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Mast cells are highly granular tissue-resident cells and key
drivers of inflammation, particularly in allergies as well as in
other inflammatory diseases. Most mast cell research was
initially conducted in rodents but has increasingly shifted to the
human system, with the advancement of research technologies
and methodologies. Today we can analyze primary human cells
including rare subpopulations, we can produce and maintain
mast cells isolated from human tissues, and there are several
human mast cell lines. These tools have substantially facilitated
our understanding of their role and function in different organs
in both health and disease. We can now define more clearly
where human mast cells originate from, how they develop,
which mediators they store, produce de novo, and release, how
they are activated and by which receptors, and which
neighboring cells they interact with and by which mechanisms.
Considerable progress has also been made regarding the
potential contribution of mast cells to disease, which, in turn,
has led to the development of novel approaches for preventing
key pathogenic effects of mast cells, heralding the era of mast
cell-targeted therapeutics. In this review, we present and
discuss a selection of some of the most significant advancements
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and remaining gaps in our understanding of human mast cells
during the last 25 years, with a focus on clinical relevance. (J
Allergy Clin Immunol 2022;149:1833-44.)
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When the biology of human mast cells (MCs) was reviewed 25
years ago, for a contribution to this journal,' the review identified
many gaps in knowledge and unanswered questions. Since then,
MC research has shifted its focus from mouse models to the hu-
man system, and the use of robust new scientific methods and ap-
proaches has markedly increased our understanding of human
MCs. Today we know where human MCs originate from, how
they develop, and where they are located throughout the body,
as well as which mediators they store, produce de novo, and
release, which stimuli activate them and how, and which neigh-
boring cells they interact with and by which mechanisms. We
have also made considerable progress in our understanding of
how MCs contribute to different diseases. This, in turn, has led
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Abbreviations used
AT: Adipose tissue
BTK: Bruton’s tyrosine kinase
DC: Dendritic cell
EMR2: Mucin-like hormone receptor-like
Eos: Eosinophil
ERK: Extracellular-signal-regulated kinase Y2
FceRI: High-affinity IgE receptor
MC: Mast cell
MCp: Mast cell progenitor
MRGPRX2: Mas-Related G Protein—Coupled Receptor-X2
PAR-2: Protease-activated receptor 2
SHR: Systemic hypersensitivity reaction
Siglec: Sialic acid-binding immunoglobulin-type lectins
SYK: Spleen tyrosine kinase
TLR: Toll-like receptor

to the development of novel approaches for preventing key
pathogenic effects of MCs, ringing in the era of mast cell-
targeted therapeutics. This is not to say that “the riddle of the hu-
man mast cell” > is solved: we are far from that.

This review is meant to provide an overview of our current
knowledge of human MCs, taking stock of what we know and do not
know. Our focus is on areas of human MC biology with high
relevance for clinical application. Specifically, we provide an update
on the heterogeneity of human MCs and their drivers and markers,
which may serve the development of MC subtype-specific therapies.
We review novel activating and inhibitory receptors of human MCs,
some of which are already targets for treatments under development
for MC-driven diseases. We review the latest insights on human MC
signal transduction and its inhibition, a promising mechanism of
action of novel oral therapeutics for patients with MC diseases. We
also summarize the results of recent studies of how human MCs
interact with other cells including the mechanisms involved. Finally,
we describe and discuss where we stand regarding human MC
biomarkers, concentrating on tryptase and their role in the
diagnostic workup and treatment optimization for patients with
allergies and other MC-driven diseases. For each of these areas of
human MC biology, we provide the current “status quo” of knowl-
edge as well as unanswered questions that need to be addressed by
future research.

THE HETEROGENEITY, ORIGIN, AND
DEVELOPMENT OF HUMAN MCs

Human MCs are historically divided into subclasses on the
basis of their expression pattern of proteases. MCs expressing
tryptase and chymase are comparable to the mouse connective
tissue-type MCs and dominate in the skin, whereas MCs that
express only tryptase resemble mouse mucosal MCs and are
common in the airways. However, this division is an over-
simplification, as demonstrated by multiple studies over the last
decade. Striking differences are found between human MC
populations in different and within the same organs, with
profound differences in maturation, granule content, and expres-
sion of activating and inhibitory receptors. For example, the Mas-
Related G Protein—-Coupled Receptor-X2 (MRGPRX?2) is highly
expressed by human skin but not lung MCs,” and high-affinity IgE
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receptor (FceRI) expression levels vary widely between different
MC populations of the human lung.”

The Functional ANnoTation Of the Mammalian genome
(FANTOM) 5 project identified fundamental differences between
human MCs analyzed ex vivo and differentiated in vitro.® The
transcriptome of human skin MCs stands out from those of other
immune cells by the presence of MC-specific transcripts, the
absence of transcripts common in other innate immune cells, and
the strong expression of genes weakly expressed by other immune
cells. This finding was confirmed by other studies showing that MCs
have a strikingly different proteome from other lineages and that
their uniqueness (in gene expression) is conserved between mice
and men.”® Striking differences are also found between c-kit"
skin cells differentiated to MCs in vitro and primary skin MCs.°
The heterogeneity of the genomic and transcriptional changes
that occur in human MCs in response to different triggers such as
IgE-mediated versus IL-33—induced activation has also been
revealed.” Moreover, a unique subepithelial MC phenotype induced
by type 2 inflammation was recently described in nasal polyps from
patients with chronic rhinosinusitis and aspirin-exacerbated
respiratory disease.'’ Given that individual MCs are exposed to
their local environment of growth and differentiation factors, and
over time tuned by many different activating and inhibitory
signals, they should all be unique to some extent. However,
human MC diversity is rooted in what happens at the very beginning
of life.

The earliest immune cells appear in the yolk-sac approximately
2 to 3 weeks postconception, and subsequently, originate in the
aorta-gonad-mesonephros before the fetal liver starts to domi-
nate.'’ In line with this, MCs with an immature hypogranular
morphology were recently detected in the yolk-sac and fetal liver
based on KIT and Tpsab1 expression in single cells." % Herein, fetal
liver MCs were also associated with high expression of GATA-
binding factor 2, Mitf, Hes1, and nuclear receptor 4a3, previously
linked to MC development (Fig 1, A). Fetal skin and airway MCs
were described early by morphological studies.'* More recently,
CD45" CD117" cells were demonstrated in fetal skin 9 to 11
weeks postconception. They increased in number and granularity
over time, and became chymase immunopositive in the 18- to
24-week-old fetus,'* suggesting that progenitors, later differenti-
ating into tryptase- and chymase-positive MCs, populate tissues
such as the skin and airways during fetal development (Fig 1, A).
Human fetal skin contains both granulated and immature MCs,
some of which are IgE", indicating MC sensitization in utero.">

In the adult bone marrow, MCs are known to arise from CD34 ™
CD1177 cells.'®"” As in other species, immature human MC pro-
genitors (MCps) exit the bone marrow to populate peripheral tis-
sues via blood circulation (Fig 1, B). A rare population of lineage
Lin~ CD34™ CD117™" FceRI™ MCps was first discovered in pe-
ripheral blood.'® Circulating MCps are lymphocyte-sized cells
with few granules, which express tryptases (Tpsabl/Tpsab2)
and carboxypeptidase A3 (Cpa3), but lack chymase (Cmal).
This suggests that Cmal is expressed at a later developmental
stage, for example, at specific sites in the periphery, or that
MCps preferentially give rise to tryptase-positive cells. Later, a
similar but more frequent MCp population was demonstrated in
healthy adult bone marrow.'’ Although KIT signaling is critical
for the maturation and survival of human MCs, this pathway is
dispensable for the development and survival of human MCps, re-
sulting in intact levels in patients treated with the tyrosine kinase
inhibitor imatinib.”
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FIG 1. Differences in the origin and development of MCs contribute to the
extensive heterogeneity found in humans. A, Fetal MCps originating in the
yolk-sac or fetal liver populate preferentially the peripheral connective tis-
sues, such as the skin, where they mature into tryptase- and chymase-
positive MCs (MC+¢). B, Later during the fetal development and in adults,
the bone marrow becomes the major source of human MCps, which are
found within the CMP population. Recent data suggest that human bone
marrow-derived MCs originate from CMP, which are GATA1", possibly
differentiate to express FceRl, and thereafter CD203c from which basophil
progenitors (BaPs) and MCps are derived. We speculate that in adults,
MCps continuously home, or are being actively recruited to the peripheral
tissues due to biological signal substances induced by infections,
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TABLE I. The top 10 ToDos in human MC research, in the
opinion of the authors and not ranked by priority

1. Identify MC-activating mechanisms in MC-driven diseases, eg, urticaria
and MC activation syndrome

2. Identify blood markers of human MC numbers and activation status,
ideally organ specific

3. Characterize effects of MC-silencing and MC-depleting drugs in disease
and on health

4. Identify and characterize drivers of human MC expression of receptors
and mediators

5. Investigate and characterize human MC-heterogeneity and underlying
mechanisms

6. Identify the physiological and disease-preventing and disease-limiting
functions of human MC

7. Explore the mechanisms and relevance of human MC crosstalk with other

cells

. Develop noninvasive imaging methods for assessing human MCs in vivo

9. Continue to build an interactive, collaborative, and global scientific
community of human MC researchers

10. Increase awareness of MC-driven diseases and advocate for the
development of curative treatments

oo

Human MCps lack CD45RA and express the IL-3 receptor
(CD123).152Y Therefore, these cells are a part of the common
myeloid progenitors, defined as Lin , CD34%, CD38",
CDI123™, CD45RA™ cells. Defined subpopulations of common
myeloid progenitors give rise to distinct oligopotent progenitors
with either MC/basophil/eosinophil or neutrophil/monocyte po-
tential.”' For the GATA1" MC/basophil/eosinophil progenitors,
this bifurcation precedes their separation from megakaryocyte/
erythrocyte potential. In a separate study, MC/basophil and
erythroid potential were found among FceRI™ common myeloid
progenitors, indicating that CD203c expression separates cells
with MC/basophil potential from cells with the ability to develop
into erythrocytes.”> Altogether, these data suggest that human
MCps and basophils codevelop until they commit to their lineage
within the bone marrow. We speculate that the bone marrow is the
major site of MC origin in adults, and that MCps home or are be-
ing actively recruited to the peripheral tissues such as the lung
throughout life (Fig 1, B).

Although knowledge of the origin and development of MCs
with specific phenotypes has markedly expanded over recent
years, new questions have arisen. It will be imperative to
determine how MC development and heterogeneity are affected
by disease onset and aging and to differentiate between these
processes. Worth noting is that human MCps become activated by
IgE cross-linking and as a result present CD63 and LAMP-1 on
their plasma membrane.” Future studies should also address the
function of MCps, and the consequences of the expression
changes that occur in MCs during their and our lives (Table I).

ACTIVATING HUMAN MC RECEPTORS
Many new activating human MC receptors have been identified
in the last 25 years. Human MC activation via these receptors

<
inflammation, and stress. Within the tissues, MCs likely develop in concert
with tissue-specific signals and change continuously due to activating and
inhibitory signals due to, for example, inflammation, infection, and aging to
yield an enormous diversity of human MCs in the periphery. CMP, Com-
mon myeloid progenitor.
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results in mediator release, priming, differentiation, proliferation,
and/or migration.”*

Human MCs express a substantial number of activating
receptors, more than any other human cell type. These activating
receptors induce the release of mediators in response to a
multitude of endogenous and exogenous triggers such as
damage-associated molecular pattern and pathogen-associated
molecular pattern molecules, purine nucleosides, neuropeptides,
complement, endothelins, and lipid mediators (recently reviewed
in Redegeld et al”” and Yu et al’®).

Of particular interest is MRGPRX?2, which is highly expressed
on human cutaneous MCs.””** Activation of MRGPRX2 is trig-
gered by a wide variety of cationic compounds such as major basic
protein and eosinophil cationic protein, neuropeptides (substance P,
neuropeptide Y, somatostatin, cortistatin, vasoactive intestinal pep-
tide), host defense peptides (LL-37 and human 3-defensins), pepti-
dergic drugs (icabitant, cetrorelix, leuprolide, ocreotide,
sermorelin), small-molecule drugs (nicotine antagonists, nonste-
roidal neuromuscular-blocking drugs), opioid drugs, and endoge-
nous prodynorphin peptides.”” Targeting MRGPRX2 is of
therapeutic interest in drug hypersensitivity, neurogenic inflamma-
tion, allergic asthma, rheumatoid arthritis, and skin diseases such as
chronic urticaria, atopic dermatitis, rosacea, and chronic pruri-
tus.””” No specific inhibitors of MRGPRX2 are presently avail-
able for clinical use, though retinoic acid was shown to decrease
the expression of MRGPRX?2 in human skin MCs®! (Fi g2,A).

Another interesting G-coupled receptor is the adhesion G
protein—coupled receptor also known as EGF-like module-
containing mucin-like hormone receptor-like (EMR?2). Adhesion
G protein—coupled receptor is involved in IgE-independent MC
activation in vibratory urticaria. Patients with autosomal-
dominant vibratory urticaria have a missense substitution in this
receptor, leading to a reduced threshold for activation by
dermatan sulfate in the skin.*** Of note, alpha/beta tryptase tet-
ramers can cleave and activate adhesion G protein—coupled recep-
tor/EMR2, which is another potential mechanism for vibratory
urticaria linked to hereditary alpha-tryptasemia.**

It has long been recognized that IgE-dependent MC activation
is enhanced by costimulation of KIT receptors with stem cell
factor (SCF). Recently, several other cytokines have been shown
to act as priming factors that enhance IgE-dependent MC
degranulation, including IL-6 and IL-33.*>3° In contrast, 1L-4
does not affect degranulation but was shown to have striking prim-
ing effects by shifting human MC cytokine production away from
proinflammatory ones (eg, IL-6) to favor the T2-type cytokines
IL-3, IL-5, and IL-13°7"*% as well as thymic stromal lymphopoie-
tin.”” Interestingly, in intestinal human MCs, IL-4 acts as a primer
together with SCF to differentially increase IgE-dependent che-
mokine expressions (eg, CCL1, CCL2, CCL3, CCL4, CCLS5,
CCL7, CCL18, CCL20, CXCL2, CXCL3, CXCLS, and XCL1),
while inhibiting the expression of CCL20, CXCL2, and
CXCL3" (Fig 2, B).

INHIBITORY HUMAN MC RECEPTORS

Human MCs express various inhibitory receptors on their cell
surface such as the inhibitory low-affinity IgG receptor FcyRIIB,
members of the CD300 family, and the sialic acid-binding
immunoglobulin-type lectins (Siglec) family. CD300a is constitu-
tively expressed on MCs, and co-cross-linking of CD300a and IgE
with a bispecific antibody was shown to inhibit human MC
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FIG 2. Human IgE-dependent and IgE-independent MC activation. A, Non—
IgE-dependent MC activation mechanisms in the skin. B, IgE-dependent
activation of MCs enhanced by IL-6/IL-33 or SCF/KIT.

activation and the development of IgE-driven anaphylaxis and
asthma in preclinical murine models.*" Of the Siglec family inhib-
itory receptors, Siglec-6, Siglec-7, and Siglec-8 are expressed at
considerable levels on human MCs. Cross-linking of Siglec-6"*
or Siglec-8" results in the inhibition of IgE-mediated MC
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activation, whereas simultaneous co-cross-linking of Siglec-7
with FceRlI is needed to elicit inhibitory activity.** Interestingly,
lirentelimab (AKO002), a humanized anti-Siglec-8 antibody,
showed promising activity in patients with eosinophilic gastritis
and duodenitis,* and clinical trials in other indications such as
eosinophilic esophagitis (NCT04322708), kerato- and perennial
allergic conjunctivitis (NCT03379311), antihistamine-resistant
chronic urticaria (NCT03436797), and indolent systemic masto-
cytosis (NCT02808793) are ongoing.

HUMAN MC SIGNAL TRANSDUCTION

In recent years, many studies have contributed to our under-
standing of human MC signal transduction, especially regarding
the role of spleen tyrosine kinase (SYK) and Bruton’s tyrosine
kinase (BTK). Both SYK and BTK play an essential role in early
signaling events following FceRI-mediated MC activation, by
phosphorylating various downstream signaling proteins govern-
ing mediator synthesis and release.

The importance of SYK as a potential therapeutic target in
blocking human MC activity is supported by reports that the SYK
inhibitors R112 and JTE-852 block IgE-dependent histamine
release as well as the synthesis of eicosanoids and cytokines in
cultured human MCs.**** More recently, Ramirez Molina et al*’
demonstrated that ex vivo dermal application of the SYK inhibitor
GSK2646264 inhibited the release of histamine from skin MCs.
Furthermore, SYK inhibitors have been shown to inhibit IgE-
dependent contraction of human precision-cut lung slices as
well as the release of histamine and leukotrienes.”” This high-
lights the therapeutic potential of targeting SYK in MC-driven
diseases such as allergic asthma and chronic urticaria,”! in line
with earlier reports indicating clinical efficacy of the SYK inhib-
itor R112 in allergic rhinitis.”*’

BTK is a member of the TEC family kinases and contains
pleckstrin homology domain that binds to PIP3, the stimulatory
product of phosphatidylinositol-3-kinase activation, which is
crucially involved in FceRI signaling. BTK has long been known
to be involved in murine MC signaling.’*> The development and
use of specific BTK inhibitors, such as acalabrutinib, have led to
important insights into the role and relevance of BTK in human
MCs. BTK inhibition blocks IgE-mediated human skin MC
degranulation and cytokine release and substantially reduces
anti—IgE-induced contractility of human bronchi.’® Interestingly,
acalabrutinib completely prevented IgE-mediated anaphylaxis in
a humanized mouse model containing human MCs and baso-
phils.’® BTK inhibition may have therapeutic potential in IgE-
driven MC diseases, although basophil responses are similarly
known to be regulated by BTK.?”® Fenebrutinib, remibrutinib,
and other BTK inhibitors are currently being developed for the
treatment of chronic urticaria and other MC-driven diseases.”
BTK may also play a role in the KIT-independent proliferation
of neoplastic MCs,*" although a later study showed heteroge-
neous effects of various BTK inhibitors in terms of inhibiting
the growth of HMC1 cell lines, even though IgE-dependent baso-
phil activation was blocked by all inhibitors.”’

Pharmacological evidence also suggests an important role for
calcineurin in human MC signal transduction, where cyclosporine
and FK506 were shown to inhibit IgE-dependent lung MC
degranulation® and, in a separate study, pimecrolimus blocked
the release of histamine, tryptase, LTC,4, and TNF-a from skin
MCs.%> However, although calcineurin was detected in lung
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MCs, Harrison et al®' also observed that inhibition of Ca®* -depen-
dent protein phosphatase activity by various calcineurin inhibitors
did not reflect their MC-stabilizing properties. Although calci-
neurin inhibitors have provided a new therapeutic approach for
treating MC-related disorders in the past decades, it is unclear
whether their attenuation of MC degranulation is due to the spe-
cific targeting of calcineurin. This is because the phosphatase pro-
motes nuclear factor of activated T-cell translocation to the
nucleus, subsequently regulating MC cytokine synthesis, but there
are as yet no studies that account for calcineurin regulating other
signaling pathways leading to acute mediator release from MCs.

Calcineurin-nuclear factor of activated T-cell signaling was
also reported to be involved in the IgE-independent production of
IL-8 from the LAD2 human MC line stimulated via the Toll-like
receptor (TLR)-2.63 Many TLRs (eg, TLR2, TLR4, and TLR9)
are now known to activate human MCs to generate proinflamma-
tory cytokines and, to a lesser extent, eicosanoid synthesis, but
they are not generally associated with degranulation (reviewed
in Sandig and Bulfone-Paus®). This preferential induction of
cytokine signaling was shown to be potentiated by simultaneous
IgE-receptor triggering of human peripheral blood—derived
MCs, although the mechanisms have not been elucidated in pri-
mary human MCs.

TLR2 stimulation of LAD2 cells was also shown to be
potentiated by substance P priming, enhancing the activation of
key mitogen-activated protein kinases including JNK, p38
mitogen-activated kinase, and extracellular-signal-regulated ki-
nase 1/2 (ERK) as well as the nuclear translocation of c-Jun,
nuclear factor-kappa B, and activating transcription factor 2.°°
Substance P-mediated priming of TLR2-activated LAD?2 cells
did not result in degranulation but in enhanced release of LTCy
and IL-8 as well as mRNA expression for TLR2, TLR4, TLRS,
and TLR9.°® Interestingly, ERK activation was recently shown
to play an essential role in the ability of primary human skin
MCs to generate proinflammatory cytokines on MRGPRX2 acti-
vation by substance P as well as FceRI-cross-linking,®” indicating
ERK as a therapeutic target for blocking MC-related cytokines in
both IgE-dependent and IgE-independent diseases.

ERK was also recently shown to be centrally involved in
anaphylatoxin (C3a and C5a)-mediated signaling in human
blood—derived MCs and was potentiated by prior treatment of
the cells with the alarmin IL-33, a cytokine that exacerbates
allergic inflammation by Ty2-type immune cell activation.®® IL-
33 selectively stimulates the release of CCL1, CCL2, IL-5, IL-8,
IL-13, and TNF-« in human skin MCs, but, in contrast to the
above, this was associated with p38 mitogen-activated protein ki-
nase activation and nuclear factor-kappa B.%” Short-term priming
with IL-33 also potentiated IgE- and MRGPRX2-mediated skin
MC activation®® and was largely p38 mitogen-activated protein
kinase—dependent but long-term IL-33 exposure attenuated
degranulation.”””"!

The hypoxic signaling pathway involving the stabilization of
hypoxia-inducible factor 1-a (HIF-1at) was also shown to play a
crucial role in enabling the LAD2 human MC line to generate the
angiogenic cytokine vascular endothelial growth factor as well as
TNF-a following TLR2-, TLR4-, or IgE-mediated stimulation.”?
The HIF-1 transcription complex facilitates cellular adaptation to
inflammatory stress and low oxygen availability, directly regu-
lating the production of angiogenic factors and glycolysis, which
protects cells against ATP depletion. Interestingly, the HIF-1
pathway was shown to be upregulated under normoxic conditions
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in both human MCs and basophils following either IgE-mediated
or IgE-independent stimulation.””’* Furthermore, HIF-1 was
shown, at least in IgE-mediated signaling, to be controlled up-
stream by the mammalian target of rapamycin kinase,”* indi-
cating a potential therapeutic role for mammalian target of
rapamycin inhibitors in preventing MC angiogenic and proin-
flammatory cytokines generation.

Important unmet needs regarding human MC signaling include
the translation of findings on stimulatory and inhibitory signaling
pathways from studies with MC lines and cord blood—derived
MC:s to primary human MCs.

Also, given the substantial functional and pharmacological
heterogeneity of MCs across locations and subtypes, there is a
crucial unmet need to comprehensively analyze IgE-dependent
(and IgE-independent) stimulatory and inhibitory signaling
pathways in primary human MCs isolated and purified from
various tissues.

MC INTERACTIONS WITH IMMUNE AND
NONIMMUNE CELLS

Human MCs interact with a plethora of immune and nonim-
mune cells, via surface receptors and released cytokines and
chemokines, resulting in bidirectional functional modulation.
Translating a large body of evidence from mouse work, recent
studies of human MCs have significantly extended our under-
standing of interactions with other cells especially with eosino-
phils (Eos) as well as T and B cells.””

The allergic effector unit, that is, physical and mediator-
facilitated crosstalk between MCs and Eos, importantly contrib-
utes to allergic and nonallergic inflammation. The human allergic
effector unit has mainly proinflammatory outcomes, with
increased MC and Eos activation and the release of proinflam-
matory and chemotactic mediators.”®’” Physical contact between
the 2 cells, for example, in human nasal polyps and asthmatic
bronchi, is mediated by MC-expressed CD48 and Eos-
expressed 2B4 receptors,’®’’ and is also hypothesized to
contribute to sickle cell anemia.”* Human MCs and Eos also
physically interact in the gut lamina propria of patients infected
with Trypanosoma cruzi, and MCs recruit Eos to the gut via tryp-
tase release and protease-activated receptor 2 (PAR-2) activation
on Eos.”” Human MCs and Eos aggregate in lesions of patients
with eosinophilic esophagitis, and esophageal Eos produce and
release IL-9, which regulates MC maturation and activation.®®
Interaction of MCs with Eos is also observed in chronic sponta-
neous urticaria, and it is feasible that MCs are the main driver
for Eos infiltration in urticarial skin lesions via their chemotactic
mediators.”’

The proximity between MCs and T cells and/or B cells has been
demonstrated in several homeostatic and inflammatory condi-
tions. Human MCs can directly induce T-cell activation either by
direct antigen presentation, ultimately modulating T-cell prolif-
eration, cytokine production and release, and T-cell differentia-
tion, or by polarization. IFN-y—primed human skin—derived MCs
can take up and process antigens and act as antigen-presenting
cells.®* Moreover, human MCs can shape immune responses by
taking up antigens recognized through FceRI-bound IgE and
then transferring them to professional antigen-presenting cells
that can activate T cells.*

As demonstrated in vitro, human MCs can shuttle antigens as
well as surface molecules and cytokines to T cells and B cells
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via exosomes.®** Moreover, human MCs release exosomes
that carry immunologically relevant molecules on their surface,
such as MHC class II, CD86, LFA-1, ICAM-1, and OX40L, which
regulate T-cell activation.*®” These exosomes can induce T-cell
proliferation and expression of IL-2 and IFN-y,*° and promote
Tu2 polarization via OX40L-OX40 interaction.”’ In addition,
depending on the activating stimulus, MCs can release different
cytokines that influence T-cell polarization. For example, MC-
derived IL-1B3 induces Tyl7-cell expansion within the memory
CD4" T-cell population. In addition, MCs can drive T-cell
polarization through priming of dendritic cells (DCs), inducing
them to release high levels of IFN-y and IL-17, thereby promoting
Tyl and Tyl7 responses.xg

Less is known regarding the consequences of crosstalk between
human MCs and B cells. Human CD40L™ MCs and IL-6 induce
B-cell expansion and their differentiation to CD138™ plasma cells
as well as regulate isotype switch and secretion of IgA.*

In addition to Eos and T and B cells, human MCs importantly
interact with DCs, endothelial cells, sensory nerves, fibroblasts,
and adipocytes. Human skin MCs and DCs interact via surface
integrins, forming synapses, and this interaction is followed by
cytoskeletal rearrangements. This results in MC granules being
directed toward DCs and allows for IgE-bound allergens to be
transferred to DCs for processing and subsequent T-cell activa-
tion.”” Direct contact between human MCs and DCs qualitatively
and quantitatively alters their release of mediators, upregulating
proinflammatory mediators.”””" This is probably due to cross-
linking of DC-bound antigens with IgE/FceRI on MCs. Last but
not least recent, evidence has described interactions between
MCs and innate immune cells.””

Human MCs also importantly interact with endothelial cells.
Using the human MC line LUVA, it was recently shown that MCs
impair the formation of new blood vessels when cocultured with
fetal human pulmonary microvascular endothelial cells. This
effect is due to MC-mediated blockade of endothelial cells
interactions via chymase release. Interestingly, pulmonary MCs
that express only tryptase but not chymase did not significantly
affect fetal human pulmonary microvascular endothelial cells
tube formation.

Human MCs are known to interact with peripheral nerves in the
skin, creating functional units that increase in number during
pathologic events.”>”*

Human peripheral blood—derived MCs were recently demon-
strated to increase migration of lung fibroblasts after coculture
and IgE-mediated activation.”” This effect was detected also after
coculture with the human MC line LAD-2, though FceRI/IgE
cross-linking did not significantly affect the migration of lung fi-
broblasts.”* The increased migration is due to human MC tryptase
and PAR-2 expression on fibroblasts.”* MC-derived tryptase was
also found to increase proliferation of fibroblasts via PAR-2.%

MCs were found to be resident in adipose tissue (AT) and to
accumulate in the AT of obese individuals.’® This is due to adipo-
kines released by adipocytes, which cause MC degranulation, re-
sulting in an inflammatory state. Thus, MCs are thought to
contribute to adipogenesis, obesity, and insulin resistance.”®”’
However, recent evidence showed that, in healthy individuals, ad-
ipose tissue—associated MCs promote the transformation of white
AT into the beige type, associated with higher energy consump-
tion after exposure to cold.”® This is due to MC-derived histamine,
which induces uncoupling protein 1 expression in the white AT,
thus promoting its metabolic reprogramming into beige AT.”®
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Important questions that remain unanswered include how the
interactions of human MCs with other cells can be pharmaco-
logically modulated in relevant disease conditions. Further
investigations are likely to discover additional interactions of
MC:s and their cellular neighbors that contribute to homeostasis or
the pathogenesis of diseases.

HUMAN MC MEDIATORS: TRYPTASE

MC tryptase has been the most widely used serum biomarker
for human MCs since the 1980s, but proteomic approaches may
well extend the spectrum of clinically available MC mediators.””
In parallel, insight was gained into the genetics, function, and
pathophysiology of MC peptidases such as tryptase, chymase,
and carboxypeptidaseA3. Because of major advances in recent
years, this section will focus mainly on tryptase.

Human tryptase isoforms are secreted mainly by MCs and can
be measured in the blood (Fig 3). Their assessment is informative
of MC burden and activity. Over the last 25 years, the “total tryp-
tase assay” has been adopted worldwide. Established in the late
1990s, this assay differs from earlier ones by its ability to detect
and quantitate circulating tryptase not only in anaphylaxis (sys-
temic hypersensitivity reaction, SHR) and mastocytosis but also
in healthy individuals, with significant interindividual varia-
tions.'*"'°! By assessing the involvement of MCs through tryp-
tase measurements and the implementation of a consensus
algorithm, taking into account acute and baseline tryptase mea-
surements,'*>'°* SHRs can now be addressed by endotype anal-
ysis. 101,105 Conversely, persistently increased tryptase levels may
be indicative of a clonal MC disorder, with levels greater than or
equal to 15 wg/L suggesting systemic forms of mastocytosis’> and
greater than or equal to 20 pg/L being a minor criterion for sys-
temic mastocytosis”~ (Fig 4). SHRs and clonal MC disorders
can be life-threatening, although they are rare.

Human tryptase hosts considerable genetic polymorphism
(recently reviewed in Sprinzl et al'”®). Considering the secreted
human «- and B-tryptase isoforms, there are 3 common geno-
types: Oo:4f, la:3P, and 2a:2[3.m(’ Their frequency greatly
varies among ethnic groups.'”” The Oc:4B genotype, also known
as an a-tryptase deficiency, was reported in 29% of individuals.'**
Nonfunctional B-tryptase alleles exhibit frequency variations ac-
cording to ethnicity, with people of African descent having
comparatively more functional alleles than those of Asian
descent.'”” This finding suggests a trade-off between the proin-
flammatory and defense roles of tryptase and may have implica-
tions for therapeutic targeting of tryptase.'””'" Less frequent but
with an already established effect as an anaphylaxis modifier, he-
reditary a-tryptasemia is an autosomal-dominant trait due to extra
gene copies of a-tryptase. The prevalence of hereditary a-trypta-
semia in the general population is 4% to 7.5%, associated with
baseline tryptase levels of 8 wg/L or higher and an increased
risk of SHRs.”"”® Its association with evocative symptoms is
debated."'” From a pathophysiological viewpoint, excess a-tryp-
tase production supports increased o/B3-heterotetramer formation,
which exerts distinct effects from those of B-tryptase tetramers.””
Indeed, o/B-heterotetramers cleave EMR2a, destabilizing its as-
sociation with the EMR2(3 subunit and thus facilitating vibration-
induced MC degranulation, such as in vibratory urticaria.*
Another effect restricted to o/3-heterotetramers is their ability
to activate PAR-2, which might explain previously described ef-
fects on bronchial and intestinal smooth muscle, endothelium,
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Tryptas.e mRNA Tryptase protein synthesis
fransctipt in endoplasmic reticulum (ER)

and Golgi complex

Secretory granule
® 3 and O/PB-tetramer mature tryptase
@Y-tryptase: monomer tethered by

a transmembrane domain
® Proteoglycan scaffold
® Acidic pH

® Other constituents

e B

N

Baseline tryptase Acute tryptase
continuous release of

a- and B-tryptase monomers

TOTAL SERUM TRYPTASE
measured as total tryptase
(commercial in vitro diagnosis
method since 1995)

Acute elevation

® Systemic hypersensitivity

Chronic elevation
® Mastocytosis
@ Clonal MC disorders
@ Hereditary a-tryptasemia

® Anaphylaxis

FIG 3. Human tryptases. Of the 4 human tryptase isoforms, only a- and B-
tryptase are secreted, either continuously as monomeric protryptases, or
following secretory granule exocytosis of tetrameric mature tryptase. The
continuous secretion of a- and B-protryptases accounts for the baseline
tryptase level, whereas MC activation events result in a transient increase
in tryptase levels, known as “acute tryptase” comprising the baseline
monomers plus exocytosed tetrameric mature forms.

and neurons.” Of particular interest was the observation of a
dose-response effect related to the number of a-tryptase alleles.*
Thus, assessing the number of a-tryptase gene copies might not
only complement diagnostic tryptase measurements in patients
with SHRs” but also contribute to fine-tuning of tryptase-
targeted therapy. The pathophysiological implication of MCs
and their peptidases in asthma endotypes''""''* has led to inten-
sive therapeutic research.'’”''* MC numbers and mediators are
increased in severe asthma independently of the Ty2 response,
and the count of functional B-tryptase alleles is inversely
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@&e®

BASELINE TRYPTASE

Timing for baseline and
acute tryptase sampling

END OF DEGRANULATION

RESTING DEGRANULATING

Mast cell status:

FIG 4. Serum tryptase: kinetics and sampling during MC degranulation. Detection of an acute elevation in
tryptase following an MC activation event with systemic reaction is optimal only after 30 minutes following
the onset of symptoms, plateauing around 1 hour, then decreasing with an apparent half-life estimated at
1.5 hours, and returning to baseline. Tryptase assessment during an MC activation event requires 2 samples
adequately collected: one at 30 minutes to 2 hours after the onset of symptoms (“acute tryptase”) and the
other either 24 hours after complete resolution of symptoms and signs of MC degranulation, or before the
MC activation event. The interpretation requires the use of the consensus algorithm; that is, MC activation is
confirmed if sSAT > 1.2 sbT + 2 png/L. sAT, Serum acute tryptase; sBT, baseline tryptase.

Time

associated with the efficiency of anti-IgE therapeutics, prompting
the design of an inhibitory antibody against 3-tryptase with prom-
ising preclinical efficiency.' 13

Circulating tryptase variations can contribute to defining
endotypes of various diseases with MC involvement. Because
of space limitations, we will cite only 1 further example, relating
to aspirin-exacerbated respiratory disease. In a subset of patients,
aspirin-induced MC activation in the lower airways may result in
bronchoconstriction, concomitant with a transient increase in
circulating tryptase, despite prophylaxis with drugs blocking the
type 1 receptor of cysteinyl leukotrienes.''* These findings under-
line the role of MC-derived mediators acting on smooth muscle
and suggest endotype-based stratification.

RESPONSE OF MCs TO PATHOGENS

When pathogens attack, human MCs importantly modulate
innate and adaptive immune responses, owing to (1) their strategic
skin and mucosal location in direct relation to the environment,
(2) expression of a wide variety of pattern recognition receptors,
(3) direct antimicrobial action including phagocytosis, and (4)
indirect strategies (Fig 5). The latter include extracellular traps or
the release of cytonemes and exosomes, proinflammatory and
antimicrobial products including cytokines and chemokines
such as TNF, IL-10, IL-12, or IL-13.""7"""¥ Infections with Liste-
ria monocytogenes,] 9" Pseudomonas aemginosa,lz()’121

2

Streptococcus pyogenes,'>> Coxiella burnetii,'”
bacter pylori'**'* are examples of settings characterized by plei-
omorphic antibacterial MC responses relevant for host defense.
MC involvement has also been described to be relevant during
fungal and parasitic infections, for example, by Plasmodium
spp, Leishmania spp, Trypanosoma spp, and Toxoplasma gon-

and Helico-

dii,"*® whereas other parasites, such as the nematode Litomo-
soides sigmodontis,127 escape MC surveillance.'?® Of relevance,
MCs contribute to intestinal helminth clearance via interactions
with type 2 innate lymphoid cell.'*’

MC granules are rich in antimicrobial peptides and cytokines/
chemokines able to fight effectively and quickly against viral
infections, while also recruiting further immune cells and
reinforcing the cellular antiviral immune response.'*’ Under spe-
cific circumstances, MC responses can be deleterious, serving as a
reservoir for viruses such as HIV,'*" or through uncontrollable in-
flammatory responses that cause tissue damage. Severe acute res-
piratory syndrome coronavirus 2 was reported to activate MCs
and induce the release of histamine and proinflammatory IL-1,
leading to a harmful contribution to lung inflammatory pro-
cesses.*> Autopsy findings support a role for MCs in the progres-
sion of pulmonary lesions and fibrosis,'** suggesting a clinically
relevant implication of MCs during severe acute respiratory syn-
drome coronavirus 2 infection. Moreover, patients with mastocy-
tosis or MC activation syndrome might be at a higher risk for
developing a severe form of coronavirus disease 2019,'** whereas
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INDIRECT ANTI-PATHOGEN RESPONSE

Recruitment of effector cells
@ Neutrophils: through TNF-a secretion
® T cell: through IL-4, IL-5, and IL-13 secretion (Th2 subset)
® Natural killer cells
© Eosinophils: through IL-4, IL-5 and L-13 secretion

Degranulation
@® Seconds: Histamine, tryptase, chymase, amines, TNF-a
@ Minutes: Leukotrienes, prostaglandins
® Hours: Cytokines/chemokines (TNF-a,IL-4, IL-5, IL-6,
IL-13, IL-17), growth factors (VEGF)

Activation of effector cells

® Neutrophils: bacterial killing

® T cell: Modulation of T cell polarization intoTh1 or Th2
subsets. Antigen presentation to T cell

® Dendritic cells: through IL-4, IL-5, IL-13, TNF and histamin
secretion. Maturation and increased costimulatory molecules

® Macrophages: through IL-4. Activation of the intracellular
killing

£ Golgi g
N apparatus
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DIRECT ANTI-PATHOGEN RESPONSE

Pathogen recognition
@ Pattern recognition receptors: Toll-like receptors,
Nod-like receptors, C-type lectins (Dectin-1, CD48)
@ Fc receptors which bind pathogen-specific antibodies
® Complement receptor (CR3 and CR4)

Pathogen destruction
® Phagocytosis
@ Extracellular traps (expresing cathelicidin, histones, and
tryptase) and cytonemes (expressing cathelicidin and
tryptase) release

FIG 5. MC response to pathogens and infections. MCs are innate immune cells acting as sentinels at the
interface between the host and the environment. As such, they exert direct and indirect antipathogen
effects, with the former aiming at the destruction and elimination of pathogens and the latter initiating

inflammation and leukocyte recruitment.

the mortality following severe acute respiratory syndrome coro-
navirus 2 infection in patients with MC disorders including mas-
tocytosis was found to be comparable with that in the general
population.'*> Taken together with these reports, human MCs
may be key players in anti-infectious responses.

Limitations

The past 25 years have led to many significant advances in our
understanding of human MCs not covered by our present review.
These include, but are not limited to, novel insights linking
asthma and allergic rhinitis endotypes, including clinical
response phenotypes such as corticosteroid resistance, to airway
MC Cmal and Cpa3 expression. We also do not cover the
important role of MCs in irritable bowel syndrome and eosino-
philic esophagitis and the potential role of therapeutic agents
targeting MC growth and activation in this condition. These are
just 2 examples for dozens of other seminal and ground-breaking
developments in human MC biology over the past years that our
current article could not cover and that should be reviewed in the
future.

CONCLUSIONS AND OUTLOOK

The past 25 years of research on human MCs has led to
important insights into their role and relevance and functions in
diseases. In this regard, MC research has most certainly benefited
from the recent improvements in methodology and technological
advancements. Now more than ever we can define the contribu-
tion of MCs to human pathology, and indeed MCs were found to
intervene in a plethora of pathophysiological processes other than
their canonically and worldwide acknowledged involvement in
allergic inflammation. Moreover, with the new analytical tools,
we can dissect phenotypical and functional differences among
MCs from different tissues, investigate the interactions of MCs
with immune and structural cells, and use MCs and their

mediators as biomarkers for human diseases. These and other
potentially relevant physiological functions of human MCs must
be kept in mind and further characterized as we move to use MC-
targeted treatments that aim to silence, inhibit, and/or deplete
them.

This review benefited from the support of the European Mast Cell and
Basophil Research Network (www.embrn.eu).

REFERENCES

1. Church MK, Levi-Schaffer F. The human mast cell. J Allergy Clin Immunol
1997;99:155-60.

2. Kaliner MA. The mast cell—a fascinating riddle. N Engl J Med 1979;301:498-9.

3. Riley JF. The riddle of the mast cells a tribute to Paul Ehrlich. Lancet 1954;263:
841-4.

4. Fujisawa D, Kashiwakura JI, Kita H, Kikukawa Y, Fujitani Y, Sasaki-Sakamoto
T, et al. Expression of Mas-related gene X2 on mast cells is upregulated in the
skin of patients with severe chronic urticaria. J Allergy Clin Immunol 2014;
134:622-33.€9.

5. Andersson CK, Mori M, Bjermer L, Lofdahl C-G, Erjefalt JS. Novel site-specific
mast cell subpopulations in the human lung. Thorax 2009;64:297-305.

6. Motakis E, Guhl S, Ishizu Y, Itoh M, Kawaji H, de Hoon M, et al. Redefinition of
the human mast cell transcriptome by deep-CAGE sequencing. Blood 2014;123:
e58-67.

7. Dwyer DF, Barrett NA, Austen KF, Kim EY, Brenner MB, Shaw L, et al. Expres-
sion profiling of constitutive mast cells reveals a unique identity within the im-
mune system. Nat Immunol 2016;17:878-87.

8. Plum T, Wang X, Rettel M, Krijgsveld J, Feyerabend TB, Rodewald HR. Human
mast cell proteome reveals unique lineage, putative functions, and structural basis
for cell ablation. Immunity 2020;52:404-16.e5.

9. Cildir G, Toubia J, Yip KH, Zhou M, Pant H, Hissaria P, et al. Genome-wide an-
alyses of chromatin state in human mast cells reveal molecular drivers and medi-
ators of allergic and inflammatory diseases. Immunity 2019;51:949-65.e6.

10. Dwyer DF, Ordovas-Montanes J, Allon SJ, Buchheit KM, Vukovic M, Derakh-
shan T, et al. Human airway mast cells proliferate and acquire distinct
inflammation-driven phenotypes during type 2 inflammation. Sci Immunol
2021;6:eabb7221.

11. Holt PG, Jones CA. The development of the immune system during pregnancy
and early life. Allergy 2000;55:688-97.

12. Popescu DM, Botting RA, Stephenson E, Green K, Webb S, Jardine L, et al. De-
coding human fetal liver haematopoiesis. Nature 2019;574:365-71.


http://www.embrn.eu
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref1
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref1
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref2
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref3
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref3
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref4
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref4
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref4
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref4
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref5
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref5
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref5
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref5
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref6
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref6
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref6
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref7
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref7
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref7
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref8
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref8
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref8
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref9
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref9
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref9
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref10
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref10
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref10
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref10
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref11
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref11
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref12
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref12

1842 LEVI-SCHAFFER ET AL

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Omi T, Kawanami O, Honda M, Akamatsu H. Human fetal mast cells under
development of the skin and airways. Allergy 1991;40:1407-14.

Schuster C, Vaculik C, Prior M, Fiala C, Mildner M, Eppel W, et al. Phenotypic
characterization of leukocytes in prenatal human dermis. J Investig Dermatol
2012;132:2581-92.

Msallam R, Balla J, Rathore APS, Kared H, Malleret B, Saron WAA, et al. Fetal
mast cells mediate postnatal allergic responses dependent on maternal IgE. Sci-
ence 2020;370:941-50.

Kirshenbaum AS, Goff JP, Semere T, Foster B, Scott LM, Metcalfe DD. Demonstra-
tion that human mast cells arise from a progenitor cell population that is CD34+, c-
kit+, and expresses aminopeptidase N (CD13). Blood 1999;94:2333-42.
Kirshenbaum AS, Kessler SW, Goff JP, Metcalfe DD. Demonstration of the origin
of human mast cells from CD34+ bone marrow progenitor cells. J Immunol
1991;146:1410-5.

Dahlin JS, Malinovschi A, Ohrvik H, Sandelin M, Janson C, Alving K, et al.
Lin— CD34hi CD117Int/hi FceRI+ cells in human blood constitute a rare pop-
ulation of mast cell progenitors. Blood 2016;127:383-91.

Salomonsson M, Ungerstedt J, Alvarado-Vazquez PA, Hallgren J. Demonstration
of human mast cell progenitors in the bone marrow. Allergy 2020;75:456-60.
Dahlin JS, Ekoff M, Grootens J, Lof L, Amini RM, Hagberg H, et al. KIT
signaling is dispensable for human mast cell progenitor development. Blood
2017;130:1785-94.

Drissen R, Thongjuea S, Theilgaard-Monch K, Nerlov C. Identification of two
distinct pathways of human myelopoiesis. Sci Immunol 2019;4:7148.

Grootens J, Ungerstedt JS, Wu C, Hamberg Levedahl K, Nilsson G, Dahlin JS.
CD203c distinguishes the erythroid and mast cell-basophil differentiation trajec-
tories among human FceRI+ bone marrow progenitors. Allergy 2020;75:211-4.
Méndez-Enriquez E, Salomonsson M, Eriksson J, Janson C, Malinovschi A,
Sellin ME, et al. IgE cross-linking induces activation of human and mouse
mast cell progenitors [published online ahead of print September 4, 2021]. J Al-
lergy Clin Immunol. https://doi.org/10.1016/j.jaci.2021.08.019.

Falduto GH, Pfeiffer A, Luker A, Metcalfe DD, Olivera A. Emerging mechanisms
contributing to mast cell-mediated pathophysiology with therapeutic implica-
tions. Pharmacol Therapeut 2021;220:107718.

Redegeld FA, Yu Y, Kumari S, Charles N, Blank U. Non-IgE mediated mast cell
activation. Immunol Rev 2018;282:87-113.

Yu Y, Blokhuis BR, Garssen J, Redegeld FA. Non-IgE mediated mast cell activa-
tion. Eur J Pharmacol 2016;778:33-43.

McNeil BD, Pundir P, Meeker S, Han L, Undem BJ, Kulka M, et al. Identification
of a mast-cell-specific receptor crucial for pseudo-allergic drug reactions. Nature
2015;519:237-41.

Subramanian H, Gupta K, Ali H. Roles of Mas-related G protein—coupled recep-
tor X2 on mast cell-mediated host defense, pseudoallergic drug reactions, and
chronic inflammatory diseases. J Allergy Clin Immunol 2016;138:700-10.

Kiihn H, Kolkhir P, Babina M, Diill M, Frischbutter S, Fok JS, et al. Mas-related
G protein—coupled receptor X2 and its activators in dermatologic allergies.
J Allergy Clin Immunol 2021;147:456-69.

Thapaliya M, Chompunud Na Ayudhya C, Amponnawarat A, Roy S, Ali H. Mast
cell-specific MRGPRX2: a key modulator of neuro-immune interaction in allergic
diseases. Curr Allergy Asthma Rep 2021;21:3.

Babina M, Artuc M, Guhl S, Zuberbier T. Retinoic acid negatively impacts pro-
liferation and MCTC specific attributes of human skin derived mast cells, but re-
inforces allergic stimulability. Int J Mol Sci 2017;18:525.

Naranjo AN, Bandara G, Bai Y, Smelkinson MG, Tobio A, Komarow HD, et al.
Critical signaling events in the mechanoactivation of human mast cells through
p-C492Y-ADGRE?2. J Investig Dermatol 2020;140:2210-20.e5.

Boyden SE, Desai A, Cruse G, Young ML, Bolan HC, Scott LM, et al. Vibratory urti-
caria associated with a missense variant in ADGRE2. N Engl J Med 2016;374:656-63.
Le QT, Lyons JJ, Naranjo AN, Olivera A, Lazarus RA, Metcalfe DD, et al. Impact
of naturally forming human o/p-tryptase heterotetramers in the pathogenesis of
hereditary a-tryptasemia. J Exp Med 2019;216:2348-61.

Cop N, Ebo DG, Bridts CH, Elst J, Hagendorens MM, Mertens C, et al. Influence
of IL-6, IL-33, and TNF-a on human mast cell activation: lessons from single cell
analysis by flow cytometry. Cytometry B Clin Cytom 2018;94:405-11.

Desai A, Jung MY, Olivera A, Gilfillan AM, Prussin C, Kirshenbaum AS, et al.
IL-6 promotes an increase in human mast cell numbers and reactivity through
suppression of suppressor of cytokine signaling 3. J Allergy Clin Immunol
2016;137:1863-71.e6.

Babina M, Guhl S, Stirke A, Kirchhof L, Zuberbier T, Henz BM. Comparative
cytokine profile of human skin mast cells from two compartments—strong resem-
blance with monocytes at baseline but induction of IL-5 by IL-4 priming.
J Leukocyte Biol 2004;75:244-52.

Lorentz A, Wilke M, Sellge G, Worthmann H, Klempnauer J, Manns MP, et al.
IL-4-induced priming of human intestinal mast cells for enhanced survival and

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

S1.

52.

53.

54.

55.

56.

57.

58.

59.

60.

J ALLERGY CLIN IMMUNOL
JUNE 2022

Th2 cytokine generation is reversible and associated with increased activity of
ERK1/2 and c-Fos. J Immunol 2005;174:6751-6.

Okayama Y, Okumura S, Sagara H, Yuki K, Sasaki T, Watanabe N, et al. FceRI-
mediated thymic stromal lymphopoietin production by interleukin-4-primed hu-
man mast cells. Eur Respir J 2008;34:425-35.

Feuser K, Thon KP, Bischoff SC, Lorentz A. Human intestinal mast cells are a
potent source of multiple chemokines. Cytokine 2012;58:178-85.

Bachelet I, Munitz A, Levi-Schaffer F. Abrogation of allergic reactions by a bis-
pecific antibody fragment linking IgE to CD300a. J Allergy Clin Immunol 2006;
117:1314-20.

Yu Y, Blokhuis BRJ, Diks MAP, Keshavarzian A, Garssen J, Redegeld FA. Func-
tional inhibitory siglec-6 is upregulated in human colorectal cancer-associated
mast cells. Front Immunol 2018;9:2138.

Youngblood BA, Brock EC, Leung J, Falahati R, Bryce PJ, Bright J, et al. AK002,
a humanized sialic acid-binding immunoglobulin-like lectin-8 antibody that in-
duces antibody-dependent cell-mediated cytotoxicity against human eosinophils
and inhibits mast cell-mediated anaphylaxis in mice. Int Arch Allergy Immunol
2019;180:91-102.

Mizrahi S, Gibbs BF, Karra L, Ben-Zimra M, Levi-Schaffer F. Siglec-7 is an
inhibitory receptor on human mast cells and basophils. J Allergy Clin Immunol
2014;134:230-3.

Dellon ES, Peterson KA, Murray JA, Falk GW, Gonsalves N, Chehade M, et al.
Anti-siglec-8 antibody for eosinophilic gastritis and duodenitis. N Engl J Med
2020;383:1624-34.

Rossi AB, Herlaar E, Braselmann S, Huynh S, Taylor V, Frances R, et al. Iden-
tification of the Syk kinase inhibitor R112 by a human mast cell screen.
J Allergy Clin Immunol 2006;118:749-55.

Patou J, Holtappels G, Affleck K, van Cauwenberge P, Bachert C. Syk-kinase in-
hibition prevents mast cell activation in nasal polyps. Rhinology 2011;49:100-6.
Kato T, Iwasaki H, Kobayashi H, Miyagawa N, Matsuo A, Hata T, et al. JTE-852,
anovel spleen tyrosine kinase inhibitor, blocks mediator secretion from mast cells
with immunoglobulin E crosslinking. Eur J Pharmacol 2017;801:1-8.

Ramirez Molina C, Falkencrone S, Skov PS, Hooper-Greenhill E, Barker M,
Dickson MC. GSK2646264, a spleen tyrosine kinase inhibitor, attenuates
the release of histamine in ex vivo human skin. Br J Pharmacol 2019;176:
1135-42.

Koziol-White CJ, Jia Y, Baltus GA, Cooper PR, Zaller DM, Crackower MA, et al.
Inhibition of spleen tyrosine kinase attenuates IgE-mediated airway contraction
and mediator release in human precision cut lung slices. Br J Pharmacol 2016;
173:3080-7.

Dickson MC, Walker A, Grattan C, Perry H, Williams N, Ratia N, et al. Effects of
a topical treatment with spleen tyrosine kinase inhibitor in healthy subjects and
patients with cold urticaria or chronic spontaneous urticaria: results of a phase
la/b randomised double-blind placebo-controlled study. Br J Clin Pharmacol
2021;87:4797-808.

Meltzer EO, Berkowitz RB, Grossbard EB. An intranasal Syk-kinase inhibitor
(R112) improves the symptoms of seasonal allergic rhinitis in a park environ-
ment. J Allergy Clin Immunol 2005;115:791-6.

Guyer BJ, Shimamoto SR, Bradhurst AL, Grossbard EB, Dreskin SC, Nelson HS.
Mast cell inhibitor R112 is well tolerated and affects prostaglandin D 2 but not
other mediators, symptoms, or nasal volumes in a nasal challenge model of
allergic rhinitis. Allergy Asthma Proc 2006;27:208-13.

Kawakami Y, Yao L, Miura T, Tsukada S, Witte ON, Kawakami T. Tyrosine phos-
phorylation and activation of Bruton tyrosine kinase upon Fc epsilon RI cross-
linking. Mol Cell Biol 1994;14:5108-13.

Iwaki S, Tkaczyk C, Satterthwaite AB, Halcomb K, Beaven MA, Metcalfe DD,
et al. Btk plays a crucial role in the amplification of FceRI-mediated mast cell
activation by Kit. J Biol Chem 2005;280:40261-70.

Dispenza MC, Krier-Burris RA, Chhiba KD, Undem BJ, Robida PA, Bochner BS.
Bruton’s tyrosine kinase inhibition effectively protects against human IgE-
mediated anaphylaxis. J Clin Investig 2020;130:4759-70.

Smiljkovic D, Blatt K, Stefanzl G, Dorofeeva Y, Skrabs C, Focke-Tejkl M, et al.
BTK inhibition is a potent approach to block IgE-mediated histamine release in
human basophils. Allergy 2017;72:1666-76.

MacGlashan D, Honigberg LA, Smith A, Buggy J, Schroeder JT. Inhibition of
IgE-mediated secretion from human basophils with a highly selective Bruton’s
tyrosine kinase, Btk, inhibitor. Int Immunopharmacol 2011;11:475-9.

Metz M, Sussman G, Gagnon R, Staubach P, Tanus T, Yang WH, et al. Fenebru-
tinib in H1 antihistamine-refractory chronic spontaneous urticaria: a randomized
phase 2 trial. Nat Med 2021;27:1961-9.

Gleixner KV, Mayerhofer M, Cerny-Reiterer S, Hormann G, Rix U, Bennett KL,
et al. KIT-D816V-independent oncogenic signaling in neoplastic cells in systemic
mastocytosis: role of Lyn and Btk activation and disruption by dasatinib and bo-
sutinib. Blood 2011;118:1885-98.


http://refhub.elsevier.com/S0091-6749(22)00287-1/sref13
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref13
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref14
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref14
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref14
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref15
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref15
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref15
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref16
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref16
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref16
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref16
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref16
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref17
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref17
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref17
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref17
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref18
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref18
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref18
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref18
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref18
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref18
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref18
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref19
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref19
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref20
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref20
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref20
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref20
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref21
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref21
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref21
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref22
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref22
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref22
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref22
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref22
https://doi.org/10.1016/j.jaci.2021.08.019
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref24
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref24
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref24
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref25
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref25
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref26
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref26
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref27
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref27
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref27
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref28
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref28
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref28
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref29
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref29
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref29
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref29
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref29
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref30
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref30
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref30
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref31
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref31
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref31
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref32
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref32
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref32
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref32
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref33
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref33
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref34
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref34
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref34
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref35
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref35
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref35
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref36
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref36
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref36
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref36
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref37
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref37
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref37
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref37
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref37
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref38
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref38
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref38
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref38
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref39
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref39
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref39
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref39
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref40
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref40
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref41
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref41
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref41
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref42
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref42
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref42
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref43
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref43
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref43
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref43
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref43
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref44
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref44
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref44
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref45
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref45
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref45
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref46
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref46
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref46
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref47
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref47
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref48
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref48
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref48
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref49
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref49
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref49
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref49
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref50
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref50
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref50
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref50
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref51
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref51
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref51
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref51
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref51
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref52
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref52
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref52
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref53
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref53
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref53
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref53
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref54
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref54
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref54
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref55
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref55
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref55
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref55
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref56
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref56
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref56
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref57
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref57
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref57
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref58
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref58
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref58
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref59
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref59
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref59
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref60
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref60
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref60
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref60
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref60

J ALLERGY CLIN IMMUNOL
VOLUME 149, NUMBER 6

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

1.

78.

79.

80.

81.

82.

83.

Harrison CA, Bastan R, Peirce MJ, Munday MR, Peachell PT. Role of calcineurin
in the regulation of human lung mast cell and basophil function by cyclosporine
and FK506. Br J Pharmacol 2007;150:509-18.

Zuberbier T, Chong SU, Grunow K, Guhl S, Welker P, Henz BM, et al. The as-
comycin macrolactam pimecrolimus (Elidel, SDZ ASM 981) is a potent inhibitor
of mediator release from human dermal mast cells and peripheral blood basophils.
J Allergy Clin Immunol 2001;108:275-80.

Jin M, Yu B, Zhang W, Zhang W, Xiao Z, Mao Z, et al. Toll-like receptor 2-
mediated MAPKs and NF-«kB activation requires the GNAO1-dependent pathway
in human mast cells. Integr Biol 2016;8:968-75.

Sandig H, Bulfone-Paus S. TLR signaling in mast cells: common and unique fea-
tures. Front Immunol 2012;3:185.

Suurmond J, Dorjée AL, Knol EF, Huizinga TWJ, Toes REM. Differential TLR-
induced cytokine production by human mast cells is amplified by FceRI trig-
gering. Clin Exp Allergy 2015;45:788-96.

Tancowny BP, Karpov V, Schleimer RP, Kulka M. Substance P primes lipotei-
choic acid- and Pam3CysSerLys4-mediated activation of human mast cells by
up-regulating Toll-like receptor 2. Immunology 2010;131:220-30.

Wang Z, Franke K, Zuberbier T, Babina M. Cytokine stimulation by MRGPRX2
occurs with lower potency than by FceRI aggregation but with similar depen-
dence on the extracellular signal-regulated kinase 1/2 module in human skin
mast cells. J Invest Dermatol 2022;142:414-24.e8.

West PW, Bahri R, Garcia-Rodriguez KM, Sweetland G, Wileman G, Shah R,
et al. Interleukin-33 amplifies human mast cell activities induced by complement
anaphylatoxins. Front Immunol 2021;11:615236.

Franke K, Wang Z, Zuberbier T, Babina M. Cytokines stimulated by IL-33 in hu-
man skin mast cells: involvement of nf-kb and p38 at distinct levels and potent
co-operation with fceri and mrgprx2. Int J Mol Sci 2021;22:3580.

Babina M, Wang Z, Franke K, Guhl S, Artuc M, Zuberbier T. Yin-yang of
IL-33 in human skin mast cells: reduced degranulation, but augmented
histamine synthesis through p38 activation. J Investig Dermatol 2019;139:
1516-25.¢3.

Wang Z, Guhl S, Franke K, Artuc M, Zuberbier T, Babina M. IL-33 and
MRGPRX2-triggered activation of human skin mast cells—elimination of recep-
tor expression on chronic exposure, but reinforced degranulation on acute prim-
ing. Cells 2019;8:341.

Sumbayev VV, Yasinska I, Oniku AE, Streatfield CL, Gibbs BF. Involvement of
hypoxia-inducible factor-1 in the inflammatory responses of human LAD2 mast
cells and basophils. PLoS One 2012;7:¢34259.

Sumbayev VV, Nicholas SA, Streatfield CL, Gibbs BF. Involvement of hypoxia-
inducible factor-1 (HiF-1a) in IgE-mediated primary human basophil responses.
Eur J Immunol 2009;39:3511-9.

Gibbs BF, Yasinska IM, Pchejetski D, Wyszynski RW, Sumbayev VV. Differential
control of hypoxia-inducible factor 1 activity during pro-inflammatory reactions
of human haematopoietic cells of myeloid lineage. Int J Biochem Cell Biol
2012;44:1739-49.

Lefrangais E, Duval A, Mirey E, Roga S, Espinosa E, Cayrol C, et al.
Central domain of IL-33 is cleaved by mast cell proteases for potent
activation of group-2 innate lymphoid cells. Proc Natl Acad Sci U S A 2014;
111:15502-7.

Elishmereni M, Alenius HT, Bradding P, Mizrahi S, Shikotra A, Minai-Fleminger
Y, et al. Physical interactions between mast cells and eosinophils: a novel mech-
anism enhancing eosinophil survival in vitro. Allergy 2011;66:376-85.
Elishmereni M, Bachelet I, Ben-Efraim AHN, Mankuta D, Levi-Schaffer F. Inter-
acting mast cells and eosinophils acquire an enhanced activation state in vitro. Al-
lergy 2013;68:171-9.

Salazar-Terreros M, Fertrin KY, Costa FF, Franco-Penteado CF. Crosstalk be-
tween mast cells and eosinophils can contribute to pathophysiology of sickle
cell anemia. Blood 2018;132:1070.

Martins PR, Nascimento RD, Lopes JG, Santos MM, de Oliveira CA, de Oliveira
EC, et al. Mast cells in the colon of Trypanosoma cruzi-infected patients: are they
involved in the recruitment, survival and/or activation of eosinophils? Parasitol
Res 2015;114:1847-56.

Galdiero MR, Varricchi G, Seaf M, Marone G, Levi-Schaffer F, Marone G. Bidi-
rectional mast cell-eosinophil interactions in inflammatory disorders and cancer.
Front Med 2017;4:103.

Altrichter S, Frischbutter S, Fok JS, Kolkhir P, Jiao Q, Skov PS, et al. The role of
eosinophils in chronic spontaneous urticaria. J Allergy Clin Immunol 2020;145:
1510-6.

Lotfi-Emran S, Ward BR, Le QT, Pozez AL, Manjili MH, Woodfolk JA, et al. Hu-
man mast cells present antigen to autologous CD4+ T cells. J Allergy Clin Im-
munol 2018;141:311-21.e10.

Kambayashi T, Laufer TM. Atypical MHC class II-expressing antigen-presenting
cells: can anything replace a dendritic cell? Nat Rev Immunol 2014;14:719-30.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

LEVI-SCHAFFER ET AL 1843

Mion F, D’Inca F, Danelli L, Toffoletto B, Guarnotta C, Frossi B, et al. Mast cells
control the expansion and differentiation of IL-10-competent B cells. J Immunol
2014;193:4568-79.

D’Inca F, Pucillo CE. Exosomes: tiny clues for mast cell communication. Front
Immunol 2015;6:73.

Skokos D, le Panse S, Villa I, Rousselle J-CC, Peronet R, David B, et al. Mast
cell-dependent B and T lymphocyte activation is mediated by the secretion of
immunologically active exosomes. J Immunol 2001;166:868-76.

Li F, Wang Y, Lin L, Wang J, Xiao H, Li J, et al. Mast cell-derived exosomes pro-
mote Th2 cell differentiation via OX40L-OX40 ligation. J Immunol Res 2016;
2016:3623898.

Dudeck A, Suender CA, Kostka SL, von Stebut E, Maurer M. Mast cells promote
Thl and Thl7 responses by modulating dendritic cell maturation and function.
Eur J Immunol 2011;41:1883-93.

Merluzzi S, Frossi B, Gri G, Parusso S, Tripodo C, Pucillo C. Mast cells enhance
proliferation of B lymphocytes and drive their differentiation toward IgA-
secreting plasma cells. Blood 2010;115:2810-7.

Carroll-Portillo A, Cannon JL, te Riet J, Holmes A, Kawakami Y, Kawakami T,
et al. Mast cells and dendritic cells form synapses that facilitate antigen transfer
for T cell activation. J Cell Biol 2015;210:851-64.

Choi HW, Suwanpradid J, Kim IH, Staats HF, Haniffa M, MacLeod AS, et al.
Perivascular dendritic cells elicit anaphylaxis by relaying allergens to mast cells
via microvesicles. Science 2018;362:eaa00666.

Chéret J, Ponce L, le Gall-Ianotto C, Bertolini M, Paus R. Re-innervation of human
skin by rat dorsal root ganglia permits to study interactions between sensory nerve
fibres and native human dermal mast cells ex vivo. Exp Dermatol 2021;30:418-20.
Siiskonen H, Harvima I. Mast cells and sensory nerves contribute to neurogenic
inflammation and pruritus in chronic skin inflammation. Front Cell Neurosci
2019;13:422.

Bagher M, Larsson-Callerfelt AK, Rosmark O, Hallgren O, Bjermer L, Westergren-
Thorsson G. Mast cells and mast cell tryptase enhance migration of human lung fibro-
blasts through protease-activated receptor 2. Cell Commun Signal 2018;16:1-13.
Frungieri MB, Weidinger S, Meineke V, Kéhn FM, Mayerhofer A. Proliferative
action of mast-cell tryptase is mediated by PAR2, COX2, prostaglandins, and
PPARY: possible relevance to human fibrotic disorders. Proc Natl Acad Sci U
S A 2002;99:15072-7.

. Divoux A, Moutel S, Poitou C, Lacasa D, Veyrie N, Aissat A, et al. Mast cells in

human adipose tissue: link with morbid obesity, inflammatory status, and dia-
betes. J Clin Endocrinol Metab 2012;97:E1677-85.

Elieh Ali Komi D, Shafaghat F, Christian M. Crosstalk between mast cells and
adipocytes in physiologic and pathologic conditions. Clin Rev Allergy Immunol
2020;58:388-400.

Finlin BS, Confides AL, Zhu B, Boulanger MC, Memetimin H, Taylor KW, et al.
Adipose tissue mast cells promote human adipose beiging in response to cold. Sci
Rep 2019;9:1-10.

Giilen T, Teufelberger A, Ekoff M, Westerberg CM, Lyberg K, Dahlén SE, et al.
Distinct plasma biomarkers confirm the diagnosis of mastocytosis and identify
increased risk of anaphylaxis. J Allergy Clin Immunol 2021;148:889-94.
Schwartz LB, Bradford TR, Rouse C, Irani AM, Rasp G, van der Zwan JK, et al.
Development of a new, more sensitive immunoassay for human tryptase: use in
systemic anaphylaxis. J Clin Immunol 1994;14:190-204.

Vitte J, Sabato V, Tacquard C, Garvey LH, Michel M, Mertes PM, et al. Use and
interpretation of acute and baseline tryptase in perioperative hypersensitivity and
anaphylaxis. J Allergy Clin Immunol Pract 2021:9:2994-3005.

Valent P, Akin C, Arock M, Brockow K, Butterfield JH, Carter MC, et al. Defini-
tions, criteria and global classification of mast cell disorders with special refer-
ence to mast cell activation syndromes: a consensus proposal. Int Arch Allergy
Immunol 2012;157:215-25.

Valent P, Akin C, Bonadonna P, Hartmann K, Brockow K, Niedoszytko M, et al.
Proposed diagnostic algorithm for patients with suspected mast cell activation
syndrome. J Allergy Clin Immunol Pract 2019;7:1125-33.el.

Weiler CR, Austen KF, Akin C, Barkoff MS, Bernstein JA, Bonadonna P, et al.
AAAAI Mast Cell Disorders Committee Work Group Report: mast cell activation
syndrome (MCAS) diagnosis and management. J Allergy Clin Immunol 2019;
144:883-96.

Garvey LH, Ebo DG, Mertes PM, Dewachter P, Garcez T, Kopac P, et al. An
EAACI position paper on the investigation of perioperative immediate hypersen-
sitivity reactions. Allergy 2019;74:1872-84.

Sprinzl B, Greiner G, Uyanik G, Arock M, Haferlach T, Sperr WR, et al. Genetic
regulation of tryptase production and clinical impact: hereditary alpha tryptase-
mia, mastocytosis and beyond. Int J Mol Sci 2021;22:1-22.

Trivedi NN, Tamraz B, Chu C, Kwok PY, Caughey GH. Human subjects are pro-
tected from mast cell tryptase deficiency despite frequent inheritance of loss-of-
function mutations. J Allergy Clin Immunol 2009;124:1099-105.e1-4.


http://refhub.elsevier.com/S0091-6749(22)00287-1/sref61
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref61
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref61
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref62
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref62
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref62
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref62
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref63
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref63
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref63
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref63
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref64
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref64
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref65
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref65
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref65
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref65
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref65
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref66
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref66
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref66
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref67
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref67
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref67
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref67
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref67
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref68
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref68
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref68
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref69
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref69
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref69
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref69
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref69
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref70
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref70
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref70
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref70
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref71
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref71
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref71
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref71
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref72
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref72
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref72
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref73
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref73
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref73
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref74
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref74
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref74
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref74
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref75
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref75
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref75
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref75
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref76
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref76
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref76
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref77
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref77
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref77
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref78
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref78
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref78
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref79
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref79
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref79
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref79
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref80
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref80
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref80
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref81
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref81
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref81
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref82
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref82
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref82
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref82
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref83
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref83
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref84
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref84
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref84
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref84
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref85
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref85
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref85
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref86
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref86
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref86
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref87
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref87
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref87
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref88
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref88
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref88
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref89
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref89
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref89
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref90
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref90
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref90
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref91
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref91
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref91
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref92
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref92
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref92
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref92
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref93
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref93
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref93
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref94
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref94
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref94
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref95
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref95
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref95
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref95
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref95
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref95
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref96
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref96
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref96
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref97
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref97
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref97
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref98
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref98
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref98
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref99
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref99
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref99
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref99
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref99
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref100
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref100
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref100
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref101
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref101
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref101
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref102
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref102
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref102
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref102
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref103
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref103
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref103
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref104
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref104
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref104
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref104
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref105
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref105
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref105
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref106
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref106
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref106
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref107
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref107
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref107

1844 LEVI-SCHAFFER ET AL

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

Soto D, Malmsten C, Blount JL, Muilenburg DJ, Caughey GH. Genetic deficiency
of human mast cell a-tryptase. Clin Exp Allergy 2002;32:1000-6.

Caughey GH. Mast cell proteases as pharmacological targets. Eur J Pharmacol
2016;778:44-55.

Chollet MB, Akin C. Hereditary alpha tryptasemia is not associated with specific
clinical phenotypes. J Allergy Clin Immunol 2022;149:728-35.¢2.

Wenzel SE. Severe adult asthmas: integrating clinical features, biology,
and therapeutics to improve outcomes. Am J Respir Crit Care Med 2021;203:
809-21.

Zhao XO, Lampinen M, Rollman O, Sommerhoff CP, Paivandy A, Pejler G. Mast
cell chymase affects the functional properties of primary human airway fibro-
blasts: implications for asthma. J Allergy Clin Immunol 2022;149:718-27.
Maun HR, Jackman JK, Choy DF, Loyet KM, Staton TL, Jia G, et al. An allosteric
anti-tryptase antibody for the treatment of mast cell-mediated severe asthma. Cell
2019;179:417-31.e19.

Cahill KN, Cui J, Kothari P, Murphy K, Raby BA, Singer J, et al. Unique effect of
aspirin therapy on biomarkers in aspirin-exacerbated respiratory disease. Am J
Respir Crit Care Med 2019;200:704-11.

Mukai K, Tsai M, Saito H, Galli SJ. Mast cells as sources of cytokines, chemo-
kines, and growth factors. Immunol Rev 2018;282:121-50.

Marshall JS. Mast-cell responses to pathogens. Nat Rev Immunol 2004;4:787-99.
Piliponsky AM, Acharya M, Shubin NJ. Mast cells in viral, bacterial, and fungal
infection immunity. Int J Mol Sci 2019;20:2851.

von Kockritz-Blickwede M, Goldmann O, Thulin P, Heinemann K, Norrby-Te-
glund A, Rohde M, et al. Phagocytosis-independent antimicrobial activity of
mast cells by means of extracellular trap formation. Blood 2008;111:3070-80.
Edelson BT, Li Z, Pappan LK, Zutter MM. Mast cell-mediated inflammatory re-
sponses require the o231 integrin. Blood 2004;103:2214-20.

Siebenhaar F, Syska W, Weller K, Magerl M, Zuberbier T, Metz M, et al. Control
of Pseudomonas aeruginosa skin infections in mice is mast cell-dependent. Am J
Pathol 2007;170:1910-6.

Zimmermann C, Troeltzsch D, Giménez-Rivera VA, Galli SJ, Metz M,
Maurer M, et al. Mast cells are critical for controlling the bacterial burden
and the healing of infected wounds. Proc Natl Acad Sci U S A 2019;116:
20500-4.

Matsui H, Sekiya Y, Takahashi T, Nakamura M, Imanishi K, Yoshida H, et al.
Dermal mast cells reduce progressive tissue necrosis caused by subcutaneous
infection with Streptococcus pyogenes in mice. J Med Microbiol 2011;60:
128-34.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

J ALLERGY CLIN IMMUNOL
JUNE 2022

Mezouar S, Vitte J, Gorvel L, Amara A ben, Desnues B, Mege JL. Mast cell cy-
tonemes as a defense mechanism against Coxiella burnetii. mBio 2019;10,
€02669-18.

Lv YP, Teng YS, Mao FY, Peng LS, Zhang JY, Cheng P, et al. Helicobacter py-
lori-induced IL-33 modulates mast cell responses, benefits bacterial growth, and
contributes to gastritis. Cell Death Dis 2018;9:457.

Velin D, Bachmann D, Bouzourene H, Michetti P. Mast cells are critical media-
tors of vaccine-induced Helicobacter clearance in the mouse model. Gastroenter-
ology 2005;129:142-55.

Lu F, Huang S. The roles of mast cells in parasitic protozoan infections. Front Im-
munol 2017;8:363.

Linnemann LC, Reitz M, Feyerabend TB, Breloer M, Hartmann W. Limited role
of mast cells during infection with the parasitic nematode Litomosoides sigmo-
dontis. PLoS Negl Trop Dis 2020;14:1-14.

Jiao Q, Luo Y, Scheffel J, Zhao ZT, Maurer M. The complex role of mast cells in
fungal infections. Exp Dermatol 2019;28:749-55.

Shimokawa C, Kanaya T, Hachisuka M, Ishiwata K, Hisaeda H, Kurashima Y,
et al. Mast cells are crucial for induction of group 2 innate lymphoid cells and
clearance of helminth infections. Immunity 2017;46:863-74.e4.

Rathore AP, St John AL. Protective and pathogenic roles for mast cells during
viral infections. Curr Opin Immunol 2020;66:74-81.

Sundstrom JB, Ellis JE, Hair GA, Kirshenbaum AS, Metcalfe DD, Yi H, et al. Hu-
man tissue mast cells are an inducible reservoir of persistent HIV infection. Blood
2007;109:5293-300.

Afrin LB, Weinstock LB, Molderings GJ. Covid-19 hyperinflammation and post-
Covid-19 illness may be rooted in mast cell activation syndrome. Int J Infect Dis
2020;100:327-32.

Motta Junior J da S, Miggiolaro AFR dos S, Nagashima S, de Paula CBV, Baena
CP, Scharfstein J, et al. Mast cells in alveolar septa of COVID-19 patients: a path-
ogenic pathway that may link interstitial edema to immunothrombosis. Front Im-
munol 2020;11:574862.

Valent P, Akin C, Bonadonna P, Brockow K, Niedoszytko M, Nedoszytko B, et al.
Risk and management of patients with mastocytosis and MCAS in the SARS-
CoV-2 (COVID-19) pandemic: expert opinions. J Allergy Clin Immunol 2020;
146:300-6.

Giannetti MP, Weller E, Alvarez-Twose I, Torrado I, Bonadonna P, Zanotti R,
et al. COVID-19 infection in patients with mast cell disorders including mastocy-
tosis does not impact mast cell activation symptoms. J Allergy Clin Immunol
Pract 2021;9:2083-6.


http://refhub.elsevier.com/S0091-6749(22)00287-1/sref108
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref108
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref109
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref109
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref110
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref110
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref111
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref111
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref111
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref112
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref112
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref112
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref113
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref113
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref113
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref114
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref114
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref114
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref115
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref115
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref116
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref117
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref117
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref118
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref118
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref118
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref118
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref119
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref119
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref120
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref120
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref120
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref121
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref121
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref121
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref121
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref121
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref122
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref122
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref122
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref122
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref123
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref123
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref123
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref124
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref124
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref124
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref125
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref125
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref125
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref126
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref126
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref127
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref127
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref127
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref128
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref128
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref129
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref129
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref129
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref130
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref130
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref131
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref131
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref131
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref132
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref132
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref132
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref133
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref133
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref133
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref133
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref134
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref134
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref134
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref134
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref135
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref135
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref135
http://refhub.elsevier.com/S0091-6749(22)00287-1/sref135

	Selected recent advances in understanding the role of human mast cells in health and disease
	The heterogeneity, origin, and development of human MCs
	Activating human MC receptors
	Inhibitory human MC receptors
	Human MC signal transduction
	MC interactions with immune and nonimmune cells
	Human MC mediators: Tryptase
	Response of MCs to pathogens
	Limitations

	Conclusions and outlook
	References


