constitute a family of transcrip-
tion factors involved in the regulation of several cytokines
(IL-1, IL-6, TNFa) and adhesion molecules. Rel proteins,
which carry the RHD, form the NFkB dimer. RHD is
responsible for DNA binding, dimerization, and interaction
with IkB family members. Due to its homology in the RHD,
NF-AT is sometimes referred to as a member of the Rel
family. NF-AT was described initially as critical for IL-2
production in T cells, and later in transcriptional activation
of IL-4, GM-CSF, and TNFa (reviewed in Refs. 36 and 93).
NFkB, in its inactive cytoplasmic form, is bound to IkB.
Upon cell activation, the complex dissociates and activated
NFkB translocates to the nucleus to interact with DNA
(reviewed in Ref. 94).

The first transcription factors reported to be activated in
FceRI stimulated murine mast cells were an AP3-like
transcription factor regulating the chemokine gene MARC
and a purported NF-AT family member. Both of these
factors have been shown subsequently to be members of the
NF-AT family regulating IL-5. They are dependent on Ras,
but independent of AP-1 as a cofactor [95, 96]. The binding
sequence of AP3 (TGTGGA/TA/TA/T) has been shown
to be similar to that of the common binding sequences of
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NFkB, and NF-AT. It comprises a cytoplasmic component
encoded by an extensive gene family including NF-ATp,
NF-ATc, NF-AT-3, and NF-AT-4/x, the last being com-
posed of AP-1 family members (Fos/Jun), which translocate
to the nuclei of stimulated cells and complex with an
inducible nuclear component.

The activation of PKC family members, particularly
PKCP and PKCe, leads to the modulation of gene expres-
sion through interaction with the transcription factor AP-1
(Figs. 2 and 5). The PKC family, therefore, not only is
involved in early signal transduction (see the PLC~inositol
phosphate cascade), but plays a dual role, participating also
in late FceRI signaling events. PKCa and PKCe are
negative regulators of PLCy1 activation [97], and PKCB
and PKCS isozymes are linked to secretion [98]. The two
major components of the AP-1 complex are the proto-
oncogene products c-Jun and c-Fos, which form a stable
heterodimer and regulate transcription through the AP-1
binding site [99].

The MAP kinase family mediates diverse effects via the
activation of the transcription factors Elk-1, an immediate
early gene regulator, and NF-AT (Figs. 3 and 5). Transcrip-
tional activation of Elk-1 is dependent on its COOH-
terminal phosphorylation by members of the MAP kinase
family, Erk-1/2, the jun kinase JNK, or the p38 kinase.
Despite the potential for Elk-1 to be targeted by multiple
MAP kinases, the regulation of Elk-1 requires the activity
of the Erk activating kinase MEK.

Ras function is required for FceRI induction of NF-AT,
but alone is not sufficient. The cascade apparently involves
the GTPase Rac-1, rather than Raf-1 and MEK [51]. The
GTPases Ras, Rac-1, and CDC42, as well as the calcium/
calcineurin-signaling pathway, play a crucial role in mast
cell activation and cytokine production via NF-AT [51,
100, 101].

MAP kinase, as mentioned above, mediates the activa-
tion of PLA,, located in the cytosol and in mast cell
secretory granules [70]. Phospholipid hydrolysis by PLA,
yields lyso-PAF, which upon acylation produces PAF and
lysophospholipid, a potent membrane detergent capable of
causing cell lysis, and in addition causes the release of
arachidonic acid [69, 70], which is metabolised by cy-
clooxygenases and lipoxygenases into eicosanoids. In mast
cells, the primary cyclooxygenase product is prostaglandin
D, and the primary lipoxygenase product is leukotriene C,
[102].

Finally, the activation of the signaling cascades described
results in cytokine production, mast cell degranulation, and
the release of pre-formed and newly synthesised inflamma-
tory mediators. The mechanisms operative in these final
steps remain to be characterised. They clearly are preceded
by the activation of the above-described signaling cascades
and include a transient rise of free calcium and cyclic AMP
in the cytosol, which enable microtubular assembly and the
fusion of secretory granules with the plasma membrane.
Phosphatidyl transfer proteins, in addition to their involve-
ment in the described signals (PIP,, IP5, DAG), appear to
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be involved in vesicular trafficking and cytoskeletal organi-
sation, in particular 3-inositol lipids generated by phospho-
inositide-3 kinases [103]. It is, however, clear that stimuli
causing degranulation are not necessarily equipotent in
releasing cytokines into the extracellular milieu: prosta-
glandins and lipopolysaccharide can induce IL-6 release in
the absence of histamine liberation from rat peritoneal mast
cells [104], and similarly, IFNa/B/vy inhibit TNFa secretion
with no influence on histamine [105]. TNFa was shown to
be generated de novo upon cell stimulation rather than
being produced constitutively or stored in secretory gran-
ules [106].

SCF promotes development, survival, degranulation, and
histamine release from both pulmonary and bone marrow-
derived mast cells [107, 108] and, similar to FceRI activa-
tion, induces increased mRNA for the AP-1 factors c-Fos,
c-Jun, and Jun-B in mouse bone marrow-derived mast cells
[109]. In particular, airway-derived mast cells proliferate in
response to the single stimulus of SCF, IL-3, IL-4, or IL-10
[110]. SCF also promotes the generation of the CC-
chemokine MCP-1 in human lung mast cells, an effect also
seen with anti-IgE, and could, therefore, enable the mast
cell to attract MCP-1-responsive cells to sites of inflamma-
tion [111]. Purified human lung mast cells constitutively
express mRNA for IL-5, IL-6, IL-8, and TNFa, and stim-
ulation with anti-IgE induces IL-4, GM-CSF, and increased
levels of IL-5 and TNFa [1, 112, 113]. In asthmatic

patients, the bronchial mast cells have been documented to

be a source of IL-4, IL-5, IL-6, and TNFa [114].

CONCLUSION

Finally, the signaling pathways discussed above are brought
together in Fig. 5, providing a summary of ways in which
the cascades may interact. However, since the parts of this
mosaic are pieced together from results obtained with
various experimental models, the relative contributions and
importance of the individual components in human mast
cells remain to be determined.
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