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Mast cells produce a wide spectrum of mediators and they
have been implicated in several physiopathological conditions
(e.g. allergic reactions and certain tumors). Pharmacologic
agents that modulate the release of mediators from mast cells
has helped to elucidate the biochemical mechanisms by which
immunological and non-immunological stimuli activate these
cells. Furthermore, the study of surface receptors and signaling
pathways associated with mast cell activation revealed novel
pharmacologic targets. Thus, the development of
pharmacologic agents based on this new wave of knowledge
holds promise for the treatment of several mast cell-mediated
disorders.
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Introduction

Mast cells and basophils are the only cells that express the
tetrameric (af<y,) high affinity receptor for IgE (FceRI)
and synthesize histamine in humans, although they differ
morphologically, ultrastructurally, immunologically, and
pharmacologically [1]. Mast cells originate from CD34"
pluripotent cells present in bone marrow, in fetal liver and
in peripheral blood [2-5]. Mature mast cells are distrib-
uted throughout mucosal and connective tissues where
they are often adjacent to blood and lymphatic vessels,
near or within nerves, and beneath epithelial surfaces that
are exposed to the environment (e.g. skin, airways and the
gastrointestinal and genitourinary systems) [6°].

In response to IgE-dependent and IgE-independent
stimuli mast cells can synthesize and release a wide
spectrum of mediators, namely: preformed mediators
(e.g. histamine, serotonin, proteases); newly synthesized
lipid mediators (e.g. prostaglandin D, [PGD,] and leuko-
triene Cy [L'TC4]); cytokines/growth factors (e.g. 1L.-3,
IL-13, VEGF-A, GM-CSF, TNF) and chemokines (e.g.
CCL2/MCP-1 and IL-8/CXCLS8) [7]. Therefore, in
theory, mast cells may be involved in several pathophy-
siological conditions [8°]. Results obtained with new
mouse models of mast cell deficiency suggest that mast
cells play nonredundant roles in IgE-mediated responses
[9-11]. In vitro and in vive data suggest that mast cells may
foster the growth of certain tumors [12—14] but should also
be involved in IgE-mediated tumor cell killing [15].
Recent evidence suggests that mast cell and their
mediators can enhance resistance to animal venoms
[16,17°°,18,19°°,20]. Finally, mast cells have been
involved in the acute and chronic response to pathogens
[21]. Consequently, elucidation of the intrinsic signaling
pathways underlying mast cell activation and their
pharmacological modulation is poised to give rise to
novel strategies for the treatment of a wide spectrum
of disorders.

Several pharmacologic modulators of mast cell functions
have been identified. Notably, no one drug that can solely
and specifically inhibit mast cell activation has yet been
discovered. Furthermore, significant differences have
been documented between mast cells isolated from differ-
ent species or even from different anatomical sites and
between the pharmacological effects of compounds of the
same class of drugs [22,23]. Therefore, caution should be
exercised in extrapolating results from 7z vitro experiments
to the clinical setting in terms of the clinical efficacy of
certain drugs in different mast cell-mediated disorders.

Mast cells and their pharmacological modulation have
been the topic of several excellent reviews [6°,24,25]. In
this brief review we shall concentrate on pharmacological
and immunological agents that modulate the release of
mediators from mast cells that are already therapeutically
in use or appear to hold promise for the treatment of
inflammatory diseases.

B2-Adrenoceptor agonists and cyclic AMP
phosphodiesterase inhibitors

Adrenergic Bz-agonists are the treatment of choice for
reversal of acute bronchospasm in bronchial asthma [26].
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Several iz vitro studies have shown that [B,-agonists are
very effective at preventing the release and generation of
mediators from human lung (HLMC) and skin tissues
(HSMC) mast cells, and from cord blood-derived
(hCBMC) and peripheral blood-derived mast cells
(hPBMC) [27-30]. Mechanistically, B,-agonists induce
the activation of adenylyl cyclase and the intracellular
accumulation of cyclic AMP (cAMP), thus downregulat-
ing the functions of mast cells [27].

One factor that may limit the therapeutic effectiveness of
B,-agonists is the development of tolerance. T'wo long-
acting [3;-agonists, formoterol and indacaterol, inhibit the
IgE-dependent responses of HLMC. However, long-
term incubation of mast cells with these long-acting
B,-agonists lead to a reduction in the ability of these
drugs to prevent the release of histamine [31]. In addition,
stem cell factor (SCF), a growth factor critical for mast
cells growth, differentiation, and survival [6°] that also
enhances IgE-dependent HLMC degranulation and
cytokine production [32,33], attenuates [,-agonist-
induced inhibition of histamine release from HLMC
[34]. The latter observation is relevant because SCF
can be immunologically released from HLMC iz vitro
[35] and its expression is markedly increased in asmathic
airways [36,37]. Therefore, the presence of SCF in the
airways of asthmatic patients may attenuate the beneficial
effects of B,-agonists.

Phosphodiesterases (PDEs) are a family of enzymes that
catalyze the metabolism of intracellular cyclic nucleotides
[38]. There are, at present, 11 PDE families and 21
isoforms with numerous splice variants characterized by
differences in structure, substrate specificity, inhibitor
selectivity, tissue and cell distribution, and subcellular
distribution. A variety of PDE inhibitors are available as
pharmacological probes: standard non-selective inhibitors
of PDE activity such as theophylline and 3-isobutyl-1-
methylxanthine (IBMX); and selective inhibitors of indi-
vidual PDE isozymes. Non-selective PDE inhibitors
inhibit the activation of HLMC and HSMC [39,40],
whereas selective PDE4 inhibitors (e.g. rolipram,
R020-1724 and RP73401) are ineffective. Thus, the
nature of PDE(s) that regulate mast cell activation is still
uncertain.

Cromones

Cromones (sodium cromoglycate [DSCG] and nedocro-
mil sodium) have lost popularity in the treatment of
allergic disorders, mainly due to their limited therapeutic
effect and short duration of action [26]. However, cro-
mones are very well tolerated, unlike the commonly
used glucocorticoids, which renders them interesting
therapeutic agents. Cromones inhibit mast cell activation,
although their mechanism of action has not yet been
completely characterized and may involve at least the
reduction of calcium influx, which is necessary for mast

cell degranulation [41,42]. Recently, it has been demon-
strated that DSCG and nedocromil inhibit histamine and
PGD; release by inducing PKC-dependent phosphory-
lation and release of annexin A; [43°], a mechanism
common to other cell types [44,45]. Interestingly, DSCG
inhibits mast cell activation and mediator release in rats
but not in mice [46]. The latter results emphasize the
pharmacological differences that exist between mast cells
from different species.

Recently, two novel cromones, meta-azocromone (MAC)
and para-azocromone (PAC), were found to be almost 100
times more powerful than DSCG in suppressing 3-hexos-
aminidase release from the LAD2 mast cell line [47°],
which renders them interesting candidates as anti-allergic
drugs.

Glucocorticoids

Glucocorticoids are one of the therapeutic mainstays in
most inflammatory and immune disorders [48] and can
modulate mast cell activity at different levels [49°].
Glucocorticoids reduce FceRI expression [50-52] and
inhibit mast cell degranulation through a nongenomic
mechanism [53]. In addition, glucocorticoids decrease
the number of mast cells in human inflamed tissue
biopsies [54,55]. Although the latter effect was initially
attributed to the ability of glucocorticoids to reduce the
expression of SCF by resident cells (e.g. fibroblasts) [56],
it was subsequently reported that prolonged treatment of
lung fibroblasts with glucocorticoids stimulates, rather
than inhibits, the expression of SCF [57]. Thus, further
studies are required to understand how glucocorticoids
modulate the survival and the activity of mast cells in
inflamed tissues.

The fact that human mast cells are a major source of
cytokines and chemokines [7] raised the important ques-
tion as to whether glucocorticoids can modulate, 7z vitro as
well as i wvivo, the synthesis of these mediators in
immunologically activated FceRI™ cells. Glucocorticoids
inhibit cytokine and chemokine production by mouse
[58] and human mast cells [59,60]. Interestingly, the
combination of glucocorticoids and the calcineurin inhibi-
tor FK506 almost completely suppresses the induction of
all chemokine genes [59]. This suggests that a combi-
nation of a glucocorticoid and a calcineurin inhibitor may
be more effective than each single agent used alone in the
modulation of IgE-mediated activation of human mast
cells.

Non-steroidal anti-inflammatory drugs

Although aspirin and other non-steroidal anti-inflamma-
tory drugs (NSAIDs) enhance IgE-mediated activation of
basophils, but not human mast cells [61], nimesulide
(4-nitro-2-phenoxymethane sulfonanilide) and its active
metabolite 4-hydroxy-nimesulide inhibit the release of
preformed and e novo synthesized mediators from
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human FceRI" cells challenged with IgE-mediated and
non-IgE-mediated stimuli [22,61-63]. These data might
explain why nimesulide is well tolerated in patients with
acetylsalicylic acid idiosyncrasy [64].

Nimesulide, is a NSAID chemically unrelated to other
compounds of the same class, its functional acid group
being sulfonanilide, and it preferentially inhibits COX-2
[65]. It remains to be established whether the inhibitory
effects of nimesulide on human mast cells are related to
selective COX-2 inhibition or whether the effects of this
drug are more complex than those of NSAIDs.

Sphingosine kinase 1 inhibitors

Sphingosine kinase (SphK) is a key enzyme in the sphin-
golipid metabolic pathway that phosphorylates sphingo-
sine into sphingosine 1-phosphate (S1P) [66]. To date,
two mammalian SphKs have been cloned, sequenced and
characterized, SPHKI and SPHKZ2. Most of the effects
exerted by S1P on the immune system are mediated by
five specific S1P receptors, S1P;_s, that belong to the
family of G protein-coupled receptors.

Human mast cells express S1P; and S1P, [67]. FceRI
cross-linking on mast cells leads to the production and
secretion of S1P through the activation of SphKs [68-73].
Although this process is involved in mast cell activation,
the relative contribution of each SphK isoenzyme is still
uncertain. Interestingly, it has been recently reported that
the specific Sphk1 inhibitor SK1-I reduces FceRI-trig-
gered degranulation and cytokine and chemokine
secretion by human and mouse mast cells [74°°]. In a
mouse model of allergic asthma that strickly depends on
mast cells [75,76], SK1-I suppresses the development of
airway inflammation, hyperresponsiveness, and goblet
cell hyperplasia. Conversely, SphK2-deleted mice have
exacerbated lung inflammatory responses. Thus, SphK1
may be a promising target for the treatment of allergic
airway inflammation and mast cell-mediated disorders.

Tyrosine kinase inhibitors

T'yrosine phosphorylation of signaling proteins is a key
step in mast cell activation and mediator release in
response to FceRI aggregation and SCF-induced dimer-
ization of its receptor KIT [77]. KI'T is endowed with
intrinsic tyrosine kinase activity, while FceRI is devoid of
enzymatic activity and relies on cytosolic tyrosine kinases
to transduce intracellular signals.

SCF is the principal growth factor for mast cells and is
produced mainly by stromal cells (e.g. fibroblasts) [78-
81]. It is the key cytokine that regulates the differen-
tiation and maturation of mast cells, induces mast cell
chemotaxis and potentiates antigen-mediated mast cell
activation [6°]. Mastocytosis, a disorder characterized by
abnormal clonal proliferation of mast cells, is frequently
associated with a somatically acquired activating

Pharmacological modulation of mast cells Borriello et al. 47

mutation of KI'T, most commonly the aspartic acid to
valine substitution at residue 816 (KIT®") [82,83].
Thus, inhibition of KIT activity may have a profound
effect on the pathogenesis of mastocytosis. The tyrosine
kinase inhibitors (TKIs) developed so far (e.g. imatinib
and dasatinib) can suppress the activity of wild-type KI'T
but not its mutated form, KITd816v [84]. Thus, these
drugs have only modest efficacy often accompanied by
significant side effects, probably due to inhibition of other
tyrosine kinases [85]. Novel TKIs as well as associations
of TKIs are currently being evaluated for their iz vitro and
in vivo efficacy in modulating mast cell activation [86°,87].
Since SCF potientiates FceRI-mediated signaling in nor-
mal mast cells, studies are evaluating whether inhibition
of KIT signaling is associated with the modulation of
allergen-induced responses. The T'KIs nilotinib and suni-
tinib prevent mast cell activation in /# vivo models of
anaphylaxis [88,89]. Hypothemycin, a compound that
inhibits both KI'T kinase activity and FceRI-mediated
signaling, efficiently suppresses mast cell activation 7z
vitro and the development of antigen-induced passive
cutaneous anaphylaxis [90].

FceRI-mediated signaling is strictly dependent on the
cytosolic spleen tyrosine kinase (Syk) in both mast cells
[77,91] and basophils [92-94]. Several Syk inhibitors have
been synthesized and have shown promise in such dis-
eases as allergic rhinitis [95,96], asthma [97-101], rheuma-
toid arthritis [102] and B cell malignancies [103].
However, caution should be exercised in defining Syk
inhibitors as ‘specific’ inhibitors of FceRI™ cells. Syk is
expressed widely in cells of the innate and adaptive
immune system [104] as well as in non-hematopoietic
cells under certain circumstances [105-107]. Thus, the
relative contribution of mast cells to diseases in which Syk
inhibitors have proved efficacious should be evaluated in
the light of the above observations.

Immunophilin ligands and inhibitors of mTOR
Handschumacher ez a/. were the first to identify a family
of proteins with high affinity for cyclosporin A (CsA)
[108]. This protein, named ‘cyclophillin’ (CyP) displayed
high affinity for CsA and low affinity for inactive analogs
such as CsH. CyP belongs to a family of intracellular
proteins, the immunophilins, that include the FK-binding
proteins (FKBPs) [109]. Three natural macrolides, FK506
(tacrolimus), rapamycin (RAP), and ascomycin bind with
high affinity to FKBPs [110]. CsA-CyP complexes, as well
as FK506-FKBP12 complexes, bind to and inhibit the
phosphatase calcineurin [111], thus suppressing lympho-
cyte [110], basophil [112,113] and mast cell [114-116]
activation. Of note, topical treatment with tacrolimus (or
its related compound pimecrolimus) is effective for
patients with atopic dermatitis [117,118]. Although skin
mast cells are thought to play a role in atopic dermatitis
[119°°,120°°,121°°,122], the efficacy of tacrolimus is likely
related also to the inhibition of T cell activity. Furthermore,
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pimecrolimus induces apoptosis of mast cells in a murine
model of cutaneous mastocytosis [123].

RAP interacts with FKBP12 and inhibits the mammalian
target of rapamycin (mTOR), but does not inhibit calci-
neurin. mT'OR is a serine/threonine kinase that regulates
different pathways depending on its interaction with two
regulatory proteins, raptor and rictor, that form mTOR
compex 1 (mTORC1) and mTORCZ, respectively [124].
RAP has no effect on FceRI-mediated degranulation, but
inhibits cytokine production and KI'T mediated chemo-
taxis and cell survival by inhibiting mTORCI1 [22,125].
On the other hand, mTORC2 regulates the proliferation
of immature and neoplastic mast cells, but it hardly
affects mature mast cells [126]. Thus, selective targeting
of mMTORCs may be used to modulate different aspects of
mast cell biology.

Histamine receptor antagonists
H-antihistamines antagonize the effects of histamine at
the H; receptor (H1R) and are widely used in the treat-
ment of several allergic conditions [127]. It has been
known since 1975 that high concentrations of first-gener-
ation antihistamines inhibit antigen-induced histamine
release from human basophils iz virro [128]. Oxatomide
inhibits the release of both preformed and e 7#ovo syn-
thesized mediators from mast cells [129,130]. Rupatadine,
an antihistamine that also inhibits the effects of platelet-
activating factor, suppresses mediator release from LAD2
cells and hCBMC [131,132]. Loratadine and deslorata-
dine inhibit IgE-dependent and IgE-independent release
of preformed and e novo synthesized mediators from
HSMC [133,134]. Not all H1R antagonists exert such
activity 7z vitro. For instance, cetirizine prevents mediator
release from HLMC but not from HSMC [135,136],
whereas mizolastine inhibits only the e 7ovo synthesis
of L'TCy4 from mast cells [137]. Taken together, these
results indicate that the inhibitory effects of certain H1R
antagonists on human mast cells are not class-specific.

The most recently identified histamine receptor 4 (H4R)
is mainly expressed on hematopoietic cells, particularly
eosinophils, neutrophils, mast cells, dendritic cells, T
cells, and basophils [138]. H4R activation mediates che-
motaxis of mast cells [139]. Recently, it has been reported
that an H4R antagonist/inverse agonist suppresses FceRI-
mediated murine mast cell degranulation 7z vitro only if
present during sensitization with IgE, at least in part by
inhibiting IgE-induced FceRI upregulation [140°].

Protein kinase C inhibitors

FceRI-mediated signaling is coupled to phospholipase Cy
(PLCvy) activation. PLCy cleaves phosphatidylinositol
4,5-biphosphate (PIP2) into inositol 1,4,5-triphosphate
(IP3) and diacylglycerol (DAG). IP3 induces the release
of Ca®* from its store, while DAG is an activator of the
serine/threonine kinase protein kinase C (PKC). These

events are critical for mast cell degranulation and cyto-
kine release [141]. The PKC family comprises a group of
closely related protein kinases divided into three major
groups: the calcium-dependent or conventional PKC (a,
BI, BIT and v), the calcium-independent isoenzymes (9, €,
M, 0 and ) and the atypical PKC (¢ and N) [142]. Both
calcium-dependent and calcium-independent PKC have
been involved in FceRI signaling in mast cells [143-149];
some of them have an inhibitory effect [150,151]. Inter-
estingly, the PKC activators phorbol esters (e.g. PMA)
and bryostatins induce histamine release from basophils
[152-154] but inhibit FceRI-mediated activation of
HLMC and HSMC [152,155].

A large number of putative specific inhibitors of different
PKC isoforms have been developed [142,156] and some
of them are being evaluated in clinical trials. However,
thus far, the results of clinical trials of PKC modulators
have been disappointing, largely owing to inadequate
specificity and/or adverse effects. Many PKC inhibitors
also affect other protein kinases and multiple PKC iso-
enzymes are expressed in most cell types. Thus, it is
conceivable that PKC inhibitors may modulate cell types
other than mast cells. Nevertheless, this family of kinases
remains an enticing target for mast cell-mediated dis-
orders.

Blockers of ion channels

FceRI-mediated activation of mast cells is characterized
by an influx of extracellular Ca** that is essential for the
secretion of mediators. Mast cells express calcium chan-
nels as well as K¥, CI” and transient receptor potential
(TRP) channels that, by modulating cell membrane
potential, also play a role in cell activation [157]. HLMC
express the Ca**-activated K* channel K¢,3.1, and the
Kca3.1 blocker TRAM-34 inhibits HLMC migration
[158]. More recently, the CRACM/Orai Ca** channels
were detected in HLMC. Selective blockers of these
channels reduce FceRI-dependent mediator release iz
vitro and allergen-induced bronchial smooth muscle con-
traction in isolated human bronchus [159°]. Although ion
channels represent promising targets for a novel class of
mast cell inhibitors, it is likely that the 7z vivo effects of
ion channel blockers will be related also to the modu-
lation of other cell types (e.g. lymphocytes) [160].

Omalizumab and new strategies to block the
IgE-Fc<RI interaction

Omalizumab is a humanized monoclonal antibody directed
against IgE which can benefit patients with moderate to
severe asthma [161]. The benefit of omalizumab treatment
has been attributed to its ability to reduce the concen-
tration of free IgE in the blood, which can in turn lower the
expression of FceRI on basophils, mast cells and perhaps
other cell types [162-164]. Recent evidence indicates that
omalizumab provides rapid clinical benefit in patients with
chronic idiopathic urticaria, a disorder characterized by
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recurrent episodes of HSMC activation [165,166°°].
Indeed, omalizumab treatment in patients with allergic
rhinitis reduces both the expression of FceRI on HSMC
and immediate skin test reactivity to allergens. This phe-
notype is reverted after cessation of omalizumab treatment
[162,167].

Several strategies have been devised to interfere with
FceRI-mediated activation of mast cells. Small peptides
have been used to inhibit the binding of IgE to FceRI
[168-170]. Some of these peptides prevent mast cell
activation z vitro and in vivo. Another way of blocking
IgE-FceRI interaction is based on DNA oligonucleotides
that bind to human IgE with high affinity and specificity
[171]. These oligonucleotides inhibit the interaction of
IgE with FceRI and mediator release iz vitro. Finally,
macromolecular inhibitors named ‘designed ankyrin
repeat proteins’ (referred to as DARPins) with specificity
to FceRIa and/or the constant region of IgE have been
generated [172,173,174°°]. Interestingly, these inhibitors
not only prevent the interaction between IgE and FceRI,
but also induce the dissociation of preformed IgE-FceRI
complexes.

Mast cell inhibitory receptors

Inhibitory receptors comprise two main families of the Ig
receptor super-family and the C-type (calcium depend-
ent) lectin superfamily. Inhibitory receptors contain
immunoreceptor  tyrosine-based  inhibition  motifs
(I'TIMs) that downregulate the activation signals trans-
mitted through immunoreceptor tyrosine-based inhibi-
tory motifs (I'TAMs). Upon activation of ITIM-
containing receptors, tyrosine residues within the motifs
become phosphorylated. This leads to the recruitment of
protein phosphatases, Src homology 2 (SH) domain-con-
taining protein tyrosine phosphatase-1/2 (SHP-1 and
SHP-2) and lipid phosphatases SH2 domain-bearing ino-
sitol phosphatase (SHIP1). SHP-1/2 inhibits the action of
tyrosine kinase, while SHIP1 terminates the PI3K-
mediated pathway [175,176]. Several inhibitory receptors
on mast cells have been characterized, among which,
FcyRIIB, CD300, CD72, and sialic acid binding Ig-like
lectin (Siglec) 8, Allergin-1 and mast cell function-associ-
ated antigen (MAFA).

FcyRIIB is a low affinity IgG receptor. Co-aggregation of
FcyRIIB and FceRIsuppresses FceRI-mediated activation
[175]. Interestingly, a chimeric protein composed of key
portions of the human y1 and the human € immunoglobulin
heavy chains can inhibit FceRI-mediated activation of
human basophils 7z vitro and FceRI-mediated degranula-
tion of murine mast cell expressing the human FceRI in an
in vivo model of passive cutaneous anaphylaxis [177].

The CD300 molecules are a family of immunoglobulin
receptors that includes activating (CD300b, CD300¢) and
inhibitory (CD300a, CD300f) members. CD300a and
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CD300f, and their respective murine orthologs LMIR1
and LMIR3, are expressed by mast cells [178,179].
LMIR1/CD300a cross-linking inhibits both FceRI-de-
pendent and SCF-dependent signaling, thus impairing
mast cell differentiation, survival and activation [180].
Interestingly, bispecific antibodies that coaggregate
LMIR1/CD300a with either FceRI or KI'T inhibit allergic
responses 7 vivo [181,182]. Recently, phosphatidyletha-
nolamine and phosphatidylsrine have been identified as
the natural ligands for LMIR1/CID300a [183°,184]. Phos-
phatidylsrine is expressed on the outer leaflet of the
plasma membrane of apoptotic cells and suppresses
LPS-induced mast cell activation via interaction with
LMIR1/CD300a [185°]. Furthermore, LMIR3/CD300f
binding to ceramide and sphingomyelin inhibits FceRI-
mediated activation of mast cells i vitro and in vivo
[186°°,187°°]. Thus, the interaction between extracellular
lipinds and CD300 family members exerts an important
role in modulating mast cell function.

Siglecs are a group of sialic acid-binding cell surface
proteins predominantly expressed by immune cells.
Among them, Siglec-8 is expressed on human eosino-
phils, mast cells, and to a lesser extent on basophils [188].
Although cross-linking of Siglec-8 (and of its mouse
otholog Siglec-F) induces eosinophil apoptosis, it does
not affect mast cell viability. Instead, Siglec-8 cross-
linking inhibits FceRI-dependent histamine and PGD,
release from human mast cells [189]. However, mouse
mast cells do not express Siglec-F, which makes it diffi-
cult to understand its function on these cells iz vivo.

CD72 is expressed on several immune cells, including
mast cells [190,191]. CD72 cross-linking or activation with
its ligand CD100 reduces KIT-mediated chemotaxis,
MCP-1/CCL2 production of hPBMCs and suppresses
the growth of the HMC-1.2 mast cell line that harbors
the gain-of-function mutation in the KI'T gene [190].

Allergin-1 is an immunoglobulin-like inhibitory receptor
expressed mainly (but not exclusively) by human and
mouse mast cells [192,193]. Allergin-1 suppresses [gE-
mediated activation of mouse mast cells 7z vitro and the
development of passive systemic and cutaneous anaphy-
laxus 7z vivo [192]. Furthermore, coligation of Allergin-1
and FceRI reduces antigen-induced CD107a expression,
a marker of human mast cell activation [194], on human
culture-derived and primary mast cells [193].

MAFA, alsonamed Killercelllectin-like receptorsubfamily
G member 1 (KLLRG1), is an inhibitory receptor belonging
to the C-type lectin superfamily [195]. MAFA aggregation
reduces degranulation, #¢ novo synthesis and release of
leukotrienes and secretion of some cytokines [190].
Interestingly, MAFA inhibition of FceRI signaling does
not strictly require their coligation. Although MAFA
was identified on rat basophilic leukemia 2ZH3 (RBL-2H3)
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Table 1

Old and new therapeutic approaches for mast cell-mediated disorders

Class of modulators Effects on mast cell activity References
B2-Adrenoreceptor B2-agonists increase the intracellular concentration of cCAMP and reduce mast [27-31,34]
agonists cell mediator release. This effect is suppressed by long-term preincubation with
B2-agonists or SCF stimulation
PDE inhibitors Non-selective PDE inhibitors negatively modulate the activation of HLMC and [39,40]
HSMC, while selective PDE4 inhibitors are ineffective
Cromones Cromones inhibit mast cell mediator release, at least in part by releasing annexin [41,42,43°]

Glucocorticoids
NSAIDs
Sphk1 inhibitors

TKis

Calcineurin inhibitors

mTOR inhibitors

Histamine receptor
antagonists

PKC inhibitors

lon channel blockers

Omalizumab

Modulators of IgE-FceRI
interaction

Inhibitory receptors

Aq

Glucocorticoids reduce the number of mast cells in human inflamed tissues and
inhibit mast cell degranulation, cytokine and chemokine production

Among NSAIDs, only nimesulide and its active metabolite 4-hydroxy-nimesulide
can inhibit mediator release from mast cells

The Sphk1 inhibitor SK1-I reduces mast cell activation in vitro and suppresses
airway inflammation in a mast cell-dependent mouse model of allergic asthma
KIT inhibitors suppress the activity of wild-type but not mutatesd (D816V) KIT.
Thus, these drugs are ineffective in mastocytosis. Novel TKls and associations of
TKiIs are being evaluated for their efficacy in mastocytosis and allergen-induced
responses. Syk inhibitors have shown promise in such diseases as allergic
rhinitis, asthma and rheumatoid arthritis, although the relative contribution of
mast cells to these disorders needs to be clarified

CsA and FK506 (tacrolimus) suppress mast cell activation via inhibition of the
phosphatase calcineurin. Tacrolimus and its related compound pimecrolimus
are effective in the treatment of atopic dermatitis. Pimecrolimus induces mast
cells apoptosis in a murine model of cutaneous mastocytosis

Rapamycin does not affect FceRI-mediated degranulation, but inhibits cytokine
production and KIT-activated chemotaxis and cell survival

Some, but not all, H1R antagonists inhibit mediator release from mast cells. An
H4R antagonist/inverse agonist suppresses FceRIl-mediated murine mast cell
degranulation in vitro. Furthermore, H4R mediate chemotaxis of mast cells
PKC play a prominent role in FceRlI-activated signaling in mast cells, and some of
them exert an inhibitory effect. To date, there is no clear-cut evidence about the
efficacy of PKC inhibitors in mast cell-mediated disorders

The Kga3.1 blocker TRAM-34 inhibits HLMC migration. Selective blockers of
CRACM/Orai Ca?* channels reduce FceRI-dependent mediator release in vitro
and allergen-induced bronchial smooth muscle contraction in isolated human
bronchus

Omalizumab reduces the concentration of free IgE in the blood, which can in turn
lower the expression of FceRl on basophils, mast cells and perhaps other cell
types. Omalizumab is effective in patients with chronic idiopathic urticaria, a
disorder characterized by recurrent episodes of HSMC activation

Small peptides can inhibit the binding of IgE to FceRI and suppress mast cell
activation in vitro and in vivo. Appropriately designed DNA oligonucleotides bind
to IgE thereby preventing its interaction with FceRl and inhibit mediator release in
vitro. Macromolecular inhibitors (DARPins) with specificity to FceRla and/or the
constant region of IgE have been generated. Interestingly, DARPins can also
dissociate preformed IgE-FceRI complexes

Coaggregation of the low affinity IgG receptor FcyRIIB with FceRI suppresses
FceRl-mediated activation. LMIR1/CD300a crosslinking, coaggregation with
FceRI or KIT, or binding to its ligand (phosphatidylserine) impairs mast cell
responses in vitro and in vivo. Likewise, LMIR3/CD300f binding to ceraminde
and sphingomyelin inhibits FceRI-mediated mast cell activation in vitro and in
vivo. Siglec-8 crosslinking suppresses human mast cell mediator release. CD72
crosslinking or engagement by its ligand CD100 reduces KIT-mediated
chemotaxis and chemokine production of human mast cells and impairs
proliferation of neoplastic mast cells. Allergin-1 suppresses IgE-mediated
activation of human and mouse mast cells. MAFA aggregation reduces
degranulation, de novo synthesis and release of leukotrienes and secretion of
some cytokines by RBL-2H3 cells.

[49°,50-55,58-60]
[22,61-63]
[74*°]

[84,85,86°,
87-90,95-103]

[114-117,122]

[22,124]

[127-136,138,139)]

[140°,141-154]

[157,158]

[161-165,166°°]

[167-173]

[174°°,175-182,
183°,184,185°,
186°°,187°",
188-195]

Abbreviations: CsA, cyclosporine A; DARPins, designed ankyrin repeat proteins; PDE, phosphodiesterase; H1R, histamine 1 receptor; H4R,
histamine 4 receptor; HLMC, human lung mast cells; HSMC, human skin mast cells; mTOR, mammalian target of rapamycin; NSAIDs, non steroidal
anti-inflammatory drugs; PKC, protein kinase C; RBL-2H3, rat basophilic leukemia 2H3; SCF, stem cell factor; Sphk1, sphingosine kinase 1; Syk,
spleen tyrosine kinase; TKis, tyrosine kinase inhibitors.
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cells, its mouse and human homologs are expressed mainly
by NK and T cells. Thus, its 7 vive relevance in modulating
mast cell biology has yet to be identified.

In conclusion, mast cells express a wide spectrum of inhibi-
tory receptors that can modulate the activation of FceRIand
KIT. Thus, inhibitory receptors may become targets for
the modulation of mast cell mediated-immune disorders.

Conclusions

"T'o date, several drugs that can modulate mast cell function
in vitro and/or in vivo have been identified. Although their
mechanism of action is not always completely understood
and their 7z vivo efficacy probably involves other cell types,
these compounds have uncovered several aspects of mast
cell biology. Furthermore, the study of surface receptors
and signaling pathways associated with mast cell activation
has suggested novel therapeutic targets. Some of them
have already been tested in preclinical models (Table 1).

Nevertheless, some considerations should be keptin mind
in relation to pharmacologic targeting of mast cells. Mast
cells isolated from humans and different animal models, as
well as mast cells purified from different anatomic sites,
differ biochemically, immunologically and pharmacologi-
cally. In addition, different stimuli can trigger distinct
signaling events leading to the selective release of
mediators. It is therefore not surprising that certain
pharmacological agents can selectively modulate the
release of mediators induced by some, but not all stimuli.
Increasing evidence indicates that mast cells and their
mediators play a beneficial role in host resistance against
infections [21] and animal venoms [16,17°°,18,19°° 20].
Targeting mast cells with drugs or perhaps agents more
specific than those available today might alter a delicate
balance of physiological processes to which these cells
contribute. Akin to all new therapeutic approaches,
appropriately designed studies must be performed to
evaluate whether the benefits of mast cell-targeted treat-
ment outweigh any potential risks of adverse effects.
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