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Abstract: Tryptase is a serine protease that is predominantly produced by tissue mast cells (MCs) and
stored in secretory granules together with other pre-formed mediators. MC activation, degranulation
and mediator release contribute to various immunological processes, but also to several specific
diseases, such as IgE-dependent allergies and clonal MC disorders. Biologically active tryptase
tetramers primarily derive from the two genes TPSB2 (encoding β-tryptase) and TPSAB1 (encoding
either α- or β-tryptase). Based on the most common gene copy numbers, three genotypes, 0α:4β,
1α:3β and 2α:2β, were defined as “canonical”. About 4–6% of the general population carry germline
TPSAB1-α copy number gains (2α:3β, 3α:2β or more α-extra-copies), resulting in elevated basal
serum tryptase levels. This condition has recently been termed hereditary alpha tryptasemia (HαT).
Although many carriers of HαT appear to be asymptomatic, a number of more or less specific
symptoms have been associated with HαT. Recent studies have revealed a significantly higher HαT
prevalence in patients with systemic mastocytosis (SM) and an association with concomitant severe
Hymenoptera venom-induced anaphylaxis. Moreover, HαT seems to be more common in idiopathic
anaphylaxis and MC activation syndromes (MCAS). Therefore, TPSAB1 genotyping should be
included in the diagnostic algorithm in patients with symptomatic SM, severe anaphylaxis or MCAS.

Keywords: tryptase; hereditary alpha tryptasemia; mastocytosis

1. Mast Cells and Mast Cell Diseases

In 1877, Paul Ehrlich first mentioned the term “mast cells” (MCs) based on their unique
cytoplasmic metachromatic granules after staining with basic dyes, and the assumption
that these granules are a product of cell overfeeding [1,2]. Today, we know that these
characteristic granules are full of enzymes and other mediators, which are all produced
by MCs themselves, and that the granular mediators of MCs play an indispensable role
in cellular processes of our immune system [3–5]. MCs originate from bone marrow-derived
CD34+/CD117+/CD13+ human pluripotent stem and progenitor cells, with the stem cell
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factor (SCF) being the principal growth factor [3,6–10]. The SCF-dependent growth and
differentiation of human MCs are regulated by several additional cytokines, such as IL-4
and IL-6, and other factors [11–14]. After reaching the mature state, resident MCs can be
found within vascularized tissues, where they are involved in host responses in innate
and acquired immunity [3,14,15]. Activation of MCs is mainly initiated through the high-
affinity immunoglobulin E receptor (FcεRI) and the receptor tyrosine kinase protein KIT
(also known as CD117 or stem cell factor receptor, SCFR). Both receptors are expressed
abundantly in human MCs [5,7–9,14–19]. The receptor-dependent MC activation leads
to an initiation of downstream signal transduction cascades, and subsequently to cell
degranulation and the secretion of preformed and newly formed mediators (e.g., tryptase,
histamine, heparin, serotonin, chymases, cathepsins, growth factors, cytokines, chemokines,
leukotrienes and lipid mediators) in MCs [3,8,14,15,20–22]. MCs are believed to survive
and regranulate after degranulation [21] and can reside in tissues as long-lived immune
cells for many months or even years [3,15,23].

MC activation can be induced by several factors and agents, for example, as triggers of
certain immune responses, such as IgE-dependent activation by allergens or complement-
mediated activation, but also by physical factors (heat and trauma), endogenous mediators
(cytokines), pathogens, venoms and toxins [3,14]. The secretion of tryptase and other
MC-dependent compounds is observed in various physiological processes, such as in-
flammation, host defense, adaptive immune response, remodeling of tissue architecture
(tissue repair, wound healing), vasodilation, modulation of permeability, angiogenesis and
fibrosis [3,24–32]. MC degranulation and mediator release have specifically been described
in certain clinical settings and diseases, such as asthma, allergy, anaphylaxis, autoimmune
diseases (e.g., multiple sclerosis, rheumatoid arthritis and type-1 diabetes) and MC-related
disorders (mastocytosis and MC activation syndromes) [3,33–39].

2. Biological Functions of Human Tryptase

Experiments in the early 1950s and 1960s first described a trypsin-like enzyme activity
in MCs [40–43]. Further research revealed that tryptase is the predominant enzyme present
in these cells. Tryptase is a tetrameric neutral serine protease primarily expressed by tissue
MCs and far less abundantly in blood basophils. The human tryptase amount per MC is
~11 (in lung MCs) and ~35 pg (in skin MCs), and can reach up to 25% of the total cellular
protein content in MCs [44,45]. In comparison, the tryptase amount in peripheral blood
basophils is only ~0.05 pg/cell [46,47]. Tryptase is packaged and stored in the secretory
granules of MCs together with other mediators, and is released upon degranulation after
cell activation [45,48,49]. In addition, some of the tryptases, especially the pro-alpha and
pre-beta forms of the enzyme, are constantly released from MCs, independent of cell
activation (basal secretion). The various forms of tryptase expressed in MCs are described
in detail below.

Tryptase serine protease activity on peptide substrates is involved in a number of phys-
iologic processes in various organ systems. Major known substrates that are inactivated
upon beta-tryptase exposure include, among others, fibrinogen [50,51], fibronectin [52,53],
type VI collagen [54], and high-density lipoprotein (HDL) [55]. Tryptase is also involved
in the activation, proliferation and migration of various mesenchymal cells, including
endothelial cells, and fibroblasts in various physiologic and pathologic conditions [56,57],
in part via the upregulation of various effector molecules, i.e., adhesion proteins (ICAM-1),
growth factors (TNF-α) and cytokines (IL-1, IL-6, IL-8 and stem cell factor), and through in-
teraction with protease activated receptors (PARs—especially PAR2) [57–62]. Furthermore,
the effects of tryptases on coagulation, connective tissue metabolism and smooth muscle
cell contractility have been described [63–65]. The biological function of tryptase is associ-
ated with the proteolysis of peptide substrates via polypeptide cleavage of the carboxy-
terminal domain of arginine and lysine residues, or indirect proteolysis mediated by
downstream molecules (e.g., PARs). Enzymatically active tryptase tetramers have a molec-
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ular weight of approximately ~135 kDa, and consist of four monomer subunits (~30–33
kDa each) [44,46,47,66,67].

In resting tissue MC, tryptase is present in two different forms—monomeric pro-α-
and pro-β-tryptase and mature tetrameric α- and β-tryptase. Monomeric pro-α- and
pro-β-tryptase are spontaneously and constitutively secreted into tissue and diffuse into
the systemic circulation. They are the predominant form of tryptase in serum in the absence
of systemic MC activation [68,69]. Mature α/β-tryptase heterotetramers with high biologi-
cal activity consist of four non-covalently bound subunits, each monomer containing an
active enzyme site, and oriented towards an inner face of a central pore to restrict access
to serine protease inhibitors [70]. Heterotetramer formation follows two-steps proteolytic
processing and stabilization by heparin proteoglycans. In a first step, tryptase monomers
with much less activity form by autocatalytic intermolecular cleavage at acidic pH (5.5–6.5)
and in the presence of heparin or dextran sulphate. On the other hand, tryptase tetramers
form after the removal of the remaining precursor dipeptide by dipeptidyl peptidase I,
which also requires heparin or dextran sulphate [71–77]. However, the importance of
sequential autocatalytic then dipeptidyl peptidase I-mediated processing of pro alpha
and beta to mature tryptases has been strongly challenged, as genetically modified mice
lacking dipeptidyl peptidase I are able to produce active mast cell tryptase [78]. Addition-
ally, recent studies have shown that monomeric pro-tryptases mature directly to active
tetramers by cathepsins B and L in human mast cells [79,80]. Highly active heparin-bound
tetrameric peptides are stored in MC granules and are released upon MC activation [71–77].
Heparin dissociation can lead to a rapid degradation of tryptase tetramers into enzymatic
inactive monomers [77]. Alpha-tryptase also forms mature homotetramers [81]. Although
the DNA homology of α- and β-tryptase genes is challenging for some molecular tests [82],
α- and β-II tryptase show a number of amino acid differences in the catalytic domain,
including differences in pro-peptide content affecting the potential for autoactivation, a key
amino acid substitution in the substrate binding cleft key greatly reducing catalytic capabil-
ity, and one of two N-linked glycosylation sites, potentially affecting stability and other
physicochemical properties. Subsequently, mature α-tryptase has more restricted substrate
specificity compared to β-tryptase and only negligible in vitro proteolytic activity [83,84].

3. Regulation of Tryptase Expression and Secretion

Human MCs are assumed to originate from hematopoietic stem cells of the bone
marrow (BM), and further develop from multipotent MC progenitors under the influence
of certain transcription factors and cytokines, with microphthalmia-associated transcription
factor (MITF) and SCF playing a key role in MC differentiation [9,10,23,85–89]. Studies
in murine MCs and MC progenitor cells have revealed that MC progenitors are able to
leave the BM, migrate into various tissues and undergo differentiation to mature MCs with
heterogeneous, tissue-specific phenotypical and functional properties [3,23,90–98]. SCF
has also been described to be involved in the migration and survival of mature MCs and
potentially also in MC activation [9,86,88,91,99,100]. Other cytokines, such as interleukin-
4 (IL-4) and IL-6, were also demonstrated to regulate the proliferation, maturation and
survival of MC progenitor cells and the function of mature MCs [11,13,101–106]. IL-3
also promotes the proliferation of MC progenitors, since these cells express IL-3 receptor
(IL-3R). IL-6 has also been described to regulate proliferation in the early stages of MC
development [13,105,106]. Mature tissue MCs lack IL-3 receptors [107,108]. IL-4 has been
described to promote the survival and maturation of human MCs in later phases of MC
development [11,103,104,109]. Another involvement of IL-4 in chymase expression has
been reported [11,103]. Under certain conditions, IL-4 may also act as a negative regulator
of the SCF-mediated differentiation of MCs [13,101,102,110,111].

Human MCs also show quite heterogeneous morphological properties during their
development. While MC progenitors are non- or less granulated, and are considered to
contain only low levels of MC-specific compounds, mature MCs are highly granulated
and contain large amounts of preformed mediators [112,113]. In murine MCs, histamine
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synthesis has been described to be associated with granule maturation and has also been
implicated in an autocrine regulation of early granule development [112,114]. Based on
the expression of tryptase and chymase in their secretory granules, human MCs can be
classified (divided) into MCTC (MCs expressing both tryptase and chymase) and MCT (MCs
expressing only tryptase) types. MCTC are primarily found in the skin, small intestinal
submucosa and tonsils, while MCT are typically localized in lung alveoli and in the small
intestinal mucosa [115–117]. Additionally, in rodents, two distinct types of MCs with typical
morphological features and different compositions of stored mediators were identified
in various organs and tissue sites. Mucosal MCs (MMCs) are smaller and less granulated
cells compared to connective tissue-type MCs (CTMCs). In comparison to MMCs, CTMCs
contain abundant amounts of heparin [115,118,119].

Several other studies, particularly experiments on mouse or rat MCs, describe the tran-
scriptional and epigenetic regulation of tryptase expression, as well as granule preformation
and secretion, which is influenced by different extracellular factors, including cytokines
and tissue environment, but also several intracellular molecules and processes. Early
studies reported that the presence of proteoglycans (heparin and chondroitin sulphate
E) and their interactions with tryptase play an important role in tryptase activity, due
to enzyme stabilization and prolonged tryptase expression [120]. SCF is well known to
augment tryptase expression in MCs in various species [114,121]. The two transcription
factors Gata1 and Gata2 were reported to play a role in tryptase expression, since a reduc-
tion in the Gata transcription factors led to a decreased tryptase gene (Tpsb2 and Tpsg1)
expression in murine bone marrow MCs (BMMCs) [122,123]. Growth factor independent 1
(Gfi1) and its paralogue Gfi1b both play a crucial role in hematopoietic growth and differen-
tiation. Experiments with these two transcription factors in murine BMMCs indicated that
the one-sided expression of Gfi1/Gfi1b suppressed the induction of tryptase [124]. MITF
has also been demonstrated to play a role in regulating the tryptase gene transcription
in human MCs. Specifically, experiments with the human MC line HMC-1 showed an
elevated tryptase production after the overexpression of the MITF-A isoform, and a lower
tryptase expression and enzymatic activity by introducing an MITF-specific siRNA [125].
Research on the impact of copper transport protein Ctr2 on MCs revealed that an absence
of the protein resulted in profound effects on the MC proteoglycans and MC maturation, as
well as in the increased mRNA expression, storage and enzymatic activity of tryptase. Ctr2
knockout mice (Ctr2−/−) BMMCs showed an increased degree of maturation, contained
more heparin, but less chondroitin sulfate proteoglycans and decreased levels of histamine.
Additionally, an augmented chymase and tryptase activity and in vivo expression, and an
upregulation of Mitf expression in the absence of Ctr2, were displayed [126]. Tryptase itself
induces MC accumulation, as shown by Liu et al., who described that in the presence of
a synthetic secretagogue of mast cell degranulation compound 48/80, tryptase contributed
to induce MC accumulation in mice. Additionally, an inhibitory effect of tryptase inhibitors
and PAR-2 antagonists on tryptase-induced MC accumulation has been reported [127].
Interestingly, two studies of Melo et al. demonstrated that tryptase could also be found
in the nucleus, where it has the ability to proteolytically cleave core histone N-terminal tails
and catalyze histone clipping (histones H2 and H3). Therefore, tryptase might also play an
important role in MC epigenetic regulatory mechanisms through effects on the chromatin
landscape and histone modification [128,129]. Grujic et al. reported a dynamic electrostatic
relationship and balance between oppositely charged compounds and the regulation of
MC granule composition [130].

4. Clinical Significance of Elevated Serum Tryptase Levels

A basal serum tryptase (BST) level reflects the constant tryptase (pro-α- and pro-
β-tryptase) release from mature tissue MCs. An event-related β-tryptase release upon
degranulation increases this baseline serum tryptase level and represents a marker of
MC activation [69,131,132]. The measurement of human secreted total tryptase (pro
and mature α- and β-tryptase, encoded by TPSB2 and TPSAB1) is established as a rou-
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tine laboratory parameter in clinical practice in the fields of allergy, immunology and
hematology [68,69,131–137]. The majority of laboratories use a commercially available
fluorescent-based immunoassay.

The basal serum tryptase (BST) level in the human serum of healthy individuals is
rather stable and averages at about 5 ng/mL in the majority of individuals. Based on
the upper 95th percentile value determined in 126 healthy individuals aged 12–61 years,
the upper reference cut-off was set to 11.4 ng/mL [69,131,138,139]. However, in other
studies, the range of serum tryptase levels measured in heathy controls ranged between
0 and about 30 ng/mL with a proposed reference range of 0–15 ng/mL [133–135]. Fur-
ther studies demonstrated (slightly) elevated BST levels with a prevalence of 4 to 6%
in the Western general population, but the underlying reasons, biological mechanisms
and clinical relevance remain rather unclear, although a genetic component has already
been suspected [82,139–142]. Only a few inherited single-gene disorders have yet been
identified to be associated with elevated BST levels, such as autosomal recessive Gaucher’s
disease (GD) and GATA2 haploinsufficiency [143,144].

Acquired elevated serum tryptase levels can be detected in several clinical conditions
and diseases. A markedly elevated serum tryptase level >15 ng/mL is a reliable biomarker
for a subset of patients with myeloid neoplasms (AML—acute myeloid leukemia, CML—
chronic myeloid leukemia, MPN—myeloproliferative neoplasms, MDS—myelodysplastic
syndrome, CMML—chronic myelomonocytic leukemia and CEL—chronic eosinophilic
leukemia) and MC diseases (e.g., systemic mastocytosis) and a helpful screening parameter
in these hematologic disorders [131,133,134,145]. In addition, changes in BST over time may
be indicative of disease progression or a response to therapy in these disorders [131,133,134,
145]. In lymphoid neoplasms, including lymphoma and multiple myeloma, tryptase values
are usually within the normal range [134]. In chronic myeloid leukemia (CML), basophilia
is an independent risk factor and well-established prognostic variable in BCR/ABL1+ CML,
and included in appropriate risk scores [146–148]. At the time of diagnosis, elevated serum
tryptase levels can be detected in about 30–35% of CML patients, due to the increased
production and secretion by immature CML basophils [134,149,150]. Elevated serum
tryptase levels (>15 ng/mL) were shown to be more common in advanced CML than
in chronic phase CML, and, compared to patients with normal tryptase levels, to be
associated with significantly higher progression and event rates, and a lower response rate
under tyrosine kinase inhibitor treatment [149]. Therefore, an elevated serum tryptase level
at diagnosis is a significant prognostic biomarker in CML, and has been discussed as an
interesting marker to be included in prognostic scoring systems [133,149].

Substantially elevated serum tryptase levels (>15 ng/mL) are also detectable in about
30–40% of patients with acute myeloid leukemia (AML), especially in AML FAB groups
M0, M2, M3 and M4eo (M4eo with the highest tryptase concentrations), but not in patients
with acute lymphoid leukemia (ALL) [133,134,151]. Sperr et al. demonstrated that tryptase
is expressed and released by immature AML neoplastic cells (myeloblasts). They also
described a correlation between serum tryptase levels and treatment response, since treat-
ment induction resulted in a decrease in tryptase and the majority of patients achieved
normal tryptase values at the time of complete remission. Hence, serum tryptase also
represents a disease-related marker in diagnosis (reflects the total burden of leukemic
cells) and disease monitoring in a subset of patients with AML [151,152]. However, acute
myeloid leukemia with mast cell lineage involvement (SM-AML) is an exception in this
context, as the resistant SM component of the disease prevents a substantial serum tryptase
decrease during therapy [133].

Serum tryptase levels >15 ng/mL are also frequently detected in a subset of patients
with other myeloid neoplasms, such as MDS (including MDS/MPN overlap and CMML),
MPN and CEL, but are of less diagnostic or prognostic importance herein [133,134,153].
The higher tryptase amounts are considered to derive from basophils, mast cells or blasts,
depending on the type of disease and on the presence of concomitant systemic mastocyto-
sis [133,153]. Tryptase should always be measured in patients with AML and CML and
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in all cases with suspected mastocytosis. In MDS and MPN, tryptase measurements are only
recommended at the time of diagnosis, unless massive basophilia or eosinophilia, a masto-
cytosis or a very high initial tryptase level was detected at diagnosis [133]. In patients with
suspected MC disease, serum tryptase is a robust screening parameter [33,34,131,133,137].
While the majority of cutaneous mastocytosis (CM) patients were shown to have tryptase
concentrations <15 ng/mL, the majority of patients (>90%) with systemic mastocytosis
(SM) exhibit an elevated serum enzyme level >15 ng/mL [134]. In particular, a markedly
elevated BST level of >20 ng/mL is a minor diagnostic criterion for systemic mastocytosis
(SM) [33,34,136]. Depending on the subtype of SM and the MC burden, serum tryptase
concentrations vary among patients. The prognostic value and clinical usage of BST in MC
diseases will be discussed in the following paragraphs.

In contrast to BST, serum tryptase after MC activation is highly dynamic. In severe
allergic reactions, anaphylaxis and systemic hypersensitivity reactions, a marked increase
in the serum tryptase level above the individual´s baseline is an indicator and a clinical
biomarker of substantial systemic MC activation [68,131,132,137,138,154,155]. In otherwise
healthy individuals with normal baseline tryptase, in whom severe MC activation and
anaphylactic shock are recorded, serum tryptase levels may peak up to 100 ng/mL 0.5–1.5 h
after anaphylaxis onset [131]. Importantly, tryptase measurement after mediator-related
MC degranulation has to be determined in blood samples within 3–4 h after the resolution
of symptoms, due to a relatively short half-life of tryptase [131,137,155,156]. Because of
different individual tryptase baselines, an event-related tryptase value of at least a 20%
increase over the individual´s baseline + 2 ng/mL (1.2 × BST + 2 ng/mL) is used for
the definition of an MC activation in MC activation syndromes (MCAS) [138,154,155].

5. Tryptase in MC Diseases

Mastocytosis is a term used for a group of hematopoietic neoplasms characterized
by a pathological increase in and accumulation of clonal MCs in the skin (cutaneous mas-
tocytosis: CM) or in one or more extracutaneous organ systems (gastrointestinal tract,
BM, liver, spleen, lymph nodes and others), named systemic mastocytosis (SM). It can
occur at any age and with variable mediator-related symptoms and heterogeneous clin-
ical courses, from mild, sometimes self-limiting forms to severe, advanced forms with
a shorter overall survival [14,17,33,34,157–159]. According to the World Health Organi-
zation (WHO) classification, mastocytosis is divided into CM, SM and mast cell sarcoma
(MCS) [33,136,160]. SM is classified into indolent SM (ISM), smoldering SM (SSM), SM with
an associated hematologic neoplasm (SM-AHN), aggressive SM (ASM) and MC leukemia
(MCL) [33,34,136,160]. Patients with CM and ISM have the best prognosis with a normal
or near normal life expectancy, while patients with SM-AHN, ASM, MCL and MCS have
an unfavorable prognosis often with rapid disease progression [33,136,157–163].

CM is particularly seen in (early) childhood and is divided into three major forms.
Clinical features of maculopapular CM (=urticarial pigmentosa) are maculopapular pig-
mented and often reddish skin lesions [164,165]. Other forms are diffuse CM (DCM) and
mastocytoma of skin. Patients with DCM may present with more severe symptoms and
sometimes even blistering of the skin. SM is usually diagnosed in adults and is often
accompanied by skin lesions, especially in patients with ISM and SSM. Symptoms in SM
can be grouped into constitutional symptoms (e.g., fatigue and weight loss), symptoms
related to skin (e.g., pruritus, urticaria and flushing), systemic mediator-related symptoms
(e.g., headache, hypotension, tachycardia, respiratory and gastrointestinal symptoms and
abdominal pain), musculoskeletal symptoms (e.g., bone pain due to osteoporosis or os-
teopenia and myalgia) and symptoms caused by mast cell infiltration with subsequent
organ damage seen in advanced SM (cytopenia-related symptoms, pain related to organ
destruction, ascites and splenomegaly-related symptoms) [136].

The diagnosis of mastocytosis is established by histological examination of the affected
organ system(s) where MC infiltration can be documented, e.g., in the skin and/or the BM
by immunohistochemical stains. In addition, depending on the type of SM, laboratory
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parameters show typical results, such as abnormal cell surface marker expression on MCs,
elevated serum tryptase level, elevated alkaline phosphatase activity, cytopenia, or leukocy-
tosis. In SM, molecular studies may reveal the presence of a KIT mutation (usually D816V)
in neoplastic cells and sometimes chromosome abnormalities or additional mutations
in other target genes (apart from KIT), especially in SM-AHN. All patients with SM also
undergo routine clinical staging, in order to document or exclude B- (=Borderline Benign)
and C-findings (=Consider Cytoreduction or Chemotherapy). The diagnosis of SM is based
on major and minor diagnostic criteria defined in the WHO classification. The major SM
criterion is the multifocal clustering of MCs (≥15 cells per aggregate) in the BM or in an-
other extra-cutaneous organ system. Minor criteria relate to the abnormal morphology of
MCs, abnormal (aberrant) expression of CD2 and/or CD25 in MCs, an activating mutation
in codon 816 of KIT and an elevated tryptase level exceeding 20 ng/mL. When at least one
major and one minor or at least three minor criteria are fulfilled, the diagnosis of SM can be
established [14,17,33,34,136,160]. In the majority of all patients with SM, a somatic amino
acid substitution of valine for aspartic acid in the catalytic domain of KIT (p.Asp816Val or
p.D816V) can be detected, which leads to a constitutive activation of the receptor. Other
activating, pathological variants in KIT have also been described—these are less frequently
detected in patients with SM but are more frequently detected in patients with childhood
CM [166–168].

For diagnosis and risk assessment of patients with SM, so-called B-findings, which
indicate a huge burden of neoplastic (mast) cells and signs of multilineage involvement
without organ damage, and so-called C-findings, which indicate organ damage produced
by a massive infiltration with neoplastic MCs, have been established. Patients with 2 or 3
B-findings but no C-finding are suffering from smoldering SM, whereas patients in whom
one or more C-findings are detected are suffering from aggressive SM (ASM) or another
type of an advanced SM. The management and treatment of patients with mastocytosis is
based on the type of disease (variant of CM or SM), SM-related organ damage (C-findings)
and mediator-related symptoms [33,34,136,145,160,169,170]. So-called “triggers” (all kinds
of allergens, such as drugs, insect venom and foods) and individual factors that may induce
MC degranulation and severe anaphylactic reactions, a common problem in mastocytosis
patients, have to be identified and avoided whenever possible [171].

An elevated serum tryptase level is an important diagnostic parameter and clinical
biomarker in MC disorders. An elevated persistent BST level >20 ng/mL is a minor
SM criterion according to the WHO classification. However, this criterion is only valid
in the absence of an AHN because the AHN component of the disease may contribute to
the increased BST [33,136,145,160]. It is also worth noting that an elevated BST level (even
if very high) is not a marker of MC activation. Rather severe MC activation and MCAS
are more frequently seen in those SM patients who have a lower basal tryptase level, and
only an acute event-related increase in tryptase above the individual´s baseline (following
the 20% + 2 equation) qualifies as a biomarker of systemic MC activation and thus as
a criterion of MCAS. Very high BST levels are associated with less favorable prognosis
and represent a B-finding in SM (>200 ng/mL + >30% infiltration of the BM biopsy by
MCs) [33,34,135,138,145,155].

6. Genetic Background of Tryptase

In the late 1980s and early 1990s, the first studies described the genetic structures and
functions of the human tryptase genes, and mapped sequences to a gene cluster on human
chromosome 16 by PCR analysis of DNA from human/hamster somatic cell hybrids, as well
as bacterial artificial chromosome (BAC) analysis and fluorescence in situ hybridization
(FISH). Further research revealed multiple DNA sequences encoding tryptase with close
localization and high similarity [172–175]. The currently known tryptase isoforms are α-I
tryptase, α-II tryptase, β-I tryptase, β-II tryptase, β-III tryptase, γ-tryptase and δ-tryptase.
Five genes were identified encoding for these tryptase isoforms, all located within the gene-
rich and highly repetitive genomic region 16p13.3 on the short arm of chromosome 16.
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TPSG1 (encoding γ-tryptase), TPSB2 (encoding β-tryptase), TPSAB1 encoding (α- and
β-tryptase) and TPSD1 (encoding δ-tryptase) are localized paralogous genes within a gene
cluster. Investigation of the tryptase locus revealed that primary secreted and biologically
relevant soluble tryptase, expressed primarily by MCs and basophils, derive only from
the TPSB2 gene, encoding only β-tryptase (β-II or β-III tryptase isoforms), and from
the TPSAB1 gene, encoding either α- or β-tryptase (α-(α-I) or β-I tryptase isoforms). Both
genes are arranged in tandem, consisting of 6 exons and have very strong homology in their
sequences. Beta-tryptase isoforms are 98–99% identical in their DNA sequence, but there
are multiple amino acid differences in the catalytic domains between β-III and both β-I and
β-II. In addition to an 11-base-pair deletion in intron 4, the TPSAB1 α-allele differs from
the β-II allele in several exchanges of single bases in multiple exons, including a number of
amino acids in the catalytic domain that critically affect substrate specificity and proteolytic
activity [66,67,172–177]. Despite these functionally highly relevant differences in key amino
acids, the overall high homology (~97%) of the DNA sequence of the α-tryptase gene with
β-tryptase genes demands specific molecular techniques for tryptase genotyping and limits
the validity of SNP-array-based genomewide association studies (GWAS) for this locus [82].

Further genotyping and isoform expression analysis of TPSAB1 and TPSB2 tryptase
genes revealed the three most common genotypes, considered as canonical: 0α:4β (also
named α-tryptase deficiency), 1α:3β and 2α:2β. Individuals with a 2α:2β gene ratio carry
the two α-tryptase copies on opposite alleles (in trans), one being inherited from each
parent. Genotyped DNA from 274 individuals found α-tryptase deficiency in 29% of
individuals and mixed genotypes in 21 (2α:2β) and 50% (1α:3β) [178]. Studying the preva-
lence of α-tryptase deficiency showed that it is quite common and differently distributed
in ethnical groups (most common in Caucasians, less in Asians), while no individuals
lacking β-tryptase have been reported to date. Although the reason for the differential
biological stability of α- and β-tryptase is not entirely clear, these observations are in line
with the notion that α-tryptase exhibits no or minimal (biological) protease activity con-
trasting the multifunctional properties of active β-tryptase. The involvement of β-tryptase
in allergic disorders has further suggested that inherited differences in α-β genotypes
might affect disease susceptibility, severity and response to therapy [178,179].

TPSD1 is the δ-tryptase locus encoding Mast-Cell-Protease 7-LIKE (MCP7-like-I, also
δ-I) and MCP7-like-II (δ-II). The sequences of δ-I and δ-II tryptase differ only at two
nucleotides and one amino acid. The structural similarity of δ- and α/β-tryptase is ap-
proximately 80%, but the protein is truncated and largely catalytically inactive, due to
a premature translation termination codon and less substrate specificity. δ-tryptases were
found in the MCs of the large intestine, lungs and heart [172,180,181]. TPSG1 (also TMT—
transmembrane tryptase) encoding γ-Tryptase I and II has approximately 48% similarity
to α/β-tryptase. Gamma-(γ)-tryptases are transmembrane proteins bound to the plasma
membrane or to the membrane of secretory granules. They have a relatively low expression
rate and quite different substrate specificities [177,182,183].

A number of techniques have been applied to detect and delineate the expression of
common forms and variants of the human tryptase genes, including common sequencing
or PCR technologies at the DNA level. Previous technologies with high resolution melt
curve analysis, Sanger sequencing and Southern blotting after restriction enzyme digestion
provided relative quantitation of TPSAB1 and TPSB2 by chromatogram peak height or
banding sizes. However, there were several limitations in base mapping and interpretation
due to the high homologies of the tryptase genes. Next-generation sequencing (NGS) may
overcome some of these limitations using bioinformatics applications [82]. Nevertheless, re-
strictions remain because accuracy in copy number analysis is highly dependent on primer
design, read depth and read quality. To date, droplet digital PCR (ddPCR) is the most com-
mon, robust and reliable method in the detection of copy number variations in the TPSAB1
gene, and allows the determination of the most allelic genotypes [82,184,185]. TPSAB1
CNV detection by ddPCR allows quantification of the allelic α- and β-tryptase copies
with primers and fluorophore-labelled probes targeting specifically α- and β-tryptase
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sequences. DNA digestion with Bam HI high-fidelity restriction enzyme is required to
achieve separated tandem gene copies for an accurate and optimal copy number measure-
ment. Within the assay, the parallel amplification of a reference gene with a known copy
number status (usually two copies, such as AP3B1) labelled with another fluorophore is
necessary for comparing relative concentrations of the target TPSAB1 and the reference
gene. This allows a conclusion about the TPSAB1 copy number state (α-tryptase and
β-tryptase copies) [82,186].

7. Hereditary Alpha Tryptasemia

In 2014, Lyons J.J. et al. reported severe, unique, allergic phenotypes and elevated
BST levels without any diagnosable evidence of an underlying causative disease in several
families. Clinical presentations and symptoms, such as urticaria, flushing, cramping
abdominal pain, diarrhea and a history of anaphylaxis (food-mediated, insect stings and
idiopathic), were reported to be chronic or episodic, sometimes without a known trigger
or induced by certain triggers, such as exercise, vibration, stress, food, heat or physical
trauma. Because of the similarity to MC mediator-related symptoms in SM affecting
multiple organ systems (e.g., headache, bone pain, nausea, itching, diarrhea, hypotension
and anaphylaxis) and an elevated BST, an underlying MC disease was suspected. However,
further diagnostic investigations revealed that many of the affected patients examined had
no evidence of a clonal MC disease or an MC activation syndrome (MCAS). Interestingly,
the elevated BST levels (mean BST 21.6 ± 1.4 ng/mL), named tryptasemia, and the clinical
symptomatology were found to cluster within families. Therefore, an autosomal dominant
inherited manner was assumed, but a specific cause or an associated biological mechanism
remained unclear until 2016 [141].

In 2016, Lyons J.J. et al. first described hereditary α-tryptasemia (HαT), a biochemical
and genetic trait that is associated with elevated serum tryptase levels. It is caused by
germline copy-number gains (duplications, triplications or more copies) on one single
allele in the TPSAB1 gene encoding α-tryptase (Figure 1) [82]. The authors investigated
35 families (137 individuals) with a frequent occurrence of various clinical manifestations,
including cutaneous flushing, pruritus, urticaria, autonomic dysfunction (including pos-
tural orthostatic tachycardia syndrome and POTS), functional gastrointestinal symptoms
(irritable bowel syndrome, dysmotility and chronic gastroesophageal reflux), pain (chronic
arthralgia, headache and body pain), complaints of sleep disruption, systemic reaction
to stinging insects (e.g., Hymenoptera) and connective tissue abnormalities (joint hyper-
mobility, congenital skeletal abnormalities and retained primary dentition) [82]. A high
normal to slightly elevated BST level (>8 ng/mL) was found in all individuals tested, and
some of these individuals had clearly elevated BST (>20 ng/mL). Exome and genome
sequencing and linkage and segregation analysis did not reveal shared rare or frequent
variants in the affected family members, but identified a single deviation in the human
tryptase locus on chromosome 16p13.3 [82]. Lyons and colleagues performed additional
analysis of the TPSAB1 gene, encoding for tryptase and located within this region, with
an adapted and validated digital droplet PCR (ddPCR) assay, which allowed accurate dif-
ferentiation, detection and direct quantification of copy numbers of the α- and β-tryptase
sequences [82]. TPSAB1 analysis yielded in the identification of increased α-tryptase copy
numbers (αα- two copies or ααα- three copies on one single allele) in individuals with
elevated BST levels (Figure 1) [82]. An overall of 96 of the 137 individuals of the 35 fam-
ilies were identified with inherited mono-allelic extra alpha copies in the TPSAB1 gene,
thus showing an autosomal dominant pattern [82]. Not all of these 96 HαT individuals
showed a clinical phenotype, suggesting additional genetic variants, epigenetic regulations
and co-morbidities being involved [82]. Especially co-morbidities, such as IgE-dependent
or IgE-independent allergies, mastocytosis or immunological disorders may determine
the clinical picture in HαT carriers. In patients with SM and HαT, the serum tryptase
level may be particularly elevated. A gene dose effect was also assumed, since a higher
number of α-tryptase copies could be associated with higher tryptase values and a higher
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prevalence of severe clinical symptoms [82]. This gene–dose effect was later also found by
Sabato et al., who reported that germline TPSAB1 α-quintuplications (five α-copies on one
allele) in a Belgian family were associated with significantly higher BST levels compared to
individuals with duplications or triplications in the TPSAB1 gene [140].
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The examination of additional cohorts of individuals with available BST levels con-
firmed a common occurrence of HαT in the general population. The overall estimated
prevalence of HαT may range between 3 and 8% in the Western world [139,142]. The preva-
lence of HαT with additional TPSAB1 α-tryptase copies was found in 8.2% (8/98) of
the study cohort and in 7.2% (9/125) of the control cohort, determined by exome/genome
sequencing data and TPSAB1 CNV ddPCR [82]. In another recent study of Robey et al., HαT
was identified in 5% (22/423) of individuals in an unselected British birth cohort with a me-
dian BST level of 11.7 ng/mL [187]. In this study, a similar patient number of 5% (204/4283)
of a regional immunological laboratory from the UK, screened for serum tryptase due
to their clinical symptoms, had an elevated BST level equal to or greater than 8 ng/mL
(median of 12.9 ng/mL). The most frequent clinical symptoms of a further 70 patients
diagnosed with HαT were urticaria or angioedema, skin flushing and abdominal symp-
toms, occurring with diverse severity and variable penetrance within two families (1 with
TPSAB1 α-quintuplication and 1 with TPSAB1 α-triplication). The observed differences
in clinical presentation could be influenced by co-morbidities or additional yet unknown
genetic variations. Median BST level of 79% of patients with TPSAB1 α-allele duplication
was 15.2 ng/mL, while in the 21% with α-allele triplication or higher copy number mea-
sures, BST was 22.0 ng/mL, resulting in an overall BST median of 17.0 ng/mL. Members
of the TPSAB1 α-quintuplication family had a median BST level of 40.0 ng/mL [187].

In 2020, Lyons J.J. et al. described a significantly higher prevalence of HαT in patients
with idiopathic anaphylaxis (17–8/47) compared to a HαT prevalence of 5.6% in healthy
individuals (7/125) and in controls with nonatopic disease (5.3%; 21/398). They also found
that increased TPSAB1 α-tryptase copy number gains were associated with an increased
risk for severe Hymenoptera venom-triggered anaphylaxis [188]. In summary, HαT is
represented with a frequency of about 3–8% in the general population, and individuals
with TPSAB1 alpha extra copies have been described with elevated BST levels, but may also
present with BST levels of >8.0 ng/mL but less than 11.4 ng/mL. In particular, additional
TPSAB1 alpha copy numbers resulted in elevated BST levels of 15 ± 5 ng/mL in those
with one extra gene copy number, 24 ± 6 ng/mL in those with two extra gene copies and
37 ± 14 ng/mL in those with four extra copies [189]. Sometimes, BST levels can even
exceed 100 ng/mL in patients with multiple extra tryptase gene copy numbers, which
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is clinically relevant in mastocytosis contexts. The term Hereditary alpha-Tryptasemia
Syndrome (HαTS) has been used for HαT individuals with clinical manifestations and
multisystem complaints of varying severity as described before. However, the plethora
of potential symptoms makes it challenging to differentiate between HαT-associated and
other symptoms [82,187,189].

8. HαT—In Vitro Experiments and Possible Mechanisms of MC (Hyper)Activation

In vitro cultures of primary MCs derived from CD34+ blood cells of individuals with
HαT showed increased TPSAB1 and TPSB2 mRNA levels and more spontaneous tryptase
secretion compared to cultures of control without HαT. In contrast, no differences in cell
growth and morphology, intracellular tryptase protein expression or IgE-mediated degran-
ulation activity were observed. The increased translation and constitutive secretion of
α-pro-tryptase in primary MC cultures were most likely the main causes of elevated BST
levels taking the gene dosage effect into consideration [82]. However, the biological mecha-
nism behind HαT and how elevated BST levels contribute to the associated multisystem
disorder remained unclear at that point, as the biological effect of α-tryptase homotetramers
has been questioned. Mature tryptase tetramers stored in secretory granules of MCs are
formed from monomeric pro-tryptase precursors (α and/or β isoforms) in the presence
of stabilizing heparin and cathepsins. Previous research on tryptase proteins showed that
while β-tryptase homotetramers are active proteases, α-tryptase homotetramers exhibit
negligible or no proteolytic activity [67,68,70,71,76,77,81,83,84,177,190].

A subsequent study by Le et al., investigating tryptase protein complexes in MC
secretory granules, reported the natural formation of 2α- and 2β-tryptase heterotetramers.
These heterotetramers are particularly increased in individuals with HαT and correlate with
higher symptom severity [191]. Moreover, they were described to differ from α/β-tryptase
homotetramers by enhanced proteolytic enzyme activity and functional properties, such
as higher stability. Because these heterotetramers might also influence potential targets,
authors focused on the in-vitro influence on the two proteins EMR2 (EGF-like module-
containing mucin-like hormone receptor-like 2) and PAR2 (protease-activated receptor-2).
EMR2, based on its involvement in hereditary vibratory urticaria, and PAR2, based on its
activation by tryptase and stimulatory effects on neuronal, smooth muscle, endothelial,
and inflammatory cells [191]. EMR2 represents a protein involved in hereditary severe
vibratory urticaria, caused by a germline missense mutation in ADGRE2 (p.C492Y). Muta-
tion dependent altered EMR2α:EMR2β subunit binding leads to easier mechanical force
(vibration) induced cleavage of the subunits and prolonged EMR2β dependent MC degran-
ulation [192]. Incubation of skin MCs only with 2α-2β-tryptase heterotetramers compared
to β-homotetramer exposure led to vibration-triggered MC degranulation by proteolytic
cleavage of the EMR2 subunits [191]. Because urticaria is also a common clinical finding
in HαT patients, they additionally performed experiments with 56 volunteers (35 healthy
and 21 HαT individuals) to investigate response to vibratory cutaneous challenge. Only
individuals with a HαT genotype showed a vibration-induced cutaneous effect [191].

The activation of PAR2 (synonym: F2RL1—F2R-Like-Trypsin-Receptor-1), a cell sur-
face transmembrane receptor expressed by many cell types (e.g., endothelia, neurons,
smooth muscle cells and several immune cells), by tryptase may lead to an increase in the ex-
pression and release of certain mediators and cytokines, such as TNF-α and IL-6. PAR2 is
also a stimulator of diverse physiological processes (vascular smooth muscle relaxation,
dilate blood vessels, increase blood flow and lower blood pressure) and a modulator of
inflammatory response (during infection and in innate and adaptive immunity) [193–195].
In vitro experiments on Jurkat cells showed that heparin-stabilized 2α-2β-tryptase het-
erotetramers, but not β-homotetramers, lead to a dose-dependent PAR2 activation [191].
Authors suggested that these heterotetramer abilities might contribute to some of the symp-
toms described in HαT carriers by the activation of MCs and other cell types and might
also be involved in disease severity [191]. To further investigate the mechanisms underly-
ing the vascular effects of HαT on affected patients, transwell in vitro experiments were
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performed. These experiments revealed that, in contrast to α-β heterotetramers, only
mature tryptase has the ability to promote the PAR2-dependent transmigration of human
umbilical endothelial vein cells in vitro. An attractive hypothesis is that this enhanced
vascular permeability via PAR2 activation plays a role in severe anaphylactic reactions
in patients with HαT [188].

9. HαT in Mast Cell Diseases

Many symptoms attributed to MC activation, such as urticarial or anaphylaxis, were
also reported in individuals with HαT [82,188,189]. Clonal MC diseases may also present
with a wide variety of multiorgan symptoms, some of them overlapping with symptoms
recorded in HαT carriers. These symptoms include pruritus, hypotension, flushing, bone
pain and anaphylaxis. In many cases, an IgE-dependent allergy to Hymenoptera venoms,
food allergens or other allergens is found. Patients with SM who are HαT carriers and
have a concomitant IgE-dependent allergy (e.g., against bee or wasp venom) may be at
a very high risk to develop severe life-threatening anaphylactic episodes. Furthermore,
as an elevated BST to >20 ng/mL is a minor criterion for SM, it may be of interest to
determine from genetic testing of TPSAB1 whether the patient has HαT and whether
HαT may contribute to elevated BST levels. For example, Sabato et al. reported a Bel-
gian family with inherited TPSAB1 α-quintuplications (five mono-allelic α-copies) and
correspondingly high BST levels in 7 out of 15 family members. Only four of the affected
individuals showed gastrointestinal symptoms, including severe abdominal cramping
and diarrhea. In a 22-year-old male with mild hepatosplenomegaly, further investigation
revealed the presence of a somatic KIT D816V mutation in BM cells, although the patient
did not meet criteria for SM. The authors assumed the possibility of a pre-disease phase,
and indicated a relationship of increased TPSAB1 copy numbers and gene–dosage in the de-
velopment and clinical manifestations of clonal MC diseases, such as mastocytosis [140].
The importance of distinguishing between clonal MC disease and HαT, and the diagnostic
impact of genetic testing of TPSAB1 copies in symptomatic patients before an invasive
BM biopsy is considered, was also shown in three individuals of a clinical case report by
Carrigan C. et al. [196].

In our recent study, we evaluated TPSAB1 copy numbers and thus the HαT status
in a larger cohort of mastocytosis patients (180 patients: 16 CM, 118 ISM, 10 SSM, 9 ASM, 3
MCL, 19 SM-AHN and 5 MIS—mastocytosis in the skin) [186]. The results of this study
revealed a high frequency of HαT carriers (17.2%; 31/180) among the mastocytosis patients
tested. This could also be confirmed in 61 additional mastocytosis patients of an indepen-
dent validation cohort (HαT found in 21.3%) [186]. Interestingly, the highest prevalence of
HαT was found in patients with indolent SM (18.8%; 24/128). Mastocytosis patients with
HαT exhibited higher tryptase levels (independent of the MC burden), a significantly lower
KIT D816V allele burden and more severe mediator-related symptoms than patients with-
out HαT [186]. Thus, the presence of HαT might influence the prognostic value of markers
for disease burden, such as BST and KIT D816V allele burden in SM [135,197,198]. Clinically,
it is of particular importance that a strong association between HαT and Hymenoptera
venom hypersensitivity reactions (30%) as well as severe cardiovascular mediator-related
symptoms (anaphylaxis and hypotension; 35.5%) was found in mastocytosis [186]. The con-
trol group’s prevalence of HαT was 4.4% in 180 anonymized sex-matched controls, and
3.9 to 5.0% in 720 patients diagnosed with other myeloid neoplasms (180 AML, 180 MDS,
MDS/MPN, 180 MPN and 180 CML), thus comparable to frequencies in the general Cau-
casian population as already published by other studies [186]. Our results were also
confirmed by an independent study conducted by Lyons J.J. et al. [188]. This study focused
more on the prevalence and impact of HαT in anaphylaxis, and showed a high frequency
of HαT carriers among patients with grade IV (Hymenoptera) venom anaphylaxis and
(severe) idiopathic anaphylaxis when compared to control groups lacking HαT [188].
In a cohort of mastocytosis patients, they also reported a high prevalence of HαT in SM
(12.2%—10/82) and, similar to our study, an increased risk for severe systemic anaphylaxis
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within this group of HαT-positive SM patients. The observed frequency of HαT within two
control groups (5.3–5.6%) was comparable to that observed in the Viennese cohort [188].
Based on these observations, HαT is considered a new biomarker to identify patients at
risk of developing severe anaphylaxis in mastocytosis. Moreover, the determination of
TPSAB1 alpha extra copies is currently discussed as an important biomarker to be included
in risk assessment models and in future diagnostic algorithms in patients with mastocytosis.
Further studies are required to demonstrate how TPSAB1 CNV-based risk prediction can be
incorporated into clinical practice for individualized risk assessment and multiparametric
prognostication models in mastocytosis and other diseases. It remains to be shown whether
mastocytosis patients with HαT benefit from a more intense prophylactic management, or if
TPSAB1 gain could even present a predictive biomarker for specific treatment approaches.

In addition, an adjustment of the diagnostic BST threshold levels (determining SM
criteria and B-findings) in mastocytosis in light of HαT-mediated increases in BST might be
considered in the future [186]. Giannetti et al. recently described unique BM MC pheno-
types and discrete histopathological changes in patients with MC activation symptoms and
elevated BST, some of them diagnosed with HαT [199]. The MCs in these patients were
atypical, larger, hypogranular and showed abnormal paratrabecular and/or perivascular
localization, as well as associated eosinophilia. From their data, they assumed that HαT
might be associated with intrinsic MC abnormalities that may contribute to or predis-
pose for the development of SM and predispose to MC activation and MCAS at the same
time [199]. To elucidate the mechanistic link between the high prevalence of HαT and mas-
tocytosis requires forthcoming studies. Extra tryptase (variants) might stimulate mitogenic
activity not only on cells of the BM microenvironment but also on hematopoietic stem cells,
triggering the development of SM. To identify autocrine/paracrine effects of tryptase on
these cells, further studies need to include in vitro experiments with KIT D816V+ mast cell
lines, cultured cord-blood cell-derived mast cells, induced pluripotent stem cells derived
from KIT D816V+ HαT+ mastocytosis patients and primary patient samples as well in vivo
experiments with murine xenotransplant models.

10. Therapeutic Approaches in HαT-Mediated (Co-Triggered) Pathologies

First, it is of the utmost importance to state that the HαT carrier status or HαT itself
is neither disease initiating nor an indication for the treatment of patients. Thus, in indi-
viduals with HαT that do not suffer from an allergy, MCAS or another disease producing
MC activation, no treatment is required. In patients with symptoms of MC activation,
treatment strategies to manage MC activation are applied according to general and local
recommendations for treatment of the underlying disorders (allergy/anaphylaxis or MCAS
or mastocytosis with symptoms CMSY/SMSY). In the long-term management of (severe)
allergy and anaphylaxis, the European Competence Network on Mastocytosis (ECNM)
and the World Allergy Organization (WAO 2020 guidelines) recommend the identification
of triggers, the avoidance of any triggering factors and the prevention of recurrence by
drug therapy or allergen immunotherapy and/or desensitization, as well as a personalized
anaphylaxis emergency action plan with the use of epinephrine in emergency situations
(e.g., epi-pen) after detailed instructions [155,160,170,200,201]. Currently, no data are avail-
able on whether the presence of HαT influences the response of individuals to specific
medications or immunotherapy. However, severe allergic reactions and anaphylaxis are
frequently observed in allergic patients with HαT and especially in mastocytosis patients
with HαT, and many of these patients may develop severe reactions or even MCAS. There-
fore, a personalized anaphylaxis emergency action plan is of particular importance in these
patients [170,186,200].

In addition to these general approaches, the first results of more specific treatment
approaches have been described. The role of omalizumab, a monoclonal anti-IgE antibody
that binds to free IgE and reduces the expression of FcεRI on MCs and basophils, was
discussed in the management of selected individuals with HαT who suffer from severe, IgE-
dependent, allergies or secondary (IgE-mediated) MCAS. A comprehensive retrospective
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multicenter study led in 2020 by Mendoza Alvarez et al. investigated treatment response
to omalizumab in a small cohort of 13 HαT patients (eight with 3α:2β, two with 2α:3β and
three with 4α:2β) [202]. The aims were to compare the patient´s symptoms before and after
treatment, to find out which symptoms are mainly caused by HαT and are potentially asso-
ciated with an increase in heterotetrameric tryptase in MCs. After a median time of eight
weeks, 12 of 13 patients experienced an improvement in nearly half of the reported clinical
symptoms, especially urticaria, nausea, flushing, fatigue and abdominal pain, although
individual responses were quite variable [202]. In contrast, symptoms such as autonomic
dysfunction, palpitations, diarrhea or joint hypermobility showed no improvement [202].
Recently, Maun HR et al. generated a noncompetitive inhibitory antibody that binds to
human α- and β-tryptases, and potently inhibits active β-tryptases in vitro by the disso-
ciation of active tetramers into inactive monomers. Furthermore, anti-tryptase reduced
IgE-induced systemic anaphylaxis responses in a humanized mouse model providing
a scientific rationale for testing anti-tryptase clinically [203]. The blocking of tryptase
might also improve the quality of life in other MC-mediated diseases, including HαT
and mastocytosis. Those patients might benefit from tryptase inhibition that can lead to
a lower frequency and/or severity of tryptase-induced symptoms. Furthermore, disease
course might be modified by abolishing tryptase stimulated autocrine/paracrine signaling
loops between MC, cells of the BM microenvironment or mesenchymal cells. In principle,
such antibodies may represent a therapeutic option in HαT patients, because these agents
can also inhibit α/β-tryptase heterotetramers, as they bind not only β- but also α- and
β-isoforms [203]. However, no clinical data of the effects of anti-tryptase antibodies on
patients with HαT are available to date.

11. Concluding Remarks and Future Perspectives

The discovery of HαT has been crucial for our understanding of tryptase genetics
and the mechanism of regulation of tryptase expression and secretion in health and dis-
ease. Clinically, HαT represents a highly relevant risk factor for severe mediator-induced
symptoms, such as anaphylaxis, in patients with hypersensitivity disorders, including
IgE-dependent allergies and patients with mastocytosis. Therefore, the TPSAB1 status
should be considered as a new predictive biomarker in these patients and should be in-
cluded in routine diagnostic algorithms and future clinical studies. Furthermore, HαT is
an important differential diagnosis for individuals presenting with a slightly elevated BST
and no signs or symptoms indicative of SM or a hematologic non-MC neoplasm. Further
studies are needed to elucidate if and how HαT directly contributes to the pathogenesis of
MC activation and primary MC diseases. Finally, a detailed mechanistic understanding
of HαT may contribute to the development of new specific therapeutic approaches for
patients with MC disorders.

Author Contributions: G.H. and P.V. designed the study, B.S. prepared the manuscript, and G.G.
prepared the figure. B.S., G.G., G.U., M.A., T.H., W.R.S., P.V. and G.H. contributed by drafting parts
of the manuscript. All authors have read and agreed to the published version of the manuscript.

Funding: This study was supported by the Austria Science Fund (FWF) project P26079-B13, P32470-B,
the SFB projects F4701-B20 and F4704-B20, and the Medical-Scientific Fund of the Mayor of Vienna.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest related to this study. Outside of
this study, G.G. and G.H. received honoraria from Novartis. P.V. served as a consultant in a global
Novartis trial investigating the effects of midostaurin in patients with advanced systemic mastocytosis
and received honoraria and research grants from Novartis, Blueprint, Pfizer, Ariad, Incyte, Celgene,
and Deciphera. W.R.S. received honoraria from Novartis. G.U. received honoraria and grants from
Ariad, Astellas, AstraZeneca, Incyte, Novartis, and Pfizer. The funders had no role in the design of



Int. J. Mol. Sci. 2021, 22, 2458 15 of 22

the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

References
1. Ehrlich, P. Beiträge zur kenntniss der granulirten bindegewebszellen und der eosinophilen leukocythen. Arch. Anat. Physiol. 1879,

3, 166–169.
2. Ehrlich, P. Beiträge zur kenntniss der anilinfärbungen und ihrer verwendung in der mikroskopischen technik. Arch. Mikr. Anat.

1877, 13, 263–278. [CrossRef]
3. Valent, P.; Akin, C.; Hartmann, K.; Nilsson, G.; Reiter, A.; Hermine, O.; Sotlar, K.; Sperr, W.R.; Escribano, L.; George, T.I.; et al. Mast

cells as a unique hematopoietic lineage and cell system: From Paul Ehrlich’s visions to precision medicine concepts. Theranostics
2020, 10, 10743–10768. [CrossRef] [PubMed]

4. Metcalfe, D.D.; Baram, D.; Mekori, Y.A. Mast cells. Physiol. Rev. 1997, 77, 1033–1079. [CrossRef]
5. Galli, S.J. New concepts about the mast cell. N. Engl. J. Med. 1993, 328, 257–265. [CrossRef]
6. Kirshenbaum, A.S.; Goff, J.P.; Semere, T.; Foster, B.; Scott, L.M.; Metcalfe, D.D. Demonstration that human mast cells arise

from a progenitor cell population that is CD34(+), c-kit(+), and expresses aminopeptidase N (CD13). Blood 1999, 94, 2333–2342.
[CrossRef]

7. Valent, P. The riddle of the mast cell: Kit (CD117)-ligand as the missing link? Immunol. Today 1994, 15, 111–114. [CrossRef]
8. Galli, S.J.; Tsai, M.; Wershil, B.K. The c-kit receptor, stem cell factor, and mast cells. What each is teaching us about the others. Am.

J. Pathol. 1993, 142, 965–974.
9. Valent, P.; Spanblochl, E.; Sperr, W.R.; Sillaber, C.; Zsebo, K.M.; Agis, H.; Strobl, H.; Geissler, K.; Bettelheim, P.; Lechner, K.

Induction of differentiation of human mast cells from bone marrow and peripheral blood mononuclear cells by recombinant
human stem cell factor/kit-ligand in long-term culture. Blood 1992, 80, 2237–2245. [CrossRef] [PubMed]

10. Kirshenbaum, A.S.; Kessler, S.W.; Goff, J.P.; Metcalfe, D.D. Demonstration of the origin of human mast cells from CD34+ bone
marrow progenitor cells. J. Immunol. 1991, 146, 1410–1415.

11. Toru, H.; Eguchi, M.; Matsumoto, R.; Yanagida, M.; Yata, J.; Nakahata, T. Interleukin-4 promotes the development of tryptase and
chymase double-positive human mast cells accompanied by cell maturation. Blood 1998, 91, 187–195. [CrossRef] [PubMed]

12. Yanagida, M.; Fukamachi, H.; Takei, M.; Hagiwara, T.; Uzumaki, H.; Tokiwa, T.; Saito, H.; Iikura, Y.; Nakahata, T. Interferon-
gamma promotes the survival and Fc epsilon RI-mediated histamine release in cultured human mast cells. Immunology 1996, 89,
547–552. [CrossRef] [PubMed]

13. Yanagida, M.; Fukamachi, H.; Ohgami, K.; Kuwaki, T.; Ishii, H.; Uzumaki, H.; Amano, K.; Tokiwa, T.; Mitsui, H.; Saito, H.; et al.
Effects of T-helper 2-type cytokines, interleukin-3 (IL-3), IL-4, IL-5, and IL-6 on the survival of cultured human mast cells. Blood
1995, 86, 3705–3714. [CrossRef]

14. Theoharides, T.C.; Valent, P.; Akin, C. Mast Cells, Mastocytosis, and Related Disorders. N. Engl. J. Med. 2015, 373, 163–172.
[CrossRef]

15. Galli, S.J. New insights into “the riddle of the mast cells”: Microenvironmental regulation of mast cell development and
phenotypic heterogeneity. Lab. Invest. 1990, 62, 5–33. [PubMed]

16. Galli, S.J.; Tsai, M. IgE and mast cells in allergic disease. Nat. Med. 2012, 18, 693–704. [CrossRef]
17. Metcalfe, D.D. Mast cells and mastocytosis. Blood 2008, 112, 946–956. [CrossRef]
18. Tsai, M.; Takeishi, T.; Thompson, H.; Langley, K.E.; Zsebo, K.M.; Metcalfe, D.D.; Geissler, E.N.; Galli, S.J. Induction of mast cell

proliferation, maturation, and heparin synthesis by the rat c-kit ligand, stem cell factor. Proc. Natl. Acad. Sci. USA 1991, 88,
6382–6386. [CrossRef]

19. Tsai, M.; Shih, L.S.; Newlands, G.F.; Takeishi, T.; Langley, K.E.; Zsebo, K.M.; Miller, H.R.; Geissler, E.N.; Galli, S.J. The rat c-kit
ligand, stem cell factor, induces the development of connective tissue-type and mucosal mast cells in vivo. Analysis by anatomical
distribution, histochemistry, and protease phenotype. J. Exp. Med. 1991, 174, 125–131. [CrossRef]

20. Castells, M. Mast cell mediators in allergic inflammation and mastocytosis. Immunol. Allergy Clin. North Am. 2006, 26, 465–485.
[CrossRef]

21. Artuc, M.; Hermes, B.; Steckelings, U.M.; Grutzkau, A.; Henz, B.M. Mast cells and their mediators in cutaneous wound
healing–active participants or innocent bystanders? Exp. Dermatol. 1999, 8, 1–16. [CrossRef]

22. Wodnar-Filipowicz, A.; Heusser, C.H.; Moroni, C. Production of the haemopoietic growth factors GM-CSF and interleukin-3 by
mast cells in response to IgE receptor-mediated activation. Nature 1989, 339, 150–152. [CrossRef] [PubMed]

23. Fodinger, M.; Fritsch, G.; Winkler, K.; Emminger, W.; Mitterbauer, G.; Gadner, H.; Valent, P.; Mannhalter, C. Origin of human mast
cells: Development from transplanted hematopoietic stem cells after allogeneic bone marrow transplantation. Blood 1994, 84,
2954–2959. [CrossRef]

24. Paolino, G.; Corsetti, P.; Moliterni, E.; Corsetti, S.; Didona, D.; Albanesi, M.; Mattozzi, C.; Lido, P.; Calvieri, S. Mast cells and
cancer. G Ital. Dermatol. Venereol. 2019, 154, 650–668. [CrossRef]

25. Cardamone, C.; Parente, R.; Feo, G.D.; Triggiani, M. Mast cells as effector cells of innate immunity and regulators of adaptive
immunity. Immunol. Lett. 2016, 178, 10–14. [CrossRef]

26. Wulff, B.C.; Wilgus, T.A. Mast cell activity in the healing wound: More than meets the eye? Exp. Dermatol. 2013, 22, 507–510.
[CrossRef]

http://doi.org/10.1007/BF02933937
http://doi.org/10.7150/thno.46719
http://www.ncbi.nlm.nih.gov/pubmed/32929378
http://doi.org/10.1152/physrev.1997.77.4.1033
http://doi.org/10.1016/0091-6749(94)90322-0
http://doi.org/10.1182/blood.V94.7.2333.419k30_2333_2342
http://doi.org/10.1016/0167-5699(94)90153-8
http://doi.org/10.1182/blood.V80.9.2237.2237
http://www.ncbi.nlm.nih.gov/pubmed/1384799
http://doi.org/10.1182/blood.V91.1.187
http://www.ncbi.nlm.nih.gov/pubmed/9414284
http://doi.org/10.1046/j.1365-2567.1996.d01-768.x
http://www.ncbi.nlm.nih.gov/pubmed/9014819
http://doi.org/10.1182/blood.V86.10.3705.bloodjournal86103705
http://doi.org/10.1056/NEJMra1409760
http://www.ncbi.nlm.nih.gov/pubmed/2404155
http://doi.org/10.1038/nm.2755
http://doi.org/10.1182/blood-2007-11-078097
http://doi.org/10.1073/pnas.88.14.6382
http://doi.org/10.1084/jem.174.1.125
http://doi.org/10.1016/j.iac.2006.05.005
http://doi.org/10.1111/j.1600-0625.1999.tb00342.x
http://doi.org/10.1038/339150a0
http://www.ncbi.nlm.nih.gov/pubmed/2524008
http://doi.org/10.1182/blood.V84.9.2954.2954
http://doi.org/10.23736/S0392-0488.17.05818-7
http://doi.org/10.1016/j.imlet.2016.07.003
http://doi.org/10.1111/exd.12169


Int. J. Mol. Sci. 2021, 22, 2458 16 of 22

27. Tete, S.; Tripodi, D.; Rosati, M.; Conti, F.; Maccauro, G.; Saggini, A.; Salini, V.; Cianchetti, E.; Caraffa, A.; Antinolfi, P.; et al. Role of
mast cells in innate and adaptive immunity. J. Biol. Regul. Homeost. Agents 2012, 26, 193–201.

28. Ribatti, D.; Crivellato, E. Mast cells, angiogenesis, and tumour growth. Biochim. Biophys. Acta 2012, 1822, 2–8. [CrossRef]
29. Kunder, C.A.; St John, A.L.; Abraham, S.N. Mast cell modulation of the vascular and lymphatic endothelium. Blood 2011, 118,

5383–5393. [CrossRef]
30. Galli, S.J.; Tsai, M. Mast cells in allergy and infection: Versatile effector and regulatory cells in innate and adaptive immunity. Eur.

J. Immunol. 2010, 40, 1843–1851. [CrossRef]
31. Metz, M.; Maurer, M. Mast cells—Key effector cells in immune responses. Trends Immunol. 2007, 28, 234–241. [CrossRef]
32. Greiner, G.; Witzeneder, N.; Berger, A.; Schmetterer, K.; Eisenwort, G.; Schiefer, A.I.; Roos, S.; Popow-Kraupp, T.; Mullauer, L.;

Zuber, J.; et al. CCL2 is a KIT D816V-dependent modulator of the bone marrow microenvironment in systemic mastocytosis.
Blood 2017, 129, 371–382. [CrossRef]

33. Valent, P.; Akin, C.; Metcalfe, D.D. Mastocytosis: 2016 updated WHO classification and novel emerging treatment concepts. Blood
2017, 129, 1420–1427. [CrossRef]

34. Horny, H.P.A.C.; Arber, D. Mastocytosis. In World Health Organization (WHO) Classification of Tumours of Haematopoietic and
Lymphoid Tissues; Swerdlow, S.H., Campo, E., Harris, N.L., Eds.; IARC: Lyon, France, 2017.

35. Xu, Y.; Chen, G. Mast cell and autoimmune diseases. Mediat. Inflamm. 2015, 2015, 246126. [CrossRef]
36. Brown, M.A.; Hatfield, J.K. Mast cells are important modifiers of autoimmune disease: With so much evidence, why is there still

controversy? Front. Immunol. 2012, 3, 147. [CrossRef]
37. Metcalfe, D.D.; Peavy, R.D.; Gilfillan, A.M. Mechanisms of mast cell signaling in anaphylaxis. J. Allergy Clin. Immunol. 2009, 124,

639–646. [CrossRef]
38. Brown, J.M.; Wilson, T.M.; Metcalfe, D.D. The mast cell and allergic diseases: Role in pathogenesis and implications for therapy.

Clin. Exp. Allergy 2008, 38, 4–18. [CrossRef]
39. Bradding, P.; Walls, A.F.; Holgate, S.T. The role of the mast cell in the pathophysiology of asthma. J. Allergy Clin. Immunol. 2006,

117, 1277–1284. [CrossRef]
40. Glenner, G.G.; Cohen, L.A. Histochemical demonstration of a species-specific trypsin-like enzyme in mast cells. Nature 1960, 185,

846–847. [CrossRef]
41. Benditt, E.P.; Arase, M. An enzyme in mast cells with properties like chymotrypsin. J. Exp. Med. 1959, 110, 451–460. [CrossRef]
42. Benditt, E.P.; Arase, M. Enzyme kinetics in a histochemical system. J. Histochem. Cytochem. 1958, 6, 431–434. [CrossRef]
43. Gomori, G. Chloroacyl esters as histochemical substrates. J. Histochem. Cytochem. 1953, 1, 469–470. [CrossRef]
44. Schwartz, L.B.; Irani, A.M.; Roller, K.; Castells, M.C.; Schechter, N.M. Quantitation of histamine, tryptase, and chymase

in dispersed human T and TC mast cells. J. Immunol. 1987, 138, 2611–2615.
45. Schwartz, L.B.; Lewis, R.A.; Austen, K.F. Tryptase from human pulmonary mast cells. Purification and characterization. J. Biol.

Chem. 1981, 256, 11939–11943. [CrossRef]
46. Foster, B.; Schwartz, L.B.; Devouassoux, G.; Metcalfe, D.D.; Prussin, C. Characterization of mast-cell tryptase-expressing

peripheral blood cells as basophils. J. Allergy Clin. Immunol. 2002, 109, 287–293. [CrossRef] [PubMed]
47. Castells, M.C.; Irani, A.M.; Schwartz, L.B. Evaluation of human peripheral blood leukocytes for mast cell tryptase. J. Immunol.

1987, 138, 2184–2189. [PubMed]
48. Schwartz, L.B.; Lewis, R.A.; Seldin, D.; Austen, K.F. Acid hydrolases and tryptase from secretory granules of dispersed human

lung mast cells. J. Immunol. 1981, 126, 1290–1294.
49. Schwartz, L.B.; Austen, K.F. Enzymes of the mast cell granule. J. Invest. Dermatol. 1980, 74, 349–353. [CrossRef] [PubMed]
50. Huang, C.; Wong, G.W.; Ghildyal, N.; Gurish, M.F.; Sali, A.; Matsumoto, R.; Qiu, W.T.; Stevens, R.L. The tryptase, mouse mast

cell protease 7, exhibits anticoagulant activity in vivo and in vitro due to its ability to degrade fibrinogen in the presence of
the diverse array of protease inhibitors in plasma. J. Biol. Chem. 1997, 272, 31885–31893. [CrossRef] [PubMed]

51. Schwartz, L.B.; Bradford, T.R.; Littman, B.H.; Wintroub, B.U. The fibrinogenolytic activity of purified tryptase from human lung
mast cells. J. Immunol. 1985, 135, 2762–2767.

52. Kaminska, R.; Helisalmi, P.; Harvima, R.J.; Naukkarinen, A.; Horsmanheimo, M.; Harvima, I.T. Focal dermal-epidermal separation
and fibronectin cleavage in basement membrane by human mast cell tryptase. J. Invest. Dermatol. 1999, 113, 567–573. [CrossRef]

53. Lohi, J.; Harvima, I.; Keski-Oja, J. Pericellular substrates of human mast cell tryptase: 72,000 dalton gelatinase and fibronectin. J.
Cell Biochem. 1992, 50, 337–349. [CrossRef]

54. Kielty, C.M.; Lees, M.; Shuttleworth, C.A.; Woolley, D. Catabolism of intact type VI collagen microfibrils: Susceptibility to
degradation by serine proteinases. Biochem. Biophys. Res. Commun. 1993, 191, 1230–1236. [CrossRef]

55. Lee, M.; Sommerhoff, C.P.; von Eckardstein, A.; Zettl, F.; Fritz, H.; Kovanen, P.T. Mast cell tryptase degrades HDL and blocks its
function as an acceptor of cellular cholesterol. Arterioscler. Thromb. Vasc. Biol. 2002, 22, 2086–2091. [CrossRef]

56. Sonneck, K.; Florian, S.; Bohm, A.; Krauth, M.T.; Kondo, R.; Hauswirth, A.W.; Gleixner, K.V.; Aichberger, K.J.; Derdak, S.; Pickl,
W.F.; et al. Evaluation of biologic activity of tryptase secreted from blast cells in acute myeloid leukemia. Leuk. Lymphoma 2006, 47,
897–906. [CrossRef]

57. Ruoss, S.J.; Hartmann, T.; Caughey, G.H. Mast cell tryptase is a mitogen for cultured fibroblasts. J. Clin. Invest. 1991, 88, 493–499.
[CrossRef]

http://doi.org/10.1016/j.bbadis.2010.11.010
http://doi.org/10.1182/blood-2011-07-358432
http://doi.org/10.1002/eji.201040559
http://doi.org/10.1016/j.it.2007.03.003
http://doi.org/10.1182/blood-2016-09-739003
http://doi.org/10.1182/blood-2016-09-731893
http://doi.org/10.1155/2015/246126
http://doi.org/10.3389/fimmu.2012.00147
http://doi.org/10.1016/j.jaci.2009.08.035
http://doi.org/10.1111/j.1365-2222.2007.02886.x
http://doi.org/10.1016/j.jaci.2006.02.039
http://doi.org/10.1038/185846a0
http://doi.org/10.1084/jem.110.3.451
http://doi.org/10.1177/6.6.431
http://doi.org/10.1177/1.6.469
http://doi.org/10.1016/S0021-9258(19)68496-6
http://doi.org/10.1067/mai.2002.121454
http://www.ncbi.nlm.nih.gov/pubmed/11842299
http://www.ncbi.nlm.nih.gov/pubmed/3549898
http://doi.org/10.1111/1523-1747.ep12543620
http://www.ncbi.nlm.nih.gov/pubmed/6771334
http://doi.org/10.1074/jbc.272.50.31885
http://www.ncbi.nlm.nih.gov/pubmed/9395536
http://doi.org/10.1046/j.1523-1747.1999.00738.x
http://doi.org/10.1002/jcb.240500402
http://doi.org/10.1006/bbrc.1993.1349
http://doi.org/10.1161/01.ATV.0000041405.07367.B5
http://doi.org/10.1080/10428190500513652
http://doi.org/10.1172/JCI115330


Int. J. Mol. Sci. 2021, 22, 2458 17 of 22

58. Bagher, M.; Larsson-Callerfelt, A.K.; Rosmark, O.; Hallgren, O.; Bjermer, L.; Westergren-Thorsson, G. Mast cells and mast cell
tryptase enhance migration of human lung fibroblasts through protease-activated receptor 2. Cell Commun. Signal 2018, 16, 59.
[CrossRef]

59. Desai, A.; Jung, M.Y.; Olivera, A.; Gilfillan, A.M.; Prussin, C.; Kirshenbaum, A.S.; Beaven, M.A.; Metcalfe, D.D. 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, 1863–1871. [CrossRef]

60. Malamud, V.; Vaaknin, A.; Abramsky, O.; Mor, M.; Burgess, L.E.; Ben-Yehudah, A.; Lorberboum-Galski, H. Tryptase activates
peripheral blood mononuclear cells causing the synthesis and release of TNF-alpha, IL-6 and IL-1 beta: Possible relevance to
multiple sclerosis. J. Neuroimmunol. 2003, 138, 115–122. [CrossRef]

61. Compton, S.J.; Cairns, J.A.; Holgate, S.T.; Walls, A.F. The role of mast cell tryptase in regulating endothelial cell proliferation,
cytokine release, and adhesion molecule expression: Tryptase induces expression of mRNA for IL-1 beta and IL-8 and stimulates
the selective release of IL-8 from human umbilical vein endothelial cells. J. Immunol. 1998, 161, 1939–1946. [PubMed]

62. Cairns, J.A.; Walls, A.F. Mast cell tryptase is a mitogen for epithelial cells. Stimulation of IL-8 production and intercellular
adhesion molecule-1 expression. J. Immunol. 1996, 156, 275–283.

63. Margulis, A.; Nocka, K.H.; Brennan, A.M.; Deng, B.; Fleming, M.; Goldman, S.J.; Kasaian, M.T. Mast cell-dependent contraction of
human airway smooth muscle cell-containing collagen gels: Influence of cytokines, matrix metalloproteases, and serine proteases.
J. Immunol. 2009, 183, 1739–1750. [CrossRef]

64. Kauhanen, P.; Kovanen, P.T.; Reunala, T.; Lassila, R. Effects of skin mast cells on bleeding time and coagulation activation at
the site of platelet plug formation. Thromb. Haemost. 1998, 79, 843–847. [CrossRef]

65. Cairns, J.A. Mast cell tryptase and its role in tissue remodelling. Clin. Exp. Allergy 1998, 28, 1460–1463. [CrossRef] [PubMed]
66. Hallgren, J.; Pejler, G. Biology of mast cell tryptase. An inflammatory mediator. FEBS J. 2006, 273, 1871–1895. [CrossRef] [PubMed]
67. Harris, J.L.; Niles, A.; Burdick, K.; Maffitt, M.; Backes, B.J.; Ellman, J.A.; Kuntz, I.; Haak-Frendscho, M.; Craik, C.S. Definition

of the extended substrate specificity determinants for beta-tryptases I and II. J. Biol. Chem. 2001, 276, 34941–34947. [CrossRef]
[PubMed]

68. Schwartz, L.B.; Min, H.K.; Ren, S.; Xia, H.Z.; Hu, J.; Zhao, W.; Moxley, G.; Fukuoka, Y. Tryptase precursors are preferentially and
spontaneously released, whereas mature tryptase is retained by HMC-1 cells, Mono-Mac-6 cells, and human skin-derived mast
cells. J. Immunol. 2003, 170, 5667–5673. [CrossRef]

69. Schwartz, L.B.; Sakai, K.; Bradford, T.R.; Ren, S.; Zweiman, B.; Worobec, A.S.; Metcalfe, D.D. The alpha form of human tryptase is
the predominant type present in blood at baseline in normal subjects and is elevated in those with systemic mastocytosis. J. Clin.
Invest. 1995, 96, 2702–2710. [CrossRef] [PubMed]

70. Pereira, P.J.; Bergner, A.; Macedo-Ribeiro, S.; Huber, R.; Matschiner, G.; Fritz, H.; Sommerhoff, C.P.; Bode, W. Human beta-tryptase
is a ring-like tetramer with active sites facing a central pore. Nature 1998, 392, 306–311. [CrossRef]

71. Maun, H.R.; Liu, P.S.; Franke, Y.; Eigenbrot, C.; Forrest, W.F.; Schwartz, L.B.; Lazarus, R.A. Dual functionality of beta-tryptase
protomers as both proteases and cofactors in the active tetramer. J. Biol. Chem. 2018, 293, 9614–9628. [CrossRef]

72. Hallgren, J.; Lindahl, S.; Pejler, G. Structural requirements and mechanism for heparin-dependent activation and tetramerization
of human betaI- and betaII-tryptase. J. Mol. Biol. 2005, 345, 129–139. [CrossRef]

73. Hallgren, J.; Spillmann, D.; Pejler, G. Structural requirements and mechanism for heparin-induced activation of a recombinant
mouse mast cell tryptase, mouse mast cell protease-6: Formation of active tryptase monomers in the presence of low molecular
weight heparin. J. Biol. Chem. 2001, 276, 42774–42781. [CrossRef] [PubMed]

74. Hallgren, J.; Karlson, U.; Poorafshar, M.; Hellman, L.; Pejler, G. Mechanism for activation of mouse mast cell tryptase: Dependence
on heparin and acidic pH for formation of active tetramers of mouse mast cell protease 6. Biochemistry 2000, 39, 13068–13077.
[CrossRef]

75. Ren, S.; Sakai, K.; Schwartz, L.B. Regulation of human mast cell beta-tryptase: Conversion of inactive monomer to active tetramer
at acid pH. J. Immunol. 1998, 160, 4561–4569. [PubMed]

76. Sakai, K.; Ren, S.; Schwartz, L.B. A novel heparin-dependent processing pathway for human tryptase. Autocatalysis followed by
activation with dipeptidyl peptidase I. J. Clin. Invest. 1996, 97, 988–995. [CrossRef] [PubMed]

77. Schwartz, L.B.; Bradford, T.R. Regulation of tryptase from human lung mast cells by heparin. Stabilization of the active tetramer.
J. Biol. Chem. 1986, 261, 7372–7379. [CrossRef]

78. Wolters, P.J.; Pham, C.T.; Muilenburg, D.J.; Ley, T.J.; Caughey, G.H. Dipeptidyl peptidase I is essential for activation of mast cell
chymases, but not tryptases, in mice. J. Biol. Chem. 2001, 276, 18551–18556. [CrossRef]

79. Le, Q.T.; Min, H.K.; Xia, H.Z.; Fukuoka, Y.; Katunuma, N.; Schwartz, L.B. Promiscuous processing of human alphabeta-
protryptases by cathepsins L., B., and C. J. Immunol. 2011, 186, 7136–7143. [CrossRef]

80. Le, Q.T.; Gomez, G.; Zhao, W.; Hu, J.; Xia, H.Z.; Fukuoka, Y.; Katunuma, N.; Schwartz, L.B. Processing of human protryptase
in mast cells involves cathepsins L., B., and C. J. Immunol. 2011, 187, 1912–1918. [CrossRef] [PubMed]

81. Selwood, T.; Wang, Z.M.; McCaslin, D.R.; Schechter, N.M. Diverse stability and catalytic properties of human tryptase alpha and
beta isoforms are mediated by residue differences at the S1 pocket. Biochemistry 2002, 41, 3329–3340. [CrossRef] [PubMed]

82. Lyons, J.J.; Yu, X.; Hughes, J.D.; Le, Q.T.; Jamil, A.; Bai, Y.; Ho, N.; Zhao, M.; Liu, Y.; O’Connell, M.P.; et al. Elevated basal serum
tryptase identifies a multisystem disorder associated with increased TPSAB1 copy number. Nat. Genet. 2016, 48, 1564–1569.
[CrossRef] [PubMed]

http://doi.org/10.1186/s12964-018-0269-3
http://doi.org/10.1016/j.jaci.2015.09.059
http://doi.org/10.1016/S0165-5728(03)00090-0
http://www.ncbi.nlm.nih.gov/pubmed/9712064
http://doi.org/10.4049/jimmunol.0803951
http://doi.org/10.1055/s-0037-1615075
http://doi.org/10.1046/j.1365-2222.1998.00467.x
http://www.ncbi.nlm.nih.gov/pubmed/10024215
http://doi.org/10.1111/j.1742-4658.2006.05211.x
http://www.ncbi.nlm.nih.gov/pubmed/16640553
http://doi.org/10.1074/jbc.M102997200
http://www.ncbi.nlm.nih.gov/pubmed/11438529
http://doi.org/10.4049/jimmunol.170.11.5667
http://doi.org/10.1172/JCI118337
http://www.ncbi.nlm.nih.gov/pubmed/8675637
http://doi.org/10.1038/32703
http://doi.org/10.1074/jbc.M117.812016
http://doi.org/10.1016/j.jmb.2004.10.029
http://doi.org/10.1074/jbc.M105531200
http://www.ncbi.nlm.nih.gov/pubmed/11533057
http://doi.org/10.1021/bi000973b
http://www.ncbi.nlm.nih.gov/pubmed/9574563
http://doi.org/10.1172/JCI118523
http://www.ncbi.nlm.nih.gov/pubmed/8613553
http://doi.org/10.1016/S0021-9258(17)38401-6
http://doi.org/10.1074/jbc.M100223200
http://doi.org/10.4049/jimmunol.1001804
http://doi.org/10.4049/jimmunol.1001806
http://www.ncbi.nlm.nih.gov/pubmed/21742978
http://doi.org/10.1021/bi015662v
http://www.ncbi.nlm.nih.gov/pubmed/11876641
http://doi.org/10.1038/ng.3696
http://www.ncbi.nlm.nih.gov/pubmed/27749843


Int. J. Mol. Sci. 2021, 22, 2458 18 of 22

83. Marquardt, U.; Zettl, F.; Huber, R.; Bode, W.; Sommerhoff, C. The crystal structure of human alpha1-tryptase reveals a blocked
substrate-binding region. J. Mol. Biol. 2002, 321, 491–502. [CrossRef]

84. Huang, C.; Li, L.; Krilis, S.A.; Chanasyk, K.; Tang, Y.; Li, Z.; Hunt, J.E.; Stevens, R.L. Human tryptases alpha and beta/II are
functionally distinct due, in part, to a single amino acid difference in one of the surface loops that forms the substrate-binding
cleft. J. Biol. Chem. 1999, 274, 19670–19676. [CrossRef] [PubMed]

85. Maaninka, K.; Lappalainen, J.; Kovanen, P.T. Human mast cells arise from a common circulating progenitor. J. Allergy Clin.
Immunol. 2013, 132, 463–469. [CrossRef] [PubMed]

86. Nilsson, G.; Butterfield, J.H.; Nilsson, K.; Siegbahn, A. Stem cell factor is a chemotactic factor for human mast cells. J. Immunol.
1994, 153, 3717–3723.

87. Agis, H.; Willheim, M.; Sperr, W.R.; Wilfing, A.; Kromer, E.; Kabrna, E.; Spanblochl, E.; Strobl, H.; Geissler, K.; Spittler, A.; et al.
Monocytes do not make mast cells when cultured in the presence of SCF. Characterization of the circulating mast cell progenitor
as a c-kit+, CD34+, Ly-, CD14-, CD17-, colony-forming cell. J. Immunol. 1993, 151, 4221–4227. [PubMed]

88. Kirshenbaum, A.S.; Goff, J.P.; Kessler, S.W.; Mican, J.M.; Zsebo, K.M.; Metcalfe, D.D. Effect of IL-3 and stem cell factor on
the appearance of human basophils and mast cells from CD34+ pluripotent progenitor cells. J. Immunol. 1992, 148, 772–777.
[PubMed]

89. Jarboe, D.L.; Marshall, J.S.; Randolph, T.R.; Kukolja, A.; Huff, T.F. The mast cell-committed progenitor. I. Description of a cell
capable of IL-3-independent proliferation and differentiation without contact with fibroblasts. J. Immunol. 1989, 142, 2405–2417.

90. Chen, C.C.; Grimbaldeston, M.A.; Tsai, M.; Weissman, I.L.; Galli, S.J. Identification of mast cell progenitors in adult mice. Proc.
Natl. Acad. Sci. USA 2005, 102, 11408–11413. [CrossRef]

91. Wershil, B.K.; Tsai, M.; Geissler, E.N.; Zsebo, K.M.; Galli, S.J. The rat c-kit ligand, stem cell factor, induces c-kit receptor-dependent
mouse mast cell activation in vivo. Evidence that signaling through the c-kit receptor can induce expression of cellular function.
J. Exp. Med. 1992, 175, 245–255. [CrossRef]

92. Gurish, M.F.; Ghildyal, N.; McNeil, H.P.; Austen, K.F.; Gillis, S.; Stevens, R.L. Differential expression of secretory granule proteases
in mouse mast cells exposed to interleukin 3 and c-kit ligand. J. Exp. Med. 1992, 175, 1003–1012. [CrossRef]

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

94. Levi-Schaffer, F.; Austen, K.F.; Gravallese, P.M.; Stevens, R.L. Coculture of interleukin 3-dependent mouse mast cells with
fibroblasts results in a phenotypic change of the mast cells. Proc. Natl. Acad. Sci. USA 1986, 83, 6485–6488. [CrossRef] [PubMed]

95. Kitamura, Y.; Yokoyama, M.; Matsuda, H.; Ohno, T.; Mori, K.J. Spleen colony-forming cell as common precursor for tissue mast
cells and granulocytes. Nature 1981, 291, 159–160. [CrossRef] [PubMed]

96. Kitamura, Y.; Matsuda, H.; Hatanaka, K. Clonal nature of mast-cell clusters formed in W/Wv mice after bone marrow transplan-
tation. Nature 1979, 281, 154–155. [CrossRef] [PubMed]

97. Kitamura, Y.; Go, S. Decreased production of mast cells in S1/S1d anemic mice. Blood 1979, 53, 492–497. [CrossRef]
98. Kitamura, Y.; Go, S.; Hatanaka, K. Decrease of mast cells in W/Wv mice and their increase by bone marrow transplantation. Blood

1978, 52, 447–452. [CrossRef]
99. Meininger, C.J.; Yano, H.; Rottapel, R.; Bernstein, A.; Zsebo, K.M.; Zetter, B.R. The c-kit receptor ligand functions as a mast cell

chemoattractant. Blood 1992, 79, 958–963. [CrossRef] [PubMed]
100. Irani, A.M.; Nilsson, G.; Miettinen, U.; Craig, S.S.; Ashman, L.K.; Ishizaka, T.; Zsebo, K.M.; Schwartz, L.B. Recombinant human

stem cell factor stimulates differentiation of mast cells from dispersed human fetal liver cells. Blood 1992, 80, 3009–3021. [CrossRef]
101. Oskeritzian, C.A.; Zhao, W.; Pozez, A.L.; Cohen, N.M.; Grimes, M.; Schwartz, L.B. Neutralizing endogenous IL-6 renders mast

cells of the MCT type from lung, but not the MCTC type from skin and lung, susceptible to human recombinant IL-4-induced
apoptosis. J. Immunol. 2004, 172, 593–600. [CrossRef]

102. Oskeritzian, C.A.; Wang, Z.; Kochan, J.P.; Grimes, M.; Du, Z.; Chang, H.W.; Grant, S.; Schwartz, L.B. Recombinant human
(rh)IL-4-mediated apoptosis and recombinant human IL-6-mediated protection of recombinant human stem cell factor-dependent
human mast cells derived from cord blood mononuclear cell progenitors. J. Immunol. 1999, 163, 5105–5115.

103. Bischoff, S.C.; Sellge, G.; Lorentz, A.; Sebald, W.; Raab, R.; Manns, M.P. IL-4 enhances proliferation and mediator release in mature
human mast cells. Proc. Natl. Acad. Sci. USA 1999, 96, 8080–8085. [CrossRef] [PubMed]

104. Xia, H.Z.; Du, Z.; Craig, S.; Klisch, G.; Noben-Trauth, N.; Kochan, J.P.; Huff, T.H.; Irani, A.M.; Schwartz, L.B. Effect of recombinant
human IL-4 on tryptase, chymase, and Fc epsilon receptor type I expression in recombinant human stem cell factor-dependent
fetal liver-derived human mast cells. J. Immunol. 1997, 159, 2911–2921.

105. Saito, H.; Ebisawa, M.; Tachimoto, H.; Shichijo, M.; Fukagawa, K.; Matsumoto, K.; Iikura, Y.; Awaji, T.; Tsujimoto, G.; Yanagida,
M.; et al. Selective growth of human mast cells induced by Steel factor, IL-6, and prostaglandin E2 from cord blood mononuclear
cells. J. Immunol. 1996, 157, 343–350. [PubMed]

106. Tsujino, Y.; Wada, H.; Misawa, M.; Kai, S.; Hara, H. Effects of mast cell growth factor, interleukin-3, and interleukin-6 on human
primitive hematopoietic progenitors from bone marrow and cord blood. Exp. Hematol. 1993, 21, 1379–1386.

107. Schernthaner, G.H.; Hauswirth, A.W.; Baghestanian, M.; Agis, H.; Ghannadan, M.; Worda, C.; Krauth, M.T.; Printz, D.; Fritsch,
G.; Sperr, W.R.; et al. Detection of differentiation- and activation-linked cell surface antigens on cultured mast cell progenitors.
Allergy 2005, 60, 1248–1255. [CrossRef] [PubMed]

http://doi.org/10.1016/S0022-2836(02)00625-3
http://doi.org/10.1074/jbc.274.28.19670
http://www.ncbi.nlm.nih.gov/pubmed/10391906
http://doi.org/10.1016/j.jaci.2013.02.011
http://www.ncbi.nlm.nih.gov/pubmed/23582567
http://www.ncbi.nlm.nih.gov/pubmed/7691941
http://www.ncbi.nlm.nih.gov/pubmed/1370517
http://doi.org/10.1073/pnas.0504197102
http://doi.org/10.1084/jem.175.1.245
http://doi.org/10.1084/jem.175.4.1003
http://doi.org/10.1016/S0021-9258(18)42469-6
http://doi.org/10.1073/pnas.83.17.6485
http://www.ncbi.nlm.nih.gov/pubmed/3462707
http://doi.org/10.1038/291159a0
http://www.ncbi.nlm.nih.gov/pubmed/6112711
http://doi.org/10.1038/281154a0
http://www.ncbi.nlm.nih.gov/pubmed/381943
http://doi.org/10.1182/blood.V53.3.492.492
http://doi.org/10.1182/blood.V52.2.447.447
http://doi.org/10.1182/blood.V79.4.958.bloodjournal794958
http://www.ncbi.nlm.nih.gov/pubmed/1371080
http://doi.org/10.1182/blood.V80.12.3009.3009
http://doi.org/10.4049/jimmunol.172.1.593
http://doi.org/10.1073/pnas.96.14.8080
http://www.ncbi.nlm.nih.gov/pubmed/10393951
http://www.ncbi.nlm.nih.gov/pubmed/8683136
http://doi.org/10.1111/j.1398-9995.2005.00865.x
http://www.ncbi.nlm.nih.gov/pubmed/16134990


Int. J. Mol. Sci. 2021, 22, 2458 19 of 22

108. Valent, P.; Besemer, J.; Sillaber, C.; Butterfield, J.H.; Eher, R.; Majdic, O.; Kishi, K.; Klepetko, W.; Eckersberger, F.; Lechner, K.; et al.
Failure to detect IL-3-binding sites on human mast cells. J. Immunol. 1990, 145, 3432–3437.

109. Yamaguchi, M.; Sayama, K.; Yano, K.; Lantz, C.S.; Noben-Trauth, N.; Ra, C.; Costa, J.J.; Galli, S.J. IgE enhances Fc epsilon receptor
I expression and IgE-dependent release of histamine and lipid mediators from human umbilical cord blood-derived mast cells:
Synergistic effect of IL-4 and IgE on human mast cell Fc epsilon receptor I expression and mediator release. J. Immunol. 1999, 162,
5455–5465.

110. Sillaber, C.; Sperr, W.R.; Agis, H.; Spanblochl, E.; Lechner, K.; Valent, P. Inhibition of stem cell factor dependent formation of
human mast cells by interleukin-3 and interleukin-4. Int. Arch. Allergy Immunol. 1994, 105, 264–268. [CrossRef] [PubMed]

111. Nilsson, G.; Miettinen, U.; Ishizaka, T.; Ashman, L.K.; Irani, A.M.; Schwartz, L.B. Interleukin-4 inhibits the expression of Kit and
tryptase during stem cell factor-dependent development of human mast cells from fetal liver cells. Blood 1994, 84, 1519–1527.
[CrossRef] [PubMed]

112. Hallgren, J.; Gurish, M.F. Granule maturation in mast cells: Histamine in control. Eur. J. Immunol 2014, 44, 33–36. [CrossRef]
113. Davidson, S.; Mansour, A.; Gallily, R.; Smolarski, M.; Rofolovitch, M.; Ginsburg, H. Mast cell differentiation depends on T cells

and granule synthesis on fibroblasts. Immunology 1983, 48, 439–452.
114. Nakazawa, S.; Sakanaka, M.; Furuta, K.; Natsuhara, M.; Takano, H.; Tsuchiya, S.; Okuno, Y.; Ohtsu, H.; Nishibori, M.; Thurmond,

R.L.; et al. Histamine synthesis is required for granule maturation in murine mast cells. Eur. J. Immunol. 2014, 44, 204–214.
[CrossRef]

115. Galli, S.J.; Borregaard, N.; Wynn, T.A. Phenotypic and functional plasticity of cells of innate immunity: Macrophages, mast cells
and neutrophils. Nat. Immunol. 2011, 12, 1035–1044. [CrossRef]

116. Irani, A.M.; Bradford, T.R.; Kepley, C.L.; Schechter, N.M.; Schwartz, L.B. Detection of MCT and MCTC types of human mast cells
by immunohistochemistry using new monoclonal anti-tryptase and anti-chymase antibodies. J. Histochem. Cytochem. 1989, 37,
1509–1515. [CrossRef]

117. Irani, A.A.; Schechter, N.M.; Craig, S.S.; DeBlois, G.; Schwartz, L.B. Two types of human mast cells that have distinct neutral
protease compositions. Proc. Natl. Acad. Sci. USA 1986, 83, 4464–4468. [CrossRef]

118. Crivellato, E.; Ribatti, D. The fundamental contribution of William Bate Hardy to shape the concept of mast cell heterogeneity. Br.
J. Haematol. 2010, 150, 152–157. [CrossRef] [PubMed]

119. Enerback, L. Mast cells in rat gastrointestinal mucosa. 2. Dye-binding and metachromatic properties. Acta Pathol. Microbiol. Scand.
1966, 66, 303–312. [CrossRef] [PubMed]

120. Alter, S.C.; Metcalfe, D.D.; Bradford, T.R.; Schwartz, L.B. Regulation of human mast cell tryptase. Effects of enzyme concentration,
ionic strength and the structure and negative charge density of polysaccharides. Biochem. J. 1987, 248, 821–827. [CrossRef]

121. Jin, J.; Li, Y.; Wang, Y.; Wang, P.; Wang, Y. SCF/C-KIT signaling modulates tryptase expression in acute myeloid leukemia cells.
Int. J. Hematol. 2014, 99, 750–757. [CrossRef] [PubMed]

122. Ohneda, K.; Ohmori, S.; Yamamoto, M. Mouse tryptase gene expression is coordinately regulated by GATA1 and GATA2 in bone
marrow-derived mast cells. Int. J. Mol. Sci. 2019, 20, 4603. [CrossRef]

123. Ohneda, K.; Moriguchi, T.; Ohmori, S.; Ishijima, Y.; Satoh, H.; Philipsen, S.; Yamamoto, M. Transcription factor GATA1 is
dispensable for mast cell differentiation in adult mice. Mol. Cell Biol. 2014, 34, 1812–1826. [CrossRef] [PubMed]

124. Taura, A.; Furuta, K.; Yamaguchi, T.; Kawabata, K.; Tanaka, S. Regulation of histamine synthesis and tryptase expression through
transcription factors, growth factor independent 1 (Gfi1) and Gfi1b, in murine cultured mast cells. Biol. Pharm. Bull. 2014, 37,
81–86. [CrossRef]

125. Lee, S.H.; Lee, J.H.; Lee, J.H.; Kim, D.K. Involvement of MITF-A, an alternative isoform of mi transcription factor, on the expression
of tryptase gene in human mast cells. Exp. Mol. Med. 2010, 42, 366–375. [CrossRef] [PubMed]

126. Ohrvik, H.; Logeman, B.; Noguchi, G.; Eriksson, I.; Kjellen, L.; Thiele, D.J.; Pejler, G. Ctr2 Regulates Mast Cell Maturation by
Affecting the Storage and Expression of Tryptase and Proteoglycans. J. Immunol. 2015, 195, 3654–3664. [CrossRef]

127. Liu, X.; Wang, J.; Zhang, H.; Zhan, M.; Chen, H.; Fang, Z.; Xu, C.; Chen, H.; He, S. Induction of Mast Cell Accumulation
by Tryptase via a Protease Activated Receptor-2 and ICAM-1 Dependent Mechanism. Mediat. Inflamm. 2016, 2016, 6431574.
[CrossRef]

128. Melo, F.R.; Wallerman, O.; Paivandy, A.; Calounova, G.; Gustafson, A.M.; Sabari, B.R.; Zabucchi, G.; Allis, C.D.; Pejler, G.
Tryptase-catalyzed core histone truncation: A novel epigenetic regulatory mechanism in mast cells. J. Allergy Clin. Immunol. 2017,
140, 474–485. [CrossRef] [PubMed]

129. Melo, F.R.; Vita, F.; Berent-Maoz, B.; Levi-Schaffer, F.; Zabucchi, G.; Pejler, G. Proteolytic histone modification by mast cell tryptase,
a serglycin proteoglycan-dependent secretory granule protease. J. Biol. Chem. 2014, 289, 7682–7690. [CrossRef]

130. Grujic, M.; Calounova, G.; Eriksson, I.; Feyerabend, T.; Rodewald, H.R.; Tchougounova, E.; Kjellen, L.; Pejler, G. Distorted
secretory granule composition in mast cells with multiple protease deficiency. J. Immunol. 2013, 191, 3931–3938. [CrossRef]
[PubMed]

131. Schwartz, L.B. Diagnostic value of tryptase in anaphylaxis and mastocytosis. Immunol. Allergy Clin. North Am. 2006, 26, 451–463.
[CrossRef] [PubMed]

132. Lin, R.Y.; Schwartz, L.B.; Curry, A.; Pesola, G.R.; Knight, R.J.; Lee, H.S.; Bakalchuk, L.; Tenenbaum, C.; Westfal, R.E. Histamine
and tryptase levels in patients with acute allergic reactions: An emergency department-based study. J. Allergy Clin. Immunol.
2000, 106, 65–71. [CrossRef]

http://doi.org/10.1159/000236767
http://www.ncbi.nlm.nih.gov/pubmed/7522690
http://doi.org/10.1182/blood.V84.5.1519.1519
http://www.ncbi.nlm.nih.gov/pubmed/7520776
http://doi.org/10.1002/eji.201344262
http://doi.org/10.1002/eji.201343838
http://doi.org/10.1038/ni.2109
http://doi.org/10.1177/37.10.2674273
http://doi.org/10.1073/pnas.83.12.4464
http://doi.org/10.1111/j.1365-2141.2009.07938.x
http://www.ncbi.nlm.nih.gov/pubmed/19814740
http://doi.org/10.1111/apm.1966.66.3.303
http://www.ncbi.nlm.nih.gov/pubmed/4162018
http://doi.org/10.1042/bj2480821
http://doi.org/10.1007/s12185-014-1586-y
http://www.ncbi.nlm.nih.gov/pubmed/24806698
http://doi.org/10.3390/ijms20184603
http://doi.org/10.1128/MCB.01524-13
http://www.ncbi.nlm.nih.gov/pubmed/24615013
http://doi.org/10.1248/bpb.b13-00616
http://doi.org/10.3858/emm.2010.42.5.038
http://www.ncbi.nlm.nih.gov/pubmed/20513998
http://doi.org/10.4049/jimmunol.1500283
http://doi.org/10.1155/2016/6431574
http://doi.org/10.1016/j.jaci.2016.11.044
http://www.ncbi.nlm.nih.gov/pubmed/28108335
http://doi.org/10.1074/jbc.M113.546895
http://doi.org/10.4049/jimmunol.1301441
http://www.ncbi.nlm.nih.gov/pubmed/23975861
http://doi.org/10.1016/j.iac.2006.05.010
http://www.ncbi.nlm.nih.gov/pubmed/16931288
http://doi.org/10.1067/mai.2000.107600


Int. J. Mol. Sci. 2021, 22, 2458 20 of 22

133. Valent, P.; Sperr, W.R.; Sotlar, K.; Reiter, A.; Akin, C.; Gotlib, J.; Horny, H.P.; Arock, M. The serum tryptase test: An emerging
robust biomarker in clinical hematology. Expert Rev. Hematol. 2014, 7, 683–690. [CrossRef] [PubMed]

134. Sperr, W.R.; El-Samahi, A.; Kundi, M.; Girschikofsky, M.; Winkler, S.; Lutz, D.; Endler, G.; Rumpold, H.; Agis, H.; Sillaber, C.; et al.
Elevated tryptase levels selectively cluster in myeloid neoplasms: A novel diagnostic approach and screen marker in clinical
haematology. Eur. J. Clin. Invest. 2009, 39, 914–923. [CrossRef]

135. Sperr, W.R.; Jordan, J.H.; Fiegl, M.; Escribano, L.; Bellas, C.; Dirnhofer, S.; Semper, H.; Simonitsch-Klupp, I.; Horny, H.P.; Valent, P.
Serum tryptase levels in patients with mastocytosis: Correlation with mast cell burden and implication for defining the category
of disease. Int. Arch. Allergy Immunol. 2002, 128, 136–141. [CrossRef]

136. Valent, P.; Horny, H.P.; Escribano, L.; Longley, B.J.; Li, C.Y.; Schwartz, L.B.; Marone, G.; Nunez, R.; Akin, C.; Sotlar, K.; et al.
Diagnostic criteria and classification of mastocytosis: A consensus proposal. Leuk. Res. 2001, 25, 603–625. [CrossRef]

137. Schwartz, L.B.; Metcalfe, D.D.; Miller, J.S.; Earl, H.; Sullivan, T. Tryptase levels as an indicator of mast-cell activation in systemic
anaphylaxis and mastocytosis. N. Engl. J. Med. 1987, 316, 1622–1626. [CrossRef] [PubMed]

138. Valent, P.; Bonadonna, P.; Hartmann, K.; Broesby-Olsen, S.; Brockow, K.; Butterfield, J.H.; Triggiani, M.; Lyons, J.J.; Oude Elberink,
J.N.G.; Arock, M.; et al. Why the 20% + 2 tryptase formula is a diagnostic gold standard for severe systemic mast cell activation
and mast cell activation syndrome. Int. Arch. Allergy Immunol. 2019, 180, 44–51. [CrossRef] [PubMed]

139. Gonzalez-Quintela, A.; Vizcaino, L.; Gude, F.; Rey, J.; Meijide, L.; Fernandez-Merino, C.; Linneberg, A.; Vidal, C. Factors
influencing serum total tryptase concentrations in a general adult population. Clin. Chem. Lab. Med. 2010, 48, 701–706. [CrossRef]
[PubMed]

140. Sabato, V.; Chovanec, J.; Faber, M.; Milner, J.D.; Ebo, D.; Lyons, J.J. First Identification of an Inherited TPSAB1 Quintuplication
in a Patient with Clonal Mast Cell Disease. J. Clin. Immunol. 2018, 38, 457–459. [CrossRef]

141. Lyons, J.J.; Sun, G.; Stone, K.D.; Nelson, C.; Wisch, L.; O’Brien, M.; Jones, N.; Lindsley, A.; Komarow, H.D.; Bai, Y.; et al. Mendelian
inheritance of elevated serum tryptase associated with atopy and connective tissue abnormalities. J. Allergy Clin. Immunol. 2014,
133, 1471–1474. [CrossRef]

142. Fellinger, C.; Hemmer, W.; Wohrl, S.; Sesztak-Greinecker, G.; Jarisch, R.; Wantke, F. Clinical characteristics and risk profile of
patients with elevated baseline serum tryptase. Allergol. Immunopathol. 2014, 42, 544–552. [CrossRef]

143. Desai, A.; Sowerwine, K.; Liu, Y.; Lawrence, M.G.; Chovanec, J.; Hsu, A.P.; O’Connell, M.P.; Kim, J.; Boris, L.; Jones, N.; et al.
GATA-2-deficient mast cells limit IgE-mediated immediate hypersensitivity reactions in human subjects. J. Allergy Clin. Immunol.
2019, 144, 613–617. [CrossRef]

144. Schussler, E.; Yang, A.; Lyons, J.J.; Milner, J.D.; Wang, J. Persistent tryptase elevation in a patient with Gaucher disease. J. Allergy
Clin. Immunol. 2018, 6, 697–699. [CrossRef]

145. Valent, P.; Akin, C.; Escribano, L.; Fodinger, M.; Hartmann, K.; Brockow, K.; Castells, M.; Sperr, W.R.; Kluin-Nelemans,
H.C.; Hamdy, N.A.; et al. Standards and standardization in mastocytosis: Consensus statements on diagnostics, treatment
recommendations and response criteria. Eur. J. Clin. Invest. 2007, 37, 435–453. [CrossRef] [PubMed]

146. Hasford, J.; Baccarani, M.; Hoffmann, V.; Guilhot, J.; Saussele, S.; Rosti, G.; Guilhot, F.; Porkka, K.; Ossenkoppele, G.; Lindoerfer,
D.; et al. Predicting complete cytogenetic response and subsequent progression-free survival in 2060 patients with CML on
imatinib treatment: The EUTOS score. Blood 2011, 118, 686–692. [CrossRef] [PubMed]

147. Hasford, J.; Pfirrmann, M.; Hehlmann, R.; Allan, N.C.; Baccarani, M.; Kluin-Nelemans, J.C.; Alimena, G.; Steegmann, J.L.; Ansari,
H. A new prognostic score for survival of patients with chronic myeloid leukemia treated with interferon alfa. Writing Committee
for the Collaborative CML Prognostic Factors Project Group. J. Natl. Cancer Inst. 1998, 90, 850–858. [CrossRef] [PubMed]

148. Sokal, J.E.; Cox, E.B.; Baccarani, M.; Tura, S.; Gomez, G.A.; Robertson, J.E.; Tso, C.Y.; Braun, T.J.; Clarkson, B.D.; Cervantes, F.; et al.
Prognostic discrimination in “good-risk” chronic granulocytic leukemia. Blood 1984, 63, 789–799. [CrossRef]

149. Sperr, W.R.; Pfeiffer, T.; Hoermann, G.; Herndlhofer, S.; Sillaber, C.; Mannhalter, C.; Kundi, M.; Valent, P. Serum-tryptase at
diagnosis: A novel biomarker improving prognostication in Ph (+) CML. Am. J. Cancer Res. 2015, 5, 354–362.

150. Samorapoompichit, P.; Kiener, H.P.; Schernthaner, G.H.; Jordan, J.H.; Agis, H.; Wimazal, F.; Baghestanian, M.; Rezaie-Majd,
A.; Sperr, W.R.; Lechner, K.; et al. Detection of tryptase in cytoplasmic granules of basophils in patients with chronic myeloid
leukemia and other myeloid neoplasms. Blood 2001, 98, 2580–2583. [CrossRef]

151. Sperr, W.R.; Jordan, J.H.; Baghestanian, M.; Kiener, H.P.; Samorapoompichit, P.; Semper, H.; Hauswirth, A.; Schernthaner, G.H.;
Chott, A.; Natter, S.; et al. Expression of mast cell tryptase by myeloblasts in a group of patients with acute myeloid leukemia.
Blood 2001, 98, 2200–2209. [CrossRef]

152. Sperr, W.R.; Hauswirth, A.W.; Valent, P. Tryptase a novel biochemical marker of acute myeloid leukemia. Leuk. Lymphoma 2002,
43, 2257–2261. [CrossRef]

153. Sperr, W.R.; Stehberger, B.; Wimazal, F.; Baghestanian, M.; Schwartz, L.B.; Kundi, M.; Semper, H.; Jordan, J.H.; Chott, A.; Drach, J.;
et al. Serum tryptase measurements in patients with myelodysplastic syndromes. Leuk. Lymphoma 2002, 43, 1097–1105. [CrossRef]

154. Valent, P.; Akin, C.; Bonadonna, P.; Hartmann, K.; Brockow, K.; Niedoszytko, M.; Nedoszytko, B.; Siebenhaar, F.; Sperr, W.R.;
Oude Elberink, J.N.G.; et al. Proposed diagnostic algorithm for patients with suspected mast cell activation syndrome. J. Allergy
Clin. Immunol. 2019, 7, 1125–1133. [CrossRef]

155. Valent, P.; Akin, C.; Arock, M.; Brockow, K.; Butterfield, J.H.; Carter, M.C.; Castells, M.; Escribano, L.; Hartmann, K.; Lieberman, P.;
et al. Definitions, criteria and global classification of mast cell disorders with special reference to mast cell activation syndromes:
A consensus proposal. Int. Arch. Allergy Immunol. 2012, 157, 215–225. [CrossRef]

http://doi.org/10.1586/17474086.2014.955008
http://www.ncbi.nlm.nih.gov/pubmed/25169217
http://doi.org/10.1111/j.1365-2362.2009.02184.x
http://doi.org/10.1159/000059404
http://doi.org/10.1016/S0145-2126(01)00038-8
http://doi.org/10.1056/NEJM198706253162603
http://www.ncbi.nlm.nih.gov/pubmed/3295549
http://doi.org/10.1159/000501079
http://www.ncbi.nlm.nih.gov/pubmed/31256161
http://doi.org/10.1515/CCLM.2010.124
http://www.ncbi.nlm.nih.gov/pubmed/20178448
http://doi.org/10.1007/s10875-018-0506-y
http://doi.org/10.1016/j.jaci.2013.11.039
http://doi.org/10.1016/j.aller.2014.05.002
http://doi.org/10.1016/j.jaci.2019.05.007
http://doi.org/10.1016/j.jaip.2017.08.039
http://doi.org/10.1111/j.1365-2362.2007.01807.x
http://www.ncbi.nlm.nih.gov/pubmed/17537151
http://doi.org/10.1182/blood-2010-12-319038
http://www.ncbi.nlm.nih.gov/pubmed/21536864
http://doi.org/10.1093/jnci/90.11.850
http://www.ncbi.nlm.nih.gov/pubmed/9625174
http://doi.org/10.1182/blood.V63.4.789.789
http://doi.org/10.1182/blood.V98.8.2580
http://doi.org/10.1182/blood.V98.7.2200
http://doi.org/10.1080/1042819021000039965
http://doi.org/10.1080/10428190290021470
http://doi.org/10.1016/j.jaip.2019.01.006
http://doi.org/10.1159/000328760


Int. J. Mol. Sci. 2021, 22, 2458 21 of 22

156. Enrique, E.; Garcia-Ortega, P.; Sotorra, O.; Gaig, P.; Richart, C. Usefulness of UniCAP-Tryptase fluoroimmunoassay in the diagnosis
of anaphylaxis. Allergy 1999, 54, 602–606. [CrossRef] [PubMed]

157. Valent, P.; Sotlar, K.; Sperr, W.R.; Reiter, A.; Arock, M.; Horny, H.P. Chronic mast cell leukemia: A novel leukemia-variant with
distinct morphological and clinical features. Leuk. Res. 2015, 39, 1–5. [CrossRef] [PubMed]

158. Pardanani, A.; Lim, K.H.; Lasho, T.L.; Finke, C.M.; McClure, R.F.; Li, C.Y.; Tefferi, A. WHO subvariants of indolent mastocytosis:
Clinical details and prognostic evaluation in 159 consecutive adults. Blood 2010, 115, 150–151. [CrossRef] [PubMed]

159. Lim, K.H.; Tefferi, A.; Lasho, T.L.; Finke, C.; Patnaik, M.; Butterfield, J.H.; McClure, R.F.; Li, C.Y.; Pardanani, A. Systemic
mastocytosis in 342 consecutive adults: Survival studies and prognostic factors. Blood 2009, 113, 5727–5736. [CrossRef] [PubMed]

160. Valent, P.; Akin, C.; Hartmann, K.; Nilsson, G.; Reiter, A.; Hermine, O.; Sotlar, K.; Sperr, W.R.; Escribano, L.; George, T.I.; et al.
Advances in the classification and treatment of mastocytosis: Current status and outlook toward the future. Cancer Res. 2017, 77,
1261–1270. [CrossRef]

161. Caplan, R.M. The natural course of urticaria pigmentosa. Analysis and follow-up of 112 cases. Arch. Dermatol. 1963, 87, 146–157.
[CrossRef] [PubMed]

162. Sperr, W.R.; Kundi, M.; Alvarez-Twose, I.; van Anrooij, B.; Oude Elberink, J.N.G.; Gorska, A.; Niedoszytko, M.; Gleixner, K.V.;
Hadzijusufovic, E.; Zanotti, R.; et al. International prognostic scoring system for mastocytosis (IPSM): A retrospective cohort
study. Lancet Haematol. 2019, 6, e638–e649. [CrossRef]

163. Kawakami, T.; Galli, S.J. Regulation of mast-cell and basophil function and survival by IgE. Nat. Rev. Immunol. 2002, 2, 773–786.
[CrossRef]

164. Akay, B.N.; Kittler, H.; Sanli, H.; Harmankaya, K.; Anadolu, R. Dermatoscopic findings of cutaneous mastocytosis. Dermatology
2009, 218, 226–230. [CrossRef]

165. Akoglu, G.; Erkin, G.; Cakir, B.; Boztepe, G.; Sahin, S.; Karaduman, A.; Atakan, N.; Akan, T.; Kolemen, F. Cutaneous mastocytosis:
Demographic aspects and clinical features of 55 patients. J. Eur. Acad Dermatol. Venereol. 2006, 20, 969–973. [CrossRef]

166. Greiner, G.; Gurbisz, M.; Ratzinger, F.; Witzeneder, N.; Class, S.V.; Eisenwort, G.; Simonitsch-Klupp, I.; Esterbauer, H.; Mayerhofer,
M.; Müllauer, L.; et al. Molecular quantification of tissue disease burden is a new biomarker and independent predictor of
survival in mastocytosis. Haematologica 2020, 105, 366–374. [CrossRef]

167. Arock, M.; Sotlar, K.; Akin, C.; Broesby-Olsen, S.; Hoermann, G.; Escribano, L.; Kristensen, T.K.; Kluin-Nelemans, H.C.; Hermine,
O.; Dubreuil, P.; et al. KIT mutation analysis in mast cell neoplasms: Recommendations of the European Competence Network on
Mastocytosis. Leukemia 2015, 29, 1223–1232. [CrossRef]

168. Nagata, H.; Worobec, A.S.; Oh, C.K.; Chowdhury, B.A.; Tannenbaum, S.; Suzuki, Y.; Metcalfe, D.D. Identification of a point
mutation in the catalytic domain of the protooncogene c-kit in peripheral blood mononuclear cells of patients who have
mastocytosis with an associated hematologic disorder. Proc. Natl. Acad. Sci. USA 1995, 92, 10560–10564. [CrossRef] [PubMed]

169. Magliacane, D.; Parente, R.; Triggiani, M. Current concepts on diagnosis and treatment of mastocytosis. Transl. Med. UniSa 2014,
8, 65–74.

170. Valent, P.; Akin, C.; Gleixner, K.V.; Sperr, W.R.; Reiter, A.; Arock, M.; Triggiani, M. Multidisciplinary challenges in mastocytosis
and how to address with personalized medicine approaches. Int. J. Mol. Sci. 2019, 20, 2976. [CrossRef]

171. Castells, M.; Metcalfe, D.D.; Escribano, L. Diagnosis and treatment of cutaneous mastocytosis in children: Practical recommenda-
tions. Am. J. Clin. Dermatol. 2011, 12, 259–270. [CrossRef] [PubMed]

172. Miller, J.S.; Moxley, G.; Schwartz, L.B. Cloning and characterization of a second complementary DNA for human tryptase. J. Clin.
Invest. 1990, 86, 864–870. [CrossRef]

173. Miller, J.S.; Westin, E.H.; Schwartz, L.B. Cloning and characterization of complementary DNA for human tryptase. J. Clin. Invest.
1989, 84, 1188–1195. [CrossRef]

174. Pallaoro, M.; Fejzo, M.S.; Shayesteh, L.; Blount, J.L.; Caughey, G.H. Characterization of genes encoding known and novel human
mast cell tryptases on chromosome 16p13.3. J. Biol. Chem. 1999, 274, 3355–3362. [CrossRef] [PubMed]

175. Vanderslice, P.; Ballinger, S.M.; Tam, E.K.; Goldstein, S.M.; Craik, C.S.; Caughey, G.H. Human mast cell tryptase: Multiple cDNAs
and genes reveal a multigene serine protease family. Proc. Natl. Acad. Sci. USA 1990, 87, 3811–3815. [CrossRef]

176. Caughey, G.H. Tryptase genetics and anaphylaxis. J. Allergy Clin. Immunol. 2006, 117, 1411–1414. [CrossRef] [PubMed]
177. Caughey, G.H.; Raymond, W.W.; Blount, J.L.; Hau, L.W.; Pallaoro, M.; Wolters, P.J.; Verghese, G.M. Characterization of human

gamma-tryptases, novel members of the chromosome 16p mast cell tryptase and prostasin gene families. J. Immunol. 2000, 164,
6566–6575. [CrossRef]

178. Soto, D.; Malmsten, C.; Blount, J.L.; Muilenburg, D.J.; Caughey, G.H. Genetic deficiency of human mast cell alpha-tryptase. Clin.
Exp. Allergy 2002, 32, 1000–1006. [CrossRef] [PubMed]

179. Trivedi, N.N.; Tamraz, B.; Chu, C.; Kwok, P.Y.; Caughey, G.H. Human subjects are protected from mast cell tryptase deficiency
despite frequent inheritance of loss-of-function mutations. J. Allergy Clin. Immunol. 2009, 124, 1099–1105. [CrossRef]

180. Hernandez-Hernandez, L.; Sanz, C.; Garcia-Solaesa, V.; Padron, J.; Garcia-Sanchez, A.; Davila, I.; Isidoro-Garcia, M.; Lorente, F.
Tryptase: Genetic and functional considerations. Allergol. Immunopathol. 2012, 40, 385–389. [CrossRef] [PubMed]

181. Wang, H.W.; McNeil, H.P.; Husain, A.; Liu, K.; Tedla, N.; Thomas, P.S.; Raftery, M.; King, G.C.; Cai, Z.Y.; Hunt, J.E. Delta tryptase
is expressed in multiple human tissues, and a recombinant form has proteolytic activity. J. Immunol. 2002, 169, 5145–5152.
[CrossRef]

http://doi.org/10.1034/j.1398-9995.1999.00882.x
http://www.ncbi.nlm.nih.gov/pubmed/10435474
http://doi.org/10.1016/j.leukres.2014.09.010
http://www.ncbi.nlm.nih.gov/pubmed/25443885
http://doi.org/10.1182/blood-2009-10-249979
http://www.ncbi.nlm.nih.gov/pubmed/20056798
http://doi.org/10.1182/blood-2009-02-205237
http://www.ncbi.nlm.nih.gov/pubmed/19363219
http://doi.org/10.1158/0008-5472.CAN-16-2234
http://doi.org/10.1001/archderm.1963.01590140008002
http://www.ncbi.nlm.nih.gov/pubmed/14018418
http://doi.org/10.1016/S2352-3026(19)30166-8
http://doi.org/10.1038/nri914
http://doi.org/10.1159/000182260
http://doi.org/10.1111/j.1468-3083.2006.01696.x
http://doi.org/10.3324/haematol.2019.217950
http://doi.org/10.1038/leu.2015.24
http://doi.org/10.1073/pnas.92.23.10560
http://www.ncbi.nlm.nih.gov/pubmed/7479840
http://doi.org/10.3390/ijms20122976
http://doi.org/10.2165/11588890-000000000-00000
http://www.ncbi.nlm.nih.gov/pubmed/21668033
http://doi.org/10.1172/JCI114786
http://doi.org/10.1172/JCI114284
http://doi.org/10.1074/jbc.274.6.3355
http://www.ncbi.nlm.nih.gov/pubmed/9920877
http://doi.org/10.1073/pnas.87.10.3811
http://doi.org/10.1016/j.jaci.2006.02.026
http://www.ncbi.nlm.nih.gov/pubmed/16751005
http://doi.org/10.4049/jimmunol.164.12.6566
http://doi.org/10.1046/j.1365-2222.2002.01416.x
http://www.ncbi.nlm.nih.gov/pubmed/12100045
http://doi.org/10.1016/j.jaci.2009.07.026
http://doi.org/10.1016/j.aller.2012.04.004
http://www.ncbi.nlm.nih.gov/pubmed/22770587
http://doi.org/10.4049/jimmunol.169.9.5145


Int. J. Mol. Sci. 2021, 22, 2458 22 of 22

182. Wong, G.W.; Foster, P.S.; Yasuda, S.; Qi, J.C.; Mahalingam, S.; Mellor, E.A.; Katsoulotos, G.; Li, L.; Boyce, J.A.; Krilis, S.A.; et al.
Biochemical and functional characterization of human transmembrane tryptase (TMT)/tryptase gamma. TMT is an exocytosed
mast cell protease that induces airway hyperresponsiveness in vivo via an interleukin-13/interleukin-4 receptor alpha/signal
transducer and activator of transcription (STAT) 6-dependent pathway. J. Biol. Chem. 2002, 277, 41906–41915.

183. Wong, G.W.; Tang, Y.; Stevens, R.L. Cloning of the human homolog of mouse transmembrane tryptase. Int. Arch. Allergy Immunol.
1999, 118, 419–421. [CrossRef]

184. Le, Q.T.; Lotfi-Emran, S.; Min, H.K.; Schwartz, L.B. A simple, sensitive and safe method to determine the human alpha/beta-
tryptase genotype. PLoS ONE 2014, 9, e114944. [CrossRef]

185. Min, H.K.; Moxley, G.; Neale, M.C.; Schwartz, L.B. Effect of sex and haplotype on plasma tryptase levels in healthy adults. J.
Allergy Clin. Immunol. 2004, 114, 48–51. [CrossRef] [PubMed]

186. Greiner, G.; Sprinzl, B.; Gorska, A.; Ratzinger, F.; Gurbisz, M.; Witzeneder, N.; Schmetterer, K.G.; Gisslinger, B.; Uyanik, G.;
Hadzijusufovic, E.; et al. Hereditary alpha tryptasemia is a valid genetic biomarker for severe mediator-related symptoms
in mastocytosis. Blood 2021, 137, 238–247. [CrossRef]

187. Robey, R.C.; Wilcock, A.; Bonin, H.; Beaman, G.; Myers, B.; Grattan, C.; Briggs, T.A.; Arkwright, P.D. Hereditary Alpha-
Tryptasemia: UK Prevalence and Variability in Disease Expression. J. Allergy Clin. Immunol. 2020, 8, 3549–3556. [CrossRef]

188. Lyons, J.J.; Chovanec, J.; O’Connell, M.P.; Liu, Y.; Selb, J.; Zanotti, R.; Bai, Y.; Kim, J.; Le, Q.T.; DiMaggio, T.; et al. Heritable risk for
severe anaphylaxis associated with increased alpha-tryptase-encoding germline copy number at TPSAB1. J. Allergy Clin. Immunol.
2020, 147, 622–632. [CrossRef] [PubMed]

189. Lyons, J.J. Hereditary Alpha Tryptasemia: Genotyping and Associated Clinical Features. Immunol. Allergy Clin. North Am. 2018,
38, 483–495. [CrossRef]

190. Alter, S.C.; Kramps, J.A.; Janoff, A.; Schwartz, L.B. Interactions of human mast cell tryptase with biological protease inhibitors.
Arch. Biochem. Biophys. 1990, 276, 26–31. [CrossRef]

191. Le, Q.T.; Lyons, J.J.; Naranjo, A.N.; Olivera, A.; Lazarus, R.A.; Metcalfe, D.D.; Milner, J.D.; Schwartz, L.B. Impact of naturally
forming human alpha/beta-tryptase heterotetramers in the pathogenesis of hereditary alpha-tryptasemia. J. Exp. Med. 2019, 216,
2348–2361. [CrossRef]

192. Boyden, S.E.; Desai, A.; Cruse, G.; Young, M.L.; Bolan, H.C.; Scott, L.M.; Eisch, A.R.; Long, R.D.; Lee, C.C.; Satorius, C.L.; et al.
Vibratory Urticaria Associated with a Missense Variant in ADGRE2. N. Engl. J. Med. 2016, 374, 656–663. [CrossRef]

193. Zeng, X.; Zhang, S.; Xu, L.; Yang, H.; He, S. Activation of protease-activated receptor 2-mediated signaling by mast cell tryptase
modulates cytokine production in primary cultured astrocytes. Mediat. Inflamm. 2013, 2013, 140812. [CrossRef]

194. Molino, M.; Barnathan, E.S.; Numerof, R.; Clark, J.; Dreyer, M.; Cumashi, A.; Hoxie, J.A.; Schechter, N.; Woolkalis, M.; Brass, L.F.
Interactions of mast cell tryptase with thrombin receptors and PAR-2. J. Biol. Chem. 1997, 272, 4043–4049. [CrossRef] [PubMed]

195. Corvera, C.U.; Dery, O.; McConalogue, K.; Bohm, S.K.; Khitin, L.M.; Caughey, G.H.; Payan, D.G.; Bunnett, N.W. Mast cell tryptase
regulates rat colonic myocytes through proteinase-activated receptor 2. J. Clin. Invest. 1997, 100, 1383–1393. [CrossRef]

196. Carrigan, C.; Milner, J.D.; Lyons, J.J.; Vadas, P. Usefulness of testing for hereditary alpha tryptasemia in symptomatic patients
with elevated tryptase. J. Allergy Clin. Immunol. 2020, 8, 2066–2067. [CrossRef]

197. Greiner, G.; Gurbisz, M.; Ratzinger, F.; Witzeneder, N.; Simonitsch-Klupp, I.; Mitterbauer-Hohendanner, G.; Mayerhofer, M.;
Mullauer, L.; Sperr, W.R.; Valent, P.; et al. Digital PCR: A sensitive and precise method for KIT d816v quantification in mastocytosis.
Clin. Chem. 2018, 64, 547–555. [CrossRef]

198. Hoermann, G.; Gleixner, K.V.; Dinu, G.E.; Kundi, M.; Greiner, G.; Wimazal, F.; Hadzijusufovic, E.; Mitterbauer, G.; Mannhalter, C.;
Valent, P.; et al. The KIT D816V allele burden predicts survival in patients with mastocytosis and correlates with the WHO type of
the disease. Allergy 2014, 69, 810–813. [CrossRef] [PubMed]

199. Giannetti, M.P.; Akin, C.; Hufdhi, R.; Hamilton, M.J.; Weller, E.; van Anrooij, B.; Lyons, J.J.; Hornick, J.L.; Pinkus, G.; Castells, M.;
et al. Patients with mast cell activation symptoms and elevated baseline serum tryptase have unique bone marrow morphology. J.
Allergy Clin. Immunol. 2020. [CrossRef]

200. Valent, P.; Akin, C.; Nedoszytko, B.; Bonadonna, P.; Hartmann, K.; Niedoszytko, M.; Brockow, K.; Siebenhaar, F.; Triggiani, M.;
Arock, M.; et al. Diagnosis, Classification and Management of Mast Cell Activation Syndromes (MCAS) in the era of personalized
medicine. Int. J. Mol. Sci. 2020, 21, 9030. [CrossRef]

201. Cardona, V.; Ansotegui, I.J.; Ebisawa, M.; El-Gamal, Y.; Fernandez Rivas, M.; Fineman, S.; Geller, M.; Gonzalez-Estrada, A.;
Greenberger, P.A.; Sanchez Borges, M.; et al. World allergy organization anaphylaxis guidance 2020. World Allergy Organ. J. 2020,
13, 100472. [CrossRef]

202. Mendoza Alvarez, L.B.; Barker, R.; Nelson, C.; DiMaggio, T.; Stone, K.D.; Milner, J.D.; Rosenthal, J.A.; Petroni, D.H.; Glover, S.C.;
Lyons, J.J. Clinical response to omalizumab in patients with hereditary alpha-tryptasemia. Ann. Allergy Asthma Immunol 2020,
124, 99–100. [CrossRef]

203. Maun, H.R.; Jackman, J.K.; Choy, D.F.; Loyet, K.M.; Staton, T.L.; Jia, G.; Dressen, A.; Hackney, J.A.; Bremer, M.; Walters, B.T.; et al.
An allosteric anti-tryptase antibody for the treatment of mast cell-mediated severe asthma. Cell 2019, 179, 417–431. [CrossRef]

http://doi.org/10.1159/000024152
http://doi.org/10.1371/journal.pone.0114944
http://doi.org/10.1016/j.jaci.2004.04.008
http://www.ncbi.nlm.nih.gov/pubmed/15241343
http://doi.org/10.1182/blood.2020006157
http://doi.org/10.1016/j.jaip.2020.05.057
http://doi.org/10.1016/j.jaci.2020.06.035
http://www.ncbi.nlm.nih.gov/pubmed/32717252
http://doi.org/10.1016/j.iac.2018.04.003
http://doi.org/10.1016/0003-9861(90)90005-J
http://doi.org/10.1084/jem.20190701
http://doi.org/10.1056/NEJMoa1500611
http://doi.org/10.1155/2013/140812
http://doi.org/10.1074/jbc.272.7.4043
http://www.ncbi.nlm.nih.gov/pubmed/9020112
http://doi.org/10.1172/JCI119658
http://doi.org/10.1016/j.jaip.2020.01.012
http://doi.org/10.1373/clinchem.2017.277897
http://doi.org/10.1111/all.12409
http://www.ncbi.nlm.nih.gov/pubmed/24750133
http://doi.org/10.1016/j.jaci.2020.11.017
http://doi.org/10.3390/ijms21239030
http://doi.org/10.1016/j.waojou.2020.100472
http://doi.org/10.1016/j.anai.2019.09.026
http://doi.org/10.1016/j.cell.2019.09.009

	Mast Cells and Mast Cell Diseases 
	Biological Functions of Human Tryptase 
	Regulation of Tryptase Expression and Secretion 
	Clinical Significance of Elevated Serum Tryptase Levels 
	Tryptase in MC Diseases 
	Genetic Background of Tryptase 
	Hereditary Alpha Tryptasemia 
	HT—In Vitro Experiments and Possible Mechanisms of MC (Hyper)Activation 
	HT in Mast Cell Diseases 
	Therapeutic Approaches in HT-Mediated (Co-Triggered) Pathologies 
	Concluding Remarks and Future Perspectives 
	References

