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The role of the mast cell in asthma: Induction of
airway hyperresponsiveness by interaction

with smooth muscle?

Douglas S. Robinson, MD, FRCP London, United Kingdom

In a recent study, the difference between asthma and
eosinophilic bronchitis (a condition characterized by cough but
not airway hyperresponsiveness or airflow obstruction) was
infiltration of airway smooth muscle (ASM) by mast cells. Mast
cells produce a variety of lipid mediators, chemokines,
cytokines, and enzymes that may interact with ASM cells to
cause hyperreactivity to constrictive stimuli and proliferation,
and activated ASM can produce stem cell factor and other
chemokines, cytokines, and growth factors that may act in
recruitment, differentiation, and retention of mast cells. Mast
cell infiltration of the airways in asthma is T-cell—dependent,
and Ty2 cytokines from T cells and other sources act in mast
cell expansion from circulating and tissue precursors. The
recent data on interactions of mast cells and ASM suggest that
this could be an important contributor to airway
hyperresponsiveness in asthma. Why this occurs in asthma and
how it is sustained remain to be established. (J Allergy Clin
Immunol 2004;114:58-65.)
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Although the mast cell has long been associated with
asthma, recent studies have added to our knowledge of the
biology of this intriguing cell type and raised questions
about how mast cells contribute to asthma pathophysiol-
ogy. In particular, Brightling et al' conducted a study
comparing bronchial biopsy specimens from asthmatic
volunteers with biopsy specimens obtained from patients
with eosinophilic bronchitis (EB). EB is characterized by
chronic cough and sputum eosinophilia in the absence of
the airway hyperresponsiveness (AHR) and reversible
airflow obstruction that characterizes asthma.” Interest-
ingly, both groups of patients shared many of the immu-
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Abbreviations used
AHR: Airway hyperresponsiveness
ASM: Airway smooth muscle
EB: Eosinophilic bronchitis
HASM: Human airway smooth muscle
MCr: Tryptase-only mast cell
MCrc: Tryptase-chymase mast cell (human)
PAR-2: Protease-activated receptor
SCF: Stem cell factor
TLR: Toll-like receptor
VCAM-1: Vascular cell adhesion molecule 1

nopathologic features considered important in asthma,
namely mucosal infiltration with eosinophils, Ty2 cyto-
kine expression, and subepithelial collagen deposition.
The only difference found between the 2 conditions was
increased mast cell filtration of the airway smooth muscle
(ASM) layer in asthma, which was not seen in EB.!

MAST CELLS AND IgE IN ALLERGIC
ASTHMA

Mast cells were first described as tissue resident
cells with prominent granules that were characteristic
of allergic diseases. The description of IgE and its
association with mast cell histamine release in the Gel
and Coombs type I hypersensitivity reaction formed the
basis for the initial understanding of the role of mast cells
in asthma and acute allergic reactions. Indeed, in the
1970s, the cross-linking of IgE on high-affinity receptors
on mast cells was regarded as the mechanism for the
variable airflow obstruction that occurs in asthma and
was the major target for therapeutic development of
drugs such as cromoglycate.3 However, asthma treatment
with antihistamines and cromones was disappointing,
particularly compared with responses to inhaled cor-
ticosteroids. The emergence of the eosinophil and later
Ty2 hypotheses together with results from animal
models then eclipsed the mast cell’s role in asthma,
which was considered relevant to acute symptoms and
the early asthmatic response to allergen challenge, but
less involved in chronic asthma.* Recent data must call
for a re-evaluation of such a view. Effector functions of
mast cell mediators have been extensively reviewed.
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This article focuses on mast cell function in the context
of interaction with ASM.

MAST CELL DEVELOPMENT AND
DIVERSITY

In common with other leukocytes, mast cells develop
from CD34" bone marrow progenitors.5 7 However,
unlike other leukocytes, these cells mature in the tissue
and circulate as committed immature precursor forms. An
obligate factor in development of the mast cell lineage is
stem cell factor (SCF) acting on its receptor, Kit.>'! This
is confirmed by mast cell deficiency in mouse strains
deficient in Kit (W/Wv) or the membrane-bound form of
SCF: the SI/SLd strain.®* Mouse committed mast cell
precursors were isolated as Kit", Thy-l10 from fetal
blood.'? These cells lacked the high-affinity IgE receptor
(FceR1) but expressed mRNA for mast cell proteases.
They could reconstitute mast cells in W/Wv mice and gave
rise to immature mast cells when cultured in the presence
of SCF. Human mast cell precursors circulate at the
CD34*Kit*FceR1~ promastocyte stage and express CD13
but not CD14, which distinguishes them from mono-
cytes.'!*

It is suggested that there is a constitutive population of
mast cells found in connective tissues, which are
controlled by SCF > This constitutive mast cell population
appears to have an important role in innate immunity, and
can be activated via Toll-like receptor (TLR) 2 and TLR4
(mouse mast cells) or TLR1, TLR2, and TLR6 (human
cells) and CD48.7-1>16 Although IFN-y reduces mast cell
growth, it increases expression of the high-affinity IgG
receptor FcyR1, which, together with TLR signals, acts to
promote TNF and B-tryptase production, both of which
play roles in antibacterial defense.” This is most
graphically demonstrated by the rapid demise of W/Wv
mice after cecal puncture. 17.18

The increased numbers of mast cells seen during
inflammation at mucosal sites (such as the respiratory
mucosa in asthma and allergic diseases) are expanded
in response to SCF together with T-cell—dependent
cytokines including IL-3, IL-5, IL-6, IL-9, IL-10, IL-13,
and, in some situations, IL-4.>"

There is now evidence of considerable diversity of mast
cells in terms of protease and surface receptor expression,
and this is likely controlled by the local tissue milieu
including cytokines, growth factors, chemokines, adhe-
sion molecules, and extracellular matrix proteins.

Human mast cells have been subdivided on the basis of
their content of either tryptase and chymase (MCrc) or
tryptase only (MCr)." The predominant mast cell type in
the lung is MCr, although MCrc is also present, and the
mast cells localized to the smooth muscle layer in asthma
were of the MCrc phenotype.' Although this division is
a useful concept and correlates with other functional
differences, it is likely an oversimplification, because
mouse mast cells show great diversity of protease expres-
sion depending on in vitro culture conditions or in vivo
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location, and multiple human mast cell tryptases are
described.”*?! The crystal structure of human B-tryptase
reveals that it is a tetramer”” that depends on heparin for
stabilization and activity.”® The tetrameric structure
explains relative resistance to serine protease inhibitors
but also limited substrate specificity. Tryptases activate
protease-activated receptors (PAR-2),** which may be
important for activity on smooth muscle. In addition, they
have differential activity on neuropeptides, which may
favor bronchoconstriction in asthma.” Mast cell pheno-
type in terms of tryptase expression appears plastic,
varying with the tissue localization, as most elegantly
shown in studies of mast cells in the villi of the mouse
intestine.”® TGF-B regulates expression of the mouse
tryptase mouse mast cell protease 1,7’ but how relative
expression of tryptases and chymase in human mast cells
is regulated is unknown.

Much has been learned from in vitro studies of human
mast cell development from CD34" precursor cells by
using SCF with IL-6 and IL-10, which results in
approximately 60% mature mast cells by 10 weeks of
culture.’ Similar culture systems have been used to study
mouse mast cells. However, there is still much to learn
about the control of migration and phenotypic differen-
tiation of mast cells in different tissue environments.

REGULATION OF MAST CELL PHENOTYPE
AND TISSUE SURVIVAL IN ASTHMA

Both mouse and human studies implicate T2 cytokines
in control of the mucosal and epithelial mast cell
infiltration that characterizes asthma.’ Interestingly, co-
culture of human cord blood—derived mast cells with SCF
and IL-4 increased FceR1 expression, IgE-mediated
histamine release, and cytokine mRNA transcripts for
TNF, IL-5, IL-13, CCL3 (MIP-1a), and GM-SCF
(compared with culture in SCF alone), whereas IL-5 did
not alter FceRI or IgE-mediated histamine release and
modestly increased transcripts for TNF, IL-5, CCL3, and
GM-SCF but not IL-13.%® This work has recently been
extended by gene array analysis to describe the patterns
(signatures) of gene activation in response to IgE cross-
linking after culture in SCF alone or with IL-4, IL-5, or
IL-9.* These cultured human mast cells, like dispersed
gut mast cells, did not express transcripts for IL-4. This
result contrasts with the mast cells described by Brightling
et al' infiltrating ASM in asthma: these MCrpc mast cells
expressed 1L-4.

What, then, are the specific factors regulating the
recruitment of precursors from the bone marrow,
expansion and survival in the tissues, and specific tissue-
dependent mast cell phenotype in asthma? Chemokines
may play an important role in each of these steps. Cultured
human mast cell precursors expressed functional CXCR2,
CXCR4, CCR3, and CCRS at 4 weeks of culture, but only
CCR3 at the mature 9-week stage.’” Thus, ligands for
these receptors may act in recruitment of mast cell
progenitors to specific tissue sites: whether receptors are
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selectively expressed by differentiating subtypes of mast
cells that are thus selectively recruited or differentiation
occurs from a common precursor in the tissues remains
uncertain, though the latter is perhaps more likely. CCR3
expression by both cultured human mast cells and nasal
polyp mast cells was further upregulated from intracellular
stores by FceRI cross—linking.31

Data from the CCR3 knockout mouse are complex:
when animals were sensitized by intraperitoneal ovalbu-
min with alum adjuvant followed by inhaled challenge,
there was an increase in intraepithelial mast cell numbers
in the trachea of the CCR3™/~ mice compared with
the wild-type litter mates, and AHR was increased. ™
However, when the animals were sensitized by epicu-
taneous exposure to ovalbumin, inhaled challenge did not
result in mast cell recruitment to the airway epithelium in
knockout or wild-type mice, and the AHR seen in the
wild-type mice did not occur in the CCR3 ™~ mice.*
These findings likely result from differential activation of
T-cell cytokines acting on mast cell precursors, but the
reasons for the observed difference require further
elucidation.

Coculture of human mast cell precursors with
fibroblasts results in mature mast cells of MCryc
phenotype, and because fibroblasts are a rich source of
the CCR3 ligand CCL11 (eotaxin), it is possible that
CCR3 plays a role in differentiation of the MCrc
phenotype.34 ASM can also produce chemokines, in-
cluding CCLL1 1.%> Whether this is involved in mast cell
infiltration of smooth muscle in asthma and why it should
differ from EB remains to be determined.

Adhesion molecules will clearly play an important role
in recruitment of mast cell precursors to the airway, and
possibly in selective localization and retention of mast
cells with the tissues. Cultured human mast cells
expressed o4B1, B7, alB2, and aMP2 integrins and
P-selectin ligand, and bound to E-selectin, P-selectin, and
vascular cell adhesion molecule 1 (VCAM-1).%
Interestingly, binding to IL-4—activated human umbilical
vein endothelial cells was completely blocked by
antibodies to a4f1, although binding to TNF-activated
human umbilical vein endothelial cells was not.>> Thus,
o4P1 integrin may play an important role in mast cell
progenitor recruitment to the allergic asthmatic airway,
where IL-4 (and IL-13) upregulate VCAM-1 expression.

Mast cell survival is dependent on SCF; however,
additional factors may be involved, including binding of
IgE itself to the high-affinity IgE receptor. Recent data
suggest that monomeric IgE/FceRI interactions are
important for several mast cell functions, including
inhibition of BCL,; expression and, hence, survival.?® In
addition, T2 cytokines act in mast cell survival,5 7 which
may thus be promoted by Ty?2 cells, but also by other cells
producing Ty2 cytokines in the asthmatic airway, in-
cluding basophils, eosinophils, epithelial cells, fibroblasts,
and smooth muscle and mast cells.

One important question for understanding regulation of
tissue mast cell numbers is whether the increase seen in the
airway mucosa in asthma or rhinitis results from increased
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differentiation and recruitment from bone marrow, in-
creased local development and expansion of tissue
precursors, or increased survival or proliferation of an
existing mast cell pool. These may not be separate
processes, but, for example, factors acting in traffic of
precursors from bone marrow to tissues may differ from
those driving expansion and survival in the mucosa. There
is remarkably little information on this subject, but 1
article does suggest an increase in circulating SCF-
responsive CD34" cells in peripheral blood from asth-
matic children compared with normal donors.*” It is of
note that mast cells cultured in vitro from cord blood
precursors are IL-5—responsive and express IL-5Ra.” It
has been assumed in many studies (including our own)
that CD34*IL-5Ra™* cells in bone marrow, blood, or tissue
represent potential eosinophil precursors,3&39 but it is also
possible that these could be mast cell precursors, and
further characterization of such cells in terms of receptor
expression and plasticity of differentiation potential is
required.

MAST CELL EFFECTOR FUNCTIONS IN
ASTHMA

Mast cells release preformed, stored mediators and
synthesize other factors de novo on activation. The
classical type 1 hypersensitivity reaction in acute asthma
or the early response to allergen challenge results from IgE
cross-linking by allergen and, thus, FceRI signaling. It is
now clear that this results in release of histamine, tryptases
and chymase, and heparin, and synthesis of lipid
mediators including leukotriene C4 and prostaglandin
D2, which have roles in bronchoconstriction, edema, and
recruitment of inflammatory cells.® Studies have defined
additional roles for histamine in activation of inflamma-
tory cells, dendritic cells, and T cells.*? Further,
leukotriene and prostaglandin receptors are also de-
scribed: CysLT1 and CysLT2 receptors for cysteinyl
leukotrienes, BLT for leukotriene B4 (LTB4), and CrTy2
for PGD2.*'* Both CysLT1 and CysLT?2 are expressed
by mast cells, and the balance between these is dif-
ferentially regulated by IL-4 and IL-5.% Recently, BLT
receptors (for LTB4) have been implicated in mast
cell—mediated CD8" T-cell recruitment,*’ and the PGD2
receptor CrTy2 is selectively expressed by Ty2-type T
cells**: mast cells may thus interact with T cells in asthma
through histamine, leukotrienes, and PGD?2. In addition,
mast cell activation by IgE cross-linking results in release
of preformed cytokines, chemokines, and growth factors
and de novo synthesis of others.

It is now clear that mast cell effector function can also
be stimulated by stimuli that do not cross-link IgE,
including IgE binding to FceR1, IgG receptors (FCyR1
and III activate, whereas FcyRII is inhibitory), comple-
ment receptors, histamine-releasing factors, and TLRs.”
Because different mast cells express different patterns of
cytokines and other mediators, it will be important to
clarify whether different signals result in differential
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effector functions, and which signaling cascades are
involved.

MAST CELL—ASM INTERACTIONS

If localization of mast cells to the ASM is important for
the asthma phenotype, how might these 2 cell types
interact, and how does this contribute to the features of
asthma?

First, how might ASM cells recruit, retain, and activate
mast cells in asthma? It is now clear the smooth muscle
cells have the capacity to produce a wide variety of
proinflammatory cytokines and chemokines. For example,
IL-1P or TNF-activated human ASM (HASM) produces
CCL11, CCLS5 (RANTES), and CCL2 (monocyte che-
moattractant protein 1) as well as GM-CSF, IL-6, CXCLS8
(IL-8), and IL-11.***’ IL-4 and IL-13 can activate HASM
CCL11 production.’® Thus, in the inflammatory setting of
asthma, HASM chemokine release may act in recruitment
and retention of mast cells. This may then be amplified by
mast cell products (such as IL-4 or TNF). In addition,
activated HASM produces both soluble and membrane-
bound SCF, which may thus play an important role in
recruitment, survival, and differentiation of mast cell
precursors and mature mast cells: to some extent, this is
constitutive and may contribute to localization of mast
cells in smooth muscle reported in normal airways.SI’52
Recent data suggest that HASM may attract mast cells
though release of TGF- in addition to SCF.”* In a culture
system, the HMC-1 cell line showed chemotaxis to
HASM culture supernatants after these had been activated
with tryptase.”® Both factors have been localized to
smooth muscle in asthmatic airways.

Human ASM expresses a variety of adhesion molecules
that could act in recruitment and retention of mast cells and
their precursors, including VCAM-1 and intercellular
adhesion molecule 1.** More recently, a novel mast cell
adhesion molecule, spermatogenic immunoglobulin
superfamily (SgIGSF), was described that acts in adhesion
of mouse mast cells to fibroblast cell lines and was
controlled by the transcription factor MITF. Whether this
or other specific mast cell adhesion pathways act during
mast cel/HASM interaction will be of interest.>*

Clearly, mast cell infiltration of the ASM in asthma
could lead to direct activation of airway narrowing via
release of histamine, leukotrienes, or other mediators.
In addition, leukotrienes may play a role in HASM
proliferation and other changes in rernodeling.55 Mast
cells also interact with HASM through the effects of
chemokines, cytokines, proteases, and growth factors.
Tryptase and TNF can both increase HASM responsive-
ness to histamine and other constrictors; tryptases may
do this partly through activation of PAR-2 receptors.’®>’
Transmembrane tryptase but not B-tryptase could induce
AHR when administered by aerosol to mice.’® This effect
was dependent on signal transduction and activator of
transcription 6 activation by IL-4 and/or IL-13. Whether
this was via an effect on smooth muscle or other cell types
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remains to be determined. Mast cells may also play a role
in HASM proliferation through ‘[ryptases59 and growth
factors such as platelet-derived growth factor.®® In
contrast, other mast cell—derived factors such as
chymase,®' heparin,®* and IL-4 inhibit HASM prolifera-
tion,>> whereas TGF-B inhibits proliferation to some
growth factors, such as EGF, but enhances responses to
leukotriene D4.°*%° TGF-B induces HASM production
of extracellular matrix proteins.®*°® Activin A is also
released from mast cells and was recently shown to
induce smooth muscle proliferation in vitro.%’

The interaction of mast cells and HASM may also
influence a wide variety of other inflammatory and struc-
tural cells in the asthmatic airway. For example, IL-6
induced from HASM will potentiate IgE synthesis and
Ty2 cell development, whereas GM-SCF and CCL11 will
amplify eosinophilic inflammation. Putative interactions
between mast cells and HASM are summarized in Fig 1.

MAST CELL INVOLVEMENT IN ASTHMA

Numerous human studies have demonstrated in-
creased mast cell numbers in the airway in asthma and
have detected histamine, PGD2, and tryptase in
bronchoalveolar lavage fluid both in symptomatic asthma
and after allergen inhalation challenge, suggesting mast
cell degranulation.68'70 Mast cell numbers in broncho-
alveolar lavage and airway biopsies could be related
to AHR in some studies.®® However, it is of note that
other studies did not find increased mast cell numbers
in either the airway epithelium or submucosa in asthma.”’
Mast cell infiltration of ASM was reported in postmortem
studies of both fatal and nonfatal asthma and in isolated
tracheal rings from asthmatics,”*’% and was the major
difference between asthma and EB in the study by
Brightling et al.'

Results from a mouse model of asthma showed that
AHR and tissue eosinophils could still be evoked if the
mast cell-deficient W/Wv mice underwent sensitization
with intraperitoneal ovalbumin with aluminium hydroxide
adjuvant (which favors a Ty2 response), but not if sen-
sitization was without adjuvant.73 Thus, mast cells can
cause AHR, but it can also be elicited without these cells.

Mast cell infiltration of the airway mucosa is also
a feature of nonatopic asthma.” How mast cells might be
activated without a role for allergens is uncertain, but 1
possibility is that IgE is in fact involved, because local
airway IgE synthesis was detected in nonatopic as well as
atopic asthma,”” and it has been suggested that an
autoallergen termed Hom s 1 might activate IgE in atopic
dermatitis.”® Alternatively, mast cells might be activated
by mechanisms that do not involve IgE cross-linking. It is
of note that serum total IgE concentration in nonatopic
asthma is often higher than in nonasthmatic, nonatopic
subjects. This raises a potential role for monomeric IgE in
sensitizing mast cells for activation in nonatopic asthma.

Mast cells are well established as profibrotic cells and
release a variety of growth factors.”” These cells are thus
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FIG 1. Mast cell/ASM cell interactions in asthma. ASM cells can produce SCF, cytokines, and chemokines
active in recruitment and survival of mast cells, whereas mast cells produce mediators that directly constrict
ASM, potentiate their constrictor response, cause ASM proliferation, and alter ASM to a synthetic phenotype
that may contribute extracellular matrix proteins and collagens in airway remodeling. PDGF, Platelet-derived
growth factor. Tania Vitalis and Linda Sharp/Wellcome Photo Library.

implicated in airway remodeling in asthma. The effect of
airway remodeling on airway function and hyper-
responsiveness remains uncertain. Subepithelial basement
membrane deposition of extracellular matrix proteins
occurs in both asthma and EB, and recent evidence
suggests that this is at least partly dependent on IL-5 and
eosinophils via TGF-3 production.78 However, patients
with EB do not have AHR. Whether these patients have
the smooth muscle accumulation or epithelial changes
seen in asthma will be an important future question.
Clearly, other cell types play important roles in asthma
pathogenesis, and much debate has occurred about the
relative importance of mast cells and others cell types such
as eosinophils and T cells. This partly resulted from work
on the model of inhaled allergen challenge and dissection
of the early and late asthmatic response. Although there is
wide agreement that the early asthmatic reaction (EAR) is
IgE-dependent and mast cells play a pivotal role,’ the late
asthmatic reaction (LAR) can be IgE-dependent or IgE-
independent, as seen by isolated LAR induced by intra-
dermal injection or inhalation of allergen-derived peptide
fragments that activate T cells but not IgE; there was no
evidence of mast cell activation in such reactions.”®*!

EFFECTS OF ASTHMA THERAPY ON MAST
CELLS

Steroid treatment of asthma reduces airway mast cells
numbers, presumably in part through reduction in Ty2
cytokine expression. Other treatments have specific
effects on mast cell function, including [, agonists,
leukotriene antagonists, antihistamines, and cromones. 2
More specifically, anti-IgE treatment is shown to inhibit
both the early- and late-phase response to allergen
challenge and reduce symptoms and steroid requirement
in moderate to severe asthma.®**®** These effects may be

through reduction in mast cell activation (and presumably
mast cell numbers in the airway, although this has yet to be
confirmed), although other cells are activated through IgE.
The effects of asthma treatment on mast cell infiltration of
ASM will be of great interest.

REMAINING QUESTIONS

The study by Brightling et al' refocuses on the mast cell
as an important determinant of the asthma phenotype. It is
now clear that these cells are pleiotropic, multipotential,
and complex. Further understanding of airway mast cell
biology should open novel avenues for therapy. However,
specific and pressing research questions remain:

The findings of Brightling et al' need to be confirmed
and extended, preferably with more reliable ways of
sampling ASM.

What is the situation in nonatopic asthma?

It remains to be shown why mast cells behave
differently in these 2 related conditions: is this an effect
of differences in mast cell or smooth muscle biology?
Further analysis of airway samples is required.

Are there genetic determinants of airway mast cell-
ASM interactions in asthma as opposed to other
conditions?

What is the role of mast cell infiltration of HASM in
airway remodeling, and what are its consequences?

What signals in and from ASM activate mast cells?

How do these changes respond to treatment?

CONCLUSION

The differences between EB and asthma in terms of
HASM infiltration by mast cells, together with many
mechanisms by which mast cells can stimulate and
potentiate smooth muscle contraction and proliferation,
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suggest that this interaction is an important determinant of
AHR in asthma. It is of note that cough and other shared
features of asthma and EB may be more associated with
eosinophil activation. These different cell types may
contribute to different aspects of airway remodeling in
asthma, with HASM accumulation more dependent on
mast cells, whereas extracellular matrix protein deposition
may result more from eosinophil and myofibroblast
activation. Future development of specific therapy to
target these cell types will be of interest.

I thank Prof Tim Williams and Drs Adele Hartnell, Charlotte

Weller, and Stuart Hirst for reading the manuscript, and Stuart Hirst
for the picture of HASM in Fig 1.

REFERENCES

1.

Brightling CE, Bradding P, Symon FA, Holgate ST, Wardlaw AJ,
Pavord ID. Mast-cell infiltration of airway smooth muscle in asthma. N
Engl J Med 2002;346:1699-705.

. Gibson PG, Dolovich J, Denburg J, Ramsdale EH, Hargreave FE.

Chronic cough: eosinophilic bronchitis without asthma. Lancet 1989;1:
1346-8.

. Holgate St, Kay AB. Mast cells, mediators and asthma. Clin Allergy

1985;15:221-34.

. Corrigan CJ, Kay AB. T cells and eosinophils in the pathogenesis of

asthma. Immunol Today 1992;13:501-7.

. Austen KF, Boyce JA. Mast cell lineage development and phenotypic

regulation. Leuk Res 2001;25:511-8.

. Williams CM, Galli SJ. The diverse potential effector and immunoreg-

ulatory roles of mast cells in allergic disease. J Allergy Clin Immunol
2000;105:847-59.

. Boyce JA. Mast cells: beyond IgE. J Allergy Clin Immunol 2003;111:

24-32.

. Kitamura Y, Go S, Hatanaka K. Decrease of mast cells in W/Wv mice

and their increase by bone marrow transplantation. Blood 1978;52:
447-52.

. Kitamura Y, Go S. Decreased production of mast cells in S1/S1d anemic

mice. Blood 1979;53:492-7.

. Huang E, Nocka K, Beier DR, Chu TY, Buck J, Lahm HW, et al. The

hematopoietic growth factor KL is encoded by the Sl locus and is the
ligand for the c-kit receptor, the gene product of the W locus. Cell 1990;
63:225.

. Nagata H, Worobec AS, Oh CK, Chowdhury BA, Tannenbaum S,

Suzuki Y, et al. Identification of a point mutation in the catalytic domain
of the protooncogene c-kit in peripheral blood mononuclear cells of
patients who have mastocytosis with an associated hematologic disorder.
Proc Natl Acad Sci U S A 1995;92:10560-4.

. Rodewald HR, Dessing M, Dvorak AM, Galli SJ. Identification of

a committed precursor for the mast cell lineage. Science 1996;271:
818-22.

. Rottem M, Okada T, Goff JP, Metcalfe DD. Mast cells cultured from the

peripheral blood of normal donors and patients with mastocytosis
originate from a CD34"/FceR1™ cell population. Blood 1994;84:2489.

. Kirshenbaum AS, Goff JP, Semere T, Foster B, Scott LM, Metcalfe DD.

Demonstration that human mast cells arise from a progenitor cell
population that is CD34(+), c-kit(+), and expresses aminopeptidase N
(CD13). Blood 1999;94:2333-42.

. McCurdy JD, Olynych TJ, Maher LH, Marshall JS. Cutting edge:

distinct Toll-like receptor 2 activators selectively induce different classes
of mediator production from human mast cells. J Immunol 2003;170:
1625-9.

. Malaviya R, Gao Z, Thankavel K, van der Merwe PA, Abraham SN. The

mast cell tumor necrosis factor alpha response to FimH-expressing
Escherichia coli is mediated by the glycosylphosphatidylinositol-an-
chored molecule CD48. Proc Natl Acad Sci U S A 1999;96:8110-5.

. Echtenacher B, Mannel DN, Hultner L. Critical protective role of mast

cells in a model of acute septic peritonitis. Nature 1996;381:75-7.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

35.

36.

37.

38.

Robinson 63

. Malaviya R, Ikeda T, Ross E, Abraham SN. Mast cell modulation of

neutrophil influx and bacterial clearance at sites of infection through
TNF-alpha. Nature 1996;381:77-80.

. Irani AA, Schechter NM, Craig SS, DeBlois G, Schwartz LB. Two types

of human mast cells that have distinct neutral protease compositions.
Proc Natl Acad Sci U S A 1986;83:4464-8.

Caughey GH. New developments in the genetics and activation of mast
cell proteases. Mol Immunol 2002;38:1353-7.

Vanderslice P, Ballinger SM, Tam EK, Goldstein SM, Craik CS,
Caughey GH. Human mast cell tryptase: multiple cDNAs and genes
reveal a multigene serine protease family. Proc Natl Acad Sci U S A
1990;87:3811-5.

Pereira PJ, Bergner A, Macedo-Ribeiro S, Huber R, Matschiner G, Fritz
H, et al. Human beta-tryptase is a ring-like tetramer with active sites
facing a central pore. Nature 1998;392:306-11.

Humphries DE, Wong GW, Friend DS, Gurish MF, Qiu WT, Huang C,
et al. Heparin is essential for the storage of specific granule proteases in
mast cells. Nature 1999;400:769-72.

Molino M, Barnathan ES, Numerof R, Clark J, Dreyer M, Cumashi A,
et al. Interactions of mast cell tryptase with thrombin receptors and
PAR-2. J Biol Chem 1997;272:4043-9.

Tam EK, Caughey GH. Degradation of airway neuropeptides by human
lung tryptase. Am J Respir Cell Mol Biol 1990;3:27-32.

Friend DS, Ghildyal N, Gurish MF, Hunt J, Hu X, Austen KF, et al.
Reversible expression of tryptases and chymases in the jejunal mast cells
of mice infected with Trichinella spiralis. J Immunol 1998;160:5537-45.
Miller HR, Wright SH, Knight PA, Thornton EM. A novel function for
transforming growth factor-betal: upregulation of the expression and the
IgE-independent extracellular release of a mucosal mast cell granule-
specific beta-chymase, mouse mast cell protease-1. Blood 1999;93:
3473-86.

Ochi H, De Jesus NH, Hsieh FH, Austen KF, Boyce JA. IL-4 and -5
prime human mast cells for different profiles of IgE-dependent cytokine
production. Proc Natl Acad Sci U S A 2000;97:10509-13.

Lora JM, Al-Garawi A, Pickard MD, Price KS, Bagga S, Sicoli J, et al.
FcepsilonRI-dependent gene expression in human mast cells is
differentially controlled by T helper type 2 cytokines. J Allergy Clin
Immunol 2003;112:1119-26.

Ochi H, Hirani WM, Yuan Q, Friend DS, Austen KF, Boyce JA. T helper
cell type 2 cytokine-mediated comitogenic responses and CCR3
expression during differentiation of human mast cells in vitro. J Exp
Med 1999;190:267-80.

Price KS, Friend DS, Mellor EA, De Jesus N, Watts GF, Boyce JA. CC
chemokine receptor 3 mobilizes to the surface of human mast cells and
potentiates immunoglobulin E-dependent generation of interleukin 13.
Am J Respir Cell Mol Biol 2003;28:420-7.

Humbles AA, Lu B, Friend DS, Okinaga S, Lora J, Al-Garawi A, et al.
The murine CCR3 receptor regulates both the role of eosinophils and
mast cells in allergen-induced airway inflammation and hyperresponsive-
ness. Proc Natl Acad Sci U S A 2002;99:1479-84.

Ma W, Bryce PJ, Humbles AA, Laouini D, Yalcindag A, Alenius H, et al.
CCR3 is essential for skin eosinophilia and airway hyperresponsiveness
in a murine model of allergic skin inflammation. J Clin Invest 2002;109:
621-8.

. Forsythe P, Befus AD. CCR3: a key to mast cell phenotypic and

functional diversity? Am J Respir Cell Mol Biol 2003;28:405-9.

Boyce JA, Mellor EA, Perkins B, Lim YC, Luscinskas FW. Human mast
cell progenitors use alpha4-integrin, VCAM-1, and PSGL-1 E-selectin
for adhesive interactions with human vascular endothelium under flow
conditions. Blood 2002;99:2890-6.

Kitaura J, Song J, Tsai M, Asai K, Maeda-Yamamoto M, Mocsai A, et al.
Evidence that IgE molecules mediate a spectrum of effects on mast cell
survival and activation via aggregation of the FcepsilonRI. Proc Natl
Acad Sci U S A 2003;100:12911-6.

Mwamtemi HH, Koike K, Kinoshita T, Ito S, Ishida S, Nakazawa Y, et al.
An increase in circulating mast cell colony-forming cells in asthma.
J Immunol 2001;166:4672-7.

Sehmi R, Wood LJ, Watson R, Foley R, Hamid Q, O’Byrne PM, et al.
Allergen-induced increases in IL-5 receptor alpha-subunit expression on
bone marrow-derived CD34+ cells from asthmatic subjects: a novel
marker of progenitor cell commitment towards eosinophilic differenti-
ation. J Clin Invest 1997;100:2466-75.

]
c
0 c
g0
-
ES
+ £
£
ol
(< 2
w £
Ev
€D
89
G O
[}
b3




3
s
(_I:n
€ 5
(2]

3
-

e
38
33
23
o
3 a
=]
o

64 Robinson

39.

40.

41.

42.

47.

48.

49.

50.

51.

52.

53.

54.

55.

57.

58.

Robinson DS, Damia R, Zeibecoglou K, Molet S, North J, Yamada T,
et al. CD34(+)/interleukin-5Ralpha messenger RNA+ cells in the
bronchial mucosa in asthma: potential airway eosinophil progenitors.
Am J Respir Cell Mol Biol 1999;20:9-13.

Akdis CA, Blaser K. Histamine in the immune regulation of allergic
inflammation. J Allergy Clin Immunol 2003;112:15-22.

Lynch KR, O’Neill GP, Liu Q, Im DS, Sawyer N, Metters KM, et al.
Characterization of the human cysteinyl leukotriene CysLT1 receptor.
Nature 1999;399:789-93.

Heise CE, O’Dowd BF, Figueroa DJ, Sawyer N, Nguyen T, Im DS, et al.
Characterization of the human cysteinyl leukotriene 2 receptor. J Biol
Chem 2000;275:30531-6.

. Hirai H, Tanaka K, Yoshie O, Ogawa K, Kenmotsu K, Takamori Y, et al.

Prostaglandin D2 selectively induces chemotaxis in T helper type 2 cells,
eosinophils, and basophils via seven-transmembrane receptor CRTH2.
J Exp Med 2001;193:255-61.

. Mellor EA, Frank N, Soler D, Hodge MR, Lora JM, Austen KF, et al.

Expression of the type 2 receptor for cysteinyl leukotrienes (CysLT2R)
by human mast cells: functional distinction from CysLT1R. Proc Natl
Acad Sci U S A 2003;100:11589-93.

. Ott VL, Cambier JC, Kappler J, Marrack P, Swanson BJ. Mast

cell-dependent migration of effector CD8+ T cells through production
of leukotriene B4. Nat Immunol 2003;4:974-81.

. John M, Au BT, Jose PJ, Lim S, Saunders M, Barnes PJ, et al.

Expression and release of interleukin-8 by human airway smooth muscle
cells: inhibition by Th-2 cytokines and corticosteroids. Am J Respir Cell
Mol Biol 1998;18:84-90.

Ghaffar O, Hamid Q, Renzi PM, Allakhverdi Z, Molet S, Hogg JC, et al.
Constitutive and cytokine-stimulated expression of eotaxin by human
airway smooth muscle cells. Am J Respir Crit Care Med 1999;159:
1933-42.

Page S, Ammit AJ, Black JL, Armour CL. Human mast cell and airway
smooth muscle cell interactions: implications for asthma. Am J Physiol
Lung Cell Mol Physiol 2001;281:1.1313-23.

Hirst SJ. Regulation of airway smooth muscle cell immunomodula-
tory function: role in asthma. Respir Physiol Neurobiol 2003;137:
309-26.

Hirst SJ, Hallsworth MP, Peng Q, Lee TH. Selective induction of eotaxin
release by interleukin-13 or interleukin-4 in human airway smooth
muscle cells is synergistic with interleukin-1beta and is mediated by the
interleukin-4 receptor alpha-chain. Am J Respir Crit Care Med 2002;165:
1161-71.

Kassel O, Schmidlin F, Duvernelle C, Gasser B, Massard G, Frossard N.
Human bronchial smooth muscle cells in culture produce stem cell
factor. Eur Respir J 1999;13:951-4.

Carroll NG, Mutavdzic S, James AL. Distribution and degranulation of
airway mast cells in normal and asthmatic subjects. Eur Respir J 2002;
19:879-85.

Berger P, Girodet PO, Begueret H, Ousova O, Perng DW, Marthan R,
et al. Tryptase-stimulated human airway smooth muscle cells
induce cytokine synthesis and mast cell chemotaxis. FASEB J. 2003;
17:2139-41.

Ito A, Jippo T, Wakayama T, Morii E, Koma Y, Onda H, et al. SgIGSF:
a new mast-cell adhesion molecule used for attachment to fibroblasts and
transcriptionally regulated by MITF. Blood 2003;101:2601-8.

Holgate ST, Peters-Golden M, Panettieri RA, Henderson WR Jr. Roles of
cysteinyl leukotrienes in airway inflammation, smooth muscle function,
and remodeling. J Allergy Clin Immunol 2003;111:S18-S34; discussion
S34-6.

. Johnson PR, Ammit AJ, Carlin SM, Armour CL, Caughey GH, Black

JL. Mast cell tryptase potentiates histamine-induced contraction in
human sensitized bronchus. Eur Respir J 1997;10:38-43.

Anticevich SZ, Hughes JM, Black JL, Armour CL. Induction of human
airway hyperresponsiveness by tumour necrosis factor-alpha. Eur J
Pharmacol 1995;284:221-5.

Wong GW, Foster PS, Yasuda S, Qi JC, Mahalingam S, Mellor EA, et al.
Biochemical and functional characterization of human transmembrane
tryptase (TMT)/tryptase gamma: TMT is an exocytosed mast cell
protease that induces airway hyperresponsiveness in vivo via an
interleukin-13/interleukin-4 receptor alpha/signal transducer and activa-
tor of transcription (STAT) 6-dependent pathway. J Biol Chem 2002;
277:41906-15.

59.

60.

61.

62.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

71.

78.

79.

J ALLERGY CLIN IMMUNOL
JULY 2004

Chambers LS, Black JL, Poronnik P, Johnson PR. Functional effects of
protease-activated receptor-2 stimulation on human airway smooth
muscle. Am J Physiol Lung Cell Mol Physiol 2001;281:L1369-78.
Hirst SJ, Barnes PJ, Twort CH. PDGF isoform-induced proliferation and
receptor expression in human cultured airway smooth muscle cells. Am J
Physiol 1996;270:L415-28.

Lazaar AL, Plotnick MI, Kucich U, Crichton I, Lotfi S, Das SK, et al.
Mast cell chymase modifies cell-matrix interactions and inhibits
mitogen-induced proliferation of human airway smooth muscle cells.
J Immunol 2002;169:1014-20.

Okona-Mensah KB, Shittu E, Page C, Costello J, Kilfeather SA.
Inhibition of serum and transforming growth factor beta-induced DNA
synthesis in confluent airway smooth muscle by heparin. Br J Pharmacol
1998;125:599-606.

. Hawker KM, Johnson PR, Hughes JM, Black JL. Interleukin-4 inhibits

mitogen-induced proliferation of human airway smooth muscle cells in
culture. Am J Physiol 1998;275:L469-77.

Cohen MD, Ciocca V, Panettieri RA Jr. TGF-beta 1 modulates human
airway smooth-muscle cell proliferation induced by mitogens. Am J
Respir Cell Mol Biol 1997;16:85-90.

Espinosa K, Bosse Y, Stankova J, Rola-Pleszczynski M. CysLT1
receptor upregulation by TGF-beta and IL-13 is associated with
bronchial smooth muscle cell proliferation in response to LTD4.
J Allergy Clin Immunol 2003;111:1032-40.

Burgess JK, Johnson PR, Ge Q, Au WW, Poniris MH, McParland BE,
et al. Expression of connective tissue growth factor in asthmatic airway
smooth muscle cells. Am J Respir Crit Care Med 2003;167:71-7.

Cho SH, Yao Z, Wang SW, Alban RF, Barbers RG, French SW, et al.
Regulation of activin A expression in mast cells and asthma: its effect on
the proliferation of human airway smooth muscle cells. ] Immunol 2003;
170:4045-52.

Wardlaw AJ, Dunnette S, Gleich GJ, Collins JV, Kay AB. Eosinophils
and mast cells in bronchoalveolar lavage in subjects with mild asthma:
relationship to bronchial hyperreactivity. Am Rev Respir Dis 1988;137:
62-9.

Gibson PG, Allen CJ, Yang JP, Wong BJ, Dolovich J, Denburg J, et al.
Intraepithelial mast cells in allergic and nonallergic asthma: assessment
using bronchial brushings. Am Rev Respir Dis 1993;148:80-6.
Laitinen LA, Laitinen A, Haahtela T. Airway mucosal inflammation even
in patients with newly diagnosed asthma. Am Rev Respir Dis 1993;147:
697-704.

Jeffery PK, Wardlaw AJ, Nelson FC, Collins JV, Kay AB. Bronchial
biopsies in asthma: an ultrastructural, quantitative study and correlation
with hyperreactivity. Am Rev Respir Dis 1989;140:1745-53.

Ammit AJ, Bekir SS, Johnson PR, Hughes JM, Armour CL, Black JL.
Mast cell numbers are increased in the smooth muscle of human
sensitized isolated bronchi. Am J Respir Crit Care Med 1997;155:
1123-9.

Williams CM, Galli SJ. Mast cells can amplify airway reactivity and
features of chronic inflammation in an asthma model in mice. J Exp Med
2000;192:455-62.

Humbert M, Grant JA, Taborda-Barata L, Durham SR, Pfister R, Menz
G, et al. High-affinity IgE receptor (FcepsilonRI)-bearing cells in
bronchial biopsies from atopic and nonatopic asthma. Am J Respir Crit
Care Med 1996;153:1931-7.

Ying S, Humbert M, Meng Q, Pfister R, Menz G, Gould HJ, et al. Local
expression of epsilon germline gene transcripts and RNA for the epsilon
heavy chain of IgE in the bronchial mucosa in atopic and nonatopic
asthma. J Allergy Clin Immunol 2001;107:686-92.

Valenta R, Natter S, Seiberler S, Wichlas S, Maurer D, Hess M, et al.
Molecular characterization of an autoallergen, Hom s 1, identified by
serum IgE from atopic dermatitis patients. J Invest Dermatol 1998;111:
1178-83.

Levi-Schaffer F, Weg VB. Mast cells, eosinophils and fibrosis. Clin Exp
Allergy 1997;27(suppl 1):64-70.

Flood-Page P, Menzies-Gow A, Phipps S, Ying S, Wangoo A, Ludwig
MS, et al. Anti-IL-5 treatment reduces deposition of ECM proteins in the
bronchial subepithelial basement membrane of mild atopic asthmatics.
J Clin Invest 2003;112:1029-36.

Haselden BM, Kay AB, Larche M. Immunoglobulin E-independent
major histocompatibility complex-restricted T cell peptide epitope-in-
duced late asthmatic reactions. J Exp Med 1999;189:1885-94.



J ALLERGY CLIN IMMUNOL
VOLUME 114, NUMBER 1

80. Ali FR, Oldfield WL, Higashi N, Larche M, Kay AB. Late asthmatic

81.

reactions induced by inhalation of allergen-derived T cell peptides. Am J
Respir Crit Care Med 2004;169:20-6.

Haselden BM, Larche M, Meng Q, Shirley K, Dworski R, Kaplan AP,
et al. Late asthmatic reactions provoked by intradermal injection of T-cell
peptide epitopes are not associated with bronchial mucosal infiltration of
eosinophils or T(H)2-type cells or with elevated concentrations of
histamine or eicosanoids in bronchoalveolar fluid. J Allergy Clin
Immunol 2001;108:394-401.

82.

83.

84.

Robinson 65

Busse WW. Lemanske RF Jr. Asthma. N Engl J Med 2001;344:
350-62.

Fahy JV, Fleming HE, Wong HH, Liu JT, Su JQ, Reimann J, et al. The
effect of an anti-IgE monoclonal antibody on the early- and late-phase
responses to allergen inhalation in asthmatic subjects. Am J Respir Crit
Care Med 1997;155:1828-34.

Milgrom H, Fick RB Jr, Su JQ, Reimann JD, Bush RK, Watrous ML,
et al. Treatment of allergic asthma with monoclonal anti-IgE antibody.
rhuMADb-E25 Study Group. N Engl J Med 1999;341:1966-73.

]
c
0 c
g0
ES
= £
£
o=
w £
Ev
£
_g;"
85
b3




	The role of the mast cell in asthma: Induction of airway hyperresponsiveness by interaction 
	MAST CELLS AND IgE IN ALLERGIC ASTHMA
	MAST CELL DEVELOPMENT AND DIVERSITY
	REGULATION OF MAST CELL PHENOTYPE AND TISSUE SURVIVAL IN ASTHMA
	MAST CELL EFFECTOR FUNCTIONS IN ASTHMA
	MAST CELL-ASM INTERACTIONS
	MAST CELL INVOLVEMENT IN ASTHMA
	EFFECTS OF ASTHMA THERAPY ON MAST
 CELLS
	REMAINING QUESTIONS
	CONCLUSION
	REFERENCES


