Mast cells signal their importance in health and

disease
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FceRlI is the primary receptor in mast cells that mediates
allergic reactions by inducing rapid release of mediators, an
adaptive immune response that might have evolved as a host
defense against parasites and venoms. Yet it is apparent that
mast cells are also activated through non-IgE receptors, the
significance of which is just beginning to be understood. This
includes the Mas-related G protein—coupled receptor X2, which
might contribute to reactions to diverse antimicrobials and
polybasic compounds, and the adhesion G protein—coupled
receptor E2, variants of which are associated with familial
vibratory urticaria and are activated by mechanical vibration.
Similarly, mast cells have long been recognized as the main
repository for histamine, heparin, and proteases. Recent
evidence also points to new functions, modes of delivery, and
mechanisms of action of mast cell proteases that add new
dimensions to the roles of mast cells in human biology. In
addition, exposure of mast cells to environmental cues can
quantitatively and qualitatively modulate their responses and
thus their effect on allergic inflammation. Illustrating this
paradigm, we summarize a number of recent studies implicating
the injury/tissue damage cytokine IL-33 as a modulator of
allergen-induced mast cell responses. We also discuss the
discovery of markers associated with transformed mast

cells and new potential directions in suppressing mast cell
activity. (J Allergy Clin Immunol 2018;142:381-93.)
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Mast cells, which are best known for the release and generation
of mediators of allergic reactions, are critical sentinel cells in
innate immunity, a role for which they are ideally suited because
of their prevalence in tissues exposed to the environment, such as
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Abbreviations used
ADGRE2: Adhesion G protein—coupled receptor E2
CPA3: Carboxypeptidase 3
CTMC: Connective tissue mast cell
GPCR: G protein—coupled receptor
MCr: Human mast cell subtype expressing tryptase
MCrc: Human mast cell subtype expressing tryptase and
chymase
MMC: Mucosal mast cell
MRGPRX2: Mas-related G protein—coupled receptor X2
PD-1: Programmed cell death protein 1
PD-L1: Programmed cell death ligand 1
SCF: Stem cell factor
sST2: Soluble form of ST2
STAT3: Signal transducer and activator of transcription 3
ST2L: ST2 long-form, the IL-33 receptor
TLR: Toll-like receptor
7TM: Seven transmembrane
TPSAB1: Human a-tryptase
TPSB2: Human (-tryptases
Treg: Regulatory T
VU: Vibratory urticaria

the skin, airways, and gastrointestinal tract.' > Mast cells express
an array of receptors that allow these cells to recognize and
respond to a wide spectrum of infectious pathogens and
endogenous molecules produced by damaged or inflamed tissues.
Thus, in addition to the high-affinity receptor of IgE, FceRI, and
other immunoglobulin Fc receptors, mast cells express the
microbial pattern recognition receptors Toll-like receptor
(TLRs) and NOD-like receptor4 and the more recently described
Mas-related G protein—coupled receptor X2 (MRGPRX2
[human subjects]), which recognizes cationic neuropeptides,
antimicrobial peptides, and insect venom peptides.” Similarly,
mast cells recognize molecules associated with tissue
inflammation or damage through receptors such as complement
receptors and the IL-33 receptor, also called ST2 long-form
(ST2L). Recent findings suggest that they also respond to me-
chanical stimulation through adhesion G protein—coupled recep-
tors (GPCRs).’

In response to these and other stimuli, mast cells variably
release and generate histamine and lipid mediators; cytokines;
chemokines; growth factors, including nerve growth factor,
GM-CSF, platelet-derived growth factor, TGF-$3, and vascular
endothelial growth factor; and proteases to initiate innate immune
responses and contribute to adaptive immune responses.
Mast cells have also been implicated in tissue remodeling
and angiogenesis through release of growth factors and mast
cell-specific tryptases and chymases, thus conferring both
reparative and defensive capabilities to mast cells.”” Activation
of mast cells is also important for proper defense against certain
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helminth infections and other parasites and, as will be discussed
later, against arthropod and animal venoms.'® However, mast
cells are potentially lethal cells on widespread activation, as
occurs in fatal anaphylaxis, and are able to cause tissue damage
with sustained mast cell activation, as in chronic infections.
Both the beneficial and detrimental roles of mast cells in fungal,
viral, and bacterial infections are discussed in detail in recent
reviews.'''"'> Other roles attributed to mast cell dysfunction
include promotion or, in a few instances, suppression of tumor
growth 1415, autoimmune diseases, such as multiple sclerosis'®'7;
and atherosclerosis.”

Mast cells are among the first recognizable immune cells in
evolution, and phylogenetic studies provide insights into how
some of the functional capabilities of mast cells have evolved, as
reviewed by Crivellato et al.'"® Metachromatic staining of cells
with the cardinal characteristics of mast cells first appeared
more than 500 million years ago in urochordates as granulated
hemocytes and “test cells” with properties indicative of a role
in defense and tissue repair and in various fish species,
including primitive jawless fish.'”" After transition to vertebrate
species and emergence of the immunoglobulin-based
recombinase-activating gene network, mast cells appear to have
acquired adaptive immune functions with the expression of
immunoglobulin receptors.'® FceRI is a relatively late
acquisition, with the appearance of genes encoding both IgE
and FceRI being evident in marsupials and mammals,”’ although
the v subunit of FceRI and a functional “IgE-like” receptor are
detectable in intestinal mast cells of zebrafish.”” Other mast
cell-related receptors are present in zebrafish mast cells,
including KIT, the receptor for the primary mast cell growth
factor, stem cell factor (SCF), and the TLR adaptor protein
myeloid differentiation response gene—88, which provides the
capacity for recognition of a broad range of microbes and
parasites.23 Of interest, the ancestral mast cells in
urochordates'”?” and those in zebrafish®” also respond to
compound 48/80, a cationic polymer produced by condensation
of N-methyl-p-methoxyphenethylamine with formaldehyde,
through the recently described MRGPRX2 receptor. Compound
48/80 was first described as a “histamine liberator” that activated
mammalian mast cells and induced anaphylaxis through
undetermined mechanisms. The conservation of mast cells and
their receptors during evolution and the ability of mast cells to
respond to environmental cues and produce a myriad of
physiologically relevant substances supports the conclusion that
mast cells contribute to an organism’s ability to maintain a state
of well-being not only as local sentinels of danger but also as
regulators of tissue homeostasis.

In this review we will discuss recent developments in the
understanding of antibody-independent receptors in mast cells
that have resulted in a new appreciation of mast cell function and
dysfunction. We will also briefly summarize the latest insights
and updates on mast cell diversity, roles of mast cell-derived
products, and development of humanized models to study mast
cell-related disorders.

MAST CELL DIVERSITY

Mast cells are of hematopoietic lineage, but unlike other
myeloid cells, they enter the circulation as progenitor rather than
mature cells. At this stage, progenitor cells in mice and human
subjects can express both FceRI and KIT (CD117). In human

J ALLERGY CLIN IMMUNOL
AUGUST 2018

subjects immediate mast cell precursors from blood were recently
defined as Lin~CD34™CD117""™FceRI" cells,”* and in mice
immediate mast cell precursors from blood were recently defined
as Lin”CD117MST2" integrin 7" cells, in which the presence of
FceRI expression is not required but considered as a marker of
greater maturity.”” These mast cell progenitor populations in
blood are extremely rare, representing 0.0053% of blood cells
in healthy subjects®* and 0.0045% of mononuclear cells in adult
BALB/c mice.”” The B7 integrin marker is characteristic of
mouse mast cell progenitors””~*°; however, although it is present
in human mast cell progenitors, it is less defining.”* Entry of these
precursors into tissues appears constitutive and might be
enhanced by inflammation and tissue damage.

It has been recognized that mast cells in human and mouse
tissues are heterogeneous in nature. In human tissues progenitor
cells differentiate into 2 principle subtypes when defined by the
neutral proteases expressed within intercellular granules, with
skin mast cells commonly expressing tryptase and chymase
(MCrc) and mast cells in other organs, such as the lung, having
more mast cells expressing tryptase alone (human mast cell
subtype expressing tryptase [MCr]).

In rodents, mature mast cells have been classified into 2
subclasses based on staining characteristics, complex patterns of
protease expression, and tissue location: connective tissue mast
cells (CTMCs) and mucosal mast cells (MMCs). In general,
mouse CTMCs correspond to MCrcs and mouse MMCs to human
MCrs. More recently, murine mast cells have been thought of as
constitutive (or innate) and mucosal (or adaptive) mast cells based
not only on their tissue location and granularity but also on their
developmental patterns.”*?’ Thus innate mast cells are present
constitutively in connective tissue, have high granularity and
expression of FceRI and KIT, and are generally unaffected by
T-cell deficiency. Adaptive mast cells are found primarily in
intraepithelial tissues, are induced by T cell-dependent
inflammation, and express more (7 integrin than innate mast
cells. It has been suggested that although innate or constitutive
mast cells might be more important for acute mast cell-related
responses or to maintain tissue function, adaptive mast cells
would add to the airway (and perhaps gastrointestinal)
inflammation observed after an immunologic event and
contribute to remodeling and secondary airways hyperreactivi-
ty.”® In addition, it is likely that the differences among mast cell
subtypes reflect functional specialization because Mrgpr family
members, for example, are expressed in CTMCs and not
MMCs.” Functional ~specialization of human mast cell
populations related to MRGPRX2 responses’ and other receptors,
such as complement receptor C5a,” have also been described.
However, how these functional subpopulations relate to mouse
mast cell populations in rodents is a subject of current research.

Transcriptomic analysis within constitutive mast cells from
various anatomic locations have indicated that although mast
cells share a transcriptional signature substantially distinct from
all other immune cells, including basophils, they do show
heterogeneity among themselves, even in the absence of
inflammation, supporting a role for mast cells in maintaining
tissue integrity.””*” This is consistent with a long-standing view
of phenotypic plasticity of mast cells depending on assorted
physiopathological environmental cues in the surrounding tissue.
One common factor that appears important for mast cell
maturation and survival in tissues is SCF. A recent study in
mice indicates that a major source for SCF in the skin are
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keratinocytes and that keratinocyte-produced SCF can be
required for the recruitment and maturation of mast cells in the
dermis. These studies also draw attention to the importance of
the skin microbiome in induction of SCF production by
keratinocytes, which can be reproduced by the TLR2 ligand
lipoteichoic acid, which is produced by the skin microbiome.””

FceRl AND EMERGING RECEPTORS IN MAST CELL
ACTIVATION AND FUNCTION IN ALLERGY

Aggregation of FceRI through multivalent binding of allergen
to IgE bound to the high-affinity IgE receptor activates a broad
spectrum of responses promoting allergic inflammation. These
include rapid release of granule-associated preformed mediators,
such as histamine, sulfated proteoglycans (including heparin and
chondroitin sulfates), and mast cell-specific proteases. This is
accompanied by rapid production of lipid-derived inflammatory
mediators, including prostaglandin D,, leukotriene C,4, and
platelet-activating factor, and subsequently by transcriptionally
derived cytokines and chemokines that can promote or suppress
inflammation and regulate tissue remodeling, as reviewed by
Gilfillan and Beaven’' and Galli and Tsai.”> The immediate
effects or “immediate hypersensitivity reaction” are due to this
rapid release of inflammatory mediators. If localized to the
skin, this results in a wheal-and-flare reaction or contraction of
airway smooth muscle, mucus secretion, and increased vascular
permeability in the airways. If systemic, the result can include
severe hypotension caused by vascular dilation and extensive
vascular leakage among other effects. These early responses
can transition into a late-phase reaction hours later that is
associated with an influx of circulating cell types, which can
promote further inflammation.

Although classically anaphylaxis is considered mediated by
IgE/antigen through cross-linking of FceRI, anaphylaxis can
also occur through nonclassical mechanisms involving
immunoglobulin receptors other than FceRI in mast cells, at
least in animal models, as reviewed by Finkelman et al.>?
Anaphylatoxin receptors are also present on human mast cells,
and complement activation can play a role in certain cases
of human anaphylaxis, particularly in synergizing with
antibody-induced anaphylaxis.33 In this section we will
summarize evidence for newly recognized receptors that might
be implicated in non-IgE-mediated mast cell activation and
immediate local or systemic reactions and receptors whose
importance in the pathology of allergic diseases lies partly in
the modulation of mast cell responses.

MRGPRX2, the receptor for cationic mast cell
activators

Among the antibody-independent substances that can uniquely
activate mast cells are a number of cationic amphiphilic
substances. In addition to the prototypic compound 48/80, other
cationic mast cell activators include a variety of pharmacologic
agents (tubocurarine, atracurium, icatibant, ciprofloxacin, and
other fluoroquinolone antibiotics), components of insect
venom (eg, mastoparan and Polistes Kkinin), antimicrobial
peptides (eg, a- and B-defensins and cathelicidins), secreted
eosinophil products (eosinophil peroxidase and major basic
protein), and neuropeptides (eg, substance P, vasoactive intestinal
peptide, neuropeptide Y, somatostatin, and cortistatin). Although
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many of these compounds were originally described as
“histamine liberators” or mast cell secretagogues because of their
ability to cause mast cell degranulation, they also stimulate
production of prostaglandin D, and chemokines and cytokines,
including IL-2, IL-3, IL-4, IL-6, IL-31, TNF-o, and GM-CSF.**~°
They act independently of FceRI in a Gia subunit-dependent
manner, resulting in activation of phospholipase C(3, phosphatidy-
linositol-4,5-bisphosphate 3-kinase, and calcium mobilization.”’
Recent studies have revealed that these cationic mast cell activa-
tors act on human mast cells through MRGPRX?2, although the
first report that human cord blood CD34 ™ -derived mast cells are
activated through MRGPRX2 was in 2006.”* In these experiments
mast cells were differentiated into 2 major human mast cell sub-
types through manipulation of culture conditions. The human
mast cell subtype MCrc expressed almost 4000 higher copy
numbers of MRGPRX2 RNA than MCrs, which did not respond
to these stimulants. Indeed, it appears that these compounds acti-
vate only specific subsets of mast cells, such as CTMCs but not
MMCs in rodents and MCrcs but not MCrs in human subjects.S
The mouse orthologue of MRGPRX2 was identified as Mrgprb2.*
Both human (MRGPRX2) and mouse (Mrgprb2) receptors are
activated by the same stimulants, although the human MRGPRX?2
receptor exhibits a 10- to 100-fold greater sensitivity to these
activators.””*’

By using a dynamic imaging system, it has been reported that
in human and mouse mast cells, cytoplasmic granule secretion
induced by stimulation of MRGPRs and other GPCRs follows
dynamic and physical features that differ from those induced by
FceRI. MRGPR stimulation caused rapid and transient
intracellular calcium peaks, followed by immediate secretion
of what appeared to be individual secretory granules. Instead,
engagement of immunoglobulin receptors led to sustained
calcium flux and slightly delayed degranulation caused by
granule-to-granule fusion before exteriorization of the com-
bined granule content (compound exocytosis). These distinct
patterns of degranulation were also observed in a mouse model
of immediate skin hypersensitivity, where the reactions induced
by substance P (a MRGPR agonist) were more rapid than those
induced by IgE/antigen and the granules secreted by stimulation
of Mrgprb2 were less likely to be transported or persist in
draining lymph nodes, suggesting potential physiologic conse-
quences or differences in mast cell function, depending on the
nature of the stimulus.”'

The presence of MRGPRX2 in mast cells might contribute to
the well-established roles of mast cells in innate and adaptive
immunity; chronic allergic diseases, such as chronic idiopathic
urticaria and asthma; and potentially neurogenic inflammation,
pain, and itch, as recently reviewed.” The pathologic implications
have yet to be explored in detail. A significant increase in number
and percentage (45% vs 22%) of MRGPRX2* mast cells has been
described in the skin of patients with chronic urticaria compared
with that of nonatopic control subjects.*> Also, an increase in
mast cell numbers expressing MRGPRX2 are present in the
gingiva of patients with periodontitis.”* In addition to better
understanding the involvement of MRGPRX2 in disease, further
research is needed to identify mechanisms that regulate the
expression of this receptor on human mast cells. Because mast
cell MRGPRX2 receptors are increasingly shown to have
biologic/pathologic relevance, selective antagonists will be of
additional therapeutic and investigational interest and help in
understanding how mast cells contribute to homeostasis.
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FIG 1. Proposed mechanism for mechanical stimulation of mast cells through ADGRE2 in healthy subjects
and patients with VU. ADGRE2, through its a-subunit, binds dermatan sulfate, the most abundant
proteoglycan in the skin. The a-subunit is noncovalently bound to the B-subunit (a 7TM domain) of
ADGRE2. A mutation in the a-subunit (represented as a blue dot in the a-subunit) found in patients with fa-
milial VU facilitates dissociation between the 2 subunits after mechanical stimulation, allowing the B-sub-
unit to become active and inducing calcium fluxes and degranulation. In healthy subjects dissociation of the
subunits is not as efficient, and degranulation is not extensive. This response might be beneficial as an
innate host defense mechanism, although the significance is still unknown. Dissociation of subunits on vi-
bration is represented on the right side. Normal ADGRE2 receptors are on the left side of the mast cell and
mutated ADGRE2 are represented on the right side of the mast cell. Inmunohistochemistry tryptase stain-
ing of skin from an unaffected subject or an affected patient after vibration show the extent of degranulation
in these samples. Dermatan sulfate is illustrated as a green hexagon, and a representation of the structure of
proteoglycans containing dermatan sulfate in the skin is shown magnified on the left.

Adhesion G protein—coupled receptor E2, a sensor
of mechanical stimulation in human mast cells
Recent findings have associated a missense substitution from
cysteine to tyrosine (pC492Y) in the adhesion G protein—coupled
receptor E2 (ADGRE?2) as the only nonsynonymous variant
cosegregating with autosomal dominant vibratory urticaria
(VU). VU is a type of physical urticaria clinically and
pathophysiologicaly distinct from dermatographism and
characterized by localized hives and systemic manifestations in
response to a local stimulus of frictional nature.** In patients

with VU, activation of mast cells after a vibratory stimulus is
evidenced by the extensive diffuse tryptase staining in histologic
samples of the affected sites in contrast to the intense tryptase
staining within mast cells in previbrated skin (Fig 1) and by the
rapid increase in histamine levels in venous blood from the
affected areas.” Although it has been known that mast cells are
involved in the pathology of VU, the mechanisms of such a
response, which are dependent on mechanical vibration but IgE
independent, have remained a mystery. Studies by Boyden
et al® provided first evidence for the function of ADGRE2 in
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mechanosensation by demonstrating that patient-derived mast
cells or human mast cell lines expressing pC492Y-ADGRE?2
degranulate extensively on mechanical vibration, recapitulating
the VU phenotype. In contrast, human mast cells expressing
nonmutated ADGRE2 show mild responses similar to the
somewhat limited responses in healthy subjects after a vibratory
challenge.

ADGRE2, also known as EGF-like module—containing
mucin-like hormone receptor-like 2 (EMR2) or CD132, belongs
to a large family of adhesion GPCRs. Adhesion GPCRs generally
contain a 7-transmembrane (7TM) domain (3-subunit), whose
sequence provides the basis for classification of adhesion GPCRs
into subfamilies and a large extracellular domain (a-subunit),
which facilitates interactions with proteins from the extracellular
matrix or expressed on the surfaces of other cells. Ligands for
most of these receptors are not known, and even if they are
identified, only a few are actual agonists that can evoke an
intracellular response mediated by the 7TM domain.**°

ADGRE2 binds dermatan sulfate, the predominant
glycosaminoglycan in the skin. However, binding of ADGRE?2
to dermatan sulfate does not elicit, by itself, a detectable mast cell
activation response. As is true for other adhesion GPCRs involved
in mechanosensation, a mechanical force is needed in addition to
dermatan sulfate binding to trigger mast cell degranulation.

By way of background, the a- and (3-subunits of ADGRE2 are
translated into a single polypeptide precursor, but early during
trafficking of the receptor to the plasma membrane, this protein
undergoes autocatalytic cleavage within its G-protein proteolytic
site motif,47 rendering 2 subunits that, for the most part, remain
noncovalently bound.*® This feature appears important for the
mechanism of activation of these receptors.% Indeed, mutation
of the cleavage site negates the hyperreactive phenotype of the
pC492Y mutation, indicating the importance of the 2 separate
subunits. During mechanical vibration of mast cells attached to
dermatan sulfate, the a-subunit dissociates from the [-subunit,
allowing it to signal. Thus it appears that mechanical forces
activate this receptor by separating the «- and [-subunits. In
patients with VU, the p.C492Y mutation destabilizes the
inhibitory interaction between the o«- and [(-subunits,
thereby increasing the susceptibility of these mast cells to
vibration-induced degranulation (Fig 1).°

Although the physiologic relevance of the limited mast cell
responses to friction in healthy subjects is not completely
understood, possibilities are that ADGRE2 might subtly alert
both resident and immune cells to combat potential injury and
wound healing, play a role in pain modulation, and perhaps help
sense a parasite migrating through dermal tissues (Fig 1).

IL-33 receptor in mast cells and its regulation of
allergic inflammation

Ample experimental and clinical evidence has implicated
IL-33, one of the IL-1/IL-18 family of cytokines, as a central
player in Ty2 immune responses and the pathogenesis of allergic
diseases. In support, genes encoding for IL-33 and its receptors
have been identified as susceptibility loci in asthma in
large-scale genome-wide association studies.”’”' IL-33 is
retained within the nucleus associated with chromatin in IL-33—
producing cells, and it acts predominantly as an “alarmin”
when released from these cells after cell damage induced by
either injury or environmental agents.”*”” Although IL-33 is
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produced in epithelial and other stromal cells, its receptor, ST2
(also referred to as the ST2L to differentiate it from the soluble
form of ST2 [sST2]), is expressed in a variety of immune cells
predominantly of the innate immune system, including mast cells
and basophils. IL-33 binding to ST2L induces differentiation,
survival, and chemotaxis of these cells and, most prominently,
cytokine production.” > Mouse and human mast cell progenitor
cells also express ST2L during development, even before
expression of the IgE receptor.’®” It appears that the progenitors
of mast cells, basophils, and eosinophils produce Ty2 and
proinflammatory cytokines in response to IL-33 more abundantly
than the corresponding mature cells, suggesting these myeloid
progenitors could also initiate inflammatory IL-33-mediated
responses (Fig 2).”®

It is becoming apparent that IL-33 is a critical player
orchestrating a variety of allergic inflammatory conditions
through innate immune cells. Recent studies indicate that 1L.-33
is constitutively produced in developing lungs shortly after birth
and at an early age, when the lung is remodeling. However, in the
presence of inhaled allergens, IL-33 production is enhanced,
causing accumulation of Ty2 innate immune cells, mast cells,
eosinophils, and basophils. The authors of this work proposed
that this axis of IL-33 production and T2 skewing by the activity
of the recruited immune cells might be important for the
development of asthma at an early age.’” Similarly, IL-33 levels
are found to be increased in the airways after intratracheal
exposure to Staphylococcus aureus—derived serine protease—like
protein D°° and in the gastrointestinal tracts of mice with food
allergy and promotes inflammation through its effects on innate
immune cells.”’

ST2L in mast cells as a receptor promoting allergic
inflammation. Mast cells are emerging as critical amplifiers of
IL-33-mediated inflammation (Fig 2) in the conditions described
above, as well as in others, such as chronic asthma.®> For instance,
mast cells were found to exacerbate IL-33-mediated
airway constriction in mice through enhanced serotonin
secretion® and IL-13 production.®* Along these lines, studies
on aspirin-exacerbated respiratory disease have suggested that
overgeneration of cysteinyl leukotrienes induced by aspirin in
these patients causes IL-33 production, which in turn
activates mast cells and promotes bronchoconstriction.®’
Furthermore, mast cells are critical for IL-33-mediated
recruitment of leukocytes in a model of skin inflammation®
and for IL-33-mediated IL-9 production and acquisition of
IgE-mediated food allergy susceptibility.”” In the guts of mice
with food allergy, increased IL-33 levels also activate innate
lymphoid cells to produce IL-4, which further augments mast
cell responses and reduces allergen-specific regulatory T (Treg)
cell suppressive functions, thus promoting food allergy. In
contrast to these roles for IL-33 and mast cells enhancing
unwanted allergic inflammation, during intestinal helminth
infections, mast cells have been reported to act as amplifiers of
IL-33 production, group 2 innate lymphoid cell activation, and
worm expulsion.”®

IL-33 released in the epithelia can also exacerbate responses to
food or airway allergens through mast cells. For example, in a
mouse model of food allergy, transcutaneous sensitization to a
food allergen on injured skin barrier (by using tape stripping)
caused increases in levels of IL-33, which potentiated
anaphylaxis on oral antigen challenge. The mechanism involved
IL-33-mediated activation of ST2L in mast cells and
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FIG 2. Mast cells modulate IL-33-induced allergic inflammation through ST2L. IL-33 is released from
epithelial and other cells (eg, smooth muscle cells and fibroblasts) on tissue damage or stimulation. Mast
cells can amplify (blue lines) or reduce (green lines) IL-33 responses. Mast cells and their progenitors (MCP),
as well as group 2 innate lymphoid cells (ILC2) and other innate immune cells not represented here, respond
to IL-33 through its receptor, ST2L, to produce a variety of T2 cytokines that promote allergic inflammation.
In addition, IL-33 enhances antigen-induced release of vasoactive mediators by mast cells, which
exacerbates asthma or food allergy symptoms. Proteases released by mast cells, in addition to other
functions, cleave IL-33 into more active fragments. IL-4 produced by ILC2s in response to IL-33 can also
enhance mast cell responses to antigen at the same time that inhibit Treg cell function, exacerbating allergic
inflammation. On the other hand, IL-2 and sST2 produced by mast cells ameliorates inflammation by
stimulating Treg cells and quenching IL-33 function, respectively. These positive and negative signals
can be favored or disfavored in the in vivo environment, depending on other environmental cues, shaping
the balance of these responses.

IgE-mediated mast cell
This mechanism might be relevant in patients

means of inhalation (which induces IL-33 production) caused
greater inflammatory airway responses and antibody produc-

with a disrupted skin barrier, including those with atopic
dermatitis, and might link cutaneous sensitization to food
allergens and food-induced anaphylaxis.”” Confocal studies
in cultured human mast cells showed that potentiation of
FceRI- mediated responses by means of IL-33 pretreatment is
the result of enhancement in the magnitude of individual
responses, as well as in the frequency of cells that respond to
FceRI cross-linking.”"

Potentiation of antigen-mediated mast cell responses by IL-
33 production have also been observed in other allergy models.
In a mouse model that might resemble the atopic march in
human subjects, subcutaneous sensitization to a protease
allergen and IgE/IgG, production (via a mast cell-dependent
process) followed by re-exposure to the protease allergen by

tion than seen in mice exposed only to repeated airway
exposures.’’

Other studies have implicated not only IL-33 but also thymic
stromal lymphopoietin and IL-25 in the induction and
maintenance of IgE-mediated responses in a mouse model in
which food anaphylaxis is induced by means of oral
gavage. Although neutralization of either of these cytokines
suppressed food allergy development in this model, neutralization
of all 3 cytokines was needed to suppress established food
anaphylaxis.72

Mast cell tryptase and chymase released during allergic
reactions (Fig 2) can also contribute to promoting the IL-33
inflammatory potential by cleaving IL-33 to generate more active
fragments than the full-length IL-33.”



J ALLERGY CLIN IMMUNOL
VOLUME 142, NUMBER 2

ST2L in mast cells mediating anti-inflammatory
functions. Although mast cells are key contributors to the
proinflammatory functions of IL-33, evidence also suggests that
mast cells can ameliorate IL-33-mediated inflammatory effects
under certain circumstances. Stimulation of mast cells with IL-33
in the absence of IgE cross-linking can induce Treg cell expansion
by producing IL-2, and this has been shown to limit inflammation
in a papain-induced innate-type airway inflammation model.”*

In addition to IL-2-mediated effects on Treg cells, both human
and mouse mast cells produce substantial amounts of sST2 when
activated through ST2L, FceRI, or KIT.”” sST2 is a decoy recep-
tor that neutralizes the actions of IL-33. Thus mast cells can act to
limit the later phases of the allergic inflammatory response by
releasing this receptor.

These dual actions of mast cells as potent enhancers of the
inflammatory action of IL-33 but also in counteracting excessive
inflammation are consistent with the immunomodulatory role of
mast cells in constraining an inflammatory process and
re-establishing tissue integrity. One can speculate that the balance
between the proinflammatory and anti-inflammatory roles of mast
cells might be regulated by additional microenvironmental cues,
depending on the pathophysiologic situation. For example,
production of lactic acid,”® a byproduct of anaerobic glycolysis
present in pathologic environments that promote IL-33
production (inflammation, wound healing, and tumors) and
TGF-B1,”" levels of which are increased in patients with chronic
inflammatory conditions and certain allergic diseases, markedly
reduced IL-33-mediated mast cell inflammatory responses.

Even circadian rhythm can affect the production of cytokines
by mast cells in response to IL-33 by transcriptionally
modulating the expression of ST2.”® The authors suggested that
augmented IL-33—mediated mast cell responses observed in the
resting phases of the day (the night in human subjects) could be
a contributory factor to explain the development of nocturnal
symptoms in patients with asthma and virus-induced
exacerbations.

MAST CELL PROTEASES: AN UPDATE

Proteases are stored in mast cell granules and represent a high
fraction of all protein content. Whole-transcriptome analysis
suggests that expression of transcripts for serine proteases
constitutes the most significant category of gene products that
differentiate tissue-resident mast cells from other immune cells.”’
These proteases, together with other granule contents, are
released into the interstitial space on mast cell activation, where
they exert their biologic functions. Indeed, nonbiased proteomic
analysis of mast cell releasate identified proteases as the
predominant type of proteins secreted.’” In addition to releasing
the intracellular contents of its granules as soluble mediators,
recent data indicate that mouse mast cells, particularly on
activation of FceRI, release small extracellular vesicles that
contain proteases, which in the case of carboxypeptidase 3
(Cpa3) constituted about 10% of the total Cpa3 released. This
mode of release of encapsulated material can be potentially
important for immune regulation and transport of combined cargo
to distant cells.*

Yet the notion that mast cell proteases exclusively function
once released into the extracellular media has been challenged by
findings of tryptase in nuclei in association with mast cell
chromatin, suggesting an intracellular function.®' These authors
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found that chromatin-associated tryptase truncates histones 3
and histone 2B and modulates acetylation of histone 2B. This
tryptase-mediated epigenetic modification appears to be
important for maintenance of the mast cell lineage signature,
morphology, and proliferative control of mast cells, adding
another layer to the complexity of mast cell protease biological
functions.”'

Mast cell proteases cleave a number of functionally diverse
protein substrates through recognition of specific peptide
sequences. Proteolytic cleavage of these substrates can result in
either activation or inhibition, and thus their specific roles in
specific physiopathologic conditions are complex and depend on
the specific environment.®” For instance, proteases released from
mast cells have been linked to angiogenesis in tissue repair,
cancer and bone homeostasis, and inflammation in patients with
allergic diseases and other inflammatory conditions, such as
inflammatory bowel disease and arthritis.”***® Mast cells also
play protective roles in host defense against parasites and
bacteria, as reviewed by Caughey,®” and in defense of vertebrates
to animal venoms, including honey bees, scorpions, and reptile
venoms, as reviewed by Tsai et al.®’ Venom-induced innate
activation of mast cells results in release of proteases, such as
Cpa3 and mast cell protease 4 (homolog of human chymase),
that neutralize certain venoms and reduce morbidity and mortality
to these venoms in mice.®” Furthermore, venom-specific IgE
antibodies and IgE-mediated mast cell responses after
re-exposure to venoms contribute to protection against lethal
doses of these toxic venoms.*®® An interpretation of these
observations in mouse models is that anaphylaxis, when
appropriately regulated, is beneficial rather than detrimental in
the pathology associated with envenomation.®’

The TPSABI and TPSB2 mast cell tryptase loci in human sub-
jects encode a- and B-tryptases. Although both loci can express
B-tryptases, a-tryptase is believed to be restricted to TPSABI,
resulting in a-tryptase/B-tryptase-encoding sequence ratios of
0:4, 1:3, or 2:2 in different subjects. Despite the homology be-
tween the 2 tryptases, mature -tryptase is proteolytically active
as a homotetramer, but mature a-tryptase appears to be enzymat-
ically inactive.®® Although about a fourth of the general popula-
tion is deficient in «-tryptase without any noticeable
manifestations, recent studies suggest that germline duplications
and triplications of TPSAB1 encoding a-tryptase are linked to
subjects with dominantly inherited increased basal serum tryptase
levels and with multisystem disorders in cases in which clonal
mast cell disease or mast cell activation syndrome is not evident.””
The symptom complexes in these patients include irritable bowel
syndrome, cutaneous flushing, connective tissue abnormalities,
and dysautonomia. In the cohort subjects with duplications on
both alleles or a triplication on a single allele showed higher
tryptase levels in serum and were more symptomatic than subjects
with duplications on only 1 allele, suggesting a gene-dose
effect.”” The authors further studied whether a second coinherited
genetic variant might help explain the syndromic presentation of
a-tryptasemia and found that 3 functional variants of the o 1H
subunit of the T-type calcium channel Ca,3.2, CACNAIH, were
frequently coinherited with TPSABI duplications. Despite the
association of this channel with irritable bowel syndrome and
heightened anxiety in other studies, the variants did not show a
clear enhancement of clinical phenotypes associated with
TPSABI duplications at least in a relatively small cohort.”’
Further studies are needed to understand the function of
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a-tryptase and how duplications of the a-tryptase gene might
cause the associated symptomatology in these patients.

HUMANIZED MOUSE MODELS TO STUDY HUMAN
MAST CELL FUNCTION /N VIVO

Mast cell-deficient mouse models, including Kif mutant mice
that lack the receptor function necessary for mast cell growth
and survival, mice with deletions in mast cell proteases, and
mice with a conditional deletion of the FceRI [-B—Chain,gz’g4 have
been critical to identify and characterize mouse mast cell
functions in vivo in conjunction with adoptive transfer of cultured
mast cells into these mice. In the last few years, a new direction
has been the development of humanized mouse models in which
human hematopoietic  progenitors are engrafted into
immunodeficient mice and develop into adaptive and innate
human cells, providing an opportunity to study human mast cell
responses in a humanized physiologic context and to investigate
the use of human-specific therapies.”” ”*

Two similar strains of nonobese diabetic severe combined
immunodeficient mice lacking the cytokine receptor common vy
chain (NOG [NOD.cg-Prkdc*““12rg"™!5*¢] and NSG [NOD.
Cg-Prkdc*“112rg""™" mice) have been successfully used for
engraftment of human mast cells. Even though engraftment of
human mast cells appears to be somewhat limited,””"’ these
mice have been used for the study of mast cell-related diseases,
such as systemic mastocytosis, in which cells of a human mast
cell line with a mutation in D816V (ROSAKITD816V-Gluc)
were injected into NSG mice, reproducing characteristics of
this disorder’®; in a model of allergen-driven gut inflammation
in which PBMCs from allergic subjects were injected into these
mice and challenged orally or rectally with the allergen to
measure allergic colitis’’; and in a model of peanut allergy in
which NSG mice were inoculated with mononuclear cells from
patients with peanut allergy and then sensitized and challenged
with peanut extract to reproduce a human anaphylactic phenotype
that was prevented with a single administration of an

adeno-associated virus expressing persistent levels of
anti-human IgE. 100
Transgenic expression of human cytokines into these

immunodeficient mice, particularly human IL-3 and GM-CSFE,”’

SCE,%'%! or a combination of IL-3, GM-CSF, and SCE,”> seems
to significantly improve the engraftment of human mast cells.
Transplantation of human stem cells into NOG mice expressing
human IL-3 and GM-CSF showed passive cutaneous anaphylaxis
reactions in response to human IgE and intradermal antigen
challenge with mast cells engrafted in various tissues, including
the skin.”’ Mice with human membrane-bound SCF also
successfully engrafted human mast cells, outnumbering mouse
mast cells in the small intestine, stomach, and skin, which resulted
in engraftment of the T- and B-cell compartments. This allowed
active oral sensitization to peanut, resulting in increased numbers
of mast cells in the spleen and jejunum and production of
peanut-specific human IgE. On challenge, the humanized mice
presented anaphylactic reactions accompanied by increases in
human tryptase levels in plasma, overall recapitulating features
of human food-induced anaphylaxis.”® Additionally, NSG mice
expressing a combination of the cytokines IL-3, GM-CSF, and
SCF have also been engrafted with CD34 ™ human stem cells after
implantation of these mice with autologous thymic and liver
human fragments (BLT model), resulting in robust populations
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FIG 3. Increase in mast cell counts in the marrow of a patient with a mast
cell proliferative disorder. Bone marrow biopsy specimen from an adult
patient with indolent systemic mastocytosis (ISM; upper panels) compared
with a bone marrow biopsy specimen from an adult with recurrent
unexplained anaphylaxis (lower panels; X200 magnification) stained with
hematoxylin and eosin (H&E; left panels) or for mast cell tryptase
(right panels). A prominent mast cell infiltrate is apparent in the
tryptase-stained biopsy specimen from the patient with ISM. Courtesy of
Dr Melody Carter. HS, Healthy subject; IHC, immunohistochemistry.

of myeloid cells and human immune cells in mucosal and
peripheral tissues. In this model passive systemic and cutaneous
anaphylactic reactions to human IgE were observed.
Furthermore, a large population of human mast cells was obtained
from the peritoneal cavities of these mice, which could be
expanded in culture and used for ex vivo studies.”

A challenge using these models is the large number of
progenitors needed to adoptively transfer a substantial group of
mice and the time required for proper engraftment (>10 weeks)
and active sensitization protocols (when applicable), which in
combination might also be costly. In addition, models like the
BLT model’” require implantation of autologous liver and thymus
fragments before injection of blood progenitors, and these
samples and procedures might not be easily accessible.
Nevertheless, despite these and other limitations intrinsic to the
model, studies have unlocked an exciting new approach to study
human mast cell biology in vivo and address more predictable
outcomes in preclinical studies in allergic reactions and other
disorders in which mast cells are key.

MAST CELL PROLIFERATIVE DISORDERS
Mastocytosis is a clonal disorder of mast cells and often
associated with gain-of-function mutations in KIT. It is classified
into variants from indolent to aggressive disease based on the
extent and characteristics of pathologic findings (Fig 3). As
classification evolved, it became clear that adult and pediatric
patients exhibited diverse types of cutaneous lesions. To
standardize terminology, an international task force within the
European Competence network on Mastocytosis in collaboration
with the American Academy of Allergy, Asthma & Immunology
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and the European Academy of Allergology and Clinical
Immunology proposed new and revised consensus definitions
and criteria for cutaneous manifestations of mastocytosis in a
consensus document published recently in the Journal of
Allergy and Clinical Immunology.'"® Specifically, the group
recommended that maculopapular cutaneous lesions, previously
referred to as urticaria pigmentosa, be subdivided into variants.
The first is a monomorphic variant with small maculopapular
cutaneous lesions. This variant is typically seen in adult patients
and, when it develops in children, is more likely to persist into
adulthood. The second is a polymorphic variant with larger
lesions of variable size and shape that is more likely to resolve
around puberty. The recommendations also included removing
telangiectasia mascularis eruptive perstans from the current
classification of cutaneous mastocytosis.

Several recent clinical studies focusing on the mast cell
compartment in patients with mastocytosis have reported novel
findings that might relate to future therapeutic intervention. In one
study expression of CD123, the a-subunit of the IL-3 receptor,
was determined in bone marrow—derived mast cells from 58
patients with systemic mastocytosis.'””> CD123 expression on
these mast cells was found to be 100% in patients with aggressive
systemic mastocytosis, 61% in patients with indolent systemic
mastocytosis, and 57% in patients with systemic mastocytosis
with an associated hematologic malignancy. Focal proliferation
of plasmacytoid dendritic cells was observed around mast cell
aggregates and was greater in patients with CD123™ mast cells.
The authors suggested that targeting CD123 in systemic
mastocytosis could have antitumor actions through direct effects
on mast cells and indirect effects through plasmacytoid dendritic
cells.

Programmed cell death protein 1 (PD-1) is a checkpoint protein
on activated T cells, B cells, and cutaneous mast cells. PD-1 acts
as a type of off switch to prevent these cells from attacking other
cells by binding to programmed cell death ligand 1 (PD-L1)
expressed on activated T cells, dendritic cells, and monocytes or
PD-L2 on dendritic cells and monocytes. Some malignant cells
express substantial amounts of PD-1, which helps them escape
immune attack. Monoclonal antibodies that target this interaction
might enhance the immune response against cancer cells. Two
examples are pembrolizumab (Keytruda) and nivolumab
(Opdivo).

Examining this PD-1-PD-L axis in the sera of patients with
mastocytosis, one group found that serum levels of PD-L1 were
significantly increased in adult patients with mastocytosis, and
levels were greater in those with SM-AHD, aggressive systemic
mastocytosis, and mast cell leukemia.'** They also found that
mast cells from the bone marrow and skin of patients with
mastocytosis were PD-L1 positive. They concluded that PD-L1
is a diagnostic marker of disease progression in adult patients
with mastocytosis and that the efficacy of antibodies to PD-1
and PD-L1 should be explored in the treatment of advanced
mastocytosis.

Like PD-L1, serum levels of IL-6 are a biomarker of disease in
patients with mastocytosis and correlate with serum total tryptase
levels. The possible contribution of IL-6 to mast cell proliferation
has been clarified by a report that IL-6 enhances mast cell
proliferation, maturation, and reactivity by reducing suppressor
of cytokine signaling 3.'% These findings related to the
methylation of the suppressor of cytokine signaling 3 promotor
and increased expression and activation of signal transducer and
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activator or transcription 3 (STAT3). Data supported the
possibility that IL-6 blockade can ameliorate mast
cell-dependent pathology in mastocytosis. Interestingly, mast
cell mediator—induced anaphylaxis is blunted in STAT3 mutant
mice and in wild-type mice subjected to small-molecule STAT3
inhibition.'” These observations, along with the IL-6 data,
suggest targeting STAT3 might have a beneficial role in lessening
the effects of systemic mediator release in patients with
mastocytosis.

NEW INTERVENTIONS THAT ALTER THE MAST
CELL COMPARTMENT

Many of the observations made in studying the pathogenesis
and treatment of mast cell proliferative disorders also relate to
developing approaches to treating allergic disease. Long-term
treatment of patients with chronic myeloid leukemia with
imatinib resulted in a reduction of bone marrow mast cell
numbers to 5% of pretreatment values.'”” This was accompanied
by a significant decrease in serum tryptase levels. Other myeloid
lineages were not affected. The authors found no evidence of a
clinical syndrome attributable to drug-induced mast cell
deficiency. Specifically, there was no increase in the frequency
of thromboembolic events, cancer, or severe bacterial or fungal
infections.

This study showing the effects of imatinib on the mast cell
compartment is echoed in a randomized double-blind clinical trial
that examined the effect of imatinib in patients with poorly
controlled severe asthma.'”® In this 24-week trial, imatinib was
shown to decrease airway hyperresponsiveness and reduce levels
of serum tryptase, although airway mast cell counts decreased in
both groups. Use of imatinib was associated with a higher
likelihood of muscle cramps and hypophosphatemia. One patient
in the imatinib group discontinued participation because of
neutropenia thought by investigators to be related to the study
agent. Nevertheless, use of imatinib might be considered in other
diseases in which mast cells have recently been implicated in
pathogenesis, such as celiac disease.'””

Thus pharmacologic approaches directed at decreasing tissue
mast cell numbers or perhaps ablating the mast cell
compartment might be of benefit in instances in which mast
cells are major contributors to disease development. However,
the evolutionary advantage and circumstances in which mast
cells might be critical in human biology are only party
understood. From mouse models, it is clear that mast cells
play important roles in host responses against helminths and
venoms and other aspects of host defense and perhaps tissue
repair. Thus targeting mast cells might be inconsequential if the
host is not exposed to those situations or other arms of the
immune system can compensate for the lack of mast cells. This
dictates the essential need to carefully monitor subjects for the
consequences of therapeutic approaches targeted at ablation of
the mast cell compartment.” ?

In addition to existing drugs repurposed for treatment of
diseases involving mast cells by decreasing mast cell number
and activation, 2 recent reports of novel therapeutic approaches
have also been reported. In the first of these articles, a recently
identified technique referred to as exon skipping has been
specifically applied to target and downregulate IgE receptor
expression on mast cells.''’ This approach affects specifically the
mast cell/basophil compartment, unlike use of tyrosine kinase
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FIG 4. Antisense oligonucleotide (AON)-mediated exon skipping of the B-subunit of FceRl to specifically
target and downregulate IgE receptor expression in mast cells. The membrane spanning 4A2 gene
(MS4A2) codes for the B-subunit of FceRI (FceRIB). FceRIB contributes to IgE-dependent mast cell signaling
by trafficking the FceRI receptor complex to the cell surface and amplifying its signaling. The MS4A2 gene
has 7 exons (not all exons are depicted in this illustration). In mast cells an alternative splice variant of FceRIB
missing exon 3 (in pink) has been described. Such a variant is translated into a truncated FceRIB that lacks
the first transmembrane domain of FceRIB. This transmembrane domain is required for trafficking the IgE
receptor complex to the plasma membrane. Although this variant is not abundantly expressed, MS4A2
splicing can be altered to favor the expression of truncated FceRIB by using AON-mediated exon skipping
(blue arrows). Specific AONs promote splicing of exon 3 and thus the disproportionate expression of
truncated FceRIB, which renders mast cells unable to express cell-surface receptor or respond to an antigen

challenge.

inhibitors that target receptors or pathways present in multiple
cell types. This approach used antisense oligonucleotide-
mediated exon skipping of the B-subunit of FceRI to eliminate
surface expression of FceRIB, which in turn eliminates surface
expression of FceRI. Mast cells are then rendered unresponsive
to IgE-mediated activation (Fig 4). This approach worked
in vivo, as shown in mouse models of IgE-dependent allergic
dermatitis." '’

Another novel approach depended on engineering a
mechanism-based SCF partial agonist.''' Normally, SCF is a
growth factor that acts through KIT to promote hematopoietic
progenitor cell expansion. However, when SCF is administered
invivo, it can lead to mast cell degranulation through dimerization
of KIT on the mast cell surface. However, the SCF partial agonist
retains the ability to activate hematopoietic progenitors while
exhibiting virtually no anaphylactic off-target effects. It remains
to be determined whether administration of this SCF partial
agonist would block SCF effects in promoting mast cell
releasibility and thus find application to management of mast
cell diseases in general.

CONCLUDING REMARKS

Early after the description of mast cells by Paul Ehrlich, it was
understood that mast cell function might rely on the unique
content of their granules and releasibility. The morphologic
uniqueness of mast cells is mirrored by a signature of transcripts
that sets them apart from other cells and is to some degree defined
by granule content, enzymes involved in their synthesis, and
certain cell-surface receptors. The “histamine liberators,” such as
compound 48/80, which were found to induce mast cell
degranulation in the 1950s provided the first clues on the
involvement of mast cells in anaphylaxis. However, it was not
until recently that the enigmatic mode of action of these histamine
liberators has been resolved with the discovery of Mas-related
receptors. Findings related to these receptors,” together with their
relative promiscuity and the fact that the ancestral mast cell
prototype in urochordates and in zebrafish also respond to
compound 48/80, suggest beneficial and evolutionarily conserved
functions for mast cells in innate immunity. Other receptors, such
as ADGRE?2, present in human mast cells cause pseudoallergic
reactions in response to vibration in certain subjects, and this
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sensing of friction-like perturbations by mast cell ADGRE2 might
also be related to a role in innate immunity.

In addition to the view of mast cells as culprit cells in allergic
reactions through the IgE receptor, an emerging recent perception
incorporates the interpretation that these ancient cells in evolution
have a protective role for the host, even during acquired immunity
in which mast cell-released products might serve to protect
against animal venoms or poisonous substances. The downside is
that widespread activation of mast cells might be lethal, perhaps
aberrantly so, because of alterations in mast cells, their mediators,
or local tissue signals. Newer research emphasizes that the
responsiveness of mast cells is not solely dictated by a single
receptor that triggers mast cell activation, but by a compilation of
signals in the pathologic environment that are modifiers of such
responses and that might tilt the balance toward a lethal or simply
unwanted outcome. This is illustrated by a recent demonstration
in a mouse model that food-induced reactions require, in addition
of antigen-specific IgE, production of IL-9 by an immature
population of mucosal mast cells (MMC9) that drive their own
differentiation and whose program require certain tissue
signals.””  Another aspect of active investigation is the
identification and understanding of function of inhibitory
receptors in mast cells. Overall, the identification of receptors
that promote mast cells to be activated or inactivated or
that modify their responses to antigen, as well as the understand-
ing of allergic and pseudoallergic responses, will help in
understanding how to address these unwanted mast cell reactions.

SUMMARY

e Transcriptomic and functional analysis define phenotypic
differences within constitutive mast cells from different
tissues, reflecting the plasticity of mast cells.

e Local tissue cytokines, such as IL-33, which are present in
a pathologic environment, reprogram mast cells or mold
their responsiveness to antigen and might explain observed
dissociations between levels of allergen-specific IgE and
manifestation of allergic reactions.

o Further identification of these factors in mast cell-related
disorders and how inflammatory environments affect mast
cell programs will aid in our understanding of aberrant
mast cell biology.

o MRGPRX2 and ADGRE2 are examples of non-IgE-
mediated activation of mast cells that can drive
pseudoallergic reactions seen in the clinic and a further
understanding of their roles and mechanisms might aid in
providing better management of these diseases.

o Humanized models of mast cell-related diseases are now
being used and will prove useful as more accurate
preclinical models for mast cell-related diseases.

We dedicate this review to the memory of Michael A. Beaven, who passed
away unexpectedly last April 2017 while working on this review. He was an
expert in mast cell biology and a beloved mentor and colleague. Dr Beaven
worked at the National Heart, Lung, and Blood Institute (National Institutes of
Health [NIH]) for 47 years before retiring from his position as the Deputy
Chief of the Laboratory of Molecular Immunology to become an NIH
Scientist Emeritus in 2010. As such, and to our benefit, he continued to work
full time in collaboration with the Laboratory of Allergic Diseases (LAD),
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National Institute of Allergy and Infectious Diseases (NIH). We are greatly
indebted to Dr Beaven for his dedication to the projects and for his sound
advice and expertise on mast cell biology. His extensive contributions to the
mast cell field and to the LAD mission are reflected by his long list of
publications, including the publications we were honored to coauthor.
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