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A B S TR ACT

Although MCs (mast cells) were discovered over 100 years ago, for the majority of this time
their function was linked almost exclusively to allergy and allergic disease with few other roles
in health and disease. The engineering of MC-deficient mice and engraftment of these mice with
MCs deficient in receptors or mediators has advanced our knowledge of the role of MCs in
vivo. It is now known that MCs have very broad and varied roles in both physiology and disease
which will be reviewed here with a focus on some of the most recent discoveries over the last
year. MCs can aid in maintaining a healthy physiology by secreting mediators that promote wound
healing and homoeostasis as well as interacting with neurons. Major developments have been
made in understanding MC function in defence against pathogens, in recognition of pathogens as
well as direct effector functions. Probably the most quickly developing area of understanding is the
involvement and contribution MCs make in the progression of a variety of diseases from some of
the most common diseases to the more obscure.

INTRODUCTION

Paul Ehrlich first described MCs (mast cells) or ‘mastzel-
len’ in 1878 based on their unique staining characteristics
and their large granule content. Research into the role of
MCs in health and disease has come a long way since Ehr-
lich’s initial speculations that these cells with their large
granules were present to ‘nourish’ the surrounding tissue
[1]. Today, MCs are known to play pivotal roles in main-
taining a healthy physiology, in wound healing and an-
giogenesis and defence against a whole host of pathogens,

participating in both innate and adaptive immunity. They
also contribute in the inflammatory process, attracting
different leucocyte subsets to the site of injury and in al-
lergy and allergic diseases. The most compelling evidence
of the importance of MCs in health and disease is their
conservation in evolution and that there has never been
a description of a human lacking MCs. One of the major
advances in this field has been made by the development
of MC-deficient (MC ~/~) mice (reviewed in [2]). These
themes will be discussed in the present review with a focus
on recent developments in MC research in the last year.
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MC BIOLOGY

Origins and development

Like other myeloid cells, MCs derive from the bone
marrow [3]; however, the intricacies of their origin are
only now being elucidated. MCps (MC progenitors)
were first identified as a minor population of circulating
c-kit™ committed MCps in mouse fetal blood [4]. Recent
findings have shown that a MC is derived from a CMp
(common myeloid progenitor), but not from a GMp
(granulocyte/macrophage progenitor), which has been
reported previously [5]. There is also evidence for a
bipotent basophil/MCp population in the spleen [6],
illustrating the complexities of MC ontogeny. Unlike
other leucocytes, MCs are thought to be released from
the bone marrow into the peripheral blood as committed
MCps and undergo maturation under the control of
local cytokines, once they are recruited into specific
tissues [3,6-9]. Here, they develop and mature into
granulated MCs, where they are found in specific
locations.

The mechanisms controlling MCp recruitment are
essential to determining where MCs are found, but the
mediators involved in recruitment to different tissues
are only beginning to be defined. Certain integrins,
chemokines and lipid mediators have been implicated
in these mechanisms using a combination of limiting
dilution assays and iz virro chemotaxis assays. Mouse BM
(bone marrow)-derived MCps respond chemotactically
to LTB, (leukotriene B,), acting through the high-affinity
BLT1 receptor, but this receptor is lost during cell
maturation [7]. Immature and mature mouse BMMCs
(BM-derived MCs) respond chemotactically to PGE,
(prostaglandin E,) [8].

Mice subjected to monoclonal antibody blockade
of a4, B7 or the counterligands VCAM-1 (vascular
cell adhesion molecule-1) and MAdCAM-1 (mucosal
vascular addressin cell adhesion molecule-1) have
impaired homing of MCps to the small intestine, and
no mature MCs are found at this site [9-11]. Naive
CXCR2 (CXC chemokine receptor 2)-deficient mice
have reduced numbers of intestinal MCp [9]. Recently,
the CCR2/CCL2 (CC chemokine receptor 2/CC ligand
2) axis was shown to have a role in mediating MCp
recruitment with i wvitro results suggesting indirect
regulation of chemotaxis through SCF (stem cell factor)
[12]. CD1d-restricted NKT cells (natural killer T-cells),
T-regs (regulatory T-cells) and IL (interleukin)-9 also
have roles in MCp recruitment to the lung during antigen-
induced pulmonary inflammation [13,14]. However,
the role of IL-9 in MC recruitment may involve
other regulatory mechanisms or redundancy, as IL-9
gene-deficient mice had similar bronchial mature MC
numbers compared with wild-type controls [15]. These
results indicate the recruitment of MCps to different
tissue locations during different inflammatory states
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is a very tightly and specifically regulated mechanism
(summarized in Figure 1).

Phenotype and location
Despite MCs all deriving from a common lineage and
having a granulated morphology, they are extremely
heterogeneous and ‘plastic’ in phenotype and function
[16]. Their heterogeneity is starting to be defined and is
most probably shaped by the specific microenvironment
around the MCs and the mediators or pathogens that they
encounter. Rodent MCs can be broadly divided into two
phenotypes, CTMCs (connective tissue MCs) and MM Cs
(mucosal MCs), which differ based on localization,
mediator content and responses to different stimulations.
Mouse MCs have been characterized based on their
heterogeneous expression of proteases, including the
chymases (mMCP-1, -2, -4, -5 and -9), tryptases (mMCP-
6, -7. -11 and mTMT, a transmembrane tryptase) and
mMC-CPA (carboxypeptidase) [17]. CTMCs contain
chymases and tryptases, bound to heparin and the MMCs
contain just chymases, bound to chondroitin sulphate
[18]. Human MCs can also be distinguished by these two
types of protease, with MCr (tryptase) or MCrc (tryptase
chymase) MCs; however, they are less tissue-specific [19].
Protease expression can also be altered with different
stimulation. For example, in mouse, MC protease content
canbe altered by IL-10[20], and treatment of human MCs
with IL-4 increased the level of chymase in their granules
[21]. These results emphasize the plasticity shown within
the MCs, how redundant the two-MC-type classification
may be and how much more there is to understand about
the way in which MCs respond to their environment.
MC:s are found at the interface between the host and
the external environment near blood vessels, lymphatic
vessels, nerve fibres and a range of immune cells, including
dendritic cells [22]. This strategic positioning allows
them to act as sentinels of invading microbes, but also
to respond rapidly to any change in environment by
communicating with different cells involved both in
physiological and immunological responses.

MC responses

The plethora of mediators and the speed at which some of
these mediators are released from MCs makes the control
of MC activation key to their function.

There are two waves of mediator release. Initially,
insoluble granules (and their associated mediators)
are exocytosed within seconds in a process known
as degranulation. Some associated mediators such as
histamine become soluble immediately, but others
remain in an insoluble particulate form maintained by
interactions between negatively charged carbohydrates
(heparin) and positively charged proteases. Granule
proteins such as TNF (tumour necrosis factor) can
remain associated with insoluble particles and be released
slowly and for a prolonged time. These particles can
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MCp derived from a CMp in the bone marrow. Also, GMps may migrate to the spleen, where the bipotent BMCPs (basophil/MCps) probably differentiate into committed

basophil progenitors and MCps, which are then released into the circulation. The basophil progenitors likely differentiate into basophils in the circulation. In the naive

mouse, committed MCps home to the intestine, a process dependent on their expression of or487 and CXCR2 and by the expression of VCAM-I, MACAM-1 and CXCR2

on the endothelium. Resident intestinal MCps and MCs down-regulate o4 integrin and up-regulate oE integrin. In airway inflammation, MCps are recruited to the

lung in greater numbers than in homing conditions, a process dependent on their cz41 and 487 expression and on VCAM-I, CXCR2 and CCR2 expression by

the stroma. CLP, common lymphoid precursor; MPP, multipotential progenitor, Ba, basophil.

travel long distances from the infection site to the
draining lymph node [23]. The TNF associated with these
particles is protected from degradation and concentrated
on the particles. Therefore MCs are able to elicit
responses a long distance from the location of granule
release, and this is a new mechanism of communication
between cells. Proteases are, by far, the most abundant
mediators associated with MCs, and their role in immune
defence is still being established (reviewed in [24]).
Many studies have shown that the de novo production
of mediators can vary depending on the stimulus and
experimental conditions, e.g IgE-mediated activation of
human MCs led to higher eicosanoid production than
that of neurogenic peptides or pharmacological stimuli
[25]. Leukotrienes can be generated and quickly released
by MCs as they require only catalytic conversion rather
than de novo synthesis. One of the main functions of
leukotrienes are to act locally on the vascular endothelium
by promoting rolling and recruitment of neutrophils and
therefore contribute to defence against bacterial infection
in mice [26]. Like leukotrienes, prostaglandins are also
rapidly synthesized and have been shown to contribute
to vascular permeability, chemotaxis of various cells [8],
mucus production and activation of nerve cells [27].

The second wave of de novo synthesized mediators,
including cytokines and chemokines, occurs hours after
initial activation and have been reviewed previously,
with TNE, IL-4, IL-5, IL-6 and IL-13 being well-
characterized examples. MC-derived chemokines and
cytokines activate local cells and promote cell recruitment
to sites of inflammation (reviewed in [28]).

MC activation

IgE-dependent activation

The best studied mechanism of MC activation is through
the high-affinity IgE receptor FceRI. These receptors
on the surface of MCs can bind to both IgE as well as
IgG and become sensitized to antigens that the host has
previously contacted. Cross-linking of IgE or IgG on the
surface of MCs by specific antigens leads to activation
and the subsequent degranulation and de novo synthesis
of mediators [29].

Non-IgE-dependent activation

MCs can also be activated through a variety of
non-IgE-dependent mechanisms including proteases,
cytokines, complement, adenosine, TLRs (Toll-like
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receptors), neuropeptides and hyperosmolarity [30].
Different mediators can be released by different strengths
of activation signal [31]. Activation can be positively
or negatively regulated by ligands to many receptors
expressed on the surface of MCs [32]. For example,
MGCs are activated by complement products C3a and C5a
[33] to induce chemokine gene expression in MCs [34].
Complement receptors are differentially expressed on
MGC:s from various tissue locations [33]; in the lung, MCr
cells do not express C5aR, whereas MCrc do, and this
is correlated with substantial C5a-induced degranulation
in MCrc cells [35].

The initial recognition of microbes is mediated by
a set of PRR (pattern recognition receptors) including
TLRs and the newly defined nucleotide-binding domain,
NLRP (leucine-rich repeat proteins) or NLR (NOD-like
receptors) which are present on many different cells of
the immune system, including MCs [36,37]. The TLRs
and NRLPs are a family of cell-surface and cytosolic re-
ceptors which collectively recognize PAMPs (pathogen-
associated molecular patterns) and ‘danger’ signals [38].
Human and mouse MCs express TLR1-7 and -9 [39,40]
and specific TLR stimulation (by different pathogens)
is able to induce different responses from MCs. For
example, LPS (lipopolysaccharide) stimulation of MCs
through TLR4 leads to cytokine production without
degranulation; however, stimulation of TLR2 by pep-
tidoglycan induced both degranulation and cytokine pro-
duction in some but not all studies[41-43]. MCs can also
detect a range of pathogens specifically through binding
of antibodies specific for pathogen-associated epitopes
and CD48, which can detect the presence of pathogens
including Escherichia coli [44]. Exogenous components
associated with pathogens such as wasp venom can also
activate MCs. Although mechanisms are not completely
clear, certain venom constituents may directly activate tri-
meric G proteins and other signalling molecules [45,46].

MCs IN HEALTH AND DISEASE

The diversity of functions recognized by MCs today
has expanded since the time when they were considered
important only in allergy and allergic inflammation.
This has been possible by the development of MC~/~
(MC-deficient) mice. There are various MC-deficient
models and caveats with their use (as described in [1,2]),
but research with such models has suggested that MCs
have physiological functions in epithelial, endothelial
and nervous systems as well as in the regulation of
immunity. These functions of MCs can also contribute
to the pathology associated with many different diseases.

Role of MCs in physiology
MGC:s are present in many tissues of the body not only as
sentinel cells to detect and respond to pathogens/ antigens
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or to communicate with the adaptive immune system, but
also to maintain physiological homoeostasis.

Homoeostasis

MC:s are important in the homoeostasis of organs that
undergo continuous growth and remodelling such as
hair follicles and bones. MC~/~ mice have normal hair
growth; however, hair follicle cycling is severely impaired
[47]. MC-derived histamine, TNF and substance P are
implicated in regulating growth and regression of hair
follicles between periods of hair growth and rest [48].
MGCs also contribute to bone remodelling. In MC =/~
mice, femurs are lighter, thinner and more fragile [49].
It has been speculated that MC IL-1, TGF-g, IL-6
and histamine could influence osteoclast recruitment and
development. Recently, MCs were found to produce
OPN (osteopontin), a secreted glycoprotein that controls
bone metabolism and also has a role in immune responses
[50]. They can also maintain homoeostasis by degrading
toxins such as the endogenous peptide ET-1 (endothelin-
1) and snake venom. ET-1 is a potent vasoconstrictor
derived from several cell types, which is known to mediate
the toxic effects of sepsis. MCs are directly activated by
ET-1 to release proteases that degrade this peptide, thus
limiting toxicity and promoting survival in mice during
acute bacterial peritonitis [51].

Wound healing

MCs produce many different growth factors including
NGF (nerve growth factor), PDGF (platelet-derived
growth factor), VEGF (vascular endothelial growth
factor), FGF2 (fibroblast growth factor 2), histamine and
tryptase, which are involved in proliferation of epithelial
cells and fibroblasts [52]. They are known to be involved
in wound healing from the initial inflammatory response
followed by re-epithelialization and revascularization of
the damaged tissue and finally in deposition of collagen
and re-modelling of the matrix [53].

Nervous system

MGCs localize near nerve endings in many different
tissues, including the lungs, skin, intestinal mucosa
and CNS (central nervous system). MCs and neurons
can communicate through the mediators they release,
e.g. histamine, serotonin and tryptase, released from
MGCs, can influence neuronal activity, and neurons
can release CGRP (calcitonin gene-related peptide),
substance P and ET-1, which activate MCs [18]. In
certain situations of wound healing and stress response,
MCs and neurons work co-operatively. For example, in
the gut, MCs and neurons maintain homoeostasis by
regulating ion transport, secretory activity of mucous
epithelial cells, vascular permeability and intestinal
motility (reviewed in [54]). MC-neuron interaction
may also lead to immunosuppression, illustrated by
the observation that MCs migrate to lymph nodes
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Figure 2 Role of MCs and their mediators in health and disease: some recent developments

Summary of some of the recent advances described in the present review illustrating the role of MCs in both health (physiology), defence against pathogens and

disease. OPN, osteopontin; ET-1, endothelin-I; NLRP3, nucleotide-binding oligomerization domain-leucine-rich repeats containing pyrin domain 3; mMCP-4, mouse mast

cell protease-4.

upon UV irradiation, prevention of which abrogates
the induction of immunosuppression [55]. MC products
IL-10, TNF-w, histamine, PGE; (prostaglandin E,),
serotonin, PAF (platelet-activating factor) and IL-4 have
all been implicated in the subsequent immunosuppression
[56]. Recently, vitamin Ds has been reported to reduce
skin pathology at sites of chronic UVB irradiation,
by inducing IL-10 production from cutaneous MCs
via engagement of the VDR (vitamin D receptor) [57]
(Figure 2).

Role of MCs in immunity and host defence
The strategic position of MCs near the surface of the
airways, gut and skin allows them to act against invading
microbes including bacteria, parasites, fungi and viruses.
They express receptors on their cell surface that are able to
‘sense’ pathogens, and their secreted products contribute
to protective immunity and pathogen clearance or
containment (reviewed in [22,58] and recent advances are
summarized in Figure 2).

Parasites

Parasitic infections are often associated with high levels
of IgE (parasite-specific or non-specific), increased
MC numbers and redistribution and evidence of MC
activation, which all point strongly to MC involvement
in host response to parasite infection [59]. Research
into the control and clearance of parasites by MCs
has described roles in the recruitment of key immune
cells, the regulation of gut permeability and parasite
expulsion, containment, chronic inflammation and nema-

tode fecundity [60-63]. What is not fully clear and
requires further investigation is whether or not MCs
confer a benefit to the host during parasite infection, and
current evidence suggests that the outcome depends on
the type of infection/parasite.

With the use of MC~/~ mice and MC protease-
deficient mice, MCs were shown to contribute to host
defence against many different infections including those
caused by Strongyloides venezuelensis [64], Trichinella
spiralis [61] and Leishmania major [62]. However, in
some nematode infections, there is a mixed picture
of protective and pathological, functions depending on
the type of infection and the genetic background of the
mice, as highlighted by responses to Nippostrongylus
brasiliensis [58]. A recent study has shown that
MC-deficient MC~/~ mice have significantly higher
nematode fecundity than MC-reconstituted MC~/~
mice or wild-type mice [63].

It is becoming clear that MCs and basophils have
overlapping and possibly complimentary roles in defence
against parasite infection as highlighted by recent results
showing basophils to be central in the defence to re-
infection by different parasites, whereas in primary
infections, MCs appear to be more important [65,66].

Bacteria

MCs have been described as initiating both innate and
adaptive immune responses to bacterial infection using
MC~/~ mice. MCs can be activated by bacteria via
TLRs and by other mediators to kill bacteria directly
[67], recruit neutrophils [68] and degrade potentially toxic
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endogenous mediators such as ET-1 [51] and neurotensin
[69].

In the peritoneum, the critical protective function
of MCs is apparent in a model of acute septic
peritonitis [68], in particular, through their ability to
recruit neutrophils. Recently, this work was confirmed
in moderate peritonitis caused by caecal ligation, but in
experimentally severe conditions, MCs were no longer
protective, with MC TNF contributing to pathology [70].
MC~/~ mice infected via the airways with Mycoplasma
pneumonia have higher bacterial burdens, worse lung
pathology and lose more weight than wild-type mice
[71], while in Klebsiella pneuwmonia infection, MC =/~
mice have lower survival rates compared with wild-type
littermates [72]. A recent study shows that human lung
MGCs directly respond to the pneumococcal virulence
factor, pneumolysin, by releasing mediators including
cathlecidin [73]. Activated MCs are also crucial for
the induction of protective innate immune responses to
Psendomonas aeruginosa skin infections. In these models,
the common mode of action, whether in the lungs, skin or
peritoneum, is through the recruitment of neutrophils by
MC TNFE. MC TNF can be stored preformed in granules,
and therefore, a ready supply can be released immediately
upon meeting pathogen [74].

Viral

Much less is known about the contribution MCs make
in controlling and containing viral infections. MCs can
recognize and respond to virus and viral products through
TLRs and release cytokines in response [75]. They can
also promote recruitment of CD8 T-cells during viral
challenge [76] and production of type-1 interferon [75];
mechanisms which contribute to clearance of intracellular
viral infection. MC numbers increase in the lungs after
respiratory viral infection [77]; however, interaction
between MC and virus does not always favour the
host. HIV can infect MCp through CXCR# co-receptor,
which is down-regulated after maturation of MCs leaving
a reservoir of latent virus within the host [78]. This
reservoir can be stimulated to replicate after exposure
to TLR2, 4 or 9 ligands [79]. In addition, IgE-FceR1
interactions may influence HIV co-receptor expression
on MCs and their susceptibility to infection with HIV
[80]. In a mouse model of viral myocarditis where
MC~/~ mice were administered encephalomyocarditis
virus intraperitoneally, survival rates were significantly
increased in the absence of MCs compared with wild-
type controls, suggesting that inhibition of MC function
may be beneficial to disease outcome in this instance [81].

MCs in disease pathology
Allergy and asthma

Allergies occur when components of the immune system,
in particular MCs, respond inappropriately to innocuous
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antigens. The importance of MCs in allergic reactions is
emphasized by the increased numbers seen in the affected
tissues [82]. Patients with asthma have increased MC
numbers in the airway smooth muscle, mucus glands
and epithelium [83,84]. In mouse models of antigen-
induced Th2-mediated pulmonary inflammation, there is
a marked increase in airway MCs, although the lungs of
normal laboratory-bred mice have few MCs [85]. MCs
are thought to be the major initiator of the symptoms
associated when a sensitized individual ‘encounters’
antigen. The extent of these allergic symptoms is
highlighted in anaphylaxis, where, after exposure to very
small amounts of antigen, an individual can have an
excessive reaction within seconds, which can sometimes
be fatal [29].

The initial rapid release of mediators such as histamine,
PGD;, and LTC; can all contribute to features of
asthma, including bronchoconstriction, mucus secretion
and mucosal oedema. MCs also have a role in the later
consequences of allergen exposure including leucocyte
migration, local accumulation and activation of T-cells,
dendritic cells, neutrophils, eosinophils and monocytes
[86]. MCs also synthesize and secrete a large number
of pro-inflammatory cytokines (including IL-4, IL-5
and IL-13), which regulate both IgE synthesis and the
development of eosinophilic inflammation, and several
profibrogenic cytokines, including TGF-8 and FGEF2
[87]. Indeed, in a mouse model of chronic allergic
inflammation, MCs were found to be critical for
development of several features of tissue remodelling,
including increased numbers of mucus-producing goblet
cells in the airway epithelium and increased lung
collagen deposition, changes accompanied by a MC-
dependent exacerbation of airway hyper-reactivity to
methacholine [88]. MC products may also inhibit
the pathology of allergic inflaimmation as shown in
mMCP-4 =/~ mice that exhibit substantially more airway
inflammation and AHR (airway hyper-responsiveness)
in response to methacholine [89]. Co-ligation of
allergin-1 (an immunoglobulin-like receptor) and FceRI
suppressed IgE-mediated degranulation of BMMCs,
and allergin-1=/~ mice develop enhanced passive
systemic and cutaneous anaphylaxis [90] (Figure 2).
This work suggests a new mechanism of regulation
of MCs, and it would be interesting to assess its
suppressive effects in a mouse model of allergic airway
disease.

The IL-33 receptor ST2 (T1/ST2) is expressed on
several immune cells including Th2 cells, basophils,
eosinophils, NK (natural killer) cells and MCs [91-
94]. Systemic administration of the IL-33 enhances
IgE-mediated anaphylactic shock in an MC-dependent
manner [95], and MCs have been shown to produce IL-33
after IgE/antigen activation [96]. These findings suggest
that the IL-33/ST2 pathway in MCs may be important
for the regulation of IgE-dependent inflammation.
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Chronic inflammation and autoimmune disease

The correlation seen in MC hyperplasia and increased
MC products at sites of tissue injury in chronic
inflammatory and autoimmune diseases, although
circumstantial, suggests MCs contribute to these diseases.
Much work has been published on the role of MCs
in chronic inflammatory and autoimmune disease. A
few examples where MCs are shown to contribute
to inflammation and disease are described below and
summarized (Figure 2).

Autoimmune disease

EAE (experimental autoimmune encephalomyelitis) is
the rodent model of MS (multiple sclerosis) and shares
many features with MS [97]. MCs have been observed in
human MS plaques [98]. In the brain and spinal cord of
EAE mice, increased MCs and MC activation products
have been observed compared with wild-type. In
addition, MC =/~ mice have delayed onset and decreased
severity of EAE compared with wild-type littermate
controls. Initially, Th1 cells were thought to derive
disease pathogenesis, but more recent results suggest
Th17 cells and IL-23 are also key [99]. Engraftment
of MC~/~ mice with wild-type MCs restores disease
severity, but not MCs in the CNS, suggesting MCs exert
their pathogenic effects in the periphery. A population
of resident MCs in the meninges and spinal cord were
found to regulate basal CNS barrier function, facilitating
initial T-cell CNS entry. Specifically, MC-derived TNF
recruited neutrophils to the CNS, which, together with
T-cells, led to the blood-brain barrier breach and myelin
damage [100]. However, a different group observed that,
although BMMC can be recruited to the CNS during
EAE, disease developed normally in the absence of either
MCs or BMMC reconstitution, contradicting previous
results and suggesting that, although MCs do accumulate
in the brain and CNS during EAE, they are dispensable
for development of disease [101]. The differences between
these results have yet to be clearly explained.

K/BxN mice spontaneously develop disease resem-
bling RA (rheumatoid arthritis). MC~/~ mice are
resistant to arthritis, whereas engraftment of these
animals with wild-type MCs restores susceptibility [102].
MCs contribute to initiation of autoantibody-mediated
arthritis by production and release of IL-1 [103]. IL-33
is also a key mediator in the development of mouse
models of rheumatoid arthritis. rIL-33 treatment
exacerbated both CIA (collagen-induced arthritis) and
AJA (autoantibody-induced arthritis) in ST2~/~ mice
(IL-33 receptor) engrafted with wild-type MCs, but
not ST2 -/~ MCs, through MC degranulation and pro-
inflammatory cytokine production [104,105].

CAPS (cryopyrin-associated periodic syndrome)
consists of a spectrum of disorders, including urticarial
rash, which can be effectively suppressed by anti-IL-
1 antibody treatment. MCs are the main producers of

IL-1B in the skin of CAPS patients. Unlike normal MCs,
MCs from CAPS patients constitutively produce IL-18
via NLRP3, which leads to neutrophil migration and
vascular leakage (the hallmarks of urticarial rash) [106].

Heart disease

Increased numbers of MCs are observed at sites of
plaque erosion, rupture and haemorrhage in human
atherosclerotic plaques, suggesting a role in the patho-
genesis of thin cap fibroatheroma or vulnerable plaques
[107]. An indirect role is suggested by studies showing
that MCs promote lipid accumulation and subsequent
foam cell development as they mediate degradation of
atheroprotective HDL (high-density lipoprotein) and
impair cholesterol efflux [108]. The release of cytokines
by MCs can alter vascular permeability affecting
uptake of lipids and indirectly inflammatory cells. In
addition, MC chymase and tryptase can activate matrix
metalloproteases released by activated macrophages,
which promote plaque instability and rupture [109].
MC /= mice (Kit¥—s/W=shy » [dly=/~ mice identified
the requirement for MCs in plaque development and
inflammatory cell infiltration via MC IL-6 and IFN-y
(interferon-y)-mediated protease production from
endothelial and smooth muscle cells [110].

A similar mechanism of MC action has been described
in obesity and diabetes. MC numbers are increased in
obese WAT (white adipose tissue) in human and mouse
compared with lean WAT. Using reconstitution of
MC~/~ mice and MC-stabilizing agents, MC derived
IL-6 and IFN-y were found to be key mediators
in mouse adipose tissue cysteine protease cathepsin
expression, apoptosis and angiogenesis, leading to diet-
induced obesity and glucose intolerance [111].

Cancer

There is evidence for MCs both in promoting, but also
in protecting against, tumour growth. The accumulation
of MC:s at the periphery of tumours has been observed
in both rodent models and in a diverse array of
tumours in humans. Enhanced MC accumulation
in tumours is associated with poor prognosis in a variety
of tumours, indicating a biological role for MCs in
tumour progression [112]; however, the opposite was ob-
served in some breast cancers [113]. MC =/~ mice exhibit
a reduced rate of tumour angiogenesis [114]; however,
this has not been studied in depth for all tumours.

It is generally thought that MCs promote early
angiogenesis events in tumour development through the
mediators they are stimulated to release, including VEGE,
IL-8, angiopoietin-1, FGF2, heparin and proteases after
which the tumour cells take control of growth in a MC-
independent manner [115,116].

MCs can be recruited to tumours by tumour-
derived factors; for example, SCF mediates MC
tumour infiltration and activation leading to both

© The Authors Journal compilation © 2011 Biochemical Society
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pro-inflammatory mediator release, tissue remodelling
and immunosuppression [117]. The role of MCs in
tissue remodelling, although beneficial in circumstances
discussed above, promotes tumour growth in the tumour
environment. This is highlighted by the suggested use
of MCs as prognostic markers for prostate cancer.
Intratumoral MCs were shown to negatively regulate
angiogenesis and tumour growth, whereas peritumoral
MCs stimulated expansion of human prostate cancers
[118] (Figure 2).

Transplantation

MCs have been shown to mediate T-reg-dependent
peripheral allograft tolerance in both skin and cardiac
transplants [119]. Degranulation of MCs causes the
release of MC intermediaries and migration of both
T-reg and MCs from the graft with a decrease in T-reg-
suppressive cytokines such as IL-10, TGF-8 and GZB
(granzyme B) leading to allograft rejection[120].

CONCLUDING REMARKS

The present review gives an overview of the roles of MCs
in physiology, defence against pathogens and in diff-
erent diseases. Some of the mechanisms observed in
the ‘beneficial’ roles of MCs in maintaining physiology,
such as in UVB-induced immunosuppression, are the
cause of the ‘pathogenic’ roles seen in different disease
settings, for example, in different cancers. Interestingly,
the roles of MCs in different diseases are still being
discovered and open up the potential for developing
new therapies for these common disorders. A key step
in treating some of these diseases will be to understand
the similarities and differences of how MC functions are
regulated in both health and disease. As the understanding
for a role of MCs in a wide variety of diseases grows,
understanding the similarities and differences of MC
functions in different contexts will be essential. With
this knowledge, development of MC-directed therapies
may provide novel treatments for various disorders
through regulation of MC activation, promotion of
their immunomodulatory capacities or interference with
mechanisms governing the population of tissues by MCs.

FUNDING

C.W. and T.W. are supported by Asthma UK. S.J.C.
is supported by the National Institutes of Health
[grant number R21 HL 091255]. J.R.L. is supported by
GlaxoSmithKline.

REFERENCES

1 Beaven, M. A. (2009) Our perception of the mast cell
from Paul Ehrlich to now. Eur. J. Immunol. 39, 11-25

© The Authors Journal compilation © 2011 Biochemical Society

10

11

12

13

14

15

16

17

Tsai, M., Grimbaldeston, M. A., Yu, M., Tam, S. Y. and
Galli, S. J. (2005) Using mast cell knock-in mice to
analyze the roles of mast cells in allergic responses i vivo.
Chem. Immunol. Allergy 87, 179-197

Chen, C. C., Grimbaldeston, M. A., Tsai, M., Weissman,
I. L. and Galli, S. J. (2005) Identification of mast cell
progenitors in adult mice. Proc. Natl. Acad. Sci. U.S.A.
102, 11408-11413

Rodewald, H. R., Dessing, M., Dvorak, A. M. and Gallj,
S.J. (1996) Identification of a committed precursor for the
mast cell lineage. Science 271, 818-822

Franco, C. B., Chen, C. C., Drukker, M., Weissman, I. L.
and Galli, S. J. (2010) Distinguishing mast cell and
granulocyte differentiation at the single-cell level. Cell
Stem Cell 6, 361-368

Arinobu, Y., Iwasaki, H., Gurish, M. F., Mizuno, S.,
Shigematsu, H., Ozawa, H., Tenen, D. G., Austen, K. E.
and Akashi, K. (2005) Developmental checkpoints of the
basophil/mast cell lineages in adult murine hematopoiesis.
Proc. Natl. Acad. Sci. U. S. A. 102, 18105-18110

Weller, C. L., Collington, S. J., Brown, J. K., Miller, H. R,
Al-Kashi, A., Clark, P, Jose, P. J., Hartnell, A. and
Williams, T. J. (2005) Leukotriene By, an activation
product of mast cells, is a chemoattractant for their
progenitors. J. Exp. Med. 201, 1961-1971

Weller, C. L., Collington, S. J., Hartnell, A., Conroy, D.
M, Kaise, T., Barker, J. E., Wilson, M. S., Taylor, G. W,
Jose, P.J. and Williams, T. J. (2007) Chemotactic action of
prostaglandin E; on mouse mast cells acting via the PGE,
receptor 3. Proc. Natl. Acad. Sci. U.S.A. 104, 1171211717
Abonia, J. P, Austen, K. E, Rollins, B. J., Joshi, S. K.,
Flavell, R. A., Kuziel, W. A., Koni, P. A. and Gurish, M. F.
(2005) Constitutive homing of mast cell progenitors to
the intestine depends on autologous expression of the
chemokine receptor CXCR2. Blood 105, 4308-4313
Artis, D., Humphreys, N. E., Potten, C. S., Wagner, N.,
Muller, W., McDermott, J. R., Grencis, R. K. and Else,

K. J. (2000) B7 Integrin-deficient mice: delayed leukocyte
recruitment and attenuated protective immunity in the
small intestine during enteric helminth infection. Eur. J.
Immunol. 30, 1656—1664

Collington, S. J., Hallgren, J., Pease, J. E., Jones, T. G.,
Rollins, B. J., Westwick, J., Austen, K. E,, Williams, T. J.,
Gurish, M. F. and Weller, C. L. (2010) The role of the
CCL2/CCR2 axis in mouse mast cell migration in vitro
and 7 vivo. J. Immunol. 184, 6114-6123

Jones, T. G., Hallgren, J., Humbles, A., Burwell, T.,
Finkelman, E. D., Alcaide, P, Austen, K. F. and Gurish,
M. F (2009) Antigen-induced increases in pulmonary
mast cell progenitor numbers depend on IL-9 and
CD1d-restricted NKT cells. J. Immunol. 183, 5251-5260
Jones, T. G., Finkelman, E. D., Austen, K. F. and Gurish,
M. E (2010) T regulatory cells control antigen-induced
recruitment of mast cell progenitors to the lungs of
C57BL/6 mice. J. Immunol. 185, 1804-1811

Pae, S., Cho, J. Y., Dayan, S., Miller, M., Pemberton, A. D.
and Broide, D. H. (2010) Chronic allergen challenge
induces bronchial mast cell accumulation in BALB/c but
not C57BL/6 mice and is independent of IL-9.
Immunogenetics 62, 499-506

Vliagoftis, H. and Befus, A. D. (2005) Rapidly changing
perspectives about mast cells at mucosal surfaces.
Immunol. Rev. 206, 190-203

Stevens, R. L. and Adachi, R. (2007)
Protease—proteoglycan complexes of mouse and human
mast cells and importance of their B-tryptase-heparin
complexes in inflammation and innate immunity.
Immunol. Rev. 217, 155-167

Metcalfe, D. D., Baram, D. and Mekori, Y. A. (1997) Mast
cells. Physiol. Rev. 77, 1033-1079



18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

Mast cells in health and disease

481

Welle, M. (1997) Development, significance, and
heterogeneity of mast cells with particular regard to the
mast cell-specific proteases chymase and tryptase.

J. Leukocyte Biol. 61, 233-245

Ghildyal, N., McNeil, H. P, Gurish, M. E, Austen, K. F.
and Stevens, R. L. (1992) Transcriptional regulation of the
mucosal mast cell-specific protease gene, MMCP-2, by
interleukin 10 and interleukin 3. J. Biol. Chem. 267,
8473-8477

Toru, H., Eguchi, M., Matsumoto, R., Yanagida, M.,
Yata, J. and Nakahata, T. (1998) Interleukin-4 promotes
the development of tryptase and chymase double-positive
human mast cells accompanied by cell maturation. Blood
91, 187195

Abraham, S. N. and St John, A. L. (2010) Mast
cell-orchestrated immunity to pathogens. Nat. Rev.
Immunol. 10, 440-452

Kunder, C. A., St John, A. L., Li, G., Leong, K. W,,
Berwin, B., Staats, H. F. and Abraham, S. N. (2009) Mast
cell-derived particles deliver peripheral signals to remote
lymph nodes. J. Exp. Med. 206, 2455-2467

Pejler, G., Ronnberg, E., Waern, I. and Wernersson, S.
(2010) Mast cell proteases: multifaceted regulators of
inflammatory disease. Blood 115, 4981-4990

Benyon, R. C., Robinson, C. and Church, M. K. (1989)
Differential release of histamine and eicosanoids from
human skin mast cells activated by IgE-dependent and
non-immunological stimuli. Br. J. Pharmacol. 97,
898-904

Malaviya, R. and Abraham, S. N. (2000) Role of mast cell
leukotrienes in neutrophil recruitment and bacterial
clearance in infectious peritonitis. J. Leukocyte Biol. 67,
841-846

Funk, C. D. (2001) Prostaglandins and leukotrienes:
advances in eicosanoid biology. Science 294, 1871-1875
Galli, S. J., Nakae, S. and Tsai, M. (2005) Mast cells in the
development of adaptive immune responses. Nat.
Immunol. 6, 135-142

Kawakami, T. and Gallj, S. J. (2002) Regulation of
mast-cell and basophil function and survival by IgE. Nat.
Rev. Immunol. 2, 773-786

Galli, S. J. and Tsai, M. (2008) Mast cells: versatile
regulators of inflammation, tissue remodeling, host
defense and homeostasis. J. Dermatol. Sci. 49,

7-19

Rivera, J. and Gilfillan, A. M. (2006) Molecular regulation
of mast cell activation. J. Allergy Clin. Immunol. 117,
1214-1225

Galli, S. J., Kalesnikoff, J., Grimbaldeston, M. A.,
Piliponsky, A. M., Williams, C. M. and Tsai, M. (2005)
Mast cells as ‘tunable’ effector and immunoregulatory
cells: recent advances. Annu. Rev. Immunol. 23, 749-786
el-Lati, S. G., Dahinden, C. A. and Church, M. K. (1994)
Complement peptides C3a- and C5a-induced mediator
release from dissociated human skin mast cells. J. Invest.
Dermatol. 102, 803-806

Ali, H., Ahamed, ]J., Hernandez-Munain, C., Baron, J. L.,
Krangel, M. S. and Patel, D. D. (2000) Chemokine
production by G protein-coupled receptor activation in a
human mast cell line: roles of extracellular
signal-regulated kinase and NFAT. J. Immunol. 165,
7215-7223

Oskeritzian, C. A., Zhao, W., Min, H. K., Xia, H. Z.,
Pozez, A., Kiev, J. and Schwartz, L. B. (2005) Surface
CD88 functionally distinguishes the MCTC from the
MCT type of human lung mast cell. J. Allergy Clin.
Immunol. 115, 1162-1168

Fritz, J. H., Ferrero, R. L., Philpott, D. J. and Girardin, S.
E. (2006) Nod-like proteins in immunity, inflammation
and disease. Nat. Immunol. 7, 1250-1257

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

Haidl, I. D., McAlpine, S. M. and Marshall, J. S. (2010)
Enhancement of mast cell IL-6 production by combined
Toll-like and nucleotide-binding oligomerization
domain-like receptor activation. Int. Arch. Allergy
Immunol. 154, 227-235

Franchi, L., Park, J. H., Shaw, M. H., Marina-Garcia, N.,
Chen, G., Kim, Y. G. and Nunez, G. (2008) Intracellular
NOD-like receptors in innate immunity, infection and
disease. Cell Microbiol. 10, 1-8

Applequist, S. E., Wallin, R. P. and Ljunggren, H. G.
(2002) Variable expression of Toll-like receptor in murine
innate and adaptive immune cell lines. Int. Immunol. 14,
1065-1074

Matsushima, H., Yamada, N., Matsue, H. and Shimada, S.
(2004) TLR3-, TLR7- and TLR9-mediated production of
pro-inflammatory cytokines and chemokines from
murine connective tissue type skin-derived mast cells but
not from bone marrow-derived mast cells. J. Immunol.
173, 531-541

Supajatura, V., Ushio, H., Nakao, A. et al. (2002)
Differential responses of mast cell Toll-like receptors 2
and 4 in allergy and innate immunity. J. Clin. Invest 109,
1351-1359

Ikeda, T. and Funaba, M. (2003) Altered function of
murine mast cells in response to lipopolysaccharide and
peptidoglycan. Immunol. Lett. 88, 21-26

Qiao, H., Andrade, M. V,, Lisboa, F. A., Morgan, K. and
Beaven, M. A. (2006) FceR1 and toll-like receptors
mediate synergistic signals to markedly augment
production of inflammatory cytokines in murine mast
cells. Blood 107, 610-618

Gurish, M. E, Tao, H., Abonia, J. P, Arya, A., Friend,
D. S., Parker, C. M. and Austen, K. F. (2001) Intestinal
mast cell progenitors require CD49dB7 («487 integrin)
for tissue-specific homing. J. Exp. Med. 194, 1243-1252
Malaviya, R., Gao, Z., Thankavel, K., Van Der Merwe, P.
A. and Abraham, S. N. (1999) The mast cell tumor
necrosis factor o response to FimH-expressing
Escherichia coli is mediated by the
glycosylphosphatidylinositol-anchored molecule CD48.
Proc. Natl. Acad. Sci. U.S.A. 96, 8110-8115

Ferry, X., Brehin, S., Kamel, R. and Landry, Y. (2002) G
protein-dependent activation of mast cell by peptides and
basic secretagogues. Peptides 23, 1507-1515

Chahdji, A., Sorokin, A., Dunn, M. J. and Landry, Y.
(2004) The Rac/Cdc42 guanine nucleotide exchange
factor betalPix enhances mastoparan-activated
Gi-dependent pathway in mast cells. Biochem. Biophys.
Res. Commun. 317, 384-389

Maurer, M., Paus, R. and Czarnetzki, B. M. (1995) Mast
cells as modulators of hair follicle cycling. Exp. Dermatol.
4,266-271

Maurer, M., Theoharides, T., Granstein, R. D., Bischoff,
S. C., Bienenstock, J., Henz, B., Kovanen, P, Piliponsky,
A. M., Kambe, N., Vliagoftis, H., Levi-Schaffer, E. et al.
(2003) What is the physiological function of mast cells?
Exp. Dermatol. 12, 886-910

Silberstein, R., Melnick, M., Greenberg, G. and

Minkin, C. (1991) Bone remodeling in W/Wv mast cell
deficient mice. Bone 12, 227-236

Nagasaka, A., Matsue, H., Matsushima, H., Aoki, R.,
Nakamura, Y., Kambe, N., Kon, S., Uede, T. and
Shimada, S. (2008) Osteopontin is produced by mast cells
and affects IgE-mediated degranulation and migration of
mast cells. Eur. J. Immunol. 38, 489-499

Maurer, M., Wedemeyer, J., Metz, M., Piliponsky, A. M.,
Weller, K., Chatterjea, D., Clouthier, D. E., Yanagisawa,
M. M., Tsai, M. and Galli, S. J. (2004) Mast cells promote
homeostasis by limiting endothelin-1-induced toxicity.
Nature 432, 512-516

© The Authors Journal compilation © 2011 Biochemical Society



48) C. L. Weller and others

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

Abe, M., Kurosawa, M., Igarashi, Y., Ishikawa, O. and
Miyachi, Y. (2000) Influence of IgE-mediated activation
of cultured human mast cells on proliferation and type I
collagen production by human dermal fibroblasts.

J. Allergy Clin. Immunol. 106, S72-S77

Noli, C. and Miolo, A. (2001) The mast cell in wound
healing. Vet. Dermatol. 12, 303-313

Van, N. L., Adriaensen, D. and Timmermans, ]. P. (2007)
The bidirectional communication between neurons and
mast cells within the gastrointestinal tract. Auton.
Neurosci. 133, 91-103

Byrne, S. N., Limon-Flores, A. Y. and Ullrich, S. E. (2008)
Mast cell migration from the skin to the draining lymph
nodes upon ultraviolet irradiation represents a key step in
the induction of immune suppression. J. Immunol. 180,
4648-4655

Hart, P. H., Grimbaldeston, M. A. and Finlay-Jones, J. J.
(2000) Mast cells in UV-B-induced immunosuppression.
J. Photochem. Photobiol. B 55, 81-87

Biggs, L., Yu, C., Fedoric, B., Lopez, A. E, Galli, S. J. and
Grimbaldeston, M. A. (2010) Evidence that vitamin D3
promotes mast cell-dependent reduction of chronic
UVB-induced skin pathology in mice. J. Exp. Med. 207,
455-463

Galli, S. J. and Tsai, M. (2010) Mast cells in allergy and
infection: versatile effector and regulatory cells in innate
and adaptive immunity. Eur. J. Immunol. 40, 1843-1851
Anthony, R. M., Rutitzky, L. I, Urban, J. E, Jr.,
Stadecker, M. J. and Gause, W. C. (2007) Protective
immune mechanisms in helminth infection. Nat. Rev.
Immunol. 7, 975-987

Gurish, M. E, Bryce, P. J., Tao, H., Kisselgof, A. B.,
Thornton, E. M., Miller, H. R., Friend, D. S. and Oettgen,
H. C. (2004) IgE enhances parasite clearance and regulates
mast cell responses in mice infected with Trichinella
spiralis. J. Immunol. 172, 1139-1145

Knight, P. A., Wright, S. H., Lawrence, C. E., Paterson,
Y. Y. and Miller, H. R. (2000) Delayed expulsion of the
nematode Trichinella spiralis in mice lacking the mucosal
mast cell-specific granule chymase, mouse mast cell
protease-1. J. Exp. Med. 192, 1849-1856

Maurer, M., Lopez, K. S., Siebenhaar, F.,, Moelle, K.,
Metz, M., Knop, J. and von, S. E. (2006) Skin mast cells
control T cell-dependent host defense in Leishmania
major infections. FASEB J. 20, 2460-2467

Hashimoto, K., Uchikawa, R., Tegoshi, T., Takeda, K.,
Yamada, M. and Arizono, N. (2010) Immunity-mediated
regulation of fecundity in the nematode Heligmosomoides
polygyrus : the potential role of mast cells. Parasitology
137, 881-887

Sasaki, Y., Yoshimoto, T., Maruyama, H., Tegoshi, T.,
Ohta, N., Arizono, N. and Nakanishi, K (2005) IL-18
with IL-2 protects against Strongyloides venezuelensis
infection by activating mucosal mast cell-dependent
type 2 innate immunity. J. Exp. Med. 202, 607-616
Ohnmacht, C. and Voehringer, D. (2010) Basophils
protect against reinfection with hookworms
independently of mast cells and memory Th2 cells.

J. Immunol. 184, 344-350

Brown, S. J., Galli, S. J., Gleich, G. J. and Askenase, P. W.
(1982) Ablation of immunity to Amblyomma
americanum by anti-basophil serum: cooperation
between basophils and eosinophils in expression of
immunity to ectoparasites (ticks) in guinea pigs.

J. Immunol. 129, 790-796

von Kockritz-Blickwede, M., Goldmann, O., Thulin, P,
Heinemann, K., Norrby-Teglund, A., Rohde, M. and
Medina, E. (2008) Phagocytosis-independent
antimicrobial activity of mast cells by means of
extracellular trap formation. Blood 111, 3070-3080

© The Authors Journal compilation © 2011 Biochemical Society

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

Echtenacher, B., Minnel, D. N. and Hiiltner, L. (1996)
Critical protective role of mast cells in a model of acute
septic peritonitis. Nature 381, 75-77

Piliponsky, A. M., Chen, C. C., Grimbaldeston, M. A,
Burns-Guydish, S. M., Hardy, J., Kalesnikoff, J., Contag,
C. H., Tsai, M. and Gallj, S. J. (2010) Mast cell-derived
TNF can exacerbate mortality during severe bacterial
infections in C57BL/6-Kit¥—sh/W¥=sh mijce. Am. J. Pathol.
176, 926-938

Xu, X., Zhang, D., Lyubynska, N., Wolters, P. J., Killeen,
N. P, Baluk, P., McDonald, D. M., Hawgood, S. and
Caughey, G. H. (2006) Mast cells protect mice from
Mycoplasma pnenmonia. Am. J. Respir. Crit. Care Med.
173, 219-225

Malaviya, R., Ikeda, T., Ross, E. and Abraham, S. N.
(1996) Mast cell modulation of neutrophil influx and
bacterial clearance at sites of infection. Nature 381, 77-80
Cruse, G., Fernandes, V. E., de, S. J., Pankhania, D.,
Marinas, M. S., Brewin, H., Andrew, P. W., Bradding, P.
and Kadioglu, A. (2010) Human lung mast cells mediate
pneumococcal cell death in response to activation by
pneumolysin. J. Immunol. 184, 7108-7115

Beil, W.J., Login, G. R., Aoki, M., Lunardi, L. O.,
Morgan, E. S., Galli, S. J. and Dvorak, A. M. (1996)
Tumor necrosis factor & immunoreactivity of rat
peritoneal mast cell granules decreases during early
secretion induced by compound 48/80: an ultrastructural
immunogold morphometric analysis. Int. Arch. Allergy
Immunol. 109, 383-389

Kulka, M., Alexopoulou, L., Flavell, R. A. and Metcalfe,
D. D. (2004) Activation of mast cells by double-stranded
RNA: evidence for activation through Toll-like receptor
3.]. Allergy Clin. Immunol. 114, 174-182

Orinska, Z., Bulanova, E., Budagian, V., Metz, M.,
Maurer, M. and Bulfone-Paus, S. (2005) TLR3-induced
activation of mast cells modulates CD8 +T-cell
recruitment. Blood 106, 978-987

Castleman, W. L., Sorkness, R. L., Lemanske, R. E, Jr and
McAllister, P. K. (1990) Viral bronchiolitis during early
life induces increased numbers of bronchiolar mast cells
and airway hyperresponsiveness. Am. J. Pathol. 137,
821-831

Sundstrom, J. B., Ellis, J. E., Hair, G. A., Kirshenbaum,
A.S., Metcalfe, D. D., Yi, H., Cardona, A. C., Lindsay,
M. K. and Ansari, A. A. (2007) Human tissue mast cells
are an inducible reservoir of persistent HIV infection.
Blood 109, 5293-5300

Sundstrom, J. B., Little, D. M., Villinger, E, Ellis, J. E. and
Ansari, A. A. (2004) Signaling through Toll-like receptors
triggers HIV-1 replication in latently infected mast cells.
J- Immunol. 172, 4391-4401

Sundstrom, J. B., Hair, G. A., Ansari, A. A., Secor, W. E.,
Gilfillan, A. M., Metcalfe, D. D. and Kirshenbaum, A. S.
(2009) IgE-FceRI interactions determine HIV coreceptor
usage and susceptibility to infection during ontogeny of
mast cells. J. Immunol. 182, 6401-6409

Higuchi, H., Hara, M., Yamamoto, K., Miyamoto, T.,
Kinoshita, M., Yamada, T., Uchiyama, K. and Matsumori,
A. (2008) Mast cells play a critical role in the pathogenesis
of viral myocarditis. Circulation 118, 363-372

Befus, A. D. and Bienenstock, J. (1979) Immunologically
mediated intestinal mastocytosis in Nippostrongylus
brasiliensis-infected rats. Immunology 38, 95-101
Brightling, C. E., Bradding, P., Symon, E A., Holgate,

S. T., Wardlaw, A. J. and Pavord, I. D. (2002) Mast-cell
infiltration of airway smooth muscle in asthma. N. Engl.
J. Med. 346, 1699-1705

Carroll, N. G., Mutavdzic, S. and James, A. L. (2002)
Increased mast cells and neutrophils in submucosal
mucous glands and mucus plugging in patients with
asthma. Thorax 57, 677-682



84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

Mast cells in health and disease

483

Ikeda, R. K., Miller, M., Nayar, J., Walker, L., Cho, J. Y,,
McElwain, K., McElwain, S., Raz, E. and Broide, D. H.
(2003) Accumulation of peribronchial mast cells in a
mouse model of ovalbumin allergen induced chronic
airway inflammation: modulation by immunostimulatory
DNA sequences. J. Immunol. 171, 4860-4867

Galli, S. J., Grimbaldeston, M. and Tsai, M. (2008)
Immunomodulatory mast cells: negative, as well as
positive, regulators of immunity. Nat. Rev. Immunol. 8,
478-486

Bradding, P. and Holgate, S. T. (1999) Immunopathology
and human mast cell cytokines. Crit. Rev. Oncol.
Hematol. 31, 119-133

Yu, M., Tsai, M., Tam, S. Y., Jones, C., Zehnder, J. and
Galli, S. J. (2006) Mast cells can promote the development
of multiple features of chronic asthma in mice. J. Clin.
Invest 116, 1633-1641

Piliponsky, A. M., Chen, C. C., Nishimura, T., Metz, M.,
Rios, E. J., Dobner, P. R., Wada, E., Wada, K., Zacharias,
S., Mohanasundaram, U. et al. (2008) Neurotensin
increases mortality and mast cells reduce neurotensin
levels in a mouse model of sepsis. Nat. Med. 14, 392-398
Waern, 1., Jonasson, S., Hjoberg, J., Bucht, A.,

Abrink, M., Pejler, G. and Wernersson, S. (2009) Mouse
mast cell protease 4 is the major chymase in murine
airways and has a protective role in allergic airway
inflammation. J. Immunol. 183, 6369-6376

Hitomi, K., Tahara-Hanaoka, S., Someya, S., Fujiki, A.,
Tada, H., Sugiyama, T., Shibayama, S., Shibuya, K. and
Shibuya, A. (2010) An immunoglobulin-like receptor,
Allergin-1, inhibits immunoglobulin E-mediated
immediate hypersensitivity reactions. Nat. Immunol. 11,
601-607

Coyle, A.]., Lloyd, C., Tian, J., Nguyen, T., Erikkson, C.,
Wang, L., Ottoson, P, Persson, P, Delaney, T., Lehar, S.
et al. (1999) Crucial role of the interleukin 1 receptor
family member T1/ST2 in T helper cell type 2-mediated
lung mucosal immune responses. J. Exp. Med. 190,
895-902

Cherry, W. B., Yoon, J., Bartemes, K. R., Iijjima, K. and
Kita, H. (2008) A novel IL-1 family cytokine, IL-33,
potently activates human eosinophils. J. Allergy Clin.
Immunol. 121, 1484-1490

Suzukawa, M., likura, M., Koketsu, R., Nagase, H.,
Tamura, C., Komiya, A., Nakae, S., Matsushima, K.,
Ohta, K., Yamamoto, K. and Yamaguchi, M (2008) An
IL-1 cytokine member, IL-33, induces human basophil
activation via its ST2 receptor. J. Immunol. 181, 5981-5989
Moritz, D. R., Rodewald, H. R., Gheyselinck, J. and
Klemenz, R. (1998) The IL-1 receptor-related T1 antigen
is expressed on immature and mature mast cells and on
fetal blood mast cell progenitors. J. Immunol. 161,
4866—4874

Pushparaj, P. N, Tay, H. K., H’ng, S. C., Pitman, N.,
Xu, D., McKenzie, A., Liew, E Y. and Melendez, A. ].
(2009) The cytokine interleukin-33 mediates anaphylactic
shock. Proc. Natl. Acad. Sci. U.S.A. 106, 9773-9778
Hsu, C. L., Neilsen, C. V. and Bryce, P. J. (2010) IL-33 is
produced by mast cells and regulates IgE-dependent
inflammation. PLoS ONE 5, 11944

Steinman, L. and Zamvil, S. S. (2005) Virtues and pitfalls
of EAE for the development of therapies for multiple
sclerosis. Trends Immunol. 26, 565-571

Olsson, Y. (1974) Mast cells in plaques of multiple
sclerosis. Acta Neurol. Scand. 50, 611-618

Langrish, C. L., Chen, Y., Blumenschein, W. M., Mattson,
J., Basham, B., Sedgwick, J. D., McClanahan, T.,
Kastelein, R. A. and Cua, D. J. (2005) IL-23 drives a
pathogenic T cell population that induces autoimmune
inflammation. J. Exp. Med. 201, 233-240

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

Sayed, B. A., Christy, A. L., Walker, M. E. and Brown,
M. A. (2010) Meningeal mast cells affect early T cell
central nervous system infiltration and blood-brain
barrier integrity through TNF: a role for neutrophil
recruitment? J. Immunol. 184, 6891-6900

Bennett, J. L., Blanchet, M. R., Zhao, L., Zbytnuik, L.,
Antignano, F.,, Gold, M., Kubes, P. and McNagny, K. M.
(2009) Bone marrow-derived mast cells accumulate in the
central nervous system during inflammation but are
dispensable for experimental autoimmune encephalo-
myelitis pathogenesis. . Immunol. 182, 5507-5514

Lee, D. M, Friend, D. S., Gurish, M. E, Benoist, C.,
Mathis, D. and Brenner, M. B. (2002) Mast cells: a cellular
link between autoantibodies and inflammatory arthritis.
Science 297, 1689-1692

Nigrovic, P. A., Binstadt, B. A., Monach, P. A,,

Johnsen, A., Gurish, M., Iwakura, Y., Benoist, C., Mathis,
D. and Lee, D. M (2007) Mast cells contribute to initiation
of autoantibody-mediated arthritis via IL-1. Proc. Natl.
Acad. Sci. U. S. A. 104, 2325-2330

Xu, D., Jiang, H. R., Li, Y., Pushparaj, P. N.,
Kurowska-Stolarska, M., Leung, B. P., My, R., Tay, H. K.,
McKenzie, A. N., McInnes, I. B. et al. (2010) IL-33
exacerbates autoantibody-induced arthritis. J. Immunol.
184, 2620-2626

Xu, D, Jiang, H. R., Kewin, P, Li, Y., Mu, R., Fraser, A.
R., Pitman, N., Kurowska-Stolarska, M., McKenzie, A.
N., McInnes, I. B. and Liew, E. Y. (2008) IL-33
exacerbates antigen-induced arthritis by activating mast
cells. Proc. Natl. Acad. Sci. U.S.A. 105, 10913-10918
Nakamura, Y., Kambe, N., Saito, M., Nishikomiri, R.,
Kim, Y. G., Murakami, M., Nunez, G. and Matsue, H.
(2009) Mast cells mediate neutrophil recruitment and
vascular leakage through the NLRP3 inflammasome in
histamine-independent urticaria. J. Exp. Med. 11,
1037-1046

Jeziorska, M., McCollum, C. and Woolley, D. E. (1997)
Mast cell distribution, activation, and phenotype in
atherosclerotic lesions of human carotid arteries.

J. Pathol. 182, 110-122

Lee-Rueckert, M. and Kovanen, P. T. (2006) Mast cell
proteases: physiological tools to study functional
significance of high density lipoproteins in the initiation
of reverse cholesterol transport. Atherosclerosis 189, 8-18
Johnson, J. L., Jackson, C. L., Angelini, G. D. and
George, S. J. (1998) Activation of matrix-degrading
metalloproteinases by mast cell proteases in
atherosclerotic plaques. Arterioscler. Thromb. Vasc. Biol.
18, 1707-1715

Sun, J., Sukhova, G. K., Wolters, P. J., Yang, M.,
Kitamoto, S., Libby, P., MacFarlane, L. A., Mallen-St, C.
J. and Shi, G. P. (2007) Mast cells promote atherosclerosis
by releasing pro-inflammatory cytokines. Nat. Med. 13,
719-724

Liu, J., Divoux, A., Sun, J., Zhang, J., Clement, K.,
Glickman, J. N, Sukhova, G. K., Wolters, P. J., Du, J.,
Gorgun, C. Z. et al. (2009) Genetic deficiency and
pharmacological stabilization of mast cells reduce
diet-induced obesity and diabetes in mice. Nat. Med. 15,
940-945

Takanami, 1., Takeuchi, K. and Naruke, M. (2000) Mast
cell density is associated with angiogenesis and poor
prognosis in pulmonary adenocarcinoma. Cancer 88,
26862692

Dabiri, S., Huntsman, D., Makretsov, N., Cheang, M.,
Gilks, B., Bajdik, C., Gelmon, K., Chia, S. and Hayes, M.
(2004) The presence of stromal mast cells identifies a
subset of invasive breast cancers with a favorable
prognosis. Mod. Pathol. 17, 690-695

Starkey, J. R., Crowle, P. K. and Taubenberger, S. (1988)
Mast-cell-deficient W/Wv mice exhibit a decreased rate of
tumor angiogenesis. Int. J. Cancer 42, 48-52

© The Authors Journal compilation © 2011 Biochemical Society



484

C. L. Weller and others

115 Maltby, S., Khazaie, K. and McNagny, K. M. (2009) Mast 118 Johansson, A., Rudolfsson, S., Hammarsten, P., Halin, S.,

cells in tumor growth: angiogenesis, tissue remodelling Pietras, K., Jones, J., Stattin, P.,, Egevad, L., Granfors, T.,
and immune-modulation. Biochim. Biophys. Acta 1796, Wikstrom, P. and Bergh, A. (2010) Mast cells are novel
19-26 independent prognostic markers in prostate cancer and
116 Coussens, L. M., Raymond, W. W., Bergers, G., represent a target for therapy. Am. J. Pathol. 177,
Laig-Webster, M., Behrendtsen, O., Werb, Z., Caughey, 1031-1041
G. H. and Hanahan, D. (1999) Inflammatory mast cells 119 Lu, L.E, Lind, E. E, Gondek, D. C., Bennett, K. A.,
up-regulate angiogenesis during squamous epithelial Gleeson, M. W, Pino-Lagos, K., Scott, Z. A., Coyle, A. J.,
carcinogenesis. Genes Dev. 13, 1382-1397 Reed, J. L., Van Snick, J. et al. (2006) Mast cells are
117 Huang, B, Lei, Z., Zhang, G. M., Li, D,, Song, C.,, Li, B, essential intermediaries in regulatory T-cell tolerance.
Liu, Y., Yuan, Y., Unkeless, J., Xiong, H. and Feng, Z. H. Nature 442, 997-1002
(2008) SCF-mediated mast cell infiltration and 120 de Vries, V. C., Wasiuk, A., Bennett, K. A., Benson, M. J.,
activation exacerbate the inflammation and immuno- Elgueta, R., Waldschmidt, T. J. and Noelle, R. J. (2009)
suppression in tumor microenvironment. Blood 112, Mast cell degranulation breaks peripheral tolerance. Am.
1269-1279 J. Transplant. 9, 2270-2280

© The Authors Journal compilation © 2011 Biochemical Society

Received 27 September 2010/17 November 2010; accepted 25 November 2010
Published on the Internet 15 February 201 [, doi:10.1042/CS20100459



Copyright of Clinical Scienceisthe property of Portland Press Ltd. and its content may not be copied or
emailed to multiple sites or posted to alistserv without the copyright holder's express written permission.
However, users may print, download, or email articles for individual use.



