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ABSTRACT:  Mast cells and basophils are multifunctional immune cells and have
been implicated in the pathogenesis of asthma and other pulmonary diseases.
Although they are derived from distinct lineages, they share a number of important
features which justifies discussing them collectively.

This review covers the cellular characteristics and biological properties of both
cell types, including origin, maturation and differentiation, morphological and
phenotypical properties, as well as their capacity to secrete preformed and newly
generated mediators of inflammation.  In addition, the mechanisms of cell activation
and priming of mast cells and basophils will be outlined, as well as the putative
mechanisms through which both cell types communicate with other inflammatory
cells.

The final section of the review focuses on the possible pathogenetic role of mast
cells and basophils in several pulmonary diseases, such as parasitic infections, allergic
diseases, pulmonary fibrosis and malignant disorders.
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Mast cells and basophils express high affinity immuno-
globulin E (IgE) receptors (FcεRI) on their cell surface
and their numerous granules contain substantial amounts
of histamine [1, 2].  The release of histamine, and other
inflammatory mediators, from these cells is a critical
early step in the complex series of cellular and molecular
events which make up the allergic response [3–6].  The
basophil has often been described as a circulating mast
cell, but, in reality, although both cells are intimately
associated with the pathogenesis of asthma they are
derived from distinct lineages [7], and fulfil a range of
different functions.  Mast cells constitute a uniquely
heterogeneous family of cells with marked differences
between mast cells from different tissues and species.
These differences mean that it is often impossible to
extrapolate from a model system to the human, and serious
gaps remain in our understanding of the molecular
organization of human mast cells and basophils.  Throughout
this review, we have tried to emphasize the role of human
lung mast cells and basophils, and have only drawn on
examples from rodent mast cells or tumour cell lines
when no studies have been carried out on the correspon-
ding human cells.  Though mast cells are uniquely asso-
ciated with the initiation of the allergic response, there
is accumulating evidence to implicate these cells in a
broader range of pathophyisological conditions.

Origin and differentiation

The most detailed studies of mast cell origin and
differentiation have come from the rodent [8–10].  Here

there are clear differences between mucosal and connec-
tive tissue mast cells and there are comparatively few
circulating basophils.  In addition, two distinct mast cell
deficient strains of mouse have been identified, and have
made an invaluable contribution to elucidating the key
role of stem cell factor (SCF) in mast cell differentiation
[11–15].  In the human, the situation is less clear.  The
distinctions between mast cells from different tissues are
much less clear cut [16, 17], and whilst basophils consti-
tute less than 1% of all circulating leucocytes [18], they
undoubtedly contribute to different allergic conditions
[19–21].

Initial studies in the murine system demonstrated that
progenitors from the bone marrow could be induced to
differentiate to mast cells by the addition of superna-
tants from stimulated T-cells [22].  Further investigations
have shown that the majority of this activity can be
ascribed to the synergistic actions of interleukins 3, 4, 9
and 10 (IL-3, IL-4, IL-9 and IL-10) [23–26].  IL-3 is the
only one of these to induce mast cell growth and
differentiation in the absence of the other cytokines.  IL-
4, IL-9 and IL-10 will all synergize with IL-3 [27].

Despite the evidence that IL-3 is a potent mast cell
growth factor in the murine system, mature human lung
mast cells do not express IL-3 receptors [28], and there
is no evidence to suggest that IL-3 has any effect on
mature human mast cells [29].  SCF appears to be the
predominant determinant of the earliest stages of human
mast cell differentiation [30, 31], and mature mast cells
retain the receptor for SCF [32].   In vivo, SCF is probably
derived from the fibroblasts, and fibroblasts are widely
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used as feeder layers to maintain mature mast cells in
culture [33], or to study differentiation of mast cells [34].
Co-culture of cord blood cells with 3T3 fibroblasts leads
to the development of mast cells expressing both tryp-
tase and chymase and resembling skin mast cells [35,
36], whilst suspension culture with SCF produces mast
cells which express only tryptase and resemble immature
lung mast cells [36, 37].  This suggests that either
fibroblasts secrete additional cytokines, or that the manner
in which the SCF is presented is critical in regulating
expression of the chymase gene.  The presence of additional
cytokines or environmental factors appears to be critical
for regulating the final stages of mast cell differentia-
tion, as mast cells maintained in suspension with SCF
fail to become fully mature mast cells [37].  Morphologi-
cally, these cells have an immature nucleus, lipid bodies
and, though they have substantial numbers of granules,
they lack the regular patterns associated with mature mast
cells, although they express high affinity IgE receptors
and their granules contain histamine [37–39].  Cultured
mast cells sensitized with IgE will undergo degranulation
and synthesize prostaglandins and leukotrienes following
crosslinking of the IgE, suggesting that many of the signal
transduction mechanisms are in place and the cells are
fully functional.

Intriguingly, whilst IL-4 acts as a co-factor for IL-3
in inducing mast cell growth and differentiation in the
murine system, the available evidence suggests that IL-
4 antagonizes the effects of stem cell factor in human
mast cell progenitor cells [38, 40].

The exact pathway for basophil differentiation is not
fully understood.  However, there is strong evidence to
implicate IL-3 in the growth and maturation of basophils.
Addition of IL-3 to cultures of cord blood, foetal liver
and bone marrow-derived cells increases the number both
of basophils and eosinophils [41–44].  There is some
evidence that granulocyte macrophage colony-stimulating
factor (GM-CSF) and interleukin-5 (IL-5) can substitute

for IL-3, although these effects are probably transduced
via the IL-3 receptor [45, 46].  There is also evidence
that leucocyte interferon may inhibit IL-3-dependent
differentiation of basophils from bone marrow precursor
cells [47].

Differentiation of mast cells and basophils is intimately
linked to the expression of FcεRI and development of
histamine containing granules, which together distin-
guish these cells from other haemopoetic cells.  The
synthesis of the FcεRI α-chain appears to be one of the
earliest events involved preceding the formation of
metachromatic granules [48, 49].  Evidence from the
murine system suggests that IL-9 may have a role in
promoting the expression of the FcεRI α-chain [27],
though it is not clear if it has a similar role in the human
system.

Morphology

Human mast cells are variable in shape with a round
nucleus.  The cell membrane has multiple folds and
projections (fig. 1).  The cytoplasm contains numerous
granules, mitochondria and rough endoplasmic reticu-
lum.  There are few ribosomes evident, and the Golgi
zone is not prominent [50–54].  Human lung mast cell
granules show heterogeneous patterns of lattices, scrolls
and whirls.  These substructural patterns may occur within
one cell, and frequently a single granule contains evi-
dence of more than one type of pattern [53, 54].  These
patterns are thought to result from the packing of the
proteoglycans and proteolytic enzymes, and there is
evidence that granules rich in swirls are associated with
the presence of tryptase [55].  In addition to numerous
granules, lung mast cells frequently contain variable
numbers of electron-dense lipid bodies [56].  Activation
of the mast cells results in swelling of granules, their
fusion to form tortuous degranulation channels, which

Fig. 1.  –  Comparison of the morphological features of mature human basophils and human mast cells.
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eventually fuse with the plasma membrane to allow the
granule contents to diffuse away [56].

The peripheral blood basophil is typically a round cell
with a few short blunt projections, but no evidence of
the long surface projections of the lung mast cell [54,
57].  The nucleus shows marked chromatin condensation,
is lobular, and more than one lobe may be seen in some
sections (fig. 1).  The cytoplasm has numerous granules,
with visible mitochondria and few ribosomes.  In compari-
son to mast cells, basophils contain fewer and larger
granules which are electron-dense, and lack many of the
distinct patterns associated with the mast cell [54, 58].
Crosslinking of cell surface IgE typically leads to move-
ment of the granules to the cell surface and their fusion
with the cell membrane.  Unlike the lung mast cell, their
is little evidence for the fusion of granules or the forma-
tion of degranulation channels [54, 57–59].

Membrane receptors and surface markers

Both mast cells and basophils express a wide range of
surface antigens and receptors (fig. 2).  These can be
divided into those found on resting cells and those which
are expressed only on activated cells.  For convenience,
the receptors on resting and activated cells will be
considered separately.  It is also worth noting that most
of the studies which have examined cell surface recep-
tors on mast cells and basophils have utilized fluorescent
cell-sorting, and it is possible that this technique may
fail to detect small numbers (<1,000) of receptors on the
cell surface.  Negative results may also result from
"hidden" antigens or the expression of alternative epitopes.

Resting cells - common receptors

High affinity IgE receptor.  Both mast cells and basophils
express high affinity IgE receptors (FcεRI) in varying

numbers, depending, in part, on the allergic status of the
donor.  The FcεRI has been cloned and sequenced, and
consists of a tetrameric complex of α-, β- and two γ-
chains [60–62].  The α-chain has a long extracellular
domain, which contains two immunoglobulin-like loops.
The evidence suggests that the second of these loops
binds a region of the Cε3 on the IgE molecule, and that
the IgE molecule takes up a convex shape on the cell
surface [63].  The α-chain has only a short cytoplasmic
tail, and the association with the βγ2 complex appears to
be required for expression of the α-chain [61].  The βγ2

complex is also thought to have an important role in
signal transduction, and both β- and γ-chains contain
tyrosine and serine or threonine residues, which are
rapidly phosphorylated following IgE crosslinking [64].
The β-chain has four transmembrane spanning regions
and shares some homology with CD20, a known ion
channel [65].  Intriguingly, whilst the sequences of the
α- and γ-chains show substantial interspecies homology,
there are marked differences between the β-chains of
human and rodent.  The two γ-chains, with their long
cytoplasmic domains, closely resemble the ζ-chains of
the T-cell receptor in size and molecular architecture
[62, 66].  This homology allows substitution of one dimer
for the other in receptor expression.  The expression of
the FcεRI was once thought to be a unique characteristic
of mast cells and basophils; however, in the past 2 yrs
this receptor has been identified on the Langerhans' cell
[67].  More recently, it has been shown that the FcεRI
is expressed on eosinophils of certain hypereosinophilic
donors [68], though it is not clear if this extends to the
eosinophils of normal or asthmatic patients.

CD40 and CD40 ligand.  Recent studies suggest that
mast cells and basophils both express a protein with
homology to members of the nerve growth factor and
tumour necrosis factor (NGF/TNF-α) receptor family.

J.A. WARNER, C. KROEGEL1328

Fig. 2.  –  Surface antigen expression on human mast cells and basophils.  SCF: stem cell factor; ICAM-1: intercellular adhesion molecule-1; LFA-
3: leucocyte function associated antigen-3; VLA-2 and VLA-4: very late activation antigens 2 and 4; H2-R: histamine receptor; IL-3-R: interleukin-3
receptor; PGD2-R: prostaglandin D2 receptor.
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This also acts as a receptor for CD40, and is known as
CD40 ligand [69].  CD40 is found on the surface of the
B-cells, and the interaction between CD40 and its ligand
combine with IL-4 to stimulate the B-cell to switch to
IgE synthesis.  This report suggests that the class switch
to IgE could occur in situ, in the antigen-challenged lung
rather than the peripheral lymph nodes, and supports the
hypothesis that the microenvironment within the tissues
is likely to be critical in regulating the progression to
chronic disease.  Basophils also express CD40, which is
a member of a diverse family of proteins, which include
receptors for nerve growth factor and tumour necrosis
factor [70, 71].

Integrins.  Quiescent basophils express low levels of the
β2-integrin complex, CD11/CD18, which is rapidly
upregulated following IgE crosslinking [72].  They also
express the β1-integrins, CD29/CD49 family, and very
late activation antigen-4/vascular cell adhesion molecule-
1 (VLA-4)/(VCAM-1) interaction contributes to baso-
phil migration through the endothelium [73].  Unstimulated
human lung mast cells express β1- and β3-integrins,
including very late activation antigen-2 (VLA-2), VLA-
4 and the vitronectin receptor, CD61 [74].  Lung mast
cells and basophils both express low levels of CD54
(intercellular adhesion molecule-1 (ICAM-1)) [75, 76].

Receptors for histamine.  Basophils and mast cells both
possess a receptor for histamine (H2).  As for prostaglandin
D2 [77, 78], this receptor is linked to the generation of
cyclic adenosine monophosphate (cAMP), and act in an
autocrine fashion to inhibit the release of histamine.

Resting cells - other receptors

Basophil receptors.  In addition to the high affinity IgE
receptor, human basophils express CDw32, the FcγRII
receptor for immunoglobulin G (IgG) [79].  Basophils,
in common with many other leucocytes, also possess
receptors for a range of different inflammatory stimuli,
including the complement peptides, C3a and C5a, and
bacterial products, such as f-methionyl-formyl-leucyl-
phenyalanine [80, 81].  The f-met peptide and the
complement peptides will both initiate histamine release
in basophils from a wide range of donors, though the
complement peptides are "incomplete" stimuli and fail
to initiate leukotriene release unless the basophils have
been primed [81, 82].  In contrast, IgG triggers degranu-
lation in only a small percentage of donors [83], and it
is not clear if the levels of IgG required could be attained
in vivo.  Basophils also possess a receptor for prostaglandin
D2 (PGD2) [77, 78], which is linked to the generation of
cAMP and may act in an autocrine negative feedback
fashion.

In common with other leucocytes, the basophil expresses
the common leucocyte antigen, CD45, and the other
markers CD17 and CD9 [75, 84, 85].  Basophils also
constitutively express the part of the interleukin-2 (IL-
2) receptor, CD25 [85], although there is no evidence so
far that the multi-chain IL-2 receptor is expressed, or
that IL-2 initiates a functional response.  Basophils have

IL-3 receptors, which appear to modulate the actions of
several other related cytokines, through the common β-
chain of the IL-3 receptor.  The basophil specific marker
recognized by the antibody Bsp-1 [86] is now known
to be found at low levels on several other leucocytes
(Bochner BS, personal communication).

Mast cell receptors.  In contrast to the basophil, lung
mast cell do not express receptors for f-met peptide or
the complement peptides.  Whilst skin mast cells are able
to release histamine in response to a range of polycatio-
nic stimuli [87, 88], possibly via direct interaction with
the G protein [89], lung mast cells fail to respond to any
of these agents.  Despite IL-3 being a potent growth
factor for murine mast cells, human lung mast cells do
not have receptors for IL-3 [29].  Lung mast cells do,
however, possess receptors for SCF, and this has been
shown to modulate the responses of mature mast cells
[90], in addition to regulating mast cell growth and
differentiation.

Lung mast cells express substantial numbers of CD45
receptors [75, 91].  This marker, originally known as
leucocyte common antigen, supports a haemopoetic origin
for mast cells.  It is now known to have tyrosine phospha-
tase activity [92, 93], and may have a critical role in
regulating cell responses [94].

Stimulated cells

Integrins.  Activation of basophils leads to a rapid increase
in the expression of CD11b/CD18, which together with
the VLA-4 complex (CD29/CD49d) regulates adhesion
to the endothelium and the recruitment of basophils into
the tissues [72, 73, 95].  In common with other inflamma-
tory leucocytes, activation of human basophils leads to
an apparent decrease in the expression of L-selectin.  The
co-ordinated expression of various adhesion molecules
is likely to be critical for the accumulation of basophils
in the tissues following antigen challenge.  Although
mast cell distribution is altered during chronic inflamma-
tion, this occurs over extended periods and may reflect
altered patterns of mast cell differentiation as well as
alterations in adhesion molecule expression.  Indeed,
activation of mast cells may well lead to a decrease in
the expression or the affinity of the adhesion molecules,
allowing the mast cell to migrate towards the area of
inflammation [95–97].

Other markers.  Activation of basophils leads to the
expression of the platelet granule protein, CD63, on their
cell surface in an all-or-nothing manner [98].  Human
lung mast cells have been reported to express increased
levels of CD54 following an overnight incubation with
IL-4 [99].

Cellular constituents and products

Preformed mediators

Histamine.  The granules both of mast cells and basophils
contain substantial amounts of histamine, which is one



of the distinguishing features of these cells (table 1).  In
the case of the basophil, there is approximately 1 pg of
histamine in each cell [100], whilst lung mast cells con-
tain 3–4 pg·cell-1 [101].  Histamine is synthesized from
histidine within the Golgi zone, and stored within the
granules as a complex with proteoglycans.  Mast cells
from other species have an uptake mechanism for amines
of a similar size, such as serotonin (5-HT), allowing them
to store the 5-HT in their granules, a process that does
not occur in human mast cells.  Histamine is a potent
inflammatory agent responsible for many of the symptoms
of the immediate allergic response, including broncho-
constriction, vasodilation, mucus secretion and oedema.
However, histamine is rapidly broken down in the body
and its duration of action is limited to minutes.

Proteolytic enzymes.  The proteolytic enzymes of the
mast cell (table 1) have not been as intensely studied as
histamine.  However, they have a range of possible
activities, which could be relevant to pulmonary disease.
Tryptase has the capacity to cleave a number of pro-
teins, which could contribute to the pathophysiology of
the inflammatory response, including complement pro-
teins and kinins [102, 103].  Recently, there has been
evidence that mast cell proteases can inactivate cytokines,
though chymase appears to be more potent than tryp-
tase (Walls AF, personal communication).  Tryptase has
been shown to be a potent mitogen for fibroblasts, which
may contribute to the tissue remodelling seen in chronic
inflammatory conditions, such as asthma [104].  Tryptase
may also activate leucocytes, increasing chemotaxis and
priming the cells to a subsequent stimulus (Walls AF,

personal communication).  However, human mast cell
tryptase is unable to trigger degranulation or priming in
human basophils [105].

Tryptase is stored in the granule as the active enzyme,
and does not require further processing to acquire full
proteolytic activity [106].  It is thought that the combination
of the low pH within the granule and the presence of
histamine regulate its activity [107].  Once released,
tryptase rapidly dissociates from the active, tetrameric
form of the enzyme to yield monomers and the heparin
core.  These monomers lack proteolytic activity but have
a relatively long half-life [108], and their detection in
plasma or bronchoalveolar lavage (BAL) provides a use-
ful measure of lung mast cell activation in vivo.

Proteoglycans.  Both histamine and proteolytic enzymes
are bound to proteoglycans within the granules.  These
give the granules their crystalline structure and lead to
the formation of areas of the granule with regular patterns
of scrolls, gratings and lattices.  The significance of these
structures is unclear, with granules containing one or
more type of arrangement.  In the murine system, there
are clear distinctions between the proteoglycans of mast
cells from the mucosa and connective tissue.  Mucosal
mast cells express predominantly chondroitin sulphate b,
whilst the connective tissue mast cells contain heparin
[109].  However, the evidence available suggests that
human lung mast cells contain a mixture of both heparin
and chondroitin sulphates [110].  In contrast to the mast
cell, human basophils contain little or no tryptase, and
the majority of the proteoglycans are chondroitin sul-
phates [111].
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Table 1.  –  Major currently known mast cell- and basophil-derived mediators

Mast cell Basophil

Lipids Platelet-activating factor (PAF) Platelet-activating factor (PAF)
Leukotriene C4 Leukotriene C4

Leukotriene B4

Prostaglandin D2

Prostaglandin E2

Thromboxane A2

Enzymes Hexoaminopeptidase
Arylsulphatase B
β-glucuronidase
β-galactosidase
Carboxypeptidase
Tryptase
Chymase
Kininogenase
Superoxide dismutase

Cytokines Interleukin-4? Interleukin-4
Interleukin-5*
Interleukin-6*
Tumour necrosis factor-α

Others Histamine Histamine
Proteoglycan (heparin) Proteoglycan (chondroitin

4 and 6 sulphates)

*: immunohistochemically.
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Cytokines.  The presence of stored cytokines within the
mast cell granules is still being explored, and there are
clear differences between the human mast cells and the
more extensively characterized murine system [112, 113].
There is evidence that the release of TNF-α from mouse
mast cells is derived from two distinct sources, both
preformed and newly synthesized, with distinct kinetics
of release [114].  There is immunohistochemical evi-
dence for TNF-α, IL-4, IL-5 and interleukin-6 (IL-6) in
the granules of human mast cells [115, 116], which
may be available for release following IgE cross-linking.
It has been reported that IL-4 can be detected in mast
cell supernatants [116], but this typically occurs in less
than 15% of the preparations and does not appear to be
related to the extent of histamine release.  Recent studies
with human lung mast cells suggest that they are unable
to induce the class switch to IgE in B-lymphocytes in
the absence of exogenous IL-4 [69], suggesting that,
unlike the basophil, they do not synthesize sufficient
quantities of IL-4 to regulate IgE production.

Newly synthesized mediators

Lipids.  Crosslinking of IgE on the human lung mast
cells leads to the synthesis of substantial amounts both
of PGD2 and leukotriene C4 (LTC4) [117, 120].  Both
these mediators are potent bronchoconstrictors with
half-lives of several minutes in plasma.  The breakdown
of LTC4 to leukotriene D4 (LTD4) and leukotriene E4

(LTE4) yields two further potent bronchoconstrictors,
and a combination of these three agents is thought to
account for the majority of the bronchoconstriction follow-
ing antigen challenge.  Lung mast cells produce smaller
amounts of LTB4, thromboxane B2 (TxB2) and prostaglan-
din E2 (PGE2) [119], all of which may contribute to the
inflammation which characterizes the late phase response.
IgE-dependent activation of human basophils leads to the
synthesis of substantial quantities of LTC4 but no
prostaglandin [118, 119].  The presence of histamine,
LTC4 but not PGD2 during a late phase response [19–21]
has been used as evidence that it is the basophil and not
the mast cell which is responsible for the recurrence of
symptoms.  Platelet-activating factor (PAF) is another
newly synthesized lipid mediator with the ability to
influence a range of different aspects of inflammation.
PAF and its 1-acyl analogue, 1-acyl-2-acetyl-sn-glycerol-
3-phosphocholine, are synthesized both by human lung
mast cells and basophils [121, 122).  PAF has been shown
to initiate basophil degranulation under certain condi-
tions [123], though there is evidence that its actions are
indirect and require the presence of neutrophils [124].
The release of PAF either from mast cells or basophils
amplifies the inflammatory response, leading to the
activation and recruitment of neutrophils and eosinophils.

Cytokines.  In most cell types, including T-cells, cell
activation leads to the de novo synthesis of cytokines,
which are rapidly released and not stored within the cell.
In the basophil, IL-4 is newly synthesized over a period
of hours following IgE crosslinking [125], and basophils
primed with IL-3 can release substantial amounts of IL-

4 [126], making these cells an important cellular source
of this cytokine (table 1).  All of the available evidence
suggests that the IL-4 is newly synthesized following
IgE receptor crosslinking and release takes place over
4–8 h.  Measurement of cytokine messenger ribonucleic
acid (mRNA) by in situ hybridization has shown that up
to 10% of the IL-5 positive cells in nasal biopsies are
mast cells [127].  Studies of cytokine production and
release by human lung mast cells are technically diffi-
cult because of the requirement for large numbers of
highly purified cells, and our current state of understanding
of these important mediators is still incomplete.  It seems
likely that the next 2–3 yrs will see an increase in the
number of cytokines produced by human mast cells and
our understanding of the mechanisms involved.

Heterogeneity

Mast cell heterogeneity

Mast cells from different species are heterogeneous,
and this extends to mast cells isolated from different
tissue locations within a single species.  The heterogene-
ity encompasses size, cell surface receptors, granularity,
granule contents, newly synthesized mediators, cytokine
profile, and may extend as far as basic cell biochemistry
[128].  Mast cells are often classified on the basis of
their proteases, containing either tryptase (MCT) or tryptase
and chymase (MCTC).  In the murine system, this classifi-
cation defines two distinct populations of cells from
mucosa and connective tissue.  However, in the human,
most tissues contain a mixture of the two cell types and
the differences between the mucosal and connective tissue
mast cells are much less well-defined.  Thus, in the
human, mast cells are likely to be influenced by the local
environment within the tissue, and alterations during
chronic disease may well influence the number and type
of mast cells.  Pulmonary mast cells are predomi-
nantly of the MCT phenotype, with approximately 15%
of the cells being MCTC [129].  Mast cells recovered in
BAL resemble the tissue mast cell, as they are mostly
MCT although they are smaller and much more responsive
to IgE than their counterparts in the lung [130], and may
contain a substantial number of basophils [131].

Unlike mast cells from skin, which respond to a range
of different secretagogues, there is no evidence that lung
mast cells from either dispersed tissue or BAL release
histamine when stimulated with neuropeptides, comple-
ment peptides or diverse polycationic stimuli, such as
compound 48/80, codeine and morphine [80, 81].  SCF
initiates degranulation in skin mast cells [132],  and
primes lung mast cells to a subsequent IgE-mediated
challenge [83], but fails to trigger histamine release in
dispersed lung mast cells [83, 132].

Differences between mast cells and basophils

Whilst basophils have historically been regarded as the
peripheral blood counterparts of the tissue mast cell, we



now know that they are derived from distinct lineages
and comprise unique cell types.  Basophils contain less
histamine, respond to a much wider range of stimuli,
express a distinct profile of cell surface markers (fig. 2),
and release a different profile of lipid mediators (table
2).  They appear to fulfil different roles in the pathogenesis
of the allergic response.  The tissue bound mast cells
provide the initial release of inflammatory mediators in
response to antigen.  The effects of these mediators are
then amplified by the influx of leucocytes, especially
eosinophils and basophils, during the late phase response,
which are responsible for many of the symptoms of
chronic inflammation.

Activation and priming 

Activation

A number of basophil and mast cell-activating media-
tors have been described (table 2).  For instance, the
crosslinking of IgE on the mast cell surface initiates a
complex series of biochemical events, which mediate
granule extrusion and the synthesis of lipid mediators.
The signal transduction mechanisms which lead from the
crosslinking of IgE on the cell surface to granule extru-
sion are not fully understood.  Studies using rodent mast
cells have shown that the IgE receptor is associated with
one or more tyrosine kinases [133], and an increase in
tyrosine phosphorylation is one of the earliest detectable
events, occurring within 5 s of IgE crosslinking [64, 134].
Both in human lung mast cells and basophils, the

evidence for the involvement of tyrosine kinases is based
on pharmacological evidence.  Some inhibitors of tyro-
sine kinases will selectively inhibit IgE-dependent hista-
mine release, though this is not always complete and
cannot be regarded as definitive [135].  Intriguingly, lung
mast cells and basophils show distinct inhibition pro-
files, supporting the hypothesis that the IgE receptor may
be linked to different tyrosine kinases in these two cells.

Evidence from the rodent mast cell systems suggest
that the activation of a receptor-linked tyrosine kinase
appears to modulate a wide range of other proteins,
including γ-subunits of the IgE receptor [64, 134],
phospholipase Cγ1 [136, 137], the vav proto-oncogene
product [138], and pp125FAK [139, 140], a tyrosine
kinase found in focal adhesions in fibroblasts and other
cells.  There is strong evidence to support a role for phos-
phorylation of phospholipase Cγ, which could in turn
generate Ins (P)3 and diacylglycerol (DAG), leading to
an increase in intracellular calcium ions ([Ca2+]i).

Activation of human lung mast cells leads to the
mobilization of [Ca2+]i and an influx of extracellular Ca2+,
and the magnitude of this [Ca2+]i signal correlates with
the extent of degranulation [141].  There is an increase
in [Ca2+]i in activated human basophils, which also
accurately predicts the release of histamine; however, the
increase in [Ca2+]i is typically much less than that seen
for an equivalent histamine release in the lung mast cell
[142].  This would suggest that a second, synergistic
signal contributes to exocytotic pathways in basophils.
Phorbol ester is able to trigger extensive degranula-
tion without mobilizing [Ca2+]i, suggesting that [Ca2+]i is
not an essential component of the exocytotic pathway in
these cells [142].  Careful analysis of the [Ca2+]i signals
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Table 2.  –  Major currently known mast cell- and basophil activation and priming
factors

Mast cell Basophil

Lipids Platelet-activating factor (PAF) Platelet-activating factor (PAF)
Leukotriene C4 Leukotriene C4

Leukotriene B4

Prostaglandin D2

Proteins Antigen Antigen
Anti-IgE Anti-IgE
Anti-IgG Anti-IgG

Complement protein 3a*
Complement protein 5

Major basic protein Major basic protein
Eosinophil peroxidase Eosinophil peroxidase

Pepstatin A
Protein A (S. aureus)

Cytokines SCF Interleukin-3
Interleukin-8*
SCF

Others Ionomycin Ionomycin
Phorbol esters
Formyl-methionine peptides

Hyperosmolarity Hyperosmolarity

*: partial agonist.  IgE: immunoglobulin E; IgE: immunoglobulin G; SCF: stem cell factor.
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in human mast cells and basophils has shown that, whilst
individual human basophils undergo periodic oscilla-
tions in cytosolic [Ca2+]i, there are no such fluctuations
in human mast cells [143], supporting the hypothesis that
the differences between these two cell types extend to
biochemical signals within the cell.

Although the IgE receptor has seven transmembrane
spanning regions, extensive investigations into guano-
sine triphosphate (GTP)-binding proteins failed to identify
a receptor associated GTP-binding protein.  Pertussis
toxin failed to modify IgE-induced degranulation in the
human basophil, despite completely ablating the respon-
se to the complement peptide, C5a and f-met peptide
[144].  Whilst similar studies in the human lung mast
cell lack the positive controls provided by C5a and f-
met peptide in the basophil, they provide no evidence
for a pertussis toxin sensitive GTP-binding protein in
human lung mast cells.  Studies in the rat mast cell
suggest that the final stages of exocytosis are regulated
by a GTP-binding protein, GE [145, 146].  However, this
protein has not been isolated either in human or rodent
mast cells and the exact role of this protein in the IgE
signal transduction cascade remains unclear.

Priming

The activation or priming of mast cells and basophils
by cytokines is thought to play an important role in the
pathophysiology of asthma.  There is evidence that mast
cells from areas of active inflammation [147], including
BAL mast cells isolated during the late phase response
in asthmatic patients [148], are primed and respond to
lower concentrations of anti-IgE.  This suggests that
factors within the inflammatory environment are able to
modulate the mast cell responses priming the cells.
Elucidating the mechanisms responsible for this mast cell
priming would clearly be of interest, and yet most stu-
dies of cytokine priming have focused on the ability of
cytokines to increase IgE-dependent histamine release,
rather than an increase in sensitivity to IgE crosslink-
ing.  Extensive surveys of the interactions between
cytokines and human mast cells have, with the exception
of SCF [83], failed to identify any cytokines which
modulate mast cell releasability.  SCF enhanced IgE-
dependent activation of human lung mast cells, without
initiating mediator release alone [83].  The concentrations
of SCF required to obtain maximal priming are between
1–10 ng·ml-1, values close to those identified in plasma
[132], suggesting that physiological concentrations of
SCF could well be relevant to mast cell releasability.

The human basophil presents a different picture, and
a number of cytokines which may be relevant to inflamma-
tion are able to prime these cells and increase the response
to a subsequent IgE-dependent stimulus [132, 149–153].
Probably, the most extensively investigated cytokine is
IL-3, and many of the other cytokines which modify
basophil responses do so via the β-chain of the IL-3
receptor [45, 46].  In addition to initiating degranula-
tion in a subset of donors, IL-3 is a potent upregulator
of IgE-dependent mediator release.  It also acts to "com-
plete" several partial basophil agonists, such as C3a and

interleukin-8 (IL-8), by triggering the release of LTC4 in
addition to degranulation [154, 155].  Despite express-
ing substantial amounts of CD25 on their cell surface,
there is little indication that administration of IL-2 alters
the maturation or responsiveness of basophils [153].

The signal transduction mechanisms responsible for
priming represent a logical target for therapeutic interven-
tion, since the cells of asthmatic donors appear to be
primed in vivo.  However, these studies are complex and,
to date, very few investigators have focused on these
events.  Since many of the agents known to induce priming
act via tyrosine kinases, this pathway is the obvious
candidate for investigation.  However, recent investiga-
tions in human basophils have shown that IL-3 priming
involves a five- to tenfold increase in the amount of
arachidonic acid liberated during exposure to C5a [156].
This highlights the role of enzymes, such as phospholi-
pase A2 or phospholipase D, in cytokine priming.  The
remaining evidence for the signal transduction pathways
utilized during priming is pharmacological, and the com-
plexity of the studies makes it difficult to obtain defini-
tive evidence.  However, in our hands, inhibitors of
tyrosine kinases are unable to modify either IL-3-dependent
release or IL-3 priming, suggesting that cytokine priming
signals may well be distinct from those used in cytokine-
induced growth and differentiation pathways [157].

Interactions within the tissues

The majority of the investigations which have provided
the information about mast cells and mast cell responses
described in this review have been carried out on either
purified cells or under conditions where mast cells are
selectively activated.  However, it is important to keep
in mind that, in vivo, mast cells and basophils are in
close proximity to a range of different cells and the
interactions between these cells may well be critical for
regulating the progress of allergic disease.  Some of the
potential cell-cell interactions have been alluded to earlier,
and so only the most important are summarized here.

Fibroblasts

The interactions between mast cells and fibroblasts are
probably the most critical of the cell-cell interactions.
Several studies have demonstrated that murine mast cells
can be maintained in culture by a fibroblast feeder layer
[158, 159].  Progenitor cells treated in this way differen-
tiate into mature mast cells, whilst cells maintained in
suspension culture with SCF fail to fully mature [38].
This may reflect the production of additional cytokines
by the fibroblasts or the presentation of the growth factors
on the cell surface.  Mast cells dispersed from human
lung can also be maintained in culture for extended per-
iods on fibroblast feeder layers [160, 161].

T-lymphocytes

The development of mucosal mast cells is intimately
linked to the production of cytokines by TH2 cells,



described earlier.  Human immunodeficiency virus (HIV)
patients and others with T-cell deficiencies have decrea-
sed MCT levels, which may contribute to the development
of opportunistic infections [162].  The role of T-cell-
derived cytokines in regulating mast cell motility and
responsiveness remains unclear.  Mast cells isolated from
areas of active inflammation are "primed", releasing more
mediators following challenge [147, 148].  There may
also be an increase in the number of mast cells [163],
though this is not a consistent finding in asthma [164].
These areas also contain substantial numbers of acti-
vated T-cells, but the precise relationship between T-
cell activation and changes in mast cell response is not
clear.

B-lymphocytes

Mature B-cells are an important source of IL-10 [165],
which can combine with IL-4 to provide a signal for IL-
3 independent mast cell growth and differentiation in the
murine system.  As with many other aspects of rodent
mast cell differentiation, it is not clear whether similar
mechanisms operate in the human system.  The recent
observation that human lung mast cells and basophils
both express CD40L [69] and could influence the class
switch to IgE in mature B-cells is perhaps a clearer
indication of the importance of mast cell/B-cell interactions
and the ability of the mast cell to regulate its own
environment.

Eosinophils

The activation of tissue mast cells is one of the earliest
events in the allergic response, and the release of chemo-
tactic agents may be responsible for the influx of leuco-
cytes, especially eosinophils.  Many of these chemotactic
agents are lipids, including PAF and LTB4, and are cap-
able of attracting neutrophils as well as eosinophils
[166–168].  Reports that mast cells produced chemo-
tactic peptides which were specific for eosinophils have
proved to be unfounded [168].

A number of studies have demonstrated that eosinophil
derived major basic protein (MBP), eosinophil cationic
protein (ECP) and eosinophil peroxidase (EPO) induce
noncytolytic histamine release both from human basophils
and mast cells (for review see [169]).  In addition, it has
been shown that EPO binds to the negatively charged
mast cell granule to form a complex that retains toxic
activity to bacteria and tumour cells when supplemented
with H2O2 and a halide.  Since EPO in the presence of
H2O2 and a halide can initiate mast cell granule release,
it is conceivable that mast cells and eosinophils may act
synergistically to improve host defence in infectious and
malignant conditions [170].  On the other hand, mast cell
granules released during inflammation may contribute to
the tissue irritation caused by other eosinophil proteins.

Interactions with the extracellular matrix

Within the tissues, the mast cells and infiltrating
leucocytes are held in a complex three-dimensional matrix

of neighbouring cells and extracellular matrix proteins.
These interactions are regulated by the expression of
integrins on the cell surface, which function as receptors
directly linking the extracellular environment to the
cytoskeleton [171, 172].  Recent evidence suggests that
clustering of the integrins can generate a range of cell
responses, including alterations in gene expression
[173], and regulation of second messengers [174–176].
Amongst the wide variety of kinases and regulatory
enzymes which may be upregulated by integrin cluster-
ing are several which could, potentially, modulate IgE-
dependent signal transduction in human mast cells and
basophils [176–180].  However, studies of lung mast cell
function are typically carried out on enzymatically disper-
sed cells in solution, and attempts to mimic the types of
cell-cell and cell-matrix interactions using tissue frag-
ments present problems of diffusion and accurate assess-
ment of cell responses.  We have recently used monoclonal
antibodies to CD29 and CD49d followed by an F(ab')2

fragment of rabbit anti-mouse IgG to cluster the integrins
on the surface of lung mast cells and basophils.  Clustering
of either CD29 or CD49d leads to a small but significant
release of histamine in basophils of asthmatic donors,
yet fails to activate basophils of atopic and nonatopic
subjects [181].  This suggests that alterations in the
extracellular matrix which occur during tissue remodell-
ing could initiate degranulation in susceptible indivi-
duals.  Clustering of the integrins also modulates the
response to a subsequent IgE-dependent challenge both
in lung mast cells and basophils, regardless of the atopic
status of the donor.  These experiments highlight the
importance of the extracellular matrix and the micro-
environment on the responsiveness of the resident cells,
and suggest that further investigations into this area are
needed.

Role in human disease

Allergic diseases

The crosslinking of IgE by antigen, leading to mast
cell degranulation and the release of a range of inflamma-
tory mediators, is widely acknowledged to be one of the
initial steps in the allergic response [182, 183].  For
instance, mast cell degranulation was found in the bronchial
mucosa of asthmatic subjects [184, 185], and in nasal
mucosa [183] of allergic subjects with or without allergen
exposure.  The presence of mast cell activation, even in
mild asthma, is further supported by raised levels of mast
cell-derived mediators in BAL [21, 186].  Mast cell
mediators regulate the recruitment and activation of a
wide range of other inflammatory cells.  However, during
the chronic inflammation which characterizes asthma, the
lung contains a complex mixture of inflammatory media-
tors, cytokines and activated cells, and the microenviron-
ment is quite distinct.  Mast cells are now, themselves,
subject to regulation by cytokines and other mediators
produced by a wide range of activated cells, and even
the alterations in the extracellular matrix may have a
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profound effect on mast cell function.  These changes
may well contribute to mast cell priming, and a subse-
quent exposure to allergen will lead to an amplified
response and exacerbation of the underlying condition.
Whilst the mast cell has a less central role in this model
of allergic inflammation, and the scientific focus now
encompasses a range of other cells, understanding and
regulating mast cell activation may well still provide the
key to treatment of asthma.

Pulmonary fibrosis

Large numbers of mast cells can be found in the lungs
of patients with fibrotic lung disease, usually clustered
around the thickened areas of the alveolar septa and in
close proximity to abnormal epithelial cells [51].  The
relationship between the mast cell and the development
of fibrosis is not clear, though there are clear morpho-
logical differences between mast cells in fibrotic tissue
and normal controls [51].  Mast cells may be recruited
to the areas of the lung where tissue repair is occurring
and may contribute to the repair process [187].  Alterna-
tively, the abnormal environment within the fibrotic areas
may increase the growth and differentiation of mast
cells and they may exert influence on the progression of
the disease, possibly through the mitogenic activity of
tryptase [104] or histamine [188].

Tumours

The relationship between mast cells and tumours is
undoubtedly complex. Immunohistochemical evidence
suggests that both mast cells and basophils can accumu-
late around tumours [189–191], though it is not clear if
this is detrimental or beneficial to the tumour.  Activation
of mast cells leads to a local inflammatory response,
recruitment of immune cells, and may be able to contri-
bute to recognition and destruction of a tumour [192,
193].  However, mast cell degranulation also releases
substantial amounts of heparin, which promotes angio-
genesis [194], and there is evidence that mast cells may
contribute to the vascularization of tumours [195], or the
direct proliferation of tumour cells [196].  Histamine may
also promote endothelial cell proliferation and mast cell
proteases are capable of degrading the extracellular mat-
rix to promote the formation of neovascular sprouts.  As
for eosinophils [169], understanding the role of mast cells
in tumour biology may well provide new insights into
the treatment of primary tumours and the prevention of
metastases.

Parasitosis

In the rodent, infection with a range of helminths leads
to mastocytosis and the production of IgE.  The pattern
of cytokines induced by helminth infection is charac-
teristic of the Th2 response [169, 197], and leads to an
increase mainly in mucosal or MTC mast cells.  This

apparently reflects the production of substantial amounts
of IL-3, IL-4 and IL-9 by the activated T-cells [198–200].
In man, production of IgE directed against schistosomes
confers a significant level of protection against a subse-
quent infection.  However, the production of IgE and the
activation of T-cells will influence many other cells,
including those which express the low affinity IgE receptor,
and these may have a more direct role in expelling
parasites than mast cells and basophils.

Therapeutic intervention

Selective intervention in the process of mast cell
degranulation offers an important therapeutic tool in
regulating the progression of asthma and allergic disease.
However, whilst many drugs currently available have
been shown to affect mast cell and basophil degranu-
lation in vitro they are rarely selective.  Furthermore, in
many cases, there is only a tenuous relationship between
the actions of a drug on mast cell degranulation and its
effect on the development of allergic symptoms.  Fre-
quently, the concentration of the drug required to inhibit
histamine release in vitro exceeds by orders of magnitude
the concentrations which are likely to accumulate in vivo.
Several cromoglycate analogues were found to be potent
inhibitors of mast cell histamine release and yet failed
to match the anti-allergic actions of the parent com-
pound.  The reasons for these discrepancies are likely to
be complex, but as our understanding of mast cell bio-
logy continues to accumulate it is to be anticipated that
we will gain insights which will provide new therapeu-
tic modalities in the treatment of mast cell related dis-
eases.
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